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Abstract 

MAX phases are a family of ternary materials with a fixed stoichiometry and a general 

formula of Mn+1AXn, where M is a transition metal, A is generally an element of groups 

IIIA and IVA of the periodic table, X is either carbon or nitrogen and n a value between 1 

and 3. Their nano-laminated structure gives these materials an unusual combination of 

(1) metallic properties, such as, good electrical and thermal conductivity, machinability, 

high damage tolerance; and (2) ceramic properties such as high rigidity, resistance to 

corrosion and oxidation and good mechanical properties at high temperatures. This 

unique combination of properties makes these materials very promising candidates for 

industrial applications with demanding conditions, which has prompted the study, design 

and development of these family of materials. Some of the conventional consolidation 

routes for MAX phases are pressureless sintering, hot pressing or spark plasma 

sintering, however they have limitation in the production of parts with complex shapes. 

In this work, the design and optimisation of the synthesis route was performed for 

different MAX phases with the aim of obtaining high purity powders studying the reaction 

mechanism during the synthesis. Ti3SiC2 and Cr2AlC MAX phases were selected for this 

work. The synthesis of these MAX phases was successfully carried out from different 

elemental powders (Ti, SiC, C, Cr and Al). In addition, the scalability of the powder 

production was achieved maintaining high phase purity while controlling the particle size 

distribution of the powders. To assess the quality of the powders produced, various 

conventional powder metallurgy processing routes were studied, such as pressureless 

sintering and hot pressing. For these samples, porosity measurements, mechanical 

properties (cyclic compression test) and wear behaviour were analysed, studying the 

influence of the processing route on the behaviour of the materials. 

In this context, the main challenge of this PhD is to demonstrate the viability of non-

conventional processing techniques such as Powder Injection Moulding (PIM) and 

Composite Extrusion Modelling (CEM) for the production of near-net-shape MAX phase 

samples. These two technologies start from pelletised feedstocks and allow the 

production of samples with a higher freedom of design, reducing post-processing steps. 

The objective was to produce complex-shaped parts as well as increasing the application 

range of MAX phases, their reproducibility and production volume. 

For the successful production of MAX phase samples by PIM and CEM the selection of 

the binder system as well as the optimisation of the solid loading of the feedstocks is 

necessary and, for this purpose, the rheological properties of the materials were 
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characterised. Two multicomponent binders were selected for this study, firstly, an 

environmentally-friendly binder consisting of a combination of a sustainable polymer 

(polyethylene glycol, PEG) and a biopolymer (cellulose acetate butyrate, CAB), and 

secondly, a binder composed of the same sustainable polymer (PEG) and polypropylene 

(PP). 

Porous MAX phases with tailored porosity were obtained by PIM processing, avoiding 

the use of spacer holder. Additive manufactured parts by CEM were also successfully 

produced, using the same feedstocks. Debinding and sintering processes were 

optimized in both cases. 

In conclusion, it was possible to obtain good quality parts with custom geometries 

through PIM and CEM for both Ti3SiC2 and Cr2AlC MAX phases, suitable for industrial 

applications with special requirements, such as catalytic devices, filters or as high 

temperature heat exchangers. 
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Resumen 

Las fases MAX son una familia de materiales ternarios con una estequiometría fija y una 

fórmula general Mn+1AXn, donde M es un metal de transición, A es generalmente un 

elemento de los grupos IIIA y IVA de la tabla periódica, X es carbono o nitrógeno y n un 

valor entre 1 y 3. La estructura nano laminada de estos materiales proporcionan una 

combinación inusual de propiedades metálicas, tales como, buena conductividad 

eléctrica y térmica, fácil mecanizado y alta tolerancia al daño, y de propiedades 

cerámicas como alta rigidez, resistencia a la corrosión y oxidación y buenas propiedades 

mecánicas a altas temperaturas. Esta exclusiva combinación de propiedades ha hecho 

que las fases MAX sean considerados para aplicaciones industriales en las que se 

requieren condiciones exigentes, lo cual ha impulsado el estudio, diseño y desarrollo de 

esta familia de materiales. Algunas de las rutas convencionales de consolidación para 

este tipo de materiales son compactación y sinterización, prensado en caliente o spark 

plasma sintering, pero tienen limitaciones en la producción de piezas con formas 

complejas. 

En este trabajo, el diseño y optimización de las rutas de síntesis para diferentes fases 

MAX han sido estudiadas con el objetivo de obtener polvo con una alta pureza 

analizando los mecanismos de reacción durante la síntesis. Las fases MAX 

seleccionadas han sido Ti3SiC2 y Cr2AlC. La síntesis de estas fases MAX se ha llevado 

a cabo con éxito a partir de distintos polvos elementales (Ti, SiC, C, Cr y Al). Además, 

el escalado de la producción del polvo se logró manteniendo la alta pureza de las fases 

MAX procesadas controlando la distribución de tamaño de partícula. Con el objetivo de 

evaluar los polvos producidos, diversos procesados convencionales de la 

pulvimetalurgia fueron estudiados como, por ejemplo, presión y sinterización y hot 

pressing. Para las muestras consolidadas se estudió la porosidad, las propiedades 

mecánicas (compresión cíclica) y el comportamiento a desgaste, analizando la 

influencia de las rutas de procesamiento en el comportamiento de los materiales. 

En este contexto, el principal reto de esta Tesis Doctoral es la de demostrar la viabilidad 

de procesar fases MAX a través de rutas “no convencionales” como son el moldeo por 

inyección de polvos (PIM) y el Composite Extrusión Modelling (CEM). Todo esto para la 

fabricación de piezas near-net-shape de fases MAX. Estos dos tipos de procesado 

parten de feedstocks en forma de pellets permitiendo la producción de piezas con una 

mayor libertad de diseño, reduciendo posteriores etapas de postprocesado. El objetivo 

principal es fabricar piezas complejas y de esta manera aumentar los posibles campos 
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de aplicación para las fases MAX, así como aumentar la reproducibilidad y el volumen 

de producción para estos materiales. 

Para la producción de fases MAX a través de PIM y CEM es necesario la selección 

adecuada de los polímeros que van a conformar el binder y, además, una optimización 

de la cantidad de sólido que se va a utilizar para la producción de feedstocks. Es por 

ello por lo que las propiedades reológicas de estos materiales han sido estudiadas en 

profundidad. Dos sistemas ligantes multicomponentes han sido utilizados para la 

producción de feedstocks. Por un lado, un binder respetuoso con el medioambiente 

compuesto por polietilenglicol (PEG) y un biopolímero (acetato butirato de celulosa, 

CAB). Por otro lado, se desarrolló otro sistema ligante con el mismo polímero sostenible 

(PEG) y polipropileno (PP). 

A través del procesamiento por PIM, se obtuvieron piezas con una porosidad a medida, 

evitando el uso de sistemas espaciadores. Por otro lado, se fabricaron con éxito piezas 

por manufactura aditiva a través de la tecnología CEM. Además, se optimizaron los 

procesos de debinding y sinterización de las piezas.  

Como conclusión, cabe destacar que mediante PIM y CEM fue posible obtener piezas 

de buena calidad con geometrías a medida tanto para la fase MAX Ti3SiC2 como para 

la fase Cr2AlC, aptas para aplicaciones industriales con requerimientos especiales 

como, por ejemplo, dispositivos catalíticos, filtros o como intercambiadores de calor de 

alta temperatura. 
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1. Introduction 

1.1  Historical background and introduction to MAX Phases 

The discovery of the family of MAX phase materials dates back to the 1960s. Nowotny 

and Jeitschko found a new class of carbides and nitrides with good mechanical 

properties [1]. These compounds had a similar atomic ratio and followed a common 

structure with a layered disposition and were called H-type phases. 

In 1967, their investigations led up to the discovery of several different ternary phases 

and, among them, two new compounds with a specific stochiometric arrangement: 

Ti3SiC2 and Ti3GeC2, with a similar layer disposition of the Ti-C system and the Si or Ge 

elements. After this, this H-type phases went overlooked for a long period of time with 

not much relevant work done for these materials until 1996. In this year, Barsoum studied 

the characteristics of the Ti3SiC2 compound and established the Mn+1AXn formula, giving 

this family of materials the MAX phase name [2]. In his work, Barsoum described the 

unusual properties of these materials as compounds with a relatively soft behaviour for 

a titanium carbide, rigid and with good machinability. Since then, the interest on MAX 

phases has increased and researchers have focused on the characterisation of the 

properties and the synthesis routes for obtaining high purity MAX phases [3–6]. 

MAX phases are a family of materials of more than 60 known compounds, that share a 

common structure, with different chemical compositions. The chemical elements that 

encompass the MAX acronym are divided into different groups in the periodic table: 

being M an early transition metal (highlighted in blue in Figure 1), A an element typically 

from the lllA and IVA groups of the periodic table (highlighted in red in Figure 1) and X 

either carbon or nitrogen (black in Figure 1). This family of materials has a fixed 

stoichiometry and a general formula of Mn+1AXn, where n is a number between 1 and 3 

[3,7,8]. MAX phases have a hexagonal nanolaminated crystalline structure (space group 

P/63/mmc). The laminated structure is composed of layers of the MX elements, where 

the X elements occupies the centre of the octahedral site formed by the M6X structure, 

interleaved by layers of the A element, located in the centre of trigonal prisms. The n 

value of the Mx+1AXn formula establishes the amount of layers that separate each A group 

layer. This nanolaminated organisation can be observed in Figure 2, where the three 

most common classifications of the MAX phases (211, 312 and 413), according to their 

stoichiometry, are shown [8–10]. 
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Figure 1. Periodic table highlighting the different elements that create MAX phases [7]. 

 
Figure 2. Unit cells representing the crystalline structures of MAX phases for: a) 211 phases, b) 312 

phases and c) 413 phases. Elements highlighted in red correspond to M, blue to A and black to X in the 
Mn+1AXn formula [9]. 

During the last years, the number of publications related to MAX phases has increased, 

focused on the search for new MAX phases as it can be seen in Figure 3. Furthermore, 

the physical and chemical properties of these materials have also been in the scope of 

researchers, increasing the potential applications of this family of materials. Some of the 

most studied MAX phases are Ti3SiC2, Cr2AlC, Ti2AlC and its 312 phase Ti3AlC2. 
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Figure 3. Number of publications per year obtained from the Web of Science searching for key words: 

MAX phases, Ti3SiC2, Cr2AlC, Ti2AlC, Ti3AlC2, V2AlC, Ti4AlN3 and Ti2AlN. 

1.1.1 Properties of MAX phases 

Due to their nanolaminated structure and layer arrangement, MAX phases exhibit a 

unique and excellent combination of metallic and ceramic-like properties. From the 

characteristic metallic properties, MAX phases exhibit high electrical conductivity, good 

thermal conductivity, and ease to be machined. From the ceramic point of view, high 

stiffness, good mechanical properties at high temperature and good oxidation and 

corrosion resistance are some of the main MAX phase attributes. Some of the most 

interesting properties of MAX phases are detailed below: 

1.1.1.1 Mechanical properties 

MAX phases have the ability to tolerate localised damage preventing the propagation of 

cracks through the material. This behaviour is related to their laminar structure, that 

differentiate these materials from the brittle mechanical response of ceramics. The 

damage tolerance properties of MAX phases is explained by the kink band formation 

[10]. At room temperature, dislocations move mainly in the basal plane and are able to 

multiply. This fact is important, since, while the dislocations are restricted to move in the 

basal planes, they create incipient kink bands (IKB), which is a unique deformation 

mechanism of MAX phases, amongst other deformation mechanism, allowing the high 

damage tolerance of these materials. If a crack forms inside the material as a result of 

delamination, the propagation of the crack will by limited due to the formation of these 

kink bands. 

MAX phases are relatively soft, with a Vickers hardness between 2 and 8 GPa. They 

exhibit a fracture toughness of 5-20 MPa·m1/2, higher than ceramics, and a good 

machinability. MAX phases are lightweight materials with typical density values between 

4 and 6 g/cm3. Good thermal shock resistance and rigidity are some of the most relevant 
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properties characteristic for this family of materials. All this, while being easily 

machinable [7]. In addition, MAX phases have an anisotropic response to 

nanoindentations [10]. Once an indentation is made, basal planes delaminate and cracks 

are formed parallel to the basal planes. On the other hand, with these parallel cracks 

generated by the nanoindentation results in a higher plastic deformation and a lower 

hardness, which creates a staking of the delamination on the indentation edges. 

Regarding elastic properties, MAX phases exhibit a nonlinear elastic behaviour not usual 

for stiff materials. This behaviour is observed once a cyclical load is applied to the 

material and commonly observed in compressive loads. Once the cyclic load is applied 

the behaviour of these materials maintains a hysteresis behaviour, resulting in stress 

and strain loops. This effect has been studied by Zhou et al [11] for hexagonal closed 

pack metals and by Barsoum et al.[12] for MAX phases, establishing that the fully 

reversible stress-strain loop in cyclical loading is caused by the IKB that are generated 

in the crystallographic arrangement of MAX phases. It has been established that the 

stress-strain values of the compressive behaviour of the MAX phases has a strong 

dependence on the size and shape of the grains, as it can be observed in Figure 4, were 

fine and coursed grained Ti3SiC2 samples are tested under compressive loads.  

 
Figure 4. Stress-strain curves of Ti3SiC2 samples with fine grains (red) and coarse grains (blue) [9]. 

Several models have been developed to predict the behaviour of materials as a response 

to load cycles; among them the Preisach-Mayergoyz model (PM) has been 

demonstrated to describe accurately the hysteresis in the stress-strain behaviour of MAX 

phases by Zhou et al. [13]. In their work, they analysed porous Ti2AlC by cyclic 

compressive loads and modelled the behaviour by Preisach-Mayergoyz model. In 

summary, they expose that kinking nonlinear elastic (KNE) materials exhibit a double 
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effect of, firstly: local stresses maxima wipes out the effect of other lower stresses and 

secondly: there is a congruency on the hysteresis loops for each loading and unloading 

cycle. This is due to the nonlinear response of those KNE and thus, the PM model is 

applicable for MAX phases. 

In terms of high temperature mechanical behaviour, the response is different depending 

on the elements that the MAX phases contain. Nevertheless, all MAX phases experiment 

a brittle-to-plastic transition temperature causing a decrease of the fracture toughness 

above that temperature [12]. Hardening occurs after each cycle at high temperatures 

(1200 ºC) and the stress-strain behaviour depends on the strain rate. Moreover, the good 

response of MAX phases to thermal shock is another interesting property. Thermal shock 

resistance of MAX phases has a strong dependence on the grain size. Furthermore the 

thermal shock resistance of MAX phases has been attributed to the crack healing 

properties generated by the formation of smaller domains due to thermal residual 

stresses and, also, the presence of highly protective oxide layers when there is presence 

of air [14,15]. 

1.1.1.2 Oxidation and corrosion resistance 

Another of the important attributes that gives MAX phases good mechanical behaviour 

at high temperature is thanks to the oxidation resistance and stability in air. Although the 

oxidation resistance of the MAX phases varies depending on the elements that is 

composed from, some of the most resistance MAX phases are Ti3SiC2, Cr2AlC and 

Ti2AlC. This is, mainly, due to the formation of a protective oxidation layer of TiO2 and 

Al2O3 [8]. The oxidation mechanism of MAX phases occurs approximately at 600 ºC and 

can be described by the reaction seen in Equation 1: 

Equation 1  𝑀𝑀𝑛𝑛+1𝐴𝐴𝑋𝑋𝑛𝑛 + 𝑏𝑏𝑂𝑂2 = 𝑀𝑀𝑛𝑛+1𝑂𝑂𝑥𝑥 + 𝐴𝐴𝑂𝑂𝑦𝑦 + 𝑋𝑋𝑛𝑛𝑂𝑂2𝑏𝑏−𝑥𝑥−𝑦𝑦 

There are many studies that have focused on the study of the oxidation properties of 

MAX phases [16–18]. Both dense and porous samples have been characterised studying 

the oxidation mechanism and protective layer formation at high temperatures. The 

oxidation mechanism that occurs is not entirely clear with studies proposing parabolic, 

cubic and logarithmic oxidation behaviours at different test conditions [16,17,19,20]. 

What has been demonstrated is the oxide layer formation during the test, creating a 

protective layer. 

For Ti3SiC2, oxide layers grow through diffusion of oxygen from the outside towards the 

internal zone, while titanium diffuses to the exterior of the material and silicon oxidises 

by reaction, without inward or outward diffusion [21]. This leads to the creation of a 

double layer composed of, TiO2 as the external layer and an internal layer of a 
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combination of SiO2 and TiO2 (Figure 5-a). TiO2 usually appears as rutile during the 

formation of the protective oxide layer, while SiO2 is mainly amorphous silica at low 

temperatures, transforming into cristobalite at higher temperatures (above 1200 ºC) 

[8,21]. Oxide layers are usually dense and resistant to thermal cycling. Moreover, oxide 

layers formed show a lack of cracks at short times and the oxidation mechanism exhibits 

a parabolic kinetic at 1000 ºC. It has been demonstrated that the kinetics of Ti3SiC2 can 

change to a linear behaviour with the increase of temperature and increasing the 

exposure times. Although this transition is not fully understood, this change in the 

behaviour of Ti3SiC2 could be due to a decomposition of the MAX phase at high 

temperatures, increasing the amount of the TiC phase. The deterioration of the oxidation 

behaviour influence by the presence of TiC has been indirectly studied analysing the 

effect of adding SiC and TiC to Ti3SiC2. The composites produced were compared to 

bulk Ti3SiC2 and exhibit different behaviours. The addition of SiC generated thinner well-

adhered TiO2 and SiO2/TiO2 layers. On the other hand, TiC generated much thicker 

layers resulting on a lower oxidation resistance [22]. 

The oxidation behaviour of Cr2AlC has also been reported, analysing the diffusion 

mechanism occurring. At temperatures above 800 ºC, Al2O3 (corundum) starts to appear, 

by the diffusion of aluminium elements to the external zone of the material, creating a 

well-adhered oxide layer. One of the main advantages of Cr2AlC is the lack of oxide 

formation with chromium, creating only that Al2O3 protective layer, withstanding operating 

temperatures of up to 1300 ºC in air and cyclic testing, exhibiting cubic oxidation kinetics. 

Although the formation of this well-adhered and single Al2O3 layer is beneficial, the 

diffusion of the A element to the outer zones of the sample and the reaction with oxygen 

produces a decomposition of the material into porous chromium carbides (Cr7C3) 

between the oxide layer and the substrate at temperatures above 1150 ºC. This could 

create a decrease of the stability of the protective layers by crack formation while in 

service [20]. 

Ti2AlC MAX phase forms a well-adhered Al2O3 layer on the surface with a secondary 

layer of TiO2 (Figure 5-b). This protective oxide layer formed on Ti2AlC, as well as on 

Ti3AlC2, makes the Ti-Al-C system one of the highest oxidation resistive MAX phases 

that can withstand thermal cycles of 1300 ºC [7,23]. Apart from the stability and 

adherence of the protective Al2O3 to the surface, one of the reasons for the high 

resistance of these material to oxidation is the similarity in the thermal expansion 

coefficient of both the phases that coexist (Al2O3 and Ti2AlC) [24]. This makes this MAX 

phase a great candidate for their use as thermal barrier coatings (TBC) since it avoids 

the generation of thermal stresses and reduces the spallation and delamination of the 
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oxide layer. Nevertheless, the formation of TiO2 can be a drawback for the oxidation 

behaviour of Ti2AlC and Ti3AlC2 MAX phases, limiting the formation of the Al2O3, since it 

is this oxide layer that controls the oxidation kinetics of the material with, typically, a cubic 

kinetic behaviour [3]. 

 
Figure 5. SEM micrographs of the oxidation layers form for a) Ti2AlC and b) Ti3SiC2 after cyclic oxidation 

tests in air at 1000 ºC and 900 ºC, respectively [16]. 

1.1.1.3 Thermal conductivity properties 

In materials science, the thermal conductivity is determined by the heat transport from 

the high temperature zones to low temperature areas. It is typically related to the metallic 

substances since the transmission of the vibrated energy, causing the heat, is eased due 

to the free electrons in their structure. In this sense, MAX phases behaves as a metallic 

compound with good thermal conductivity properties [25]. 

At room temperature, MAX phase conductivities, vary from 12 to 60 W/m·k. Compared 

to the rest of materials (Figure 6), those conductivity values are more similar to the ones 

of metallic materials than to those of ceramics. This property is essential particularly for 

high temperature applications. Within the MAX phase materials, thermal conductivity 

varies depending on the element that composes each phase. Ti2AlC has a thermal 

conductivity of 46 W/m·k at room temperature, being the MAX phase with the highest 

thermal conductivity. Ti3SiC2 has also high thermal conductivity values (37 W/m·k). 

Furthermore, Cr2AlC presents a lower thermal conductivity at 18 W/m·k, but still in the 

metallic range. All of these materials exhibit a linear behaviour with temperature, with a 

decrease on the thermal conductivity properties as the temperature increases [7,8,10]. 

1.1.1.4 Electrical properties 

In the case of the electrical conductivity properties of MAX phases it is possible to 

observe a similar behaviour as for the thermal conductivity properties. MAX phases, 

behave as metallic materials (Figure 7). As reference values displaying those materials 

studied in this work: Ti2AlC has an electrical conductivity of 9,9·106 S/m, Ti3SiC2 3,1·106 

S/m and Cr2AlC 1,4·106 S/m [8]. 
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Figure 6. Thermal conductivity properties of different materials compared to those of MAX phases Ti2AlC, 

Ti3SiC2 and Cr2AlC [25]. 

It has been demonstrated that the electrical resistivity of most of the MAX phases varies 

linearly with temperature, as in metallic materials. At a glance, the electrical 

conductivities/resistivities of MAX phases depend on the elements that compose the 

materials. Ti3SiC2 has a lower electrical resistivity compared to titanium from 

temperatures between 0 K and 1000 K. In the case of phases that contain aluminium, 

the thermal resistivity varies with the temperature depending on the element M, on the 

Mn+1AXn formula, although the A element has also an impact on the conductivity values 

[26]. X, being carbon or nitrogen, is the element with the least effect on the variation of 

electrical resistivity with temperature [7]. Ti2AlC and Ti3SiC2 electrical resistivity 

increases linearly from room temperature to 1000 K [27]. 

 
Figure 7. Electrical conductivity properties of different materials compared to those of MAX phases Ti2AlC, 

Ti3SiC2 and Cr2AlC [28]. 
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1.1.1.5 Tribological behaviour 

The wear behaviour of MAX phases was first studied in the 90´s; researchers observed 

that the machining properties of Ti3SiC2 had a similarity to graphite. The coefficient of 

friction (µ or COF) was measured on the basal planes of Ti3SiC2 using a lateral force 

microscope. COF measured exhibited exceptionally low values of 2·10-3 [2]. However, 

studies performed with polycrystalline samples had higher COF values to those reported 

for the basal planes [29,30], with wear rates relatively high. 

Nevertheless, the nanolaminated structure of MAX phases offers good tribological 

behaviour and this is due to the lubricating effect that the torn material produces under 

wear conditions. This lubricating effect has been previously reported and it is explained 

by the delamination of the debris generated, which creates a graphitic-like effect on the 

surface, reducing the COF during wear and improving the tribological behaviour of MAX 

phases [31–33]. Furthermore, the tribological properties of MAX phases vary with 

temperature with a better wear behaviour at high temperatures [34,35]. 

El-Raghy et al. [29] analysed the wear behaviour of hot-isostatically-pressed (HIP) 

Ti3SiC2 samples and studied how the grain size affected the wear properties of the 

materials. Their work showed a high difference on the coefficient of friction during the 

first stages of the wear test, caused by the abrasive conditions of the wear, and a 

stabilisation of this coefficient reaching similar values at 500 s, due to the effect of the 

debris acting as a third body. A three-body abrasive wear behaviour was also proposed 

by Magnus et al. [31] during pin-on-disk tests performed to dual Ti3AlC2-Ti2AlC MAX 

phase samples. 

Wear behaviour of Cr2AlC has also been studied analysing the influence of the spark 

plasma sintering (SPS) parameters by Shamsipoor et al. [36]. In their work, different 

purities of MAX phase were achieved after the consolidation process. Nevertheless, the 

wear behaviour of the samples improved with the amount of Cr2AlC phase in the final 

samples. The wear mechanism observed for this MAX phase was predominantly 

adhesive wear produced by the delamination of the material. 

Due to the good properties of these materials, MAX phases have been studied as a 

reinforcement to improve the wear response of substrates. Yu et al. [37] used Ti2AlC as 

a reinforcement to a magnesium alloy. In their work, spin-on-disk tests were carried out 

with different amount of MAX phases added and compared to the raw alloy. It was 

observed that the wear properties of the Ti2AlC-magnesium alloy compound improved 

thanks to the self-lubricating effect of the MAX phases. 
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1.1.2 Synthesis methods and consolidation techniques 

MAX phase synthesis processes have been in constant study due to the difficulty of 

obtaining high purity or single-phase elements of these materials. Researchers are 

continuously proposing new synthesis routes or adjusting existing ones to develop high 

purity MAX phases, through the understanding of the synthesis mechanism. For the MAX 

phases studied in this work, a brief review of the processes is shown in this section. The 

most studied MAX phases and their synthesis routes are summarised in Table 1. It is 

possible to observe that most of the works are focused on the in-situ synthesis of the 

MAX phases. Some of the most common techniques for the production of MAX phase 

samples are: hot-pressing, hot-isostatic pressing, pressureless sintering and spark 

plasma sintering. Some of the synthesis routes for these materials are detailed below. 

Table 1. Summary of the most common techniques for the synthesis of MAX phases in powder and 
consolidated form. 

MAX 

Phase 

Processing techniques* 

Powder synthesis In-situ synthesis 

Ti3SiC2 S-L [5], PS [6], SHS [4], MS [38] CVD [39], HP [40], HIP [41], SPS [42] 

Ti2AlC HP [43] HP [43], HIP [44], SPS [45] 

Ti3AlC2 - PS [46], HP [47], SPS [48] 

Cr2AlC - PS [20], SPS [49], 

Zr2AlC - PS [50], HP [51] 

Ti4AlN3 - HP [52], HIP [53] 
*Synthesis techniques abbreviated in the table correspond to: S-L (Solid-Liquid reaction), PS (pressureless 

sintering), SHS (Self-propagating High temperature Synthesis), CVD (Chemical Vapour Deposition), HP 

(Hot-pressing), HIP (Hot-Isostatic Pressing), SPS (Spark Plasma Sintering), MS (Molten Salt Shielding) 

The production of MAX phase powders usually starts from the elemental powders that 

conform the specific phase that wants to be obtained. It is also common to combine those 

elemental powders with carbides or nitrides which also match the MAX phase desired. 

Molar ratios of the starting materials are commonly designed depending on the 

stoichiometry of the MAX phase, with some adjustments taken into consideration such 

as the sublimation properties of the powders. The powder production is frequently 

performed by routes that allow the later crushing of the synthesised pellets. Thus, 

processes like pressureless sintering (PS) or Self-propagating High temperature 

synthesis (SHS) are commonly used. Most recently, a new process route through a 
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combustion solution synthesis, that is a variation of the sol-gel process, has been used 

that could allow the production of MAX phase powders [54]. In this work, the MAX phase 

Cr2GaC was synthesised using a nitrate (NO3
-) combined with Cr and Ga, and citric acid 

(C6H8O7) as the carbon source. In addition, Molten salt has also recently been used as 

shielding agent for the synthesis of Ti3SiC2 in air [38]. Dash et al. achieved the production 

of high purity powders of Ti3SiC2 and Ti2AlN using potassium bromide (KBr) as a 

protective barrier for a cost-efficient MAX phase production. Nevertheless, the most 

common powder production routes are detailed bellow. 

Ti3SiC2, has been investigated through a wide range of techniques. Solid liquid reaction 

(S-L), for example, was used by Sun et at. [5] introducing fluorite (NaF) to the elemental 

powers to create the liquid phase. More conventional techniques have been also 

explored, such as, PS. Cordoba et al [6] proposed this process to analyse the reaction 

mechanism of this MAX phase for a number of different molar combinations in inert 

atmospheres. Demonstrating the evaporation of silicon during the process and the need 

to adjust the A element in the initial molar ratio calculations. Other cost-efficient 

techniques have been proposed as SHS. El Saeed et al. [4] obtained high purity Ti3SiC2 

with a strict control of the atmosphere to avoid contamination and oxidation of the 

elements during the process. 

Due to the challenge of producing high purity materials, MAX phases are often 

synthesised in-situ, while the consolidation step is performed. Through this process it is 

possible to obtain final samples starting from the raw material and reducing the overall 

problematic of long synthesis optimisation processes. 

Some of the consolidation techniques used for Ti3SiC2 synthesising, are described 

below. Goto et al. [39], proposed chemical vapour deposition (CVD) as a synthesis route, 

using TiCl4, SiCl4 and CCl4 as staring gases. At temperatures between 1300 and 1600 

ºC an electronic current was applied to promote the deposition and synthesis of the MAX 

phase. Although this process was very innovative, the use of these gasses for the 

production of MAX phases creates a low cost-efficiency process were the gasses need 

to be pressurised and heated for the vapour deposition of the synthesised phases. Hot 

pressing (HP) and Hot isostatic pressing (HIP) have been one of the most used 

consolidation methods for most of the MAX phases. Ti3SiC2 specifically, has been in-

depth studied by Barsoum and El-Raghy, reporting the synthesis mechanism and 

properties of Ti3SiC2 through HP and HIP [2,41,55]. Spark plasma sintering (SPS) has 

also been studied by Gao et al. obtaining high density samples with a small presence of 

TiC impurities [42]. As stated earlier, these processes (HP, HIP and SPS) are 
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undoubtedly the most common consolidation techniques to produce MAX phase 

samples while performing the synthesis. Nevertheless, and not only for MAX phases but 

for all powder materials in general, these techniques have a limited geometrical sample 

production, demanding a post-processing if a specific shape is required. 

High purity Cr2AlC has also been achieved starting from elemental powders and with an 

almost stoichiometric molar ratio. It is common for this MAX phase to add an excess of 

aluminium into the initial molar ratio to prevent its loss during the synthesis step. One of 

the most successful synthesis routes for this MAX phase is starting from elemental 

powders with a molar ratio of 2:1,1:2 through pressureless sintering [20]. In this work, 

the PS route was used as a powder production process for the later consolidation of the 

high purity Cr2AlC with NH4HCO3 (ammonium hydrogen bicarbonate) to produce 

macroporous samples. SPS has been also used for the synthesis of Cr2AlC. Zuber et al. 

[56] produced samples starting from elemental powders with a molar ratio of 2:1.02:0.97 

and compared them to HIP-ed samples obtained from Cr, Cr3C2 and Al, with a molar 

ratio of 0.525:0.425:1.2. These two molar ratios and processes were selected to 

understand the oxidation behaviour of coarse and fine grains samples, reporting the 

importance of the initial selected powder size and the consolidation process. Other works 

have studied the deposition abilities of Cr2AlC powder to be used as protective coating. 

The powders to be cold sprayed were synthesised starting from chromium carbide 

(Cr2C3) and elemental chromium and aluminium with a molar ratio of 1:1:2,05, 

respectively, [49]. Go et al. successfully obtained a bonded coating to a stainless-steel 

substrate avoiding cracks or delamination maintaining high purity levels of the MAX 

phase. 

The synthesis mechanism of Cr2AlC has been studied starting from elemental powders. 

Xiao et al. [57] studied MAX phase formation and analysed the temperature influence on 

Cr/Al powders with a molar ratio of 2:1.2 and observed a formation of single phase AlCr2 

at 1100 ºC. After this the AlCr2 powders were mixed with C with a 1:1 molar ratio and 

obtained high purity Cr2AlC at 1400 ºC. This model represents the enhanced MAX phase 

formation for Cr2AlC. Nevertheless, this synthesis was performed in a two-step process, 

and the reactivity of the elemental Cr:C powders is not considered. This could explain 

the formation and final appearance of chromium carbides in the final composition. 

The synthesis of Ti2AlC MAX phase has been extensively studied and, to date, Ti2AlC 

and Ti3SiC2 MAX phase powders are the only ones to be commercialised. Barsoum et 

al. [43,44], reported the consolidation of Ti2AlC polycrystalline samples produced by HP 

and HIP. In this work, the synthesis started with Ti, Al4C3 and graphite powders. SPS 
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has also been studied for the production of Ti2AlC obtaining bulk single-phase samples, 

starting from elemental powders [58]. A study of the reaction mechanism for the 

formation of Ti2AlC has been performed by Gauthier-Brunet et al [59], studying the 

temperature influence on the formation of Ti2AlC and Ti3AlC2 MAX phase starting from 

Ti, Al4C3 and C with a molar ratio of 8:1:1. They observed different reactions occurring 

at a temperature range between 570 ºC and 800 ºC. After this temperatures Ti and Al4C3 

is no longer observed, indicating a complete reaction of these powders generating TiCx, 

Ti3Al and Ti3AlCx. These three phases and the remaining C are the precursors for the 

formation Ti2AlC. In addition, they were able to detect the 312 phase on the Ti-Al-C 

system at temperatures above 1400 ºC. They suggest that the formation of this MAX 

phase needs higher temperature to be formed as well as TiC as a secondary phase still 

present in the mixtures to react with Ti2AlC. 

Several studies have focused on the use of MAX phases to develop Ceramic Matrix 

Composites (CMC). This is commonly done to improve different aspects of the MAX 

phases: mechanical properties and oxidation behaviour [60,61]. The influence on the 

oxidation properties of Cr2AlC by the addition of ceramic fibres has been studied by Go 

et al. [62]. In this work, Al2O3, SiC and C fibres were used as reinforcement, obtaining 

promising results in the case of Al2O3. Although SiC and C fibres reacted with the core 

Cr2AlC phase, the use of Al2O3 fibres led to a well-adhered protective oxidation layer. In 

addition, MAX phases have been used as a reinforcement to improve electrical 

properties or yield resistance of other materials [63,64]. Wenbo et al. [64] used Ti3SiC2 

and Ti2AC to reinforce a magnesium alloy (AZ91D) studying the influence of the MAX 

phase reinforcement on the mechanical properties of the samples produced. They were 

able to tailor the yield strength and the ultimate tensile strength of the samples, with the 

addition of different amount of MAX phase powders (5-20 vol.%). Although some 

agglomeration of the Ti2AlC powders and decohesion of the Ti3SiC -Mg interphase was 

found, they suggest that the bonding strength of MAX phase-Mg composites can be 

controlled improving the mechanical properties of the materials. 

1.1.3 Applications 

With some of the most interesting properties of the MAX phases stated above, it is 

possible to see the great potential that this family of materials has, especially when an 

intermediate material between a metal and a ceramic is required. MAX phases studies 

in the last decade explore the use of these materials as candidates for several potential 

applications. Some of the most promising fields suggested are detailed below. 
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The stability of MAX phases at high temperatures between 1100 and 1400 ºC, proposes 

these family of materials as a great candidate for numerous applications in aggressive 

high temperature applications. As heating elements, MAX phases have shown good 

stability under cyclic heating and cooling cycles under different atmospheres (air, argon, 

hydrogen or vacuum). The protective oxide layer generated in outer zones on the 

material, well-adhered to the core, makes this material suitable as heating elements. 

Figure 8 shows a resistance made of Ti2AlC working at 1450 ºC. 

 
Figure 8. Ti2AlC heating element produced by Kanthal working at a temperature of 1450 ºC in air [8]. 

As structural high temperature materials, MAX phases can operate in heated elements 

in gas turbine engines. Materials used in the aerospace industry require strict 

performances at aggressive environments. Most importantly, component weight is a 

special factor that needs to be considered in order to reduce costs. Good behaviour at 

high temperatures and low density, makes MAX phases a promising material for these 

applications. As an example, Ti3SiC2 has half the density of some of the alloys used in 

turbine engines and can withstand high temperatures under severe strength conditions 

[65]. 

Several studies have proposed MAX phases as a protective coating for metallic and 

ceramic alloys acting as a thermal barrier coating (TBC) [49]. TBCs are required to be 

thermally insulating and stable at high temperatures, with low coefficient of thermal 

expansion (CTE). Not only as coating but as the substrate for TBC, Cr2AlC has been 

studied. Gonzalez-Julian et al. [19] analysed the deposition of yttria stabilised zirconia 

(YSZ) to Cr2AlC substrates. They observed a formation of an Al2O3 layer between the 

substrate and the YSZ porous coating which improved the adhesion of the coating which 

was able to withstand 1200 ºC thermal cycles for 500 h. All this makes MAX phases a 

great candidate for these applications with coefficient of thermal expansion (CTE) values 
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of 12 x 10-6 k-1 for Cr2AlC [66] and 9 x 10-6 k-1 for Ti2AlC [7], similar to those commonly 

used for TBCs, for example YSZ with a CTE of 10,2 x 10-6 k-1. 

Under oxidation or tribological conditions Ti2AlC has shown better properties compared 

to graphite. Other studies suggest the use of Ti3SiC2 as coating under highly oxidative 

environments to produce a protective oxide layer, while increasing the oxidation 

resistance of substrates [7,8]. 

In terms of electrical conductivity, one of the earliest use cases of Ti3SiC2 was as a 

sputtering target for electrical contact applications [8].These components are usually the 

weakest elements in an electronic system and, thus, it is important for new solutions to 

solve the problems with wear and oxidation resistance and good thermal and electrical 

conductivities. Other MAX phases such as Cr2AlC are also used to generate thin films 

on steels [67] for environmental protection. Furthermore, Ti3SiC2 has been also used as 

an electrical contact for SiC in electronic devices, profiting from the thermodynamic 

equilibrium of both materials and allowing the components to operate at higher 

temperatures [10]. 

In addition, MAX phases are great candidates as catalytic devices or high temperature 

heat exchangers (HTHXs). Both applications demand oxidation resistance and high 

temperature stability since they are exposed to harsh conditions while transferring 

corrosive fluids or hot gases [2]. Ceramic heat exchangers, that are more resistant to 

high temperatures, oxidation and corrosion, exhibit low thermal shock resistance and, in 

addition, are difficult to process, having lower thermal conductivity than desired [68–70]. 

HTHXs are used in gas turbine systems [71], high efficiency power plants [72,73], solar 

plants [74], hydrogen production [75], and high temperature fuel cell systems [76]. In this 

topic and as a gas burner, a Ti2AlC nozzle demonstrator (Figure 9) has been produced 

and compared under service conditions to steel, exhibiting better thermal and corrosive 

stability under severe conditions.  

For some of the applications stated above, HTHXs, catalytic devices or gas burners, a 

certain level of porosity is required to operate under harsh conditions. This is why some 

of the efforts on characterising the oxidation behaviour of MAX phases have been 

studied to macroporous samples. This is the case of Gonzalez-Julian et al. [20], as 

mentioned previously, they used NH4HCO3 as a temporary pore former that was later 

removed obtaining Cr2AlC foams with porosities between 35 and 75 vol.%. They 

observed an increase on the compressive strength of the foams after oxidating them at 

1200 ºC for 1 h. Velasco et al. [77] also produced Ti3SiC2 and Ti2AlC foams starting from 

commercial MAX phase powders. In their work, saccharose was used as space holder 



24 
 

element to avoid corrosive problems and ease the elimination of the pore former in water. 

They analysed the influence of the porosity in the thermal and electrical conductivity 

properties, observing a decrease of this value with the increase of the porosity. 

Furthermore, the oxidation behaviour of different porous samples (20-60 vol.%) was 

analysed. They observed the typical oxide formation of these MAX phases, as stated 

above, with a cubic driven kinetics, under cyclical test in air. With all this and, as an 

example, Ti3SiC2 processed in macroporous form, presents a combination of properties 

that makes it a potential candidate to be used as substrates for high-efficiency catalytic 

devices in vehicles. The use of an electrically conductive material such as Ti3SiC2 as a 

catalytic support adds two advantages; first, it allows the catalytic converter to be 

activated by electrical heating in a very short time and, secondly, allows the deposition 

of catalytic coatings of high quality on the surface by electrochemical deposition [78]. In 

addition, Ti3SiC2 is also superior in mechanical resistance and has good behaviour 

against corrosion, which is necessary for this application. 

 
Figure 9. Gas burner nozzles of Ti2AlC and steels tested in service at 1400 ºC [8]. 

Nuclear applications has been another focus of the MAX phase researchers due to the 

good radiation tolerance of these materials. Several studies have been performed in 

order to characterise different materials under irradiation conditions. Although Ti3SiC2 

[79], Ti2AlC [80], Ti3AlC2 [81], Cr2AlC [82] and V2AlC [83] have been studied for their use 

as cladding materials for third generation light-water reactors, the Zrn+1-AlCn MAX phases 

have shown the best properties and enhanced neutronic properties with relatively low 

neutron absorption. More specifically, Zr2AlC due to a combination of the neutron 

transparency and the formation of an Al2O3 protective layer makes this MAX phase a 

great candidate as a cladding material. One of the main concerns is the poor behaviour 
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of this material to Loss of Coolant Accident (LOCA) [84]. Nevertheless, the new nuclear 

reactors design is meant to use lead-based coolants and in this case MAX phases show 

good compatibility with Pb [85]. All this combined with the good corrosion and oxidation 

behaviour of MAX phases make this material as a great candidate for nuclear 

applications. 
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1.2 Powder injection moulding 

Powder injection moulding (PIM) is a powder metallurgy processing method for the 

production of small parts with complex shapes which starts from the raw material in 

powder form. The process is based on the mixing of the powders with a polymeric agent, 

called binder system, that will be responsible for giving the necessary viscosity to the 

powders to be injected. This powder-binder mixture is often referred as feedstock. Once 

the feedstocks are prepared, they are heated up in a barrel and pressure is applied to 

inject them into a mould with the desired final shape of the component to be produced. 

A green part is obtained after the injection moulding process, and the polymeric agent in 

the system needs to be removed. This binder removal process is called debinding and it 

is based on the use of temperature or solvent agents for the degradation of the polymeric 

system. Once a brown part (sample with no binder) is obtained, a sintering process is 

carried out for the physicochemical interaction of the powders. In this process diffusion 

phenomena occurs and the consolidation through densification of the material is done 

attaining a dense final part with a dimension shrinkage caused by the debinding and 

sintering process [86,87]. 

Powder injection moulding is considered a mature technology for a large number of 

industries; mainly, industrial machinery, medical components and the automotive sector 

[88–90]. The volume of parts produced per year and the amount of companies that have 

adopted this processing technique for component production has steadily increased in 

the last decades. Furthermore, PIM has been implemented in new sectors such as, hand 

tooling, electronics or aerospace [91,92]. 

Some of the advantages of the PIM process compared to other production techniques 

are listed below: 

• Wide range of materials. PIM allows to use a broad variety of materials during its 

process, starting from the powders to be consolidated followed by the binder 

system to be used. Both ceramic and metals can be used in powder form to obtain 

final parts. In addition, a wide-range of polymeric binders can be selected 

depending on the temperature properties of the powders to be injected or the 

debinding process that is going to be performed depending on the interaction with 

the raw material [93]. 

• Shape complexity. Through PIM it is possible to obtain near-net-shape samples, 

with good final part quality and tolerances, avoiding using post-machining 

processes to the components. Inserted holes or threads can also be obtained 

with this technology [94]. 
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• Low production costs. Due to the automatic nature of the process, the production 

of large-scale batches of parts is highly cost efficient. In addition, the reduction 

or elimination of post-processing steps due to the great surface finish and 

dimensional tolerances of the PIM process saves production costs [87,95]. 

Nevertheless, powder injection moulding presents some limitations in terms of 

component production. For example, large components cannot be produced through this 

technology [86]. In addition, to ensure a good final quality of the samples, a specific 

particle size and morphology of the powders is required increasing the production cost 

of the process. 

1.2.1 Overview of the PIM process 

The powder injection moulding technology is an intricate process in which the success 

of the sample production depends on the optimisation of all the stages of the process. 

After the selection of the initial materials, PIM process, as stated earlier, can be divided 

into 4 different main steps: mixing, injection, debinding and sintering (Figure 10). In the 

following sections each step of the process will be described. 

 

Figure 10. Powder injection moulding process stages. 

1.2.1.1 Initial material selection (Powder and binder system) 

The selection of powders and polymeric binder for the feedstock production is a critical 

step on the injection process since the adequacy of the initial materials will determine 

the viability of the process. In order to ensure the feasibility of the injection process, initial 

materials should comply certain requirements. The most important characteristics are 

detailed below: 

Powders: 

Regarding powders, it is necessary to ensure maximum packing densities in order to 

obtain highly dense parts. For this purpose, powders need to be tailored in terms of 

shape and particle size distribution. Although some difference arises for metallic and 
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ceramic powders, regarding the powder production, the most common characteristics 

that the powder material should have, are listed below. 

• Particle size and size distribution. Powders used for the injection process are 

recommended to have a maximum size of 22 µm and a broad particle size 

distribution. This characteristics would ensure the correct packing of the particles 

and a good sinterability [96]. 

• Morphology. The powder morphology most used in powder injection moulding is 

spherical. This particle shape promotes the correct homogenisation of the 

powders with the binder improving the rheological behaviour of the feedstocks 

and, therefore, the densification after sintering. Spherical morphology, although 

recommended, could present some disadvantages after the debinding process, 

where the particle contact could fail resulting in a collapse of the brown part 

[87,96]. 

• Density and other considerations. In terms of tap density, that is related to the 

packing properties of the powders, values should be above the 50% of the 

theoretical density. In addition, powder should not create agglomerates to 

guarantee the correct mixing of the feedstocks and present low risk of toxicity 

and explosion [86]. 

The most used ceramics material in this technology are alumina (Al2O3) [97], ferrite 

ceramics (Mn-Zn ferrite, Ni-Zn ferrite or Mg-Zn ferrite) [98,99] and piezoelectric 

ceramics (PbZrTiO3 or BaTiO3) [100]. The powder production of ceramics for PIM, in 

general, is usually through mechanical methods (grinding or milling). The problem 

with the mechanical methods is the difficulty to control the particle size and its 

distribution, and a later chemical process is commonly used to refine the powder and 

tailor its physical properties for PIM. Solid-state reactions, liquid solutions or gas 

reactions are commonly used for the production of high purity small particle powders. 

Nevertheless, these processes tend to be expensive routes, producing highly 

agglomerated powder that need to be addressed once the feedstock production is 

performed [101].  

On the other hand, metallic powders are the most used through PIM. Stainless-steels 

[102,103] or titanium alloys [95] are some of the most commonly used powders. The 

main advantage of metallic materials is their ability to be melted at relatively low 

temperatures, compared to ceramics, and produce powders by atomization 

processes. Although the high reactivity of metallic powders demands a control on the 

production conditions, processes like gas atomisation have been highly studied to 
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produce high quality powders with the possibility of tailoring the particle size 

distribution while obtaining spherical or quasi-spherical powders [104]. In addition, 

atomisation processes allow to obtain finer powders that can increase the packing 

density of the feedstocks produced, obtaining highly dense parts. 

Binder: 

Polymeric binders used for PIM are commonly designed as multicomponent systems. 

One of those is going to be in charge of giving to the material structural stability, usually 

referred as backbone. Thermoplastic polymers are generally selected to be used as 

backbone in feedstock production to take advantage of the possibility to be melted and 

solidified during the process. Some of the most used are: polypropylene (PP), 

polyethylene (PE) or ethylene vinyl acetate (EVA) [101]. The secondary element of the 

multicomponent binder system has two purposes. First, to improve the flowability of the 

material, that is the capability of the material to move once, in this case, a force is applied 

to it. Secondly, this material is going to be removed from the injected sample leaving free 

channels and pores for the backbone to be correctly removed, avoiding the creation of 

internal defect in the samples. Some of the most used polymers as secondary 

component are waxes. Moreover, additives are commonly used to improve the properties 

of the polymeric systems. As an example, stearic acid is used to lower the surface 

tensions between the powder and the binder and to improve the homogeneity through a 

correct dispersion of the powders in the binder [101]. 

The development of binder composition is a never-ending research and new polymeric 

systems arise to comply with the necessities of the PIM process and solve some of the 

problems that other binders have. Some of this new polymers that have attracted the 

attention of researchers are Poliacetal (POM) [105], which eases the degradation 

properties without adding a secondary polymer, or polyethylene-glycol (PEG) [106] that 

can act as a backbone with good mechanical properties and as secondary element 

allowing the removal of the polymer from the feedstock by a solvent debinding process 

using water. Nevertheless, the polymeric system must be carefully selected and in 

concordance with the solid loading (powder) that is going to be used for the feedstocks. 

As an example, water soluble binder are usually not used with highly reactive metals 

since it could cause the contamination of the material to be sintered. 

With all this, some of the most important aspects that a polymeric system should have, 

are detailed below: 

• Interaction with powder. The polymeric binder system should display good 

wettability and adhesion to the powders. Capillary attraction between the particles 
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and chemically inert to avoid reaction with the powders. All this should ensure the 

correct homogenisation of the feedstocks [93,107]. 

• Fluidity properties. Rheological properties of the binder should have low viscosity 

at the injection temperature, low viscosity influence on temperature changes and 

a certain rigidity to ensure the correct extraction of the part from the mould after 

the injection process [107]. 

• Degradation. Binders have to be chemically stable during storage. In addition, 

the degradation temperature has to be above the mixing and injection 

temperature to ensure the correct fluidity during the process and the reusability 

after the process. Furthermore, the degradation products of the system should 

not be toxic or corrosive [87,96]. 

• Other considerations. Different properties such as high thermal conductivity, low 

thermal expansion coefficient and other factors as availability and cost of the raw 

material should be considered upon the binder selection. 

1.2.1.2 Feedstock production and mixing 

To produce feedstock for the injection moulding process it is necessary to control certain 

parameters in order to assure the successful injection of the materials. Powder-binder 

systems have a unique behaviour, depending on the initial materials selected, and the 

interaction between them needs to be strictly controlled. This is why for the optimisation 

of the feedstocks, a rheological characterisation is needed to select the ideal composition 

in terms of amount of powder that the binder can accept and its behaviour with pressure 

and temperature. 

Homogeneity of the feedstocks has to be thoroughly studied for the appropriate injection 

of the parts and proper sintering of the materials. For this purpose, homogenous 

feedstocks have to be produced with the optimal amount of solid content (powders) in 

the mixture. For a proper sintering, feedstocks must contain the maximum possible 

amount of powders, without compromising the flowability properties of the feedstock by 

an increase on the viscosity. This optimal solid loading is the state where all powder 

particles are correctly surrounded by the binder system. With an insufficient amount of 

solid loading, feedstocks will have good flowability due to the low viscosity, but the 

excess of binder will create heterogeneities in the feedstocks, resulting in sintering 

problems. On the other hand, feedstocks with an excess of solid content will increase 

the viscosity of the mixture resulting in moulding problems and heterogeneities in the 

injected parts creating air bubbles in the feedstocks [108–110]. Figure 11 shows, as a 

representation, the different states of a feedstock depending on the solid loading.  
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Figure 11. Schematic representation of feedstocks with different solid loadings. 

To study the homogeneity and the effect of the amount of solid loading on the flowability 

of the feedstocks, rheological properties must be analysed. With the rheological analysis, 

the response to an external force is quantified, and as a consequence, its effect on 

deformation and flow of a material. To analyse this behaviour and to select an optimal 

feedstock to be injected, several studies are performed. Some of the most used 

rheological characterisation techniques are torque rheology or capillary rheology. 

Torque rheology is based on the study of the force that the mixing rotors are exerting 

while mixing the powder-binder system to produce a feedstock. Through this technique 

it is possible to study the critical and optimal solid loading of feedstocks. The critical solid 

loading of a feedstocks determines the maximum amount of powders that a binder 

system is able to accept, while maintaining the homogeneity of the mixture [111]. Usually, 

while mixing feedstocks with a solid content below the critical solid loading, there is an 

initial increase on the torque response, due to the friction generated by the powders. 

Once the mixture starts to homogenise, there is a decrease on the torque, that, with time, 

reaches a stable value. On the other hand, mixtures with solid contents above that critical 

point are not able to reach that stable state. Increasing torque value with time is caused 

due to the lack of homogeneity generated by the powder excess in the mixture. Both 

effects can be observed in Figure 12 where zircon feedstocks were developed with solid 

loading between 52.5 and 65% by Hidalgo et al [112]. Torque values start to decrease 

for lower solid content feedstocks (52.5-62.5 vol.%) and they stabilise at 50 min. When 

the critical solid loading is surpassed (65 vol.%) the feedstock is not able to homogenise 

and torque values steadily increase with time.  
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Figure 12. Torque rheology curves of zircon/PEG-CAB feedstocks exhibiting the influence of the solid 

loading content to their torque behaviour [112]. 

In addition, multistep torque rheology has been proposed in the last years as an effective 

route to determine critical solid loadings of feedstocks. This process measures the torque 

response of a feedstock by increasing the amount of solid loading in the mixture in the 

same test, thus, different solid loadings can be measured in one trial, as opposed to the 

conventional torque rheology, where different solid loadings are tested separately [109]. 

Multistep torque rheology allows to determine the critical solid loading of a feedstock 

reducing the amount of powders used during the test. This is of extremely importance 

for expensive powders or for characterisation at a laboratory scale. One of the main 

drawbacks of this test is that the filled chamber volume varies during the test. This could 

result in altered measurements if the solid loadings to be analysed are not carefully 

selected. The basis of torque multistep testing is to fill the chamber with a solid loading 

and once the torque has stabilised increase the amount of powder to the mixture, until 

the maximum desired solid content is reached (Figure 13-a). With the stabilised torque 

plotted as a function of the solid loading it is possible to see a shift on the behaviour of 

different solid loadings with a change on the slope, determining the critical solid loading 

of the mixture (Figure 13-b). Optimal solid loadings can be estimated from the torque 

analysis and selected below the critical point. Nevertheless, capillary rheology tests are 

commonly performed to further analyse the optimal solid loading of feedstocks. 

Capillary rheology is one of the most common rheological tests performed to feedstocks, 

since it resembles in a smaller scale the injection moulding process. This technique is 

performed to analyse the response of the feedstocks’ viscosity with temperature and 

shear rates. This test, similar to the injection process, is performed at temperatures 

above the melting point of the polymeric system and below the degradation temperature 

[86]. Viscosity (η) is defined as the measure of a fluid´s resistance to flow generated by 
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the internal friction during the movement of the fluid. Thus, the viscosity is dependent on 

the shear stress (�̇�𝛾) and shear rate (𝜏𝜏) as shown Equation 2. 

Equation 2  𝜏𝜏 = η ∙ γ̇  

 
Figure 13. a) Multistep torque analysis as a function of time and b) stabilised torque as a function of solid 

loading analysing the change of slope of a Ti-6Al-4V/PE-PP-wax feedstock [110]. 

From the measured viscosity of the feedstocks and their dependence on the shear rate, 

several behaviours can be observed (Figure 14). Fluids in which the shear stress varies 

linearly with the shear rate and its viscosity is independent of the shear rate are called 

Newtonian fluids. From the point of view of the PIM process, it is beneficial that the fluids 

decrease in viscosity as the shear rate increases, that is, that they show a behaviour 

called pseudoplastic. Dilatant fluids are not recommended, since they will cause an 

increase in viscosity during injection, which could result in the separation of the powder-

binder system making it difficult to process (Figure 14-a). Furthermore, Ostwald-de-

Waele’s power-law of fluids [87] allows to evaluate the sensitivity of a feedstock at 

different shear rates as represented in (Figure 14-b) and follow Equation 3: 

Equation 3  𝜏𝜏 = 𝑘𝑘 ∙ 𝛾𝛾𝑛𝑛 

Where 𝜏𝜏 is the shear force, k is the consistency index of the fluid, 𝛾𝛾 is the shear rate and 

n the fluid index. Thus, values of n>1 represent a dilatant behaviour of the material, n<1 
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pseudoplastic and n=1 Newtonian. Typically, feedstock with fluid index n<1 are desirable 

for optimum rheological behaviour. In addition, viscosity values below 1000 Pa·s for 

shear rates between 100 and 10000 s-1 are necessary for a correct injection process. 

 
Figure 14. Pseudoplastic, Newtonian and dilatant fluid behaviour example of ideal feedstocks represented 

as a function of a) shear stress and b) viscosity. 

Once the initial materials are chosen and the optimal solid loading of the feedstock is 

selected, the initial step on the injection moulding process starts by mixing the raw 

materials to produce the feedstocks. This process is typically carried out in rotatory 

mixers or extruders. The polymers are melted in a heated chamber and the powders are 

poured in while the rotors or the extrusion screw rotate for the mixing. Afterwards, 

feedstocks are pelletised or granulated for the injection process. 

1.2.1.3 Injection 

After the optimisation of the powder-binder system, the next stage is the injection of the 

feedstocks into a mould with the desired sample shape. In this process the feedstocks 

are introduced in pellet form into the heated barrel which will increase the temperature 

of the material, reducing its viscosity so that it can be injected into the mould. Feedstocks, 

once injected through the nozzle will start to occupy the zones of the mould, acquiring 

the desired shape. The success of the injection process depends on the optimisation of 

the injection parameters, such as, feedstock temperature, mould temperature, injection 

pressure or holding pressure, amongst others, that will have an effect on the final green 

part produced [113]. Pressures applied for low pressure PIM range between 0,2 and 50 

MPa, while for high pressure PIM are between 50 and 150 MPa [87]. 

Low-pressure injection moulding (LPPIM) allows to obtain injected parts with low 

equipment and tooling costs, reducing the energy consumption. Researchers have 

considered LPIM as an attractive route for small series production and rapid prototyping. 

Although with lower pressures there is lower packing of the powders, compared to high 

pressure systems, several studies have focused on this process to obtain highly 
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densified materials. Furthermore, to solve these challenges, lower viscosity feedstocks 

need to be prepared for LPIM [86,87]. During the last years there has been an increase 

on the studies related to modelling and feedstock characterisation regarding LPIM of 

titanium [114,115] and alumina [116]. This is due to an effort to reduce the cost of the 

PIM process and a result of the low viscosity values (below 100 Pa·s) that the feedstocks 

produced exhibit, making them attractive for LPIM. Nevertheless, Moghadam et al. [117] 

studied the production of rectangular samples using Paraffin wax and LDPE binder with 

a 53 vol.% solid content of titanium. LPIM was used for the obtention of green samples 

applying a pressure of 1 MPa. Sintered samples exhibited a 95% relative density, 

demonstrating the possibility of obtaining good quality samples through LPIM. Moreover, 

alumina samples have been also obtained by LPIM [116]. Sardarian et al. produced 

alumina/paraffin wax-based feedstocks with a solid loading of 60 vol.% using pressure 

between 0,1 and 0,6 MPa. Values of up to 91% relative densities were obtained after the 

sintering process. 

1.2.1.4 Debinding 

After obtaining the green part with the chosen geometry, the next step in the injection 

moulding process is the debinding. In this step an external agent (i.e., heat, solvent) is 

used for the degradation of the polymeric system. An almost complete elimination of the 

binder occurs at this stage and the removal needs to be controlled in order to avoid 

internal defects or damaging the sample. The debinding is one of the most critical steps 

in the PIM process and therefore, needs to be optimised [108,113,118]. 

There are different debinding methods that can be performed to green parts in order to 

remove the polymeric systems depending on the characteristics of the binder. Most 

typical processes are detailed below: 

• Solvent debinding. In this type of debinding a solvent agent is required to remove 

the binder system. Typically, binders removed by this process are systems 

containing waxes or oils and for the degradation of this products organic solvents 

in liquid or gaseous state (alcohol, acetone or hexane) are usually used 

[119,120]. In addition, water can be used as solvent agent for water-soluble 

polymers as polyethylene glycol (PEG) [106,121]. Solvent debinding is typically 

performed for multicomponent binder systems [106]. Although there are some 

works which use solvent debinding as one step process for the binder removal 

[121], the intention of this process is to remove the filler binder and create open 

porosity on the injected samples, for a later thermal debinding of the backbone. 

Usually, the solvent debinding process is performed to remove the paraffin wax 
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from the green parts, thanks to their solubility in organic solvents, such as 

heptane. Heating the solvent agent can increase the degradation kinetics, 

changing the solubility and diffusion of the binder [122]. Some of the key 

parameters to control during this process are the surface to volume ratio, which 

it is crucial for the solvent to be able to penetrate all the samples, and is directly 

related with the sample´s volume, and temperature. Several studies show the 

effectiveness of this method for a later removal of backbones such as PP [123] 

or HDPE [124]. The use of PEG binders has increased during the last years, due 

to the possibility of avoiding organic solvents for the debinding of the samples. 

PEG has been used as a filler for a wide range of backbone materials: PP [125], 

PMMA [126] or PLA [127], among others. The use of water-soluble binder, such 

as PEG, is particularly relevant for the development of greener processes with 

minimum environmental impact, since the use of organic solvent implies higher 

toxicity and a chemical hazard. On the other hand the use of water could also 

produce contamination of high reactivity powders [104]. 

Some of the advantages of solvent debinding are that lower temperatures for the 

debinding usually mean a lower defect and distortions of the samples. 

Additionally, this process is faster than thermal debinding and the components 

retain their rigidity after the process. 

• Thermal debinding. The degradation of the polymer occurs by the action of heat. 

Usually, and depending on the material, this process is carried out under 

protective atmospheres to avoid contamination. This debinding process should 

be performed at low heating rates to reduce the possibility of defect appearance 

due to the degradation gases produced. This means that thermal debinding is 

usually a long process. Since most of the binders used for PIM are PP, PE or 

EVA, the thermal process is commonly used for the degradation of these binders 

[104]. Due to the difference on the constitution of these polymers, the 

temperature and time of the process varies depending in the polymer that is being 

used. Nevertheless, this process is commonly done between 200 ºC and 600 ºC 

[128]. Thermal debinding, if not controlled properly, leads to the accumulation of 

internal gasses in the sample, resulting in the appearance of cracks or the 

complete destruction of the sample. Yet, this process is still widely used for the 

complete degradation of the polymeric system in the green samples. This main 

drawback is one of the reasons why the two-step debinding process has been 

used. The elimination of the filler by solvent debinding eases the gas movement 

through the porosity created avoiding the appearance of internal defects. 

However, thermal debinding is suited for a wide range of binders, the installation 
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costs are low and the debinding and sintered process can be performed in the 

same furnace, avoiding the handling of brittle brown samples [86,104]. 

• Other debinding processes. Supercritical debinding: this is similar to the solvent 

debinding process but, usually, requires liquid carbon dioxide at temperatures 

between 50 and 70 ºC to remove typically waxes in the binder system. One of 

the main problems of the supercritical debinding is the necessity of a special 

equipment for the use of liquid CO2. Catalytic debinding: in this case, a catalytic 

agent is required for the degradation of the binder system. The most conventional 

is nitric acid. Is it a fast process that achieves the complete elimination of the 

binder, with good structural integrity of the samples after the process. One of the 

main drawbacks of this debinding technique is the expensive equipment that is 

needed for the use of the catalytic agents and the corrosion and health 

implications that the nitric acid condensation presents. 

In brief, to control the appearance of defects and ensure a correct structural integrity of 

the samples, a multicomponent binder is commonly used as polymeric system. This 

allows to combine different polymers and use different steps in the debinding process, 

reducing the possibility of creating defects in the components. The binder composition is 

usually selected to perform a two-step debinding. Firstly, a solvent debinding, eliminating 

the majority of the binder system and creating interconnected pores, which will facilitate 

the removal of the backbone polymers in a secondary stage, usually carried out by 

thermal debinding [124,129].  

After the debinding, an almost free binder part is obtained, this part is commonly referred 

as brown and is highly fragile due to the fact that is composed by, mainly, powder 

particles bonded by weak diffusion links [86,87]. Furthermore, the presence of any non-

degraded polymer during the sintering stage is a big concern for high reactive powders, 

specially metals, which can produce carbides resulting in the embrittlement of the 

material. This is another reason why the debinding process needs to be carefully 

selected and controlled. 

1.2.1.5 Sintering 

After obtaining the brown part, it is necessary to densify the sample in order to obtain a 

solid component. For this purpose and as a final stage of the injection process, sintering 

of the samples is performed. 

The sintering is a mandatory stage for all powder metallurgy processes, in which 

powders with the desired final geometry are densified through a thermally activated 

process. During sintering the physicochemical reaction of the powders occurs in different 
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stages. First, an initial bonding of the particles begins and a “neck” starts to growth 

between the particles. With time, these necks grow, closing the channels between 

particles by mass transportation mechanism, while isolated pores appear. Lastly, the 

densification of the sample is enhanced reducing the amount of porosity in the parts with 

a total growth of the necks creating the grain boundaries [130].  

Some of the parameters that influence the sinterability of the materials are: chemical 

composition of the powders, powder morphology and particle size distribution. Moreover, 

process temperature, time, atmosphere, heating and cooling rates or pressure also have 

an effect on the final microstructure of the material [131]. Nevertheless, the optimal 

sintering cycle depends on the material processed. Final PIM sintered parts have usually 

residual porosity and a post-processing hot isostatic pressing (HIP) route is commonly 

used for the high densification of the material [95]. 

Throughout the debinding and sintering processes there is a shrinkage of the parts due 

to the elimination of the polymer system and, most noticeably, due to the densification of 

the parts. This effect is controlled in the PIM process by the oversizing of the moulds 

which can compensate the shrinkage effect [132]. 

Although PIM technology is usually focused on the maximum densification of the 

materials for structural and functional applications for industries such as automotive, 

medial or consumer electronics [133], several works have focused in the obtention of 

porous materials by this technology. There are two strategies for the obtention of porous 

samples. First, decreasing the amount of solid loading in the mixtures would result in a 

minor packing of the powders, thus, leaving more open spaces after the debinding 

process. This approach could lead to the loss of structural integrity of the samples in the 

brown state if the amount of powder is not enough for the stability of the sample. On the 

other hand, and in the same manner for common macroporous structure production, a 

sacrificial element is used to act as a space holder.  

Heaney et al. [134] proposed the production of porous stainless-steels (316L) by PIM for 

applications as surgical implants, filters or self-lubricating bearings. The pore size 

required for these applications are in the range of 0,5 µm to 500 µm for filters and 100-

500 µm in implants. In their work, they used gas and water atomised powders to analyse 

the difference on the morphology. Feedstocks using paraffin wax were prepared with a 

solid loading range of 40 to 50 vol.%. Samples were solvent debound in heptane and 

sintered at 950 ºC under flowing hydrogen gas. The porosity of the sintered samples 

reached a 40-55% with a pore radius of 4-10 µm. Although no rheology behaviour of the 

feedstocks is shown in their work, they suggest that both water and gas atomised 



39 
 

powders are useful for porous PIM production. It can be observed from their work that 

the morphology of the powders has an influence on the final porosity of the samples, 

since under the same conditions of solid loading and sintering temperatures, final 

samples exhibit a 1% porosity difference, showing the influence of the initial material 

selection on the properties of the final sample. 

Space holder method has been also used by several authors to produce foams of 

stainless steels [135], or cooper [136]. Different materials have been used to act as a 

space holder, nevertheless the most used binder for this purpose has been polymethyl 

methacrylate (PMMA), due to its good behaviour under thermal debinding. Manonukul 

et al. [137] reported the addition of PMMA as a space holder to a polyacetal-based 

binder. The volumetric fraction of the binders was fixed to 40 vol.% and the amount of 

powders (316L) were varied from 10 to 60 vol.% with PMMA space holder balancing the 

volume fraction (from 0 to 50 vol.%). With the addition of the space holder they achieved 

a better control on the morphology and size of the generated porosity after sintering the 

samples. On the contrary, samples showed an additional shrinkage depending on the 

amount of PMMA used, obtaining porosities as high as 65%. 

1.2.2 Applications and overview of MAX phases in PIM 

With the versatility that the PIM technology offers, MAX phases are great candidates for 

the production of near-net-shape components with complex geometries. Although most 

of the work in the PIM industry focuses on the production of dense components, it is 

possible to process samples with a tailored porosity through injection moulding 

[138,139]. As stated in Section 1.1.3 some of the interesting applications for MAX 

phases are orientated to the production of porous components. Taking into advantage 

that the PIM process boosts the porosity of the samples due to the presence of a binder 

during the injection step and, on the other hand, the common lack of sinterability of 

ceramics, the processing of this family of materials through PIM stands as a promising 

route for the production of porous materials for catalytic devices, heat exchangers or 

damage tolerance structures. 

During the last years, porous MAX phases have been developed, typically by the space 

holder technique. In this method, the use of a sacrificial element is required to create the 

porosity in the compacts, which will later be removed from the core of the samples 

exposing the porosity. Reactive sintering of powders under vacuum has been used to 

process porous Ti3SiC2 with porosity ranging from 28 vol.% up to 42 vol.% [140,141]. 

This processing method has also been used to produce porous MAX phase composites 

of Ti3SiC2/TiC, Ti3AlC2/TiC and Ti4AlN3/TiN from different initial powder mixtures, 
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obtaining porosities ranging from 5 vol.% up to 35 vol.% [142]. In another study, porous 

composites with 70 vol.% of Ti3SiC2 phase and 30 vol.% of TiC phase were produced 

also by reactive sintering. It was shown that porous materials have higher specific creep 

resistance compared to the dense material [143]. In recent years, the space holder 

method using salt (NaCl) [144] has been used to make porous materials of Ti2AlC, 

obtaining MAX phase samples with a porosity ranging from 10 vol.% to 71 vol.%. They 

observed that the thermal conductivity at room temperature decreases with the amount 

of porosity but wasn´t affected by the pore size. Gonzalez-Julian et al [20] used the 

replica method technique to create macroporous MAX phases. In their work, NH4HCO3 

was used as a sacrificial template for the pore formation, controlling the amount of 

porosity generated in Cr2AlC samples. Other studies, focused on the production of Ti2AlC 

and Ti3SiC2 foams using saccharose as the space holder to facilitate the elimination of 

the space holder material, avoiding the use of organic solvent or corrosion effects in the 

samples [145,146]. This method allows the production of samples with different degrees 

of porosity and pore size that can be easily controlled by a simple method. 

In addition, MAX phase porous materials have been produced by suspension preparation 

and the replica method. Ti2AlC macroporous foams were prepared by Bowen et al. [147] 

starting from MAX phase powders mixed with an anti-settler agent to suspend the 

powder in the PEG solution during the replica process. The polyurethane foam, acting 

as the replica structure, was removed by pyrolysis at 800 ºC, obtaining microporous 

Ti2AlC structures. Moreover, Sun et al [148] obtained reticulated Ti3AlC2 through colloidal 

suspension preparation. Following the same method as described before they analysed 

the rheological properties of the suspensions and produced the reticular MAX phases by 

calcination of the polyurethane, followed by the sintering of the powders at 1350 ºC for 1 

h under argon. The macroporous samples produced exhibit a well-defined and 

homogenous reticulated structure with 80% of porosity. 

The main problematic of the common techniques for porous MAX phase production is 

the lack of control in the final shape of the samples. In spite of the good machinability of 

MAX phases, a near-net-shape technique for sample production would lower the 

production costs and increase the interest of these materials for new applications. In 

terms of powder injection moulding of MAX phases, to the best of the authors knowledge 

there are few published works that explore this field. This has been performed by 

Gonzalez-Julian et al. [149]. In this work, commercially available Ti3SiC2 and Ti2AlC 

powders were prepared with a 62 vol.% of solid content using paraffin (60 vol.%) as a 

filler, a Polyolefin (Hostalen GA, 35 vol.%) as the backbone and stearic acid (5 vol.%). 

Feedstocks exhibited pseudoplastic rheological behaviour for temperatures between 150 
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ºC and 180 ºC. Gear-wheel-shaped samples were obtained after the injection process. 

After debinding and sintering, samples showed a density of 81% and 90% for Ti3SiC2 

and Ti2AlC, respectively. Moreover, they explored the injection process for MAX phase 

composites using Ti2AlC as ceramic matrix and a 10 wt.% of SiC fibres. Although these 

composites showed good rheological properties, they were not able to densify, due to 

the reactivity between Ti2AlC and SiC during the sintering stage. Stumpf et al [150] also 

studied the injection moulding process for Ti2AlC MAX phase commercially available 

powders. In their work, they produced a wall structure with Ti2AlC acting as the building 

block and aluminium/polysiloxane as the “mortar” in the structure. The aim of this setup 

was to study the damage tolerance of the MAX phase and analyse the mechanical 

properties of the composite compared to monolithic Ti2AlC. To prepare the feedstocks, 

they first functionalised the MAX phase with stearic acid to hydrophobize the powders. 

Then, they prepared the feedstocks using paraffin (15 wt.%) and carnauba wax (2 wt.%) 

as polymeric system and an 83 wt.% of solid content. After the injection at 120 ºC, Ti2AlC 

blocks were placed in a furnace at 300 ºC for 2 h for the thermal debinding of the 

polymeric system, and at 1350 ºC for 4h for the sintering, all of the process under flowing 

argon atmosphere. After the preparation of the brick-and-mortar structure, sintering of 

the building walls was performed at 1100 ºC, enhancing the Al-melt infiltration into the 

Ti2AlC; this produced highly dense samples with similar strength and higher toughness 

compared to the monolithic Ti2AlC injected sample. 

With all this, the production of complex shaped porous MAX phases could broaden the 

possible applications of these materials and make them a potential candidate for 

applications like catalytic devices, high temperature heat exchangers or high 

temperature filters through their processing by PIM. 
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1.3 Additive Manufacturing 

In the last years, Additive Manufacturing (AM) has grown from a technology for the 

production of prototypes, towards a new processing route to develop near-net-shape 

parts for various industrial sectors. In the materials community, AM has become a “hot 

topic” for the design and fabrication of a wide range of materials. From structural 

purposes of commonly used stainless steels to functional applications of new materials, 

AM postulates as a promising route for the production of new designs and new materials 

never before used in the industry [151]. 

One of the main reasons of the thriving inception of Additive Manufacturing in the 

materials processing is the amount of technologies that encompasses, allowing to select 

the ones more suited for a certain material. Besides polymer 3D printing, metals and 

ceramics materials have been widely studied due to the possibility of using this 

technology to obtain final parts without posterior machining processes, for a large 

number of applications, with a freedom of design that distinguishes AM from the rest of 

processing technologies [152,153]. 

For metallic and ceramic printing, it is possible to differentiate two main groups in the AM 

technologies: direct and indirect AM. These two classifications are mainly based on the 

possibility of obtaining the final part directly after the process or the requirement of a 

post-processing step. The most relevant techniques that encompasses direct and 

indirect AM are detailed below. 

1.3.1.1 Direct AM 

Direct Additive Manufacturing technologies starts from the raw material in powder form 

or from processed materials in wire or sheet form. Figure 15 shows the most relevant 

processes encompassed in direct AM. 

 
Figure 15. Schematic representation of the most relevant processes in direct AM technology. 
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Within the direct AM technologies, Direct Energy Deposition (DED) starts from the 

material to be deposited in wire or powder form. In this technology the material is sintered 

in-situ using a laser or an electron beam. The consolidation of the final part is performed 

in a layer-by-layer basis, as all AM techniques, where the material is being deposited at 

the same time as the energy source is applied [154,155]. DED is commonly used for 

stainless steels, titanium or aluminium-based alloys, ceramics or composites [156,157]. 

Some of the advantages of this technique are the broad range of materials that can be 

used, high deposition rates and the ability of printing full parts or coatings amongst others 

[158]. On the other hand, due to the local temperature difference produced during 

printing, residual stress and deformation can occur. In addition, there is a low efficiency 

when powders are used, with low recyclability and a post machining of the printed 

samples is usually required [159]. 

Another of the most common direct AM techniques is Powder Bed Fusion (PBF). In this 

case, the starting material is in powder form placed in a bed where the energy source is 

applied to selected zones with the geometry of the layer to be sintered or melted. A new 

layer of fresh powder is spread in the bed after the consolidation of the previous layer, 

repeating the process until the final desired samples is obtained. One of the most 

employed techniques used in this group is Selective laser melting (SLM) [160,161]. 

Through this techniques metals are predominantly used due to their ease to be melted 

once the energy source is applied; mainly titanium and aluminium alloys or stainless 

steels have been the most studied materials through Power Bed Fusion AM [162]. 

Nevertheless, ceramics materials have been also studied. Due to the high melting point 

of ceramics, a binder material that melts at a lower temperature is commonly used to 

create an initial bridging of the particles [152]. PBF techniques allow the use of a wider 

range of materials in powder form with a higher recyclability of the material compared to 

DED techniques. However, there are several powder characteristics that need to be 

addressed in order to obtain successful 3D printed structures. The morphology of the 

powders is an important aspect; generally, spherical powders are preferred for the 

correct deposition of the powder bed and the effective sintering of the material once the 

energy source is applied. In addition, the flowability of the powders is a key factor in PBF 

techniques, since the deposition of each powder layer on the bed depends on this aspect 

[162]. To control the flowability, the particle size distribution of the powders must be 

studied. The excess of fine particles in the powder system reduces the flowability, 

affecting the deposition of the powder bed, resulting in a failed printed part. In addition, 

particle size distributions with big D90 can create porosity during the consolidation of the 

parts [163]. 
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As an alternative to the wire or powders starting materials, Sheet Lamination starts from 

a sheet. In this technique, a laminated sheet is deposited with the desired layered shape 

and the next layer is sticked above. One of the use cases for Laminated Object 

Manufacturing (LOM) is the production of composite matrices through a rapid prototyping 

for metallic and ceramic materials [164]. LOM stands as an interesting route for the 

production of 3D models from tape-casted parts, allowing the possibility of printing 

ceramic parts from this technique [165,166]. Some of the advantages of this technique 

rely on the reduction of internal stress generation, reducing the shrinkage and 

deformation of the printed parts. In addition, very large parts can be produced by this 

technique [167]. However, the accuracy of the parts, in terms of the surface quality, is a 

big drawback when a metal is used, since commercial sheets of 0,2-0,5 mm thickness 

result in poor quality parts [164]. 

1.3.1.2 Indirect AM 

As stated above, indirect AM techniques require a post-processing method, typically a 

debinding and sintering process, for the fabrication of the final parts. Some of the most 

important technologies that are comprised within the indirect AM technologies are 

described in Figure 16. 

VAT photopolymerization starts from the idea of using a resin or a slurry that contains 

the metal or ceramic powders to be printed. The resin used gives the material the 

necessary viscosity to be deposited in a layer by layer form and an energy source such 

as a laser, a projector or a LED light, builds the desired final part through 

photopolymerization [168]. VAT photopolymerization, processes such as 

Stereolithography (SLA) or Digital Light Processing (DLP), have been commonly used 

for the 3D printing of polymers. These techniques showed several benefits compared to 

other AM processes, such as, high accuracy of the printed parts with low layer heights 

and cost-efficiency, amongst other [169]. Polymer composites have been also developed 

through this technique to increase the strength of the printed materials to improve the 

corrosion or erosion resistance for biomedical application [170]. In recent years, several 

efforts have been made to apply this technology to metallic and ceramic materials using 

the polymeric resin as binder. Different companies, as Lithoz GmbH and Incus GmbH, 

are focused on the technology development of lithography-based solutions for the 3D 

printing of ceramics and metals, respectively. Nevertheless, this technology lacks on the 

possibility of printing with high powder concentrations or a strict control on the powder 

size of the material to be printed [171]. 
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Figure 16. Schematic representation of the most relevant processes in indirect AM technology. 

Binder Jetting, as SLM process, requires a powder bed and, in this case, instead of an 

energy source for the sintering of the materials a binder is jetted into the powder to 

generate the parts, with a continuous spreading of a new layer of fresh powder after the 

binder jetting [172,173]. Another indirect technique is the material jetting. In this case, 

the binder-powders system is jetted while printing the part. This technology also requires 

an energy source for the consolidation of the sample as, for example, UV light [174]. Due 

to the porosity typically obtained thought this technique, Binder jetting has been 

extensively used for the production of casting moulds, allowing the gas evacuation and 

avoiding defects on the casted parts [175]. With the evolution of this technology and the 

obtention of higher density samples, Binder jetting stands as a promising processing 

route for medical applications as denture framework [176] or implants [177]. 

Lastly, Material Extrusion is one of the most widely used Additive Manufacturing 

techniques for filament polymer 3D printing and, in the last years, also for metallic and 

ceramic components. Through Fused deposition modelling (FDM), also referred as 

Fused Filament Fabrication (FFF), is it possible to obtain high quality final parts using 

feedstocks in a filament form. This type of processing starts from a filament, which is 
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extruded and heated through a nozzle to be deposited layer by layer. The polymeric 

binders used for this technology require specific flexibility properties [152]. As one of the 

most used printing technologies there are several studies on the optimisation and future 

prospective of a wide range of materials, most commonly: stainless-steel (17-4 PH [178], 

316L [179]) for structural applications, or Titanium alloys (Ti-6Al-4V [180]) and ceramics 

such as TiO2 [181] for biomedical applications. Moreover, the homogeneity is a key factor 

in the case of filament production. Several studies are focused on the correct dispersion 

of the powder-binder system for the production of good quality parts. In this aspect, a 

new promising process through colloidal suspension can avoid the heterogeneities 

generated by the agglomeration of the powders in the feedstocks [182]. 

1.3.2  Overview of the Composite Extrusion Modelling process 

Through the previous section is it clear how for a successful printing the prerequisites of 

the raw materials are strictly related for the type of processing to be used. In addition, 

not all materials are suited to comply with these requirements. As seen, powder bed 

fusion techniques require the use of spherical powders for the correct deposition of the 

powder bed and the densification of the samples. Ceramics cannot be produced in a 

filament form without a polymeric binder for Direct Energy Deposition systems, and not 

all metals are successfully sintered by laser or electron beams. Powder morphology is a 

huge drawback for powder-bed-based technologies in the indirect AM, since the correct 

powder wettability of the binders depends on that morphology. Furthermore, not all 

polymers are suited for the filament production and the flexibility requirements of a 

feedstock filament limits them to a few number of suitable binder polymers. 

Composite Extrusion Modelling (CEM), also described as screw-based AM, stands as 

an alternative processing route to solve some of the problematics of conventional AM 

techniques and broadens the range of materials that can be used. This technology 

combines the fundamental aspects of Powder Injection Moulding and Fused Deposition 

Modelling [183,184]. 

With CEM, pelletised feedstocks can be used for the obtention of 3D parts. As for FDM 

the material is extruded, in this case by a screw, into the heated zone to give the 

feedstocks the necessary viscosity. Feedstocks are then extruded through a nozzle to 

be deposited into the bed in a layer-by-layer basis. A schematic representation of the 

CEM process is shown in Figure 17. 

CEM offers the possibility of avoiding the difficult steps of the filament production, while 

increasing the range of polymeric systems to be used through this technology. As 

opposed to FDM, there are no specific diameter requirement for the correct extrusion of 
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the filaments and no flexibility constraints for the pellets. In addition, reusability of the 

failed printed parts is possible by granulating or pelletising the feedstocks, while the 

temperatures of the printing are selected correctly avoiding the degradation of the 

polymeric system [185].  

 
Figure 17. Schematic representation of the screw-based composite extrusion modelling (CEM) process 

[183]. 

With all this, CEM stands as a promising processing route, offering the possibility to print 

materials that do not typically comply with the required morphologies of the powder bed 

technologies or are not able to be produced as filaments or wires, allowing to print highly 

charged feedstocks, using novel binder compositions [184]. Initially, the focus on the 

research of CEM and pellet-extrusion was on the validation of the process comparing 

the final parts to FDM printed materials. Thus, some of the earlier research was 

performed with widely used powders such as stainless steel 316L [186] or 17-4 PH [187] 

starting from PIM feedstocks. Most recently, new materials and polymeric binders have 

been used, exploring the possibility of using hard metals and cermets for tooling 

applications [184] or using drugs-loaded polymeric systems for the pharmaceutical 

industry [188]. 

1.3.3 Applications and overview of MAX phases in AM 

MAX phases have been previously processed by Additive Manufacturing techniques. In 

2002 W. Sun et al. [40,189] published a three-stage fabrication process of Ti3SiC2 MAX 

phase. In their work, they printed the samples by rapid prototyping, which is an early 

development of the binder jetting technique, using water soluble binders. After the 3D 

printing of the MAX phase powders, cold isostatic pressing of the samples was 

performed to increase the densification in the later sintering step. Final samples were 

obtained with a final density of 90%. Years later, Mylena M. M. Carrijo et al. [190] would 
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study the influence on the post-pressing parameters of rapid prototyping Ti3SiC2-based 

composites, achieving high densification with a 1,7 wt.% of residual porosity. 

A different technique was followed by B. Nan et al. [191]. In this case, the synthesis of 

the MAX phases was performed after printing the samples by Inkjet printing combined 

with liquid silicon infiltration (LSI). Direct ink writing was employed by H. Elsayed et al. 

[192] to produce MAX phase Ti2AlC with porous structures. In this work, after achieving 

good dispersion of the Ti2AlC powders in the ink, printed samples were obtained with 

porosities between 44 and 63 vol.%. 

Other MAX phases have also been printed using printable inks. Cr2AlC was printed using 

aqueous suspensions to obtain cellular structures. Porosities of up to 60 vol.% were 

obtained by M. Belmonte et al. [193], who studied the thermal and electrical 

conductivities of the printed parts. 

Additionally, Laminated Object Manufacturing (LOM) was used by Krinitcyn et al. [194] 

to obtain Ti3SiC2 3D printed samples. In their work, LOM was used as an indirect 

deposition route combining TiC and SiC powders with a slurry. The objective was to 

produce green laminates by tape casting to conform the shape of the samples, followed 

by a posterior pyrolysis and a subsequent sintering for the in-situ synthesis of the MAX 

phase and the consolidation of the sample. To reduce the porosity of the printed 

samples, a liquid silicon infiltration in vacuum was performed, obtaining a shrinkage of 

less than 3%. 

The possibility that AM offers for the production of solid porous or cellular systems in 

combination with the excellent properties of MAX phases, makes this type of processing 

a promising candidate to produce porous MAX phases for high temperature applications. 

For example, High Temperature Heat Exchangers (HTHXs) materials need high 

temperature stability. In addition, to increase the efficiency of these components, 

complex shapes are required and, in this sense, the combination of CEM processing and 

MAX phases is an interesting use case for these materials. 
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2. Motivation and objectives 

2.1 Motivation 

The research community is in a constant search of new techniques and innovative 

materials to accomplish new challenges that the industry demands. Some of those 

recent cases include discovering new ways of energy production and storage or making 

existing systems more efficient [1]. As an example, hydrogen energy production is 

developing as a promising new method that could satisfy the increasing demand of 

energy supply and reduce the carbon footprint, as established in the agenda 2030. 

Furthermore, for the production of hydrogen, more efficient heat exchangers are required 

capable of withstanding more demanding and aggressive environments [2]. 

For most of these new goals, some key properties that are essential for the development 

of innovative materials are high melting point, thermal and chemical stability [3], good 

thermal shock resistance, good oxidation and corrosion behaviour at high temperatures 

[4] or good wear resistance. Usually, to fulfil these properties a ceramic material is 

required, and the main issues are the component design and processing routes, for the 

specific applications of these family of materials. 

In the quest to develop materials that can meet the increasing challenges of emerging 

technologies, this work proposes two different approaches. On one hand, it is essential 

to develop new materials with excellent properties and, on the other hand, study new 

processing methods that allow greater freedom in component design, and by doing so, 

increasing the efficiency and performance of these components. 

In this sense, MAX phases have become an excellent candidate for these new 

requirements, due to their unique combination of ceramic-metallic properties, in terms of 

high temperature operational resistance, good electrical and thermal conductivity, 

machinability and high damage tolerance [5]. 

Regarding the second challenge, freedom of design, Powder Injection Moulding (PIM) 

and Additive Manufacturing (AM) are two exceptional processing routes to obtain near-

net-shape components. Both of these technologies require large quantities of material 

for the characterisation and optimisation process. Thus, it is important to scale-up the 

MAX phase powder production process, maintaining high purity in the powders and 

controlling the powder characteristics, such as particle size for the correct subsequent 

processing of the material. Conventional consolidation routes need also to be studied for 
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comparative purposes, in order to understand and analyse the processing properties and 

behaviour of the raw powders. 

Even though AM techniques have many advantages, they also have some significant 

drawbacks, depending on the material and the specific technique that is going to be 

used. For example, for powder-bed fusion techniques, it is of great importance to have 

an optimal powder morphology in order to avoid defects in the processed samples; it is 

often necessary to use spherical powders, with highly controlled particle size distribution 

[6,7]. For another widely use AM technique, Fused Deposition Modelling (FDM), a strict 

control of the filament produced is required in terms of diameter tolerance, feedstock 

homogeneity and filament flexibility [8]. 

To overcome these drawbacks with AM techniques, Composite Extrusion Modelling, 

CEM, is proposed as an alternative method in this work. In CEM the material is printed 

using feedstocks, in pellet form, as raw starting material and it is extruded through a 

screw to be deposited layer-by-layer. This processing route not only offers the 

opportunity of avoiding complex filament production steps using non-specific powder 

morphologies but, it also allows the use new binder compositions, increasing the range 

of polymeric systems that can be used in additive manufacturing. Furthermore, this 

technique poses fewer limitations regarding the powder morphology characteristics 

required. In addition to this, by increasing the amount of polymers that can be selected 

for the printing process, it gives the opportunity of selecting sustainable polymeric 

binders such as polyethylene(glycol) (PEG), as a water solvent polymer, avoiding using 

organic solvents or cellulose acetate butyrate (CAB) that is a carbon neutral polymer. 
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2.2 Objectives 

The main goal of this thesis is to study and develop new processing routes for MAX 

phases, starting from the synthesis of MAX phases powders followed by scaling-up of 

the powder production and the processing of the material. These new processing routes 

are built on feedstock-based processing such as powder injection moulding (PIM) and 

additive manufacturing (AM) through composite extrusion modelling (CEM). These 

objectives are accomplished through the following partial objectives: 

• Synthesise, using new synthesis routes, Ti3SiC2, Cr2AlC and Ti2AlC MAX phases, 

and characterise and study the different parameters that influence the fabrication 

of high purity powders. 

• Powder production scale-up process, proposing a “simple” route to obtain large 

amounts of powders, without compromising powder purity. In addition, the 

powders obtained need to have a controlled particle size distribution, appropriate 

for the later processing by PIM and CEM. 

• Study the processing viability of the synthesised powders by conventional 

powder metallurgy processes, characterising the mechanical and wear behaviour 

properties of the consolidated materials. 

• Study the rheological behaviour of the feedstocks. Two multicomponent 

alternative binders are proposed, that use eco-friendly polymers (PEG/CAB and 

PEG/PP). An in-depth study of the optimal powder solid loadings and rheological 

behaviour is necessary for the optimization of the feedstocks for the PIM and AM 

processes. 

• Optimisation of the PIM process, starting from the injection parameters and 

finishing with the sintering step. Control of both solvent and thermal debinding for 

the optimal removal of the binders. 

• Optimisation of the CEM process. Determining the correct parameters for the 3D 

printing of the MAX phase feedstocks and adjusting the debinding process to 

ensure the structural integrity of the materials. 

• Porosity evaluation of the samples obtained by PIM and CEM and 

characterisation of the final sintered components. 

Through the study and optimisation of each partial objective it is intended to explore and 

broaden the possible application fields of MAX phases. Furthermore, the powder 
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production process optimisation and investigation of the suitability of MAX phases for the 

PIM and AM processing routes is the main objective of this study. With this, new cost-

efficient geometries can be built increasing the potential application of this family of 

materials in the industry, particularly for applications demanding materials resistant to 

aggressive environments, with complex geometries. 
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3. Thematic unit, materials and methods 

3.1 Scheme of the experimental work 

In this section, the experimental procedure employed during the implementation of this 

thesis work is detailed. Figure 1, shows a schematic of the experimental work of all main 

sections in which this work is divided. Starting from the MAX phase powders synthesis 

and continuing through the different consolidation processes studied: conventional 

powder metallurgy, Powder Injection Moulding (PIM) and additive manufacturing through 

Composite Extrusion Modelling (CEM). In this section, the common thread that 

encompasses this work as a whole is presented, and the methodology employed for 

each step of the process will be explained. Readers will be referenced to the published 

papers shown in the result section (Chapters 4 to 7), where most of the relevant results 

are discussed. In addition, non-published complementary information will be shown in 

this section along the experimental procedure description. 

 

3.2 Initial materials and MAX phase synthesis characterisation 

In this work three different MAX phases were synthesised: Ti3SiC2, Cr2AlC and 

Ti2AlC/Ti3AlC2 starting from different initial powders compositions. Pressureless sintering 

synthesis was used in order to study the possibility of producing high purity MAX phases 

through a common and “simple” technique. Furthermore, after optimising the synthesis 

parameters, a scale-up process was developed to produce high quantity of powders 

without compromising the purity achieved. 
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3.2.1 Initial powders 

Powders used for the synthesis of MAX phases are listed below. Different carbides (SiC, 

TiC) and elemental powders (Ti, Si, C, Cr, Al) were used during the optimisation of the 

MAX phases synthesis. In addition, several particle size distributions of the powders 

were selected to study the influence of the powder size on the synthesis process. All 

powders particle size distributions are shown in Figure 2 and characteristics detailed in 

Table 1. Micrographs of the powders are shown in Figure 3. Powder density was 

obtained by helium picnometry (AccuPyc 1330, Micrometrics, US). Mean particle size 

distribution of the powders represented in number, was obtained by Dynamic Light 

Scattering (MasterSizer 2000, Malvern Instruments, UK). Measurements were 

performed in an aqueous solution using a dispersant to avoid the agglomeration of the 

powders during the test. In addition, micrographs of the powders and microstructural 

analysis performed throughout this work were performed with two scanning electron 

microscopy (SEM) equipment: a SEM XL-30 Philips (US) coupled with Energy-

Dispersive X-ray Spectroscopy (EDS, EDAX, US) and a SEM TENEO-FEI (Netherlands) 

coupled with EDS, DX-4-EDAX (USA). 

 

Table 1. Detailed list of initial powders used, density and particle distribution characterization. 

Powder Supplier Density 
(g/cm3) 

D50 
(µm) 

D90 
(µm) 

Purity 
(%) 

Ti TLS Technik GmbH, Germany 4,5 8 14 99 

Si Alfa Aesar GmbH, Germany 2,3 4 10 99,9 

Cr Goodfellow Ltd., UK 7,2 30 53 99,5 

Al AEE, USA 2,7 38 79 99,5 

Cc Ismaf S.L., Spain 2,8 24 58 99,5 

Cf Alfa Aesar, GmbH, Germany 2,9 13 31 99 

SiCc Alfa Aesar, GmbH, Germany 3,2 35 53 99 

SiCf Navarro S.A., Spain 3,2 12 21 99,5 

TiC MaTeck GmbH, Germany 4,9 9 23 99 

*Subscripts c and f in the elements’ nomenclature throughout the text stands for the 

coarse (c) or fine (f) particle size used. 
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Figure 2. Particle size distribution of all powders used for the synthesis of MAX phases Ti3SiC2, Cr2AlC and 

Ti2AlC/Ti3AlC2. 
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Figure 3. SEM micrographs of the initial powders used for the synthesis of MAX phases Ti3SiC2, Cr2AlC 

and Ti2AlC/Ti3AlC2. 
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3.2.2 MAX Phase synthesis 

Max phase synthesis was performed by pressureless sintering and the optimisation 

process started using different initial powders and molar ratios. Due to the novelty of this 

synthesis route, Ti3SiC2 optimisation is reported in Chapter 4 Section 4.1 where the 

main results are presented in the scientific journal publication [1]. Results not included in 

this scientific publication, as well as more detailed experimental descriptions, are 

presented here. The steps followed for the synthesis were mixing the initial powders 

mixtures with a specific molar ratio in a Turbula shaker mixer (WAB, Switzerland) for 1 

hour. Mixed powders were uniaxially pressed at 200 MPa, obtaining compacted samples 

of 16 mm diameter and 3 mm thickness. Compacted samples were introduced in an 

alumina crucible covered with zirconia balls of about 1 mm diameter to avoid the 

contamination during the heat treatment. Synthesis was performed under different 

atmospheres, to analyse the influence of this parameter during MAX phase Ti3SiC2 

formation. A tubular high vacuum furnace (HVT-15/50/450, Carbolite, UK) and a tubular 

furnace (STF-15/757450, Carbolite, UK), using argon as protective atmosphere, were 

used, varying the synthesis parameters. An in-depth study of the optimal conditions for 

high purity synthesis of Ti3SiC2 was performed. Synthesised samples were then crushed 

in an agate mortar, in order to analyse the composition of the final powder for each initial 

mixture and synthesis parameters, quantifying the purity of the MAX phase. Phase purity 

analysis was performed by X-Ray diffractometry (XRD, Philips X’pert, Netherlands) using 

copper Kα radiation at 40 kV and 40 mA. Quantification of the powder composition was 

calculated by least-square procedure of the integrated area of most intense peaks in the 

XRD patterns, following Equation 1; where Ix corresponds to the integrated area of the 

most intense peak of the phase to be quantified and It is the summation of the integrated 

areas of the most intense peaks of all present phases [2]. In order to validate this 

quantification technique, Rietveld refinement was performed and compared to this 

method. 

Equation 1  % Phase =  Ix
It

 

Differential Thermal Analysis (DTA) and Differential Scanning Calorimetry (DSC) was 

performed to the powders (SETSYS Evolution, SETARAM Instrumentation, France) with 

a heating rate of 10 ºC/min up to 1500 ºC in order to study the MAX phase formation 

temperatures. A complementary evaluation off the possible reaction mechanisms during 

the synthesis was carried out by thermodynamic calculations of ΔG using Thermo-Calc 

software (Sweden) with databases SSOL5 and SSUB5 [3]. 
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The same procedure was performed for the synthesis of MAX phases Cr2AlC and Ti2AlC. 

A detailed list of the molar ratios used for the synthesis of these MAX phases is shown 

in Table 2. Similarly to the procedure followed for Ti3SiC2, the molar ratios for Cr2AlC and 

Ti2AlC were selected from successful bibliography high purity synthesis by different 

techniques and compared to pressureless sintering. 

Table 2. List of initial compositions, molar ratios and phases present after heat treatments for successful 
bibliography Cr2AlC and Ti2AlC high purity synthesis. 

Author Initial 
Powder Molar ratios Technique Phases 

Gonzalez-Julian [4] Cr:Al:C 2:1.1:1 PS/SPS Cr2AlC 

Xiao [5] Cr:Al:C 2:1.2:1 PS/HP Cr2AlC 

Hashimoto [6] Ti:Al:TiC 1:1:0.75 PS Ti2AlC 

Ping [7] Ti:Al:TiC:C 1.5:1:0.5:0.5 HP Ti2AlC/Ti3AlC2 

Selection of the synthesis temperature range for Cr2AlC and Ti2AlC was obtained by 

DSC analysis. Firstly, from the analysis showed in Figure 4, an exothermic peak can be 

observed for both mixtures at around 640 ºC, which is lower than the melting temperature 

of Al. This peak corresponds to the formation of a new phase from the initial powder 

during this first stage: Al8Cr5 [8] is formed for mixture Cr:Al:C and TiAl + Ti3Al [9] for the 

Ti:TiC:Al mixture. From 1250 ºC to 1400 ºC in Figure 4-a two exothermic peaks can be 

observed, that correspond to a later reaction of the intermediate Al8Cr5 phase with C, to 

generate MAX phase Cr2AlC. In Figure 4-b the formation of a secondary phase can be 

observed at around 1430 ºC, with a small exothermic peak, before the endothermic 

reaction at 1450 ºC that corresponds to the melting of some of the generated phases. 

From this analysis a temperature range from 1200 ºC to 1400 ºC was selected for the 

synthesis study of the selected compacted mixtures. 

 
Figure 4. Differential Thermal Analysis (DTA) and Differential Scanning Calorimetry (DSC) curves of a) 

Cr:Al:C with a molar ratio of 2:1,2:1 and b) Ti:TiC:Al with a molar ratio of 1:1:0,75. 

Due to the evaporation of aluminium in vacuum, a protective argon atmosphere was 

selected for the synthesis of Cr2AlC and Ti2AlC MAX phases. Three synthesis 
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temperatures were selected 1200, 1300 and 1400 ºC with heating and cooling rates of 5 

ºC/min and an initial holding time of 4 h. 

3.2.2.1 Cr2AlC 

Synthesis using mixtures of Cr:Al:C with molar ratios of 2:1.1:1 and 2:1.2:1 were carried 

out, and crushed powders obtained after synthesis were analysed by XRD (Figure 5). 

Table 3 shows the amount of MAX phases and secondary phases obtained after this 

preliminary synthesis route for both mixtures. Firstly, for the mixture with a molar ratio of 

2:1.1:1 at 1200 ºC it is possible to observe the presence of Al8Cr5 intermediate phase 

and unreacted C, suggesting an insufficient synthesis process. By increasing the 

temperature to 1300 ºC, the presence of unreacted graphite is no longer seen, achieving 

a purity of 73 %. At 1400 ºC the formation of Cr2AlC decreases, indicating an excessive 

temperature for the synthesis of the MAX phase. From the phase evolution analysis 

represented in Figure 6-a it can be observed how the amount of carbon present at 1300 

°C decreases as the temperature increases, due to its reaction with the secondary 

elements present. Consequently, the amount of Al8Cr5 increases with the increase of 

temperature, as a result of an enhanced reaction. Although there is no presence of any 

other secondary phase at 1400 ºC, the decrease of the amount of MAX phase could be 

due to the decomposition of this phase at higher temperature, in the presence of other 

intermediate phases, as it has been observed for Ti3SiC2 [1]. Secondly, the mixture with 

a molar ratio of 2:1.2:1 shows an increase in the final amount of Cr2AlC for all 

temperatures (Figure 6-b). The slight increase of aluminium in the initial molar ratio 

allows more amount of this material to react with the chromium during the first stage and 

later with the graphite for the formation of the MAX phase. The A element in the MAX 

phases is commonly volatile at high temperature, and it is a common strategy to increase 

the amount of this element compared to the stoichiometric value, to prevent the lack of 

material and allow for the reactions to occur [2,5,10,11]. 

With all this, the selected mixture was Cr:Al:C with a molar ratio of 2:1.2:1 and the heat 

treatment process was set at 1300 ºC, adjusting the holding time to 6 hours to enhance 

the purity of Cr2AlC. XRD analysis of the synthesised powders are shown in Figure 7, 

obtaining a purity of 98 % of MAX phase Cr2AlC and, in this case, Cr5C3 as secondary 

phase. Due to the longer permanence of the mixture at the synthesis temperature (6 

hours at 1300 ºC), the intermediate phases of Al8Cr5 seems to have reacted with the 

remaining graphite in the mixture, generating Cr2AlC and Cr5C3. Furthermore, 

micrographs of the powder can be observed in Figure 8, where the typical nanolaminated 

structure of MAX phases can be observed. 
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Figure 5. X-ray diffraction patterns of mixture a) Cr:Al:C with a molar ratio of 2:1.1:1 and b) Cr:Al:C with a 

molar ratio of 2:1.2:1 heat treated under argon atmosphere at different temperatures with a holding time of 
4 h. 

 

Table 3. Quantification of detected phases (XRD) present in selected mixtures after heat treatment in 
argon atmosphere at 1200, 1300 and 1400 ºC temperature for 4 h for Cr2AlC synthesis. 

Initial Mixture Synthesis temperature 
(ºC) 

Detected phases (%) 

Cr:Al:C Cr2AlC Al8Cr5 C 

2:1.1:1 

1200 66 18 16 

1300 73 27 - 

1400 68 32 - 

2:1.2:1 

1200 92 8 - 

1300 94 6 - 

1400 93 7 - 

  

 
Figure 6. Phase evolution obtained by XRD profiles for a) Cr:Al:C with a molar ratio of 2:1.1:1 and b) 

Cr:Al:C with a molar ratio of 2:1.2:1 after heat treatment in argon atmosphere at different temperatures for 
4 h for Cr2AlC synthesis. 
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Figure 7. X-ray diffraction patterns of mixture Cr:Al:C with a molar ratio of 2:1.2:1 heat treated under argon 

atmosphere at 1300 ºC with a holding time of 6 h. 

 
Figure 8. SEM micrographs of synthesised Cr2AlC after a heat treatment under argon atmosphere at 1300 

ºC for 6 h starting from a mixture of Cr:Al:C with a molar ratio of 2:1.2:1. 

3.2.2.2 Ti2AlC/Ti3AlC2 

Synthesis of MAX phase Ti2AlC was studied starting from Ti:Al:TiC with a molar ratio of 

1:1:0.75 and a mixture of Ti:Al:TiC:C with a molar ratio of 1.5:1:0.5:0.5. XRD synthesis 

profiles of the powders from 1200 to 1400 ºC are shown in Figure 9. The calculated 

amount of the different phases obtained during the process are summarised in Table 4. 

Firstly, for Ti:Al:TiC mixture with a molar ratio of 1:1:0.75, it can be observed that the 

amount of MAX phase Ti2AlC, increases with the increase of the heat treatment 

temperature, reaching its maximum at 1400 °C with a 77% of Ti2AlC phase. As opposed 

to other MAX phases, titanium aluminium carbide exhibits two different stable 

compounds with n being 1 and 2 in the Mn+1AXn formula: Ti2AlC and Ti3AlC2. The 

presence of this other MAX phase (Ti3AlC2) is also observed in the final product in the 
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same amount for all the temperatures analysed (16-17%). In addition, an incomplete 

reaction of the product can be observed by the presence of intermediate phases of TiAl3 

and TiAl. The increase of temperature enhances the synthesis of the MAX phase, 

reducing the amount of secondary phases present in the final produced powders. Also, 

for mixture Ti:Al:TiC:C with a molar ratio of 1.5:1:0.5:0.5, a similar effect on the synthesis 

process can be observed. The increase of temperature increases the amount of 

synthesised Ti2AlC MAX phase, reaching its maximum at 1400 °C with a purity of 75%. 

Furthermore, Ti3AlC2 is still present in the mixture and it remains constant for all the heat 

treatment temperatures. In this case, the secondary phases found in the final products 

are TiAl3 and TiC, the former produced by the reaction of Ti+Al and the latter both by the 

presence of unreacted initial TiC powder and by the reaction of Ti+C. These products 

are observed at all temperatures and decrease as the MAX phase formation is 

enhanced, with the increase of the process temperature. The phase evolution during the 

heat treatment of Ti2AlC synthesis is shown in Figure 10. 

 
Figure 9. X-ray diffraction patterns of mixture a) Ti:Al:C with a molar ratio of 1:1:0.75 and b) Ti:Al:TiC:C 
with a molar ratio of 1.5:1:0.5:0.5 heat treated under argon atmosphere at different temperatures with a 

holding time of 4 h. 

 
Table 4. Quantification of detected phases (XRD) present in selected mixtures after heat treatment in 

argon atmosphere at 1200 ºC, 1300 ºC and 1400 ºC for 4 h for Ti2AlC/Ti3AlC2 synthesis. 

Initial 
Mixture 

Synthesis 
temperature 

(ºC) 

Detected phases (%) 

Ti2AlC Ti3AlC2 TiAl3 TiAl TiC 

Ti:Al:TiC 
1:1:0.75 

1200 61 17 22 - - 

1300 62 16 12 10 - 

1400 77 16 7 - - 

Ti:Al:TiC:C 
1.5:1:0.5:0.5 

1200 66 15 11 - 8 

1300 73 15 5 - 7 

1400 75 17 4 - 4 
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Figure 10. Phase evolution obtained by XRD profiles for Ti:Al:C with a molar ratio of 1:1:0.75 and b) 
Ti:Al:TiC:C with a molar ratio of 1.5:1:0.5:0.5 after heat treatment in argon atmosphere at different 

temperatures for 4 h for Ti2AlC/Ti3AlC2 synthesis. 

For this MAX phase the best purity results obtained were for initial powder mixture of 

Ti:Al:TiC with a molar ratio of 1:1:0.75 at 1400 ºC with a holding time of 4 h. For Ti2AlC 

it is also possible to observe the nanolaminated structure of the synthesised powders 

characteristic of MAX phases (Figure 11). 

 
Figure 11. SEM micrographs of self-synthesised Ti2AlC/Ti3AlC2 after a heat treatment under argon at 1400 

ºC for 4 h starting from a mixture of Ti:Al:C with a molar ratio of 1:1:0.75. 

3.2.3 Powder production scale-up 

After analysing and optimising the different synthesis routes for high purity MAX phases, 

the next step in the powder production is to study its scalability. For this, two of the three 

synthesised MAX phases were selected: Ti3SiC2 and Cr2AlC. Powder production 

scalability of MAX phases is an important matter since the scale-up process could 

compromise the purity of the powders. Ti3SiC2 is one of the most widely studied MAX 

phase and a great candidate for newer processing techniques, as is intended in this 

work. Furthermore, since this MAX phase is commercially available, the production 

technique used for high quantity of powder production used in this work can be compared 
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in terms of purity, to commercially available powders. In addition, Cr2AlC was also 

selected as a promising MAX phase for alternative processing techniques and due to the 

high purity achieved during the synthesis optimisation (98%), it stands as a great 

candidate for further analysis. In the case of Ti2AlC, although the final purity obtained 

was relatively high (77%) and even higher considering the secondary Ti3SiC2 found in 

the mixture (93%), the production of high quantity of powders for this MAX phase was 

disregarded, due to this dual presence of Ti2AlC/Ti3AlC2. 

For this purpose, silicon moulds were prepared to fit higher quantities of powders that 

were to be consolidated by cold isostatic pressing (CIP). The press used was an EPSI 

Systems CIP (Belgium), and vacuum-sealed moulds were pressed at 400 MPa. 

Compacted samples were then synthesised with the optimised cycles presented in 

Section 3.2.2 (Ti3SiC2: vacuum, 1300 ºC for 6 hours and Cr2AlC: argon, 1300 ºC for 6 

hours). Heat treated samples were then milled in a planetary ball mill (Pulverisette 5/2, 

Fritsch, Germany) using a ball to powder ratio of 10:1 and argon atmosphere and 

isopropanol as protective agents against oxidation of the powders during the milling. 

Final purity obtained for both MAX phases was of 92 % for Ti3SiC2 and 96 % for Cr2AlC, 

resulting in an optimum scale-up process for the production of high quantities of MAX 

phase powder obtaining up to 50 times more amount of material. Furthermore, the 

particle size distribution of the powders was controlled during the process, obtaining 

optimal distribution for the different processing routes established for this thesis work. 

Further information on the powders characteristics after this process can be seen in 

Chapter 5 Section 5.1 where the most important results are presented in a scientific 

publication. 

3.3 Conventional powder metallurgy consolidation 

In order to establish the suitability of synthesised powders for different processing routes, 

common MAX phases consolidation techniques were applied to study and compare the 

properties of the synthesised materials processed by conventional press and sintering, 

analysing the differences between uniaxial, cold isostatic pressing, and hot pressing.  

Firstly, sinterability of the powders was studied by uniaxial press and sintering, varying 

the pressure from 100 to 500 MPa. Green samples were sintered under vacuum for MAX 

phase Ti3SiC2 and argon for Cr2AlC. The sintering thermal cycle program was set to 1300 

ºC during 6 h for both MAX phases. In addition to uniaxial pressing, cold isostatic 

pressing was used for consolidating MAX phase powders at 4000 bar. Furthermore, as 

an alternative consolidation technique for MAX phase consolidation, inductive hot 
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pressing was used to obtain Ti3SiC2 and Cr2AlC samples. Inductive hot pressing is a 

field-assisted sintering process (FAST), where an electrical current is applied to a coil to 

generate high heating rates for the consolidation of the powders. This is performed while 

a uniaxial pressure is applied to the powders and is used commonly to obtain high density 

consolidated samples. The schematics of the set-up used for Ti3SiC2 and Cr2AlC 

consolidation are shown in Figure 12. A 20 mm graphite die was used, protected with a 

graphite foil sprayed with a boron nitride (BN) coating, to avoid reactions between the 

powders and the die. Boron nitride-Graphite foils were also placed between the powders 

and the graphite spacers. The top and bottom punches inserted in the die are the 

responsible for the pressure transfer to the sample during the cycle. This cycle consisted 

of a heating rate of 50 ºC/min, lowering this rate to 25 ºC/min when reaching a 

temperature of 100 ºC lower than the selected final consolidation temperature, in order 

to have a better control on the maximum cycle temperatures. Different dwell times were 

analysed, from 15 to 60 minutes. After this, the cooling rate was set to 50 ºC/min to room 

temperature. Hot pressing tests were mainly performed under vacuum (10-3 bar), 

although argon atmosphere was also used to study the possible influence of the sintering 

atmosphere on the MAX phase consolidation. In addition, the pressure applied was also 

varied from 30 to 50 MPa, to analyse the influence on the final density of the samples. 

Hot-pressing of the samples was performed at RHP Technology GmbH, located in 

Seibersdorf (Austria) during a research stay. 

 
Figure 12. Schematic representation of the inductive hot-pressing process. 
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3.3.1 Characterization of consolidated samples 

3.3.1.1 Density and hardness measurements 

Ti3SiC2 and Cr2AlC consolidated samples by these different techniques were 

characterised in terms of porosity, compressive strength and wear behaviour. In order to 

study the effect of pressure on green and sintered samples, Archimedes density was 

calculated using distilled water for the immersed body weight measurements following 

Equation 2 and Equation 3: 

Equation 2  𝜌𝜌 = 𝑊𝑊𝑑𝑑 ∙ 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑤𝑤𝑤𝑤𝑑𝑑𝑑𝑑𝑤𝑤 𝑊𝑊𝑤𝑤 −𝑊𝑊𝑑𝑑⁄  

Equation 3  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑡𝑡𝑑𝑑𝑤𝑤𝑑𝑑(%) = (1 − 𝜌𝜌 𝜌𝜌𝑑𝑑 ⁄ ) ∙ 100 

where, W is the weight of the samples at different stages of the test (w=wet and d=dry), 

ρ is the calculated density and 𝜌𝜌𝑑𝑑 the theoretical density. 

Additionally, hardness of the samples was evaluated by Vickers hardness using a Zwick 

Roell Z 2.5 (Germany) hardness tester applying a load of 10 N for 10 s. Values reported 

correspond to the average value of 10 different indentations randomly done in the 

surface of the samples. 

3.3.1.2 Compressive strength 

From the consolidated samples produced using cold isostatic pressing and sintering and 

hot-pressing, 6 mm height by 3 mm diameter cylindrical samples were obtained by wire 

cutting for cyclic micro-compressive test (Microtest, EM2/5/FR, Spain). Test parameters 

were set as follows: a preload of 20 N at a speed rate of 0,1 mm/min to guarantee the 

contact between the pressure clamps and the samples. Subsequently, cyclic test were 

performed at 1 N/s up to 500 N for 5 cycles at room temperature. An analysis of the 

deformation behaviour of the samples tested in these conditions was performed. 

3.3.1.3 Wear properties 

Wear characterisation was performed by reciprocating linear sliding; for this purpose, a 

UMT tribometer (Bruker, Germany) was used for the tests. Two different loads were set 

for the wear analysis, at 5 and 10 N, in order to study the behaviour of the consolidated 

samples and the influence of pressure in the wear behaviour of the MAX phases. As 

counter materials, 5 mm alumina balls were used under unlubricated conditions in air. 

Three different wear tracks were performed for each consolidation technique and load 

applied, while monitoring the coefficient of friction (COF) of the samples in order to study 

the wear mechanism. In addition, the length of stroke used during the test was fixed at 5 
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mm and the test frequency speed was 1 Hz. All wear tests were performed for 30 minutes 

and the wear tracks were characterised in an optical profilometer (DSX500, Opto-Digital 

Microscope, Japan). 3D models of the tracks were obtained, and several track 

measurements of each test were acquired to calculate the wear rate of the processed 

MAX phases. The schematic representation of the wear track model is represented in 

Figure 13. 

 
Figure 13. Wear track model used for the calculation of specific wear rates [12]. 

Specific wear rates (Wv) were calculated using Equation 4-Equation 6 reported by Doni 

et al. [13]. From the wear tracks, average depth (𝐷𝐷�) was calculated from the average 

wear loss area (�̅�𝐴𝑤𝑤) and the average width of the track (𝑊𝑊� ). 

Equation 4  𝐷𝐷� = �̅�𝐴𝑤𝑤 𝑊𝑊�⁄  

Volume lost during the test (V), was calculated using the radius (R) of the counter 

material ball used, the average depth of the wear track previously calculated (𝐷𝐷�), the 

average wear loss area (�̅�𝐴𝑤𝑤) obtained from the 2D profiles of the track, and the stroke 

length (l). 

Equation 5  ∆𝑉𝑉 = [(1 3⁄ ) ∙ 𝜋𝜋 ∙ 𝐷𝐷�2(3𝑅𝑅 − 𝐷𝐷�)] + �̅�𝐴𝑤𝑤 ∙ 𝑙𝑙 

Finally, specific wear rates (Wv) were calculated from the volume loss (∆𝑉𝑉) divided by 

the load applied (N) and total sliding distance (S): 

Equation 6  𝑊𝑊𝑉𝑉 = ∆𝑉𝑉 𝑁𝑁 · 𝑆𝑆⁄  

Results related to the materials obtained with all the conventional consolidation 

processes as well as the mechanical and wear characterisation of Ti3SiC2 and Cr2AlC 

MAX phases can be found in Chapter 5 Section 5.1 where a scientific journal article is 

presented. 
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3.4 Powder injection moulding 

After assessing the viability of the self-synthesised MAX phases and the scale-up 

process of the powder production, non-conventional processing routes such as powder 

injection moulding were explored. With this approach, near-net-shape samples can be 

obtained, increasing the possible application range of MAX phases. 

3.4.1 Initial materials 

Firstly, in order to understand the particle behaviour of the synthesised MAX phases, tap 

and apparent densities were calculated. This procedure was performed following 

standards ASTM B212-17 and ASTM B527-15, respectively. These values are indicative 

of the packaging behaviour of the powders depending on their characteristics, such as 

particle size distribution, morphology or tendency to agglomerate. In the case of tap 

density, a value higher than 50% of theoretical density would correlate to an optimal 

powder to obtain dense samples through the injection process [14]. A beneficial aspect 

of the scaling process of the powder production is the possibility to tailor the particle size 

distribution during the ball milling of the powders. From particle size distribution 

measurements of the powders, it is possible to predict their theoretical suitability for 

powder injection moulding. This is performed calculating the slope (Sw) parameter of the 

powder following Equation 7 [14]: 

Equation 7  𝑆𝑆𝑤𝑤 = 2,56 𝐷𝐷90
𝐷𝐷10

 

Sw, values between 2-4 mean that the particle size distribution is broad, and the powders 

will exhibit a low viscosity (easy-to-mould). Values corresponding to a narrow particle 

size distribution (Sw = 4-7) are characteristic of powders that exhibit a high viscosity. All 

these values can be found alongside a deeper analysis in Chapter 6 Section 6.2 and 
Chapter 7 Section 7.1 where the most relevant results are presented in scientific 

publications [15,16]. 

Furthermore, MAX phases Ti3SiC2 and Cr2AlC feedstocks were developed using non-

conventional binders. In-line with the green objectives of this work, to not only increase 

the added value of MAX phases, but to reduce the carbon footprint, several sustainable 

polymeric binders were used for the feedstock production. Two different multicomponent 

binders were selected for this purpose: PEG/CAB and PEG/PP. Multicomponent binders 

allow us to achieve a correct viscosity, crucial for the injection process, and the possibility 

of performing a two-step debinding process that will ease the optimal removal of the 
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polymeric system, preserving the structural integrity of the samples, while reducing the 

amount of defects introduced during the process prior to the sintering step. 

All details on the commercially available polymers and additives used for the production 

of PEG/CAB binders are listed in Table 5, as well as the molecular weight used and their 

density calculated by helium pycnometry. 

Table 5. Detailed list of initial binders used and their density characterisation. 

Material Supplier Molecular 
Weight (g/mol) 

Density 
(g/cm3) 

Polyethylene glycol Sigma-Aldrich, Spain 4.000 1,23 

Polyethylene glycol Sigma-Aldrich, Spain 20.000 1,23 

Cellulose Acetate Butyrate Eastman, USA 30.000 1,24 

Polypropylene Sabic, SA 20.000 0,90 

Stearic Acid Panreac Química, Spain - 0,94 

Phenothiazine Sigma-Aldrich, Spain - 1,34 

3.4.1.1 PEG/CAB binder 

For this binder, two different polyethylene glycol (PEG) polymers, with different molecular 

weights, were used (4.000 and 20.000 g/mol). PEG is a polyether derived from 

petroleum, but what makes this polymer a “green” solution is its solubility in water, which 

allows the degradation of PEG using water, instead of utilising organic solvents for the 

degradation of this polymer. As backbone, cellulose acetate butyrate (CAB) was used 

with a molecular weight of 30.000 g/mol. CAB is a thermoplastic, which derives from the 

cellulose acetate, which exhibits excellent mechanical properties. CAB properties 

depend on the composition of functional groups butyrate and acetate [17]. It is not soluble 

in water and its degradation doesn’t produce toxic emissions [18]; this preserves the 

sustainable trademark of this multicomponent binder. Furthermore, as additives in the 

system, Phenothiazine (PTZ) is used as an antioxidant and stearic acid (SA) as a 

surfactant. Further information on the optimisation process of the binder systems can be 

found elsewhere [19]. 

Furthermore, the polymers that constitute the binder were characterised by 

Simultaneous Thermal Analysis (STA 6000, PerkinElmer, US). The Thermogravimetry 

(TGA) and Differential Scanning Calorimetry (DSC) results can be seen in Figure 14. 

From the results obtained, it can be seen that onset degradation temperatures for both 

polyethylene glycol (PEG) polymers used, which have different molecular weights, are 

similar and above 360 ºC. Degradation temperature for this polymer is not critical for 
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establishing the debinding process, due to the fact that its elimination will be done 

through solvent, rather than by thermal debinding. Acetate butyrate cellulose (CAB) 

onset degradation temperature is near 325 ºC and offset 406 ºC, which is going to be an 

important parameter for selecting thermal debinding conditions. Considering the thermal 

behaviour of the polymers in the binder, the feedstock mixing temperature was chosen 

below the onset of degradation of any of the polymeric binders, at 180 ºC, in order to 

prevent premature binder degradation. 

 
Figure 14. DSC and TG analysis for the polymers used for the PEG/CAB binder system. 

3.4.1.2 PEG/PP binder 

The second polymeric system used in this work was composed of Polyethylene glycol, 

to maintain the two-step debinding process strategy, and polypropylene (PP) acting as 

a backbone. The molecular weight of the PEG used for the development of this binder is 

20K. PP used in this work is a commercially available polymer (PP 670Kh) especially 

suited for injection moulding processes, with medium melt flow and high demoulding 

temperature. From the STA analysis (Figure 15) it is possible to observe a degradation 

temperature onset at 379 ºC and a complete degradation of the polymer (offset) at 484 

ºC. The degradation temperature of this polymers will determine the thermal debinding 

temperatures of the injected samples. 



101 
 

 
Figure 15. DSC and TG analysis for PP used in the PEG/PP binder system. 

3.4.2 Feedstock solid loading optimisation 

Feedstock optimisation was carried out using a rotatory mixing machine (Haake Polylab 

QC, Thermofisher, US). This equipment consists of a heated chamber with two rotors, 

which rotate in opposite directions to ease the mixing of the feedstocks. The temperature 

inside the chamber can be monitored in different parts and can reach up to 450 ºC. In 

addition, rotation speed can also be modified, depending on the material to be mixed, to 

as high as 100 rpm. The chamber volume is 69 cm3 and to ensure a correct mixing of 

the material a 70% of the total volume is filled. Torque is represented as a function of 

time during mixing of the material. Torque is the force generated by the rotors during 

mixing and is directly related to the viscosity of the mixtures, giving information about the 

fluid behaviour during mixing (Newtonian, pseudoplastic or dilatant). The optimisation 

and selection of the solid loading of the feedstocks has been performed in a progressive 

order to determine the best rheological behaviour of the feedstocks to be injected. The 

schematic order of this process is represented in Figure 16 and details on each of the 

steps are detailed in the following subsections. 

3.4.2.1 Oil absorption tests 

Since the rheological behaviour of MAX phases has not been yet analysed in depth, and 

its rheological behaviour with non-conventional binders is unknown, a first approximation 

study was carried out for Ti3SiC2 MAX phase to determine the minimum volume of binder 

necessary to ensure a complete homogenisation with the powder. This test is called Oil 

absorption method, and it is performed by introducing a known amount of powders into 

the heated chamber and adding oil while recording the torque generated against time, 

up to the stabilisation of the torque, for every fraction of oil added. All torque rheology 

analyses were performed at a fixed rotation speed and temperature, since these two 
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parameters directly affect the viscosity behaviour of the mixture, and if different rotation 

speeds were used it would not allow for comparison between materials to be made. In 

this case, a 50 rpm rotation speed at a temperature of 180 ºC was selected. In addition, 

1 mL of oil was introduced every 5 min, to ensure the correct stabilisation of the torque 

value. From the maximum torque obtained during the test and following Equation 8, the 

approximate critical solid loading of the mixture can be determined: 

Equation 8  𝐶𝐶𝑃𝑃𝑉𝑉𝐶𝐶 = 𝑉𝑉𝑝𝑝
𝑉𝑉𝑝𝑝+𝑉𝑉𝑜𝑜

 

Where, CPVC corresponds to the critical powder volume concentration of the mixture, 

Vp is the powder volume introduced in the chamber and Vo is the volume of oil at the 

maximum torque. Oil absorption tests results can be found in Chapter 6 Section 6.2 [15] 

where the most relevant findings are shown in a scientific publication. 

 

 
Figure 16. Schematic representation of the procedure followed for the optimisation of MAX phase 

feedstocks. 

3.4.2.2 Multistep torque analysis 

Using the estimated values obtained from the oil absorption tests as a starting point, 

multistep torque analysis was performed to all the binder systems, in order to determine 

the optimal solid loading of the mixtures. In this test, a selected range of solid loadings 

is analysed, and the initial and final solid loading values have to be calculated and known 

before starting the test [20]. This is due to the fact that when the maximum solid loading 

value is analysed the volume of the feedstock should not exceed the 70 % of total 

chamber volume filled. In our study, a range of different solid loadings were analysed 

considering the values obtained for the oil absorption test. As the critical solid loading 
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obtained from the oil absorption test was 55 vol.%, a range between 45 and 65 vol.% 

solid loading was analysed, with the real binder system (PEG/CAB or PEG/PP). The 

procedure for this test is to introduce the binder proportions and heat it up until it melts. 

Once the biner is melted the corresponding amount of powder for the lowest solid loading 

(45 vol.%) is added into the chamber. Subsequently, after the stabilisation of the previous 

mixture, 1 vol.% of the powders is introduced into the chamber, increasing gradually the 

solid loading of the feedstock, all this, while measuring the torque response during the 

mixing, until the maximum selected solid loading (65 vol.% in this case) is reached. 

Multistep torque analysis of the Ti3SiC2 PEG/CAB feedstocks can be found in Chapter 
6 Section 6.1 [15] and those corresponding to the feedstock of Cr2AlC PEG/CAB in 

Chapter 7 Section 7.1 [16]. 

For the PEG/PP binder systems the multistep torque analysis for MAX phases Ti3SiC2 

and Cr2AlC are detailed in this section. Firstly, the multistep analyses of the Ti3SiC2 

PEG/PP feedstock are shown in Figure 17. Figure 17-a shows the torque response to 

the increase of powder to the mixture, where vertical grey lines indicate the addition of 

the corresponding amount of powder to increase by 1 vol.% the solid loading of the 

mixture; and Figure 17-b shows the torque as a function of the solid loading in the 

chamber after stabilisation. For initial solid loading increments, from 45 to 49 vol.% (light 

green in Figure 17), it is possible to observe an increase on the torque values while 

increasing the amount of powder in the mixture. This steady increase in the stabilised 

torque value is also detected for the next range of solid loading (50 to 55 vol.%, light 

brown in Figure 17). For these solid loadings it is possible to see a change in the torque 

stabilisation process. First, mixtures show an increase of the initial torque when the 

powder is poured into the chamber which gradually reduces while the mixture is 

homogenised. At 53 vol.% this behaviour changes, and an increase of the torque value 

is observed once the powder is added to the mixture while the mixture homogenises. 

From the studies performed on the PEG/CAB feedstocks, this change in the behaviour 

indicates that the feedstock is close to reaching the critical solid loading [15,16]. For the 

next range of solid loadings (56 to 62 vol.%, blue in Figure 17) analysed it is possible to 

observe a steady final value of the torque and a big decrease of this torque values while 

increasing the solid loading. At this point, the critical solid loading of the feedstock has 

been surpassed and the binder is not able to accept more powder and still remain 

homogeneous. This would normally result in a drastic increase in the torque values of 

the feedstocks; however, this effect is not observed for the MAX phases feedstock. The 

decrease on the torque values is directly related to the graphitic-like properties of MAX 

phases, acting as a lubricant to the mixtures and, henceforth, resulting in a decrease of 
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the torque values. Nevertheless, even though the feedstocks exhibit this low torque 

values, they have an excess of powder, creating a heterogeneous mixture that is not 

suited for the injection process. For a better analysis of these values and to determine 

the optimal solid loading range of the feedstocks, stabilised torque values are 

represented as a function of the solid loading (Figure 17-b). From these values it is 

possible to observe a change in the slope of the torque behaviour of the material, which 

allows to determine an initial optimal solid loading of the feedstock at 49 vol.%. and a 

critical solid loading value of 55 vol.% for the Ti3SiC2 PEG/PP feedstock. 

 
Figure 17. Analysis of the Ti3SiC2 PEG/PP feedstocks by a) multistep torque analysis and b) final torque 

values obtained after stabilisation of mixture with solid loading from 45 to 65 vol.%. 

This same study was performed for the production of Cr2AlC feedstocks using PEG/PP 

as a binder. Figure 18-a shows the evolution of the torque while the solid loading 

increases. For this material the range of solid loadings analysed was from 45 vol.% to 

56 vol.%. Since all three previous feedstocks produced exhibited a reduction of the 

torque once the critical solid loading was exceeded, in this case, once a change on the 

tendency was observed no further powder was added. This change of the tendency 

occurs for solid loadings highlighted in blue in Figure 17 and Figure 18, where the torque 

gradually increases with holding time. In addition, it is possible to observe for this material 

that the initial 45 vol.% solid loading takes a longer time to stabilise, compared to the 

previous materials analysed. PEG/CAB feedstocks did not show this behaviour and 

could probably be due to the different rheological properties of the two binder systems. 

This can be clearly observed by comparing the initial torque values of all feedstocks with 

45 vol.% solid loading which are as follows: 1 Nm for Ti3SiC2 with a binder system of 

PEG/CAB [15], as compared to 3,7 Nm for Ti3SiC2 with a binder system of PEG/PP and 

0,6 Nm for Cr2AlC with a binder system of PEG/CAB [16], as compared to 5 Nm for 

Cr2AlC for a binder system of PEG/PP. It is clear that the PEG/PP binder exhibits higher 

torque values for the initial solid loading for both materials. On the other hand, the 

difference between stabilisation times between Ti3SiC2 and Cr2AlC 45 vol.% could be 
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related to their difference in particle size distribution (Chapter 5 Section 5.1) of the 

synthesised powders: Cr2AlC has a bigger particle size (D90 = 23 µm) compared to 

Ti3SiC2 (D90 = 20 µm), which could contribute to different rheological behaviour and 

hence higher stabilization times.  

From the differences in slope of the stabilised torque values observed in Figure 18-b the 

optimal initial solid loading was selected to be 51 vol.% for the Cr2AlC with PEG/PP as a 

binder system. 

 
Figure 18. Analysis of the Cr2AlC PEG/PP feedstocks by a) multistep torque analysis and b) final torque 

values obtained after stabilisation of mixture with solid loading from 45 to 56 vol.%. 

3.4.2.3 Torque rheology 

Torque rheology was performed for several solid loadings percentages, below and above 

the critical solid loading determined from the torque multistep analysis discussed above, 

in order to study in depth their properties and select an optimal loading for each feedstock 

system. In this case, after melting the binder at 180 ºC in the chamber, the complete 

amount of powders for each solid loading were introduced into the chamber, at a fixed 

roller rotation speed of 50 rpm, and the torque behaviour after 1 hour was analysed. 

During this time, the powder-binder system has enough time to stabilise, assuming that 

the solid content has not exceeded the critical solid loading of the mixtures.  

In addition, from the results of the torque rheology it is possible to calculate the totalised 

torque (TTQ). This value is the energy that the system is receiving at a given time. This 

value is calculated by the area under the curve of the torque behaviour with time and it 

can be calculated following Equation 9 [21]: 

Equation 9  𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐸𝐸𝑡𝑡
2∙𝜋𝜋∙𝑁𝑁

 

where Et is the energy being put into the system by the rotor, and N is the angular speed 

of the rotor. 
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Torque rheology of the Ti3SiC2 PEG/CAB feedstocks can be found in Chapter 6 Section 
6.1 [15] and those corresponding to the feedstock of Cr2AlC PEG/CAB in Chapter 7 
Section 7.1 [16]. In the case of PEG/PP binder system, torque rheology is detailed below 

for Ti3SiC2 an Cr2AlC. 

Firstly, Ti3SiC2 was analysed by examining the behaviour of the optimal solid loading and 

critical solid loading obtained during the multistep tests shown in Figure 17. For this 

purpose, and to have a better understanding of how the amount of solid loading affects 

the rheological properties of the feedstocks, 49 vol.% was selected as the optimal solid 

loading for this material and 55 vol.% as the critical solid loading. Torque rheology of 

these two solid loadings can be observed in Figure 19. It is possible to see how the 

selected optimal solid loading (49 vol.%) has a similar behaviour as the ones studied for 

the PEG/CAB system [15,16]. That is, once the powder is poured into the chamber, 

torque value rapidly increases as a response of the powder generating a resistance on 

the blades. When the mixture starts to homogenise at around 10 minutes, the torque 

starts to decrease reaching low final torque values. The initial resistance of the powders 

to be mixed can also be seen on the chamber temperature values. For this mixture there 

is an initial increase of the temperature with a steady decrease when the feedstock 

homogenises. 

On the other hand, Ti3SiC2 PEG/PP feedstock with a solid loading of 55 vol.% exhibits a 

low torque value initially, with an increase of that torque value while the feedstock 

attempts to homogenise, reaching its maximum value at 30 minutes, followed by with a 

small decrease of torque with time. It is important to note that the expected behaviour for 

this feedstock with 55 vol.% solid loading would be: an initial increase of the torque value 

to higher values, compared to the 49 vol.% feedstocks, with a gradual decrease until 

reaching the final torque value. One of the reasons for this different behaviour could be 

the lubricant effect of the MAX phase powders while mixing, when the optimal solid 

loading value has been exceeded. As the powder is poured into the chamber, the 49 

vol.% feedstock starts to create agglomerates with the binder in the chamber, resulting 

in an increase of the initial torque values. In contrast, the 55 vol.% feedstock, due to the 

higher amount of solid content that it is just at the critical solid loading, the mixture cannot 

create those agglomerates in the initial state, and the torque observed is a result of the 

lubricant effect of the powders that the binder cannot accommodate. Nevertheless, the 

amount of powder in the mixture has not surpassed the critical solid loading, thus, the 

feedstock is eventually able to create those agglomerates, increasing the torque values 

of the mixtures, and with time stabilise as a highly filled feedstock, decreasing the torque 

of the mixture. 
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Figure 19. Torque rheology analysis of the Ti3SiC2 PEG/PP feedstock with solid loadings of 49 vol.% and 

55 vol.%. Filled symbols correspond to the torque values and empty symbols to the temperature of the 
chamber for each feedstock. 

Cr2AlC PEG/PP feedstocks were studied following the same methodology. In this case, 

a wider range of solid loadings were analysed from 46 to 52 vol.%. From the results 

shown in Figure 20, a similar behaviour for all solid loading can be seen with an increase 

of torque values when the powders are poured into the chamber and, when the system 

starts to homogenise, a gradual decrease of the torque values that stabilises with time. 

In the case of the feedstock with a 52 vol.% an increase of the torque at 10 minutes can 

be observed, followed by a considerable drop after 13 minutes of mixing. Although this 

behaviour is not entirely understood, this could be generated by the same effect seen for 

the Ti3SiC2 PEG/PP system previously. Thus, a formation of big agglomerates 

(powder/binder) due to the excess of powder in the mixture and due to the fact that the 

amount of powder has not yet surpassed the critical solid loading (54 vol.% shown in 

Figure 18) the system is able to recover its initial homogeneous properties rapidly. 

Nevertheless, it can be observed how the final torque values progressively increases 

with the increase of the solid loading in the mixture, except for the feedstock with 51 

vol.% solid loading. In this case, the final torque value obtained is similar to the one 

obtained for the mixture with a 48 vol.% of solid loading. This effect was also seen during 

the optimisation of the Ti3SiC2 PEG/CAB and Cr2AlC PEG/CAB feedstocks, detailed in 

Chapter 6 Section 6.1 and Chapter 7 Section 7.1, respectively. For these feedstocks, 

the decrease of the final torque values, compared to those with a lower solid loading, 

defined the optimal solid loading for each system. Thus, for the Cr2AlC PEG/PP 

feedstock a solid loading of 51 vol.% can be considered to be the optimal solid loading 

of this MAX phase-binder combination. 
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For these feedstocks, there are no big differences in terms of the chamber temperature. 

It is possible to see the same behaviour for all mixtures, with an increase of the 

temperature at the initial stage, when the powders have been poured into the chamber 

and the rotors start to blend the mixtures. After this, and while the mixture is 

homogenising this temperature remains relatively constant. 

 
Figure 20. Torque rheology analysis of the Cr2AlC PEG/PP feedstock with solid loadings from 46 to 52 

vol.%. Filled symbols correspond to the torque values and empty symbols to the temperature of the 
chamber for each feedstock. 

3.4.2.4 Capillary rheology 

Viscosity off the feedstocks was analysed by capillary rheology. The viscosity of a 

material depends mainly on the temperature, shear rate and pressure applied. This test 

consists in filling a barrel with the feedstock and forcing the material to flow through a 

small diameter. The viscosity of the fluid feedstock is measured while varying the shear 

rate. Capillary rheology is considered the best way to predict the flow behaviour of 

feedstocks. 

Viscosity measurements were performed in a Haake Rheocap S20 (Thermofisher, US) 

with a length/diameter ratio of 30:1. Tests were performed at 180 ºC, varying the shear 

rates from 100 to 10000 s-1. In addition, fluid index (n) of the feedstocks was measured 

following Equation 10 [22]: 

Equation 10  𝜏𝜏 = 𝑘𝑘 ∙ 𝛾𝛾𝑛𝑛 

Where, 𝜏𝜏 is the shear effort, k is the consistency index of the fluid and 𝛾𝛾 is the shear rate. 

Calculating the shear effort as a function of the viscosity (𝜂𝜂) and the shear rate (𝛾𝛾) as 

showed in Equation 11: 

Equation 11  𝜏𝜏 = 𝜂𝜂 ∙ 𝛾𝛾 
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From this analysis it is also possible to stablish the fluid nature of the feedstocks being 

pseudoplastic (n<1), newtonian (n=1) or dilatant (n>1) as discussed in Chapter 1, 

Section 1.2.1.2. Mainly, a pseudoplastic behaviour of a feedstock is requested to ensure 

the optimal injection of the materials [23,24]. 

Capillary rheology of the Ti3SiC2 PEG/CAB feedstocks can be found in Chapter 6 
Section 6.1 [15] and those corresponding to the feedstock of Cr2AlC PEG/CAB in 

Chapter 7 Section 7.1 [16]. The capillary rheology properties of the PEG/PP feedstocks 

are detailed below. 

The viscosity measurements for the Ti3SiC2 PEG/PP feedstocks with the two different 

solid loadings selected are shown in Figure 21. Both feedstocks exhibit a pseudoplastic 

behaviour, meeting the requirements for PIM. Furthermore, viscosity values are below 

1000 Pa·s which is the recommended value for powder injection moulding processes 

[14,23]. The viscosity of the feedstock with 49 vol.% of solid loading steadily decreases 

with the increase of the shear rate. In the case of the feedstock with 55 vol.% of solid 

loading the decrease of the viscosity values with the increase of shear rate is more 

pronounced, reaching lower viscosity values compared to the ones obtained for the 49 

vol.% feedstock. Although this is not expected when considering that this feedstock 

contains a higher amount of powders in the mixture, this excess of powder is what causes 

the decrease of the viscosity values. As stated earlier in the multistep torque analysis 

and torque rheology (Section 3.4.2.3 and 3.4.2.4, respectively), the excess of powder 

in the feedstock once the critical solid loading is reached, generates heterogeneities in 

the mixture. This means that the powder is not entirely mixed with the rest of the 

polymeric system. While this would result in a drastic increase of the viscosity for other 

materials [25], the lubricant effect of the MAX phases produces the decrease of this 

value. From all the rheological characterisation performed, a 49 vol.% of solid loading 

was selected as the optimal solid loading for the production of Ti3SiC2 PEG/PP 

feedstock. 

Cr2AlC PEG/PP feedstocks viscosity measurements obtained by capillary rheology are 

shown in Figure 22. As for previous feedstocks, it is possible to see a pseudoplastic 

behaviour, with viscosity values below the recommended for injection moulding process. 

For this material, an increase of the viscosity values can be observed as the solid loading 

increases in the mixture, except for 51 vol.%. Again, as it was observed in the torque 

rheology measurements shown in Figure 20, there is a decrease of the viscosity values 

of the feedstock with 51 vol.% solid loading which shows values comparable to those 
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with a lower amount of solid loading (i.e., 50 vol.%). In this case, 51 vol.% was selected 

as the optimal solid loading for the production of Cr2AlC PEG/PP feedstocks. 

 
Figure 21. Viscosity behaviour of the Ti3SiC2 PEG/PP feedstocks at shear rates between 100 and 10000 s-

1. 

 
Figure 22. Viscosity behaviour of the Cr2AlC PEG/PP feedstocks at shear rates between 100 and 10000 s-1. 

With all this, PEG/PP feedstocks of Ti3SiC2 and Cr2AlC MAX phases were developed 

and characterised in terms of their rheological properties. The optimal solid loadings 

were selected at 49 vol.% and 51 vol.% for Ti3SiC2 and Cr2AlC feedstocks, respectively. 

Although some injection trials were carried out for these feedstocks, no further results 

are shown for these materials. PEG/PP feedstocks were used for the additive 

manufacturing process as it can be seen in Section 3.6. 

After verifying the ability of the feedstocks to be injected a semi-automatic low-pressure 

injector was used (AB-400, A.B. Machinery, US). This equipment allows using smaller 
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amounts of feedstocks for a laboratory scale production. Pneumatic pressure is applied 

by a cylinder to the barrel filled with material with an approximate volume of 100 cm3. 

The parameters that can be controlled in the equipment are temperature, injection 

pressure, clamp pressure and injection and waiting times. The mould used was 

rectangular shaped with 60x8x4 mm dimensions. Mould temperature can also be 

adjusted, although for all injected samples the mould was at room temperature since the 

variation of this parameter didn’t affect noticeably the quality of the injected parts. Ti3SiC2 

PEG/CAB feedstocks were injected at 200 ºC with an injection time of 5 seconds and a 

pressure of 600 kPa. On the other hand, Cr2AlC PEG/CAB feedstocks were injected at 

220 ºC with an injection time of 5 seconds applying 600 kPa for the injection pressure. 

Results of powder injection moulding of Ti3SiC2 PEG/CAB feedstocks can be found in 

Chapter 6 Section 6.2 [15] where the most relevant findings of the PIM process are 

shown in a scientific publication. 

3.4.4 Debinding 

As commented earlier, a two-step debinding process was selected for the correct 

elimination of the polymeric binder. Firstly, PEG was removed from the green samples 

by solvent debinding. For this purpose, distilled water was employed at 60 ºC. Samples 

were placed in a metal grate used to raise the samples, favouring a greater contact of 

the samples with water. In addition, a magnetic stirrer was used to promote binder 

degradation. The process was carried out for 5 h and samples were dried in air at 90 ºC 

for 2 h, to eliminate all the water content in the samples. 

To eliminate the backbone from the green samples, a thermal debinding process was 

carried out, placing the sample in an alumina crucible covered with 1 mm diameter 

zirconia balls. Samples were introduced in a debinding furnace (GD-DC-50, Goceram, 

Sweden) and the conditions used for the correct degradation of the polymers were for 

PEG/CAB feedstocks: heating rate of 2 ºC/min, holding time of 1 h at 360 ºC and a 

cooling rate of 5 ºC/min. All the process was performed under argon protective 

atmosphere. In the case of PEG/PP feedstocks, the same heating and cooling rates were 

used, but this time the maximum temperature was raised to 450 ºC. 

Samples were weighted before and after each debinding step to calculate the amount of 

polymer loss during the processes. This calculation was done following Equation 12 and 

Equation 13: 

Equation 12  %𝑃𝑃𝑃𝑃𝑃𝑃 𝑅𝑅𝑅𝑅𝑅𝑅𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑤𝑤𝑖𝑖−𝑤𝑤𝑠𝑠𝑠𝑠
𝑤𝑤𝑃𝑃𝑃𝑃𝑃𝑃

∙ 100 
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Equation 13  %𝐵𝐵𝐵𝐵𝐵𝐵𝑘𝑘𝑏𝑏𝑃𝑃𝐵𝐵𝑅𝑅 𝑅𝑅𝑅𝑅𝑅𝑅𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑤𝑤𝑠𝑠𝑠𝑠−𝑤𝑤𝑡𝑡𝑠𝑠
𝑤𝑤𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑜𝑜𝑛𝑛𝑛𝑛

 

Where, wi corresponds to the initial weight of the samples, wsd to the weight after solvent 

debinding, wPEG is the theoretical amount of PEG in the feedstock, wtd is the weight after 

thermal debinding and wBackbone the theoretical amount of Backbone (CAB or PP) in the 

mixtures. 

Debinding tests of Ti3SiC2 PEG/CAB feedstocks can be found in Chapter 6 Section 6.2 
[15] where the most relevant findings of the PIM process are shown in a scientific 

publication.. 

3.4.5 Sintering and sample characterisation 

Brown samples were sintered under vacuum (2,5x10-5) atmosphere in a tubular furnace 

(HVT-15/50/450, Carbolite, UK) with heating and cooling rates of 5 ºC/min and a holding 

time of 6 hours at 1300 ºC. 

Density of the samples was measured by Archimedes method explained in Section 
3.3.1, although, for a better calculation of the porosity of the samples, density was 

measured by vacuum infiltration, following Archimedes principles but, in this case, 

introducing the samples in ethanol and applying vacuum for 30 minutes, to ensure a 

correct infiltration of the ethanol through the open porosity in the samples. Weight 

measurements of the samples directly correlates to the amount of porosity, and it is 

possible to calculate open and closed porosity using Equation 14 to Equation 17: 

Equation 14  𝜌𝜌 = 𝑊𝑊𝑑𝑑 ∙ 𝜌𝜌𝑑𝑑𝑑𝑑ℎ𝑤𝑤𝑛𝑛𝑡𝑡𝑑𝑑 𝑊𝑊𝑑𝑑 −𝑊𝑊𝑤𝑤⁄  

Equation 15  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑡𝑡𝑑𝑑𝑤𝑤𝑑𝑑(%) = (1 − 𝜌𝜌 𝜌𝜌𝑑𝑑 ⁄ ) ∙ 100 

Equation 16  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑜𝑜𝑑𝑑𝑛𝑛(%) = (𝑊𝑊𝑑𝑑 −𝑊𝑊𝑑𝑑 𝑊𝑊𝑑𝑑 −𝑊𝑊𝑤𝑤⁄ ) ∙ 100 

Equation 17  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑐𝑐𝑑𝑑𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑(%) = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑡𝑡𝑑𝑑𝑤𝑤𝑑𝑑 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑜𝑜𝑑𝑑𝑛𝑛 

where, W is the weight of the samples at different stages of the test (d=dry, i=infiltrated 

and a=after infiltration). ρ is the calculated density and 𝜌𝜌𝑑𝑑 the theoretical density. In 

addition, and similarly to the weight measurements, dimensions of the samples were 

measured to calculate the shrinkage (dimensional change) of the samples during the 

process following Equation 18: 

Equation 18  𝑆𝑆ℎ𝑃𝑃𝑃𝑃𝐵𝐵𝑘𝑘𝐵𝐵𝑟𝑟𝑅𝑅(%) = 𝑑𝑑𝑠𝑠𝑖𝑖𝑛𝑛𝑡𝑡𝑛𝑛𝑠𝑠𝑛𝑛𝑠𝑠−𝑑𝑑𝑔𝑔𝑠𝑠𝑛𝑛𝑛𝑛𝑛𝑛
𝑑𝑑𝑔𝑔𝑠𝑠𝑛𝑛𝑛𝑛𝑛𝑛

∙ 100 

Where d corresponds to the dimension to be measured (volume, length, height or width) 

for the sintered and green samples. 
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Furthermore, mechanical properties of the sintered samples were measured. Vickers 

hardness measurements were performed in a Zwick Roell Z 2.5 tester with a force of 10 

N. Additionally, Young’s modulus and elastic and plastic work was measured using a 

load application speed of 1 mm/min and a speed of 2 mm/min for load removal during 

the indentation. 

Sintering and characterisation of Ti3SiC2 PEG/CAB feedstocks can be found in Chapter 
6 Section 6.2 [15] where the most relevant findings of the PIM process are shown in a 

scientific publication. 

As an example, Cr2AlC PEG/CAB samples at different stages of the injection process 

are shown in Figure 23. It is possible to observe the shrinkage of the samples while 

performing the debinding processes and, more noticeably, after the sintering. Total 

volumetric shrinkage of the Cr2AlC samples is 22,5%. Sintered samples obtained from 

the Cr2AlC feedstocks with 51 vol.% of solid loading exhibited a total porosity of 30%. 

 
Figure 23. Samples of Cr2AlC PEG/CAB at different stages of the injection process. 

 

3.5 Composite Extrusion Modelling 

Within all the techniques that encompasses additive manufacturing, Composite 

Extrusion Modelling (CEM) is the best suited for the 3D printing of powder with irregular 

morphology, due to the lack of the flexibility requirements of filament production. This 

technique is based on the material extrusion of feedstocks in pellet form. By heating the 

material inside the barrel, a screw is responsible for the extrusion of the fused feedstock 

through a nozzle and deposited layer-by-layer in the bed. 
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3.6.1 Sample design and 3D printing 

In 3D printing the geometry to be printed needs to be modelled firstly in a Computer-

Aided Design (CAD) program. In this work, Solid Edge 2021 (Siemens, Germany) was 

used for the design of the geometries. After design, files need to be configured in a layer-

based object, defining the strokes that the printer needs to do in order to build the printed 

samples. This process is called slicing and there is a big number of programs that offer 

this tool. In this research different programs were used indistinctly to create the “.stl” 

(sliced files) for the printing: Ultimaker Cura and Simplify 3D. Printing parameters most 

commonly are defined by the geometry to be printed and the feedstock being used. 

Although the exact parameters are discussed in depth in Chapter 7 Section 7.1 [16] and 

Section 7.2, a summary of the most common printing parameters for MAX phases 

Ti3SiC2 and Cr2AlC PEG/CAB feedstocks used in this work are shown in Table 6. 

Table 6. Printing parameters of Ti3SiC2 and Cr2AlC MAX phase PEG/CAB feedstocks. 
Material Ti3SiC2 Cr2AlC 

Nozzle Diameter (mm) 0,6 0,6 
Extrusion speed (steps per unit) 550 650 

Extruder Temperature (ºC) 210 230 
Bed Temperature (ºC) 50 50 
Printing speed (mm/s) 5 5 

Two different printers were used during this work. First of all, ExAM 255 3D printer 

(AIM3D, Germany) (Figure 24-a) was used as an initial trial for the printing of MAX 

phases. This equipment is a large-scale printer with the possibility of printing 

continuously, thanks to the automatic material feeder that can contain up to 1 litre of 

material. The second one was a pellet extrusion head (V4 Pellet Extruder, IAMTech, 

Spain) (Figure 24-b) that can be mounted in most of the commercially available polymer 

filament printers. In this case, the extruder head was mounted in a TL-D3 Pro (Tenlog, 

China). It is worth noting that all published results in Chapter 7 are results from the V4 

pellet extruder. 

Firstly, different nozzle diameters were used (0,2 - 0,8 mm), and although with 0,4 mm 

good quality samples were obtained, some obstruction problems appeared with this 

nozzle size. Finally, a 0,6 mm nozzle was selected for all the printing adjustments. 

Printing parameter optimisation was performed by obtaining good quality samples and 

analysing the cross-section of the printed parts in an optical microscope (VHX 500 3D 

microscope, Keyence, Japan). Delamination on the cross section of the samples implies 

defects at later stages (debinding and sintering) so, printing parameters were varied until 

no defects in the internal zones of the samples were found. Furthermore, once a sample 
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was obtained without mayor internal defects and good surface quality, temperature and 

extrusion speed were varied to analyse the improvement of the printing parts, performing 

a subsequent printing parameter optimisation if necessary. In addition, Archimedes 

density of the samples was measured to be compared to the theoretical density in order 

to select the optimal printing parameters. Some of the geometries printed during this 

optimisation process are shown in Figure 25. Samples showed in this figure were printed 

at RHP Technology GmbH, located in Seibersdorf (Austria) during a research stay. 

 
Figure 24. Composite extrusion modelling (CEM) equipments used in this work, a) ExAM 255 and b) V4 

pellet extruder. 

 
Figure 25. Image of some of the geometries printed for the optimisation process during this work. 

In addition, printing conditions of Ti3SiC2 and Cr2AlC PEG/PP feedstocks were also 

adjusted. In this case, printing reproducibility wasn’t achieved for the PEG/PP 

feedstocks. Even with a low solid content of the Ti3SiC2 feedstock of 49 vol%, the screw 

extrusion of the feedstock through the small nozzles used for 3D printing caused the 

cough of the nozzle creating inconsistencies in the deposition of the material. Some of 

the printed trials were successful, but due to the lack of printing reproducibility with the 

same printing parameters, results on these feedstocks are not shown in this work. 



116 
 

3.6.2. Debinding, sintering and sample characterisation 

A two-step debinding process was selected for the printed samples, similarly to the PIM 

samples. Firstly, a solvent debinding was performed, using stirred distilled water at 60 

ºC for 5 h for the PEG removal. Subsequently, and after drying the samples, a thermal 

debinding was performed, in a debinding furnace, for 1 h at 500 ºC, with heating and 

cooling rates of 0,5 ºC/min and 1 ºC/min, respectively for both MAX phases. Compared 

to the PIM process, lower heating and cooling rates are selected in this case to avoid the 

delamination of the samples during the process. In addition, a higher temperature is 

selected this time to ensure a complete elimination of the binders, thus, reducing the 

apparition of mayor defects during the sintering process, due to the brittle nature of the 

printed samples. 

Sintering was performed under vacuum atmosphere (2,5 x 10-5) in a tubular furnace, at 

1300 ºC for 6 h, with heating and cooling rates of 5 ºC/min for both MAX phases. As for 

PIM, samples were weighted and measured after every step of the process, in order to 

control the amount of binder removed, densities and shrinkage of the samples. Further 

information on the debinding and sintering properties of Ti3SiC2 and Cr2AlC PEG/CAB 

feedstocks can be found in Chapter 7 Section 7.1 [16] and Section 7.2 where the most 

relevant findings of the CEM process are shown in a scientific publication. 

In addition, mechanical properties of the sintered samples were measured. Vickers 

hardness measurements were performed in a Zwick Roell Z 2.5 tester with a force of 

10N. Additionally, Young’s modulus and elastic and plastic work was measured using a 

load application speed of 1 mm/min and a speed of 2 mm/min for load removal during 

the indentation. 
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Scope of this paper: 

The first objective of this PhD thesis is the synthesis of high purity MAX phases for the 
later processing by PIM and AM. For this purpose, this scientific publication exhibits the 
study of the Ti3SiC2 MAX phase synthesis. Several molar ratios and initial powders were 
studied varying the heat treatment temperatures and the phases present after the 
pressureless sintering process were analysed. All samples were characterised by XRD 
and SEM to control the phase evolution of the Ti3SiC2 synthesis. In addition, the 
synthesis mechanism was studied through thermodynamic calculations and a reaction 
mechanism for the selected powder mixtures is proposed. Finally, a specific mixture is 
further analysed with the variation of the heat treatment time and particle size of the initial 
powders to study their effect on the Ti3SiC2 synthesis, obtaining high purity powders. 
From this work, powders of Ti3SiC2 with a purity of 94 vol.% were synthesised using 
Ti/SiC/C as initial powders with a molar ratio of 3:1.5:0.5, adjusting the heat treatment at 
1300 ºC for 6 h under vacuum conditions. 
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a b s t r a c t

MAX phases exhibit excellent combination of ceramic and metallic-like properties. In this

work, MAX phase Ti3SiC2 powder was synthesized starting-off with different combinations

of elemental powders and carbides. The powders used were Ti, Si, C, SiC and TiC in different

combinations, molar ratios and powder size. Powders were heat treated on a vacuum furnace

for different times and temperatures for in situ production of the Ti3SiC2 MAX phase. High

purity synthesized samples were analyzed by X-ray diffraction (XRD) and scanning electron

microscopy (SEM) in order to identify and quantify the different phase constituents present.

The main phase constituents in the powders produced were Ti3SiC2 and TiSi2. Up to 94%

of Ti3SiC2 MAX phase was obtained using Ti:SiC:C as starting powders in a molar ratio of

3:1.5:0.5. Different phase constitution was observed on the surface and the centre of the

samples. An optimal starting powder composition, molar ratio, heat treatment temperature

and time is proposed for the formation of high purity Ti3SiC2 MAX phase. Selected mixture

was studied thermodynamically and a reaction mechanism of formation of the MAX phase

is proposed.

© 2020 SECV. Published by Elsevier España, S.L.U. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Estudio de la síntesis de polvos de la fase MAX Ti3SiC2 por sinterización
sin presión

r e s u m e n
lave:

e fases MAX

lurgia

Las fases MAX presentan una excelente combinación de propiedades cerámicas y metálicas.

En este trabajo se sintetizaron polvos de fase MAX Ti3SiC2 a partir de diferentes combina-

ciones de polvos elementales y carburos. Los polvos utilizados fueron Ti, Si, C, SiC y TiC

en diferentes combinaciones, proporciones molares y tamaño de partícula. Los polvos se

sinterizaron en un horno de vacío a diferentes tiempos y temperaturas para la producción
onding author.
l address: stsipas@ing.uc3m.es (S.A. Tsipas).
i.org/10.1016/j.bsecv.2020.01.004
/© 2020 SECV. Published by Elsevier España, S.L.U. This is an open access article under the CC BY-NC-ND license (http://
mmons.org/licenses/by-nc-nd/4.0/).
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in situ de la fase MAX Ti3SiC2. Las muestras sintetizadas de alta pureza se analizaron medi-

ante difracción de rayos X (XRD) y microscopía electrónica de barrido (SEM) para identificar

y cuantificar las diferentes fases constituyentes presentes. Las principales fases consti-

tuyentes en los polvos producidos fueron de Ti3SiC2 y TiSi2. Se obtuvo hasta un 94% de fase

MAX Ti3SiC2 utilizando como polvos de partida Ti:SiC:C en una proporción molar de 3:1,5:0,5.

Se observó diferente formación de fase en la superficie y en el centro de las muestras. Final-

mente, se propone una composición óptima de polvo de partida, relación molar, temperatura

de sinterización y tiempo para la formación de la fase MAX de Ti3SiC2 de alta pureza. La mez-

cla seleccionada se estudió termodinámicamente y se propone un mecanismo de reacción

para la formación de la fase MAX.

© 2020 SECV. Publicado por Elsevier España,  S.L.U. Este es un artı́culo Open Access bajo
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Table 1 – Summary of initial mixtures reported for successful synthesis of Ti3SiC2 used in this work.

Authors Initial powders Molar ratios Technique Phases

Sun [10] Ti:Si:C 5:2:3 PDS Ti3SiC2, TiC, TiSi2
Sun [10] Ti:SiC:C 5:2:1 PDS Ti3SiC2, TiC, TiSi2
El Saeed [12] Ti:SiC:C 3:1.2:0.8 SHS Ti3SiC2, TiC
Córdoba [13] TiC:Si 3:1 PS Ti3SiC2, TiC, Ti5Si3
Córdoba [13] Ti:SiC 3:2 PS Ti3SiC2, TiC, TiSi2, Ti5Si3
Córdoba [13] Ti:SiC:C 3:1.5:0.5 PS Ti3SiC2, TiC
Li [15] Ti:SiC:C 3:1.1:2 SHS Ti3SiC2, TiC, Ti5Si3
Ngai [21] Ti:Si:C 3:1.2:1.8 MA-PS Ti3SiC2, SiC, TiSi2
Yang [22] Ti:Si:TiC 1:1:2 PS Ti3SiC2, TiC
Yang [22] Ti:Si:TiC 2:2:3 PS Ti3SiC2, TiC

Table 2 – Detailed list of initial powders used and their characterization.

Powder Supplier D50 (�m) D90 (�m) Purity (%)

Ti TLS Technik GmbH, Germany 8.36 14.23 99
Si Alfa Aesar GmbH, Germany 3.95 9.68 99.9
Cc Ismaf, Spain 23.78 57.60 99.5
Cf Alfa Aesar GmbH, Germany 13.03 30.81 99
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Table 5 – Quatification of detected phases (XRD) present in selected mixtures (surface and powders) after heat treatment
in vacuum atmosphere at 1300 ◦C temperature for 2 h.

Initial mixture Sample Detected phases (%)

Ti3SiC2 TiC TiSi2 Ti5Si3 C SiC

Ti:Si:Cf Surface 82 13 – – 5 –
3:1.1:3.1 Powder 83 10 – – 7 –

Ti:SiC Surface 91 – 3 – – 6
3:2 Powder 83 – 11 – – 6

Ti:SiC:Cc

3:1.5:0.5
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Table 6 – EDS point analysis of mixtures Ti:Si:Cf = 3:1.1:3.1, Ti:SiC = 3:2 and Ti:SiC:Cc = 3:1.5:0.5 for points shown in Fig. 2.

Sample Sample Analysis point Element (at %) Phase

Ti Si C

Ti:Si:Cf

3:1.1:3.1
Surface 1  58 20 22 Ti3SiC2

2 67 2 31 TiC
3  1 4 95 C

Powder 4  52 16 32 Ti3SiC2

5 7 49 53 SiC
6  2 2 96 C

Ti:SiC
3:2

Surface 1  49 23 28 Ti3SiC2

2 7 44 49 SiC
3  31 69 – TiSi2

Powder 4  56 23 21 Ti3SiC2

5 5 54 41 SiC
6  27 70 3 TiSi2

Ti:SiC:Cc

3:1.5:0.5
Surface 1  57 23 20 Ti3SiC2

2 3 71 26 SiC
Powder 3  47 24 29 Ti3SiC2

4 1 53 46 SiC

appear th
phases  a
thesis  pr
zones  in
powders
Ti:SiC:Cc

ratio  of 3
of  Ti3SiC
ity  of ele
compare
studied.

From  

different
starting  m
For mixt
phase  is 

not  react
a  lighter
Ti3SiC2, a
2,  3, 5 an
and  SiC, 

of  TiC du
can  be ei
of  the T
Examina
(Point  5 i
XRD.  Un
and  in th
ratios  wh
is  disrega

For Ti
ence  of 

accordan
ever,  in 

observed
a  large a
guished, 

secondar

es s
d be
the t
een

 pha
mixt

 goo
g. 2)
e su

2c). A
ry  p
e mi
C = 3

 it c
espo
iC th
t 4 i
e is

 mec
 anal
i5Si3

 the
est  t
poss
nce

,  this
y  of 

tion  

e ar
 duri
able 

d  rea

13
5  65 

at are not present on the surface (Ti5Si3). These new
re intermediate products produced during the syn-
ocess, corroborating the diffusion difference between

 the sample. Decrease in purity is observed once
 are obtained (Table 5) for samples Ti:SiC = 3:2 and
= 3:1.5:0.5. However, for mixture Ti:Si:Cf with a molar
:1.1:3.1 there is a small increase on the final amount

2 in the powder. This can be due to the higher reactiv-
mental silicon, having in this case a better diffusion
d to the SiC, which is present in the other mixtures

micrographs in Fig. 2 it is clear how there is a
 reaction mechanism occurring depending on the

ixture. Point analysis results are shown in Table 6.
ure (a) (Ti:Si:Cf = 3:1.1:3.1) the formation of the MAX
combined with second phases of TiC and C that has
ed, according to XRD. In the microstructure (Fig. 2a)

 majoritarian phase is observed, corresponding to
nd also secondary darker phases can be seen (Points
d 6 in Fig. 2a) which probably correspond to TiC, C

respectively, attending to EDS analysis. The presence
ring the synthesis of Ti3SiC2 from elemental powders
ther an intermediate product prior to the formation
i3SiC2 phase, or a result of its decomposition [16].
tion of the milled powder shows the presence of SiC
n Fig. 2a); however, this phase was not detected by
reacted graphite was detected both in the surface
e milled powder, suggesting that the initial powder
ere not optimal. Therefore, this starting composition
rded as an optimal mixture.

:SiC = 3:2 (mixture (b) in Fig. 2), XRD shows the pres-
SiC and TiSi2 in addition to Ti3SiC2, and this is in
ce with the microstructure observed by SEM. How-
the SEM micrographs, a great difference can be

phas
coul
ing  

betw
MAX
this  

A
in  Fi
at  th
Fig.  

onda
in  th
Ti:Si
ders
corr
to  S
(Poin
phas
sion
EDS
to  T
from
sugg
still  

enha
fore
stud

Reac

Ther
ring
in  T
pose
 between the phases detected at the surface, where
mount of secondary darker phase can be distin-
and the milled powder, where less amount of this
y  phase is observed. The presence of intermediate

secondar
sis.  Acco
using  Th
taneous,

2

34 1 Ti5Si3

uch as TiSi2 suggests that the synthesis of Ti3SiC2

 optimized with this initial powder ratio, by adjust-
hermal cycle. However, due to the large differences

 the microstructures observed and the amount of
se present in the milled powders and in the surface,
ure was not considered for further optimization.
d candidate is mixture Ti:SiC:Cc = 3:1.5:0.5 (mixture (c)

 since there is a high amount of Ti3SiC2 phase both
rface and in the milled powders (Points 1 and 2 in
t the surface it can be observed how the only sec-

hase present is SiC (Point 2 in Fig. 2c, darker zones
crographs), that exists in lower amount compared to
:2. Analyzing the microstructure of the milled pow-
an be seen how the lighter phase predominates,
nding to MAX phase Ti3SiC2. Darker zones correspond
at still is present from the initial powder mixture

n Fig. 2c), but in a low amount. Another intermediate
 present in the powders due to the different diffu-
hanism depending on the zone of the sample. From
ysis it can be deduced that this phase corresponds
(Point 5 in Fig. 2c). The absence of remnant graphite

 initial mixture and the intermediate phases present
hat the formation of MAX  phase is incomplete but
ible, an adjustment of the thermal cycle could further

 the formation of Ti3SiC2 for this molar ratio. There-
 molar ratio was selected for further optimization and
the synthesis mechanism.

mechanism  of  the  Ti3SiC2 synthesis
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Table 7 – Gibbs free energy calculation of different possible reactions during the synthesis process at temperature range
from 1000 ◦C to 1400 ◦C.

Reaction �G [J]

1000 ◦C 1100 ◦C 1200 ◦C 1300 ◦C 1400 ◦C

3Ti + SiC + C → Ti3SiC2 (I) −3.45 × 105 −3.43 × 105 −3.40 × 105 −3.37 × 105 −3.34 × 105

Ti + C → TiC (II) −1.69 × 105 −1.67 × 105 −1.66 × 105 −1.64 × 105 −1.63 × 105

5Ti + 3SiC → Ti5Si3 + 3C
(III)

−3.96 × 105 −3.98 × 105 −4.00 × 105 −4.02 × 105 −4.04 × 105

Ti + 2SiC → TiSi2 + 2C (IV) 1.18 × 103 5.38 × 102 −1.56 × 102 −9.05 × 102 −1.71 × 103

6Ti + 5SiC → Ti5Si3 + TiSi2 + 5C
(V)

−3.95 × 105 −3.98 × 105 −4.00 × 105 −4.03 × 105 −4.05 × 105

Ti5Si3 + 2SiC → Ti3SiC2 + 2TiSi2
(VI)

−7.83 × 104 −8.19 × 104 −8.56 × 104 −8.96 × 104 −9.37 × 104

TiC + Ti5Si3 + 3SiC → 2Ti3SiC2 + 4Si(g)

(VII)
4.73 × 105 4.37 × 105 4.01 × 105 3.64 × 105 3.28 × 105
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Table 8 – Summary of phase percentage of mixture Ti:SiC:Cc = 3:1.5:0.5 heat treated at 1300 ◦C increasing the isothermal
time from 2 to 6 h.

Time Sample Detected phases (%)

Ti3SiC2 Ti5Si3 TiSi2 SiC

2 h Surface 94 – – 6
Powder 90 5 – 5

4 h Surface 95 2 – 3
Powder 92 – – 8

6 h Surface 98 2 – –
Powder 94 – 6 –

Fig. 4 – SEM micrographs of the surface (left) and powders (right) of the samples Ti:SiC:Cc with a molar ratio of 3:1.5:0.5 heat
treated a .
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Table 9 – EDS point analysis of mixture Ti:SiC:Cc = 3:1.5:0.5 heat treated at 1300 ◦C for points shown in Fig. 4.

Heat treatment time Sample Analysis point Element (at %) Possible phase

Ti Si C

2 h Surface 1 51 19 30 Ti3SiC2

2 1 55 44 SiC
Powder 3 45 19 36 Ti3SiC2

4 5 51 44 SiC
5 60 37 3 Ti5Si3

4 h Surface 1 50 21 29 Ti3SiC2

2 1 57 42 SiC
3 59 36 5 Ti5Si3

Powder 4 58 20 22 Ti3SiC2

5 1 53 46 SiC
6 h Surface 1 53 22 25 Ti3SiC2
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Table 11 – EDS point analysis of mixture Ti:SiC:Cf = 3:1.5:0.5 heat treated at 1300 ◦C for points shown in Fig. 5.

Heat treatment time Sample Analysis point Element (at %) Possible phase

Ti Si C

2 h Powder 1 50 28 21 Ti3SiC2

2 1 61 38 SiC
3 32 63 5 TiSi2
4 61 36 3 Ti5Si3

4 h Powder 1 53 20 27 Ti3SiC2

2 2 55 43 SiC
3 32 67 1 TiSi2

6 h Powder 1 63 15 22 Ti3SiC2

2 1 59 40 SiC
3 38 60 2 TiSi2
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different processing routes, the stability of the synthesised powders was proven
obtaining samples with good mechanical properties and wear behaviour, despite the
porosity obtained.
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Abstract: MAX phases are a promising family of materials for several demanding, high-temperature
applications and severe conditions. Their combination of metallic and ceramic properties makes MAX
phases great candidates to be applied in energy production processes, such as high temperature heat
exchangers for catalytic devices. For their successful application, however, the effect of the processing
method on properties such as wear and mechanical behavior needs to be further established. In
this work, the mechanical and wear properties of self-synthesized Ti3SiC2 and Cr2AlC MAX phase
powders consolidated by different powder metallurgy routes are evaluated. Uniaxial pressing and
sintering, cold isostatic pressing and sintering and hot pressing were explored as processing routes,
and samples were characterized by analyzing microstructure, phase constitution and porosity. Wear
behavior was studied by reciprocating-sliding tests, evaluating the wear rate by the loss of material
and the wear mechanism.

Keywords: Ti3SiC2; Cr2AlC; MAX phases; reciprocating-sliding; wear behavior; mechanical proper-
ties; hot isostatic pressing; powder processing

1. Introduction

Nanolaminated ternary carbides and nitrides, MAX Phases, are a new family of mate-
rials with great potential for different highly demanding and aggressive environments [1,2].
Due to their structure, MAX phases show good mechanical properties at high tempera-
tures [3] with good oxidation and corrosion behaviors, and at the same time, exhibit good
electrical and thermal conductivity and are easily machinable [4,5]. MAX phases’ name
comes from the elements that configure the ternary compound: M is an early transition
metal, A is an element of the groups IIIA and IVA of the periodic table and X is either
carbon or nitrogen. They exhibit a fixed stoichiometry and a general formula of Mn+1AXn,
where n is a number between 1 and 3 [4,6]. This excellent combination of ceramic and
metallic-like properties occurs as a result of the layered disposition of the elements in the
structure, alternating layers of elements MX and layers of element A, making this family of
materials a good candidate for several applications [3]. In recent years, there has been a
search for different applications for the use of this family of materials. Their use as heat
exchangers [7] or catalytic devices using porous Ti3SiC2 and Ti2AlC [8], thermal barriers
using Cr2AlC [9] or as fuel cladding material in nuclear reactors using Zr2AlC [10] are
some of the possible applications of these materials.

As for the wear behavior of MAX phases, several works have characterized the
resistance of this family of materials under abrasive conditions. El-Raghy et al. [11] studied
the effect of the grain size on the wear behavior of hot-isostatically-pressed (HIP) Ti3SiC2
samples by pin-on-disk tests and found a large difference in the coefficient of friction (COF)
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at initial stages and a similar final COF once the debris started acting as a third body.
Magnus et al. [12] explored the wear mechanism of a dual Ti3AlC2-Ti2AlC MAX phase
and the evolution of the microstructure by the pin-on-disk test, proposing a three-body
abrasive wear with a wear rate of 10−4 mm3/Nm. Shamsipoor et al. [13] analyzed the
effect of the spark plasma sintering (SPS) parameters on the wear behavior of Cr2AlC.
Although the SPS parameters mainly affected the final MAX phase composition, which was
synthesized in situ from elemental powders, wear behavior improved with the presence of
the Cr2AlC phase, with mainly adhesion and delamination wear mechanisms. In addition
to this, MAX phases have been studied as a reinforcement for other materials in order to
improve wear behavior. Yu et al. [14] produced an AZ91 magnesium composite reinforced
with the Ti2AlC MAX phase, improving the wear resistance in pin-on-disk wear tests with
the addition of a MAX phase when compared to the raw magnesium alloy. From these
works, it can be observed that the wear behavior of MAX phases is commonly studied in
samples that are synthesized during the consolidation process and not starting from raw
MAX phases powders, as it is in the scope of this work.

One of the main issues of pin-on-disk tests is the control of the constant load when
starting the test; generally, the surface is smooth, but as time passes, wear products build
up, causing the bolt that contains the counter material to vibrate. Although reciprocating-
sliding tests do not maintain a constant velocity during the test, they offer a study of the
reciprocal slip generated in the samples that is interesting for real industry behaviors,
mainly in the biomedical industry [15]. Reciprocating-sliding tests are based on the ap-
plication of a constant normal load over the sample through a bolt enclosing the counter
material. This bolt performs a reciprocal movement with a previously defined stroke at the
desired frequency. This method has the advantage of producing many repetitions of the
sliding cycles, which causes the friction and wear processes to reach a stable value faster
than other techniques [16].

As commented before, MAX phases are most frequently synthesized during their
consolidation step and characterized after the optimization of the process [17–19]. Never-
theless, this work aims to study the consolidation process of already self-synthesized high
purity Ti3SiC2 and Cr2AlC MAX phase powders in order to validate the powder produc-
tion process and analyze the sinterability of the powder through different consolidation
methods: uniaxial pressing and sintering, cold isostatic pressing and sintering and hot
pressing. Sintered samples were analyzed in order to determine the relative density of the
processed samples, and the mechanical properties and wear behavior of selected samples
were studied.

2. Materials and Methods
2.1. Powder Characterization

Self-synthesized and high purity Ti3SiC2 and Cr2AlC MAX phases were produced
from the commercially available powders detailed in Table 1, and the powder synthesis
was scaled-up for large-quantity powder production. Ti3SiC2 was obtained starting from
Ti:SiC:C with a molar ratio of 3:1,5:0,5 [20] and Cr2AlC MAX phase was obtained by the
synthesis of the elemental powders of Cr:Al:C with a molar ratio of 2:1,2;1.

Table 1. A list and the characteristics of commercially available powders for the synthesis of Ti3SiC2

and Cr2AlC MAX phases.

Powder Supplier D50 (µm) D90 (µm) Purity (%)

Ti TLS Technik GmbH,
Bitterfeld-Wolfen, Germany 8 14 99

SiC Navarro S.A., León, Spain 12 21 99.5
C Ismaf S.L., Zamudio, Spain 24 58 99.5
Cr Goodfellow Ltd., Huntingdon, UK 30 53 99.5
Al AEE, Upper Saddle River, NJ USA 38 79 99.5

146



Ceramics 2022, 5 57

After mixing the initial powders in a Turbula shaker mixer (WAB Group, Muttenz,
Switzerland) for 1 h, the powders were isostatically cold pressed at 4000 bar (EPSI Systems,
Temse, Belgium). The synthesis of the pressed pellets was achieved by pressureless sin-
tering. For the Ti3SiC2 MAX phase, a tubular high vacuum furnace was used (2.5 × 10−5,
HVT-15/50/450, Carbolite, Hope, UK) at 1300 ◦C for 6 h, with heating and cooling rates of
5 ◦C/min; for the Cr2AlC MAX phase, a tubular furnace (STF-15/757450, Carbolite, Hope,
UK) with an argon atmosphere was used at 1300 ◦C for 4 h, with heating and cooling rates
of 5 ◦C/min. Synthesized consolidated samples were then crushed in a planetary ball mill
(Pulverisette 5/2, Fritsch, Weimar, Germany) using a powder to ball ratio of 10:1, with
isopropanol as a mixing medium and an argon protective atmosphere. After drying the
synthesized powder in air at 100 ◦C, a comprehensive characterization was performed to
study the purity and properties of the powders. Detected phases were analyzed by X-ray
diffraction (XRD, Philips X’pert, Almelo, Netherlands) with Cu Kα radiation at 40 kV and
40 mV. The purity of the powders was determined by a least-squared procedure of the most
intense peaks of the diffraction spectrum, as reported elsewhere [17]. This method has
been previously compared to a Rietveld analysis [20], obtaining similar results for phase
quantification. The calculation was done following Equation (1), where Ix corresponds to
the integrated area of the most intense peak of the phase to be quantified and It to the sum
of the integrated area of the most intense peaks detected in the XRD analysis:

% Phase = Ix/It, (1)

In addition, the morphology of the powders was studied with Scanning Electron
Microscopy (SEM, TENEO-FEI, Eindhoven, Netherlands) coupled with energy-dispersive
X-ray spectroscopy (EDS, DX-4-EDAX, Mahwah, NJ, USA). Furthermore, the mean par-
ticle size distribution of the initial powders was measured by Dynamic Light Scattering
(MasterSizer 2000, Malvern Instruments, Malvern, UK).

2.2. Consolidation Techniques and Mechanical Properties Characterization

The sinterability of the powders by conventional powder metallurgy, press and sintering,
was analyzed in order to understand the consolidation process of the synthesized MAX phase
powders. For this purpose, the powders were uniaxially pressed from 100 to 500 MPa and
sintered at 1300 ◦C for 6 h. The Archimedes density was measured for both green and
sintered samples to study the effect of the pressure on the densification of the samples.

Alternative powder processing routes were explored. First, instead of uniaxial press-
ing, powders were cold isostatically pressed (CIP) at 4000 bar and then sintered under
the same conditions. Second, inductive hot pressing was optimized to consolidate the
MAX phase powders. The influences of pressure, time and temperature on the density of
the MAX phase samples were analyzed. For the inductive hot-pressed samples, a 20 mm
graphite die was used. The die was covered with a graphite foil with a sprayed coating of
boron nitride to reduce the possible reaction of the powders with the die and to facilitate the
sample release after the process. The process was performed using two heating rates. First,
the heat was increased at a rate of 50 ◦C/min up to 100 ◦C below the selected consolidation
temperature, then the rate was lowered to 25 ◦C/min in order to maintain better control of
the process temperature. After the programmed dwell time, a cooling rate of 50 ◦C/min
was applied. All processed samples were characterized by SEM and XRD in order to control
MAX phase purity after consolidation. In order to understand the reaction mechanism
of the hot-pressed samples, thermodynamic calculations of ∆G were performed using
Thermo-Calc software (Stockholm, Sweden) with databases SSOL5 and SSUB5 [21].

Vickers hardness measurements were performed in a Zwick Roell Z 2.5 tester with a
force of 10 N. Additionally, Young’s modulus and elastic and plastic work were measured
using a speed for the load applied of 1 mm/min and a speed of 2 mm/min for load removal
during the indentation. In addition, cyclic micro-compressive tests (Microtest, EM2/5/FR,
Madrid, Spain) were performed to wire-cut cylindrical samples with a height of 6 mm and
a diameter of 3 mm. A preload speed of 0.1 mm/min was selected up to 20 N to ensure the
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correct contact between the sample and the clamp. Tests were performed at 1 N/s up to
500 N for 5 cycles at room temperature.

2.3. Wear Tests

For the wear characterization of the selected samples, a reciprocating lineal sliding
tribometer was used (UMT, Bruker, Mannheim, Germany). A 5 mm alumina ball was used
as the counter material for the test, in air, under unlubricated conditions. All of the tests
were performed using a 5 mm stroke distance with a frequency of 1 Hz for 30 min. Applied
loads were varied from 5 to 10 N, to study the influence of this parameter on the wear
rate. Three wear tests were performed for each condition, and the coefficient of friction
(COF) was measured during each test. Specific wear rates (Wv) were calculated using the
following Equations (2)–(4) reported by Doni et al. [16] to calculate the volume loss (V)
divided by the load applied (N) and the total sliding distance (S):

WV = ∆V/N·S, (2)

The volume loss (V) is calculated using the radius (R) of the ball used as counter
material, the average depth of the wear track (D), the average wear loss area (Aw) from the
2D profiles of the track and the stroke length (l).

∆V =
[
(1/3)·π·D2(3R− D

)]
+ Aw·l, (3)

Calculating the average depth (D), through the average wear loss area (Aw) and the
average width of the track (W).

D = Aw/W, (4)

Track measurements for the wear rate calculations were performed in an optical
profilometer (DSX500, Opto-Digital Microscope, Tokio, Japan) to evaluate three different
profiles in the center, top and bottom parts of the track, averaging the width, depth and
area of the profiles.

3. Results and Discussion
3.1. Powders Characterization and Sinterability of Ti3SiC2 and Cr2AlC MAX Phases

MAX phase Ti3SiC2 and Cr2AlC synthesized powders are shown in Figure 1. From
the micrographs, the irregular morphology of the powders can be observed. In addition,
it is possible to see the characteristic nanolaminated structure of the MAX phases [4].
Complementary to the X-ray diffraction patterns of the powders shown in Figure 2, it is
possible to observe the presence of some secondary phases, corresponding to TiSi2 in the
case of the production of Ti3SiC2, and Cr5C3 for Cr2AlC. From the least-square analysis
performed on the XRD diffractograms, a total purity of 92 vol.% and 96 vol.% has been
calculated for Ti3SiC2 and Cr2AlC, respectively. No other intermediate phase, unreacted
powders or contamination from the milling was found from the XRD and EDS analyses
of the synthesized powders. Furthermore, the particle size distribution of the powders
produced exhibited a high control of the powders’ production, with unimodal distribution
for both MAX phases and a relatively low mean particle size, obtaining a D90 of 20 µm for
Ti3SiC2 and 23 µm for Cr2AlC.
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Figure 1. SEM micrographs of self-synthesized powders of (a) Ti3SiC2 and (b) Cr2AlC MAX phases.

Figure 2. The X-Ray diffraction patterns of self-synthesized powders of (a) Ti3SiC2 and (b) Cr2AlC
MAX phases.

The sinterability properties of both self-synthesized MAX phase powders through
conventional powder metallurgy processes were analyzed in order to study the densifica-
tion of the powders for comparison with other production methods. It is important to note
that compressibility tests of the powders through press and sintering establish a starting
point to improve the densification or tailor the porosity of the samples, depending on the
application. In Figure 3a, the evolution of the relative green density of the samples related
to the pressure applied during the consolidation can be observed. A typical behavior is
observed, wherein the green density increases with the increase of pressure for both MAX
phases. A similar green relative density is exhibited for these samples with up to 63% for
Ti3SiC2 and 61% for Cr2AlC at 500 MPa. Both MAX phases show a similar slope while
increasing the pressure. In addition, the evolution of the volumetric relative density after
sintering was calculated (Figure 3b). It is possible to observe an increase in the relative
density of the samples with the increase of the pressure up to 400 MPa and a stabilization
of the value after this value, obtaining a relative density of 75% and 88% for Ti3SiC2 and
Cr2AlC, respectively, after sintering. Although the green density slopes showed a simi-
lar behavior in the green state, it is possible to observe a difference in the final relative
density of the sintered samples. Generally, the hardness values of the materials have a
direct correlation with the compressibility properties of the powders. From the theoretical
values of Ti3SiC2 (4 GPa) [22] and Cr2AlC (5.5 GPa) [23], it can be seen how this effect is
not correlated. The lower compressibility of the powders appears to be an effect of the
different particle size distribution of the powders, obtaining a lower compressibility for
Ti3SiC2 (D90 = 20 µm) than for Cr2AlC (D90 = 23 µm). These relative density values, albeit
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low, might prove beneficial for applications such as catalytic substrates [24] electrodes [25],
volumetric solar receivers [26] or hot gas filters [27].

Figure 3. The press and sintering density measurements of Ti3SiC2 and Cr2AlC: (a) relative green
density and (b) relative sintered density.

The optimization of the hot-pressing process was done by analyzing the possible
decomposition of the MAX phases after the process. First, the Ti3SiC2 MAX phase was hot
pressed at a range of temperatures using a fixed pressure (30 MPa) and holding time of
15 min. XRD analysis of the samples after the process showed the limiting temperatures
to avoid decomposition of the Ti3SiC2 phase. As can be observed in Figure 4, at a low
temperature of 1050 ◦C, the phases present in the final samples correspond to Ti3SiC2 and
the intermediate phase TiSi2, which is also present in the initial composition of the powders.
As the temperature begins to increase, the formation of TiC begins, reaching a maximum in
its formation at 1250 ◦C, along with the decomposition of the MAX phase. This effect can
be better seen in Figure 4b, where the amount of TiC at 1150 ◦C is 8%, increasing to 85% at
1250 ◦C. The phase formation of TiC could be due to the reactions produced by different
effects, as discussed below. First, inductive heating, combined with pressure, accelerates
the reactions that occur inside the graphite mold, altering the reactions studied in the
pressureless sintering processes [20]. In addition to this, although a B/N sprayed coating is
applied, it is possible that the powders react with the graphite foil; this could enhance the
formation of TiC by reacting with the impurities of TiSi2. These effects are correlated with
the Gibbs free energy calculations of the possible reactions occurring during the hot pressing
process, as shown in Table 2. Reaction 1 corroborates the stability of the MAX phase Ti3SiC2,
which should not decompose at these temperatures, although from experimental synthesis
of this MAX phase, it was observed that decomposition is possible at temperatures above
1300 ◦C [20]. TiC presence at temperatures of 1050 ◦C is in accordance with reaction 2, where
the existence of the intermediate phase TiSi2 and C produces TiC and Si(gas). Comparing
the Gibbs free energy values from 1050 ◦C to 1350 ◦C to those presented elsewhere [20], it
is possible to observe that the formation of TiC is more thermodynamically stable than the
formation of Ti3SiC2, enhancing the appearance of TiC while the decomposition of Ti3SiC2
is occurring. Argon was used during the hot-pressing of the Ti3SiC2 to study the possible
influence of using a protective atmosphere during the process; nevertheless, this effect
could not be controlled, obtaining the same decomposition products in the final samples.
With all this in mind, a temperature of 1150 ◦C was selected as optimal for the consolidation
of Ti3SiC2 by inductive hot pressing. In addition to the temperature analysis, pressure
and holding time at maximum temperature were varied to study the final density of the
consolidated sample. By increasing the pressure on the sample to 50 MPa, it was possible
to improve the density by 5%, reaching a total of 74% relative density, and by increasing the
holding time to 1 h, up to an 80% densification was reached. On the other hand, for Cr2AlC,
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from the XRD analysis in Figure 5, there is no decomposition or increase in the secondary
phase formation during the consolidation of the powders for all tested temperatures, and a
temperature of 1200 ◦C was selected for this process.

Figure 4. (a) The X-ray diffraction patterns of hot-pressed Ti3SiC2 powders from 1050 ◦C to 1350 ◦C
and (b) the phase evolution from the XRD profiles.

Table 2. The Gibbs free energy calculations of different possible reactions during the hot pressing
process at temperatures ranging from 1050 ◦C to 1350 ◦C.

Reaction
∆G [J]

1050 ◦C 1150 ◦C 1200 ◦C 1250 ◦C 1350 ◦C

Ti3SiC2 + C → 3TiC + Si(g) 4.47 × 103 2.83 × 104 4.06 × 104 5.31 × 104 7.87 × 104

TiSi2 + C → TiC + 2Si(g) −4.80 × 105 −4.47 × 105 −4.31 × 105 −4.13 × 105 −3.79 × 105

Figure 5. (a) The X-ray diffraction patterns of hot-pressed Cr2AlC powders from 1200 ◦C to 1350 ◦C
and (b) the phase evolution from the XRD profiles.

A summary of the microstructures obtained for the three different processes is shown
in Figure 6, and the relative densities of each process are shown in Table 3. Isostatic pressing
improves the densification of the samples when compared to press and sintering, and hot
pressing enhances the densification of the Cr2AlC MAX phase even further. For Ti3SiC2,
density doesn’t improve with the hot pressing process; the lower particle size distribution
of this powder, combined with the reaction of the powder with the die and decomposition
during the process, may have a negative effect on the consolidation of this MAX phase.
From the XRD analysis of the consolidated samples shown in Figure 7, the high purity of
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the processed samples is corroborated. For pressed and sintered samples (uniaxially and
cold isostatically), it is possible to see remnants of secondary TiSi2 from the initial powder
synthesis for Ti3SiC2 (Figure 7a) and the minor presence of Cr5C3 in the Cr2AlC (Figure 7b)
consolidated samples. For hot-pressed samples, no decomposition of Ti3SiC2 was found
after the consolidation process, with only TiC as a secondary phase (Figure 7a). In the case
of Cr2AlC, the XRD analysis (Figure 7b) shows a minor presence of Cr5C3 as secondary
phase. In addition, the relative densities of the processed samples are shown in Table 3
to study the influence of the processes on the MAX phase samples. Densification of the
powders was enhanced by this process obtaining up to 80% of relative density for Ti3SiC2
and 95% for Cr2AlC.

Figure 6. SEM micrographs of consolidated samples by different routes: (a) uniaxially pressed and
sintered (P-S) Ti3SiC2; (b) uniaxially pressed and sintered (P-S) Cr2AlC; (c) cold isostatic pressed
and sintered (CIP) Ti3SiC2; (d) cold isostatic pressed and sintered (CIP) Cr2AlC; (e) hot-pressed (HP)
Ti3SiC2 and (f) hot-pressed (HP) Cr2AlC.
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Table 3. The relative densities of the consolidated Ti3SiC2 and Cr2AlC MAX phases by press and
sintering (P-S), cold isostatic pressing and sintering (CIP) and hot-pressing (HP).

Material Process Relative Density (%)

Ti3SiC2

P-S 75
CIP 83
HP 80

Cr2AlC
P-S 88
CIP 95
HP 96

Figure 7. The X-ray diffraction patterns of uniaxially pressed and sintered (P-S), cold isostatic pressed
and sintered (CIP) and hot-pressed (HP) consolidated samples after optimization of the process for
(a) Ti3SiC2 at 1150 ◦C for 1 h and (b) Cr2AlC at 1200 ◦C for 15 min.

3.2. Effect of the Consolidation Technique on the Mechanical Properties

The hardness, Youngs modulus, elastic and plastic work and recovery indexes calcu-
lated for the three processing routes used to consolidate Ti3SiC2 and Cr2AlC are shown
in Table 4. From the hardness values, it is possible to see an increase of the value for
Ti3SiC2 as the consolidation technique is improved, from 136 HV for the P-S sample to
322 HV for the hot-pressed material. Although this value it is not directly correlated to the
porosities obtained for each process, the amount of porosity in the samples increases the
standard deviation of the measurements. Hardness is mainly dependent on the grain size
generated in each process, with hot-pressed samples having a smaller grain size due to
their fast consolidation. The same occurs for Cr2AlC, where hot-pressed samples have a
higher hardness value (535 HV) than the P-S (427 HV) and CIP (398 HV), due to the smaller
grain size. Hardness values reported for Ti3SiC2 obtained through in situ synthesis reach
values around 600 HV [5], which are higher than those obtained in this work (322 HV). In
the case of Cr2AlC, hardness values obtained for the hot-pressed samples (535 HV) are
similar to those previously reported (530 HV) [5]. From the elastic and plastic work of
the samples, it is important to note a higher value for the plastic work, a behavior that is
characteristic of ceramic materials. This plastic work value is higher for the Ti3SiC2 MAX
phase, and this should have an effect on the wear mechanism of this material, favoring a
lower wear resistance and lowering the coefficient of friction as compared to Cr2AlC for
the same porosity values. In terms of the recovery index of the samples, similar values
for P-S and CIP samples can be observed, although there is a clear difference in porosity
between these samples and the hot-pressed samples; the appearance of localized porosity
could have a big effect in this matter, reducing the elastic recovery of the surface after
the test. In addition, the smaller grain size of the hot-pressed Ti3SiC2 appears to have an
influence on the recovery properties of this material. Cr2AlC recovery indexes are similar
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for all the consolidation processes. All consolidated Cr2AlC samples showed a high relative
density and hence the effect of porosity in this recovery value is not significant. In terms
of elastic modulus, this value has a great dependence on both the porosity in the sample
and the grain size of the material. It can be observed in Figure 8 that lower E modulus
values are obtained compared to those previously reported (343 kN/mm2 for Ti3SiC2 and
245 kN/mm2 for Cr2AlC) [5]. As the porosity changes depending on the consolidation
method in Ti3SiC2, and it is lower for cold isostatic pressing and higher for consolidation
by hot pressing, the elastic modulus varies in this same manner. In the case of Cr2AlC,
the influence of the grain size directly relates to the higher E modulus obtained for the
hot-pressed samples. A decrease in the elastic modulus for the CIP samples can also be
observed; this in in accordance with the hardness values obtained and could be due to
localized porosity in the sample.

Table 4. A summary of the measured mechanical properties of uniaxially (P-S), cold isostatic pressed
and sintering (CIP) and hot-pressed (HP) Ti3SiC2 and Cr2AlC MAX phases. Welast and Wplast stand
for the elastic and plastic work during the indentation and µIT for the recovery index after releasing
the indentation.

Material Zone Hardness
(HV10)

Welast
(Nmm)

Wplast
(Nmm) µIT (%)

Ti3SiC2

P-S 136 0.008 ± 0.001 0.055 ± 0.001 12.5 ± 0.6
CIP 139 0.008 ± 0.001 0.054 ± 0.002 12.2 ± 0.8
HP 322 0.021 ± 0.004 0.040 ± 0.004 34.2 ± 4.5

Cr2AlC
P-S 427 0.008 ± 0.001 0.027 ± 0.002 22.3 ± 1.5
CIP 398 0.008 ± 0.002 0.029 ± 0.002 22.3 ± 4.0
HP 535 0.017 ± 0.001 0.024 ± 0.001 24.7 ± 2.5

Figure 8. The E modulus of uniaxially (P-S), cold isostatic pressed and sintering (CIP) and hot- pressed
(HP) Ti3SiC2 and Cr2AlC MAX phases compared with the reported values from Barsoum, M. 2013.

The cyclic micro-compressive behaviors of cold isostatic pressed and sintered and
hot-pressed samples are shown in Figure 9. It is possible to observe for both materials
a kinking non-linear elastic behavior characteristic of MAX phases. The twisting that is
generated by the energy dissipation during the compression is produced by the formation
of incipient kinking bands (IKB) dislocations [4]. It is also possible to observe the lack
of hysteresis during the different cycles, since it is not possible to differentiate the load
and unload for any of the material. At loads under a specific threshold, IKB dislocations
contract, producing a reversible process, thus generating the same values for every cycle
and an elastic behavior due to the absence of plastic deformation at this load (500 N). This
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effect produces a fully reversible loop for the uniaxial compression of MAX phases, as
previous works have shown, for dense and porous MAX phases [28,29].

Figure 9. The cyclic micro-compressive stress-strain behavior of CIP and sintered and HP samples of
(a) Ti3SiC2 and (b) Cr2AlC at a load of 500 N with a pressure rate of 1 N/s.

In Figure 9a,b, it is also possible to observe a slight difference between the cold isostatic
pressed and sintered and the hot-pressed samples. Although there is a porosity difference
between the different sample production routes, this disparity should not be the main
factor in the differences of compressive behavior. The main reason for the slight change in
rigidity values during the micro-compressive test is the grain size generated during the
sample production. This has a strong dependence on the cyclic compressive behavior of
MAX phases [3], resulting in a lower strain on the material.

3.3. Effect of the Consolidation Technique on the Wear Behavior of Ti3SiC2 and Cr2AlC MAX
Phases and Influence of the Test Load on the Wear Properties

Initially, in order to assess the influence of the grain size on the wear behavior of the
samples according to the processing route, a qualitative evaluation of the grain sizes was
performed by micrographic analysis, as shown in Figure 10. It is possible to observe the
presence of porosity at the grain boundaries of the MAX phases in all of the micrographs.
The Ti3SiC2 samples exhibit smaller grains, shown in Figure 10a,c (~8 µm for CIP and
~4.5 µm for HP), compared to the Cr2AlC samples (~32 µm for CIP and ~18 µm for HP)
shown in Figure 10b,d. When comparing the different processing routes, it is possible to
observe a common trend: Hot-pressed samples exhibit a smaller grain size when compared
to the samples processed by cold isostatic pressing and sintering. This could be an effect of
the cooling rate of the processes, with lower grain sizes for higher cooling rates.

The evolution of the friction coefficients (COF) during the wear tests is shown in
Figure 11 for the Ti3SiC2 samples and Figure 12 for the Cr2AlC samples. It is possible
to observe different behaviors for different Ti3SiC2 samples (Figure 11). The CIP Ti3SiC2
sample tested with a load of 5 N shows a steady increase in the friction coefficient that
stabilizes at around 300 s at a COF of 0.65. By increasing the load on the CIP Ti3SiC2
sample, it is possible to observe a higher initial coefficient, probably due to the initial debris
generated in the track, and after less than a minute, the delamination of this generated
debris reduces the abrasive effect, acting as a lubricant and lowering the coefficient value,
stabilizing at values close to those of the sample tested at 5 N. This self-lubricant effect has
been previously reported for both MAX phases and is intrinsic to the layered hexagonal
crystalline structure of MAX phases [12], causing a reduction in the friction coefficient.
Furthermore, this lubricating effect is also a result of the oxidation of the loose wear material,
reducing the abrasion during the tests [30].
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Figure 10. SEM micrographs of (a) cold isostatic pressed and sintered (CIP) Ti3SiC2; (b) cold isostatic
pressed and sintered (CIP) Cr2AlC; (c) hot-pressed (HP) Ti3SiC2 and (d) hot-pressed (HP) Cr2AlC.

Figure 11. The coefficients of friction of the cold isostatic pressing and sintering (CIP) and hot-pressed
(HP) samples during the reciprocating-sliding test with a load of 5 and 10 N of the Ti3SiC2 MAX phase.

On the other hand, hot-pressed Ti3SiC2 samples tested at 5 N and 10 N have higher
final coefficients of friction, with a stabilization value at around 0.72 for both loads. In this
case, a slightly higher coefficient during the test for the lowest load (5N) can be observed.
Although this behavior is not expected, it could be due to the effect of the load in the
delamination of the debris: in more aggressive conditions, it is easier to delaminate the
material and generate a “lubricating” third body [12]. In Figure 12, it is possible to observe
a higher final coefficient of friction for Cr2AlC compared to those seen for Ti3SiC2. A
possible explanation of this effect is the difficulty to produce wear in materials with a
higher hardness (Ti3SiC2 = 4 GPa [22] and Cr2AlC = 5.5 GPa [23]). The higher hardness of
the Cr2AlC MAX phase makes the wear debris more difficult to delaminate, thus reducing
the self-lubricating effect and increasing the coefficient of friction. This double effect
generated by the materials’ hardness can also explain the difference between the CIP and
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HP samples. HP samples have lower coefficients of friction and behave better than the
CIP samples. It is important to note that hot pressing is a fast consolidation technique
and the grain growth in this process is lower than for the CIP sample. This lower grain
growth enhances the wear resistance of the HP samples [11]. In addition, as for the Ti3SiC2
hot-pressed samples, it is possible to see a lower COF for the Cr2AlC HP 10 N than for the
5 N; this could be the effect of quicker delamination and faster oxidation of the debris [30],
improving the wear resistance on the sample. When having more aggressive conditions
set in the test, the higher load applied proves beneficial for the delamination of the debris,
improving the self-lubricating effect of the MAX phases during wear.

Figure 12. The coefficients of friction of the cold isostatic pressing and sintering (CIP) and hot-pressed
(HP) samples during the reciprocating-sliding test with a load of 5 and 10 N of the Cr2AlC MAX phase.

To better analyze the influence of the processing routes applied to obtain consolidated
MAX phase samples, the wear rate was calculated. Figure 13 shows a representation of the
2D profiles of the wear tracks for different samples and loading conditions. In Figure 13a,
the tracks of the cold isostatic and hot-pressed samples applying a load of 5N can be
observed. From the track profiles, it can be noted that there is a better wear behavior for
the Ti3SiC2 CIP sample that exhibits the smallest depth and width of the track. This effect
is directly related to the porosity of the samples; with higher porosity, a higher amount
of material is lost during the wear test. Thus, the cold isostatic pressed samples, which
have lower porosity, have a smaller wear track profile compared to the hot-pressed samples
that have higher porosity. This effect is also noticeable with the Cr2AlC: both CIP and HP
samples have similar porosity and similar wear track profiles. When comparing isostatic
pressed samples, it is possible to observe a better wear behavior for MAX phase Ti3SiC2
compared to Cr2AlC. This could be due to the differences between the self-lubricating
effects of these MAX phase powders. As has been previously established, Ti3SiC2 has
an intrinsic self-lubricating behavior [31] and Cr2AlC has a strong dependence on the
oxidation of the debris to generate this lubricating effect [30]. Furthermore, in terms of the
debris formation, the difficulty of delaminating the torn material to produce this lubricating
effect is also affected by the presence of secondary phases, which help to pin the MAX
phase grains, delaying debris generation [31]. As can be seen in Figure 13a, this pinning
effect is more noticeable for denser samples. As the porosity increases (hot-pressed Ti3SiC2),
this pinning effect is no longer predominant and the debris generated could contain more
secondary phases, creating more torn debris material with higher hardness and resulting in
worse wear behavior. At higher loads (Figure 13b), as expected, the wear tracks are wider
and deeper than those observed at 5 N. With these more aggressive conditions, we are able
to observe a similar behavior for both MAX phases, no matter the processing route. The
similarity of the CIP and HP 2D profiles for both MAX phases was not expected, since the
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grain growth enhanced by the CIP sintering process should have had a negative effect on
the wear behavior of the samples [11]. This effect is better understood with the wear rate
calculation of the worn surfaces.

Figure 13. The 2D profiles at the center of the wear track of cold isostatic pressed and sintered (CIP)
and hot-pressed (HP) Ti3SiC2 and Cr2AlC applying (a) 5 N and (b) 10 N.

Although 2D profiles give a first approximation of the wear resistance of the materials,
it is only a qualitative approach, and wear behavior should be studied by the wear rate,
taking the complete track into consideration. The mean values of the profiles along the track
and are shown in Table 5. In addition, the wear rates calculated following Equations (2)–(4)
are shown in Figure 14.

Table 5. The wear track mean values extracted from the 2D profiles and the wear rate calculations for
the Ti3SiC2 and Cr2AlC MAX phases processed by CIP and HP.

MAX Phase Process Load
(N)

Width
(µm)

Depth
(µm)

Area
(mm2)

Ti3SiC2

CIP
5 859.23 34.59 1.60×10−2

10 1610.72 133.59 1.46×10−1

HP
5 1006.23 55.76 3.86×10−2

10 1197.43 93.39 6.21×10−2

Cr2AlC
CIP

5 1212.16 77.10 5.54×10−2

10 1504.15 113.32 1.18×10−1

HP
5 977.78 48.10 2.87×10−2

10 1235.12 79.68 6.09×10−2

Figure 14. The wear rate calculations of samples processed by cold isostatic pressing and sintering
(CIP) and hot pressing (HP) for (a) Ti3SiC2 and (b) Cr2AlC.
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It is possible to observe a high difference between the wear rates of CIP samples of
Ti3SiC2 at different test loads. The CIP samples have the lowest porosity for this MAX phase,
and under 5 N, exhibit the lowest wear rate of all the tested samples (8.91× 10−4 mm3/Nm).
At higher loads, this wear rate increases greatly, reaching the highest value of all tested
samples (3.68 × 10−3 mm3/Nm). It appears that the larger grain size produced during the
cold isostatic pressing and sintering has a detrimental effect on the wear behavior of these
samples, as already seen in the hardness measurement shown in Table 4. At high loads, the
CIP Ti3SiC2 sample dramatically decreases its wear properties. In this case, the amount
of material removed during the test is not acting as lubricant debris, and as suspected
from the COF measurements, the larger the grain size produced, the higher the difficulty
in delaminating the debris. On the other hand, the hot-pressed Ti3SiC2 samples exhibit
similar specific wear rates for 5 N and 10 N loads: 2.42 × 10−3 and 2.38 × 10−3 mm3/Nm,
respectively. This effect is directly related to the good wear behavior of the material and
to an optimal consolidation of the samples, since a similar specific wear rate indicates a
similar wear behavior under different conditions for the same sample.

The Cr2AlC CIP sample exhibits an increase in the wear properties with an increase
in the load, having specific wear rates of 2.07 × 10−3 mm3/Nm at a load of 5 N and
1.31 × 10−3 mm3/Nm at a load of 10 N. This could be due to the self-lubricating effect
being enhanced in more severe loading conditions, which increases the delamination of the
debris and improves the wear properties. In addition, the hot-pressed Cr2AlC shows better
wear properties and, similarly to HP Ti3SiC2, due to the lower grain size produced during
the consolidation, indicates a good consolidation of the MAX phase samples and a good
wear behavior of Cr2AlC.

Complementary 3D profiles of the wear tracks are represented in Figure 15, where the
color map representing the depth of each track depending on the load applied is shown.

Figure 15. 3D profile images of the wear tracks for the Ti3SiC2 and Cr2AlC MAX phases produced by
cold isostatic pressing (CIP) and hot pressing (HP) at different wear test loads.

In order to study the wear mechanism produced during the tests, both secondary
electron and back scattered detectors were analyzed to examine the nature of the wear.
Wear test tracks for the 5 N load are shown in Figure 16 with an area analysis to study. If
any amounts of oxygen and aluminum are found, that would suggest an adhesion of the
aluminum ball used as counter material. An EDS analysis of the areas studied in Figure 16
is detailed in Table 6.
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Figure 16. SEM secondary electron and back-scattered detectors micrographs of the reciprocating-
sliding wear test with an applied load of 5 N for (a) cold isostatic pressed and sintered (CIP) Ti3SiC2;
(b) cold isostatic pressed and sintered (CIP) Cr2AlC; (c) hot-pressed (HP) Ti3SiC2 and (d) hot-pressed
(HP) Cr2AlC.

Table 6. An EDS area analysis of the wear tracks produced with a load of 5 N shown in the
micrographs in Figure 16 for the cold isostatic pressing (CIP) and hot-pressed (HP) samples of the
Ti3SiC2 and Cr2AlC MAX phases.

Material/Process Area Ti
(wt.%)

Cr
(wt.%)

Si
(wt.%)

Al
(wt.%)

C
(wt.%)

O
(wt.%)

Ti3SiC2-CIP 1 36 - 12 10 26 16
Cr2AlC-CIP 2 - 25 - 14 34 27
Ti3SiC2-HP 3 26 - 10 15 16 33
Cr2AlC-HP 4 - 22 - 13 19 46

From the SEM micrographs, it is possible to observe a clear difference between MAX
phases Ti3SiC2 and Cr2AlC. The secondary electron detector shows horizontal lines corre-
sponding to an abrasive mechanism in the Ti3SiC2 samples (Figure 16a,c) and some material
accumulation in the form of stains corresponding to an adhesion of the counter material.
Cr2AlC (Figure 16b,d), on the other hand, exhibits a predominant adhesive mechanism,
with no clear horizontal lines indicating abrasion. As reported elsewhere [32], it is possible
to differentiate the wear behavior between both MAX phases. Ti3SiC2 behaves with a
quasi-plastic deformation, with the formation of kink bands on the edges of the wear tracks
(darker lines between the wear track and the substrate in Figure 16c). This is corroborated
with the properties shown in Table 4, where the plastic work is higher for Ti3SiC2.

On the other hand, on Cr2AlC, there is a formation of adhesive cracks within the wear
track. Although in our work the adhesive behavior in worn Cr2AlC is predominant, it is
possible to observe those cracks in Figure 16b. This adhesive behavior, where the delamina-
tion of the MAX phase has been also previously reported [13] showing the adhesive nature
of Cr2AlC wear mechanism, reduces the coefficient of friction for samples with a higher
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purity of Cr2AlC. An EDS analysis in Table 6 confirms the adhesive mechanism through
the detection of aluminum and oxygen in all the tracks and the predominant adhesive
nature of the wear behavior for Cr2AlC, exhibiting a higher oxygen content compared to
that in the Ti3SiC2 produced by the same processing route. It is important to note that the
presence of Al and O in Cr2AlC could also be due to the formation and oxidation of debris,
rather than from the Al2O3 counter material. Additionally, it is possible to observe a higher
aluminum content for the Cr2AlC samples tested at 5 N produced by hot pressing. These
samples have a lower porosity, which should reduce the amount of debris created during
the test and increase the adhesive wear mechanism in the samples.

The reciprocating-sliding wear tracks applying a load of 10 N are shown in Figure 17.
It is possible to see the increase in the width of the wear tracks compared to those at a
load of 5 N, as also seen in the 2D profiles. In this case, the horizontal lines indicating an
abrasive wear observed previously are not seen at this higher load. This can be clearly
seen in the Ti3SiC2 samples (Figure 17a,c), where big stains of adhered materials can be
found in the BSE micrographs. The presence of more adherence zones at these higher loads
is in accordance with the coefficient of friction and wear rates calculated, demonstrating
a higher delamination of the MAX phases with the increase of the load to 10 N and
improving the wear behavior of the material by increasing the self-lubricating effect during
the test. Cr2AlC (Figure 17b,d) exhibits this same behavior at 10 N. Under more aggressive
conditions, it is possible to clearly observe in Figure 17d the cracking of the adhered
debris formed during the test. As seen in the 5 N tests, the HP samples show a higher
amount of adhered materials on the wear tracks when compared to the CIP samples;
this can be attributed to the smaller grain size of the processed samples, which improves
the delamination of the MAX phases. From the EDS analysis in Table 7, it is possible to
demonstrate the predominant adhesive nature of the wear mechanism, mostly for the MAX
phase Cr2AlC with an increase in the oxygen found in the areas analyzed.

Figure 17. SEM secondary electron and back-scattered detectors micrographs of the reciprocating-
sliding wear test with an applied load of 10 N for (a) cold isostatic pressed and sintered (CIP) Ti3SiC2;
(b) cold isostatic pressed and sintered (CIP) Cr2AlC; (c) hot-pressed (HP) Ti3SiC2 and (d) hot-pressed
(HP) Cr2AlC.
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Table 7. An EDS area analysis of the wear tracks produced with a load of 10 N shown in the
micrographs in Figure 17 for cold isostatic pressing (CIP) and hot-pressed (HP) samples of the Ti3SiC2

and Cr2AlC MAX phases.

Material/Process Area Ti
(wt.%)

Cr
(wt.%)

Si
(wt.%)

Al
(wt.%)

C
(wt.%)

O
(wt.%)

Ti3SiC2-CIP 1 36 - 13 8 23 20
Cr2AlC-CIP 2 - 17 - 11 20 52
Ti3SiC2-HP 3 30 - 12 15 19 24
Cr2AlC-HP 4 - 18 - 11 21 50

4. Conclusions

The consolidation of self-synthesized Ti3SiC2 and Cr2AlC was studied by three dif-
ferent processing techniques: uniaxial pressing and sintering, cold isostatic pressing and
sintering and hot pressing. Each processing route has an effect on the final density of the
samples and on the mechanical properties and wear behavior of the MAX phases. In terms
of sinterability, hot pressing was the best processing technique for Cr2AlC and cold isostatic
pressing was the best processing technique for Ti3SiC2 due to the decomposition of the
MAX phase during the inductive hot pressing of the powders, which lost most of their
purity in the case of Ti3SiC2. An elastic modulus showed a close dependence on the porosity
and the grain size of the sample. The CIP and sintered Ti3SiC2 samples exhibited the best
properties, due to the reduction of porosity through the consolidation process. In the case
of Cr2AlC, an elastic modulus showed similar values for the HP samples compared to
those previously reported. The compressive strength properties of the Ti3SiC2 and Cr2AlC
processed by CIP and HP were unaffected by the porosity and grain size and showed no
hysteresis during the cyclic tests, with a similar behavior for the different processing routes.

The wear behavior of the MAX phases processed by CIP and HP was determined
by comparing the different consolidation processes (CIP and HP) and varying the loads
applied during the tests (5 and 10 N). For both MAX phases, wear behavior seems to
have a dependence on the porosity of the samples. The CIP Ti3SiC2 exhibits the best wear
properties at 5 N, which drastically decrease when increasing the load. However, in the
case of hot-pressed samples, the wear behavior is similar for both applied loads. This
effect is a combination of the grain size produced during the consolidation route and the
self-lubricating effect of the MAX phases’ debris generated during the tests. Cr2AlC exhibits
the same behavior for both consolidation routes, with a reduction on the wear rate when
increasing the load; this reduction is higher for the CIP samples. This reduction is related to
the ease of delaminating the debris by applying higher loads, which creates a self-lubricant
effect during the wear test. Although both MAX phases revealed a self-lubricant effect,
demonstrating the good wear properties of these materials, the wear mechanism of both
MAX phases can be differentiated by a quasi-plastic deformation with a combination of
abrasive and adhesive wear and a predominant adhesive wear mechanism for Cr2AlC.
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Scope of this paper: 

After validating the stability of the synthesised powders, alternative processing routes 
are explored for MAX phases. In this peer-reviewed conference paper, a first 
approximation study of powder injection moulding (PIM) is analysed, studying the 
suitability of MAX phase Ti3SiC2 for the production of injected samples. Powder 
characteristics and a first look at the rheological properties of Ti3SiC2 are presented, 
using PEG/CAB as a polymeric binder. Several solid loadings feedstocks ranging from 
49 to 54 vol.% were injected and the microstructure analysed to study the homogeneity 
of the mixtures. Furthermore, a two-step debinding process was analysed, controlling 
the amount of polymeric binder removed. From this work, the first steps for the 
processing of MAX phases by PIM were explored obtaining good torque properties for 
binders between 49 and 54 vol.% with an almost complete degradation of the polymeric 
system, while maintaining the structural integrity of the samples. 
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Abstract 

The excellent combination of metallic and ceramic like properties of MAX phases have caught the 
attention of researchers in the recent years. New applications for these materials are being studied 
due to their unique characteristics. In this work, a new processing route is studied for MAX phase 
Ti3SiC2, Powder injection Moulding (PIM). Self-synthesized powders were mixed with a 
multicomponent binder for the production of sustainable feedstocks, using a combination of water 
soluble and low CO2 emission polymers. A critical solid loading has been determined and rheological 
properties, debinding conditions and sintering parameters have been adjusted to achieve good quality 
samples. Furthermore, in depth characterization of all PIM stages has been done to control porosity in 
the final parts. The main goal of this work is to give added value to MAX Phases components and 
broaden their application fields through PIM technology. 

Keywords: Ti3SiC2, powder injection moulding, sustainable feedstock. 

Introduction 

MAX phases are a group of ternary compounds whose general formula is Mn+1AXn (where M is a 
transition element, A an element generally from groups IIIA o IVA from the periodic table and X may 
be C or N, and n=1-3) [1]. They have a nanolaminated structure that gives them unusual properties. 
MAX phases combine typical metal and ceramic properties, such as high rigidity, good mechanical 
properties at high temperatures, high resistance to corrosion and oxidation and good thermal and 
electrical conductivity. Furthermore, they show the mechanical damping characteristics (shock-
absorption) of laminated materials: they deform forming kink bands, which allow them to absorb large 
amounts of energy [2]. 

To date, most of the research focus has been on the synthesis and characterization of different MAX 
phases to explore possible applications of this material. Thus, samples obtained have the shape 
characteristic of the synthesis route or they are crushed to produce powder. Near net shaping, such 
as, powder injection moulding (PIM) stands as an interesting processing route to obtain final samples 
with the geometry desired. With PIM it is possible to produce complex shaped samples with high 
reproducibility at a low cost [3]. During the synthesis of MAX phase powders it is possible to adapt 
powder production in order to make them suitable for the injection process since it is known that initial 
powders characteristics (particle size, morphology) affect the processing route [4]. Furthermore, the 
binder system used has a great influence since it gives the material the necessary viscosity properties 
for a correct filling of the mould. In addition, this polymer system has to be removed from the samples 
before densification retaining the structural properties and avoiding defects in the sample. In this work, 
synthesized powders have been characterized and tailored for the PIM processing. Several 
feedstocks were produced combining MAX phase Ti3SiC2 powders, and a sustainable binder 
composed of Polyethylene glycol (PEG) and cellulose acetate butyrate (CAB). All steps of the 
processing route where characterized and controlled. 

Experimental procedure 

MAX phase Ti3SiC2 powders were synthesized starting from powders of Ti (TLS Technik GmbH, 99% 
purity, D50 = 8,36 µm), SiC (Navarro SiC S.A., 99,5% purity, D50 = 11,98 µm) and C (Ismaf, 99,5% 
purity, D50 = 23,78 µm) with a molar ratios of 3:1,5:0,5. Initial powders mixture was mixed in a turbula 
shaker mixer for 1 hour. Powders were then cold isostatic pressed (CIP) at 400 MPa for 10 minutes 
and green compacts were sintered under vacuum atmosphere (2,5 x 10-5 bar) at 1300 ºC for 6 hours. 
These heat treatment parameters have been adjusted to ensure a high purity of the MAX phase 
powders. Microstructural and phase composition was analysed combining x-ray diffractometry (XRD, 
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Philips X’pert) and scanning electron microscopy (SEM, Philips XL-30) coupled with Energy-
Dispersive X-ray Spectroscopy (EDS, EDAX) 
 
Different density measurements can also help to predict the suitability of a powder for the injection 
process. For that purpose, Helium pycnometry (AccuPYC 1330, Micrometrics) was done to measure 
the real density of the powders produced. In addition, standard test method ASTM B527 – 15 was 
carried out to determine the tap density of the powders. Moreover, to calculate the apparent density of 
the powders standard test method ASTM B417 – 18 was followed. These two densities are directly 
related with the morphology, packaging capacity and particle size distribution of the powders. 
 
Determination of critical solid loadings was done following different routes. In first place, oil adsorption 
test was carried out in order to determine the minimum volume of oil that is necessary to cover the 
particles. In this test, the chamber of a rotor mixing machine (Haake Polylab QC, Thermofisher) with a 
fixed powder volume is filled by adding oil. With this procedure is it possible to observe torque 
variations and determine the critical solid loading for a specific powder with Equation 1: 
 

                                                Equation 1 
 
where CPVC is the critical powder volume concentration, Vp is the powder volume in the chamber and 
Vo is the oil volume poured at a specific time in the chamber. 
 
In addition, a multistep torque analysis was done at CPVC values close the obtained from the oil 
adsorption test. In this test, a fixed volume of binder is poured into the mixing chamber and melted. 
Torque variations are analysed with respect to the incremental addition of solid loading into the 
chamber, thus, increasing the CPVC of the mixture, simulating torque response of feedstocks with 
different solid loadings. 
 
For the production of feedstock, powders were mixed in a Haake Polylab QC torque rheometer with a 
multicomponent binder composed of polyethylene glycol (PEG) and cellulose acetate butyrate (CAB) 
with different solid loadings.  
 
For the binder removal, a two-step process was done to ensure the structural integrity of the samples. 
PEG removal was carried out though solvent debinding: samples were immersed in distilled water for 
5 hours at 60 ºC. Dried samples were then introduced in a debinding furnace (GD-DC-50, Goceram) at 
360 ºC for 1 hour under argon atmosphere, heating and cooling rates were set at 2 ºC/min to ensure 
the correct elimination of the polymeric binder. With every step of the debinding process, 
thermogravimetric analysis was performed (STA 6000, PerkinElmer) to study the elimination process 
of the binder analysing mass loss of the samples.  
 
Results and discussion 
 
Ti3SiC2 synthesized powders have a purity of 90% and TiSi2 as secondary phase, as shown in Figure 
1-Left, in addition, micrographic analysis of the powders confirm the presence of TiSi2 as an 
secondary phase. Table 1 shows EDS analysis done to the synthesized powders, there is a lighter 
zone corresponding to MAX phase Ti3SiC2 (Point 1 in Figure 1-Right) and a darker zone that 
corresponds to the secondary phase TiSi2 (Point 2 in Figure 1-Right). Furthermore, powders exhibit a 
broad particle size distribution (Figure 2 and Table 2), ranging from 2,80 µm (D10) to 22,70 µm 
(D90).The slope parameter, Sw, indicates a low viscosity, easy to mould powders, an important 
parameter as it can predict powders behaviour and suitability during the injection process. 
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Figure 1. Characterization of synthesized powders. (Left) DRX analysis and (Right) SEM micrograph of the 
powders produced 

Table 1. EDS point analysis of powders represented in Figure 1 
Point Ti Si C Possible Phase 

1 56 20 24 Ti3SiC2 
2 25 74 1 TiSi2 

Figure 2. Particle size distribution of synthesized powders of MAX phase Ti3SiC2

Table 2. Mean particle size of MAX phase Ti3SiC2 powders produced, obtained from Particle size distribution 
analysis 

D10 (µm) D50 (µm) D90 (µm) Sw (µm) 
2,80 7,12 22,70 2,82 

Density measurement (summarised in Table 3) shows a lower density than the theoretical for MAX 
phase Ti3SiC2 (4,52 gr/cm3). This lower value could be due to the presence of the secondary phase 
TiSi2 with a theoretical density of 4,02 gr/cm3 and as a result of microporosity in the synthesized 
powder. As it can be seen both apparent density and tap density of the powders are below 50% of the 
real density; this value should be above that 50% as an ideal property for powder injection moulding. 
Even though apparent and tap density are not theoretically optimal, previous work has determined 
that, although it is an important factor, is not critical to disregard the suitability of the powders [6]. 

Table 3. Real, apparent and tap densities of the synthesized MAX phase powders Ti3SiC2 
ρreal (gr/cm3) ρtap (%real) ρapp (%real) 
4,44 ± 0,03 38 21 

Solid loading determination and rheological properties of feedstocks 

Critical solid loading, as a first approximation, was determined analysing torque behaviour with the oil 
absorption test. Vertical lines in Figure 3 represent the opening of the chamber to introduce oil after 
each stabilization of torque. With time, viscosity of the mixture decreases and consequently torque. At 
these first stages, there is an excess of powder in the mixture. Once a homogenous mixture is 
achieved, torque increases indicating a critical solid loading. After reaching this point, excess of oil 
decreases constantly torque values. In this test, it is observed how there is a maximum torque value 
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achieved at 140 min corresponding to a 53 vol. %. This value represents the critical solid loading of 
the mixture for the oil adsorption test, indicating a starting point for further analysis with the polymeric 
binder used for the feedstock production. 

 
Figure 3. Oil absorption test of Ti3SiC2 powders 

After this preliminary test, torque analysis of the compositions using the polymeric binder was studied 
from 45 to 65 vol. % through multistep torque analysis. In this case, vertical lines are added in Figure 4 
to clarify powder addition into the chamber. In the first stage (45-52 vol. %), there is a low torque 
response. Once higher volumetric fraction of powder is added, there is an increase in torque when the 
mixing chamber is being closed and with time this value decreases stabilizing when the mixture is 
homogenous. Feedstock behaviour changes when the mixture approaches the critical solid loading 
(53-59 vol. %). In this case, it is clear how torque values are higher, also how the stabilization of the 
feedstock varies with solid loading addition. Initially, stabilization of the mixtures follows the same 
trend: torque increases with the addition of powders and decreases while homogenising, but at higher 
torque values than the previous stage. This changes with the increase in solid loading: once the 
chamber is closed torque values increase with time. This indicates that for the polymeric binder is hard 
to accommodate more powders into the mixture, creating non-homogenous feedstock with non-mixed 
powder. 

 
Figure 4. Variation of torque with time during multistep torque analysis of feedstocks with solid loadings from 45 to 

59 vol. % 

Characterization of green and brown samples 
 
Green samples were obtained by compaction moulding of the feedstocks and micrographs of the 
cross sections are shown in Figure 5. Lighter zones represent MAX phases Ti3SiC2 powders and 
darker ones to the binder. Feedstock with a 49 vol. % of solid loading is not homogenous due to the 
lack of solid content in the mixture. It is clear how homogeneity of the feedstocks increases with the 
increase of solid loading. During solvent debinding, mass of the samples was controlled to measure 
the elimination of PEG, and after drying, mass variation calculations showed an elimination of the 
polymer above 90 wt. %. The same procedure was done after thermal debinding, where mass 
variation exhibited a loss of 95 wt. % and above for all feedstocks. After the debinding processes, no 
defects were found superficially and the structural integrity of samples maintained, validating the two-
step debinding process and conditions as it can be seen in Figure 6.  
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Figure 5. SEM micrographs of the compacted moulded samples with a solid loading of 49 to 54 vol. % 

Figure 6. Samples during different injection steps. (Left) Green sample, (Centre) after solvent debinding and 
(Right) after thermal debinding 

Furthermore, these calculations were contrasted with thermogravimetric analysis, Figure 7 shows as a 
representative example of the results obtained for feedstock with a 49 vol. % of solid loading. 
Feedstock curve represents the green sample where that 79,5 wt. % corresponds to the 51 vol. % of 
binder in the mixture. After solvent debinding, the amount of mass difference compared to the green 
sample matches that of the PEG removed during the process, in this case the amount to polymer 
removed reaches a 91 wt. % of the total amount of polymer added. After thermal debinding, 
thermogravimetric analysis shows no mass loss, indicating almost complete elimination of the binder, 
confirming the mass loss calculations results. 
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Figure 7. Thermogravimetric analysis of different stages of the debinding process for feedstock with a 49 vol. % of 

solid loading 
 
Conclusions 
 
MAX phase Ti3SiC2 powders with high purity were successfully produced starting from an initial 
mixture of Ti:SiC:C with a molar ratio of 3:1,5:0,5. Characterization of the powder produced showed an 
optimal particle size distribution and easy to mould powders. Critical solid loading of the mixtures was 
determined and feedstocks with different solid loadings were successfully produced. Green samples 
were obtained showing good homogeneity for feedstocks with a 50 vol. % of solid loading and above. 
The debinding process was adjusted achieving almost total removal of the binder in a two-step 
debinding, combining solvent and thermal debinding. In addition, structural integrity of the samples 
was maintained after the removal of the binder. 
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After the first approximation of the injection process shown in Section 6.1, this scientific 
publication shows an in-depth study of the rheological properties and characteristics of 
the Ti3SiC2-PEG/CAB feedstocks. This work intends to validate the use of powder 
injection moulding as a processing route for complex shaped samples, increasing the 
application range of MAX phases, as well as taking advantage of the polymeric binder 
as porosity former, instead of using sacrificial elements to obtain tailored porous 
materials. Feedstocks with different solid loading were characterised and optimised to 
produce porous samples, obtaining a controlled porosity that depended on the solid 
loading of each feedstock. The binders produced exhibited good rheological behaviour 
with viscosity values at a recommended range for the injection process, allowing the final 
porosity of the samples to be tailored depending on the solid loading of the feedstocks. 
In this way, PIM is used for producing porous MAX phase samples, without the use of 
space-holders. 
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Ti3SiC2 is one of the most studiedMAX phase due to its unique combination of metallic and ceramic like proper-
ties. In thiswork, Powder InjectionMoulding (PIM) is proposed as a newprocessing route tomanufacture porous
MAX phase Ti3SiC2, without the need of a space holder. The main goal of this work is to broadenMAX phase ap-
plicationfields throughpowder injectionmoulding technology. In depth characterization of all process stages has
been done to control porosity in the final parts. Self-synthesized powders were mixed with a multicomponent
binder for the production of sustainable feedstocks. The binder selection was carried out considering the design
of a processwith the reduction of the carbon footprint. In this sense, the binder consists of a combination ofwater
soluble and low CO2 emission polymers. Feedstocks produced exhibit good properties for injection moulding.
Critical solid loading (52 vol%) and a set of debinding debinding conditions has been determined for a two-
step process without producing any defects in the samples. In addition, sintering parameters have been adjusted
to successfully achieve porous MAX phase samples.

© 2020 Published by Elsevier B.V.
1. Introduction

MAXphase family stands as a promisingmaterial for transport, com-
munication and even biomedical industries due to their unique combi-
nation of properties. These materials have some of the best attributes of
ceramic materials, such as, high corrosion and oxidation resistance and
good mechanical properties at high temperature; and metallic proper-
ties, such as, high electrical and thermal conductivity andmachinability,
among others [1–3]. These materials have a fixed stoichiometry with a
general formula of Mn+1AXn, being M a transition element, A an ele-
ment from groups IIIA or IVA and X either C or N, with n = 1–3 [3].

Within the different MAX phases, Ti3SiC2 is one of the most studied
due to its unique mechanical and electrical behaviour [4]. The synthesis
process of MAX phase Ti3SiC2 can be done using different starting pow-
der combinations and techniques, and the aim is usually to obtain dense
samples. MAX phase materials are often proposed as an alternative for
high temperature applications and aggressive conditions where most
materials lose their mechanical properties, or as heat exchangers.
Thus, bulk dense samples are frequently obtained through synthesis
[5,6] or they are crushed to produce powder for further processing [7].

For the production of porous MAX phases or foams, different tech-
niques have been followed. Gonzalez-Julian et al. [8] used the space
holder technique to produce materials with macroporosity using
NH4HCO3, being able to control the porosity by selecting the amount
of spaceholder in theprepared Cr2AlCMAXphasematerials. In addition,
Velasco et al. [9] proposed the use of saccharose as a space holder to fa-
cilitate space holder removal before the sintering step using water to
avoid possible corrosion effects in the samples and controlling the
macroporosity in Ti2AlC foams. The main reason for using these tech-
niques is to control the amount of porosity and pore size achieved
through these methods. Regarding Ti3SiC2, the predominant method
used is a one-step process to synthesize the MAX phase and create po-
rosity in the sample through reactive synthesis. Liu et al. [10] present
a corrosion study for filtration/separation applications of the porous
Ti3SiC2 showing high corrosion resistance of the porous samples pre-
pared after immersion in different acid solutions. In addition, Ziqi et al.
[11] proposed this MAX phase for catalytic devices, producing Ti3SiC2
supports with 80 vol% open porosity due to the excellent electrical con-
ductivity of this material. In addition, forMAX phase Ti3SiC2,Wang et al.
[12] reported the production of porous samples and the synthesis of the
MAX phase with the addition of Al to control Ti3SiC2 purity; porosity in
the samples was controlled with the variation of the titanium particle
size in the initial mixture and through reactive sintering. In general
terms, all of this MAX phase porous production lack of a controlled
final shape of the samples compared to near-net shape techniques.

The injection process has been demonstrated as a reliablemethod to
produce near net shaped components with high surface quality, of
monolithic and composite MAX phase materials including Ti3SiC2,with
theoretical density of 80,8% [13]. The production of porous samples by
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powder injection moulding (PIM), have been usually performed de-
creasing the amount of solid loading in the feedstocks or by adding a
secondary polymeric binder in the mixture to act as a space holder re-
ducing the solid loading during the PIM process [14,15].

This work proposes the production of porousMAX phase by powder
injection moulding without the need of a space holder nor the addition
of secondary-sacrificial binders. In this sense, PIM stands as an interest-
ing processing route to obtain final components with the desired geom-
etry and offers the possibility to produce complex shaped porous
samples with high reproducibility at a low cost. For this purpose, MAX
phase powders produced have to be suitable for the injection process,
namely, the initial powders characteristics (particle size, morphology,
packaging behaviour) must be analysed [16,17]. A processing route is
presented to obtain porous MAX phases by PIM without the need of a
space holder. In-depth characterization of the complete process (from
feedstock optimization to sintered porous materials) is presented. Sev-
eral feedstocks were produced combining MAX phase Ti3SiC2 powders,
and a sustainable binder composed of Polyethylene glycol (PEG) and
cellulose acetate butyrate (CAB). Feedstocks rheology was studied as
well as moulding, debinding and sintering stages. All steps of the pro-
cessing route were controlled to achieve porous materials. Thus, from
this comprehensive study, it can be concluded that this work validates
the PIM process as an effective production technique for porous MAX
phase materials.
2. Experimental procedure

2.1. Powder synthesis and characterization

Titanium silicon carbide powders were prepared starting from Ti:
SiC:C with a molar ratio of 3:1,5:0,5. The powder synthesis was previ-
ously optimized for the production of high purity MAX phase [18].
Summarising, initial powders were mixed in a Turbula shaker mixer
for 1 h and compacted at 400 MPa by cold isostatic pressing (EPSI sys-
tems, Belgium). For the synthesis of MAX phase Ti3SiC2, compacted
samples were sintered at 1300 °C for 6 h in a vacuum furnace. Sintered
pellets were then milled in a planetary ball mill (Pulverisette 5/2,
Fritsch, Germany) to obtain the powders. XRD profile of the synthesized
powders indicates an average phase purity of 92 vol% and the presence
of a secondary intermediate phase of TiSi2 (Fig. 1a), which is confirmed
in themicrographic analysis of the powders, that shows awidemajority
of the MAX phase (Fig. 1b). Other intermediate phases or evidence of
contamination during the milling process was not detected using XRD
and micrographic analysis.
Fig. 1. a) XRD profile of Ti3SiC2 synthesizedpowders from an initialmixture of Ti:SiC:Cwith amo
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The suitability of the powders for the injection process was pre-
dicted calculating the slope parameter of this distribution called Sw
[19]. Values of Sw, between 2 and 4 mean that the particle size distribu-
tion is broad, and the powders will exhibit a low viscosity (easy-to-
mould) [19]. Values corresponding to a narrow particle size distribution
(Sw= 4–7) are characteristic of powders that exhibit a high viscosity.
Particle size distribution was determined by MasterSizer 2000 analyser
(Malvern Instruments, UK). With the milling of sintered pellets, it is
possible to tailor the resulting powders to produce broad particle size
distributions, which are optimal for injection. Fig. 2 shows the average
particle size distribution of the synthesized powders. MAX phase pow-
ders exhibit a wide range of particle sizes. The slope parameter of the
powders produced has a value of 2,82 (between 2 and 4), predicting
an easy-to-mould powder with a low viscosity. Therefore, the synthesis
method employed is capable of producing powders with appropriate
characteristics for PIM.

Powders densitywasmeasuredwith a heliumpycnometer (AccuPyc
1330, Micrometrics, US). Apparent density and tap density were mea-
sured following standards ASTM B212-17 and ASTM B527-15, respec-
tively. These values are indicative of the packaging behaviour of the
powders depending on their characteristics, such as particle size distri-
bution, morphology or tendency to agglomerate. In the case of tap den-
sity, a value higher than 50% of theoretical density would correlate to an
optimal powder to obtain dense samples through the injection process
[19].

The composition of themulticomponent binder selected for the pro-
duction of the feedstocks is detailed in Table 1. This binder has been suc-
cessfully used for processing zircon feedstocks [20] showing good
torque and viscosity behaviour of the feedstocks for injectionmoulding.
Two different PEGs were used with molecular weight of 4.000 and
20.000 g/mol, respectively, this polymeric binder was selected due to
its sustainable characteristics. Polyethylene glycol (PEG) is a water-
soluble polymer, preventing the use of organic solvents for its removal.
In addition, cellulose acetate butyrate (CAB) with a molecular weight of
30.000 g/mol was used. This polymer exhibits goodmechanical proper-
ties, acting as a backbone during the debinding process: Furthermore,
CAB produces non-toxic emissions during degradation process. The
PEG/CAB system is an excellent binder for controlled debinding. Differ-
ent additives are used as surfactant (stearic acid, SA) and antioxidant
(Phenothiazine, PTZ).
2.2. Feedstock production

Feedstock optimal composition was determined employing various
methods. A first approximation of the critical solid loading was done
lar ratio of 3:1,5:0,5 and b) SEMmicrographs of synthesizedpowder ofMAXphase Ti3SiC2.



Fig. 2. Particle size distribution of synthesized powder of MAX phase Ti3SiC2.

Table 1
Composition of multicomponent binder and molecular mass of the polymers used.

PEG CAB

vol% 70 30
Molecular weight (gr/mol) 4.000–20.000 30.000
Supplier Sigma-Aldrich Eastman
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by oil absorption (Haake Polylab QC, Thermofisher, US). Subsequently,
torque rheology was studied by multistep torque analysis [21]. In this
test, binder was melted in the torque rheometer at 180 °C and then
powders were added increasing the solid loading of the feedstocks. In
addition, after selecting several solid loadings, torque rheology was
studied maintaining a fixed volume for all the feedstocks. Rollers were
set at 50 rpm and torque stabilization was analysed for 1 h. Further-
more, viscosity of the feedstockswas studied through capillary rheology
(Haake Rheocap S20, Thermofisher, US) with a relation between the
length and diameter of the die of 30:1. Tests were performed varying
shear rates from 100 to 10,000 s−1 at 180 °C.
2.3. Powder injection moulding process

A first analysis was carried out to obtain green samples through an
injection-like process, compaction moulding (OPAL 460, ATM-
Advance Materialography, Germany). Green samples were obtained
bymelting the feedstock at 180 °C and filling themould applying a pres-
sure of 130 bar. Heating and cooling rates were adjusted to achieve op-
timal densification (16 and 8 °C/min, respectively).

For the debinding process, the removal of the polymeric binder was
achieved using a multistep process: solvent and thermal debindingwas
combined to control the structural integrity of samples. Solvent
debinding was carried out to remove PEG from green samples. In this
step, samples were immersed in distilled water at 60 °C for 5 h under
stirring. Samples were weighted and measured every hour to control
the progressive elimination of the polymer. After the process, samples
were dried in a furnace for 3 h at 70 °C. For the removal of CAB, thermal
debinding process was carried out at a heating rate of 2 °C/min and a
holding time of 1 h at 360 °C under argon atmosphere in a debinding
furnace (GD-DC-50, Goceram, Sweden), obtaining samples without
any polymeric binder after solvent and thermal debinding, referred as
brown samples. Thermogravimetric analysis (STA 6000, PerkinElmer,
US) was done for all samples to verify binder loss during after both
stages of the debinding processes under argon atmosphere with a
heating rate of 20 °C/min and a final temperature of 700 °C.
98
In addition, thermal analysis was performed for the selection of the
sintering parameters through Differential Thermal analysis (SETSYS
Evolution DTA/DSC, Setaram Instrumentation, France) under argon at-
mosphere with a heating rate of 10 °C/min and a final temperature of
1500 °C. After determining optimal sintering temperatures, brown sam-
ples were sintered in high vacuum (2 × 10−5 bar) at 1300 °C for 4 h and
with heating and cooling rates of 5 °C/min.

2.4. Sample characterization

During different stages of the PIM process samples were
characterized. Microstructural analysis was performed in a Scanning
Electron Microscopy (SEM, Philips XL-30, US) coupled with Energy-
Dispersive X-ray Spectroscopy (EDS, EDAX, US). Phase identification
was obtained by X-Ray diffractometry (XRD, Philips X'pert,
Netherlands) with Cu Kα radiation at 40 kV and 40mA. In addition, po-
rosity of sintered samples wasmeasured by vacuum infiltration, follow-
ing Archimedes' principle. For this, samples were introduced in ethanol
and vacuumwas applied for 30min to guarantee the infiltration of eth-
anol in the samples.Weight variation of the samples correlates with the
amount of porosity and it is possible to determine open and closed po-
rosity using the following equations:

ρ ¼ Wd∙ρethanol=Wi−Wa ð1Þ

Porositytotal %ð Þ ¼ 1−ρ=ρtð Þ∙100 ð2Þ

Porosityopen %ð Þ ¼ Wi−Wd=Wi−Wað Þ∙100 ð3Þ

Porosityclosed %ð Þ ¼ Porositytotal−Porosityopen ð4Þ

where, W is the weight of the samples in different stages of the test
(d = dry, i = infiltrated and a = after infiltration). ρ is the calculated
density and ρt the theoretical density.

3. Results and discussions

3.1. Initial materials characterization

Density measurements of the powders produced show an experi-
mental density of 4,44 g/cm3; in addition, tap and apparent densities
are a 39% and 21% of the powders value, respectively. As it can be seen
from density measurements, powders have a relatively low packing
value which, as a first approximation, would indicate the production
of porous samples. However, determining final sample porosity is not
trivial, and it is necessary to study the packaging behaviour of powders
to predict density/porosity of sintered samples [17]. The packaging be-
haviour of powders depends on the particle size distribution, powder
morphology and its tendency to create agglomerates. A tap density
value lower than 50% of the theoretical value would be a first indication
that porous samples will be obtained, although, it has been shown that
even with a low tap density almost fully dense samples can be obtained
[22], having this value lower than 50% of the theoretical value would be
a first indication that porous samples will be obtained. In this sense, the
synthesized powder would be suitable for the production of porous
samples by injection moulding.

3.2. Critical solid loading determination and rheological characterization

As a first approximation, critical solid loading, was determined
analysing torque behaviour with the oil absorption test (Fig. 3). This
test is performed in order to determine a solid loading where increase
of solid loading affects the torque. Determining this value prior to the
multistep test is important, since analysing a high solid content powder
feedstock with a low chamber fill could show a low torque value and
lead to misrepresentation of the values. Since there is no information
181



Fig. 3. Oil absorption test of Ti3SiC2 powders.
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on the optimal solid content of the feedstock developed, oil absorption
test gives a first idea on the solid loading to be analysed. Vertical lines
in Fig. 3 represent opening of the chamber to introduce oil after each
stabilization of torque. With time, viscosity of the mixture decreases
and, consequently, torque decreases due to blending of the powder
with the oil. During the initial stages, there is an excess of powder in
the mixture. Once a homogenous mixture is achieved, torque increases
noticeably (at around 55 vol%), indicating that a critical point in the
amount of solid loading has been reached. After reaching this point,
the oil added in excess causes a progressive decrement in torque values.
From this test, mixture of powders and oil indicates a critical solid load-
ing of 55 vol% as a starting point for further analysis.

Considering the results of this preliminary test, compositions below
and above the critical solid loading (55 vol%) were selected for rheolog-
ical studies. Feedstocks with 45 to 65 vol% of MAX phases were studied
throughmultistep torque analysis. Fig. 4 shows the results of this study.
Vertical lines indicate the addition of powder into the chamber. The
graph can be divided in three distinct regions, where different tenden-
cies can be observed. In the first stage (45–52 vol%), the mixtures
have, in general, a low torque response. The powder is added progres-
sively in higher volumetric fractions and there is an increase in torque
when closing the mixing chamber which decreases progressively and
Fig. 4.Multistep torque analysis. Feedstocks with solid loadings from 45 to 65 vol%.
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stabilizes with time at a relatively low torque value when the mixture
is homogeneous. Feedstock behaviour changes when the mixture ap-
proaches the critical solid loading (53–59 vol%). In this second stage,
for solid loadings of 53–59 vol%, it is clear how final torque values are
higher and how the stabilization of the feedstock varies with solid load-
ing addition. Initially, stabilization of the mixtures follows the same
trend as in thefirst stage: torque increaseswith the addition of powders
and decreases after homogenizing, but at higherfinal torque values than
those observed during the first stage. This behaviour changes when
solid loading reaches 57 vol% (marked as a dash line in Fig. 4): for this
solid loading, once the chamber is closed, torque values appear to in-
crease with time. What occurs is that the polymeric binder cannot ac-
commodate more powder into the mixture, creating non-homogenous
feedstock with un-mixed powder. Lastly, in the third stage, when the
amount of solid loading into the mixture is excessive (60–65 vol%)
torque behaviour changes, decreasing its value. This can be explained
due to the lubricating, behaviour of MAX phases, as a result of its lay-
ered, nanolaminated structure.With the increase of powder in themix-
ture and with a binder that is not able to accommodate more solid
loading, unmixed powders with a lubricating behaviour decrease
torque values.

Representing final torque values, after stabilization, against solid
loading (Fig. 5), it is possible to determine a critical solid loading of pow-
der with the selected polymeric binder that is going to be used for the
injection process. The critical solid loading corresponds to the composi-
tionwhere there is a change of slopes in the torque behaviour. From the
values obtained, critical solid loading is determined as 53 vol%. After
reaching the maximum torque value at 59 vol% of solid loading, torque
starts to decrease with the addition of solid loading as commented
above. Mixtures within this range are composed of some mixed feed-
stock material and loose powders that cause the observed decrease in
torque. They are not homogenous and, therefore, are not adequate for
injection. These solid loadings were not considered optimum.

Solid loadings from 49 to 54 vol% were selected to study their rheo-
logical behaviour. Firstly, torque rheology of the feedstocks was
analysed as shown in Fig. 6. For all mixtures, there is an increase in
torque values as the powders are being introduced in the chamber
and, as expected, torque values increase with higher solid loading.
After 20min of mixing, torque values of all feedstocks completely stabi-
lize. Final torque values (M) are summarized in Table 2. Analysing M
values, it can be seen that for feedstock with 52 vol% of solid loading
there is a change in the increasing behaviour of the final torque value
(M). In this case, final torque is lower than feedstocks with lower solid
Fig. 5. Final torque of mixtures with solid loadings from 45 to 65 vol%.



Fig. 6. Torque analysis of the feedstocks with solid loadings from 49 to 54 vol%.

Table 2
Torque mixing parameters for stabilized mixtures at 60 min for feedstocks produced.

Feedstock (vol%) M⁎ (Nm) ΔM⁎ (Nm) T⁎ (°C) Et⁎ (kJ) TTQ⁎ (Nm min)

49 0,2 0,33 190,9 7,13 28,35
50 0,5 0,25 190,9 10,48 41,68
51 0,5 0,17 191,3 9,34 37,15
52 0,3 0,26 190,7 7,61 30,29
53 0,5 0,43 190,9 11,78 46,89
54 0,7 0,74 191,4 16,62 66,12

⁎ M (final torque), ΔM (average deviation of torque), T (temperature), Et (energy being
put into the system) and TTQ (totalized torque).

Fig. 7. Totalized torque values with time of the feedstocks with a solid loading from 49 to
54 vol%.
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content. This indicates that there is a better rheological behaviour of this
particular feedstock, which presents the optimal mix for the injection
process. This behaviour could be explained by a better powder-binder
homogeneity of the mixture. A stable proportion between the amount
of solid loading and binder can affect the dispersion of the powder
within the polymer resulting in a lower friction with the blades causing
a decrease in torque. In addition to torque values, internal temperature
wasmonitored. Although the temperature was set at 180 °C for the test,
mean value of the temperature reached values around 191 °C for all
feedstocks, due to the internal friction during the mixing process, but
not as high to produce the degradation of the binder. At lower mixing
times, this effect is more noticeable; with higher solid loading, friction
is higher and temperature in the chamber increases. With these results,
it is possible to determine the totalized torque (TTQ). This value is the
energy that the system is receiving at a given time. This value is consid-
ered as the area under the curve of the torque behaviour with time and
it can be calculated byTTQ = Et/2 ∙ π ∙ N Eq. 5 [23]:

TTQ ¼ Et=2∙π∙N ð5Þ

where Et is the energy being put into the system by the blades, and N is
the angular speed of the blades. Fig. 7 shows the evolution of TTQ with
time. As observed in the torque analysis, there is an increase in the en-
ergy being put into the systemwith the increment of solid loading, with
the exception of feedstockwith a 52 vol% of solid loading. This feedstock
exhibits an energy for mixing that is lower than feedstocks with solid
loadings of 51%, 50% and a similar energy of mixing to feedstock with
100
solid loading of 49%. Table 2 shows the final values of torque and TTQ,
obtained after 60 min of mixing. It is evident that with a solid loading
of 52 vol%, besides thedecrement of the torque (M), the energy required
during mixing (TTQ) also decreases.

Viscosity of the feedstocks was studied through capillary rheology.
Fig. 8a represents viscosity values of the studied feedstocks at different
shear rates. All mixtures show a pseudoplastic behaviour, where viscos-
ity decreases with higher shear rates. There is a small increase in viscos-
itywith the increase of solid loadings. However, similarly to as observed
for torque rheology analysis, feedstock with solid loading of 52 vol%
shows a behaviour comparable to feedstocks with lower solid loading
(51 vol%), as mentioned earlier, homogeneity of the feedstock could
have a major role in this: when the binder-powder composition is bal-
anced for this particular material the mixing of the feedstock creates
more homogenous regions decreasing the viscosity of the mixture. Fur-
thermore, fluid index of the feedstocks (Table 3) demonstrates the
pseudoplastic behaviour of all mixtures (n < 1) [24], in addition
183



Fig. 8. a) Viscosity at different shear rates of the feedstocks and b) Viscosity behaviour of the feedstocks at different shear rates.

Table 3
Fluid index of the feedstocks and chi-square adjustments.

Feed stock 49 vol% 50 vol% 51 vol% 52 vol% 53 vol% 54 vol%

n 0,41 0,40 0,42 0,43 0,41 0,38
R 0,99 0,99 0,99 0,99 0,99 0,99
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although all values are similar, it can be observed how the feedstock
with solid loading of 52 vol% shows a higher fluid index, and thus, the
best behaviour compared to the rest of the prepared feedstocks.

Moreover, viscosity was studied at different shear rates (Fig. 8b).
Here, it is clearer how viscosity increases with the increase of the solid
loading, except for solid loading of 52 vol% where viscosity exhibits
the same value as the feedstock with 51 vol%. Also, for lower shear
rates, the increase of viscosity ismore noticeable at higher solid loadings
(53–54 vol%) but always lower than recommended viscosities for pow-
der injectionmoulding (1000 Pa·s) [19]. As mentioned earlier, CAB acts
as the backbone in this polymeric binder and PEG gives the flowability
to the mixtures. The selected molecular weights of PEG reduce the vis-
cosity permitting highly load feedstocks [25].

These values are lower compared to reported viscosities for Ti3SiC2
and Ti2AlC [13] using a mixture of paraffin and a PE resin as binder.
This difference is due to a combination of the flowability of the binders
used, but most importantly, due to the friction generated by the solid
content in the feedstocks (62 vol% compared to 48–54 vol% used in
this work). Overall, it is clear from the various techniques applied that,
although the rheological behaviour is adequate for PIM process for all
the solid loadings studied, a different behaviour is clearly observed at
52 vol%.

3.3. Effect of solid loading onmicrostructure and properties of samples dur-
ing the injection steps

The injection process was studied for the different feedstocks in
order to determine an optimal solid loading. Fig. 9 shows BSE micro-
graphs of the cross section of samples obtainedwhere lighter zones cor-
respond to the MAX phase Ti3SiC2 powders and darker zones to the
polymeric binder (PEG-CAB). From micrographs, it can be observed
how the homogeneity of powder distribution varies depending on the
solid loading. With less loading of solid particles in the mixture there
is a worst dispersion of the powders (lighter zones in Fig. 9) in the poly-
meric binder (darker zones in Fig. 9). For the feedstockwith a solid load-
ing of 49 vol%, there are big gaps of polymer creating heterogeneous
areas; in this case, there is not enough amount of powder to be
surrounded by the binder even after 1 h of mixing. With the increase
of solid loading these big gaps of polymer start to disappear reaching a
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pointwhere the dispersion of powder-binder is homogenous. Analysing
densities of the green samples it is possible to predict optimal solid
loadings of feedstocks. Commonly, experimental density approaches
theoretical values when the feedstocks is at an optimal solid loading
and once it surpasses this value experimental density diverges from
theoretical values. Fig. 10 shows calculated densities by helium
pycnometry and theoretical density values of the mixtures. Analysing
density values, it is clear how at 52 vol% of solid loading the experimen-
tal value is near the theoretical one and after this point density values
tend to diverge from the theoretical value.

The amount of polymer removed after both processes is represented
in Table 4. After solvent debinding the amount of PEG removed for all
samples is between 90 and 93 wt% of the total PEG in the sample and
after thermal debinding the amount of CAB and residual PEG degraded
for all samples is between 96 and 98wt% of the total CAB.With these re-
sults it can be concluded that the debinding process for this binder is
optimal.

In addition to themass loss calculations, thermogravimetric analysis
was carried out to confirm the elimination of the polymeric binder.
Fig. 11 shows different thermogravimetric analysis for the material
with a solid loading of 49 vol%. The first analysis (grey line) corresponds
to the green sample (feedstocks), there is a mass loss starting at 270 °C
and finishing at 410 °C, thismass lost reaches to 79,9wt% corresponding
to the degradation of 51 vol% of the binder. The second analysis (green
dashed line) belongs to the sample after solvent debinding, where PEG
is removed from the system. In can be observed that the sample looses a
13,60% less ofmass corresponding to a 91 vol% of PEG removed after the
debinding process, this value agrees with the one calculated by weight
difference of the samples shown in Table 4. Finally, the third analysis
(red dotted line) shows that after the thermal cycle all the polymeric
binder in the mixture has been removed, including both, the residuary
PEG and all the CAB in the brown sample. There is no mass loss during
the third analysis.

After the debinding process, all materialsmaintained their structural
integrity with no defects detected macroscopically by visual inspection.
Samples were sintered to obtain final parts. Fig. 12 shows the SE micro-
graphs of the cross-section of sintered materials in order to analyse po-
rosity and internal defects. In first place, it can be observed that it is
possible to achieve well distributed irregular porosity without using
space holder in the samples. For samples with 49 and 50 vol% some po-
rous zones can be observed at the left of themicrographs and, theporos-
ity on these samples is not well distributed. Samples from 51 to 53 vol%
have a better distribution of the porosity through the micrograph
exhibiting well disperse pores. Finally, 54 vol% sample again exhibits a
lack of homogeneity through the micrograph with a big accumulated
porous zone, probably due to the lack of a homogenous dispersion of
the powder in the polymeric system at the green stage. Results of



Fig. 9. Cross-section SEM micrographs of compaction moulded samples with solid loading from 49 to 54 vol%.

Fig. 10. Density theoretical and measured of green samples of feedstocks with solid
loading from 49 to 54 vol%.
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open and closed porosity obtained by the vacuum infiltration test can be
observed in Fig. 13. Regarding closed porosity, values are constant for all
the samples (≈ 16%). This can be related to the microporosity inherent
in MAX phase production using pressureless sintering techniques [26].
On the other hand, open porosity has a direct connection with the
amount of solid loading in the feedstocks produced. It can be seen
how there is a general tendency of decrease in the porosity as solid load-
ing increases. As the material densifies during the sintering process the
amount of binder previously on the sample correlates to the total poros-
ity obtained after the process. This value differs from the theoretical as
much as a 3% for themixture with a 50 vol% of solid loading, so it is pos-
sible to establish from thebeginning of theprocess the amount of poros-
ity that is desired in the material. Although further characterization of
the porosity is not intended in this work, in comparison with other au-
thors works some similarities can be established. Wang et al. [12] pre-
pared Ti3SiC2 by reactive sintering with irregular porosity, the porous
Table 4
PEG and CAB removed after two-step debinding for feedstocks analysed.

vol% 49 50 51 52 53 54

Eliminated PEG (wt%) 92,6 91,7 92,3 90,4 91,1 91,4
Eliminated CAB (wt%) 96,5 97,9 98,5 97,2 97,1 96,6
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Fig. 11. TGA analysis of feedstock with a solid loading of 49 vol%, before and after the two-step debinding process.
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morphology they obtainedwas similar to the one obtained in this work.
However, reactive sintering is not a near-net shape method and does
not give the possibility of generating complex shapes as does the PIM
process.
Fig. 12. SEM micrographs of sintered samples at 1
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In our work, macroporosity has not been achieved, nor intended.
However, compared to space holder methods, the macroporosity in
the samples can only be replicated with the use of sacrificial elements.
Although this wide range-controlled porosity is not obtained, the
300 °C with a solid loading of 49 to 54 vol%.



Fig. 13. Porosity measurements by vacuum infiltration of sintered samples with solid
loadings of 49 to 54 vol%.
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shape complexity that PIM offers could only be replicated with the use
of near-net shape technologies or post machining of the samples.

In addition, compared to the PMMA addition strategy reported by
Manonukul et al. [27], although the porosity morphology is better con-
trolled using spherical PMMA particles, the use of the space holder
added extra shrinkage to the samples. Moreover, the addition of
PMMA does not give the effect of backbone usually used in PIM (CAB
in this work), resulting in a highly controlled debinding to avoid the ap-
pearance of defects.

4. Conclusions

High quality porous Ti3SiC2 was produced by powder injection
moulding for the first timewithout the need of a space holder or the ad-
dition of secondary-sacrificial binders. All stages of the PIM process
were optimized. A critical solid loading was determined and a range of
solid loadings were studied for the production of feedstocks using a
multicomponent eco-friendly sustainable binder containing polyethyl-
ene glycol (PEG) and acetate butyrate cellulose (CAB) in a 70–30 vol%
relation, respectively. All the mixtures produced showed good rheolog-
ical behaviour: 1) low torque values of the feedstocks, 2) pseudoplastic
behaviour of themixtures, 3) homogenousmixing of the powder binder
system and 4) viscosity values under the recommended for PIM
allowing to increase or decrease the solid content in the feedstocks de-
pending on the porosity desired. All feedstocks were suitable for the in-
jection process, and an optimal solid loading was established with a
52 vol% of Ti3SiC2 powders in the mixture. Porous materials produced
and the debinding cycle was optimized proposing a two-step process,
first a solvent debinding in water for the elimination of polyethylene
glycol (PEG) and a second stage to remove the acetate butyrate cellulose
(CAB) remaining in the material. This two-step process guaranteed the
structural integrity of all thematerials producedwith nopresence of the
polymeric binder after the sintering process. In addition, a high percent-
age of interconnected porosity can be obtained without the need of a
space holder through PIM. The range of the irregular porosity obtained
for all suited PIM feedstocks was between 47 and 53% and it was clearly
related to the solid loading of each feedstock.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.powtec.2020.11.022.
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Scope of this paper: 
Following the objectives of studying new sample production techniques, this scientific 
publication explores composite extrusion modelling (CEM) as another alternative 
processing route for MAX phases. In this case, Ti3SiC2 and Cr2AlC feedstocks with  
PEG/CAB as a binder. The optimisation and selection of the optimal solid loading for 
Ti3SiC2 is shown previously in Chapter 6, whereas for Cr2AlC is shown in this work. CEM 
offers the possibility of starting from the material in pellet form to be deposited directly 
layer-by-layer. In addition, all the printing parameters were optimised to control the 
correct deposition of the material, obtaining good quality samples with an appropriate 
filling, avoiding the generation of mayor defects during printing. Furthermore, the 
debinding process was adjusted to reduce the appearance of defects during this stage. 
Finally, a microstructural characterisation is performed to analyse the influence of this 
process on the consolidation of MAX phases. In this work, we have successfully 
transferred the developed PIM feedstocks to use as starting material in a new additive 
manufacturing route, achieving the 3D printing of good quality MAX phase samples. 
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A B S T R A C T   

High Temperature Heat Exchangers (HTHXs) are used in many industrial processes and are likely to become key 
components in green power generation. For the development of HTHXs, novel designs and new materials need to 
be explored. Additive manufacturing (AM) opens many possibilities for novel designs. Extrusion-based AM in 
general, and composite extrusion modelling (CEM) in particular, offers the opportunity of using new binder 
systems, that cannot be employed in other AM techniques. MAX phases, due to their ceramic-metallic properties 
combination, are great candidates for HTHXs. In this work, the printability of Ti3SiC2 and Cr2AlC, through CEM 
with an innovative sustainable binder is explored. For this purpose, rheological properties of the feedstocks and 
the influence of the printing parameters are studied for each MAX phase feedstock. Microstructural analysis and 
final sample characterisation is performed, in order to determine the suitability of this technique to obtain near- 
net shape MAX phase parts.   

1. Introduction 

Additive Manufacturing (AM) has become one of the most promising 
production techniques in the last years due to the freedom of geometry 
design that this technology offers. Ceramic [1] and metal [2] 3D printing 
studies have noticeably increased in the last decade and new type of 
processing methodologies have been developed to adjust specific con-
ditions for certain materials. Although AM of metallic or ceramic ma-
terials is currently focused on the prototyping of samples for a posterior 
production through other techniques, there are more and more areas 
where 3D printed samples are being used, from energy storage [3], 
aeronautics [4], medical [5] or environmental applications [6]. Most of 
the AM techniques require specific powder characteristics in order to 
obtain good quality printed parts [7,8]. Within the broad amount of 
Additive Manufacturing technologies, there are two main ways for 
classifing these techniques, depending on whether the part is obtained 
directly through the process or if a post processing process, such as 
debinding and sintering, is required to obtain the final part. A common 
direct AM process is Direct Energy Deposition, where the material is 
being deposited at the same time as appling energy for the conformation 
of the samples [9,10]. A laser or an electron beam is usually used as the 

energy source, and the depostion material is, typically, in wire or 
powder form. Powder Bed Fusion is another extended technique for 
metals and ceramics in powder form, where the energy is applied to a 
powder bed, melting or sintering the required shape in each layer, 
successively. After a layer is deposited, a new layer of fresh powder is 
spread in the bed, and energy is applied to the subsequent layer [11,12]. 
Another Direct AM technique is Sheet lamination; in this method the 
material is in a laminated form and is cut with the desired shape of the 
layer, and the next laminated sheet is sticked above [13,14]. Generally, 
Direct AM processing routes require specific processed raw-maerial bulk 
form (wire or sheet) or a specific powder morphology (spherical) to 
obtain the final sample, and the final component is prone to internal 
defects if the processing parameters are not optimized. 

Indirect AM for metals and ceramics encompasses techniques such as 
VAT photopolymerization, Material Jetting, Binder jetting, fused fila-
ment fabrication (FFF) or fused deposition modelling (FDM) among 
others. In VAT photopolymerization; a resin or a slurry that contains the 
ceramic to be printed is polymerized layer by layer with an energy 
source, such as a laser, a projector or a LED light [15]. Material jetting 
also requires an energy source for the printing of the material but, in this 
case, the material that constitutes of a polymer with a ceramic charge, is 
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jetted during printing [16]. This same phenomenon happens for binder 
jetting, although, in this case, the binder is jetted into a ceramic or 
metallic powder bed, followed by a successive deposition of metallic or 
ceramic powder layers [17,18]. 

One the most widely used AM techniques is the material extrusion, 
usually referred to as fused filament fabrication (FFF) or fused deposi-
tion modelling (FDM). In this technology a filament that contains the 
metal or ceramic and a polymer binder is heated to acheive a specific 
viscosity in order to be deposited layer by layer. [1]. From this type of 
processing, a new way of extrusion technique appears, namely, com-
posite extrusion modelling (CEM) also described as screw-based AM 
[19]. As for FDM, the material is extruded through a nozzle, but in this 
case the starting materials are pellets or granulates, commonly known as 
feedstocks. CEM presents some advantages compared to FDM in terms of 
avoiding difficult steps of filament production, since there is no need for 
a specific diameter tolerance to ensure the extrusion of the material. In 
addition, it is possible to increase the binder range used for 3D printing, 
since flexibility properties of the polymeric binder are no longer 
required. Moreover, reusability of the material is possible: if the printed 
temperatures are selected correctly and there is no polymer degradation 
during the printing, the feedstock can be pelletised and printed again 
[20]. With all this, CEM offers the possibility to print materials that do 
not comply with the required morphologies of the powder bed tech-
nologies or are not able to be produced as filaments or wires and allows 
to print highly charged feedstocks, using novel binder compositions 
[21]. 

HTHXs operate in more demanding conditions than other heat ex-
changers. They are exposed to temperatures above 750 ◦C and transfer 
fluids such as molten salts, liquid metals or hot gases [22]. Conventional 
materials used for lower temperature heat exchangers suffer from 
corrosion and oxidation at these temperatures [23]. Ceramic heat ex-
changers, that are more resistant to high temperatures and to oxidation 
and corrosion, exhibit low thermal shock resistance, are difficult to 
process and have lower than desired thermal conductivity [24–28]. 
HTHXs are used in gas turbine systems [29], high efficiency power 
plants [23,30], solar plants [31], hydrogen production [32], and high 
temperature fuel cell systems [33]. 

Additive manufacturing opens many possibilities for novel design of 
heat exchangers [34–36]. However, not all materials can be processed 
by additive manufacturing techniques, and each technique must be 
optimized for each given material, in order to avoid internal defects and 
ensure reproducibility. 

With all these considerations, MAX phases stand as promising ma-
terials to be printed through CEM technology for their use as HTHXs. 
This family of ternary carbides and nitrides combine, in an excellent 
manner, properties of both ceramic and metallic materials [37]. They 
exhibit high stiffness, good oxidation and corrosion behaviour and good 
mechanical properties at high temperature combined with good elec-
trical and thermal conductivity and easy machinability, within others. 
MAX phases have a nanolaminated structure, with a fixed stoichiometry 
and a general formula of Mn+1AXn where M is an early transition metal, 
A an element from groups IIIA and IVA of the periodic table and X either 
carbon or nitrogen [38]. In the recent years, MAX phases have been 
studied for high temperature applications [39,40] or nuclear power 
plants [41,42], amongst other applications. Additive manufacturing of 
MAX phases has been previously studied by W. Sun et al. [43] and 
Mylena M. M. Carrijo et al. [44] through rapid prototyping, an early 
stage of the binder-jetting technology. In their work, Ti3SiC2 samples 
were printed with densities of 90 %, studying the influence of the 
sprayed binder concentration and an intermediate step of cold isostatic 
pressing (CIP), prior to the sintering stage. B. Nan et al. [45] achieved 
synthesising Ti3SiC2-based materials starting from TiC:Si powders, 
combining 3D printing with liquid silicon infiltration (LSI). Direct ink 
writing was used by H. Elsayed et al. [46] to obtain Ti2AlC porous 
structures, achieving a correct dispersion of the MAX phase powders in 
the ink and attaining a range of 44–63 vol.% of porosity in the printed 

samples. Other MAX phases, such as Cr2AlC, has been studied by M. 
Belmonte et al. producing printable inks using aqueous-based disper-
sions. Cellular MAX phase structures were printed with 60 vol.% po-
rosities with good thermal and electrical conductivities [47]. 

The aim of this work is to study AM pellet extrusion of Ti3SiC2 and 
Cr2AlC MAX phases. For this purpose, both MAX phases were self- 
synthesised and powder production scaled-up for the production of 
high amount of powders. MAX phase feedstocks were produced using an 
innovative powder injection moulding (PIM) sustainable binder 
composition, based on polyethylene glycol (PEG) and cellulose acetate 
butyrate (CAB). The objective is to broaden the possible application 
fields of MAX phases as HTHXs by the production of complex shaped 
parts through additive manufacturing of pelletised feedstocks. 

2. Material and methods 

2.1. Initial materials characterisation 

Ti3SiC2 and Cr2AlC MAX phase powders were synthesised following 
a pressureless reactive sintering route. Although synthesis optimisation 
of the powders can be found elsewhere [48], a summary of the synthesis 
materials and procedure is detailed below. Firstly, high purity bulk MAX 
phases were obtained by mixing initial powders of Ti:SiC:C and Cr:Al:C 
with a molar ratio of 3:1,5:0,5 and 2:1,2:1, respectively, in a Turbula 
shaker mixer (WAB Group, Switzerland) for 1 h. Mixed powders were 
then cold isostatically pressed (EPSI Systems, Belgium) in cylindrical 
silicone moulds at 400 MPa. Pressed samples were synthesised by 
pressureless sintering under different conditions for each MAX phase. 
Ti3SiC2 was synthesised under vacuum atmosphere (2,5 × 10− 5) in a 
tubular high vacuum furnace (HVT-15/50/450, Carbolite, UK) at 1300 
◦C for 6 h, with 5 ◦C/min as heating and cooling rates. On the other 
hand, Cr2AlC was synthesised under protective argon atmosphere in a 
tubular furnace (STF-15/757450, Carbolite, UK) at 1300 ◦C for 4 h, with 
heating and cooling rates of 5 ◦C/min. In order to obtain MAX phases in 
powder form, synthesised samples were crushed in a planetary ball mill 
(Pulverisette 5/2, Fritsch, Germany) with a ball to powder ratio of 10:1 
using isopropanol and argon atmosphere to ensure protective condi-
tions. After drying the powders at 100 ◦C in air for 5 h, characterisation 
of the powders was performed, in order to study the purity and char-
acteristics of the powders. Purity quantification of the powders was 
calculated by least-square procedure. For this purpose, integrated area 
of most intense peaks in the XRD patterns was measured and the powder 
composition was determined following Eq. 1 [49]. 

% Phase = Ix/It (1)  

Where Ix corresponds to the integrated area of the most intense peak of 
the phase to be quantified and It is the summatory of the integrated areas 
of the most intense peaks of all present phases. 

Particle size distribution of the powders was calculated by Dynamic 
Light Scattering (MasterSizer 2000, Malvern Instruments, UK), to study 
their suitability for CEM processes. Furthermore, Scanning Electron 
Microscopy (SEM, TENEO-FEI, Netherlands) coupled with energy- 
dispersive X-ray spectroscopy (EDS, DX-4-EDAX, USA) was performed 
to study the morphology of the synthesised powders. Density measure-
ments of the powders was performed by Helium pycnometry (AccuPyc 
1330, Micrometrics, US) and both tap and apparent density were 
calculated following the standards ASTM B527− 20 and ASTM 
B212− 17, respectively. 

2.2. Feedstock optimisation 

MAX phase feedstocks were produced using a multicomponent sus-
tainable binder. This binder is composed by polyethylene-glycol (PEG), 
cellulose acetate butyrate (CAB), stearic acid (SA) and phenothiazine 
(PTZ); further information on the binder can be found elsewhere [50, 
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51]. The main purpose for this binder combination is to propose an 
environmentally friendly polymeric binder and to use a two-step 
debinding process, reducing the possibility of defects appearance dur-
ing the binder removal. As a water-soluble polymer, PEG, avoids the use 
of organic solvents during its removal. CAB, in addition to as acting as a 
backbone to the mixture, is a promising polymer for extrusion-based 
technologies as a substitute of petroleum derivatives. In addition, PTZ 
is used as an antioxidant and SA as a surfactant to the mixture. 

A rheological study of the feedstocks was performed by torque and 
capillary rheology measurement. Ti3SiC2 feedstock production has been 
previously reported [51] and optimised with a 52 vol.% of solid loading. 
Cr2AlC feedstocks were mixed in a torque rheometer (Haake Polylab QC, 
Thermofisher, US) at 180 ◦C to study torque values for the different solid 
loadings prepared, with a fixed roller speed of 40 rpm for 1 h to analyse 
the mixture stabilisation with time. In addition, capillary rheology 
(Haake Rheocap S20, Thermofisher, US) was performed to study the 
viscosity of the feedstock prepared. Length-diameter ratio was 30:1 and 
test were performed at 180 ◦C varying the shear rates between 100 and 
10.000 s− 1. 

2.3. Additive manufacturing: composite extrusion modelling (CEM) 

3D printing of the MAX phases was achieved through extrusion of the 
feedstocks in pellet form. A pellet extrusion head (V4 Pellet Extruder, 
Mahor-XYZ, Spain) installed in a FDM printer (TL-D3 Pro, Tenlog, 
China) was used for the CEM process. Printing parameters were varied in 
order to adjust the optimal printing conditions for each MAX phase, 
controlling both the external defects of the sample, and the correct 
filling of the internal zones. Some of the parameters that influence the 
most the pellet printing process are listed: temperature (extruder and 
bed), layer height, printing speed and extrusion speed. Although 
different nozzle diameters were used (0,2− 0,8 mm), a 0,6 mm nozzle 
was selected for all the printing adjustments 

As stated above, binder removal of the printed samples was achieved 
through a two-step debinding process. Firstly, samples were introduced 
in stirred water at 50 ◦C for the removal of PEG. After drying, samples 
were thermally debinded in a debinding furnace (GD-DC-50, Goceram, 
Sweden) under protective argon atmosphere, heating up to 500 ◦C, with 
heating and cooling rates of 0,5 ◦C/min and 1 ◦C/min, respectively, for 
both MAX phases. Sintering was performed under vacuum atmosphere 
at 1300 ◦C for 6 h, with heating and cooling rates of 5 ◦C/min. After each 
step of the debinding and sintering, samples were weighted in order to 
verify the amount of binder removed and the densities of the samples, 
considering that the material does not oxidize at these temperatures. In 
addition, Archimedes density was measured to compare and calculate 
the amount of porosity in the printed final parts. Furthermore, X-ray 
diffraction (XRD, Philips X’pert, Netherlands) analysis was performed to 
the printed parts with Cu Kα radiation at 40 kV and 40 mV, in order to 
study the possible decomposition of the MAX phases during the process. 

3. Results and discussion 

3.1. Feedstock optimisation and characterisation 

High purity was achieved for the self-synthesised powders reaching 
92 vol.% Ti3SiC2 MAX phase with TiSi2 as the secondary phase. and a 96 
vol.% purity of Cr2AlC, having Cr5C3 as secondary phase. Powders have 
an irregular morphology (Fig. 1) and the particle size distribution of the 
produced powders is shown in Fig. 2. From the values in Table 1 the 
differences between the powders produced can be seen. Both MAX phase 
powders have a similar D90 particle size, 20 μm for Ti3SiC2 and 23 μm for 
Cr2AlC. Although the morphology of the powders is not optimal for 
Additive Manufacturing, particle size distribution is in an optimum 
range for feedstock production [52]. There is a bigger difference be-
tween D10 and D50 values of Cr2AlC powders and D90, compared to those 
from Ti3SiC2; this could also can also be observed in Fig. 2 in terms of 
width and height of the curves, which can have an influence in feedstock 
fluidity [8]. In addition, tap and apparent density show a low packing 
behaviour of the powders; tap densities above 50 % are usually desired 
for feedstock production in powder injection moulding [53]. As it can be 
seen, tap density values of 39 and 45 % were measured for Ti3SiC2 and 
Cr2AlC, respectively. These low values are expected since powders with 
irregular morphology have a lower packing behaviour than spherical 
powders. Furthermore, low packing values of the powders would sug-
gest porous structures, although fully dense samples have been obtained 
with tap density values below that 50 % yield point [54]. 

Ti3SiC2 PEG/CAB feedstock characterisation and optimisation has 
been previously reported [51]. The optimal solid loading for this feed-
stock was 52 vol.% Multistep analysis of the Cr2AlC PEG/CAB feedstocks 
shows the variation of the torque with the increase of solid loading in the 
mixture. Fig. 3a shows this multistep torque analysis, where the vertical 
lines represent an increase in the solid loading of the mixture by pouring 
powder inside the chamber. At low amounts of powders in the mixture, 

Fig. 1. SEM micrograph of self-synthesised powders of a) Ti3SiC2 and b) Cr2AlC MAX phases.  

Fig. 2. Particle size distribution of self-synthesised Ti3SiC2 and Cr2AlC 
MAX phases. 
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torque response is consistent (45− 51 vol.% in Fig. 3a), there is an in-
crease of the torque value when the material is poured into the chamber, 
and a steady stabilisation while the powders are being mixed. At higher 
solid contents (51− 56 vol.% in Fig. 3a), the final torque value after 
homogenisation increases noticeably; this effect can be better observed 
in Fig. 3b where final torque values are represented. In addition, with 
the increase of the solid content in the mixture, torque behaviour 
changes, there is a slight increase in the torque once the powder is 
introduced in the chamber, and the mixtures stabilises at higher torque 
values. This behaviour is due to fact that the amount of powder in the 
mixture is surpassing the optimal solid loading of the feedstock, thus the 
homogenisation of the feedstock is being deterred by the high amount of 
powder in the mixture. It is worth noting that, after surpassing the 
amount of solid content that the feedstocks is able to accept (56− 62 vol. 
% in Fig. 3a), a continuous increase of the torque value would be ex-
pected. However, this effect is not seen due to the lubricant properties of 
the MAX phases, which show a graphitic-like behaviour, due to their 
nanolaminated structure [55]. Nevertheless, at this stage, the solid 
content of powder in the mixture has exceeded the amount of powder 
that the polymeric binder can accept and still remain homogenous. Once 
this lubricant effect is surpassed by the high solid content, the increase in 
the final torque values is more noticeable (62− 65 vol.% in Fig. 3a). Final 
torque values are represented as a function of the solid loading in the 
chamber (Fig. 3b), in order to identify when a change on the rheological 
behaviour of the feedstocks occurs. A change in the slope of torque 
values during the increase of the solid content is an indicative of a 
change in the rheological behaviour. The aim of this representation is to 
establish an initial critical solid loading of the feedstocks and to study 
in-depth solid loadings close to that value. 

Feedstocks with a solid loading between 48 and 54 vol.% were 
analysed by torque and capillary rheology, to determine the optimal 
solid loading and are represented in Fig. 4. From the torque rheology of 
the feedstocks (solid symbols in Fig. 4a) it is possible to see how the final 
torque value increases with the addition of solid content. Feedstock with 
a solid loading of 51 vol.% has almost the same final torque value 
compared to the feedstock with 50 vol.%, indicating a good behaviour 
with good homogenisation. At 52 vol.%, although there is a stabilisation 
of the torque with time, final torque values are higher compared to 
lower solid loadings, as expected. This effect is due to the excess of solid 
content in the mixture, hindering the homogenisation of the feedstock. 
Lastly, at 54 vol.% of solid loading there is no stabilisation of the 

feedstock, indicating a clear excess of powder in the mixture. Further-
more, internal temperature of the chamber (open symbols in Fig. 4a) is 
higher than the programmed (180 ◦C), due to the friction generated 
during the mixing of the powders and the binder system. Temperature- 
wise, there are no big differences that could illustrate a change of a 
rheological behaviour depending on the amount of solid loading in the 
feedstocks. 

As a reference point for this work, in terms of rheological properties 
of the feedstocks, viscosity values of injection moulding feedstocks are 
the ones followed for the production of pellet extrusion-based AM 

Table 1 
Ti3SiC2 and Cr2AlC powder characteristics: particles size distribution, tap den-
sity and apparent density.  

MAX 
Phase 

D10 D50 D90 ρ (g/ 
cm3) 

Tap density 
(%) 

App. Density 
(%) 

Ti3SiC2 3 7 20 446 39 21 
Cr2AlC 2 6 23 520 45 38  

Fig. 3. a) Multistep torque analysis and b) final stabilised torque of Cr2AlC PEG/CAB feedstocks with solid loading between 45 and 65 vol.%.  

Fig. 4. a) Torque rheology (solid symbols correspond to torque values and open 
symbols to the registered temperatures) and b) Capillary rheology of Cr2AlC 
PEG/CAB feedstocks with solid loading between 48 and 54 vol.%. 
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materials. As it can be seen in Fig. 4b, capillary rheology of the feed-
stocks exhibits a pseudoplastic behaviour, with a decrease of viscosity 
while increasing the shear rate for all solid loadings analysed. Generally, 
viscosity values under 1000 Pa⋅s are recommended for injection 
moulding materials [52], and this value is going to be taken as valid for 
pellet extrusion AM. From Fig. 4b, it can be seen how the viscosity of the 
feedstocks increases with the increase of solid loading, except for feed-
stock with 51 vol.%, that exhibits better rheology properties than 
feedstocks with higher powder filling. From all the rheological charac-
terisation, 51 vol.% feedstock was selected as the optimal solid loading 
for the Cr2AlC PEG/CAB system to be printed by extrusion-based AM. 

3.2. CEM 3D printing of Ti3SiC2 and Cr2AlC MAX phases 

The first step for ensuring the correct flowability of the feedstocks 
through the nozzle is to select de adequate range of temperatures to 
extrude the material. For this, the material is heated at the selected 
temperatures inside the extrusion head, and the extruded material is 
analysed in order to identify incomplete extrusion of the material or 
defects, such as voids or bubbles in the extruded material prior to 
deposition. The range of temperatures was selected between 200 and 
240 ◦C for both feedstocks. After this, material deposition in the printing 
bed (first layer) was optimised by varying various parameters such as 
the extrusion speed, printing speed and bed temperature, amongst other. 
Bed temperature was set at 50 ◦C for both MAX phases. Cross-section of 
the green printed samples during the process optimisation was analysed 
to study the internal defects produced during the printing of the mate-
rials (Fig. 5). As an example, in Fig. 5a the defects shown are common in 
high speed prints where the material is not correctly deposited. As it can 
be observed, the vertical gap throughout the sample corresponds to the 
separation between the wall and the infill of each deposition layer. Due 
to the high printing speed and low extrusion speed, the amount of ma-
terial deposited is not enough to completely fill the sample. Controlling 
this layer-by-layer output during printing is of extreme importance, 
since these defects are going to be carried through all the consolidation 
steps, as it can be seen in the SEM image inset in Fig. 5a. Although this 
printing errors were solved by adjusting these parameters, it was 
observed that the layer thickness selected, depending on the width of the 
nozzle used, created this same gaps in the internal zone of the printed 
samples. With all this, a printing speed of 5 mm/s was selected for both 
MAX phases. Furthermore, by examining the cross-section, it is possible 
to see horizontal lines produced by the detachment of the printed layers, 
that occurs mainly due to high layer heights. Fig. 5b shows the longi-
tudinal section of the printed samples, after the optimisation of the 
parameters. Layer-by-layer deposition should be thoughtfully analysed, 
since a small detachment of the layers, such as the ones showed in the 
SEM image inset in Fig. 5b, can cause the appearance of a bigger defect 
after the debinding and sintering processes (Fig. 5c). To avoid these 

defects, a reduction on the layer height, to 0,1 mm, was programmed to 
control layer deposition. In terms of the surface quality of the samples, 
layer height and line thickness have a great influence in the final part, 
and an example of the layer-by-layer deposition is shown in Fig. 6a. As a 
brief illustration of the visual aspect of the printed parts, Fig. 6b shows 
the different geometries produced in order to study the sinterability of 
the MAX phases through CEM and Fig. 6c is an example of a more 
complex geometry with high tolerances in the designed porous material, 
all of them with high surface quality. To better understand the effect of 
the printing parameter’s and in addition to the visual inspection control 
of the samples, a green density analysis was performed on the printed 
samples, studying the influence of extrusion speed and printing speed on 
relative green density of the printed samples. As it can be observed in 
Fig. 7a, for both MAX phases feedstocks, initially, there is an increase in 
the relative green density with the increase of the extrusion speed. This 
is due to the increase in the amount of the material that is flowing 
through the nozzle and being deposited during the printing. For both 
feedstocks, it can be observed that a maximum relative green density 
value is reached (96,2 % for Ti3SiC2 and 91,6 % for Cr2AlC), and after 
this, relative green density values decrease with further increase of the 
extrusion speed. This means that at higher extrusion speeds, once this 
maximum value is reached, there is more material deposited than it 
should, obtaining failed printed parts with inaccurate geometries. The 
selection of the extrusion speed was 550 steps per unit for Ti3SiC2 MAX 
phase feedstock and 650 steps per unit for Cr2AlC, ensuring the correct 
deposition of the material, avoiding gaps during the printing and con-
trolling the desired geometry of the samples. Comparing these values, it 
is noticeable that higher printing speeds are needed for the Cr2AlC 
feedstock, compared to the Ti3SiC2. This effect is related to the rheo-
logical properties of the feedstocks, where Ti3SiC2 has a final torque 
value after torque stabilisation of 0,5 Nm [51] and whereas Cr2AlC has a 
higher value of 1Nm (Fig. 4a). From the printing speed relative versus 
green density measurements shown in Fig. 7b, it can be seen how at 
lower printing speeds, the relative green density of the samples in-
creases. As expected, the slower the printing speed, the better for the 
deposition of the material and the correct filling of the part. Although at 
1 mm/sec slightly higher relative green densities are achieved than for a 
speed of 5 mm/sec, for both MAX phases, the printing time for this 
printing speed increases considerably, whereas only a small increase in 
the relative density is observed. Therefore, to achieve a compromise 
between sample quality and printing time, a printing speed of 5 mm/sec 
was chosen, for both feedstocks. It can also be observed how the printing 
speed has a higher influence on the relative green density for Cr2AlC 
feedstocks, where a larger decrease in relative green density values at 
higher speeds is observed; that can also be associated to the rheological 
properties of this feedstock compared to Ti3SiC2. 

Although reproducibility issues and geometry changes in the printed 
parts are other aspects to take into consideration, in terms of printing 

Fig. 5. a) Optical image of the cross-section of a green Ti3SiC2 part (inset: SEM micrograph of the sintered samples), b) optical image of the longitudinal section of a 
green Cr2AlC part (inset: detailed optical image), c) optical image the sintered Cr2AlC shown in b). (For interpretation of the references to colour in the Figure, the 
reader is referred to the web version of this article). 
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parameters adjustment, in all extrusion-based technologies, a summary 
of the final printing parameters used for defect-free MAX phase CEM 
samples are shown in Table 2. 

Solvent debinding of the printed samples shows up to a 90 wt.% of 
the PEG was removed for both MAX phases, calculated by mass loss, 
with the remaining CAB acting as the backbone, ensuring the mechan-
ical stability of the printed parts. After the second stage of the two-step 
debinding, mass loss indicates a binder removal of 99 wt.%, compared to 
the green sample, removing almost completely the CAB and the residual 
PEG by thermal debinding. Cross-sections of the brown parts were 
inspected in order to analyse possible defects produced by the debinding 
process. In spite that with the cutting process of binder-free samples it is 
possible to generate minor defects in the sample, due to the displace-
ment of the powders during the process, it is still possible to disregard 
failed printed parts by the appearance of mayor cracks or defects. 
Through this two-step debinding process, brown parts maintained their 
structural integrity without the appearance of mayor defects in the in-
ternal or external zones of the samples. 

First, sintering trials were performed on alumina plates. Most of the 
sintered samples exhibited warping effects produced by the internal 
stresses, typically generated during the printing process. This warping 
effect was different for each MAX phase. Ti3SiC2 exhibited low warping, 

but big internal cracks (Fig. 8a), generated due to delamination of the 
layers during sintering. On the other hand, Cr2AlC showed higher 
warping angles but, in this case, instead of cracks, the microstructure 
shows high porous cavities in the cross-section (Fig. 8b). This difference 
defect appearance could be due to a better sintering behaviour of the 
MAX phase Cr2AlC, that is also directly related to the higher shrinkage 
which will be discussed, for the final printed samples. In addition, the 
porosity seen in both MAX phases is expected, due to the sinterability 
properties of these materials, with a sintering behaviour characteristics 
of ceramics, combined with the use of a binder for the viscosity re-
quirements of the CEM 3D printing [56]. This warping effect was solved 
by placing the brown printed samples in an alumina crucible and 
immersed in zirconia balls, and as a result the presence of cracks in the 
internal zones of the samples created by the detachment of the layers 
was prevented, along with achieving the desired geometries. 

3.3. Characterisation and microstructural analysis of printed samples 

Density and shrinkage values of the final parts after CEM optimisa-
tion are shown in Table 3. In first place, Ti3SiC2 sintered samples show a 
relative density of 90 % and Cr2AlC of up to 93 %. From this value, the 
better sinterability properties of the Cr2AlC MAX phase powders 
compared to Ti3SiC2 can be observed; even though Cr2AlC has a lower 
solid content (51 vol.% for Cr2AlC and 52 vol.% for Ti3SiC2) this ma-
terial shows lower porosities in the final parts. Comparing this values to 
previous works using the same Ti3SiC2 PEG/CAB feedstocks for injection 
moulding [51], porosities obtained by CEM are a 10 % lower than for 
PIM. This could be another effect of the internal stresses created during 
3D printing, that might increase powder contact after debinding and 
favour the sinterability of the materials, in this case, the MAX phases. In 
terms of dimensional reduction of the printed samples, a higher 
shrinkage can be observed on the z axis than on the x and y axis, for both 
MAX phases. This effect has been previously reported [21], and could be 
due to the effect of the material deposition during the printing. Although 
the expected behaviour would be that as for the z axis the printing pa-
rameters are only affected by the layer height, in the x and y direction 

Fig. 6. a) Optical image of the layer deposition of a green Cr2AlC part, b) example of different green geometries printed for a Ti3SiC2 (Left) and Cr2AlC (Right) and c) 
porous green sample of Cr2AlC. (For interpretation of the references to colour in the Figure, the reader is referred to the web version of this article). 

Fig. 7. Relative green densities of Ti3SiC2 and Cr2AlC PEG/CAB feedstock at different a) extrusion speeds and b) printing speeds. (For interpretation of the references 
to colour in the Figure, the reader is referred to the web version of this article). 

Table 2 
Summary of the final printing parameters used for defect free MAX phase CEM 
samples.  

Material Ti3SiC2 Cr2AlC 

Nozzle Diameter (mm) 0,6 0,6 
Extrusion speed (steps per unit) 550 650 
Layer Height (mm) 0,1 0,1 
Infill pattern Rectilinear Rectilinear 
Infill percentage (%) 100 100 
Infill Angles (º) 15/75/135 15/75/135 
Extruder Temperature (ºC) 210 230 
Bed Temperature (ºC) 50 50 
Printing speed (mm/s) 5 5 
Outline Under Speed (%) 80 80  
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there are more variables in this deposition (i.e., wall thickness, infill 
angle) that are inevitably creating more spacing in the powder distri-
bution; thus, shrinkage in this direction should be higher. What it seems 
to occur in this case is that the layer being deposited is cooling faster 
from layer to layer than in the x–y axis (the lines printed in each layer), 
reducing the contact point in the feedstock and creating a higher 
spacing. This effect can be controlled in the printing process by opti-
mising the printing parameters and the infill pattern. Comparing the 
shrinkage values of both MAX phases, a difference of roughly 10 % 
between them can be observed, with Cr2AlC showing higher shrinkage. 
This is directly related with the sinterability properties, discussed in 
terms of the relative density of the materials, that can be also seen in the 
SEM micrographs in Fig. 9. Micrograph Fig. 9b shows a lower porosity 
for the Cr2AlC cross-section compared to the Ti3SiC2 sample (Fig. 9a). It 
is also possible to observe secondary phases (light grey areas in Fig. 9a) 
for Ti3SiC2, corresponding to an intermediate phase of TiSi2 that, as 
mentioned earlier, is also present in the initial powders [48]. The 
presence of this secondary elements is confirmed by XRD analysis per-
formed to the printed samples. Fig. 10 shows a comparison of the XRD 
patterns of the initial powders used for the production of MAX phase 
feedstocks and the final printed samples. As stated before, Ti3SiC2 ex-
hibits a secondary phase, corresponding to TiSi2, maintaining the initial 
purity of the samples (Fig. 10a). In the case of Cr2AlC, there is a slight 
presence of an intermediate phase of Cr5C3, that is present in the initial 
powders (Fig. 10b). With this analysis it is possible to establish that 
decomposition of the MAX phases has not occured during the process 
and the possible presence of non-removed polymer after debinding has 
not affected the purity of the MAX phases after sintering. 

It is important to note that the induced porosity may affect the 
properties of the MAX phase samples. Compared to the analysis made in 
Tsipas et al. work [40], analysing dense and porous Ti3SiC2 MAX phase 

samples obtained through a conventional powder metallurgy process of 
cold isostatic pressing and sintering, it can be noted that a high micro-
porosity (31 vol.%) was obtained for the sample using commercially 
available powders. A decrease in thermal and electrical conductivity 
properties of Ti3SiC2 was observed with the increase of porosity in the 
samples. The thermal conductivity values for Ti3SiC2 porous samples 
varied from 6 W/m K to 23 W/mK, for porosity values from 66 vol% to 
31 vol% respectively [40]. The reported thermal conductivity of bulk 
Cr2AlC is 18 W/mK [57]. These are higher than thermal conductivities 
of other ceramic materials (such as SiC and Si3N4) with similar porosity. 
It would be expected that, for the CEM printed samples a near theoret-
ical thermal and electrical conductivities are reached considering the 
relatively low porosity achieved in the process. Considering this 
behaviour for both MAX phases, with the designed open porosity as the 
printed sample exhibited in Fig. 6c suggests these materials could be 
great candidates for high temperature heat exchangers [58]. 

4. Conclusions 

Ti3SiC2 and Cr2AlC MAX phases have been successfully 3D printed by 
composite extrusion modelling (CEM). In this work the use of non- 
conventional powders for additive manufacturing processes, in terms 
of morphology, and a novel sustainable binder composition, has been 
explored. Rheological properties of the PEG/CAB system have been 
studied, producing feedstocks with optimal solid loading for the flow-
ability and extrusion requirements of the CEM processing, starting from 
self-synthesised high purity Ti3SiC2 and Cr2AlC MAX phase powders. 
Printing parameters have been optimised for the studied feedstocks, 
achieving good quality green samples. In addition, a two-step debinding 
process was successfully achieved, maintaining the structural integrity 
and desired geometry. Warping effect in the printed parts was avoided, 
obtaining good quality final samples. Moreover, densification of the 
samples is relatively high, considering the processing route studied 
(extrusion-based AM) and the sinterability properties of the MAX pha-
ses. All in all, a new processing route has been successfully developed for 
MAX phases giving a great added value to this material and expanding 
its possible applications as HTHXs. 

Fig. 8. SEM micrographs of defects found on sintered samples in a) Ti3SiC2 and b) Cr2AlC MAX phases.  

Table 3 
Density and shrinkage measurements of Ti3SiC2 and Cr2AlC printed samples.  

Material Relative density (%) Shrinkage x–y (%) Shrinkage z (%) 

Ti3SiC2 90 8,63 10,39 
Cr2AlC 93 18,39 20,89  

Fig. 9. SEM micrographs of printed a) Ti3SiC2 and b) Cr2AlC MAX phases.  
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Abstract 

MAX phases are a group of ternary carbides and nitrides with a fixed stoichiometry and nanolaminated 
structure that combine some of the most interesting metallic and ceramic properties, with good electrical 
and thermal conductivity and good mechanical properties at high temperature. In terms of Additive 
Manufacturing technologies, Composite Extrusion Modelling (CEM) stands as a promising alternative 
for printing materials that are not suited for other Additive Manufacturing techniques. In this processing 
route, feedstocks in pellet or granulate form are extruded, avoiding difficult steps of filament production 
and widening the selection of polymeric binder compositions, since filament flexibility and uniformity is 
not required for the pellet materials. In this work, two MAX phases (Ti3SiC2 and Cr2AlC) have been 
printed through CEM using a multicomponent binder (PEG/CAB) for the feedstock production. 
Mechanical properties of the printed samples with the desired geometry were analysed after debinding 
and sintering. 

Keywords: MAX phases, Ti3SiC2, Cr2AlC, CEM, Additive Manufacturing, mechanical properties 

Innovative aspects 

• Composite Extrusion Modelling of MAX phases 

• Optimization of feedstocks for sinter-based Additive Manufacturing 

• Use of a novel multicomponent binder 
Introduction 

Additive Manufacturing (AM) has attracted the attention of the research community as an alternative 
processing route for a wide range of materials and as a new way to manufacture shapes and geometries 
not feasible by other processing techniques. Within the vast number of technologies that AM 
comprehends, extrusion-based processing where feedstocks are used, stands as a promising route due 
to its similarities with injection moulding. Although not every material that can be injected can also be 
printed. The first step is to study the rheological behaviour of the feedstock. Extrusion-based AM widens 
the possible applications of many “known” materials, but also increases the possible use of new 
materials through a cost efficient production route [1]. 

One of the new materials that can be used through extrusion-based production route is MAX phases. 
They are ternary nitrides or carbides compounds with a general formula of Mn+1AXn, where M is a 
transition metal, A is an element form groups IIIA or IVA, generally, from the periodic table and X either 
C or N, with n being a value between 1 and 3. MAX phases combine, in an unusual way, some of the 
best properties of ceramic (high rigidity, good mechanical properties at high temperatures, high 
resistance to corrosion and oxidation) and metallic materials (good thermal and electrical conductivity, 
machinability) [2]. Their nanolaminated structure, were layers of the elements M and X are combined 
with layers of the element A, is what gives MAX phases these excellent properties. In addition, they 
present good mechanical damping behaviour due to this nanolaminated nature [3]. 

The polymeric binders usually used in extrusion-based additive manufacturing are thermoplastics with 
adequate viscosity such as high performance thermoplastic elastomers [1]. In the last years there have 
been some studies using different AM techniques to produce MAX phases [4, 5]. In this work two MAX 
phases, Ti3SiC2 and Cr2AlC were printed using CEM technique that uses feedstock pellets as raw 
materials. A multicomponent binder was used for the feedstock that combined typical polymers used in 
feedstocks suitable for additive manufacturing techniques with water soluble polymers in order to reduce 
the carbon footprint. 
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Experimental procedure 

MAX phase powders were self-synthesised in large scale for the optimization and production of the 
printable feedstocks. Ti3SiC2 synthesis has been studied previously obtaining a 92 vol.% purity starting 
from Ti:SiC:C as raw powders with a molar ratio of 3:1,5:0,5 [6]. In addition, feedstock production of the 
Ti3SiC2 MAX phase has been optimised and rheologically characterized in a previous work [7]. 

Cr2AlC powders were obtained varying parameters from previously reported high purity synthesis [8]. 
This synthesis starts from elemental powders of Cr, Al and C with a molar ratio of 2:1,2:1 and mixed in 
a Turbula shaker mixer for 1 hour. Mixed powders were introduced in silicone moulds and cold 
isostatically pressed at 4000 bar (EPSI systems, Belgium). Pressed samples were then sintered under 
protective argon atmosphere at 1300 oC for 4 hours (Carbolite STF15/75/450, UK) and milled in a 
planetary ball mill (Pulverisette 5/2, Fritsch; Germany), controlling the milling parameters to obtain the 
desired particle size distribution with a ball to powder ratio of 5:1. Milling of the pellets was performed 
using isopropanol to avoid excessive temperatures during the process and under argon to control 
oxidation of the powders. Lastly, powders were then dried in air at 90 ºC for 6 hours and sieved to obtain 
the final MAX phase Cr2AlC powders with a purity of 96 vol.%. Particle size distribution analysis of the 
powders was performed by laser diffraction (MasterSizer2000, Malvern Instruments, UK). Tap density 
and apparent density was also calculated for the MAX phase powders following standards ASTM B527 
– 15 and ASTM B417 – 18 respectively. These density measurements are directly related to the powder 
rheological behaviour. Micrographs of the powders shows the irregular morphology of the self-
synthesized powders, characteristic of  the MAX phases (Figure 1). Relative, apparent and tap density 
of the produced powders are shown in Table 1 in addition to particle size distribution. 

Figure 1. SEM micrographs of self-synthesized powders of a) Ti3SiC2 and b) Cr2AlC 

Table 1. Particle size distribution and densities of the self-synthesized Ti3SiC2 and Cr2AlC MAX phase powders. 
 D(90)  

µm 
Relative Density 

(g/cm3) 
Apparent Density 

(%) 
Tap density 

(%) 
Ti3SiC2 20 4,46 21 39 
Cr2AlC 23 5,20 38 45 

 
The same multicomponent binder described in [7] was employed for both feedstocks, using a mixture 
of polyethylene glycol (PEG) due to its solubility in water, cellulose acetate butyrate (CAB) acting as the 
back-bone and stearic acid as a surfactant. Feedstocks were produced in a blade mixing equipment 
(Haake Polylab QC, Thermofisher, US) for 1 hour at 180 ºC controlling the torque produced during the 
mixture. After pelletizing the feedstocks, rheological properties were studied by capillary rheology 
(Haake Rheocap S20, Thermofisher, US) obtaining viscosity properties of the mixtures at a set 
temperature of 180 ºC with a relation between length and diameter of the die 30:1. 

MAX phases feedstocks were printed in a pellet extruder head (V4 Pellet Extruder, Mahor-XYZ, Spain) 
mounted in a regular FDM 3D printer (TL-D3 Pro, Tenlog, China). Simple geometries, rectangular 
(25x7x4 mm) and square shapes (10x10x4), were printed in order to optimise the printing parameters. 
Binder removal from the printed samples was achieved by a two-step debinding process. Firstly, 
samples were solvent debound in stirred distilled water at 50 ºC for 5 hours to remove the PEG. In a 
second stage, samples were thermally debinded for the degradation of the CAB at 450 ºC for 1 hour 
with heating and cooling rates of 0,5 ºC/min, accomplishing a 99 vol.% binder removal. Samples were 
then sintered under high vacuum (2 × 10−5 bar) at 1300 ºC for 6 hours, with heating and cooling rates of 
5 ºC/min (HVT-15/50/450, Carbolite, UK). To control the properties of the printed samples, Archimedes 

a) b) 
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density was measured to calculate the relative density and porosity produced throughout the printing 
process. 

Vickers hardness measurements were performed in a Zwick Roell Z 2.5 tester with a force of 10 N. 
Hardness values of the printed samples were compared with hot-pressed MAX phase samples in order 
to have a better understanding of the printed mechanical properties. In addition, with the surface 
indentation, Young’s modulus and elastic and plastic work was measured with a speed for load 
application of 1 mm/min and a speed of 2 mm/min for load removal. 

Results and discussion 

Rheological behaviour, in terms of viscosity, of the MAX phase feedstocks produced determined by 
capillary rheology it is shown in Figure 2. A pseudoplastic behaviour of the feedstocks can be observed 
as the shear rate increases from 100 to 10000 s-1. This behaviour is what it is expected for a feedstock 
that it is going to be extruded, for example for powder injection moulding (PIM), or similarly in this case, 
for extrusion-based Additive Manufacturing. Viscosity values under 1000 Pa·s are recommended for 
PIM [9] processing to ensure an optimal injection of the material. Although there is not an ideal value 
set for AM processing of feedstocks, considering the material is being extruded through a nozzle, it can 
be assumed that this limit value is valid for extrusion-based AM. Both MAX phases exhibit lower values 
than this recommended value for all shear rates. 

 
Figure 2. Apparent viscosity values obtained by capillary rheology at 180 ºC for Ti3SiC2 and Cr2AlC feedstocks 

with a solid loading of 52 vol.% and 51 vol.% respectively and PEG/CAB as binder. 

Table 2. Printing parameters of Ti3SiC2 and Cr2AlC MAX phase feedstocks. 

Material Ti3SiC2 Cr2AlC 
Nozzle Diameter (mm) 0,6 0,6 

Extrusion speed (steps per unit) 550 650 
Layer Height (mm) 0,1 0,1 

Infill Angles (º) 15/75/135 15/75/135 
Extruder Temperature (ºC) 210 230 

Bed Temperature (ºC) 50 50 
Printing speed (mm/s) 5 5 

A summary of the printing parameters of the MAX phase feedstocks is shown in Table 2. It can be seen 
that the printing temperature is higher than the one used for studying the rheological properties. This 
selected temperature is directly related to the nozzle diameter used during the printing, as the material 
needs higher flowability for lower extrusion diameters. Nozzle diameters used during the optimization of 
the feedstocks were varied from 0,4 to 0,8 mm, settling finally with a 0,6 mm nozzle, which gives the 
best relation between surface quality and extrusion filling of the printed samples. Extrusion speed, as 
revolutions of the screw, can also be adjusted and plays a key factor as a parameter to control to ensure 
the correct deposition of the material layer by layer. Layer height was also varied to improve the quality 
of the samples and was set to 0,1 mm. In addition, Figure 3 summarises the optimization of the printing 
process. In first place, Figure 3 a) shows the optical imagine of the cross-section corresponding to a 

209



Euro PM2021 – Session 23: AM Sinter Based Technologies: Extrusion Based-Methods in AM 

green printed sample with a lack of material during the deposition. In this figure, it can be seen that 
material deposition is not optimal since there are big gaps between the wall and the infill and in-between 
each deposited layer. These defects could increase after the debinding process resulting in a defective 
part. In Figure 3 b) shows the cross-section of a sample with optimal printing parameters. As it can be 
seen, a good layer by layer deposition was achieved with no gaps in-between layers. In addition, there 
is no delamination between the printed wall and the internal filling of the printed sample, obtaining no 
mayor defects in the green state. In addition, Figure 3 c) shows green extrusion-based printed samples 
with different geometries.  

 
Figure 3. Ti3SiC2-PEG/CAB a) cross-section of non-optimise printed part b) cross-section of optimised printed 

sample and c) printed geometries. 

 
Figure 4. Printed Cr2AlC a) brown part (after solvent and thermal debinding) and b) sintered cross-section. 

After two-step debinding of the printed samples, 99 vol.% of the binder was removed maintaining the 
structural integrity of the samples. No mayor defects were found on the brown samples, as it is shown 
in Figure 4 a). After sintering, cross-section of the samples was analysed in order to see if delamination 
was produced. Optical image of the cross-section (place and direction of the cross-section cut marked 
as a dash line in Figure 3-c) of the printed samples is shown in Figure 4 b) where it is clear that no big 
defects are found after printing. From this optical image the appearance of some micro porosity can be 
noted. To better understand the mechanical properties of the printed MAX phases, this porosity was 
determined. In addition, shrinkage of the samples after debinding and sintering was calculated. These 
values are summarised in Table 3. In terms of relative density, the printed samples show a porosity of 
11% for the Ti3SiC2 sample and 9% for Cr2AlC printed MAX phase. This porosity is strictly related to two 
factors: first, the sinterability of the MAX phase that behaves in this sense as a ceramic material, with 
lack of high relative density through pressureless sintering methods. Secondly, the porosity introduced 
into the sample due to the layer-by-layer deposition of the printing process. Nevertheless, these porosity 
values of the printed samples are lower than the ones expected for the composite extrusion modelling 
technique. The relative low porosity of the samples could be due to the internal residual stresses 
produced during the printing stage. It is known that in Material Extrusion with filaments and CEM 
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processes this kind of stress produces warping of the samples not only for metal or ceramic printing but 
also for polymers. In this case, the sinterability of the MAX phases could by enhanced by this stress 
accumulation during the material deposition. This effect could also be explained by the high shrinkage 
values of the samples, that show a 47 vol.% size reduction for the Ti3SiC2 and up to a 52 vol.% in the 
case of the Cr2AlC MAX phase, respectively, presenting anisotropy between x-y and z direction. 

Table 3. Mean relative density and shrinkage values of the CEM printed MAX phases. 

 Theoretical density 
(g/cm3) 

Relative density 
(%) 

Shrinkage 
(vol.%) 

Ti3SiC2 4,52 89 47 
Cr2AlC 5.20 91 52 

 
Hardness, elastic and plastic work, recovery index and Elastic modulus of the printed parts are 
summarized in Table 4. Values have been obtained by performing measurements in different areas of 
the samples in order to be able to differentiate if there is any variation in properties between the cross-
section and the surface of the samples. Measurements were done after metallographic preparation to 
avoid errors caused by the surface roughness. In addition, measurements for hot-pressed (HP) samples 
of the same self-synthesized powders for both MAX phases are shown for comparative purposes. These 
HP samples have a relative density of 95 and 98% for Ti3SiC2 and Cr2AlC, respectively. 

Firstly, analysing the different areas of the printed Ti3SiC2 MAX phase it can be observed that there is a 
difference between the surface and the cross-section of the sample for all the values. This indicates 
some anisotropy in the printed samples, due to the printing pattern. Plastic work is higher than the elastic 
work, both on cross section and in the surface, as expected for a ceramic-like material in terms of 
mechanical properties. Recovery index is lower than for the hot-pressed sample and this could be due 
to the effect of localised porosity in the boundaries between each layer (Figure 5), hindering the recovery 
of the material after the plastic deformation. This porosity effect is also noticeable in the hardness values 
of the printed samples that show lower values (92 HV10 in cross section and 94 HV10 in surface) than 
the HP samples (322 HV10). Young´s modulus values are slightly higher for the printed samples (52 
kN/mm2 in cross section and 57 kN/mm2 on the surface) than for the HP samples (43 kN/mm2 ), but 
much lower than the reported value for dense Ti3SiC2 samples, 343 kN/mm2 [10], most probably due to 
the presence of porosity. 

Secondly, analysing hardness values of both 
the surface and cross-section of the Cr2AlC 
printed samples it can be seen that there is also 
some anisotropy in hardness value, with higher 
hardness in the cross section (424 HV10 in the 
surface and 448 HV10 in the cross section). 
This could also be related to the porosity 
accumulation within the different layers. Once 
the indentation is made, the porosity 
accumulation will affect in a higher way the 
hardness of the surface measurements than the 
cross-section because the indentation is being 
made perpendicular to the deposited layers 
through the surface. These hardness values, 
although closer, are still lower than the hot-
pressed sample mainly due to the relative 
density difference between both processing 
techniques. Recovery index and both elastic 

and plastic work are similar for the different areas of the printed samples and comparable to the HP 
samples. Regarding, the elastic modulus, in this case we are able to observe a lower value for the 
printed samples (150 kN/mm2 in cross section and 173 kN/mm2 on the surface) than the HP sample 
(225 kN/mm2), this could also be due to the higher porosity of the printed samples. For comparison, the 
Young’s modulus for completely dense samples is 245 kN/mm2 for Cr2AlC MAX phase [10]. 

Figure 5. SEM micrographs of Cr2AlC printed MAX phase 
exhibiting the porosity accumulation between the layers 

marked in with dash lines. 
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Table 4. Mechanical properties for Ti3SiC2 and Cr2AlC MAX phases of different zones of the printed samples and 
properties of hot-pressed samples. Welast and Wplast, stand for the elastic and plastic work during the indentation 

and µIT the recovery index after releasing the indentation. 

Material Zone Hardness 
(HV10) 

Welast 
(Nmm) 

Wplast 
(Nmm) µIT (%) E modulus 

(kN/mm2) 

Ti3SiC2 

Surface 92 0,010±0,001 0,067±0,003 12,5±0,3 52±5,32 

Cross-section 94 0,009±0,001 0,069±0,008 11,3±1,1 57±7,21 
HP 322 0,021±0,004 0,040±0,004 34,2±4,5 43±10,81 

Cr2AlC 

Surface 424 0,009±0,001 0,028±0,003 23,7±1,1 150±18,57 

Cross-section 448 0,008±0,001 0,026±0,002 22,5±1,6 173±16,20 

HP 535 0,017±0,001 0,024±0,001 24,7±2,5 225±15,34 

Conclusions 

Self-synthesised Ti3SiC2 and Cr2AlC have been successfully printed through a new processing route. 
This is composite extrusion modelling (CEM) using an alternative sustainable binder composed by 
polyethylene-glycol and cellulose acetate butyrate. Printing parameters have been optimised in order to 
obtain samples with no mayor internal defects and with a good surface quality. Binders from the printed 
samples were removed in a two-step debinding process solvent debinding of PEG in water, avoiding 
the use of organic solvents, and degradation of the back-bone (CAB) by thermal debinding. Sintering of 
the samples was achieved obtaining 89 and 91 % density for Ti3SiC2 and Cr2AlC, respectively. 
Mechanical properties of the printed samples were measured, and samples show a similar behaviour 
as those produced by conventional processing routes such as hot pressing. Young´s modulus and 
recovery index of the printed samples are similar than those HP. On the other hand, hardness 
measurement show lower values for both MAX phases compared to the hot-pressed ones, with Ti3SiC2 
MAX phase showing a higher difference. This effect is directly related to the layer-by-layer production 
and the porosity accumulation produced within the layers, characteristic of the Material Extrusion with 
filaments and CEM processing, besides the particle morphology of the MAX phase used and the solid 
loading of the feedstocks. 
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8. Conclusions 
The main conclusions obtained throughout this work are directly related to the main goals 

and objectives proposed for this PhD thesis. Thus, partial conclusions obtained during 

this work, for each main objective, are displayed in this chapter: 

MAX phase synthesis 

• Different MAX phases powders have been successfully synthesised, obtaining high 

purity levels, through pressureless sintering. Ti3SiC2 was synthesised starting from Ti, 

SiC and C with a molar ratio of 3:1.5:0.5 reaching 94% of purity after a heat treatment 

of 1300 ºC for 6 h under vacuum conditions. Regarding Cr2AlC, the synthesis was 

performed starting from elemental powders of Cr, Al and C with a molar ratio at 2:1.2:1 

with a purity of 98% after a heat treatment at 1300 ºC for 6 h under protective argon 

atmosphere. In addition, Ti2AlC/Ti3AlC2 composite MAX phase was also synthesised 

starting from Ti, Al and TiC with a molar ratio of 1:1:0.75 after a heat treatment at 

1400 ºC for 4 h under protective argon atmosphere. It can be stated that, the synthesis 

procedure that is followed for MAX phases is influenced by the starting powders and 

the initial molar ratios. In essence, the starting material should be carefully selected 

depending on the synthesis route that is going to be followed. The synthesis methods 

developed were simple, reproducible, scalable and produced high purity MAX phase 

powder with controlled powder size distribution. 

• Furthermore, thermodynamic calculations were performed to establish the synthesis 

mechanism of the MAX phases. Albeit they are theoretical calculations, the proposed 

synthesis reactions give step-by-step description of how the synthesis is achieved 

and explain the different secondary phases found in the final products. Nevertheless, 

the particle size of the materials used for the synthesis have an effect on the final 

synthesis and the initial composition should also be carefully selected. 

• Ti3SiC2 and Cr2AlC MAX phases were selected for the study of new processing routes 

and, for this purpose, the scalability of the powder production was successfully 

achieved obtaining purities of 92% and 96%, respectively. The scale-up process of 

the powder production was accomplished with the compaction of the powders by cold 

isostatic pressing (CIP). Although final purity of the powders was reduced by a 2% for 

both MAX phases, the amount of material obtained after this synthesis methods was 

increased by a 5000%. 
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Conventional powder metallurgy consolidation 

• Validation of the synthesised powders was performed by the consolidation of Ti3SiC2 

and Cr2AlC by uniaxial pressing and sintering, cold isostatic pressing and sintering 

and hot pressing. A lack of densification of the samples can be observed, compared 

to other authors’ work, and this is mainly due to the densification of already-

synthesised MAX phase powders instead of an in-situ synthesis of the MAX phases 

while the consolidation technique is applied. Nevertheless, and although some 

decomposition of the Ti3SiC2 powders was observed for hot-pressed samples above 

1300 ºC, consolidated samples by all techniques showed good phase stability 

demonstrating the quality of the synthesised powders. Different densification values 

were obtained for the different techniques used achieving the best values for cold 

isostatic pressed and sintered Ti3SiC2 and hot-pressed Cr2AlC samples reaching 83% 

and 96% of relative density respectively. 

• Mechanical properties of the samples showed a close dependence to the porosity 

values. Elastic modulus of the Ti3SiC2 samples processed displayed lower values (83 

kN/mm2) than those reported in the literature, due to the low densifications obtained. 

On the other hand, Cr2AlC sample exhibited similar elastic modulus to those in the 

literature, due to the high densification attained in these samples (225 kN/mm2). In 

addition, cyclic compressive strength showed no hysteresis, with no noticeable 

difference between the cold isostatic press and sintered and hot-pressed samples. 

• In terms of wear behaviour, the self-lubricating effect characteristic of MAX phases 

was observed for all samples analysed. From these tests, a dependence on the 

porosity was also observed. Cold isostatic pressed and sintered Ti3SiC2 and Cr2AlC 

exhibited different wear properties that were not only affected by the difference in the 

porosity of the samples but on the different wear mechanisms of each material. 

Although both materials presented a combination of abrasive and adhesive wear, the 

abrasive effect was more noticeable for Ti3SiC2. On the other hand, hot-pressed 

samples exhibited a similar wear rate for all loads studied (5 and 10 N). This effect 

seems to be a combination of the lubricating effect of the material and the small grain 

size obtained after the process, resulting in a lower amount of generated debris during 

the tests. The wear mechanism of the MAX phases analysed can be distinguished by 

a quasi-plastic deformation combining abrasive and adhesive mechanism for Ti3SiC2 

and a predominant adhesive behaviour for Cr2AlC. 
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Powder injection moulding 

• MAX phase feedstocks were produced and rheologically characterised. Two different 

multicomponent binders were used for the feedstocks production, both using PEG as 

a filler and CAB and PP as backbones. From torque rheology, capillary rheology and 

homogeneity characterisation, the solid loadings selected as optimal were: 52 vol.% 

for Ti3SiC2/PEG-CAB, 51 vol% for Cr2AlC/PEG-CAB, 49 vol.% for Ti3SiC2/PEG-PP 

and 51 vol.% for Cr2AlC/PEG-PP. When optimal solid loading was surpassed, MAX 

phase feedstock showed a decrease in the viscosity, this behaviour has not been 

previously observed and was attributed to the lubricating nature of MAX phases. 

However, these solid loading were not appropriate for PIM. All feedstocks exhibited a 

pseudoplastic behaviour with viscosities below those recommended for PIM (1000     

s-1). Torque rheology showed a complete stabilisation of the mixtures after 30 min and 

final torque values for the PEG/PP feedstocks were higher (2-4 Nm) compared to 

PEG/CAB system (0,2-1 Nm). 

• PEG/CAB and PEG/PP feedstocks were able to be injected by low pressure injection 

moulding (LPIM), obtaining good quality green parts with no mayor defects in the 

surface of the samples and a good filling of the mould. The optimal injection 

temperatures were 200 ºC for Ti3SiC2 feedstocks and 220 ºC for Cr2AlC for the 

PEG/CAB binder and 250 ºC and 270 ºC for the PEG/PP binder, respectively. This 

difference in temperature goes in concordance with the rheological measurement 

analysed. 

• The binder removal was performed in a two-step debinding process. First, PEG was 

removed by solvent debinding in distilled water at 60 ºC for 5 h. Up to a 91-95 wt.% 

of the PEG was removed in this process avoiding internal defects in the samples and 

creating the open porosity needed for the later backbone removal. These steps allow 

the use of a green solvent, compared to the typically organic solvents used for solvent 

debinding, having a lower environmental impact of the process. CAB was removed 

by thermal debinding at 300 ºC for 1 h under argon with a heating and cooling rate of 

2 ºC/min maintaining the structural integrity of the samples and removing a 99 wt.% 

of the remaining binders. 

• Porous Ti3SiC2 MAX phase samples were obtained after sintering process. Porosity 

could be tailored controlling the amount of solid loading used in the feedstocks, 

without using any space-holder in the mixtures and achieving up to a 53% of porosity. 

This porosity is interconnected and mainly open, ideal for filter or catalytic 

applications. 
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Composite extrusion modelling 

• Ti3SiC2 and Cr2AlC MAX phases feedstocks using a PEG/CAB as a binder were 

pelletised and printed through composite extrusion modelling (CEM). Several printing 

parameters were adjusted for the successful printing of the MAX phases, i.e.: 

extrusion temperature, bed temperature, layer height, layer thickness, extrusion 

speed and printing speed, amongst others. This last two parameters had a great effect 

on the quality of the final samples. Analysing the relative density of the printed parts 

under different conditions, it was possible to see that by increasing the extrusion 

speed the sample’s relative density increased due to the increase in the amount of 

material that was extruded. Once a certain speed is surpassed, the quality of the 

sample is lost by the excess of material being deposited. In the case of the printing 

speed, the quality of the samples improved with the reduction of the speed, achieving 

increasingly less quality improvement when further reducing the speed. This suggests 

a compromise between the improvement on the quality, related to the relative density, 

and the printing time of the parts. Best conditions were selected at an extrusion 

temperature of 210 ºC, printing speed of 5 mm/s and an extrusion speed of 550 steps 

per unit for Ti3SiC2 and a temperature of 230 ºC, a printing speed of 5 mm/s and an 

extrusion speed of 650 steps per unit for Cr2AlC. 

• Due to some difficulties with the complete elimination of the polymers, thermal 

debinding process was adjusted to ensure the correct degradation of the binders 

compared to the injected moulded parts. Temperature was set at 500 ºC for 1 h and 

a heating and cooling rate of 0,5 ºC/min. With this modification the amount of polymer 

removed after the process was of 99%, avoiding the appearance of cracks and the 

warping of the sample due to internal stresses generated during printing.  

• Brown parts were immersed in zirconia balls during the sintering steep to control the 

warping of the samples. Sintering conditions were optimised at 1300 ºC for 6 hours 

with heating and cooling rates of 5 ºC/min. Samples exhibited a final relative density 

of 90% and 93% for Ti3SiC2 and Cr2AlC, respectively. Moreover, the volumetric 

shrinkage obtained for the samples was 10% for Ti3SiC2 and 21% for Cr2AlC, 

densifications relatively high considering the porosity of injected samples. This 

confirms the correct deposition of the layers achieved and optimum selection of the 

printing parameters, that resulted in control of the contraction generated by the 

internal stresses produced during the 3D printing process. All this, while controlling 

any cross contamination of the MAX phase powders due to a reaction with remaining 

binder and avoiding the decomposition of this materials. 
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In brief and as a general conclusion, MAX phase powders have been synthesised, 

scaling-up the process maintaining high purity levels of the powders. The powder quality 

was validated by conventional MAX phase processing analysing the mechanical 

properties and wear behaviour of the consolidated porous samples. Two routes were 

explored for the processing of near-net-shaped samples, powder injection moulding and 

additive manufacturing, using sustainable polymeric binders. Powder characterisation 

was performed to study the suitability for the feedstocks production and, in addition, an 

optimal solid loading was selected for each feedstock analysing and studying the 

rheological behaviour. Moreover, injected MAX phase samples were produced with 

tailored porosity without the use of space-holders. Lastly, these produced binders were 

processed by composite extrusion modelling to obtain 3D printed MAX phase samples. 

This process allowed the possibility of printing powders not commonly suited for additive 

manufacturing process and staring from feedstock pellet raw material. 3D printed MAX 

phases exhibited a good geometrical quality and relatively high densification. All this 

establishes porous and dense MAX phases produced by PIM or CEM routes, for 

applications such as, catalytic devices, filters or as high temperature heat exchangers. 
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9. Future lines and perspectives 
Based on the results obtained from this work, there are some steps that need to be optimised 
and further investigated. 

• Explore further consolidation techniques for MAX phase powders for the production of 

dense and porous materials. Although the aim of the use of conventional powder 

metallurgy processing in this work was to corroborate the quality and processability of the 

powders, more effective techniques could be explored, such as Spark Plasma Sintering 

(SPS), in order to obtain both porous and dense MAX phases samples. 

• Detailed characterisation of the porosity of the samples obtained after the PIM process. A 

tomography study would allow to measure the size, distribution and shape of the pores. 

This would lead to a better evaluation of injected MAX phase samples for their potential 

application as high temperature heat exchangers. 

• Optimisation of the PEG/PP-based MAX phase feedstocks for composite extrusion 
modelling. This feedstocks presented a reproducibility problem during the printing step. 

Therefore, optimisation of the binder composition would be necessary with an addition of 

surfactant additive or by exploring other thermoplastic backbones in order to improve the 

printing reproducibility. 

In addition, several studies can emerge from the basis of the feedstock-based processing 

techniques developed in this thesis: 

• Cyclic oxidation tests should be performed to both injected and printed samples to identify 

and study how the processing routes affect the oxidation and thermal shock resistance of 

the samples. Furthermore, and related to the properties of MAX phases at high 

temperature, flame tests could be performed to macroporous printed samples (as the 

demonstrator shown in Chapter 3) in order to confirm the possible applicability of these 
materials as hydrogen burner components.  

• Application of other additive manufacturing technologies. There are many in-direct AM 

techniques that could be explored for the production of complex-shaped MAX phase 

components. As an example, lithography-based technology is an interesting alternative, 

due to the high-quality samples and small sizes that can be obtained with this technique. 

A preliminary study was done to print MAX through this technology in collaboration with 

Incus Technology GmbH, which is not included in this work. Although the characteristics 

of the powders developed in this work were not suited for the photopolymerization of the 

feedstocks with UV, a laser polymerisation could be performed in order to obtain good 

quality samples. 

• In-situ synthesis of MAX phases, after the injection or printing process. A study on the 
viability of obtaining the MAX phase in-situ, during the sintering step should be carried 
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out, since, if successful, this could enhance the amount of solid loading of the feedstocks 

as well as making the process more efficient. Nevertheless, a strict control of the powder 

size distribution, morphology and molar ratios would be necessary in order to ensure the 

correct synthesis of the MAX phases. 
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