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Universidad de Cádiz, 11202 Algeciras Cádiz, Spain 
c CIEFMA – Department of Materials Science and Engineering, Universitat Politècnica de Catalunya – BarcelonaTech, 08019 Barcelona, Spain 
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A B S T R A C T

Metal-ceramic wettability is a decisive parameter in the high-temperature sintering of hard materials. Wettability 
tests enable the study of this property with minimum material waste, especially useful in the search of alternative 
systems to WC-Co hardmetals. In this investigation, Fe-based binders – FeNiCr and FeCrAl – were tested on Ti(C, 
N) and WC substrates, aiming to assess: the high-temperature interactions, the dissolutive character of the liquid
phase and the nature of the interphases generated, and the influence on sintering behaviour. As a result, FeNiCr
led to excellent wetting scenarios for both ceramics, whereas FeCrAl alloys induced the formation of aluminium
oxides. The effect of C addition on wettability was also evaluated, resulting in an improvement of this property
by the inclusion of this element in the binder phase. Inspection of the microstructures resultant from powder
metallurgy processing of the different configurations confirmed their excellent correlation with wettability re-
sults. As a consequence, the effectivity of this technique as a model of the sintering scenario could be asserted.

1. Introduction

WC-Co hardmetals have been strongly rooted to the industry due to
its outstanding properties, especially regarding hardness and toughness, 
two valuable properties in the niche of cutting tools [1]. However, the 
relatively recent inclusion of W and Co in European and American 
critical raw materials [2] and toxicity – REACH [3] and NTP [4,5] – lists 
have driven the study of alternative materials. In this sense, there exist 
two approaches: the partial or total substitution of Co, and seeking for a 
WC competitor as ceramic phase [6–8]. 

With respect to the binder phase, Fe-based alloys have proven to be 
excellent candidates as Co substitutes. Fe has a relatively low price – 
about 700 USD/T (steel) compared to 70,000 USD/T for Co [9] –, is non- 
toxic and can be heat-treated to adjust the material final properties for 
the desired application [10–12]. Furthermore, its inclusion as a binder 
element in WC-based materials has resulted in enhanced mechanical 
properties [13]. The addition of alloying elements, such as Cr, Ni or Al, 
has also demonstrated to improve oxidation [14–17] and corrosion 
[13,15,18–29] resistance of these materials, among other properties. 
Concerning the substitution of the ceramic phase, titanium carbonitride 

– Ti(C,N) – cermets, have arisen as very promising options, on the basis
of providing advantages like high wear resistance or chemical stability
[30]. The combination of both strategies implies a challenge – primarily
based on the poor wettability demonstrated by Fe-Ti(C,N) system –, but
also the most sustainable alternative. Hard materials are manufactured
following a Powder Metallurgy (PM) route, which entails the blending of
metal-ceramic powders, pressing of the mixtures into green parts and
their subsequent sintering to attain the final samples. Regarding the
sintering stage, these composites are commonly and commercially sha-
ped by Liquid Phase Sintering (LPS). During this processing stage, the
binder transforms into a liquid and the wetting behaviour is essential
during this procedure and microstructural development. Porosity
removal, solution-reprecipitation and final densification also occur
during LPS [31].

Regarding the combination of both substitutional strategies, Ti(C,N)- 
Fe15Ni cermets have attained dense samples with a homogeneous 
microstructure, evidencing the excellent metal-ceramic wettability 
attained by Ni addition [32]. Moreover, the development of a core-rim 
structure in the carbide has been avoided, thus approaching the 
biphasic configuration of hardmetals [32,33]. Continuing with this 
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investigation line, the authors of this study proposed a flexible and 
systematic methodology to ease the task of designing and producing 
alternative hard materials [34]. It consists of three sequential steps, 
where the tools for thermodynamic simulation, validation and experi-
mental processing are integrated, as follows:  

• Step 1: Thermodynamic simulation of phase diagrams. It involves
calculation of metal-alloy phase diagrams and their combination
with predominant ceramic phases by means of the CALculation of
PHAse Diagrams (CALPHAD) method. The inclusion of new alloying
elements – Cr and Al – and different compositions were evaluated,
comparing the roles of WC and Ti(C,N). Compositions that fulfilled
certain prescribed criteria were selected for further study.

• Step 2: Validation of thermodynamic simulation. It allows to assess
the effectiveness of the simulation step.  

• Step 3: Processing of hard materials. It includes manufacturing of
various metal-ceramic combinations by PM following different
routes, until achieving an optimum balance of microstructural and
mechanical properties.

Focusing on the second step, validation of the simulation was per-
formed by means of three different experimental techniques: Differential 
Thermal Analysis-Thermogravimetry-Mass Spectroscopy (DTA-TG-MS), 
X-Ray Diffraction (XRD) at room and high temperature (RT and HT,
respectively), and high-temperature wettability tests. The main pur-
poses were (1) to check the predicted-experimental validity of phases
and transformation temperatures, and (2) to evaluate the interaction at
high temperature between metallic and ceramic phases. Concerning the
assessment of wetting behaviour, wettability or contact angle tests were
performed as a model of the metal-ceramic interaction at high temper-
ature. It is a cost-effective technique – in terms of material use – that
enables to assess the sinterability of a specific metallic binder-ceramic
phase system, as well as to study scenarios of different modifications
that may be needed. In doing so, a liquid promoter – bulk of the metal
binder – is placed on top of a solid – ceramic substrate. When temper-
ature is raised and a droplet forms, the contact angle between the surface
of the liquid and that of the solid can be measured, either by an adapted
camera to the equipment or after cooling by transversal characterisa-
tion. The value of this contact angle (θ) is determined by the superficial
tension of each phase taking part in the test – liquid, solid and vapour –,
as defined by Young in the 19th century and collected in Eq. (1), where
γsv, γsl and γlv are the solid-vapour, solid-liquid and liquid-vapour sur-
face tensions, also represented in Fig. 1:

γsv − γsl = γlvcosθ (1) 

There are three possible scenarios that can develop once the liquid – 
the metal – and the solid – the ceramic – are in contact: inert, reactive or 
dissolutive. Inert or static systems describe no reaction between the 
liquid and the solid. They show the actual wettability between the two 
phases, i.e., the one that depends exclusively on their initial physico-
chemical characteristics. Reactive systems are dynamic and take place 
when the liquid reacts with the solid, resulting in the formation of a new 
phase. Dissolutive systems are also of dynamic type and entail dissolu-
tion of the solid by the liquid phase. Wettability will be strongly 

governed by the effect impinged dynamically, either by the formation of 
a new phase or by the modification of the metal composition by solution- 
reprecipitation of the ceramic phase, leading to the variation of the 
surface energy of the liquid. Both wettability and solubility are key for a 
good metal-ceramic bonding and microstructure [32,35–37]. Previous 
contributions on this topic in the hard material field have shed para-
mount worth-noting light, and a brief review of them is now presented. 

Differences among TiC and TiN, the constituents of Ti(C,N) were 
investigated by Alvaredo et al. [32]. They assess the wetting scenario of 
Fe-TiC and Fe-TiN by contact-angle testing. It was evidenced that Fe-TiN 
led to an inert system, with a high angle value (θ = 93◦) that does not 
evolve throughout time. On the other hand, TiC-Fe wetting experiment 
showed a high initial contact angle (θ > 90◦) that decreases as a function 
of time. At the end of the test, an angle value of 3◦ could be measured. 
Moreover, scanning electron microscopy (SEM) characterisation of its 
interface revealed dissolution of TiC particles and metal infiltration into 
the substrate, yielding a composite structure. Testing of Fe-Ti(C,N) un-
veiled a combined TiN-TiC behaviour. Thus, a final contact angle of 60◦

was measured, and interfacial characterisation revealed a narrow 
composite region – 10 μm – where Ti(C,N) and Fe coexisted. Never-
theless, as commented before, the lack of wettability between Fe and Ti 
(C,N) can be improved by the addition of alloying elements, a field 
where Ni stands out as an excellent choice. This study indicated that Ni- 
Ti(C,N) assembly derived in a final contact angle of 10◦ and penetration 
into the ceramic substrate, giving sign of excellent wettability and 
binder-ceramic relation. As a consequence, inclusion of a 15 wt% of this 
element in the Fe-based bulk resulted in a synergy between both Fe/Ni- 
Ti(C,N) scenarios. An angle value θ = 24◦ was measured and combined 
dissolution-infiltration of the alloy in the substrate was discerned in a 
region of >100 μm wide. Another way of upgrading Fe-Ti(C,N) wetta-
bility is by the addition of secondary carbides, such as Mo2C and WC. 
This enhancement was also confirmed by Alvaredo et al. with the per-
formance of contact angle studies, where wettability improvement was 
evidenced by a decrease in the angle value. Carbide addition may either 
modify the solid-liquid surface tension or affect binder-carbide solubility 
[38–40]. 

Another relevant high-temperature wettability work in the hard-
metal field, employing WC as ceramic phase, is the one carried out by 
Konyashin and co-workers [41]. In this study, contact angles of Co on a 
WC substrate were assessed, corresponding to different C contents. Very 
interesting, wettability was impaired by C addition. Although melting of 
the metal occurred earlier with increasing C content, a slower spreading 
of liquid Co on the WC surface was observed. Hence, a higher angle 
value was measured after cooling. Moreover, these findings were related 
to carbide coarsening and sharp-edged morphology for sintered com-
posites with high C inclusion. An additional and remarkable work 
involving WC is the one conducted by Silva et al. [42], where contact 
angles of Cu-WC and Co-WC surfaces were evaluated, evidencing the 
improved wettability in the latter. Furthermore, effectiveness of WC-Co 
sputtered with WC as a recreation model of WC substrates was also 
assessed. From the perspective of the ceramic phase used in these 
studies, it is worth to highlight that in the present research work, the 
influence of C on metal-ceramic wettability has been assessed in Ti(C,N)- 
based systems – i.e., using Ti(C,N) substrates. To the best knowledge of 
the authors, there is not any study addressing such systems in the 
literature to date. 

In this work the evolution of novel Fe-based alloy compositions 
(metallic phase) as temperature was elevated on two different ceramic 
substrates - Ti(C,N) and WC - was recorded. In doing so, sintered bulks of 
two pre-designed metallic compositions – FeNiCr and FeCrAl – were 
placed on top of the referred ceramics. The study of the metal droplet 
evolution, as well as the transversal characterisation of the assembly 
after the completion of the test – for those samples that showed metal- 
ceramic adherence –, served to predict the sintering-stage effective-
ness of the different hard material configurations. As a result, FeNiCr 
evidenced excellent interaction with dissimilar wetting scenarios when 

LLiquid
(Binder)

Vapour
(Ar)

Solid
(Ceramic)

θ

γsv γsl

γlv

Fig. 1. Sketch of the equilibrium in the surface tension among the three phases 
– liquid (binder phase), solid (ceramic phase) and vapour (Ar) – involved in a
contact angle test [55].
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combined with each ceramic phase. On the other hand, FeCrAl alloy led 
to oxidation and hindering of wettability. These setups could also be 
evidenced and confirmed by inspecting the microstructure of the hard 
materials, obtained by processing each composition following a PM 
route. 

2. Experimental procedure 

Thermodynamic simulation was conducted with the purpose of 
designing binder and hard material compositions. In doing so, Thermo- 
Calc® software was used. Databases TCFE7 and TCFE9, developed for 
steels and Fe-alloys, were employed to simulate binder and composite 
phase diagrams. Effectiveness of the method and databases employed 
was confirmed by reproducing standardised WC-Co diagrams (Refs. [12, 
15, 43]), obtaining the exact same results. 

Once the binder and metal-ceramic combinations were designed, 
high-temperature wetting experiments were conducted. They are of 
great importance to understand the high-temperature behaviour be-
tween the two main phases, during LPS process, in the materials studied. 
The tests were carried out to melt the metallic phase and measure the 
contact angle of the molten metal on the ceramic phase [32,40,41]. This 
value is governed by surface tensions of the liquid metal binder, gas (Ar, 
in the present case) and ceramic substrate. 

As there are not any standards for high-temperature experiments, the 
procedures defined for low temperatures were followed [44,45]. Sessile 
drop technique was used [40,46] to measure the contact angle, as 
explained and depicted in Fig. 1. It was done by means of recording the 
formation and evolution of a metal drop on the surface of a solid sub-
strate through pictures and videos. In doing so, a metal bulk (40–70 mg) 
was placed on top of a binderless ceramic substrate and inserted in a 
tubular furnace with an inert atmosphere. As temperature was risen, a 
camera recorded the formation and evolution of the metal drop. The 
equipment used to conduct this test was Drop Shape Analysis for High 
Temperatures (DSAHT), from Krüss (Germany). A schematic illustration 
of the furnace and sample assembly is shown in Fig. 2. 

Metal bulk was manufactured by first mixing elemental powders in a 
Turbula® for 4 h. Elemental and prealloyed powders were used. The 
former were Fe (BASF, purity: 99.5%), Ni (CNPC Powder, purity: 
99.8%), Cr (Skyspring nanomaterials, purity: 99.5%) and Al (Skyspring 
nanomaterials, purity: >99.0%), and had a maximum D50 of 5 μm. The 
objective of selecting powders with such a low particle size was to 
promote their mixing and dispersion during the milling step. The pre-
alloy powder was Fe16Cr3Al, provided by Goodfellow (United 
Kingdom) and had a maximum particle size of 45 μm. All metal powders 
were gas atomised. After mixing, they were pressed uniaxially at 600 
MPa and sintered in a high-vacuum furnace (10− 5 mbar) at 1450 ◦C for 
1 h. This allowed the diffusion of elements and formation of the alloys, 
according to each composition. 

Binderless Ti(C,N) substrates were produced by Spark Plasma Sin-
tering (SPS) at Institute of Ceramic and Glass (ICV-CSIC, Spain). They 
were sintered at 1900 ◦C (100 ◦C/min) and 70 MPa with DR SINTER 
SPS-1050-CE Fuji Electronic Industrial (Japan) equipment, achieving a 
relative density of 99.5%. Binderless WC substrates were provided by 
Fraunhofer-Gesellschaft Institute (Germany). To conduct the contact- 
angle test, surface of substrates was ground and polished with dia-
mond paste down to 1 μm, to attain a smooth surface with no 

irregularities that could influence the final result. 
Before starting the test, the air inside the furnace tube was purged up 

to five times with Ar (purity: 99.999%) and a vacuum pump. A constant 
Ar flow was maintained throughout the experiment, ensuring the pres-
ence of an inert atmosphere. Fig. 3 details the heating cycle used in these 
tests. First, temperature was manually risen up to 300 ◦C, to promote 
temperature stabilisation and a correct matching between the software 
and thermocouple temperature values. Then, the programmed cycle was 
used, where different heating ramps were set to ensure a correct 
recording of the drop formation and evolution. A final temperature of 
1500/1600–1650 ◦C – depending on the binder and substrate compo-
sition – was achieved, after which the sample was cooled to RT under Ar 
flow, to avoid oxidation during the cooling stage. 

After cooling, the samples where a metal drop was formed, and a 
metal/ceramic assembly was achieved, were cut transversally and 
embedded in conductive resin. Their cross sections were prepared by a 
conventional metallographic route, which entailed grinding and pol-
ishing with diamond paste down to 1 μm. They were characterised in 
terms of their microstructure and composition, using a combination of 
Field-Emission Scanning Electron Microscopy (FESEM) and Energy 
Dispersive X-Ray (EDX), with the performance of mappings. FEI Teneo 
(Philips, Netherlands) equipment was used. 

Table 1 summarises the ceramic-metal combinations tested in this 
study. Regarding the comparison of binder phases, two different alloys 
were investigated: FeNiCr and FeCrAl. It should be noted that two 
FeCrAl compositions were studied: Fe15Cr10Al – using elemental 
powders, and Fe16Cr3Al – employing a prealloyed powder provided by 
Goodfellow (United Kingdom). Results were also contrasted with the 
ones obtained in a previous investigation with an Fe15Ni binder [32]. 
Moreover, the addition of extra C to the FeNiCr alloy when combined 
with Ti(C,N) was also studied. It is worth pointing out that C was added 
as graphite to the binder elemental powders before their mixing, and its 
percentage is indicated with respect to the metal phase. 

As a proof of concept, hard material microstructures with different 
binder and carbide compositions were prepared to correlate the sinter-
ing behaviour with the wetting ability. In doing so, FESEM-EDX tech-
niques were used. 

Discussion of the results obtained for C-addition samples was 
completed with DTA-TG-MS analyses. These tests were employed to 
check solidus and liquidus temperatures of the metal-ceramic system, 
both already estimated in the simulation step and observed during the 
wetting tests. Setaram Setsys Evolution (France) equipment was used. 
Samples, with a mass of 60–80 mg, were placed inside an alumina 
(Al2O3) crucible and heated up to 1600 ◦C at 20 ◦C/min. A pure Ar at-
mosphere was used (99.999%), with a flow of 40 ml/min to avoid 
oxidation and the distortion of the results. 

Fig. 2. Schematic illustration of the contact angle furnace and sample assem-
bly, adapted from Ref. [32]. 
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Fig. 3. Programmed heating cycle for the contact angle test.  
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It is worth mentioning that for Ti(C,N)-Fe15Ni10Cr contact angle 
using no C addition, Atomic Force Microscopy (AFM) and nano-
indentation techniques were also implemented. Results of this system 
and analyses can be consulted in Ref. [34]. 

In the case of WC samples, with the aim of reliable distinction of 
phases present as well as of possible porosity, the active layers of the 
back-scattered electron detector (CBS) of FEI Teneo FESEM were 
modified. CBS uses concentric segmentation of the detector diode to 
distinguish between backscattered electrons close to the beam axis 
(inner segment, preferentially composite contrast) and those scattered 
far from the beam axis (outer segment, more topographical signal). 
Fig. 4 shows a schematic illustration of the CBS detector layers, labelled 
as A, B, C and D, from inner to outermost ones. 

As an illustrative example, Fig. 5 shows the microstructure of a WC- 
Fe15Ni10Cr sample using the cited combinations of detectors/modes in 
FEI Teneo FESEM:  

Figure 5 (a) ‘CBS’ (BSE) detector and ’All’ mode, where all the layers 
are active. It refers to the normal BSE image with sup-
pressed topographical contrast and maximum atomic 
number contrast.  

Figure 5 (b) ‘CBS’ (BSE) detector and ’A+B-C-D’ mode. The obtained 
image is pseudo-topographical, with suppressed atomic 
number contrast and maximum topographical contrast. In 
this way, the final picture is a negative of the former image 
with all the detector layers activated. As it can be appre-
ciated, this last micrograph shows the same type of colours 
and contrast as with a Ti(C,N)-based sample – Ti(C,N)- 
Fe15Ni10Cr – using CBS/All mode, as seen in Fig. 5 (c). 

3. Results and discussion 

A summary of the results obtained for all metal-ceramic combina-
tions studied in this investigation is displayed in Table 2. This Results and 
discussion section will be divided into the two types of ceramic substrates 
employed, as indicated previously in Table 1: wettability on Ti(C,N) and 

wettability on WC. 

3.1. Wettability on Ti(C,N) 

This part will be devoted to present and discuss the results attained 
from the tests performed on Ti(C,N) substrates, focusing on the role 
played by each studied metal alloy, i.e., FeNiCr and FeCrAl, the latter 
using elemental and prealloyed powders. Effect of C addition on 
wettability will be also addressed and investigated in FeNiCr alloy. 

3.1.1. Ti(C,N)-FeNiCr 
Chromium was added in a 10 wt% to Fe15Ni alloy, whose high- 

temperature wetting behaviour was assessed on a Ti(C,N) substrate in 
Ref. [34], using no C addition. As evidenced in the cited investigation 
and can also be appreciated in Table 2, a metallic droplet was formed 
and a final angle value of 26◦ could be measured. This result confirmed a 
satisfactory wetting behaviour, accompanied by dissolution of Ti(C,N) 
particles, penetration of the binder into the ceramic substrate – 
measuring a layer of 336 ± 16 μm –, and carbide reprecipitation at the 
metal drop region. These reprecipitated carbides corresponded to TiC 
and M23C6/M7C3. The two-phase metal/ceramic region, formed be-
tween the metal-drop and Ti(C,N)-substrate single phases, resembles the 
two-phase microstructure obtained after sintering. It should be noted 
that the carbide-dissolving ability of the metal binder was observed in 
wettability studies carried out for a Ti(C,N)-Fe15Ni system [32], 
obtaining similar contact angle values and microstructure of the 
metallic-ceramic interface. This is the desirable situation according to 
German et al. [31] for a densification situation, where the liquid metal 
dissolves the grain boundaries of Ti(C,N) and solidifies upon cooling. 

Mapping analyses were performed in this study at 15 kV, repeating 
the ones carried out in a previous contribution by the authors [34], 
which was conducted at 12 kV. Results are displayed in Fig. 6. This time, 
Ti(C,N) phase appears in blue and binder phase can be seen in red. 
Moreover, a third phase could be spotted, coloured in yellow. This new 
region surrounded the ceramic particles at the substrate area and the 
secondary carbide that reprecipitated in the metal zone. Its composition, 
enriched in Cr, Ti and C suggests that it entails a small interphase be-
tween the ceramic and metallic phases, with inclusion of elements from 
both (preferentially from the binder). 

As a proof of concept, the microstructure of Ti(C,N)-FeNiCr system, 
obtained after processing by PM, is shown in Fig. 7. A homogeneous 
microstructure, with optimum carbide dispersion, can be appreciated. 
This correlates with the excellent metal-ceramic interaction observed at 
the contact angle test, given in terms of contact angle value and 
microstructure of the two-phase metal/ceramic region. 

The role of C addition. Aiming to study the effect of C addition in 
Fe15Ni10Cr binder, DTA-TG technique was implemented. These tests 
were carried out to blended-powder agglomerates (green samples) and 
sintered-alloy bulks, with and without C addition, to validate liquid 
phase formation simulated by Thermo-Calc® with respect to C content. 
Fig. 8 shows a correlation between the predicted solidus/liquidus tem-
peratures and the ones experimentally obtained by means of DTA-TG for 
the studied alloy, also detailed in Table 3. Endothermic peaks in the DTA 
plot indicate liquid phase formation. Onset and maximum melting 
temperatures – TONSET and TMAX, respectively – were calculated as 
depicted in the DTA graph, i.e., at the points where tangents to the curve 
crossed each other. They can be related to Thermo-Calc® (TC) solidus 
and liquidus temperatures, and relative comparison then being taken as 
validating action of the phase diagram [34]. Onset temperature may be 
linked to the solidus one, as this is the region where liquid phase starts to 
appear, coexisting with some solid phase remaining in the binder. 
Similarly, maximum and liquidus temperatures are comparable, as they 
indicate the state where the binder phase has completely transformed 
into liquid. As it can be observed, for 0 wt% C, both solidus and liquidus 

Table 1 
Summary of the wettability experiments performed.  

Phase under 
study 

Ceramic 
phase 

Metal phase Type of metal 
powders 

C addition* 
[wt%] 

Wettability on 
Ti(C,N) Ti(C,N) 

Fe15Ni10Cr 
Elemental 

0 
Fe15Ni10Cr 1 
Fe15Cr10Al 

0 Fe16Cr3Al Prealloy 

Wettability on 
WC WC 

Fe15Ni10Cr 
Elemental 

0 Fe15Cr10Al 
Fe16Cr3Al Prealloy  

* C added to the metal phase. 

Fig. 4. FEI Teneo software setting for CBS detector, showing the layers into 
which it is divided: A, B, C and D. In the picture, all the layers are activated 
(CBS/All). 
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temperatures virtually coincide in the phase diagram, indicated by the 
label NC. Meanwhile, as C content increases, so does the simulated range 
between Tsolidus and Tliquidus. At 1 wt% C, solidus and liquidus points are 
labelled as CL and CS respectively. 

Several conclusions can be extracted from these results:  

• First, although simulation predicted compositions without C to 
exhibit equal values for Tsolidus and Tliquidus (NC), experimental an-
alyses revealed that both compositions had different TONSET and 

TMAX (TONSET < TMAX), for both their powder agglomerate and sin-
tered bulk configurations.  

• C addition induced an increase in the radius of the onset curve, as 
compared to the sintered bulk without C. It implies a more gradual 
transition to the liquid state, in agreement with the wider range 
between solidus (CS) and liquidus (CL) temperatures, i.e., region L+ɣ, 
observed in the diagram. 

Fig. 5. FESEM micrographs of a WC-based hard material (WC-Fe15Ni10Cr) using the two combinations of detectors/modes: (a) CBS/All and (b) CBS/A+B-C-D. (c) Ti 
(C,N)-Fe15Ni10Cr micrograph using CBS/All mode and showing the same type of contrast as CBS/A+B-C-D for WC-Fe15Ni10Cr. 

Table 2 
Summary of results on contact angle evolution for all the wettability tests performed in this study. 

Ceramic 
substrate Metal alloy Contact angle evolution

Ti(C,N)

Fe15Ni10Cr-0C
(Elemental)

Fe15Ni10Cr-1C 
(Elemental)

Fe15Cr10Al-0C 
(Elemental)

Fe16Cr3Al-0C 
(Prealloy)

WC

Fe15Ni10Cr-0C 
(Elemental)

Fe15Cr10Al-0C 
(Elemental)

Fe16Cr3Al-0C 
(Prealloy) *

* Liquid phase and crater formation are indicated in light blue and orange, respectively.

1431 °C 1516 °C1483 °C63 °C

1440 °C 1523 °C 1590 °C1546 °C

1419 °C 1554 °C 1597 °C 1650 °C

1419 °C 1554 °C 1597 °C 1650 °C

185 °C 551 °C 1511 °C 1650 °C

1400 °C 1550 °C 1600 °C 1650 °C

300 °C 1405 °C 1418 °C 1500 °C
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• C addition led to a displacement of TMAX towards lower temperature 
values, a well-known effect of C [8,51]. This is also in total conso-
nance with TC predictions.  

• Liquidus temperatures of powder-blend and sintered-bulk coincide 
for 0 wt% C. This result may indicate maintenance of nominal con-
tent of the elements after sintering. Nevertheless, these experimental 
liquidus temperatures are higher than the ones predicted by Thermo- 
Calc®. This variation becomes more significant when C is added to 
the alloy, showing that the prediction is more accurate when no extra 
C is included. This phenomenon may be due to C loss as the material 
is heated, as also observed during the sintering of hard materials.  

• It can be noticed that, after the sintering, oxidation is avoided, as 
shown by the TG curves for powder agglomerate and sintered bulk at 
0 wt% C addition. The raw powder agglomerate gains mass, corre-
sponding to oxygen acquired in the heating stage. Contrarily, the 
sintered bulk does not experience this mass increment, as the solid- 
solution alloy tends to be more chemically stable and less reactive. 

Then, influence of C addition on wettability was assessed by means of 
contact-angle testing. In doing so, Fe15Ni10Cr – adding 1 wt% C to the 
metal phase – and a Ti(C,N) substrate were employed. Table 2 shows 
sequential images of the drop formation and evolution, captured by the 
camera adapted to the equipment. Four temperatures are shown: 63 ◦C 
(at the beginning of the test), 1431 ◦C, 1483 ◦C and 1516 ◦C. In this case, 
changes in the bulk shape started to be appreciable from 1300 ◦C on. At 
1431 ◦C, the TONSET value from DTA test, bulk configuration evolved to 
the state that can be seen in the image. As temperature was risen, a drop 
effectively formed, which took place at approximately 1478 ◦C. Thus, 
addition of C translated into an earlier drop formation with respect to 
the C-free composition, which occurred at 1523 ◦C approximately. 
Heating was continued until reaching 1600 ◦C, where a final contact 
angle of 14◦ could be measured in the images of the adapted camera. 
This result evidences an improved wettability with respect to the system 
without C, where the contact angle value was 26◦ [34]. 

Moreover, droplet had already flattened at 1516 ◦C, showing a 
different evolution from that evidenced for the Ti(C,N)-Fe15Ni10Cr 
system with no C addition [34]. This could be characterised quantita-
tively by representing the contact angle value as a function of temper-
ature for both compositions (Fig. 9). As it can be appreciated, addition of 
C promotes not only the decrease of the contact angle to lower tem-
peratures but also achievement of a lower final value, as stated before. 

After cooling, the resultant assembly was cut transversally, and the 
cross section was characterised by FESEM and EDX. Fig. 10 shows two 
FESEM images of (a) the metal drop profile and (b) the metal penetra-
tion layer into Ti(C,N) substrate. As it can be seen, there is a greater 
dissolutive capacity of the metal phase and penetration into the ceramic 
substrate, as compared to the assembly with no extra C. As a result, a 
diffusion layer of 636 ± 7 μm, almost 100% deeper than without C 
addition, is attained. 

Fig. 11 shows a mapping analysis (15 kV) of the metal-ceramic re-
gion, where the phases and elements distribution can be observed. As 
with the analysis of TiCN-FeNiCr-0C sample at 15 kV (Fig. 6), three 
phases were spotted: Phase 1 (red), involving Ti(C,N) particles and 
secondary carbides reprecipitated in the metal region; Phase 2 (blue), 
corresponding to the metallic binder; and Phase 3 (yellow), an inter-
phase that surrounds carbide particles. In the element-distribution 
analysis, the same pattern as with Ti(C,N)-Fe15Ni10Cr without C 

Fig. 6. Repetition of mapping analysis (Ref. [34]) of TiCN-Fe15Ni10Cr (0 wt% C) metal/ceramic region at 15 kV.  

Fig. 7. FESEM image (x5000, CBS) of Ti(C,N)-Fe15Ni10Cr microstructure, 
processed by powder metallurgy (attritor milling + SHIP) and using no C 
addition. 
SHIP = Sinter-Hot Isostatic Pressing. 
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addition is observed, i.e., substrate region shows mainly the presence of 
Ti, C and N. Carbides reprecipitated in the metal drop are mostly 
composed by Ti and C, whereas Fe, Ni and Cr are spotted in the metal 
region. 

Carbide reprecipitation was also observed in the metal drop, with 
two different morphologies: thick or agglomerated, and thin or needle- 
like carbides. Their composition, as well as that of the binder in that 
area, was analysed by EDX. Three measurements per region of interest 
were done: binder, thick and thin carbides, as displayed in Fig. 12 and 
Table 4. As it can be appreciated, thick carbides show a metal/carbon 
ratio similar to M7C3 carbide type. Another possibility is that they are 
essentially Ti(C,N) with a small inclusion of Fe. Last, thin carbides were 
found to exhibit a typical TiC configuration (with some incorporation of 
Fe), a composition also observed in the sample with no C for the thicker 
and more agglomerated carbides [34]. Furthermore, binder element 
content is virtually the same as for Ti(C,N)-Fe15Ni10Cr system without 
extra C [34], with a slightly higher C content in the present case (1 wt% 
C), as expected. It should be noted that both values are believed to be 
overestimated by the employed technique and parameters, given the 
analysed metallic area. 

Regarding the microstructure of the processed hard material, C 
addition did not lead to significant variations of either the key param-
eters – phase amount, carbide diameter or mean free path – or physical 
and mechanical properties, as evidenced in a previous investigation by 
the authors of this study [52]. 

3.1.2. Ti(C,N)-FeCrAl 
Aluminium was included in two Fe–Cr systems: Fe15Cr10Al – using 

elemental powders – and Fe16Cr3Al – employing prealloyed powders. 

Ti(C,N)-Fe15Cr10Al (elemental powders). This contact angle experiment 
was performed using a Ti(C,N) substrate and a Fe15Cr10Al bulk, 
employing elemental powders and no C addition. This analysis is 
included in Ref. [34], and a summary of the findings reported there are 
here included for comparison purposes. As explained in the cited pub-
lication and compiled in Table 2, the test was carried out up to 1650 ◦C, 
as simulated and DTA (sintered bulk) liquid-formation temperatures 
were higher for this composition [34]. Nevertheless, the metal sample 

Fig. 8. FESEM images (x5000) in BSE (left) and SE (right) modes of Ti(C,N)-Fe15Cr10Al + 1 wt% C sample processed following a powder metallurgy route 
(planetary milling + high-vacuum sintering). In the latter, oxide formation is indicated by red circles. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Table 3 
DTA onset and maximum melting temperatures of binder milled powders and 
sintered bulks. Thermo-Calc® (TC) solidus and liquidus temperatures are also 
listed, for comparison purposes.  

Composition Sample type TC temperatures DTA temperatures 

Tsolidus 

[◦C] 
Tliquidus 

[◦C] 
TONSET 

[◦C] 
TMAX 

[◦C] 

Fe15Ni10Cr 0 
wt% C 

Powder 
agglomerate 1476 (NC) 1474 1492 

Sintered bulk 1470 1491 
Fe15Ni10Cr-1 

wt% C 
Sintered bulk 1259 

(CS) 
1402 
(CL) 

1431 1441  
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elgnatcatno
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 Ti(C,N)-Fe15Ni10Cr: 0 wt.% C
 Ti(C,N)-Fe15Ni10Cr: 1 wt.% C

Contact angle evolution

Increasing C content

Fig. 9. EDX-mapping of Ti(C,N)-Fe15Cr10Al hard material, showing the ele-
ments distribution and confirming oxide formation. 
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did not reach its melting point, probably due to oxidation that this 
particular alloy composition may experience [16]. There was not any 
droplet formation; hence, a contact angle could not be measured. 
Moreover, after cooling there existed no attachment between metallic 
and ceramic systems; thus, neither transversal cut nor corresponding 
study could be performed. Nevertheless, a slight trace of interaction 
from the binder phase could be observed on the substrate surface. 

Processing of this composition – following a conventional PM route – 
led to the microstructure displayed in Fig. 13. It is worth noting that 1 wt 
% of extra C was added to the material, with the purpose of lowering 
solidus/liquidus temperatures, avoiding oxidation (by combination of C 

and O), and enhancing the sintering behaviour. However, as it can be 
seen, this composition still led to the formation of large regions of 
aluminium oxide, yielding poor wettability and porous microstructures, 
as it could be expected from the wetting experiment. EDX-mapping 
analysis, collected in Fig. 14, confirmed the nature of inclusions 
observed in the SE image of Fig. 13, which corresponded to aluminium 
oxides. Moreover, an uneven distribution of the other alloying elements, 
i.e., Fe and Cr, was discerned. It should be highlighted that there seems 
to be a lower volume of binder phase after sintering than for the case 
where the FeNiCr composition was involved. There are several hy-
potheses that may explain this phenomenon. One refers to the fact that 

Fig. 10. Ti(C,N)-Fe16Cr3Al hard material phase diagram, using 80 vol% of ceramic phase. Dashed blue line indicates theoretical C content present in the hard 
material with no C addition. Blue highlighted areas indicate optimum C-windows at 1000 ◦C. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 11. FESEM-EDX analysis of Ti(C,N)-Fe16Cr3Al (0 wt% C) contact angle. Three zones of interest are indicated in the stitching: (a) carbide reprecipitation, (b) 
alumina layer at the ceramic-metal limit area, and (c) metal diffusion layer in the ceramic substrate. 
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the binder phase has been dissolved in the ceramic one, aided by the 
presence of Al. This dissolution of liquid phase (binder) into the solid 
one (ceramic) would explain the lack of densification during sintering 
[31]. According to the mapping images (Fig. 14), Al appears to be 
concentrated in the oxides but also distributed throughout the com-
posite material. A more accurate presence or lack of Al in metal/ceramic 
phases could be confirmed by Transmission Electron Microscopy (TEM), 
but such study was out of the scope of the present investigation. Other 
hypotheses could be related to the sublimation of Al – as its triple point is 
placed at 933 K [47] – or its migration and concentration at oxide re-
gions, as evidenced in the mapping images of Fig. 14. 

Ti(C,N)-Fe16Cr3Al (prealloyed powders). In the light of Fe15Cr10Al re-
sults – and with the purpose of reducing the oxygen introduced by 

elemental Al powder – a prealloyed powder containing less Al was used - 
Fe16Cr3Al. Fig. 15 shows the phase diagram of Ti(C,N)-Fe16Cr3Al hard 
material, employing 80 vol% of ceramic phase. Theoretical C content – 
without C addition – is indicated by a blue discontinuous line in the 
diagram. These C values represent the ideal scenario where metallic 
powders are considered to contain no C, and Ti(C,N) composition co-
incides with its theoretical setup. As cemented carbide microstructures 
are considered to ‘freeze’ around 1000 ◦C [48–50], optimum C-content 
windows – where graphite precipitation is avoided – are highlighted in 
blue in this temperature range. It should be noted that, as compared to 
Fe15Cr10Al binder, the prediction of formation of AlN is somehow more 
limited. Moreover, this composition also shows lower solidus and liq-
uidus temperatures than for the case corresponding to the Fe15Cr10Al 
alloy [34]. 

Wettability of this alloy – using no C addition – on a Ti(C,N) substrate 
was tested. Table 2 collects the evolution of the bulk morphology as 
temperature was risen, until reaching a value of 1650 ◦C. As it can be 
seen, a drop was not formed. However, the metal sample gradually 
changed its shape until there was not any gap between its bottom part 
and the ceramic substrate. After test completion, it could be checked 
that, although no droplet formed, there existed an attachment between 
the bulk and the substrate; thus, a transversal cut of the assembly was 
made to study its cross-section. 

Fig. 16 displays a stitching of the transversal section of metal- 
ceramic assembly resulting from the contact angle test. Three regions 
of interest are pointed out and analysed: 

Fig. 12. Mapping analysis of the outermost surface of the metal bulk in Ti(C,N)-Fe16Cr3Al (0 wt% C) contact angle. An aluminium oxide layer formed during the 
contact angle test between Bakelite (top and black region) and the metal area (bottom and light-grey zone). 

Table 4 
EDX analysis of the areas and spots indicated in Fig. 12.  

Element Thick carbide (spots) Thin carbide (spots) Binder (areas) 

Ti 41.38 ± 0.48 42.07 ± 2.48 2.85 ± 1.15 
C 35.26 ± 2.90 56.61 + 2.39 23.42 ± 0.70 
N 23.05 ± 3.43 – – 
Fe 0.31 ± 0.28 1.31 ± 0.18 56.50 ± 2.73 
Ni – – 9.74 ± 0.93 
Cr – – 7.49 ± 0.07 
Total at% 100 100 100  

Fig. 13. Microstructure and EDX-mapping of Ti(C,N)-Fe16Cr3Al hard material, processed using a powder metallurgy route (planetary milling + SHIP).  
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Figure 12 (a) Carbide reprecipitation in the metal area. EDX analysis of 
the carbides showed that there existed two types of Cr- 
rich carbides: M3C2 (Spot 1) and M23C6 (Spots 2 and 3). 
These carbide configurations were predicted in the hard 
material phase diagram (Fig. 15). Extra analysis of other 
carbides also revealed the formation of TiC, as observed in 
Ti(C,N)-Fe15Ni10Cr system. Moreover, analyses of three 
different areas were performed in the binder. As it can be 
appreciated, Al is lost, as only 1 wt% of this element re-
mains in this metal region. This result confirms the 
microstructural scenario observed for Ti(C,N)-Fe15C-
r10Al + 1 wt% C (Fig. 13), i.e., the apparent loss of binder 
phase and elements after sintering.  

Figure 12 (b) At the region where the metal and the ceramic phases 
meet, a third phase was spotted. EDX analysis and cor-
responding mappings revealed that it entailed the for-
mation of an aluminium oxide layer, particularly of 

Al2O3. This finding allows to speculate about the location 
of the Al that escaped the metal. Moreover, it would also 
explain the no-formation of a metal drop, as a layer of this 
oxide was also observed to be surrounding the exterior 
part of the bulk – as confirmed by EDX analysis and cor-
responding mapping (Fig. 17) – hindering a complete 
liquidus and droplet formation. This phenomenon also 
demonstrates and confirms the reason for the absence of 
any droplet in all the other contact angle tests of this 
project where the binder contained Al, i.e., the high af-
finity between this element and oxygen. In accordance 
with the hypothesis of the formation of Al oxides, the 
removal of Al from the metal binder is confirmed, as 
enlightened also in the mappings of Fig. 14.  

Figure 12 (c) Last region consists of the metal penetration or diffusion 
layer into the substrate, responsible for the attachment of 
the bulk to the substrate. It points out a good interaction 

Fig. 14. Correlation between Fe15Ni10Cr solidus/liquidus temperatures, from (a) simulated phase diagrams and (b) DTA-TG analyses, with and without C addition. 
Tsolidus and Tliquidus are indicated in TC diagrams for compositions without C (NC, No Carbon) and with C (CS and CL, respectively). DTA graph shows a detail of 
TONSET and TMAX calculation. 

Fig. 15. Comparison of the contact angle evolution of Ti(C,N)-Fe15Ni10Cr system with and without C addition.  
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Fig. 16. FESEM images of Ti(C,N)-Fe15Ni10Cr (1 wt% C) contact angle cross-section, with measurements of (a) droplet-substrate angle and (b) metal penetra-
tion layer. 

Fig. 17. Mapping analysis (15 kV) of Ti(C,N)-Fe15Ni10Cr (1 wt% C) metal/ceramic region showing the present phases and elements distribution.  
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between FeCrAl and Ti(C,N). A mean depth of 198 ± 27 
μm was determined. It is believed that the formation of 
the alumina layer impeded diffusion; and thus, to get a 
thicker binder layer. 

Processing of the hard material led to the heterogeneous micro-
structure observed in Fig. 18. As it can be appreciated, aluminium-oxide 
formations – as confirmed by EDX-mapping analyses – surrounded 
binder pools. Porosity could also be spotted and measured. It should be 
noted that extra C was also used in this processed sample. The large 
binder areas point out a compromised metal-ceramic wettability. These 
findings are in consonance with the ones observed in the wetting test 
and showed the improvement in metal-ceramic interaction with respect 
to the elemental composition (Fe15Cr10Al). The prealloyed system 
revealed that, although no droplet effectively formed, higher fusion 
resulted in the attachment of the metal bulk to the ceramic substrate. 
This translated into an improved sintering behaviour, as compared to 
that resulting for the system involving Fe15Cr10Al, but eventually it 
could not achieve a competitive metal-ceramic microstructure. 

3.2. Wettability on WC 

Contact-angle tests were also performed on WC substrates with the 
purpose of comparing the wettability scenario with respect to Ti(C,N) 
ones. In doing so, Fe15Ni10Cr, Fe15Cr10Al and Fe16Cr3Al alloys, 
without C addition, were studied. Thus, as performed with Ti(C,N), this 
section will be divided into the two types of alloys employed: FeNiCr and 
FeCrAl. 

3.2.1. WC-FeNiCr 
Wettability of Fe15Ni10Cr binder, with no addition of C, was eval-

uated on a WC substrate. Contact angle evolution for this assembly, 
collected in Table 2, shows the formation of the liquidus phase and its 
evolution for this composition, which took place around 1400 ◦C. Hence, 
heating was stopped at 1500 ◦C, to keep a similar temperature range of 
approximately 100 ◦C between the drop formation and final tempera-
ture, as performed with systems involving Ti(C,N) as the ceramic phase. 
In this case, an effective droplet was not formed. Instead, the metallic 
bulk in contact with the ceramic substrate – i.e., at the metal-ceramic 
interface – gradually melted, spreading over the ceramic surface and 
infiltrating into the substrate. Very interesting, previous studies revealed 
a different wetting dynamic of Co [41] and Cu [42] as binder phases on 
WC-based substrates, where a droplet between the molten metal and the 
ceramic was observed and a contact angle value could be effectively 
measured. With respect to carbide comparison, it is also worth noting 

this dissimilar behaviour with respect to Ti(C,N) substrate in the present 
study, which is believed to be related to the different transition of the 
binder to liquidus state, as shown in the phase diagrams of the com-
posites [34]. As it can be seen, at 0 wt% of extra C addition this binder 
evolution is gradual in the case of Ti(C,N)-Fe15Ni10Cr, attaining the 
mixed L + ɣ region before completely transforming into liquid. 
Contrarily, for WC-Fe15Ni10Cr composition, there is a direct trans-
formation ɣ → L at 1243 ◦C for this C content. At the surface, no effective 
measurement of a contact angle could be performed; thus, it could be 
estimated to be 0◦, giving sign of very good metal-ceramic wettability. 
Moreover, the dissimilar wetting behaviour of FeNiCr on Ti(C,N) and 
WC can be also explained by the developed surface energies among the 
binder, the ceramic phase and their boundary region, as explained by 
Gren and Wahnström [53]. They relate the spreading parameter (S) of 
the liquid metallic phase (M) on the solid ceramic substrate (WC, in their 
study) to the difference of dry and wet interfacial energies. This is 
described in Eq. (2), where σWC stands for the surface energy of WC, γWC/ 

M for WC/M phase-boundary energy, and σM for the binder surface 
energy: 

S = σWC −
(

γWC/M + σM

)
(2) 

If S > 0, indicating that the interface energy is larger in the dry case, 
there is perfect wetting. In the present investigation, this scenario would 
correspond to what observed in WC-FeNiCr assembly, thus confirming 
that positive wetting behaviour. On the other hand, if S < 0, there is only 
partial wetting, described by the contact angle θ and Young’s equation 
(Eq. (1)), the scenario observed for Ti(C,N) in the present investigation. 

After cooling, the sample was cut transversally to study its cross 
section by FESEM and EDX. For the analysis of this sample, CBS detector 
in ’A+B-C-D’ mode was used, as explained in the Experimental procedure 
section. The high magnification needed to correctly spot the metal 
binder complicated the measurement of the metallic diffusion layer. It 
could be finally estimated by performing a stitching of FESEM images of 
the whole transversal section. FeNiCr was found to diffuse up to 2 mm 
from the top ceramic surface, giving sign of excellent metallic-ceramic 
interaction by dissolution and diffusion phenomena. It also worth 
noting the irregularity of the top surface of the contact angle. Fig. 19 
shows FESEM images of the cited region at two different magnifications. 
Image (a) corresponds to the lower magnification one, i.e., x250. Due to 
the CBS mode employed – ’A+B-C-D’ –, the mounting resin (Bakelite) 
used to embed the sample is shown in white colour. On the other hand, 
ceramic and metallic phases can be appreciated in different grey nu-
ances. Image (b) shows a higher magnification of this area, i.e., x2000. A 
yellow rectangle surrounds the metal-ceramic region that will be 

Fig. 18. FESEM images indicating the analysed areas and spots in the metal drop of Ti(C,N)-Fe15Ni10Cr (1 wt% C) contact angle.  
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characterised hereinafter by mapping and EDX analyses. 
Fig. 20 displays a FESEM image and mapping analysis of the type of 

area highlighted in Fig. 19, which has been rotated 90◦. As it can be 
observed, two phases were spotted, corresponding essentially to WC and 
FeNiCr binder. Nevertheless, as the FESEM image reveals, three distinct 
phases with different contrasts were discerned. They were separately 
analysed by EDX, labelling each zone as A (binder), B (WC particles) and 
C (a transition-like region). Composition in at% of these zones is listed in 
Table 5. The third phase, C, is believed to correspond to eta-phase 
(η-phase), as a previous publication addressing a WC-FeNiCr composi-
tion has reported a similar C content for this phase [54]. An additional 
experimental fact supporting the ceramic nature of this phase is its 
contrast when all the detectors of the FESEM are activated. Fig. 21 shows 
the same analysed region but using ’All’ mode of the CBS detector. As it 
can be appreciated, phase C is also visible and shows a similar – although 
slightly darker – contrast to WC particles (B). Interestingly, this exper-
imental result differs from Thermo-Calc® prediction for M6C composi-
tion in WC-Fe15Ni10Cr hard material, as Table 6 shows. Nevertheless, 
this discrepancy may lie on the fact that a fixed composition is used in 
the prediction whereas, in the case of the contact angle test, carbide/ 
binder ratio varies depending on the observed or analysed region. 
Another hypothesis entails the overestimation of the C content measured 

by EDX (Table 5), especially noticeable in the analysis of the binder 
(point A) and WC phase (point B), where 50 and 80 at% of C were ob-
tained, respectively. This was also observed in the C content of the 
binder area in Table 4. 

Fig. 22 collects FESEM-CBS images – in ’All’ and ’A+B-C-D’ modes, 
respectively – of the microstructure of a WC-Fe15Ni10Cr, after pro-
cessing by PM. As it can be seen, they display homogeneous micro-
structures and an excellent dispersion of the carbides in the binder 
phase. Differences can be noted between the final sintered structures for 
Ti(C,N)-Fe15Ni10Cr (Fig. 7) and this WC-based sample, in agreement 
with the dissimilar wetting scenarios observed in the contact angle test 

Fig. 19. FESEM images (CBS, ’A+B-C-D’ mode) of the top surface of WC-Fe15Ni10Cr (0 wt% C) contact angle. Two different magnifications are shown: (a) x250 and 
(b) x2000. Bakelite and hard material phases are indicated. In the latter, the type of area analysed hereinafter is pointed out by a yellow rectangle. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 20. FESEM image (CBS, ’A+B-C-D’ mode) of the contact angle region analysed by EDX, showing the three zones of interest – A, B and C –, and mapping analysis 
of WC-Fe15Ni10Cr (0 wt% C) metal/ceramic region displaying the phases present as well as element distribution. 

Table 5 
EDX analysis (at%) of A, B and C zones labelled in Fig. 20.  

Element A B C 

W 12.66 ± 1.88 19. 05 ± 2.16 15.36 ± 1.77 
C 49.74 ± 8.72 80.41 ± 2.81 60.39 ± 5.29 
Fe 27.86 ± 5.38 0.54 ± 0.94 17.86 ± 2.34 
Ni 7.43 ± 1.30 – 3.02 ± 0.37 
Cr 2.31 ± 0.28 – 3.37 ± 0.90 
Total [at%] 100.00 100.00 100.00  
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results. On the one hand, contact angle experiments on systems 
involving Ti(C,N) substrates showed a proper wettability scenario – with 
an angle value of 26◦ – and clear metal-ceramic interaction, where 
solution-reprecipitation phenomena could be evidenced. On the other 
hand, wettability tests made on systems using WC substrates yielded an 
even lower angle value – 0◦ –, where dissolution of smaller carbide 
particles could also be appreciated. Thus, even though the same amount 
and mean particle size of ceramic phase was introduced in the powder 
mixtures, the dissimilar wettability, dissolutive behaviour and metal- 
ceramic interaction during LPS experienced by these distinct hard 
phases explain the final different features observed. 

3.2.2. WC-FeCrAl 
As conducted with Ti(C,N) phase, two FeCrAl compositions were 

tested on WC: Fe15Cr10Al – using elemental powders – and Fe16Cr3Al – 

employing prealloyed ones. 

WC-Fe15Cr10Al (elemental powders). For Fe15Cr10Al alloy, using no C 
addition and tested on a WC substrate, final heating temperature was 
1650 ◦C. As displayed in Table 2, although intensive heating was 
imposed, no droplet formed. There were slight changes in the 
morphology of the bulk, especially noticeable in the bottom part of the 
metal bulk. However, there was no trace of liquid phase formation or 
wetting on the ceramic substrate. Hence, the same results were attained 
by this alloy, independent of the hard phase employed. There was not 
any attachment of the bulk to the ceramic substrate. 

In the light of the oxidation that occurred in the Ti(C,N)-Fe15Cr10Al 
sample (Fig. 13 and Fig. 14), WC-Fe15Cr10Al samples were not pro-
cessed. Instead, the prealloyed powder – Fe16Cr3Al – was directly used 
for the study of the WC-FeCrAl system. 

WC-Fe16Cr3Al (prealloyed powders). Following the above ideas, the 
prealloy composition was tested on a WC substrate, adding no extra C, as 
it has been previously performed with Ti(C,N) substrate. WC-Fe16Cr3Al 
phase diagram is displayed in Fig. 23. As observed for the Ti(C,N)-based 
composition, Fe16Cr3Al shows lower solidus and liquidus temperatures 
than the hard materials combined with the Fe15Cr10Al alloy [34]. 

The high-temperature experiment was also carried out until reaching 
1650 ◦C. Adapted camera pictures of this metal-ceramic assembly can be 
retrieved in Table 2. At 185 ◦C, the initial morphology of the system may 
be seen. When a temperature of 551 ◦C is attained, slight fusion can be 
appreciated in the left part of the bulk-substrate contact line, indicated 
by a light-blue arrow in the image. No significant changes are spotted 
until 1508 ◦C, where massive melting at the base of the metal specimen 
can be evidenced, also highlighted by light-blue arrows, as the third 
image displays. Finally, at 1650 ◦C, some formations can be recognised. 
They seem to be linked to oxidation of the liquid phase that previously 
formed. 

The findings discerned after test completion evidenced that no metal 
bulk was adhered to the ceramic substrate and a crater was spotted 
where it was placed, coinciding with the formations observed in the 
contact angle camera. There was trace of binder interaction or wetta-
bility on the surface of the ceramic substrate, more evidently than in the 
cases where Fe15Cr10Al alloy and Ti(C,N)-Fe16Cr3Al system were 
involved. Such experimental fact indicates a better wetting behaviour of 
the prealloy with respect to the elemental composition, as expected from 
the earlier fusion observed in the images from the adapted camera. 
Nevertheless, oxide formation also took place, as evidenced in the bulk 
of Ti(C,N)-Fe16Cr3Al sample, and in a more abrupt manner, as indicated 
by the crater formation. Neither droplet nor attachment of the metal 
occurred; hence, no characterisation of the cross-section could be 
performed. 

Fig. 21. FESEM image (CBS, ’All’ mode) showing the same analysed region of 
WC-Fe15Ni10Cr (0 wt% C) contact angle but activating all the layers of the 
FESEM detector. 

Table 6 
Thermo-Calc® predicted molar fraction for 
M6C compound in WC-Fe15Ni10Cr hard 
material with 0 wt% C addition (5.44 wt% C) 
at 1000 ◦C.  

Element M6C 

W 36.22 
C 14.29 
Fe 40.97 
Ni 4.23 
Cr 4.29 
Total 100.00  

Fig. 22. FESEM micrographs (x5000) of WC-Fe15Ni10Cr samples, processed following a PM route (attritor milling + SHIP). Images in both CBS modes, ’All’ (left) 
and ’A+B-C-D’ (right), are shown. 
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Fig. 24 gathers information on microstructure and EDX-mapping 
analysis of the WC-Fe16Cr3Al processed sample. A heterogeneous sce-
nario is clearly depicted. As for the Ti(C,N)-Fe16Cr3Al system, black 
inclusions of aluminium oxide could be spotted, either within or sur-
rounding binder pools. Nevertheless, these binder areas appear to be 
smaller and more dispersed than for the Ti(C,N)-based sample, pointing 
out a slightly improved wettability of FeNiCr on WC. This is in agree-
ment with the more pronounced metallic diffusion on the surface of WC 
substrate, as compared to the Ti(C,N) one in contact angle tests. It should 
be noticed that different C contents were studied, but neither full density 
nor a homogeneous microstructure was achieved with none of them. 

4. Conclusions 

In this investigation, high-temperature wettability of different con-
figurations of hard materials – employing Fe-based binders, and Ti(C,N) 
or WC as ceramic phase – were analysed. These contact angle tests 
belong to the validation step of a methodology proposed by the authors 
in a previous contribution [34] for the design and production of 

alternative hard materials. Wetting experiments were conducted and 
corresponding results were presented using either binder or ceramic 
phases as experimental variable. On the one hand, tests involving 
FeNiCr/FeCrAl alloys – employing Ti(C,N) as hard phase – were con-
trasted. Here, the effect of C addition on wettability was also assessed. 
On the other hand, tests on WC- FeNiCr/FeCrAl samples were carried 
out, and experimental findings were compared to those previously re-
ported in Ti(C,N) samples. As a proof of concept, contact angle results 
were linked to the final microstructures obtained after processing the 
samples by PM. The following conclusions could be drawn: 

Binder comparison  

• Fe15Ni10Cr binder evidenced a satisfactory wetting behaviour on Ti 
(C,N), achieving a low contact angle accompanied by dissolution of 
Ti(C,N) particles, penetration of the binder into the ceramic sub-
strate, and carbide reprecipitation at the metal drop region. 

Fig. 23. WC-Fe16Cr3Al hard material phase diagram, using 80 vol% of ceramic phase. Dashed blue line indicates theoretical C content present in the hard material 
with no C addition. Blue highlighted area indicates optimum C-window at 1000 ◦C. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 24. Microstructure and EDX-mapping of WC-Fe16Cr3Al hard material, processed using a powder metallurgy route (planetary milling + SHIP).  
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• C addition led to an improvement of the wettability scenario, with a 
reduction in the contact angle value and an extension of the metal 
diffusion layer into the ceramic substrate.  

• Fe15Cr10Al phase gave sign of oxidation that hindered an accurate 
wettability assessment. Neither droplet nor adhesion between the 
metal bulk and either substrate took place. The metal experienced 
some fusion or morphology change, leaving a slight trace of its 
presence on the ceramic substrate. However, no further effects were 
discerned.  

• With the purpose of avoiding oxidation, a prealloy powder with 
composition Fe16Cr3Al was employed. Assessment of its wetting 
behaviour on a Ti(C,N) substrate revealed that, although no droplet 
effectively formed, higher fusion resulted in the attachment of the 
metal bulk to the ceramic substrate. Evaluation of its transversal cut 
allowed to identify a layer of Al oxide surrounding the metal bulk, 
confirming the inability to form a droplet due to oxidation. Carbide 
reprecipitation in the metal region and binder diffusion into the 
substrate were observed, indicating a good ceramic-metallic inter-
action shaded by the affinity of aluminium to oxygen. 

Carbide comparison  

• Testing of FeNiCr binder with WC substrate resulted in complete 
melting and spreading of the metal on the ceramic surface, esti-
mating a final 0◦ contact angle.  

• As with Ti(C,N), in WC-Fe15Cr10Al sample, oxidation hindered a 
correct assessment of wettability and attachment of the metallic bulk 
to the ceramic substrate.  

• In the case of WC-Fe16Cr3Al system, neither droplet nor attachment 
of the metal occurred. Nevertheless, there was more evident trace of 
binder interaction or wettability on the surface of the ceramic sub-
strate than with Ti(C,N). This suggested a better wetting behaviour 
with WC phase. 

Microstructural inspection of the samples after processing by PM 
revealed excellent consonance between contact angle and sintering 
scenarios. Thus, the effectiveness of contact angle testing for the pre-
diction and modelling of hard material sinterability is validated in this 
study. 
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I. Gherghilescu, G.A. Stanciu, Corrosion resistance appraisal of TiN, TiCN and 
TiAlN coatings deposited by CAE-PVD method on WC-Co cutting tools exposed to 
artificial sea water, Appl. Surf. Sci. 358 (2015) 572–578, https://doi.org/10.1016/ 
j.apsusc.2015.08.041. 

M. de Nicolás-Morillas et al.                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0263-4368(22)00305-5/rf0005
http://refhub.elsevier.com/S0263-4368(22)00305-5/rf0005
http://refhub.elsevier.com/S0263-4368(22)00305-5/rf0005
http://refhub.elsevier.com/S0263-4368(22)00305-5/rf0010
http://refhub.elsevier.com/S0263-4368(22)00305-5/rf0010
http://refhub.elsevier.com/S0263-4368(22)00305-5/rf0010
http://refhub.elsevier.com/S0263-4368(22)00305-5/rf0010
http://refhub.elsevier.com/S0263-4368(22)00305-5/rf0010
https://ec.europa.eu/growth/sectors/chemicals/reach/review_en
https://ec.europa.eu/growth/sectors/chemicals/reach/review_en
https://ntp.niehs.nih.gov/
https://ntp.niehs.nih.gov/
https://ntp.niehs.nih.gov/
http://refhub.elsevier.com/S0263-4368(22)00305-5/rf0030
http://refhub.elsevier.com/S0263-4368(22)00305-5/rf0030
https://doi.org/10.1016/j.ijrmhm.2016.12.005
https://doi.org/10.1016/j.ijrmhm.2016.12.005
https://doi.org/10.1016/j.ijrmhm.2018.12.004
https://tradingeconomics.com/commodities
https://doi.org/10.1016/S0925-8388(97)00360-5
https://doi.org/10.1016/S0925-8388(97)00360-5
https://doi.org/10.1016/j.jmatprotec.2009.08.003
https://doi.org/10.1016/j.ijrmhm.2014.07.007
https://doi.org/10.1016/j.ijrmhm.2014.07.007
https://doi.org/10.1016/S0263-4368(00)00002-0
https://doi.org/10.1016/S0921-5093(97)00833-2
https://doi.org/10.1016/j.ijrmhm.2011.02.004
https://doi.org/10.1016/j.ijrmhm.2011.02.004
https://doi.org/10.1016/j.intermet.2015.06.023
https://doi.org/10.1016/j.intermet.2015.06.023
https://doi.org/10.1016/j.ceramint.2014.09.022
https://doi.org/10.1016/j.ceramint.2014.09.022
https://doi.org/10.1016/j.ijrmhm.2020.105434
https://doi.org/10.1016/j.ijrmhm.2020.105434
https://doi.org/10.1016/j.ijrmhm.2020.105320
https://doi.org/10.1016/j.ijrmhm.2020.105320
http://refhub.elsevier.com/S0263-4368(22)00305-5/rf0100
http://refhub.elsevier.com/S0263-4368(22)00305-5/rf0100
https://doi.org/10.1016/j.apsusc.2015.08.041
https://doi.org/10.1016/j.apsusc.2015.08.041


International Journal of Refractory Metals and Hard Materials 111 (2023) 106081

17

[22] Z. Zhao, J. Liu, H. Tang, X. Ma, W. Zhao, Effect of Mo addition on the 
microstructure and properties of WC-Ni-Fe hard alloys, J. Alloys Compd. 646 
(2015) 155–160, https://doi.org/10.1016/j.jallcom.2015.05.277. 

[23] P.K. Samal, J.W. Newkirk (Eds.), ASM Handbook, Volume 7: Powder Metallurgy, 
ASM International, Ohio (USA), 2015. 

[24] J.E. Cho, S.Y. Hwang, K.Y. Kim, Corrosion behavior of thermal sprayed WC cermet 
coatings having various metallic binders in strong acidic environment, Surf. Coat. 
Technol. 200 (2006) 2653–2662, https://doi.org/10.1016/j.surfcoat.2004.10.142. 

[25] C.M. Fernandes, V. Popovich, M. Matos, A.M.R. Senos, M.T. Vieira, Carbide phases 
formed in WC–M (M = Fe/Ni/Cr) systems, Ceram. Int. 35 (2009) 369–372, https:// 
doi.org/10.1016/j.ceramint.2007.11.001. 

[26] S. Chen, W. Xiong, Z. Yao, G. Zhang, X. Chen, B. Huang, Q. Yang, Corrosion 
behavior of Ti(C,N)-Ni/Cr cermets in H2SO4 solution, Int. J. Refract. Met. Hard 
Mater. 47 (2014), https://doi.org/10.1016/j.ijrmhm.2014.07.010. 

[27] C.M. Fernandes, A. Rocha, J.P. Cardoso, A.C. Bastos, E. Soares, J. Sacramento, M.G. 
S. Ferreira, A.M.R. Senos, WC-stainless steel hardmetals, Int. J. Refract. Met. Hard 
Mater. 72 (2018) 21–26, https://doi.org/10.1016/J.IJRMHM.2017.11.046. 

[28] R. de Oro Calderon, A. Agna, U.U. Gomes, W.D. Schubert, Phase formation in 
cemented carbides prepared from WC and stainless steel powder – an experimental 
study combined with thermodynamic calculations, Int. J. Refract. Met. Hard Mater. 
80 (2019) 225–237, https://doi.org/10.1016/j.ijrmhm.2019.01.012. 

[29] A.M.F. Rocha, A.C. Bastos, J.P. Cardoso, F. Rodrigues, C.M. Fernandes, E. Soares, 
J. Sacramento, A.M.R. Senos, M.G.S. Ferreira, Corrosion behaviour of WC 
hardmetals with nickel-based binders, Corros. Sci. 147 (2019) 384–393, https:// 
doi.org/10.1016/j.corsci.2018.11.015. 

[30] Y. Peng, H. Miao, Z. Peng, Development of TiCN-based cermets: mechanical 
properties and wear mechanism, Int. J. Refract. Met. Hard Mater. 39 (2013) 78–89, 
https://doi.org/10.1016/j.ijrmhm.2012.07.001. 

[31] R.M. German, P. Suri, S.J. Park, Review: liquid phase sintering, J. Mater. Sci. 44 
(2009) 1–39, https://doi.org/10.1007/s10853-008-3008-0. 

[32] P. Alvaredo, M. Dios, B. Ferrari, E. Gordo, Understanding of wetting and solubility 
behavior of Fe binder on Ti(C,N) cermets, J. Alloys Compd. 770 (2019) 17–25, 
https://doi.org/10.1016/j.jallcom.2018.07.243. 

[33] M. de Nicolás, H. Besharatloo, J.M. Wheeler, M. de Dios, P. Alvaredo, J.J. Roa, 
B. Ferrari, L. Llanes, E. Gordo, Influence of the processing route on the properties of 
Ti(C,N)-Fe15Ni cermets, Int. J. Refract. Met. Hard Mater. 87 (2020), 105046, 
https://doi.org/10.1016/j.ijrmhm.2019.105046. 

[34] M. de Nicolás, H. Besharatloo, P. Alvaredo, J.J. Roa, L. Llanes, E. Gordo, Design of 
alternative binders for hard materials, Int. J. Refract. Met. Hard Mater. 87 (2020), 
105089, https://doi.org/10.1016/j.ijrmhm.2019.105089. 

[35] V.A. Tracey, Nickel in hardmetals, Int. J. Refract. Met. Hard Mater. 11 (1992) 
137–149, https://doi.org/10.1016/0263-4368(92)90056-8. 

[36] N. Eustathopoulos, M.G. Nicholas, B. Drevet (Eds.), Wettability at high 
temperatures 3, 1999. Pergamon, Oxford (UK). 

[37] P. Alvaredo, M. De Dios, B. Ferrari, E. Gordo, Interface study for the design of 
alternative matrixes in cermets, in: Euro PM2015 Proc. Hard Mater. Altern. Bind., 
European Powder Metallurgy Association (EPMA), Shrewsbury (U.K.), 2015. ISBN: 
978-1-899072-47-7. 

[38] E. Macía, Estudio de la Mojabilidad de Aleaciones de Fe Sobre Ti(C,N) Para el 
Diseño de Cermets, Master Thesis,, Universidad Carlos III de Madrid, 2014. 

[39] P. Alvaredo, E. Macía, E. Gordo, Estudio de la intercara en materiales compuestos 
tipo cermet para el diseño de matrices metálicas alternativas, in: A. Ureña, 
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