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0. LIST	OF	ABREVIATURES 
 
 
MA: Mechanical alloying 
 
MM: Mechanical milling 
 
SPS: Spark Plasma Sintering 
 
BPR: ball-to-powder weight ratio 
 
PCA: Process Control Agent 
 
XRD: X-ray diffraction 
 
SS: Starting sample 
 
SUS:  Stainless Steel 
 
SEM: Scanning Electron Microscopy  
 
PSD: Particle size distribution 
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1. INTRODUCTION	AND	OBJECTIVES 
 
This project has been done by Carlos Boyero Molina, student of Industrial Engineering 
specialized in materials engineering at the University Carlos III de Madrid, Spain. 
 
All the research and the experimental tests have been done in Universitatea Tehnica 
din Cluj-Napoca, Cluj-Napoca, Romania, in Facultatea de ingineria materialelor si a 
mediului, with the guided advices of Professor Dr. Ing. Fiz. Ionel Chicinas, thanks to an 
Erasmus Scholarship which was coached by Ing. María Eugenia Rabanal Jiménez. 
 
This project will study the process and properties of a very specific cermet, Al2O3-Mo, 
obtained by mechanical activated powders and sintered by the spark plasma sintering 
process. 
 
The studies of cermets (composites materials composed of ceramic and metallic 
materials) are increasing due to the great properties of these composites. They are 
combined to try to get the optimal properties of both of them, such as the high 
temperature resistance of the ceramics and the great resistance of the metals to be 
deformed. 
 
In this work, the main purpose is to develop different composites of Al2O3-Mo varying 
the volume percentage of materials to see their variation of properties and to find the 
best composition of metal and ceramic in order to get the best results.  
 
As a short way to explain the process to develop the composite, we could say that 
these were the main stages of the production: 
 

1. For obtaining a homogeneous ceramic-metallic mixture of powders we milled 
alumina and molybdenum powders. 

2. The mixture is milled for 15, 30, 60, 90, 120, 180 and 240 minutes. Different 
samples of the mixture will be taken and analyzed in SEM and XRD.  

3. After finding the right milling time, different pieces of the mixtures will be 
made by sintering by the SPS process. If the pieces are correctly done, we will 
make some mechanical tests to analyze its properties. 

4. An evolution or properties will be made to analyze the consequences of the 
volume percentage of molybdenum in the composite. 

5. Discussion of the results. 
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1.1	WHY	TO	DEVELOP	THIS	CERMET 

Why an Al2O3-Mo composite? Which are the properties of these materials? What are 
we expecting to get? 
 
Alumina has availability in abundance which, combined with good chemical and 
thermal stability, relatively good strength, and electrical and thermal insulation 
have made alumina a very attractive material for applications in engineering. The 
refractory service is the most common use but it has others such as [1]: 
 
- Biomedical applications. 
- Lamp tubes. 
- High temperature uses. 
- Corrosion and wear resistance. 
- Metal cutting tools (thanks to the alumina’s high hot hardness it has led to 

applications as abrasives and tool tips for metal cutting). 
- Milling media (for particle size reduction processes). 
- Electrical insulation. 

 
 

Molybdenum has a high Young’s modulus and one of the highest melting points of 
all the pure elements (2622ºC) and is attacked slowly by acids [2]. It possesses 
a low coefficient of thermal expansion and a high level of thermal conductivity. [3] 
 
The uses of molybdenum include [4]: 
 
- Uses in the boiler plates and valves’ manufacture. 
- Hot zones for high temperature furnaces. 
- As an alloying agent, as it contributes to the toughness and hardness of 

tempered and quenched steels. 
- Electrical and nuclear applications 
- Used in producing ribbons and wires for the lightning industry, semiconductor 

base plates for power electronics and filament material in electronics 
applications. 

- Catalyst in the refining of petroleum. 
- Molybdenum powders are used in microwave devices and in circuit inks for 

circuit boards. 
 
After knowing these properties of both alumina and molybdenum we expect a 
composite with high strength, hardness and great for uses in high temperatures. 
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2.	PROCESSES 
In this chapter, we will discuss about the different processes used in the experimental 
part. All about the attributes, properties, purposes and theory about how they work. 

 

2.1	MECHANICAL	ALLOYING 

Mechanical alloying (MA) is a powder processing technique that allows the 
production of homogeneous materials starting from mixtures of blended elemental 
powder. The product of mechanical alloying (MA) or mechanical milling (MM) is in 
powder form. [5]. 

 
Mechanical alloying is normally a dry, high-energy ball milling technique that has 
been used in the production of a variety of commercially scientifically and useful 
interesting materials. The main advantage is that very different compounds can be 
alloyed. 

 
Mechanical alloying is done in a solid state, so we don’t find limitations with the 
melting point or relative solubility of the different components of the mix. It allows 
the creation of new alloys starting with a mix of elements with very different 
melting temperatures or in a non-equilibrium thermal state. [6] 
 
 
2.1.1 ATTRIBUTES OF MECHANICAL ALLOYING  
1. Production of fine dispersion of second-phase particles (usually oxide). 
2. Extension of limits of solid solubility. 
3. Refinement of grain sizes down to nanometer range. 
4. Synthesis of quasi-crystalline and novel crystalline phases. 
5. Development of glassy phases. 
6. Disordering of ordered intermetallics. 
7. Some of the difficult to alloy elements/metals can be alloyed . 
8. Inducement of chemical reactions at low temperatures. 
9. Scalable process.   

 
When powders of uniform composition are milled and material transfer is not required for 
homogenization, the process is termed as mechanical milling (MM) [5]. In this project 
we intend to mill the powders and reduce particle size, not to alloy them, so we 
don´t want or expect material transfer.  

 
When a mixture of two powders is processed, and then alloying happens, this will be 
termed mechanical alloying (MA) because there is material transfer involved.  
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The advantage of mechanical milling over mechanical alloying is that it requires 
less time for processing. In our project, we will do the mechanical milling from 15 
min to 4 hours. 

 
 
2.1.2 RAW MATERIALS 
Due to the different kinds of mixes, we will mention some of them related to the 
powder’s ductility:  
 
1. Ductile-ductile: In this case the welding is prevailing over the fracture.  
2. Ductile-fragile:  after the dispersion process the diffusion appears, so the 

fragile particles are introduced in the ductile material after they’re being 
fractured. This diffusion is favored by the heat of the alloying process. At the 
end, the homogeneity of the final product can be total or partial. 

3. Fragile-fragile: this mix is governed by the fracture process. [7] 

 
 

2.1.3 VARIABLES  
For a given composition of the powder, some of the important variables that have 
an important effect on the final constitution of the milled powder are as follows: 
 

 
Figure 2.1 Milling parameters 
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These process variables are not completely independent. 
 

2.1.3.1 MILLING TIME 
Milling time is one of the most important parameters. Usually the time is 
chosen to achieve a steady state between fracturing and cold welding of 
particles of powder to ease alloying. The times required vary depending on the 
type of mill used, mill settings, BPR, temperature of milling, intensity of 
milling…etc. 

 
If the powder is milled for much longer than it is required the level of 
contamination increases and some undesirable phases can be formed [8]. 

 
Therefore, the powder should be milled just for the required duration and no 
much longer. As a general rule, the times taken to achieve the steady-state 
conditions are long for low-energy mills and shorter for high-energy mills [8]. 

 
The grinding medium size also has an influence on the milling efficiency. 
Generally speaking, a larger size (and higher density) of the grinding medium is 
useful since more impact energy is transferred to the powder particles due to 
the larger weight of the balls. 

 
The final constitution of the powder is dependent on the size of the grinding 
medium used for milling.  

 
If balls with different diameters are used in the mill it helps to improve the 
efficiency of the attritor and the highest collision energy can be obtained. [9] 

  

2.1.3.2 BALL TO POWDER RATIO 
The higher the BPR (ball-to-powder weight ratio), the shorter is the time 
necessary. 

 
If the quantity of the powder and balls is very small, the production rate is very 
low. But, if the amount is very big, then the balls don’t have enough space for 
moving around and so the impact energy is less. Consistently, alloying may not 
occur, and if it occurs it might take a long time. Thereby, it is important not to 
overfill the vial; typically about 50% or a little more of the vial space should be 
left empty. [10] 

 

2.1.3.3 MILLING ATMOSPHERE 
High-purity argon is the most usual ambient used to prevent oxidation and/or 
powder contamination. 
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2.1.3.4 MILLING TEMPERATURE 
The temperature rise during milling is mainly due to ball-to-ball, ball-to-wall 
collisions, ball-to-powder and also due to frictional effects. 

 
2.1.3.5 PCA 
The process control agent is used to get an optimal balance between the 
welding and fracture processes and to control the right development of the 
general process. It also prevents the cold welding between the powder particles 
and the mill’s elements and walls. [10] 

 
 
2.1.4 MORPHOLOGY 
The technique to control the particle morphology is the apparent density, which is 
the poured powder density. [11] 
 
 
2.1.5 PROCESS STAGES 
2.1.5.1 FIRST STAGE (0-3h): distinguished by the plastic deformation of the 
particles. The apparent density and poured powder density values decrease 
considerably, due to the laminar morphology, which blocks the powder packing, so 
the occupied volume increases with the same quantity of powder.  
 
 

 
Figure 2.2 Iron powder mixed with 8% prealloyed NiCu [11] 

 
2.1.5.2 SECOND STAGE (3-10h): As long as the milling time increases, the welding 
processes get more importance and the laminates start to get together. That 
causes a rising of the form factor and, consequently, the recovery of the packing 
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properties, so the apparent density and the pouring powder density values 
increase.  
 
The fracture process is also present in this stage, since the particles are getting 
harder due to the strong plastic deformation they are being forced to.  
 
 

  
Figure 2.3 Stage 2 processes a) welding b) fracture [11] 

 
 
2.1.5.3 THIRD STAGE (>10h): distinguished by the equilibrium of all the studied 
variables. Microdeformation reaches its highest point, so plastic deformation is no 
longer present in this stage.  
 
A decrease in the size particle is not produced. This means that a balance between 
the welding and fracture processes has been produced. This equilibrium state has 
another consequence: the microstructure homogenization, so distinguish the 
different raw powders inside of the particles is more difficult now. [11] 
 
 
 
2.1.6 FINAL POWDERS 
These are the materials which could be obtained by using the mechanical alloying 
process: 
 

Figure 2.4 Powders processed by mechanical milling 
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2.1.7 SUMMARY 
After all that has been said in this chapter, we can summarize the next ideas: 
- Mechanical alloying is a technique for mixing or alloying different solid 

powders which depends on a lot of factors such as milling time, milling 
temperatura or the process control agent.  

- For ductile materials, the alloying process has three stages: 
o Stage I: governed by the plastic deformation of the particles. 
o Stage II: the plastic deformation is still acting, but its importance is 

decreasing, but welding and fracture are getting more and more evident 
and important 

o Stage III: steady state between welding and fracture. Cold welding 
disappears.  

 
- A lot of different powders can be obtained with this technique, like ceramic 

nanomaterials or mestastable phases. 
 
 

 

2.2	SPARK	PLASMA	SINTERING 

 
Spark Plasma Sintering (SPS) is a new process and in development which makes 
possible sintering in low temperatures and in short time periods by electric 
discharges between the powder particles created by plasma current. It is 
considered as a fast sintering method. 
 
The SPS uses uniaxial press and a high current pulse. That pulse creates the 
discharge that makes the Joule effect appear between the particles of the material 
to sinter. The heat is transferred to the whole sample, reaching even 10.000ºC of 
temperature, vaporizing the impurities on the particle’s surfaces. Right after that, 
the particles on the surface melt. [12] 
 

 
Figure 2.5 SPS process description [13] 
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The heat produced by the Joule effect creates plastic deformation on the surface so 
a constant pressure is necessary. The whole process is completed quickly, with a 
high uniformity and without changing the particles characteristics. They show high 
mechanical properties. 
 
Carbon sheets are inserted between the dies and the sample to easily remove the 
sintered sample and it works in reduction atmosphere. [14] 
 
In Chapter 4 we will discuss about the SPS equipment and all its parts. 
 
 
2.2.1 APPLICATTIONS  
The SPS process is mostly used in the production of intermetallic compounds, 
ceramics with fiber reinforcements (FRC), metallic matrix compounds (MMC), 
materials with a gradient function (FGMs) and nanocrystalline materials, which are 
difficult to sinter with the conventional sintering processes.  
 
SPS is becoming a well reputed system between the new industrial synthesis 
processes for nanocomposite materials. [13] 
 
 
2.2.2 MATERIALS 
The materials that are processed by the Spark Plasma Sintering method are shown 
in Figure 1.6: 
 

 

Figure 2.6 Materials processed by SPS [13] 
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Table 2.7 Specific materials obtained by SPS [13] 

Clasification Materials processed by SPS 
Metals Fe, Cu, Al, Au, Ag, Ni, Cr, Mo, Sn, Ti, W, 

Be, etc. 
Oxide Ceramics Al2O3, mullite, ZrO2, MgO, SiO2, TiO2, 

HfO2 
Carbure Ceramics SiC, B4C, TaC, TiC, WC, ZrC, VC 
Nitrure Ceramics Si3N4, TaN, TiN, AlN, ZrN, VN 
Borum Ceramics TiB2, HfB2, LaB6, ZrB2, VB2 
Florum Ceramics LiF, CaF2, MgF2 

Cermets Si3N4+Ni, Al2O3+Ni, ZrO2+Ni, Al2O3+TiC, 
SUS+ZrO2, SUS+Al2O3, SUS+WC/Co, 

BN+Fe 
Intermetallic compunds TiAl, MoSi2, Si3Zr5, NiAl, NbCo, NbAl, 

LaBaCuSO4, Sm2Co17 
Other materials Organic materials (polyamide, etc.), 

composites 
 
 

In the case of this project, we are working with an Al2O3-Mo cermet, although it 
doesn’t appear in the list but we will try to get it with the SPS process. As it admits 
Mo and Al2O3 individually it should also work with the mixture of materials. 
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3.	CERMET	NANOCOMPOSITES	 
For the morphological control of the nanoparticles, metallic particles in particular, it is 
quiet usual to use a ceramic support that avoids agglomeration and that favors its 
manipulation. There are two kinds of dispersions: intra and intergranulares. These 
materials can be obtained by adding little amounts of second phases in the ceramic 
matrix. 
 
 
3.1	CERAMIC	COMPOUNDS 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1 Types of ceramic matrix composites [15] 

Through the dispersion of second metallic phases in ceramic matrixes better 
mechanical properties are achieved, like toughness. There are several mechanisms 
that increase the toughness hindering the progress of the crack due to the 
reducing of the stress intensity factor at the end of the crack. With these 
mechanisms is that the stress intensity factor locally decreases resulting in 
increased apparent toughness.  
 
Therefore, to assess the dependence of the tenacity with crack size, it is necessary 
to study the R-curve behavior. It is also necessary to undertake the study of the 
subcritical crack propagation of materials intended to withstand mechanical 
stresses as a structural component. 

Microcompounds 

Nanocompounds 

- Increasing of toughness 
- Decreasing of mechanical properties at 

high temperatures 

Intra Inter Intra/Inter Nano-nano 

- High resistance and reliability 
- Excellent properties at high T 

- New functions 
- Machinability, superplasticity 
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Intragranular dispersions cause the generation of dislocations during the fixing 
process, heating, cooling and/or local control of the size and shape of the ceramic 
grains of the matrix. The role of the second phases, especially in the nanometer 
scale, is very important in ceramic oxides, turning ductile some of them at elevated 
temperatures. The intergranular nanodispersions play important roles in 
controlling grain boundary structure in both oxidic ceramics (Al2O3, MgO) as no 
oxidic (Si3N4, SiC), improving their mechanical properties at high temperature. [15] 

 
The mechanical strength is improved due to the microstructural refinement of 
metal nanoparticles dispersion.  

 
 

3.2	PROCESSING 

The science and technology of ceramics makes use of the technique of sintering to 
obtain dense compacts. However, in order to obtain a green compact free of 
defects and therefore compact monolithic material by sintering, no conventional 
processing is required. 

 
The synthesis of ceramic/metallic or combination nanoparticles, or metallic or 
combinations, has progressed substantially in the last decade, however, the 
consolidation of these nanoparticle systems to achieve the theoretical density and 
no grain growth is still a problem.  

 
 

3.3	NEW	PROCESSING	TECHNIQUES	TO	MAKE	
NANOSTRUCTURED	MATERIALS 

 

Figure 3.2 Processing technique to obtain nanomaterials [15] 



 
 17 

This thesis will focus on alumina with molybdenum cermet. 

The sintering technique chosen to retain the nanometer grain size of the 
microstructure was obtained SPS. This consolidation technique has the virtue of 
being able to combine extremely high rates of heating and cooling by applying a 
uniaxial pressure, reducing the time and temperature required to obtain solid 
materials versus conventional sintering techniques. 

The composites ceramic/metal in general, are of great interest for structural 
applications. Oxidic ceramics are better than that no oxidic because they do not 
react with metals. In our case, with alumina, we have that advantage. 
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4.	EQUIPMENT 
 

4.1	EQUIPMENT	FOR	MECHANICAL	
ALLOYING 

 
The experimental part of the project started with the mechanical milling process. In 
this faculty from Universitatea Tehnica din Cluj-Napoca, the used equipment is a 
planetary ball mill, the FRITSCH PULVERISETTE 4 model: 
 

 
Figure 4.1 Fritsch Pulverisette 4 mill [16] 

 
 
As a planetary model mill a few hundred grams of the powder can be milled at the 
same time.  
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These powders are set on a rotating disk, and a special drive mechanism causes 
them to rotate around their own axes. The vials produce a centrifugal force 
rotating around their own axes and with the rotating support disk they both act on 
the vial contents. Since the supporting disk and the vials rotate in opposite 
directions, the centrifugal forces act alternately in like and opposite directions. [16] 
 
This produces that the grinding balls run down the inside wall of the vial, followed 
by the material being ground and the grinding balls lifting off and traveling 
through the chamber of the vial and hitting with the opposing inside wall. The 
grinding balls colliding with each other intensify considerably the effect of the 
impact.  
 

 
Figure 4.2 Grinding action of planetary balls and steel grinding balls of UTCN [17] 

 
 
The grinding balls in the planetary mills obtain much higher impact energy 
compared with simple centrifugal or pure gravity mills. The impact energy depends 
on the speed of the planetary mill and can reach about 20 times the earth’s 
acceleration. As the speed is lower, the grinding balls lose impact energy, and 
when there is no energy enough there is no grinding involved; only mixing occurs 
in the process. [18] 
 
The material of the grinding balls used in the experiments was steel of composition 
Cr(1,3-1,65)%1%C0,3Mn. The balls were new. 
 
The parameters which it worked with, such as the speed of the rotation disk or the 
milling time, will be described in the experimental part. 

 
 
 



 
 20 

4.2	EQUIPMENT	FOR	SPARK	PLASMA	
SINTERING 

 
The SPS equipment has been made by the Ionel Chicinaș’ team in the Materials 
department of the UTCN. 

 
The system consists of an SPS sintering machine with a mechanism for pressurizing 
in a vertical axis, a vacuum chamber, a mechanism which controls the 
vacuum/argon atmosphere, a DC current generator, a control unit of the cooling 
water, a position measurement unit, a temperature measurement unit, a pressure 
measurement unit and several security units. 

  
  

 

 
Figure 4.3 and 4.4 SPS chamber and its parts [19] 
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4.3	EQUIPMENT	FOR	XRD 
The XRD equipment used was SHIMADZU XRD 6000: 
 
 

 
Figure 4.5 XRD Equipment Shimadzu XRD 6000 [20] 

 
 
The XRD-6000 is an X-ray diffractometer which analyze, with a non-destructive 
method, crystalline states under normal atmospheric conditions.  

 
X-rays focused on a sample are diffracted by it. The changes in the intensities of 
the diffracted X-ray are measured, recorded and plotted against the rotation angles 
of the sample. Results are referred to as the X-ray diffraction pattern of the 
sample. The computer analyses the intensities and peak positions associated with 
this pattern and it enables qualitative analysis, lattice constant determination 
and/or stress determination of the sample [20]. 

 
Figure 4.6 Incident and diffracted X-rays in a sample [20] 
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4.4	EQUIPMENT	FOR	SEM 
The SEM model equipment is JEOL JSM 5600LV: 
 

 
Figure 4.7 SEM property of UTCN 

 
This is a high vacuum and low vacuum scanning electron microscope with 
secondary electron detector based on the Everhardt-Thornley design. Also fitted; 
solid state backscattered electron detector for topographical and compositional 
information. The scanning electron microscope is used at accelerating voltages of 
between 1-30 kV. Images are stored digitally and/or on film. 

 
 
 
4.5	EQUIPMENT	FOR	PARTICLE	SIZE	
DISTRIBUTION 

Analysette 22, provided by Fritsch, has been used for the particle size distribution 
process. It allows the determination of the particle shape and the particle size 
distributions together in a single process.  
 
The way it works: laser light falling on particles (suspensions, powder…etc.) is 
diverted by scattering from its original directio. The angular distribution of the 
scattered light depends mainly on the particles’ size, the refractive index and the 
laser wavelength. [21] 
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Figure 4.8 Analysette 22 by Fritsch [21] 

 
 
Measuring method’s advantages:  
• Easy imaging optics to measure the scattered light. 
• Wide particle-size range using reversed Fourier optics. 
• Robust; re-adjustment/calibration of the additional sensors is not required. 
 
 

 
Figure 4.9 Angular distribution of the light scattered by small particles. Blue curve shows the intensity 

distribution perpendicular to the plane of polarization, the red curve is parallel to the plane [21] 
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5.	EXPERIMENTAL	PROCEDURE 

 
5.1	MATERIALS 

To make the composites we will use alumina powders and molybdenum powders. 
Properties of both can be read in the table below: 

 
Table 5.1 Products information supplied by vendors of UTCN 

Material Density Purity Melting point CAS number 

Alumina 3.99 g/cm3 99.74% 2072 ⁰C 1344-28-1 

Molybdenum 10.22 g/cm3 99.95% 2623 ⁰C 7439-98-7 

 
 
 

 

5.2	EXPERIMENTAL	PROCEDURE 

5.2.1 CALCULUS 
Three different Al2O3-Mo composites will be made. The first one with 10% vol of 
molybdenum, 20% vol. molybdenum for the second and the last one with 30% vol. 
Mo.  

 
With the information of the tables above we observe that the densities for Al2O3 
and Mo are: 

 
ρAl2O3=3,99 g/cm3 
ρMo=10,2 g/cm3 

 
We need to calculate how much molybdenum powder has to be used; we do it with 
the formula: 

 
 

푚 = · ·
· ·

   [1] 

 
 

So the amount of molybdenum powder for 10, 20 and 30% vol. are, respectively: 
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푚 ( %) =
휌 · 푚 · 푃푒푟푐푒푛푡푎푗푒

휌 · 푃푒푟푐푒푛푡푎푗푒 + 휌 · 푃푒푟푐푒푛푡푎푗푒 =
10.2 · 50 · 0.1

10.2 · 0.1 + 3.990 · 0.9 = 11.06	푔 

 
 
 

푚 ( %) =
휌 · 푚 · 푃푒푟푐푒푛푡푎푗푒

휌 · 푃푒푟푐푒푛푡푎푗푒 + 휌 · 푃푒푟푐푒푛푡푎푗푒 =
10.2 · 50 · 0.2

10.2 · 0.2 + 3.990 · 0.8 = 19.5	푔 

 
 
 

푚 ( %) =
휌 · 푚 · 푃푒푟푐푒푛푡푎푗푒

휌 · 푃푒푟푐푒푛푡푎푗푒 + 휌 · 푃푒푟푐푒푛푡푎푗푒 =
10.2 · 50 · 0.3

10.2 · 0.3 + 3.990 · 0.7 = 26.14	푔 

 
 
 

So finally, we have that, the amount of powders we will need is: 
 

 
푚 ( %) = 11.06	푔 
푚 ( %) = 38.94	푔 

 
푚 ( %) = 19.5	푔 
푚 ( %) = 30.5	푔 

 
푚 ( %) = 26.14	푔 
푚 ( %) = 23.86	푔 

 
 

 
5.2.2 MILLING PARAMETERS: MILLING TIME 
Before milling the different mixtures, we need to know which the time for getting 
the best homogeneous mixture is.  

 
It is important to remember that we don’t intend to get an alloyed mixture. We are 
interested in getting separated phases.  

 
Finding the right milling time was a process that took some time. The idea was to 
prepare a mixture of 20 vol. % of molybdenum (chosen for being the average 
proportion of the three different options that we have: 10%, 20% and 30%). It was 
milled for 15, 30, 60, 90 and 120 minutes.  

 
The mixture of alumina and molybdenum was prepared and mixed for 15 minutes 
in the Turbula-type blender to get a fine homogeneity. A sample of that powder 
was saved as starting sample for XRD and optical microscopy tests. 
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Figure 5.2 Molybdenum & alumina powders 

 

 
 

Figure 5.3 Turbula-type blender from UTCN and electronic scale Precisa XT 220A 

 
BPR used was 10:1. The balls and vials were balanced to avoid the vibration of the 
mill due to the centrifugal force.  
 

 
Figure 5.4 Balance of the vials and balls 
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The factors of the planetary mill are: 
 

- Balls size: diameter: 14 mm 
- Argon atmosphere 
- Main disk’s rotational speed: 400 rpm 
- Vial’s rotational speed: -800rpm 
- BPR: 10:1 

 
The program used to control the milling process was P4 CONTROL, software 
provided by Fritsch, the company which manufactured the mill. 

 
Looking at the samples after the milling, it’s easy to observe the darker color of the 
samples that were exposed to a higher milling time.  
 

 

 
Figure 5.5 6 samples of 80Al2O3-20Mo from 0 min milled to 2 hours milled 

 

5.2.2.1 HOW TO FIND THE MILLING TIME 
We intend to get the best homogeneous mixture; it should be mixed but not 
alloyed. The sample with those characteristics will tell us which the best milling 
time for the mixture of alumina and molybdenum is. 

 
To find that sample, we need to analyze them by light microscopy in the first place 
and then with SEM. 

 

 

5.2.3 OPTICAL MICROSCOPY 
After the mill of all the samples, we prepare a resin to set the powders in. A small 
amount of powders are mixed with it in a small vial and it is left for 4 days by itself 
to make sure that the resin, liquid in that moment, is solid at the end.  

 
Once it is solid, we analyze the samples firstly by light microscopy. We polished the 
surface with a diamond suspension to get better results to analyze the powders 
[23]. 
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In the next pages we can see the different images of the mixtures 20Mo-80Al2O3: 
 
80Al2O3-20Mo (vol.%). Starting Sample 

 
Figure 5.6 Optical microscopy for 20Mo-80Al2O3  (vol.%) no milled 

 
We see it is not well homogenized. We observe bigger agglomerations of powders with 
very different sizes. 
 
80Al2O3-20Mo (vol.%). 15 minutes milled 

 
Figure 5.7 Optical microscopy for 20Mo-80Al2O3  (vol.%) 15 min milled 

 
There is not a big difference with the SS. But alumina particles (white) can be observed 
clearer. 
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80Al2O3-20Mo (vol.%). 30 minutes milled 

 
Figure 5.8 Optical microscopy for 20Mo-80Al2O3  (vol.%) 30 min milled 

 
80Al2O3-20Mo (vol.%). 60 minutes milled: 

 
Figure 5.9 Optical microscopy for 20Mo-80Al2O3  (vol.%) 60 milled 

 
At 30 and 60 minutes milled it is still not perfectly homogenized but the agglomerates 
have a more similar size. 
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80Al2O3-20Mo (vol.%). 90 minutes milled 

 
Figure 5.10 Optical microscopy for 20Mo-80Al2O3  (vol.%) 90 min milled 

80Al2O3-20Mo (vol.%). 120 minutes milled 

 
Figure 5.11 Optical microscopy for 20Mo-80Al2O3  (vol.%) 120 min milled 

 
The mixtures seem to have the best results in these 2 samples. Well homogenized, 
similar size, and alumina and molybdenum particles can be distinguished clearly. 
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5.2.4 XRD ANALYSIS  
It’s important to analyze the samples before and after the milling process in order 
to see the changes in the crystalline structure and to prevent the apparition of new 
phases in the future mixes of alumina and molybdenum powders, because, as we 
have previously said, we don’t intend to create new phases. 

 
The next image shows the XRD diagram for the starting sample (SS), 1 hour milled 
sample (1 h MM) and 2 hours milled sample (2 h MM) of 80Al2O3-20Mo. 

 
We can see some changes in the width of the peaks. That is because of the 
decreasing process of the crystallites as the mill proceeds. 

 
No new phases appeared since no new peaks are found in the XRD diagram. Only 
alumina and molybdenum were seen, so we have just what we wanted to get. 

 
 

 
Figure 5.12 XRD diagram for 20Mo-80Al2O3 (vol.%) for SS, 1 and 2 hours milled samples 

 

 
As we see in the diagram, we didn’t find new phases in the samples milled during 1 
and 2 hours. Only alumina and molybdenum were detected, there was no reaction 
between them. That is a good and an expected result.  

 
 

5.2.5 SEM 
After the optical microscopy, we analyzed the mixtures milled 1 hour and 2 hours 
in the scanning electron microscope. The pictures are shown one next to the other 
to compare them easily.  
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80Al2O3-20Mo (vol.%) 
x100 

  
Figure 5.13 SEM for 20Mo-80Al2O3  (vol.%) for 1 and 2 hours of milling time at x100 

 
x500 

 
Figure 5.14 SEM for 20Mo-80Al2O3  (vol.%) for 1 and 2 hours of milling time at x500 

 
x1000 

 
Figure 5.15 SEM for 20Mo-80Al2O3  (vol.%) for 1 and 2 hours of milling time at x1000 
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x5000 

 
Figure 5.16 SEM for 20Mo-80Al2O3  (vol.%) for 1 and 2 hours of milling time at x5000 

 
x10000 

 
Figure 5.17 SEM for 20Mo-80Al2O3  (vol.%) for 1 and 2 hours of milling time at x10000 

 
x20000 

 
 

Figure 5.18 SEM for 20Mo-80Al2O3  (vol.%) for 1 and 2 hours of milling time at x20000 
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The powder milled for 2 hours looks more homogenous. The shape of the particles is 
more rounded. At x5000 and x10000 we observe the laminar shape of molybdenum in 
the 1 hour milled sample, which shows that the powders are not as well mixed.  
 

5.2.5.1 XRD ANALYSIS OF THE SEM SAMPLES 
80Al2O3-20Mo (vol.%)1 hour milled 
x5000 

 
Figure 5.19 SEM elements map for 20Mo-80Al2O3  (vol.%) milled for 1 hour at x5000 

In this image we can observe large molybdenum particles clearly differentiated from 
the alumina, showing that the mixture is not well homogenized.  

 
x10000 

  

Figure 5.20 SEM elements map for 20Mo-80Al2O3  (vol.%) milled for 1 hour at x10000 



 
 35 

x20000 

 
Figure 5.21 SEM elements map for 20Mo-80Al2O3  (vol.%) milled for 1 hour at x20000 

 
This image doesn’t really show a good homogenation. Aluminum and oxygen are 
dispersed all over the image and molybdenum is focused in the lighter areas. 
 
 
80Al2O3-20Mo 2 hours milled 
x5000 

 

Figure 5.22 SEM elements map for 20Mo-80Al2O3  (vol.%) milled for 2 hours at x5000 
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x10000 

 
Figure 5.23 SEM elements map for 20Mo-80Al2O3  (vol.%) milled for 2 hours at x10000 

 
x20000 

 

Figure 5.24 SEM elements map for 20Mo-80Al2O3  (vol.%) milled for 2 hours at x20000 

 
We can observe clearly in the images at x10000 and x2000 the molybdenum 
particles and, in between them, some particles of alumina. Besides, they look 
rounded, which shows a better homogenization than in the 1 hour milled sample.   
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5.2.6 FINAL MILLING TIME 
As we saw, the results of the 2 hours milled mixture are quite better than the 1 
hour milled results. Molybdenum is more dispersed, and covering some of the 
alumina. In the 1 hour milled mixture the molybdenum has a laminar shape and it 
is not as homogeneous as in the 2 hours milled sample. 
 
As we obtained the best results by milling for 2 hours, maybe we could reach even 
better results by increasing the milling time. For this reason, we milled more 
powder of the same composition with the same milling parameters for 3 and 4 
hours to compare the results. 

 
After the milling and putting the powders in the resin until it is solid we proceeded 
to do the SEM to the samples. These are the results and the comparison with the 2 
hours milled sample: 
 

 

 
5.2.7 COMPARISSON OF 2, 3 AND 4 HOURS MILLED SAMPLES 

 
80Al2O3-20Mo 
x500 

 
Figure 5.25 SEM for 20Mo-80Al2O3  (vol.%) for 2, 3 and 4 hours of milling time at x500 

 
 x1000 

 

Figure 5.26 SEM for 20Mo-80Al2O3  (vol.%) for 2, 3 and 4 hours of milling time at x1000 
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x5000 

 

Figure 5.27 SEM for 20Mo-80Al2O3  (vol.%) for 2, 3 and 4 hours of milling time at x5000 

x10000 

 

Figure 5.28 SEM for 20Mo-80Al2O3  (vol.%) for 2, 3 and 4 hours of milling time at x10000 

x20000 

 

Figure 5.29 SEM for 20Mo-80Al2O3  (vol.%) for 2, 3 and 4 hours of milling time at x20000 

 
 
We can see that, at 3 and 4 hours, the particles are more dispersed and smaller than in 
the 2 hours sample. Apparently there are no big differences between the 3 and 4 hours 
samples images, but we will compare the samples with XRD. 
 
The analyses are shown in the pages below. 
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80Al2O3-20Mo 3 hours milled 
x5000 
 

 
Figure 5.30 SEM elements map for 20Mo-80Al2O3  (vol.%) milled for 3 hours at x5000 

 
 
x10000 

 
Figure 5.31 SEM elements map for 20Mo-80Al2O3  (vol.%) milled for 3 hours at x10000 
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x20000 

 
Figure 5.32 SEM elements map for 20Mo-80Al2O3  (vol.%) milled for 3 hours at x20000 

 
We observe good homogenization, small particles and, as before, molybdenum well 
mixed between the alumina particles, but clearly differentiated.  
 
 
80Al2O3-20Mo 4 hours milled 
x5000 

 
Figure 5.33 SEM elements map for 20Mo-80Al2O3  (vol.%) milled for 4 hours at x5000 
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x10000 

 
Figure 5.34 SEM elements map for 20Mo-80Al2O3  (vol.%) milled for 4 hours at x10000 

 
x20000 

 
Figure 5.35 SEM elements map for 20Mo-80Al2O3  (vol.%) milled for 4 hours at x20000 

There are no big differences between the samples milled 3 and 4 hours, but, in the 
case of the 4 hours milled sample, we observed that it also had some iron particles in 
it. That was due to the steel balls which milled the powder. This is something we did 
not want to happen. Here is the particular image and the XRD analysis for that sample: 
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Figure 5.36 SEM elements map for 20Mo-80Al2O3  (vol.%) milled for 4 hours at x2700 

 
If we do the XRD analysis at a x2700 magnification the results are the following: 
 

 

 
Figure 5.37 XRD for 20Mo-80Al2O3  (vol.%) milled for 4 hours at x2700 
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As we can see, there is a 1% of iron contamination in the sample. It is not a lot, but 
it is enough to choose the 3 hours milled sample instead; and not only for that, but 
because the results are really similar and 3 hours is less time as well. 

 
 
 

5.2.8 POWDER PROCESSES 
Now that we have the final milling time, we can start to mill the powders to get the 
different volume percentage of molybdenum, 10, 20 and 30%. With the calculus of 
alumina and molybdenum amounts of some pages ago, we prepare the powder 
mixtures and introduce them and, one by one, in the planetary ball mill, 
Pulverisette 4, Fritsch, with iron balls.   

 
 

 
Figure 5.38 Steel balls, 14mm of diameter 

 
The first mixture that we will do will be the 20Mo-80Al203. After all the samples 
and tests for this proportion we will proceed to do the same with the other 
mixtures of 10 and 30% vol. of molybdenum. 
 
The different variables of the process are the same as in the process of finding the 
right milling time:  

 
- Balls size: diameter: 14 mm 
- Argon atmosphere 
- Main disk’s rotational speed: 400 rpm 
- Vial’s rotational speed: -800rpm 
- BPR: 10:1 
- Milling time: 3 hours 

 
 
After the milling process, we will proceed to sinter the samples by SPS.  
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5.2.9 SPS PROCESS 
The sintering time and temperatures used during the sintering processes have 
been: 

 

Table 5.39 Sintering temperature and sintering times used in SPS process 

Temp\time 1 min 2 min 5 min 10 min 
600ºC  X   
700ºC  X   
800ºC X X X X 
850ºC  X   

 
The pressure of all the SPS processes was 30MPa, 100bar after converting with the 
right scale. 

 
The process for sintering a piece is: 

 
- To put a graphite disk inside the graphite die 
- Preparing the exact quantity of powder to be sintered and putting it inside the 

graphite die, just over the graphite disk cut before. 
- To cover the powder with another graphite disk. 
- To put the die inside the SPS chamber and place the graphite punches in the 

correct position. 
- To apply pressure: 100bar. 
- To vacuum the chamber, then adding argon atmosphere.  
- To connect the water cooling system. 
- To heat the sample at the required temperature. 
- To maintain it during the required time. 
- Stop heating and wait until the sample is cold. 
- Recover the sample 

 

 
Figure 5.40 SPS chamber while sintering a piece and manometer at 100 bar 

 
After all that, it is necessary to polish the surfaces of the sample to erase the most 
quantity of graphite to measure the best density possible. 
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6. RESULTS	AND	DISCUSSION 

6.1	DENSITY 

For the volume content of Molybdenum and alumina we obtained the theoretical 
densities of the composites. We used the densities of figure 5.1, 3.99 g/cm3 for 
alumina and 10.22 g/cm3 for molybdenum. They have been obtained using: 

 
 

휌 = 휌 · 푃푒푟푐푒푛푡푎푔푒 + 휌 · 푃푒푟푐푒푛푡푎푔푒  
 

Table 6.1 Theoretical densities for the different compositions of composites 

Powder mixture Theoretical density (g/cm3) 
 

90Al2O3/10Mo 4.575 g/cm3 
80Al2O3/20Mo 5.2 g/cm3 
70Al2O3/30Mo 5.825 g/cm3 

 
 
After polishing the sample, we measured the densities, which have been: 

 
Table 6.2 Densities for 10Mo-90Al2O3 (vol. %) sintered for 2 min at different temperatures 

Composition and T/t Theoretical density 
(g/cm3) 

Measured density 
(g/cm3) 

Relative density  
(%) 

10Mo/90Al2O3 
(600ºC/2min) 

4.575 1.89 41.2 

10Mo/90Al2O3 
(700ºC/2min) 

4.575 2.80 61.1 

10Mo/90Al2O3 
(800ºC/2min) 

4.575 3.42 74.8 

10Mo/90Al2O3 
(850ºC/2min) 

4.575 4.00 87.4 

 

 
Figure 6.3 Relative densities for 10Mo-90Al2O3 (vol. %) vs sintering temperature at t=2 min 
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Table 6.4 Densities for 20Mo-80Al2O3 (vol. %) sintered for 2 min at different temperatures 
Composition and T/t Theoretical density 

(g/cm3) 
Measured density 

(g/cm3) 
Relative density  

(%) 
20Mo/80Al2O3 
(600ºC/2min) 

5.2 3.11 60 

20Mo/80Al2O3 
(700ºC/2min) 

5.2 3.74 71.9 

20Mo/80Al2O3 
(800ºC/2min) 

5.2 4.93 94.8 

20Mo/80Al2O3 
(850ºC/2min) 

5.2 5.08 97.6 

 
Figure 6.5 Relative densities for 20Mo-80Al2O3 (vol. %) vs sintering temperature at t=2 min 

 
Table 6.6 Densities for 30Mo-70Al2O3 (vol. %) sintered for 2 min at different temperatures 

Composition and T/t Theoretical density 
(g/cm3) 

Measured density 
(g/cm3) 

Relative density 
(%) 

30Mo/70Al2O3 
(600ºC/2min) 

5.825 2.80 48 

30Mo/70Al2O3 
(700ºC/2min) 

5.825 3.66 62.8 

30Mo/70Al2O3 
(800ºC/2min) 

5.825 4.20 72 

30Mo/70Al2O3 
(850ºC/2min) 

5.825 5.57 95.6 

 
Figure 6.7 Relative densities for 30Mo-70Al2O3 (vol. %) sintered for 2 min at different temperatures 
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Table 6.8 Densities for 20Mo-80Al2O3 (vol. %) sintered at 800 ⁰C for different times 
Composition and T/t Theoretical density 

(g/cm3) 
Measured density 

(g/cm3) 
Relative density  

(%) 
20Mo/80Al2O3 
(800ºC/1min) 

5.2 4.91 94.4 

20Mo/80Al2O3 
(800ºC/2min) 

5.2 4.93 94.8 

20Mo/80Al2O3 
(800ºC/5min) 

5.2 5.02 96.5 

20Mo/80Al2O3 
(800ºC/10min) 

5.2 4.96 95.3 

 
Figure 6.9 Relative densities for 20Mo-80Al2O3 (vol. %) sintered at 800 ⁰C for different times 

 
Table 6.10 Densities for 30Mo-70Al2O3 (vol. %) sintered at 800 ⁰C for different times 

Composition and T/t Theoretical density 
(g/cm3) 

Measured density 
(g/cm3) 

Relative density  
(%) 

30Mo/70Al2O3 
(800ºC/1min) 

5.825 4.289 73.6 

30Mo/70Al2O3 
(800ºC/2min) 

5.825 4.197 72 

30Mo/70Al2O3 
(800ºC/5min) 

5.825 4.828 82.9 

30Mo/70Al2O3 
(800ºC/10min) 

5.825 5.099 87.5 

 
Figure 6.11 Relative densities for 30Mo-70Al2O3 (vol. %) sintered at 800 ⁰C for different times 
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If we compare the densities of the pieces sintered for 2 minutes varying the 
sintering temperature we obtain: 
 

 
Figure 6.12 Relative densities for the different compositions sintered for 2 minutes at different temperatures 

 
If we do the same but this time seeing the evolution of the relative density versus 
time at 800⁰C: 
 

 
Figure 6.13 Relative densities for 20Mo-80Al2O3 and 30Mo-70Al2O3 (vol. %) sintered at 800 ⁰C for different times 
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So, if we compare the relative densities versus molybdenum content: 
 

 
Figure 6.14 Relative densities for the different compositions sintered for 2 minutes at different temperatures 

 
 
As we can see, we obtain better results with the pieces which contain 20 vol. % of 
Mo. As molybdenum is a metal, we would expect to have a better relative density in 
the pieces with higher quantity of molybdenum because the current of the SPS 
would go through the metallic particles easily. At the same time, molybdenum has 
a higher density than alumina, so in the 30% vol. % of Mo we should have found 
fewer pores. Having said that, we should have achieved the best relative densities 
in the 30Mo-70Al2O3 sintered pieces, but it is not the case. 
 
It is a reason to explain this. All the samples have been made in the same way and 
in the same conditions; we used the same powders of molybdenum and alumina 
from the same vendor, so it’s not because of using different powders with different 
purity. 
 
If we look back, we will find that the main studied composition has always been the 
20Mo-80Al2O3. The milling time was found thanks to the SEM images of that 
composition, which shown a good homogeneity and some molybdenum covering 
the alumina. We did not expect to have a lot of changes in the microstructure in 
the other two compositions…but maybe it was not a correct hypothesis. 
 
So, the options to explain the results are: 
1. The size of the particles of alumina and molybdenum are influencing the 

sintering process. 
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2. The homogeneity of 10 and 30 vol. % of Mo could be more different of the 20 
vol. % of Mo than we expected to be, so the milling time for those mixtures 
would have not been the same of the 20 vol. % Mo, having a more 
heterogeneous composition after the milling. 

 
Searching the literature we could find an article called “Microstructure and 
properties of hot-pressed molybdenum-alumina composites” by M. Chmielewski, J. 
Dutkiewicz, D. Kalinski, L. Litynska-Dobrzynska. which can be compared with our 
work. [22]. 

 
In their case, they made the composite with powders but in different composition, 
75Mo-25Al2O3 and 60Mo-40Al2O3 (also in volume percentage) milled for 4 hours. 
They hot-pressed the samples at 1600ºC for 30 minutes to get the pieces. 

 
Their results showed that they achieved really high relative densities as can it be 
read in the table below: 

 
Table 6.15 Densities and relative densities of the studied composites [22] 

 
 
Even though they got high relative densities, they sintered the pieces heating the 
powders in a temperature approximately 2 times higher than in our work. Also they 
hot-pressed for 30 minutes. We sintered between 1 and 10 minutes obtaining 
97,6% of relative density at the 20Mo-80Al2O3 mixture sintered 2 minutes at 
850ºC. 
 
Although it’s not the same composition, it gives an idea of how good the Spark 
Plasma Sintering has worked in our samples, reaching almost similar results with a 
lower energy. 

 
We will study now the relation between the relative density and the molybdenum 
content by different tests.  
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6.2	PARTICLE	SIZE	DISTRIBUTION 

Results of the tests made by Analysette 22 with the powders samples of alumina, 
molybdenum and the mixtures with 10, 20 and 30 vol.% of molybdenum are: 
 
Al2O3 (purity: 99.74%) 

 
Figure 6.16 Particle size distribution for alumina 

 
There are alumina particles with a very different size distribution, but as we can 
see, 50% of the particles were smaller than 14µm.  
 
Molybdenum (purity: 99.95%) 

 
Figure 6.17 Particle size distribution for molybdenum 
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More similar to a Gaussian than the alumina, but with smaller size of particles. 
Alumina is finer, so it shows that agglomerates were formed. 
 
10Mo-90Al2O3. 3 hours milled 

 
Figure 6.18 Particle size distribution for 10Mo-90Al2O3 (vol. %) powders milled for 3 hours 

 
 
As we can see, there are two main types of powders. This is the sample with higher 
alumina content. As we said, alumina is really fine and it tends to form 
agglomerates. 
 
20Mo-80Al2O3. 3 hours milled 

 
Figure 6.19 Particle size distribution for 20Mo-80Al2O3 (vol. %) powders milled for 3 hours 

 
A very homogeneous particle size is observed, it is almost like a Gaussian, which 
shows that the powders have formed a good composite. 
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30Mo-70Al2O3. 3 hours milled 

 
Figure 6.20 Particle size distribution for 30Mo-70Al2O3 (vol. %) powders milled for 3 hours 

 
 
There are two differentiated powders in the sample with higher molybdenum 
content.  
 
Now that we have all the PSD we can make a hypothesis. If we compare the three 
graphs we have: 
 

 
Figure 6.21 Comparisson of the particle size distributions of the different powders milled for 3 hours 
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As we can see, the most uniform sample is the 20Mo-80Al2O3. In the other two we 
can observe two main probabilities of finding very different size of particles. It is 
important to remember that the density of molybdenum is almost 3 times higher 
than the alumina density. So, we might say that: 
 
- In the first sample we didn’t have enough molybdenum to develop the whole 

composite. We see two main powders which are probably the results of the 
measurement of the size of the alumina particles and the particles of the 
composite Mo-Al2O3.  

 
Figure 6.22 Powders in the particle size distribution for 10Mo-90Al2O3 (vol. %) powders milled for 3 hours 

 
- The second sample is the optimum one. We reached the highest relative 

densities and, as we can see, we obtained a really homogeneous particle size 
distribution, showing that the powder mixtures formed a good composite. 

 

 
Figure 6.23 Powders in the particle size distribution for 20Mo-80Al2O3 (vol. %) powders milled for 3 hours 

 
- The last sample, with 30 vol. % of molybdenum, had more mass of 

molybdenum than of alumina. It formed a good composite but also another 
powder with higher amount of molybdenum, forming agglomerates. 

 
Figure 6.24 Powders in the particle size distribution for 30Mo-70Al2O3 (vol. %) powders milled for 3 hours 
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According to the scientific literature: 
 
“[…] the powder compact with a fine particle and uniform size distribution would have the 
advantage to prolong the intermediate stage of sintering, which in turn would significantly 
inhibit the grain growth in the intermediate stage […]. The boundary pore would easily occur 
for the powder compact with a broader size distribution and be easier to be entrapped in the 
grain”. [24] 
 
“Particle size distributions would affect not only the mechanisms of pinch-off of pore 
channel in the intermediate stage of sintering but also pore locations in the final stage of 
sintering, which in turn would influence the final microstructure of ceramic compacts. Pore 
locations were not determined by the energy for pores to break away from grain boundaries 
but were influenced by the initial powder and processing conditions”. [24] 
 
This would have sense for our tests. As we said, the sample with the most uniform 
PSD is the 20Mo-80Al2O3, which is the one we got the best relative densities with. 
This could be explained by the lines above; in the case of 10 and 30 vol. % of 
molybdenum the different size of the particles were the reason why we got lower 
relative densities, the pores were entrapped in the grains. 
 
 
 

6.3	SEM	OF	NON-SINTERED	POWDERS 

We had a hypothesis, but we needed to check with SEM to make sure. These are the 
results of the powders 10Mo-90Al2O3 and 30Mo-70Al2O3. 

 

10Mo-90Al2O3. 3 hours milled: 

 
Figure 6.25 SEM for 10Mo-90Al2O3  (vol.%) milled for 3 hours 
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Figure 6.26 SEM for 10Mo-90Al2O3  (vol.%) milled for 3 hours 

 
We observe the alumina particles really dispersed and some molybdenum between 
them forming the composite. As we saw in the PSD graph there were two 
differentiated powders, the first one which could be dispersed alumina and the 
composite particles. This is what we can see in the SEM.  
 
 
The composition for the sample can be observed in the XRD graph: 
 

 
Figure 6.27 XRD for 10Mo-90Al2O3  (vol.%) milled for 3 hours 

The maps of the sample are in the pages below: 
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x5000 

 
Figure 6.28 SEM elements map for 10Mo-90Al2O3  (vol.%) milled for 3 hours at x5000 

 
Alumina dispersed all over the image. Molybdenum focused mainly in the particle 
of composite. 
 
 
x10000 

 
Figure 6.29 SEM elements map for 10Mo-90Al2O3  (vol.%) milled for 3 hours at x10000 

In the particle of composite we observe both alumina and molybdenum forming the 
material, with molybdenum particles clearly differentiated. 
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x20000 

 
Figure 6.30 SEM elements map for 10Mo-90Al2O3  (vol.%) milled for 3 hours at x20000 

 
A closer image of the composite in which we can see clearly the molybdenum 
particles dispersed on the composite. 
 
30Mo-70Al2O3. 3 hours milled: 

 
Figure 6.31 SEM for 30Mo-70Al2O3  (vol.%) milled for 3 hours 
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This is the powder with higher molybdenum content of all of them. The PSD graph 
showed two very different types of powders, the first, with the composite particles, 
and a second one, which could be molybdenum agglomerates.  
 
This is not really visible in the SEM, we observe the composite particles but not a 
lot of molybdenum agglomerates. Anyway this is just a powder particle and it is not 
representative of the whole mixture. This was due to the small amount of powder 
in the sample, after polishing the powder was not visible, so this was one of the 
few particles that could have been found. 
 
XRD shows, as it was expected, a bigger amount of molybdenum in the sample: 
 

 
Figure 6.32 XRD for 30Mo-70Al2O3  (vol.%) milled for 3 hours 

 
Maps are shown below: 
x5000 

 
Figure 6.33 SEM elements map for 30Mo-70Al2O3  (vol.%) milled for 3 hours at x5000 

The image shows a composite particle, not the agglomerate of molybdenum. 
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x10000 

 
Figure 6.34 SEM elements map for 30Mo-70Al2O3  (vol.%) milled for 3 hours at x10000 

As the x5000, it is shown a composite particle in which we can distinct the 
molybdenum particles clearly.  
 
x20000 

 
Figure 6.35 SEM elements map for 30Mo-70Al2O3  (vol.%) milled for 3 hours at x20000 

 
A molybdenum particle is clearly seen, alumina is all over the rest of the region. 
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6.4	COMPRESSION	TESTS 

The compressive strength of the samples is: 
 

푪풐풎풑풓풆풔풔풊풗풆	풔풕풓풆풏품풕풉	[푴푷풂] =
푭풐풓풄풆	[푵]

푺풖풓풇풂풄풆	[풎풎ퟐ] 

 
푆푢푟푓푎푐푒	[푚푚 ] = 									With D=15,3 mm 

 
 
After doing the tests of the sintered pieces the compressive strength of them is: 
 

Table 6.36 Compressive strength for the different compositions at different sintering time and temperatures 

Compressive strength (MPa) 10Mo-90Al2O3 20Mo-80Al2O3 30Mo-70Al2O3 

700⁰C/2 min 62 136 54 

700⁰C/5 min  122  

800⁰C/1 min  275  

800⁰C/2 min 74 457 82 

800⁰C/5 min  196  

800⁰C/10 min  1469  

850⁰C/2 min 150 491 881 

 
If we graph the results: 
 

 
Figure 6.37 Compressive strength for the different compositions sintered for 2 min at different temperatures 
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As we can see, we get better results for 20Mo-80Al2O3 in 700 and 800ºC. This is 
probably because the relative densities for those pieces were a lot higher than for 
the other samples (>94%). But at 850ºC, we reached 95,6% of relative density in the 
30Mo-70Al2O3 piece, so, as its porosity was low, we got better results than for 10 
and 20 vol.% of molybdenum. 

 
If we graph the results for the 20Mo-80Al2O3 sintered pieces at 800ºC (removing 
the point sintered at 5 minutes for an evident error in the measurement probably 
for an inside crack during the sintering or because the surfaces were not 
completely flat) : 
 

 

 
Figure 6.38 Compressive strength for 20Mo-80Al2O3 sintered at 800 ⁰C for different sintering times 

 
We observe an evolution in the results and we achieve to get a very high 
compressive strength in the 10 minutes sample, with 1469 MPa. 

 
 

6.5	SEM	FOR	BROKEN	PIECES 

After the compression test we performed SEM for some of the 20Mo-80Al2O3 and 

30Mo-70Al2O3 (vol. %) samples to see how the microstructure looked and to try to 
find the way the pieces were cracked. 
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20Mo-80Al2O3 
700 ⁰C 5 min sintered 

 
Figure 6.39 SEM for a 20Mo-80Al2O3  (vol.%) piece sintered at 700 ⁰C for 5 minutes at x5000 

This sample had a 72,9% of relative density, so we can observe a lot of porosity in 
the sample as well a well homogenized particles. 
 
If we analyze the elements map for the samples we will see this more clearly: 
 
x5000 

 
Figure 6.40  SEM elements map for a 20Mo-80Al2O3  (vol.%) piece sintered at 700 ⁰C for 5 minutes at x5000 

We see the elements dispersed all over the image, so we can confirm a good 
homogenization. 
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800 ⁰C 10 min sintered 

 
Figure 6.41 SEM  for a 20Mo-80Al2O3  (vol.%) piece sintered at 800 ⁰C for 10 minutes 

We still have the same composition. We observe again a good homogenization. The 
main difference is that we do not have as much porosity as in the 700ºC 5 min 
sintered sample, because now we achieved 95,3% of relative density. 
 
If we map the images we see: 

 
x5000 

 
Figure 6.42 SEM elements map for a 20Mo-80Al2O3  (vol.%) piece sintered at 800 ⁰C for 10 minutes at x5000 
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Analyzing the image: 
 
Table 6.43 Elements analysys for a 20Mo-80Al2O3  (vol.%) piece sintered at 800 ⁰C for 10 minutes at x5000 

 
 
We see a big iron contamination in this sample, produced by the balls of the mill. Iron 
was detected in the SEM test made to the powder but at 1%. This image prove that it 
depends on the analyzed area the proportion of iron can be really variable. 
 
x15000 

 
 Figure 6.44 SEM elements map for a 20Mo-80Al2O3  (vol.%) piece sintered at 800 ⁰C for 10 minutes at x15000 

 
Again we see molybdenum well dispersed over the alumina matrix, showing a good 
homogenized sample, but we can differentiate cleary the molybdenum particles in 
the image. 
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If we compare both images of 20Mo-80Al2O3 analyzed now we have this image: 
 

 
Figure 6.45 SEM images for two 20Mo-80Al2O3  (vol.%) pieces sintered at 700 ⁰C for 5 minutes and at 800 ⁰C for 10 

minutes at x5000 

As we have previously said, we observe clearly the pores due to the difference of 
relative densities of the samples sintered at different times, the left one with 72,9% 
and the right one with 95,3%. 

 
 
30Mo-70Al2O3 
800 ⁰C 2 min sintered 
 

 
Figure 6.46 SEM images for a 30Mo-70Al2O3  (vol.%) piece sintered at 800 ⁰C for 2 minutes at x5000 
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Analyzing by the elements map: 

 
Figure 6.47 SEM elements map for a 30Mo-70Al2O3  (vol.%) piece sintered at 800 ⁰C for 2 minutes at x1000 

 
 

We can see a lot of porosity (the relative density of this piece was 72%) and 
agglomeration of particles, as the particle size distribution graph showed before. 
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7.		CONCLUSIONS 
 
After all this work, we can conclude with the next conclusions: 
 

- Molybdenum and alumina cermet formed a good composite, particularly the 
20Mo-80Al2O3 mixture. 

- 20Mo-80Al2O3 powders were milled from 15 minutes to 4 hours choosing the 3 
hours milling time as the best option, as it formed a well homogenized mixture 
with a reasonable iron contamination. 

- After sintering by SPS the highest relative densities were achieved with the 
20Mo-80Al2O3 powders, although 30Mo-70Al2O3 at 850ºC sintered for 2 
minutes got 95,3% relative density, a similar result. 

- Temperature was the main factor for the sintering process, as sintering time 
achieved similar relative densities for a same sintering temperature in the 
compositions. 

- Similar relative densities were achieved with the half of the temperature and 
less than 3 times the sintering time than in the hot-pressed method. 

- Particle size distribution of the powders showed that 20Mo-80Al2O3 achieved 
the best results because the size of the particles was more similar, forming a 
well homogenized composite. 

- 10Mo-90Al2O3 PSD test showed two main kinds of powders: alumina dispersed 
and a well homogenized composite. 

- 30Mo-70Al2O3 PSD test showed also two types of powders: a good 
homogeneous composite and another composite with bigger particles of 
agglomerates. 

- The different particles size affected the relative density. 
- Compression tests were performed and they showed a good compressive 

strength in the pieces, reaching 1469 MPa in one of the samples and proving a 
relation between compressive strength and relative density. 
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