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In the present article a 45Mo-45Cu-10Al,03 (wt%) nano-composite was produced by mechanical alloying,
shaped by cold pressing then by hot pressing at 950 °C. Our aim was to investigate the effect of different ball to
powder ratio (BPR) on the particle size and shape, as well as on the material composition. Investigations were
done with XRD, SEM and for hot pressed specimens Brinell hardness measurement. Lower BPR resulted in nano-
sized crystallites in the powder, a homogenous phase distribution and higher BPR resulted in even smaller
crystallite sizes, but with ZrO, contamination from the milling equipment. The milling resulted in two separate
fractions in the metallic phases separated by crystallite size, strain and lattice parameter. After hot pressing, the
lower BPR powders developed a homogeneous, evenly distributed microstructure. Cu recrystallized during hot
pressing, but still remained nanocrystalline, the crystallite size of Mo and a-Al;O3 decreased even more due to
crystallite deformation and in the case of Mo, the lattice strain values indicates that recovery had also happened.
The heating eliminated the crystal defects at highly strained areas and the subsequent cooling evened out the
stresses in the respective metallic phases. The inner grain structure was revealed by etching, showing that
a-AlpO3 particles congregated only at the Mo grain boundaries, but penetrated the Cu grains. The lattice strain
values combined with the BSE images reveal that the Cu is the main matrix of the a-Al,O3 particles. The results
indicate that the a-AlyO3 particles induced Particle Stimulated Nucleation (PSN) in the Cu explaining its mod-
erate crystallite size increase. The hot pressed samples of higher BPR had higher ceramic (ZrO3 and a-Aly03)
content, resulting in higher hardness, but lower relative density (92.4%), compared to the samples of lower BPR,
which reached 97.2% relative density and hardness still significantly higher than Mo—Cu alloys.

1. Introduction crystalline and having high hardness [5,6]. To preserve the nano-

structure, during the hot pressing/sintering process, it is beneficial to

Thermal management materials are used in fundamental parts of
microelectronics packaging. Their main goal is to dissipate the gener-
ated heat to the ambient environment, and to provide the necessary
structural integrity (hardness, strength) [1-3], this applies especially in
the case of larger parts such as PCB heat sinks [4]. Generally, Mo—Cu
and W—Cu pseudo-alloys are used for heat dissipation due to their high
temperature applicability. The copper provides excellent heat conduc-
tivity, and the refractory metals provide high temperature strength.
Mo—Cu is more advantageous than W—Cu, given its lower density and
good formability above 30% Cu content. Since Mo and Cu are immis-
cible in each other, mechanical alloying is used to produce the raw
composites, which also makes the product homogenous, nano-

* Corresponding author.
E-mail address: femdani@uni-miskolc.hu (D. Pethd).

https://doi.org/10.1016/j.ijrmhm.2021.105657

stay below the melting temperature of Cu, [7-9]. Nevertheless temper-
ature above the Cu melting point is also applied, in these cases the
optimal processing temperature is ranging between 1100 and 1150 °C
[10-14].

Ceramic reinforcement is often introduced to improve the mechan-
ical properties of metals, creating metal matrix composites (MMCs)
[15-20]. AlyO3 is a known ceramic material for strengthening Mo and
Cu separately [21-27], but the addition of Al;03 to Mo—Cu pseudo
alloys is a seldom researched topic. The benefit of Al;Os is that it has a
low coefficient of thermal expansion (CTE) so it reduces the CTE of
composite. Its high hardness improves mechanical resistance, moreover
its low density (3.98 g/cme') is beneficial in weight sensitive areas [2].
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Previous studies of Mo-Cu-Al;,03 focused mainly on the feasibility of
mechanochemical production, not on the characterization of the bulk
product [28,29]. Other studies focused on creating an Al,O3-Mo-Cu
composite with an Al;O3 content of 85 vol% which mainly focused on
improving the crack resistance of the alumina [30,31].

The aim of this work is to investigate the effect of changing BPR on
the characteristics of the Mo-Cu-Al,O3 nano-composite both in powder
and in hot pressed bulk state.

2. Material and methods

The composite powders with the composition of 45Mo-45Cu-
10A1,03 (wt%) were milled with Fritsch Pulverisette 5 planetary ball
mill. The used Mo, Cu and a-Al;03 powders were Alfa Aesar 10,030,
42,689 and 42,572, respectively. Ar gas atmosphere was used to prevent
oxidation, 1 wt% ethanol was added as a process controlling agent (PCA)
[6,32], so the powder would not adhere to the milling equipment and to
control excessive cold welding. After preliminary tests, 400 rpm was
found optimal. The milling jar and balls (20 mm @) are of ZrO,, thus
evading the problem of Fe contamination caused by steel milling
equipment. Minimal mill abrasion and the desired nanocrystalline state
was possible to produce with two different BPR: 2.5 BPR and 5 BPR. In
this article the milled powders and the pressed bulk specimens are coded
accordingly.

The milled powders were cold pressed with 1.5 GPa to obtain cy-
lindrical green specimens (3 parallel specimens from each powder)
using the Instron 5900. Before and during the process the equipment
was placed under vacuum with 10~3 mbar to remove the residual air
from between the particles, so it would not oxidize them during hot
pressing. Graphite spray was used as lubricant. After cold pressing the
samples were hot pressed uniaxially at 950 °C with 150 MPa, 190 °C/
min heating rate and 10 min holding time, using the Eurotherm 2208e
for temperature control and the Iew5 induction heating unit with the
power of 2 kW. During the process Al,O3 powder was used as both
sealant and medium for pressure transmission. The experimental pro-
duction route can be seen on Fig. 1.

The density of the cylindrical samples (8.35 + 0.05 mm in diameter
and 6.1 + 0.3 mm in height) were measured using Archimedes method.
Afterwards, the cylindrical samples were cut in half perpendicularly to
their axis. The XRD measurements regarding crystallite size, lattice
parameter and strain, were carried out with Bruker D8 Discover (Cu K-
alpha 1,2 radiation, 40 kV and 40 mA generator settings, Bragg-
Brentano geometry, LynxEye XE-T energy dispersive position sensitive
detector in 1D mode, counting time 0.007°(2Th)/124 s) on the inner
sectioned surface. Rietveld refinement was applied in TOPAS4 for
evaluation of the results, calibrated with a corundum standard (NIST
SRM 1976) and Fundamental Parameters Approach (FPA) was adopted
for the instrumental profile [33]. The Inorganic Crystal Structure

400 rpm, Ar, 10 h,
1 wt% ethanol
2.5-5 BPR

1500 MPa,
10 mm/s, 103 mbar

150 MPa,
10 min, 950°C

Ball milling Cold pressing Hot pressing

Fig. 1. The manufacturing steps in order from left to right: ball milling, cold
pressing and hot pressing.
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Database (ICSD) was used to retrieve the crystal structure data. The peak
broadening was resolved by simultaneous size and strain calculation
[size: dcry = FWHM(26)*cos(8)/2; strain: eg = FWHM(26)/(4tan6)]. The
March-Dollase function was used to resolve for preferred orientation
where needed [34]. In the case of the milled powders the modeling could
not be solved with a single structure of each phase, therefore a second
structure was introduced for each metallic phase [35] differing in unit
cell parameters, crystallite size and strain, fitted against the measured
pattern. The outlined workflow of the analysis can be seen on Fig. 2.
Fitting of atomic coordinates and thermal parameters was not required,
presence of amorphous phases was not observed.

The other half of the sectioned samples were grinded and polished to
a 0.3 pm surface finish for SEM examination with Helios G4 PFIB-SEM
(ABS detector, 20 kV, 1.6 nA current). The etching of the samples
were carried out on the polished surfaces with 10 s immersion time for
Mo and 15 s immersion time for Cu. Subsequent to immersion, the
samples were cleaned with distilled water and then with ethanol before
drying. The solvent for Mo was Murakami's reagent (ASTM 98C) con-
sisting of 10 g K3Fe(CN)g, 10 g NaOH and 100 mL distilled H,O. The
solvent for Cu contained 1 g K»Cr207, 4 mL H3SO4 and 50 mL distilled
H0 (simply referred to as potassium dichromate). The microstructure
of the selectively etched samples were also examined by SEM. The
hardness measurements were carried out with Wolpert UH 930 with HB
2.5/62.5 on all the three parallel samples of 2.5 BPR and 5 BPR.

3. Results and discussion
3.1. Powders

After milling the dried and homogenized powders were analyzed by
XRD. Differences of the milled powders with different BPR can be seen
on diffractograms in Fig. 3 a). The 2.5 BPR pattern displays sharp and
high peaks. Compared to 2.5 BPR, the peaks on the 5 BPR pattern are
broadened and lost height, indicating that the more intensive milling
decreased crystallite sizes and generated lattice strain. The peaks of ZrO,
(baddeleyite) from the milling equipment are also present, as contami-
nation. This can be explained by the fact that increasing BPR reduces the
mean free path of the milling ball's motion, so it increases impact fre-
quency, but it also increases contamination [5]. Therefore the increased
BPR clearly leads to more significant decrease in crystallite sizes. Based
on the fact that the maximum values of the Mo and Cu peaks did not
change due to the milling and the peaks remain symmetrical, neither Mo
(Cu) or Cu(Mo) solid solutions have been formed in either sample, since
their development requires considerably longer milling time [36]. After
milling, the 2.5 BPR sample had nominal composition with 1 wt% Cuz0.
The 5 BPR sample was contaminated with 9 wt% ZrO; due to the higher
ball to powder ratio [5,37]. The amount of CupO was found to be 3 wt%,
explained by sample inhomogeneity and the minimal adherence of Mo
and Cu to the milling equipment, since the oxide content of Cu powder
was 2 wt%. The detailed analysis of the 2.5 BPR milled powder with
separate diffractograms plotted for each phase can be seen on Fig. 2b).
The difference curve is shown as the indicator of the goodness of the
fitting. As it can be seen the metallic phases in both samples had two
distinct fractions. These are identified by the distinct crystallite size
ranges (higher and lower), as shown in Table 1. The size ranges are
associated with different lattice strain values (Fig. 6), reflected by the
unit cell parameters also. The lattice strain reflects all distortions in the
crystal structure, including lattice defects, vacancies, and dislocations
[38,39]. Dislocation density increases by milling [5,6,32] leading to size
and strain delimited phase fractions, which in our experiments are pa-
rameters more significantly describing material evaluation, than dislo-
cation density variations. These differences can be seen on the
diffractograms as their respective peaks have different height and
broadening (FWHM). The reason behind the formation of distinct size
fractions is different for Mo and Cu. The Mo particles either weld
together during milling, forming a larger particle, or get flattened by the
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Fig. 2. The flowchart of the Rietveld analysis.
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Fig. 3. The X-ray diffractograms of the milled powders. a) the comparison of the milled powders; b) the analysis of the 2.5 BPR powder shown in detailed view.

Table 1

The average crystallite size and weight percentage of the phases in the base and milled powders.
Mo Cu a-Al,03 ZrO,
nm/wt% nm/wt% nm/wt% nm/wt%
Coarser Finer Coarser Finer Coarser Finer

Base powders
2.5 BPR
5 BPR

4090 + 910/100 wt%
138 4+ 31/25.7 wt%
156 + 35/10.8 wt%

119 £ 27/19.9 wt%
16 £ 4/29.7 wt%

465 + 103/58.9 wt%
136 + 30/19.4 wt%
56 + 12/7.0 wt%

108 + 24/38.7 wt%
72 +16/24.5 wt%
16 + 3/30 wt%

783 £217/17.1 wt%
184 + 51/9.5 wt%
114 + 32/10.8 wt%

146 + 40/82.9 wt%

10 &+ 2/8.9 wt%

milling balls, therefore the deformation and the resulting lattice strain is
higher (Fig. 8a). Cu particles can also weld together (with low a-AlyO3
content), or form a mixture with a-Al,O3 (Fig. 8 a and b) where the
ceramic particles induce dislocations in their vicinity resulting in higher
distortion of the Cu lattice [40]. The base Cu powder also had two
fractions, but it had no effect on the formation of two distinct size
fractions in the milled powders. The single size fraction of the a-AlyO3
compared to the base powder is due to the higher abrasion of the larger
particles during milling. It can be seen in Table 1 that 2.5 BPR had its
constituents between 100 and 190 nm, while the phases in 5 BPR are

smaller due to the higher BPR [6]. The ZrO; crystallites originating from
the mill are 10 nm in size, corundum is around 100 nm. In both milled
powders the crystallite sizes are considerably lower than in the base
powders and in most phases the finer fraction has higher weight per-
centage than the coarse fraction.

The SEM back-scattered electron images of the powders are shown
on Fig. 4. The particles in the 2.5 BPR sample are sharp-edged, flattened,
the phase distribution is homogenous, but the phases are separated, and
are easily distinguished due to the differences in average atomic
numbers (Mo bright, Cu dark, a-Al,03 black dots). In 5 BPR the particles
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Fig. 4. SEM images with different magnifications, a-c) 2.5 BPR; b-d) 5 BPR.
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Fig. 5. Crystallite size comparison of the milled powders and hot pressed samples of 2.5 BPR and 5 BPR. The crystallite size of the base powders are also shown.
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are equiaxial and the phase distribution is homogenous,but here the
phases are indistinguishable from each other. In both samples the par-
ticles tend to weld together to form larger agglomerates. The evolution
of particles in the Mo-Cu-Al,O3 composite powders, can be explained by
the five stages of mechanical alloying of a ductile-brittle system [5].
Based on the images, the 2.5 BPR is in the early second stage of period of
the welding predominance, having multilayered, oriented lamellae
(Fig. 3c lower right corner), the 5 BPR powder has reached the third
stage of equiaxed particle formation, where the aspect ratio of the
formed lamellae is decreased. This happens due to the fact that the
flattened, work-hardened particles are more brittle, thus get fragmented
in the milling process [32].

3.2. Bulk materials

The crystallite sizes from the XRD analysis can be seen on Fig. 5.
Compared to the milled powders, the size of Cu crystallites by hot
pressing in both samples grew in a great extent, which indicates that
recrystallization occurred at 950 °C. In the case of Mo, the hot pressing
temperature is below its recrystallization temperature [41,42], so its
crystallite size could not increase. The deformation during cold and hot
pressing resulted in smaller crystallites within the Mo and a-Al»O3 as it
can be seen in the case of the hot pressed 2.5 BPR sample. In the hot
pressed 5 BPR sample, the crystallite size of Mo and a-AlyO3 was smaller,
so in the case of Mo, mainly the coarse fraction decreased in crystallite
size, moreover the crystallite size of ZrO, did not change due to defor-
mation, since it was already around 10 nm. The decrease in a-AlyO3
crystallite size by hot pressing is related to the existence of cleavage
planes in the crystal structure along rhombohedral direction [43] due to
which it acts brittle. During the hot pressing, the heating eliminated
most of the lattice strain present at the highly deformed areas in the Mo
and Cu, which evened out the stresses in the respective phases
throughout the specimen [44]. The subsequent cooling caused thermal
stresses due to the differences in CTE [45,46] and that results in a more
uniform lattice strain in the metallic phases (Fig. 6 b). These are the
reasons behind the Mo and Cu in the bulk samples having only one size
fraction. Additionally the thermal stresses can also cause breakage in
ceramic reinforcements [45] which could contribute to the crystallite
size decrease of the a-Al;O3 in the bulk samples.

The lattice parameters and strain of the Mo and Cu in the 2.5 BPR and
5 BPR samples can be seen on Fig. 6. There were some fractions in the
powders which did not have any strain value after the Rietveld

2.5 BPR 5 BPR
0,45 4
B Mo (Coarser)
0.40 3 O Mo (Finer)
™ Mo (Single fraction)
0,35 @ Cu (Coarser)
O Cu (Finer)
0.30 4 ® Cu (Single fraction)
- (]
20,25 o
é ; D
o 0,20
]
0,15 (e
- -
0,104 e =
|
0,05 1
0,00 T T T T T
Base powder Milled  Hotpressed Milled  Hot pressed
Powder sample Powder sample

State of material

a)
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refinement, so they are not plotted.The lattice parameter value of the 2.5
BPR milled powder compared to the base powder's is only slightly
different, indicating minimal deformation which is in good accordance
with the morphology of the powder (Fig. 4) and by that extent, its stage
in mechanical alloying. That stands also for the 5 BPR milled powder,
having been on the third stage of mechanical alloying, therefore it had a
slight increase in the lattice parameters. These are also in agreement
with the crystallite size decrease seen on Fig. 5. The uniform lattice
parameter values in both samples after hot pressing, might be caused by
either oxygen diffusion along dislocation edges or as a thin oxide layer
on the surface of the grains [9], which is in good agreement with liter-
ature findings [47]. This process is supported also by the absence of
Mo—Cu solutions, which could be the other reason for lattice parameter
change. If the formation of a Mo(Cu) or Cu(Mo) solid solution occurred,
it would have increased the lattice parameter of Mo simultaneously with
the decrease of Cu’s lattice parameter [7], moreover it would have been
detected in the milled state (Fig. 3).

The strain values in both samples (Fig. 6b) clearly were increased by
milling, which were then decreased by the subsequent hot pressing. The
increasement of strain values during milling is caused by vacancies,
dislocations and stacking faults, as evidenced in [9]. The hot pressing
carried out at 950 °C decreased the strain value in both Mo and Cu. In
the case of Cu, the hot pressing temperature is quite close to its melting
temperature, moreover it was in a cold-worked state, therefore recrys-
tallization (or grain boundary migration) must have happened. This is in
good agreement with its crystallite size in hot pressed state (Fig. 5).
However the Mo had no increase in crystallite size in hot pressed state.
Since its strain also decreased after the hot consolidation, the only
possible explanation is, that Mo was annealed during hot pressing. This
is also backed up by the fact that Mo is a metal with high stacking fault
energy (SFE) (yspg = 300 mJ/mz) [48],which is much more prone to
significant recovery than a metal with low stacking fault energy, such as
Cu (yspg =78 mJ, /mz) [44]. Therefore the decrease in crystallite size due
to deformation and the recovery during hot pressing are separated. The
explanation behind the strain values is also backed up by the formation
of single fractions in the metallic phases (Fig. 5) and by the fact that the
BPR value only had a slight effect on it.

On Fig. 7. SEM images of the bulk samples made from both samples
can be seen. The hot pressed 2.5 BPR consists of Mo grains (bright)
surrounded by Cu grains (gray) mixed with a-AlyO3 (black dots). This is
due to the fact that the Mo-Cu-AlyOs is a ductile-brittle system during
milling, hence the brittle dispersoid should be entrapped in the ductile

2.5BPR 5BPR
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3,624 4 O Mo (Finer)
3,623 4 M Mo (Single fraction)
3,622 4 @ Cu(Coarser)
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23,6194 o
% 3,618 4 - ] -
{é_ 3,617 4 -
3 3,616 4 o) o
5 3,615 JUR | | Cu
3 3.150 ¥ i standard
3,149 5 -
3,148 3 B
= D Mo
3,147 4B W
3.146 4 standard
3,145 4 i , . ‘ ;
Base powder Milled  Hotpressed Milled Hot pressed
Powder sample Powder sample

State of material

Fig. 6. Measured parameters of the milled powders and the hot pressed samples of 2.5 BPR and 5 BPR: a) Lattice parameter; b) e0. The base powders are also shown.
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Fig. 7. SEM images of the bulk samples with different magnifications, a-c) Hot pressed 2.5 BPR; b-d) Hot pressed 5 BPR (Mo-bright, Cu-gray, Al,Os-black).
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phase along the cold welded interfaces [5,32]. Since between the Mo
and Cu, the Cu is the more ductile phase, a-Al,O3 is concentrated here.
Cu grains are also prone to be elongated due to deformation by milling.
In the case of 5 BPR the images show a rather fine microstructure
compared to 2.5 BPR, due to the larger ball to powder ratio [6]. At lower
magnification (Fig. 7b) almost no grain boundaries are distinguishable
(apart from some Mo grains) and the distribution of a-AlO3 is homog-
enous. At higher magnification it can be seen that the grains are much
smaller. Also there are ZrO, particles (dark gray) embedded in the
matrix.

To reveal the inner structure of the large grains seen in the micro-
structure of the bulk samples of 2.5 BPR, the samples were etched
selectively for Mo and Cu as it can be seen on Fig. 8. When Mo grains
welded together during milling, a-Al,O3 particles got trapped on the
grain boundaries. The Mo and a-Al;O3 are clearly distinguishable within
the particle. In the case of Cu, when its grains welded together and the
a-Al,O3 got trapped inside, the ceramic reinforcement did not stay on
the grain boundaries, but penetrated the grains (faint gray dots) [49,50].
This indicates that the Zener pinning effect of the a-Al;O3 is the reason
behind, that the highly deformed Cu, at hot pressing temperature close
to its melting point (1083 °C) [1], had increased only moderately in
crystallite size (Fig. 5) [51]. The a-Al;O3 particles within the matrix can
act as a nucleation site for Particle Stimulated Nucleation (PSN) [44,52],
or due to the small size (around 0.1 pm) of the a-Al;O3 particles they
could even locally inhibit recrystallization, substituting it with intensive
subgrain growth [44,52,53]. Both of these mechanisms result in small,
randomly oriented Cu grains within the composite resulting in the final
crystallite (subgrain) sizes.

Moreover, comparing the same sized Mo and Cu particles on the
image, it can be seen that the Cu particle is composed of numerous
grains with a wide range of grain sizes. These are all in good accordance
with the stacking fault energy of the two metals described above and
their strength values. The Cu absorbs the most of the energy of the
milling by forming multitude of grain boundaries and because the Mo is
more resistant to deformation, it mainly acts as a reinforcement of the
Cu. This is also the reason why the lattice strain of Cu in the bulk samples
is higher than the lattice strain of the Mo (Fig. 6b). Furthermore, Fig. 8a)
shows that Mo grains even when not welded together, stay separated
from the other phases, Cu however forms a mixture with a-Al,O3 with no
visible grain boundaries (in accordance with the crystallite size fractions
shown in Table 1). Therefore in Mo—Cu pseudo-alloys reinforced with
a-Al,O3 particles, Cu clearly is the main matrix of the ceramic
reinforcement.

In Table 2. the relative density and hardness values, gained by
measuring all the parallel specimens, can be seen. The relative density
values indicate that the hot pressed 2.5 BPR is more easily deformable,
due to its lower ceramic content and its lower strain hardening at
milling. This is backed up by the hardness of the hot pressed 5 BPR
which is considerably larger than the hot pressed 2.5 BPR. Both
commercially available and research produced Mo—Cu alloys with 50
wt% Cu content have hardness values between 140 and 160 HB [2,8],
which is significantly lower than even the hardness of the 2.5 BPR bulk
sample. The increased hardness of the 2.5 BPR and 5 BPR samples can be
explained by several mechanisms enhancing each other. The deforma-
tion of crystallites during milling increased the amount of crystal defects

Table 2
Relative density and hardness data for the hot pressed specimens compared to
the literature.

Relative density (%) Hardness (HB)

Average Deviation Average Deviation
Hot pressed 2.5 BPR 97.2 0.5 286 6
Hot pressed 5 BPR 92.4 1.7 363 9
50Mo-50Cu (wt%) [2] N/A N/A 150 (HV) N/A

53Mo-47Cu (wt%) [8] 99.0-99.5 N/A 140-160 N/A

International Journal of Refractory Metals and Hard Materials 101 (2021) 105657

and decreased the crystallite size (Fig. 5) of the matrix, which in the next
manufacturing steps resulted in higher hardness [54-56]. Moreover, the
a-AlyO3 particles generated dislocations in the metal matrix during
penetration and hindered dislocation movement in the metal lattice,
contributing to the increased hardness values [55-57]. Furthermore, the
hot pressing (950 °C) resulted in only a moderate crystallite size increase
of copper (Fig. 5), therefore the hardness is expected to be preserved
when subjected to high temperatures. Based on the results, a-AloO3
particles can be used to reinforce Mo—Cu pseudo-alloys to produce a
coarsening resistant nano-composite. Since one of the key features of
heat sinks, apart from heat dissipation, is structural integrity [4], the
increased hardness and the resistance to coarsening of the Mo—Cu based
MMC, should increase the operating temperature range of these parts.

4. Conclusions

The effect of different ball to powder ratios during mechanical
alloying on a novel nano-crystalline material, 45Mo-45Cu-10Al,03, was
investigated. The milled powders and the bulk samples were analyzed by
XRD, SEM and hardness measurement to evaluate the effect of BPR. The
following conclusions can be made:

1) Both of the milled powders are nanocrystalline, but due to the higher
ball to powder ratio, the phases in the milled 5 BPR powder had
broader and lower peaks therefore lower crystallite sizes and higher
strain compared to the phases in the milled 2.5 BPR powder.

2) The milling results in two separate fractions (differentiated by
crystallite size and lattice distortion) in both metallic phases. Mo
either forms larger particles by welding or the single grains get
deformed by the milling balls. Cu particles can also weld together or
get mixed with a-AlyOs.

3) The milled powders of 2.5 BPR and 5 BPR are in different stages of

mechanical alloying, in 2.5 BPR the particles have sharp edges and

are composed of large particles consisting of smaller particles welded
together. However, in 5 BPR the constituents are finer, hence more
evenly distributed and the particles are equiaxial.

In both bulk hot pressed samples the Cu had increased crystallite

size, which indicates that grain boundary migration took place.

Compared to the milled powder, Mo and a-AlyO3 has decreased its

crystallite size due to deformation. The heating eliminated most of

the lattice defects at the highly strained areas and the subsequent
cooling resulted in uniform stresses in the respective metallic phases,
thereby forming evenly distorted lattices.

The lattice parameter values of the bulk phases exclude the forma-

tion of Mo(Cu) and Cu(Mo) solid solutions. The lattice strain of the

hot pressed samples indicate the annealing of Mo and the recrystal-
lization of Cu (in agreement with the SFE values).

6) The microstructure of the hot pressed 2.5 BPR consists of Mo grains
surrounded with the blend of Cu and a-Al;O3, since between the
metallic phases, the Cu is the more ductile and by mechanical
alloying theory, it should contain the brittle phase. In the case of 5
BPR, it has a homogenous distribution of phases, with small grains of
Mo.

7) The separate etching of the metallic phases in 2.5 BPR bulk samples
revealed that Mo grains welded together have the ceramic rein-
forcement congregated at its grain boundaries separating three or
more grains. Larger Cu particles on the other hand are composed of
numerous smaller grains containing a-AlyO3 particles which can be
found within the grains. The a-Al,O3 particles can induce PSN or
intensive subgrain growth during heating, both result in the mod-
erate crystallite size growth of Cu.

8) The low SFE and strength of Cu explains the multitude of grains
forming in the larger particles, implying that the milling causes
deformation mostly in the Cu particles, also shown by the higher
lattice strain values. The Mo mainly acts as a reinforcement of the
composite, therefore the main matrix of the a-AlyO3 is the Cu.

4

—

5

—
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9)

ethé et al.

Its higher ceramic content and higher deformation during milling,
resulted in the 5 BPR samples having higher hardness, but lower
relative density compared to 2.5 BPR bulk samples, which reached
97.2% and hardness values still significantly higher than Mo—Cu
alloys. Therefore 2.5 BPR samples are a better candidate for future
research and application with their higher relative density, high
hardness, and interconnected Cu grains.
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