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Abstract: This research focused on studying the effect of temperature on the mechanical properties
of aluminium matrix composites (AMCs) obtained by a powder metallurgy route. Aluminium
powder was milled at room temperature for 5 h and using different atmospheres in order to
achieve different amounts of reinforcement. The atmospheres employed were vacuum, confined
ammonia, and vacuum combined with a short-time (5 and 10 min) of ammonia gas flow. After
mechanical alloying, powders were consolidated by cold uniaxial pressing (850 MPa) and vacuum
sintering (650 °C, 1 h). Hardness and tensile tests, on consolidated samples, were carried out at
room temperature. Subsequently, the effect of temperature on both properties were evaluated. On
one hand, the UTS and hardness were measured, again at room temperature, but after having
subjected the sintered samples to a prolonged annealing (400 °C, 100 h). On the other hand, the
tensile and hardness behaviour were also studied, while the samples are at high temperature, in
particular 250 °C for UTS, and in the range between 100 and 400 °C for hardness. Results show that
the use of ammonia gas allows achieving mechanical properties, at room and high temperature,
higher than those of the commercial alloys EN AW 2024 T4, and EN AW 7075 T6.
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1. Introduction

Nowadays, lightweight (low-density) alloys are extraordinarily attractive for industries such as
transport, because they make it possible to reduce weight, which will ultimately translate into a
reduction in fuel consumption and polluting effects [1,2].

Therefore, in the automotive and aeronautics industries, aluminium and its alloys play an
important role in a wide range of structural applications [3-5]. Unfortunately, there is a limiting
factor for their use: the mechanical properties of aluminium alloys can be degraded when the
material is exposed to temperatures above 100 °C (373 K). Consequently, it is of great interest to
improve the properties of aluminium, both at room and at high temperatures, mainly in terms of
reducing properties degradation.

One of the possible ways to improve the properties of aluminium alloys is to reinforce them
with ceramic particles, thus obtaining aluminium matrix composite materials (AMCs). These AMCs
have interesting properties for industry, such as excellent wear resistance, higher specific resistance
and higher resistance to thermal degradation, compared to conventional aluminium alloys [6,7].
Other properties of AMCs are their improved corrosion resistance, good thermal and electrical
conductivity, and high damping capacity [8]. For all these reasons, AMCs have aroused great
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interest in the academic and industrial sectors, especially in the transport and aerospace industries
[9].

AMC:s are already used in the manufacture of aerospace and automotive components, such as
gear parts, crankshafts, suspension arms, ventral fins, fuel access door covers, and rotating blade
sleeves, among others. In the electronics industry, they are used to manufacture integrated heat
sinks, microwave housings, and microprocessor lids. Most of these applications involve operation
under varying temperature conditions [10]. In addition, structural components used in the aerospace
industry, such as fuselage frames, aircraft wings, and landing gears are usually exposed to severe
thermal gradients created by aerodynamic heating [11,12]. Therefore, it is advisable to study the
effect of temperature on the properties of the material, because high temperatures can cause
chemical reactions between the reinforcements and the matrix, which results affecting the bonding
forces between them, and the integrity of the material.

Moreover, the ceramic phases generally used as a reinforcement in AMCs have very different
coefficients of thermal expansion (CTE) to that of the aluminium. This mismatch can cause large
residual thermal stresses near the matrix—reinforcement interfaces, which were initiated in the
cooling stage during the manufacturing process [13,14]. These residual stresses usually reduce the
mechanical and physical properties of the composite material, and they often cause its premature
failure [15]. There are several mechanisms whereby thermal stresses can be relaxed, including
interface detachment, microplasticity of the metal matrix, and crack initiation and propagation [16].
AMC s are frequently exposed to cyclic thermal temperature conditions, which are often especially
critical, and accelerate material degradation [13].

Some recent studies are aimed at determining which types of reinforcements produce the best
mechanical properties and which of them mitigate the pernicious effects of temperature [17,18].
Although the use of reinforcements such as alumina (Al2Os) and silicon carbide (SiC) has been
predominant, alternative reinforcements such as aluminium nitride (AIN), silicon dioxide (SiO2),
boron carbide (B4«C), titanium carbide (TiC), titanium boride (TiBz), zirconium diboride (ZrB:), and
titanium dioxide (TiO2) have also been studied. The way in which AMCs are produced has also been
analysed. One of the most widespread processes for manufacturing AMCs is powder metallurgy,
since it allows obtaining AMCs with good mechanical properties, which in turn is more economical
than other types of techniques [19].

The main aim of this work is the detailed study of the mechanical behaviour at the temperature
of high-strength AMCs obtained by mechanical alloying of aluminium powder in nitriding
atmospheres. The degradation of their mechanical properties, because of high temperature, will be
specially treated. There are only a few studies focused on the temperature behaviour of
nitride-reinforced metal matrix composites. One of the aims of this work is to contribute to the
clarification of this issue in AMCs.

2. Materials and Methods

The starting material consisted of gas atomized elemental aluminium powder (AS 61, Eckart)
with a purity level higher than 99.7 wt % and a mean particle size of 80.5 pm (as measured by laser
diffraction in a Malvern Mastersizer 2000, Almelo, Netherlands). The aluminium powder was milled
in a high-energy attritor ball mill (Union Process, Ohio, USA), having a water cooled stainless steel
vessel of 1400 cm?. Mill charge contained 72 g of powder and 3600 g of balls (charge ratio 50:1). A 3
wt % of ethylene-bis-stereamide (EBS) micropowder organic wax was added as a process control
agent (PCA).

All milling experiments lasted 5 h and were performed at room temperature with a rotor speed
of 500 rpm. However, three different atmosphere conditions were used: vacuum (5 Pa), confined
ammonia gas (1.3 x 10° Pa), and a combination of vacuum (5 Pa) and ammonia gas flow (1 cm?/s).
This last experiment began under vacuum, and after 2 h, a short-time ammonia gas flow was
incorporated for a time of 5 or 10 min. Subsequently, milling continued under vacuum until a total
time of 5 h was reached. Table 1 summarizes milling conditions for the different experiments.
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Table 1. Milling atmosphere conditions.

Milling Experiment Atmosphere Sample
I Vacuum (5 h) A%
I Confined ammonia gas (5 h) C
I Vacuum (2 h) + Ammonia gas flow (5 min) + Vacuum (2 h 55 min) F5
v Vacuum (2 h) + Ammonia gas flow (10 min) + Vacuum (2 h 50 min)  F10

Both cylindrical (diameter: 12 mm; mass: 3 g) and tensile dog-bone-shaped specimens were
produced from all milled powders by cold uniaxial pressing (850 MPa) and vacuum (5 Pa) sintering
(650 °C for 1 h), followed by furnace cooling. EBS wax was also used as a die-wall lubricant during
cold pressing. X-ray diffraction analysis (XRD, Bruker D8 Advance, using CuKa radiation, a step
size of 0.015° and a time step of 0.5 s, Massachusetts, USA) was used to identify and quantify the
phases. The XRD studies were carried out on the compacts after their consolidation process, as well
as after they were heat treated at 400 °C for 100 h. A universal testing machine (Instron 5505,
Massachusetts, USA) with a load cell of 100 kN was used for tensile testing, whereas Vickers
hardness (Struers Duramin A300, Willich, Germany) were measured using a load of 1 kg.
Fractographic studies were performed using a field emission scanning electron microscopy (FESEM,
FEI Teneo, Eindhoven, The Netherlands).

3. Results and Discussion

After milling process, cylindrical and dog-bone-shape specimens were pressed and sintered
from the different milled powders, in order to evaluate their hardness (HV) and ultimate tensile
strength (UTS), respectively. Both properties were tested under different conditions listed in Table 2.
Compacts from as-received aluminium powder were also prepared by comparison purpose.

Table 2. Test conditions.

Heat
Treatment after Test Temperature Test Condition
Sintering
- Room Temperature Hardness/Tensile RT
400 °C, 100 h Room Temperature Hardness/Tensile 400 °C 100 h/RT
250°C,1h Room Temperature Hardness 250 °C 1 h/RT
400°C,100h 400, 300, 200, and 100 °C Hardness 400 °C 100 h/400-100 °C
- 250 °C Tensile 250 °C

3.1. Hardness Test at Room and High Temperature

Hardness test was carried out at room temperature after consolidation process (condition RT
Table 2). Additionally, the effect of temperature on this property was also evaluated. In this regard,
hardness was measured in two different conditions: at room temperature after compacts were heat
treated at 250 °C for 1 h (condition 250 °C 1 h/RT, Table 2), and at room temperature after compacts
were subjected to a heat treatment at 400 °C for 100 h (condition 400 °C 100 h/RT, Table 2,
respectively).

Figure 1 shows the hardness values at room temperature after samples were tested under
conditions RT, 400 °C 100 h/RT and 250 °C 1 h/RT. Regarding the first condition (RT), a high increase
is observed in the hardness values of compacts prepared from vacuum milled aluminium (V),
compared to those prepared from as-received aluminium (AR Al). This behaviour is mainly due to
strain hardening produced by the intense plastic deformation of the Al particles during the milling
process (30 HV for AR Al versus 102 HV for V compacts) [20]. An additional increase takes place as a
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result of ammonia gas incorporation to the milling process (102 HV for V versus 166 HV for F5
compacts). Furthermore, an improvement of this property can be observed as ammonia gas milling
time is prolonged (F5 versus F10 and C), obtaining an increase in hardness of up to 18 HV. In this
way, higher hardness values than those of the commercial alloys EN AW 2024 T4 and EN AW 7075
T6 (137 and 175 HV, respectively) are attained.

WRT  =RT after HT at 400 °C, 100h W RT after HT at 250 °C, 1h
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Figure 1. Vickers hardness measured at room temperature with (RT after HT at 400 °C, 100 h and RT
after HT at 250 °C, 1 h) and without (RT) a previous heat treatment.

Accordingly, hardening effect is caused by two facts: strain hardening because of the energy
transferred to the powders during mechanical alloying process, and the nitrogen incorporation into
the aluminium lattice during milling. This nitrogen, in solid solution, forms refractory dispersed
phases that significantly harden the material [21,22]. In order to evaluate the solid-gas reactions in
the formation of new phases as a result of the milling process and the effect of temperature during
heat treatments, XRD analysis were performed (Figure 2). Specifically, XRD were studied after both
the sintering process and the most severe heat treating, 400 °C for 100 h (Figure 2a,b, respectively). In
both cases, in addition to the Al peaks, reflections corresponding to aluminium carbide (Al4«Cs) and
aluminium oxide (Al2Os) are detected in all samples. On the other hand, if ammonia gas is used
during millings (F5, F10, and C), reflections corresponding to nitrogen-rich second phases (Al«CON
and AlsOsN) also appear. It is known that carbides arise from the EBS used as the PCA, the oxides
come from the surface of the aluminium particles, and nitrides formation is due to ammonia gas
dissociation during the mechanical alloying process. The XRD patterns were also fitted via Rietveld
refinement [23] to quantify the phases formed. Data used for the refinement comes from the
International Center for Diffraction Data (ICDD) PDF4 database [24]. Table 3 and Table 4 collect the
weight percentage of each phase in the different sintered and heat-treated compacts, respectively.
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Figure 2. XRD patterns of the different samples after being (a) sintered and (b) heat treated at 400 °C

for 100 h.

After sintering, a slight growth in the weight percentage of aluminium oxycarbonitride
(Als«CON) from 4% up to 6% (samples F5 versus F10 and C, respectively) can be seen with the
amount of time that ammonia gas was incorporated to the milling vessel (Table 3). In contrast, the
weight percentage of aluminum oxynitride (AlsOsN) is kept at 3% for all samples milled in the
presence of ammonia gas (F5, F10, and C).
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Table 3. Weight percentage of the phases in the different sintered samples.

Phase (weight percentage)

Sample Al ALGs ALCON AlsO6N ALO3 Fitting parameter Rwp
\% 90 8 - - 2 5.61
F5 86 4 4 3 3 6.32
F10 86 2 6 3 3 7.03
C 85 3 6 3 3 5.17

Table 4. Weight percentage of the phases after applied a heat treatment (400 °C, 100 h).

Phase (weight percentage)

Sample Al ALGC; Al CON AlsOgN ALO3 Fitting parameter Rwp
A" 93 5 - - 2 543
F5 90 4 2 2 2 6.47
F10 90 4 2 2 2 6.92
C 90 4 2 2 2 5.33

On the other hand, hardness was measured in all the compacts after having been heat treated
under conditions 400 °C 100 h/RT and 250 °C 1 h/RT listed in Table 2. Comparing the hardness
values measured at room temperature (Figure 1), it can be observed that in general, hardness
decreases as a result of the additional heat treatment applied (conditions 400 °C 100 h/RT and 250 °C
1 h/RT, Table 2). It should be highlighted that hardness values are similar in both 400 °C 100 h/RT
and 250 °C 1 h/RT cases, despite the great differences in temperature and time in both heat
treatments. In this way, it seems that hardness decreases because of temperature (250 °C, 1 h), but it
does not decrease much more with increasing temperature and exposure time (400 °C, 100 h). It
should be pointed out that even after being heated for a long time (condition 400 °C 100 h/RT), the
hardness of the samples F5, F10, and C is still higher than that of the widely used commercial alloys
(137 HV for EN AW 2024 T4 and 175 HV for EN AW 7075 T6). This result is even more remarkable
considering that these commercial alloys were not subjected to any prolonged heat treatment.

XRD analysis show that once the compacts are heat treated, the amount of second phases (Table
4) is reduced with respect to the ones obtained after the sintering process. It seems that the
prolonged heat undergone by the samples tends to decompose the second phases formed during the
sintering process. Thus, the weight percentage of second phases decreases as that of the aluminium
increases. Nevertheless, it is noteworthy that the decomposition of such second phases is very slow,
if it is taken under consideration that the heat treatment at 400 °C lasted 100 h. In fact, after the heat
treatment, more than half of the original amount of second phases is kept (around 15 wt % after
sintering process versus 10 wt % after heat treatment). In addition, despite this prolonged annealing,
samples F5, F10, and C achieved hardness values (157, 165, and 169 HV, respectively) higher than
those of the commercial alloy EN AW 2024 T4 (137 HV) in the absence of such annealing.

Finally, a study of the evolution of hardness with temperature after a high temperature
long-term annealing was carried out. Compacts were heated at 400 °C for 100 h and, after that, the
temperature was decreased and hardness was measured at different temperatures ranging from 400
°C to room temperature (condition 400 °C 100 h/400-100 °C in Table 2). In this way, hardness versus
temperature evolution is plotted in Figure 3. As might be expected, the hardness decreases with
increasing temperature for all samples. Nevertheless, it must be highlighted that a remarkable
improvement is achieved because of the ammonia gas incorporation to the milling process. As can
be seen, the hardness corresponding to F5 compacts undergoes an important improvement respect
to V compact. Additionally, hardness increases are observed as the exposure time under ammonia
gas is prolonged (compacts F10 and C). It is worth noting the notably improvement that the
ammonia gas provokes in hardness, even at different temperatures. In particular, at 300 °C, hardness
remains above 100 HV for F5, F10, and C specimens, while at room temperature, the highest
hardness achieved for V compacts is only 90 HV.
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Figure 3. Vickers hardness at high temperature.

3.2. Tensile Test at Room and High Temperature

The effect of temperature on tensile properties was also evaluated using two different ways.
Firstly, tensile test was carried out at room temperature, both after the consolidation process
(condition RT, Table 2) and after compacts were previously heat treated at 400 °C for 100 h
(condition 400 °C 100 h/RT, Table 2). Secondly, the tensile specimens were also tested at 250 °C
(condition 250 °C, Table 2).

Figure 4 collects the UTS values obtained for the different compacts under the aforementioned
conditions. For condition RT, it can be observed that UTS increases in compacts made from powder
milled in vacuum (V) with respect to the ones made from as-received Al powder (AR Al), due to
strain hardening that takes place as a result of the intense and repeated deformation of Al particles
during the milling process [20]. In this way, an increase in UTS values higher than 250% is achieved
in V compacts (247 MPa) with respect to AR Al compacts (67 MPa). In addition, it can be observed
that UTS values follow an increasing trend as the ammonia gas is prolonged during the milling
process. Thus, UTS values at RT increase up to 75% and 548% in C compacts compared to V and AR
Al compacts, respectively. In this case, the improvement achieved is due to the formation of
nitrogen-rich second phases after the sintering process.
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Figure 4. Ultimate tensile strength at room temperature with and without a previous heat treatment
(400 °C, 100 h) as well as at high temperature (250 °C).

As expected, the UTS corresponding to conditions 400 °C 100 h/RT and 250 °C decreases as a
consequence of temperature with respect to unheated specimens. Thus, tensile tests at 250 °C
(condition 250 °C) provided lower UTS values than those of the one carried out at room temperature
after specimens were heat treated at 400 °C for 100 h (condition 400 °C 100 h/RT). It is remarkable
that compacts made from milled powder and tensile tested both under condition 400 °C 100 h/RT
and 250 °C allow achieving UTS values much higher than those of the AR Al compacts. It must be
highlighted that the UTS values observed at 250 °C remain above 163 MPa, which is significantly
higher than those of commercial alloys EN AW 2024 T4 and EN AW 7075 T6, which reach UTS
values lower than 100 MPa at 250 °C [25].

3.3. Fracture Surface Analysis

After the tensile test, the fracture surfaces were analysed. Macroscopically, compacts exhibit a
flat fracture surface corresponding to a brittle failure. Figure 5 shows a tensile specimen made from
powder milled under confined ammonia (C) and tensile tested at 250 °C. As can be seen, no signal of
plastic deformation can be observed.

(a) (b)

Figure 5. (a) Longitudinal and (b) cross-section of tensile specimen C tested at 250 °C.
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On the other hand, scanning electron micrographs, Figures 6 and 7, illustrate the fracture
surfaces microscopically. All the specimens exhibit a surface consisting of a plentiful presence of
dimples. The size of these dimples gets larger as the duration of the ammonia atmosphere is
prolonged (F5, F10, and C). Dimples are formed as a result of the presence of hard particles in the
ductile aluminium matrix. Accordingly, the probability of dimple formation also increases, making
the already formed dimples easier to grow and coalesce [26]. In addition, a tensile test at 250 °C
induces the softening of the aluminum matrix, which also contributes to increasing the size of the
dimples. In this way, Figure 7d show a fracture surface where some small dimples with particles
inside can be seen, and some larger dimples are also visible due to the growth and coalescence of
voids during the tensile test at 250 °C. This morphology involves a certain level of plastic
deformation at the microscopic level. However, the low ductility, as well as by the proportion of
shallow dimples, is evidenced by the fact that an elongation lower than 1% is achieved for all
samples.

Figure 6. SE-SEM microfractographs of (a) V, (b) F5, (c) F10, and (d) C. A tensile test was
carried out at room temperature after a heat treatment at 400 °C for 100 h.
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Figure 7. SE-SEM microfractographs of (a) V, (b) F5, (c) F10, and (d) C. A tensile test was
carried out at 250 °C.

4. Conclusions

Aluminium powder was attrition-milled under three different atmosphere conditions (vacuum,
confined ammonia gas, and a combination of vacuum and ammonia gas flow) and was consolidated
by cold uniaxial pressing and vacuum sintering. After the consolidation process (condition RT), the
results show that both hardness and UTS values increase due to the joint action of two mechanisms:
the strain hardening of Al particles during the milling process and the formation of nitrogen-rich
second phases after the sintering process, coming from the ammonia gas incorporated into the
milling (F5, F10, and C). Subsequently, the degradation of their mechanical properties with
temperature were evaluated. Results show that once compacts were submitted to a heat treatment
(conditions 250 °C 1 h/RT and 400 °C 100 h/400-100 °C for hardness and 400 °C 100 h/RT and 250 °C
for UTS), a slightly decrease is observed. XRD analysis showed that the prolonged heat undergone
by the samples tends to decompose the second phases formed during the sintering process. Despite
this, the hardness of the samples F5, F10, and C after being heated for a long time (condition 400 °C
100 h/RT) is still higher than that of the commercial alloy EN AW 2024 T4 (137 HV) and kept higher
than 100 HV for a temperature of 300 °C. Regarding the UTS, compacts made from milled powder
achieved values higher than those of the AR Al compacts and remained above 150 MPa at 250 °C.
Furthermore, these values are significantly higher than those of commercial alloys EN AW 2024 T4
and EN AW 7075 T6, which reach UTS values lower than 100 MPa at 250 °C. This is due to the
decomposition of the second phases being very slow despite the heat treatment at 400 °C lasting 100
h. In fact, XRD results showed that after such heat treatment, more than half of the original amount
of second-phases is kept (around 15 wt % after the sintering process versus 10 wt % after heat
treatment).
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