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In this study, composites reinforced by amorphous Al,O3 (am-Al,03) and Al;;Lag particles, formed through Al-
Lay0s3 in-situ reaction, were fabricated by high energy ball milling (HEBM) and hot-pressing. The difference in
high-temperature strength of composites hot-pressed at different temperatures could be as high as 44%, and the
reason was disclosed by careful microstructure characterization. It was found that the in-situ reaction could be
divided into three processes, accompanied by the crystallization of am-Al;O3 and coarsening of Aly;Las. Am-

Al;03 could not only directly strengthen the composites, but also inhibit the coarsening of Al;;Las by forming a
film on its surface. Therefore, when the hot-pressing temperature reached the crystallization temperature of am-
Al03 (590 °C), am-Al»O3 film transformed into discontinuous y-Al,O3 particles, resulting in rapid coarsening of
Al;1Lag as well as the degeneration of strengthening efficiency. By maintaining Al;O3 in an amorphous state and
AljjLas in fine size, the highest tensile strength of the composites could reach 190 MPa at 350 °C.

1. Introduction

Due to excellent mechanical properties such as high specific strength
and specific modulus, Al alloys have become important lightweight
materials and are widely used in aerospace, nuclear industry, and
automotive fields as load-bearing components [1-3]. As equipment in
these fields develops to new generations, higher requirements for high-
temperature properties of materials have been put forward, especially
for long-term thermostability. In many applications, steel and titanium
alloys are irreplaceably used, which greatly restricts the lightweight of
equipment.

Therefore, heat-resistant Al alloys are desired to be competent
structural materials at higher temperatures, especially at 300-400 °C,
which could avoid excessive application of high-density materials.
Under this demand, heat-resistant Al alloys have appeared [4-6].
However, metastable precipitates in Al alloys would quickly coarsen at
high temperatures, decreasing the high-temperature strength of Al al-
loys significantly [7]. Even Al alloys designed for high-temperature

applications such as Al-Si-Cu and Al—Cu alloys could hardly serve at
above 300 °C for long-term application.

Aluminum matrix composites (AMCs) reinforced by ceramic parti-
cles could exhibit reliable thermostability because of the stable re-
inforcements. However, traditional micro-sized reinforcements only
provide limited strengthening effects for high-temperature strength
[6,8]. Nano-sized reinforcements could be effective in enhancing high-
temperature strength, but their content in AMCs is usually limited, so
the strengthening efficiency is crucial to realize high strength.

It was found that nano-sized in-situ amorphous Al;03 (am-Al;O3)
film formed on the surfaces of Al powders could not only be highly
effective in enhancing the high-temperature strength of Al,O3/Al [8-11]
but also be deformable during the tensile process, which is expected to
exert fewer detrimental effects on the ductility of AMCs [12]. Am-Al;,03
also possesses the ability to be stable until the temperature reaches its
crystallization temperature, which was reported to be over 550 °C [13].

However, the content of the native am-Al;Os3 is limited by the size
and specific surface area of Al powders. Increasing the content of am-
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Al,O3 requires the use of finer Al powders, which is accompanied by
higher costs and preparation risks. It should be noticed that in-situ AlO3
could also be formed via reaction between Al and some metal oxides
such as CuO, ZrO,, TiO,, etc. [14-16]. However, these in-situ reactions
could only be thermally activated and occur during the sintering process
at temperatures higher than the crystallization temperature of am-
Al;03, generating y-Al,O3, which had low efficiency in strengthening
[17]. Therefore, it is valuable to look for efficient and controllable ways
to introduce in-situ am-Al;O3 into the Al matrix at temperatures lower
than the crystallization temperature of am-Al,O3.

It has been found that the intense mechanical effect in high energy
ball milling (HEBM) can decrease in-situ reaction temperature, and even
stimulate reaction during the milling process [18]. From this aspect, it is
expected that the in-situ reaction can be stimulated at room temperature
by the HEBM process and produce am-Al;Os. So, it is worth trying to
fabricate in-situ am-Al,O3 reinforced AMCs with excellent high-
temperature strength by choosing a suitable in-situ reaction system via
HEBM [19-21].

Adding rare earth elements such as La, Ce, and Er into Al alloys could
produce desirable positive effects on high-temperature properties by
forming thermostable intermetallic compounds [22-26]. Sakamoto
et al. [27] reported that the formation of intermetallic compound
Alj;Lag from the Al-LayO3 reaction was much easier thanks to the high
binding energy of Al-La. However, in Sakamoto et al.'s study, con-
strained by the energy input of the ball milling, Al;03 was formed in the
sintering process rather than the HEBM process and identified to be
v-Al203, which had a lower strengthening effect than am-Al,O3 [17].

Herein, HEBM of Al-LapyO3 was put forward as a promising way to
generate in-situ am-Al,0s, forming (am-Aly03 + Al;jLas)/Al for the first
time. The aims of this study are (a) to verify the possibility of producing
in-situ am-Al,O3 by HEBM, (b) to elucidate the evolution of reinforcing
phases in the hot-pressing process, and (c) to identify the relationship
between microstructure and mechanical properties of the composites.

2. Experimental

Pure Al powders and LayO3 particles with mean sizes of 13 pm and
300 nm, respectively, as shown in Fig. 1, were utilized in the fabrication
of the composites. 8 wt%LayO3 particles and Al powders were ball
milled using an attritor with a ball-to-powder ratio of 15:1 at 400 rpm
for 6 h in an argon atmosphere. 2 wt% stearic acid was used as the
process control agent.

The mixed powders after HEBM were vacuum degassed at 400 °C and
then hot-pressed at 510 °C, 530 °C, 550 °C, 570 °C, 590 °C, and 610 °C,
respectively, for 2 h under the vacuum of about 10! Pa, nominated as
HP 510, HP 530, HP 550, HP 570, HP 590, and HP 610, respectively.
Finally, the billets were all extruded at 450 °C into bars with an
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extrusion ratio of 16:1.

The phases in the composites were investigated by X-ray diffraction
(XRD). The microstructure of the composites was observed using scan-
ning electron microscopy (SEM, FEI Inspect F50) and transmission
electron microscopy (TEM, FEI Talos F200X G2). Specimens for SEM
observation were ground with 5000 grit abrasive paper and then me-
chanically polished using SiOy polishing liquid. Specimens for TEM
observation were prepared by metallographic grinding and dimpling,
followed by ion-milling using a Gatan PIPS (Model 695).

Dog-bone tensile specimens with a gauge length of 15 mm, a width of
4 mm, and a thickness of 2 mm were machined parallel to the extrusion
direction. The tensile test was carried out at room temperature and
350 °C using Instron 8801 tester and MTS E45. 105 tester. A strain rate
of 1 x 1072 s7! was used. At least 3 specimens were tested for each
sample.

3. Results
3.1. Microstructure of the composites

The SEM micrographs of Al-La;O3 mixed powders after HEBM are
shown in Fig. 2. It could be seen that after 6 h of HEBM, fine particles
were evenly dispersed in the Al powders.

The XRD pattern of the Al-LapO3 mixed powders after HEBM is
shown in Fig. 3. Besides the peaks of Al and LayOs, Alj;Lag diffraction
peaks were evidently observed, proving that the in-situ reaction be-
tween Al and LayO3 happened in the HEBM process.

Fig. 4 shows the XRD patterns of the composites hot-pressed at
different temperatures. The peaks of LapO3 and Al;jLag were seen in all
composites. XRD patterns of HP 510 and HP 530 exhibited the same
characteristics. When the hot-pressing temperature increased to 550 °C
and higher, more peaks of AljjLag appeared gradually with their in-
tensity increasing, especially when the hot-pressing temperature
reached 590 °C and 610 °C. The peaks of LayO3 exhibited the opposite
tendency, and the significant change also occurred at 590 °C and 610 °C.
It indicated that Al and LapOs reacted gradually with the increase of hot-
pressing temperature in the temperature range of 530-590 °C, and the
reaction became more complete in the temperature range of
590-610 °C.

Fig. 5 displays the SEM micrographs of the composites with different
hot-pressing temperatures. By Energy Dispersion Spectrum (EDS) anal-
ysis, two kinds of particles were identified. One particle of each kind is
indicated by A and B in Fig. 5c representatively. Table 1 presents the
EDS results of Spots A and B. The A-phases contained O and La elements,
indicating that the A-phases were unreacted LayOs. The B-phases con-
sisted of Al and La elements, indicating that the B-phases were Al;;Las.
In these low-magnification SEM images, no evident difference was

Fig. 1. Morphologies of (a) pure Al powders and (b) La,O3 particles.
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Fig. 2. SEM images of Al-La;O3 mixed powders after HEBM with (a) low and (b) high magnifications.
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Fig. 3. XRD pattern of the Al-La,O3 mixed powders after HEBM.
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Fig. 4. XRD patterns of the composites with different hot-pressing
temperatures.

revealed in HP 510, HP 530, HP 550, and HP 570. With the hot-pressing
temperature increasing to 590 °C, more and larger Alj;Las were
observed obviously (denoted by red arrows), which was consistent with
the XRD results. When the temperature increased to 610 °C, Aly;Lag
phases grew to much larger scales (about 1-2 pm in diameter). In these
images, Al;03 cannot be detected due to its small size.

TEM images of HP 510, HP 550, and HP 610 are shown

representatively in Fig. 6 to reveal the microstructure evolution under
the effect of hot-pressing temperature. It was shown that the size of the
particles increased with the increase of hot-pressing temperature, while
the quantity decreased. When the temperature increased to 610 °C,
particles increased to a few microns, which was in accord with SEM
images.

Figs. 7a and b show the STEM-BF images of HP 510 and HP 550.
Compared with the TEM images shown in Fig. 6, the contrast of the
STEM-BF images was more sensitive to the elemental composition. Two
kinds of phases exhibiting black and gray contrasts were disclosed in
Fig. 7a and b. By EDS analysis and elemental mapping shown in Fig. 7c,
it was found that the black phases in Fig. 7a contained a high content of
La and O elements, while Al element was absent in these phases. So,
these particles could be presumed to be unreacted LayOs particles. Gray
phases were found to contain a certain amount of Al and La elements, so
they were identified to be Aly;Las, which could further be confirmed by
high-resolution TEM (HRTEM) image, as shown in Fig. 7d. Besides Al
and La elements, a small amount of O element was found in Aly;Lag,
which would be discussed in the following part. Furthermore, Al;1La;3
exhibited bimodality in size distribution. Besides particles with a size of
over 200 nm, many particles with a size of about 30 nm could also be
observed. By comparing Fig. 7a and b, it could be concluded that Al;;Lag
became coarser under higher hot-pressing temperatures. Larger Al;;Las
with a size of over even 500 nm were formed.

More microstructural details of HP 550 are shown in Fig. 8a with
higher magnification. The STEM-BF and elemental mapping images in
square A are shown in Fig. 8b and ¢, and the elemental mapping image in
square B is shown in Fig. 8d. It was found that these fine Aly;La3 and
LayO3 particles were commonly surrounded by oxygenated chemicals,
which could explain the small amount of O element in Aly;Las. Since no
other element concentration was revealed, it could be speculated that
these particles are am-Al;03 formed in the in-situ reaction, which could
be confirmed by the HRTEM image shown in Fig. 8e. The semi-
transparent state shown in the TEM image was also in accord with am-
Al;O3 in the previous study [28]. It could be concluded that the am-
Al,03 around the Al;1Lag phases could effectively inhibit the coarsening
of the Al;jLas. In addition to being distributed around fine Alj;las and
LayO3 particles, am-Al,O3 was also found to disperse in the Al matrix
(red circles).

The microstructure of HP 610 is shown in Fig. 9. When the hot-
pressing temperature increased to 610 °C, although the reaction be-
tween LayO3 and Al matrix became more complete, there were still a few
unreacted LapO3 particles left (phase A denoted by yellow arrows).
Nano-sized particles (including La;O3 and Alj;Las) became much fewer
and micro-sized Alj;Las particles (phase B) were formed. By observing
Fig. 9d and e, many fine particles containing O but not La element were
found, indicating nano-sized Al;O3 particles were dispersed in the Al
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Fig. 5. SEM images of (a) HP 510, (b) HP 530, (c) HP 550, (d) HP 570, (e) HP 590 and (f) HP 610.

Table 1
EDS results of Spot A and Spot B.
Element Al La o
Wt% At% Wt% At.% Wt% At.%
Spot A 77.04 82.50 14.99 3.12 7.96 14.38
Spot B 57.82 87.59 42.18 12.41 0 0
matrix.

In the STEM image of HP 610 with higher magnification (Fig. 10a)
and its corresponding EDS mapping (Fig. 10b), Al,Os particles were
revealed to exhibit an acicular morphology, which was different from
am-Al»03 in HP 510 or HP 550 as shown in Fig. 8. It was identified to be
y-Al,05 by HRTEM (Fig. 10c).

It should be noted that there is a critical temperature, above which
am-Al,O3 will transform into y-Al;Os, as reported in previous studies
[28]. The crystallization temperature of am-Al,Os is usually discrepant
in different studies and is believed to be influenced by its own
morphology and defects [6,28,29]. By observing TEM images of HP 570
and HP 590 shown in Fig. 11, it was found that only am-Al,O3 (denoted
by red arrows, around other phases or in Al matrix) was present in HP
570, and y-Al;03 (denoted by blue arrows, in Al matrix) with the acic-
ular morphology started to appear in HP 590. Therefore, it could be

concluded that in this study, am-Al,Og3 started to transform into y-AloO3
at 590 °C, and the transformation could be finished completely at
610 °C.

Furthermore, continuous am-Al,O3 film between Al matrix and fine
particles (LapO3 and Aly;Lag) transformed into discontinuous y-Al,O3 in
HP 590 and HP 610, which meant that the barrier to Al-La;O3 reaction
and growth of Alj;Las disappeared. Therefore, it could explain the
temperature threshold of 590 °C for Aly;Lag particles to grow up much
more quickly in the composites.

3.2. Mechanical properties

The tensile stress-strain curves of the composites are shown in Fig. 12
and the mechanical properties are listed in Table 2. With the increase of
hot-pressing temperature, the tensile properties of the composites
decreased at both room temperature (RT) and 350 °C. The highest
tensile strengths of 406 MPa at RT and 190 MPa at 350 °C were achieved
when the hot-pressing temperature was 510 °C. The tensile strength at
RT and 350 °C decreased to 327 MPa and 132 MPa, respectively, when
the hot-pressing temperature was 610 °C. Elongation increased with the
decrease of tensile strength.

It should be noted that when the hot-pressing temperature was over
570 °C (corresponding to the temperature at which reaction became
more sufficient and Aly;Las coarsened quickly), the decreasing trend of

Fig. 6. TEM images of (a) HP 510, (b) HP 550, and (c) HP 610.
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Fig. 7. STEM-BF images of (a) HP 510 and (b) HP 550, and (c) EDS results of the same position of (a), and (d) TEM image of an Aly;Las particle in HP 510 with its

HRTEM image in the inset.

A

Fig. 8. (a) TEM image of HP 550, (b) STEM-BF image of position A, EDS mapping of positions (c) A and (d) B, and (e) magnified view of position C.

RT strength slowed down, but the high-temperature strength declined
even more rapidly with the increase of hot-pressing temperature.

3.3. Fractographs

Fig. 13 displays the SEM fracture surfaces of HP 550 and HP 610 at
RT and 350 °C. The RT fractographs (Fig. 13a and b) exhibited the
characteristic of obvious dimples. In the fractograph of HP 610, lots of
large Al;;jLas particles were disclosed. Some cracks were also found in

large Aly;Lag particles (inset in Fig. 13b), which were probably formed
in the tensile process [30].

Unlike the fracture surfaces at RT, an intergranular fracture char-
acteristic was observed at 350 °C, as shown in Fig. 13c and d. Fig. 13c
exhibited a finer structure than Fig. 13d, which was in accord with finer
grains in HP 550. Furthermore, in Fig. 13c and d, a mass of nano-sized
particles could be observed on the fracture surfaces. Furthermore,
compared to that in HP 610 (Fig. 13d), more particles were disclosed in
HP 550 (Fig. 13c), being consistent with the higher content of nano-
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Fig. 10. (a) STEM-BF image of HP 610, (b) corresponding EDS result, and (c) TEM image of y-Al,O3 with its HRTEM in the inset.

sized particles in HP 550. However, micro-sized Al;;Lag could not be
observed. AMCs fabricated by powder metallurgy with an ultrafine grain
structure usually exhibited fracture surfaces with the evident character
of grain boundary gliding at high temperatures [6,31,32], however, no
such characteristic was disclosed in Fig. 13c and d, indicating that
intergranular sliding was suppressed by the fine particles.

4. Discussion
4.1. In-situ reaction process

There are many Al—La intermetallic compounds, such as Alyla,
AljjLas, AlsLa, AlsLa, AlLa, and AlLag, among which AlsLa and Aly;Lag
have the strongest Al—La binding force based on Debye temperature
calculation [33]. According to the binary phase diagram of Al-La alloy,
Alj;1Lag would be the reaction product in the investigated temperature
and La content range in this study [34,35], which agreed well with the
experiment result. Therefore, it could be deduced that the reaction of the
Al and LayOs in this study happened as follows:

28Al 4 3La,05;—2Aly,La; + 3AL,04 (€D)

In Sakamoto et al.'s study [27], the Al-LayO3 reaction happened
during the hot-pressing process, producing y-Al,O3 and Alj;Las. How-
ever, in this study, it was found that with higher energy input, the Al-
Lay03 reaction could happen in the HEBM process. Therefore, the in-situ
reaction between Al and LayO3 could be divided into three processes:

4.1.1. HEBM process

In the HEBM process, am-Al,O3 and fine Aly;Las particles were
produced under the severe mechanical effects. In addition to being
distributed in the matrix, am-Al,O3 also wrapped around LapO3 and
Aly;Lag phases.

4.1.2. Hot-pressing process below the transformation temperature of am-
Al,03

At temperatures below 590 °C, am-Al,03 remained in the amorphous
state, still applying a shielding effect. As a result, the in-situ reaction and
the coarsening of Aly;Lag particles were slow.

4.1.3. Hot-pressing process above the transformation temperature of am-
Algo;;

When the hot-pressing temperature reached the crystallization
temperature of am-AlyO3 (590 °C), am-Al;O3 started to transform into
acicular y-Al;03. Due to the increase of hot-pressing temperature and
vanishment of the barrier effect of the am-Al,O3 film, atom diffusion
velocity was accelerated and much larger Al;;Lag particles (about 1-2
pm in diameter) were formed.

4.2. Mechanical properties

The tensile strength of the composites at room temperature
decreased with the increase of hot-pressing temperature, and the
downward trend slowed significantly when the hot-pressing tempera-
ture was over 570 °C, i.e., the temperature over which the in-situ
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Fig. 11. (a) TEM image of HP 570, with corresponding EDS results of position denoted by yellow square being shown in (b) and (c), and (d) TEM image of HP 590,
with corresponding EDS results of position denoted by yellow square being shown in (e) and (f). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 12. Tensile stress-strain curves of the composites at (a) RT and (b) 350 °C.

Table 2
Tensile properties of the composites.
Sample  RT 350 °C
YS UTS EL (%) YS UTS EL (%)
(MPa) (MPa) (MPa) (MPa)
HP 510 370 £ 2 406 + 3 6.4 + 189 + 6 190 £ 1 2.0+
0.7 0.5
HP 530 348 +1 381 £10 6.2 + 172 £ 3 173 £2 23+
0.1 0.5
HP 550 328 + 4 357 +£9 7.2+ 167 £ 3 173 £9 3.8+
0.7 0.8
HP 570 301 +4 350 +£1 9.4 + 159 +1 162 £1 5.5+
1.1 0.3
HP 590 282 +1 333+ 4 12.6 + 144 £ 3 148 +£ 2 85+
0.6 0.2
HP 610 289 + 2 327 £1 11.2 + 1290 + 8 132+7 12.8 +
0.1 1.0

reaction became more sufficient, and more Al;;Lag and y-Al,O3 particles
were generated.

At room temperature, the strength of AMCs is commonly enhanced
by three strengthening mechanisms: (1) the load-transfer effect of micro-
sized particles; (2) the grain refinement effect of nano-sized particles;
and (3) the strengthening of nano-sized particles by dislocation accu-
mulation [28].

It is known that fine particles exhibited much higher strengthening
efficiency than coarse ones. When the hot-pressing temperature was
lower than the crystallization temperature of am-Al,Os, the in-situ re-
action proceeded slowly, and the Aly;Las grew up with the increase of
hot-pressing temperature. At the same time, higher hot-pressing tem-
peratures resulted in coarser grains. Consequently, tensile strength
decreased with the increase of hot-pressing temperature. When the hot-
pressing temperature reached the crystallization temperature, Al and
LayO3 reacted more sufficiently, resulting in a large amount of Al;;Las
and y-Al,03, which compensated the strength loss caused by the particle
coarsening. As a result, the downtrend of tensile strength slowed down
when the hot-pressing temperature was over 570 °C.
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Fig. 13. SEM fractographs of HP 550 at (a) RT and (c) 350 °C, and HP 610 at (b) RT and (d) 350 °C.

At elevated temperatures, the grain boundaries were more active in
sliding, migration, and grain rotation, thereby losing their strengthening
effects. Also, the load-transfer effect of micro-sized particles was
restricted by the relaxation process of dislocations and stress field
caused by diffusional assisted flow [28]. Therefore, nano-sized particles
were much more important for strengthening high-temperature strength
by pinning grain boundaries and dislocations.

When the hot-pressing temperature increased, the nano-sized
AljjLas coarsened into a micrometer scale, losing its enhancing effect
on high-temperature strength. On the other hand, the transformation of
am-Al,0j3 into y-AlyO3 was reported to weaken its strengthening effect
seriously [30]. As a result, the high-temperature strength of the com-
posites decreased with the increase of hot-pressing temperature.
Although a large amount of Alj;Las and y-Al,O3 were generated at high
temperatures, the high-temperature strengthening efficiency of these
particles was much lower than that of nano-sized Al;;Las and am-Al;0s,
and the strength loss could not be compensated. Therefore, the high-
temperature strength still decreased rapidly despite the increasing
amount of Aly;Laz and y-Al;0s.

To sum up, nano-sized fine particles of am-AlyO3 and Al;;Lag pro-
duced in the HEBM process exhibited much higher strengthening effi-
ciency than y-Aly03 and micro-sized Alj;Lag particles produced in the
hot-pressing process. Tensile strength could be increased by up to 24%
and 44% at room temperature and 350 °C, respectively, via maintaining
Al,O3 in an amorphous state and Alj;Lag in fine size.

5. Conclusions

Composites were fabricated using Al powders and LayOs nano-
particles by HEBM and hot-pressing. The microstructure and mechanical
properties of composites hot-pressed at different temperatures were
investigated. The main conclusions are as follows.

1. The in-situ reaction was activated by HEBM, generating fine nano-
sized Alj;Lag and am-Al;O3. The am-Al;O3 film was found to wrap

LagO3 and Alj;Las, which could inhibit the reaction and coarsening
of the nanoparticles.

2. At low hot-pressing temperatures (lower than 590 °C), the fine
Aly,Lag particles coarsened slowly. When the hot-pressing tempera-
ture reached 590 °C, am-Al;O3 film transformed into y-Al,O3 parti-
cles, and reaction became more sufficient, resulting in coarse Al;;Lag
with micrometer scale.

3. Fine Alj;Lag and am-Al;O3 could effectively enhance the strength of
the composites. The strengthening efficiency of these particles
decreased with the crystallization of AloO3 and coarsening of Al;;Lag
caused by higher temperatures.

4. By controlling hot-pressing temperature, tensile strength could be
increased by up to 24% and 44% at room temperature and 350 °C,
respectively. The highest tensile strength at 350 °C of 190 MPa was
obtained when the hot-pressing temperature was 510 °C.
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