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A novel Al4W/Al;,W composite, which can be used as a structural material in the automotive and aerospace
industries, was developed and successfully fabricated in-situ using an infiltration method in vacuum environ-
ment. The microstructure and phase analyses of the AlW/Al;o,W composite were performed using a scanning
electron microscope equipped with energy dispersive spectrum and X-ray diffractometer. To quantify the
characteristics of the composite, electron backscattering diffraction analysis and first-principles calculations

were then performed. The composite was obtained at 800 °C, and the AW phase was distributed homo-
geneously on the Al;,W with holding time above 40 min at 800 °C. The grain size of AW increased, while its
relative content decreased with longer holding time. The structural stability of AW was superior to that of
Al;,W. The microstructural evolution of Al4W/Al,,W composite was also elucidated. The defined microstructure
promised favorable engineering applications of the novel composite.

1. Introduction

Tungsten-aluminum intermetallics combine the great strength,
hardness and heat resistance of tungsten (W) with the resistance to
oxidation and low density of aluminum (Al). These intermetallics are
being actively examined for potential application in automotive and
aerospace industries as the raw material for fabricating aircraft engines,
armour plating and as anti-corrosive coatings [1-4]. A similar widely-
applied material in the aerospace field is ceramic matrix composites
(CMCs), which have excellent high temperature stability, corrosion
resistance and great strength [5-8]. These outstanding properties are
mainly achieved through the ceramic phase including WC, Al,Os, SiC,
Si3Ny et al. [9-13]. These ceramic phase materials may be enhanced the
tensile strength of metal matrix composites. For example, the tensile
strength of an aluminum alloy was increased by 16%, when it was re-
inforced with WC [14]. However, the in situ Al;,W particles were able
to enhance the tensile strength of an aluminum matrix composite by
84.5% [15], which indicates that Al;,W can be comparable to tradi-
tional ceramic phase materials in the ability to produce composites with
achieve extraordinary properties. Al;sW with exotic high strength is
due to the covalent strengthening produced by the introduction of the
extra-electron, which dramatically transforms the metal bond into a
covalent bond by changing the critical valence electron concentration
[16]. Another kind of tungsten-aluminum intermetallic, AW shows

great high temperature stability [17]. Therefore, it is advantageous to
develop an Al;W/Al;,W composite in order to fabricate a material with
both high strength and temperature stability.

However, there was no existing method for preparing an Al,W/
Al;,W composite. CMCs can be fabricated by many techniques, such as
powder metallurgy (PM) and sintering process [18-20], polymer in-
filtration pyrolysis (PIP) [21,22], self-propagating high-temperature
synthesis (SHS) [23,24], and chemical vapor deposition (CVD) [25,26].
However, due to the large discrepancy in density, melting point and
coefficient of thermal expansion between W and Al, it has been difficult
to prepare the desired Al4W/Al;,W composite. In this study, an in-
filtration method was developed since it can produce large structural
components with complex geometry economically and easily. The
Al,W/Al;,W composite was created by the infiltration of a pre-sintered
tungsten skeleton with molten aluminum. The microstructure of Al4W/
Al;,W composite was then characterized by several techniques. The
first-principles calculation was made to determine the stability of the
AlLW and Al;,W. Experimental and computational analyses were per-
formed to characterize the Al,W and Al,,W. These characteristics and
the microstructural evolution of the Al;W/Al;,W composite are ela-
borated in detail in this paper. This research enhances the under-
standing of the formation mechanism and the characteristics of this
AlW/Al;,W composite, and establishes the foundation for future ap-
plications of this new material in the aeronautical industry. Also, this
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work provides a guide for the related research and development of Al-
W-X (X = Co, Ni, Cu) composites.

2. Materials and methods
2.1. Preparation and characterization

The raw materials, aluminum ingot (purity =99.9 wt%) and tung-
sten powders (purity =99.9 wt%, average particle size of 6-8 pm), were
prepared initially for the fabrication of the Al;W/Al;,W composites.
The pre-sintered tungsten skeletons were produced by pressure applied
to the tungsten powders in a hydraulic machine to form tungsten green
bodies (density = 60%), followed by heating the tungsten bodies at
1000 °C for 40 min in a furnace with atmospheric protection. Hydrogen
(H,) was used as the atmospheric protection in the initial heating-up
and heat-preservation stage, and nitrogen (N5,) was used for protection
in the cooling stage. Afterwards, the sintered tungsten skeletons were
infiltrated with molten aluminum at 800 °C in a vacuum furnace with a
vacuum of 2.3-4.5 x 10~ 3Pa. The temperature precision of the sin-
tering furnace is + 5°C. The infiltrates were then held at temperature
for different time (10 min, 40 min, 50 min and 60 min) and the reaction
process between aluminum and tungsten was observed step by step.
After the furnace cooling down, the Al4W/Al;,W composites were ob-
tained. The achieved composites were machined and polished for later
characterization. A microstructural observation was carried out using a
JEOL JSM-6700F field-emission scanning electron microscope
(FESEM). The phase and grain distribution of the composite were vi-
sualized by electron backscattering diffraction (EBSD) on a Zeiss-Merlin
SEM, with an acceleration voltage of 20 kV. The X-ray diffraction pat-
terns were generated by an XRD-7000S X-ray diffractometer with Cu Ka
radiation.

2.2. Computational details

The present calculations were based on the plane-wave pseudopo-
tential density functional theory (DFT) implemented in the Cambridge
Serial Total Energy Package (CASTEP) code [27-29]. The Perdew-
Burke-Ernzerhof (PBE) functional version of the generalized gradient
approximation (GGA) was used as exchange-correlation functional
[30]. The Kohn-Sham equation was solved by means of the ultrasoft
pseudopotentials introduce by Vanderbilt [31]. Pseudo-atomic calcu-
lations were performed for Al 3s*>3p* and W 5p®d*6s?, respectively. The
plane wave cut-off energy of 350 eV was employed for AL;W and Al;,W.
For Brillouin zone sampling, a 5 X 5 X 5 Monkhorst-Pack [32] mesh
was adopted for AW and an 11 X 11 X 11 Monkhorst-Pack mesh for
Al;,W. Geometric optimization of the structures was performed within
the Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization scheme
[33], with the following thresholds for converged structures: energy
change per atom, maximum residual force, maximum atomic dis-
placement and maximum stress were less than 5 x 10~ ®eV, 0.01 eV/A,
5 x 10~ *A and 0.02 GPa respectively.

3. Results
3.1. Morphologies and phase analysis

The cross-sectional morphology of the Al/W diffusion couple syn-
thesized at 800 °C for 10 min showed a wavy transition zone with
thickness of ~500 pm formed at the Al/W interface (Fig. 1(a)). A wide
depth of penetration was obtained, indicating a good infiltration of the
tungsten matrix by the aluminum. Moreover, colour-contrastive zones
(light and dark grey), different from the matrix were also observed,
suggesting that Al-W intermetallic phases were formed at the interface.
The EDS line-scan displayed the distribution of Al and W atoms across
the interface, demonstrating that atomic diffusion did occur, and that Al
easily diffused into the W skeletons, during the infiltration process
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(Fig. 1(b)). Closer observation of the interface at higher magnification
(Fig. 1(c)) showed that the W particles at the interface were much
smaller than the original W particles. The EDS scans were performed on
both A and B regions, as shown in Fig. 1(c), and the weight-percent of
W and Al were illustrated in Fig. 1(d). Comparing the weight-percent
with the W-Al binary diagram [34], the newly generated A and B phases
may be preliminarily considered to be Al4W and Al;,W.

When the holding time was extended to 40 min, 50 min and 60 min,
a uniform and dense Al4W/Al;,W microstructure was formed (Fig. 2). It
is important to note that the diffusion interface disappeared completely,
and no tungsten or aluminum matrix was found in the diffusion zone
compared to the composite fabricated with a holding time of 10 min.
Large amounts of the A phase were homogeneously distributed on the B
phase, and the A phase was significantly larger than B phase. It was
inferred that an adequate in-situ reaction occurred between tungsten
and the aluminum matrix, allowing the A phase to continuously grow
by interconnections with each other as the holding time was prolonged.

The A and B phases were further identified by XRD analysis (Fig. 3).
In Fig. 3(a), it can be seen that the main phases are W and Al along with
some Al,W at a holding time of 10 min. The diffraction peaks of Al;,W
phase were not observed. However, by increasing the holding time to
40 min, AW and Al;,W were generated in large quantities as the major
phases, and the intensity of the Al;W phase was much greater than
Al;,W, see Fig. 3(b). Consequently, it was believed that the A and B
phases were Al4W and Al;,W. The results of XRD analysis matched the
conclusions obtained from the EDS analysis.

3.2. EBSD characterization of ALW/Al;,W composites

EBSD analysis of the Al4W/Al;,W composites was carried out to
quantify the phase constituents, grain size variation and distribution.
The EBSP function during EBSD exposure was introduced to identify the
crystallographic structure of each phase, which corresponded to the
phase constituents of Al4,W/Al;,W composites, as shown in Fig. 4(a), (b)
and (c). The composite consisted mainly of Al4W and Al;,W with a few
Al and W residues, which means that the entirely in-situ reaction oc-
curred when the holding time was above 40 min. To determine the
grain size variation of the Al4,W and Al;,W phases, the Euler angle
orientation and the grain size distribution of the Al;W/Al;,W composite
were measured (Fig. 4(d-f) and 4(g-i)). The misorientation distribution
for both Al4W and Al;,W was revealed to be more localized within the
low-angle range. When holding time was increased from 40 min to
60 min, it was observed that the average grain size of Al4W increased
from 1.35pm (40 min) to 2.31 um (60 min), while the grain size of
Al;,W slightly increased from 1.16 ym (40 min) to 1.51 pym (60 min);
the degree variation of grain size for Al4W and Al;,W was 71.11% and
30.17%, which can be attributed to the fact that longer holding time
enhances atomic diffusion, promotes the migration rate of the grain
boundary, and thus increase the grain size (Fig. 4(g-i)).

The relative content of the AL,W phase was larger than that of Al;,W
phase (Fig. 5). The relative content of the AW phase decreased as the
holding time increased; however, the Al;>W phase presented the op-
posite trend. The relative content of AW decreased from 78.2%
(40 min) to 62.3% (60 min), while the relative content of Al;>W in-
creased from 20% (40 min) to 35.7% (60 min). As a result, the re-
maining initial content of Al and W was around 2%. The results were
consistence with previous SEM and XRD results.

3.3. First-principles calculation of ALLW and Al;,W

The characterization results revealed that the desirable Al,W/Al;,W
composite was obtained by increasing the holding time to 40 min,
where AI4W and Al;,W were the major phases. For better under-
standing of the formation mechanism of the composite, the structural
stability and formation sequence of the intermetallics were analyzed.
The formation enthalpy (AH) and cohesive energy (AE) of the
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Fig. 1. (a) SEM micrograph of Al;W/Al;,W composite synthesized at 800 °C for 10 min; (b) EDS results of line-scan at W/Al interface. Red line represents aluminum,
blue line represents tungsten; (c) enlarged images of white ellipse areas in Fig. 1a; (d) EDS results of region A and B. The weight percentage of W and Al are shown in
the inset. (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. 2. Morphologies of Al;W/Al;,W composite synthesized at 800 °C for 40 min (a), 50 min (b) and 60 min (c) at different magnifications. A and B represents
different phase.
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Fig. 3. XRD patterns of AlW/Al;,W composite synthesized at 800 °C with different holding time: (a) 10 min, (b) 40 min, 50 min and 60 min.

intermetallics were obtained based on first-principles calculations. The
primitive cell was used for all calculations. The AE and AH were cal-
culated by Egs. (1) and (2) [35],

[Etotal (Almwn) - mEatom (AD - nEatom (W)]

AE (Al W) =

m+n @
AH (AlmVVn) - [Etotal (Alm u/n) — mEsolid (Al) — nEsolid (W)]
m+n (2)

where Eoa1 (AW, Eatom(X) and Eg,;4(X) are the total energies of the
intermetallics at equilibrium lattice constant, isolated atomic energy
and solid atomic energy of the pure constituents. The face centered

= 10 pm; BC+E1-3; Step=0. 15 pm; Grid359x269

cubic (fcc) structure for Al and the body centered cubic (bcc) structure
for W were chosen as be their most stable states. The isolated atomic
energies were calculated using a cubic crystal with a lattice constant of
10 A.

The calculated results are given in Table 1. They show that the
formation enthalpy of Al4W phase (—0.1789 eV/atom) was lower than
that of Al;,W (—0.1114 eV/atom), implying that AL;W had a stronger
alloying ability than Al;,W. This is consistent with the result in Ref.
[36]. The cohesive energy of Al,W (—5.4643 eV/atom) was less than
that of the Al;o;W (—4.4347 eV/atom), demonstrating that AW out-
performed Al;,W in structural stability. It was hypothesized that Al4W
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Fig. 4. EBSD results of Al4W/Al,,W composite synthesized at 800 °C for 40 min, 50 min and 60 min; (a, b, c) are phase distribution, (red: Al4W, blue: Al;»,W, gray: W
and yellow: Al); (d, e, f) are Euler angle orientation (colors correspond to different angles); (g, h, i) are grain size distribution of Al;W and Al;,W (red: Al4W, blue:
Al;,W). (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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posite synthesized at 800 °C holding for different time (red: Al4W, blue: Al;,W).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Table 1
Calculation of formation enthalpy AH and cohesive energy AE of intermetallic
compounds.

Intermetallic compounds Formation enthalpy (eV/ Cohesive energy (eV/

atom) atom)
ALW —-0.1789 —5.4643
Al ,W -0.1114 —4.4347

was generated first followed by Al;,W during the formation of the
AlLW/Al;,W composite. However, Van G [37] and Krafcsik [38] have
reported that Al;,W was formed first in the W/Al interface reaction at a
temperature of about 500 °C through the film method. The disagree-
ment between our results and their findings is most likely due to the
different diffusion kinetics and mechanisms caused by the different
reaction temperatures.

4. Discussion
4.1. The stability of ALLW and Al;,W

To elucidate the bonding characteristics of AW and Al;,W and
better understand their structural stabilities, the total density of state
(TDOS) and partial density of state (PDOS) of Al4W and Al;o,W were
calculated, shown in Fig. 6. It is clear that the bonding states of AW
and Al;,W are, in general, consistent and that the Fermi level resides at
the left side of the pseudogap valley, i.e. the bonding states are in-
completely occupied. In addition, the main bonding states between
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—10eV and —3eV are predominantly derived from Al-3s states, and
the main bonding states between —3 eV and 0 eV are dominated by Al-
3p and W-5d. There is a strong hybridization derived from the Al 3s, 3p-
orbitals and W 5d-orbital below the Fermi level, indicating that a strong
covalent bonding exists between Al and W atoms. That is the main
reason why AW has a maximum negative formation enthalpy and
good structural stability.

Generally, the n (E¢) is positively correlated with the stability of the
phase [39]. The TDOS of Al4W and Al;,W were generally similar, but
they were different at the Fermi level. Al;W had a smaller n (Ef) of
0.261 states/eV/atom, while Al,;,W had 0.318 states/eV/atom. Conse-
quently, the AW phase was more stable than Al;,W.

4.2. The grain size and relative content of ALLW

It is interesting that the average grain size of Al,W increased from
1.35um to 2.31 pm, while the relative content of Al;W decreased from
78.2% to 62.3% with increased holding time, as shown in Figs. 4 and 5.
Based on the first principles calculations and the experimental ob-
servation of intermetallics, we propose that Al;W was generated first
followed by Al;5W. The absence of other Al-W intermetallics is possibly
due to the unique chemical composition and kinetics of the process
(cooling rates) [40]. These parameters play an important role in evo-
lution of the intermetallics during the solidification of composites. This
unusual variation of AL;W may be explained as follows: as verified by
experimental characterization, two main phases formed, Al4W first and
then Al;5W; during the process, a phase-transformation arose and
caused a decrease in the relative content of Al;W and coarsening of the
grain boundaries of Al4W with longer holding time [41].

4.3. The forming mechanism of ALW/Al;2W composite

The microstructural evolution of the AI;W/Al;,W composite is de-
picted in Fig. 7. At the initial stage, a point-contact existed between
tungsten and the aluminum matrix. As the temperature was increased,
the contact area increased since the Al matrix has a low melting point
(660 °C) and was easily melted. At regions with plenty of defects, Al
atoms will be activated at first and then diffuse into the W matrix. An
interface formed between the tungsten and aluminum matrix, and
tungsten particle size gradually decreased from tungsten side to alu-
minum side (Fig. 1). As a result, an adsorption layer of molten alu-
minum was generated around the tungsten particles driven by gravity
and capillary force (Fig. 7(a)). Consequently, a large amount of liquid
Al flowed into the W matrix through micro-channels and covered the W
particles. When the concentration of Al exceeded its solid solubility in
W, Al,W formed first because of the low formation enthalpy (Fig. 7(b)).
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Fig. 6. Total and partial density of states for intermetallics: (a) Al4W and (b) Al;»W. The dash-dotted lines represent the Fermi level.
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(d)

Fig. 7. Schematic illustration of the microstructural evolution used as Al;W/Al;,W composite.

Due to the high melting point of W, the temperature of the W particles
kept rising until melting. Then the high heat was transferred to the Al
matrix, promoting the diffusion of Al atom and enhancing the Al con-
centration around the W particle, and thus Al;,W was gradually formed
(Fig. 7(c)). With the accumulation of Al4W around W particles, the
integrants of ALl4W fall into the molten Al and continuously react with it
to form Al;,W. With the prolonged holding time, the number of W and
Al atoms decreased greatly, while the amount of AW and Al;,W in-
creased sharply. Al;,W formed at 697 °C, and the residual molten alu-
minum finally solidified below 660 °C. An Al4W/Al;,W composite, with
AW uniformly distributed on Al;,W, is obtained (Fig. 7(d)). The total
content of Al4W and Al;>W reached 98% (Fig. 5), which is attributed to
that the fact the tungsten matrix has high porosity and provides suffi-
cient contact surface for the in-situ reaction with molten aluminum
which has a high diffusion coefficient [42].

5. Conclusions

In summary, novel AW/Al;>,W composites with uniform distribu-
tion of AW on Al;,W have been fabricated successfully by the in-
filtration of a pre-sintered tungsten skeleton with molten aluminum.
The main findings of this work are that SEM, XRD and EBSD techniques
confirmed that an entirely in-situ reaction occurred when the holding
time was above 40 min. The grain size of AW and Al;,W increased
with increasing holding time. Characterization analyses and calculation
results consistently indicated that Al4W formed first because of the low
formation enthalpy. Further calculation disclosed that the low forma-
tion enthalpy was attributed to the fact that AW has a smaller n (Ef)
than Al;,W. The average grain size of AW increased from 1.35 pm to
2.31 um, while its relative content decreased from 78.2% to 62.3% with
elongation of holding time. The microstructural evolution of Al;W/
Al;>,W composite was clarified that Al was the dominant diffuser.
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