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Abstract: Powder mixture of pure Al and oxidized SiC was consolidated into 10% (mass fraction) SiC,/Al composites at 523 K by
equal channel angular pressing and torsion (ECAP-T). The interfacial bonding of the composites was characterized by transmission
electron microscopy (TEM) and high resolution transmission electron microscopy (HRTEM). The selected area electron diffraction
(SAED) for the interface was investigated. The elements at the interface were scanned by energy dispersive spectroscopy (EDS) and
the EDS mapping was also obtained. X-ray diffraction (XRD) analysis was carried out for the composites fabricated by 1 pass,
2 passes and 4 passes ECAP-T. According to the XRD analysis, the influences of ECAP-T pass on the Bragg angle and interplanar
spacing for Al crystalline planes were studied. The results show that after ECAP-T, the interface between Al and SiC within the
composites is a belt of amorphous SiO, containing a trace of Al, Si and C which diffused from the matrix and the reinforcement.
With the growing ECAP-T pass, the Bragg angle decreases and interplanar spacing increases for Al crystalline planes, due to the

accumulated lattice strain. The increasing lattice strain of Al grains also boosts the density of the dislocation within Al grains.
Key words: metal matrix composites; severe plastic deformation; interface; lattice strain; dislocation density

1 Introduction

In recent years, particle reinforced metal matrix
composites (PRMMCs) have gained much attention
because of their attractive properties. Among these
composites, Al matrix composites have received intense
attention in the past few decades due to their high
specific  stiffness, strength and superior wear
resistance [1-3]. Since the raw materials of these
composites are always powders, powder metallurgy (P/M)
is often taken into account as a method for fabricating
these composites [4,5]. However, the composites
fabricated by P/M are always have a certain amount of
pores, which need to experience some consequent
processing to diminish these pores [6—9]. In order to
simplify and optimize the fabrication process, a new
method named as severe plastic deformation (SPD) was
proposed. As one of the most commonly employed
methods in SPD, equal channel angular pressing (ECAP)
was applied to achieving composites reinforced by
carbon nanotube. The ECAP treated composites
presented qualified relative density and wonderful

mechanical properties [10]. Based on these experiment
results, some novel ECAP processes for composites
consolidation were developed. SiCy/Al composites were
consolidated from Al and SiC powders by a special
ECAP method, forward extrusion and equal channel
angular pressing (FE- ECAP). The as-consolidated
composites have better compaction performance than the
same composites consolidated by hot forward
extrusion [11]. Another special ECAP method, back
pressure equal channel angular pressing (BP-ECAP) was
engaged to fabricate Al matrix composite by reinforced
Al,O; particulates. The as-consolidated composites also
have perfect compaction performance, which was mainly
attributed to the interaction interface caused by severe
shear deformation [12].

In this work, SiC,/Al composites were consolidated
from mixed powders of SiC and Al by a kind of
improved ECAP process named as equal channel angular
pressing and torsion (ECAP-T). As shown in Fig. 1, the
ECAP-T die consists of two intersected square channels
and a spiral channel. This process was originally
designed for consolidating pure Al powder and proved
as a feasible approach for fabricating fully dense bulk
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Fig. 1 Schematic illustration of ECAP-T process

material with fine grains [13]. Then this process was
tested for consolidating the mixture of SiC particles and
Al powders and the tests show that ECAP-T process can
achieve qualified composites with high relative
density [14]. But the consolidated interfaces of this kind
of composites have not been studied. The aim of this
study is to investigate the interfacial composition of
SiCy/Al composites consolidated by this process. The
influences of ECAP-T pass on the lattice parameter, the
lattice strain and the dislocation density of the Al grains
in the composites were studied.

2 Experimental

High purity (99.81%) Al powder having an average
particulate size of 32.22 um was chosen for raw matrix
material. The main impurities in Al were 0.11% Fe and
0.07% Si. The reinforcement used in this study was
3C-SiC having an average particulate size of 13.59 pm,
and the main impurity was 6H—SiC. The temperature at
which SiC,/Al composites were fabricated via ordinary
PM method was always around the melting point of Al,
therefore, it was difficult to inhibit the harmful reaction
at the interface between Al and SiC. The interfacial phase
AlLC; forming in the reaction is a kind of brittle
compound which can weaken the bonding strength of
SiC/Al interface. In this study, though the ECAP-T
processing temperature is much lower, the severe
hydrostatic pressure may support the driving power of
the harmful reaction which is equal to the thermal power
during PM processing. Therefore, the pretreatment of
SiC powders is necessary. SiC powders were pre-heated
in a furnace at 523 K for 2 h to remove the moisture and
then oxidized at 1023 K for 2 h to form oxidation layer
on the particle surface. This layer can avoid the reaction
discussed above.

Then, the oxidized SiC powder was homogeneously
blended with the matrix Al powder in the mass ratio of
9:1. The morphology of the mixture of Al powders and
SiC particles is shown in Fig. 2. As can be seen, the

blended powders had a random morphology. Al and SiC
particles were near-ball and polygon-like, respectively.
The powder mixture was wrapped in copper tubes with a
relative density of 0.7 and then inserted into ECAP-T die
with a 10 mm x 10 mm cross-section. The ECAP-T
process was carried out at 523 K under inert gas
protection with a ram speed of 1 mm/s in single pass,
2 passes and 4 passes, following route Bc (the sample is
rotated by 90° in the same direction between consecutive
passes). The reason for choosing B¢ route is that an
optimum homogeneous microstructure of equiaxed
grains, separated by high angle grain boundaries, is
attained most readily among the four kinds of routes (A,
C, Ba and Bc). During the pressing, the mixed lubricant
of graphite and MoS, was engaged in order to reduce the
friction. The die parameters are listed in Table 1. The
load applied on the samples is about 78.4 kN, provided
by the hydraulic press (RZU2000HF, Hefei
Metalforming Machine Tool Co., Ltd).

Fig. 2 SEM image of powder mixture

Table 1 Die parameters

Channel  Outer Length of Length of
angle, cormer 1o ©) spiral channel  transition
@D/(°)  angle w/(°) £ L/mm channel L;mm

90 37 90 30 15

In this study, transmission electron microscopy
(TEM) and high resolution transmission electron
microscopy (HRTEM) were employed for examining the
interfacial bonding of the as-consolidated composites as
well as the distribution of the dislocation within Al grains.
The sizes of the samples for TEM and HRTEM are
d3mm x 50 pm. The macrophotographs of the samples
are shown in Fig. 3, and it can be seen that all the
samples are consolidated well. Selected area electron
diffraction (SAED) was combined with energy dispersive



1746 Chen-hao QIAN, et al/Trans. Nonferrous Met. Soc. China 25(2015) 1744—-1751

spectroscopy (EDS) in order to determine the interfacial
composition. X-ray diffraction (XRD) was used for
analyzing the interplanar spacing and Bragg angle of Al
grains within the initial powder mixture and the
composites fabricated by different passes. According to
the XRD analysis, the quantitative calculations for the
lattice strain and dislocation density of Al grains in the
composites were carried out.

Fig. 3 Macrophotographs of composites
3 Results and discussion

Figures 4(a)—(c) show the composites containing
10% SiC consolidated by 1 pass, 2 passes and 4 passes
ECAP-T, respectively. It can be seen that SiC particulates
disperse in Al matrix more homogeneously as the
number of ECAP-T pass grows. The average size of SiC
particulates and the amount of SiC clusters both decrease
with the increase of ECAP-T pass. As shown in Figs. 5(a)
and (b), the shield stress and the microhardness of the
composites both increase with ECAP-T pass in the
ranges of 104—117 MPa and HV 46.5-53.8, respectively.

3.1 Interface of composites

TEM bright-field image is shown in Fig. 6(a) for the
SiC/Al composites fabricated by single pass ECAP-T. It
is seen that the SiC particulates can be clearly
distinguished from the Al matrix due to their different
image contrasts. And the SiC particulates in the image
are wrapped by a bright belt. From the further magnified
image (Fig. 6(b)), the thickness of the belt was measured
as about 80 nm. In order to figure out what kind of
substance the belt belongs to, the corresponding SAED
patterns of the TEM image were examined. Due to the
limit of the equipment, the diameter of the SAED area
has a minimum value of 100 nm. Therefore, the selected
area cannot be restricted in the bright belt and it must
contain a small amount of SiC or Al. Three circle zones
shown in Fig. 6(b) were selected at the positions of SiC
(Zone 1), Al (Zone II) and the belt (Zone III) for SAED,
respectively.

Fig. 4 Microphotographs of composites (10% SiC) processed
by 1 pass (a), 2 passes (b) and 4 passes (c) ECAP-T treated at
250 °C

Figure 7 shows the SAED patterns for there selected
zones discussed above. The distance from the center of
SAED pattern to the diffraction spot corresponds to the
reciprocal spacing. The distance was measured and
transformed into the real spacing (hereafter called
d-spacing). It is known that the crystal structure of Al
and 3C—SiC belongs to the type of face-centered cubic
(FCC). Thus, according to the value of d-spacing, we can
determine the crystal plane which corresponds to the
diffraction spot. As shown in Figs. 7(a) and (b), we can
determine {111} and {200} planes of 3C—SiC and Al. It
should be noted that these crystal planes can also be
observed in the SEAD patterns of Zone III (Fig. 7(c))
and the reason is discussed above that the diffraction area
embraces SiC and Al. Meanwhile, several diffused rings
appear in Fig. 7(c) and cannot be observed in Figs. 7(a)
and (b). They are concentric with each other and the
boundary of each ring is blurry. These diffused rings are
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Fig. 5 Compression curves (a) and hardness values (b) of
composites (10% SiC) processed by 1, 2 and 4 passes ECAP-T

Fig. 6 TEM bright-field images of composites fabricated by
1 pass ECAP-T (a) and local magnification for interface of SiC
and Al (b)
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Fig. 7 SAED patterns for Zone I (a), Zone II (b) and Zone
I (c)

in accordance with the typical characteristic of
amorphous phase. It can be inferred that the bright belt in
Fig. 6 is a kind of amorphous substance. The TEM
samples were fabricated by mechanical polishing and
ion-thinning, therefore, no substances contaminate the
samples and this amorphous substance cannot be
introduced from outside. The HRTEM image of this
phase is shown in Fig. 8. It is observed that the phase has
a kind of disordered punctate structure which is different
from the laminated structure of SiC. It further proves that
the structure of the belt phase at the interface belongs to
amorphous state instead of the crystalline state of the
matrix or reinforcement.

TEM-EDS mapping of possible elements by
scanning the whole area of Fig. 6(b) was carried out and
it is found that the element O, which hardly exists in the
matrix and reinforcement, concentrates in the belt
phase as shown in Fig. 9(a). EDS spot analysis was then
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Fig. 8 HREM image of amorphous phase and 3C-SiC at
interface of composites

(b) Si

C Al

0 05 1.0 15 20 25 30
ElkeV

Fig. 9 EDS analysis at interface of composites: (a) EDS
mapping of O; (b) EDS spectrum of spot analysis on
amorphous phase

carried out at the position located on the belt phase. The
corresponding EDS spectrum (Fig. 9(b)) indicates that
the phase is rich in Si and O and also contains a trace of
Al and C. The chemical compositions of this phase are
summarized in Table 2. The mole fractions of Si and O
around 35.29% and 55.5%,
respectively. This means that the mole ratio of Si to O is

were measured as
about 1: 1.6. According to this ratio, the composition of
the amorphous phase can be determined as SiO,. Though
there is a deviation from the mole ratio (1:2.0) in SiO,
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phase, it should be noted that EDS analysis about light
element (like O) is not very accurate. Moreover, the
existence of Al and C in the phase proves that the
interdiffusion of the elements between the reinforcement
and matrix should also be taken into account. Therefore,
it can be inferred that a small amount of Si belongs to the
SiC particulate also transmitted into the interface, which
can increase the mole fraction of Si. Based on the TEM
and HRTEM examination discussed above, it can be
determined that the interfacial composition between Al
and SiC within the composites is an amorphous phase of
Si0, containing a trace of Al, Si and C diffused from the
matrix and the reinforcement.

Table 2 Chemical composition of amorphous phase

Element wi% x/%
C 4.05 1.51

(0] 44.28 55.50
Al 1.85 1.51

Si 49.82 35.29
Sum 100 100

3.2 Lattice strains and dislocation densities of

composites
XRD profiles of the initial powder mixture before
deformation and after different passes ECAP-T

deformation are shown in Fig. 10. Since the element Al
occupies about 90% of the composites, the strongest
peaks belong to the crystallographic planes of Al which
are (1 11),(200),(220),(311)and (22 2) planes.
The planes of 3C—SiC can also be observed, especially
the (1 1 1), (2 0 0), and (2 2 0) planes. However, the
(31 1)and (2 2 2) planes of 3C—SiC are not so obvious.
It should be noted that the highest peaks of Al and
3C-SiC both represent (1 1 1) planes, which are main
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Fig. 10 XRD profiles of SiC,/Al composites fabricated by
1 pass, 2 passes and 4 passes ECAP-T, including as-received
powder mixture
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glide planes for FCC crystals. During ECAP-T
deformation, preferred orientation along the main glide
planes exists in these crystals. There are still some weak
peaks, which means that 6H—SiC having a low mass
fraction. The grains within SiC particulates were hardly
influenced by the ECAP-T deformation, therefore, the
crystalline information of the matrix Al will be focused
on as below.

A close examination of the XRD profiles indicates
that certain peak positions of Al are shifted to somewhat
lower angles in the consolidated samples compared with
their positions before ECAP-T. This also leads to the
change of d-spacing for Al after ECAP-T processing.
Variations of Bragg angle and d-spacing as two functions
of ECAP-T passes for different crystal planes of Al
crystals belonging to the SiC,/Al composites are plotted
in Fig. 11. It is observed that the Bragg angles of the
planes decrease with the growing ECAP-T pass. After 4
passes, the Bragg angle changes from 38.449° to 38.363°
for (1 1 1) plane, from 44.699° to 44.633° for (2 0 0)
plane, from 65.078° to 65.034° for (2 2 0) plane and
from 78.210° to 78.167° for (3 1 1) plane. In contrast, the
d-spacing of the planes increases with the growing
ECAP-T pass. The d-spacing changes from 0.2339 to
0.2345 nm for (1 1 1) plane, from 0.2025 to 0.2028 nm

3B8.46
(a) 0.2345
38.44 + 10.2344
3842t 10.2343 g
= B
= E g
N 3840l 0.2342 5
&
10.2341 =
3838+
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— 24
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. . . : . 0.2339
0 1 2 3 4
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65.09 0.14330
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ol 10.14328
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. 0.14326 E
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(o] (¥}
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for (2 0 0) plane, from 0.1412 to 1432 nm for (2 2 0)
plane and from 0.1221 to 1222 nm for (3 1 1) plane.
These variations can be attributed to two reasons. First,
the interdiffusion of the elements between the matrix and
the reinforcement after ECAP-T processing, as shown in
Fig. 9, leads to lattice expansion of Al. Second, the large
fraction of highly strained nanograin boundaries may
distort the Al lattices and introduce the lattice expansions,
which can improve the dislocation density.

In this study, the lattice expansion was calculated
from the full-width at half-maximum (FWHM) values
using the Williamson—Hall method [15] after the effect
of the K,, radiation was removed and the inherent peak
broadening caused by the radiation of the X-ray
diffractometer was subtracted. The FWHM value
increases significantly with torsional
ECAP-T is used. The peak broadening is important
evidence of the occurrence of lattice strain, dislocation
generation and grain fragmentation during ECAP-T
processing. The lattice strain ¢ and the dislocation
density p (p=14.4¢*/b*, where b is the Burgers vector) are
plotted against the number of deformation passes in
Fig. 12(a). The lattice strain and the dislocation density
increase with the torsional straining and reach levels
as high as 0.04% and 2.66x10'* m 2 after 4 passes
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Fig. 11 Variations of Bragg angle and d-spacing as two functions of ECAP-T pass number for (1 1 1) plane (a), (2 0 0) plane (b),
(22 0) plane (c) and (3 1 1) plane (d) within Al crystals belonging to SiCp/Al composites
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Fig. 12 Variations of lattice strain and dislocation density in Al grains as function of ECAP-T pass number (a), TEM images for
composite fabricated by 1 pass (b), 2 passes (c) and 4 passes (d) ECAP-T

deformation. Figures 12(b)—(d) show the TEM images of
the interior dislocations in Al grains belonging to the
composites consolidated by 1 pass, 2 passes and 4 passes
ECAP-T, respectively. It can be directly observed that the
amount of dislocations rise up as ECAP-T pass number
increases from 1 to 4. Given that these samples have the
same gross area, the variation tendency of the dislocation
density can be estimated. In Fig. 12(b), the dislocation
lines array along the grain boundary and form a
dislocation belt with a breadth of about 40 nm. In
Fig. 12(c), the dislocation lines along different directions
begin to tangle up and spread from the grain boundary
into the interior of the grain. In Fig. 12(d), the
dislocations appear throughout the Al grain and the
dislocation lines form a cellular structure. These
observations accord with the variation of dislocation
density described in Fig. 12(a).

4 Conclusions

1) Al-based composites (10% SiC)
consolidated from powder mixtures via 1 pass, 2 passes
and 4 passes ECAP-T process at 523 K. The shield stress
and the microhardness of the composites both increase
with ECAP-T pass number in the ranges of 104-117
MPa and HV 46.5-53.8.

2) The interface phase between Al and SiC within
the as-consolidated composites is a belt of amorphous
Si0O, containing a trace of other elements (Al, Si and C)

were

which diffuse from the matrix and the reinforcement.

3) With the growing ECAP-T pass number, the
Bragg angle decreases and interplanar spacing increases
for Al crystalline planes within the composites.

4) The increasing ECAP-T pass number can enlarge
the lattice strain of Al grains and boost the density of the
dislocation within Al grains. The corresponding values
can reach levels as high as 0.04% and 2.66x10"* m 2.
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