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Abstract The 6061 Al alloy based composites reinforced with 10 vol% SiC whiskers were prepared by powder
metallurgy with the powders having the different sizes, i.e. <30 pm and >30 pum. The composites were subjected
to equal channel angular pressing (ECAP) at various conditions and the microstructural changes during ECAP
were examined. In the composites, SiC whiskers were clustered and randomly aligned. The clusters were relatively
well distributed in the composite with the smaller initial powder size. After ECAP, the clusters were aligned
parallel to flow direction and became smaller. In addition, the shape of clusters was changed from irregular to
round. The microstructure of the ECAPed samples were compared with those of the conventionally hot-extruded
composites. The uniform microstructure and enhanced microhardness could be obtained by using the powders

having the smaller size, decreasing ECAP temperature and repeating ECAP.
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1. Introduction

Metal matrix composites (MMCs) have received
much attention as potential structural materials for
their high specific strength and stiffness. Such MMCs
are expected in high performance applications such
as in aircraft and automotive parts. In order to
obtain the higher specific mechanical properties for
better performance, in particular, MMCs reinforced
with short fibers have been developed and generally
produced by squeeze casting'™ and powder metall-
urgy (P/M).%® During the high pressure infiltration
in the squeeze casting process, the reinforcements
have a tendency to be readily damaged. And also,
reaction products could be generated at the
reinforcement/whisker interface due to the high
infiltration temperature. As a result, it is very hard

to obtain the sound composites with ideally increased
strength. In contrast, the powder metallurgy has
been used for producing composites because of the
several merits that are possible to reduce the reaction
at the interface due to the mixing at lower tem-
perature than melting temperature, to produce the
near net-shaped components and to control easily the
volume fraction of reinforcements. Following the
powder metallurgy process, in general, the subsequent
processes such as rolling, extrusion and forging has
been performed for further improvement of the
mechanical properties of P/M MMCs through the
grain refining of microstructure, unidirectional
alignment of reinforcements and improvement of
bonding of matrix/reinforcement interfaces.

Equal channel angular pressing (ECAP) technique
has been used as an attractive method to obtain a
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sub-micrometer ultra-fine grained (UFG) structure,
because it gives large bulk metallic materials
without residual porosity.”'> Recently, Valiev et al'®
and Li et al.'® applied the ECAP technique for
grain refining and improvement of mechanical
properties of 6061 Al alloy matrix com-posite
reinforced with Al,O; particulates fabricated by
casting technique. However, report on applying the
ECAP technique as the subsequent process
following the powder metallurgy of the MMCs is
deficient. Accordingly, it is of interest to examine
the effect of simple shear deformation during the
ECAP on the alignment and distribution of rein-
forcements in MMCs.

In this work, therefore, in order to evaluate the
feasibility of ECAP as the subsequent process
following the powder metallurgy process for
fabrication of MMCs, the 6061 Al alloy matrix
composites reinforced with SiC whiskers were
prepared by powder metallurgy, and the effect of
ECAP on microstructure and microhardness of P/M
SiCw/6061 Al composites was investigated.

2. Experimental procedure

Two kinds of air atomized 6061 Al alloy (Al-
1.01%Mg-1.07%Si-0.35%Cu-0.25%Fe-0.05%Mn-
0.12%Cr (in wt.%)) powders; one has a size above
30pum and the other has a size below 30 um,
were prepared, and then were mixed with SiC
whiskers with an average diameter of 0.45 um and
a length of ~5um by stirring under a stirring
speed of 3000 rpm for 20 min. The obtained powders
with 10% in the volume fraction of SiC whiskers
were hot-pressed at 773 K under a pressure of 100
MPa. The hot-pressed samples with a dimension of
@32X 80 mm were machined to cylindrical samples
of @10X80 mm as-received materials for ECAP.
The ECAP was carried out using a press speed of
2mms! with MoS, as a lubricant at 373~673 K.
The present ECAP die was designed to yield an
effective strain of 1 by a single press: the inner
angle and the arc of curvature at the outer point
of contact between channels of the die were 90°
and 20°, respectively.lﬁ) During ECAP, the samples
were repetitively pressed using processing route A
in which the sample is repetitively pressed without
any rotation'”. In addition, a part of as-received
sample was hot-extruded at an extrusion ratio of
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12:1 and at 673K followed by ECAP.

Microhardness was measured using a Vickers
microhardness tester at a load of 0.05<g for 15s.
Microstructure examination of samples before/after
ECAP was carried out using optical microscope
(OM), field emission scanning electron microscope
(FE-SEM, JSM6330F, JEOL, Japan) and transmission
electron microscope (TEM, JEOL 2010, Japan)
operated at 200 keV.

3. Results and Discussion

3.1 Microstructural characteristics

Figure | shows the typical microstructure of as-
received P/M  SiCw/6061 Al composites before
ECAP. The as-received P/M SiCw/6061 Al com-
posites revealed the microstructure consisting of
two distinct regions; one is the black region of the
clusters of SiC whiskers and the other is the white
region representing 6061 Al matrix. The clustering

Fig. 1. Optical micrographs of the P/M SiCw/6061 Al
composites before ECAP; (a) >30 \lm and (b) <30 lim in
Al powder size.
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Fig. 2. FE-SEM micrographs of the cluster in the P/M
SiCw/6061 Al composites before ECAP; (a) >30 pim and
(b) <30 Lm in Al powder size.

of short fibers during the P/M process of discon-
tinnous MMCs was often reported previously.'8-29
The clusters were relatively well distributed in the
composite with the smaller initial powder size.
Figure 2 represents the highly magnified FE-SEM
micrographs of the cluster in the composites. The
composites with the smaller initial powder size
revealed that the SiC whiskers were aggregated
more densely, compared with that with the larger
initial powder size. On the other hands, the SiC
whiskers were randomly distributed in the cluster.
In light of the fact that SiC was initially in the
form of whisker with the average aspect ratio of
~10, it is of interest to note that a large portion
of SiC in the cluster after hot pressing (Fig. 2) or
hot extrusion after hot pressing (Fig. 8a) was in
the form of the particulate. This resulted from the
breakage of the whiskers during hot working
process.

The optical microstructures of ECAPed P/M

SiCw/6061 Al composites are shown in Fig. 3.
Unlike the extruded P/M SiCw/6061 Al composite
(Fig. 7), the clusters still remained after ECAP.
However, they were distributed more homogeneously
and the shape changed from the large irregular
island shape to the small round island shape after
ECAP. These microstructural characteristics became
stark with repeating ECAP and decreasing ECAP
temperature. In addition, the clusters were aligned
30° inclined to the longitudinal axis of the sample.
This alignment is very close to the theoretical
shear direction resulting from the present ECAP
die, ie. ~26°2D In the composite with the smaller
initial powder size, the homogeneous microstructure
could be obtained by ECAP as shown in Fig. 4.
In particular, the 4 repetitively ECAPed composite
at relatively low temperature of 373 K showed that
the large clusters disappeared and the SiC whiskers
were relatively well distributed. The alignment and
distribution of SiC whiskers in the cluster were
shown in Fig. 5. The SiC whiskers in the cluster
that were densely aggregated before ECAP became
slightly distant after ECAP. This tendency obviously
appeared with repeating ECAP. However, the
random distribution of SiC whiskers in the cluster
remained almost unchanged.

TEM microstructure of matrix in the ECAPed
composite was represented in Fig. 6. After 2 ECAP
at 373 K, the grains having an initial size of app-
roximately 20 um were elongated and had a length
of ~0.8um and a width of ~0.3 um. It is apparent
from the selected area diffraction pattern showing
the diffused spots and the extra spots that the
microstructure consists of many small grains having
random distribution of orientation. It is worth
mentioning that the present elongated grain structure
resulted from the shear characteristics of the ECAP
pattern used in this study, i.e. route A. The grain
refinement of the alloy matrix in the present
composites is comparable to that reported on the
unreinforced 6061 Al under the similar ECAP
conditions.”?) From these facts, it is also apparent
that the grain size is very much reduced by ECAP,
even if the size, alignment and distribution of SiC
whiskers appear to be relatively unaffected as
shown in Fig. 5, indicating that the plastic
deformation of MMCs is dominated by that of the
matrix.

The P/M SiCw/6061 Al composite was subjected
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Fig. 3. Optical micrographs of the ECAPed P/M SiCw/6061 Al composites (>30 [im in Al powder size); (a) 0 ECAP, (b) 1
ECAP at 373K and (c) 2 ECAP at 373K, (d) 1 ECAP at 573 K.
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Fig. 4. Optical micrographs of the ECAPed P/M SiCw/6061 Al composites (<30 uUm in Al powder size); (a) 0 ECAP, (b) 1
ECAP, (d) 4 ECAP at 373K, (c) 1 ECAP at 473 K.
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Fig. 5. FE-SEM micrographs of the cluster in the ECAPed P/M SiCw/6061 Al composites (>30 um in Al powder size); (a)
0 ECAP, (b) 1 ECAP, (d) 2 ECAP at 373K, (c) 1 ECAP at 473 K.

Fig. 6. TEM micrograph of matrix in the P/M SiCw/6061
Al composite (>30 Lim in Al powder size) after 2 repetitive
ECAP at 373 K.

to the conventional hot extrusion followed by ECAP,
in order to investigate the ECAP effect on the
microstructure of the extruded composite. Figure 7
reveals the microstructures of the extruded P/M
SiCw/6061 Al composite before/after ECAP. The
flow direction during ECAP is left to right, which
is same with the extrusion direction. In the as-
extruded composite, there was no cluster of the

SiC whiskers. The SiC whiskers were relatively
well  distributed and aligned parallel to the
extrusion direction. After ECAP, the array of SiC
whiskers became improved slightly along to flow
direction. This tendency was stark with increasing
ECAP temperature and number of ECAP This
result could be confirmed by highly magnified
observation using FE-SEM as shown in Fig. 8.
Thus, the reason why the SiC whiskers aligned
parallel to extrusion direction was well realigned
along to flow direction during ECAP is considered
to be due to that matrix which is weaker than SiC
whiskers flows preferentially during ECAP, and the
matrix flow occurs readily with increasing ECAP
temperature and repeating ECAP.

3.2. Microhardness

The microhardness of the ECAPed P/M SiCw/
6061 Al composites is shown in Fig. 9. The as-
received P/M SiCw/6061 Al composite prepared
with the powders having the larger size, >30 um,
had different microhardness between the cluster and
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Fig. 7. Optical micrographs of the extruded P/M SiCw/6061 Al composites (>30 [Am in Al powder size) after ECAP; (a) as-
extruded, (b) 1 ECAPg at 473K, (¢) 1 ECAP at 573K, (d) 4 ECAP at 673 K.

Fig. 8. FE-SEM micrographs of the extruded P/M SiCw/6061 Al composites (>30 [im in Al powder size) after ECAP; (a)
as-extruded, (b) 1 ECAP at 473K, (c) 1 ECAP at 573K, (d) 4 ECAP at 673 K.
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Fig. 9. Microhardness of the ECAPed P/M 6061 SiCw/
6061 Al composites.

matrix. The microhardness in the cluster and matrix
increased respectively after a single ECAP, and
slightly decreased with increasing ECAP temperature.
This was comparable to the recent reports that the
yield stress in Al alloys*® and tensile strength in a
low carbon steel?”, which were produced by con-
ventional casting followed by rolling, decreased
with increasing ECAP temperature. In addition, the
microhardness of matrix in the 2 repetitively
ECAPed composite was higher than that of single
ECAPed one, but its increment was small. In
general, the increase of microhardness in the matrix
after ECAP is because of the work hardening that
is caused by the formation of subgrain bands and
the density increase of dislocation occurring with
the shear deformation in the initial grain interior.
Additionally, the reason why the microhardness
decreases with increasing ECAP temperature is
deduced to be due to the dynamic recrystallization
occurring during ECAP? at higher temperatures.
The composite prepared with the powders having
the smaller size also showed the separated
microhardness between matrix and cluster. However,
the microhardness of the 4 repetitively ECAPed
smaple was relatively uniform, resulting from the
microstructure  with the relatively well-distributed
SiC whiskers as shown in Fig. 4d). This value is
very close to that reported on the 6061 Al-10 vol.%
Al,03 composite produced by ingot metallurgy and
5 repetitive ECAP262) It is apparent from the
above results that the repetitive ECAP is sufficient
to give the homogeneous microstructure and high

Table 1. Microhardness of the extruded P/M SiCw/6061
Al composites (>30 m in Al powder size) after ECAP.

Hardness (Hv)

As-received 134
1 ECAP at 473 K 139
1 ECAP at 573 K 146
2 ECAP at 673 K 131
4 ECAP at 673 K 154

microhardness in the P/M composites with the
smaller initial powder size. Consequently, it is con-
cluded that the ECAP technique can be used as the
subsequent process following the powder metallurgy
of discontinuous MMCs.

The microhardness of the extruded P/M SiCw/
6061 Al composite followed by ECAP was listed
in Table 1. The extruded composite showed uniform
microhardness, unlike the as-received and ECAPed
composites. The microhardness increased slightly
after ECAP. In particular, the microhardness of
composite after ECAP at 573 K was slightly higher
than that after ECAP at 473 K. This is deduced to
be due to the array of SiC whiskers that becomes
a little better according to the flow direction as
shown in Fig. 8. In contrast, the microshardness
decreased at higher ECAP temperatures than 573 K.
This is interpreted by the weakening due to dy-
namic recrystallization of matrix, which indicates
that it overcomes the hardening effect due to the
improved alignment of SiC whiskers caused by
matrix flow during ECAP. However, even at such
high ECAP temperatures, for example 673 K (Table
1), the repetitive ECAP could cause the increase of
microhardness. This indicates that the microhardness
would be increased by the repetitive ECAP causing
further improvement of alignment of SiC whiskers
despite the dynamic recrystallization at high ECAP
temperatures. However, the increase of microhardness
in the extruded composite after ECAP was totally
small compared with the as-received one.

4. Conclusions

For the 6061 Al alloy based composites reinforced
with 10vol% SiC whiskers prepared by powder
metallurgy, the microstructural changes during the
ECAP were examined and the feasibility of ECAP
as the subsequent process following powder metallurgy
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of the discontinuous MMCs was evaluated.

In the composites, SiC whiskers were clustered
and randomly aligned. After, however, the clusters
of SiC whiskers remained unchanged and were
aligned parallel to the flow direction and well
distributed. In addition, the shape of clusters was
changed from irregular to round. This microstructural
evolution became stark with repeating ECAP and
decreasing ECAP temperature. The uniform micro-
structure and microhardness could be obtained in
the composites with the smaller initial powder size
after the repetitive ECAP at low temperature,
which is comparable to those of the conventionally
hot-extruded composite.

The ECAP technique can be effectively applied
as the subsequent process after powder metallurgy
of the discontinuous MMCs, in particular, the
repetitive ECAP at relatively low temperatures are
sufficient to give the homogeneous microstructure
of well-distributed SiC whiskers resulting in high
microhardness.

REFERENCES

1.T. W. and J. F Mason: Metal. Trans., A 18A (1987)
1519.

2.J. E Mason, C. M. Warwick, P. J. Smith, J. A. Charles
and T. W. Clyne: J. Mater Sci., 24 (1989) 3934.

3. K. Purazarang, K. U. Kainer and B. L. Mordike:
Composites, 22 (1991) 456.

4. S. K. Hong, H. Tezuka, A. Kamio, B. S. Chun and S. S.
Cho: J. Japan Inst. Metals, 60 (1996) 218.

5.S. Y. Chang, D. H. Shin, S. K. Hong and J. C. Choi: J.
Korean Foundrymens Soc., 20 (2000) 167.

6. B. A. Mikucki, W. E. Mercer and W. G. Green: Light
Met. Age, 48 (1990) 12.

7. A. P. Divecha, S. G. Fishman and S. D. Barmacha: J.

Journal of Korean Powder Metallurgy Institute

Al %3

20.
21.

22.
23.

24

25.

26.

27.

Metals, 33 (1981) 12.

. F. H. Froes, J. R. Pickens: J. Metals, 36 (1984) i4.
.R. Z. Valiev, R. K. Islamgaliev and 1. V. Alexandrov:

Progress in Materials Science, 45 (2000) 103.

.D. H. Shin, Y. S. Kim and E. J. Lavernia: Acta Mater.,

49 (2001) 2387.

.D. H. Shin, I. Y. Kim, J. Kim and K. T. Park: Acta

Mater., 49 (2001) 1285.

. D. H. Shin, B. C. Kim, K. T. Park and W. Y. Choo: Acta

Mater., 48 (2000) 3245.

.D. H. Shin, B. C. Kim, Y. S. Kim and K. T. Park: Acta

Mater., 48 (2000) 2247.

.R. Z. Valiev, R. K. Islamgaliev and N. F. Kuzmina:

Scripta Mater., 40 (1999) 117.

. Y.L, T. G. Langdon: J. Mater. Sci, 35 (2000) 1201.
. K. Nakanishi, Z. Horita, M. Nemoto and T. G. Langdon

: Acta Mater., 46 (1998) 1589.

.'Y. Iwahashi, M. Furukawa, Z. Horita, M. Nemoto and T.

G. Langdon: Metall. Mater. Trans., 29A (1998) 2245.

. K. Xia and T. G. Langon: Microstructural Science, H. J.

Cialone (Ed.), ASM International, Ohio, 16 (1988) 85.

.K. Xia, J. R. Porter and T. G. Langdon: Processing,

Fabrication, and Manufacturing of Composite
Materials, T. S. Srivatsan and E. J. Lavernia (Ed.),
ASME MD-35, New York (1992) 253.

Z. Horita, T. Fujinami, M. Nemoto and T. G. Langdon:
Metall. Mater. Trans. A, 31A (2000) 691.

A. Shan, I. K. Moon, H. S. Ko and J. W. Park: Scripta
Mater., 41 (1999) 353.

N. Hansen: Metall. Trans. A, 16A (1985) 2167.

A. Yamashita, D. Yamaguchi, Z. Horita and T. G.
Langdon: Mater. Sci. Eng., A287 (2000) 100.

. D. H. Shin, Y. K. Kim, K. T. Park and Y. S. Kim: Mater.

Sci. Eng., (2001) in press.

S. Ferrasse, V. M. Segal, K. T. Hartwig and R. E.
Goforth: Metall. Mater. Trans., 28A (1997) 1047.

R. Z. Valiev, R. K. Islamgaliev and N. F. Kuzmina:
Scripta Mater., 40 (1999) 117.

Y. Li and T. G. Langdon: J. Mater. Sci., 35 (2000) 1201.



