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"It has been demonstrated that a strong interfacial bond is reauired to

. produce the observed strengthening in discontinuous SiC/Al composites.

Dislocation generation {which is the strengthening’?nechanism) is
Jependent upon a good bond existing between the‘f'SiC)and the {Al/matrix.

Although it has been shown that the stresses ceveioped in the matrix
as a resuit of the differences in the coefficients of therma!i expansion
setween SiC and Al are greatly reduced by the mction anc generation of
dislocaticns, an elastic residual stress can still remain.

An investigation was undertaken and it was determined that in the
discontinuous SiC/Al composites a tensile-elastic-residual stress
remains in the matrix. This determination is based on results from a
sneoretical mode!, tensile and compression testing and X-ray measure-
ments. The resuits from ail the tests and the model are in agreement.
The magnitude of the residual stress is small, e.g., with 20 V¥ whisker

L A A U
in an anneaied 6061 Al alloy matrix, the residual stress is 70 MPa. If
the matrix is anneaied 1100 Al, then residual stress is still smailery
43 MPa.

The tersile residual stress preduces a Bauschinger Effect (BE) which
is highly dependent upon the initial direction of loading. If the initial
direction of loading is in tension, the BE is smail, if the initial direc-
tion of loading is in compression, the BE is very iarge.

It has been observed that as the strength of the matrix increases,

e.p., due to alleying or age hardening, the percentage increase in yieic
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2 or ultimate tensile syrength decreases for a given volume per cen:

SiC/Al composite.& If the matrix is 1100 Al and 20 V% SiC wnisker |
added, then there is a 420% increase in strength, whereas, if the matriy
is annealed 6061 Al alloy, there is a « 181% increase in strength. For
annealed 709! matrix the increase is ~ 190%. If the absoiute magnituce
is considered, the increase is greatest for 1100 Al matrix anc
decreases with increasing alloy content. The basic reason for this
difference in strengthening is due to the change in the magnitude of the
dislocation density and of the tensile residual stress. In the case of the
1100 matrix, there is maximum dislocation generation due to differ-
ences in coefficients of thermal expansion and a minimum tensiie
residual stress, because the yield stress of annealed {100 matrix is
less than the yield stress of the annealed 6061 and 7091 matrix.

In the first section is a list of presentations, and the second sectior
inciudes a list of papers in preparation. The third section is a compila-

tion of the publications which have been produced under this contract.
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- Y. Flom and R.J. Arsenault

. Mat. Sci. Eng., 77, 1986, 191.

e S. AN IN SITU HOT STAGE TEM INVESTIGATION OF SiC-Al
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T R.J. Arsenault and M. Taya
Submitted for publication.

()]

‘These pubdliications foilow and each publication is separated by a green
insert.
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Interfaces in Metal Matrix Composties#

R. J. Arsenault
Engineering Materlals Group
University of Maryland
College Park, MD 20742

C. S. Pande
Naval Research Laboratory
Washington, D.C. 20375

Introduction

A basic premise 1In most theories of composite strengthening
is that a bond of some type exists between the matrix and the
reinforcement. This bond 1s involved in the mechanism of 1load
transfer between the matrix and the reinforcement. Therefore, in
terms of tensile strength a good or sufficient bond 1is required
to obtain the maximum strength from the composite. In the model
metal-matrix composite, i.e., the Cu-W composite, the bond
strength between W and Cu 1is very good(l). In the case of SiC-Al
composites there have been no direct measurements of the bond
strength, but indirect data indicates that the bond strength is
quite good(2’3).

It is presumed that the bond strength is related to the
nature of the interface between the matrix and the reinforcement.
There have been three mechanisms or hypothesis put forward
concerning the interface between the SiC and the Al matrix. The

first 1s that there is a S10, film or layer between the SiC and

* Research supported in part by the Office of Naval Research
Under Contract No. N00014-82-K-0493.




P .'l

s ]

Ry ]
the Al matrix, this 1s an 1dea put forward by Parratt(u). The ﬂ

~ "4

' second hypothesis 1is that there 1ls nothing at the interface. L

" This hypothesis 1s based on the work that has been done on the

}5 model metal-matrix composite, 1.e., the Cu-W composite(S). In

! that particular system no interphases were found between the Cu

and W. The third hypothesis 1s that there 1s a AluC3 film
between the SiC and the Al matrix, thils concept was put forward
on a thermodynamics basis. If molten Al exists with a small

e amount of dissolved Si, then 1t thermodynamically possible for
- AluC3 to form(é).

The purpose of this investigation was to determine in

greater detail the nature of the interface between SiC and Al and

W and Cu.
o
- Results
B A scanning Aager microprobe analysis* was undertaken of

fractured SiC-Al samples, 1n particular fractured whisker samples
produced by ARCO SILAG. These samples were fractured in the
scanning Aager microprobe and examined shortly thereafter. When
the fracture surfaces were examined there were no differences, in

signal as a function of position, in other words, a 100% Al

signal was obtalned from the matrix as well as from all possible

areas on the SiC whiskers as shown in Filg. 1. A possible

* The Auger microprobe analysis were performed at the Center for
o Research in Surface Sclence and Submicron Analysls, Montana
oY State University.
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explanation of the essentially 100% Al content on the whisker 1is

that the Al could Jjust be mechanically adhering, very similar to
the butter knife anology. (If you stick a butter knife into
butter and pull 1t out you have a coating of butter on the butter
knife.) Therefore, a series of etching experiments were
conducted 1in the microprobe and it was only after considerable
sputtering, (which 1s basically an Ar ion milling operation) that
the Si and C signals were obtalned. The sputter etching was
interrupted at intervals and the surfaces of the whiskers
examined, there were no indications of 8102, A1203, A1403. This
result led us to the belief that the Al had diffused into the
SiC. 1In order to determine, whether this 1s a real effect, and
not a sputtering artifact, several samples, which were metalo-
graphically polished, were examined in the Aager microprobe. The
data from a platelet of SiC sample from DWA, are shown in Fig. 2.
In the SEM micrograph the scanning Aager probe traces are
superimposed. One trace 1s for Al and other trace 1s for Si.
This shows that Al has penetrated or diffused into the SiC, but
there 1s no Si or C in the matrix. Then this sample was sputter
etched and the process repeated and basically the same result was
obtained. 1In order to determine what the effect of sputtering,
(1.e., could the sample surface become cross contaminated by the
sputtering operation) the sample was removed, etched slightly
with Keller's etch, and then put back into the microprobe and
then the process was repeated and again the same results were
obtalined. Figure 3 1is the detalled Aager probe analysis of the

Si1 and Al traces, the C trace superimposes right on the Si
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trace. The interface 1s then defined as having finite width and
that 1s the maximum probe slze that 1s assoclated with the
scanning microprobe apparatus.

In order to further valldate these results, a STEM analyslis
was conducted of SiC samples, and Fig. 4 1s a result of an energy
dispersive X-ray analysis from the STEM using a thin foil of the
composite. It 1is obvious that again tanere 1s evidence of Al
diffusion into the SiC. 1In thls particular case the probe size
1s much smaller (~ 50 A) than that in the scanning Aﬁger
analysis. The thickness of the specimen was 1000 - 1500 A&;
(accelerating voltage, of the electrons 200 KV) thus the spatial
resolution of the technique was about 300 A, several times
smaller than the range of penetration observed. 1In order to
determine whether thls may be a universal affect, an analysis was
begun of Cu-W. Figure 5 1s a typlcal scanning Aager microprobe
result of Cu and W. The data 1indicates that Cu has diffused 1nto
the W, and there 1s a very sharp edge of the W filament and the
matrix. It should be kept in mind that the experimental results
of the bond strength between Cu and W 1s extremely good. STEM

analysis of Cu-W interfaces are 1n progress.

Discussion of Conclusion

The observatlons of Al penetration into SiC and the Cu
penetration into W to the extent observed 1is unexpected. There

have been at least two 1lnvestigations of Al diffusion into

SiC(7’8), and from those investigations it 1s possible to
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calculate the mean diffusion distance X at 773 K,
X = /Dt (1)

where D = Dje - Q/RT, t is the time of diffuslon, Q for Al-Sic
system 1s 471 kJ/mole and D, equals 1.8 cm®/sec. The value of X
is less than one A per year. (The values of D, and Q given in
literature vary substantially from each other. However all of
these values glve a value of X orders of magnitude lower than the
observed penetration.) Needless to state this does not agree
with the present data. In the case of Cu diffusilon into W there
have been no known reported investigations. 1In fact there 1s no
phase dlagram of Cu—w(9), but there is SiC-Al3Cu phase
atagram‘10) at 2133 K and 1t shows solubility of AlsCy in SiC.
The fact that there 1s solubility of Al3Cu in SiC does not
explain how the Al could diffuse that far. However, from the
second law of thermodynamlcs the presence of Al 1s SiC and Cu 1in
W can be explalned, as due a reduction in free energy due to the
entropy of mixing. In fact there 1is some data (at 2073 K) of the
solubility of A1{11) in S1C. The depth of penetration, 1i.e.,
diffusion, cannot be explained 1in terms of classical bulk
diffusion, there must be a short circult path. In the case of
Cu-W, there may be substantlial gralin boundary diffusion, due to
the small graln size in the W filaments.

In terms of bonding between the reinforcement and the
matrix, in both cases the bonding appears to be very good, and

there 1s penetration of the matrix into the reinforcement. It

.........
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may be concluded that the diffusion bonding results in a high

. strength bond.
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Fig. 2. A SEM micrograph taken in the Auger microprobe, on which
the Al and Si Auger probe traces have been superimposed.
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Deformation in Al-SiC Composites Due to Thermal Stresses

Y. FLOM and R. J. ARSENAULT

Metallurgical Materials Laboratory, University of Maryland, College Park, MD 20742 (U.S.A.)
(Received January 2, 1985; in revised form March 13, 1985)

ABSTRACT

Plastic strains and the extent of the plastic
zone due to differential thermal expansion
were experimentally determined in an Al-SiC
composite. The combined plastic shear
strains 7.pg at the Al-SiC interface for
furnace-cooled, air-cooled and quenched
samples were found to be 1.32%, 1.23% and
0.99% respectively. Profiles of ,p Were
plotted versus distance from the interface and
compared with the theoretical distribution of
effective strain €. The theoretical extent of
the plastic zone measured from the interface
was found to be 1.3 multiplied by the particle
radius. This value was slightly less than the
observed value. The plastic deformation on
the heating half of the thermocycle was found
to be at least equal to the deformation on the
cooling half. A theoretical treatment of the
local plastic deformation in a short composite
cylinder was suggested, from which the effec-
tive plastic strain € and the extent of the
plastic zone were determined.

1. INTRODUCTION

When a composite material is subjected to a
temperature change, local plastic deformation
can occur. The plastic deformation is due to a
stress created by the difference between the
coefficients of thermal expansion of the com-
ponent phases, and this stress is at the matrix-
reinforcement interfaces. The magnitude of
the stress is equal to Ao AT where A« is the
difference between the coefficients of thermal
expansion of the phases under consideration
and AT is the temperature change. The rela-
tively large (10 to 1) difference between the
coefficient of thermal expansion of SiC and
that of aluminum should result in the creation
of a substantial misfit strain at the Al-SiC
interface during cooling from the fabricating or

0025-5416/85/$3.30

annealing temperature. The mechanical
properties of the composite should be
affected by the magnitude and extent of the
plastic deformation that takes place in the soft
matrix around a hard particle as a result of
the misfit relaxation in the interface region.
Recent investigations [1-4] have indeed
shown the important role of the interfacial
regions in the composite strengthening. Thus,
knowledge of the magnitude of plastic strains
and the size of the plastic zone as well as
other characteristics of the interfacial region
(the bond strength, the microstructure etc.)
should contribute to the understanding of the
mechanism of composite strengthening.

The experimental determinations of plastic
strains and plastic zone radii about a particle
in the matrix due to the difference between
the coefficients of thermal expansion of the
phases, to our knowledge, have not been
reported in the literature.

Several theoretical investigations have been
undertaken to predict the magnitude of the
plastic strain in the plastic zone around a
particle. The relaxation of the misfit caused
by the introduction of an oversized spherical
particle into a spherical hole in the matrix
has been analytically described by Lee et al.
[5]. Using the misfitting sphere model, they
calculated strains in the plastic zone that
surrounds a hard sphere and also the plastic
zone radius. Hoffman [6] calculated the
overall total strains in the tungsten-fiber-
reinforced 80Ni-20Cr matrix, using a thick-
wall long-cylinder approach and assuming
that a hydrostatic stress state exists within
each constituent.

Garmong [7], assuming uniformity of the
stresses and strains in the matrix, calculated
deformation parameters for a hypothetical
eutectic composite and reported values of
matrix plastic strains that were of the order
of 0.4%.

© Elsevier Sequoia/Printed in The Netherlands
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: { . Dvorak et al. [8] developed a new axi- model of the plastic zone around the short ‘,2 o : h
i ?‘-f'. symmetric plasticity theory of fiberous com- cylinder. - f.
" ‘ posites involving large thermal changes. The , (

long-composite-cylinder model was adopted
as a composite unit cell, and the microstress
distribution as well as the yielding surfaces
were obtained for Al-W composites.

Mehan [9] calculated the residual strains in
an Al-a-Al,0; composite due to cooling from

2. EXPERIMENTAL PROCEDURE

The small particle interspacing (several
micrometers) in a commercially available
Al-SiC composite makes it impossible to

the fabricating temperature. He considered an measure the local plastic strain at the Al-SiC = )

idealized composite consisting of a long interface directly. Thus a composite model '1 WY,
sapphire cylinder surrounded by an aluminum consisting of an SiC cylinder embedded in an g ’x')-'c E:‘
matrix. This is equivalent to the long-compo- aluminum matrix was fabricated so that direct . Tt
site-cylinder model used by Dvorak et al. This strain measurements could be attempted. j:"_: }'-.' !

model implies that the thermal strain along
the cylinder axis is a constant, i.e. that

Aluminum of 99.99% purity (to eliminate
the influence of the alloying elements) and
commercial carborundum were used to pro-

dl SRS
€ = 7 = constant duce the composite model. Selected properties -'.:: “ &;“;
of these materials are given in Table 1. BALNY
where [ is the length of the cylinder. This sim- Platelets of SiC were separated from e \‘:\‘_ J‘ A
plifies the procedure of obtaining the radial €, carborundum conglomerates that are used in ) '
ind the tangential €, strains which was done the production of abrasives. These platelets Ty
using incompressibility and boundary condi- were spark planed on an electric discharge RN
. tions. The effective strain € at the Al-0-Al,0,  machine to plates approximately 1 mm thick. SIS
S interface was found to be 1.6%. These flat plates were cut into rectangular ~ '& X
o However, the above-mentioned composite rods approximately 1 mm X1 mm. After this, XHY
models do not give an accurate description each rod was spark machined to cylinders of R
of the plastic strain state in the short-compo- about 1 mm diameter.
site-cylinder model. A short-cylinder model Pure aluminum rods, 12.5 mm in diameter -
nearly duplicates the situation in the whisker in the as-received condition, w. * cut into .
and platelet Al-SiC composites at present studs 37 mm long. Two aluminu, 1 studs and
produced. one SiC rod were assembled togetlier and put )
The purpose of this work was to determine in a specially built compaction die, where
experimentally the magnitude of the local they were hot pressed to produce one com- -
plastic strain produced in the aluminum pact. Compaction was done on the Instron 3
matrix around a short SiC cylinder during a testing machine. During the entire compaction
thermocycle and also to estimate the extent cycle (Table 2), a vacuum of about 1073 Torr o~
of the plastic zone around the cylinder. Also was maintained using a mechanical vacuum "=
an effort was made to develop a theoretical pump. -
. -
S -
::::-:Z TABLE 1
5;-'_'. Selected properties of the aluminum and SiC used in this paper =
i -
> Material Yield Flastic Bulk Poisson’s Thermal expansion Melting Reference -
u strength modulus modulus ratio coefficient point
\'"‘\-_ (MPa) (MPa) (MPa) (mm™ 'K (K) o
o in the temperature o
range 293-773 K o
:{‘f:' Al 11.73 62 x103 57.5 %103 0.31 28 x 1076 933 {10, 11}
2% SiC 315 (tension) 483x103 96.6 x103 0.19 3x107% 3373 {12,13) a
X 1350 ¢ - |
0;0 W {compression) )
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TABLE 2

Flow chart of the compaction of an Al-SiC composite
cylinder

Heating

Heating time ~1h
Temperature = 843 K
Compression

Cross-head speed 0.1 em min~!

Total travel 10 mm
Holding at constant load

Time 2h
Pressure 2.28 MPa

Incremental cooling under pressure
Time 12 h
Pressure 2.28 MPa

-

L

(a) (b) {c) (d)

Fig. 1. A schematic diagram of the fabrication
sequence of the Al-SiC composite model.

The central portion of the compacted
sample was sliced in the transverse direction
into disks 1 mm thick using the electric
discharge machine, set at a low power, and
each disk contained an SiC cylinder very close
to the perfect center (Fig. 1). All Al-SiC
disks were metallographically and then
electrolytically polished to remove the thin
cold-worked surface layer of aluminum.

The method adopted for the evaluation of
plastic deformation was based on the direct
observation of slip bands on the polished
surface of the sample around the SiC particles.
The amount of slip is a characteristic of the
amount of plastic deformation (when defor-
mation occurs by slip) in a crystalline solid.
The plastic strain can be evaluated if the
number of slip bands and the displacement on
each band are known. The concept of com-
bined plastic shear strain v,,., has been intro-

duced where 7., is equivalent to the product
of slip band density N and the amount of slip
S,ie.

= KNS (1)

Yepss

where K is a coefficient which takes into
consideration different crystallographic situa-
tions. A detailed treatment of 7, is given in
Appendix A. Thus, the method reduces the
data collection to the measurements of slip
band densities and their heights in the area of
interest.

The electropolished Al-SiC disks were
separated into three groups: A, B and C. Each
group was heated to about 823 K and then
cooled as follows: group A, furnace cooled;
group B, air cooled; group C, quenched in
alcohol.

Since the surface of each disk had a high
quality polish, slip bands could be observed
around the SiC in an optical microscope.

Slip band density and height measurements
were obtained using a Zeiss interference
microscope. Areas containing slip bands were
photographed in white light and in green
monochromatic light. Pictures taken in white
light gave the actual image of the slip bands.
Pictures of the same areas taken in mono-
chromatic light gave interference fringe
patterns (Figs. 2-4). Thus, the correlation
between slip bands and interference fringes
was established.

When a furrow is present in the plane
surface of the object, the straight interference
bands are deflected by the furrow and the
furrow depth ¢ can be determined from the
deflection:

d A
t=—-
b2

where d is the deflection of the interference
band, b is the band interval, taken as the
distance from the middle of one band to the
middle of the next band and A/2 = 0.27 um
for the thallium light. Band deflection can be
estimated to be one-tenth of the band interval.
Thus the height measurements can be as
accurate as +0.1 X 0.27 = +0.027 um.

The slip band density was determined by
using the “mesh” method which consisted of
the following. Pictures of slip band images
and interference patterns were enlarged to
10 cm X 12.5 cm on high contrast photo-
graphic paper. After that, a transparent plastic

(2)
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Fig. 1. (a) Slip bands and (b) interference fringe patterns of different areas around the SiC. (Magnification, 32X.)

film with a square mesh of a specific size

(1.0 cm X 1.0 cm square for pictures with a
magnification of 80X and 2.5 ecm X 2.5 cm
square for pictures with a magnification of
200X) was overlaid on the photograph and the
total length of the slip bands within each
square along the radial direction was measured.
[f M is the magnification of the picture, L (m)
the total length of slip bands in one square and
A (mm?) the area of the square, then the slip
band density N is

L
N=M . X 103 ym ! (3)

The accuracy of slip band density measure-
ments is much higher than that of height
measurements. Therefore, the main source of
error in combined plastic shear strain v,
evaluation is the height of the slip band (pro-
vided that, of course, the assumptions and
results of discussion given in Appendix A are
reasonably correct).

2.1. Hot-stage experiment
Two Al-SiC disks were reduced in diameter
to 7 mm and thermocycled in the hot stage of
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a Leitz optical microscope. A reduction in
size was necessary in order to fit the holder
into the hot stage. The entire thermocycle
was recorded on videotape using an RCA
industrial television camera. The time was
recorded by means of a digital generator
interfaced to the recording unit, and the
temperature was recorded on the sound track
of the tape at 20 K intervals. The total
length of the thermocycle was approximately
8 min. The maximum temperatures were
around 873 K. The heating and cooling rates
were around 100 K min™*,

3. EXPERIMENTAL RESULTS

3.1. Combined plastic shear strain

The experimentally determined values of
combined plastic shear strain v, are presen-
ted in Tables 3-5. These combined plastic
shear strains v, are plotted versus distance
in the form of a histogram in Fig. 5. In the
same figure we have a plot of effective strain
€ which was determined theoretically (see
Appendix B). The histogram represents the
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TABLE 3

Combined plastic shear strain Y¢pg¢ for group A samples (furnace cooled)

RO 1O = b b e

= WWwWwwWw

Average

DU CODND = DO O3 U LD

[

6.25%X 10" mm
0.86
0.61
0.41
0.26
0.42
0.51

0.30
0.45

0.43
0.26
0.39
0.46
0.45

043
0.44

Sample Path®  Combined plastic shear strain® Yepss (%) for the following distances from the Al-SiC interface®

T_'}rwrwnmvmwﬂwﬁ.w P VTP TP -

18.75% 10 mm  31.25X10°mm 43.75X10°mm 56.25x 10 " mm

0.35
0.40
0.140
0.21
0.32
0.41

0.21
0.28

0.24
0.27
0.22
0.18
0.26

0.24
0.24

0.18
0.22
0.24
0.19
0.32
0.30

0.06

0.22
0.22
0.26
0.23

0.04

0.09
0.06
0.08
0.16
0.13
0.08

0.22
0.11
0.16

0.16

0.026
0.07

0.03

0.22

0.05

2The path is the route in the radial direction from the Al-SiC interface into the matrix, which was selected for

slip band density and height measurements. Selection was based on the amount of slip that occurred, and those

routes were selected in which the amount of slip bands appeared to be the greatest.

P The given strain is actually the result of the product NS. It does not include the coefficient K which was found
to be equal to 3 (see Appendix A). Values of Ycpss that incorporate K are given in Table 6.

¢The distance given here is the distance from the Al-SiC interface to the centers of the first, second etc. squares.
Therefore, values of .,ss represent the strain over the entire square.

TABLE 4

Combined plastic shear strain g5 in group B samples (air cooled)

Sample Path? Combined plastic shear strain® Yepss (%) for the following distances from the Al-SiC interface®

6.25 X

18.75 % 31.25x 43.75 x 56.25 68.75 %
1072mm 10702mm 1072 mm 1072 mm 1072 mm 1072 mm
1 1 0.34 0.32 0.35 0.13
1 2 0.25 0.25 0.17 0.19 0.11
1 3 0.56 0.31 0.19 0.11
1 4 0.47 0.55
1 5 0.25 0.07 0.014 0.08
2 1 0.23 0.17
1 1 0.65 0.41
1 2 0.47 0.22
1 3 0.54 0.29 0.1
1 1 0.31 0.21 0.25
1 5 0.48 0.25
Average 0.41 0.27 0.12 0.11

0.18

4 The path is the route in the radial direction from the Al-SiC interface into the matrix, which was selected for
slip band density and height measurements. Selection was based on the amount of slip that occurred, and those
routes were selected in which the amount of slip bands appeared to be the greatest.

Y I'he given strain is actually the result of the product NS. It does not include the coefficient K which was found
to be equal to 3 (see Appendix A). Values of ¥, ¢ that incorporate K are given in Table 6.

€ The distance given here is the distance from the Al-SiC interface to the centers of the first, second etc, squares.
Therefore, values of Yepss Fepresent the strain over the entire square.
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TABLE 5

Combined plastic shear strain y g in group C samples (quenched)

Sample Path? Combined plastic shear strain® Yepss (%) for the following distances from
the Al-SiC interface®

6.25x10"2mm 18.75%102mm

0.40 0.16
0.19 0.27
0.69

0.37 0.29 0.16
0.31 0.11 0.05
0.22 0.24 0.12
0.55 0.23 0.14

0.31 0.18
0.44 0.24 0.23

0.25 0.21 0.08
0.25 0.10 0.04
0.18 0.13 0.05

Average 0.33 0.20 0.1

B = e WD~ WD =

Lo =

2The path is the route in the radial direction from the Al-SiC interface into the matrix, which was selected for
slip band density and height measurements. Selection was based on the amount of slip that occurred, and those
routes were selected in which the amount of slip bands appeared to be the greatest.

b The given strain is actually the result of the product NS. It does not include the coefficient K which was found
to be equal to 3 (see Appendix A). Values of Y that incorporate K are given in Table 6.

¢ The distance given here is the distance from the Al-SiC interface to the centers of the first, second etc. < jua-es.
Therefore, values of Y¢pgs represent the strain over the entire square.

Yepss Obtained from the increment of the area
of the specimen.

The largest combined plastic shear strain
Yepss ©f 1.3% was observed at the Al-SiC
interface in group A samples; group C showed
the smallest amount of strain, 0.99% (Table
6). In addition, the extent of the plastic zone
(i.e. the largest distance from the interface at
which slip bands can still be measured) was
smaller in samples from group C than in
THEORET(CAL PLASTIC samples from groups A and B. This result
corresponds to the effect of strain rate

A (S (which is proportional to the cooling rate) on
o ‘ ' the relative amount of plastic and elastic
A5 o7 o T N L strains during deformation. Generally, higher
JSTANCE FROM THE CENTER OF THE DISX ¢ (mm] heating and cooling rates will cause the elastic
Fig. 5. Theoretical € vs. r and experimental Y peq US. r stresses to be larger, and lower heating and

profiles around the SiC in Al-SiC composite disks cooling rates will allow greater plastic relaxa-
thermocycled between 298 and 823 K (p is the tion [7].

plastic zone radius): - - -, group A: —- -, group B;
-— -— . group C.

-t

I 3
c9 e 1"

The height of the slip bands was measured
to £0.1 of a band interval. This gives an error
of 0.1 X 0.27 um = £0.027 um in the
actual discrete character of the measurements height values. As was mentioned before, the
of Y. Fach horizontal portion of the slip band density measurements introduce
histogram corresponds to the average value of much less error. Therefore, the error range for
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TABLE 6

Values of Y.y incorporating K for group A, B and C samples

Group Combined plastic shear strain Yqpes () for the following distances from the Al-SiC' interface
6.25 X 18.75 X 31.25 % 43.75 % 56.25 X 68.75 X
1072 mm 107 mm 107 mm 107 mm 107 mm 107*mm
A 1.32 0.72 0.63 0.48 0.15
B 1.23 0.81 0.54 0.36 0.39 0.33
C 0.99 0.60 0.3

Yepss determination can be evaluated as
+(0.027/0.135)X 100 = 20% where 0.135 um
is taken as the average slip band height. This is
obviously a large error range.

3.2. Hot-stage observations

3.2.1. Heating

Slip bands began to appear even before the
temperature reached 373 K and were forming
as widely spaced deep lines. As the tempera-
ture increased, the density of the slip bands
increased also, reaching an apparent maxi-
mum at around 573 K. At around 533 K a
new group of broken lines began to form with
no relation to the previously formed slip
bands. The development of these lines became
more intensive at higher temperatures. When
the temperature approached about the 6563 K
mark, the separation between the matrix and
the SiC became fairly visible. At approxi-
mately 693 K, slip bands began to fade and
disappeared almost totally by the time the
temperature reached 853-873 K. At the
maximum temperatures, the surface did not
appear as flat as it did at the beginning.

3.2.2. Cooling

On cooling, previously formed slip band
patterns began to show up again but they did
not reach the size and extent of the former
slip band patterns. The development of the
slip bands in new areas was not observed.

The broken line which encircled the entire
SiC particle began to develop radial spokes
that connected this line to the interface.
When the sample cooled to room temperature,
the surface of the sample remained rippled.

Subsequent thermocycles did not show any
changes in slip band morphology. A broken
line around the SiC cylinder became much
more clearly defined with repeated thermo-
cycles. The matrix appeared to be separated
from the particle all the time.

4. DISCUSSION

Composite models discussed in the litera-
ture for the theoretical determination of
stresses and strains in the matrix (spherical
particle in a matrix, long composite cylinder
etc.) cannot be applied to a short composite
disk. Therefore, an attempt was made to
evaluate the radius of the plastic zone and the
plastic strains around the SiC particle using
the approach described in Appendix B.

The resultant profile of the effective plastic
strain € around the SiC particle and the extent
of the plastic zone are shown in Fig. 5. As
can be seen, p ~ 1.15 mm, and € = 2.5% at
the interface. The theoretical plastic strain is
higher than the observed plastic strain, and
the theoretical plastic zone radius is smaller
than the observed plastic zone radius. The
theoretical plastic zone size is estimated on
the assumption that deformation is homogen-
eous, i.e. uniform around the SiC particle. In
the real case we have “bursts’ of plastic flow
in accordance with a particular crystallographic
situation. Thus, the extent of the burst of
plastic deformation can be larger than that of
homogeneous deformation since the same
amount of metal flow must be accommoda-
ted. The explanation of the difference between
observed and calculated strains can be given as
follows. On heating, because of the differen-
tial expansion between the aluminum and the
SiC, the aluminum matrix tends to pull away
from the SiC. If the bonding between the
aluminum and the SiC is sufficient to resist . —-
the pulling action, the matrix undergoes de- TN
formation proportional to AT of the cycle. If, -:»j{.:-'.\
however, the bonding is weak, the matrix TN
breaks away from the SiC at a certain temper- S j.:{j
ature T}, and subsequent temperature in- T ’
crease has no effect on matrix deformation
since it is now free to expand.




Hot-stage observations showed that slip
band formation started at a temperature of
less than 373 K. Accurate evaluation of the
temperature at which slip became visible was
not possible because the thermocouple in the
hot stage was not sensitive enough in the
temperature range between 298 and 373 K.
It was not._ed that more slip bands were
formed on the heating half of the thermocycle
than on the cooling half. The slip band
arrangement on the cooling half repeated the
arrangement developed during the heating
half. When the temperature approached about
773 K. slip bands began to disappear. This can
be explained from the surface tension point
of view.

Another possible explanation of the
stoppage of slip band development is that the
aluminum matrix breaks away from the SiC
and continues to expand freely without any
restraint from the SiC. It is also possible that
very fine slip bands still continued to form
{high temperature creep, for example), but
we did not see this because of the limitation
in resolution of our optical system. It should
be mentioned. however, that the disappearance
of the slip bands corresponds to a similar
observation made by Lammers et al. [14] in
their in situ transmission electron microscopy
investigation of Al-SiC composites. They
observed *‘slip lines” in thermally cycled
transmission electron microscopy foils, and
these slip lines disappeared at high tempera-
tures.

The fact that slip band patterns formed on
cooling repeat themselves shows that the same
slip systems are engaged in the “reversed”
deformation, proving at least partially that
there is a certain reversibility of the plastic
deformation that occurs when the load is
reversed.

The broken lines that form around SiC
appeared to be the boundaries of recrystal-
lized grains. If this is indeed the case, re-
crystallization took place at the interface and
occurred very rapidly (2-3 min).

5. CONCLUSION

From the experimental data and the theo-
retical model the follewing conclusions were
obtained.

iy g i aal Saicae il dahc i LA Ael SR SR EC A AR MDA ME AR A SN

(1) A new experimental technique for
measuring local plastic strains was developed
and utilized in the Al-SiC system.

(2) The theoretical treatment of the short
composite cylinder gave the distribution and
extent of the plastic strains, which are in fair
agreement with the experimental results.
There is a disagreement, however, between
the experimental and theoretical values of
plastic strains immediately at the Al-SiC
interface.

(3) An Al-SiC bond is a very important
factor influencing the plastic deformation
around SiC particles.
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APPENDIX A

A.l. Combined plastic shear strain 7.,

The relation between the slip band density
N, the amount S of slip or displacement on
the band and the plastic strain y has been
discussed in a numher of publications [ A1-
A3]. In their classical works, Yamaguchi et
al. [Al] and Brown [A2] found direct pro-
portionality between the strain and amount
of slip during plastic deformation. Cottrell
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[A3] summarized their results and arrived at
the expression v = NS for the case when there
is only one slip system in operation.

For a multiple-slip-system case, however,
this expression must be modified to take into
account the different crystallographic orienta-
tions of the slip systems.

The attempt to carry out this modification
is offered in the present work and consists of
the following: the highlights of the one-slip-
system case; a description of the rigorous
approach for multislip cases; a simplified
approximation with the introduction of the
combined plastic shear strain v,,, concept.

Let us assume first that slip occurs in one
slip system only. Let us consider an imaginary
block (Fig. Al) that is cut out of material in
such a way that slip planes are perpendicular
to the facets of the block. This block is
oriented in such a way that its height is
measured along the z axis.

Let us suppose that a shear stress 7,, is
applied to the block which causes the block
to slip as shown in Fig. Al.

By definition, the shear strain in this case
is expressed as

where AS, is the total displacement in the

y direction and Z is the height of the block.
The total displacement AS, is equal to the

sum of the displacements on each slip plane,

ie.

ASy:Z Si

i=1

ASy, Tyz

Fig. Al. Hypothetical block with one slip system.
S; is the displacement on the slip plane; AS . is the
total displacement along the y axis.

where §; is the slip or the displacement in the
ith band*. (Here S; is analogous to the furrow
depth ¢t in eqn. (2).) If n is the total number
of slip bands involved in the slip and S, is

the average value of slip per one band, then

AS, =y S
i=1

= nS,
As can be seen from Fig. A1, n is the number
of intersects that the z axis makes with the
slip bands and is equal to the total number of
slip bands along the z direction. If the number
N of slip bands per unit length along z is
known (i.e. the slip band density), then

n=Nz

where N (cm™!) is the slip band density along
the z direction. Now the total strain v, , can
be expressed [A3] as

(Al)

= NS,
N can be evaluated as the total slip band
length divided by the total area. To do this
we can take eqn. (Al) and multiply the

numerator and the denominator by the width
L of the block:

*Generally, the slip direction does not have to be
perpendicular to the y plane as shown in Fig. Al.
However, despite this and other rather crude assump-
tions that are made later, the purpose is to show the
complexity of the rigorous treatment.




2
Tyz 25 1

x2

Fig. A2. Hypothetical block with two operational slip
systems 1 and 2.

Here, nL is the total length of the slip bands
on the side of the block, zL is the total area
of this side and N, (cm™!) = nL/zL is the slip
band density. Thus,

Y. = NS,

In the case when more than one slip system is
involved in plastic deformation, slip bands

are not parallel but instead each slip system
has its own orientation* (Fig. A2). In this
situation the equation for shear strain has to
be modified to take into account the different
orientations of the slip bands. The rigorous
way to do this would be as follows.

(1) Determine the plastic strain v, , using
the same approach described previously for
slip system 1.

{2) Rotate the coordinate system x,, y;, 2;
to align it with system x,, y,, 2, where z, is
the direction perpendicular to slip bands in
slip system 2. In the coordinate system x5, y,,
z,, determine v, . using the relation

Vy.2, = @y, Y (A2)

where a, ;a, ; is the rotation matrix and
7v;; is the strain tensor in the x,, y,, z; coordi-
nate system and is given by

0 0 0
‘Yij = 0 0 7)’121
0O %, o

*Here, the hypothetical assumption is made that
slip planes from the second slip system are also
perpendicular to the facets of the block.
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(3) Combine the terms determined in step
(3) with the terms from step (1) having the
same indices. Now we have obtained the total
strain tensor €;; in the x;, y,, 2, coordinate
system due to all slip systems:

0 0 0
e,~j =|0 0 Yy2
0 v, O

(4) Determine the principal components of
the strain tensor €;; solving the following
equation:

- 0 0

0 —Xx v.!l=0 (A3)
0 Yoy A

for A. The three roots A;, A, and X3 are the
three principal strains €, €, and €3 respec-
tively.

(5) Determine the effective strain

QU2
€= *3*{(61 —€3)2 + (62— €3)2 + (63— €)% V2

As aresult of all these steps we finally get
one data point on the plot € = £(r). This
procedure is simple in principle but compli-
cated to implement, since the crystallographic
orientation has to be determined for each
grain. As an alternative way of estimating the
amount of plastic deformation that occurred
around the SiC particle, the following approxi-
mation is offered.

First, the concept of combined plastic
shear strain 7.ps is introduced. We shall define
7('DSS a's

Yepss = KNS

where S is the average step height. In general,
the slip plane is not perpendicular to the
surface and therefore the coefficient K is
incorporated. K is a coefficient which will be
evaluated later. N is the slip band density,
which is obtained from the total slip band
length of all slip systems divided by the area
where the total slip band length is the length
of all the slip bands enclosed in a selected
area (e.g. a square mesh of some net). The
selection of the size of the area is based on
considerations of the scale. It is realized that
the combined plastic shear strain 7., has no
direct correlation with the effective strain €,
the octahedral shear strain v, ., or any other




(ot Jhan et BnS g - B L T B )

1

e

" --\

ii 162

: specific strain. However, the relative simplicity
:\'5 in the determination of v, and the fact that
-t.."- Yepss takes into account direct proportionality
i between the amount of plastic deformation

L.

and the slip band density makes it very attrac-
tive for use as a criterion for plastic deforma-
tion in our case and in other similar cases in
general.

A

A.2. Determination of the coefficient K

The coefficient K takes into account the
different crystallographic orientations of slip
systems. Let us consider the case when we
have three slip systems operating, i.e. we see
three slip band groups. The individual slip
systems contribute the strain N, S,, N, S, and
N3S; to the total v, i.e.

Yepss = N1Sy + NS, + N3 Sy

where N, N, and N; are the slip band densities
and S;, S, and S; are the average displace-
ments on the band within each slip system,
given by

S—l = ‘.SMI‘
sin 01
. _ Sw
sin 0,

and
s _ Sws
® sin 0,

where Sy, , Sy and Sy4 are the average
heights of the slip bands in the three slip
systems, measured perpendicularly to the
surface, and 0,, 0, and 04 are the angles
between the slip planes and the surface
plane. Thus,

+ N,S ! +

0,  *"Msino,

- 1
= N;Swi
sin

7cpss

- 1
+t N3Syz - -
sin 0q

TABLE Al

Surface plane pole (r11)  (110) (100)
K for (111) slip plane 3.2 3.7 3.7

Now we shall assume that the amounts of
strain N;Sy;, NaSy2 and N3Sy; are approxi-
mately equal because of the symmetry of the
specimen and provided that no voids or cracks
are created. Furthermore,

- 1 1 1
Yepss :NSM(¥% ot

sin 8, sin @, sin70$
or
Yepss = KNSy
where
1 1 1
Tsin0,  sin0, sin 0,

Let us evaluate the range within which K can
change by considering a unit triangle (Fig.
A3). Let the directions shown on the triangle
correspond to the poles of the surface of the
sample. Then the values of K would be as
shown in Table Al. The average value of K

is about 4.5 when three slip systems are
operating. Thus, the average correction factor
per one slip system is 4.5/3 = 1.5. In general,
slip band densities were measured along
directions going through areas where two slip
systems,-i.e. two sets of slip bands, were
present. Thus for, two slip systems, K = 2 X
15=3.

Fig. A3. Some orientations of the sample for which
values of K were determined.

Values of K corresponding to the orientations shown in F.z. A3

(211)  (221)  (310) (311) (320) (321)
5.1 5.9 3.6 4.2 3.1 49
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APPENDIX B

Among the several composite models des-
cribed in the literature, there is one that
appears to be close to our case; this is known
as the long-composite-cylinder model. It
consists of long continuous fiber surrounded
by the metal matrix. This model implies that
plastic strain in the direction of the fiber (the
z direction) resulted from unequal expansion
or contraction of fiber and that the matrix
is a constant, i.e. €, = dl/l = constant where [
is the length of the fiber.

Therefore, the total plastic strain state
becomes a plane strain case which enables two
other plastic strains €, and €, to be found
without difficulty. Although short composite
cylinders have the same symmetry as long
composite cylinders, the strain in the z
direction is not a constant but is in general a
function of two variables: (1) the distance
from the interface and (2) the position along
the z axis. Since €, # constant, the long-
cylinder approach cannot be used in our case.

We shall discuss the case shown in Fig. B1.
Let us consider an Al-SiC disk that cools
from a temperature T. As a result of cooling,
a certain amount of aluminum will be pushed
back because of the differential shrinkage of

P4

4 AhL T
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SiC and aluminum. If we did not have SiC in
the center of the aluminum disk, the alumi-

num ring would shrink without any restraint
and the size of the bore would be reduced by

U, = Aa =a Ao AT

where a is the radius of the SiC, Aa (= 25 X
107% K1) is the difference between the co-
efficient of thermal expansion of aluminum
and that of SiC, AT (= 500 K) is the tempera-
ture interval and U, is the displacement at the
interface. The reduction in the radius of the
bore does not occur when SiC is present in
the center of the aluminum disk. The amount
of aluminum that is not allowed to go towards
the center of the bore would cause plastic
flow of the adjacent matrix in all directions
away from the SiC. Thus, some of the matrix
will spill out (as shown in Fig. B1). As we go
further away from the interface, the plastic
flow is restricted by the matrix that surrounds
the central portion. Two regions can be
considered: the plastic region that we assume
is adjacent to the SiC and the elastic region
that encloses the plastic region. Let us make
the following assumptions.

(1) In the plastic zone the matrix is a per-
fectly plastic material, i.e. no work hardening
occurs.

(2) At the starting temperature T of 773 K,
SiC and aluminum are just in contact with
one another.

(3) The profile of the aluminum which has
spilt out is a straight line,

y

0" PLANE

i

Fig. B1l. Schematic representation of the plastic—elsstic shell around the SiC.
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(4) The plastic-elastic front is also a
straight line.

Now let us consider the radius p of the
plastic zone. It is a function of the vertical
position of the transverse plane in which p
is considered. According to our assumption,
P =Po —Qqz
(the equation of the straight line) where p, is
the plastic zone radius in the “0” plane,
which is the plane of symmetry between the
upper and lower halves of the composite
disk. To determine q we let z = ﬁH ie. the
top of the “H” plane is considered. When
z= %H, p = py. Therefore
Py = Po — Qé el
From this

1
q = 2(po "PH)E
and now
D= Po— 2(Po — Pu) = (B1)
H

Let us consider now the portion of the matrix
that spills out. From the triangle shown in
Fig. B2 we can write
Py —r
U, = Ah 22— (B2)
Py —a
where U, is the vertical displacement. Gener-
ally speaking, the vertical displacement U, is
a function of z and r, i.e.

U, = ¢{f(2),8(r)}

Equation (B2) gives only an expression for
U, when the ‘““H” plane is considered. The

problem thus is to find a general expression
for U,. To do this, let us replace p;, in eqn.

Ah I /HII PLANE
Uz 7

e

Fig. B2. “‘Spill-out” portion of the aluminum matrix.

(B2) with a general expression for p (eqn.
(B1)) wher z = %H

Koy ’2,(40’0 fpll)i -r

p 2(00"9;1)‘@ —a

Ah = 1H Aa AT

and

U, = Ah

1
U, = %H A AT&O 2(po Pu)-f r
Po—2(pg —Py)y —a
If we simplify egn. (B3) it reduces to eqn.
(B2), but let us leave egn. (B3) in its form and
examine it in more detail. First let us substi-
tude H = 1 mm in eqn. (B3), since this is a
convenient way of simplifying this expression
and H = 1 mm happens to be the actual
height of our composite disks. Now we can
rewrite eqn. (B3) as

(B3)

2P0 —Pu)y T

U, =L aaar?e s 2 (B4)
Po—2(Po —Pu); —a
forz = %H or if we normalize z' = z/H = %

Let us check the values of U, at different z
values. First, let z = % (““H” plane), and so

: — 2(po ~ Pu); —
Uz — %AOI ATpL~— (pO pH)% ] r
Po ~ 2(po —pPu); —a
Then, when r = a,

, = > Aa AT = Ah

and, when r = py,
U =0

Let z = 0 (*‘0” plane), and so U, = 0, since
the “0”’ plane is the plane of vertical sym-
metry. At this point we can see a certain
logic in eqn. (B4), which enables us to suggest
the general expression for U, in the following
form:
Uz :z’ Aa AT pkoigz_(,pofg,p'l)z_,,,,_r (B5)
Po—2(pe — Pz —a
(since H = 1). It is realized that eqn. (B5)
lacks rigorous proof. However, since it in-
corporates our boundary conditions and
since we do not have any additional informa-
tion, it is reasonable to adopt eqn. (B5) and
to see what results we can obtain and then to
judge the validity of this expression. Let us
consider the cylindrical coordinate system in
which the z axis coincides with the z axis of
our sample. By definition

e
ST,

'1

| O




- -

b e

*'l‘, l.'

Po~ 2(Po —Pu)2 1

Po— 2(Po —Pu)z —a

2(po — —

+ 2z Ax AT ~ 2(po —pu)la—r)

[P0 —2(po —pu)z —al
Incompressibility requires that

€ te +te, =0

= Aa AT + (B5)*

or
dU, U,
—+ Lte, =0 (B6)
dr r

Let us consider the 0’ plane, where z = 0;
then

e. = AaaT PO " (BT)
Po —a

Equation (B6) then becomes

dUr Ur po_r
T4+ T4+ AaATY =0 (B8)
r po_a
du, U,
~~+ L +M~=Nr=0 (B9)
dr r

where

and

N = Aa AT

Po—a
The solution of eqn. (B9) is

M C N .
U=—-r+—+—r? (B10)
2 r 3

*From here on we omit the superscript prime in 2z’
and use z instead to prevent confusion, but it should
be borne in mind that the value 2 is normalized with
respect to H.
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To find the constant C we use the boundary

condition U,-, = U, =a Ax AT:
M N

U,=adaAT=——a +g+—a2
2 a 3

M N
C=aU,+—a?——ad
2 3

Now eqn. (B10) becomes

r 2r 3r

Now we can find the strains €,, € and €, for
the “0” plane:

_du, M U,,a__Ma2 Na?2 2

L T R +E';+§Nr
UM Ua M N N

r 2 22 3 3
e.=M—Nr (B12)

Let us consider the tip of the plastic-elastic

interface, i.e. r = pgy. Then (¢, = 0 from eqn.
(B7))

€ = €&

Upu (B13)
Po

where U, is the displacement of the tip of the
plastic-elastic front:

U zp, = U,

Each point of the plastic-elastic front is in
the state of incipient yielding, i.e.

€ = €g

where € is the effective strain at the interface
and €, is the yielding strain taken from the
yielding condition of the tensile sample in
uniaxial loading:

o, = Ee¢q

Therefore
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where 0, = 11.73 MPa and £ = 62 X 10° MPa
for pure aluminum. Thus we have a system
of equations:

Hy

€rr=p,) o
0
_ U, (B14)
€ (r=p,) 0 ’
4}
€:¢=p,y = 0

Applying the von Mises yielding condition,
21/2
€= ?{(61 —€,)2 + (e, —€3)% + (€, —€3)%}12
where €, €, and €3 are the principal strains.
Generally speaking, the strains €,, €, and €, do
not coincide with the principal strains €, , €,
and €3, because of the existence of the shear
component in the total strain tensor, which is
given by

daU. du.
= .+_ -
dr dz

The components vy, and v, are equal to zero
because of the symmetry around SiC.

du, Aa ATz

Yer =

dr Po —2(po —Pu)Z—a

for the ‘0" plane; when z = 0,dU,/dr = 0. To
evaluate dU, /dz, let us consider the region of
the matrix adjacent to the “0” plane as shown
in Fig. B3. Point A is displaced to point A,
and point B to point B'. (B is a mirror image
of A.) The displacements U, 5’ and Uy are
equal because of the symmetry and from the
assumption that no voids are created. The
displacement U, varies as we go along the z
axis and presents a continuous function of z.
Since the function is continuous and sym-

A
’
Aé
Ur
' - ——"0" PLANE
' |
SiC A
' 8 Ur
AB,

Fig. B3. Displacements AA" and BB’ of the matrix
symmetrical about the “0” plane.

metrical about the ““0”’ plane, it goes through
its local maximum or minimum point when it
crosses the ““0” plane and therefore dU,/dz =0
when z = 0. Thus we found that, within the
*“0” plane, all the shear components of the
strain tensor are equal to zero, which means
that €, = €,, €y = €, and €, = €; for the
““0” plane. Thus, if we go back to the von
Mises condition of yield, the effective strain
€ can now be expressed as

21/2
E=Jlle—e) +(o—e) +ieg—e)

and, from eqn. (B14),
I
3 Po Po Po

U
=1.155 *
Po

However,
€ =€

2Xx1074

Il

U.U
=1.1556 ™
Po

Therefore

U
P =17%x107* (B15)
Po

From eqn. (B11) we get

and, substituting for M and N, we obtain

AO‘AT{POZ+GP0+02 (‘14'100)/30+ 2}
= - —_——— - — - ———— 4
Po 3

(B16)

Equations (B15) and (B16) can be solved as a
system of two equations with two unknowns,
U,, and p,. Solving them, we obtain py =1.15
mm. In order to find p;; we can follow the
same procedure. However, for the “H”’ plane
case the strains €,, €, and €, are not equal to
€,, €5 and €5. Therefore the procedure has to
be modified. The new procedure would be to
find an expression for

du, du,
Yer T t -
dr dz




i |

wN

forz = é and then to solve the equation

e.~A 0 Yo
0 € —A 0 =0
Yer 0 €, — A

This is a cubic equation. Three roots give the
values for the principal strains:

AL =€
Ay =€
and

Ay = €3

This is simple in principle but very complex
to implement for the following reason. The
individual components of this tensor are of
the type expressed by eqns. (B11) and (B15).
If the coefficients of the cubic equation were
numerical, then we could solve it using the
trial-and-error method. In our case, all the
coefficients have a general expression. The
general solution of the cubic equation has the
form

SERENGg
ST

Each g and p would be a combination of the
expressions for €., €, €, and 7,,. Because of
the difficulty of determining p;; in a rigorous
way we can use an approximate solution by
treating strains €,, €, and €, as the principal
strains €, €, and €3. This implies that we
ignore the influence of the shear strain v,,.

It is realized that the resulting value for p,,
will not be a true value but it will at least give

167

an idea of the extent of the plastic zone on
the surface of the sample. Additionally, if
the magnitude of v,, is small, the deviation of
€., € and €, from €,, €, and €3 will also be
small.

Now, considering z = % and using the
yielding condition at the plastic-elastic
front, we can follow steps similar to those
that we used for the ‘“0’’ plane. As a result
P =1.11 mm. It is useful to find a general
expression for € in the “0” plane. After
substitution of the numerical values for a
and p, eqn. (B12) becomes, for z = 0,

_ 0.513r3 + 0.407 — 0.885r2

€ = —— 2 Aa AT

_ 0.667r® —0.575r% — 0.265

ST T oesr AeeT
€=9.077x107% X
X (4.668r2 —10.35r + 5.952—0—'2‘31—
_ 0&)“
'.4

This effective strain is plotted as a function of
rin Fig. 5. When € = ¢, = 2X 1074 is substi-
tuted in the expression above, the theoretical
plastic zone radius can be obtained from r =
p = 1.15 mm. The radius of the fiber is 0.5
mm. Thus p = 1.15/0.5 = 2.3 X fiber radius.
This radius includes the fiber size. Thus the
extent of the plastic zone measured from the
interface is (2.3 — 1) X fiber radius = 1.3 X
fiber radius.
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THE EFFECTS OF DIFFERENCES IN THERMAL COEFFICIENTS OF

EXPANSION IN SiC WHISKER 6061 ALUMINUM COMPOSITE*

Richard J. Arsenault

Metallurgical Materials Laboratory
University of Maryland
College Park, MD 20742 USA

Minoru Taya
Department of Mechanical and Aerospace Engineering
University of Delaware
Newark, DE 19716 USA

Summary

When a metal matrix composite is cooled down to room temperature from
the fabrication or annealing temperature, residual stresses are induced in
the composite due to the mismatch of the thermal expansion coefficients
between the matrix and whisker.

An investigation was undertaken of the extent of the thermal residual
stresses by an X-ray diffraction technique as well as of the difference of
the yield stresses Ao between tension and compression resulting from the

thermal residual stresses. A theoretical model based on the Eshelby’s
method was then constructed for the prediction of the thermal residual
stresses and Ao . The agreement obtained was very good between the

experimental results and the theoretical predictions.

* This research was supported in part under a contract from the Office of

Naval Research, Contract No. N00OO14-85K-0007.
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Introduction

Metal matrix composites (MMCs), including eutectic composites, are
becoming important in their application to structural components which are
to be used at intermediate and high temperatures. When MMCs are fabricated
at high temperature or annealed at a certain high temperature and cooled
down to room temperature, undesirable results, such as low tensile yield
stress and strength of the MMC upon mechanical testing at room temperature,
are produced. These results are mainly due to residual stresses that are
caused by the mismatch of the thermal expansion coefficients between the
matrix and fiber. This subject has been studied by a number of researchers
(for examples see references 1-13). The residual stresses so induced have

been observed in tungsten fiber/copper composites(7) and in SiC whisker/6061
Al composites(s’g). Most of the models purposed to estimate the residual

stress were based on one-dimensional analysis(1-3)
(10)

, continuous fiber

system(a’s), or spherical particle system

The model based on Eshelby’s equivalent inclusion method(7) has been

used to solve the problem of thermal residual stress(lz—la). The advantages
of the Eshelby’s model are that it can solve a three-dimensional composite
system such as short whisker composite and also can take into account the
effect of the volume fraction of whisker (Vw) easily.

Eshelby’s method has been used also for predicting the yield stress and

work-hardening rate of metal matrix composites(ls_lg). The effect of the

thermally induced residual stress on the yield stresses has been discussed
18)
1.(

(o;) exceeds that in tension (o;) for continuous B fiber/Al composites which

by Wakashima et a who predicted that the yield stress in compression

were cooled down, although no comparison with the experimental data was
made.

In this paper we focus on the residual stresses induced in a short
whisker MMC due to the temperature drop and its effect on the yield
stresses. The target short whisker MMC is SiC whisker/6061 Al composite.

Experimental Procedure

Materials

The target short fiber MMC was SiC whisker/6061 Al composite and was
purchased from ARCO/SILAG. The composite was in the form of an extruded rod
15.5 mm in diameter. Three different volume fractions of whisker (Vw) were

used: V, = 0, 0.05 and 0.2. The composite was supplied as-fabricated (no

heat treatment made), was machined into samples (Fig. la and 1b), annealed
for 12 hours at 810 K, and then furnace cooled.

Testing Methods

Tension and Compression Tests. The testing was performed in an Instrom
testing machine using a 1iquid metal container as the lower gripping device.
This method of gripping was employed to ensure very good alignment of the

sample. This test procedure is described in greater detail elsewhere(zo).
Samples of two different gauge lengths were used to determine if there was a
gauge length effect (there was none). The effective gauge length of the
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samples was determined by glueing strain gauges on the center portion of the
sample and comparing the results obtained from a clip on an extensometer
which mounted into the "V" grooves. If the extensometer is mounted directly
to the uniform gauge section, there is a high probability that the sample
will fracture where the "knife" edge of the extensometer makes contact with
the sample. Several tests in the low stress range were conducted using both
the extensometer and the strain gauge; from these tests the effective gauge
length was determined. Subsequent tests were conducted using only the

.~ extensomenter. The samples, which were tested in the range from

8 x 10-5 sec-1 to 2 x 10-3 sec-l, showed no effect on strain rate.

r v
[ 4
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(s

. Figure 1 - A schematic diagram of the
sample configuration which was used in

e the tension and compression testing.

e The dimensions are in millimeters.

e Residual Stress Measurement by X-ray Diffraction. The X-ray

:5 diffraction technique was used to measure residual stress. Two components

of the residual stress were focused on: the stress along the extrusion
. direction (longfitudinal direction), which coincides with the whisker axis of e
- a majority of whiskers (cL), and the one in the transverse direction (oT).
The data were obtained and reduced by standard techniques as outlined by
.- Cohen et al.(21). =
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Experimental Results
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The stress—strain curves of Vw = 0, 0.05 and 0.2 composites are plotted

in Fig. 2a, 2b, and 2c, respectively.
the tensile and compressive test results, respectively.

The solid and dashed curves denote
The yield stress

was measured as 0.2% off set strain and is indicated in the figures by

arrows.
90
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Figure 2a - The absolute stress vs. strain curves for tension
and compression test of 0 volume ¥ whisker material in the
annealed condition.
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Figure 2b - The absolute value of stress vs. strain for
5 volume % whisker composite in the annealed condition.
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Figure 2c - The absolute value of the stress as a function
of strain for 20 volume % whisker material in the
annealed condition.

The residual stresses were measured by X-ray diffraction on three dif-
ferent values of Vo (0, 0.05, and 0.2) and are tabulated in Table 1 where

the range of scattered data is also shown. It is noted that the values of

o and Op represent the volume average quantity in the matrix (6061 Al). It

should also be noted that a compressive residual stress was found for all
cases.
Table 1

Residual Stresses X-Ray Determination

a a4 o

PP

= 7 e e

v -,
Rey

Sample Designation

Trans. o

Long. o

T L
Vw % MPa MPa
0 -37 to -44 -18 to =22
5 ~17 to -41.4 -29 to -41.4
20 -49 to -57.3 =24 to -44.2

- compressive residual stress

Theoretical Procedure

The theoretical model used here is based on Eshelby’s equivalent

inclusion model. Mori and his co-workers(15'17) extended Eshelby’s method
to predict the yield stress (o_) and work-hardening rate of aligned short

whisker composites. Wakashima et al.(ls) extended the above approach to
predict oy by considering the mismatch of the thermal expansion coefficients

of the matrix and fiber.

Following the above models, Takao and Taya(lb)
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1[neuasay

91



have recently computed the stress field in and around a short fiber in a
short fiber composite where the fiber is anisotropic both in stiffness and
thermal expansion.
In this paper we focus on the average thermal residual stress induced
in the matrix by the cool-down process and also the yield stresses in ten-
sion (o;) and compression (o;) when the composite is tested at the room
temperature. The former case is essentially based on the model by Takao and
Taya(la). and as the latter case, we extend the model by Wakashima et
al.(ls) to account for the bi-linear stress-strain curve of the matrix.
Formulation
Consider an infinite body (D) which contains ellipsoidal whiskers (Q)
aligned along the xj-axis (Fig. 3). This composite body D is subjected to
the applied stress field ozj’ The stiffness tensors of the matrix (D-Q) and
whisker (Q) are denoted by Cijke and Cije' respectively. Following
Eshelby, the transformation strain( ) or eigenstrain(zz) is given in
the fiber domain Q as
* *
o uij’ where aij is the
o strain due to the mis-
) ‘ match of the thermal ex-
_T f r pansion coefficlents and
I | the uniform plastic
e strain eij is pre-
D-0 (C P scribed in the mat-
- . , e
K2 1 rix(ls). As far as the
\ stress field is con-
w » cerned, the model of Fig.
Il(cinl '°ij) 4 is equivalent to that
of Fig. 3. Thus, the
present problem 1is re-
duced to "inhomogeneous
inclusions problem” (Fig.
, 4)(22) | The model of
Fig. 4 will be used not -
X3 only to predict the yield @
L::fz stresses and work-harden- 3
ing rate, but also to 2
X compute the thermal resi- -
dual stress. For in the
latter case, we will set
o P 0
cij eij .
e
' P o
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. Figure 4 - The equivalent inclusion model

- converted from Figure 3.

. Following the Eshelby’s equivalent inclusion method modified for a

o finite volume fraction of whiskers(22’23), the total stress field in the
o

- fibers oij + oij is given by ,
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<°ij>m Cijklekz in D-Q (3
*
In Eq. (1), € e is the fictitious eigenstrain(zz) which was introduced to
connect the present problem to "inclusion problem" and e, , is the average

13
strain disturbance in the matrix and related to the average stress disturb-

ance in the martix <oij>m by Eq. (3). <°ij>m is defined by
1
o,> =—— | o, .dv (4)
ii'm VD_n pq 13
where VD—Q is the total volume of the matrix and cij’ and ey in Eqs. (1)

and (4) is the stress and strain disturbance, respectively, by a single
fiber @ when it is embedded in an infinite matrix. Since the stress
disturbance when it is integrated in the entire domain D vanishes,

[ o,dv=0 (5)
p 1
The stress disturbance oij is obtained from Egs. (1) and (2)

*k

955 = CiskaCCrn * kg T Ske) (6)
where "ok * * p
®ke T %t %k T Cke 7
From Eqs. (3), (5) and (6), we obtain
~ *k
ey = - Vw(eij - eij) (8)
According to Eshelby, eij is related to the total eigenstrain e:: as
*k
®13 = Si5ke®ke (9)
where Sijke 1s the Eshelby’s tensor and a function of Cijkl’ Czjkz and the

geometry of the ellipsoidal whisker(zz). The fiber is assumed as a prolate
spheroid, hence the whisker aspect ratio 2/d is a single geometrical para-

meter. For simplicity, we assume that the matrix and fiber are isotropic
w

bith in stiffness and thermal expansion coefficient. Thus, Cijkz' Cijkz an
uij are given by
Cigkg = Mysbg * u0pSyp * 8508ky) (10)
W w W
Cy jkg = A 61j6k£ + U (61k6j1 + sizakj) (11)
ajy = - (aw - a) GijAT (12)

In the above equations, § is the Kronecker’s delta, ) (Aw) and y (uw) are

1]
Lame’s constants of the matrix (whisker), a (uw) is the thermal expansion
coefficient of the matrix (fiber) and AT is the change in temperature

(AT > 0 corresponds to the temperature drop).

The stress field in the fiber 1is obtained from Eqs. (6), (8), (9) and

(10)
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*k*k * % 13
= (1 - v){(s - o) Mgyt 2608y yonmn " eij)} (13)

13

*k
After solving for eij in Eq. (1) by use of Eqs. (8) and (9), we can compute

the stress disturbance oij in the whisker from Eq. (13).

Yield Stresses oi, qi;and Work-Hardening Rate
R4 7

The method of computing the yield stresses o; and o; and the work-
hardening rate of the composite is described briefly. The total potential
energy of Fig. 3, U, is given by

1 o] o ~ ] *
] / (o1j + 04 )(uij + + u e a, )dv

2 ) 3 P11 7 %My T %13 7 %1y
o o ~
- 4
/ cijnj(ui +u, +u,)ds (14)
| D}
where u?’ ;1 and u; are the displacement components corresponding to
e:j’ Zij and eij’ respectively; the index j preceded by a comma denotes a

partial differentiation with respect to xj: |p| is the boundary of D: and nj

is the j-th component of an unit vector outer normal to |D|. Then, the

change in u due to the change in the plastic strain § egj is given by

o P
sU = - jD (oij + oij)é eijdV (15)
In the above deviation, the Gauss’ divergence theory and the following
equation were used

fD oij(Guij + 5uij)dv =0

Noting that the plastic strain exists only in the matrix (D-Q), Eq. (15) is
reduced to

p o
= - - - 16
sU 6e1j {( Vw)aij vwaij} (16)
o >
Under the uniaxial stress along the x4-axis (oo), °ij and egj are given by %
5
0 -1/2e =
0 P -
-1/2e
o0, = 0 P P
ij 00 eij = ep (17)
0
0 0
0
0
where the six components of c:j and eij are expressed in the order of (ij) = ©
11, 22, 33, 23, 31, and 12, and ep is the plastic strain along the Xq-
axis. On the other hand, the energy dissipation due to the plastic work in
the matrix, 6Q, is given by
=

8Q = (1-V )o Se (18)
Wiy p
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where 0 1is the flow stress of the matrix for the bilinear model
y

[o]
= + E
°y °y T(

where q; and Ep are the initial yield stress and tangent, modulus of the

e - ep) (19)

matrix, respectively, and e is the total strain. Since U + 60 = 0, we

obtain
v

w
o, = oy + ?ijzy (033 - 011) (20)

In the above deviation, ¢ were used. Combining

- P p 1
117 %220 €1 =€ =-37¢
the solutions of oij in Eq. (13) and Eq. (20), we can obtain the yield

stress of the composite in tension (o; = oo) and that in compression

Cc
(oy = oo) as

t, o
cy/oy = C0 + C1 umAT
(21)

c, 0
oy/oy C0 - C1 amAT

Similarly, the work-hardening rate of.the composite, E& is obtained as

— ET
E/Ep = C, + Cy () (22)

In the above equations, CO’ Cl’ C2, and C3 are functions of the mechanical

properties of the matrix and whisker and the fiber aspect £/d, E is the
Young ‘s modulus of the matrix.

Thermal Residual Stress

When the composite is cooled down by AT, the thermal residual stress is
induced in the composite. The theoretical model for this problem is the

same as that shown in Fig. 4 except that o = 0 in the present

P
13~ €13
case. Hence, the formulation up to Eq. (13) is valid and will be used to
compute the thermal residual stress. Once the stress within the whisker

i
ijn) is computed, the stresses just outside the whisker c§§Ut) can be 5
obtained by the following relation(13) é
- (A -
Slout) _ (in) (- R (A+2u)8, - O+u)nyn
Pq pq pamnt” k213%13"2"n WO
*k
+ emn} (23)
(in) *k
where opq is given by Eq. (13), eij is solved by Eq. (1), A and u are
previously defined and n; is the i-th component of the unit vector pre- —
pendicular to the surface of the whisker. 1If one wants to compute the ©
stresses just outside the equator of the ellipsoidal whisker where n = (1,
0, 0), we can obtain the stresses in polar coordinates, o ce and g there
as z _
f=pl
A R : B AN s e s N T T L., ~.‘_-.‘.-.)'. TS P R T TAT Py
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e

o(out) - o(in)

r T
ogOUt) - 0éin)

1 %% v k%
+ i ey * 1oy easl (24)

v k% 1 %k
+ {35 ey + 15 €3

(out) (in)
[+ =0 1-v

z z

where v Is the Poisson’s ratio of the matrix.

Next the average stress field in the matrix, <o

>m’ can be also
obtained from Eqs. (3), (8) and (9) as

ij
*k *k

SkamnSmn ~ ke’ (25)

<o, > = (

1¥m " " Vw Cigke
The average stress in the matrix, <o > , <0,> and <o > , will be computed
rn 6'm z'm

by setting ij = 11, 22, and 33 in Eq. (25). It should be noted here that
<or>m = <oe>m due to the assumptions of an aligned short whisker composite

which results in the transverse isotropy of the volume average quantity.

Theoretical Results

The thermo-mechanical data of the matrix and whisker for the theore-
tical calculations are obtained from the stress-strain curve of the matrix
(Fig. 2a) and the material properties handbook.

Annealed 6061 Al matrix (bilinear model):

E = 47.5 GPa
ET = 2.3 GPa

cg = 47.5 MPa (26)
v = 0.33

a = 23.6 x 10-%/°¢

S1iC Whisker:

Ew = 427 GPa

v = 0.17 (27)

o = 4.3 x 1078/

2fd = 1.8
where the average value of the fiber aspect ratio (£/d) was used(za) and the
bilinear stress strain curve of the matrix is indicated by a dash-dot line
in Fig. 2a. The temperature drop AT is defined as
(28)

AT = T, - T

1 0
where T, 1s taken as the temperature below which dislocation generation is
minimal during the cooling process(g) and Ty is the room temperature. Thus,

for the present composite system AT is set equal to 200 K.

The theoretically predicted oc and ot can be obtained from Eq. (21).
The differences between a; and o; (q; - ot) for various V_ are shown as the

solid line in Fig. 5. The differences between o; and a; increase with

increasing Vw. The experimentally determined differences between o; and o;

are represented by the open circles in Fig. 5. The experimental values of
the yield stresses are taken as the stresses 0.2% off-set strain. It
follows (Fig. 5) that good agreement is obtained between the experimental

j[neuasay
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Figure 5 - The difference in yield stress between =y

tf compression and tensin as a function of volume %
silicon carbide whisker.

7 and theoretical results of the difference in the compressive tensile yield

c
stresses. However, the experimental values of °y are greater than the

E
3
-
N
'
)
4
3

ﬁ theoretical values of o;, and similarly the experimental values of 0; are

E greater than the theoretical values of c;. =

- From the data given by Eqs. (26) - (27) and the use of Eq. (25), we

G have computed the average stresses in the matrix and the stresses just ]
outside the fiber and plotted schematically the o and <oL>m along the x (or )

n' Xp) and x4 axes in Fig. 6. = :
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Figure 6 - Is a schematir of the stress distribution
in the matrix and in the reinforcement due to the
difference in thermal coefficient of expansion
between the silicon~carbide and aluminum.
- Next, the thermal residual stresses averaged in the matrix of the SiC
L whigker/6061 Al are predicted by Eq. (25) and the results on <0T>m and
<°L>m are plotted in Fig., 7 as a function of the volume fraction of whisker —
(s )
(Vw)’ where the subscripts, T and L denote the component along the trans-
verse direction (r and 6) and longitudinal direction (z). The average
>

'i theoretical thermal-residual stress is predicted to be tensile in nature.
-
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Figure 7 - Predicted residual stress in the
matrix for the transverse and longitudinal directionms.

Discussion and Conclusions

The theoretical predictions and experimental results are in very good
agreement in most cases, and in some cases the differences are to be

expected.

The theoretical model is based on an extension of previous work by

Eshelby(ll), Mura and Taya(l3), and Tanaka and Mori(IS), and it can predict
the yileld stress in tension and compression and the thermal residual stress.
The predicted values of the yleld stress in tension and compression are less
than the experimentally determined values of the yield stress in tensional
compression. This difference between the theoretical and experimental
stresses is due to the fact that the V, = 0 curves of stress vs. strain were

used for the matrix in the composite cases. It has been demonstrated by

Arsenault and Fisher(a) and Vogelsang, et al.(g) that there is a much higher
dislocation density in the annealed composite matrix than in the Vo = 0

material. Therefore, the matrix is stronger then the annealed V, = O matrix
alloy. However, this increase in matrix strength due to a higher disloca-
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4 tion density does not influence the difference in yield stress in the com-

.~ pression vs. tension. The theoretical prediction is that the yield stress

N in compression should be higher than the yield stress in tension, and this
is exactly what is observed experimentally.

' The theoretical prediction that the compressive yield stress is higher
than the tensile yleld stress suggests that a tensile residual stress exists
in the matrix of composite. An average tensile residual stress is predicted
in the .atrix as shown in Figs. 6 and 7. However, the experimentally deter-
mined residival stress is compressive, i.e., opposite of the prediction.

This difference can qualitatively be explained in terms of the magnitude of

p the tensile and compressive residual stresses in the matrix. If the com-

.. pressive regions of the matrix were eliminated and only the tensile regions

were examined, then there would be no change in the diffraction peak condi-

tions, because the limit of detection is ~ 50 MPa, If a similar experiment

.-~ were conducted, but in this case only the compressive reglions were kept then

- there would be a change in peak position because the compressive residual

stress Is greater than the detection limit. Now, if both tensile and com-

" pressive regions are combined, the net result, a small compressive residual,

;f: will be experimentally detected, which is In agreement with the X-ray
residual stress measurements.

ﬁ; It is possible to arrive at the following conclusions from the
theoretical model and the experimental results.

- 1. The theoretical model predicts a higher compression yield stress than

108 tensile yleld stress, which is in agreement with the experimental

results.

2. The absolute magnitude of the predicted yield stress (tensile and
compressive) is less than the experimental yield stress due to an
increase in matrix strengthening. The increased matrix strength is due
to a higher dislocation density in the matrix; the higher dislocation
density is a consequence of the difference in coefficient of thermal
expansion between the Al alloy matrix and the SiC.

3. The magnitude of the average residual stress 1is small, but at the SiC-Al
alloy interface there can be a large compressive stress.

Il 4, The residual stress, in the region between SiC whiskers, is tensile and

x this {s the likely region where plastic deformation would begin. For in

this region the matrix contains a lower dislocation density than

h'd

[ X

& adjacent to the SiC whisker, i.e., in this region the matrix is weaker.
oS

) References

Tl

- 1. E. R. Thompson, D. A. Koss, and J. C. Chestnutt, Metall. Trans. 1

(1970), p. 2807.

2. D. A. Koss and S. M. Copley, Metall. Trans. 2 (1971), p. 1557.

AL

3. J. K. Lees, Polymer Eng. Sci. 8 (1968), p. 195.

X
} X 4, S, S. Hecker, C. H. Hamilton and L. J. Ebert, J. Mater. Sci. 5 (1970),
p. 868.
;E: 5. J. Gayda and L. J. Ebert, Metall. Trans. 10A (1979), p. 349.

6. S. D. Tsai, D. Mahulikar, H. L. Marcus, I. C. Noyan and J. B. Cohen,
Mater. Sci. & Eng. 47 (1981), p. 145.

7. K. K. Chawla and M. Metzger, J. Mater. Sci. 7 (1972), p. 34.

(¥} 8. R. J. Arsenault and R, M, Fisher, Scripta Metall. 17 (1983), p. 67.

S R T T I I S I S B R R R L N .
\'.n e e TR T e et e T e e
5 “ . PN AT UL R

o % VI AR L, i ST SR TR AL S LA AL SRR R A

j[neussay

St

—
[=)]




| s A= A A AR R A bl = et Lk At et B St Aail et et el ekl Bk Sed Sk Sl Sudi-Nad- Aok ot ol B A S an o A B0 AR A A A laull Dl i e Al S Rl Sh e S SA R AR AR T Al S0 b Bal ol A JE I
.

9. M. Vogelsang, R. J. Arsenault, and R. M. Fisher, submitted for
publication.

10. J. K. Lee, Y. Y. Earmme, H., I. Aaronson and K. C. Russell, Metall.
Trans. 11A (1980), p. 1837.

~.  11. J. D. Eshelby, Proc. Roy. Soc. London A241 (1957), p. 376.

12. K. Wakashima, M. Otsuka and S. Umekawa, J. Comp. Mater. 8 (1976), p.
391.

O _|
D

13. T. Mura and M. Taya, Proc. of the 2nd U.S.-Japan Conf. on Comp. Mater.

o ASTM, under review,
) 14. Y. Takao and M. Taya, J. Appl. Mech., under review.
- .
eﬁ 15. K. Tanaka and T. Mori, Acta Metall. 18 (1970), p. 931.
. 16. K. Tanaka, K. Wakashima and T. Mori, J. Mech. Phys. Solids 21 (1973), p.
S 207.
fﬂ |
17. §. C. Lin, T. Mura, M. Shibata and T. Mori, Acta Metall. 21 (1973), p.
505.
s

18. K. Wakashima, S. Kurihara and S. Umekawa, Japan Soc. Comp. Mater. 2
(1976), p. 1.

w

19. A, Daimaru and M. Taya, Proc. of the 4th Intl. Conf. on Comp. Materials,
Edited by Hayashi et al., Japan Soc. Comp. Materials, Tokyo (1982), p.
199.

20. R. Hsu and R. J. Arsenault, Mat. Sci. & Eng. 66 (1984), p. 35.

EJ 21. J. B. Cohen and L. Schwartz, Diffraction Methods in Materials Science,
MacMillan.

~y 22, T. Mura, Micromechanics of Defects in Solids, Martinus Nijhoff
Publishers, 1982,

B 23, T. Mori and K. Tanaka, Acta Metall. 21 (1973), p. 571.

24. R. J. Arsenault, Mater. Sci. & Eng., 64 (1984), p. 171. >
[ =
., ‘n-:
o) "
"
.
e
s
-~ ;

AR

L

—
k&d&d&‘uﬂJLﬂ&iuﬂ !
. e e e e N e e e e e e e e e,
S A e AT AT . o T e e e L e T e T
% \ - - Q. e - - » - -' . - .. ‘. . . - l. ~ e " -, - . L . - -
S N N AT A NN - . D B S S PSS S




Cai - ol AR Sl Sl bt el i e Mind dieie S S gen) Al aasr o aan Ban & s o s e |

- INTERFACIAL BOND STRENGTH IN A
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“~ An investigation was unaertzken to evaiuate the strengtn of

| A

S the interfacial bond between SiC and the 6061 Al alloy matrix.
e Approximate bounaing anaiysis providea tne conaitions for separa-
SO tion of the inciusion from tne ductiie matrix under the local

o f? negative pressure (triaxial tensiie stress). The experimental

fj aata was analiyzed to aetermine the local interfacial stresses at
‘. ".—

R . .- Co s S . 5 .

S tne particie-matrix interfaces. The lower bound vaiue of tne

e é
- bond strengtn was daetermined to be equal to at least 1690 Mpsa. i
L Debonaing of S8iC particulates from the matrix was founa to be =
X

- . rare event.

I

”, .

- Introduction

<

oy

X ! Tne qualiity of interfacial bond between Al anda SiC is impor-
i

S

*
f g OS2 R
-

LR |

tant in composite strengthening, independent of tne strengtnening

mecnanism that is assumed ‘to be operative. One of thne key

L)

si K‘ eiements in tne continuum mecnhanics treatment of the composite

;S strengtnening is that the interface transfers the loaa from the

fz matrix into tne reinforcement[1'3}. Tne rule of mixtures tnat

g » emerges from the continuum mecnanics relates a given property of
JE - tne composite to the properties of its constituent materia.s.

jz ;: The credibility of this sapproach depends on, among otner tnings,
_g y the bond integrity ana the efficiency of the loaa transfer from
P <.

e the matrix to tne reinforcement.
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Recently it has been shown[4‘6J tnat in Al/SiC systems tne
interfaces are a major source of the dislocation generation (on
cooling from fabricating temperature due to the difference in the
coefficient of thermal expansion). The resultant diélocation
densities at tne Al1/SiC interfaces can be very nign (109 to 1010

m'2), whicn significantly contributes to tne overall composite
strengtn. Interestingiy, when an A1/SiC system is subject to
neating, the Al/SiC interface also generates dislocations (pro-
viaing tnat A1/SiC bona is quite strong)[7]. If the bona is
weak, tne Al just pulls away from tne particle and is free to
expand without any restrictions on the part of tne SiC, ana in
the subsequent cooling no aislocations are generateda. Tnerefore,
a good bonda is requirea to produce tne nign dislocation density.

Several investigators nave reported that tne bond between
Ai/SiC is generai.y good{gvgj, but a systematic evaiuation of tne
bona strengtn has not been, to our knowiedge, reportea in tne

iiterature. Direct measurements of tne interfacial snear

(+
D

strengtn in metal matrix systems nave been made using fiat pl
ana fiber puilout tests[1OJ. Tne fiber pullout test, wnicn is of
more interest for tnis investigation, was usea to determine
interfacial shear strengtn in Cu/W and Cu/Mo systems[li].

Several attempts were made to carry out a direct measurement of
the interfacial bond snear strengtn in Ai/SiC using the pullout
test aue to its apparent simplicity. However, all these attempts
resuitea in brittie failure of SiC (singie crystal, very large

grain, anda sinterea SiC were used) &t very moderate loads.
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In adqaition, an effort was made t0 perform & puncn test
using Al disks witn pieces of tne SiC embedded in tne center.
This effort also resulteda in premature failure of the SiC.

Anotner way to evaluate the interfacial bond strengtn is
o basea on tne general unaerstanding of the mecnanism of the

auctile fracture“2’15J and was applied for the determinatiorn of

‘\
s
?_-\

tne interfacial bona strengtn in spneroidizea 1045 steel, Cu-0.6
o
pY pct. Cr alloy, ana maraging steel containing Fezl. Cu-Cr &na TiC
. particles, respectively[16’17j. Providing tnat tne auctile
o
c\' . - - L. - . - . - -
¢ fracture starts by voia nuclieation at tne incliusions anl secona

-~ . . . - - . - . [ ~ ~ N
o pnase particies, the theoretica. bounadaing ana;ys1s-'5] aiiows tne
i eva.uation of tne interfaciai strengtn in tne systems witn tne
> 5311 Tu s i ] i pns
' smail voiume fraction of tne seconda pnase.
Tne purpose of thnis investigation was to experimentally
! determine tne bona strength between Jil and Al in a commercial
' composite material using tne analysis of separation of tne
k inciusion from tne matrix under the negative pressure.
Experimental Procedure

One voiume percent (1V¥#) 8iC particulate in a 6067 Al alloy

- matrix composite purcnased from DWA was usea for this investiga-

tion. The low voiume percent of tne particulate was necessary in
order to: 1) provide favorable conaitions for a auctile fracture
and thus activate the mecnhanism of void nucleation ana growtn

type faiiure, 2) satisfy criteria of non-interacting

»
)
)
)
)
'
|
|
\
3
i
|

Lo particlest17]. At nigher volume concentrations, the Al/SiC
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i composites exhibitea very little quctility. The theoretical .
o

analysis of the inclusion separation from the matrix that was =

b5 usea in this investigation was based on the assumption that there .
is no interaction between the particies, whicn is a reasonable j

"

! statement for a small-volume concentration.

v .
LA Y

The composite material was machined to a stanaard tensiie

P

1

- test specimens. In order to introduce a local triaxial stress

state, & circumferential groove was electrical discharge macninea

i |

"
1.0

[

(EDM) in the center of tne specimen (Fig. 1). Subsequently, thne

specimen were soliution-annealea at 82% K for 12 hours ana ice

| O

water quenched in order to keep the Mg,Si pnase in the soiution
ana tnus 1limit the presence of particles otner than 8SiC. After
. quenching, tne samples were placed into the freezer of &
commercial refrigerator where tney were stored at 265 K ana

-l within & few minutes the samples were able to warm up to tne

testing temperature of 2395 K. Tne specimens were testead in

g tension to fracture using tne Instron testing macnine at cross-
. - . cm -
~ head velocity of 0.05 33+ The fracturea halves were EDM, cut

" iongitudinallp (parallel to the tensile axis), and mecnanically
E polisheda. Final polishing was done using a colloidal silica

suspension as abrasive (Buehler's Mastermet) on the special

»

> ~ < N . o . - s

A moderate lengtn nap clotn (Buenier's Mastertex). Since this

" suspension has a slightiy alkali reaction, the final poliisning

; was accomplished botn mechanically ana chemically. Tnerefore,

E the surface was ready for inspection without the necessity of
etching to delineate the SiC particulates. Polished sections

o

zj were examined for voids and particles separation using the

L}
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Experimental Results and Discussion

The experimental technique adopteda in tnhis work was based on

R

tne determination of local stresses auring plastic aeformation
[16]

unger a triaxial stress state[16]. Tne bonding analysis-

snowea tnat tne interfacial stress Opp Can be expressea as

—_

o = onp + Y(eP) (1)

Tr
wnere o is tne local negative pressure (triaxial tensile
stress), Y(8P) is true flow stress in tension corresponding to
tne locai average plastic strain, hazd the second pnase particle
been absent. Tnis analysis was based on tne assumption tnat:
(1) particles have an equiaxed shape, and (2) volume fraction of

the second phase is small. Also, it can be mentionea that SiC is

rigia ana unaeformeda. This physical property agrees very well
t? witn tne assumption of rigiaity of the inclusions[is].
The aistribution of the triaxial tensile stress along tne

radial line in the plane of the groove was obtainea from tne

L 4B
»

theory of stress concentrations on circumferentially groovea
elastic bars originally considerea by Neuber and then

expressedt16] as:

[N
Q
3
0

T — (z:O) (2)

T
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wnere ;% represents the triaxiality, G is the negative pressure,
Sy is the flow stress or average ligament stress, z is equal to
the vertical aistance along the z axis, i.e., tensile axis center
line of sample, and r is the distance from the z axis. Since
triaxiality °T/°o reaches its maximum value at the bottom of the

groove, r snould be equal to &, where 2a is the diameter of tne

ligament (see Fig. 1).  Parameters c and a are defined as

follows:

a vl + &
&= —1" (4)
a
'R

wnere & is tne radius of the ligament ana R is the raaius of the

groove (see Fig. i1b). The longitudinal sections of tne tested

specimen are shown on Fig. 2. In general, the number of voias
Lé associated with aebonaing of SiC particulates was much sma.ler
. than tne total number of voias related to the fracture. Several
g examples of tne areas where debondeda SiC particuiates can be
- observeda are shown in Fig. 3. Debonding shown in Fig. 3 is a
;
N rather rare event and is not typical of Al/SiCp fractured
f: samples[18].
_ According to the Neuber analysis, the largest negative
é pressure occurs at the outer surface of the groove (see Fig.
{ 1). Since, in general, no separation between the SiC partic-
b
i ulates ana Al matrix was observed, it is reasonable to assume
ot
H
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that for Al/SiC bond:
max —D
Opp 2 Op + Y(€Y)
value of Y(€P) was obtained from stress-strain curve as
— Pf
Y(eP) = T = o, = flow stress (5)

wnere Py will equal the load at failure whicn will equal 750 kg
ana Ay wiii equai the area across tne grooved region. The valiues
of ¢ and & we get from expressions (3) and (4), respectively. At
the bottom of the circumferential grove (z = O) these values are
c = 0.48 and & = 2.3 mm.

Substituting Egqs. (5) and (2) into Eq. (1) we obtain:

0
ne

1690 MPa

[N N e

Thus, tne lower bound value for Al1/SiC bond strength is 1690 MPa:
the Neuber analysis is appliicable to a linear soliia, i.e., to &
material witn linear strain hardening. TFrom thne stress-strain

curves obtaineada, it was felt that tne behavior of the testea

specimen couid be approximatea to a linear body.




| il Bl e A i b it el Gl Bl bl et ok et Slade Moot et 0ot Ak Sare et ok ek e ila aded S22 Mol Ak bl e shet Jaw g Ban oap dad S e dn. gae BanAaan. an. mwwva

2 0
®

3
A,

~r

Concliusions

Providing that the above-mentioned assumptions are reason-
able (and there is no reason to question the assumptions if a
. lower limit of the bond strengtn is determined), it can be

conciuded that the 6061 Al1/SiCp bond strengtn is at least 1690

Sj MPz. (Tnis is 40 times nigner than the yield stress of tne

- annealea 6061 Al alioy.) It is tnougnt tnat debonding can be

o attributead to thne defects during fabrication of the composite

f':'_: material. Ductiie fracture of low-voiume percent 6061/SiCp

- occurs by voiad nucleation at SiC particulates and a.so at tne

Ef matrix imperfections (preexisting voids, inclusions, MgSio,

o etc.). A separate investigation, however, is requirea to

. determine explicitliy tne origin of the ductile fracture in Al/SiC

ﬁ: systems. It is realized that the assumption of tne equiaxiaiity

- of tne SiCp is rather poor. This resuits in furtner unaer-

E estimation of the bond strengtn since, under the same macro

. stress state, irregular shaped particles would have higner stress ;3

i’ concentrations, ana, thus, separation from tne matrix would be ;i

lg expectea to occur at tne eariier stage compared to & spherical :;

3 particie. If tne irregular shape of tne particle could be taken jg

5‘ into account, the lower limit woula increase. I;
"
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Fig. 2
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List of Figures

A schematic view of the specimen (a) and enlarged
portion of the groove (b) showing groove geometry and
location of the maximum triaxial stresses.

Electron micrograpns of the aifferent areas of tne
longitudinal cross sections of the fractured 1V% Al/SiCo
specimens.

(a,b) - taken in the vicinity of tne bottom of tne
groove. No apparent debonding is present at tne
position of maximum triaxial stress.

(c,a,e,f,g) - taken below the fracture surface away from
the groove

(n,i,j) - taken far away from the fracture and represent
tne bulk of the specimen.

Electron micrograpns of the areas below fracture surface

at the bottom of the groove (a) and away from it (b-e)

wnere debonaing was observead.
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Elecfron micrographs.of the different areas of the
longitudinal cross sections of the fractured 1V% A1/8iCp
specimens.

(a,b) - taken in the vicinity of the boTiom of the
groove. No apparent debonding is vresent at the
position of maximum triaxial stress.

(c,d,e,f,g) - taken below the fracture surface away “rom

the groove.

(h,i,3) - taken far away from th= fracture and represant

the bulk of the specimen.
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. Fig. 3 Electron micrographs of the areas helow fracture sur€ace

at the bottom of the groove (a) and away from it (b-e)

‘ where debonding was observed.
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THE incorporation of 20 vol pct discontinuous SiC whisk-
o ers into a 6061 Al matrix increases the yield strength of
' annealed powder compacted 6061 Al alloy by more than a
factor of two. This increase in strength cannot be explained
directly by continuum mechanics theories. Continuum me-
chanics formulations developed by Piggott' and applied to
g the case of discontinuous Al/SiC composites by Arsenault’
predict an ultimate strength of only 186 MPa for 20 vol pct
SiC composite, whereas the measured value of ultimate
’ strength for this material is 448 MPa. Arsenault and Fisher?
o proposed that the increased surength could be accounted for
by a high dislocation density in the Al matrix which is
observed in bulk composite material annealed for as long as
~ 12 hours at 810 K.
- The dislocation generation mechanism proposed by
) Arsenault and Fisher to account for this high dislocation
$4  density is based on the large difference (10: 1) in coefficients
. of thermal expansion (CTE) of Al and SiC.* When the
composite is cooled from elevated temperatures of an-
nealing or processing. misfit strains occur due to differential
thermal contraction at the Al/SiC interface which are suf-
ficient to generate dislocations.

Chawla and Metzger, in an elegant investigation of Cu/W
composites using etch-pitting techniques, observed a high
.2 dislocation density at the Cu/W interface which decreased
with increasing distance from the interface.® They observed

= Anln Situ HVEM Study of Dislocation Generation
- at Al/SiC Interfaces in Metal Matrix Composites

MARY VOGELSANG, R.J. ARSENAULT, and R. M. FISHER

Annealed aluminum/silicon carbide (Al/SiC) composites exhibit a relatively high density of dis-
locations, which are frequently decorated with fine precipitates, in the Al matrix. This high dislocation
density is the major reason for the unexpected strength of these composite materials. The large
difference (10:1) between the coefficients of thermal expansion (CTE) of Al and SiC results in
sufficient stress to generate dislocations at the Al/SiC interface during cooling. In this in situ
investigation, we observed this dislocation generation process during cooling from annealing tem-
peratures using a High Voltage Electron Microscope (HVEM) equipped with a double tilt heating
stage. Two types of bulk annealed composites were examined: one with SiC of discontinuous whisker
morphology and one of platelet morphology. In addition, control samples with zero volume percent
were examined. Both types of composites showed the generation of dislocations at the Al/SiC
interface resulting in densities of at least 10'* m~2. One sample viewed end-on to the whiskers showed
only a rearrangement of dislocations, whereas, the same material when sectioned so that the lengths
of whiskers were in the plane of the foil, showed the generation of dislocations at the ends of the
whiskers on cooling. The control samples did not show the generation of dislocations on cooling
except at a few large precipitate particles. The results support the hypothesis that the high dislocation
density observed in annealed composite materials is a result of differential thermal contraction of Al
and SiC. The SiC particles act as dislocation sources during cooling from annealing temperatures
resulting in high dislocation densities which strengthen the material.

I. INTRODUCTION creasing to 4 X 10'? m~? at the interface of W and Cu, and
concluded that the dislocations were caused by the differ-
ences (4:1) in CTE of Cu and W. Recalling that the CTE
difference between Al and Si is 10:1, i.e., more than twice
as great as the Cu/W system, one would expect thermal
stresses in Al/SiC to be sufficient to generate dislocations in

this composite.

HVEM experiment.

- that if the volume fraction of W was 15 pct, thelfmn!rzm_lm face effects are minimized and bulk behavior is more closely
dislocation density in the matrix was 7 x 10 m approximated. Also, a high voltage microscope can better
e MARY VOGELSANG and R.J. ARSENAULT, Director, are with accommodate special stages required for in situ work be-
B e M concts  cause of te large ple pice region
. . . R. w v R N . . R . .
\ Lawrence Berkeley Labora(ory,lsUnilversityeofo(rlalifomia, Berkeley, Numerous in situ HVEM heating Slaege '"Ves"ga"°“5 of
" CA 94720 Al have been performed. Hale er al.® and Caillard and

Manuscript submitted April 8, 1985.
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Other causes may also contribute to the high dislocation
density observed in annealed Al/SiC material. Dislocations
are introduced into this material during the plastic defor-
mation processes of manufacturing, such as extrusion. Dur-
ing annealing. the dislocations introduced during processing
may not be annihilated; they could be trapped by the SiC,
resulting in a high dislocation density after annealing.

It is important to determine the origins of the high dis-
location density in the composite since the strength of the
composite depends on the high density. If the differen-
tial thermal contraction is the cause of the dislocations, as
Arsenault and Fisher® suggest, then dislocations should be
observed being generated in a composite thin foil sample
on cooling from annealing temperatures in an in situ,

In situ dynamic HVEM experiments have certain advan-
tages over other experimental techniques. The major advan-
tage is that direct observation of a dynamic process altering
a microstructure is possible while the deforming force, in
this case a thermal stress, is operating. Operating at higher
voltages allows penetration of thicker samples so that sur-

Martin’ investigated dislocation motion during creep at
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elevated temperatures using HVEM. Kivilahti et al.® ob-
served an Al-2 pct Mg alloy in situ during recovery
processes at elevated temperatures recording dislocation
interactions on videotape. Shimotomori and Hasiguti® ob-
served in situ prismatic punching of dislocation loops at
second phase precipitates in an Al-1.3 pct Li alloy. Electron
irradiation of Al at elevated temperatures has been exten-
sively studied using HVEM.'*"!

There have been several non-dynamic, non-in situ TEM
investigations of dislocations about particles in a metal ma-
trix. Weatherly'? observed multiple slip mode dislocation
tangles around silica in Cu, and concluded they were caused
by differential thermal contraction of the two materials on
quenching. Ashby er al.® observed dislocations about pres-
surized silica-Cu, noting a critical size dependence for dis-
location generation. Williams and Garmong' reported a
high incidence of dislocations at the Ni/W interface in this
directionally solidified eutectic composite.

Calculations of the dislocation density in Al/SiC due to
thermal stresses predict high dislocation densities. The mis-
fit strain which develops at the circumference of a 1 um
diameter SiC particle due to differential thermal contraction
during cooling is approximately 1 pct. The plastic strain at
one-half the interparticle spacing, obtained from Lee
et al.,” ranges from 1 to 2 pct. The dislocation density can
be simply calculated from the following equation:

g, = pLb. (1]

where €, is the plastic strain (1 pct), p is the dislocation
density (m~?) generated, L is the average distance moved by
the generated dislocations, which was taken to be 1/2 the
inter-whisker spacing, i.e., 2 um, and b is the Burgers
vector of Al. The p obtained is 1.8 x 10¥m™2.

Consideration of another type of dislocation described by
Ashby'® predicts additional dislocations in the matrix. These
dislocations are called “geometrically necessary™ disloca-
tions by Ashby, and occur in order to allow compatible de-
formation of a system with geometrical constraints such as
hard particles which do not deform as the surrounding duc-
tile matrix. These geometrically necessary dislocations are
required if the deformation takes place without the for-
mation of voids about the hard particles. Slip dislocations
are a function of the material properties of the system, and
are not dependent on the microstructural constraints. Ac-
cording to Ashby, the density of geometrically necessary
dislocations, p°, is given by:

63y

b (2]
where A is the “geometrical slip distance™ analogous to the
slip distance in pure crystals. For platelet particles, A is
equal to the length of the plate and v is the shear strain. For
a 1 pct shear strain and A = 4 um. p° equals approxi-
mately 3 x 10" m~?. Taking these dislocations into account
results in a further addition to the predicted dislocation den-
sity in the Al matrix.

The purpose of this investigation was to determine if
dislocation generation occurs at the Al/SiC interface on
cooling a composite from annealing temperatures, and to
determine if the observed densities of dislocations generated
during cooling are in agreement with densities predicted by
theoretical calculations.

II. MATERIAL

Three types of material were examined. The first was a
SiC whisker composite purchased from ARCO-Silag. It is a
powder metallurgy product: 6061 Al alloy powder is com-
pressed with SiC whiskers to form a billet; then the billet is
extruded to align the whiskers and form a 12.5 mm diameter
rod. Three different volume fractions of SiC were consid-
ered: 0 pet, S pet, and 20 pct. The zero vol pct material
served as a control.

The second type of composite was purchased from DWA,
and contains SiC of platelet morphology. The platelets are
5to 7 um long and have an aspect ratio of two to three. This
composite is also a powder metallurgy product supplied in
the form of a plate.

Third type of material was wrought 1100 grade Al in the
form of a 12.5 mm diameter rod, and it was in the as-
received condition. This material also served as a control.

IIl. SAMPLE PREPARATION AND
EXAMINATION PROCEDURE

An ton milling technique was required for the production
of TEM samples due to the SiC in the Al matrix.

These two types of composite and the O vol pct control
were machined into rods (12 mm in diameter, 4 cm long),
annealed for 12 hours at a solutionizing temperature of
810 K, and furnace cooled. After annealing, slices of
0.76 mm thickness were cut by electric discharge machin-
ing (EDM) at 80 to 100 V. Deformation damage from EDM
is estimated to extend 0.20 mm beneath the surface."”"* The
slices were fixed to a brass block with double-sided tape and
surrounded by brass shims, then mechanically thinned on a
rotating water flooded wheel covered with 400 then 600 grit
paper to remove the EDM damage and reduce the thickness
to approximately 0.127 mm. Final thinning was carried out
using argon ion plasma bombardment, operating at 6 kV,
and ion current of 50 micro amperes and a sample inclina-
tion of 15 deg to the ion beam. For these operating parame-
ters the projected range, or average distance the argon ion
travels into the foil, is only 20 nm.'*® Dupuoy?®' conducted
an in situ ion thinning experiment on Fe and Al-Ag speci-
mens using a 3 MV microscope. Dislocation arrangements
and microstructures in Al-Ag and Fe are not altered by ion
thinning even though some point defects are introduced into
the near surface region of the sample by ion bombardment.
Therefore, it can be concluded that ion-milling does not
introduce or remove dislocations in the TEM foils.

The 1100 grade Al contro]l samples were prepared from
the as-received wrought rod in the same manner as the
composite samples, except electro-polishing was employed
instead of ion-thinning.

The thinned samples were then observed in the HVEM
operating at 800 kV with a beam current of 2.3 uA. A
double tilt, side-entry, furnace type heating stage was used
to heat the specimen. While being observed in the micro-
scope, the samples were heated to 800 K and held for 15
minutes, then cooled to ambient temperature. Subgrains
exhibiting dislocations in contrast were chosen for obser-
vation. During heating and cooling, thermal drift of the
stage and thermal expansion and contraction of the sample
caused the chosen subgrain to move. In order to maintain the
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same subgrain in the field of view at the same crystal-
lographic orientation, it was necessary to slightly translate
and tilt the specimen almost continuously. Since changing to
SAD conditions during cycling to monitor orientation would
have resulted in loss of the chosen area from the field of
view, the orientation was maintained constant by monitoring
the contrast of microstructures such as a subgrain boundary
or SiC/Al interface in the bright-field mode. One thermal
cycle required about one hour, and most of the samples were
observed throughout several thermal cycles. The thickest
regions of the sample penetrated by the beam were chosen
for observation, and at operating voltage of 800 KV the
beam will penetrate 0.8 um thick Al.Z The dislocation den-
sity, p, was determined by a line intercept method adapted
from Hale.** A grid of lines is placed over the TEM micro-
graph, then the intersections of dislocation lines with the
grid lines are counted. The dislocation density, p, is given
by

P1r
where N is the number of dislocation intersections with the
grid lines, L is the length of the grid lines divided by the
magnification, ¢ is the thickness of the sample (0.8 um),
and the length of the lines on the grids was 0.58 m. Each
reported dislocation density is an average value obtained
from 3 to 10 micrographs.

IV. RESULTS

The discussion of the experimental results will be divided
into three parts: 0 vol pet. 5 vol pet, and 20 vol pet of SiC.
In all cases, typical results will be described. A total of 800
micrographs were taken.

A. Controls, 0 Vol Pct SiC, 6061 Al, and 1100 Al

The 0 vol pct 6061 Al control sample had a large sub-
grain size (approximately 5 um) and a low dislocation den-
sity (8 x 10" m™?) (Figure 1(a)). A few of the larger
second phase precipitate particles (Mg,Si) were surrounded
by dislocation tangles bowing out from the precipitate inter-
face (Figure 1(b)). On heating. the dislocations began to
move in the sample, migrating away from the particles.
Other dislocations were also generated in other areas of the
subgrain and moved through the matrix, occasionally being
pinned by precipitate particles. Eventually, at elevated tem-
peratures (670 K), all of the dislocations disappeared. Slip
traces left behind when the dislocations moved also disap-
peared at temperatures close to 700 K, possibly due to sur-
face diffusion. The sample was held at 800 K for about
15 minutes.

The image tended to be out of focus at high temperatures
due to thermal drift of the stage (Figures 1(b} and 1(c)). On
cooling. dislocations reappeared at the large particle inter-
face at about 500 K. sometimes moving faster than they
could be seen. The dislocations formed tangles in the vicin-
ity of the precipitate; however, most of the matrix did not
accumulate any dislocations (Figure 1(d)). There were a
few dislocations generated at subgrain or grain boundaries.

The 1100 Al sample had a dislocation density initially of
4 x 10" m~?, and a large subgrain size, 5 um (Figures 2(a)

and 2(b)). Thicker regions containing few precipitates were
chosen for observation. On heating, most of the dislocations
had disappeared by 673 K. At this temperature, the heating
stage mechanism failed; therefore, the sample never reached
800 K, but heating was sufficient to remove the dislocations
from the area under observation. The dislocations in this
area did not return on cooling, except a few which were
connected to precipitate particles (Figures 3(a) and 3(b)).

B. 5 Vol Pct—Transverse and Longitudinal Whisker SiC

The 5 vol pct whisker sample, sectioned transverse to the
whiskers so that the hexagonal whiskers are viewed end-on
in the microscope, had a small subgrain size, 2.0 um, and
a high dislocation density, 4 X 10 m™, in the subgrains
(Figure 4(a)). In this case, on heating the dislocations did
not disappear but straightened from an initiaily bowed con-
figuration and became more regularly spaced: a polygonized
configuration. These dislocations did not disappear at high
temperatures (Figures 4(b) and 4(c)). On cooling. the dis-
locations again bowed away from the Al/SiC interface but
the density of dislocations did not increase; if anything, the
number slightly decreased (Figures 4(d) and 4(e)). Several
of the subgrains appeared to change shape during the ther-
mal cycle; however, their boundaries did not move past the
surrounding SiC whiskers.

The longitudinal 5 vol pct sample, sectioned parallel to
the SiC whisker axis so that the whiskers could be viewed
lengthwise, did show the characteristic disappearance of dis-
locations at high temperatures, and then the return of dislo-
cations on cooling, especially at the ends of the whiskers
(Figures 5(a) through (f)). The parallel lines in the whiskers
have been previously identified as microtwins.*

C. 20 Vol Pct Whisker and Platelet

The microstructure of the 20 vol pct whisker sample be-
fore heating is characterized by a small subgrain size of the
order of 2 to 3 um and also by a dislocation density of about
10" m~? (Figure 6(a)). The sample was heated while focus-
ing on a sixgle subgrain surrounded by several SiC whisk-
ers. The dislocations began to move and rearrange, some
moving very quickly, and eventually disappearing. Upon
reaching 470 K most of the dislocations had disappeared.
The sample was heated further to 800 K (Figure 6(b)), held
for a few minutes, and then cooled. On cooling, dislocations
reappeared and emanated from the whisker interface form-
ing a tangle of dislocations in the small subgrain. Although
some dislocations began appearing on cooling at about
473 K, a great number of them formed at temperatures less
than 373 K. The dislocation density after cooling was com-
parable to the dislocation density before the thermal cycle
(Figures 6(c), 6(d), and 6(e)). When black spots began ob-
scuring the picture, another area free of the black spots was
moved into the field of view.

The 20 vol pct platelet sample (Figure 7(a)) exhibited be-
havior similar to the whisker sample, in that most of the
dislocations disappeared upon reaching 650 K (Figure 7(b)),
and then on cooling, dislocations reappeared (Figures 7(c)
and 7(d)). However, certain aspects of the microstructural
alterations on cooling were peculiar to the platelet sampie.
In the first cycle, the dislocations disappeared and then
reappeared on cooling. An unusual subgrain was observed
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Fig. 1 —(a) Micrograph of a control sample illustrating the low dislocation density and the large grain size of annealed powder compacted 6061 Al with
no SiC. The few dislocations present in this control sample are associated with the second phase precipitates of the 6061-Al alloy. Compare the dislocation
densities and subgrain sizes with those of composites shown in Figs. 4(a). 6(a), and 7(a). (b) A large second phase precipitate (top center) surrounded by
dislocations at the beginning of the thermal cycle (340 K). (¢) As temperature increased to annealing temperatures in the microscope (780 K), the dislocations
gradually disappeared until only a few remained (same area as Fig. 1(b)). (d) During in situ cooling of the control sample dislocations reformed in the area
of the precipitates, shown here. However, most of the matrix remained free of dislocations (same area as Figs. 1(a) and 1(b)).

which was filled with slip traces. This area was chosen as
the area of focus in the next cycle. The parallel lines disap-
peared on heating: then on subsequent cooling, packets of
slip traces appeared emanating from the SiC platelet. The
slip traces formed in three directions at angles of about
82 deg and 45 deg to each other and were associated with
dislocations which had appeared. The dislocations causing
the slip traces had moved too quickly to be seen. After the
third thermal cycle, many subgrains were filled with slip
traces originating at the SiC platelet interface.

D. Dislocation Densities

The dislocation densities of all samples before and after
in situ annealing are shown in Table 1. The densities are
higher in the composite samples than in the control samples

both before and after in situ thermal cycling, i.e., an-
nealing. However, the dislocation densities reported are
lower limit densities. There was difficulty in taking selected
area diffraction patterns of a given subgrain and then tilting
to a specific reflection, i.e., [420] and assuring that the
same orientation was maintained throughout. Therefore, the
reported densities could be Y2 to ¥ of the actual density.*

The distribution of the dislocations within the samples
was not uniform; there was a higher density, as to be ex-
pected, near the SiC. Also greater dislocation generation
was observed at larger SiC platelets and whiskers than at
the smaller ones, and more dislocations were generated
at the ends of the SiC whiskers where plastic strain dur-
ing cooling is greatest, than at the middle of the whisker
length. The dislocation g-icration in the platelet sample
was much greater than the <islocation generation in the
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Fig. 2—(a) Wrought 1100 Al control sample. as-received condition. Be-

fore in situ thermal cycling. this control sample with no SiC had a high
L dislocation density. Like the 606! Al control. this sample has a large grain
= size, and the dislocations present are often associated with precipitates. The ¢ . ) é X

white structure is a corrosion tunnel from electropolishing. (b) Low mag- the few ‘dxslocatlons present are. assoglated with .second phase precipi-

nification view of 1100 control sample including area of Fig. 2(a). ““el P"‘“l',des-(b) Low magnification view of area in Fig. 3(a) after ther-
c- mal cycling.

(b)

Fig. 3— (a) The same areas in Fig. 2(a) after in situ thermal cyching. In
the absence of SiC, few dislocations reappear in a thermally cycled sample.
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Fig. 4—(a) A foil cut transverse to the whisker axis (S vol pct SiC). At
the beginning of the thermal cycle. 370 K, the dislocations tended to bow
away from the two hexagonal SiC whiskers. (b) The dislocations straighten
on further heating to 570 K (same area as Fig. 4(a)). (c) Further re-
amangement of the dislocations occurred on heating to the annealing tem-
perature of 800 K in the microscope. The dislocations straightened and
moved to more equally spaced positions (same area as Figs. 4(a) and 4(b)).
(d) During cooling to 570 K the dislocations again began to bow away
from the SiC whiskers (same area as Figs. 4(a-c)). (e) On cooling to
360 K. the curvature of the dislocations became pronounced. indicating the
operation of a thermal stress; however, the generation of new dislocations
did not occur (same area as Figs. 4(a-d)).

- Y whisker samples, for SiC platelets are about 5 times larger
LA than SiC whiskers.
SCY As a consequence, of all the dislocation generation, there
tl: - is a possibility of void formation at the SiC-Al interface.
aY . .
l'-’é . Voids were not observed in any of the samples.
<
x} C;{ V. DISCUSSION
:'; o The presence of SiC particles of either whisker or platelet
Prs ) morphology in an Al metal matrix composite resulted in the
ﬁ - (e generation of dislocations at the Al/SiC interface when the
..
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Fig. 5—(a) This sample was prepared from the same S vol pct whisker
material shown in Figs 4(a-e), only sectioned parallel to the SiC whisker
axis. Dislocations are associated with the SiC and second phase precipitates
at the beginning of the thermal cycle at 340 K. Also visible are parallel slip
. traces from the previous thermal cycle. (b) The same region at annealing
L. temperature. 810 K. after most dislocations have disappeared. (c) The
same area after one dislocation has reappeared on cooling to 580 K. (d) On
. further cooling the sample to 480 K more dislocations have formed, some
- leaving slip traces as they moved away from the Al/SiC interface. (e) On
- cooling 10 430 K, dislocation activity greatly increased as evidenced by the
higher density of dislocations and slip traces. (f) Another location in the
sample at 340 K which also shows dislocation generation clearly associated
Nl with the SiC. This area was not irradiated by the electron beam during the
- thermal cycle.
.
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composite was cooled from the annealing temperature. In
general, the high density of dislocations originally present in
the composite samples disappeared at 500 to 650 K, then
reappeared on cooling at densities close to the high densities
originally observed in the annealed specimens. In contrast,
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Fig. 6— (a) The initial high dislocation density and small subgrain size of
the 20 vol pct whisker composites is shown here. (b) The disiocations
disappeared from the sample during in situ heating 10 800 K. Thermal dnft
of the stage prevented sharp focusing of the image. (¢) On cooling to
375 K, dislocations had reappeared in the sample. emanating from the
Al/SiC interface and moving into the matrix until a dislocation tangle
formed. (d) The clear area at 375 K (Fig. 6(c)) as temperature decreased
10 340 K Black spots alsc began to form on the sample at this tempera-
ture. (¢) At lower center. the appearance of a hook-shaped dislocation is
observed. The black spots have become more prominent, 330 K.

dislocations were not generated to the same extent in either
of the control samples during cooling.

The small subgrain size and high dislocation densities
previously observed by Arsenault and Fisher’ can be associ-
ated with the presence of the SiC in the composite, specifi-
cally the CTE differential. The difference in CTE resulted in
stresses large enough to cause plastic deformation, i.e.. the
generation of dislocations. These dislocations can be de-
fined as slip dislocations. Dislocation generation is also
required to accommodate the heterogeneous plastic flow
in the vicinity of the deforming matrix since voids are
not observed. We can conclude, therefore, that both of
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(c)
' Fig 7 — (a) The diffraction contrast of the high dislocation density in the central subgrain darkens the subgrain in this 20 vol pct SiC platelet composite.
The subgrain 1s surrounded by at least three irregularly shaped SiC platelets which are approximately the same size as the subgrain. (b) During heating to
650 K most of the dislocations disappeared from the sample. The pebble-like second phase precipitates can be clearly distinguished here. The same area is
shown in (d) filled with slip traces (¢) On cooling to 340 K. dislocations reappeared, resuiting in the formation of dense slip traces showing the paths of
r the dislocations as they moved across or out of the sample. (d) This is the same area as shown in (b) after cooling to 340 K. The area was free of almost
- all dislocations at high temperature. The subgrain is now filled with slip traces and dislocations. The slip traces are clearly associated with the SiC platelets
indicating that the ongin of the dislocations seen in the sample at low temperature is the Al/SiC interface.

n
Table I. Dislocation Density before and after Thermal Cycling of Samples; Dislocation Density (m™%)

.. Sample Before Thermal Cycle After Thermal Cycle

2 (1) 20 vol pet whisker’ 2.0 x 10" 1.0 x 10"

o (2) 20 vol pet platelet’ 2.0 x 10" 4.0 x 10"
: (3) 5 vol pet whisker' 4.0 x 10" 2.0 x 10"

" (4) 0 vo! pct whisker’ 80 x 10" 6.4 x 10"

~ (5) 1100 Al sample* 4.0 x 10" 5.3 x 10"

* 'Bulk annealed 12 hours at 800 K.
k *As-received 1100 grade wrought Al alloy.
Lo
LB . , , - :
’ these mechanisms are operating, which results in a high found. A stable polygonized substructure appeared to pre-
3 disiocation density due to the SiC in the matrix. In the vent the disappearance of the dislocations at high tem-
v vicinity of precipitates, transformation strains can also pro- peratures. Backstresses from these dislocations on cooling

. duce dislocations. could have prevented further generation of dislocations in
The exception to the generally observed disappearance the small subgrains on cooling.

of dislocations on heating was the 5 vol pct transverse The intensity of dislocation generation at the SiC-Al inter-

sample for which no satisfactory explanation has been face is related to size and shape of SiC particle. The intensity
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of generation is lowest for small, nearly spherical particle.
As the particle size increases, i.e., from 1 umto 5 um, the
intensity of generation increases significantly. Also the in-
tensity is much greater at the corner of a particle than along
the sides as is evidenced in the longitudinal whisker and
platelet composite samples. The relationship between the
size of the particle and the plastic zone has been qual-
itatively described by Lee er al.," and they predicted that as
the particle size increases the plastic zone size increases.
Also, Lee? has shown that the plastic strain about the corner
of a particle is greater than along the side (which should be
intuitively obvious).

Experimental conditions which may influence the results
must be recognized and considered in an HVEM experi-
ment, because the sample is exposed to high energy elec-
trons, and thin foil samples are used to approximate bulk
behavior. Surface effects are among the most important
effects to be considered, since it is easy for dislocations
generated at the Al/SiC interface to move out of the sample
through the surfaces of a TEM foil. Thick sections of the foil
were examined in the HVEM in order to reduce surface
effects; nevertheless, dislocation relaxation out the surface
occurred, and resulted in a reduction of the observed dis-
location density. This effect is most apparent in the
20 vol pct platelet sample where the slip traces, indicating
that dislocations have moved out of the sample, nearly cover
the entire surface of the sample. In bulk specimens, dis-
locations would accumulate in the subgrains until the en-
suing backstresses due to the pile-up exceeded the local
yield stress surrounding the particle. Also, the geometry of
a thin foil specimen allows elastic relaxation of stresses on
cooling by buckling, also giving an artificially low value of
the dislocation density.

The effects of irradiation of the samples by the high
energy electrons of the beam must also be considered. Elec-
tron irradiation of the sample can result in the formation of
vacancy clusters and small dislocation loops which appear
as black spots and then grow to form dislocation tangles."'
The observation of black spots on some of the samples
(Figures 1(d) and 6(d)) indicated that electron irradiation
damage most probably occurred.

The control samples were invaluable in determining that
the dislocations generated on cooling were not artifacts due
to the effects of electron irradiation. In the 6061 0 vol pct
SiC control sample a few dislocations were generated at a
few large precipitates.

The 1100 control samples were also exposed to the high
energy electron beam and substantial formation of dis-
locations did not occur (Figures 3(a) and 3(b)). Also the
intensity of dislocation generation can be correlated with the
size, volume fraction, and shape of the SiC or second phase
precipitate particles present, indicating that the particles and
not the electrons of the beam were the cause of the dis-
locations being generated. A more likely explanation of the
appearance of the black spots is beam contamination. The
decontaminator was not always operating, and beam con-
tamination usually condenses on samples at temperatures
less than 473 K which coincides with our observations.”’-*
Some of the black spots could also be due to second phase
precipitation in the samples on cooling. since the spots were
sometimes preferentially associated with interfaces and
grain boundaries (Figures 1(d) and 7(d)).

Beam heating is another factor to be considered. For our
operating conditions, beam heating of the sample is approxi-
mately 10 to 15 K, and this could have had an effect on
dislocation generation in the sample due to the thermal gra-
dient which is induced.”” But examination of the same
composite samples without thermal cycling did not result in
dislocation generation at the Al/SiC interface, and these
samples were exposed to the same beam conditions.

Due to the difficulty associated with tilting a very fine
subgrained material to the various diffracting conditions
required to image all of the dislocations in the subgrain. the
reported densities could be ¥ to ¥2 below the actual number.
Although more rigorous tilting would give more precise
values, a good idea of the relative densities in the samples
can be obtained by imaging dislocations in many subgrains
for each material and assuming that the value will be sys-
tematically low for all the samples.

The net result of considering all of the experimental fac-
tors which may influence the experimentally determined
dislocation densities after a thermal cycle. is: (1) the dis-
location generation observed during cooling can be readily
attributed to differential thermal contraction of the Al and
SiC, (2) the observed densities are lower than the densities
which would be observed if bulk samples could be exam-
ined and if diffracting conditions were controlled to image
all dislocations.

It should also be pointed out that slip line generation
about a SiC cylinder in an Al disk due to thermal cycling has
been demonstrated by Flom and Arsenault.*

VI. CONCLUSIONS

From a consideration of the experimental results, the
following conclusions can be drawn:

1. The high dislocation density (10" m™2) previously ob-
served in bulk annealed composites is due to differential
thermal contraction of Al and SiC on cooling from the
elevated temperatures of annealing.

2. The density of dislocations observed in this experiment
as a result of thermal cycling is lower than the actual
density generated during thermal cycling because dis-
Jocations are lost through the surfaces of the thin foil
samples during cooling.

3. The densities of dislocations observed (10" m~2) would
be equal to the high densities previously observed in
bulk annealed composites if it were not for dislocation
loss through the surfaces, and the observed densities
would be closer to densities predicted by calculations
4 x 10" m™2, if it were not for dislocation loss through
the surfaces.

4. Thermal cycling causes the disappearance of dislocations
at high temperatures and the generation of dislocations at
Al/SiC interfaces and precipitates on cooling. Subgrain
growth is hindered by the presence of SiC particles.
Transformation strains also cause dislocation generation
at precipitates. and polygonized configurations prevent
the disappearance of dislocations at high temperatures.
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i Abstract

When a metal matrix composite is cooled down to room

temperature from the fabrication or annealing temperature,

e

reslidual stresses are induced in the composite due to the

mismatch of the thermal expansion coefficients between the

o
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matrix and fiber.

. An investigation was undertaken of the magnitude of the
o thermal residual stresses by determining the difference of
- the yleld stresses (Aoy) between tension and compression

jﬂ resulting from the thermal residual stresses. A theoretical
’ model based on the Eshelby's method was then constructed for
. the predlction of the thermal residual stresses and A°y'

The agreement obtained was very good between the experimental

-t results and the theoretical predictions.
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1. Introduction :
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Metal matrix composites (MMCs), including eutectic
composites, are becoming important in their application to
structural components which are to be used at intermediate

and high temperatures. When MMCs are fabricated at high

]
PR Y

temperature or annealed at a certain high temperature and

Q‘ cooled down to room temperature, it results in undesirable
-.. properties, such as low tensile yleld and ultimate strengths.
& These results are malnly due to residual stresses that are
= carsed by the mismatch of the thermal expansion coefficlents

between the matrix and fiber. This subject has been studled

by a number of researchers (for examples see references l-

.

13). The residual stresses so induced have been observed in
tungsten fiber/copper composites(7) and in SiC whisker/6061
u Al composites(e’g). Most of the models purposed to estimate

the residual stress were based on one-dimensional

analysis(1'3), continuous fiber system(u'S), or spherical

5 particle system(lo). }
- The model is based on Eshelby's equivalent inclusion 3
- method(7), which has been used to solve the problem of ?
) thermal residual stress(lz'ln). The advantages of the h
Eshelby's model are that it can solve a three-dimensional q

. composite system such as short whisker composite and also can }
. ™
& take into account the effect of the volume fraction of fiber ;
. (Vp) easily. ]
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Eshelby's method has been also used for predicting the

yileld stress and work-hardening rate of metal matrix

composites(15°19). The effect of the thermally induced

residual stress on the yield stresses has been discussed by
Wakashima et al.(la) who predicted that the yleld stress in
compression (o;) exceeds that in tension (o;) for continuous
B fiber/Al composites which were cooled down, although no
comparison with the experimental data was made,

In this paper we focus on the residual stresses induced
in a short whisker MMC due to the temperature drop and 1its
effect on the yleld stresses., The target MMC is aligned
fiber MMC with a speclal emphasis on SiC whisker/6061 Al

composite.
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2. Experimental Procedure

A. Materilals

The target short fiber MMC was SiC whisker/6061 Al
composite and was purchased from ARCO/SILAG. As a control
MMC a SiC sphericel 1100 Al composlte was also purchased from
ARCO/SILAG. The composite was in the form of an extruded rod
15.5 mm in diameter. Three different volume fractions of
fiber (or whisker) Vy composites were used: Ve = 0, 0.05 and
0.2, and a composite with spherical SiC particles (0.5 um¢)
in diameter having a volume fraction, Vs, equal to 0.2 was
also used. All of the material was supplied as-fabricated
(no heat treatment) condition, they then were machined into

samples (Fig. la and 1b), annealed for 12 hours at 810 K, and

then furnace cooled.
B. Testing Methods

The tension and compression tests were performed in an
Instron testing machine using a liquid metal container as the
lower gripping device. This method of gripping was employed
to ensure very good alignment of the sample. This test
procedure is described in greater detall elsewhere(zo).

Samples of two different gauge lengths were used to determlne

if there was a gauge length effect (there was none). The

effective gauge length of the samples was determined by
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glueing straln gauges on the center portion of the sample and
comparing the results obtained from a clip on extensometer
which was mocunted into the "V" grooves. If the extensometer
1s mounted directly to the uniform gauge section, there is a
high probability that the sample will fracture where the
"knife" edge of the extensometer makes contact with the
sample, Several tests in the low stress range were conducted
using both the extensometer and the straln gauge; from these
tests the effectlve gauge length was determined. Subsequent
tests were conducted using only the extensometer. The
samples, which were tested in the range from 8 x 102 sec !
to 2 x 10-3 sec-l, showed no effect on strain rate.

The conventional X-ray technique(21) was used first, but
it was determined that there were problems when this tech-
nique was applied to discontinuous composites. The residual

stress was determined by measuring the change in lattice

parameters. There 1s an 1mplicit assumption made, 1.e., the

matrix remains cubic.
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. 3. Experimental Results :
5
i; The stress-straln curves of the Ve = 0, 0.05 and 0.2 -
composites are plotted in Fig. 2a, 2b, and 2c, respectively.
g The =0lid and dashed curves denote the tensile and compres- ;

] sive test results, respectively. The yleld stress was

i measured as 0.2% off set strain and is indicated in the

i figures by arrows.

o The shapes of the stress-strain curves of the Vg = 0.2
ﬁ composites are very simllar to those of whlsker composites,
- except that the tension stress-strain curve 1is below that of
- the compression stress-strain curve. However, as 1In the case
i of Vg = 0, there was no difference in the stress-strain

. curves for tension and compression of Vg = 0.

if ~ The data obtained from the X-ray analysis 1s given in

Table I, and it was observed that there is a small residual

T

tensile stress in the matrix.
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4, Theoretical Procedure .
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The theoretical model used here 1s based on Eshelby's

s M e}
e

equivalent inclusion model. Mori and his co-workers(15'17)

() :
- extended Eshelby's method to predict the yleld stress (oy) ;
;j and work-hardening rate of aligned short whisker composites. ;
Wakashima et al.(la) extended the above approach to predict i
- 1
?f y by considering the mismatch of the thermal expansion y
: coefficlients of the matrix and fiber. Following the above f
...:‘ :‘i
- models, Takao and Taya(lu) have recently computed the stress 9
L field in and around a short fiber in a short fiber composite
where the fiber 1s anisotropic both in stiffness and thermal
i expansion.
. In this paper we focus on the average thermal residual
~ stress induced 1in the matrix by the cool-down process and
n also the yield stresses in tension (o;) and compression (o;)
" when the composite is tested at the room temperature. The n
. "‘“
- former case is essentially based on the model by Takao and 4
M .l
~ Taya(lu), and as the latter case, we extend the model by ﬂ
= Wakashima et al.(la) to account for the bi-linear stress- y
~ strain curve of the matrix. i
5
e
;j A. Formulation q
iy :
E Consider an infinite body (D) which contains ellipsoidal j
« whiskers (n) aligned along the x3-axis (Flg. 3). This com- 7
o 0
" posite body D 1s subjected to the applied stress field °23’ ﬂ
b % :S
f
|
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The stiffness tensors of the matrix (D-9) and fiber (Q) are

£
denoted by C1Jk£ and cijkz’

the transformation strain(ll) or eigenstrain(zz) 18 given in

* %
the fiber domain Q as “13’ where %44

mismatch of the thermal expansion coefficients and the uni-

form plastic strailn egj

far as the stress field 1s concerned,

equivalent to that of Fig. 3.

reduced to "inhomogeneous inclusions problem” (Fig. Q)(22).
The model of Fig. 4 will be used not only to predict the

yleld stresses and work-hardening rates, but also to compute

the thermal residual stresses.

o p

set °iJ = e13 = 0,

Following the Eshelby's equivalent inclusion method

modified for a finite volume fraction of ribers(22’23), the

total stress field in the fibers afj + °1J 1s given by

ikt Aal ot lias dha> et Aot o- pe g g0+ fon o N S INITRRISS

respectively.

is the strain due to the

is prescribed in the matrix(ls).

Thus, the present problem 1is

For the latter case,

N T T TN TN e e T T e s

Following Eshelby, §

As

the model of Fig. U 1s

we will
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°§J Y ogy ¢ Cijkz{eiz e t ey T (o, - egz)}
= Cijkz{eix t ey ey T (°;z - egy) - e;z} (1)
where
023 Cijkzeﬁz in D (2)
0y4p = cijklzki in D-g (3) -
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. In Eq. (1), e;z is the filctitious eigenstrain(23) which was ;
. introduced to connect the present problem to "inclusion -
§

L. problem" and 313 is the average strain disturbance in the N
' matrix and related to the average stress disturbance in the .
m martix <01J>m by Eq. (3). <°iJ>m is defined by :
: <oyyop = — | 0y 4dv (4) -
D-q D~-q "

- , 3
= n
[y A
where VD-Q is the total volume of the matrix and Oy and €1y S

&‘ in Eqs. (1) and (4) is the stress and strain disturbance, 3

respectively, by a single fiber 9@ when 1t 1s embedded in an
infinite matrix. Since the stress disturbance when it 1is

integrated in the entire domain D vanishes,

- [ o,,dv =0 (5)
X p 1d
u The stress disturbance oy is obtained from Egqs. (1) and (2)
>
%
r-q.. ~ ..
O35 = Ciypa(Ckg * Op ~ Oxy) (6)
N
where
t T * #
e = - p
" ks T %ke T ®xe T ®ke (7)
From Egs. (3), (5) and (6), we obtain
(8)

e1J = - Vf.(e1J - eiJ)
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According to Eshelby, e1J is related to the total

(1]
elgenstrain e as
*#
eyy = Sijkzekz (9)
!
where Sijkz is the Eshelby's tensor and a function of Cijkz’

Cijkz and the geometry of the ellipsoidal fiber(23). The
fiber is assumed as a prolate spherold, hence the fiber
aspect ratio 2/d 1s a single geometrical parameter. For
simplicity, we assume that the matrix and fiber are 1lsotropilc

both in stiffness and thermal expansion coefficient. Thus,
f

#*
Cijkz’ Cijkz and °1J are glven by
cijkl = *5135kz + u(ciksjl + silskj) (10)
f -, f f
Cigng = A S1g8kg * 1 (8484 + 85,8,4) (1)
. T (12)
aij = - (uf - a) 613A

In the above equations, Gij is the Xronecker's delta, » (Af)
and y (ur) are Lame's constants of the matrix (fiber),

a (af) is the thermal expansion coefficient of the matrix
(fiber) and AT 1is the change in temperature (AT > 0O

corresponds to the temperature drop).

The stress field in the fiber 1is obtained from Egqs. (6),

(8), (9) and (10)

-
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o353 = = Ve (Syppmm®mn = Ca) Ayy * 2u(Syypmeny - e;;)}

(13)

where the repeated index 1s to be summed over 1, 2, and 3.
1

1)

we can compute the stress disturbance o

Eq. (13).

After solving for e in Eq. (1) by use of Egs. (8) and (9),

13 in the fiber from

B. Yield stresses o;, o; and work-hardening rate

The method of computing the yleld stresses o; and og and
the work-hardening rate of the composite 1is described
briefly. The total potential energy of Fig. 3, U, is given
by

-1 o o ~ _J.p _ *
U-=s5 ID (oiJ + oij)(uij * Uyt Ugy - ey “ij)dv

o o, ~
- I'D] °1Jnj(u1 +uy; +u,)ds (14)

where u:, ﬁi and uy are the displacement components corre-
o]

i1y
preceded by a comma denotes & partial differentiation with

sponding to e zij and eij’ respectively; the index

respect to Xq3 ]D] is the boundary of D; and ny is the j-th
component of an unit vector outer normal to §DY. Then, the

change in u due to the change in the plastic strain ge is

p
1]
given by




>
12

= - p
. §U ID (oij + oy )GeijdV (15)

In the above derivation, the Gauss' divergence theory and the

followlng equation were used

B u + 8 av = 0
- ID oij(sui,'j ui, )

R Noting that the plastic strain exists only in the matrix

(D-2), Eq. (15) 1s reduced to

where the s8ix components of 023 and egj are expressed in the

§U = - Ge {(1 v )ai‘1 - Vfoij} (16)
. o]
) Under the uniaxial stress along the x3-axis (oo), °1j and
efj are given by
0 ) -1/2e
o 0 -1/2e
] = o7 p = \
1] o° €y o (17) :
0 ) g ﬂ
0 0 &

order of (i3) = 11, 22, 33, 23, 31, and 12, and ep is the

P

.i‘ plastic strain along the x3-axis. On the other hand, the 3
' 3
energy dissipation due to the plastic work in the matrix, }

x 3
A §Q, is given by N
|

A

Ny )
: = (1-V se (18) b
8Q = ( )°y p :

1

1

~
e ﬁhi;Li.
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where °y is the flow stress of the matrix for the bilinear
model

o, = o; + ET(e - ep) (19)

where o; and Ep are the initial yleld stress and tangent,
modulus of the matrix, respectively, and e 1s the total

strain. Since §U + §Q = 0, we obtain

v
= o f -
O'O Oy +zl-—vfy (033 011) (20)
In the above derivation, o,.= ¢ ep S SR | e_ were
> 711 22* 11 22 2 °p

used. Combilning the solutions of %4y in Eq. (13) and Eq.
(20), we can obtain the yleld stress of the composite in

tension (ot = °o) and that in compression (o; = °o) as

t, o _
oy/oy = C0 + C1 amAT
(21)
(o4 O___ _
oy/oy C0 C1 amAT

Similarly, the work-hardening rate of the composite, ET is

obtained as

Ep/Ep = C, + O (g7) (22)

In the above equations, C,, C;, C,, and C3 are functions of
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the mechanical properties of the matrix and fiber and the
fiver aspect ratio 2/d, E is the Young's modulus of the

matrix.

C. Thermal Residual Stress

When the composite 1s cooled down by AT, the thermal
residual stress is induced in the composite. The theoretical
model for this problem 1s the same as that shown in Fig. 4
except that °gj = egj = 0 in the present case. Hence, the
formulation up to Eq. (13) 1is valid and will be used to

compute the thermal residual stress. Once the stress within

the fiber ai;n) is computed, the tresses Just outside the
fiber ai?ut) can be obtained by the followlrg relation(13)
(A+2p)8, - (A+y)n.n
Glout) _ (in) . . {- ¢ e km k'm
pa pa pamn keijti3 e n u(a+2u)
L 1]
+ e} (23)

%3
1]

» and u are previously defined and ny is the 1-th component

where oé;n) 1s given by Eq. (13), e is solved by Eq. (1),
of the unit vector prependicular to the surface of the fiber.
If one wants to compute the stresses Jjust outside the equator
of the ellipsoidal fiber where n = (1, 0, 0), we can obtailn

the stresses in polar coordinates, Ops g and o, there as

T T AT A Tl L S - e

N O N n S T TS Y
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. (out) _ (in) 1 s v_ ke
o ) o * {1y ey * 1y e33) (24)
(out) (1n) L 1
oy g Al en * 1 o33l
‘r-::,
T~ where v 1s the Polsson's ratio of the matrix.
o Next the average stress field in the matrix, <°13>m’ can
) be also obtained from Egqs. (3), (8) and (9) as
ﬁ
N _ v c %% **) (2 )
<034%m = 7 Ve Cagie Skemn®mn T ke 5

The average stress in the matrix, <¢ > , <o, > and <o > ,
rm 8'm z'm

will be computed by setting 1j = 11, 22, and 33 in Eq. (25).

- It should be noted here that <o > = <o > due to the
assumptions of an aligned short fiber composite which results

! in the transverse 1sotropy of the volume average quantity.
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5. Theoretical Results

We will apply the present theoretical model to two types
of MMCs, short fiber MMC (SiC whisker/6061 Al) and continuous

fiber MMC (A1203—Y/5056 Al).
A. Short Fiber MMC

The thermo-mechanical data of the matrix and whisker for
the theoretical calculations are obtained from the stress-
strain curve of the matrix (Fig. 2a) and the material

properties handbook.

Annealed 6061 Al matrix (bilinear model):
E = 47.5 GPa
ET = 2.3 GPa
oy = 7.5 MPa (26)
v = 0.33
23.6 x 1076/k

a

SiC Whisker:

Ew = 427 GPa

v, = 0.17 (27)
a, = 4.3 x 10-6/k
L/d = 1,8

where the average value of the fiber aspect ratio (2/d) was
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N i b i T gl e
e » 5 T
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i‘!
M‘: '.':::
| #s 17 :::.:
i used(au) and the bilinear stress strain curve of the matrix o
b
. is indicated by a dash-dot line in Fig. 2a. The temperature L
(S <l
e drop AT 1s defined as ﬂ?
s
o
AT = T, = T, (28)

where Tl i1s taken as the temperature below wh ch dislocation
< generation is minimal during the cooling process(g) and TO is

the room temperature. Thus, for the present composite system

r'l 0
o
PO N

AT 1is set equal to 200 K.

t

Cc
and
%y

The theoretically predicted °y can be obtailned

e

_ from Eq. (21). The differences between a; and o; (0; - 05)

i for various Vf are shown as the so0lid line in Fig. 5. The
- differences between o; and c; increase with increasing Vg.
The experimentally determined differences between o; and o;
E are represented by the open circles in Fig. 5. The experi-

mental values of the yleld stresses are taken as the stresses
- 0.2% off-set strain. It follows (Fig. 5) that good agreement
is obtained between the experimental and theoretical results

of the difference 1n the compressive tenslle yleld stresses.

c

However, the experimental values of °y are greater than the

theoretical values of o;, and similarly the experimental
values of ot are greater than the theoretical values of c;.

y
From the data given by Egqs. (26) - (27) and the use of

| PO

Eq. (25), we have computed the stresses, and its average

value in the matrix and plotted schematically the oy, (so0lid

%

curve) and <oL>m (dashed curve) along the x5 and X axes in

8=
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N Fig. 6.
Next, the thermal residual stresses averaged in the
matrix of the SiC whisker/6061 Al are predicted by Eq. (25)
L and the results on <aT>m and <oL>m are plogted in Fig. 7 as a
function of the volume fraction of whisker (Vf), where the

subscripts, T and L denote the component along the transverse

Cels Y

direction (r and e) and longitudinal direction (z). The

-
o average theoretical thermal-residual stress 1s predicted to
v be tensile in nature. This theoretical prediction 1s in
- general agreement with the experimental results (Table I).
Also, the residual stress 1is experimentally observed to be
larger in the transverse direction and a larger transverse
i stress is shown 1in Fig. 7.
For the case of spherical SiC composites the procedure
for obtaining the difference in o; and o; 1s identical to the
E whisker case, with one exception, 1.e., 2/d = 1 in the
spherlical case. The theoretically predicted difference
ﬁ i between o; and o; for Vg = 0.2 1is zero, but experimentally it
P! . was observed that o; was slightly greater than o§ by ~ 13
A MPa.
NG
E.:
P
! B. Continuous Fiber MMC
@
E- - The present model 1s also applied to continuous fiber
4 (A1,03-y) reinforced 5056 Al composite with Vg = 0.5 (Al,03-
$; I vy/5056 Al in short abbreviation) to predict the yield stress
SO
.% in tension and compression, and also the work-~hardening rate.
", '
§ L_
-

s
o~
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The materlal properties of the matrix metal and fiber

are:;

Annealed 5056 Al matrix (bilinear model):

E = 72.4 GPa

ET = 6.25 GPa

¢ = 152 MPa (29)
v = 0.33

a = 23.6 x 1076k

A1,03-y Fiber(26)

E, = 210 GPa

ve = 0.2 (30)
- 8.8 x 1076/x

In this computation AT = 200 K was used.
Figure 8 shows a comparison between the experimental
results(zs) (s0lid curve and filled circle) and the

theoretical ones (dashed curve and open circle) where both

filled and open circles denote the yleld stresses. It

follows from Fig. 8 that the yield stress and the work-

hardening rate of the compressive stress-strain curve are

%

-
T

EE well predicted by the present model, while for the tensile

RN

-
7Y
2

yileld stress, the present model underestimates the {

.o
M:"

experimental results.

~—
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ﬁ 6. Discussion

ﬁf The theoretical predictions and experimental results are
(‘ in very good agreement in most cases.

s The theoretical model 18 based on an extension of pre-
i vious work by Eshelby(ll), Mura and Taya(13), Tanaka and
Mori(IS), and Wkashima, et al.(ls) and it can predict the
yield stress in tension and compression and the thermal

resldual stress. The predicted values of the yleld stress of

e

the whisker composite in tension and compression are less

than the experimentally determined values of the yleld stress

XL

in tension and compression. This difference between the

o
theoretical and experimental stresses 1s due to the fact that
~ the Vw = 0 curves of stress vs. strain were used for the

matrix in the composite cases. It has been demonstrated by

Arsenault and Fisher(s) and Vogelsang, et al.(g) that there

S -,

is a much higher dislocation density in the annealed

composite matrix than in the Vr = 0 material. Therefore, the

matrix is stronger than the annealed Vf = 0 matrix alloy.

£§ o However, this increase in matrix strength due to a higher

K; . dislocation density does not influence the difference in
el

zi yield stress in the compression vs. tension. The theoretical
b—-'

e

prediction is that the yield stress of the whisker composite

L3R AR 4
?

I W

crv oww
‘1"-'-
PR
P .
RS
&

in compression should be higher than the yield stress 1in
tension, and this 1s exactly what is observed experimentally, |

due to an average residual tension stress in the sample.

|
e
o

v e

.
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{‘“u -~

This residual stress reduces the yield stress in tension and
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increases the yield stress in compression.

The theoretical prediction that the compressive yleld
stress is higher than the tensile yield stress suggests that
a tenslle residual stress exists in the matrix of composite.
An average tensile residual stress 1s predicted in the matrix
as shown in Figs. 6 and 7.

Though the present model 1s based on the assumption that
all fibers are aligned along a specified direction (the X3-
axis in Fig. 3), SiC whiskers in SiC whisker/6061 Al compos-
ites are misoriented. The misorientation of these whiskers
1s observed to be enhanced as Vy decreases. Thus the values
of o; and u; predicted by the present model tends to over-
estimate the actual values. The fiber aspect ratio (2/d) of
SiC whiskers has been observed to be variable(zu), i.e.,

0.5 ¢ 2/d < 25 with most of £/d being around 1. 1In the
present model we have used the average value of 2/d, 1.8 to
predict the yleld stress and work-hardening rate of the
composite. Takao and Taya(26) have recently examined the
effect of variable fiber aspect ratio on the stiffness and
thermal expansion coefficients of a short fiber composite and
concluded that the results predicted by using the average
value of £/4d are not much different from those of using
actual variable aspect ratio unless the distribution of /4
18 extraordinaryly scattered. Thus, the use of the average

value of /4 in the present model can be justified.
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The present model is strongly dependent on AT (= Tl -
To) as it appears in Eqs. 12, 21 and 22. A choice of Tl was
made by noting the movement of dislocation generation being
minima1(9) as discussed before., If temperature Tl can be
continued to correspond to the temperature T, above which the
relaxation of internal stress is highly promoted and below
which the deformation of the matrix metal is basically
controlled by elastic and time-independent plastic behavior,
then the present model which 1s based on an elastic/time-
independent plasticity becomes valid. If Tl is not
approximately equal to T,, a more refined model to account
for elastic/time~independent plastic/creep behavior of the
matrix metal during a temperature excursion from Ty to T,
must be employed. Such a model for one-dimensional stress

analysis has been proposed by Garmong(27).
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7.

Conclusions

It is possidble to arrive at the following conclusions

from the theoretical model of the thermal residual stresses

and the experimental results.

1.

The theoretical model predicts a higher compression yleld
stress than tensile yleld stress for the whisker
composite, which is in agreement with the experimental
results. The hligher compressive yield stress 1s due to a
tensile residual stress. This residual stress 1s due to
the difference in coefficient of thermal expansion
between fiber and matrix.

The absolute magnitude of the predicted yleld stress
(tensile and compressive) is less than the experimental
yleld stress due to an increase in matrix strengthening.
The increased matrix strength is due to a higher
dislocation density in the matrix; the higher dislocation
density 1s a consequence of the difference in coefficlent
of thermal expansion between the Al alloy matrix and the
sic.

The residual stress, in the region between SiC whiskers,
is tenslle and this 1s the likely region where plastic
deformation would begin, For in thils region the matrix

contains a lower dislocation density than adjacent to the

Si1C whisker, 1.e., in this region the matrix is weaker.

" 'II.I.II!I-'UI BT TR YT TR NPT T T T TR TS T
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6.

The theoretical model predicts that the compressive yleld
stress should equal the tensile yield stress for
composites containing spherical SiC. Experimentally 1t
1s observed that the tensile yield stress 1s slightly
larger than the compressive yield stress.

The present model can predict the yelld stress and work-
hardening rate of continuous Al;03-y fiber/5056 Al
composite reasonably well except for o;.

In the short fiber case, the theoretical model predlcts

that the matrix should be in tension and experimental X-

ray data confirms this prediction.

24
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Thermal Residual Stress (Tensile)

Material

0 V% Whisker SiC
6061 Matrix

5 V% wWhisker SiC
6061 Matrix

20 V% Whisker SiC
6061 Matrix

Wrought
1100 Al

Table I

X-Ray Measurements

Transverse Longitudinal
MPA MPA

0.0 0.0
408 35
231 58
0.0 0.0
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ﬁ Figure Captions
;; Figure 1 A schematic diagram of the sample configuration
vhich was used in the tension and compression
5 testing. The dimensions are in millimeters.
. Figure 2a The absolute stress vs. strain curves for tension
E and compression test of 0 volume % whisker
E material in the annealed condition.

Figure 2b The absolute value of stress vs. strain for 5

.
13
o4

volume % whisker composite in the annealed

condition.

..
r
L

Figure 2c The absolute value of the stress as a function of

strain for 20 volume % whisker material in the

". N

annealed condition.
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Figure 3 Theoretical model; actual case.

Figure 4 The equivalent inclusion model converted from

e Figure 3.

Figure 5 The difference in yield stress between compression

and tensin as a function of volume % silicon

S %f carbide whisker.

a o Figure 6 A schematic of the stress distribution in the
A matrix and in the reinforcement due to the

‘9

g; - difference in thermal coefficient of expansion
O between the silicon-carbide and aluminum.

£

:% x' FPigure 7 Predicted residual stress in the matrix for the
E3 ) transverse and longitudinal directions.
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Figure 8 Tenslon and compression stress-strain curves of

.
X
.

2 continuous Al;03-y fiber/5056 Al composite with Vp
b = 0.5(26),  The experimental and theoretical
n results are denoted by solid dashed curves,
]
i o respectively. The filled gwad open circles denote
N
j - the yleld stress of the experimental and
‘e theoretical results, respectively.
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Figure 1 A schematic diagram of the sample configuration 3

which was used in the tension and compression

Y

testing. The dimensions are in millimeters.
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Figure 2a The absolute stress vs. strain curves for tension
and compression test of 0 volume % whisker

material in the annealed condition.
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