B2 A7 ¢ 88 9% FAGEHH =8 pp 132~139

L

FHEUYARY SH-WFYE H2HYN 2 AT A4

Analysis of Stress-Strain Ilysteresis Behavior
in Metal Matrix Composites

HEUY AN (HFUgw 714 F3ta),

HE3(HY7EFEY)

Hong Gun Kim" and Oh Sung Jun (Dcpartment of Mechanical Engincering, Jeonju University)
Gum o Choe (National Institute for Technology and Quality)

Abstract

The swengthening mechanism  of - short fiber  or
whisker reinforced metal matrix composites has been
studied by a continuum mechanics treatment  utilizing
finite element analysis (FIEA). To asscss the tensile
and compressive constitutive responses, a
constraint-unconstraint comparative study based on
stress—strain hysteresis loop has been performed. For
analysis procedures, the aligned axisymmetric single
fiber model and the stress grouping technique have
been implemented to evaluate the domain-based field
quantities. Results indicated that the devclopment of
significant triaxial stresses within the matrix both for
the tensile and compressive loading, due to the
constraint imposed by reinforcements, provides an
important contribution to strengthening. It was also
found that fiber stresses are not only sensitive to the
fiber/fiber interaction effects but also substantially
contribute to the composite strengthening both for the

tensile and compressive loading.

1. Introduction

In recent years, Short Fiber Reinforced Metal
Matrix Composites have been extensively investigated
because it is more ‘economical to produce economic
production of SiC fibers (whiskers), which has also led
“to the use of platelet or particulate S5iC in MMCs. One

of the advantages of discontinuous composite is that
they can be shaped by standard metallurgical processes
such as lorging, rolling, extrusion, and so forth.!"™¥

In MMCs, a thorough evaluation of the merits of
various arguments for strengthening in MMCs is often
dilficult because of the paucity of complete information
on the processing, characterization, and properties of
the materials. The first and second theories provide
approximate predictions of composite response.

On the other hand, some theories of composite
strengthening have been proposed that directly relate
the composite yield strength to the yield strength of
the matrix. Enhanced dislocation density in the matrix
of the reinforced alloys is related to the observations of
a high density of dislocations generated in the
composite matrix during cooling from the processing
temperatures due to a difference in the coefficient of
thermal expansion between the fiber and matrix,*"
The load transfer mechanism between the fiber and
matrix also relates to the composite yield strength and
predicts that the composite strength is linearly related

to the matrix yield strength.(“)

Here, the composite
yield strength is taken to be the 0.2% yield strength.
However, since the composite stress—strain curve is
typically rather smooth, characterization of the
stress-strain response in terms of a yield strength is
incomplete. It should also be noted that the yield
strength value is sensitive to the precise definition of
composite yielding.

Further, it would be expected that the difference in
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dislocation densities be reflected in an increase in

microhardness values for the reinforced matrix

(4,10} observed

material. However, this is not
experimentally for the 2124 SiC whisker composite
system where the range of microhardness values for
the composite matrix is roughly the same as that of
the control alloy.“” Also, in a SiC particulate
Al-4%  Cu

microhardness value of a peak aged matrix was found

reinforced composite  system, the
to decrease with increasing volume fraction of the
reinforcement, despite significant increases in the
measured yield strength‘of the Composite.“”

Residual stresses due to thermal mismatch between
the components were proposed as one of the
contributors of strengthening mechanism.'%'¥ However,
it has been presented that the residual stress effects do
not make a significant difference in  the overall

5) g~ .
(14.15) Furthermore, the localized

constitutive  responsces.
high dislocation densities would result in a work
hardened matrix which may be more susceptible to the
subsequent deformation and faiture."'®

Finally, the strengthening mechanism arising from
constrained plastic flow has been investigated for the
composite tensile behavior. In their studies, it was
reported that the constrained plastic flow generates the
Triaxiality in the matrix so that the role of matrix is
significant more than any other factors. However,
Kim"'® suggested that the role of fiber may be the
major contributor for composite strengthening through
the analysis of tensile stress-strain behavior. It seems
results  of

important to understand that the

unconstrained representative volume element (RVE) is
not realistic as reported in the previous study.(“'m
Thus far, a comparative study between constrained and
unconstrained model must give an insight from where
the composite strengthening stems.

In this paper, therefore, an attempt to characterize
the major composite strengthening mechanism in
MMCs has been given in detail through a
constraint-unconstraint comparative study implementing
an elastoplastic FEA and stress grouping approach. It
was found that this approach provides a rationale
through the constitutive characteristics in MMCs. An
axisymmetric singl? fiber model based on incremental

plasticity theory using von Mises vield criterion and

Plandtl-Reuss equations was employed to evaluate both
uncénstrained RVE. A
technique  was
implemented to obtain the stress-strain hysteresis loop

the constrained and
domain-based  stress  grouping
that gives the information of tensile and compressive
constitutive responses in a designated region. It was
found that the contribution of overall matrix is not
sigr‘ﬁﬁcant though it

generates a  source of

strengthening. Finally, comparisons with  other

strengthening theories were discussed in detail.

2. FE Formulation

The FE formulations in this work are centered on
the clastoplastic analysis with small strain  plasticity

(7
thecory !

using an axisymmetric single reinforcement
model. To solve nonlinearity, Newton-Raphson method
has been implemented in this study. Consislent with
small stramn theory,

{de"} = {de} — {de™) (1

where {de}, {de“}, and {dE”) are changes in total,

clastic, and plastic strain  vectors, respectively.

Elastoplastic  stress-strain  matrix can be solved
iteratively, in which the elastic strain vector is updated
at cach iteration, and the element tangent matrix is
also updated. For a static analysis, the FE
discretization process yields a set of simultaneous
equations. Finally, associated flow rule (Plandtl-Reuss
equation) and isotropic hardening rule have been
implemented in this study. Further detailed procedures

are well described in the previous paper.m’lg)

3. Model and Material

3.1 Model

The micromechanical model to describe a short fiber
reinforced composite is an axisymmetric single fiber
RVE. fn the present model, a uniform fiber distribution
with an end gap value equal to transverse spacing
between fibers was selected as has been done by
Kim."*'" The fibers were assumed as uniaxially
aligned with no fiber/matrix debonding allowed for, in

keeping with the actual situation in many MMCs. With
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respect to fiber alignment, Takao, Chou, and Tayam)
concluded that a misorientation angle of less than 10°
has little effect on the composite stiffness, while a
misorientation angle greater than 15° ~ 20° has a
great effect. Quantitative measurement of the fiber
misorientation of this material were not made, but
visual observations confirmed that the extrusion
process has caused a high degree of fiber alignment. In
the previous work,(“) the longitudinal and transverse
predictions  of the FE models were compared to
experimental measurcments  of longitudinal  propertics,
and it was concluded that the cffects of fiber
misorientation were not of first order significance for
the samples. The constraint  boundary  condition
enforces elastic and plastic constraint by requiring that
the radial and axial boundary of RVE is maintained in
the straight manner during deformation.

On the other hand, the concept of volume average
method  has. been  implemented o produce  the
domain-based  stress-strain - responses.  The  overall
stress in a domain can be calculated through a simple

averaging scheme given by the following equation
Jtois vi de

[, viag

2]

where (05« is the stress in element k and Vi is the

(2)

< 0 >a

volume of that element. Ilence, equation (2) is used to

group each domain stress. Hence, the average
stress—strain response can be obtained in each domain,
which represents regional RVE stresses. By employing
this stress grouping approach, a represcntative domain
stress-strain curve can be delincated. In a short fiber
reinforced composite, the composite domain @ can be

decomposed into the fiber region & and the matrix

Qe

7y

(a) composite domain

/-Dl
/ +
A

(b) decomposed fiber and matrix domains

Fig. 1 A schematic of stress grouping approach in a
short fiber reinforced composite.(a)composite

domain,(b)decomposed fiber and matrix domain.
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region Q» as shown in Fig. 2. In the same fashion, the
field quantity in the matrix region @m can also be
decomposed to the surrounding matrix region Qu and
the matrix region between fiber ends Qnz as shown in
Fig. 2. This stress grouping is, actually, based on the
additionally generated stress components under uniaxial
loading due to constraint condition, of which rationale
is explained as follows.

Figs. 3(a) and (b) show the schematic of deformed
shape with and without constraint case. In the
unconstrained model shown in Fig 3(a), which has a
traction frce side wall, the fiber end region is more
deformed radially and tangentially than that of the side
wall constrained case. In domains of @, Qn and Qmg,
presumably, additional stresses are produced due to
constraint  effects. In  domains of & and Qm,
compressive radial and hoop stresses are  generated,
whereas additional tensile radial and hoop stresses in
Qmy are produced as shown in Fig. 3(b). Note that, the
domain boundarics of Qm; and @2 should not exactly be
a straight line from the fiber tip but a little shifted
presumably. Ilowever, grouping of Qm; and Qme provides
a general feature of constraint effects. Thus far, stress
grouping was intended to analyse domains of @, Qm, Qm
and Qw2 so as lo compare field quantities of the

constraint case to those of the unconstraint case.
3.2 Matenals

The experimental monotonic tensile stress-strain
curves for Al 2124 and Al 2124 reinforced by 20 vol
% SiC fiber were performed using strain controiled
tensile test at the strain rate of 107/sec in an Instron

1330 Servo-Hydraulic test machine.

(a) overall matrix domain

(s (o1

(b) decomposed matrix domains

Fig. 2 A schematic of stress grouping approach in the

matrix. (a) overall matrix domain, (b)

decomposed matrix domains.
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(a) deformation without constraint
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(b) deformation and triaxiality with con-
straint. (In each figure, Dashed line repre-
sents deformed shape)

Fig. 3 A schematic of deformed shape with and
without constraint. (a) deformation without
constraint, (b) deformation and triaxiality with
constraint.  (In cach  [ligure, Dashed line

represents deformed shape).

The unrcinforced Al 2124 was processed in identical
fashion to the composite, namecly, by a powder
metallurgy process involving hot processing above the
solidus followed by hot extrusion. The SiC fibers are
approximately 1 um in diameter with an average aspect
ratio of 4 and tend to be aligned in the extrusion
direction which corresponds to the longitudinal axis of
the tensile samples. After machining, the samples were
heat treated for T-6 condition. All tensile tests were
performed in accordance with the ASTM standard test
method, Tension testing of metallic materials (ASTM
E-8).

From the matrix test data, a bilinear representation
of the matrix stress-strain curve was used for
computer simulation. Thus, the stress—strain
characteristics of the matrix are defined by the elastic
modulus, yield stress and work hardening rate (tangent
modulus). These characteristics were measured at room
temperature on the PM 2124 Al alloy and were found
to be Em=70GPa, 0my=336MPa and FEr=1.04GPa,
respectively. Other material properties selected are V

m=0.33 for matrix and EF480GPa, V017 for
reinforcement.""?’ Hefe, E is Young's modulus, Er is
tangent modulus, Omy is matrix yield stress and V is

Poisson's ratio.

Fig. 4 A schematic ol stress-strain hysteresis loop.

The fiber and matrix materials were assumed to be
isotropic and the clastic constants are assumed to de
temperature independent.  The experimental data Zor
compressive stress-strain curves was nol needed or
input data because the isotropic hardening rule was
implemented in this study. Further, thermally induced
residual stresses were neglected and these
computations are to be performed in the subseguent

work.

4. Results and Discussion

4.1 Composite Behavior

To obtain the stress-strain hysteresis behavior
numerically, the applied far field strain & was
subsequently loaded from 0% (Origin) to 1% (point A),
1% to 0% (peint B), 0% to -1% (point C), -1% to
0% (point D), and 0% to 1% (point E), as described in
Fig. 4. To solve nonlinear analysis, 25 small load steps
of which step has maximum 20 iterations were used
incrementally by A&=0.04%. The calculated hysteresis
loops of five cycles for isotropic matrix are shown in
Fig. 5. The result shows that isotropic matrix was

nearly saturated to the matrix ultimate tensile strength
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Stress (MPa)

Strain

Fig. 5 Calculated hysteresis loops of five cycles for

Isolropic matrix.

(MPa)

Axial Stress

Axial Composite Strain

Fig. 7 Total matrix average axial stresses for a
hysteresis loop with and without constraint

conditions.

even in five cycles. This behavior gives a verification
of the program and the theory.

Fig. 6 shows the composite stress-strain hysteresis
loop with and without constraint conditions. The tensile
and compressive stress-strain behavior of each curve
shows a similar fashion as expected. However, it is
shown that both loops make a functional difference in
the flow regime. The unconstrained RVE shows a little
composite strengthening effect, which is the unrealistic
constitutive behavior as discussed in the monotonic

. . 18
tensile loading case."®

0.9315

Axial Stress (MPa)

Axial Composite Strain

IYig. 6 Numerically predicted stress-strain responses for

fully  reversed loading  between  far-tield

composite strains of 1% and -1% with and

without constraint conditions.

{(MPa)

T 0.010 0.013%

Axial Stress

apof TTTT MATRIX (MOMOTONIC)
s REGION MY (COW)
—— REGIOM M1 (TNCOM)

Axial Composite Strain
Fig. 8 Decomposed matrix average axial stresses in
the region of Qs for a hysteresis loop with

and without constraint conditions.

4.2 Role of Matrix

Fig. 7 shows a decomposed matrix stress-strain
relation using stress grouping approach. A slight
difference between the constrained and unconstrained
RVE is shown for the overall matrix strength.

It suggests that fiber/fiber interactions affect to the
matrix strength in a domain dependent manner.

Therefore, it s inferred that the

composite
strengthening does not stem from the matrix directly

though it generates the factor to enhance the strength.
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Fig. 9 Decomposed matrix average axial stresses in
the region of Q. for a hysteresis loop with
and without constraint conditions.
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Fig. 11 Decomposed matrix average hydrostatic

stresses in the region of @m for a hysteresis

loop with and without constraint conditions.

Accordingly, matrix region @» has been divided into
Qu and Qe as described in Fig. 2. Hence, some
difference of constraint effect is shown in the domain @
m (see Fig. 8) whereas the pronounced difference is
shown in the domain @ (see Fig. ¥). Therefore, it is
inferred that the constraint condition influences in the
domain Qne substantially compared to the domain Qme.
Interestingly, the results of domains of 9 and @mz show
the same values as'they should (see Figs. 6 and 9). In
axisymmetry, + the sectional equilibrium condition is
required in the axial plane. Thus, the results of

homogeneous Un2 domain must follow the composite

(MPa)
g
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Ic

g. 10 Total matnx average hydrostalic stresses for a
hysteresis loop with and  without  constraint

conditions.
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Fig. 12 Decomposed matrix average hydrostatic

stresses in the region of Qe for a hysteresis

loop with and without constraint conditions.

behavior.

Matrix hydrostatic stress-strain hysteresis loops in
the domains of Qm, Qms, and Qe for the constrained and
unconstrained RVEs are shown in Figs. 10 to 13,
respectively. In the domains of Qn and Q.;, however,
the pronounced constraint effects on hydrostatic
stresses. are not shown, whereas hydrostatic stresses in
domain Qmz show markedly high values because of the
additionally  generated

constrained RVE.

tensile triaxiality for the

This enhancement of hvdrostatic stresses results in

the expansion of yield surface, which prohibits the
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Fig. 14 Fiber stresses on the center line as a function
of distance normalized by fiber radius with

and without constraint conditions,

extensive  plastic  deformation.  On  the  contrary,
hydrostatic  stresses  in the domain Qm  for  the
constrained RVE decrease as the f(ar field load
increases due to the additionally generated opposite
radial stress component. Thus far, the resulting matrix
hydrostatic stress for the constrained RVE shows
slightly higher values than that of the unconstrained
RVE. It is found that the pronounced constraint effects
on hydrostatic stresses stem from the additionally

generated tensile triaxiality.

4.3 Role of Fiber

Fig. 13 describes the fiber stresses at five points
(A, B, C, D, and E) on the hysteresis loop. Note that
the points located were explained in the previous
section. The fiber average axial stresses of the
unconstrained RVE indicate that the fiber stresses are
quite limited. At the unloaded state (£:=0%), such as
points B and D, it is shown that the substantial fiber
stresses are remaining due to the plasticity in the
matrix. Likewise, the constrained RVE also shows
some stresses at the unloaded state though the
magnitude is not so high. Further, the fiber stresses of
constrained RVE are well over 2 GPa at 1% far field
composite strain. -The implication of this result
indicates that the major composite strengthening

mechanism stems from fiber strengthening gencrated

by sectional equilibrium in the axial direction based on
tensile triaxiality. The high fiber stress intensification
is important from the standpoint of potential fiber
fracture during the deformation of MMCs. Preliminary
results®’ suggest that the fiber actually fracture
during tensile straining of MMCs.

5. Conclusions

The constitutive characteristics of MMCs were
studied numerically with the objective of investigating
the tensile and compressive composite behavior and the
major strengthening  contributor. By means of the
stress  grouping approach, a constraint-unconstraint
comparative study based on  stress-strain  hysteresis
loop was performed and several sequences with keyv
clements of strengthening were identified. It was found
that the constrained plastic flow and triaxiality in the
matrix gives a substantial contribution of composite
strengthening  both  for the tensile and compressive

loading.
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