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ABSTRACT: Dynamic compression tests were performed by means of a Split Hopkinson
Pressure Bar (SHPB). Test materials were 2124 Al alloys reinforced with 17% volume frac-
tion of 3, 13 and 37 um SiC particles, respectively. Under strainrate € = 2100 1/s, SiC parti-
cles have a strong effect on 6 » of the composites and the oy ; increases with different SiC
particle size in the following order: 2124Al-alloy — 124AV/SiC, (37 pm) — 2124A1/SiC,
(13 um) — 2124AV/SiC,, (3 pm), and the strain hardening oF the composites depends
mainly on the strain hardening of matrix, 2124 Al alloy. The results of dimensional analysis
present that the flow stress of these composites not only depends on the property of rein-
forcement and matrix but also relates to the microstructure scale, matrix grain size, rein-
forcement size, the distance between reinforcements and dislocations in matrix. The nor-
malized flow stress here is a function of inverse power of the edge-edge particle spacing,
dislocation density and matrix grain size. Close-up observation shows that, in the compos-
ite containing SiC particles (3 pm), localized deformation formed readily comparing with
other materials under the same loading condition. Microscopic observations indicate that
different plastic flow patterns occur within the matrix due to the presence of hard particles
with different sizes.

KEY WORDS: microstructure effect, flow stress, localization, plastic flow pattern,
2124AV/SiC,, composite.

1. INTRODUCTION

N RECENT DECADES, a great deal of attention has been paid to metal matrix com-
posites containing hard particles (MMC,) [1]. It is partly because of that the
composites offer potential for significant improvements in mechanical perfor-
mance over monolithic alloys in many structural applications. While the MMC,
exhibits markedly higher stiffness and strength than the matrix alloys, they often
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suffer from lower ductility and inferior fracture toughness due to the presence of
hard and brittle particles. The mechanisms of strengthening, microscopic damage
and failure in the MMC, therefore are issues of academic and practical impor-
tance. Many different mechanisms have been proposed which, either independ-
ently or concurrently, are considered responsible for the overall strength of the
composites [1,2]. Among them, the relation between the strengthening and geo-
metrical variables associated with the particle distribution and matrix
microstructure is important.

A considerable body of experimental, theoretical and simulation information is
now available on strengthening and microstructure geometrical effects of two
phase composites. Previous experimental research was on alloys with second
phase particles. In 1962, Edelson et al. [3] presented detailed experimental results
and discussed the effect of second phase particles on the mechanical properties of
alloys, which involved the influence of particle size, spatial distance and particle
volume fraction to the yield stress, fracture stress, ductility as well as hardening of
alloys. In the early 1980s, after examining much research on fracture of alloys and
based on the theory of continuum media mechanics, Cheng [4] applied the dimen-
sional analysis to the study of microstructure effect, such as second phase parti-
cles’ size and spatial distribution in the fracture of alloys and indicated that the
microstructure scale is important to the fracture of properties of alloy containing
second phase particles. Hong et al. [5] investigated experimentally in influence of
the particle size and spatial distribution to the fracture of alloys and results agreed
with what was analyzed in Reference [4]. In theoretical research, the typical ana-
lytical techniques, such as Eshelby’s equivalent inclusion method [6,7], have been
developed and could describe the composite with two phases or more but they al-
ways require idealizations of phase geometry and material behavior which often
deviates markedly from real material geometry and response. Similar to alloys, in
MMC,, the microstructure effect is still important to mechanical properties. Some
of the microstructure effects in MMC,, such as sharp corners of hard particles and
higher volume fraction of particles, would make analysis more complex [1].
Therefore, features, such as particles’ size, spatial distributions and so on, which
have influence on the mechanical properties of the composite, particularly on the
local strain fields between reinforcements, should be quantitatively described.
Needleman et al. [8—10] applied the continuum model, based on materials with
voids, to the study metals containing hard particles. Also, they adopted finite ele-
ment analysis to simulate overall mechanical response of MMC,, in which the par-
ticle shape, size, spatial distribution and non-uniform local stress and strain fields
could be accounted for [11,12]. Simply speaking, the above analysis is based on
the macroscopic continuum description which is effective as long as the character-
istic microstructure dimensions of the composite constituent are small compared
to the mean separation distance of the reinforcements and the reinforcement size.
Microscopic details that have influence on deformation, such as grain size and
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mean dislocation spacing, are not taken into account in these publications. Hirth et
al. [13-15] proposed a model involved in microstructure parameters influencing
local plastic deformation and presented the effective stress which depends on the
inverse power of particle spacing between two neighboring particles in MMC,,.
The model is consistent with several experimental results.

In order to obtain more essential understanding of the deformation of MMC,
under monotonic loading and of the influence of microstructure in the MMC,, we
used Split Hopkinson Pressure Bar (SHPB) to test a group of 2124AV/SiC, con-
taining SiC particles of three different sizes, 3, 13, and 37 pm. The research fo-
cused on the microscopic scale, such as grain size of matrix, reinforcement particle
size and spatial distribution, etc., and macromechanical response as well as micro-
scopic images of local deformation fields appearing in presented materials under
monotonic impact compression loading. As a comparison, 2124Al alloy without
reinforcement particles was investigated also.

2. EXPERIMENTAL PROCEDURE

2.1 Material and Specimen Preparation

The materials used in this study are 2124 Al alloy and 2124 Al reinforced with
17% volume fraction of 3, 13 and 37 um SiC particles. These materials are hot
rolled plates about 12 mm thick supplied by BP Metal Composites Ltd. (U.K.).
The chemical composition and the standard mechanical properties of the 2124Al
alloy, under static tensile loading, are listed in Table 1 and Table 2. Figure 1 is the
micrographs of a rolled MMC,, 2124A1/SiC,, (37 pum). SiC particles are aligned
along the rolling direction, the smaller the SiC particles, the clearer their align-
ment. No broken SiC particles, voids or debonding between particles and matrix
could be seen, and the matrix grain size is about 3—4 pum.

Before testing, specimens were solution heat tested, i.e., heated to 530°C and
held for about 55 minutes then quenched in cold water. To prepare the samples for
close-up observation, the specimen was sectioned along the compression axis. The
sectioned surface was then fine polished and etched for microscopic examination.

2.2 Mechanical Testing

The dynamic compression testing was performed on a Split Hopkinson Pressure
Bar (SHPB). A lot of descriptions of SHPB apparatus have been presented so there

Table 1. Chemical formula of base 2124Al alloy, wt%
(after Materials Safety Data Sheet, BP Metal Composites Ltd.).

Cu Mn Mg Fe Zn Si Cr Ti+ Zr Al

4.04.4 1.3-1.6 0.4-0.7 0.3 0.25 0.2 0.1 0.2 Bal.
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Table 2. Typical mechanical properties of 2124Al alloy (T4)
(static tensile test).

Tensile Strength (MPa) Young's Modulus (GPa)
460 72

is no need to illustrate it again here [16]. To keep one-dimensional stress in the
specimen during loading, compressive specimen is cylindrical with 5 mm diame-
ter and 5 mm high and the rolling direction parallel to the compression axis. Strain
rate of 2100 1/s, is chosen for all the tests so that mechanical responses, under the
same strain rate, in these composite would be obtained. Data including
stress-strain relation curve of each specimen could be obtained by wave profiles
recorded.

3. EXPERIMENTAL

3.1 Mechanical Response

Stress-strain curves of the materials, subjected to dynamic compression (strain
rate about 2100 1/s), are summarized in Figure 2. One of the prominent features in
these curves is that, under the same loading condition, the flow stress of the materi-
als depends on the SiC particles. The smaller the SiC particles, the higher the flow
stress of composites. Among them, the composite, containing 3 um SiC particles,
has the highest flow stress and the matrix material, 2124 A1 alloy, is of the lowest
flow stress under the same loading condition. Usually, the whole deformation pro-
cess of these materials could be regarded as two parts, elastic and plastic. Some

Figure 1. The micrograph of original material, 2124AISiCp, (37 pm).
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Figure 2. o-€ curves of 2124Al and its composites under dynamic compression, ¢ = 2100 1/s.

typical stress levels of the materials, such as 6y 5, 6,,,, and so on are listed in Table
3. Comparing the increase of stress in the two stages, the flow stress during the
flow stage has increased a lot and almost 2.5 times its oy, (see the third item in
Table 3). For example, at the end of the elastic stage, o, , of the composite contain-
ing SiC particles (3 pm) is about 545 MPa while in the flow stage, at the strain
40%, the flow stress is up to 1250 MPa. At the same strain, however, variations of
stresses between 2124 Al alloy and its composites do not show obvious changes. In
the composite with SiC particles (3 um), its (6/5,,)o, is about 1.56 and o/c,, at
strain 40% is about 1.42 (see the last two items in Table 3); the difference between
the two is about 0. 14. For other composites, the difference is smaller, 0.01 for com-
posite with SiC particles (13 um) and 0.04 for composite with SiC particles (37
um). It is shown that SiC particles increase o , of composites during elastic stage
and the increasing levels depend on the sizes of SiC particles. But in the whole de-
formation process, the stress increasing in the present materials is mostly due to
strain hardening in the flow stage, and the strain hardening curves are nearly paral-
lel for all sizes of the SiC particles; that is, the strain hardening of the present com-
posites depends only on that of matrix materials. So the composite containing
small SiC particles would keep the highest flow stress during the plastic deforma-

Table 3. Typical stress levels in the present materials (¢ = 2100 1/s).*

O max
Go.2 (e = 40%) o/oy
(MPa) (MPa) ©0.2/Cmax (o/om)o2 (e = 40%)
2124Al alloy 350 878 0.40 1 1
2124Al/SiC,, (3 pm) 545 1250 0.44 1.56 1.42
2124A1/SIiC,, (13 pm) 457 1160 0.39 1.31 1.32
2124A1/SiC,, (37 um) 444 1056 0.42 1.27 1.23

*G6max IS the stress level at strain 40% of each material; oy, is the stress level of 2124Al under the same
strain.
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tion process. While small SiC particles increase the stress, the ultimate axis strain
in the composite is not greater than that of other materials with larger SiC particles
or without SiC particles, which could be seen clearly in Figure 2. In 2124 Al alloy
containing 3 um SiC particles, the maximum strain is about 40%, over which the
stress-strain curve drops down and the specimen seems to be failure, but at the
same strain other specimens do not show any evidence of failure according to their
curves of stress and strain. Additionally, for the present materials, their elastic
modulus did not change obviously with change in the reinforcement size.

3.2 Microscopic Observation

Close-up observation for these samples was carried out under VICKERS-55 and
NEOPHOT-21 microscopes as well as S-570 SEM. V-shaped and slight dark re-
gions could be seen on the elongation profiles of these samples etched, which were
always along the diagonal lines to the profile. Microscopic observation showed that
they are deformed regions. In these regions, matrix grains deform while deformation
levels and orientations always depend on SiC particle Size. In 2124Al alloy, grains
in the deformed region have been distorted and become small strip-like but their ori-
entations are almost along the direction of flow deformation [Figure 3(a)], or along
the diagonal line to the profile of the deformed sample. In the composite containing
3 um SiC particles, a part of aligned particles has oriented along the large plastic
flow and formed a narrow band [Figure 3(b)]. The band, about 10 um in width, is
along the tip of the macro-crack. The nearer the tip, the narrower the band. Under the
same magnification, the microscopic deformations in the other two composites con-
taining SiC particles of 13 and 37 um, do not show obvious localization and appear
to show only the plastic flow at the matrix between two neighboring particles [Fig-
ures 3(c) and (d)]. For example, in the composite with 13 um SiC particles, matrix
grains flow along the diagonal line to the profile of the sample and SiC particles
seem to be oriented slightly [Figure 3(c)]. Particularly, in the composite containing
large SiC particles (37 um), obvious plastic flow could be seen at the matrix between
two neighboring particles and its flow orientation changed due to large SiC parti-
cles’ presence; the matrix grains near the comers of the particles have distorted very
much compared with those farther away from the particles [Figure 3(d)].

Figure 4 gives a micrograph of microdamage occurring in 2124Al alloy rein-
forced with 3 pm SiC particles. There is a lot of microdamage, small voids and
debonding at the localized deformation region. Most of the voids have been ori-
ented along the direction of shear flow, and most of the debonding is found at the
interface between the particle and matrix or the corners of the hard particles.
Compared with the other two samples of composites containing 13 and 37 um SiC
particles under the same loading with strain rate of 2100 1/s, a few particle cracks
could be seen in the sample containing 3 um SiC particles. It is noticed that, for the
three composites, whether containing small or large SiC particles, microdamage
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~ 50pm

(b)

Figure 3. Micrograph of deformation in 2124Al and its composites under dynamic compres-
sion, € = 2100 1/s, in which the arrow direction is loading direction: (a) 2124Al; (b)
2124AI/SiC,, (3 um); (c) 2124Al/SiC,, (13 pm); (d) 2124AI/SiC,, (37 um).
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S50pm

50um

(@

Figure 3 (continued). Micrograph of deformation in 2124A/ and its composites under dy-
namic compression, £ = 2100 1/s, in which the arrow direction is loading direction: (a)
2124A1; (b) 2124Al/SiC, (3 um); (c) 2124AI/SiC,, (13 um); (d) 2124AI/SiC, (37 wm).
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Figure 4. The SEM micrograph of microdamage occurred in 2124 AlfSiC, (3 ym SiC parti-
cles), where the arrow direction is loading direction.

could be found in the deformed region and the fracture of the materials results from
the accumulation of microdamage and localized deformation.

4. ANALYSIS AND DISCUSSION

4.1 About Flow Stress

The present experimental results showed that, under the same loading condi-
tions, maximum flow stresses of current composites are different. The question is,
what factors affect their flow stresses? Let’s examine flow stress in composites ac-
cording to some experimental results. In the present composites, their matrix is the
same, 2124A1 alloy, and the reinforcement is SiC particles with different sizes.
During the whole deformation process, the flow stress level could be written as:

Gf=f(Emacmf’dm;Epadps}"p’p) M

in which, E,,, d,,, 5,,rand p are matrix Young’s modulus, grain size, flow stress of
matrix and the density of dislocation in matrix, respectively; E,, d,, A, are parti-
cles’ modulus, particle size, and edge-edge mean particle spacing between the two
nearest neighboring particles, where A, could be given by the following [17]:

2 8
34l 5 1)
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in which, £, is volume fraction of SiC particles. According to the dimensional anal-
ysis [18], choosing E,, c,,rand ), as independent variations, the flow stress of
composite can be written as:

S7 _JEw 9 dy 1 )
Smr \E, A, A, ph,
Among the above, grain size, particle size and distance between the two nearest
neighboring particles all have the length dimension, L, and p, 1/L,i.e., [d,] = 4,]=

[A,]1=L and [p] = 1/L. But in the present study, the matrix and reinforcement of the
composites are given and the elastic modulus item is constant, E,,/E, = constant,

thus
o d, d, 1
_!— = _p P T (3)
O s Ap A, pA,
where A/d, is the normalized distance between two nearest neighboring particles,

pA,, is the total number of dislocations laid on the distance A,,. Some microstructure
scale parameters in the four materials are listed in the following:

d, (um) 2, (um) A,/d, AJd,
2124Al alloy 34 — — —
2124AV/SiC (3 pm) 34 2.82 0.94 0.8
2124AV/SiC (13 um) 34 12.2 0.94 3.5
2124AV/SiC (37 pum) 34 347 0.94 9.9

Noticing that, A,,/d,,, the normalized distance between the two nearest neighboring
particles is constant for the three composites and, for the same matrix, the grain
size is given in these composites, Equation (3) could be written as:

c
Sr _4dm , 1 (4.2)
Omf A, PA,

Therefore, the flow stress of the present composites is controlled by the spacing

between the two nearest neighboring particles and the total number of dislocations
laid on the distance as well as the size of matrix grains. Also, Equation (4) could be

written as
Of _ A dn duldn
Oy Ay ph,
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or

Sr_ /{d_m ) i”ﬁ‘_’:] (4.b)

0'mf A p pdm
In Equation (4.b), A,/d,, is the grain number along distance A, in matrix, pd,, is the
number of dislocations laid on one grain of matrix, or dislocations laid on the ma-
trix. So the flow stress of these composites is controlled by the number of matrix
grains between the two nearest neighboring SiC particles and the number of dislo-
cations laid on one matrix grain. The larger A,/d,, is, the lower the flow stress will
be. If A,/d,, ~ 1, pd,, is the only important factor governing the increase of flow
stress. Now we could analyze the influence of dislocations to the flow stress in the
composites. Let p(3 um) and p37 ,mbe the density of dislocation in the composites
containing 3 or 37 micron SiC particles, respectively. Noticing, A, ~ d,, and
o;~ f{1/p3 umyAp) for the composite with 3 micron SiC particles; A, ~ 10d,, and
oy~ f{1/10, 1/p(37 uymy,,) for the composite with 37 micron SiC particles, we could
obtain the following according to the experimental results 63 ym) > G437 um):

z__l] d_m,_l_) )
Ap PaumAp Ap PETWmAp

or

1,; > _1,_& (5.b)
P Gum dm 10 p37um)dm

The results here showed that, if small SiC particles are large as the matrix grain
which is comparable to the spacing between the two nearest neighboring particles,
the flow stress increase in the composite is due to the influence of the dislocations
laid on the spacing or dislocations in the matrix. But for the composite with large
SiC particles, if the spacing between the two nearest neighboring particles is much
larger than the matrix grain size, the particles’ dispersing would be another main
factor to influence the increased flow stress, which agreed with the previous re-
search results [3,11,12]. Furthermore, formulas (3), (4) and (5) showed that nor-
malized flow stress here is a function of an inverse power of (pA,,) and A,,, which is
consistent with the conclusion in the previous research [13].

According to the experimental results, the whole deformation process could
consist of two stages, elastic and plastic. Among them, &, , is important since it is
not only the end of the elastic stage but also the beginning of the flow stage. Also,
Gy, is sensitive to the reinforced particles and it gets higher with decrease of parti-
cle size. On the other hand, for the present composites, their strain hardening de-
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pends on that of matrix material only, so 5 ,’s increasing would have a strong in-
fluence upon whole mechanical response of the present composites. The analysis
above therefore could be applied to 6, ,. Concerning strain hardening, we do not
present more discussions in this paper and would like to describe deformation pat-
terns occurring in these samples during plastic flow stage.

4.2 About Localized Deformation and Microdamage

Localized deformation, or an adiabatic shear band, is a description of the narrow
region of highly local plastic deformation, which has been observed when materi-
als are deformed at high strain rate, for example, in high speed metal forming or
machining and so on. It results from several competing processes among which
both strain-hardening and thermal softening are the main factors [19]. Extensive
research has been directed to the understanding of shear localization, which is one
of the main material instabilities, and significant progress has been made [20]. In
recent years, Gray et al. [21] investigated the dynamic response of MMC,, under
high strain rate and Choi et al. [22] studied the forming conditions of adiabatic
shear band occurring in MMC,,. Hirth et al. [13—15] applied a model to describe
the localization evolution in MMC, and predicted an effective stress to cause shear
band propagation. In the model, microstructure parameters, such as spacing of
particles, dislocation and its Burgers length as well as the dislocation number, and
shear band-particle interactions were accounted for. It was therefore shown to be
consistent with several experimental observations. In this part, the focus is on the
macromechanism of the localized deformation and deforming patterns caused by
the effect of microstructure scales in the present composites.

Figure 2 and Figure 3 showed that, under the same loading (€ = 2100 1/s), the
flow stress of the present materials has changed due to SiC particles and their de-
formation patterns in each material are different [Figures 3(a)—(d)]. One fact is that
the composite with smallest SiC particles is of the highest flow stress and the local-
ized deformation that occurred in the composite is much clearer than that which
occurred in those with larger particles. The reason may be understood simply. As
we know, in the composite containing small particles, the flow stress is highest and
then its plastic work is greater than others. The localized deformation therefore oc-
curs readily in this composite because the plastic work is prone to make localized
deformation narrow [19]. In composites containing larger particles, these particles
are too large to move. Furthermore, the development of strain localization may be
more difficult in the composite containing larger SiC particles because the parti-
cles would block plastic flowing in the matrix. The observation agrees with the de-
scription in Hirth’s research [15].

On the other hand, the size of SiC particles and the spatial distribution of these
particles lead to different plastic flow patterns in the matrix, which has a very
strong influence on the composites’ constitutive response. Figure 3(d) shows that
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such effect of SiC particle size on the plastic response is caused by the differences
in constrained palstic flow of the ductile matrix. In particular, larger SiC particles
with sharp corners lead to different plastic flow patterns within the matrix, or the
plastic flows are interrupted and their orientations are changed randomly by the
presence of hard particles. Obviously, as forenamed in this paper, different particle
size distribution and spatial distributions would lead to different dislocation distri-
butions in the matrix, the constraint on plastic deformation due to the interruption
of plastic flow in the matrix would develop differently for different spatial distri-
butions of the particles [see Figures 3(b) and (d)]. Furthermore, as analyzed in Ref-
erence [12], the plastic flow is increasingly interrupted and, consequently, the con-
straint on the matrix becomes more elevated and the stress-carrying in the plastic
regime increases. In other words, dispersed smaller SiC particles could make the
stress distribution more uniform and get its stress-carrying in each small plastic re-
gime between particles, but with competing between strain-hardening and thermal
softening, small SiC particles could not resist plastic flowing in the matrix more
effectively than those larger SiC particles and localization is formed readily. Thus,
in the composite with smaller SiC particles, deformation tends to concentrate
along the maximum plastic flow and forms the localization band along where the
macro-crack develops [Figure 3(b)].

Microdamage could be regarded as the result of two mechanisms, plastic defor-
mation and thermal effect. It is well known that under high strain rate, the plastic
deformation is no more an isothermal process so the temperature in the sample
may rise very high. Additionally, at the localized deformation region, the tempera-
ture is higher than that in the other region. Therefore, the material at the narrow de-
formation region will encounter not only strong plastic flow but also higher tem-
perature rising. According to the mechanical calculation analysis [2] and
experimental observation, high stress concentration is always nearby sharp cor-
ners or interface. Thereby, in the composite with small particles, a lot of debonding
could be found at sharp corners or the interface between particle and matrix in the
localized deforming region (Figure 4).

5. CONCLUSIONS

The investigation on the 2124 Al-alloy containing three different sizes of SiC
particles and 2124 Al alloy under dynamic compression was presented in this pa-
per. Experimental and analytic results show that the microstructure effect, such as
matrix grain size, particle size, edge-edge particle spacing between two neighbor-
ing particles and the dislocation concentration along the spacing have a pro-
nounced effect on the overall mechanical response of the present composites.
Some conclusions are listed below:

1. Under current loading (€ = 2100 1/s), for SiC particles with different sizes, the
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flow stress of present materials increases in the following order: 2124 Al
alloy — 2124AV/SiC, (37 pm) — 2124AlSiC, (13 pm) — 2124Al/SiC, (3
um). Although, during the whole deformation process, most of the stress in-
crease in the present composites is due to the strain hardening which depends
on that of the matrix material. SiC particles have a strong effect on the 6, of
composites and they increase in the order: 2124Al alloy — 2124AVSiC, (37
um) — 2124A1/SiCy (13 pm) — 2124AV/SiC,, (3 um).

2. The normalized flow stress in current composites has been presented by the di-
mensional analysis. It is a function of an inverse power of edge-edge particle
spacing, dislocation density and matrix grain size, which supports the previous
research results [13-15].

3. For the composite with small SiC particles, the flow stress level is controlled
only by dislocations laid on the matrix, while SiC particles size, matrix grain
size and spacing between two neighboring particles are comparable to each
other, and for composites with large SiC particles, if spacing between the two
neighboring particles is much greater than the matrix strain size, the particles’
dispersing would be another main factor to influence the increased flow stress.

4. Localized deformation more readily formed in the composite with small SiC
particles under the same loading, which is due to the plastic work stored in ma-
terials. On the other hand, it related to the effect of SiC particle size on the plas-
tic response which is caused by the differences in constrained plastic flow of
the ductile matrix. That is to say, larger SiC particles could resist more effec-
tively the plastic flow in the matrix than small particles so that the composite
reinforced with larger SiC particles can be subjected to higher loading.

5. The voids in the matrix nearby sharp corners or interface debonding between
particle and matrix always occurred in the deformed region, which would re-
sult from the strong plastic deformation and higher temperature difference.
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