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Abstract—Microyield behavior of silicon carbide particles reinforced 2024 aluminum alloy (SiCp/
2024Al composites) with three volume fractions of SiCp were investigated in this paper. The
results of the studies showed that the composites exhibited some types of notable strain relaxation
before microyielding when subjected to an applied stress far lower than conventional yielding stress.
The microyield mechanism did not conform to the classical linear relation between the applied
stress §) and square root of plastic strainé(z), proposed by Brown and Lukens. Microyield
strength could be strongly affected by heat treatment routes. The thermal processing with large
temperature change, such as high temperature quenching or annealing, rapid cooling to liquid nitrogen
temperature, thermal cycling with large upper-lower cyclic temperature interval, etc., would lead
to deterioration of microyield strength, whereas an appropriate aging treatment would significantly
increase microyield strength of the SiCp/2024Al composites. TEM and X-ray diffraction analyses
revealed the relationship between microyield behavior and microstructures. In general, dispersed
strengthening phas€,3ower residual stresses and lower population of movable dislocations would
be beneficial to microyield strength of the SiCp/2024Al composite materials. The effect of SiCp on
microyield strength was dependent to thermal processing history.

Keywords Microyield behavior; strain relaxation; SiCp/2024Al composite; heat treatm®e@iTE
stress.

1. INTRODUCTION

Because they possess a wide range of superior properties, such as high specific
strength and Young’s modulus, lower thermal conductivity and thermal expansion
coefficients, aluminum alloy composite materials reinforced with silicon carbide
particles (SiCp/Al) are being gradually employed in some optical precision instru-
ments and systems [1]. As they are used for precision devices, dimensional stability

*To whom correspondence should be addressed. Institute of Composite Materials, Shanghai Jiao
Tong University, 1954 Hua Shan Road, Shanghai 200030, P. R. China.
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of the material is very important. The most common causes of dimensional insta-
bility in materials usually are phase transformation, relief of residual stresses, and
microplastic deformation resulting from an applied stress. The effects related to
phase transformation and residual stresses can generally be controlled by properly
selecting component materials and appropriate dimensional stabilizing heat treat-
ment procedures. However, the dimensional instability induced by microplastic de-
formation is very difficult to control because the internal stresses, which may come
from assembly operation, shocking or vibrating in service, are unavoidable. So it
is desirable to improve the resistance to microplastic deformation (i.e. microyield-
ing) of materials, and the microyield strength (MYS — the applied stress at plastic
straine, = 107°) is recommended as one important measurement of dimensional
stability [2, 3].

Little attention had been paid to microplasticity of metallic materials before the
1960s. The early achievements have been gathered into some collected works and
treatises [3—5]. Also, since SiCp/Al composite is a new kind of material which is
still being developed, the testing of microplasticity is quite difficult; only a few
reports have appeared so far concerning microyield behavior of the composites
[6—9], resulting in a lack of understanding about microyield behavior, especially
the effects of heat treatments on the microyield strength of SiCp/Al composite
materials. We have selected a most promising system — SiCp/2024Al — as the
object of our investigations; the present paper deals with the microyield behavior
and the effects of different heat treatments in order to get basic knowledge about the
rule, mechanism and factors that influence microyielding in this composite material.

2. EXPERIMENTAL
2.1. Materials

A commercial 2024 aluminum alloy (Al-4.00%Cu-1.31%Mg—-0.58%Mn) was
selected as the matrix of our experimental composites, and silicon carbide particles
(nominal diameter, iZm) were used as the reinforcement. By a vacuum pressure
infiltration method, which consists of two major steps — preparation of preform and
infiltration of preform — the 35%, 45% and 55%SiCp/2024Al composite materials
were fabricated (further details of the method may be found in an earlier paper,
ref. [10]). Then dog bone-shaped coupons of 3 mm thickness, 6 mm width and 8
mm gage length were made by means of electric charge machining.

2.2. Heat treatment

The heat treatments in this work were divided into three stages for different aims

(1) To check the effects of different types of heat treatment on microyield behavior,
several different procedures were employed with 35%SiCp/2024Al, in addition
to the as-fabricated specvimen; these are listed in Table 1.
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Table 1.
Different types of heat treatment routes for 35%SiCp/2024Al

Regime Description

Casting As fabricated by vacuum pressure infiltration

Annealing 400C x 3 h, furnace cooling

Quenching 500C x 1 h, water quenching

Rapid cooling 500C x 1 h, water quenching-190°C x 24 h, air cooling to room

temperaturet quenching into liquid nitrogen{196°C) and keeping
for 1h, then lying in air to room temperature

Natural aging 500C x 1 h, water quenching- keeping at room temperature for more
than 48 h

T6 500°C x 1 h, water quenching- 190°C x 8 h, air cooling

Quenching+ Cycling 500°C x 1 h, water quenching- (190°C x 2.5 h< —196°C x 1 h,
3 times)

Annealing+ Cycling 400°C x 3 h, furnace cooling+ (190°C x 2.5 h< —196°C x 1 h,
3 times)

Table 2.

Regime parameters of aging and thermal cycling treatments for 35%SiCp/2024Al

Regime Description

Aging (1) 50¢°C x 1 h, water quenching- 190°C x(4, 8, 12, 16, 20 h)
respectively, air cooling
(2) 500°C x1 h, water quenching- (110°C, 15C°C, 19C°C, 230°C, 270°C) x 8 h
respectively, air cooling

Cycling (1) 500°C x 1 h, water quenching- (190°C x 2.5 h& —196°C x 1 hforl, 3,5
times respectively)
(2) 500°C x 1 h, water quenching- (110°C, 150°C, 19C°C, 230°C, 270°C) x
2.5h& —196°C x 1 h, 3times

T6 + Cycling 500°C x1 h, water quenching- 190°C x 8 h, air cooling+ (190°C x 2.5h
& —196°C x 1 h, 3 times)

(2) To examine the effects of regime parameters of aging and thermal cycling which
are traditional dimensional stabilizing heat treatments for aluminum alloys on
microyield behavior, the treating routes listed in Table 2 were carried out for
35%SiCp/Al.

(3) In order to understand the effects of SiCp volume fraction on microyield
behavior, three volume fraction composites were heat treated by the treating
routes listed in Table 3.

2.3. Testing of microyield behavior

After the above thermal treatments, the specimens were tested on a MTS New
810 tester by a continuous loading method [11]. In contrast to the step load—
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Table 3.
Heat-treatment regimes for 35%, 45%, 55%SiCp/2024Al

Regime Description

Aging 500°C x 1h, water quenching- 190°C x 24h, air cooling
Thermal Cycling 500C x 1 h, water quenching- (190°C x 2.5 h< —196°C x 1 h for 3 times)

unload method, the former could diminish the side effect of micromechanical cyclic
strengthening. But the errors of strain measurements in the continuous loading
method were slightly higher than those in the load—unload method because the
Young’s modulus, to evaluate plastic strain, is quite difficult to determine rigorously.

The load train design of the MTS New 810 machine permitted an acceptable
level of alignment. The continuous tension was performed with a load control
mode at a rate of 3 kN/min. The strain was measured using the MTS special
extensometer which has a sensitivity 0k6l0~" and 0.006 maximum range. The
acquisition of applied stresg] and strain ) data, as well as determination of
Young’s modulus E) were carried out using the MTS system microcomputer with
special testing software. The plastic strai)(was calculated according to the
equation:e, = ¢ —o/E. Finally, theo ~ &,, o ~ 5'* relationships and microyield
strength (MYS — the stress gf = 10-°) could be obtained.

To check the relationship between microyield behavior and microstructure, a
JEOL 200CX electron microscope was used to perform TEM analyses, and X-ray
diffraction analyses were performed with a D/Max-1l A diffractometer. In X-ray
tests, the (222) diffraction peak of the 2024 aluminum matrix was selected to
gualitatively analyze microscopic residual stresses in the matrix of the composites.

3. RESULTS AND DISCUSSIONS
3.1. Microyield behavior

The experimentatr versuse, curves for several typical treated specimens are shown
in Fig. 1. It is noted that there exists quite apparent small permanent strain at very
low applied stress. The strain observed in our experimental work seems to be of a
variety of different types, which are schematically illustrated in Fig. 2 and they bear
no clear relation to corresponding heat treatment routes. But they can be generally
divided into ‘positive’, ‘negative’ and ‘mixed’ strain respectively. For convenience
sake, we define them as ‘strain relaxation’ in the present paper. It has been found
that some traditional metallic materials, such as copper [12], aluminum alloys [13],
invar alloys [14] and titanium alloys [15], could present either a positive or negative
relaxation during the period of microstrain. However, there are no corresponding
reports on metal matrix composites, so thus far the nature of the strain relaxation
still remains unknown. Reichenbaehal. [16] proposed that the negative strain has
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Figure 1. Experimentalo versusep curves of 35%SiCp/2024Al composite under several typical
treatments (see Table 2).

ideal state positive relaxation negative relaxation mixed relaxation

>
>

(a) G C© @ @ )

€

Figure 2. Schematic illustration of several kinds of permanent strain at near zero applied stress.

been attributed variously to creep of the gage-bonding agent, improper bonding of
the strain gages, or exceeding the elastic strain capability of the cement. Hordon
et al. [13] stated that the negative strain was the outcome of the ‘surface effect’.
Though these may provide explanations in some instances, there are others where
these explanations do not appear to suffice. In our work, the negative strain was
also obtained by the continuously loading method, suggesting that the negative
residual strain reflects a real behavior of the specimens rather than that of the strain
gages. In addition, an anelasticity effect produced by jumping of solution atoms or
impurity atoms in materials may be one reason for the positive relaxation, but under
no circumstances does it cause the negative relaxation.

Soitis rationally believed that the strain relaxation has a bearing on the rearrange-
ment of some microstructures in materials. For the SiCp/2024Al composite materi-
als, due to a large difference in the thermal expansion coefficients between the SiC
particles and the aluminum matrix, the microstructure of the composites after high
temperature fabrication always present the following features [17-22]:
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Figure 3. Experimentals versus‘sé/2

treatments (see Table 2).

curves of 35% SiCp/2024AL composite under several heat

— large residual thermal mismatch stress imparted by various processing opera-
tions;

— high population of mobile dislocations induced by the relaxationAGTE
stresses;

— high local stress concentration introduced by irregularly shaped SiC platelets.

Thus, even subjected to a very low applied stress, the local stress at some microzone
in the matrix could exceed the conventional yield stress. Owing to the complexity
of stress concentration amCTE stress distribution, the direction of local stress
may not be along that of the applied stress and the strain relaxation can take place in
all possible orientations. Only when the applied stress reaches a higher amplitude
level will the strain led by dislocation motion proceed in the expected direction
and exhibit a ‘whole’ microyielding characteristic. The microyield behavior
discussed below in the paper is that which arises when the strain relaxation before
microyielding has been removed.

Figure 3 demonstrates a group of experimentaatlersusa,ﬁ/2 curves under some
aging treatment conditions. In this figure, the data of the elastic stage and the data
of &, > 107 (the range ok, >10"*belongs to the macroyield stage) have been
removed in order to focus on the ‘whole’ microyield behavior. It can be seen that
the relationship between applied streg3 &nd square root of plastic straia,%/(z)
present a curved line form and does not obey the Brown—Lukens equation [23]:

o =09+ Ksé/z,
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whereoy is the initial resistance to dislocation gliding, is a coefficient associated
with the shear modulu€7, and is given by

ZGOO
K= ,
o xd

whered is the mean grain size, andis the dislocation density.

The Brown-Lukens relationship was derived through the hypothesis that the
dislocation sources are uniformly distributed in the whole volume of material's
interior and only a grain boundary can hinder dislocation movement, so it is valid
only for a single crystal or for polycrystalline metals in principle. In the case of our
experimental materials, there are two microstructure factors that deviate from the
above basic assumptions: first, in addition to the grain boundary there exists another
strong barrier to dislocation, namely, the SiCp particles; secondly, distribution of
dislocations in the matrix is not uniform. Some authors have reported that, due to
relief of ACTE stress, the dislocation density near the SiCp-matrix interface is much
higher than that in the interior of the matrix [24, 25]. Based on the experimental data
(see Fig. 3) which revealed the higher work hardening rate at the very beginning
of microplastic deformation than that at the later stages, it is probable that initial
microyielding of the composite is the result of movement of those dislocations
which are located near SiC particles in the matrix.

3.2. Effects of different types of heat treatments on microyield strength

Microyield strength (MY S) reflects the initial resistance to microplastic deformation
and is an important measure of microyield behavior and dimensional stability
under short-term loading conditions. Figure 4 illustrates the microyield strength
of differently treated specimens of 35%SiCp/2024Al.

Obvious differences in MYS can be seen for these different heat treatments. The
conditions having age hardening effects, such as natural aging, T6 and quenching
+ cycling, exhibited high MYS whereas the other treatments, such as casting,
annealing, rapid cooling, and annealiAg cycling, were of MYS lower than
50 MPa. The reason why aging treatment enhances MYS is related to participation
of the strengthening phasé @I:,Mg,Cu) in the matrix.

Figures 5a and b show TEM micrographs of T6 treated and quenehthgrmal
cycled specimens respectively. For both these treatments, the hard strengthening
phase Spatrticipated dispersed in the matrix. It has very small size (about 50 nm)
and interspacing (about 50 100 nm), but could thus provide a strong obstacle to
short distance gliding of dislocation. It is noted from Fig. 4 that T6 followed by
rapid cooling treatment lowered MYS values from 143 to 27 MPa. This dramatic
drop of MYS is associated with largely increasing residual stresses in the material.
As mentioned above, owing to near one order of difference in coefficients of thermal
expansion between SiC particles and the matrix, it is natural to proAdCEE
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Figure 4. Experimental MYS for different heat treatment conditions (see Table 1).

Figure 5. TEM images of T6 treated (a) and quenchia@ times’ cycled (b) specimens.

stress when the temperature changes. The larger the change of tempexéture (
the larger is theACTE stress. Some experimental results and theoretical analysis
has revealed [26—28] that evemAlT is quite small, the locaACTE stress near the
SiCp/matrix interfaces would exceed the yield stress of the matrix, leading to the
stress relief and simultaneously producing a large population of dislocations. This
state of high residual stress and high dislocation density is significantly harmful to
the MYS of the materials. It should be noted also that, due to intrin§id@ E stress
of the material, the thermal cycling would not be favored in MYS, as has been shown
by annealing (MYS= 44 MPa) and annealing followed by thermal cycling 5 times
(MYS = 34 MPa). However, in comparison to quenching, subsequent thermal
cycling raised the MYS from 88 to 152MPa, suggesting that age hardening plays
an important role in MYS (see Fig. 5b). It is expected that if the number of cycles
were increased, which implies that the aging effects would gradually disappear due
to an ‘overaging’ mechanism, then the MY S would be lowered.

Based on the above experimental results, the quenching followed by aging or
thermal cycling could be considered as two appropriate treatments beneficial to



Downloaded by [Siauliu University Library] at 07:18 17 February 2013

Microyield behavior in SiCp/2024Al composites 19

250 T T T T T T 250 —

(@)
200 B 200 |

" o
wl”

50 |-

(b)

150 | O/o\o\
O\o

100 |-

50 |-

Microyield Strength(MPa)
Microyield Strength (MPa)

[ L L L L . . ol L L L L L
o 4 8 12 16 20 2 28 80 120 160 200 240 280

Aging Time (h) Aging Temperature (°C)

Figure 6. The effects of aging time (a) and aging temperature (b) on MYS (treatments see Table 2).
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Figure 7. The effects of thermal cycling number (a) and upper cyclic temperature (b) on MYS
(treatments see Table 2).

MYS of the composite. In order to further understand the variations in MYS
under various aging and cycling conditions, the effects of parameters for the two
treatments on MYS have been studied in detail. The results are demonstrated in
Figs 6 and 7, respectively.

It can be seen from Fig. 6 that, no matter what aging time or aging temperature
was employed, MYS presents a peak value. In other words, there exists an optimum
time or temperature at which MYS reaches its maximum value. The condition
associated with the optimal parameter corresponds to ‘peak aging’. The ‘under-
aging’ or ‘overaging’ that corresponds to shorter or longer time, and lower or
higher temperature, respectively, would be disadvantageous to MYS of the material.
This rule is the same as that found in traditional aluminum alloys and implies
again that MYS of the composite, like macroyield strength, is also controlled by
participation in some way of the second strengthening phd¥e F8r quenching
followed by thermal cycling also we can find the ‘peak values’ phenomenon in MYS
versuscycling index or upper cyclic temperature relationships (see Fig. 7). These
indicate the comprehensive influence of aging hardening, increasing\iiE
stress and dislocation density. At an early stage of treatment, which means a lower
cycling number or smaller cyclic temperature interval, aging strengthening takes
the leading role, while at the later stages, the effects of aging have been diminished
due to ‘overaging’ and MYS is strongly affected by residual stresses and mobile
dislocation density.
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Figure 8. TEM dark image of 5 times cycled specimen.
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Figure 8 shows a TEM micrograph of a 5 times’ cycled specimen. A large number
of dislocations generated h¥CTE stress during cycling process, which has high
mobility, were observed near the interface. In addition, the increase in the half-width
of the (222), peak with cycling index indicated the rising of microscope residual
stress (see Fig. 9). The two microstructure changes resulted in the decreasing of
MYS. So it can be proposed that without an age hardening effect, the thermal
cycling treatment is harmful to MYS of SiCp/2024Al composite materials. This
deduction had been verified from the experimental data in comparison between
annealing and annealing followed by thermal cycling (see Fig. 4), as well as cycling
and T6 followed by cycling (see Fig. 7a).

3.3. Effects of SiCp volume fraction on MYS

The incorporation of SiC particles in aluminum matrices will generate some new
characteristics different from those of matrix alloys. The main properties of interest
to us here are: (1) a new kind of obstacle to dislocation; (2) lower stresses in the
matrix than conventional mean stresses when subjected to a load; (3) high degree of
stress concentration from irregularly shaped SiC particles; (4) high level of residual
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Table 4.
Effects of SiCp volume fraction on microyield strength of
SiCp/2024Al composites

Heat treatments Microyield strength (MPa)

(see Table 3) 35%SiCp 45% SiCp  55% SiCp
Aging 131 103 160
Thermal cycling 155 138 104

ACTE stresses, and (5) high density of dislocations. The first two factors are
favorable to MYS, but the last three factors are just the opposite. Therefore, it is
anticipated that the effects of SiCp on MYS are dependent on heat treatment routes.
Table 4 gives MYS values of 35%, 45%, and 55%SiCp/2024Al composites under
aging for 24 h (overaging) and thermal cycling 5 times (analogous to overaging)
conditions respectively. After 24 h aging, the aging hardening effect has vanished
and the action of SiCp pinning dislocation becomes highly evident; thus, the
increasing of SiCp volume fraction could raise MYS of the material. But for cycling
treatment, the increase in SiCp volume fraction would aggravat @iEE stress
level, raise dislocation density, and finally lead to decreasing of MYS. So it can be
considered that the addition of SiCp is harmful to the MYS of composite materials
under those heat treatment conditions which involve a large change in temperature.

4. CONCLUSIONS

(1) The strain relaxation prior to microyielding is quite obvious in SiCp/2024Al
composite materials, and is believed to be associated with the intrwGicE
stress and high population of mobile dislocations in the matrix.

(2) The relationship between the applied stregsand square root of plastic strain
(¢5/%) does not obey the Brown—Lukens equatian:= o + Kep'2, which
indicates that the microyield mechanism of the composites is not same as that

of traditional aluminum alloys.

(3) Dispersed participation of the second strengthening phasmufl significantly
improve MYS of the composite materials.

(4) Thermal cycling treatment is not beneficial to MYS except for quenching
followed by 3 times cycling which is at the ‘peak aging’ stage.

(5) The effects of SiCp on MYS are dependent on the heat treatment routes. In
general, for those treatments having a large temperate change, the increase of
SiCp volume fraction is harmful to MYS.
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