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ABSTRACT The effect of oxidation of SiC particles on the aging behavior of SiC particles and short mullite
fibers reinforced 2024A1 composite was investigated. Differential scanning calorimetry( DSC) analysis indicated
that the aging precipitation in specimen with asreceived SiC particles lagged behind that of unreinforced
2024A1, while in specimen with oxidized SiC particles the precipitation of the GP zone slightly lagged behind
that of unreinforced 2024A1, but the precipitation of the S° phase was accelerated and a new peak appeared af-
ter the S° peak. On the basis of the results of DSC analysis and TEM observation, it was believed that all

these facts were resulied from the interactions among SiC( as received or oxidized) particles, mullite fibers and

the matrix.
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1 INTRODUCTION

Aging treatment has been widely used as a
further strengthening means for aluminum ma
trix composites. Study of composites’ aging law
and mechanism not only helps to draw up opti-
mum aging technology parameters, but also pro-
vides important theory basis and experimental
data. Several papers have reported the aging
characteristics of silicon carbide particulates rein-
forced 2024A1 composite' '™ but the the re
search of effect of silicon carbide particles’ oxi
dation on aging behavior of the composites has
rarely been reported. In this paper, the effect of
silicon carbide’ s surface oxidation on aging bhe
haviors of silicon carbide particles and mullite
fibers reinforced 2024A1 composites was investr
gated.

2 EXPERIMENTAL

The green and abrasive grade aSiC partr
cles with an average size of 60 Hm were used in
the present work. Artificial oxidation of the par
ticle was carried out in air at 1100 C for 10h us-
ing an AlL,O3 crucible heated in an electric fur
nace. In order to guarantee the uniform distribu-
tion of SiC particles among 2024A1 matrix, 15%
(volume fraction) short fiber of mullite( contain-
ing 72% Al,03 and 28% Si102) and 15% ( vol
ume fraction) particulates of SiC were used as
reinforcements. The composite samples were
squeeze cast from a melt of commercially 2024A1
alloy whose composition was shown in Table 1.

Other details of sample preparation were de

scribed elsewherel ¥, The SiC particles added
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were either asreceived or artificially oxidized for
the sake of comparison. Corresponding compos-
ite materials are designated as compositeA and
composite-O respectively.

The specimens for differential scanning
calorimetry ( DSC) analysis were solutionized at
500 C for 1. 5h followed by quenching in ice
brine. In case of aging, then they were kept in
refrigerator before testing. DSC measurements
were performed using a Perkin Elmer DSC-7 ap-
paratus. Runs were carried out at a heating rate
of 20 C/ min from 20 to 450 C and under a dy-
namic dry nitrogen atmosphere. High purity alu-
minum was used as a reference. DSC thermo-
grams were normalized to onegram weight of
testing material.

Table 1 Composition of 2024 alloy
(in mass, %)

Cu Mg Mn Al

3.8~4.9 1.2~ 1.8 0.3~ 0.9

Balance

Microstructural and compositional examina
tions were carried out in a Philips CM-12 elec
tron microscope at 100 kV. Samples for trans
mission electron microscopy (TEM) were pre
pared by standard methods involving mechanical
grinding, polishing and dimpling followed by ion
milling of foil to perforation.

3 RESULTS

Fig. 1 is DSC thermograms of composite A
and composite 0. For comparison purposes, the
thermogram of 2024A1 is also shown in the fig-
ure. The curve from 2024A1 in Fig. 1 shows four
zones: exothermic between 40 'C and 135 C due
to the formation of GP zones, endothermic bhe
tween 135 C and 260 C due to the dissolution of
GP zones, exothermic hetween 260 C and
320 C due to the formation of S’ precipitate,
and endothermic between 320 C and 450 C due
to the dissolution of 8’ precipitate. This result is
similar to those reported in Ref. [ 1]. The overall
characteristics of the compositeA and composite
O are not changed, but some aspects of the reac
tion are altered.

It can be seen that the addition of SiC rein-
forcements did not change the sequence of the
precipitation reactions in aluminum matrix, the
same precipitation and dissolution reaction oc
curred in the composites as in the unreinforced
2024 alloy, but the kinetics of the GP zone and
the S” phase formation and dissolution reaction
were changed in the composites. In composite
A, as the kinetics of the GP zone and the S’
phase formation and dissolution reactions were
decelerated, so its corresponding DSC curve was
shifted towards high temperature. While in com-
posite O, the exothermic peak corresponding to
GP formation was slightly suppressed, but the
exothermic peak corresponding to S’ formation
was accelerated, and a new peak appeared after

the S’ peak.
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Fig. 1 DSC curves of unreinforced 2024A1,

compositeA and composite-O

On the other hand, the addition of SiC par
ticles and mullite fibers also reduced the en-
thalpies of GP zone formation and S’ phase pre-
cipitation. According to the theory of thermal
analysis' !, the peak area on thermal curve in
Fig. 1 corresponds to enthalpy change caused by
corresponding reaction, and the relation between
reaction enthalpy (or reaction heat) and volume

fraction( V) of reaction product is as follows:

A, B,
- —+ -+
ME= Ty e W (U

where Al , represents reaction heat per mole,
M |, represents relative molecular mass of the pre-
cipitate, (, and {, represent densities of the pre-

cipitate and the sample, respectively.
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From the above equation, the change of re-
action entropy is directly proportional to the vol
ume fraction of reaction product. Table 2 shows
the enthalpies and temperatures for the forma
tion of GP zone and S’ phase.

Table 2 Enthalpies and temperatures for
the formation of GP zone and S’ phase

GP Zone S’ Phase
M aterials AH T, AH T,
I(Jeghy /°C I(Jeghy /°C
2024A1 9.2 83 28. 8 294
Composite A 8.3 108 6.9 311
Composite- O 7.5 93 4.2 272

4 DISCUSSION

As for the effect of silicon carbide addition
on the aging precipitation in 2024A1, it has been
reported that the aging precipitation of compos-
ites( including S” and 0) was accelerated by the
addition of silicon carbide. Nevertheless, when
examining the changing causes of DSC curves for
composite reinforced by silicon carbide particu-
lates and mullite fibers, it is believed that the ef-
fect of both silicon carbide particulates and mul
lite fibers should be considered.

4. 1 Lagging cause of composite A’ s DSC
curve

According to Lin’ s results!'', when asre
ceived silicon carbide was solely used as rein-
forcement, compared with unreinforced 2024Al
alloy, the precipitation of hoth GP zone and S’
phase was accelerated, and their corresponding
reaction enthalpies were obviously reduced, but
the overall characteristics of the composite was
not changed.

When using only asreceived silicon carbide
as reinforcement, on one hand, interfaces in the
material are increased largely; on the other
hand, due to the large difference of thermal coef-
ficients between ceramics reinforcement and alu-
minum( 1: 10). When being cooled from high
temperature, high densities of dislocation are
produced in the matrix. The increased densities

of dislocation result in increased diffusion speed

of alloy element. So the precipitation tempera
tures of GP zone and S’ phase are lowered, and
DSC curve shifts to lower temperatures. At the
same time, because the dislocation and interface
become the sunk of retained vacancies, the num-
ber of GP zones formed is reduced. Meanwhile
as alloy element segregates to the interface be-
tween SiC and Al or precipitates formed alone
the interface, the poorness of alloy element in
adjacent of interface and interior matrix is
caused, the formation of intermediate S’ phase
is suppressed or reduced. As a result, the en-
thalpies of GP zone and S’ phase are obviously
reduced.

Nevertheless, after using asreceived silicon
carbide and mullite fiber as reinforcement, on
one hand, the factors of silicon carbide causing
GP zone and S’ phase accelerative precipitation
still exist; on the other hand, the effects of short
mullite fiber could not be ignored.

After being added to 2024Al matrix, the
short mullite fibers have a strong affinity to alloy
element Mg because it contains some amount of
Si05 on the surface. Since the formation of hard-
ening precipitation requires a critical ratio of the
active alloy elements(i.e. Cu/Mg), such compo-
sitional variations should significantly alter the
age-hardening response of matrix alloys. This is
called chemical effect. On the other hand, large
amounts of introduced fiber/ matrix interface be-
come the sunk of retained quenched-in vacancies,
so large amounts of vacancies disappear on these
interfaces. According to Ref. [ 6], vacancies play
a key role in the formation of GP zone, because
they provide nucleating sites for the formation of
GP zone in all kinds of form. So the precipita
tion of GP zone is lagged behind. That is the so-
called physical effect. Due to the combination of
chemical and physical interactions, therefore the
available evidence suggests that the age precipr
tating is strongly impaired by short mullite
fibers, which was reflected in the results of
Friend'”" and Chen'®'.

TEM analysis shows that the S’ phases pre-
cipitating on the interface between mullite and
matrix( Fig. 2(a)) is far coarser than that on the
interface between SiC and matrix in composite A

(Fig.2(¢)).

It indicates that the suppression of
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Fig. 2 Microstructures of composite-A
(a) —Large S’ phase precipitated in mullite/ matrix interface;

(b) —Some spinel formed in mullite/ matrix interface; (c¢) —Morphology of SiC,/ matrix interface

mullite fiber to age hardening exceeds the accel-
eration of asreceived SiC to age precipitating,
therefore the entire composite A behaves as lag-
ging. And as the short mullite fiber contains
some amount of SiO, on its surface, some spinel
(MgALO4) is formed on mullite/ matrix inter-
face.

4,2 Explanation of composite O’ s DSC curve

According to our previous research!”, an
oxidation layer( namely, SiO;) of about 500 nm
will be formed on the surface of silicon carbide
after oxidation. During the initial processing and
fabrication of the composite, the oxidation layer
reacted with the magnesium in matrix to form a

11 1 ITRIT

Fig. 3

bandy reaction product, MgALO4(Fig. 3(¢)),
while only a small amount of tiny S’ phase pre-
cipitated on the interface between short mullite
fiber and matrix( Fig. 3(a)), and no spinel was
formed on mullite/ matrix interface( Fig. 3(b)).
These indicated that the affinity of oxidation on
silicon carbide’ s surface for magnesium exceeds
the affinity of short mullite fiber for magnesium.
As a result, the magnesium needed for aging
precipitation are largely attracted to the sur
roundings of oxidized silicon carbide, and the
chemical effect of short mullite fibers is greatly
reduced. Therefore, in comparison with asre
ceived silicon carbide, the effect of silicon carbide
on aging precipitation is largely accelerated.

HES T el

S0 rom

M icrostructures of composite-O

(a) —Small S’ phase precipitated in mullite/ matrix interface;

(b) —No spinel formed in mullite/ matrix interface; (b) —SiC,/ matrix interface
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M eanw hile, short mullite fiber’s physical
effect on aging precipitation still exists. So the
precipitation of GP zone remains suppressed, but
the extent of suppressing is reduced, which is
reflected from the precipitating temperature of
GP zone.

As for the duakpeak phenomenon of com-
posite O, it is related to the reaction occurred af-
ter addition of oxidized silicon carbide to 2024A1
matrix. The reaction formula can be expressed
as

28i0,+ Mg+ 2A1° MgALOs+ 2Si

[t means that there exists a precipitation of
silicon phase in the matrix, except for the for
mation of MgAl1,04 on the surface of oxidized sil-
icon carbide. In the course of DSC scanning, the
silicon phase which is dissolved into matrix after
sampl€e’ s solution treatment precipitates once a
gain near the temperature of 300 C, resulting in
the appearance of corresponding exothermic peak
in DSC curve. Similar phenomenon was also re-
ported in Ref. [ 10]. As for the reason for no du-
aFpeak phenomenon in the DSC curve of com-
posite A, probably it is due to the fact that the
silicon content formed in the reaction between
mullite fiber and magnesium in matrix is too
small.

5 CONCLUSIONS

(1) The addition of reinforcements did not
change the precipitation sequence of 2024 alloy
in both composite A and composite-O, but the
volume fractions of GP zone and S’ phase were
reduced.

(2) The aging precipitation process in com-

posite-A lagged behind that in 2024A1; while in
composite O, the precipitation of GP zone
slightly lagged behind that in 2024Al, but the
precipitation of S’ phase was accelerated, and a
new peak appeared after S° peak. It was be
lieved that these results were due to the interac
tions among matrix, silicon carbide particles and
mullite fibers.
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