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ABSTRACT

In a study of the deformation znd failune inechaniems in a spray fonped 2518 Al alloy
reinforced with 15% vol. Sic particulates, it was found thag this precessing route gives
conposites with excellent tensila and fracture properties, with the exception the
tensile ductility in the peak-aged comdition. Fajlupe iz, then, precipitated by the early
[raeture of coarse $iC particulates during deformation. Improvement of the tensile duc-
tility, while maintaining the fraciure totighness, requires a reduction of ke particulaie
size and also of matri inclusion content,
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INTRODUCTION
The mechayical properties of 4]jsm'|l.'.ixlm:n.:si:.r reinforead Al-hazed compaosites have been

abject of ncreasing attention in recent vears. The primary goal was to improve the ton-
sile ductility and fraciure toughness in order to meer the requireizents of the AEIDEDACT
and automative industries, and new manufacturing methods have been intradueed to
achieve the desired properties. Mot of the research was carried out on composites
procuced by various casting procedures {MNalkngawn and Gungor, 1950; Kemat et ai,
1989; Lloyd, 1991} or hot pressed by powder metalluray techniques (McDunels, 1985,
Lewandowski et af 1989 Arsenault ef ek, 19917, but very little informnation is availahle
about compasites mamifactured by atler ronates,

Spray forming offers an appealing alternative 1o hat isastatic pressing to praduce hj
performance particulate-reinforeed metal-matrix compasites [ MMC) &t lower cast, The
advantages of tlig technigue include reducad segregation levels, toleranee of tramp im-
pirities and ready incorporation of cermnge pi\rtltu?ﬂ.tea. The production of an ingot by
spray deposition can he accomplished by ntroducing the ceramic particulates into the
=tandard apray depasition meral procedure, ‘0g to co-deposition with ihe atomised
metal onto the substrate. If the canditions of atomising and particulate feeding are
caretully controlled, o very uniform disteibution of the articulates within the matrix
15 obtained and the matriz density s between 95 to ﬂﬁ';#jnf the thearetical ope U
1588,

The mechanisms of deformation and failure a embient temperature in a Apray formed
Al alloy-5iC particulates composite are studied here, Tlhe experimental determination
of the mechanica) Properties is complated with an aualysis of the fracture processes
by optieal and seanning clectran microscopy, and with the numerical simulation of the
evolittion of stresses and stzAinz in the matrix and in the reinforcement during composite
deformation. The results provide valuable information which may be uzed 15 Improve
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the fracture toughness and tensile ductility of spray formed composites by changing the
matrix chemical composition and the particulate size.

MATERIALS AND EXPERIMENTAL PROCEDURES

A spray formed 2618 Al alloy reinforced with 15 vol. % of coarse SiC particulates
(~ 16 pm in diameter) was used in this investigation. The material was supplied by
Cospray (Alcan Int. Ltd.) in the form of extruded rectangular bars (cross section 25.4
mm x 62.5 mm). After extrusion, the bars were solution heat treated at 530°C for
1 hour, water quenched, and cold stretched up to 2% to relieve the residual stresses
introduced by quenching. Afterwards, they were artificially aged at 190°C for 10 hours
to reach the peak-aged condition (T651), and tensile and fracture toughness specimens
were machined from the bars. Several specimens were then solution heat treated (1
hour at 530°C) to eliminate the effect of the prior thermo-mechanical treatments, and
naturally aged at room temperature ( T4). The unreinforced 2618 Al alloy also supplied
by the manufacturer, processed by the same route, was subjected to the same thermo-
mechanical treatment. The only difference between the composite and the control alloy
heat treatments was the aging time, which was increased to 24 hours in the unreinforced
material considering the faster precipation kinetics in the former (Suresh et al., 1989).

For each material and heat treatment two tensile tests were carried out in accordance
with ASTM Standard E8M. The average strain rate employed was 10~* sec=!. In
addition, two more tensile tests were performed on the composite material in the T4
and T651 conditions. The specimens were periodically unloaded during these tests to
study the evolution of the Young’s modulus during composite deformation. Duplicated
fracture toughness tests were carried out on compact tension specimens in the peak-
aged condition of the composite and unreinforced alloy. Specimen thickness was 25.4
mm, the crack being oriented in the L-T direction.

The fracture surfaces were examined by scanning electron microscopy to ascertain the
main failure mechanisms for each material and heat treatment. The chemical compo-
sition of the inclusions was determined by energy dispersive X-ray microanalysis. The
specimens periodically unloaded during the tensile tests were sliced through the center
in the loading direction with a low speed diamond wheel, using oil as a lubricant, and
metallographically polished. The polished surfaces were examined under optical and
scanning electron microscopes to study the failure mechanisms at a distance from the
fracture surfaces.

RESULTS

Tensile and fracture toughness properties of the materials tested are shown in Table 1
(each value is the average of two tests). The addition of the SiC particulates increases

Table 1. Ambient temperature mechanical properties
Material E Ty Ou €y K.

(GPa) (MPa) (MPa) (%) (MPam!/?)
2618 (T4) 70 222 470 164 —
2618 (T651) 70 418 445 72 22.7
2618+SiC (T4) 94 254 482 123 s
2618+SiC (T651) 95 484 503 4.1 21.3

the stiffness considerably (around 35%) and there are also improvements in the yield
strength, o,, and the failure strength, o,, as compared with the unreinforced alloys
in both the underaged and the peak-aged conditions. The fracture toughness is only
slightly affected by the ceramic reinforcement, and the value measured for the peak-
aged composite is very good. Two recent articles on fracture properties of particulate
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and whisker-reinforced MMCs (Goolsby and Austin, 1989; Roebuck and Lord, 1990
indicated that the valid K. values of MMCs with yield strengths in the range 350-50
MPa fall within a relatively narrow toughness range of 13-17 MPa m!/2, regardless of
the matrix composition and volume fraction of reinforcement.

The main limitation of this spray formed composite is the low ductility of the peak-
aged material, and subsequent studies were carried out to elucidate the causes of this
behaviour. The evolution of the composite Young’s modulus, E., with the applied strain
and stress is shown in Figs. la and 1b for the underaged and peak-aged conditions
respectively. The results plotted in F ig. la show that the damage (reflected in the
reduction in E.) develops very early but that the damage rate is higher in the peak-
aged composite. However, if the modulus is plotted vs the stress, both materials exhibit
very similar behaviour up to 400 MPa, and beyond that point the underaged composite
shows a faster drop in its elastic properties.
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Fig. 1. Evolution of the composite Young’s modulus with (a) strain (b) stress.

The fractographic analysis of the fracture surfaces shows that the unreinforced alloy
failed by the mechanism of nucleation, growth and coalescence of voids around inter-
metallic inclusions SFig. 2). Energy dispersive X-ray microanalysis indicated that these
inclusions were made up of Al Ni and Fe, the two latter having been added to the alloy
to enhance the microstructural stability under thermal exposure. The inclusions were
distributed within the Al alloy grains, at the grain boundaries and at the particulate-
matrix interfaces, and the average size was ~ 4 um, with an equiaxed shape. More
detailed analyses by X-ray diffraction confirmed that the inclusions were monoclinic
AlgNiFe (Zhang and Derby, 1991).

Microscopically, the composite fracture surfaces exhibit a ductile appearance (Fig. 3).
SiC particulates, with an average size equal to or larger than 10 pm, are present in the
fracture surfaces in both T4 (Fig. 3a) and T651 (Fig. 3b) conditions, although the
number of particulates is larger in the latter. Smaller voids, around the intermetallic
inclusions, are also seen, specially in the T4 temper. The matrix is heavily deformed
around the particulates and well bonded to them, as can be observed at higher magni-
fication (Fig. 3c), and interfacial debonding does not seem to play an important role
in the composite failure. Most of the SiC particulates show a clean fracture, although
some of them exhibit markings Ejsee arrow in Fig. 3c). These appear to be Wallner lines,
and were already reported in Si particulates fractured within an Al matrix (Healy and
Beevers, 1991).

The polished surfaces of the samples sliced through the middle provided more infor-
mation about the particulate fracture. Broken particulates were observed throughout
the gauge length and not only near the fracture surfaces for both heat treatments. The
broken particulates can be separated into two groups: large equiaxed particulates with
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ig. 3u. Fracture surface of 7618 A| allowy
13% SiC (T4).
o f L

i

Fig. 3b. Fracture surface of 2818 Al | 15% Fig. 3¢, Detail of 5i0 pacticilates ap
3iC (TE51). the fracture surface (1651 ).

A average diameter over 3 Ao (marked with A iy Fig. 4} and smaller opes with lurge
aspect ratio and oriented g the extrusion direetion twarked with B in Fig, 4 It i
not clear whether 01 these particulates wape broken dusing the tensile tests ar prior ta
testing, Be A result of the thermo-mechagies] treaticents. However, these results are jn

agreement with the drog in the vomposite clastic propertios during deformation and
with the presenee of broken particulatas in e fractured surfeces, which susrrests that
particulate fractuge is the mechanism responsibile of tha reduced ductility of this spray
formed MMC,

Fig. 4. Broken 50 particulates. Loading axis is horizontal,
DISCUSSION

The differences in ductility between the romposites in T4 and TG51 conditions arige
Lecavse particulace fracture takes place parlier during deformation in the latter, as iz
shown by the faster reduction in madulys and the larger mimber of broken partien-
lates faund on the fractnpe sudaces. The actual number of particulates broken during
deformation is difficult to aszess because it is Lkely that a significant munber crackee
when the material was extrided and stretchad, However, an estipation can he abe
ained from the work of Maochida gf of, (1381), who used a combination of Eshelby's
equivident inclusion methad and Mor-Tanaka's back stress analysis, to study the ef.
fact of cracled particnlates on the stiffpess of & MMC. Eshelby'a methad illustrates
the modificution of the elastic properties of a homogeneosos salid due to au ellipsidai
inclusion, With Mori-Tanaka's back stress analysis. the interaction betwesn twn types
of inhomogeneities Iparticulates and cracked particulates), and that between an inha-
mogeneity and the outep boaundary, is accounied for. So the results are valid even for
wrge volume fractiong of reinforcement. S0 particulates are sonsidered as apheres,
with elastic propertias given by £ =450 3Ps and 1. =017 {LLarea o2 al, 1991). Bro-
ken particnlates are wwodelled as peany-shaped eracks, (e crack plane perpendicular to
the loading axis. Tha MAtix elastic properties wers En=T0 GPa and b =033 The
relation betvwean (he composite Youne's modilug, £, and the matrix moduls is piven
i:ll}'

E. 1 (1)
E ST ————
B 1 Frl—rif b oo fr ;

x fraction of particulates, v the fraction of broken Particnlates, and
Ty Bnd wp are ot % which can be found in Mochida (1991). The voluipen fraction
of broken particulages, vy can be catimated from i1} a5 a function of the applicd strain,
and the rasules yra plotted in Fig. 5. It is clear that particulage fracture davelg very

ckly in the Ta5] condition and almes: oae third of fhe particulates are cracked for

where § ia the volu,
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an applied strain of about 0.03, leading to specimen failure. On the contrary, only 7%
of the particulates have been broken in the underaged composite at the same strain,
and r reaches 20% only after extensive plastic deformation. It is worth noting that
these values are upper limits because other factors, such as extensive cavitation in the
matrix, can contribute to the degradation of the Young’s modulus, especially for strains
very close to the fracture strain.

0.3 T

T T T
T651 Al 2618 + 15% SiC

T4

n L v 1
0 2 4 6 8 10
Strain (%)

Fig. 5. Volume fraction of cracked particulates as a function of the applied strain.

The limiting effect of particulate fracture in MMC’s ductility under monotonic (LLoyd,
1991) and cyclic loads (LLorca et al., 1992) has already been reported, but the role
of matrix strength on the volume fraction of broken particulates is not clear. Lloyd
(1991) found more cracked particulates on the fracture surfaces of peak-aged 6061 Al-
based composite reinforced with 10 and 20 vol. % SiC than on those of the underaged
material. With aging time there was an increase in the composites yield strength with
aging time, associated with a reduction in ductility. He also pointed out, however, that
particulate fracture extends throughout the gauge length in the T4 temper and it is
very localized around the fracture surface in the T6, with a larger number of broken
particulates in the former.

A finite element study was performed to ascertain the evolution of stresses and strains
in the matrix and in the reinforcement during deformation, and therefore the causes of
particulate fracture. The composite is modelled as a periodic array of identical cells.
Each cell has a particulate in the center, embedded within the matrix. Axisymmetric
cylindrical cells, which can be regarded as an approximation to a three dimensional
array of hexagonal cylinders, are used in the calculations (LLorca et al., 1991). Due to
the symmetry, only one fourth of the cell has to be analysed and the particulate shape is
cylindrical with equal height and diameter. Consideration is restricted to deformations
for which straight lines bounding each cell remain straight after deformation (this is a
stronger constraint imposed by periodicity). Further detailsof the boundary conditions
can be found in LLorca et ql. 1991). The particulates are considered to remain elastic
during deformation, whereas the Al matrix behaves as an elastic-plastic material, with
isotropic hardening and Von Mises flow rule. Matrix properties for each temper were
obtained from the tensile tests of the unreinforced alloy.

The results of the analyses are shown in Figs. 6 to 7. Contour plots of plastic strain in
the matrix for T4 and T651 tempers are presented in Figs. 6a and 6b respectively, when
the far-field strain is close to the fracture strain in each material. The presence of the
ceramic reinforcement gives rise to a localization of the strains in the matrix around the
particulates, even for small far-field strains. This strain localization is clearly observed
in Figs. 3a and 3b. As matrix deformation increases, the constraint imposed by the
surrounding cells leads to the development of large tensile hydrostatic stresses in the
matrix. The joint effect of strain localization (which produces void initiation around
the intermetallic inclusions by inclusion fracture or debonding) and triaxiality (which
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Fig. 6. Contour plots of plastic deformation in the matrix.
(a) T4, e= 0.12 (b) T651, e= 0.04.

SIGMA 1, MPa

) ) ‘ .00E+02
Fig. 7. Contour plots of the maximum tensile strength in .50E+02
the SiC particulates. (a) T4, e= 0.02 (b) T651L, e= 0.02. 00E+03
.25E+03

.50E+03

accelerates void growth rate) can produce the failure of the composite by the mechanism
of void coalescence. This phenomenon was analysed in detail by LLorca et al.(1991)
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who showed that the ductility in the Peak-nped condition is oy slightly lower than tat particulates lead to large interparticalate spacing, which improves the capacty of ep-

of the underaged materal when the commosite js reipdforced with Particulates, and the ey dissipation by plastic defarmation in front of 4he Ik Ep prier to itacture. The
volume fraction, size and shape of juelusions reman canslant. Hence this mechanian reduction in particulate sjze to enhiance the tansile ductility should be acenmpaed by
cannot be responsible for o twn fold reduction in ductility, as shown ia Table 1. ather actions to maincain the fractire properties. The vse of cleaner matriees, without
oy eI X g Jind

The contour Plots of the maximem principal stress in the S5iC particulanes are shown in e and Ni, seerus a o Asonable choice.
Fig. 7a and 7b for T4 and TG51 conditions Tpectively, when the far-field strain js HLUE. Acknowledgemeants
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