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Abstract

The relation between the mechanical properties and the thermal residual stress related
to the various heat treatment processes has been studied for the unidirectionally aligned
SiC whisker reinforced aluminum alloy composites. Residual stress in the matrix was
measured with X-ray diffraction at triaxial stress states. The tensile residual stress was
mduced in the matrix of the SiCw / Al alloys composites due to the difference of the
thermal expansion coefficient between the reinforcement and matrix during cooling. The
tensile yield srength was decreased by the tensile residual stress, but the compressive one
was increased. It became clear that the X-ray tensile residual stress on the extrusion
direction in the as-quenched composites was strongly dependent on the yiqld strength of
matrix in the composites. The tensile yicld strength of the composites which restored at
room temperature after cooling down to liquid nitrogen was significantly increased by the
double effects due 1o both the decrease of tensile residual stress and the increase of l‘hc
average dislocation density in the matrix of composite. In the SiCw/Al-Li-Cu composite
aged isothermally after liquid nitrogen treatment, the further increase of the tensile
strength was obtained compared with that of the generally aged composites.

Introduction

In metal matrix composites, to have cooling processes from high temperatures, such as,
processes of fabrication, homogenization and solutionization treatments, thermal residual
stress should be induced in the composites by the differcnce in the coefficicnts of thermal
cxpansion between the reinforcement and the matrix( ACTE). When thc mechanical
propertics of the composites is investigated, in particular, the cffects of thermal residual
stress on them must be considered. Taya [1] has suggested that the thermal residual
stress was relaxed partially by the punching of dislocations into the matrix, and so the
clastic residual stress was existed in the matrix around reinforcements.

When aluminum alloy matrix composites reinforced with SiC whisker( SiCw/Al ) are
cooled down from high temperatures, the thermal residual stress may be induced
anisotropically in the composites duc 10 the shape of SiCw reinforcement. Mostof previous
studies [2] , however, have not estimated the @, stresses on the measurement of residual
stress in the mawix measured with X-ray analysis.  And also, the effects of residual
stress on mechanical properties have been  evaluated independently  without suflicient
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analysis to combine the residual stress with mechanical properties (3] .

In this study, the changes of the microstructures and the clastic residual s:t.lc'lcslqlr?lalcfi 1(1
different heat treatment processes are focussed to clarify the effect of resi ua S}lr}?ssi(il’
mcchanical propertics 1n SiCw/Al  composites. Furlheyxnorc, a new streng ??hlﬁ
mechanism for SiCw/Al-Li-Cu composite achieved by a simple heat treatment metho
will be proposed.

Experimental procedure

Preparation of materials

Aluminum alloy matrix composites containing SiC whisker reinforcements with volumle
[ractions from 15% to 30% were fabricaled by squeeze casting mclhod. Purc Al, A-‘
3mass%Mg, Al-6mass@Mg, Al-2.15mass%Li and Al—2.3masq%L1-2.8mass%Cu alloys
were used as matrix alloys. Details of fabrication of the composites are rcprescnted‘m_
Ref.4. All composites were extruded with an extrusion ratio of 10:1 at 753K after
homogenization for 48 hours. As-extruded Al-3mass%Mg, Al-6mass?%Mg and Al-Li

based alloy composites were solution

treated at 703K or 793K. . . .

Fig.1 shows a typical microstructure Extrusion direction

of as-extruded SiCw/Al composite
containing 20% V{, where SiCw are
well aligned unidirectionally along the
extrusion direction. X-ray samples
were cut from the center of extruded
composite bars with dimensions 3mm

X 6mm X 10 mm, after treated by the
various heat treatment  processes.
Tensile  and  compression  test
specimens were machined from as-
extruded composites with shapes of
$3mmX ¢ 6mmX $30mm and ¢

4mm X ¢ 10 mm, respectively, and
then heat wtreated under the same
conditions in X-ray mecasurement. . . - :
. . STOgr as-extruded
T'EM sampleswere prepared by cutting Fig.1 SEM micrograph of

and mechanical polishing o a thickness (S\l/Ci;‘g(/) %1)-6:1;1‘13/(;/;:124% ;151(1)(()))(/1 :ﬁg;}p:ﬁ;}lle
of S0 m, followed by ion milling of SiC whiskers for extrusion dircction .
( GATAN, DUAL-IONMILL) at

4.5kV and 0.5mA. Microstructures of compositcs were observed by a high resolution
transimission clectron microscope(JEOL, 200CX) operated at 200k V.

Heat treatment processes

In order to prevent the influence of polishing and surface oxidation, all X-ray samples
were heat treated in enclosed glass tube after surface polishing with diamond paste. Heat
treatment processes were four types as follows: (1) W.Q.(773K or 793K—293K), (2)
L.NAW.Q.—77K,1h—293K), 3)T6(W.Q.—473K, 1h—293K) and (4)L.N.—T6.  Al-Mg
alloy composites were heat treated by types of (1) and (2), and age hardenable Al-Li
bascd alloy matrix composites were subjected with all heat treatment processes.
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Residual stress measurements by X-ray analysis

Residual stress was measured by 331 diffraction of the aluminum matrix using sin”4
method on a X-ray diffractometer(RIGAKU, RINT2000) with Co Ka, operated at 40kV
and 30mA. The X-ray residual stress was obtained under the triaxial stress state( 0 ;3 #0)
with the following equations proposed by Noyan [5] .

€4y =(8/2) {0,cos8d+0 ,8in2d+0 psin’d-0 3} sin®B
+(8,/2) O+ 8(0 | +0 1+ T )
+(8,/2) {0 c08b+0,sind} sin29 ()

On the assumption of elastic isotropy, the X-ray clastic constants were defined, (?z/?-) =
(I+v)/Eand s;= - v /E in cquation(1). In this study, the X-ray Young's moduli of the

matrix alloys were assumed to be similar to that of the unreinforeed maltrix alloy mczwurcq
by the tensile test. The values of Young's moduli for Al-Li based alloys and the other

alloys were (s,/2)=1.7553 X 10°MPa!', 1.9349 X 10°*MP4d’ and s,=-4.395 X 1()“MR}",
4.845X 10°MPa’, respectively. From the relation between Bragg's cquationand the strain,
following equations were obtained.

£,, = Ad/d,

=(-cotd ;A26)/2 (A2 6 jradian) (2)
A= e} 72
== (1/4)cot 0, (28 4, +20 4. - 2X28 ) X(7/180) 3)
B={¢,,} /2
== (1/4)cot8 (20 4., 28 4., )X(10/180) €
N Z (03, €3)
Each sample was measured at ¢p=0" 45 1\

90° and P=0" 16" , £23° , £30" ,

+35° |, 40" |, 45" atcach fixed ¢ as

shown in Fig.2. Peak positions of 331  Extrusion
matrix  diffractions  were  precisely  direction
determined with the center of gravity
calculated using computer program and were
averaged by measured at three areas. It was
very difficult to obtain thelattice spacings(d ;)
at stress free state due to the difference of (g8
the matrix composition so that the lattice
spacings of as-quenched unreinforced matrix 7

alloy were used. On the other hand, most where, 01«01, G2= 022, O3 -03
previous studics had recognized that the

residual stress of a 0, was zero. Recent

Fig.2 Schematic illustration of relation
between extrusion direction and
studies [6] , however, have recognized coordinate systems for the samples.
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o .70, In this work, the @, stress were evaluated because Co Ko X-ray can penetrate
i3 ‘ ’ i
approximately 254 m.

Results and discussion

Microstructures
Microstrut 1wt +2

In metal matrix composites, a great deal of dislocation is gencrated in the matrix due o
the relaxation of the thermal residual stress which was induced by the difference in the

coclficient of thermal expansion during cooling. Shibata and Mori [7] showed that the
average dislocation density in the matrix increased proportionally with increasing the
temperature difference at cooling( AT). The increase of the average dislocation density in

the matrix give rise to the increase in yield strength( A ¢ ) of com posilcs as shown by
the following equation(5).

.

Ao, = aubp' (5

where b is Burgers vector, o is the increase in dislocation density over that of the matrix
density and o is a gcometric constant. Hansen [8] obtained a value for & of 1.25 for
aluminum. As shown in Fig3, the dislocation density in the L.N. composile |S_111gl}0|‘
than the W.Q. , as cxpected. If the dislocations in the L.N. composite dxdn'l pollgomlc
during heating up © room lemperature, the average dislocation density of the L.N.
composites will be much higher than that of the W.Q. composites. [t can be expected
the yield strength of the L.N. composites will further increase due to the increase of
distocation density. Because the temperature difference(AT) in the L.N. compostics was
a much larger than thatin the W.Q. composites.

X-ray residual stress

The residual stresses caused by W.Q. and L.N. treatments in SiCw/PurcAl composiles
containing whisker of 20% and 30% arc shown in Fig.4. Principal stress componcnts

(0,) indicatc a high tensile residual stress, while the shear residual stress(0y;) shows
a very small value. The whisker axial stress( @ ,,) in the W.Q. composites indicaics the
largest value, and those of the perpendicular directions to the extrusion direction are
approximately same values. The @ of the W.Q. composite increascs with increasing
whisker V{. In all composites, in particular, the tensile residual stresses( ¢y) extensively
decrease by L.N. treatment compared to them of the W.Q. composites. The rcason

why the above result that the compressive stress is induced by heating from liquid
nitrogen temperature to RT..

Relation between residual stresses and yield strengths

The relation between tensile yield strengths of 0.02% and 0.2% off sets and X-ray
residual stress( o) in the water-quenched SiCw/Al alfoys composites arc shown in
Fig.5. The tensile yield strengths increase with increasing the yicld strength of the matrix
in the composite, simultancously, the values of ¢, tend to increase with increasing the
tensile yield strengths in the composites. In almost all of the comp()silcs,‘ the \falu_cs of
o ,, arc good agreement with the values between 0.02% and 0.2% off sets in the various
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SiCw/Al alloys composites.  The above result can be applied 1© cstimate the tensile
yicld strengths of the water-quenched SiCw/Al composites without the tensile test.

Table 1 shows the diflerence (A 0 ,,=0 ™™= 0" ) of 0.2% yield strength in the tensile
test and that in the compressive test for variously  heal treated composites containing
207 V{.The A ¢, of the W.Q. and the L.N. composites becomes larger with incrcasing
magnesium content, which leads to the increasc of matrix yicld strength in the composites.

(a) W.Q. B.F.l. W.B.1.

o )
X i
% e .

500nm

(b) L.N. BFlI W.B.L

500nm

Fig.3 TEM images of the SiCw/Al-6mass7%Mg composites (V{=20%), which arc
(a) W.Q. and (b) L.N. trcated composites. Dislocation density in the matrix of the
L.N. composite is much higher than that of the W.Q. composite.,
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SiCw/ Pure Al composites
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Fig.4 The measured residual stresscs in the W.Q. and the L.N. treatment specimens
for the SiCw/Pure Al composites containing whisker VI of (a) 20% and (b) 30%.
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Fig.5 Relation between the 0.02% and 0.2% off setsin the tensile strength
and the residual stress of the whisker axial direction. The whisker axial stresses
agrec well with the values between 0.02% and 0.2% off sets in the tensile one.

The A 0, of the L.N. composites is much larger than that of the W.Q. composites with
the exception of the Al-Libinary alloy matrix composite. Becausc the phasc transformation
takes place during cooling from the solution treatment temperature in Al-Li alloy, the
influence of residual stress and dislocation on the yield strength in Al-Li alloys appcars
to be different from the other aluminum alloys.  Arsenault ct al. [10] suggested that
the existence of the tensile elastic residual stress in the matrix induced during cooling
decrcases the tensile yield strength in the SiC/Al alloys composites,but it increases the
compressive one. Thus, the A ¢, consequently indicates a positive value. This is well
agreed with the results obtained in this work.

To clarify the negative effects of tensile residual stress generated by various heat treat-
ments on the tensile yield strength of the composites, the calculated reduction ratios(c) of
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Table 1 The reduction ratios(e) of the tensile residual stress on the tensile
yield strength of the SiCw/Al alloys composites containing 20% VI.

(Aao,,/2)/

Matrix alloys W.Q. (MPa) L.N.(MPa)
aael . — - —
e Voo o [ om | oy a® | aw
Purc Al 2067 156.5 15.8 1865 1659 6.2
Al-3Mg 3387 2390 209 | 3467 2956 8.6
Al-6Mg 4365 3120 200 | 4571  366.7 12.3
A1-2.15Lj 269.9 2200 11.1 201.0 2380 111
2 1
AL | a0 2310 | 318 | 4180 3560 8.7
* Note: reduction ratio(e) = {( 08%'}’("—— oS I2Y /o X 100(%)

the W.Q. and the L.N. composites containing whisker VI of 20% arc shown in Table 1.

The reduction ratio(e) was calculated as follows: (%)
The average reduction ratio in the L.N. composites is approximately 10% and is smaller
than that of the W.Q. composites which is 20%. The decrease of the reduction ratio by
L.N. treatment resulted in the reduction of tensile residual stress in the matrix during
heating up to R.T., and then the increase of the tensile yield strength is obtained in the
L.N. compositc. ‘
The important point to notice in the LN. reatment is that the tensile yield strength is
significantly increased by the double effeets which are both the reduction of tensile
residual stress and the increase of average dislocation density in the matrix,

o T X 100,
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Fig.6 Relation between the tensile yield strengths and the vanous heat

trcatments on the SiCw/Al-Li-Cu alloy composites containing whisker V{
of (a) 15% and (b) 20%. The tensile yield strength in the L.N. - 473K, 1h
composite shows the largest value,
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Application of L.N. treatment

In our previous study {117 , it was clarified that a remarkablc age hardening in SiCw/
Al-2.3%Li-2.8%Cu alloy composile was obtained by the precipitation of T1(Al,CuLi)
phase which precipitated preferentially on the dislocation. As  mentioned before, the
dislocation density in the LN. compositc is much higher than in the W.Q. one. The
combination of the L.N. treatment and age hardening treatment was applied to the
SiCw /Al-Li-Cu alloy composites. Fig.6 shows the tensile yield strengths(0.2% off ‘set)
of the SiCw / Al-Li-Cu alloy composites containing 15% and 20% V. In all composites,
the composites T6 treated after L.N. treatment show the largest tensile yield strength.
This result can be explained by combining the strengthening mechanism of L.N. treatment
with the age hardening.

Conclusions

(1) The tensile residual stress in the unidirectionally aligned SiCw/Al alloy matrix
composites is induced anisotropically during cooling from solutionization temperature.
In the W.Q. composites, the stress( o ) in the whisker axial dircction is the largest one,
the 0,, and 0,; were approximately same (0,5 0,,) and the o, agrees with the
value between 0.02% and 0.2% off sets of tensile strength. _ o
The tensile residual stress in the L.N. compositcs is reduced by heating from liquid
nitrogen temperature to R.T.. The largest reduction of tensile residual stress caused by
L.N. trcatment 1s obtained in the 0, stress.

(2) The negative effect of the tensile residual stress on the tensile yield strength of

unidirectional SiCw/Al alloy matrix composites becomes larger in the W.Q. composites
than in the L.N. composites.

(3) The tensile yield strength of the L.N. composites is sufficiently increased by the

double cffects which arc the reduction of tensile residual stress and the increase of
dislocation density.

(4) By combining the L.N. weatment effect with the age hardening, the tensile yield

strength in the SiCw/Al-Li-Cu alloy composites is increased much more compared to that
of the generally T6 treated composites.
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Abstract

Laminated metallic composites are being developed for applications which require high
specific stiffness and fracture resistance. Recent work with Jaminated discontinuously reinforced
aluminum (DRA) materials has demonstrated the potential for marked improvements in stable crack
growth resistance via extrinsic toughening. The purpose of this work is to compare the {racture
mechanisms and fracture resistance of laminated DRA materials 1o unlaminated DRA materials. !n
particular, the production of extensive stable crack growth and the associated improvement 1n
damage tolerance in DRA laminates is documented.

Introduction

Discontinuously reinforced aluminum (DRA) materials benefit from an enhanced specific
stiffness which scales directly with the reinforcement volume fraction. This increase in modulus,
however, is accompanied by a decrease in fracture resistance when compared to the unreinforced
matrix.[1-4] DRA plate and sheet product exhibits a macroscopically brittle fracture where an
approximately flat fracture surface is produced. Fracture often occurs with little, if any evidence of
stable crack growth. Even in cases where some stable crack growth is observed, the degree of
crack stability is much less than that for an unreinforced aluminum alloy of 31m11z_1r
composition.[2,4,6,7] While the fracture resistance of DRA materials may be improved via
manipulations in particle size, particulate volume fraction, matrix composition, thermal treatment,
and specimen thickness [1-6], further improvements are necessary for more widespread structural
application. i

As a result, much research has focused on efforts to improve the fracture toughness of
DRA materials.[2-9] The extent of possible improvement in intrinsic fracture resistance appears to
be limited by the inherent damage mechanisms which operate in these materials.[5] For this
reason, extrinsic toughening mechanisms have been proposed as a route for the improved fracture
resistance of DRA materials.[2,5,8-18] As reviewed elsewhere[18], the goal of extrinsic
toughening is to reduce the driving force for crack propagation by changing the stress state at the
crack tip.

One method of utilizing extrinsic methods for toughness improvements on a macroscopic
scale in DRA materials is through laminated structures. [2,9-14,15-18] Previous work has been
performed on laminates consisting of layers of monolithic metals [20-24], but recent efforts have
focused on laminated structures containing alternating layers of DRA materials and unreinforced
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