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Quenched and aged specimens of the A1-1.3 at. pct Cu-19.1 at. pct Si alloy were studied by 
X-ray diffraction. Since this alloy contains a high volume percentage ( - 2 0  vol pct) of second- 
phase Si particles, it is regarded as a model for a metal matrix composite (MMC). During 
isothermal aging of the solid-quenched Al-l .3 at. pct Cu-19.1 at. pct Si alloy, the Cu and Si 
atoms precipitate. This causes the Al-rich phase lattice parameter to increase from a value lower 
to a value higher than the lattice parameter of pure unstrained aluminum. Due to thermal misfit 
after quenching from heat-treatment temperatures, all lattice parameters are influenced by re- 
sidual stresses. A model describing the elastic/plastic accommodation of a misfitting spherical 
inclusion in an infinite matrix is adapted for the case of misfitting inclusions in a finite matrix. 
This model describes the measured lattice parameter shifts of the Si phase reasonably well. 
Comparison of the model for elastic accommodation and the model for elastic/plastic accom- 
modation with measured stresses shows significant discrepancies for the low-temperature range 
(AT < 200 K). These discrepancies may be related to the volume effect of defects (dislocations, 
vacancies) created in the plastic zone. 

I. I N T R O D U C T I O N  

R A P I D  solidification of aluminum alloys with a high 
percentage of silicon (about 20 at. pct) yields finely 
grained microstructures with a fine dispersion of silicon 
particles.tq By consolidation of the rapidly solidified rib- 
bons or powders, aluminum alloys with improved me- 
chanical properties as compared to conventional 
aluminum alloys can be produced. These improved 
properties, e.g., increased wear resistance and reduced 
thermal expansion, t2] make these alloys attractive for ap- 
plications like parts of combustion engines. In many as- 
pects, e.g., volume fraction, size, and thermal 
expansion of dispersed particles, the rapidly solidified 
aluminum alloys with a large silicon content resemble 
particulate-reinforced metal matrix composites (MMCs). 
Hence, these alloys are considered as in situ composites. 

The presence of reinforcing particles can influence the 
kinetics of precipitation in aluminum alloys, t3-6~ This in- 
fluence is usually explained as follows. The difference 
in shrinkage on cooling, due to the difference in the re- 
spective coefficients of thermal expansion (CTE) of the 
dispersed particles and the surrounding matrix, intro- 
duces a thermal misfit between particles and matrix. 
This thermal misfit is accommodated by elastic and plas- 
tic deformation of the matrix, r7] the latter implying cre- 
ation of dislocations. These act as extra nucleation sites 
(enhancing precipitation) or annihilate excess vacancies 
(retarding precipitation). Elastic stresses resulting from 
misfit accommodation can also influence precipitation 
phenomena, f81 
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alloys with a large silicon content with the possibility of 
age hardening of the matrix. The combination of a heat- 
treatable A1 matrix with the presence of silicon particles 
allows the study of important effects in MMCs, such as 
thermal stresses and precipitation. The nonisothermal 
precipitation in the solid-quenched Al-l .3  at. pct Cu- 
19.1 at. pct Si alloy was studied before, t9~ In the present 
work, the isothermal aging in the solid-quenched A1-1.3 
at. pct Cu-19.1 at. pct Si alloy is studied by measure- 
ment of lattice parameter variations of  the Al-rich and 
Si-rich phases. 

II. EXPERIMENTAL PROCEDURES 

A. Preparation of Specimens 

A high-purity Al- l .3  at. pct Cu-19.1 at. pct Si alloy 
was produced by melt spinning and subsequent extru- 
sion. The production route of the alloy was described 
earlier, t91 In the extruded alloy, the Si particle size is 
about 0.5 to 1 /~m. E9] From the center of the extruded 
bars, cylindrical specimens were machined with a di- 
ameter of 0.5 mm and length of about 5 mm. The axis 
of the specimen was parallel to the extrusion direction. 
These specimens were intended for X-ray diffraction ex- 
periments with a Debije-Scherrer (DbS) camera. 

The specimens were solution treated for 5 minutes at 
793 K in a vertical tube furnace and subsequently 
quenched in water at room temperature. An optical 
micrograph of a solution-treated specimen (Figure 1) 
shows that the Si particles are approximately spherical 
with sizes of about 1 to 2/zm. The grain size of the A1- 
rich phase is about 10/xm. A part of the specimens was 
stored at room temperature awaiting further experi- 
ments. Another part of the specimens was stored in liq- 
uid nitrogen. The corresponding indications are SQ/RT 
and SQ/LN,  respectively. The quenched specimens 
were aged at 423, 453, and 483 K. The quenched and 
aged specimens are indicated as SQ + A specimens, fol- 
lowed by the aging temperature. The aging treatment 
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was performed in an oil bath with temperature stability 
--+1.5 K and was terminated by a direct quench into 
water at room temperature. 

To study the effect of specimen size on the Al-rich 
phase lattice parameter after quenching, a melt-spun rib- 
bon (thickness - 5 0 / z m )  was aged for 700 hours at 423 
K and subsequently quenched in water at room temper- 
ature. This liquid-quenched and aged specimen will be 
referred to as LQ + A423. 

To study the effect of dissolved Cu and Si atoms on 
the Al-rich phase lattice parameter in the absence of Si 
particles, an A1-1.07 at. pct Cu-l.01 at. pct Si alloy was 
produced from 99.999 pct pure A1, 99.99 pct pure Si, 
and a 99.95 pct pure AI-50 pct Cu master alloy (all per- 
centages by weight) by conventional casting. The ingot 
was homogenized at 798 K for 5 days and subsequently 
quenched in water at room temperature. Filings were 
prepared from a slice cut from the ingot. These filings 
were collected in a quartz tube, homogenized for 2 hours 
at 798 --- 2 K, and subsequently quenched in water at 
room temperature. 

B. X-ray Diffraction 

For measurement of  the lattice parameter of  the A1- 
rich and Si-rich phases of the AI-1.3 at. pct Cu-19.1 at. 
pct Si alloy, X-ray diffraction experiments were per- 
formed using a DbS camera. Unfiltered copper radiation 
was used. Exposure time for the films was 3 hours. Dur- 
ing the exposure, the temperature inside the DbS camera 
at a point close to the specimen was measured and re- 
corded. Temperatures during the exposures were be- 
tween 294 and 297 K. Temperature variations during 
single experiments were typically about 0.5 K. Film type 
and development procedures were identical for all 
experiments. 

For each reported lattice parameter value, a single 
DbS diffraction experiment was performed. Accuracy of 
the line position measurements of the two lines corre- 
sponding to the highest diffraction angle was improved 
by taking the average of at least five determinations of 

Fig. 1--Optical micrograph of an SQ Al-l.3 at. pct Cu-19.1 at. pct 
Si specimen. 

their positions. The lattice parameters of  the Al-rich and 
Si-rich phases were determined using the Nelson-Riley 
extrapolation t~~ and were corrected for the average tem- 
perature during the exposure by adopting the CTE of 
pure aluminum and pure silicon: 23.5 10 -6 and 3 10 -6, 
respectively, tll~ All lattice parameters presented in this 
work are valid at 298 K. 

III. RESULTS 

The Al-rich and the Si-rich phases were always de- 
tected. The DbS experiments showed some variations of 
intensity of the diffracted A1 lines. This is evidence of 
a weak (extrusion) texture. In some cases, lines from the 
0 and/or  0' phases (both A12Cu) were also observed. No 
other phases were observed for any of the specimens. 
For the as-extruded (AE) specimens, the 0 phase was the 
only intermetallic phase observed. For SQ specimens, 
no intermetallic phase was observed. On artificial aging, 
the lines diffracted by the A12Cu phases appear after cer- 
tain times. After an A12Cu phase has been detected, it 
remains present at subsequent aging times studied. In 
Table I, the minimum aging times for the appearance of  
the A12Cu phases in SQ + A specimens are given. The 
lattice parameters of the Al-rich and the Si-rich phases 
in AE and SQ specimens are gathered in Table II. It is 
observed that the Si-rich phase lattice parameter after 
quenching and storage in liquid nitrogen (SQ/LN) is 
much larger than after quenching and storage at room 
temperature (SQ/RT).  The Al-rich phase lattice param- 
eter after SQ/LN is somewhat lower than after SQ/RT.  
For the AE specimen, the lattice parameter of the A1- 
rich phase is within the experimental error equal to the 
value for pure, unstrained aluminum (0.40496 nmt~2~). 

To obtain a reference value for the lattice parameter 
of pure, unstrained silicon, the lattice parameter of pure 

Table I. Minimum Aging Times, tin, Required for 
the Appearance of Lines Diffracted by the AI2Cu Phases 

in SQ+A Ai-l.3 At. pct Cu-19.1 At. pct Si Specimens 

SQ + A 4 2 3 K  SQ + A 4 5 3 K  SQ + A483 K 
tm (Hours) tm (Hours) tm (Hours) 

0' 8 3.5 2 
0 512 128 16 

Table II. Lattice Parameters of the AI-Rich and 
Si-Rich Phases (aAi and asi, Respectively) in an AE and 
four SQ Al-l.3 At. pct Cu-19.1 At. pct Si Specimens* 

aAl asi 
Specimen (nm) (nm) 

AE 0.40495 --- 0.00002 0.54284 - 0.00003 
SQ/LN1 0.40417 - 0.00004 0.54306 - 0.00003 
SQ/LN2 0.40422 --- 0.00003 0.54293 --- 0.00002 
SQ/RTI 0.40431 --- 0.00003 0.54254 -+ 0.00005 
SQ/RT2 0.40426 --- 0.00003 0.54254 -+ 0.00003 

*The SQ specimens were either stored at room temperature after 
quenching (RT) or in liquid nitrogen (LN). 
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silicon (NBS SRM 640 powder) was determined twice. 
This yielded asi = 0.54308 + 0.00001 nm. The mea- 
sured lattice parameters of the Si-rich phase in the A1- 
1.3 at. pct Cu-19.1 at. pct Si alloy are in all cases 
smaller than this value. 

The lattice parameters of the Al-rich and the Si-rich 
phases as a function of aging time are presented in 
Figures 2 and 3. It is observed that during aging at 483 
K, the Al-rich phase lattice parameters obtained from 
specimens stored at room temperature coincide with the 
ones obtained from specimens stored in liquid nitrogen. 
Thus, the difference in storage temperature between 
quenching and aging has no significant effect on the ki- 
netics of  aging at 483 K. Also, the Si-rich phase lattice 
parameter during aging at 483 K is not significantly in- 
fluenced by the difference in storage temperature. Dur- 
ing aging, the Al-rich phase lattice parameter increases 
from values around 0.4042 nm to about 0.4051 nm. This 
last value is significantly larger than the value for pure, 
unstrained AI (0.40496 nm). During aging, the Si-rich 
phase lattice parameter remains approximately constant. 
It is observed that the lattice parameter of the Si-rich 
phase decreases with increasing aging temperature. 

The DbS experiment on the aged melt-spun ribbon 
LQ+A423 yielded an Al-rich phase lattice parameter of 
0.40516 -+ 0.00002 nm. Besides Al-rich phase lines, 
only Si-rich phase lines and 0 phase lines were observed. 

The DbS experiment on the conventionally cast, ho- 
mogenized, and solid-quenched AI-1.07 at. pct Cu-l.01 
at. pet Si alloy yielded for the Al-rich phase lattice pa- 
rameter 0.40428 -+ 0.00001 nm. Only lines diffracted 
from the Al-rich phase were observed. 

IV. DISCUSSION 

A. Misfit Stresses for a Spherical Inclusion Embedded 
in a Plastically Deforming, Finite Matrix 

As the misfitting Si particles are mostly equiaxed and 
approximately spherical (Figure 1), a model for misfit- 
ting spherical particles will be used to explain observed 
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Fig. 2 - - T h e  Al-rich phase lattice parameters of  Al - l .3  at. pct Si 
specimens as a function of  time of  aging at the indicated temperatures; 
storage between quenching and aging was at room temperature (RT) 
or in liquid nitrogen (LN). The lattice parameter for pure, unstrained 
a luminum,  aA~, ~ is indicated. 

misfit strains. For a spherical inclusion B in a continuous 
matrix phase A, the misfit parameter e is defined as 

rO_r o 
e - [11 

r o 

where r ~ and r ~ are the radii of the free undeformed in- 
clusion B and the empty undeformed cavity in the matrix 
A, respectively. For the case of thermal misfit (misfit 
due to a temperature change, AT), the misfit parameter 
is given by 

e = ( a A  - -  an)AT [2]  

where etA and an are the coefficients of thermal expan- 
sion of matrix and inclusion, respectively. In the follow- 
ing, we consider the case of a positive misfit parameter, 
i.e., r ~ > roA. For the case of a negative misfit parameter, 
similar formulas can be derived. For the case of elastic 
accommodation of  misfit in an infinite elastically iso- 
tropical matrix, the inclusion (also assumed elastically 
isotropical) will be in a state of hydrostatic compression. 
The pressure inside the inclusion for an infinitely small 
volume fraction of inclusions is given by t~31 

PB = 3Kn (C - 1)e [31 

with 

3 K ~  
C = [4]  

3 g n + 4 ~ A  

where p, is the shear modulus and K is the bulk modulus. 
(Note that since C < 1, Pn is negative.) 

For a finite matrix, it is required that the surface of 
the matrix be traction free, i.e., that the stresses normal 
to the surface be zero. The boundary condition requiring 
that o-~ = 0 on the surface of the matrix, is equivalent 
to requiring that on any plane through the finite speci- 
men, the compressive stress in the inclusion is balanced 
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Fig. 3 - - T h e  Si-rich phase lattice parameter of  AI-1.3 at. pct Cu-19.1 
at. pct Si specimens as a function of time of aging at the indicated 
temperatures; storage between quenching and aging was at room tem- 
perature (RT) or in liquid nitrogen (LN). The lattice parameter for 
pure, unstrained silicon, a~,  is indicated. 
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19y tensile stresses m the matrix. In a spherically sym- 
metric case, this can be obtained from the solution of 
the stresses in the infinite matrix by adding a uniform 
hydrostatic stress. This balancing stress is usually 
termed the image stress, pi. Assuming that the stress 
state in the inclusions is not disturbed by interaction of 
stress fields, the balance of forces requires 

pi + YBP8 = 0 [5] 

where yB is the volume fraction of inclusions. (Note that 
pi is positive and hence represents a hydrostatic tension.) 

Lee et al. ~ calculated the stress state in the case of 
a spherical misfitting inclusion in an infinite matrix 
which deforms plastically around an inclusion. In their 
model, the matrix is assumed to be a perfectly plastic 
material (nonstrain hardening), the flow stress-strain be- 
havior is assumed to be independent of strain rate and 
of stress orientation, and both inclusion and matrix are 
assumed to be isotropic. The yon Mises yielding crite- 
rion is used. This criterion states that yielding occurs 
when an equivalent stress, Ore, exceeds the yield stress, 
try, where tre is given by (using polar coordinates) 

1 
tre = ~ [ (Or  --  0"0) 2 

4- (O'r - -  0"0) 2 4- (O'~p --  O'r)2] 1/2 [6]  

For the case of a spherically symmetrical stress state, 
this equation is reduced to 

= Itr  - -  ' 01 [ 7 ]  

Lee et al. i~4j obtained the following expressions for the 
stress components in the inclusion, in the plastically de- 
formed matrix, and in the elastically deformed matrix, 
respectively: 

O'r = Or0 = PB r < a [8a] 

cr~=cro- t ry=2try ln(r )  +PB a<-r<-rp [8b] 

O'r = --2tr0 = --3 try r > rp [8c] 

where rp is the radius of the plastically deformed zone 
and a is the radius of  the inclusion. Thus, the inclusion 
is in a state of uniform hydrostatic compression. Since 
the stresses at the plastic front must be continuous, it 
follows that 

rp = a exp [91 
2try 

From the spherical symmetry, it follows that the dis- 
placements are all radial:  ~4~ Hence, it is not necessary 
to assume either a coherent or a noncoherent interface. 
Continuity conditions of displacements and radial 
stresses at the precipitate/matrix interface yield an 
expression from which pB can be evaluated: 

6rjtxe 1 + P ~  PB = e x p  - - - -  1 [10] 
Cry 3KBe 3KAAe 20"y 

where ~7 = (1 + v)/3(1 - u) (v is Poisson's ratio of the 
matrix). 

Now consider the case of a spherical inclusion with 
radius a in a spherical matrix with radius R. From the 
spherical symmetry follows that in this finite specimen, 
the radial components of the stresses are obtained by 
adding the image stress, pi, to the stresses in the case of 
the finite matrix: 

C r r = P s + P i  r < a  [ l la]  

o'r = 2O-y In + p ~ + p '  a<--r<---rp [ l lb]  

Or = 30"Y + p '  r>rp  [ l l c ]  

Since the boundary equation requires that O'r = 0 on the 
surface, the image stress can directly be obtained from 
Eqs. [ l lb ]  and [ l lc] :  

p i =  _ p B _ 2 o . y l n ( R )  R < r e  [12a] 

l 

3 o-y R ~ rp [12b] 

The volume fraction of precipitates can be substituted for 
the ratio a/R: 

3 

and the combination of Eqs. [9], [10], [12], and [13] 
gives the image stress in a composite with a spherical 
inclusion. 

Finally, it is assumed that the average image stress in 
a multiparticle composite equals the image stress ob- 
tained previously for a one-particle composite. 

B. Influence of Dissolved Atoms and Thermal Misfit 
Stresses on Lattice Parameters 

For both homogeneous A1-Si and homogeneous AI-Cu 
alloys, the lattice parameter of the Al-rich phase, aAl, is 
proportional to the fraction of alloying atoms dissolved 
in the Al-rich phase, Xsi and Xcu. t~3,~Sj Since in many ter- 
nary alloy systems the lattice parameter can be calcu- 
lated from binary data using additive relationships, tl6j it 
is assumed that the effects of both alloying elements are 
independent and additive; i.e. 

Aa~l  
- -  = PsiXsi  4- PCuXCu [14] o 
aAI 

where a~t is the lattice parameter of pure unstrained alu- 
minum, Aa~,l is the lattice parameter shift due to dis- 
solved ator]as, and Psi and Pcu are the Vegard constants 
for Si and Cu atoms dissolved in the Al-rich phase, re- 
spectively (Psi = - 4 . 3 0  10 -2t~3~ and Pcu = -1 .18  
10-1t151). The assumption of additivity can be checked 
for the homogenized A1-1.07 at. pct Cu-l.01 at. pct Si 
alloy. For this alloy, it was found that aA~ = 0.40428 --+ 
0.00001 nm. Applying Eq. [14], one finds aA~ = 
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0.404273 nm. Hence, it is concluded that the effects of 
Si and Cu atoms dissolved in the Al-rich phase are in- 
deed additive. 

At the solution-treatment temperature applied to the 
ternary A1-Cu alloy with silicon particles, the copper 
atoms can be completely dissolved. The silicon solubil- 
ity at this temperature is obtained from Reference 18. 
As long as no significant precipitation occurs, the com- 
position of the Al-rich phase can be considered to remain 
equal to the one just after solid quenching. 

For both the AE and the LQ + A423 specimens, the 
Al-rich and the Si-rich phases were shown to be present 
together with the 0 phase. No O' phase was detected. 
Therefore, the composition of the Al-rich phase is sup- 
posed to be equal to that given by the equilibrium solvus 
of the AI-Cu-Si system at the extrusion (for AE) or aging 
(for LQ + A423) temperature. 

By applying Eq. [14], it follows that the measured 
Change of the Al-rich phase lattice parameter on aging 
stems largely from the simultaneous precipitation of sil- 
icon and copper atoms. The beginning of the increase of 
the Al-rich phase lattice parameter during aging of the 
SQ specimens coincides with the detection of 0' phase 
(cf. Table I and Figure 2). This phase remained present 
during the entire range of aging times. The equilibrium 
0 phase was detected at the very end of the aging when 
the Al-rich phase lattice parameter had reached a sta- 
tionary value (cf. Table I and Figure 2). Therefore, it 
can reasonably be assumed that Xcu at the end of the 
aging times applied can be obtained from the if-phase 
solvus. Since, after aging, Xsi at these temperatures can 
be neglected, the 0'-phase solvus in the A1-Cu system is 
used to obtain the value of Xcu at the end of the aging 
times applied. 117] 

On the basis of the foregoing, the values of the A1- 
rich phase lattice parameter for specimens free of 
thermal stress, dependent only on Xsi and xc,, adj, are 
calculated and gathered in Table III. The misfit stresses 
resulting from thermal misfit after heat treatment are ex- 
pected to exert a significant influence on the Al-rich 
phase lattice parameter (e.g., Reference 13). The mag- 
nitude of this effect is equal to 

Aa~l = a~,t-  aaAi [15] 

where a~,l is the experimentally obtained Al-rich phase 
lattice parameter. The values for Aa:l thus obtained are 
presented in Table III. 

It is noted that at each of the three aging temperatures 
applied, the thermal misfit effects before and after pre- 
cipitation are equal within the experimental error. This 
gives a further indication that the calculations of the ef- 
fects of dissolved atoms on the Al-rich phase lattice pa- 
rameter are correct and that the effect of misfitting 0 /  
0'-phase particles on the lattice parameter is negligible 
(Section C). 

Below the eutectic temperature the solid solubility of 
A1 in the Si-rich phase in binary A1-Si is less than 
10-5. tlsl The maximum solid solubility of Cu in the Si- 
rich phase in binary Si-Cu is about 2 x 10-5. 091 These 
amounts of atoms dissolved in the Si-rich phase are too 
small to cause any measurable change in the lattice pa- 
rameter of the Si-rich phase. Also in the ternary system 
the solubilities of A1 and Cu in the Si-rich phase are 

negligible, t2~ Thus, the lattice parameter ot the bi-ric,JL 
phase is not influenced by dissolved atoms. 

C. Comparison of Observed Thermal Misfit Strains 
with Model Predictions 

1. Introduction 
In the present alloy, the products of CTE and volume 

fractions of 0' or 0 phase are too small to cause a sig- 
nificant lattice parameter change, t2q As the volume frac- 
tion of Si particles precipitating during aging is 
negligible compared to the volume fraction of Si parti- 
cles already present, the contribution of precipitated Si 
particles to the image stress can also be neglected. 

Finite element analysis of misfit stresses in a two- 
dimensional aluminum-based composite with inclusions 
of a size similar to the Si particles in our alloy indicates 
that disturbance of the average hydrostatic stress at the 
surface occurs in a layer of about 7 /zm. t221 The pene- 
tration depth of X-rays in aluminum is much larger, and 
the effect of surface relaxation on the stresses deter- 
mined by X-ray diffraction is about 2 pct.t221 Considering 
the accuracy of  our lattice parameter determinations, 
surface relaxation effects are negligible, t231 

For the LQ + A423 specimen, the penetration depth 
of the Cu K~ X-rays in aluminum (about 75/zm) is larger 
than the thickness of the specimen (about 50 /xm). 
Hence, the value of Aa~l calculated for this specimen is, 
in close approximation, the average over the entire spec- 
imen. One might suggest that variations of (the hydro- 
static component of) the stresses over a range of about 
100 to 200/zm below the surface of the SQ + A spec- 
imens, for which the diameter (500/zm) is much larger 
than the penetration depth of the X-rays, can signifi- 
cantly influence the measured lattice parameters. How- 
ever, the fact that Aa~,~ calculated for the LQ + A423 
specimen is within experimental error equal to the one 
calculated for the SQ + A423 specimen (Table III) in- 
dicates that also for SQ + A specimens, the long range 
variations of the stresses (if present) do not significantly 
influence the lattice parameters. 

Thus, the lattice parameter shifts caused by the ther- 
mal misfit stresses, Aa~, can be obtained directly from 
the image stress and the bulk moduli. For the elastically 
deforming part of the matrix, it holds that 

Aa"~ pi 
- [ 1 6 ]  

aA 3KA 

The stress in the inclusion is the sum of the image stress 
and pB. Hence, it holds: 

Aa'~ pB + p i 
- -  - - -  [ 1 7 ]  

aB 3KB 

A problem in the evaluation of the formulas for the 
misfit stresses is the anisotropy of aluminum and silicon. 
The theory described in Section A, which is based on 
noninteracting stress fields and isotropy of inclusions 
and matrix, predicts that the inclusions are in a state of 
hydrostatic stress. In that case, the strains in the Si par- 
ticles are determined solely by the Sl~ and Sl2 elastic 
compliancies of the Si inclusion. Interaction of stress 
fields and anisotropy of the phases in the alloy will cause 
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Heat Treatment 

LQ + A423, t = 700 h 
AE 
SQ/RT 
SQ + A423, t < 1 h 
SQ + A453, t < 0.3 h 
SQ + A483, t < 0 . 1  h 
SQ + A423, t > 200 h 
SQ + A453, t > 100 h 
SQ + A483, t > 10h 

Al-Rich Phase Lattice 
Parameter 

AT Xc, Xsi a~l a~l Aa]l 
(K) • ( 102) • ( 102) (nm) (nm) (pm) 

*The difference, Aa:~, is ascribed to thermal misfit. 

130 0.01 0 0.40496 0.40516 
360 0.5 0.2 0.40469 0.40495 
500 1.59 1.05 0.40402 0.40428 
130 1.59 1.05 0.40402 0.40421 
160 1.59 1.05 0.40402 0.40424 
190 1.59 1.05 0.40402 0.40431 
130 0.11 0 0.40490 0.40510 
160 0.15 0 0.40489 0.40512 
190 0.27 0 0.40483 0.40511 

0.20 
0.26 
0.26 
0.19 
0.22 
0.29 
0.20 
0.23 
0.28 

Table IV. Coefficients of Thermal 
Expansion, Elastic Constants, and Yield Strength 

deviations from the pure hydrostatic stress state in the 
inclusions. Providing that these disturbances are small, 
it is justified to obtain the elastic constants of  the Si in- 
clusions from the Sll and S~z compliancies, till The an- 
isotropy of aluminum is relatively small. For this reason, 
the elastic constants of  polycrystalline aluminum are 
used for the calculations, till The yield strength of the A1- 
1.3 at. pet Cu-19.1 at. pet Si alloy was estimated to be 
equal to the yield strength of an AI-1.6 at. pet Cu in the 
T4 condition (200 MPa).t2~ The relevant material prop- 
erty values are gathered in Table IV. 

The effect of  variations in the yield strength on lattice 
parameter values is shown in Figure 4. In this figure, 
values of  Aapt/Aaet, where Aapt is the lattice parameter 
shift calculated with the elastic-plastic model and Aaet is 
the lattice parameter shift calculated with the elastic 
model, are given as a function of the yield strength of 
the matrix for AT = 153 K. In the case of  plastic ac- 
commodation (Eqs. [9] through [13] and [16]), the av- 
erage lattice parameters of  the elastically deformed part 
of  the matrix and of the plastically deformed part of  the 
matrix are different. Hence, in Figure 4, three values of  
AapJAaet are given for the matrix: one for the elastically 
deformed part, one for the plastically deformed part, and 
an average value of Aapt/Aa~t, as obtained from the av- 
erage volume change of the entire matrix (plastically and 
elastically deformed zones).* As plastic deformation 
will not occur in the inclusions (they are in a hydrostatic 
stress state), only one value of Aapt/Aaet is given for the 
inclusions. From the calculations, it follows that for O-y 
< 100 MPa, overlap of the plastic zones occurs, which 
might limit the applicability of  the model. 

Figure 4 shows that the lattice parameter of  both the 
elastically deformed zone and the average lattice param- 
eter of  the matrix vary only slightly when the yield 
strength is varied around the value of 200 MPa. Hence, 
an inaccurate estimation of the yield strength of the ma- 
trix has only limited influence on calculated Al-rich 
phase lattice parameters. Figure 4 also demonstrates that 
the yield strength of  the matrix has a profound influence 
on the lattice parameter shift of  the inclusion. 

2. The Al-rich phase lattice parameter 
In Figure 5, the experimental values for AamAl/aA1 

(Section B) are plotted as a function of the temperature 

a K /~ cry 
(10 -6 K - l )  (GPa) (GPa) (MPa) 

Matrix 23.5 69 27 200 
Si phase 3.0 99 51 - -  

1.0 
~. - -  e - ~ t i ' ~ p ~ ~ ~ ~  - S ' ' ' ~ -  

~ /  average of matrix 
0.8' 

A 
' 0.6'  

~ 0.4' 

0.2' 

0.0 
0 

Table 111. Lattice Parameters of the AI-Rich Phase as 
Measured (a~,t) and as Calculated for Strain Free Specimens (dAO* 

100  2 0 0  3 0 0  
yield strength (MPa) -> 

Fig. 4 - - T h e  lattice parameter shifts calculated with the elastic-plastic 
model divided by those for the elastic model as a function of  the yield 
strength of  the matrix for AT = 153 K: (1) the value for the elastically 
deforming part of  the matrix (only influenced by Pi); (2) the value for 
the plastically deforming part of  the matrix (as obtained from the aver- 
age volume change of  that part of  the matrix); (3) the average value 
for the matrix (as obtained from the average volume change of  the 
matrix); and (4) the value for the inclusion. 

drop AT. The values for pure elastic accommodation 
(obtained from Eqs. [3] through [5] and [16] are rep- 
resented by the straight line through the origin (line A). 
For the case of  elastic/plastic accommodation, line B 
gives Aa~An/aA~ for the elastically deforming part of  the 
matrix (representing the maximal lattice parameter shift 
possible at any location in the matrix). Line C gives the 
average value of Aa~l/aAI as obtained from the average 
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SQ+A underaged 
+4- SQ+A overaged A . ~  

8 .  § 

'e AN 
. / /  / 

d4 

2 

0 200 400 
AT (K) -> 

Fig. 5--Measured data (Table III) and model predictions of the lat- 
tice parameter shift of the Al-rich phase due to accommodation of 
thermal misfit. Line A gives the latticc paramcter shift for the casc 
of pure elastic accommodation. For the case of elastic/plastic accom- 
modation, both the lattice parameter shift of the elastically deforming 
part of the matrix (line B) and the average lattice parameter shift of 
the matrix (line C) are given. For AT < 84 K, no plastic accommo- 
dation occurs according to the von Mises criterion. 

volume change of the entire matrix (plastically and elas- 
tically deformed zones).* 

*It should be noted that this calculation of the lattice parameter shift 
for the matrix implicitly assumes that the centroid and the peak po- 
sition of a diffracted line are situated at the same diffraction angle. 
Available experimental evidence ~z4x indicates that possible effects are 
negligibly small. 

It is observed that the measured value of AamAl/aAl for 
the SQ specimen corresponds fairly well with the theo- 
retical predictions for plastic/elastic accommodation. 
The value for the AE specimen is rather larger than the 
predicted value for plastic/elastic accommodation, 
whereas the values for aged specimens are much larger 
than the theoretical predictions for both models. For 
these low values of AT, AamAJaAl appears to be pro- 
portional to AT. Alternatively, one could suggest that if 
the observed deviations from the model predictions are 
related with a deviation from ideal plastic behavior of 
the matrix, AamAJaAl for AT lower than 84 K (where 
according to the yon Mises criterion, only elastic accom- 
modation occurs) would correspond to the model pre- 
diction for elastic accommodation. To clarify this point, 
additional DbS experiments were performed on a spec- 
imen that was aged for 4, 24, and 200 hours at 365 K 
and subsequently quenched in water. For these experi- 
ments, the specimen which was previously aged for 512 
hours at 453 K was chosen. The additional aging at 365 
K failed to produce any significant changes in either the 
Al-rich phase or the Si-phase lattice parameter. Appar- 
ently, this aging temperature is too low to relieve the 
stress state that was introduced by cooling from the ini- 
tial aging temperature (453 K), and after subsequent 
cooling to room temperature, this stress state was 
restored. 

It is assumed that the value of the average hydrostatic 
stress is not influenced by the weak texture or by elastic 

anisotropy. As the radius of the deformed zone around 
the inclusion is on the order of 1.2 to 1.5 times the radius 
of the inclusion (about 2 tzm) while the grainsize is about 
10 /zm, only a very small volume fraction of the plas- 
tically deformed zones is influenced by grain bound- 
aries. Hence, the overwhelming majority of the 
dislocations created due to thermal misfit is not affected 
by grain boundaries, and it is assumed that grain size 
does not influence the misfit stresses. 

Van Berkum et al. t25J studied the relaxation of stresses 
in A1-Si alloys which were cooled to room temperature 
after aging at 453 K. It was found that about 50 pct of 
the lattice parameter shift due to thermal misfit stresses 
is relaxed in 12 years aging at room temperature (full 
relaxation was not observed within the longest natural 
aging time studied (12 years)). Assuming an activation 
energy for dislocation movement of about 1.2 eV, [261 it 
can be shown that relaxation at the aging temperatures 
applied occurs within a few minutes. These estimated 
relaxation times are in agreement with the Si-rich phase 
lattice parameters during aging (Figure 3), which reach 
a stationary value that is different from the one after 
quenching within the first aging interval of 3.75 min- 
utes. Hence, it is unlikely that the Al-rich phase lattice 
parameters after aging are influenced by the dislocations 
created on quenching. 

For several Al-based composites, the predictions of 
Eshelby-type models (e.g., References 27 and 28) for 
the stress in matrices due to elastic misfit accommoda- 
tion are also lower than the measured stresses, t29-32] Ap- 
plication of the von Mises criterion indicates that plastic 
accommodation occurred for the cases reported. Appli- 
cation of the present model for elastic/plastic accom- 
modation of misfitting spherical inclusions in a finite 
matrix yields lattice parameter shifts which are smaller 
than in the case of pure elastic accommodation. Hence, 
application of the present model enlarges the discrep- 
ancies between model predictions and measured 
stresses. 

It can be shown that the observed lattice parameter 
shifts are within the limits given by the requirement of 
conservation of energy, t21~ In other words, the energy re- 
leased due to plastic relaxation is sufficiently large to 
provide the elastic energy of the observed image 
stresses. This would imply that during plastic relaxation, 
the energy related to microstresses (i.e., short-range 
stresses around misfitting Si particles) is reduced while 
the energy related to macrostress (i.e., the long-range 
stress which determines the average lattice parameter) is 
increased. An indication that the transfer of energy as- 
sociated with the microstresses to energy associated with 
the macrostress during the creation of defects in the plas- 
tically deformed zone, as suggested earlier, can occur in 
composites is found in work by Mittemeijer and co- 
workers. I25'29] They have shown that in AI-Si alloys 
quenched from 447 K to room temperature, the average 
macrostrain is larger than the model predictions based 
on pure elastic accommodation while the microstrains 
are lower than predictions based on the same model. 

As the observed positive deviation of the image 
stresses from the theoretical predictions can only be re- 
lated to additional misfit, the preceding discussion sug- 
gests that the average volume of the plastically deformed 
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zone is increased as a result of plastic deformation, caus- 
ing additional misfit. Hence, defects created in the plas- 
tic zone (for instance, dislocations, vacancies, and 
subgrains t33]) are expected to increase the average vol- 
ume of this zone.* 

*It is well known that dislocations and vacancies increase the Spe- 
cific volume of  metals. 134'351 Volume changes observed after plastic 
deformation in uniaxial tensile experiments,  however,  are too small 
to explain the observed effects in our alloy. This may be due to the 
different spatial arrangement of  the defects. Further, it is noted that 
the plastically deformed zone around misfitting inclusions in a com- 
posite is in a complex triaxial stress state, which may interact with 
the defects present in this zone. In contrast, a piece of material which 
is plastically deformed in a uniaxial tensile test is nearly stress free 
after removal of  the applied force. 

Up to this point, it has been assumed that during aging 
the specimens are free of thermal stress. This assumption 
is supported by the data on room-temperature stress re- 
laxation of van Berkum et al. ~25] discussed earlier. How- 
ever, aging of plastically deformed metals can partly 
annihilate the dislocations introduced by plastic defor- 
mation but may not eliminate the plastic deformation it- 
self. Hence, it is conceivable that the plastic strains 
introduced by solid quenching are, at least partly, re- 
tained during aging. Then these retained plastic strains 
can influence the stress state after cooling from the aging 
temperature. In an extreme case, heating to the aging 
temperature, aging and subsequent cooling to room tem- 
perature do not alter the stress state at all, and as a con- 
sequence, the stress state present after solid quenching 
is restored after aging. This can explain why the Al-rich 
phase lattice parameter shifts due to thermal misfit 
stresses after aging are quite close to the one after solid 
quenching (all shifts are in the range 4.5 to 7 • 10 -5 
agi; Figure 5). It can even explain why aging at 365 K 
failed to produce any changes in either the Al-rich or the 
Si-rich phase lattice parameter, as discussed previously. 
Of course, this does not totally exclude the possibility 
of stress relaxation during aging. For instance, the sharp 
change of the Si-rich phase lattice parameter after 3.75 
minutes aging as compared to the Si-rich phase lattice 
parameter after solid quenching (cf. Figure 3 and 
Table II) indicates relaxation of stresses around Si 
particles. 

3. The Si-rich phase lattice parameter 
In Figure 6, the values for the thermal misfit effect on 

the Si-rich phase lattice parameter based on the theory 
for elastic and for elastic/plastic accommodation 
(Eqs. [9] through [13] and [17]) are compared with the 
experimentally observed values. It is observed that the 
lattice parameter shifts predicted by the elastic model are 
significantly larger than the observed values. The cal- 
culated values for the elastic/plastic model correspond 
reasonably well to the observed values. 

Since the amount of atoms that can be dissolved in the 
Si-rich phase is too small to cause any measurable 
change in the lattice parameter of this phase, deviations 
of the Si-rich phase lattice parameter from the value for 
pure, unstrained Si can only be caused by stresses. The 
Si-rich phase lattice parameter after solid quenching and 
subsequent storage in liquid nitrogen is close to the value 
for pure unstrained Si (Table II), whereas the value after 

solid quenching is much lower than the value for pure 
unstrained Si. As the elastic stresses in the inclusion are 
balanced by the elastic stresses in the Al-rich matrix, the 
Al-rich phase lattice parameter should decrease due to 
the storage in nitrogen. This is indeed observed 
(Table II). Ericsson e ta / .  t36] observed that quenching in 
liquid nitrogen reduces the internal stresses in the A1- 
rich phase of a 6061 aluminum alloy reinforced with SiC 
whiskers by about 70 pct as compared to quenching in 
water at room temperature. Since the CTE of SiC, like 
the CTE of Si, is also much lower than the CTE of A1, 
this reduction of stresses is thought to stem from the 
same causes. 

In attempting to explain the observed effect of storage 
in liquid nitrogen, it is first noted that the theory incor- 
porating plastic accommodation as given in Section A 
cannot be used in this case, since (1) large overlap of 
plastic zones is expected to occur, and (2) the theory 
does not predict stresses and plastic strains for the case 
of multiple temperature changes of opposite sign. 
Figure 6 shows that directly after solid quenching (AT 
= 500 K), the absolute value of the lattice parameter 
shift of the Si-rich phase is much smaller than the pre- 
dictions based on the theory for pure elastic accommo- 
dation. This indicates plastic deformation of the matrix. 
On quenching specimens in liquid nitrogen, the thermal 
misfit at the storage temperature is increased. The theory 
for elastic/plastic accommodation indicates that this in- 
crease in misfit leaves Aasi nearly unchanged (Figure 6). 
Hence, the additional misfit is mainly accommodated by 
plastic deformation of the Al-rich phase. When, after the 
storage period, the temperature of these specimens is in- 
creased to room temperature, the misfit parameter is 
equal to the one in the quenched specimens which were 
stored at room temperature. However, plastic deforma- 
tion introduced by quenching in liquid nitrogen can re- 
duce the need for elastic accommodation. In fact, the 
Si-rich phase lattice parameter determined after storage 
in liquid nitrogen indicates that nearly no elastic defor- 
mation is present in the Si particles. 

elas t ic /p las t ic  a ccommo d a t i o n  

, 
~ - 1  �9 

"~ -2 pure elastic aeeommodation ~ 

0 200 400 
AT (K) -> 

Fig. 6 - - C o m p a r i s o n  of measured Aasl/asi values with theoretical pre- 
dictions for the AI-1.3 at. pct Cu-19.1 at. pct Si alloy. For the SQ + 
A specimens (AT < 200 K), the average Si-rich phase lattice param- 
eter shift during aging is given. 
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V. C O N C L U S I O N S  

X-ray diffraction on Al-Cu-Si alloys showed the 
following. 

1. For the homogenized A1-1.07 at. pct Cu-l .01 at. pct 
Si alloy, the effects of dissolved Cu and Si atoms on 
the lattice parameter of the Al-rich phase are inde- 
pendent and additive. 

2. During aging after solid quenching of AI-1.3 at. pct 
Cu-19.1 at. pct Si alloys, the Al-rich phase lattice 
parameter, which is initially lower than value for 
pure, unstrained A1, increases due to precipitation of 
Si and Cu atoms. 

3. The model describing the stress state around a single 
misfitting spherical inclusion in an infinite matrix 
which shows ideal plastic behavior, as given by Lee 
e t  a l .  II4] is extended to describe the stress state in a 
finite composite. This model predicts an average hy- 
drostatic stress in the matrix which is somewhat 
lower than in the case of pure elastic accommodation. 

4. This model describes the measured lattice parameter 
shifts of  the Si phase reasonably well. 

5. Comparison of  the model incorporating elastic ac- 
commodation and the model incorporating ideal plas- 
tic accommodation with measured stresses shows a 
good correspondence for the Al-rich phase lattice pa- 
rameter of  solid-quenched specimens. For specimens 
quenched after aging, significant discrepancies 
remain. 

6. Elastic stresses in the solid-quenched AI-1.3 at. pct 
Cu-19.1 at. pct Si alloy at room temperature are re- 
duced by quenching in liquid nitrogen. 
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