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The age-hardening precipitation reactions in aluminum matrix composites reinforced with discontinu- 
ous SiC were studied using a calorimetric technique. Composites fabricated with 2124, 2219, 6061, 
and 7475 alloy matrices were obtained from commercial sources along with unreinforced control 
materials fabricated in a similar manner. The 7475 materials were made by a casting process while 
the others were made by powder metallurgy: the SiC reinforcement was in the form of whiskers or 
particulate. It was found that the overall age-hardening sequence of the alloy was not changed by 
the addition of SiC, but that the volume fractions of various phases and the precipitation kinetics 
were substantially modified. Precipitation and dissolution kinetics were generally accelerated. A 
substantial portion of this acceleration was found to be due to the powder metallurgy process em- 
ployed to make the composites, but the formation kinetics of some particular precipitate phases were 
also strongly affected by the presence of SiC. It was observed that the volume fraction of GP zones 
able to form in the SiC containing materials was significantly reduced. The presence of SiC particles 
also caused normally quench insensitive materials such as 6061 to become quench sensitive. The 
microstructural origins of these effects are discussed. 

I. INTRODUCTION 

ALUMINUM alloys reinforced with whisker or particulate 
SiC are attractive for applications requiring higher stiffness 
and strength than traditional aluminum alloys. Because the 
reinforcing phase is discontinuous, these "short fiber rein- 
forced composites" (SFRC) are similar to conventional alu- 
minum alloys in that they are nearly isotropic and can be 
processed and formed by traditional metalworking tech- 
niques. IlJ These advantages, coupled with a potential low 
cost, have led to rapid commercialization, and SFRC alu- 
minum alloys are now available from three commercial 
sources. The original fabrication process was based on a 
powder metallurgy (PM) technique, I2j but an ingot metal- 
lurgy (IM) process has been developed so that both PM and 
IM materials are now available.[a] 

Unlike continuous filament composites, the properties of 
the matrix alloy of an SFRC play a significant role in the 
yield strength of the composite. To date, the matrix alloys 
of choice have been the age-hardenable alloys 2124, 6061, 
and 7475. The strength increment due to age-hardening is 
necessary in order to develop acceptable properties. For ex- 
ample, Arsenault found that adding 20 pct SiC to annealed 
6061 increased the yield strength by 100 MPa, I41 but heat 
treating unreinforced 6061 from the annealed condition to 
T6 increased the yield strength by 220 MPa. 151 (The origi- 

[51 hal, annealed value is 55 MPa. ) Thus, the strength incre- 
ment due to age-hardening is greater than or equal to the 
strengthening due to the introduction of SiC and must be 
considered when explanations for the mechanical behavior 
of these materials are sought. 

The strengthening whiskers or particles employed to 
make SFRC are typically high melting point, relatively 
inert phases such as SiC, B4C, and A1203, and they are not 
expected to modify significantly the overall chemistry of 
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the matrix aluminum alloy. To a first approximation, they 
are thought of as inert with respect to the age-hardening 
precipitation reactions. However, preliminary investiga- 
tions have shown that there are effects of the reinforcing 
particles on precipitation in the matrix. Nieh and Karlak 
have shown that B4C particles affect the aging behavior of 
B4C reinforced 6061. Irj They found that the composite 
reached peak hardness in 3 hours at 450 K while a control 
PM alloy took l0 hours. They attributed this acceleration to 
the presence of high diffusivity paths in the composite, par- 
ticularly the dislocations introduced by differential thermal 
expansion, and the particle matrix interfaces. Similar accel- 
eratory effects of SiC in various aluminum alloy matrices 
are generally recognized, but specific results do not seem to 
have been published. Thus, the state of matrix precipita- 
tion is significant to the mechanical properties of SFRC, 
and the presence of the reinforcing phase influences the ma- 
trix precipitation, so an investigation of these relationships 
is important for understanding the behavior of SFRC 
materials. The logical first step in this effort should be an 
evaluation of the effects of the reinforcing phase on matrix 
precipitation. 

Transmission electron microscopy has been applied to 
this question. A detailed examination of the phase distri- 
bution in 15 pct SIC/2124 was performed by Nutt and 
Carpenter. IT1 Their samples had a 0.5 to 2.0/xm grain size 
and a low density of mobile dislocations in the matrix. 
They observed various large (1 to 5/xm) constituent parti- 
cles, generally associated with SiC whiskers, and wide- 
spread 0.2 to 1.0/xm dispersoid particles. Both of these 
categories of particles were larger than typically observed 
in the base alloy: this was thought to be a consequence of 
processing above the solidus, as is typical for PM SFRC. 
They found numerous small (10 nm) MgO particles at the 
A1-SiC interface, and they also observed significant segre- 
gation of magnesium to the interface. (In contrast to the 
magnesium segregated layer observed at the SiC-A1 inter- 
face in SIC/2124, Nutt found a 3 nm thick, continuous 
layer of polycrystalline oxide at the SiC-A1 interface in 
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SIC/6061 composites.t81) With respect to the age-hardening 
precipitates, Nutt and Carpenter commonly observed 20 to 
80 nm S phase precipitates at the grain boundaries.t71 These 
precipitates were at the smaller end of the size range after a 
room temperature aging treatment and at the upper end after 
190 ~ aging. In the grain interiors they found S' precipi- 
tates that were larger than typical for the aging employed. 
They also noted that the distribution of S' was not homoge- 
neous, with some grains containing numerous precipitates 
while neighboring grains had very few. 

In addition to the above described characterization of 
precipitation, the effects of SiC particles or whiskers on 
other aspects of the matrix microstructure of SFRC have 
been the subject of several investigations. Arsenault and 
Fisher observed a high (4 • 1014/m 2) density of disloca- 
tions clustered around the ends of SiC whiskers and forming 
low angle cell boundaries in a 20 pct SiCw/6061 composite. Igj 
They also observed very fine precipitates along the disloca- 
tions. Subsequently, the generation of these dislocations 
was observed in situ using a hot stage in an HVEM. I~~ 
These observations were explained by the large, approxi- 
mately 10: 1, difference in the thermal expansion coefficient 
between SiC and AI. This causes a differential expansion or 
contraction during heating and cooling and leads to the gen- 
eration of dislocations. Additional experiments allowed 
identification of individual Burgers vectors and the devel- 
opment of a theory based on prismatic punching.Ill'121 Using 
a model system of a single SiC fiber embedded in an alu- 
minum matrix, Flom and Arsenault were able to show that 
the extent of the zone in which dislocation motion occurred 
was approximately equal to the theoretical plastic zone size 
and that the size of this dislocation filled region decreased 
somewhat as the cooling rate from the solution treatment 
temperature increased. I131 The work described above has 
shown that the presence of SiC whiskers or particles in 
aluminum alloy matrices results in the generation of a large 
number of dislocations during cooling from elevated tem- 
peratures. The presence of these dislocations can sig- 
nificantly affect the properties of the matrix, and it is 
Arsenault's view that dislocation strengthening is the pre- 
dominant effect of the SiC additions on the mechanical 
properties of these materials, t141 An additional microstruc- 
tural effect of the presence of SiC is the development of a 
small residual tensile stress in the aluminum matrix. I151 

In light of the results described above, and of the emerg- 
ing view of the importance of the matrix microstructure 
to the properties of SERf,  [16'17] it was thought that an inves- 
tigation of the effects of SiC reinforcements on the age- 
hardening reactions in commercial aluminum alloys would 
be appropriate. A calorimetric technique was selected for 
these experiments in order to complement the detailed TEM 
work described above. The calorimetric technique allows 
rapid evaluation of the possible effects of the reinforcement 
on the identity of the phases present, on precipitate voluLae 
fractions, and on reaction kinetics. Composites fabricated 
from a variety of matrix alloys were employed, and, be- 
cause the PM process has been implicated in some of the 
observed microstructural effects, SFRC prepared using the 
ingot metallurgy approach were also examined. 

II. EXPERIMENTAL PROCEDURE 

The composite materials for these experiments were ob- 
tained from several sources and were fabricated by both 
powder metallurgy and ingot casting techniques. Four ma- 
trix alloys were employed: 2124, 2219, 6061, and 7475. The 
first three were powder metallurgy materials, whereas the 
composites based on 7475 were made by a casting tech- 
nique. The characteristics of each material are listed in 
Table I. 

The F9 SiC is a whisker grade manufactured by Arco 
Chemicals Corp., Greer, SC, and, according to the manu- 
facturer, the starting material has a mean whisker diameter 
of 0.52/zm and a mean length of 13/xm. The whiskers are 
broken during powder mixing, compaction, and extru- 
sion. Measurements on our 20 pct SiCw/2124 material in 
the as-extruded condition showed an average aspect ratio 
of approximately 3; thus the average length was reduced 
to approximately 1.5 /xm. t18j The 2124 composites had all 
been hot extruded by the manufacturer from a 75 mm di- 
ameter billet to 16 mm diameter bar. The 2219 composites 
had been extruded to 12.7 mm by 100 mm. The 6061 com- 
posites were fabricated by the Naval Surface Weapons Cen- 
ter, White Oak Laboratory, Silver Spring, MD, and had 
been extruded to 9.5 mm diameter rods from 125 gm bil- 
lets. The 7475 composites were fabricated by SAI Interna- 
tional (currently, Dural Aluminum Composites Corp.t31), 
using a proprietary casting technique. The SiC particulate 
used was a commercial grade grinding compound with an 
irregular shape and a characteristic dimension of approxi- 
mately 10/zm. The billets were hot extruded from 75 mm 
diameter to a 16 mm by 38 mm rectangular cross section. 
For all of the alloys, control samples taken from commer- 
cially produced extrusions were also used to provide an 
ingot metallurgy baseline. 

Samples for DSC analysis were machined by conven- 
tional techniques from the various starting materials. The 
2124, 2219, and 7475 samples were in the form of small 
discs or rectangular plates that were 1.6 mm thick. The 
6061 samples were in the form of 6.4 mm diameter by 
25 mm long cylinders. The samples were heat treated in a 
vertical tube furnace with an argon atmosphere and were 
quenched by dropping from the furnace directly into an ice 
brine solution or boiling water. Cooling rates were mea- 
sured by embedding 0.5 mm diameter thermocouples in the 
cylindrical 6061 samples. Results of these tests showed that 
the average cooling rate in the temperature interval from 
400 ~ to 290 ~ was 1400 K/s  for ice brine, 18.5 K/s  for 
boiling water, and 2.5 K/s  for air cooling. Simple heat 
transfer calculations indicate that the 1.6 mm plate-like 
samples should have cooled approximately twice as fast. 

Table I. Experimental Materials 

Matrix SiC Type Volume Pct Supplier Method 

2124 F9 0, 8, 20 Arco powder 
2219 F9 0, 20 Arco powder 
6061 F9 0, 20 NSWC powder 
7475 10/xm particulate 0, 10, 15 SAI ingot 
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The solution treatment temperatures employed were 520 ~ 
for 2124, 535 ~ for 2219, 530 ~ for 6061, and 482 ~ for 
7475. Solution treatment times were typically one hour. 
Samples that were to be analyzed in the as-quenched condi- 
tion were immediately stored in liquid nitrogen while the 
T4 materials were allowed to age at room temperature�9 Ele- 
vated temperature aging was performed in oil baths. 

DSC analysis was performed using DuPont 990 and R99 
thermal analyzers with plug-in DSC modules�9 The experi- 

�9 [ 1 9 ]  mental technique has been previously described. The 
heating rate was 10 K/min. DSC discs, 5.6 mm in diameter, 
were punched from the heat treated samples using a spe- 
cially ground punch to minimize distortion. At least three 
DSC runs were typically made for each heat treat condition. 
In SiC containing material, all of the DSC curves and reac- 
tion enthalpies were normalized so that they refer only to 
the mass of the aluminum alloy matrix. The SiC contribu- 
tion was removed�9 The results are plotted as heat capacity, 
Cp, vs temperature, T, curves or as differential heat capac- 
ity, ACp, vs temperature. The differential heat capacity was 
obtained by subtracting the background heat capacity of the 
matrix from the Cp data, thus leaving only the excess heat 
capacity due to solid state reactions occurring during the 
DSC run. [19] The important aspects of the DSC results are 
the locations and areas of the reaction peaks. Vertical shifts 
of the C, vs T curves are a result of small errors in the 
calorimetric measurement and are not significant for these 
experiments�9 

III. RESULTS 

Precipitation reactions in age-hardening aluminum alloys 
are most visible in DSC scans when the material is in an as- 
quenched (W) condition. The DSC experiment is started at 
approximately 0 ~ and most of the primary precipitation 
and dissolution reactions occur as the experiment proceeds 
to the solution treatment temperature. These reactions are 
easily visible on the thermogram and provide an overall 
view of the precipitation and dissolution processes in the 
sample. Thus, all of the composite materials were surveyed 
in the W condition. As discussed below, it was found that 
some of these materials were quench sensitive, so efforts 
were made to insure that all of the samples were quenched 
as rapidly as possible. 

A. As-Quenched Microstructures 

Results from DSC scans of the 8 pct SiCw/2124 and 
20 pct SiCw/2124 composites are shown in Figure 1. For. 
comparison purposes, results from a powder metallurgy 
2124 alloy which was prepared using the same powder and 
process as the composites are also shown in Figure 1, along 
with results from an ingot metallurgy extrusion of 2124. 
Curves from all four of the materials show the same general 
features: an exotherm between 25 ~ and 150 ~ due to the 
formation of GPB zones; an endotherm between 150 ~ and 
approximately 245 ~ due to the dissolution of GPB zones; 
an exotherm between 245 ~ and 310 ~ due to the forma- 
tion of S'; and an endotherm between 310 ~ and 520 ~ 
due to the dissolution of S'. Thus, the overall characteris- 
tics of the age-hardening reactions in 2124 are not changed 
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Fig. 1--Comparison of the precipitation reactions in wrought 2124 (solid 
line), powder metallurgy 2124 (dotted line), 8 pct SiCw/2124 (dot-dashed 
line), and 20 pct SiCw/2124 (dashed line). All of the materials are in an 
as-quenched (W) condition. 

by the addition of SiC, but some aspects of the reactions are 
altered. The curves in Figure 1 show that the areas and the 
peak temperatures of the first three reactions in the com- 
posite material are decreased relative to those of the ingot 
metallurgy material�9 The area of the peak gives the reaction 
enthalpy, which is directly related to the molar heat of reac- 
tion and the volume fraction of the precipitating or dissolv- 
ing phase, [2~ while the temperature is related to the size and 
stability of the precipitate and to the reaction kinetics�9 [20-231 
The extent of the changes can be seen in Table II, where the 
reaction enthalpies and peak temperatures are tabulated. 

The data in Table II show that the temperatures of the 
first three peaks are lower in the PM material and the two 
composites relative to the IM material. This is interpreted 
to mean that the formation and dissolution kinetics of these 
phases are accelerated by some aspect of the powder metal- 
lurgy process used in their preparation�9 It is important to 
note that this acceleration occurred in all three of the PM 
materials, not just the SiC containing composites�9 Within 
the limits of the standard deviation, the reaction enthalpy 
of the S' formation peak is the same in all four materials, 
but the GPB zone formation and dissolution reactions are 
less energetic in the SiC containing materials. This indicates 
that fewer GPB zones form and dissolve in the composites. 
The volume fraction of GPB zones present in the 20 pct SiC 
composite is approximately 40 pct less than that in the IM 
and PM materials�9 These results indicate that there are two 
differences between the 2124 IM baseline material and the 
composites: an enhancement of the precipitation kinetics by 
some microstructural aspect of the powder metallurgy pro- 
cess, and a diminution of the volume fraction of GPB zones 
caused by the presence of SiC whiskers�9 

Results from the DSC scans of the 2219 materials are 
shown in Figure 2, and the reaction temperatures and en- 
thalpies are tabulated in Table II. For this alloy, the IM ma- 
terial shows five reactions whose temperature ranges are 
identified on the figure. [22] The powder metallurgy material 
shows the same general reactions, but the 20 pct SiCw/2219 
composite is significantly different in the high temperature 
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Table II. Effects of SiC on Precipitation in the As-Quenched Condition 

Alloy 

GP Zone Phase Intermediate Phase 

Formation Dissolution Formation Dissolution 

T, ~ AH, J /g  T, ~ AH, J / g  T, ~ AH, J / g  T, ~ AH, J/g 

IM 2124 78 - 9.9 
PM 2124 67 - 10.4 
8 pct SIC/2124 72 - 8.5 
20 pct SIC/2124 71 - 6.0 
IM 2219 
PM 2219 
20 pct SIC/2219 

IM 6061 
PM 6061 
20 pct SIC/6061 

IM 7475 88 - 8.6 
Cast 7475 89 - 9.3 
10 pct SIC/7475 86 - 4.8 
15 pct SIC/7475 87 - 6.1 

223 10.0 
217 7.5 
219 6.7 
218 5.9 
151 4.2 
146 4.5 
144 1.6 

268 -14.6 
263 -14.9 
264 -15.8 
262 -14.1 

279 -18.9 
300 -12.6 
264 -16.6 

239,289 
230,285 
225,271 

232 -15.6 
233 -14.4 
227 -14.8 
230 -13.9 

SA SA 

SA SA 
422 22.6 
411 22.5 
408 22.8 
410 22.6 

Std. dev. of T is -+ 1 ~ std. dev. of H is + 10 pet; and SA = significantly altered. 

/9 formation and dissolution reactions. The 20 pct SiCw/2219 
curve never returned to the baseline, indicating that melting 
of some components of the microstructure probably began 
at lower temperatures than normal. In addition, GP zone 
dissolution occurred in the composite at a lower tempera- 
ture and with a reduced enthalpy compared to IM material. 
In the PM material, GP zone dissolution also occurred at a 
lower temperature, but involved approximately the same 
reaction enthalpy as the IM material. Thus, the powder 
metallurgy process accelerates GP zone dissolution, but the 
presence of SiC also reduces the volume fraction of GP 
zones formed. In this case, the volume fraction of GP zones 
in the composite is only approximately one-third that of IM 
material. The 0' formation reaction is also affected. 8' for- 
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Fig. 2--Comparison of  the precipitation reactions in wrought 2219 (solid 
line), powder metallurgy 2219 (dotted line), and 20 pct SiCw/2219 
(dashed line). All of the materials are in a room temperature aged (T4) 
condition. 
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o 

mation is accelerated and attenuated in 20 pct SiCw/2219 
when compared with IM 2219.0 '  formation is also signifi- 
cantly altered in the PM material, but the shape of the peak 
does not lend itself to a simple interpretation. 

A comparison between the behavior of  IM, PM, and 
20 pct SiCw/6061 is shown in Figure 3. In this alloy sys- 
tem, the high temperature dissolution reactions are altered 
by the powder metallurgy process and by the presence of 
SiC, but the microstructural nature of the changes is not 
clear because a detailed comparison of this thermogram 
with transmission electron microscopy has not yet been 
published. Some effects in the intermediate temperature 
range, however, are apparent. Two formation peaks which 
occur at 239 ~ and 289 ~ in the IM material and are tenta- 
tively assigned to the formation of/3" and/3',  respectively, 
are shifted to lower temperatures. As shown in Table II, the 
powder metallurgy process shifts the/3' peak down approxi- 
mately 4 ~ and the/3" peak down approximately 9 ~ 
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Fig. 3 -  Comparison of the precipitation reactions in wrought 6061 (solid 
line), powder metallurgy 6061 (dotted line), and 20 pct SiCw/6061 
(dashed line). All of the materials are in an as-quenched (W) condition. 
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Addition of 20 pct SiCw causes a further acceleration of the 
reactions by another 14 ~ and 5 ~ respectively. Thus, in 
this case, precipitation of one of the intermediate phases, 
fl", is accelerated by the PM process and further accelerated 
by the addition of SiC. Precipitation of the other intermedi- 
ate phase,/3', is slightly accelerated by the PM process, but 
is very strongly accelerated by SiC. In this alloy, therefore, 
the relative proportion of the two intermediate precipitate 
phases present after an elevated temperature aging treat- 
ment will be significantly different in the composite when 
compared to wrought 6061. It is not possible to quantify the 
reaction enthalpies for these reactions because of the diffi- 
culty of finding a suitable baseline, but from visual inspec- 
tion of the curves, it appears that the volume fractions of/3" 
and/3' are both slightly reduced by the PM process and by 
the addition of SiC. 

Results from the fourth alloy system, 7475, are shown in 
Figure 4. In the as-quenched condition, the 7475 thermo- 
gram consists of a GP zone formation peak followed by 
formation and d i s s o l u t i o n  peaks. [2~ All of the reactions 
have similar appearances in the four materials examined: 
ingot metallurgy 7475, cast 7475, and cast 10 pct and 15 pct 
SiCp/7475. Reference to Table II shows that, with the ex- 
ception of the high temperature dissolution, the peaks occur 
at approximately the same temperatures in the four materi- 
als. The tabulated reaction enthalpy values show that there 
is no change in the volume fractions of the various phases 
with the exception of the GP zone formation, which is attenu- 
ated by approximately 50 pct. Thus, in these materials, the 
SiC decreases the volume fraction of GP zones and acceler- 
ates the high temperature dissolution of the stable phase. 
The results from these cast materials are in contrast to those 
described above, where the powder metallurgy process ap- 
peared to cause more extensive microstructural changes. 

B. Effects of Quenching Rate 

Some of the SiC containing composites were found to be 
more quench sensitive than the parent alloys. An example 
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Fig. 4--Comparison of the precipitation reactions in wrought 7475 (solid 
line), cast 7475 (dotted line), 10 pct SICJ7475 (dot-dashed line), and 
15 pct SiCp/7475 (dashed line). All of the materials are in an as- 
quenched (W) condition. 
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of this effect is shown in Figure 5, where DSC curves from 
as-quenched IM 6061 cooled at three quenching rates from 
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(c) 
Fig. 5 - - T h e  effects of cooling at three rates from the solution treat- 
ment temperature on (a) IM 6061-W, (b) PM 6061-W, and (c) 20 pct 
SiCw/6061-W. 
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solution treatment are compared with similar curves for PM 
6061 and 20 pet SiCw/6061. The data in Figure 5(a) show 
that the wrought, ingot metallurgy material displays the 
same precipitation reactions after ice brine quenching, boil- 
ing water quenching, or air cooling. Thus, this material is 
not quench sensitive. In contrast to this, the data from the 
composite in Figure 5(c) show a severe attenuation of the 
intermediate phase formation reactions after a boiling water 
quench and the near absence of these reactions after air 
cooling. Data from the PM 6061 material in Figure 5(b) 
show an intermediate behavior. The reaction enthalpies as- 
sociated with the curves in Figure 5 are listed in Table III. 
The tabulated data show that the volume fraction of inter- 
mediate phase formed in the IM material decreases only 
slightly as the cooling rate decreases, but in the SiCw/6061 
composite, air cooling reduces this volume fraction to 20 pet 
of the rapid quench value. The PM material is less quench 
sensitive, and shows a significant attenuation of interme- 
diate phase formation only after air cooling. The data in 
Table III also show that the dissolution enthalpy does not 
decrease as the quench rate decreases. This shows that, de- 
spite the smaller amount of precipitate phase that forms 
during the DSC runs after the slower quenches, an equiva- 
lent amount of precipitate dissolves. This indicates that that 
precipitate was present in the sample before the DSC run, 
and thus, it probably formed during the quench. (The delay 
at room temperature between quenching and DSC analysis 
was short, typically 15 minutes.) Thus, the reaction en- 
thalpy data show that the presence of SiC in the alloy 
caused precipitation of approximately 70 pet of the total 
volume fraction possible of the intermediate phases during 
the boiling water quench and approximately 80 pet during 
air cooling. In the PM material very little was formed dur- 
ing the boiling water quench, but approximately 30 pet 
formed during air cooling. 

The results of similar experiments on the 2124 materials 
are shown in Figure 6. In this system, a boiling water 
quench of the IM material causes attenuation of GPB zone 
formation by about 50 pct. (The reaction enthalpies are tabu- 
lated in Table IV.) In the 20 pet SiCw/2124 composite, 
boiling water quenching causes attenuation of GPB zone 
formation by approximately 80 pet and also slightly de- 
creases the GPB zone dissolution and S' formation enthal- 
pies. The PM material behaved like the composite. Thus, 
most of the possible GPB zones form during a boiling water 
quench of the composite and the PM alloy, but fewer do so 

in the IM material. In addition, some S' forms in the com- 
posite and PM material. After air cooling, no GPB zone 
formation occurred during the DSC scan of any of the ma- 
terials, but the PM and IM samples showed approximately 
30 to 50 pet of their normal GPB zone dissolution enthalpy, 
while the composite showed very little. Thus some GPB 
zones formed during air cooling of these materials, with the 
SiCw composite having the least. The S' formation en- 
thalpy was also decreased while S' dissolution remained 
unchanged; thus some S' (approximately 30 pet of the total 
possible) was also formed during air cooling. 

The GP zone dissolution enthalpy and the 0' forma- 
tion enthalpy observed in IM 2219, PM 2219, and 20 pet 
SiCw/2219 are listed in Table V. It can be seen that the vol- 
ume fractions of GP zones present before the DSC run after 
the various quenches decrease in roughly the same manner 
in all three materials as a function of quench rate. Thus, 
neither the PM process nor the SiC whiskers induce any 
additional quench sensitivity of GP zones. The 0' forma- 
tion appears to be slightly more sensitive to quench rate in 
the composite material than it is in the IM and PM mate- 
dais, indicating that slightly more 0' is formed during slow 
quenching of the composite than of the other alloys. 

Finally, data from the 7475 alloys are tabulated in 
Table VI. These data show that all three of the materials 
have approximately the same quench sensitivity. In each 
case, boiling water quenching does not have much of an ef- 
fect, but after air cooling there is no longer any GP zone 
formation and approximately 50 pet of the intermediate 
phase has already precipitated. Thus, in this system, the 
presence of SiC had less of an effect on matrix precipitation 
behavior than in the other alloys investigated. 

IV. DISCUSSION 

The first observation to be made from these data is that 
the introduction of SiC does not substantially modify the 
age-hardening sequences of these alloys. The same pre- 
cipitation and dissolution reactions occur in the composites 
as in the unreinforced materials, and thus the same age- 
hardening sequences operate. This is a consequence of the 
lack of rapid reactions between aluminum and SiC when 
they are both in the solid state and of the absence of exten- 
sive reactions during the initial processing and fabrication 
of the composite. Despite this generalized observation, 

Table IlL Effects of Quench Rate on Precipitation in 6061-W 

Intermediate Phase Intermediate Phase 
Alloy Quench Formation Enthalpy* Dissolution Enthalpy* 

IM 6061 IB -15.9 16.8 
IM 6061 BW -16.2 16.0 
IM 6061 AC -13.0 16.8 
PM 6061 IB - 15.7 13.6 
PM 6061 BW - 15.6 16.6 
PM 6061 AC - 10.6 17.0 
20 pet SIC/6061 IB - 10.6 11.9 
20 pet SIC/6061 BW - 3.3 10.4 
20 pet SIC/6061 AC - 1.9 15.8 

* = Joules/gram, standard deviation = • 10 pet. 
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Fig. 6 - - T h e  effects of cooling at three rates from the solution treat- 
ment temperature on (a) IM 2124-W, (b) PM 2124-W, and (c) 20 pct 
SiCw/2124-W. 

there are numerous significant effects on the volume frac- 
tions of particular phases formed and on the kinetics of for- 
mation and dissolution. 

With the exception of the 7475 materials, it was gener- 
ally observed that the kinetics of the GP zone and inter- 
mediate phase formation and dissolution reactions were 
accelerated in the composites. In addition, this acceleration 
was also observed in the unreinforced PM materials, al- 
though it was sometimes less intense. In contrast, the cast 
7475 composites and control alloy did not show accelerated 
precipitation kinetics. These observations indicate that a 
large part of the acceleratory effect is due to microstructural 
features introduced by the powder metallurgy preparation 
process and not to the SiC particles themselves. As pointed 
out by Nutt, [7] the powder metallurgy process used to pre- 
pare these composites differs from the normal one in that 
it involves consolidation at temperatures that exceed the 
solidus. This results in the formation of larger constituent 
and dispersoid particles than otherwise expected. [7] It may 
also contribute to solute segregation and to formation of the 
continuous oxide films observed on some SiC particles. [g] 
In addition, the powder metallurgy process results in a finer 
grain size and the incorporation of oxide particles. Some or 
all of these features are thought to be responsible for the en- 
hanced precipitation kinetics. 

Not all of the kinetic effects can be attributed to the PM 
process. In 6061, the PM material showed moderately ac- 
celerated/3" and/3' formation, but the SiC containing sam- 
ples showed a pronounced and selective acceleration of/3'  
formation. This can be understood if/3' forms on disloca- 
tions while [3" does not. Therefore, the enhanced disloca- 
tion density in the composite compared to the PM material 
would accelerate/3' formation more than/3". Whatever the 
mechanism, this observation shows that the relative propor- 
tions o f /3 '  and/3" will be significantly different in a 
SIC/6061 composite when compared to IM or PM 6061. 
This appears to be an unavoidable consequence of the pres- 
ence of the SiC. The work on B4C reinforced 6061 showed 
the effects of this acceleration on the age-hardening c u r v e s .  I6] 

All of the SiC containing materials displayed a reduced 
volume fraction of GP zones. The volume fractions of the 
GP zone phases in the composites were approximately one- 
third to one-half of those in the PM or IM controls. This ap- 
pears to be an effect specific to the presence of SiC and 
independent of the preparation process. Since vacancies are 
usually required to nucleate GP zones and to enhance the 
room temperature solute diffusivity, it is probable that the 
operating mechanism involves effects of the SiC particles 
on the retained vacancy concentration. The likely route for 
this is thought to be via the introduction of a high disloca- 
tion density during cooling from solution treatment. The 
high dislocation density will provide more annihilation sites 
for retained vacancies, reduce the vacancy content, and 
thereby reduce the number of GP zones formed. 

The presence of SiC causes quench sensitivity in other- 
wise quench insensitive alloys. The 6061 base alloy could 
easily be air cooled and still age-harden, but the composite 
could not even tolerate a boiling water quench. The 2124 
composite was also more quench sensitive than the base 
alloy, but the quench sensitivity of the 2219 and 7475 mate- 
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Table IV. Effects of Quench Rate on Precipitation in 2124-W 

GP Zone Formation GP Zone Dissolution Intermediate Phase 
Alloy Quench Enthalpy* Enthalpy* Formation Enthalpy* 

IM 2124 IB - 9.9 10.0 -14 .6  
IM 2124 BW - 4.6 8.9 -13 .7  
IM 2124 AC 0 3.0 - 8.1 

PM 2124 IB - 10.4 7.5 - 14.9 
PM 2124 BW - 4.4 6.2 -14 .8  
PM 2124 AC 0 3.2 - 10.8 

20 pct SIC/2124 IB - 6.6 5.4 - 14.6 
20 pct SIC/2124 BW - 1.2 3.7 -13.1  
20 pct SIC/2124 AC 0 0.8 - 9.8 

* = Joules/gram standard deviation = ---10 pct. 

Table V. Effects of Quench Rate on Precipitation in 2219-W 

GP Zone Dissolution Intermediate Phase 
Alloy Quench Enthalpy* Formation Enthalpy* 

IM 2219 IB 4.2 - 18.9 
IM 2219 BW 2.8 -20 .4  
IM 2219 AC 0 - 8.5 

PM 2219 IB 1.5 - 12.6 
PM 2219 BW 1.3 -11 .6  
PM 2219 AC 1.0 - 7.7 

20 pct SIC/2219 IB 1.6 -16 .6  
20 pct SIC/2219 BW 1.5 -10 .8  
20 pct SIC/2219 AC 0.9 - 5.1 

* = J o u l e s / g r a m ,  s t anda rd  d e v i a t i o n  = --- 10 pct .  

Table VI. Effects of Quench Rate on Precipitation in 7475-W 

GP Zone Formation Intermediate Phase Intermediate Phase 
Alloy Quench Enthalpy* Formation Enthalpy* Dissolution Enthalpy* 

cast 7475 IB -9 .3  - 14.4 22.5 
cast 7475 BW - 8 . 2  - 17.9 21.4 
cast 7475 AC 0 - 9.6 23.4 

10 pct SIC/7475 IB -4 .8  - 14.8 22.8 
10 pct SIC/7475 BW - 5 . 4  -15 .7  23.6 
10 pct SIC/7475 AC 0 - 6.7 23.7 

15 pct SIC/7475 IB -6 .1  - 13.9 22.6 
15 pct SIC/7475 BW - 6 . 4  -15 .3  23.0 
15 pct SIC/7475 AC 0 - 6.5 23.6 

* = J o u l e s / g r a m ,  s t a n d a r d  d e v i a t i o n  = ---10 pct .  

rials was not exace rba t ed  by  SiC.  Thus,  it appears  that 
highly tolerant al loys,  such as 6061, become quench sensi- 
tive when SiC is added,  but the behavior of  relatively intol- 
erant  a l loys  is unchanged .  The  add i t ion  o f  SiC causes  
precipitation of  GP zones or the intermediate phase during 
the quench. This is presumed to be due to the presence of  
numerous heterogeneous nucleation sites in the composites. 
This was also the case in the PM materials,  but to a signifi- 
cantly lesser degree. The microstructural features common 
to the PM material and the composites are the smaller grain 
and subgrain size, oxide particles,  and larger dispersoid and 
const i tuent  par t ic les ,  t71 The  addi t ional  sites in the com- 
posites are the SiC-A1 interfaces and the enhanced disloca- 

tion density. Nutt has observed heterogeneous nucleation of  
S phase precipitates at the interface in 2124 composites,  fsl 
so that is a potential mechanism, but the GP zones and in- 
termediate precipitates which precipitate during the quench 
do not require as potent a nucleation heterogeneity. Thus, 
their nucleation may be more l ikely to be affected by the 
excess dislocations introduced by the SiC particles. 

V. S U M M A R Y  

1. The age -ha rden ing  sequences  in SiC shor t  f iber  re-  
in forced  c o m p o s i t e s  made  wi th  t yp i c a l  c o m m e r c i a l  
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aluminum alloy matrices are similar to those of the un- 
reinforced alloys. 

2. The kinetics of GP zone formation and dissolution and 
intermediate phase formation are accelerated relative 
to the wrought alloy in both the powder metallurgy con- 
trol samples and in the SiC containing composites. In 
addition, the precipitation of particular intermediate 
phases is further accelerated by the presence of SiC, 
probably because of the higher dislocation density in 
the composites. 

3. The volume fraction of GP zones formed in the com- 
posites is significantly less than that in the powder metal- 
lurgy or wrought material. This is thought to be due to a 
reduced retained vacancy concentration in the composites. 

4. The presence of SiC particles, and, to a lesser extent, the 
powder metallurgy preparation process employed for 
composite fabrication, causes quench insensitive alloys 
such as 6061 to become quench sensitive. The more 
quench sensitive alloys, such as 7475, are not affected. 
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