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Abstract

The precipitation of a supersaturated 6061 Al alloy reinforced with 10% SiC, was moni-

tored by using a DSC technique. DSC thermal curves were used to predict peak-aging tem-
peratures and durations. The activation energies for precipitation of the " phase were found
to increase with elevation of the solution temperature from 510 to 600°C. and hence the peak-
aging temperature and duration also increased. Microstructural examinaion revealed an in-
crease in grain size when a high solution temperature was applied. To compz. = predicted peak-
aging temperatures and durations, hardness measurements were carried ov: nfter artificial ag-
ing. The studies revealed that peak-aging hardening was obtained when tho aging tempera-
tures and durations corresponded to about 95% to 97% precipitation of 3 phase from conver-
sion plots.
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Introduction

Differential scanning calorimetry (DSC) is a useful technique for the moni-
toring of complex changes in the microstructural and physical features of mate-
rials. A differential scanning calorimeter measures the temperatures and heat
flows associated with transitions in materials. Such measurements provide quan-
titative and qualitative information about the physical and chemical changes in-
volved in endothermic or exothermic processes. For some such transitions, DSC
measurements can reveal not only the temperatures at which the transitions occur
and how much total heat is associated with each transition, but also valuable in-
formation on the kinetics of reaction. One of the uses of DSC is for measurement
of the extent of phase transformations.
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Because of the high sensitivity of DSC, it was earlier used together with trans-
mission electron microscopy (TEM) to measure precipitation in 7000 series Al
alloys [1, 2]. Endothermic and/or exothermic reactions were observed within the
wide temperature range from 20 to 500°C. A DSC study of fatigue-induced mi-
crostructural changes in 7050 Al alloy has also been carried out [3]. However,
DSC does not detect changes in the bulk precipitate after fatigue cycling in the
elastic strain range, while fatigue cycling with non-zero plastic deformation
causes significant modification to the thermal curve during the dissolution of
Guinier-Preston (GP) zones. Different rates of cooling of solution-treated Al al-
loys can also influence DSC thermal curves [4]. Such curves demonstrate that
the air-cooling of specimens (2124 Al alloy) from 496°C to either 454, 399 or
343°C prior to the final water quenching leads to a slight increase in the S’ pre-
cipitate peak temperature. However, the latter temperature is dramatically ele-
vated by interrupted quenching. DSC analyses and mechanical tests have shown
that ceramic reinforcement generally enhances the rate of aging of composites
with respect to the unreinforced metal matrix, but it does not affect the aging se-
quences [5-7]. This behaviour can be attributed to higher dislocation densities in
the composites, induced by the difference in the coefficients of thermal expan-
sion of the ceramic and matrix metal. Dislocations are known to be possible sites
for heterogeneous nucleation [8]. In other cases, aging effects in MMCs can be
accelerated by the generation of an elastic residual stress field [9]. Papazian e al.
[3] reported that the precipitation sequence was not affected by SiC, reinforce-
ment in a 2124 Al alloy, but that the volume fraction of GP zones decreased with
increase of the amount of SiC;. Hence, it was suggested that the decrease in the
volume fraction of GP zones was due to a SiCp-induced increase in quench sen-
sitivity [11]. However, this sensitivity was not observed in the SiC whisker-rein-
forced MMCs [11]. TEM revealed no precipitates in SiC whisker-reinforced
MMCs in the solution-treated and quenched state. The peak-aging lime for
whisker-reinforced Al-Cu MMC was significantly retarded. This result seems to
contradict data from other measurements [3]. Another TEM study showed a typi-
cal dislocation density of 3.1 10'° m™ for the solutionized and as-quenched al-
loy. The dislocation density in the 10 vol.% Al,O; MMC was found to be
4.5-10"> m™2, while that for the 15 vol.% Al,0; MMC was 7.3-10"* m ™~ [12].

The present study focuses on the influence of the solution temperature of a
6061/10 wt.% SiC, composite on the kinetics of precipitation of the " phase.
DSC thermal curves were utilized to calculate the activation energies after differ-
ent heat treatments. Precipitation conversion curves were constructed and micro
and macro hardnesses were measured for the prediction of aging temperatures
and durations [13].
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Experimental

Conventionally cast 6061 (Al-1.0 wt.%, Mg-0.6 wt.%, Si-0.2 wt.%, Cr—
0.27 wt.% Cu)/10 wt.% SiC, extruded to 10 mm diameter, was sectioned into
pieces 15 mm in length with a wire-cutting machine (for a detailed process pro-
cedure, refer to [13]). Cut specimens were solution heat-treated at four different
temperaturcs, 510, 530, 540 and 600°C, for 4 h, followed by water quenching to
room temperature. Because of the high cooling rates, the formation of stable
Mg,Si phase was not possible and a supersaturated solid solution was obtained.
The heat-treated specimens were then cut into smaller pieces about 0.3 mm
thick, using a diamond saw with a very low load, for DSC measurements. A
TA 2910 DSC instrument was employed in the present study. The fact that there
was no transition for SiC; in the temperature range of interest suggested that only
the effective mass of the MMC sample needed to be taken into account [14]:

(sample mass )esective= (Sample Mass)aerua— mass of SiCp (hH)

The DSC baseline and temperatures were calibrated using In and Al. Continu-
ous temperature scanning was applied at 2, 5, 10 and 20°C min"". DSC results
were analysed in accordance with the ASTM L[698-79 approach [15] and the
Kissinger method [16].

To evaluate the relationship between the hardness and the degree of precipita-
tion, the microhardness and the superficial Rockwell hardness were measured.
At least five readings of hardness measurement were taken on each specimen.
The grain size was measured and analysed by means of a Quantimet 520.

Results and discussion

Figures 1 and 2 show two sets of typical DSC plots for specimens solution-
treated at 510 and 600°C, respectively. In the temperature range between room
temperature and 350°C, only three exothermic peaks, A, B and C in Figs 1(a)
and 1(c), can be scen. Additionally there is a very small exothermic peak, A” in
Fig. 1(c), at about 85°C. Clearer evidence can be seen from Figs 2(a) to (d).
Three exothermic peaks are visible in Fig. 1(d) and Figs 2(b) and (¢). All the exo-
thermic peaks, A, B and C, were observed to shift to higher temperatures, indi-
cating that the rate of formation of the precipitates is strongly influenced by the
reaction kinetics. Similar phenomena have been reported by Dutta and Bourel!
[9].

The precipitation sequence in supersaturated Al-Mg—Si alloys is [18]
supersaturated solid solution — GP Zones — B” — B’ — B
The precipitation sequence given above demonstrates that the precipitation of

a supersaturated specimen involves three stages of change during heating. In the
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Fig. 1 DSC measurements on specimens solution-treated at 510°C; Heating rate: (a) 2, (b) 3,
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Fig. 2 DSC measurements on specimens solution-treated at 600°C; Heating rate: (a) 2, (b) 3,
(¢) 10 and (d) 20°C min~’
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first stage of aging, very fine, needle-shaped GP zones orientated in the <001>
direction of the matrix are formed. The nucleation of the GP zones leads to an in-
itial increase in free energy. The growth of the GP zones leads to a decrease in in-
ternal energy, enabling an exothermic reaction to start. Further increases in tem-
perature and aging time cause an apparent three-dimensional growth of the GP
zones to rod-shaped particles with a structure corresponding to that of a highly-
ordered Mg,Si phase. The growth of the GP zones to the Mg,Si phase is accom-
panied by heat release. In the third stage, the highly-ordered " phase undergoes
transformation to the equilibrium Mg,Si phase. [t is believed that the second exo-
thermic peak, B, is due to the transition from " to a hexagonal structure of 3".
This transition has been confirmed by means of TEM by several researchers [12,
19, 20]. According to Badini [21], the first exothermic pecak, A, in the DSC plot
(Fig. 2(b)) is an indication of the formation of GP zones. However, Dutta er al.
[12] have indicated that peak A’ is actually due to the clustering of Si, while peak
A is due to the formation of GP zones (and B”) and peak B corresponds to the for-
mation of . The last exothermic peak represents the formation of equilibrium
[ phase. Comparison of the two sets of DSC curves reveals that the heat involved
in the clustering of Si is higher in the specimens solution-treated at 600°C than in
those solution-treated at 510°C, presumably because of the local melting of the
eutectics at 600°C.

For the specimens solution-treated at 510°C, the two exothermic peaks A and
B can be clearly separated. However, for the specimens solution-treated at
600°C, the two exothermic peaks are closer to each other, indicating that the 3"
to B’ transition starts before the " phase is fully formed. It can be deduced from
this observation that, to obtain maximum precipitation hardening from aging, the
solution temperature should be selected so that the two exothermic peaks are
separated from each other.

Acrivation energy for precipitation

The relative rates at which precipitation takes place depend upon the respec-
tive diffusion rates in addition to solubilities and alloy content. Determination of
the kinetics of a transformation by means of DSC is based on two assumptions:
(a) the heat flow relative to the instrument baseline is proportional to the rate of
reaction, and (b) the temperature gradients through the sample, and the tempera-
ture difference between the sample and the reference, are small.

According to ASTM-698, the kinetics of a transition can be analysed as a
function of the changes in peak size and peak temperature as the heating rate is
changed. The rale of reaction (precipitation in the present study) can be ex-
pressed by the general rate law

dx

5 = k=2 (2)
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and

k= Zexp[l:e%} (3)

where x is the fractional conversion (in the present case, it represents the percent-
age of precipitates), ¢ is the time (min), # is the reaction order, k is the specific re-
action rate constant, Z is the pre-exponential factor, £ is the activation energy
(Jmol™), R is the gas constant (8.32 ] mol™ K™ and T is the temperature (K).
The activation energy can also be calculated by using the Kissinger method [16].

For specimens solution-treated at the four above-mentioned temperatures,
the activation energies E and pre-exponential factors 7 of peak (refer to Figs 1
and 2) are listed in Table 1. The two results are in good agreement.

The variation in activation energy with solution temperature is plotted in
Fig. 3. It can be seen that the activation energy increases with increase of the so-
lution temperature. It was expected that quenching from a higher solution tem-
perature would lead to a greater residual dislocation density around the rein-
forced particulates. This would make precipitation easier for semi-coherent
phase, i.e. a decrease in activation energy. However, an increase in activation en-
ergy was found in the present study. The increase in activation energy with in-
crease of the solution temperature can mainly be attributed to three factors: (a) a
high dislocation density, (b) grain growth at high solution temperatures, and (c¢)
relaxation of internal energy.

Because of the difference in coefficient of thermal expansion, high disloca-
tion densities are generated during quenching from the solid-solution tempera-
ture. The growth of precipitates in the composite is a consequence of heteroge-
neous nucleation of precipitates along the dislocations. Aging is accelerated for
higher dislocation densities. However, Suresh et al. [17] reports that, if the den-
sity of dislocations is high enough, any further increase in dislocation density is
not responsible for the acceleration of aging. Suresh measured the peak aging
times for Al alloys reinforced with 6, 10 or 20 vol.% SiC,, and found that the
peak aging times for the three MMCs were similar. Therefore, although quench-
ing from 600°C may generate a high dislocation density, it does not strongly in-
fluence the peak-aging time.

Measurement of the grain size showed that the equivalent diameter of grains
increased from 77 to 96 um when the solution temperature was raised from 510
to 600°C. Since the driving force for the transformation from the GP to the
phase is the high strain field, the energy cost for accommodating the strain field
is lower if a high density of dislocations is present. A high dislocation density
makes precipitation easier when a balancing between the stress fields due to dis-
locations and phase nucleation occurs. Since grain boundaries are locations of
higher disorder and energy than those areas far from the grain boundaries, this
suggests that the existence of a higher strain field within the fine-grained MMC
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means that these are preferred sites for the nucleation of semi-coherent precipi-
tates. Consequently, a much more advanced stage of precipitation can exist at the
grain boundaries.

Table 1 Activation energy values for §” precipitation of 6061/10 wt.% SiC composite
solutionized at various temperatures

Solution 77/ Activation energy/J mol™'
Q

Factor Z

c ASTM Kissinger
510 93.500 02.560 6.52-10°
530 117.943 118.136 2.48-10"
540 122.308 122.221 3.37-10"
600 129.706 128.378 4.28-10"

Another important reason for the increase in activation energy may be the for-
mation of a cluster of Si under the internal stress field. Dutta and Dourell calcu-
lated the stress field near SiC fibres by using a finite element method. Since Si
forms a substitutional solid solution with Al the driving force of the stress-as-
sisted diffusion of Siin Al is the relief of hiydrostatic siress [91. Since Si has a
smaller atomic radius than that of Al, the Si atoms will diffuse away from regions
with tensile hydrostatic stress towards regions with compressive residual hydro-
static stress until an equilibrium condition is reached. Figures 1 and 2 indicate
that the heat release for the formation of Si clusters is 1.633 J g* for the 600°C
solutionized specimens, and 0.253 T g™ for the 510°C solutionized specimens.
The higher heat flow implies that more heat is released for formation of the Si
cluster. In consequence of the relief of internal energy, the MMC becomes more
stable, and hence the activation energy is increased.

Thomas and King [14] found that the activation energy E of the MMCs is ap-
proximaltely 21% lower than that of the unreinforced alloys, suggesting that dif-
fusion is easier in MMCs. Nieh and Karlak [22] observed the same trend. They
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Fig. 3 Activation energies of specimens solution-treated at four different temperatures
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attributed the reduction in activation energy for diffusion in the MMC to the en-
hanced diffusion of solute along dislocations to growing intermediate precipita-
tion. Since MMCs have a larger grain boundary area than that of the unreinforced
alloys, solute diffusion is likely to be enhanced due to the fine grain size. Further
evidence of reinforcement on precipitation is the shift in the exothermic peaks. Tt
was found that the peak-aging temperature for an Al alloy reinforced with SiC,
or ALO; could be about 30°C lower than that for the unreinforced Al alloy [23].
Kolobnev et al. [24] noted the same trend for 6061 material. This may be attri-
buted to high quench-in distocations because of the difference in coefficient of
thermal expansion between the Al alloy matrix and the SiC particulates. The
presence of a high density of vacancies and dislocations allows the occurrence of
precipitation at lower temperatures, since diffusion in the substitutional solid-so-
lution is through a vacancy-exchange mechanism. Vacancies play a particularly
significant role in the formation of the GP zones [14]. Nucleation of the second-
ary phase is greatly influenced by the cxistence of discontinuities in the compos-
ite. When the specimen is quenched from high temperature, vacancies, disloca-
tions and locations with great disorder are preferred sites for the nucleation of
precipitation. A DSC study on an AA6061 particulate-reinforced MMC led to the
conclusion that particulate additions increase the quenching sensitivity, signifi-
cantly reduce the volume of GP zones formed in the MMC as compared to the
monolithic materials, and accelerate the precipitation of intermediate phases
[26]. Dutta et al. [12] studied the precipitation behaviour of Al,Os-reinforced
MMCs by means of DSC, TEM and resistivity measurements. They concluded
that Al,Os particulates accelerate both the nucleation and the growth of precipi-
tation. The enhancement of nucleation occurs through a reduction of the incuba-
tion time for Si clustering, whereas the growth rate is increased due to a higher
diffusivity. Both effects are a consequence of the increased density of disloca-
tions due to a thermal expansion coefficient mismatch.

Since the enthalpy AH released during precipitation is proportional to the vol-
ume fraction of the precipitation according to Eq. (7). the amount of precipita-
tion can be estimated for different solution-treated specimens [1].

AH
AH == 2PRy, (7)
WP Ps

where AH, is the enthalpy of precipitation, W, is the molecular weight of the pre-
cipitate, p, is the density of the precipitate, ps is the density of the sample and V;
is the volume fraction of precipitation. Therefore, by measuring the change inen-
thalpy, the extent of precipitation can be determined.

Prediction of precipitation

Two sets of calculated precipitation conversion curves are given in Fig. 4. The
conversion calculation is based on Eq. (2) if Z, the pre-exponential factor, and £,
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the activation energy, are known, In the case of precipitation, conversion gives
the percentages of precipitates during heating. These permit optimal peak-aging
temperatures and aging durations to be selected accordingly.
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Fig. 4 Conversion curves for determination of aging temperatures and times at solution tem-
peratures of (a) 510 and (b) 530°C

In order to make comparisons between the aging hardness and the conversion
curves, microhardness tests were carried out. Figures 5(a) and (b) show the rela-
tionships between hardness and aging duration at aging temperatures of 160 and
177°C. The peak-aging times are 480-600 min for the 177°C aging and
900-1000 min for the 160°C aging. Comparison of the peak-aging times with the
conversion curve for the 510°C solution treatment in Fig. 4(a) furnishes a peak-
aging conversion of about 97% for the specimen aged at 160°C, and of about 95%
for that aged at 177°C.

From the measurement of hardness and the precipitation conversion, it was
found that the maximum aging hardness can be obtained only when the precipi-
tation conversion is less than 100%. As mentioned before, during aging the GP
zones precipitate first and subsequently grow to form the B’ phase. Precipitates
of the B’ phase grow with prolonged aging time. The formation of GP zones in-
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creases the energy required for the dislocations to break the Mg—Si bonds when
they pass through the precipitates, leading to an increase in strength. The
strength decreases once the §’ precipitates are formed. However, in the later stage
of aging, the growth of GP zones and the formation of B’ precipitates take place
at the same time. The decrease in strength due to the dominant effect of the for-
mation of B’ precipitates is manitested in a decrease in hardness.

Conclusions

1. Precipitation in a metal matrix composite can be monitored by using DSC.
Three stages of precipitation have been observed in the 6061/10 wt.% SiC, com-
posite: nucleation and growth of GP zones, and B’ and [ phases.

2. The increase in activation energy for the formation of the B phase of the
solution-treated 6061/10 wt.% SiC, composite with increase of the solution tem-
perature may be attributed mainly to the phenomenon of grain growth at higher
temperatures and the local melting of eutectics. Grain size measurements re-
vealed a grain growth of about 24% when the solution temperature was increased

J. Thermal Anal., 54, 1998



LU et al.: ANALYSIS OF PRECIPITATION HARDENING 835

from 510 to 600°C. The relief of the internal energy due to the formation of Si
clusters stabilizes the solutionized metal matrix composite and hence increases
the activation energy for GP zone formation.

3. The peak-aging temperature and time can be obtained by using a precipita-
tion conversion curve calculated from DSC thermal curves. In the present stady,
peak-aging was obtained when about 95 to 97% of the GP zones had been pre-
cipitated.
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