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DSC and D M A  studies of particulate reinforced 
metal matrix composites 

T. DAS, S. BANDYOPADHYAY,  S. BLAIRS 
School of Materials Science and Engineering, University of New South Wales, Sydney 2052, 
Australia 

Thermal studies have been carried out on a series of particulate (SiC and AI2Oa) reinforced 6061 
AI metal matrix composites. Differential scanning calorimetry and dynamic mechanical analysis 
have provided information on the formation/dissolution of precipitate phase(s) and the effect of 
temperature on the short-term storage modulus of the materials, respectively. These studies were 
also used to identify the phase changes responsible for the maximum damping properties of the 
materials. 

1. Introduct ion  
Particulate reinforced aluminium metal matrix com- 
posites (PMMC) are receiving increasing attention as 
potential light weight engineering materials [1, 2]. 
Heat-treatable alloys, such as 6061, have been used 
extensively as the matrix materials in such composites. 
In these alloys the maximum strength is developed by 
precipitation of a fine phase dispersed throughout the 
matrix, obtained by quenching after solution heat- 
treatment in the single-phase region (e), followed by 
heating to a moderate temperature for a certain length 
of time. Formation of such precipitates is often be- 
lieved to be enhanced/accelerated by the reinforcing 
particles [3, 4]. 

In recently reported work thermal analysis tech- 
niques, like differential scanning calorimetry (DSC), 
have been employed to study the change in en- 
thalpy/specific heat which is considered to be asso- 
ciated with formation/dissolution of the precipitates 
[5-9]. Such studies have added a new dimension in 
understanding the role of particulate reinforcement in 
PMMC materials. 

Dynamic mechanical analysis (DMA) is another 
thermal analysis technique which can be used to 
study, in particular, changes in the (short-term) stor- 
age modulus as a function of temperature, as well as in 
obtaining other information, such as damping charac- 
teristics [10-14]. 

As part of a broad research program, the present 
authors have used DSC and DMA techniques to 
study microstructural/physical characterization of 
a series of PMMC materials, and the results obtained 
so far constitute the subject matter of this report. 

2. Experimental procedure 
Materials used in this study were as follows: (1) 
10vol% SIC/6061; (2) 20vo1% SIC/6061; (3) 
10 vol % AlzO3/6061; (4) 15 vol % A1203/6061; (5) 
20 vol % A1203/6061; (6) 20 vol% A120 3 (Micro- 
sphere)/6061 (Comral-85); (7) 6061, unreinforced. Rep- 

5680 

resentative microstructures of composites 1-6 are pro- 
vided in Figs 1-6 respectively. The particle size and 
size distribution of materials 1-3, 5 and 6 are given 
elsewhere [15]. All materials were provided by Coma- 
lco Research Centre of Thomastown, Victoria; com- 
posites 1 5 were obtained from commercial sources in 
the form of billets which were then extruded down to 
approximately 19 mm diameter rods; material 6 was 
a composite developed by Comalco. Material 6 and 
unreinforced 6061 were both supplied as extruded 
19 mm diameter rods. 

DSC and DMA experiments were conducted on 
specimens in both the as-received state and a T6 
condition, i.e. solution heat-treated at 530 ~ for 1.5 h, 
water-quenched to room temperature, pre-aged for 
20h at room temperature followed by ageing at 
175 ~ for 8 h. 

For DSC studies a Du Pont 910 DSC unit with 
a Du Pont 2100 Thermal Analyser was employed 
using discs of the PMMC materials of 5 mm in dia- 
meter and 0.5-1.0 mm in thickness. The temperature 
range investigated was 25-535 ~ using a scan rate of 
20 ~ min-  1. 

DMA studies were carried out with a Du Pont 983 
Dynamic Mechanical Analyser and a Du Pont 2100 
Thermal Analyser; version 6.0 software was used. 
Rectangular strips approximately 30 x 12 x 1.5 mm 
were clamped between two parallel arms. Specimens 
could be subjected to constant stress, oscillatory stress 
or constant strain, depending on the experimental 
mode. Sample deformation was monitored by a linear 
variable displacement transducer (LVDT). In the pres- 
ent experiments a resonant frequency mode was utiliz- 
ed, in which the sample was displaced and set into 
oscillation. Normally, a system so displaced would 
oscillate at the system's resonant frequency with con- 
stantly decreasing amplitude due to the loss of energy 
(damping) within the sample. The amplitude signal 
from the LVDT was used to control the output signal 
of the electromechanical driver. The driver supplied 
additional energy to the driving arm forcing the 
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Figure 1 Optical micrograph of 6061 + 10 vol % SiC. 
Figure 4 Optical micrograph of 6061 + 15 vol % AI203. 

Figure 2 Optical micrograph of 6061 + 20 vol % SiC. 
Figure 5 Optical micrograph of 6061 + 20 vol % A1203. 

Figure 3 Optical micrograph of 6061 + 10 vol % A1203. 
Figure 6 Optical micrograph of 6061 + 20 vol % A1203 (Micro- 
Sphere), Comral-85. 
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coupled system to oscillate at a constant amplitude 
(0.3 mm in the present experiments). 

The frequency of oscillation is directly related to the 
stiffness, i.e. the storage modulus of the specimen (E'), 
whilst the energy needed to maintain a constant oscil- 
lation amplitude is a measure of the loss modulus (E") 
of the material. The ratio of E"/E' is known as tan 
and is a measure of the damping of the material. 

3. Results and discussion 
3.1. DSC 
The DSC traces of the unreinforced alloy and six 
composites are shown in Fig. 7 13. The peaks identi- 

fled in these figures and the corresponding temper- 
atures are presented in Table I. The peaks in these 
figures were determined with respect to the base lines 
(not shown in the figures). Some peaks were more 
prominent than the others, appearing over a broad 
range of temperatures and, in this case, peaks were 
identified at the average of the maxima and minima of 
temperatures in that range. It is noted that, in general, 
the peaks were more prominent in the case of speci- 
mens heat-treated to a T6 condition, with the excep- 
tion of unreinforced 6061 and composite 6 where the 
peaks were also quite pronounced in the as-received 
condition. 
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Figure 7 DSC thermograms of the unreinforced 6061 A1 in (a) the as-received and (b) the T6 conditions. 

TABLE I Analysis of DSC scans of reinforced and unreinforced 6061 Al-alloys 

Temperature of the peaks c (~ 

Materials Fig. Peak Peak Peak Peak Peak Peak Peak Peak 
1 2 3 4 5 6 7 8 

6061 ASR" 
7a 

T6 b 

7b 
10 vol % SiC ASR 

8a 
T6 
8b 

20 vol % SiC ASR 
9a 
T6 
9b 

10 vol % AlzO3 ASR 
10a 
T6 
10b 

15 vol % A1203 ASR 
l l a  
T6 
l l b  

20 vol % A1203 ASR 
12a 
T6 
12b 

Comral-85 ASR 
13a 
T6 
13b 

170 
+ )c 

170 
+ 

170 
+ 

170 
+ 

170 
+ 

170 
+ 

170 
+ 

170 
+ 

170 
+ 

170 
+) 

170 
+) 

170 
+) 

170 
+) 

170 
(+)  

225 
(-)o 

220 
( -  
220 
( -  
220 
( -  
220 
( -  
220 

22O 

225 

220 

220 

220 

220 

200 
( - )  
220 
( ) 

270 
(+)  
25O 
(+)  
27O 
(+)  
275 
(+)  
275 
(+ 
275 
(+ 
275 
( +  

245 
( +  

245 
(+ 
25O 
(+ 
275 
(+ 
250 
(+ 
260 
(+ 
245 
(+ 

4O5 
- )  

28O 
- )  

320 
+) 

290 
+) 

320 
+) 

285 
+) 

535 
- )  

260 280 
- )  ( + )  

525 
- )  

290 445 
(+)  ( - )  
420 470 
( - )  ( + )  

300 455 
(+)  ( - )  
375 500 
( - )  (+)  
295 455 
(+)  ( - )  

445 525 
+ ( - )  

305 455 
+ ( - )  

45O 

350 530 
+ ( - )  

475 500 
- (+)  

470 520 
- ( + )  

485 525 
( + )  ( - )  

530 
( - )  

450 485 520 
( ) ( + )  ( - )  

470 520 
(+)  ( - )  
52O 
( - )  
490 530 
(+)  ( - )  

490 535 
(+)  ( - )  

aASR, As-received. 
bT6, T6 heat-treated condition. 
c( + ), Exothermic; ( - ), endothermie. 
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Figure 8 DSC thermograms of the 10 vol % SIC/6061 composite in (a) the as-received and (b) the T6 conditions. 
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Figure 9 DSC thermograms of the 20 vol % SIC/6061 composite in (a) the as-received and (b) the T6 conditions. 
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Figure 10 DSC thermograms of the 10 vol % A12OJ6061 composite in (a) the as-received and (b) the T6 conditions. 

As can be seen in Table I, all the materials showed 
a weak exothermic peak, e.g. peak 1 at 170~ and 
a weak endothermic peak, e.g. peak 2 at 220 ~ most 
likely due to the formation and dissolution of the GP 
zones (as observed by Badini and co-workers I-6, 8]), 
respectively. 

Exothermic peak 3 was seen in all materials and 
occurred in the temperature range of 245-275 ~ It is 
believed that this peak was due to the formation of 

metastable (13") and stable (~') precipitates [6]. It is 
interesting to note that in materials 1 and 2 this peak 
was closely followed by another exothermic peak 
(peak 4) in both the as-received and T6 specimens. In 
materials 3-7 this exothermic peak was seen to occur 
only in the T6 treated specimens. In materials 3 and 
7 this peak is denoted as peak 5, but in materials 4-6 
as peak 4. Peaks 3 and 4 for materials 1, 2 and 4-6, and 
peaks 3 and 5 for materials 3 and 7, are considered to 
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Figure 11 DSC thermograms of the 20 vol % A1203/6061 composite in (a) the as-receiVed and (b) the T6 conditions. 
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Figure 12 DSC thermograms of the 15 vol % AlzO3/6061 composite in (a) the as-received and (b) the T6 conditions. 
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Figure 13 DSC thermograms of the 20 vol % A12Oj6061 (Comral-85) in (a) the as-received and (b) the T6 conditions. 

be due to the peak age-hardening phenomenon, as has 
been confirmed in a TEM study by Dutta and Bourell 
[9]. From Figs 7 to 13 it is observed that for all the 
PMMC materials examined (1-6), the [3" and [~' trans- 
formations in the ageing sequence occurred at lower 
temperatures as compared to the 6061 matrix alloy 
(peaks 3 and 5:250 and 305 ~ hence the precipita- 
tion reactions in composites appeared to occur much 
faster than in the unreinforced alloy. 
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A large and complex endothermic area appeared for 
all the materials (followed by the above two 
exotherms) which is believed to be due to the dissolu- 
tion of precipitates [-8], this occurs at a temperature of 
~450 ~ Immediately after this an exothermic peak 
appeared at a relatively high temperature, 480 ~ for 
the T6 materials, possibly due to formation of equilib- 
rium precipitates (incoherent [3-phase), which was 
again followed by the endotherm, possibly associated 



with the dissolution of the equilibrium of 13 precipi- 
tates [7], this temperature was close to the solutioniz- 
ing temperature (530~ for the matrix alloys. For 
6061, 10 vol% A1203, 15 vol% A1203, 20 vol% 
A120 3 and Comral-85, this exothermic peak appeared 
at almost the same temperature (485 ~ Figs 7-13, 
part b. A slight deviation was found for 20 vol % SiC 
where the peak appeared at 520 ~ and no such peak 
was found to exist in the case of 10 vol % SiC. 

From the overall results, it can be seen that the 
formation of equilibrium precipitates was insensitive 
to the amount and type of reinforcement present in the 
matrix alloy, however, the peak age-hardening phe- 
nomenon, due to the formation of coherent precipi- 
tates, was very sensitive to the amount and type of 
reinforcement. 

The faster ageing process may be explained [9] in 
terms of dislocations present in the matrix and those 
dislocations which are generated due to the thermal 
mismatch between the ceramic particles and the 
matrix alloy, induced as a result of quenching from the 
solutionizing temperature, 530~ For irregular- 
shaped particles (in the case of SiC and AlzO a rein- 
forced composites) the stress concentrated corners 
were favourable sites for dislocation generation as 
compared to Comral-85 which contains AlzO 3 micro- 
spheres. Hence, the dislocation density in the matrices 

of 20 vol % SiC and A1203 composites was greater 
than that in Comral-85 and so they aged faster than 
the latter. Future TEM studies on the above materials 
will help to quantify this phenomenon. 

3.2.  D M A  
It is evident from Figs 14 to 16 that E' of both the 
unreinforced and reinforced 6061 Al-alloys decreased 
with increasing temperature for materials as-received 
and in the T6 condition. 

Figs 14-16, part a, indicate DMA results in the 
as-received condition for 10 and 20 vol % SiC, 10 and 
20 vol% A1203, 15 vol% AI/O 3 and Comral-85, 
respectively. In the above figures the E' data are com- 
pared with those of the as-received 6061 matrix alloy. 
Figs 14-16, part b, indicate results for the same mater- 
ials in the T6 condition. In general, the storage 
modulus of the composites appeared to be dependent 
on the volume fraction of the reinforcement in the 
matrix alloy. Absolute values of E' at room temper- 
ature for all materials examined in the study were 
consistently lower (~18 GPa) than corresponding 
values reported in the literatures for such materials 
[10-12]. The reason for this difference is not known; 
however, as present interest is in the change of E' with 
temperature, this discrepancy will be ignored, and the 
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TABLE III Phase changes from DSC plots at the temperatures where maximum of tan ~ observed in DMA experiment 

Materials As-received T6-treated 

Temp. at max. of tan ~ Phase changes at max. of Temp. at max. of tan 8 Phase changes at max. of 
from DMA (~ tan 8 from DSC from DMA (~ tan 8 from DSC 

6061 335 Dissolution of [3" and 13' 370 Dissolution of 13" and 13' 
10 vol % SIC/6061 325 Formation of 13' 330 Formation of 13' 
20 vol % SIC/6061 320 Formation of 13' 285 Formation of 13' 
10 vol % A1203/6061 325 Formation of 13' 360 Dissolution of 13' 
15 vol % A1203/6061 340 Dissolution of 13' 325 Dissolution of !3' 
20 vol % A1203/6061 335 Dissolution of 13' 335 Dissolution of 13' 

(Not prominent) 
20 vol % AlzOa(MS)/ 

6061 330 Dissolution of 13' 330 Dissolution of 13' 
(Not prominent) 

]3', Stable precipitates; 13" metastable precipitates; tan 8 = E"/E'. 
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Figure 17 E' ( - - ) ,  E", (---) and tan 8 (-.-) plots as a function of temperature for 20 vol % SIC/6061 in (a) the as-received and (b) the T6 
conditions. 

maxima are considered to relate to a transformation 
process in the material and are obtained from the 
corresponding DSC plots (also noted in Table Ill). In 
case of as-received 6061, 15 vol % A1203, 20 vol % 
AlzO 3 and Comral-85, the maxima of tan 5 appeared 
at 330-340 ~ and were found to be due to the dissolu- 
tion of [3' precipitates from the corresponding DSC 
plots. For 10 vol % SiC, 20 vol % SiC and 10 vol % 
A120 3 in the as-received condition, the maxima ap- 
peared at slightly lower temperatures, 320-325~ and 
were found to correlate with the formation of 13' pre- 
cipitates. However, materials in the T6 condition 
showed a different behaviour. The maxima of tan 6 for 
6061, 1 0 v o l %  A120 3, 15vo1% AlzO 3, 20vo1% 
A120 3 and Comral-85 occurred over a wider range of 
temperatures, from 330 to 370 ~ and were apparent- 
ly due to the dissolution of 13' precipitates. Also, for 10 
and 20 vol % SiC the maxima occurred from 285 to 
330 ~ and were due to the formation of 13' precip- 
itates. The only exceptions were found for 20 vol % 
A120 a and Comral-85 where the peaks of tan ~ were 
not prominent in the T6 condition. However, the 
confirmation of the phase changes at the maxima of 
tan 6 needs further study, including TEM work, which 
is in progress. 

4. Conclusions 
From the DSC and DMA studies presented the 
following conclusions may be drawn: 

1. The formation of equilibrium 13 precipitates is in- 
sensitive to the amount and type of reinforcement 
(SIC, A1203) present in the matrix alloy (6061). 
2. Peak age-hardening, which is due to the formation 
of coherent 13' precipitates, is sensitive to the amount 
and type of reinforcement. 
3. Twenty vol % SIC/6061 retains the highest storage 
modulus E at all temperatures in both T6 and as- 
received conditions, whereas 6061 has the lowest E'. 
4. From a combined study of DSC and DMA it is 
possible to identify the phase(s)/change(s) responsible 
for the maximum damping properties of the materials. 
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