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Aging in Quenched Poly(methyl methacrylate) under Inelastic Tensile Strain 
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ABSTRACT: Aging in quenched poly(methyl methacrylate) (PMMA) under inelastic tensile strain was studied by 
mechanical test, differential scanning calorimetry (DSC) and thermally stimulated deformation recovery. Evolutions of 
tensile modulus and yield stress with aging time for PMMA aged under tensile strain were much more significant than 
those in quenched and physically aged PMMA, giving evidence of aging in quenched PMMA even under negative (expan
sive) hydrostatic pressure. Experimental data obtained by DSC and the thermally stimulated deformation recovery indi
cated strain given to the quenched PMMA specimen to be locked into physically aged structure more tightly with aging 
time. 
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Commercial products of polymers are used often under 
strained conditions. A polymeric component tightly fas
tened by steel bolts and nuts is an illustrative example 
of such cases. We have so far studied time dependent 
changes in structure and mechanical properties of non
crystalline polymeric materials given various fixed 
amounts of strain, comparing with the physical aging be
havior of the same materials.1- 3 As we reported previ
ously,1·3 when the samples of quenched poly(methyl 
methacrylate) (PMMA) and polycarbonate (PC) were 
aged under compressive strain, their yield stress evolved 
with aging time much faster than that of physically aged 
samples (i.e., quenched samples aged with no strain). 
Aging not in quenched but in fully annealed PMMA 
samples given inelastic compressive strain was also 
studied.2 This is because quasi-equilibrium polymeric 
structure made up by full annealing is changed by the 
imposition of inelastic strain into non-equilibrium struc
ture similar to that of quenched polymer,4 thus being ex
pected to reveal some aging behavior under the inelastic 
strain. As a result, fully annealed and subsequently 
strained PMMA samples showed the evolution of their 
yield stress with time much faster than that in physi
cally aged PMMA, 2 hence being similar to the aging in 
quenched and subsequently strained PMMA samples. 
Moreover, experimental analysis of strain aging in 
quenched and fully annealed PMMA samples using dif
ferential scanning calorimetry (DSC) and thermally 
stimulated deformation recovery (TSDR) has led us to 
the conclusion that the strain given to the sample is 
locked in physically aged structure more tightly with ag
ing time.1·2 Hence, the DSC and TSDR analysis shows 
that at very long times of aging the amorphous polymer 
under strain has a structure different from that in physi
cally aged polymer. 

In our previous analyses of strain aging in amorphous 
polymers, i - 3 samples were strained mostly in compres
sion except in the dynamic viscoelastic analysis of aging 
in fully annealed PMMA samples strained up to a ten
sile strain of0.1.5 Hence, in the present paper, we aim to 
analyze aging in quenched PMMA strained in tension by 
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means of mechanical test, DSC and TSDR. The analysis 
leads us consequently to the conclusion that the strain 
aging already found for compressed samples is also the 
case for samples strained in tension although they are 
under the influence of negative (expansive) hydrostatic 
pressure caused by tensile strain: the elastic modulus 
and yield stress of quenched PMMA samples strain-aged 
in tension evolve faster than those in quenched and 
physically aged samples and the strain is locked into 
physically aged structure more tightly with aging time. 

EXPERIMENTAL 

Dumbbell-shaped specimens with a gage section of 4 
mm in width, 5 mm in thickness and 40 mm in length 
were cut from a commercial cast sheet of PMMA. The 
glass transition temperature Tg of the sample was deter
mined as l16°C by DSC at a heating rate of 1 K min- 1. 
Cut specimens were fully annealed at 130°C for 2 h. At 
the end of the annealing process, we cooled the speci
mens quite rapidly to room temperature by a steady 
blow of air of room temperature. After quenched by air, 
specimens were subjected to the physical aging treat
ment: they were aged in chambers kept at a temperature 
of 90°C for various durations of 1 to 100 h. The aging 
temperature of 90°C is the same as that in the previous 
study of aging under compressive strain.1 After the ag
ing treatment, we moved the quenched and aged speci
men (referred hereafter to as specimen QA) to a tem
perature controlling cabinet of a tensile testing machine 
and left it for 15 min at the same temperature as that of 
the aging treatment. Then we stretched the specimen 
QA at a strain rate i of6.87X 10-4 s- 1 to have its nomi
nal stress-strain relation. 

Specimens for the strain aging, on the other hand, was 
put into the temperature controlling cabinet kept at 
90°C of the tensile machine after quenched by air, and 
left there for 15 min. Then we stretched the specimen to 
give it a tensile strain of either 0.04 or 0.08 at i and 
stopped the tensile machine. Thereafter, we aged the 
specimen at 90°C under the tensile strain for durations 
of 1 to 100 h, and resume the stretching of the specimen 
at i to obtain a nominal stress-strain relation of the 
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quenched and strain-aged specimen (referred to as speci
men QSA). 

For DSC measurements, rectangular parallelepiped 
DSC specimens of 3 mm X 4 mm X 5 mm were cut from 
aged dumbbell-shaped specimens to fit well to the small 
DSC sample container. The DSC measurement was per
formed using a DSC 6100 calorimeter of Seiko Instru -
ments and run at a heating rate of 1 K min -l between 
-30°C and 150°C. 

Thermally stimulated deformation recovery was 
measured for specimens QSA. The deformation recovery 
was measured with a laser displacement detector of Key
ence Co. at a heating rate of 1 K min -i from 30°C to 
150°C. 

RESULTS 

Stress-Strain Relations of Aged Specimens 
Control data compared with mechanical behaviors of 

quenched and strain-aged (QSA) specimens were ob
tained from quenched and aged (QA) specimens free 
from strains. The mechanical control data of nominal 
stress-strain (er-£) relations in uniaxial stretching of 
specimens QA are shown in Figure 1. The yield stress is 
seen to increase with aging time t. In Figure 1, the in
itial modulus is also seen to increase with aging time 
though being less obvious than the increase in yield 
stress. 

Nominal stress-strain relations for specimens QSA 
strained up to 0.04 and 0.08 are shown in Figures 2 and 
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Figure 1. Variation of nominal tensile stress-strain relations 
with aging time for quenched poly(methyl methacrylate) (PMMA) 
specimens. 
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Figure 2. Tensile stress-strain relations for PMMA quenched 
and aged under tensile strain of 0.04, showing evolution of yield 
stress with aging time t. 
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3, respectively. A horizontal axis of the logarithm of ag
ing time t is inserted to these figures, and the relaxation 
of tensile stress during the aging time is plotted against 
log t with a dashed line. At the end of various aging 
times, the constant speed uniaxial tension of specimens 
QSA was run to give nominal stress-strain relations, 
each of which is drawn in Figures 2 and 3 with a shift of 
log t along the axis of nominal strain £. The yield stress 
is seen to increase with aging time. 

To compare the evolutions of tensile modulus E and 
yield stress er y in specimens QA and QSA as a function 
of aging time, we summarized the tensile modulus and 
yield stress data of Figures 1, 2, and 3 and plotted them 
against log t in Figures 4 and 5, respectively. In Figure 
4, the value of tensile modulus for unaged specimens is 
given by means of a horizontal dashed line, and filled 
and open circles are the data for specimens QSA 
strained up to 0.04 and 0.08, respectively, while filled 
triangles represent the control data from specimens QA. 
The evolution of tensile modulus in specimens QSA is 
seen to begin much faster than that in specimens QA. 
For specimens QSA, the slopes of their tensile modulus 
evolution against log t are much steeper than that for 
specimens QA especially at long times. As seen in Figure 
4, the imposed inelastic strain of Ea=0.04 (a strain be
fore the yield point) and 0.08 (a strain after the yield 
point) had a quite similar effect on the evolution of ten
sile modulus. A similar time evolution is also seen for 
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Figure 3. Evolution of yield stress with aging time t for PMMA 
quenched and aged under tensile strain of 0.08. 
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Figure 4. Tensile modulus E plotted against the logarithm of ag
ing time t for three kinds of aged PMMA specimens. e, quenched 
and aged under a tensile strain of0.04; 0, quenched and aged un
der a tensile strain of0.08; .._, quenched and aged with no strain. 
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Figure 5. Yield stress c, Y plotted against log t for three kinds of 
aged PMMA specimens. Symbols are the same as in Figure 4. 

yield stress as shown in Figure 5. 

DSC Analysis of Aged Samples 
In advance of DSC analysis for aged samples, we ex

amined the effect of machining procedure used to cut 
small DSC specimens from dumbbell specimens on the 
DSC data. As a method of examination we made two 
kinds of DSC samples from a fully annealed PMMA 
specimen: one is as machined and the other is fully an
nealed again after the machining procedure. Thermo
grams for these DSC samples are shown in Figure 6. Lit
tle difference is seen between the two DSC curves, thus 
indicating that the machining procedure has little influ
ence on DSC thermogram. 

Thermograms of DSC for specimens QA are shown in 
Figure 7 as the control data. In the same manner as gen
erally known for quenched amorphous polymers,6 the 
endothermic peak below the glass transition tempera
ture Tg got sharper and shifted to higher temperatures 
with aging time. 

Figure 8 gives the DSC thermograms obtained from 
specimens QSA strained up to 0.04 and 0.08, and these 
top and bottom thermograms are corresponding to the 
stress-strain relations shown in Figures 2 and 3, respec
tively. In comparison with the thermogram for quenched 
and unaged PMMA (bold solid line), the endothermic 
peak developed and showed a shift to higher tempera
tures with time similarly as seen in Figure 7 for speci
mens QA. Hence, it may be suggested from Figure 8 that 
the mechanism of aging in specimens QSA is the same 
as that in specimens QA. This suggestion can be exam
ined by the comparison of Figure 8 with Figure 7. In Fig
ure 9, we superposed the DSC thermograms of QA and 
QSA (t:a=0.04) samples obtained at the same aging 
times upon that of the quenched and unaged sample 
(thin solid line). Each set of the superposed DSC curves 
is provided with an arbitrary amount of shift along the 
vertical axis to avoid a crowd of the curves. As seen by 
the comparison of the dashed line (QA) with the bold 
solid line (QSA) at the several aging times, the develop
ment of the endothermic peak of specimens QA is always 
faster than that of specimens QSA. A similar result was 
also obtained for specimens QSA of Ea= 0.08 as shown in 
Figure 10. 

In consequence, the aging in specimens QSA was 
shown to be faster than that in specimens QA by the me-
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Figure 6. Comparison of differential scanning calorimetry (DSC) 
thermograms for PMMA specimens as-machined and fully an
nealed after machining. 
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Figure 7. Variation of DSC thermograms with aging time for 
quenched and aged PMMA. 
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Figure 8. Variation of DSC thermograms with aging time for 
PMMA quenched and aged under tensile strains of 0.04 (top) and 
0.08 (bottom). 

chanical experiment, while according to the DSC analy
sis the aging in specimens QA appeared to be faster than 
that in specimens QSA. That is, we have contradictory 
experimental results from mechanical and thermal 
measurements on the aging in specimens QA and QSA. 
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Figure 9. DSC thermograms for quenched PMMA strained up to 
a tensile strain of 0.04 and then aged (QSA) compared with those 
for quenched PMMA aged with no strain (QA). 
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Figure 10. DSC thermograms for quenched PMMA strained up 
to a tensile strain of 0.08 and then aged (QSA) compared with 
those for quenched PMMA aged with no strain (QA). 

Thermally Stimulated Deformation Recovery of Strain
Aged Samples 

To discuss the contradictory results found above in the 
mechanical and thermal experimental results of speci
mens QA and QSA, we must take account of the strain 
energy stored in the strain-aged specimens and its re
lease at heating. Oleynik 7 has shown that some amount 
of strain energy is stored in a finitely deformed amor
phous polymer and this is released at the time when the 
deformed specimen shows deformation recovery at tem
peratures below Tg at a constant rate of heating. Thus, 
we accomplished the thermally stimulated deformation 
recovery experiment on specimens QSA aged for various 
durations. 

Plots of deformation recovery obtained for specimens 
QSA of Ea=0.04 and 0.08 are shown in Figures lla and 
llb, respectively, where a quantity of strain recovery 
rate d£1 dT is plotted against temperature T. The area 
under the curve gives the total residual plastic strain set 
in the specimen at the end of the aging process. The re
covery peak in the temperature range below Tg, where 
the strain energy is released as reported by Oleynik, 7 

moved to higher temperatures with aging time. We must 
take into account this energy release ( i.e., exothermic 
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Figure 11. Thermally stimulated deformation recovery for 
PMMA quenched and aged under tensile strains of 0.04 (top) and 
0.08 (bottom). 

effect) when examining the DSC result such as shown in 
Figures 8, 9, and 10. Thus, let us re-examine the DSC 
thermograms of Figures 9 and 10 by comparing them 
closely with the deformation recovery shown in Figure 
11. The plot for the comparison is shown in Figure 12 for 
£a=0.04. Each of arrows on the bottom panel points to 
the peak of sub-Tg deformation recovery. The strain en
ergy is expected to have been released around the tem
perature pointed by each arrow. In the same tempera
ture range of the arrow on the top panel, say for t = 30 h, 
the endothermic curve is depressed towards the exother
mic direction, probably because of the thermal energy 
balance between the endothermic behavior caused by an 
aged structure brought by ordinary physical aging and 
the exothermic effect due to the release of strain energy. 
Similar depressions of the endothermic behavior are 
seen also in the cases oft= 1, 3, and 10 h in a range 
around the temperature pointed by each arrow. Endo
thermic behavior due to the structure brought by ordi
nary physical aging began to appear first, and then at 
slightly higher temperatures (around each arrow) the 
strain energy was presumably released simultaneously 
with the endothermic behavior. Thus, a transient part of 
the thermogram being first endothermic and then de
pressed towards the exothermic direction indicates that 
the strain energy has been locked into the molecular 
structure stabilized by ordinary physical aging. That is, 
the strain energy could be released after the stabilized 
structure locking that strain energy in itself had been 
loosened by the thermal energy absorption. 

The relation between DSC thermograms and deforma
tion recovery curves similar to that in Figure 12 is also 
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Figure 12. Deformation recovery curves (bottom) compared to 
DSC thermograms (top) for PMMA quenched and aged under ten
sile strain of0.04 and PMMA quenched and aged with no strain. 

~-2I T-90"C 

' Ol 

3: 
E 

3: 
0 

0::: 
iii __ Quenched 
Q) 

I ----- QA 
-- QSA ( E8=0.08) 

50 100 

0.006 
Ea=0.Q8 fl 

I 

1h 

0.00 
3h 

"C 10h 
30h 

I 
II 

0.002 

50 100 Tg 

T CC) 

Figure 13. Deformation recovery curve (bottom) compared to 
DSC thermograms (top) for PMMA quenched and aged under ten
sile strain of0.08 and PMMA quenched and aged with no strain. 

seen for Ea =0.08 as shown in Figure 13. 
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DISCUSSION 

The steady shift of the sub-Tg recovery peak to higher 
temperatures with aging time shown in Figure 11 indi
cates that the strain energy comes to be locked in the 
stabilized (physically aged) structure more tightly with 
aging time. Since the yield stress increased simultane
ously with the shift of the sub-Tg recovery peak to higher 
temperatures, we can conclude that the stabilized struc
ture locking the strain energy in itself contributes to the 
significant increase in yield stress. 

On the DSC thermograms shown in Figures 9 and 10 
for specimens QA and QSA, we should notice that the 
tail of endothermic peak of specimens QSA is quantita
tively in excess of that of specimens QA on the low tem
perature side. This probably implies that the approach 
to the thermodynamically most stable structure (i. e., 
physical aging) in specimens QSA is not so much at
tained as in specimens QA Yet, as seen in Figures 4 and 
5, the aging in specimens QSA is much faster than that 
in specimens QA in terms of tensile modulus and yield 
stress. Hence, the evolution of the tensile modulus and 
yield stress in specimens QSA faster than that in speci
mens QA is ascribable to the structure locking the strain 
energy in itself. This structure supposedly has a prop
erty quite effective to resist against mechanical deforma
tion. 

The key finding in the present study is the experimen
tal evidence of strain aging in quenched PMMA under 
inelastic tensile strain, which is quite similar to the 
strain aging under inelastic compressive strain reported 
previously. That is, the strain aging was shown to evolve 
even under negative (expansive) hydrostatic pressure 
caused by tensile strain. As we have mentioned above, 
the strain aging is a relaxation process where the strain 
is locked into the physically aged structure more tightly 
with aging time. Thus, physically aged structure in 
strained PMMA was shown to evolve even under nega
tive hydrostatic pressure, suggesting strongly that 
physical aging in quenched polymers with no strain is 
also probable under the condition of negative hydrostatic 
pressure. 

CONCLUSIONS 

Mechanical and thermal analysis was performed on 
aging in quenched PMMA under inelastic tensile strain. 
Evolutions of tensile modulus and yield stress with ag
ing time for PMMA aged under tensile strain were much 
more significant than those in quenched and physically 
aged PMMA, thus giving evidence of aging in quenched 
PMMA even under negative (expansive) hydrostatic 
pressure. Experimental data obtained by DSC and the 
thermally stimulated deformation recovery indicated 
strain given to the quenched PMMA specimen to be 
locked into physically aged structure more tightly with 
aging time. 
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