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We report observation of the disappearance and recreation of the rigid, or constrained, amorphous phase by 
sequential thermal annealing. Modulated differential scanning calorimetry (m.d.s.c.) is used to study the 
glass transition and lower melting endotherm after annealing. Cold crystallization at a temperature T~ just 
above Tg creates an initial large fraction of rigid amorphous phase (RAP). Brief rapid annealing to a higher 
temperature causes the constrained amorphous phase almost to disappear completely, a result that has 
never been reported before. Subsequent reannealing at the original lower temperature Tee restores RAP to 
its original value. At the same time that RAP is being removed, the glass transition temperature decreases; 
when RAP is restored, Tg increases once again. The crystal fraction remains unaffected by the annealing 
sequence. Results indicate that the location of the RAP is within the amorphous phase, rather than in a 
separate location away from the liquid-like amorphous phase. Copyright © 1996 Elsevier Science Ltd. 
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Introduction 

Failure of the two-phase model to describe morphol- 
ogy in semicrystalline polymers has been a subject of 
study from the early 1960s 1-8. Recent studies in this 
area have been concerned with the nature of the 
amorphous phase and its relationship to the crystals in 
high performance semicrystalline polymers, like 
poly(etheretherketone), PEEK 9-12, poly(phenylene 
sulfide), PPS 13-16, and poly(ethylene terephthalate), 
PET 17'18. The mechanical properties of these materials 
are strongly reinforced by the crystal phase, even 
though degree of crystallinity is usually modest at 
about 0.40 or less. The amorphous phase serves to 
transfer stresses to the crystals across the crystal/ 
amorphous interphase. Thus, the properties of the 
amorphous phase glass transition relaxation, and the 
reinforcing effect of the crystals, are important for the 
ultimate use of these polymers. 

Recent studies have indicated that the amorphous 
phase in these high performance polymers is complex. 
Not all of the amorphous phase relaxes at the nominal Tg 
during thermal analysis by differential scanning calori- 
metry (d.s.c.) 6-11 . The 'rigid amorphous phase', or RAP, 
is that portion of the amorphous phase which does not 
undergo a distinct glass transition relaxation 6-11. Only 
the most mobile, or liquid-like amorphous phase, 
undergoes the glass transition relaxation process during 
normal d.s.c, testing. Several general observations can be 
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made concerning the amount and behaviour of 
constrained amorphous phase. First, RAP content is 
greatest under crystallization conditions that favour 
formation of imperfect crystals. These include rapid 
non-isothermal cooling from the melt, and crystalliza- 
tion of quenched polymer by heating about Tg ('cold' 
crystallization at T~). Second, at the end of isothermal 
cold crystallization the amount of crystals is larger, and 
the amount of constrained amorphous phase is smaller, 
when the cold crystallization temperature, Tcc, is 
increased. 

Cold crystallization of quenched polymer nearly 
always results in a lower melting endotherm which 
occurs 10-15°C above Tcc, in addition to the higher 
melting endotherm whose position does not change 
much with Tcc. Multiple melting endotherms have been 
observed in many polymers including PEEK 11'19-27, 
PET 28'29, PBT 30'31 and PPS 13-16'32'33. The lower melting 
endotherm shifts to higher temperature as Tee increases. 
Since cold crystallization also results in formation of a 
large fraction of RAP, and RAP content decreases as Tcc 
increases, we suggest that there may be an association 
between the creation of constrained amorphous phase 
and the creation of the lower melting endotherm. To 
examine the nature of the constrained amorphous phase 
we have used the new technique of modulated differential 
scanning calorimetry (m.d.s.c.) to study the glass 
transition relaxation and the lower melting endotherm 
after a sequential annealing process. 

M.d.s.c. has brought a new dimension to thermal 
analysis34 38. Excellent review of this technique can be 
found in ref. 34. M.d.s.c. is able to separate the total heat 
flow into two parts: (1) the heat flow from the heat 
capacity effect that usually comes from glass transition 
relaxation or crystal melting; and (2) the heat flow from 
the non-heat capacity effect that usually comes from 
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Figure 1 M.d.s.c. raw data from the Type A sample. The upper curve represents the modulated heat flow, the lower curve represents the actual 
heating rate 

enthalpic relaxation or cold crystallization. In this work, 
we will show directly from m.d.s.c, that the origin of  the 
lower temperature peak is due primarily to crystal 
melting and to a much lesser extent, enthalpic relaxation. 
Cold crystallization occurs immediately after the sample 
is heated above its previous treatment temperature. 
Using sequential annealing we show that RAP can be 
removed by brief exposure to elevated temperature, and 
recreated by annealing at a lower temperature. At the 
same time that RAP is removed, the glass transition 
temperature of  the liquid-like amorphous  phase 
decreases; when RAP is subsequently restored, Tg 
increases again. The annealing leaves the crystal fraction 
unaltered, but does affect the appearance of the lower 
melting endotherm. 

Experimental 
The mater ia l  used in this s tudy is PPS, Ry ton  V-1 

grade f rom Phillips Pe t ro leum C om pany .  This poly- 
mer  was chosen because it displays a very large 

13 14 a m o u n t  of  R A P  when it is cold crystall ized ' . The 
as-received material was a semicrystalline sheet with a 
thickness of  75#m and molecular weight of  
60 000 g mol 1. The amorphous  samples were prepared 
by first melting the sample at 320°C for 2 rain to destroy 
the crystal seeds, then quickly quenching into ice water. 
The amorphous  samples were encapsulated in d.s.c, pans 
and treated inside a differential scanning calorimeter 
(Perkin Elmer DSC-4) under different annealing condi- 
tions. Type A samples were prepared by heating from 60 

o o 1 to 170 C at a heating rate of  2 0 C m i n  , holding at 
Tcc = 170°C for 30min, then cooling to 40°C at a 
nominal cooling rate of  200°Cmin -1. Type B samples 

were prepared as Type A samples, but after the annealing 
step at 170°C, the samples were heated momentari ly to 

o o | o 210 C at 20 C rain-  , then immediately cooled to 40 C at 
200°C min -~. Type C samples were first treated as Type 
B samples, then were reheated to 170°C and held for 
30 rain, and finally cooled to 40°C at 200°C min -1. 

Thermal analysis was subsequently performed using a 
Modulated DSC from TA instruments. Both tempera- 
ture and baseline were calibrated as in conventional d.s.c. 
High density polyethylene was used to calibrate heat 
capacity. A scan rate of  4°Cmin 1 was used with a 
temperature modulation amplitude of  0.42°C and a 
temperature modulation period of  40 s. These modula- 
tion parameters  were chosen so that the heating rate was 
always above zero, i.e., no cooling occurred during the 
scanning process 35 for the temperature region of interest, 
below 270°C. In order to maximize the signal as well as 
to reduce the heat transfer delay, an average sample 
weight of  10 mg was used. The weight of  the sample pan 
and reference pan are carefully matched. Helium was 
used as a heat transfer gas at a flow rate of  30ml min -1. 

Exactly similar studies were carried out using a Perkin 
Elmer DSC-4 operated at 20°Cmin 1 heating rate. In 
this report, these results are not shown for the sake of 
brevity. In all cases, the d.s.c, scans showed the same 
features and relative peak heights as the m.d.s.c, total 
heat flow curves. The only differences were due to the 
different heating rates used in the two instruments. 

Results 
In Figure 1, we present the m.d.s.c, raw data obtained 

from the Type A sample. The upper curve gives the 
modulated heat flow, while the lower curve shows the 
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Figure 2 Total heat flow, reversing heat flow and non-reversing heat flow obtained from m.d.s.c, for three types of samples: (a) Type A, (b) Type B, 
and (c) Type C 

simultaneous heating rate. Almos t  at all times, the 
heating rate is above zero, i.e. the sample does not  
experience cooling. The slightly negative heating rate at 
the higher temperature  end is the result o f  previous large 

crystal melting. As we have discussed earlier, three heat 
flow curves can be derived f rom these raw data. The 
results are shown in Figures 2a, b and c for Type A, B, 
and C samples, respectively. Each plot  consists o f  three 
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T a b l e  1 Thermal properties of PPS samples: glass transition temperature, heat of fusion from total, reversing and non-reversing heat flow, and mass 
fraction of crystal, amorphous and rigid amorphous phases 

Tg (°C) AHf (Jg l) AH~ (Jg) AH~VR ( jg-1)  Xc Xa Xrap 

(±I°C)  a,b (4-2 j g - l ) a  (±2 J g  t)a (=E2 Jg  ~)a (±0.02) (±0.02) (+0.04) 

Type A 104. 5 32. 9 86. 5 -53.  5 0.30 0.41 0.29 
Type B 98.1 34. o 80. 4 -43.  8 0.31 0.64 0.05 
Type C 105. 6 34] 80. 4 -43.  4 0.31 0.41 0.28 

a First decimal place digit is not significant, but is included to show the spread. Error bar was determined from consideration of the error arising from 
different choices of starting and ending points in the determination of the baseline for calculation of the transition 

Tg determined from the inflection point in the reversing (R) heat flow curve 

curves, representing reversing heat flow (R), total heat 
flow (T) and non-reversing heating flow (NR), respec- 
tively. 

The total heat flow (T) curve shows the sum of  all the 
thermal responses of  the sample, and provides the same 
level of  information as normal d.s.c. In the T curve for 
Type A (Figure 2a), a glass transition is observed 
followed by a small melting endotherm with a peak 
maximum at 180°C. The curve then drives slightly up 
away from the baseline. Finally, a major melting peak is 
observed afterwards with a peak maximum at 280°C. In 
the T curve for Type B sample (Figure 2b), after the glass 
transition, no endo- or exothermic activities are found 
until 210°C, the temperature to which the sample has 
previously been briefly exposed. After 210°C, the total 
heat flow (T) curve again goes up away from the baseline, 
and is followed by the major melting endotherm with a 
peak maximum at 280°C. In the T curve from Type C 
sample (Figure 2e), a smaller endothermic peak is first 
observed at the exact temlSerature where the small 
endothermic peak of  Type A sample appears (near 

180°C). Then, as the temperature increases, the same 
kind of  features are seen in the Type C sample as are seen 
in the Type B sample. Judging by these total heat flow 
curves alone, it is hard to tell exactly what the thermal 
history effect is on either the amorphous phase or the 
crystalline phase. To separate the thermal history effect, 
we must compare the two other heat flow curves, R and 
NR, that represent different physical processes. 

For  the reversing heat flow (R) curve, Type A sample 
(Figure 2a) shows a broad glass transition, an endother- 
mic step and a melting endotherm. For  the Type B 
sample (Figure 2b), the endothermic step shifts to a 
higher temperature, while the major melting peak stays 
at the same temperature. The same features are observed 
in Type C sample (Figure 2c) as in Type B sample. No 
appreciable change in the reversing heat flow curve is 
observed in the re-annealed temperature region. In order 
to show these features more clearly, we have plotted the 
derivatives of the R and N R curves in Figures 3a and b, 
respectively. In Figure 3a (derivative of the R curves), the 
first shallow peak below 120°C is the result of  the glass 
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Figure 3 Derivative curves of: (a) reversing heating flow, and (b) non-reversing heat flow for three types of samples, Refer to the text for the different 
thermal treatments for Type A, Type B and Type C samples 

transition, while the second represents the lower melting 
peak. The results show clearly that brief heating to the 
higher temperature of 210°C shifts the lower temperature 
peak up. Reannealing at a lower temperature of 170°C 
leaves no mark even on the derivatives of the R curves. 

We also note in Figure 3a the difference among these 
samples at the glass transition region. After careful 
analysis of the R curves, we list in Table 1 the glass 
transition temperature Tg (from the inflection point in 
the heat capacity step) and the amount of liquid-like 
amorphous phase, Xa. Xa is the ratio of the heat capacity 
step at T = Tg of the semicrystalline sample to com- 
pletely amorphous sample, and is expressed as9-13'16: 

Xa(T) = C~C(T)/Cp(T) (1) 

Type A and C show similar values of Tg and Xa, while 
Type B shows a much lower Tg and larger fraction for Xa. 
Thus briefly heating to a high temperature increases the 
amount of the liquid-like amorphous phase that is able 
distinctly to relax at Tg. 

Also listed in Table 1 are the crystal heats of fusion, 

AH~, where the superscript i represents from which curve 
the value has been derived (i -- T, R, or NR). AH]" has 
been used to calculate the initial crystallinity of the 
sample, Xc, using l l l . 6 J g  -1 as the heat of fusion of 
100% crystalline PPS 13. Little difference is observed 
in initial crystallinity among these samples. Since the 
endothermic areas under the reversing heat flow (R) 
curves indicate the melting of already-formed crystals 
and those which crystallized during the scan, a 
decrease in dill  R from A to B (or C) reflects the fact 
that fewer crystals formed during the scans in samples 
B and C. 

The amount of the rigid amorphous phase is 
calculated in the normal way from a three phase 
assumption using: 

)(rap = 1 - X¢ - Xa (2) 

A significant increase in Xa has been found in the Type B 
sample over the Type A sample, resulting in a decrease in 
Xrap" At the same time, Tg also decreases indicating 
a less constrained amorphous phase. However, after 
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reannealing, as in the Type C sample, both )trap and 
Tg return to values very close to those of  the Type A 
sample. 

Many features not accessible through normal d.s.c. 
can be observed in the NR curves. First, cold crystal- 
lization exotherms have been observed for all the samples 
as shown in Figure 2. The exothermic heat flow starts as 
soon as the temperature of  the scan exceeds the highest 
temperature to which the samples had been exposed. 
Second, some small features can be observed in the lower 
temperature region, and these are shown more clearly in 
the derivative curves in Figure 3b. For the Type A 
sample, a downward enthalpic relaxation peak is seen 
around 174°C, followed first by an immediate upturn 
peak at 185°C, then by a broader peak at 250°C and a 
large downward peak at 280°C. In the Type B curve, the 
baseline near 160-200°C is comparatively flat; no 
downward peak shows up before the upturn peak that 
appears around 210°C, At a higher temperature, the 
same features have been observed in the type B sample as 
in the Type A sample. In the Type C curve, a downward 
enthalpic relaxation peak occurs at a temperature of 
174°C. It is followed later by an upturn peak appearing 
at 214°C with a peak shape similar to that seen in the 
Type B sample. The same features are observed once 
again in the higher temperature region (above 230°C) as 
in the previous two curves. Reannealing at lower 
temperature affects the shape of the NR curve. 

Discussion 
For the sample initially cold crystallized at 170°C 

(Type A), we observe changes in both R and NR curves 
when the scanning temperature reaches 170°C. The step- 
like transition in the R curve indicates the start of  
melting of crystals formed at the treatment temperature, 
while the small downward peak from the NR curve is the 
result of the enthalpic relaxation of the associated 
amorphous phase. The step-like melting transitions 
have also been observed in our m.d.s.c, study of  PEEK 
polymer 35. The shapes of these endotherms and enthal- 
pic relaxation peaks cannot be clearly distinguished from 
normal d.s.c, studies, or from the total heat flow (T) 
curves in m.d.s.c, since endo- and exothermic responses 
occur in additive contribution. Here, we suggest that the 
lower endotherm seen in normal d.s.c, and seen here in 
the R curves, results primarily from crystal melting and, 
to a much lesser extent, to enthalpic relaxation. One 
conclusion of  this work is that the major contribution to 
the lower temperature endotherm seen near 174°C comes 
from crystal melting. 

Amorphous phase enthalpic relaxation contributes a 
very minor, but nonetheless observable, component to 
the lower melting endotherm in the cold crystallized 
samples. However, this enthalpic relaxation component 
disappears in the Type B sample after brief heating to 
210°C. At the same time as the enthalpic relaxation 
disappears, the amount  of  the rigid amorphous phase 
also practically disappears (dropping from 0.29 to 0.05 
by weight). The liquid-like amorphous phase increases 
and the glass transition temperature decreases to 98°C 
(see Table 1). All these changes accompany a brief 
exposure of the sample to 210°C. One very plausible 
explanation of these events is that RAP was relaxed 
during the brief heating to 210°C. RAP was initially 
created in the Type A sample by cold crystallization at 

170°C, and it became relaxed by brief heating to 210°C. 
We know from prior  studies 13-16 that  the weight 
fract ion of  RAP tends to decrease, and Xc tends to 
increase, as the cold crystal l ization tempera ture  
increases. In addit ion,  our  dielectric relaxation 
studies did show that  RAP relaxed little by little as 
the tempera ture  was increased during the dielectric 
tests 9'1°'r4. What  our  present study implies is that  brief  
heating to a higher tempera ture  relaxes some of  the 
constraints  on the amorphous  phase, initially causing 
RAP nearly to disappear.  I f  the holding time at 210°C 
were increased so that cold crystal l izat ion occurred,  
more crystals would form, and the RAP fract ion 
would increase to the values cited in pr ior  studies of  
cold crystal l izat ion 9-Z 1,13,14. 

In a very significant observation, we see that a large 
RAP fraction reappears in the Type C sample after re- 
annealing at 170°C. No change in the crystal fraction was 
observed after this treatment. At the same time that the 
RAP reappears, the enthalpic relaxation peak reappears 
in the NR curve and the glass transition temperature 
increases close to its value in the Type A sample. 
Observation of the enthalpic relaxation peak in the Type 
C sample suggests that this sample has undergone a 
physical aging process within the amorphous phase upon 
holding the sample at a temperature above Tg. The 
process may involve changes such as densification near 
the crystal/amorphous interphase, which constrains 
more of the amorphous phase, resulting in an increase 
in the amount of RAP. These results are consistent with 
those of Struik 39'4° who studied physical aging in 
semicrystalline polymers. Sauerbrunn et al. 36 also used 
m.d.s.c, to study the effect of aging on the relaxation of 
amorphous PET. They found that enthalpic relaxation 
obtained from the NR curve reflected the degree of 
physical aging of the amorphous phase. 

For the sample reannealed at 170°C (Type C), we 
observe no appreciable changes in either the R curve or its 
derivative compared to the Type B sample. This indicates 
that reannealing the sample at a lower temperature after 
exposure to higher temperature does not change the 
crystal phase. More importantly, we observe in the 
derivatives of NR curve that the enthalpic relaxation 
occurs at the reannealing temperature, exactly at the same 
place as we observe the relaxation for the Type A sample. 
This observation supports the view that the amorphous 
phase in semicrystalline polymers has been aged above its 
nominal Tg. Provided with the fact that annealing ages the 
amorphous phase and increases Tg, we suggest that 
annealing may be responsible for the increase of RAP in 
the Type C sample. The origin of RAP thus seems to be 
within the amorphous phase, rather than in a separately 
located amorphous phase as has been recently suggested 
for melt crystallized samples 41 . 

It is also worth pointing out that in all cases, re- 
organization was observed right above T,~ as indicated 
by the exothermic peaks observed in the NR curves. 
Since cold crystallization usually results in small and 
imperfect crystals, once the samples have been melted at 
higher temperature, they tend to form more perfect 
crystals that are stable at a higher temperature. 
Quantitatively, we observe a decreased value in AH NR 
for Type B and Type C samples. This is simply because 
the temperature window for reorganization becomes 
narrower as the cold crystallization temperature 
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increases.  These  results  are  direct  evidence tha t  suppo r t  
the theo ry  o f  r eo rgan iza t i on  in the p o l y m e r  cold  
crys ta l l ized f rom the quenched  a m o r p h o u s  state.  

Conclusions 

1. The  lower  t empe ra tu r e  endo the rmic  peak  results  
p r imar i ly  f rom mel t ing  o f  the crysta ls  fo rmed  at  Tcc, 
and  to a much  lesser_ extent  f rom the en tha lp ic  
r e l axa t ion  o f  the assoc ia ted  a m o r p h o u s  phase.  

2. U p o n  br ie f  exposure  to T > Tcc, the l iquid- l ike  
a m o r p h o u s  phase  increases,  Tg decreases,  R A P  
f rac t ion  decreases,  and  no en tha lp ic  r e laxa t ion  peak  
is observed.  These  results  indica te  tha t  R A P  (which 
represents  a p o r t i o n  o f  the a m o r p h o u s  phase  tha t  is 
cons t ra ined)  is re laxed unde r  these cond i t ions ,  and  
s t rongly  suggests  tha t  the loca t ion  o f  R A P  is wi th in  
the a m o r p h o u s  phase.  

3. R A P  is rec rea ted  by reannea l ing  at  Tcc. W h e n  the 
R A P  f rac t ion  is res tored ,  Tg increases  and  the 
en tha lp ic  r e l axa t ion  peak  is aga in  observed.  Thus,  in 
add i t i on  to  the c rea t ion  o f  R A P  dur ing  cold  crysta l -  
l izat ion,  it m a y  also be c rea ted  by  lower  t empe ra tu r e  
annea l ing  o f  the now-re laxed  a m o r p h o u s  phase.  

4. F r o m  the N R  curves direct  evidence has  been 
ob t a ined  for  the occur rence  o f  crys ta l  r eo rgan iza -  
t ion / rec rys ta l l i za t ion  in the cold  crys ta l l ized 
p o l y m e r  ~2'33. R e o r g a n i z a t i o n  takes  place  immed ia t e ly  
when the sample  t e m p e r a t u r e  reaches  the previous  
t r ea tmen t  t empera tu re .  
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