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Abstract
Differential scanning calorimetry (DSC) is considered one of the most versatile thermal analysis tools for characterizing 
polymer samples. This paper reports a DSC study of blends of polymethyl methacrylate (PMMA) and  polystyrene (PS) 
prepared in different ratios by weight percentage for all blend ratios used for PMMA:PS (80:20, 60:40, 50:50, 60:40, 20:80) 
using the solution cast method. The samples were analyzed at heating rates of 5°C/min, 10°C/min and 20°C/min in the 
temperature range of 50–200°C. The glass transition temperature (Tg) was theoretically calculated using Fox’s equation for 
all the samples. It was found that the experimental glass transition temperature is very close to the theoretical values. DSC 
thermograms supported the confirmation of the formation of PS–PMMA blends and demonstrated a significant change in 
their thermal behavior with changes in blend ratio. The activation energy of crystallization was evaluated using both isoki-
netic and iso-conversional approaches, and similar findings were found. Using various iso-conversional approach models, 
the activation was determined for pure and blended polymers through their glass transition. Notably, the activation energy 
values obtained using different iso-conversional methods and specific iso-conversional techniques, such as Ozawa, Kissinger, 
Boswell, and Augis and Bennett, are relatively consistent.
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Introduction

A polymeric material’s processing temperature and end-use 
properties are determined by its glass transition temperature,  
Tg, which identifies the temperature at which the material 
undergoes a change in phase behavior. At or below Tg, the 
polymeric structure is hard, brittle, and glassy,1,2 whereas 
it remains soft and viscous above this point.  One of the 
most suitable thermal analysis techniques for identifying a 
material's glass transition temperature is differential scan-
ning calorimetry (DSC). Using a thermal analysis of DSC, 
researchers have identified polymer melting points (Tm) 
and glass transition points (Tg).3–6 Many polymers have 
standard melting points and glass transition temperatures.  
DSC tests indicate likely polymer breakdown by a decline 
in the predicted melting point (Tm), which depends on the 
polymer’s molecular weight. As a result, lesser-grade poly-
mers are likely to have lower melting points than reference 
polymers of  higher molecular weight. DSC is also helpful 
in determining the concentrations of specific polymers and 
medicines.7 The Gibbs free energy of mixing, which may 
be measured in terms of interaction energy, combinatorial 
entropy, and compressibility, must be negative. Its second 
derivative must be positive for a miscible polymer blend to 
be stable. The DSC is a sophisticated device that was created 
to measure energy directly and permits exact heat capacity 
measurements. When a polymer changes from a glassy to 
a rubbery state, it changes its hardness, volume, and per-
cent elongation to break.8 The glass transition temperature 
is influenced by several variables: (1) Increased surrounding 
pressure due to a reduction in free volume may also cause 
a high Tg. (2) When plasticizer is mixed into a polymer, the 
free volume in the material structure increases, causing poly-
mer chains to move about at lower temperatures, decreas-
ing the Tg of the polymer. (3) The polar group, molecular 
structure, molecular weight and chemical cross-linking are 
all part of the polymer’s chemical structure. (4) This also 
explains why amorphous materials have greater entropy val-
ues, and crystalline materials have lower entropy values.9–12 
The greater the entropy, the higher the glass transition tem-
perature (Tg).12–16

The thermal analysis of polystyrene (PS), polymethyl 
methacrylate (PMMA), and PMMA/PS mix samples has 
been conducted using the DSC method. The Tg has been 
calculated and the changes seen in mixing PMMA and PS 
have been interpreted. When PMMA and PS are blended, the 
Tg of PS changes and the appearance of a single peak dem-
onstrates that the two polymers are miscible. The synthesis 
of PMMA/PS blend was further confirmed by DSC plots, 
which revealed a considerable shift in thermal behavior. 
The DSC analysis of PMMA, PS and blend of PMMA/PS 
films made with various weight percentage (wt.%) ratios is 

presented in this work. The DSC test depicts the miscibility 
behavior of polymer blends and composites by monitoring 
the glass transition temperature for all blend ratios utilized 
for PMMA:PS (80:20, 60:40, 50:50, 60:40, and 20:80). 
Analysis by Akahira et al.17 shows that the morphological 
structure of PMMA, PS and PMMA/PS blends are impacted 
by the glass transition behavior of the polymer systems. In 
PMMA and PS blends, the Tg of PS increases as the percent-
age of PS in these blends decreases. When the amorphous 
component in the composition changes, results show that Tg 
mainly depends on the physical state of the semi-crystalline 
domains in the composition. Combining polymers alters 
their thermal diffusivity, capacity, density, thermal conduc-
tivity and specific heat in dramatic ways.18–20

Theory

Many approaches have been devised to analyze the crystal-
lization process; most of them use Kolmogorov, Johnson, 
Mehl, and Avrami’s (KJMA) transformation rate equation.10 
This equation is obtained through isothermal tests and is 
written as Eq. 1:

where α is the Avrami exponent (also known as growth 
exponent), and K is the rate constant in the form of Arrhe-
nius temperature at a particular time K(T). The rate constant 
is calculated as follows:

 where the pre-exponential factor is k0, the activation energy 
is E, and the universal gas constant is R.

For reactions associated with linear growth exposed to 
various circumstances, the KJMA rate in Eq. 2, based on 
several key assumptions, seems to be valid.21

Experimental Set‑Up

Synthesis of Membrane

Polymer and pre-polymer were dissolved in a suitable solu-
tion. The pure polymeric films of PMMA and PS and the 
blend membrane films of PMMA/PS were prepared by the 
solution casting method, which is shown in Fig. 1.5–7,22,23 A 
glass plate magnetic stirrer was used for solution casting of 
dichloromethane onto the majority of the blend films.

To obtain a homogeneous solution, the solutions of 
PMMA and PS were individually stirred for 3 h, and then 
the mixture of PMMA/PS was again stirred for 24 h at 

(1)
d�

dt
= nK(1 − �)[− ln (1 − �)](1−n)∕n,

(2)K(T) = k0 exp
(

−E

RT

)

,
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ambient temperature. On a flat-bottomed glass, the mixture 
was transferred, and the solvent was allowed to evaporate 
overnight in the system.

Characterization of Membrane

The thermal analysis and glass transition temperatures of 
pure and blended polymers were obtained by using a DSC-
25 (TA Instruments, USA) system. Here, we scanned film 
at heating rates of 5°C/min, 10°C/min and 20°C/min, with 
accuracy of ±1 °C. The sample was heated to 160°C at 5°C/
min for a scan that was used to clear the last scan's thermal 
history, and the same experiment was performed with 10°C/
min and 20°C/min heating rates. Heat flow from 50°C to 
160°C at different rates of 5°C/min, 10°C/min and 20°C/
min was used to analyze specified samples. TRIOS software 
was used to find the glass transition temperatures and heat 
capacity. The glass transition temperatures and heat capacity 
measured by DSC 8500  were used to identify  Tg, the point 
at which the heat capacity begins to change. Small bits of 
polymer thin film were cut and placed in aluminum pans. A 
micro weight balance was used to weigh the samples.24–26 
The DSC experiments were conducted using polymer film 
samples weighing between 2.5 mg and 3.8 mg. Samples con-
sisted of PS,  PMMA, and blends of PS/PMMA polymer 
in weight percent ratios of 80:20, 60:40, 50:50, 40:60, and 
20:80. The sample testing process  was carried out three or 
four times, each time with a different heating rate and sample 
from the batch.

Results and Discussions

PMMA and PS blends were developed by modifying the 
molecular weights of PMMA to prevent solvent-induced 
crystals from forming. Two Tg overlapped in PS/PMMA 
immiscible blends of 93°C and 100°C. The DSC thermo-
grams showed that the PS melting peak was not visible in 
these blends. At all compositions, the blend films were trans-
parent for PS/PMMA.25–27 Blends were heated at a tempera-
ture up to 90°C above Tg for a week before cooling to room 
temperature and then quenching to see whether they were 
miscible at equilibrium. The films were still transparent and 
showed the same Tg as previously. According to these obser-
vations, all of the PS/PMMA (80:20), PS/PMMA (50:50), 
and PS/PMMA (40:60) blends are miscible while in equi-
librium. These results are shown in Fig. 2a–g.

Figure 2a–g show the weight percentage (wt.%) values 
for pure polymers and the different weight ratios for PS/
PMMA polymer blends. A DSC experiment was conducted 
to examine the impact of PMMA in the PMMA/PS blends 
with various concentrations on the Tg value.28,29 Here, 
Fig. 2a and b show the Tg value of pure PS and PMMA 
polymer with different heating rates.  From this graph, it is 
observed that when we increase the heating rate temperature 
from 5°C/m to 20°C/min, the glass transition temperature 
is also increased according to that heating rate. From the Tg 
values of PS/PMMA polymer blends  shown in  Fig. 2, it can 
be seen that the Tg changed as we changed different wt.% 
ratios of miscible polymer blends. This happens because 

Fig. 1  Synthesis of polymer blend membranes by solution casting method.
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Fig. 2  (a–g) DSC thermograms 
of pure PMMA, pure PS and 
blends of PS/PMMA with dif-
ferent heating rates.
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of miscible bonding between PS and PMMA polymer.29 
Figure 2a–g indicate that the Tg values of these blends lay 
between the Tg values of the pure polymer and were well 
estimated by Fox’s equation.  Also, for a given range of 
molecular weights, the Flory–Fox equation may be used to 
simulate how the glass transition temperature varies with  
the choice of plasticizers, or how low-molecular-weight 
diluents may be added to alter a polymer's glass transition 
temperature.27–30 Lower Tg is possible because the addition 
of molecular weight, which raises the system's free volume, 
reduces its melting point. The Fox equation (Eq. 3) helps 
explain this phenomenon:

 where w1 and w2are the weight fractions and Tg1  and Tg2 
are the glass transition temperatures  of polymer-1 and poly-
mer-2, respectively. When it comes to predicting glass tran-
sition temperatures in (miscible) polymer blends and statisti-
cal copolymers, the accuracy of the Fox Eq. 3 is generally 
fairly high.27 The values of Tg are obtained from the DSC 
instrument and Tg calculated through Fox’s Eq. 3.

From Table I it is observed that the values of Tg obtained 
from DSC thermograms using TRIOS software are almost 
the same as the values of Tg calculated by using Fox’s 
Eq. 3. To blend thin film with a ratio of  PMMA50–PS50, the 
experimental value of Tg is around 97.82°C, and 98.12°C 
is obtained through the Fox equation. Hence, these results 
are a verification of Fox’s equation, which also confirms the 
observed behavior of heterogeneous polymeric systems.31

Iso‑Conversional Methods

The iso-conversional methods are independent of the reac-
tion model and give reliable activation energy values. They 
are classified as differential and integral methods. The iso-
conversional techniques are based on the basic kinetic equa-
tion (Eq. 4).31–33

(3)
1

Tg
=

W1

Tg1
+

W2

Tg2
,

 where K(T) is the rate constant given by Eq. 2 and is the 
reaction model in terms of KJMA formalism Eq. 1. The 
integral form of Eq. 4 can be expressed as:

Due to the unavailability of the exact solution of the tem-
perature integral in Eq. 5, several approximations have been 
made, which resulted in different methods.30–32

Approaches to Iso‑Conversion Based on Linear 
Integrals

Ozawa–Flynn–Wall (OFW) Method

To simplify the temperature integral in Eq. 5, Ozawa, Flynn, 
and Wall employed an estimate proposed by Doyle in their 
 technique33 :

The slope of ln (β) versus 1/Tα yields −1.0516, which 
may be used to compute the activation energy. The same 
may be said for T = Tp (Ozawa method).

The amount of energy taken by a collection of atoms 
in the glassy region to move from one state to another is 
known as the glass transition activation energy. Here, we can 
find the activation energy by using this Ozawa–Flynn–Wall 
(OFW) plot, shown in Fig. 3. The activation energy of pure 
PS is 86.41 E/kJ  mol−1 and for pure PMMA it is 212.30 
E/kJ  mol−1.34 When we increased the wt.% of PMMA in 
the PMMA/PS blend, the activation energy increased to 
a greater degree than in PS, but not above the activation 
energy of PMMA. This happened because of the miscible 
and glassy behavior of both polymers.

(4)
d�

dt
= K(T)f (�),

(5)g(�) =

�

∫
0

[

f (�)
]−1

d� =
k0

�

T

∫
0

exp
(

−E

RT

)

dT .

(6)ln � = −1.0516
E�

RT�
+ const.

Table I  Comparison of Tg values through DSC experiments and calculated using Fox’s equation (Eq. 3)

Variation in temp. ramp rate Pure PMMA Pure PS PMMA80–PS20 PMMA60–PS40 PMMA50–PS50 PMMA40–PS60 PMMA20–
PS80

Exp. Exp. Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc.

Tg (°C), ramp rate 5
°C/min

108.90 96.08 102.75 104.72 101.62 102.34 98.12 98.18 94.62 97.06 96.83 96.87

Tg (°C), ramp rate 10
°C/min

107.80 95.54 102.66 101.12 97.82 97.64 95.62

Tg (°C), ramp rate 15
°C/min

105.70 93.20 102.53 100.44 95.62 97.41 96.60
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Kissinger–Akahira–Sunose (KAS) Method

Because the precise solution of the temperature integral 
in Eq. 4 is not available, Coats and  Redfern35 provided an 
estimate in their paper employed in this KAS technique. 
This technique assumes that the rate of reaction is most 
significant at the peak temperature (Tp), implying a con-
stant degree of conversion (α) at Tp. The Kissinger formula 
is as follows:

Here, the activation energy from Fig. 4 is calculated 
on the plot of Kissinger–Akahira–Sunose (KAS). For 
pure PMMA it is 216.74 E/kJ  mol−1 and for pure PS it is 
88.68 E/kJ  mol−1. The activation energy increased as we 
increased the wt.% of PMMA in the blends of PMMA/
PS. Moreover, from this plot, we can also observe as we 
go from pure PS to PMMA that the value of the inter-
cept slope also increases: for PS its value is 10.21 and for 
PMMA it is 26.07. This graph shows that OFW and KAS 
results are near to one another, but Friedman’s points are 
much more dispersed.36

Boswell Method

The activation energy at peak temperature (Tp) may be cal-
culated using this approach proposed by Boswell:36

(7)ln

(

�

T2
P

)

= −
E

RTP
+ ln

(

k0R

E

)

.

where E is the activation energy.
From this plot of Fig. 5 Boswell for membranes, we cal-

culated activation energy for PS and PMMA and blends of 
PMMA/PS.36 The value of activation energy (AE) for PS is 
87.97 E/kJ  mol−1 and the slope value is 10.56;  for PMMA 
the  AE value is 219.82 E/kJ  mol−1 and the slope value is 
26.02.

Augis and Bennett’s Method

Augis and  Bennett37 indicated that this approach might 
be used for heterogeneous processes given by the Avrami 
expression (Eq. 7) as an extension of the Kissinger method. 
The onset temperature of characterization (T0) is combined 
with the peak characterization temperature in this approach, 
yielding correct E values from Eq. 9:

Here, the activation energy is calculated from Augis 
and Bennett’s plot from Fig. 6. For pure PMMA, the AE is 
221.81 E/kJ  mol−1, and for pure PS it is 92.27 E/kJ  mol−1. 
The value of activation energy increased as we increased the 
wt.% of PMMA in the blends of PMMA/PS.37 Moreover, 
from this plot, we can also observe as we go from pure PS to 

(8)ln

(

�

TP

)

= −
E

RTP
+ const,

(9)ln

(

�

TP − T0

)

= −
E

RTP
+ ln k0

Fig. 3  Ozawa–Flynn–Wall 
(OFW) plot of pure and blends 
of PMMA/PS polymer mem-
branes.
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PMMA that the value of the intercept slope  also increases; 
for PS its value is 10.89 and for PMMA it is 26.68.

Table II presents the activation energy of pure PS and 
PMMA and the blends of PMMA/PS calculated from 

iso-conversional method plots. The non-isothermal charac-
terization kinetics of the present glassy polymer may thus 
be studied using Augis and Bennett’s method. Using both 
iso-kinetic and iso-conversional approaches, the kinetics of 

Fig. 4  Kissinger–Akahira–
Sunose (KAS) plot of pure and 
blended PMMA/PS polymer 
membranes.

Fig. 5  Boswell plot of pure and 
blended  PMMA/PS polymer 
membranes.
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characterization are examined. The activation energy and 
pre-exponential factor may be obtained using iso-conver-
sional techniques (k0). Because it does not use any math-
ematical approximation to simplify the temperature integral 
in Eq. 4, this approach for linear differential iso-conversion 
is believed to yield accurate estimates of the activation 
energy.37 As a result, no assumptions about the reaction 
model are required. This indicates that the approach is unaf-
fected by the reaction model.38,39

Conclusion

Blends of PMMA and PS are miscible in nature, as observed 
in DSC thermograms. Fox’s formula for binary blends was 
found to be in excellent accord with this, confirming the 
state behavior of heterogeneous polymeric systems. PMMA, 
PS and PMMA/PS blends show the greatest temperature-
dependent thermal conductivity and thermal diffusivity in 
the area of their respective polymer phase’s glass transition 

point. PMMA phase Tg increases as a function of PS phase 
blends, whereas PS phase Tg changes drastically statistically. 
This is shown in the glass transition analysis of the analyzed 
polymeric blends of PMMA and PS. PMMA and PS blends 
were found to be extremely miscible.40,41

The activation energy of various blends was estimated 
using different theoretical models. The characterization 
kinetics of the initial peak of the characterization process in 
the experimental system was studied using all four model-
dependent isokinetic and model-free iso-conversional 
approaches. Crystallization is a phase transition from an 
amorphous to a crystallized state, but it is possible that this 
principle may be used for glass-to-amorphous transforma-
tions as well. Notably, the activation energy values obtained 
using different iso-conversional methods and specific iso-
conversional techniques, such as Ozawa, Kissinger, Boswell, 
and Augis and Bennett, are relatively consistent, and can be 
used to determine the relationship between activation energy 
and transformed fraction for pure PS and PMMA polymers 
and blends of PMMA/PS membranes.41

Fig. 6  Augis and Bennett’s plot 
of pure and blended PMMA/PS 
polymer membranes.

Table II  Activation energy of pure PS and PMMA and the blends of PMMA/PS calculated from iso-conversional method plots

Method Pure PS Pure PMMA PMMA80–PS20 PMMA60–PS40 PMMA50–PS50 PMMA60–PS40 PMMA20–PS80

E/kJ  mol−1

Ozawa 86.41 212.03 178.51 168.0 146.10 139.53 111.79
Kissinger 84.88 216.74 181.49 170.43 147.49 140.67 111.49
Boswell 87.87 219.82 184.57 173.51 150.56 143.66 114.56
Augis and Bennett 90.27 221.81 185.81 177.25 148.4 145.57 117.64
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