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Chapter 9
Applications of Calorimetry on Polymer 
Nanocomposites

Qingliang He, Xingru Yan, Jiang Guo, Xi Zhang, Huige Wei, Dawei Jiang, 
Xin Wei, Daowei Ding, Suying Wei, Evan K. Wujcik, and John Zhanhu Guo

9.1  �Introduction

The objective of calorimetry is to measure the heat in specific ways. Microscale 
combustion calorimetry (MCC) is also named as pyrolysis–combustion flow calo-
rimetry [1], which has the dynamic capability to measure maximum rate of heat 
release and other heat-related parameters using milligram-sized samples. MCC 
achieves this objective by (1) rapidly heating sample to a controlled pyrolysis state 
under an inert condition (nitrogen) or a mixture of oxygen and nitrogen followed by 
(2) rapid high-temperature oxidization (combustion) of the pyrolyzate in excess 
oxygen, which simulates the combustion [2]. Thus, MCC reproduces both the solid 
phase state (pyrolysis) and the gas phase state (combustion) chemical processes of 
flaming combustion of polymeric materials and determines the heat release rate 
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based on the oxygen consumption in a “non-flaming” oxidation process. Parameters 
including heat release capacity (HRC), specific heat release rate (HRR) at different 
temperatures, peak heat release rate (PHRR), temperature at PHRR (TPHRR), and 
total heat release (THR) can be obtained from MCC. Meanwhile, full width half 
height (FWHH) and final residual percentage can be calculated [3].

The heat-related parameters collected from MCC, especially the rate of heat 
release, are the most important and the single key to evaluate the fire hazards of one 
material. According to its standard testing method ASTM D-7309, the specific HRR 
at time t can be calculated by Eq. (9.1):
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The first term E refers to the heat released by complete combustion of a sample per 
unit mass of O2 consumed, which is an empirical constant (~13.1 kJ/g-O2). The 
second term (ρ) is the density of O2 at ambient condition. The third term F is the 
volumetric flow rate of the combustion stream at ambient temperature and pressure 
measured at the terminal flow meter. The forth term Δ[O2](t) is the change in the 
concentration (volume fraction) of O2 in the gas stream due to combustion measured 
at the oxygen sensor at time t. The last term m0 is the original mass of one testing 
sample. It is obvious that the oxygen consumption (Δ[O2](t)) is the key factor to 
determine the value of HRR.

HRC is another important parameter to determine the flammability of one mate-
rial. HRC is calculated using Eq. (9.2):

	
HRC =

PHRR

b 	
(9.2)

PHRR is the maximum specific heat release rate during a controlled thermal decom-
position, and β is the average heating rate.

For exploration of multifunctional polymer nanocomposites, especially for the 
investigation on these flame-retardant-treated polymer nanocomposites, it is useful 
and necessary to determine the fire risks/hazards based on these combustion param-
eters. In addition, these parameters are also important guidance for the industrial 
applications.

Differential scanning calorimetry (DSC) is one of the most widely used calorim-
etry for determining the endothermic and exothermic heat during the melting and 
cooling process for one material via measuring the change of the difference in the 
heat flow rate to one testing sample and to a standard reference sample while they 
are subjected to a controlled temperature program [4]. In one typical non-isotherm 
DSC heat-cool-heat cycle, the melting and cooling thermograms including maxi-
mum endothermic melting temperature (Tm), the maximum exothermic crystalline 
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temperature (Tc), the enthalpy of fusion (ΔHm), and the enthalpy of crystallization 
(ΔHc) can be obtained [5]. Meanwhile, the crystallization fraction (Fc) of one 
semicrystalline polymer or its nanocomposites can also be calculated according to 
Eq. (9.3):

	
F H Hc m m x= -( )éë ùûD D/ ° × 1

	
(9.3)

where ΔHm is the measured enthalpy of fusion (integration of the melting peak area 
under the baseline of DSC curves); ΔHm° is the enthalpy of fusion of 100 % crystal-
line polymer (here, e.g., the theoretical value of ΔHm° for 100 % crystalline polypro-
pylene is 209  J/g [6]; and the theoretical value of ΔHm° for 100  % crystalline 
polyethylene is 293 J/g) [5a, 7]. The x is the loading of the fillers in the polymer 
matrix. If pure polymer is used, the x here equals to zero.

In order to prove the improvement after fabricating one polymer into its polymer 
matrix nanocomposites, it is of great importance to determine the differences of 
their physicochemical properties. The calorimetry including both the DSC and 
MCC is powerful to obtain heat-related parameters, which are useful to evaluate the 
performance of the obtained polymer matrix nanocomposites in terms of improved 
melting and crystalline behaviors and reduced flammability and lower fire risks for 
certain applications.

The synthesis procedures of the HDPE and PP nanocomposites were reported 
elsewhere [3, 5, 8]. The non-isotherm DSC melting and cooling thermograms of 
pristine polyolefins and their polymer matrix nanocomposites were carried out by 
using DSC on a TA Instruments Q-2000 calorimeter. Approximately 5–10  mg 
sample was encapsulated in a standard aluminum pan and heated from 0 to 250 °C 
at a heating rate of 10 °C/min under a nitrogen flow rate of 50 mL/min. Prior to 
cooling down to room temperature, the sample was set to stay isotherm at 200 °C 
for 3 min. After that, the samples were reheated again from room temperature to 
200 °C. The data enclosed were collected from the first cooling and the second 
heating procedures in order to remove the heat history.

The heat release-related parameters were collected by using a microscale com-
bustion calorimetry (MCC, type 2, Govmark, Inc.) with milligram-sized samples 
according to the standard testing method ASTM D7309-2007 (Method A). These 
parameters were recorded and utilized to evaluate the fire hazards [2, 3]. To be spe-
cific, the heat release-related parameters including specific heat release rate (HRR) 
at different temperatures, peak heat release rate (PHRR), temperature at PHRR 
(TPHRR), and total heat release (THR) were obtained from MCC. Meanwhile, full 
width half height (FWHH) and final residual percentage were calculated. In a typi-
cal measurement, about 3–5 mg sample was heated from 90 to 600 °C under a heat-
ing rate of 1 °C/s in a continuous stream of nitrogen flowing at 80 mL/min. The 
thermal decomposition products (also called as “fuel gases”) were mixed with a 
20 mL/min stream of oxygen before entering a 900 °C combustion furnace to com-
plete the non-flaming combustion.
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9.2  �Discussion

The crystallization behaviors of semicrystalline hydrocarbon polymers like poly-
ethylene and polypropylene have been widely studied. Due to their intrinsic semi-
crystallinity, the crystallization behaviors can be strongly affected by the nanofillers 
which have been introduced into these polymer matrices. For example, the DSC 
melting and crystallization plots of the pristine high-density polyethylene (namely, 
as HDPE) and its polymer matrix nanocomposites filled with in situ-formed iron@
iron oxide (Fe@Fe2O3) nanoparticles (NPs) were demonstrated in Fig. 9.1a, b. The 
detailed data including melting peak temperature, Tm; crystallization peak tempera-
ture, Tc; enthalpy of fusion, ΔHm; enthalpy of crystallization, ΔHc; and crystalliza-
tion fraction, Fc were summarized in Table 9.1. For 100 % crystalline polyethylene, 
the best experimental heat of fusion is 4.1 kJ/mol of CH2, which approximately 
equals to 293 J/g [7]. The pristine HDPE demonstrates a Tm at 129.8 °C and a Tc at 
116.7  °C.  The Fc is 62.0  % as calculated from Eq.  9.3. Compared with pristine 
HDPE, the melting and crystalline peak temperatures of all the nanocomposites 
with different filler loadings stayed almost unchanged as shown in Fig. 9.1.

These phenomena indicate that the original crystal structure of the hosting HDPE 
matrix remains unchanged in spite of the incorporation of the in situ-synthesized 
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Fig. 9.1  DSC curves of pure HDPE and its nanocomposites: (a) second heating and (b) first cool-
ing cycle [5a] (Reproduced from Ref. [5a] with permission from the Elsevier)

Table 9.1  DSC characteristics of the HDPE and its nanocomposites [5a]

Composition Tm (°C) ΔHm (J/g) Tc (°C) ΔHc (J/g) Fc (%)

Pure HDPE 129.8 181.8 116.7 169.3 62.0

5.0 wt% NPs 129.3 167.9 116.7 151.5 60.3

10.0 wt% NPs 129.3 157.2 116.7 139.1 59.6

15.0 wt% NPs 129.3 151.5 116.7 147.0 60.8

20.0 wt% NPs 129.3 140.9 116.7 126.7 60.1

Reproduced from Ref. [5a] with permission from the Elsevier
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NPs. However, the Fc (Table 9.1) decreased slightly (3–4 %) after the NPs were 
introduced into the hosting polymer matrix. The ΔHm of HDPE decreased signifi-
cantly from 181.8 to 167.9 J/g when 5.0 wt% NPs were incorporated in the HDPE 
matrix and further decreased to 140.9 J/g in the PNCs with 20.0 wt% particle load-
ing. Since the crystalline structure of HDPE didn’t change in all the nanocomposite 
samples after adding the Fe@Fe2O3 NPs as evidenced from X-ray diffraction pat-
tern [5a], the decrease of the enthalpy of fusion was probably caused by the decrease 
in the crystalline size of HDPE molecules [9].

Upon heating in xylene, the hydrocarbon HDPE chains were relaxed and the NPs 
were formed among the relaxed chains. The lower Fc of these nanocomposites is 
attributed to the fact that the NPs are able to disturb the continuity of the HDPE 
chains and thus introduce more grain boundaries and defects in hosting matrix; and 
the Fc is suppressed accordingly.

Similar situation was also observed in the polypropylene (PP) magnetic polymer 
matrix nanocomposites reinforced with in situ-formed cobalt@cobalt oxide (Co@
Co3O4) NPs in the presence of surfactant maleic anhydride grafted polypropylene 
(MAPP) [5b]. Compared with the PP matrix, all these polymer matrix nanocompos-
ites show a slightly decreased Tm and a significantly decreased Tc (Fig.  9.2). 
Meanwhile, significant decreases in ΔHm and ΔHc are observed. ΔHm decreases sig-
nificantly from 87.0 to 80.8 J/g when 5.0 wt% NPs were introduced into PP matrix. 
The ΔHm and ΔHc were observed to further decrease to 60.1 and 61.7 J/g, respec-
tively, when the particle loading was further increased to 20.0  wt%. The Fc is 
observed to decrease after the incorporation of the NPs (Fc decreased from 41.6 to 
40.7 % when polymer matrix was incorporated with 5.0 wt% NPs, then decreased 
to 35.9 %, when particle loading was further increased to 20.0 wt% NPs) [5b]. This 
suggests that the crystallization of PP was partially suppressed, as the Co@Co3O4 
NPs could act as defects and thus introduced more grain boundaries, which effec-
tively hindered the crystallization of PP segments [10].
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Another example of the melting and crystallization behaviors of PP polymer 
matrix nanocomposites filled with untreated and treated carbon nanotubes (with/
without the aid of surfactant MAPP) was illustrated in Fig. 9.3 [8]. It can be seen 
that pure PP has a Tm at 150.7 °C and a ΔHm of 101.8 J/g with Fc of 48.7 %. When 
1.0 wt% untreated carbon nanotubes (CNTs) were added in the PP matrix, the Tm 
was slightly decreased (149.1 °C); however, ΔHm was significantly decreased from 
101.8 to 83.3 J/g, leading to a decreased Fc of 40.3 %. When adding 1.0 wt% MAPP 
(type 1 or 2), Tm stayed almost unchanged compared with that of pure PP; however, 
ΔHm was further decreased to 74.4 J/g for adding 1.0 wt% MAPP-1 and increased 
to 88.2 J/g for adding 1.0 wt% MAPP-2, respectively. The corresponding calculated 
Fc was 36.3 and 42.6 %. For either the PP/1 % CNTs or PP/1 % CNTs/1 % MAPP 
(type 1 or 2), there was no obvious change of Tc, indicating that no strong restriction 
of PP crystallization was taken place.

The crystallization of PP main chains was significantly restricted when introduc-
ing 1.0  wt% surface-treated CNTs (namely, as f-CNTs) in the PP matrix: Tm 
decreased to 146.1 °C and Tc decreased to 112.5 °C, which represents 4.6 and 8.8 °C 
decrease, respectively, along with a decreased Fc of 37.3 %. In combination with 
1.0 wt% f-CNTs and 1.0 wt% MAPP-1, all these parameters were slightly changed 
as shown in Table 9.2. However, when combining 1 % f-CNTs and 1 % MAPP-2, 
the ΔHm was increased to 92.1 J/g, corresponding to an Fc of 44.5 %. Meanwhile, Tm 
(146.1 °C) and Tc (120.5 °C) are similar to those of pure PP.

Usually, for semicrystalline polymer like PP, the introduction of CNTs into the poly-
mer matrix can lead to an earlier crystallization (increase Tc) compared to pure polymer 
due to the fact that the heterogeneous nucleating effect of CNTs can accelerate the 
crystallization when polymer is cooled upon melt [11]. However, the decrease of Tc 
observed here is probably attributed to the non-crystallizable barrier effect of the 
agglomerated f-CNTs in the PP matrix [11b]. Therefore, the fillers can act as non-
crystallizable barriers to disturb the crystal growth of polymer crystallization, which 
inversely decelerates the crystallization. Furthermore, the fillers may also hinder the 
mobility of polymer chains, which in turn restricts the growth of the crystallites [12].
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In addition to the decreased Tc, the peak-broadening effects in the PP/1.0  % 
f-CNTs and PP/1.0 % f-CNTs/1.0 % MAPP-1 PNCs were also observed during the 
exothermic crystallization cycle, indicating the formation of imperfect polymer 
crystallites and the size distribution-broadening effect of thus formed crystallites 
[13]. The Tc (112.5 °C) of the PP/1.0 wt% f-CNTs/1.0 wt% MAPP-1 was further 
decreased compared with that (119.2  °C) of the PP/1.0 wt% CNTs, indicating a 
stronger barrier effect to the PP crystallization, while Tc was not significantly 
changed when MAPP-2 (120.5 °C) was introduced in the PP matrix since the larger 
free volume has been introduced (Fig. 9.3).

MCC was utilized to determine the heat release-related flammability parameters 
and further evaluate the fire hazards of pure PP, PP/20.0 wt% Co, and PP/20.0 % 
Co polymer matrix nanocomposites stabilized with two different molecular weight 
surfactants PP-g-MA [3]. PP-g-MA (S) (Mn ≈ 800) is a gel-like propylene–hexene 
copolymer with one maleic anhydride (MA) group at one terminal and the other 
MA grafted on the main chain; and PP-g-MA (L) (Mn ≈ 2500) is a solid homo- 
polypropylene with one terminal MA through Alder–ene reaction [14]. Figure 9.4 
demonstrated the HRR vs. temperature curves, and Table 9.3 showed the detailed 
heat release parameters. HRR is the single most important parameter to assess the 
fire hazard of one flammable material [15]. Pure PP is a highly flammable material 
as the PHRR observed here of 1513.0 w/g. Adding 5 % PP-g-MA (L/S) slightly 
decreased the flammability as evidenced by the small amounts of reduction in 
HRC, PHRR, and THR (Table 9.3), which were apparently due to the less gas fuels 
generated from the oxygen-containing PP-g-MA (L/S) than pure hydrocarbon 
PP. In addition, the initial thermal decomposition and TPHRR were similar to these of 
pure PP.

When adding 20.0  wt% Co NPs into PP matrix, PHRR was decreased from 
1513.0 to 1024.0  W/g (~32.3  % reduction), THR was decreased from 40.6 to 
27.7  W/g (~31.8  % reduction); and the initial decomposition temperature was 
enhanced upon adding the Co NPs (Fig. 9.4). Apparently, with excluding the dilu-
tion of combustible PP through the 20.0 wt% noncombustible Co loading, an addi-
tional 12.3  % decrease in HRR and 11.8  % decrease in THR indicated a flame 
retardancy effect of these in situ-synthesized Co NPs. Therefore, the HRR reduction 

Table 9.2  DSC data of pure PP and PP/CNT nanocomposites

Composition Tm (°C) ΔHm (J/g) Tc (°C) ΔHc (J/g) Fc (%)

PP 150.7 101.8 121.3 104.7 48.7

PP/1 % CNTs 149.1 83.3 119.2 88.8 40.3

PP/1 % CNTs + 1 % MAPP-1 150.3 74.4 119.2 80.6 36.3

PP/1 % CNTs + 1 % MAPP-2 150.6 88.2 120.1 89.7 42.6

PP/1 % f-CNTs 146.1 77.2 112.5 83.4 37.3

PP/1 % f-CNTs + 1 % MAPP-1 148.5 77.7 112.5 85.4 38.0

PP/1 % f-CNTs + 1 % MAPP-2 150.7 92.1 120.5 98.1 44.5

Reproduced from Ref. [8] with permission from the John Wiley and Sons
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here suggests a slower generation rate of combustible volatiles from the random 
chain scission of PP backbones in the presence of Co NPs, which can be considered 
as a barrier effect for the flame retardancy mechanism. During the decomposition, 
heat and mass transfers between gas and condense phases were slowed down by 
forming an insulating layer when these PNCs were exposed under heat, and thus 
fast decomposition of the polymeric PP matrix was suppressed [16].
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Table 9.3  Heat release data of the PP and its nanocomposites with Co NPs [3]

Composition
HRC 
(J/g-k)

PHRR 
(W/g)

PHRR 
reduction (%) TPHRR (°C)

THR 
(KJ/g) FWHH (s)

Pure PP 1187.0 1513.0 / 490.4 40.6 24.2

PP/PP-g-MA(L) 1150.0 1454.0 3.9 491.1 40.3 25.1

PP/PP-g-MA(S) 1077.0 1366.0 9.7 489.9 39.8 25.9

PP/20.0 % NPs   809.0 1024.0 32.3 489.9 27.7 23.7

PP/20.0 % NPs/
PP-g-MA(L)

  417.0   532.4 64.8 471.0 25.6 39.7

PP/20.0 % NPs/
PP-g-MA(S)

  395.0   500.8 66.9 471.0 25.1 41.0

Reproduced from Ref. [3] with permission from the Royal Society of Chemistry
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Synergistic effect in reducing flammability was observed when adding 5.0 % to 
both PP-g-MAs in the PP/20.0 wt% Co NP system (Fig. 9.4). HRC and PHRR were 
observed to decrease sharply, i.e., PHRR was further decreased from 1024.0 to 
532.4 W/g in the case of PP/PP-g-MA (L)/Co PNCs or to 500.8 W/g in the case of 
PP/PP-g-MA (S)/Co PNCs when 5.0 % PP-g-MA was added in the PP/Co PNCs. 
Meanwhile, THR was further slightly decreased from 27.7 to 25.6 KJ/g with the 
addition of 5.0 % PP-g-MA (L) or to 25.1 KJ/g with the addition of 5.0 % PP-g-MA 
(S) into PP/20.0 % Co PNCs. Since PP-g-MA is only a polymeric additive serving 
as surfactant, this remarkable decrease in the flammability of PP by Co NPs and 
PP-g-MA has to be in its unique pathway. Although the conventional synergistic 
effect (such as nitrogen–phosphorus [17], phosphorus–silicon [18]) on flame-
retardant polymer matrix nanocomposites has been extensively studied and reported, 
the synergistic effect between PP-MA and Co NPs has rarely been demonstrated. In 
addition, when either PP-g-MA was added in the PP/20.0 % Co system, a small 
amount of HRR was observed during the initial thermal decomposition stage 
(around 100–300 °C), and TPHRR was decreased to 471.0 °C (shown in the insert of 
Fig. 9.4).

In order to further understand the synergism between PP-g-MA and Co NPs in 
dramatically reducing the flammability of PP matrix, a fast thermal degradation test 
was performed by thermogravimetric analysis (TGA) and differential thermal analysis 
(DTA) through using the identical heating condition as MCC measurements – a heat-
ing rate of 60 °C/min (1 °C/s) under nitrogen (TGA and DTA curves shown in Fig. 9.5). 
MCC measurements here were performed through using an inert sample thermal 
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degradation procedure to pyrolyze the sample into combustible gas volatiles followed 
by a non-flaming oxidation of these volatiles. The fast thermal degradation by TGA 
can illustrate the dynamic sample weight loss under temperature ramping at a constant 
high heating rate (1 °C/s); meanwhile, the derivative weight loss (%/°C) from the insert 
of Fig. 9.5 can reproduce the thermal degradation stage of MCC clearly. Therefore, the 
degradation and weight loss processes can be demonstrated simultaneously.

It is observed that the addition of 5.0 % PP-g-MA (L/S) barely decreased the 
initial thermal degradation temperature of PP, while 20.0 % Co NPs increased the 
initial thermal degradation of PP as evidenced by the higher thermal degradation 
temperature than that of pure PP (no detectable HRR increase before 400 °C, shown 
in the insert of Fig.  9.4). However, the degradation of PP/5.0  % PP-g-MA 
(L/S)/20.0 % Co NPs was definitely altered by the evidence of: broad HRR peaks 
appeared in the range of 130–310 °C (insert of Fig. 9.4) and ~18.0 % weight loss 
within the thermal degradation temperature of 100–310 °C from the TGA curves 
(Fig. 9.5). When exposed to heat flux at elevated temperature from 80 to 650 °C, the 
thermal degradation of PP under inert atmosphere was initiated primarily by chain 
scission and chain transfer; then reductions in molecular weight were first observed 
at 227 to 247 °C, and gas volatiles became significant above 302 °C. Finally, igni-
tion of PP was observed at a surface temperature of 337 °C [19], consistent with the 
initial HRR jump at ~330  °C observed from MCC.  Meanwhile, the addition of 
5.0 % PP-g-MA (L/S) has limited influence on initiating the degradation of the PP 
matrix. With 20.0 % Co NPs, only shielding effect functioned as barrier for reduc-
ing the HRR through slowing and delaying the release of gas volatiles [16]. When 
adding PP-g-MA together with Co NPs in the PP matrix, the catalytic effect was 
responsible for lowering the initial thermal degradation temperature of the resulted 
PNCs (from 330 °C for pure PP to ~100–130 °C for the PNCs) and led to a smaller 
HRR in the range of 100–310 °C due to a small amount of gas volatiles released 
from bulk material. Probable mechanism includes the random chain scission of C–C 
bond of PP backbone to generate hydrocarbon radicals during initial decomposi-
tion, the formation of lower hydrocarbons such as propylene from further degrada-
tion of these hydrocarbon radicals, the β-scission and abstraction of H radicals from 
other hydrocarbons to produce a new hydrocarbon radicals during propagation 
stage, and finally the disproportionation or recombination of two radicals as termi-
nation reaction [20]. Meanwhile, slightly similar to the “smoldering” fire, a substan-
tial fraction of the total mass of PP/5.0 % PP-g-MA (L/S)/Co PNCs (~18.0 %) was 
consumed during 100–310 °C subjected to a slow heat release process, effectively 
decreased the total available gas volatiles, which would generate large quantity of 
heat under higher temperatures. In addition, the strong interfacial adhesion between 
Co NPs and PP matrix through PP-g-MA was responsible for the sharply suppressed 
mass loss rate as observed reduction in PHRR (Figs. 9.4 and 9.5). Another impor-
tant parameter, full width half height (FWHH), of the PP/PP-g-MA/Co PNCs was 
much wider than those of pure PP, PP/PP-g-MA, and PP/Co PNCs (Table 9.3) and 
further proved a longer combustion period upon introducing the PP-g-MA and Co 
NPs in the PP matrix. This is another sign of lower fire hazard of the PP/PP-g-MA/
Co PNCs.
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9.3  �Conclusion

To summarize, we have demonstrated the powerful capability of DSC and MCC to 
study the melting and crystallization behaviors and heat release-related flammabil-
ity parameters. The melting and crystallization behaviors of both pristine polymers 
and their polymer matrix nanocomposites are of great importance to understand 
how and why the nanofillers changed the intrinsic properties of polymer backbones 
and can thus give further insight to predict and guide material design for optimal 
industrial applications. The heat release-related parameters including heat release 
rate and heat release capacity are paramount to determine the flammability of both 
the polymers and their nanocomposites. Along with other techniques such as ther-
mogravimetric analysis, the change of thermal degradation pathways after intro-
ducing nanofillers into polymer matrix can be determined, and the flame retardancy 
mechanism can thus be understood by this powerful calorimetry.
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