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ABSTRACT: The effects of thermal history on the tensile crazing ofpolyphenylquinoxaline (PPQ-E) films were stud
ied. Crazing of PPQ-E films during stretching was in situ observed by SEM. Critical strain for craze initiation and craze 
stability depended on thermal history of the samples. The DSC endothermic peak at the glass transition region of the 
samples with different pre-heating conditions was interpreted in terms of the cohesional entanglement theory. 
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Crazing is characteristic of polymers. Failure of poly
mers is often preceded by crazing. Especially when a 
glassy polymer is stretched, craze can be found on the 
surface and in the interior of the materials. Subse
quently, craze will develop into crack and lead to frac
ture of the polymer material. 1 In addition, structure re
covery in polymer is a process from thermodynamic non
equilibrium state to true equilibrium state.2 Under the 
recovery process enthalpy and volume change. This phe
nomenon is called physical aging.3

'
4 Associated with the 

physical aging mechanical properties will change.5- 8 A 
few studies have focused on the effects of physical aging 
on polymer crazing behavior. 

Shen et al. studied the effects of physical aging on 
crazing for poly(methyl methacrylate) (PMMA) films. 9 

Arnold10 demonstrated that a longer physical aging time 
delayed craze formation in polystyrene (PS), but once 
formed, crazes were much less stable than those formed 
in a short aging time. Gloria et al. 11 found that the criti
cal crazing strain of PS decreased with increasing aging 
temperature and aging time. However, Plummer and 
Donald12 found that strain to crazing is constant for dif
ferent aging times. 

Polyphenylquinoxaline (PPQ-E) is an aromatic hetero
cyclic polymer with high performance and high tempera-

Figure 1. Transmission electron micrograph of example of craze 
inPPQ-E. 

tTo whom correspondence should be addressed. 

ture resistance and water resistance. It is mainly used to 
coat wire in submerged electric motors. It can form PPQ
E-metallic complexes with high catalytic activity and be 
transformed into conductor, and pervaporation and UF 
membranes. 13

-
16 PPQ-E under tensile stress or axially 

applied stress shows crazing in a previous study. 17 An 
example of TEM micrograph of craze is shown in Figure 
1. This manifests that craze of PPQ-E consists of fibrils 
and microvoids and there is obvious interface between 
craze and bulk. 

In this paper, correlation between thermal history and 
crazing was sought under two pre-heating conditions for 
PPQ-E, quenching from temperature above Tg and 
slowly cooling from temperature above Tg, Crazing, 
craze morphology, critical strain values for craze initia
tion and craze stability of PPQ-E films with the two dif
ferent states were studied. Crazing was in situ observed 
by SEM during stretching process. 

EXPERIMENTAL 

PPQ-E was synthesized from aromatic tetraamine and 
aromatic tetraketone by condensation polymerization as 
shown in eq 1.13

•
16 Monomers of 3,3',4,4'-tetraamiodi

phenyl ether and 1,4-bis(phenylglyoxalyl)benzene were 
prepared according to the literature. 14

•
18 

PPQ-E synthesized in the laboratory was cast into a 
film 0.07 mm in thickness. The film was cut to obtain 
dumbbell specimens in which the parallel part was ap
proximately 4.8 mm in length and 2.2 mm in width. The 
specimens were annealed at 320°C for 1.5 h in nitrogen 
gas to eliminate past mechanical history. They were sub
jected to two thermal histories, slowly cooling to room 
temperature (denoted as sample 1) and quenching to 

(1) 

Equation 1. Synthesis ofpolyphenylquinoxaline. 
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Figure 2. DSC curves for (a) sample 1 and (b) sample 2. 

room temperature (denoted as sample 2). Thus, two 
groups of samples with different thermal histories were 
obtained. 

The crazing of samples was in situ observed during 
uniaxial stretching at a strain rate of 2% min -l by Hi
tachi S-570 SEM. The displacement-load curve during 
stretching was simultaneously measured. Samples were 
coated with a thin layer of gold prior to SEM observa
tion. Micrographs of the crazing were obtained by cam
era. Critical strain for craze initiation was determined 
by observation in the tensile process, not by micrographs 
after load relaxation. 

The glass transition temperature (Tg) and endother
mic peak at the glass transition region were measured 
using TA 2100 Modulated DSC with heating rate 10 

min- 1. The area of the endothermic peak was ob
tained through integration (denoted as, Ml). 

RESULTS AND DISCUSSION 

DSC curves of samples with two different thermal
histories are shown in Figure 2. Curve (a), slowly cooling 
sample DSC curve, shows an obvious endothermic peak 
at glass transition region. But the endothermic peak of 
curve (b) for quenching sample is not obvious. All the re
sults are related to thermal history of samples. Qian et 
al. introduced a new point of view for entanglement19

•
20 

on the basis of more experiments. This theory assumes 
that in addition to topological entanglement of chains, 
there is cohesional entanglement which is the site of lo
cal nematic interaction between segments of a few 
monomer units or three nearest neighboring chains 
serving as the physical crosslinks to render the linear 
polymer to behave as a network. The density of cohe
sional entanglements is more than that of topological en
tanglements. Because cohesional entanglement is a 
weak interaction, the density of the cohesional entangle
ment points is strongly dependent on temperature. 
Therefore, the strength and quantity of entanglement 
are related to the thermal history of samples. The cohe
sional entanglement is important for physical properties 
of a polymer around and below its Tg. According to this 
point of views, for the sample annealed above Tg tem
perature and quenched to room temperature, molecular 
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Table I. Areas of endothermic peaks (Ml) for two samples 
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Figure 3. Nominal stress-strain curves for (a) sample 1 and (b) 
sample 2. 

chains in the sample are frozen at the state above Tg. 
Thus, molecular chains have no chance to rearrange, 
and quenched samples should be in thermodynamic non
equilibrium in which the state of cohesional entangle
ment remains the same above Tg. But for the slowly cool
ing samples, slowly cooling is in fact relaxation of mo
lecular chains. This makes molecules rearrange and 
form more and stronger cohesional entanglement points 
among the molecules. Therefore, in the heating of DSC, 
sample 1 absorbs more energy to disentangle and obvi
ous endothermic peak may appear at the glass transi
tion region. The areas of endothermic peak on DSC 
curves for two samples are shown in Table I. The differ
ences in the areas of two endothermic peaks reflect the 
disparity of cohesional entanglements between sample 1 
and sample 2. This result is similar with that of Richar
don and Savil.21 

For slowly cooling samples, the nominal stress-strain 
curve is shown in Figure 3a. When the strain ap
proached 7.24%, a few minute crazes having obvious fi
berized character began to appear as shown in Figures 
4a and 4b. After the yielding point at strain of 11.11 %, 
much craze was generated and developed within the 
whole view. Most craze is separated and only a few adja
cent crazes are connected. With further stretching, craze 
propagates. As the strain reached 15.56%, the crazing 
developed over the whole sample, Figure 4c. Some of 
craze ends by the scratch on the surface and others 
changed growth direction due to the scratch. With 
higher magnification some crazes linked together and fi
brils fractured, while other smaller crazes did not link. 
At strain of 22.22%, as shown in Figure 4d, most craze 
progressed into microcracks. The sample was broken at 
strain of26.22%. 

The quenching sample underwent annealing above Tg 
and quenched to room temperature. Its nominal stress
strain curve is shown in Figure 2b. When strain reached 
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Figure 4. Scanning electron micrographs of crazing in sample 1 at different strain values (a) 7.24%, (b) 7.24%, (c) 15.56% and (d) 22.22%. 

3. 72%, minority of slim and short craze began to appear 
as shown in Figures 5a and 5b. Crazing propagated 
slowly with more stretching. Upon reaching a strain of 
9.24% after the yielding point, crazes filled up whole 
view (Figure 5c). These crazes are homogeneous in size 
and arranged regularly. Crazing developed rapidly un
der further loading. At strain of 18. 76%, as shown in Fig
ure 5d, crazes become thicker or wider and some micro
void or microcracks appear. As strain reaching 23.30%, 
this material was fractured. 

In the above experiments the critical strain for craze 
initiation, cc, and strain at fracture, cb, of the samples 
can be determined. (cb - cc) is used to characterize 
craze stability. The values of cc and (cb - cc) are sum
marized in Table II. It was found that cc and (cb - cc) 

are dependent on thermal-dealing of samples. 
cc of sample 1 is higher than that of sample 2. The 

craze stability of sample 1 is lower than that of sample 2. 
Thus, for slowly cooled sample the critical crazing ap
pears later, craze initiation is difficult and craze is less 
stable. Crazing of quenched sample appears earlier, 
craze forms easily and also craze is more stable. Actu
ally, quickly cooling or slowly cooling is analogous to 
quenching or physical aging respectively. In other 
words, cooling rate after annealing above Tg has influ
ence on craze formation. These results are consistent 
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with that of Arnold. 10 

Samples 1 and 2 have the same molecular weight. Un
der the same strain rate, the effects of topological entan
glement on sample 1 and sample 2 are identical. Accord
ing to the point of view of cohesional entanglements, 19 

for the two samples, the main difference in condensed 
state is the quantity and strength of cohesional entan
glements in the samples. More cohesional entanglement 
points formed in sample 1 than in sample 2, molecular 
motion was more constrained and the release of cohe
sional entanglements points should absorb more energy. 
Thus, initial crazing should occur at higher stretching 
strain. Therefore, the critical strain for craze initiation is 
related to pre-heating, i.e., cohesional entanglements in 
PPQ-E. 

In consequence of entanglements of polymer chains an 
entangled network is formed. Michler suggests that the 
molecular mobility oflocal areas increases during locally 
stretching the network and assumes that the meshes of 
the entangled network contain many other molecular 
segments only weakly bonded and relatively loosely 
packed.22 The material in mesh is more easily deform
able than the surrounding material. Hence some small 
elongated flow domain arise under tensile stress. These 
domains that act as craze nuclei lead to craze initiation. 
The flow domain is limited by the neibouring more 
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Figure 5. Scanning electron micrographs of crazing in sample 2 at different strain values (a) 3. 72%, (bJ 3. 72%, (c) 9.24% and (d) 18. 76%. 

Table II. Critical strain for craze initiation and stability of 
two samples 

Sample 1 

7.24 
18.98 

2 

3.72 
19.60 

strongly entangled chains. The density of flow domain 
depends on the entanglement density and degree of ac
tivity of the domains. The effect of topological entangle
ment on crazing is constitutive, namely, topological en
tanglement of polymer decide deformation mechanism of 
the polymer, crazing or shear flow. 23

-
25 In Michler's 

model,22 the activity of the domains is controlled by ther
mal history of the polymer. Actually, thermal treatment 
changes the state of cohesional entanglements among 
polymer chains. In this case, it is reasonable to consider 
the density of flow domain depends on density and 
strength of the cohesional entanglement point. In our ex
periments, samples have identical molecular weight and 
the effects of topological entanglement on crazing are 
identical. Cooling rate after thermal dealing above Tg 
should affect the density and strength of cohesional en
tanglement points, thus, influence the density of flow do
main, and cause craze initiation. To initiate craze during 
stretching, opening entanglement points, decreasing co-
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hesional entanglement strength and density and in
creasing the degree of activity of the domains are neces
sary. Thereby, for slowly cooled sample, craze initiation 
requires more energy and crazing occurs at higher criti
cal strain values. 
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