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Part I Microstructure and morphology 
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The effects of glass fibres and annealing on the microstructures and spherulitic morphology of 
a glass fibre-reinforced nylon 6,6 were investigated. The annealing effects on matrix 
crystallinity of nylon 6,6 composites with varying glass fibre contents were measured and the 
morphology of the composites were examined using both the microtomed bulk samples and 
thin composite films prepared by melt crystallization. It was found that fibre breakage during 
injection moulding was significant for composites with glass content higher than 20 wt%, and 
the spherulite size as well as the crystallinity were reduced by the additions of glass fibres. 
Upon annealing, the start of a log time rate increase of matrix crystallinity was delayed by the 
addition of glass fibres. Glass fibre-induced transcrystallinity was not observed in injection- 
moulded composites; however, columnar spherulites were found to develop along the glass 
fibres in melt-crystallized thin composite films. Differences in morphological observations 
between the two sample preparation methods are also discussed. 

1. I n t r o d u c t i o n  
Semi-crystalline polymers, such as nylon 6,6 have been 
extensively used in many engineering applications 
owing to their outstanding mechanical properties and 
relative ease of fabrication [1-3]. At the molecular 
level these polymers generally consist of unoriented 
spherulites within which crystallites, known as lamel- 
lae, grow radially from its nucleus and are separated 
by amorphous layers connected by tie molecules [4]. 
Microstructural features, e.g. size and morphology of 
spherulites and degree of crystaUinity, are known to 
influence strongly the material's mechanical proper- 
ties [4-7]. These microstructural features and, in turn, 
the physical and mechanical properties, are also sensi- 
tive to annealing of the polymer [6, 8, 9] as well as to 
the presence of second-phase reinforcements [10-13] 
as in fibre-reinforced semi-crystalline polymers. 

The influence of annealing on the crystalline micro- 
structure and mechanical properties has been pre- 
viously examined [8, 9, 14-17J. There have also been 
many studies [1I, 18-22] on the influence of glass 
fibres on mechanical properties, with more limited 
studies [10, 12, 13, 23] on how glass fibres affect the 
crystalline microstructure and crystallization rate of 
the base polymers. The formation of columnar spher- 
ulites known as transcrystallinity has been observed 
through heterogeneous nucleation along the glass 
fibre-matrix interfhces [24]. Recently, it has also been 
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reported that the glass fibres, as well as the amount 
added, can increase the crystallization rate and con- 
sequently affect the microstructure of the base poly- 
mers [25]. However, there has yet to be a systematic 
study on the combined effects of glass fibres and 
annealing on the crystalline microstructure and mech- 
anical properties of nylon 6,6 composites. 

In this paper, the microstructure and morphological 
aspects of nylon 6,6 composites due to increasing glass 
fibre content and annealing will be reported. In Part II 
of this study [26] the corresponding influence of glass 
fibre.s and annealing on the deformation and fracture 
mechanisms of the composites will be addressed. 

2. Experimental procedure 
2.1. Materials 
The materials studied were glass fibre-reinforced 
poly(hexamethylene adipamide), or nylon 6,6. The 
composites were made by dry blending of chopped E- 
glass fibres and were injection moulded. The chopped 
E-glass fibres were nominally 13 gm diameter and 
were about 4 mm long prior to injection moulding. 
Seven loading levels of glass fibre reinforcement, 0%, 
1%, 5%, 10%, 20%, 30% and 40% by weight of the 
matrix, were made to examine systematically the role 
of glass fibres. To avoid moisture and light degrada- 
tion effects, after injection moulding the specimens 
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were sealed first in PE film and then in aluminized 
paper until they were tested. 

2.2. Annealing and crystallinity determination 
The role of crystallinity in the materials was studied 
through annealing of the specimens. Three sets of 
samples, the unreinforced nylon 6,6, 10 wt% and 
30 wt % glass-filled composites, were used to investi- 
gate the effect of annealing. All annealing was carried 
out in vacuum at 150 oC for various annealing times. 
After the desired annealing time, the specimens were 
cooled slowly in vacuum to room temperature. Upon 
removal of the specimens from the oven they were 
then stored in moisture-proof bags for 24 h prior to 
testing. 

The degree of crystallinity, both in the unreinforced 
and in the composite materials, was determined by 
measurements of specimen density using a density 
gradient column (ASTM D1505). The density column 
was constructed using toluene and carbon tetrachlor- 
ide with a density range of 0.99-1.40 g cm-3 and with 
an accuracy of 0.0004 g cm- 3 ram. Three density sam- 
ples for each annealing condition were sliced by taking 
transverse cross-sections of the bulk injection-mould- 
ed specimens to obtain an average density of the 
materials. In the unreinforced nylon 6,6 the percent 
crystallinity was directly calculated using known dens- 
ity data for nylon 6,6 namely, an amorphous density 
d a = 1.091 gcm -3 and 100% crystalline density of 
d c = 1.241 gcm -3 [27]. 

In the case of the composites, the matrix density and 
hence the matrix crystallinity were determined from 
density measurements of the composites using the 
relation 

L 1 - L  x ) - '  Do = (1) 

o r  

Din = DoDf(1 - L)  (2) 
Dr(1 - x) - Dof~ 

where D c, Dm individually represent the density of the 
composite and the matrix density of the composite; Dr 
is the measured density of glass fibre with coupling 
agent, and fg are the weight fraction of glass fibres and 
the volume fraction of voids, respectively. Dr was 
measured to be 2.5314 g cm-3. Thus by measuring the 
density of the composites, one can then calculate the 
matrix density and hence the matrix crystallinity of 
the composites from Equation 2. In this study, the 
influence of void volume fraction, x, in Equation 2 was 
found to be negligible [28] and for simplicity it was 
neglected in the calculations. 

2.3. Micros t ruc ture  
The microstructures of the composites were revealed 
by optical microscopy using an Olympus AH-2 micro- 
scope on surfaces of the specimens polished to a 1 ~tm 
diamond finish. The microstructures were only exam- 
ined at the central region of the injection-moulded 

specimens in order to minimize the effects of mould 
geometry on fibre orientations. 

The average glass fibre lengths were measured using 
the lineal analysis method [293 on micrographs of 
extracted glass fibres from composite samples. Two 
random lines were drawn across the micrographs to 
be examined. Each glass fibre intersected by the lines 
was counted and its length was measured (accuracy 
4-20 gm). The same procedure was carried out on 

composites with glass fibre loading levels of 10, 20, 30 
and 40 wt %. The standard deviation was estimated to 
be less than 10 gm by measurements on different 
micrographs of extracted glass fibres from the same 
40 wt % glass composites. The image analysis method 
using an image analyser on the same micrographs of 
extracted glass fibres proved to be unsatisfactory be- 
cause longer glass fibres were not counted due to 
crossing with nearby fibres. 

2.4. M o r p h o l o g y  
The morphology of the spherulites in the unreinforced 
and glass fibre-reinforced nylon 6,6 were studied by 
cross-polarized light microscopy on microtomed thin 
sections. Approximately 5 gm thick thin films were 
microtomed from bulk injection moulded specimens. 
In the case of glass-filled composites, the microtomed 
samples were obtained by using a carbide blade equip- 
ped with a heavy duty blade holder to prevertt vibra- 
tions during cutting. 

Additional morphological investigations on unrein- 
forced and glass fibre-reinforced nylon 6,6 were also 
carried out by preparing thin film samples using the 
melt-crystallization method [10]. For this purpose a 
thin film of nylon 6,6 was first solution cast on a 
degreased microslide using 5% formic acid solution. 
After vacuum evaporation of the solvent at 85~ 
chopped E-glass fibres with coupling agent were then 
placed on the thin film. The thin film with glass fibres 
was then closed tightly in a small aluminium chamber 
filled with argon and was subsequently heated in a 
circulating oven at 295 ~ for 5 min for complete 
melting of nylon 6,6. After melting of the nylon 6,6, the 
composite thin film was then crystallized at 85 ~ for 
3 min in a water bath. The temperature profile used in 
this thin-film preparation was chosen to simulate the 
temperature cycle during injection moulding. The pre- 
pared thin composite films were then examined by 
cross-polarized light microscopy to investigate the 
spherulite morphology. 

3. Results and discussion 
3.1., M icrostructure 
The microstructures of the glass fibre-reinforced nylon 
6,6 are shown in Fig. l a - f  for composites with glass 
fibre contents of 1, 5, 10, 20, 30 and 40 wt %, respect- 
ively. As can be seen in Fig. 1, the dispersion of glass 
fibres in nylon 6,6 was fairly uniform throughout the 
whole range of fibre contents studied and also no 
significant voids or defects along the glass fibres and at 
fibre ends could be found. As the glass fibre content 
increased (Fig. la-f,  increased fibre breakdown could 
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Flow direction 

Figure I Optical micrographs showing the microstructures of nylon 6,6 composites: (a) 1 wt %, (b) 5 wt %, (c) 10 wt %, (d) 20 wt % 
(e) 30 wt % and (f) 40 wt % glass-filled composites. 

be observed, resulting in a significant volume fraction 
of glass fibre fragments in the composites of higher 
glass fibre contents. Consequently, the average fibre 
length was substantially reduced as the glass fibre 
content was increased. Such reduction of fibre length 
due to increasing glass fibre content is shown in Fig. 2, 
where the average glass fibre length is plotted as a 
function of glass fibre content. As can be seen in Fig. 2, 
the reduction of glass fibre length due to fibre break: 
down was most severe in the range between 20 and 
30 wt % glass content. Further increase of glass fibre 
content above 30 wt % did not seem to reduce greatly 
the average fibre length. Because all the composite 
specimens were injection moulded under the same 
conditions, it is believed that the increased fibre break- 

down was most likely due to increasing geometric 
constraints imposed by nearby glass fibres during the 
flow process of injection moulding. Hence the result 
shown in Fig. 2 implies that fibre breakdown due to 
geometric constraints by nearby glass fibres was most 
substantial for composites when the glass fibre content 
passed through 20 wt %. This result may be explained 
on the basis that at a critical volume fraction of glass 
fibres, the constrained matrix region percolates 
through the sample allowing for significant fibre 
breakage. Percolation theory proposes a scaling law 
that any property, p, of the percolated sample varies as 
[303 

p oc (f__f~)n (3) 
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Figure 2 Average fibre length versus glass fibre content in nylon 6,6 
composites. 

wherefr is the critical concentration at which percola- 
tion is achieved. A plot of the average fibre length 
versus ( f - f r  using critical volume fraction fc 
= 0.101 (equivalent to 20 wt % glass fibres) was found 

to be consistent with Equation 1, see Fig. 3. The 
observed critical glass content of 20 wt % (10.1% in 
volume) can therefore be thought of as the threshold 
for the network formation and its value is also con- 
sistent with other results of studies in conductivity of 
carbon fibre-reinforced polymers [31, 32]. The expo- 
nent, n, was found to be 0.2. As will seen later in Part II 
[26], nylon 6,6 composites with glass fibre contents 
passing through 30 wt % also showed a transition in 
their mechanical properties. 

Also in Fig. 1, the orientation of glass fibres in the 
centre part of composite specimens with higher glass 
content (Fig. le and f) was found to be more aligned in 
the flow direction, while in the composites of lower 
glass content (Fig. la and b) the fibre is less oriented. 
Again this is consistent with the fact mentioned earlier, 
that in the composites with low glass contents the 
geometric constraints imposed by nearby fibres within 
the flow were less significant than those of the com- 
posites with high glass contents. Hence the fibre ori- 
entation of low glass-containing composites tended to 
be more random along the flow line than in the 
composites of high glass contents. 

3.2. M o r p h o l o g y  
3.2.1. Microtomed spec imens  
Fig. 4. shows the micrograph of the spherulitic mor- 
phology of an unreinforced nylon 6,6 material using 
cross-polarized light microscopy. As can be seen in 
Fig. 4a, an amorphous skin layer, about 10-15 lam 
thick, was observed in the injection-moulded tensile 
specimens. The spherulite size was found to be ap- 
proximately 15-20 gm diameter (see Fig. 4b and c). 

In the glass fibre-reinforced composites, however, 
the spherulite size appeared to be much smaller, as 
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Figure 3 Log-log plot of average fibre length lf, versus glass fibre 
Content above the critical glass content,s of 20 wt % (equivalent to 
0.101 in volume). 

shown in Fig. 5. The approximate spherulite size was 
of the order of 2-5 gin. Similar results of the effects of 
glass fibre reinforcement on reducing the spherulite 
size in semi-crystalline polymers have also been pre- 
viously noted [25]. Also note that there was no evi- 
dence of a transcrystalline region along the glass 
fibre-matrix interfaces (see Fig. 5b and c). Unfortu- 
nately, more detailed observation of the spherulitic 
morphology along the fibre-matrix interfaces was 
difficult owing to microtome-induced deformation 
around this region. Because the modulus difference 
between nylon 6,6 and E-glass fibre is very large 
(about 1-45), it also becomes progressively difficult to 
keep the integrity of microtomed composite samples 
for morphology observation as the glass content in- 
creases. Other methods, such as melt crystallization, 
were thus also used to study the effects of glass fibres 
on the crystalline morphology of nylon 6,6. They will 
be discussed in the next section. 

3.2.2. Melt-crystallized specimens 
Micrographs of the spherulitic morphology in melt 
crystallized nylon 6,6 are shown in Fig. 6 using cross- 
ed-polarized light microscopy. The spherulite size ap- 
peared to be somewhat larger than the spherulite size 
in microtomed bulk samples and was of the order of 
50 lam. However, note that, by this method, the Mal- 
tese cross pattern inside the spherulite structure of 
nylon 6,6 can be clearly seen, as shown in Fig. 6a. The 
boundaries between spherulites shown in Fig. 6b can 
also be clearly seen, except in those spherulitic bound- 
aries where the extinction pattern resulting from lam- 
ellae of nearby spherulites were laid in the same 
direction (see arrow in Fig. 6b). In such cases, the 
extinction pattern seems to extend through the bound- 
ary and meet others in the neighbouring spherulite. 



Figure 4 Cross-polarized micrographs of microtomed nylon 6,6 
bulk samples. (a) Low magnification; (b, c), higher magnification. 

Figure5 Cross-polarized micrographs of microtomed nylon 6,6 
composite containing 10 wt % glass fibres. (a) Low magnification; 
(b, c) higher magnification. 

This causes the boundary between spherulites to be- 
come less distinct. 

In the case of melt-crystallized composite thin films, 
it was observed that glass fibres can induce columnar 
spherulites or transcrystalline regions along the 
fibre-matrix interfaces, as shown in Fig. 7a. However, 
the existence of such regions was found to be irregular. 
For instance, the transcrystalline region shown in 

Fig. 7b did not form completely along the 
fibre-matrix interface and in other cases (Fig. 7c) it did 
not even appear, even though it may appear in a 
nearby glass fibre. Similar results have also been 
reported by Bessell and Shortfall [10] in studying the 
interfacial morphology in melt-crystallized nylon 6. 
They suggested that the irregularity of the trans- 
crystalline region observed may due to non-uniform 
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Figure 5 Cross-polarized micrographs showing spherulites in melt- 
crystallized nylon 6,6 films. (a) Low magnification; (b) higher 
magnification. 

dispersion of organic sizing and also by local dissolu- 
tion of the sizing which all can enhance the nucleation 
of the polymer. 

Also note that, in Fig. 7, the spherulite size, as 
compared to the unfilled nylon 6,6 in Fig. 6, was not 
significantly affected by the presence of glass fibres. It 
was observed, however, that the spherulite size around 
the glass fibres was larger only when the glass fibres 
were very close or clustered together to form fibre 
bundles (see Fig. 8). This may result from the increased 
growth rate of spherulites due to additional thermal 
energy contributed from the glass fibres during the 
quenching process. The comparison of observations 
between the microtomed bulk specimens and the melt 
crystallized specimens will be discussed in Section 3.4. 

Figure 7 Cross-polarized micrographs showing transcrystallinity in 
thin films of melt-crystallized nylon 6,6 composites. In (a) the 
columnar spherulites were well-developed, while in (b) and (c) the 
lack of uniformity in transcrytallinity can be seen. 

3.3. Annea l i ng  e f fec t s  
The matrix density, determined through density meas- 
urements using Equation 2, versus the corresponding 
annealing time, is shown in Fig. 9 for the unreinforced, 
10 and 30 wt % glass-filled nylon 6,6. Also in Fig. 9, 
the corresponding scale in matrix crystallinity is 
shown. As can be seen in Fig. 9, the unreinforced nylon 
6,6 had the highest as-moulded density prior to an- 
nealing. Increasing the glass fibre content appeared to 
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reduce slightly the initial as-moulded density or the 
matrix crystallinity, with lowest initial density for the 
30 wt % glass composite. Similar results have also 
been reported by Reinsch and Rebenfeld [25] in 
studying the crystallization of fibre-reinforced PET. 
However, in their case, the decrease in matrix crystal~ 
linity was very substantial. Secondly, the glass fibres 
were also seen to influence the crystallization kinetics 
during annealing. It is known that melt-crystallized 



Figure 8 Cross-polarized micrographs showing the effects of glass 
fibres on the spherulitic morphology in thin films of melt- 
crystallized nylon 6,6 composites. 
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Figure 9 The effects of annealing time on the matrix density of the 
(O) unreinforced nylon 6,6 (I )  10 and (II,) 30 wt % glass fibre 
reinforced nylon 6,6 composites. 

polymers exhibit a characteristic log time annealing 
rate [8]. As can be seen in Fig. 9, the start of log time 
rate behaviour was delayed by the addition of glass 
fibres. 

The increase in the matrix density of nylon 6,6 
composites by annealing could be described by the 
relation 

Om 
Do - exp (4) 

where t is the annealing time; D ~ denotes the matrix 
density at the starting time of annealing, t 0. v in the 
above equation can be regarded as the effective relaxa- 
tion time which can depend on the molecular mech- 
anisms associated with the process of density increase 
during annealing. The effective relaxation time, ~, can 
be obtained from the best fitting of Equation 4 to the 

TABLE I The calculated effective relaxation time (z) 

Materials D ~ r( x 105 min) 

Unreinforced nylon 6,6 0.359 4.86 
10 wt % glass composite 0.3469 3.32 
30 wt % glass composite 0.3391 2.47 

experimental data  in a log-log plot, as shown in 
Fig. 10. As can be seen, good agreements between 
Equation 4 and the experimental data were observed, 
except in the case of 10 wt % glass composites. Note 
that the effective relaxation time, ~, was increased as 
the glass fibre content increased. The calculated effect- 
ive relaxation time, ~, from Equation 4 are listed in 
Table I. As can be seen, the addition of up to 30 wt % 
glass fibres almost doubled the relaxation time, com- 
pared to the unreinforced nylon 6,6. This result can be 
explained by the observation that the molecular 
mobility of a polymer matrix can be reduced by the 
addition of glass fibres [33]. It is known that the glass 
transition temperature, Tg, and the deflection temper- 
ature of filled polymers can be significantly increased 
by increasing the glass fibre contents ([1] p. 387, [33]). 
Hence, the increase in the relaxation time, or the delay 
in the start of log time rate as the glass composites 
were annealed, can be related to the lowering of 
molecular mobility due to the addition of glass fibres. 

3.4 .  D i s c u s s i o n  o f  m i c r o s t r u c t u r a l  d i f f e r e n c e s  

b e t w e e n  m e l t - c r y s t a l l i z e d  a n d  

m i c r o t o m e d  b u l k  s a m p l e s  

The investigation of spherulite structure along fibre- 
matrix interfaces has raised some questions regarding 
the formation of the transcrystalline region along 
interfaces. In the melt-crystallized film samples (Fig. 7) 
columnar spherulites were found to develop around 
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the glass fibres, whereas such regions were not ob- 
served in the microtomed samples from bulk injection- 
moulded composites (Fig. 5). It is known that surfaces 
of fibre reinforcements in semi-crystalline polymers 
can affect the crystalline morphology by providing 
nucleation sites for spherulite growth [10, 12, 23-25, 
34-37]. Such spherulites grown from the fibre surfaces 
were often epitaxial, and the extent of such regions 
was found to be greatly influenced by fibre types 
and less by fibre surface treatments [10]. For fibre 
reinforcements which contain crystallites, such as car- 
bon fibre and Kevlar fibre, a pronounced transcrystal- 
line region along the interfaces was often observed 
[23, 24, 34-37]. The crystallinity in the reinforced 
fibres has been suggested [34] as a necessary, but not a 
sufficient, condition for the formation of the trans- 
crystallinity. Other mechanisms, such as crystallo- 
graphic matching [38] and chemisorption [38] have 
also been proposed to explain the formation of a large 
amount of columnar spherulites along the fibres. 
However, Chatterjee et  al. [34] have concluded that 
neither the similarity in chemical structures or crystal- 
lographic unit cell, nor a close match of crystal lattice 
parameters, were necessary for the existence of ob- 
served transcrystallinity. More recently, Thomason 
and Van Rooyen [36] have proposed that the trans- 
crystallization was related to stress-induced nucle- 
ation due to the thermal stresses caused by cooling 
two materials with a large difference in thermal ex- 
pansion coefficients. They showed that the transcrys- 
tallization was dependent on the thermal expansion 
coefficient of the fibre and on the sample cooling rate, 
but was independent of the fibre type. 

In the case of glass fibres, however, the presence of 
the transcrystalline region was less noticeable. It has 
been observed in nylon 6110] and nylon 6,6 in this 
study using the melt-crystallization method, in PP 
[39] using the hot-stage method, in PET using com- 
pression moulding 1-25], but it was not observed in 
nylon 6,6 using a hot-stage method [23]. It was also 
absent in bulk injection-moulded specimens, as shown 
in this study (see Fig. 5) and by Burton and Folkes 
[23]. They have also suggested that the absence of 
such a region in bulk specimens may be due to 
nucleation effects of fibre debris and residual crystal 
nuclei from previous thermal history. In our case, the 
possibility of reducing the transcrystalline region due 
to nucleation effects by fibre debris seems unlikely, 
because very little fibre debris could be seen (Figs 3 
and 5). In this study, a more significant difference 
between the melt-crystallized and microtomed bulk 
samples was in the spherulite sizes, which were about 
20 and 5 gm, respectively. It has been shown by Bessell 
and Shortfall [10] that the transcrystalline region can 
be substantially reduced by reducing the spherulite 
size. Hence the absence of interracial columnar struc- 
ture in bulk injection-moulded nylon 6,6 composites 
may result from the significant reduction of spherulite 
size in the matrix. Also, as been discussed by Thoma- 
son and Van Rooyen [36] the appearance of trans- 
crystallinity is dependent on the cooling rate of the 
material. As the cooling rate increased, the tendency 
for transcrystallization is also increased by increasing 
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thermal residual stresses. Because the cooling rate in 
the thin-film samples studied can be much higher than 
that in the bulk materials, it is also possible that the 
transcrystallinity is only observed in the thin com- 
posite films due to the cooling rate effect. 

Another aspect of morphological difference between 
the melt-crystallized and microtomed samples was the 
effect of glass fibres on the overall matrix spherulite 
size. In the case of microtomed samples the spherulite 
size was reduced significantly by the addition of glass 
fibres (see Figs 4 and 5), whereas no appreciable 
change of spherulite size can be found in melt-crystal- 
lized samples (see Figs 6 and 7). The reduction of 
spherulite size in bulk injection-moulded specimens 
was most likely due to changes in processing variables 
with increasing glass fibre content during injection 
moulding, such as changes in hydrostatic pressure and 
polymer flow rate, which may vary the melting condi- 
tions of the base polymer [41]. Consequently, more 
residual crystal nuclei from previous thermal history 
may be left in the matrix of the composites which can 
act as nucleation agents and thereby result in smaller 
spherulites during subsequent crystallization. Such 
effects of glass fibres would not be present in prepared 
melt-crystallized samples. 

4. C o n c l u s i o n s  
1. Glass fibre breakage during injection moulding 

of a nylon 6,6 composite was found to be most severe 
when the glass fibre content was higher than 20 wt %. 

2. The spherulite size in injection-moulded nylon 
6,6 was reduced by the addition of glass fibres. The 
matrix crystallinity of the nylon 6,6 composites was 
slightly lowered as the glass fibre content was in- 
creased. 

3. No transcrystallinity at the glass fibre interfaces 
was found in the injection-moulded nylon 6,6 com- 
posites. The effects of transcrystallinity on the mech- 
anical properties of glass-filled nylon 6,6 would 
therefore be negligible. However, columnar spheruli- 
tes were observed to grow along the glass fibres in 
melt-crystallized nylon 6,6 thin composite films. 

4. Upon annealing, the glass fibres were found to 
delay the start of the log time rate increase of the 
matrix density. This result may be explained by the 
reduction in molecular mobility due to the addition of 
glass fibres. 
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