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Experimental investigations were conducted to study the effect of thermal processing on
microstructures of GF/PA6 composites. Different degree of crystallinity and phases of the
thermoplastic matrix, and transcrystallinity of the composite interfaces were achieved at
different cooling rates during the thermal processing. XRD and DSC results indicated that
when the cooling rate was varied from fast to slow, the crystallinity and the ratio of the a/y
phases of nylon6 were increased in the PA6 matrix. The microscopy observations showed
that columnar spherulites grew along the glass fibre in the slow cooled thin film samples
associated with larger diameter of spherulite structures in the matrix. The columnar
spherulite structures around the fibres may be transcrystalline layers and they disappeared
with increasing cooling rate during thermal processing. It was also found that samples with
large amount of voids and poor interfacial bond was found in the low holding pressure
samples during the thermal processing. © 7999 Kluwer Academic Publishers

1. Introduction showed that transcrystallization and interfacial bond-
Because nylons are semicrystalline matrices, the propng strength may be altered during thermal processing
erties of GF/nylon6 are influenced by the microstruc-of the semicrystalline thermoplastic composites [6, 7].
ture of the polymer matrix and the fibre-matrix bond. These microstructural changes may affect the mechan-
These factors, in turn, may be affected by thermal proical properties of the composites [5].
cessing. Understanding the dependence of the proper- Some authors considered the issue of transcrys-
ties of GF/nylon6 on microstructure is an importanttallinity enhancing the mechanical bond between fibre
step towards the design of optimal thermal processingnd matrix [8, 9]. Lee and Porter [10] reported an ap-
protocols for these thermoplastic composites. proximately twofold increase in the transverse tensile
Thermal processing is a critical aspect of thermoplasstrength and fracture resistance of highly transcrys-
tic technology. The microstructures of thermoplastictalline and spherulitic specimens of continuous carbon
composites, such as degree of crystallinity, orientatiorfibre reinforced PEEK. However, as yet there has been
of crystalline, the size of spherulites and the interfacialnot much measurement of such effects in bulk com-
bond between fibre and matrix, depend upon many theposite samples, and it is still debatable as to whether
mal processing parameters [1-4], for example, cooliranscrystallinity increases or decreases the interfacial
ing rate and holding pressure. The microstructures arstrength.
know to affect the mechanical properties of the com- The mechanical properties of polyamides are dom-
posites [5]. For instance, the mechanical properties oinated by the amount and size of the spherulites. The
composite materials depend on the bonding conditiopulk Young’s modulus and tensile strength of nylon6 in-
between the fibres and the matrix. The success of the carease with increasing crystallinity of thephase [11].
operative interaction between matrix and fibre depend3he high fatigue resistance (bending mode) of nylon6
to a significant degree on the nature of the fibre/matrixand the excellent retention of properties on repeated use
interfacial region. In the last few years, there have beeave been attributed to a much narrower distribution of
many studies of the interfacial region. These studieshe long period, anti-parallel, arrangement of molecules
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in the o crystalline form [12]. The microstructural Glass Fibre/Polyamade6 (GF/PAG) Commingled Yarn
changes and mechanical properties were improved Supplied by Toyobo Co. Japan
annealed PA6 samples were studied by Russian scie

tists [13]. However, these parameters are also affecte

by the orientation of the spherulites, which in turn isPA6 Fibre W; =60 %
controlled by the intermolecular hydrogen bonding antd = 21 micron W, =40 %
chain packing in the spherulite crystals. In nylons, the V=49 %
spherulite crystals are formed from hydrogen-bonde V=51 %

sheets [14]. The crystal structures generally occur i
one of four different phases, 8, y, or §. This phase
terminology characterises the general conformation c
the polyamide chains and their mode of packing, whicl
results from thermal processing [15]. E-Glass Fibre

The « andy phases normally coexist in bulk ma- d = 13 micron
terials. The principal differences between these two. . .
phases are the lattice parameters and the orientati(c))Fﬁ’ure 1 Schematic diagram of GF/PAG composite systemn.
of the hydrogen bonds between the NH and tkeCC
groups. In thex phase, the hydrogen bonds are formed2. Specimen preparation
inthe zigzag planes and between the antiparallel chain2.1. Materials system
The hydrogen bonded molecules are stacked upon oriEhe unidirectional commingled yarn GF/PA6 was sup-
another forming planar sheets. The molecules are iplied by TOYOBO Research Institute, Toyobo Co. Ltd.,
the fully extended zigzag formation and theoreticallyJapan. Fig. 1 shows the original data of the GF/PA6
can form strain-free intermolecular hydrogen bondscommingled yarn system supplied by the manufacturer.
[14, 16]. Inthey phase, the molecular chains twistaway The density of the PA6 matriy,, was 1.14 g/crh
from the zigzag planes to form hydrogen bonds betweek-glass fibre density; was 2.58 g/crfiand the E-glass
parallel chains. This twisting of the molecules resultsfibre weight fractioiV; was 60%. The E-glass fibre dia-
in a slight shortening of the periodicity in the chain di- meter ranged from 10 to 1bm and PAG6 fibre from
rection, and results in the chain repeat distance of tha1-22 um. A Differential Scanning Calorimetric
y form being shorter than for the phase [17-19]. (DSC) test was conducted to determine the thermo-

However, the nature of thermal factors affecting thedynamic properties of the PA6. The DSC results indi-
microstructures and mechanical properties is still notated that the melting poirf,, of the crystalline PA6
fully understood e.g. how the cooling rate during ther-was 210C and the glass transition temperature of the
mal processing affects the phases of the matrix, andmorphous PA@y was 40°C as shown in Fig. 2.
transcrystallinity of the interface. Thus the objectives
of this paper are to investigate the effects of the cool-
ing rate and pressure during the thermal processing o®.2. Manufacture processes
the microstructures of the thermoplastic matrix and2.2.1. Bulk samples consolidation
composite interface, and then find out how to con-The GF/PA6 commingled yarn was wound unidirec-
trol the microstructures in the thermal manufacturingtionally onto the steel plate at 40 rpm giving 15 yarn
processes. per inch in the winding machine. The yarn was welded

Composites Density = 1.7g/cm?
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Figure 2 Differential scanning calorimetric test result of PA6 fiber before moulding.
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together along a line 10 mm away from the edge ofth 300

steel plate on both sides with a 40 W soldering iron. Th - g% g 240°C hlcff(':p/re.ss
GF/PA6 sheets were cut off from the steel plate alon 5 2501 _
the edge. Fourteen commingled yarn sheets were 1&_ 200 [ p=15MP,

up unidirectionally in the mould. To prevent the PAE %é i

sticking on the mould during consolation, a low sur & 150} -3°C/min

face free energy GF/PTFE cover sheet (CHEMGLAS é-’-

was inserted between the GF/PA6 composites and st g 100 —

mould. The consolidation process was carried out ¢ 2l -60°C/min

a hydraulic hot-press machine, Moore G748. The fir: 55 , , ‘ , , ,

stage of heating the sample above the PA6 melting tel 0 5 10 15 20 25 30 35

perature took approximately 10 min and pressure wi Time (min)

applied to the top and bottom platens of the hot press

machine. Once the sample reached Z4(the pressure Figure 4 Thermal histories of GF/PA6 composite samples.

was constantly kept at 1.5 MPa to squeeze out air and

excess resin sealed the mould and prevented oxidatio ; -

degradation of the PA6. The moulding temperature wadGlass Cover Slide Glass Slides

from 235 to 240C and the holding time was 10 min

with constant pressure through out the entire process.
To obtain the different microstructures in the com-

posites, the moulds were cooled down at three differen

rates in the hydraulic press machine under 1.5 MP: /./

pressure. A thermal measurement unit was used ti 4

record and monitor the temperature changing during |

the whole consolidation process.

(1) —1°C/min, cooled down in the hot-press; Fibre Matrix
(2) —3°C/min, cooled down with air circulated Figure 5 Thin film manufacturing procedure.

through the plates of the hot-press machine;
(3) —60°C/min, cooled down with cold water circu-

lated through the plates of the hot-press machine. The samples were then placed in the steel mould
which was used for bulk sample manufactures and

Fig. 3 shows the manufacturing flow chart of the heated up to melting point in the hot-press under the
GF/PA6 composite samples and Fig. 4 shows the thelsame pressure as the bulk samples (1.5 MPa). They
mal history of the composite consolidation. The finalwere cooled down under the three different cooling pro-
sample was of dimensions 20200x 4 mm and it cesses which were outlined above. The thermal histo-
was a white colour implying there were no oxidising ries of these thin films samples were exactly same as
degradation during the thermal processing. that of the bulk GF/PA6 samples.

2.2.2. Thin films consolidation 2.3. Microscopy study of consolidating

Cast thin nylon films containing single glass fibreswere_ Processes on hot-stage

prepared for Optical microscopy Study by placing indi- The consolidation of the thin film GF/PA6 was observed
vidual glass fibres with nylon fibres onto clean rectan-under a polarised optical microscope. The rectangu-
gular glass slides (% 25 x 75 mm) with thinner round lar glass slide contained nyloné fibres plus a few glass

glass slides (0.1 mm thick, 20 mm in diameter) coverfibres, covered with a thin round glass slide was placed
on the top as F|g 5 illustrates. into the controlled hOt-Stage (METTLER FP 82) The

hot-stage was then placed under the microscope lens,
and by using the transmitted light to observe the con-
solidation and crystallization processes. To control the
_cutline ;‘;’;;I";jgggg heating temperature and cooling rate, the thermal pro-
cesses were conducted by the central processor
METTLER FP 90.

Under the microscope it can be seen that the ny-
lon fibres start to melt when the heating temperature
reached 210C and then the molten nylon6 forms many
big polymer bubbles. It appeared that the polymer bub-
bles have a difficultly flowing around and joining each
other. This is may be attributed the high viscosity of the
14 commingled molten nylon6 matrix or high surface energy. When a

yarn sheets . .
pressure was applied onto the top of the glass slide, the
Figure 3 Manufacturing flow chart of GF/PA6 composite samples.  nylon bubbles were squeezed into each other and wet

hot welding line —

GF/PA6
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Figure 7 Polarised optical image of GF/PA6 thin film (cooling rate3 °C/min, holding pressure: atmosphere, magnificatio250).

the glass fibres. The pressure was found to be a vergooled down at 1 and°€/min in the atmospheric pres-
important parameter for the thermal processing of thesure.

thermoplastic composites. To break the surface energy

of the nylon bubbles, a pressure was needed to force the

matrix to wet the glass fibres. Without pressure voids3. Experimental technique

form in the final products as shown in Figs 6 and 7.Polyamide 6 is a semi-crystalline thermoplastic poly-
The GF/PAG films were heated to molten state and themer. There is always an amorphous phase existing
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in the bulk composite [20]. To obtain information resolved. The estimation of the amount of crystallinity
regarding the crystallinity and crystal structures of theis usually based on a comparison of the areas under the
bulk GF/PA6 composites which were subjected to thepeaks. With proper attention to experimental detail, this
three different cooling conditions, Differential Scan- method provides a reliable measure of crystallinity in
ning Calorimetry (DSC) and X-ray Diffraction (XRD) polymers [21, 22].

measurements were performed in this study. The XRD test was carried out on a Diffraktometer

The different interfacial microstructures of the Siemens D5000 system. The sample was 50 mm in di-
GF/PAG thin films subjected to the different cooling ameter and 4 mm in thickness which was cut off from
rates were revealed by transmitted polarised opticathe bulk GF/PA6 composites. One millimeter diver-
microscopy using the Laborlux POL-12 optical micro- gence slits and anti-scatter slits, a 0.2 mm receiving
scope. The polarised images were taken by a Wild MPSIit and a 0.6 mm detector slit were selected in this
12 camera with magnification of250. study.

Transmission Electron Microscopy was usedto study In this test, the speed of the detector scanning
the microstructures of nylon6 spherulites. The TEMstep was 0.04030 s, low-angle X-ray diffraction
samples were made from the above GF/PAG films. Thé20 = 10 to 40°C) and 60 rpm rotation were utilised.
nylon6 spherulites of the thin films were examined byThe sample was scanned fh 16 min and 30 s.
transmission electron microscope (Philips CM12) and
operated at 120 kV. Philips EM 400 transmission elec-
tron microscope and EM430 electron energy loss SPeC Results and discussion

troscopy (EELS), ope_rating at 390 KV, were used_ ©rhe test results of the DSC and XRD showed that the
determine the nucleating agents in the nylon6 matrix. microstructures of the GF/PA6 composites were dra-
matically affected by the changing cooling rate. Slow

” . . . cooling resulted in a high crystallinity and mar@hase
3.1. Differential scanning calorimetry formed than the fast cooling process. The lamellae

examination thickness was slightly affected by the cooling rate as
The DSC testwas carried out on a Mettler TA 4000 ther-

. - ; ) well.
_Tr?l analysis sys_terzn V‘]C'”;] a htla:?ggg rate orm;nlnb The details of the test results will be presented and
e o e ot bt o552 detinre olovingfous e, meling
in an aluminium shell. Both the melting point and per- oint, crystallinity, crystal phases and lamellae thick-
- ' \ . ness.
cent crystallinity may be determined from a single DSC
scan on the sample.
To calculate the percentage of crystallinity in the PA6 i i
matrix, it is necessary to know exactly how much PA64:1- Melting point
was in the GF/PAG composite of the DSC sample. Afterr19S 8-10 show the DSC results of the bulk GF/PA6
DSC analysis, the GF/PA6 sample with a weil/i samples .coo.led down at different rates, respectively.
was heated to 50 in an oven for 6 h burning the 1he y-axis displays the endotherm (heat energy ab-
PAG6 away. The sample remains were weighed on afCrption by the crystalline PAG), theaxis displays the
analytical balance (sensitivity 0.01 mg) in the same at_temperature increasing in the DS_C test. For the sIov_vest
mosphere to determine the weight of the glass fibré&00ling process (cooled down with hot-press, cooling

(Wo). The percentage of the crystallinity of the GF/PAG "ate:—1°C/min) samples, the melting point was taken
was calculated from the following expression. atthe peak temperature, 228, where the melting was
virtually complete.

% crystallinity = (AHs/AHs) x 100 The peak area was equallth which was the heat of

fusion or the fusion endotherm of thgphase crystalline
where AHs is 190 J/g, specific fusion endotherm of structures in the PA6 matrix of the GF/PA6 composite.
1 g PA6 fully crystallised (Service instructions, Mettler Fig. 9 illustrates that there were two peaks appearing
TA-4000 manual, Version 6.7, 1990),Hs is the mea-  in the second slow cooled (cooled in air, cooling rate:

sured heat of fusion endotherm of 1 g PA6 in the DSC—3°C/min) GF/PA6 composite samples. The maxi-
sample and mum trough within the shaded area representsathe

phase, withT,, = 226°C, and the inflection represents
AH; = Hi/(We — Wg) the y phase, withT, =220°C. However, the inflec-
tion disappeared in Fig. 10 which is the fastest cool-
Hr the peak area which was the heat of fusion or théng process (cooled in water, cooling raté80°C/min)
fusion endotherm of the crystalline structure of the PA6samples. On the chart (see Fig. 10), only thphase
in the sample. appeared and it can be seen that its melting point is
226°C. There should bg phase present in the fastest
cooled samples as XRD results indicate (see Fig. 11).
3.2. X-ray diffraction examination However, this was not present in the DSC results be-
The XRD method allows calculation of the relative cause the-10°C/min test heating rate in the DSC test
amounts of crystalline and amorphous material in aconverted the, phase intax phase.
sample provided that the contributions of the two types The difference between the melting points of the
of structure to the X-ray diffraction pattern can be first two samples—1 and —3°C/min, indicated that
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Figure 11 XRD diagram of GF/PA6 subjected to three different cooling rates.

decreasing the cooling rate in the thermal history in+ate (—60°C/min) of the water cooled GF/PA6 sam-
creased the content afphase crystal structures in the ples, there could be more crystalline structures formed
PA6 matrix. As shown in the DSC results, thhgohase during the DSC test. It was similar to an annealing pro-
was associated with a high melting point and will resultcess during the slow heating in the DSC tests. Thus, the
in the composites having a higher service temperaturguantities of the Clll sample crystalline measured inthe
than that ofy phase samples which were formed in DSC test was higher than that of the water cooled orig-
faster cooling processes. inal samples. The same situation may have occurred
in the air cooled samples as well, as the DSC heat-
ing rate ¢-10°C/min) was so close to the manufacture
4.2. Crystallinity cooling rate 3°C/min). Therefore, it is necessary to
The results of the DSC analysis indicated that the cryscheck the crystallinity of the GF/PA6 by XRD method
tallinity in the PA6 matrix of the unidirectional GF/PA6 which does not involve heat and re-crystallization
bulk composite samples which were subjected to thgyrocesses.
three different cooling processes was dependent on the The XRD test results indicated that the crystallinity
cooling rates. There were clear differences of crysand thew, y phases contents of the three different
tallinity between the three GF/PA6 samples. Coolingcooling processing samples were significantly different
with the hot-press<{1°C/min) resulted in the highest under the same XRD testing condition. Fig. 11 shows
crystallinity (Xc) at about 37%, followed by cooling the clear different intensities between the three cooling
with air circled (-3°C/min)in the hot-press of 33%and processes, the GF/PA6 bulk samples in the XRD
water circled (-60°C/min) in the hot-press resulted in test. The shaded area under the peaks present the
crystallinity of 28% as shown in Table I. crystalline volume [21,22]. The first peak from the
Comparing the two Figs 8 and 10, it can be seenight hand side represents phase and the second
that the endothermic curve of the fastest cooled samplgeak represents phase. The total shaded peaks area,
was similar as the curve of the slowest cooled sampley plus y, implies the proportion to the total volume
This is because the microstructures of the fast cooledf the crystalline materials. The proportion of the
samples had been changed during the DSC test. Thefreak areas of the three cooling rates samples was Cl :
was a re-crystallisation occurring during the DSC tesiC||: CIlIl =131.72:73.56:60.81:0.56:0.46. As-
due to its slow heating rate;10°C/min. Thusthe DSC  suming the DSC result of crystallinity of the hot-press
results of the fastest cooled samples, crystallinity mayooled sample (37%) was reliable and not affected by
be higher than what they should be. the heating rate in the DSC test, the crystallinity of air
Due to the fact that the slow heating ratel0°C/  and water cooled samples can be calculated based on
min) in the DSC test was slower than the fast coolingthe proportion of the XRD results. The crystallinity
results of the air and water cooled GF/PA6 composites
were 20 and 17%, respectively. Table Il lists the
TABLE | The crystallinity of GF/PA6 composites from DSC test proportional relationship between peak area and the
crystallinity of the nylon6 matrix in the GF/PA6

Manufacture cooling DSC test heating Crystallinity of !
rate rate (C/min) PA6 (%) composites.
_ The XRD results verified that the crystallinity of the
€:| ‘130%’;“'?" hot-press 1%)0 327 GF/PA6 samples cooled in the air and water evaluated
: —3°C/min, air . . . .
Clll: —60°C/min, water 10 o8 during the DSC test due to its $@/min heating rate

caused more crystal structures formed during the DSC
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TABLE Il The crystallinity of the GF/PA6 composites and peak area gppearing in all of the three cooling rate samples. The

of the intensity in the XRD tests Bragg'’s angl® of the first peak which is from the right
samples' cooling & +7) Ratio of X of hand side is over 23The second peak falls between 20
rate peak area aly Pa6 (%) and 23. The two peaks represent theandy phases
_ in the crystal structures of the nylon6 matrix. Also it
Cl: —1°C/min, 12r472=13172 2 37 can been seen that there are amorphous phases in the
(hot-press) background
ClI: —=3°C/min, 52.94+20.62=73.56 2.6 20 ' ) )
(air) The XRD results showed that decreasing the cooling
Clll: —60°C/min,  33.61+27.19=60.8 1.2 17 rate during moulding led to more crystal structures
(water) formed thary phase in the nylon6 matrix. The Cl sam-

ples have extremely higher contents of thghase than
that of Cll and ClIIl samples. It also can be seen from
Fig. 11, that Cll and Clll samples have the same volume
test. Thus, the DSC results of air and water cooled samsf y phase content. The phase content of Cl sample
ples were not accurate. is less than that of Cll and Clll samples. Table Il lists
From Table Il, it can be seen that the crystallinity of the different ratios of the: andy phases in the PA6
the air cooled samples was quite close to the watematrix due to the three different cooling processes.
cooled samples. This may probably be attributed to |t has been reported that the hydrogen bonding angle
the crystalline forming speed of the nylon6 was veryof the o crystal is larger than that of crystal, thus
fast. A previous study [23] showed that it only takesthe « chain is straighter and longer than that of the
5 s for nylon6 to achieve half its potential crystallinity yy chain. The distance between adjacent chaina in
at the fastest crystalline temperature 1@0 When  crystal is shorter than that of the phase, thus the
the cooling rates are faster tharB°C/min, the dif-  chains are packed tighterdncrystal than the crystal
ferent cooling rates would not make much difference[18, 26]. Therefore, the density of crystalline mate-
to the crystallinity. Based on the study of the ther-rials is higher than that of materials. Consequently,
mal processing-crystallinity of the GF/PA6 and otherthe hardness and Youngs modulusxophase may be
references [20,24], an attempt to produce a timehigher than that of phase.
temperature-transformation diagram of the amorphous- There is some interesting evidence from Murthy and
crystalline phase changes during processing. BaseBray’s recentresearch [15] verifying the above assump-
upon the XRD data, Fig. 12 illustrates such an approxtion. Nylon6 specimens with a higher content of the
imate for the nylon6 in this study. The glass transitiony phase have higher density (1.24 gRncrystalline
temperature is 50C [25], the fastest crystal growth perfection Ty, tensile strength and modulus than that of
temperature is 140C and the melting pointis 24@,  y phase (1.17 g/c®). Their infrared spectroscopy and
respectively, in the TTT plot. X-ray diffraction studies showed that to separate the
y phase and the amorphous scattering is very difficult
when they phase is either poorly formed and/or is very
4.3. Crystal phases low. The IR spectra of thg phase and the amorphous
From the DSC study of the GF/PA6 composites, it hasare very similar to each other and very different from
beenfound thattwo phasesandy existedinthenylon6 thatofthex phase. Thisis because of thehain and the
matrix and this has been verified by the XRD test re-amorphous chain possess very similar conformations.
sults. In Fig. 11, it can be seen that there are two peak®lurthy also found thafy increased with increasing
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Figure 12 Amorphous-Crystalline transformation in nylon6: an assumed diagram of Time-Temperature-Transformation (The cooll curve represents
the cooling rate £C/min, cool2 is 3C/min and cool3 is 60C/min, respectively).
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proportions ofbx phase_ |n(;rea_sin'gg canresultinlow- TABLE Il XRD testresults of the lamellar thicknessoofrystallite

wear materials in tribological applications [27]_ in the nylon6 matrix of GF/PA6 composites subjected to three different
The « phase has a higher thermodynamically sta°°9 rates

ble structure than the phase. The heat of fusion of B, measured «, lamellar

a phase (241 J/g) was found to be higher than thecooling condition 2 FWHM thickness (A

y phase (239 J/g) [28]. The peak of mechanical loss

tans, decreases with an increasimghase crystallinity €I ~1°C/min 23891 1.0281 7936

hot-presscooled

[29]. These characteristics of thephase may give the ¢y _z°c/minaircooled 23.864  1.1322 71.99
composites a higher service temperature than that of ciii: —60°c/min 23.440 1.334% 60.96
phase. water cooled

The purpose of determining the various structural
parameters described here is to be able to predict the
properties and performance of the GF/PA6 composites. o
One of the most obvious differences that stands out ifO" instrumental broadening in degree and should be
examining the X-ray scans of any sample was the relconverted byr/180
ative amounts of the andy crystallinities. Thisx/y
ratio was quite useful because it reflected the manufac- Bo = / B2 — B2
turing history of the GF/PA6 composites. The parame-

ters that are likely to be directly useful in predicting the . . .
- . ; . wheregp, is the measured peak width at half peak height
properties are the total crystallinity and the orlentatlon’,:mdﬁs the corresponding peak width of a standard ma-

of the matrix. Thex andy contents have significant in- ) . .
fluence on the mechanical, interfacial and wear proper?ers'ﬁ:ggnbrgzdth ofinstrumental broadening, for D5000

ties of the composites which were presented separatef? Table Il lists the thickness of the phase lamel-

in other papers [30]. lar crystal in the GF/PA6 matrix which were subjected
to the three different cooling processes. The results
showed that cooling rate has slightly affected the lamel-

4.4. Lamellae thickness lar thickness. Slow cooling gave the nylon6 thicker

From molten state to solid some nylon6 chains ardamellar crystal than that of fast cooling process.
folded and packed orderly together forming a thin and In general, the thickness of lamellae can affect the
flat platelets (lamellae crystal) about 10Qttick and ~ mechanical properties of polymers. Increasing lamel-
1000 Ato 1 um in lateral dimensions. The thickness lar thickness (spherulite size) will result in decreasing
of the lamellae depends on many factors during thdoughness and rupture elongation, and increasing ten-
thermal processing such as crystallization temperaturéjle strength and modulus of the polymers [33].
pressure and holding time. For example, the specific
temperature of the fastest growth of the nylon6 lamel-
lae or spherulite is 140C [31]. If the sample is cooled 4.5. Interface
slowly from molten state, it will stay in the specific The Polarised Optical Microscopy (POM) study of the
temperature longer than that for the fast cooled sampleésF/PA6 thin films showed that there was columnar
Thus, there will be thicker lamellae or large spherulitespherulitic growth along the glass fibre in the slow-
found in the slow cooled samples than that of fast cooledst cooled samples. It may be a transcrystalline region
samples as Fig. 11 shows. It can be seen in the Fig. 1detween the matrix and fibre. The columnar spherulite
that the full width at half peak height @f phase is structures disappeared with increasing cooling rate in
slightly narrower in the Cl sample than that of Cll and the samples. Figs 13—15 show the microstructures of
Clll samples. the glass fibre reinforced nylon6 subjected to the three
The XRD results indicated that the full width at the different cooling conditions. It can be seen in Fig. 13,
half peak maximum intensity (FWHM) of the phase the hot-press cooled sample, that there was a columnar
in the three different cooling processed samples argpherulite structure in between of the glass fibre and
Cl:1.028,Cll: 1.132, CIlI: 1.335, respectively. This  nylon6 matrix. The columnar spherulite structure may
means the lamellar thicknesses of the three differenbe a transcrystalline layer. The diameter of the colum-
cooled samples were different. The thicknesses of thaear spherulite was affected by the cooling rate. A slow
lamellar crystal in the three different cooled GF/PA6 cooling process led to a larger diameter of the columnar
composites can be calculated by using the Scherrer fospherulites than the fast cooling process. The colum-
mula [32]. nar spherulite structure disappeared in the fast cooled
film samples as shown in Fig. 15, and there are two
clear border lines between the glass fibre and matrix.
It seems the interfacial bond between the glass fibre
and nylon6 matrix was very poor in the water cooled
whereLy is lamellar thickness in AK =0.9, a con- samples.
stant that is commonly assigned a value of unity, Additionally, the pressure has affected the interfacial
1 =1.54059 A, X-rays wavelengthg the Bragg’s bond as well. Cracks were found between the glass
angle, angy = FWHM, the full width at half peak max- fibre and nylon matrix in the hot-press cooled samples
imum intensity, the breadth of the reflection correctedwithout applied holding pressure as shown in Fig. 6. In

Lit = K2/(Bo cosp)
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Figure 13 Polarised optical image of GF/PAG thin film cooled in hot-press (cooling rat&>C/min, holding pressure: 1.5 MPa, magnification:
x250).

Figure 14 Polarised optical image of GF/PAG6 thin film cooled with air circling in hot-press (cooling f&8¢C/min, holding pressure: 1.5 MPa,
magnification:x 250).

Fig. 13, it can be seen that there was good interfaciaing rate may increase the transcrystallinity (the thick-
bond in the GF/PA6 sample which was cooled in theness of the transcrystalline layer). The interfacial bond
hot-press with 1.5 MPa pressure. was influenced by the holding pressure as well. Low

From POM observation of both the GF/PA6 samples holding pressure during thermal processes also led to a
it can be concluded that the cooling rate has signifijpoor interfacial bond in the thermoplastic composites
cantly affected the transcrystallinity. Decreasing cool-(see Fig. 6).
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Figure 15 Polarised optical image of GF/PAG thin film cooled with water circling in hot-press (cooling+&@:C/min, holding pressure: 1.5 MPa,
maghnification:x 250).

Figure 16 TEM photograph of nylon6 spherulites cooled in hot-press with atmospheric pressure (magnific@600).

4.6. Spherulite It has been reported that the spherulite size can affect
It was also found in the polarised images, Figs 13—18he short term mechanical properties of the semicrys-
of the GF/PAG films, that the spherulite size of the PA6talline polymers. Anincreased spherulite size and crys-
matrix was affected by the cooling rates. Decreasingdallinity normally results in increased tensile strength
cooling rate may result in larger size spherulites. Thisand yield strength, but lower rupture elongation and
resultis consistent with the XRD results of bulk GF/PAG toughness [33]. Also under long term stress conditions,
samples which was presented in Section 4.4, Table Illin either cyclic/fatigue or static/creep loadings, slow
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Figure 17 TEM photograph of nylon6 spherulites cooled in hot-press with atmospheric pressure (magnifica6600).

stable cracks are found to form in polyethylene at thefibres which may be transcrystalline layers. The colum-
boundaries of spherulites and within them. Lustigermnar spherulites disappeared with increasing cooling
suggested that the primary long term failure mecharate.
nism in these materials is separation between lamellae (5) The different thickness of the transcrystalline lay-
[34]. ers were found to be influenced by the different cooling
The microstructures of the nylon6 spherulite hasrate. Slow cooling led to a larger diameter of the colum-
clearly been revealed by the TEM technique imagesar spherulites than the fast cooling process. The POM
(Figs 16 and 17). It can be seen that the lamellae growesults also showed that slow cooling led to larger size
from the centre of the spherulite and smoothly joinspherulites in the nylon6 matrix than the fast cooling
into adjacent spherulites. It was hard to distinguishprocess.
the boundary between the spherulites. Normally the (6) Microscopy study of the thermal processing
spherulites boundary is the weakest area of the masF/PA6 on the hot-stage showed that the holding pres-
terial. If the boundary joint is smooth and not clearly sure was a important parameter in the thermal pro-
defined that might result in strong materials. cesses. Sample consolidated without holding pressure
resulted in large voids and poor interfacial bond in the

. composites.
5. Conclusions P
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