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This is a part of a series of studies on the influence of thermal processing on
microstructures and mechanical properties of thermoplastic composites. In this paper, the
effect of cooling rate during thermal moulding processes on the mechanical properties of
bulk unidirectional commingled yarn GF/PA6 composites (losipescu shear strength,
transverse flexural tensile strength and elastic modulus) has been investigated. Cooling
rate from fast to slow, —60°C/min, —3°C/min and —1°C/min, were achieved at 1.5 MPa
pressure. Scanning electron microscopy (SEM) was used to analyse the damaging
mechanisms of the fracture surfaces of the tested samples. The different dynamic
responses of the samples were observed by polarised optical microscopy (POM) during the
mechanical tests. The results indicated that when the cooling rate was varied from fast to
slow, the interfacial tensile and shear strength were improved associated with enhanced
elastic modulus. These results may be attributed to the slow cooling achieved a high
transcrystallinity between the glass fibres and PA6 matrix, and high crystallinity of « phase
in the PA6 matrix. © 71999 Kluwer Academic Publishers

1. Introduction materials. Moreover, the nature of the crystalline phase
The mechanical properties of fibre-reinforced polymeraffecting the mechanical properties of these materials
composites is primarily dependent upon the followinghas never been systematically investigated.
three factors: (1) strength and modulus of the fibre, (2) In this series of studies, it was found that a large di-
strength and modulus of the matrix, and (3) effective-ameter transcrystalline layer existed between the glass
ness of the bond between fibre and matrix in transferfibres and the PA6 matrix of the slow cooled GF/PA6
ring stress across the interface [1, 2]. These factors argamples as well as high crystallinity of PAGphase.
basically determined by the microstructural details ofThe effect of thermal processing on microstructures of
these materials which include transcrystallinity of thematrix and interfaces, is presented in the part 1 of this
interface, crystallinity and spherulite size of the matrix paper [13]. In this part of the paper, the effect of cooling
which are in turn controlled by thermal processing ofrate during thermal processing on the mechanical prop-
these materials [3]. erties and interfacial bonding strength of the thermo-
The interface between the fibres and the matrix in theplastic composites in relation to the transcrystallinity
composite materials is widely regarded as the most imand crystallinity of these materials will be explored.
portant factor determining their mechanical properties Selection of the methods for measuring the interfacial
[2,4-7,8-11]. In addition transcrystallinity has a sig- strength is still a very controversial topic in composite
nificant effect on various mechanical properties [12].interfacial studies. For instance, the short beam shear
However, as yet few measurements of such effects otest, the transverse tensile test, the transverse flexural
bulk composite samples have been conducted, and it iest and the losipescu shear test can be used to mea-
still debatable as to whether transcrystallinity increasesure the interfacial bond of bulk composites. However,
or decreases the interfacial strength, consequently afhe failure mode during the testing can be very com-
fecting the performance of thermoplastic compositeplex, and therefore, none of these tests could really be
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for the determination of the interfacial bonding strengtr

loading fixture
- . 4

for all fibre composites. Further, the test results can b e
difficult to interpret since failure during the test may /

described as a simple and reliable test, or appropria o ¢

@)

not be due to debonding (adhesive failure) in the inter
facial layer, i.e., separation may not occur between th
fibre and matrix. Rather, it could occur within a fibre,
or within the matrix (cohesive failure).

However, from a practical point of view, it may not
matter whether the failure during testing is adhesive o
cohesive, as long as the strength of the weak link at th
interface is being measured. Thus, the most importal
issue is that the test result can be used to indicate tt
stress transferred through the interface, regardless _.
theeffl?l”?orrehrgl?a (Ijneg fouggteé:?n?L% tﬁg“pai?uﬁztﬁorgs);ggﬁgure 1 Diagram of losipescu test for 0 degree GF/PAG composite spec-
interpret the failure mechanisms. men

In this paper, in order to study the influence of tran- ) ) )
scrystallinity and crystallinity on the mechanical prop- the GF/PA6 commingled yarn system which were given
erties and interfacial bond strength of the GF/PA6DY the manufacturer were that the E-glass fibre weight
composites, the transverse flexure and longitudinafraction W was 60% and density of the GF/PA6 was
losipescu tests were adopted to test the bulk GF/PA&-/ glend.
composites subjected to the different cooling processes.

The transverse flexural test (three point bend), ha

only recently been used for interfacial bond studies.The GF/PA6 commingled yarn was wound unidirec-
This is the _S|m_plest ".’md the_most widely used test fortionally onto the steel plate at 40 rev/min giving 15 yarn
the determination of interfacial bond strength [14-18]. erinch in the winding machine. The yarn was welded

In this test, the fibres are oriented perpendicular to th ;
load direction. Thus the failure can be controlled by the, ogether along a line 10 mm away from the edge of the

. : ; . steel plate on both sides with a 40 w soldering iron. The
matrix or the fibre/matrix bond. This method, however,GF/PA6 sheets were cut off from the steel plate along

is a sensitive test for assessing the interfacial bondin%e edge. Fourteen commingled yarn sheets were laid

condition. It can be very sensitive to internal defects p unidirectionally in the mould. To prevent the PAG
such as voids or crossed fibres and it should be consi fticking on the mould during cbnsolation a surface
er(i_?] a? a.weakesrt]hnkt tetst. thod iinall free energy of GF/PTFE cover sheet (CHEMGLAS)
€ losipescu shear test method was originally proy, 5 inserted between the GF/PA6 composites and steel
posed by losipescu in the early 19605 [19]. In 1967 [ZO]'mouId. The consolidation process was carried out on

losipescu published a deta!led study involving the de'a hydraulic hot-press machine, Moore G748. The first
velopment of the asymmetrically loaded notched bean%tage of heating the sample above the PA6 melting tem-

als (metals). The losipescu test method was first apberature took approximately 10 min and pressure were
. - . . appli n th n m platens of the hot pr
plied to composite materials by Thomas Place in th applied on the top and bottom platens of the hot press

) Ynachine. Once the sample reached 230the pres-
early 1970s [21]. In this test, double-V-notch SpeCI'%ure was constantly kept at 1.5 MPa to squeeze out air

(@]
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testing specimen
1

T=

9.2. Manufacture processes

mens were employed. The principle OT this shear tes nd excess resin sealed the mould prevented oxidation
was that a constant shear force was induced throug

the mid-length of the specimen, thus producing a purg

To obtain the different microstructures in the com-

atthe mld—length of the specimen through the action Obosites, the moulds were cooled down at three different
load couples which produce counteracting moments. rates in the hydraulic press machine under 1.5 MPa

In pracnce,'ho_vve\{er,_some non-un'|form|ty of the ressure. A thermal measurement unit was used to
shear stress distribution in the test section occurs, proh-
I

- . ecord and monitor the temperature changing during
ably arising from small normal compressive stresses. he whole consolidation process. The cooling rate of
is possible to prevent specimens failing in the COMPreSy,a consolidation processes was recorded as follows:
sion by changing the geometry of the specimens com- '
pared with that specified in ASTM D5379/D5379M-93

which cannot be applied to all composites. 1) —1°C/min, cooled down in the hot-press;

2) —3°C/min, cooled down with air circulated
through the plates of the hot-press machine;

3) —60°C/min, cooled down with cold water circu-
2. Specimen preparation lated through the plates of the hot-press machine.
2.1. Materials system
The unidirectional commingled yarn GF/PA6 was sup- Fig. 2 shows the thermal history of the GF/PA6 com-
plied by Toyobo Co. Ltd., Japan. The original data ofposite consolidation. The final sample was of dimension
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THERMAL HISTORY OF GF/PA6 P loading nose

:% E . hot-press

250 g ; 240°C -1°C/min
Re) 200 mm p=15MP,
< 200f
% air
5 150} -3°C/min
£
@ 1001 water b
o . 1
501 -60°C/min support specimen er ends

25 L | L | 1 L
0 5 10 15 20 25 30 35

Time (min) Figure 3 Transverse flexural test of GF/PA6 bulk composite sample.
Figure 2 Thermal histories of GF/PA6 composite samples. D790M-92. The tests studied the influence of the
cooling rate during the thermal process on the GF/PA6

200x 200 4 mm and it was a white colour implying Eomposne interfacial bonding condition. As Fig. 3 il-

e : X ustrates, the specimen was loaded along the fibre ori-
there was no oxidising degradation during the therma ntation with loading speed 1.7 mm/min. The supports
processing.

span was 64 mm and the support span to the depth ratio
was 16 : 1. Radius of the supports and loading nose was
. . 5mm. A 1 kNload cell was used to collect the signal of
2.3. Transverse flexural testing specimens the load and displacement in the test and then electroni-
Nlng transverse flexural testing specimens for eacQa"y logged on a computer. A microscope was used to
cooling condition were prepared. The specimens Wergpserve the dynamic fracturing process during the tests.
cut off from the three differently cooled unidirectional  \jaximum tensile stresat a given loadP, the maxi-

fecting the microstructures of the GF/PA6 samples. Theg|ow the centre loading point and is given by

geometry of the specimens were 2@0 x 4 mm and

with the fibres perpendicular to the specimen length. 3PL

The cutting edge of the specimens was polished in the 9 = S

lengthwise direction of the specimen with P600 emery

paper. whereoy, is the maximum bending tensile stress at the

midspan of the specimens (MP&), is peak load at
rupture (N),L is support span (mm}y is width of the
2.4. losipescu intralaminar specimen beam specimens (mm), andis the thickness of the
Eight losipescu intralaminar specimens for each coolbeam specimens (mm).
ing condition were prepared. The specimens were cut Using this testing arrangement enables the tensile
with fibres parallel to the longitudinal axis-0 degree strength of the interface to be evaluated by substitution
from GF/PA6 composite. The specimens were 80 mnof the failure load or peak load into the above equation.
long, 20 mm wide and 4 mm thick. Two 9@ngle Elastic modulus The elastic modulus of the GF/
notches were cut at the specimen midlength with face®A6 composites can be calculated by drawing a tan-
oriented at+45° and —45° to the longitudinal axis. gent to the steepest initial straight-line portion of the
The notches were introduced using a vertical millingload-deflection curve and using the following equation
machine Pacific FTV-2S with a specially designed par-
allel fixture. Special care was taken to use optimum cut- _ L3m
ting rates. A freshly-sharpened cutting tool was used to b= b3
minimise pre-test damage and produce a sharp notch.
The notch tip radius was about 120m. The width ~ WhereEy is the modulus of elasticity (GPal), is sup-
between the two notches’ tips was selected as 3 mrRort span (mm)m is slope of the tangent to the ini-
for the optimum value to achieve a pure shear failurdial straight line portion of the load-deflection curve
in the midspan section of the specimen during the tes{N/mm), b is width of the beam specimens (mm), and
The optimum processing of the specimen cutting and! is the thickness of the beam specimens (mm).
failure modes investigation are discussed in a separate The standard deviation of the strength and elastic

paper by the authors. modulus was calculated as follows
o 2y2 — ny?
3. Experimental technique N n—1

3.1. Transverse flexural test

The 90 three point flexural tests were performed atwheresis the estimated standard deviatigiis value of
room temperature on an Instron 4302 table-top loadingle testn is number of tests, anglis the arithmetic
frame in compression according to ASTM standardmean of the set of tests.
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ter coated with a thin layer of gold in order to im-
prove the resolution of the specimen prior to SEM ex-
amination. For the low resolution of the GF/PA6 an
accelerating voltage was selected at 20 kV and the
condenser lens (spot size) was selected as 100 nm.
Both backscatter and secondary electron detectors were
used.

4. Microscopy observation

of dynamic response
4.1. Transverse flexural test
During the flexural tests a microscope was used to ob-
serve the dynamic response of the specimens under a
compressive load. It was seen that when the loading
force reached the peak value, fracture starts from the
bottom of the specimens at the midspan and spreads
along they-axis. It occurred as mode | fracture be-
haviour in the damage zone.

It was found only one crack appeared in the air (ClI)
and water (ClIl) cooled samples, but the length of the
crack was found to be longer for the latter. In the hot-
press cooled sample, Cl, two cracks were observed, a

3.2. losipescu intralaminar shear test small crack accompanying with a long crack. It was
The eight 0 |Osipescu Specimens for each Cooiing Con-Observed with the minOSCOpe that many small cracks
dition were tested at a constant cross-head displacemeappeared on the top side of the Cl specimen. The smalll
rate of 2mm/min according to ASTM D5379/D5379M- cracks absorbed the energy from the compressive load
93 and were carried out on an Instron 4302 machine df the bending test in the Cl specimens.
room temperature. A 10 kN load cell was used to col- The initial crack length at the peak load was found
lect the signal of the load and displacement in the testo be proportional to the cooling rate of the specimen.
and then logged to a computer to be processed. Increasing cooling rate led to increasing the initial crack
The test fixture was based on the 0|’igina| V\/yominglength and redUCing peak load aslistedin Table |. Table |
University test fixture deve|0ped by Walrath and shows the effect of COOIing rate on the initial crack
Adams, and made by this research centre. losipesdgngth and beam deflection at peak load or break.
tests in this study were performed under monotonously Therefore, it appears that the initial crack length re-
appiied Compressive loads normal to the |0ngitudinaﬂected the interfacial bonding condition. The slow cool-
axis of the specimen (axis of the fibres). The mechaning process resulted in a columnar crystalline struc-
ical dynamic response of the tests were observed by &lre growth along the glass fibres as presented in the
microscope as shown in Fig. 4. part 1 of this paper by the authors [13], may give
Astate of pure shear was achieved within the midspaithe GF/PA6 composite a strong interfacial bond. Then
section of the losipescu test specimen by applying twdhe strong interfacial bond stopped the crack spreading
counteracting moments which were produced by twdurther.
force couples-P. From the simple statics considerations, The peakloads at fracture for the air and water cooled
the shear force acting at the centre of the cross sectiospmples were very close to each other as Figs. 5 and 6
was equal to the applied force as measured from thghow. It probably because they have very similar inter-
load cell. There was no stress concentration at the siddgcial bond conditions as shown in the part 1 of this
ofthe notches, because the normal stresses were paralR@per by the authors [13], a slight difference in the
to the sides at that point of the specimen. Consequentlgrystallinity and approximately equal phase volume
the shear stress was obtained by simply dividing the&ontents as listed in the Table II. Thephase appears as
applied force by the net cross-sectional area betweed lower density and lower strength amorphous material.

the two notch tips. The shear stress can be calculated £&amaging an equal volume of theandy crystalline
P/A matrix, thea phase material may require extra energy
T =

compared with ther phase.
wherer; is the shear stress gh data point (MPa)P
is load atith data point (N),A=Ld, cross-sectional
area (mn), t is the width between the two tips o
the notch (mm), andl is the thickness of the beam

Figure 4 Optical microscopy observation of dynamic response of
losipescu test.

f TABLE | Effect of cooling rate on initial crack length and beam de-
flection at peak load

specimen (mm). Sample cool Peak load Cracking length ~ Beam deflection
rate (C/min) at break (N) (mm) (mm)

3.3. Electron microscopic study C:i.—ls g%-gg 12 i-g’?

The fractured surfaces were examined using a Scarﬁ-”i___Go 6 >0 30

ning Electronic Microscope. The specimens were sput-
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TABLE Il The XRD results of PA6 crystallinity and peak area of gnd highest amorphous content. A high amorphous
intensity in GF/PAG composites component gives the materials a visco-elastic nature

Samples’ cooling Crystallinity A6 @PPearing rubbery with high elongation.
rate (C/min) (@ +y) Peak area (%)

Cl: —1 (hot-press) 124 4.72=131.72 37

Cll: =3 (air) 52.94+20.62=73.56 20 . . .

Clll: —60 (water) 33.61 27 19— 60.8 17 4.2. losipescu intralaminar test

The dynamic response of thedriented specimens was
initially linear as shown in Fig. 7. The on-set of non-

Another point to be noted in the Table | and Fig. 6, linear behaviour occurred at approximately 0.7 kN for
was thatthe beam deflection at break, water cooled santhe hot-press cooled sample, 0.6 kN for the air cooled
ple Clll, was 3 mm, highest of the three different cool- sample and 0.45 kN for the water cooled sample, re-
ing samples. It is attributed to the lowest crystallinity spectively.

Transverse Flexural Test

GF-FPFAat Z—Z—8

Displacement C(mm)d

Figure 5 Load-displacement curve of air cooled GF/PA6 ir? 8i@xural test.

Transverse Flexural Test

GF-PA6G6 3I—Z—6

Displacement Crmam)

Figure 6 Load-displacement curve of water cooled GF/PAG ifi Béxural test.
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TABLE IIl Cooling rate effect on the dynamic response of GF/PA6 Iosipescu Unidirectional Cornposite Failure Mode

specimens .
P 0 degree specimens

Samples  Nonlinear start First axial Secondary fail Ultimate fail
(°C/min)  (kN) split (kN) ~ (kN) (kN) ““
Cl.-1 07 0.8 11 1.45 tip width = 3 mm
Cll: -3 0.6 0.7 0.9 1.1 hear fail . v o=
Clll: —60 0.45 0.6 0.8 0.95 shear failure mode first axial splitting

First axial splitting under the notches (at the tips) H¢
were observed, manifested by a load drop appearin T —

y P app compressive failure mode tips width = 12 mm

on the load-displacement curves. The load drop wa
0.8 kN for the hot-press cooled samples, 0.7 kN for the
air cooled and 0.6 kN for the water cooled samples —
respectively, as shown in Table III. ﬁﬁ
The axial crack tended to initiate at the notch root
and propagate parallel to the axis on one side of theigure 8 Illustration of losipescu test failure modes with different tips
notch tip and opposite to the loading points (see Fig. 8)width.
The crack growth in the principal stress plane® 45
to the axis were prevented by the axially aligned fi-cussed in the next section. The cracks propagated in
bres. The shear stress concentrating at the notch tigsoth directions along the fibres and finally caused the
were primarily responsible for the cracking initiation. specimen to the ultimately fail.
These cracks relieved the local stress concentrations at
the notch tips.
The actual stresses associated with the initiation an8. Experimental observation and discussion
propagation of the cracks in the tips area were complexs.1. Mechanical properties
At the first stage, the initial crack propagation was pri-5.1.1. Transverse flexural properties
marily associated with mode | fracture. As the crackThe results of the flexural test showed that the slowest
extended, the mode Il contribution to the fracture in-cooled sample has the greatest flexural tensile strength
creased. These cracks were stopped as they propagat&ithe midspan of the specimens where the state of the
into low stress regions. stress was pure tensile stress. Increasing cooling rate
Subsequently, few cracks along the fibre orientareduced the strength. The relationships between cool-
tion appeared between the notch tips in the specimeimg rate and maximum stress occurring at the lowest
mid-section. The load drops again significantly whichpoint of the specimens are shown in the Table IV. The
was termed secondary failure in the test. The cracksesults also showed the effect of the cooling rate on
consisted of numerous short interfacial cracks. Theyhe 90 elastic modulus. Decreasing cooling rate led to
were manifested in the SEM photos and will be dis-enhanced elastic modulus as the Table IV shows.

IOSIPESCU SHEAR TEST (8°)

GF-PAG Z—2Z—3 (3mm)d

CKMD

"
g
a
.

Displacement (mm)

Figure 7 Load-displacement curve of air cooleti €pecimen in losipescu test.
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TABLE IV Transverse flexural stresses and elastic modulus of TABLE V Cooling rate effect on shear strength at failure points
GF/PA6 cooled in different cooling rate

Samples Secondary shear fail Ultimate shear fail
Sample’s cooling Maxr, ModulusEy (°C/min) strength (MPa) strength (MPa)
rates {C/min) (MPa) (GPa)

Cl: —1 (hot-press) 91.7 120
Cl: —1 (hot-press) 43 4.3 Cll: —3 (air) 75 91
Cll: =3 (air) 34.5 35 Clll: —60 (water) 66.7 79
Clll: —60 (water) 33 2.4

The high tensile strength obtained in the transverséh€ three different cooled samples as Table Il lists. Re-
flexural test may be attributed to the good interfacialducing cooling rate led to an increase yield point load
bond of the GF/PA6 composites which was achieved” the Ioad-dlsplacemeqt curve. This may be a'ttrlbuted
in the slow cooling process. The high crystallinity of t0 the fact that slow cooling gave the samples high crys-
the matrix, and the high ratio ef andy phases may taII|n|_ty and hlgh ratlo_ofa/y phases resulted in high
have contributed to the high flexural strength as well dénsity and stiffness in the GF/PA6 composites. The
The high crystallinity ofx phase also gave the matrix SIoW cooling rate also gave the samples higher axial
high density which led to high stiffness and hardness. SPlitting Ioaq, secondary and L_Jltlmate fallurfa load than

The transverse flexural tensile strength obtained fromihe fast cooling processes. This may be attributed to the
this three-point bend tests has been found to deperf’ong interfacial bond of the GF/PAG composites.
on the volume fraction of fibres by some authors [22]. The losipescu test results indicated that the shear
However the failure may not be a adhesive failure beStrength was significantly affected by the cooling rates
tween the fibre and matrix. The failure may take placeduring the manufacturing of the GF/PA6. The slow
close to the interface but in the fibre or in the matrix €00ling rates gave the specimens higher axial splitting
which is a cohesive failure. As a result the flexural ten-t€nsile strength, secondary shear failure strength and
sile strength cannot be considered as true values for tHdtimate shear failure strength than the faster cooling
interfacial bond strength. Therefore, without a micro-Processes (see Table V). _
analysis of the ruptured surfaces, it can not be deter- In the next section, SEM photos will tell us whether
mined whether the tensile strength related to the interthe failure occurred in the interface. However, the in-
facial tensile strength. If the rupture occurred betweedOrmation obtained (strength of the weak link) from the
the fibre and matrix, the tensile strength can be used t§Sipescu test still can give us a general idea about the
indicate the interfacial tensile strength. Otherwise, if the€fféct of the cooling rate on the mechanical and inter-
rupture occurred in the matrix region the tensile strengtrf@cial bonding conditions of the GF/PA6 composites.
only represented the matrix properties. In Section 5.2.1,
the micro-analysis of the ruptured surfaces or fracture

surfaces of the GF/PA6 will be discussed in detail by5-2- SEM study of fracture surfaces
using SEM techniques. 5.2.1. Transverse flexural fracture surfaces

The effect of the cooling rate on the interfacial bond

can be seen in Figs 9—11 which are the flexural trans-
5.1.2. losipescu intralaminar properties verse fracture surfaces of the three different cooling rate
During the losipescu tests, it has been observed that trepecimens. Clearer fibre surfaces with less fibre break-
nonlinear/yield point started from 0.45 to 0.7 kN for ages appeared in the Figs 10 and 11 which were the

PlmmZ0B0kY 38BEZ2 9546008 MF

Figure 9 SEM photo of fracture surface of flexural test of hot-press cooled sample.
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Figure 10 SEM photo of fracture surface of flexural test of air cooled sample.

Figure 11 SEM photo of fracture surface of flexural test of water cooled sample.

air and water cooled specimens, respectively, than thdace is weaker than the matrix as shown in Figs 13 and
of hot-press cooled specimen as shown in Fig. 9. Thd4. Therefore, the flexural strength of the GF/PA6 spec-
matrix has been torn off and a large amount of fiboredmens with fast cooling processes could, in an indirect
had been broken in the hot-press cooled specimen. way, relate to the interfacial bonding strength. However,
Referring to the higher magnification of SEM pho- the flexural tensile strength of the slow cooled GF/PA6
tos of the fracture surfaces, Figs 12-14, it was foundspecimens represented the flexural tensile strength of
that there was a layer of matrix still adhering to thethe nylon6 matrix. According to the mechanical test
glass fibres in the hot-press cooled sample as showresults (Table IV) and the micro-analysis, it can be in-
in Fig. 12. However, there are clear fibre surfaces apferred that increasing cooling rate resulted in a weaker
pearing in the air and water cooled samples, CIl andnterfacial bond as verified by the SEM photos of the
Clll, Figs 13 and 14, respectively. This verified that thefracture surface of the air and water cooled samples.
rupture occurred between the glass fibres and the nyFhe fibres surfaces were very clear and there was no
lon6 matrix (see Figs 13 and 14) in the Cll and CllI evidence of matrix attached to the fibres. The interfa-
samples. However, the rupture occurred in the matrixial strength increased with decreasing cooling rates in
region in the slow cooled GF/PA6 samples. In otherthermal processes.
words, it means when the interfacial strength is higher From the previous study in the part 1 of the paer [13]
than that of the matrix, the rupture occurred in the ma-of a transmitted polarised light image of the GF/PA6
trix as shown in the Fig. 12. Otherwise, the rupturethin films, we observed columnar spherulites growth
occurred between the fibres and matrix when the interalong the glass fibre in the hot-press cooled GF/PA6
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Figure 12 SEM photo of fracture surface of flexural test of hot-press cooled GF/PA6 bulk sample.

1D am2BOKkY Z2Z40E3

Figure 13 SEM photo of fracture surface of flexural test of air cooled GF/PA6 bulk sample.

T ———————S
10 umzZ200 kU 2:<

Figure 14 SEM photo of fracture surface of flexural test of water cooled GF/PA6 bulk sample.
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sample. The spherulite layer disappeared with increasnatrix was torn off from the fibre surface vertically to
ing the cooling rate in the manufacturing processes. Théhe fibre axis which means mode | fracture contributed
different crystalline layer between the glass fibre ando the damage zones in both the tests. Thus, the first
the nylon6 matrix may be a transcrystalline region. Itaxial splitting stress may give an information about
is possible that this improved the interfacial bondingthe tensile strength of the interfacial bond of the com-
strength and/or transverse flexural strength in the slowposites.
cooled GF/PA6 samples. Subsequent to the axial splitting, secondary failure
and ultimate failure followed with increasing load. The
failure modes of the latter (secondary and ultimate)
5.2.2. losipescu intralaminar were pure shear failure. It can be verified by the SEM
fracture surfaces study of the midplane cracking section, Fig. 16. The sur-
From the stress state analysis of the V-notch root axface feature shows typical shearing plastic deformation.
ial splitting section, the stress state at this point wasrhe matrix was torn off and plastic flow 4%o the fi-
tensile stress as mode | fracture dominated the damagdwe axis approximately as shown in Fig. 16. Thus, the
zone. It can be seen in SEM photos (Figs 15 and 17)econdary failure stress and ultimate failure stress may
Fig. 15 shows that the fracture surfaces feature of theirectly indicate the shear strength of the interfacial
axial splitting section were very similar to the flexu- bond of the GF/PA6 composites.
ral fracture surface which was typical mode | fracture The effect of the cooling rate on the interfacial bond
(Fig. 9). It has been seen in the both SEM photos takegan be seen in Figs 17-19 which are the axial split-
from flexural and losipescu fracture surfaces, that theing fracture surfaces of the three different cooling

o~

Figure 16 SEM photo of midplane section fracture surface of losipescu test.
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Figure 18 SEM photo of axial splitting section fracture surface of air cooled GF/PA6 sample.

rate specimens. Clearer fibre surfaces appeared in tts#tuation for the air and water cooled specimen surfaces
Figs 18 and 19 which were the air and water cooledas shown in Figs 21 and 22. There were long fibres be-
specimens, respectively, than that of hot-press coolethg pulled out by the shear stress and left holes in the
specimen as shown in Fig. 17. In Fig. 17, which was thenatrix. The fibre surface appeared clear. This means
fracture surface of the hot-press cooled specimen, the interfacial bond in the fast cooled samples was not
layer of nylon6 matrix still adhered to the glass fibresgood as the slow cooled samples.
in the hot-press cooled sample. From the micro-analysis of the SEM observations,
To study the shear fracture mechanisms of thet is verified that the losipescu shear strength could,
three different cooling samples, a few SEM photos ofin a direct way, relate to the interfacial shear strength.
the fracture surfaces at midplane cracking section havelowever, the tensile strength from this test may relate
been taken. Fig. 20 shows that a large amount of fibréo the interfacial tensile strength indirectly due to the
breakage appeared on the fracture surface of the hofact that the axial splitting involved both mode | and
press cooled sample. The large amount of fibre breakmode Il fractures in this area. The actual stress state
age were caused by shear stresses. The shear stresaes very complex in the axial splitting section area.
were transferred from the matrix to the fibres across the It can be concluded that the interfacial strength was
strong interfacial bond which was achieved in the slowhigher in the slowly cooled samples than in the fast
cooling process. The strong interfacial bond seemed toooled samples. The slow cooling gave the samples a
prevent the matrix being peeled off and transferred thgyood interfacial bond and high transcrystallinity, con-
shear stress to the fibres. However, there was a differessequently resulted in a high shear strength and tensile
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Figure 19 SEM photo of axial splitting section fracture surface of water cooled GF/PA6 sample.

Figure 20 SEM photo of midplane section fracture surface of hot-press cooled GF/PAG6.

B1mm201kU

-

Figure 21 SEM photo of midplane section fracture surface of air cooled GF/PA6.
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Figure 22 SEM photo of midplane section fracture surface of water cooled GF/PAG.

Interfacial Strength vs Cooling Condition GF/PA6 samples. The high crystallinity and high con-

E Odegresgzggsm . tent of thex phase in the slow cooled PA6 matrix con-
= s tributed to the high tensile strength and elastic modulus
7 7 | Deviation 3.4% in the transverse flexural test as well.
§ 200 [- (2) The O specimen losipescu test results showed
A ol that the interfacial shear strength of the slow cooled
-~ GF/PA6 was higher than that of fast cooled samples
é 100 [- H perhaps contributing to its high transcrystallinity.
g s0r ﬂ I.I . . .
= . The results of this paper can be summarised in the table
£ o : . ' below:
5 hot-press air water
= Cooling Condition

Samples cooling Flexural test losipescu test Flexural test
Figure 23 The trend of interfacial shear strength vs cooling condition rate ¢C/min) Omax (MPa) ur (MPa) E (GPa)
of 0° GF/PA6 specimen in losipescu test.

-1 43 120 43

-3 345 91 35
strength. High crystallinity of thex phase gave the —60 33 e 24

matrix high density contributing to the results as well.
The trends of the interfacial shear strength from the
losipescu tests are shown in Fig. 23. Acknowledgements
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