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ABSTRACT: The commercial glass fiber mat (from Hankook Fiber Co. Ltd.) was impregnated
by polypropylene (5030 from Daehan Petrochemical Co., Ltd.) and the change of their impact
strength and fracture surface were examined as a function of the processing conditions. The
maximum processing temperatures of 180 T, 200 C and 220 T were tested. The specimens
were preheated for 1, 2 and 3 minutes, and then they were pressed for 0.5, 1 and 2 minutes
with the applied pressures of 0.2 and 0.4 MPa. The highest impact strength was obtained with
the specimens which were impregnated at 220 C with 1 minute of pressing and 0.2 MPa of
applied pressure after 2 minutes of preheating. The effect of recrystallization was obscure in this
case. The severe thermal gradient in the specimen during cooling was detrimental to the impact

strength.

Introduction

Demand for stampable glass fibre-reinforced ther-
moplastic sheets are predicted to grow at 24% per
annum through the vear 2001, due to their favor-
able strength to weight ratio, excellent energy man-
agement, high productivity, low tooling costs and ver-
satility of parts, and parts consolidation/design
freedom.” ® In fact, experience in automotive appli-
cations during the last decade has led to the in-
creased designer acceptance of thermoplastic com-
posites. Advantages of thermoplastic composites over
thermosetting composites such as sheet molding
compound are higher impact strength, lower den-
sity, increased ductility and the absence of chemical
reaction during handling and molding of the mate-
rials.” °

Despite the increasing number of applications for
glass mat/polypropylene composite materials in re-
ent years, comparatively little research has been
done on their mechanical properties and fracture
behaviors.” ™ It is rather clear, however, that the
semicrystalline nature of polypropylene matrix may
affect the wetting of glass fibres thus affecting load
transfer and fracture phenomena of the composite
therefrom.” Some work has been done on glass fi-
bre-reinforced thermoplastics. Bessell and others'*
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studied glass/polyamide interfaces and Folkes and
Wong'® examined the interface structure and the
long fibre reinforcement of polypropylene. Never-
theless, the effect of processing conditions of the
glass fiber mat (GFM)/polypropylene (PP) compos-
ites, especially in terms of the wetting of fibers by
polymer, on the fracture behavior of the composite
materials has not been clearly shown. In this study,
preliminary work has been done to clarify this.

Experimental

Polypropylene (hereinafter PP) was from Daehan
Petrochemical Co., Ltd., grade 5030. The reported
properties" are: melt flow index, 3¢ grams/10 min-
utes at 230 C; the density, 0.9 g/cc; the melting
point, 162 C ; the impact strength, 2 kg-cm/cm. PP
sheets were prepared by pressing without any pref-
erential molecular chain orientation to a thickness
of about 1 mm. Commercial glass fiber mat (herein-
after GFM, sized with commercially available gen-
eral silane coupling agent), from Hankook Fiber
Co., Ltd., with a density of 520 grams/m® and thick-
ness of about 1 mm and strand length of about
5 ¢m,"® was further treated by the needle punching
apparatus at 20 times/cm® The apparatus was
designed in this laboratory.
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GFM/PP composite panel was prepared in the
following way. Two GFM’s were placed between
three PP sheets as PP/GFM/PP/GFM/PP. These
were placed in a Carver press to be molded into
a rectangular shape panel, using 120% mold cover-
age to protect the excessive resin squeeze-out, and
the temperature was varied from 180 to 220 C.
The pressure and the cooling time were also varied.
The mold was made of the sus-steel and the mold
surface was coated by the silicon based releasing
agent. The panels with the dimension of 150X 150
X3 mm thus prepared were cooled, and the edges
were cut to get specimens with the evently distrib-
uted fibers unless otherwise notified. The thick-
ness of panels prepared in this procedure was
found to be 3.0% 0.1 mm, and the density was found
to be 1.15 g/cc. Test specimens were cut out of
the panels. ASTM test procedures were followed,
and the average value was taken out of six measure-
ments.

Results and Discussion

It is noted that the balarice between optimum
processing conditions and economic processing con-
ditions is an important factor for thermoplastic com-
posite materials, since the melt viscosity of matrix
resin is very sensitive to the small change of the
temperature. Limited work has been done, however,
due to the difficulties of the specimen preparations
and the large variation of physical properties with
processing conditions. When GFM/PP composite
materials were made, GFM was impregnated at high-
er temperatures than the melting temperature
of PP (162 C). In this study, GFM was impregnated
with PP at 180, 200 and 220 C. The total heating
time at these temperatures was limited to maxi-
mum 5 minutes in order to prohibit the thermal
oxidation of PP matrix. The fabrication of the speci-
mens by simple pressing may introduce negligible
orientation in the matrix resins.

The Effect of Press Temperature. The melt
viscosity of PP is relatively high, when the speci-
mens were prepared at 180 C . PP sheets and GFM
were stacked in the preheated mold at 180 C
for 3 minutes without pressure. Then they were
pressed under 04 MPa for (.5, 1 and 2 minutes
in the press. The mold arrangement with a square
plate inside was then removed from the press and
was subjected to slow cooling at room temperature.
Plates thus prepared were removed ouf of the mold
in about one hour. The impact strength of the test
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specimens, cut from the plates which were pressed
for 0.5, 1 and 2 minutes, were found to be 41.3
kg:-cm/cm, 41.2 kg-cm/cm and 39.0 kg-cm/cm, re-
spectively, showing little difference with pressing
time.

At 200 T, specimens were prepared in the same
way as those at 180 C. It was observed that those
plates which were pressed for 0.5 and 1 minutes
were removed from the mold easily after cooling.
The plates pressed for 2 minutes, however, were
either subjected to slow cooling to room tempera-
ture or subjected to quenching with water circulat-
ing around the mold. The temperature of water
was 20 C . The impact strengths of those specimens,
which were prepared by preheating at 200 C for
3 minutes followed by pressing under 0.4 MPa for
0.5, 1 and 2 minutes, were found to be 45.1, 49.7
and 56.5 kgrcm/cm, respectively.

The Effect of Cooling Condition. The effect
of cooling conditions after pressing at 200 C upon
impact strength is remarkable. When the specimens
were solidified by quenching with various quench-
ing times (3, 4 and 5 minutes) in the water bath
maintained at 20 C, the values of impact strengths
were 483, 444, and 30.3 kg-cm/cm, respectively.
From these results, it can be easily seen that the
mpact strength decreased sharply as the quenching
time is increased. This can be attributed to the ther-
mal gradient along the thickness of specimens,
which typically arises during the fast solidification
process of thick polymeric products, especially of
semi-crystalline materials. It is well-known that
large thermal gradient results in poor total integ-
rity and thus low impact strength, as can be seen
in the results mentioned above.

Again, similar experiments were performed at
220 C. The specimens were prepared by preheating
the sample arrangement of PP sheets and GFM
in a mold at 220 T for 3 minute, followed by press-
ing the arrangement for 0.5, 1 and 2 minutes un-
der 0.4 MPa, and finally were subjected to slow
cooling at room temperature over one hour. The
samples were easily removed from the mold. The
impact strengths were 585, 56.5 and 54.6 kg-cm/
cm. The specimen, prepared by preheating at 220
C for 3 minutes followed by pressing for 2 minutes
under 0.4 MPa and then being subjected to quench-
ing over 4 minutes, showed lower impact strength
of about 41.3 kg-cm/cm.

The Effect of Pressure. At this point, it is
worthwhile to study the effect of pressure by reduc-
ing it to 0.2 MPa. The specimens were prepared
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Figure 1. Effect of temperature, pressure, preheating
and pressing time on impact strength of glass/PP stamp-
able sheets.
A :180 T, preheated, 0.4 MPz, 3 min
:220 C, preheated, 0.4 MPa, 3 min
:220 T, preheated, 0.2 MPa, 2 min
3
1

[

:200 C, preheated, 0.4 MPa, 3 min
:220 T, preheated, 0.2 MPz, 1 min
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by preheating the sample arrangement of PP sheets
and GPM in a mold at 220 C for 1 minute, followed
by pressing the arrangement for 0.5 and 1 minute
under 0.2 MPa, and finally were subjected to slow
cooling at room temperature over one hour. The
samples were easily removed from the mold. The
impact strengths were 52.6 and 58.1 kg-cm/cm. As
can be seen from the above results, the specimens
stuck onto the surface of the mold as the pressing
time is increased. The optimum condition for pre-
paring the specimen of high impact strength was
thought to be (a) preheating the sample arrange-
ment in the mold at 220 C for 2 minute, (b) fol-
lowed by pressing the arrangement for one minute
under 0.2 MPa, and (¢) finally being subjected to
slow cooling by atmosphere at room temperature
over one hour. A specimen made in this way, which
was easily removed from the mold, showed an im-
pact strength of 60.4 kg-cm/cin, the highest among
the values obtained with various conditions. The
results of various experiment without the quench-
ing process are shown in Figure 1.

The Crystallinity. The impact strength of the
specimen, prepared at 200 C and quenched in the
water bath maintained at 20 C, was decreased.
Since the crystallinity of polypropylene depends on
the cooling rate, melting temperature and heat of
fusion of the polymer were measured by DSC. A
small polymer piece was taken from the center of
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Table I. Thermal Behavior of PP Matrix in
GFM/PP Composites Quenched for Different

Times®
quenching time melting temp. AH
(min) (C at peak) J/g
3 178.8 57.5
4 177.5 67.2
5 180.0 59.3

“Specimens were preheated at 200 € for 3 min, fol-
lowed by pressing for 2 min under 0.4 MPa.

the composite specimen. As can be seen in Table
L, there seems to be no probable parameters relat-
ing the impact strength with melting behaviors
which, in turn, shows some relationship between
the impact strength and thermal gradient described
before.

Fracture Phenomena. Now it is quite worth-
while to examine the fracture surfaces of the com-
posite material and to relate the phenomena with
processing conditions. The fracture surfaces of the
specimens, made at 180 C under 0.4 MPa, are
shown in Figure 2. When the specimens are pre-
pared by pressing for 2 minutes, some bundles of
glass fiber are pulled out of the fracture surfaces
as shown in Figure 2(c). This is attributed to the
fact that during pressing glass fibers are wetted
sufficiently by melted polypropylene, so that bun-
dles were formed. When the specimens were pressed
for 0.5 minute, it was too short for glass fibers to
form bundles, and so separate broken glass fibers
are seen on the fracture surface, as shown in Fig-
ure 2(a).

Fracture surfaces of the specimens made at 200
‘C under 0.4 MPa are shown in Figure 3. It is easily
seen that the portion of separate fibers was decreas-
ed for longer pressing time, showing better wet-
ting of polypropylene melt onto the glass fiber,
which was also shown in Figure 2. Also, it is evi-
dent that melt polymer wets glass fiber better at
a temperature higher than 180 T, that is at 200
‘C, when one compares Figures 2 and 3. Figure
4 shows the fracture surface of the impact specimen
prepared at 220 T under 0.4 MPa. The bundles
of fibers were broken one by one although the press-
ing time of specimen preparation was increased.
This may be attributed to the increase of flow-out
of melted polymer due to the fixed pressure at the
higher temperature.

Figures 2 through 4 imply that the properties
of GFM/PP can be optimized, or controlled, by ad-
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(a)
Preheated: 3 min
Pressing: 0.5 min

(b)
Preheated: 3 min
Pressing: 1 min

©
Preheated: 3 min
Pressing: 2 min

Figure 2. Fracture surface of the specimens which
were impregnated at 180 € with 0.4 MPa of applied
pressure.

@
Preheated: 3 min
Pressing: 0.5 min

(b)
Preheated: 3 min
Pressing: 1 min

(©
Preheated: 3 min
Pressing: 2 min

Figure 3. Fracture surface of the specimens which
were impregnated at 200 C with 0.4 MPa of applied
pressure.

justing the temperature and the pressure for the
preparation of composite material. Thus, in order
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(a)
Preheated: 3 min
Pressing: 0.5 min

(b)
Preheated: 3 min
Pressing: 1 min

Figure 4. Fracture surface of the specimens which
were impregnated at 220 C with 0.4 MPa of applied
pressure.

(a)
Preheated: 1 min
Pressing: 0.5 min

(b)
Preheated: 1 min
Pressing: 1 min

(c)
Preheated: 2 min
Pressing: 1 min

Figure 5. Fracture surface of the specimens which
were Impregnated at 220 C with 0.2 MPa of applied
pressure.

to test this hypothesis a specimen was made at
220 C under 0.2 MPa. Its fracture surfaces are
shown in Figure 5, which shows insufficient wetting
to form bundles of fiber in a short preheating time
and a short pressing time. Better wetting could be
attained at somewhat longer preheating time and
optimum pressing time. From these results on the
preparation of specimens and fracture studies, the
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(@
Quenching time:
3 min

(b)
Quenching time:
4 min

(©
Quenching time:
5 min

Figure 6. Fracture surface of the specimens which
were impregnated at 200 T with 3 minutes of preheat-
ing, 2 minutes of pressing and 04 MPa of applied
pressure, and then quenched.

temperature of 220 C is optimal and the tempera-
ture between 180 and 200 T is too low. Optimal
conditions to obtain good properties along with
good wetting of fiber at 220 C are; pressure of
0.2 MPa, preheating time of 2 minutes and pressing
time of one minute.

Effect of Quenching. After preheating at 200
T followed by pressing for 2 minutes under 0.4
MPa, sample arrangements were cooled and solidi-
fied in the water bath maintained at 20 C for 3,
4 and 5 minutes. Fracture surfaces of impact speci-
mens are shown in Figure 6. As described before,
impact strength decreased sharply with increasing
the quenching time. This can be attributed to the
fact that fiber bundles are broken individually for
quenched specimens and that this phenomenon be-
comes prevailing for the specimens with long solid-
ification time, which is apparent by comparing Fig-
ure 6 with Figure 3. In the case of quenching,
hot sample arrangement in the mold is solidified
rapidly leaving residual therrnal stress behind. The
residual stress is built up as a compressive force
at the quenched specimen surface and as a tensile
force in the middle of the hot specimen. With in-
creasing the quenching time the residual stress and
its influence become greater, resulting in a rela-
tively low impact strength. Thus, with increasing re-
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sidual stress fiber bundles in the middle of the
specimen are under greater tensile load, and then
each fiber breaks separately. Such an individual
break of fibers can be easily seen in Figure 6.
Quenching of specimens from the high temperature
has been found undesirable for the study on the
molding of GFM/PP composite specimens.

Conclusion

The impact strength of GFM/PP composite is
strongly related with the degree of wetting of poly-
propylene melt onto the surface of glass fibers. It
is implied here that the state of wetting can be
controlled and optimized by changing the pro-
cessing time, the preheating temperature, the press-
ing time and the applied pressure for molding
specimens.

The optimum condition for preparing composite
specimen was found to be preheating sample at
220 T for 2 minutes, followed by pressing them
for one minute under 0.2 MPa. Then, good wetting
along with the highest impact strength was ob-
tained.

Specimens that were cooled slowly yielded high-
er impact strength than the quenched specimens.
Quenching of specimens gives rise to steep thermal
gradient along the thickness direction and builds
up residual thermal stress, thus imparting a non-
uniform load distribution.
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