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ABSTRACT: This article deals with the influence of the
polymeric matrix, such as isotactic polypropylene (iPP),
polyethylene (PE-HD), and isotactic polybutene-1 (iPB-1),
and the glass fiber content on the material behavior of
short glass fiber reinforced thermoplastics. The glass fiber
content of all materials ranged between 0 and 50 wt %,
which corresponds to a volume content between 0 and
approx. 0.264. To describe the mechanical properties of all
materials, the stiffness, strength, hardness, and toughness
behavior were determined. The crack toughness behavior
regarding unstable crack propagation was also assessed by
applying fracture mechanics concepts. It was found that
the energy-determined J-values for the PP material system

reach their maximum at a glass fiber content of 0.135. In
contrast, the crack toughness of the PE-HD materials
increases continuously with increasing glass fiber content
due to the unchanged deformation ability at simultane-
ously increasing strength. The toughness level of the PB-1
materials is nearly the same independent of the glass fiber
content due to the opposite trend of the load and the
deformation ability. © 2009 Wiley Periodicals, Inc. J Appl
Polym Sci 115: 2093-2102, 2010
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INTRODUCTION

For many decades fibers have been applied very
successfully to the improvement of the properties of
polymeric materials. In this context, the improve-
ment of mechanical properties, i.e. strength and
modulus of elasticity as measures of material
stiffness and toughness, have been in the focus of
opening new fields of application or of replacing
nonpolymeric materials.' By assessing its strength
and stiffness, its hardness and its toughness with
instrumented testing methods, it is possible to
characterize the material in a comprehensive way.
Usually, the reinforcement of a polymer with
fibers results in an increased modulus of elasticity,
increased strength, and complex toughness behavior.
In the literature, opposing results regarding tough-
ness behavior have been reported. Depending on the
glass fiber content, toughness may increase, decrease
or be constant for different materials.®® In either
case, fracture toughness and impact resistance are
important properties of polymers”'’; hence, it is nec-
essary to quantify their toughness behavior by using
suitable and reliable methods of polymer testing and
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polymer diagnostics. Particularly, the fracture
mechanics assessment of the material’s toughness by
using the instrumented Charpy impact test (ICIT)
results in a structure-sensitive evaluation of the
material’s behavior. With geometry independent
fracture mechanics parameters, the characterization
of the material’s resistance against crack initiation
and propagation is possible.''”"*

Thermoplastics, such as polypropylene (PP), poly-
ethylene (PE-HD) and polybutene-1 (PB-1) have a
versatile application spectrum and they have there-
fore been adequately scientifically examined.">™'* PP
materials, which contain short glass fibers are most
used in the automotive industry, for household and
industrial appliances as well as for applications that
require enhanced mechanical properties. For PE-HD
and PB-1, the use of glass fibers is relatively uncom-
mon. Nonreinforced PE-HD is mainly used for
household goods, piping systems, semi-finished
parts, etc. while PB-1 has been used so far only for
piping systems and peel foils.*

EXPERIMENTAL
Materials

Neat isotactic PP, PE-HD, and isotactic PB-1, as well
as the related short glass fiber reinforced materials
(PP/GF, PE-HD/GF, PB-1/GF) were provided by
Lyondellbasell Industries (FRANKFURT, Germany).
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TABLE I
Glass Fiber Content of the Materials in Weight and
Volume Content, Respectively

Glass fiber
content in weight

Glass fiber content
in volume

Material content ¥ (—) content ¢y (—)
PP 0 0
0.1 0.039
0.2 0.083
0.3 0.135
0.4 0.193
0.5 0.264
PE-HD 0 0
0.1 0.041
0.2 0.087
0.3 0.140
0.4 0.201
0.5 0.273
PB-1 0 0
0.1 0.040
0.2 0.085
0.3 0.136
0.4 0.196
0.5 0.266

In Table I, the weight and volume content of the
glass fibers for the different materials are given and
in Table II, some properties of the materials rein-
forced with 20 wt % fibers are listed. The diameter
and the average length of the used glass fibers (E-
glass) were approx. 13 pm and 250-425 pm, respec-
tively; this means that the aspect ratio ranged
between 20 and 30. For all materials, maleic anhy-
dride grafted coupling agents in a comparable con-
centration was used to improve the adhesion
between the fibers and the polymeric matrix. For the
assessment of the bonding conditions between the
fibers and the matrix, SEM investigations for the PP,
PE-HD, and PB-1 materials with 20 wt % glass fibers
were carried out. Figure 1 shows examples of the
resulting SEM micrographs. Figure 1(a,b) illustrate
good wetting of the glass fibers in the PP/GF system
and thus, good bonding of the fibers to the matrix.
This leads to a good load transfer between the fibers
and the matrix under mechanical stress and thus to
a higher load-bearing capacity of such materials.
Compared to the PP/GF material, a lower surface
coating of the fibers and therefore a diminished
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fiber-matrix bonding can be observed for the
PE-HD/GF and PB-1/GF materials [Fig. 1(c—f)] due
to nonoptimized coupling agents in these systems.

INSTRUMENTATION
Mechanical basic characterization

The basic assessment of the mechanical properties of
all materials included quasistatic tensile tests, hard-
ness testing, and Charpy impact tests. For selected
materials, high-speed tensile tests were performed.
The results are published in detail in Ref. 22.

The tensile tests were carried out according to ISO
527-1 by using the universal testing machine Zwick
Z020. As a result of these tests, the modulus of elas-
ticity E; and the tensile strength o) were deter-
mined.”> For each material, five specimens were
tested at room temperature under standard condi-
tions. For all tests, multipurpose test specimens
Type 1A with a total length of I3 = 170 mm were
used.?* According to ISO 527-1, the test speeds for
the measurements of the elasticity and strength were
1 mm/min and 50 mm/min, respectively.

By using the instrumented microhardness tester
Fischerscope H 100c, the Martens hardness (HM) was
determined, following ISO 14,577 and eq. (1), where
F is the load and # is the indentation depth. For the
tests, which were carried out at room temperature, a
Vickers indenter with a contact area Ay(h) of 26.43 h?
was used. The load range was between 0.4 and 1000
mN, and HM was determined at the maximum load.

1)

For the characterization of the toughness proper-
ties, the common, conventional Charpy impact test
was used. Testing was carried out at room tempera-
ture by using a Zwick pendulum impact tester
HIT5.5P, following 1SO 179-1.* The three-point bend
specimens (80 x 10 x 4 mm®) were prepared from
multipurpose test specimens, and the loading of the
specimens occurred edgewise. Both unnotched and
notched specimens were tested. The notches with a
notch radius of 025 mm and a depth of 2 mm

TABLE II
Density and Thermal Properties of the Materials Reinforced with 20 Wt % Percent Short Glass Fibers [AH), = 141 /g
for PB-1, according to Ref. 21]

Melt volume-flow Heat distortion Melting
Density rate MVR230/2,16 temperature temperature Degree of
Material p(g/ cm?) (em®/10 min) HDTB (°C) Tpm (°C) crystallinity x (%)
PP/20 1.038 6.3 152.9 165.2 31.9
PE-HD/20 1.094 6.8 122.6 130.5 49.1
PB-1/20 1.060 49 1159 124.8 374

Journal of Applied Polymer Science DOI 10.1002/app



FRACTURE BEHAVIOR OF GLASS FIBER REINFORCED THERMOPLASTICS 2095

Figure 1 SEM micrographs of PP (a,b—detail), PE-HD (c,d—detail), and PB-1 (e,f—detail) with a weight content of 0.2.

(notch Type A according to ISO 179-1) were pro-
duced with the help of the motor driven constant
profile knife Notchvis (CEAST S.P.A, PIANEZZA,
ITALY). Charpy impact strength a.y and notched
Charpy impact strength a.y were calculated by

W

acu = hxb (2)
and
W,
AN = m 3)

respectively, where b is the specimen width of the
unnotched specimen, by the remaining width of the
notched specimen at the notch, W the absorbed
energy, and /i the specimen thickness. Furthermore,
the ratio of a.y and a.y

acN
k, == 4
= (4)

provides information about the notch sensitivity kz
of the materials.

Fracture mechanical investigations

Within the scope of the experimental work, a com-
prehensive fracture mechanics characterization of
the materials based on instrumented Charpy impact
tests (Fig. 2) was done. As a result of the investiga-
tions, the materials’ resistance against unstable crack
propagation was determined. The experiments and
the analysis of the load (F)-deflection (f) diagrams
were performed according to an accredited in-house
standard.*® According to Ref. 26, single-edge-
notched bend specimens with a length L = 80 mm, a
width W = 10 mm, and a thickness B = 4 mm were
used. The notches were produced by means of a
manual notching device with a razorblade having a
blade tip radius r of approximately 0.3 pm. Initial
crack length a was 2 mm, which corresponds to a
ligament length of 8 mm and an a/W ratio of 0.2,
respectively. To ensure comparable conditions for all
specimens, they were stored in standard conditions
(16 h at 23°C and 50% humidity). The analyses were
carried out by using an instrumented Charpy impact
tester with a maximum work capacity of 4]. Support

Journal of Applied Polymer Science DOI 10.1002/app



2096
Striker
Specimen
Razor Blade Notch
Semiconductor Strain
Gauge — Load (F)
Measuring
Support
N .
Photooptical Transducer —
Deflection (f) Measuring
a)
v i FIIIJ'\. Ati- = Apl i Aul
E F':'u)'
[5
o
o
S
=
A | A Ay
P
fu} fﬁlil.‘l
b) Deflection £ mm)

Figure 2 Schematic illustration of the fracture mechanics
test bench (Instrumented Charpy Impact tester (ICIT-4])
(a) and a typical load-deflection diagram for an elastic—
plastic material behavior (b).

span s was 40 mm and test speed v was 1.5 m/s,
which corresponds to a falling angle of 60°.

Beside a schematic representation of the experi-
mental setup, Figure 2(b) shows a typical F-f dia-
gram for elastic—plastic material behavior. Usually,
the analysis of the diagrams includes the determina-
tion of load Fgzy and corresponding deflection f,, at
the point, where the linear elastic material behavior
changes to an elastic-plastic one. Furthermore, maxi-
mum load Fy.x and maximum deflection fi,.x are
determined. In this way, the impact energy can be
divided into different parts, as shown in Figure 2(b).
This procedure allows for the calculation of the frac-
ture mechanics parameters, namely fracture tough-
ness Kjq, critical crack tip opening displacement 614
and critical J-values J3 according to the following
equations:

Journal of Applied Polymer Science DOI 10.1002/app
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Frax X S a
Kia = 57 (1) (5)
1 4 ><fmax
61d—zx(W—a)><f (6)
A W —a

ST el pl eff
— e 7
Id nele(W_a)—'_nplXB(W_a)x W—a ()

where, 1 is the rotational factor, which is four at the
moment of fracture,” f (a/W), Me and Npl are
geometry functions, as is the effective crack length,
and Ag and Ay the elastic and plastic part of the
total deformation energy, respectively. Detailed
information on geometry functions f (a/W), ne and
Np1 can be found in 1171426728

For the verification of the geometry independence
of the fracture mechanics parameters, the following
inequations (8-10) were used. If the inequations are
fulfilled, geometry independence can be assumed.

Further details regarding this subject are given
. 29,30

in
Bias (W —a) > b i—f)z ®

B;a; (W —a) > &d14 )

B;a; (W —a) > aﬁ—i (10)

where, 6, is the yield strength at a test speed of 1.5
m/s, and B, & and e are geometrical factors. The
fracture mechanics values are geometry independent
if the above inequations are fulfilled.

RESULTS AND DISCUSSION
Mechanical characterization

The results of the tensile tests in form of the modu-
lus of elasticity E; and tensile strength o, are repre-
sented in Figure 3. With increasing glass fiber
content, the modulus of elasticity increases linearly
for all polyolefin materials. The stiffness level of the
PP materials is the highest compared to that of the
PE-HD and PB-1 systems. Already the comparison
of the neat polymers shows that there are differences
between the three materials. PP has the highest
value of E,, followed by PE-HD. These differences in
the parameter level of E; between the materials
remain when glass fibers are added. In contrast to
the modulus of elasticity of neat PE-HD and PB-1,
tensile strength o,; is on the same level in both
materials. However, the addition of glass fibers to
PB-1 leads to a stronger increase in o4 which is
more pronounced compared to PE-HD. Furthermore,
tensile strength o, vs. glass fiber content increases
nonlinearly for all materials examined. Again, the
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Figure 3 Modulus of elasticity E; (a) and tensile strength
o (b) in dependence on the glass fiber content.

highest strength values were determined for the PP
system.

The results of the instrumented microhardness
measurements are shown in Figure 4. For all compo-
sites, HM was found to be continuously rising with
increasing glass fiber content. The highest hardness
values were determined for the PP materials, com-
pared to the PE-HD and PB-1 systems. For the latter,
the hardness level remains nearly the same, inde-
pendent of the glass fiber content.

Furthermore, as reported earlier, Charpy impact
strength a.y and notched Charpy impact strength aqy
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Figure 4 Martens hardness (HM) for all composites in
dependence on the glass fiber content.
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were determined. The results are shown in Figure 5,
where a.y and aqy are plotted as a function of the
glass fiber content. The unnotched specimens of the
nonreinforced polymers could not be broken with
the selected experimental set up (maximum working
capacity of 4J); therefore, no valid impact strength
values could be determined according to ISO 179-1.
This is marked with “nb” in Figure 5(a). For all rein-
forced materials, a failure behavior was observed,
which is characterized by a complete fracture (Type
C in ISO 179-1). The highest toughness level could
be found for the PP materials. Furthermore, for the
PP and the PB-1 material systems, an increase in
Charpy impact strength a.y due to the increasing
addition of glass fibers was observed. However,
more or less pronounced maximum values were
found at a glass fiber content of 0.135 for PP and of
0.19 for PB-1, respectively. In contrast to these
results, the a.y values of the PE-HD glass fiber com-
posites are almost constant with increasing glass
fiber content. The results of the notched Charpy
impact test are somewhat different [Fig. 5(b)]. While
for the PP and PE-HD systems, a strong increase in
a.n was found up to a volume content of 0.135 and
0.140, respectively, the PB-1 system shows a strong
decreasing toughness upto a glass fiber content of
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Figure 5 Charpy impact toughness a.y (a) and notched
Charpy impact toughness a.y (b) of the PP, PE-HD, and

PB-1 composites as a result of the conventional Charpy
impact test (nb-not broken).
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0.040. From 0.085 upto 0.266 a further, but smaller
decrease of the toughness occurred.

The different behavior of a.y and a.y is an indica-
tion for a difference in the notch sensitivity of the
materials. For this reason, notch sensitivity k; as an
important criterion for product design was calcu-
lated when both values a.y and a.y were available.
The results are represented in Figure 6. As it can be
seen, the notch sensitivity of the PP and PE-HD sys-
tems increases qualitatively in the same way as a..
Again, the PB-1 system is different, because it is
characterized by a decrease in notch sensitivity with
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increasing glass fiber content. The highest notch sen-
sitivity was found for the PE-HD system.

Fracture mechanics characterization

As mentioned above, the analysis of the F—f dia-
grams from instrumented Charpy impact tests allows
for the determination of various fracture mechanics
parameters. The following is a summary and discus-
sion of the results of such tests with the different
materials. At first, Figure 7(a-d) show fracture
toughness K4, critical crack tip opening displace-
ment dyy, and the dyy values in dependence on the
glass fiber content for all materials, as well as
selected load-deflection diagrams.

In comparison to PE-HD and PB-1, the PP materi-
als exhibit the highest Ki4 values [Fig. 7(a)]. This can
be explained by the considerably higher load-bear-
ing capacity of PP due to the good glass fiber bond-
ing (SEM micrographs in Fig. 1). For PE-HD and PB-
1, an almost identical increase in the Kiq values as a
function of the glass fiber content was detected, with
insignificantly higher values for the PB-1 materials.

The results for critical crack tip opening displace-
ment 0y as a deformation-determined fracture
mechanics parameter are represented in Figure 7(b).
An increase in critical crack tip opening

—e—PE-HD b

0 t t t t t t
0.00 0.05 0.10 0.15 020 0.25
Glass fiber content o, (-)
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Figure 7 Fracture toughness Ky (a) critical crack tip opening displacement ;4 (b) and J-values IdT (c) for all materials as

well as selected load-deflection (F—f) diagrams (d).
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Figure 8 Geometrical factors B, &, and ¢ for all PP materials examined; literature results were taken from Ref. 29.

displacement 814 upto glass fiber content of 0.083 is
characteristic for the PP materials. Further reinforce-
ment leads to the reduction in the material’s defor-
mation ability and therefore to a decrease in the &4
values. For the PE-HD materials, the critical crack
tip opening displacement changes only insignifi-
cantly with increasing glass fiber content. Further-
more, a continuous decrease in ;g is noticeable in
the PB-1 system, which can be explained by a reduc-
tion in deformation ability occurring at higher glass
fiber content.

In contrast to load-determined parameter Kiq and
deformation-determined parameter o4, the applica-
tion of the | integral concept of the elastic—plastic
fracture mechanics provides the opportunity to ana-
lyze the fracture process from the energetic point of
view. The J-values represented here were calculated
according to the evaluation method of Sumpter and
Turner; results are shown in Figure 7(c). At first, the
comparison of the [T values of the neat polymers
shows clear differences between the matrix materi-
als. The crack toughness of PB-1 is considerably
higher than that of PP and PE-HD. The addition of
the glass fibers resulted in changes in the crack
toughness behavior of each material system.

A clear increase in crack toughness as resistance
against unstable crack propagation expressed as J3T
is noticeable in the PP materials with the addition of
glass fiber upto a content of 0.135. This is attributed
to both the higher load capacity and the increase in
deformation ability. After reaching a maximum at
0.135, a decrease in Ig can be observed with increas-
ing glass fiber content. The reason for this is the
reduction in deformation ability. This means that
there is an optimal toughness level for this material

system at the glass fiber content of 0.135. Generally,
it can be concluded that the deformation behavior of
the PP material system is load-determined up to a
glass fiber content of 0.135, and deformation-deter-
mined at higher contents 0.193 and 0.264. The J!
values of the PE-HD system show an increase in
crack toughness with increasing glass fiber content,
as well. From the dependence of Kj4 and 64, it can
be derived that the reinforced PE-HD system shows
load-determined deformation behavior. When the
glass fiber content in the PB-1 materials is increased,
the deformation behavior is characterized by an
increasing maximum load and a decreasing maxi-
mum deflection. For this reason, crack toughness J3T
is relatively little affected by the addition of glass
fibers due to the superposition of load and deforma-
tion influence. Only a rather insignificant maximum
of 3T at a glass fiber content of 0.085-0.136 was
found.

The differences in the deformation behavior of the
three different material systems is illustrated by Fig-
ure 7(d) showing selected load-deflection diagrams
of the materials reinforced with approx. 0.14 short
glass fibers. It can be seen that the PP material is
characterized by a linear elastic behavior with unsta-
ble crack propagation. The latter is indicated by the
distinct drop of the load after reaching the maxi-
mum load. In contrast, from the existence of yield
point Fgy, an elastic-plastic behavior is noticeable in
the PE-HD and PB-1 materials. The fracture process
for these materials is also characterized by an addi-
tional crack propagation energy Ag [schematic illus-
tration in Fig. 2(b)]. From the differences between
the conventional toughness and the fracture mechan-
ics values, it can be concluded that applying the

Journal of Applied Polymer Science DOI 10.1002/app
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notched Charpy impact test only would lead to an
overestimation of the toughness in the case of the
PE-HD and PB-1 materials. The reason for this is the
integral character of notched Charpy impact strength
a.n. As a consequence, the application of instru-
mented methods of polymer diagnostics should be
an essential part of research and development.

In general, fracture mechanics material parameters
are independent of geometry if a plane strain state is
ensured. As described within the experimental part
of this article, the specimen geometry has to fulfill
some requirements.”*>° For checking the geometry
independence, the geometrical factors B, &, and ¢

Journal of Applied Polymer Science DOI 10.1002/app
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were determined after rearranging eq. (8-10). This
analysis was done for B, a, and (W-4), and all
materials separately. Figure 8 shows the results for
specimen thickness B, using the PP materials as an
example. Similar results were obtained for a and
(W=-a), as well as for the PE-HD and PB-1 materials.
In general, all crack toughness values, below illus-
trated as straight lines, are dependent on specimen
geometry. As shown in,?” a scatter band can be fixed
according to the experimental results for which
geometry independence is guaranteed. Thus, all frac-
ture mechanics parameters being inside the scatter
band or above the straight line drawn in Figure 8
are geometry independent. Consequently, geometry
independence can be assumed for all fracture
mechanical parameters determined. This is a very
important aspect when using these parameters for
construction or simulation, for example.

Identification of the optimal glass fiber content

To summarize, for each material system investi-
gated, the reinforcement with short glass fibers is
affected in a different way. For the assessment of the
optimal glass fiber content, the mechanical parame-
ters were normalized and compared to the neat
materials. Figure 9 shows the results for the tensile

v ()
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Figure 10 Stiffness—toughness and strength—toughness
balance in the form of modulus of elasticity E; (a) and ten-
sile strength o, (b) versus J3] for all material systems.
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strength, the HM, as well as the fracture mechanics
parameters of all materials in form of a contour plot.
For the PP system, an increase in mechanical and
fracture mechanics properties can be achieved by
the addition of glass fibers, especially in the J3I val-
ues. In comparison to the neat material, ]?g increases
by a factor of six for a glass fiber content of 0.135,
which corresponds to a weight content of 0.3. As a
consequence, considering all mechanical and fracture
mechanics parameters, an optimal property level of
the PP materials is achieved at a glass fiber content
of 0.135. A different material behavior was obtained
for the PE-HD and PB-1 systems. Compared to the
neat materials, the highest increase in mechanical
and fracture mechanics parameters were found for
the tensile strength and for the load-determined
fracture toughness. Thus, the highest fiber content
leads to a reinforcement factor of 3.0 for the PE-HD
system and of 3.4 for the PB-1 system.

In addition, the assessment of the stiffness—tough-
ness balance and strength—-toughness balance,
respectively, is important. Figure 10 shows the inter-
relationships between modulus of elasticity E; and
tensile strength o vs. the [T values. For the PP
materials, an optimal balance between stiffness,
strength, and crack toughness is found at a glass
fiber content of 0.135. In contrast, for the PE-HD sys-
tem an increase in stiffness, strength, as well as
toughness with higher fiber contents is characteristic.
This observation is consistent with the results of the
comparison of the mechanical parameters described
earlier. Also for the PB-1 system, an optimal balance
at glass fiber contents of 0.085 and 0.135, which
corresponds to a weight content of 0.2 and 0.3, is
noticeable, similar to that of the PP materials. This is
in contrast to the information obtained through the
comparison of the mechanical parameters, and
emphasizes the importance of a multiparametric
description of the material’s behavior.

CONCLUSIONS

This article comprises results of mechanical and frac-
ture mechanics investigations of short glass fiber
reinforced PP, PE-HD, and PB-1 materials. For the
assessment of the mechanical properties, modulus of
elasticity, strength, microhardness, and toughness
parameters were determined. In principle, the level
of the mechanical parameters is enhanced with
increasing glass fiber content. The highest level of
mechanical parameters was observed for the PP
material system.

When assessing crack toughness by means of differ-
ent fracture mechanics concepts, a more complex
behavior was found. For the various material systems,
optimum glass fiber content was found. This is due to
the rising load-bearing capacity of the materials when

the amount of glass fibers is increased. At the same
time, the deformation ability of the material is
reduced. However, the value of the optimum glass
fiber content depends on the matrix material. While
for the PP/glass fiber composites the optimal tough-
ness level was achieved at a glass fiber content of
0.135, for the PB-1 systems, ]% values, which consider
the load and deformation in form of superposition,
show only an insignificant increase in toughness at a
glass fiber content of 0.085 and 0.136, respectively. For
the PE-HD materials, a continuous increase of the
toughness in dependence on the glass fiber content
was found. Therefore, also differences in the balance
of strength, stiffness, and toughness occurred.
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