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ABSTRACT 
This report describes the void-content-related static fracture behavior of discontinuous long glass fiber reinforced 
injection molded polypropylene. The composite material investigated was supplied in the form of injection 
molded simple plate-tools with a size of 80mmx80mmx4mm. Compact tension specimens with notches either 
parallel (longitudinal, L-notch) or perpendicular (transverse, T-notch) to the mold fill direction were machined 
from the plate-tools. In order to avoid edge effects as far as possible, the samples were taken from the central 
part of plate-tools. In this study, compact tension specimens were loaded in a static testing machine in a 
laboratory environment. From the resulting load-displacement curves the fracture toughness was determined on 
the basis of the linear elastic fracture mechanical concepts. It should be mentioned that compact specimens with 
different void content were tested. Fracture toughness was studied as a function of volume fraction of voids. 
Fractographic studies with a scanning electron microscope were carried out to define the dominant mechanisms 
of energy absorption during breakdown of the composites and to compare the observed mechanisms of crack 
growth with details on the fracture surfaces. Scanning electron microscope studies revealed that the composite 
material was significantly voided. The composite density was determined both theoretically (from weight 
fractions) and experimentally. The difference in densities indicated the void content. It was found that the void 
content of the composite system investigated significantly affected its fracture mechanical behavior. Higher void 
content causes a decrease in the fracture resistance. Therefore the knowledge of the void content is desirable for 
estimation of the composite quality. The basic conclusion from this study is that a good quality composite should 
have less than one percent voids. 

 
 

1. INTRODUCTION 
Structural elements made by fiber reinforced composite materials are now used in a variety of 
components for automotive, marine, aerospace and building structures. Channel sections, I-
beams and other structural elements used in buildings can be made of fiber reinforced plastics. 
Corrosion resistance and electrical and thermal insulation are important advantages of 
composites compared with steel in such applications. Composite structural components have 
the advantages of better vibration-damping characteristics than metallic parts. High stiffness-
to-weight ratio of glass fiber reinforced composite materials is also very important in 
structural applications. Therefore, the use of composite structural components continues to 
grow. Polypropylene is one of the most interesting thermoplastics with wide application in 
various branches of the engineering. Polypropylene is characterized by many useful properties 
such as very good processability, low density, relatively high resistance to degradation. By 
incorporating proper reinforcement into polypropylene, its strength, stiffness, fracture 
toughness and fatigue crack propagation resistance can be enhanced significantly to fulfill the 
requirements for load-bearing industrial applications. A new trend in the reinforcement of 
injection-moldable thermoplastics has been observed in the last few years. Instead of the use 
of short reinforcing fibers (with average aspect ratios in the range 20 – 30), much longer fiber 
lengths are now being maintained in the injection molding technique (with fiber aspect ratios 
of about 102 – 103). The longer fiber lengths result in improved strength, stiffness, fracture 
toughness and fatigue crack growth resistance of this group of discontinuous fiber reinforced 
composite materials. Since these composites are considered to replace traditional short fiber 
reinforced composite materials in structural parts, it is particularly important to know more 
about their fracture mechanical performance. The fracture toughness is a material parameter 
which implies stiffness, strength and strain to failure. This parameter is of major importance 
for application areas in which impact can occur and high safety requirements have to be 
fulfilled by the designer. There is a wide variety of microstructure-related factors (fiber aspect 
ratio, fiber volume fraction, matrix ductility, fiber layer structure, etc.) which may influence 



the composite’s fracture performance in different ways. Therefore, the adequate description of 
fracture toughness remains a challenging task for researchers dealing with fiber reinforced 
composites. It should be noted that the properties of injection molded long fiber reinforced 
polypropylenes have been summarized in a number of studies [1, 2, 3, 4, 5]. However, in 
these investigations it has been assumed that voids are not presented in the matrix of the 
composite. In the reality, however, it happens sometimes to deal with polymeric composite 
materials whose matrixes are voided (Fig. 1). Therefore, from scientific point of view, it is 
interesting to perform an investigation about the effect of void content on the fracture 
performance of long glass fiber reinforced polypropylene. 

 
 

 
“Fig. 1. Scanning electron microscope micrograph of a voided area in a cross section of long glass fiber 

reinforced polypropylene.” 
 
 

It is the objective of the present work to compare the fracture performance of long glass fiber 
reinforced polypropylene with different void contents. The fracture toughness will be 
determined by using compact tension test. The analysis of the experimental data will be 
carried out on the basis of the linear elastic fracture mechanics. Fracture mechanical study 
will be combined with a characterization of the failure mechanisms by using electron 
microscopy in order to gain more understanding for the effects of void content. 
 
 
2. MATERIALS 
The material used was long glass fiber reinforced polypropylene with 50 weight percent glass 
fibers. The average fiber aspect ratio was of about 160. The composite material was supplied 
as injection molded plaques with a size of 80mmx80mmx4mm. The inlet was a film gate with 
1 mm thickness. The injection molding was carried out with a volumetric flow rate of 150 
cm3/s at a melt temperature of 2700C and mould temperature of 400C. The weight fractions 
can be transferred into fiber volume fraction, Vf, by the following relationship 
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where Wf and Wm are the weight fractions of fibers and matrix, respectively. The densities of 
the glass fibers and the polypropylene matrix are denoted by fρ  and mρ , respectively. By 
using equation (1) the following fiber volume fraction was calculated: 26.20 vol. %. 
The density of the composite material, cρ , in terms of weight fractions can be written as 
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Assuming that 54.2f =ρ g/cm3 and 90.0m =ρ g/cm3, the following value of density of the 
composite material was obtained: 33.1=cρ g/cm3. The density of the matrix in these 
calculations is assumed to be the same as it is in an unreinforced bulk state. This leads to a 
slight error, because it is thought that the matrix density is higher than the bulk one. However, 
the error is small because the fibers are much denser than the matrix. 
The density of composite material was determined also experimentally. The following values 
of the density of the composite material were measured: 1.3171 g/cm3, 1.3144 g/cm3, 1.2740 
g/cm3, 1.239 g/cm3. It should be noted that for each material five measurements were 
performed and average values of the density were obtained.  
 
 

 
“Fig. 2. Geometry of compact tension test specimen.” 

 
 
It is clear that the composite density calculated theoretically by using relation (2) is not in 
agreement with the experimentally determined density. This fact shows that voids are 
presented in the composite material investigated. The volume fraction of voids, VV , is given 
by the following expression: 
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where the theoretical composite density is denoted by ctρ and the experimentally determined 
density by ceρ . By using formula (3) the following volume fractions of voids were obtained: 
0.97 vol. %, 1.17 vol. %, 4.20 vol. % and 6.82 vol. %.  
 
 
3. CRACK MECHANICS TEST 
Fracture toughness tests on compact tension specimens (Fig. 2) were performed at a cross-
head speed of 5 mm/min. The tests were carried out at room temperature (230C). The compact 
tension specimens were machined from the injection molded plates so that the initial crack tip 
position coincided with the central point of the plate.  
 
 

 
“Fig. 3. Scanning electron micrograph of a fracture surface of a longitudinal crack in a compact tension 

specimen showing voids (as dark spots) in the matrix.” 
 
 
Because the fiber alignment in injection molding yields highly anisotropic mechanical 
properties of these materials, the compact tension specimens had two different orientations. 
Samples with cracks perpendicular to the mould-filling direction are refereed to as transverse 
direction samples and samples whose cracks were parallel to the mould-filling direction are 
refereed to as longitudinal direction samples. 
The compact tension specimens had sharp cracks introduced by pressing a fresh razor-blade 
into the notch tip, to a dept of about 0.8 mm. Fig. 2 shows the exact geometry of the 
specimen. Fig. 3 shows the fracture surface of a L-cracked compact tension sample. Fracture 
has developed from the initial razor notch. The fracture surface is dominated by numerous 
fibers which were pulled-out from the counter-surface. The voids in the matrix between fibers 



are clearly visible as dark spots. An analogous situation has been found in a T-cracked 
specimen (Fig. 4). 
 
 

 
“Fig. 4. Fracture surface a transverse crack in a long glass fiber reinforced polypropylene compact tension 

specimen showing voids (as dark spots) in the matrix.” 
 
 
Fracture toughness values were calculated from the load-displacement diagrams (Fig. 5) by 
using the standard formula: 
 
                                                                     ⎟

⎠

⎞
⎜
⎝

⎛=
W
aY

BW
F

K Q
Q ,                                                       (4) 

 
where FQ is the load of intercept between 95 % linear slope line and compact tension test 
load-displacement diagram, B is the specimen thickness (4 mm), W is the specimen width (28 
mm), a is the crack length, and ⎟
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European Structural Integrity Task Group on Polymers and Composites (ESIS) for compact 
tension specimens [6]. 
During the test the crack length was monitored by a video camera and an image analyzer 
system. It was observed that in specimens, manufactured from composites with voided 
matrix, the crack path had a zigzag shape, while in specimens with non-voided matrix the 
crack path was almost a straight line. 
It should be mentioned that compact tension specimens prepared from composites with and 
without voids in the matrix between the fibers were machined and tested. The fracture 
toughness data generated with compact tension specimens are summarized in Table 1. It 
should be noted that a higher void content causes an increase in the scatter of the measured 
fracture resistance values. For instance, for composites with non-voided matrix the scatter was 
small (maximum deviation µ4 %), while for composites with volume fraction of voids 6.82 % 



the maximum deviation was µ15 %. The fracture toughness values are higher for the 
specimens with the crack direction transverse to the fiber orientation in the surface layers (T-
cracked direction). 
 
 

 
“Fig. 5. Load-displacement diagrams for L-cracked compact tension specimens: 1 – non-voided material (i. e., 

VV = 0 vol. %); 2 – VV = 0.97 vol. %; 3 – VV = 1.17 vol. %; 4 – VV = 4.20 vol. %; 5 – VV = 6. 82 vol. %.” 
 
 
Further it can be noted that the fracture toughness values of composites containing voids are 
lower than these of composites without voids. The voids enable cracks to grow more easily, 
resulting in lower fracture toughness compared to the composites with non-voided matrix. 
The difference between composites with voided and non-voided matrix is higher for 
specimens with notches parallel (L-cracked direction) to the mold fill direction. One 
explanation for this is that the voids are mainly concentrated in the core region of the 
crossection of the plaque. The fibers in the core region (which are predominantly transversely 
aligned to the crack propagation direction) play major role in hindering the crack growth in L-
cracked specimens. Therefore, the decreasing effect of voids on crack propagation resistance 
in L-cracked direction is higher compared to T-cracked specimens. 
It can be observed also from Table 1 that the decreasing effect of voids on fracture toughness 
of composite with volume fraction of voids less than 1 % (i. e., VV<1 vol. %) is less than 3 % 
which is lower compared to the analogous effect for VV>1 vol.  %. 
 
 
4. CONCLUSIONS 
The fracture performance of long glass fiber reinforced injection molded polypropylene was 
studied with respect to the void content. The fracture toughness was determined by using 
compact tension tests. Compact tension specimens were machined from injection molded 



plaques either perpendicular (T-notch) or parallel (L-notch) to the mould fill direction. 
Injection molded composites with different volume fractions of voids were examined. 
 
 

“Table 1. Fracture toughness data obtained from compact tension test. Decreasing is given with respect to the 
reference case VV=0.” 

 
Fracture toughness  
KQ, MPa m0.5

Volume fraction of voids 
VV, %  

L-
notch 

Decr
easin
g, % 

T-
notch 

Decr
easin
g, % 

0.00 5.12 0.0 5.99 0.0 
0.97 5.00 2.4 5.86 2.1 
1.17 4.82 5.8 5.67 5.4 
4.20 4.54 11.3 5.36 10.5 
6.82 4.39 14.2 5.205 13.1 

 
 
 Scanning electron microscopy studies on microstructural details of the different sets of 
materials were performed. It was found that the cross-section of injection molded composites 
has a three-play laminate structure with two surface layers and one central layer, each with a 
different fiber orientation. In the surface layers the fibers were oriented predominantly parallel 
to the mould fill direction. In the core region the opposite fiber orientation pattern was 
established, i. e. the fibers were oriented transverse to the mould fill direction. Static crack 
propagation measurements were carried out in a laboratory environment. The topology of the 
fracture surfaces was studied by scanning electron microscopy. From the resulting load-
displacement curves the fracture toughness was calculated by using the linear-elastic fracture 
mechanics. The calculations show that the fracture toughness is strongly dependent on the 
volume fraction of voids. The resistance to crack propagation decrease as the void content 
increases. It should be mentioned that the fracture toughness is strongly affected by the fiber 
layering pattern discussed above. It was found that the thickness of the two surface layers is 
higher than the thickness of the core layer. Thus T-notched specimens have more fibers which 
are oriented perpendicular to the crack propagation direction. This fiber arrangement hinders 
the crack growth more effectively than that of L-notched specimens (Table1). 
For composites with volume fraction of voids less than 1 vol. % the effect of voids on the 
fracture toughness is rather small (the decreasing of the fracture toughness values compared to 
the reference case VV=0 is less than 3% (Table 1)). The most important conclusion from the 
present study is that long glass fiber reinforced composites of good quality must have void 
content less than 1 vol. %. 
 
 
References 

1. Harmia, T. and Friedrich, K., “Fracture toughness and failure mechanisms of neat and discontinuous 
long glass fiber reinforced PA66/PP-blends”, Compos. Sci. Technol., 53 (1995) 423-430. 

2. Karger-Kocsis, J., “Instrument impact fracture and related failure behavior in short- and long-glass-
fibre-reinforced polypropylene”, Comp. Sci. Technol.  48/8 (1993), 273-283. 

3. Karger-Kocsis, J., and Friedrich, K., “Fracture Behavior of Injection-Molded Short and Long Glass 
Fiber-Polyamide 6.6 Composites”. Composites Science and Technology, 53 (1998), 293-325. 

4. Harmia, T., and Friedrich, K., “Local fracture resistance based on microstructural efficiency concept 
and simulation of injection molding”, Theoretical and Applied Fracture Mechanics, 26, (1997), 47-52. 

5. Gibson. A. G., McCelland, A. N. R., Cuff, G., and Gore, C. R., “Processing of long fibre reinforced 
thermoplastics”, In Developments in the Science and Technology of Composite Materials (ECCM 



Confernce, 24-27 September 1985, Bordeaux), ed. A. R. Bunsell, P. Lamicq & A. Massian, A. E. M. C., 
Bordeaux, pp. 511-519. 

6. European Structural Integrity Task Group on Polymers and Composites (ESIS), A Linear Elastic 
Fracture Mechanics (LEFM) Standard for Determining KC and GC for plastics, Testing Protocol, March 
1990, drafted by Prof. J. G. Williams (Mech. Eng. Dept., Imperial Collage, London, U. K.). 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


