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ABS IRACT 

The effect of inolding conditions on the resistance to mode II interlaininar crack propagation under monotonic and 

cyclic loading of unidirectional continuous glass fiber composites with a polypropylene (PP) matrix was studied. 

The distribution of the fibers and of the crystalline and amorphous components of the matrix phase, the melting 

temperature and the amount of crystallinity are related to the molding conditions employed and to the resulting 

flexural strength and inodulus, apparent interlaininar shear strength and Young's modulus. Mode II crack 

propagation, either cyclic or monotonic, is strongly affected by the fiber-matrix interface and matrix inorphology. 

The distribution of the soft amorphous PP phase in the semi-crystalline PP matrix appears to be the controlling 

parameter determining the fracture and fatigue resistance of the composite. The fractographic features clearly show 

the role that this phase plays during crack propagation. A relationship between the shear cusp size measured on the 

fatigue surfaces and the cyclic strain energy release rate is proposed. 

KEY WORDS: Continuous Glass Fiber/Polypropylene Composite, Fracture, Fatigue, Interlaminar Crack 

Propagation 
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EFFECT OF THE MOLDING CONDITIONS ON MODE II INTERLAMINAR CRACK PROPAGATION IN 

CONTINUOUS GLASS FIBER/POLYPROPYLENE COMPOSITES 

INTRODUC TION 

Continuous glass fiber/polypropylene (glass/PP) composites have been extensively studied recently due to their low 

production cost (less expensive raw materials, faster molding processes, possibilities of automation, etc.) combined 

with their high damage tolerance, high chemical and environment resistance and recyclability. Results obtained in 

these composites (1-5) however revealed that the thermal history of the molded part (as influenced by the molding 

temperature, holding time, cooling rate and post-processing heat treatment) has a critical impact in determining its 

mechanical behavior. 

By varying the cooling rate or the crystallization time during the molding process of glass/PP composites, the 

mode I interlaininar fracture toughness was shown to vary by as much as 400% (1) and the interlaininar shear 

strength by 175% (3). This variation was shown to depend on the resulting degree of crystallinity, crystalline-

amorphous phase configuration and fiber-matrix adhesion. For the same cooling histories, the mode II interlaminar 

fracture toughness did not show such a significant variation (2). As presented earlier (4), the fatigue life diagram of 

the glass/PP composite studied presents a progressive damage region, indicative of the initiation, propagation and 

coalescence of inicrostructural damage (6,7), controlled essentially by the occurrence of local delainination under 

interlaminar shear stresses associated with transverse cracks (8). While it is recognized that the processing strongly 

affects the mechanical behavior of glass/PP composites, its effect on mode II fatigue crack propagation has not been 

specifically addressed. 

The objective of the present study is to investigate the role of the molding conditions on the microstructure and 

crystalline/amorphous phase configuration of a unidirectional glass/PP composite and to evaluate their effect on the 

mechanical properties. The interlaininar fracture behavior of this composite, as indicated by its mode II interlaininar 

subcritical crack propagation curve. and its fractography, is compared to its interlaininar fatigue behavior to 

understand the mechanisms leading to failure by delainination in glass composites with a ductile thennoplastic 

matrix. 
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EXPERIMENTAL 

Material Preparation 

The composite studied was fabricated from unidirectional pre-impregnated 0.5-min thick tapes, supplied by 

Baycoinp Canada, which had 60 wt.% of continuous E-glass fibers. According to the supplier, the glass fibers were 

silane-treated to ensure optimum fiber-matrix interfacial strength. The PP matrix consisted of an impact-modified PP 

blend with a chemically modified PP. Unidirectional glass/PP composites were prepared from 8 layers of tape under 

three different compression molding conditions. These conditions are described in Table 1 and will be referred to as 

the nonnal molding condition (NM), the slow cooling condition (SC) and the low temperature inolding condition 

(LTM). Compression molding was done employing a Wabash press in a steel closed-mold under a pressure of 0.69 

MPa maintained during cooling until the end of the crystallization process was reached (generally below 100°C). A 

holding tiine of 5 minutes was einployed for the NM and SC conditions since good impregnation and consolidation 

were rapidly obtained at 200°C (3). In the LTM condition, however, the holding tiine was increased to 20 minutes to 

compensate for the reduced matrix viscosity at 163°C, slowing down the impregnation and consolidation kinetics 

(3). The resulting fiber fraction in the glass/PP composite was 60 wt.% or 35 vol.% for each of the molding 

conditions studied. 

Microscopic and Calorimetric Techniques 

A pennanganate chemical etching technique (9) was employed on pre-polished surfaces to reveal the microstructure 

of the PP matrix of the composite. This technique involved iininersion for 30 min in a solution composed of 0.7 g of 

potassium pennanganate (KMn04) in 35 inl of concentrated phosphoric acid (H,PO4) and 65 inl of sulfuric acid 

(11,SW. Intensive washing with a solution of 30 inl of sulfuric acid in 70 ml of distilled water, with hydrogen 

peroxide (H202), distilled water and acetone was employed to remove any remaining contamination artifacts from 

the etched surfaces followed the etching procedure. The microstructure of the PP matrix was observed using a JEOL 

JSM-6100 scanning electron microscope (SEM). Image analysis was employed to ineasure the size distribution of 

the crystalline phase. All speciinens observed in the SEM were first coated with a thin layer of gold-palladium. 

The melting characteristics of the PP matrix in the glass/PP composite were obtained employing a Perkin-Elmer 

differential scanning calorii eter (DSC-7) with a scanning rate of 20°C/inin. The DSC samples were sectioned from 

the middle of the molded plates. After the DSC scans, the samples were pyrolized at 450°C for 2 hours to obtain the 
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resin weight fraction in each sample analyzed. The apparent degree of crystallinity, Xc, was calculated from the heat 

of fusion of pure fully crystalline isotactic PP, Ali f̀). , of 207 J/g (10) and the following equation: 

AHf X = 
c — w f )Aiff! 

(1) 

where Wf is the resin weight fraction and AH f is the heat of fusion (in J per g of composite) of the samples. 

Averages of three DSC scans were detennined. 

Mechanical Testing Techniques 

The flexural modulus, the flexural strength and the maximum stain in the outer fibers of the glass/PP composite 

were obtained following the ASTM D-790M standard test method. These tests were performed at room temperature 

using a three-point bending set-up with a nominal speciinen thickness of 4 min, a span of 51 min and a crosshead 
!/, 

speed of 1.3 mm/min. Young's modulus, which required in the calculation of the compliance, was also obtained 

according to ASTM D-3039M in the different molding conclitions. Five or inore speciinens were tested in three-

point bending and in tension. The standard deviation of the reported average values is 5% or less. 

The apparent interlaininar shear strength of the glass/PP composite was determined using the short-beam method 

according to ASTM D-2344M. The nominal specimen thickness was 4 imn, the support span 20 min and the 

crosshead speed 1.3 imn/inin. Interlaminar shear fracture of the short-beam shear (SBS) spechnens could not be 

obtained at room temperature due to the low rigidity of the PP inatrix above its glass transition temperature (near 

0°C). Consequently, the short-beam shear (SBS) tests were performed at —40°C in order to obtain valid results. The 

SBS results thus reflect the interlaininar shear strength of the glass/PP composites at —40°C. Five or more speciinens 

were tested. The standard deviation of the reported average values is 5% or less. 

The mode II interlaininar crack propagation tests, both in steady crack growth and in fatigue, were performed at 

room temperature employing end-notched flexure (ENF) speciinens (11), schematized in Fig. 1. This speciinen is 

essentially a three-point bending speciinen with an imbedded through-width delainination crack present at one end. 

The purpose of this test is to determine the strain energy release rate, Gm associated with interlaininar cracking in 

pure mode II loading. The ENF speciinen has been found to produce shear loading at the crack tip without 
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introducing excessive friction between the crack surfaces (12). A polyethylene terephthalate (PET) fihn, 20 Inn in 

thickness, was inserted at mid-thickness into the plates prior to molding in order to generate an initial crack. The 

nominal speciinen thickness, 2h, was 4 min, the specimen width, w, was 20 min, the speciinen length was 130 min 

and the total span, 2L, was 110 min. A restraining bar on the side opposite to the initial interlaininar crack (Fig. 1) 

was employed to prevent any movement of the speciinen that might result from its unsymmetrical deflection during 

the crack propagation tests. 

The crack length of the ENF specimens, a, was monitored during monotonic and cyclic loading using the 

compliance calibration inethod (12). The compliance, C, was measured at 5-mm crack length increments from 0 to 

55 min (i.e. froin a/L = 0 to 1.0) on the initial linear portion of the load-deflection curve of the ENF specimens under 

the same loading conditions mentioned below for the fracture and fatigue tests. As given by the beam theory (11), 

the compliance expression of the ENF speciinen is: 

C =  2L3 +3a 3

8Ewh3
(2) 

where E is Young's modulus. In the case of good agreement between the measured and calculated values of 

compliance, the crack length during monotonic and cyclic loading can be obtained from the load-deflection curve 

employing Eq. 2. The crack length calculated from the compliance calibration at the beginning and at the end of the 

tests was compared with the crack lengths measured manually with a travelling microscope to verify the accuracy of 

the crack length calculations. In all cases, the difference between the predicted and measured values was less than 

0.5 nun. 

The interlaininar fracture tests were perfonned in monotonic loading under fixed-grip conditions at a constant 

crosshead speed of 5 min/min. Five specimens, with an initial crack length, ao, of 30 min, were tested for each 

molding condition. The crack length was inonitored during the tests using the compliance calibration method. The 

crack length was also measured at the beginning and at the end of the tests using a travelling microscope to verify 

the crack length monitoring. In all cases, the difference between the monitored and measured values was less than 

0.5 min. With the crack length obtained, the mode II strain energy release rate, Gil , can be obtained from the load-

deflection curves using the following expression: 
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P2 ac  9P2Ca2 
-11= 2w aa 2w(2L3 + 3a3) 

(3) 

Two specific values for the mode II interlaminar fracture resistance are obtained from these curves using Eq. 3: one 

at the onset of subcritical crack propagation, —llc,subcriticab determined from the point of deviation froin the linear 

portion of the load-deflection curve, and the other at crack instability, n detennined from the 

maximum load on the load-deflection curve (13). The standard deviation of the reported average Gile values was 

10% or less. All ENF specimens were carefully examined to verify that no damage, other than a propagating shear 

crack at mid-thickness, was produced. 

The interlaininar fatigue tests were perfonned using a computer-controlled servo-hydraulic test machine under 

constant cyclic loading with a sinusoidal wavefonn, a cyclic frequency of 5 Hz and a minimum to maximum load 

ratio of 0.1. Two specimens, each with an initial crack length of 24.5 min, were tested for each molding condition. 

These specimens were precracked in fatigue until a minimum crack length of 26 min was obtained to avoid 

compressive forces between the crack faces near the lateral load point resulting in artificially high crack propagation 

resistance. A maximum fatigue crack length of 51 min was also einployed to minimize the influence of sliding 

friction on crack propagation attributed to the compressive stress field near the center load point. These crack 

requirements as well as the approach chosen for the interlaminar fatigue tests were obtained from the modification 

of the beain theory for ENF specimens under cyclic loading (12). The load-deflection curves were saved at regular 

fatigue cycle increments. The crack length was calculated from the slope of the first linear portion of the load-

increasing curves employing the cyclic compliance calibration. Each fatigue propagation data point was obtained 

over a minimum crack propagation distance of 0.2 min, as recommended in the ASTM E-647 standard test method. 

The crack length was also measured at the beginning of and during the tests using a travelling microscope to verify 

the crack length monitoring by the compliance method. In all cases, the difference between the monitored and 

ineasured values was less than 0.5 min. The fatigue crack growth rate, da/dN, where N is the number of cycles, was 

calculated for the crack length calculations. The corresponding mode II strain energy release rate ainplitude, AGII, 

was obtained from Eq, 3 using the fixed load amplitude, AP, given by P - max — where Pmax was under the load 

leading to unstable fracture until the end of the fatigue tests. The fatigue crack propagation behavior is expressed as 

log-log curves of da/dN vs. AGII. 
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RESULTS AND DISCUSSION 

Calorimetry and Microscopy 

SEM micrographs of the etched pre-polished surface of the glass/PP composites in the different molding conditions 

are presented in Fig. 2 at high magnification to show the morphology of the matrix. In the NM and SC conditions, 

both with a molding temperature of 200°C, a spherulitic crystalline structure is obtained, as shown in Fig. 2a and 2b. 

These micrographs also show that the SC condition results in marked spherulite boundaries often presenting large 

gaps between individual spherulites (Fig. 2b); whereas, the NM condition results in considerably less-marked 

interspherulitic regions (Fig. 2a). The marked spherulite boundaries, in some cases localized interspherulitic 

cracking, are the result of the slow crystallization process, during which more non-crystallizable PP material, such as 

low molecular weight macromolecules and impurities, is rejected from the crystallization front (14). This leads to 

low amounts of amorphous phase and of tie-molecules in the interspherulitic regions, often resulting in local voids. 

Increased dissolution by the pennanganate chemical etching of the non-crystalline and less chemical resistant 

interspherulitic regions may also increase the apparent size of these voids. In the LTM condition, however, the 

crystalline structure is not clear (Fig. 2c), as a result of the low molding temperature, with only immature spherulites 

occasionally observed, and the fiber dispersion is poor, as a result of the high matrix viscosity obtained during 

molding. In the three conditions, the presence is noted of a large number of regularly distributed voids generally 

well under 0.5 µin in diameter and probably corresponding to the impact modifier added to PP. 

Iinage analysis was perfonned to measure the size of the spherulites in the NM and SC conditions. As shown in Fig. 

3, a normal distribution of the spherulite size is observed in both conditions. For the NM condition, the average 

spherulite size measured is 26 pun and the maximum spherulite size is 40 pun. For the SC condition, the average 

spherulite size measured is 34 pun and the maximum spherulite size is 60 inn. These results are shown in Table 2. 

Due to the difficulty of observing a clear crystalline structure in the LTM condition, quantitative measurements 

could not be perfonned. When discernible, crystalline phase domains approximately 10 Ian in diameter were 

observed. It can thus be considered that the average size of the crystalline structure is considerably lower in the 

LTM condition than in the other two conditions. 
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Differential scanning calorimetry was employed to characterize the crystalline microstructure of the PP matrix 

obtained under the different molding conditions. A DSC heating scan is shown in Fig. 4 for each molding condition. 

The temperature at the peak of fusion and the degree of crystallinity obtained from the DSC scans are reported in 

Table 2. These results indicate that, as the cooling rate is reduced, the endothennic melting peak is inoved to higher 

teinperatures, suggesting that higher thennal stability of the crystalline phase is obtained, in agreement with the 

increased spherulite size. However, the same degree of crystallinity of 44% is obtained for both NM and SC 

conditions. The results in Fig. 4 and Table 2 also indicate that in the LTM condition the degree of crystallinity is 

slightly higher at 49%, the melting temperature at the maximum of the endothennic peak of fusion increases 

significantly by 8 to 10°C at 170°C and the average size of spherulites strongly decreases to a value below 10 Inn. 

From the SEM and DSC results, it can be concluded that spherulites of larger size with sharper boundaries and with 

higher melting temperatures are obtained when lower cooling rates are employed. In the range tested, however, the 

reduction in cooling rate does not affect the degree of crystallinity. This differs from the reported variation in the 

degree of crystallinity from 52% at high cooling rates (similar to the NM condition) to 66% at low cooling rates 

(similar to the SC condition) reported for other glass/PP composites (1). This lack of effect of cooling rate variations 

on the degree of crystallinity appears to be attributed to the modification of the PP matrix in the glass/PP composite 

studied. The similar crystalline phase content, larger spherulite size and higher dissolution of the interspherulitic 

regions during etching in the SC condition indicate that the amorphous phase is more concentrated in the regions 

between individual spherulites than in the NM condition. This is in agreement with previous studies (1,3) showing 

that the amorphous phase is more concentrated between spherulites for slow cooling conditions and that wetting of 

the fiber surface is more pronounced for rapid cooling conditions due to the enhanced entrapment of tie molecules 

and amorphous phase within spherulites. 

The high crystalline phase content in the LTM condition also indicates that the original crystalline structure of the 

glass/PP tapes was not completely destroyed due to the low molding temperature employed (163°C) compared to the 

thermodynamic melting temperature of PP of 170-180°C (3). Thus, the crystallization in the latter originated from 

the crystallites still present in the melt. In this condition, highly heterogeneous crystallization coupled with low 

viscosity of the PP matrix and rapid cooling resulted in a relatively high degree of crystallinity, a very fine 

crystalline structure and poor fiber dispersion. 
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Mechanical Behavior 

The three-point bending results and SBS results as well as Young's modulus of the glass/PP composites in the three 

molding conditions are reported in Table 3. The molding conditions significantly affects the flexural properties 

measured. The maximum strain at the outer fibers, not reported in table 3, remains constant at approximately 2% 

since, in unidirectional glass composites, it is more dependent on the maximum elongation of the glass fibers, which 

is not affected by the molding conditions. As shown in Table 3, the highest results are obtained in the NM condition. 

In the SC condition, a lower flexural strength, a slightly lower interlaininar shear strength and unproved Young's 

and flexural moduli are obtained in comparison with the NM condition. The latter effects can be attributed to the 

larger spherulites obtained in the SC conditions, separated by higher amounts of the soft amorphous PP phase. The 

very high interlaininar shear strength values, obtained at —40°C, are in agreement with the maximum shear strength 

of pure PP generally reported at this temperature. In the LTM condition, a lower flexural strength, a considerably 

lower interlaminar shear strength and Unproved Young's and flexural moduli are obtained in comparison with the 

NM condition. In the LTM conclition, the increased crystallinity and very fine crystalline structure probably 

accounts for the increased moduli obtained; whereas, the low values of interlaininar shear strength can be attributed 

to the poor fiber dispersion. These results indicate that, in all conditions tested, the composites, obtained are properly 

consolidated and that their mechanical performance, in terms of SBS, three-point bending and tensile tests, are 

acceptable. 

Mode II Interlaminar Crack Propagation 

Compliance Calibration 

The compliance calibration of the glass/PP composites in the three molding conditions was performed in monotonic 

and cyclic loading conditions. In Fig. 5, the experimentally determined compliances are compared with the 

theoretical values predicted from Eq. 2. Excellent agreement between the experimental and calculated values of 

compliance is obtained. It is therefore assumed that the crack length can be monitored with the compliance 

calibration method during mode II interlaininar fracture and fatigue testing to obtain the subcritical crack 

propagation and the fatigue crack propagation curve of glass/PP composite, as earlier stated (11,12,). 
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Fracture Resistance 

An example of the load-deflection curves of the glass/PP composite is presented in Fig. 6 for each of the molding 

conditions tested. As shown by these curves, some subcritical crack propagation, the amount of which depended on 

the molding conditions employed, preceded crack instability. These results indicate that the molding conditions 

greatly influence the fracture resistance of this composite. The Glle,subcritical values, detennined from the point of 

deviation from the linear portion of the load-deflection curve (indicated in Fig. 6 by arrows), and the 

values, detennined from the maximum load on the load-deflection curve, are reported in Table 4. The NM condition 

shows the highest fracture resistance for the molding conditions tested. The Gnc,subcritical value is 2600 J/in2 and 

Glic then increases by a factor of 2.3 to the maximum (Gne,instability) value of 5900 J/in2. In the SC condition, 

GIIc,subcritical is 1000 J/in2 and Gllc then increases by a factor of only 1.1 to the maximum (Gm,instability) value 

of 1100 J/in2. In the LTM condition, Ga,subcritical is 1200 J/m2 and Crik then increases by a factor of 1.7 to the 

maximum (Ga,instability) value of 2000 J/in2. 

The results presented in Fig. 6 and Table 4 indicate that, as the subcritical crack propagates, the increase in the strain 

energy required for additional propagation depends on the molding condition. To understand the effect of the 

inolding conditions on Glle at the onset of subcritical crack propagation and during subsequent crack instability, 

detailed fractographic observations were perfonned. SEM observations of the mode II interlaininar fracture surfaces 

of the glass/PP composite are shown in Figs. 7-9. Two typical fractographs are presented for each molding 

condition, one at the onset of suhcritical crack propagation and the other after or near the crack instability. Specific 

features of the latter observations are shown at higher magnification. The crack propagation direction is from left to 

right in all fractographs presented in this paper. 

The predominant fracture surface features observed for the composites processed under the NM condition are shown 

in Fig. 7. The fracture surface is covered with a large number of glass fibers (Figs. 7a and b), soine of which became 

detached from the matrix and subsequently fractured. The matrix fracture is transpherulitic with indications of 

important plastic shearing visible. As the crack propagates, the amount of matrix shearing increases significantly 

(Fig. 7b). At higher magnification (Fig. 7c), U-shaped half-dimples, typical of shear fracture (15), can be observed 
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in the fiber imprints (the depressions left by the fibers removed from the observed crack face). Important shearing of 

the matrix attached to a fiber can also be observed. 

The predominant fracture surface features observed for the composites processed under the SC condition are shown 

in Fig. 8. The fracture is interspherulitic at the onset of subcritical crack propagation (Fig. 8a). The latter surface 

shows some signs of damage induced by the crack faces rubbing together. As the crack propagates (Fig. 8b), fibers, 

at times broken and detached, are occasionally observed on the fracture surface. When present, these fibers show 

signs of associated shearing of the matrix (Fig. 8b) attached to the fibers. At higher magnification (Fig. 8c), 

significant stretching (mode I fracture), shearing (mode II fracture) and rubbing damage can be observed on the 

spherulite faces, with the type of damage observed influenced by the orientation of these faces. When not parallel to 

the average crack plane and in the crack propagation direction, the spherulite faces show iinportant stretching. When 

close to parallel to the average crack plane, the spherulite faces show extensive shearing. When they are not parallel 

to the average crack plane and face the direction opposite that of crack propagation, the spherulite faces show 

rubbing damage. Examples of these features are presented in Fig. 8c. In agreement with the observations for the NM 

condition (Fig. 7), the presence of fibers on the fracture surface for the SC condition is associated with matrix 

shearing (Fig. 8b) close to the fiber-matrix interface. 

The predominant fracture surface features observed for the composites processed under the LTM condition are 

shown in Fig. 9. The fracture surface (Fig. 9a) is covered with a large number of glass fibers and the matrix fracture 

is transpherulitic, siinilar to that observed for the NM condition (Fig. 7); however, with less shearing of the matrix 

and more fibers visible on the fracture surface. Fibers detached from this surface and indications of matrix shearing 

are also increasingly observed as the crack propagates (Fig. 9b). Qualitatively, the same fractographic features are 

observed for the NM and LTM conditions. 

The fractographic observations as well as the load-deflection curves obtained indicate that mode II interlaininar 

crack propagation under monotonic loading in the glass/PP composites studied includes the following events. When 

the amorphous phase is uniformly dispersed throughout the matrix and a fine distribution of spherulite is present 

(NM condition), subcritical crack propagation starts under shear loading in the matrix by void coalescence very 

close to the fiber-matrix interface. The presence of U-shaped half-diinples indicates that these voids are initiated in 
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front of the crack tip, as a result of the stress concentration at the fiber-matrix interface. Once initiated at this 

interface, the main crack can kunp into secondary cracks fonned in the plastic zone at other fiber-inatrix interfaces. 

This crack jumping leaves glass fibers attached to both crack sides. As both sides of the crack move apart in shear 

due to the deflection of the ENF speciinen, the latter fibers are progressively loaded in uniaxial tension, leading 

eventually to their fracture. This effect, which has been referred to as fiber nesting (2), is responsible for an 

important part of the increase in Grik indicated by the load-deflection curves (Fig. 6) and for the corresponding very 

high GIIc,instability value. This fiber effect also results in shear loading of the matrix attached to the fibers. Such 

important shearing of the matrix may be also responsible for a minor part of the increase in Glic observed on the 

load-deflection curves (Fig. 6). A schematic representation of these events is shown in Fig. 10. 

When the amorphous phase is more concentrated between spherulites and has a coarser distribution (SC condition), 

crack propagation starts between spherulites at a comparatively lower GIIc,subcritical value than for the NM 

condition, in agreement with the flexural results obtained (Table 3). The low mechanical resistance of the composite 

processed under the SC condition is attributed to the weaker interspherulitic regions resulting from the low cooling 

rate, in agreement with the concentration of soft amorphous phase in the interspherulitic regions observed. In this 

condition, the fractographic observations show that crack propagation between spherulites occurs under shear 

loading, with some rubbing due to friction between the crack faces and some stretching of the matrix also observed. 

Since the soft amorphous PP phase is more concentrated in the interspherulitic regions for the SC condition, fiber 

nesting occurs only when secondary cracks fonn in the interspherulitic regions close to a glass fiber. The crack 

instability for this interspherulitic crack propagation thus occurs rapidly after the subcritical crack propagation (Fig. 

6). When observed, fiber nesting results in shear loading of the matrix attached to the fibers. This indicates that, 

while the amorphous phase is more concentrated at the fiber-matrix interface for the NM condition, the fiber-matrix 

adhesion reinains relatively high for the SC condition. A schematic representation of these events is shown in Fig. 

10. 

The fracture surface observations for the LTM condition show that crack propagation was quite similar to that for 

the NM condition. This crack propagation also occurs under shear loading in the matrix very close to the fiber-

matrix interface, but with a considerably lower Glle,subcritical value than for the NM condition. This is in 
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agreement with the low interlaininar shear strength obtained for the LTM condition (Table 3). This low mechanical 

resistance for this condition is attributed to the poor fiber dispersion that results from the low molding temperature. 

Crack jumping associated with weaker fiber-matrix interfaces results in fiber nesting and matrix shearing for the 

LTM condition. Both of the latter effects contribute to the increase in Gik during subcritical crack propagation (Fig. 

6) for this condition. 

Since crack propagation occurs mainly in the softer amorphous phase, the distribution of which depends on the 

cooling conditions, Ga,subcritical quantifies the fracture resistance of the fiber-matrix interface for the NM and 

LTM conditions, while it quantifies the fracture resistance of the interspherulitic regions for the SC condition. The 

difference between G IIc,instability and GIIc,subcritical is however more indicative of the contribution of fiber 

nesting and of matrix shearing to the crack propagation resistance under different molding conditions. The crack 

propagation results and fractographic observations presented indicate that the mode II interlaininar fracture of the 

glass/PP composite studied is controlled by the matrix, the fiber-matrix interface and the fibers, all of which are 

affected by the molding conditions. Contrary to the flexural test results (Table 3), which suggest a minor influence 

of the cooling rate on the mechanical perfonnance of the composite studied, the fracture results demonstrate that the 

cooling rate and the molding temperature are important. These results differ from those on other glass/PP 

composites (2), which suggested that the mode II interlaininar fracture tests were considerably less sensitive than 

mode I interlaininar fracture tests. Moreover, the fracture resistance presently obtained for the NM condition is 

significantly higher than that reported for other glass/PP composites (2). This can be attributed to the improvements 

in fiber-matrix adhesion for the glass/PP composite studied as a result of the formulation of the PP matrix. This is in 

agreement with the high interlaininar shear strength obtained (Table 3), even when taking into account that it was 

obtained at —40°C, compared with the limited single fiber pull-out values of 5 to 9 MPa reported for other glass/PP 

coinposites (2). 

As inentioned previously, the fractographic observations reveal the presence of U-shaped half-dimples and 

important shearing of the matrix attached to the fibers, indicating that shear-related crack propagation is obtained 

using ENF specimens of the glass/PP composite. It is thus concluded that the GIIc,subcritical results obtained reflect 

the mode II interlaininar fracture resistance at the onset of subcritical crack propagation of the glass/PP composite 
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studied. This conclusion differs from that of a previous study (16), based mainly on fractographic observations of 

brittle composites, such as glass/epoxy or graphite/epoxy, in which it is stated that the fracture in inode II loading 

using ENF specimens actually results from tension failures in front of the crack tip and not from the sliding of two 

planes relative to one another. The fractographic features presented in that study (16) differed significantly from 

those observed in the present study. These differences may be attributed to the ductile nature of the PP matrix in the 

present coinposite. 

Fatigue Resistance 

The mode II interlaininar fatigue crack propagation curves of the glass/PP composite are shown in Fig. 11. While 

significant scatter in the test data was obtained, these fatigue propagation curves nevertheless clearly indicate that 

the molding conditions greatly affect the mode Il interlaininar fatigue crack propagation behavior of the glass/PP 

composites. The fatigue propagation curves in Fig. 11 also show the constant power-law behavior or Paris regiine 

(17), given in terms of AGH, by: 

da 
= 1C. • tau un

dN 
(4) 

where k is the fatigue crack growth rate at AGH = 1 J/m2 and n is the slope on the curve on a log-log scale. The 

values of k and n are presented in Table 5. Despite the large effect of the molding conditions on the fatigue crack 

propagation curves presented in Fig. 11, the values of the n-exponent only vaty between 4.3 and 4.8. These values of 

n compare well with the Paris regime exponent of 4.4 reported for mode II interlaminar fatigue crack propagation in 

unidirectional carbon fiber/polyetheretherketone (CF/PEEK) composites (11,12). 

Similar to the fracture resistance results, the results in Fig. 11 show that the highest resistance to fatigue propagation 

is obtained for the NM condition. However, the resistance to mode II interlaininar fatigue propagation is superior for 

the SC condition than for the LTM condition, contrary to the results obtained in mode II interlaininar fracture. As 

shown in Table 5, the fatigue crack growth rates at a given value of AGH are one decade higher for the SC condition 

and two decades higher for the LTM condition than those obtained for the NM condition. The mode II fatigue crack 

propagation results rank in the same order as the interlaininar shear strength results presented in Table 3. The fact 

that mode II interlaininar fracture results show a superior resistance to crack propagation for the LTM condition than 



Bureau et al. JTCM2000-63 15 

for the SC condition, while the mode II interlaininar fatigue results show higher fatigue crack growth rates for the 

LTM condition than for the SC condition is by no means a contradiction. The former material property relates to the 

intrinsic resistance to steady crack propagation of a given composite; whereas, the latter property relates to the 

fatigue crack growth rate at a given cyclic loading level (stain energy), considerably lower than the level at which 

steady crack propagation occurs. 

From these results, it is evident that the mode II interlaininar fatigue behavior is very sensitive to the morphology 

and microstructure of the glass/PP composite resulting from the molding conditions. Glic values reported for other 

glass/PP composites (2) are similar to the AGH values presently obtained for fatigue crack growth rates of 10-6 to 

10-5 min/cycles, depending on the molding condition considered. Thus, the glass/PP composites tested are 

significantly more resistant to mode II interlaininar fatigue and fracture than those studied previously (2). SEM 

observations of the inode II interlaininar fatigue surfaces of the glass/PP composites are shown in Figs. 12-14. 

Specific features of the fractographic observations are discussed. 

The predominant fatigue surface features observed for the composites processed under the NM condition are shown 

in Fig. 12. The fatigue surface presents a large nwnber of glass fibers or glass fiber imprints (Fig. 12a). The matrix 

fracture is transpherulitic, with regularly spaced shear cusps covering most of the fatigue surface. At higher 

magnification, the matrix shear cusps appear damaged by the cyclic sliding of the crack faces (Fig. 12b). The 

presence of debris in the latter, which probably corresponds to plastically-rolled matrix from damaged ends of shear 

cusps, is also noted. The size of and the distance between such cusps increase as the fatigue crack growth rates is 

observed to increase. They also become considerably less damaged with increasing crack growth rate, with less 

debris noted on the fatigue fracture surface. These cusps are mostly present in the matrix between fibers or in fiber 

imprints. However, some cusps can be observed in the matrix covering the fibers (Fig. 12c),  indicating that cusps 

also fonn at the fiber-matrix interface. A very large number of sheared matrix ligaments are also present at the fiber-

matrix interface in the latter, indicative of matrix shearing as a result of the shear stress transfer between the fiber 

and the matrix. 
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The predominant fatigue surface features observed for the composites processed under the SC condition are shown 

in Fig. 13. The fatigue crack propagation is almost exclusively interspherulitic (Figs. 13a and b), with an occasional 

fiber present on the fatigue surface. Rubbing damage is observed over the entire fatigue surface. When present, the 

fibers showed signs of associated matrix shearing (Fig. 13a). At higher mapification (Fig. 13b), significant amounts 

of matrix shearing (mode II), shear cusps and rubbing damage can be observed on the spherulite faces depending on 

their orientation, similar to the fracture surface observations. A large region parallel to the average crack plane, 

approximately 65 inn in diameter, probably corresponding to one or a few large spherulites fonned between two 

closely spaced fibers (distance between fibers 65 Inn), is shown in Fig. 13c. Shear cusps also cover the spherulite 

surface. Larger cusps are observed at the periphery of these crystalline entities. 

The predominant fatigue surface features observed for the composites processed under the LTM condition are 

shown in Fig. 14. The fatigue surface (Figs. 14a and 11) presents a large number of glass fibers or glass fiber 

imprints, as a result of the low fiber dispersion obtained. The matrix fracture is mainly transpherulitic with regularly 

separated shear cusps present, similar to the observations for the NM condition. Also as for the NM condition, the 

shear cusps tend to increase in size with the amount of crack propagation. These cusps are mainly present in the 

inatrix between glass fibers or in the glass fiber imprints. The fatigue surface for the LTM condition is thus shnilar 

to that for the NM condition. However, regions siinilar to the interspherulitic regions observed for the SC condition 

were at tiines observed on the fatigue surface (bottom of Fig. 14a). The approximately 10-1nn diameter of these 

regions is in agreement with that of the visible crystalline phase observed for the LTM condition mentioned 

previously. As for the SC condition, these regions of the fatigue surface are covered with shear cusps. 

From these fractographic observations as well as from the fatigue crack propagation curves, it is deduced that 

mode II interlaininar fatigue crack propagation in glass/PP composite involves the following events. When the 

amorphous phase is unifonnly dispersed throughout the matrix with a fine spherulite distribution (NM condition), 

crack propagation occurs under cyclic shear loading in the matrix at the fiber-matrix interface, as indicated by the 

presence of remnants of cusps covering the fibers and in the fiber imprints. These cusps initiated in the plastic 

defonnation zone in front of the crack tip by the fonnation of sub-critical shear defects under mode lI loading (15). 

Crack propagation thus occurs under cyclic shear loading in the matrix very close to the fiber-matrix interface by the 

initiation, growth and coalescence of cusps. These cusps in the matrix covering the fibers as well as between the 
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fibers are partially destroyed due to the sliding action between the crack faces. Once fonned at the fiber-matrix 

interface, the shear cusps extend into the inatrix close to the fibers. Their size in the matrix is considerably larger 

than at the fiber-matrix interface since the shear modulus in the matrix is very low compared to that of the fiber. As 

the cyclic shear amplitude increases during crack propagation, the cusp size in the matrix tends to increase, in 

agreement with the supposition that these cusps are the result of plastic defonnation in front of the crack tip. Fiber 

nesting, resulting froin the crack jumping into secondary cracks at other fiber-inatrix interfaces in the plastic zone, is 

also observed during fatigue crack propagation, however to a far lesser extent than for crack propagation under 

monotonic loading. Fiber nesting should thus contribute only slightly to the fatigue crack propagation resistance. 

This is in agreement with the smaller plastic zone produced in fatigue (AGH < Gm). Consequently, damage 

accumulation in the plastic zone is more localized at individual fiber-matrix interfaces in cyclic loading than in 

inonotonic loading. The crack propagation events observed in the NM condition during fatigue crack propagation 

are thus very similar to those observed during monotonic crack propagation (Fig. 10). 

When the amorphous phase is more concentrated between more coarsely distributed spherulites (SC condition), 

some apparent differences from those mentioned above are observed fractographically. In this case, the fatigue 

propagation is interspherulitic and this propagation meets considerably lower resistance than for the NM condition, 

in agreeinent with the mode II fracture results. As for the NM condition, cusp fonnation is observed for the SC 

condition but is limited to the interspherulitic regions, contrary to the NM condition for which its formation is 

observed throughout the PP matix. Similar to the fracture resistance results, the reduction in fatigue resistance can 

be attributed to localization of the fatigue damage in the weaker interspherulitic regions, resulting from the low 

cooling rate employed (1-3). This is in agreement with the concentration of the soft amorphous phase in the 

interspherulitic regions. That the slope of the fatigue crack propagation curve is similar for both conditions is an 

indication that the same mechanisms are involved. The fractographic observations suggest that this basic mechanism 

is cusp formation. 

In the LTM condition, the fatigue surfaces are very shnilar to those observed for the NM condition. Crack 

propagation also occurs under cyclic shear loading in the inatrix very close to the fiber-matrix interface by the 

initiation, growth and coalescence of cusps; however, the fatigue crack growth rate is considerably higher at a given 

AGH than for the NM condition, in agreement with the mode II fracture results. As concluded previously, the 
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reduction in fatigue crack propagation resistance in the LTM condition is attributed to the poor fiber dispersion 

resulting from the low molding temperature einployed. Crack propagation can also occur by cusp formation in 

regions between crystallites, which are located near the average crack plane, resulting locally in fatigue surfaces 

siinilar in appearance to the interspherulitic fatigue surfaces observed for the SC condition. The slope of the fatigue 

crack propagation curve for the LTM condition is siinilar to that for the NM and SC conditions, indicating that the 

same crack propagation mechanisms are active for all three conditions. 

Cusp Formation 

As observed in the NM and the LTM conditions, the size of the cusps formed in the matrix increases as the crack 

propagates, in ageement with the proposed occurrence of cusp fonnation (18) in the plastic zone ahead of the crack 

tip. This observation suggests that the size of the cusps can be related to the plastic zone size, rp, which under 

mode II loading of an isotropic body is given by: 

3 AKII 3 EAG11 
r •—• - 
P 2rc ' t 2y 2rc ' t 2y 

(5) 

where AKH is the mode II stress intensity factor range and 'ty is the material equivalent yield stress in shear. 

According to Eq. 5, the size of the cusps should be proportional to AGH. The size of the cusps at different AG11 was 

therefore measured on the fatigue surfaces. These measurements are plotted vs. AGH in Fig. 15. Despite the scatter 

obtained in this figure, presumably associated with the fatigue surface damage complicating the cusp size 

measurements, it appears that the cusp size increases with increasing AGII, proportional to the plastic zone size. 

These cusps fonned in the PP matrix between the glass fibers are thus somewhat siinilar to the discontinuous growth 

bands (DGBs) observed in fatigue crack propagation of thennoplastic polymers and blends (19). Further work is 

required to understand the fonnation of cups in fatigue of glass/PP composites and to validate the suggested 

proportionality between the cusp size and AGII. 
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C ONCIAJSIONS 

The crystalline-amorphous phase distribution, fiber distribution, melting temperature and crystallinity of 

unidirectional glass/PP composites are strongly affected by the molding conditions, but these conditions only 

produced small variations in the flexural and short-beam shear results. The resistance to mode II interlaininar crack 

propagation in glass/PP composites, either in cyclic or monotonic loading, was strongly affected by the molding 

conditions employed and depends mainly on the amorphous/crystalline phase configuration. Crack propagation 

occurs primarily in the soft amorphous PP phase regions, the distribution of which depends on the molding 

temperature and the cooling rate. In both monotonic and cyclic loading, crack propagation occurs by the fonnation, 

growth and coalescence of shear-associated dimples (cusps). 

When a relatively fine spherulitic structure and strong interspherulitic regions are present, crack propagation occurs 

in the matrix very close to the fiber-matrix interface and the matrix fracture is transpherulitic. As the crack 

propagates, fiber nesting and associated matrix shearing are also increasingly observed. In this condition, high 

resistance to mode II interlaininar fracture and fatigue is obtained. When a coarser spherulitic structure and weaker 

interspherulitic regions are obtained, crack propagation followed the interspherulitic regions with few fibers 

observed on the crack surface. In this condition, the resistance to mode II interlaininar fracture and fatigue is 

considerably lower. When a very fine crystalline structure and poor fiber dispersion are obtained, crack propagation 

also occurs in the matrix very close to the fiber-matrix interface with however considerably more glass fibers visible 

on the fracture surface. In this condition, the resistance to interlaininar fracture and fatigue is also considerably 

lower. 

In monotonic loading, fiber nesting and associated matrix shearing are related to the significant increase in the 

mode II interlaininar fracture resistance as the crack propagates. Thus, the (1* —LIc,subcritical values reflect the mode II 

interlaininar fracture resistance of the glass/PP composite under different molding conditions; whereas, the 

difference between the GIIc,instability and the GIIc,subcritical values is more indicative of the effect of fiber nesting 

and matrix shearing on the crack propagation resistance. In cyclic loading, fiber nesting and matrix shearing may 

also contribute to the increase in fatigue resistance. 
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Based on fractographic measurements, a linear relationship between the size of cusps and AGIT is suggested, which 

indicates that the formation of cusps in fatigue is related to the plastic zone size. 
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Table 1 Description of the molding conditions. 

Molding 

Condition 

Molding 

Temperature (°C) 

Holding 

Time (min) 

Cooling 

Rate (°Chnin) 

NM 200 5 10 

SC 200 5 0.5 

LTM 163 20 10 

Table 2 Melting temperature at peak of fusion, degree of crystallinity, average and maximum spherulite size of the 

PP matrix in the glass/PP composite for the NM, SC and LTM conditions. 

Molding 

Condition 

Melting 

Temperature (°C) at 

Peak of Fusion 

Degree of 

Crystallinity 

Xe (%) 

Average 

Spherulite 

Size (µun) 

Maximum 

Spherulite 

Size (um) 

NM 160.0 ± 0.1 44 ± 5 26 40 

SC 162.0 ± 0.1 44 ± 5 34 60 

LTM 169.7 ± 0.1 49 ± 5 < 10 --, 10 

Table 3 Mechanical results of the glass/PP composite for the NM, SC and LTM conditions. 

Molding 

Condition 

Young's 

Modulus 

(GPa) 

Flexural 

Modulus 

(GPa) 

Flexural 

Strength 

(IV1Pa) 

Interlaminar 

Shear Strength 

(IVIPa) 

NM 25.7 24.6 470 51 

SC 27.8 25.5 405 47 

LTM 29.1 25.6 395 15 
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Table 4 Values of Glle,subcritical and GIIc,instability of the glass/PP composite 

for the NM, SC and LTM conditions. 

Molding 

Condition 

GIIc,subcritical 

(J/m2) 

GIIc,instability 

(J/m2) 

NM 2600 5900 

SC 1000 1100 

LTM 1200 2000 

Table 5 Values of k and n in Eq. 4 and of da/dN at AGH = 500 J/in2

of the glass/PP composite for the NM, SC and LTM conditions. 

Molding 

Condition 

k value 

in Eq. 4 

(inin/cycle) 

n value 

in Eq. 4 

da/dN value at 

AGH = 500 J/m2

(mm/cycle) 

NM 3 .1 x10-17 4.3 1.4x10-5

SC 1.1x10-16 4.4 1.0x10-4

LTM 1.0x10-16 4.8 1.1x10-3 
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FIGURE CAPTIONS 

Fig. 1 Schematic representation of the ENF specimen. Symbol P designates the applied load. 

Fig. 2 Micrographs of etched pre-polished surfaces of the glass/PP composite in the: a) NM, b) SC and c) LTM 

conditions. 

Fig. 3 Normal distribution of spherulite sizes in the NM and SC condition. 

Fig. 4 Endothermic heat flow plotted against temperature from DSC. 

Fig. 5 Comparison between the experiinental and calculated (Eq. 2) values of compliance during: a) monotonic 

and b) cyclic loading of the glass/PP composites in the NM, SC and LTM conditions. 

Fig. 6 Load-deflection curve of the glass/PP composite obtained for the NM, SC and LTM conditions. The arrows 

indicate the onset of subcritical crack propagation. Crack instability is taken to occur at the maximum load. 

Fig. 7 Mode II interlaniinar fracture micrographs for the NM condition: a) at the onset of subcritical crack 

propagation (Aa 0 min); b) after crack instability (Aa = 12.4 min); c) near the crack instability (Aa = 6.4 min). U-

shaped dimples (U), matrix shearing (II) and detached fiber (F) are indicated. The crack propagation direction is 

from left to right in all fractographs presented in the present paper. 

Fig. 8 Mode II interlaininar fractographs for the SC condition: a) at the onset of subcritical crack propagation (Aa 

0 min); b) after crack instability (Aa = 11.9 min); c) near the crack instability (Aa = 0.2 min). Surface rubbing (R), 

matrix shearing (II) and stretching (I) are indicated. 

Fig. 9 Mode II interlaininar fractographs for the LTM condition: a) at the onset of subcritical crack propagation 

(Aa 0 min); b) after crack instability (Aa = 19.5 min, GIIc = 2694 J/in2). Matrix shearing (II) and detached fiber 

(F) are indicated. 

Fig. 10 Schematic of transpherulitic and interspherulitic crack propagation in mode II. 

Fig. 11 Fatigue crack growth rates (da/dN) plotted against AGH for glass/PP composites in the NM, SC and LTM 

conditions. 

Fig. 12 Mode II interlaininar fatigue fractographs for the NM condition: a) low magnification and b) high 

magnification at low fatigue crack growth rates (a = 33.7 min, da/dN = 1.1x10-5 min/cycle, AGll = 420 J/in2); 



Bureau et al. JTCM2000-63 25 

c) high magnification at intennediate fatigue crack growth rates (a = 43.3 min, da/dN = 8.5x10-5 min/cycle, AGIT = 

800 J/in2). Shear cusps (C) and matrix shearing (II) are indicated. 

Fig. 13 Mode II interlaininar fatigue fractographs for the SC condition: a) low magnification and I)) high 

magnification at intennediate fatigue crack growth rates (a = 46.5 irun, da/dN = 1.1x10-4 minkycle, OGII = 500 

J/in2); c) high magnification at high fatigue crack growth rates (a = 51.2 imn, da/dN = 6.0x10-4 mnilcycle, OGII = 

700 J/in2). Shear cusps (C) and surface rubbing (R) are indicated. 

Fig. 14 Mode II interlaininar fatigue fractographs for the LTM condition: a) low magnification and b) high 

magnification at high fatigue crack growth rates (a = 44.5 inin, da/dN = 9.1x10-4 min/cycle, AGIT = 500 J/in2). 

Shear cusps (C) are indicated. 

Fig. 15 Cusp size measurements plotted vs. the values of AGH for the NM and LTM conditions. The measurements 

of cusp size are reported with a precision of± 1.0 gm; the values of AGll are reported with a precision of ±5%. 
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