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ABSTRACT 

Influence of spruce fibre reinforcement on the polypropylene matrix has been studied in terms of microstructural 
and mechanical properties. Pure PP properties have been compared with PP reinforced by different spruce fibre 
weight fractions. Results have shown that addition of spruce fibres causes the appearance of a β  crystalline 
phase and an increase of the PP degree of crystallinity. It leads simultaneously to a higher Young’s modulus and 
an important loss in tensile strength and elongation at break. Fracture tests coupled with digital image correlation 
technique for measuring strains in the crack tip vicinity have put in light the better accommodation of overstrains 
in the composite material, which explains its higher toughness.               

 
 

1. INTRODUCTION 
Over the past decade, the high modulus fibres such as glass, kevlar, carbon …were used in 
numerous technical fields where high strength and stiffness are required. However, these 
classic fibres often cause considerable problems in terms of reuse and environmental impact 
[1]. Their composites end up in landfills, while some are incinerated after use and may 
contribute to pollution.  
 In recent years, manufactured industries have shown environmental awareness in choosing 
materials and fibre reinforcements. The tendency to selecting biodegradable fibres has been a 
natural choice for reinforcing polymers to make them “greener”. These fibres offer several 
advantages such as cheapness, low weight, easy degradability, low abrasion, good acoustic 
and thermal insulation properties; they may turn out to be one of the material revolutions of 
this century [2-4].  
The further effort aims at the development of  “fully biodegradable” composites by 
combining naturals fibres with biodegradable resins [1]. At the end of their life, they can be 
easily disposed of or composted without harming the environment.  
Currently, polypropylene is used for a large number of applications because it is cheap, 
lightweight, easily recyclable and modifiable to achieve specific requirements [5,6]. 
Polypropylene has been the fastest growing major plastic at some 7% per year [7]. In order to 
be able to meet the high demands on stiffness and strength, polypropylene must often  be 
reinforced. A variety of natural fibres are available for reinforcement in polypropylene, for 
example: flax, hemp, sisal, bamboo [8]…In this study, spruce fibres have been incorporated 
into polypropylene with different fibre weight fractions in order to investigate their effects on 
this polymeric matrix.  
The influences of spruce fibres on polypropylene have been examined in terms of mechanical 
and microstructural properties.  
The addition of spruce fibres in PP matrix modifies microstructural properties of the polymer.  
These modifications have been studied by using two different experimental techniques: DSC 
and WAXS.   
Mechanical properties of pure polypropylene and polypropylene reinforced with short spruce 
fibres have been studied in both tensile and fracture tests. The tensile behaviour has been 
studied as a function of fibre weight fraction and experimental results are compared with 
some theoretical models. In addition, a particular investigation on fracture mechanisms has 
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also been carried out on CT (Compact Tension) specimens made of pure polypropylene and 
of polypropylene reinforced by 30% of spruce fibres. 
A recent study in fracture behaviour of polypropylene has shown the complexity of the crack 
tip damage zone [9] but the influence of natural fibres on fracture behaviour of this material is 
still a new subject. In order to compare fracture mechanisms in the two materials, digital 
image correlation method [10] has been used to obtain whole-field strain measurements 
around the crack tip.    
  
 
2. MATERIALS AND SAMPLE PREPARATION 
The used polypropylene (PP) is the APPRYL 3400 MA1 supplied by ATOFINA. It is an  
homopolymer polypropylene obtained by controlled rheology and presenting an isotacticity of 
90% with the crystal form α . This polymer has a density of 0.905 g/cm3 and a Melt Flow 
Index of 42g/10 min. 
Spruce fibres come from industrial waste, with length and diameter about respectively 
800 mµ and 400 mµ . Fibres have a powder form, a cream colour and a density of 0.4 g/cm3.  
Polypropylene and spruce fibres were extruded in a twin screw extruder. The extruded strands 
were quenched in cold water and then granulated in a cutting mill. Five proportions of fibre 
weight have been prepared: 1%, 5%, 10%, 30% and 40%. PP with or without fibres was then   
injected into two kinds of panels with thickness of 4mm or 8mm. Tensile specimens were cut 
out from 4mm thick-panels. Compact Tension (CT) specimens for fracture tests were cut out 
from 8mm thick-panels and a pre-crack was created by forcing a razor-blade into the notch 
root. The initial length of the pre-crack was about 400 mµ  depending on the specimen.   
  
 
3. MICROSTRUCTURE CHARACTERISATION 
Experimental conditions 

Two techniques have been used in order to characterise the material microstructure: 
the differential scanning calorimetry (DSC) and the wide-angle X-ray scattering (WAXS).  
For DSC testing, we used the MDSC 2920 from TA Instruments. All samples were heated  at 
a rate of 5°C/min in nitrogen atmosphere. Thermograms show endothermic peaks of 
crystalline phase melting. By measuring peak areas, it is possible to determine the degree of 
crystallinity of polypropylene and peak minima give the melting temperature values.   

WAXS patterns were taken by a goniometer using Cr radiation with a step of 0.015°. 
X-ray diffraction patterns show diffracted peaks that can be associated to crystalline planes, 
by using the Bragg law. Presence of β  phase crystal, which did not exist in the pure PP, has 
been detected in WAXS scans. The relative content of β  phase, note , can be calculated 
according to equation (1), suggested by A.Turner Jones [11]. 
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“Fig. 1. Thermograms obtained by DSC at 5°C/min.” 
 

 
 

“Fig. 2. WAXS patterns of PP and spruce fibres/PP composites.” 
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Thermograms obtained by DSC from PP and PP reinforced with spruce fibres are presented in 
figure 1 and results are listed in table 1. All thermograms show a large endothermic peak due 
to the α  phase melting. Melting temperature values measured for this large peak are slightly 
smaller in composite materials than in pure PP (table 1). A small peak located at about 147°C 
has also been detected in thermograms of the composites for a fibre weight ratio greater than 
5%. This second endothermic peak corresponds to the melting of β phase in polypropylene 
[12]. Measurements of the total degree of crystallinity have shown that the higher the fibre 
weight fraction, the higher the crystallinity degree of the PP matrix.  
The WAXS data obtained from different samples are presented in figure 2. The highest peaks 
corresponding to the α phase can be found at scattering angles of 14°(110), 17°(040), 
18,5°(130), 21°(111) and 22°( 1 31 and 041). The β  phase can be detected thanks to the 
presence of a peak located at 16°(300). The proportion of β phase has been measured by 
formula (1) and was found to increase with the fibre weight fraction: from 9.2% for 5% of 
fibres to 20.4% for 40%  fibres (see in table 1).    
 
“Table 1. Microstructure properties of PP with and without spruce fibres (Tf : melting temperature, Xv : degree 

of  crystallinity, : proportion of βk β phase ).” 

 
Materials Tf(°C) Xv (%) βk  (%) 

PP/ 0% spruce 167.4 ± 0.8 61.4 ± 0.4 0 
PP/ 1% spruce 166.3 ± 0.1  0 
PP/ 5% spruce 166.3 ± 0.1  9.2 ± 0 
PP/ 10% spruce 166.8 ± 0.5 61.3 ± 0.5 8.7 ± 0.8 
PP/ 30% spruce 166.8 ± 0 66.2 ± 2.2 19.7 ± 4.5 
PP/ 40% spruce 166.6 ± 0 68.9 ± 2.1 20.4 ± 3.6 

 
 
 
4. MECHANICAL ANALYSIS  
Tensile behaviour 
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“Fig. 3. Tensile behaviour of pure PP and spruce fibre/PP composites.” 
 
Tensile tests have been carried out with an Instron machine at a constant crosshead 
displacement rate of 20mm/min at room temperature. Experimental stress-strain curves for 
pure PP and spruce fibres reinforced PP materials are plotted in figure 3. The elastic modulus 
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has been obtained from the initial slope of the true stress-strain plot measured by a clip-on 
extensometer. Experimental values of tensile properties are summed up in table 2. 
 
 

“Table 2. Tensile properties of materials (E: Young‘s modulus, yσ : yield stress, fσ : tensile strength, fε : 

elongation at break).” 
 

Materials E (MPa) yσ (MPa) fσ (MPa) fε (%) 
PP/ 0% fibre 1880 51 ± 41.5 ± 0.03 49.5 ± 14.50 88.5 31.5 ±
PP/ 1% fibre 1967.6 ± 4.3 41.25 ± 0.05 41.25 ± 0.05 8.55 0.1 ±
PP/ 5% fibre 2015 1.7 ± 37.44 ± 0.02 36.95 ± 0.52 7.5 1.0 ±
PP/ 10% fibre 2013 1.0 ± 31.5 ± 0.45 31.1 ± 0.50 7.1 0.1 ±
PP/ 30% fibre 2370 6.0 ± 25.2 ± 0.05 24.5 ± 0.65 4.6 0.7 ±
PP/ 40% fibre 2505 50 ± 22.5 ± 0.25 22.9 ± 0.10 3.25 0.2 ±

 
 
Experimental results show that tensile mechanical properties (Young’s modulus, yield stress, 
tensile strength, and elongation at break) depend strongly on the spruce fibre weight fraction. 
Young‘s modulus increases with the fibre weight ratio. Otherwise, tensile strength, yield 
stress and elongation at break decrease sharply when the fibre content increases. These results 
put in light that spruce fibre addition in PP matrix makes the material stiffer but considerably 
more brittle.   
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“Fig. 4. Comparison of theoretical and experimental Young’s modulus for spruce fibres/PP composites.” 

 
 

Experimental values of Young’s modulus have been compared with modulus obtained by 
several predictive models in which the influences of fibre content and fibre aspect ratio were 
taken into account [13-17]. In figure 4, experimental and calculated values are presented. One 
can see that many predictive models overestimate the Young’s modulus values. Experimental 
values come in between the “series” model and the “Bowyer-Bader” model values.     
 
 
Fracture mechanical behaviour 
Global fracture behaviour  
Fracture behaviour has been studied by testing a CT specimen in mode I crack propagation. 
Tests have been performed at a 1mm/min crosshead velocity with normalised specimens [18] 
made of pure PP and  PP reinforced with 30%  spruce fibres.  
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“Fig. 5. Global fracture behaviour of unfilled PP and PP with 30% of spruce fibre.” 
 
 

Comparison of their global fracture behaviours is shown in figure 5. One can see in this figure 
that spruce fibre addition allows the maximal applied load to be increased and the total failure 
just after the maximum loading to be avoided, as is the case for the pure PP. Toughness  

have been found to increase from 2.2 MPa
ICK

m  in pure PP to 2.8 MPa m  in 30% spruce 
fibre/PP composite. 
 
The digital image correlation method 
The optical technique developed in our laboratory [10] has been applied to obtain 
displacement fields and consequently strain fields around the crack tip. The principle of this 
technique is to record the random grainy pattern created on the specimen surface before and 
after loading the sample. Then, at each of measurement point, by correlating sub-windows in 
these two pictures, it is possible to determine the in-plane displacement vectors resulting from 
the difference in loading. We have developed in our laboratory a GRANU.EXE program to 
correlate directly the two pictures based on calculation of direct correlation of the two sub-
windows. The strain measurement is obtained by using a finite-element-method software to 
calculate the spatial derivative of the displacement. Each measurement point becomes a node 
of the finite-element mesh and the measured displacement vectors are imposed as boundary 
conditions.    
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 F“Fig. 6. Mesh used for correlation calculation.” 
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The digital image correlation method has been applied to the CT specimens in pure PP and in 
PP with 30% spruce fibres. An optical and mechanical assembly was designed and mounted 
in testing machine in order to record digital images.  
Figure 6 presents the mesh used for correlation calculations around the crack tip. Each node is 
a measurement “point” covering a small square of 360 mµ *360 mµ area. The nearest point 
from the crack tip is located at a distance of about 0,375 mm from it.  
Experimental longitudinal strain maps measured at the maximal applied loads are presented in 
figure 7 for both materials. Comparison of the two maps highlights the differences in strain 
distribution at the crack tip in PP and in PP reinforced with 30% spruce fibres. It can be seen 
on figure 7 that for pure PP, zones of high strain values are oriented in ± 45° directions ahead 
of the crack tip. In contrast, the presence of spruce fibres modifies this distribution and leads 
to a larger zone of strain concentration around the crack tip.              
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“Fig. 7. Experimental longitudinal YYε strain maps measured in front of the crack tip by digital image co

method at maximal applied loads: 335N for pure PP and 464 N for spruce fibre/PP composite.” 

F F

 
 
In order to compare more precisely longitudinal strain values measured at the crack tip
two materials, we have also plotted the measured longitudinal strain YYε values along 
section (figure 8).  
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Figure 8 shows that the longitudinal strain values measured at the maximal applied loads are 
higher in the composite material than in the pure PP. At the crack tip, the longitudinal strains 
reach the value of 8.7% in the composite material and only 4.5% in the unfilled PP. 
Moreover, it can be seen in figure 8 that negative strain values have been measured at a 
distance greater than 7 mm from the crack tip. It corresponds to the compressive zone in the 
CT specimen due to the global bending effect.         
All these results show that the ability of the PP reinforced with 30% of spruce fibres to 
accommodate overstrains at the crack tip is better than that of the unfilled PP. This explains 
the higher toughness of the composite material.  

 
 

 
Crack observation by SEM 
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“Fig. 9. Crack views obtained by SEM imaging at specimen surface just before reaching the maximal applied 

loads.” 
 
The crack aspect at the specimen surface has been recorded by SEM imaging just before 
reaching the maximal applied loads for each material. As can be seen in figure 9, the process 
zone ahead of the crack tip is totally different for the two materials. For the unfilled PP, the 
process zone in which craze-like damage has developed, is linear, as has already been 
described in literature [9]. A close inspection of the crack aspect in the pure PP shows a 
whitening zone, which corresponds, to the high strain value zone measured by digital image 
correlation (figure 7).               
The process zone in the PP reinforced with spruce fibres is completely different. It can be see 
in figure 9 that, in this material, the presence of spruce fibres has prevented a linear damage 
development; on the contrary a very tortuous damage zone can be observed on the SEM 
image.     

 
 

5. CONCLUSION 
The addition of spruce fibres in polypropylene was studied in terms of microstructural and 
mechanical properties. It has been show that the presence of spruce fibres in polymer matrix 
causes the appearance of crystalline β phase and increases the polymer crystallinity. It leads 
to a stiffer but more brittle material in tension and it increases its toughness, modifing the 
distribution of the high strain zone in front of the crack tip.                         
 
 

 8



ACKNOWLEDGEMENTS  
The authors are grateful to the Agency for Environment and Energy Management (ADEME) 
and Poitou-Charentes Region for their financial support.   
 
 
REFERENCES 
1. Nikel, J. and Riedel, U., "Activities in biocomposites", Materialstoday,(2003), 44-48. 
2. Marsh, G., "Next step for automotive materials", Materialstoday,(2003), 36-43. 
3. Nabi Saheb, D. and Jog, J.P., "Natural fiber polymer composites: A review", ADV POLYM TECH, 
18/4,(1999), 351-363. 
4. Robson, D. and Hague, J.,  "A comparison of wood and plant fiber properties", Woodfiber-Plastic 
Composites Conference, Madison, Wisconsin, (1995), 41-46. 
5. Cabrera, N., Peijs, T. and Schimanski, T., "All-Polypropylene composites for ultimate recyclability", 
EcoComp2001, London, (2001). 
6. Elmajdoubi, M. and Vu-Khanh, T., "Effect of cooling rate on fracture behaviour of polypropylene", 
THEOR APPL FRACT MEC, 39/(2003), 117-126. 
7. Peijs, T., "Composites for recyclability", Materialstoday,(2003), 30-35. 
8. Wu, J., Yu, D., Chan, C.-M., Kim, J. and Mai, Y.-W, "Effect of fiber pretreatment condition on the 
interfacial strength and mechanical properties of wood fiber/PP composites", J APPL POLYM SCI, 76/(2000), 
1000-1010. 
9. Zebarjad, S.M., Bagheri, R., Lazzeri, A. and Serajzadeh, S., "Fracture behaviour of isotactic 
polypropylene under static loading condition", MATER DESIGN, 24/(2003), 105-109. 
10. Brillaud, J. and Lagattu, F., "Limits and possibilities of laser speckle and white -light image-
correlation methods: theory and experiments", APPL OPTICS, 41/31,(2002), 6603-6613. 
11. Turner Jones, A., Aizlewood, J.M. and Beckett, D.R., "Crystalline forms of isotactic polypropylene", 
MAKROMOL CHEM, 75/(1964), 134-158. 
12. Vleeshouwers, S., "Simultaneous in-situ WAXS/SAXS and DSC study of the recrystallization and 
melting behaviour of the alpha and beta form of iPP", POLYMER, 38/13,(1997), 3213-3221. 
13. Kalaprasad, G., Joseph, K. and Thomas, S., "Theoretical modelling of tensile properties of short sisal 
fibre-reinforced low-density polyethylene composites." J MATER SCI, 32/(1997), 4261-4267. 
14. Duedal, D. and Geier, M., "Guide Pratique des matériaux composites en résines thermodurcissables 
renforcées", Lavoisier,(1983), 96-103. 
15. Li, Y., Mai, Y.W. and Ye, L., "Sisal fibre and its composites: a review of recent developments", 
COMPOS SCI TECHNOL, 60/(2000), 2037-2055. 
16. Bernal, C., Cabral, H. and Vazquez, A., "Mechanical properties of jute-PP composites", ECCM-10, 
Belgium, (2002). 
17. Reiterer, A., Sinn, G. and Stanzl-Tschegg, S.E., "Fracture characteristics of different wood species 
under mode I loading perpendicular to the grain", MATER SCI ENG, A332/(2002), 29-36. 
18. Williams, J.G. and Cawood, M.J., "European Group on fracture: Kc and Gc methods for polymers", 
POLYM TEST, 9/(1990), 15-26. 

 9



<<
  /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


