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ABSTRACT
It is often suggested that optimization of the fibre-matrix interfacial 
adhesion is essential to improve the mechanical performance of 
natural fibre reinforced thermoplastic compounds. The use of such 
composites in many applications often requires characterisation of 
performance over a range of temperatures. This paper presents 
a study on the measurements of the interfacial adhesion of coir 
fibre with various polyolefin matrices at room temperature. We 
then present a novel adaptation of a dynamical mechanical analy-
ser to enable the measurement of interfacial shear strength over 
the temperature range of −40°C to 120°C. Results from these mea-
surements are presented and discussed in terms of the relationship 
of apparent IFSS to residual thermal stresses in such thermoplastic 
composites.
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1. Introduction

During the last decades, natural fibres (NF), considered to be an environmentally 
sustainable alternative to some human-made fibres and mineral fillers, have been 
increasingly proposed for use as reinforcements in composite materials [1–3]. Aspects 
such as governmental environmental regulations, and increasing social awareness of 
sustainability, have been driving the increasing interest of these ‘green’ materials, and 
particularly natural fibre reinforced polymer matrix composites. However, despite the 
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potential of this kind of composite, especially with regard to natural fibre reinforced 
thermoplastics composites (NFTC), different issues in relation to their performance and 
technical applicability have to be resolved before their implementation on a larger 
industrial scale [4–8].

In relation to the mechanical properties of natural fibres, one of the critical aspects of 
their use as reinforcement in thermoplastics, is the risk of fibre degradation at high 
thermoplastic processing temperatures [6,9]. In this regard, there is a clear limitation in 
the number of thermoplastics that can be used for NFTCs. Thermo-mechanical degrada-
tion influences the performance of, generally negatively, and it is crucial to understand 
their behaviour at composite processing temperature conditions. Natural fibres are 
usually polar, having inherently low compatibility with non-polar matrices, such as 
polypropylene (PP) and polyethylene (PE) [10]. For this reason, in order to fully exploit 
their potential in NFTCs, it is necessary to enhance the stress transfer capability of the 
fibre–matrix interface [3,6–8]. Established treatments, such as maleic anhydride grafted 
polyolefins or silane modifications, normally applied for human-made mineral/inorganic 
fibres, have not been as successful in NFTCs [3,8,11,12]. Consequently, a deeper under-
standing of the fibre-matrix interfacial behaviour, including the dependency of apparent 
properties on the geometry of the fibre and of the samples, is a fundamental requirement. 

Figure 1. Micromechanical tests: (a) pull-out, (b) microbond, (c) fragmentation, and push-out.
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Moreover, understanding the relationship between fibre, matrix and interfacial proper-
ties, and NFTCs performance is vital, as it should provide clear insights into potential 
routes for improvement.

The nature of interfacial bonding influences the elastic and fracture properties of the 
composite in different ways [13]. When analysing fibre reinforced composites, single- 
fibre experiments are normally used to investigate the interfacial bond strength. These 
micromechanical tests include four main categories: pull-out, microbond, fragmenta-
tion, and push-out as illustrated in Figure 1. However, the direct measurement of 
interfacial properties often relies on many assumptions which can potentially lead to 
serious inaccuracies. The parameters that can affect the results of such interfacial 
measurements have been extensively discussed in the literature [14–25]. These include 
fibre diameter, embedded length, geometrical loading configuration or symmetry of the 
specimen. Moreover, most of these types of measurements involve shear debonding 
and consequent sliding. However, an interface exhibiting high shear debonding stress 
may not necessarily exhibit strong normal debonding stress. Therefore, it is necessary 
to take into consideration this factor when relating interfacial data to macroscopic 
composite behaviour. Furthermore, the fact that these tests are carried out in artificial 
single-fibre composites, which do not include neighbour fibres, may also lead to 
different results.

In the case of characterising the interface in NF composites there are a number of 
challenges to be considered when choosing which of these techniques to use. The 
pushout test relies on the internal structure of the fibre being robust enough to transmit 
the stress applied by the indentor uniformly across the fibre cross-section. However, the 
weak internal structure of NFs is well known and would be suspect in this technique. 
Furthermore, the samples for the push-out test require polishing (often on both sides). 
The high level of moisture sensitivity of NFs could very probably lead to major changes in 
fibre and interface properties during such polishing. For these reasons the push-out test 
was not selected in this investigation.

A major requirement for a useful interpretation of the fragmentation test results is the 
ability to obtain a very accurate characterisation of the fibre tensile strength at a range of 
gauge lengths in order to extrapolate a value of fibre strength at the short gauge length 
obtained during the multiple fracture of the single test fibre. This requirement is already 
a challenge for those employing this test method on man-made fibres. However, in this 
context NF present further major challenges in terms of the very high variability of many 
fibre parameters such as cross-section shape and area, surface roughness, uniformity of 
cross-section along the test gauge length, linearity of fibre shape, and of course, the 
varying individual internal structure of each fibre which determines load at failure. It is 
considered that these major experimental challenges immediately preclude the use of the 
fragmentation test for interface characterisation in NF composites. This leaves the two 
test methods which involve pulling an embedded single fibre out of a sample of the 
polymer matrix. The microbond test is often used in fibre-matrix combinations with high 
levels of adhesion which necessitate very short embedded lengths if the failure mode is to 
be interfacial failure and not fibre tensile failure. Given the low levels of expected 
adhesion strength in NF composites it was not deemed necessary to use this test method. 
Moreover, initial exploration of microbond sample preparation using coir fibres indi-
cated that the yield of axisymmetric droplets on the fibres (a necessary condition of the 
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microbond test) was very low. This was possibly due to the much larger and irregular 
diameter of coir fibres in comparison the carbon and glass fibres used in the development 
of the microbond test.

Hence, by the above process of elimination, we arrive at the single fibre pullout test as 
the preferred method for micromechanical testing of interfacial strength in the coir-PP 
system. In order to obtain useful interfacial strength results using this test method it is 
still necessary to overcome a number of experimental challenges in both sample pre-
paration, test setup, and data analysis. These include

● Fibre degradation at PP processing temperatures
● PP degradation in the preparation of small-scale samples
● Accurate characterisation of the non-circular fibre perimeter (for the calculation 

embedded area)
● Test sample preparation with curved fibres
● Sample mounting jigs for using in tensile testing
● Accurate control of testing environment for measurement of temperature depen-

dence of interface strength
● Data reduction method to obtain interface parameters from load displacement 

curves obtain in testing

In this paper, we describe methods which have been developed to overcome these issues 
to enable useful values for the interfacial shear strength (IFSS) of the coir-PP system to be 
obtained by single fibre pullout (SFP) testing.

Figure 2. Coir fibres as received.
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2. Materials and methods

2.1 Materials

The coir fibre and polymers used for this study were provided by SABIC (Geleen, the 
Netherlands). Coir fibres were used as delivered for pull-out testing. An example of the 
highly curved and coiled nature of the coir fibres is shown in Figure 2 where the wide 
range of fibre diameters can also be observed. The matrices used for composites and pull- 
out testing were homopolymer (hPP) polypropylene 579S with melt flow index (MFI) of 
47 g/10 min, and copolymer (cPP) polypropylene 513MNK10 with MFI 70 g/10 min. 
Maleic anhydride grafted polypropylene (MaPP) Exxelor PO 1020 (density 0.9 g/cm3 and 
melt flow index 430 g/10 min at 230°C, 110 g/10 min at 190°C) with a ‘very high’ maleic 
anhydride content range (0.5 to 1%) was used to enhance interfacial interaction in hPP 
samples. In the case of LDPE, 1922SF, with a MFI (190°C and 2.16 Kg) of 22 g/10 min was 
used. Maleic anhydride modified high-density polyethylene (MaPE) Polybond 3029 
(density 0.95 g/cm3 and melt flow index 4 g/10 min at 190°C) with a ‘very high’ maleic 
anhydride content range (1.5 to 1.7%) was used to enhance interfacial interaction in 
LDPE samples.

2.2 Sample preparation

As illustrated in Figure 1 the SFP test requires samples with a single fibre embedded in 
a block of polymer. The aim in this work was to create a pull-out sample with similar 
geometrical configuration to the idealised sample proposed by Scheer and Nairn [23], 
illustrated in Figure 3. In this pull-out configuration, a cylindrical sample, in which a fibre 
is embedded along the central axis of the cylinder, is restrained on the top surface of the 

matrix
Fixing device

Figure 3. Cylindrical pull-out sample in the pull-out configuration.
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cylinder. Yang and Thomason have reported the absolute necessity of preparing PP- 
based samples for micromechanical testing in an inert atmosphere to avoid major errors 
that can be obtained due to thermo-oxidative degradation of the PP [26]. Since degrada-
tion of NF is also an issue at PP processing temperatures, the sample preparation 
methodology had to involve maintaining the process under an inert atmosphere. The 
sample preparation technique also had to take into consideration the high curvature and 
diameter variability of coir fibres, which is illustrated in Figure 2.

The method and jigs developed for sample preparation methods are illustrated in 
Figures 4 and Figures 5. Fibres are held straight in the jig with the help of a metal frame, 
which has a series of 10 mm diameter cylindrical moulds for melting typical polymer 
pellets into cylindrical blocks in which the fibres are embedded. In the first step fibres 
were threaded through holes on plate 1, and thereafter fixed on the underside of the plate 

Gas inlet 

Thermocouple 
connection 

Surface directly
placed on hot plate

Cylindrical
moulds

Straighten
fibres

Chamber 

Figure 4. General diagram of the sample preparation frame.
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with double sided tape, as shown in Figure 6 (a). Once all the fibres were threaded 
through the respective holes in the plate, it was placed on the base plate, which provided 
additional gripping of the fibres, Figure 6 (b). These actions were repeated for the second 
plate 1, providing 12 individual samples in total. Thereafter, the two plates with the 
cylindrical moulds were put through the fibres and located on top of plates 1. The mould 
plates were compressed against the base plate with the help of two nuts mounted on 
perpendicular threaded bars, which are directly screwed in the base plate.

Once this operation was completed, the fibres were threaded through the holes of 
the second plate (plate 2), and once they are perfectly straight between both plates (i.e. the 

Figure 5. Metal frame and chamber with the gas connection.
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Figure 6. Pull out sample preparation schematic sequence.
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fibres were perpendicular to the planes represented by plate 1 and plate 2), they were 
fixed with double-sided tape. Both plates 2 were supported and fixed by nuts on the 
threaded bars. Thereafter, two additional plates were compressed against plates 2 for 
additional gripping of the fibres, as can be seen in Figure 6(c). At this point, the 
cylindrical mould cavities were filled with polymer pellets. The assembly was then 
enclosed in its chamber, which is fixed directly to the base, as shown in Figure 6 (d). 
A thermocouple wire and the gas inlet were then connected to the chamber and the 
chamber was flushed with dry nitrogen.

In order to melt the pellets, the base of the assembly was placed directly on the surface 
of a hot plate pre-heated to 230°C. The total time that the assembly was placed on the hot 
plate was fixed at 18 minutes for PP and PE samples, which was found to be enough to 
completely melt the polymers. The temperature in the base plate, which is in direct 
contact with the polymer pellets reached a maximum temperature of approximately 200° 
C, after 18 minutes on the hot plate, as illustrated in Figure 7. However, it can also be 
noted in this Figure that the temperature of the nitrogen atmosphere surrounding the 
fibres remained below 150°C which significantly reduced the likelihood of degradation of 
the coir fibre [9,27].

After the 18 minutes, the assembly was removed from the hot plate and allowed to cool 
down at room temperature at which point the parts can be disassembled. The fibres were 
cut next to the points where they were fixed by the double-sided tape which then allowed 
for easy demoulding of the cylindrically shaped polymer samples. Thereafter, the remain-
ing part of the fibre below the polymer block was removed with a scalpel. Additionally, 
any sharp edges in the outer cylinder face were also removed with a scalpel. An example 
of the samples produced is shown in Figure 8.
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Figure 7. Evolution of the temperature of the mould and chamber atmosphere versus time for the hot 
plate at 230°C with a N2 flow of 200 ml/min.
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Figure 8. Example of typical Coir-PP cylindrical pull-out samples.

Figure 9. Instron pull-out frame. (a) Schematic drawing of the frame. (b) Instron set-up.
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2.3 Room temperature single fibre pull-out test

A cylindrical fixing device was manufactured, illustrated in Figure 9, to be fitted to the 
main frame of an Instron 3342 tensile testing machine, which was used for the pull-out 
testing. A 100 N load cell was used for the measurements. After positioning the pull-out 
samples in the frame as showed in Figure 9, fibres were clamped at approximately 5 mm 
above the top surface of the pull-out frame, which resulted on a total free length of 
approximately 7 mm. Fibres were pulled at a cross-head displacement rate of 0.5 mm/ 
min.) Load-displacement curves were recorded using Bluehill2 Software and post- 
processed to find the peak load (Fmax). Subsequently, the peak load, fibre perimeter (Pf) 
and embedded length (Le) were used to calculate the apparent IFSS (τapp). 

τp ¼
Fmax

Pf Le
(1) 

2.4 Fibre embedded length and perimeter measurement

The embedded interfacial area of each pull-out sample was characterised by measuring 
the embedded length and fibre perimeter. The embedded length was measured directly 

Figure 10. Process of determining the CSA (Af) and perimeter (Pf) of natural fibre samples.
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on each polymer cylinder using a calliper. However, when characterising natural fibre 
properties, it is important to take into consideration the non-circular nature of their 
cross-section [28]. It has been shown that assuming an NF has a circular cross-section 
and calculating fibre properties based on diameter measurements from transverse obser-
vations can lead to significant error.

Once the samples had been tested, two pieces of the remaining free fibre were cut off 
and fixed to 250 g/m2 card in a vertical position. These cards were then inserted into 
a mould that was subsequently filled with resin. Once set, the resin blocks were then 
ground and polished using progressively finer grinding papers for final cross-section and 
perimeter analysis, see Figure 10. Fibre cross-section was photographed using an 
Olympus GX51 microscope at different magnifications depending on the size of the 
fibre. For every picture, the cross-section was traced and exported for post-treatment as is 
illustrated in Figure 10. The resulting images were analysed by a macro-written for 
ImageJ. The macro-program converted each image file to a binary image and subse-
quently, after applying the respective scale, measured each area and perimeter by using 
the ‘analyse particles’ feature of ImageJ.

2.5 Controlled environment DMA fibre pull-out testing

Thomason and Yang have previously shown how a thermo-mechanical analyser can be 
modified to provide a well-controlled temperature environment in which to carry out 
interfacial strength testing using a microbond test [29,30]. Downes and Thomason 
further showed how a similar method could be adapted to carry out microbond testing 
in the temperature and humidity controlled environment of a dynamic mechanical 
analyser (DMA) [31]. In this section, we show how further modification of a DMA can 
enable pull-out testing of coir-PP samples can also be carried out in a similar temperature 
and humidity controlled environment.

A DMA Q800 from TA instruments was used in tension mode, to adapt the 
pull-out configuration that was previously illustrated in Figure 3, and which was 
used in the tests carried out at room temperature in the Instron tensile testing 
machine. The schematic diagram of the metallic frame that was developed to 
perform pull-out testing within the DMA, and test set-up are shown in Figure 
11 (a) and Figures 11 (b). In the case of the DMA test, the position of the pull-out 
sample was opposite to the one used in the Instron test. The sample was placed in 
position, putting the fibre through the hole on the frame, and clamping the fibre at 
approximately 5 mm below the bottom surface of the plate in which the sample is 
positioned. Although not used in this study, the developed frame is also able to fit 
within the DMA humidity chamber, as illustrated in Figure 11 (c), which poten-
tially enables investigating the effects of humidity on interfacial properties [31]. In 
the case of sub-ambient temperature testing a TA DMA gas cooling accessory was 
used.

The testing protocol that was developed, aimed to replicate the test on the 
Instron tensile testing machine. After the samples were in position and ready for 
testing, the DMA furnace was closed, and thereafter, equilibrated at the test tem-
perature. This was followed by a 5 min isothermal segment, in order to ensure 
a constant equilibrium temperature in the sample. After that a strain ramp, 
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equivalent to a displacement ramp of 0.5 mm/min, was applied to the fibre. The 
force-displacement curve was recorded by the TA software, and post-processed to 
find the peak debonding load. Once the peak force was obtained, the same process 
for measuring fibre perimeter and embedded length was applied as in the Instron 
pull-out method described above.

 

Connections 
to DMA frame  

Pull-out 
sample (a)  (b)  

(c)  

Clamp  

Moving shaft  

Figure 11. DMA pull-out frame. (a) Schematic drawing of the frame. (b) DMA set-up (picture taken 
after a test at – 40°C). (c) DMA pull-out frame fitted inside the DMA’s humidity chamber.
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Figure 12. Peak load versus embedded area plots for pullout measurement with coir-cPP.

Figure 13. SEM examination of debonded cPP based samples. (a) (b) Coir fibre after being pulled out 
from a cPP+10 wt% MAPP sample. (c) (d) Failed pull-out test in which the fibre broke after it was 
partially pulled-out.

14 J. L. THOMASON AND J. L. RUDEIROS-FERNÁNDEZ



3. Results and discussion

Results of the room temperature Instron pull-out test of coir-cPP system and its 
respective variations in terms of MaPP content, carried out on the Instron machine at 
room temperature are illustrated in Figure 12. The value of the apparent IFSS for each 
system, is represented in the figure as the slope of the least-squares fitted straight line 
forced through the origin. From the R2 values shown in the figure, and the individual data 
points, it can be seen that there is a clear scattering of the data. This relative scattering was 
observed to different extents with all the fibre-matrix combinations studied. Examples of 
the examination under the SEM of cPP-based pull-out samples, are shown in Figure 13. 
The investigation of the embedded surface area of debonded fibres revealed residual 
polymer and the existence of a polymer meniscus, which was especially evident at higher 
concentrations of MaPP (i.e. 5 and 10 wt%). In Figure 13 (b), it can be seen that remains 
of polymer stayed adhered to the fibre’s surface after debonding. Detailed examination of 
this kind of fibre surfaces revealed that the remaining polymer was sheared in the 
direction of the pull-out force. Figure 13(c)andFigure13 (d)clearly illustrates, in 
a sample that failed while the fibre was being pulled-out, how the polymer meniscus 
remained adhered to the fibre, while residual polymer could also be seen on the pulled- 
out fibre surface.

The average IFSS obtained from the individual data point are listed in Table 1 along 
with their 95% confidence limits. In the case of coir-cPP a continuous increase of the 
apparent IFSS was observed for increasing MaPP content up to 10 wt%. It can also be 
noticed in Table 1 that the apparent IFSS of the coir-MaPP sample is equivalent to the 
average value of cPP+10% MaPP. In this case, a two sample t-test showed no significant 
difference at 95% confidence level (p-value = 0.88). Although the average apparent IFSS 
values are equivalent, close examination of the debonded areas of pure MaPP pull-out 
samples, revealed different post-debonded embedded area characteristics. Small polymer 
menisci were detected, but no observable residual polymer was found on the embedded 
area, as illustrated in Figure 14. This observation might indicate different debonding 

Figure 14. SEM examination of a typical debonded coir-MaPP sample.
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behaviours in terms of how the crack propagates along the interface, and how the matrix 
might behave differently when subject to relatively high shear stresses due to the presence 
of a rubbery phase in the PP copolymer, which at the same time could lead to hetero-
geneous interaction between the matrix and the fibre.

Results of the pull-out test of coir-LDPE 1922SF system and its respective variation 
with a 5% MAPE content, carried out with the Instron machine at room temperature are 
illustrated in Figure 15. The value of the IFSS for each system, is represented in the figure 
as the slope of the least-squares fitted straight line forced through the origin. From the 
R-squared values showed in the figure, and the individual data points, it can be seen that 
there is a relatively high scattering of the data. As previously stated, this scattering has 
also been observed, to different extents, through all the previously analysed systems. 
A clear increase in the apparent IFSS is observed for the MaPE modified samples.

Three different temperatures were investigated using the DMA fibre pull-out set-up, 
−40°C, 20°C, and 100°C. Results of the pull-out tests of peak load versus embedded area 
of coir-hPP using the DMA and the Instron tensile testing machine at 20°C are compared 
in Figure 16. It can be seen that the two data sets strongly overlap and that the lines fitted 
according to Equation (1) have slopes which are very close. Although the values from the 
least-squares fit are a good indication of the comparability, the values from individual 
calculations (i.e. from each experimental point) were used to perform a series of two 
samples t-tests to compare both experimental results. The average value for the IFSS 
values obtained using the Instron was 3.2 MPa with a 95% CL of 0.46. The average value 
of the apparent IFSS obtained using the DMA was 3.5 MPa with a 95% CL of 0.68. The 
p value obtained from a two-tailed Student’s t-Test was 0.13 indicating that the difference 
in average apparent IFSS values obtained using the two techniques was not significant at 
the 95% confidence level.
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Figure 15. Peak load versus embedded area plots for pullout measurement with coir-LDPE.
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The DMA pull-out results for peak load versus embedded area for coir-hPP at −40°C 
and 100°C are shown in Figure 17. Comparing the results obtained at room temperature 
in Figure 16 with these data, it can be seen that there is a clear dependency between the 
apparent IFSS and the testing temperature. This temperature dependence of IFSS has 
been reported for a number of other composite systems and is a result of the main 
contribution to the apparent IFSS being from residual radial compressive stresses at the 
fibre–matrix interface [29–31]. Based on the averages of the individual IFSS values it was 
observed that IFSS decreased from 5.2 MPa at −40°C to 3.5 MPa at 20°C and decreased 
further to only 1.7 MPa at 100°C. In all cases these differences in average IFSS values were 
significant at the 95% confidence level. Hence the developed technique for determining 
IFSS at different temperatures using a pull-out set-up in a DMA appears to be able to 
clearly discriminate a temperature effect on the measured level of interfacial adhesion in 
this fibre-matrix system.

Despite the continued high level of focus on the chemical nature of interfacial 
adhesion and interface modification, a number of authors have also commented on the 
role of shrinkage stresses contributing to the stress transfer capability at the fibre–matrix 
interface [11,29,30,32–37]. Thermoplastic composite materials are generally shaped at 
elevated temperature and then cooled. Since in most cases the thermal expansion 
coefficients of polymers are much greater than reinforcement fibres this cooling process 
results in compressive radial stress σR at the interface [32]. Assuming that the coefficient 
of static friction (μs) at the interface is non-zero then Coulombs friction law predicts that 
these compressive stresses will contribute a frictional component τf = μs.σR to the 
apparent shear strength of the interface. In a series of recent publications [38] 
Thomason has examined the level of apparent IFSS in a large number of fibre- 
reinforced thermoplastic systems and shown clearly that the combination of components 
based on residual stress (σR) and physiochemical molecular interactions (τ0) at the 
interface can then fully account for the measured IFSS using 
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Figure 16. Comparison of peak load versus embedded area plots for coir-hPP obtained using Instron 
and DMA pullout setup.
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τapp Tð Þ ¼ τ0 þ μsσR Tð Þ (2) 

where both τapp and σR are functions of testing temperature [29].
It would appear from the foregoing discussion that a case can be made for residual 

thermal stresses contributing a significant amount to the temperature-dependent appar-
ent IFSS measured in the coir-hPP system. Moreover, the relative proportion of this 
contribution is likely high in polyolefin based composites where the levels of other fibre– 
matrix physical and chemical interactions are low. The magnitude of these residual 
stresses can be adequately estimated using any of various model equations [32–35,39] 
which basically calculate the radial compressive strain developed at the fibre–matrix 
interface caused by the difference in the transverse thermal expansion coefficient of the 
fibre (αft) and the coefficient of linear thermal expansion of the polymer matrix (αm) 
combined with the differential temperature between the IFSS testing temperature (Tt) 
and the temperature (T0) below which these strains cannot relax away (normally taken as 
the crystallisation temperature of semi-crystalline polymer such as PP). This residual 
thermal strain can be converted into a radial compressive stress through the modulus of 
the polymer, which is also temperature dependent [39]. Hence 

σR ¼ ò

Tt

T0

αm Tð Þ � αft Tð Þ
� �

Em Tð ÞdT (3) 

This radial compressive can then be converted into a contribution to the apparent IFSS 
through factoring in of the coefficient of static friction. Although values for the magni-
tude of μs in fibre-polymer systems are little reported or quantified in the literature, it 
should be clear that factors such as fibre surface roughness and the role of polymer 
wetting and interfacial interaction will be important in its determination. Consequently, 
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Figure 17. Peak load versus embedded area plots for coir-hPP obtained at different temperature in the 
DMA.
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it may be that many of the chemical modifications applied to thermoplastic composites 
which are assumed to improve adhesion through increased chemical bonding across the 
interface may actually be changing the contribution of mechanical interlocking to the 
apparent adhesion by increasing the level of matrix-fibre wetting and consequently the 
static coefficient of friction.

Values for the temperature dependence of the modulus and expansion coefficient of 
the hPP used in this study have been reported previously [29]. Values for the transverse 
expansion coefficient of fibres are much more difficult to find although for the common 
manmade reinforcement such as glass and carbon their magnitude is so much smaller 
than that of the polymer matrix that their contribution can be reasonably ignored. 
However, that is not the case for natural fibres. There are even fewer values of αft for 
natural fibres available in the literature. Nevertheless, Thomason and Gentles have 
published values for the temperature dependence of αft for flax and sisal fibres [40]. Of 
these two, the internal structure of sisal matches better to that of coir and so we have used 
those values for the calculation of the residual interfacial thermal compressive stresses in 
the coir-hPP system at the three test temperatures used in this study. Similarly, values for 
μs are few and far between in the literature but Thomason has published a value of μs 
= 0.4 for jute fibres in the same hPP [11]. The values calculated using these input 
parameters in Equations 2 and 3 are compared with the temperature dependent IFSS 
values of the coir-hPP system in Figure 18. It can be seen that excellent agreement can be 
obtained between values calculated using Equation 2 and the experimental values of the 
IFSS of coir-hPP at different temperatures. This observation fits very well with the 
hypothesis that the measured value of IFSS in fibre reinforced thermoplastics is mainly 
derived from the combination of residual interfacial radial compressive stresses and static 
friction [38].
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Figure 18. Comparison of coir-hPP experimental IFSS obtained at different temperatures compared to 
values calculated using Equation 2.
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4. Conclusions

A method for sample preparation and testing of the interfacial shear strength of coir- 
thermoplastic systems has been presented and discussed. The sample preparation 
method described minimises the thermal degradation of both the natural fibre and the 
polymer matrix. Furthermore, a metallic frame was developed for an Instron tensile 
testing machine, which enabled the performing of pull-out testing at room temperature. 
Additionally, a metallic frame was also developed for a TA Q800 DMA. This enabled 
pull-out testing to be performed in a controlled atmosphere at various temperatures 
above and below room temperature.

Pull-out testing of coir-copolymer PP at room temperature, along with its respective 

MaPP modifications, revealed an overall trend in which the addition of MaPP led to 
higher apparent IFSS. A similar effect was found in the case of the coir-homopolymer 
PP system. In the coir-cPP system there was no significant increase in IFSS between 
10% addition of MaPP and pure MaPP. The measured average apparent IFSS was 1.6 
MPa for cPP, 4.9 MPa for cPP+10% MaPP and 5 MPa for coir-MaPP. An initial study 
of the interfacial properties of coir-LDPE system and its respective variation with a 5% 
MAPE content also revealed an increase of the apparent IFSS for the MAPE modified 
samples.

A procedure to characterise the temperature dependence of the interfacial properties 
of coir-homopolymer PP by modification of a dynamic mechanical analyser has also been 
presented and discussed. Good comparability between the room temperature pull-out 
data from the Instron tensile tester and the DMA machine was observed. The tempera-
ture dependence of the coir-hPP apparent IFSS showed high inverse dependency on the 
testing temperature. This observation fits well with the hypothesis that the measured IFSS 
in these natural fibre-thermoplastic composites is mainly due to the combination of 
residual interfacial radial compressive stresses and static friction.
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