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Abstract 
 

The performance of natural fiber reinforced polymer composites as a structural material 
mainly depends on the quality of stress transfer in the interphase between fiber and 
polymer in the composite. Till now, researchers have not been able to measure the exact 
thickness and the mechanical properties of interphase in NFRPC. The purpose of this 
project was to characterize the interphase thickness and measure the mechanical 
properties of the interphase for first time using contact resonance force microscopy in 
cellulose fiber-reinforced polypropylene composites. The influence of different 
treatments on interphase was analyzed by quantitative mapping of mechanical properties 
using CR-FM, AFM phase imaging, and nanoindentation. According to the obtained 
images, the widths of the interphase modified with maleic anhydride polypropylene were 
estimated to be around 40-190 nm. The modulus values obtained by nanoindentation for 
fiber and PP matrix were around 13 GPa and 5 GPa respectively. There was a gradient of 
modulus across the interphase region which ranged between 6 to 11 GPa. The results 
from this research have demonstrated a new technique to evaluate the nanoscale 
mechanical properties within the interphase. Information about interphase obtained from 
this technique is very useful for optimum design of final FRPC products. 
 
Keywords: Natural fiber-reinforced composites, interphase, elastic modulus, nanoscale 
properties  
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INTRODUCTION 
 
Natural fiber reinforced polymer composites (NFRPC) represent one of the fastest 
growing industries today. Natural fibers have various advantages like low cost, low 
density, high toughness, acceptable specific strength, ease of separation and 
biodegradability, compared to conventional reinforcing fibers like glass and carbon fibers. 
NFRPC are more recyclable compared with glass or carbon fiber-reinforced ones 
(Karnani et al. 1997, Mohanty et al. 2000, Terenzi et al. 2007). Growing environmental 
awareness has also increased the use of natural fibers as reinforcing agents which are 
more compatible with the environment with respect to disposability (George et al. 2001, 
Mohanty et al. 2001).  The combination of all these results has prompted a number of 
industrial sectors, especially the automotive industry, to consider natural fibers as 
substitute to glass fibers in various products. Today, the most growth in NFRPC market is 
in building products especially, decking.   
 
The region between the reinforcing fiber and bulk polymer, termed as interphase, plays 
an important role in the performance of fiber-reinforced polymer composites. The 
interphase structure and properties is of the utmost importance for the transfer of load 
between the fiber and matrix which in turn affects the overall mechanical properties of 
the composites. 
 
Interphase is a transition region between fiber and matrix and which possesses physical, 
chemical and chemical properties that are different from those of either bulk fiber or 
matrix (Cipari et al. 2006, Downing et al. 2000, Gao et al. 2001, Hodzic et al. 1999, 
Kumar et al. 2004, Lee et al. 2007). The nature of interphase varies from one composite 
system to another. An appropriately engineered interphase can significantly improve the 
strength and toughness of composites (Kim and Mai 1993). Therefore, a better 
understanding of interphase will be helpful to evaluate the overall properties of fiber-
reinforced composites and for optimum design of final FRPC products (Graham et al. 
2000, VanLandingham et al. 2001).  
 
The major limitation in the field of interphase research is the lack of test methods that 
accurately measure interphase thickness in nanometer scale. Some of the methods which 
allow us to directly measure thick interphases are nanoindentation and nanoscratching. 
One of the major disadvantages of these methods is that weak or narrow interphases 
cannot be evaluated. These methods are inherently destructive methods creating hundreds 
to thousands of nanometers wide indents on the sample creating zone of plastic 
deformation (Lee et al. 2007). Nature of interphase less than1 µm thick is rarely reported 
in literature using these techniques. Very few studies have been performed on the 
interphase of natural fiber-reinforced polymer composites.  
 
The purpose of this study was to characterize the interphase thickness and measure the 
mechanical properties of the interphase in cellulose fiber-reinforced polypropylene 
composites for first time using contact resonance force microscopy (CR-FM) (Hurley et 
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al. 2003, Hurley et al. 2007). The CR-FM technique has significant advantage compared 
to nanoindentation and nanoscratching. It uses extreme low loads and small tip diameter 
which enables in situ elastic property information with nanoscale spatial resolution. Non-
contact AFM phase imaging is also used in this study to compare the results obtained 
from the AFAM. 
 
 

MATERIALS AND METHODS 

 
Materials 
 
Lyocell fiber with around 10 µm diameter and 30 mm length were used. Isotactic 
polypropylene (PP) with melt flow index of 35 was provided by ExxonMobil (Irving, 
TX). Maleated polypropylene (MAPP) (Epolene G-3003) was used for chemical 
modification and provided by Eastman Chemicals (Kingsport, TN). 
 
Preparation of the specimens 
 
PP and MAPP (% wt based on PP weight) were mixed in dry solid states using 
MINILAB extruder (Thermo Fischer Scientific, Karlsruhe, Germany).The temperature, 
rotation time, and processing time, were 180 C, 100 rpm and 10 min respectively. The 
amounts of MAPP that were used were 0 % and 10 %.The obtained products were 
compression molded into films approximately 0.25 mm thick. Lyocell fibers were 
unidirectionally placed on top of the PP-MAPP films. The films were then stacked and 
compression molded at 200 C for 10 min in order to obtain unidirectional lyocell fiber-
reinforced composites.   
 
Experimental methods 
 
CR-FM technique 
 
The samples were imaged using contact resonance force microscopy (Hurley et al. 2007). 
The instrument used is the one shown schematically in Figure 1. The sample to be 
investigated is placed on a piezoelectric transducer mounted on the AFM transition stage. 
The transducer is excited with a continuous sine wave voltage by a function generator 
and the amplitude of the cantilever deflection is observed by the AFM. Photodiode signal 
at the excitation frequency are obtained and a spectrum of the cantilever response versus 
frequency is obtained (Hurley et al. 2007). 
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�  
Fig 1.  Schematic representation of AFAM apparatus (Hurley et al. 2003) 

                         
The principles described above for quantitative CR-FM measurements at a single sample 
position can also be used to acquire modulus maps. In this process, custom electronics are 
used to obtain images the contact resonance frequency at each image pixel. Using the 
frequency images, the contact stiffness is obtained, which is converted to maps of elastic 
modulus using nanoindentation reference values for the matrix and fiber modulus.  
 
Obtaining phase image using non-contact tapping mode AFM 
 
Phase Imaging is an extension of Atomic Force Microscopy (AFM) that provides 
nanometer-scale information about surface structure. By obtaining the phase lag of the 
cantilever oscillation during the non-contact mode scan, phase imaging goes beyond 
simple topographical mapping to detect variations in composition, adhesion, friction, 
viscoelasticity, and other properties. The phase lag is very sensitive to variations in 
material properties (Downing et al. 2000, Kim et al. 2004).  
 
 

RESULTS AND DISCUSSION 
 
CR-FM modulus mapping of lyocell/PP composites 
 
The sample containing lyocell fibers in PP/10 wt% MAPP was imaged with CR-FM. 
From the experimental resonant frequencies obtained, contact stiffness images were 
obtained which were converted to maps of elastic modulus using nanoindentation 
reference values for the matrix and fiber modulus. The modulus values obtained by 
nanoindentation for fiber and PP matix were around 13 GPa and 5 GPa respectively. The 
estimated experimental spatial resolution was 10 to 15 nm. 
 

                                                 
�  Commercial equipment and materials are identified only in order to adequately specify certain procedures. In no case does such 
identification imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the 
materials or equipment identified are necessarily the best available for the purpose. 
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Fig 2. Topography and indentation modulus images for lyocell fiber (lower) and PP 
matrix (upper) in PP/10% MAPP composite. The solid line in the topography image is 

500 nm wide. 
 

 
 
Fig 3. Variation of modulus (solid line) and topography (dashed line) across interphase 

region between the fiber and PP matrix. Left: upper dashed line in the topography image 
of Fig 2. Right: lower dashed line in Fig 2. 

 
 
Different scans were analyzed from modulus map to estimate the width of interphase 
(fiber-matrix transition). The average width of the transition was found to be 70 ± 30 nm. 
There was a gradient of modulus across the interphase region which ranged between 6 to 
11 GPa. Since this technique uses extreme low loads and small tip diameter and the 
deformation produced by the tip on the sample is elastic, the technique is devoid of any 
plastic deformation and is able to characterize interphase less than 100 nm. 
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AFM phase images of lyocell/PP composites 
 
Phase images were obtained using non-contact mode for samples containing lyocell 
fibers in PP/10 wt% MAPP. Line scans were conducted on regions with minimum 
topographical difference to estimate the width of the interphase (fiber-matrix transition). 
According to the line profiles obtained from the images, the widths of the interphase 
modified with 10 % MAPP ranged between 80-150 nm. The values are similar to the 
results obtained from CR-FM measurements. From the line profile, it is quite evident that 
there is transition in phase change from the fiber (right) to polymer (left). Lee et al. (2007) 
evaluated the interphase properties in a cellulose fiber-reinforced polypropylene 
composite by nanoindentation and finite element analysis and based on the results, it was 
assumed that the interphase is less than 1 µm. The nature of interphase will always vary 
with different composite system. 
 
 
 

 
 
 

Fig 4. Phase image of PP/10% MAPP composite 
 
 
 
 
 
 



Proceedings of the 51st International Convention of Society of Wood Science and Technology 
November 10-12, 2008  Concepción, CHILE 

 

Paper WS-65  7 of  9 

 
 

Fig 5. Line profile of the phase image for PP/10% MAPP composite 
 
 
 

CONCLUSION 
 
This study has revealed that CR-FM techniques can be helpful in accurately measuring 
the interphase thickness on the nanometer scale. The results from this study have also 
demonstrated the use of CR-FM as an important technique to evaluate the nanoscale 
mechanical properties within the interphase. According to the obtained images using CR-
FM and phase imaging, the widths of the interphase modified with 10 wt% MAPP were 
estimated to be between 40- 190 nm. There was a gradient of modulus across the 
interphase region which ranged between 6 to 11 GPa.   
 

ACKNOWLEDGEMENTS 
 
We thank Dr. John Dunlap and Dr. Cheng Xing for their kind help in preparing the 
samples using the microtome. The project was supported by the National Research 
Initiative of the USDA Cooperative State Research, Education and Extension Service, 
grant number # 2005-02645 and the USDA Wood Utilization Research Grant. 

 
REFERENCES 

Cipari, D., Jacob, K., Tannenbaum, R. 2006. Characterization of polymer 
nanocomposites interphase and its impact on mechanical properties. Macromolecules 39: 
6565-6573. 

Downing, T.D., Kumar, R., Cross, W.M., Kjerengtroen, L., Kellar, J.J. 2000. 
Determining the interphase thickness and properties in polymer matrix composites using 
phase imaging atomic force microscopy and nanoindentation. Journal of Adhesive 
Science Technology 14(14): 1801-1812. 



Proceedings of the 51st International Convention of Society of Wood Science and Technology 
November 10-12, 2008  Concepción, CHILE 

 

Paper WS-65  8 of  9 

 

Gao, S.L., Mader, E. 2001. Characterization of interphase nanoscale property variations 
in glass fiber reinforced polypropylene and epoxy resin composites. Composites Part A. 
33:559-576. 

George, J., Sreekala, M.S., Thomas, S. 2001. A review on interface modifications and 
characterization of natural fiber reinforced plastic composites. Polymer Engineering and 
Science 41: 1471-1485. 

Graham, J.F., McCague, C., Warren, O.L., Norton, P.R. 2000. Spatially resolved 
nanomechanical properties of Kevlar fibers. Polymer 41:  4761. 

Hodzic, A., Stachurski, Z.H., Kim, J.K. 1999. Nano-indentation of polymer-glass 
interfaces Part 1. Experimental and mechanical analysis. Polymer 41:6895-6905. 

Hurley, D.C., Shen, K., Jennett, N.M., Turner, J.A. 2003. Atomic force microscopy 
methods to determine thin film elastic properties. Journal of Applied Physics 94(4): 
2347-2354. 

Hurley, D.C., Kopycinska-Müller, M., Kos A. B. 2007. Mapping mechanical properties 
on the nanoscale with atomic force acoustic microscopy. JOM 59: 23-29 

Karnani, R., Krishnan, M., Narayan, R. 1997. Biofiber-reinforced polypropylene 
composites. Polymer Engineering and Science 37(2): 476–483. 

Kim, J.K., Mai, Y.W. 1993. Interfaces in composites. In: Chou TW, editor. Material 
science and technology: structure and properties of composites, 13. Weinheim, Germany: 
VCH (chapter 6) 229-289. 

Kim, J.K., Jung, H.S., Park, J.W., Lee, H.Y., Kawai, T. 2004. AFM phase lag mapping 
for protein-DNA oligonucleoitide complexes. Analytica Chimica Acta 525: 151-157.  

Kumar, R., Cross, W.M., Kjerengtroen, L., Kellar, J.J. 2004. Fiber bias in 
nanoindentation of polymer matrix composites. Composite Interfaces 11(5-6): 431-440. 

Lee, S .H., Wang, S., Pharr, G.M., Xu, H. 2007. Evaluation of interphase properties in a 
cellulose fiber-reinforced polypropylene composite by nanoindentation and finite element 
analysis. Composites Part A. 38: 1517-1524. 

Mohanty, A.K., Misra, M., Hinrichsen, G. 2000.  Biofibres, biodegradable polymers and 
biocomposites: An overview. Macromolecular Materials and Engineering 1-24. 

Mohanty, A.K., Misra, M., Drzal, L.T. 2001. Surface modification of natural fibers and 
performance of the resulting biocomposites: An overview. Composites Interfaces 8: 313-
343. 



Proceedings of the 51st International Convention of Society of Wood Science and Technology 
November 10-12, 2008  Concepción, CHILE 

 

Paper WS-65  9 of  9 

Terenzi, A., Kenny, M.J., Barbosa, S.E. 2007. Natural Fiber suspensions in thermoplastic   
polymers. 1. Analysis of fiber damage during processing. Journal of Applied Polymer 
Science 103:  2501-2506. 

VanLandingham, M.R., Villarrubia, J.S., Guthrhrie, W.F., Meyers, G.F. 2001. 
Nanoindentation of polymers. An overview. Advances in scanning probe microscopy of 
polymers. Macromol Symp. 167: 15-43. 

 
 
 
 
 
 
 


