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Abstract- In a previous work a new family of thermoset composites of allylglycidyl 

ether modified starch as matrix, an ethylene glycol dimethacrylate as cross-linker and a 

wood fibre as reinforcement were prepared. The aim of the present work was to study 

the hygromechanical properties of the new composites including density, dimensional 

stability in water, water uptake, stiffness, and ultimate strength in three-point bending. It 

was shown that the samples with a starch matrix of a high degree of substitution 

(DS=2.3), HDS, absorbed less water, were more stable in water and had also higher 

stiffness and strength than corresponding composite samples with a starch matrix of low 

degree of substitution (DS=1.3), LDS. Overall, the fibre addition improved water 

stability. An increased fibre content from 40 to 70 % by weight had a negligible impact 

on the water uptake. An increase in fibre content did, however, improve the mechanical 

properties. The HDS-sample with highest fibre content, 70% by weight showed the 

highest Young’s modulus (3700 MPa) and strength (130 MPa), which are markedly 
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higher compared with the samples based on the pure HDS matrix (Young’s modulus of 

360 MPa and strength of 15 MPa). The measured Young’s modulus and tensile strength 

values were roughly one order of magnitude higher than earlier reported cellulosic fibre 

reinforced natural polymer composites.  

 

Keywords: Starch; Crosslinked; Water absorption; Hygromechanical properties, 

Softwood fibre 
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1. Introduction 

 

Biocomposites composed of biodegradable polymers as matrix and biofibres as 

reinforcement has attracted extensive attention due to their favourable properties and 

from the viewpoint of protection of the natural environment in recent years.1, 2 Biofibre 

reinforced polymers are characterized by their low cost, low density, high specific 

stiffness and strength, biodegradability, and good mechanical properties.1, 2 An 

important drawback of biofibres is their hydrophilic nature which lowers the 

compatibility with hydrophobic polymeric matrix during composite fabrications.2 A 

variety of natural fibre reinforced biocomposites have been synthesized from renewable 

and natural polymers.1-13 However, until now, the biodegradable composites can not be 

widely applied because of their limitations in prices or properties compared to plastics 

of petroleum origin. 

 

Among the natural polymers, starch has been considered as one of the most promising 

materials for biodegradable plastics because of its natural abundance and low cost. 

Starch is the major carbohydrate in plant stem and seed endosperm, where it is found as 

granules. However, starch-based plastics have some drawbacks, including poor 

long-term stability caused by the water absorption, poor mechanical properties and 

processability. Effective ways to overcome some of these drawbacks are chemical 

modification of starch,14 grafting of synthetic polymers onto starch15-17 and blending 

starch with synthetic polymers as plasticizers.18-23 In addition, thermoplastic starch 
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composites with improved mechanical properties have been achieved by addition of 

cellulosic fibres.24 

 

In the previous work25 we synthesized and prepared, composites obtained from a 

allylglycidyl ether (AGE) modified starch as matrix, a ethylene glycol dimethacrylate 

(EGDA) as cross-linker and a wood fibre as reinforcement. The main objective of this 

work is to evaluate the hygromechanical properties of the composites in terms of 

Young’s and ultimate strength in a three point bending test, study the water absorption 

behaviour and the interface between the matrix and fibres. 

 

2. Experimental procedures 

 

2.1 Material 

Native potato starch was received as a gift from Lyckeby Stärkelse, Sweden. Bleached 

kraft softwood pulp fibres was supplied by Imatra mill of StoraEnso. 

Preparation of composites obtained from allylglycidyl ether-modified starch as matrix, a 

EGDA as cross-linker and a wood fibre as reinforcement is reported in a previous 

work.24 Composites of two different matrices, i.e. starch with a low degree of 

substitution of AGE (DS= 1.3), denoted LDS-x, and a starch with a high degree of 

substitution (DS = 2.3), denoted HDS-y, with different fibre contents, x and y in % by 

weight, were used in the present study. The fibre length and width distributions of pure 

bleached softwood fibre samples was measured by Kajaani Fiberlab (Metso Automation) 
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fibre length analyzer. The fibre length shows a considerable scatter (rough average 2 

mm) and the measured average fibre diameter was 20-30 µm, thus the fibres can be 

considered long and slender, with an aspect ratio of approximately 100. Fibre 

degradation during processing can be neglected, since the fibres were treated gently 

during manufacture of the composites. 

 

2.1 Interface and fibre dispersion 

Composite samples were broken into half and the fracture surfaces were viewed with 

LEO 1530 SEM (Scanning Electron Microscope) working at an accelerating voltage of 

15 kV. Several composite samples were embedded in epoxy resin, cut at the middle and 

the cross-sections were polished with successively finer silicon carbide papers up to 

2400 grit. The fibre dispersion inside the composite was studied from the polished cross 

sections with SEM. 

 

2.2 Density 

Excluding the lumen, soft wood fibres have a reported density of 1500 kg/m3.26 This 

value was used when estimating the density of the composites and the volume fractions 

of the constituents.   

 

2.3 Water absorption and dimensional stability 

For the water uptake analysis, three disk-shaped samples (12 mm × 3 mm) of each 

composite LDS-40, LDS-60, HDS-0, HDS-40 and HDS-60 conditioned at ambient 



ACCEPTED MANUSCRIPT 
  6 

environment (25°C, relative humidity 65±5%) for 1-2 weeks were weighed for their 

reference weight, and placed into separate test tubes filled with ordinary tap water (10 

ml) at room temperature. At predetermined points of time, the selected samples were 

removed from the water solution and their weight was measured. Immediately before 

weighing, the surface of the samples were wiped with a tissue that absorbed the 

superficial free water. Five locations on each sample surface were selected to measure 

the thickness variation with increasing time. Simultaneously, the diameter increase with 

time was also measured for four positions. The average values of the dimensions and 

weight increase as a function of time of three specimens were calculated.  

 

The hygroexpansion coefficients in the thickness direction βz and in the radial direction 

�r are calculated from the dimensional changes caused by a change in moisture content, 

∆m:  

 
m
z

z ∆
= εβ  (1) 

 
m
r

r ∆
= εβ  (2) 

where �z is the strain in the thickness direction, and �r is the strain in radial direction. 

 

The diameter of oblate cylindrical specimens was much larger than their thickness. If 

the diameter to thickness ratio is assumed to be much larger than the ratio between the 

estimated diffusion (ie. effective values) coefficients of the radial and thickness 

directions, the moisture transport in the samples can be regarded as one-dimensional 
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Fickean diffusion. The estimated diffusion (ie. effective value) coefficient D in the 

thickness direction was calculated from the moisture content variation of the initial 

linear part of the curve when the water content is studied as a function of time:27  
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where lz is the average thickness of the wet-sample at t1 and t2, m� is absorbed water 

content at saturation, m1 and m2 are absorbed water contents at corresponding time 

points t1 and t2, respectively. 

 

2.4 Mechanical properties 

Six rectangular bars (12 mm × 3 mm × 3 mm) of each composite, namely LDS-40, 

LDS-60, HDS-40, HDS-60 and HDS-70, were manufactured. The machined surfaces 

were polished with 1600 grit silicon carbide paper. The test samples were conditioned at 

ambient environment (25°C, relative humidity 65±5%) for 1 week before mechanical 

testing. Three specimens each was subjected to a three-point bending test in the in-plane 

direction and the out-of-plane direction, respectively (see Fig. 6). A Minimat 2000 

microtensile machine was used with a 200 N load cell. In addition, three rectangular 

bars (12 mm × 6 mm × 3mm) of neat HDS-0 were tested in the same load cell. Samples 

of LDS-60 and HDS-60 were immersed in water at room temperature for 24 hrs (close 

to saturation ), and subsequently tested in both in-plane and out-of-plane directions with 

a 20 N load cell.  

 

The in-plane Young’s modulus was calculated according Timoshenko beam theory with 
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the following formula: 28 
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where 1/Cb is the slope of the linear part of the load versus midpoint deflection curves, b 

is the width of specimen, h is the height of specimen, L is the distance between the end 

supports, � is the Poisson’s ratio assumed to be 0.3, and � is geometrical factor assumed 

to 1.2 for rectangular cross sections. 

 

The ultimate strength � was calculated from the three-point bending test as 

 
2
h

I
M=σ        (5) 

where maximum moment is 

 
4

PL
M =  (6) 

and the second moment of area is  

 12

3bh
I =

 (7) 

P is the applied load; h is the height of the specimen, and b is the width of the specimen. 

 

3. Results and discussion 

 

3.1 Interface and fibre dispersion 

The mould-face and fracture surface of HDS and LDS composites and the fibre 

dispersion in HDS composites are shown in SEM micrographs in Figures 1 a-d. The 

outer surface of HDS composite appears to be smooth and flawless whereas the LDS 
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composite surface includes areas where the matrix has not been able to flow out and wet 

the underlying fibres close to the surface. This phenomenon is probably due to a higher 

melt viscosity of the LDS matrix and possibly too fast curing thus inhibiting the matrix 

flow. Fractographic investigations of both types of composites, i.e. LDS and HDS in 

Figures 1c and 1d, respectively, showed cohesive failure with relatively intact 

fibre-matrix bonds, where the wood fibres were split into sprawling fibrils.  

 
Figure.1  

 

The composite fracture surfaces reveal a good wetting of the fibres by the modified 

starch matrix. In both composites the fibres are tightly surrounded by the starch matrix, 

constituting a nonporous compact matrix and very little fibre pull-out is visible. The 

fibre-matrix compatibility is also detectable in the composite density values (Table 1). 

The diameter and thickness of oblate cylindrical specimens was measured with 

micrometer and the density of composites was determined by method of weight and 

dimensions. The density follows reasonably well the rule of mixtures for the HDS 

composites. The composite density �c is expressed as 

 

 mmffc ww ρρρ +=  (8) 

 

where �f and �m are the densities of the fibres and matrix, respectively, and wf and wm 

are their respective weight fractions, assuming no voids. For the unreinforced LDS 

starch, the density was estimated from extrapolation of the rule of mixtures in Equation 
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8. A poor matrix-fibre compatibility would obviously create inferior interface bonding 

with the formation of voids between them and thus reducing the density. 

 

Table 1.  

 

The SEM images of polished cross sections in Figure 2 of HDS composites show a 

good fibre dispersion and excellent wetting of the fibres. In addition, the HDS matrix 

has even been able to penetrate trough the cell walls filling up the lumen of uncollapsed 

latewood fibres. The high fibre content in the HDS-60 composite has apparently caused 

a substantial amount of fibres to collapse and flatten. There are also some minor cracks 

noticeable in the matrix between fibres in the HDS-60 composite. These cracks can 

originate from residual stresses formed during manufacturing.  

 

The uniform mixing and processing conditions, where the pressure was applied in one 

direction onto the flat specimens, suggest that the fibres have virtually random in-plane 

orientation distribution. This was corroborated by cross-sectional microscopy viewed in 

different directions. The fibres were observed to have no preferential orientation in the 

plane, and almost no fibres had an out-of-plane orientation.  

 

Figure.2  

 

3.2 Water absorption and dimensional stability 

The intrinsic hydrophilicity of starch-based materials is a major concern and drawback 

in many practical applications. In most cases a direct immersion of the starch product in 
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water would mean a direct end to its functionality. In the present study initial samples 

were conditioned at ambient conditions at 65±5 % relative humidity at 25°C for 1 week 

before immersion in water. Figures 3-5 show the water uptake, changes in sample 

diameter and thickness as a function of time. The modifications of the starch matrix, i.e. 

LDS or HDS, had a great impact on the resistance to water uptake of the composites. 

The LDS matrix confers a greater hydrophilicity due to a lower degree of AGE 

substitution. Thus, composites of LDS show markedly higher water absorption at 

saturation (31%) compared with corresponding HDS composites (14-18%) (see Table 2). 

The saturation level (approximately 95% of the predicted asymptotic value) for 

cylindrical samples was reached in 8 hours for the LDS composites compared with 

50-60 hours for the HDS-composites for composites of the same thickness (3 mm). The 

more hydrophilic LDS matrix evidently showed faster water uptake and reached 

equilibrium at an earlier stage. In addition, the less intact surface with areas of exposed 

fibres in the LDS composites as shown in Figure 1(a) could contribute to this difference.  

 

Ma et al studied the impact of fibre content on water uptake in thermoplastic starch 

composites under different levels of relative humidity and concluded that a greater fibre 

content is expected to lead to lower water absorption.29 The influence of fibre content 

on the water adsorption in the LDS and HDS composites is shown in Table 2. An 

increase of fibre content in HDS composites even enhanced the moisture absorption. In 

this case, the fibres evidently absorb more moisture than the matrix, unlike the results of 

Ma et al. 29 This implies a clear hydrophobization of the starch matrix modified with a 
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high degree of substitution. However, only performing the water absorption under 

similar test conditions with comparable levels of relative humidity enables a reliable 

comparison of the results.  

 

The degree of swelling was evidently much higher for LDS composites (Table 2, and 

Figures 4 and 5). LDS and HDS composites exhibited a larger expansion in thickness 

direction than in the diameter direction. The hot press process result in an in-plane 

random fibre orientation distribution. The generally high stiffness and low 

hygroexpansion in the axial direction of the fibres thus inhibits the in-plane expansion 

along the diameter of the disk-shaped specimens (see e.g. Neagu et al. 30). 

  
 
Table 2.  

 

Figure 3.  
 
Figure 4.  

 

Figure 5.  

 

3.3 Mechanical properties 

The data obtained from the three point bending tests were reduced to Young’s modulus 

and tensile strength in dry reference state (conditioned at 60-70% relative humidity, at 

25°C) and for wet saturated samples immersed into water. These values are presented in 

Table 3. The in-plane and out-of-plane directions are shown schematically in Figure 6.  

 
Figure 6.  
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Figure 7.  

Figure 8.  

Figure 9.  

 

The results presented in Table 3, and visualized with diagrams in Figures 7-9, show 

some interesting trends. The dry samples (i.e. not immersed into water) were very 

strong and exhibited extremely high E-modulus and strength values. Even the 

unreinforced LDS and HDS samples showed superior values to corresponding fibre 

reinforced thermoplastic starches reported in the literature.31 The crosslinking thus 

improves the mechanical properties of the starch and its fibre composites. There was a 

visible discrepancy between the stiffness and strength of unreinforced LDS and the 

HDS samples, however the impact of a higher crosslinking is more readily seen in the 

results of test samples in wet conditions. Though, it is clear that moisture uptake 

significantly reduces the strength and stiffness, particularly for the LDS composites. 

The mechanical properties and the structural integrity are further improved by addition 

of reinforcing wood fibres. Both stiffness and strength increased with increasing fibre 

content. It is notable that the strength of wet samples of HDS-60 exceeds the dry 

unreinforced HDS which is not the case with LDS composites. The benefits on the 

mechanical properties of starch of a higher degree of cross-linking together with the 

addition of reinforcing wood fibres are evident. No particular trend of out-of-plane vs. 

in-plane strengths was found. 
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Table 3.  
 
 

3.4 Damage mechanisms 

The damage mechanisms are shown in the sequence of micrographs during three-point 

bending in Figure 10. It can be seen that the crack path becomes more tortuous with the 

addition of fibres. This is an energy absorbing mechanism which generally implies fibre 

pull-out and fibre breakage. Concomitantly, the strength values in Table 3 are higher for 

composites with higher fibre content. The neat HDS matrix shows a planar brittle failure. 

The HDS composites show straighter cracks than the LDS matrix, which is indicative of 

a strong fibre-matrix bond and efficient stress transfer in the matrix. The out-of-plane 

loading shows a more winding crack path due to the difference in fibre orientation 

distribution.  

     

Figure 10.  

 

The fracture of the LDS-60 with higher fibre content showed more pullout in both test 

directions. The HDS matrix was not that sensitive to an increased fibre content and the 

HDS-60 and -70 composites behaved like the HDS-40 composites with lower fibre 

content showing only a limited fibre pull out tendency. The LDS matrix would be 

expected to interact better with the fibres as there are more available sites of hydrogen 

bonding due to the lower degree of substitution. However, the HDS matrix is more 

hydrophobic due to its higher degree of substitution and this enabled a better dispersion 

of the hydrophobic crosslinker which probably have resulted in a more homogeneous 
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curing through out the matrix. The HDS also benefits from higher substitution in terms 

of improved internal plasticizing which obviously reduces the melt viscosity of the 

starch matrix and provides a more homogeneous matrix distribution. 

        

Figure 11.  

 

For the wet samples in Figure 11, extensive fibre pull-out is observed in particular for 

the more hygrophilic LDS matrix composite. In this case the fibre-matrix interface has 

become too weak to carry any load, and the fibres are easily pull-out in the crack wake.  

 

4. Conclusions 

Thermoset composites of allylglycidyl ether-modified starch, various amounts of wood 

fiber and ethylene glycol dimethacrylate as crosslinker has been tested for their 

hygromechanical properties. The presence of bleached softwood fibre with an aspect 

ratio of up to 100 readily works as reinforcement, even in very high quantities up to 70 

w%, which significantly increases the Young’s modulus and tensile strength. The 

measured strengths are an order of magnitude higher than values reported for related 

biocomposites with thermoplastic biopolymer matrix systems. The fibres were well 

distributed in the high degree substitution-matrix HDS and excellent wetting between 

the fibres and the HDS starch was observed. The low degree substitution-matrix (LDS) 

exhibits also good matrix-fibre contact, though it produced composites with 

heterogeneous surface properties seen as fibres not covered by the matrix. The 

composite water sensitivity was noticeably reduced by higher AGE content in the HDS 
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matrix. Overall, the more hydrophobic high degree substitution-matrix (HDS) resulted 

in superior mechanical properties. 
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Table 1. Composite densities 

Specimen Density(kg/m3) Standard 
deviation (kg/m3) 

Softwood fibre 1500a  
LDS-0 1310b  

LDS-40 1388 7.9 
LDS-60 1427 17.8 
HDS-0 1232 11.7 

HDS-40 1311 43.2 
HDS-60 1389 11.2 
HDS-70 1429 10.1 

a
 general value given for collapsed softwood fibres 

b calculated value from the rule of mixtures, Equation 8. 
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Table 2. One dimensional estimated diffusion (ie. effective value) coefficient D, hydroexpansion 
coefficient β in the out-of-plane z direction and the in-plane radial direction r, and moisture 
content at saturation m∞. Standard deviations are given within parentheses. 
 

LDS matrix 
Fibre content (w%) 

 

HDS matrix  
Fibre content (w%) 

 

Property (unit) 

40 60 40 60 70 

D (mm2/h) 0.35 
(0.12) 

0.18 
(0.04) 

0.03 
(0.01) 

0.03 
(0.02) 

0.03 
(0.01) 

βz 1.38 
(0.35) 

1.20 
(0.02) 

1.00 
(0.41) 

1.11 
(0.08) 

1.15 
(0.08) 

βr 0.19 
(0.03) 

0.11 
(0.07) 

0.18 
(0.06) 

0.16 
(0.05) 

0.15 
(0.04) 

m∞ (%) 30.83 
(3.17) 

30.98 
(1.32) 

14.31 
(0.86) 

15.68 
(0.63) 

18.31 
(1.50) 
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Table 3. Young’s modulus and ultimate strength in three-point bending of LDS and HDS starch 
with various fibre contents in wet conditions after saturation in water and at dry conditions. 
(standard deviations in parentheses). 
 

LDS matrix composite 
Fibre content (w%) 

HDS matrix composite 
Fibre content (w%) 

Property (unit) 

0 40 60 0 40 60 70 

Dry 313(176) 2285(952) 2823(415) 359(46) 2875(91) 3130(1257) 3777(544) Young’s 
modulus 

(MPa) 
Wet   138(86)   428(131)  

Dry 13(3) 56(10) 59(4) 15(3) 77(9) 90(42) 146(14) In-plane 
strength 
(MPa) 

Wet   4(3)   26(5)  

Dry 13(3) 66(6) 74(9) 15(3) 77(10) 80(4) 135(6) Out-of-plane 
strength 

(MPa) 

Wet   5(3)   20(10)  
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       (a) LDS-60                       (b) LDS-60 

 
            (c) HDS-60             (d)  HDS-60              
Figure.1 SEM images of LDS-60 composite at (a) the mould-face surface with 500 × 
magnification, at (b) a fracture surface with 1000 × magnification, and of HDS-60 composite at 
(c) the mould-face surface with 1000 × magnification, and at (d) a fracture surface with 500 × 
magnification.  
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 (a) HDS-40 (b) HDS-60 

Figure.2 Polished cross-sections of (a) HDS-40 and (b) HDS-60 composites. The scale bars 

indicate 100 µm. 
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Figure 3. Weight increase of LDS and HDS composites with immersion time in water. 
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Figure 4. Thickness increase of LDS and HDS composites (out-of-plane hygroscopic 
strain) with immersion time in water.  
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Figure 5. Diameter increase (in-plane hygroscopic strain) with immersion time in water 
of flat cylindrical specimens of LDS and HDS composites.  
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Figure 6. Test directions in three point bending of the composite disks with in-plane random 
fibre orientation distribution. 
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Figure 7. In-plane Young’s modulus of thermoset starch composites. The error bars indicate standard 

deviations.  
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Figure 8. In-plane strength in three-point bending of thermoset starch composites. The error bars 

indicate standard deviations. 
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Figure 9. In-plane strength in three-point bending of thermoset starch composites. The error bars 

indicate standard deviations. 
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 HDS-60 out-of-plane  HDS-60 in-plane LDS-60 out-f-plane LDS-60-in-plane 

 

    

Figure 10. Sequences of in-situ micrographs during three-point bending of the 3 mm thick LDS and 

HDS composite samples in dry conditions.  
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Figure 11. Sequences of in-situ micrographs during three-point bending of the 3 mm thick LDS and 

HDS composite samples in wet conditions after saturation in water. 

 
 
 
 
 
 
 
 
 
 
 
 
 


