
*Corresponding author: chad.ulven@ndsu.edu

DOI: 10.7569/JRM.2017.634136

106  J. Renew. Mater. Supplement June 2017

  CC BY-NC-ND - Creative Commons Attribution-NonCommercial-NoDerivs License
This license allows users to copy, distribute and transmit an article, adapt the  article 
as long as the author is attributed, the article is not used for commercial purposes, 
and the work is not modified or adapted in any way. © 2017 by Shanshan Huo, and 
Chad A. Ulven. This work is published and licensed by Scrivener Publishing LLC.

Study on Residual Stresses in Unidirectional Flax Fiber/
Vinyl Ester Composites by XRD Technique

Shanshan Huo and Chad A. Ulven*

Mechanical Engineering Department, North Dakota State University, Fargo, ND 58105, USA

Received December 01, 2016; Accepted March 31, 2017

ABSTRACT:  The development of flax fiber reinforced polymer composites with improved properties has been increasingly 
studied by many researchers because of their sustainability. However, the effects of thermal residual stresses 
on the interfacial properties of flax composites have not been evaluated or very well understood. In this study, 
the thermal properties of flax, vinyl ester matrices and their composites were accessed by different techniques, 
including thermomechanical analyzer, dynamic mechanical analyzer, and X-ray diffraction combined with 
aluminum particles. The effects of thermal properties of flax fibers and vinyl ester resin systems on the 
mechanical properties of their biocomposites were studied. The theory of modifying the thermal properties 
of flax and vinyl ester to improve the interfacial adhesion between them has been proven by the study of the 
thermal residual stresses in their composites.
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1 INTRODUCTION

Bast fibers are one of the most widely used types of 
cellulosic natural fibers for producing biocomposites 
[1]. Flax fibers, a specific type of bast fiber, have his-
torically been used as reinforcements in composites 
because they offer competitive advantages, including 
environmental and economic benefits, over mineral-
based reinforcing fibers. However, because of the 
hydrophilicity of flax fibers and the hydrophobicity 
of most polymer matrices, poor interfacial bonding 
reduces the mechanical performance of flax thermoset 
biocomposites. To improve the interfacial properties 
of flax biocomposites, different physical, chemical, 
or physicochemical modifications have been applied 
to flax fibers [2–7]. These surface modifications can 
reduce non-cellulose components, decrease the hydro-
philicity of flax fibers, and improve chemical bond-
ing or entanglement between flax fiber and polymer 
matrices. 

On the other hand, the polymer matrix can also be 
modified to improve the adhesion between fibers and 
matrices. In a previous study [8], acrylic resin (AR) was 
used to manipulate vinyl ester (VE) system to improve 
the mechanical performance of flax/VE composites. 

The AR brings more carbonyl groups to VE systems, 
increases the polarity of the matrix system and as a 
result improves the interfacial properties of flax/VE 
with AR composites [9]. 

In addition, the structure of flax fiber is more com-
plex than that of mineral or synthetic fibers [10], which 
renders most of the traditional mechanical tests for 
the evaluation of transverse direction for interfacial 
properties of flax biocomposites invalid. Therefore, 
a nondestructive method to evaluate the interfa-
cial properties of natural fiber composites is needed. 
Moreover, the effects of the thermal properties of both 
flax and VE system on the mechanical properties of 
flax/VE composite have not been studied.

The thermal residual stresses at the interface 
between fibers and matrix and inside of the resin and 
fiber are a result of chemical shrinkage and thermal 
cooling contraction [11–13]. These internal thermal 
residual stresses affect the quality of the interfacial 
interaction of the fiber reinforced composites [14–16]. 
The interface condition can affect the toughness, 
stiffness and strength of the composites [17]. There 
are numerous methods that have been developed to 
determine the residual stresses in the fiber reinforced 
polymer composites. X-ray diffraction combined with 
embedded metallic particles is usually used to measure 
the deformation induced by residual strains in amor-
phous polymer composites. The embedded sensor can 
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be aluminum, copper, silver, or nickel. Aluminum (Al) 
particles, which are spherical or nearly spherical, have 
been found to provide the highest accuracy [18].

Embedded particles can show a change in the dif-
fraction peak angle due to the residual strains induced 
by the polymer. The crystal lattice spacing can be cal-
culated using Bragg’s law. There are two rectilinear 
coordinate systems used in X-ray diffraction stress 
measurements [19]. One is the laboratory coordinate 
system (principal system), which consists of the axes 
with respect to which diffraction measurements are 
made. The other one is the sample coordinate system 
(normal system) and the angle φ and ψ defined in 
Figure 1. The difference between d

φψ
, the value of d in 

the stressed sample and measured for the plane whose 
normal is at angle φ and ψ, and the value of d0 for the 
unstressed state, is related by Equation 1:

 ε
φψ

 = (d
φψ

-d0)/d0 (1)

d0 is the stress-free lattice spacing, which is measured 
from the filler powder. Knowing the X-ray elastic con-
stant (XEC) S1

hkl and (1/2)S2
hkl, the strain measured in 

the direction by φ and ψ is given, in terms of the prin-
cipal stresses, by Equation 2.

 ε
φψ

 = (dφψ-d0)/d0 = (1/2) S2
hkl (σ11cos2φ sin2ψ  

+ σ22sin2 φsin2ψ + ε33cos2ψ)+ S1
hkl(σ11+σ22+σ33) (2)

Do"lle [20] describes a method to calculate XEC 
using single crystal elastic constants S11, S12, and S66 for 
cubic symmetry. By using the Voigt and Reuss mod-
els, the average XEC values (Voigt and Reuss) for Al 
(422) can be calculated [21]. The strain components εij 
(i, j = 1, 2, 3) in the specimen coordinate system can be 
calculated by Equation 3:

 ε
φψ

 = (d
φψ

-d0)/d0 = ε11cos2
φsin2ψ+ε12sin2φsin2ψ+ε2

2sin2φsin2ψ+ε33cos2ψ+ε13cosφsin2ψ +ε23sinφsin2ψ (3)

ε33 is calculated by Equation 4:

 ε33=(ε
φ = 0,ψ = 0 +εφ = 90,ψ = 0)/2 (4)

ε11 and ε22 are obtained from the slopes of the sin²ψ 
plots at φ = 0° and 90°. The stresses on the surface of 
Al particles can then be calculated from the strain by 
using Hooke’s law, assuming the system is isotropic.

In this study, alkaline treatment was chosen to clean 
flax fiber to reduce the effects of non-cellulosic chemi-
cals. Different amounts of AR were added into VE resin 
system to improve the mechanical performance of flax/
VE composites, as previously shown [8,9]. Coefficient of 
linear thermal expansion (CLTE) of alkaline treated flax 
was evaluated by thermomechanical analyzer (TMA), 
and CLTEs of different VE systems were assessed by 
dynamic mechanical analyzer (DMA). The deforma-
tion caused by thermal residual stresses inside the flax/
VE composites was measured by X-ray diffraction. The 
effects of thermal residual stresses in flax/VE on their 
mechanical properties were then discussed.

2 EXPERIMENTAL PROCEDURE

2.1 Materials

Unidirectional Chinese flax was water retted with the 
minimum mechanical handling from Harbin, China. 
The flax fiber was uncut, natural colored, and from 
a stalk with a density of approximately 1.42 g/cm3. 
Ethanol (95%) and sodium hydroxide (99.9%) were 
obtained from Sigma-Aldrich Co. The resin system 
used for all grades was a VE resin Hydropel® R037-
YDF-40 from AOC Resins, and 2-Butanone peroxide 
(Luperox® DDM-9) solution was used as the curing 
initiator, obtained from Sigma-Aldrich Co. Acronal® 

700 L AR, which is a copolymer of n-butyl acrylate 
and vinyl isobutyl ether, was obtained from BASF 
Aktiengesellschaft, Ludwigshafen, Germany,.

2.2 Surface Treatment

2.2.1 Alkaline Treatment

The flax fibers as received were immersed into 500 mL 
of 10 g/L sodium hydroxide ethanol solution at 78 °C 
for 2 h. The treated fibers were washed with distilled 
water until no color was left in the water (pH was 
about 7, which was measured by pH paper). Then the 
fibers were dried in an oven for 24 h at 80 °C.

2.3 Composite Processing

2.3.1  Composite Panels for Mechanical 
Testing

Composite panels of flax/VE were fabricated using 
a modified form of vacuum assisted resin transfer 
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Figure 1 The diffraction plane and the coordinates of the 
specimen.
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molding (VARTM) [8]. A caul plate was used under-
neath the vacuum bag to provide a uniform cross- 
sectional area. This also created a test specimen with a 
smooth surface on both sides. In order to obtain simi-
lar fiber volume fractions, the VARTM process was 
aided by compressing the vacuumed flax with 2  metric 
ton force. The manually aligned unidirectional fibers 
showed a deviation of 0° to 10° with respect to the lay-
up direction.

To improve the interaction between flax fibers and 
VE, AR was also added to the VE resin. AR is a highly 
viscous liquid that is used particularly in combina-
tion with cellulose nitrate. The fibers/VE with 1 wt% 
AR composites were also processed by the modified 
VARTM.

2.3.2 Composite Panels for X-ray Diffraction 

Aluminum (Al) powder was dispersed into absolute 
ethanol by high shear stirring to form a homogenous 
slurry, in which a concentration of 0.5 wt% 5 ~ 6 g 
NaOH/ethanol treated flax was quickly put into the 
slurry and taken out under the nitrogen atmosphere 
and then the fiber was dried in the nitrogen atmos-
phere at room temperature for 24 h. The composite 
samples were manufactured by the modified VARTM 
with 1 metric ton force under a nitrogen atmosphere.

2.4 Characterization

2.4.1 Thermal Properties of Flax Fiber

The CLTE of the treated flax was measured by a TA 
Instruments 2940 TMA. TMA measured the displace-
ment in the cross section of the treated flax fibers as 
a function of temperature under a controlled atmos-
phere. A small bundle of fibers with combed lineup 
was placed on the tip of the probe and the tempera-
ture was increased from 25 °C to 150 °C by 10 °C/min. 
Three measurements were applied to calculate the 
average of the CTE of the cross-section area.

2.4.2 Thermal Properties of VE Systems

The CLTEs of VE and VE with AR were measured by a 
TA Instruments Q800 DMA using tension film fixture. 
Four rectangular specimens with dimensions of 15 × 
7.8 × 2.69 mm for both neat VE and VE with 1% AR 
were prepared. The measurements were performed 
from 30 to 150 °C at a heating rate of 5 °C/min. In 
addition, the Tgs of both VE systems were evaluated 
by DMA with the dual cantilever fixtures. Four rectan-
gular specimens (dimension: 46 × 10.6 × 3.71 mm) for 
each resin system were measured from 30 to 180 °C 
with a heating rate of 3 °C/min. The shrinkage after 
curing of VE and modified VE with AR was evaluated 

by measuring the volume changes before and after 
the curing. The liquid VE resin mixture was put into 
a square Al mold and the width, length and height 
of the liquid were measured. Then, the geometries of 
the cured VE were measured to calculate the volume 
changes after curing.

2.4.3 Mechanical Properties

Interlaminar shear strengths (ILSS) were assessed 
using short-beam strength tests according to ASTM 
D2344. Short-beam shear tests were carried out in dis-
placement control at a rate of approximately 1 mm/
min on an Instron 5567 load frame with a 2 kN load 
cell. Five specimens for each sample were tested. 

Tensile testing was performed according to ASTM 
D3039 with a five-specimen sample set using an 
Instron 5567 load frame. The speed of the crosshead 
was 1.0 mm/min. Each test was performed until ten-
sile failure occurred. The tensile modulus of each spec-
imen was recalculated by the slope of stress-strain plot 
in the linear region, where the displacement is mea-
sured by an extensometer.

2.4.4 X-ray Diffraction

The treated flax/VE (with/without AR) with Al pow-
der composites were marked at six angles (0°, 30°, 45°, 
90°, 120° and 135°), in which the longitudinal direc-
tional of the fiber is the direction of 0°. The XRD spec-
tra of different angles were captured using a Philips 
X’PERT MPD X-ray powder diffractometer. The 
XRD diffraction conditions are shown in Table 1. The 
radiation is generated from Cu-K

α
, and λ of K-α1 is 

1.54060 Å and λ of K-α2 is 1.54443 Å. The scan was 
started at the position (2θ) of 136.01° and stopped at 
the position (2θ) of 138.99° at room temperature, in 
which the step (2θ) size is 0.0200°.  Peak separation of  
Al  at (422) was carried out using least squares fitting 
by assigning Gaussian functions. The original Al pow-
der was scanned using the same procedure.

Figure 2 lists the experiments conducted on flax 
fiber, VE resin systems and their composites in this 
study. All these tests examine the physical factors per-
taining to the mechanical performance of the flax/
VE composites, which help to evaluate the effects of 
thermal residual stresses on the interfacial properties 
of flax.

Table 1 X-ray diffraction conditions.

Radiation Cu Kα1, λ = 1.54060 Å

Reflection (hkl) 422

2θ range (°) 136 ~ 139

Step size (°) 0.0200
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3 RESULTS AND DISCUSSION

3.1 Thermal Analysis

3.1.1  Coefficient of Linear Thermal Expansion 
of Treated Flax

The CLTE of treated flax fiber was measured by 
TMA and used as the CLTE of the cross-section area 
αT. Figure 3 shows the test curve of the treated flax. 
The contraction in the region lower than 100 °C in the 
curve is close to linear and the region above 110 °C 
drops dramatically. However, the temperature during 
the curing of the composite was normally below 80 °C 
in this study, so the region from 40 °C to 80 °C was 
used to calculate αT of the treated flax. CLTE (αT) of the 
treated flax was found to be −299.1 ± 87.1 μm/m °C. 
The mismatching of CLTEs between flax and VE sys-
tem can introduce the thermal residual stresses to the 
composites during the curing, which can influence the 
interfacial properties of the composites. The CLTE of 
flax in the transverse direction was used to calculate 
the thermal residual stresses in the composites.

3.1.2 Thermal Properties of VE Systems

The shrinkages after curing of neat VE and VE with 
1% AR are presented in Table 2. The shrinkage of neat 
VE is the lowest and its volume after curing decreases 
approximately 10%. On the other hand, the shrinkage 
of VE with 1% AR has the highest volume change after 
curing. The shrinkages after curing are related to the 
thermal expansion of the VE system and the thermal 
residual stresses generated by curing in the matrix. 
The difference in shrinkage among the three VE sys-
tems indicates that AR additive changes CLTEs of the 
VE systems.

The CLTEs of neat VE and VE with 1% AR in the 
region between 40 °C to 80 °C listed in Table 3 were 
measured by DMA. The thermal expansion of VE 
is not linear because there are two phases in the VE 
structure, which have different CLTEs. In this study, 
the composites are cured at room temperature and, 

Table 2 The shrinkages after curing of different VE 
systems.

Sample
Volume before  

Curing (mm3)
Volume after  

Curing (mm3) Shrinkage (%)

Neat VE 142912.73 128563.86 10.04 ± 0.37

VE with 1% AR 146178.24 127575.88 12.73 ± 0.17

Figure 2 Flow diagram of the experimental study.
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Figure 3 The CLTE curve of the treated flax measured by 
TMA.

Table 3 The linear coefficients of thermal expansion of 
VE systems.

Sample CLTE (40 °C to 80 °C) μm/m °C

Neat VE 19.66 ± 0.89

VE with 1% AR 21.46 ± 0.16

during the curing, the temperature of the panel rises 
slightly. However, the temperature of the curing panel 
is lower than 80 °C. Thus, CLTEs of VE systems are 
evaluated from the region under 80 °C. CLTE of modi-
fied VE system is higher than neat VE, which indicates 
that AR added into VE system increases the sensitiv-
ity to the temperature. Meanwhile, the DMA plot of 
modified system is more linear than neat VE, which is 
because AR reduces the separation of the two phases 
in VE and helps the two regions mix together. The 
effects of CLTEs of different VE systems on the inter-
facial properties of flax/VE composites are discussed 
with the XRD results.

3.2 Mechanical Properties

3.2.1 Interfacial Properties

The interfacial properties of flax/VE composites were 
evaluated by short-beam shear tests. The results of 
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Figure 4 Comparison of specific interfacial shear strength of 
different types of flax/VE composites.

and matrix [22]. All these effects increase the mechani-
cal interlocking between flax and VE. In addition, 
alkaline treatment exposes more cellulose molecules 
on the fiber surface, which increases the chances to 
form hydrogen bonds between cellulose and VE. 
Both mechanical interlocking and hydrogen bonds 
can increase the interlaminar shear strength of the 
composites.

The interlaminar shear strength of treated flax/VE 
with 1 wt% AR shows slight increases over the treated 
flax/VE. AR as an additive increases the hydrophilic-
ity of VE system according to the results of moisture 
absorption and contact angle tests, which can reduce 
the repulsion between flax and VE. However, there is 
no evidence that there is any type of chemical bond 
existing between flax and VE with AR from the FTIR 
spectra of flax composites [9]. Thus, AR does not intro-
duce or form any chemical bonds with flax to increase 
the interfacial properties of the composites. The mis-
alignment of fiber bundles in the composites can 
increase the standard deviation of the tests’ results. 
Moreover, the variation of the fiber volume fraction 
in different composites introduces some differences in 
the final results. Therefore, in Figure 3, all results were 
normalized by composite density.

3.2.2 Tensile Properties

Tensile properties were analyzed to correlate the 
effects of both fiber loading and processing method-
ology upon unidirectional flax fiber composites. The 
results of tensile tests of flax composites are presented 
in Figure 5 and Table 5. The specific tensile modulus 
of untreated flax/VE was the lowest, which is similar 
to its specific tensile strength. It means all the surface 
treatments and modifications improve the tensile per-
formance of flax/VE composites. 

Untreated flax/VE with AR composites perform 
better than untreated flax/VE in tensile modulus and 
specific tensile modulus. The specific tensile modu-
lus of untreated flax/VE with 1% AR is shown to be 
approximately 24% higher than that of untreated flax/
VE. It indicates AR additive helps the load transfer 
between matrix and fiber by increasing the interfacial 

Table 4 Interfacial properties comparison of Chinese flax/VE composites.

Sample Interlaminar shear strength (MPa) Density (g/cm3) Fiber volume fraction (%)

Untreated CHN Flax/VE 9.46±0.69 1.27±0.01 41.72

Untreated CHN Flax/VE with  
1% AR

12.63±0.90 1.28±0.02 44.00

EtO-Na+ treated CHN Flax/VE 21.44±1.35 1.33±0.03 44.28

EtO-Na+ treated CHN Flax/VE 
with 1% AR

22.30±1.39 1.3 2±0.02 44.65

short-beam shear tests of flax/VE composites are pre-
sented in Figure 4 and Table 4 to compare the inter-
laminar properties of the flax/VE composites. The 
standard deviation was calculated for each of the sam-
ples with a minimum of five specimens. Interlaminar 
shear strength is a function of fiber to matrix bonding. 
Higher ILSS values indicate better interfacial adhesion 
between fiber and matrix. A successful short-beam 
test is one in which the failure initiates at the inter-
face between fiber and matrix and the tight tolerances 
should be maintained in the specimen dimensions. 
Comparing the untreated and treated flax compos-
ites, it was observed that both surface treatments on 
flax and resin manipulations improved the interlami-
nar shear strength. This implies that both treatments 
enhanced the adhesion between fiber and matrix.

It was observed that the interlaminar shear strength 
of treated flax/VE was 226% higher than that of 
untreated flax/VE and the specific ILSS of treated 
flax/VE was 216% higher than that of untreated flax/
VE. The differences between untreated and treated 
flax composites are due to the effect of alkaline treat-
ment. Alkaline treatment removes the non-cellulosic 
chemicals, which provides rough surface of flax, and 
separates the big fiber bundles into smaller fiber bun-
dles, which increases the contact area between fiber 
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interaction between fiber and matrix, which is con-
firmed by the results of ILSS that AR improves the 
interfacial properties of flax composites. Moreover, AR 
additive increases the elastic modulus of VE accord-
ing to the results from the study of resin system. Thus, 
the tensile modulus of flax/VE with AR composites 
can be increased with AR. However, treated flax/VE 
with 1% AR composites show a similar specific tensile 
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Figure 5 Comparison of specific tensile properties of 
Chinese flax/VE composites: (a) specific tensile modulus 
and (b) specific tensile strength.

Table 5 Tensile properties comparison of Chinese flax/VE composites.

Sample Tensile modulus (GPa) Tensile strength (MPa) Density (g/cm3) Fiber volume fraction (%)

Untreated CHN Flax/VE 21.13±1.77 55.69±7.48 1.27±0.05 50.34

Untreated CHN Flax/VE 
with 1% AR

26.14±2.61 71.01±7.18 1.27±0.03 45.71

EtO-Na+ treated CHN Flax/
VE

28.63±1.61 94.39±8.74 1.29±0.07 45.59

EtO-Na+ treated CHN Flax/
VE with 1% AR

29.46±7.09 175.71±26.98 1.33±0.01 46.40

modulus to that of treated flax/VE, which are all close 
to the specific tensile modulus of untreated flax/VE 
with AR composites.

In tensile tests, the properties of flax fiber domi-
nate the tensile performance of their composites. 
The chemical treatment applied in this study has 
minimal influence on the properties of flax. The flax 
fiber bundle structure is varied during the alkaline 
treatment [23]. Some chemical modifications on the 
surface of flax can damage fibers, such as the hydro-
lysation of cellulose during the treatment, which has 
been proved in previous work [24]. The similarity 
in specific tensile modulus of modified composite is 
because of the minimal changes in the flax properties. 
In addition, the variation of fiber orientation in dif-
ferent  composites’ panels can affect their mechanical 
performance. The standard deviation of treated flax/
VE with 1% AR was quite large, which indicates the 
existance of misalignment of flax or voids in their 
composites.

The trend of the specific tensile strengths of flax 
composites is similar to the trend of their ILSS and spe-
cific flexural modulus. The specific tensile strengths 
of treated flax composites are higher than those of 
untreated flax composites. The NaOH/ethanol treated 
flax/VE performs 67% higher than untreated flax/VE 
in specific tensile modulus. In addition, the specific 
tensile strength of NaOH/ethanol flax/VE with 1% 
AR shows an approximate 135% increase compared 
to that of untreated flax/VE with 1% AR. These sig-
nificant increases in specific tensile strength result 
because alkaline treamtent can change the crystallin-
ity of cellulose [10]. The crystal structure changes of 
cellulose during alkaline treatment have been proven 
by the FTIR spectra [8]. On the other hand, the stan-
dard deviations of tensile results are in a wide range. 
The misorientation of flax fiber during the compos-
ites’ processing can increase the variation of the tests’ 
results. In addition, the fiber volume fraction of differ-
ent flax composites varied and some of the changes 
in the composites’ density are inconsistent with their 
fiber volume fraction, which is due to the changes of 
the voids in the composites.
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3.2.3 XRD Results

Flax/VE (unmodified and modified) composites con-
taining isolated small spherical filler particles (Al 
powders) were also prepared. The concentration of 
Al powder ethanol solution was selected after pre-
liminary experiments. In the preliminary study, 0.1%, 
0.3% and 0.5% Al/ethanol slurries were prepared to 
distribute Al uniformly into alkaline treated flax. The 
treated flax fibers with Al powder were processed into 
the composites’ panels, which were used for X-ray 
diffraction. A 0.5% Al/ethanol slurry provided XRD 
signals, in which the intensity was strong enough 
to distinguish the small changes of X-ray diffraction 
angles. On the other hand, the small spherical Al par-
ticles in the composites were very small amounts, so 
the Al powder’s contribution to the stress state of the 
specimen can be neglected. The spherical Al particles 
were evenly distributed in the flax/VE composites 
to form the intralaminar composite architecture. The 
XRD spectra of Al powder in treated flax/VE with 1% 
AR are from different angles (φ and ψ). The direction 
φ = 0° was chosen parallel to the fibers’ direction and 
φ = 90° was the transverse direction. Three ψ angles 
were selected between 0° to 45° for each φ angle. It is 
observed that the differences of 2θ from (422) plane 
from different measured angles (φ and ψ) are fairly 
small and the peak separation was carried out by least 
squares fitting by Gaussian functions. The lattice spac-
ing d0 for different angles are listed in Table 6, in which 
the lattice spacings d0 were calculated using Bragg’s 
law. 

Equation 2 can be written as:

 σ σ

ε

ψ

ϕ ψ

11 22

2

0
2

1
1
2

− =

∂

∂

=

Shkl

,

sin
 (5)

where ∂

∂

=
ε

ψ

ϕ ψ0
2

,

sin
 is the slope of the ε

ϕ = 0,Ψ vs. sin2
Ψ plot.

When ϕ = 0 and Ψ were varied, Equation 2 can also be 
written as:

 σ σ

ε

ψ

ϕ ψ

22 33

2

90
2

1
1
2

− =

∂

∂

=

Shkl

,

sin
 (6)

where ∂

∂

=
ε

ψ

ϕ ψ90
2

,

sin
 is the slope of the ε

ϕ = 90,Ψ vs. sin2
Ψ plot. 

In addition, σ33 can be written as:

 σ

σ σ
ϕ ψ

33

0 0 0

0
1 1 2

1 2
1
2

=

−

− +( )

+

= =
d d

d
S

S S

hkl

hkl hkl

,

 (7)

The principal strains and principal stresses can be 
calculated by Equations 5–7. But this method is not 
valid if the ε

ϕΨ
, vs. sin2

Ψ plots are oscillatory.
X-ray elastic constants (XEC) can be obtained using 

single crystal elastic constants S11, S12 and S66 for cubic 
symmetry. The following equations can be obtained 
for the Voigt and Reuss models [25] and the average 
XEC calcuated by Voigt and Reuss models and for Al 
are presented in Table 7.

The stress and the strain measured at φψ direction 
can be calculated by Equation 8 and Equation 9:

 σ σ ϕ ψ σ ϕ ψ σ ψ
ϕψ

= + +11
2 2

22
2 2

33
2cos sin sin sin cos

 (8)

 ε ε ϕ ψ ε ϕ ψ ε ψ
ϕψ

= + +11
2 2

22
2 2

33
2cos sin sin sin cos  (9)

The least squares method can be applied to 
Equation 2 and Equation 3 to obtain least squares 
 values of the principal stresses and principal strains. If 
there are shear stresses and strains existing in the sys-
tem, the least squares method can be applied. If there 
are no shear stresses and strains, the linear squares 
method can be used. The ε

ϕΨ
 vs. sin2ψ plots should be 

non-oscillatory when this method is applied.
The normal strain ε33 was obtained from the aver-

age between ε
φ = 0, ψ = 0 and εφ = 0, ψ = 90. The least squares 

method was applied to determine the slope of the 
line on εφψ vs. sin2ψ plot. ε11 and ε22 were calcuated 
from the slopes of ε

φψ
 vs. sin2ψ plot at φ = 0° and 90° 

respectively. 
X-ray elastic constants on (422) plane are used to 

calculate Young’s modulus E and Poisson’s ratio (ν) 
values of Al by Equation 10 and Equation 11:

 S
E1 = −
ν  (10)

 1
2

1
2S

E
=

+ν  (11)

As a result, E is 71 GPa and ν is 0.351. Assuming the 
material is isotropic, the stresses were calucated from 

Table 6 The lattice spacings of Flax/VE composites at 
different angles for Al.

Sample Sin2ψ
d0 (Å)

φ = 0° φ = 90°

Flax/VE 0.00 0.8269 0.8269

0.25 0.8268 0.8269

0.50 0.8268 0.8270

Flax/VE with 1% AR 0.00 0.8270 0.8267

0.25 0.8269 0.8269

0.50 0.8268 0.8270
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the strains by generalized Hooke’s law. Table 8 pres-
ents the strains and stresses inside Al inclusions. 

There are no external stresses applied on the com-
posite, so the stresses inside the Al inclusion are 
related to the thermal residual stresses generated 
by the matrix. It can be seen that the residual stress  
depends on both matrix and the inclusion properties 
and the residual strain due to the thermal expansion 
misfitting can be expressed as:

 ε α α
T

M i T= −( )∆  (12)

where aM stands for the coefficient of thermal expan-
sion of the matrix, ai is the coefficient of thermal 
expansion of the inclusion, and (aM–ai) depends on 
the direction.

After obtaining the stress state inside the Al inclu-
sion, the stresses in matrix can be assessed. Eshelby’s 
inclusion theory is one of the most often applied theo-
retical methods to evaluate the stresses in matrix. In 
the Eshelby model, the ellipsoidal inclusions are ran-
domly distributed within the matrix and the stress 
in the inclusion is uniform. Using the condition of 
microstress balance expressed in Equation 13,

 
1 0−( ) < > + < >=f fM Iσ σ

 
(13)

where f is the fraction of inclusion I in a matrix M. 
Using the principal of equivalent inclusion and trac-
tion forces at the interfaces, the stresses generated 
from matrix can be calculated. The stress transfer fac-
tors as a matrix with three components along the first 
diagonal should be considered. 

 σAl = kσM (14)

where

 

k
k

k
k

=





















11

22

33

0 0
0 0
0 0  

(15)

The stress transfer factors are related to the prop-
erties of matrice and inclusions. Assuming the matrix 
is homogeneous and isotropic, Hauk [26] gave the 

Table 7 Single crystal elastic constants and XEC for Al powder.
Inclusion S11 (10–3 GPa–1) S12 (10–3 GPa–1) S44 (10–3 GPa–1) S1(hkl) (10–3 GPa–1) ½ S2(hkl) (10–3 GPa–1)

Al (422) 15.8 -5.8 35.8 -4.9 19.0

Table 8 Strains and stresses inside Al powders.

Sample ε11 (10–6) ε22 (10–6) ε33 (10–6) σ11 (MPa) σ22 (MPa) σ33 (MPa)

Al in Flax/VE 719.86 −547.12 31.85 50.50 −16.09 14.34

Al in Flax/VE with 1% AR 374.54 −327.06 47.38 25.56 −11.31 8.36

figures which provide the relation between stress 
transfer factor vs. logarithm of the ratio of Young’s 
moduli log(Ematrix/Einclusion). According to the figures 
[22],  is 1.9,  are −0.3. The stresses from VE matrices 
can be calculated by Equation 14. The strains in matrix 
were calculated by generalized Hooke’s law. Table 9 
lists the stresses and strains from both VE and VE with 
1% AR. In the next section, the effects of these stresses 
and strains in the matrix are discussed.

3.3  Residual Stresses in Flax/VE 
Composites

The stresses calculated in the Al powder are assumed 
to be equivalent to the residual stresses in the matrix 
generated by the curing, which are equivalent to the 
results in Table 9. Thus, the principal residual stresses 
and strains in different VE systems are equivalent to 
the values listed in Table 9. It was observed that the 
residual stresses σ11

R and σ22
R in VE with 1% AR are 

lower compared to those residual stresses in neat VE 
system. Residual stress σ11

R is parallel to the longitu-
dinal direction of the flax fiber, which is not related to 
the interface between fibers and matrix. Resisual stress 
σ22

R is one of the transverse directions, which is related 
to the misfitting of thermal expansion between flax 
and VE matrix. Residual stress σ33

R is not only gener-
ated by the thermal expansion in the composites, but 
is also related to the external loading during the pro-
cessing of the composites’ panels. Moreover, the exter-
nal force applied on 33 direction is about 1 metric ton, 
which introduces a large influence on σ33

R. Thus, σ22
R 

is the one which can explain the relationship between 
thermal residual stresses and interfacial adhesion in 
the flax/VE composites. These residual stresses are 
related to the interaction between VE and Al inclu-
sions and are the local stresses around Al. Accordingly, 
the residual stresses around flax fiber are determined 
by the interaction between flax and VE.

The coefficient of thermal expansion of cured 
VE system is increased by AR additive, which is 
21.46 μm/m °C. The CLTE of Al inclusion is 22.4 
μm/m °C and is close to CLTE of modified VE system. 
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It is known that the thermal residual stresses are gen-
erated by the mismatching of CTEs of VE and Al inclu-
sion. The increase in CLTE of modified VE reduces the 
difference in thermal expansion/contract between VE 
and Al inclusion. Thus, both residual stresses σ11

R and 
σ22

R in VE with 1% AR exhibit a decrease compared to 
neat VE system.

The CLTE of treated flax in transverse direction is 
−299.1 μm/m °C, which was measured by TMA. Flax 
fibers shrink in transverse direction when the temper-
ature rises, which is opposite to VE resin and Al inclu-
sion. Thus, AR additive actually further enlarges the 
difference of CLTE between VE and flax in transverse 
direction. There are three steps in the curing process 
of VE system. In the first step, the initiator (peroxide) 
generates the free radicals to start the polymerization 
in VE resin. The second step is the growth of the poly-
mer chains, in which the temperature of the system 
starts to rise because this chemical reaction is an exo-
thermic process. The third step is the termination of 
the chains’ growth and the temperature of VE system 
is still much higher than room temperature. After VE 
is cured, the temperature of the composite panel starts 
to decrease to the room temperature. During the cool-
ing process, VE matrix starts to shrink in all directions 
and flax fiber begins to expand in transverse direc-
tions. The thermal behaviors of flax fiber and VE on 
the interface during the cooling are sketched in Figure 
6. The blue arrows indicate the direction of the expan-
sion of flax fiber during the cooling and the red arrows 
stand for the direction of the contraction of VE.

The changes of residual stresses in unmodified and 
modified VE at the local area surrounding Al inclusion 
were discussed. The AR additive increases the CLTE 
of modified VE system and reduces the mismatching 
between VE and Al inclusion, which causes the reduc-
tion of residual stresses in the matrix. It helps to predict 
that the residual stresses in the matrix around flax fibers 
increases in the modified VE. The residual stresses in 
the matrix around flax fibers should decrease in ten-
sion or increase in compression in transverse direction. 
As Figure 6 shows, the local stresses on the interface 
of flax VE should be compressive in nature, generated 
by the thermal expansion/contraction behavior. These 
thermal residual compressive stresses push flax fibers 
and VE matrix towards each other and increase the 
mechanical interlocking, which improves the interfa-
cial interaction between flax and VE.

The AR additive increases the coefficient of thermal 
expasion of VE, which enlarges the thermal contrac-
tion of VE system during the cooling. The compressive 
stresses on the interface of flax/VE with AR compos-
ites can also increase, which causes stronger mechani-
cal interlocking between flax and VE. The interlaminar 
shear strength and elastic moduli of flax/VE with 
AR composites are higher and therefore confirm the 
improvement on the interfacial adhesion between flax 
and VE. However, the interfacial properties of flax/VE 
composites in this study are discussed at room tem-
perature. If the specimens are tested at an elevated 
temperature, the interfacial properties of flax/VE 
composites should decrease because of the decrease of 
thermal residual stresses in transverse direction.

Considering the effects of the coefficients of thermal 
expansion of flax and VE system, it is easy to predict 
the mechanical interaction between flax and VE on the 
interface of their composites. By changing CLTE of 
VE, the interfacial adhesion of flax/VE composites can 
be improved. There are several methods to measure 
the coefficient of thermal expansion of VE system and 
they are simple and cost saving. They provide a direc-
tion from the mechanical aspect to manipulate resin 
system to enhance the interfacial properties of the flax 
composites.

On the other hand, if both the reinforced fiber 
and polymer matrix contract with the decrease of 
temperature (Figure 7), increasing the coefficient 
of thermal expansion of polymer matrix to gener-
ate compressive thermal residual stresses can also 
improve the interfacial properties of their compos-
ites. If both the reinforced fiber and polymer matrix 

Table 9 Stresses and strains from VE and VE with 1% AR.

Sample σ11 (MPa) σ22 (MPa) σ33 (MPa) ε11 (10–6) ε22 (10–6) ε33 (10–6)

VE in Flax/VE 26.58 53.63 −47.79 0.023 0.058 −0.075

VE in Flax/VE with 1% AR 13.45 37.72 −27.87 0.0075 0.034 −0.038

Flax

VE

Figure 6 The thermal behaviors of flax and VE on the 
interface.
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expand with the decrease of temperature, reducing 
the CLTE of  polymer matrix to produce compressive 
thermal residual stresses can improve the interfacial 
interaction of its composites. However, this method 
is constricted by the application temperature of the 
composites.

4 CONCLUSIONS

In this work, the coefficients of the linear thermal 
expansion of flax and different VE systems were eval-
uated. The study of residual stresses in the compos-
ites by X-ray diffraction technique provided a new 
method to evaluate the interfacial properties of cel-
lulosic composites and shows the effects of thermal 
expansion/contraction of both fiber and resin on their 
interfacial adhesion. There are many studies which 
show how chemical bonding, wettability and process-
ing methods influence the mechanical performance of 
cellulosic fiber composites. However, this is the first 
time the thermal properties of flax and VE were taken 
into account to analyze the interfacial properties. This 
provides a more comprehesive understanding about 
the physical factors which can affect the interfacial 
properties of unidirectional cellulosic fiber reinforced 
thermoset composites. 

The theory of changing (increasing or reducing) the 
coefficient of thermal expansion of VE system by add-
ing AR can be applied to other thermoset resin sys-
tems. With the knowledge of the thermal properties 
of cellulosic fiber and resin system, a low-cost, time-
efficient modification method can be easily developed. 

For future work, thermal properties of other cellu-
losic composites should be investigated. With enough 
experimental results on thermal properties and inter-
facial properties, the theoretical model between the 
thermal properties and interfacial properties in the cel-
lulosic fiber composites could be developed. Finally, 
the study of the moisture resistance of cellulosic 

composites should be investigated because it plays an 
important rule in the application and service life of cel-
lulosic composites.
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