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Abstract- Natural fibers have recently seen a rise in popularity due to their low cost, biodegradability and relatively 
comparable properties to traditional (i.e. synthetic) fibers. While they are limited in their usage in today’s industry because 
of some disadvantages such as their high water absorption rate, and incompatibility with hydrophobic matrices, hybridization 
can be utilized to improve their properties, while maintaining low cost and environmental impact. This study aims at 
analyzing and characterizing the damaged response of flax fibers combined with Kevlar weaved fibers in a sandwich 
structure. To investigate the stiffness and inelasticity evolution, test specimens were subjected to multiple load-unload 
sequences at progressively increasing maximum loads until failure. The test results show that damage evolution is not always 
proportional to loading or inelastic strain accumulation. Reported data show that hybridization offers significant reductions 
in damage and inelasticity accumulation, and can be further implemented into the industry for general engineering 
applications.  
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I. INTRODUCTION 
 
Natural Fibers have been used since ancient times to 
enhance the properties of other materials. In recent 
times, interest in natural fibers has reignited as an 
alternative to commercially available synthetic fibers 
such as glass. Generally, Natural Fibers offer several 
advantages such as renewability, low toxicity and 
negligible environmental impact at a lower cost, 
while exhibiting similar mechanical properties to 
conventional fibers. [1,2,3]. 
 
Flax is one of the most widely used natural fiber 
currently as it offers a combination of high specific 
strength and stiffness for structural applications while 
being light weight and cost effective [4,5,6]. It is 
commonly seen as an alternative to glass fibers as its 
composites exhibit good damping properties when 
loaded in tension [7,8,9]. Flax, however, also has its 
share of flaws. Its properties vary when exposed to 
different environmental conditions, in addition Flax 
fibers are not only hydrophilic, but are also 
incompatible with hydrophobic matrices which 
negatively affects its tensile properties [4,7].  
 
Nowadays, mixing natural fibers with synthetic ones 
offer a hybrid solution, as one can compensate for the 
disadvantages of the other [8]. Aramid fibers are 
known for their high tensile strength, low density, and 
damage tolerance [10]. This research pairs flax and 
aramid (Kevlar® 49) fibers to characterize their 
mechanical response.  
 
When developing a new material, it is important to 
predict the damage initiation and progression. This 
study will identify damage mechanisms in the fiber 
direction of three different Kevlar/Flax/Epoxy 

composite configurations, under both tensile and  
compressive loads by measuring the stiffness 
degradation and inelasticity (i.e., permanent 
deformation). 
 
Test specimens are subjected to a multiple 
progressive “load-unload” cycles until failure (see 
Fig.1). Damage is defined as the density of physical 
discontinuities in a material, which degrade its 
stiffness properties [11]. Damage can thus be defined 
by the following equation:  
                            D = 1−                           (Eq. 1) 
where E  is the initial modulus, and E is the damaged 
modulus at a future load level. Figure 1 demonstrates 
a typical load-unload cycle. To calculate the damaged 
modulus, the load-unload cycle is considered as linear 
elastic. Although in reality, flax composites generally 
exhibit hysteresis during unloading. 

 
Fig.1. Typical Load Unload Sequence [9] 
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Flax composites also exhibit a permanent 
deformation after unloading [9]. This apparent 
plasticity in the composite can be attributed to 
multiple factors, such as, straightening of the Flax 
fiber bundles, plasticity of the polymer matrix or 
cracks in the matrix and fibers. This permanent strain 
tends to accumulate with each loading cycle. Thus, 
tracking the stiffness degradation and the 
accumulation of plastic strain defines a total damage 
profile of the composite material. The present work 
characterizes the damage progression of 
Kevlar/Flax/Epoxy (KFE) composite specimens 
under tension and compression quasi static loading. 
 
II. MATERIALS AND PROCEDURES 
 
2.1. Manufacturing 
The hybrid Kevlar/Flax composite is manufactured 
from 12 layers of dry UD FlaxPly® fabric (Lineo 
NV, Belgium), sandwiched in between four layers of 
DuPont Kevlar® 49 (BGF Industries) woven fabric. 
The matrix, used is an Araldite® LY 565 (epoxy) + 
Aradur ® 22962 (polyamine hardener) thermosetting 
resin system (Huntsman). The resin has a maximum 
curing temperature of 150oC, under the degradation 
temperature of the flax fibers. 
 
A 4:1 epoxy-to-hardener ratio was used as per the 
supplier’s recommendation. Three 305 mm x 305 mm 
laminate configurations were manufactured: with the 
following stacking sequences; [0K2/(0F6]S (UD), 
[0K2/(0/90)F3]S (Cross-ply), and [0K2/(±45)F3]S (Angle-
ply) where the K and F represent the Kevlar weave 

and the Flax fibers respectively.  
The laminate is manufactured using a wet hand lay-
up process followed by compression molding using a 
Carver Auto Series Press. Fig.2(a) shows the 
manufacturing assembly. The assembly was heated 
steadily from room temperature to 150oC at 2.5 bars 
pressure within 30min, followed by a constant curing 
stage for 120min at 150oC at 5 bars, ending in a 
cooling stage from 150oC to room temperature in 
another 30min while maintaining 5 bars pressure [9]. 
This curing cycle was optimized by(ref) [9] using 
similar materials and configurations. This curing 
cycle produced a laminate with 50-50 fiber to matrix 
ratio, with low void content and excellent interface 
bonding. (see Fig.2(b)). 
 

 
Fig.2. (a) Manufacturing assembly for KFE composite 

 

 
Table 1: Tested mechanical properties of Kevlar/Flax-epoxy laminate. *Mahboob et.al [9] 
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Fig.2(b) Optical Micrograph of KFE specimen 

 
2.2. Mechanical Properties 
Table 1 shows the tested mechanical properties of the 
KFE composite in fiber and transverse direction. The 
tests were performed on a servo-hydraulic MTS 322 
(Eden Prairie, MN, USA) test frame at a displacement 
rate of 2mm/min. The tensile specimens were 
prepared and tested as per ASTM D3039. For 
compression tests, shorter specimens of 90 x 25 mm 
were used with no tabs, and the gauge length between 
grips was 18mm. Strain was measured using 
extensometer for tensile tests, and Digital Image 
Correlation(DIC) for compression tests. Calibration 
tests were performed along with strain gauges to 
verify accuracy, resulting in excellent correlation for 
both methods. 
  
III. DAMAGE AND INELASTICITY 
EVOLUTION 
 
A typical load unload plot for [0K2/(0F6]S in Figure 3 
clearly shows the hysteresis response of the 
composite. Using the method defined by Lemaitre 
et.al [11], the damage and inelasticity profiles of 
[0K2/(0F6]S, [0K2/(0/90)F3]S, and [0K2/(±45)F3]S are 
analyzed in the following sections. 

 

 
Fig.3. Load Unload Plot for [0K2/(0F6]S 

3.1. Fiber Direction -Tensile  
The plot for damage and inelasticity in tension are 
shown in Figure 4. Damage in the fiber direction 
exhibits a sigmoidal profile for the UD[Fig.4(a)] and 
cross-ply [Fig.4(c)]. Progression starts off relatively 
slow, with an inflection point occurring around 0.2% 
strain for both. However, the UD shows a lower 
damage response (D11=0.01) at a similar stage than 
the cross ply(D11=0.015).  
 
It can also be noted from the inelasticity plots for 
both UD and cross-ply, that the plastic strain remains 
relatively negligible up to the inflection point. Shah 
et. al [12] and Mahboob et. al [9] both observed 
similar behavior in Flax composites, where the 
specimen displays a threshold strain before which, 
elastic behavior is observed. 
 
The damage rapidly increases from this point on for 
both orientations until a plateau occurs at around 
0.9% strain, at a constant stiffness degradation of 9% 
and 10% for both orientations respectively. Angle ply 
[Fig.4(e)] behaves in a much more linear fashion with 
damage steadily increasing until fracture at 1.6% 
strain and modulus degradation of 15%. In Kevlar 
composite [Fig.4(g)], damage starts rapidly and evens 
out before fracture following an exponential rise, 
terminating at 1.4% strain and D11=0.09. 
 
 Inelastic strain for all tension profiles [Fig.4(b,d,f,h)] 
accumulates steadily with loading until fracture, and 
can be described by a quadratic equation. The strain 
differs with the UD and angle ply fracturing with 
0.25% and 0.30% permanent strain, whereas the cross 
ply and Kevlar have a reduced deformation of 0.16% 
and 0.1% respectively.  
 
3.2. Fiber Direction-Compression 
The compressive damage in the fiber direction 
follows a linear profile [Fig.5(a,c,e)] for all stacking 
sequences. The cross ply and angle ply both buckle at 
1.0% strain with D11 = 0.30, whereas the UD profile 
registers lower failure strain at 0.5% with a lower 
damage of D11= 0.21. Kevlar [Fig.5(g)] follows a 
logarithmic trajectory, introducing a strain threshold 
at 0.05% before buckling at 0.35% strain and 
D11=0.25. Similar to the tensile case, inelastic strain 
increase for compression [Fig.5(b,d,f,h)] is defined by 
a polynomial function with the total irreversible strain 
at specimen failure for UD and Kevlar both being 
0.08%, and angle ply and cross ply being 0.23%.  

Kevlar Weave Fibers 

Matrix Interface 

Flax Fibers 

(b) 
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Fig 4: Tensile Damage(a,c,e,g) and Inelasticity(b,d,f,h) in fiber direction for [0K2/(0)F6]S, [0K2/(0/90)F3]S, [0K2/(±45)F3]S and [0K]16 

respectively 

 
Fig 5: Compressive Damage(a,c,e,g) and Inelasticity(b,d,f,h) in fiber direction for [0K2/(0)F6]S, [0K2/(0/90)F3]S, [0K2/(±45)F3]S and [0K]16 

respectively 
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3.3 Transverse Direction 
 
3.3.1 Tension 
In-plane transverse tensile damage [Fig.6(a)] behaves 
similar to its fiber direction counterpart, with an 
inflection point at 0.2% strain and a constant damage 
D22=0.08 just before failure at 1.6% strain. The 
inelastic strain [Fig.6(b)] shows a threshold of 0.2% 
strain, following a linear function afterwards. The 
total accumulation of strain just before fracture is 
0.3%. 

 

 
Fig 6: Tensile Damage(a) and Inelasticity(b) in transverse 

direction for [0K2/(0)F6]S 
 
3.3.2 Compression 
Compressive transverse damage shows a logarithmic 
profile [Fig.7(a)], initiating at a threshold of 0.1%. 
Damage increases steadily at a more or less linear 
fashion after 0.2% strain, until buckling at 1.6% with 
D22 = 0.5, exhibiting 50% stiffness degradation. 
Inelastic strain [Fig.7(b)], similar to tensile 
transverse, appears to initiate at 0.2% applied strain, 
and continues to rise linearly until failure at 1.6% 
strain with an accumulating permanent strain of 
0.55%. 

 

 
Fig 7: Compressive Damage(a) and Inelasticity(b) in transverse 

direction for [0K2/(0)F6]S 
 
3.4 Further Discussion 
Load-unload tests are an excellent method to gain 
insight on internal structural damage response of 
composites. All tested composites exhibited behavior 
where the yield stress point increased with 
progressive loading, accumulating permanent strains. 
While all configurations did undergo stiffness 
degradation and plastic strain accumulation, it cannot 
be concluded that damage is proportional to loading 
for every case. There also exists a damage initiation 
threshold where material may accumulate inelastic 
strain but stiffness may remain constant. 
 
Differences in behavior are observed when 
comparing neat flax composites tested by Mahboob 
et.al[9] and this study. It can be seen that the Kevlar 
fibers tend to keep the flax fibers straight and 
restricted, however, more rigorous testing and in-
depth analysis is required to completely define the 
role played by the Kevlar fibers.  

(b) 
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All fiber direction damage in compression along with 
cross ply in tension are directly proportional to 
applied load. However, pure Kevlar and transverse 
specimens in fiber direction experience an initial 
rapid rise, before linearizing till failure. While the 
inelastic strain in the transverse direction exhibits 
proportional behavior with loading, none of the 
transverse damage specimens follow the similar 
linear profile.   
 
Comparing the damage response of Flax/Epoxy 
composites from Mahboob et.al [9], it can be seen 
that the minimal addition of Kevlar to surround Flax, 
greatly reduces the damage and plastic strain 
accumulation, apart from the transverse compression 
profile. Table 2 shows the improvement in damage 
response from the addition of Kevlar. 
 

 
Table 2: Damage and Inelasticity comparison between UD 

Flax/Epoxy and Kevlar/Flax/Epoxy composites 
 
Mahboob et.al [9] also showed that damage in Flax-
composites does not appear to initiate in the matrix 
phase. Physical cracking is not observed in epoxy 
regions in flax composites, and epoxy damage and 
inelasticity thresholds also display a considerably 
higher tolerance than the composite specimens. 
Considering this and that plastic strain in the 
specimens is significantly higher than in the tested 
epoxy specimens under the same loading conditions, 
it can be concluded that damage must primarily 
evolve in the within either the fiber or at the fiber-
matrix interface. 
 
CONCLUSIONS 
 
Damage in composites is shown to rely on the 
modulus degradation and accumulation of permanent 
or plastic strain. To fully define the damage response 
of a composite at any stage of loading, both stiffness 
and inelastic strain should be taken into 
consideration. This study provides a complete 

damage response analysis of Kevlar/Flax/Epoxy 
composites, considering fiber and transverse 
directions. It demonstrates that the addition of Kevlar 
drastically improves upon flax fiber performance, 
both in stiffness and inelasticity. This study can be 
further enhanced in the future by analyzing the crack 
propagation in the specimens at different load levels, 
using SEM technique, to complement the current 
findings. Future studies also may include varying the 
amount of Kevlar fibers used, to optimize the 
mechanical properties as well as the damage 
response.  
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