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ABSTRACT 

This paper investigates the effect of conditioning at different moisture levels on the properties 

of flax/PA11 composite. First samples from laminates with a fibre volume fraction (Vf) of 45% 

and 59% are conditioned at 0%, 50%, 95% relative humidity (RH). Subsequently samples are 

submerged in water, representing 100% RH. The mass change is monitored in time together 

with the final thickness increase. Transverse cracks appear after drying of these conditioned 

samples due to transverse swelling of the flax fibres. Puncture impact test are performed on 

the conditioned samples. Results of these tests show an increase of puncture energy with 

increasing RH and Vf. This increase is related to increase fibre pull-out length. 

INTRODUCTION 

The use of fibre reinforced polymer materials for engineering solutions has increased rapidly 

in the past decades. Composites produced with natural fibres are being used for some time as 

well but only more recently they are applied in (semi)structural applications. Sometimes a 

biobased or biodegradable matrix is used to increase the environmental advantages of these 

biocomposites. Apart from originating from natural renewable resources, biocomposites have 

advantages like high specific stiffness, good acoustic properties, relative low cost and they are 

nonabrasive during machining [1,2]. On the other hand natural fibre composites have some 

disadvantages like variable fibre quality and loss of mechanical properties due to moisture 

[1,3-6]. The effect of water absorption on material properties is important for the design and 

development of biocomposite parts for structural applications. For consumer products an 

important aspect is the ability to withstand damage during impact for instance while being 

dropped on the floor. On material level, this situation can be simulated and tested by a dart 

drop impact test. The aim of this research is to investigate the influence of moisture content 

on impact properties of biocomposite laminates. First, laminates of flax/PA11 with different 

lay-up are conditioned at several moisture conditions until a state of equilibrium. After 

conditioning the samples are subsequently impacted and results are presented and discussed. 

MATERIAL  

The materials used in this study are produced using PA11 polymer reinforced with flax fibres. 

A bundle of flax fibres consists of twisted fibres and is processed to create a 4×4 basket 

weave. Laminates are produced using a double belt press using film stacking. Two different 

laminates with the same thickness are used in the experiments, one with 3 layers of woven 

fabric and the other with 4 layers resulting in a fibre volume fraction (Vf) of respectively 45% 

and 59% as indicated by the supplier. 

Previously conducted experiments with flax/PA11 showed a high moisture dependency of the 

stiffness obtained by tensile testing. Samples were submerged in demineralised water of 23 ⁰C 

for seven days and others were conditioned at 50% relative humidity (RH) and 23 ⁰C both 

until weight equilibrium. Two laminates with a volume fraction of 45% and 59% as specified 

by the supplier, resulted in a total measured moisture uptake of 8.4 wt% and 13 wt% 

respectively. Figure 1 shows typical stress-strain curves of specimens from the two laminates 

after the different conditioning settings. The tensile tests were performed on a Zwick Z5.0 



COMPOSITES WEEK @ LEUVEN AND TEXCOMP-11 CONFERENCE. 16-20 SEPTEMBER 2013, LEUVEN 

with a force cell of 10 kN. Strain was measured using a laser speckle extensometer. Results 

show that the stiffness of the moisture affected specimens after submerging decreases 

drastically to half of the value of the samples conditioned at 50% RH. This drop in Young’s 

modulus is also noticed with composites made out of flax reinforced biocomposites [3-5] just 

as the increases in maximum tensile strain [4,6]. The maximum tensile strength seems almost 

unaffected and rather showing a sign of a small increase after being submerged. An increase 

in maximum tensile strength under similar moisturising conditions was also observed in the 

literature with single flax fibres [1], hemp fibre reinforced polyester [6] and an increase of 

flexural strength with jute polyester composites [7].  
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Figure 1 Influence of conditioning at different moisture levels on tensile stress-strain curves 

CONDITIONING 

Specimens of 60 × 60 mm² are cut from the aforementioned two types of laminates. Samples 

are conditioned until mass equilibrium at four different humidity and temperature settings. 

Specimens conditioned at 0% RH are dried in a vacuum oven at 50 °C. Two separate 

conditioning chambers are used for the samples conditioned at the 50% RH and 95% RH both 

at a temperature of 23 °C. The 100% RH condition is achieved by submerging the specimens 

into demineralised water of 23 °C. All the samples are conditioned with material as received 

from the supplier which implies the initial presence of moisture. Monitoring the moisture 

uptake was performed by measuring periodically the mass using a balance with an accuracy 

of ±0.1 mg. Any excess water is wiped off in case of the submerged samples. Only one 

specimen of each sample is used for the calculation of the absorption curves. Every measuring 

procedure takes less than two minutes. The calculation of the moisture content after 

conditioning until equilibrium uses the as-received moisture content as reference. In addition 

to the weight, the thickness before and after conditioning is measured using all the specimens.  

CONDITIONING RESULTS AND DISCUSSION  

The percentage of mass increase of the samples versus the square root of time is depicted in 

figure 2. For the two types of material and the four different conditioning settings the water 

absorption curves can be identified. The water absorption appears to behave like the single-

phase Fickian diffusion model with an initial linear part of the absorption curve plotted 

against √t. The small loss of mass of the samples dried at 0% RH and 50 °C indicates a rather 

dry initial laminate. The curve of the drying specimens do not behave according to Fick’s 

model because of the elevated temperature and possibly the applied vacuum. The mass (M) 

and thickness (h) after conditioning are compared with the initial situation (Table 1). For the 

mass and thickness the average and Standard Deviation (SD) was calculated using the amount 

of samples as displayed in Table 1. 
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Figure 2 Relative mass change during conditioning of different laminates versus the square root of time 

The increase of mass and thickness of the samples with higher RH is evident. A higher fibre 

volume fraction is also contributing to higher and faster moisture uptake. These results 

indicate that moisture absorption is fibre dominant [8] which agrees with the maximum 

moisture uptake of PA11 of about 2%. 

Table 1 Material properties of the 45% Vf and 59% Vf laminate after conditioning 

RH (%) 
Amount M (%) SD (%) h (%) SD (%) 

45% 59% 45% 59% 45% 59% 45% 59% 45% 59% 

0 3 6 -0.66 -1.05 0.02 0.09 -0.27 -0.90 0.09 0.19 

50 6 6 2.13 2.49 0.07 0.16 1.46 1.95 0.13 0.12 

95 4 4 6.75 8.35 0.03 0.14 8.59 10.96 0.37 0.27 

100 1 2 8.79 11.42 - 0.18 11.54 15.24 -  0.55 

An image was taken using a flatbed scanner immediately after conditioning of the samples. 

The change in appearance of the laminates after conditioning is compared to unconditioned 

material at room temperature and moisture conditions (Figure 3b). A clear darkening effect of 

the laminates with the presence of high percentage of moisture is observed.  

 
Figure 3 The appearance of laminate just after conditioning: 0%RH(a), initial situation(b), conditioned at 

95%RH(c) and submerged(d). 

 

a b c d 
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This effect is visible in Figure 3, when comparing the laminates conditioned at 95% RH 

(Figure 3c) to the material as received from the material supplier (Figure 3b) or with the dried 

laminates (Figure 3a). The composite samples submerged in water developed some deposit on 

the surface, possibly being a type of fungus [1]. The same dark appearance as the sample 

conditioned at 95% is present underneath the deposit. The samples with high moisture content 

showed severe twisting which indicate the introduction of hygroscopic stresses. 

IMPACT SETUP 

A Dynatup 8250 instrumented falling weight impact machine is used to investigate the 

puncture fracture behaviour of the considered biocomposite laminates. The tests are 

performed according to the EN ISO 6603-2000 standard. A lubricated hemispherical striker 

with a diameter of 20 mm is bolted to a falling weight of 22.73 kg. The falling weight is 

preloaded to reach a drop velocity of 4.4 m/s which results in a total impact energy of 220 J. 

The force during impact is measured with a Kistler 9011A 15 kN  load washer and the 

displacement of the falling weight is measured with a linear encoder Meter Drive ZAM 301 

with an accuracy of 0.1 mm. All data is recorded and processed using a custom LabView 

software program. The specimens are pneumatically clamped between two metal plates with 

an inner clamping diameter of 40 mm. 

The testing procedure entails taking one specimen out of the conditioning chamber as 

described in the previous chapter. The specimen is placed on the anvil using a bracket for a 

reference point. The lubrication of the striker is checked and maintained if necessary. The 

data recording loop is started and is triggered with a threshold of 100 N and a pretrigger time 

to capture all data. The specimen is pneumatically clamped and subsequently the impact test 

is performed. The complete process from taking the sample up to and including the impact 

takes about one minute. The impact is recorded with a high speed camera with 10k fps, 

viewed diagonally from the top of the specimen. Data of the force time response is 

synchronised with the images from the video by means of a trigger signal.  

IMPACT RESULTS AND DISCUSSION 

Typical unfiltered force-deflection curves of the samples with 59% Vf are displayed on the 

left in Figure 4. In the first part of the curve some initial dynamic effects are visible. The 

significant higher maximum force resulting from the samples conditioned at higher RH is 

obvious. In addition the maximum force is recorded at a higher deflection. The resulting 

impact energy is calculated by integration of the force-deflection curve and is displayed on 

the right side of Figure 4. As a consequence of the higher force and deflection the 

corresponding energy is higher as well.  
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Figure 4 Typical force-deflection(left) and energy-deflection(right) curves of the samples with Vf=59% 

The same relationship with higher force and energy at higher RH is also noticed at the 

laminates with a Vf of 45%. The average maximum force and puncture energy is calculated 
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with standard deviation over the amount of specimens from Table 1 and the results can be 

seen in Figure 5. The impact energy is determined at the point where the force is almost 

returned to zero. 
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Figure 5 Maximum force(left) and puncture energy(right) with standard deviation versus the conditioned %RH 

The increase of absorbed energy at higher RH can be addressed to an increase of the laminate 

thickness and higher ductility. From Figure 6 and 7 the change from a brittle fracture 

behaviour of the dried specimen to a ductile fracture of the submerged sample is apparent. 

The phenomenon is dominated by fibre fracture after which the crack progresses in the 

direction of the transverse fibre. This is observed in both warp and weft direction leading to 

the star shaped pattern if the fracture. The dried specimens show circumferential brittle 

fracture (Figure 6a and 7a) opposed to the bending of the edges of the moisturised samples 

(Figure 6c,6d,7c and 7d). The wet samples demonstrated more elastic deformation regarding 

the small opening remaining after impact.  

    
Figure 6 Typical fracture appearance after impact of laminates with a Vf of 45% conditioned at: 0%RH(a), 

50%RH(b), 95%RH(c) and submerged(d). 

    
Figure 7 Typical fracture appearance after impact of laminates with a Vf of 59% conditioned at: 0%RH(a), 

50%RH(b), 95%RH(c) and submerged(d). 

Looking at the fracture surface the brittle surface is apparent at the dry samples accompanied 

with short fibre length pull-out (Figure 8a). The wet samples show fibre and bundle pull-out 

fracture characteristics accompanied with delamination (Figure 8c and 8d). Longer fibre pull-

out lengths can be explained by weakening of the fibre/matrix interface strength as a result of 

moisture uptake [5,6,8,9]. Apart from an increase of impact performance at higher RH, an 

a b c d 
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increase can also be noticed with higher fibre volume fraction of the laminate (Figure 5). The 

presence of more fibres increases the energy needed to puncture the laminate of the same 

thickness [10]. The increase of impact properties with higher Vf is also observed with Charpy 

impact tests [2,11] or show an optimal Vf [12]. Both the increase of puncture energy with 

increased Vf and with higher RH indicates the energy absorbing mechanism is related to fibre 

pull-out as explained with flax/PP [13]. 

    
Figure 8 Typical fracture appearance after impact of laminates with a Vf of 59% conditioned at: 0%RH(a), 

50%RH(b), 95%RH(c) and submerged(d). 

DRYING AFTER CONDITIONING 

The specimens are stored at room conditions after the impact tests resulting in desorption of 

the wet specimens. After two months cross-sectional micrographs of these specimens are 

taken with a light microscope at a magnification of 200. Transverse cracks are noticed within 

some fibre bundles and appear to be only in the out of plane direction (Figure 11). An 

increase in the size and amount of cracks is visible with increasing humidity conditions 

(Figure 9 and 10). No cracks are apparent at the specimens conditioned at 0% RH.  

 
Figure 9 Microscopic images of dried laminates with a Vf of 45% after being conditioned at: 0%RH(a), 

50%RH(b), 95%RH(c) and submerged(d). 

  
Figure 10 Microscopic images of dried laminates with a Vf of 59% after being conditioned at: 0%RH(a), 

50%RH(b), 95%RH(c) and submerged(d). 

A possible explanation of the presence of transverse cracks can be found in the difference of 

swelling behaviour of the flax fibre and the matrix. The major dimensional change is found in 

the transverse swelling of the flax fibre of about 20-25% [5]. On the other hand the axial 

swelling of the fibre is 0.05% [5] and the linear strain of PA11 after immersion is only about 

0.2% to 0.5%. A simple phenomenological model is made (Figure 12) by taking a unit-cell of 

the flax/PA11 laminate from Figure 11. 

a b c d 

a b c d 
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Figure 11 View of a cross-section of a laminate with a Vf of 59% conditioned at 95% RH and dried to RT 

 
Figure 12 Model of behaviour of a unit cell of  flax/PA11 while being moisturised and dried afterwards 

The assumption is made that there is a restraining effect of the fibres in the in-plane direction 

whereas the laminate is free to deform in the out of plane direction (Table 1). The bundle of 

fibres will expand in transverse direction due to hygroscopic swelling when taken from room 

conditions to a humid environment [8,14]. The matrix will be pushed by the fibres in the out 

of plane direction whereas in the in-plane direction the transverse swelling induces stress and 

will plastically deform the matrix because of creep. The deformed matrix has produced a 

larger cavity for the flax fibres during the absorption phase. When returning to dry room 

conditions, the fibres tend to shrink back to their original size. The shrinkage of the fibres 

results in the forming of transverse cracks in the bundle. These cracks appear at the weakest 

point, which can be at the fibre-matrix interface, between independent fibres or even through 

a single fibre. The formation of these cracks can have a significant effect on the mechanical 

properties of the dried laminate after being exposed to moisture [5,9] and is a subject for 

additional research. 

CONCLUSION 

In this research the influence of moisture on the impact performance of flax/PA11 composites 

is investigated. The moisture uptake of the laminates followed Fick’s Law. The uptake speed 

and mass gain during moisture uptake increases with increased relative humidity and with an 

increase of the fibre volume fraction of the laminate, which clearly shows moisture uptake of 

the considered material is fibre dominated. Drying the laminate after moisture uptake caused 

transverse cracks due to differences in swelling of the axial and transverse component of the 

flax fibres. 

The impact properties of the flax/PA11 composite increase with higher levels of absorbed 

moisture. Both maximum force and puncture energy increase with higher relative humidity, 

caused by higher ductility of the matrix and increased thickness of the laminate due to 
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swelling. The impact properties also increase with higher fibre volume fraction. This increase 

at higher RH and Vf is related to an increase of energy absorption with greater fibre pull-out 

length. 
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