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Abstract  The present study was carried out to evaluate the temperature effect on the mode II interlaminar fracture be-
haviour of two unidirectional carbon fiber composite materials subject to low velocity impact damage. Before testing, the 
specimens were exposed at positive and negative temperatures. The delamination crack energy was calculated at the 
maximum loading point according to the directed beam theory, to the corrected beam theory and to the compliance calibra-
tion. Two types of carbon fiber epoxy composite materials were investigated of denominations AS4/8552 and AS4/3501-6. 
Unidirectional panels of 32 plies were fabricated according to the prepreg manufacturer`s. A thin film of PTFE was intro-
duced between the mid-planes of the panels in order to provide an artificial starter crack of length 60 mm. Of each materials, 
five specimens were tested at the statically and the dynamical mode II at the temperatures of:-30,-15, 0, 15, 30, 45 and 60°C. 
From the experimental results, we conclude that the two composites have a similar behaviour, with a slightly effect of a 
temperature. The experimental design method was used to obtain a mathematical model describing the effect of the tem-
perature on the crack delamination energy.  The compliance calibration method gives conservative values of the crack 
delamination energy.  
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1. Introduction 
Composite materials have been a staple of the engineering 

community for many decades. In many engineering appli-
cations of composites and laminate materials, damage and 
failure may be caused by impact of various natures. 
Low-velocity impact is potentially dangerous because it can 
produce extensive subsurface delamination that may not be 
visible on the surface. The composite materials were used in 
the aerospace and the aircraft vehicles. Moisture can ad-
versely affect composites integrity, durability and perform-
ance. In the recent years characterization and mechanical 
behaviour of polymer composites at a temperature has been 
focused. These are the modern engineering materials that 
have wide applications in a range of areas from aerospace, 
automobiles and boats to cryogenic equipments such as 
cryogenic fuel thanks, cryogenic fuel delivery lines, 

 
* Corresponding author: 
zramdane@netcourrier.com (Zenasni Ramdane) 
Published online at http://journal.sapub.org/materials 
Copyright © 2012 Scientific & Academic Publishing. All Rights Reserved 

cryogenic wind tunnels and parts of the cryogenic side of 
turbo-pumps because of their ease of handling, low fabrica-
tion cost and excellent mechanical properties. As composites 
have demonstrated to be very venerable to out of plane 
impact, which cause barely visible impact damage (BVID) 
reportedly contributes up to 60% loss in structures’ com-
pressive strength and major reason of catastrophic failures. 
The energy absorbed during impact is mainly dissipated by a 
combination of matrix damage, fibre fracture and fi-
bre-matrix de-bonding, which leads to significant reductions 
in the load carrying capabilities. In ballistic impacts the 
damage is localized and clearly visible by external inspection, 
while low velocity impact involves long contact time be-
tween impactor and target, which produces global structure 
deformation with undetected internal damage at points far 
from the contact region. For such reasons the low velocity 
impact are often simulated by simple static indenta-
tion-flexure tests, neglecting the influence of dynamic ef-
fects. It is also suggested the complete model to take into 
account the full dynamic behaviour of the laminates. When 
the temperature is decreased down to cryogenic temperature 
internal stresses are generated in the epoxy matrix due to 
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thermal contraction. Fracture of the matrix is induced when 
the thermal stress induced stress intensity factor exceeds the 
fracture toughness of the resin. The fracture toughness of the 
matrix at cryogenic temperature can be improved by con-
trolling the chemical structure, network structure and mor-
phology. The microstructure becomes more orderly at low 
temperature [1]. Other researchers applied damage theory of 
continuum mechanics to address the internal damage. They 
initiated the stress-strain relation for the actual damaged by 
introducing a fourth-order damage operator to transform the 
compliance matrix according to the damage states. The 
impact induced de-lamination another important damage 
mode was combined because the level of impact energy to 
initiate de-lamination is low and the post-impact compres-
sive strength reduces dramatically. R.Tiberkak and al [2] 
have analysed the damage of composite plates under a low 
velocity impact loading. Since 1980s, many researchers have 
analytically and experimentally investigated the low velocity 
impact behaviour of composite laminated structures. Most 
composite structures will be under some level of stress when 
impacted. For example, the upper skin of the main wing of 
the aircraft will be mainly under in-plane compressive load 
during flight and the lower one will be under in-plane tensile 
load. So, foreign objects like hail and debris in the runway 
shall give an impact to 638. Umar Farooq and Karl Gregory 
[3] have studied a composite laminated structure under 
in-plane load. However, a few studies on the impact behav-
iour of the composite laminates under in-plane load have 
been published.  Ramazan Karakuzu and al [4] have used 
the LS Dyna a finite element program to analyse the impact 
delamination response of the composite laminate subjected 
to a different impactor mass. C. Cho and al [5] have studied 
the effect of the geometry and a material on the mechanical 
response laminated composites subjected to a low velocity 
impact damage. A finite element analysis of fibre-reinforced 
composite plates subjected to low velocity impact has been 
also done by M. Freitas and al [6]. Gaurav Nilakantan and al 
[7], have used the multi-scale modelling techniques to ana-
lyse the impact damage of woven fabric by the finite element. 
In the present paper, two symmetrical unidirectional carbon 
fiber composite materials were subjected to the impact 
loading before they have been exposed to positive and 
cryogenic temperatures in order to characterise the inter-
laminar mode II fracture behaviour to impact damage re-
sponse. 

2. Experimental Procedures 
2.1. Materials  

Two types of carbon fiber /epoxy composite materials 
were investigated in the present study. One of commercial 
denomination AS4/8552 is a modified epoxy matrix 8552 in 
order to increase their tenacity. The second of denomination 
AS4/3501-6 is a conventional composite of matrix epoxy 
3501-6. Unidirectional symmetrical panels of 32 plies were 

fabricated according to the prepreg manufacturers recom-
mended cure cycle. A thin film of PTFE was inserted be-
tween the mid planes of the panels to provide an artificial 
crack starter. The specimen dimensions were of 6 mm 
thickness, 25 width and 160 mm long. The starter length was 
of 60mm, five specimens of each material were exposed to 
positive and cryogenic temperatures. The chosen tempera-
tures were: -30°,-15°, 0°, 15°, 30°, 45° and 60°.  

2.2. Impact loading 

After the temperature conditioning, the compliance cali-
bration had been realized. All the specimens were tested to 
impact loading according to ASTM [8] in order to determi-
nate the maximum load and the energy required to impact 
delamination. The impact tests were conducted in a drop 
tower at a velocity of 4.43 m/s during a short time test of 
50ms. The figure 1, present the ENF impact test. The crack 
energy GIIC was calculated at the maximum load point. 
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Where: 
B is the specimen width, h the half thickness, P the load, δ 

the displacement at the maximum load, a was the crack 
length, L is the middle span.  

The slope m where calculated from: 3
0C C ma= +  

E is the Young modulus calculated using the equation 4: 
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0C was the origin ordinate calculated for 0a =  

 
Figure 1.  ENF test 

By applying the design experiment method, the coded 
values were presented in table1. In tables 2, 3 and 4, we 
present the type of experiment.  

Where: X1: material type (AS4/8552 and AS4/3501-6), 

2L=100 

P 

a=25 
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X2: Temperature, Y delamination energy (J/m2). 

Table 1.  The influencing parameters 

Parameter Material Temperature 
Unit - ℃ 
Basic value           xi0  - +15 
Interval               ∆xi - 45 
Maximal Value       xi AS4/3501-6 +90 
Minimal Value       xi0 AS4/8552 -30 

Where the coefficient of regression where: 
Compliance calibration method: 
β0 = 5513.36; β1 = 67.77; β2 = -956.42; β12 = 89.18; 
β22 = 710.07 
Direct beam theory: 
β0 = 16056.47; β1 = -772.67; β2 = 969.68; β12 = 417.87; 
β22 = 3023.07 
Corrected beam theory: 
β0 = 8111.82; β1 = -260.05; β2 = 105.71; β12 = 94.67;  
β22 = 597.35 

2.3. Experimentation 

In order to optimize the mechanical testing, the planning 
design experiment method was used to obtain a mathemati-
cal model describing all the influencing parameters. The 
experimentation is made on a bench test, show figure 2, 
according to a planning of experiments of second order and 
of type two requiring 6 experiments under the influence of 
parameters whose values are reported in table1. In fact of the 
diversity of the units, according to [9-12] the values were 
coded by the relation (5): 

Xi = (xi-xio)/ ∆xi      (5) 
Where: 
Xi: coded value 
xi: real superior (inferior) value 
xio: real intermediary value 
∆xi: Interval 
By applying the compliance calibration method, a 

mathematical model can be obtained in the form:  
Y(Xi; β1) = 5513.36 + 67.77 X1 – 956.42 X2 

+ 89.18X1X2 + 710.07X2
2            (6) 

There surface responses can be represented in figure 2a. 
Similarly, the direct beam theory provided a mathematical 

model in the form: 
Y(Xi; β1) = 16056.47 – 772.67 X1+ 969.68 X2 

+ 417.87X1X2 + 3023.07X2
2          (7) 

Figure 2b, show the surface responses on this model.  
At the end, the corrected beam theory provided a mathe-

matical model listed below: 
Y(Xi; β1) = 8111.82 – 260.05 X1 + 105.71 X2 

+ 94.67X1X2 + 597.35X2
2            (8) 

There surface responses can be also presented in figure 2c. 
From figure 2a, in the case of compliance calibration, we 

note that the delamination energy decrease linearly and fastly 
for two composite materials (AS4/8552 and AS4/3501-6) for 
temperature variation of -30℃ to -11.1℃. From -11.1℃ to 
27.6℃, the delamination energy decrease linearly and slowly 
reaching the value of 5400 J/m2, where the temperature had 

more effect on the composite AS4/3501-6. From the tem-
perature variation of 27.6℃ to 42℃, the delamination energy 
decrease no linearly and slowly reaching the value of 5200 
J/m2 and then begin in increase no linearly and slowly to 
reach the value of 5400 J/m2 (Figure 2a). 

 
a- Compliance calibration  method 

 
b- Direct beam theory 

 
C-Corrected beam theory 

Figure 2.  (a, b, c)Effect of the material type and the temperature on the 
energy of delamination 

For a temperature range from -30℃ to 6℃, the delamina-
tion energy for a composite AS4/3501-6 decrease linearly to 
11.1℃ then no linearly and slowly. In the case of composite 
AS4/8552, the energy decrease no linearly and slowly at the 
same range of temperature. From temperature variation of  
6℃ to 42℃, the energy increase no linearly and slowly, 
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finally from 42℃ to 90℃, the energy of delamination in-
crease linearly. We that the cryogenic temperatures have 
more influence on the composites AS4/8552 and 
AS4/3501-6 from -30℃ to 6℃ and a contrary for the tem-
peratures variation between 6℃ to 90℃, see figure 2b (direct 
beam theory). 

For a temperature range of -30℃ and 15℃, the delamina-
tion energy decrease linearly, and then no linearly, this 
variation had a great effect on the composite AS4/8552. By 
varying the temperature from 15℃ to 90℃, the energy will 
have a linearly and no linearly growth for a composite 
AS4/3501-6, see figure 2c (corrected beam theory). From the 
obtained results, we appreciate that the direct beam theory 
provided a higher delamination energy values. The corrected 
beam theory gives averaged values of delamination crack 
energy. Finally the compliance calibration gives conserva-
tive values of delamination energy.  

Table 2.  Compliance calibration method 

N°Exp. X1 X2 X1X2 X2
* Compliance calibration 

Y1(J/m2) Y2(J/m2) Y3(J/m2) Yave..(J/m2) 
1 -1 -1 1 1/3 6204 5/6 5895,5 8459 6853,1 
2 1 0 0 - 2/3 6871 1/2 6067,4 6058,3 6332,4 
3 -1 1 -1 1/3 4741 1/4 4436,1 5108,3 4761,9 
4 1 -1 -1 1/3 7397 1/2 6168,7 8935,9 7500,7 
5 -1 0 0 - 2/3 4585 2/7 5273,5 4174,1 4677,6 
6 1 1 1 1/3 5469 1/9 6112,8 5716,6 5766,2 

Table 3.  Direct beam theory 

N°Exp. X1 X2 X1X2 X2
* Compliance calibration 

Y1(J/m2) Y2(J/m2) Y3(J/m2) Yave..(J/m2) 
1 -1 -1 1 1/3 20063 1/3 17381,6 19088,3 18844,4 
2 1 0 0 - 2/3 16313 4/9 15093,3 14704 15370,2 
3 -1 1 -1 1/3 19915 19439,5 20488,9 19947,8 
4 1 -1 -1 1/3 16366 16670,2 17500,8 16845,7 
5 -1 0 0 - 2/3 17139 18691,6 17211,8 17680,8 
6 1 1 1 1/3 19455 3/7 20253,7 19153,9 19621 

Table 4.  Corrected beam theory 

N°Exp. X1 X2 X1X2 X2
* Corrected beam 

Y1 (J/m2) Y2 (J/m2) Y3 (J/m2) Yave. (J/m2) 
1 -1 -1 1 1/3 9201 1/4 7650,3 9870 8907,1 
2 1 0 0 - 2/3 7152 7473 8617,9 7747,6 
3 -1 1 -1 1/3 9022 2/7 7523,6 10241,8 8929,2 
4 1 -1 -1 1/3 7943 5/6 8157,3 8783,2 8294,8 
5 -1 0 0 - 2/3 7800 5/7 9230,4 8354,6 8461,9 
6 1 1 1 1/3 8459 8622,8 9004,8 8695,5 

Figure 3, present the variation of impact energy en func-
tion of the temperature. In the case of the material 
AS4/3501-6, we note a stabilization of the energy between  
0 ℃ and 15℃, followed by a quickly decrease in energy for a 
change of  the temperature between 15℃ to 60℃ reaching 
the value of 22.15J. At a cryogenic temperatures -30℃  to 
-15℃ reaching the value of 29.93J, then the impact energy 
was maintained followed by a slowly decrease at 0℃. The 
composite AS4/8552, present more or less the same trend as 
the material AS4/3501-6  with a  modified  matrix. At 
temperature of 60℃, the composite AS4/8552 presents a 
decrease in impact energy about 26.9J. In mode II, the 

modified epoxy matrix had no significantly effect on the 
impact energy. 

 
Figure 3.  Energy impact en function of temperature 

3. Conclusions 
Two composite materials were subjected to impact dam-

age loading at a low velocity in a drop tower. The composites 
were made of unidirectional carbon fibers of 32 plies. The 
first composite had a matrix epoxy without any modification, 
while the second composite of a modified epoxy matrix in 
order to increase their fracture tenacity. Before the impact 
testing, the composites were subjected to temperatures of: 
60℃, 45℃, 30℃, 15℃, 0℃, -15℃ and -30℃. The impact 
delamination energies were calculated at a maximum load 
point according to three theories (compliance calibration, 
direct beam, and corrected beam). The planning design 
experiment method was applied in order to obtain a mathe-
matical model taking account all the influencing parameters 
on the impact delamination energy. From the results, the 
compliance calibration theory gives more conservative 
values of the crack delamination energy. The temperatures 
generate thermal stresses in the laminate at low temperature; 
contribute to facility of the generation and propagation of 
damage when subjected to impact load.  
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