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Abstract
The impact response of a composite laminate structure was investigated by subjecting sev-
eral stacking sequences of a composite laminate structure to low velocity impact loading 
using a Drop-Weight Machine (CEAST 9350 drop tower) and three-point bending using an 
electronic universal tester (Type: WDW-20) machine. The air-coupled ultrasonic C-scan 
technique (NAUT21) was selected in order to characterise the impact damage size, delami-
nation, flaw detection, and damage in composite laminate structures. The failure processes 
of damaged specimens for impact energy (5 J) were  evaluated by comparing load-displace-
ment curves and images of damaged samples  taken from impacted sides through a C-scan.

Key words: stacking sequences, low velocity impact, C-scan, three- point bending, delami-
nation. 

operation requires advanced non-de-
structive evaluation (NDE). For example, 
fatigue damage of metals is characterised 
by the nucleation and growth of a single 
crack, which is detectable using conven-
tional penetrant or eddy current testing. 
In comparison, the fatigue mechanisms 
of (frequently non-conducting) FRP in-
volve many different defects and more 
complex accumulation of damage [11]. 
Various non-destructive testing (NDT) 
modalities, such as X-ray CT, thermog-
raphy, ultrasonic, acoustic emission, etc., 
have been used to detect and identify 
damage types in composites. Over the 
last 20 - 30 years, there has been signifi-
cant work performed in experimental ul-
trasonic testing to detect and characterise 
damage modes in composites [12 - 14]. 
The development of nondestructive in-
spection techniques has been remarkable 
in many industries, where the defect in-
spection system plays a key role. Among 
such inspection systems, the nondestruc-
tive techniques examine the physical 
properties and defects of a sample with-
out destroying it. Non-contact air coupled 
ultrasonic testing has been used to detect 
damage in composite structures and also 
employed to inspect a sample with rough 
surfaces or those with very low or high 
temperature. It has also been used where 
the conventional contact ultra-sonic test-
ing method cannot be employed due to 
the difficulty of applying a coupling in 
constricted spaces. The technique is used 
to detect the decay and defects of mate-
rial with very high or low temperature, 
or to inspect curved surfaces of air-craft 
and the delamination of carbon compos-
ite material used for automobiles [15]. 
The NAUT21 detection system can be 
used for composite material, lithium ion 
batteries, brake pads, ceramic materials, 
concrete, wood, rubber, plastic and other 
materials. The air-coupled approach has 

n	Introduction 
Composite materials have been competi-
tive alternatives to traditional metallic 
materials for a while due to their lower 
density, higher stiffness, higher strength, 
and better fatigue resistance when com-
pared to steel or aluminum. Such proper-
ties enable composites to be an ultimate 
candidate for structural applications in 
aerospace and automotive products. Car-
bon fibre reinforced plastics (CFRP) with 
laminated structures are one of the most 
concerned types of composites, thus at-
tracting researcher’s attention for the last 
two decades. The incentives to study the 
impact damage inspection strategies of 
CFRP laminated structures are not only 
due to the increase in their demand, but 
also because of the fact that CFRP struc-
tures suffer more severely from such 
damage than other composite materials 
[1]. The use of a three-point support flex-
ural test to predict the stiffness of aniso-
tropic composite plates in bending was 
studied by Nunes et al. The results show 
that the flexural behaviour of the com-
posites depends on several factors, such 
as fibre orientation, laminate stacking, 
surface waviness and molding tempera-
ture [2]. Many studies have been carried 
out on bending properties of composite 
laminate by considering several fac-
tors, such as fibre orientation, laminate 
stacking, and manufacturing conditions  
[3 - 9]. Ultrasonic testing has been used 
for years as a method of examining 
parts and components in production, 
as a means of verifying product quality 
and for inspecting service parts for dam-
age and defects [10]. Increased usage of 
FRP challenges non-destructive testing 
(NDT). Detection of the large variety of 
defects occurring in heterogeneous and 
anisotropic polymer-matrix composites 
during their manufacturing process and 
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a great advantage in the case of compos-
ite materials as C-scan observations help 
in determining the shape of the different 
delamination and their locations in the 
composite plates [16]. Most previous air-
coupled ultrasonic investigations were 
based on the through-transmission and 
pitch-catch configuration of transduc-
ers [10, 17 - 20]. Air-coupled ultrasonic 
testing presents subtle challenges to the 
engineer seeking to employ this tech-
nique for defect detection or materials 
characterisation [21]. In current stud-
ies, the impact, bending, and C-scan of 
the laminate composite structure was 
investigated. Two types of stacking se-
quence were chosen for the bending test: 
[0/90/-45/45]2s call quasi-isotropic and 
[45/45/90/0]2s call unbalance stacking 
sequence and s denotes to symmetric. 
Also four types of stacking sequences 
were chosen for the impact property: 
[0/90/-45/45]2s, [45/45/90/0]2s, [0/90/-
45/45]s and [45/45/90/0]s to characterise 
impact damage in the composite laminate 
structures. A non-destructive technique 
was used to detect the delaminated area 
of the specimens. A laminate composite 
structure with different stacking sequenc-
es was evaluated on an Instron CEAST 
9350 impact tester (Instron Company, 
United States & Canada). The effects of 
the stacking sequence were used and be-
ing discussed.

n	 Materials and methods
Materials 
T700S-24k carbon fibre/epoxy unidirec-
tional Prepreg produced by the Torayca 
Company (Toray Carbon Fibers, China) 
was used to manufacture composite lami-
nates.

Laminates fabrication 
Laminates fabrication which consist of 
four different stacking sequences was 
prepared by the compression molding 
composite process as shown in Fig-
ure  1. The pressure was 2 MPa; curing 
lasted 30 min at 80 °C, and post-curing 
for 120 min at 120 °C. The dimensions 
of the entire sample were 16 × 16 cm  

(length × width). Table 1 represents cal-
culated mechanical properties of the lam-
ina produced.

The mechanical properties of composite 
lamina calculated by the following equa-
tions:

E1 = EfVf + EmVm              (1)

             (2)

            (3)

υ12 = υfVf + υmVm              (4)

where, E1 is the longitudinal stiffness, Ef 
and Em the stiffness of fibre and matrix, 
Vf and Vm the he volume fraction of fibre 

Table 1. Mechanical properties of compos-
ite laminate.

Young modulus (longitudinal), GPa E1 = 135.0

Young modulus (transverse), GPa E2 = 8.91

Shear modulus, GPa G12 = 98

Poisson ratio v = 0.3

Ply thickness, mm t = 0.125

Pressure

Pressure

Composite

Top plate

Bottom plate

Figure 1. Compression molding machine (flat-panel vulcanizer).

Table 2. Testing equipments.

Number Name Model

1 Electronic universal 
tester WDW-20

2 Optical microscope Nikon eclipses 
E200

3 Impact tester (Instron) CEAST 9350
4 C-scan NAUT21

Table 3. Specimen characteristics and specifications; Qu - denotes to quasi-isotropic,  
Un - denotes to unbalance.

Laminate type Specimen 
name

Lay-up, 
degrees

N of 
plies

Span 
L, mm

Width 
b, mm

Specimen 
length M, 

mm

Specimen 
thickness h, 

mm
Quasi-isotropic 

stacking 
sequence

Qu1
Qu2
Qu3

[0/90/-45/45]2s
Same
Same

16
16
16

40
40
40

15
15
15

70
70
70

2
2
2

Unbalance 
stacking 

sequence

Un1
Un2
Un3

[45/45/90/0]2s
Same
Same

16
16
16

40
40
40

15
15
15

70
70
70

2
2
2

Figure 2. Load configuration for a beam in three point bending; F is the applied force,  
R1 - indenter radius, R2 - fixed support radius, h - specimen thickness, L - support span and 
M - specimen length. 
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The detection part is shown in Figure 5. 
It consists of a top probe (pulser) and 
bottom probe (receiver) with 400 KHz 
frequency. The probe diameter is 20 mm. 

Principle of operation procedure
Firstly put the inspection material as 
shown in Figure 5, between the left & 
right clamp holders (removable to fit the 
sample size) and adjust the holder height 
to get the same distance from the sam-
ple to the pulser and from the sample to 
the receiver. Secondly: move the pulser 
& receiver devices above & below the 
undamaged area to get a fundamental 
healthy material pulse. Thirdly set the 
parameters (1 - continuous: to get a con-
tinuous ultrasonic transmission pulse,  
2 - amplitude: initial value 20 dB for gen-
eral material; increase the gain value to 
get enough echo amplitude and decrease 
the gain value if the amplitude is big,  
3 - frequency: adjust the frequency to 
get the good waveform, which means  

Impact testing
An INSTRON CEAST 9350 drop tower 
impact tester machine, Figure  3, was 
used to conduct the impact test. The test 
was performed by dropping a 16  mm 
diameter hemispherical striker with 
5.277 kg weight on the specimens from 
various heights. The striker weight in-
cludes a carriage weight of 4.3 kg, a strik-
er of 0.63 kg and additional 0.347  kg. 
An impact energy of 5 J was applied to 
the laminates. The incident velocity was 
1.38 m/s and the drop height is 96.7 mm. 
The tests were done according to the 
ASTM 7136 standard [22].

Non-contact air coupled ultrasonic 
testing (NAUT21)
The non-contact detection ultrasonic 
method was used so that a coupling agent 
is not required to be applied on the speci-
men to eliminate the risk of its contami-
nation. The facility, NAUT21, is shown 
in Figure 4. 

and matrix, E2 the transverse stiffness, 
G12 the shear modulus, Gf and Gm the 
shear modulus of fibre and matrix and υf, 
υm the Poisson ratio of fibre and matrix.
The testing equipment used in the experi-
ments included an electronic universal 
tester (Type: WDW-20) machine (Shang-
hai HUALong WDW Series, China), op-
tical microscope (Nikon eclipses E200, 
Japan), non-contact air coupled ultra-
sonic testing (NAUT21, Japan Probe Co, 
Ltd), and a CEAST 9350 drop tower (In-
stron), see Table 2. 

Three point bending test 
Three-point bending test was conducted 
with an electronic universal tester (Type: 
WDW-20) machine. The velocity of the 
bending load applied was 2 mm/min. 
Figure 2 shows the load configuration 
for a beam in the three point bending 
tests. Different stacking sequences lami-
nate types were tested, firstly quasi-iso-
tropically and secondly in an unbalanced 
stacking sequence. Load–displacement 
plots were obtained for each test speci-
men, and three specimens of each type of 
composite laminate were tested. Table 3 
shows the lay-up, number of plies and di-
mensions for each specimen. The dimen-
sions and all the procedures for the three-
point bending test were set according to 
Standard (ISO14125:1998, Fibre-rein-
forced plastic composites-determination 
of flexural properties N EQ). The flexural 
stress Qf is given by the following equa-
tion:

Qf                      (5)

where, 
Qf 	- flexural stress, in MPa;
F 	 - load in N;
L 	 - span, in mm;
h 	 - thickness of the specimen, in mm;
b 	 - width of the specimen, in mm.

Figure 3. CEAST 9350 impact tester: (a) test chamber, and (b) device system.

a) b)

Ring support 76 
mm diameter Clamps

Striker holder

Combined 
weights

Instrumented 
striker

Striker 
antirebound 
system
Control 
system

Figure 4. Non-contact air coupled ultrasonic testing facility. Figure 5. Detection part with transmission and receiving probe.
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presence of some imperfections on the 
surface of the laminate. The second re-
gion after the load reached a peak value, 
a significant drop of about 50% in the 
peak load was seen and a displacement 
curve was observed in the composite 
laminate structures. This sudden drop 
would be due to fibre cracking. After 
the crack initiated in the tensile side, it 
propagated to the compressive side with-
in all types of specimens before the final 
failure occurred. After the load drop, the 
specimen continued to sustain the load, 
but never exceeded the previous peak 
load as only the reinforcement carrying 
the load, which is reflected in the third 
region. In this region, a plateau region 
was observed until reaching final failure.

Laminate: [45/45/90/0]2s

Figure 7 shows the behaviour of the 
composite laminate due to bending stiff-
ness, delamination, and oscillations dur-
ing the test until the peak load in the lam-
inate. This stacking sequence showed a 
few oscillations before the peak load, 
which may result from vibrations of the 
supports, some defects in the composite 
laminates, dents and delamination on 
the top and bottom face of the laminate 
composite structure, and initiation of 
damage in the specimens. The curves are 
divided into three regions. The first re-
gion, linear in appearance could explain 
the elastic deformation of the composite 
laminate. The second region after the 
load reached a peak value, the failure be-
haviour is similar to other laminate. Af-
ter the load drop, the specimen continued 
to sustain the load, but never exceeded 
the previous peak load as only the rein-

3 - 5 waves between the vibration starting 
point, 4 - measurement range: distance 
between adjacent measuring points and 
5 - scanning speed: the moving speed of 
the pulsar & receiver couple). Fourthly 
set the measurement range by moving 
the stage to set the diagonal points as the 
start and end points, and next save the 
settings. Finally start scanning to get a 
final C-scan image.

Statistical analysis 
Statistical analysis was performed with 
origin 8.5, and descriptive statistics 
were calculated (mean, standard devia-
tion, median, minimum, and maximum 
values). The normality of the distribu-
tions was assessed with Kolmogorov and 
Smirnov test. A multifactor analysis of 
variance (ANOVA) was applied to de-
termine whether there were significant 
differences among the various stacking 
sequences. The Tukey post hoc test was 
applied [23]. Significance for all statisti-
cal tests was predetermined at P < 0.05.

n	 Results and discussion
Three point bending testing 
This section describes the experimen-
tal results after the various composite 
samples were broken under three point 
bending (initial delamination, matrix 
crack, fibre crack). All results are plotted 

in terms of the load applied versus the 
center displacement of the sample under 
the crosshead of the electronic universal 
tester machine. All the samples for two 
stacking sequences had the same span 
length, thus making it possible to super-
impose the load/displacement plots for 
each group of samples. This allows for a 
more accurate comparison of the result-
ing curves. In each case there is reason-
ably good correlation in the results. For 
these samples the failure mechanism ob-
servations are reproducible.

Laminate: [0/90/-45/45]2s

Figure 7, illustrates load-displacement 
plots for laminates composite structures 
of [0/90/-45/45]2s consisting of 16 lay-
ers. Observations of the behaviour of the 
composite laminate under bending stiff-
ness were made during the test until the 
peak load of the laminate due to no de-
lamination observed and no oscillations 
before the peak load, which may result 
from vibrations of the supports not taking 
place, no defects in the composite lami-
nates, and little initiation of damage in 
the specimens. The curves can be divided 
into three regions: the first region, linear 
in appearance could explain the elastic 
deformation of the composite laminate. 
The deformation was noticeable when 
the displacement of the indenter was af-
fected in the upper surface, due to the 

Figure 6. Mean load values in N of the stacking sequences tested. Figure 7. Electronic universal tester plot of the load vs. displace-
ment of the composite laminate. 

Table 4. Descriptive statistics, in N, of maximum flexural strength values of the stacking 
sequences tested.

Number Specimen lay-up Mean SD Min Median Max

1 [0/90/-45/45]2s 508.36 236.24 0 450.66 1046.38

2 [45/45/90/0]2s 452.80 200.95 0 411.51 757.56

Stacking sequences

Lo
ad

, N

Lo
ad

, N

Displacement, mm
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forcement carrying the load, which is re-
flected in the third region. In this region, 
a plateau was observed until reaching 
final failure. The maximum fibre stress 
at failure on the tension side of a flex-
ural specimen is considered the flexural 
strength of the material. By comparing 
the two types of stacking sequences used 
in this test, [0/90/-45/45]2s has advan-
tages over [45/45/90/0]2s as it carries a 
high load, and has a small damage area, 
and no delamination due to the differ-
ent lay-up, fibre orientation, and differ-
ence in their respective fibre modulus.  
[0/90/-45/45]2s exhibits brittle behav-
iour, but the second laminate shows a 
progressive failure mode consisting of 
fibre failure, debonding (splitting) and 
delamination. The [45/45/90/0]2s lami-
nate has a highly nonlinear load–dis-
placement curve due to compressive 
yield. 

Statistical analysis results 
The descriptive statistics of the maxi-
mum load of the different two stacking 

sequences, including mean, standard 
deviation, median, minimum, and maxi-
mum are shown in Table 4 and Figure 6. 
The results of ANOVA indicated signifi-
cant differences among the various stack-

ing sequences (P < 0.001). Post hoc test 

pointed out that [0/90/-45/45]2s showed 

significantly higher load values than 

[45/45/90/0]2s (P < 0.05). 

Figure 8. Optical microscope photos for Qu1, Qu2, Qu3: [0/90/-45/45]2s.

Figure 9. Optical microscope photos for Un1, Un2, and Un3: [45/45/90/0]2s.

Figure 10. Load-displacement curves for low-velocity impact tests of composite laminates. 

Displacement, mm
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ad
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Optical microscopic images 
Optical microscope results show the 
shapes of the failure, which occurs in 
the samples. A high delaminated area 
occurs in [45/45/90/0]2s with the unbal-
ance stacking sequence due to the orien-
tation of the layer, and fibre orientation. 
Figures 8 and 9 show photos taken in 
the transverse direction of the composite 
laminates for two types of stacking se-
quences.

In Figure 8 the photos show a small de-
laminated area, and a small damage area, 
with almost same damage shape in the 
upper surface of the laminate. However, 
in Figure 9, we can see the biggest de-
laminated area, large damage indenta-
tion, various damage shapes, fibre fail-
ure, and debonding (splitting). Which 
could attributed to important role and 
effects of fibre orientation in composite 
laminates. 

Impact damage testing 
In this test, we selected four types of the 
lay-up, [0/90/-45/45]2s, [45/45/90/0]2s, 
[0/90/-45/45]s, and [45/45/90/0]s. The 
first two have 16 ply with thickness 
2  mm for whole laminate and last two  
8 ply with thickness 1 mm. All the com-
posite laminates lay-ups were subjected 
to an impact energy of 5 J to get a full 
image of the impact behaviour. From 
Figure 10 we can see that each of the 
two types of composite laminates lay-ups 
almost has the same behaviour in the case 
of the rebounding of the impactor to the 
original point graph due to the fact, that 
the specimens impacted by lower energy 

have a response that tends towards a qua-
si-static response. In addition to that the 
composite laminate still resisted damage 
and could carry an additional load. 

In the case of a high load it was the quasi-
isotropic composite laminate that reached 
a peak load rather than unbalance stack-
ing sequences due to the differences in 
lay-up and thickness of the laminate. In-
dividually, all the curves have an ascend-
ing section of loading, reaching a maxi-
mum load value and descending section 
of unloading. The ascending section of 
the load - displacement curve is known as 
bending stiffness due to the resistance of 
the composite to impact loading, and in 
this section, the maximum load reached 
the highest value, also known as the peak 
force. In the typical load - displacement 
curves of the composite laminates struc-
ture subjected to impact loading (5 J)  
rebounding was observed. Rebounding 
results in closed curves indicating the re-
bounding of the impactor from the speci-
men surface, and the closed type curves 
return back to the origin of the graph af-
ter the descending section from the peak 
force value as shown in all types of stack-
ing sequences at a 5 J impact energy.

Characterization of impact damage
Failure mechanism
The impact damage mechanism in a 
laminate constitutes is very complex pro-
cess. It is a combination of matrix crack-
ing, surface buckling, delamination, fibre 
shear-out, and fibre fracture, etc., which 
usually all interact with each other [24]. 
In this study air-coupled C-scan images 
were obtained in order to study the pos-

sibility of determining the delaminated 
areas in the top and bottom surfaces of 
the laminate composite structure, see 
Figure 11 - 12. C-scan techniques play 
an important role in detecting damage in 
composite structures.

Figure 11 shows images of the dam-
age which occurred in the surfaces of 
composite laminates [0/90/-45/45]2s 
and [45/45/90/0]2s at 5 J impact energy. 
From the images, no internal damage 
can be visually detected due to their little 
damage indentation in the damage area. 
However C-scan image results show that 
internal damage like delamination oc-
curs in the composite laminates, but the 
quasi-isotropic laminate has a smaller 
delaminated area than the unbalance 
stacking sequence laminate, attributed 
to the differences in lay-up, fibre orien-
tation, and interface bonding thereof. In 
summary, visual detection with the non-
destructive technique is not in agreement 
with the damage shape, damage size and 
delamination shown by C-scan images, 
which give only the overlapping delami-
nation area directly under the impact site, 
whereas visual inspection of the laminate 
surface and macroscopic observations of 
the sample section show the extent of the 
largest, single denomination.

Figure 12 shows images of the dam-
age which occurred in the surfaces of 
composite laminates [0/90/-45/45]s and 
[45/45/90/0]s at 5 J impact energy. The 
laminate consisted of 8 ply, less than the 
laminate in Figure 8. From the images, 
small indentation was observed located 
under the striker place in surface of the 

Damage area Damage area

a) b)

Damage area Damage area

c) d)

Figure 12. Pictures of the top surfaces of laminates viewed by C-
scan: c) [0/90/-45/45]s, d) [45/45/90/0]s at 5 J. 

Figure 11. Pictures of the top surfaces of laminates viewed by C-
scan of: a) [0/90/-45/45]2s, b) [45/45/90/0]2s at 5 J. 
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nation, indentation in the damage loca-
tion, and damage size sensitivity than 
[45/45/90/0]2s and [45/45/90/0]s. This 
behaviour is attributed to variation in the 
stacking of layers in the composite lami-
nate, to the total number of the layers, to 
the thickness of the laminate, and to the 
mechanical property of lamina.

results show that [0/90/-45/45]2s exhib-
its brittle behaviour, whereas the other 
laminate exhibits a progressive failure 
mode consisting of fibre failure, debond-
ing (splitting), and delamination. The 
[45/45/90/0]2s laminate has a highly 
nonlinear load–displacement curve due 
to compressive yielding. Compared the 
stacking sequences using C-scan images 
of [0/90/-45/45]2s and [0/90/-45/45]s the 
upper face has a lower fail area, delami-

laminate. However, the C-scan technique 
showed the real shape and size of impact 
damage, as compared to C-scan images 
showing only the overlapping delamina-
tion area directly under the impact site. 
In the C-scan mode, the extent of dam-
age or internal inhomogeneity can be 
examined and the depth profile of the 
damage can be obtained by varying the 
colours, which gives the exact locations 
of damage occurring in the top surface 
of the laminate composite. This method 
was found to be more convenient and 
reflected the final delaminated area with 
measurement of the fail area which had 
occurred in the composite structure.

The delaminated area in the C-scan im-
age with blue and yellow colours shows 
the size and shape of delamination that 
occurred in the composite plates. In the 
C-scan image, it is more convenient to 
detect delamination, damage size sensi-
tivity, damage location sensitivity, and 
the distance from the surface.

Fail area measurement of laminates 
From Figure 13 - 14, the fail area of dam-
age progress which occurred in the com-
posite laminates for stacking sequences 
[0/90/-45/45]2s, and [45/45/90/0]2s were 
obtained from the C-scan image at 5 J 
impact energy.

From observations of the C-scan im-
age, we can anticipate when the impact 
energy increase, the size of the damage, 
indentation and, delamination, as well as 
the fail area increase. All these measure-
ments are conducted using a C-scan im-
age. Compared the stacking sequences 
using C-scan images of [0/90/-45/45]2s 
and [0/90/-45/45]s the upper face has a 
lower fail area, delamination, indenta-
tion in the damage location, and damage 
size sensitivity than [45/45/90/0]2s and 
[45/45/90/0]s. This behaviour is attrib-
uted to variation in the stacking of lay-
ers in the composite laminate, the total 
number of layers, the thickness of the 
laminate, and to the mechanical property 
of lamina. 

n	 Conclusion
The three point-bending test and low ve-
locity impact behaviour of composites 
laminates were investigated through the 
C-scan non-destructive method. At a 5 J 
impact energy, it was observed that the 
impactor rebounded without penetrating 
the specimens due to the stiffness of the 
laminate structures. Three point-bending 
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Figure 13. Measurement of damage area to top surfaces of laminates [0/90/-45/45]2s and 
[45/45/90/0]2s at 5 J from the C-scan image.

Figure 14. Measurement of damage area to top surfaces of laminates [0/90/-45/45]s and 
[45/45/90/0]s at 5 J from the C-scan image.
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