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SUMMARY 
A glass-carbon hybrid braided composite and two CFRP 3D woven composites with 
orthogonal weave and a layer-to-layer weave are impacted with hemispherically-tipped 
impactors, using a gas gun at energies up to 60 J. The damage area, as measured by 
ultrasonic C-scanning, increases roughly linearly with impact energy, while the peak 
contact force increases roughly as the square root of the impact energy. Sectioning is 
used to examine damage details. Although some large delaminations are observed, there 
are significant areas free of larger cracks, which nevertheless show damage under  
C-scanning, presumably due to microcracking.  
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INTRODUCTION 
Composite materials are widely used in high value applications requiring good specific 
stiffness and strength. However, there is a tendency for these materials to suffer more 
damage as a result of impact than equivalent metallic materials. This damage is either in 
the form of fracture of the relatively brittle fibres or due to cracking in the matrix [1]. 
Woven materials have traditionally been used in impact-critical applications due to their 
superior ability, relative to unidirectional composites, to maintain structural integrity 
under significant impact energies. 3D woven materials combine the attractive properties 
of traditional woven materials, but in addition contain tows through the thickness, which 
can play a role in containing any delamination between the layers.  
 
In general there are at least two phases of impact damage in composites: (1) dynamic 
compaction of the composite plate as it is compressed at the impaction site; and 
(2) delamination of plies in the neighbourhood of the impact site [2]. The exact nature 
of damage will depend on the details of the weave architecture, resin and fibre 
properties and the geometry and energy of the colliding impactor [1, 3]. However, at 
low energies impact damage tends to be in the form of bending damage on the distal 
surface and an approximately circular internal delamination. At high incident energies 
fibre splitting, perforation or shear failure occurs [4]. Damage tends to initiate on the 
distal surface if the ratio of plate thickness to projectile nose radius is less than one and 
on the impact surface if the plate thickness is greater than the projectile radius [3, 5].  
 



Three approaches can be used to increase the impact resistance of composites. Use of 
improved weave architecture, specifically 3D woven material, can be used to introduce 
through-thickness tows, which tend to hold the material together at the impact site and 
so reduce delamination damage. Through thickness tows in three-dimensional weaves 
can act as crack stoppers by altering the fracture paths from intra-tow mode to inter-ply 
mode; this approximately doubles the fracture toughness [6]. Alternatively, tougher 
resins can be used to increase the delamination toughness and so improve the composite 
impact resistance [7]. Finally use of ductile glass fibres in place of some of the 
relatively brittle carbon fibres can be used to increase the strain to failure of the material 
and hence potentially increase the impact resistance, at the expense of increased weight 
and reduced stiffness. These mixtures are called hybrid composites.  
 
Previous work by the authors [8] has examined low and high speed impacts of braided 
hybrid material, exploring the effects of impact energy on surface damage and  
C-scanned damage area. In this paper we further explore the mechanisms causing 
failure in these hybrid samples, and compare the results with impact tests on two 3D 
woven materials.  

METHODOLOGY 

Materials 
Two 3D woven CFRP composites, an orthogonal weave and a layer-to-layer weave, 
were supplied for testing. In addition these materials were compared with a braided 
hybrid textile with an overall fibre volume fraction of 51%, of which 75% was high 
strength carbon fibres and the remaining 25% glass fibres. The carbon and glass fibres 
were braided in a 2×2 twill weave; four layers were used to make the composite. Dry 
preforms of all materials were resin transfer moulded with epoxy resin to form flat 
plates of a nominal thickness of 4.5 mm. These were C-scanned to identify any poor 
quality regions, which were not used.  

 

Testing procedure  
Square plates with side length either 130 mm or 200 mm were cut out for impact testing 
and mounted in a rigid support frame. Steel hemispherical-ended impactors of tip radius 
6.25 mm and masses either 12.5 or 21.4 grammes were projected normally at the plates 
using a gas gun at impact speeds between 35 and 70 m/s. In fact, results presented 
below showed no significant effect of plate size, with the majority of results presented 
being for the smaller plate size. Moreover, by plotting results as a function of impact 
energy, no significant differences are observed between the two impactor masses. 
Hence no differentiation is made in the presentation between these different 
experimental conditions. 

High speed photography was used to measure the impact and rebound speeds, and the 
contact force, as described in the next section. Further details of the methodology are 
given in [8]. 



Image analysis 

High speed photography was used to capture the impact event. The location of the 
impactor, as a function of time, was identified from the images using a purpose-written 
Matlab code. The blunt trailing edge of the impactor was used as a reference edge to 
track the position of the impactor. This edge was detected by locating the maximum 
intensity gradient in the image. The position of this edge was then differentiated twice 
numerically with respect to time to find the velocity and acceleration (taking 
deceleration as positive). The force was inferred by multiplying the acceleration by the 
impactor mass. A quadratic fit to the acceleration near the peak was used to improve the 
accuracy of the inferred peak force. Fig. 1 shows the results of the procedure, 
illustrating the reasonable accuracy of the acceleration estimate (as evidenced by the 
small scatter in the acceleration before impact and the smooth form of the curves, at 
least until the contact is lost).  
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Figure 1. High speed photography analysis of position, velocity and acceleration of 
impactor for braided specimen, m = 21.4g, impact energy = 39 J. Red lines show 

corresponding curve fits. 

 

 

 



Damage Detection 

Damage to the plates was assessed by C-scan and by sectioning. Ultrasonic C-scanning 
was undertaken using a MIDAS NDT water-jet inspection system, using an unfocussed 
5 MHz probe in transmission mode and a 50 mm/s scan rate. There was a clear division 
in the C-scan intensity between the undamaged regions of the plate and a roughly 
circular region around the impact site. The damage area was found from the area above 
a suitable intensity threshold. Figure 2 illustrates the impact site and corresponding C-
scan image of a braided sample. Red and yellow rectangles superimposed on the 
photograph identify the footprint of carbon and glass tows, respectively. Surface 
damage is observed on the photograph, while a roughly circular patch of damage is 
revealed by C-scanning. 

Sections of the braided material were used to identify the extent and type of damage. 
Figure 3 shows schematically how the specimen was sliced using a Struers Accutom-50 
to make a series of sections through the damage area. The samples were polished and 
imaged using a BX51 Olympus microscope with an automatic stage. A section was also 
gold coated and viewed in a scanning electron microscope (SEM). 

 

 

 

 

 

 

 

 

Figure 2. Damage in a braided sample impacted by a 21.5 g projectile with an impact 
energy of 33 J; (a) micrograph of impact surface. Yellow and red rectangles identify 

glass and carbon tows, respectively. The blue circle shows the impact site, (b) C-scan.  

 

 

 

 

 

 

Figure 3. Schematic of the sections cut from the impacted area of a braided sample 
(impact energy 12 J), overlaid on the C-scan image. Blue section – no clearly visible 

damage. Red section – clearly visible damage. 

(a) (b) 



RESULTS 

 

Absorbed energy 

 
Figure 4 shows the variation of absorbed energy with impact energy for the three 
materials tested. The diagonal black line is where the absorbed energy equals the impact 
energy. The closeness of all the data to this line shows that there was rather a small 
amount of energy in the rebounding impactor (in none of the tests did the impactor 
penetrate the plate). Some of the absorbed energy is dissipated in the form of inelastic 
damage, but some is also dissipated during the subsequent oscillatory motion of the 
plate, after the impactor has lost contact with the plate. The hybrid braided material 
absorbs slightly less energy than the CFRP 3D woven composites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Variation of absorbed energy with impact energy. 
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Contact force  
Figure 5 shows the variation of maximum contact force with impact energy. Contact 
force could only be inferred for the larger masses, because the smaller impactors were 
obscured at the point of impact by the plate support structure. Results for the three 
different materials are roughly similar, though there is more scatter in the hybrid 
material than in the two CFRP woven materials. It has been suggested [8] that this 
variability is due to differences when either glass or carbon tows are struck by the tip of 
the impactor.  

Assuming that the plate behaves in a linear elastic manner, with a stiffness k relating the 
contact force F and the central plate deflection δ, equating the impact kinetic energy EI 
with the stored elastic energy in the plate at maximum deflection gives a relationship for 
the maximum contact Fm as  

 Im EkF 2=  (1) 

Now the stiffness of a centrally loaded fully clamped square plate of side length L and 
thickness t, made of isotropic material with an elastic modulus E and Poisson’s ratio 
0.3, is given by [9] as  

 2

3

0611.0 L
Etk =  (2) 

Figure 5 shows that a square root relation between impact energy and contact force, of 
the form given in (1), gives a good fit to the data. However the corresponding 
modulus E for this curve fit is 6 GPa, well below a typical elastic modulus for such 
materials [10]. Since inertial effects would increase the effective stiffness of the plate, 
this finding suggests that, at least for the impact conditions considered, local strains 
transverse to the loading direction (e.g. associated with damage at the impact site) are 
significantly reducing the contact force. This is consistent with the observation of 
dimples left in the plate at the impact site. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Variation of maximum contact force with impact energy. 
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Damage area 
Figure 6 shows the variation with impact energy of the damage area detected by C-
scanning. The contact area increases roughly linearly with the impact energy, for a 
given material. The damage areas for the two 3D woven materials are comparable, but 
significantly larger than that seen in the braided material at corresponding energies. This 
is despite the contact forces being similar for the three materials.  

As noted earlier, no significant differences were observed between the smaller and 
larger plates, and between the two impactor masses; hence these different cases have not 
been differentiated in Fig. 6. Evidently, for these impact conditions, the impact energy 
is an appropriate way to characterise the impact conditions, while effects of clamping 
conditions are not significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Variation with impact energy of damage area, as assessed by C-scanning. 

 

Microscopy 
Sections were taken from the braided samples to identify the modes of failure in the 
impact region. It was expected that large delaminations would be seen, corresponding to 
the damage area identified in the C-scanning (see for example Fig 2). In fact this was 
not the case. While in a few sections there were large delaminations spanning the length 
of the damage area seen in the C-scans, there were also extensive regions where rather 
little damage was observed on the sections using optical imaging. For example, 
considering the series of sections shown in Fig 3. for a braided sample, only the red 
section directly under the impactor had such large delaminations while the section 
identified in blue in Fig. 3 had no such delaminations, despite being well within the 
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damage area identified by C-scanning. Smaller damage on a tow scale was observed in 
other areas, see for example the smaller tow-splitting cracks seen in Fig. 7. However 
there were other areas where even such cracks were not present. Observation of such a 
section using a SEM did not reveal extensive cracking. In the absence of larger scale 
cracks being observed, it is supposed that the C-scan damage detected is associated with 
microcracks, perhaps at a fibre scale. It is possible that such microcracks might be seen 
in higher magnification imaging in the SEM, but careful surface preparation would be 
needed to avoid obscuring such features. 

 

 

 

 

 

 

 

 

 

Figure 7. Optical micrograph of the cross-section of a braided sample within the damage 
area. Results are for the same sample illustrated in Fig. 3 with an impact energy of 12 J.  

 
 

Conclusions 
A glass-carbon hybrid braided composite and two CFRP 3D woven composites with 
orthogonal weave and a layer-to-layer weave were impacted with hemispherically-
tipped impactors, using a gas gun at energies up to 60 J. By characterising the impact 
event by the impact energy, results were insensitive to the plate size or the impactor 
mass, within the range studied. Almost all the impact energy was absorbed by the plate, 
either in the form of inelastic damage or transferred as elastic energy and kinetic energy 
into the plate, being dissipated during subsequent motion of the plate. The peak contact 
force was estimated from the deceleration of the impactor, measured by high speed 
photography. The peak force increased roughly as the square root of the impact energy. 
A simple statics model of the impact event shows such a square root behaviour, but the 
corresponding effective plate bending stiffness was much lower than values expected 
for such materials. It was suggested that the reduced stiffness is due to transverse 
straining and local damage. The damage area, as measured by ultrasonic C-scanning, 
increased roughly linearly with impact energy. The two woven materials had similar 
areas of damage, but both had significantly more damage at corresponding impact 
energies than the braided material. Sectioning was used to examine damage details. 
Although some large delaminations were observed, there were significant areas free of 
larger cracks, which nevertheless showed damage under C-scanning. It is presumed that 
in this case C-scanning was detecting damage due to microcracking.  

 

Delamination Tow splitting 
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