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Abstract

The present study deals with the effect of temperature and impact energy on the damage in CFRP sub-
jected to low velocity impact. Quasi-isotropic laminates were impacted with energies between 8 and 21 J at
temperatures ranging between 20 and 80 ◦C. The resulting damage was assessed using ultrasonic C-scans,
radiography and confocal microscopy. The residual strength was evaluated utilizing compressive tests at
20 ◦C. It was found that delamination size is decreasing with increasing temperature. However, severe fibre
failure on the impacted side occurs at elevated temperatures. This increases the visual damage detectability
on the impacted side drastically while decreasing it on the opposite side. Nevertheless, the residual com-
pressive strength is mainly dependent on the delamination area. As a result, visual damage severity does
not correlate with the residual compressive strength. Different impact energies can have the same effect on
the residual strength, when impacted at different temperatures.
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1. Introduction

Carbon fibre reinforced plastics (CFRP) are widely used in the aerospace industry because of their
properties in terms of stiffness and strength compared to density. However, due to their layered structure
and therefore low out of plane strength and brittle behaviour, a major concern with CFRP laminates is
their low impact resistance. Especially Low Velocity Impact (LVI) is of interest here, which often results in
barely visible impact damage (BVID). These damages are difficult to detect during operation, but lead to a
significant reduction in strength. Following the concept of ”damage tolerance” structures must be designed
in a way that still provides sufficient load capability with an BVID. In order to achieve this and make
use of the lightweight construction potential of the material, a deep understanding of the damage caused
by LVI and its factors of influence is required. Therefore this topic has been the object of considerable
research and numerous studies dealt with the influence of impact energy on the damage in CFRP and the
residual strength [1], however, questions still remain. Aircraft and composite structures in general are used
in different climates and therefore various temperatures during operation. Still, a simple answer on how
temperature is influencing the damage process cannot be given since different effects like matrix softening,
stress relaxation, reduction of thermal stresses etc. combine to influence the failure process. Therefore the
influence of the temperature on LVI damage should be thoroughly investigated. Yet only few studies have
dealt with the influence of temperature on the damage behaviour of CFRP.
Gómez-del Ŕıo et al. [2] investigated the influence of low temperature on damage in CFRP and Survana
et al. [3] at elevated temperature. They found that with decreasing temperature larger matrix cracking,
delamination extension and deeper indentation on the impact side and more severe fibre-matrix debonding
and fibre fracture on the opposite face could be observed. With increasing temperature a contrasting effect
is obervable and the damage area is reduced. Other studies investigated the influence of temperature on

Email address: johann.koerbelin@tuhh.de (Johann Körbelin)

1



high velocity impact [4] or investigated glassfibre/epoxy composites [5] [6].The focus of studies looking at
CF/epoxy laminates was mostly on rather thin, mostly cross laminates with a low amount of interfaces
between fibre directions. Therefore this study deals with the influence of temperature during LVI on the
impact damage in quasi-isotropic laminates and its residual compressive strength.

2. Materials and experimental procedure

Information about design temperatures and therefore temperatures of aircraft structures during ground
or flight operation are sparse. Petersen et al. [7] performed numerical simulations of a CFRP wing box
heated up by sun radiation and found that the maximum surface temperatures during ground of the wing are
between 68 and 110 ◦C. Cooling of the wing during taxi and take-off led to reduced maximum temperatures
between 63 and 87 ◦C. But even at airports, where the radiation is not as intense, similar temperatures
are likely to be reached [8]. Based on this data temperatures chosen were 20 ◦C, 50 ◦C and 80 ◦C and
therefore well below the Tg of the material used. At least 6 specimens were impacted at each energy level
and temperature. The impact damage was introduced using a drop tower. The impactor nose had a semi-
spherical shape with a diameter of 20mm and was equipped with a load cell. The weight as well as the drop
height varied depending on the impact energy. An overview of the characteristic values of the impact is
shown in table 1. All introduced impacts were low velocity impacts, as defined in [9][1]. A fixture according
to ASTM 7136 M was used.

Energy [J] Impactor Weight [kg] Drop Height [mm] Impact Velocity [ms ]
8 2.4 300 2.54
15 4.45 340 2.60
18 4.95 370 2.69
21 5.47 390 2.77

Table 1: Test parameters of impact tests

2.1. Material

Specimens were manufactured from a Hexcel c© Hexply M21/35%/268/T800S prepreg system. The layup
was a quasi-isotropic layup [45/0/ − 45/90]2S with a thickness of 4.08mm, chosen according to ASTM
D7136 M. The specimens were autoclave cured according to manufacturer’s specifications, which results in
a glass transition temperature of 203 ◦C. Every manufactured plate was inspected via ultrasonic C-scans for
manufacturing flaws. The specimens were cut to dimensions of 100 · 150mm on a diamond blade saw and
afterwards the edges were polished. The dimensional tolerances of all specimens were within the tolerance
specified in ASTM 7136 M. All specimens were dried and stored in a controlled climate prior to testing.

2.2. Damage characterization

After impaction various non-descriptive test methods were used to assess the damage in the samples,
in order to obtain the most complete picture of the damage. Ultrasonic C-scans were carried out and the
projected delamination area was determined by the backwall echo. The image was converted into a binary
picture using a threshold, which was kept constant for all pictures. The area was then determined by
inverting the binary picture and summing up the area of all black pixels. The damage in the samples was
also examined by confocal microscopy using an Alicona G4 microscope.
One sample of each temperature and energy was analyzed using radiography with a faxitron x-ray 43885
of Rohde & Schwarz. The radiograph was afterwards digitalized with a transmitted light scanner and then
inverted in order to achieve better visibility of the damage.
The residual compressive strength tests were performed at 20 ◦ C with a Zwick Z400 universal testing machine
using a fixture according to ASTM D7137. All compression tests were observed with a GOM Aramis M5
digital image correlation system to exclude unwanted bending of the specimens during the tests. The residual
strength was calculated from the force-displacement data using:

σr =
Fmax

b · t (1)
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Where σr is the residual strength, Fmax is the maximum force in the compression test, b the width of the
specimen and t the thickness.

3. Results

Impact response showed no significant effect of temperature on the behavior of the specimens in the
initial phase of the impact, as the initial stiffness of the specimen is similar. The maximum contact force, as
shown in figure 1, is expected to be generally increasing with the impact energy. However, this is only the
case up to 18 J. A temperature dependency of the maximum is only identifiable at 15 J. Here the highest
impact force is encountered at room temperature, the lowest at 50 ◦C and then the contact force is increasing
again at 80 ◦C.
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Figure 1: Maximum contact force at different energies and temperatures

Figure 2 displays the permanent deformation caused by the impactor. In general, it is evident that
at higher temperatures the impact depths increase compared to the room temperature. Moreover, the
highest permanent deformation is always at the highest temperature. Additionally, the projected area of
the permanent rear bump was measured. Figure 3 shows that the outwards dented area is influenced by
both temperature and impact energy, while there is no correlation with the indention depth shown in figure
2.

20 50 80 20 50 80 20 50 80 20 50 80

Temperature [◦C]

0

25

50

75

100

125

150

175

200

In
d
en
ti
on

D
ep
th

[μ
m
]

Impact Energy 8 J

Impact Energy 15 J

Impact Energy 18 J

Impact Energy 21 J

Figure 2: Permanent indention depth at different tempera-
tures and impact energies
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Figure 3: Projected area of rear bump at different tempera-
tures and impact energies
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On the microscope images, which were taken during surface scanning, a change in the appearance of the
damage on the impacted side becomes evident. This is exemplary shown for specimens with 15 J impact
energy in figure 4. At 20 ◦C two out of five specimens show fibre failure in the top layer. At higher
temperatures all specimens show fibre failure on the top. In general it can be said that with increasing
energy and temperature the amount of fibre breakage increases and furthermore the area in which fibre
breakage occurs is much larger. However, temperature has a stronger effect than the impact energy.
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Figure 4: Microscopy picture of exemplary damage on the impact side at 15 J impact energy at 20 ◦C a), 50 ◦C b) and 80 ◦C
b)

In the radiography pictures the change between failure modes, which became apparent in ultrasonic
C-Scans and confocal microscopy, are visible at the same time. Figure 5 shows the change exemplary for
impacts at 15 J impact energy. At 20 ◦C inter-fibre failure around the impact area is visible. At 50 ◦C this
failure is drastically reduced, but with further temperature increase no further decrease takes place. However
at 50 ◦C, as seen before, fibre failure appears and becomes more severe at 80 ◦C. Other impact energies
exhibit similar behaviour. At 8 J fibre failure appears only at elevated temperatures and the damage area
is generally smaller at equal temperatures. Impact damage with 18 J and 21 J show a significantly larger
damaged aear.
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Figure 5: Radiographic image of the damage at 15 J and 20 ◦C, 50 ◦C and 80 ◦C

In figure 6 the residual strength for the different energies and temperatures is shown. All specimens
impacted with 8 J impact energy showed no failure at the impact damage. That means they failed on
the upper or lower side of the specimen and showed severe delamination at the load introduction area.
Nevertheless, the residual strength increases with the impact temperature. The, compared to higher energies,
higher scatter in data can be related to a more stability driven failure rather then defect driven.
All other specimens which were impacted above 8 J showed failure at the impact damage. At 15 J the
residual strength is also increasing with the impact temperature. The fact that the temperature at 21 J
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impact energy shows no difference in residual strength has led to the addition of the 18 J impact energy test
series.

4. Discussion

As the results have illustrated, damage in CFRP caused by LVI is changing with temperature: Delamina-
tion area and the amount of inter-fibre fractures decrease while fibre failure occurs at elevated temperatures
as the temperature rises. The main reason for this shift is the change of mechanical properties of the
polymeric matrix, which is significantly more sensitive to temperature than the fibre. With increasing tem-
perature the epoxy matrix exhibits a lower fracture strength, modulus, yield point and a higher strain at
breakage. The change in mechanical properties depends on the operation temperature compared to the Tg

[10]. Nearly all mechanical properties of the composite are changing with the temperature, even at temper-
atures well below Tg. With increasing temperature the compressive modulus, strength and failure strain
are decreasing [11]. The shear strength and modulus are decreasing and the failure strain increases [11] [12].
The inter-laminar shear strength (ILSS) declines considerably [12]. However, the tensile properties in fibre
directions are nearly constant [13]. Callus [12] and Nettles [14] investigated the influence of temperature on
the open hole compressive (OHC) strength and found that the strength and fracture strain are decreasing
with rising temperature. The inter-laminar fracture toughness is also influenced by temperature. In mode
I loading the initiation fracture energy release rate is slightly reduced, but the propagation energy release
rate is increasing with temperature [15][16]. For mode II the energy release rates decrease with increasing
temperature [17] [18]. The difference in thermal properties of fibre and matrix leads to orthotropic thermal
expansion behaviour of a single ply. When the laminate is cooled from the curing temperature, internal
stresses occur due to the constrained contraction by adjacent plies. These internal thermal stresses are
decreasing with increasing temperature up to a temperature close to the curing temperature. However, all
these various influences do not change linearly but non-linearly and combine to influence the failure behav-
ior. Complex loads on the composite are applied during impact loading: e. g. crushing load of the impactor
and compressive, tensile and strong inter-laminar shear loads due to bending. These conditions yield in a
strong influence of temperature on the damage and failure under impact load.
The delamination surface is particularly sensitive to temperature changes, which can be seen in figure 6 as
well as in the radiographic pictures, see figure 5. For example, at 15 J impact energy the delamination area
decreases from 475mm2 to 285mm2 which is roughly a reduction of 40% when the temperature rises by
30 ◦C. This reduction in delamination area is accompanied with a higher residual strength. At first glance
this seems to be a positive development, especially when looking at figure 6. Here the projected delamina-
tion area and the according residual compressive strength are shown. It can be seen that the delamination
area is corresponding with the residual compressive strength. This is similar compared with the findings of
Survana et al. [3], who encountered a correlation of delamination area to residual bending strength. Due to
the sensitivity of the delamination area to temperature, different combinations of temperature and impact
energy can lead to the approximately same projected delamination area. Impacts with 15 J at 20 ◦C, 18 J at
50◦C and 21 J at 50 ◦C exhibit roughly the same projected delamination area. Therefore the delamination
surface in the laminate cannot be linked to the impact energy without considering the temperature.
The radiographic, see figure 5, and microscopic, see figures 4, examinations show a clear change in failure
modes as fibre failure becomes more apparent and severe which, to the best of the author’s knowledge, has
never been identified during investigations of the influence of temperature on the development of damage
in CFRP under impact load. Only the top layer exhibits fibre failure, as a result of the highest compres-
sive loads due to bending during impaction. Fibre breakage occurs at the edge of the impactor, where the
greatest bending and high local loads act. The higher the temperature, the more the fibre fracture expands
from the impact point, see for example figure 4. Due to the decreasing shear modulus and shear yield point
of the matrix the compressive strength of the composite is reduced and fibre breakage due to out of plane
fibre-microbuckling occurs at lower load levels [11][17]. These observations are in line with the results of
Gómez-del Ŕıo et al. [2], who encountered fibre fractures on the non-impacted side of the laminate when
cooling the laminate. The fibre fractures absorb a lot of energy [19], which means that less energy is available
for other failure types. This, the more ductile matrix behavior and the reduction of inter-laminar stresses
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are probably accountable for the reduction of delamination area, despite the reduction in mode II fracture
energy release rate with increasing temperature. This means that the influence of the resin fracture tough-
ness is reduced at elevated temperatures. Matrix softening is also accountable for the change in permanent
indention depth, see figure 2. Also in this case different energy/temperature combinations exhibit similar
indention depths, for example impacts with 15 J at 80◦C, 18 J at 20◦C and 21 J at 20◦C.
The occuring damage modes during impaction are strongly influenced by the fixture. The fixture used in
this study is, as mentioned, basically simply supported. It therefore allows for relatively unconstrained
bending during impaction. A fixture where the specimen is fixed at the edges, would exhibit a different kind
of failure.
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Figure 6: Comparison between delamination area and residual compressive strength

Due to the change in failure modes, it becomes clear that visual inspection is not sufficient to assess the
damage severity of impact damage. A frequently used characteristic value for assessing impact damage is the
indention depth, which is often associated with impact energy [20]. But when comparing figure 2 and 6 it
can be seen that the residual strength cannot be judged by the indention depth. E. g. impacts at 15 J/80 ◦C
and 21 J/50 ◦C have the same indention depths. The optical discernibility of impact damage increases when
fibre fractures occur on the impacted side, but no conclusions can be drawn about the residual compressive
strength. Rather the opposite is the case: A damage caused by the same impact energy at a different
temperature which favors fibre failure exhibits a higher residual compressive strength. This could change for
the case when the compressive loading occurs at elevated temperatures; here the fibre breakage could play
a more important role in influencing the damage. The main effect diagram in figure 4 displays the effect of
temperature and impact energy on the projected delamination area and the projected bulge area. It can be
seen that the sensitivity to the influences is similar for both types of measurement.

In figure 6 the projected delamination area, obtained from the ultrasonic C-scans, and the residual
compressive strength are shown. Here the lack of influence of temperature at higher impact energies on
the residual strength becomes more apparent. For delamination areas greater than 332mm2 there is no
significant change in the residual strength. This is due to the fixture used in the compression test. This
impact damage is already at the critical size to initiate failure early. Therefore larger delamination areas show
no significant change in residual strength. This behavior can probably be avoided with a larger specimen
size. A further reduction in residual strength is only to be expected when significantly more damage due
to higher impact energy can be observed. Without consideration of the temperature, the impact energy
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Figure 7: Main effect diagrams for the effect of temperature and impact energy on the projected delamination area (a)) and
projected bulge area (b))

is therefore not a reliable parameter to determine the delamination area in this experiment, since different
temperature/energy combinations can result in the same delamination area. The encountered fibre failure
could influence the compressive residual strength at elevated temperatures or other residual strengths, e.g.
for laminates under shear or tensile loading.

5. Conclusion

The present study illustrates that temperature as a variable is introducing more uncertainties to the
assessment of damage as a result of LVI. At elevated temperatures fibre breakage occurs on the impacted
side. Accordingly the delamination area is reduced. This increases the visual damage detectability on the
impacted side heavily while decreasing it on the opposite side. However, residual compressive strength is
mainly dependent on the delamination area. Therefore the damage resulting from significantly different
impact energies can have the same effect on the residual compressive strength when impacted at different
temperatures. As a result, visual damage severity does not correlate with the residual compressive strength.
But the influence of the occurring fibre breakage on other residual strengths, such as tensile strength, is
probably significant.
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