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This paper presents an efficient nondestructive testing (NDT) method for detection of plies displacement in
carbon fiber reinforced plastic (CFRP) composites using the active thermography technique. To assess the
capability of the proposed technique for detection of plies displacement, the CFRP composite specimens
with simulated fault were designed and manufactured. The IR thermography measurements were con-
ducted using two-sided experimental arrangement. From recorded sequences of thermal images, the tem-
perature variations versus time plots were extracted to obtain the maximum thermal contrasts. For
quantitative interpretation of the results, the thermal diffusivity values for each composite material were
determined and related to the fiber volume fraction. The experimental results showed that the thermal
diffusivity increases with an increase of fiber volume fraction; further, the values of thermal diffusivity are
specimen thickness dependent. The obtained values of thermal diffusivity varied from 1.5 X 10~7 m?/s (for
3.2 mm composite with 8.5 vol.% carbon fiber) to 2.6 X 10~7 m?*/s (for 7.7 mm composite with 34.1 vol.%
carbon fiber). On the basis of these results, it was concluded that the active thermography combined with
thermal diffusivity analysis can be considered as a reliable NDT technique for detection of plies dis-

placement in CFRP composites.
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1. Introduction

The nondestructive testing (NDT) of polymer composite
materials after manufacture is an important issue especially for
the aircraft industry, since the production processes have the
potential to introduce a variety of defects. For example, in
Resin Transfer Molding (RTM) process, a typical problem
is the displacement of plies, which may occur during resin flow
in closed mold (Ref 1). When resin is injected into the closed
mold, the reinforcement has a tendency to be displaced from an
initial position due to injection pressure or resin viscosity (Ref
1, 2). This undesirable phenomenon leads to a component with
unacceptable physical and mechanical properties. It has been
reported that the displacement of plies can be detected by using,
for example, the ultrasonic testing (Ref 3). However, due to the
time-consuming nature of scanning procedure using ultrasonic
testing, especially in the case of large components, there is a
need to develop a reliable and efficient NDT technique able to
detect such faults in advanced polymer composite materials.

This work presents the application of active thermography
technique, using both thermal contrast and thermal diffusivity
analysis, for detection of plies displacement in carbon fiber
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reinforced plastic (CFRP) composites. Nowadays, the active
thermography is commonly used for assessing the composite
materials in, for example, the aircraft industry (Ref 4, 5). In the
field of NDT of polymer composites, this technique has been
successfully used in several applications, i.e., detection of
defects (Ref 6), delaminations (Ref 4), inclusions and impact
damage (including barely visible impact damage) (Ref 5),
evaluation of fatigue degradation (Ref 7). It is also a reliable
and effective technique for evaluation of thermo-physical
properties (Ref 8, 9), defect characterization (Ref 10, 11),
testing of permanent joints (Ref 12, 13).

2. Theoretical Background of the Method

In the active thermography technique, a specimen (or other
tested object) is subjected to usually strong, short-duration
heating in order to achieve the specific thermal contrast, which
is the parameter used for the detection of defects and their
characterization. The maximum thermal contrast and the time
of its appearance are usually put into relation with the defect
position, defect size (or other parameters) to enable its
assessment (Ref 14). There are different thermal contrasts used
to obtain the maximum thermal contrast appearing during the
temperature variations in the active thermography experiment
(Ref 14). For example, most often used in NDT practice is the
absolute thermal contrast AT,(¢), which, at location of mea-

surement point p(x, y) and for time ¢, is defined as:
ATa(t) = T(t)_Tr(t)a (Eq 1)

where 7(¢) is the temperature at time ¢ for measurement point
p(x, »), and T () is the temperature at time ¢ for the reference
point (usually the area of the specimen without defect) (Ref 15).
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For more information about thermal contrast definitions, the
reader is referred to (Ref 11, 14, 15).

It is also possible to obtain fully quantitative results from
thermographic measurements, for example, by performing the
experiment in conditions, which enables to extract the thermal
diffusivity data from recorded sequences of thermal images.
Such a data analysis arises from analogy between the principle
of pulsed thermography technique and principle of standard
heat pulse method or “flash method” (Ref 16) for thermal
diffusivity measurements (in the case when the experiment is
performed using double-sided experimental arrangement,
Fig. 1).

This analysis can be simply performed by using convenient
procedure based on thermal diffusivity computation, described
in the literature (Ref 16, 17). Parker et al. (Ref 16) in 1961
proposed a transient technique based on the heat pulse method
or “flash method” to measure the thermal diffusivity of
homogeneous materials. In this method, a uniform heat pulse of
relatively short duration (compared to the time of temperature
propagation through a material) is applied to heat the front
surface of specimen and resulting temperature rise on the rear
surface is recorded (Ref 16, 17). If the heat losses are neglected,
the normalized temperature of rear surface is given by (Ref 16):

o

U(Lt) = 142)  (=1)" exp(—n’w), (Eq 2)
n=1

where:

o = ntat/L* (Eq 3)

and U(L,?) are dimensionless parameters, 7 is an integer, o is
thermal diffusivity, L is specimen thickness and

U(L,t) = AT(L,t)/ATy (Eq 4)

where AT(L,?) is the temperature above ambient temperature at
the time ¢ and ATy, is the maximum temperature rise.

Parker et al. (Ref 16) suggested to determine the thermal
diffusivity from Eq. 2 and from dimensionless temperature
history on the rear surface of the specimen (Fig. 2).

At a half the maximum temperature rise (U = 0.5), g s is
equal to 1.38, and the thermal diffusivity can be calculated
using equation (Ref 16):

Specimen
IR Heat |
camera source
PC Controller

Fig. 1 Scheme for double-sided active thermography experimental
arrangement
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o= 1.38L% /%ty 5 (Eq 5)

where £ 5 is the time to reach half maximum temperature rise.

The described methods of data analysis were used in the
present study to analyze the obtained results from thermo-
graphic measurements.

3. Material and Experimental Procedure

In order to assess the suitability of the active thermography
for detection of plies displacement, the CFRP composite
specimens with artificially created fault were designed and
manufactured. The displacement of plies was simulated by
joining together (adhesive butt joint) two different composite
plates (100 by 100 mm) having both the different number of
carbon fabric layers and the same total thickness, as shown in
Fig. 3. Several specimens of different thicknesses from about
3.2 to 7.7 mm were prepared to assess the capability of
considered technique and also to investigate the effect of
specimen thickness on obtained experimental results. Such a
range of thickness was selected taking into account typical
thicknesses of CFRP products fabricated by RTM process, as
well as data for CFRP specimens found in the literature (Ref 5).

UL,b

T
4
o)

Fig. 2 Dimensionless temperature history on the rear surface of the
specimen (Ref 16, 17)

Fig. 3 Ply layout and model of example CFRP composite
specimen
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The composite plates were manufactured by layup in a two-
part flat mold, using the following constituent materials: plain
woven carbon fabric Sigratex (SGL Carbon Group, Germany),
epoxy resin Epidian®53 cured with hardener Z-1 (both from Z.
Ch. “Organika-Sarzyna,” Poland). Each composite material
was produced with identical ply layout (i.e., bidirectional
laminate), as shown in Fig. 3. As an adhesive for joining two
composite plates, the same epoxy resin was applied as was used
for composites manufacturing. The selected properties of
constituent materials are shown in Table 1.

The details of prepared specimens, together with their
symbols (related to the rounded thickness in millimeters and
number of plies, respectively), are shown in Table 2. For the
thermographic measurements, all specimens were painted with
a thin matt-black coating with an emissivity value of about 0.92
in order to ensure homogeneity in the specimen surface
emissivity.

The active thermography experiment was planned taking
into consideration the thermal properties of materials tested and
further possibility of extracting the thermal diffusivity data
from sequences of thermal images. For those reasons, a two-
sided inspection (Fig. 1) using long-pulse approach was
applied to obtain the temperature—time plots required to
evaluate a maximum thermal contrast. The method consists
of heating the front surface of the specimen using uniform
heating and measuring the temperature evolution on the rear
surface with infrared (IR) camera. To provide an accuracy and
repeatability of the measurements, an automated test stand
(Fig. 4) was used.

The apparatus was designed to provide a uniform heating of
specimen surface without its edges by using a thermal shield
(the heated area was smaller than the specimen surface). As a
thermal wave source, a 1.2 kW IR radiator with surface
dimensions of 250 x 62 mm and wavelength range of 2-
10 pum was used. Since the IR radiator is unable to turn on/off
instantaneously, it was mounted on moveable platform, which
enabled it to move back the radiator after heating. To provide a

Table 1 Properties of constituent materials
Parameter Carbon fiber Epoxy resin
Density 1650 (kg/m®) 1130 (kg/m®)

0.24 (kg/m?)
~ 15.0 (W/mK)

Fabric areal weight

Thermal conductivity 0.2 (W/mK)

Table 2 General properties of the specimens

square-shaped heating pulse, a shutter was placed between front
surface of the specimen and the IR radiator. The duration of the
heating was controlled with PLC controller, which allowed to
setting up the exact heating time. The thermal images were
recorded at a rate of 7.5 measurements per second using IR
camera ThermaCAM™ SC640 (Flir Systems) with focal plane
array (FPA) detector. Data acquisition and analysis were
performed using Researcher Professional 2.9 software. The
heating time (varied depending on specimen thickness) and the
distance between IR radiator and surface of the specimen
(30 mm) were determined experimentally when the tempera-
ture rise on the rear surface for each specimen was satisfactory
for the measurements (taking into consideration achieved
values of maximum thermal contrast and subsequent feasibility
of extracting the thermal diffusivity data). The distance from
the specimen to the IR camera was approximately 0.5 m.

4, Results and Discussion

The results from thermographic measurements are presented
in the form of temperature variations versus time plots 7(¢) with
resulting absolute thermal contrasts. Two areas of the specimen,
shown in Fig. 5, were taken into consideration during the

Fig. 4 Apparatus for active thermography measurements; 1—IR
radiator, 2—temperature control unit, 3—moveable platform,
4—specimen holder with thermal shield, 5—specimen, 6—shutter,
7—temperature barrier (background), 8—drive of shutter, 9—PLC
controller, 10—IR camera

Specimen no. Specimen area Thickness, mm

Number of plies Fiber volume fraction, vol.%

1 A (CFRP304) 3.23
B (CFRP302)

2 A (CFRP408) 4.19
B (CFRP404)

3 A (CFRP510) 4.85
B (CFRP507)

4 A (CFRP610) 6.20
B (CFRP606)

5 A (CFRP819) 7.70

B (CFRP812)

4 16.9
2 8.5
8 26.1
4 13.0
10 28.4
7 20.0
10 223
6 13.5
19 34.1
12 21.2
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Fig. 5 Example thermal image of the rear surface of specimen with
analyzed areas

thermographic experiment and subsequent data analysis. Area
A (left) corresponded to the composite with higher number of
plies, while area B (right) corresponded to the composite with
lower number of plies (Fig. 5). Figure 5 represents, as an
example, a thermal image of the 6.2-mm-thick specimen,
captured near the maximum thermal contrast between the two
analyzed areas (A and B), after approximately 33 s counting
from the beginning of heating process. The boundary between
these areas is clearly recognizable in the presented thermal
image, demonstrating the capability of the proposed technique
for detection of plies displacement. The cross-sectional view of
all specimens tested is illustrated in Fig. 6, showing the
adhesive butt joints and actual ply layout for different
composite plates.

To obtain the maximum thermal contrast values, further
analysis has been performed on the basis of recorded sequences
of thermal images. Two measurement points, pA and pB,
located in the center of area A and area B, respectively (Fig. 5),
were selected to extract the temperature—time plots required for
absolute thermal contrast evaluation. The obtained tempera-
ture—time plots with resulting thermal contrast AT,(¢) for each
specimen are depicted in Fig. 7, 8, 9, 10 and 11.

It can be seen in Fig. 7, 8,9, 10 and 11 that for all specimens
tested the measurements gave, in general, the comparable
results taking into account the characteristic peak-shaped plot
of the thermal contrast, as a result of different temperature rise
rate between both analyzed areas (A and B). All temperature—
time plots show that the higher the carbon fiber volume fraction
(Vy), the higher is the temperature rise rate (Fig. 7, 8, 9, 10 and
11). It can be attributed to a higher thermal conductivity/
diffusivity for the composites with higher carbon volume
fraction. The obtained maximum thermal contrast values,
greater than 0.5 K (Table 3) in all considered cases, show the
existence of significant variations in thermal properties between
two analyzed areas. The obtained maximum thermal contrast
values together with the time of its appearance are shown in
Table 3.

To explain the differences in obtained temperature—time
plots (different temperature rise rates) between both areas of the
specimen, the thermal diffusivity values were determined using
Parker’s method (Ref 16). From all presented plots of
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Fig. 6 Cross-sectional view of the investigated specimens
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Fig. 7 Temperature variations vs time for specimen 1 with
resulting thermal contrast between area A (CFRP304) and area B
(CFRP302); heating time of 1.0 s

temperature variations versus time, the dimensionless temper-
ature history plots were created to obtain the #, 5 values required
for the thermal diffusivity calculations, according to the
procedure described earlier. The #, 5 values taken from normal-
ized temperature increase plots together with specimen thick-
ness (L) were used to calculate the thermal diffusivity values
according to Eq. 5. The determined values of the thermal
diffusivity are shown in Table 3.

It can be seen from Table 3 that for all considered
specimens, the maximum thermal contrast values are satisfac-
tory for the investigations, leading to proper interpretation. The
differences between values of time to appearance of maximum
thermal contrast can be attributed to the thickness of the
specimens. Presented values of thermal diffusivity for both
areas (A and B) clarify the obtained thermal contrasts as a result
of unsteady-state heat transfer in a material with locally
different thermal properties. A comparison of obtained thermal
diffusivity values related to carbon fiber volume fraction in
given area of the specimens is depicted in Fig. 12. This
figure shows that there is a common trend concerning the
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Fig. 8 Temperature variations vs time for specimen 2 with
resulting thermal contrast between area A (CFRP408) and area B
(CFRP404); heating time of 2.0 s
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Fig. 9 Temperature variations vs time for specimen 3 with
resulting thermal contrast between area A (CFRP510) and area B
(CFRP507); heating time of 2.0 s

thermal diffusivity dependence with fiber volume fraction for
all specimens tested. As expected, these results show that the
thermal diffusivity increases with an increase of fiber volume
fraction. This is due to a higher (about two orders of
magnitude) thermal conductivity of carbon fiber in comparison
with thermal conductivity of epoxy matrix (see Table 1).

Due to the relatively low fiber volume fraction of specimens
tested, it is difficult to compare the obtained values of thermal
diffusivity with those presented in the literature; for example,
Navarrete et al. (Ref 18) reported the value of 3.31 x 1077 m%
s for CFRP composite with 50 vol.% carbon fiber, obtained by
using “flash method.” On the other hand, because of the fact
that measured values of the thermal diffusivity are specimen
thickness dependent, as stated by Hasselman and Donaldson
(Ref 19), the values achieved during the present measurements
are expected to deviate from the true values. This phenomenon
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Fig. 10 Temperature variations vs time for specimen 4 with
resulting thermal contrast between area A (CFRP610) and area B
(CFRP606); heating time of 3.0 s
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Fig. 11 Temperature variations vs time for specimen 5 with
resulting thermal contrast between area A (CFRP819) and area B
(CFRP812); heating time of 3.0 s

can be clearly observed in Fig. 12, when comparing the results
for specimen 5 (possessing the greatest thickness) with results
obtained for thinner specimens. It can be attributed to
increasing heat losses (during the measurement) with increasing
thickness (size) of the specimen (Ref 19). The above observa-
tion shows that a real parameter determined in the present
experiment was the apparent thermal diffusivity, which is of
little importance taking into account the purpose of the present
study.

The presented results demonstrate the potential of the
proposed technique (on the basis of thermal contrast and
thermal diffusivity analysis) for detection of plies displacement
in flat CFRP composites. In practice, due to usually complex
shape and size of the real composite components, it is difficult
to provide such uniform heating of the surface as was done in
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Table 3 Investigation results

Specimen no. Specimen area

Maximum thermal contrast, K

Time to appearance, s* Thermal diffusivity X 1077, m%/s

1 A (CFRP304) 0.56
B (CFRP302)

2 A (CFRP408) 0.79
B (CFRP404)

3 A (CFRP510) 0.58
B (CFRP507)

4 A (CFRP610) 0.61
B (CFRP606)

5 A (CFRP819) 0.69

B (CFRP812)

12.4 1.69
1.50
15.2 1.99
1.63
15.3 2.15
1.88
33.1 1.98
1.72
332 2.60
2.11

*Time to reach the maximum thermal contrast
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Fig. 12 Comparison of thermal diffusivity values related to carbon
fiber volume fraction

the present experiment; therefore, it is recommended to perform
the thermographic experiment in conditions, which enables to
obtain the thermal diffusivity data for reliable characterization
of the material.

5. Conclusions

In the present study, the methodology based on active
thermography technique combined with thermal diffusivity
analysis was applied for detection of plies displacement in
CFRP composites. The main conclusions are summarized as
follows:

1. The simulated fault in each composite specimen was de-

tected directly by observing the sequences of thermal
images captured after about 10 to 30 s (depending on
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specimen thickness), counting from the beginning of the
heating phase.

2. The analysis of obtained temperature—time plots showed
that the variation of number of plies between two areas
of the specimen caused the different temperature rise
rates (due to locally different thermal properties), result-
ing with appearance of characteristic peak-shaped plot of
the thermal contrast. Further analysis showed that the ob-
tained maximum thermal contrast values for all speci-
mens tested were higher than 0.5 K, which is satisfactory
for nondestructive testing using active thermography.

3. Subsequent quantitative analysis of the results, based on
standard procedure for thermal diffusivity determination,
showed that the thermal diffusivity increases with an in-
crease of fiber volume fraction, and further, the values of
thermal diffusivity are specimen thickness dependent. For
two selected specimens with different thickness and simi-
lar fiber volume fraction (i.e., 4.2 mm composite with
13.0 vol.% carbon fiber and 6.2 mm composite with
13.5 vol.% carbon fiber), higher value (about 5% differ-
ence) of thermal diffusivity was obtained for composite
with higher thickness. The experimental values of ther-
mal diffusivity varied from 1.5 x 1077 m%/s (for 3.2 mm
composite ~ with 8.5 vol.%  carbon fiber) to
2.6 x 1077 m%s (for 7.7 mm composite with 34.1 vol.%
carbon fiber).

4. On the basis of obtained results, it was concluded that
active IR thermography can be considered as a suit-
able nondestructive testing technique for detection of
plies displacement in CFRP composite materials giving
quantitative results.
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