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Abstract

Fracture toughness is one of the most importanperties of any material for a lot of design
applications involving damage and crack growth. d&ftinately its value can be difficult to
evaluate with standard methods such as “complianoethod. In this work, two special
cases have been studied and infrared thermography lbeen used to overcome the
limitations of conventional methods.

Damage of compressive fiber failure in unidirecabeomposite laminate has been chosen
due to its difficulty to evaluate toughness. THeaned thermography has been used to follow
compressive failure mode developing during an itateon test and a compression after
impact test, and to evaluate the fracture toughésompressive fiber failure.

1. Introduction

The studied cases deal with the compressive fankmré mode in laminated composites [1].
This failure mode is known as a very complex modeuaing as a result of the kinking
process. Currently, no standard tests are avaitablietermine the fracture toughness of this
phenomenon. Infrared thermography has been uselloww compressive failure mode
developing during an indentation test and a congwasafter impact test, and to evaluate the
fracture toughness of compressive fiber failure.

From the past 20 years, infrared thermography leas widely used to study the dissipative
phenomena in materials, such as plasticity in 3] or damage in polymers [4]. Using
the framework of irreversible thermodynamics, Cbgfsos et al. [5] have presented a
methodology to estimate the internal heat sourssesaated with the dissipative phenomenon
from temperature measurement on the sample surféeeertheless, the use of infrared
thermography to study dissipated thermal energpite recent in composite materials and is
essentially applied to fatigue loading. For exampMaderi et al. [6] used infrared
thermography to characterize damage stage evolbtimalculating the dissipated heat during
fatigue loading of thin woven laminates. NevertBsleusing crack tip contour integral
analysis [7], Freund and Hutchinson [8] and Soumatj®] have shown that the fracture
toughness is linked to dissipative work. In additicince the early work of Taylor and
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Quinney [10], it is well known that dissipative was mainly converted into heat in metallic
[11] and polymeric materials [12].

Hence, in this study we propose linking the fragttoughness to the experimental heat
sources [13]. In this way, the fracture toughnesslme computed even for experiments where
the stiffness variation remains small.

2. Compressive fiber failure toughness in unidireconal laminated composite

The characteristic of fiber compressive failureusually considered as a complex failure
mode [1, 14]. Furthermore, the critical energy askerate in compression,;G™ (generally
referred to mode | intralaminar fracture) is evearencomplex. Different approaches have
been proposed in the literature to determine thisiesr For example, Pinho et al. [1] used
compact compression (CC) tests to evaluate the fiag™°"" of T300/913 carbon/epoxy
laminates. Initiation toughness value for kink-baf@mation was obtained equal to
79.9 N/mm, whereas the propagation was not relidoke to an appearance of other failure
modes such as crushing or delamination. SoutisCantls [14] also measured thg,G"" of
T800/924C carbon/epoxy [0,90]ss UD laminates. The values calculated by analytical
formulations based on elastic laminated propemiese determined to be equal #34-39
N/mm. The two studies show clearly the difficuloydévaluate the compressive fiber fracture
toughness.

The first step to evaluate, & is to choose the appropriate test. The test shprdchote
compressive fiber failure as pure and stable asilples In fact it is almost impossible to
exhibit only compressive fiber failure becausesitai very complex failure mode which is
followed by secondary failure modes such as delati@in or matrix cracking. Moreover the
stacking sequence has much effect on the failurdemim fact it could be interesting to use
pure unidirectional laminate to isolate the comgiresfiber failure mode, but it is uncertain
the failure mode is similar to this one developinga multidirectional laminated composite.
Then in this study two applications with multiditenal laminated composite have been
chosen to be representative of real compositetstieic

The material used in this study is a T700GC/M2XHoa/epoxy) UD prepreg with 0.25 mm-
ply thickness. The laminates are 16-ply, balanssthmetrical and quasi-isotropic which
have the total thickness of about 4 mm. They aténta rectangular plates 100x150 mfar

the reason of testing on impact and CAIl (compresaiter impact) according to the Airbus
Industries Test Method (AITM 1-0010).

The first test deals with compressive fiber craoktlve surface of [900,,-45,,45;]s laminate
during impact test [15] (Fig. 1a). Due to the shenfye boundary conditions, the outermost
90°-plies are subjected to more bending rather tharinner plies. As a result, compressive
influence is generated on the upper layers and oessjve cracks are observed. Moreover, a
static indentation test was used instead of imfestf because we need a lengthy or long time
test for observing damage by using infrared themaygigy camera. The static indentation test
(Fig. 1a) is similar to impact test: a 100x150 fnractangular plate specimen is simply
supported on a 75x125 mrframe. An indentor of 16 mm-diameter applies te tentre of
the specimen at a displacement rate of 5 mm/minDT\sensor is placed to measure
displacement of the crosshead. During the testpcessive cracks of 90°-plies on the upper
surface near indentor

point are observed; meanwhile an infrared camerards the temperature on the expected
zone of the crack appearance (Fig. 2a).

The specimen is subjected to out-of-plane load approximately 5 mm (for a total energy
of 25 J). As can be seen the force-displacementecur figure 2a, during loading the
response is not linear due to internal damage. iMatacking and delamination commonly
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occur prior to fiber failure [15]. The damage n#aa surface can be detected by an infrared
thermography camera, in particular the double-pherf compressive failure, as the post-

mortem micrograph shown in figure 3a. This fibemguessive failure arises from 3.5 mm-

displacement and gradually continues to propagdiethe end of loading state.
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Figure 1. Experimental setup of impact/indentation test (@ eompression after impact test (b).
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Figure 2. Damage detection by infrared thermography camesacésted with force-displacement curves: static

indentation test (a) and CAl test (b).
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Figure 3. Post-mortem micrographs (a) static indentation(tegen from an equivalent specimen of 25 J-impact
[8]) and (b) CAI test

The second test application is CAIl (Fig. 1b) [16Rilure of the outermost 0°-plies of
[02,45,,90,,-45;]s laminates, directly subjected to compressive logdis investigated. Then,
the critical energy release rate is measured basexth evaluation of the heat degradation on
the observed compressive cracks. Prior to the €gt| the plate composite laminate has been
damaged by static loading in the centre of the ispat at 27.3 J-total energy [16].
Consequently, this specimen is placed inside CaAtufe and is subjected to in-plane
compressive load at a displacement rate of 0.6 nim/Awm imposed displacement and a plate
deflection are obtained from LVDT sensors. Tharnkshe configuration of 0°-plies on the
exterior, compressive failure can be easily obser@&nce the CAI final failure is generally
induced from the indented point, an infrared canoagatures the temperature variation on the
zone near this point (Fig. 2b).

During the CAI test, the force in function of digpeément is relatively linear until the collapse
of the specimen or final failure. The infrared thegraphy camera detects that the initiation
of damage occurs just before the final failurasIhot clear that the damage shown at points
1-5in figure 2b is caused by the collapse of tla¢epdue to bending or due to the propagation
of fiber cracks. However, this damage is absolutetpmpressive fiber failure, as can be seen
the kink bands in figure 3b. Thus, we assumedttieheat detected by thermography camera
is caused by this fiber compressive failure. Nbt figure 3b shows the micrograph of fiber
failure mixed to other failure modes i.e. matribacking and delamination but it was taken
after the final failure.

Both tests are operated at room temperature. Aargd camera (FLIR SC700 MW) is used
to monitor the thermal response during the test®rdler to avoid thermal perturbation from
the external environment, the specimens are ertlbsth in a painted black box and black
opaque fabric (covered outside).

The concept of determining the critical energy askerate by using infrared thermography
technique is based on thermo-mechanical backgroithrelfull details can be found in [13].
When the specimen is damaged, some mechanicalyedissggpation is converted to heat and
can be measured by the infrared thermography cambeacritical energy release ratg Gan

be estimated from the heat soucag as:

11
Gic -EE’S—f!'g[%stdt Eq1
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where[3 represents the ratio of the energy dissipatedeas to the irreversible mechanical
energy [10], §is the crack surface, t is the crack propagatiore,tandQ is the studied
domain of crack.

In the literature, the irreversible work which tséorms into heat (the paramefgrmay vary
from 50-100% [6, 10, 13], thus an accurate estiomatif energy release rates associated with
crack propagation is probably uncertain and thia debated issue for determining the value
of Gy by this approach.

In this work, since the tested laminate has diffeies orientation, fiber failure may damage
at certain plies but not throughout the thickndsthe laminate. Since the temperature field is
not constant through the thickness of the lamirsiljing with the 2D heat diffusion problem
Is not reliable. Thus, only the heat source of thenpressive fiber failure cracks on the
surface is considered. A 3D thermal analysis isl @&l the heat source function, assumed to
be uniform through the damage plies, can be wraten

(t-t)°

AT 707 4\ J07

_[(X—Xg)z (y—yo)z] _( }
(he = Whax JH (2-20)-H(z- 2 )|\ ** *7 Je ' 7 Eq 2
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wherewnax represents the maximum value of heat sourcand y denote the space positions
associated with the global coordination x-y, andenotes the temporal position of the crack.
Ox , Oy ando; are respectively the constants of the longerelasgnd the propagation time of
heat source, which are the optimized parameterstaluk-posed problem [13]. The term
[H(z-z0)-H(z-z1)] is the rectangular function corresponding to ¢hack thickness. Then, the
temperature variatiof can be solved by 3D inverse heat diffusion problem:
2 2 2
pC%— 0“8 0“8 0“6

ot XX 6x2 + kyy ayz + kzz 622 = Uhs Eq 3

wherep, C and k are respectively the laminate density, the speti@at and the thermal
conductivity.

From microscopic observations (Fig. 3), we assumag the temperature is uniform through
the cracks thickness (the double damaged pliestheasurface) and the heat source is only
due to fiber compressive failure of the double-plgereas the heat source due to matrix
cracks and delamination underneath is neglected.

For numerical calculation, the solution of thernmmbblem is computed by using finite
difference method. A small step timat=5.10"s is chosen in order to assure the
convergence of results. The theoretical heat ssware determined on three different zones of
each test, as shown in figure 4a for the statiemtation test and figure 5a for CAI test.
According to the proposed methodology [13], theiroation parameterso( , oy , 0; ) are
identified by trial-and-error method in order tordate with the experimental temperature
variationBeyp.

An example of experimental-numerical correlation stétic indentation test (zone 3) is
presented in figure 4. Figure 4d shows the evatutid average temperature cooling in
function of time. And, at temperature peak, a camnspa of the temperature variation field of
the crack between the experiment and the theoteatadaulation is shown respectively in
figures 4b and 4c; also, the evolution of temperatlong X-X and Y-Y axes are presented
respectively in figures 4e and 4f. As can be sdigures 4b-4f show a good correlation
between experiment and theoretical calculatiorr aftgelection of optimization parameters.
Another example of CAI test (zone 3), after thecess of parameter optimization, is also
presented: Figures 5b-5f show a good agreementebetvexperimental and theoretical
calculation even if an uncorrelated experimentailiog in figure 5d is found. Indeed, the
instability of the evolution of experimental tematire is clearly caused by a combination of

5



ECCM16 - 16™ EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Seville, Spain, 22-26 June 2014

other failure modes (delamination and matrix cnagki occurring during the crack
propagation (Fig. 5b); thus precise numerical capltannot be obtained. Thanks to a good
agreement on other factor i.e. evolution of temjpeeaalong X-X and Y-Y axes, we still rely
on the chosen optimized parameters (Tab. 1).
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Figure 4. Evaluation of crack propagation by thermographyrapph from static indentation test: (a) three
selected zones on experimental temperature fib)JdeXperimental temperature variation of crack ome 3 at
temperature peak; (c) theoretical temperature tianiaf crack in zone 3 at temperature peak; (d)lwion of
average temperature cooling in function of timé; €eolution of temperature along X-X axis at tengtere
peak; (f) evolution of temperature along Y-Y axiseanperature peak

The results above confirm that the heat sourcestdydies compressive failure are well
assumed by the theoretical approach for both stadientation test and CAI test, and the use
of the proposed thermography methodology is apipliécéor UD plies. We performed on six
studied zones from two different test applicationgble 1 presents the selected optimization
parameters for all cases. A strange valueydior CAl test in zone 1 should be noticed, that
is, the high value is met. The reason is that tiaekcat zone 1 is caused by the specimen’s
collapse at final failure which does not gradualtgpagate like other zones.

Then, an estimation of the critical energy releage G.“°""is computed following Eq. 1.+S
denotes the crack surface and the heat sawgs obtained thanks to the maximum value of
heat sourcewnmax from the experiment and the optimization paransetereviously. As
mentioned before, a sensitive issue is still the raf the energy dissipated as heat to the
irreversible mechanical energ)( In this study, we assume this ratio, for carkpoky
composite, to be approximately 90% [13].

Finally, the critical energy release rate fibrg“%3® can be computed [Tab. 1]. The average
values of G*°™, for static indentation test and CAI test &&6N/mm and42.5N/mm,
respectively. These obtained results are well spording to the value found in previous
work [8] (40 N/mm) from FE analysis of impact damag
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Figure 5. Evaluation of crack propagation by thermographyrapaph from CAl test: (a) three selected zones on
experimental temperature field; (b) experimentatgerature variation of crack in zone 3 at tempeeapeak;

(c) theoretical temperature variation of crackame 3 at temperature peak; (d) evolution of avetaggerature
cooling in function of time; (e) evolution of tenmagure along X-X axis at temperature peak; (f) atioh of
temperature along Y-Y axis at temperature peak

Zone Optimization parameters S G, rec
Test Winax (W m’]3)
No. o, (mm) o, (mm) g (s) (mn?)  (N/mm)
1 0.083 0.990 12 e-3 2.80 e9 0.963 39.7
Static 0.041 0.825 10 e-3 3.50 €9 0525 316
Indentation
3 0.041 0.660 12 e-3 2.55 e9 0.438 26.6
1 16.50 0.248 12 e-3 1.40 €9 3.220 40.8
CAl 2 0.866 0.083 12 e-3 2.05e9 0.495 43.9
3 0.660 0.041 12 e-3 1.75 €9 0.165 42.9

Table 1.Values of theoretical heat source parameters aidefor the three zones of each test.
4. Conclusion

Fracture toughness is one of the most importamept@s of any material for a lot of design
applications involving damage and crack growth. dgiuinately its value can be difficult to

evaluate with standard methods such as “compliameethod. Hence, in this study we
propose linking the fracture toughness to the arpmtal heat sources [13]. In this way, the
fracture toughness can be computed even for expatsmwhere the stiffness variation
remains small.



ECCM16 - 16™ EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Seville, Spain, 22-26 June 2014

Damage of compressive fiber failure in unidirecibcomposite laminate has been chosen for
its difficulty to evaluate toughness. The infratezs been used to follow compressive failure
mode developing during an indentation test and mptession after impact test, and to
evaluate the fracture toughness of compressive fiakire. The average values of,G™,

for static indentation test and CAI test &@26N/mm and42.5N/mm, respectively. These
obtained results are well corresponding to the ezdbund in previous work [8] (40 N/mm)
from FE analysis of impact damage and are coheviéghtiterature [1, 14].
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