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Abstract: The in\//-(;stigation of fatigue behavior typically involves time-consuming
tests, leadmg S(l)me\re/sez;rchers to explore methodologies based on self-heating tests
to reduc?th?l/arocess. For composite materials, the conventional approach involves
piecewfse linear approximations of the self-heating curve and the stress transition
between the first and second regimes is arbitrarily associated with a fatigue lifetime
equal to 10° cycles. This paper proposes a novel methodology to address these sim-
plifications. First, a non-linear viscoelastic model is used to describe the self-heating
curve. Based on the mechanisms established in the literature, a link is proposed
between the dissipation and the fatigue limit. The load leading to a significant con-
tribution of non-linear mechanisms, is associated with an infinite life time. It allows
the identification of an S-N curve and prediction of fatigue behavior through a min-

imal number of tests. The comparison with fatigue results is satisfactory.

Keywords: Polymer matrix composites, Fatigue limit, Residual strength, S-N curves,

Non-deterministic analysis, Experimental technique, Intrinsic dissipation.

Nomenclature



Laminates

QI Quasi-isotropic laminate

QI-0  Quasi-isotropic laminate with the 0° plies in the middle plane [—45/90/45/0]s

QI-45  Quasi-isotropic laminate with the 45° plies in the middle plane [0/ — 45/90/45]s

W-UD laminate of 2D woven ply (w) and UD ply (UD) stacking sequence :
[(£45)w,(04)uD,(£45)w]

Heat Equation

T Temperature [°C]
0 Difference between the current temperature and the initial one [°C]|
A* Density of energy dissipated per cycle [J.L ™3]

f Frequency of the cyclic or the fatigue test [s7!]
p Density [M.L?]
C,

" Specific Heat [J.°C~'M—1 Cjﬁ\QK)
Cyclic Loading @%

R Stress ratio of the cychc 0 the test [N.L72
Omax Maximal stress a the cychc or the fatigue test [N.L™2]
Viscoelastic (M
b\J
3 otal strain
gve Viscoleastic strain
epe k™ elementary viscoleatic strain
E Young modulus of the laminate in the loading direction [N.L?]
E, Relaxed Young modulus of the laminate in the loading direction [N.L™?]
Tk Characteristic time associated to ¥ [s7!]
i Weigth associated to ;¢

D(t) Intrinsic dissipation [J.L™3.s7!]

S-N curve

@ Shape parameter of the Weibull distribution

g Scale parameter of the Weibull distribution [N.L ™2
C,S Shape parameters of the S-N curve

Ooo Fatigue limit [IN.L™?]




Table 1 Nomenclature



1 — Introduction

The use of composites has increased in many industrial fields. Thanks to the high
number of tests, with different monitoring systems, performed on a wide range of
composite materials, the mechanisms of damage and failure under quasi-static and
fatigue loading have been well known for many years (see for instance'?). However,
the characterisation of a given composite requires a high number of tests (standard-
ised or not) with different stacking sequences and different environmental conditions
(see the tests carried out on the AS4/8552 and IM7/8552 materials to obtain the
database provided in®). The cost in time and money can therefore be very signifi-
cant. This is particularly the case for fatigue loading. Indeed, the time needed to
perform a single test could be very long (because some applications require more
than 107 cycles and because the frequencies cannot be too high due to the self-
heating observed in these materials*). In addition, the lifetime is highly dependent
on the stress ratio® and the results can be highly scattered. This means that thor-
ough fatigue characterisation of a given laminate can be very expensiv i&gime
consuming. However, it is important to note that at the mat stage,
it may be sufficient to estimate the stress leadlng to 1 % ere 2 depends
on the application) associated with a given conﬁd In order to achieve
this objective, a number of methods hav@ 111 the literature to predict
sts.

the fatigue limit with a reduced The staircase (or up-and-down)

method is one of the best k ches to fatigue limit estimation. It consists of
defining the stress pplied to a specimen as a function of the result of the
previous tes e ious test failed, the stress amplitude is reduced (otherwise
it is i statlstlcal method could be used to estimate the mean fatigue

limit and its range of variation®”. An example of this method applied to composite
fatigue after impact is given in®. Approaches based on cyclic tests with increasing
amplitude on the same specimen have also been proposed in the literature”. Since
a progressively increasing stress amplitude is applied to the same specimen, a cu-
mulative damage rule must be used to process the results.

Another approach is to use the rise in temperature that is observed during the
cyclic tests as a marker of the fatigue mechanisms. This type of approach is called
"self-heating” or ”heat build-up protocol”. The specimen is subjected to a series of
cycles with progressively increasing mean stress (at a constant stress ratio). For each
level of mean stress, the increase in temperature is recorded (using thermocouples
or infrared thermography). Several authors have shown on metallic materials!%!1!2
or polymer-based materials'*!%1%16 that the mean stress at which the temperature
increases drastically could be related to the fatigue strength at 10* (where x has
to be assumed). For metallic materials, since the mechanisms responsible for the

temperature increase are known, it is possible to use models to describe the self-



heating curve and the scatter of the S/N curve''. This is not usually the case for
composites, for which the self-heating curve is usually approximated by a piecewise
linear approximation (in two or three zones depending on the material). The stress
corresponding to the transition between the first and second zones (or regimes) is
usually associated to a fatigue life equal to 10° cycles. This approach has been
applied to various types of polymer-based materials. However, two points can be
discussed: (1) the determination of the stress at the transition and (2) the number
of cycles to failure associated with this transition. To overcome these limitations
a link is proposed between the dissipation determined by self-heating tests and the
fatigue limit. The first section presents the material under investigation and the
heat build-up test protocol. In the second section, the results of the heat build-up
tests are presented. A model to describe the evolution of the intrinsic dissipation is
then presented. Thanks to this model, the fatigue limit is determined on the basis
of physical mechanisms described in the literature'”®. Finally, this fatigue limit is
used to identify a probabilistic model, initially proposed by Sendckyj'?, to %ibe

the S-N curve. The last section is dedicated to the conclusions and furt

2 — Experimental and theore@%géckground
@30

2.1 — DMaterials
To test the applicability r%ed method, two carbon/epoxy materials are

investigated in this
The first o @31 sotropic laminated composite of AS7/8552 carbon/epoxy
prepre tackmg sequences were investigated (named after the orientation of

the central layer): [45,90,-45,0]s (hereafter referred to as QI-0) and [0,-45,90,45]s
(hereafter referred to as QI-45). The thickness of one ply varies from 0.135 mm to
0.145 mm and the total thickness of the laminate is between 1.02 and 1.12 mm.
The second material (hereafter referred to as W-UD) is a laminate of 2D woven ply
(HR fibre) and UD ply (IM fibre). The stacking sequence is [(£45)y,(04)vp,(£45).,]
(w stand for woven and UD stand for unidirectionnal). The thickness of the 4 UD
plies is about 2/3 of the total thickness (which is equal to 3.6mm).

The two materials have been cured in an autoclave following the curing cycle rec-

ommended by the manufacturer.

2.2 —  Mechanical tests and thermal measurements

The tests were carried out on an MTS servo-hydraulic testing machine. The test
coupons were 250mm total length, 150mm gauge length, 25mm width (see Fig. 1).
The quasi static tests were carried out at 2mm/min. The cyclic and fatigue tests were

force controlled with a sinusoidal waveform. The maximum applied stress is referred



to as oje. and the load ratio (minimum to maximum cyclic stress) is referred to as
R. In this study, the load ratio was set to R=0.05 for the QI mterials and R=0.01
for the W-UD laminate (these were selected to meet the specific requirements of
the targeted industrial applications). All tests were performed at room temperature
(around 20°C). For each test, an evaluation of the energy dissipated was made based
on thermal measurements. (see section 2.3). The thermal imaging was carried out
using an Infratec infrared camera (ImagelR 10300, 1920x1536 pixels, pixel pitch 10,
pm,record frequency 100Hz, thermal resolution better than 30mK).

Zone on which the temperature is measured

250 mm

Face

150 mm

,,,,,,,, w‘/o:
Plane of symmet
. SN
Figure 1 Geomw cimen

2.3 @ld -up protocol and determination of the
ycllc dissipated energy

The heat build-up protocol consists of subjecting the specimen to a sequence of
cyclic loading steps defined by a fixed stress ratio and an increasing peak stress
value (see Fig. 2). This type of protocol has been applied to various composite

materials (short fibre composite with thermoplastic matrix?%2!

, woven composite
with carbon fibres and epoxy matrix*?) and its aim is to determine the relationship
between the cyclic energy dissipated and the applied stress.

The energy dissipated during a cycle is related to the evolution of the temperature
thanks to the heat equation. Under certain assumptions (not mentioned here for the

20,21)

sake of consistency, see for example including adiabaticity, the heat equation

could be simplified as follows
o0/(t) S —

» g | =SfA+H (t) (1)
where p is the specific mass, C, is the specific heat, 6 is the difference between
the current temperature and the initial temperature and f is the frequency of the
cyclic loading. A* is the density of energy dissipated per cycle (independent of the

frequency). H€ is the contribution of the thermoelastic coupling on the temperature
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Figure 2 Example of a loading protocol

rate. The operator T stands for: \QK)
7= / wdS %CX. 2)

M
3 — Results (0(6)0

3.1 — Heat- t% ests

Heat uild-@@ were carried out on the QI materials and the W-UD material.
13

ency, only the results of the QI materials will be discussed. In the
final stiep, the specimen was tested until failure. The temperature change may not
be uniform over the entire surface of the specimen. As the specimen moves while the
camera is fixed, it is necessary to transpose each pixel in a reference configuration.
This has been done using the same approach used by Navratil??, which has been
implemented in an in-house software called Celenos®®. The evolution of the temper-
ature as a function of time is determined at each pixel (6(Z,t)). Its spatial average
over the whole gauge length is calculated (6(¢)) (an example of thermal measure-
ment results is provided in Fig. 3). Finally, using eq. 1 is is possible to approximate
the evolution of the temperature by a linear part (with a slope equal to A*/(pC,),
see the blue line in Fig. 3) and a sinusoidal part (corresponding to thermoelastic
coupling).

It is important to keep in mind that this identification is only possible if the adia-
batic condition is satisfied. To ensure this, the parameters involved in eq. (1) are
identified once the mechanical loading has stabilised and over a short period of time
(much less than the characteristic thermal time of the specimen). For the specimens

investigated (material, ply thickness, number of plies, geometry), the characteristic
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Figure 3 Evolution of the temperature on the surface of the specimen as a
function of the loading. The images represent the temperature field at ditferent
moments of the cycling (end of static loading, peak of the 6th cycle, bottom of the
22nd cycle). The curve is the average temperature over the region of interest
(represented by a rectangle in the temperature field images)



time was inferred to be around 65s from a cooling step (see?!). The dissipation was
identified using 10 cycles, which corresponds to a duration of 5s, much less than the
characteristic time. Finally, the heat build-up curve is plotted (i.e the evolution of
the dissipation as a function of the maximum applied stress for each loading step, see
Fig. 4). Fig. 4(a) shows the results obtained on the QI-0 samples. The tests were
performed at a frequency equal to 2 Hz. For test QI-0-2, some of the loading steps
were performed at a frequency equal to 5 Hz. The QI-0-3 specimen was tested at
2 Hz for different applied load values than the QI-0-1 specimen. The heat build-up
curves are very close for all these tests, which means that: the scatter is very small,
the cyclic dissipation A" neither depends on the frequency (which is consistent with
eq. 1) nor on the fatigue load history. Fig. 4(b) shows the results obtained on
the QI-45 specimen. The heat build-up curves are quasi-identical to those obtained
on the QI-0 specimens. This means that the cyclic dissipation obtained from the
surface measurements is representative of the whole thickness of the specimen and
not just the surface layer.

To confirm this experimental evaluation, transient thermal finite elemen@@ing
—+\\

.

* QI-0 specimen 1 2Hz * QI-0 specimen 1 2Hz
OQI-0 specimen 2 1Hz ‘OQI-45 specimen 1 1Hz

g 0.08 | QL0 specimen 3 2Hz * E/\@_/v

>QI-0 specimen 4 5Hz >|!I*
~ 0.06 | $ 46»\'5 0.06 g

S g
i 0.04 7 0.04
< <

0.02 @ 0.02 |

J%Q T T T 0 * \O®® T T T
02 04 06 038 02 04 06 038
O—mal' U’max
mean(X;) mean(X;)

(a) (b)

Figure 4 Heat-bulid up curves obtained from specimen oriented at 0° (a) and 45°
(b). A result obtained on a 0° has been reported on figure (b) to facilitate the
comparison between the two orientations. The stresses applied during the loading
steps have been normalized by the mean of the failure load under tensile
quasi-static loading < X >.

was carried out. A half thickness was modelled using material properties from?* (see
table 2).

Four quadratic hexahedral heat trasfer fintie elemlents in the thickness of each
plies have been used. No boundary conditions are applied to surfaces (symmetry
bondary conditions). The heat transfer was modeled over a duration of 5 seconds,
equivalent to 10 cycles for a cyclic loading at 2 Hz,this time frame is consistent

with the period during which dissipation is estimated. The increase of temperature
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Properties Value

p (g.com™3) 1.57
C, (Jg~teC™) 0.9
kll (W.m_l 00_1) 4.9

k'22 = k33 (Wm_l OC_l) 0.58

Table 2 Thermal properties used for the transient thermal model (from?*)

is limited to 103K .s~! per increment. A constant body heat flux has been applied
to each layer. Due to the difference in orientation between the different layers, the
layers will not have the same level of dissipation The shear stress is the stress that
leads to the highest level of dissipation, followed by the transverse stress and then
the fibre direction stress (which has a very low level of dissipation)? . An approach
aimed at calculating dissipation in each of the plies, based on a multiscale viscoelas-
tic approach, has been developped in *° (the detailed exploration of this approach
falls outside the scope of the current article). The 0° ply has been demonstrated to
have minimal dissipation, constituting only around 20% compared to the 45° ply.
Similarly, the 90° ply exhibits relatively low dissipation, approxima’gelf /E)R%‘c\om—
pared to the 45° ply. Therefore, the present thermal model Wil/l\é?zcoantrf:)r these

— /
dissipation levels in each ply (in the following, this assump?ion will be shown to have
kl)«o\fj().oﬂxmls’lmm’?’ in the

at is measured experimentally on

no effect on the result). For an applied bod

—

45° plies (which is of the order of Magn

the laminate, see Fig. 4) in t laminate, the temperature rise was estimated
at 0.019 K.s~! by the ent calculation. Using the same approach as the
one shown in eg- sity of energy dissipated at the macroscopic level Ay is
equal t8,0. m~>. It corresponds to the average of the applied applied body

heat fiix #r each ply. The same result is obtained for the QI-45 laminate. These
finite element calculations show that the macroscopic dissipation is equal to the av-
crage dissipation over the laminate thickness (Af, =1 fot A*(z)dz). Tt is therefore

lam

independent of the stacking sequence and reflects the dissipation in each layer.

3.2 — Link between heat-build up curves and fatigue limit

The mechanisms leading to failure due to fatigue loading for laminates in which the
failure is dominated by the fibres (hereafter referred to as fibre-dominated failure) are
well known, as discussed in the work of Talreja'” and more recently by Sgrensen '®
for this class of materials. These works pointed out three types of mechanism,

depending on the intensity of the stress, namely (see Fig. 5):

e at high applied stresses, fibre breakage occurs when the stress is greater than
the strength of the weakest link. When a fibre breaks, decohesion can occur at
the interface. Stress is transferred to the adjacent fibres. This stress transfer

depends on the properties of the matrix. Number of cycles to failure is low

11



(Nr < 103).

e intermediate loading will cause little or no fibre breakage (at the early stages
of the fatigue lifetime). Cyclic loading can nevertheless cause cracking in the
matrix. This can lead to interfacial decohesion, then fibre breakage, resulting

in ply failure.

e at low applied loads, the stress is too low to cause fibre breakage or matrix

cracking. It corresponds to the fatigue limit.

Region 1 : Fiber failure
Static region
Region 2 : Progressive
debonding, crack in the matrix
Fatigue region

7 / -
=
/ Fatigue limit
%///////////////////////////////////////// %

Ng

)v
Figure 5 S-N curve (tension/teng ra‘t&—)\divided into three zones: static failure,
progressive fati% d limit of fatigue (adapted from?)

S
This ri@gﬁows that it would be possible to relate the fatigue limit to the
load atf which the stress in the matrix is too low to cause cracking. Since the dissi-
pation is the marker of the mechanisms occurring in the matrix, it is consistent to
correlate the dissipation, estimated thanks to heat build-up tests, with the fatigue
limit. Indeed, it has been shown that epoxy degradation under cyclic loading can

be related to dissipation?’.

It should be possible to correlate the dissipation with
the physical mechanisms involved at different scales (layer, interface) by means of
an analysis combining different approaches (microscopy, acoustic emission, infrared
observations, modelling...)?*%. Tt is out-of the scope of the present article and will
be presented in a future work.

In this study, a model is used to determine at which level of stress the dissipation
is too low to cause cracking in the matrix, this stress beeing associated to a fatigue
limit as proposed by Talreja. It has been shown in the literature that the behaviour,
at the ply scale or at the macroscopic scale, of this kind of material could be de-
scribed by non-linear viscoelastic models3°?!.

Only the most important aspects for the understanding of the model and the cal-

culation of the dissipation will be recalled. The model is presented for 1D loading.
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The interested reader can refer to*. The model is written in the framework of the
classical thermodynamics of irreversible processes®?. The total strain is divided into
an elastic part (¢°) and a viscoelastic part (¢%¢). The free energy is assumed as

follows?>?

200 = (e — ") % E % (e — &"° —|—Z—5k * F, x )¢ (3)

where £} are internal variables (strain kind) that represent elementary viscous mech-
anisms. F is the instanteneous Young modulus and E,. the relaxed viscous modulus.
A characteristic time 7, and a weigth ug (defined by a Gaussian spectrum) are

associated to this viscous mechanisms. They are defined as follows:

7 = 10" (4)
1 k — Un 2
uk_noﬁexp<—( = )) )
The stress is given by:
v
a—pge—E*(e—av) (6)

Let us introduce the thermodynamic force associated to the internal v, gve
and ¢ ﬁ\'
{ozezpaif’ezlE x EV° %CJ
=p Deve 2 0

The intrinsic dissipation is therefore grve

Ok * £ (7)

The density of energy ! @per cycle is calculated as follows:
t+1/f

Cd‘ A" = / D(t)dt (8)
t
The e tlgp e internal variables is given by the dissipation potential written

as foll
* 22z —1
20* = = 3 D
) Ek - (we : B 0 wg) 9)

with wy, = go¥¢ + o}°

It is thus possible to obtain:
. Ho* _
€ = e = ek g x B w0 — )
€ =g* ) €L

g is a function used to describe the non-linear behavior

o) =14 (VaeBiao) (10)

It is important to note that g = 1 corresponds to a linear model.

30.

As explained above, the aim of the model is to evaluate the dissipation in order to
determine the load at which the effect of the non-linearity on the dissipation becomes
significant. To simplify the identification, classical values for carbon/epoxy are used
for the parameters defining the Gaussian spectrum?®! ng = 12 and n. = 8. E is the
modulus in the loading direction. It can be easily estimated from monotonic tensile

tests or from the properties of the ply by means of classical laminate theory. The
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identification of the other parameters (£,, v and p) is done in two steps. In the first
step, only the first part of the heat build-up curve is modelled. A linear viscoelastic
model is considered (¢ = 1, i.e.y = 0). It permits to identify E, (the dot curve
in the Fig. 6 is the result of this step). The non-linear function g (parameters -y
and p) is identified to have a correct description of the whole curve. The results of
the model from this identification is shown in Fig. 6. The non-linear model allows
the heat build-up curve to be correctly reproduced, except for the high stresses
at which failure mechanisms (premature fiber failure, initiation of delamination)
could occur during the firsy cycles. It is possible to compare the heat dissipation
obtained with a linear model with the one obtained with a non-linear model (for
sake of brevity, only the results on the quasi-isotropic carbon/epoxy laminates are
reported see Fig. 6). The results show that above a give stress value, the non-linear
mechanisms have a significant contribution to the dissipation in comparison to the
linear viscoelastic mechanisms. It therefore seems that there is a transition between

part. It is proposed here to assume that this threshold corresponds-to tigue

a linear viscoelasticity dominated part and a non-linear viscoelasticity dougz;ted
limit (hereafter referred to o). This fatigue limit is related to t which
the dissipation predicted by the non-linear model is 5% g hat predicted
by the linear model. (5% was chosen to take accou 6@ ter and the accuracy
of the measurements).

The stress at transition between a&r isc asticity dominated part and the non-
linear Vlscoelast1c1ty domi sociated to the fatigue limit will be compared

with fatigue result t Section.

3.3 P\ entification of a probabilistic S-N curve based

on a residual strength method

Several methods have been proposed in the literature to fit results from fatigue tests

3331) " Some articles have highlighted the qualities of the approach

19, 35

(see reviews in
proposed by Sendeckyj First, it is based on strong physical considerations.
Then, it has a good fitting capability and allows to associate a probability with
the S-N curve. This approach is based on a residual strength model. This model
describes the damage accumulation in the material as a function of the number
of cycles. In this work we have chosen to use a modified version of the Sendckyj

approach that has recently been proposed?® to introduce a fatigue limit:

do, Y I—y
8(; = —7_10<0m(w — 0o Oy — O (11)

where C' anf v and o, are parameters that must be identified and depends on

the load ratio R. This equation could be integrated with the following boundary
conditions: (i) at the first cycle (n = 1) the residual strength is equal to the equiv-

alent static strength o, (i.e.the initial static strength of this specific specimen) and

14
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% QI-0 specimen 1 2Hz
0.14 7 O QI-0 specimen 2 1Hz
¢ QI-0 specimen 3 2Hz
0129 p QI-0 specimen 4 5Hz
O QI-45 specimen 1 1Hz .
_ 0.10 | — Non-linear viscoelastic model [ Non-linear
T - -- Linear viscoelastic model viscoelastic
§ 0.08 - % dominated
3 Cﬁ
= .06 \}E)
< \
0.04 4 Linear
viscoelastic
0.02 dominat .
0.00C —C
T T T I ‘ ‘
P&Cj 0.00 020 040 060 080 1.00 1.20
Umax

mean(X;)

1.40

Figure 6 Heat-bulid up curves obtained on the specimens oriented at 0° and 45°.
The dissipation predicted by the model is plotted with continuous line. The
dissipation predicted by a linear visoelastic model is reported in dashed line.
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(ii) failure occurs when the residual stress equals the maximum stress(n = Ng for

Op = Opmaz, Where Ng is the number of cycle to failure). It leads to:

s

O = (Ormaz — Oco) (1 + (Ng — 1)0) +05 (12)
where S = % Once the parameters C', S and o, are identified, this equation al-
lows the determination of the initial static strength (called equivalent strength by
Sendeckyj) from the result of a fatigue test (pair ¢,,4, and Ng) that it would have
had before cyclic loading. It is important to emphasise that in order to convert re-
sults from fatigue tests to equivalent initial static strength, the damage and failure
mechanisms under fatigue and static loading must be the same. A two-parameter
Weibull distribution (defined by « the shape parameter and 3 the scale parameter)
is used to describe the strength of the composite material. Finally, combining equa-
tions 12 and the Weibull distribution, the probabilistic S-N curves could be written

as follows:

s = (3| (P0) | ;_%) (ce-1)+1) o 13

The mean S-N curve is given by choosing P(N) = 0.5. With P(dV @ 05 or

P(N) = 0.95 the S-N percentiles curves of 5% (upper bou lower

bound) are obtained. %
The identification of the parameters C', S and o, . @f esults of fatigue tests

(pair {N}j,0% ..} for i =1 to py) and n, ¢ ic tests (o for j =1 to p,,
where 0%. is the stress at failure ob ine@e static test number p;). Obviously,
the determination of the it requires tests with a very high number of
cycles. In this p pose the use of the fatigue limit determined by the
method pr rev10us section. Two parameters remain to be identified:

C and r Samphng method in the plane (C,S) has been used (see Fig. 7):

lect values for the parameters C' and S,

2. for the py results obtained from the fatigue tests, the equivalent strength is
calculated from the eq. 12. Only low cycle fatigue tests (10* > N, > 10?) are
used to identify the model,

3. fit a two-parameter Weibull distribution to the p, static stresses at failure

combined with the py equivalent strengths,

4. choose a new set of parameter C, S

The set of optimal parameters (C, S) are those leading to lowest dispersion (i.e.
the shape parameter a of the Weibull model is maximum). The evolution of « as a
function of the parameters C' and S (eq. 13) is given in Fig. 8 for the quasi-isotropic
material. Once the parameters identified, it thus possible to plot the probabilisitc
S-N curve based on the modified Sendecyj’s approach (eq. 13) (see Fig. 9 for the
QI materials and Fig. 10 for the W-UD material)
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Figure 7 Algorithm used to identify the magdifie eckyj’s model

The comparison between t el results and the experimental fatigue results
are quite satisfactory. ﬁi@}gcle fatigue data were used for model identification.
The part of th %a esponding to high cycle fatigue is sensitive to the fatigue
limit i ti@djgé

linear viscéelastic model. This means that it is possible to obtain a first estimate

nks to the combination of the heat build-up tests and the non-

of the fatigue limit in half a day (1 heat build-up test) and of the S-N curve in two
days (10 to 15 static tests and 2-5 fatigue tests at approximately 10* cycles).

4 — Conclusions and perspectives

The aim of this paper was to propose a rapid methodology based on thermo- me-
chanical analysis, combining self-heating tests and a phenomenological modelling of

dissipation. The key components of this approach include:

e the scenario proposed by Talreja for composite materials'”. For this type of
composite it has been shown that below a certain threshold (the fatigue limit)

the stress in the critical plies is too low to cause fibre failure or matrix cracking,

e the use of a residual strength model. The non-deterministic S-N curve is de-
scribed by an approach initially proposed by Sendeckyj'’**. A modified version

recently proposed in“® to introduce a fatigue limit is used,

17



Figure 8 Evolution of the « (scale parameter of the Weibull distribution) as a
function of the parameters C' and S of the modified Sendecyj’s approach. The
black dot give the values of C' and S leading to the highest value of a.
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Figure 9 S-N curve predicted by the modified Sendeckyj’s model on the QI — 0
and QI — 45 carbon/epoxy laminates. Only the results plotted with unfilled
markers have been used for the identification. The other results are reported for

comparison and validation
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reported for comparison and validation
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e self-heating tests for fatigue limit determination. Self-heating tests play a key
role in determining the fatigue limit. Indeed, fatigue limit is the most expen-
sive parameter to determine experimentally because it requires high cycle and
very high cycle fatigue testing. The dissipation, determined from heat build-
up tests, is described by a non-linear viscoelastic model. The fatigue limit is

associated with stress where non-linear mechanisms become significant.

The key strength of the method presented in this article is its cost-etfectiveness in the
identification process. Since the fatigue limit is determined from the results of a heat
build-up test, only a few tests are required to determine the S-N curve (see table 3).
Some static tests are performed to identify the two-parameter Weibull distribution
describing the strength and some fatigue tests (life between 10% and 5.10* cycles) to
identify the parameters C' and S of the S-N curve model. The results obtained with

this approach are in quite good agreement with those obtained from fatigue tests

NS

on a quasi-isotropic laminate.

Type of tests Number | Objective \Y
of repe- («
tition A\‘\%
1. Static up to failure 10 to 15 W&ulus (for the non-
| lmear viscoelastic model). Proba-
A\ 1 bilistic description of the strength
2. HBU test 1 (30 ste kﬂ, Dissipation as a function of the
failure with a ﬁxed 1 applied load
ment between @ a fixed
frequmcy)(‘
3. Fatiohe test 1 such as the fail- | 1 Fatigue result 1 (o} N{)
ure oecurs around 103,
4. Fatigue test 2 such as the fail- | 1 Fatigue result 2 (¢2,,.,N3)
ure occurs around 5.103.
5. Fatigue test 3 such as the fail- | 1 Fatigue result 4 (o3 . N3)
ure occurs around 10,

Table 3 Matrix of tests necessary for a quick identification of a non-deterministic
S-N curve

The dissipation was described by a non-linear viscoelastic model. However, the
mechanisms associated with the non-linear part of the model (function called g eq.
10 in section 3.2) are not fully understood. For this reason, it seems interesting to
study in future work the mechanisms related to the increase of the dissipation of a
laminated composite beyond the purely linear viscoelastic part. In order to achieve
this goal, a correlation between experimental results and those obtained by a model
should be used. The model should be built up from different scales at which the

sources of non-linearity are progressively introduced.
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Highlights
e A link is proposed between dissipation and fatigue;

e Modelling of the dissipation in laminated composites subjected to cyclic load-

ings;
e A criterion is proposed to identify the fatigue limit based on the dissipation;

e A S-N curve is identified and extrapolated up to high cycles fatigue.
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