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Abstract

A new fatigue model for woven polymer matrix corteegPMC) is presented, based on a
combination of a macroscopic static damage moddlanumulative matrix damage law. The
proposed damage model allows for predicting fatigitetime for a large range of complex
load cases, except for spectral loadings. Tensigstat 0°, 90° and 45° with respect to the
warp direction performed on carbon/epoxy wovenrlatk materials are used to identify the
static and fatigue parameters of the model. Theéipt®ns of the fatigue lifetime for different
configurations agree well with available test reésullhe aim is to apply the present approach
to predict the lifetime of industrial woven PMCusttures.

1 Introduction

Because of their very good mechanical propertiesnproved through-thickness elastic
properties, resistance to delamination and to impiamage — and the simplicity of the
manufacturing process compared to laminates, coibegowith 3D interlock woven
reinforcements are more and more used in indusapgdlications, and are exposed to
increasingly severe conditions and for longer ilfets. This is the case for some aircraft
engine components, such as fan blades, which gresed to a very high number of engine
cycles (start, take-off, flight, landing and shutwah). However, modeling the behavior of
interlock woven composites is still a scientificalienge, and consequently large safety
factors are currently used in the design aeronausicuctures. This difficulty comes from the
complexity and the multiplicity of the damage meubkens involved during both static and
cyclic loadings. Moreover, the study of fatigue &ebr and fatigue lifetime of these woven
composites is still a key point in the design ofiee components. Special attention has been
paid to minimizing the computational costs in ordertransfer this kind of approach to
engineering design offices.

Fatigue models have been developed for metal snegsince the 1840s. However, there are
several fundamental differences between PMC andlsmdbr example, there is no visible
crack for almost the complete lifetime in metal)eneas cracks (at micro and mesoscopic
scale) appear very early in the life of compositeicsures. For that reason, the fatigue
methodologies developed and validated for metaictires are not suitable for composite
structures.

Several fatigue models for composite structuregsaaly exist and can be found in the
literature. The review of Degrieck and Van Paepedgjmproposes a classification of the
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fatigue models in three major categori€s: fatigue life models, which do not take into
account damage mechanisms and are empirically eceldd experimental dataii)
phenomenological models developed to predict resistiffness and strength; and fina(liy)
progressive damage models, which describe the malabehavior, predict residual stiffness
and strength, and can be used in Finite Elementilations to study industrial structures.
Since our aim is the application to industrial casige structures, a progressive damage
approach has been chosen.

Lemaitreet al. [2] developed an incremental fatigue model desigioe PMC with a detailed
description of damage mechanisms. However, evemglesiloading cycle is modeled, and
therefore computation costs are very high. Moreotleis model has been developed for
unidirectional laminates and not for woven compssitHHocharebt al. [3] developed a fatigue
damage approach as a combination of a static dammegkel and a cumulative damage
evolution law. With their model, there is no needneodeling every single cycle. Thus,
computational costs are lower than for the incraalemodel, although to some extent,
damage mechanisms are still taken into account.edewy this model is designed for 2D
woven laminates and not for 3D woven interlocksrétaet al. [4] studied the behavior of
interlock woven PMC under static loadings. A damagelel (Onera Damage Model, ODM)
has been developed specifically for these woven posites, taking into account their
particular damage mechanisms.

In this paper, a damage model able to predict datififetime of components made of
interlock woven PMC is presented. It is based up@M, but extended to fatigue load cases
following the methodology proposed in [3The fatigue model is finally compared to
available experimental data (static and fatiguedases).

2 Modeling

2.1 Static model review

Modeling interlock woven PMC can be done at différscales of the composite. Some use
models at the mesoscale [5-7], which allows for racigse description of the damage
mechanisms. However, this kind of approach is cdatmnally expensive and can thus only
be used to simulate elementary specimens. One eofiithin advantages of macroscopic
models [3, 8] consists in being able to model cemhdustrial structures.

The Onera Damage Model (ODM) has been developé&mata in order to model damage in
woven interlock composites. It is able to descnbacroscopic static behavior taking into
account the effect of damage and to predict fiatlife of the specimen (see Figure 1). ODM
has been developed for both ceramic and polymerixmaamposites [4, 8, 9]. The present
study is dedicated to PMC. In this kind of mater@mage mechanisms are complex and
multiple. Moreover, due to the high contrast betwéber and matrix properties, damage is
mainly oriented by the microstructure. In the mddaéed on continuum damage mechanics,
these damages are described using damage vandfilgs describe the effects of damage on
the behavior in the three main directions of thes@ocomposite. Experimental studies have
demonstrated that out-of-plane cracks appear alsingl in-plane tensile tests. This
phenomenon is specific to woven composite becatifeer architecture and is called in the
following the “in-plane/out-of-plane” coupling. Rhermore, the model takes into account the
unilateral character of damage,, it distinguishes an active state of the damadpenicracks
are opened, from a passive state of the damagen uliney are closed due to local
compression loading. The change from one stategt@ther is not instantaneous, because not
all cracks (which are not perfectly parallel) alesed at the same time. Therefore, the
deactivation index evolves continuously upon crelosure [8].

Another cause of the non-linear behavior of PMGlug to the viscosity of the matrix. In
order to take into account the time-dependencd@fmatrix behavior, a spectral model of
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viscoelasticity is used [9]. Matrix viscosity algtays an important role in predicting the
behavior and the failure of PMC during creep/relexatests.
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Figure 1. Macroscopic behavior of interlock woven PMC

In the case of a plain specimen with homogeneotessstand strain fields, fiber bundle
fractures are catastrophic. However, in a strucpuesenting geometrical singularities (such
as a hole), bundle fractures occur due to stresserdrations, but do not induce the final
failure of the structure. Progressive bundle frexia thus described by a softening law.

In this model, there are two kinds of damage véemk(i) those linked to non-softening
behavior, called matrix damage variables'(a@,™ and @™), which include both matrix cracks
and isolated fiber fracture; arfil) those linked to softening behavior, called burfdieture
variables, which include both bundle fracture (ghtés d, d.) and coalescence of debonded
zones between bundles and matrix (variablg dimilar to delaminations in laminates. The
evolution laws of these different damage variableswritten as:

(W =), |

ML-exg - 0Ly (1)

d, =d

(i)

where ¢ are the saturation points of damages anthg corresponding thermodynamic
forces. y are the damage thresholds..<are the Macaulay brackets andand Y are
model parameters linked to the kinetics of damage.

2.2 Behavior under fatigue loads

ODM describes accurately the static behavior of emo?MC but it needs to be extended to
fatigue loading. This extension requires a modiftaof the previous version of static ODM
[9], consisting in(i) a new formulation dissociatirtge residual strain caused by damage from
the mechanical strain driving the damage, @nda new description of the evolution of matrix
damage and fiber bundle fracture. The formulatibthe proposed static and fatigue model
becomes more logical from a physical point of viemd presents also the advantages to be
easier to identify than the previous version.
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Experimental analysis has shown that the same damaghanisms occur in woven interlock
PMC during static and fatigue loads [10, 11]. Tiiydlifference between static and fatigue
mechanisms is the damage kinetics. Thus, the pedpasigue law includes the description of
the evolution of matrix damage during cyclic loaglinto ODM. Nevertheless, damage does
not directly depend on the number of cycles. Thes@nted law describes the evolution of
damage ensuring the continuity of the damage lkisets in the works of Hochard and
Thollon [3], the damage evolution law is dividedarthree main blocks. The first block
permits to introduce a saturation value of the dgmausually observed during fatigue
loading. The second block takes into account thecebf the load amplitude on the kinetics
of damage. Finally, a third block describes théugrice of the maximum load applied during
a cycle. With these two last blocks, all kinds atidue loading can be described, even creep
load cases. The only exception is spectral loadmgyhich all cycles have a different load
evolution. The evolution under fatigue loading bé tthree matrix damage variables is thus
given by:

(m) i (m  _ \,Fatigue B
adi total __ dFatigue _ d(m) )Yi 1+ Ay| <y(i)max yO(i) >+
— \Mel) i total Fatigue Fatigue (2)
oN Ay0(i) Yeo

AY; =Y =Yl with 1 ={12.3} 3)

where dVow is the total cumulated matrix damage (static aatibdie), N the number of
cycles, uin and Ynay respectively the minimum and maximum driving farcd™"9"®is the
saturation point of matrix damage for fatigue loddsually assumed to be equal to the
saturation point in the static c_asea,Faﬁ'/g”e is the fatigue damage threshold under which no
damage can appeat.p, 5, Ay ""®and ¥ "%“®are model parameters.

The damage evolution depends on driving forced.23,(also called thermodynamic forces)
instead of the stress tensor. This leads to ars@akiead of a tensor) formulation of fatigue
load, which is easier to analyze and to generabzmultiaxial loading. The matrix damage
driving forces for static loads are also assumedrige the matrix damage during fatigue
loads.

The fibers are assumed to be insensitive to fatigaels [13]. However, we can easily
understand that the higher the cumulated matrixadgmthe higher the load transfers to the
fiber bundles. Consequently, fiber bundle fractuaeables have the same kinetics as in the
case of static loading, but an influence of thermatamage on bundle fracture is introduced
(this influence is available for both static antigae loadings).

2.3 Model strategy

The strategy of using the fatigue model to caleuldetime and residual strength of woven

PMC components is presented in Figure 2. The ippuameters are the material properties,
the maximum fatigue load, the loading ratio, theximaim number of cycles and, as fatigue
loadings are divided in groups of cycles, the nunabeycles in one group of cycles.

A first loading up to maximum load is simulatedngsthe quasi-static model. If the material

has not failed, the first group of cycles is apgli€he resulting matrix damage variables are
calculated by means of the cumulative damage ldvenTin order to check the fiber bundle

failure criterion and to be able to perform nexigiae calculation, strain fields, fiber bundle

fracture variables, and matrix damage driving feraee updated.
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Figure 2. Modeling strategy for lifetime and residual strdngtediction

These two steps (fatigue calculation and fieldsatipd) constitute the Fatigue Analysis
reported in Figure 2. As long as the maximum nundfexycles, or the failure criterion, has
not been reached, a loop on this Fatigue Analgstairied out.

If the maximum number of cycles allowed by the usereached without failure of the
component, a residual strength analysis can bemeetl. To do so, an increasing load is
simulated using the static damage model until faileccurs. It is important to note that in the
case of a plain specimen, the first bundle fracisieatastrophic. Hence, a simple fiber bundle
fracture criterion is employed:

yi(f) - y(()fzi) =20 (4)

where ¥ is fiber bundle fracture driving force (influencbgi matrix damage) andy" the
corresponding fiber bundle failure threshold.

After the calculation of the matrix damage accurtadaduring a group of cycles, the strain
fields, the bundle fracture variables and the matemage driving forces can be updated by
simulating an entire cycle with the quasi-staticdelo In this work, in order to decrease the
computational costs of the model, the updatingeidgomed at three characteristic load levels
only: Maximum and minimum load were chosen in ortecalculate parameters needed for
the failure analysis and the next fatigue analyBie mean load is chosen in order to avoid
overestimation of viscous strain.

3 Results

3.1 Comparisons between experimental and modedigglts

Static material properties are identified by meaok static incremental tensile
loading/unloading tests in warp and weft directioh carbon/epoxy woven interlocks
materials. Viscous parameters are identified bynaed creep test at different stress levels on
an interlock carbon/epoxy material oriented at égrdes with respect to the warp direction.
The results of the model are compared to experiahelata in Figures 3 and 4. The stress and
strain axes are normalized for confidential reasons

In order to identify the parameters of the fatigomatrix damage evolution law, the
carbon/epoxy interlocks have been tested undeil¢efatigue loading in warp and weft
direction. Note that in the simulations handAy, 2"%"®parameters have been fixed in order
to eliminate the influence of the load amplitudacs all the available experimental data have
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been obtained at the same loading ratio. The fatgaturation value and damage threshold
are set equal to those defined for static loadiige predicted and experimental curves of
stiffness degradation are shown in Figure 5. Tlikience of matrix damage on the bundle
failure criterion is identified from only one fatig test in warp and weft direction (one data
point on Figures 6 and 7).
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Figure 3. Experimental data and modeling results for intdelaoven PMC in warp direction (left) and in
weft direction (right)
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Figure5. Stiffness degradation during fatigue loads: onléfie in warp direction (68% of the strength); on
the right, in weft direction (71% of the strength)

The experimental data, obtained on a woven carporjeinterlock material, have been
provided by Snecma. All the tests have been peddrmith the same loading ratio but with
different levels of maximum loads. The S-N curvesdicted with the proposed fatigue model



ECCM15 - 15™ EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Venice, Italy, 24-28 June 2012

in the warp and weft direction are shown in FiguBesnd 7, respectively. The results are in
good agreement with the available experimental. ddta present model can also be applied
to complex multi-axial fatigue loading, with thelp®exception of spectral loadings.
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Figure 6. S-N curve predicted with ODM_Fatigue compared tpeginental data in warp direction

3.2 Other predictive capabilities of the presenpragach

A residual strengthog) analysis can be performed combining static atidifa loadings as
shown in Figure 2. For a given maximum cycle stregs, the residual strength curve
represents the static load that a specimen cdnhstildle after having been exposed to a
certain number of cycles Mr(omay. This ensures that the initial strength is eqoathe
static strength, and that after constant amplittadigue loading, failure occurs when the
applied stress reaches the current value of strefigte simulated residual strength curve
corresponding tomax= 66% of the static strength is shown in Figure 7.
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3 Conclusions

This paper presents a fatigue damage model for w®MC, based on a damage model
developed for interlock woven PMC under static lngd (ODM). In order to consider fatigue
load cases, a cumulative matrix damage law has b#erduced, and this matrix damage
leads to load transfer to fiber bundles, influegcihe failure of fiber bundles. The proposed
macroscopic fatigue model permits to simulate cexpbad cases with different stress levels
and/or different amplitude, except for spectraldiog. The model shows a good agreement
with experimental results in terms of fatigue lifie¢, while the computational costs are much
lower than those of incremental fatigue models. &doer, it is possible to combine static and
fatigue loadings and also to consider multiaxiéibize load cases. Future work consists in the
application of the present model to predict thetiihe of industrial woven PMC structures.
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