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ABSTRACT. In this work, the orientation and propagation of a crack in a fretting
fatigue problem is analyzed numerically and correlated experimentally. The analysis is
performed using a 2D model of a complete-contact fretting problem, consisting of two
square indenters pressed onto a specimen subjected to cyclic fatigue. For the
simulation, we use the extended finite element method (X-FEM), allowing for crack face
contact during the corresponding parts of the fatigue cycle. The problem is highly non-
linear and non-proportional and a new orientation criterion is introduced to predict the
crack direction in each step of the crack growth simulation. It is shown that the
proposed criterion predicts crack orientation directions that are in good agreement
with those found experimentally, in contrast to the directions found by application of
conventional orientation criteria used in LEFM, such as the MTS criterion.

INTRODUCTION

Fretting fatigue problems involve two or more solids in contact that experience relative
displacements of small amplitude. A general feature of fretting fatigue problems is that
the contact region acts as a stress raiser causing crack initiation and subsequent crack
propagation until the eventual failure of the component [1]. Due to the contact stresses,
fretting fatigue problems are highly non-linear. In addition, a non-proportional
evolution of the stress state often exists along the loading cycle. After initiation, crack
propagation occurs in regions dominated by this complex stress state, which usually
induces crack face contact and closure. It is also found that there is also a crack-contact
interaction at the early stages of the crack growth, by which the contact stresses have an
influence on the crack and, reciprocally, the crack presence alters the contact stress
distribution [2].

All these features make fretting fatigue problems difficult to analyze and numerical
approaches often become necessary. In this work, we analyze a simple geometrical
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configuration under complete contact conditions, as sketched in Fig. 1: a specimen
subjected to cyclic loading opyxk is pressed by two square indenters on two opposite
sides through the action of a normal load P. In complete contacts, the contact area is
independent of the loading P due to the abrupt change of the indenter geometry, in
contrast to incomplete contacts, such as hertzian contacts. The abrupt change in
geometry typical of complete contacts also exhibit four edges that behave as singular
lines at the end of the contact area (four corner points in the 2D model of Fig. 1 that
behave as singular points). This singular stress state at the corner points leads to a rapid
crack initiation stage as compared to incomplete fretting fatigue problems and a large
percentage of the fatigue life is spent on the propagation stage [1,3]. Therefore,
predicting the right propagation direction is essential to integrate crack growth laws in
order to estimate the remaining life until failure. In this work, we assume that a small
scale yielding condition prevails, both at the corner points and at the crack tips, with a
linear elastic material behaviour.

lP

OBulk -~ — OBulk
> Relative slip >
«— —

I

Figure 1. Sketch of the fretting fatigue problem under the complete contact conditions.

The fretting configuration is analyzed both numerically and experimentally aiming at
predicting the observed crack paths using the extended finite element method (X-FEM).
The analysis of a 2D model of the physical tests is carried out using the X-FEM
implementation developed by the authors [4,5]. The implementation is performed as a
user’s subroutine in the commercial code Abaqus and can take into account crack face
contacts along the loading cycle, which has been proved to be essential for the correct
crack prediction. Several crack orientation criteria are reviewed in the next section.
Starting from the numerical results, the crack direction in each step of the crack growth
simulation is predicted using a new criterion based on the minimum shear stress range
ahead of the crack tip [6]. The experimental testing was carried out in aluminum 7075-
T6 and micrographies show that the experimentally observed crack paths agree well
with the paths numerically predicted using the proposed approach.

CRACK ORIENTATION CRITERIA FOR FRETTING FATIGUE PROBLEMS
Review of existing criteria

As commented above, fretting fatigue problems are characterized by the existence
multiaxial and high stress gradient zones subjected to mixed mode non-proportional
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loading [7], i.e. the maximum tensile and compressive stresses change their position and
intensity along the cycle.

In the literature, several crack orientation criteria have been applied to fretting
fatigue problems in order to predict the observed crack inclination with respect to the
specimen surface. Following the classical description by Forsyth [8], usually, two stages
are distinguished: stage I for the initiation process and stage Il for the subsequent
propagation. In the initiation stage, cracks can exhibit a shallow angle with respect to
the surface, called type 1 crack in stage I according to [9], which are dominated by the
range of shear stresses At. This is not always the case and some cracks initiate with an
angle much larger with respect to the surface (type 2 crack in stage I, according to the
nomenclature used in [9]). This type 2 initiation cracks are controlled by the normal
stress range Ac, where a high level of tensile stress exists. Type 2 initiation cracks are
the case observed in our experimental tests with complete contact.

It is well known [10,11] that proportional orientation criteria, such as the maximum
tangential (circumferential or hoop) stress oo criterion (MTS) or the minimum of the
strain-energy-density factor S among others, are only valid for proportional loading. For
the analysis of fretting fatigue propagation (stage II) under non-proportional loading for
an incomplete contact, Baietto-Dubourg and Lamacq [9] and Ribeaucourt et al. [12]
consider the following criteria based on the work of Hourlier and Pineau [13]:

1. max(ki(0,7)) criterion: direction @ for which 4; attains its maximum along the
cycle (absolute maximum in direction and time). Note that 4y is the mode I SIF
associated with a virtual, infinitesimally small kinked segment emanating from
the original crack with an angle 6.

2. max(Aki(0)) criterion: direction & for which Ak; attains its maximum along the
cycle.

3. max(%(@)) criterion: direction @ for which da/dN is maximum (maximum

crack growth rate criterion).

These criteria use the critical plane concept in the sense that the sought direction (plane)
is the one in which the maximum magnitude is reached. The second of these criteria
provided good results in [9] when applied to spherical (incomplete) contacts acting on
prestressed specimens. Baietto-Dubourg and Lamacq [9] also proposed the following
criterion:

4. max(Acpoes(0)) criterion: direction € for which the effective range of the
circumferential stress Acg 1s maximum along the cycle (by effective, it is meant

that cgp = 0 when cgg < 0).

In [9] this criterion led to similar results to criterion 2. The results in [9] emphasize the
importance of evaluating the ranges A of the magnitude and not simply the maximum

993



values: criteria 2 and 4 are both based on the concept of the maximum amplitude of
crack opening.

The criterion of minimum shear stress range

From the numerical analyses and for the geometric and loading configuration
considered in this work, it is found that the crack remains closed during a large part of
the loading cycle. The application of some of the criteria reviewed in the previous
section did not lead to good predictions of the actual crack path as observed in the
experimental tests performed in this work. Consequently, we decided that the stress
states existing under crack face contact could have an important influence. Of course,
the maximum Kj; values are obtained when the crack is totally open, as crack face
sliding is not hindered by friction and interlocking of asperities. The maximum value of
Ky also would happen if there were no friction between crack faces (which is an
unrealistic case).

In the practical case of fretting contact in which the growth must develop, the crack
is closed during a large part of the loading cycle. Therefore, it is reasonable to assume
that growth will occur in the direction 0 in which At(0) is minimum, leading to less
energy loss due to friction between crack faces under the compressive contact stresses.
Shear stresses develop always in two orthogonal planes and there are two orthogonal
planes on which At is minimum. From these two potential crack growth directions, we
choose the plane with the maximum AcGeg s, because it will be the plane where less
frictional energy is lost and there is more energy available for propagating the crack.
When applying this criterion to the propagation stage, At(0) is evaluated ahead the
current crack tip. To a certain extent, this criterion is an extension for non-proportional
loading of the Kj=0 criterion used for proportional loading (equivalent to MTS
criterion), since the direction of propagation minimizes At.

DESCRIPTION OF THE EXPERIMENTAL TESTS

In this work, we have performed fretting fatigue tests with a square-ended indenter in a
partial slip regime. The symmetrical relative slip produced by this complete contact
configuration is sketched in Fig. 1. Tests were carried out with a uniaxial servo-
hydraulic fatigue test machine with a load capacity of 100 kN as shown in Fig. 2, where
the assembly rig used to apply the normal load P can also be observed. The cyclic bulk
loading was performed at constant amplitude, stress ratio R =-1 at a frequency of 15
Hz. Fifteen load combinations were analyzed in [3]. For this study, the following tests
No. 1, 3, 5, 8, 11 and 15 were selected. Some of them were ground after failure on the
plane of Fig. 1 in order to take micrographies of propagated cracks emanating from the
four potential corners of Fig. 1 that did not lead to failure. The applied loads for each
test and the experimentally registered number of cycles to failure are listed in Table 1.
The nominal contact pressure is defined as op=P/2ct, where 2c¢ is the contact width and ¢
the specimen and indenter thickness. The specimen used are dog-bone shaped, with a
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rectangular section tx 2B =5 x 10 mm (see Fig. 3). The material is aluminum alloy
7075-T6, with a Young’s modulus of 72 GPa and a Poisson’s ratio of 0.3.

Table 1. Loads for the tests considered

Test P Gp GBulk Ny
number (kN) (MPa) (MPa) (cycles)

Normal load Normal load 1 2 40 1 10 105958
) R 3 8 160 110 82549
Kneecap (spherical pair) Cell to measure the 5 4 80 130 47714
& normal load 8 4 80 1 50 32905
Contact elements 1 1 4 80 1 70 2739 1
15 8 160 190 8760

Figure 2. Complete contact testing rig,
showing the contact elements

DESCRIPTION OF THE NUMERICAL MODEL

Due to symmetry conditions, a quarter 2D finite element model has been considered to
represent the fretting fatigue tests, as shown in Fig. 3. The rectangle L x B corresponds
to the analyzed specimen and has a length of L =48 =20 mm, the half length of the
indenter ¢ is 5 mm, and the distance between the contact plane and the point of the
indenter at which loads are applied is # = 10 mm. Four node, plane strain quadrilateral
elements were used with a thickness # = 5 mm. The smallest element size considered is

5 um at the right end of the contact zone.

1 P2

Element size = 0.001c

| . y
>
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Figure 3. Model geometry and enlarged view of the FE discretization.

The friction model assumed for the contact zone is a Coulomb model and the ABAQUS
contact formulation based on Lagrange multipliers is used to model the contact between
the indenter and the specimen. The friction coefficient is taken as p=0.8.
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CRACK GROWTH  SIMULATION AND COMPARISON WITH
EXPERIMENTAL RESULTS

The crack growth simulation is performed using the extended finite element method (X-
FEM). This method presents the enormous advantage that it does not need remeshing to
simulate the crack propagation, because the element sides do not need to conform to the
crack faces [14]. During the last decade, it has become a well established technique and
we will not review its fundamentals here (for its application to fretting fatigue we refer
to our previous works [2,3]). We have used the implementation of the method described
in [4] in combination with the essential feature of crack face contact given in [5].

Figure 4 shows the estimation of the initiation angle for Test 1. For the complete
contact configuration of this work, the experimental evidence shows that the initiation
crack is a type 2 crack. Figure 4 (left) is computed from the numerical model of Fig. 3
prior to the presence of any crack (i.e. X-FEM is not necessary). It can be observed that
the criterion of Atyi, provides two minima. Choosing the one with the highest Ac.s a
good prediction of the initiation angle is found (€= 60°). Note that the application of the
criterion 4, max(Ac.sr), yields the estimation 8= 90°, which is not correct, presumably
because in this problem the crack is closed during a large part of the cycle.
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Figure 4. Test 1. Predicted initiation angle for a type II crack using the Atpi, criterion.

Figure 5 shows the micrographs for the propagation stage (the total length shown for the
longer cracks in the picture is about 1.2 mm). These are cracks that did not lead to final
failure and that emanated from one of the four corners of Fig. 1. It can be observed that
the crack paths are very similar for all of them: the crack grows inwards and deviates
from the angle of 60° (initiation angle) to about 80°. Note that, despite the irregularities
due to the local microstructure, the trend of the growth is always inwards in this region
and not at 90° with respect to the surface.

Figure 6 plots the prediction for the propagation stage (stage II) for Test 1. The
figure at the left represents the predicted propagation path with the proposed criterion
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Atmin after six crack growth increments using X-FEM taking into account crack face
contact. The initial crack a, is assumed as a straight segment of 50 um at 60°. The
length of the six crack increments is also Aa =50 um. The proposed criterion was
applied evaluating At at the first non-enriched finite element ahead the crack tip
element. The predicted path is in good agreement with the experimental observations.
Note that the simple application of the MTS criterion (which depends on Kj and Kj;) at
the instant of maximum opy, 1.€. When the crack is fully open (ignoring what happens
at the rest of the cycle), does not yield good predictions of the crack path (see Fig. 6
right). .

Figure 5. Micrographs for the propagation of non-failure cracks. Tests 1,5,8and 15.
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Figure 6. Test 1. Predicted propagation path using XFEM and the Atyin vs. MTS criteria.
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CONCLUSIONS

Crack propagation paths have been predicted for fretting fatigue tests under complete
contact conditions. This type of problem is subjected to non-proportional loading, which
precludes the application of conventional orientation criteria used in LEFM that are only
useful for proportional loading. To achieve these results, we have proposed a new
criterion based on the minimum value of At evaluated ahead the crack tip and along the
entire cycle. The prediction has been performed numerically using X-FEM including a
formulation that allows for crack face contact and the results show good agreement with
the experimental observations.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the financial support given by the SGPI of the
Spanish Ministry of Economy and Competitiveness (Projects DP12007-66995-C03-02
and DPI2010-20990).

REFERENCES

1. Hills, D.A. and Nowell, D. (1994) Mechanics of Fretting Fatigue, Solid Mechanics
and its Applications Series, Kluwer Academic Publishers, Dordrecht.

2. Giner, E., Tur, M., Vercher, A. and Fuenmayor, F.J. (2009) Tribology Int 42, 1269—
1275.

3. Sabsabi, M., Giner, E. and Fuenmayor, F.J. (2011) Int J Fatigue 33, 811-822.

4. Giner, E., Sukumar, N., Tarancén, J.E., Fuenmayor, F.J. (2009) Eng Fract Mech 76,
347-368.

5. Giner, E., Tur, M., Tarancon, J.E., Fuenmayor, F.J. (2010) Int J Numer Methods
Engng 82, 1424—-1449.

6. Sabsabi, M. (2010). PhD Thesis, Universitat Politécnica de Valéncia, Spain.

7. Lamacq, V., Dubourg, M.C., Vincent, L. (1996) ASME J Tribology 118(4), 711—
720.

8. Forsyth, P. (1962) Crack propagation: Proc. of Cranfield Symposium, pp. 7694,
Her Majesty’s Stationary Office, London.

9. Dubourg, M.C., Lamacq, V. (2000) In: Fretting Fatigue: Current Technology and
Practices, pp. 436—450, Hoeppner D.W. et al. (Ed.), ASTM STP 1367, Philadelphia.

10. Bower, A.F. (1988) ASME J Tribology 110(4), 704—711.

11. Bold, P., Brown, M., Allen, R. (1992) Fatigue Fract Engng Mater Struct, 15(10),
965-977.

12. Ribeaucourt, R., Baietto-Dubourg, M.C., Gravouil, A. (2007) Comp Meth Appl
Mech Engng 196(33-34), 3230-3247

13. Hourlier, F., Pineau, A. (1981) In: Advances in Fracture Research, Proc. 5™ Int
Conference on Fracture, pp. 1841-1849, Frangois, D. (Ed.), Pergamon, Oxford.

14. Moés, N., Dolbow, J., Belytschko, T. (1999) Int J Numer Methods Engng 46(1),
131-150.

998




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
    /ESP <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 822.047]
>> setpagedevice


