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Abstract

Multi-layered bearing systems used in the autoneatidustry show shielding and anti-
shielding effects that reduce or amplify the crddking force under large scale yielding
conditions. Using finite element analysis, it i®aim that shielding in such systems results in
path deflection and bifurcation despite the abseheceixed-mode loading. As the crack
approaches a stiff layer, the tangential strainasueed around a blunted crack tip model
show a maximum corresponding to the direction atkmpropagation. The distribution of
such strains indicates the effect of shielding @uedikelihood of the tip to deflect or
bifurcate. The suitability of bi-layer and tri-layleearing architectures is assessed through

crack path and respective crack driving force mtauins.
Keywords: Crack growth, Surface layers, Bearinfufai Automotive design.
1. Introduction

Fracture and fatigue failure has been extensivelyied within both academic and industrial

environments due the cost involved in rectifyingvgee failures, production of spare parts,
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service intervals and lead times. New materialsdasign processes have supported the
introduction of more demanding service conditiorss trend is evident in the automotive
industry where power efficiency and component pgoi@gdrive the requirement for smaller,
more lightweight and durable components. The desigiiain bearings is one case in point,
due to their importance in the powertrain systeihtheir strategic position within the
engine. In machine design, more emphasis is usgaign to heavier components such as
connecting rods, pistons or shafts [1]. Howeveg,lhbaring design process is complex and
involves assessment of manufacture, assembly amdeseonditions. The analysis of
bearings under such conditions is especially isterg and challenging since it relies on
predictions of the hydrodynamic oil film pressurelahe associated housing deformation. As
shown in Figure 1, the film pressure has steepignéslcausing mixed-mode loading and,

consequently, may lead to complex crack growthepastin the lining.

Bearing performance has been enhanced througlséhefumulti-layered architectures and
the development of lining materials with favorabiechanical properties. These multi-
layered systems provide the required compromisedmat stiffness and tribological
performance through a stiff backing layer and d@onable and low-friction lining. An
additional attribute of multi-layered structureshe shielding effect that reduces the growth
rate as cracks approach stiffer layers [2-5], thaseasing service life. The opposite effect is
observed as a crack approaches a more compliat Biyurcation events have also been
observed in bi-layered architectures in compactispens of plastically-mismatched

materials [4], especially a high levels of loading.

Most of previous work concerns small scale yieldingditions (SSY) in elastically or
plastically mismatched materials, but not both.dkrgrowth in multi-layered architectures

subjected to cyclic loading has been studied thiarganalytical model [3], which identified



a further shielding effect arising from CTOD dropgias a result of crack closure since the
reversed plasticity should not be affected by #yeted architecture. Related numerical
work based on predefined paths has been carriegsmg various techniques, such as
cohesive elements [6], remeshing [7] and configonaid forces [8], to account for crack
extension. Such techniques have been widely apfiethcked specimens of homogeneous
and inhomogeneous materials subjected to monoloaditng. The study of crack growth
under cyclic loading is often restricted to fewepresentative load cycles and involves

greater theoretical challenges for inhomogeneousnmats as explained by Grahal [9].

Flat strip specimens with a multi-layered compositidentical to that of formed bearings
have been tested under cyclic three-point bendangliions. This architecture consists of
elastically and plastically mismatched materialadR shielding has been shown to cause
deflection and bifurcation in such specimens dedpi¢ absence of far-field mixed-mode
loading [10, 11], as shown in Figure 2(a). J inkk@stimations based on finite element
modeling of the three-point bending tests [10] rggmba strong tendency for highly deflected
bifurcated crack paths, corresponding to a shangieasing J integral, representing the crack
driving force as the crack tip approaches a stléfger. This was in accordance with
experimental results and explained in terms otthek following the path that offers the

least resistance or maximizes the CDF.

Crack path deflection has been extensively studidulittle and ductile materials [12-14]; the
prediction of crack deflection and bifurcation leeen pursued due to the importance of such
events in shaping the crack path and affectiny#ihee of CDF. Detailed observation of
tested components has identified coalesced craskszhematically shown in Figure 1, that
release lining fragments under bearing service itiong; similar behavior has been observed

in flat strip specimens of the same architectur@ensimpler three-point bending tests [15]. It



is assumed here that deflected or bifurcated goatitks may be responsible for such failure

mechanisms [16, 17].

Deflected crack growth under mode I-dominant, moniatloading can be consistently
simulated using various deflection criteria. Suppleations to engineering problems have
often used the criterion based on closed-form swistfor the maximum tangential stress
around the crack tip [18]; this is obtained in toatext of LEFM. However, no single
approach to crack deflection prediction has bestetefor optimum performance over a full

range of mixed-mode loading.

The objective of this work is to explain furtheetbhielding and bifurcation phenomena
leading to fatigue failure in tri-layer materialssgms. The methodology is based on the
evaluation of the crack tip opening displacemerit@D), an alternative CDF parameter
suitable to large-scale yielding (LSY) conditiofe crack path and respective CDF
evolution is investigated for growing cracks in tayer flat strips with mismatched
mechanical properties that are subjected to thog®-pending causing extensive plasticity.
The state of stress around the crack tip is studi@gsess the conditions that promote crack
deflection and bifurcation despite the absencawfiéld mixed-mode loading. Thus, it
becomes possible to assess the impact of multrédyarchitectures on crack growth under
LSY, which also occurs in plain bearings under mereonditions. The focus of the
numerical investigation is tri-layer architectune®rder to assess the influence of a
compliant interlayer, which is found in some plagaring designs as it provides a protective
deposition layer for the steel and improves thedoumbetween layers. An equivalent bi-

layer system is also analyzed for comparison p@gRos



2. Methodology

The first part of this numerical investigation mncerned with straight cracks of variable
length in a tri-layer system in order to assesstmbined effect of anti-shielding and
shielding. A bi-layer architecture is also analyt@dcomparison with a pure shielding case
at this stage. For each assumed crack length, taskains and CTOD are recorded for

further assessment of possible deflection and dihigl

In the second part, crack growth along deflectatilafurcated paths is simulated to
investigate the experimentally observed tendendfi@tracks to grow parallel to the layers’
orientation and the effect of crack deflection dDFCestimates. These simulations are based
on an automatic crack extension routine based @estimates of crack tip tangential strains
(CTTS) so that the maximum tangential strain (MT8®ilection criterion could be
implemented using ANSYS Parametric Design Langag®L) [19]. This routine

extended the crack by small straight segments gvadually changing orientation specified
by angles, as indicated in Figure 3(b), determined accordintipe numerical maximum
along the estimated CTTS curves. The magnitudedatdbution of the latter depend on the

extent of plasticity and the layered architecture.

Using the results from the analyses on straightks,aconditions for initial deflection were
established. With regard to bifurcation, in paréeya parametric study was performed to
assess the influence of the crack leragbefore bifurcation on the CDF at the tip of small
crack kinks at anglegto the original straight path, as shown in Fig:) 3The extension step
in the crack growth analysis was gradually reduaetd the forecasted path converged to a

stable line.



The models used at both stages are shown in F&juree thicknesses of the lining, inter-
and backing layers atg = 0.38 mm{; = 0.04 mm and, = 1.8 mm), respectively. For the
bilayer, the lining thickness was taken equd|ia=t_; +t; = 0.42 mm. The analyses are
based on two-dimensional finite element (FE) modés multi-layered flat strip and
appropriate fracture mechanics concepts applidalieonotonic and fatigue loading. The
three-point bending loading is applied to replidaie experimental conditions in previous
fatigue tests [11, 15, 20]; this generates puraimgemode at the central section of the strip
just opposite to the applied load P as shown inréi@. Bifurcated and deflected paths have

been experimentally observed to evolve from oriyrstraight cracks at this location.

The performed FE analyses were based on the ggneradse software ANSYS 11.0 [19]
using re-meshing schemes around straight or deflgmtopagating cracks. Elasto-plastic
material models were used consistent with the galolethe Young's modulus and the

yield stressoy presented in Figure 2(b) [21]. The respective #tmess-true strain curves are
shown in Figure 4. The ANSYS analysis procedusetsup to re-calculate the compliance
matrix after each converged iteration in the solufprocess incorporating the effect of large
deformations. In preliminary simulations of thream bending tests, the region around the
crack tip was meshed using parametric quarter-mdements [22] in spider-web
configurations. Such elements however showed eixeedstortions under high loads
causing large plastic strains, especially in thagitant interlayer, which requires an even
more refined mesh due to its small thickness. Ateld tip [23], modeled as a semi-circle of
very small radius, was adopted to reliably preldicge crack tip deformations. Refined FE
meshes provided detailed information on the crgckttesses, strains and displacements,
which were read relative to a local polar frameedérence with origin at the centre of the

semi-circle.



The crack tip opening displacement (CTOD) is adbjnethis work as CDF parameter over
the J integral as it represents more accurateliota crack tip conditions. Although the J
integral can be estimated so that it also repredenal conditions [5, 7, 8, 10], it is generally
adopted as a global measure and as such, it requitere intricate implementation in the
case of bi-materials under large scale yieldinge TAOD is also theoretically better suited
for characterizing cyclic loading in the contexteofatigue crack propagation law and was
here obtained as the relative displacement of wdes placed at the two ends of the blunted

tip semi-circle.

Previous work on deflected crack paths [24] conetlithat a strain based approach
represents more closely the fatigue process. Tbiffipd the choice of MTSN [12] as the
criterion for assessing the direction of crack eltibn; its validity was further assessed by
applying it together with other criteria to the mtkmode crack growth experiments by
Mageed and Pandey [25]. MTSN provided the besetairon with the experimental results

in comparison with the maximum tangential stress@ack tip deflection vector criteria,
which are also relevant to LSY. Its implementatizas carried out using the FE estimates of
tangential strain at the nodes placed at 5° inkeav@und the blunted tip. To obtain an
estimate at any point along the blunted tip, a séa@der interpolation was adopted using the

crack tip tangential strains (CTTS) at three adjacedes.

3. Results and discussion

3.1 Straight cracks

The numerical study of straight stationary cradks/gles an insight into the shielding and
anti-shielding mechanisms in multi-layered architees. The introduction of the interlayer
into the bearing design improves the bonding betmieéng and backing but does not play a

7



significant role in the overall stiffness of thenggonent under bending since its thickness is

just 1.8 % of the total bearing thickness, while lining represents 9.5%.

Figure 5 shows the CDF evolution as cracks apprdesimilar layers in the tri-layer

system. In this as well as all subsequent graplesCTOD results are plotted against the ratio
of the crack length a to the lining thicknegsof the bi-layer system as shown in Figure 3(b).
The shielding and amplification trends observedcaresistent with those reported in similar
previous investigations based on J-integral esémat systems with principally plastic [7]

but also elastic [10] mismatch. The amplificatidfeet is noted when the crack approaches
the more compliant interlayer, and shielding whesdrack approaches the stiffer backing
within the interlayer. The increase of the appleatd P and the subsequent spread of
plasticity led to greater mismatches between layeingch caused increased CTOD gradients

and therefore more pronounced shielding and arogtion at lower crack lengths.

For the bi-layer architecture, CTOD is predictedi¢arease as the crack tip approaches the
stiffer steel layer, as shown in Figure 6. The lglmg effect is also influenced in this case by
the magnitude of the applied load since, as the iloereases, the spread of plasticity into the
backing layer reduces the property mismatch betwleeayers and, as a consequence, shifts

the CTOD maximum closer to the lining/backing ifdee.

The crack tip tangential strains (CTTS) play anang@nt role in this study as indicators of
possible crack deflection according to the MTSNecion. Their predictions showed variable
patterns depending on the applied load, crack kergyer in which the crack tip is located
and architecture analyzed. The CTTS contours arthm8lunted tip within the lining of the
tri-layer architecture are shown in Figure 7; incged that the maximum CTTS value

remains at the zero-degree position corresponairiget direction normal to the layers. This



direction should therefore be the preferred insta@bus direction of propagation in
accordance with respective CTOD profiles and expental observations. In contrast, the
CTTS contours in the bi-layer system have diffetegnids for crack lengths above Otdbas
shown in Figure 8. There appears to be a spre@d ©6 values quite close to the maximum
over a range of angles indicating a tendency fasjtde deflection along a direction within
that range. As the crack length increases furthex zone of possible deflection is divided
into two symmetrically located branches of maxim@mrS values, confirming that

deflection should have occurred.

Although the CTTS maximum is clearly distinguisteafur straight cracks within the lining

of the tri-layer bearing, especially at higher Ipaitl actually becomes less sharp as the crack
tip approaches the lining-interlayer boundary. Tihiagainst expectations as it contradicts the
respective CTOD behavior described earlier (searEi§) indicating crack growth
amplification and lower tendency for deflectiongHistress concentrations and crack tip
distortion is expected to occur near a bi-mateni@rface. The reliability of CTTS-based

predictions of possible crack deflection under scmhditions should be carefully examined.

The CTTS variation provides a qualitative indicataf the natural likelihood of either
architecture to contain bifurcated or deflectedksa The results of this analysis are
consistent with experimental observations in begrinith deflected paths having been
reported in the lining of bi-layer architecture§[17], while tri-layer architectures usually
display deflected or bifurcated paths within theertayer. Crack deflection has also been
observed to a lesser extent in the lining of tyelabearings but this can be attributed to

mixed mode conditions arising from material hetercaty.



3.2 Deflected paths

The study of CTOD and CTTS for straight cracks redrta the layers revealed the shielding
and anti-shielding effects and the likelihood & tlrack to deflect in both architectures. The
CTTS variation along the blunted tip indicated tlz&t the crack approaches a stiffer layer,
there is a spread of CTTS values near the maximuenarange of angles so that any
asymmetric feature, such as material heterogeneityad eccentricity, can trigger a

deflection from the straight path.

The crack growth simulation in the bi-layer liningnfirmed the tendency for the crack to
deflect, as predicted by the analysis of the fiap svith straight cracks. The predicted
deflections were dependent on the extent of piastaused by the applied load. Under low
loads, insignificant deflections were predictedifoyy MTSN criterion; deflections below 20°

were only observed under the load P = 800 N, virsecto the layers interface.

The prediction of small deflections led to the adagation of deflections possibly arising
from the irregular, multi-phase micro-structurelod lining material observed in tested
bearings [11, 20]. This kind of heterogeneity wonrdddify locally the solution based on
problem symmetry into a mixed-mode stress fielgigeering deflection. This scenario was
tested in both architectures at P = 200 N and PG=N8by introducing a large artificial
deflection at some crack length. The correspondisglts for the subsequent crack growth
showed that the crack follows a preferred pathctving the one obtained according to the
implemented deflection criterion and that any irethdeflections only alter locally the shape
of path and the respective CDF estimates; a qeittkm to the preferred path subsequently

occurs.
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The analysis of crack growth in the tri-layer begriining resulted in straight paths and CDF
estimates identical to the ones obtained for dttastationary cracks; small deviations noted
during crack extension can be attributed to nuraégoors caused by the asymmetry of the
generated FE mesh. The crack growth simulatioheririterlayer showed a deflected path
that approached in an asymptotic manner the iirbacking interface, as shown in Figure
9. Figure 10 allows a comparison between CTTS pettor straight and deflected paths.
Figure 10(a) shows the tendency of the straightkcta deflect while Figure 10(b) shows the
maximum CTTS becoming more pronounced along thiectetd crack. This behavior was
predicted under any applied load and is consistghtexperimental observations. The
introduction of an arbitrary induced deflectionthe straight crack path in this architecture

had the same effect as that described for theybr-lsystem.

The tri-layer crack growth scenario displayed al&ty for the crack to propagate in the
direction parallel to the interlayer rather thamgteate into the stiff backing layer. The
computed CTOD-CDF along the deflected crack waadao be greater than along a straight
crack normal to the interfaces. This confirmednbeural preference for a deflected crack
path within the softer interlayer. As observed expentally [17], the deflected path will

grow until it coalesces with another crack and segjoiently, causes a fragment of the lining
to detach. Within the interlayer, the crack tip veampletely embedded within the plastic
zone that extended over a significant portion at tayer enhancing the mismatch between it
and the other two layers. This increased the caim$ton the crack tip to move within the

interlayer leading to conditions favoring deviatioom problem symmetry.
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3.3 Bifurcated paths

The occurrence of bifurcation or branching in deatnaterials has been previously related to
sudden increases of the crack driving force orcedns the crack growth resistance [26].
Therefore, the extension of the analysis to thdipten of bifurcated crack growth in
bearing architectures requires careful examinaifcdhe material and loading conditions
encouraging such an event. The bifurcation withminterlayer of a tri-layer system shown
in Figure 2(a), observed during a previous expenmtalanvestigation on the fatigue
performance of bearings [11], can be attributea $odden drop in material resistance as
soon as the crack crosses the lining-interlayentary. This is confirmed by the large CDF
gradients noted in Figure 5 on either side of Hmatndary, especially at higher loads. The
present numerical model of bifurcated crack grosdhs not account explicitly for such
material changes but assumes symmetric bifurcatesk growth almost as soon as the tip

enters the interlayer.

The developed parametric study in bifurcated cracksidered small crack kink lengtths=
0.005t,, within the interlayer, at angkto the straight path, as shown in Figure 3(c). The
dependance of CDF estimates&®nwas numerically obtained and examined for various
values of the crack lengthbefore bifurcation. The resulting CDF variationpsim in Figure
11, confirms the importance of the proximity totiéf $ayer and provides a bifurcation angle

8 corresponding to a maximum CDF for any given ciadkith a. As the crack lengghs
extended, this angle increases up to a value offs%rding to Joyce et al [10], the kink
angle corresponding to the maximum CDF, represdmyatie J-integral, reached the value of
90°. Using CTOD as an initial deflection indicattid not lead to path deflections of such a
magnitude. This may be due to an inherent limitatbCTOD in responding to mixed mode

conditions. It is also worth mentioning that theedtbacking was assumed elastic by Joyce et

12



al, while here plastic deformation was allowed ¢v@&lop when the load reached a certain

value.

As already pointed out, bifurcation was assumeattaur as soon as the crack penetrated into
the interlayer and the analysis for the bifurcgiath was initiated with kink angle of 37.15°.
Subsequent crack growth was predicted by the saovegs as that applied to single tip
deflection analysis. The maximum tangential st{df SN) around the blunted tip was again
used as the deflection criterion. The result of #malysis when the crack tip is very close to
the backing layer is shown in Figure 12. A comparigith the corresponding result for

single tip deflected crack, shown in Figure 9, aades that the predicted crack path

deflections were greater for bifurcated than fogk tip propagation.

Studies on crack bifurcation have shown its imgacthe values of CDF and, as a
consequence, on crack growth rate, leading to losgwice life. Evidently, bifurcation at
early crack growth stages will extend service itifere significantly. The estimated CDF
values after bifurcation were reduced by betweér 8@d 70% for the range of loadings
applied. The effect of plasticity on CDF reductman be assessed by comparing these
reductions to those predicted by Kitagawa et @) {2 lastic cracked plates under tension.
The application of a methodology within the scop&BFM is necessary when LSY
conditions are present since the estimation oClB& parameter from FE analyses shows a

significant variation with the extent of plasticity

4. Concluding remarks

The results for CTOD evolution with crack lengtllicate that CTOD is a well suited CDF
parameter for investigating crack shielding and l#rogtion in multi-layered systems under
LSY arising from three-point-bending. These resaitsconsistent with those previously

13



published [2, 6, 7, 28, 29], which mostly used dhetegral as CDF parameter. Elasto-plastic
stress analyses of bearings in operation havegiegdLSY [30, 31]; CTOD could thus prove

to be a reliable indicator of crack growth undestsaonditions.

The study of crack propagation in multi-layeredteyss under three-point bending helps the
identification of circumstances leading to pathiegtfon and bifurcation. In a scenario where
crack bifurcation and deflection is not presenis ttlear that bi-layer architectures and the
associated shielding effect would retard crack ginaw a great extent. However, it has been
shown experimentally and numerically [10, 21] thstthe crack approaches a stiffer
interface, the tendency to deflect or bifurcatengralespite the absence of mixed-mode
loading. In the context of bearing design, it skido¢ noted that mixed-mode and variable
amplitude loading is present in such componentsptimg crack deflection and bifurcation.
Single-crack deflection in bearings is producedhigymixed-mode loading conditions; such
deflections have been frequently observed in beddyearing systems in the lining [31]. On
the other hand, straight crack growth in the tyelalining is promoted as the crack tip
approaches the interlayer, allowing the crack tppgate deeper into the lining and
interlayer, where excessive path deflection woirdlly lead to the detachment of the lining

after a longer service life.

Bifurcated crack patterns have been shown to beflogad in terms of the calculated CDF
and the tendency for deflection as the crack tgragches the lining-backing interface.
Nevertheless, these attributes mainly occur irctirgext of a single flaw. An initially
straight crack in a bi-layer lining could deflettaacrack length as short as €.5 while the
straight crack in the tri-layer lining is attractedthe interlayer. The coalescence of cracks
and lining particle release are clearly dependarthe random distribution of flaws around

the material; nevertheless, the introduction abfaigsterlayer promotes the crack growth into
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that layer across the entire lining thickness tteakicing the probability of an early lining
release. Field tests in both architectures haweiaticated an extended life for this tri-layer

architecture along with a less significant varidyiin its performance.
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Figure 1. Multi-layered plain bearing under hydrodynamic oil film pressure and fragment

release caused by fatigue fracture.
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Figure 3. Schematics of analysed strip models with (a) stationary straight cracks, (b)

deflected and (c) bifurcated paths.
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Figure 5. CTOD variation with crack length in a tri-layer strip under three-point bending
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Figure 6. CTOD variation with crack length in a bi-layer strip under three-point bending
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Figure 7. CTTS evolution with crack length in the tri-layer strip under P = 200 N.
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Figure 8. CTTS evolution with crack length in the bi-layer strip under P = 200 N.
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Figure 9. Deflected crack path within the lining of the tri-layer strip under P = 200 N.
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Figure 10. CTTS evolution for (a) straight and (b) deflected crack paths in the lining of the

tri-layer strip (P = 200 N)
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Figure 11. CTOD estimates along the bifurcated path in the tri-layer lining.
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Figure 12. Bifurcated crack within the lining of the tri-layer strip with the associated

equivalent plastic strain distribution



