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Abstract

Experimental investigations were carried out to better understand the rolling contact fatigue mechanisms in nitrided
layers of the 33CrMoV12-9 steel grade. Surface-initiated pitting failure mode was reproduced on a twin-disc machine to
analyse crack growth and compressive residual stress behaviour within the nitrided layers. Metallographic examinations,
3D observations by means of high-resolution X-ray computed tomography and residual stress analysis were realised on
nitrided 33CrMoV12-9 specimens before and after rolling contact fatigue tests. The study revealed that if the initial
compressive residual stresses associated with the surface treatment are released during the process of rolling contact
fatigue, pre-existing superficial cracks propagate in the nitrided layers along the intergranular carbides. These precipitates

induced by the nitriding process therefore act as preferential crack propagation sites.
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Introduction

Lots of mechanical engineering components such as
gears and rolling element bearings are subjected to roll-
ing contact fatigue (RCF) characterised by high
repeated stresses at their rolling surfaces in contact. If
contact stresses exceed the material resistance, crack
nucleation can occur. Crack propagation toward the
component surfaces then leads to material flaking dam-
ages called micropitting and pitting (or flaking), that
are detrimental for the component lifespan.

Classical structural fatigue and fracture theories
are well established by many studies led to correctly
explain and predict crack mechanisms.! These the-
ories cannot be directly applied to RCF failure
modes for different reasons, amongst others:

1. Stress fields induced by contacts are localised near
component surfaces, multiaxial, extremely high
and characterised by a high hydrostatic stress
component.”> Moreover, during a load RCF
cycle, the principal stress axes change in direction.

2. Environmental parameters such as lubrication,**
hydrogen embrittlement,’ etc. influence the crack
mechanisms

3. Material characterisctis (microstructures and com-
pressive residual stresses induced by RCF) affect

not only crack initiation as in classical fatigue, but
particularly crack propagation.®’

For at least these reasons, RCF issues are specific
to each mechanical applications, which have to be
invastigated taking into account the whole influencing
contact parameters in order to well understand behav-
iours to failures.

Surface hardening techniques are used to prevent
from RCF failure modes. The thermochemical gas-
nitriding treatment, studied in this paper, enhances
the superficial mechanical properties. Hardness
increase and compressive residual stress introduction
within the thin and superficial nitrided layers are
known to inhibit fatigue crack nucleation and
growth.®? However, the process of nitriding induces
precipitation of intergranular carbide networks within
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the nitrided layers for the majority of alloys, for
example the 33CrMoV12-9 steel grade widely used
for gears and rolling element bearings. These precipi-
tates are specifically localised at prior austenite grain
boundaries (PGB) parallel to surface components.'’
Besides, as a carbon-rich tough and fragile phase,
they have been often considered as defects although
there is no evidence of this in the literature as intro-
duced in the previous paper.'" It was also shown that
structural fatigue on nitrided steels was widely studied
and little has been done on RCF. Moreover, the few
RCF investigations mainly focused on the influence of
the nitrided depth parameter on the specimen durabil-
ity and crack mechanisms in comparison with the
nitrided microstructure and mechanical properties
were not analysed.

Primary investigations, led by the authors and
reported in this paper, aimed to address this issue
using a twin-disc machine. It was shown that the inter-
granular carbides tend to make crack propagation
easier. This explains the RCF endurance dissimilarities
of two nitrided layers displaying different carbide net-
work morphologies but similar mechanical properties
(hardness and compressive residual stresses).

The purpose of this paper is to confirm these previ-
ous statements studying two other nitrided layer micro-
structures and analysing a 3D crack network in
relation to the intergranular carbides. Concurrently,
behaviour during RCF tests of the compressive resi-
dual stresses induced by the treatment is examined.
RCF crack propagation mechanisms in nitrided
33CrMoV12-9 alloyed steels are finally proposed with
respect to the operating contact conditions, the effects
of the intergranular carbides and compressive residual
stresses.

Experimental methodologies
Test rig and contact conditions

Experiments were performed on a twin-disc machine'?
comprising a first nitrided 33CrMoV12-9 (Table 1)
disc to be examined (called specimen) in contact
with a counter through-hardened 100Cr6 disc, these
material beeing widely used in gear and rolling elem-
ent bearing applications.

In order to analyse the crack behaviour throughout
the nitrided layers, RCF tests have been led to repro-
duce specifically pitting initiated near the surface (i.e.
surface-initiated pitting), which is a common failure
mode more and more encountered in gear and bearing
applications. To do so, each experiment is

Table I. Chemical composition of 33CrMoV[2-9 steel grade.

Chemical
element C Si \'% Cr Mn Ni Mo

Wt% 033 034 034 306 058 005 0.88

decomposed into two stages to (1) initiate cracks
near the surface and (2) make them propagate
throughout the nitrided layers.

The first so-called initiation phase aims at triggering
controlled crack nucleation localised at around 30 pm
under the extreme surface. Precisely, calibrated dents
were realised on the counter 100Cr6 discs used during
this initiation stage. Those dents act as surface stress
raisers when they pass into the contact'> "> and force
surface crack nucleation. To prevent other non-
expected surface crack initiation, the specimens were
sufficiently ground to remove the extreme thin and
brittle compound layer induced by gas-nitriding, as
mostly done in gear application. The discs were also
surface-finished to obtain smooth surfaces featured by
longitudinal roughnesses of Ra=0.05pum, so that the
surface crack initiation coming from machining aspe-
rities are avoided.'®'® The initiation stage dur-
ation was fixed at the number of cycles required to
generate the first observable surface cracks (that
will be called “micropitting” in this paper) on the
nitrided disc surfaces so as to confirm the presence
of RCF defects within the specimens for the rest of
the tests.

The following longer propagation phase consists
in making the initiated cracks propagate throughout
the nitrided layers using, in this case, another
smooth counter disc without surface stress raisers
(i.e. the artificial dents). The operating Hertzian con-
tact pressure given in Table 2 was calculated to get an
appropriate contact shear stress field (Figure 1) in
relation to the tested nitrided layer mechanical and
microstructural properties (these properties are
detailed thereafter in section “‘Effect of nitriding on

Table 2. RCF test contact conditions.

Parameter Operating contact conditions
Material Specimen: Gas-nitrided 33CrMoV12-9
Counter disc: Through hardened
100Cré
Lubrication Mineral oil
(V40°c =69 €St — v gp-c = 9.3 cSt)
Oil temperature, T=80°C
Oil jet. Magnet filters to capture debris
Roughness Ra=0.05um
Speeds Specimen speed, v,=10.63 m/s
Counter disc speed v4g=11.35m/s
Slide-to-roll ratio SRR = 0.5%(Vog — Ve)/(Veg + V5) = 6.6%
Normal load F=9000N
Maximum Hertz Primax = 2.1 GPa

pressure
Rxs = Rxg=35mm
Rys =200 mm; Ry.4=00

Specimen radius

Specimen radius of
curvature

Elliptical contact a=3.08 mm; b=0.65mm

geometry




different grain size 33CrMoV12-9 alloys’). Maximum
Hertzian shear stresses are therefore willingly applied
at depths close to the interface of the nitrided cases and
the substrate, the purpose was more exactely to observe
crack behaviour from the surface throughout the
nitrided layers.

Specimen speeds were defined with respect to sur-
face roughness and lubricant properties to operate
under full-film lubrication so that damages not
linked to RCF failure modes should not appear.
The specimens were crowned with a radius of curvature
of 200mm to eliminate the unexpected loading
edge effects and to overcome any misalignement. The
nitrided discs operated with the lowest speed to accel-
erate the apparition of micropitting and crack propa-
gation, shortening therefore the experiment duration.'”
Interruptions were carried out to check surface damage
evolution along each experiment. The tests were at the
end either willingly interrupted or automatically
stopped by electromagnetic sensors that detect sur-
face-initiated pitting failure mode.

In order to observe the behaviour of the pre-
exisitng compressive residual stresses within the
nitrided layers and their influences on the crack propa-
gation with respect to Hertzian pressures, other experi-
ments were carried out at Pp.c=1.2GPa and

Shear stresses T (MPa)

0 200 400 600 800
0 t t t
~ ™~
0,2 h [fma= 744 MPa
Tonax= 360 MPa - - ¥ k,,.=261pm
2, = 265 pm i
04 + / /
s ' e
El J " Tuu=p30MPa
& B T Zee] 470 um
506 T t,'
E‘ [
[a] ¥ q*
0.8 L
A
. ;;:! q“é./
Q! qqu"

Figure . Shear stress profiles at the contact centre induced
by different maximum Hertzian pressures Ppy,q = 2.1,
Primax = 1.2 GPa and Ppyqx = 2.4 GPa.

Pprpax=2.4GPa. Operating contact conditions that
vary are highlighted in Table 3.

These maximum Hertzian pressures were chosen
to apply different contact shear stress fields to the
superficial volume subjected to RCF compared
with experiments at Pp,.=2.1 GPa. Theoretical
maximum shear stress values (7,,,) and depths (z,
max) are shown in Figure 1. These contact conditions
were choosen so that for both Hertzian pressures
(Ptimaxr=1.2GPa and Py, =2.4 GPa):

— maximum shear stress depths are comparable
— maximum shear stress levels are different

Metallographic analysis and hardness profile
assesments

At the end of the experiments, damaged samples to
be analysed were extracted from the nitrided discs
with a cut-off wheel machine (Figure 2(1)). These sam-
ples were mounted in an epoxy resin and progressively
polished in the direction of the disc axis from coarse SiC
papers to diamond suspensions (Figure 2(2)). Crack
analyses in the samples were led on these cross-sections
parallel to the rolling plane (Figure 2(2)). Nital 2% and
Béchet-Beaujard etchants were used to properly reveal
the nitrided layer microstructures. Hardness profiles
were assessed on cross-sections similarly prepared but
perpendicular to the rolling plane.

3D observation using high-resolution
X-ray computed tomography

For 3D analysis, one of the samples in the presence of
RCF damages was reduced to a smaller volume con-
taining half of a crack network as illustrated on Figure 3
where “b” denotes the contact half-width in the axial
direction. High-resolution X-ray tomography was
used to observe this non-destructed remaining part
of the crack network inside the sample, by collecting
non-absorbed X-ray going through the volume.*
More precisely, loads of 2D scanned images of the
sample in different positions were recorded by a
sensor and computed to generate a 3D reconstructed

Table 3. Contact conditions of experiments with P,q = 1.2 GPa and Ppjp,q = 2.4 GPa compared with the

previous tests with Pypq= 2.1 GPa.

Prmax Normal Specimen and counter Specimen and counter
(GPa) load (N) disc radius (mm) disc radius of curvature (mm)
2.1 9000 Rx; =35 mm Rys =200 mm
Rx.g=35mm Ry.g=00
1.2 1600 Rx;=35mm Ry; =200 mm
Rxcg=35mm Ryeq= 00
2.4 1600 Rxs=35mm Rys =200 mm
Rxcg=35mm Ry.q=17.5mm

Bold values corresponds to parameters that were changed to vary contact conditions
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Figure 2. Cross-section preparation for metallographic analysis: (a) sample extraction and (b) polishing procedure. X and z cor-
respond respectively to the rolling and depth directions. “b” denotes the contact half-width in the axial direction.

Micro-pitting on

disc surface
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Figure 3. 3D representation of half of a crack network within
a damaged sample. x and z correspond respectively to the
rolling and depth directions. “b” denotes the contact half-width
in the axial direction.

image of the damaged volume in the presence of RCF
cracks. This methodology enables to discretise the
analysed 1 x 1 x2 mm?® volume with a resolution of
0.7 um/voxel (3D pixel). Adequate image processing
finally allows to retrieve only the crack network with-
out the solid.

Compressive residual stress analysis

Compressive residual stresses before and after RCF
tests were assessed throughout the nitrided layers of
control samples and discs using X-ray diffraction
technique. To do so, repetitive electropolishing was
done to remove 100 um material thickness from the
surface toward the substrate. Residual stresses were

analysed at these various depths, that is to say at each
100 pm material removal step.

Effect of nitriding on different grain size
33CrMoV12-9 alloys

Disc microstructures before nitriding

Nitrided specimen manufacturing process is sum-
marised in Table 4. The specimens were preliminarily
heat-treated before gas-nitriding. Heat treatment
experiments on 33CrMoV12-9 alloy were made to
observe grain growth according to the austenitisation
duration and temperature (Figure 4).

Nitrided microstructures depending on prior aus-
tenite grain sizes, four different austenitisation tem-
peratures (74) were chosen from the heat treatment
experiment results to obtain four batches of specimens
with four grain sizes. Austenitisation time was set to
1 h (t4=1h) for these four batches. According to the
ASTM grain indexes, resulting grain sizes are
Gastm=10, Gystm=38, Gusrpy=7 and G 573 =3.
Corresponding austenitisation temperatures and
mean grain diameters are given in Table 4 and illu-
strated in Figure 5. It is to be noticed that these dif-
ferent grain sizes, apart from G4 g73,=3 are in
accordance with the gear material quality standard.?!

After austenitisation, the specimens were all water
quenched and tempered at 650 °C for 3 h to release stres-
ses induced by cooling. The discs were machined to
remove possible decarburisation layer induced by



Table 4. Nitrided disc manufacturing process.

ASTM grain indexes | Gastv= 10 Gastm="7 Gastm=3
Mean grain diameter 1 20 30 120
(um)

— | Austenitisation N o R R
. . % (ta = 1h) Tas=900°C | Taz=975°C | Ta2=1000°C | Tai=1100°C
é % % Quenching Water
o 5| Tempering tr= 3h - Tr= 650°C
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Figure 4. Results of heat treatment tests giving grain size
(average area) with respect to the austenitisation duration and
temperature.

previous heat treatments. All of the batches were then
gas-nitrided at the same time in the same furnace to
ensure that no scattering results were potentially induced
by the thermochemical heat treatment. The nitrided spe-
cimens were finally surface-finished to obtain a rough-
ness parameter of Ra=0.05um as aforementioned.

Microstructural and mechanical properties
dfter nitriding

Observations of the nitrided layer cross-sections (per-
pendicular to disc surfaces) of each batch outline
nitrided microstructure differences (Figure 6(a)).
Thin grain-nitrided specimens exhibit networks of
intergranular string-shaped carbides that are thin,
small, in high density and homogeneously distributed.
Coarser grain microstructures rather display thicker
and longer carbides, less homogeneously precipitated
and in lower density throughout the nitrided layers.
On cross-sections parallel to disc surfaces
(Figure 6(b)), intergranular carbide morphologies
are different since they precipitate at grain boundaries
rather parallel to the disc surfaces. They either appear
as white rings surrounding sectioned grains, or white
spots on non-sectioned grains (depending on whether

the observed micrographies have sectioned grains or
not). These surface-parallel cross-sections confirm car-
bide distribution differences observed on the different
grain size nitrided microstructures, as afore-revealed on
perpendicular cross-sections to disc surfaces.

Finally, it is worth mentioning that these intergranu-
lar carbides are not spread throughout the whole nitrided
layers for all the microstructures as arrowed on Figure 7.

Hardness profiles of the different nitrided layers
are equivalent (Figure 8), hardness being attributed to
the presence of nitrides and not the grain size of the
sample. The limit of the nitrided layer being the depth
where the hardness is greater than the core’s by 100 HV,
nitrided layer thicknesses are 500 um for all the speci-
mens of different grain sizes (£5.5% uncertainty on the
hardness measurements is to take into consideration).

Compressive  residual stress profiles of the
G4star=10 and G 4573,="7 microstructures measured
on control samples are comparable as depicted on
Figure 9. Even if nitrided microstructures of G 4573, =8
and G 4973, =3 were not analysed, it was as well shown
in the literature® that the grain size does not affect the
final residual stress state induced by nitriding. It will
therefore be assumed that the compressive residual
stress profiles after nitriding are equivalent for all the
specimen batches investigated in this study.

In other words, gas-nitriding induces equivalent
mechanical properties to all of the specimens despite
their different grain sizes. The four specimen batches
investigated herein therefore display same mechanical
properties (hardness and compressive residual stress
profiles) despite their microstructure differences (car-
bide morphologies and grain sizes) induced by the
thermomechanical gas nitriding treatment.

RCF test results at Py,,q0 = 2.1 GPa:
Influence of intergranular carbides on
crack propagation and compressive resi-
dual stress release

Endurances of the tested nitrided microstructures

Results of experiments carried out at Py, =2.1 GPa
(the other contact conditions are given in Table 2) of



Figure 5. Different chosen grain size steels for RCF tests: (a) Gastm = 10, Mean grain diameter = | | pm, T4 =900°C; (b) Gastm =8,
Mean grain diameter =20 pum, Ty3 =975 °C; (c) Gastm =7, Mean grain diameter =30 um, T, = 1000 °C; (d) Gastm = 3, Mean grain

diameter = 120 um, T4, = 1100°C.

G457 =10 (test no. 1 in Table 5) and G 574,=7
(tests no. 3 and no. 4) nitrided microstructures are
detailed in the previous author’s paper.'! G s72,/=8
nitrided microstructures tested here (test no. 2
in Table 5) showed similar results. The tests also
ended as soon as prior stages of pitting failure mode
arised (as already observed in previous studies for
G s =10 and G 4574, = 7). Indeed, electromagnetic
sensors set up on the machine and adequate continu-
ous processing of the resulting signals allow to detect
surface uplifts (Figure 10(a) to (c)), which is related
with an upcoming material flaking (i.e pitting failure
mode) that would occur if the tests were run a few
more fatigue cycles. It is interesting to notice that for
each nitrided disc, only one surface uplift was
observed on the whole specimen circumference and
in the vicinity of a specific micropit that was initiated
during the test initiation phase. These peculiar micro-
pits did not display any surface evolution during
the whole test propagation phases, but they lightly
broadened only at the end of the experiments
(Figure 10(d)). They are more exactely very thin and
display no material flaking during the whole RCF
tests, contrary to other observed micropits, as if
material detachment would have released stresses at
crack tips freezing their propagation. As expected
(section “Test rig and contact conditions’), surface-

initiated pitting were therefore reproduced with sub-
surface crack propagation and no crack ramifications
toward the surface.

Concerning G 45737 =3 (tests nos. 5 and 6 in
Table 5), surface-initiated pitting took place as well,
but failures gradually developed during fatigue
cycling on the nitrided disc surfaces as illustrated on
Figure 11. Unlike G s5p7=10, G spr=8 and
G 4stm =7, subsurface cracks therefore seemed to
superficially propagate leading to sooner crack ram-
ifications toward the surfaces of coarse G g7ar=3
nitrided microstructure specimens.

Finally, Table 5 indicates the number of fatigue
cycles before surface-initiated pitting apparition on
the disc surfaces of the tested microstructures.
The coarser the nitrided microstructures are, the
lower is the resistance to the RCF failures. Analysis
of cross-sections are now required to better understand
why the tested nitrided microstructures, featuring simi-
lar mechanical properties, display different RCF
responses.

2D cross-section observations near the
contact centre

Crack behaviour with respect to the nitrided layer
mechanical and microstructural properties were
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Figure 6. Different morphologies of intergranular carbides within the RCF tested nitrided microstructures (on cross-sections (a)
perpendicular and (b) parallel to disc surfaces). x and Z correspond respectively to the rolling and depth directions.

analysed on cross-sections near the contact centre,
which are parallel to the rolling direction and perpen-
dicular to disc surfaces (Figure 12). They are prepared
according to the methodology described above (sec-
tion “Metallographic analysis and hardness profile
assesments’”) on damaged volumes displaying the
peculiar micropits followed by the surface uplifts
(i.e. surface-initiated pitting failure mode).

These observations first confirm that all the experi-
ments reproduced surface-initiated pitting as
requested by the adopted experimental strategy (sec-
tion “Test rig and contact conditions”). Indeed, crack
nucleation sites lie near the extreme surfaces at
around 30pum depth and propagation took place

beneath, within the nitrided layers. 2D crack
morphologies near the contact centre of G s571,=38
nitrided microstructures studied herein are similar of
those observed on G 4573, =10 and G 4573, =7 speci-
mens. They are characterised by large crack lengths
reaching great depths up to the untreated substrate of
the specimens. In discrepancy with the previous thin-
ner microstructures, surface-initiated pitting on
G 457 =3 disc is generated by superficial crack net-
works positioned in the vinicity of the extreme surface
(less than 80 um depth). Crack behaviour analysis
therefore approves the RCF response differences of
G 4star =23 nitrided microstructures compared with
GASTM: 10, GASTM:8 and GASTM:7 specimens as
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Table 5. Number of cycles before surface-initiated pitting of different nitrided miscrostructures (tests nos. |, 3 and 4 are described

in Le et al.").

ASTM grain size indexes

GASTM =10

Gasm =8 Gasm=7 Gasrm=3

Number of cycles (10°)

9.28 (test no. 1)

5.51 (test no. 2) 3.72 (test no. 3) 2.15 (test no. 5)

/ / 3.69 (test no. 4) 2.86 (test no. 6)
(@  Surface uplift (3D-view) (0) Surface profile after RCF
um 0 / 1 2mm
A 20 .

l 4-108 cycles

‘-

A-A # )
10 1 7

Surface uplift
(2D-view)

3.7-10° cycles 5.5-106 cycles (end)

Figure 10. (a) 3D View of a Gastm = 8 specimen (test no. 2) surface in the presence of pitting prior stages (surface uplift); (b) surface

profile of pitting prior stages at the contact centre; (c) pitting prior stage surface micrography; (d) surface evolution of RCF damages
during fatigue cycling, from micropitting to surface-initiated pitting.

1.4-106 cycles

2.1-108 cycles

Figure 11.
rolling direction.

Gpstm = 3 specimen (test no. 5) surface evolution of a surface-initiated pitting during fatigue cycling. X corresponds to the
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Figure 12. 2D crack morphologies on cross-sections at the contact centre of different nitrided microstructures. x and z correspond

respectively to the rolling and depth directions.

foreseen above with disc surface examinations (section
“Endurances of the tested nitrided microstructures™).

Observations of etched micrographs with higher
magnifications show lots of intergranular carbides
along the crack paths (Figure 13), as if those precipi-
tates act as heterogeneities favouring crack growth.
Cracks are notably observed propagating either at
the interface between the ferritic matrix and the car-
bides, either shearing directly the precipitates, which
appear as fragile.

10

Considering these intergranular carbides induced
by gas-nitriding as preferential sites for crack
growth, the RCF response encountered in
G 4stm =3 in contrast to the other microstructures
could thus be explained. Indeed, G 4573, =3 nitrided
microstructures display low density of intergranular
carbides which are far from each other with respect
to the normal direction of the surface (Figure 6(a)). In
that sense, cracks could not propagate throughout the
nitrided layers toward the untreated substrate since
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Figure 13. Cracks propagating at the interfaces ferritic matrix/carbides, or shearing the intergranular carbides.

intragranular crack growth seems to require more
energy than crack propagation through the carbides.

For those G, sras=3 specimens (Figure 12,
G 4s7a=3), surface-initiated pitting therefore comes
from superficial cracks that only propgate very close
to the extreme surface. On the contrary, thinner
nitrided microstructures are characterised by higher
density of carbides which are close to each other
(Figure 6(a)). The intergranular precipitates form a
bridge from the surface (where cracks were nucleated
by indented counter discs during the initiation phase)
and the substrate of the specimens, dragging cracks in
depth during fatigue loading. In that case, thin
nitrided microstructures provoke surface-initiated pit-
ting formed by deep crack propagation (Figure 12,
GASTMZIO, GASTM:85 GASTM:7)~ It should be
noted that even if some portions of crack paths are
not bordered by the carbides, previous study'' has
shown that 2-D crack analysis on a unique cross-sec-
tion could engender misleading interpretations.
Examinations of successive cross-sections obtained
by thin polishing (around 10pum material removal
between each plane) effectively highlight possible 3D
crack propagation along carbides in adjacent parallel
planes.

Finally, analysis of the whole crack paths on cross-
sections near the contact centre show two fracture

11

mechanisms (Figure 12). The first one stands out as
an irregular pattern as are the intergranular carbides
where cracks went through. The second one is illu-
strated by a fracture surface much smoother as if
cracks were no more affected by the microstructure.
Moreover, the limit between those crack growth
mechanisms is located at the limit of the presence of
the intergranular precipitates induced by gas-nitriding
within the treated layers. These observations therefore
support the statement that the carbides affect RCF
crack propagation. They are fragile sites where
cracks propagate more easily throughout the nitrided
layers.

3D observations of the crack network: Carbide
effect confirmation

To complete 2D analysis on cross-sections near the
contact centre, 3D observations of a crack network
in a RCF tested GASTM =7 specimen (test no. 3 in
Table 5) were carried out using high-resolution X-ray
tomography (section “3D observation using high-
resolution X-ray computed tomography’’). Figure 14
illustrates half part of a 3D crack network induced by
RCF. It is apparently characterised by two fracture
surfaces, as observed on 2D cross-sections, referring
therefore to two RCF crack mechanisms within the
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Figure 14. Half part of a RCF crack network displaying two different fracture surfaces.

nitrided layers. The first fracture surface closest to the
surface displays cup-like features while the deeper
fracture surface in the nitrided layer appears with fati-
gue striation-like markings.

The cup-like fracture surface seems to match with
the intergranular carbide 3D morphology. Indeed,
those carbides precipitated during nitriding on grain
boundaries more or less parallel to the surface and
form dented coats that cover up to five grains.
Considering cracks going through those carbides in
all the directions, they therefore generate the cup-
like fracture surface. To confirm this assumption, it
is necessary to compare dimensions of the cup-like
features to those of the carbides. Collected datas
from X-ray tomography are post-processed in another
way to get the cup-like feature dimensions. Namely,
2D scanned images parallel to the disc surface were
superposed. This results in an image illustrated on
Figure 15(b), which is merely similar to an observa-
tion of the 3D crack network from the underside,
through the plane parallel to the surface sketched in
green (Figure 15(a)), with a large depth of field.

This figure is replicated in Figure 15(c), where cup-
like features and striation markings are highlighted.
The mean cup-like feature dimensions can thus be
estimated and compared with those of the intergranu-
lar carbides assessed on cross-sections parallel to the
surface. One of those cross-sections, depicted in
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Figure 16(a), shows that evaluated dimensions of
cup-like features and intergranular carbides are com-
parable. This last assessment supports once again the
effect of carbides induced by nitriding on the crack
propagation mechanism within the treated layers.
Indeed, cracks grow through or along those carbides
forming specific cup-like fracture surface.

Pre-existing compressive residual stress release

Compressive residual stress (CRS) were measured
throughout nitrided depths after RCF testing on
disc samples not displaying surface-initiated pitting.
The results are compared with the CRS profile
before fatigue (Figure 17).

The curves show differences throughout the treated
layers. From the surface (z=0um) to z=>500pum
depth, CRS after fatigue are less compressive than
before the tests, whilst beneath z= 500 um depth the
CRS are more compressive after RCF. In the litera-
ture, 2> sub-surface CRS buildup were observed on
through-hardened steels (100Cr6 for instance) at
depth were shear stresses induced by the contact are
important with respect to the material yield strength.
This phenomenon was assumed to be linked to
volume variation provoked by microstructural decay
development in the presence of stresses arising from
the contact. Metallographic analysis were therefore
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Figure 15. (a) Scheme of the sample analysed by X-ray tomography. (b) Resulting image of supperposition of the 2D scanned images
parallel to disc surface showing (c) the two fracture mechanisms. x and z correspond respectively to the rolling and depth directions.

performed on the tested specimens seeking for appar-
ent microstructural alterations within the nitrided
layers (Figure 18).

Etching cross-sections with  Béchet-Beaujard
reveals darker areas against the unstrained micro-
structure appearance. At higher magnifications,
these dark areas display thin stroke markings, which
are likely related with the slip band structures, fea-
tures of micro-plastic flow concentration during fati-
gue cycling and widely discussed in the literature as
dark etching regions (DER).**?® Observations of
cross-sections perpendicular to rolling direction
(Figure 18(b)) confirms those slip bands being induced
by cyclic contact loading since the dark area shape
corresponds thoroughly to the pattern of the contact
shear stress field.
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It therefore seems that during fatigue cycling, the
specimens were subjected to micro-plastic deform-
ation accumulation at Hertzian depths where contact
shear stresses are important. This microstructural
decay provoked volume variation at the origin of
sub-surface (beneath z=3500pum depth) additional
compressive residual stress buildup. Finally, from
the surface (z=0um depth) to z=500 um depth, it
can be presumed that pre-existing CRS (resulted
from the thermochemical nitriding heat treatment)
had to release so as to accommodate volume vari-
ation. In other words, final CRS measured profile dif-
fers from the one before RCF tests because (1) contact
shear stresses lead to microplastic deformation engen-
dering, (2) sub-surface additional CRS buildup which
provokes (3) pre-existing CRS release.
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Figure 17. Compressive residual stress profiles before and
after fatigue cycling.

RCF test results at Py,.x= 1.2 GPa and
PHmax = 2.4 GPa: Compressive residual
stress behaviour in relation to contact
shear stress field

Pre-existing CRS induced by nitriding realeased
during RCF tests at Pyu=2.1GPa. Other
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experiments were performed to observe the
CRS behaviour on specimens undergoing RCF at
other Hertzian pressures. Only G4 s7),=7 nitrided
specimens were tested at Pg,,.=1.2GPa and
Primax =2.4GPa. After more than 10 x - 10° cycles,
none of the micropits on these nitrided specimens
have extended to pitting as arised on previous tests
with Py =2.1GPa at about 3.6x-10° cycles
(Table 5). Moreover, after RCF only few persistent
slip bands were noticed on cross-sections of the spe-
cimens (Figure 19) compared with those tested at
Prar=2.1 GPa (Figure 18). Even if the maximum
contact shear stress level is higher (t,,,.=744 MPa
at Pyu=2.4GPa compared with 7, =630 MPa
at P =2.1 GPa, Figure 1), microplastic flow had
not developed as much as on specimens subjected to
Priax=2.1GPa.

Compared with these first experiments at
Prmax=2.1GPa where microplastic deformation
seemed to trigger CRS buildup at maximum contact
shear stresses and therefore pre-existing CRS release,
none of these phenomenon occurred on tests per-
formed at Ppy,ur=1.2GPa nor Pg,,.=2.4GPa.
Pre-existing CRS being unaltered, the nitrided layers
remain in a compressive stress state which could have
prevented propagation of surface-initiated cracks that
are freezed close to the specimen surfaces. Finally,
initiated micropits did not extend to pitting failure
mode.
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Figure 18. Cross-sections (a) parallel and (b) perpendicular to the rolling direction revealing the presence of persistent slip bands at

high stressed zones in the specimens after RCF.

It is to be noticed that t,,,, = 744 MPa (induced by
Prpax=2.4 GPa) is located (Figure 1) in the nitrided
layers where compressive residual stresses and hard-
ness are relatively high (Figure 8 and Figure 9).
In contrast, t,,,,=630MPa (induced by previous
tests at Pp..c=2.1 GPa) takes place at the limit of
the nitrided case where mechanical properties are
lower and equivalent to those of the substrate. The
nitrided layers being featured by microstructural and
mechanical property variation throughout the depth,
it therefore seems that RCF mechanisms depend on
the local contact stress field characteristics (maximum
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shear stress value and depth, etc.) in relation to the
local properties of the material.

Discussion: Surface-initiated pitting
mechanisms within nitrided alloyed
steels with respect to contact stresses

Considering all of the experiments, RCF mechanisms
of nitrided layers of alloyed steels maybe be suggested
with respect to their microstructural and mechanical
properties, but also the contact shear stresses. These
suggestions can be applied to components involing



Figure 19. Cross-sections of (a) non-tested specimens and tested at (b) Prmex = .2 GPa and (c) Prmaex = 2.4 GPa revealing the
presence of few persistent slip bands only on tested specimens at Ppjpq = 2.4 GPa.

mechanical contacts, with defects at their surfaces (i.e.
stress raisers such as debris dents, micropitting, etc.
that have nucleated superficial cracks).

During RCF, if local contact shear stresses are crit-
ical compared with local material strength (either
within the nitrided layer or within the core), micro-
plastic deformation takes place. This phenomenon
first engenders CRS buildup where deformation
occurs as observed in the literature on other throught
hardened steels tested in RCF.?*?° This CRS buildup
and microplastic flow release (by deformation accom-
odation) elsewhere pre-existing CRS introduced by
the nitriding process. This pre-existing CRS release
phenomenon in nitrided layers due to RCF has not
been observed in the literature to the author know-
ledge. Once residual stresses are less compressive,
cracks that were initiated near the extreme surface
are relieved at their tips. They can therefore propagate
preferentially along fragile sites like the intergranular
carbides introduced by the thermomechanical treat-
ment. Their specific morphology and the contact
stresses drag surface-initiated cracks toward the core
in thin nitrided microstructures, forming specific frac-
ture surfaces in correlation with the carbide shape
within the nitrided layers. In coarser nitrided micro-
structures, intergranular carbide networks are in low
density and the precipitates are far from each other
with respect to the normal direction to the surface.
Cracks could not propagate throughout the coarse
microstructure nitrided layers toward the untreated
substrate since intragranular crack growth seems to
require more energy than crack propagation through
the carbides. Intergranular carbides can therefore be
considered as fragile sites for crack growth as indi-
cated without noticeable evidences in the literature
so far. In thin nitrided microstructures that are in
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accordance with the gear material quality standard,”!
surface-initiated cracks lead to deep pitting failures,
whereas they engender superficial pits in coarser micro-
structures even if mechanical properties are equivalent.
Coarser microstructures could first appear greater
according to gear material quality standart for exam-
ple. Surface-initiated pitting defect durability is how-
ever to be taken into account since the failures occur
sooner in those coarse nitrided microstructures.

Conclusion

Effect of nitrided depth and hardness profile param-
eters on RCF endurances being widely analysed in the
literature, this study points out the major roles of the
nitrided microstructures and the CRS behaviour.
Even though hardness increase and CRS introduction
by the nitriding process within the thin and superficial
treated layers are known to inhibit fatigue crack
nucleation and growth, it was observed herein that
if initial CRS releases, cracks can grow and their pro-
pagation paths highly depend on the microstructure.
This explains the RCF behaviour dissimilarities of
different nitrided layers displaying different carbide
network morphologies but similar mechanical proper-
ties (hardness and CRS).

Pre-existing CRS release can indeed occur by
accomodation of additional CRS buildup induced by
RCF microplastic deformation arising elsewhere in the
nitrided layers where local contact stresses are critical
compared with the local mechanical properties of the
material. If this phenomenon takes place in a treated
layer in the presence of defects such as surface-initiated
cracks, their tips are freed leading to crack propagation
preferentially along the fragile intergranular carbides
generated by nitriding. These phenomenom result in



the surface initiated-pitting failure mode that gears and
rolling element bearings can encounter.

From an industrial point of view, case depths and
hardness profiles within the nitrided layers being
easily assessed, they constitute the parameters that
are mainly checked for the validation of the mechan-
ical component material quality. This study highlights
the importance of adjusting microstructural and
mechanical properties of nitrided layers in relation
to the operating contact conditions of the final
application.
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