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ABSTRACT

A gradient nanostructured (GNS) surface layer was generated on an ultrahigh strength bearing
steel (AISI 52100) by surface mechanical rolling treatment (SMRT). The initial martensite plates with
cementite and retained austenite were transformed into nanograined martensite with a mean size of
~ 24 nm at the topmost surface. Axial tension—compression fatigue tests showed that an enhanced
fatigue property was achieved on the GNS sample due to the suppressed fatigue crack initiation at
the surface. Effects from hardness, microstructure, and residual stress in the GNS surface layer were
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discussed in relation with the fatigue mechanism of the SMRT sample.
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A gradient nanostructured surface layer was generated on an ultrahigh strength bearing steel, and
significantly improved the fatigue property of the steel by suppressing surface crack initiation at

lower stresses.

Introduction

Increasing strength is generally applied to improve the
fatigue properties of steels. However, the fatigue ratio
(fatigue limit relative to tensile strength) becomes smaller
as the tensile strength exceeds 1200 MPa, and even lower
fatigue strength might be obtained with increasing ten-
sile strength above 1600 MPa (e.g. in bearing steels).
This originates from the presence of inclusions and
other defects that might act as micro-notches generating
fatigue cracks in high-strength materials with high notch
sensitivities [1-4].

Fatigue failures are sensitive to the structure and prop-
erties of a material’s surface, and the formation of a
nanostructured surface layer with higher strength, that

is, surface nanocrystallization [5,6], is able to enhance
fatigue properties of metals. With such techniques as sur-
face mechanical attrition treatment (SMAT) and surface
mechanical grinding treatment [7-9], a gradient nanos-
tructured (GNS) surface layer has been produced on
various metals, in which the mean grain size is in the
nanometer scale at the topmost surface and gradually
increases to submicron and micron scales with increas-
ing depth. Remarkably enhanced fatigue properties have
been observed on pure Cu [10], Ni-based Hastelloy [11],
and 316L stainless steel [12] with GNS layers. Further-
more, it was noticed that the fatigue ratio increases,
accompanied with a significantly enhanced strength in a
GNS 316L stainless steel [9].
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However, previous studies concentrated on the fatigue
properties of GNS materials with low or medium
strength, while the surface state might play a more
important role in the fatigue behavior of materials with
high strength due to their larger notch sensitivities [13].
Therefore, forming GNS surface layers on bearing steels
is expected to achieve further increased fatigue prop-
erties than by increasing strength. In fact, some previ-
ous works have studied the fatigue behavior of bearing
steels processed by some traditional surface modifica-
tion approaches, such as shot peening and deep rolling
[14-16]. And the results indicated that the fatigue prop-
erty and fracture mode might be influenced by surface
hardening and compressive residual stress. However, the
affected layers with distinct hardening are relatively thin
(<200 pum) after these treatments, and microstructure
details in them have not been characterized. There-
fore, the relationship between surface microstructure and
fatigue behavior is still unclear in bearing steels. In addi-
tion, these fatigue tests were mostly under rotary bending
with a high frequency for the concerns of very high cycle
fatigue (VHCE roughly > 107 cycles) behavior, while
rotary bending and high frequency have been confirmed
to affect the experimental results by involving a smaller
volume under damaging stresses and elevating sample
temperature, respectively [3,17,18].

In the present study, we utilized a newly developed
technique, surface mechanical rolling treatment (SMRT),
to generate a thick GNS surface layer on an ultrahigh
strength bearing steel. Subsequently, the fatigue property
of the GNS sample was studied under axial pull-push
loading with a low frequency, and effects of the GNS sur-
face layer and residual stress on the fatigue mode were
analyzed.

Experimental details

AISI 52100 bearing steel with chemical compositions (in
wt%) of 0.97C, 1.55Cr, 0.40Mn, 0.27Si, 0.02Cu, 0.01Nj,
and balance Fe was used in this work. The initial mate-
rial was hot-forged, oil-quenched after austenitization at
845°C for 30 min, and finally tempered at 150°C for 120
min. Fatigue specimens with an hourglass shape (with a
minimum diameter of 5 mm and an arc radius of 75 mm)
were prepared from the billet, for SMRT processing and
for as-received (AR) reference samples.

Detailed descriptions of the SMRT set-up and proce-
dure were reported previously in refs. [9,19]. In brief, the
treated sample turned around its axis against a polished
WC-Co cermet ball, which was confined (rotatable) on a
tool tip. The turning velocity (v;) of the rod sample was
600 revolutions per minute, the moving velocity (v,) of
the ball along the sample axis was 0.1 mm s~1, and the
preset penetration depth (ap) of the ball into the sample
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surface was 50 um. The SMRT procedure was repeated 3
times, while the processing parameters v and v, were
kept the same and a,, increased 50 um each time. Cycling
oil was applied to lubricate and cool the ball and the
sample during SMRT.

Morphologies of different samples were observed
by using scanning electronic microscopy (SEM) on an
FEI Nova NanoSEM 430 unit. Detailed microstruc-
tures were observed by using transmission electron
microscopy (TEM) on a JEOL-2010 unit. Phase constitu-
tions were characterized by using a Rigaku D/max-2400
X-ray diffractometer. Meanwhile, in-depth distributions
of residual stress (along the axial direction) in surface
layers of different samples were determined by comb-
ing X-ray diffraction (XRD) with iterative electrolytic
sectioning.

Axial tension-compression fatigue tests were per-
formed at room temperature by using an Instron 8850
electro-hydraulic testing machine. The stress control
fatigue behavior was studied with a zero mean stress
(R = —1) and a frequency of 15 Hz. The in-depth micro-
hardness distributions were measured on cross-sectional
samples before and after fatigue tests by using a Qness
Q10 A+ tester.

Formation of the GNS surface layer

The initial microstructure of the AR sample is a typical
martensitic structure, in which dispersive cementite par-
ticles distribute in the plate-like martensite matrix. TEM
observations (see Figure 1(a)) revealed that dense dislo-
cations exist in the fine martensite plates. And the average
size of the carbides is ~ 450 nm. In addition, few retained
austenite phases co-exist in the quenched and tempered
steel (see Figure 1(b)).

After SMRT, nano-sized grains with random crys-
tallographic orientations have been formed in the top-
most surface layer, as shown in Figure 1(c,d). The grains
are nearly equiaxed with a mean size of ~24nm. In
addition, cementite particles and retained austenite are
difficult to observe in the surface layer by using TEM
and the corresponding selected area electron diffraction
(SAED) pattern. This is also confirmed by XRD analyses
in Figure 1(b).

Figure 2(a) shows that a hardened surface layer of
~ 600 um in thickness has been formed on the SMRT
sample. The microhardness reaches a maximum value of
~ 9.9 GPa at the treated surface, and gradually decreases
to the matrix value (~ 8.5 GPa) with increasing depth.
In addition, pronounced compressive residual stresses
have been introduced in the SMRT surface layer. As
shown in Figure 2(b), the compressive residual stress
reaches ~ 700 MPa at the topmost surface, and gradu-
ally decreases with increasing depth. The total thickness
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Figure 1. (a) A typical TEM image of the AISI 52100 bearing steel in the quenched and tempered state, and (b) XRD patterns of the
samples before and after SMRT. A carbide particle is pointed by an arrow on (a). (c) Bright-field and (d) dark-field TEM images of the
topmost surface layer of the SMRT sample. Insert in (c) shows the corresponding SAED pattern, on which (d) is taken from the (110)

diffraction. Insert in (d) shows the statistical distribution of grain size.
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after modifications by considering the stress redistribution as a result o
and SMRT-950 MPa denote the SMRT samples after fatigue tests at 14

of the surface layer with compressive residual stress is
~ 180 um. In comparison, although a compressive resid-
ual stress was introduced at the surface of the AR sam-
ple by mechanical grinding, it transformed into a slight
tensile state within a very thin (~5 pum) layer.

fthe removal of a thin surface layer after each step. SMRT-1400 MPa
00 and 950 MPa, respectively.

Bearing steels such as 52100 possess ultrahigh strength
in quenched and tempered states owing to the fine and
C-supersaturated martensite with a high density of dis-
persive carbides and dislocations. However, their ductil-
ity is rather low [18,20], so that it is difficult to further



refine their microstructures via plastic deformation, and
no work has reported the formation of nanostructured
grains in bulk specimens of such steels to the authors’
knowledge. It is clear that grain sizes have been refined
into nano-scale in the surface layer of the 52100 steel by
SMRT. And the gradient distribution in microhardness
along depth corresponds to the gradient distribution of
grain sizes in the surface layer, that is, a GNS surface layer
has been fabricated in this work.

During the SMRT process, lubrication and cooling
were applied and thermal effects were diminished to the
most extent. Therefore, the formation of the GNS sur-
face layer is expected to be predominately induced by
dislocation activities (i.e. mechanically induced [21]) in
the initial martensite structure, similar to the microstruc-
tural refinement processes in a P92 ferritic steel by
SMAT [22] and a Z5CND16-4 martensitic steel by
SMRT [19]. This has also been confirmed by the mea-
sured hardness distribution in the SMRT sample: the
microhardness increases gradually with decreasing depth
(see Figure 2(a)). And a good agreement was found
between the measured data on the SMRT surface and
the Hall-Petch plot of microhardness vs. grain size pre-
viously reported on the surface of a SMAT 52100 steel
[23], on which ferrite/martensite grains with a mean size
of ~8nm were predominately formed by dislocation
activities from a spheroidizing annealed sample. In con-
trast, the in-depth hardness profile in the SMRT sample
is different from the results usually observed in thermally
induced white-etching layers formed by such processes
as hard turning, grinding, drilling, and under prolonged
rolling contact fatigue [18,21,24,25]. Although grain sizes
in the order of tens of nanometers might also be obtained
in thermally induced white-etching layers, a region with
a much lower hardness than in the matrix was usu-
ally formed, possibly due to dynamic recrystallization
and phase transformation as consequences of dramatic
adiabatic deformation heating.

In addition, high strains with high rates result in the
refinement/dissolution of carbides and the transforma-
tion of retained austenite into martensite in the SMRT
surface layer. As demonstrated by Zhou et al. [26] and
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Hosseini et al. [21], cementite particles might be plasti-
cally deformed when the matrix grains were refined to
a critical size. Accumulated multiple dislocations gliding
progressively refined cementite into nano-sized particles,
subsequently led to the dispersion of nano-sized carbides
and diffusion-based carbide refinement. Meanwhile, the
retained austenite in the initial microstructure might be
transformed into martensite due to its mechanical insta-
bility, and gradually be refined into nano-sized grains
during SMRT. For example, most of the retained austenite
in a quenched and tempered 52100 steel was decomposed
into martensite at strains below 0.05 [27].

Some traditional surface modification processes might
also introduce hardening and compressive residual stress
in the surface layer of bearing steel [14,15,28]. As com-
pared in Table 1, it is clear that the hardened surface
layer in the SMRT sample is much thicker than those
formed by traditional processes. This indicates the GNS
or microstructure-refined layers produced by SMRT are
much thicker, due to a higher accumulated strain being
achieved by multiple processes. Furthermore, it is noticed
that the thickness of the surface layer with obvious com-
pressive residual stress ( ~ 180 pum) is less than 1/3 of that
with evident hardening in the SMRT surface layer, while
the values are comparable in other surface-modified sam-
ples. This might be due to the residual stress distribution
being changed by multiple plastic deformations during
SMRT.

Fatigue properties and mechanism

The axial tension-compression fatigue property of the
SMRT sample has been compared with that of the AR
sample. As shown in Figure 3(a), while there is no evident
difference between the fatigue lifetimes of both samples at
the stress amplitude of ~ 1400 MPa, the fatigue lifetime
of the SMRT sample is higher than that of the AR sample
at a lower stress amplitude, and the difference increases
with decreasing stress amplitude. An increment of almost
2 orders of magnitude was obtained in the lifetime of the
SMRT sample than that of the AR sample at 900 MPa.
Furthermore, it is noticed that the S-N curve of the

Table 1. Distributions of microhardness and compressive residual stress in the SMRT sample, in comparison with data in the same
material (52100 or SUJ2 steel in the typically quenched and tempered state) processed by other surface modification routes from

references.

Surface
Processing route microhardness (GPa) HL thickness (um) Surface RS (MPa) RS layer thickness (um) Reference
SMRT 9.9 600 700 180 This work
Deep rolling 9.1 200 600 200 [14]
Shot peening 10.5 130 900° 100 [15]
Supersonic particles bombarding 74 720 60 [28]

Note: HL denotes hardened layer and RS denotes compressive residual stress.

aThe maximum compressive residual stress was measured at a depth of ~ 40 um from the surface in this sample, ~ 1600 MPa.
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Figure 3. (a) S—N curves of the SMRT sample and the AR sample. S-mode and I-mode denote the fatigue fracture occurring in the surface
mode and the interior mode, respectively, as defined in the text. Open symbols denote tests terminated without fracture after 2 x 108
cycles. (b) The relationship between depth of crack nucleation and number of cycles to failure. HL and RSL denote the hardened layer and
the layer with compressive residual stress, respectively, in the SMRT sample. The dashed lines along data of the SMRT sample are given

to guide the eye.

SMRT sample does not follow a single straight line as pre-
dicted by Basquin relation, but exhibits two distinct sec-
tions with different slopes: one corresponding to the short
lifetime regime at a higher stress level (> 1050 MPa) and
the other corresponding to the long lifetime regime at
a lower stress level. In comparison, the S-N curve can
be approximated by using a single straight line, with a
knee defining the fatigue limit at ~ 880 MPa. It should
be noted that only the conventional low and high cycle
fatigue behavior was considered in the present work,
although fracture might occur in the VHCF regime. In
this case, previous works [4,29,30] indicated that interior
inclusions and other defects usually act as crack initia-
tion sites, so that fatigue behavior depends rarely on the
surface state, and no evident difference exists between
fatigue properties of the surface-strengthened and the
un-treated samples.

Observations of fracture surfaces showed that the sites
of fatigue crack initiation change from predominately at
surfaces under stress amplitudes above 1050 MPa to at
subsurface (or interior) zones under stress amplitudes
below 1050 MPa in the SMRT samples. In comparison,
fatigue cracks always initiate at surfaces on the AR sam-
ples. As shown in Figure 4, an internal crack initiates
at ~ 1.5 mm below the surface and leads to the fracture
after ~2.0 x 10° cycles in the SMRT sample at 950 MPa,
while a crack initiates at the surface and leads to the
fracture after ~ 8.6 x 10° cycles on the AR sample at
the same stress amplitude. Detailed analyses on all frac-
tured samples, combining microstructure and chemical
composition observations, revealed that the sites of inter-
nal crack initiation are characterized by such defects as
coarse grains, inclusions, chemical inhomogeneities, and
even micro-cracks, which were also typically observed in

bearing steels in previous works [4,17,18,29,30]. Further-
more, the whole region of internal crack initiation and
early propagation usually exhibits a pattern of a ‘fish-eye’,
inside which a relatively rough region presents around
the defect (see Figure 4(c)). And the size of the fish-
eye zone is independent of fatigue lifetime, with a mean
diameter of 138 & 18 pm.

The summarized relationship between the depth of
the crack initiation site and the fatigue lifetime (see
Figure 3(b)) indicates that a transition exists in the fatigue
mode of the SMRT sample with increasing lifetime:
cracks mostly initiate at surface at lifetimes below ~ 10*
(i.e. in the surface mode), and tend to initiate from the
subsurface layer or interior at longer lifetimes (i.e. in the
interior mode). Furthermore, the depth value seems to
increase with increasing lifetime, and all the cracks ini-
tiate at sites deeper than the hardened surface layer at
lifetimes above 5 x 10%. It is noted that such a transition
in fatigue mode and the dependence of fatigue lifetime on
crack initiation site might result in the fact that a fatigue
limit could not be determined in the SMRT sample.

As the SMRT sample has a comparable surface rough-
ness (R, within 0.1—0.2 um) with the AR sample, the
effect of surface quality on the fatigue property can
be neglected. Therefore, the enhanced fatigue property,
mostly related with the suppressed surface-mode failure,
is expected to be resulted from the formation of the GNS
surface layer and evident surface compressive residual
stresses on the SMRT sample, as discussed below.

On the AR sample, surface extrusions and intrusions
might form due to slip bands under cyclic loading during
a fatigue test [31], and some surface defects (i.e. inclu-
sions and machining flaws) might exist before the test.
Therefore, a fatigue failure is expected to initiate from
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Figure 4. SEM morphologies of fracture surface of (a) the SMRT sample and (b) the AR sample after fatigue tests at a stress amplitude
of 950 MPa. (c) and (d) Showing the magnified images of the boxed zones on (a) and (b), respectively. The regions of crack initiation and

the fish-eye are marked by | and F, respectively.

the surface due to a higher initial stress-intensity factor
(SIF) range (AK). For example, AK for a surface defect
(AKgef,s) and an internal one (AKgef,;) can be estimated
from

AKgef,s = 0-650'a\/ T/ Adefs (1)

and

AKgef,i = 0-500'a\/ 7T/ Adefs (2)

respectively [16], where o, is the nominal stress ampli-
tude, and /Ager is the size of the defect. For the same
defect size, the AKgef s value exceeds the threshold SIF
value (AKth, ~4 MPam!/2 [17]) under a much smaller
stress amplitude than the AKgef,; value does, leading into
the surface-mode failure.

In the GNS surface layer with enhanced hardness and
strength, slip bands are suppressed, so that surface extru-
sions and intrusions are difficult to form on the SMRT
sample during fatigue. In addition, cross-sectional SEM
observations confirmed that interior inclusions and other

defects possibly acting as fatigue crack nuclei are signif-
icantly refined and a higher structural homogeneity is
obtained in the GNS surface layer. Therefore, a higher
stress amplitude is required to enable the surface-mode
failure at stress > 1050 MPa according to Equation (1).
Otherwise, the fatigue failure transforms into the inte-
rior mode if the initial SIF around an internal defect
reaches the critical value to enable the formation of a
fish-eye zone and the crack growth, when the surface-
mode failure is suppressed at stress < 1050 MPa. And a
much higher stress amplitude is required according to
Equation (2).

It is noticed that the enhancement in fatigue prop-
erty becomes smaller at stresses > 1050 MPa (see
Figure 3(a)). This is induced by the significant cyclic
hardening in the sample interior during fatigue under
a higher stress amplitude. As shown in Figure 5(a), the
increment in the matrix hardness of the SMRT sample
is only ~0.2 GPa after the fatigue failure at 950 MPa,
and the hardness distribution along depth maintains a
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Figure 5. In-depth distributions of microhardness in the SMRT sample after fatigue fracture at (a) 950 MPa for ~ 2.0 x 10° cycles and
(b) 1400 MPa for ~ 2.0 x 103 cycles, and in the AR sample after fatigue fracture at (c) 950 MPa for ~ 8.6 x 103 cycles and (d) 1400 MPa
for ~ 2.2 x 103 cycles. The dashed line in each plot shows microhardness distribution in the AR sample for a reference.

similar trend to that of the as-SMRT sample, so that
fatigue failure occurs in the interior mode. In compari-
son, the matrix hardness of the SMRT sample increases
from ~8.5 to ~9.3GPa and the hardness difference
between the surface and the matrix decreased markedly
after the fatigue failure at 1400 MPa (see Figure 5(b)). In
this case, the surface roughening process might become
more distinct, so that fatigue failure transforms from
interior mode to surface mode. In the AR sample, a com-
parable hardness of the surface layer and the matrix is
kept after fatigue under both the higher and lower stress
amplitudes, as shown in Figure 5(c,d), so that the fatigue
failure remains in the surface mode.

In addition, residual stress (o,) acts on the fatigue
behavior as a mean stress and affects the crack initiation
and propagation in the tension side [16]. And Equation
(1) is rewritten as [32]

AK:;ef,s = 0.65(0q + 07) ﬂ\/@. (3)

That is to say, the initial SIF range of a surface defect will
be further decreased by a compressive residual stress. As
shown in Figure 3(b), almost no crack initiated within the
surface layer with obvious compressive residual stresses,
while some initiated from regions beyond the layer with
compressive residual stresses but within the hardened

layer in the SMRT sample. This suggests the importance
of compressive residual stress on suppressing surface-
mode failure.

The compressive residual stress will relax during
fatigue cycling under higher stress amplitudes, also con-
tributing to a transition in fatigue mode. As shown in
Figure 2(b), the residual stress at the topmost surface
layer of the SMRT sample decreased to ~ 230 MPa after
fatigue fracture at 1400 MPa. Significant relaxations of
compressive residual stress and even conversion to tensile
residual stress were observed during fatigue in materi-
als processed by shot peening [16,33]. And the results
showed that the relaxation usually reached a saturated
level at an earlier stage (~ 0.2 of the fatigue life). There-
fore, the initial SIF value at the sample surface will be
increased according to Equation (3), and a transition in
failure mode from the interior to the surface is facilitated
in the SMRT sample.

While the compressive residual stress also significantly
relaxed under the stress amplitude of 950 MPa, the fatigue
fracture still occurred in the interior mode. Consider-
ing the evidences that the hardness difference between
the surface and the interior remained almost unchanged
in the SMRT-950 MPa sample but became much smaller
in the SMRT-1400 MPa sample, one may infer a minor
importance of the compressive residual stress than of



the increased hardness in the GNS layer on suppressing
surface fatigue cracking.

Conclusions

In this work, a GNS surface layer has been produced on
a quenched and tempered 52100 bearing steel by means
of SMRT. The initial microstructure of martensite plates
with cementite and retained austenite was transformed
into martensite grains with a mean size of ~24nm at
the top surface layer. The formation mechanism of the
GNS layer is predominated by dislocation activities under
high strains and strain rates. In comparison with tra-
ditional surface treatments (i.e. shot peening and deep
rolling), SMRT produced a hardened surface layer with
much larger thickness (~ 600 um).

Axial tension—compression fatigue tests showed that
an enhanced fatigue property was achieved on the SMRT
sample within the conventional low and high cycle
fatigue regimes. The fatigue fracture in the mode of sur-
face crack initiation and propagation was suppressed at
a critical stress amplitude of ~ 1050 MPa, below which a
mode of internal crack initiation and propagation domi-
nated the fatigue fracture and led to a much larger fatigue
lifetime. The enhanced fatigue property accompanied by
the suppressed surface-mode fracture in the SMRT sam-
ple might be related to the decreased initial SIF value in
the GNS surface layer, mostly due to its higher strength
and structural homogeneity. In addition, the remarkable
compressive residual stress decreased the SIF value at the
surface and also enhanced the fatigue property.
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