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An experimental study on fretting wear behavior of a 17-4 PH stainless steel aging heat treated to different
microstructural features with different precipitate variants is presented. The fretting wear tests with respect to
different fretting running regimes were carried out. The microstructural observations show that below 460 °C of
aging temperature, only NbC precipitates were observed. While as the aging temperature reached the 460 °C, not
only NbC but also Cu-rich precipitates (CRPs) can be found, and even more so at higher aging temperature. Wear
results indicate that in the partial slip regime (PSR) and mixed fretting regime (MFR), the fretting wear volume
decreases with the aging temperature increases up to 410 °C, beyond which the wear volume commences to
arise. The sample T2 (410 °C) has a highest fretting wear resistance. In contrast, in gross slip regime (GSR),
although the correlation of fretting wear volume and aging temperature shows a similar trend with that in PSR
and MFR, the sample T3 (460 °C) has a highest fretting wear resistance in GSR. It suggests that the precipitates
have significant effect on fretting wear resistance, and their effects are fretting running regime dependent.
Subsurface observations demonstrate that fine-size CRPs could promote the formation of the compacted and
oxide-contained plastic deformation layer, which can improve the fretting wear resistance. The results can
provide a good guideline to optimize the target microstructure for a specific working condition or tune the
working condition parameter to allow a best fretting wear resistance.

1. Introduction

Precipitation-hardening (PH) stainless steels combining the good
balance of strength and ductility, good corrosion resistance and form-
ability as well as manufacture facilitation, have been widely used for
tight fit assemblies in industrial applications [1,2], such as aerospace [3,
4], navigation engineering [5,6], nuclear power plants [7,8]. The
promising mechanical properties are due to the composite nature of the
hard constituent (martensitic substrate) and a little soft phase (ferrite)
along with the precipitation strengthening effect. So far, a lot of work
has been done to study the tensile properties and other mechanical
properties of PH stainless steels as functions of many variables, such as

aging temperature [9,10], retained austenite [11,12], precipitates [9,13,
14]. However, as the key components of tight fit assemblies, the PH
stainless steels are often suffered from the fretting damage, which al-
ways happens as contacting steels are experienced oscillatory movement
of small amplitude. This can lead to the premature catastrophic failures
of materials, i.e., the removal of surface materials and/or the develop-
ment of cracks [15-17]. It has increasingly become a significant problem
for tight fit assemblies, which can reduce the running safety and
life-time [18-23]. There have been many studies on the fretting damage
of PH stainless steels, but mostly limit to the fretting fatigue damage
aiming to understand the behavior of fatigue crack so as to allow a best
fatigue performance [24,25]. For instance, Peng et al. [3]studied the
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fretting fatigue behavior of 15-5 PH stainless steel with different
bending fatigue loads, which showed that the concentration of residual
stress is prone to be formed in the mixed fretting regime, consequently
promoting the initiation and propagation of cracks and hence aggra-
vating the damage in mixed fretting regime. Pape et al. [26,27] com-
mented that the PH 13-8 Mo stainless steels experienced significant
reductions in fatigue strength due to fretting, and also pointed out that
the susceptibility to fretting fatigue is quite high in mixed fretting
regime. Moreover, Liu et al. [28]reported the fretting fatigue of the 17-4
PH stainless steel with gradient structure, which demonstrated that
nano-grain growth and dislocation density reduction can enhance crack
initiation resistance. In general, fretting fatigue is a failure damage
mode, which is often caused by an external cyclic load acting on surfaces
upon fretting contact [29]. It always leads to the initiation and propa-
gation of cracks, consequently resulting in a reduction of fatigue life. In
contrast, fretting wear is primarily a surface degradation process caused
by small-amplitude oscillatory slip between two contacting surfaces,
which often leads to the removal of materials from the surfaces due to
small and repetitive movements. It primarily causes the formation of
wear debris and surface damage, such as ploughing, delamination, and
cracks. Hence, the dominate damage mechanism could be completely
different between fretting wear and fretting fatigue. Nevertheless, the
fretting wear of PH stainless steel corresponding to the material removal
behavior has been studied less. The study on fretting wear will provide a
new insight into reveal the surface damage of 17-4 PH stainless steels in
a real-life service situation. In addition, although the surface modifica-
tion has also been considered as an effective method to enhance the
surface wear resistance of PH stainless steels, such as plasma nitro-
carburizing [30], plasma nitriding [31-35], shot peening [36-38], and
ultrasonic surface rolling [28], they mainly concentrate on the sliding
wear and/or corrosion. In contrast, systematic investigations into the
effect of the microstructural features on the fretting wear for PH stain-
less steels are still lacking. The response of different precipitates in 17-4
PH steels on fretting wear under different fretting run regimes is still not
yet clear.

Moreover, for PH stainless steels the precipitation strengthening by
aging treatments is the critical parameter to enhance the mechanical
properties [9,39,40]. During the aging process [13,41-43],the Cu-rich
precipitates (CRPs) and the other precipitations were formed depend-
ing on the aging temperature, which are capable of blocking the dislo-
cation effectively by shearing mechanism and/or Orowan bypass
mechanism, as a result significantly improving the strength of a mate-
rial. In particular to the CRPs, it can play a much important role in
determining the mechanical properties for PH stainless steels compared
to the other precipitates [41,44]. As studied in Refs. [45-51], with
increasing the aging temperature and/or the time, the nano-CRPs has a
series of microstructural evolutions from BCC—9 R—FCC(e-Cu), while
the CRPs become coarse and can be transformed from sphericity to
cylindricity along dislocations or grain boundaries after long-term aging
treatment. As a result, it can reduce the strengthening effect and hence
lower the material strength depending on the aging temperature and
time [13,52]. These studies clearly demonstrate that the precipitations
have significant influence on the mechanical properties, which certainly
affect the fretting wear. However, the response of precipitation in PH
stainless steels on fretting wear under different fretting regimes has been
not studied yet.

In the present work, a 17-4 PH steel was selected for this study,
which is due to the fact that the 17-4 PH steel represents one of very
successful engineering PH steel family, and has been widely used as tight
fit assemblies, such as rivets, bolts, and dovetail joint, in the aerospace,
navigation engineering and nuclear power plants. Series of aging heat
treatments with different aging temperature for a 17-4 PH stainless steel
were conducted to obtain different microstructural features with variant
precipitates. The fretting wear behavior of resulting microstructures
with different well-characterized precipitates was evaluated by using
fretting wear test rig designed under different fretting running regimes.
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The morphology of the resulting worn scars and the development of
plastic deformation layer due to fretting wear were observed to reveal
the fretting wear resistance and failure mechanisms. The effect of pre-
cipitates on the fretting wear resistance was discussed. The study will
provide a guideline to optimize a proper microstructure of 17-4 PH
stainless steels for a given application or tune the application conditions
to allow a best fretting wear performance of a given 17-4 PH stainless
steels.

2. Experiments
2.1. Aging heat treatment conditions

The as-received 17-4 PH stainless steel was chosen for this study. Its
chemical composition was determined by a spark emission spectrometer
(QSN750, OBLF), as seen in Table 1. The resulting microstructure was
given in Fig. 1, which is consisted of martensite substrate and 5-Fe phase.
The steel plates were cut from the as-received steel bar with the size of
100mm x 50mm x 3 mm, and was then solid solution treated at 1040 °C
for 1 h followed by water quenching with the use of a muffle furnace
(SG-XQL-1400, SIOM) with an argon atmosphere protection. The heat-
ing rate was 20 °C/min. The accuracy of temperature control on the
sample is measured to be within +5 °C. After solid solution treatment,
the subsequent aging treatments were performed at 360 °C, 410 °C,
460 °C,510 °C, 620 °C for 4 h followed by oil cooling, respectively. Here
it should be mentioned that the selection of oil cooling is intended to
decrease the content of retained (reversed) austenite and meanwhile
lower the residual stress in the final microstructure state.

It is known that there could be reversed austenite formed during
aging process via austenite reverse transformation [53-55]. As stated in
Refs. [56-58], the amount of reversed austenite decreases with
increasing the cooling rate at the same aging temperature, which is due
to the fact that a higher thermal stress and higher concentration of va-
cancies from higher cooling rate make the reversed austenite more un-
stable. As a result, the unstable reversed austenite can be re-transformed
to new martensite during the cooling process at higher cooling rate,
consequently decreasing the content of the retained (reversed)
austenite. The schematic drawing of heat treatment routes was shown in
Fig. 2, and the heat treatment parameters are summarized in Table 2.

2.2. Hardness measurements and tensile tests

The micro-hardness of samples was determined by a Vickers indenter
(HVS-1000Z, JOHOYD) under a normal load of 2 N, and ten measure-
ments were done to report an average. The tensile tests for each aging
treatment sample were executed three times with the tensile tester
produced by LISHI (Shanghai) Instrument (LF5504). Each test specimen
is flat shape with a gauge length of 25 mm following the ASTM-E8
standard. The strain rate is 10~3/s.

2.3. Fretting wear experiments

In the present study, a high precision fretting wear test rig as re-
ported in Ref. [59] was utilized to conduct the fretting wear test at room
temperature with a relative humidity ranging from 50 % to 60 %. A
ball-on-plate contact configuration was chosen, and a GCr15 ball with a
diameter of 10 mm was employed as the counter body. The sample
placed on the table was derived by a piezoelectric ceramic actuator,
aiming to realize the tangential reciprocation with a range from 0 to 180

Table 1
The chemical composition (wt.%) of the 17-4 PH stainless steel.

Elements composition (in wt.%)

Cr
15.62

Cu
3.30

Ni
3.82

Nb
0.30

Si
0.37

Mn
0.35

C
0.03

Fe
Bal.

Elements
17-4 PH
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Fig. 1. SEM image of the microstructure of the as-received 17-4 PH stain-
less steel.
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Fig. 2. Schematic illustration of heat treatment routes.
Table 2

Heat treatment conditions.

Heat treatment cycles

Solid solution Aging temperature & time

T1:1040°C, 1 h 360 °C,4h
T2:1040°C, 1 h 410°C, 4h
T3:1040°C,1h 460 °C, 4 h
T4:1040°C, 1 h 510°C,4h
T5:1040°C, 1 h 620°C,4h

pm. Meanwhile, a capacitive displacement sensor of high precision was
used to measure the displacement and give the real-time feedback to
actuator, so as to control the displacement. The normal load applied on
the sample was imposed by a compressed spring, which was measured
by a stress sensor. Moreover, a piezoelectric force sensor was placed
between the sample table and the base to acquire the friction force
during all fretting wear process. Prior to fretting wear test, all samples
(15mm x 10mm x 3 mm) were mechanically polished following a
standard metallographic preparation with a final surface roughness Ra
of about 0.1 pm. During the fretting wear test, the instantaneous
displacement (D) and friction force (F;) were monitored and recorded
per cycle, presenting a live plot of the fretting loop F;-D. The instanta-
neous displacement (D) is referring to the movement of fretting running
at a particular instant in time. Each test was repeated 3 times to ascertain
the reproducibility of the results reported. The fretting frequency is 5 Hz,
and the displacement amplitude is 1 pm, 5 pm, 10 pm, 20 pm, 60 pm,
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respectively. The cyclic numbers is 3 x 10* The detailed test parameters
of fretting wear test are list in Table 3.

2.4. Metallography and worn scar observations

Each tested sample for metallurgical characterization was polished
following standard metallographic preparation, i.e., the sample was
firstly mechanically grounded with SiC abrasive papers of 180#, 400+#,
800#, 1500# and 2000#, and afterward was polishing by the diamond
suspensions with diameter 2.5 pm, and finally was etched with an
etching solution composed of 5 g FeCls, 15 ml HCI and 75 ml distilled
water. A scanning electron microscope (SEM, Sigma 300, ZEISS) at a
voltage of 3 kV and transmission electron microscope (TEM, Tecnai G2
F20, FEI) were used for the microstructural examinations. The elemental
analysis of the precipitates were conducted by the TEM-energy disper-
sive spectrometer (EDS, XFlash, Bruker). The specimen for TEM analysis
was firstly grounded by 2000+# SiC abrasive paper to a thin sheet with a
thickness of 80 pm, and then was punched into a small disc with a
diameter of 3 mm. Afterward, the disc was twin-jet electropolished at
—25 °C using an electrolyte consisting of 90 % ethanol and 10 %
perchloric acid (Struers TenuPol-5) to perforation for TEM observations.
The X-ray diffraction (XRD, Ultima IV, Rigaku) with Cu Ka radiation
source at a voltage 40 kV and a current of 40 mA was used to determine
the microstructural phase of all heat-treated samples. The 20 was ranged
over 10-120° with a step of 0.02° and a counting time of 1s/step. The
wear loss and the profile of worn scars were examined by a 3D-white-
light interferometer (GTK-16-0295, Bruker). The tribo-oxidation on
subsurface was probed by the SEM-EDS (Xplore 30, Oxford). The
acquisition time for each EDS line scan was kept consistent at approxi-
mately 10 min. After each fretting wear test, the surface morphologies of
the worn scars and the resulting cross section were observed by SEM at 5
kv.

3. Results
3.1. Observations of microstructures and aging precipitation

The microstructures produced by different heat treatments (as shown
in Table 2) are presented in Fig. 3. As can be seen, samples T1 to T5
subjected to aging treatment following solid solution mainly possess a
microstructure consisting of §-ferrite and lath martensite as indicated in
Fig. 3. After solid solution, the martensite formed is oversaturated, and
the formation of &-ferrite was due to the high content of ferrite forming
alloy elements such as Cr element, as stated in Ref. [60]. Upon the
subsequent aging treatment, as reported in Refs. [61-63], the reduction
of residual stress and dislocation in the oversaturated martensite took
place, which is attributed to the fact that the high temperature can offer
high driving force for atomic diffusion and dislocation motion. It can
prompt the atoms to transit from the non-equilibrium state to equilib-
rium state, and then decrease the degree of lattice distortion, conse-
quently reducing the residual stress. Meanwhile, the martensitic lath
becomes coarse with the increase of aging temperature as stated in
Ref. [64], along with the precipitation formation. In addition, Fig. 4
presents the XRD results of all aged samples. With the exception of the
T5 (620 °C) sample, no visible peak of y phase can be found for all other
samples. For the microstructure of T5 sample, there is a very week peak

Table 3
The parameters of fretting test.

Test parameters

Normal load 60 N

Displacement amplitude 1 pm, 5 pm, 10 pm, 20 pm, 60 pm
Frequency 5 Hz

Cyclic numbers 3 x 10*

Relatively humidity 50 %-60 %
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Fig. 4. XRD spectrums of all aged 17-4 PH stainless steels.

of y (FCC) phase, which is nearly comparable to the background noise. It
can be therefore inferred that there is reverted austenite formed during
the aging process at the highest aging temperature of 620 °C, but the
amount of reverted austenite is tiny. The XRD result is further consistent
with the intention of selecting the oil cooling to decrease the content of
retained (reversed) austenite in final microstructure. Of importance is
the formation of the precipitates during aging process (as seen in Fig. 3),
which can play an important role in determining the mechanical prop-
erties [50,51,65,66], including the fretting wear resistance. Hence, the
TEM was utilized to further identify the precipitates and probe their
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SEM images of 17-4 PH stainless steel with different aging temperature: (a)360 °C; (b); 410 °C (c); 460 °C; (d)510 °C; (e) 620 °C.

structures. Fig. 5 gives the resulting TEM images of samples (T1-T5
samples) subjected to different aging temperature. As can be seen in
Fig. 5(a), the T1 sample (360 °C) presents a typical lath martensitic
microstructure with a high density of dislocation, accompanied by
evident nano-precipitates (as seen in Fig. 5(b)). With increasing the
aging temperature up to 410 °C, 460 °C, 510 °C, 620 °C, it seems that the
width of martensitic laths gets larger as seen in Fig. 5(c-e), especially at
the higher aging temperature where the lath boundary becomes unclear
as shown in Fig. 5(g—j). Meanwhile, the dislocation density reduced due
to the dislocation recovery upon aging, as seen in Fig. 5(c, e, g, j), which
is consistent with the statement above. Moreover, the nano-precipitates
can be clearly observed in bright field TEM images, as indicated by the
yellow arrows in Fig. 5(d, f, h). Combined with the selected area electron
diffraction (SAED) patterns (seen in Fig. 5(i)), as the aging temperature
is below and at 510 °C, the precipitates were identified as NbC. When the
aging temperature increases to 620 °C, on the basis of the TEM-EDS
results (Fig. 5(m) and (n)) and SAED patterns (Fig. 5(o) and (p)), not
only the spherical NbC precipitates but also the short rod-like e-Cu (i.e.,
CRPs) as well as G phase precipitates can be found, as marked by yellow
and red arrow in Fig. 5(k and 1), respectively. In addition, the pre-
cipitates coarsening took place with the increase of aging temperature. It
should be pointed out the copper-rich precipitates (CRPs) have different
variants and can evolve from BCC—9 R—FCC(e-Cu) with the aging
temperature increase [13,45,46,48,49]. It implies that at the highest
aging temperature of 620 °C, the CRPs have approached the final state
corresponding to the e-Cu precipitates. Accordingly, it can be deduced
that there could be other CRPs variants formed below 620 °C, despite the
fact that no CRPs was found in the current microstructural investigation
due to the characterization limitation for the finer size CRPs. Hence, a
high-resolution TEM will be utilized to further probe the CRPs next.
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Fig. 5. Bright field TEM images and SAED patterns of the samples for different aging temperature: (a, b) 360 °C; (c, d) 410 °C; (e, f) 460 °C; (g, h, 1) 510 °C; (j, k, I, m,
n) 620 °C, and the EDS results of the sample 620 °C: (o) Cu element, (p) Nb element. Note: Fig. 5(i) is the SAED pattern referring to the position i as marked in Fig. 5
(h); Fig. 5(1) is the high angle annular dark filed (HAADF) image of the blue rectangle area as marked in Fig. 5(k); Fig. 5(m, n) are the SAED patterns of the red and
yellow circular area as marked in (k), respectively; Fig. 5(o, p) are the EDS results referring to Fig. 5(1).

3.2. Copper-rich precipitates (CRPs)

In order to further reveal the CRPs variants below 620 °C, a high-
resolution TEM images acquired with beam reflection [111] 4, fast
Fourier transform (FFT) patterns and inverse fast Fourier transform
(IFFT) images are gives in Figs. (6-7), respectively. It should be
mentioned that there is indeed no evident CRPs found at 360 °C and
410 °C, hence no resulting HAADF and high-resolution transmission
microscopy (HRTEM) images were given here. While with the increase
of aging temperature up to 460 °C, lots of CRPs can be clearly observed
in Fig. 6(a, b). Based on the HRTEM images and FFT patterns as seen in
Fig. 6(d—f), the CRPs are dominant BCC and 9 R phase. As reported in
Ref. [67], if the size of CRPs is smaller than 6 nm (i.e., the critical
transformation size of BCC structure transformed to 9 R structure), CRPs
are generally considered to be BCC structure. According to the results in
Fig. 6(a, b) where the size of CRPs is roughly smaller than 6 nm, it
suggests that the CRPs are dominant BCC phase along with some 9 R
phase. The EDS mapping of Nb element in Fig. 6(b) refers to the distri-
bution of Nb dissolved in the matrix. Moreover, the FFT pattern dis-
played in Fig. 6(d) illustrates that the orientation relationship between
the 9 R-CRPs and martensite matrix obeyed the rule that

[110]or-crps//[111] pecams (114)or-crps//( 011)pccm, as stated in Refs.
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[13,50,51,68]. In addition, for the Cu-rich precipitate of 9 R structure, it
further demonstrates that the atom arrangement along [001]og is ABC|
BCA|CAB, showing a monoclinic system, as presented in the IFFT image
of Fig. 6(e).

As the aging temperature increases to 510 °C, it is clear that lots of
CRPs can also be found, while the Cu-rich precipitates became coarser
and reached over 10 nm, as seen in Fig. 7(a). Due to the higher aging
temperature, therefore, the CRPs were evolved to dominant 9 R struc-
ture, as shown in Fig. 7(d-f). Moreover, it should be mentioned that the
black spots in Fig. 7(a) were also corresponding to the Cu-rich pre-
cipitates, which is the result of CRPs falling off during the preparation of
TEM samples as pointed out in Ref. [41]. In addition, Fig. 7(e) also
demonstrates that the 9 R structure is still a monoclinic system, which is
same as shown in Fig. 6(e) (460 °C).

3.3. Hardness and tensile test results

Fig. 8 shows the micro-hardness (Hv), yield strength (YS), the ulti-
mate tensile strength (UTS) and the total elongation (TE) as a function of
the aging temperature for all conditions. It can be seen that, the trend of
increasing Hv, YS and UTS with increasing aging temperature continues
up to a critical aging temperature beyond which the Hv, YS and UTS
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e) FFT pattern and IFFT image referring to the position d; (f) FFT pattern referring to the position f.

starts to decrease again. While the TE shows an opposite trend. The
sample T3 (460 °C) possesses the maximum YS and UTS, but the
maximum Hv for the sample T2 (410 °C). The increases in Hv, YS and
UTS are the main result of precipitation strengthening due to the for-
mation of precipitates (CRPs, NbC) upon aging. While the decrease in
Hv, YS and UTS could be related to the fact that the further increase in
aging temperature leads to the reduction of dislocation, precipitates
coarsening, as well as martensitic lath widening, consequently resulting
in strength decrement.
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3.4. The determination of fretting run regimes

The fretting hysteresis loops consisted of the varied friction force (Fp
versus the instantaneous displacement (D) as a function of cyclic number
(F¢-D-N curves) under the applied normal load of 60 N for all samples are
given in Fig. 9. According to the variation of the F-D-N curves, three
different fretting running regimes [69], i.e. partial slip regime (PSR),
mixed fretting regime (MFR) and gross slip regime (GSR), can be
observed. In general, fretting running regimes are used to describe the
degree of relative slip at contact interface between two surfaces
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and load conditions [69-72]. Each regime has different wear responses
with respect to fretting wear resistance and wear mechanisms. At a small
displacement amplitude less than 5 pm, the F-D curve of each sample
presents a shape of a nearly line as shown in Fig. 9(a, d, g, j, m). It in-
dicates that the fretting wear process had run in the PSR under these
conditions. With increasing to a higher displacement (D > 60 pm), as
seen in Fig. 9(c, f, i, 1, 0), the F-D curves are all open and show
quasi-rectangular shape for all test cycles, which indicate that a gross
slip took place during the whole fretting wear process, referring to GSR.
For an intermediate displacement amplitude such as 20 pm, the F-D
curves are composed of quasi-rectangular loop at the run-in stage and
elliptical loops at the steady stage, as seen in Fig. 9(b, e, h, k, n). As
reported in Zhou's work [69], at the run-in stage, given the fact that
there are some oxidation films, pollution and adsorbates on the original
surface of sample, it can promote the relative slip, consequently pre-
senting a rectangular shape as displayed at the low cyclic numbers.
Subsequently, with the removal of the oxidation films, pollution and
adsorbates due to the fretting wear, the fresh surface of a material will
directly contact with the counter-body, which can increase the adhesive
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Fig. 9. The F-D-N curve evolutions of the 17-4 PH stainless steel under different aging temperature.
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effect of contact interface. Given the relatively small displacement in
MEFR, therefore, the accommodated was mainly realized by elastoplastic
deformation with a stick-slip motion, as a result showing elliptical loops.
Moreover, in order to be further sure of the accuracy on the fretting
regimes distinguishment by the F-D curve, the energy ratio A as pro-
posed by Fouvry et al. [73] was utilized to confirm the fretting regime,
which is defined as the ratio between the dissipated energy E4 for each
F-D loop and the total energy E,. Fig. 10 gives the calculated energy ratio
A plotted as a function of cyclic number. It was stated by Fouvry et al.
[73,74] that the energy ratio A of 0.2 could be regarded as the distin-
guished boundary between the partial slip state and the gross slip state.
As can be seen, in the case of 5 pm displacement amplitude, the result of
the ratio A for each cycle is located below 0.2, which illustrates that the
fretting wear was running in PSR. While for the case of 60 pm, the value
of energy ratio A for each cycle is above 0.2, which suggest that the
fretting wear run in GSR. In contrast, in the case of 20 pm, the value of
energy ration A fluctuated around the baseline of 0.2 at the stable stage,
which refers to the MFR. It can be concluded that the criteria to
distinguish the fretting wear region by energy ratio A and the shape of
F-D curve more or less reach an agreement.

Moreover, Fig. 11 gives the stabilized coefficient of friction (CoF) of
the samples with different aging temperature as a function of displace
amplitude under the normal load of 60 N. It should be pointed out that
the CoF is the defined as the ratio of F;* and normal load F,,, where the
F;* is the average value of F; g, and absolute value of (-Fymax) for each
cycle. It is clear that the stabilized friction coefficient rapidly increases
with the increase of displacement amplitude up to 20 pm (i.e., in PSR
and MFR), but show relatively slow increase in GSR (from 20 pm to 60
pm). In general, it seems that the aging temperature has little influence
on the CoF.

3.5. Fretting wear results

Fig. 12 gives the fretting wear volumes of the samples subjected to
varied aging temperature under different displacement amplitude. As
can be seen, fretting wear resistance of PH stainless steels is strongly
dependent on the aging temperature and the specific fretting run regime.
In the case of PSR, due to the very small displacement amplitude, the
wear damage is very mild and hence the wear volume is marginal.
Among all samples, the sample T2 (410 °C) has a lowest fretting wear
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Fig. 11. The change of coefficient of friction with different displacement am-
plitudes for the 17-4 PH stainless steel at different aging temperature.

volume. In the MFR, the wear volume decreases with the aging tem-
perature increases up to 410 °C, beyond which the wear volume com-
mences to arise. The sample T2 (410 °C) still has a lowest wear volume,
which may be related to its high hardness and UTS. The high strength
can well resist the penetration of abrasives/indenter in PSR and MFR
where the elastoplastic deformation is dominant. As the fretting wear
run in GSR, the trend of wear volume with aging temperature is similar
to that for MFR. However, the significant difference is that the lowest
wear volume is the sample T3 (460 °C) in GSR, which could be due to its
good balance of strength and ductility (seen in Fig. 8). While the largest
wear volume is the sample T5 (620 °C). In GSR, the relative displace-
ment is mainly accommodated by plastic deformation. The good com-
bination of strength and ductility can impart a good capability to resist
the penetration of abrasives/indenter and resist the initiation and
propagation of cracks ductility due to plastic deformation accumulation.
Therefore, the sample T3 (460 °C) has a best fretting wear resistance in
GSR.
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Fig. 12. The fretting wear volume of the 17-4 PH stainless steel with different
aging temperature under different fretting running regimes.

3.6. The morphologies of worn scars and failure mechanisms

Fig. 13 presents the morphologies and the resulting profiles of worn
scars in PSR or all samples under the normal load of 60 N. In PSR, the
relative displacement imposed in PSR is accommodated by elastic
deformation. According to Mindlin's theory [75], at the center of worn
scar a maximum Hertzian contact pressure was formed, which can cause
the stick state at the center region of the contact. Outwards from the
center of worn scar, the Hertzian contact pressure gradually decreases,
consequently resulting in a wear annulus around the outside edge of the
contact zone. Therefore, a typical worn scar morphology of annularity
was observed for all samples, as shown in Fig. 13(a, d, g, j, m). In order to
further observe the wear damage, local magnified images of worn scars
center were given in Fig. 13(b, e, h, k, n). It can be seen that the sample
T2 (410 °C) and sample T3 (460 °C) both show no visible wear damage
at the center of worn scars, especially for the sample T2 (410 °C). While
for the rest sample, there are visible wear damage, such as debris,
ploughing, and delamination, as shown in Fig. 13(b, k, n). In addition,
the resulting profiles of worn scars well reflect the wear damage state of
worn scars, as seen in Fig. 13(c, f, i, 1, o). In general, the wear damage in
SEM images was consisted with the results of wear volume in Fig. 12.

As the displace amplitude increases to 20 pm, the fretting wear run in
MFR. The morphologies and the resulting profiles of worn scars for all
samples were given in Fig. 14. Compared to the PSR, the worn scars of
MFR show evident damage, and the sticking state remains at the center
of contact interface. Among all samples, the center worn scar of sample
T2 (410 °C) is relatively smooth with a small amount of delamination
and craters. It can also be seen from Fig. 14(h) where the profile of worn
scar is relatively flat with the lowest depth. With the increase in aging
temperature, the delamination and craters become more serious. While
for the sample T1 (360 °C), due to its lowest hardness, it also has severe
delamination and craters along with ploughing. Moreover, on the edge
of worn scars, all sample display evident cracks and delamination, which
mostly created on the boundary of sticking region and edge region. As
can be seen from the profiles of worn scars in Fig. 14(d, 1, p, u), they
show evident ‘wave peak’ referring to the chip and/or debris and ‘wave
trough’ referring to the delamination and/or cracks.

In the case of GSR (D = 60 pm), the fretting wear damage of all
samples becomes severe. As can be seen in Fig. 15, all worn scars mainly
present serious delamination and craters as well as cracks. For the
sample T1, due to its low hardness, the worn scar shows evident
ploughing and cater as well as delamination, resulting in relatively high
wear volume (seen in Fig. 12) and the large depth of worn scar (seen in
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Fig. 15(c)). Especially at the center region of worn scar, the profile of
worn scar presents a deep and narrow ‘wave trough’, which can also be
found for sample T2 (410 °C) and sample T4 (510 °C). It means that
there is serious material damage at the center region, while the wear
damage outwards from the center region is relatively mild. It could be
due to the possibility that the higher contact stress at the center region
makes the material surface more susceptible to serous plastic deforma-
tion and then brittle delamination and crack formation. In contrast, for
the sample T5 (620 °C), due to the largest ductility and the lowest
hardness, the microstructure is easy to be deformed and removed, hence
showing a worn scar of a regular ball-shaped profile.

4. Discussions

4.1. Dependence of fretting wear resistance on aging precipitation and
fretting run regimes

For precipitation-hardened steels, in industry aging heat treatment is
often used to modify the microstructures so as to create promising
combinations of strength and ductility [76-78]. As aging proceeds, there
are three main differences in microstructures which alter the mechanical
properties including the fretting wear resistance of 17-4 PH stainless
steel [47,79]: 1) the reduction of residual stress and dislocation, 2) lath
martensite coarsening, 3) the formation of precipitates. The multiple
mechanisms could lead to non-monotonous correlation of strength/-
ductility and aging temperate [80]. Of importance is the precipitation
formation which plays a significant role in determining the material
strength depending on the aging temperature. At the aging temperature
of 360 °C, a very fine dispersion of NbC precipitation was formed, as
shown in Fig. 5(b). With increasing the aging temperature up to 410 °C
and 460 °C, the amount of the NbC precipitation gradually arise, and
new nano-CRPs (BCC) commenced to be formed at 460 °C (as seen in
Fig. 6), consequently contributing to the increase of UTS and YS and
reach the maximum at the 460 °C (as shown in Fig. 8). While for the
hardness, the T3 (460 °C) specimen with new nano-CRPs (BCC) does not
perform a highest hardness, which is lower than that for the T2 specimen
(410 °C) without evident CRPs. This could be attributed the possibility
that there are nano-scale Cu-rich clusters formed in microstructure
under such relatively low aging temperature, yet it is failed to be probed
with the TEM due to the quite small size. It can be supported from the
work reported by Wang et al. [13,81]. It is pointed out that a significant
number of Cu-rich clusters were formed in the 17-4 PH stainless steel
after aging at 450 °C for 1 h [13] and at 420 °C for 4 h [81]. It is worth
noting that the Cu-rich clusters (as a precursor for precipitation) are
quite small and coherent aggregations of solute atoms, but not forming
yet their own crystal structure [82]. They are different from the CRPs
having their own crystal structure. Hence, it leads to a quite high
hardness but low ductility for T2 specimen. However, with the aging
temperature further increases up to 510 °C and 620 °C, as seen in Fig. 5
(h, k) and Fig. 7, the NbC and CRPs precipitates as well as the lath
martensite become coarser, which will weaken the strengthening effect
and hence lead to the decrease of the UTS and YS (seen in Fig. 8).
Meanwhile, it is worth noting that the dominant phase of CRPs was
evolved from BCC to 9 R and FCC(e-Cu). Combining the result of Fig. 5, it
seems that the BCC-CRPs has a better performance in improve the
strength than the 9 R and FCC(e-Cu) CRPs. Moreover, it is clear that after
the CRPs formation, the ductility has a significant improvement, which
may deduce that the CRPs formation is helpful to not only enhance the
strength (depending on the aging temperature) but also improve the
ductility. These microstructural changes certainly have their impact on
the fretting wear behavior.

In PSR and MFR, the imposed displacement was mainly accommo-
dated by elastic deformation and mainly regulated by elastic-plastic
deformation, respectively [72]. Given that a higher hardness can well
resist the elastic/plastic deformation (stress bearing capability) and
even penetration of abrasives/indenter [83], a higher hardness of
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Fig. 13. SEM micrographs and the resulting 2D profile of the worn scars for the samples with different aging temperature in PSR (D =5 pm): (a, b, ¢) 360 °C; (d, e, f)
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microstructures can impart a better fretting wear resistance in PSR and
MEFR. It can well interpret that the sample T2 (410 °C) with a highest
hardness due to strengthening effect of the fine NbC precipitates has a
lowest wear volume, as shown in Fig. 8. In contrast, as the fretting ran in
GSR, the samples show completely different wear resistance rank (as
seen in Fig. 12), i.e., the lowest wear volume is the sample T3 (460 °C).
In GSR, the contact surface material was suffered from the severe plastic
deformation, accompanied by evident ploughing and delam-
ination/cracks (as seen in Fig. 15). Hence, not only the strength
(resisting penetration of indenter) but also the ductility (resisting crack
initiation and propagation) is important for a material against the fret-
ting wear in GSR. Upon aging treatment in the temperature of 460 °C,
the combination of a fine dispersion of NbC and dominant BCC-CRPs
with a hard matrix imparts a good balance of strength and ductility
(as seen in Fig. 8), consequently resulting in a highest fretting wear
resistance of sample T3 (460 °C). Moreover, compared with the T2
sample without CRPs, the sample T3 and T4 with CRPs have lower wear
volume (seen in Fig. 12). It can be concluded that the formation of fine
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CRPs plays a positive role in improving the fretting wear resistance. In
particular the sample T3 with dominant BCC-CRPs, it has a better per-
formance against fretting wear than the sample T4 (510 °C) with
dominant 9 R-CRPs, i.e., showing a best fretting wear resistance among
all samples. It may suggest that the BCC-CRPs has a better enhancement
effect on fretting wear resistance than the 9 R-CRPs. As the aging tem-
perature further increased up to the 620 °C, the precipitates became
coarse and evolved to FCC (e-Cu). Combining the result of Fig. 12 where
the sample T5 (620 °C) has a largest wear volume, it indicates that
coarse e-Cu precipitates deteriorate the fretting wear resistance. As a
result, the wear volume gradually increased and reach the maximum at
the temperature of 620 °C. The results as discussed above clearly point
out that the formation of precipitates resulting from the aging treatment
plays a vital role in determining the fretting wear behavior and associ-
ated damage mechanisms, which is dependent on the fretting run
regimes.
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4.2. The development of plastic deformation layer

During continuous wear process, the surface material will be
deformed plastically upon the external force and then create a plastic
deformation layer, which is the actual component against the fretting
wear during wear process, consequently controlling the wear perfor-
mance for a metallic material. To clarify the correlation between the
development of plastic deformation layer and fretting wear resistance,
the worn scars of different fretting run regimes were cut perpendicular
to the wear direction, and the resulting subsurface were investigated by
SEM. Figs. 16-18 give the resulting images of plastic deformation layer.
It should be noted that in order to be better reveal the subsurface
microstructural response with regard to the highest and lowest wear
resistance, the samples of 360 °C, 410 °C (460 °C for GSR), 620 °C of
each fretting run regime were selected to be further observed, respec-
tively. It is clear that the microstructure beneath the surface was
modified and produce plastic deformation expanded to different thick-
ness depending on the fretting run regimes.

In the PSR, given nearly no relative slip between the contact interface
(seen in Fig. 13), there is no visible plastic deformation layer produced
on the top of subsurface for all samples as seen in Fig. 16, hence showing
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a very little wear volume. However, with the further increase of
displacement amplitude entering to the MFR (D = 20 pm), there is an
evident plastic deformation layer on the top of subsurface, as seen in
Fig. 17. In addition, the EDS results of O element along the depth di-
rection is also given so as to correlate with the tribo-oxidation. As can be
seen, the sample T2 (410 °C) has an equivalent thickness of plastic
deformation layer to that for the sample T1 (360 °C). Nonetheless, the
subsurface for the sample T1 (360 °C) has lots of ‘pits’, which can pro-
mote the crack nucleation and propagation upon plastic deformation. In
contrast, the sample T2 (410 °C) shows a more compacted plastic
deformation layer without evident ‘pits’, but involve an evident oxide
layer on the top subsurface (seen in Fig. 17(d)), hence leading to a better
wear resistance. While for the sample T5 (620 °C), due to its lowest
tensile strength but largest ductility (seen in Fig. 8), it is susceptible to be
deformed plastically and hence created a thickest plastic deformation
layer, as observed in Fig. 17(e). As the plastic deformation reached the
limitation, the microstructure became brittle and then the cracks were
formed, consequently resulting in material removal/damage and hence
showing a highest wear volume. That is consisted with the observation
in Fig. 14(s, t) in which evident cracks and delamination can be inves-
tigated. In addition, the EDS result as shown in Fig. 17(f) demonstrate
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that on the top subsurface there is no evident tribological oxidation
layer.

Fig. 18 gives the SEM micrographs of subsurface for the samples of
360 °C, 460 °C and 620 °C in GSR(D = 60 pm). In comparison to MFR,
the plastic deformation layer became broader due to severe plastic
deformation in GSR. Among the three samples, the sample T3 (460 °C)
has a thickest plastic deformation layer, compared to the sample T1 and
sample T5. For the sample T3 (460 °C), it is clear that a thick mechanical
mixture layer (MML) was generated on the top of the subsurface, which
could be the result of wear debris agglomeration and plastic deforma-
tion, hence also explaining the pits formation as indicated in Fig. 18(c)
[84]. In addition, the corresponding EDS result demonstrates that there
are evident tribo-oxides formed in MML (seen in Fig. 18(d)). As reported
in Refs. [84,85], a continuous, thick and oxide-contained MML could
play an effective protection role against wear, consequently leading to a
high fretting wear resistance for the sample T3 (460 °C). At the steady
stage of fretting wear, in general, a dynamic equilibrium of
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plastic-deformation layer development and removal will be established.
Based on the observation of microstructural features, CRPs (BCC) stared
to be formed when the aging temperature increases up to 460 °C (T3).
Combined with the result of Fig. 8, the ductility has a significant
improvement for T3 sample at 460 °C of aging temperature, which could
be due to the CRPs formation. On the one hand, the improvement of
ductility can impart a good capability of plastic deformation, hence
being easy to production of plastic-deformation layer. On the other
hand, high ductility will cause the decrease in strength, which can
accelerate the removal of materials. In contrast, for the T3 (460 °C)
sample, it has not only highest UTS but also high ductility. Therefore, the
production of plastic-deformation layer is dominant for T3 sample,
which may suggest that the existence of the BCC-CRPs could promote
the formation of thick and oxide-contained plastic deformation layer. In
contrast, the sample T1 and sample T5 both have relatively thin plastic
deformation layer without visible MML and tribo-oxide layer. It implies
that the subsurface removal is dominant comparing to subsurface
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development, hence resulting in a much high wear volume. Moreover, subsequent fretting wear event, the deformed microstructure was
because of the largest ductility and the lowest hardness, for the sample frequently extruded with the accumulation of plastic deformation,
T5, an evident band microstructure can be found, which was teared which make it easy to generate the cracks, as indicated in Fig. 18(e). It is
along the sliding direction, as indicated in Fig. 18(e). Upon the also consisted with the observation of worn scars in Fig. 15 where the
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serious delamination and cracks can be found. In addition, no evident
tribo-oxides can be found on the top of subsurface, as seen in Fig. 18(f).
As a result, the sample T5 has a largest wear volume (seen in Fig. 12).

5. Conclusions

In the present work, the fretting wear behavior of a 17-4 PH stainless
steel subjected to different aging heat treatments and the response of
precipitate variants and plastic deformation layer on the fretting wear
resistance were studied. Results show that the precipitates due to aging
treatment have significant influence on fretting wear resistance
depending on the fretting running regime. The following conclusions
can be drawn.

(1) The microstructure is consisted of a typical martensitic lath and
some d-ferrite, along with different precipitate variants. At and
below 410 °C of aging temperature, the precipitates are mainly
NbC. Above 410 °C, not only NbC but also CRPs start to be
formed. The dominant CRPs evolve from BCC phase to 9 R phase,
and finally to FCC (e-Cu) phase with the aging temperature in-
creases from 460 °C, 510 °C, to 620 °C, respectively.

(2) The Hyv, YS and UTS firstly increase and then decrease with the
aging temperature increases, but the TE shows an opposite trend.
The CRPs formation is helpful to improve the TE.

(3) In the PSR and MFR, the fretting wear volume decreases with the
aging temperature increases up to 410 °C, beyond which the wear
volume commences to arise. The sample T2 (410 °C) has a highest
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fretting wear resistance. In GSR, the fretting wear volume shows a
similar trend with aging temperature, but the sample T3 (460 °C)
has a highest fretting wear resistance. The results can offer a
guideline to optimize the target microstructure for a specific
working condition or tune the working condition parameter to
allow a best fretting wear resistance.

The observations of plastic deformation layer demonstrate that a
compacted and oxide-contained plastic deformation layer has a
good performance to resist fretting wear. The presence of BCC-
CRPs may promote the formation of a compacted and oxide-
contained plastic deformation layer, and has a better enhance-
ment effect on fretting wear resistance.
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