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Abstract: In this study, Cr-Mo duplex-alloyed coating was prepared on carbon steel by double glow
plasma surface alloying (DGPSA). The effect of annealing and quenching and tempering (Q&T)
treatments on the microstructure and performance of the coating was investigated by X-ray diffraction
(XRD), energy dispersive spectrometry (EDS), backscattering electron imaging (BSEI) and electron
backscattering diffraction (EBSD) techniques. The results show that a gradient structured coating
composed of an Fe-Cr-Mo solid solution (Fe-Cr-Mo SS) layer and an alloyed pearlite layer was
obtained on the steel surface. The affected layer was adjacent to the coating. After annealing or
Q&T, more carbides precipitated in the Fe-Cr—-Mo SS layer and alloyed pearlite layer. Most of the
C atoms in the subsurface were dragged into the coating to form carbides in the Fe-Cr-Mo SS
and alloyed pearlite layers of the coating, transforming the affected layers into a carbon-poor zone.
Annealing and Q&T hardly modified the thickness of the coating, but greatly changed the hardness
and corrosion resistance of the coating. The Q&T treated samples had higher hardness and better
corrosion resistance than the as-DGPSA treated and the annealed samples.

Keywords: Cr-Mo coating; double glow plasma surface alloying; hardness; heat treatment

1. Introduction

AISI 5140 steel is widely used as gear and bearing material due to its excellent comprehensive
properties (good strength and toughness) [1]. However, in most cases, its hardness and corrosion
resistance cannot meet the requirements of gears [2,3]. Surface strengthening methods such as
carburizing [4,5], nitriding [6,7], and carbonitriding [8,9] are commonly used to improve the
performance of the steel surface. Additionally, traditional surface strengthening techniques can only
improve single performance, i.e., hardness. In the face of complex service environments, traditional
surface strengthening techniques have been unable to meet the requirements of gears. Therefore,
the development of new surface strengthening technology and innovative materials will become key
to the application of lightweight, high load, high-temperature and low-temperature gears.

Double glow plasma surface alloying (DGPSA) is a relatively new surface strengthening technology
used mainly to prepare various metal alloying layers [10-12]. The ions operating under abnormal
glow discharge conditions are accelerated by an electric field, producing a strong bombardment
effect on the cathode and target. This ion bombardment causes sputtering of the target, and the
sputtered alloy atoms move toward the surface of the workpiece under the action of the electric field,
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magnetic field, and gravity, resulting in the formation of coatings. Moreover, DGPSA is carried out
at high temperatures, and the atoms between the coating and matrix diffuse mutually, resulting in
metallurgical bonding between the coating and the substrate and thereby improving the adhesion of
the coating [10]. Compared with thermal spraying, magnetron sputtering, chemical vapor deposition
(CVD), and physical vapor deposition (PVD), DGPSA has the advantages of controllable thickness,
strong bonding force, and few defects such as voids and cracks [12-14].

Cr and Mo are two important strengthening elements of steels. Cr can improve the corrosion
resistance of steels due to the formation of protective passivation films on the steel surface [15-17].
In addition, Cr has a high hardness at room temperature and Cr coating can significantly improve
the surface hardness of carbon steels [16,18]. Mo also has high hardness and good wear resistance
in addition to its high melting point [19]. Ren et al. [20] have successfully prepared Cr-Mo coating
on the Ti6Al4V alloy by DGPSA, and found that Mo—Cr duplex alloying can dramatically improve
the tribological properties of the titanium alloys. Multi-element surface alloyed coatings prepared by
DGPSA have been widely reported [11,12,21], but most articles focus on the corrosion resistance and/or
tribological behavior of the coatings. There are very few reports on the detailed characterization of the
DGPSA treated coatings. In this study, a Cr—-Mo duplex-alloyed coating was prepared on AISI 5140 by
DGPSA to improve its properties. Not only was the microstructure of the Cr—-Mo coating studied but
so was the effect of different heat treatments on the microstructure and properties of the coating.

2. Materials and Methods

A commercially available AISI 5140 steel with a chemical composition (wt.%) of 0.40 C, 0.23 Si,
0.7 Mn, 0.8 Cr, 0.03 Ni and Fe in balance was selected as the raw material. The raw material was cut into
rectangular specimens with a gauge dimension of 20 X 15 x 3 mm? for DGPSA treatment (LDMC-104,
Ande Heat Treatment Technology Co., Ltd, Wuhan, China). A commercial Cr-Mo (50 wt.% Cr and
50 wt.% Mo) plate having a size of 55 X 50 X 3 mm? was selected as the source electrode for supplying
alloying elements. Prior to DGPSA treatment, the samples were mechanically polished (800 mesh SiC
paper) and then ultrasonically cleaned in absolute ethanol. The processing parameters of the DGPSA
treatment in this study are listed in Table 1. The coatings were prepared at 920 °C for 6 h and then
naturally cooled to room temperature (denoted as CrMo-6). In addition, some CrMo-6 samples were
annealed at 850 °C for 0.5 h and then cooled to room temperature in a vacuum furnace (denoted as
CrMo-6-A). Some were quenched at 850 °C and tempered at 580 °C for 1 h and then air cooled to room
temperature (marked as CrMo-6-QT).

Table 1. The processing parameters of double glow plasma surface alloying (DGPSA) treatment.

Processing Parameters Values
Spacing between source electrode and cathode (mm) 10
Voltage of the source electrode (V) 900
Voltage of the cathode (V) 800
Working pressure (nitrogen/Pa) 204
Duty ratio of the source electrode 73.9
Duty ratio of the cathode 78.3

Electron backscattering diffraction (EBSD, AZtech Max2, Oxford Instruments, London, UK),
backscattered electron imaging (BSEI), secondary electron imaging (SEI), and energy dispersive
spectrometry (EDS, AZtech Max2, Oxford Instruments, London, UK) equipped in a field emission
scanning electron microscope (FE-SEM, Zeiss Sigma HD, Zeiss, Dresden, Germany) were applied to
characterize the microstructure and elemental distribution. The X-ray diffraction (XRD) patterns of the
samples were obtained by a diffractometer (Empyrean Series 2, PANalytical, Almelo, The Netherlands)
with the Cu-Ka radiation at 40 kV. The wavelength of the applied X-ray was 1.540598 A. The XRD curves
of the samples were measured with a step size of 0.01° (20) and a counting time of 8 s. Microhardness
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was measured by a microhardness tester (HVS-1000Z, Shanghai CSOIF Co., Ltd, Shanghai, China)
with a load of 2 N and loading time of 10 s. Prior to microstructure and microhardness examinations,
the samples were polished down to a 3000-grit SiC paper and then electropolished with an electrolyte of
perchloric acid (10%) and ethanol (90%) at 30 V and —30 °C. Polarization curve testing was performed
on a Gamry instrument (Reference 3000, Warminster, PA, USA) in a 3.5% NaCl aqueous solution.
The electrochemical parameters were as follows: the dynamic potential range was —1 to 3.5 V and the
scanning speed was 2 mV/s.

3. Results and Discussion

3.1. Phase Composition of the Coating

Figure 1 shows the XRD patterns of the samples before and after different heat treatments. Phases
are identified from the XRD patterns using the International Center for Diffraction Data (ICDD)
database. After DGPSA treatment, the coatings in the CrMo-6 sample consist mainly of an «-Fe solid
solution (Fe-Cr-Mo SS) containing Cr and Mo atoms and a small amount of nitride ((Fe,Mo)3;N).
The DGPSA chamber is filled with high-purity nitrogen gas. It is easy to generate nitrogen ions under
the action of glow discharge. The nitrogen ions then react with the Mo atoms and Fe atoms from
the source target and the matrix at high temperature, thereby forming the nitride. After annealing,
the coatings consist mainly of Fe-Cr—Mo SS (see CrMo-6-A in Fig. 1), but the intensity of the peak is
significantly enhanced owing to the coarsening and preferred orientation of the coating grains during
annealing. It is known that the grain growth and formation of crystallographic texture will enhance the
XRD peak intensity [22,23]. It is well known that Cr and Mo elements act as medium carbide-forming
elements, and carbides are easily formed at high temperature [15,16]. The indexing of carbides is very
difficult because of their wide range of stoichiometry and the ICDD database is not sufficient to clearly
identify all peaks [24]. Nevertheless, after Q&T, in addition to the two phases of Cr-Mo SS and nitride,
the presence of carbide ((Fe,Mo);C or (Fe,Mo0);C) is also detected in the CrMo-6-QT sample. This is
because the Cr and Mo elements are medium carbide-forming elements and easily form carbides at
high temperatures [15,16].
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Figure 1. X-ray diffraction (XRD) profiles of different samples.

Figure 2 shows the cross-sectional views of the microstructure at various scales of the CrMo-6
sample. The gradient microstructure consisting of the coatings, affected layer, and the normal matrix is
clearly visible in the depth direction. The coating thickness is measured as about 180 um. The enlarged
view shows that the coatings are composed of a coarse columnar grain and pearlite structure. The EDS
line scanning spectrum shows that the outermost layer of the coating has high Fe, Cr, and Mo, and the
Fe/Cr/Mo atomic ratio is linear, indicating that the outermost layer is the Fe-Cr—Mo SS layer, as shown
in Figure 2f. Irregular pearlites are observed at the bottom of the columnar grains (near the affected
layer). It has been reported that strong carbide-forming elements can drag out C atoms from the
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steel substrate and form into alloyed cementite at high temperatures [16,25]. The EDS line scanning
spectrum clearly shows that these regions contain higher Cr and Mo (between the two dashed lines in
Figure 2f) than the normal steel matrix. That is, this region is alloyed pearlite composed of a ferrite
phase and cementite containing Cr and Mo, as shown in Figure 2c. However, due to the limited depth
of X-ray penetration, these alloy cementites are not detected in the XRD pattern. Owing to the diffusion
of carbon atoms into the outer layer of the coating to form an alloy cementite, the carbon content of
the subsurface of the original steel matrix is significantly reduced, forming the affected layer with
a thickness of approx. 52 ym. Compared to the normal matrix with normal pearlite morphology,
the affected layer has less cementite distribution and almost no lamellar cementite (see Figure 2d,e).

" Normal matrix

4um - 5 . 100 200 300
— Distance from the surface/pm

Figure 2. Backscattering electron imaging (BSEI) images and energy dispersive spectrometry (EDS)
patterns of the CrMo-6 sample: (a) cross-sectional view showing the coating; (b) and (d) partial enlarged
view of the corresponding part in (a); (c) and (e) are enlarged views of the white boxes in (b); (f) EDS
line scanning spectra.

3.2. Effect of Annealing on Coating Microstructure

Traditionally, annealing treatment can eliminate residual thermal stress, reduce microcracks,
increase the compactness of the coating, and harden the coating via precipitation, thereby improving
the coating performance [18,26-28]. High-temperature annealing is used here to obtain more carbides
because Cr and Mo are strong carbide forming elements.

Figure 3 shows BESI of the CrMo-6-A sample. As can be seen, after annealing, the gradient
microstructure consisting of the coating, the affected layer, and the normal matrix is still visible. In the
coating layer, more nitride and carbide particles are observed in the Fe-Cr-Mo SS region (Figure 3b),
and the lamellar alloyed pearlite changes to a granular morphology (Figure 3d). Shtansky et al. [29]
reported that M»3C¢ carbide decomposes into (Fe,Mo0)3;C+y in Fe-Mo—C steels, showing a rod-like
or lamellar structure. Comparing Figure 3c with Figure 2f, it can be seen that after annealing, on the
side of the coating, the element distribution curve is sawtoothed, indicating the formation of carbide
precipitation. This is because the precipitates are randomly distributed in the Fe-Cr—Mo SS and the
EDS scanning line can only pass several precipitates. The element content is high when the EDS
scanning line passes through the precipitates and results in a zigzag distribution of the Cr, Mo, Fe,
and C in the EDS line scanning spectra.
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Figure 3. BSEI images and EDS patterns of the CrMo-6-A sample: (a) cross-sectional view showing the
coatings; (b) is an enlarged view of the corresponding white box in (a); (¢) EDS line scanning spectra;
(d) is the corresponding part in the white box in (b).

During annealing, the C atoms in the subsurface continue to be dragged into the coating due
to the presence of strong carbonization elements of Cr and Mo in the outermost surface layer,
resulting in the formation of a carbon-poor zone without cementite in the affected layer (Figure 3b).
Such a phenomenon of subsurface decarburization in the chromized steel has been observed in the
literature [16,18]. Additionally, no significant changes are observed in the thickness of the coating layer
and the affected layer.

3.3. Effect of Q&T on the Coating Microstructure

DGPSA is carried out at a high temperature and naturally cooled within the furnace, resulting in
a decrease in strength and hardness of the steel substrate. Quenching combined with tempering is
employed here to tailor the microstructure and enhance the strength and toughness of the steel substrate.

Figure 4 shows the cross-sectional microstructure and EDS pattern of the CrMo-6-QT sample.
The three-layer structure of the coating layer, affected layer, and normal matrix can be identified in the
sample after Q&T, as shown in Figure 4a. Fe-Cr-Mo SS with a large amount of dispersed particles is
observed at the outmost surface of the coating (Figure 4b). According to the XRD analysis, such second
phases are composed of nitride and carbide phases. As shown in Figure 4d, more granular particles
are observed in the original alloyed pearlite region. The BSEI image indicates that such granular
particles are high in the Mo element (high atomic number reflects more electrons, i.e., Z-contrast of
BSEI image [30]). The EDS results confirm that the granular particles contain more Cr, Mo, and C,
indicating chromium carbides and/or molybdenum carbides (Figure 4c,f). This is because during the
reheating of Q&T, the alloyed cementite decomposes and the C atoms diffuse sufficiently and react with
Cr and Mo to form granular carbides rather than lamellar ones (Figure 4d). Similar to the annealed
state, a carbon-poor zone is observed in the affected layer, and no significant changes are observed
in the thickness of the coating and the affected layer after Q&T. Additionally, after Q&T treatment,
the microstructure of the matrix is transformed from normal pearlite (with lamellar cementite) into
tempered sorbite (with granular cementite).
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Carbon-poor zone

10pm

Figure 4. BSEI images, secondary electron imaging (SEI) images, and EDS patterns of the CrMo-6-QT
sample: (a) cross-sectional view; (b) partially enlarged view; (c) and (d) are enlarged views of the white
boxes in (e); (e) is an enlarged view of the white box in (b); (f) EDS patterns of the points in (c).

EDS and EBSD maps showing the coating microstructure of the CrMo-6-QT sample are displayed
in Figure 5. Figure 5a shows that after Q&T, the coating is very dense and free of microcracks. A large
number of particles with an average size of about 200 nm are uniformly distributed in the coating.
The EDS results show that such particles are high in Mo and Cr (see Figure 5b,c). Combined with
XRD analysis, such granular particles are nitride ((Fe,Mo)3N) and carbide ((Fe,Mo);C/(Fe,Cr)3C).
As discussed above, nitrides are formed during DGPSA treatment, while the carbides with a granular
morphology mainly precipitate in the subsequent Q&T. As can be seen from Figure 5f, most nitrides
have a rod-like shape with an average diameter of about 350 nm. In addition to (Fe,Mo);C with a
relatively large size (see white arrows in Figure 5d), some (Fe,Cr)3C carbides with a smaller size (see
dark arrows in Figure 5c) are formed in the coating. Due to the limitation of the spatial resolution of
the EBSD, such (Fe,Cr)3C carbides with a small size cannot be identified by the EBSD mapping.

=== Fe-Cr-Mo SS
=== (Fe Mo),C

Figure 5. EDS and electron backscattering diffraction (EBSD) mapping showing the coating
microstructure of the CrMo-6-QT sample: (a) SEI image; (b—f) EDS maps of the white box in (a); (g)
EBSD phase composition map. All the images/maps were observed from the cross-sectional view of
the sample.

3.4. Microstructure Evolution during Heating

Figure 6 illustrates the microstructure evolution of the as-DGPSA treated samples during different
treatments. After DGPSA, a three-layer structure consisting of the coating layer, the affected layer,
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and the normal matrix is established on the steel surface. The gradient three-layer structure is still
clearly visible in the subsequent different heat treatments. The thickness of the coating layer and the
affected layer does not change significantly. However, after annealing, more carbides precipitate from
the Fe-Cr-Mo SS and the alloyed pearlite region of the coating, and most lamellar alloyed cementite
(within the alloyed pearlite) change to a rod-like shape. At the same time, the carbon atoms in the
affected layer decrease remarkably, creating a carbon-poor zone composed of pure ferrite. After Q&T,
the atoms in the coating are completely diffused, the Fe-Cr—Mo SS region and the alloy pearlite region
in the coating combine, and new alloyed nanocarbides form in the previous alloy pearlite region.
Moreover, owing to prolonged tempering, the size of the nitrides and carbides is slightly larger than
that of the as-DGPSA treated state and annealed state. The steel substrate is transformed into a
tempered sorbite composed of ferrite and spherical cementite, which tends to have good toughness.

I Fe-Cr-Mo S8 I Carbide (Fe,Mo),C/Fe,M0),C) [ Nitride (Fe,Mo),N)

2
©
@
E
Q
o
=l
@
>
o
w®

ferrite pearlite cementite

As-quenched & tempered

As-DGPSA treated As-annealed

Heating
Figure 6. Schematic diagram illustrating the microstructure evolution during different treatments.
3.5. Hardness

Figure 7 shows the microhardness distribution along the depth direction of various samples. It can
be seen that the hardness distribution of the three different samples follows almost the same change,
and the hardest position (about 500 HV 5) is located at the subsurface of the coating. That is because in
the coating, Cr and Mo are dissolved in the o-Fe solid solution to cause solution strengthening, and the
distributed carbide and nitride particles can cause dispersion strengthening. Moreover, the subsurface
layers of the three samples contain the highest carbides (alloy cementite) (see Figure 2c, Figure 3c,
and Figure 4d, respectively), resulting in the greatest dispersion strengthening effect. Compared to
the as-DGPSA treated state (about 350 HV ), the hardness of the outermost layer does not change
significantly after annealing or Q&T. The hardness of the subsurface layer decreases to about 400 HV »
after annealing but increases to about 580 HV, after Q&T. It is apparent that annealing results in
grain and second phase coarsening, while Q&T can precipitate more alloyed carbides and refine the
grain size, resulting in annealing softening and hardening of Q&T. Moreover, owing to the presence of
tempered sorbite, the hardness of the steel substrate is greatly increased after Q&T in comparison with
the as-DGPSA treated state and the annealed state.

600
—_ —a— CrMo-6-QT
™ 500 —e— CrMo-6
(=4 —— CrMo-6-A
>
L 400
111
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@ 300
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© 200
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0 500 1000 1500 2000 2500
Distance to surface (um)

Figure 7. Microhardness distribution along the depth direction of various samples.
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Unfortunately, all the samples have a thin decarburized layer (affected layer/carbon-poor zone,
see Figures 2a, 3a, and 4a), resulting in a lower hardness. Such phenomena have been reported in
thermal chromized steels or annealing of Cr-coated steels [16,18]. In this study, it was considered that
prior to DGPSA treatment, increasing the carbon content of the surface and subsurface of the steel
substrate could solve this problem.

3.6. Polarization Test

The polarization curve reflects the relationship between the electrode potential and polarization
current and is an important method for studying the electrode process dynamics and electrochemical
corrosion principles [31]. The anodic polarization curve is a relationship between the anode potential
and the current when the metal anode is dissolved. A large number of studies [32-34] have shown that
Cr-coated or Mo-coated steels have excellent corrosion resistance. Figure 8 shows the polarization
curves of different samples. The corrosion parameters are shown in Table 2, where the corrosion rate
was calculated by the Faraday Equation [35]:

-3
CR(mm/y) = 327 %10 :1cm x EW @

where I.orr is the corrosion current density (pA/cmz), EW is the equivalent weight (about 28), and p is
the density (about 7.85 g/cm?).

After DGPSA treatment, combining Figure 8 with Table 2, the corrosion potential of the CrMo-6
sample—although it has a similar corrosion current to AISI 5140 steel (before DGPSA treatment) or
the 304 stainless steel—is obviously higher than that of AISI 5140 steel and 304 stainless steel. That is,
the CrMo-6 sample has a higher breakdown potential in a 3.5% NaCl aqueous solution, indicating
better corrosion resistance. After annealing or Q&T, the corrosion current decreases to 1.00 X 1077 A
and 4.79 x 1078 A, respectively, but the corrosion potential does not vary significantly. Compared to
the CrMo-6 sample, the corrosion rates of the CrMo-6-A and CrMo-6-QT samples decrease by 22 times
and 43 times, respectively. Such improvement in corrosion resistance can be attributed to the formation
of Fe-Cr-Mo SS on the steel surface and the elimination of pores and microcracks during reheating,
resulting in the formation of dense passivation film that slows the coating corrosion rate.

3| —=—AISI 5140
—e— AISI 304
—a— CriMo-6
—v— CrMo-6-A
—— CrMo-6-QT

N
T

Potential (V)

9 8 7 6 5 4 3 2 A
Log i (A-cm?)

Figure 8. Polarization curves of different samples.

Table 2. Corrosion parameters of different samples in a 3.5% NaCl aqueous solution.

Corrosion Potential Corrosion Current Corrosion Rate

Samples Eccor (v) Iccor (A) (mm/y)
AISI 5140 -0.7 229 x 1070 0.026
AISI 304 -0.65 2.25x 1076 0.025
CrMo-6 -0.37 228 x 1076 0.026
CrMo-6-A -0.38 1.00 x 10~/ 0.0012

CrMo-6-QT -0.33 479 x 1078 0.0006
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4. Conclusions

In this study, Cr-Mo duplex-alloyed coating was prepared on AISI 5140 steel by double glow
plasma surface alloying (DGPSA). The effect of annealing and quenching and tempering (Q&T)
treatments on the microstructure and properties of the coating was studied. The main conclusions are
as follows:

e A structured gradient coating (about 180 um) composed of an Fe-Cr—Mo SS layer and an alloyed
pearlite layer is obtained on the steel surface after DGPSA treatment. As carbon atoms diffuse to
form alloy cementite in the coating, the carbon content in the subsurface is significantly reduced,
forming an affected layer (about 52 um).

e  After annealing or Q&T, more carbides precipitate in both the Fe-Cr-Mo SS layer and the alloyed
pearlite layer. All the C atoms in the subsurface are dragged into the coating to form the carbides
in the Fe-Cr—Mo SS and the alloyed pearlite layers of the coating, resulting in the conversion of
the affected layer into a carbon-poor zone.

e  Annealing and Q&T hardly change the thickness of the coating but the hardness of both the
coating and steel substrate varies greatly by tailoring the microstructure. Annealing results
in grain and second phase coarsening, while Q&T refines the second phase size, resulting in
annealing softening and Q&T hardening. Both the coatings and substrate of the Q&T treated
samples have higher hardness than that of the as-DGPSA treated and annealed samples.

e  After annealing or Q&T, the corrosion potential does not vary dramatically, but the corrosion current
decreases. Compared with the as-DGPSA treated state, the corrosion rates of the as-annealed state
and the Q&T treated state are reduced by 22 times and 43 times, respectively.
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