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Abstract: The effect of chromizing time on the microstructure and properties of B–Cr duplex-alloyed
coating prepared by a two-step pack-cementation process was investigated. The phases,
microstructure, and element distribution of three coatings obtained were characterized by X-ray
diffraction (XRD), secondary electron imaging (SEI), backscattering electron imaging (BSEI), and
energy dispersive spectroscopy (EDS), respectively. The results show that as the chromizing time
increases, the net-like Fe2B and rod-like CrFeB phases in the coating gradually disappear, and finally
completely transform into the block-like Cr2B and CrxCy (Cr7C3 and Cr23C6) phases. The growth
kinetics analysis shows that interface reaction dominates the coating growth during the early stage
of chromizing, while atomic diffusion gradually controls the coating growth at the later stage. The
evolution mechanism of the B-Cr duplex-alloyed coating was also discussed.
Keywords: boronizing; chromizing; microstructure evolution; growth kinetics; wear resistance

1. Introduction
Surface coating techniques (such as hard coatings and solid lubricating coatings prepared by
thermo-diffusion, spraying, plating, etc.) are the main means used to improve the surface properties
of materials [1–7]. Thermo-diffusion coating treatments, such as carbonizing, nitriding, boronizing,
and chromizing, are effective techniques for the protection of metal materials from wear and/or
corrosion [8–12]. However, single thermo-diffusion coatings usually only improve a certain property
of the parts, and can’t meet the demands of some mechanical parts (gears, shafts, etc.) working in
severe environments, which are characterized by high-speed, cyclic heavy-load, and/or corrosiveness
[11,13]. For example, the wear resistance of boronized sample (hardness higher than 1600 HV) can be
strengthened greatly [14,15], but the corrosion resistance is still poor and is also accompanied by
brittleness [14].
For chromized samples, studies have pointed out that there is a carbon-poor layer (hardness
lower than the substrate) existing between the Cr coating and steel substrate [11,13,16,17]. Fortunately,
it has been reported that these shortcomings can be avoided by duplex coating or composite coating
treatments [18–22]. Yilbas et al. [23] developed a dual-layer coating on carbon steel, which consisted
of a top layer that provided wear resistance and a bottom layer that provided corrosion resistance.
Likewise, previous works have proved that the boron-chromium duplex coating (B-Cr coating) has
excellent comprehensive properties, such as high hardness, good wear resistance, and corrosion
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resistance [24,25]. In addition, the brittleness of boronizing can also be modified by the B-Cr coating
treatment [14,25]. Therefore, the B-Cr coating has great application prospects in the field of surface
protection of metal materials. Pack-cementation is a frequently-used method to prepare thermodiffusion coatings [26–33] and metallurgical bonding can be produced between the coatings and the
substrate materials by this method [34]. For the B-Cr duplex coatings prepared by pack-cementation,
depending on different treatment orders, three kinds of processes can be chosen: simultaneous
boronizing and chromizing (SBCr), chromizing followed by boronizing (CrB), and boronizing
followed by chromizing (BCr) [24,25,35]. In the early studies, the SBCr treatment was rarely reported.
The main reason for this is that the B atoms and Cr atoms react with each other and then chromium
borides are formed in the pack powders instead on the steel surface, which causes a huge difficulty
on the coating growth. For the CrB and BCr-coatings, it has been reported that the BCr-coating is
thicker than the CrB coating, and the BCr-coating possesses more excellent properties [25].
Additionally, Fe-Cr solid solution, chromium carbides (Cr23C6, Cr7C3 and CrC, etc.) or alloyed
cementite ((Cr,Fe)7C3 and (Cr,Fe)23C6) can be formed on the carbon steels after the chromizing
treatment [36–39]. Thereby, the surface layer of the steels becomes more compact due to the entry of
large-sized Cr atoms and the formation of chromium compounds.
In our previous study, it has been found that the B–Cr duplex-alloyed coating with excellent
properties can be obtained through a two-step pack-cementation process of pre-boronization and
subsequent chromization [14]. Moreover, there is no carbon-poor zone in the substrate in the BCr
sample [14]. In the present work, the influences of chromizing time on the microstructure and
properties of the BCr-coating were investigated. The microstructure evolution and growth kinetics
of the BCr-coatings were studied and analyzed.
2. Experimental Details
2.1. Sample Preparation
AISI 5140 carbon steel with a nominal composition of 0.40%C, 0.80%Cr, 0.27%Mn, 0.23%Si,
0.03%Ni, and Fe-balance (in wt.%, and hereafter) was selected as the raw material. Prior to coating
treatment, the raw material was quenched (austenitizing at 860 °C for 1h, and then water quenching)
and tempered (580 °C for 1 h), and then cut into cube samples with the dimension of 25 × 20 × 6 mm3.
Finally, mechanically polishing and ultrasonic cleaning are performed.
A two-step pack-cementation process consisting of pre-boronization (PB) and subsequent
chromization was used to prepare the B-Cr coating. The composition of the PB powder was: 50%
ferroboron (containing 20% B and 80% Fe) as feedstock, 40% Al2O3 as the inert filler, 5% KBF4 as the
activator, and 5% La2O3 as the modifier, while the composition of the chromizing powder was: 45%
pure Cr as feedstock, 45% Al2O3 as the inert filler, 5% NH4Cl as the activator, and 5% La2O3 as the
modifier. All powders were less than 75 μm in diameter. In order to mix the powders thoroughly, all
powders were mixed in a blender for 60 min. The PB treatment was performed in a box-type heating
furnace at 950 °C for 3 h. Then, the PB samples were chromized in an induction heating furnace at
1000 °C. Three chromizing times of 15, 30, and 60 min were used. The samples were denoted as BCr15, BCr-30 and BCr-60, respectively. Readers may refer to [14] for details of the pack-cementation
process.
2.2. Characterization and Properties Test
Phase identification of various samples was conducted using an X-ray diffraction instrument
(XRD, Empyrean Series 2, PANalytical, Almelo, The Netherlands) with Cu Kα radiation, an angle
range of 20° to 90°, and a step size of 0.013°. Microstructure and morphologies were detected from
the cross-sectional views of the samples by using secondary electron imaging (SEI) and
backscattering electron imaging (BSEI) detectors installed in a field emission gun scanning electron
microscope (FEGSEM, Zeiss Sigma HD, Zeiss, Dresden, Germany). The distribution of elements (Fe,
Cr, C, and B) in the three kinds of coatings was assessed by an energy-dispersive spectroscopy (EDS,
AZtech Max2, Oxford Instruments, London, UK) installed on the FEGSEM. Prior to characterizations,
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the mechanical polishing and subsequently electropolishing treatments were carried out on the crosssections of coated samples. And the latter was conducted in an electrolyte of 10 vol.% perchloric acid
and 90 vol.% ethanol at about −30 °C for 60 s, with a voltage of 30 Volt and a current of 0.4 Amp.
Microhardness from surface to substrate was measured on a Vickers indenter (HVS-1000Z,
Shanghai CSOIF Co. Ltd., Shanghai, China), with a load of 2 N and a dwell time of 10 s. Wear
resistance was tested on a reciprocating tribometer (HSR-2M, Zhongke Kaihua Technology
Development, Lanzhou, China). The friction pairs were AISI 52100 steel balls (chemical composition
Fe-1.0C-1.5Cr-0.30Mn-0.25Si-0.1Mo, in wt.%, and hardness 720~760 HV) with the diameter of 6 mm.
The load was 15 N and the duration time was 30 min.
3. Results and Discussion
3.1. Phase Evolution
The X-ray diffraction spectra of various samples are presented in Figure 1. The International
Diffraction Data Center (ICDD) database was used to determine all the different phases. The results
show that the as-tempered material has a ferrite phase, while the main phase is changed to Fe2B after
pre-boronizing. After different time chromizing, the primary phase of the coatings varies again. The
ferrite and M2B-type borides (Fe2B, Cr2B and CrFeB) are observed in the BCr-15 sample, while the
coating of the BCr-30 sample is composed of ferrite, M2B-type borides (Fe2B, Cr2B and CrFeB) and
chromium carbide Cr7C3. Pure Cr, chromium boride Cr2B, τ-phase Fe23(C, B)6 and chromium carbides
CrxCy (Cr7C3 and Cr23C6) are observed in the BCr-60 sample. As the chromizing time increases, the
content of chromium compounds (including Cr2B, CrxCy) increases significantly, while the content of
Fe2B decreases noticeably. This indicates that the chromizing time has a significant effect on the
diffusion degree and chemical reaction of the Fe, Cr, C and B elements.

Figure 1. XRD patterns revealing the phases of various samples.

3.2. Microstructure Evolution
Figure 2a shows the microstructure of the as-tempered material. As can be seen, nano-sized
sphere-shaped or rod-shaped carbides are homogeneously distributed in the grained ferrite phase,
indicating a typical tempered sorbite morphology [40]. The cementite particles are too fine to be
detected by the XRD. After pre-boronizing treatment, a typical saw-toothed B-coating consisting of
columnar grains with the length direction perpendicular to the coating surface can be clearly
observed, as shown in Figure 2b. According to the XRD analysis, the columnar grains are mainly
composed of Fe2B phase. It should be noted that the brittle FeB phase may also be formed during preboronizing treatment, which leads the degradation of coating properties [41]. FeB is mainly generated
in the outermost layer of the coating [14] and has been ground away before the XRD test in this study.
The average thickness of the B-coating is about 70 μm. Additionally, the temperature of boronizing

Coatings 2020, 10, 159

4 of 13

is higher than that of austenitizing, hence the substrate changes from the tempered sorbite into the
mixed microstructure of ferrite and pearlite, exhibiting a hypoeutectoid steel morphology [42].

Figure 2. Secondary electron imaging (SEI) and backscattering electron imaging (BSEI) images
showing the microstructure of the starting material (a) and PB sample (b).

The microstructure and element distribution of the BCr-15 sample are presented in Figure 3.
After chromizing, the coating morphology is remarkably different from that of the PB sample. The
original B-coating consisting of columnar Fe2B grains changes to a coating composed of a great
number of equiaxed grains and second-phase particles (see Figure 3a,b). From Figure 3d, it can be
seen that the Cr element has penetrated into the original B-coating, but the content of Cr in the coating
is lower than that of Fe. According to previous studies [14], the equiaxed grains are determined as
the pearlite with high content of Cr element (HC-pearlite, hereafter). The second-phase particles
mainly present three morphologies: net-like, rod-like, and block-like, as shown in Figure 3b, c. It has
been reported that with the addition of Cr element in the Fe-B alloy, the continuously distributed netlike eutectic Fe2B structure is scattered, changing into dispersed M2B-type boride structures (mainly
containing (Fe,Cr)2B, CrFeB or Cr2B) [43]. The XRD patterns also confirm the presence of Fe2B, CrFeB,
and Cr2B phases in the BCr-15 sample (see Figure 1). Thus, it can be confirmed that the net-like phase
is Fe2B, the rod-like and block-like structures are composed of CrFeB and Cr2B phases (see Figure 3c).
Such hard borides have been widely reported in the literature [24,44,45].

Figure 3. Sectional microstructure of the BCr-15 sample: (a) BSEI image of the coating; (b) (c) high
magnification SEI and BSEI images corresponding to the white boxes in (a); (d) EDS line scanning in
(a) (M to N).

Figure 4 shows the microstructure and EDS results of the BCr-30 sample. Both HC-pearlite and
the second-phase particles also can be observed in the coating of the BCr-30 sample. Unlike BCr-15
sample, only dark block-like particles can be clearly distinguished from the HC-pearlite (see Figure
4a) in the upper-layer of the coating (near the surface). From Figure 4b, it can be seen that the size of
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the block-like particles is much larger than that in the BCr-15 sample, and such large particles are
mainly distributed at the grain boundaries. The EDS results (see Figure 4c,f) show that the dark blocklike particles are rich in Cr and B, corresponding to the Cr2B phase in the XRD pattern (Figure 1). It
has been reported that Cr-rich particles tend to precipitate at the grain boundaries during thermalchromizing at high-temperature [46]. However, the C element is also enriched in the block-like
particles (see Figure 4c), so the Cr2(B,C) (the structure of Cr2(B,C)is similar to that of Cr2B, the XRD
doesn’t detect such a phase) may be contained. As shown in Figure 4d, like BCr-15 sample, the netlike, rod-like and block-like borides can be distinguished in the inner-layer of the coating (near the
substrate). As the chromizing time increases from 15 to 30 min, the content of Cr2B increases greatly
especially in the upper-layer of the coating. At the same time, the substrate morphology does not
change significantly and still shows a typical equilibrium structure of the hypoeutectoid steel, as
shown in Figure 4e.

Figure 4. Microstructure and element distribution of the BCr-30 sample: (a) BSEI image of the coating;
(b) (d) (e) high magnification BSEI images corresponding to the white boxes in (a); (c) EDS area
scanning in (b); (f) EDS line scanning in (a) (M1 to N1).

Figure 5 presents the microstructure and EDS results of the BCr-60 sample. From Figure 5a, it
can be seen that the coating is also composed of HC-pearlite and second-phase particles. However,
only block-like particles are observed in the entire coating. Moreover, such block-like particles are
mainly distributed at the grain boundaries (see Figure 5d). According to the EDS results (see Figure
5b,e) and XRD patterns (see Figure 1), it can be inferred that the block-like structure consists of Cr2B
and CrxCy (Cr7C3 and Cr23C6). This result is consistent with our previous study [14]. That is, as the
chromizing time further increases, the net-like and rod-like borides gradually disappear, and only
the block-like phase (Cr2B and CrxCy) is retained. In addition, some band-like particles (marked by
red arrows in Figure 5c,f) are distributed at the phase boundaries of Cr2B (or CrxCy) and the grain
boundaries of HC-pearlite. Such band-like particles are determined as τ-phase Fe23(C,B)6 according
to the XRD analysis and the literature [14,47]. A fine pearlite zone (FP-zone) can also be observed at
the interface between the coating and substrate, as shown in Figure 5c,f. It indicates that some Cr
atoms have diffused into the substrate. It is because that the formation of FP-zone is resulted from
the refinement of the pearlite structure by the Cr element in solid solution of the steel matrix [11]. It
can be summarized that as the chromizing time increases, the net-like and rod-like borides
distributed on the HC-pearlite grains disappear, and completely change into the block-like structures
of Cr2B and CrxCy which mainly distribute at the grains or phase boundaries.
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Figure 5. SEI and BSEI images showing the sectional microstructure and elemental distribution of
BCr-60 sample: (a) sectional view of the coating; (b) EDS line scanning in (a) (M2 to N2); (c) (d) (f)high
magnification images corresponding to the white boxes; (e) EDS area scanning and line scanning
corresponding to the region in (d).

3.3. Growth Kinetics and Evolution Mechanism Analysis
The thickness of the three coatings was measured, as shown in Figure 6. As the chromizing time
increases from 15 to 30 min, the coating thickness increases from 140 to 180 μm. When the chromizing
time increases from 30 to 60 min, the coating thickness only increases by about 10 μm (180 μm to 190
μm). That is, as the chromizing time increases, the growth and development of the coating become
slower. This result is consistent with the literature report, that is, thicker the layer, the lower the
interphase velocity [41]. It can be attributed to the increase in the diffusion resistance of Cr atoms as
the coating thickness increases.

Figure 6. Evolution of the coating thickness with the increasing of chromizing time.

In the past studies, many researchers have investigated the kinetics of diffusion controlled
process during coating treatments [48–50], but the interface reaction at early stage of coating
treatment was not taken into account. Ghadi et al. [51] have declared that the growth process of
coatings consists of interface (or interface reaction) controlled growth and subsequently diffusion
controlled growth. Figure 7 displays the two kinds of growth modes: interface controlled growth at
early stage, and diffusion controlled growth at late stage. It is well-known that Cr is a strong carbide
forming element, which is able to easily react with C element at the high-temperature [11]. Moreover,
the enthalpy of boride formation for Fe (Fe2B = –28 kJ mol−1·atom−1) is lower than Cr (Cr2B = –35 kJ
mol−1·atom−1), indicating that Cr has a stronger propensity to react with B to form boride than Fe [52].
The rapid growth of the BCr-coating at early stage is mainly attributed to the interface chemical
reactions, as show in Figure 7a. At late stage, a large number of chromium carbides and chromium
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borides are formed at the interface, and the degree of chemical reaction is reduced. Thus, the coating
growth mainly depends on the diffusion of various atoms (Figure 7b). At this stage, the growth rate
of the coating will inevitably decrease.
Generally, the growth of coatings follows Equation (1):
𝑑 = K𝑡

(1)

where d is the thickness of coatings, K is the constant coefficient, t is the treating time, and n reveals
the coating growth modes. According to [51], when n is near 2, the growth mode is diffusion
controlled growth. When n is near 1, the growth mode is interface controlled growth. In this study,
the early stage growth follows Equation (2):
𝑑 =K𝑡

(2)

and the late stage growth follows Equation (3):
𝑑

=K 𝑡

(3)

Figure 7. Sketch maps to exhibit the different growth modes during the chromizing process: (a) at
early stage; (b) at late stage. Arrows present the main diffusion directions: the orange arrow mainly
represents the diffusion direction of chromium, and the red arrow mainly represents the diffusion
direction of boron. LCrP, LBCP, ICrP and IBCP represent lower Cr potential, lower B and C potential,
increasing Cr potential and increasing B and C potential, respectively.

In equations (2) and (3), d1 and d2 is the coating thickness of different stages, Ki is the interface
reaction coefficient, Kd is the diffusion coefficient. According to the two equations, the curves
illustrating the relationship between d and t can be fitted, as presented in Figure 8.

Figure 8. The fitness of 𝑑 = K𝑡 for the changes of Cr-diffusion coating thickness d as a function of
chromizing time t: (a) interface reaction controlled growth; (b) atom diffusion controlled growth.

Figure 8a indicates that the thickness of Cr-diffusion coating is proportional to chromizing time
at early stage (about the first 30 min). It can also be recognized that the square of coating thickness
changes linearly with chromizing time at late stage (after about 30 min) (see Figure 8b). That is to say,
a parabolic relation between the thickness and treating time is determined at late stage, also as shown
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in Figure 6. The fitted equations in Figure 8 can be employed to roughly predict the thickness of BCrcoating treated at 1000 °C under different chromizing time.
In addition, it is well-known that the growth of coatings is closely related to the chemical
potential of various elements. At the early stage of pack chromizing, according to the elemental
concentration gradient, it can be inferred that the lower Cr potential (LCrP) is existed in the preboronized sample, and the lower B and C potential (LBCP) is existed in the chromizing powders (see
Figure 7a). Hence, the atom diffusion (Cr from the powders to the sample, B and C from the sample
subsurface to the surface) is accelerated. However, at late stage, the diffusion rate is vastly limited,
due to the increasing Cr potential (ICrP) and the increasing B and C potential (IBCP) in the
corresponding area (see Figure 7b) caused by the continuous reaction and diffusion. Thus, it can be
concluded that the interface reaction controlled growth and lower chemical potential lead to the rapid
growth of the BCr-coating at early stage, but the diffusion controlled growth and increasing chemical
potential result in the decrease of growth rate at late stage.
Figure 9 shows sketch maps of the microstructure evolution during pack-chromization. The
schematic microstructure of the pre-boronized sample is depicted in Figure 9a. Previous
investigations have discovered that the efficiency of induction-heating is much higher than that of
traditional resistance furnace heating, and the diffusion rate of each atom is larger as well [10,11,14].
It is known that Fe2B begins to decompose at about 900 ~ 1000 °C during the heating process [47], and
then the B atoms start to diffuse into the Cr-layer and substrate. For the BCr-15 sample, the
concentration of B atoms will decrease during chromizing due to the diffusion of B atoms. Therefore,
the dense Fe2B having a columnar grain structure mainly becomes the continuously distributed netlike structures after cooling to room temperature (see Figure 9b). At the same time, Cr atoms
originating from the packed powders also diffuse into the coating. Some Cr atoms are dissolved into
the iron lattices, while some react with the B atoms to form the M2B-type borides (Cr2B and CrFeB).
When the chromizing time further increases, more and more Cr atoms diffuse into the B-coating. Due
to the high concentration of Cr atoms in the outer layer of the coating, a great number of block-like
Cr-rich structures (Cr2B) are formed in the upper layer of the coating (see Figure 9c). In addition, the
number of rod-like phase also increases. However, the continuously distributed Fe2B structures are
obviously scattered, and gradually tend to disappear (see Figure 9c). From Figure 9d, it can be seen
that most of the second-phase particles present block-like structure, and the rest present band-like
after chromizing for 60 min. This is because that a large fraction of B atoms react with the Cr atoms
to form the Cr2B phase as a result of the further increase of Cr concentration. Meanwhile, the C atoms
also move from the substrate to the coating, owing to the low carbon potential in the coating caused
by the addition of carbide forming element Cr [13]. Consequently, the block-like chromium carbides
CrxCy (Cr7C3 and Cr23C6) are formed. It should be noted that the Cr has a larger interstitial lattice site
and a lower atomic packing factor, so the solid solubility of B and C atoms in Cr is much higher than
that in Fe [11]. This is a dominant reason for the formation of Cr2B and CrxCy. The formation of τphase (band-like structure) has been researched in other studies [14,47]. Moreover, the presence of
fine pearlite zone (FP-zone) is also attributed to the Cr addition [11,53].

Figure 9. Sketch maps showing the microstructure evolution via the increasing chromizing time: (a)
pre-boronizing; (b) (c) (d) chromizing for 15, 30, and 60 min, respectively.
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3.4. Performance Comparison
3.4.1. Microhardness
Figure 10 exhibits the sectional microhardness curves of various samples. It can be seen that the
hardness of the coatings is far higher than that of the steel substrate. The hardness of pure oriented
Fe2B crystals with high brittleness reaches up to 1760~1880 HV [54]. Generally, the microhardness of
the boronized coating is about 1600 HV [14,47], which is higher than that of Cr2B, CrxCy, and HCpearlite. The microhardness of reticular Fe2B is considered to be lower than that of Fe2B with a
compact columnar grain structure, resulting in that the microhardness of the duplex-alloyed coatings
is lower than that of the single boronized coating. Overall, the average hardness of the coating
increases remarkably with increasing chromizing time. This is attributed to the continuous diffusion
of Cr atoms from powders to the coating [55]. Aghaie-Khafri et al. [24] also have proved that the
microhardness of B-Cr duplex coating increases with increasing heating time. Moreover, all the three
samples have the peak hardness on the coating surface, measured as about 720, 800, and 970 HV,
respectively. But the difference is that in the coating, as the distance from the surface increases, the
hardness of the BCr-60 sample decreases linearly, while the BCr-15 and BCr-30 samples decrease first
and then increase. The results show that as the chromizing time increases, the net-like Fe2B and rodlike CrFeB phases gradually disappear, and finally completely transform into the block-like Cr2B and
CrxCy (Cr7C3 and Cr23C6) phases in the coating. This is because that with the increase of chromizing
time, the net-like Fe2B and rod-shaped CrFeB phases with lower hardness are gradually replaced by
the block-like Cr2B and CrxCy with higher hardness. This difference in hardness distribution also
proves that the phase and structure of the coating vary as the chromizing time increases.

Figure 10. Microhardness plotted as a function of distance to the surface of the three samples.

3.4.2. Friction-related wear behavior
Figure 11 presents the wear morphologies of various samples (wear tests of as-tempered and
pre-boronized samples were conducted in [14]). The widths of the wear scars are measured as 621,
642 and 584 μm, respectively. Figure 12a displays the friction coefficient plotted as a function of
sliding friction time of the three samples. The friction coefficient is considered to be an important
parameter for evaluating friction and wear performance of materials. Studies have shown that in
most cases the wear resistance can be improved as the friction coefficient decreases [16,22]. In the first
15 min of the wear test, the friction coefficient of various samples will fluctuate greatly. This is mainly
related to the surface roughness of different coatings. As the wear time increases, the friction
coefficient tends to stabilize. This is because that the area in contact with the friction pair becomes
smoother. Here, the friction coefficient around the 30th minute is stable and measured as about 0.35,
0.35 and 0.30, respectively. That is, as the chromizing time increases, the wear resistance is enhanced.
The mass loss of the three samples is shown in Figure 12b. Obviously, the mass loss of the BCr15 and BCr-30 samples is larger than that of the BCr-60 sample, due to the lower surface hardness
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(see Figure 10) and surface exfoliation (white arrows in Figure 11a,b). This further confirms that the
BCr-60 coating has a better friction-related wear resistance.

Figure 11. SEI images showing the wear morphologies of the three samples: (a) BCr-15 sample; (b)
BCr-30 sample; (c) BCr-60 sample.

Figure 12. Friction coefficient plotted as a function of sliding friction time for different samples (a)
and Mass loss (b).

It should be noted that some surface defects (such as micro-cracks, pits and voids, etc.) that
are unavoidably introduced during the preparation of the coatings by the pack-cementation
technique will negatively affect the surface roughness and application properties of the coatings,
such as wear and corrosion resistance. Lower coating roughness, with a Ra value below 2 μm,
is beneficial for performance [56]. Therefore, how to reduce or eliminate surface defects will
become one of the problems that researchers need to solve. Scientists have paid attention to the
effects of surface defects on PVD (physical vapour deposition) and CVD (chemical vapour
deposition) coatings and how to eliminate them. For instance, Rodríguez-Barrero et al. have
pointed out that drag grinding/ polishing could be regarded as a suitable post-treatment process
for optimizing coating final roughness and improving performance of the hard nanostructured
coatings prepared by PVD [57]. Hu et al. [16] have suggested that high-temperature annealing
can reduce and even eliminate micro-cracks of the coatings fabricated by electro brush-plating.
The control of surface defects of the pack-cementation coatings also should be taken more
seriously in the future research.
4. Conclusions
In this study, a B-Cr duplex-alloyed coating was prepared on AISI 5140 steel by a two-step packcementation process of pre-boronization and subsequent chromization. The effects of chromization
time on the structure and properties of the pre-boronization layer were studied. The main conclusions
can be drawn as follows:
•

•

As the chromizing time increases, the phases of the B-Cr duplex-alloyed coating vary
significantly. The BCr-15 coating is composed of ferrite and borides (Fe2B, Cr2B, and CrFeB),
while the BCr-30 coating contains ferrite, borides (Fe2B, Cr2B, and CrFeB), and a small amount
of chromium carbide Cr7C3. Pure Cr, chromium boride Cr2B, τ-phase Fe23(C,B)6, and chromium
carbides CrxCy (Cr7C3 and Cr23C6) are detected in the BCr-60 sample.
In terms of microstructure, the B-Cr duplex-alloyed coatings mainly contain equiaxed grains of
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HC-pearlite and different second phases. As the chromizing time increases, the second phases
change from the net-like Fe2B to the block-like Cr2B and CrxCy.
Kinetics analysis reveals that the interface reaction leads to the rapid growth of the BCr coating
at the early stage, and the diffusion controlled growth results in the slow growth at the late stage
of chromizing.
With the prolonging of chromizing time, the average microhardness of the coatings exhibits an
increasing trend, and the wear resistance is significantly improved.
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