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Abstract: In this study, the effect of carbon fibers (CFs) on the microstructure and wear resistance
of Fe-based alloy coating produced by laser cladding was investigated by X-ray diffractometer
(XRD), scanning electron microscopy (SEM), energy-dispersive spectrometer (EDS), and wear tester.
The results indicated that with the addition of CFs, the microstructure of the composite coating mainly
transformed from α-Fe cellular dendrites and γ-Fe/(Cr, Fe)7C3/CrB eutectics to bulk-like (Cr, Fe)7C3,
nano-size B4C, and γ-(Fe, Ni)/(Cr, Fe)23C6 lamellar eutectics. Additionally, the microhardness
and wear resistance of the composite coating compared with the original coating both increased
by approximately two times. The original coating showed the dominant wear mechanisms of
micro-cutting and serious brittle spalling, while the composite coating with CFs showed the main
wear mechanism of slight scratching.
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1. Introduction

16Mn steel, high-strength low-alloy steels, show appropriate strength and toughness, allowable
design stress, and reasonable economy; thus, it has been extensively used in the manufacture of mining
machines, transportation equipment, and in the chemical industry, etc. However, its weak properties,
including low hardness and poor anti-wear abilities, fail to satisfy requirements during service thereby
restricting its wide applications in many fields. Surface modification technologies, such as plasma
cladding, laser alloying, selective laser melting, and laser cladding, have produced hard coatings on
the surface of steel substrates, and this is considered to be one of the most practical solutions. This not
only ensures that the conventional steel parts show high surface hardness and wear resistance, but also
simultaneously provides considerable commercial benefits [1,2].

Laser cladding (LC) has been widely applied in the modification of surface properties with
an improved wear resistance instead of other surface modification technologies [3–8]. Some of
the advantages of LC, such as high efficiency, minimal dilution ration, high bonding strength,
refined microstructure, and excellent properties, are difficult to obtain using other surface modification
techniques [9,10]. Over the last few years, many former researchers have devoted themselves to the
preparation of composite coatings using various reinforcements. For instance, Han et al. [11] reported
using laser cladding coatings fabricated on a 35CrMo steel surface with cladding materials composed
of Fe and Cr3C2, and the results showed that the hardness and wear resistance of the coatings enhanced
markedly with the increase of Cr3C2 content. Guo et al. [12] fabricated ZrB2 reinforced Ni-based
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composite coatings on a Ti substrate, and the formation of ZrB2 increased the wear resistance of the
substrate by about four times. Yang et al. [13] investigated that the hardness and anti-wear capabilities
of laser cladding TiCN/Ti composite coatings. Both the hardness and anti-wear capabilities of the
TiCN/Ti coating were highly superior to the Ti–6Al–4V substrate. Although the hardness and wear
resistance of metal-based coatings could further be improved by in-situ formed hard phases, there also
existed several defects in the resultant components. For example, stress concentration was caused by
the particles’ sharpness; the plastic and toughness of the coatings were decreased due to the particles’
dissolution at the high-temperature molten pool. Hence, extensive endeavors have been made to
search for other reinforcing phases possessing better properties. The CFs possessed high specific
strength, thermal conductivity, anti-corrosion, high modulus, etc. CFs also possessed as self-lubricating
property, which was recognized as an ideal reinforcement [14], beneficial for the antifriction capacity
of the composites.

Hence, in the present research, a detailed study on the effect of the microstructure and wear
resistance of the composite coating was conducted, and wear mechanisms were further analyzed.

2. Experimental Procedures

2.1. Preparation of Composite Coatings

16Mn steels, with dimensions of 100 mm × 40 mm × 8 mm, were adopted for the substrate, which
had surfaces that were mechanically abraded with stand paper followed by rinsing ultrasonically
with acetone to remove the contaminants before the cladding process. Chemical compositions of the
substrate and Fe-based alloy powders (Fe60) are summarized in Table 1. Iron-based alloy powders and
CFs were employed as the matrix material and additives, respectively. The Fe60 alloy powders with 0
wt.% and 5 wt.% of CFs were homogeneously mixed in planetary ball mill for the preparation of the
composite powders, respectively. Figure 1 shows the morphologies of the Fe60 and Fe60/CF powder
mixtures. The diameter of Fe60 was approximately 100 µm. In addition, CFs with an approximately
10 µm diameter and 75 µm length were observed. As can be seen in Figure 1b, the spherical particles
are pure Fe60 alloy powders and the rod-like particles are carbon fibers. The Fe60 alloy powders and
CFs were homogeneity mixed. Before laser cladding, the mixed powders were heated in a resistance
furnace at 60 ◦C for 5 h to eliminate the oxide skin. Then, the precursor mixtures of Fe60 alloy powders
and CFs were directly preplaced on the substrate surfaces, with the powder bed thickness of 1.5 mm.

Table 1. The chemical composition of the 16 Mn substrate and Fe60 alloy powder (in wt.%).

Material Fe Mn Ni Cr C Si Cu P S B

16 Mn Bal. 1.2–1.6 ≤0.3 ≤0.3 0.1–0.2 0.2–0.6 ≤0.25 ≤0.03 ≤0.03 –
Fe60 Bal. – 0.1–1 13–17 0.5–1.0 0.3–1.0 – – – 0.2–1.5
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After that, a Laserline laser cladding system (LDF4000-100, Redmond, WA, USA), a high-power
continuous-wave semiconductor laser with a wavelength of 980 nm, was used for laser cladding in
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this investigation. The laser beam was adjusted into a rectangle laser spot with size of 12 mm × 3 mm
by a 100 mm optical lens. Table 2 lists the suitable processing parameters. The schematic diagram of
the laser cladding process is shown in Figure 2a.

Table 2. The laser process parameters and preplaced powder compositions in this study.

Number Composition (wt.%) Power (KW) Scanning Speed (mm/s) Overlapping Rate (%)

Coating 1 Fe60 4.0
6 30Coating 2 Fe60/5CFs 4.0
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Figure 2. (a) The schematic diagram of the laser cladding process; (b) the surface morphologies of
Coating 1 and Coating 2.

2.2. Microstructure Characterization and Properties Measurements

The cross-sections of cladded samples were abraded, then polished, and finally etched with a
mixed solution of alcohol-5 vol.% HNO3. The etching time was around 30 s. The microstructure
and the chemical compositions were identified with the assistance of an optical electron microscope
(Sigma, ZEISS, Oberkochen, Germany), scanning electron microscope (Sigma, ZEISS Merlin Compact,
Oberkochen, Germany), energy-dispersive spectrometer (EDS, ZEISS, Oberkochen, Germany), as well
as an X-ray diffractometer (D8 Advance, Bruker, Billerica, MA, USA). The element states of the Fe60/CF
alloy coating were analyzed by X-ray photoelectron spectrometer (XPS, ESCALAB 250XL, Thermo,
Waltham, MA, USA).

The microhardness distribution from the coating surface to the substrate was measured via a
Vickers hardness tester (THV-5MD) with a 5 N test load and 10 s holding time. The dry friction and
wear properties of the cladding coatings were conducted by “ball-on-disk” UMT-2 tribo-meter (CETR,
Bruker, Billerica, USA). The upper counterpart was an Al2O3 ceramic ball with a hardness of over
HRC95 with a diameter of 10 mm. The as-prepared coatings were used as lower specimens. The testing
parameters included: the applied loads of 30 N, the linear velocity of 10 mm/s, and the wear test cycle
of 60 min. The wear mass loss after the sliding tests was measured at an interval of 15 min using a
precision analytical balance with a minimum scale value of 0.1 mg. Additionally, to minimize the
resulting deviation, all wear tests were conducted three times. The wear resistance of the coatings was
evaluated using the average value of the mass loss. The wear mechanism of the cladding coating was
further investigated with the assistance of SEM characterization.

3. Results and Discussion

3.1. Macro Observation

Figure 2b shows the surface macro morphologies of Coating 1 and Coating 2. The surface of
coating 1 showed the metallic luster with smoothness, while coating 2 had a relatively dark surface
which was much coarser. The reason might be that the addition of CFs changed the composition of
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the molten pool, which facilitated the occurrence of more complicated and violent chemical reactions
during laser cladding. Figure 3 shows the cross-section morphologies of Coating 1 and Coating 2.
As shown, both composite coatings showed the dense and defect-free metallurgical bonding with
the substrate while Coating 2 had a thicker thickness than Coating 1. The reason was probably that
CFs had high absorption of the laser beam that allowed for the obtention of more heat energy due to
the high absorptivity of carbon, promoting an increasing amount of the substrate to be melted and
mixed with molten cladding material which reasonably facilitated the formation of the coating with
higher dilution ratio and thicker thickness [15–17]. In addition, there existed several big, black points
in Coating 2, and these points are attributed to outside dust rather than CF conglomerates or pores,
according to the SEM results shown in Figure 4.
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3.2. Microstructure

The microstructural characteristics of the composite coatings are presented in Figure 5. As shown,
the microstructural morphologies of both composite coatings presented apparent differences. As shown
in Figure 5a,d, it was found that planar crystals formed at the interface between the composite coating
and the substrate, and the thickness of the planar crystal formed in Coating 1 and Coating 2 was
approximately 10 and 50 µm, respectively. Obviously, the thickness of the planar crystal formed in
Coating 1 was larger than that formed in Coating 2; this evidently indicates that a better interface
metallurgical bonding between the substrate and the composite coating was obtained with the addition
of CFs. Furthermore, the microstructure of Coating 2 differed completely from that of Coating 1. Due to
the fact that the optical microscopy could not clearly observe the microstructure, further SEM analysis
was performed, and the images are shown in Figure 6.
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Figure 6. SEM micrographs of the different regions of Coating 1 and Coating 2: (a) middle region of
Coating 1; (b,c) bottom region and top region of Coating 2; (d) high magnification of lamellar eutectics.

The microstructure of Coating 1 did not change significantly with the distance from the bottom to
upper region. Figure 6a shows SEM images of Coating 1. As shown, Coating 1 mainly consisted of
two different kinds of phases which were cellular crystals and eutectics in respect to the bottom and
upper regions. On the contrary, for Coating 2, the microstructure of the middle region was similar to
that of upper region, but the bottom region showed different microstructure. Obviously, the bottom
region of Coating 2 consisted of cellular crystals and eutectics, while the middle and upper regions
were made up of block-like phases, lamellar eutectics, and nanoparticles, as shown in Figure 6b,c.

3.3. Phase Analysis

Figure 7 shows the X-ray diffraction patterns of the composite coatings. As indicated, α-Fe, γ-Fe,
(Cr, Fe)7C3, and CrB existed in Coating 1. However, for Coating 2, α-Fe, γ-Fe, (Cr, Fe)7C3, (Cr, Fe)23C6,
B4C, and CFs were found, but the diffraction peaks of CrB were neglected. Also, compared with
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Coating 1, the peak strengths of γ-Fe and α-Fe in coating 2 increased and decreased, respectively,
suggesting that with CFs addition, the content of γ-Fe and α-Fe existing in the composite coating
increased and decreased, respectively. Above these phenomena indicated that the phase composition
of the composite coating changed with the CFs addition. Some researchers reported [18] that the
chemical stability of γ-Fe increased when more carbon elements were dissolved in austenite during
laser cladding. As a result, more γ-Fe in coating 2 were maintained. Additionally, the diffraction peak
of CFs was detected in the composite coating as well, which was due to its incomplete dissolution
in the melted pool during laser cladding. The remaining CFs could act as lubricants that played a
positive role in the wear resistance. (Cr, Fe)7C3 and B4C carbides could be formed, which resulted
from the high affinity between Cr, B and C atoms. The standard Gibbs free energy of Cr7C3, Cr23C6,
CrB and B4C was shown in Figure 7. The calculated values of Gibbs free energy (∆G0) of all reactants
with the temperature were negative. Hence, CrB, (Cr, Fe)23C6, (Cr, Fe)7C3 and B4C carbides could
form spontaneously. From the thermodynamics perspective, the Gibbs free energy of (Cr, Fe)23C6 was
lower than that of (Cr, Fe)7C3 in all the ranges of reaction temperature, suggesting that (Cr, Fe)23C6

compared with (Cr, Fe)7C3 was more stable and easier to form. However, it was observed that (Cr,
Fe)7C3 carbides were main phases of the composite coating in the present study rather than (Cr, Fe)7C3,
which might be attributed to high concentration of C atoms [19]. Ma et al. [20] also reported that
dynamics factors such as concentration and activity of solute atoms also affected the formation priority
of various phases. Also, as stated above, with CFs addition, CrB would not be formed in the composite
coating. In fact, the affinity of Cr and C was much higher than that of Cr and B. It was reasonable
that Cr tends to firstly combine with C atoms to form Cr7C3 which consumed lots of free Cr atoms.
Therefore, remaining Cr content in the melt pool was so low as to not react with B to form CrB.
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The EDS analysis of corresponding phases is listed in Table 3. And elemental distributions of the
microstructure of Coating 1 and Coating 2 are shown in Figures 8 and 9, respectively. Combining the
XRD results, it can be deduced that cellular crystals containing a high concentration of Fe, as well as
relatively low amounts of Cr and C, are identifiable as α-Fe which belong to a typical supersaturated
solid solution; the eutectics mainly consisted of Fe, Cr, C, and B elements, which should be γ-Fe/(Cr,
Fe)7C3/CrB; block-like phases, rich in Cr, Fe, and C elements, were confirmed as (Cr, Fe)7C3; lamellar
eutectics are mainly rich in Fe, Cr, and C which were supposed as γ-Fe/(Cr, Fe)23C6; nanoparticles
mainly contained B and C elements which were considered to be B4C. The XPS of Coating 2 was used
to characterize the phase constitution, as shown in Figure 10. The Cr 1s spectrum contained two wide
peaks. One peak had a binding energy of about 573.8 eV, which was characteristic for Cr–C bonds in
Cr7C3 [21]. Another peak at 575.6 eV might be associated with Cr2O3 due to the reaction between Cr
and O2. A low amount of oxygen was introduced into the molten pool due to the molten pool not
being protected sufficiently by argon and the alloy element Cr combining with oxygen to form Cr2O3.
Although argon effectively protects the molten pool during laser cladding, a very small amount of air
is inevitably introduced into the molten pool as well. Thus, it can well explain the source of the oxygen.
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The B 1s spectrum appeared as two peaks, which at approximately 187.9 and 192 eV, it can be assigned
to B4C and BCO2 [22], respectively. Similarly, The C 1s spectrum could be resolved into four binding
energy peaks. The main peak located at 282.6 eV, responsible for B–C bonds in B4C, also further
confirmed the existence of B4C. The other peaks at about 284.5, 287.8, and 288.9 eV, respectively, can
be characteristic for C–C/C=C, C–O, and O–C=O bonds in CFs. Therefore, the presence of CFs, (Cr,
Fe)7C3, and B4C was further determined.
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Table 3. Chemical composition of different phases examined by EDS (at.%).

Phase Fe Ni Cr C Si B

Cellular crystal 76.92 0.34 14.81 6.44 1.46 0.04
Eutectics 66.80 0.37 19.18 7.16 0.75 5.74

Block-like phases 64.92 0.35 16.98 17.62 0.09 0.03
Lamellar eutectics 62.91 0.31 10.10 24.43 0.64 1.61

Nanoparticles 33.58 0.16 5.80 19.37 0.49 40.61
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3.4. Microstructural Evolution of the Composite Coating with the Addition of CFs

The solidification process at the bottom was quite different with the top of the cladding coating.
The segregation and diffusion of solute atoms, such as Cr and C, determined the microstructural
evolution in the coatings. At the beginning of solidification, there was a great temperature gradient at
the substrate–coating interface, and the liquid composition was uniform without any constitutional
supercooling [23,24]. Thus, the planar crystal grew along the interface. Iron atoms coming from the
substrate entered into the coating zone and CFs with a low density floated which diluted the bottom
zone, leading to the low concentration of solute atoms such as Cr and C atoms in this region and which
was insufficient for carbides nucleation. With the temperature further decreasing, eutectic reaction
took place at lower temperature. As a result, the microstructure at the bottom of the cladding coating
transformed into a lamellar eutectic structure, as shown in Figure 6b.

The solidification process was quite different at the upper zone of the cladding coating. Coating
surfaces were directly irradiated by the laser beam, leading to a high increase of temperature. A massive
number of CFs were dissolved resulting in a significant increase in C atoms in this region which
was sufficient for carbides nucleation. When solidification started, the (Cr, Fe)7C3 carbides were
primarily separated out in the liquid metal. As the chemical composition of the remaining liquid metal
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reached the eutectic point, a eutectic reaction would take place and γ-Fe/(Cr, Fe)23C6 lamellar eutectics
nucleated and grew by attaching on the early precipitated (Cr, Fe)7C3 carbides, as shown in Figure 6c.
The γ-Fe/(Cr, Fe)23C6 lamellar eutectics could effectively make (Cr, Fe)7C3 carbides separate. Finally,
(Cr, Fe)7C3 block carbides distributed uniformly among the γ-Fe/(Cr, Fe)23C6 lamellar eutectics when
solidification accomplished. Figure 11 shows the particle size distribution of α-Fe cellular crystals in
Coating 1 and (Cr, Fe)7C3 blocks in Coating 2. It was clearly observed that the particle size of α-Fe
cellular crystals in Coating 1 was a little larger than that of (Cr, Fe)7C3 blocks in Coating 2. According
to the traditional Hall–Petch relationship, fine grain size was also a favorable factor which increased
the microhardness and wear resistance. The microhardness and wear resistance of the composite
coating with and without CFs were discussed later.
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3.5. Microhardness and Wear Resistance

Figure 12 illustrates the microhardness profiles of a transverse cross-section of the composite
coatings. Obviously, it can be seen that the profile was divided into three regions: coating zone
(CZ), heat-affected zone (HAZ), and the substrate (SUB). Both composite coatings showed a similar
microhardness distribution, that is, higher in the coating zone and decreasing until the substrate.
Differently, the average microhardness of Coating 1 (about 847 HV0.3) was much higher than that of
Coating 1 (about 457 HV0.3), which suggests that the microhardness of the composite coating was
enhanced with the CFs addition. The hardening mechanism was changed, which mainly transformed
from the solid-solution strengthening of supersaturated solid solutions to the dispersion strengthening
of in-situ synthesized reinforcements. As stated earlier, the finer grain size of the composite coating
with CFs contributed to the higher microhardness.
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The variations of friction coefficient and wear mass loss of the composite coatings during the
dry sliding process are shown in Figure 13. In general, the friction coefficient and the mean wear
mass loss rates of Coating 2 were both about 1.5 times as high as that of Coating 1, consistent with the
microhardness results. However, it is well known that the relationship between the microhardness
and wear resistance is not simply a positive correlation. Thus, it could be inferred that the increased
wear resistance of the composite coating with the addition of CFs was not only affected by higher
microhardness but also other excellent characteristics.
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3.6. Wear Mechanism

The worn surface morphologies were observed in order to reveal their wear mechanisms as shown
in Figure 14. There were deep and wide grooves extending parallel to the sliding direction inside
the wear scar of Coating 1, derived from the micro-cutting effect of hard micro-bulges on grinding
materials [25]. Moreover, when we proceeded with the wear process, work hardening occurred on the
worn surface, and brittle spalling would form under repeated shear stress, resulting in the formation
of spalling pits. Thus, the dominant wear mechanism of Coating 1 was governed by micro-cutting and
serious brittle spalling which well explains the reason why Coating 1 had the higher wear mass loss.
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Figure 14. Typical worn surface morphologies of different claddings: (a) Coating 1; (b) Coating 2.

Conversely, the worn surface of Coating 2 was much smoother than that of Coating 1. The wear
mechanism of Coating 2 was slight scratching. The hard phases such as (Cr, Fe)7C3 and B4C could
serve as blockade to the micro-cutting when dry sliding with the ceramic counterpart. Moreover,
CFs with good a self-lubricating property could diffuse and accumulate on the rubbing surface to form
a tribo-film which would reduce the direct contact areas between the counterpart and the composite
coating, further decreasing the friction coefficient and wear mass loss of the composite coatings [26].
In addition, CFs existing in the composite coating like “branches that built nests” should be distributed
randomly which could also help to increase the toughness of the coating and decrease the cracking
sensitivity. This was the main reason why spalling pits did not occur on the worn surface of Coating 2.

4. Conclusions

In this article, a Fe-based alloy/CF composite coating which was dense and free of defects was
fabricated on the surface of 16 Mn steel. The effects of the CFs on the microstructure and wear resistance
of the cladding coating were determined. The following conclusions can be drawn.

• Compared with the original Fe-based alloy coating, (Cr, Fe)7C3 and nano-size B4C carbides were
in-situ synthesized in the lamellar eutectics’ matrix. Moreover, the CFs were partly dissolved in
the melt pool, and the remaining CFs in the composite coating could act as a lubricating phase
which contributed to the wear resistance.

• The microhardness of the composite coating was greatly enhanced with the addition of
CFs. The hardening mechanism was changed, which transformed from the solid-solution
strengthening of supersaturated solid solutions to the dispersion strengthening of in-situ
synthesized reinforcements.

• The wear resistance of the composite coating with the addition of CFs was improved by
approximately two times compared with the original coating. Wear mechanisms for the
composite coating were different. The original coating showed the dominant wear mechanisms of
micro-cutting and serious brittle spalling, while the composite coating with CFs showed the main
wear mechanism of slight scratching.
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