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Abstract: This study investigates the influence of various heat treatment processes on the microstruc-
ture and properties of laser cladding Fe314 coatings. The microstructure, phases, and impact fracture
morphology of the cladding layer were observed using X-ray diffraction and scanning electron
microscopy, among other methods. The hardness and impact performance of the cladding layer were
also tested. The results indicated that there was compositional segregation and non-equilibrium
microstructure in the untreated cladding layer, with an average microhardness of 368.67 HV and an
impact toughness of 27 J, exhibiting quasi-cleavage fracture. The stress-relief annealing treatment
resulted in a uniform distribution of M23C6 carbides inside the cladding layer. The pinning effect
generated by M23C6 reduced the microhardness by 16.26% and increased the impact toughness to
54 J. The impact fracture surface exhibited ductile fracture. After secondary normalizing and an-
nealing, the microstructure of the cladding layer transformed into a fine single-phase austenite
structure, and fine M7C3 carbides precipitated at the grain boundaries. Under the effects of fine
grain strengthening and dispersion strengthening, the microhardness of the cladding layer decreased
by 38.14%, and the average impact absorbed energy of the specimen was 64 J, showing complete
ductile fracture.

Keywords: laser cladding; microstructure; heat treatment process; mechanical properties

1. Introduction

EA4T steel is the main material used for manufacturing locomotive axles due to its
excellent overall mechanical properties [1]. However, when locomotives operate on high-
speed tracks, the axle surface may encounter external damage caused by sharp and hard
objects [2]. Therefore, exploring an environmentally friendly axle remanufacturing and
repair technology not only reduces the waste of resources, but also reduces the mainte-
nance cost of trains. Laser cladding is a rapid heating and cooling process that results
in the formation of a fine grain structure with high bond strength in the cladding layer.
However, the rapid solidification during cladding can lead to elemental segregation, result-
ing in severe lattice distortions in the cladding, which can degrade the properties of the
cladding [3]. How to control the quality of the clad layer in laser cladding remanufacturing
is a technical challenge in axle repair and remanufacturing, and is also one of the current
research focuses [4].

Currently, common methods to enhance the cladding quality include the optimization
of laser process parameters [5], the addition of alloying elements [6], the application
of external auxiliary fields, and post-heat treatment [7]. Chen et al. [8] utilized laser
cladding technology to prepare a Fe314 clad layer on EA4T steel. By optimizing the process
parameters, they obtained a set of specimens with the best match of strength and toughness.
However, due to the inhomogeneous distribution of solute atoms during laser cladding,
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the microhardness value of the cladding layer is relatively high. In order to enhance the
performance of the fused cladding layer, Chen et al. optimized it by introducing rare
earth elements in the cladding process. Rare earth elements have a role to play in grain
refinement, resulting in improved toughness in all regions of the clad layer. Building upon
this, Chen et al. [9] employed ultrasonic vibration-assisted laser cladding for surface repair
of EA4T steel. This approach transformed the originally directionally solidified dendritic
structure into a fractured dendritic and granular structure, providing a more uniform
distribution of microstructure within the cladding.

All these methods can to some extent modify the microstructure and mechanical prop-
erties of fused cladding layers. However, compared to these optimization approaches, heat
treatment has multiple beneficial effects on laser-cladded layers. Firstly, it can eliminate
residual stress, preventing cracking and delamination of the clad layer, thus enhancing
safety and reliability [10]. Secondly, heat treatment can adjust the phase constitution and
distribution of the fusion cladding to make the microstructure more homogeneous and
stable, and enhance the resistance to crack extension [11]. Additionally, heat treatment
can refine the grain size, reduce hardness, significantly improve toughness, and extend
the service life [12]. Therefore, heat treatment process studies are essential to improve the
quality and overall performance of the remanufactured EA4T axle cladding layers. The
temperature and cooling rate during heat treatment can have a significant impact on the
microstructure of the fused cladding, whereby researchers have studied and determined
the correlation of microstructure with mechanical properties [13,14]. Liu et al. [15] applied
a 2.0 wt.% CeO2 Ni60 self-lubricating wear-resistant composite layer on the face of 35Cr-
MoV steel by laser. The heat-treated composite layer exhibited a microstructure mainly
composed of equiaxed grains, with refined grain size and a uniform structure. The heat
treatment promoted the refinement and nucleation of CeO2, further refining the microstruc-
ture. Ge et al. [16] annealed lightweight steel with austenite ferrite structure at different
temperatures, resulting in an increase in the austenite phase and regular distribution of
the ferrite phase along grain boundaries, as well as grain refinement. This greatly reduced
the residual stress level of the steel and improved its toughness. Liu et al. [17] conducted
multiple normalizing treatments on 9Cr-2.3W-3.0Co martensitic steel and found that the
toughness of the material increased from 182.8 J to 369.7 J after secondary normalizing. The
particle size of M23C7 in the matrix decreases with the increase in normalizing times and is
uniformly distributed in the matrix.

Moreover, in multi-stage annealing heat treatment, the various stages of the process
interact with one another [18,19]. The changes in the microstructure of alloys under
heat treatment have been extensively studied by many researchers, and have found that
the transformation of metastable phases to stable phases, as well as morphological and
dimensional changes in the composition of the second phase in the fused cladding, can
affect both the strength and toughness of the fused cladding [19]. Shi et al. [20] prepared
a 34CrNiMo6 cladding layer by laser cladding technique. The effects on microstructure
and mechanical properties of alloys with different tempering treatments were investigated.
It was observed that as the tempering temperature increased, the bar and plate carbides
gradually transformed into stable coarse-grained carbides, and thermal treatment removed
the microstructural inhomogeneity in samples, thus improving the toughness of the fused
cladding. Zhao et al. [21] prepared an iron-based fusion cladding on 3Cr13 stainless steel
using laser cladding technology and controlled the microstructure of the coating by solution
aging. The carbides in the fused cladding were transformed from blocky, dendritic, and
consecutive intergranular morphology to spherical, discontinuous, and short rod-like
morphology, which greatly enhanced the uniformity of the microstructure.

For enhancing the comprehensive performance of laser composite Fe314 layers, this
study investigates the microstructural evolution of the Fe314 laser-cladded layer and
the precipitation phases under different heat treatment processes, namely stress-relief
annealing and secondary austenitizing with tempering. Furthermore, the effect of these
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microstructural changes on the mechanical properties of cladding layers was investigated
and analyzed.

2. Materials and Methods
2.1. Experimental Equipment and Materials

The matrix material used for the test in this paper is EA4T axle steel developed by
Siemens, Germany, which belongs to low carbon and low alloy steel, and its main chemical
composition is shown in Table 1. The powder used in the experiment were spherical Fe314
powders (provided by BGRIMM Advanced Materials Science & Technology Co., Ltd.,
Beijing, China) with particle diameters of 90–120 µm (as shown in Figure 1), the powder
fluidity is 30.78 g/s, the bulk density is 4.537 g/cm3, the thermal expansion coefficient
of Fe314 is similar to that of EA4T steel, and the main chemical composition is shown
in Table 2.

Table 1. Main chemical composition of EA4T steel (wt. %).

C Cr Si Ni Mn Mo Cu S P Fe

0.24 1.04 0.34 0.26 0.74 0.25 0.15 0.002 0.008 Bal.
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Figure 1. Micro-morphology of the Fe314 alloy powder.

Table 2. Composition of Fe314 alloy powder (wt. %).

C Si Cr Ni B Fe

0.1 0.12 17.5 10.5 0.65 Bal.

A 6 kW fiber laser (YLS-6000 IPG, IPG Photonics, Marlborough, MA, USA) with a
spot diameter of 3 mm and a wavelength of 1070 nm was used in the experiments. The
powder-feeding system of HUIRUI-O4T adopts a double-cylinder powder feeder (Nanjing,
China), and the powder-feeding speed is mainly regulated by adjusting the rotational speed
of the powder feeder disc. The powder material consists of spherical Fe314 particles and is
transported through the powder-feeding nozzle using high-purity argon up to 99.999%.
The cladding layer thickness is maintained at 1.2–1.5 mm (this is the result after strictly
controlling the experimental variables), while laser power is 2.2 KW, the powder-feeding
speed is 2.5 r/min, the scanning speed is 4.67 mm/s, and the powder-feeding gas flow rate
and protective gas flow rate are 22 L/min and 5 L/min, respectively [22].

2.2. Experimental Methods

Laser cladding of two-dimensional planar surfaces can be achieved by a four-axis
linked CNC platform, and the laser scanning direction can be realized along the X and
Y axes according to the CNC programming system. Process parameters like overlap rate
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and scanning speed can be set by the CNC programming system (UG NX 2000) in the
computer, and the laser-fused specimens were heat treated in a vacuum furnace (MXQ1700-
40, working vacuum degree ≥ −0.05MPa, Micro-X, Shanghai, China) [23]. Rapid changes
in temperature during the cladding process can lead to significant internal stresses within
the clad sample. To alleviate the residual stresses generated in the cladding process and
to improve cladding properties, the laser-cladded samples were subjected to two types of
heat treatment: annealing treatment and secondary normalizing + annealing, respectively.
At the same time, untreated laser-cladded samples are utilized as control specimens. The
specific heat treatment processes are detailed in Table 3.

Table 3. Heat treatment process parameters.

Process Stage Temp (°C) Soaking (h) Rate (°C/min)

Annealing Step 1 550 2 10

Secondary normalizing + annealing
Step 1 1150 1 3
Step 2 980 1 3
Step 3 650 2 10

After grinding and polishing, the overlay of the specimen was etched with a FeCl3
solution (FeCl3:HNO3:HCl:C2H5OH = 2:3.5:1:30) to prepare a metallographic specimen.
The microstructure, phase analysis, and impact fracture morphology of the alloy were
observed using an X-ray diffractometer (D8 advance, Bruker, Billerica, MA, USA), and
a scanning electron microscope (S-3400N, Hitachi, Tokyo, Japan). The microhardness of
the specimen is tested from the surface of the cladding to the substrate using a JMHVS-
1000AT hardness tester (DONGHUA, Taizhou, China). The test distance was 100 µm, the
hardness test load was 1.96 N, and the load holding time was 20 s. The test process was
conducted in accordance with GB/T4340.1-2009 [24]. The impact specimens were processed
into standard U-notch specimens of 55 mm × 10 mm × 10 mm based on the Chinese
national standard GB/T 229-2007 [25], and a JB-300B impact tester (JINANCHENXIN, Jinan,
China) for room temperature impact testing. The dimensions of the specimen are shown
in Figure 2.
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3. Results and Discussion
3.1. Microstructural Analysis

Figure 3 shows the organization of the fused cladding without heat treatment, an-
nealed, and after secondary normalization plus annealing, respectively. The optimum
process parameters were determined through preliminary tests. As shown in Figure 3a, the
surface of the fused cladding layer was well formed without defects such as cracks and
porosity. As shown in Figure 3b, the microstructural morphology of unheat-treated fused
coatings consists mainly of dendritic crystals. Laser cladding technology is characterized
by rapid cooling and heating, the solidification process deviates from the equilibrium
state, and the diffusion process is too late to fully carry out, resulting in the cladding
layer dendritic segregation, which makes the cladding layer plasticity and toughness very
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poor, and therefore the repaired axle often do not meet the toughness requirements for
the conditions of use. Significant changes in the organization of the fused cladding after
annealing at 550 ◦C for 2 h, reduction in reticulation, and the dendritic crystal chains were
interrupted to form rod-like crystals, but there are still obvious dendritic structures in
the cladding layer after stress-relief annealing treatment, show that stress-relief annealing
will not alter the phase composition inside the cladding layer (as in Figure 3c). After two
normalizations plus annealing, the grains in the fused coatings become uniformly fine
and tightly structured. The fused cladding consists mainly of a dark matrix and a short
grey-white rod-like precipitated phase. Pits formed by the shedding of fine grains can be
identified at the surface of the cladding (Figure 3d) [26].
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By comparison, it can be found that due to the instantaneous completion of the laser
cladding process and the rapid temperature changes inside the melt pool, the alloy elements
in the material cannot diffuse in time, resulting in non-free diffusion crystallization. Un-
heated specimens exhibit microstructures that show segregation. After annealing at 550 ◦C
for 2 h, due to the heat treatment temperature not reaching the phase transition temperature,
no new phases were generated inside the melt pool. However, the microstructure produced
by annealing was homogenized, which improved the segregation of the microstructure
and reduced the residual stress of the microstructure. After secondary normalizing and
annealing treatment, as the temperature reaches the austenitization temperature, the al-
loy elements further diffuse and dissolve, and the disappearance of dendritic crystals
grown along grain boundaries, producing a large number of elliptical hard phases at the
grain boundaries.

Figure 4 presents the XRD results for untreated and heat-treated samples. It can be
observed from the results that, both in the untreated and annealed conditions at 550 ◦C
for 2 h, the austenite phase is abundant in the microstructure of the cladding layer, with a
uniform distribution of (Cr, Fe)23C6 carbides between the dendrites. These carbides are
identified as hard phases, which can pin dislocations and hinder the deformation of the
austenite. The annealing did not alter the phase in the cladding layer, but rather ensured
uniform distribution of (Cr, Fe)23C6 in the microstructure, thereby eliminating residual
stress within it.
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Figure 4. The XRD results of the cladding layer under different heat treatment conditions.

After secondary normalization and annealing, the main components of the cladding
are the γ-(Fe, Ni) phase and (Cr, Fe)7C3 carbides. In the first stage of heat treatment, the
high-temperature treatment at 1150 ◦C can cause all M23C6 carbides and CrB compounds
in the cladding layer to remelt into austenite, and the cladding layer undergoes complete
recrystallization, equivalent to a solid solution treatment. Due to the stabilizing γ phase
and diffusion effect of Ni elements during the cooling process, and the effect of Cr elements
to reduce the austenite region, the transformation of austenite to martensite is inhibited
during cooling, thus retaining the austenitic single-phase structure [27]. After the second
stage of normalization, a significant amount of fine-grained M7C3 was precipitated in
the γ-phase matrix. This is due to the fact that the holding time of 980 ◦C results in a
large number of alloying elements being supersaturated and uniformly distributed in the
austenite phase of the fusion cladding so that the Cr and C elements precipitate during
the subsequent heat treatment and diffuse over short distances to form M7C3. The third
stage of stress-relief annealing did not produce any phase and structural changes in the
cladding layer; therefore, after secondary normalizing and annealing, the fused cladding
consists mainly of austenite and M7C3 carbides. Remelting and recrystallization of the
organization in the fused coating layer occur because of secondary normalization. This
results in a uniform distribution of Cr, Ni, and other alloying elements, and a considerable
amount of fine-grained M7C3 precipitating from the γ-phase grain boundaries [28].

3.2. Mechanical Properties
3.2.1. Microhardness Test

As shown in Figure 5, the fused cladding layer undergoes different heat treatment
processes and exhibits varying microhardness. The untreated cladding layer sample demon-
strates a relatively gradual change in microhardness, with a maximum microhardness of
393.2 HV and an average microhardness of 368.67 HV. Following the annealing treatment
at 550 ◦C for 2 h, the average microhardness of the fused cladding decreases to 308.73 HV,
approximately 16.26% below the untreated condition. Subsequently, the fused cladding
sample subjected to secondary normalization and annealing exhibits the lowest micro-
hardness, with an average value of 228.05 HV, representing a reduction of approximately
38.14% compared to the untreated state. These hardness changes are closely related to the
evolution of the microstructure, as confirmed by the microscopic examination and XRD
test results. The annealing treatment does not induce phase transformation in the cladding
layer, but rather alleviates the internal structure of the grains, leading to a reduction in
internal stress and, consequently, a decrease in material hardness. In contrast, the secondary
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normalization and annealing treatment further alters the material’s phase composition
and lattice structure; the normalization treatment results in the complete transformation of
the existing carbide phase into a single-phase austenitic structure. During the annealing
process, numerous fine M7C3 particles precipitate from the austenitic phase boundaries,
leading to a significant reduction in microhardness. By comparing the microhardness of
the substrate, it can be seen that the average microhardness is 308.82 HV. After annealing
treatment, the microhardness of the substrate is reduced to 207.48 HV on average, which
is about 32.82% lower than that of the unheat-treated state. After the second normalizing
+ annealing treatment, the microhardness of the fused cladding samples was the lowest,
with an average microhardness of 175.63 HV, which indicates that the heat treatment also
has an obvious improvement effect on the microhardness of the matrix.
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3.2.2. Impact Performance Testing

The Charpy impact absorption energy is a method for evaluating the toughness of
materials, representing the ability of a material to absorb impact energy. When the sample
sizes are equal, a greater impact absorption energy indicates a stronger resistance of the
material to external impacts. According to Figure 6, the average Charpy impact absorbed
energy of the untreated specimen is 27 J. This value increases to 54 J after annealing at
500 ◦C for 2 h. Furthermore, the cladding layer sample subjected to secondary normaliza-
tion and annealing exhibits the highest impact toughness, reaching 64 J, which is 2.37 times
that of the untreated sample. This indicates that after the secondary normalization and
annealing treatment, there is a significant improvement in the toughness of the cladding
sample. This approach has the ability to optimize the microstructure of the fused cladding,
thus improving its impact resistance. Through the double normalization treatment, re-
crystallization occurred in the cladding layer, leading to grain refinement. Meanwhile,
a large number of fine alloy carbide M7C3 particles precipitated at the austenite grain
boundaries, serving as pinning sites that noticeably inhibit the growth of austenite grains,
thus enhancing the toughness of the fused cladding. Furthermore, the residual stresses in
the fused cladding were alleviated through stress-relief annealing, further enhancing its
impact resistance [29].
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3.3. Impact Fracture Morphology

Figure 7 shows the impact fractures of the fused cladding under different heat treat-
ment conditions. The fracture surface of the untreated cladding presents a smooth blocky
shape with undulations and a small number of fracture planes, and tearing edges and
secondary cracks can also be observed (as shown in Figure 7a). This may be due to the
presence of anisotropic structures in the cladding layer. During the impact process, stress
concentrates in certain areas, leading to the formation of smooth blocky shapes with undula-
tions. These small planes may be formed due to uneven mechanical stress distribution and
damage in specific areas, which is manifested as a brittle fracture on a macroscopic scale
and a local quasi-cleavage fracture mechanism on a microscopic scale. Figure 7b shows
the impact fracture of the coating after secondary normalizing and annealing. The impact
fracture is covered by a ductile fracture zone, indicating that the cladding layer has a certain
degree of toughness under impact load. In the microscopic fracture, a large number of
dense pits can be seen, and the size of the holes in the pits is unevenly distributed. Overall,
the impact fracture of the cladding after secondary normalizing and annealing shows
the characteristics of a ductile fracture, which is quite different from the brittle fracture
morphology of the untreated cladding. Figure 7c shows the microscopic morphology of the
impact fracture after stress-relief annealing at 550 ◦C for 2 h. There are a large number of
small, dense, and irregularly shaped dimples in the fracture, and the dimples are shallow,
showing a complete ductile fracture.

Comparative analysis of the fused cladding with various heat treatment conditions
reveals that the specimen in the secondary normalizing plus annealing has dimples of
varying sizes and depths. However, in the specimens that are untreated and annealed
at 550 ◦C for 2 h, the dimples are evenly distributed, presenting an equiaxed dimple
morphology, and there are many small dimples on the large dimples. This indicates that the
fused cladding in the secondary normalizing plus annealing has a more uniform structure
and deformation than the untreated and 550 ◦C for 2 h annealed states, better relative
toughness, and better performance stability. After secondary normalizing and annealing,
a large amount of austenite was present in the cladding according to the microstructural
analysis. During the plastic deformation process, the austenite in the cladding layer has a
stronger plastic deformation ability, can consume a large amount of deformation work, and
has the ability to hinder crack propagation, thus causing the phenomenon of small dimples
surrounding and enclosing. Meanwhile, the granular M7C3 in the fused cladding inhibits
the deformation of the austenite, indirectly improving the crack instability resistance of the
cladding layer [30].
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4. Conclusions

This article investigates the microstructure and properties of laser cladding Fe314 alloy
coatings under different heat treatment processes. The major conclusions are shown below
as follows:

1. During the laser cladding process, compositional segregation and non-equilibrium
microstructure exist in the fused cladding due to rapid cooling and non-diffusion
crystallization, leading to higher hardness, lower toughness, and substantial residual
stress. These unfavorable factors can impact the service life and reliability of the
fused cladding, thus necessitating the implementation of reasonable heat treatment
processes for enhancement.

2. After stress-relief annealing treatment, the M23C6 alloy carbides generated in the
cladding layer were evenly distributed, which caused a pinning effect on dislocations
and reduced residual stress inside the cladding layer. The average microhardness
decreased by 16.26%, and the impact toughness was twice that of the untreated state.
The impact fracture was distributed with a large number of small and dense ductile
dimples, manifested as ductile fracture.

3. After secondary normalizing and annealing treatment, the supersaturated γ-phase
and M23C6 carbides in the organization transformed into fine single-phase austenite
structures, and fine M7C3 carbides precipitated at the austenite grain boundaries.
Under the effects of fine grain strengthening and dispersion strengthening, the average
microhardness of the sample decreased by 38.14%, and the impact toughness increased
to 2.37 times that of the untreated sample. Compared with the stress-degraded sample,
the distribution of toughness dimples on the impact fracture surface was more uniform
and dense, showing better toughness and performance stability.
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