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With the development of society and the economy, there is an increasing demand for surface treatment techniques that

can efficiently utilize metal materials to obtain good performances in the fields of mechanical engineering and the

aerospace industry. The laser metal deposition (LMD) technique for cladding has become a research focus because of its

lower dilution rate, small heat-effect zone and good metallurgical bonding between the coating and substrate.
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1. Mechanisms of Grain Growth in the Melt Pool

1.1. Melt Force Status

During the LMD process, the melt force status affects the melt flow direction in the melt pool and then affects the

microstructure of the cladded layer, which ultimately determines the quality and performance of the cladded layer.

Therefore, it is important to analyze the melt force status in the melt pool.

Li  indicated that in the laser cladding process, there are a variety of complex physical phenomena that work together,

such as shielding gas conveying cladding powder, laser and powder interaction, powder and substrate melting, melt flows

in the melt pool, heat conduction and so on. Thus, the melt force status in the melt pool is extremely complicated. In

addition to gravity, the forces acting on the melt materials in the melt pool include: capillary pressure, Marangoni force,

buoyancy, liquid flow viscous force, internal pressure of the melt pool caused by volume expansion, shielding gas

pressure, powder impact force, etc. In the process of laser cladding, all the above-mentioned forces act together on the

melting materials in the melt pool, so that the melt materials are in a complex flowing state in the melt pool.

1.2. Melt Flow Conditions

The flow of the melt materials in the melt pool is the result of the combined action of various forces, and it is also an

important factor influencing the growth and formation of grains in the melt pool. Thus, in order to obtain an idealized grain

morphology in cladded layers, it is necessary to understand the melt flow trend in the melt pool and the related factors that

affect the melt flow.

In 2009, a 3D heat transfer model was developed by Kumar to simulate the LMD process. This model fully considers the

complex physical phenomena (such as heat transfer, phase change and the addition of powder particles and fluid flow

due to Marangoni–Rayleigh–Benard convection) in the LMD process. It is shown that surface-tension-driven Marangoni–

Benard convection is dominant, and buoyancy-driven Rayleigh–Benard convection is insignificant . Heiple et al. 

proposed a mechanism to reveal the relationship between the surface tension temperature coefficient and the direction of

melt flows. They indicated that if the surface tension temperature coefficient is negative (∂σ/∂T<0

), the surface tension at the edge of the melt pool would be greater than the center tension of the melt pool. The free

surface fluid of the melt pool flows from the center of the upper surface of the melt pool to the edge of the melt pool, and

then flows into the bottom of the melt pool along the boundary of the melt pool. Finally, it flows upward near the center of

the melt pool to form a reflux, and drives the internal melt materials to flow. On the contrary, if the surface tension

temperature coefficient is positive (∂σ/∂T>0

), the melt pool would form a clockwise circulation on the left side of the center line of the melt pool, and a

counterclockwise circulation on the right side . At this time, the melt pool flows downward to melt the substrate, making

the melt pool deeper . Gan et al.  studied the impact of the sulfur mass transport and the sulfur mass effects on the

Marangoni flow using an improved 3D transient heat transfer and fluid flow numerical model. The results showed that the

redistribution of sulfur would affect the state of the Marangoni flow, as the surface tension temperature coefficient changes
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from positive to negative as the sulfur mass decreases in the cladded layers. On the left side of the center line of the melt

pool, the melt pool changes from a clockwise cycle to a counterclockwise cycle, which eventually causes the depth of the

melt pool to change from deep to shallow.The sulfur concentration at the top surface of the cladded layers increased 7

times as the mass flow rate decreased from 6 g/min to 0.1 g/min. There are two main flow patterns in the molten pool, that

is, an outward flow pattern when the mass flow rate is high and a predominantly inward pattern when the mass flow rate is

low. This is because when the sulfur mass flow rate is high, less of the substrate had been melted, and the concentration

of the sulfur at the top of the cladded layers was lower. Negative temperature coefficients of surface tension drive outward

flows of melt in the molten pool.

Hu et al.  indicated that the melt pool shows an obvious inward flow pattern under the influence of the high sulfur content

of T15. In 2018, a high-energy synchrotron micro-radiography technique was used to observe the formation and flow state

of melt pools during the laser cladding process by Aucott et al. , finding that adjusting the surface-active elements can

be used to control the flow state of the internal metal melt. It is worth mentioning that the rare earth elements such as La

and Ce are also surface-active elements , which can reduce the surface tension of the molten metal and improve its

fluidity, thereby reducing the porosity in the cladded layer and improving the hardness and wear resistance.

Therefore, in the process of LMD for cladding, the Marangoni double-ring vortex, which is affected by the surface tension

gradient, can influence the depth of the melt pool by dominating the flow trend of the melt materials. In addition, the

surface-active elements such as S, La and Ce can affect the surface tension temperature coefficient, thereby affecting the

flow direction of the melt materials, and ultimately affecting the depth and shape of the melt pool.

1.3. Grain Morphology

In the LMD technology, the microstructure formed by the solidification of the substrate material and the powder directly

affects the mechanical properties of the cladded layer. The cladded layer containing a large number of small equiaxed

grains has characteristics of isotropy, good fatigue resistance and good wear resistance. The cladded layer containing

thick columnar grains has anisotropy and good high-temperature performance, but is prone to microcracks. Studying the

morphology and forming process of grains in the microstructure of the cladded layer is the prerequisite for exploring the

mechanisms of crack formation and suppression methods, and it is also the basis for seeking ways to improve the

performance of the workpiece, which is of great significance.

The morphology of metal crystals in the cladded layer is mainly equiaxed grain and columnar grain. Wang et al. 

revealed the grain morphology evolution behaviors of laser-deposited titanium alloy components via studying the influence

of the mass deposition rate on the structure of the cladded layer during the LMD layer-by-layer cladding process. They

pointed out that there are two main solidification mechanisms in the LMD process, i.e., the upper part of the cladded layer

is mainly composed of small-sized equiaxed crystals, and the lower part of the cladded layer is mainly composed of

coarse columnar crystals produced by grain epitaxy; these two growth mechanisms compete with each other, which

together determine the grain morphology of the cladded layer. In addition, increasing the mass deposition rate would

cause the expansion of the equiaxed grain area in the cladded layer.

For the growth of columnar grains at the bottom of the melt pool during LMD, Henry et al.  pointed out that dendrites

usually grow along the direction perpendicular to the substrate and closest to the direction of the heat flow <001>. In

2016, Zhang et al.  pointed out that in the process of melt materials’ solidification, most of the grains tend to grow along

the <001> direction and form a grain boundaries misorientation angle of about 2°. However, in the bottom area of the melt

pool, since the solid–liquid interface is arc-shaped, the dendrite growth is not strictly perpendicular to the surface of the

substrate. This would cause the bottom grain boundary to be more disordered, and some grain sizes are smaller than

other parts of the deposited layer. The hardness of different areas of the cladded layer is different due to the changes in

eutectic morphology, grain morphology distribution, grain boundaries misorientation and the precipitation of a small

amount of strengthening phase in different areas.

When performing multi-layer laser cladding, there is a remelting phenomenon between two adjacent cladded layers, which

affects the growth of grains. Thijs et al.  indicated that in the laser additive manufacturing technology, the laser

scanning strategies, which include raster, bi-directional, offset-out and fractal , can affect the grain growth direction by

affecting the local heat transfer conditions, and ultimately can affect the microstructure. In the case of layer-by-layer

cladding, due to the partial remelting of the previous layer, the columnar grains can grow further.

Therefore, in the melt pool of LMD, the crystal grain morphology is dominated by equiaxed grains on the surface of the

melt pool and columnar grains at the bottom. The columnar grains grow at the bottom of the melt pool along the direction

perpendicular to the solid–liquid interface and closest to the heat flow. When the multi-layer laser cladding is processed,
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the equiaxed grains on the upper part of the melt pool in the previous cladded layer may be remelted, so that the

columnar grains at the bottom of the melt pool can grow. It is worth noting that during the LMD process, the laser scanning

strategy can affect the direction of grain growth by affecting the local heat transfer conditions, and ultimately affect the

structure of the cladded layer.

1.4. Influence of Melt Flow on Grain Morphology

Since the melt materials are in a flowing state and the columnar grains at the bottom of the melt pool grow along the

direction closest to the heat flow, the melt flow is directly related to the morphology of the crystal grains. Studying the

influence of the melt flow on grain formation and growth is a prerequisite for regulating the formation of the microstructure

of the cladded layer, and it is of great significance to improving the performance of the cladded layer.

In 2001, Canalis et al.  found that the flow of the melt pool contributes to dendrite fragmentation and the transport of

dendrite arms; these dendrite arms and unmelted powder particles create a large number of nucleation sites for the

solidification of the melt in the melt pool. Wang et al.  prepared Ni-based alloys on a single crystal substrate by LMD.

They found that the flow field in the melt pool is an important factor that causes the deflection of dendrite growth during

the layer-by-layer deposition process. Dendrites grow along the direction of the melt flow. In 2016, Chen et al.  studied

the influence of the laser input angle on the dendritic microstructure, crystal orientation and the heat-affected zone (HAZ)

liquation cracking tendency of Inconel 718 deposited on a polycrystalline substrate. They found that laser input angle can

affect the growth of second dendrite arms, because adjusting the laser input angle can change the lateral temperature

gradient, while at the same time, also making dendrites grow from [001] to [100] and can inhibit the formation of cracks in

the heat-affected zone.

Similar grain morphologies were also found in LMD-fabricated Ti-based alloys . There are few reports on the

fabrication of Cu-based alloys by LMD technology. This is because the Cu element is usually present as a non-major

element in the alloys (such as Al–Cu alloy, Al–Zn–Mg–Cu alloy) commonly used in LMD technology, so Cu-based alloys

are not discussed here. Therefore, the melt flow in the melt pool has two main effects on the formation and growth of

grains. On the one hand, the melt flow can promote the formation of equiaxed grains by breaking dendrites. On the other

hand, the melt flow can affect the growth of columnar grains at the bottom of the melt pool by changing the direction of the

heat flow. It should be noted that the grain morphologies in the LMD process are the result of a combination of factors

such as the temperature conditions and melt flow in the molten pool.

1.5. Control the Cladding Microstructure by Coupling Physical Fields

In view of the fact that the melt flow in the melt pool has a direct impact on the formation and growth of crystal grains, the

LMD process can be coupled with different physical fields such as high-frequency micro-vibration, ultrasonic vibration. So,

the formation and growth of crystal grains would be affected to achieve the purpose of regulating the microstructure of the

cladded layer.

In 2019, TiC/AlSi10Mg composite cladded layers were successfully fabricated on high-frequency microvibration platforms

using the LMD process. During the solidification process, the long eutectic Si particles were broken by high-frequency

vibrations and distributed uniformly with the flow of the melt. These broken eutectic Si particles serve as nucleation sites

to form a fine net structure. The net structure and the α-Al phase are closely combined to form a dense microstructure .

In 2017, Cong et al.  combined ultrasonic vibrations with the laser-engineered net shape (LENS) process, finding that

ultrasonic vibrations will generate periodic positive and negative pressure changes in the molten pool, thereby promoting

the flow of the melt. This is due to the acoustic streaming and cavitation effects brought by ultrasonic vibrations, which

generate instantaneous impact stress and temperature fluctuations in the melt pool, making the solidification front

unstable. The broken grains flow back into the molten pool through the melt flow and become new nucleation sites, so the

microstructure of the cladded layer changes from columnar grains to equiaxed grains .

Xie  introduced a pulse current into the laser cladding process and indicated that when the current passes through the

melt, there would be an electromigration effect, Joule heating effect, Peltier effect, skin effect and hysteresis constriction

effect. The introduction of a pulsed current can increase the degree of supercooling during metal solidification, thereby

increase the nucleation rate and promote grain refinement . In addition, different current densities in different regions of

the metal melt would cause different shrinkage forces, resulting in a difference in the internal flow rate of the melt and

shearing stress. If the shearing stress is large enough, the dendrites will be broken into nucleation sites for equiaxed

grains, thereby promoting grain refinement .
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In the research on the influence of magnetic fields on the solidification process of LMD, Li et al.  studied the effects of

strong magnetic fields on the columnar-to-equiaxed transition (CET) during alloy solidification. They indicated that in the

melt pool, the magnetic field interacts with the current generated by the flow of particles and the thermoelectric current

generated by the thermoelectric effect to produce the Lorentz force and the thermoelectric magnetic force, respectively.

The Lorentz force, thermoelectric magnetic force and magnetization force owing to the magnetic anisotropy of the

dendrite work together on cells/dendrites and equiaxed grains, causing the cells/dendrites to break and driving the

equiaxed grains to rotate to further destroy the cells/dendrites. Thus, applying a strong magnetic field during the

solidification of the alloy would cause the fragmentation of cells/dendrites and the columnar-to-equiaxed transition. Zhao

 applied the alternating magnetic field which is generated by a self-designed magnetic field device in the laser cladding

process of Fe-based alloys. It was indicated that the electromagnetic stirring technology is based on two basic principles:

first, Faraday’s law of electromagnetic induction, that is, the conductive liquid generates an induced current when cutting

the magnetic line of induction in a magnetic field; second, the charged body is subjected to an electromagnetic force in the

magnetic field.

Coupling LMD technology with high-frequency micro-vibrations, ultrasonic vibrations, electric fields, magnetic fields and

other physical fields is a feasible method to control the microstructure of the cladded layer. High-frequency micro-

vibrations can increase the strength of the melt flow and break long strip dendrites. The ultrasonic vibrations promote the

formation of a large number of equiaxed grains by acoustic streaming, cavitation and increasing the energy in the melt

pool to increase the thermal gradient. The introduction of a current during the LMD process would cause a series of

positive effects such as the electromigration effect, Joule heating effect, Peltier effect and so on, which will lead to grain

refinement. The application of a strong magnetic field in the molten zone would generate a Lorentz force, thermoelectric

magnetic force and magnetization force, which cause cells/dendrites to break and then the grains of the cladded layer to

be refined.

In addition to the physical field-coupling technology, in recent years, cryogenic quenching to improve the performance of

the cladding layer has begun to attract researchers’ attention. Zhang et al.  quenched the deposited IN718-cladded

layer in liquid nitrogen: the increased cooling rate reduced the segregation of niobium, and the aged hardness increased

by 4%. In the research on the cryogenic quenching of Co-based  and Fe-based  alloys, the cryogenic initial

temperature of the substrate dramatically reduced the clad dilution compared to a room temperature substrate. The

hardness increased because of the reduction in the secondary dendrite arm’s spacing.

In summary, in the LMD process for cladding, on the one hand, the melt materials in the melt pool are in a flowing state

under the action of many forces, and the surface-active elements such as S, La and Ce can affect the surface tension

temperature coefficient of the melt materials in the melt pool, thereby affecting the flow direction of the melt driven by the

Marangoni double-ring vortex, and ultimately affecting the depth and shape of the melt pool. On the other hand, the grain

morphology in the melt pool is dominated by equiaxed grains on the surface of the melt pool and columnar grains at the

bottom. The number of equiaxed grains formed at the top of the melt pool is proportional to the nuclei density, and

columnar grains grow at the bottom of the melt pool perpendicular to the solid–liquid interface and along the direction

closest to the heat flow. The nuclei density affecting the distribution of equiaxed grains is related to two phenomena: part

of the cladding powder is unmelted, and the melt flow breaks dendrites in the melt pool. The laser scanning strategy, the

laser input angle and other factors can affect the direction of the heat flow in the melt pool to affect the direction of grain

growth, and ultimately can affect the microstructure of the cladded layer. In addition, when the solid–liquid interface at the

bottom of the melt pool is irregular, the dendrite growth direction at the bottom of the melt pool would not be perpendicular

to the substrate, resulting in smaller grain sizes at the bottom of the melt pool and more disordered grain boundaries.

When performing multi-layer laser cladding processing, the equiaxed grains on the upper part of the melt pool in the

previous cladded layer can be remelted by changing the process parameters, so that the columnar grains at the bottom of

the melt pool can grow further. Thus, the melt flow in the melt pool has two main effects on the formation and growth of

grains. On the one hand, the melt flow can promote the formation of equiaxed grains by breaking dendrites. On the other

hand, the melt flow can affect the growth of columnar grains at the bottom of the melt pool by changing the direction of the

heat flow. When the LMD technology is coupled with high-frequency micro-vibrations, ultrasonic vibrations, electric fields,

magnetic fields and other physical fields, different physical fields directly or indirectly affect the melt flow and break the

crystal grains in the melt pool to cause the expansion of the equiaxed grain area in the cladded layer, thereby realizing the

control of the microstructure of the cladded layer. The study of the influence of the melt flow on grain morphology is the

basis for studying the control of the microstructure of the cladded layer by coupling different physical fields. Only by

understanding the grain growth mechanism in the melt pool can researchers further explore the direct causes of defects

and formulate methods to suppress cladding defects from the perspective of the microstructure, so as to obtain a cladded

layer with excellent performance.
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2. Distribution and Evolution of Temperature and Stress

2.1. Distribution and Evolution of Temperature

In the LMD process, the high-temperature area near the heat source has a very obvious temperature gradient, and the

cladded layer being processed by the laser would affect the thermal history of the nearby cladded layer and then affect the

formation of the cladded layer microstructure in the nearby area.

In terms of heat transfer, during the laser cladding process, the substrate near the cladding area is preheated by heat

conduction. When the laser scans to this point, the temperature reaches the maximum value. After the laser leaves this

point, the workpiece dissipates heat through the substrate heat conduction, cladded layer surface and air convection and

heat radiation, so the temperature drops sharply . The temperature of this point would rise and fall again when

performing the next cladding tracks. 

The simulation analysis of the LMD process shows that the temperature gradient near the laser heat source is large. The

previous cladding track not only preheats the latter cladding track, but also cyclically heats the adjacent cladding tracks of

the previous layer. Therefore, the temperature evolution process of the overlap area and the adjacent area of the LMD-

cladded layer would lead to heat treatment or solid-state phase transitions, which causes microstructure evolution and

thermal–mechanical interactions, such as thermal warpage and residual stress formation. In addition, in the process of

multi-layer (long-time heating) or large-area laser cladding, the warpage or deformation of the substrate due to thermal

stress on the substrate cannot be ignored. Usually, this adverse effect can be improved by adding water cooling channels

under the substrate or adopting intermittent cladding.

2.2. Distribution and Evolution of Stress

The analysis of the stress composition, distribution and evolution of the cladded layer prepared by LMD technology is the

basis for further exploring the causes of cracks perpendicular to the scanning direction in the cladded layer.

In the LMD process, on the one hand, due to the difference between the thermal and physical properties of the cladding

material and the substrate, such as the thermal expansion coefficient, thermal conductivity, etc., the temperature

distribution in the cladding area would be uneven, which will affect the generation and distribution of thermal stress. At the

same time, due to the large temperature gradient, there will be some phase changes in the overlap zone and the heat-

affected zone, resulting in compressive or tensile stress. On the other hand, plastic strain, elastic strain and thermal strain

mainly occur in the cladding area. Among them, the change in plastic strain is not significant. The elastic strain firstly

drops to a negative value, and then increases to a positive value during the cooling process and remains unchanged. The

thermal strain has a peak when the laser beam passes, and then gradually decreases as the melt materials cool down

. The residual stress refers to the stress that an object has in a state of mechanical and thermal equilibrium in the

absence of an external force. Therefore, the residual stress produced by the cladding process is mainly composed of

compression or tensile stress and thermal stress. The residual strain is composed of elastic strain and thermal strain.

For the relationship between stress and strain, Zhang et al.  used the finite element method to simulate the distributions

of the temperature field and stress field in the LMD process. It was indicated that because the length of the substrate

along the laser scanning direction is greater than the width along the direction perpendicular to the laser scanning

direction and the thickness of the substrate, the workpiece undergoes the greatest deformation resistance along the laser

scanning direction after cladding. The strain distribution in the three directions near the junction of the cladded layer and

the substrate is as follows: the strain along the thickness of the substrate is greater than the strain in the transverse

direction (perpendicular to the scanning direction) and greater than the strain in the longitudinal direction (scanning

direction). Correspondingly, the residual stress distribution in these three directions is as follows: the residual stress in the

thickness direction of the substrate is smaller than the transverse residual stress and smaller than the longitudinal residual

stress . Thus, the maximum residual tensile stress along the scanning direction is the main cause of cracks in the

cladded layer perpendicular to the scanning direction.

When performing single-track or multi-track laser cladding, the stress evolution process of the cladded layer is slightly

different, but the stress distribution is roughly the same. For single-track laser cladding, Farahmand et al.  pointed out

that according to the Von Mises stress distribution, the high stress concentration of laser cladding mainly exists in the

cladding zone (CZ) and the heat-affected zone (HAZ). The cladding zone (CZ) and the interfacial zone (IZ) are high

tensile stress zones, and the heat-affected zone (HAZ) is a compressive stress zone . The generation of the residual

compressive stress of the substrate is caused by the substrate material undergoing a phase change (such as martensite,
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etc.) when the laser heat source acts, thereby generating additional compressive stress. At the same time, due to the

mechanical balance, the compressive stress of the substrate also increases the tensile stress in the cladded layer.

As the melt materials in the melt pool melt and solidify, the stress in the cladding zone (CZ) is constantly changing. In

2015, Dai et al.  used the finite element method to simulate the temperature field and stress field of the ring laser

cladding process on Inconel 718 Ni-based alloys. They found that during the heating process, the cladding metal is

subjected to certain circumferential (scanning direction) and radial (perpendicular to the scanning direction) compressive

stress within a certain temperature range due to heating. When the temperature reaches a certain value, the stress on the

cladding metal almost becomes zero. When the cladding metal is cooled and solidified, the stress on it at the beginning is

very small. When the temperature reaches a certain value, the stress in the circumferential and radial directions begins to

appear as tensile stress. If the tensile stress of the cladding metal is greater than its plasticity, the cracks may occur.

It is worth mentioning that in addition to the thermal history and phase transition of the cladded layer, the cause of residual

stress is also related to the thermal conductivity, thermal expansion coefficient, Young’s modulus and yield stress of the

substrate material and alloy powder, as well as the geometric shape of the workpiece, the processing parameters, the

scanning strategy and other factors. Thus, selecting a powder material with a thermal expansion coefficient similar to that

of the substrate, selecting a suitable LMD scanning strategy, preheating the substrate, reducing the laser power and

increasing the laser scanning speed can reduce the residual stress of the cladded layer . One of the important

reasons for the stress in the laser-cladded layer is the large difference between the thermal expansion coefficient of the

cladding alloy and the substrate. So, a reasonable choice of alloy powder with a thermal expansion coefficient similar to

the substrate is a way to reduce the residual stress of the cladded layer and reduce its crack sensitivity. Dai et al.  used

finite element analysis to study the effect of the laser scanning strategy on the residual stress and deformation of the

cladded layer. They found that by using the offset-out scanning strategy, the residual stress can be reduced to one third of

the residual stress produced by the bi-directional scanning strategy. In 2017, Yang et al.  indicated that laser cladding

can reduce the residual stress between the cladded layer and the copper substrate by preheating, which can also

suppress the occurrence of cracks.

Therefore, In the LMD process, the residual stress is mainly composed of compressive or tensile stress and thermal

stress, while the residual strain is composed of elastic strain and thermal strain. The relationship between stress and

strain is affected by the structure of the substrate. Along the direction where the deformation resistance of the substrate is

greatest, the strain is the smallest, the residual stress is the largest and the cracks are most likely to occur. The cladding

zone (CZ) and the interfacial zone (IZ) are tensile stress zones, and the heat-affected zone (HAZ) is a compressive stress

zone. The interfacial zone (IZ) stress concentration is higher, and it is more sensitive to crack formation. In multi-track

laser cladding, the previous cladding track has relatively low residual stress due to the cyclic heating and cooling effects of

the subsequent cladding track. During laser processing, the cladding metal is firstly subjected to compressive stress.

Then, the stress becomes zero as the temperature rises. Finally, as the molten metal cools and solidifies, tensile stress

appears in the scanning direction and the direction perpendicular to the scanning direction. If the tensile stress is greater

than the plasticity of the cladding metal, cracks will occur. In addition, the generation of residual stress is also related to

the thermal conductivity, thermal expansion coefficient, Young’s modulu, and yield stress of the substrate material and

alloy powder, as well as the part’s geometry, processing parameters, scanning strategy and other factors. Selecting

powder materials with a thermal expansion coefficient similar to the substrate, selecting a suitable LMD scanning strategy,

preheating the substrate, reducing the laser power and increasing the laser scanning speed can reduce the residual

stress of the cladded layer, thereby reducing the crack sensitivity of the cladded layer.

In summary, in addition to the obvious temperature gradient near the heat source, the difference between the thermal and

physical properties of the cladding material and the substrate, such as the thermal expansion coefficient, thermal

conductivity, etc., as well as the processing parameters and scanning strategy can cause an uneven temperature

distribution in the laser cladding area, thereby affecting the generation and distribution of thermal stress. Moreover,

different areas of the cladded layer have different thermal histories directly related to the temperature field, so there will be

different phase transitions in the cladding zone (CZ), the interfacial zone (IZ), HAZ and overlap areas, resulting in tensile

or compressive stress. The thermal stress and tensile or compressive stress together constitute residual stress. The

relationship between stress and strain is affected by the structure of the substrate. Along the direction where the

deformation resistance of the substrate is greatest, the strain is the smallest, the residual stress is the largest and the

cracks are most likely to occur. There are several potential ways to reduce the residual stress of the cladded layer:

selecting powder materials with a thermal expansion coefficient similar to the substrate, selecting a suitable LMD

scanning strategy, preheating the substrate and adjusting the process parameters to reduce the laser energy density.

Therefore, studying the distribution and evolution of temperature and stress can further reveal the formation mechanism

and hence facilitate the development of defect suppression methods for obtaining well-performing cladded layers.
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3. Defect Formation and Suppression

3.1. Causes of Pore Formation

Porosity is a key factor for some problems such as stress concentration, performance degradation and so on . Thus, in

order to prepare cladded layers with good performances, it is necessary to explore the direct causes of pore formation.

Only by understanding the reasons for pore formation can researchers further develop methods to suppress pores.

In 2019, Zhang et al.  pointed out in comparative experiments of laser welding and tungsten inert gas welding (TIG)

between laser selective cladding and cast AlSi10Mg that the oxygen content in the laser selective cladding AlSi10Mg plate

is much higher than that in the as-cast AlSi10Mg plate. Oxides easily absorb water and protective gas in the air and

induce reaction (1) under the laser action. The solubility of hydrogen in liquid aluminum can reach 0.7 mL/(100 mg), while

that in solid aluminum is only 0.036 mL/(100 mg). So, the hydrogen generated by aluminum and water under the laser

action is precipitated during the process of aluminum alloy changing from liquid to solid, resulting in the generation of

pores. As for the oxide Al O , it can be seen as an oxide film on the powder or substrate. The oxide film usually causes

irregular pores of about tens of microns in the cladded layer . However, when Liao et al.  studied the mechanism of

alumina loss in laser selective cladding of Al O –AlSi10Mg composites, it was found that excessively high temperatures in

the melt pool during cladding will cause the reduction reaction of aluminum to alumina in the melt pool (2), resulting in

pores in the cladded layer.

2Al + 3H O = Al O  + H ↑ (1)

4Al + Al O  = 3Al O↑ (2)

The LMD processing parameters can directly or indirectly affect the melt flow in the melt pool so as to affect pore

formation. Ng et al.  discussed the relationship between LMD process parameters and porosity in studying the

formation of pores and bubble retention during the LMD process. As the laser power increases, the porosity first

decreases and then increases. It was found that an increase in laser power will increase the input heat and reduce the

solidification rate, allowing bubbles to escape before the melt materials in the melt pool solidify, and it will also reduce the

pores caused by insufficient melted powder . However, if the laser power is too high, the melt flow in the melt pool will

be more violent and will aggravate the powder, trapping the shielding gas and bringing it into the melt pool to form pores,

which is also the reason for the increase in the porosity caused by the increase in the powder feeding rate. It is worth

mentioning that the effect of the Marangoni flow on driving the flow of bubbles is 5 times the effect of the floating bubbles

themselves, so the Marangoni flow will cause bubbles to deposit at the bottom of the melt pool or promote bubbles to

coalesce when the melt flows, causing bubbles to aggregate and produce large pores. Kumar et al.  pointed out that in

the laser additive manufacturing of Inconel 718, choosing the right hatch distance can help reduce the porosity between

two adjacent cladded layers through remelting. However, in 2019, Langebeck et al.  found that the oxide layer on the

surface of the aluminum alloy will produce a chemical reaction during the LMD process, and the gas produced in this

chemical reaction causes the pore volume to increase as the hatch distance increases.

3.2. Methods of Pore Suppression

Understanding the direct causes of pore formation, it has become a current research hotspot to develop corresponding

pore suppression methods. In LMD for cladding, the use of effective methods to suppress pores can greatly reduce the

stress concentration and improve the performance of the workpiece, which is of great significance for further research on

the performance of cladded layers prepared by various powders.

Firstly, the low-porosity powder can be used to obtain a low-porosity cladded layer. Zhao et al.  used LRF technology to

deposit Inconel 718 powders. They found that the powder material produced by plasma rotating electrode preparation

(PREP) has a lower porosity compared with the gas atomized powder.

Secondly, the porosity of the cladded layer can also be reduced by changing the chemical reaction in the melt pool to

inhibit the generation of reaction gas. In 2019, Kang et al.  promoted the reaction of oxygen and Cr by adding an

appropriate amount of Cr particles to the alloy steel powder, thereby inhibiting the carbon–oxygen reaction which could

generate gas in the molten pool, thus reducing the porosity of the cladded layer. Li  indicated that by baking the powder

before LMD, the moisture on the powder’s surface can be dried. This method can not only reduce the porosity caused by

the evaporation of water during processing, but also reduce the porosity by inhibiting the chemical reaction of the

aluminum alloy powder with water under the laser action. In 2014, Alshaer et al.  found that short pulse laser surface

cleaning can be used to reduce the porosities of the AC170 PX aluminum-welded coating layers.

[40]

[41]

2 3
[42] [43]

2 3

2 2 3 2

2 3 2

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]



Finally, selecting appropriate LMD process parameters, such as laser power, powder feeding rate, scanning speed, etc.

, and remelting processes can also reduce the porosity of the cladded layer. Gao et al.  indicated that the

remelting process can not only remove pores, but also improve the surface finish of the cladded layer. It is interesting to

note that the heat-treatment-related process does not have an large effect on the porosity.

In addition, coupling some physical fields with LMD technology can also reduce the generation of pores. Zhou et al. 

found that in the LMD process, the application of an electromagnetic force can effectively prevent the appearance of

welding pores. In 2018, Zhang et al.  combined electric-magnetic compound fields and laser cladding technology, and

the results showed that a downward Ampere force can reduce the porosity and the size of the pore. Li et al.  indicated

that the application of appropriate high-frequency micro-vibrations in laser processing can intensify the flow of the melt

materials, thereby promoting the floating of gas and slag in the melt pool, and ultimately achieving the effect of reducing

the porosity.

Therefore, corresponding to the reasons for the formation of pores in the LMD process, the methods to reduce the

porosity of the processed workpiece mainly include using low porosity powder, inhibiting the chemical reaction of gas

generated in the LMD process, choosing the appropriate LMD process parameters or adopting the remelting process

method. In addition, coupling some physical fields with LMD can also reduce the generation of pores by affecting the melt

flow.

3.3. Causes of Crack Formation

In the cladded layer prepared by LMD, the cracks are considered to be the worst defects because they directly cause the

workpiece to fail. Crack sensitivity can be described as the crack initiation probability of the cladded layer. For a laser-

cladded layer, the cracks are usually perpendicular to the scanning direction . In order to develop methods to suppress

the formation of cracks to improve the quality of the cladded layer, it is necessary to explore the crack formation

mechanisms.

The cracks in the LMD-cladded layer can be divided into hot cracks and cold cracks. The initiation of hot cracks is caused

by hot tearing and is affected by the microstructure . The cold cracks refer to the cracks caused by the phase

transition when the material is heated and cooled to a lower temperature, and also refer to the cracks caused by the

excessive thermal strain during melting and solidification due to the different thermal characteristics of the cladding

material and the substrate. The cold cracks mainly occur in the heat-affected zone (HAZ) of the cladded layer .

The segregation phenomenon and the uneven distribution of compounds, coarse brittle phases and impurities in the

cladded layer are important factors for the formation of hot cracks . In 2018, Wang et al.  found that V O

can used as a grain refiner of NiCrBSiC laser-cladded layers. The addition of V O  inhibits the formation of brittle phases

and promotes the uniform distribution of most elements and compounds to reduce crack sensitivity. Moreover, the

segregation phenomenon in the alloy liquid film between dendrites in the cladded layer is also an important factor leading

to cracks. In 2016, Cloots et al.  indicated that there is a low-melting, high-concentration Zr liquid film near the crystal

grains formed in the cladding zone (CZ), which leads to brittle grain boundaries, and these brittle grain boundaries cannot

transmit residual stress and cause cracks. In 2020, Alizadeh-Sh et al.  fabricated Inconel 718 laser cladding coating on

an A-286 Fe-based superalloy substrate. They found that the dilution rate and impurity elements such as S and P can

affect the segregation of dendrites so as to cause cracks. The higher the segregation potential of the alloying elements,

the more prone is the substrate to solidification cracks. Nakki et al.  found that Inconel 625 with a lower impurity content

(such as S, P, B) was the least prone to hot cracking. In addition, the thicker the dendrites are, the more likely the alloy

liquid will penetrate between the dendrites, which would lead to an increase in the thickness of the intergranular liquid film,

and hence a decrease in the critical thermal stresses .

Therefore, the cracks in the LMD-cladded layer can be divided into hot cracks and cold cracks. The initiation of hot cracks

is generally caused by hot tearing, which is directly related to the segregation phenomenon and the uneven distribution of

compounds, coarse brittle phases and impurities in the cladded layer. However, for the initiation of cold cracks, they are

generally caused by the phase transition in the heat-affected zone (HAZ) of the cladded layer.

3.4. Methods of Crack Suppression

In order to prepare laser-cladded workpieces with good quality and high reliability, suppressing the formation of cracks in

the cladded layer has become the current research frontier of LMD technology. Due to the different causes of cold cracks

and hot cracks, the methods for reducing crack sensitivity are also different.
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For cold cracks, the method of preheating the substrate can be used to reduce the crack sensitivity of the heat-affected

zone (HAZ) in the substrate. In 2020, Bidron et al.  proposed that, compared to the substrate without induction

preheating, the induction preheating of the substrate can change the precipitated phases in the substrate, thereby

reducing the crack sensitivity of the HAZ. It is worth noting that appropriately reducing the power input or increasing the

laser scanning speed can also reduce the crack sensitivity of the heat-affected zone (HAZ) .

For hot cracks, the crack sensitivity of the cladded layer can be reduced by refining the grains of the cladded layer. There

are three main methods for refining the grains of the cladded layer: controlling the process parameters, coupling the

physical fields, and adding rare earth powders.

Different alloy powders have different microstructures under the same process parameters. In general, however, when the

lower laser power and higher scanning speed are combined, a finer microstructure in the cladded layer is usually formed

due to the low input energy and high cooling rate, while a higher laser power and lower scanning speed will increase the

incident energy and reduce the cooling rate, resulting in a coarser microstructure in the cladded layer .

Furthermore, increasing the powder feeding rate will cause the unmelted powder to become nucleation sites for equiaxed

grains and hence refine the microstructure of the cladded layer . Coupling the LMD process with different physical

fields, such as high-frequency vibrations , ultrasonic vibrations , electric fields , magnetic fields , etc., can

promote the refinement of the crystal grains in the melt pool by breaking dendrites, thereby reducing the crack sensitivity

of the cladded layer. Another method for refining the grains of the cladded layer is to add rare earth powder to the

processed alloy powder. In 2020, Opprecht et al.  added various quantities of Yttrium Stabilized Zirconia (YSZ) to an

Al6061 powder to form Al Zr as the nucleation sites for equiaxed grain in a molten state to induce grain refinement and

suppress the formation of columnar grains and hence eliminate the hot cracks of the 6061 alloy in laser cladding. The

experimental results showed that as the amount of YSZ increases, the equiaxed grain zone extends to the center of the

melt pool. Meanwhile, the length and number of cracks in the cladding zone are significantly reduced or even eliminated.

Wang et al.  indicated that La, as a surface-active element, is mainly distributed on the grain boundaries, and that the

use of La O  is beneficial to refine the grains and microstructure of the Fe-based cladded layer under oil lubrication

condition.

In the LMD process, in order to suppress the formation of cold cracks, a method of preheating the substrate can be used,

while in order to suppress the formation of hot cracks, the goal is mainly achieved by refining the grains of the cladded

layer. The methods of refining the grains of the cladded layer mainly include three methods: changing the process

parameters, adding physical fields to the LMD technology and adding rare earth materials in the powder.

It should be noted that the roughness has an important influence on the wear resistance and corrosion resistance of the

cladded layer. Chen et al.  showed that the cladding speed has a significant effect on the surface quality. Generally, the

roughness decreased with the increase in the scanning speed. In addition, a high overlap rate reduced the surface

fluctuation of the coating and improved the surface quality of the cladded layer. Therefore, the roughness of the cladded

layer can be improved by optimizing the process parameters. In occasions with high requirements or roughness, high-

quality cladded surfaces can be obtained by post-machining methods.

To sum up, the most important defects in the cladded layer of LMD technology are pores and cracks. The formation of

pores is related to the hollow powder, physical and chemical reactions in the laser cladding process, and cladding process

parameters. Improving powder quality and optimizing process parameters can suppress the formation of pore defects. At

the same time, external field aids such as electromagnetic fields and ultrasonic vibrations have shown good effects in

suppressing pore defects, and will be a hot research direction in the future. The formation of crack defects is closely

related to the difference in the thermal expansion characteristics of powder materials and substrate materials, phase

distribution and element segregation. Preheating the substrate can reduce the generation of cold cracks, and the use of

inoculants such as rare earth powders can refine the grains and significantly reduce the formation of hot cracks; it is

considered to be one of the most effective methods to suppress hot crack defects, and has begun to attract more and

more researchers’ attention.
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