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Laser cladding, a novel surface treatment technology, utilizes a high-energy laser beam to melt diverse alloy

compositions and form a specialized alloy-cladding layer on the surface of the substrate to enhance its property.

However, it can generate substantial residual stresses during the rapid cooling and heating stages, due to

inadequate selection of cladding process parameters and disparities in thermophysical properties between the clad

layer and substrate material, leading to the formation of various types of cracks. These cracks can significantly

impact the quality and performance of the coating.

laser cladding coating  cracks  residual stress  causes  control methods

1. Introduction

Laser cladding (LC) is an advanced surface modification technology that utilizes a high-energy laser beam to melt

the clad material, forming a strong metallurgical bond with the substrate material . This technology offers

numerous advantages, including high bond strength, minimal heat-affected zone, low thermal deformation, and low

dilution rate . It has found extensive applications in aerospace, automotive, and chemical industries, among

others . The LC system usually consists of a KUKA robot or robot arm, LC head, powder feeder, protective

gas, water cooling system, and workbench  (Figure 1).

Figure 1. Schematic diagram of the laser cladding system.
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Despite the excellent performance of laser melting coatings, the rapid melting and solidification process can give

rise to defects such as cracks, porosity, and inclusions within the coating. Among these defects, cracks are the

most common internal issue in the laser cladding process . Microscopic cracks within the coating can

propagate into macroscopic cracks under working loads, significantly compromising the coating’s quality .

Consequently, current research focuses on suppressing or eliminating internal cracks in laser cladding coatings,

which presents a challenging and active area of study .

In recent years, scholars have conducted extensive experimental research on the causes and control methods of

cracks in laser cladding coatings. Zhang et al.  and Galy et al.  reviewed the solidification theory of the

selective laser melting (SLM) process and the formation mechanisms of the hole and crack defects. Quazi et al. 

discussed the influence of rare earth additives on the crack sensitivity of coatings. Similarly, Wang et al.  and Hu

et al.  suggested improvement strategies, including optimizing process parameters and employing preheating

treatments, to mitigate coating cracks. The formation of cracks in laser cladding coatings is primarily attributed to

residual stresses. While existing equipment can measure residual stress, the process is intricate, challenging, and

costly. To overcome this limitation, scholars have conducted relevant studies using numerical simulations. Fang et

al.  reviewed physical models of residual stresses for defects in selective laser melting (SLM) and machined

parts, analyzed the advantages and disadvantages of mainstream models, and proposed conceptual methods to

enhance residual stress management. Sanaei et al.  discussed characterization methods and statistical analysis

of coating defects in additive manufacturing (AM), summarizing the effects of process parameters and post-

processing on defects. Cheng et al.  reviewed the simulation techniques for grain growth mechanism,

temperature, and stress distribution in the melt pool directly related to defect formation in the laser metal deposition

(LMD) technique. Additionally, the defect suppression methods and the performance improvement methods of filled

layers in LMD technology are presented.

2. Types and Causes of Cracks

2.1. Types of Cracks

Laser-clad coatings exhibit various types of cracks, which can be attributed to the selection of different cladding

materials and process parameters. To effectively address the cracking issue in laser-clad coatings, it is crucial to

identify the types of coating cracks and understand their causes. To address the issue of the types of cracks in

laser-clad coatings, they can be classified as hot and cold cracks according to the time, temperature, and fracture

characteristics of the coating cracks, and most of the coating cracks are cold cracks .

Hot cracks mainly occur above the solidification temperature line, and their sections have a distinct oxidation color

and no metallic luster (Figure 2a). For example, most of the common types of cracks in melt layers, such as

austenitic stainless steels, are hot cracks . Hot cracks sprout from hot tearing and are easily influenced by

microstructure . Partition of low melting point elements such as Si and C in the molten layer ,

inhomogeneous distribution of coarse and brittle phases of compounds and impurities , and disordered grain

growth are the main factors for the formation of hot cracks . This is due to the fact that the liquid metal in the
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melt pool has a very high temperature, so the liquid metal is componentlessly subcooled at the beginning of

solidification, and therefore large tensile stresses are formed at the coarse eutectic tissue at low melting points.

The tensile stress pulls the solidified tissue partially along the grain boundary, resulting in not enough liquid phase

to fill the tissue gap, thus producing cracks. Therefore, thermal-type cracks mostly show cracking characteristics

along the grain .

Cold cracks mainly occur below the solidification temperature line, and the fractured section of cold cracks appears

relatively smooth with a metallic luster (Figure 2b). Cold cracks often involve secondary crack generation,

indicating a brittle fracture behavior. For instance, nickel-based alloy powder coatings commonly exhibit cold cracks

. Improper selection of melting process parameters and excessive thermal gradients in the melt pool are the

main factors contributing to cold crack formation. This is due to the susceptibility of martensitic phase

transformation at the solidification temperature line , leading to the hardening of the coating. The differences in

thermal–physical parameters between the cladding material and the substrate material, coupled with the cooling

and solidification process, result in the generation of large residual thermal stresses. When these residual thermal

stresses surpass the tensile strength limit of the material, cold cracks occur . Consequently, cold cracks

typically exhibit crack propagation through the crystal structure .

Figure 2. Different types of crack morphology. (a) The hot cracks in HSLA powder samples (the laser power is

2900 W and the scan speed is 10 mm/s) ; (b) the cold cracks in Ni-Cu alloy sample (the laser power is 5000 W

and the scan speed is 30 mm/s) ; (c) cladding layer crack in ZhS32 alloy (the laser power is 600 W and the scan

speed is 9 mm/s) ; (d) interface substrate crack in nickel-based K477A (the laser power is 576 W and the scan

speed is 4 mm/s) ; (e) overlap zone crack in Ni60 (the laser power is 3200 W and the scan speed is 416.7

mm/s) .
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Depending on their location, coating cracks can be classified as fusion layer cracks, interface substrate cracks, and

overlap zone cracks .

Cladding layer crack is caused by rapid cooling during the solidification process, leading to significant thermal

stress. Uneven stress distribution resulting from the uneven mixing of cladding material or the presence of

impurities can also contribute to the cracking of the cladding layer (Figure 2c). When cracks form within the clad

layer, they often initiate near hard-phase particles and propagate vertically through the coating. In some cases, the

cracks even extend into the substrate. When cracks reach the surface, they exhibit a “herringbone” or lattice-like

pattern .

Interface substrate crack primarily arises from the excessive difference in thermal expansion coefficient and

Young’s modulus between the substrate and the molten cladding layer. This difference creates thermal stresses

under large temperature gradients during solidification and cooling. Additionally, the molten metal liquid

experiences restraint stress from the substrate during thermal expansion and cooling contraction. As a result of the

combined effects of thermal and restraint stresses, cracking occurs at the interface between the clad layer and the

substrate, gradually propagating to the surface of the molten cladding layer (Figure 2d) , forming interface

substrate cracks.

Overlap zone cracks predominantly occur in the lap zone as a result of an unreasonable selection of the overlap

rate. This leads to the accumulation of heat, an increase in temperature gradient, and elevated thermal stress.

Consequently, the grain growth time is prolonged, resulting in coarser grains, as well as the formation of pores or

impurities. The expansion of these defects eventually leads to the development of lap zone cracks (Figure 2e).

Moreover, the low yield strength and tensile rate of the clad material make it more susceptible to cracking and

expansion under combined stress. Consequently, overlap zone cracks tend to propagate throughout the entire

fusion cladding layer once they form .

In summary, hot cracks are mainly caused by hot tearing and are significantly influenced by the microstructure of

the coating. The presence of coarse brittle phases and impurities in the molten clad layer, along with thermal

cycling and stress concentration due to the shaped orientation of grain boundaries, are the key factors contributing

to the formation of hot cracks. Cold cracks, on the other hand, are mainly a consequence of improper selection of

process parameters and excessive temperature gradients, resulting in brittle fractures due to tensile stresses

exceeding the tensile strength of the molten material. Cracks in the cladding layer arise from the uneven

distribution of coating tissue and a substantial difference in the thermal expansion coefficient of the cladding layer.

Interface substrate cracks primarily occur due to the excessive temperature gradient between the substrate and the

clad layer. Overlap zone cracks, finally, are predominantly caused by inappropriate overlap rate selection. These

different types of coating cracks can be analyzed based on their causes of formation, with the strain generated

during the melting process being greater than the plastic strain of the molten layer itself, serving as the

fundamental cause of coating cracks.

2.2. Causes of Cracks

[37][38][39]

[34][39]

[37]

[40][41]



Cracks Types and Causes of Laser Cladding Coatings | Encyclopedia.pub

https://encyclopedia.pub/entry/46016 5/12

The laser cladding process is very complex, and the coating generates significant stresses during the cladding and

cooling process. When the stresses in the coating exceed the yield limit of the coating material, they can lead to

cracking of the coating. The formation of cracks in laser-clad coatings can be attributed to the presence of residual

stresses, which can be categorized into three primary types: thermal stresses, organizational stresses, and

restraint stresses (Figure 3) .

Figure 3. Schematic of principle of three different stress: (a) thermal stress; (b) organizational stress; and (c)

restraint stress.

2.2.1. Thermal Stress

The presence of thermal stress in laser-clad coatings can be attributed to the disparate modulus of elasticity and

coefficient of thermal expansion between the substrate and the clad material. This results in varying rates of

thermal expansion and cooling contraction within the clad layer. When a temperature gradient exists, the clad layer

experiences stress, known as thermal stress (Figure 3a) . If the thermal stress surpasses the material’s yield

limit, it can give rise to cracks in the coating. The calculation of thermal stress involves determining the extent of

the stress .

(1)

E is the elastic modulus of the cladding material, Δ𝛼Δ is the difference in thermal expansion coefficient between the

cladding layer and substrate material, Δ𝑇Δ is the difference between cladding temperature and room temperature,

and v is Poisson’s ratio of the cladding layer.

The relationship expressed in Equation (1) reveals that the Poisson’s ratio of the molten layer decreases as the

thermal expansion coefficient difference between the molten layer and the substrate material increases.

Consequently, a larger temperature difference leads to greater thermal stress, making the coating more susceptible

to cracking . Because the substrate is difficult to replace in the selection process, and the coefficient of thermal

expansion and Young’s modulus of the cladding material also differ greatly, the selection of cladding material is

particularly important. For instance, when the coating material consists of ceramic particles and the substrate is
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made of a metal alloy, the distinct thermophysical properties of these materials can cause cracking if the number of

ceramic particles added is not carefully chosen. To address this issue, the composition of the cladding layer is

commonly adjusted to alleviate the impact of thermal stress .

2.2.2. Organizational Stress

During the solidification and crystallization process of the liquid metal within the molten pool, a rearrangement of

the physical phase structure takes place, resulting in the generation of internal stress known as organizational

stress (Figure 3b) . As thermal cycling progresses, the organizational stress accumulates until it reaches the

yield strength of the material. This accumulation of stress can lead to tissue damage, the formation of microscopic

defects, and even the development of microcracks, ultimately resulting in brittle fractures. Griffith introduced and

refined a model that relates brittle fracture strength to material properties and damage , which can be expressed

as follows:

(2)

E is the modulus of elasticity, 𝛾 is the material surface energy, 𝛾𝑝 is the microcracks or micro defects expanding the

plastic work per unit length, 𝐶𝑧 is the size of the microcracks and micro defects.

The fracture surface energy 𝛾 is about  , 𝑎 is the lattice distance of the crystal; the plastic work 𝛾𝑝 is 2~3 orders

of magnitude larger than 𝛾.

The fracture strength of a material can be estimated by considering the size of the microcrack and the average

lattice distance, although the specific value varies depending on the crystallographic system. For instance, in laser-

fused coatings containing hard phases such as Cr C  and Cr C , when the size of the microdamage crack within

the coating ranges from 3 to 5 μm, the calculated fracture strength (denoted as “𝜎𝑓”) is approximately 4.4 GPa .

When the stress in the coating exceeds this fracture strength, the microcrack extends and develops into

macroscopic cracks. Hard phases are generally added to the coating to improve its performance, resulting in poor

fluidity of the coating and uneven powder mixing. Therefore, the coating, after melting, is prone to elemental

segregation. The presence of elemental segregation contributes to an inhomogeneous phase transition structure,

resulting in stress concentration and elevated organizational stresses. Ramakrishnan et al.  proposed that

Inconel 738 coating cracking occurs due to the micro-segregation of aluminum (Al) and titanium (Ti) elements, as

well as the presence of low melting point crack boundaries.

The concept of micro-bias is directly associated with the diffusion coefficient of liquid alloying elements in the melt

pool. This diffusion coefficient can be determined using Formula (3) .
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(3)

K is the rate coefficient, E is the activation energy, T is the absolute temperature, A is the frequency factor, and R is

the ideal gas law constant.

The relationship expressed in Formula (3) reveals that an increase in the cooling rate leads to a decrease in the

diffusion coefficient of elements, resulting in reduced microscopic segregation and decreased crack sensitivity. To

mitigate these effects and minimize organizational stress caused by uneven phase transformation, various

approaches can be employed. These include implementing auxiliary fields, refining the size of the hard phase, or

selecting appropriate process parameters. These measures help slow down elemental segregation and promote a

more uniform phase distribution within the material.

2.2.3. Constraint Stress

During laser cladding, as the molten cladding layer undergoes heating and expansion or cooling and contraction,

hindering stress arises from the un-melted portion on the melted part, referred to as restraint stress (Figure 3c) .

Two types of restraint stresses can be identified: the first is compressive stress resulting from the thermal

expansion of the initially melted material in the melt pool, constrained by the colder surrounding substrate; the

second is tensile stress generated as the molten liquid metal is held by other colder parts of the substrate during

condensation and cooling shrinkage.

The constraint stress mainly comes from the constraints of the matrix, so the constraint stress at the edge of the

cladding layer is relatively small and less prone to cracking. Research indicates that the middle section of the

molten cladding layer is particularly susceptible to cracking due to heat accumulation and limited heat dissipation

area, thus requiring additional constraints . Appropriate heat treatment techniques can help reduce restraint

stress . In addition, the use of low transformation temperature (LTT) alloys can effectively reduce the

accumulation of tensile stress. This is because the low transformation temperature alloy can use the expansion of

martensite transformation to offset part or all of the heat shrinkage, thereby reducing the residual tensile stress .

However, it is important to note that the melting and cooling behavior of the laser cladding pool is highly complex,

and residual stresses are challenging to eliminate entirely. The non-uniform distribution of temperature, stress, and

flow fields within the melt pool exacerbates residual stresses, especially when there is a significant temperature

gradient or a mismatch in the thermal expansion coefficient and elastic modulus between the molten material and

the substrate. Consequently, regulating thermal stress, organizational stress, and restraint stress during the laser

cladding coating process, minimizing the individual or interactive effects of these stresses, and preventing or

eliminating coating cracking remain significant challenges in current research.
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