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Abstract

Laser cladding is one of the advanced thermal techniques used to repair or modify the surface properties of high-value compo-
nents such as tools, military and aerospace parts. Unfortunately, tensile residual stresses are generated in the thermally treated
area of this process. This work focuses on to investigate the key factors for the formation of tensile residual stress and how
to minimize it in the clad when using dissimilar substrate and clad materials. To predict the tensile residual stress, a one-
dimensional analytical model has been adopted. Four cladding materials (Al,O5, TiC, TiO,, ZrO,) on the H13 tool steel
substrate and a range of preheating temperatures of the substrate, from 300 to 1200 K, have been investigated. Thermal strain
and Young’s modulus are found to be the key factors of formation of tensile residual stresses. Additionally, it is found that
using a preheating temperature of the substrate immediately before laser cladding showed the reduction of residual stress.

1 Introduction to the style guide

Laser cladding (LC) is one of the advantageous thermal
techniques over thermal spraying, plasma spraying and arc
welding [1]. In this process, a laser heat source is used to
deposit a thin layer, mostly at micro-scale, of a desired mate-
rial on a substrate material [2]. One of the challenges of this
process is the formation of tensile residual stresses in the
thermally treated area [3—-5]. Residual stresses are the locked
in stress in any engineering components after thermal or
mechanical treatment in the absence of any external load
[6]. These residual stresses deteriorate the performance of
engineering components such as fatigue life [7], corrosion
resistance [8] and dimensional accuracy [9] in the finished
products. A one-dimensional analytical model was proposed
to predict the stress evolution considering elastic, plastic and
thermal strain [10]. To predict the tensile residual stress, a
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simplified analytical model was established based on the
elastic mechanics for dissimilar materials by Wang et al. [3].
Numerical methods are applied to calculate three-dimen-
sional state of residual stresses in the treated object. Mainly,
tensile residual stresses were predicted on the surface while
the quantity of these stresses was different in different direc-
tions, along with experimental validation [4]. The funda-
mental understanding of the formation of residual stress in
dissimilar material is not well established because of the
lack of knowledge about materials’ behaviour in the process.
Models are focused on the same cladding and the substrate
material [11]. In some cases, dissimilar cladding and sub-
strate materials have been examined [4]. However, these
models and experimental works do not explain the effect of
different properties of cladding materials on residual stresses
when the same substrate material was used. Doping is a
popular method to improve materials properties by inten-
tionally introducing impurities in the substrate. It is found
from doping mechanism that residual stresses varied when
dissimilar doping materials were used [12]. Other thermal
cladding process such as thermal spray [13] and plasma
spray [14] showed the differences of residual stress for dif-
ferent cladding materials on the same substrate. Recently, to
minimize residual stresses, deposition of functionally graded
material are used. This process can minimize the differences
of mismatch of thermal strain between materials [15]. So,
it is required to develop an understanding of the influence
of materials properties on the formation of residual stresses.
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The high temperature gradient from the clad to the sub-
strate material is one of the main reasons for the formation
of cracks. The higher cooling rate generates higher misfit
of strain, resulting higher residual stress [13]. Preheating
of the substrate reduces the thermal gradient which signifi-
cantly minimizes residual stresses and prevents cracks on
the surface [16].

In this work, an analytical model is presented to calcu-
late the tensile residual stress in dissimilar materials. Four
widely used cladding materials have been used to observe
the change of residual stresses on the H13 tool steel substrate
which is a popular material for tooling application [17]. This
technique provides a unique method to compare residual
stresses for different cladding materials, with capabilities
to integrate material properties. Furthermore, preheating
temperature of the substrate was applied to check the effect
on residual stresses.

2 Methodology

H13 tool steel was used as a substrate material and Al,Os,
TiC, TiO, and ZrO, were used for cladding materials. The
preheating temperature of substrate was varied from 300 to
1200 K. The material properties are given in Table 1.

A simplified model was adopted to calculate the residual
stress as shown in Fig. 1 considering the elastic and the ther-
mal strain. ¢ is the normal tensile residual stress [3, 22]. a, E
and & are defined as the thermal expansion coefficient, Young’s
modulus and thickness, respectively. The subscripts ¢ and s
represent the clad and the substrate, respectively. T,, T, and T},
are room temperature, preheating temperature of the substrate
and melting temperature or operating temperature of cladding
materials, respectively. In the laser cladding process, the oper-
ating temperature should be equal or more than the melting
temperature of cladding materials. If the clad and the substrate
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Fig. 1 The geometry of residual stress model based on thermo-elastic
mechanics [3]

residual stress of clad and the substrate. However, the coating
and the substrate are connected with a metallurgical bonding.
So the actual contraction at the interface of the clad and the
substrate is
al (T,

—T,) = %l/g = ad (T, T,) + Y/ )

The uniform stress distribution is assumed in the clad and
the substrate while the height of the clad was lower than the
height of the substrate. From the internal force balance,

ho, = h.o,, @)
where A, and A, are the heights of the substrate and the clad,
respectively. o, and o, are the tensile residual stresses of the

clad and the substrate. From Eq. 1 and Eq. 2, the generated
stress in the clad can be derived,

hsEch [ C(Tmc -

contract freely, the thermal contractions are a,/ (T}, — T, ) and o, = T,) - a <T° _ Tr)] ) 3)

al (T, - ) correspondingly. The higher thermal strain of hEg + h E,

cladding material was assumed than the substrate material,

see Fig. 1. The induced elastic strains are ¢ /E,. and 6 /E_ due to

Table 1 Material proper.ties Materials Thermal expansion coef- Young’s modulus ~ Melting tempera-  Height (m)

used to calculate the residual ficientx 10~(K™") (GPa) ture (K)

stress
H13 tool steel® 10.90 [4] 210 1752 0.005%*
A1203b 5.40[18] 380 2338 0.001#%*
TiC® 7.70 [19] 449 3363 0.001#%*
TiOzb 11.80 [20] 288 2123 0.001#%*
ZrOZb 12.20 [21] 250 2973 0.001%#%*

4Substrate material

°Cladding materials

Height of the substrate (*) and height of the clad (¥*)
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The effect of different materials and preheating tem-
perature of the substrate on the generation of residual
stresses were theoretically investigated using this model.
The results of residual stresses are normalized with the
residual stress of TiC clad. Thermal strain of the mate-
rial is related with the thermal expansion coefficient of
materials and temperature difference of the operating
temperature and the room temperature. The mismatch
of the thermal strain between the clad and the substrate
(occ(TmC - Tr) - “s(To - Tr) in Eq. 3) was found one of the
reasons of formation of residual stresses in the system.
Another material property, Young’s modulus (E, in Eq. 3),
was considered with the mismatch of thermal strain to
understand its effect on the formation of residual stress.
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Fig.2 Distribution of the normalized residual stress with preheating
temperature of the substrate for four cladding materials
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3 Results and discussion

Figure 2 shows the distribution of predicted tensile residual
stresses for different cladding materials (Al,O;, TiC, TiO,,
Zr0O,) on the H13 tool steel substrate at a range of preheat-
ing temperature (300 to 1200 K) of the substrate. TiC clad-
ding material formed higher residual stress than TiO, clad-
ding material. The minimum residual stress was formed for
Al,O; cladding material. TiC cladding material formed the
maximum tensile residual stress below 900 K preheating
temperature of the substrate, while ZrO, cladding material
formed the maximum tensile residual stress above 900 K
preheating temperature of the substrate, see Fig. 2. The pre-
dicted residual stress of four cladding materials at 300 K and
at 1200 K preheating temperature of the substrate is shown
in Fig. 3a, b, respectively. To understand the variation of
residual stresses for different material system, thermal strain
and Young’s modulus have been analysed.

The mismatch of thermal strain,
ozc(Tmc -T,) - aS(TO - Tr) in Eq. 3, between the clad and
the substrate material is one of the reasons of the forma-
tion of residual stress. The differences of the thermal strain
of four cladding materials from the substrate material are
shown in Fig. 4a, b at the 300 and 1200 K preheating tem-
perature of the substrate, respectively.

ZrO, cladding material showed higher mismatch of ther-
mal strain with the substrate at any preheating temperature
than other clad materials, see Fig. 4a, b. However, below
900 K preheating temperature of the substrate, TiC cladding
material generated higher tensile residual stress than ZrO,
cladding material. To clarify this issue, another material
property, Young’s modulus, was considered. The Young’s
modulus of TiC and ZrO, cladding materials is 449 GPa
and 380 GPa, respectively. From Eq. 3, we have taken the

1.0
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Residual stress

0.2
0.0 . .

Fig.3 The normalized residual stress a at 300 K and b at 1200 K preheating temperature of the substrate for four cladding materials
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Fig.4 Mismatch of thermal strain between the cladding materials and the substrate a at 300 K and b at 1200 K preheating temperature of the

substrate

part related with mismatch of thermal strain and Young’s
modulus of clad material, E, [a (T, — T;) — ay(Ty = T;),
to explain this trend. The product of mismatch of thermal
strain and Young’s modulus was shown in Fig. 5a, b. At
300 K, TiC cladding material showed maximum value
shown in Fig. 5a. Moreover, TiC has higher Young’s modu-
lus and very small difference between mismatch of thermal
strain with ZrO,. However, mismatch of thermal strain was
decreased with increasing the preheating temperature of the
substrate. The degree of decrement of the mismatch of ther-
mal strain between TiC cladding material and the substrate
was higher than ZrO, cladding material above 900 K gen-
erating lower residual stress, though the Young’s modulus
of TiC was higher.

If we compare between Al,0; and ZrO, cladding mate-
rials, the Young’s modulus of Al,O; (380 GPa) cladding

=3
<
T T

[~
 —

and Young's modulus (GPa) at 300 K
o
T

Product of mismatch of thermal strain

0 1
ALO, ro,  TiC TiO

(a)

material is higher than ZrO, (250 GPa) cladding material.
However, ZrO, cladding material produced higher residual
stress. Then, it is important to focus on the mismatch of
thermal strain. The mismatch of thermal strain of Al,O,
is much lower than ZrO, which generating lower residual
stress in Al,O; cladding material.

The residual stress decreased with the rise of the pre-
heating temperature of the substrate for all types of clad-
ding materials. The reason behind the descendant trend of
the residual stress is the lower thermal gradient between
the clad and the substrate material and relatively slower
cooling rate [16, 23]. The slower the cooling rate, the
material got longer time to come back to the original
dimension. As it takes longer time to come back to room
temperature, the mismatch of thermal strain also decreased
between two materials.
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Fig.5 Product of mismatch of thermal strain and Young’s modulus a at 300 K and b at 1200 K preheating temperature of the substrate for four

cladding materials
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4 Conclusions

An analytical model has been used to calculate and compare
the stress generation in dissimilar clad and substrate material
system with different preheating temperatures of the sub-
strate. Four cladding materials, TiO,, TiC, ZrO, and Al,O;
were used on the H13 tool steel substrate. Below 900 K
preheating temperature of the substrate, maximum residual
stress was generated in the TiC clad. The maximum residual
stress was formed in ZrO, clad above 900 K. The minimum
residual stress was found for Al,O5 clad. Thermal strain and
Young’s modulus were found as key factors of the genera-
tion of residual stress. The minimum mismatch of thermal
strain was found in Al,O; clad. The reduction of mismatch
of thermal strain can reduce the residual stress in the clad.
This analysis can be used to find a combination of materials
that can generate minimum residual stress. This model is
capable to include preheating of the substrate and predicts
its effect on the distribution of the residual stress. The incre-
ment of preheating temperature of substrate decreased the
residual stress.
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