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Abstract
To obtain more accurate geometric features of laser cladding layer repair for Invar alloy, an integrated model of the laser cladding
repair process is formulated and evaluated. The model evaluates geometric features, namely, the width, contact angle or height of
cladding layer, and dilution rate for a given laser power, scanning speed, powder feed rate, and height of the cladding layer or
contact angle. First, a model is presented that can ensure the powder from the nozzles melts completely before it hits the base
material. Second, a model of the geometric characteristics of cladding layer is developed to determine how the scanning speed
and powder feed rate affect the contact angle. Third, a model of the dilution rate is provided to account for the energy absorbed by
the base material. The laser power which filters through the powder is absorbed by the base material. Then, the laser power is
reflected by the base material, attenuated by the powder, and partly deflected back to the base material. In addition, the powder
absorbs part of the attenuated power and surrenders it to the base material. Incidentally, the microstructure of the cladding layer
responds to the super-cooling degree of the liquid-solid interface. The results show that the mathematical model is well supported
by the experimental results.
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Nomenclature
rp Radius of powder particles (mm)
vp Powder particles velocity (mm/s)
ρ Density of Invar alloy (g/mm3)
aw Curve coefficient of cladding layer
Cp Specific heat of Invar alloy (J/kg°C)
S1 Cross-sectional area of cladding layer (mm2)
T0 Ambient temperature (°C)
w Width of cladding layer (mm)
Tm Melting temperature of Invar alloy (°C)
t Time t that a powder particle is ejected from the

nozzle to the base material (s)

lp Latent heat of melting (powder and base material
material) (J/g)

h, hs Height of cladding layer; melting depth of base ma-
terial (mm)

ηp Utilization of powder particles
H Distance between nozzle and base material (mm)
ap Absorptivity of powder particles
rl Laser beam diameter (mm)
Pl Laser power (W)
rjet Radius of powder particles flow (mm)
Pat Attenuation power (W)
n Number of particles involved in shading
Sp Projection of intersection surface between powder

particles and beam on base material (mm2)
θjet Inclusion angle between powder particle flow and

horizontal plane (°)
ε Emissivity
Vpfr Powder feeding rate (g/min)
σ Stefan-Boltzman constant (W/ m2∙K4)
Sl Area of laser spot (mm2)
hc Heat convection coefficient W/(m2∙°C)
V Volume of powder particles injected from the noz-

zles before reaching the base material (mm3)
θ Contact angle of cladding layer (°)
as Absorptivity of base material
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k Thermal diffusivity [W/(m·K)]
q Heat flux density [J/(m2·s)]
v Laser scanning speed (m/min)
mc Mass of cladding layer on the base material (g)
a h , b h ,
ch

Front length, rear length and half width of heat
source model

S2 Cross-sectional area of molten pool of the base ma-
terial (mm2)

as Curve coefficient of base material
D Dilution rate
a Distance between cladding layer and left side of

base material (mm)
b Distance between cladding layer and right side of

base material (mm)
c, d Width and height of base material (mm)
mt Mass of powder particles ejected from nozzles (g)

1 Introduction

The laser cladding repair (LCR) is a promising additive
manufacturing technology. The laser beam passes through the
powders injected from coaxial nozzles and then irradiates the
base material, which leads to the melting and solidification of
powder and base material surface [1, 2]. In the LCR, a laser
beam is performed as a heating to scan the surface of the base
material: a molten pool is created over an existing base material
and the molten pool is filled with the cladding material simul-
taneously (i.e., in the process of single-pass cladding). Cladding
layers result, with metallurgy integrated to the base material
thanks to fusion and diffusion. The LCR can be laid, and the
manufacture of a three-dimensional part is possible by the aid of
consecutive pass-by-pass and layer-by-layer cladding. In com-
parison with subtractive technologies, waste is reduced. The
LCR has a good many advantages: low heat input, limited heat
effects on base material metal (HAZ), minimum thermal defor-
mation, fast cooling rate, lower dilution rate, perfect metallur-
gical bonding between the base material and cladding layer,
reduced cracking susceptibility, excellent mechanical proper-
ties, high accuracy of the geometric characteristics of the clad-
ding layer, and suitability for full automation in contrast to the
conventional welding processes [3, 4]. Therefore, the wonder-
ful idea is to provide added cladding material over worn and
damaged surfaces to return to required dimensions or shape,
avoiding part abandonment. So, a number of parts with serious
worn or damaged have been repaired by using the method of
the LCR such as aerospace, automobile, defense, mold, petro-
chemical, and nuclear industries [5–7].

The various application of Invar alloy mold can bring many
problems. In the process of welding assembly, problems like
increases in porosity, crack formation, shrinking, and undercut-
ting may arise [8]. During its machining of the process, it is hard
to avoid exceeding dimension tolerance and producing overcut

phenomenon. While using and transporting, the damages done
to the mold like abrasion, material fatigue, cracking, and scratch
may also appear. Therefore, a suitable remanufacturing tech-
nique that can repair the damaged and defective Invar alloy
mold would be conducive to the recycling of the mold material,
so then lowering the production costs, conserving resources, and
protecting environment. Previously, a worn or damaged mold is
generally repaired by the laser welding. Nevertheless, its
welding layers embrace more defects and possess the inferior
quality. A great many advantages have been recommended in
the LCR comparing with conventional welding for repairing. As
the laser energy is highly concentrated, the repaired parts can be
implemented fast heating and rapid cooling and produce smaller
thermal deformation, narrower heat affected zone, and lower
residual stress [9–11]. However, holes, larger deformations,
and other defects may occur in the cladding layer if the param-
eters are not appropriate [12–16]. Invar alloy contains a high
amount of Ni element; the fluidity of molten pool of the liquid
metals is insufficient, which can result in higher residual stress
and lower strength between the cladding layer and basematerial.
So, specific processing parameters are needed to achieve the
desired quality and characteristics of the cladding layer.

In order to establish a model of the processing parameters
of the LCR and to regulate the geometric features of the clad-
ding layer, the LCR process, and outcome, a great deal of
research on analytical and numerical models has been ex-
plored for calculation and simulation of the process. Cheikh
et al. investigated that the geometric characteristics and dilu-
tion rate of the cladding layers have a weighty influence on the
quality and performance of repair. In order to fully compre-
hend the nature of the process, control the geometric charac-
teristics of the cladding layers, and perfect metallurgical bond-
ing between the base material and cladding layer, numerous
analyses and models of laser cladding have been performed to
simulate the LCR [17]. Picasso et al. presented a foundational
model to predict the laser scanning speed and powder feeding
rate (injected from the nozzle) for a given height of cladding
layer, laser radius, and laser power. Their research discussed
the multi-track laser cladding and melt-pool shape and used
three-dimensional modeling with the assumption that the par-
ticles had been pre-placed on the base material [18]. Ni et al.
proposed a combination of the particle swarm optimization
algorithms and back-propagation neural network to optimize
the process parameters during the LCR. A desired neural net-
work model that described the relationships between the
height and width of the cladding layer and the technological
parameters had been investigated. Therefore, a better relation
between the technological parameters and the geometric fea-
tures of the cladding layer was obtained [19]. Lalas et al. in-
vestigated a mathematical model of the geometry features of
the cladding layer, which accounted for the calculation of the
geometry characteristics of the cladding layer as the primary
purpose for the surface tension between the cladding layer and
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the base material [20]. Hussam et al. developed analytical
relationships between the geometric features (area, width,
height of cladding layer, and melting depth of the base mate-
rial) and the process parameters (powder feeding rate injected
from the nozzle, laser power, and laser scanning speed). Their
work suggested that the analytical relations are implemented
between the process parameters and the geometrical features
and the shape of the cladding layer [21]. Hofman et al. dealt
with a novel model to determine the dilution rate and geomet-
rical characteristics of the cladding layer in the laser cladding.
This model deals with the balance equations with regard to the
mathematical transformation, which describes the physical ef-
fects and the correlativity between the dilution rate and the
melt pool characteristics of cladding layer [22]. Caiazzo
et al. arranged a full-factorial experimental plan and investi-
gated geometry characteristics, microhardness, and heat-
affected zone of cladding layer as functions of the significant
governing process parameters, laser power, scanning speed,
and particle velocity. In addition, the dilution rate and catching
efficiency of powder particles by the molten pool have been
assessed [23]. Zeng et al. established a thermal damage model
as a function of material discontinuity, residual stress, micro-
hardness to provide scientific quantitative analysis, and ap-
praisal and investigated the mechanical behavior of the
repaired specimens by using the technology of laser cladding
to repair a V-groove [24].

It is worth taking any emerging technology seriously in the
industry; a flexible mathematical model would be preferable
to save some trial-and-error. Actually, a massive endeavor has
been made to model the process of the LCR. Although the
previous references show that there are a larger number of
models, whose researches are limited to a certain process of
laser cladding. In this paper, mathematical models have been
proposed that consider the melting of particles, shading rate,
geometric features, and dilution rate as a whole to develop an
integrated model.

In this paper, an alternative mathematical analysis mod-
el is established to estimate the geometric characteristics of
cladding layer (height h, width w, curve equation f(x) dilu-
tion rate D in Fig. 1), which considers the laser-powder,
laser-base material, and powder-base material interactions.
Therefore, the energy absorbed by the base material is
accounted for. Given the initial conditions and boundary
conditions, the dilution rate of base material can be derived
from the equation of heat conduction of the base material.
The mathematical analysis models may be applicable to
control and monitor the LCR process.

2 Mathematical model of the LCR

The model is established in following steps in order to esti-
mate the geometric features of cladding layer:

Step 1: How much energy can ensure the powder from the
nozzles melts completely before it hits the base
material.

Step 2: The equations of the profile curve, height, and width
of cladding layers (Fig. 1) are determined.

Step 3: The dilution rate is calculated.

Figure 1 illustrates the flow chart of the LCR.

2.1 Energy required for melting particles

Whether the powder particles are melted completely plays
vital roles on the performance and quality of cladding layer.
Non-molten and limited molten powder particles do not affect
the surface roughness of cladding layer, but also may generate
pores that lead to the collapse of the cladding layer.

The model includes the following assumptions:

a. The size distribution of powder particles is uniform and
their shape is all spherical with a radius of rp.

b. Reflection, diffraction, as well as scattering of powder
particles are neglected.

Ensure that the powder particle injected from the nozzle
completely melted before it reaches the base material in the
process of laser cladding. The energy Ep is as follows:

Set parameters

Evaluation

Start

Laser power

(P/W)

Sample laser cladding

Geometric features

of cladding layer

Satisfaction

End

Scanning speed

V (m/min)

Powder feed rate

F (g/min)

Melting depth of

the substrate

Complete melting of

powder

Y

N

Fig. 1 Flow chart of the LCR
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Ep ¼ 4

3
πr3pρ Cp Tm−T0ð Þ þ lp

� � ð1Þ

When the powder particles pass through the laser beam, the
energy Eab absorbed by the powder particle is as follows:

Eab ¼ 2πr2pap
Pl

πr2l
t ð2Þ

As the laser beam passes through powder particles injected
from a coaxial nozzle and then irradiates the basematerial, one
part of laser beam is reflected by the base material and again is
absorbed by the powder. Therefore, the energy Er is as fol-
lows:

Er ¼ 2πr2pηpap 1−asð ÞPl 1−
Pat

Pl

� �
Pat

Pl
t ð3Þ

The energy Qr that a particle radiates can be presented:

Qr ¼ Spεσ T4
m−T

4
0

� �
Δt ¼ 4πr2pεσ T4

m−T
4
0

� �
Δt ð4Þ

The energy Qc in which a particle converts the heat to air
can be presented:

Qc ¼ Sphc Tm−T 0ð ÞΔt ¼ 4πr2phc Tm−T0ð ÞΔt ð5Þ

As a result, the heat balance equation of particles is as
follows:

Eab þ Er−Qr−Qc ¼ Ep ð6Þ

The energy that can ensure the powder from the nozzles
melts completely before it hits the base material is calculated
by solving Eqs. (1)–(6).

2.2 Geometrical features of cladding layer

Under certain conditions, θ is assumed to be related to the
nature of the material. So, the Fig. 2 shows the geometrical
characteristics of the cladding layer.

The cross-sectional curve of cladding layer is given as

f xð Þ ¼ awx2 þ b ð7Þ

The coordinates of x0 and y0 are − w
2 ; 0

� �
, (0, h), respec-

tively; therefore, the width of cladding layer is

w ¼ 2

ffiffiffiffiffiffiffiffi
h

jawj

s
ð8Þ

The contact angle is given as

dy
dx

				
y¼h

¼ tanθ ð9Þ

dy
dx y¼h ¼ 2awx
		 		

x¼
ffiffiffiffiffi
h

jaw j
p ¼ 2aw

ffiffiffiffiffiffiffiffi
h

jawj

s
¼ tanθ ð10Þ

The height of cladding layer is as follows:

h ¼ tan2θ
4jawj ð11Þ

The area of cladding layer is expressed as

S1 ¼ 2h

ffiffiffiffiffiffiffiffi
h

jawj

s
−2∫

ffiffiffiffiffi
h

jaw j
p
0 awx2dx ¼ 4h

3

ffiffiffiffiffiffiffiffi
h

jawj

s
¼ j tan

3θ
6a2w

j ð12Þ

Within time t, the mass of powder particles ejected from
nozzles is certain:

mt ¼ Vpfr t ð13Þ

Within time t, the mass of cladding layer on the base ma-
terial is certain:

mc ¼ ρ Vp ð14Þ

The mass of powder utilization ratio is equal to the mass of
cladding layer.

Vp f r t η ¼ ρ Vp ð15Þ

The volume of cladding layer is equal to the product of its
length and cross section area.

Vp ¼ S1 hp ð16Þ

The length of cladding layer is equal to the product of
scanning speed and scanning time.

hp ¼ v t ð17Þ

Therefore, the cross-sectional area of cladding layer can
also be expressed as

S1 ¼
Vpfr

1

v
η

ρ
¼ Vpfr η

ρ v
ð18Þ

h

w

x

y

Dilution zone

Cladding

layer

f(x)

x0 s1

s2

y0

Fig. 2 Diagrammatic sketch of the geometrical features of cladding layer
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The contact angle and width of cladding layer can be cal-
culated by solving the Eqs. (7)–(18).

The cross-sectional area of cladding layer is measured: the
data of surface profile of cladding layer are acquired by a non-
contact measurement device. According to these points, the
curve is determined.

2.3 Dilution rate

2.3.1 Attenuation model

Before the laser beam reaches the base material, the powder
cloud shades a part of the laser beam and also attenuates part
of the laser power. So, by calculating the shading rate, the laser
power that passes through the powder cloud is absorbed by the
base material that can be obtained.

The shading rate model includes the following assumptions:

a. The size distribution of powder particles is uniform and
their shape is all spherical with a radius of rp.

b. The particles do not overlap each other in the laser beam.
c. Reflection, diffraction, as well as scattering of powder

particles are neglected.
d. The laser energy presents a uniformity of intensity

distribution.

The diagram of the shading rate is presented in Fig. 3a, and
the diagrammatic sketch of the interaction relations between
powder particles and laser power is presented in Fig. 3b.

The time t that a powder particle is ejected from the nozzle
to the base material (E1E2) is as follows:

t ¼ H
vpsinθjet

ð19Þ

The mass of powder particles injected from the nozzle in a
time t is

mt ¼ Vpfrt ¼ Vpfr
H

vpsinθjet
ð20Þ

The volume of the cylinder formed by the powder particles
from the nozzle is

VC ¼ πr2jet E1E2 ¼ πr2jet
H

sinθjet
ð21Þ

The volume of BGMF held by the powder particles is as
follows:

Vp ¼ πr2l E2C ¼ πr2l
E2D

cosθjet
¼ πr2l

rjet
cosθjet

ð22Þ

The powder particles are assumed that they are evenly dis-
tributed in the space, so the mass of powder per unit volume is

mo ¼ mt

VC
¼ Vpfr

H
vpsinθjet

sinθjet
πr2jet H

¼ Vpfr

vp πr2jet
ð23Þ

The mass of the powders involved in the shading rate is as
follows:

n
4πr3p ρp

3
¼ mo Vp ð24Þ

The total areas of all the particles in the laser beam and the
area of the laser spot are as follows, respectively.

Sp ¼ nπr2p ¼
3vpfrr2l

4vprprjet ρ cosθjet
; Sl ¼ πr2l ð25Þ

Therefore, the rate of shading is as follows:

Pat

Pl
¼ Sp

Sl
¼ 3Vpfr

4πrp ρ vprjetcosθjet
rjet ≥rl
� � ð26Þ

In these experiments, the radius of powder particle rp, the
velocity of carrier gas vp, the inclusion angle between powder
particle flow and horizontal plane θjet, and the radius formed
on the base material by the powder particles rjet are 120 μm,
600 mm/min, 55°, and 8 mm, respectively. The powder feed-
ing rates F are 5 g/min, 7 g/min, and 9 g/min and the shading
rates are 46.04%, 64.46%, and 82.88%, respectively.

(a) Shading rate (b) Interaction between particles

Fig. 3 Diagrammatic sketch of
the interaction between particles
and laser. a Shading rate. b
Interaction between particles
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2.3.2 Energy obtained by base material

Before the powder is injected from the nozzles to the base
material, it will attenuate part of the laser power. So, the laser
power which is absorbed by base material is as follows:

Es ¼ asPl 1−
Pat

Pl

� �
ð27Þ

During the time that the powder passes through the laser
beam, it will absorb part of laser power and surrender it to the
base material. Then, the powder strikes and enters into a mol-
ten pool.

Em ¼ ηpapPl
Pat

Pl
ð28Þ

The base material reflected part of laser beam and was
again absorbed by the powder when the laser beam passed
through the powder cloud and irradiated the base material.
Therefore, the reflected power transferred back to the base
material is as follows:

Er ¼ ηpap 1−asð ÞPl 1−
Pat

Pl

� �
Pat

Pl
ð29Þ

2.3.3 Melting depth of base material

Figure 4 presents the heat conduction process of the laser
cladding. The system of Eqs. (25)–(32) can be solved by the
MATLAB.

The heat conduction equation is as follows:

k
∂2T
∂x2

þ ∂2T
∂y2

þ ∂2T
∂z2

� �
þ q ¼ ρCp

∂T
∂t

ð30Þ

The laser power distribution profile is as follows:

q x; y; zð Þ ¼ 6
ffiffiffi
3

p
Q

ahbhchπ
ffiffiffi
π

p exp −
3 x−að Þ2

a2h
−
3 y−vtð Þ2

b2h
−
3 z−dð Þ2

c2h

 !
ð31Þ

0 < x < a + b, 0 < y < c, 0 < z < d, 0 < x < a + b, t > 0.
B. C.

−
∂T
∂x

þ Hx1T ¼ 0; x ¼ 0; t > 0 ð32Þ
∂T
∂x

þ Hx2T ¼ 0; x ¼ aþ b; t > 0 ð33Þ

−
∂T
∂y

þ Hy1T ¼ 0; y ¼ 0; t > 0 ð34Þ

∂T
∂y

þ Hy2T ¼ 0; y ¼ c; t > 0 ð35Þ

−
∂T
∂z

þ Hz1T ¼ 0; z ¼ 0; t > 0 ð36Þ

∂T
∂z

þ Hz2T ¼ 0; z ¼ d; t > 0 ð37Þ

T x; y; zð Þ≥1450°C ð38Þ

I. C.

Tamb ¼ 20°C; t ¼ 0; 0 < x≤aþ b; 0≤y≤c; 0≤z≤d ð39Þ

2.3.4 Calculation of dilution rate

The curve coefficient of the base material-melting region is as
follows:

as ¼ j4hsj
w2

ð40Þ

The area of the base material-melting region is as follows:

S2 ¼ 2jhsj
ffiffiffiffiffiffiffiffi
−
hs
as

s
−2∫

ffiffiffiffiffi
−hs
as

p
0 asx2dx ¼ 4jhsj

3

ffiffiffiffiffiffiffiffi
−
hs
as

s

¼ 2wjhsj
3

ð41Þ

The melting width and penetration depth of the base mate-
rial deduced from the metallographic microscope measure-
ments are employed for determining the melting area of the
base material, as shown in Eqs. (30)–(41).

The dilution rate (Fig. 2) is as follows:

D %ð Þ ¼ S2
S1 þ S2

ð42Þ

3 Experiment

3.1 Experimental material

The raw material was produced by the French Pulang Alloy
Co., Ltd. (Paris, France) and was offered by Commercial
Aircraft Corporation of China Ltd. (Shanghai, China). Then,
the material was processed for the LCR experiments.
According to the experimental requirements, the base material
was manufactured: the length ×width width ×height sizes of
the base material were 100 mm ×50 mm ×20 mm, respective-
ly. In addition, the Invar alloy powder was prepared by the
method of plasma rotating electrode. The chemical composi-
tions of the basematerial and powder particles are presented in
Table 1. The Table 2 particularizes the natures of the Invar
alloy applied in the LCR. The Fig. 5a well provides informa-
tion on chemical composition of the base material and powder
particles by use of X-ray spectrometer attachments. The mor-
phological evaluation (detection of size and shape) of the

3270 Int J Adv Manuf Technol (2019) 103:3265–3278



powder particles were conducted employing a scanning elec-
tron microscope, namely SEM (BRUKER, Germany), and the
radii of the powder particles were performed to be in the range
of 50–150 μm, as presented in Fig. 5b.

3.2 Experimental equipment and methods

The LCR equipment comprises a LCR system with a 6 kW
continuous Nd:YAG laser (TRUMPF, Germany), a coaxial
powder feeding system, a CNC system, and a gas protection
system, as presented in Fig. 6a.

After the LCR experiments, each cross-sections of the clad-
ding layer was cut by wire electric discharge machining
(EDM) and was then ground, polished by the carborundum
papers of different particle sizes and polishing machine, re-
spectively. Next, the information on the microstructure of the
each cladding layers was provided by use of the Leica metal-
lographic microscope, as shown in Fig. 6b. The available
measuring and testing of the non-contact optical profiler
(Sensofar, Spain) extract the geometrical characteristics with
regard to the width, height, and cross-section profile of the
cladding layers by use of the white light interferometry as
reliable data for theoretical analyses.

The temperature and humidity have great influence on the
Invar alloy, so the Invar alloy is inclined to rust. First, the
surface of the base material was processed by use of the mill-
ing machine, and subsequently, cleaning as well as drying was
performed. Then, during the LCR, the powder particles and
base material were put in sealed cabin by use of the argon as a
shielding gas to prevent their oxidation. Prior to the LCR, to

exhaust the air thoroughly, the shielding gas flow rate was
15 L/min and was vented for approximately 25–30 min in
the sealed cabin. Besides, a 5-diameter laser beam spot was
formed on the base material by adjusting the defocusing
amount. The experimental process parameters and results of
the LCR are performed in Table 3.

4 Results and discussion

4.1 Geometrical features analysis of cladding layer

For testing and verifying the experimental results of geomet-
rical features of cladding layer and considering the effect of
various process parameters, a series of experiments were per-
formed. Figure 7 shows the experimental measurements of the
ultrasound detecting results of the fourth group of cladding
layer. The ultrasonic testing results of the seventh cladding
layer can be noted, including X scan, C scan, and B scan.
First, the cladding layer with height of 10 mm is scanned with
X scan, which is sliced into 10 layers (x1, x2. . . x10) and each
layer is 0.12 mm. Then, the results of 10-layer X scan are
projected to the ground surface to form C scan. The cladding
layer is scanned with B scan along the longitudinal direction
from the top of cladding layer. The results show that the clad-
ding layer is black except the edge, which is white: in other
words, no cracks or pores were detected in the random cross-
sections of samples. Therefore, the quality of the cladding
layer can satisfy the requirements.

Figures 8, 9, and 10 show the experimental measurements
of the ultrasound detecting results, fitted curves, height, and
width of the first group and dilution ratio of cladding layer.

Figure 11 compares the experimental with theoretical re-
sults, which are both in good agreement with each other even
though there are some discrepancies between them. Known
from the Figs. 8 and 11a, the value of a (f(x) = ax2, quadratic

Table 1 Chemical composition of the Invar alloy

Ni Cr Fe Co Mn Si C P S

35.92 0.20 63.0 0.47 0.27 0.07 0.025 0.0087 0.001

Fig. 4 Calculation of heat
conduction in the LCR process
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curve coefficient) deviation fluctuates between 0.8% for high
power, lower powder feeding rates, and scanning speed, and
8.5% for lower power, higher powder feeding rates, and scan-
ning speed. In summary, both experimental measurement re-
sults and theoretical calculation results reach a good agree-
ment. Known from Eq. 1, the η (powder using efficiency) is
attributed to the deviation. The radius of the powder that is
formed on the basematerial is certain. The greater the width of
the molten pool, the higher the utilization ratio of the powder.
For a low scanning speed, lower powder feed rates and high
power, the model calculates a slightly higher for the value of a,
which was not matched with the experiments since the width
of cladding layer was supported by the size and shape of the
molten pool of the base material. As the scanning speed and
lower powder feeding rate increase, the power decreases, lead-
ing to a smaller width of the cladding layer. Therefore, the
restrictions of the size and shape of the molten pool of the
base material influence the increased rate of the width of clad-
ding layer. Furthermore, the point data collected from the
cladding layer are measuring inaccuracies and approximately
fitted by parabola, resulting in the deviation of the value of a.

Figure 9 illustrates the measurement of the height and
width of cladding layer. This model estimates the height of
cladding layer with a deviation varying between 0.8 and 9.3%
in Fig. 11b. According to Eq. 1, the deviation was dominated
by the value of a. Similarly, the deviation of the width was
created by the deviation of height and parabola fitting, whose
deviation varies between 0.9 and 8.6% in Fig. 11c.

The measuring results of the dilution rate are presented in
Fig. 10. The seventh group with a value of 13.8% had the
lowest dilution rate, as presented in Fig. 10g. The eighth group
with a value of 72.2% had the highest dilution rate, as present-
ed in Fig. 10h. Comprehensive consideration of the rough-
ness, width, contact angle, height of cladding layer, as well
as overlap ratio of the adjacent passes, the seventh group is the
best. Figure 11d indicates that the theoretical results of the
dilution rate are closely consistent with the experimental
values. The model calculates the dilution rate with a deviation
fluctuating between 5.4% for lower power, high powder feed-
ing rates, and 15.7% for high power, low powder feeding rates
when contrasted with the experimental data. These deviations
are primary facts that the mathematical model evaluates the
dilution rate, without entirely giving consideration to the ef-
fect of the convection and radiation on the base material and
powder. As the laser power increases or the powder feed rates
decrease, more energy is absorbed by the base material,
resulting in the greater convection and radiation; hence, the
dilution rate is underestimated and the deviation is significant.
Subsequently, to a certain extent, the probable account for the
discrepancy may be attributed to the alteration of the Invar
alloy material properties (specific heat capacity, thermal con-
ductivity, and so on) under different temperature conditions,
which are all considered as constants in the calculation. What
is more, the deviation may arise from the experimental error
and measurement accuracy. Compared with the width and
height of cladding layer, the melting depth of the base material

(b)(a)

(a) Elemental composition measured via energy-dispersive X-ray spectroscopy (EDX)

(b) Morphology of the Invar alloy powder

Table 2 Properties of the Invar
alloy Density

g cm−3
Thermal conductivity W
∙ (m K)−1

Modulus of
elasticity MPa

Hardness
HV

Tensile strength
σb/MPa

Elongation
δ/%

8.12 0.109~0.134 134,000 140 500 30
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Fig. 5 Elemental composition andMorphology of the Invar alloy powder. a Elemental composition measured via energy-dispersive X-ray spectroscopy
(EDX). b Morphology of the Invar alloy powder



is harder to determine as a result of the unclear parting line
between the molten pool and base material.

4.2 Microstructure analysis of cladding layer

Figure 12 presents the microstructure of cross-section of laser
cladding layer of Invar alloy. Figure 12a presents the micro-
structures of different regions near the fusion line while
Fig. 12b shows the cladding layer microstructure. As present-
ed in Fig. 12a, the deposition layer primarily consisted of the
cladding layer, heat-affected zone (HAZ), and base material.
Due to the thermal cumulative effect, the grains in the
unmelted regions near the fusion line swallowed each other,
forming clear and coarse HAZ. The widening of HAZ was
caused by the failure of timely dissipation of the heat absorbed
by the cladding layer and base material owing to a large
amount of instantaneous energy input and low thermal con-
ductivity coefficient of the nickel-based alloy. Also, the mi-
crostructure near the fusion line, i.e., at the bottom region of

the cladding layer, was dominated by the columnar crystals
which grew inwards perpendicular to the fusion line, while the
top of the cladding layer was dominated by the equiaxed crys-
tals. Also, as shown in Fig. 12b, the columnar crystals and
equiaxed crystals were composed of finer subgrains with the
morphology of elongated cellular crystals and equiaxed cellu-
lar crystals. The refinement of the subgrains was due to rapid
heating and cooling in the process of LCR.

The variation of subgrain morphology in different regions
of cladding layer is mainly related to the compositional
undercooling degree of the liquid phase. The compositional
undercooling degree can be determined by the criterion equa-
tion of liquid composition stability:

G
R
≥
−mLC0 1−kð Þ

DLk

The critical condition of the composition undercooling is
given by

(a) Diagrammatic sketch of the LCR process (b) LCR specimens

Fig. 6 Single-pass and single-layer of the LCR. a Diagrammatic sketch of the LCR process. b LCR specimens

Table 3 Processing parameters
and experimental results of the
LCR of the Invar alloy

Track Process parameters Experimental results

Laser power P
(W)

Scanning speed V
(m/min)

Powder feeding rate F
(g/min)

Height h
(mm)

Width w
(m)

1 1900 3 5 0.77 5.01

2 1900 5 7 0.81 4.59

3 1900 7 9 0.63 4.22

4 2100 3 7 1.21 5.70

5 2100 5 9 1.09 5.23

6 2100 7 5 0.29 4.75

7 2300 3 9 1.68 5.95

8 2300 5 5 0.47 5.68

9 2300 7 7 0.45 4.98
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GC ¼ mLC0 1−kð Þ
DLk

R

IfG is the actual liquidus temperature gradient, the compo-
sition undercooling occurs under the conditions ofG ≦GC and
disappears when G ≧ GC.

At the initial stage of the solidification of the molten pool,
existing adjacent to the fusion line, the solidification rate of
the melt at the solid/liquid interface was almost zero because
the liquid metal remained in contact with base material. The
value of GC was extremely small and much lower than the
liquidus temperature gradient. Therefore, no composition
undercooling occurred, and hence, the grains grew in the form

Fig. 8 Fitted curves of cladding layer

Fig. 7 Ultrasound detecting
results of cladding layer
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of plane crystals. However, the duration of this morphology
was little and almost invisible. With the solidification process,
heat accumulated at the front end of the solid/liquid interface.
The temperature gradient, G, at the front end of solid/liquid
interface decreased, while the solidification rate of the liquid
metal increased rapidly, resulting in an increase in GC. When
GC exceeded the temperature gradient G, the composition
undercooling occurred leading to the formation of elongated

cellular crystals. As the undercooling degree further increased,
the cellular crystals near the top of the cladding layer were
transformed into the equiaxed cellular crystals (see Fig. 12b).
The growth direction of the elongated cellular crystals near the
fusion line was perpendicular to the solid/liquid interface and
consistent with the growth direction of the large columnar
grains. This is because at the initial stage of solidification,
the direction of the maximum temperature gradient in the

1mm

1mm 1mm

1mm1mm

1mm 1mm

(b) (c)

(d) (e) (f)

(h) (i)

(a)

1mm

(g)

1mm

Fig. 10 Dilution ratio

dz = 804.35 μm

dx = 2.4316 mm

dz = 87.238 μm

dx = 5.0365 mm

(a) (b)
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Fig. 9 Height and width measurements of the first cladding layer



molten pool, i.e., the fastest solidification direction, was nor-
mal to the fusion line, along which direction the grain growth
had advantages. The huge advantages of grain growth in this
direction led to the full growth of subgrains in this direction,
forming a thin and elongated morphology.

As shown in Fig. 12b, the cellular crystals at the top of the
cladding layer were mainly equiaxed cellular crystals that
were slightly thinner without a clear directionality. This is

mainly because when the near surface liquid metal solidified,
the direction of the temperature gradient was environment-
dependent. A large temperature difference between the liquid
metal and environment led to a high solidification rate of the
near surface liquid metal, a relatively low G/R value, and
further refinement of the microstructure, leading to fine
subgrains. Owing to the external heat exchange, the direction
of the maximum temperature gradient was not perpendicular
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Fig. 12 Microstructure of cladding layer
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to the solid/liquid interface, and hence, the directionality of
subgrain growth was not clear.

Typical martensitic microstructures with a small amount of
austenite and residual ferrite were found in the HAZ micro-
structure. Because of the high energy density, the temperature
exceeded the austenitization temperature even in the unmelted
regions of the molten pool edge. Owing to a sharp drop in
temperature of HAZ caused by the rapid cooling of LCR, most
of the austenites were directly transformed into martensites.
However, in the areas far from the heat source, the microstruc-
tures did not change significantly and still composed of pearl-
ite and ferrite.

As shown in Fig. 13, the narrowest HAZ of base material
was achieved at the scanning speed of 3 m/min, powder feed-
ing rate of 9 g/min, and laser power of 2300W.We found that
the width of HAZ depended upon the combined effect of the
laser power, scanning speed, and powder feeding rate. In spite
of heat input of laser cladding increasing with the increase of
laser power, the decrease of scanning speed reduced the time
of laser acting on the unit area, increasing the thermal accu-
mulation. In addition, the increase in powder feeding rate re-
sulted in more powders reacting with the laser, causing a
greater reduction of laser power and hence, reducing laser
on the matrix. Owing to the combined influence, the HAZ in
Fig. 13g was relatively small.

5 Conclusion

An integrated mathematical model proposed in this paper may
be used to determine the profile curves, height, width, dilution
rate of cladding layer. The theoretical method indicates max-
imum deviation of 8.5% for the profile curves of cladding
layer, 9.3% for the height, 8.6% for the width, 15.7% for the
dilution rate for the LCR. Thus, the accuracy of the geometric
characteristics of cladding layer and the melting depth of the
base material are improved in the analytical model.

Certain processing parameters are more suited for liquid
metal crystals and contribute to a more noticeable directional-
ity in the microstructure in the cladding layer.

This integrated model gives us an insight into the whole
process of the LCR. This theoretical method can be guidance
for the process parameters that monitor and govern the LCR,
particularly the geometric characteristics of cladding layer and
the melting depth of the base material. Depending on the size
of the defective Invar alloy mold for a special remanufacture,
the process parameters can be adjusted accordingly to satisfy
the needs of the LCR.

The microstructure near the fusion line at the bottom region
of the cladding layer was dominated by the columnar crystals
which grew inwards perpendicular to the fusion line, while the
top of the deposition layer was dominated by the equiaxed
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Fig. 13 HAZ of the cladding layer



crystals. Moreover, the refinement of the subgrains was due to
rapid heating and cooling in the process of the LCR.
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