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Abstract: Selective laser melting (SLM) and laser cladding are laser additive manufacturing methods that have been 
developed for application to the near-net-shape process and 3D printing. The temperature distributions and track profiles 
of SLM and clad layers require additional in-depth investigation to optimize manufacturing processes. This research 
involved developing a tailored laser heat source model that contains a comprehensive selection of laser beam 
characteristics and can be used in finite element analysis of the laser melting process. This paper presents a systematic 
experimental validation of the applicability of the proposed laser heat source model to single-track Nd:YAG and CO2 laser 
melting simulations. The evolution of the melt pool isotherms and the variation in track profiles caused by adjusting the 
laser power and scanning speed were numerically predicted and experimentally verified. Appropriate process parameters 
and the threshold power for continuous track layer formation were determined. The balling phenomenon on preplaced 
powder was observed at power levels below the threshold values. Nd:YAG laser melting resulted in a wide and shallow 
track profile, which was adequately predicted using the numerical simulation. CO2 laser melting resulted in a triangular 
track profile, which deviated slightly from the finite element prediction. The results indicated a high level of consistency 
between the experimental and the numerical results regarding track depth evolution, whereas the numerically predicted 
track width evolution deviated slightly from the experimentally determined track width evolution. This parametric laser 
melting study validated the applicability of the proposed laser heat source model in numerical analysis of laser melting 
processes such as SLM and laser cladding. 

Keywords: Finite element analysis, laser cladding, laser heat source model, melt pool, preplaced powder, selective laser 
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1. INTRODUCTION 

 Selective laser sintering (SLS) and selective laser melting 
(SLM) are emerging methods used for rapid prototyping in 
the laser additive manufacturing (LAM) process [1, 2]. 
These methods share an operational concept with the laser 
cladding process. Melting and consolidation of a thin powder 
layer during these processes are achieved by scanning a laser 
beam over a thin powder layer that is deposited on a 
previously solidified powder layer or over a preplaced 
powder layer on a substrate. The thin powder layers are 
consecutively fused to the underlying substrate to form an 
additive bulk workpiece. The main differences between SLM 
and laser cladding lie in the dimensions of the tracked profile 
and in the required laser power range. Typically the 
thickness of the molten track for SLM is in the order of 
several hundred microns, whereas the clad layer thickness 
may range from several hundred microns to 1–2 mm [3,4]. 
To melt the powder and substrate, SLM requires a laser 
power of several watts, whereas the laser cladding process 
requires several hundred to one thousand watts [3,5]. 
Another common requirement for these two laser melting 
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processes is that low dilution between the molten track and 
the underlying solid substrate must be maintained to 
guarantee efficient layer forming and sufficient mechanical 
strength or hardness of the workpiece [3]. 
 Both the analytical and numerical aspects of the 
temperature distribution and molten track profile during laser 
rapid manufacturing and laser cladding using direct powder 
feeding have been studied [6-11]. Zhang et al. conducted a 
thermomechanical analysis and an experiment on multi-bead 
laser powder deposition (LPD) [6]. Alimardani et al. [7] 
investigated the effect of dynamic preheating on direct 
powder feeding laser cladding. Fathi et al. [8] presented an 
analytical model of LPD using a moving point heat source to 
predict the temperature field, melt pool depth, and dilution 
and validated the predictions experimentally. Kumar et al. 
[9] developed analytical approaches for predicting the clad 
geometry of the direct powder feeding technique in which 
surface tension and the convection of the melt pool were 
considered. Kumar et al. [10] simulated the temperature 
distribution and single-track geometry in the direct powder 
feeding in LAM of metal structures by using a two-
dimensional finite element model (FEM). 
 Compared with the direct powder feeding technique, 
laser cladding using the preplaced powder layer technique is 
simple and efficient and is the most suitable technique for 
fabricating workpieces with large-area protective coatings or 
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workpieces with a complex geometry to improve the 
corrosion and wear resistance [1,12]. Although few 
analytical and numerical investigations have addressed the 
temperature and melt pool evolution during laser cladding 
with a preplaced powder process [13,14], increasing interest 
has focused on research involving theoretical and numerical 
modeling of the SLM process with a preplaced powder bed; 
this process is similar to the laser cladding process with a 
preplaced powder layer. Studies on the theoretical and 
numerical modeling of the SLM process and laser cladding 
process with preplaced powder have made it possible to 
improve predictions of the deposition of the clad layer or 
additive layers during the laser melting process and to 
optimize process parameters [5,10,15,17-23]. Most of the 
existing techniques for modeling SLS, SLM, and laser 
cladding [9,11,13,14,15] have focused on Gaussian heat 
source models. These heat source models are oversimplified 
and cannot accurately describe the characteristics of laser 
beams; therefore, these models do not enable precise 
theoretical or numerical analyses. For example, the double 
ellipsoidal heat source model [24] was mainly developed to 
facilitate simulation of arc welding processes; however, it 
was also applied in analyzing the additive manufacturing 
process [25]. Few studies [26] have investigated the effect of 
the fundamental laser beam modes, TEM00 and TEM01, on 
the melt pool profile. However, laser melting processes, such 
as SLM and the laser cladding process, may require a 
defocused beam and a beam featuring a tailored-shaped 
energy distribution profile of higher TEM modes or 
multimode. Therefore, a laser beam model that considers a 
comprehensive selection of the physical characteristics of a 
laser beam is highly relevant to a precise simulation of laser 
melting processes such as SLM and laser cladding in the 
same way as it is imperative to consider arc physics in arc 
welding modeling [27]. The aforementioned laser beam 
models either exhibited limitations [28] or were not 
appropriate for SLM and laser cladding. The authors of this 
paper previously proposed a novel laser heat source model 
tailored to laser heating and melting that considers a 
comprehensive selection of laser beam characteristics. A 
numerical simulation of a laser melting process with a 
preplaced cobalt powder layer was conducted to predict the 
evolution of melt pool isotherms and the clad bead profiles 
based on limited preliminary experimental evidence [29]. 
This study involved conducting a systematic laser melting 
experiment to investigate the consistency between the 
experimental result produced by a Nd:YAG laser and a CO2 
laser and numerical predictions of laser melting of a 
preplaced powder layer based on the proposed laser heat 
source model. The objective of this research was to provide 
convincing experimental data to validate the feasibility and 
applicability of the tailored laser heat source model in the 
numerical analysis of laser melting and the laser cladding 
process. In addition, the results of the experimental 
validation and the numerical model improve the knowledge 
base for an in-depth understanding of the temperature and 
melt pool evolution during laser melting processes including 
laser cladding in laser surface modification and SLM in 
LAM. 
 

2. MATHEMATICAL FORMULATION OF THE 
TAILORED LASER HEAT SOURCE 

 Fig. (1) schematically depicts a tailored TEMmixed mode 
laser beam emerging from a focusing lens with focal length f 
and its projection on a workpiece surface at a defocus 
distance a from the focal point. The radius of the laser spot 
projected on the surface of the workpiece is rw. The radius of 
the raw beam that emerges from the focusing lens (or mirror) 
is r0.. The spot radius at the focal point is rf. The relationship 
between rf and the focal length f is 

 
rf =

f ⋅θ
2

=
λ ⋅ f
π ⋅ r0

  (1) 

where 
 
θ =

4λ
π ⋅2r0

 is the divergence angle and λ is the 

wavelength of the selected laser. 
 The heat flux distribution of the laser beam to which the 
workpiece is exposed is formulated by considering the laser 
intensity distributions of a TEM00 mode and a TEMmn mode. 
The heat flux distribution of a TEM00 mode laser beam, q0, 
can be expressed as 

  q0 (r) = q0maxexp(−k0r
2 )   (2) 

where r = (x2+y2)1/2; q0max is the maximum heat flux; and k0 is 
the concentration coefficient. 
 Assume that no power is lost at the focusing lens. The 
laser power Q0 at the focusing lens can be derived as 

  
Q0 =

q0maxk0

π
 (3) 

 Therefore, 

  
q0 (r) =

Q0k0

π
exp(−k0r

2 )   (4) 

 In accordance with [33], q0(r) = 0.05q0max at r = r0. Thus, 
the relationship between the concentration coefficient K0 and 

the raw beam radius r0 is 
  
k0 =

3
r0

2 ; therefore, 

  
q0 (r) =

3Q0

πr0
2 exp(−3r2

r0
2 )   (5) 

 Assume that no energy loss occurs between the focusing 
lens and the focal point. The heat flux intensity of a TEM00 
laser beam at the focal point is 

  
q f (r) =

3Q0πr0
2

λ 2 f 2
exp(- 3r 2

r0
2

)   (6) 

 The radius of the beam on the workpiece rw at any 
arbitrary position that is a from the focal point is 
approximately expressed as 

  
rw =

f ⋅ rf + a ⋅ (r 0−rf )
f

 (7) 

 The heat flux distribution qmn of a TEMmn mode raw laser 
beam is defined as 
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qmn(x, y) = 1

2m+n m!n!
1
r0

2
Hm

2 ( 2x
r0

)H n
2( 2y

r0

)exp(−2 (x2 + y2 )
r0

2
)  (8) 

where Hm and Hn are Hermite polynomials of orders m and n, 
respectively. The total power Qmn of the TEMmn mode raw 
beam is 

  Qmn = π ⋅ r0
2 ⋅q mn(x, y)   (9) 

 Assume that no energy loss occurs, and  
Qmn =Qf =Qw , 

where Qf is the power at the focusing point and Qw is the 
power at an arbitrary position that is a from the focal point 

  
q f (x, y) = (

π ⋅ r0

f ⋅ λ
)2 1

2m+n m!n!
Hm

2 ( 2x
r0

)H n
2( 2y

r0

)exp(−2 (x2 + y2 )
r0

2
)   (10) 

 Similarly, the heat flux distribution of a TEMmn mode 
laser beam at an arbitrary focusing position a can be 
expressed as 

  
qw(x, y) = (

r0

rw

)2 1
2m+n m!n!

1
r0

2
Hm

2 ( 2x
r0

)H n
2( 2y

r0

)exp(−2 (x2 + y2 )
r0

2
)   (11) 

 These equations explicitly express the heat flux that is 
determined using the proposed laser heat source model in 

terms of beam mode, power, wavelength, beam radius, focal 
length of focusing optics, and defocusing conditions. 

 The tailored heat flux distribution of a multiple mode 
laser beam TEMmixed is defined as qmixed and can be 
determined by superimposing the heat flux distribution of the 
individual TEMmn modes that constitute the mixed mode. 
Each individual mode shares a fraction ai of the total heat 
flux [9]. Thus, qmixed can be expressed generally as 

  
qmixed = ai ⋅q f

i=1

n

∑ , where
  

ai =1
i=1

n

∑ . The TEMmixed mode is 

composed of TEM00, TEM01, TEM10, TEM11, and TEM33 
modes. The heat flux of the mixed mode of Nd:YAG lasers 
can be expressed as (12), and that of CO2 lasers can be 
expressed as (13). The heat fluxes of these lasers are 
illustrated in Fig. (2a) and Fig. (2b), respectively. 

qmixed=0.1q00+0.15q01+0.15q10+0.3q11+0.3q33  (12) 

qmixed=0.5q00+0.15q01+0.15q10+0.1q11+0.1q33  (13) 

 The individual modes used to compose a tailored 
TEMmixed mode were selected empirically. The purpose was 
to generate a multimode raw laser beam that could be 
employed in numerical simulation and featured an intensity 
distribution close to that of a multimode Nd:YAG/CO2 raw 
laser beam used in laser melting. The Nd:YAG laser beam 

 
Fig. (1). Schematic illustration of a tailored TEMmixed mode laser heat source model moving along a preplaced powder layer on a meshed 
substrate during selective laser melting. 
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profile was measured using a profile power meter at the exit 
of the laser cavity; however, the heat flux intensity 
distribution of a CO2 laser beam is normally determined in 
practice by impinging a raw laser beam onto an acrylic plate 
to form a burnt crater. Normalized to a unit intensity 
distribution of the TEM00 mode Gaussian beam, the peak 
intensity of the Nd:YAG laser beam given by (12) and the 
peak intensity of the CO2 laser beam described by (13) are 
approximately 0.05 and 0.1, respectively. 
 Consider a reference frame that is fixed relative to the 
laser heat source that moves in the y direction of a Eulerian 
coordinate system at a constant speed v with respect to the 
reference frame, where x' = x, y' = y- vt', and z' = z. The 
temperature field resulted from a TEMmn mode laser is 
expressed as 

  

T (x, y,z,t)

=
η

kα
1

2 (4π t)
3

2
q

−∞

∞

∫
−∞

∞

∫
−∞

∞

∫ (x ', y ') ⋅ e
−

x '2+( y−vt ')2+z '2

4αt

0

t

∫ dt 'dx 'dy 'dz '

+
1

(4παt)
3

2
A(x ', y ',z ') ⋅ e

−
x '2+( y−vt ')2+z '2

4αt

−∞

∞

∫
−∞

∞

∫
−∞

∞

∫ dt 'dx 'dy 'dz '

 (14) 

where q(x', y') is given by (10) and (11). A(x', y', z') is the 
initial temperature, v is the scanning speed, and α is the 
thermal diffusivity. Equation (14) expresses the transient 
temperature profile of the powder layer and the substrate; 
this profile is determined by using the proposed laser heat 
source model as a moving heat source scanning over the 
workpiece. 

3. EXPERIMENTAL DETAILS AND NUMERICAL 
MODELING 

 A Rofin CW025 Nd:YAG laser and a Rofin DC035 CO2 
laser were used to perform single-pass laser melting and  
 
 

laser cladding. The multimode Nd:YAG laser beam (λ = 
1.063 µm) had a raw beam radius of 19 mm and was focused 
using a lens with a focal length of 120 mm to a beam radius 
of 0.2 mm. The multimode CO2 laser beam (λ = 10.63 µm) 
had a raw beam radius of 16 mm and was reflected onto the 
specimens by using a copper mirror with a focal length of 
250 mm. The power of the CO2 laser was varied from 600 W 
to 2000 W, and that of the Nd:YAG laser was varied from 
1500 W to 3000 W. The scanning speed of the laser beam 
was varied from 100 mm/min to 400 mm/min. A laser melt 
track of 75 mm in length was completed in 37.5 s at a 
scanning speed of 120 mm/min. A laser power of 2000 W 
and a scanning speed of 120 mm/min were employed, unless 
other values are specified. Argon was used as the protective 
gas and the assist gas in the experiment. The flow rate of the 
assist gas was 10 l/min. Backward purging of the assist gas 
was crucial to laser cladding and laser melting to ensure 
smooth track formation and a uniform track profile. A 
preplaced Cobalt-based Stellite 6 alloy powder layer was 
uniformly deposited on an S45C medium carbon steel plate 
in paste form. When it had dried, an approximately 1.5-mm-
thick preplaced powder layer was adhered to the substrate. 
After laser melting, the solidified track became considerably 
thinner than the preplaced layer. 
 The FEM of the preplaced layer and the substrate (Fig. 1) 
had dimensions of 75 mm (L) × 30 mm (W) × 15 mm (H) 
and was meshed into 54494 elements and 48944 nodes. The 
width of the preplaced layer was set as 2 mm and the depth 
was set as 0.3 mm. In general, the melt depth was not 
allowed to exceed twice the depth of the preplaced layer to 
ensure that dilution remained lower than 50% during the 
laser melting process [30]. The grid-mesh model and 
material properties were detailed in [29]. The heat 
convection coefficient from the workpiece to the 
surrounding environment was 25 W/mm2K. The initial 
temperature on the surface of the workpiece was 25 °C. 
 
 

 
Fig. (2). Intensity distribution of the tailored TEMmixed mode laser heat sources consisting of TEM00, TEM01, TEM10, TEM11, TEM33 modes. 
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4. EXPERIMENTAL RESULTS VERSUS NUME-
RICAL PREDICTIONS 

4.1. Effect of Laser Power on the Temperature Distri-
bution and track Profile 

 Fig. (3) shows the numerical prediction of the effect of 
the Nd:YAG laser power on the transient melt track profile 
(or melt pool contour) and the temperature distribution of the 
melt pool during laser melting on a preplaced powder layer. 
The melting track profile (or the melt pool contour) was 
determined by setting the temperature scale in Figs. (3, 4) 
from 30 °C to the melting temperature of the cobalt alloy, 
1350 °C. The area where the temperature exceeded 1350 °C 
was regarded as the melt pool. When the Nd:YAG laser was 
applied, the melt pool formed when the laser power 
exceeded 2000 W, as shown in Fig. (3b). The solidified track 
reached a desired width of 2 mm at a laser power greater 
than 2500 W, as shown in Fig. (3c). The track width and 
depth increased approximately linearly as the laser power 
was increased. To ensure efficient additive deposition as 
well as low dilution of the melt pool with the underlying 
substrate, a wide and shallow track profile must be 
employed. Excessively high power caused the track profile 
to contract and deepen; these characteristics are not desirable 
for the purpose of laser melting and cladding. 
 The evolution of the calculated solidified track profile for 
the CO2 laser is illustrated in Fig. (4). The melt pool formed 
at a power greater than 2000 W when the Nd:YAG laser was 
applied, and the predicted power required for the formation 
of deposited track was 600 W for the CO2 laser, as shown in 

Fig. (4a). The track width reached an expected value of 2 
mm in the power range between 800 W and 1000 W, as 
shown in Fig. (4b, c). Compared with the Nd:YAG laser, 
substantially less power was required for the CO2 laser to 
form a melt pool and to achieve a track profile with the 
desired width. This result was attributed to the physical 
characteristics of the CO2 laser beam, such as the 
wavelength, beam waist, spot size, and power density, 
considered in the tailored heat source model. Although both 
the track width and depth increased linearly as the CO2 laser 
power was increased, the melt depth increased more rapidly 
as the CO2 laser power was increased beyond 2000 W, as 
shown in Fig. (4c, d). This result indicated that the track 
profile contracted and deepened, thus becoming less 
desirable. In addition, the calculated peak temperature in the 
melt pool ranged from 1235 °C to 2630 °C when the 
Nd:YAG laser was applied and from 1619 °C to 5833 °C 
when the CO2 laser was employed. The CO2 laser evidently 
exhibited a higher efficiency in heating the materials than 
did the Nd:YAG laser, even at lower power levels. 
 Fig. (5) shows the surface morphology of the track 
formed from the preplaced powder layer at various power 
levels applied in experimental laser melting conducted using 
the Nd:YAG and the CO2 lasers. The power required for the 
Nd:YAG laser to form a uniform track was greater than 2000 
W, as shown in Fig. (5a). To achieve a uniform deposited 
track or clad bead, the laser power was required to be high 
enough to melt the preplaced powder and the surface of the 
underlying substrate. Applying a power lower than 500 W 
resulted in the loss of powder because the assist gas was 

 
Fig. (3). Effect of Nd:YAG laser power on the transient melt pool contour and the temperature distribution during laser melting on a 
preplaced powder layer at t= 20 s. Scanning speed: 120 mm/min, focal point: 9 mm above surface. 
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purged. The insufficient laser power of 1000 W resulted in 
the formation of a discontinuous track along the laser 
scanning direction as well as the distribution of irregular 
beads or droplets along the track. This resembled the "balling 
phenomenon" frequently observed in the SLM process on 
solidified tracks less than 1 mm in diameter [4,16,18,25,31]. 
The balling phenomenon could be reduced or eliminated by 
adjusting the process parameters to an appropriate range and 
by using a two-component powder [16]. The surface 
morphology and the surface roughness of the solidified track 
in the case of laser cladding depended on the assist purge gas 
and the powder binder, which may have influenced the 
surface tension of the melt pool and the wetting between the 
alloy powder and the substrate. These experimental results 
provide a parametric basis for SLM of a powder bed. In 
addition to introducing a tailored laser heat source model 
into finite element modeling, a more precise and realistic 
numerical simulation of the wetting phenomena of the 
powder and the surface profile of the solidified track requires 
considering the surface tension and capillary effect in the 
material model [16]. 
 The numerical prediction on laser melting using Nd:YAG 
laser at 2000 W shown in Fig. (3b) was consistent with the 
experimental results at the same power level depicted in Fig. 
(5). In contrast to Fig. (5a), Fig. (5b) shows that the CO2 
laser achieved continuous and uniform melt track in the 
observed power range. The track width increased as the 

power was increased. The calculated results regarding melt 
pool formation in Fig. (4) depict a trend consistent with the 
experimental results depicted in Fig. (5b). 
 Figs. (6, 7) show the effect of the laser power on a 
transverse section of solidified track. For the Nd:YAG laser, 
the threshold power for the track formation was 1800 W. A 
thin deposition layer with a concave track shape formed on 
the substrate, as shown in Fig. (6b). At high power levels, 
namely 2500 W and 3000 W, the tracks were wide and 
shallow. One study observed an irregularly shaped transverse 
profile exhibiting a spike-like boundary with the substrate in 
laser cladding [11]. Fissures in the solidified bead have also 
been observed. When the CO2 laser was applied, a thin 
deposition layer with a slight concave track profile formed at 
a threshold power of 800 W, as shown in Fig. (7a). By 
further increasing the laser power to 1500 W and 2500 W, 
stable melting of the substrate and the formation of a 
continuous and uniform track was achieved. However, the 
transverse track profile exhibited a triangular shape similar 
to a laser weld profile. Because the melt depth increased 
rapidly as the power of the CO2 laser was increased beyond 
1500 W, the underlying deposited tracks or underlying 
substrate melted too much; this result is undesirable for 
additive deposition. A similar triangular track profile was 
observed in single-track SLM of SS316 powder on a steel 
substrate performed using a Yb-fiber laser [32]. 
 

 
Fig. (4). Effect of CO2 laser power on the transient melt pool contour and the temperature distribution during laser melting on a preplaced 
powder layer at t= 20 s. Scanning speed: 120 mm/min, focal point: 9 mm above surface. 
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 The relationship between the laser power and the track 
dimensions obtained from both experiments and the 
numerical analysis is summarized in Fig. (8). The threshold 
power of the Nd:YAG laser was 1800 W according to the 
experimental results and 2000 W according to the numerical 
prediction, as shown in Fig. (8a). The numerical and 
experimental results were sufficiently consistent. In addition, 
the numerical prediction of the trend in the variation of the 
track depth according to the laser power was highly 

consistent with the experimental results. By contrast, the 
trend in the predicted track width was less consistent with 
that of the experimental results. As depicted in Fig. (8b), the 
predicted and experimental threshold CO2 laser powers for 
the formation of a continuous and uniform track were 800 W 
and 600 W, respectively. The numerical model predicted the 
trend in the relationship between the track depth and the 
laser power more accurately than it predicted the trend in the 
relationship between the track width and the laser power. 
 

 
Fig. (5). The surface morphology of the selective melting track solidified from a preplaced powder layer at various power levels. 

 
Fig. (6). Effect of Nd:YAG laser power on a transverse section of solidified track after selective laser melting. 
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Fig. (7). Effect of CO2 laser power on a transverse section of solidified track after selective laser melting. 

 

               (a) Nd:YAG laser               (b) CO2 laser 
Fig. (8). Effect of the laser power on the solidified track dimensions. 
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4.2. Effect of the Laser Scanning Speed on the 
Temperature Distribution and Track Profile 

 The evolution of the track profile and the temperature 
distribution of the melt pool at various scanning speeds when 
the Nd:YAG laser and the CO2 laser were applied was 
numerically predicted. For the Nd:YAG laser, the melt pool 
depth increased from 0.37 mm to 0.6 mm when the scanning 
speed was reduced from 400 mm/min to 100 mm/min. The 
melt depth met the requirements for efficient melting 
deposition and low dilution of the melt pool. However, the 
CO2 laser formed a substantially deeper melt pool, exhibiting 
deviations from efficient deposition from 1.59 mm to 2.91 
mm. The surface morphology of the deposited track at 
various scanning speeds is shown in Fig. (9). The applied 
laser power of 2000 W exceeded the threshold power for 
both the Nd:YAG and CO2 lasers; thus, continuous and 
uniform solidified tracks formed in the experimental 
scanning speed range. The Nd:YAG-laser-deposited tracks 
were smooth and shiny, whereas those deposited by the CO2 
laser were rippled at scanning speeds between 400 mm/min 
and 200 mm/min. Applying a scanning speed of 100 
mm/min resulted in high heat input and the development of 
pores on the track surface. 
 Transverse sections of continuous tracks obtained at 
various scanning speeds and a laser power of 2000 W are 
shown in Figs. (10, 11). The Nd:YAG laser created a wide 
and shallow track profile, as shown in Fig. (10). The track 
dimensions generally satisfied the requirements for cladding. 
The track width varied from 1.45 mm to 1.96 mm and the 
track depth varied from 0.37 mm to 0.77 mm as the scanning 
speed was reduced. The CO2 laser formed deep melting 
tracks exhibiting a triangular profile similar to the profile of 
a laser weld. Both the track width and depth increased as the 
scanning speed was reduced, as shown in Fig. (11). 
 Fig. (12a, b) show the relationships between the 
predicted and experimentally determined scanning speeds 
and track dimensions for the Nd:YAG laser and CO2 laser, 
respectively. The experimental results validated the 
numerical predictions regarding the Nd:YAG laser in the 
selected scanning speed range. As shown in Fig. (12b), 

consistency between the experimental results and the results 
of the numerical prediction regarding the CO2 laser was 
greater in the trend in track depth than in the trend in the 
track width. Thus, the experimental investigation revealed 
that the employed numerical heat source model provided 
more accurate prediction of track dimensions for the 
Nd:YAG laser than for the CO2 laser at various scanning 
speeds. In general, the adequacy and usability of the tailored 
laser heat source were validated. As mentioned previously, 
the differences between SLM and laser cladding lie in the 
track profile dimensions and the magnitude of the required 
laser power. The track dimensions observed in this study 
ranged from 0.3 mm to 2 mm, and the laser power ranged 
from 600 W to 2000 W when the Nd:YAG and CO2 lasers 
were applied. More accurate modeling of a finer SLM 
process can easily be achieved by varying the power, 
focusing conditions, and wavelength in the tailored laser 
beam heat source model and by refining the mesh of the 
workpiece in the FEM by using the same method. 

CONCLUSION 

 This study entailed a comprehensive experimental validation 
of a tailored laser heat source model used for simulating laser 
melting and laser cladding on a preplaced cobalt-based 
powder layer on a steel substrate. The effects of the beam 
power and scanning speed on the track profile were 
investigated experimentally and predicted numerically for a 
Nd:YAG laser and a CO2 laser emitting TEMmixed mode 
beams. The threshold power for continuous track formation 
and the appropriate process parameters for laser melting 
were determined. The Nd:YAG laser formed a wide and 
shallow solidified track, whereas scanning using the CO2 
laser resulted in a triangular track profile. The experimental 
results were generally consistent with the numerical 
predictions in a wide range of process parameters. The 
simulation tool predicted the wide and shallow track profile 
achieved using the Nd:YAG laser more accurately than it 
predicted the deep triangular track profile created by the CO2 
laser. Greater consistency between the experimental and 
simulation results was observed in the trend in track depth 
variation than in the trend in track width variation as process 

 
Fig. (9). The surface morphology of the selective melting track solidified from a preplaced powder layer at various scanning speeds. 
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parameters were changed. By exploring substantial process 
parameter variations in the laser melting experiment, the 
feasibility and flexibility of the tailored laser heat source 
model and the associated numerical model were validated. 

The experimental validation and numerical model 
collectively provide a greater understanding of temperature 
evolution and track formation during the laser melting 
process. 

 
Fig. (10). Effect of Nd:YAG laser scanning speed on a transverse section of track after selective laser melting. 

 
Fig. (11). Effect of CO2 laser scanning speed on a transverse section of track after selective laser melting. 
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LIST OF ABBREVIATIONS 

FEM = Finite element model 
LAM = Laser additive manufacturing 
LPD = Laser powder deposition 
SLM = Selective laser melting 
SLS = Selective laser sintering 
TEM = Transverse electromagnetic mode 

Nomenclature 

A = Surface area irradiated by the laser beam  
   (mm2) 
A(x', y', z') = Initial temperature (K) 
f = Focal length of the lens or mirror (mm) 
Hm, Hn = Hermite polynomials of order m and n 
k = Temperature-dependent thermal conductivity  
   (W/mm K) 
Qf = Laser power at the focal point (W) 
Qmn = Laser power of the TEMmn mode raw beam  
   (W) 
Qw = Laser power on the workpiece surface (W) 
qf(x, y) = Heat flux intensity at the focal point (W/mm2) 
qmn(r) = Heat flux intensity of a TEMmn mode  
   (W/mm2) 
qw(x, y) = Heat flux intensity at the workpiece surface  
   (W/mm2) 
r0 = Raw laser beam radius at focusing lens (mm) 
rf = Laser spot radius at the focal point (mm) 

rw = Laser spot radius on the workpiece surface  
   (mm) 
v  = Scanning speed (mm/min) 
T = Temperature (K) 
t = Time (s) 
x, y, z = Cartesian coordinate (mm) 
θ = Beam divergence angle (rad) 
ρ = Density of the material (kg/mm3) 
α = Thermal diffusivity 
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