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Abstract
Dross formation in the laser beam cutting (LBC) process is modeled in the present study using two main categories of 
parameters: (1) energy-based (e.g., laser power, scanning velocity, and focal position) and (2) gas-based (e.g., assisting gas 
pressure, the diameter of the nozzle, and workpiece distance). A set of comprehensive analytical and empirical models is 
developed to predict dross diameter during the LBC process based on these groups of parameters. First, a novel closed-form 
analytical model of the dross diameter based on the energy balance approach is presented. The model considers heat loss 
during the cutting process in terms of conduction, radiation, and evaporation latent heat energy that has not been addressed in 
the literature. Furthermore, regression and physical parameter modeling methods are used to develop two empirical models. 
The regression model includes all effective gas-based and energy-based processing parameters. In the physical model, two 
unique physical parameters are introduced that provide physical insight into the process. The amount of energy radiated per 
unit area and the amount of gas deposited per unit area is represented by energy density and gas density parameters, respec-
tively. All models are validated by laser fiber cutting experiments on austenitic stainless steel. The accuracy of the analytical 
model is compared with a previous study, which indicates a reduced error as a result of considering all main heat loss terms. 
The results reveal that the dross diameter is dominated by gas-based rather than energy-based processing parameters.

Keywords Laser beam cutting · Regression model · Analytical model · Combined physical parameter model · Energy-
based parameters · Gas-based parameters · Austenitic stainless steel

Nomenclatures
Parameter  Definition
ε  Emissivity of the surface of the material
σ  Stefan-Boltzman constant
β  Fraction of evaporation contribution
ρG  Density of assisting gas
μG  Viscosity of assisting gas
μL  Viscosity of melting material
ρL  Density of melted workpiece
A  Cross-section area

Cpm  Specific heat capacity of the material in the 
liquid state

Cps  Specific heat capacity of the material in the 
solid-state

d  Workpiece distance
dD  Dross diameter
ED  Energy density of laser cutting process
F  Focal position
g  Assisting gas pressure
GD  Gas density of laser cutting process
K  Material conductivity
Lev  Latent heat of boiling
Lm  Latent heat of melting
N  Diameter of nozzle
P  Laser power
SL  Liquid thickness layer
Ti  Initial temperature
Tm  The melting temperature
Tev  Vaporization temperature of the material
v  Laser scanning velocity
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vG  Velocity of the gas jet
z  Material thickness

1 Introduction

Laser beam cutting (LBC) is a thermal process that involves 
applying the laser beam to cut the material. LBC process can 
be classified into heating, melting-vaporizing, and ejection 
stages. In the first stage, the focused laser beam heats the sur-
face of the workpiece. The power of the laser beam is enough 
to start melting, forming the molten layer, and vaporizing 
process (second stage). Then high-pressure assisting gas is 
used to blow the molten metal out of the kerf in the last stage 
[1]. These stages in the LBC process provide a variety of 
advantages, namely low power consumption, high machining 
speed, no need to clamp parts, no tool wear, no vibration, and 
not having any limitation in material workpiece [2–5]. Hence, 
the LBC process becomes a routine process in fabrication 
[6]. Since laser cutting technology is novel, in-depth study 
of all its significant challenges has yet to be addressed in the 
literature. One of the biggest challenges of the LBC process 
is a dross formation, which may cause different problems in 
plate heat exchangers and the aerospace industry. However, 
minimal research has been conducted on the dross of the 
LBC process and its overall characteristics.

Since all laser material processing technologies, includ-
ing LBC, have specific input parameters, the initial step 
towards achieving a fully controlled model of the dross 
is to understand the effective input processing parame-
ters. The processing parameters, which affect dross, can 
be divided into energy-based and gas-based parameters. 
The energy-based parameters provide the needed energy 
of heating and melting stages (first and second stages), 
while the ejection of melt materials is obtained by gas-
based parameters (third stage) [1].

Dross is an undesirable projection of material on the edge 
of the cut, which is produced because of plastic flow in the 
laser beam cutting process [7–9]. The dross has various 
effects on systems, including the component fitting issues in 
assembly, fouling inflow of systems, employee’s injuries, and 
inappropriate appearance [7, 10]. All of these reduce efficien-
cies of the LBC process. Thus, a tailor-made model, which 
predicts the dross formation during the process, is needed.

Melt formation and dross diameter during LBC of the 
metallic workpiece are formulated analytically by Yilbas 
and Abdul Aleem [11]. Melt energy, including laser beam, 
oxidation, conduction, and requirement energies (energy 
needs to melt and evaporation materials), was considered 
in their model. Energy balance in their model leads to the 
dross diameter formula by measuring edge boundary layer 
velocity. Schuöcker et al. [12] propose a shear stress for-
mula, which was used in the dross diameter model of a 

study presented by Teixidor et al. [6]. Their analytical dross 
diameter model was based on energy balance, including 
laser beam and convection. Since increasing laser power 
leads to increased portion of evaporation, radiation, and 
conduction energies, a closed-form analytical model, which 
includes heat loss, is needed to predict dross diameter with-
out measuring boundary layer velocity.

Haddadi et al. [13] used empirical-based model of analy-
sis of variance (ANOVA) to predict  CO2 LBC dross height. 
The input processing parameters such as laser power, cutting 
velocity, and existence of assisting gas were considered in 
a linear polynomial equation to predict polystyrene with a 
thickness of 0.1 mm. They reported that increasing laser 
power leads to a reduction of the dross height. Top and bot-
tom kerf width was modeled with ANOVA, based on pro-
cessing parameters including laser power, cutting velocity, 
assisting gas pressure, and thickness of polymethylmeth-
acrylate sheet by Elsheikh et al. [14]. It was noticed that 
increasing thickness decreases top and bottom kerf width. 
Moradi et al. [15] used a numerical method to validate an 
experimental-based regression model for the laser cutting 
process of polycarbonate sheets. The effect of laser power, 
cutting speed, and laser focal plane, which all are energy-
based processing parameters, is on the top and bottom kerf 
width, top heat-affected zone, and taper kerf, which were 
investigated by statistical techniques. Since gas-based pro-
cessing parameters play a critical role in dross formation 
during the LBC process [16], empirical-based model is 
needed to cover all effective gas-based and energy-based 
processing parameters, which predict dross diameters.

Most of the models consider specific processing param-
eters such as laser power and velocity or assisting gas pres-
sure, which is limited to a particular area. Hence, another 
problem is the lack of a model for LBC, which covers a 
global area with a meaningful definition. Moreover, austen-
itic stainless steel, which is one of the most valuable materi-
als due to its corrosion resistance, should be considered in 
empirical-based regression LBC models. Therefore, a com-
prehensive study, which considers all the effective gas-based 
and energy-based parameters and predicts dross diameter 
based on these parameters, is needed.

Another objective of this paper is to develop a methodol-
ogy for the integrated prediction of dross diameter of the 
LBC process. This methodology interprets dross diameter 
using a combined set of physical parameters. The approach 
has two main advantages; firstly, it can be used for a broad 
range of processing parameters without any limitation. Sec-
ondly, it provides physical insight into the LBC process, the 
effect of different energy-based, and gas-based processing 
conditions on final characteristics.

To achieve this goal, (1) energy-based processing param-
eters (including laser power, scanning velocity, and focal 
position) and (2) gas-based processing parameters (including 
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assisting gas pressure, workpiece distance, and the diam-
eter of the nozzle) are considered. A set of experiments of 
processing parameters was conducted on thin sheet AISI 
316L austenitic stainless steel to investigate variation dross 
diameter concerning different processing conditions of 
the LBC process. Dross diameters of all specimens were 
measured by a novel measurement setup, which their details 
and conditions are explained in Sect. 2. A novel analytical 
model, which includes heat losses, is presented based on an 
energy balance approach in Sect. 3.1. The presented model 
is validated by previous studies and experimental results. 
Moreover, two empirical models including, regression and 
combined parameters, are introduced. A regression model, 
which includes all effective energy-based and gas-based 
parameters, is verified with experimental results in Sect. 3.2. 
Furthermore, a set of effective physical parameters, includ-
ing energy density and gas density, is introduced in Sect. 3.3. 
A methodology is developed to predict dross diameter based 
on proposed physical parameters. All models are compared 
with each other and experimental results in the last section to 
study the effectiveness of energy-based or gas-based param-
eters on dross diameter.

2  Experimental procedure

2.1  Experimental setup and material preparation

As shown in parts (A) and (B) of Fig. 1, the fiber laser cut-
ting system had different parts, including gas source, opti-
cal resonator, chiller, and table. The laser beam is produced 
by pumping source in laser medium of the optical resona-
tor, which is a 750 W fiber Raycus with a wavelength of 
1060 nm in this work. The laser beam and assisting gas are 
radiated to a workpiece in a laser head. The nitrogen was 
used as the assisting gas to remove the melt material from 
the melt pool. There are collimation and focal lenses inside 
the head of the laser cutting machine, which the length 
of them is 50 mm (further explanation is provided in the 
Appendix). The focused spot diameter, which is the small-
est diameter of laser beam coming out from the laser cutting 
head, is 0.15 mm.

As can be seen in part A of Fig. 1, the laser cutting pro-
cess has different processing parameters, including laser 
power (p), scanning velocity (v), focal position (f), assisting 
gas pressure (g), the diameter of the nozzle (n), and work-
piece distance (d). The adjustment of focal position and 
workpiece distance of the laser cutting machine are shown in 
parts D and E of Fig. 1, respectively. The workpiece distance 
(called nozzle stand-off distance [17] and stand-off distance 
[18] in previous studies) is changed by moving the laser 

cutting head along the z-axis with a pendant. On the other 
hand, adjusting the focusing lens leads to a change of the 
focal position (or focal plane position relative to workpiece 
surface [18] and focal point position [17]).

AISI 316L austenitic stainless steel sheets with a thick-
ness of 0.8  mm and a chemical composition shown in 
Table 1 are used in the current experiment. All AISI 316L 
sheets were cut into specimen with 12 cm hexagonal shape 
as shown in part (C) of Fig. 1. Before, the LBC process, 
specimens were rinsed with water and washed with alcohol 
to remove any contamination.

2.2  Design of experiment

The present study aims to develop models for predicting 
dross formation during the LBC process based on input 
gas and energy. Since this property is influenced by the 
processing parameters, all effective gas-based and energy-
based processing parameters are considered in the cur-
rent research. Laser power (p), scanning velocity (v), and 
focal position ( f) are considered energy-based processing 
parameters, while gas-based processing parameters of the 
present study are assisting gas pressure (g), the diameter 
of the nozzle (n), and workpiece distance (d). The varia-
tion of processing parameters is studied through 18 dif-
ferent specimens in the current research, which are listed 
in Table 2.

2.3  Dross measurement procedure

Different dross measurement methods were proposed previ-
ously, but over 71% use the fingernail test for dross measure-
ment [19]. The fingernail test is performed using a finger-
nail, which is gouged at the surface. The fingernail test is 
not limited to a particular finger, but it is also preferred to 
use a thumb. According to this, it can be concluded that the 
mentioned methods are not applicable. Moreover, although 
the fingernail test is easy and fast, it is a qualitative method, 
which is inaccurate. Hence, the repeatability of this method 
is not reliable. Thus, a unified method of dross measurement, 
which is simple, easy to work, and accurately quantitative at 
the same time, is needed.

Accordingly, a dross measurement setup is presented in 
this study, as shown in Fig. 2. The proposed two dimen-
sions, nondestructive and contactless process measurement 
method, include lamp, the BFS-120S4M camera, fixture, and 
system, in which details are provided in Table 3.

The camera and specimen are placed in a fixture, 
adjusted to provide the best focused and resolution image 
(see Table 4). The light is aligned to capture an image with 
SpinView software by a lamp. Noting, for each specimen, 
two front and back raw images are captured to calibrate the 

8171The International Journal of Advanced Manufacturing Technology (2022) 120:8169–8184



1 3

Fig. 1  The fiber laser cut-
ting experimental set-up; A 
schematic diagram, B machine, 
C specimen, D adjustment of 
the focal position of the laser 
cutting machine, E adjustment 
of workpiece distance of laser 
cutting machine
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area of dross (parts (A) and (B) of Fig. 3). The raw-captured 
image imports in national instrument (NI) vision assistant 
modulus of LabView software and then by image process-
ing modulus, the contour of dross is extracted (part (C) of 
Fig. 3). The maximum dross diameters, which are observed 
in specimens, are provided in Table 3.

3  Results and discussion

3.1  Analytical model

The laser beam cutting (LBC) process can be classified into 
three stages, including heating, melting-vaporizing, and ejec-
tion, as shown in part (A) of Fig. 4. In the heating stage, the 
surface of the workpiece is heated up by the laser beam. The 
power of the laser beam leads to the formation of the molten 
layer and vaporizing process in the second stage. In the last 
stages, assisting gas is blown to the molten material and drags 
away in the cutting kerf [1]. Depending upon the laser beam 
cutting processing parameters, the molten layer thickness of 
the second stage varies. In addition, a jet of dross, includ-
ing tiny droplets, is formed at the gas–liquid interface of the 
cutting kerf in the last stage of the LBC process (part B of 

Table 1  Austenitic stainless 
steel 316L chemical 
composition (wt.%)

C Cr Fe Mn Mo Ni P S Si

0.03 17.0 Balance 1.5 2.5 12.0 0.03 0.05 0.5

Table 2  The experiment 
specimens

Specimen p (W) v (m/s) f (mm) d (mm) g (MPa) n 
(mm)

1 600 80 2.5 0.6 0.8 1.5
2 700 80 2.5 0.6 0.8 1.5
3 750 30 2.5 0.6 0.8 1.5
4 750 40 2.5 0.6 0.8 1.5
5 750 60 2.5 0.6 0.8 1.5
6 750 130 2.5 0.6 0.8 1.5
7 750 80 0 0.6 0.8 1.5
8 750 80 5 0.6 0.8 1.5
9 750 80 2.5 0.3 0.8 1.5
10 750 80 2.5 0.6 0.8 1.5
11 750 80 2.5 1 0.8 1.5
12 750 80 2.5 1.5 0.8 1.5
13 750 80 2.5 2 0.8 1.5
14 750 80 2.5 2.5 0.8 1.5
15 750 80 2.5 0.6 0.2 1.5
16 750 80 2.5 0.6 0.5 1.5
17 750 80 2.5 0.6 0.8 1
18 750 80 2.5 0.6 0.8 2

Fig. 2  Dross measurement setup

Table 3  The parts of dross 
measurement setup

Number Name

1 Lamp
2 Specimen
3 Camera
4 System
5 Fixture
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Fig. 4) [20]. As the dross formation of the cutting kerf is 
associated with the molten layer thickness, an investigation 
into this layer during the LBC becomes essential.

The molten layer thickness involving laser beam, melt-
ing, oxidation of the assisting gas, and heat losses can be 
solved by numerical approaches using the differential 
form of conservation equation. Nevertheless, due to some 
unknown properties of species for metallic material, such as 
vapor properties, this model is difficult to use. Furthermore, 
a simplified closed-form model based on the equilibrium 
equations can be presented to predict molten layer thickness.

Regarding part (B) of Fig. 4, laser beam, melt, exothermic 
oxidation, and heat losses affect the molten layer thickness 
(SL). The energies such as radiation, conduction, and convec-
tion are considered heat losses. To model the molten layer 
thickness during the laser beam cutting process, energy bal-
ance or equilibrium equation is considered as follows:

where Ėbeam, Ėoxidation, Ėmelt , Ėcond, Ėconv , and Ėrad are the rate 
of the laser beam, exothermic oxidation reaction, melting, 
conduction, convection, and radiation energies, respectively. 
It is assumed that the produced molten layer flows in the 
direction of the assisting gas steadily. This flow is because of 
the drag force, which developed at the interface of the assist-
ing gas melt. It is supposed that convection energy of the 
surface [21–25], and exothermic oxidation reaction energies 
are negligible compared with other energies such as laser 
beam, melting, conduction, and radiation energies. Since 

(1)Ėbeam + Ėoxidation = Ėmelt + Ėcond + Ėconv + Ėrad

most of the energy of incident laser beam, which absorbed 
is spent to heat and melt of substrate [26]. It contrasts to 
the previous study [6], which did not consider radiation and 
conduction energies. The energy of melting or phase change 
can be provided as follows [20].

where Cps and Cpm are the specific heat capacity of the 
material in the solid and melting state, respectively. The 
initial, molten, and evaporation temperatures of the mate-
rial workpiece are shown with Ti, Tm, and Tev, respec-
tively. Lm and Lev are the latent heating of molten and 
evaporation, and β is a fraction of molten metal evapora-
tion, which evaporates from the surface at the assisting 
gas–melt interface [11]. Noteworthy, although by increas-
ing laser power, the portion of evaporation materials 
increases, and the previous study [6] has not considered 
the latent heating of evaporation in melting energy of 
dross diameter model.

The rate of mass converted from solid into the melt at 
the workpiece surface is shown with ṁL , which in the LBC 
process, can be written as

where vL, ρL, and A are the molten material velocity, the 
density of the molten material of the workpiece, and cross-
sectional area, respectively. It is assumed that the molten 

(2)
Ėmelt = ṁL

[
Cps(Tm − Ti) + Lm + 𝛽Lev + 1.65Cpm(Tev − Tm)

]

(3)ṁL =
𝜕

𝜕t
(𝜌V) = 𝜌LvLA

Table 4  Experimental results Specimen p (W) v (m/s) f (mm) d (mm) g (MPa) n (mm) Dross 
diameter(μm)

1 600 80 2.5 0.6 0.8 1.5 792.8
2 700 80 2.5 0.6 0.8 1.5 799.1
3 750 30 2.5 0.6 0.8 1.5 851.7
4 750 40 2.5 0.6 0.8 1.5 841.4
5 750 60 2.5 0.6 0.8 1.5 851.2
6 750 130 2.5 0.6 0.8 1.5 795.5
7 750 80 0 0.6 0.8 1.5 916.0
8 750 80 5 0.6 0.8 1.5 807.8
9 750 80 2.5 0.3 0.8 1.5 801.6
10 750 80 2.5 0.6 0.8 1.5 841.6
11 750 80 2.5 1 0.8 1.5 818.6
12 750 80 2.5 1.5 0.8 1.5 814.7
13 750 80 2.5 2 0.8 1.5 1062.2
14 750 80 2.5 2.5 0.8 1.5 982.7
15 750 80 2.5 0.6 0.2 1.5 856.3
16 750 80 2.5 0.6 0.5 1.5 807.2
17 750 80 2.5 0.6 0.8 1 815.5
18 750 80 2.5 0.6 0.8 2 830.9
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material moves towards the bottom of the workpiece. This 
movement is induced by shear stress (τ), which is produced 
by the assisting gas jet on the surface of the melt interface 
[12]. The velocity of melt material is given by

where SL and μL are the melt layer thickness and the dynamic 
viscosity of the molten workpiece material, respectively. The 
shear stress in the LBC process is given previously as fol-
lows [12].

where ρG, μG, and vG are the density, the dynamic viscos-
ity, and the velocity of assisting gas. The thickness of the 

(4)vL =
SL�

�L

(5)� =

√
�G�Gv

3

G

z

workpiece is shown with z. Substituting Eqs.  (3)–(5) in 
Eq. (2), the melt energy is written as

The rate of the laser beam, conduction, and radiation 
energies is considered as follows.

(6)

Ė
melt

= 𝜌
L

(
S
L

𝜇
L

√(
𝜌
G
𝜇
G
v3
G

)/
z

)

A
[
C
Ps
(T

m
− Ti) + L

m
+ 𝛽L

ev
+ 1.65C

Pm
(T

ev
− T

m
)
]

(7)Ėbeam = p

(8)
Ėcond = ALef th(Tev − Tm) + ARighth(Tev − Tm) = 2Ah(Tev − Tm)

(9)Ėrad = 2𝜀𝜎
(
T4

ev
− T4

i

)

Fig. 3  The procedure of extract-
ing data from the sample; 
A front raw image, B back 
raw image, C dross extracted 
contour
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where h, ε, and σ are the thermal conductivity, the emissivity 
of material, and the Stefan–Boltzmann constant. Substituting 
Eqs. (6)–(9) into Eq. (1) gives the molten layer thickness as 
Eq. (10).

(10)

SL =
�L

(
p

A
− ��

(
T4

ev
− T4

i

)
− 2h(Tm − Ti)

)

�L

[
CPs

(Tm − Ti) + Lm + �Lev + 1.65CPm(Tev − Tm)
]√

�G�Gv
3

G

/
z

can be written as a function of the molten layer thickness as 
follows [11].

Substituting Eq. (10) into Eq. (11), the presented analyti-
cal dross diameter model is written as

Considering the material and assisting gas properties of 
Table 5, the dross diameter is analyzed and compared with 
the experimental and previous study results [6] for laser 
power in Table 6.

Considering Table 6, it can be seen that the mean of error 
of the presented analytical model (dD.Analytical) is less than 
the study [6]. The latent heating of evaporation, conduction, 
and radiation energies was not considered in the previous 
study. Although the means of error of dD.Analytical and study 

(11)dD =

�
3�√
2

�
SL

�
1 +

3�L√
�LSL

� 1

6

(12)

dD.Analytical =

�
3�√
2

�
�L

�
p

A
− ��

�
T4
ev
− T4

i

�
− 2h(Tm − Ti)

�

�L
�
CPs

(Tm − Ti) + Lm + �Lev + 1.65CPm(Tev − Tm)
��

�G�Gv
3

G

�
z

×

⎛⎜⎜⎜⎜⎜⎝

1 +
3�L�

�L

�L

�
p

A
−��(T4

v
−T4

i )−2h(Tm−Ti)
�

�L

�
CPs

(Tm−Ti)+Lm+�Lev+1.65CPm(Tev−Tm)
�√

�G�Gv
3

G∕z

⎞⎟⎟⎟⎟⎟⎠

1

6

Fig. 4  Dross formation during laser beam cutting process; A general stages of the process, B schematic view of melt section

Considering Eq. (10), it can be seen that the molten layer 
thickness depends on assisting gas properties, such as assist-
ing gas velocity, density, and viscosity, as well as laser cut-
ting properties such as power and melt material properties 
such as density, viscosity, and emissivity.

During the LBC process, a jet of dross is generated, con-
sisting of metal droplets of different sizes. The droplet diam-
eter of the molten layer, which leads to the dross diameter, 
was formulated earlier. Therefore, the dross diameter (dD) 

8176 The International Journal of Advanced Manufacturing Technology (2022) 120:8169–8184



1 3

[6] are near, the manner of them for power is different, as 
shown in Fig. 5.

According to Fig. 5, the error of the presented analyti-
cal model decreases with a slope of − 0.02 by increasing 
the laser power. It is in contrast to the previous study [6], 
in which an increase in laser power leads to increasing of 
error with the slope of + 0.01. As the laser power increases, 
the temperature of molten material increases [27]. Further-
more, the emissivity of surface and thermal conductivity 
of material increase by an increase of temperature [28, 29]. 
Thus, the portion of laser beam energy converts to radia-
tion and conduction energies increases, and the error of the 

Table 5  Workpiece and 
assisting gas properties used in 
the modeling

Property Value

The viscosity of melting material 0.9 ×  10−2 N/(s.m2)
The density of melted workpiece 7196 kg/m3

Specific heat capacity of the material in the solid-state 330 J/(kg.K)
The melting temperature 1810 K
Latent heat of melting 2.72 ×  105 J/kg
Specific heat capacity of the material in the liquid state 330 J/(kg.K)
Vaporization temperature of the material 3133
The density of assisting gas 6.875 kg/m3 at 6 bar
The viscosity of assisting gas 61.77 ×  10−6 N/(s.m2)
The velocity of gas jet 417 m/s
Fraction of evaporation contribution 0.1
Latent heat of boiling 6.10 ×  105 J/kg
The emissivity of the surface of material 0.66
Stefan–Boltzman constant 5.67 ×  10−8 W/(m2K4)
Thermal conductivity of material 27 W/(m.K)
Initial temperature 298.15 K

Table 6  The experimental, presented analytical model and previous 
study results of dross diameter (μm)

Power

600 700 750 Mean 
of error 
(%)

Method
dD. Study [6] 736.73 859.22 920.46 8.00
dD. Analytical 718.46 837.92 897.64 6.96
Experimental 792.80 799.10 841.60 -

Fig. 5  Dross diameter error of 
presented analytical model and 
study [6] versus laser power in 
LBC process
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presented analytical model decreases. Noting, since the error 
of the presented analytical model decreases with the slope of 
two times larger than a slope of the study [6], the presented 
model is more accurate for the high-power LBC process.

3.2  Empirical models

3.2.1  Regression model

Regression modeling is one of the fundamental statistical 
methods that predict output within the range of input values 
in the dataset for model-fitting or interpolation. The multiple 
linear regression model, which has been used in the present 
study, gives insight into relationships between processing 
parameters of the laser cutting process [30]. In this model, 
the regression coefficients are provided to meet the law of 
dimensional consistency [30]. This law of dimensional con-
sistency of regression model has been investigated for kerf 
width [14, 15, 27], heat-affected zone (HAZ) [15, 27, 31], 
kerf taper angle [14, 15, 27], and surface roughness [32, 
33] of laser cutting process in previous studies. Despite pre-
vious study [13], all energy-based processing parameters, 
including laser power (p), scanning velocity (v), and focal 
position ( f), and gas-based processing parameters including 

workpiece distance (d), the diameter of the nozzle (n), and 
gas amplitude (g) are considered to construct regression 
model. This model is valuable to compare which gas-based 
and energy-based processing parameters affect the dross 
diameter of the LBC process more. The presented regres-
sion dross diameter (dD.Reg) is as follows.

The presented regression model (dD.Reg.) is based on 16 
trained specimens shown in Table 3. Two random specimens 
were considered to verify, as provided in Table 7. Compar-
ing the results of dD.Reg. with experimental results, the cor-
responding error is about 0.02 for both test specimens. Thus, 
it is concluded that the presented regression model follows 
experimental results with good accuracy.

The analysis of variance (ANOVA) table, including 
the degree of freedom (DF), the sum of squares (SS), and 
means squares (MS), is demonstrated in part (A) of Fig. 6. 
The ANOVA table shows that the effect of processing 
parameters is different. By dividing processing parameters 
into gas-based processing parameters including workpiece 
distance (d), the diameter of the nozzle (n), and assisting 

(13)dD.Reg. = �0 + �1p + �2v + �3 f + �4d + �5g + �6n

(14)

⎧
⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

�0 = 0.833 [�m]

�1 = 0.000046 [
�m

W
]

�2 = −0.000545 [
�m

m∕s
]

�3 = −0.0216 [
�m

mm
]

�4 = 0.0967 [
�m

mm
]

�5 = −0.0365 [
�m

MPa
]

�6 = 0.0154 [
�m

mm
]

Table 7  The experimental, presented regression model results of 
dross diameter (μm)

Test specimens Experimental dD.Reg Error 
(%)

10 841.60 821.80 0.02
5 851.20 832.70 0.02

p 1 0.01 0.02

v 1 0.19 0.19

f 1 0.58 0.58

d 1 4.84 4.84

g 1 0.05 0.05

n 1 0.01 0.01

Total 6 5.89 0.98

(A) (B)

Fig. 6  A Analysis of variance (ANOVA) of dross diameter, B sum of squares of dross diameter for energy-based and gas-based parameters
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gas pressure (g), and energy-based processing param-
eters including laser power (p), scanning velocity (v), and 
focal position ( f), a valuable result can be investigated. 
As shown in part (B) of Fig. 6, the sum of the square of 
gas-based processing parameters (86%) is more signifi-
cant than the energy-based processing parameters, which 
is 14%. Therefore, it can be concluded that gas process-
ing parameters play a more critical role than energy-based 
processing parameters in the formation of dross during the 
LBC process. Previous analytical studies also revealed that 
dross formation is dominated by assisting gas processing 
parameters [6, 20].

3.2.2  Physical parameter model

The change of processing parameters leads to a varia-
tion in dross diameter as seen in previous sections. Pro-
cessing parameters possess two main challenges. Firstly, 
they are restricted to a narrow and local range in which 
experiments are conducted. Secondly, they do not provide 
physical insight into the process. Therefore, a more gen-
eral modeling approach is required to provide an in-depth 
physical meaning of the process. Models based on physical 
rather than processing parameters can overcome shortcom-
ings mentioned above. In this section, the dross diameter 
of the LBC process will be analyzed based on physical 
parameters and the described combined parameter, in 
order to gain a detailed insight into the process.

Effective physical parameters To construct the physical-
based model, the first step is to determine effective physical 

parameters regarding energy-based and gas-based processing 
parameters. Since, few studies have been focused on these 
parameters, two novel physical parameters, including the 
energy density (ED) and gas density (GD), are introduced 
for the LBC process. The energy and gas density formula-
tions are provided as follows:

p, v, and a define the laser power, velocity, and beam diam-
eter, respectively. The assisting gas pressure, the diameter 
of the nozzle, and the workpiece distance are shown by 
g, n, and d, respectively. The energy density (ED), which 
combines energy-based processing parameters, defines the 
amount of energy deposited per unit area during the LBC 
process. Considering π/4 in the denominator of gas density 
formula is because of formulation of a circular area of the 
beam diameter. On the other hand, the density of the gas, 
which radiates on a specific area, is interpreted by gas den-
sity (GD). Considering π/4 in the denominator of energy 
density formula is because of formulation of a circular area 
of nozzle diameter. Similarly, gas density combines gas-
based processing parameters of the LBC process.

These physical parameters take into account the effect 
of three input processing parameters simultaneously in two 
different terms of energy and gas, which affects dross during 
the LBC process. In other words, the processing parameters 
are separated into two energy and gas physical parameters. 

(15)ED =
4p

�va
[J∕mm2]

(16)GD =
4g

�dn
[Pa

/
mm2]

(A) (B)

Fig. 7  The effect of physical parameters on dross diameter in LBC process. A Dross diameter versus energy density with constant GD = 1.13 Pa/
mm2, B dross diameter versus gas density with constant ED = 59.68 J/mm2
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Here, to investigate the effectiveness of the presented physi-
cal parameters, the experimentally measured dross diameter 
as a function of corresponding energy and gas densities is 
shown in parts (A) and (B) of Fig. 7.

Different results can be concluded from Fig. 7. Firstly, 
since the slopes of the trend of energy and gas densities 
graph on dross diameter are non-zero, they affect it directly 
in the LBC process. Secondly, since the slope of gas density 
is 138.66 times larger than the slope of energy density, it is 
more effective than energy density. This result agrees with 
the results of regression and analytical models, which are 
presented in previous sections. Thirdly, as the signs of the 
slope of physical parameters trends are different, it can be 
concluded that to provide a small dross diameter, it is needed 
to decrease energy density (because of the slope of + 0.7) 
and increase gas densities (because of the slope of − 97.06). 
Considering the provided results, it can be concluded that 
the presented physical parameters are selected correctly, 
and a model can be constructed based on them in the next 
section.

Combined physical parameter model While physical param-
eters such as the energy and gas densities are required to 
understand the characteristics of the LBC process, it is 
beneficial to combine these parameters into a single com-
pact form to develop a more general and straightforward 
framework. Such a compact form can be defined as a new 

combined parameter. In the current methodology, a unique 
combined parameter (CP) is considered in the following 
form:

in which GD and ED define the gas and energy densities, and 
m and n define the degree of importance for each of these 
physical parameters, respectively. Under the current meth-
odology, the constant values m and n are calculated based on 
a correlation between the CP value and experimental dross 
diameter. In other words, it is defined as a function of the 
combined parameter as follows:

where p1 and p2 are constants of a combined parameter 
model (dD.CP). These coefficients are provided based on 
regression analysis to meet the law of dimensional consist-
ency. Using general optimization techniques, optimized m 
and n values are calculated to minimize the error or maxi-
mize R-squared (R2) value. The maximum R-squared is pro-
vided when m =  − 1.09 and n = 1.03 in Eq. (17). A more 
detailed explanation of dD.CP is provided in Table 8. The 
dross diameter of the LBC process is analyzed based on 

(17)CP = GDmEDn

(18)dD.CP = p1 × CP + p2 + Error

(19)

{
p1 =

[(
mm2

Pa

)m(
mm2

J

)n

mm
]
=
[
mm2(m+n)+1

PamJn

]

p2 = [mm]

Table 8  The experimental and 
presented combined parameter 
model constants and results

CP constants m n p1 [mm2(m + n)+1/Pam.Jn] p2 
[mm]

Value  − 1.09 1.03 0.67 769.80
Test specimens Experimental dD.CP Error (%)
5 851.20 823.23 3.28
10 841.60 809.53 3.81

Fig. 8  Dross diameter versus 
combined parameter model in 
LBC process
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the optimized combined parameters with trained specimens, 
which is shown in Fig. 8. Two random test specimens are 
considered (shown with the red square shape) to compare 
the dD.CP with experimental results, which are presented in 
Table 8.

According to Table 8, the error of the combined param-
eter model is less than 4% in both test specimens. This 
approves the accuracy and validation of the presented 
combined parameter model. Since m is negative and n is 
positive, it can be concluded that an increase in gas density 
and decrease of energy densities lead to a decrease of dross 
diameter in the LBC process. Similarly, as m is more con-
siderable than n, it can be deducted that gas density affects 
dross diameter more than energy density. These findings 
agree with Fig. 7, which approves the correctness of the 
presented combined parameter model.

3.3  Comparison of models

3.3.1  Parameter study

Considering previous sections, the analytical and two 
empirical regression and combined parameter models were 
introduced to predict dross diameter in the laser beam cut-
ting process. To investigate further, the results of presented 
models for experimental results versus laser scanning 
velocity and power are shown in parts (A) and (B) of Fig. 9, 
respectively.

Considering Fig. 9, different results can be concluded. 
Firstly, by increasing laser scanning velocity, the dross diam-
eter reduces in all three experimental, combined parameter, 
and regression models results (part (A) of Fig. 9). This is in 
agreement with a previous study [6]. Lower cutting velocity 

results in higher molten materials because the incident laser 
beam lasts longer in the same area. In the laser cutting pro-
cess, the assisting gas removes away molten materials. The 
lower the cutting velocity, the more time (or higher velocity 
gas) is needed in assisting gas ejecting the melt material, 
which increases the dross diameter. It should be noted that 
since the variation of scanning velocity affects dross diam-
eter indirectly in the analytical model (Eq. (12)), it is not 
considered in part (A) of Fig. 9.

Secondly, considering part (B) of Fig. 9, it can be seen 
that the higher laser power results in a larger dross diameter 
in all presented models and experimental results. This is in 
line with results showed by previous studies [6, 13, 20] since 
the increase of power leads to an increase of the molten layer 
thickness that enhances the higher dross diameter. Therefore, 
increasing laser power and decreasing scanning velocity lead 
to an increase in dross diameter in the LBC process. Thirdly, 
the presented models follow the experimental results with 
different accuracy.

3.3.2  The error studies

To compare models, the error of them versus laser scanning 
velocity and power is provided in Fig. 10.

According to part (A) of Fig. 10, it can be seen that errors 
of combined parameter and regression models are increased 
with the slope of 0.09 and 0.05 by increasing scanning 
velocity, respectively. It indicates that both the presented 
models are appropriate for low laser scanning velocity. Not-
ing, for the same rate of decrease of laser scanning velocity, 
the result of the combined parameter model decreases 1.80 
times smaller than the regression model. Therefore, the error 
of the combined parameter model leads to zero faster than 
the regression model during the LBC process.

(A) (B)

Fig. 9  Experimental results, regression, combined parameter, analytical models versus; A laser scanning velocity while other processing param-
eters are constant, B laser power of dross diameter while other processing parameters are constant in laser beam cutting process
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Considering part B of Fig. 10, some results can be investi-
gated. Firstly, since the error’s trend of regression and analyt-
ical models decrease by increasing laser power, these models 
are appropriate for high-power conditions (700 W < power). 
Noting, as the slope of error trend of the analytical model 
is ten times larger than the regression model, the error of 
the analytical model decreases faster than the regression 
model. Thus, for a broadband region of the high-power LBC 
process, the analytical model leads to small dross diameter 
faster. Secondly, the combined parameter model has good 
accuracy and error of less than 3% for low-power conditions 
(700 W > power). Thus, it is recommended to use a combined 
parameter model for low-power LBC process.

Besides energy-based and gas-based processing param-
eters, there are laser beam–based processing parameters, 
including laser wavelength [34], angle of incidence [34], 
sheet thickness [34], and the polarization mode of the laser 
beam [35]. These processing parameters affect the laser 
beam absorptivity of laser cutting process. The presented 
models can be performed to analyze the effect of laser 
beam–based processing parameters on dross formation or 
other cut properties in the future studies. Furthermore, a 
general optimization technique was carried out to optimize 
the coefficient of models since it was not the aim of the 
present study and other optimization techniques, including 
Fuzzy logic [36] and artificial neural networks [37].

4  Summary

Dross diameter during the laser beam cutting (LBC) of a 
metallic workpiece is considered. The processing param-
eters, which affect dross diameter, were divided into 
energy-based and gas-based categories. Two types of novel 
analytical-based and empiricial-based methods, including 

analytical, regression, and combined parameter models, 
were constructed based on energy and gas-based processing 
parameters. The analytical model was developed based on an 
energy balance approach, which includes conduction, radia-
tion, and evaporation energy losses in addition to the laser 
beam and melting energies. A regression model was consid-
ered to study the significance of energy-based and gas-based 
processing parameters on the laser beam cutting process. A 
set of novel physical parameters, including the energy and 
gas densities, was proposed to provide a physical insight 
into the process. A set of laser cutting experiments was con-
ducted on an austenitic stainless steel 316L workpiece sheet 
to validate the proposed models. The following interesting 
results were concluded from the developed models:

• The introduced regression model has an error of less than 
4%. Furthermore, it is clear from the finding that the accu-
racy of the regression model increases with an increase of 
laser power and decrease of scanning velocity.

• The proposed analytical model is more accurate than the 
previous study. Since the increase of laser power leads to 
reduction of developed model, it can be concluded that 
the heat loss increases with increase of laser power.

• The presented physical parameter model could predict 
the dross diameter of the LBC process with the error of 
less than 6%. Moreover, the error of it decreases with a 
decrease in laser power and scanning velocity.

Experimental and all three modeling results reveal that 
the dross diameter is dominated by gas-based processing 
parameters such as assisting gas pressure and workpiece 
distance rather than energy-based parameters. This surpris-
ing result is clearly approved with the regression model in 
which gas-based processing parameters affect 86% of dross 
diameter during the LBC process.

(A) (B)

Fig. 10  The error of the regression, combined parameter and analytical models versus; A laser scanning velocity while other processing param-
eters are constant, B laser power while other processing parameters are constant
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Appendix

The collimation and focal lenses are two lenses, which are 
inside of laser cutting head. The collimation length, which 
is shown with d1 in Fig. 11, affects the divergence of the 
beam incident on the focusing lens. The focal length (shown 
with d3 in Fig. 11) also affects the geometrical parameters 
of the location of focused spot diameter [38]. The focused 
spot diameter is the smallest diameter of laser beam, which 
come out from the laser cutting head. In the present study, the 
collimation length and the focal length of laser cutting head 
were both 50 mm. The focused spot diameter of laser beam 
also is 0.15 mm.
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