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Introduction. Cast iron extremely poorly tolerate thermal welding cycles, and therefore it is necessary to
choose carefully the technological parameters. The main parameters of continuous laser welding are: the power of
laser radiation, the welding speed, the parameters of the focusing system. The aim of the work is to determine the
optimal power and speed of continuous laser welding of cast iron, depending on the geometry of the weld. In this
paper, the welding seams obtained on samples of gray alloyed cast iron with a pearlitic metal base, using an LS-1
ytterbium fiber laser, are studied. Research methods. The geometric parameters of the joints were quantified in the
program for quantitative analysis and image processing ImageJ. The obtained data were processed by regression
analysis. To optimize the process parameters, an orthogonal plan of the passive experiment was developed,
including nine experiments in which the factors varied at three equally spaced levels. The quality parameters in
the passive experiment were the geometric dimensions of the weld pool and the size of the quenched zone. To
solve the optimization problem, we used the methods of gray relational analysis and linear programming. Results
and Discussions. The obtained regression models explain a significant proportion of the variance of the dependent
variables, the regression coefficients, as well as the models themselves, are statistically significant, which indicates
a close linear relationship between the seam geometry and the process parameters. The calculated shape of the weld
pool depending on the radiation power and welding speed shows that the required welding seam of the required
dimensions can be obtained at various process parameters which allow solving a multi-criteria optimization problem.
The gray relational evaluation of the geometric parameters of the seam shows that the most correct parameters
in terms of obtaining the seam of the maximum depth with the minimum width, convexity (concavity) and the
quenched zone are the minimum power and maximum welding speed. The calculation of the optimal radiation power
and welding speed depending on the seam depth showed that welding of small thicknesses is optimally carried out
with minimal power, and the seam depth is adjusted by changing the beam speed. Welding of large thicknesses is
optimal at high speed, and to increase the depth of the seam, the power must increase.

For citation: Ilyushkin D.A., Soldatov V.G., Petrakov O.V., Kotlyarova I.A. On the issue of selecting and optimizing parameters of continuous
laser welding of cast iron. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2021,
vol. 23, no. 3, pp. 20-30. DOI: 10.17212/1994-6309-2021-23.3-20-30. (In Russian).

Introduction

Laser technology is a relatively new technological method that finds application in welding, cutting,
surface treatment and hardening. Due to its versatility, laser can become a promising instrument in single

and small-scale production.

Compared to electric arc welding, which is the most widespread, laser welding has a number of
advantages: the seam is not contaminated by the electrode material, a number of harmful impurities (sulfur,
oxygen, nitrogen, etc.) evaporate from the melt, the tendency to form hot and cold cracks is reduced,
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and crystallization conditions improve, which increases the weld properties. In addition, productivity
significantly rises [1].

Laser technologies for processing cast iron can be used for producing welded cast products, repair, fix
defects, surface microalloying and improving its performance [2].

Cast irons have a porous structure. Graphite inclusions that violate its metal base continuity complicate
the welding process, lead to porosity and defects in the weld [3, 4]. While melting and subsequent crys-
tallization in the melt-pool, the white cast iron structure is formed [5—7]. In this regard, cast irons endure
thermal welding cycles extremely poorly: structure heterogeneity and local stresses lead to brittleness [8].

Depending on the laser operating parameters, it is customary to distinguish between two characteristic
modes of laser welding: welding of small thicknesses (up to 1 mm) and welding with a deep penetration
(more than 1 mm). The principal difference of the first group is the modes that provide only melting the
material without its intense evaporation. The processes in the melt-pool are unsteady and unstable. Deep
penetration welding is accompanied by forming the melt turbulent flows and the steam-gas channel [9].

The geometric parameters of the melt-pool (depth, width and its ratio) are some of the weld quality in-
dicators and differ for the two described welding modes. The main technological parameters that ensure the
melt-pool geometry are radiation power, welding speed and focusing system parameters [1].

At low speeds the steam-gas channel has a cylindrical shape, the aspect ratio of the melt-pool can be
quite large, while at high speeds the aspect ratio is low [10].

To select the optimal parameters of the welding process, optimize the cast iron structure, and increase
energy efficiency, mathematical models of the process are needed.

The models based on the energy equations and momentum balance make it possible to quantitatively
estimate the dependence of the melting zone penetration and other geometric characteristics of the weld
seams on the main technological parameters of welding [11-13]. However, the optimal welding speed
doesn’t only depend on the radiation parameters, but also on the structure of the materials to be welded, for
example, on the graphite phase behaviour when welding cast iron. At extremely low or too high speeds, the
process becomes unstable. Thus, in [14] it is shown that at a high radiation power and a relatively short time
of laser action, a significant part of graphite in the melting zone structure is retained. The time increase in a
high-power laser exposure leads to explosive evaporation and graphite sublimation, which is accompanied
by the crater formation on the weld surface. These phenomena significantly complicate the mathematical
description of the process.

In work [15] it is shown that to build an effective model for forecasting the welded seam quality, it is
necessary to consider many parameters. As an example, a simplified predictive model based on an artificial
neural network is presented, which demonstrates possible and promising indicators for forecasting the
welding quality of a low-carbon galvanized steel sheet.

The work [16] provides qualitative data on influencing two process parameters on the geometric
parameters of the bath (Table 1). In addition, there are recommendations for choosing the optimal parameters
for some types of steel and non-ferrous metal alloys.

Table 1
Influence of two laser welding parameters on various weld pool geometry parameters
Process parameter
(Geometry parameter Laser power Welding speed
Weld pool depth + -
Weld pool width + -
Weld pool depth/width ratio it is not stated in the work +
Weld pool length + -
Keyhole radius + -
Cooling rate - +
Weld pool surface area + —
Vaporization rate + it is not stated in the work
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In [17], it is shown that the melting zone cross-sectional area (the weld pool geometry) while welding
Ni-resist cast iron is proportional to the laser exposure time: as the beam speed decreases, the melt mass
loss as a result of its evaporation increases.

In work [18], by the method of planning a factorial experiment, mathematical models are constructed that
relate the weld pool depth with the laser power, welding speed and a focal length. A significant difference
in the coefficient estimations for welding steels of two different grades is shown. This indicates the absence
of any universal statistical models for evaluating the weld pool geometry; these models are applicable only
to the dataset on which it is built.

The cast iron structure with the same chemical composition can have an unpredictable and chaotic
distribution of graphite inclusions of various shapes and sizes. The behaviour of the graphite phase while
melting, as it is noted above, depends on the welding mode, which ultimately determines the weld seam
main characteristics and quality.

Thus, to increase the process energy efficiency and provide the weld pool required geometry for each
variant of the technical process, it is necessary to select the optimal welding modes. This problem is
effectively solved using mathematical models. In this regard, it becomes necessary to study and quantify
the weld pool geometry while welding cast iron with different structure, depending on the technological
parameters of the process.

The aim of the work is to build a mathematical model of welding cast iron with lamellar graphite and
determine the optimal power and welding speed depending on the weld pool geometry.

Work tasks:

1. Carrying out an experiment and regression analysis of the weld pool geometry dependence on welding
modes.

2. Studying the cast iron structure in the melting zone.

3. Gray relational estimation of the weld pool geometric parameters.

4. Calculating the optimal radiation power and welding speed depending on the weld pool geometry.

Research methodology

For the experiment, cylindrical specimens with a 30-mm diameter and a 10-mm height were made from
grey unalloyed cast iron with a pearlite metal base. Cast irons with such a structure have a good hardenability,
which simplifies assessing the effect of welding parameters on the heat affected zone extent. Laser treatment
to simulate the welding process was carried out on an LS-1 ytterbium fibre laser in accordance with the
plan (Table 2). The focal length in the experiment did
not vary and was 120 mm. Table 2

At a distance excluding thermal influence, 4 tracks

. Design of experiment
were melted on each specimen. The samples were

studied by traditional metallographic methods. The Sample Lasei\p;)wer, Welding /speed,
study was carried out on a computerized complex 7 07 msn(l)s
created on the basis of a Leica DM IRM metallographic 5 1’3 20
microscope. The quantitative assessment of the 3 0’5’75 35
geometric parameters of the weld seams was carried 4 1.0 56

out in the programme ImageJ used for a quantitative 5 1:0 14

analysis and image processing.

Results and discussion

The laser action zone consists of 2 layers: a melting zone and a zone quenched from a solid phase
(Fig. 1). The tempering zone on the obtained samples was not identified.

Graphite inclusions partially or completely (depending on the processing mode) dissolved in the liquid
phase, crystallization proceeded according to the iron-carbon metastable diagram without releasing free
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graphite. Due to the high crystallization rate, releasing excess phases was suppressed; as a result, the entire
melt passed into a finely dispersed mixture of austenite and cementite (quasi-eutectic ledeburite).

An accurate analytical description of the
hydrodynamics processes, heat and mass transfer
in the weld pool, affecting the weld geometry is not
an easy task in view of its complexity. Therefore, to
optimize the welding parameters, it is convenient to
make simplified mathematical models. For this aim,
a regression analysis of the obtained data was carried
out, the results of which are presented in table. 3

Regression models explain a significant proportion
of the dependent variable dispersion. Regression
coefficients, like the model itself, are statistically
significant. Regression prerequisites for each model
are met. All this testifies to the close linear relationship
between the weld geometry and process parameters.

High laser power and at the same time high welding
speed provide the melt-pool smallest width and obtain
“a knife fusion” penetration (Fig. 2). In this way,
narrow, deep weld seams can be obtained. Due to the
low heat capacity, graphite inclusions are heated to a significantly higher temperature than the base metal.
The metal vaporisation and the graphite sublimation cause excessive pressure in the weld channel, which
leads to the melt displacement from the melt-pool, as a result of which discontinuities of significant size are
formed in this area, mainly in the weld root part. In this case, the bead convexity considerably increases.

Reducing the laser speed at a high laser power increases the weld pool width and decreases the
penetration. As a result, a wide bead with a small convexity is formed. The volumes of discontinuities in the
melting zone are significantly reduced (Fig. 1). However, decreasing the penetration ratio to the weld width
increases the level of tensile stresses arising from the cast iron shrinkage in the weld pool. Reducing the

Fig. 1. Microstructure of sample No. 5:

1 — source material; 2 — hardening area; 3 — penetration
area; 4 — welding defect

Table 3

Regression analysis results

Dependent variables
Statistics Width, mm Penetration, mm Convexity, mm Harde?;lﬁg area,
Laser power, kW 1.127%%* 2.889%** 0.798%* 0.083%**
’ (Std. Error 0.112) | (Std. Error 0.141) | (Std. Error 0.188) (Std. Error 0.017)
Welding speed, mm/s —0.023%%%* 0.0217%** 0.015%** —0.001%*
(Std. Error 0.002) | (Std. Error 0.002) | (Std. Error 0.003) (Std. Error 0.001)
Intercept 1.170%** —1.979%** —1.034%** 0.079%**
(Std. Error 0.142) | (Std. Error 0.180) | (Std. Error 0.278) (Std. Error 0.022)
Observations 20 20 10 20
R’ 0.966 0.961 0.794 0.765
Adjusted R’ 0.962 0.956 0.735 0.737
Residunl S, Eror R IR o o
Fostatistic 240.182%** 209.358%** 13.484%%%* 27.64%**
(df=2;17) (df=2;17) (df=2;7) (df=2;17)

Note: * p <0.1; ** p <0.05; *** p <0.01.
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Fig. 2. Microstructure of sample No. 4

heating and cooling rates increases a hardening zone from the solid phase, which has a brittle martensitic
base. Together, these factors add to the risk of transverse cracking in long weld seams.

Reducing the laser power and welding speed allows providing cast iron melting without its intense
boiling and vaporisation. In this case, complete dissolution of graphite inclusions is possible.

The weld bead of the required dimensions can be obtained at various powers and welding speeds
(Fig. 3). The choice of the optimal technological parameters that ensure a high-quality seam is a multi-
criteria optimization problem. On the other hand, it would be desirable to carry out a welding process at a
minimum power and at a maximum speed.

In the optimization problems for several dependent variables (penetration, width, weld convexity,
hardening zone thickness), assessing a certain complex quality indicator is required. To resolve the issue
of power and welding speed optimal levels, the method of grey relational analysis was chosen [19, 20]. An
orthogonal matrix (9%2) was constructed, which was a passive experiment, consisting of 9 experiments, in
which the factors varied at 3 equidistant levels. The experimental design and the geometric parameters of
the weld seams calculated using regression models (Table 2) are presented in Table 4.

The initial data for the analysis should be normalized. The melting zone penetration was normalized in
accordance with the “bigger is better” principle according to the formula:

maX . y _y..
Yo = R/

j= 3
man ylj —mlnj ylj

where Yy~ is the value of the i-th parameter (penetration of the melting zone) in the j-t4 experiment.
Other geometrical parameters of the weld seam are suitable for the “less is better” characteristic:

Yyj —min; y;

max ; y;; —minj Vij

x,-jz

The degree of discrepancy between the ideal (best) and experimental settings is expressed by the value
of gray relational coefficients, which are calculated by the formula:
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0.6 kW 20 mm/s
— <<
0.8 kW 30 mm/s
1.0 kW 40 mm/s
1.2 kW 50 mm/s

o VU

Fig. 3. Calculated shape of the weld seam depend-
ing on laser power and welding speed:

a —welding speed 35 mm/s; b — laser power 1 kW

Table 4
Orthogonal array, natural values and corresponding response values
Welding Penetration | Width (y,) Convexity Hardening
) * * 2/
Ne ot x* | x® | Laser Power, kW speed, mm/s (v,), mm mm (y9**, mm | area(y,), mm
1 1 1 0.6 14 0.04 1.53 -0.34 0.12
2 1 2 0.6 35 0.48 1.04 —0.03 0.10
3 1 3 0.6 56 0.91 0.56 0.29 0.08
4 2 1 0.95 14 1.05 1.92 —0.06 0.15
5 2 2 0.95 35 1.49 1.44 0.25 0.13
6 2 3 0.95 56 1.92 0.96 0.57 0.11
7 3 1 1.3 14 2.07 2.31 0.22 0.18
8 3 2 1.3 35 2.5 1.83 0.53 0.16
9 3 3 1.3 56 2.93 1.35 0.85 0.14

Note: * coded values of laser power and welding speed; ** a minus means concavity of the weld seam

min; min ; x,O — X;i| + C max; max ; xl(-) - Xjj
S = 0 0
X; —xij +Cmaxi man X; _'xl'j

where xl.o — is an ideal normalized result of the i-th parameter, xl.0 = 1; { — is the coefficient of difference, in
this study it is taken { = 0,5.

The grey relational grade is determined by averaging the grey relational coefficients:
Lom 3

Yji=

T mi=170
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Grey relational grades averaged over the factor variation levels are shown in Fig. 4. The horizontal line
on the graph corresponds to the average relational grade in the experiment.

The graph in Fig. 4 and the data in table 5 show that the most attractive parameters from the viewpoint of
obtaining a maximum penetration weld seam with a minimum width, convexity (concavity) and hardening
zone are the minimum power and maximum welding speed, which corresponds to mode No. 3. In addition,
at the given parameters, the process maximum productivity and economy are achieved.

Laser power Welding speed

’

Grey relational
grade (Mean)
o
($)]
()]

1 2 3 1 2 3
Levels

Fig. 4. Main effects plot for Grey relational grade

Table 5
Grey relational grade results

Ne & &) &5 &4 Y Rank
1 0.48 1 0.58 0.33 0.6 2

2 0.61 0.62 0.7 0.33 0.56 4

3 1 0.4 1 0.33 0.68 1

4 0.33 0.62 0.36 0.37 0.42 8

5 0.33 0.33 0.33 0.33 0.33 9

6 0.63 0.33 0.55 0.52 0.51 5

7 0.33 0.52 0.33 0.63 0.45 6

8 0.36 0.36 0.33 0.73 0.45 7

9 0.53 0.33 0.44 1 0.57 3

Let us require fulfilling these conditions in the optimization problem:

p— min
Vv— max
d-1.979=2.889p+0.021v
m+0.079=0.083p—-0.00v
d+m=t
0.6<p<1.3
14<v<56

where p — is laser power , kW; v — is welding speed, mm/s; d — is melting zone penetration, mm; m — is
hardening zone size from the solid phase, mm; ¢ — is weld seam penetration, mm. Restrictions on the
penetration of the melting and hardening zones were taken in accordance with the obtained regression
models (Table 2), the intervals for varying the power and speed were taken in accordance with the levels of
factors adopted during the experiment (Table 1).
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The problem was solved by the linear programming method. The solution is presented in the form of a
graph in Fig. 5.

-—
N
1
R
(€3]
o
1

—
o
L
=
n
o
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o
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1
g
w
o
1

Laser power, kW
P
Welding speed, mm/s
N
o

©
()]
1

T T T T T T

1 2 3 1 2 3
Penetration, mm Penetration, mm

Fig. 5. Optimal laser power and welding speed depending
on the weld penetration

The dependence in Fig. 5 shows that welding of small thicknesses (up to 1 mm) is optimally carried
out with a minimum power, and the weld seam penetration is regulated by changing the laser speed.
A high speed is optimal when welding large thicknesses (over 1 mm), while the optimum power increases
linearly with raising the seam penetration. At a depth of more than 3 mm, the problem has no solution; it
is impossible to obtain such a weld seam with the accepted intervals of varying technological parameters.

Conclusion

There are optimum laser welding parameters for each material. In this work the authors use the
methods of regression analysis, gray relational analysis, linear programming to identify the dependence,
which makes it possible to have a reasonable choice of technological parameters of continuous laser
welding (laser power, welding speed) of cast iron to a 3-mm depth. It is found that welding of small
thicknesses is optimal at a minimum power, welding of large thicknesses is optimal at a maximum speed.
The findings in their pure form are valid for lamellar graphite cast irons having a pearlitic metal base
when welding with an ytterbium fibre laser with a power of 0.6 to 1.3 kW at a speed of 14 to 56 mm/s
with a 120-mm focal length.
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