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Abstract Laser beam welding of 4.5-mm-thick sheets of
maraging steel 250 using a 4-kW ytterbium fiber laser was
studied. Maraging steel 250 is widely used in the aerospace
industry in applications that require high strength. Therefore,
in order to join two parts made of maraging steel 250, it is
essential to produce a high-quality weld that meets weld bead
geometry requirements, without any porosity formation in the
weld that may lead to premature fatigue failure. In order to
achieve a reliable and repeatable welding process, we investi-
gated the influence of welding parameters on the welded pro-
cess responses, i.e., weld penetration depth, bead width, and
potential formation of porosity. A complete model was devel-
oped using multiple regression analysis. Based on this model,
we developed a method for selecting welding parameters that
assure production of porosity-free welds with the required
geometry. We used this method to automate the industrial
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welding process of a part-family of maraging steel 250
cylinders.
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Nomenclature

LP Laser power, W

S Welding speed, m/min
F Focal depth, mm

TET  Shield gas tilt, mm

D Focal diameter, mm

CM  Workpiece cleanness

N Shield gas nozzle distance, mm
WW  Weld width, mm

PD  Penetration depth, mm
POR  Porosity, %
CM  Workpiece cleanness level (1, 2, 3)

1 Introduction

Laser beam welding (LBW) has become a reliable and robust
industrial process for joining mechanical elements [1]. LBW
is characterized by a narrow weld width and high penetration,
a narrow heat-affected zone, and minimal distortion of the
workpiece. These advantages come from the high power den-
sity of the laser beam. The geometry of the laser weld bead
and its quality are determined by the selected combination of
input parameters. The main input parameters that control pro-
cess quality are laser power, welding speed, focal depth, and
shielding gas [2].

Norris et al. [3] studied the effect of welding parameters on
porosity formation in hot rolled 304-L stainless steel thin
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sheets. One of their findings was that weld porosity could
result in a loss of weld strength or premature fatigue failure.
The risk of weld failure depends upon the magnitude and type
of loading forces, the environment, the severity of the poros-
ity, and the type of material. Maraging steel 250 is widely used
in aerospace applications, where reliability is critical and weld
porosity cannot be accommodated. Gouret et al. [4] studied
porosity caused by electron beam welding (EBW) of a TA6V
alloy and reported that the cleanness level of the welded sur-
face influences the appearance and the level of porosity in the
weld. Haboudoua et al. [5] came to a similar conclusion in
laser welding of aluminum alloys. Also, in our study of po-
rosity formation in LBW of maraging steel 250, surface clean-
ness was included as a parameter. It is important to note that
cleanness level is a discrete parameter, unlike other selected
parameters which are continuous. Ascari et al. [6] studied the
effect of welding process parameters in laser-GMAW on po-
rosity reduction in AA6082 aluminum 8-mm-thick plates.
They found that welding current influences porosity forma-
tion. Norris et al. [3] stated that parameters such as weld size,
laser power, material type, and weld joint geometry impact
laser keyhole evolution and porosity formation.

To evaluate porosity in a welded joint, typically, an X-ray
image of this surface is created. When the size and location of
an individual pore are of interest, one of many “image segmen-
tation methods” may be applied [7]. When porosity levels, or the
percentage of pores within a given welded joint, are of interest,
the “gray level method,” which uses a gray level histogram of the
image, may be applied [8]. To develop our model, we applied
multiple regression analysis (MRA). Wu and Ume [9] applied
stepwise regression analysis to predict penetration depth of butt
welds in thin plates. Lee and Um [10] modeled a gas metal arc
welding process by using the multiple regression analysis and
neural network. Benyounis et al. [ 11] applied linear regression to
model welding parameters to predict four responses: heat input,
weld width, weld penetration, and the geometry of the heat-
affected zone. Several authors proposed using the artificial neural
network technique for modeling weld geometry of various ma-
terials and welding processes [12—14].

The goal of the study was developing a practical method for
predicting welding parameters for producing porosity-free welds
using an experimental method and a statistical analysis. The meth-
od can be applied when the user knows a priori what the “part-
family” of products he intends to produce is. For this specific
production process, one can apply our method and design an ex-
perimental plan with minimum needed experiments and find the
welding parameters that promise high-quality, porosity-free welds.

In the study, an experimental plan was developed using a
D-optimal design method. Twenty-three welding experiments
and an additional three validation experiments were per-
formed. Seven laser input parameters were taken into consid-
eration: laser power, welding speed, focal depth, focal diame-
ter, shield gas nozzle distance from the workpiece, shield gas
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tilt angle, and the cleanness level of the workpiece’s surface. A
complete model was developed based on the measured exper-
imental data, applying the MRA method. This model was
used to develop a practical algorithm that can be used to select
parameters that assure the production of porosity-free welds to
meet specific weld penetration and weld width requirements.

2 Experimental design

The experiment was planned using D-optimal design [15]. The D-
optimality criterion seeks to maximize the determinant of the in-
formation matrix X’X of a specific experiment design. The inde-
pendent input variables and their values are presented in Table 1.
Second-order polynomials were fitted to the experimental
data to obtain the regression equations. The general expression
of'the second-order polynomials [16] is presented in Eq. 1.

Y = by + YhiX; + YbiX i + YhiX X (1)

A multivariate regression method was applied to fit this
explicit expression to the experimental data to identify the
required b; coefficients [16]. In order to reduce the number
of required experiments out of the 21 terms included in the
expression ) b;X:X;, we used only seven terms, which were
selected based on our welding and statistics experts’ experi-
ence and knowledge. For example, CM is a qualitative param-
eter (represents surface cleanness level) and not a continuous
numerical parameter as all other parameters. The term CM"2
does not have a meaning and adding it will not add informa-
tion; therefore, it was left out. The modified equation is pre-
sented in Eq. 2.

Y = by + by-LP + b3-S + by-F + bs-TET + bg-D
+b7:CM + +bg-N + bg-LP* + byy-S* + by F?
+b12 TET? + b13-D? + +b14-N* + bi5-D-S (2)
+b16*N-D + b17:N-F + big-LP-CM + by9-S-F
+by-S-LP + by-N-LP

Table 1 Measured welding parameters and their levels
Parameter Code Unit LI L2 L3
Laser power Lp W 1000 2000 3000
Welding speed S m/min 2 3 5
Focal depth F mm 0 1.5 3
Shield gas tilt TET deg 20 - 30
Focal diameter D mm  0.378 0.513 0.693

Workpiece cleanness CM  — None Acetone Polish + acetone

Shield gas distance N mm 6 10 15
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Fig. 1 Experimental setup

3 Experimental method and results

Maraging steel 250 with chemical nominal composition in
weight percent of 18.46% Ni, 8.3% Co, 4.7% Mo, 0.45%
Ti, 0.1% Al, 0.01% C, and Fe balance was used as work-
piece material. The size of each plate was 200 x 100 mm
and its thickness was 4.5 mm. The experiment was per-
formed according to the design table in random order to
avoid systematic errors. The experiments were carried out
using 4-kW ytterbium fiber laser, model YLS-4000-CT-
WW from IPG Laser GmbH. Pure argon was used as
the shielding gas. The experimental setup is presented in
Fig. 1.

Fig. 2 Measured bead geometry
(on the left: low power and low
welding speed weld; on the right:
high power and high welding
speed weld)

Two transverse specimens were cut from each weld. A
standard metallographic cross section was made for each
transverse specimen. The bead profile geometry, i.e., pen-
etration and width, was measured using an optical micro-
scope. An integrated software package that amplifies the
image x100 allows measurement of weld bead dimensions
within 0.001-mm accuracy. The average of two measured
profile parameters was logged for each experiment. Two
examples of bead geometry cross sections are shown in
Fig. 2. On the left is a typical cross section for a low laser
power and low welding speed weld. On the right is a typ-
ical cross section for a high laser power and high welding
speed weld.

The porosity formed in the welded joint is shown in
Fig. 3. The image was taken using a Microfocus X-Ray
camera and VisiView image processing software, from
Vistron Systems GmbH. The image was analyzed using
MATLAB, and each pixel received a gray level value be-
tween 0 and 255, where 0 represents the black pixels and
255 represents the white pixels. Porosity is represented by
dark pixels. Applying the gray level method [8], a histo-
gram of all pixels located within the area outlined by the
rectangle in Fig. 3 was created; the histogram is shown in
Fig. 4. Zone II, which is located to the right of the graph
minimum, represents the dark pixels of porosity, while
zone I represents the rest of the welded area without po-
rosity. We estimated porosity percentage in the welded
joint by dividing the number of pixels located in zone II
by the total number of pixels under the curve.

During the welding process, heat input to the workpiece
is produced by the laser beam, and it depends on welding
speed. The value of heat input can be calculated for each
experiment, since heat input = n x (LP/S), where 7, energy
transfer efficiency, is in the range of 0.7—0.8 [17], and both
L and S are known input parameters.

The experiments were performed in a random order fol-
lowing the optimal design matrix shown in Table 2. Table 2
also includes the measured results obtained from the 23
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Fig. 3 Porosity in welded joint (experiment 3) and the area analyzed

welding experiments: weld penetration depth, weld bead
width, and the percentage of porosity in the weld.

The responses of weld bead geometry were measured
using transverse sectioned specimens and an optical micro-
scope. Porosity was measured using the gray level method
as described earlier in this section.

4 Modeling weld bead geometry

The weld bead geometry i.c., depth of penetration and
weld bead width, were modeled using multiple regression

analysis (MRA).
4.1 MRA

The modified quadratic model in Eq. 2 was used to fit the
experimental responses listed in Table 2. We tested the
significance of the regression models, the significance of
individual model coefficients, and lack of fit utilizing
ANOVA with JMP 13 statistical software. The multivari-
ate regression method designates which are the significant
parameters in the model.

4.1.1 Penetration depth

Figure 5 presents the fit between the predicted and actual
values. The predicted values were calculated using the

Fig. 4 Histogram of the gray
scale representing all pixels
within the rectangle in Fig. 3

280 260 240 220 200
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penetration depth model in Eq. 3, and the actual values repre-
sent the 23 experimental results in Table 2. R? = 0.95,
RMSE = 0.276, and P value <0.0001 represent a very good
fit between the predicted and actual responses.

Penetration depth (mm) = 2.0089 + 0.0011 LP—0.3510 S (3)
~1.4471 D~1.0289 x 10*(LP-1956.5217)(5—3.3043)

Equation 3 shows that as increasing laser power in-
creases heat input to the workpiece, more metal volume
is molten, therefore increasing penetration depth.
Increasing welding speed (S) decreases heat input, and
as result, decreases weld penetration. Decreasing the fo-
cal diameter (D) increases the laser power density, which
means that the heat will localize in a small metal area,
and therefore, penetration depth increases. To achieve
maximum penetration depth, one should increase LP
and decrease S and D. Benyounis et al. [11] presented
an empirical relation of weld penetration that depends on
the parameters LP, S, and F.

4.1.2 Weld bead width

Figure 5 (on the right) shows the fit between the predicted
and actual values of weld bead width. The predicted
values were calculated using the weld zone width model
according to Eq. 4, and the actual measured values are
from Table 3. R? = 0.91, RMSE = 0.243, and P value
<0.0001 represent a good fit between predicted and ac-
tual responses. The empirical model for weld bead width
is presented in Eq. 4.

Weld bead width (mm) = 2.0485 4 6.0663 x 10°* LP (4)
-0.3176 S—1.3335 x 1074(LP—1956.5217)(5—3.3043)

Equation 4 shows that increasing laser power LP increases
the weld zone width. Conversely, increasing the welding
speed decreases weld zone width.

Weld Sample 3

No. of pixebk

60 40 20 0

180 160 140 120 100 80
Gray Scale
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Table 2 Experimental design

matrix and experimental Welding parameters Measured result

responses
LP S F TET D CM N Porosity Penetration Weld
W) (m/min)  (mm)  (deg) (mm) (mm) (%) depth width
2000 3 1.5 20 0378 LI 10 1.5 2.565 2.513
2000 2 0 30 0.513 L3 15 0.4 2.64 223
1000 2 0 30 0378 L1 6 42 1.97 1.961
1000 5 0 30 0.693 L3 15 0 0.633 1.16
2000 5 0 30 0.693 L2 6 0 1.209 2.08
1000 2 1.5 30 0.693 L2 15 0 1.127 1.75
1000 5 0 20 0513 L2 10 0 0.97 1.28
1000 2 3 20 0.693 LI 15 0 1.071 1.924
3000 3 3 30 0513 L2 6 1.4 3.34 2.8
3000 2 3 30 0378 LI 15 0.4 4.182 3.78
3000 5 3 30 0378 L3 10 0.18 2.78 1.96
1000 5 3 30 0.693 LI 6 0 0.541 1.275
1000 2 3 30 0378 L3 10 0.07 1.804 1.813
1000 5 3 20 0378 L2 15 0 0.8 1.22
3000 2 1.5 30 0.693 LI 6 0.51 4.074 3.637
1000 2 0 20 0.693 L3 6 0 1.13 1.73
3000 2 1.5 20 0378 L3 6 29 3.93 3.02
3000 5 0 20 0.513 L1 6 2.7 2.867 2.053
2000 2 3 20 0513 L2 6 0.8 3.068 3.084
3000 5 1.5 30 0513 L2 15 0.02 2.65 2.043
3000 3 3 20 0.693 L3 15 0 3.026 2.624
3000 2 0 20 0.693 L2 10 0.32 42 3.46
1000 5 1.5 20 0378 L3 6 0.23 1.127 1.241

The italic values in the table are presented later in the example, section 7.3.2

5 Modeling porosity formation in a welded joint

The MRA method provided a model with outstanding fit between
the predicted and actual values for porosity response (Fig. 6). The
predicted values were calculated using the porosity model accord-
ing to Eq. 5, and the actual measured values are presented in
Table 2. R>=0.99, RMSE = 1.471, and P value <0.0001 represent
an excellent fit between predicted and measured responses.

Porosity (%) for CM (L1)
Porosity (%) for CM (L2)
Porosity (%) for CM (L3)

1 0.4436
~2.5370 D-0.1067 N|{ 1

1 —0.3989
+3.4987(S—3.3043) (D~0.5364
—8.4524 x 1075(LP—1956.5217

~— —

+1.396(D—0.5364)(N—10)}

—_— e —

ANOVA revealed that six out of the seven selected
parameters, with the exception of the shield gas tilt
angle (TET), have significant effect on porosity forma-
tion, as presented in Eq. 5. The equation for predicting
porosity formation in the weld is written in a concise
form for the three levels of surface cleaning: no
cleaning (L1), cleaning with acetone (L2), and using a
pneumatic polisher to clean the surface (L3).

= [3.5914—1—2.3926 x 107* LP—0.0569 S—0.1088 F

+{ ~0.0446 +{0.4009(S—3.3043)(F—1.5652)

~35.6625(D~0.5364)(D-0.5364)
(N—10) + 0.1028( F~1.5621)(N-10)

3.7589

+ (LP-1956.5217) x 1074 ~1.1308

—2.6281
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Fig. 5 Predicted vs. actual fit:

Actual by Predicted Plot

Actual by Predicted Plot

penetration depth (left) and weld
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Figure 7 presents the porosity prediction profiler, which
clearly portrays the effect of each parameter on porosity for-
mation. Increasing laser power (LP) increases porosity.
Increasing welding speed (S) and focal depth (F) decreases
porosity. The effect of focal diameter (D) has a quadratic
shape, and in order to reduce porosity, a large focal diameter
is preferred. The sixth significant parameter is surface clean-
ness (CM), and Fig. 7 shows that porosity formation is re-
duced as the surface is better cleaned or prepared. In Fig. 7,
the values in red represent a weld with 1.8% porosity and the
two blue lines represent a tolerance of 0.2%. We have no
interest in this specific example; however, we are interested
in observing the influence of each parameter on porosity for-
mation. Haboudoua et al. [5] showed that improved surface
preparation reduces porosity formation tendency in laser
welding of aluminum alloys. Similar to our results, they
showed that a polished surface is better than a degreased sur-
face. In their study, they also welded sand-blasted surfaces and
laser-cleaned surfaces that further reduced porosity formation.
Norris et al. [3] studied laser welding of 304-L stainless steel
with weld penetration depth under 2 mm. They reported that
increased travel speed reduced porosity formation. In addition,
their study found that pore size increased parabolically with
laser heat input.

Table 3 Measured vs. predicted responses and relative errors

6 Experimental verification of the model

At the end of the 23 experiments required to find the model
parameters, we performed an additional three experiments to
verify the fit between the model and the actual measured
values. Welding parameters as well as the measured responses
are presented in Table 3. The errors presented in the table
show good fit (under 10%) between the predicted values from
the model and the experimental results. Please note that the
reported error may originate not only from the model’s pre-
diction error but also from measurement errors. From a prac-
tical point of view, it is important to clearly identify a porosity-
free weld. In the next section, we will show how to apply the
developed model for producing porosity-free joints that meet
weld geometry requirements.

7 A method for selecting welding parameters based
on the model

As explained earlier, for aerospace applications, high-quality
welds of maraging steel 250 must be porosity-free. We pro-
pose a method for evaluating welding parameters based on the
developed model. The goal is to select a priori a set of welding

Experiment LP N F TET D CM N Penetration Width Porosity
no. (W) (m/min)  (mm)  (deg)  (mm) ) (mm) (mm) (mm) (%)
Measured 3.424 2.859 1.46
1 3000 3 3 30 0.513 L2 6 Predicted 3.561 2.956 1.49
Error% —4 -34 2
Measured 1.270 1.890 0.00
2 1000 2 0 20 0.378 L3 6 Predicted 1.378 1.870 0.00
Error% -8.5 1.1 0
Measured 4.118 3.650 0.42
3 3000 2 0 20 0.378 L2 10 Predicted 3.808 3.413 0.38
Error% 7.5 6.5 9.5
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Actual by Predicted Plot
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Fig. 6 Predicted vs. actual fit: porosity formation

parameters that will meet penetration depth and weld width
requirements and will produce a porosity-free weld.

Figure 8 presents a flowchart of the calculation method
based on the model, which includes two main steps. We ex-
plain the method in detail below.

7.1 Step 1: Selecting welding parameters that assure
the required weld geometry

Following the guidelines presented in Fig. 8, we will select the
largest value of focal diameter (D) that promises less porosity
at the weld. Next,

1. We input the required penetration depth (PD) and weld
width (WW).

2. Using Egs. 3 and 4, we find the values of the LP and
welding speed (S) that meet these requirements. These
are presented graphically in the upper right triangles in
Fig. 9.

3. The intersections of these (LP, S) values give a set of
possible parameters.

Observing Fig. 7, we recommend selecting the lowest (LP)
and largest (S) values for minimum porosity formation.

Prediction Profiler

A\ Y
Req. Use Use
{ WNV%—’ Eq. 4 Eq. 3 by
[ ]
Y

(LP,S)4 N (LP,S)3

'

Select
Lowest LP
Largest S

'

Use Eq.5 |

Select
Largest N F
CM=1

Increase CM
to next level

No Yes ¢

N0 solution

this range
Fig. 8 Flowchart of the method for selecting welding parameters for a
porosity-free weld

However, many other combinations may provide a porosity-
free weld and meet the geometry requirement, as shown in the
example in Sect. 7.3.

7.2 Step 2: Calculating the percentage of predicted
porosity

1. Thesecond step is related to evaluating the porosity percent-
age in the weld. Our goal is a porosity-free weld. We have to
select the values of the distance between the inert gas nozzle
and the surface (V) and focal depth (F). According to Fig. 9,
largest values of both are recommended for reducing poros-
ity formation. Please note that the above recommendation
for selecting N and F'is only valid for the range of parameters

IN

Porosity[%]
1.809821
+0.233681
N
P IO IR AR R A

o

T T T T T
0 v wn
-~ N ™

1000
15004
2000
25004
3000

1956.5 3.1739
LP[Watt] S[m/min]
Fig. 7 The effect of welding parameters on porosity percentage
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Fig. 9 Modeling weld bead PD, D=0.693
geometry requirements (on the
left: weld bead width; on the right:

penetration depth)

1000

S 2

tested in our experiments. For other sets of experimental
parameters, recommendations may be different. For exam-
ple, welders are interested in keeping the gas nozzle as close
to the laser beam as possible to avoid oxidization of the
welded surface. In our case, even at the largest distance, the
gas protection is good.

2. We calculate Eq. 5 starting with the lowest value of sur-
face cleanness, CM = 1, which represents a surface with-
out any cleaning. If we calculate and find that porosity is
expected in the weld, we increase CM to CM = 2, which
represents surface cleaning with acetone. If we get a
porosity-free weld, we stop the process and use the calcu-
lated parameters; otherwise, we increase CM to CM = 3,
which represents a polished surface that has been cleaned
with acetone, and recalculate Eq. 5. If we achieve a
porosity-free weld as a result, we can use this set of
welding parameters. If we cannot obtain a porosity-free
weld even then, most probably, there is no suitable solu-
tion for the range of welding parameters that were selected
for the experimental study, as shown in Table 1.

7.3 Example

The following numerical example will demonstrate how the
model can be applied to assist the welding engineer in
selecting parameters to achieve a porosity-free weld.

Fig. 10 Production line (control
room on the left and welding
machine on the right)

@ Springer

PD, D=0.693

3000 3000

LP

7.3.1 Example step 1

In the project specifications, the required weld geometry is given
aspenetration depth PD>2.8 mmand weld width WW >2.5 mm.
We select D = 0.693 mm. Equations 3 and 4 are solved, and the
expressions of PD and WW as a function of LP and S are present-
ed graphically as the inclined surfaces in Fig. 9. The specified
requirements are represented by the horizontal surface at each
plot, respectively. The intersection between the surfaces provides
the possible range of solutions for each requirement, which are
represented by the upper right triangles in both plots of Fig. 9. We
have to select LP and S values that satisfy both requirements, and
we selected the values LP = 3000 W and S = 3 m/min.

7.3.2 Example step 2

Using the selected welding parameters in step 1, and further
selecting N = 15 mm and F = 3 mm, we proceed to calculate
Eq. 5, the percentage of porosity in the weld.

For CM = 1, surface without cleaning, POR(1) = 1.46%; for
CM =2, using acetone for surface cleaning, POR(2) = 0.46%; and
finally, for CM = 3, which stands for surface polishing followed by
acetone cleaning, POR(3) = 0% (porosity-free weld).

In summary, the selected parameters in this example allow us
to produce a high-quality weld with the required geometry. Here,
the selected parameters are LP = 3000 W, S = 3 m/min,
D =0.693 mm, F =3 mm, N=15 mm, and CM = 3.
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Eventually, these welding parameters represent the input param-
eters of experiment no. 21 (italic font) in Table 2, where the
penetration depth was measured to be 3.02 mm (>2.8 mm), the
weld bead width was measured to be 2.62 mm (>2.5 mm), and
POR(3)=0%.

8 Industrial application

Due to global competition, the manufacturing industries are rap-
idly changing. New processes and new materials are being intro-
duced. Much effort has been made to reduce costs by improving
productivity and quality and by reducing production time
through the use of automation and robots [18]. Introduction of
computer-integrated manufacturing (CIM) means replacing
manual work by automated work. Automated welding is taking
over important manufacturing segments while the manual
welding is being improved and modernized.

Our method was developed for improving the welding pro-
cess and for reducing fabrication time of high-quality acrospace
part-families. We planned to use this method for producing a part-
family of products that required a welding process of two cylin-
drical parts made of maraging steel 250 with different diameters,
but with a similar wall thickness. Although the experimental
study was performed on plates, the goal of the industrial applica-
tion was welding various cylinders. Applying the method saved
manual trial-and-error work, which is typically needed for
adjusting and selecting welding parameters for receiving high-
quality welds. Part of the production line related to welding these
cylinders is shown in Fig. 10.

9 Conclusions

1. The study presents a model based on multiple regression
analysis that is capable of predicting weld bead geometry
and porosity formation in the weld. The model was veri-
fied experimentally to show good fit with the predicted
responses.

2. Based on the model, we established and demonstrated a
practical method for selecting welding parameters that
will produce a weld with specific geometry requirements
and will be porosity-free, as required for high-quality
maraging steel 250 welds.

3. The method requires minimum experimental effort for eval-
uating the best welding parameters for a porosity-free
welding. Therefore, for high-quality automated welding ap-
plication, it presents potential economic benefits.
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