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Abstract Welding aspects of a high-quality Cr—Mo-V steel
are investigated in the present work. Cr—-Mo-V steel can be
suggested as a best choice for fabrication of pressure vessels to
be operated in high-temperature operating conditions.
Welding of this group of steel demands very critical attention
on the parameters setting of chosen welding process. Only a
few researchers had carried out research on the optimization
aspects of the submerged arc welding of Cr-Mo-V steel. In
the present work, complete experimental analysis is carried
out on the submerged arc welding of Cr—Mo-V steel. The
important input process parameters considered are welding
current, voltage, welding speed, and wire feed. The effect of
these input parameters is studied on various responses related
to weld bead geometry and few mechanical properties.
Taguchi’s Lo orthogonal array is used for design of experiment
and the mathematical models are developed for the responses
using MINITAB 15 software. The models developed are
validated by conducting more experiments. Optimised param-
eter setting is also obtained by using a recently developed
teaching—learning-based optimization algorithm.

Keywords Cr—Mo-V steel - Submerged arc welding -
Process parameters - Teaching—learning-based optimization
algorithm

1 Introduction

The welding of heavy steel sections are subjected to various
difficulties such as distortion, residual stress, softening and
hardening of heat-affected zone of steel because most of the
steels are structure sensitive. In the present competitive
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scenario, the major efforts of the designers and manufac-
turers are to raise the thermal efficiency of advanced power
generation systems and other similar products. This can be
achieved if the process under consideration is operated at
higher operating temperatures and pressures. Ordinary steel
cannot sustain its properties at high-operating conditions
and hence designers are shifting towards the use of new
constructional materials having improved high-temperature
properties. The family of Cr—Mo steels is one of the best
heat-resisting materials which can be used to fabricate the
components for pressure vessels, power systems, nuclear,
chemical, food processing and petroleum industries.

The modified Cr—Mo steel is a heavy-duty material and
can be used in the fabricating industries because of its good
creep resistance property. It gives excellent strength and
toughness at low temperatures and has elevated temperature
creep resistance in combination with good corrosion resis-
tance. The elevated-temperature properties make this steel
economically attractive compared to the presently used aus-
tenitic stainless steels and high-nickel alloys up to about
600 °C. Welding of such a refractory materials demands
high heat input. Submerged arc welding (SAW) is mostly
preferred in fabricating industries due to its higher heat input
and higher deposition rate with better bead characteristics.
Submerged arc welding also becomes one of the cost-
effective means of getting strong weld joint by selecting
proper process control parameters and hence may be con-
sidered for welding of modified Cr—Mo steel.

The literature survey shows some research-oriented work
on the welding of Cr—Mo category of steels out of which the
important works are presented below which are in the di-
rection of present work. Swindeman et al. [1] discussed
various issues related to replacement of Cr—Mo steels and
stainless steels with 9Cr—1Mo—V steel. Various advantages
of Cr-Mo-V steel were presented in their work over the
other steels. Lu et al. [2] carried out the cladding on Cr—Mo—
V steel using submerged arc welding process and discussed
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the effects on microstructure and wear properties of welded
material. Storesund et al. [3] carried out the inspection on X-
20-CrMoV-12-1 steel welding and simulated the creep be-
haviour of welded parts. Zielinski et al. [4] studied the
structural changes in low alloy cast Cr—Mo—V steel to in-
vestigate the creep behaviour of the material. Prasad and
Dwivedi [5] carried out submerged arc welding of HSLA
steel and investigated the microstructure and mechanical
properties of welded joints. Hilkes and Gross [6] discussed
the past, present and future of Cr—Mo steel welding and its
application for power generation and petrochemical indus-
tries. Naz et al. [7] carried out the failure analysis of low
carbon Cr-Mo-V steel weldment by inspecting the crack
formation in heat-affected zone area. Arivazhagan et al. [8]
used 9Cr—1Mo steel and focused their research on weld
fusion zone to study the microstructure and mechanical
properties of welded parts. Babu and Natarajan [9] studied
the corrosion and characterization aspects of flux cored arc
welded 2.25Cr—1Mo steel used in power plants.

Few researchers had carried out the experimental work in
the past to study the effect of various input variables of
submerged arc welding for various grades of steel [10—15].
Optimization aspects of submerged arc welding process
were also reported in the past [16-20], and genetic algo-
rithm [19, 20] and particle swarm optimization [20] tech-
niques were used for optimization of the process parameters
of submerged arc welding. Use of Taguchi method was also
observed in the past for carrying out the parameters optimi-
zation of submerged arc welding process [21-25].

The aim of this work is to understand the influence of
SAW process parameters on the welding of Cr—Mo-V steel
plate through experimentation. In the present work, 9Cr—
1Mo steel with 0.2 % vanadium is investigated. The welding
of this Cr—Mo-V steel is successfully carried out and the
effect of various important input parameters is studied on
the weld bead geometry and mechanical properties of the
material. The SAW process involves various input parame-
ters and determination of optimum process parameters is
very important in SAW process. Hence, generalised mathe-
matical models are also developed for various responses
which will be very useful for determining the optimum
parameter setting. The complete experimental work is
explained in detail in Section 2.

2 Experimental details

The automatic SAW process for welding of Cr—Mo—V steels
demands attention on various aspects before beginning of
the welding. In this work, various aspects starting from
selection of SAW wire and flux up to the test specimen
preparation are carefully handled and these are explained
in the following subsections.
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2.1 Variables considered

The SAW process consists of several input variables out of
which few variables show very significant effect on the
output of the process. After thorough literature survey, the
important input variables considered in the present work are
welding current (I), voltage (V), welding speed (S) and wire
feed (F). Initially, trail experiments have been conducted on
the Cr—Mo—V steel under consideration to decide the vari-
ables range and their levels and, finally, three levels are
decided as shown in Table 1.

2.2 Design of experiments

Conducting experiments by considering each variable at all
the three levels is a very costly affair as well as very time
consuming. Hence, in order to limit the total number of
experiments in the present work, the Taguchi’s Lo orthogo-
nal array is used for four variables with three levels. Similar
orthogonal array was also reported by many researchers in
their experimental work of SAW process on certain types of
steels as well as for other manufacturing processes [20-25].
By using Taguchi’s Ly orthogonal array in the present work,
the total number of experiments to be conducted is nine and
the detailed design of experiments is given in Table 2.

2.3 Material composition

Cr—Mo-V steel plate which is more suitable for fabrication of
heavy-duty products under high-temperature operating condi-
tion is considered in the present work. A material with trade
name as SA387 grade 91 class 2 is chosen with plate thickness
as 11 mm. It is one among the modified group of Cr—Mo steels.
The chemical composition of the material used for the present
research work is given in Table 3. The material was normalised
at 1,050 °C and tempered at 770 °C during its fabrication stage
and the entire plate was ultrasonically tested by the supplier.

2.4 SAW wire and flux composition

The selection of appropriate SAW wire and flux is very
important stage for SAW process to obtain good weld joint

Table 1 Input variables and their levels

Parameter Unit Levels

-1 0 +1
Current (I) Amp 350 400 450
Voltage (V) \% 28 30 32
Welding speed (S) cm/min 4 12 20
Wire feed (F) cm/min 190 250 310
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Table 2 Design of experiments

Expt no. I (Amp) V (volts) S (cm/min) F (cm/min)
1 350 28 4 190
2 350 30 12 250
3 350 32 20 310
4 400 28 12 310
5 400 30 20 190
6 400 32 4 250
7 450 28 20 250
8 450 30 4 310
9 450 32 12 190

with significant properties. The composition of wire and
flux should be such that it should match the overall chem-
istry of the weld joint. Overall matching consumables are
required for the welding of Cr—Mo-V steel plates in order to
achieve homogenous and strong weld joint [6]. Keeping in
view the various problems involved with the welding of
modified Cr—Mo steel, a 3.00 mm low-alloyed, copper-
coated ESAB make wire is selected. The wire is designed
for the submerged arc welding of creep-resistant Cr—Mo
group of steels. The wire was coded by the manufacturer
as OK AUTROD 13.20 (EB-3-21/4Cr1Mo) with electrode
classification as AWS A5.23: EB3R.

The ESAB make agglomerated fluoride basic flux suit-
able for submerged arc welding of Cr—Mo group of steels
and best suitable for OK AUTROD 13.20 wire is selected.
The flux was coded by the manufacturer as OK FLUX 10.62
and the grain size of the flux used varies from 0.2 to 1.6 mm.
The flux is preheated every time before conducting any
experiment to reduce the chances of defects.

2.5 SAW machine specification

A 600-Amp thyristorised controlled automatic submerged arc
welding machine with tractor-mounted welding head fitting is
used to conduct all the welding experiments. The recommended
input supply for the machine is 415 V, three phases and 50 Hz.
The welding speed varies from 0 to 150 cm/min and the wire
feed range varies from 50 to 450 cm/min.

2.6 Specimen preparation
A number of specimens are prepared in the plate form of the

size of 200x100x11 mm. Edge preparation is done by
providing a 30° bevel on one side of the plate so that when

two plates with bevel edge brought in contact with each
other, then a butt joint of “V’ shape can be formed. The
edges to be welded are cleaned properly in order to ensure a
dirt-free surface (Fig. 1).

Two plates with butt joint are then clamped together with
the help of ‘C’ clamp and the assembly is then preheated for
approximately 30 min and the flux is also preheated. With
this, the atmospheric effect is minimised and chances of
weld defects are also reduced. Assembly of one such setup
is shown in Fig. 2.

2.7 Welding of specimens

The specimen assembly as shown in Fig. 2 is preheated
along with the flux before the start of welding. The input
variables are adjusted on the SAW machine as per the design
of experiment for respective experiments. A very careful
adjustment is required for the direction of trolley travel so
that the wire feeding should be exactly at the centre of V
joint. This is because, as the welding proceeds, the steel
plates may distort due to large amount of heat. Hence, for
this purpose, proper clamping arrangement is provided for
the weld joint. In the present work, all the nine experiments
are conducted very carefully in order to achieve good qual-
ity and defect-free weld joint for all the experiments. One of
the welded plates of the present experiment is shown in
Fig. 3 to visualise the appearance of weld joint.

2.8 Post-weld preparation for testing and analysis

After completion of welding, each specimen is subjected to
post-weld heat treatment in the furnace in order to improve
the mechanical properties. All the weld joints are then
needed to be prepared for analysis by measuring various
outputs obtained from each experiment. In the present work,
various outputs considered for analysis purpose are weld
bead width, weld reinforcement, weld penetration, weld
tensile strength and weld hardness. To prepare the test
sample, some welded portion is removed by cutting it form
the portion marked as shown in Fig. 3. For measuring the
weld bead geometry and hardness, a specimen of 20-mm
width is removed from the centre of weld joint of each plate
and it is directly used for the measurement purpose. For
tensile strength measurement, separate portion of 50 mm
width is removed from which a tensile test specimen is
prepared as per the ASTM E8 standard. Figure 4 shows
various test samples prepared from each experiment for
conducting different tests.

Table 3 Chemical composition
of the material C Cr Mo \Y%

Al Nb Zr Ti Ni Mn P S

0.105 8975 0.855 0.202

0.013  0.075 0.006 0.002 0228 0432 0.014 0.0008
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Fig. 1 Submerged arc welding machine

3 Results and discussion

After conducting all the experiments, various responses are
measured accurately and the effect of all input variables on
each response is then analysed to identify the critical vari-
ables affecting the various responses. Various outputs vari-
ables considered in this work are: weld bead width, weld
reinforcement, weld penetration, weld tensile strength and
weld hardness. For measuring each of these responses,
sophisticated equipments are used having high degree of
accuracy. The various equipments used to carry out different
tests are: Toolmakers’ microscope for measuring weld bead
width and reinforcement, digital vernier calliper for measur-
ing weld penetration, universal testing machine of capacity
1,000 kN for measuring weld tensile strength and Rockwell
hardness tester for measuring weld hardness. Before
conducting all the tests and measurements, trials have been
conducted to ensure the smooth functioning of respective

Fig. 2 Specimens used for welding with their assembly
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Fig. 3 Welded specimen after experiment

equipment. The results obtained for each response are
explained below with their analysis.

3.1 Effect of process parameters on weld bead width

The weld bead width obtained for all the experiments is
measured by using the Toolmakers’s microscope having a
least count of 0.001 mm. Fine setting of the lens is
maintained in order to observe the clear image on the screen.
A total of four readings are taken from both sides and finally
average bead width is considered for each specimen. The
results obtained are given in Table 4.

The bead width obtained for each experiment is analysed
to check the effect of each input variable on the bead width.
MINITAB 15 software is used to carry out the analysis of
each response. Figure 5 shows the effect of input process
variables on the bead width whereas Table 5 gives the
response table for means.

The term delta in Table 5 represents the difference be-
tween the highest and lowest response for respective input
variable and based on this difference the rank is decided. As

Fig. 4 Various samples prepared from each welded specimens
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Table 4 Average weld bead

width obtained in different Expt no. 1 (Amp) V (volts) S (cm/min) F (cm/min) Weld bead width (mm)

experiments
1 350 28 4 190 26.168
2 350 30 12 250 30.969
3 350 32 20 310 29.330
4 400 28 12 310 31.354
5 400 30 20 190 18.502
6 400 32 4 250 22.025
7 450 28 20 250 19.216
8 450 30 4 310 26.259
9 450 32 12 190 29.505

the expected bead width of the weld should be minimum,
hence, smaller-the-better approach is used for the analysis
purpose. As observed from Fig. 5, the bead width drastically
decreases as the current increases initially up to certain limit
and then it shows small amount of increase in bead width if
the current is further increased. In the case of voltage, the
bead width remains almost constant from 28 to 30 V and
afterwards shows slight increase in the bead width with the
increase in voltage. It is observed that welding speed is the
most significant variable affecting the bead width. It shows a
sudden variation in the bead width due to change in welding
speed. In case of wire feed rate, the weld bead width is not
affected much up to 250 cm/min and then increased sud-
denly as the wire feed rate increases.

Regression analysis of the obtained result is carried out to
establish the relationship between the variables. The estimated
coefficients for weld bead width are obtained by using re-
sponse surface modelling. Various models are attempted like
only linear, linear with interaction effects, linear and square
terms, full quadratic, etc. All the necessary tests to find out the
coefficient of determination for each model are carried out.

of future outcomes on the basis of related information between
the variables. From various models, the full quadratic model
given by Eq. 1 in coded form is finalised which gives better
coefficient of determination (R?).

Bead width = 26.1070 — 1.9145(1) + 0.6870(V)

— 1.2340(S) + 2.1280(F)

+2.9475(1)* 4 1.0230(V)?

— 7.0260(S)* + 2.7830(F)* (1)

The equation for weld bead width in uncoded form is

given by Eq. 2.
Bead width = 475.425 — 0.9814(I) — 15.0015(V)

+ 2.4805(S) — 0.351(F)

+0.001179(1)* + 0.25575(V)?

The coefficient of determination (R?) is used for the prediction —0.109781(S)* + 0.000773(F)? (2)
Fig. 5 Effect of input process - .
variable on weld bead width Main Effects Plot for Width
Fitted Means
Current Voltage
304
284 .\
26 P—
g u- ~~— - .
HS
E 22 T T T T T T
[} 350 400 450 28 30 32
= Speed Feed
30- A
N\ s
26 i
24- : \ . - ./
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4 12 20 190 250 310
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Table 5 Response table for means of bead width

Level Mean weld bead width (mm)

1 14 N F
-1 28.82 25.58 24.82 24.73
0 23.96 25.24 30.61 24.07
+1 24.99 26.95 22.35 28.98
Delta 4.86 1.71 8.26 491
Rank 3 4 1 2

R? obtained is 87.82 % which is very significant and
hence the model either in coded form or uncoded form can
be used to obtain the weld bead width using different com-
binations of input variables.

3.2 Effect of process parameters on weld reinforcement

Similar to weld bead width, the weld reinforcement obtained
for each set is also measured using the Toolmaker’s micro-
scope. Four readings are taken for each experiment and the
average reinforcement is considered. The results obtained
for each experiment are given in Table 6.

It is observed that there is a significant variation in the
reinforcement in the range of 0.256 to 9.46 mm. The rein-
forcement obtained for each experiment is analysed to check
the effect of each variable on the weld reinforcement. Figure 6
shows the effect of variables on the reinforcement whereas
Table 7 gives the response table for mean reinforcement.

For economic reason, the weld reinforcement should be
minimum provided that the desired strength is achieved in
the weld joint. Hence, smaller-the-better approach is used
for the weld reinforcement analysis. From the main effects
plot shown in Fig. 6, it is observed that out of the four input
variables, the reinforcement consistently decreases as the
welding current increases. In case of voltage, reinforcement
obtained is high in the range of above 5 mm at the low level
of voltage and it decreases below 3 mm as the voltage

increases from 28 to 30 V. But the reinforcement again starts
increasing as the voltage increases above 30 V.

Similar to weld bead width, the welding speed is observed
as the most critical variable in case of weld reinforcement. For
the middle level, highest mean reinforcement of above 6 mm
is obtained and then it drastically decreases below 1 mm as the
welding speed increases to its higher level. Wire feed rate also
shows varying effect on weld reinforcement.

The regression analysis for the obtained results of weld
reinforcement is carried out using response surface model-
ling. The best model obtained for weld reinforcement is
obtained by using the combined model of linear and inter-
action effect having the R* value of 99.96 %. The model
obtained for weld reinforcement in the coded form is given
by Eq. 3.

Weld reinforcement = 3.7189 — 0.7332(1)
+ 0.8908(V) + 3.2839(S)
+ 6.6893(F) + 7.7851(I x V)
+3.3659(I x S)
—0.2747(V x S) (3)

The equation in the uncoded form for weld reinforcement
is given by Eq. 4.

Reinforcement = 931.851 — 2.45118(1I)
— 30.4892(V) — 2.44028(S)
+ 0.111489(F)
+0.0778514(1 x V)
+0.00841464( x S)
—0.0171696(V x S) (4)

The estimated regression coefficients in the coded form
along with the test result obtained from MINITAB 15 software
is given in Table 8 and the ANOVA result is given in Table 9.

Table 6 Average weld rein-

forcement obtained in different Expt no. I (Amp) V (volts) S (cm/min) F (cm/min) Weld reinforcement (mm)

experiments
1 350 28 4 190 4.450
2 350 30 12 250 4.567
3 350 32 20 310 3.876
4 400 28 12 310 9.46
5 400 30 20 190 0.256
6 400 32 4 250 1.543
7 450 28 20 250 1.263
8 450 30 4 310 3.054
9 450 32 12 190 5.001
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Fig. 6 Effect of input process
variables on weld reinforcement
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From Tables 8 and 9, it is clear that the coefficient of
determination obtained for the model is almost 100 %.
Hence, the equation can be satisfactorily used to obtain the
weld reinforcement using different combinations of input
variables with almost 100 % prediction.

3.3 Effect of process parameters on weld penetration

To achieve a good weld joint, the filler material should fuse
with the base material and should penetrate at much as possi-
ble towards the root gap of weld joint. An attempt is made in
the present work to obtain the maximum penetration. As the
parameter setting is done as per the design of experiment
hence different amount of penetration is obtained in each
experiment. Measurement of the weld penetration is done
through the cross-section of weld joint. A high level of surface
finish is obtained on the cross-sectional area of weld joint by
machining and polishing. In order to have the appearance of
welded portion on the entire surface, appropriate etchant
needs to be applied on the surface. For different groups of
materials, different etchants are required and hence after thor-
ough literature survey, it is concluded that 20 % nitric acid,

Table 7 Response table for means of weld reinforcement

Level Mean weld reinforcement (mm)

1 V S F
-1 4.298 5.058 3.016 3.236
0 3.753 2.626 6.343 2.458
+1 3.106 3.473 1.798 5.463
Delta 1.192 2.432 4.544 3.006
Rank 4 3 1 2

5 % phosphoric acid mixed with water is the best choice as an
etchant for the Cr—-Mo-V steel [26].

Due to application of etchant on the cross-sectional area
of welded joint, the welded portion is appeared in reddish
brown colour. Figure 7 shows appearance of different weld
bead geometry obtained in the present work.

The penetration obtained on each sample is measured by
using digital vernier calliper having a least count of
0.01 mm. Table 10 shows the results for the weld penetra-
tion obtained for different sets of experiments.

It is observed that good penetration is obtained for all the
experiments based on the parameter settings of each exper-
iment and complete penetration is observed in case of three
samples. The penetration obtained for each experiment is
analysed to check the effect of each variable on the weld
penetration. Figure 8 shows the effect of each variable on
the weld penetration whereas Table 11 gives the response
table for means based on weld penetration.

As maximum penetration is preferred to achieve maximum
strength, hence larger-the-better approach is used for analysis
of weld penetration. Figure 8 shows that, for the chosen sets of
experiments, weld penetration goes on increasing consider-
ably as the welding current increases. This is due to large
amount of heat available due to more current and hence
significant melting of material takes place to have down flow
of molten metal towards root gap. Voltage is proved as the
most critical variable for weld penetration because of sudden
variation in the penetration from low to high and then again
low penetration is observed as the voltage goes on increasing.
For the lower and higher levels of voltage, comparatively less
penetration is obtained and at the middle level, the highest
penetration is observed, i.e. complete penetration of 11 mm
for all the experiments comprising voltage of 30 V.

Using the experimental results, the full quadratic model is
developed for weld penetration. Equation 5 gives the full
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Table 8 Estimated regression

coefficients for weld reinforce- Term Coef SE Coef T P

ment in the coded form
Constant 3.7189 0.05375 69.190 0.009
Current —0.7332 0.09952 -7.367 0.086
Voltage 0.8908 0.12441 7.160 0.088
Speed 3.2839 0.12441 26.397 0.024
Feed 6.6893 0.17417 38.408 0.017
Current*Voltage 7.7851 0.21112 36.875 0.017
Current x speed 3.3659 0.21112 15.943 0.040
Voltage x speed -0.2747 0.14929 —1.840 0.317
R*=99.96 % R? (predicted)=83.62 % R? (adjusted)=99.65 %

quadratic model in the coded form obtained by using re-
sponse surface modelling.

Weld penetration = 12.2667 + 1.0367(I)
+0.0767(V) + 0.2583(S)
— 0.1450(F) — 0.23(1)°
—2.87(V)* — 1.185(S)?
— 0.485(F)° (5)

The equation in the uncoded form for weld penetration is
given by Eq. 6.

Weld penetration = —668.516 + 0.094333(1)
+43.0883(V) + 0.47667(S)
+ 0.064944(F) — 0.000092(1)>
—0.7175(V)* — 0.018515(S)?
—0.000134(F)* (6)

Various tests are carried out on the weld penetration
model and the R* obtained for the model is 82.3 %. The
equation can be used to obtain the weld penetration using
different combinations of input variables.

3.4 Effect of process parameters on tensile strength

The tensile strength of a material represents the load-bearing
capacity of a material before its fail. In case of weld joint, the

desired tensile strength should be achieved, because there are
chances that the weld joint may have less strength due to
presence of weld defects. Hence, in the present work, tensile
strength is considered as one of the major responses. To carry
out the tensile test of all the weld joints, all the test samples are
prepared as per the ASTM standard. A computerised universal
tensile testing machine having capacity of 1,000 kN is used to
carry out the tensile test of all the specimens. Before carrying
out the tests, all the dimensions are measured carefully at
different locations of samples using digital vernier calliper. A
gauge length is also marked on the sample as per the standard.
The test is performed with a constant load rate of 0.05 kN/s and
a strain rate of 0.10-0.20 mm/min. Fracture is observed within
the gauge length but away from the weld joint which is a good
indication. The change in dimension is again measured in order
to get the output of the test. One of the tensile test samples
before and after the tensile test is shown below in Fig. 9.

For the specimen shown in Fig. 9, a significant tensile
strength of 854 MPa is obtained and the fracture occurs
away from the weld joint. This is the indication of very
good and strong weld joint obtained during the process. In
the similar manner, tests on all other samples are carried out
and the results obtained are given in Table 12.

It is observed that very good tensile strength is obtained
in all the cases. The tensile strength obtained for each
experiment is analysed to check the effect of each variable
on the tensile strength. Figure 10 shows the effect of vari-
ables on the tensile strength whereas Table 13 gives the
response table for means obtained for weld tensile strength.

As seen from the main effects plot obtained for tensile
strength shown in Fig. 10, welding current is considered as

Table 9 ANOVA results for

weld reinforcement Source DF Seq SS Adj SS Adj MS F P
Regression 7 59.0562 59.0562 8.4366 324.47 0.043
Linear 4 15.5619 48.9472 12.2368 470.63 0.035
Interaction 3 43.4944 43.4944 14.4981 557.60 0.031
Residual Error 1 0.0260 0.0260 0.0260
Total 8 59.0822
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Fig. 7 Appearance of different
weld bead geometry obtained
on various samples

(a) Sample 2

the most critical parameter which is also clear from response
table of means. The tensile strength goes on increasing
significantly as the welding current increases and the highest
strength reported is at the higher value of welding current.
The tensile strength also increases as the voltage goes on
increasing. Welding speed has not affected the strength
much, whereas the wire feed has shown abrupt variation in
strength starting from less strength at low level of wire feed
rate, then increases suddenly and decreases further as the
wire feed rate goes on increasing.

The estimated coefficients for tensile strength are
obtained by response surface modelling and a full quadratic
equation is obtained for the tensile strength and is given in
coded form below by Eq. 7:

Tensile strength = 860.333 + 49.00(I) + 30.333(V)
— 1.5(S) +21.167(F) + 3.667(1)*
—0.333(V)? — 25.833(S)*
— 67.833(F)* (7)

The equation in the uncoded form for weld tensile
strength is given by Eq. 8.

Tensile strength = —1148.73 — 0.1934(1)
+20.1667(V) 4+ 9.5(S)
+9.774(F) 4 0.001467(1)

—0.0834(V)* — 0.4037(S)*

(b) Sample 4

(c) Sample 9

The R? value obtained for the model is 91.16 %. The
model for tensile strength either in coded form or in the
uncoded form can be used to predict the tensile strength
using different combinations of input variables.

3.5 Effect of process parameters on weld hardness

During the welding process, the hardness of material
varies throughout the material. This is because large
amount of heat is generated at the welding region and
this heat is dissipated through the material to other
areas. Even though welding is not carried at the other
portion, its properties gets affected due to the heat
dissipation, which is referred as heat affected zone. This
effect can be normalised by giving heat treatment to the
entire plate, which helps to improve and maintain the
mechanical properties of material. In the present work
also, all the test samples are given post-weld heat treat-
ment. The hardness of all the samples is measured at
various points of the weld joint using Rockwell hard-
ness tester and the average hardness obtained for all the
samples is given in Table 14.

The hardness for heat-treated Cr—Mo—V steel normal-
ly lies in the range of 10-36 Rc [27]. In the present
work also, the hardness obtained is consistently above
30 Rc in most of the cases which is a good indication.
The hardness obtained for each experiment is analysed
to check the effect of each variable on the hardness. Figure 11
shows the effect of variables on the weld hardness
whereas Table 15 gives the response table for means of

— 0.01885(F)2 (8)  weld hardness.

Table 10 Average weld pene-

tration obtained in different Expt no. I (Amp) V (volts) S (cm/min) F (cm/min) Weld penetration (mm)

experiments
1 350 28 4 190 6.27
2 350 30 12 250 11.00
3 350 32 20 310 6.65
4 400 28 12 310 8.69
5 400 30 20 190 11.00
6 400 32 4 250 8.03
7 450 28 20 250 9.20
8 450 30 4 310 11.00
9 450 32 12 190 9.94
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Fig. 8 Effect of input process
variables on weld penetration

Main Effects Plot for Penetration
Fitted Means

Current Voltage

114

10

Mean Penetration
il

400 450 28 30 32

11

10+

As there should be maximum hardness in the material,
hence larger-the-better approach is considered to carry out
the analysis of weld hardness. It is observed that the welding
current is the most significant variable which affects the
hardness much. For the lower level of welding current, the
hardness obtained is maximum in the range of 35 R, then it
is decreased suddenly up to 30 Rc as the welding current
increases up to 400 Amp. The hardness increases again as
the welding current further increases above 400 Amp. In
case of voltage, maximum hardness is reported at the lower
and higher levels of welding current whereas welding speed
and wire feed have shown comparatively negligible effect
on the weld hardness.

The estimated coefficients for hardness are obtained by
response surface modelling and the full quadratic equation is
obtained for the weld hardness. Equation 9 shows the weld
hardness model in the coded form whereas the model in
uncoded form is given by Eq. 10.

Weld hardness = 28.6667 — 0.8333(I) — 0.001(V)
—0.3333(S) + 0.3333(F) + 4.5(1)*

+2.0(V)? (9)

Table 11 Response table for means for weld penetration

Level Mean weld penetration (mm)

1 14 S F
-1 7.973 8.053 8.433 9.070
0 9.240 11.00 9.877 9.410
+1 10.04 8.207 8.950 8.780
Delta 2.067 2.947 1.443 0.630
Rank 2 1 3 4

@ Springer
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Weld hardness = 772.444 — 1.45667(1) — 30(V)
— 0.04167(S) + 0.00556(F)
+0.0018(1)* + 0.5(V)* (10)

The various combinations of models are attempted for hard-
ness such as linear model, linear model with interaction effects,
full quadratic model, etc. However the highest R* value of
81.07 % is obtained for full quadratic model. Thus Eq. (9) in
coded form or Eq. (10) in uncoded form can be used to predict
the hardness using different combinations of input variables.

The submerged arc welding of all the Cr—-Mo—V steel
samples is carried out and the analysis shows the effect of
various input variables on the respective responses. The
models developed are verified by conducting few more ex-
periments and hence all the five models developed for the
responses will be useful for predicting the output responses for
the given set of input variables.

Fig. 9 Test sample no. 9 before and after test
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Table 12 Tensile strength obtained during different experiments Table 13 Response table for means for weld tensile strength
Expt 7(Amp) V(volts) S (cm/min) F (cm/min) Tensile Level Mean weld tensile strength (MPa)
no. strength

(MPa) 1 14 S F
1 350 28 4 190 671 -1 752.3 769.7 793.0 756.3
2 350 30 12 250 815 0 797.7 800.3 817.3 845.3
3 350 32 20 310 771 +1 850.3 830.3 790.0 798.7
4 400 28 12 310 783 Delta 98.0 60.7 27.3 89.0
5 400 30 20 190 744 Rank 1 3 4 2
6 400 32 4 250 866
7 450 28 20 250 855
8 450 30 4 310 842 achieve this target, a recently developed advanced optimi-
9 450 32 12 190 854

4 Parameters optimization using TLBO algorithm

The results obtained from the nine sets of experiments are
carefully analysed and it is observed that a particular set of
experiment having welding current=400 Amp, voltage=
30 V, welding speed=20 cm/min, and wire feed rate=
190 cm/min satisfies simultaneously all the three output
responses related the weld bead geometry, i.e. this set of
input parameters gives a minimum weld bead width of
18.502 mm, minimum weld reinforcement of 0.256 mm
and maximum penetration of 11 mm. However, for the same
set of input process parameters, the other two output re-
sponses are not optimum.

Hence in the present work, attempt is carried out to
obtain an individual set of input process parameter which
gives the optimum value of respective response. Attempt is
also made to satisfy all the five output responses simulta-
neously by a single set of input process parameter. To

Fig. 10 Effect of input process
variables on tensile strength

zation algorithm named as teaching—learning-based optimi-
zation algorithm (TLBO) is used [28, 29]. TLBO algorithm
does not require any algorithm-specific parameters and only
require the common control parameters like population size
and number of iteration. It is already tested on various
standard benchmark functions and its results are proved
better than the other advanced optimization techniques
[30]. Hence, attempt is made here to use the TLBO algo-
rithm for the parameters optimization of the SAW process
under consideration.

4.1 Optimum parameters setting for individual response

The various responses considered in the present work are
conflicting in nature, i.e. weld bead width and weld rein-
forcement are need to be minimised whereas remaining
responses are to be maximised. Hence in this section, each
response is considered separately and attempted using the
TLBO algorithm. A common population size of 20 is used
and the number of generations considered is 30 which give
a very consistent result for all the cases. The optimum

Main Effects Plot for Tensile strength
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Table 14 Average weld hard-

ness obtained during different Expt No. 1 4 N F Weld hardness
experiments (Amp) (Volts) (cm/min) (cm/min) (Re)
1 350 28 4 190 36
2 350 30 12 250 34
3 350 32 20 310 36
4 400 28 12 310 31
5 400 30 20 190 28
6 400 32 4 250 31
7 450 28 20 250 34
8 450 30 4 310 33
9 450 32 12 190 34

parameter setting obtained for each response using TLBO
algorithm is given in Table 16.

Certain conditions are kept while preparing the algo-
rithm of some cases. For example, the case of weld
reinforcement is of minimisation type. Hence, while
attempting the algorithm, certain parameter setting may
show the reinforcement less than 0 mm which is not
justified because the reinforcement must be at least up
to the upper edge of the joint which cause the joining
of filler material with the base metal up to the face of
the weld joint. Hence, appropriate care is taken while prepar-
ing the program so that the minimum reinforcement should
not be less than 0 mm. Hence in the present case also, the
optimum parameter setting for weld reinforcement gives the
minimum reinforcement of 0.0086 mm.

Similarly, while attempting the maximisation of weld pen-
etration, care is to be taken that the total thickness of weld
plate is 11 mm. Hence, in the present work, the maximum
allowed penetration is kept as 11.5 mm which can be justified

root gap, it needed to be removed by grinding in order to have
smooth functioning of the weld joint.

The parameter setting shown in Table 16 for each response
optimises only the respective response and the remaining re-
sponses may not be optimum with the same setting. Hence,
this parameter setting is to be used only when a certain
response is of prime importance. In the next section, efforts
are made to obtain a common process parameter setting which
can satisfy all the objectives simultaneously.

4.2 Optimum parameters setting for combined objectives

In order to attempt all the objectives simultaneously, a
normalised combined objective function is prepared as giv-
en by Eq. 11.

MinZ = W; x (BW/BWmin) + W, x (R/Rmin)
— W3 x (P/Pmax) — Wy x (TS/TSmaX)

also, because, even if more penetration is obtained below the — W5 x (H/Hmax) (11)
Fig. 11 Effect of each variable =
on weld hardness Mall‘l Eﬁects PlDt fOI' Hafdl'less RC
Fitted Means
36.0 Current Voltage
-
34.5
AN /l . .
g 33.04 \\\ / -~ —~
'E 31.5 \\ / »
i 30.04 I \T.,/ 1 I L} L
3 350 400 450 28 30 32
=
6.0 Speed Feed
34.5
33.0 = —— 3 5 —— =
31.54
30.04 T T T T T T
4 12 20 190 250 310
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Table 15 Response table for means of weld hardness

Level Mean weld hardness (Rc)

1 vV N F
-1 35.33 33.67 33.33 32.67
0 30.00 31.67 33.00 33.00
+1 33.67 33.67 32.67 33.33
Delta 5.33 2.00 0.67 0.67
Rank 1 2 35 3.5

Where, W, W,, W5, W, and W5 are the weightages
assigned to individual objective functions of weld bead
width (BW), weld reinforcement (R), weld penetration (P),
weld tensile strength (TS) and hardness (H), respectively.
The weightages should be decided in such a way that
addition of all the weightages becomes 1. In Eq. 11, BW i,
and R, are the minimum response reported by the respec-
tive models of weld bead width and weld reinforcement
when these objectives are attempted separately. Similarly,
Prax, TSmax and Hp,.y are the maximum responses reported
by the respective models of weld penetration, weld tensile
strength and weld hardness when these objectives are
attempted separately.

For deciding the various weightages used in Eq. 11,
several combinations are tried by varying each weights in
the range of 0.1-0.5 while maintaining the sum of total
weights as 1. The different combination of weights reflects
the optimised value of a particular objective whereas
compromised values of remaining objectives are obtained.
Hence, for such cases, the decision maker has to decide the
importance of certain objectives and accordingly the
weightages need to be decided.

Hence, one such compromised result is presented in the
present work which is obtained by assigning equal
weightage of 0.2 each to all the individual objective func-
tions. The common parameters setting obtained by apply-
ing TLBO algorithm to the combined objective function
is welding current=445 Amp, voltage=32 V, welding
speed=7 cm/min, and wire feed rate=193 cm/min. This

parameters setting nearly satisfies all the objectives and
gives the minimum weld bead width of 27.05 mm, mini-
mum weld reinforcement of 0.826 mm, maximum penetra-
tion of 9.32 mm, maximum tensile strength of 846.6 MPa
and maximum hardness of 33.45 Rc. The optimum result
obtained by using the combined objective function always
gives the compromising result which may be different than
the result of individual function value. The result produced
above for the combined objective function is for the dem-
onstration purpose; however, if any particular objective is
very critical in decision making, then the respective
weightage may be varied accordingly to obtain the optimum
parameter setting.

5 Conclusion

Detailed experimental analysis is presented in the present
work for submerged arc welding of Cr—-Mo-V steel.
Taguchi’s Ly orthogonal array is used for design of experi-
ments and all the experiments are carried out on a 11-mm-
thick Cr—Mo-V steel plate. Various important responses like
weld bead width, weld reinforcement, weld penetration,
weld tensile strength and weld hardness are measured in
each experiment using sophisticated instruments and the
results are analysed to study the effect of each input variable
on the output responses. Appearance of weld bead geometry
for all the welded samples along the cross-section are ob-
served as considerably good and the tensile strength and
hardness of the weldments are also on higher side which
give a very strong weld joint. Response surface modelling is
also carried out for each response and the models are devel-
oped for all the responses. The coefficients of determination
obtained for all the cases are above 80 % and it is almost
100 % in the case of weld reinforcement. Optimised param-
eter setting is also obtained for each response using the
TLBO algorithm. A combined objective function is also
developed which can be used to obtain the common param-
eter setting which satisfies all the objectives simultaneously.
The models developed for various output responses will be
very useful for predicting the responses for the given sets of
input variables of the submerged arc welding process.

Table 16 Optimum parameter
setting for each response

Objective 1 (Amp) V(volts) S (cm/min)  F (cm/min)  Optimum result
Minimum weld bead width 412 29 20 228 17.11 mm
Minimum weld reinforcement 378 31 18 214 0.0086 mm
Maximum weld penetration 444 29 5 241 11.16 mm
Maximum weld tensile strength 448 32 11 253 940.90 MPa
Maximum weld hardness 350 28 4 307 36.65 Re
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