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Abstract: The main aim of this study is to determine the best process parameters for the robotized Gas
Metal Arc Welding (GMAW) of LNE 700 advanced high-strength steel. This article evaluates some
quality criteria such as the microhardness, the heat-affected zone (HAZ) and the convexity in the
welded joints. The assays are performed using an experimental design, based on the Taguchi method.
The analysis of the results identified some factors of greatest influence and how best to combine them
to determine an optimum condition for welding LNE 700 high strength steel. Moreover, the influence
of welding parameters on quality criteria is determined.
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1. Introduction

Given the constant increase in the world’s population and existing centers of large concentrations
of people, governments of several countries are encouraging projects that target ways by which
vehicles of collective transport need to use smaller amounts of fossil fuels and emit less carbon dioxide
(CO2). Although in general, alternative sources of energy are being sought for use in automobiles,
such as solar power, electricity, fuel cells and hydrogen-based fuels, a solution to the problem of CO2

emissions has yet to be found. On the other hand, in Brazil, the main industries that manufacture
vehicles for agriculture and the construction and maintenance of roads, as well as the automobile
industry, are looking for alternatives to reduce cost, process time and structural weight of their vehicles,
and consequently, the consumption of fossil fuels, which are considered the main source of potential
pollutants [1].

Nowadays, in industries that manufacture collective transport vehicles (for example, buses and
trains) and agricultural vehicles (for example, harvesters and tractors), the main raw material is
steel. With the view of reducing the weight of these vehicles, factories work on developing the
design of structural parts using new types of steel, which let thinner materials (thinner sheets) to be
applied without this affecting their structural strength and structures with welded joints of dissimilar
metals [2,3]. This industry needs steel mills to develop new steels which have high strength, are easy
to weld and have considerable levels of ductility and toughness.
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The carbon content of steel has been progressively reduced and an increase in strength and
toughness has been achieved by adding alloying elements such as titanium, molybdenum, chromium,
niobium, aluminum and vanadium [4]. For example, niobium alloys provide grain refining and
precipitation treatment, causing slow movement of discordance. Also, other micro-alloys can be added,
such as vanadium and titanium, to achieve the highest levels of mechanical properties [5–7]. In this
context, high-strength low-alloy steel (HSLA) has emerged and this allows the weight of vehicles to be
reduced. This leads to an increase in the efficiency of internal combustion engines, thus, economizing
on fuel and providing greater safety to the passengers of such vehicles. Moreover, this type of steel has
been used for other purposes, such as oil and gas pipelines [8]; in the aerospace industry [9,10]; storage
tanks [11]; bridges, offshore structures [12]; armoured shielding [13]; and in civil construction [14].

With the advent of HSLA steel, the metalworking industry, in the northwestern and northern
regions of Rio Grande do Sul, Brazil, has been replacing ASTM A36 steel with ARBL DIN EN 10149
S700MC steels in many structural applications. These steels are commercialized as LNE 700 and
DOMEX 700 MC and are manufactured by USIMINAS [15] and SSAB [16], respectively. Although
these steels have good weldability, in some situations, ASTM A36 (a thin-walled structural steel)
was replaced with HSLA, since some industries in these regions of Rio Grande do Sul had difficulty
ensuring whether the mechanical properties of welded joints met their specifications.

The use of LNE 700 steels in welded assemblies is still not widely explored, especially with
regard to the validity of the rules laid down in various standards and codes for this class of steel.
This material presents some characteristics that prevent the use of the regulatory concepts used in
common structural steels due to its lower ductility, and consequently, the tensile strength limit/flow
limit ratio is considerably lower than those of common structural steels. This makes the phenomenon
of instability potentially more critical [17].

Changing to HSLA also implies a change in the specification of the welding procedures, as the
heat-affected zone (HAZ) requires more attention. Normally, it is not possible to restore the mechanical
properties of steels produced by controlled rolling, so it is not surprising that, when soldering,
a decrease in hardness in the HAZ can occur depending on the processing and/or chemical composition
of the steel [18].

During the welding of the LNE 700 steels, HAZ regions of low hardness are formed due to
the changes in the microstructure (because of the temperatures and the length of time to which
welded joints are exposed to these). Moreover, the hardness and the microstructure can be affected
by the chemical composition of the base metal and weld metal. However, the width of the HAZ will
increase and the hardness will drop when welding is performed at higher welding energies; therefore,
these factors must be controlled during welding [19–21]. When welded, the joints usually fracture in
the regions of the lowest hardness of the HAZ, because their mechanical strength will be less than that
of the base metal. To ensure that the mechanical properties are not weakened in the joints welded on
these steels, the use of relatively low welding energy, i.e., less than approximately 1 kJ/mm [16,22],
is recommended.

Welded joints of HSLA steels require the use of specific consumables for this purpose [23].
There is also a need to control the welding parameters to ensure controlled thermal inputs so that the
mechanical properties are not adversely affected. The development of consumables should accompany
the growing development, in terms of the mechanical strength of high-strength steels. A fundamental
point in melt welding is the tendency to create a region of hardness which is smaller than that of the
base metal in the HAZ. This is very difficult to avoid.

Thus, in order to guarantee the desired mechanical characteristics for welded joints on LNE 700
steel, this article presents the Taguchi statistical method as an alternative for optimizing the welding of
LNE 700. This optimization consisted of determining the best welding parameters in relation to the
quality criteria (HAZ size, microhardness profile of the welded joint, convexity, the sizes of the legs
and the theoretical throat).
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2. Materials and Methods

The material chosen for the production of samples was LNE 700 high-strength steel, which is
manufactured by USIMINAS using a hot lamination process. The 50 × 100 × 4.5 mm samples were
produced using a LASER cutting process. The chemical composition of the base material, which is
shown in Table 1, was obtained using a mass spectrometer (Model PDA-700, Shimadzu, Kyoto, Japan).
The filler metal used was OK AristorodTM 79 (ESAB, London, UK) wire with a diameter of 1.0 mm.
Table 2 shows its chemical composition of wire.

Table 1. The chemical composition of LNE 700 steel.

Chemical Elements C Si Mn P S Al Cu Nb V Ti

% 0.1 0.03 1.53 0.02 0.003 0.058 0.02 0.04 0.007 0.108

Chemical Elements Cr Ni Mo Sn N B Ca Sb Pb Ce

% 0.43 0.02 0.02 0.002 0.0037 0.0001 0.0012 0.01 0.003 0.45

Table 2. Chemical composition of OK AristorodTM 79 (ESAB) wire.

Chemical Elements C Si Mn Cr Ni Mo

% 0.1 0.8 1.9 0.4 2.1 0.6

Figure 1a shows the device used to fix the plates during welding. The welding was performed
using a Yaskama MA model 1900 robot with six degrees of freedom, as shown in Figure 1b.
The shielding gas used was a mixture comprising argon (82%) and CO2 (18%). The power supply used
for welding was Auto-Axcess 450, which is able to detect short-circuits during welding, has a pulsed
electric arc and spray, and an electric current output of 450 ampères (Figure 1c).
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Figure 1. (a) Device for positioning plates; (b) Yaskama MA 1900 robot and (c) Auto-Axcess 450
power supply.

The plates were positioned on the device to form a T-joint and the weld beads were made in a flat
position, in which the torch of the robot was positioned at 45◦ between the two plates at a distance of
20 mm, as shown in Figure 2. The metal transfer mode used was pulsed electric arc welding, in which
the equipment generated two electric current levels. The weld bead was applied on only one side of
the weld joint.



J. Manuf. Mater. Process. 2018, 2, 70 4 of 11
J. Manuf. Mater. Process. 2018, 2, x FOR PEER REVIEW  4 of 11 

 

 
Figure 2. The position of the welding torch in relation to the axis of the weld bead. 

The specimens were characterized in accordance with the following quality criteria: 
microhardness, heat-affected zone (HAZ), convex fillet (convexity), length of the theoretical throat 
and leg, as shown in Figure 3b. 

 
Figure 3. (a) Specifications for measuring microhardness, (b) convexity, sizes of the legs and the 
theoretical throat. 

To prepare the test specimen and to analyze the microhardness of welded joints, the following 
items of equipment were used: a cutting Machine, model Discoton-2; a Polishing machine, model 
Ecomet-4; an Olympus BX51M microscope with 100× amplification; a Microhardness Tester, model 
Shimadzu, with a load capacity of 0.015 up to 1000 g. All test specimens were sectioned, sanded, 
polished and chemically attacked with nital (10%) to reveal the microstructure of the material. Each 
test specimen was sectioned into three regions, thus adding to the level of confidence in the 
measurements taken. 

The microhardness was measured under a load of 1 kg each 0.7 mm distance, thus creating a 
profile of microhardness. The measurement of microhardness was according to a specific standard [24], 
which specifies that for plates that are more than 4 mm thick in the T-joints, the microhardness must 
be measured within 2 mm from the edge, thus using a distance of 1 mm for taking measurements. 
The microhardness was measured in a sectioned region of each test specimen. Figure 3a shows the 
location of the microhardness measurement points and the dimensions used. 

Figure 2. The position of the welding torch in relation to the axis of the weld bead.

The specimens were characterized in accordance with the following quality criteria:
microhardness, heat-affected zone (HAZ), convex fillet (convexity), length of the theoretical throat and
leg, as shown in Figure 3b.
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theoretical throat.

To prepare the test specimen and to analyze the microhardness of welded joints, the following
items of equipment were used: a cutting Machine, model Discoton-2; a Polishing machine,
model Ecomet-4; an Olympus BX51M microscope with 100× amplification; a Microhardness Tester,
model Shimadzu, with a load capacity of 0.015 up to 1000 g. All test specimens were sectioned,
sanded, polished and chemically attacked with nital (10%) to reveal the microstructure of the material.
Each test specimen was sectioned into three regions, thus adding to the level of confidence in the
measurements taken.

The microhardness was measured under a load of 1 kg each 0.7 mm distance, thus creating a
profile of microhardness. The measurement of microhardness was according to a specific standard [24],
which specifies that for plates that are more than 4 mm thick in the T-joints, the microhardness must
be measured within 2 mm from the edge, thus using a distance of 1 mm for taking measurements.
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The microhardness was measured in a sectioned region of each test specimen. Figure 3a shows the
location of the microhardness measurement points and the dimensions used.

The analysis of HAZ and its geometry consists of capturing a larger image of the region of the
welded joint with the aid of a microscope. ImageJ software was used to take the measurements of
the image. Subsequently, the average values obtained in the three regions of each test specimen
were calculated.

Design of Experiments

To carry out the welding assays, an experimental design was compiled using the Taguchi method.
Three levels for each parameter–factor (voltage, welding speed and wire feed speed) were used.
The process parameters were defined in accordance with the greatest influence on quality criteria,
which are often adjusted in accordance with the type of material to be welded. The levels were chosen
previously by the means of welding assays. An L9 Taguchi orthogonal array was used, which provided
an interaction between the factors and the respective levels, thereby allowing for a consistent analysis
of the quality criteria (Table 3). Three specimens were made for each order. Therefore, there was a total
of twenty-seven test specimens.

Table 3. Experimental array with the order of assays and their levels.

Order Voltage (V) Welding Speed (mm/s) Wire Speed (m/min) Welding Energy (kJ/mm)

1 23.5 8.3 12.6 0.45
2 23.5 9.2 14.2 0.41
3 23.5 10.0 16.0 0.38
4 26.5 8.3 14.2 0.71
5 26.5 9.2 16.0 0.64
6 26.5 10.0 12.6 0.59
7 30 8.3 16.0 0.90
8 30 9.2 12.6 0.82
9 30 10.0 14.2 0.75

Variance analysis (ANOVA) was performed to determine the influence of the factors on the output
variables, in which the influences of factors that had a p-value equal to or less than 0.05 (considered
to be a critical value) were considered reliable, which indicates a degree of confidence equal to or
above 95% in relation to what is being affirmed. The results were validated by performing the welding
process again with the factors that were considered ideal. The signal/noise (S/N) ratio was used to
optimize the responses of the variables.

3. Results and Discussion

3.1. Profile of Microhardness

The microhardness profile found in each test specimen showed an average hardness of 270 Vickers
for the base metal and 255 Vickers for the HAZ. These values are consistent with the pattern of hardness
for the type of material analyzed [25]. Figure 4 shows the different microhardness profiles for the nine
orders of the specimen tested, i.e., the nine different welding powers.

Note that the hardness changed mainly in the HAZ, i.e., the hardness decreased, thus confirming
the data collected in the review of the literature [25–27]. Also, note that increasing the welding energy,
the regions with the lowest hardness increased and the use of filler metal with a similar yield stress to
that of the base metal provided a constant microhardness profile without major variations.
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3.2. Heat-Affected Zone-HAZ

By analyzing the HAZ, it was found that the thermal influence of the welding process on the
material is significant. This influence can be seen in the HAZ due to the change in the microstructure
of the material, whereas, whenever the voltage was increased, the HAZ width increased, thus forming
thermally affected areas, as shown in Figure 5.
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Figure 5. (a) Macrograph of the weld joint, (b) microstructure of the weld metal, (c) microstructure
of the growth zone of the grain growth, (d) microstructure, of the refining zone of the grain,
and (e) microstructure of the base metal.

As there was a confidence level of 95%, it can be said that the three factors examined had a
significant influence on the HAZ dimensions (p-value < 0.05). Similarly, the variables that had the
greatest influence on the HAZ are determined by the F-values, i.e., the higher the F-value the greater
its influence on the HAZ. Thus, the most influential factors, respectively, were welding speed, voltage
and wire feed speed (Table 4).
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Table 4. ANOVA for the heat-affected zone.

Source Sum of Squares Degree of Freedom Averages of the Squares F-Value p-Value

Voltage 189.4450 2 94.72252 409.1171 0.0000
Welding speed 27.1017 2 13.55087 58.5277 0.0000

Wire speed 15.2130 2 7.60650 32.8533 0.0000
Residue 4.6306 20 0.23153 - -

For a better analysis of the effects of process parameters on the HAZ, charts were plotted,
which made it possible to show the influence of these parameters on the effect of the criterion under
examination. Figure 6a shows how the size of the HAZ is affected by the voltage, where the HAZ
increased as the voltage increased.
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function of wire feed rate; and (d) signal-to-noise ratio (smaller is better) for the HAZ.

HAZ as a function of welding speed shows that on average, the HAZ decreases when the speed
of welding increases (Figure 6b). Thus, for the smallest HAZ, the welding speed 10 mm/s presents the
best results.

The HAZ, as a function of the wire speed rate, showed less influence among the three varying
process parameters, as shown in Figure 6c. The HAZ increased when the wire speed rate increased.
Thus, the smallest HAZ can be obtained when the wire speed rate of 12.6 m/min is used.

As to the signal-to-noise ratio for the HAZ, it can be said that with a 95% confidence level,
the three process parameters (voltage, welding speed and the wire speed rate) are factors of influence
on the HAZ, which is why as to the S/N ratio, the smaller the better, as can be verified in Figure 6d.
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The highest quality in the result of the welding in the HAZ, i.e., the smallest HAZ can be obtained
when a voltage of 23.5 V, a welding speed of 10 mm/s and a wire speed rate of 12.6 m/min are chosen.

A new test specimen for validation was used with the following parameters: the voltage of 23.5 V,
welding speed of 10 mm/s and wire speed rate of 12.6 m/min. This test specimen showed a smaller
HAZ, this being 22 mm2, thus providing proof that the relationship expressed by the signal-to-noise
ratio shows that smaller is better.

3.3. Convexity, Length of the Theoretical Throat and Leg

The convexity showed significant variations of values between 0.39 and 1.54 mm. The ANOVA
showed a result with a 95% confidence level for the voltage factor and welding speed on the convexity.
This analysis showed that the probability p-value was less than 0.05 and, consequently, it can be said
that these variables had a significant influence on the convexity. Similarly, the variables that had the
greatest influence on convexity were determined by the F-values, i.e., the higher the F-value, the greater
its influence on the criterion of convexity. Thus, the most influential factors were voltage, welding
speed and wire speed rate, respectively, as can be verified from Table 5.

Table 5. ANOVA for the convexity.

Source Sum of Squares Degree of Freedom Averages of the Squares F-Value p-Value

Voltage 434.3106 2 217.1553 63.10567 0.0000
Welding speed 37.9313 2 18.9657 5.51145 0.0124

Wire speed 14.4389 2 7.2195 2.09798 0.1489
Residue 68.8227 20 3.4411 - -

For a better analysis of the effects of the process parameters on the convexity, charts were plotted,
which made it possible to show the influence of these parameters on the convexity.

Figure 7a presents the results of convexity as a function of voltage. The considerable influence of
the voltage influence on the results of convexity can be seen. The convexity, on average, decreases when
the voltage increases. Thus, a voltage of 30 V presents better results for less convexity. The convexity
as a function of welding speed showed influence; however, it was a less significant one, as shown in
Figure 7b. The values show that best results for convexity will be obtained when a welding speed of
10 mm/s is used. By analyzing the convexity as a function of the wire speed rate, it can be verified that
the relationship is less decisive for the convexity results, as seen in Figure 7c. On average, the convexity
increased when the wire speed rate and the electric current were increased. However, for the best
results of the convexity, it is advisable to use a wire speed rate of 12.6 m/min.

As to the signal-to-noise ratio for the convexity, it can be said with a 95% confidence level that
the voltage and the welding speed were the most influential factors for convexity, and thus that the
smaller the S/N, the better, as shown in Figure 7d. The highest quality as a result of the welding with
the convexity will be obtained at a voltage of 30 V, a welding speed of 10 mm/s and a wire speed rate
of 12.6 m/min. The new test specimen for validation of the convexity used the following parameters:
a voltage of 30 V, a welding speed of 10 mm/s and a wire speed rate of 12.6 m/min. The test specimen
for validation showed the convexity was small, thereby providing proof of the relationship expressed
by the signal-to-noise ratio, thus proving that the smaller the convexity, the better. The results showed
a convexity value of 0.38 mm (Figure 8a).

Analysis of the theoretical throat revealed that the values found were between 3.5 and 4.7 mm.
These values match the acceptable results for the welding performed. Analysis of the leg length
showed that leg length 1 had values of between 4.9 and 7.2 mm while leg length 2 had values ranging
from 4.8 to 6.2 mm. All values represented acceptable leg sizes. The lowest values found for the
theoretical throat (3.52 mm) and leg length (3.87 mm and 3.95 mm) are given in Figure 8b.
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4. Conclusions

In accordance with the characterization of the robotized GMAW welding of the LNE 700
high-strength steel, the following conclusions can be drawn:
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• the best parameters for welding LNE 700 high-strength steel that meets each quality criterion
(HAZ and convexity) were determined. The Taguchi method proved to be an important
tool for the experimental design as well as for statistical analysis that focuses on validating
a manufacturing process;

• the analysis proved the influence of process parameters on the quality of robotized GMAW
welding of LNE 700 high-strength steel;

• the microhardness profile presented values that satisfy the type of material studied. The use of
filler metal with characteristics of flow stress similar to that of the base metal led to little variation,
on average, in the hardness of the welded joint. The different process parameters used provided
variations in the size of the region of lowest hardness for the HAZ, it is noticeable that the higher
the voltage, the greater the greater areas of least hardness. The welding power values in each test
specimen were different. However, discontinuities resulting from these different welding powers
were not observed;

• the three process parameters (voltage, welding speed and wire speed rate) showed a significant
influence, there being a 95% confidence level in the result for the HAZ.

• A strong relation of convexity with the voltage was detected, i.e., a greater voltage resulted in
less convexity of the welded joint. Of the three process parameters (voltage, welding speed
and speed of the wire), the voltage and the welding speed showed that they had a significant
influence, there being a 95% confidence level in the results. An observation can be made regarding
the convexity, i.e., if the objective of this paper had been to create metallic walls, according to
Lu et al. [28], the ideal would be to choose the greater the better in the Taguchi method, so it would
be possible to determine the best welding parameters to achieve the maximum size of convexity.
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