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Abstract: Laser welding of dissimilar high-strength steels was performed in this study for two
different geometries, flat and circular samples with material thicknesses of 5 and 8 mm. The material
combinations were a low carbon to a medium or high carbon steel. Three different welding systems
were employed: a Nd:YAG, a CO; and a fiber laser. The process stability was evaluated for all
the experiments. The resulting full penetration welds were inspected for their surface quality
at the top and bottom of the specimens. Cross sections were taken to investigate the resulting
microstructures and the metallurgical defects of the welds, such as cracks and pores. Significant
hardening occurred in the weld region and the highest hardness values occurred in the Heat Affected
Zone (HAZ) of the high carbon steel. The occurrence of weld defects depends strongly on the
component geometry. The resulting microstructures within the weld were also predicted using
neural network-simulated Continuous Cooling Transformation (CCT) diagrams and predicted the
occurrence of a mixture of microstructures, such as bainite, martensite and pearlite, depending on the
material chemistry. The thermal fields were measured with thermocouples and revealed the strong
influence of component geometry on the cooling rate which in term defines the microstructures
forming in the weld and the occurring hardness.

Keywords: laser welding; steels; CCT diagrams; bearing units; SEM analysis

1. Introduction

Current research on laser welding is quite broad; even when only encountering the case of
laser welding high carbon steels, there still exists a large variety of journal papers, covering various
research aspects such as microstructural analysis, laser processing, computer modelling, residual stress
measurements and mechanical testing of the resulting welds [1].

Published work on laser processing discusses mainly the effects of welding parameters, such
as welding speed and laser power on welding defects, such as pores and cracks and the mechanical
properties of the weld [1-8]. Investigations into the occurring microstructures in the welds can be found
in various papers where the influence of the processing parameters with respect to the resulting and
occurring phase transformations are presented [1,9,10]. The mechanical properties of the laser welds
have already been evaluated in terms of fracture resistance, fatigue, ultimate tensile and shear strength,
and toughness [1,9,11]. Considerable understanding and optimizations for the laser welding process
have been possible via using multiphysics simulations, multivariable optimizations and artificial
neural network concepts [7,12-23].

However, there are still several research areas unexplored, such as the influence of the mixing
that occurs in a dissimilar joint, the influence of the laser system and more importantly the effect of
the component geometry. In most papers related to the laser processing part, either Nd:YAG, CO, or
fiber laser welding is employed or in some cases two laser systems are studied (Nd:YAG and CO,
laser systems) [5,6,24-26]. In this work, Nd:YAG, CO, and fiber laser welding were studied together

Metals 2018, 8, 792; d0i:10.3390/met8100792 www.mdpi.com/journal/metals


http://www.mdpi.com/journal/metals
http://www.mdpi.com
http://dx.doi.org/10.3390/met8100792
http://www.mdpi.com/journal/metals
http://www.mdpi.com/2075-4701/8/10/792?type=check_update&version=2

Metals 2018, 8, 792 20f 21

and the resulting welds were analyzed in detail to signify the differences between the three different
laser processes.

In the literature, usually laser welding of thin-sectioned samples is considered, and most
experimental work has been performed on thin sectioned samples with thicknesses of 1 to 2 mm [1,4-6].
In one study, Xie et al. evaluated the welding performance of a dual beam CO; laser on thick sectioned
(6.25 mm thick) materials and revealed that the resulting weldments outperform those obtained by a
single beam CO; laser for a AISI 1045 steel sample [8].

In recent years, the industrial interest for welding dissimilar metals has been ever
increasing [1,27-32], mainly due to the fact that for every application the most efficient material
is selected regardless of the corresponding joinability problems [27,33]. Mujica et al. studied
microstructurally and mechanically the resulting laser welds of a TRIP-TWIP material combination;
again their work deals with thin section (1-2 mm) materials [34].

Casalino et al. studied the weldability, microstructure and mechanical performance of dissimilar
welding AISI304 and AISI410 stainless steel alloys [29]. Welding was done with a hybrid fiber
laser /Tungsten Inert Gas (T1G) welding process on samples with 6 mm thickness.

In this work, different types of steel with much broader chemical compositions, ranging from low
carbon up to high carbon steel have been laser welded, with two different thicknesses of 5 and 8 mm
and different component geometries as well. Dissimilar steel laser welding was evaluated between a
low-carbon to a harder medium- or high-carbon steel that had been welded on a harder steel specimen
(with much higher carbon content). The resulting microstructures were studied experimentally and by
a computer simulation.

The differences in the two HAZs and the mixing within the weld pool were analysed by hardness,
SEM imaging and CCT diagrams. The effect of the component geometry on the joinability was revealed.
In many industrial process, more complex geometries have to be welded; therefore, the effect of the
sample geometry on the resulting weldability should be taken into account. In this study, the weldability
of a Hub Bearing Unit (HBU) was investigated with a focus on minimising the component’s weight.
Figure 1a,b shows a typical HBU, which is the component that connects the vehicle wheel with the
suspension. Laser welding of the circular specimens was pursued in order to evaluate the weldability
of a geometry similar to the geometry of the bolt highlighted in Figure 1b. So the purpose of this study
was to replace the bolt that keeps all HBU components together, with a laser weld.

Figure 1. Hub Bearing Units (HBU) in the automotive industry; (a) the location of a HBU with respect
to the vehicle wheel and suspension; (b) a cross section of the HBU showing the bearing component
and the rivet holding all units together.

The CCT diagrams were calculated using an Artificial Neural Network (ANN) based on
Reference [35,36]. ANNs have been readily used in a range of applications for metals, from predicting
the fatigue lifetime of a component [37], to designing new alloys [12] and optimizing in this case the
welding process [13,38]. Yet in this work we use ANN to predict the microstructures in the weld.
This is particularly useful since certain microstructures present higher potency to cracking.
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2. Materials, Sample Geometries and Experimental Procedures

2.1. Material Types

Various steel grades have been used for the laser welding trials. The different material codes
and their respective chemical composition can be seen in Table 1. The alloys spread over quite a large
range of carbon content; from low up to high carbon. The various material combinations and the
corresponding sample thicknesses that were laser welded are shown in Table 2. Except for the first
case, for all the other material combinations, dissimilar steel welding was performed. All materials
had a high Carbon Equivalent (CE > 0.4), suggesting that such materials are non-weldable.

Table 1. The corresponding chemical composition of the different material codes.

Material Composition (wt.%)
Code C Si Mn P S Cr Mo Ni
16MnCr5 0.183 0.29 1.09 0.021 0035 092 0.02 0.16
41Cr4 0.455 0.27 076 0012 0.022 112 0.03 0.1

42CrMo4 0.363 0.27 0.69 0.012  0.030 1.04 0.19 0.09
SAE 1055 0.594 0.20 0.69 0.013  0.024 0.14 0.0 0.12
SAE 1070 0.69 0.19 0.99 0.019  0.026 0.12 0.0 0.11

Table 2. The different material combinations and thicknesses that were laser welded together with the
corresponding carbon equivalent.

Materials Investigated Carbon Equivalent (wt.%) Sample Thickness (mm)
16MnCr5/16MnCr5 0.56/0.56 5+8
16MnCr5/42CrMo4 0.56/0.73 8

16MnCr5/41Cr4 0.56/0.82 8
16MnCr5/1055 0.56/0.75 5+8
16MnCr5/1070 0.56/0.89 5+8

Figure 2 shows micrographs obtained prior to welding for the base plates, 16MnCr5, 41Cr4,
42CrMo4 and SAE1055 consist of a matrix of ferrite and pearlite. However, for 16MnCr5 the amount
of ferrite is much higher with respect to the other steel series. Finally, SAE1070 is a fully pearlitic
microstructure as shown in Figure 2e.

2.2. Experimental Geometries for Laser Welding, Welding Systems and Thermocouple Measurements

Laser welding of flat sheets was performed for the material combinations and sample thicknesses
outlined in Table 2. The samples were rectangular with dimensions: 200 mm x 50 mm x (5 or 8) mm.
The circular specimens were made up of a shaft with 50 mm x 30 mm length and diameter and a
ring with 5, 30 and 44 mm thickness, inner and outer diameter, respectively. The specimen geometry
and experimental set-up is shown in Figure 3a,b. In all cases, the specimens were also clamped from
the top.

The samples were cleaned with ethanol to remove the grease and other undesirable substances
from the surface prior to welding. During welding, grease evaporates and may lead to gas pores inside
the weld pool.

Three different laser welding systems were used to perform these experiments: a 4 kW Nd:YAG
laser for the 5 mm thick samples and a 6 kW CO; and 8 kW fiber laser for the 8 mm thick samples.
Further details on the process parameters and the laser set-up during the experiments can be found
in Reference [2]. Typical welding defects found in the welds were cold lapping, undercut, spatter,
porosity and cracking (the last only for the 16MnCr5-1070 material combination).
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Figure 2. Optical microscopy images for the following alloys: (a) 16MnCr5, (b) 41Cr4, (c) 42CrMo4,
(d) SAE1055 and (e) SAE1070.

The circular samples also had a modified geometry in order to improve the resulting weld.
The modified samples had different dimensions compared to the conventional samples where the
outer diameter of the shaft was exactly the same as for the inner diameter of the ring. In the modified
configuration, the ring had a smaller inner diameter in order to induce compressive stresses at the
gap. The purpose was to minimize the opening of the gap during laser welding of the ring-shaft
configuration. The inner diameter of the ring was either 29.910 or 29.920 mm and the diameter of the
shaft was 29.950 or 29.970 mm respectively. A Carver Laboratory Press (Carver Inc., Wabash, IN, US)
was used to put the ring on the shaft, using a hydraulic system to apply a force on samples.

Thermocouple measurements were made in some cases in order to gain an insight into the
thermal field during laser welding and to make a comparison between the microstructural phases
present in the weld and the simulation predicted from CCT diagrams. Thermocouples were placed at
specific distances from the weld line as shown in Figure 3¢,d. The weld size on the top surface was
measured and it was decided to put thermocouples at distances of 2, 2.5 and 3 mm from the weld
centreline. The thermocouples were K type, 0.13 mm diameter, and were placed on the top surface.
A ceramic compound was placed on top of the wires in order to protect them from the laser irradiation.
The ceramic compound was produced at the laboratory, by mixing colloidal silica (Ludox, liquid form)
with Aluminium oxide (Al,O3, powder form) [2]. The thermocouples were connected to a Yokogawa
DL716 machine (Yokogawa, Tokyo, Japan) to measure the temperature fields. Tensile testing was
performed via an Instron 4507 model (Instron, Norwood, MA, US). The samples had a gauge width
and length of 12 mm x 40 mm.
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Figure 3. (a)-(b) Experimental set-up for the laser welding trials for the flat and circular samples, (c)-(d)
position of the thermocouples was 2, 2.5 and 3 mm with an in-between spacing between measurements
of 15 mm.

3. Experimental Results

3.1. Experimental Flow Diagram

In order to gain a more consistent overview of the research work performed, the following flow
diagram was pursued: Initially the process was evaluated in terms of stability to relate the resulting
welds to the process influence, the welds were then inspected for their surface profile and the existence
of undercut or spatter. Twelve cross sections were taken to assess for the presence of pores and cracks.
SEM analysis was carried out and the resulting microstructures were coupled with the hardness
profiles. The existence of the specified microstructures was verified from the neural-network calculated
CCT diagrams [35]. Tensile testing was performed to evaluate the corresponding mechanical properties.
The circular samples were laser welded based on the optimized processing parameters from the flat
samples. The thermal fields were evaluated both for the flat and circular specimens to evaluate the
weldability of the alloys and components.

In the next three sections, the results are shown separately for the flat samples, the circular
geometries and the comparison between the two (geometries).

3.2. Flat Samples

In this section, the results from laser welding flat samples are presented.
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3.2.1. Process Stability and Weld Profiles

Initially, the stability of the process was inspected; this was evaluated by the fluctuations in the
laser plume. In principle, instabilities in the laser plume resulted in increased spatter, porosity and
increased surface roughness at the top weld surface. The keyhole stability for all the laser systems was
found to be independent of the material composition (for all the different steel samples). The CO,
welding process was found to be the most stable process for all the material combinations (no plume
fluctuation), and moving through the Nd:YAG, however the fiber laser stability of the corresponding
process decreased. For all the cases the stability was found to be optimum at medium welding speeds
(around 20 mm/s for the CO, and Nd:YAG laser and 35 mm/s for the fiber laser [2]).

The weld appearance on the top and bottom of the weld bead was also inspected. Depending on
the welding conditions, surface defects (i.e., weld undercuts and spatter) occurred. By varying the
welding speed and power intensity and also other parameters such as the spot size and position of
the beam (Z; affect the surface profile of the welds), the existence of these defects could be minimized.
Here the results for the Nd:YAG laser are presented for the 5 mm thick samples, as similar observations
were made for the CO; and fiber laser systems

At very low speeds (~10 mm/s), much undercut occurred along the sides of the weld pool
and too much spatter related to the overheating. While at very high speeds (32.5 mm/s) too much
spatter was observed due to the instabilities of the keyhole plume (increasing the welding speed,
the keyhole moves quite fast striking even colder material leading to more unstable conditions for
the keyhole [2]). So, for medium welding speeds (17.5-22.5 mm/s) the stability for all processes was
optimized. Consequently, the weld profile on top was optimized, the amount of spatter minimised
and the undercut was diminished. Furthermore, at medium welding speeds the weld root size was
adequately large (>1.5 mm) to ensure adequate strength for the weld throughout its whole thickness [2].
The weld-surface profile for the case of Nd:YAG laser welding may be seen in Figure 4a. Figure 4b
shows the relevant weld sizes for the root pass, fusion zone and HAZ. For the optimized welding
conditions of 4 kW and 20 mm/s welding speed, the root pass, fusion zone and HAZ were 2, 3 and
8.5 mm in width respectively.

“\}.wuuw . P AW
| = zf =
=y =12.5 mm/s
= Weld =4mm
= HAZ =13mm
= Root =3 mm
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= zf =0
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=  Root =2.2mm
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Figure 4. Cont.
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Figure 4. (a) Schematic representation of the weld profiles for similar welding 16CrMn4 for the
following conditions: (a) low, (b) average and high laser welding speed; (b) influence of welding speed
on the size of the three characteristic weld zones: fusion zone, HAZ and root pass length.

3.2.2. Weld Cross Sections, Metallurgical Investigations & Mechanical Properties

Cross sections were taken from each weld to observe microstructurally the obtained welds.
In Figure 5, weld cross sections for all the welding processes (Nd:YAG, CO, and fiber laser) are shown.
The smoother weld profile corresponds to the CO, welded samples—which was the most stable
process. For the fiber laser processing case, the weld profile is quite irregular, which can be due to the
high power densities along the weld depth which lead to the exiting of the keyhole through the bottom
of the sample; this in turn leads to highly unstable conditions for the keyhole plume [2]. In the case of
fiber laser welding, the characteristic weld sizes (fusion zone and HAZ) were about 1/3 compared
to the respective sizes obtained from the other process; which in turn leads to low residual, thermal
stresses and low distortion.

Porosity was observed for all the welding experiments. The amount of porosity was decreased
by increasing the stability of the process and using high welding speeds for the stable welding
conditions [8]. So within the welding speed range between 17.5 and 22.5 mm/s, the lowest amount of
porosity was found at 22.5 mm/s, as less heat input is input into the material. The CO, welded samples
showed less porosity as the process was more stable for a larger welding speed range. The highest
porosity was found for the fiber welded specimens; this was related to the stability of the process.

The weld microstructure was investigated by means of optical microscopy and SEM.
Bainitic microstructures at the center of the welds were revealed for the following material
combinations: 16MnCr5-16MnCr5, 16MnCr5-42CrMo4 and 16MnCr5-SAE1055, which is beneficial
in terms of toughness and ductility compared to the martensitic microstructures [39]. Figure 5
shows the SEM micrograph of the least weldable material combinations; i.e., 16MnCr5-SAE1055
and 16MnCr5-SAE1070.

The presence of bainite was verified by performing SEM analysis as well as by plotting the CCT
diagrams for the various material compositions. The CCT diagrams were computer plotted by means of
neural network analysis, based on Reference [35]. In Figure 5a, bainite laths are shown in the 16MnCr5
HAZ and inside the 16 MnCr5-SAE1055 weld pool, suggesting the occurrence of mixing between the
two materials in the weld. The white-coloured carbides may be recognized, which are carbon-rich
and show increased hardness being the hard precipitates inside the bainite laths. In SAE1055 HAZ,
bainitic-pearlitic microstructures were obtained, with the pearlite being the main microstructural
constituent [2]. Inside the weld pool of the 16MnCr5-SAE1070 material combination, fully-martensitic
microstructures were found (Figure 6b). For the latter case, the existence of high carbon content at the
side of the SAE 1070 material specimen led to carbon diffusion inside the weld pool, increasing the
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occurring carbon content. In 16MnCr5 HAZ, the matrix was mostly martensitic with some bainitic
regions identified as well. While in SAE1070 HAZ, a fully pearlitic microstructure was revealed.

16MnCr5 16MnCr5

16MnCr5

Figure 5. Cross section of laser welded samples for the indicated material combinations and the
following laser systems and sample thicknesses: (a—b) 4 kW Nd:YAG laser and 5 mm sample thickness,
(c-d) 6 kW CO; laser and 8 kW fiber laser system with 8 mm sample thickness. The presence of pores
is highlighted in the arrowed regions within the welds.

At the respective HAZs, grain growth occurred; at the high carbon side, pearlitic grain growth
occurred; at the low carbon side, martensitic grain growth occurred. The HAZ of the higher carbon
side was found to be the most crack-sensitive area of the weld.

All the 16MnCr5-SAE1070 welds fractured 20 to 40 minutes after welding with the CO, and
Nd:YAG systems, due to the presence of hard structures in combination with the high tensile thermal
stresses. Fracture occurred at the HAZ of the SAE1070 metal, where the microstructure was fully
pearlitic (the most brittle region). Fracture occurred along the HAZ without any deflection in direction,
for all the samples [2] except for the fiber laser welded samples which did not undergo fracture,
but contained cracks in the HAZ, due to the low heat input of the process. During fiber laser welding,
high processing speeds together with the minimum affected regions may be realized, reducing the
resulting thermal tensile stresses.
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16MnCr5 HAZ 16MnCr5-1055 FZ 1055 HAZ

16MnCrS HAZ 16MnCr5-1070 FZ - 111070 HAZ

Figure 6. SEM micrographs within the HAZ and centerline of the welded regions for the following
material combinations: (a) 16MnCr5-1055 and (b) 16MnCr5-1070.

Hardness measurements were obtained at the top and bottom of the weld, 1.5 mm from the
respective surfaces. For the case of similar welding (16MnCr5-16MnCr5), an increase of more than
double compared to the base metal was observed (Figure 7a). For the case of dissimilar welding,
the hardness profiles signified the occurrence of mixing inside the weld pool. In Figure 7b, the hardness
at the base metal of the 16MnCr5 and 42CrMo4 was approximately 270 and 370 Hvy, respectively.
Starting from the 16MnCr5 side, the hardness increased abruptly from 270 to 450 Hv; (average
numbers) in the HAZ region of the 16MnCr5. Moving to the weld region (mixing between the two
materials occurred), hardness further increased to 580 Hv;. Moving to the HAZ of the 42CrMo4 side,
the hardness reached a maximum of 740 Hvy; with an average of 720 Hv;. Further to the 42CrMo4 base
metal, the hardness dropped abruptly to about 370 Hvy, i.e., by more than a factor of 2.5. Similar results
were found for the 16MnCr5-41Cr4, 16MnCr5-SAE1055 and 16MnCr5-SAE1070 material combinations
as shown in Figure 7c—e. Again, mixing occurred in the weld pool and the most brittle zone appeared
to be the HAZ of the high carbon side (SAE 1055, SAE 1070). The average and maximum values at the
high carbon side for the HAZ of 41Cr4, SAE1055 and SAE1070 were 636-654, 756763 and 801-807,
respectively. A hardness value above 800 Hv; was measured in the HAZ of the SAE1070 which
resulted in micro-cracking within the HAZ (as shown by the micrograph in Figure 7e) or complete
fracture of the weld.

The hardness profiles were similar for all the laser processes indicating that the hardness profile is
independent of the welding process, and is mainly dependent on the material combination. This is
due to the fact that the hardness values in the corresponding region depends strongly on the phases
present. The hardness values increase, moving through the different phases: ferrite, bainite, martensite
and pearlite. Therefore, a fully pearlitic HAZ would be harder from a bainitic HAZ independent of the
welding conditions. There was also an effect of the sample thickness on the resulting hardness profiles.
The 8 mm thick welds showed reduced hardness compared to the 5 mm thick welds. This may be due
to the fact the thermal gradients are higher and therefore the material stays at high temperature for
smaller time intervals, leading to reduced thermal stresses.
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Figure 7. Hardness profiles for the following material combinations: (a) 16MnCr5-16MnCr5,
(b) 16MnCr5-42CrMo4, (c) 16MnCr5-41Cr4, (d) 16MnCr5-SAE1055 and (e) 16MnCr5-SAE1070 with a
micrograph showing the occurrence of cracking in the SAE1070 HAZ.

Upon tensile testing, all specimens fractured in the base metal away from the weld (more than
5 mm away from the welded region), except for the 16MnCr5-SAE1070 combination which had
pre-existing cracks at the borderline between the weld pool and HAZ. Fracture always occurred on the
16MnCr5 side which is the lower strength material. There was no evidence of macroscopic elongation
and cross sectional reduction either on the 42CrMo4 side or in the welded region (measurements taken
with a caliper). The mechanical properties, such as Yield Point, Ultimate Tensile Strength and Total
Elongation were measured to be 620 MPa, 910 MPa and 9% respectively, both for the base metal and for
the welded sample. The presence of the weld was insignificant to the overall macroscopic stress-strain
behavior upon tensile testing. This can be easily seen in Figure 8 where the tensile curves for the base
metal (16MnCr5) and the dissimilar weld (16MnCr5-41Cr4) are shown for comparison. This is due to
the fact that the welded region is more than two times harder with respect to the base metal which in
turn moves the necking region quite far from the weld. Also, the presence of such small pores in the
weld is considered to be negligible, as the weld is much harder and much less deformable with respect
to the base metal. Even though such pores are not expected to influence the macroscopic behavior
upon tensile testing, their effect on the fatigue properties is expected to be detrimental.
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Figure 8. Stress-strain curves upon tensile testing: for the base 16MnCr5 material and for the welded
16MnCr5-41Cr4 configuration.

3.2.3. CCT-Phase Transformation Study

In the literature, the cooling time Atgyy_s0p is mainly used for estimating the structural changes
when welding low-alloyed steels [1]. Matsuda et al. proposed a different cooling time parameter,
the Atgyospo [11]. Matsuda et al. suggests that it is better to use the cooling time Atgyy_30p for the case
of medium and high carbon steel. In this study, the CCT diagrams were computer plotted using neural
network analysis. Further details on this analysis can be found in Reference [35]. By plotting the
corresponding CCT diagrams it was found that for each material type and component geometry a
particular cooling time parameter should be addressed. For the general cooling time parameter a broad
temperature range should be used [2,11,35]. Moreover, for the case of laser welding, the fast cooling
rates in the phase transformation region (of the order of 50 °C/s between 700 °C and 300 °C) lead
to phase transformations at lower temperatures compared with conventional welding (MIG (metal
inert gas), TIG, manual welding etc.). As shown in Figure 9b, for the case of the medium carbon
steel, phase transformations may occur also at 300 °C. Furthermore, even for the case of low carbon
steel, phase transformations occur also below 500 °C, suggesting that the use of Atgyy_s00 parameter
is misleading.

In this work, a similar approach to Matsuda et al [11] is followed although a smaller cooling time
range is calculated: The cooling time 700-300 °C, At7gp-300. The cooling rate for the case of laser welding
is high and in the phase transformation range is of the order of 50 °C/s, and the phase transformations
occur at relatively low temperatures, as shown in Figure 9b. Equilibrium and non-equilibrium phases
form, such as ferrite, pearlite, bainite and martensite which nucleate and grow at temperatures ranging
between 700 °C and 300 °C.

As shown in the CCT diagram in Figure 9, the cooling time Atgy_30 is of importance for the case of
laser welding, suggesting that an alternative approach for the cooling time should be followed for the
case of laser welding compared to the conventional type of welding (where the cooling rates are lower).

It needs to be clarified that the higher the amount of alloying elements in the steel series, the higher
the error in calculating the correct CCT diagram, based on Reference [35]. However, the CCT diagrams
in Figure 9 predict well the suppression of the pearlite nose to much slower cooling rates and the
formation of ferritic-bainitic microstructures in the HAZ of 16MnCr5, in agreement with observations
made by SEM analysis as shown in Figure 5a. Similarly, the formation of (high percentage of) pearlite
and bainite are predicted well for the SAE 1055 in Figure 9b. Finally, the cooling rate line crosses only
the pearlite nose in Figure 9c and, therefore, only pearlitic microstructures are expected to form in
the HAZ of SAE1070. The bainite nose is considerably suppressed in SAE1070. However, there is no
indication of the exact percentages of the phases formed.
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Figure 9. Neural network calculated CCT diagrams for: (a) 16MnCr5, (b) SAE 1055 and (c) SAE
1070 material types; the orange line is the measured cooling rate during laser welding in this study.
The ferrite, pearlite, bainite and martensite phases form in the CCT diagram when the (yellow) cooling
curve/line crosses the red, blue, brown and black curves and regions respectively.

3.3. Circular Geometries

The results on laser welding circular geometries are presented in this section. The following
three sections present the effect of component geometry on weldability and the need to modify the
experimental set-up and processing conditions to achieve sound welds.
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3.3.1. Effect of Component Geometry on Weldability

Usually in the literature, welding of flat samples is performed [3-11,13,27,29,34,37,38,40-44],
and in most cases the samples have large enough dimensions to dissipate heat. However, in many
industrial processes and engineering components, the welding geometry is much more complex with
respect to the flat-linear welds usually studied in literature [2]. In many cases, the transferability of the
experimental results to the industrial processes is not possible [40].

In this case study, circular welding was performed, a ring was welded to a shaft. The welded
samples represented the components of a HBU [2] and as shown below, the circularity effects became
very important, restricting significantly the weldability of the alloys. Initially, weldable alloys may
become non-weldable for circular welding and, therefore, complex experimental configurations should
be addressed [2]. This is due to the different thermal cycle that circular geometries undergo with
respect to flat samples and the crucial importance of thermal expansion when welding circular samples
compared to flat ones. This is because upon welding circular coupons, components’ expansion
accumulates throughout the process and is adding up/increasing through the process. When welding
flat samples, the gap between the workpieces was kept at zero, which was not the case when circular
welds were made (and a lot of compressive stresses between the two workpieces were necessary in
order to keep the gap to zero).

The same material combinations (see Table 2) were welded as for the flat samples; however, this
time a shaft and a ring component were used as samples. The samples and the welding fixtures were
shown in Figure 3a,b. The shaft had a high carbon composition (such as 41Cr4 or SAE1055) and the
ring had a low carbon composition (16MnCr5).

3.3.2. Conventional Laser Welding Trials

The welding results showed significant differences compared to the flat samples. The low mass of
the ring led to over-expansion situations; and at a certain location from the starting point (225-360 °C)
there was significant material losses at the top due to the deformation of the ring during the process [8],
as shown Figure 10a,c. As shown in Figure 10b, for the case of similar welding (16MnCr5-16MnCr5),
the welding cross section does not show any defects except for the material loss at the top, which was
related to the over-expansion of the ring and gap introduction between the workpieces. Measurements
of material loss were not taken as these welds were considered not to be acceptable in terms of quality.
In Figure 10c,d, the weld profiles of 41Cr4-16MnCr5 material combination are shown.

For all the dissimilar steel types, large cracks and pores were identified, due to the high thermal
stresses and high thermal expansion (coefficient) of the ring with respect to the shaft during the
welding process. As the material types welded in the circular configuration were the same as in
the linear welding case, the defects cannot be attributed to the interference of the laser process with
the material types or to the weldability of the respective alloys, but are mainly due to the welding
geometry. It is clarified, however, that in the case of linear welding the effect of the different thermal
expansion coefficients of the respective alloys was not so pronounced and did not affect the welding
results. For the case of the circular geometry, the weldability of the samples reduced significantly when
welding dissimilar alloys in comparison to the 16MnCr5-16MnCr5 configuration. The higher thermal
expansion of the ring with respect to the shaft led to the formation of shrinkage pores and solidification
cracks in the weld. These defects are attributed to the different thermal expansion coefficients between
the rather harder 41Cr4 steel (ring component) compared to the softer 16MnCr5 (shaft component) and
the low thermal mass of the ring. Due to the small volume of the ring, the cooling cycle is expected to
be slower; which is also discussed in more detail in the next section.
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16MnCr5 16MnCr5

At

16MnCr5

Figure 10. Effect of material type and component geometry on the quality of the weld. (a-b) Picture
of the weld top profile and micrograph of the weld cross section for the 16MnCr5-16MnCr5 material
combination; (c—d) picture of the weld top profile and micrograph of the weld cross section for the
16MnCr5-41Cr4 material combination.

3.3.3. Modified Laser Welding Trials

The components, with a press fit configuration, had eight tack welds to maintain position.
Specifically, the inner diameter of the ring was a little smaller (approximately 0.035 mm difference) and
a press was used in order to fit the ring outside the shaft. Compressive stresses were induced in the
gap between the ring and the shaft, preventing the opening of the gap during welding. Two material
combinations were laser welded: 16MnCr5-41Cr4 and 41Cr4-41Cr4.

All the defects mentioned above, when welding dissimilar steel types (except for the presence of
crater), were minimized by using the press fit configuration and eight tack strategy every 45° angle,
prior to the laser weld.

An optimised ‘downslope’ strategy was applied to minimize the presence of the crater at the end of
the weld. An overlap region which begins at the original end of the weld and covers a region of 55° was
considered where the laser power and focus position were variable. In the overlap region, the power
level decreased from 4 to OkW and the focus position moved gradually 4 mm above the top surface.
The crater and weld profile at the crater area were improved considerably as shown in Figure 11a,b.
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The weld profile was significantly improved, the material loss at the top was minimized and the
presence of cracks was substantially decreased. The density of cracks and pores was considerably
decreased in the modified experiments in comparison to Figure 10. Only some micro-cracks and pores
were observed, which, with further optimisations, could be eliminated.

™

C

Figure 11. Modified laser welding set-up resulting in improved weld profile. (a) Shows the top
weld profile at end of the weld, with eight tack welds, but no downslope strategy for the welding
power; (b) the top weld profile at the end of the weld with a ‘downslope’ strategy with 55° overlap,
gradually reducing the welding power from 4-0 kW and moving the reference point from Zg: 0—4 mm.
(c) micrograph of the weld cross section for the 16MnCr5-41Cr4 material combination.

Welding of similar types of materials, a high carbon 41Cr4 to a high carbon 41Cr4, was performed
for the press fit configuration, and it revealed significant differences with respect to the dissimilar
welds, in terms of microstructural defects. No cracks and a much smaller amount of porosity were
found in the resulting similar welds, suggesting that the differences in the thermal expansion coefficient
between the two material types to be welded together led to over-expanding situations for the ring,
resulting in overstressing situations after joining and subsequent cracking.

Dissimilar laser welding of 16 MnCr5 to SAE1055 and SAE1070 always resulted in large macroscopic
cracks. So only the dissimilar joints between 41CrMnb5 to 41Cr4 were considered successful.

3.4. Comparison between Flat and Circular Geometries: The Effect of Component Geometry on Cooling Rate

The effect of the specimen’s thickness on the cooling time is shown in Figure 12. There is an
increase from 6.5 to 8.5 s between the thick and thin samples. As the samples are thicker, more material
is at the neighbourhood of the weld, increasing the corresponding cooling rate. In Figure 13a, the effect
of the preheating on the cooling rate may be seen. By applying a preheating of 110-120° C, the cooling
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rate decreased: The cooling time At7g9_300 in both cases (16MnCr5 & SAE1070) increased from an
average of 8.5 to 11 s. Moreover, another effect is also shown: For the non-preheated samples the
higher the peak temperature the higher the cooling time Atyyy_300; while for the preheated samples,
the higher the peak temperature, the lower the cooling time At7go_300. This may be due to the fact that
by applying preheating, the temperatures upon welding are normalized and the thermal gradients in
the weld region become less steep. Figure 13b shows the effect of the material type on the cooling time
Atz00-300- Both the preheated samples and non-preheated Atyyy_309 were smaller at the 16 MnCr5 side.
Specifically, for the non-preheated situations, At7pp_3gg for the 16MnCr5 side had an average of 8.7 s
and for the SAE1070 7.9 s, while for the preheated situations, At7yp_3g for the 16MnCr5 side had an
average of 11.5 s and 9.8 s for the 1070.

Cooling rate: thin-thick samples

75 = thin samples

= thick samples

Cooling time 700-300°C (sec)

0 200 400 600 800 1000

Peak temperature (°C)

Figure 12. The effect of the thickness of the samples on the cooling rate.
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Figure 13. Effect of (a) the preheating and (b) material type on cooling rate.
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Figure 14a shows the overheating that occurs in the ring during laser welding. It can be seen in
Figure 14b that the ring and the shaft have totally different thermal profiles during the process which
restricts their weldability. While in the case of the shaft, the closer the thermocouple was attached to
the weld pool, the lower the cooling rate, which is in agreement with previous results; for the case
of the ring, the location of the ring did not play any role in its thermal profile. Most thermocouples
exhibited the same cooling curve-this was verified in more than five experiments [8]. It seems that the
small sample dimensions lead to a uniform cooling rate throughout the geometry of the whole sample.

Laser welding shaft - ring

1400 - configuration
1200 -
— 1000 4
éi —— shatt, 90 degrees
g 800 —— shaft, 180 degrees
E —— shaft,270 degrees
8 600 ——ring, 90 degrees
§ ——r1ing, 180 degrees
400 - \ ——1ring, 270 degrees
200 -
0 T
20 30 40 50 60 70
a Time (sec)
Cooling rate: shaft, ring & flat sample
- 11 4
(8] "
2 10 nng —— & o
9 9 "
3 fiat samples ——s ® no preheat, 1070
™ 8 u ™ g
8‘ 8 Q = no preheat, 16\VhCr5
~ 7 4 shaft
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°
o 44
8 A
3 T T )
0 500 1000 1500
b Peak temperature (°C)

Figure 14. Effect of component geometry on cooling rate, (a) thermocouple measurements at the shaft
and ring; (b) cooling time 700-300 °C for the flat samples, the ring and shaft components.

4. Discussion

4.1. Process Stability & Metallurgical Investigation for the Flat Samples

The stability of the process was found to be independent of the material type for the materials
considered. The visual quality of the welds at the top and bottom was found to be the best when
welding with full power (4 kW) and a speed of 17.5-22.5 mm/s for the thin samples. Similar results
were found for the thick samples welded with a 6 kW CO; laser, while with the fiber laser the welds
were irregular for all the conditions, with a lot of material loss at the top.
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Porosity was observed for all the welding experiments. The amount of porosity was decreased by
increasing the stability of the process and using high welding speeds for the stable welding conditions.
Pores become dangerous when they are close together and a network is built, while cracks are always
unacceptable, independent of their size, as they act as stress concentrators and are susceptible to
growth upon cyclic loading [2].

The hardness profile was independent of the process parameters within the range investigated
and was mainly dependent on material type and combination. There was also an effect of the sample
thickness on the resulting hardness profiles. The 8 mm thick welds showed reduced hardness compared
to the 5 mm thick welds. This may be due to the fact that the thermal stresses were somewhat smaller
(smaller weld size), leading to the formation of less hard microstructures. The hardness in the weld
region was found to be increased by a factor of two or even more compared to the base material.
For the similar welds, the hardness showed a plateau type of profile, while for the dissimilar welds,
the hardness increased monotonically from the low carbon side to the high carbon side, reaching
the highest value in the HAZ region of the ‘harder’ material side. The hardness profile was also
related to the microstructures observed using an SEM. In the HAZ of the high carbon side, pearlitic
microstructures were revealed. This region was indicated to be the most brittle part in the weld. SEM
investigation revealed the presence of bainite or martensite in the fusion zone depending on the carbon
content (mainly). Increasing the carbon content from 0.59 to 0.69 led to the formation of martensite
(instead of bainite) in the fusion zone. The formation and growth of carbides in the fusion zone was
prevented by the high cooling rates during laser processing, minimizing their presence. In the HAZ of
the lower carbon side, bainitic and martensitic microstructures were observed in all cases.

The SAE1070 series showed decreased weldability. Even when using an 8 kW fiber laser and
comparatively high welding speeds to decrease the amount of thermal stresses, cracks were still
observed. For all the other materials, no cracks were found.

4.2. Laser Welding Circular Geometries

A press fit configuration and an eight tack strategy was employed. Specifically, the inner diameter
of the ring was a little smaller (approximately 0.035 mm difference). Compressive stresses were
induced in the gap between the ring and the shaft, preventing the opening of the gap during welding.
Eight tack welds were made prior to the laser weld to prevent the over-expansion of the ring and the
creation of large macroscopic cracks.

All the defects mentioned above when welding dissimilar steel types (except for the presence
of crater) were minimized by using the press fit configuration and the eight tack strategy. The weld
profile was significantly improved, the material loss at the top was minimized and the presence of
cracks was substantially decreased. Furthermore, the density of cracks and pores was considerably
decreased as shown in Figure 11.

A “‘downslope’ strategy was applied to minimize the presence of the crater at the end of the weld,
with a 55° angle, decreasing the power level from 4 to 0 kW and moving the focus position from 0
to 4 mm above the surface of the ring-shaft surface. The resulting weld top profile and cross section
were improved significantly. As shown in Figure 11, the effect of the downslope strategy on the crater
profile is prominent.

4.3. Temperature Distributions and CCT Diagrams upon Laser Welding

The cooling rate was found to be dependent on the material type. This may be due to two reasons.
On the high carbon side, the cooling rate was found to be slower probably due to the differences in the
physical properties as well as in the phase transformations that occur in the respective regions.

The values for the physical properties depend both on the chemical composition and
temperature [45]. The differences in the thermal conductivity in the different alloys may lead to
differences in the cooling rates during laser welding.
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In the HAZ of the high carbon side, pearlite formed which generates a certain amount of heat
(heat that needs to be extracted in order for the phase transformation to take place; reducing the overall
cooling rate). While at the HAZ of the low carbon side, bainitic and martensitic microstructures were
observed which generate less heat compared to pearlite, as non-equilibrium phases produce less heat
upon their formation [41-43]. For pearlite formation, the latent heat is of the order of 50.000 ]J/kg
and 14.000 J/kg for martensite formation [45]. In some cases, overheating effects due to the phase
transformations (pearlite formation on the high carbon side) were observed—such a sudden increase
in temperature due to the release of latent heat transformation (recalescence effect, proportional to the
Gibbs free energy difference between the two phases) [41-43].

The most pronounced dependence on the cooling parameter At;qp_300 was found to be of the
component geometry. Specifically, the cooling parameter Atyyy_30 varied from 3.9 to 10.2, with the
resulting cooling rate varying between 102.5 to 39.2 °C/s, which is of great importance in terms of
resulting stress and distortion. In Figure 14, it was shown that the ring and the shaft have totally
different thermal profiles during the process, which restricts their weldability. While in the case of the
shaft, the closer the thermocouple was attached to the weld pool, the lower the cooling rate, which is
in agreement with previous results; for the case of the ring, the location of the thermocouple did not
play any role in its thermal profile. Most thermocouples exhibited the same cooling curve—this was
verified in more than five experiments [2]. It seems that the low sample dimensions led to a uniform
cooling rate throughout the geometry of the whole sample.

5. Conclusions

The following conclusions were drawn from this work:

s Inall welds mixing occurred, as shown from the hardness profiles.

s The hardness profile had a step-like profile, increasing through the HAZ of the low carbon side
to a moderate hardness inside the weld pool, while the highest hardness occurred in the HAZ of
the higher carbon side.

= Bainitic and martensitic microstructures were revealed in the weld region depending on the
material combination.

s Inthe HAZ of the medium or high carbon side pearlitic microstructures were obtained, whilst in
the HAZ of the low carbon side martensitic microstructures were revealed.

s Cracks formed only for the 16MnCr5-1070 material combination due to the high carbon content.
Fracture occurred in all of the samples in the HAZ of the 1070 side when welded with the Nd:YAG
laser, 20—40 mins after welding. Smaller cracks were found for the same material combination
welded with the fiber laser due to the minimization of the thermal stresses, and several cracks
were also found inside the weld region.

s For all the welding systems, Nd:YAG, CO; and fiber laser, an increase in the welding speed
within the stable conditions resulted in a decrease in the number of pores found inside the weld.

s The welds for the circular geometry showed quite different results compared to the flat samples.
For the same material combinations, the quality of the welds was much worse compared to
the welds made on the flat samples under nominally identical conditions. Increased porosity
was obtained and the amount of cracking was remarkable, while at the top, significant material
loss occurred.

s Thermocouple measurements were obtained both for the flat samples and circular geometry.

s The existence of specific microstructures was verified by neural network-simulated
CCT diagrams.
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