INFLUENCE OF THE WELDING PROCESS ON THE HARDNESS OF THE WELDED JOINT
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Abstract: Laser and TIG welding processes are suitable for welding of thin sheets. Welding of heat-treatable steels causes substantial increase of the hardness in the welded joint area. Laser and TIG welding differ regarding the power density and heat input into the material. High power density in laser welding allows welding with a lower specific heat input compared to TIG welding, thus resulting in very high cooling rates. Butt welds of 2 mm thick heat-treatable steel sheets 25CrMo4 and 42CrMo4 were welded using laser and TIG processes applying different parameters, using argon and helium as shielding gases. Nd:YAG laser was used. The testing was performed on the geometry of the welded joint, the microstructure and the hardness, and a comparison of the results of laser and TIG welding was carried out.

1. INTRODUCTION
Heat-treatable steels have improved strength along with good properties of toughness and fatigue strength. In situations when tensile strength and the yield strength of structural steels does not satisfy the design requirements, there is a need for heat-treatable steels with higher carbon content. The improved strength allows the production of lighter structures, i.e. the usage of thin sheets. The welding processes suited to the joining of thin sheets are laser and TIG welding.

The influence of the chemical composition on the weldability is defined by the carbon equivalent. Based on the action of carbon and other chemical elements from the steel composition, one can expect a welded joint microstructure as the function of the cooling rate following welding. Only low carbon steels can be welded without any special measures undertaken. Steels with about 0.22% C, i.e. maximum hardness in the welded joint of up to 350 HV, are considered to be on the margin of good weldability. Steels with higher carbon content, non-alloyed and low-alloyed steels feature high tensile and fatigue strength, but are, therefore, difficult to weld. In the steels with higher carbon content, the hardening has to be prevented by using thermal treatment before or after the welding process, in order to reduce the maximum hardness values below 350 HV.

In laser welding, the weldability of steels with higher carbon content is determined not only by the content of carbon and alloying elements, but also to a great extent by the heating rate, geometrical design and stress condition. High cooling rates, increase in the carbon content and alloying elements as well as multi-axes stress condition result in an increase of maximum hardness. In the weld metal and the HAZ there is then high increase of hardness above the limit of good weldability of 350 HV. In laser welding the HAZ is very narrow, and the weld structure is also fine-grained which is compensating to some extent the negative action of high hardness gradient in HAZ. The problems that usually occur in welding of steels with higher carbon content are the following: weld cracking, weld metal porosity, high hardening of the weld metal, cracking of the base material in HAZ. [1-9]

The application of laser welding in industry is constantly increasing. The most important advantages of laser welding over other procedures include: high welding speed, small or no deformations of the welded parts, and high quality of the welded joint. The application of laser welding in industry is limited to carbon steels with less than 0.25% C and low-alloyed steels with less than 0.2% C. Laser welding of steels with higher carbon content, such as heat-treatable steels has not yet been applied in high-volume production [10-20].

Laser and TIG welding differ regarding the power density and the volume of heat input into the material. High power density in laser welding allows welding with lower specific heat input than in TIG welding, which results in very high cooling rates. The cooling rates in TIG welding are lower than in laser welding, so that a lower value of maximum hardness in the welded joint is expected.

The objective of this research was to determine the influence of the welding procedure (LASER, TIG) on the hardness of the welded joint of sheets made of heat-treatable steels 25 CrMo 4 and 42 CrMo 4, 2mm thick, and to additionally determine the influence of the shielding gas Argon and Helium, and to study the geometry and the microstructure of the welded joint.

2. EXPERIMENTAL WORK

2.1. Equipment

Welding was performed using Nd:YAG laser “ROFIN CW 020” of continuous power of 2kW. The optical fibre of 600 (m core diameter was used for the beam transfer. Focusing optics 120/120mm was used. The beam diameter in the focus amounts to 0.6 mm. Focusing optics is attached to the robot arm, and the robot features 6 degrees of movement freedom "IGM limat RT 280".

The power source VARTIG 2000 was used for the TIG welding, and for the movement between the torch and the workpiece, a robot with 6 degrees freedom of movement – "IGM Limat RT 280".

2.2. Experiment


The welding was performed on 2 mm thick sheets of heat-treatable steel 25 CrMo 4 and          42 CrMo 4. The sheet dimensions were 250x130mm and 230x130mm. The longer sides, that have been welded, were machined. The sheet surfaces were sand-blasted. Prior to welding, samples have been cleaned applying emery paper and ethanol. The samples have been fixed in the jigging tool.
Welding parameters-LASER
· Power: P = 1800 W

· Optic focal length: f = 120 mm

· Focus position relative to the workpiece surface: z = -0,7 mm

· Shielding gas flow: Argon Q=12 l/min; Helium Q=26 l/min 

· Tip diameter of the coaxial gas nozzle: 5 mm

· Distance of gas nozzle tip from the workpiece: Argon: 6 mm, Helium: 8 mm

· Welding speed: v,

welding was performed with minimal and maximal power input, i.e. maximum speed at which full penetration along the whole weld length is achieved and minimum speed at which the weld shape corresponds to the one achieved by laser.

- 25 CrMo 4, in both gases Ar and He – vmin=110, vmax=150 cm/min 

- 42 CrMo 4, in both gases Ar and He – vmin=90, vmax=130 cm/min

Welding parameters-TIG

· Electrode: WT 20-ROT, diameter 2.4 mm, pointed tip, length of the tip approximately equal to the electrode diameter, 

· Shielding gas Ar: Current; voltage: Imin = 120 A, Umin = 12 V; Imax = 200 A, Umax = 15 V

· Shielding gas He: Current, voltage: Imin = 120 A, Umin = 17 V; Imax = 200 A, Umax = 20 V

· Welding speed: v, welding performed with minimum and maximum energy input, Table 1.

Table 1. Welding speeds and current voltage used for TIG welding of specimens.

	Experiment

status
	Material
	Shielding gas
	Current voltage,     I A
	Welding speed,        v cm/min

	1
	25CrMo4
	Argon
	120
	40

	2
	
	
	120
	30

	3
	
	
	200
	70

	4
	
	
	200
	60

	5
	42CrMo4
	
	120
	20

	6
	
	
	120
	15

	7
	
	
	200
	60

	8
	
	
	200
	50

	9
	25CrMo4
	Helium
	120
	70

	10
	
	
	120
	60

	11
	
	
	200
	110

	12
	
	
	200
	100

	13
	42CrMo4
	
	120
	60

	14
	
	
	120
	50

	15
	
	
	200
	100

	16
	
	
	200
	90


2.3. Inspection and testing

The welded specimens were inspected visually, followed by radiographic control. This was then followed by destructive testing methods.

Defining geometrical characteristics of the welded joint

In order to determine the weld geometry, macro-etches of joint cross sections were prepared. The specimens of dimensions 16 x 26mm, were cut by means of laser. One specimen was selected from each workpiece. The heat affected zone due to laser cutting was ground on a water-cooled grinding wheel. The specimens were then fixed into the moulds. For macro-etch preparation, the emery papers of the following grit size were used: 80, 150, 240, 360, 600 and 1000. The macro-etches were pickled in the 5% solution of nitric acid (HNO3) in ethanol. Weld geometry measurement on macro-etches was performed under 40x magnification on the LECO Image Analizer consisting of the computer-camera system.

With the aim of determining the quality of the laser welded joint according to the standard EN ISO 13 919-1 [21] the of the weld and root reinforcement/underfill, linear misalignment of sheets and size of undercut were measured. The same measurements were carried out in TIG welded workpieces. The measurements were also performed regarding the width of the weld b_zav, the width of the HAZ b_zut, the width of the weld root b_kor, weld reinforcement h1, root reinforcement h2, and the area of the weld cross-section A, in order to determine the influence of parameters on the geometrical characteristics of the welded joint.
Defining the microstructure of the welded joint

The selected specimens for qualitative defining of microstructure were ground on the grinder by means of emery paper of the same grit size as for macro-etches. After grinding, the specimens were polished with diamond paste (6(m). Pickling of micro-etches was performed in 3% solution of nitric acid (HNO3) in alcohol. The microstructure was monitored and recorded on the light microscope under magnification of 500:1.

Hardness testing

Hardness was tested by means of the Vicker's method. Hardness testing was done on moulded specimens, for which the geometry of the welded joint and the microstructure have been determined.

A row of indentations was done on the prepared specimens over the cross-section of the welded joint, in order to get the hardness profile from the parent material via HAZ and weld to the parent material on the other side. The profile (row) of hardness was tested in the middle of the sheet thickness. The load of 20 N (HV2) was used. The distance between the indentations amounted to 0.5mm, and in HAZ, in case of TIG, two series were done parallel, so that the distance was 0.25mm. Low-load testing can result in large dispersion of the results and hardness measurements of individual grains. In principle, lower loads result in greater hardness.

The testing was performed on the hardness tester ”Zwick 3212001”.
3. RESULTS AND DISCUSSION

Visual control revealed undercuts in certain specimens, in case of TIG welding procedure. Most of the welds featured slight root reinforcement. In case of excessive heat input, the experiment state 6 (TIG) incompletely filled groove occurred. Welds without porosity were obtained both in laser and in TIG welding.

3.1. Geometrical characteristics of welded joints

3.1.1. Laser

Good welding results were achieved. The welds feature slight reinforcement of face and root. The undercuts did not occur. Cracks, open pores and other surface defects did not occur. According to the standard EN ISO 13919-1 [21] for 2mm thick sheets, for high quality B the reinforcement of weld root and face have to be less than 0.5mm, whereas the incompletely filled groove, linear misalignment of sheets and root undercuts have to be less than 0.2mm. All the laser welds are classified into group B, i.e. they are of high quality. The occurrence of partial insuficient penetration in certain experiment states with minimal energy input is the consequence of insufficient accuracy in laser beam guidance, which is called lack of fusion. In experiment states with maximal energy input, full penetration is achieved as well as uniform roots along the whole weld length, due to the lower welding speed. In lower-speed welding the weld root is wider and therefore compensates for the beam guidance inaccuracy.


According to the standard EN ISO 13919-1 [21] lack of fusion is not allowed. Since welds cannot be classified in any of the quality groups.
Welding with Argon and Helium shielding resulted in the approximately equal penetration and weld shape for the considered welding parameters, which is in accordance with literature [22,23]. From the aspect of welded joint geometry the use of significantly more expensive gas, Helium would not be a cost-effective solution for Nd:YAG laser welding of heat-treatable steels, since the achieved results are the same as with Argon.


Table 2 presents geometrical characteristics and cross-sections of laser welded joints in Argon shielding.

Table 2. Geometrical characteristics, maximal hardness and cross-sections of laser welded joints in 

               Argon shielding.
	State of experiment
	Material

Gas

v cm/min


	RESULTS

	
	
	Geometrical characteristics
	Cross-section of the welded joint

	9A2
	25CrMo4

Ar

110 cm/min


	b_zav mm 

b_kor mm

b-zut mm

A mm2
h1 mm

h2 mm
	1,94

0,92

2,74

2,95

0,11

0,07
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	10A2
	25CrMo4

Ar

150 cm/min


	b_zav mm 

b_kor mm

b-zut mm

A mm2
h1 mm

h2 mm


	1,42

0,61

2,10

1,95

-0,05

0,11


	[image: image2.png]




	9A4
	42CrMo4

Ar

110 cm/min


	b_zav mm 

b_kor mm

b-zut mm

A mm2
h1 mm

h2 mm
	2,22

0,99

3,27

3,60

0,10

0,17
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	10A4
	42CrMo4

Ar

150 cm/min


	b_zav mm 

b_kor mm

b-zut mm

A mm2
h1 mm

h2 mm
	1,72

0,71

2,39

2,37

0

0,19
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3.1.2. TIG

The macro-image analysis leads to the conclusion that in all experiments fully penetrated root and satisfactory root reinforcement have been produced.
Material 25 CrMo 4

The optimal weld shape for material 25 CrMo 4 was achieved in experiment states 1, 2, 9 and 10, Table 3. Common parameter for these experiment states is the current of 120A, which indicates that for material 25 CrMo 4 the current of 120A is better. In experiment states 1 and 2 the gas Argon was used at welding speeds (40 and 30 cm/min) which are significantly lower than the speeds achieved in Helium shielding (70 and 60cm/min) in experiment states 9 and 10.

Table 3. Geometrical characteristics, maximum hardness and cross-sections of TIG welded joints, 
               material 25CrMo4.
	State of experiment
	Material

gas

v cm/min

I A

U V


	RESULTS

	
	
	Geometrical characteristics
	Cross-section of the welded joint

	1
	25CrMo4

Ar

40 cm/min

120 A

12 V
	b_zav mm 

b_kor mm

b-zut mm

A mm2
h1 mm

h2 mm
	4,40

3,14

6,68

7,57

0

0,15
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	2
	25CrMo4

Ar

30 cm/min

120 A

12 V
	b_zav mm 

b_kor mm

b-zut mm

A mm2
h1 mm

h2 mm
	5,13

4,45

7,71

9,55

0

0,21
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	9
	25CrMo4

He

70 cm/min

120 A

17 V
	b_zav mm 

b_kor mm

b-zut mm

A mm2
h1 mm

h2 mm
	4,20

2,42

5,87

6,66

0

0,15
	[image: image7.png]




	10
	25CrMo4

He

60 cm/min

120 A

17 V
	b_zav mm 

b_kor mm

b-zut mm

A mm2
h1 mm

h2 mm
	4,77

3,06

6,95

7,76

0

0,20
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Material 42 CrMo 4

Optimum weld shape for material 42 CrMo 4 in Argon shielding was obtained in experiment state 5, Table 4. Due to excessive heat input sagging occured. The current of 200A also gave worse results, which indicates that current that would result in the optimum weld shape is in interval between 120A and 200A.

In Helium shielding the experiment states 13 and 14, Table 4, feature slight advantages over the others. In both states the current of 120A was used, indicating that it is better than the 200A current for the tested parameters area. The weld shape in the tested area is better in the states of experiment 13 and 14 welded with Helium as shielding gas, than in state 5 where Argon was used for shielding.

Table 4. Geometrical characteristics, maximum hardness, and cross sections of TIG welded joints, 

               material 42 CrMo 4.

	State of experiment
	Material

gas

v cm/min

I A

U V


	RESULTS

	
	
	Geometrical characteristics
	Cross section of the welded joint

	5
	42CrMo4

Ar

20 cm/min

120 A

12 V
	b_zav mm 

b_kor mm

b-zut mm

A mm2
h1 mm

h2 mm
	7,23

6,13

9,99

13,87

-0,21

0,39
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	6
	42CrMo4

Ar

15 cm/min

120 A

12 V
	b_zav mm 

b_kor mm

b-zut mm

A mm2
h1 mm

h2 mm
	9,41

8,86

12,71

19,12

-0,58

0,61
	[image: image10.png]




	13
	42CrMo4

He

60 cm/min

120 A

17 V
	b_zav mm 

b_kor mm

b-zut mm

A mm2
h1 mm

h2 mm
	4,86

2,94

7,03

7,84

0

0,23
	[image: image11.png]




	14
	42CrMo4

He

50 cm/min

120 A

17 V
	b_zav mm 

b_kor mm

b-zut mm

A mm2
h1 mm

h2 mm
	4,90

3,87

7,15

9,16

-0,12

0,31
	[image: image12.png]





The 120A current is recommended for welding of materials 25 CrMo 4 and 42 CrMo 4 in the tested range of parameters, Tables 3 and 4. In case of material 25 CrMo 4 both shielding gases can be used. With Helium significantly higher welding speeds are achieved, due to higher heat input caused by higher ionisation potential. In case of material 42 CrMo 4 only the use of Helium is recommended, and with the tested current the use of Argon is not recommended.

Comparison of the geometrical characteristics LASER-TIG

Geometrical characteristics of the welded joints, Tables 2, 3, and 4 are significantly lower in laser welding. The minimum weld and HAZ width and the minimum area of weld cross-section are approximately three times lower in laser welding, whereas the minimum root width is as much as four times less in laser welding.

3.2. Maximal hardness in the welded joint

3.2.1. Maximal hardness in the welded joint in laser welding
Figure 1., shows the hystogram of the maximum hardness, depending on the type of the shielding gas and welding speed, measured on laser welded specimens. Higher hardness values can be seen in material 42 CrMo 4 (from 679 to 694 HV2) compared to 25 CrMo 4 (from 509 to 562 HV2) which is the consequence of the higher carbon content.
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Figure 1. Influence of gas and welding speed on the maximum hardness in laser welding.
Figure 1., shows that on the tested area in Argon shielded welding, lower welding speeds yield slightly lower hardness values, and in Helium shielded welding, lower welding speed yields slightly higher hardness values.


In all experiment states, except for 10A4 and 10H4, the Argon shielded welds have lower hardness than Helium shielded welds. The differences are greater in material 25CrMo4.

3.2.2. Maximal hardness in the welded joint in TIG welding

Figure 2., shows the histogram of maximum hardness depending on the type of shielding gas and welding speed, measured on TIG welded specimens. The histogram shows that the specimens of material 42 CrMo 4 have higher hardness values ranging from 591 HV2 to 736 HV2 compared to specimens of material 25 CrMo 4 with hardness ranging from 520 HV2 to 603 HV2, which results from the higher carbon content in steel 42 CrMo 4.

In experiment states 1 and 11, the material 25 CrMo 4, the energy input is the same          119,4 J/mm in welding, calculated by means of the formula,

E= U· I· η /v                                                                                                             (1)

where η = 0,55 for the TIG welding process. Maximum hardness in experiment state 1 amounts to  520 HV2 and in experiment state 11 it amounts to 525 HV2.

In experiment state 9, material 25 CrMo 4, hardness of 525 HV2 has also been measured, as well as in experiment states 1 and 11, so that it would be logical to expect the same energy input  119,4 J/mm. However, the input energy in state 9 is 95,4 J/mm, which is less than in states 1 and 11. It is obvious that the same hardness was obtained with different energy inputs, and in the considered range of welding parameters no existence of the dependence between the input energy and maximal hardness can be concluded.

In experiment state 1, Argon was used and in experiment state 11 Helium, and it may be stated that for the tested area of no influence of the shielding gas on hardness can be determined.
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Figure 2. Influence of the type of shielding gas and welding speed on maximum hardness of TIG welded specimens.

The influence of the type of shielding gas (Argon and Helium) and the influence of the welding speed (energy input) on maximum hardness in considered welding parameters cannot be determined.

3.2.3. Comparison of maximal hardness in LASER – TIG welding

The comparison was carried out for material 25 CrMo 4 in experiment states with the same parameters; welding speed 110 cm/min and shielding gas Helium. This is the experiment state 11 in TIG where the achieved hardness was 525 HV2 and the experiment state 9H2 in laser welding with maximal hardness 562 HV2. The hardness obtained by laser welding was higher. The difference could be the consequence of higher energy input in TIG welding. This corresponds to the knowledge that higher energy input yields lower hardness, i.e. that in case of higher energy input the cooling rates are lower.

The same comparison was done for the material 42 CrMo 4 in experiment states with the same parameters; welding speed 90 cm/min and shielding gas Helium. This is the experiment state 16 in TIG welding where the hardness 642 HV2 was obtained and the experiment state 9H4 in laser welding with maximal hardness of 679 HV2. In this comparison as well, the laser welding resulted in higher hardness as consequence of lower energy input as compared to TIG welding where the energy input is higher.


The comparison could be done only in the above mentioned experiment states in which maximum speed in TIG corresponds to the minimum speeds in laser welding. The comparison with laser was carried out only in Helium shielded TIG welding since speeds in Argon-shielded TIG welding are much lower and cannot be compared even with minimal laser welding speeds. TIG welding results in approximately 40 HV2 lower hardness than in laser welding.

3.3. Microstucture


The microstructure was studied in the experiment states with the highest and lowest maximal hardness, in Argon-shielded TIG welding, whereas in laser welding it was studied in experiment states with the lowest and highest energy input, also using Argon as shielding gas. In the maximal hardness area in HAZ near the fusion line, the structure consists of martensite and bainite. The weld structure is martensitic. The base material structure is ferrite and globular cementite in soft-annealed raw condition.
Regarding quality the microstructures of the welded joint are the same in steel 25 CrMo 4 with 0.24 %C and in steel 42 CrMo 4 with 0.4 %C. Higher hardness of steels with higher carbon content compared to the hardness of steel with lower carbon content results from the higher degree of tetragonal characteristic.

Table 5.   Microstructures of HAZ and weld metals of TIG and LASER welded specimens, 
                magnification 500:1, 25 CrMo 4.
	HAZ, MARTENZITE+BAINITE
	Weld metal, MARTENZITE

	LASER
	TIG
	LASER
	TIG
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State 9A2
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State 1
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State 9A2
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State 1
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State 10A2
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State 3
	
[image: image21.wmf] 


State 10A2
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State 3


In the area of maximal hardness in HAZ near the fusion line, the structure is martensite and bainite. The weld structure is martensitic.

Table 6. Microstructures of HAZ and weld metals of TIG and LASER welded specimens, 

               magnification 500:1, 42 CrMo4

	HAZ, MARTENZITE+BAINITE
	Weld metal, MARTENZITE

	LASER
	TIG
	LASER
	TIG
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State 9A4
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State 7
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State 9A4
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State 7
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State 10A4
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State 5
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State 10A4
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State 5


The obtained results show that, apart from a slightly rougher structure obtained by laser welding, there are no differences in the structure of the TIG and laser welded specimens. The influence of the welding parameters on the microstructure cannot be quantified.

4. CONCLUSION

The influence of the LASER and TIG welding processes on the maximal hardness of the welded joint have been studied on 2mm thick sheets of heat-treatable steels 25 CrMo 4 and 42 CrMo 4. The influence of shielding gases Argon and Helium was studied additionally.

1) In steel 42 CrMo 4 lower welding speeds are obtained than in steel 25 CrMo 4, which has lower carbon content, whereas the rest of the chemical composition is similar.

2) The analysis of the geometry of the welded joint for material 25 CrMo 4 indicated best results in 120A current, using Argon and Helium as shielding gases. The analysis of the geometry of the welded joint for material 42 CrMo 4 also showed best results in 120A current, but only when Helium was used as the shielding gas. The 120A current is too weak for the material 42 CrMo 4 welded with Argon as shielding gas, and the 200A current is too strong.

3) Considered from the aspect of the welded joint geometry, the use of the significantly more expensive gas Helium is not cost-effective for Nd:YAG laser welding of heat-treatable steels, since the results achieved are the same as with Argon.

The use of Helium as the shielding gas in TIG welding with the same welding current results in significant increase in the welding speed. The increase in the welding speed means increase in the efficiency, and reduction in the weld and HAZ widths, including deformation, which justifies the use of Helium as the shielding gas in TIG welding of steels with higher carbon content.

      In laser welding the welding speeds are twice as high as in TIG welding using Helium as the shielding gas with 120A current. When using 200A current and Helium as shielding gas the welding speeds in TIG welding enter the range of laser speeds, but the joint quality fails to be satisfactory. In TIG welding using Argon, the speeds are three to five times lower than the laser speeds with 120A current, and with 200A current they are twice lower, but also with 200A current the joint quality is not satisfactory any more.

4) In TIG welding and material 25 CrMo 4, the maximal hardness values in the welded joint range from 520 HV2 to 603 HV2, and in material 42 CrMo 4 they range from 591 HV2 to 736 HV2. In laser welding and material 25CrMo4, the maximal hardness values range from 509 HV2 to 562 HV2, and in material 42CrMo4 they range from 679 HV2 to 694 HV2. In both welding procedures lower hardness values were obtained in materials with lower carbon percentage. In both welding procedures, the influence of the shielding gas type, Argon and Helium, and the influence of the energy input on the maximal hardness in the studied welding parameters cannot be determined. The highest maximal hardness in both materials was measured in TIG welding of the joints. However, from the obtained results, due to great overlapping in the hardness intervals, it cannot be concluded which welding procedure results in lower maximal hardness in the welded joint.

5) Regarding quality the microstructure of the welded joint is the same in the steel 25 CrMo 4 with 0.24%C and in the steel 42 CrMo 4 with 0.4%C, whereas laser welding resulted in coarser martensitic structure of the weld metal compared to the TIG process. Higher hardness of steel with higher carbon content as compared to the hardness of steel with lower carbon content is the result of higher degree of tetragonal characteristic.

6) Steels 25 CrMo 4 and 42 CrMo 4 can be welded by LASER and TIG welding process without crack occurrence, and without heat treatment before or after welding, although the welded joint features maximal hardness much greater than the limit of 350 HV.

7) The hardness values could be reduced by subsequent heat treatment but this would represent additional cost and the heat treatment itself under certain conditions is very difficult to perform. Since the objective is to minimise the costs, it would be of great importance to find those welding parameters which with higher hardness still feature good mechanical properties, strength, toughness, and dynamic strength, and this could be subject of further research.
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