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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. The increase of hardness does not necessarily have a negative influence on the mechanical properties of the welded joint. 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 hardness and the dynamic strength, and a comparison of the results of laser and TIG welding was carried out.  
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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.

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.

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. 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 process (LASER, TIG) on the hardness of the welded joint of heat-treatable steels 25CrMo4 and 42CrMo4, 2mm thick and additionally to determine the influence of the shielding gas Argon and Helium. Additinal object of this research was to study the geometry and the dynamic strength 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 "IGM limat RT 280" features 6 degrees of movement freedom.

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

2.2. Experiment


The welding was performed on 2 mm thick sheets of heat-treatable steels 25CrMo4 and 42CrMo4. 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-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, Tab 1.

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

	State of experiment
	Material
	Shielding gas
	Current,                    I A
	Welding speed,               v cm/min

	1
	25CrMo4
	Ar
	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
	He
	120
	70

	10
	
	
	120
	60

	11
	
	
	200
	110

	12
	
	
	200
	100

	13
	42CrMo4
	
	120
	60

	14
	
	
	120
	50

	15
	
	
	200
	100

	16
	
	
	200
	90



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

2.3. Inspection and testing


The welded samples have been visually inspected, and then subjected to x-ray testing. Destructive testing methods have been applied subsequently. Metalographic analysis has been used to reveal joint geometry and microstructure of weldment. Hardness has been tested applying Vickers method and 20 N load (HV 2). Dynamic testing has been conducted applying vibration testing platform, model 25-VP-T, made by «All American Tool-MFG» company. Dynamic strength has been calculated applying Locati method. 

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


With the aim of determining the quality of the welded joint the geometrical characteristics of welded joints were mesured. Fig 1.
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Fig.1 Geometrical characteristics of welded joints

3.1.1. 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 25CrMo4 was achieved in experiment states 1, 2, 9 and 10, Table 2. 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.

Material 42 CrMo 4


Optimum weld shape for material 42CrMo4 in Argon shielding was obtained in experiment state 5, Table 3. 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 3, 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.


The 120A current is recommended for welding of materials 25CrMo4 and 42CrMo4 in the tested range of parameters, Tables 2 and 3. 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
Table 2. Geometrical characteristics, cross-sections, maximal hardness and dynamic strength of TIG welded joints, material 25 CrMo 4.
	State of experiment
	Shielding gas,          v cm/min

I A, U V


	RESULTS

	
	
	Geometrical characteristics
	Cross-section of the welded joint,   hardness and the dynamic strength

	1
	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
	
[image: image2.wmf]

	
	
	
	
	HV2max=520

Rd=228N/mm2

	2
	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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	HV2max=558

Rd=266N/mm2

	9
	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
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	HV2max=525

Rd=260N/mm2

	10
	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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	HV2max=551

Rd=269N/mm2


Table 3. Geometrical characteristics, cross-sections, maximal hardness and dynamic strength of TIG welded joints, material 42 CrMo4. 
	State of experiment
	Shielding gas,           v cm/min

I A, U V


	RESULTS

	
	
	Geometrical characteristics
	Cross-section of the welded joint,    hardness and the dynamic strength

	5
	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
	
[image: image6.wmf] 



	
	
	
	
	HV2max=736

Rd=250N/mm2

	6
	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
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	HV2max=716

Rd=269N/mm2

	13
	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
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	HV2max=664

Rd=240N/mm2

	14
	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
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	HV2max=591

Rd=238N/mm2


3.1.2. 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 4 presents geometrical characteristics and cross-sections of laser welded joints in Argon shielding.

Table 5 presents geometrical characteristics and cross-sections of laser welded joints in Helium shielding.
3.1.3. Comparison of the Geometrical Characteristics LASER and TIG


Geometrical characteristics of the welded joints, Tables 2, 3, 4 and 5 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.
Table 4. Geometrical characteristics, cross-sections, maximal hardness and dynamic strength of laser welded joints in Argon shielding.
	State of experiment
	Material

v cm/min


	RESULTS

	
	
	Geometrical

characteristics
	Cross-section of the welded joint,        hardness and the dynamic strength

	9A2
	25CrMo4

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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	HV2max=520

Rd=228N/mm2

	10A2
	25CrMo4

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
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	HV2max=520

Rd=228N/mm2

	9A4
	42CrMo4

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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	HV2max=520

Rd=228N/mm2

	10A4
	42CrMo4

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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	HV2max=520

Rd=228N/mm2


Table 5. Geometrical characteristics, cross-sections, maximal hardness, and dynamic strength of laser welded joints in Helium shielding
	State of experiment
	Material

v cm/min


	RESULTS

	
	
	Geometrical

characteristics
	Cross-section of the welded joint,    hardness and the dynamic strength

	9H2
	25CrMo4

110 cm/min
	b_zav mm

b_kor mm

b-zut mm

A mm2
h1 mm

h2 mm
	1,86

0,82

2,80

2,65

0

0,10
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	HV2max=562

Rd=236N/mm2

	10H2
	25CrMo4

150 cm/min
	b_zav mm

b_kor mm

b-zut mm

A mm2
h1 mm

h2 mm
	1,33

0,47

2,09

1,85

0,11

0,13
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	HV2max=546

Rd=232N/mm2

	9H4
	42CrMo4

110 cm/min
	b_zav mm

b_kor mm

b-zut mm

A mm2
h1 mm

h2 mm
	2,08

0,80

3,21

3,08

0,08

0,11
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	HV2max=694

Rd=244N/mm2

	10H4
	42CrMo4

150 cm/min
	b_zav mm

b_kor mm

b-zut mm

A mm2
h1 mm

h2 mm
	1,75

0,46

2,34

2,07

-0,08

0,16
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	HV2max=679

Rd=220N/mm2


3.2. Comparison of Maximal Hardness in LASER and TIG Welding


The comparison was carried out for material 25CrMo4 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 42CrMo4 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. [24]
3.3. Comparison of Dynamic Properties in LASER and TIG Welding

Differences in dynamic strength of laser and TIG welded joints on 25CrMo4 and 42CrMo4 steel grades could not revealed. The best dynamic strength values for both materials have been achieved when TIG welding has been applied. However, measured data, due to large offset of dynamic strength values, are not reliable enough to make a conclusion which process produce higher values. Effect of heat input upon the dynamic strength exists for both processes, and it is more evident for TIG welding. Higher input results in better dynamic strength.  However, relationship between heat input and dynamic strength could not be established for the investigated range of welding parametars. [25]
4. Conclusion
The influence of the LASER and TIG welding processes on the maximal hardness and the dynamic strength 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 42CrMo4 lower welding speeds are obtained than in steel 25CrMo4, 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 42CrMo4 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 42CrMo4 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) Steels 25CrMo4 and 42CrMo4 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.

6) Dynamic strength of welded joints are close to the dynamic strength of base material, offset being in the ± 20 N/mm2 range. Based on the results obtained, no conclusion can be made that any of the applied processes produce higher dynamic strength of welded joint. Higher heaet input results in better dynamic strength.

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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