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Abstract 

Although high strength steels represent yield strength up to 1300 MPa, welded structures reveal lower 

strength values. The strongest commercially available electrode provides the yield strength of about 

900 MPa. Therefore, in welded steels with strength above this type of filler metal, achieving an 

acceptable global strength is a crucial issue. 

In this master thesis, affects of different welding procedures on static strength of welded joints 

of Weldox 960 and Weldox 1100 steels, were studied. These steels are produced by SSAB in 

Oxelösund. Meanwhile, finite element method analyses were applied in order to investigate 

the static strength behavior of such weldments under uniaxial tension. 

The welding parameters which were selected as variables are: 

 Heat input 

 Weld joint geometry 

 Filler metal 

When weld metal is undermatching in strength levels than the base material, by applying 

tension the soft weld metal begins to deform before parent metal. At that point the 

deformation of resulted soft zone, including the weld metal and the heat affected zone, is 

hindered by high strength parent metal. Thus, uniaxial stress caused by uniaxial load is 

converted to multiaxial stress. This conversion in tension results in increase in the static 

strength of weldment. The increase in strength is emphasized by increase in the width of the 

welded joint while the thickness of the plate is kept as constant.  

After experiments and performing FEM studies, it was revealed that the static strength of 

Weldox 960 welded joints approaches towards the tensile strength of parent metal by increase 

in the width of the weldment. In Weldox 1100 joints; a slight increase in tensile properties of 

the weldments, when the width of the sample increases, was observed. 
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Abbreviations  

CGHAZ Coarse grain heat affected zone 

Disc. Discontinuity  

EGW Elecrogas welding 

FCAW Flux core arc welding 

FEM Finite element method 

FGHAZ Fine grain heat affected zone  

GMAW Gas metal arc welding 

HAZ Heat Affected zone 

HPS High performance steel 

ICHAZ Intercritical heat affected zone 

IIW International institute of welding 

ISO International organization for standardization 

LP Little pores (in terms of quantity) 

M Marked 

MAG Metal active gas 

MIG Metal inert gas 

MPa Mega Pascal 

MMA Manual metal arc welding 

NDT Non-destructive testing 

P Pores 

PWHT Post weld heat treatment 

RT Radiographic test  

SAW Submerged arc welding 

SCHAZ Subcritical  heat affected zone 

SMAW Shielded metal arc welding 

TIG Tungsten inert gas welding 

UT Ultrasonic test 

UTS Ultimate strength 

Ys Yield strength 
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Symbols  

Rm Ultimate strength (UTS, σu , Yu, fu) 

Rp0.2 Yield strength (σy , Ys, fy ) 

Tp Preheating temperature 

Ti Inter pass temperature 

σE Engineering stress 

σT True stress 
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1. Introduction 

Production and continual development of high strength steels has brought advantages to constructional 

and structural fields; e.g. lower weight products, durable materials, ability to carry higher loads, and 

less fuel consumption. On the other hand, the speed of development in welding consumables is far 

behind the improvements in steel industry. Despite the existence of high strength steels with yield 

strength up to 1300 MPa (see fig ure1); the strongest commercially available electrode can represent 

the yield strength of about 900 MPa. Therefore, in welded steels with strength above this type of filler 

metal, achieving an acceptable global strength can be a crucial issue to deal with. For several years, 

researchers have been studying the problem and a summary of their achievements is sorted and 

illustrated in table 1. 

 

Figure 1: High strength steels produced by SSAB. [1] 

 

In this investigation it is aimed to study the effect of three variables on the static strength of the 

welded joints in order to find an optimum situation based on mentioned parameters. 

‐ The effect of different heat inputs  

‐ Different butt joint geometries 

‐ Low-alloyed welding consumables of different strengths  

The study includes two types of high strength steels produced by SSAB; Weldox 960 which is 

quenched and high tempered steel and Weldox 1100 which is quenched or quenched and low tempered 

steel, with focus on plate thicknesses between 4-12 mm. The welding test coupons were welded by a 

professional welder holding IIW certificate and the welding technique was MAG. The welding and 

tensile testing of joints were carried out at SSAB facilities in Oxelösund.                                 
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Table 1: Previous research works on static strength of the butt welded joints 

Author Year 

Steel property 
Welding 

method 

Joint 

geometry 

Filler metal Tensile test 

P
W

H
T

 

Results Equations Type/ 

Name 

Ys 

In article 

Ys 

[MPa] 

Thickness 

[mm] 

Type/ 

Name 

Ys 

In article 

Ys 

[MPa] 

total 

No 

Breadth 

[mm] 

Width  

[mm] 

Hisamitsu[2] 1970 
H

IG
H

T
E

N
 7

0 
70 

Kg/mm2 686.5 32 
EGW 

SMAW 
Square 
Groove 

NM 60 
Kg/mm2 588.4 27 

30, 
150, 
320 

10, 
15, 

20,30 
√

Decrease in softlayer width , 
increases the UTS 

Ws =1/3 t   then 95% 
of Steel Ys is attained 

Wider specimen, higher UTS 
W= 5t , 10% increase 

in UTS 

Toyoda [3] 1970 S35C 
52.4 
96.8 

Kg/mm2 

513.9 
949 

3, 6 ,  
10 15 

R 

Flash butt 
welding 

NM S10C 
28.8 
37.6 

Kg/mm2 

282.4 
370.7 

NM NM 
3,6, 

10,15 √

Mechanical properties like UTS, Ys 
are function of relative thickness X 

X = Ts /D 

Strength is increased by Decrease in 
X  
Small X  makes the UTS and Ys of 
softlayer approach  the base metal’s 

---- 

Toyoda [4] 1970 

S35C 64.5 632.5 19 R 
Flash butt 
welding 

NM S15C 34.4 337.3 NM NM 19 R 

√

The strength of a bar with square 
cross section is nearly equal to a 
round bar when their relative 
thickness is equal to each other 

---- 

HT 
80 

78 764.9 25 
metal arc 
welding 

NM 
HT 

50 
48.8 478.6 NM NM 

20-120 
35-100 

Strength of welded plates depend on 
relative thickness and width to plate 
thickness ratio 

Xt = H0 /t0 

Rw = t0 /W0 

Under a constant Xt When W0 / t0 

increases from unity, the strength 
rises to a certain definite value 

When Xt >>1 and 
 t0 = W0 the strength is 
σu but for W0→∞ it is 

 

Increase in strength by decrease in Xt  
When Xt <<<1 

Strength reaches to the 
base metal strength 

Above The plate width W∞ , the 
strength becomes almost the same as 
the one in an infinite plate where: 

W∞ = 5 t0 when Xt ≤ 1 
W∞ = 5 H0 when Xt > 1 

 

Note: all produced specimens were subjected to tensile force in the direction transverse to the soft layer 

Ws: Width of the softlayer           Ts: thickness of soft interlayer        D: Diameter    R: Round UR: undermatching rate 

Xt: relative thickness Rw: relative width H0:softlayer width t0: sample thickness W0: width of the sample 

Sr: soft ratio NM: not mentioned in the article ×:No √: Yes  
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Author Year 

Steel property 
Welding 

method 

Joint 

geometry 

Filler metal Tensile test 

P
W

H
T

 

Results Equations Type/ 

Name 

Ys 

In article 

Ys 

[MPa] 

Thickness 

[mm] 

Type/ 

Name 

Ys 

In article 

Ys 

[MPa] 

total 

No 

Breadth 

[mm] 

Width 

[mm] 

Toyoda [5] 1972 
HT 

80 
75.3 

Kg/mm2 
738.4 70 SAW 

U and X 
Grooves 

NM 
59,56, 

49 
Kg/mm2 

578.6 
549 

480.5 
NM NM 

70 
And 
500 

×
 

The static strength and elongation is 
affected by soft ratio Sr of the 
weldments. 
The minimum value  is required to 
guarantee the standard strength of base 
metal  

 
 

In all soft welded 
joints  

In partial soft welded 
joints   

Toyoda [6] 1975 
HT 

80 
75.4 739.4 70 SMAW 

U and X 
Grooves E

90
16

 
E

70
16

 
E

11
01

6 NM 
47.8 
83.7 

Kg/mm2 

NM 
468.7 
820.8 

 

NM NM 
70 

500 ×
 

In an idealized model the tensile 
strength of the joint is influenced by 
relative thickness and it increases with  
decrease in relative thickness 
The Yu is also influenced by width and 
increases with the width increase until 
a certain value 

W∞ > 5 t0 

For heavy plates , undermatching joint 
can guarantee reaching to base metal 
Yu when the tensile strength of the 
electrode is not less than 90 % of the 
base metal 

UR > 90% Yu base 

Dexter [7] 1997 

H
S

L
A

-8
0 

H
S

L
A

-1
00

 

560 
690 
MPa 

560 
690 

NM NM  NM 

M
il

-1
20

 
M

il
-1

00
S

-1
 

Yu 
890 
690 
MPa 

Yu 
890 
690 

NM NM NM ×
 

Undermatching up to 25% has no 
significant effect on joints loaded in 
shear and on buckling strength of the 
members, but such undermatching has 
significant concern on butt welds 
loaded in tension perpendicular to weld 
axis. 
 
Transverse butt welds without 
reinforcement in wide panels can 
tolerate undermatching up to 12% 
without any loss in strength or ductility 

------- 

H
Y

-1
00

 

690 
MPa 

690 
9 
13 
16 

SMAW 
GMAW 

P-GMAW 
NM 

M
il

-1
20

S
-1

 
M

il
-1

20
18

-M
2 

Min. Yu 
830 
MPa 

Min. 
Yu 
830 

54 NM NM ×
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Author Year 

Steel property 
Welding 

method 

Joint 

geometry 

Filler metal Tensile test 

P
W

H
T

 

Results Equations Type/ 

Name 

Ys 

In article 

Ys 

[MPa] 

Thickness 

[mm] 

Type/ 

Name 

Ys 

In article 

Ys 

[MPa] 

total 

No 

Breadth 

[mm] 

Width 

[mm] 

Loureiro [8] 2002 

R
Q

T
 7

01
 

819 
MPa 

819 25 
SMAW 
SAW 

K 

E
70

18
 (

 r
oo

t o
nl

y)
 

O
K

10
.6

2 
O

K
 A

ut
ro

d1
3.

34
 

668 
627 
MPa 

668 
627 

NM NM 8 R ×
 

Increase in heat input, coarsening of 
WM and HAZ 

------- 

Loss of hardness probably due to 
carbide precipitation 
Increase in heat input, increase in WM 
UTS and Ys undermatching and 
production of HAZ undermatching 
WM Ys undermatching, reduces 
strength and ductility of the WM in 
case of tension  

Hardness test method should not be 
used to define the mismatch factor of 
the several zones of the weld 

Collin [9] 2005 

W
el

do
x 

50
0 

W
el

do
x 

70
0 

575 
816 
MPa 

575 
816 

30 
SMAW 
SAW 

FCAW 

Double V 
or  X  

groove 

12
 d

if
fe

re
nt

  Yu 
From 
560 
to 

870 

Yu 
from
560 
to 

870 

24 NM 60 ×
 

Undermatching butt welds can be 
safely used in structures designed by 
elastic analysis even with electrode 
strength down to 80% of the base metal 
strength  

Design strength is 
taken as lower of base 
metal Yu and electrode 

Yu divided by 
γM2=1.25 

Törnblom 

[10] 
2007 

W
el

do
x 

96
0 

W
el

do
x 

11
00

 

1361 
1054 
1193 
MPa 

1361 
1054 
1193 

5.5 
6 
12 

FCAW 
V 

Groove 
F

il
ar

c 
P

Z
 6

14
5 

F
il

ar
c 

P
Z

 6
14

9 

572 
815 
MPa 

572 
815 

30 NM 

6 
12 
24 
48 
96 

×
 

The global strength of an 
undermatched test specimen can 
achieve the base metals strength. 
 
The global strength of the joint 
increases with the width increase of the 
specimen when the steel plate 
thickness is kept constant. 
 

------- 
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2. Literature review  

2.1. Static strength of the welded joints 

High performance steels (HPS) supply elevated mechanical properties like tensile strength and 

weldability in comparison to traditional constructional steels. Utilization of HPS requires strong weld 

mechanical properties but when it comes to weld metal there are facts that need to be considered. The 

properties of the weld metal depend on chemistry of the welding consumables which can be divided to 

matching, undermatching and overmatching electrodes. In general, when matching and overmatching 

electrode consumption is the case there is not that much problem to deal with but when very high 

performance steel are designed to weld, the situation would no longer be matching nor overmatching. 

Due to HPS mechanical properties the undermatching electrodes have to be consumed. The 

undermatching electrodes represent lower strength, and hardness in comparison to the high strength 

base metal. Therefore the question is how to deploy an undermatching electrode to enhance 

mechanical properties particularly the static strength. [9] 

The static strength of the welded joints depends on properties of each part of the joint [1], which are: 

 The weld metal 

 The heat affected zone (HAZ) 

 The unaffected parent metal  

The chemical composition and metallurgical structure of the weld and the metallurgical structure of 

the heat affected zone are different from parent metal. Therefore, they represent different mechanical 

properties than the base metal.  

2.1.1. Effect of weld metal 

The mechanical behaviour of the welded joints e.g. strength can be altered by properties of the weld 

metal and the relative thickness, see figure.2 and equation 2.1, of the weld metal. [3, 11] 

Since the static strength of an undermatching weld is lower than the base metal, the produced welded 

area is considered as a soft interlayer. In case of tension, the soft interlayer starts to flow plastically 

before the high strength parent metal. The plastic deformation of the soft interlayer is hindered by the 

stronger base metal and thus the uniaxial tension is converted to triaxial tensions. [3, 4, 9, 12, 13, 14] 

The conversion in tension will be severe with decline in thickness of the interlayer and with width or 

diameter reduction of the tensile specimens (see figure 2). The dimensional parameters can be 

represented as a function of relative thickness Xt which is a ratio of the thickness of the soft interlayer 

(H0) to the width or diameter (t0) of the specimen, equation 2.1. [3, 12] 
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Xt = H0 / t0                                                                                                                                            (2.1)      

                           

 

Figure 2: Schematic view of welded plates including a soft interlayer. [4] 

 

Presence of triaxial tension gives rise to increase in yield and ultimate strength of the joint (shown in 

figure 3) by appropriate decrease in Xt value. The improvement in tensile strength is not only affected 

by lower Xt values, it is also influenced by the strength of the base metal. It mainly increases by small 

Xt quantities and high strength base metals. [3, 12] 

 

Figure 3: Effect of relative thickness on ultimate tensile strength of                                                   

flush butt welded joints of machinery structural steels S35C and S15C. [4] 

 

On the other hand, in welded plates situation is more complicated than round bars. Although the 

tensile behaviour of the welded plates is influenced by the thickness of the soft interlayer (H0) and the 

width of the base metal (t0), it is also affected by the thickness of the base metal specimens (W0) as 
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shown in figure 4. It has been revealed that the weld width and volume has a considerable influence on 

the global strength of the joint.  This influence is represented as the relative width of the joint in 

equation 2.2.The global strength of the joint can achieve the strength of the base metal even in an 

undermatching consumable. If the steel plate thickness is kept as constant, and the width of the 

specimen is increased, the global strength of the joint will be increased. [4, 9, 13] 

Relative width = t0 / W0                           (2.2) 

 

Figure 4: Effect of relative width and relative thickness on                                                           

ultimate tensile strength of metal arc welded high strength steel HT80. [4] 

 

In the soft welded joints a parameter can be defined as Soft Ratio (Sr) or undermatching index which 

is the ratio of the tensile strength of weld metal (σW) to the tensile strength of the base metal (σB). The 

static strength of the soft welded joints is influenced by the soft ratio of the welded metal. A higher 

value of the soft ratio is an advantage in static strength of the welded joint. [5] 

Undermatching index    or   Sr = σW / σB                                                      (2.3) 

The mechanical properties of the weld metal can be affected by e.g. [11]: 

 Chemical composition of base metal 

 Chemical composition of filler metal 

 Number  of welding  sequences  

 Weld geometry 

 Electrode size 

 Heat input 

 Preheating 

 Base metal thickness 
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2.1.2. Influence of the heat affected zone 

In the heat affected zone section, each part of the HAZ undergoes a specific heat treatment during 

welding which gives rise to variation in mechanical properties within the HAZ. The variation in 

mechanical properties causes lower static strength in parts of the HAZ in comparison to the unaffected 

parent metal. On the contrary, the applied tensile strength transverse to the welded joint can be higher 

than the part with lower static strength in the HAZ. [1]  

The properties of the heat affected zone are defined in section 2.2. 

 

2.1.3. Base metal effect on static strength 

It is obvious that a high strength material provides elevated strength properties than conventional steel. 

Therefore welding HPS with higher strength values can result in enhanced mechanical properties. 

Details of such steels are studied in section. 

 

2.2. The Heat Affected Zone 

The part of parent metal adjacent to the weld metal is known as the heat affected zone or HAZ (shown 

in figure 5). [1] 

 

Figure 5: Schematic view of the parts of a welded joint. [1] 

 

This zone is affected by thermal cycle of the welding process and represents different mechanical 

properties than the weld metal and the parent metal. The mechanical properties of the HAZ are on the 

other hand a function of several variables. The properties can be influenced by [1, 11]: 

 Chemical composition of base metal 

 Heat input 

 Preheating 

 Base metal thickness 

 Microstructure of the base metal 

 Number  of welding  sequences  

 Weld joint geometry 



[9] 
 

2.2.1. Layers of the HAZ 

The HAZ is generally divided into four different layers due to their unique heat treatment, depending 

on the distance from the weld metal, at each part of this region (shown in figure 6). Each section 

represents different mechanical properties and microstructure. The microstructure and thus properties 

of each part in the HAZ depends mostly on the chemical composition, the thermal cycle or the t8/5 

value, heat input, the austenite grain size and precipitates size before transformation due to the 

temperature elevation during welding process. [1, 11, 15]  

 

Figure 6: Schematic view of the different parts in the HAZ. [1] 

 

2.2.1.1. The coarse grained zone (CGHAZ) 

The CGHAZ is located adjacent to the weld metal which may reach to a temperature range of 1500˚C 

to 1100˚C during welding. As a result the grains grow big and remain enlarged at room temperature. 

The microstructure at ambient temperature is typically martensite or bainite, or a combination of both. 

Due to enlarged grains, toughness is low. [1, 11] 

At low heat inputs, material is subjected to temperatures above which the grain growth is favoured for 

a shorter time. This results in smaller rate of grain growth with respect to size and amount and causes 

narrow CGHAZ formation.  On the contrary, low heat input gives rise to faster cooling rate or small 

t8/5 value which promotes brittle and hard martensitic structure formation and facilitates the risk of 

welding caused defects like lack of fusion. [11] 

On the other hand, higher heat inputs motivate larger grain size formation and slower cooling rates 

resulting in wider CGHAZ.  

2.2.1.2. The fine grained zone (FGHAZ) 

In this zone temperature can vary from 1100˚C to 900˚C while welding and microstructure can be one 

or combination of bainite or martensite. [1, 11] 
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2.2.1.3. The intercritical zone (ICHAZ) 

During welding, the ICHAZ or partially transformed zone can reach to temperature range of 900˚C 

to 700˚C and microstructure includes austenite, tempered martensite, martensite, and bainite. At 

ambient temperature the grain size is small but relatively larger than the fine grain zone. The 

toughness in this part can be low. [1, 11] 

2.2.1.4. The subcritical zone (SCHAZ) 

The SCHAZ or annealed zone is adjacent to the parent metal. The welding process raises the 

temperature up to 700˚C. This temperature does not affect the microstructure and grain size. At room 

temperature, microstructure consists of tempered martensite or bainite, or a combination of both. [1] 

If quenched and tempered steel is welded, a narrow annealed zone can be produced in the HAZ which 

leads to a strength reduction in that zone. The reduction in the strength of the HAZ has a negative 

effect on the triaxaility of the tension in the soft interlayer section. [14] 

The width of the HAZ and its different areas are mainly determined by heat input and preheat 

temperature of the welding process, see in figure 7. [1] 

 

Figure 7: Influence of different heat inputs on HAZ. [1] 

 

Among all regions, the CGHAZ and ICHAZ are of a great importance due to embrittelment of the 

region based on grain growth. [11] 

2.2.2. The heat input 

The heat input of the welding process is the amount of energy delivered per length to the joint and it 

depends on the voltage, current, thermal efficiency factor and welding speed. The heat input can be 

calculated as below: [1] 
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Q = (k × U × I × 60) / (v × 1000)                                                                                                        (2.4) 

Where Q is heat input [kJ/mm], U is voltage [V], I is current [A], v is welding speed [mm/min], and k 

is the thermal efficiency [dimensionless]. 

Since there is an energy loss in the arc, the thermal efficiency factor (k) corrects the amount of energy 

that is practically transferred to the joint during welding. Approximate K values for different welding 

techniques are shown in table 2: [1] 

Table 2: Thermal efficiency of different welding technologies 

Thermal efficiency K [dimensionless] 

MMA 0.8 

MAG, all types 0.8 

SAW 1.0 

TIG 0.6 
 

 

As represented in figure 7, larger heat inputs can result in larger HAZ formation. Thus greater soft 

zone is generated which reduces the tensile strength of the welded joint.  

2.2.3. The t8/5 value 

The t8/5 value (see figure 8), facilitates understanding of the thermal cycle of the welding procedure 

and represents the time required for cooling the HAZ from 800˚C to 500˚C. The reason to pick these 

two values is due to the fact that most of metallurgical transformations happen between these two 

temperatures. The t8/5 value can be increased by larger heat inputs, decrease in plate thickness, and a 

rise in preheat temperature. [1, 15, 16] 

 

Figure 8: Schematic view of the t8/5 value. [1] 

 

In most welding situations rate of heat flow in direction to travel is small in comparison to the 

direction perpendicular to the travel speed. Therefore, in a given section of a welded material, the base 

metal encounters an intense amount of heat at a very short time. In thick plates, the time required to 
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dissipate such heat input is proportional to the thermal conductivity (λ) and in thin plates in addition to 

the thermal conductivity (λ); it is also proportional to the specific heat per unit volume of the base 

metal (ρC). [15] 

The t8/5 value can be either calculated or measured. Calculation can be done by mentioned formulas for 

a thin or a thick plate or for a two dimensional or three dimensional heat flow. Previous studies in 

measurement of the value have shown inaccuracies caused by technical measurement errors, as a 

result calculation of the value has been recommended. The Weldcalc software, represented by SSAB 

could be used to calculate the t8/5 value. [1, 16] 

For a thin plate [16]: 

∆t8/5 = (q/vd )2 / (4πλρC) × [ 1/( 500-T0)
2 – 1/ ( 800-T0)

2]                                                                  (2.5)                           

For a thick plate [16]: 

∆t8/5 = (q/v)/ (2πλ) × [1/ (500-T0) – 1/ (800-T0)]                                                                                (2.6)                           

Or 

The t8/5 value in case of two dimensional heat flow [1]: 

                                                            (2.7) 

The t8/5 value in case of three dimensional heat flow [1]: 

                                                            (2.8) 

Where d is plate thickness [mm], Q is heat input [kJ/mm], T0 is initial plate temperature [C], and F2 

and F3 are shape factors. 

In order to determine two or three dimensional heat flow and to adjust the required shape factor, figure 

9 and table 3 have to be considered. 

Slow cooling rates can cause a tremendous drop in mechanical properties particularly in high strength 

steels. [17] 
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Figure 9: Evaluation of heat flow type in the joint;                                                                    
Tp is preheat temperature, 2 ans3 represent 2 and 3 Dimensional heat flow zones. [1] 

 

Table 3: Shape factor for different heat flow dimensions [1] 

 
 

2.2.4. Effect on precipitates 

Since modern steels enhance their mechanical properties through combination of different hardening 

mechanism, for instance grain size strengthening and precipitation hardening, they can be sensitive to 

precipitates decomposition during welding process. It has been revealed that large amount of widely 

distributed fine precipitates slow down the growth of austenitic grains. As illustrated in table 4 and 

expressed in typical chemical reaction 2.9 and equation 2.10, solubility of nitrides, carbides, sulphides 

and oxides depends on temperature. The higher the temperature in the heat affected zone, the higher 

the chance of precipitates to decompose. [16]   

MaNb <=> aM + bN                                                                                                                             (2.9) 

Log [%M]a [%N]b = - ∆G0 /RT = A - B/T                                                                                    (2.10) 

Where %M and %N are  the weight percent of elements M and N, a and b labelling stoichiometry of 

the compounds , A and B are constants that can be estimated from free energy data or concluded by 
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experiments, T is temperature in Kelvin, R is the constant of perfect gases, ∆G0 is the free energy of a 

reaction. [16, 18] 

 

Table 4: The solubility product of different particles in austenite [16] 

Type of precipitate A-B/T 

NbN 4.04-10230/T 

VN 3.02-7840/T 

AlN 1.79-7184/T 

TiN 4.35-14890/T 

TiC 5.33-10475/T 

NbC 2.26-6770/T 

MnS 2.93/9020/T 

Al2O3 20.43-125986/T 

SiO2 5.10-44801/T 

MnO -5.71-24262/T 

Ti2O3 16.18-104180/T 

 

In case of common composition of structural steels, decomposition of nitrides, carbides and sulphides 

can be around 1150 to 1300˚C, 1100 to 1150˚C, and 1100 to 1200˚C respectively.  Despite other 

particles, oxides are very stable and are not affected by welding process. These oxides, which are 

known as oxide inclusions and are mainly formed in steel making in liquid state, are very few in 

amount but large in size. Therefore, they can not hinder austenitic grain growth in the heat affected 

zone. [16] 

Recent research has resulted in an innovative technology called “super High HAZ Toughness 

Technology with Fine Microstructure Imparted by Fine Particles” or HTUFF. In this method, by 

addition of Ca or Mg during liquid state steel production of 490 to 590 MPa steels, thermally stable 

fine oxides and sulphides particles containing Mg and Ca were dispersed in steel. As illustrated in 

figure 10, these particles strongly hinder austenitic grain growth in the heat affected zone area and 

consequence in reasonably small grain microstructure in the HAZ. [19]  
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Figure 10: Comparison of HAZ microstructure between                                                                
a HTUFF treated steel and conventional TiN steel [19] 

 

2.3. The high strength steel 

Metals in general can be strengthened theoretically by either removing dislocations from the lattice or 

creating as much barriers against dislocation movements. The second choice is vastly used to 

strengthen the materials. [20] 

 The mechanisms of strengthening can be divided to [20]:  

 Work hardening: when a crystalline solid is deformed, it gets more resistance to further 

deformation and thus higher level of force is required to deform the material. 

 Solid solution hardening: if elements are dissolved within the matrix, depending on their size 

with respect to the solvent they can induce tension to the system and therefore hinder the 

dislocation movement and resulting in stronger material. 

 Precipitation hardening: by solving different elements and production of different precipitates 

in the matrix, the dislocation movement will be obstructed and thus high strength material 

would be produced. 

 Grain size strengthening: in case of making the grains of the microstructure smaller in the 

size, more resistance due to dislocation movement is induced to the material and larger amount 

of stress is required to initiate the plastic deformation.  

 Martensitic transformation: when a material like steel is cooled done rapidly (quenching) 

from elevated temperatures, enough time for diffusion base transformation will not be given 

resulting in a diffusionless transformation known as martensitic transformation. This 
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transformation delivers a crystalline distortion to the lattice and thus more barriers to dislocation 

movement can be produced. 

The high strength steels, particularly the Weldox grades attain their mechanical properties through 

quenching and tempering process [21, 22] where the steels are heated to temperatures about 900 ˚C 

(presented in figure 11) and then rapidly quenched to the ambient temperature [23]. This kind of 

hardening mechanism results in a martensitic and fine grained structure with a high tensile strength 

and hardness characteristic [24].  

 

 

 

 

Figure 11: Schematic view of the quenching process. [23] 

 

By subsequent process, toughness can be increased; however the strength and hardness could be 

declined in this period. The tempering temperature is below austenitic transformation of steel and 

provides a time for carbon to diffuse out of the fine grained martensitic structure and form new phases. 

The final production of tempering process depends on the time and temperature of the process and 

may include retained austenite, tempered martensite, and untransformed martensite. [24] 

Therefore, it should be noticed that these materials have not to be subjected to elevated temperatures 

which results in a loss in their mechanical properties. This is mainly due to grain growth and change in 

the microstructure of the steel from hard to soft structures, for instance from martensitic to ferritic or 

pearlitic structure. The same concept can be employed with respect to welding procedure and the 

change in the microstructure of steel especially in the HAZ. Larger heat input, results in wider HAZ 

and production of softer material in this section which implies a negative effect on mechanical 

properties. At this section grain size can be several times larger than the parent metal [1]. 

The total alloying elements in Weldox as well as Hardox grades can vary in the range of 2-4 weight 

percent of the material (see figure 12). These steels are considered as very clean steels with very low 

or controlled content of contaminants [1].   
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Figure 12: Chemical composition of Weldox 1100. [21]  

 

Alloying elements have different impact on the mechanical properties and are added for several 

reasons; table 5 reflects the affect of alloying elements on mechanical properties [1]. Where (+) is a 

sign for positive effect and (-) is a sign for negative effect.  

 

Table 5:  Effect of alloying elements on mechanical properties 

Element 
 
Effect on  

C Si Mn P S B Nb Cr V Cu Ti Al Mo Ni N 

Yield strength +++ + +    + + +  + + ++ + + 

Tensile strength +++ + +    + + +  + + ++ + + 

Hardness +++ + +    + + +  + + ++  + 

Toughness  +/-  + - -  +/-  +/-  +/- +/-  ++ - - 

Martensitic 
transformation 

+  +   +  +     + +  

Grain refinement +  +    +  +  + +   + 

Precipitation 
hardening 

+      + + +  + + +  + 

Solution hardening  + + +     +     + + + 

 

Steel carbon content plays an important role in materials resistance to hydrogen cracking caused by 

welding. By increase in the carbon content, steels become more susceptible to hydrogen cracking. 

Other elements can also promote the susceptibility to hydrogen cracking thus it is essential to consider 

their amount and influence prior to welding and evaluate weldability of steel so as to apply preventive 

actions if required.[1]  
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2.4. Welding process and considerations  
 

 

2.4.1. MAG Welding  

Metal Active Gas (MAG) welding is a type of Gas Metal Arc Welding (GMAW) which can be 

performed automatic or semi automatic. In general, GMAW uses an arc between a consumable 

electrode and the weld pool and the process is protected from contact with nitrogen and oxygen in the 

air by a shielding gas. If the welding process is not protected by a shielding gas then oxygen can 

oxidize the alloying elements and cause slag inclusions and nitrogen dissolves in the molten metal and 

after solidification, due to lower solubility of nitrogen, pores are formed. The shielding gas can be 

inert or active. If the inert gas is used then the process is called, MIG welding or metal inert gas 

welding and if an active gas is used the process is called metal active gas (MAG) welding. [1, 25, 26] 

In a MAG welding technique, illustrated in figure 13, an electric arc forms between the work piece 

and the filler metal making them to melt and join. The filler metal is supplied automatically to the 

welding gun. MAG welding can be done with different type of consumables like solid wires, metal 

cored wires, and flux cored wires. [1, 26] 

 

Figure 13: Schematic view of MIG/MAG welding equipment: 1.Electic Arc 2.Electrode 3.Contact tip 
4.Sheilding gas nozzle 5.Weld pool 6.Sheilding gas 7.Welding gun 8.Power source. [26] 

 

The active gas for welding mild steel can be a combination of argon and carbon dioxide. The carbon 

dioxide gas serves as an active gas in this process. The Ar to Co2 ratio depends on the type of arc that 

is used for welding. The two principal arc types are short arc and spray arc which can be generated in 

certain intervals of current and voltage (illustrated in figure 14). In case of inappropriate current and 

voltage settings, an unstable arc can be formed which should be avoided. [1, 25, 26] 
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Figure 14: Schematic view of MAG welding arc types                                                                
with respect to current and voltage. [1, 26] 

 

In addition to shielding affect, argon gas assists easy arc striking due to relative ease in atom 

ionization. Argon promotes spray arc formation and provides intense narrow arc which enables deep 

penetration while welding. On the other hand, using just the argon as a shielding gas unstable the arc 

and thus it should be mixed with an active gas. [1, 26] 

The carbon dioxide in the shielding gas gives rise to better heat transfer in the weld metal, stabilizes 

the arc, and gives a round and smooth shape to the weld volume. It is recommended to keep the Co2 

content in the shielding gas mixture to less than 25% in order to benefit from spry arc type generation. 

[1, 25, 26] 

 

2.4.2. Weldability 

Weldability can be defined as materials resistant to different types of cracking. In case of welding 

steels, carbon equivalent (CE) is used to determine the maximum allowable value to avoid cold 

cracking or hydrogen cracking. In general, steel with CE< 0.4 can be considered as a weldable 

material. [15]  

The hydrogen cracking is promoted by certain alloying elements which can be present in steels.  Their 

influence can be higher by increase in the thickness of steel thus demanding more restrictions to 

welding procedure. [1] 

The carbon equivalent value can be calculated as CE (CEV) or CET based on below empirical 

equations [1, 15, and 27]:  

CE (CEV) = C + Mn/6 + (Cr + Mo + V)/5 + (Cu + Ni)/15                                                              (2.11)  
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CET = C + (Mn+ Mo) /10 + (Cr + Cu)/20 + (Ni)/40                                                                        (2.12) 

According to the SS-EN 1011-2: 2001, two approaches can be considered to avoid hydrogen cracking.  

Methods A and B adopt CE and CET for non-alloyed, fine grained and low alloyed steels where 

chemical composition is in the range represented in table 6.  

 

Table 6:  Different methods for carbon equivalent based on EN 1011-2 [27] 

       Composition 

Method 

C Si Mn Cr Cu Mo Ni Va Nb 

A (CE) 0.05-0.25 
0.8  

Max 

1.7 

Max 

0.9 

Max 

1.0 

Max 

0.75 

Max 

2.5 

Max 

0.20 

Max 
----- 

B (CET) 0.05-0.32 
0.8 

Max 
0.5-1.9 

1.5 

Max 

0.7 

Max 

0.75 

Max 
----- ----- 

0.06 

Max 
 

 

The calculated values for carbon equivalent, either CE or CET, are essential in order to determine the 

level and extent of preheating required to avoid hydrogen cracking in desired welding process. [1, 27] 

Since the carbon equivalent seems to be very general to cover a wide range of steels, the limits for the 

preheating temperatures of Hardox and Weldox grades are defined based on TEKKEN test. [1] 

The TEKKEN test is mainly carried out for the high strength steels due to higher susceptibility for 

hydrogen cracking. Being illustrated in figure 15, Y groove joints are prepared and welded based on 

different preheating temperatures and altered welding conditions. This test examines root cracking in 

single pass butt welds. If an unfavourable welding procedure is applied, longitudinal cracks occur in 

the HAZ. This try and error process is continued until the right preheat temperature is accomplished. 

Then the temperature is considered as a limit for preheating of the desired steel. [28] 

 

Figure 15: Y groove Tekken test [29]  
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2.4.3. Weld joint geometries 

Weld joints are usually divided into five groups based on the type of the joint: butt, corner, lap, T, and 

edge joints (as illustrated in figure 16). In this research work, the butt joints were applied and they 

were varied based on different shapes and angles. The butt joints can be produced in different shapes 

to fulfil requirements in constructional applications (shown in figure 17). The weld joint itself is 

defined by several characteristics; for instance groove angle, bevel angle, root and groove face, root, 

and root opening (see figure 18).  

 

 

Figure 16: Different weld joint geometries. [30] 

 

 

 

Figure 17: Different butt weld joint shapes. [30] 
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Figure 18: Different parts of a weld joint. [10] 

 

2.4.4. Residual stress 

The mechanical behaviour of materials changes temperature. Welding transfers huge localized amount 

of heat to materials and induces residual stress in the weldments. The residual stress could be caused 

by a thermal origin or by allotropic transformations during cooling. [16] 

In case of a thermal origin; the weldments, which are experiencing a rise in temperature (∆T), are 

exposed to thermal strain due to thermal expansion. The thermal expansion in the weld metal is very 

limited since the neighbouring cold base metal hinders the expansion and thus the weld metal is 

subjected to compression (as illustrated in figure 19, section B-B). At this stage the weld metal is in 

liquid state, the compression results in plastic deformation. By cooling and shifting to solid state, the 

weld metal cannot flow easily and thus would be under pressure by the base metal. [16] 

The thermal stress and strain can be calculated from below equations, Where ∆ε: thermal strain, α: 

thermal expansion coefficient, T: actual temperature of the material, T0: reference stress free 

temperature, σ: residual stress, E: Young’s modulus [15, 16] 

∆ε = α ∆T = α (T-T0)                                                                                                                         (2.13)                         

σ = E α ∆T = E α (T-T0)                                                                                                                    (2.14)  

On the other hand; residual stress can be a consequence of an allotropic transformation where phase 

transformation during welding generates a noticeable expansion. This expansion in the weld metal and 

the HAZ is opposed by base metal, resulting in residual compressive stress accumulation inside the 

weldments. [16] 
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Figure 19: Schematic view of temperature and residual stress                                                           

change caused by welding process. [15] 

 

2.5. Methods to assess mechanical properties 
 

 

2.5.1. Tensile testing 

Tensile tests are mainly performed to measure the tensile strength properties of materials and welded 

joints. In this test, the tensile force is applied transverse to the direction of the joint until the specimen 

ruptures. [1] 

The stress and applied force relation can be defined in two ways: engineering stress (σE), and true 

stress (σT). The engineering stress is the ratio of the applied force to the original cross-sectional area.  

The true stress is the ratio of the applied load to area change with respect to the actual cross-sectional 

area. In situations where gradual increase in the load; significantly changes the cross sectional area, 

the engineering stress type may not hold. [31] 

σE = applied load/ (original cross- sectional cross) = P/A                                                    (2.15) 

σT = applied load/ (actual cross- sectional cross) = P/A0                                 (2.16) 

As the stress is applied, the material elongates. Therefore the term strain (ε) is used to study material 

elongation versus stress. Similar to the stress, strain can be determined as engineering strain (εE) and 

true strain (εT). [31] 
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εE =∆l / l0                                                                                         (2.17) 

εT = ∑ dli / li = ∫ dl / l = ln(l / l0)                                                            (2.18) 

l : is the actual length ( after deformation) and l0  is the initial length. By considering the fact that the 

volume remains constant after and before deformation, below relations can be introduced: 

εE = (l ‐ l0)/ l0   then   εE +1= l / l0                                                                                 (2.19) 

εT = ln(l / l0) = ln(A/A0)= ln (εE +1)                                                                         (2.20) 

σT = P/A = P/ A0 × A0/A = σE × A0/A= σE × l / l0 = σE × (εE +1)                                                (2.21) 

During the tensile test, stress-strain variations of the material until its fracture is measured and plotted. 

The resulted graph enables evaluation of elastic-plastic behaviour, tensile strength, and ultimate 

strength of the material (shown as an example in figure 20). [31] 

 

 

Figure 20: Stress/strain curve of Weldox 1100 specimen welded by FCAW method,                        
plate thickness 5.5 mm and plate width 24 mm. [10] 
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2.5.1.1. The Stress- strain curve 

The stress-strain curves can be determined by five characteristics, two main regions and three 
important points: 

1. Elastic region (from start to yield strength point)  

2. Yield strength  

3. Plastic region (after yield strength point and up to fracture point) 

4. Ultimate strength 

5. Fracture point 

 

2.5.1.1.1. Elastic region 

In this region, no permanent deformation takes place and material shows elastic behaviour. During the 

elastic regime, stress-strain relationship obeys Hook’s law (equation 2.22) which states that the strain 

(ε) is directly proportional to stress (σ), and if a uniaxial load is applied the proportionality coefficient 

is the Young’s modulus (E) [31]: 

σ = E ε                                                                                                      (2.22)
            

2.5.1.1.2. Yield strength 

By increasing the load and consequently applied stress to a certain level, material loses the elastic 

behaviour and starts to deform permanently.  This particular point is known as the yield strength of the 

material (Ys). [31]     

2.5.1.1.3. Plastic region 

When material reaches to the Yield strength level permanent deformation initiates. In this region, 

metals show a large strain variation in comparison to stress level. Two phenomena are normally 

present in plastic deformation area; strain hardening and necking. The strain hardening is enhanced 

before the ultimate strength of the material. [31]      

The strain hardening can be explained as strengthening of a material against movements, interactions, 

and accumulation of the dislocations by creation of larger amount of barriers within the material. A 

grain size reduction, as in quenched or quenched and tempered steels, increases the total amount of 

barriers. The increased amount of barriers requires elevated stress values to push the dislocations to 

overcome the new situation. The increase in stress levels is continued until the point that material 

refuse to stand more stress and from this point necking initiates until the final fracture. The point that 

necking begins is known as ultimate tensile strength of the material (UTS). 
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2.5.1.2. Inaccuracies in tensile testing 

There might be some inaccuracies while performing the tensile test which is caused by movement of 

specimen perpendicular to the dragging force direction as shown in figure 21. Since welding can to 

some extent deform the joint therefore the movement may occur. Strengthening of the specimen 

before tensile test is not recommended due to decline in mechanical properties of the weldments. [1] 

 

Figure 21: Movement of a tensile specimen during tensile test. [1] 

 

2.5.1.3. Yielding in case of uniaxial and multiaxial stresses 

It is believed that application of accurate methods to predict stress-strain behaviour  are impossible 

therefore several empirical models have been suggested to approximately estimate  the yielding in 

uniaxial and multiaxial stress conditions. [31] 

The most popular relationship in uniaxial stress condition is called Hollomon equation where σT is true 

stress, εT true strain, K is a constant which represents the true stress at true strain of 1.0, and n is a 

strain hardening factor. [31] 

σT = K (εT)
n                                                         (2.23)                    

On the other hand several practical engineering problems undergo multiaxial stresses. Similar to 

uniaxial case, only empirical relationships have been defined and used. Two of such empirical 

relationships are Tresca yield criterion and Von Mises yield criterion. [31, 32, 33] 

The simplest and most commonly industrial used model is the Tresca yield criterion which introduces 

a maximum shear stress required for yielding under multiaxial loading. The maximum shear stress (τy) 

is equal to half the uniaxial yield stress (σy): [31] 

τy = σy /2 = (σ1- σ3)/3                          (2.24)  

Where σ1 is maximum and main stress values and σ3 is minimum main stress values 

The Tresca yield criterion, which neglects probable influence of the shear components, is upon 

yielding in a two dimensional hexagon surface (see figure 22 a, and c). Therefore, when deviatoric 

stresses are significant the Tresca yield criterion might subject to significant errors.  
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On the contrary, in cases where higher accuracy is desired the Von Mises yield criterion could be a 

better option which considers effect of shear stresses. [31] 

σy = 1/21/2 × {(σxx – σyy)2 + (σyy- σzz)2 + (σzz- σxx)2 + 6 [ (τxy )2 + (τyz )2 + (τzx )
2]} ½      (2.25)             

The yielding starts when: 

τy = σy / 31/2                                                                                                                          (2.26)     

  

 

Figure 22:  a) two dimensional Tresca and Von Mises yield criterion                                                    
b) three dimensional Von Mises yield criterion                                                                      
c) three dimensional Tresca yield criterion. [33] 

  

Referring to the transformation of uniaxial stress in the soft interlayer to multi axial stress, during 

tensile test , the above mentioned yielding criterion need to be applied while studying strength of the 

welded joints. The equation 2.27 can be simplified by considering the fact that in an applied uniaxial 

load the shear stress part of the Von Mises formula can be neglected and thus; 

σy = 1/21/2 × {(σxx – σyy)2 + (σyy- σzz)2 + (σzz- σxx)2}1/2                                                     (2.27)                       

Then if no softlayer is generated    

σyy = σzz =0 and thus σy = σxx 

But if a soft interlayer exists, then σxx, σyy , and σzz are not equal to 0 therefore:  

σy = σxx – σyy [13, 34, 35]                                                                                                               

(2.28)                          
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 Equation 2.28, explains the need to increase the applied load in order to initiate the yielding. This can 

only happen if σyy = σzz then [35]: 

σy = 1/21/2 × {(σxx - σyy)
2 + (σyy- σyy)

2 + (σyy - σxx)
2}1/2  = 1/21/2 × {(σxx – σyy)

2+ (σyy - σxx)
2}1/2  

σy =1/21/2 ×{2 × (σxx – σyy)2}1/2  = σxx – σyy                                                                                             (2.29) 

 

2.5.2. Hardness measurements  

In material engineering terminology, hardness is materials resistance to any permanent deformation. 

Hardness is expressed by the applied hardness measurement method. The hardness measurements can 

be performed in different methods including static indentation tests, scratch tests, erosion tests, and 

abrasion tests. In the static indentation tests, an indenter is forced perpendicularly to the surface of the 

hardness test specimen and depth or area of the deformed zone is measured. Then the relationship of 

applied load to the measured parameter represents the hardness. [20, 36] 

Depending on the type of studies; micro or macro indentation hardness tests can be applied. In micro 

hardness testing, the applied load can be equal to or lower than 1Kg and it is performed on very thin 

materials. For instance, if the aim is to study a second phase particle at microscopic level then the 

micro indentation hardness test should be applied which enables measurements in such scales. In 

macro indentation tests, higher loads are applied and thus larger indentations are produced on the 

surface of the testing specimen. The macro indentation testing can be divided into Brinell, Rockwell, 

and Vickers hardness tests. [20, 36] 

In Brinell hardness test, spherical steel is pressed against to the surface of the specimen and it is kept 

for a specific time and then surface of indentation is measured. The Rockwell hardness test has 

different scales. For instance, scale C is used for hard steels and scale B for soft ones. In Rockwell 

hardness measurement method the depth of indentation is measured. In this method, the indenter 

shapes can be different based on applied load. [20, 36] 

In Vickers hardness testing, a diamond pyramidal shape indenter with a square base and specific 

angles, as shown in figure 35, is used to measure the hardness. This hardness method requires much 

better surface preparation than the other methods. Only one indenter is sufficient to cover all materials. 

In this technique, the applied load increases with increase in the hardness. After indentation; diagonals 

d1 and d2, shown in figure 23, has to be measured and the average value need to be considered for 

calculation of Vickers hardness. [36, 37] 
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Figure 23: Principle of the test [37] 

 

2.5.2.1. Correlation between strength and Hardness  

There has been a tendency to find out a correlation between different mechanical properties of a 

substance to perform less destructive experiments and to some extent extract values from measured 

properties. Therefore lots of efforts has been made to find suitable correlations between hardness and 

tensile or yield strength of the materials.  

In 1951, Tabor introduced a correlation between hardness and tensile test through empirical relation 

based on Meyer hardness (Hm) and stress (σ) for aluminium, copper and steel (see equation 2.30 and 

figure 24). Several years after, in 1955, Lenhart research results indicated that Tabor’s correlation 

should not be applied to metals that are subjected to large deformation like twinning. [35, 38] 

Hm ≈ 2.8 σ                                                                                                                              (2.30) 

Tabor has also shown relations between hardness Vickers (H) values and ultimate (σu) and yield (σy) 

strength values defined in equations 2.31 and 2.32 where m is the Meyer’s hardness coefficient. The 

yield strength (σy) equation assumes that strain hardening coefficient (n) is equal to zero. The strain 

hardening coefficient can be found from Mayer’s coefficient where n=m-2. [35, 38, 39] 

                                                                         (2.31) 

                                                                                                                                       (2.32) 
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Figure 24: Mechanical property curves for steel, copper and aluminium [35] 

 

In 1970, J.r.Cahoon’s research results signified that the factor H/3 is suitable for steel, brass and 

aluminium than the H/2.9 value that had been proposed by Tabor. [39, 40] 

                                                                               (2.33) 

                                                                                                                        (2.34) 

In 1972, Cahoon suggested an improved equation (2.35) relating ultimate strength to hardness which 

shows better agreement for all values of the strain hardening coefficient. Tabor’s equation represents 

agreement only on lower values of n. [40] (see figure 25)  

                                                                                                                        (2.35) 
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Figure 25: The strain hardening coefficient relation to ultimate strength over hardness [40] 

 

As a result “a value of H/3 can be used as an equivalent to the stress at a strain of 8% during a tensile 

test” where Vickers hardness values can be converted to stress equivalents in kg/mm2. [39, 41] 

σy = (H/3) (in kg/mm2)                                                                                                                    (2.32) 

σy = (H/3) × 9.806 ≈ H × 3.27 (in MPa)                                                                               (2.36) 

 

2.6. Non-destructive testing  

In order to control the quality of products and even processes different types of tests can be applied. In 

general tests can be either destructive or non destructive. Destructive tests, like tensile or impact tests, 

are the ones that destroy a product or a sample to check the desired parameters. On the other hand 

when the object has to be used after testing, the non destructive method is the only option.  This 

method includes; visual testing, liquid penetrate testing, radiographic testing, ultrasonic testing, eddy 

current testing. [42]  

Due to utilization of radio graphic and ultra sonic testing in this project work, a brief background is 

introduced. 

2.6.1. Radiographic testing 

In this method by radiation of X-rays or gamma-rays through the object a shadow image is made on a 

thin film on the other side .The image includes possible defects e.g. inclusions and cracks (see figure 

26). In this test, depending on the shape and thickness of the testing samples and direction of the flaws 
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to the radiation source, determination of the defect and exact depth of the defect could be difficult or 

in some cases even impossible.  [30, 43] 

 

Figure 26: Schematic view of an X-ray radiography method. [43] 

 

2.6.2. Ultrasonic testing 

In an ultrasonic method of testing, high frequency sound waves travel through a material and measure 

geometry and physical properties. As illustrated in figure 27; the high frequency sound wave is sent by 

a transducer and it continues to travel in the material until it encounters a subject with different 

density, than the being tested material, and gets reflected to the transducer. Then the transducer 

converts the wave sound into an electronic pulse which is displayed in a cathode ray tube or CRT and 

hence interpreted by the operator. This testing technique is sensitive to defects lying perpendicular to 

the direction of the sound waves and interpretation of the results need a highly skilled operator. 

Meanwhile this method is applicable for groove weld joints with thicknesses greater than 6 mm. [30] 

 

 Figure 27: Schematic view of an ultrasonic testing method. [44] 
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2.7. Finite element method  

Modelling of a physical phenomenon is considered as one of the important parts of an industrial 

design, a research and development plan, or a scientific study. By this approach, plenty of time and 

huge amount of budget can be saved. In a modelling procedure, behaviour of an engineered material 

can be carefully assessed and estimated even before actual hardware prototype production. As a result, 

required corrections and improvements would be taken to enhance more effective materials and 

fabrications. [45, 46] 

Mathematical models of a process, which are analytical descriptions of a physical phenomenon, are 

designed to use assumptions. The models often include complex differential or integral equations 

based on geometrical feature of an item. If the mathematical models are to be solved manually, several 

simplifications need to be made to get it solved. Otherwise by employing powerful computers and 

with the help of appropriate mathematical models and numerical methods, a practical complicated 

problem and with higher rate of accuracy can be solved easily. [46] 

A finite element method is a numerical method which can solve such complex engineering problems 

with an accurate solution. In this method, the body of a matter is divided into subdivisions known as 

finite elements. These elements are connected at joints called nodes. The nodes are placed in the 

element boundaries where adjacent element is present. Since the actual behaviour of the variable 

inside the matter is not known, a simple approximating function can be assumed for the variation of 

the variable inside the finite elements. The approximating function or interpolation model is defined 

based on the values of the variables at the nodes. When required equations are written for the whole 

case of study, for instance equilibrium equations, the new unknowns are the node values. The 

unknown values are extracted after solving the finite element equations. Thus the approximating 

function can now define the variable throughout the whole body. [45 and 46] 

In general, solution of a problem by finite element method needs to follow a step by step order [45 and 

46]: 

 Step 1: finite element discretization or dividing the domain into elements  

 Step 2: selecting a proper approximating model (interpolation model) or element equations 

 Step 3: deriving element characteristic matrix 

 Step 4: assembling element equations  

 Step 5: solving the unknown nodal variables 

 Step 6: computing the element resultants 
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2.7.1. Discretization of the domain 

In this step, by dividing the domain into elements, the original body is simulated. This is an essential 

procedure which transforms a domain with an infinite number of degrees of freedom to a system with 

a finite number of degrees of freedom. Therefore particular attentions need to be paid in shape, size, 

number, and arrangement of the elements to match the original body as close as possible. Meanwhile 

the subject discretization should not increase the computational time where it is not needed. [45] 

2.7.2. Element shapes 

Depending on the problem, one, two, or three dimensional element shapes can be used (shown in 

figure 28). For instance; in case of studying a temperature distribution in a rod or deformation of a bar 

under axial tension:  the geometry,  material properties, and the field variables can be defined as a 

single spatial coordinate, a one dimensional or a line element shape. If a problem with curved 

geometries is studied, finite elements with curved features are useful. [45] 

 

Figure 28: Different element shapes [45] 

 

2.7.3. Type, size and number of elements 

The type of element is directly influenced by the geometry of the main body. As illustrated in figure 

29; in a stress analysis on a short beam, the main body can be idealized by a three dimensional solid 

elements. However in complicated cases idealization of the main body might vary based on different 

judgments. [45] 
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Figure 29: Element type and size in a short beam [45] 

 

The size of the elements should be chosen carefully. Small size elements provide more accurate 

solutions but the computation time will rise. Therefore, depending on a problem different element 

sizes ought to be considered. In case of earlier mentioned problem all elements can be equal in size. 

On the other hand, as illustrated in figure 30, when a stress analysis of a plate with a hole is 

performed, the element sizes need to be very small particularly close to the hole where stress 

concentration is expected. [45] 

 

Figure 30: Element size in a plate with a hole [45] 

 

Number of elements depends on the accuracy rate that is desired to solve a problem. The same as 

element size, more elements give accurate solutions but from a certain number of elements the 

increase would be meaningful with no affect on the accuracy of the results. Moreover, increasing the 

number of elements from a certain level will require more space to store resulting matrices. [45]    

2.7.4. Location of nodes 

Location of nodes is influenced by physical and external conditions of the domain. If the domain is 

uniform in geometry and material properties, and if the external condition like load and temperature 

are uniformly distributed, the body can be divided into equal elements. Otherwise nodes have to be 

introduced in places where discontinuities are present (as shown in figure 31). [45] 
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Figure 31: Location of nodes [45] 

 

2.7.5. Basic theory 

In a finite element method analysis; the unknown parameters, e.g. stress, are obtained by minimizing 

energy functional. The energy functional is the total energy of a system which is described as a 

function of a system state. When energy of a system shifts to higher level, the system tends to develop 

into a stable situation by lowering the energy levels. The achieved minimum energy value is related to 

the stability state of the system. By setting its derivative to the unknown parameter potential to zero, 

the minimum value is obtained. Therefore, the basic equation for finite element analysis can be 

presented as: [47] 

                   (2.37) 

Where F is the energy functional and P is the unknown grid point potential or nod potential, in 

mechanics the potential is known as displacement. [47] 

The equation is based on the principle of virtual work. The principle states that under a set of forces 

when a particle is in equilibrium condition, for any displacement the virtual work is zero. [47, 48]  

As a result the general equilibrium equation can be written as: [49] 

              (2.38) 

Where π is the virtual work, ρ is density, ẍ is acceleration, δ is kronecker delta, x is a point in a fixed 

rectangular Cartesian coordinate system, V is velocity, σ is stress vector, f is body force density, t is 

applied traction load, and S is deviatoric stress. 

By considering n elements the equation is transferred to: [49] 

             (2.39) 
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Where σ is stress vector, N is an interpolation matrix, B is the strain-displacement matrix, a is the 

nodal acceleration vector, b is the body force load vector.  

For instance, for a continuous rigid body in stress analysis the total energy potential would follow 

equation 2.40; where σ and ε are stress and strain vectors at any point, d is displacement vector at any 

point, b is body force components per volume vector, and q is applied surface traction components 

vector at any surface point, Π is potential energy, Ω is the entire structure, and Γ is the load on 

boundary of the structure. [47]  

               (2.40) 

 

2.7.6. Finite element software 

Using finite element software to solve any engineering problems involves three steps [45 and 46]: 

 Pre processing: where material properties, geometry, loads, finite element mesh information, 

and boundary conditions are defined to the system.  

 Processing or numerical analysis: in this part the software generates the element metrics and 

characteristics, assembles element equations, implements the boundary conditions, and solves 

the equations to find the values for the nodes, and computes the element related variables. 

 Post processing: where the solution can be displayed in a desired format (in a two or three 

dimensional plot).  
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3. Designing the experiments 

The master thesis work has two sections. The process of designing each part of the experiment is 

explained in a separate section. 

1. Welding and mechanical property evaluation  

2. Finite element method analysis 

 

3.1. Welding and mechanical property evaluation  
 

3.1.1. Material 
 

 

 

 

3.1.1.1. Base Metal 

The study covers Weldox 1100 plates with 4.5, 6, and 12 mm thicknesses and Weldox 960 plates with 

4, 6, and 12 mm thicknesses. The mechanical properties and chemical composition of the base 

materials, based on material data sheets, are given in tables 7, 8 and 9.  The actual properties are 

available in appendix C. 

 

Table 7: Chemical composition of Weldox 960 [50] 

 

 

Table 8: Chemical composition of Weldox 1100 [21] 
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Table 9: Required mechanical properties of Weldox 960 and Weldox 1100 [21, 50] 

 

 

3.1.1.2. Filler metal 

The Ok AristoRod 89 electrode was the main filler metal that was used in this study. The Ok 

AristoRod 12.5 electrode was consumed to make a comparison between the AristoRod 89 and 

AristoRod 12.5 joint strength properties. Owing to investigations on disregarded tensile test results, it 

was decided to revise some of the trails and replace the OK AristoRod 89 with Union X96. This 

replacement is discussed in section 5.1.3. The typical chemical and mechanical properties of the filler 

materials are available in table 10. 

 

Table 10: typical all weld metal chemical and mechanical properties [51, 52, and 53] 

Electrode Type 

Chemical properties Mechanical properties 

C 

[%] 

Si 

[%] 

Mn 

[%] 

Tensile strength 

[MPa] 

Elongation 

[%] 

Ok AristoRodTM 89 0.1 0.75 1.85 940-1100 16 

Ok AristoRod 12.5 0.1 0.9 1.5 560 26 

Union X96 0.12 0.80 1.90 980 14 
 

 

Referring to the manufacturer (ESAB), the Ok AristoRod 89 is a non copper-coated solid wire for the 

MAG welding of high strength steels. This filler metal has minimum yield strength of 900 MPa. [53] 

 

3.1.2. Method 

The basic aim of this research work was to study; the effects of different heat inputs, different weld 

joint geometries and different electrodes on static strength of the weldment where the width of the 

tensile test specimen increases while the thickness remains constant. In order to achieve the goal 

several considerations has to be made which are described in details. 



                     

3.1.2.1. Welding technique 
 

A semi automatic metal active gas welding (MAG) where the welding gun is fixed at a desired 

position was used. During welding, only direction and speed of welding gun movement was controlled 

by operator.  The other parameters, like voltage, amperage and etc., were set before welding the test 

coupons. The shielding gas was Mison 25 which is combination of Argon, 25% carbon dioxide, and 

0.03% nitrogen mono oxide (Ar+25% CO2+0.03%NO). 

 

3.1.2.2. Weld joint preparation 

In order to produce test specimens a joint consisting of two coupons each 1000 mm long, and 200 mm 

wide were fabricated.  The length of each coupon is placed along the rolling direction. The weld joint 

geometries were chosen based on recommendations of SS-EN ISO 9692-1:2004 (see table 11 and 

figure 32) and welding were done in PA (according to SS-EN ISO 6947:2011) or 1G (AWS D1.1) 

position, see figure 33. 

 

Figure 32: Weld joint geometries and approximate area and volume to be welded  

 

 

Figure 33: Horizontal welding position [54] 
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Table 11: ISO 9692 recommended weld joint geometries for welding from both sides [55] 

 

 

3.1.2.3. Designing the trials 

The first trial is meant to cover different heat inputs and joint geometries. Two Weldox grades; 1100 

and 960 with plate thicknesses 4 and 6 mm, as mentioned in table 12, were considered. 

In order to compare the thickness variation effect to the first trial, a second trial was planned.  This 

means that the heat inputs and joint geometries were the same as the first trial while the plate 

thicknesses were changed, see table 13. 

In the third trial, the intention is paid to different weld joint geometries, addition of 12 mm thick plates 

and experimenting effects of a different filler metal, as illustrated in table 14. 

 

 

 

 

 



[42] 
 

Table 12: The first trial  

Steel Grade 
Plate 

thickness 
[mm] 

Test 
No. 

Filler metal 
t8/5 

 
[s] 

Q 
 

[kJ/mm] 

Tp and 
Ti 

 [ºC] 

Joint 
geometry 
[see fig34] 

Weldox 960 4 S1 AristoRod 89 10 0.35 75 A2 

Weldox 960 4 S2 AristoRod 89 15 0.43 75 A2 

Weldox 960 4 S3 AristoRod 89 30 0.61 75 A2 

Weldox 960 6 S4 AristoRod 89 * * 85 A1 

Weldox 960 6 S5 AristoRod 89 10 0.51 85 A1 

Weldox 960 6 S6 AristoRod 89 15 0.63 85 A1 

Weldox 960 6 S7 AristoRod 89 30 0.89 85 A1 

        

Weldox 1100 4.5 S8 AristoRod 89 10 0.35 75 A2 

Weldox 1100 4.5 S9 AristoRod 89 15 0.43 75 A2 

Weldox 1100 4.5 S10 AristoRod 89 30 0.61 75 A2 

Weldox 1100 6 S11 AristoRod 89 * * 85 A1 

Weldox 1100 6 S12 AristoRod 89 15 0.63 85 A1 

Weldox 1100 6 S13 AristoRod 89 30 0.89 85 A1 

*: The t8/5 and heat input has to be as low as possible    

Tp: Preheating temperature    Ti: Inter pass temperature 
 

 

Table 13: The second trial 

Steel Grade 
Plate 

thickness 
[mm] 

Test 
No. 

Filler metal 
t8/5 

 
[s] 

Q 
 

[kJ/mm] 

Tp and 
Ti 

 [ºC] 

Joint 
geometry 
[see fig34] 

Weldox 960 6 S14 AristoRod 89 10 0.35 85 A2 

Weldox 960 6 S15 AristoRod 89 15 0.43 85 A2 

Weldox 960 6 S16 AristoRod 89 30 0.61 85 A2 

Weldox 960 4 S17 AristoRod 89 * * 75 A1 

Weldox 960 4 S18 AristoRod 89 10 0.51 75 A1 

Weldox 960 4 S19 AristoRod 89 15 0.63 75 A1 

Weldox 960 4 S20 AristoRod 89 30 0.89 75 A1 

        

Weldox 1100 6 S21 AristoRod 89 10 0.35 85 A2 

Weldox 1100 6 S22 AristoRod 89 15 0.43 85 A2 

Weldox 1100 6 S23 AristoRod 89 30 0.61 85 A2 

Weldox 1100 4.5 S24 AristoRod 89 * * 75 A1 

Weldox 1100 4.5 S25 AristoRod 89 15 0.63 75 A1 

Weldox 1100 4.5 S26 AristoRod 89 30 0.89 75 A1 

*: The t8/5 and heat input has to be as low as possible    

Tp: Preheating temperature    Ti: Inter pass temperature 
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Table 14: The third trial 

Steel Grade 
Plate 

thickness 
[mm] 

Test 
No. 

Filler metal 
t8/5 

 
[s] 

Q 
 

[kJ/mm] 

Tp and 
Ti 

 [ºC] 

Joint 
geometry 
[see fig34] 

Weldox 960 4 S27 OK AristoRod 12.50 10 0.35 75 A1 
Weldox 960 4 S28 OK AristoRod 12.50 15 0.43 75 A1 

Weldox 960 4 S29 OK AristoRod 12.50 30 0.61 75 A1 
Weldox 960 6 S30 OK AristoRod 12.50 10 0.51 85 A2 
Weldox 960 6 S31 OK AristoRod 12.50 15 0.63 85 A2 
Weldox 960 6 S32 OK AristoRod 12.50 30 0.89 85 A2 

        
Weldox 1100 4.5 S33 OK AristoRod 12.50 10 0.35 75 A1 
Weldox 1100 4.5 S34 OK AristoRod 12.50 15 0.43 75 A1 

Weldox 1100 4.5 S35 OK AristoRod 12.50 30 0.61 75 A1 
Weldox 1100 6 S36 OK AristoRod 12.50 10 0.51 85 A2 

Weldox 1100 6 S37 OK AristoRod 12.50 15 0.63 85 A2 

Weldox 1100 6 S38 OK AristoRod 12.50 30 0.89 85 A2 
        

Weldox 1100 4.5 S39 AristoRod 89 10 0.35 75 A3 
Weldox 1100 4.5 S40 AristoRod 89 15 0.43 75 A3 

Weldox 1100 6 S41 AristoRod 89 10 0.51 85 A3 
Weldox 1100 6 S42 AristoRod 89 15 0.63 85 A3 

        
Weldox 960 4 S43 AristoRod 89 10 0.35 75 A3 
Weldox 960 4 S44 AristoRod 89 15 0.43 75 A3 
Weldox 960 6 S45 AristoRod 89 10 0.51 85 A3 
Weldox 960 6 S46 AristoRod 89 15 0.63 85 A3 

        

Weldox 1100 12 S47 AristoRod 89 10 0.94 125 A4 

Weldox 1100 12 S48 AristoRod 89 15 1.13 125 A4 
        

Weldox 960 12 S49 AristoRod 89 10 0.94 125 A4 
Weldox 960 12 S50 AristoRod 89 15 1.13 125 A4 

        

Weldox 1100 12 S51 OK AristoRod 12.50 10 0.94 125 A4 
Weldox 1100 12 S52 OK AristoRod 12.50 15 1.13 125 A4 

        
Weldox 960 12 S53 OK AristoRod 12.50 10 0.94 125 A4 

Weldox 960 12 S54 OK AristoRod 12.50 15 1.13 125 A4 
        

Weldox 1100 4.5 S55 AristoRod 89 10 0.35 75 A5 
Weldox 1100 4.5 S56 AristoRod 89 15 0.43 75 A5 
Weldox 1100 6 S57 AristoRod 89 10 0.51 85 A5 
Weldox 1100 6 S58 AristoRod 89 15 0.63 85 A5 

        

Weldox 960 4 S59 AristoRod 89 10 0.35 75 A5 

Weldox 960 4 S60 AristoRod 89 15 0.43 75 A5 

Weldox 960 6 S61 AristoRod 89 10 0.51 85 A5 
Weldox 960 6 S62 AristoRod 89 15 0.63 85 A5 
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3.1.2.4. Tensile test specimen preparation  

As illustrated in figures 34 and 35, and in accordance with SSAB’s internal instruction (K norm- 

manufacture of tensile test, document ID: 18302/5.0), the specimens were prepared transverse to the 

welding direction. Meanwhile, specimens with different widths were produced to study the planned 

variable effects on static strength of the samples, see table 15. 

 

 

Figure 34: Dimensions of a tensile test specimen based on K norm 

 

 

Figure 35:  The actual tensile test specimen 

 

Table 15: Dimensions of the tensile test specimens   

Steel Grade 
Plate thickness 

[mm] 
Width 
[mm] 

No. of 
tensile test 

Weldox 960 
and 

Weldox 1100 

4, 4.5, 6 and 
12 

6 

2 

12 
24 
48 
96
140 
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3.1.2.5. Calculations regarding required load for different materials 

In order to investigate the possibility of covering all designed tensile test samples by testing facilities 

at SSAB, the maximum required load based on parent metal tensile prosperities and different tensile 

specimen widths were calculated, see table 16. 

Table 16: required load for the tensile test   

Steel 
Type 

Tensile test specimens characteristics Machinery condition 

Thickness 
 
 

[mm] 

Width 
 
 

[mm] 

yield 
strength 

 
[MPa] 

[N/mm2] 

required 
load 

 
[N] 

required 
load 
[Ton 
force] 

load 
limit 

 
[tone] 

required 
load 

 
[N] 

Thickness 
 
 

[mm] 

yield 
strength 

 
[MPa] 

[N/mm2] 

tolerable 
width 

 
[mm] 

W
el

d
ox

 1
10

0 

12 140 1393 2340240 238.6 90 882599 12 1393 52.8 

12 96 1393 1604736 163.64 90 882599 6 1446 101.7 

12 48 1393 802368 81.82 90 882599 4 1477 149.4 

12 24 1393 401184 40.91 

12 6 1393 100296 10.23 

6 140 1446 1214640 123.86 

6 96 1446 832896 84.93 

6 48 1446 416448 42.47 

6 24 1446 208224 21.23 

6 12 1446 104112 10.62 

6 6 1446 52056 5.31 

4 140 1477 827120 84.34 

4 96 1477 567168 57.83 

4 48 1477 283584 28.92 

4 24 1477 141792 14.46 

4 12 1477 70896 7.23 

4 6 1477 35448 3.61 

W
el

d
ox

 9
60

 

12 140 1058 1777440 181.23 90 882599 12 1058 69.5 
12 96 1058 1218816 124.28 90 882599 6 1058 139. 
12 48 1058 609408 62.14 90 882599 4 1051 209.9 
12 24 1058 304704 31.07 
12 6 1058 76176 7.77 
6 140 1058 888720 90.62 
6 96 1058 609408 62.14 
6 48 1058 304704 31.07 
6 24 1058 152352 15.53 
6 12 1058 76176 7.77 
6 6 1058 38088 3.88 
4 140 1051 588560 60.02 
4 96 1051 403584 41.15 
4 48 1051 201792 20.58 
4 24 1051 100896 10.29 
4 12 1051 50448 5.14 
4 6 1051 25224 2.57 
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The calculation assumes that the joint tensile properties would be the same as parent metal properties 

and the maximum applied load by machinery is 90 tones. Referring to the results it is believed that in 

Weldox 1100 samples, the12mm thickness joints above 50mm and the 6mm thick samples wider 

than100mm are not able to test at SSAB. On the other hand, the 12 mm thick samples of the Weldox 

960 wider than 70 mm seemed to be a limit. 

 

 

3.1.2.6. Filler metal strength properties 

 To avoid change in weld metal mechanical properties during the welding exercise, all required 

consumables were provided from the same batch. Meanwhile to determine the exact values of the 

yield and ultimate strength of the weld metal; the same concept as ISO 5178:2011- longitudinal tensile 

test on weld metal in fusion welded joints, has been adopted. As shown in figures 36 and 37, the 

tensile test specimens were extracted from a weld metal section of the welded joint where the weld 

metal thickness and plate thickness are relatively large. The dimensions required for weld joint 

production were extracted from table 17. Welding was done in PA direction, see figure 33, and the 

tensile test specimens were prepared according to ISO 6892-1:2009 (see figure 38).  [56, 57]   

 

 

Figure 36: Schematic view of the test coupon. [56]  

 

Table 17: Dimension of the test coupon [56] 
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Figure 37: Schematic view of the weld metal tensile test specimen. [57]  

 

 

Figure 38: Dimensions of the weld metal tensile test specimen. [58]  

 

3.1.2.7. Hardness measurements 

One macro hardness HV 5 test was carried out for each joint and the distance between indentations 

was set to 0.5mm. Two rows of tests for each sample were performed. For 4.5mm and 4mm thick 

samples the test start point was 1.5 mm below the top side and 1.5 mm above the root side of the 

sample. In 6 mm thick samples the starting point distance from the top and root sides was 2mm. The 

12mm thick specimens were planned to include three rows of hardness test covering top, centre and 

root side of the joint. 

 

3.2. Finite element method analysis 

Initially the other aim of the thesis work was to perform a literature survey to check the possibility of 

FEM analysis. However it was decided to investigate simulating the influence of the width increase in 

static strength of the models. 

 

 

3.2.1. Material 

The FEM models were created in LS PRE POST environment and were solved by LSDYNA software 

at SSAB in Oxelösund. This FEM research work involves a welded joint of Weldox 960.   



[48] 
 

 

3.2.2. Method  
 

 

3.2.2.1. Designing  the FEM model 

 At first a two dimensional model has been designed which was modified to a three dimensional model 

through LS PRE POST, see figure 39. The model simulates joint number S5 (see figure 40). The 

sample S5 has a single V-butt joint geometry prior to welding and has been welded with t8/5 value of 

10 seconds. 

 

 

Figure 39:  A) 2D view of the prepared model, B) 3D view of the prepared model 

 

 

Figure 40: Joint No S5 

 

The created model is based on introducing three different layers in the HAZ; shown in figure 41. The 

simulation assumes that the weld is defect free and symmetrical. In this FEM study it is assumed that 

the weld joint geometry remains the same along the width of the model and mechanical properties, 

like yield strength, are the same in each introduced layer of the HAZ, the weld and base metal. This 

means, for a given yield strength value of 850 MPa in the weld metal, the value remains the same in 
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all directions of this region. The 2D model was made of 1292 nodes and 1177 elements and the 6mm 

wide 3D model was consisting of 10050 nodes and 8190 elements. 

The simulated model has 9 parts, one part representing weld metal, one part representing the area for 

applying load or grip section, three parts for three different layers of the HAZ, and four parts covering 

the base metal. The Reason for generating the base metal in four parts is due to different meshing size 

along the model. The areas close to the weld metal and the HAZ require finer mesh. The finer mesh 

enables separation of the zone into different parts and facilitates achieving better calculation results. 

 

 

Figure 41: The different layers of the model based on weld joint No.5S 

 

The width of each HAZ layer was set to 1.5 mm based on considering three hardness indentations 

within each layers. The reason to introduce three layers of the HAZ was to match with three different 

hardness peaks in the hardness Vickers graph. As shown in figure 42 on marked face side; peak 1 with 

highest hardness value corresponds to the coarse grain zone of the HAZ; peak 2 with the lowest value 

maps the second HAZ layer of the model and the fine grain zone of the HAZ. The third peak which 

has a little higher hardness value than base metal represents the third HAZ layer and simulating the 

combination of annealed zone and partially transformed zone.   
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Figure 42: The different layers of the HAZ based on hardness Vickers measurements 

 

3.2.2.2. Introducing the mechanical properties 

After meshing and setting up the layers the next step is to assign the mechanical properties of each 

different layers of the FEM model. At this stage from material section of the software, the command 

“MAT_PIECEWISE_LINEAR_PLASTICITY_TITLE”; which simulates a plastic material was 

selected. Then material characteristics including density, Young’s modulus, Poisson’s ratio and yield 

strength was given to different parts of the model. 

All above mentioned parameters were assumed to be the same for all parts except the yield strength. 

The yield strength for the base metal is set based on actual yield strength measurement values but for 

the HAZ parts and weld metal, the yield strength to hardness Vickers relationship was considered. As 

discussed in section 2.5.2.1; two equations, 2.34 and 2.36, could be adapted for such approximate 

correlation.  

The equation 2.34 requires strain hardening factor to correlate HV to yield strength. Finding this value 

for base metal and weld metal is possible but when it comes to HAZ layers it is a crucial issue to deal 
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with. On the other hand applying equation 2.36 gives yield strength values a way far from the reality, 

see table 29. Therefore, in this study a simplified relation between hardness and yield strength was set 

and applied. According to table 18, the simplified correlation represents a better agreement with 

measured values. 

Table 18: Comparison between actual and correlated yield strength values                                       

based on equation 2.36 

Joint No. S5 

 

Hardness 

 

[HV] 

Measured Ys 

 

[MPa] 

Correlated Ys 

based on Eq.2.36 

[MPa] 

Ys based on         

simplified correlation 

[MPa] 

Base metal 350 998 1144 998 

Weld metal 300 810-815 981 850 

 

The relationship in this simplified method is based on mathematical proportion of hardness to yield 

strength of each layer to the base material hardness to yield strength ratio. That means; where the 

hardness value and yield strength of the base metal are 350 HV and 998 MPa respectively, and the 

hardness value for a HAZ layer is 410 HV the correlated yield strength for this HAZ layer would be 

1168 MPa ( shown in table 19).  

Table 19: Hardness to yield strength correlation 

Base metal HAZ part 
Ys calculated for 

HAZ 

HV 350 410 
1168 

Ys [MPa] 998 X 

 

Finally, the yield strength properties of the HAZ, base metal and weld metal of the model were set 

according to the values presented in table 20.  

Table 20: mechanical properties of the FEM model 

Parts 

Set data Calculated 

 

[HV] 

YS 

[MPa] 

Ys 

[MPa] 

Base metal 350 998 ----- 

Weld metal 300 ----- 850 

HAZ 1 410 ----- 1168 

HAZ 2 330 ----- 940 

HAZ 3 350 ----- 998 
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Then the calculated yield strength value for each layer was inserted in the section “sigy” of the 

material in the form of Giga Pascal. (See figure 43)   

 

 

Figure 43: Setting the material properties 

 

3.2.2.3. Modification of wide models 

 In order to study the influence of width variation in static strength of the model, the model is modified 

from 6mm width to 12, 24, 48, 96 mm wide models. (As illustrated in figure 44)    

 

Figure 44: Produced models in different widths 
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4. Results 
 

 

 

 

4.1. Results of welding and mechanical property testing 

All welding processes, test coupon preparation, ultrasonic tests, cuttings, hardness measurements, and 

tensile testing were performed at SSAB in Oxelösund. The radiographic testing of the welded joints 

was covered at SSAB in Borlänge. The Tensile test sample preparation was outsourced to PROPLATE 

AB. 

 

4.1.1. Overall progress in welding and mechanical property testing 

Unfortunately due to lack of time and requiring a long time for tensile test sample preparation, it took 

about 3 months from sending the request and getting the first tensile test sample ready for the test, 

some of the samples could not be tensile tested and only sample numbers S1 to S23 were tested, see 

table 21.   

Table 21: Overall project overview 

Sample 

Process 
designed covered skipped 

Last day of 

process 

Preparation 62 62 None Mid May 

Welding 62 51 11 30/05/12 

Hardness testing If needed 35  31/05/12 

RT 54 23 31 30/04/12 

UT 12 4 8 24/05/12 

Tensile test 62 23 41 26/06/12 
 

 

4.1.2. Welding results 

In total 51 joints were welded and detail welding procedure of the covered samples are accessible in 

appendix D. 

 

4.1.3. Hardness measurement results 

As mentioned in table 21, 35 hardness measurements were performed to compare hardness behaviour 

of different materials with different welding procedure. Results of the micro hardness test are 

obtainable in appendix A. 
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4.1.4. Radiographic test results 

In order to check the quality of the welded joints before tensile test sample preparation, all welded 

joints were radiographic tested. Since the welded joints were 1000mm long and difficult to cover by 

RT at once, the long joints were cut in half and labelled with the original joint number and then sent 

for RT. 

Results of the RT are available in table 22. The ones rejected in RT and the marked areas, were 

eliminated from tensile sample preparation. The items stating little pores are quantitative.  

 

Table 22: Results of the RT test for tensile tested samples 

Joint 
No. 

Status 
Report 
Date 

Joint 
No. 

Status 
Report 

date 

S1 OK 12-3-29 S13 Pores 12-3-29 

S2 OK+ marked 12-3-29 S14 OK+ marked 12-4-30 

S3 OK 12-3-29 S15 OK 12-4-30 

S4 Rejected 12-3-29 S16 OK 12-4-30 

S5 OK+ Little pores 12-3-29 S17 OK+ marked 12-4-30 

S6 OK+ Little pores 12-3-29 S18 OK+ marked 12-4-30 

S7 OK+ Little pores 12-3-29 S19 OK 12-4-30 

S8 Pores 12-3-29 S20 OK+ marked 12-4-30 

S9 Pores 12-3-29 S21 OK+ marked 12-4-30 

S10 Pores 12-3-29 S22 OK+ marked 12-4-30 

S11 Rejected 12-3-29 S23 OK+ marked 12-4-30 

S12 OK+ Little pores 12-3-29    

 

4.1.5. Ultrasonic test results 

For specimens with thicknesses larger than 6mm, ultrasonic test has been performed to check the 

quality of the weldments before tensile test sample preparation. The results of the tests are presented in 

table 23. Meanwhile, appendix B presents a copy of UT report for joints W3 and W4. 

 

Table 23: results of the UT test for the third trial 

Joint No. status Test date 

W1 OK 12-04-10 

W2 OK 12-04-10 

W3 OK 12-05-24 

W4 OK 12-05-24 
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4.1.6. Filler metal tensile test results 

After ultrasonic testing of the whole weld metal test coupons, the tensile samples were extracted and 

tested. Table 24, provides the results of the whole weld metal tensile test. 

 

Table 24: The whole weld metal tensile properties 

Filler metal 
Welding 

method 

t8/5 

[s] 

Rp0.2 

[MPa] 

Rm 

[MPa] 

A5 

[%] 

AristoRod 89 MAG 3.6 1160 1217 14 

AristoRod 89 MAG 3.6 1029 1067 12 

Average   1094.5 1142 13 

      

AristoRod 89 MAG  10 810 920 16 

OK AristoRod 12.50 MAG  10 515 613 25 
 

 

4.1.7. Tensile test results of Weldox 1100 and Weldox 960 joints 

The complete information about each joint tensile property is available in appendix E. During the test, 

some samples represented low strength values which are mainly divided into two groups. Group one 

with fracture in the HAZ. The reason to low strength in this group was softening due to welding with 

high heat inputs. These group samples were considered in the category of acceptable results. Group 

two with fracture at weld metal region which is mostly caused by weld defects, e.g. lack of penetration 

and/or lack of fusion. Such defects were particularly observed in the interface between the weld passes 

and very common in two pass welded samples, see figure 45. The group two samples were removed 

from final tensile test results. Consequently, the acceptable test results were recorded in table 24. 

 

Figure 45: Defect in the weld metal fracture surface 
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Table 24: Tensile test results 

Test 
No. 

Steel 
Type 

T 
[mm] 

W 
[mm] 

Q 
[kJ/mm] 

t8/5 
[S] 

Weld 
Pass 

RT 
result 

Joint 
type 

Rp 0.2 
[N/mm2] 

Rm 
[N/mm2]

 
A5 
[%] 

Fracture 
place 

   12      999 1065 9 HAZ 
   12      899 1019 7 HAZ 
   24      979 1057 8 HAZ/BM 
   24      978 1061 13 HAZ/BM 

S1 W960 4 48 0.35 11.1 2 OK Square 809 1043 9 HAZ/BM 
   96      956 1029 3 HAZ 
   96      943 1024 7 HAZ 
   140      892 1008 5 HAZ 
   140      835 1015 2 HAZ 
             
   6      860 1072  HAZ 
   12      877 1036 9 HAZ 

S2 W960 4 48 0.44 17.5 2 OK & M Square 777 1000 7 HAZ 
   96      954 1016  WM 
   96      903 1027 7 HAZ 
   140      733 965 3 HAZ/WM 
             
   6      863 926 14 HAZ 
   6      837 908 13 HAZ 
   12      834 965 9 HAZ 
   12      793 988 5 HAZ 
   24      917 1039 7 HAZ 

S3 W960 4 48 0.63 35.9 2 OK Square 879 1052 9 HAZ 
   48      792 1048 9 HAZ 

   96   1000 1000  HAZ
   96      877 995 4 HAZ 
   140      821 960 2 HAZ 
   140   873 952 1 HAZ/WM
             
   6      891 977 10 HAZ 

S5 W960 6 12 0.51 9.9 2 OK & 
LP 

Single 
V 

885 1001 9 HAZ 

   12      1253 1339 8 HAZ 
   96      863 1016 2 HAZ 
   96      840 1004 4 HAZ/ WM 
   6      938 1021 14 HAZ 

S6 W960 6 12 0.66 16.5 2 OK & 
LP 

Single 
V 

946 1012 2 WM/HAZ 

   24      827 968 5 WM/HAZ 
   48      878 1009 3 WM/HAZ 
   6      871 977 14 HAZ 
   12      878 965 7 HAZ 
   12      874 1001 10 HAZ 
   24      801 995 7 HAZ 
   24       974 9 HAZ 

S7 W960 6 48 0.87 28.7 2 OK & 
LP 

Single 
V 

865 1012 5 WM/HAZ 

   48      777 1006 6 WM/HAZ 
   96      886 1004 2 HAZ/ WM 
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Test 
No. 

Steel 
Type 

T 
[mm] 

W 
[mm] 

Q 
[kJ/mm] 

t8/5 
[S] 

Weld 
Pass 

RT 
result 

Joint 
type 

Rp 0.2 
[N/mm2] 

Rm 
[N/mm2]

 
A5 
[%] 

Fracture 
place 

   6      848 992 10 HAZ 
S8 W1100 4.5 12 0.35 8.7 2 P  Square 846 963 8 HAZ 

   12      827 965 8 HAZ 
             

S9 W1100 4.5 48 0.44 13.8 2 P  Square 810 977 4 HAZ 
   140      911 1058 2 HAZ 
             
   6      831 937 12 HAZ 
   6       951 6 HAZ 
   12      897 1015 7 HAZ 

S10 W1100 4.5 12 0.63 28.3 2 P  Square 903 1013 8 HAZ 
   24      883 1038 6 HAZ 
   24      847 1016 5 HAZ 
             
   6      978 1078 14 HAZ 
   6      874 974 7 HAZ 

   12      875 1012 9 HAZ 
   12   913 1007 4 WM

S12 W1100 6 24 0.66 16.5 2 OK & 
LP 

Single 
V 

857 1055 6 HAZ 

   24   917 1035 5 HAZ
   48      796 1006 2 HAZ 
   48      832 1032 3 WM 
   96      763 1037 1 HAZ 
             
   6      824 993 11 HAZ 

S13 W1100 6 6 0.87 28.7 4 P Single 
V 

 1022 13 HAZ 

             
   6      899 985 10 HAZ 
   6      926 1014 12 HAZ 

S16 W960 6 24 0.63 16.7 2 Ok  Square 990 1051 10 HAZ 
   24      1003 1063 9 HAZ 
   6      804 901 10 HAZ 
   6      834 923 16 HAZ 
   12      865 947 9 HAZ 

S17 W960 4 12 0.35 10 2 OK & M Single 
V 

944 1021 11 HAZ 

   24      801 949 7 HAZ 
   48      940 1014 5 HAZ 
   96      952 1026  HAZ 
   96      976 1046  HAZ/BM 
   6      846 947 10 HAZ 
   6      821 950 13 HAZ 
   12      832 958 9 HAZ 
   12      789 980 7 HAZ 
   24      838 1020 8 HAZ 
   24      820 1012 10 HAZ 

S18 W960 4 48 0.51 21.1 2 OK & M Single 
V 

820 1027 6 HAZ 

   48      854 1009 6 HAZ 
   96      882 991  HAZ 
   96      854 991  HAZ 
   135      881 1024 5 HAZ 
   135      816 1005 4 HAZ 
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Test 
No. 

Steel 
type 

T 
[mm] 

W 
[mm] 

Q 
[kJ/mm] 

t8/5 
[S] 

Weld 
Pass 

RT 
result 

Joint 
type 

Rp 0.2 
[N/mm2] 

Rm 
[N/mm2]

 
A5 
[%] 

Fracture 
place 

   6      946 992 12 HAZ 
   6       1008 12 HAZ 

   12      930 1024 4 WM 
   12      890 991 10 HAZ 
   24      932 1019 5 WM 

S19 W960 4 48 0.63 32.2 1 OK Single 
V 

878 1014 7 HAZ 

   96      908 1015  HAZ 
   96      917 1074  HAZ/WM 
   135      1044 1046  HAZ 
   135      854 981 3 HAZ 
   6      723 875 14 HAZ 
   6      749 852 12 HAZ 
   12      782 912 7 HAZ 
   12      828 962 8 HAZ 

S20 W960 4 24 0.87 61.5 1 OK & M Single 
V 

775 940 5 HAZ 

   24   772 943 3 HAZ
   96      836 979 4 HAZ 
   96      841 996 3 WM/HAZ 
   140   827 990 3 HAZ
   6      836 976 7 HAZ 
   12      889 1006 1 WM 

S23 W1100 6 12 0.63 16.7 2 OK & M Square 879 1000 4 WM 
   24      847 976 2 WM 
   24      936 980 3 WM 

 

 

As mentioned in RT results section, all welded joints were tested to eliminate any probable misleading 

by weld defects. Therefore, based on RT results, the parts that were marked as including defect were 

cut and only trustable areas were picked to prepare the tensile test samples. However, in some cases 

even 100% OK RT passed weldments revealed to be defect included materials after tensile testing and 

studying the fracture surface of the samples, for instance  S14, S15, S21, and S22. 

The weld defect problem was observed in several joints, and sometimes making it hard to observe any 

influence of applied variables in static strength of the welded joints. Therefore, it was decided to revise 

the welding procedure during welding process of the third trial and the Union X96 filler metal was 

planned to consume instead of Aristorod 89. The aim of such change was to track whether the welding 

defects were caused by Aristorod 89 or the welding method. Table 25 represents the revised section of 

the third trial.  
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Table 25: revised section of the third trial 

Steel Grade 

Plate 
thickness 

 
[mm] 

Test 
No. 

Filler metal 
t8/5 

 
[s] 

Q 
 

[kJ/mm] 

Tp 
and 
Ti 

 [ºC] 

Joint 
geometry 
[see fig34] 

Weldox 1100 4.5 S39 Union X96 10 0.35 125 A2 
Weldox 1100 4.5 S40 Union X96 15 0.43 125 A1
Weldox 1100 6 S41 Union X96 10 0.51 125 A1 
Weldox 1100 6 S42 Union X96 15 0.63 125 A2 

     
Weldox 960 4 S43 Union X96 10 0.35 125 A2 
Weldox 960 4 S44 Union X96 15 0.43 125 A1 
Weldox 960 6 S45 Union X96 10 0.51 125 A1
Weldox 960 6 S46 Union X96 15 0.63 125 A2 

 

 

4.2. FEM results 

After processing the introduced model by the solver, the applied force in Y direction, the direction 

where the uniaxial force is applied along the length of the model, was plotted and the maximum levels 

of the applied force were measured (see figures 46, 47, 48, 49 and 50). The same concept as tensile 

testing machine was used and the applied force was divided to the initial cross section area. This 

approach results in measuring the maximum applied stress to the model. As represented in table 26, by 

increase in the width of the model the maximum stress level increases gradually.  

 

 

Figure 46: Calculated uniaxial applied force in 6mm wide FEM model 
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Figure 47: Calculated uniaxial applied force in 12mm wide FEM model 

 

Figure 48: Calculated uniaxial applied force in 24mm wide FEM model 

 

 

Figure 49: Calculated uniaxial applied force in 48mm wide FEM model 
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Figure 50: Calculated uniaxial applied force in 96mm wide FEM model 

 

Table 26: Calculated Max applied stress in all FEM models 

Dimensions [mm] 
Area 

[mm2] 

MAX  

Applied force 

[kN] 

Max  

Stress 

[kN/mm2] 

Max  

Stress 

[MPa] 
Z X 

3 6.3 18.9 18.392 0.973 973 

6 6.3 37.8 37.327 0.987 987 

12 6.3 75.6 75.516 0.999 999 

24 6.3 151.2 153.02 1.012 1012 

48 6.3 302.4 315.83 1.044 1044 
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5. Discussion 
 
 
 
 
 

5.1. Comparison in tensile behaviour and hardness profile  

When studying Weldox 1100 a considerable drop in ultimate strength of the welded joints, in both 4.5 

mm and 6 mm thicknesses, was noticed. The drop in tensile properties is from 1450 MPa before 

welding and as a base metal to 960-1060 MPa after welding in weldment. This significant change is 

partly due to the origin of the base material and partly caused by the welding method. The quenched 

and low tempered steels, e.g. Weldox 1100, are sensitive to elevated temperatures. Welding introduces 

huge amount of heat to the material causing microstructural transformation mainly in the areas close to 

the weld pole. This conversion results in a significant change in mechanical and physical properties of 

the weldment.  

On the other hand, quenched and high tempered steels like Weldox 960 are less sensitive than Weldox 

1100. In a same welding condition, the variation in tensile properties were observed at 1058 MPa 

ultimate strength as base material to 900-1080 MPa in the weldment, depending on the heat input and 

width of the joint. Therefore, fewer declines in yield and ultimate strength, and hardness Vickers 

values of Weldox 960 steels are expected. Figure 51 demonstrates the difference in hardness Vickers 

profile of Weldox 960 and Weldox 1100 welded joints. 

 

Figure 51: Comparison between W1100 (S12) and W960 (S16)                                                        

with the same thickness and heat input 
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5.2. Influence of different butt joint geometries 

In this study square and V-groove butt joint geometries were produced as an initial joint shape but 

since almost all test coupons were welded from both sides the final joint shape is considered as double 

V or x-groove. The initial joint geometry affects the static strength of the welded joints. It is believed 

that square type joints reveal higher strength values in comparison to V-joints, see table 27. A reason 

to this can be producing a smaller volume of soft layer of the weld metal and the HAZ. 

 

Table 27: comparison between square and V groove weldments;                                                         

both Weldox 960, t8/5 of 10 second, and 4mm thickness  

Width 
 

[mm] 

S1 S17 

Rp 0.2 
[N/mm2] 

Rm 
[N/mm2] 

Rp 0.2 
[N/mm2] 

Rm 
[N/mm2] 

6   804 901 
6   834 923 
12 999 1065 865 947 
12 899 1019 944 1021 
24 979 1057   
24 978 1061 801 949 
48 809 1043 940 1014 
96 956 1029 952 1026 
96 943 1024 976 1046 

140 892 1008   
140 835 1015   

 

 

 

 

 

5.2.1. Weld metal volume 

As shown in table 28; the weld metal volume based on different joint geometries defined in figure.32, 

were calculated. The calculation reveals that less volume of weld metal is deposited in square joint 

type than the others. The uptrend in weld metal volume is followed by half V joint and then X groove. 

Therefore, square groove type is an advantage to produce smaller soft interlayer. The smaller soft later 

increases the tensile properties of the weldment. 
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Table 28: Approximate volume of the weld metal 

Geometry 
Type 

Gap 
[mm] 

Thickness 
[mm] 

Nose 
[mm] 

Approximate 
 gap to thickness 

area 
[mm2] 

Approximate 
volume for 
6mm width 

[mm3] 

A2 3 4 0 12 72 

A2 3 4.5 0 13.5 81 

A2 3 6 0 18 108 

A1 3 6 neglected 34.8 208.8 

A3 3 4 neglected 20 120 

A3 3 4.5 neglected 23.62 141.75 

A3 3 6 neglected 36 216 

A4 3 12 3 127.77 766.62 

A5 3 4 1 24.3 145.8 

A5 3 4.5 1 25.8 154.8 

A5 3 6 1 42.09 252.59 

 

 

5.2.2.  HAZ volume 

For investigating the HAZ volume, macro hardness measurements of S5, S6, S15 and S16 samples 

were selected; see appendix A. Then by mapping the hardness values of each indentation on macro 

photos, figures 52 and 53 were extracted.  A comparison between mentioned samples by transferring 

the values into table 29 was made. Surprisingly in the Square groove samples (S15 and S16) the HAZ 

width is considerably smaller than V-joints (S5 and S6). The HAZ width was measured by counting 

the indentations. Consequently, it is possible that square groove joints result in smaller HAZ.   
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Figure 52: Vickers hardness values in different areas of                                                                

the weldment for samples S5 and S15 

 

Figure 53: Vickers hardness values in different areas of                                                               

the weldment for samples S6 and S16 
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Table 29: Comparison between samples S5, S6, S15 and S16 

Steel 
type 

Sample 
no 

T 
[mm] 

Joint 
type 

Heat 
input 

T8/5 

[s] 

Peak 
to peak 
[mm] 

Weld metal 
[mm] 

HAZ form 
right 
[mm] 

W960 S5 6 
V 

Groove 
0.51 9.9 12 2 5 

W960 S15 6 
Square 
groove 

0.44 8.1 10 ≈3 3.5 

W960 S6 6 
V 

Groove 
0.63 16.5 12 2.5 5 > HAZ > 4.5 

W960 S16 6 
Square 
groove 

0.63 16.7 9.5 3 > WM >2.5 3.5 > HAZ > 3 

 

5.3. Influence of heat input 

By considering the data in table 22, both S4 and S11 test coupons were totally rejected in the RT test 

which represents that the applied heat input were not sufficient to prepare a welded joint with an 

acceptable quality. In both cases the applied heat input was 0.25 [kJ/mm]. 

According to fracture surface study of the tensile tested samples and based on tensile test results it has 

been observed that heat inputs resulting in lower t8/5 values than 10 seconds, strongly promote defects 

in the weld. Therefore almost all samples welded with such t8/5 values were disregarded from the final 

assessment for drawing conclusions. Besides even at higher t8/5 values traces of weld flaws were 

observed, however by considering RT results they should not consist of any defects.  

 

5.4. Influence of different electrodes 

In this research work, the main electrode was Aristorod 89 but in order to make comparisons it was 

decide to weld some joints with Ok AristoRod 12.5. As mentioned in section 4.1.7, due to several 

weld defect problem, it was decided to revise the welding procedure and perform some trials with 

Union X96 filler metal. But, owing to long time required to get a tensile test sample the joints welded 

with Ok AristoRod 12.5 and Union X96 were not tensile tested. 

 

5.5. Strength  properties 

Based on tensile test results given in Table 24; in most cases, by increasing the t8/5 value to over than 

20 seconds, a defect free weld is fabricated. Thus, all six types of tensile test samples were produced 

and tested. Through plotting the average tensile values of each joint versus width, a graph is extracted. 

This graph provides information about average tensile values by increase in the width of the tensile 

samples.  Figure 54 shows all graphs of the tested joints. As illustrated, in almost all cases the ultimate 

strength value remains the same or displays a slight increase by changing the width of the specimens 

from 6mm to 140mm. 
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Figure 54: The average tensile strength [MPa] versus width [mm] 
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5.6. FEM analysis 

Since several weld defect problems were witnessed, it was decide to input FEM model yield strength 

data based on previous research work (Törnblom 2007).  The study covered Weldox 960 with the same 

t8/5 value of the recent research work. Table 30, provides detailed information about mechanical 

properties of the model, the measured values of current experiments, and the values of the previous 

research work.  

 

Table 30: Mechanical properties of the FEM model and experiments 

Parts 

Set data Calculated Measured Törnblom’s measurement 

 

[HV] 

YS 

[MPa] 

Ys 

[MPa] 

S5 

[HV] 

S17 

[HV] 

Arisorod89 

YS [MPa] 

K2 

[HV] 

Filarc PZ6149 

Ys [MPa] 

Base metal 350 998 ----- 330 350  350  

Weld metal 300 ----- 850 340 330 810 400-300 804-844-797 

HAZ 1 410 ----- 1168 393 410  410  

HAZ 2 330 ----- 940 282 290  330  

HAZ 3 350 ----- 998 346 360  350  
 

 

Being illustrated in table 31, with increase in the width of the model the maximum stress level 

increases and approaches to the matching level of the base material ultimate strength. The same 

behaviour is observed in ultimate strength results of samples S5 and S17.  

 

Table 31: The FEM based UTS versus tensile test results, actual UTS of base metal and weld metal  

Model/weldment 

Width 

[mm] 

Max Stress in 

FEM model 

[MPa] 

Joint S5 

Ave.UTS 

[MPa] 

Joint S17 

Ave.UTS 

[MPa] 

K2 

Ave.UTS 

[MPa] 

Base metal 

UTS 

[MPa] 

Filler metal 

UTS 

[MPa] 

6 973 977 912 ------ 

1058 920 

12 987 1001 984 ------ 

24 999 ------ 949 1055 

48 1012 ------ 1014 ------ 

96 1044 1010 1036 ------ 
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6. Sources of error 

Some aspects as sources of error regarding the tensile test samples need to be mentioned and 

considered: 

 First of all the samples were not 100% even in the width and thickness and small deviations were 

inevitable. 

 Distortions caused by welding procedure make the sample not to be 100% straight, as discussed 

earlier in section 2.5.1 “Tensile Test” such distortions can influence the results. (see figure 55) 

 

 

Figure 55: Distortions in tensile test samples 

 

Regarding the FEM studies: 

The simplified method of correlating hardness values to yield strength values assumes that the HAZ 

and the weld metal contain the same microstructure as the base metal. This means that they have the 

same grain size, physical and microstructural properties. Such assumption is far from reality but it was 

the only available choice at the time of study to avoid several complicated steps in defining mechanical 

properties for these zones.   
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7. Conclusions 
 

1. Both experimental measurements and FEM analysis on Weldox 960 revealed that in a defect free 

weld; by increase in the width of the weldment, while the thickness of the plate is kept as constant, 

the ultimate strength of the welded joint increases gradually until it reaches to the base metal 

ultimate strength.  

2. Although a considerable drop in ultimate strength of the Weldox 1100 was noticed, it has been 

noticed that by increasing the width of the tensile specimen an increase in ultimate strength can be 

detected. 

3. Referring to the tensile test results of the whole weld metal of Aristorod 89 with t8/5 value of 3.6 

second and the heat input as 0.63 KJ/mm, average yield strength of 1095 MPa and average 

ultimate strength of 1142 MPa has been achieved. 

4. Steels welded with initial square groove joint geometry reveal better properties than V-groove 

weldments.  

5. Even at the same heat input, square groove joints of this investigation produced smaller HAZ in 

comparison to V-groove joints. 

6. Very low heat inputs e.g. 0.25 kJ/mm and t8/5 value of 2.4 seconds result in several major weld 

defects in Weldox 960 samples with plate thickness 4mm and in Weldox 1100 samples with plate 

thickness 4.5 mm.  

7. Owing to hardness measurement profiles, Weldox 1100 steels represent a wider HAZ than Weldox 

960 steels even at the same heat inputs, the same welding parameters and the same weld joint 

geometries. 
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8. Future work 
 

1. Since welding procedure with low heat inputs is highly beneficial for the mechanical properties of 

the weldments, less heat treatment is induced to the base metal and particularly to the HAZ; 

performing trials with welding methods like Laser beam welding can be studied. 

2. As mentioned in the heat affected zone section of this report, possibility of High HAZ Toughness 

technology with Fine microstructure imparted by Fine particles or HTUFF for SSAB steels can be 

studied. 

3. Due to the fact that consuming commercially available filler metals to weld some of SSAB steel 

grades, for instance Weldox 1100 and up, represent an undermatching level of strength; therefore 

possibility of designing special filler metals for such steels need to be studied. 

4.  In this study, the 3 mm standard gap was considered while welding. Because of several weld 

defects which are believed were caused by lack of penetration, running a trial with a wider gap is 

recommended. 

5. It is worth to try trials with optimized arc penetration to overcome lack of penetration defect that 

occurred in this study.  

6. Regarding the FEM studies, solving the defined problem in other software can be performed to see 

if the same results can be achieved. 

7. Changing the given values to the FEM model with actual values of this research is recommended.   

8. The strain hardening factor for different layer of the HAZ can be studied in order to simulate close 

to reality behaviour of the HAZ in FEM studies. 

9. Simulating the static strength behaviour of Weldox 1100 welded joints by FEM can be studied 

using. 

10. It is suggested to investigate mechanical properties of joints welded with Union X96, and to 

compare the results with AristoRod 89. 
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Appendix A- Macro hardness measurements 
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Appendix B-Ultrasonic test results 
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Appendix C-The actual chemical and mechanical properties of the steels  

Steel 
Th. 

[mm] 
Charge 

No. 
Lop No. Iso Trial 

Rp0.2 
[MPa] 

Rm 
[MPa] 

A5 
[%]

Chemical composition 
C Si Mn P S Cr Ni Mo V Ti Cu Al Nb B N 

Weldox 960 4 077280 7765056  1,2 1029 1051 13 .17 .23 1.24 .009 .001 .20 .04 .609 .044 .003 .01 .068 .014 .001 .003 

Weldox 960 4 99402 3639784 321 4 1001 1041 12 .16 .24 1.24 .007 .001 .20 .05 .599 .039 .003 .01 .061 .015 .001 .003 

Weldox 960 6 98310 2658546 341 1,2,4 1011 1058 14 .161 .21 1.24 .005 .001 .19 .045 .603 .036 .003 .01 .052 .015 .001 .003 

Weldox 960 12 102091 4634991 341 4 1018 1058 15 .16 .23 1.24 .007 .001 .20 .05 .602 .035 .003 .01 .058 .014 .001 .003 

 

Steel 
Th. 

[mm] 
Charge 

No. 
Lop  No. Iso Trial 

Rp0.2 
[MPa] 

Rm 
[MPa] 

A5 
[%]

Chemical composition 
C Si Mn P S Cr Ni Mo V Ti Cu Al Nb B N 

Weldox 1100 4.5 100189 2657664 321 1,2 1268 1477 10 .16 .27 1.26 .008 .001 .20 .05 .599 .039 .004 .01 .055 .016 .001 .003 

Weldox 1100 4.5 101485 4471068 321 4 1204 1431 9 .16 .21 1.24 .010 .001 .20 .04 .617 .037 .003 .01 .058 .016 .001 .003 

Weldox 1100 6 091757 8790477 341 1,2,4 1353 1446 10 .17 .22 1.24 .009 .001 .20 .05 .600 .040 .003 .01 .059 .015 .001 .003 

Weldox 1100 12 98321 2843746 341 3,4,5 1155 1393 11 .16 .23 1.26 .008 .001 .20 .05 .605 .40 .003 .01 .054 .015 .001 .003 
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Appendix D-Welding procedure  

Test 
No. 

Steel 
type 

Thickness 
[mm] 

Joint 
shape 

Date 
Tp 

[ºC] 
Pass 

Amp 
[A] 

Volt 
[V] 

WS 
[cm/min] 

Q 
[kJ/mm] 

t8/5 
Calcu.

Ti 
[ºC] 

Root 
treatment 

Weld 
illustration 

Electrode type 
Electrode 
diameter 

[mm] 

S1 W960 4 
Square 

butt 
12-03-08 75 2 112 18 28 0.35 11.1 75 grinding 

ESAB Aristorod 89 
Lot No. PV010246980B 

Item no. 1B96106910 
1.0 

S2 W960 4 
Square 

butt 
12-03-09 75 2 112 18 22 0.44 17.5 75 grinding 

ESAB Aristorod 89 
Lot No. PV010246980B 

Item no. 1B96106910 
1.0 

S3 W960 4 
Square 

butt 
12-03-09 75 2 180 17.5 24 0.63 35.9 75 grinding 

ESAB Aristorod 89 
Lot No. PV010246980B 

Item no. 1B96106910 
1.0 

S4 W960 6 
Single 

V 
butt 

12-03-01 85 4 92 17 30 0.25 2.4 85 grinding 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 

S5 W960 6 
Single 

V 
butt 

12-03-01 85 2 140 17.3 23 0.51 9.9 85 grinding 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 

S6 W960 6 
Single 

V 
butt 

12-03-01 85 2 180 17.5 23 0.66 16.5 85 grinding 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 

S7 W960 6 
Single 

V 
butt 

02-03-12 85 2 196 22.3 24 0.87 28.7 85 grinding 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 

S8 W1100 4.5 
Square 

butt 
07-03-12 75 2 112 18 28 0.35 8.7 75 grinding 

ESAB Aristorod 89 
Lot No. PV010246980B 

Item no. 1B96106910 
1.0 

S9 W1100 4.5 
Square 

butt 
06-03-12 75 2 112 18 22 0.44 13.8 75 grinding 

ESAB Aristorod 89 
Lot No. PV010246980B 

Item no. 1B96106910 
1.0 

S10 W1100 4.5 
Square 

butt 
07-03-12 75 2 180 17.5 24 0.63 28.3 75 grinding 

ESAB Aristorod 89 
Lot No. PV010246980B 

Item no. 1B96106910 
1.0 

S11 W1100 6 
Single 

V 
butt 

05-03-12 85 4 92 17 30 0.25 2.4 85 grinding 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 

S12 W1100 6 
Single 

V 
butt 

05-03-12 85 2 180 17.5 23 0.66 16.5 85 grinding 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 

S13 W1100 6 
Single 

V 
butt 

06-03-12 85 4 196 22.3 24 0.87 28.7 85 grinding 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 
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Test 
No. 

Steel 
type 

Thickness 
[mm] 

Joint 
shape 

Date 
Tp 

[ºC] 
Pass 

Amp 
[A] 

Volt 
[V] 

WS 
[cm/min] 

Q 
[kJ/mm] 

t8/5 

Calcu.
Ti 

[ºC] 
Root 

treatment 
Weld 

illustration 
Electrode type 

Electrode 
diameter 

[mm] 

S14 W960 6 
Square 

butt 
12-03-26 85 2 112 18 28 0.35 4.6 85 grinding 

 

ESAB Aristorod 89 
Lot No. PV010246980B 

Item no. 1B96106910 
1.0 

S15 W960 6 
Square 

butt 
12-03-22 85 2 112 18 22 0.44 8.1 85 grinding 

 

ESAB Aristorod 89 
Lot No. PV010246980B 

Item no. 1B96106910 
1.0 

S16 W960 6 
Square 

butt 
12-03-22 85 2 180 17.5 24 0.63 16.7 85 grinding 

 

ESAB Aristorod 89 
Lot No. PV010246980B 

Item no. 1B96106910 
1.0 

S17 W960 4 
Single 

V 
butt 

12-03-30 75 2 112 18 28 0.35 10 75 grinding 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 

S18 W960 4 
Single 

V 
butt 

n 75 2 140 17.3 23 0.51 21.1 75 grinding 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 

S19 W960 4 
Single 

V 
butt 

12-03-26 75 1 180 17.5 24 0.63 32.2 75 n 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 

S20 W960 4 
Single 

V 
butt 

n 75 1 196 17.5 19 0.87 61.5 75 
Ceramic 
backing 

ESAB Aristorod 89 
Lot No. PV010246980B 

Item no. 1B96106910 
1.0 

S21 W1100 6 
Square 

butt 
12-03-20 85 2 112 18 28 0.35 5.2 85 grinding 

 

ESAB Aristorod 89 
Lot No. PV010246980B 

Item no. 1B96106910 
1.0 

S22 W1100 6 
Square 

butt 
12-03-20 85 2 112 18 22 0.44 8.1 85 grinding 

 

ESAB Aristorod 89 
Lot No. PV010246980B 

Item no. 1B96106910 
1.0 

S23 W1100 6 
Square 

butt 
12-03-21 85 2 180 17.5 24 0.63 16.7 85 grinding 

 

ESAB Aristorod 89 
Lot No. PV010246980B 

Item no. 1B96106910 
1.0 

S24 W1100 4.5 
Single 

V 
butt 

12-04-12 75 2 112 18 28 0.35 7.9 75 grinding 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 

S25 W1100 4.5 
Single 

V 
butt 

12-04-13 75 1 180 17.5 24 0.63 25.5 75 n 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 

S26 W1100 4.5 
Single 

V 
butt 

n 75 1 196 17.5 19 0.87 48.6 75 n 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 
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Test 
No. 

Steel 
type 

Thickness 
[mm] 

Joint 
shape 

Date 
Tp 

[ºC] 
Pass 

Amp 
[A] 

Volt 
[V] 

WS 
[cm/min] 

Q 
[kJ/mm] 

t8/5 

Calcu.
Ti 

[ºC] 
Root 

treatment 
Weld 

illustration 
Electrode type 

Electrode 
diameter 

[mm] 

S27 W960 4 
Single 

V 
butt 

12-04-16 75 2 112 18 28 0.35 10 75 grinding 
ESAB OK AristoRod 12.50 

Lot No. PV029016054B 
Item no. 1A50106910 

1.0 

S28 W960 4 
Single 

V 
butt 

12-04-16 75 2 112 18 22 0.44 15.7 75 grinding 
ESAB OK AristoRod 12.50 

Lot No. PV029016054B 
Item no. 1A50106910 

1.0 

S29 W960 4 
Single 

V 
butt 

12-04-17 75 2 180 17.5 24 0.63 32.3 75 grinding 
ESAB OK AristoRod 12.50 

Lot No. PV029016054B 
Item no. 1A50106910 

1.0 

S30 W960 6 
Square 

butt 
12-04-18 85 2 140 17.3 23 0.51 10.9 85 grinding 

ESAB OK AristoRod 12.50 
Lot No. PV029016054B 

Item no. 1A50106910 
1.0 

S31 W960 6 
Square 

butt 
12-04-18 85 2 180 17.5 24 0.63 16.7 85 grinding 

ESAB OK AristoRod 12.50 
Lot No. PV029016054B 

Item no. 1A50106910 
1.0 

S32 W960 6 
Square 

butt 
12-04-20 85 2 196 17.5 19 0.87 31.9 85 grinding 

ESAB OK AristoRod 12.50 
Lot No. PV029016054B 

Item no. 1A50106910 
1.0 

S33 W1100 4.5 
Single 

V 
butt 

12-05-07 75 2 112 18 28 0.35 7.9 75 grinding 
ESAB OK AristoRod 12.50 

Lot No. PV029016054B 
Item no. 1A50106910 

1.0 

S34 W1100 4.5 
Single 

V 
butt 

12-05-08 75 2 112 18 22 0.44 12.4 75 grinding 
ESAB OK AristoRod 12.50 

Lot No. PV029016054B 
Item no. 1A50106910 

1.0 

S39 W1100 4.5 
Square 

butt 
12-05-29 125 2 112 18 28 0.35 10.1 125 grinding 

Thyssen Union X 96 
Charge No.98267 

Type B - Contr. No. 
4366471214937251 

1.0 

S40 W1100 4.5 
Single 

V 
butt 

12-05-30 125 3 112 18 22 0.44 15.9 125 grinding 

Thyssen Union X 96 
Charge No.98267 

Type B - Contr. No. 
4366471214937251 

1.0 

S41 W1100 6 
Single 

V 
butt 

n 125 3 140 17.3 23 0.51 12 125 grinding 

Thyssen Union X 96 
Charge No.98267 

Type B - Contr. No. 
4366471214937251 

1.0 

S42 W1100 6 
Square 

butt 
12-05-30 125 2 180 17.5 24 0.63 20.4 125 grinding 

Thyssen Union X 96 
Charge No.98267 

Type B - Contr. No. 
4366471214937251 

1.0 
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Test 
No. 

Steel 
type 

Thickness 
[mm] 

Joint 
shape 

Date 
Tp 

[ºC] 
Pass 

Amp 
[A] 

Volt 
[V] 

WS 
[cm/min] 

Q 
[kJ/mm] 

t8/5 

Calcu.
Ti 

[ºC] 
Root 

treatment 
Weld 

illustration 
Electrode type 

Electrode 
diameter 

[mm] 

S43 W960 4 
Square 

butt 
12-05-31 125 2 112 18 28 0.35 14.2 125 grinding 

 

Thyssen Union X 96 
Charge No.98267 

Type B - Contr. No. 
4366471214937251 

1.0 

S44 W960 4 
Single 

V 
butt 

12-05-31 125 3 112 18 22 0.44 20.1 125 grinding 

Thyssen Union X 96 
Charge No.98267 

Type B - Contr. No. 
4366471214937251 

1.0 

S45 W960 6 
Single 

V 
butt 

12-06-01 125 4 140 17.3 23 0.51 12 125 grinding 

Thyssen Union X 96 
Charge No.98267 

Type B - Contr. No. 
4366471214937251 

1.0 

S46 W960 6 
Square 

butt 
12-06-01 125 2 180 17.5 24 0.63 20.4 125 grinding 

 

Thyssen Union X 96 
Charge No.98267 

Type B - Contr. No. 
4366471214937251 

1.0 

S50 W960 12 
Double 

V 
butt 

12-05-11 85 3 204 26.8 23 1.14 12.3 85 grinding 

 

Thyssen Union X 96 
Charge No.98267 

Type B - Contr. No. 
4366471214937251 

1.0 

S55 W1100 4.5 
Double 

V 
butt 

12-05-23 75 2 112 18 28 0.35 7.9 75 grinding 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 

S56 W1100 4.5 
Double 

V 
butt 

12-05-16 75 2 112 18 22 0.44 12.4 75 grinding 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 

S57 W1100 6 
Double 

V 
butt 

12-05-10 85 2 140 17.3 23 0.51 9.9 85 grinding 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 

S58 W1100 6 
Double 

V 
butt 

12-05-09 85 2 180 17.5 24 0.63 15 85 grinding 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 

S59 W960 4 
Double 

V 
butt 

12-05-24 75 2 112 18 28 0.35  75 grinding 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 

S60 W960 4 
Double 

V 
butt 

12-05-28 75 2 112 18 22 0.44  75 grinding 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 

S61 W960 6 
Double 

V 
butt 

12-05-23 85 2 140 17.3 23 0.51 9.9 85 grinding 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 
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Test 
No. 

Steel 
type 

Thickness 
[mm] 

Joint 
shape 

Date 
Tp 

[ºC] 
Pass 

Amp 
[A] 

Volt 
[V] 

WS 
[cm/min] 

Q 
[kJ/mm] 

t8/5 

Calcu.
Ti 

[ºC] 
Root 

treatment 
Weld 

illustration 
Electrode type 

Electrode 
diameter 

[mm] 

S62 W960 6 
Double 

V 
butt 

12-05-24 85 2 180 17.5 24 0.63 15 85 grinding 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 

W1 W1100 12 
Single 

V 
butt 

n 75 12 180 17.5 24 0.63 3.6 75 grinding 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 

W2 W1100 12 
Single 

V 
butt 

n 75 12 180 17.5 24 0.63 3.6 75 grinding 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 

W3 W1100 12 
Single 

V 
butt 

12-05-21 125 7 205 26.5 28 0.93 10 125 grinding 

 

ESAB OK AristoRod 
12.50 

Lot No. PV029016054B 
Item no. 1A50106910 

1.0 

W4 W1100 12 
Single 

V 
butt 

12-05-21 125 7 205 26.5 28 0.93 10 125 grinding 
ESAB Aristorod 89 

Lot No. PV010246980B 
Item no. 1B96106910 

1.0 
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Appendix E-Tensile test results 

Test 
No. 

Steel 
type 

T 
[mm] 

W 
[mm] 

Q 
[kJ/mm] 

t8/5 

[s] 
weld
Pass 

RT 
Result 

Joint 
type 

Base Metal Weld metal Weld metal Rp 0.2 
[N/mm2] 

Rm 
[N/mm2] 

A5 
[%]

L0 
[mm]

Fracture 
place 

Remark 
T-Test 

date Rp 0.2 Rm Rp 0.2 Rm Rp 0.2 Rm 
   6             1057   BM Facture in far end 140512 
   6             1054   BM Facture in far end 140512 
   12            999 1065 9 35 HAZ  160512 
   12            899 1019 7 40 HAZ  160512 
   24            979 1057 8 55 HAZ/BM  210512 
   24            978 1061 13 55 HAZ/BM  210512 

S1 W960 4 48 0.35 11.1 2 OK Square 1029 1051 1094.5 1142 810 920 809 1043 9 80 HAZ/BM  220512 
   48            837 1041 9 80 BM Facture in far end 220512 
   96            956 1029 3  HAZ  310512 
   96            943 1024 7  HAZ  310512 
   140            892 1008 5  HAZ  040612 
   140            835 1015 2  HAZ  010612 
                      
   6            860 1072   HAZ  140512 
   6             1004 10 25 BM Facture in far end 150512 
   12            877 1036 9 40 HAZ  160512 
   12            807 1061 11 40 BM Facture in far end 160512 
   24            921 1020 15 55 BM 20 mm far from weld 210512 
   24            884 1013 3 55 WM discontinuity 210512 

S2 W960 4 48 0.44 17.5 2 
OK & 

M 
Square 1029 1051 1094.5 1142 810 920 777 1000 7 80 HAZ  220512 

   48            536 927 3 80 WM A small defect  220512 
   96            954 1016   WM  300512 
   96            903 1027 7  HAZ  010612 
   140            733 965 3  HAZ/WM  040612 
   140            823 864 2  HAZ/WM discontinuity 040612 
                      
   6            863 926 14 25 HAZ  140512 
   6            837 908 13 25 HAZ  150512 
   12            834 965 9 40 HAZ  160512 
   12            793 988 5 40 HAZ  160512 
   24            913 1043 10 55 BM Facture in far end 220512 
   24            917 1039 7 55 HAZ  140512 

S3 W960 4 48 0.63 35.9 2 OK Square 1029 1051 1094.5 1142 810 920 879 1052 9 80 HAZ  140512 

   48            792 1048 9 80 HAZ  220512 

   96            1000 1000   HAZ  280512 
   96            877 995 4  HAZ  010612 
   140            821 960 2  HAZ  040612 
   140            873 952 1  HAZ/WM A small defect 040612 

 



[119] 
 

Test 
No. 

Steel 
type 

T 
[mm] 

W 
[mm] 

Q 
[kJ/mm] 

t8/5 

[s] 
weld 
Pass 

RT 
Result 

Joint 
type 

Base Metal Weld metal Weld metal 
Rp 0.2 
[N/mm2] 

Rm 
[N/mm2] 

A5 
[%]

L0 
[mm]

Fracture 
place 

Remark 
T-Test 

date Rp 0.2 Rm Rp 0.2 Rm 
Rp 
0.2 

Rm 

S4 W960 6  0.25 2.4 4 REJ Single V 1011 1058 1094.5 1142 810 920      Rejected in RT test  
                      
   6            920 1005 9 35 WM discontinuity 150512 
   6            891 977 10 35 HAZ  120612 
   12            885 1001 9 50 HAZ  150512 
   12            1253 1339 8 49 HAZ  150512 
   24            730 902 2 65 WM discontinuity 220512 
   24            820 937 2 60 WM discontinuity 140512 

S5 W960 6 48 0.51 9.9 2 OK & LP Single V 1011 1058 1094.5 1142 810 920 907 1000 6 100 
HAZ/ 
WM 

discontinuity 140512 

   48            904 994 4 95 WM/HAZ discontinuity 250512 
   96            863 1016 2  HAZ  310512 

   96            840 1004 4  
HAZ/ 
WM 

 310512 

   135             983 2  WM discontinuity 040612 
   135            320 908 1  WM discontinuity 040612 
                      
   6            938 1021 14 35 HAZ  150512 
   6            955 1001   WM discontinuity 120612 
   12            865 1010 6 45 WM/HAZ discontinuity 160512 
   12            946 1012 2 45 WM/HAZ  160512 
   24            782 957 3 70 WM discontinuity 210512 
   24            827 968 5 70 WM/HAZ  210512 

S6 W960 6 48 0.66 16.5 2 OK & LP Single V 1011 1058 1094.5 1142 810 920 883 942 2 95 WM discontinuity 140512 
   48            878 1009 3 95 WM/HAZ  140512 
   96            925 945   WM discontinuity 310512 
   96            831 1010 3  WM discontinuity 310512 
   135            773 943 1  BM Gripped area 010612 
   135            883 950 1  BM Gripped area 010612 
                      
   6            871 977 14 35 HAZ  150512 
   6            830 874 11 35 WM discontinuity 150512 
   12            878 965 7 45 HAZ  160512 
   12            874 1001 10 45 HAZ  160512 
   24            801 995 7 40 HAZ  210512 
   24             974 9 70 HAZ  210512 

S7 W960 6 48 0.87 28.7 2 OK & LP Single V 1011 1058 1094.5 1142 810 920 865 1012 5 95 WM/HAZ OK 140512 
   48            777 1006 6 95 WM/HAZ OK 250512 

   96            886 1004 2  
HAZ/ 
WM 

 310512 

   96            897 909 3  WM discontinuity 310512 
   135             982 1  BM Gripped area 040612 
   135             1009 1  WM discontinuity 040612 
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Test 
No. 

Steel 
type 

T 
[mm] 

W 
[mm] 

Q 
[kJ/mm] 

t8/5 

[s] 
Weld 
Pass 

RT 
result 

Joint 
type 

Base Metal Weld metal Weld metal Rp 0.2 
[N/mm2] 

Rm 
[N/mm2] 

A5 
[%] 

L0 
[mm] 

Fracture 
place 

Remark 
T-Test 
Date Rp 0.2 Rm Rp 0.2 Rm Rp 0.2 Rm 

   6            864 936 7 30 WM discontinuity 150512 
   6            848 992 10 30 HAZ  150512 
   12            865 1042 5 40 WM pores 160512 
   12            874 1002 4 40 WM pores 160512 
   24            616 621 1 60 WM discontinuity 210512 
   24            965 1070 3 60 WM discontinuity 210512 

S8 W1100 4.5 48 0.35 8.7 2 P  Square 1268 1477 1094.5 1142 810 920  183   WM discontinuity 240512 
   48             451   WM discontinuity 240512 
   96             690   WM discontinuity 280512 
   96            336 844 1  WM discontinuity 310512 
   140            879 893 1  HAZ/WM discontinuity 010612 
   140            779 829   HAZ/WM discontinuity 010612 
                      
   6                   
   6                   
   12            846 963 8 40 HAZ  160512 
   12            827 965 8 40 HAZ  160512 
   24            835 934 3 60 WM discontinuity 220512 
   24            855 977   WM No complete fracture 140512 

S9 W1100 4.5 48 0.44 13.8 2 P  Square 1268 1477 1094.5 1142 810 920 810 977 4 85 HAZ  140512 

   48            896 1025 5 85 
HAZ/ 
WM 

Disc. + pores 250512 

   96             1033   WM/HAZ discontinuity 280512 
   96            824 930   WM discontinuity 310512 
   140            711 712 1  WM discontinuity 040612 
   140            911 1058 2  HAZ  040612 
                      
   6            831 937 12 25 HAZ  150512 
   6             951 6 30 HAZ  150512 
   12            897 1015 7 40 HAZ  160512 
   12            903 1013 8 40 HAZ  160512 
   24            883 1038 6 60 HAZ  140512 
   24            847 1016 5 60 HAZ  220512 

S10 W1100 4.5 48 0.63 28.3 2 P  Square 1268 1477 1094.5 1142 810 920  936 1 85 WM discontinuity 240512 
   48            823 876 1 85 WM Disc. + pores 240512 
   96            620 825   WM Disc. + pores 150512 
   96            900 1011   WM/HAZ Disc. + pores 300512 
   140            735 744 3  WM discontinuity 040612 
   140            821 939 4  WM/HAZ Disc. + pores 040612 
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Test 
No. 

Steel 
type 

T 
[mm] 

W 
[mm] 

Q 
[kJ/mm] 

t8/5 

[s] 
weld
Pass 

RT 
result 

Joint 
type 

Base Metal Weld metal Weld metal Rp 0.2 
[N/mm2] 

Rm 
[N/mm2] 

A5 
[%]

L0 
[mm] 

Fracture 
place 

Remark 
T-Test 
Date Rp 0.2 Rm Rp 0.2 Rm Rp 0.2 Rm 

S11 W1100 6  0.25 2.4 4 REJ Single 
V 1353 1446 1094.5 1142 810 920      Rejected in RT test  

                      
   6            978 1078 14 30 HAZ  140512 
   6            874 974 7 35 HAZ  140512 
   12            875 1012 9 50 HAZ  150512 
   12            913 1007 4 50 WM NO PRPBLEM 150512 
   24            857 1055 6 40 HAZ  220512 
   24            917 1035 5 70 HAZ  140512 

S12 W1100 6 48 0.66 16.5 2 OK & 
LP 

Single 
V 1353 1446 1094.5 1142 810 920 796 1006 2 100 HAZ  140512 

   48            832 1032 3 100 WM NO PRPBLEM 140512 
   96            763 1037 1  HAZ  310512 
   96            764 954 1  WM pores 310512 
   135                   
   135                   
                      
   6            824 993 11 30 HAZ  140512 
   6             1022 13 35 HAZ  150512 
   12            801 898 3 50 WM Disc. + pores 160512 
   12            793 934 4 50 WM Disc. + pores 160512 
   24            795 858 3 70 WM Disc. + pores 140512 
   24            807 935   WM No complete fracture 140512 

S13 W1100 6 48 0.87 28.7 4 P Single 
V 1353 1446 1094.5 1142 810 920 718 1040 5 95 HAZ ? 250512 

   48            577 1028 3 100 HAZ ? 250512 
   96            649 724   WM discontinuity 310512 
   96            871 1078 2  HAZ Small Disc. + pores 310512 
   135                   
   135                   
                      
   6                   
   6                   
   12                   
   24            876 879 1 70 WM discontinuity 260612 
   24            870 883 1 70 WM discontinuity 260612 

S14 W960 6 48 0.35 4.6 2 OK & 
M 

Square 1011 1058 1094.5 1142 810 920 804 956 1 100 WM discontinuity 260612 

   48                   
   96            928 961 1 140 WM discontinuity 250612 
   96            959 991 1 140 WM discontinuity 250612 
   135            937 955 1 165 WM discontinuity 250612 
   135            962 962 1 165 WM discontinuity 250612 
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Test 
No. 

Steel 
type 

T 
[mm] 

W 
[mm] 

Q 
[kJ/mm] 

t8/5 

[s] 
weld 
Pass 

RT 
Result

Joint 
type 

Base Metal Weld metal Weld metal Rp 0.2 
[N/mm2] 

Rm 
[N/mm2] 

A5 
[%]

L0 
[mm]

Fracture 
place 

Remark 
T-Test 
Date Rp 0.2 Rm Rp 0.2 Rm Rp 0.2 Rm 

   6             868 2 35 WM discontinuity 160512 
   6             1013 2 35 WM discontinuity 160512 
   12            925 957 3 50 WM discontinuity 160512 
   12            925 930 3 50 WM discontinuity 160512 
   24            936 985 2 70 WM discontinuity 220512 
   24            945 1020 3 70 WM discontinuity 220512 

S15 W960 6 48 0.44 8.1 2 Ok  Square 1011 1058 1094.5 1142 810 920 934 1036 3 95 WM discontinuity 240512 
   48            917 986 2 95 WM discontinuity 240512 
   96            905 910 1  WM discontinuity 310512 
   96            1 918 1  WM discontinuity 310512 
   135            325 923 1  WM discontinuity 010612 
   135            614 946 1  WM discontinuity 010612 
                      
   6            899 985 10 35 HAZ  160512 
   6            926 1014 12 35 HAZ  160512 
   12            947 970 3 50 WM discontinuity 160512 
   12            916 989 6 50 WM discontinuity 160512 
   24            990 1051 10 70 HAZ  220512 
   24            1003 1063 9 70 HAZ  220512 

S16 W960 6 48 0.63 16.7 2 Ok  Square 1011 1058 1094.5 1142 810 920 895 1008 4 95 WM Disc. + pores 240512 
   48            911 1005 6  WM discontinuity 010612 
   96            928 1027 4  WM pores 310512 
   96            925 1022 1  WM pores 310512 
   135            809 822   WM discontinuity 010612 
   135             889 1  WM discontinuity 010612 
                      
   6            804 901 10 30 HAZ  160512 
   6            834 923 16 30 HAZ  120612 
   12            865 947 9 40 HAZ  160512 
   12            944 1021 11 40 HAZ  160512 
   24            801 949 7 55 HAZ  220512 
   24             961 5 55 WM Disc. + pores 220512 

S17 W960 4 48 0.35 10 2 OK & 
M 

Single 
V 1029 1051 1094.5 1142 810 920  818   WM No complete fracture 240512 

   48            940 1014 5 80 HAZ  240512 
   96            952 1026   HAZ  300512 
   96            976 1046   HAZ/BM  300512 
   140            764 896 5  HAZ/WM discontinuity 010612 
   140                   
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Test 
No. 

Steel 
type 

T 
[mm] 

W 
[mm] 

Q 
[kJ/mm] 

t8/5 

[s] 
weld 
Pass 

RT 
Result 

Joint 
type 

Base Metal Weld metal Weld metal Rp 0.2 
[N/mm2] 

Rm 
[N/mm2] 

A5 
[%]

L0 
[mm]

Fracture 
place 

Remark 
T-Test 
Date Rp 0.2 Rm Rp 0.2 Rm Rp 0.2 Rm 

   6            846 947 10 25 HAZ  160512 
   6            821 950 13 30 HAZ  160512 
   12            832 958 9 40 HAZ  160512 
   12            789 980 7 40 HAZ  160512 
   24            838 1020 8 55 HAZ  220512 
   24            820 1012 10 55 HAZ  220512 

S18 W960 4 48 0.51 21.1 2 OK & 
M 

Single 
V 1029 1051 1094.5 1142 810 920 820 1027 6 80 HAZ  240512 

   48            854 1009 6 80 HAZ  240512 
   96            882 991   HAZ  300512 
   96            854 991   HAZ  300512 
   135            881 1024 5  HAZ  040612 
   135            816 1005 4  HAZ  040612 
                      
   6            946 992 12 30 HAZ  160512 
   6             1008 12 30 HAZ  220512 
   12            930 1024 4 40 WM  220512 
   12            890 991 10 40 HAZ  220512 
   24            930 992 3 55 WM discontinuity 220512 
   24            932 1019 5 55 WM  220512 

S19 W960 4 48 0.63 32.2 1 OK Single 
V 1029 1051 1094.5 1142 810 920 905 967 3 80 WM/HAZ discontinuity 240512 

   48            878 1014 7 80 HAZ  240512 
   96            908 1015   HAZ  300512 
   96            917 1074   HAZ/ WM  300512 
   135            1044 1046   HAZ  300512 
   135            854 981 3  HAZ  040612 
                      
   6            723 875 14 30 HAZ  220512 
   6            749 852 12 30 HAZ  220512 
   12            782 912 7 40 HAZ  220512 
   12            828 962 8 40 HAZ  220512 
   24            775 940 5 55 HAZ  220512 
   24            772 943 3  HAZ  040612 

S20 W960 4 48 0.87 61.5 1 OK & 
M 

Single 
V 1029 1051 1094.5 1142 810 920 792 971 5 80 WM/HAZ discontinuity 240512 

   48            786 898  80 WM discontinuity 240512 
   96            836 979 4  HAZ  310512 
   96            841 996 3  WM/HAZ  310512 
   140            827 990 3  HAZ  040612 
   140            863 951 4  WM/HAZ Disc. + pores 040612 
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Test 
No. 

Steel 
type 

T 
[mm] 

W 
[mm] 

Q 
[kJ/mm] 

t8/5 

[s] 
weld
Pass 

RT 
result 

Joint 
type 

Base Metal Weld metal Weld metal Rp 0.2 
[N/mm2] 

Rm 
[N/mm2] 

A5 
[%]

L0 
[mm]

Fracture 
place 

Remark 
T-Test 
Date Rp 0.2 Rm Rp 0.2 Rm Rp 0.2 Rm 

   6            931 967 3 35 WM discontinuity 260612 
   6            875 881 4 35 WM discontinuity 260612 
   12                   
   12                   
   24            992 1029 1 65 WM discontinuity 260612 
   24                   

S21 W1100 6 48 0.35 5.2 2 OK & 
M 

Square 1353 1446 1094.5 1142 810 920 882 883 1 100 WM discontinuity 260612 

   48            912 917 1 100 WM discontinuity 260612 
   96            803 803 1 140 WM discontinuity 250612 
   96            968 980 1 140 WM discontinuity 250612 
   135                   
   135                   
                      
   6            774 809 9 35 WM discontinuity 260612 
   6            843 891 4 35 WM discontinuity 260612 
   12            789 973 5 50 WM discontinuity 260612 
   12            851 876 1 50 WM discontinuity 260612 
   24            885 895 1 70 WM discontinuity 260612 
   24            941 958 3 70 WM discontinuity 260612 

S22 W1100 6 48 0.44 8.1 2 OK & 
M 

Square 1353 1446 1094.5 1142 810 920 850 879 1 100 WM discontinuity 260612 

   48            876 904 1 100 WM discontinuity 260612 
   96            765 842 2 140 WM discontinuity 250612 
   96            832 868 1 145 WM discontinuity 250612 
   135                   
   135                   
                      
   6            775 876 3 35 WM discontinuity 160512 
   6            836 976 7 35 HAZ  160512 
   12            889 1006 1 50 WM  160512 
   12            879 1000 4 50 WM  160512 
   24            847 976 2  WM  010612 
   24            936 980 3 70 WM  220512 

S23 W1100 6 48 0.63 16.7 2 OK & 
M 

Square 1353 1446 1094.5 1142 810 920 848 1045 4 95 WM discontinuity 240512 

   48            769 769 2 100 WM discontinuity 240512 
   96            78 909   WM discontinuity 300512 
   96             1040   WM discontinuity 310512 
   140                   
   140                   

 




