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The aim of this work was to calibrate the material properties including strength and strain 

values for different material zones of ultra-high strength steel (UHSS) welded joints under 

monotonic static loading. The UHSS is heat sensitive and softens by heat due to welding, 

the affected zone is heat affected zone (HAZ). In this regard, cylindrical specimens were cut 

out from welded joints of Strenx® 960 MC and Strenx® Tube 960 MH, were examined by 

tensile test. The hardness values of specimens’ cross section were measured. Using correla-

tions between hardness and strength, initial material properties were obtained. The same size 

specimen with different zones of material same as real specimen were created and defined 

in finite element method (FEM) software with commercial brand Abaqus 6.14-1. The load-

ing and boundary conditions were defined considering tensile test values. Using initial ma-

terial properties made of hardness-strength correlations (true stress-strain values) as Abaqus 

main input, FEM is utilized to simulate the tensile test process. By comparing FEM Abaqus 

results with measured results of tensile test, initial material properties will be revised and 

reused as software input to be fully calibrated in such a way that FEM results and tensile test 

results deviate minimum. Two type of different S960 were used including 960 MC plates, 

and structural hollow section 960 MH X-joint. The joint is welded by BöhlerTM X96 filler 

material. In welded joints, typically the following zones appear: Weld (WEL), Heat affected 

zone (HAZ) coarse grained (HCG) and fine grained (HFG), annealed zone, and base material 

(BaM). Results showed that:  

The HAZ zone is softened due to heat input while welding. For all the specimens, the sof-

tened zone’s strength is decreased and makes it a weakest zone where fracture happens while 

loading. Stress concentration of a notched specimen can represent the properties of notched 

zone. The load-displacement diagram from FEM modeling matches with the experiments by 

the calibrated material properties by compromising two correlations of hardness and 

strength. 
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1 INTRODUCTION 

 

 

The study of welded joints made of ultra-high strength steel (UHSS) is becoming demanded 

since the development of higher grades with lower weight is on scope. The load bearing 

capacity and tensile strength of heavy duty structures is more common subject of today stud-

ies. This is while there is no scientific based standard available for UHSSs. Moreover using 

computerized programs and finite element method (FEM) is concerned due to powerful cal-

culations supporting researches. This study tries to find out the material properties of a 

welded joint made by UHSS both experimentally and numerically. 

  

1.1 Scope of thesis work 

The main aim of this thesis work was to calibrate and define material properties including 

strength and strain values for different zones of UHSS welded joints under monotonic static 

loading. In this regard, cylindrical specimens were cut out from welded joints of UHSS S960 

and were examined by tensile test. The hardness values of specimens’ cross section were 

measured in top, middle, and bottom. Using correlations between hardness and strength, 

initial material properties were obtained. The same size specimen with different zones of 

material same as real specimen were created and defined in FEM software with commercial 

brand Abaqus 6.14-1. The loading and boundary conditions were defined same as tensile test 

values. Using initial material properties made of hardness-strength correlations (true stress-

strain values) as Abaqus main input, FEM is utilized to simulate the tensile test process. By 

comparing FEM Abaqus results with measured results of tensile test, initial material proper-

ties will be revised and reused as software input to be fully calibrated in such a way that 

FEM results and tensile test results deviate minimum.    

 

Two type of different S960 were used including Strenx® 960 MC (quenched and cold-form-

able) with 9 mm thickness plates, and Strenx® Tube 960 MH (quenched and hollowed) X-

joint in which size of brace and chord tubes are 150×150×8 mm. The joint is made of filler 

material BohlerTM X96 which has close strength properties to S960. The goals is to define 

material strengths and correspond strain of different characterized zones of joints. Inci-

dentally, welded joint of S960 by weldment X96, appears with five different zones including 
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Weld (WEL), Heat affected zone (HAZ) coarse grained (HCG) and fine grained (HFG), 

annealed zone, and base material (BaM). 
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2 MATERIAL PROPERTIES AND PARAMETERS 

 

 

Ultra-high strength steels (UHSS) which are unofficially considered as steels with yield 

strength over 900 MPa are weight reduced structural steels that are specially used in mobile 

applications including cranes. The weight reduction means less material used and conse-

quently less cross section, energy, production time and cost. This is beneficiary in other 

heavy structures as bridges. (Gáspár & Balogh, 2013, p. 9.)    

 

Having aforesaid properties, however UHSS are study subject of their welded joints since 

strength reduces with heat due to welding. Figure 1 shows a welded joint made of UHSS. 

The part of parent (base) material that is affected by weld’s heat is called heat affected zone 

(HAZ). The other zones are weld’s itself and unaffected base material. (SSAB, 2009, p. 13.) 

 

Figure 1. An UHSS welded joint (SSAB, 2009, p. 13). 

 

The weld’s heat affected zone (HAZ) on base material consists of four subzones as Figure 2 

shows. In this regard, from weld center line to base material after weld’s fusion line, HAZ 

subzones are the coarse grained zone (CGHAZ), fine grains zone (FGHAZ), inter-critical or 

partially transformed zone (ICHAZ), and sub-critical or annealed zone (SCHAZ). (SSAB, 

2009, p. 31.) Base material is Strenx® 960 MC and Strenx® Tube 960 MH. 

 

Figure 2. Heat affected zone’s (HAZ) different subzones (mod. SSAB, 2009, p. 31). 
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The HAZ subzones’ specification is briefly provided in Table 1. The HAZ is softened by 

heat due to grain size change and phase transformation. The main classification is based on 

the temperature cycle that material experiences. (SSAB, 2009, pp. 32-33.) 

 

Table 1. Specification of HAZ subzones (mod. SSAB, 2009, pp. 32-33). 

 CGHAZ FGHAZ ICHAZ SCHAZ 

Peak temperature 1500-1100 ℃ 1100-900 ℃ 900-700 ℃ Below 700 ℃ 

Grain size / BaM grain 

size 

5-15 times Small size Relatively small, larger than 

FGHAZ 
No change 

Microstructure at max-

imum temperature 

austenite austenite Austenite, tempered marten-

site, or some cases bainite 
No change 

Microstructure after 

cooling 

martensite, 

bainite or com-

bination 

martensite, bain-

ite or combina-

tion 

tempered martensite, marten-

site, bainite or combination 

tempered mar-

tensite, bainite 

or combination 

toughness lowest  Relatively low Somewhat low  

Other name - Normalized  Partially transformed  Annealed  

 

Figure 3 shows a Scanning electron microscope (SEM) micrograph of different HAZ sub-

zones in which arrows indicate the prior austenite grain boundaries. (Guo et al., 2015, p. 

538.) 

 

Figure 3. SEM micrographs (a) SCHAZ, (b) ICHAZ, (c) FGHAZ, (d) CGHAZ (Guo et al., 

2015, p. 538). 
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2.1 Specimens 

The final cylindrical specimens used for tensile test as well as specimens modeled in FEM 

software are shown in Table 2. The specimen tested and modeled without notch is marked 

as NoN (no notch). The specimens tested and modeled with notch on them are marked dif-

ferently based on notch’s place. BaM is the specimen with notch on base material zone. 

Anneal is the specimen with notch on annealed zone which is considered in this work as 

both ICHAZ and SCHAZ as one zone. HFG is the specimen with notch on HAZ fine grained 

(FGHAZ) zone. HCG is the specimen with notch on HAZ coarse grained (CGHAZ) zone. 

FuL is the specimen with notch on fusion line. WEL is the specimen with notch on weld 

zone. 

 

Table 2. Specimens and notch places, in real test and FEM software. 

Notch 

on 

Used 

code 
Abaqus Test Specimens 

Base  

Material 
BaM 

  

SCHAZ Anneal   

FGHAZ HFG   

CGHAZ HCG 
  

Fusion 
line 

FuL   

Weld WEL   

No notch NoN 
  

 

2.2 Base material 

The base material used is S960 (made by SSAB Corporation) with two different types. The 

first type is 9 mm thickness plate of Strenx® 960 MC. The second type is structural hollow 

section Strenx® 960 Tube MH 150×150×8 mm. The mechanical properties of both type are 

shown in Table 3 as specified in factories material certificate. 
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Table 3. Mechanical properties of base material 960MC and 960MH (mod. SSAB, 2014, p. 

2; mod. SSAB, 2015, p. 2).  

Strenx® 960 MC    Plate thickness 9 mm 

Material 

Certificate 

Strength (MPa) Elongation (%) Impact Test 

Yield Tensile 
11 

(°C) (J) 

1041 1210 -40 65 

Strenx® 960 Tube MH    150×150×8 mm 

Material 

Certificate 

Strength (MPa) Elongation (%) Impact Test 

Yield Tensile 
10 

(°C) (J) 

1050 1163 -20 136 

 

The chemical properties and carbon equivalents (CEV) of both types are shown in Table 4 

as specified in factories material certificate. The CEV and carbon content are about 0.55 and 

0.095 respectively.  

 

Table 4. Chemical composition and carbon equivalent values for 960MC and 960MH 

(mod. SSAB, 2014, p. 2; mod. SSAB, 2015, p. 3). 

Strenx® 960 MC    Plate thickness 9 mm 

Chemical Composition (wt %) 

CEV C Si Mn P S Al Nb 

0.57 0.097 0.20 1.09 0.008 0.001 0.034 0.001 

V Ti Cu Cr Ni Mo N B 

0.009 0.020 0.033 1.13 0.38 0.191 0.005 0.0015 

Strenx® 960 Tube MH    150×150×8 mm 

Chemical Composition % 

CEV C Si Mn P S Al Nb 

0.52 0.09 0.21 1.06 0.011 0.004 0.031 0.002 

V Ti Cu Cr Ni Mo N B 

0.012 0.031 0.014 1.090 0.039 0.125 0.007 0.0019 

 

In which carbon equivalent is CEV = C+Mn/6 + (Cr+Mo+V)/5 + (Ni+Cu)/15.  

 

2.3 Weldment 

The strength difference between weld’s filler material and the base material is considered 

mismatching. If the weld is stronger than base, it is called overmatching. If in contrary, base 

material is stronger, it is considered undermatching. An undermatching filler material cause 

lower strength than the parent material, therefore is should be used when the design allows. 

(Ruukki, 2013, p. 5.) The degree of mismatching can be obtained by (Olsen, 1993, p. 27): 
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Mismatch=
(σy WEL - σy BaM)

σy BaM
   or   Mismatch=

(σu WEL - σu BaM)

σu BaM
                                             (1) 

 

While σy and σu are yield and ultimate strength of base material (BaM) and weld (WEL). 

The mismatching degree of the applied weld of this project is calculated in Table 5 accord-

ingly which is undermatched. 

 

Table 5. Maximum potential mismatching of weld and base material. 

Stress X96 960MC 960MH 
Mismatch degree 

960MC 960MH Average 

Yield 930 1041 1050 - 0.107 - 0.114 - 0.148 

Ultimate 980 1210 1163 - 0.190 - 0.157 - 0.136 

 

The S960 shows good weldability and no preheating is required. This is while the heat input 

has to be controlled since S960 is sensitive to heat and softened consequently.  (Björk, 

Nykänen, & Toivonen, 2010, p. 2.) Avoiding of low cooling rate is the key item and it can 

be by keeping the heat input in welding as low as possible. Generally and based on carbon 

content and carbon equivalent considering alloying elements, as the Graville diagram of Fig-

ure 4 shows, weldability of structural steels can be divided to three group. The group I con-

tains grades that no precautions is required for welding of those. The group II has a heat 

input limit to be complied. The group III can be welded by preheating and heat input control 

simultaneously (Gáspár et al., 2013, p. 12; Balogh et al., 2012, p. 84). Strenx® 960 generally 

belongs to group I. 

 

Figure 4. Graville diagram showing structural steels’ weldability (mod. Gáspár et al., 2013, 

p. 12). 
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Tables 6 and 7 show the mechanical property and chemical composition of weldment used 

to make S960 welded joints. The X96 is in gas metal arc weld (GMAW) solid wire form. 

 

Table 6. Mechanical properties of weld metal X9 (mod. Böhler, 2009, p. 1). 

Böhler Union X96    GMAW solid wire 

Material 

Certificate 

Strength (MPa) Elongation (%) Impact Test 

Yield Tensile 
14 

(°C) (J) 

930 980 -50 47 

 

Table 7. Chemical composition of weld metal X96 (mod. Böhler, 2009, p. 1). 

Böhler Union X96    GMAW solid wire 

Chemical Composition % 

C Si Mn Cr Mo Ni 

0.12 0.80 1.90 0.45 0.55 2.35 

 

Joints were prepared by welding laboratory and laboratory of steel structures at Lap-

peenranta University of technology. The weld type is K-groove and properties of back side 

of joint will be researched since a flat face make properties uniform and zone boundaries 

flat. Figure 5 shows welding pass sequence of butt welded joint. For 960MC specimen weld 

was done with 1 pass each side of groove while for 960MH two passes applied to each side. 

Sequence of each pass round was first beneath and next over the groove as shown in Figure 

5.  Table 8 shows the welding overall specification of base material and consumables used 

to create the studied joints. The temperature between two passes is less than 50 °C. 

 

Figure 5. Welding passes sequence of k-groove butt joint. 

 

Table 8. Welding overall of K-groove butt joint. 

Welding parameters of K-groove butt joint 

Base material Optim 960 MC, 960 MH 

Filler metal Union X96 [Ø 1,0 mm] 

Shielding gas Ar + 8 % CO₂ 

Welding position Flat (PA) 

Temperature between weld passes < 50 °C 
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The heat input and cooling time are important. First, the arc energy, Ea, which is calculated 

from (Ruukki, 2014, p. 7) 

 

Ea = 
60×𝑈×𝐼 

1000×𝑣
                                                                                                            (2) 

 

Ea = arc energy (kJ/mm) 

U = arc voltage (V) 

I = welding current (A) 

v = welding speed (mm/min)  

 

The quantity of heat input (Q) that welded joint is received from arc energy is lower than the 

arc energy (Ea). Q has the same unit Ea and can be calculated by 

 

Q = k × Ea                                                                                                                (3) 

 

Q = heat input (kJ/mm) 

k = thermal efficiency of the welding procedure 

Ea = arc energy (kJ/mm) 

 

Factor k for metal active gas (MAG) welding used for this project is 0.8 from Ruukki’s table 

5. (Ruukki, 2014, p. 8.) Knowing the welding parameters v, U, I, and k values for two joint 

types, the arc energy and heat input are calculated in Table 9. Most of passes show that 

received less than 1 kJ/mm heat input. 

 

Table 9. Welding parameters and arc energy calculation for 960MC and 960MH. 

Arc energy for  Strenx® 960 MC    Plate thickness 9 mm  

Pass number on each weld side v U I Ea = 60×U×I / 1000×v Q = k×Ea 

1 438 25 233 0.80 0.64 

2 378 25 230 0.91 0.73 

Arc energy for  Strenx® 960 Tube MH    150×150×8 mm  

Pass number on each weld side v U I Ea = 60×U×I / 1000×v Q = k×Ea 

1 330 22.4 210 0.86 0.69 

2 360 27.2 250 1.13 0.90 
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The cooling time t8/5 is calculated by (Ruukki, 2014, p. 7) 

 

t8/5 = (4300 – 4.3×T0)×105×
𝑘2 × 𝐸𝑎

2

𝑑𝑝
2  ×[(

1

500−𝑇0
)2 – (

1

800−𝑇0
)2]×F2                                 (4)  

 

t8/5 = cooling time between 800 – 500 °C (s) 

T0 = working temperature (°C) 

k = thermal efficiency of the welding procedure 

Ea = Arc energy (kj/mm) 

dp = workpiece material thickness (mm) 

F2 = joint type factor in two-dimensional heat conduction 

  

The room temperature in which the test was performed is 20°C. F2 factor for two dimensional 

heat flow for runs in butt welds is 0.9 from Ruukki’s Table 5. (Ruukki, 2014, p. 8.) Knowing 

the welding parameters T0, k, Ea, dp, and F2 values for two joint types, the cooling time t8/5 

is calculated in Table 10. 

 

Table 10. Cooling time calculation for 960MC and 960MH. 

Cooling time for  Strenx® 960 MC    Plate thickness 9 mm 

Pass number on each weld side T0 k Ea dp F2 t8/5 (s) 

1 20 0.8 0.80 9 0.9 5.15 

2 20 0.8 0.91 9 0.9 6.73 

Cooling time for  Strenx® 960 Tube MH    150×150×8 mm 

Pass number on each weld side T0 k Ea dp F2 t8/5 (s) 

1, 3 20 0.8 0.86 8 0.9 7.48 

2, 4 20 0.8 1.13 8 0.9 13.14 

 

In Ruukki’s welding document, the maximum recommended cooling time is 15 s, however 

it hints that for high strength matching welds t8/5 ≤4s. (Ruukki, 2013, p. 4.; Ruukki, 2014, p. 

8.) Therefore, the performed welding procedure and records in LUT (Tables 9 and 10) shows 

complying. 
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3 STRESS AND STRAIN  

 

 

Stress is the intense of applied force on surface area. Applied force causes deformation in 

material. Consequently, strain is defined as the length change on the initial length. 

 

Stress: σ = 
𝑃

𝐴
                                                                                                                 

Strain: ε = 
Δ𝐿

𝐿
                                                                                             (5) 

 

In which P is force, L is length, and ΔL is increase or decrease of length. The stress caused 

by force in a body are often in more than one direction. The stress on one direction is called 

uniaxial, and two and three directions are biaxial and triaxial respectively.  The deformation 

is correspondingly in more than one direction. The lateral deformation is correlated with 

stress by Poisson ratio ʋ. Figure 6 shows the tensile loading of a cylindrical body. It also 

shows the elastic deformation and elastic-plastic deformation which are time independent. 

(Dowling, 2013, p. 20.) The stress and strain are related in elastic with elastic modulus E. In 

elastic portion, after unloading the deformation is recovered. In plastic portion, the defor-

mation is permanent. (Dowling, 2013, p. 21.) 

   

(a) (b) (c) 

Figure 6. Tensile load; (a) schematic, (b) elastic, (c) elastic-plastic deformation (Dowling, 

2013, p. 21). 

 

The specimens of this work undergo the static monotonic loading. After entering the plastic 

deformation and by continues loading the fracture (rupture) will happen. Materials that rup-

ture after large plastic deformation are called ductile, while material rupture with not plastic 
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deformation are brittle as Figure 7a shows. Reaching to ultimate strength σu, in brittle mate-

rials rupture happens, and for ductile materials necking starts, stress drops and fracture hap-

pens eventually at strain εf. Higher εf means a more ductile material (εf represents ductility). 

Higher σu and εf together means a tougher material (σu and εf represent toughness) desirable 

in design aspect. (Dowling, 2013, p. 21) Ductility is described by one of two parameters; 

elongation percentage %El (same as εf) or reduction of area percentage %RA   

 

%El = (Lf − Lo)/Lo × 100% 

%RA = (Ao − Af)/Ao × 100%                                                                                  (6) 

 

In which Lo and Lf are initial gauge length and gauge length at fracture (rupture) respectively. 

Ao and Af is the initial section and section area at rupture point respectively (Hosford, 2005, 

p. 44.). 

 

The Eq. (5) defined for stress and strain give engineering values. The correct stress and 

strain are true values defined as   

 

True Stress: σ̃ = σ (1 + ε) 

True Strain:  ε̃ = ln (1 + ε)                                                                                       (7) 

 

Figure 7b shows the limitations of stress and strain equations. The true values, Eq. (7), are 

valid to the necking point. To be precise behind necking point, the necking surface area to 

be taken into account. (Dowling, 2013, pp. 144-145.) 

  

(a) (b) 

Figure 7. (a) Rupture for ductile and brittle material, (b) Limitations of stress and strain 

equations (Dowling, 2013, p. 21, 145). 
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3. 1 Notch effect  

Notches are changes in surface geometry and they may exist in engineering products acci-

dentally or where the design has to use them. However notches cause the stress concentration 

and affects ductility (reduce it or change it to brittleness). In this work’s aim notches are 

used on specimens to have the stress concentration of specific material zones, causing frac-

ture on target material zone and give the mechanical properties accordingly. 

 

The stress concentration varies with notch shape and size. Figure 8a shows the stress distri-

bution along with a notched shaft under tensile load. The stress concentration factor is 

 

Kt = 
σmax  

σnom 
                                                                                                         (8) 

 

In which σ max is the maximum stress at notch root and σ nom is the applied force on notch’s 

net section (σnom= 4P/πd2). (Roesler, Harders, & Baeker, 2007, p. 120.) For a shaft with 

circumferential cricle notch on it as Figure 8b shows, by having notch diameter ρ and depth 

t, shaft net section at notch d, and shaft overall section D, the stress concentration factor can 

be obtained from experimental graphes and equations. (Roesler, et al., 2007, p. 122.) 

 

 

(a) (b) 

Figure 8. (a) Stress distribution along with a notched shaft under tensile load (b) Parameters 

used to obtain the stress concentration factor (Roesler, et al., 2007, p. 120, 122). 

 

Table 11 shows the stress concentration factor obtained from Peterson's tables for two types 

of notches used in project with 0.5 mm diameter while second notch has a 0.75 mm depth t. 

The specimen gauge diameter D is 6 mm. Parameters are shown in Figure 8b. 
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Table 11. Stress concentration factor for two types of notch applied to project specimens. 

ρ (mm) t (mm) d (mm) ρ/d D/d Kt 

0.5  0.5 5 0.1 1.2 2.19 

0.5 0.75 4.5 0.11 1.33 2.18 

D = 6 mm 
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4 EXPERIMENTAL TENSILE TESTS 

 

 

The experimental tests was performed in Laboratory of Steel Structures at Lappeenranta 

University of technology. Tensile tests was done with universal machine of 200 kN load 

capacity and displacements were recorded by two different measuring system, a physical 

contact extensometer with Epsilon brand, and an optical scanner measuring system with AR-

AMIS (v6.3.0-7) brand. All machines controlled by computerized programs. Figure 9 shows 

the equipment used for tensile tests. 

  

(a) (b) 

  

(c) (d) 

Figure 9. (a) Tensile test equipment, (b) Universal machine, epsilon measurement system, 

ARAMIS optic measurement system, (c) Gauge length of Epsilon and ARAMIS, (d) Rup-

tured specimen. 

 

The gauge length of Epsilon measuring system is 30 mm, therefore to regulate the results of 

ARAMIS system with Epsilon system, the gauge length of ARAMIS was adjusted to 30 mm 
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too while the available gauge length on specimen is about 34 mm. Figure 10 shows the spec-

imen cut out of welded joint. The weld and heat affected zone (HAZ) are visible on speci-

mens surface. The weld is a ‘K’ type that helps to study the material property of weld’s back 

side to have more uniform and easy to study data. 

 

Figure 10. Final specimen. 

 

The specimen showed in Figure 10 is made for both joints of 960MC and 960MH. Figure 

11 shows the specimens’ dimensions and different materials zones places in FEM Abaqus 

6.14-1 environment. The Abaqus was utilized to model the specimen geometry, material, 

loading, and overall test condition to calibrate the whole model with the experimented spec-

imen to find the material properties and for predicting future test specimens’ behavior. The 

specimen gauge length considered for both measuring systems are 30 mm with diameter 6 

mm. ‘K’ Weld’s groove and face are of 2 mm and 5 mm width respectively. Heat affected 

zones of HCG (CGHAZ) and HFG (FGHAZ) have 1mm width each one and annealed zone 

has 2mm width. The left and right heads of specimen are of 20 mm length and 7 mm diam-

eter, the left head is fixed in fix jaw of universal machine and the right head is fixed in 

moving jaw applying the load to specimen. Both heads are threaded to be fit to gripping tool 

according to ASTM E8/E8M as figure 8 shows. (ASTM E8/E8M, 2011, p. 4.) 

 

Figure 11. Specimen’s geometry, material, and loading created in FE software. 
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Figure 12 shows the special gripping toll to hold the specimen of both end threaded used in 

tensile test experiments. The upper head of testing machine has the spherical bearings align-

ing the specimen for testing direction. (ASTM E8/E8M, 2011, p. 4.) 

 

Figure 12. Gripping tool for screwed specimen (ASTM E8/E8M, 2011, p. 4). 

 

4.1 Specimens for Plate made of Strenx® 960 MC 

The used 960MC material is in plate form. Figures 13 and 14 show the schematic welded 

plates form and dimensions before machining to cylindrical final shape. Specimens are ma-

chined out of a welded flat end plate to a double 45˚ beveled end plate, named plate butt 

weld (PBW). The researcher name TS and the project name BSA are used in specimen name 

code as well as weld type PBW and notch place. 

 

Figure 13. Schematic of welded plates of S960MC. 
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Figure 14. Dimensions before machining of final specimen, Schematic of welded plates of 

S960MC. 

 

Table 12 shows the specimen code, precise gauge diameter and diameter at notch (D and d 

respectively) and rupture place for Strenx® 960 MC (960MC) specimens. In this regard, to 

study mechanical properties of five material zones, seven cylindrical specimen were ma-

chined out. Six specimens were notched to have the stress concentration on specific materials 

zones. No test done on un-notched specimen. Five specimens each representing a material 

zone went under tensile test, but three of those ruptured on notch. So two remaining speci-

mens used for repeating test with deeper notch grooves for base material (BaM) and weld 

(WEL). After all only the base material specimen did not rupture on notch. Notches made 

with half circle cross section with designed radius and depth of 0.5 mm. For repeated tests, 

notch radius was 0.5 mm with 0.75 mm depth t. Therefore, the accurately measured d showed 

in Tables 12 and 13 can be calculated: 

 

d = D – 2 t                                                                                                           (9) 

 

Table 12. Specimen code, gauge diameter (mm), diameter at notch (mm), and rupture place 

for S960MC specimens. 

TS - Plate Butt Weld (PBW) Final Code D d Rupture on 

1 No Notch (No test done) BSATSPBWNoN 5.96 - - 

2 Weld  BSATSPBWWEL 5.94 5.04 HFG/Anneal (front) 

3 Fusion Line BSATSPBWFuL 5.96 4.98 notch 

4 HAZ Coarse Grained BSATSPBWHCG 5.95 5.01 notch 

5 HAZ Fine Grained BSATSPBWHFG 5.95 4.96 notch 

6 Base Materials BSATSPBWBaM 5.96 4.99 HFG/Anneal (front) 

7 Weld  BSATSPBWWEL-2 5.97 4.51 notch 

8 Base Materials BSATSPBWBaM-2 5.95 4.49 HFG/Anneal (front) 

Project + Researcher Name + Research Specimen Code + Place of Notch 

Project BSA 

Researcher Name TS 

Research Specimen Code PBW 

Place of Notch NoN – BaM – HFG – HCG – FuL – WEL  
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The final specimens’ dimension is specified on depicted drawing of Figure 15. The length 

of final specimen is 80 mm. Other sizes are specified on drawing. 

 

Figure 15. Dimensions of final specimens made by X96 welded of Strenx® 960MC and 

Strenx® Tube 960MH plates. 

 

4.2 Specimens for X-joint structural hollow section made of Strenx® Tube 960 MH 

The used 960MH material is in tube form with 8 mm wall thickness as Figures 16 and 17 

show. Specimens are machined out of a welded joint made by tube wall plates named tubular 

flange weld (TFW) with same dimensions as Figure 14. The final specimen has the dimen-

sions of depicted drawing of Figure 15. The researcher name NT and the project name BSA 

are used in specimen name code as well as weld type TFW and notch place. 

   

   

Figure 16. Welded hollow sections of S960MH in laboratory. 
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Figure 17. Schematic of welded hollow sections of S960MH, cut piece before machining of 

final specimen 

 

Table 13 shows the specimen code, precise gauge diameter and diameter at notch (D and d 

respectively) and rupture place for 960MH specimens. In this regard, to study mechanical 

properties of five material zones, six cylindrical specimen were machined out. Five speci-

mens were notched to have the stress concentration on specific materials zones. One test was 

performed with un-notched specimen. Five specimens each representing a material zone 

went under tensile test, all ruptured on notch. Notches made with half circle cross section 

with initially designed radius and depth of 0.5 mm. However, due to experimented fracture 

place of 960MC specimens, for BaM (annealed) and WEL notch depth was considered about 

0.75 mm. 

 

Table 13. Specimen code, gauge diameter (mm), diameter at notch (mm), and rupture place 

for S960MH specimens. 

NT - Tubular Flange Weld (TFW) Final Code D d Rupture on 

1 No Notch BSANTTFWNoN 6.03 - Anneal/HFG (back) 

2 HAZ Coarse Grained BSANTTFWHCG 5.96 4.75 notch 

3 HAZ Fine Grained BSANTTFWHFG 5.95 4.98 notch 

4 Fusion Line BSANTTFWFuL 5.97 5.04 notch 

5 Base Materials (annealed) BSANTTFWBaM 5.95 4.44 notch 

6 Weld  BSANTTFWWEL 5.99 4.43 notch 

Project + Researcher Name + Research Specimen Code + Place of Notch 

Project BSA 

Researcher Name NT  

Research Specimen Code TFW  

Place of Notch NoN – BaM (Anneal) – HFG – HCG – FuL – WEL  
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4.3 Measured Hardness and correlation with strength 

The Vickers hardness (Hv) test was done at Laboratory of Welding Technology at Lap-

peenranta University of technology. The aim is to use hardness-strength correlation to cali-

brate different zones’ material mechanical properties. Material properties are used as input 

of Abaqus FEM software.  

 

The surface of welded joint cross section was acid cured and polished. The StruersTM micro-

indentation hardness machine type DuraScanTM-70 was used to measure the hardness in 

cross section surface of welded joints. The applied load and dwell period was 5 kg (for 

960MC) and 3 kg (for 960MH), and 10 s respectively. The hardness test was done in three 

rows of cross section showing top, middle, and bottom properties of plate’s thickness. Top 

and bottom hardness lines have about 1 mm distance to the plate edge. Distance between 

two hardness points varies between 0.5 to 2 mm depending on required data accuracy of 

different material zones. 

 

The hardness point rows on cross section of welded 960MC and 960MH materials are 

showed in Figure 18. The weld, fusion line, HAZ, annealed zone, and base material are 

somehow obvious in the figure. The ‘K’ form of weld is obvious too, however the back line 

is somehow curvy. Therefore, there will be data deviation due to difference of test specimen 

material zones geometry and the geometry of modeled specimen in FEM software. Moreover 

the boundary form of HAZ zone do not follow the fusion line properly. This is also included 

in data deviation due to geometry difference of test and model specimens.   

  

(a) (b) 

Figure 18. Hardness (HV) points measured in section’s top, middle, and bottom for (a) 

960MC and (b) 960MH welded joint. Weld’s back side is studied. 
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The weld’s back side hardness graph of three rows are showed in Figures 19 and 20. Points 

are counted from left to right as was showed in Figure 18. The average value of each zone 

is considered to simplify the process of obtaining effective value representing all lines.    

 

Figure 19. Measured hardness (average value) in section’s top, middle, and bottom for back 

side of 960MC welded joint. 

 

Figure 20. Measured hardness (average value) in section’s top, middle, and bottom for back 

side of 960MH welded joint. 
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The average values of each material zones of Figures 19 and 20 are listed in Table 14. The 

average of three lines and the average of middle and bottom values for each material zone 

are similarly listed in table. The Bottom shows softer values since it was exposed to first and 

second welding pass, double heat affected in other word. The last row of Table 14 shows the 

hardness values representing each specific zone chosen for material mechanical properties 

calibration. 

 

Table 14. Harness Vickers (HV) values of 960MC and 960MH welded joints chosen for ma-

terial calibration. 

HARDNESS VICKERS (HV) 

TS 
Strenx® 960 MC + X96 

BaM Anneal HFG HCG Weld 

Top (T) 383 280 358 308 396 

Mid (M) 400 288 388 353 384 

Bot (B) 383 281 320 297 332 

Ave T &M & B 389 283 355 319 371 

Ave M & B 392 285 354 325 358 

Chosen for material calibration 390 285 360 325 360 

HARDNESS VICKERS (HV) 

NT 
Strenx® 960 Tube MH + X96 

BaM Anneal HFG HCG Weld 

Top (T) 380 280 300 260 370 

Mid (M) 355 230 245 250 360 

Bot (B) 355 260 295 250 310 

Ave T & M & B 363 257 280 253 347 

Ave M & B 355 245 270 250 335 

Chosen for material calibration 355 245 270 250 335 

 

In order to change the Vickers hardness value to tensile strength, the empirical correlations 

can be used (Dowling, 2013, p. 163). There are two correlations used in this project. The 

first equation is from ‘Murakami’ giving the tensile strength: 

 

0.5σu = 1.6Hv ± 0.1Hv                                                                                             (10) 

 

In which the Hv Vickers hardness is in kg/mm2 (Murakami, 2002, p. 6). The second equation 

is ‘Pavlina’ giving the yield and tensile strength: 

 

σy = -90.7 + 2.876Hv 

σu = -99.8 + 3.734Hv                                                                                              (11) 
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Wherein σy and σu are yield and tensile (ultimate) strengths in MPa (Pavlina & Van Tyne, 

2008, pp. 1-2). The results came out of these equations for base material should suit the 

available factory certificates for base materials (Table 3). This is the main idea and origin 

point of calibrating stress and strain for materials. Table 15 shows the engineering and true 

yield and ultimate stress and strain of base materials 960MC and 960MH obtained from 

manufacturers’ certificate (Table 3) and equations Eq. (7). The Young’s modulus of 200 GPa 

was used based on data of experiments of S960 tensile test. 

 

Table 15. True yield and ultimate stress and strains calculated from material certificate of 

960MC and 960MH. 

Strenx® 960 MC    Plate thickness 9 mm 

Certificate 
Engineering TRUE 

Stress Strain Stress Strain 

Yield 1041 0.005205 1046 0.0052 

Ultimate 1210 0.0201 1234 0.020 

Yield Strain=Yield Stress / E          E=200000 MPa 

Strenx® 960 Tube MH    150×150×8 

Certificate 
Engineering TRUE 

Stress Strain Stress Strain 

Yield 1050 0.00525 1056 0.00524 

Ultimate 1163 0.02021 1187 0.02001 

Yield Strain=Yield Stress / E          E=200000 MPa 

 

The true stress-strain of Table 15 was used as origin to adjust the Eq. (10) and (11) results 

for other material zones. The weld zone itself can be used from certificate data but result 

would not be precise since the weld material is merged with base material from one hand 

and it is highly exposed to heat in other hand.  

 

The Eq. (10) and (11) was separately used to provide material properties to FEM software 

input, however the results of using them separately was not considered to S960MC joint to 

fit FEM software results and experiment results. Eventually, a combination of those equa-

tions was used as Tables 16 shows. However for S960MH, Murakami gave the most adjusted 

values as Table 17 shows, still the combination method worked parenthetically. Murakami 

equation gives the tensile strength estimate. Pavlina gives both yield and ultimate. Calibrat-

ing material showed that Murakami result for tensile strength is more complying with result 

curves fit. This is while the Pavlina method gave acceptable difference of tensile and yield 
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for calibrated materials for S960MC specimens, therefore an adjusted combination of two 

methods were used. 

 

Table 16 shows the adjusting method for S960MC welded joint. It contains three parts, first 

finding parameters based on Murakami method, second parameters found on Pavlina base, 

and third the final the combination of two methods using the ultimate strength of Murakami 

and yield-ultimate difference based on Pavlina method. The final result is available in Table 

19. 

 

Table 16. Yield and ultimate stresses and strains for S960MC welded joint used for cali-

brated material. 

TS 
Strenx® 960 MC + X96 

Murakami Stress Strain 

 Hv σ u σ u σ y Correction ε  Correction ε e ε p 

BaM 390 1248 1234 1046 0.989 0.02 =certificate - 0.0052 0.0148 

Weld 360 1152 1139 951 0.989 0.022 =0.02×1.08×1 1.08 0.0048 0.0169 

HCG 325 1040 1029 841 0.989 0.043 =0.02×1.2×1.8 1.2 0.0042 0.0390 

HFG 360 1152 1139 951 0.989 0.039 =0.02×1.08×1.8 1.08 0.0048 0.0342 

Ann 285 912 902 714 0.989 0.049 =0.02×1.37×1.8 1.37 0.0036 0.0457 

σ u =1234 and σ y =1046 are from material certificate. Difference: 1234-1046=188 

For other zones than BaM: σ y = σ u - 188  

σ u / σ u (Murakami) = 1234/1248=0.989 is as stress correction factor.  

σ u (other zones) = σ u (Murakami other zones) × stress correction factor. 

σ u (BaM) / σ u (other zones) is as strain correction factor.  

Other zones’ σ u (Murakami) to be multiplied to the correction factor. 

 Pavlina Stress 

 Hv σ u σ y Correction σ u  σ y  Difference σ u - σ y 

BaM 390 1356 1031 u y 1234   =certificate 1046 =certificate 188 

Weld 360 1244 945 0.91 1.015 1132   =1244×0.91 958   =945×1.015 174 

HCG 325 1114 844 0.91 1.015 1013   =1114×0.91 856   =844×1.015 157 

HFG 360 1244 945 0.91 1.015 1132   =1244×0.91 958   =945×1.015 174 

Ann 285 964 729 0.91 1.015 877     =964×0.91 740   =729×1.015 138 

σ u =1234 and σ y =1046 are from material certificate. Difference: 1234-1046=188 

Difference for other zones than BaM = σ u - σ y  

σ u / σ u (Pavlina) = 1234/1356=0.91 is as ultimate stress correction factor.  

σ y / σ y (Pavlina) = 1046/1031=1.015 is as yield stress correction factor.  

σ u (other zones) = σ u (Pavlina other zones) × stress correction factor. 

Final 
 Stress Strain 

σ u  σ y  ε  Correction ε e ε p 

BaM 1234 188 1046 =1234-188 0.02 =certificate - 0.0052 0.0148 

Weld 1139 174 965 =1139-174 0.022 =0.02×1.08×1* 1.08 0.0048 0.0168 

HCG 1029 157 872 =1029-157 0.043 =0.02×1.2×1.8* 1.2 0.0044 0.0388 

HFG 1139 174 965 =1139-174 0.022 =0.02×1.08×1* 1.08 0.0048 0.0168 

Ann 902 138 764 =902-138 0.049 =0.02×1.37×1.8* 1.37 0.0038 0.0454 

σ u =1234 and σ y =1046 are from material certificate. σ u is from Murakami table (red font digits) 

For other zones than BaM: σ y = σ u – difference from Pavlina table (blue font digits) 

σ u (BaM) / σ u (other zones) is as strain correction factor. Other zones’ σ u to be multiplied to the correction factor. 

* is an additional factor manipulated by giving values 

Strains: ε p = σ y / 200000 which E = 200000, and  ε = ε e + ε p 

σ u , σ y , ε e , and ε p are the final chosen values as material properties (bold black digits) 
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The same method that applied to previous joint, was applied for S960MH too. Table 17 

shows the adjusting method for S960MH welded joint. It contains three parts, first finding 

parameters based on Murakami method, second parameters found on Pavlina’s base, and 

third the final, the Murakami’s values was selected since most suiting the result graphs. The 

final result is available in Table 21. 

 

Table 17. Yield and ultimate stresses and strains for S960MH welded joint used for cali-

brated material. 

NT 
Strenx® 960 Tube MH + X96 

Murakami Stress Strain 

 Hv σ u σ u σ y Correction ε  Correction ε e ε p 

BaM 355 1136 1187 1056 1.045 0.02 =certificate - 0.0053 0.0147 

Weld 335 1072 1120 989 1.045 0.021 =0.02×1.06×1 1.06 0.0050 0.0162 

HCG 250 800 836 705 1.045 0.051 =0.02×1.42×1.8 1.42 0.0035 0.0476 

HFG 270 864 902 771 1.045 0.047 =0.02×1.31×1.8 1.31 0.0039 0.0435 

Ann 245 784 819 688 1.045 0.052 =0.02×1.45×1.8 1.45 0.0034 0.0487 

σ u =1187 and σ y =1136 are from material certificate. Difference: 1187-1056=131 

For other zones than BaM: σ y = σ u - 131  

σ u / σ u (Murakami) = 1187/1136=1.045 is as stress correction factor.  

σ u (other zones) = σ u (Murakami other zones) × stress correction factor. 

σ u (BaM) / σ u (other zones) is as strain correction factor.  

Other zones’ σ u (Murakami) to be multiplied to the correction factor. 

 Pavlina Stress 

 Hv σ u σ y Correction σ u  σ y  Difference σ u - σ y 

BaM 355 1226 930 u y 1187   =certificate 1056   =certificate 131 

Weld 335 1188 902 0.968 1.135 1151   =1188×0.968 1023   =902×1.135 128 

HCG 250 834 628 0.968 1.135 807     =834×0.968 713     =628×1.135 94 

HFG 270 908 686 0.968 1.135 880     =908×0.968 779     =686×1.135 101 

Ann 245 815 614 0.968 1.135 789     =815×0.968 697     =614×1.135 92 

σ u =1187 and σ y =1136 are from material certificate. Difference: 1187-1056=131 

Difference for other zones than BaM = σ u - σ y  

σ u / σ u (Pavlina) = 1187/1226=0.968 is as ultimate stress correction factor.  

σ y / σ y (Pavlina) = 1056/930=1.135 is as yield stress correction factor.  

σ u (other zones) = σ u (Pavlina other zones) × stress correction factor. 

Final 
 Stress Strain 

σ u σ y Differecne ε u  Correction ε e ε p 

BaM 1187 1056 131 =1187-1056 0.020 =certificate - 0.0053 0.0147 

Weld 1120 989 131 =1120-989 0.021 =0.02×1.06×1 1.06 0.0050 0.0162 

HCG 836 705 131 =836-705 0.051 =0.02×1.42×1.8 1.42 0.0035 0.0476 

HFG 902 771 131 =902-771 0.047 =0.02×1.31×1.8 1.31 0.0039 0.0435 

Ann 819 688 131 =819-688 0.052 =0.02×1.45×1.8 1.45 0.0034 0.0487 

σ u =1187 and σ y =1056 are from material certificate. σ u and σ y is from Murakami table (red font digits) 

σ u (BaM) / σ u (other zones) is as strain correction factor. Other zones’ σ u to be multiplied to the correction factor. 

* is an additional factor manipulated by giving values 

Strains: ε p = σ y / 200000 which E = 200000, and  ε = ε e + ε p 

σ u , σ y , ε e , and ε p are the final chosen values as material properties (bold black digits) 
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5 FINITE ELEMENT METHOD (FEM) MODELING 

 

 

The Abaqus/CAE 6.14-1 FEM modeling and solver is used to model specimens and tensile 

test with similar parameters of real test. The asymmetry of geometry and K type weld and 

material zones located in cylindrical shape cause impossibility of using simplifiers like plane 

strain, plane stress, and axisymmetric. When defining parameters in FEM software exist 

spatial the model can be built with three dimensional (3-D) solid elements. The basic ele-

ments are shown in figure 21a. (Rao, 2011, p. 55.) The simplest 3-D element is the tetrahe-

dral. When most complicated geometry such as this project, using this type is useful. The 

quadratic tetrahedral elements can be used in outer surfaces to comply with geometry as 

shown in Figure 21b. (Abaqus 6.14-1, 2014, p. 448.) 

 

 

(a) (b) 

Figure 21. (a) 3-D element types (Rao, 2011, p. 55), (b) 3-D element types containing quad-

ratic (Abaqus 6.14-1, 2014, p. 448). 

 

5.1 Mesh size and material calibration 

The ARAMIS software was set to measure displacement of specimen’s surface under tensile 

test. It also gives the force displacement diagram, and by defining other parameters can give 

the stress strain diagrams. The mesh size in surface is a square of 0.25 mm. If consider it as 

a full cube, the corresponding mesh size of Abaqus gives 0.33 mm since the mesh type is 

limited to tetra free shape. Figure 22 shows the meshed specimen model in Abaqus software. 

The most difficulty of modeling is the 3D condition non-convertible to other simplifiers, 
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mash type, unknown material properties, and other unknown input can be studied for future 

jobs. 

 

   

WEL FuL HCG 

   

HFG Anneal BaM 

Figure 22. Un-notched and notched specimens meshed and modeled in FE software. 

 

The notched specimens were modeled with FEM software and the force-displacement results 

was compared to tensile test results as was done in similar researches (Valkonen, 2013, p. 

845; Valkonen, 2014, p. 722). The material input to Abaqus was defined with Young’s 

modulus of 200 GPa and Poisson’s ratio 0.3. The yield and ultimate strength, and the plastic 

strain was defined and interented by the method explained in Tables 16 and 17 to the extend 

that FEM and experiment results show the maximum matching. Figure 23 shows the chosen 

mesh type and material input interface of FEM software. The hardness distribution of 

Figures 18 and 19 led to the chosen hardness for each zone in table 14. By using Eq. (10) 

and (11) adjusted by Table 15 values as origin, the yield and ultimate stress values of Tables 

16 and 17 determined. With the method explained in Tables 16 and 17, the elastic and plastic 
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strains were obtained and adjusted by giving the aforsaid stresses and strains to FEM 

software (Figure 23, edit material) for several runs. This was repeated until the force-

displacement graphes complied to experiment. The Final properties of Tables 16 and 17 are 

separately presented in Tables 19 and 21. 

 

Figure 23. Solid mesh type used to model specimens 

 

5.2 Loading and results 

Loading in FEM software was adjusted to the same fracture displacement recorded in spec-

imens’ tensile test. In other words, the overall parameters of FEM was adjusted in such a 

way that the behavior of model matches to the behavior of experiment. However, due to 

geometry difference of real weld and modeled, material zones volume of real weld and 

model, hardness to strength calibration, mesh type and size difference, exact loading method, 

stress triaxiality, taking one annealed area instead of two for ICHAZ and SCHAZ, and other 

approximations, results show some deviation but still acceptable of error extent. Results are 

shown and discussed in next chapter. 

 

Figure 24 shows the fractured HFG and HCG specimens of S960MC and modeled contour. 

The fracture behavior and model would be a study subject for future works. In this regard 

working on base material specimen is necessary to get exact behavior beforehand.  
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HFG (FGHAZ) HCG (CGHAZ) 

Figure 24. The experimented and modeled tested results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



31 

 

 

  

6 RESULTS AND DISCUSSION 

 

 

Results of tensile test were raw force-displacement recorded by Epsilon and ARAMIS. The 

FEM models result are also adjusted to be force-displacement and two diagrams are com-

pared for each case of notched specimen. In this regard, the material properties are consid-

ered the final results and other provided results are to evaluate the final results for Strenx® 

960 MC and Strenx® Tube 960 MH specimens. 

 

6.1 Results for Strenx® 960 MC 

Figure 25 shows the force displacement recorded for specimens of S960MC in which the 

notched base material specimen shows the maximum force and displacement capacity, how-

ever it did not rupture on notch but on un-notched HAZ as table 12 shows. For other four 

specimens that ruptured on notch, the HCG shows the maximum force and FuL shows max-

imum displacement capacity.  

 

Figure 25. Force-displacement curves for S960MC specimens measured by ARAMIS. 

 

The maximum force and corresponding displacement showed in Table 18 are used to calcu-

late the engineering and true ultimate stress and strain and displacement. The gauge length 

is 30 mm. Table 11’s calculated stress concentration factor to be taken into consideration for 

redesigning the notch geometry for future work.    
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Table 18. Maximum force and stresses and correspond displacement and strain respec-

tively, for S960MC specimens. 

TS 
ARAMIS / Epsilon Engineering TRUE 

Fmax at Disp σu εu σu εu 

NoN - - - - - - 

BaM 2 28.877 0.7063 1022 0.0235 1046 0.0233 

HFG 26.959 0.3873 1374 0.0129 1391 0.0128 

HCG 27.138 0.3936 1383 0.0131 1401 0.0130 

FuL 26.679 0.5016 1359 0.0167 1382 0.0166 

WEL 2 25.716 0.3639 1618 0.0121 1637 0.0121 

 

The comparison of force-displacement diagram for each specimen’s experiment and FEM is 

shown in Figure 26. The diagrams show matching with not low error due to different as-

sumption explained. However for base material it’s a considerable deviation and that is be-

cause it did not ruptured on notch due to design error.   

  

  

 

 

 

Figure 26. FE Simulated by material model and ARAMIS Force-displacement curves for 

S960MC specimens. 
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The final calibrated material properties are shown in Table 19. The calibrated material was 

inserted to Abaqus and adjusted be best match of results as Figure 26 showed. 

 

Table 19. Calibrated material properties of S960MC specimens, all true values. 

TS – Calibrated material properties 

TRUE 
BaM Ann HFG HCG Weld 

Stress Strain Stress Strain Stress Strain Stress Strain Stress Strain 

Yield 1046 0.0052 764 0.0038 965 0.0048 872 0.0044 965 0.00483 

Ultimate 1234 0.0200 902 0.0492 1139 0.0216 1029 0.0432 1139 0.0216 

 

The tangential graph of materials to the ultimate point is show in Figure 27. The data is used 

of Table 19. The graphs show the equal elastic modulus for different zone which is a cause 

of error as well. The tangential plastic modulus of zones differ, for base material shows the 

highest. The HCG and anneal show the lowest, the softest indeed.    

 

Figure 27. Calibrated material properties of S960MC specimens, true tangential stress-strain 

curves. 

 

6.2 Results for Strenx® Tube 960 MH 

The force displacement recorded for specimens of S960MH is shown in Figure 28 in which 

the no notched specimen shows the maximum force and displacement capacity. For other 
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five specimens that ruptured on notch, the HFG shows the maximum force and annealed 

zone shows maximum displacement capacity.  

 

Figure 28. Force-displacement curves for S960MH specimens measured by ARAMIS. 

 

Same date as Table 18 is provided for S960 MH in Table 20. The engineering and true ulti-

mate stress and strain and displacement are calculated based on recorded maximum of force 

and correspond displacement.  

 

Table 20. Maximum force and stresses and correspond displacement and strain respec-

tively, for S960MH specimens. 

NT 
ARAMIS / Epsilon Engineering TRUE 

Fmax at Disp σu εu σu εu 

NoN 25.105 0.6330 888 0.0211 907 0.0209 

BaM 21.682 0.4283 1364 0.0143 1383 0.0142 

HFG 23.346 0.3929 1190 0.0131 1205 0.0130 

HCG 22.294 0.2855 1136 0.0095 1147 0.0095 

FuL 22.702 0.3595 1157 0.0120 1171 0.0119 

WEL 22.855 0.6317 1438 0.0211 1468 0.0208 

 

Figure 29 shows the compared force-displacement graph of each specimen. The graphs show 

the compatibility of test and FEM results, however for the anneal zone there is a deviation 

since a designed place of notch was on mistake to base material part. Other deviations show 

logic due to different assumption made. 
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Figure 29. FE Simulated by material model and ARAMIS Force-displacement curves for 

S960MC specimens. 

 

Table 21 shows the final calibrated material properties for different zones of S960MH. The 

material calibration as input for FEM software was applied to obtain matched graphs of Fig-

ure 29.  

 

Table 21. Calibrated material properties of S960MH specimens, all true values. 

NT - Calibrated material properties 

TRUE 
BaM Ann HFG HCG Weld 

Stress Strain Stress Strain Stress Strain Stress Strain Stress Strain 

Yield 1056 0.0053 688 0.0034 771 0.0039 705 0.0035 989 0.00495 

Ultimate 1187 0.0200 819 0.0521 902 0.0474 836 0.0511 1120 0.0212 
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Figure 30 shows the tangential graph of materials to the ultimate point form Table 21’s data. 

The highest tangential plastic modulus is belonged to base material while HCG, HFG, and 

anneal are softened. The experiment photos’ table is available in appendix 1. 

 

Figure 30. Calibrated material properties of S960MH specimens, true tangential stress-strain 

curves. 
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7 CONCLUSION 

 

 

The cylindrical specimens made of welded UHSS joints were tested and modeled in Abaqus 

software. The examinations was done on as welded conditions (AW), no post weld operation 

has been done to this study. The results show that  

 - In UHSS, the HAZ zone is softened due to heat input while welding. For all the specimens 

the softened zone’s strength is decreased accordingly and makes it a weakest zone that frac-

ture happens while loading.  

 - Stress concentration of a notched specimen can represent the properties of notched zone. 

 - The force-displacement diagram from FEM modeling matches with the experiments by 

the calibrated material properties by compromising two correlations of hardness and strength 

from Murakami and Pavlina. 

 

7.1 Suggestions for future work 

For future works, next subjects are suggested:  

- The experimental test of base material to obtain the exact behavior and triaxiality, 

- Heat input control effect on microstructure of different material zones, 

- The post weld treatments’ effect on welded joint deformation capacity. 

- The notch type effect on tensile strength and deformation capacity 

- The allowable weld mismatch in UHSS Strenx® 960 MC and MH 

- Driving an independent equation correlating the hardness to strength for UHSS 

Strenx® 960 MC and MH 

- The correlation between the heat input and HAZ subzones width and geometry in 

different joint types 
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APPENDIX 1, 1 

 

The experiment table of photos 
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APPENDIX 1, 3 
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APPENDIX 1, 4 
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