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High Strength Steel is receiving increasing attention from various industries due to its 

superior strength-to-weight ratio. There is a growing demand for researches dedicated to 

how HSS, welded with different heat inputs, will behave. One of the methods to achieve this 

purpose is to utilize Gleeble simulating system which imitate the heat cycles of welding 

process easily with desired input parameters. However it is very little known how similarly 

the Gleeble could simulate the welding. This thesis investigates difference in mechanical 

properties between welded and thermally simulated (Gleeble-simulated) steels which are 

affected by same heating curve and T8/5 cooling time.  

S700MC Plus 4mm thick plates from SSAB were welded with a single weld run for the 

experiment. Gleeble specimens were heat-simulated by the Gleeble simulator with the same 

heating curve and cooling time generated during the welding process. Two plates (T5 and 

T6) were welded with two different heat inputs (0.38 KJ/mm and 0.68 KJ/mm). On contrary 

to expectation, tensile strength of welded specimens from both T5 (t8/5=13.45) and T6 

(t8/5=33.03) turned out to be almost same. However, as for the Gleeble-simulated 

specimen, there was a greater reduction in tensile strength from T6 than T5. Significant 

hardness drop was observed in HAZ of all the samples. Welded specimens from T5 

(t8/5=13.45) had higher hardness values than those from T6 (t8/5=33.03). Hardness value in 

HAZ of welded specimens is almost identical to that of corresponding Gleeble specimens.  

It is unclear why the tensile strengths of welded specimens from both T5 and T6 are so 

similar, while those of Gleeble specimens show different values in general pattern of 

strength reduction proportional to longer t8/5 cooling times. One possible explanation could 

be that strength reduction in welded specimen may not occur significantly any more once 

t8/5 reaches 13 seconds, but samples that are Gleeble-simulated may continuously show 

linear strength reduction even after t8/5 exceeds 13 seconds. Another explanation is that 

this could be simply just an error in tensile testing process for welded specimens. In future 

research, more samples from larger range of heat inputs and t8/5 cooling times are 

required, so that resulting data can be validated enough. 

Because of seemingly unreasonable result of tensile test, this comparison between welded 

and Gleeble specimen could not be validated. Consequently, meaningful correlation could 

not be made as well. However, this thesis still successfully set the standard methodology and 

procedures for comparing welded and Gleeble-simulated steels. Furthermore, it has clearly 



 

laid down the next steps of experiment that could help identify exact problem and validate 

the result.  
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1 Introduction 

This thesis is commissioned by HAMK Tech, a research unit in Häme University of Applied 

Sciences, in Finland. Charles Whipp and Anh Tran, Development Engineers in HAMK Tech, 

contributed to the thesis by assisting arrangement and execution of welding, tensile test and 

hardness test. The thesis investigates similarity and potential difference between welded 

steel and Gleeble-simulated steel for different welding heat inputs and corresponding 

cooling times. 

 

High Strength Steel (HSS) is receiving significant attention from various industries due to its 

superior strength-to-weight ratio. However, there is little known about the behavior of HSS 

when welded. There is a growing demand for research dedicated to how HSS, welded with 

different heat inputs, will behave, or more specifically how much it will lose its strength and 

hardness. One of the methods to achieve this purpose is to utilize Gleeble simulating system 

which imitates heating-cooling curve generated during welding process easily with desired 

input parameters. 

1.1 Background 

The softening effect of the Heat Affected Zone in welded HSS has been the subject of 

concern for many manufactures that are trying to utilize HSS. A lot of research has been 

conducted to explain this phenomenon and its effect on mechanical properties such as 

hardness and ultimate strength.  

There are many kinds of HSS. Each differs from one another in their strength, microstructure 

and manufacturing method. All of these steels have to be researched individually to learn 

their behaviour when welded. One might face various challenges in doing so. For example, 

establishing welding setups optimized for each specific material might take a significant 

amount of time and effort. One solution to this problem is a thermal simulation utilizing 

equipment developed by Gleeble. It provides effective and fast simulation of the thermal 

effect of welding onto the material. This method can be used to research a number of HSS 

types in short time and with a relatively small effort.  



2 

However, there is only few literature published on whether this thermally simulated 

specimen can be reliably considered to represent actually welded specimen of the same 

material. There might be a slight difference in mechanical properties between them that 

researchers have to compensate when using test datas from Gleeble simulated specimens.   

In response to these questions, firstly, this thesis will show how different weld heat inputs 

and corresponding cooling times will affect mechanical properties of HSS, specifically 

S700MC Plus. Secondly, this test data of welded HSS specimens will be compared to that of 

Gleeble simulated specimens in order to establish correlation between them. This 

correlation will serve as the reference to those who want to further research other HSS 

materials by using Gleeble welding simulator only.   

1.2 Theory 

Necessary topics needed to understand the experiment described in the thesis are behavior 

of Heat Affected Zone (HAZ) when welded, Gleeble system and High strength steel. These 

are explained in depth in the following paragraphs. 

1.2.1 Heat Affected Zone and its effect 

Heat Affected Zone (HAZ) refers to an area adjacent to fusion zone which is formed during 

welding. It is the area where heat is not too high to melt and fuse the base material with 

weld wire but high enough to change the microstructure of the material in that zone. This 

change in microstructure can have a negative impact on material ś hardness and strength. 

The deteriorating effect of HAZ on mechanical properties is due to a number of factors, such 

as an increase in grain size and phase transformation of microstructure into inferior phase.  

Grains size plays an important role in determining the hardness and strength of a material. 

Grains are small regions of crystalline metal neighboring each other. The bigger these grains 

are, the larger the contacting boundaries of these regions become. This causes the grains to 

be more likely to slide off each other on the contacting boundaries, which in large scale, 

deforms the material. 
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HAZ is divided into its subzones depending on its grain size. As shown in figure 1, Coarse 

Grain Heat Affected Zone (CGHAZ) consists of large non-uniform structure of grains. Further 

from the Fusion Zone (FZ), there is Fine Grain Heat Affected Zone (FGHAZ) which consists of 

smaller and finer structure of grains. 

 

Figure 1. Subzones of HAZ. (Netto, 2019, p. 50) 

When metal is heated during welding, microstructures of metal in HAZ undergo phase 

transformation.  Depending on the material ś pre-existing microstructural phases, the high 

heat generated during welding can cause them to transform into often weaker phases. For 

example, Quenched and Tempered S690 High Strength Steel (QT S690 HSS) consists mainly 

of martensite. When martensite is heated above 730 Celsius and cooled, it is transformed 

into austenite and then decomposed into ferrite or pearlite which are characterized by lower 

hardness and strength compared to martensite. Figure 2 below shows microstructures of 

different zones of S690 after welding. In Fine Grain HAZ, the microstructures transforms 

from martensite to ferrite and pearlite which are bright parts and dark parts respectively. 

(Chen et al., 2017, pp. 3571-3572) 
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Figure 2. Microstructure of QT S690 HSS after welding. (Chen et al., 2017, p. 3571) 

This HAZ softening phenomena results in a decrease in hardness value in that area. Figure 3 

illustrates the locations of hardness test indentations on S690 welded specimen. Then in 

Figure 4, hardness values across the specimens in 3 lines of different height are plotted on 

the graph. Specimen BJ-3.2 is welded with heat input of 1.42kj/mm and BJ-5.0 with heat 

input of 2.99kj/mm. significant drop in hardness in FGHAZ is observed because of weaker 

phases in microstructure. However CGHAZ does not show much drop in hardness despite of 

its larger grain size. This is because microstructure remained same mainly as martensite In 

CGHAZ.  (Chen et al., 2017, p. 3572) 
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Figure 3. Locations of hardness Indentation across specimen. (Chen et al., 2017, p. 3572) 
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Figure 4. Hardness values of two specimens welded with (a) heat input of 1.42kj/mm and (b) 

heat input of 2.99kj/mm. (Chen et al., 2017, p. 3572) 

Microstructural change in HAZ of S690 HSS also impacts tensile strength of material. As 

shown in Figure 5, tensile testing failure occurs in the FGHAZ where microstructural phases 

transforms into inferior phases. Stress-strain curves of these test specimens is illustrated in 

Figure 6. All welded specimens exhibits lower yield strength and tensile strength than those 

of Control coupon (Base material specimen). Table 1 shows numerical values of tensile test 

results. In table 1, another important thing to notice is that specimens welded with higher 

heat input shows much more reduction in both yield strength and tensile strength. This is 

because higher welding heat input leads to longer cooling time in HAZ thus giving more time 

for microstructure to deteriorate. (Chen et al., 2017, pp. 3574-3575) 
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Figure 5. Location of failure on S690 HSS welded specimen. (Chen et al., 2017, p. 3574) 

 

Figure 6. Stress- strain curves of S690 HSS welded specimens and base material specimen. 

(Chen et al., 2017, p. 3575) 

Table 1. Tensile testing result of S690 HSS welded specimens. (Chen et al., 2017, p. 3575) 

 



8 

1.2.2 Gleeble system 

Gleeble is the thermal mechanical simulating equipment that can conveniently reproduce 

the same thermal cycles created during metal welding work onto small Gleeble specimen. As 

shown in Figure 7, the Gleeble specimen is held between two water-cooled jaws, then 

heated by AC electric current flowing through it, a process known as AC resistance heating 

system. During simulation, desired thermal cycle is maintained and controlled by K-type 

thermocouple spot welded to the middle of sample, which is then connected to a feedback 

control system. This system monitors and controls the amount of electric current flowing 

through the specimen, ensuring that the desired thermal cycle is reproduced. (Kou, 2003, P. 

59) Figure 8 visually shows details of each components inside of Gleeble 540 and describes 

their functions. 

 

Figure 7. Gleeble specimen installed to the Gleeble simulating equipment. (Kou, 2003, P. 59) 
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Figure 8. Main components in the vacuum tank of Gleeble 540 and their functions. (Gleeble, 

n.d.) 

Application of Gleeble Welding Simulator can be very versatile. For example, Gleeble 3800 

thermomechanical simulator which is used in this project, as shown in Figure 9, offers the 

versatility and performance needed for demanding contemporary research applications. It 

has not only welding simulation functions such as Weld HAZ Cycle simulation, but also 

material testing capabilities such as Fatigue test, Compression Test, Hot Ductility and Tensile 

testing and material processing simulation functions such as Hot rolling, Forging and 

Extrusion. (Gleeble, n.d.) 

 

Figure 9. Gleeble 3800 thermomechanical simulator installed at the University of Oulu. 
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The direct resistance heating system of the Gleeble 3800 can heat specimens at rates of 

more than 10,000°C/sec, or can hold steady-state equilibrium temperatures within ±1°C. 

Thermocouples measure temperature of specimen and send feedback to the main system, 

which then accurately controls the heating of specimen to achieve programed heating curve. 

Water-cooled jaw carriers hold the specimen, making the Gleeble 3800 capable of high 

cooling rates up to 100°C/sec. The maximum cooling rate is determined by the size, 

shape, temperature, and composition of the sample. The thermal system of Gleeble enables 

an accurate manipulation of cooling rate for any specimen. Maximum loading capacity is 

20kN. (Gleeble, n.d.) 

1.2.3 High Strength Steel (HSS) 

The definition and classification of High strength steel (HSS) is still not well established 

because of continuing development of such steel grades. According to the current 

specification such as Eurocode S1993-1-12, steels with nominal yield strength above 460MPa 

and up to 700MPa are considered as High strength steels. Steels with higher yields strength 

are categorized as Ultra high strength steels (UHSS). (Amraei et al., 2019, p. 1) HSS and UHSS 

are also categorized as members of high strength low alloy (HSLA) steels because of their 

strength levels and low alloy contents (Afkhami et al., 2019, p. 86). 

HSS is produced by two major manufacturing methods; quenching and tempering (Q&T), and 

direct quenching (DQ) (Amraei et al., 2019, p. 2). Q&T type of HSS is strengthened by 

quenching and tempering to produce microstructures containing martensite and bainite. The 

maximum yield strength that can be obtained is dependent on the chemical composition and 

heat treatment. (Kou, 2003, P. 406) DQ type of HSS undergoes hot thermomechanical rolling 

followed by immediate water quenching (Amraei et al., 2019, p. 2). 

Microstructures of HSS are often made up of a mix of irregular ferrite, bainite, martenstie, 

and retained austenite (Afkhami et al., 2019, p. 86). 

The advantages that can be derived from the use of high strength steels are strongly 

dependent on the project context and the type and function of the structural component 

considered. The following are some of the potential benefits:  
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 Taking use of high-yield stress and tensile strength can help to increase design 

stresses. This may lead to a reduction in the required plate thickness, resulting in a 

reduction in dead weight. 

 If plate thickness reductions are possible, volumes of deposited weld material, and 

therefore weld consumables and weld times, can be significantly reduced. 

 Simplified structural components and construction techniques are possible, 

particularly in the case of larger structures or heavily loaded sections. As a result, not 

only may materials be saved, but also manufacturing, shipping, handling and 

construction. 

 Savings can be made in foundation costs and space requirements due to the reduced 

dead weight of a structure and the reduced physical size of its elements. (Australian 

Steel Institute, n.d.) 

1.3 Objective 

The objective of this thesis is to first show how weld heat inputs and corresponding cooling 

times will affect mechanical properties of S700MC Plus. Secondly, this test data of welded 

HSS specimens will be compared to that of Gleeble simulated specimens in order to establish 

a correlation between them. This correlation will serve as the reference material to those 

who want to further research other HSS materials by using Gleeble welding simulator only.   

1.3.1 Research questions 

In order to achieve the objective of the projects, it is important to ask the right questions 

and tailor the direction of the project towards answering the questions. These research 

questions are as follows: 

1. Is it reasonable and reliable to use Gleeble specimen data to predict a behavior of the 

HAZ of welded specimen? 

2. Is there any significant difference in the tensile test results and hardness test results 

between Gleeble specimen and welded specimen? 
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3. If difference exists, to what magnitude? How similar can Gleeble specimen become 

to welded specimen? 

4. What causes differences in strength and hardness?  

5. Where does the failure occur? At HAZ, fusion line, or base material? 

1.3.2 Research plan 

Research plan is illustrated in the form of flow chart in figure 10 below. 

 

Figure 10. Flow chart for research plan. 

2 Literature Review 

There was no published literature that investigates the possible difference between Gleeble 

simulated specimen and welded specimen under the same conditions. However, there was a 

number of literature in which the Gleeble simulator is utilized in the research investigating 

the effect of welding heat input and t8/5 cooling time on the properties of different HSS of 

welded joints. Although they do not test the real welded material to be compared to the 

simulated material, this research will still be discussed in this section since it is meaningful to 

see the capabilities of Gleeble simulator and test arrangements for Gleeble simulation. 

 

In the article written by Mician et al, an investigation of the effect of t8/5 cooling rate on the 

mechanical properties and microstructures of welded joints of S960MC steel was performed 
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by using the Gleeble 3500 simulator. Three different cooling times acquired from metal 

active gas welding were simulated onto the specimens by the Gleeble simulator. All three 

specimens after simulation exhibited common pattern of HAZ. The tensile strength and 

hardness value both decreased more as the cooling time was longer. As for the Charpy 

pendulum impact test, all three specimens showed the higher absorbed every value than 

that of base material. There even was a trend of increasing absorbed energy value as the 

cooling time becomes longer. Details of each experiment steps are described in the following 

chapters. (Mician et al., 2020, pp. 1-16) 

2.1 Material 

In the article by Mician et al, the Strenx 960MC produced by SSAB was used. The chemical 

composition and mechanical properties of the experimental steel is shown in Table 2 and 3 

respectively.  

Table 2. Chemical composition of S960 MC. 

 

Table 3. Mechanical properties of S960 MC. 

 

S960MC is a microalloyed, thermo-mechancally manufactrued HSS, with a microstruture 

that consists of tempered martensite and rest austenite. Figure 11 below shows the 

microstures of the base material.  
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Figure 11. Microstructure of S960MC: (a) magnification 200x; (b) magnification 500x. 

2.2 Welding 

In the article by Mician et al, in order to obtain the real heat cycle to be simulated by 

Gleeble, the 3mm thick S960MC plates with a butt joint and a root gap of 1.5mm were 

welded single time using the copper-coated solid wire Union X96. This wire is undermatching 

filler material with the lower yield strength than that of base material. Automatic machine 

FVD 15 MF was used to maintain consistent and linear weld operation.  

Monitored welding parameters during welding are as follows:  mean current Iz = 102 A, wire 

feed speed vd = 3.8 m/s, mean voltage Uz = 16.6 V, and welding speed vz = 3.7 mm/s. Using 

the energy efficiency factor for MAG welding h = 0.8, the effective heat input was Qef = 0.37 

kJ/mm.  

During the welding process, temperature cycles in the HAZ were recorded by the 

Temperature Input Module NI-9212. T-type thermocouples were condenser welded on the 

bottom of the plate. Figure 12 shows a bottom of the plate and thermocouple placement. 
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Figure 12. Placement of thermocouples on the bottom of the plate: (a) thermocouple 

placement on the root side; (b) geometry of the position of thermocouple. 

Shape and geometrical value of the single weld joint of 3mm thick plates in the cross-section 

is shown in Figure 13.  The unit is in mm. 

 

Figure 13. Geometry of the butt weld joint with position of thermocouple. 

Only the TC1 thermocouple reached a temperature above 800 Celsius, and the resulting 

cooling time t8/5 was 17.5 seconds. The thermal cycles from the welding are shown in Figure 

14. 
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Figure 14. Thermal cycles obtained from the welding of a S960MC butt joint. 

2.3 Preparation of Input Data for Gleeble simulation. 

In the article by Mician et al, the heating and cooling of the test samples was controlled 

according to the specified temperature cycle given to the Gleeble simulator. This cycle is 

called TCprog Program Cycle. This cycle can be generated based on the six different 

calculation models in QuickSIM2 software according to the type of material, heat input, 

thickness, welding input parameters. The first function is based on a real measured cycle 

from welding, and others are derived from heat transfer equations such as the Hannerz 

eqation, Rykalin 2D and 3D equations and the Rosenthal equation.  

As for the experiment in the article by Mician et al, the measured heat cycle from the TC1 

thermocouple, which is termed as the TCref Reference Cycle for further description, was used 

to generate three different TCprog cycles with three different levels of cooling time t8/5. 

TC1prog was programmed to have t8/5=7s, TC2prog to have t8/5=10s and TC3prog to have 

t8/5=17s. Figure 15 shows the programed thermal cycles put into the Gleeble simulator 

along with the real measured one. 7 seconds was the shortest cooling time t8/5 that could 

be achieved by Gleeble 3800. This was only possible when the system turned off the power 

supply at the peak temperature of the cycle, and the specimen was cooled through heat 

transfer by water-cooled jaws clamping the specimen. That is why it is noticeable that, in 

figure 15, TC1prog curve drops to the 20 Celsius at the peak temperature which represents 

the sample temperature requirements of 20 Celsius.  
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 Figure 15. Program thermal cycles for the Gleeble simulation and the real measured thermal 

cycle TCref. 

2.4 Preparation of test specimens and Gleeble simulation 

In the article by Mician et al, dimensions of the tensile test specimen for Gleeble simulation 

are shown in Figure 16. Unit is in mm. 

 

Figure 16. Tensile test specimen ready for Gleeble simulation: (a) dimensions of the 

specimen; (b) specimen with a thermocouple welded onto it. 

 

As it can be seen in Figure 16, a thermocouple was welded onto the specimen in order to 

monitor the real temperature during thermal cycle simulation on Gleeble. Simultaneously, 

this cycle was being compared to the program cycle. This allows the machine to adjust its 

electric current power to match the two cycles as identically as possible.  

 

The device was set to “Force-Control” when the force F=0. This ensures that the distance 

between the jaws changes automatically as the specimen slightly expands due to the 
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temperature increase. This was done to prevent any potential internal stresses in the 

specimen. 

 

The test specimens were labeled according to their cooling time t8/5, namely 7s, 10s, 17s. A 

record of the real temperature cycles measured during the simulation for different t8/5 is 

shown in Figure 17. In a temperature cycle corresponding to t8/5=7s, a sudden increase in 

temperature can be observed at 480 Celsius. This increase was due to the latent heat release 

during austenite transformation. A similar phenomenon can be observed in the cycle for 

t8/5 = 10s. This phenomenon was not observed in the cycle for t8/5=17s because the latent 

heat generated was already cooled down at slower cooling phase in this program cycle. 

 

 

Figure 17. Thermal cycles for different cooling times t8/5 from the Gleeble simulation. 

2.5 Tensile Test Result 

In the article by Mician et al, these 3 different Gleeble simulated specimens with 

corresponding t8/5 cooling times were tensile tested to assess their yield strength and 

tensile strength. The result showed that the cooling rate had a significant impact on the yield 

strength and tensile strength of the material. For tensile test specimen with cooling time 7s, 

average tensile strength was 1027.2 MPa, which is 94% of value of the base material. The 

yield strength was 917.4 MPa, which is 91% of the base material. As for the specimens with 

cooling times 10s and 17s, their yield strength and tensile strength decreased even more. In 

other words, there was a trend in which the tensile strength and yield strength decrease as 

the t8/5 cooling time increases. 
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Table 4 shows the numerical values of the tensile test result, and Figure 18 graphically 

illustrates the result. 

 

Table 4. Results of the tensile test for the base material and Gleeble simulated specimens 

with different cooling times t8/5. 

 

 

 

 

 

Figure 18. Graphical illustration of the results of the tensile test. 

2.6 Charpy Impact Test Result 

In the article by Mician et al, base material and Gleeble simulated specimens with 3 different 

cooling times t8/5 whose width had been reduced to 2mm underwent Charpy pendulum 

impact test at the temperature of -40 Celsius. The absorbed energy values in all simulated 

specimens were higher than those of the base material. There was a trend in which an 

absorbed energy value increases as the t8/5 cooling time increases. This phenomenon could 

be due to the fact that at slower rate of cooling phase the martensitic structure is tempered 
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more substantially, and tempered martensite is known to be more ductile. The results of the 

Charpy impact test are shown in Table 5, and graphically illustrated in Figure 19. 

 

Table 5. Results of Charpy impact test for the base material and Gleeble simulated 

specimens with different cooling times t8/5. 

 

 

 

 

 

Figure 19. Graphical illustration of the results of the Charpy impact test. 

2.7 Hardness Test Result 

In the article by Mician et al, Vicker ś hardness test was conducted onto the surface of the 

base material and Gleeble simulated specimens with 3 different cooling times. An average 

value was calculated from six hardness measurement values in the range of -1.5mm to 

1.5mm from the center of the specimen. The result shows that there is a higher decrease in 

hardness as the cooling time t8/5 increases. Numerical result is shown in Table 6, and 

graphical illustration of the result is shown in Figure 20. 
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Table 6. Results of the Vicker ś hardness test for the base material and the Gleeble simulated 

specimens with different cooling times t8/5. 

 

 

 

 

 

Figure 20. Graphical illustration of the results of the Hardness test.  

2.8 Limitation of the research 

Including the research discussed above, any accessible research papers, which involve 

Gleeble simulation method to investigate mechanical properties of steel, do not compare 

the Gleeble simulated specimens to the welded specimens that are given the same welding 

parameters. In order to specify the properties of the material using the Gleeble simulation, it 

is necessary to first validate the reliability of the Gleeble simulation itself and to which 

degree of similarity it can produce simulated specimen compared to actually welded 

specimen.  Since this research does not consider this matter, reliability of its conclusion 

decreases significantly. 

 

In response to this problem, this thesis will focus on comparing Gleeble simulated specimen 

to welded one. It will compare their mechanical properties and draw a correlation between 
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them. This will allow for more reliable and systemized utilization of Gleeble simulation for 

investigating the properties of materials in the future.
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3 Preliminary Experiment (s700_8mm_3R_Test 14) 

It had been initially planned to use S700 MC Plus in 8mm plate welded 3 times as the main 

material for this thesis. However, as the results of Tensile test of Gleeble simulated specimen 

and the welded specimen differed too much from each other, it was concluded that if the 

welded plate undergoes 3 times of weld runs, then Gleeble simulated specimen also has to 

undergo the same number of weld runs with the same heating curves corresponding to each 

weld runs. Gleeble specimen, simulated in this way only, can be considered to be an actual 

simulated version of the welded specimen in question. 

 

In order to eliminate the variables that make the Gleeble simulation difficult to imitate the 

welding, the S700 MC Plus in 4mm with a single weld run was chosen to be the new main 

material for the thesis. This would allow the Gleeble to simulate the heat cycle only once, 

thus making the process of imitation of welding conditions much easier. In addition, 

dimension of welded specimens for tensile testing was adjusted to the same dimension of 

Gleeble specimens. This new official experiment is discussed in the chapter 4.  

 

Nevertheless, the process and result of the preliminary experiment on S700 MC 

Plus_8mm_3R is described thoroughly in the sections below. 

3.1 Material 

The material researched in this project is StrenX 700 MC Plus produced by SSAB. S700MC 

Plus is the Q&T type high strength structural steel with excellent cold formability and impact 

toughness for highly demanding application. It meets or exceeds the requirements of 

S700MC in EN10149-2. It is a hot-rolled flat product made of high yield strength thermo-

mechanically rolled steels. Mechanical properties according to the SSAB are shown in Table 

7. Chemical composition is specified in Table 8. (SSAB, n.d.)  

Table 7. Mechanical properties of S700MC Plus. (SSAB, n.d.) 
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Table 8. Chemical composition of S700MC Plus. (SSAB, n.d.) 

 

3.2 Welding arrangement 

Plates to be used were cut at their edges for the butt-welding set up as shown in Figure 21, 

then it was welded with the welding parameters shown in Table 9. It was welded three times 

to fill the whole gap by the robot arm, as shown in Figure 22, programmed to travel in 

straight line which allows for more consistency and precision than manual work. 

 

 

 

Figure 21. Welding plate set-up. 
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Table 9. Welding parameters 

 

 

 

 

 

Figure 22. Welding by Robot arm. 

 

In order to measure and record the heating graph, Thermocouples were attached to the 

plate at the HAZ area as illustrated in Figure 23. Figure 23 is a schematic figure with different 

steel plate. Three thermocouples were used to record each weld run. Holes for 

thermocouples to be inserted were drilled at the angle to effectively place thermocouples at 

the HAZ area. A Fixture for this work was used to enhance the drilling process as shown in 

Figure 24. Placement of thermocouples on the plate is shown in Figure 25 and 26. 
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Figure 23. Schematic illustration of cross-sectional view of thermocouple placement. 

 

 

 

Figure 24. Fixture for drilling. 

 

 

 

Figure 25. Thermocouple set-up 
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Figure 26. Thermocouple placement from the back view. 

 

Cross sectional view of weldment after welding have been completed is shown in Figure 27. 

It can be observed that 3 weldments have formed and also 3 layers of HAZ have formed 

accordingly. 

 

 

 

Figure 27. Cross sectional view of weldment. 

3.3 Gleeble simulation arrangement 

After welding is completed, the plate is water-cut into specimens for different tests 

according to the drawing shown in Figure 28. Gleeble specimens are shown in close up in 

Figure 29. A critical dimension is so called Free Span which is a length between necks from 
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each ends. It was initially 33mm, but it was too long to achieve desired, short cooling time. 

Thus it has been changed to 20mm. 

 

 

 

Figure 28. Drawing for water cutting. 

 

 

 

Figure 29. Gleeble specimen drawing. 
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Three Gleeble specimens cut out of the plate along with the heat cycle history to be imitated 

were sent to Oulu University to undergo Gleeble simulation. The heat cycle recorded by 

thermocouple 4 from second weld run, as shown in Figure 30, was selected for the main 

heat cycle to be simulated. Heat input used for this weld run and measured cooling time for 

this heat cycle is 0.62 kj/mm and 20s respectively, as indicated in table 10. 

 

 

 

Figure 30. Heat cycle graph recorded by thermocouple. 

 

Table 10. Heat input and measured cooling time. 

 

 

 

Figure 31 below shows the resulting graph of simulated heat cycle created by Gleeble 

machine being compared to original heat cycle from weld. In general, they are very similar 

except that Gleeble heat cycle tends to be more linear and consistent due to the fact that 

the heat was generated by programmed machine instead of real weld environment. Despite 

that, Gleeble specimen achieved identical t8/5 cooling time to that of welded specimen, 
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which is critical since it is the main factor influencing material properties. Figure 32 shows 

the Gleeble specimens that have been thermally simulated by Gleeble Machine. 

 

 

Figure 31. Comparison of actual heat cycle from weld and simulated heat cycle from Gleeble. 

 

 

 

Figure 32. Gleeble specimen after being simulated by Gleeble machine. 
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3.4 Test arrangement 

There are 2 major tests in this research for mechanical properties of the material; tensile 

test and hardness test. The sample preparation and testing arrangement are described in the 

following paragraphs. 

3.4.1 Tensile test 

Three welded tensile specimens from the plate were water-cut out. Tensile specimens and 

plate that have been water-cut are shown in Figure 33 and Figure 34 respectively. Zwick 

Roell tensile testing machine shown in Figure 35 was used for the testing. Tensile testing was 

done according to the standard SFS-EN ISO 6892-1:2019. Dimensions of tensile testing 

specimens followed ISO 4136 as indicated in Figure 36.  

 

 

 

Figure 33. Water-cut tensile specimens. 
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Figure 34. Welding plate after water cutting. 

 

 

 

Figure 35. Zwick Roell tensile testing machine. 
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Figure 36. Dimension of tensile testing specimens according to ISO 4136. 

3.4.2 Hardness test 

Specimens for hardness test must be prepared for the best result before they are hardness 

tested. First, they were mounted with epoxy resin as shown in Figure 37. Then their surfaces 

on which the indentation would be marked were grinded and polished with the Struers 

automatic polishing machine as shown in Figure 38. Grinding and polishing procedures were 

done according to the Struers standard preparation method for 0.5% C steel (220HV) 

(Specimen No3) which is shown in Figure 39. Lastly, they were etched with 5% nital etchant, 

as shown in Figure 40, to expose the grain structure and HAZ, so that these can be observed 

more clearly. It should be noted that specimens in the following figures are not the main 

material (S700 MC Plus_8mm_3R) for this thesis. These are meant to enhance the 

understanding of the preparation process. 
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Figure 37. Mounting with epoxy resin. 

 

Figure 38. Grinding and polishing process by Struers automatic polishing machine. 

 

Figure 39. Preparation Method. 
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Figure 40. Etching process. 

After the specimens were prepared by this procedure to be ready for hardness testing, they 

were sent to SSAB laboratory and then hardness tested using Vickers Hardness testing 

method according to standard EN ISO 6507-1. 

3.5 Result 

The results of the tensile test and hardness test are presented in the following paragraphs. 

Each test has two categories to show separately the result of welded specimen and Gleeble 

specimen. 

3.5.1 Tensile test 

3.5.1.1 Welded specimen 

The welded tensile specimens that were tensile tested to the failure point are shown in 

Figure 41. The left is from the view of the weld top and the right is from the view of the root. 

The close-up view on failing area is shown in Figure 42. Side view of the tested specimens is 

shown in Figure 43. Close-up view of the side is shown in Figure 44. It can be observed that 

all 3 specimens failed at the HAZ. 
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Figure 41. Welded tensile specimens tensile tested to the failure point. 

 

Figure 42. Close-up view on failing area. 

 

Figure 43. Side view of the tested specimens. 



37 

 

 

Figure 44. Close-up view of the side of one of the tested specimens.  

Test report in Figure 45 shows the numerical result of tensile testing. Figure 46 shows the 

graphical illustration of stress-strain curves of the result. Ultimate strength (Rm) and 0.2 

offset yield strength (Rp0.2) of all 3 specimens are consistent with each other. However, the 

elastic modulus (E) of Specimen No 3 is much deviated from the rest. This could be due to 

wrong installation of extensometer or inhomogeneity of material in welded specimen. 

 

Figure 45. Numerical result of tensile testing of welded specimens. 



38 

 

 

Figure 46. Stress-strain curves of welded specimens. 

3.5.1.2 Gleeble specimen 

The Gleeble simulated specimens were tensile tested to the failure point. Figure 47 shows 

the broken specimens after testing. Failure occurred at the middle of heat-tread free span.  

 

Figure 47. Broken Gleeble tensile specimens after tensile testing. 

Table 11 below shows the numerical result of tensile test. Ultimate strength, 0.2 offset yield 

strength and elastic modulus of all 3 specimens were fairly consistent with each other. 

Figure 48 shows the stress-strain curves of the specimens. 

Table 11. Numerical result of tensile test of Gleeble specimens. 
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Figure 48. Stress-strain curves of Gleeble specimens. 

3.5.2 Hardness test 

Hardness test of welded specimen was done at the SSAB lab with the manual Vickers 

hardness testing machine. Two lines of hardness indentation were implemented; one at the 

top line which is 1mm down from the top, and the other at the middle line which is 4mm 

from each sides. 

Gleeble specimens were not hardness tested for this preliminary experiment. 

3.5.2.1 Welded specimen 

Only one welded specimen was hardness tested. Figure 49 below shows the graph of 

hardness measured along the top line. Indentations were done with the test force of HV1 

with distance of 0.15 to 0.3mm apart. Figure 50 shows hardness measurements along the 

middle line. Indentations were done with the test force of HV0.3, because HV1 was found to 

be so strong that the positions of indentations became slightly misaligned.  
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From the result, it can be observed that hardness values drop significantly at the HAZ areas. 

 

Figure 49. Hardness measurements along the top line. 

 

Figure 50. Hardness measurements along the middle line. 
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3.6 Analysis 

The results of tensile test of welded specimens and Gleeble specimen are analyzed and 

compared. Since Gleeble specimens for hardness test were not tested, there is no 

comparison in the case of hardness. 

3.6.1 Tensile test 

In order to compare the tensile strength of welded specimen (W) and Gleeble specimen (G), 

average value was calculated from 3 samples. Comparison of average tensile strength (Rm) 

between W and G is shown in Table 12 below. Graphs compared are shown in Figure 51.  

It can be observed from the data that tensile strength of G deviates too much from the W. 

This was an unexpected outcome. This could be due to the fact that G was simulated with 

single heat cycle while W was welded three times, in other words, underwent 3 heat cycles. 

Table 12. Comparison of average tensile strength (Rm) between W and G. 
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Figure 51. Comparison of stress-strain curves between W and G. 

4 Final Experiment (s700_4mm_1R_Test 5&6) 

After recognizing the problem when using multiple-welded specimen, the official material 

for this thesis was changed to 4mm single-welded specimen. This way, the Gleeble specimen 

could be heat-simulated only one time to imitate the weld done onto the welded specimen. 

Also, the dimensions of Gleeble specimen and welded specimen were now adjusted to the 

same size, so that they could have variables as equal as possible. The Gleeble specimen, 

simulated in this way, can now be considered as a correctly simulated version of the welded 

specimen in question. 

 

Two plates are welded with two different heat inputs. Consequently they would result in 

different T8/5 Cooling times. Welded specimens are cut off from the plates then are tensile 

tested and hardness tested. Intact Gleeble specimens cut off from the plates are heat-

simulated by Gleeble with the same cooling time curves as that of welded specimen. Finally, 

the heat-simulated Gleeble specimens are tested for tensile strength and hardness in order 

to be compared to the results of welded specimen. 
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Most of the test arrangement is same as the previous preliminary test, thus the same 

description of test arrangement is not repeated in the following sections. The focus will be 

on the comparison between the test results of welded and Gleeble specimens from both 

plates. 

4.1 Welding arrangement 

The welding setup for the official plates is mostly same as the previous preliminary test 

plate. Since only one weld run has to be made to achieve acceptable weld quality, 400 mm x 

321 mm x 4mm plates were welded by V-shaped butt weld as illustrated in schematic figure 

in Figure 52. The thermocouples are attached to the HAZ in the plate.  

 

 

Figure 52. Schematic figure of V-shaped butt weld and location of HAZ. 

 

The only different parameter is that now plates are welded a single time. Table 13 below 

shows the weld input data and measured cooling times from both plates. Cooling time was 

measured from the HAZ, not from the surface of the specimen. As can be seen in the table, 

T5 plate is welded with the low heat input of 0.38KJ/mm, while T6 plate is welded with the 

high heat input of 0.68KJ/mm. Resulting cooling times are 13.41 s and 33.03 s respectively. 

 

Table 13. Weld input data and cooling times for T5 and T6 plates. 
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Figure 53 below shows the welding layout drawing for welding plates of T5 and T6. There are 

three kinds of tensile test specimens. There are 3 large specimens (From now on referred as 

LS), 3 small specimens (SS) and 4 Gleeble specimens (GS) for tensile testing. SS and GS are 

the same size and are the main specimens to be compared with each other. SS in the middle 

are welded while GS are heat-simulated later by Gleeble. This thesis is a part of the bigger 

research project, which is why the plate presented in figure 53 includes also other specimens 

such as Charpy impact test specimens, which were not used in this thesis. 

 

 

Figure 53. Welding layout drawing. 
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The heating and cooling data of the weld measured by thermocouples installed onto the 

plates are illustrated by graphs in the figures 54 and 55 below. Numerical T8/5 values from 

each TCs are shown in the table 14 below as well. Mean value of the T8/5s from each TCs 

was used for official T8/5 value. 

 

 

Figure 54. Heating and cooling data graph for T5 plate. 

 

 

Figure 55. Heating and cooling data graph for T6 plate. 

 

Table 14. Numerical T8/5 values from each TCs. 
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4.2 Result 

The result of the tensile test and hardness test is presented in the following chapters. Tensile 

test was done for the base material, which is non-welded, original plate, welded specimen 

and Gleeble-simulated specimen. Hardness test was done for welded and Gleeble specimen. 

4.2.1 Tensile test 

Firstly, base material was tensile tested. This result serves as the reference point, to which 

welded and Gleeble specimens are compared in order to investigate the loss of strength. 

Then 3 welded specimens and 3 Gleeble specimens form each plates (T5 and T6) were 

tensile tested. 

4.2.1.1 Base material 

The base material of S700 MC Plus 4mm plate without welding was tensile tested in rolling 

direction. This data of the base material is used as a standard mechanical property against 

which all other heat-affected specimens are compared.  

Table 15 below shows the Yield strength and Ultimate Tensile Strength of 3 base specimens 

from the same plate.  

Table 15. Yield strength and Ultimate Tensile Strength of 3 base specimens. 
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Figure 56 below shows the Strength-Strain curves obtained from tensile testing of 3 base 

specimens. 

 

Figure 56. Strength-Strain curves of base specimens. 

4.2.1.2 Welded specimen 

Three small specimens (SS) from the welded plate labelled as T5, which is welded once with 

the low heat input, were tensile tested and following figure 57 shows the strength-strain 

curves of the tests. 
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Figure 57. Strength-Strain curves of 3 welded small specimens (SS) from T5. 

Table 16 below shows the numerical value of tensile strength of SS from T5. 

Table 16. Numerical value of tensile strength of SS from T5. 

 

Three small specimens (SS) from the welded plate labelled as T6, which is welded one time 

with the high heat input, were tensile tested and following figure 58 shows the strength-

strain curves of the tests. 
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Figure 58. Strength-Strain curves of 3 welded small specimens (SS) from T5. 

Table 17 below shows the numerical value of tensile strength of SS from T6. 

Table 17. Numerical value of tensile strength of SS from T6. 

 

4.2.1.3 Gleeble specimen 

Gleeble Specimens (GS), heat-simulated to obtain heating curve of T5 welded specimen and 

T8/5 of 13.45 seconds, were tensile tested to the failure point. Figure 59 below shows stress-

strain curves from the tests. 
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Figure 59. Strength-Strain curves of 3 Gleeble-simulated specimens (GS) with T8/5=13.45s. 

Table 18 below shows the numerical value of tensile strength of GS with T8/5=13.45s. 

Table 18. Numerical value of tensile strength of GS with T8/5=13.45s. 

 

Gleeble Specimens (GS), heat-simulated to obtain heating curve of T6 welded specimen and 

T8/5 of 33 seconds, were tensile tested to the failure point. Figure 60 below shows stress-

strain curves from the tests. 
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Figure 60. Strength-Strain curves of 3 Gleeble-simulated specimens (GS) with T8/5=33s. 

Table 19 below shows the numerical value of tensile strength of GS with T8/5=33s. 

Table 19. Numerical value of tensile strength of GS with T8/5=33s. 

 

4.2.2 Hardness test 

Hardness test was done with the Vickers hardness testing machine, NEMESIS 5102. 

Indentations were done with the test force of HV10. Dwell time is 10 seconds.  

2 welded hardness specimens from each test plates T5 and T6 were hardness tested. Then 3 

Gleeble-simulated hardness specimens which had imitated the heat cycle of T6 welded 
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hardness specimens were hardness tested as well in order to be compared to welded ones. 

However, there is no Gleeble-simulated hardness specimens for T5, thus no comparison is 

made between the welded and Gleeble hardness specimens in case of T5. 

Indentations were made thoroughly across the sample. 3 to 4 indentations were made in 

each areas of base material, HAZ and weldment, in the pattern illustrated in the figure 61 

below. 

 

Figure 61. Indentation pattern for hardness testing. 

Observing the test results, it can be noticed that hardness values drop significantly at the 

HAZ due to the HAZ softening effect of welding. 

4.2.2.1 Welded specimen 

Figure 62 below shows the Hardness test result of welded specimen 1 from T5. 
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Figure 62. Hardness test result of welded specimen 1 from T5. 

Figure 63 below shows the Hardness test result of welded specimen 2 from T5. 

 

Figure 63. Hardness test result of welded specimen 2 from T5. 

Figure 64 below shows the Hardness test result of welded specimen 1 from T6. 
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Figure 64. Hardness test result of welded specimen 1 from T6. 

Figure 65 below shows the Hardness test result of welded specimen 2 from T6. 

 

Figure 65. Hardness test result of welded specimen 2 from T6. 

4.2.2.2 Gleeble specimen 

Figure 66 below shows the Hardness test result of Gleeble specimen 1 from T6. 
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PM refers to a base material. HAZ refers to a heat affected zone. W refers to a weldment.  

 

Figure 66. Hardness test result of Gleeble-simulated specimen 1 from T6. 

Figure 67 below shows the Hardness test result of Gleeble specimen 2 from T6. 

 

Figure 67. Hardness test result of Gleeble-simulated specimen 2 from T6. 

Figure 68 below shows the Hardness test result of Gleeble specimen 3 from T6. 



56 

 

 

Figure 68. Hardness test result of Gleeble-simulated specimen 3 from T6. 

4.3 Analysis 

The results of tensile test and hardness test are analyzed. First, the results of specimens 

from each plate with different heat inputs are compared. Then the welded specimen is 

compared with its Gleeble specimen which had undergone same heat curve and t8/5 cooling 

time. 

4.3.1 Tensile test 

In order to compare the tensile strength of welded small specimen (SS) and Gleeble 

specimen (GS) from both T5 and T6 plates, an average value was calculated from each 3 

samples.  

The comparison of the average tensile strength between SS and GS for T6 (t8/5=33.03) is 

shown in Table 20 below. Graphs compared are shown in Figure 69. It can be observed from 

the data that tensile strength of GS still deviates significantly from that of SS, even though 

both kinds of specimens underwent the same single heat cycle this time.  

Table 20. Comparison of average tensile strength between SS and GS for T6 (t8/5=33.03). 
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Figure 69. Comparison of Stress-strain curves between SS and GS for T6 (t8/5=33.03). 

Comparison of average tensile strength between SS and GS for T5 (t8/5=13.45) is shown in 

Table 21 below. Graphs compared are shown in Figure 70. It can be observed from the data 

that tensile strength of GS again deviates even more from that of SS, even though both kinds 

of specimens underwent the same single heat cycle this time. 

Table 21. Comparison of average tensile strength between SS and GS for T5 (t8/5=13.45). 
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Figure 70. Comparison of Stress-strain curves between SS and GS for T5 (t8/5=13.45). 

It is notable that the tensile strength of welded SS from both T5 (t8/5=13.45) and T6 

(t8/5=33.03) turned out to be almost the same. This is an unexpected result considering the 

general observation in which higher heat input and consequently longer t8/5 cooling time 

usually results in a greater reduction in tensile strength. 

On the contrary, as for the GS, it is observable that there is greater reduction in tensile 

strength from T6 than T5. This result is aligned with general pattern of strength reduction 

proportional to longer t8/5 cooling times. 
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Scatter plot in figure 71 below summarizes the percentage loss of tensile strength against 

t8/5 cooling times, compared to the base material. 

 

Figure 71. Scatter plot showing the percentage loss of tensile strength against t8/5 cooling 

times, compared to the base material. 

It is uncertain why tensile strength of SS from both T5 and T6, whose cooling times are very 

different, shows very similar values, while that of GS shows different values in general 

pattern mentioned above. One possible explanation could be that strength reduction in a 

welded sample may not occur significantly any more once t8/5 reaches 13 seconds. Samples 

that are Gleeble-simulated, however, may continuously show linear strength reduction even 

after t8/5 exceeds 13 seconds.  

Another explanation is that this could be simply just an error in tensile testing process for SS. 

In future research, more samples from larger range of heat input and t8/5 are required, so 

that resulting data can be validated enough. 
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4.3.2 Hardness test 

Firstly, hardness values in HAZ of welded specimens from T5 and T6 were compared with 

each other. Table 22 below shows the comparison of mean values of hardness in HAZ. As can 

be seen from the table, Welded specimens from T5 with T8/5 cooling time of 13.45s have 

slightly higher hardness values in HAZ compared to the T6 with T8/5 of 33.03s. This result is 

in line with the general trend of larger decrease in hardness proportional to longer cooling 

time.  

It should be also noted that the difference is magnified at the lowest hardness values. As can 

be seen in the table 22, lowest hardness value from the HAZ of welded specimens from T5 is 

240, while it is 217 from T6. In light of this significant difference in hardness value, the fact 

that their tensile strength, however, did not differ almost at all becomes more puzzling.  

Table 22. Comparison of HAZ hardness between welded specimens from T5 and T6. 

 

Secondly, Hardness test result of 2 welded specimens from T6 were compared to that of 3 

Gleeble-simulated specimens from T6. In order to do that, the hardness values of HAZ from 
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these samples were collected separately and averaged. Since hardness values in HAZ are the 

lowest in every sample, they are the critical values to be compared. 

Table 23 below shows the numerical values of Hardness in HAZ of all samples and their mean 

values. As can be seen from the table, Hardness value in HAZ of Welded specimens is almost 

identical to that of Gleeble specimens. This is an anticipated result, since these Gleeble 

specimens were heat-simulated with the same heating curve and T8/5 cooling time as the 

welded specimens. 

Table 23. Comparison of HAZ hardness between welded and Gleeble specimens from T6. 

 

5 Conclusion 

The objective of this thesis is to show first how weld heat inputs and corresponding cooling 

times will affect the mechanical properties of S700MC Plus. Secondly, this test data of 
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welded HSS specimens is compared to that of Gleeble simulated specimens in order to 

establish a correlation between them. This correlation may serve as the reference for the 

further research of other HSS materials by using Gleeble welding simulator only.   

A preliminary experiment was conducted using S700MC Plus 8mm high strength steel made 

by SSAB. This steel was welded three times, tensile tested and hardness tested. Its heating 

curve and cooling time information, which had been recorded by thermocouples, was used 

in the Gleeble simulator to produce Gleeble simulated specimen version of the same weld 

parameters. However, contrary to expectations, the tensile strength of the welded specimen 

differed by a large degree from the Gleeble specimen. It was concluded that, since this steel 

underwent 3 weld runs but its Gleeble specimen was heat simulated only once, this could be 

the reason for the large deviation. Therefore, new experminet was carried out, this time 

with single-welded 4mm plate. 

In the Final Experiment, S700 MC Plus 4mm with a single weld run was used. This could 

make the Gleeble to simulate the heat cycle only once, thus making the process simpler 

without potential errors. Two plates were tested with different heat inputs and 

corresponding cooling times. T5 plate was welded with relatively low heat inputs and T6 

with high heat inputs. Tensile strength of welded specimens from both T5 (t8/5=13.45) and 

T6 (t8/5=33.03) turned out to be almost same. This is an unexpected result considering the 

general observation where higher heat input and longer t8/5 cooling time usually results in a 

greater reduction in tensile strength. On the contrary, as for the Gleeble specimen, there 

was a greater reduction in tensile strength from T6 than T5. This result is in line with general 

pattern of strength reduction proportional to longer t8/5 cooling times. 

Hardness dropped significantly in HAZ areas. Welded specimens from T5 with T8/5 cooling 

time of 13.45s have higher hardness values in HAZ compared to the T6 with T8/5 of 33.03s. 

Hardness value in HAZ of Welded specimens is almost identical to that of Gleeble specimens. 

This is an anticipated result, since these Gleeble specimens were heat-simulated with the 

same heating curve and T8/5 cooling time as the welded specimens. 

It is uncertain why tensile strength of welded specimens from both T5 and T6, whose cooling 

times are very different, shows very similar values, while that of Gleeble specimens shows 
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different values in general trend of strength reduction proportional to longer t8/5 cooling 

times. One possible explanation could be that strength reduction in welded specimen may 

not occur significantly any more once t8/5 reaches 13 seconds, but samples that are Gleeble-

simulated may continuously show linear strength reduction even after t8/5 exceeds 13 

seconds. Another explanation is that this could be simply just an error in tensile testing 

process for welded specimens. In future research, more samples from larger range of heat 

inputs and t8/5 cooling times are required, so that resulting data can be validated enough. 

Although it is not advisable to establish a firm correlation between welded and Gleeble 

specimens at this phase because of seemingly unreasonable result of tensile test, this thesis 

experiment still has successfully set the standard methods and procedures for comparing 

welded and Gleeble-simulated steels. Furthermore, it has clearly laid down the next steps for 

experiments that could help identify the exact problem and validate the result. The trials and 

errors described in the thesis would be a valuable resource for the future research. 
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