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Abstract: Hardness of weldments is one of the major factor influencing the mechanical working of the 

components. The profile of micro-hardness is generally recorded using the experimental procedures. The micro-

hardness of the weld zone, heat affected zone and base metal are generally found to be different and depends on 

the grain size. In this work, an attempt is made to correlate the grain size and micro-hardness of the weldments. 

The relationships are identified using the experimental procedures, and subsequently the relationship in 

conjunction with the similar results from finite element methods are used to predict the hardness of weld zones, 

heat affected zone and base metal during Gas tungsten arc welding (GTAW). For the welding simulation, the 

process is assumed as a transient heat transfer analysis. The finite element study is performed using MSc-

MARC®. The temperature histories are predicted and are used as an input to the in-house procedures 

developed on MATLAB for the prediction of micro-hardness prediction. The predicted values are in found to be 

in good agreement with the measured values. The procedure can be used to predict the resulting mechanical 

behaviour for the stainless-steel weldments using GTAW. 

Keywords:Finite element method, Weld bead, Temperature distribution, Microhardness. 

 

1.  INTRODUCTION 

1.1 Welding: Welding is a widely-used procedure for the manufacturing of the components. 

It offers the advantage of manufacturing parts separately and fabricate/assemble these 

subsequently to make a component. The parts are generally subjected to intense localised heat 

sufficient to melt the interface of the joining parts and on solidification at the joint the 

component is fabricated. The performance of the components during service depends on the 

mechanical properties of the weldment. The material subjected to intense heat undergoes a 

number of microstructural changes. The grain size is modified affecting the micro-hardness 

of the material in the region.Gas tungsten arc welding (GTAW), is an arc welding process 

that uses a non-consumable tungsten electrode to produce the weld. The weld area is 

protected from atmospheric contamination by an inert shielding gas (argon or helium), and a 

filler metal is normally used, though without filler metal welds, known as autogenous welds 

that do not require it. A constant-current welding power supply produces energy which is 

conducted across the arc through a column of highly ionized gas and metal vapours known as 

plasma. GTAW is most commonly used to weld thin sections (0-5mm) of stainless steel and 

nonferrous metals such as aluminium, magnesium, and copper alloys (Fig. 1). The process 

grants the operator greater control over the weld than competing processes such as shielded 

metal arc welding and gas metal arc welding, allowing for stronger, higher quality welds.  

Many researchers have studied the temperature distribution with the help of numerical and 

experimental method in weldments for different welding procedures.Murugan et al. (1998) 

measured temperature distribution in 304 stainless steel welded plates using thermocouples. 

They showed that the temperature distributions at different distances from the weld centre 
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line depend upon the welding conditions. Zacharia et al.(1989) outlined weld pool geometry 

and observed grain growth in the fusion zone. They observed the microstructural 

development in the heat affected zone and the grain boundary. Zhu and Chao (2004) used a 

3D non-linear thermal and thermomechanical numerical welding simulations to predict 

temperature and residual stress distributions. The results show that the presence of unknown 

heat energy input from the process the analysis method become unique. They are able to 

predict temperature profiles during the welding simulations. Elsawy (2001) studied the excess 

phases identified at the fusion line as mixture of austenite and sigma phase on the broken face 

of tensile specimen which is highly detrimental to the mechanical properties. Armentani et al. 

(2007) adopted an elements “birth and death” technique in single-pass butt welded joint in 

order to simulate the weld filler variation with time. Ibrahim et. al. (2008) studied the 

evaluation of cross-weld properties of austenitic stainless steel pre and post weld heat 

treatment. They recorded the micro-hardness values of the different zones of the weldment. 

 

Fig 1.1: GTAW Welding 

In the present work, anattempt is made to correlate the grain size with the prediction of 

hardness in the weldment. The data on the grain size and resulting hardness are recorded and 

correlated using the relationship from literature (Jafarian et al. 2014). Further, a three-

dimensional welding simulation of SS316 steels is carried out using MSC Marc 2013®. The 

results from the work are investigated for distribution of temperature at and around the weld. 

The developed relationships in conjunction with the results available from FE study are used 

to predict the micro-hardness variation inthe different zones of weldment. 

2. Experimental Procedure 

The temperature histories are recorded for the GTAW welded work pieces of 316 stainless steel. A 

total of 08 work-pieces with dimensions 90x50x5 mm
3
 are welded.The work pieces are welded using 

DCEP gas tungsten arc welding in Advanced Welding Lab at SLIET, Longowal. One pass welding 

run is performed for bead-on-plate. During welding, argon with mixture of carbon dioxide is used as 

shielding and backing gas was used for protecting weld ofhotcrackingThe parameters for welding are 

tabulated in Table-1. The chemical composition of work pieces is recorded using spectroscopy in 

Advanced Casting lab. The recorded chemical composition is given in Table-2 and for the filler 

material (ER-316L) is given in Table-3. The temperature history during experimentation is recorded 

using K-typethermocouples. The schematic for the placement of thermocouples in the work-pieces is 

given in Fig. 2.To record the measured temperatures,the collected signals were transferred to a data 

loggerand a PC. The data logger was set to record at least 1 reading persecond from the 

thermocouples. AtomVIEW1.1® and ABx001 series deviceswere used todisplay the thermal curves. 

The detailed welding parameters for total 08 welding runs (E1-E8) are given in Table 4. The heat 

input in the welding is given by following equation: 
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Table 1. Key welding parameters (polarity AC +) 

Welding Technique Gas Tungsten arc welding 

Arc Voltage 14-18 V 

Arc Current 90-150 A 

Arc Length 2.4-3mm 

Electrode material and Type Tungsten EWTH-2 

Electrode Diameter 2.4 mm 

Welding Positions Flat 

Plate Dimensions 90mm X 50mm X 5mm 

Filler Metal ER 316L 

Diameter of filler metal 3.5 mm 

Gas flow 10 lit/min 

Shielding Gas Argon+Co2 

Type of torch Air cooled 

Power unit ELECTRA Power Unit 

Thermocouple K- type 

Thermocouple Readings 10 per second 

Thermocouple Manufacturer ATOMBORG Atom view1.1 

 

Table 2. Chemical composition of SS-316stainless steel 

 

SS 316 

Fe C Cr Ni Mn Mo Si P S Al 

 

67.2 

 

0.0377 

 

16.18 

 

10.97 

 

1.61 

 

2.14 

 

0.589 

 

0.037 

 

0.001 

 

 

0.008 

 

Co Cu Nb Ti V W Sn Ca Ta B 

 

0.242 

 

 

0.288 

 

 

0.21 

 

 

0.004 

 

 

0.101 

 

 

0.03 

 

 

0.008 

 

 

0.0026 

 

 

0.002 

 

 

0.001 

 

 

Table 3. Chemical composition of SS-316L (Filler wire) 

ER-

316L 

Fe C Cr Ni Mn Mo Si P S Co Cu Nb B 

 

65.593 

 

 

0.033 

 

 

16.04 

 

 

13.6 

 

 

1.55 

 

 

2.12 

 

 

0.44 

 

 

0.022 

 

 

0.024 

 

 

0.18 

 

 

0.07 

 

 

0.25 

 

 

0.001 
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Table 4. Parameters for different welding runs. 

Experimental 

code 

Welding 

voltage (V) 

Welding 

Current 

(amp) 

Welding 

Speed 

(mm/s) 

Arc 

efficiency 

Shielding 

Gas 

(Lit/min.) 

Heat input 

(J/mm/s) 

E1 14.4 90 1.8 0.5 10 360 

E2 14.6 101 2.2 0.5 10 335.13 

E3 14.8 105 2.5 0.5 10 310.8 

E4 15 110 2 0.5 10 412.5 

E5 15.5 115 2 0.5 10 445.62 

E6 15.5 120 1.8 0.5 10 516.66 

E7 14 130 2 0.5 10 455 

E8 14.5 140 1.8 0.5 10 563.88 

E9 14 150 2 0.5 10 525 

 

 

 

 

 

 

 

  

 
 

 
Fig 2: Location of thermocouples through weld piece. 

 

The specimens from SS316 weldment are cut by using Labotom-5 Automatic cutter. The dimensions 

of the cut specimen are given in Fig. 3. The cut specimen is polished up to the grit size of 1200 and 

then etchant is applied for measuring the weld bead profile. For this purpose, one–fourth of prepared 

etchant (carpenter) is used for Austenitic stainless steel. Its composition is given in Table 5. 

 

 Fig 3: Dimensions of the cut specimen for measurment of data 
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Table 5. Chemical used in carpenter etchant 

Name of Chemicals Quantity 

Ferric chloride 8 gms 

Cupric chloride 2.5gms 

Alcohol 125 ml 

Nitric acid 6 ml 

Hydrochloric acid 122 ml 

After these treatments, the bead profileis recorded by capturing the images detected through the cross 

sections to measured weld profile. The weld bead width and depth of penetration are measured for all 

the eight specimens.After measuring bead profile, the micro-hardness values are measured using 

micro-hardness tester. Vickers diamond pyramid test is used to find out the micro-hardness of these 

materials. The test coupons for micro-hardness measurement are polished with emery papers ranging 

from, 150 grit up to 2000 grit, so as to get scale free and super finished surface. This method consists 

of indenting the test material using a diamond indentor, in the form of a right pyramid with square 

base and an angle of 136° between opposite faces subjected to a load of 1 to 500 gms. For the 

measurement of micro-hardness, the full load is applied for10 to 15 seconds. Diamond cone 

indentations are taken at 50μm separation and no crack formation is noticed around the indentations 

after measuring the hardness in all the testing specimens. In this work welded specimen prepared for 

hardness measurement at different heat input and average of 3 readings at different zones is taken as 

micro-hardness values. The two diagonals of the indentation left in the surface of the material after 

removal of load are measured using microscope and their average is calculated. There is slight 

variation in the averaged values which may be due to anisotropic properties of these materials and 

localized impurities in the microstructure of these materials.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig4:Labotom automatic 5 cutterFig. 5:Microhardness Tester 

 

3. Numerical procedure 

For the prediction of grain size and micro-hardness of the weldment, a finite element (FE) simulation 

is performed. The welding process is assumed as a transient heat transfer problem. The geometrical 

dimension of the weld coupons for FE simulation is kept same as for experimental work viz. 

90x50x5mm
3
. The chemical composition of the material is given in Table-2-3. The relevant material 

properties used for FE simulation are given in Table 6. 
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Table 6 The thermal properties of test sample and filler wire 

Standard Class Thermal 

Conductivity 

(W/m.K)
 

Specific Heat 

(J/kg.K) 

Density 

(Kg/m
3
) 

ASTM AISI316 16.5 500 8000 

ASTM AISI316L 17 490 7990 

The solid model with specified dimensions is first prepared in SolidWorks14®. The model using 

IGES format is imported in MSc-Patran®. The mesh seeding is performed for keeping the fine mesh 

under the welding source and a coarse mesh around the free edges of the weld pieces (Fig. 6). A 

transient thermal model is prepared in MSc-MARC® for the analysis and weld simulation. The 

formulation is employed for the recorded of temperature histories. The schematic for the recording of 

the temperature histories is given in Fig. 2. The number of nodes used for the present work are 

168036, and number of elements are 150000. Eight-noded brick elements of Type-43 have been used 

in the thermal analysismodel. Malik et al. (2008) have performed the mesh sensitivity analysis and 

proposed a suitable mesh for thermal analysis. The weld path is selected at the centre of the plate for 

taking temperature profiles at both the side of plate. 

 

Fig 6:   3D finite element model and mesh for welding simulation 

A moving volumetric heat source model has been considered for the modelling of welding arc, based 

on the double ellipsoidal distributionproposed by Goldak et al. (1984). The schematic of the double 

ellipsoidal heat source model and resulting equations for the front and rear weld heat sources are 

given in Fig. 7. 
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Fig 7: Goldak’s double ellipsoidal heat source model 

a = 4mm, b= 3mm,fr=1.4,ff= 0.6,cf= 2mm,cf=8mm 
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wherex,y and z are the local coordinates of the double ellipsoidal model aligned with the weld line. ff 

and fr are parameters for defining the fraction of the heat deposited in the front and the rear of the 

welding arc, respectively, and ff + fr = 2.0. In this work, ff was considered 1.4 and fr was 0.6. Qw is the 

welding heat source power. The parameters a1, a2, b, and c belong to the features of welding heat 

source. These parameters are determined through experimental study of the weld pool and are 

adjusted to create a desired melted zone according to the welding conditions. 

The governing equation for transient heat transfer analysis is given by, 

T
c (x, y,z, t) q(x, y,z, t) Q(x, y,z, t)

t


   





      (3)
 

where  is the density of the materials, c is the specific heat capacity, T is the current temperature, q is 

the heat flux vector, Q is the internal heat generation rate, x, y and z are the coordinates in the 

reference system, t is the time, andis the spatial gradient operator. The non-linear isotropic Fourier 

heat flux constitutive equation is given by: 

 

q k T  


               (4)
 

where k is the thermal conductivity to consider the heat losses, both the thermal radiation and heat 

transfer on the weld surface from top and bottom of the plate have been considered. Radiation losses 

are dominating for higher temperatures near and in the weld zone, and convection losses for lower 

temperatures away from the weld zone (Deng and Murakawa, 2006). Heat loses into environment 

according to the Newton‟s law of cooling and Stefan‟s law of radiation. Newton‟s law of cooling is 

given below. 

Q h (T T )
O

 

(5)
 

where Q is the convective heat loss, h is the convection exchange coefficient, T is the surface 

temperature and T0(20
o
C) is the surrounding temperature. Stefan‟s law of radiation heat lose is given 

below: 

 4 4
Q T TO  

    (6) 

where ε (0.8)is the emissivity and  (5.67 x 10
-8

 Wm
-2 o

C
-4

) is the Stefan‟s Boltzmann constant. The 

measurement of radiation losses is difficult to employ and therefore, combinedthermal boundary 

conditions is used to avoid the difficulties associatedwith radiation modelling. The convection and 

radiation boundary condition have been combined as: 

 Q h T TOcomb comb 
      (7)

 

wherehcomb is 

)

2 2
h (T T )(T T

o o
       (8) 

A constant combined convection heat transfer coefficient (hcomb =16.5 W/m
2
K at 1200

o 
c) has been 

used to model the cooling condition (Biswas et al. 2009).However, the top surface just under the 

welding arc is assumed to be insulated during the time when the welding heat source is applied upon 
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the surface.As the reinforcement is strike – off part of the weldment so in the FE simulation this part 

is not included in the analysis. When the welding arc is applied to the work-pieces, the whole weld 

line is present and undergoes heating. Thus, application of the mentioned techniques induces errors in 

the simulation, and in this work, the moving heat source reaches to the weld elements, which are 

included in the model throughout the entire simulation time. There is around 2% difference in the 

peak temperature values for the present FE model. 

 

4. Results anddiscussion 

 
 

                             (a)                                                                                              (b) 

 

 

 

 

(c)                                                                                               (d) 
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(e)                    (f) 

                                         Fig 8: Time-Temperature profile for weld simulation 

The weld coupons are subjected to bead-on-plate welding using GTAW with the parameters tabulated 

in Table 4. The time-temperature histories are recorded using the details given in section 2. The 

developed finite element model is used to get the time-temperature histories. The FE mode is 

validated for the two values of heat input. The time-temperature curves for both the heat input values 

at three different locations as per schematic in Fig. 2 (i.e., at 3mm, 8mm, and 10mm distances from 

weld centre line) are given in Fig. 8. It is observed that the prediction of time-temperature values from 

FE is in good agreement with the experimental results. The peak temperature values are recorded for 

each of these eight weld runs (E1-E8). The values for respective weld runs are given in Table 7. 

 

                           Table 7. Zener- Hollomon parameters at different current values 

 

Welding Current 

(amp) 

Peak Temperature 

(
o
C) 

Zener- Hollomon 

Parameter 

90 1665 48.189 

101 1751 47.037 

105 1798 44.28 

110 1845 43.47 

115 1860 42.36 

120 1902 41.52 

130 1967 38.35 

140 2031 35.37 
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The test weld coupons are cut into the specified dimension and polished. The polished specimens 

were taken for the study of microstructure to measure the average grain size in the different zones of 

the specimen. The measured values of the grain size are given in Table 8.  

 

Table 8. Actual and predicted average grain size 

Heat 

Input 

(J/mm/s) 

Actual avg. Grain size (µm) Predicted grain size (µm) 

Weld metal HAZ Base 

metal 

Weld metal HAZ Base metal 

360 4.5 6 5.3 4.620948 5.75062 5.1517 
335.13 4 5.5 4.5 4.71763 5.695653 5.117 
310.8 6 5.5 6 4.9679 5.5607 5.033467 
412.5 5 5.75 6.25 5.047 5.5201 5.0080258 

445.62 6 4.75 3.5 5.16 5.4637 4.9725969 
516.66 4.75 5.75 4.25 5.2492 5.4204 4.94533 

455 4.9 5.5 5.25 5.6184 5.2522 4.83870082 
563.88 6.25 5 4.75 6.0212 5.0862 4.7324559 

 

The measured values of the peak temperature and average grain size from Tables 7 and 8 for eight test 

coupons are used to calculate the parameters for Zener- Hollomon equation and Hall-Petch equation. 

The Zener- Hollomon, equation is given by (Jafarian et. al., 2014). 

 

Q
Z exp

RT

 
   

 
           (9) 

where, Z is the Zener- Hollomon parameter,  (0.8) is the strain-rate, Q is the apparent activation 

energy for the mechanical deformation process (368.5KJ/mol), R is the universal gas constant (8.3145 

J/K mol), T is the peak temperature (K). The Hall-Petch equation is given by (Jafarian et. al., 2014), 

m m

0d ad Z bZ         (10) 

where, do is the initial grain size in µm, „a‟ and „m‟ are the two material constants, commonly ado is 

identified by only one parameter „b‟ in the equation. An in-house code for non-linear fitting of data 

developed on MATLAB is applied to calculate the coefficients for both equations (8) and (9). The 

calculated values of Zener- Hollomon parameter for respective experimental run are given in Table 7 

and the coefficients „b‟ and „m‟ are for Hall-Petch equation using such procedure are; 1.7784 and 

0.2744 (for Base metal), 1.2350 and 0.3969 (for Heat affected zone), 1.2737 and -0.008 (for Weld 

metal). Later, the equations are applied to predict the average grain size. The predicted values of grain 

size for the respective zones are given in Table 8. It is found that the predictions are in good 

confirmation with the experimental observations. 

It is known that the micro-hardness of the material depends on the grain size. Hughes et. al., 1986 

have used the following Hall-Petch equation to predict the micro-hardness of the work pieces, 

Hv =Co+ C1(d)
-0.5

               (11) 
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where, „d‟ is the grain size, 0C and 1C  are the constant which depends on the material. To calculate 

the values of these coefficients the micro-hardness of these test coupons is measured. The recorded 

values of the micro-hardness for all eight weld samples (E1-E8) for base metal, weld metal and heat 

affected zone (HAZ) are given Fig. 9 and tabulated in Table 9. 

     Table 8.Recorded values microhardness 

 

The values of the coefficients in equation 10 are identified using the previously developed in-house 

code for non-linear fitting. The values of grain size are tabulated in Table 8. The calculated values of 

the coefficients Coand C1respectively are; 1.8688 and 0.0431(for Base metal), 1.2964 and 1.9965 (for 

HAZ), 2.1572 and -0.5229 (for Weld metal). Later, the equation is applied to predict the micro-

hardness of the weldments. The predicted values of micro-hardness for the respective zones are given 

in Table 8. It is found that the predictions are in good confirmation with the experimental 

observations. 

Table 9 Measured and predicted micro-hardness values 

Heat Input 

     J/mm/s 

Measured Microhardness (VHN) Predicted Microhardness (VHN) 

Base 

Metal 

Heat Affected 

zone 

Weld 

metal 

Base 

Metal 

Heat Affected 

zone 

Weld 

metal 

360 
185.29 203.2 186.4 188.76 211.15 191.07 

335.13 
185 209.3 189 188.92 214.77 189.58 

310.8 
196 211.1 190.87 188.64 214.77 194.37 

412.5 
185.1 216.3 193.74 188.61 212.9 192.34 

445.62 
192 217.2 185.1 189.19 221.25 194.37 

516.66 
186.7 219.7 196.7 188.97 212.9 191.73 

455 
189.8 221.8 194.8 188.76 214.77 192.1 

563.88 
190.86 222.9 203.8 188.86 218.93 194.81 
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The constant coefficients in above Zener – Hollomon (Z) parameter can be defined as function of the 

material properties, type of process and also process conditions. In this work, they are proposed as 

function of the average grain size. According to eq. (9) higher Z values are obtained at the higher 

strain rate and lower temperature. Besides, the experimental data of hardness and grain size were used 

to determine the Coand C1; 1.8688 and 0.0431(Base metal), 1.2964 and 1.9965 (heat affected zone), 

2.1572 and -0.5229 (Weld metal) were obtained by using the optimization technique using non- linear 

fitting code. 

A confirmatory test was also performed after simulation for grain size and microhardness prediction 

with the above results was conducted. The value of Zener parameter is 32.28 for confirmatory test.For 

this E9 (Q= 525J/mms
-1

) experimental code is used as welding parameter for experiment and 

simulation result listed above in Table 4. 

The following results were tabulated with the data are listed below in Table10-11. 

Table 10. Actual and predicted average grain size 

Heat Input 

J/mm/s 

Measured Microhardness (VHN) Predicted Microhardness (VHN) 

Base Metal Heat Affected 

zone 

Weld metal Base Metal Heat Affected 

zone 

Weld 

metal 

545 5 5.05 5.2 4.6140 4.904137 4.93378 

 

Table 11. Confirmatory Test results. (Microhardness) 
Heat Input 

J/mm/s 

Measured Microhardness (VHN) Predicted Microhardness (VHN) 

Base Metal Heat Affected 

zone 

Weld metal Base Metal Heat 

Affected 

zone 

Weld metal 

545 190.33 224.79 205.76 188.886497 219.79462

6 

192.17879 

 

5. Conclusions 

Mechanical properties of the weldment depend on the micro-hardness of the base metal, HAZ and 

weld metal. Prediction of micro-hardness is an important aspect for deciding the service life of welded 

components under mechanical loading. It is shown that the micro-hardness of the weldment is 

dependent on the grain size which depends on the peak temperature values and subsequentcooling. An 

attempt is made to predict the micro-hardness based on the peak temperature values of the welded 

components. The following conclusions are drawn from this study: 

(1) Finite element study can be effectively used to predict the time-temperature values during gas 

tungsten arc welding. The peak temperature decreases in the non-linear sense from the weld line to the 

free edge in the weld components. There is around 2% difference in the peak temperature values for 

the present FE model. 

(2) The developed grain size in the weld metal and HAZ depends on the number of factors. For 

simplicity of the analysis, it is assumed to depend only on peak temperaturevalues. Finite element 

method is employed to find the peak temperature and resulting grain size is predicted. The predicted 

grain size is in reasonable confirmation to the experimental observations. The R
2
 value for the fit is 

more than 90%.  
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(3) The micro-hardness values in the weldment and HAZ is a critical factor. It is observed that 

the micro-hardness values are more in HAZ in comparison to base metal and weld metal zone. The 

hardness value in HAZ is around 10~12% more than the base metal whereas in the weld metal such 

difference is only 2~3%.  

(4) A method to predict the micro-hardness in the weldment is effectively developed and can be 

employed for such study in gas tungsten arc welded steel components. A confirmatory test was 

conducted to verify the coefficients and were in good agreements with the above results with error 

percentage of  3%. 
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