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Microstructure of the weld seam and the HAZ has an essential impact on different mechanical properties of welded 
joint. This article presents a methodology for prediction of Vickers hardness in HAZ of welded plates. In order to achieve 
this goal we have used 3D model of heat transfer during welding, coupled with Kirkaldy’s model of austenite decomposition. 
This coupling have made possible prediction of the volume fractions of ferrite, pearlite and bainite and also prediction of 
Vickers hardness distribution. Results of simulation run were found to be in reasonable good accordance with experimental 
ones. 
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1. INTRODUCTION 
Simulation models of welding processes give us an 

insight into the influence of welding parameters on temper-
ature field in welded parts and by means of temperature 
fields and the influence to geometry and microstructure of 
welded joints. Microstructure of welded seam and HAZ has 
critical impact on mechanical properties of welded joint. 
Since the first analytical models of Rosenthal [1] and Ryka-
lin [2], complexity of simulation models has grown rapidly 
[3,4]. But this complexity makes these models unreachable 
in realistic conditions due to the long time to run the simu-
lation. 

Despite good weldability of P355GH steel, it is very 
important to predict microstructural changes during its 
welding having in mind that this type of steel is widely used 
for elevated temperature purposes. Hardness of HAZ which 
mainly depends on martensite content, has great influence 
on cracking resistance [5]. Bearing in mind the need to re-
duce the simulation time, in this article we have coupled an 
analytical, three‐dimensional, quasi‐stationary model of 
heat transfer during GMA welding [6] with Kirkaldy’s 
model [7] of austenite decomposition during cooling stage 
of welding process. Coupling of these models made us pos-
sible to estimate the value of Vickers hardness in the cross 
section of the welded joint. 

2. MODEL OF HEAT TRANSFER 
Welding heat source acts in a narrow localized area 

where a molten pool is formed. Regardless of difficulties, 
modeling the heat transfer during welding gives us infor-
mations about the influence of different process parameters 
on the heat transfer process itself and also nformations 
about the influence to the output results that include seam 
geometry, welded microstructure, deformation, etc. 

Quasy-stationary partial differential equation which 
describes 3-D heat conduction during welding [6] in mov-
ing coordinate sistem, fig. 1 is given by (1): 
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Figure 1:Moving coordinate system 

Proportion of the liquid phase can be represented by 
(2): 
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As a heat source model, we have used Goldak's dou-

ble elliptic model [8]. The feature of this model is that the 
front half of the model is a part of an ellipsoidal source, 
while the last half is a part of the second ellipsoidal source. 
Within the front half of the model, heat density distribution 
is carried out by (3): 
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The heat density distribution within the last half of 
the heat source model is described by (4): 
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It is necessary that the following condition be ful-
filled (5): 
 2+ =f bf f  (5) 

On the basis of (1) it may be seen that the calculation 
of temperatures in welded plates requires knowledge of the 
values of selected thermo-physical parameters: density, 
specific heat capacity and thermal conductivity. It is possi-
ble to adopt that the values of these parameters are constant, 
but in real terms this is not the case. In order to calculate 
temperature distribution in welded plates more accurately, 
it is necessary to use values of the given parameters as a 
function of temperature. 

3. THERMOPHYSICAL PROPERTIES 
In the experimental part of this article we have used 

P355GH steel with chemical composition shown in Table 1 
as a base material and OK Autrod 12.50 wire with chemical 
composition shown in Table 2 as a filler material. Since it 
was not possible to found literature data about the density, 
specific heat capacity and thermal conductivity as a func-
tion of temperature temperature, we have used methodology 
presented in [6,9]. 

Table 1. Chemical composition of base material  
C 
% 

Si 
% 

Mn 
% 

Nb 
% 

P 
% 

S 
% 

0.20 0.19 1.45 0.014 0.016 0.062 

Table 2. Chemical composition of filler material  
C 
% 

Si 
% 

Mn 
% 

P 
% 

S 
% 

0.08 0.58 1.06 0.009 0.01 
 
Results of density modeling using mentioned meth-

odology can be seen on fig. 2. 

Figure 2: Density of base and filler material vs.tempera-
ture 

Thermal conductivity and effective heat capacity for base 
and filler material as a functions of temperature are shown 
in fig 3 and fig. 4. 

Figure 3: Thermal conductivity of base and filler material 
vs.temperature 

Figure 4: Effective heat capacity of base and filler mate-
rial vs.temperature 

4. MICROSTRUCTURAL MODEL 

The microstructure of the welded joint, that is, mi-
crostructure of the weld seam and the HAZ, has a crucial 
effect on the mechanical properties of the welded joint. De-
scription of steel microstucture in practice is most com-
monly made using austenite isothermal transformation dia-
grams and the continuous cooling diagrams in welding. For 
specific steel, these diagrams are obtained by experimental 
testing. However, in the absence of experimental diagrams 
for the steel of a particular chemical composition, models 
which desribe austenitic isotermal transformation process 
can be used. Based on the research [10,11], Kirkaldy [7] 
proposed a series of equations which describe kinetics of 
austenitic isothermal transformation. 

For the reaction of the austenite transformation into 
ferrite under isothermal conditions, the time required for the 
particular amount XF of ferrite to be formed can be de-
scribed as (6): 
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Simillary, for the reaction of the austenite trasformation into 
pearlite, Kirkaldy proposed (7): 
 

 2(1 ) 2
0 3 3(1 )

P P

X
P

P P X X

P P

dXR
X X

τ −=
−

∫  (7) 

 
And for the reaction of the austenite trasformation into bain-
ite (8): 
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Coefficients RF, RP, RB are described by (9-11): 
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While coefficients Z and DP can be calculated as (12-13): 
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Or if following condition (14) is satisfied then value of the 
coefficient Z is equal to 1. 
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Based on Kirkaldy's model, we have calculated TTT 

diagrams for the base material, fig. 5, as well as for filler 
material, fig. 6, using MATLAB. 

Figure 5: TTT diagram for base material 

Figure 6: TTT diagram for filler material 

5. HARDNESS 

Hardness at any point in HAZ depends on the frac-
tion ammount of individual phases: ferrite, XF, pearlite, XP, 
bainite, XB and martensite, XM. If we know fraction am-
mount of each of these phases at a certain point, the hard-
ness can be computed [12] using the equation (15): 

 
 = ⋅ + ⋅ + ⋅ + ⋅F F P P B B M MHV HV X HV X HV X HV X  (15) 

Hardness of the individual phases depends on the 
chemical composition of the steel and on the cooling rate at 
700 ° C [13]. Hardness of ferrite and pearlite can be calcu-
lated as (16): 
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For the bainite and martensite hardness is calculated 
based on (17-18): 
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Cooling rate at 700°C is described by (19): 
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During the time, grain size increases while the level 
of increase depends on temperature, activation energy and 
time [12,14] and can be descibed by (20): 

 
2
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Q
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Direct application of Kirkaldy’s model in case of 
welding is not possible because the welding processes take 
place with variable heating and cooling rates. According to 
Scheil's additivity rule [15], fig 7, during continous cooling, 
austenite decomposition starts when the following condi-
tion is fulfilled (21): 
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Figure 7: Scheil's additivity rule 

6. SIMULATION 

The simulation was conducted with following weld-
ing parameters: welding current I = 221.1 A, arc voltage U 
= 21.9 V, welding speed vw = 0.008 m/s, temperature of 
plate Tp = 22°C, and atmosphere temperature, Ta = 20.5 °C. 

Results of simulation are shown of figs.8 - 12. 

Figure 8: Simulation of ferrite volume fraction 

Figure 9: Simulation of pearlite volume fraction 

Figure 10: Simulation of bainite volume fraction 

Figure 11: Simulation of martensite volume fraction 

Figure 12: Simulation of Vicker’s hardness in weld cross 
section  

 
7. EXPERIMENT 

Dimensions of the P355GH welded steel sample 
were 300 x 150 x 5 mm, fig 13. Filler material used was OK 
Autrod 12.50 wire, with 1.0 mm diameter. As a shielding 
gas, we have used Arcal 5 (82%Ar + 18%CO2). Values of 
welding parameters were the same as in case of simulation. 
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Figure 13: Welded sample 
Fig. 14 shows comparision between simulated and 

experimental weld bead geometry while values of absolute 
and relative geometry of weld bead width – B, weld pene-
tration – H, weld shape penetration factor – ψ  are shown in 
table 3. 

Figure 14: Comparison of simulated and experimental 
weld bead geometry 

Table 3. Absolute and relative error of simulated weld 
bead geometry 

 
Measurements of hardness were performed using 

Vickers method. Due to the small dimensions of the welded 
joint, the measurements were performed using a load of 
9.81N. Hardness was measured in a series of points at a dis-
tance of 2 mm from the upper surface of the samples. The 
distance between the measuring points was 0.5 mm, fig 8. 
 

 
Figure 15: Location of indentations 

 
We have made comparison of  simulated and exper-

imental values of hardness at identations which is shown at 
fig.16. 

Figure 16: Comparison of simulated and experimental 
hardness at indentation points 

Relative error of hardness simulation at identations 
is shown on fig. 17. 

Figure 17: Relative error of simulation 
 

8. SUMMARY AND CONCLUSIONS 
In order to simulate hardness distribution at HAZ we 

have combined three dimensional model of heat transfer 
during welding with Kirkaldy's model of austenite decom-
position. Results obtained by simulation are compared with 
experimental ones.  In case of weld bead geometry results 
of simulation were in very good agreement with experi-
mental results. Something larger deviations that occurred in 
case of hardness can be explained as a result of direct appli-
cation of the metallurgical model without calibration. The 
calibration of the model could not be performed due to the 
lack of an experimentally obtained isothermal transfor-
mation diagram for the P355GH steel which could be used 
to adjust the parameters of the microstructural model. Pre-
sented method represents a good starting position for simu-
lation of microstructure volume fractions and hardness in 
HAZ. 
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Parameter Unit of 
measurement 

Absolute  
error 

Relative  
error [%] 

B mm 0.83 11.4% 
H mm 0.09 4.1% 

ψ = Β/Η  0.47 14.9% 
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NOMENCLATURE 

Ae1 – lower equilibrium austenite formation temperature, [°C] 

Ae3 – upper equilibrium austenite formation temperature, [°C] 

ahf – semiaxis of front half-ellipse in x - direction, [m] 

ahb – semiaxis of rear half-ellipse in x - direction, [m] 

Bs – bainite start temperature, [°C] 

bh – semiaxis of front half-ellipse in y - direction, [m] 

cp – specific heat, [J·kg-1·K-1] 

ch – semiaxis of front and rear half-ellipse in z - direction, [m] 

fb – bainite volume fraction 

fp – pearlite volume fraction 

fm – martensite volume fraction 

fα – ferrite volume fraction 

g – grain size, [m] 

H – depth of penetration, [m] 

HV – Vicker’s hardness 

HVB – Vicker’s hardness of bainite 

HVFP – Vicker’s hardness of ferite and pearlite 

HVM – Vicker’s hardness of martensite 

I – welding current, [A] 

k – grain growth constant, [mm2/min] 

L – latent heat, [Jkg-1] 

Ms – martensite start temperature, [°C] 

qlf – power density in front quadrant, [Wm-3] 

qlb – power density in rear quadrant, [Wm-3] 

R – universal gas constant, [J·mol-1·K-1] 

Т – temperature, [°C] 

Тa – ambience temperature, [°C] 

Tliq – liquidus temperature, [°C] 

Tsol – lolidus temperature, [°C] 

U – arc voltage, [V] 

Vr – cooling speed at 700°C, [°C·s-1] 

vz – welding speed, [m·s-1] 

XF – normalized volume fraction of ferrite, [%] 

XP – normalized volume fraction of pearlite, [%] 

XB – normalized volume fraction of bainite, [%] 

∆t8/5 – cooling time from 800 – 500°C 

λ – thermal conductivity, W·m-1·K-1 

τ – time, [s] 

τB – time to isotherm. transf. of austenite fraction to bainite, [s] 

τF – time to isotherm. transf. of austenite fraction to ferrite, [s] 

τP – time to isotherm. transf. of austenite fraction to pearlite, [s] 

ψ – weld bead width to depth ratio 
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