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Abstract
The pinning effect is useful for restraining austenite grain growth in low alloy steels and 

improving welding heat affected zone (HAZ) toughness in welded joints. We propose a new 
calculation model for predicting austenite grain growth behavior. The influence of grain 
boundary segregation on grain boundary mobility (solute-drag effect) is considered by 
multi-element systems and applied to an austenite grain growth simulation. Furthermore, 
calculation considering the temperature gradient in HAZ was performed. This calculation 
method provides a good analysis of the austenite grain growth behavior. We show the pos-
sibility of quantitatively predicting the effect of alloying elements and welding conditions.

1.	 Introduction
High heat input welding (e.g., submerged arc welding) is used for 

weld structures in the shipbuilding and construction sectors. In high 
heat input welding, the heat affected zone (HAZ) near the fusion line 
is heated to 1 400°C or higher, which increases the size of prior aus-
tenite (γ) grains in the HAZ. This coarsens the fracture unit, which 
decreases the toughness. 1–3) Some researchers have reported tech-
niques that toughen HAZ using the pinning effect by non-metallic 
inclusion and intragranular transformation using oxides, as the nu-
clei of ferrite transformation are used.

For example, oxides such as TiO, 4–6) MnAl2O4,
 7, 8) Ti2O3,

 9) Ti2O3-
TiN-MnS, 10–12) Ti2O3-MnS-BN, 13) and TiN-MnS 14) have been report-
ed as intragranular ferrite nuclei. TiN, 15–18) REM (O, S)-TiN, 19) and 
oxides and sulfide including Mg and Ca 20) have been reported as 
pinning particles. However, the optimum conditions of non-metallic 
inclusions, including their size and distribution that match the thick-
ness, welding heat input, and required characteristics have not been 
clarified. In addition, various factors affect welds in a complicated 
manner, so it is experimentally difficult to extract and study each in-
dividual factor separately. Therefore, proposing a simulation method 
of welding microstructure—a model for predicting γ grain growth 
that is the basis of such simulation—is important.

Many studies have been conducted on the prediction of γ grain 
growth. Burke proposed the crystal grain growth formula (1). 21)

	 R n − R 0
n = kt				    (1)

Where, R is the radius of the grain (m), t is time (s), k is the kinetic 
constant (m2 . s−1), and n-value is selected from 2 to 4 based on the 

rate-limiting steps. In addition, the grain growth is represented by 
the following kinetic formula for grain growth by the Gibbs-Thom-
son effect.

	
dR—dt  = M gb × 

2σV—R 			   	 (2)

Where, M gb is the grain boundary mobility (m . s−1 . J−1 . mol), σ is the 
grain boundary energy (J . m−2), and V is the molar volume 
(m3 . mol−1). This formula represents the mobility and capillary effect 
and it can be replaced with Burke’s formula. The solute-drag effect 
is an effective means of restraining γ grain growth in low-alloy steel. 
The solute-drag effect lowers the grain boundary mobility due to 
segregation of impurities as reported by Lücke and Detert, 22) Cahn, 23) 
Hillert and Sundman, 24) Purdy and Brechet, 25) and other researchers.

These researchers used numerical solution models to analyze the 
solute-drag effect and they mainly studied the effect in binary and 
ternary systems. 26–28) They have not studied how the solute-drag ef-
fect affects γ grain growth behavior. Formulae for predicting the 
pinning effect have been proposed in addition to those for the sol-
ute-drag effect. Zener proposed formula (3) showing the relation-
ship between the diameter of a crystal grain and the radius of the 
particle (r (m)). 29)

	 R = 
4—3  

r—f  	 			   (3)

Where, f is the volume fraction of the pinning particle. Many formu-
las for predicting the pinning effect based on Zener’s formula have 
been reported. 30–35)

However, no researchers have studied how the pinning effect 
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combined with the solute-drag effect affects γ grain growth behav-
ior. In this study, a model for predicting the solute-drag effect in a 
multi-element system has been established and a formula for calcu-
lating γ grain growth considering the pinning effect is proposed. The 
formula was used to simulate γ grain growth in an isothermal proc
ess three-dimensionally. In addition, we have expanded the model to 
one considering the temperature gradient like HAZ on actual joints 
and used the model to simulate γ grain growth in HAZ two-dimen-
sionally.

2.	 Experimental Procedures
Table 1 lists the chemical compositions of the sample steel. A 

vacuum melting furnace in the laboratory was used to make an ingot 
(100 × 180 × 200 mm). It was heated at 1 150°C for two hours and 
then rolled to 20 × 200 × 1 000 mm. The finishing temperature was 
780°C. Water cooling began at 750°C and the cooling was stopped 
at 400°C.

Test pieces (11 × 11 × 60 mm) cut out from the rolled steel were 
tested in a reproduced heat cycle test. They were heated at 100°C/s, 
held at 1 200°C and 1 400°C for 1 to 30 seconds, and rapidly cooled 
with He gas. In addition, a groove was provided on the rolled steel 
plates and they were submerged arc welded at the heat input of 5.0 
kJ/mm. After both tests, they were observed using an optical micro-
scope to measure the size of prior γ grains.

3.	 Proposed Austenite Grain Growth Model 36)

3.1	Formula for γ grain growth considering the solute-drag effect
Figure 1 illustrates the movement of γ grain boundaries for pure 

iron (a) and when solute atoms are included (b). 37) In this model, the 
liquid phase is a γ grain boundary phase and the numbers of atoms 
existing at the γ grain boundaries are supposed to be fixed. In Fig. 
1 (a), when an iron atom enters the γ grain boundary, another iron 
atom existing at the γ grain boundary needs to move to the inside of 
the grain to keep the number of atoms at the boundary constant. The 
γ grain boundary moves as a result of such movement of iron atoms. 
This behavior can be expressed with formula (4).

	 υFe = IFe 
. δ				    (4)

Where, υFe is the moving velocity of the iron atoms (m . s−1), IFe is the 
transition frequency (s−1), and δ is the width of the grain boundary 
(m). In Fig. 1 (b), because solute atoms (i) exist, the concentration at 
the grain boundary is higher than that in the γ grain. This difference 
in the concentration decreases the γ grain boundary mobility. In a 
stationary state, the flux at which solute atoms (i) enter the γ grain 
boundary per unit time is equal to that of welding atoms (i) at the γ 
grain boundary, so formula (5) holds good.

	
Xi × (δ / τi)—V  = 

xi × υFe—V  	
		  (5)

Where, Xi is the atomic fraction of the atoms (i) at the γ grain bound-
ary, τi is the time (s) during which the solute atoms (i) stay at the γ 
grain boundary, and xi is the fraction of the solute atoms (i). Based 
on formula (5), the transition frequency (Ii) of the solute atoms (i) 
can be expressed with formula (6).

	 Ii = 
1—τi  = 

xi—Xi  × 
υFe—δ  = 

xi—Xi  × IFe		  (6)

From formula (6), the moving velocity of the solute atoms (i) (υi) 
can be expressed with formula (7).

	 υi = Ii . δ = 
xi—Xi  × IFe . δ 			   (7)

The force for developing crystal grains is the total of iron atoms 
and solute atoms (i) as shown with formula (8).

      ΔG = 
2σV—R  = 

XFe—XFe+ Xi  
× 

υ—M gb  + 
Xi—XFe+ Xi  

× 
υ—M gb   	 (8)

Where, XFe is the fraction of Fe atoms at the γ grain boundary, M gb is 
the pure iron’s γ grain boundary mobility (m . s−1 . J−1 . mol), and M gb 
is the γ grain boundary mobility when the γ grain boundary is cov-
ered with solute atoms (i) in the Fe-i binary system (m . s−1 . J−1 . mol). 
The total of the atomic fractions at the γ grain boundary is one, so 
formula (8) can be replaced with formula (9).

    
2σV—R  = 

υ—M gb  × (1 − Xi ) + 
υ—M gb  × Xi = ( 1 − Xi—M gb  + 

Xi—M gb  ) υ 
						        (9)
Therefore, formula (10) can be obtained.

	
dR—dt  = υ = 

1—
 +  × 

2σV—R  		  (10)

M gb has a proportional relation with the transition frequency of pure 
iron and solute atoms (i), so formula (11) holds.

	 M gb = 
xi—Xi  × M gb 				    (11)

From formulae (10) and (11), the speed of crystal grain growth 
in a binary system can be expressed with formula (12).

	
dR—dt  = 

1—
(1 − Xi ) +   

M gb × 
2σV—R  	 	 (12)

When formula (12) is expanded to a multi-element system, the 
influence of each solute atom can be added as shown in formula 
(13).
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Fig. 1   Schematics of grain boundary movement 37)

(a) In pure iron and (b) Non-metallic including solute i

Table 1   Chemical compositions of the steels (mass%)

Heat C Si Mn P S Ti Nb Al N O
Steel A 0.05 0.14 1.60 0.01 0.002 — 0.006 0.02 0.0044 0.002
Steel B 0.05 0.14 1.60 0.01 0.002 0.012 0.006 0.02 0.0038 0.002
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dR—dt  = 

1—
(1 − ∑  Xi ) + ∑  

  
M gb × 

2σV—R  	 (13)

Crystal grains grow and contract and adjacent crystal grains are 
linked at grain boundaries, so they are rather difficult to move com-
pared to a single grain boundary. Therefore, by analyzing stable 
growth of the polycrystalline structure, formula (13) can be ex-
pressed as formula (14). 38)

	
dR—dt  = 

1—4  
1—

(1 − ∑  Xi ) + ∑  
  
M gb × 

2σV—R  	 (14)

3.2	Procedures for calculating the atomic fraction of atoms at γ 
grain boundaries
The fraction of the atoms (i) at the γ grain boundary needs to be 

calculated from formula (14). Figure 2 illustrates mol free energy 
curves. μ gb is the chemical potential of the pure iron at the γ grain 
boundary, μ gb is the chemical potential of the solute atoms (i) at the 
γ grain boundary, μ γ is the chemical potential of the pure iron in the 
γ phase, μ γ is the chemical potential of the solute atoms (i) in the γ 
phase, G gb is the mol free energy at the grain boundary, G γ is the 
mol free energy in the γ phase, and xi

γ is the fraction of the solute at-
oms (i) in the γ phase. In this model, the γ grain boundary is sup-
posed to be a liquid phase and Hillert’s law for parallel tangent lines 
was used. 39) Therefore, the fraction of the atoms (i) at the γ grain 

boundary can be estimated from the grain boundary energy curve 
and the intersection point of the parallel tangent lines. Thermo-Calc 
was used for this calculation. The database was TCFE6. In addition, 
C, Si, Mn, P, S, and Nb were used as segregation elements for the 
calculation.
3.3	Calculation of γ grain growth using a phase-field model

A phase-field model 40–42) was used for two-dimensional calcula-
tion of γ grain growth simulating HAZ on actual joints. The phase-
field equation is shown below. 42)

∂φi—∂t  = M gb ∑ 
1—v  { ∑  [ (σjk− σik) ( π

 2
—δ 2  φk+ 

∆ 2φk ) ] + 2π—δ   √φi φj ΔGij } 	(15)

Where, φ(i, j, k) is a phase-field variable, ν is 1 to 3 depending on the 
bulk and interface. σjk is the surface energy between crystal grains j 
and k, σik is the interfacial energy between crystal grains i and k, δ is 
the width of the interface, and ΔGij is the force for developing crys-
tal grains between i and j. In the phase-field model, each crystal 
grain is identified using a number and a phase-field variable is giv-
en. The growth of the crystal grains is calculated by solving the si-
multaneous equations.

In this calculation, MICRESS®, a software for phase-field mod-
els, was used. 43) In MICRESS®, there is no need for input of a value 
to the grain boundary mobility. Therefore, formula (14) was used to 
calculate the γ grain boundary mobility in consideration of the sol-
ute-drag effect and the calculated value that was entered. As the σ 
value, the pure iron’s grain boundary energy of 0.8 (J . mol−1) was 
used. In MICRESS®, a pinning effect can also be taken into account, 
so it was entered as the pinning force (κ) shown in formula (16).

	 κ = 
ΔGpin—2σV  			   	 (16)

Where, ΔGpin is the pinning energy (J . mol−1). In this model, it was 
replaced as shown with formula (17) and calculated. 29, 30)

	 ΔGpin = 
3—4  

σVf  2 3
—r  			   	 (17)

Therefore, formula (16) will be formula (18). This formula was 
used for the calculation.

	 κ = 
3 f  2 3
—8r  			   	 (18)

4.	 Simulation Results of γ Grain Growth
4.1	Study results of γ grain growth behavior in an isothermal 

process
Figure 3 shows the grain growth simulation results in an iso-
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Fig. 2   Schematic diagram of free energy curves

Fig. 3   Result of austenite grain growth simulation in an isothermal process
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thermal process. Experimental results have been plotted in the 
graphs. Figure 3 (a) shows that for Steel A, when the solute-drag ef-
fect is not taken into account (1), there is no factor that restrains γ 
grain growth, so the calculated values are larger than the experimen-
tal values. On the other hand, when the solute-drag effect is taken 
into account (2), the calculated values almost match the experimen-
tal values. In addition, for Steel B, when the pinning effect is taken 
into account (3), the calculated values almost match the experimen-
tal values. TiN has been finely dispersed in Steel B and the volume 
fraction was calculated using Thermo-Calc. For the radius of TiN 
particles, 50 μm that was most often seen in the steel was substituted 
for calculation. As a result of the calculation at 1 400°C of Fig. 3 (b), 
regarding Steel A, when the solute-drag effect is taken into account 
as well (1), the calculated values almost match the experimental val-
ues. These results show that it is important to consider the solute-
drag effect for the γ grain boundary mobility to simulate actual γ 
grain growth behavior accurately.

On the other hand, regarding Steel B, when this model was used 
for calculation (2), the pinning effect worked too well and the calcu-
lated values were far from the experimental values. This is because 
TiN dissolved at approximately 1 350°C, so the pinning effect de-
creased as time passed. Therefore, the dissolution formula 44) shown 
as formula (19) was taken into account for calculation.

	 r 2 − r0
2 = − 2 (

 

CTi (N) − CTi (N)—
CTi (N) − CTi (N)  

)  DTi (N) . t 		  (19)

Where, r0 is the radius of the early TiN (θ) particles (m), CTi (N) is the 
Ti (N) concentration at the interface between the γ/θ phases, is the 
bulk Ti (N) concentration in the γ phase, CTi (N) is the Ti (N) concen-
tration in the θ phase, and DTi (N) is the volume diffusion coefficient 
of Ti (N) (m2 . s−1). The formulae below were used for DTi (N).

	 D γ
Ti = 1.5 × 10−5 exp ( −  251000—RT  ) 		  (20)

	 D γ
N = 3.6 × 10−5 exp ( −  157000—RT  ) 		  (21)

In this calculation, local equilibrium at the interface was taken 
into account. In the calculation, it was assumed that the γ/θ interface 
of Ti was the same as that of N. Therefore, formula (22) holds good.

	 2 (
 

C γ θ − C 0

—
C θ − C γ θ

 
)  DTi . t = 2 (

 

C γ θ − C 0

—
C θ − C γ θ

 
)  DN . t 	 (22)

This formula and solubility product of TiN were used to calculate 
CTi (N) and it was put into formula (19) to calculate the solubility. 
When dissolution is taken into account, the calculated values almost 
match the experimental values as shown as (3) in Fig. 3 (b).

The results above indicate that considering the solute-drag ef-
fect, pinning effect, and dissolution of non-metallic inclusion can 
make the simulation of γ grain growth behavior more accurate.
4.2	Simulation of γ grain growth in HAZ on welded joints

γ growth was calculated two-dimensionally simulating HAZ in 
consideration of a temperature gradient. Figure 4 shows the calcula-
tion conditions in MICRESS®. The calculation range was 500 × 500 
μm. The grid size was Δx = Δy = 1 μm. The width of the interface was 
6 μm. The initial γ grain size was 35 μm. In addition, the heat input 
of 5.0 kJ/mm was simulated. The fusion line section was set to 
1 400°C and the section 500 μm from the fusion line was set to 
1 200°C. Formula (14) was used to calculate the grain boundary mo-
bility at each temperature. Figure 5 shows the calculation results. 
As the temperature is lower, the grain boundary mobility is lower so 
the solute-drag effect may be effective. Regarding the pinning ef-

fect, the volume fraction was calculated using Thermo-Calc. The ra-
dius of TiN particles was calculated by substituting a value based on 
the reproduced heat cycle test results.

Figure 6 shows simulation results of γ grain growth in HAZ 
near the fusion lines. The figure shows that when only the solute-
drag effect is taken into account (a), the size of the prior γ grains 
near the fusion line is the largest and it becomes smaller as the 
grains are farther away from the fusion line. However, since the pin-
ning effect is not taken into account, the grains are generally coarser 
than those of the prior γ grain distribution at the actual weld (c). 
Meanwhile, when the solute-drag effect and pinning effects are tak-
en into account (b), although the size of the prior γ grains near the 
fusion line is the largest and it becomes smaller as grains are further 
away from the fusion line as is the case when only the solute-drag 
effect is taken into account (a), the size of the prior γ grains is gener-
ally small due to the pinning effect. These simulation results almost 
match the prior γ grain distribution on the actual weld (c).

This calculation was two dimensional. The prior γ grain size dis-
tribution in the HAZ on actual joints can be reproduced at this level 
of the heat input. However, in simulation on the higher heat input 
side, the calculated values deviate from the experimental values. 
Some researchers have reported that there are differences between 
two-dimensional and three-dimensional calculation. 45) Since this 
calculation was two-dimensional, the calculated values may differ. 
Expanding this phase-field model to three-dimensional calculation 
is our future task.

5.	 Conclusion
We proposed a new simulation model for predicting γ grain 

growth behavior. In this calculation model, the solute-drag effect in 
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Fig. 4   Schematic of γ grain growth calculation condition in MICRESS®

Fig. 5   Temperature dependency of γ grain boundary mobility
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a multi-element system was considered for γ grain boundary mobili-
ty and dissolution of non-metallic inclusion was considered for the 
pinning effect. In addition, a phase-field model was used for the 
simulation to visualize γ grain growth behavior. This model was 
used to simulate γ grain growth in an isothermal process and its ap-
propriateness was checked. Furthermore, the model was expanded 
to one for which a temperature gradient was considered assuming 
HAZ on actual welds. As a result, the prior γ grain distribution in 
HAZ obtained by an experiment was accurately reproduced by γ 
grain growth simulation. These results show that the influence of al-
loying elements and welding conditions could be quantitatively pre-
dicted.
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Fig. 6   Result of γ grain growth simulation at HAZ (5.0 kJ/mm)
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