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ABSTRACT 19980327 025 
The difision-controlled ferrite-austenite transformation in stainless steel welds was 

modeled. An implicit finite-difference analysis that considers multi-component difbsion was 

used. The model was applied to the Fe-Cr-Ni system to investigate the ferrite-austenite 

transformation in the heat-affected zone of stainless steel weld metal. The transformation was 

followed as a function of time as the heat-affected zone was subjected to thermal cycles 

comparable to those experienced during gas-tungsten arc welding. The results showed that the 
\ 

transformation behavior and the final microstructural state are very sensitive to the maximum 

temperature that is experienced by the heat-affected zone. For high maximum exposure 

temperatures (-1300°C), the ferrite formation that occurs at the highest temperatures is not 

completely offset by the reverse ferrite dissolution at lower temperatures. As a result, for high 

temperature exposures there is a net increase in the amount of ferrite in the microstructure. It was 

also found that if compositional gradients are present in the initial ferrite and austenite phases, the 

extent of the transformation is 
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INTRODUCTION 

Austenitic stainless steel alloys that are used in welding applications are typically designed 

to promote primary fer$e phase solidification in order to minimize hot cracking behavior.’* 

However, as the temperature is decreased, the ferrite phase field decreases in size and the 

austenite phase field becomes larger, leading to the transformation of ferrite to austenite. This is 

illustrated in Fig. 1, a vertical section of the Fe-Cr-Ni ternary phase diagram calculated with the 

ThermoCalcm software program.’ For typical weld compositions that contain approximately 20 

wt % chromium’Fig. 1 shows that the equilibrium ferrite fraction decreases with decreasing 
I 

temperature. Thea transformation of ferrite to austenite normally proceeds by a diffision- 

controlled mechanism. 
i = 

Although alloy compositions for austenitic stainless steel welds may yield hlly austenitic 

microstructures in the homogenized condition, during cooling of the weld hsion zone, the ferrite 

to austenite transformation is usually incomplete, resulting in residual levels of 5 to 15 % ferrite in 

the weld microstructure. In addition, when welding homogenized, hlly austenitic base materials, 

some residual ferrite may be found in the heat-affected zone (HAZ) that was 100% austenite prior 

to welding. This is a resuit of the formation of ferrite during the heating cycle and the incomplete 
4 

reversion of this ferrite during subsequent cooling. Both of these forms of residual ferrite are 

shown in Fig. 2, which is a typical microstructure near the fusion zone/HAZ interface in a type 

304 stainless steel weld. It can be seen that in the weld metal (right side of the diagram), 

significant residual levels (5 to 15 %) of ferrite (dark phase) exist. The base material (left side) is 

hlly austenitic except in the immediate vicinity of the fusion line where evidence of ferrite 

formation can be found (arrow). 
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It is highly desirable to be able to model the transformation kinetics of the ferrite - 
austenite reaction. Understanding the rate and extent of this transformation under welding 

conditions provides v&able information on the amount of residual ferrite in the weld metal. 

Furthermore, the microstructure in the base material at the fusion line may play an important role 

in the nature of the phase that solidifies.s- Experimental determination of the extent of this 

transformation at the fbsion line is extremely difficult, if at all possible. This is because the high- 

temperature microstructure cannot be preserved for observation at ambient temperature. 

However, modefing provides a means for evaluating the transformation at this location in the weld 
I 

and thereby allows for a better understanding of the microstructural development and the nature 

of solidification. Under most welding conditions, the ferrite-austenite transformation proceeds by 

a diffusion-controlled mechanism. However, it is inadequate to model this diffusion 
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transformation by considering only a two-component system. Commercial stainless steel alloys 

are multi-component systems with significant amounts of chromium and nickel and it has been 

shown that multi-component diffusion can lead to unexpected results.’* 8 , 9  In the present paper, 

the ferrite-austenite transformation behavior as a hnction of heating and cooling was modeled by 

evaluating the multi-component diffusion in a model ternary (Fe-Cr-Ni) system. Thermal 
h 

measurements in weldments were made to provide realistic thermal history profiles for the 

difision calculations. The results provide insight as to the relative transformation rates during 

heating and cooling and indicate what final products may be expected in the weld HA2 

microstructure. 



MODELING DETAILS 

The software that was used to follow the growth and dissolution kinetics of ferrite in an 

austenite matrix was azimplicit finite-difference program. Briefly, one dimensional diffision was 

considered for the ternary Fe-Cr-Ni system. The transformation kinetics in the first pass of 

multiple pass gas-tungsten arc welds were modeled. This first pass acts as an HAZ for later 

passes. Nucleation of ferrite or austenite was not considered since both phases are present in the 

first pass weld metal. The initial diffision cell contained both femte and austenite. A schematic 

diagram showingthe diffision cell and the types of composition profiles that were calculated is 
I 

shown in Fig. 3 ., Equilibrium at the interface between the ferrite and austenite was assumed and 

this boundary condition was the primary driving force for the diffision transformation. The net 
i 

flux of chromium and nickel across the ferrite-austenite interface determined the rate of the 

interface movement, and whether the ferrite phase grew or dissolved. The equilibrium between 

ferrite and austenite as a fbnction of composition and temperature, including the tie-line 

compositions, was described by a best-fit analytical fbnction,’ based on calculations using the 

ThermoCalcTM software.‘ Further assumptions included composition independent diffision 

coefficients, negligible cross-coefficient diffusion parameters, and equal densities for the ferrite 

and austenite phases. A complete description of the diffision analysis and the software can be 
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found elsewhere.” lo 

The size of the initial diffision cell and the relative amounts of ferrite and austenite were 

based on measurements made on gas-tungsten arc stainless steel welds.” In the present study, the 

overall cell size was 2.8 pm and the ferrite size was 0.3 pm, corresponding to an initial ferrite 

content of 10.7%. The initial compositions of the two phases were also based on experimental 
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measurements of weldments. I’  In the present work, both uniform phase compositions and non- 

uniform (linearly varying) compositions were considered. However, in both cases, the average 

initial ferrite and austeute compositions were kept constant at Fe-28.9Cr-4.9Ni and 

Fe-21.2Cr-9.6Ni (wt %), respectively. 

In order to use realistic thermal histories in the simulation, experimental measurements 

were made in the HAZ of multi-pass gas-tungsten arc welds on type 308 stainless steel.” A 

“root” pass was made and thermocouples were inserted in this root pass weld metal as close as 

experimentally fiasible to the hsion line of the subsequent (“first”) pass. Unfortunately, arc 
I 

interference with :he thermocouple signal during the first pass resulted in an incomplete thermal 

profile. The recorded thermal profiles for passes one through three are shown in Fig. 4. Only 
i - 

data above 700” C were considered since the transformation kinetics below this temperature are 

negligible.’. ‘O The solid line represents the experimentally measured thermal profile and the 

dotted line in pass one represents the range over which an incomplete signal was recorded. Three 

different thermal histories for pass one were considered to account for the missing experimental 

thermal measurements. The first case was a smooth interpolation between the recorded 

measurements, as shown by the dotted line in Fig. 4. The second case considered a straight line 

extrapolation of the initial heating curve to 1300°C followed by a smooth cooling profile that 

overlapped the experimental measurements during cooling. The final case considered a slightly 

steeper linear heating to 1300°C followed by a short (0.67 s) hold at 1300°C and then cooled as 

in case two. The same, experimentally-measured profiles for passes two and three were used for 
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all three simulations. The entire thermal histories used for the modeling, for the three cases 

considered, are shown in Fig. 4. 
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RESULTS AND DISCUSSION 

The ferrite-austenite transformation in stainless steels has been modeled in several recent 

StudieS.8-10. 12 13 The ewluation of multi-component difision in these studies introduces 

additional considerations that may often lead to interesting and unexpected behavior. For 

example, during isothermal homogenization of stainless steels, which eventually leads to ferrite 

dissolution, the ferrite phase may grow initially before dissolving.*. Predictions of such 

unexpected behavior have been confirmed by experimental observations.' Earlier work has also 
f 

examined the induence of thermal cycling on the transformation beha~i0r. l~ In this latter work, 

artificial heatinr-pd cooling cycles were considered and it was found that the nature of the 

transformation at any given temperature (ferrite growth or dissolution) cannot be determined by 

examining only the deviation of the system from equilibrium. For example, the gradients and 

resultant fluxes that are developed during the transformation may lead to ferrite dissolution during 

stages of the cycling even though equilibrium would indicate that ferrite growth should take place. 

Earlier work has also considered the influence that initial gradients have on the transformation 

kinetics.12 It was shown that, under some conditions, the presence of initial gradients may alter 

the transformation kinetics even though the same final state is eventually reached. 

The calculations in this study considered the effect of realistic weld thermal cycles on the 

ferrite-austenite transformation. The results for initially homogeneous ferrite and austenite 

compositions are shown in Fig. 5. The ferrite size is plotted as a hnction of time for the three 

different thermal histories shown in Fig. 4. The initial ferrite size was 0.3 pm (10.7 % ferrite) in 

all three cases. It is clear that the maximum temperature in the thermal cycle is the most 

important variable in determining the final amount of ferrite. When the maximum temperature is 
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1300"C, significant ferrite growth takes place during heating and much of this ferrite does not 

dissolve during subsequent cooling. In fact, the final ferrite size is approximately double the 

starting amount. For exposures with a maximum temperature of only 1 100°C, little change in 

ferrite content is predicted for the exposure times corresponding to welding conditions. 

If the initial ferrite or austenite phases are not homogeneous, the kinetics are altered 

somewhat. Results for calculations with initial gradients comparable to those found in as-welded 

material are shown in Fig. 6. The influence of non-uniform initial compositions is greatest in the 

case when the e$osure temperature is highest, The calculations predict the size of the residual 
r 

ferrite increases from 0.64 pm to 0.79 pm when the as-welded inhomogeneity is considered and 

the material is exposed to a maximum temperature of 1300°C (case 3). These results correspond 
i 

to an increase in residual ferrite content from 23 to 28 %. 

The results provide valuable insight into the transformation kinetics in the HAZ of 

weldments. Clearly the kinetics are sufficiently fast so that in spite of the rapid heating and 

cooling during welding significant changes in the microstructure are predicted. Furthermore, the 

calculations show that the simple assumption that the transformation behavior during heating is 

offset by the transformation reactions during cooling is inappropriate under conditions where the 

maximum thermal excursion temperature is high (1300°C in the present calculations). The results 
4 

also show that the extent of any transformation during heatingkooling is very sensitive to the 

maximum temperature (T,,,=) in the thermal cycle. Thus, very little change in ferrite level is 

predicted if T,, is on the order of 1 1OO"C, but major changes take place if T, is -1300°C. In 

practical terms, this means that a very steep gradient in microstructure can be expected in the 

HAZ since the maximum exposure temperature in the HAZ varies very rapidly with distance fiom 
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the hsion line. Also, since the ferrite levels vary significantly over a very short distance, the 

results imply that traditional means for evaluating the ferrite level in welds do not provide a clear 

indication of the true f k t e  content in the HAZ. Magnetic measurement techniques used to 

measure ferrite numbers determine the ferrite number over a volume that is considerably greater 

than the scale of the microstructural gradients and therefore such measurements will only provide 

average information without identi@ing maximum (or minimum) levels. 

These results are in agreement with experimental results. Fig. 2 shows the HAZ in the 
I 

immediate viciniG of the fusion line of a stainless steel weld. Although the base material was hlly 

austenitic in the,@teriaI shown in Fig. 2, unlike the case that was considered in this study, the 

microstructure clearly shows residual ferrite within 20 pm of the fision line and no sign of ferrite 

outside this zone. Based on the present results, this ferrite must have formed during heating and 

the transformation was not completely reversed during cooling. Furthermore, the zone over 

which the ferrite level changed in the HAZ is quite small, again in agreement with the calculated 

results. 

The results can be summarized in the form of a schematic representation of the HAZ 

transformation behavior as showqin Fig. 7. In this representation, it is assumed that the HA2 is 

an earlier weld pass that contains some residual ferrite. As noted earlier, this residual ferrite is a 

consequence of the incomplete transformation of ferrite to austenite during cooling. The 

transformation behavior can be divided into three regimes, depending upon the T, that is 

achieved in the thermal exposure of a given region in the HAZ. If T, is below some temperature 

T,, then the thermal exposure is minimal and no significant degree of transformation takes place. 

If T,, is above T,, then some degree of transformation takes place. In this case, thermal 
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exposure in an intermediate temperature range will allow the incomplete femte-to-austenite 

transformation to resume, resulting in the hrther dissolution of ferrite. If the HAZ is subjected to 

a thermal cycle in whichthe maximum temperature exceeds Tz, then the transformation behavior 

is more complicated. Initially, during heating to - Tz, the ferrite may dissolve but this is likely to 

be very limited in extent. However, beyond a temperature T,, the austenite that is present in the 

microstructure will become unstable as the ferrite stability increases (see Fig. 1) and ferrite 

formation will take place. As the thermal exposure of the HA2 continues, and the temperature 

begins to decreask, the ferrite stability will decrease once again and ferrite formation will be 

replaced by ferrite dissolution. The current results indicate that the extent of the ferrite formation 

1 
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will be greater than the degree to which ferrite dissolves at the lower temperatures, resulting in a 

net increase in ferrite content in the HA2 that is subjected to the highest temperatures. 

The present results shed some insight into what may affect the values of the limiting 

temperatures T, and Tz. Since the ferrite-to-austenite transformation is diffision controlled, the 

actual heating and cooling rates will affect the T, and T, temperatures. In addition, the ferrite and 

austenite compositions will play a role since the stability range of one phase compared to the 

other is composition dependent. The extent of ferrite dissolution during the original solidification 

and cooling of the HAZ, and the amount of non-equilibrium ferrite that is in the HA2 will be 
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important. The results also show that the presence of gradients in the ferrite and austenite will 

affect the transformation behavior and the kinetics of the dissolution or formation of ferrite. 

Finally, it is likely that the temperature at which ferrite formation begins upon heating (-TJ is not 

the same as the temperature at which ferrite dissolution begins during cooling. This will be 

affected by the gradients that are set up during the transformation. These temperatures are not 
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likely to be very different, though, since these transitions occur at relatively high temperatures and 

the kinetic response of the system is probably quick. The results of this investigation and earlier 

Work8-10, 13 indicate that consideration of equilibrium phase stability may be deceiving in terms of 

predicting the transformation behavior. The kinetics are influenced by the fluxes across the 
-5% 

austeniteiferrite boundary. Once compositional gradients are established, the actual 

transformation may result in ferrite formation (in the short term) whereas ferrite dissolution is 

indicated by the final equilibrium state.'-''* ''3 l 3  Consequently, the consideration of multi- 
I 

component difhiion, and the application of modeling techniques that take this into consideration, 

are valuable meyu by which the transformation behavior can be understood and predicted. 
i - *  

SUMMARY and CONCLUSIONS 

The transformation behavior in the HAZ of stainless steel gas-tungsten arc welds was 

modeled by evaluating the multi-component diffision in a model Fe-Cr-Ni system. Experimental 

measurements were used to define the thermal exposure experienced by the HAZ. It was found 

that the transformation behavior was very sensitive to the maximum temperature experienced by 

the HAZ. If the maximum temperature is high (-1300°C), then significant ferrite formation takes 

place which is not completely offset by the reverse ferrite dissolution at lower temperatures in the 
c 

thermal cycle. Thus, a net increase in ferrite content, over a very limited distance close to the 

fusion line, is predicted and this was found to be in agreement with experimental observations. 

The influence of composition gradients in the ferrite and austenite prior to thermal exposure was 

examined and it was found that such gradients can alter the transformation behavior significantly. 

The results are summarized in the form of a schematic diagram that divides the transformation 
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behavior into three regimes, depending upon the maximum temperature experienced by the HAZ. 
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FIGURE CAPTIONS 

Figure 1 Vertical section of the Fe-Cr-Ni phase diagram at 70 wt Yo Fe as calculated using 

the Thes;moCalcTM software.4 

Figure 2 Microstructure at the hsion zondheat affected zone interface of type 304 stainless 

steel laser weld (hsion zone is on right). 

Figure 3 (a) Schematic diagram of one-dimensional diffision cell and (b) typical 

composition profiles that are calculated in the model. 

fhermal profiles for three passes that were used for modeling. The solid line is the 
*, 

Figure 4 

fiperimentally measured profile and the dotted region represents the gap where 

the thermocouple signal was interrupted in Pass 1. Case 1 is a smooth 

interpolation over the missing data region (dotted line). Case 2 considers linear 

heating to 1300°C and then cooling over the missing data region (short dash 

curve). Case 3 consists of linear heating to 1300°C followed by a short hold and 

then cooling over the missing data region (long dash curve). All three cases used 

the same profiles (solid line) for Passes 2 and 3 .  

Figure 5 Calculated ferritesize as a hnction of time for the three different thermal histories 

shown in Figure 4. The ferrite and austenite compositions were initially 

homogeneous. 

Figure 6 Calculated ferrite size as a hnction of time for two of the thermal histories shown 

in Figure 4 (Cases 1, squares, and Case 3, circles). The calculations are for both 

homogeneous and non-homogeneous initial ferrite and austenite compositions. 
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Figure 7 Schematic diagram showing the three different transformation regimes in the HAZ 

that are distinsuished by the maximum temperature reached during the thermal 

exposure of the HAZ. 
*h 
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Figure 1 Vertical section of the Fe-Cr-Ni phase diagram at 70 wt % Fe as calculated using 

the ThermoCalcTM software." 
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Figure 2 Microstmcture at ‘,he bsion zone/heat affected zone interface of type 304 stainless 

steel laser weld (hsion zone is on right). 
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Figure 3 (a) Schematic diagram of one-dimensional diffision cell and (b) typical 

composition profiles that are calculated in the model. 
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Figure 4 Thermal profiles for three passes that were used for modeling. The solid line is the 

experimentally measured profile and the dotted region represents the gap where 

the thermocouple signal \ was interrupted in Pass 1. Case 1 is a smooth 

interpolation over the missing data region (dotted line). Case 2 considers linear 

heating to 1300°C and then cooling over the missing data region (short dash 

curve). Case 3 consists of linear heating to 1300°C followed by a short hold and 

then cooling over the missing data region (long dash curve). All three cases used 

the same profiles (solid line) for Passes 2 and 3. 
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Figure 5 Calculated ferrite size as a function of time for the three different thermal histories 

shown in Figure 4. The ferrite and austenite compositions were initially 

homogeneous. 
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Figure 6 
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Figure 7 Schematic diagram showing the three different transformation regimes in the HAZ 

that are distinguished by the maximum temperature reached during the thermal 

exposure of the HAZ. 
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