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' Abstract

1 A primary austenitic, non-equilibrium mode of solidification can be induced in many 300 series

• austenitic stainless steels by laser welding and other rapid solidification techniques. The change in

,I solidification mode can often result in a fully austenitic microstructure compared to the two phaseai
|
q ferrite plus austenite microstructure that is commonly found after primary ferrite solidification. A

i predictive capability for the solidification mode undcr rapid solidification conditions such as laser
welding is needed since the microstructure and properties are closely related to the solidification

behavior. Conventional constitutional diagrams do not predict with any reliability the tenden_ for

a given alloy to change to the non-equilibrium austenitic solidification mode. Several means that have

been attempted to predict the solidification behavior under extreme conditions are reviewed. The

use of the CrEo/Ni___ ratio is shown to be unrcliable, at least with the equivalence factors that are

commonly used. Theoretical calculations of growth rate competition between fcrrite and austenite

solidification show promise, but some ambiguity results from inaccuracy in thermophysical material

parameters. Use of calculated thermodynamic parameters such as equilibrium and non-equilibrium

liquidus and solidus temperatures also shows some promise. However, this approach also is not

completely satisfactory and reliable, lt is concluded that a reliable and accurate method for predicting

the tendency of austenitic stainless steels to solidify in the non-equilibrium mode is not yet available.

Introduction

The equilibrium solidification mode in austenitic stainless steels is a strong function of
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composition. For the iron-nickel-chromium ternary system, the primary solidification mode changes

from austenite (FCC, 7) to ferrite (BCC, 6) as the chromium content increases or the nickel

concentration decreases, as shown schematically in the vertical section of the iron-nickel-chromium

phase diagram shown in Fig. 1. The solidification behavior during welding of austenitic stainless steels

is of primary importance insofar as the tendency toward hot-cracking has been related to the mode

of solidification [2-10]. These steels are prone to hot-cracking during welding if the solidification

proceeds by primary austenite formation, as shown in Fig. 2. It is generally believed that if the

solidification mode is one of primary ferrite formation, then residual elements such as sulfur and

phosphorous are not partitioned to the liquid to as great a degree as in primary austenite formation,

leading to less overall segregation of these elements and a reduced tendency to form low-melting

interdendritic liquid.

As revealed by the expanded austenite phase field in Fig. 1, the solubility of chromium

increases at lower temperatures. As a result, the transformatkm of primary ferrite to austenite can

take place upon cooling. However, under typic'al welding conditions, the cooling rate is too great for

this reaction to proceed to completion and some residual ferrite is usually present at room

temperature. The Schaeffler [11] _lnd DeLong [112]diagrams, which depict the amount of ferrite

remaining in welds as a function of two parameters, the chromium and nickel equivalents (Cr m and

NiEO, respectively), are often used to predict the amount of ferrite and austenite in welds at room

temperature. The quantity of residual ferrite is indirectly related to the solidification mode. Suutala

[13] evaluated the solidification mode in welds and related the solidification behavior directly to

CrEc_/NiEc_, as shown in Fig. 3. Furthermore, he found that over a wide range of solidification

conditions, the critical CrEo/NiF o that separates primary austenite formation from primary ferrite

formation is essentially constant (Fig. 4).

In more recent studies [14-29], utilizing a variety of solidification techniques in which
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extremely high cooling rates, solidification growth velocities, or undercoolings were involved, it has

been found that the solidification behavior predicted by the Suutala diagram (Fig. 3) or the room-

temperature microstructures predicted by the traditional Schaeffler diagram [11] are in error. A brief

summary of some of the techniques that have been employed is listed in Table 1. In general, it has

been found experimentally that the solidification mode can be changed from equilibrium primary

ferrite formation to non-equilibrium primary austenite formation. Interestingly, the experimental

results utilizing these techniques have not found the reverse to be true, namely that the equilibrium

primary austenite solidification mode is replaced by a non-equilibrium primary ferrite solidification

mode.

IIII I

Table 1: Techniques in which non-equilibrium austenite solidification has been found

Technique References

Laser Welding 14, 16, 19, 20, 22, 24, 27, 28

Electron Beam Welding 21, 26, 27

Capacitor Discharge Welding 23

Splat Cooling 16

Droplet Solidification 17, 18, 25, 29

Other 15

With the expanded use of high power density welding techniques such as electron beam

welding and laser welding, the ability to predict the solidification mode under unconventional

solidification conditions has become increasingly more important. In addition to its influence on hot-

cracking behavior, the solidification mode determines the room temperature microstructure, and

hence the material properties and alloy stability upon exposure to elevated temperature environments.

The purpose of this paper is to review and evaluate the various methods that are available and have
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been used to predict the non-equilibrium solidification behavior in austenitic stainless steels.

Examples of Non-Equilibrium Solidification in Austenitic Stainless Steels

As shown in Table 1, a wide variety of techniques have been employed to produce non-

equilibrium solidification in austenitic stainless steels. In an extensive study utilizing commercial alloys

and a wide range of laser welding conditions, David et al [22] found that with increasing welding

speed, corresponding to increasing cooling rates, many stainless steels can be induced to solidify in

the non-equilibrium austenitic solidification mode. In Fig. 5, the microstructures for type 304 stainless

steel at three different laser welding speeds are shown. At a speed of 25 cm/min, a two-phase ferrite

plus austenite microstructure indicative of a primary ferritic solidification mode was found. This

microstructure is typical of that found after conventional welding. However, at a welding speed of

125 cm/min, the microstructure is essentially 100% austenite and is the result of a change in the

solidification mode to fully austenitic solidification. The change in solidification behavior to non-

equilibrium primary austenitic solidification was found in many o_ the austenitic alloys investigated,

including types 304, 308, 309, 316, and 347 stainless steels. The results from the work of David et

al [22] are summarized in Table 2. Under intermediate solidification conditions, both primary

(equilibrium) ferrite and primary (non-cquilibrium) austenite solidification can be found in different

regions of the same weld, resulting in a mixed mode of solidification. This condition will be described

in greater detail in a later section• In addition, if the primary mode of solidific:,tion is non-

equilibrium austenite, partitioning during solidification can lead to secondary ferrite solidification

which, in turn, can result in some ferrite in the final microstructure. However, in this paper, the case

of secondary ferrite solidification will not be considered; instead, for simplicity, a fully austenitic

microstructure will be used as the criterion as to whether the solidification mode was non-equilibrium

austenite or not.

I1'" Irl " IIr_ ..... II ..... ,rr ' lr ........ rll ..... II "'1_.... Til..... ,r, ,1111r ii!11 , ,_r,, ,111'' ''' ,_,11" ,rl...... s_, 'III..... qf' I1' lr" "
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Table 2: Volume % ferrite versus laser welding conditions for a range of austenitic
stainless steel alloys (data taken from reference 22).

Estimated Welding Laser 304 304 308 308 309 309 316 316 347 347
Cooling Speed Power -\ I_, ,,\ B A B A B A B

Rate crn/min Watts
x10° °C/s

0.07 13 195 9 10 14 12 11 12 15 19 13 10

0.12 13 115 11 13 13 10 15 14 13 20 14 18

0.28 50 195 5 .3 13 2 14 23 0 23 4 6

0.47 50 115 9 3 2 4 19 21 0 24 2 10

0.71 125 195 2 {) 2 0 10 24 () 21 0 0

1.1 190 195 I) t) (J _,) 6 16 0 16 0 0
,,,

1.2 125 115 II () I) 0 18 10 () 18 () 0
,,.

1.4 250 195 () () (} 0 5 6 () 6 0 0
,,.

1.8 190 115 () 0 () () 8 5 1) 5 0 0

2.3 250 115 0 I,) () t) 4 2 0 2 0 0

I[I

.4.

Whether an alloy switches from the equilibrium mode of solidification to a non-equilibrium

one under a given set of conditions is a strong function of the atlov composition. For example, it was

found [22] that for two different heats of type 316 stainless steel, one heat could be readily solidified

as non-equilibrium austenite while the other maintained the equilibrium ferrite solidification mode

over the complete range of laser welding conditions [see Fig 6]. The solidification mode is also

sensitive to the solidification conditions, as illustrated in Fig 7. This figure is of a splat cooled sample

of type 308 stainless steel. At the top and bottom surfaces, where the undercooling and cooling rates

are the greatest, the microstructure is fully austenitic, indicative of the non-equiiibrium austenitic

solidification mode. However, near the center of the foil, the same alloy reverts to the equilibrium

primary ferrite solidification mode, as revealed by the typical vermicular two-phase microstructure
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[16]. Evidence of mixed mode solidification was also found by David et al [22]. As shown in Fig 8

for a type 309 stainless steel, some regions of the laser weld were two-phase austenite plus ferrite,

indicative of a primary ferrite mode of solidification while other areas were fully austenitic, resulting

from a non-equilibrium, austenitic mode of solidification. In summary, changes in the mode of

solidification to non-equilibrium austenite formation c-m be readily achieved by several methods.

However, the propensity to switch to a non-equilibrium austenitic mode of solidification in stainless

steels seems rather erratic and a need exists for being able to predict the solidification behavior for

a given alloy composition under a given set of solidification conditions. This paper addresses the

different approaches that have been attempted to explain the non-equilibrium solidification behavior

in austenitic stainless steels.

Predictive Capability of the Cri.x_.il:o Ratio

As shown in Figs. 3 and 4, for normal solidification conditions the ratio of the Crr.o to the

Nilzo can be used as a reasonably good parameter to separate the ferritic mode of solidification from

the austenitic mode over a wMe range of solidification conditions. Itowever, in the work of Suutala

[13], the critical value of this ratio was nearly constant over the range of growth rates that were

studied. There is an indication that the critical Crt.:o/NiEo ratio may increase at higher growth rates

(see Fig 4), thereby agreeing with the results described above that show that under the extreme

conditions of laser welding and related techniques, austenitic solidification may be found in alloys that

normally solidify as primary ferrite. Unfortunately, Suutala did not extend his study to growth rates

much beyond conventional welding values. The use of the Cq.:o/NiEo ratio as a meaningful parameter

for describing the solidification behavior during laser welding can be evaluated in light of the data

presented in Table 2. II" the fraction of the total number of conditions in which a fully austenitic
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microstructure was found is used as a qualitative parameter describing tile tendency tk_r the alloy to

solidify as primary austenite, then a correlation between this fraction and the Crl.o,'NIE.o may be

. ._()gA, a09B, and al6B, vet'y clearly do notattempted. This relation is plotted in Fig 9. Three alloys, _ _ " _ "

follow any trend. Thcse alloys have relatively low values of the Crl.o/ Nii_o (1.61, 1.58, and 1.51,

respectively) and yet they were never found to be fully austenitic while alloys with higher CrEo/NiEo

ratios such as 347A (Cq-o/Nil_ o = 1.66) could be induced to solidify in the austenitic mode fairly

readily. In addition, there are some major deviations from a monotonic relation between CrEo/NiEo

and solidification mode. For cxamptc, 'ailov 347B. with a Crl:_>.Nilc_oof 1.91 was found to solidify in

the austenitic mode more readily than allo\'s 3()4A or 3()gA which had significantly lower Cr_.o/NiEo

ratios ( 1.67 and 1.76, respectively). ,.\lth_)u,-h the Cr_ (0_Ni_:c)values quoted here were calculated using

the Schaeffler expressions [i 11, use of difl'crcnt expressions for these values, including those used by

Suutala [13], does not change any of the results. "I'hus, it is concluded that the Cr_<s'Niro ratio (as

presently defined in the literature) is inaccurate and inadequate in terms of being a useful parameter

for predicting the tcndencv of austenitic stainless steels to solidil'v in the non-equilibrium austenitic

mode.

Nucleation Considerations

The solidification behavior consists of two stages: nucleation and growth. Therefore, in a

complete examination of solidification behavior, in an attempt to understand the conditions that lead

to non-equilibrium solidification, both of these aspects need to be considered. Studies of droplet

solidification of stainless steels 117,1,",I,25,29], in which large undercoolings can be achieved, have

_See reference 22 for details as to the composition of the alloys listed in Table 2, and their values

['or the Crt<y'Nit_o ratio.
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shown that nucleation behavior has a strong influence on the overall solidification process and often

controls which phases (austenite or ferrite) are found in the as-solidified state. Analyses have been

presented which attempt to quantify the relative nucleation rates lhr ferrite and austenite [18,29,30].

However, under welding conditions, where solidification occurs on a (base material) substrate,

nucleation considerations are less important, lt can be reasonably well assumed that there is, in

effect, little or no nucleation barrier to either ferrite or austenite R)rmation and therefore, nucleation

effects will be ignored in the remainder of this paper. Instead, growth rate effects will be

emphasized, where appropriate.

Theoretical Calculations of the Growth Rates and Dendrite Tip Temperatures

Many recent studies have calculated the growth rates and dendrite tip temperatures as a

function of solidification mode to try to provide some understanding and justification for the change

in solidification mode during non-conventional solidifica:.ion (such as laser welding) of austenitic

stainless steels. In recent work by L(_ser und Herlach [31], the growth rates for ferrite and austenite

in an undercooled melt were comparcd, using the model of Boettinger ct al [32]. Their results tor

two different alloys are presented in Fig 10. For the Fe-18.5Cr-12.5Ni alloy (Fig. 10a), the austenite

growth rate is greater than that for ferrite for ali but the largest undercoolings, indicating austenite

solidification can be expected. For the other alloy, Fe-18.5Cr-llNi (Fig. 10b), the growth rate for

ferrite is greater than that for austenite for very. small undercoolings. However, for undercoolings

greater than 2K, the austenite growth velocity exceeds that of ferrite, indicating that the austenite

phase may solidify even though the ferrite phase has a lower free energy. This prediction agrees with

the tendency found in laser welding and other welding techniques, described above, where the

equilibrium ferrite solidification mode is replaced by an austenitic solidification mode. lt can also be
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seen that at very large undercoolings, tile ferrite growth rate exceeds that for austenite once again,

indicating ferrite solidification may prevail at very large undercoolings. However, experimental

evidence (in welding) for this reversion in solidification behavior has not been documented in the

literature, lt is quite possible that such high undelcoolings cannot be achieved in many of the

welding processes that have been studied.

In related work, Koseki [29] has plotted the preferred solidification phase (defined as the

phase with the higher growth rate) as a function of solidification temperature in an undercooled melt

directly on a vertical section of the phase diagram. His calculations were based on two different

solidification models [32,33]. His results arc shown in Fig 11. In Fig lla, the model of Lipton et al

[33] was used whereas in Fig lib, the mt_ctcl of Bocttinger ct al [32] was utilized, the same model that

LOser and Herlach employed. In Fig. l la, the calculations show the same trend as that found by

LOser and Herlach. For chromium contents of roughly 17.7 to 18.5 wt % (iron is fixed at 70 wt %

so nickel varies from 12.2 to 11.5, respectively), as the undercooling is increased, the ferrite

solidification mode is replaced by non-equilibrium austenitic solidification until, at very high

undercoolings, ferrite solidification is favored once again. In contrast, in Fig lib, the calculations

show that the ferrite solidification mode is never superseded by austenitic solidification at any

undercooling. In fact, just the reverse is found. The ferritic solidification mode replaces austenitic

solidification as the undercooling is increased for chromium contents of < 17.7 wt %. Significantly,

two different trends were found by L{Sser and Herlach (Fig. 10b) and Koseki (Fig. 1lb) for essentially

the same alloy (Fe-18.SCr-llNi and Fe-18.SCr-I 1.SNi) using the same solidification model. This

difference in predicted behavior can be attributed to differences in the values of thcrmophysical

parameters that were used in the calculations, such as diffusion coefficients and partition coefficients.

Another attempt at calculating the solidification behavior as a function of undercooling and

g:owth rate was presented by Bobadilla ct al [34]. In their work, they calculated the dendrite tip
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temperature as a function of growth velocity under constrained growth conditions (positive

temperature gradient ahead of the dendrite tip), based on the model of Kurz and Fisher [35]. Their

results are shown in Fig 12. In Fig. 12a, R_r the alloy Ft-18.SCr-12.5Ni, it is found that the austenite

phase has a higher dendrite tip temperature than ferrite at any given growth velocity. This means

that for a fixed growth velocity, determined by the solidification conditions, the austenite dendrites

lie ahead of tile ferrite dendrites and control the solidification process. In contrast, as shown in Fig

12b for the alloy Fe-18.SCr-11Ni, at small growth velocities the ferrite dendrite tip temperature is

larger than ,hat for austenite and ferritic growth prevails. However, at higher growth velocities, the

situation reverses and the austenite dendrites can grow at the same rate as ferrite but at a higher tip

temperature, indicating that at these higher growth velocities rlon-cquilibrium austenite solidification

is favored over the equilibrium ferrite solidification. This latter situation agrees with experimental

results from electron beam welding and laser welding. These results also agree with the calculations

of LOser and Herlach (Fig 10).

Thus, calculations can be quite useful in providing the theoretical framework to explain the

experimental results in which non-equilibrium austenitic solidification is R_und during electron beam

welding, laser welding, splat cooling, and related techniques. There is a great deal of potential in

utilizing such theoretical calculations to predict the solidification behavior in laser welding. However,

there are two drawbacks to this approach. First, the material parameters used in the calculations are

not known very accurately and hence the same solidification models can lead to quite different

results, depending upon the values that are used for material parameters, as described above. Second,

these approaches require accurate knowledge of the solidification c_nditions such as the dendrite tip

undercooling or the dendrite tip growth velocities and these quantities are not readily known,

especially for the unconventional solidification techniques. Thus, the theoretical evaluation of

solidification behavior shows great promise in explaining the conditions under which a non-
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equilibrium solidification mode can be achieved, but more confidence in the parameters must be

gained before these treatments can be applied with sufficient accuracy and certainty.

Use of Thermodynamic Parameters in Predicting Solidification Behavior

In recent years, much progress has been made in making available software that can evaluate

thermodynamic properties of multi-component alloy systems. For example, as shown in Fig. 13, the

phase diagram for the Fe-Cr-Ni ternary can be easily calculated. Furthermore, the metastable

extensions of the equilibrium phase fields can also be calculated, as shown by the dashed lines in the

figure. In this manner, the stable or metastable liquidus or solidus for both austenite and ferrite can

be calculated over the entire compositional range. Additional parameters such as the T o

temperature 2can be determined. With the ability to readily calculate thermodynamic properties such

as liquidus temperatures and metastable extensions of phase fields, a third possible method for

predicting non-equilibrium solidification behavior in austenitic stainless steels has become available.

Similar to the approach used in correlating Cr and Ni equivalents to solidification mode, it may be

i possible to identify thermodynamic parameters that can be empirically correlated with the
!

solidification behavior. There are several advantages to this type of approach. First, the calculations

| involved are simple and uncomplicated. Second, in contrast to the use of Cr and Ni equivalents,
=

_- which are defined for use over a very large range of allc_y compositions, empirical thermodynamic

parameters can be calculated over a restricted range of compositions. In this way, the parameters can

be more restricted to focus specifically on the solidification behavior of austenitic stainless steels.

2The To temperature for two phases is defined as the temperature at which the free energies of
the two phases, each with the overall alloy composition, are equal. In the case of liquid and
austenite, for example, below the To temperature the partitionless solidification of liquid to austenite
is theoretically possible.
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An analysis of thermodynamic parameters was attempted using the ThermoCalc software

program (Version G) [1]. The To temperatures for both austenitic solidification and ferritic

solidification were calculated tbr the commercial alloys used in the study of David et al [22], using

ali of the minor element additions for which chemical analyses were available. As a first attempt to

correlate the tendency for an alloy to solidify in a non-equilibrium austenitic mode, the difference

between the ferrite and austenite To temperatures was plotted against the ease with which the alloys

listed in Table 2 could be induced to solidify in the non-equilibrium mode. It was assumed that the

difference in To temperatures might be an appropriate indicator of the relative stability of ferrite and

austenite solidification. This plot is shown in Fig. 14 and corresponds to Fig. 9, in which the

Crm/NiEo was correlated to the solidification behavior. When compared with Fig. 9, some

improvement in the correlation between the empirical factor and the solidification behavior is evident.

For example, alloy 309B fits in line with the general behavior, although alloys 309A and 316B are still

prominent exceptions. In addition, the degree of scatter in Fig. 14 is considerably less than that

found in Fig. 9. Nonetheless, the correlation is far from acceptable. Correlations with other

thermodynamic parameters were also attempted. The difference in liquidus temperatures for ferrite

and austenite, which would be an indication of the minimum degree of undercooling required to form

austenite, was also calculated as another possible parameter that could be related to solidification

behavior. The results of these calculations are presented in Table 3. There does not appear to be

a good correlation between AT (= "F_uo- TruQ) and the tendency [br metastable primary austenite

solidification. For example, AT for 316A is the smallest, indicating this alloy might be the easiest to

solidify as non-equilibrium austenite, and in fact this was the case (see Table 2). However, alloy 316B

also has a very low value of AT and yet this alloy was not found to be fully austenitic under any

conditions. Thus, the approach of empirically using a thermodynamic property for predicting the non-

equilibrium solidification behavior of austenitic stainless steels also is in need of improvement.
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Table 3: Calculated Difference in Liquidus Temperatures for Several Austenitic Stainless
Steel Alloys

AHoy 304A 304B 308A 308B 309A 309B 316A 316B 347A 347
B

l_o- 26 30 30 25 35 29 12 18 29 31
T[xo

possible yes yes yes yes no no yes no yes yes
to solidify

in
austenitic

mode?

Summary and Conclusions

With the use of laser welding, electron beam welding, and other novel solidification

techniques, the solidification mode in a range of austenitic stainless steels can be altered so as to

induce non-equilibrium solidification of austenite. Since the solidification mode in these steels has

signiiicant consequences in terms of the hot-cracking behavior, the room temperature microstructure,

., and the elevated terroerature stability of the alloy, there is a need to be able to predict the

. solidification mode as a function of solidification conditions including the extreme conditions

"- encountered in many processes. The status of various possible approaches to predicting the tendency

J_

-- of austenitic stainless steels to solidify in a non-equilibrium mode are summarized below:

1) Traditional approaches for predicting solidification in terms of a CrEo and NiEO, and their

ratio, are inadequate under high growth rate, high undercooling, or high cooling rate conditions.

2) Theoretical solidification calculations can explain the change in solidification mode, based

on competing growth velocities of ferrite and austenite. However, these analyses are limited by the

availability and accuracy of values for material thermophysical properties.
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3) A semi-empirical approach for predicting solidification mode changes based on

thermodynamic properties and parameters may be useful but accurate and reliable parameters have

not yet been identified.

Acknowledgments

The authors would like to thank T. Koseki of the Massachusetts Institute of Technology for

making available his results prior to publication. The authors would also like to thank Drs. N. Evans

and B. Radhakrishnan of ORNL for the review and comments. One of the authors (JMV) would

like to thank the Nippon Steel Corporation where many of the calculations using the Thermoealc

program were made while working there as a visiting scientist. This research was sponsored by the

Division of Materials Sciences, U. S. Department of Energy, under contract DE-AC05-84OR21400

with Martin Marietta Energy Systems, Inc.



15

References

1. B. Sundman, B. Jansson and J-O. Andersson, "The ThermoCalc Database System," CALPHAD

9 (1985), 153-190.

2. J.C. Borland and R. N. Younger, "Some Aspects of Cracking in Austenitic Steels," Brit. Weld.
J., 7(1) (1960), 22-60.

3. F.C. Hull, "Effect of Delta Ferrite on the Hot Cracking of Stainless Steel," Weld. J., 46(9)
(1967), 399s-409s.

4. I. Masumoto, K. Tamaki, and M. Kutsuna, "Hot Cracking of Austenitic Stainless Steel Weld

Metal," J. Jap. Weld. Soc., 41(11) (1972), 1306-1314; Brutcher Transl. 8965/1973.

5. H. Thier, "Schweissen Hochlegierten Stable," DVS-Berichte, 33 (1975), 69-75.

6. Y. Arata, F. Matsuda, and S. Katayama, "Solidification Crack Susceptibility in Weld Metals

of Fully Austenitic Stainless Steel - (1) Fundamental Investigation of Solidification Behavior
of Fully Austenitic and Duplex Microstructures and Effect of Ferrite on Microsegregation,"
Trans. Jap. Weld. Res. Inst., 5(2) (1976), 35-51.

7. J.A. Brooks and F. J. Lambert, Jr., "The Effect of Phosphorus, Sulfur, and Ferrite Content
on Weld Cracking of Type 309 Stainless Steel," WeM. J., 57(5) (1978), 139s-143s.

8. V. Kujanpaza, N. Suutala, T. Takalo, and T. Moisio, "Correlation Between Solidification
Cracking and Microstructure in Austenitic-Ferritic Stainless Steel Welds," Weld. Res. Inter.,
9(2) (1979), 55-76.

9. J.C. Lippold and W. F. Savage, "Solidification of Austenitic Stainless Steel Weldments: Part
III - The Effect of Solidification Behavior on Hot Cracking Susceptibility," Weld. J., 61(12)

(1982), 388s-396s.

10. J.A. Brooks, A. W. Thompson, and J. C. Williams, "A Fundamental Study of the Beneficial
Effects of Delta Ferrite in Reducing Weld Cracking," Weld. J., 63(3) (1984), 71s-83s.

11. A.L. Schaeffler, "Constitution Diagram for Stainless Steel Weld Metal," Metal Prog., 56(5)

(1949), 680-680B.

12. W.T. DeLong, "Ferrite in Austenitic Stainless Steel Weld Metal," Weld. J., 53(7) (1974), 273s-
286s.

13. N. Suutala, "Effect of Solidification Conditions on the Solidification Mode in Austenitic
Stainless Steels," Metall. Trans. A 14A (1983), 191-197.

14. S.A. David and J. M. Vitek, "Solidification Behavior and Microstructural Analysis of

Austenitic Stainless Steel Laser Welds," in Lasers in Metailurm,/, eds. K. Mukherjee and J.

Mazumder (TMS-AIME, Warrendale, Pa., 1982) 247-254.



16

15. S. Kou and Y. Le, "The Effect of Quenching on the Solidification Structure and
Transformation Behavior of Stainless Steel Welds," Metall. Trans. A, 13A (1982), 1141-1152.

16. J.M. Vitek, A. Das Gupta, and S. A. David, "Microstructural Modification of Austenitic
Stainless Steels by Rapid Solidification," Metall. Trans. A., 14A (1983), 1833-1841.

17. D.G. Maclsaac, Y. Shiohara, M. G. Chu, and M. C. Flemings, "Structure of Undercooled
Iron and Nickel-Based Alloys," in Proc. Conf. on Grain Refinement in Castings and Welds,
eds. G. J. Abbaschian and S. A. David (TMS-AIME, Warrendale, Pa., 1983) 87-95.

18. T.F. Kelly, M. Cohen and J. B. VanderSande, "Rapid Solidification of a Droplet-Processed
Stainless Steel," Metall. Trans A 15A (1984), 819-833.

19. S. Katayama and A. Matsunawa, "Solidification Microstructure of Laser Welded Stainless
Steels," in Proc. of Mater. Processing Syrup., (Laser Inst. of America, ICALEO, 1984) Vol.
44, 60-67.

20. S. Katayama and A. Matsunawa, "Solidification Behavior and Microstructural Characteristics
of Pulsed and Cqmtinuous Laser Welded Stainless Steels," in Proc. Int'l. Conf. on Applic. of
Lasers and Eleciro-Optics, (Laser Inst. of America, ICALEO, 1985) 19-25.

21. J.C. Lippold, "Centerline Cracking in Deep Penetration Electron Beam Welds in Type 304L
Stainless Steel," Weld. J., 64(5) (1985), 127s-136s.

w

22. S.A. David, J. M. Vitek, and T. L. Hebble, "Effect of Rapid Solidification on Stainless Steel
Weld Metal Microstructures and Its Implications on the Schaeffler Diagram," Weld. J., 66(10)
(1987), 289s-300s.

23. S. Venkataraman and J. H. Devletian, "Rapid Solidification of Stainless Steels by Capacitor
Discharge Welding," Weld. J., 67(6) (1988), 11ls-118s.

24. Y. Nakao, K. Nishimoto, and W. P. Zhang, "Effect of Rapid Solidification by Laser Surface
Melting on Solidification Modes and Microstructures of Stainless Steels," in Proc. 4th Int'l.
Colloq. on Welding and Melting by Electron and Laser Beams, eds. M. Contr_ and M.
Kuncevic (French Inst. of Welding, 1988), 673-680.

25. R.N. Wright, J. C. Bae, T. F. Kelly, J. E. Flinn, and G. E. Korth, "The Microstructure and
Phase Relationships in Rapidly Solidified Type 304 Stainless Steel Powders," Metall. Trans.
A I9A (1988), 2399-2405.

26. J.W. Elmer, S. M. Allen, and T. W. Eagar, "Microstructural Development During
Solidification of Stainless Steel Alloys," Metall Trans. A, 20A (1989), 2117-2131.

27. J.A. Brooks, M. I. Baskes, and F. A. Greulich, "Solidification Modeling and Solid State
Transformations in High Energy Density Stainless Steel Welds," Metall. Trans. A, 22A (1991),
915-926.



17

28. J.C. Lippold, G. Pacary, and M. Moline, "Solidification Behavior and Cracking Susceptibility
of Pulsed-Laser Welds in Austenitic Stainless Steels," to be published.

29. T. Koseki, unpublished results, Massachusetts Institute of Technology, Cambridge, MA, 1993.

30. W. L6ser and H. Genest, "Metastable Phase Formation in Undercooled Fe-Cr-Ni Melts," to

appear in Key Eng'g. Materials (Trans Tech Publications, Switzerland).

31. W. L6ser and D. M. Herlach, "Theoretical Treatment of the Solidification of Undercooled

Fe-Cr-Ni Melts," Metall. Trans. A 23A (1992), 1585-1591.

32. W.J. Boettinger, S. R. Coricll, and R. Trivedi, "Application of Dendritic Growth Theory to
the Interpretation of Rapid Solidification Microstructures," in Rapid Solidification Processing:
Principles and Technology IV, eds. R. Mehrabian and P. A. Parrish (Claitor's Publ. Div.,
Baton Rouge, La., 1988) 13-25.

33. J. Lipton, W. Kurz, and R Trivcdi, "Rapid Dendritic Growth in Undercooled Alloys," Acta
Metall. 35 (1987) 957-964.

34. M. Bobadilla, J. Lacazc, and G. Lcsoult, "Intlucncc des Conditions de Solidification sur le

D6roulement de la Solidification des Acicrs Inoxydablcs Aust_nitiques," J. Cryst. Growth 89

(1988) 531-544.

35. W. Kurz and D. J. Fisher, "Dendrite Growth at the Limit of Stability: Tip Radius and
Spacing," Acta Metall. 29 (1981) 11-20.

................................. ..-..................... • _..=,= =,.=..,,.,,....,=.=,,=,.,==...,,.u,,.,.,=m..... i,, n,,,,anmi,, n ,.,,,w,lwm,n,u.,nnnn,,lit ininmn illlil naNmill,n msi rII II,pHINiii lllaillla iflh011nnIilll !II l lllillllfllllPlmill tillh|l,fllNliNn Bmi!li II li,IllINUlm li,Mi|liHrei



18

Figure Captions

1. Vertical section of the Fe-Ni-Cr ternary phase diagram at 70 wt % Fe. The diagram was

calculated using the ThermoCalc software, version H [1].

2. Typical microstructures in (a) type 310 stainless steel that solidified in the primary austenite

mode and was prone to hot-cracking, and (b) type 308 stainless steel that solidified as primary

ferrite and showed no hot-cracking.

3. Variation in primary solidification mode as a function of Cr_.o and Ni m parameters under

conventional welding conditions. The change from primary ferrite formation to primary

austenite formation can be related to a critical CrEo/Ni_o ratio. The solid line, with Crm/Ni m

= 1.50, applies for a slower welding speed of 10 cm/min and the dashed line, with Crm[NiF_.O

= 1.55, applies for a faster welding speed of 30 cm/min. (data taken from reference 13).

4. A plot of solidification mode versus growth rate showing that over an extensive range of

solidification conditions, the critical Crm/Ni m separating primary ferrite solidification from

primary austenite solidification is essentially independent of growth rate. (data taken from

reference 13)

5. Microstructures in laser welded type 304 stainless steel at three different welding speeds

showing the change in solidification mode from primary ferrite at low speed to primary

austenite at high speed.

6. Variation in microstructure as a result of changes in the solidification behavior in two heats

of type 316 stainless steel, 316A (a,b,c) and 316B (d,e,t). In heat 316A, non-equilibrium

austenite solidification was found at higher welding speeds whereas a fully austenitic

microstructure was not achieved in heat 316B.
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7. The microstructure in a splat cooled type 308 stainless steel showing the sensitivity of the

solidification behavior to the cooling conditions. At the surface, a fully austenitic

microstructure is present as a result of the non-equilibrium austenitic solidification while in

the center a vermicular two phase microstructure is present as a result of primary ferrite

solidification.

8. Laser welded type 309 stainless steel showing a mixed mode of solidification. The arrowed

areas are fully austenitic and are a consequence of non-equilibrium austenitic solidification

while the remaining areas are two phase and resulted from primary ferrite solidification.

9. The correlation between Crl_¢JNi_¢_ and the fraction of laser weld runs in which a fully

austenitic microstructure was found. Considerable scatter indicates the correlation is not

particularly accurate. In addition, three alloys (30")A, 309B, 316B) do not comply with the

general trend at all. The filled symbols were used to define the least-squares-fit curve.

10. Plots of the growth velocitics of ferrite and austenite vs undercooling in an undercooled melt,

based on the model of Boettinger ct al [32]. In (a), for alloy Fe-18.SCr-12.SNi, austenitic

solidification proceeds at a faster rate at ali but the highest undercoolings. In (b), for alloy

Fe-18.SCr-llNi, non-equilibrium austenitic solidification replaces ferritic solidification over

a wide range of intermediate undercoolings. (data taken from reference 31)

11. Plot of the preferred solidification phase (higher growth velocity) as a function of chromium

content and temperature R_r a 70 wt % iron Fe-Cr-Ni ternary alloy. Calculations were for

! an undercooled melt based on the models of (a) Lipton ct al [331 and (b) Boettinger et al

[32]. In (a), at intermediate undercooling, austenitic solidification is favored over ferritic

solidification for a limited range of compositions ( 17.7 to 18.5 Ct). In (b), the reverse is true

in that [Erritic solidification is preferred over austenitic solidification over a limited

composition and temperature range. (data taken from reference 29)
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12. Plots of dendrite tip temperature versus growth rate ['or two different austenitic stainless

steels: (a) Fe-18.SCr-12.SNi and (b) Fe-18.SCr-llNi. In (b), as the growth rate increases,

austenitic solidification replaces ferritic solidification as the preferred solidification phase since

its dendrite tip temperature is higher. The calculations were based on the model of Kurz and

Fisher [35]. (data taken from rel'erence 34).

13. Vertical section of the Fe-Ni-Cr ternary phase diagram at 70 wt % Fe with metastable

extensions o1" the liquidus and solidus lines. The diagram was calculated using the

ThermoCalc software, version H [I I.

14. The correlation between the difference in ferrite and austenite T 0 temperatures and the

fraction of laser weld runs in which a l'ully austenitic microstructure was found. Less scatter

is t'ound than in a similar plot using the Crj o/Nil! o ratio (Fig. 9). In addition, only two alloys,

309A and 316B, do not follow the general trend compared with three alloys in Fig. 9. The

filled symbols were used to define the least-squares-fit curve.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views

and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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