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Synopsis: Many commonstainless steel (SS) alloy microstiuctures consist of a mixture of femte and austenite 
phases, however, when these alloys are rapidly resolidified using laser beam (LB) or electron beam (EB) 
processes they solidify in the single-phase-austenite or single-phase-ferrite mode. This paper investigates the 
influence of solidification rate on the reduction, and eventual elimination, of second phases during the rapid 
solidification of SS alloys. The influence of solidication rate on the ferrite content of these alloys was studied 
by calculating the dendrite-tip undercooling and then incorporating these results into a solute-redistribution 
model to calculate the relative fractions of primary and secondary phases that solidify from the melt. 
Single-phase solidification was predicted at high cooling rates and was confirmed through STEM analysis, 
showing solidification microstructures void of any significant microchemical composition gradients. 

Key Words: Stainless steel alloys, rapid solidification, dendrite-tip undercooling, solute redistribution, 
second-phase formation, single-phase microstructures. 

1. INTRODUCTION 
Rapid-solidification conditions are commonly encountered in EB and LB welds. These processing 

techniques resolidify the base metal substrate at coolime rates that are much higher than conventional welding - " - 
or casting processes and comparatively reduce the amount of solute redistribution that takes place during 
solidification. This further influences the relative amounts, and thecomposition ofthe primary and secondary 
phases that form during solidification. In stainless steel alloys, changes in the solidification rate influence 
the ratio of ferrite to austenite that solidifies from the melt, and can affect the physical properties and the 
integrity of stainless steel welds. 

The influence of solidification rate on the evolution of microstructures instainlesssteel alloys has been 
previously examined [1,2]. In these studies, it was shown that the cooling rate can influence the primary mode 
of solidification, has a significant effect on the microstructural morphology, and affects the residual ferrite 
content of resolidified SS alloys. Thesestudies demonstrated the reduction in non-equilibrium second phases 
as the solidification rate increased. However, these studies were unable to determine the amount of ferrite 
that solidifies from the melt at lower cooling rates because of the partial transformation of ferrite to austenite 
that occurs as the alloy cools to ambient conditions. 

Theobjective of this investigation was to develop a method that could be used to estimate the relative 
amounts of ferrite and austenite that solidify from the melt, prior to any solid-state transformation of ferrite. 
This was accomplished by first using a rapid solidification model to calculate the dendrite-tip undercooling 
[3-51, and second, incorporating these results into a solute-redistribution model to calculate the relative 
fractions of primary and secondary phases that solidify from the melt [a]. 



The results \>f the model were compared to experimental observations of both primaiy-au~tenite and 
primary-ferrite solidified alloys, and were shown to qualitatively predict the influence that solidification rate 
has on the microstructure of stainless steel alloys. 

2. APPROACH 

Seven high-purity Fe-Ni-Cr ternary alloys were fabricated with 59% Fe and a range of Cr/Ni ratios 
that varied from 1.15 to 2.18. The compositions of thesealloys are giveninreference [I] and these compositions 
are plotted on a portion of the Fe-Ni-Cr ternary-alloy diagram in Fig. 1. This figure shows the location of 
the line of two-fold saturation and the solvus compositions from reference [7]. The composition range of the 
seven alloys spans the line of two-fold saturation so that alloys 1-3 solidify through the liquid+austemte 
two-phase field while alloys 4-7 solidify through the liquid+ferrite two-phase field under equilibrium con- 
ditions. Further details of the alloy preparation are provided in reference [I]. 

The lowest cooling rates examined in this study were produced by arc-casting a portion of each alloy 
at the rate of 7 OC/s [I]. Rapid solidification conditions were produced by resolidifying the alloys with a 
high-speed EB surface-glazing technique at scan speeds between 6.3 and 5,000 nun / s. These solidification 
conditions produced cooling rates that varied from 4.7~102 to 7.5 106 OC/s [I]. 

Optical metallography was performed on 
the EB-resolidified specimens to determine the 
primary mode of solidification and the femte 
morphology [I]. The residual ferrite content of 
the cast and the EB-resolidified specimens was 
measured using a vibrating sample magnetome- 
ter technique as described in reference [a]. 

A JEOL 200 CX transmission electron 
microscope with scanning capability was used for 
positive identification of the femte and austenite 
phases and was used to measure the chemical 
composition gradients across the, rapidly resoli- 
dified cells. Semi-quantitative data were ade- 
quate for these purposes since the relative 
changes in Cr, Ni, and Fe concentrations across 
distances on the order of I prn were of primary 
concern. The spatial resolution of the beam was 
estimated to be 30 m. 

Nickel (Wm) 

Fig. 1: Composition of the seven allays with respect 
to the ferrite solvus, austenite solvus and the line of 
two-fold saturation. 

3. RAPID SOLIDIFICATION MODEL 

Kurtz, Giovanola, and Trividi (KGT) [3] developed amodel to calculate the dendrite-tip characteristics 
of rapidly-solidified alloys. Using their approach, the dendrite-tip radius, R, can be calculated from the 
following quadratic expression: 

2CBP(l - k ) Ã § r J . k )  +(4n2i-)= 0 , 

( I  - lv (P) ( l  - k ) )  

where G is the temperature gradient at the L/S interface, Iv (P) is the Ivanstov function related to the solutal 
Peclet number P, k is the equilibrium partition coefficient, Co is the initial liquid composition, and r is the 
Gihbs-Thompson parameter (ratio of the melting entropy to the surface energy). E(P, k )  is the high-velocity 
interface-stability parameter that provides an upper-velocity limit on the refinement of the dendrite-tip radius, 
and is given by the Following equation: 



and the solutal Peclet number incorporates the product of the dendrite-tip radius and the interface velocity 
as follows: 

P = VR/2DL (3) 

An iterative procedure was used to calculate the dendrite-tip radius for each alloy/solidification- 
condition combination Furthermore, the amount of solutal undercooling at the dendrite tip, AT=, and the 
wmposition of the dendrite tip, Cf, were be calculated from the following expressions [3]: 

Velocity Dependent Partition Coefficient 
The assumption of local equilibrium at the liquid/solid interface is not always maintained under rapid 

solidiScation conditions. When the solidification velocity begins to reach some fraction of the diffusive 
velocity, partitioning at the interface becomes inhibited, and k approaches unity. Aziz [ll] developed a 
continuous growth model to describe the relationship between k and V as follows: 

where keq is the equilibrium partition coefficient, and VD is the diffusive velocity, which is the ratio of the 
liquid diffus~ty to the solute-trapping distance. 

k(V) was used to represent the partition coefficient for all of the calculations in this investigation, and 
resulted in a 1% increase in the partition coefficient over its equilibrium value at the highest interface 
velocities. This effect is small because the maximum interface velocity of the resolidified alloys was less than 
10%oÂ£thediffusivevelocitywhe the lattice parameter, %,wasused to represent the solute-trappingdistance. 
This relatively low interfacial velocity is the result of the poor thermal conductivity of stainless steel alloys 
which elongates the trailing edge of the solidifring pool out over arelatively large distance at high scan speeds. 

By substituting a solute-trapping distance of lo*% as has been done by other investigators [4], the 
partition coefficient changes several percent at the highest velocities. This change in the partition coefficient 
moderately influences the second-phase formation calculations, however, this multiplication factor was not 
incorporated into the calculations in this paper. 

Sollflifration Parameters 

Theinterfacevelocity and the temperature 
gradient at theL/S interface are the two principal 
processing parameters that influence solute 
redistribution during solidification These two 
parameters are related to the nominal scan speed 
of the electron beam, S. and the geometric shape 
of theweld pool. Table 1 summarizes the values 
of V and G for each of the solidification condi- 
tions produced in this investigation. In this table, 
V was determined from metallographic 
measurements of the weld pool shape and the 
scan speed, and G was determined from V and 
the cooling rate, e, 111. 

Table 1: Averagevalues of the coolingrate, interface 
velocity, and temperature gradient. 



Material Properties 
The equilibrium partition coefficient, k, and the slope of the liquidus, mL were estimated from the 

analysis of the Fe-Ni-Cr ternary-alloy system by Chuang and Chang (9). These data aregiven in Table 2 along 
with theother material-property datarequired tocalculate the dendrite-tipradius. However, the exact location 
of the line of two-fold saturation was shifted to higher Ni contents to be consistent with the experimental 
results of Rivilii and Raynoi [71 and earlier experimental observations of these alloys [I]. 

The partitioning coefficients for primary- 
austeuite solidification show that Q segregates 
preferentially to the liquid phase, kcra0.88y and 
Ni segregates only moderately to the solid chase, 
lcNi=1.G.   ow ever, for pr~aty-feiri~e iolidii 
fication, Ni segregates preferentially to the liquid 
phase, k~i=0.80, and Cr segregates moderately 
to the solid phase, kcr= 1.05. In both cases, one 
element dominates segregation, allowiug the 
pseudobinary approximation to be made for the 
dendrite-tip radius calculations. 

The temperaturedependent diffiisivity of 
solute in the liquid phase, DL, was used in this 
investigation. Table 2 summarizes the activation 
energy, Q, and the pre-exponential factor, Do, for 
the diffusiviv of Ni and Cr. These data were 
determined from solutal diffusion in liquid Fe 
[lo]. Incorporation of the temperature depen- 
dent diffisivity into the undercooling model 
required an additional iterative step to 
simultaneously satisfy all of the equations. 

Table 2: Solidification parameters and material 
properties. 

Results of the Rapid-Solidification Model 

The dendrite-tip radii and the dendrite-tip undercoolings that were calculated for each of the solidi- 
ficationconditions are plotted inFig.2. These results incorporate thevelocitydependent partition coefficient, 
the temperature-dependent liquid diffusivity, and different values of the material properties than those used 
inaprevious analysis [12]. Thesechanges resulted inonly minor differences in the dendrite-tip characteristics. 

Theinfluence of interface velocity on the dendrite-tip radius is shown in Fig. 2a. Results are presented 
for the primaiy-austenite and the primq-ferrite solidified alloys. In these calculations, it was assumed that 
alloy 4 solidified in the primaiy-austenite mode for all solidification rates. This assumption correlates well 
with experimental observations of this alloy at solidification rates greater than about 20 nun/s [I]. The 
dendrite-tip radius was shown to depend on the solidification mode and on the alloy composition. The 
dendrite-tip radius was shown to decrease fromabout 2urn to about 0.5pm for the primary-austenite alloys 
and was shown to decrease from about 1.75 prn to about 0.25 um for the primary-ferrite alloys as the 
solidification rate increased. Absolute stability was calculated at an interface velocity of about 50 mm/s in 
the primary-austenite solidified alloys and at about 175 nun/s in the primary-ferrite solidified alloys. 

The influence of interface velocity on the amount of solutal undercooling is shown in Fig. 2b. The 
primary-ferrite alloys have slightly higher undercoolings than the primary-austenite alloys at a given solidi- 
fication velocity, and achieve higher undercoolings prior to reaching absolute stability. These results show 
that the undercooling increases from about 5 K to values as high as about 40 K for the most rapidly-cooled 
primaiy-ferrite solidified alloys. This degree of undercooling is large enough to bring the dendrite-tip 
temperatureto the solidusteinperature for both theprimary-austenite and theprimary-ferritesolidified alloys, 
and explains the transition from two-phase solidification to single-phase solidification at high solidification 
velocities. 



Fig. 2 The influence of interfacevelocity on: a) the dendrite-tip radius and b) the solutal 
undercooling for each of the seven alloys. 

Steady-state solidiication of undercooled alloys results in a reduction in the amot~~t of secondary 
phases that f o m  The two principal factors contributing to this effect are the increased solubility of solute 
in the solid phase at the undermled temperature which leads to the formation of an initid segregation-free 
core of the ptimaq-phase dendrite. Smeal et al. 161 developed relationships that can be used to calculate 
the amount of segregation-free core, f :, and the kaction of non-equaibrium eutectic, &, that form during 
solid'ication Their approach led to the development of the following equations: 

wh-xeCtisthecompositionof theliquid atthedendrite tip, and'a'is a constant defined asa - D LC 1 m LV Ce 

. Equation 8 incorporates the effects of lateral difhsion from behind the dendrite tip that occurs with high 
undercoolings. 

The effects of undercooling on solute 
redistribution in alloy 3 are presented in Fig. 3. 
In this figure, the dotted line gives the chromium 
content of the solid for solidification with no 
undercooling (Scheil), where the composition of 
the soiid increases from k=&. at f=O (cell core) 
to Gm (maximum solid solubility) at f -f C. The 
solid line givcs the Ni content of the solid phase 
for an undercooling of AT = lOK , where the 
composition remains constant at K T t  during the 
initial solidification (Â£<fpO and then begins to 
increase to qm at f - f L. Tbe reduction in the 
amount of non-equilibrium second phase that 
forms due to this undercooling is equal to the 
difference between r ana f i. 

0 0.2 0.4 0.6 0.8 1.0 
Fraction solidifiod 

Fig, k The effects of undercooling on solute redis- 
tribution in alloy 3. 



. . 
' Therefore, the fraction of non-equilibrium eutectic phases that solidify from a given alloy can be 

determined as a function of the solidification conditions. Furthermore, the relative fractions of primary and 
secondary phases were determined by taking the ratio of ferrite to austenite that solidifies from the eutectic 
liquid to be 4:6. This ratio is consistent with the tliermodynamic calculations of Chuang and Chang [9]. 

If the undercooling is sufficient to bring the interface temperature to the solidus temperature, then it 
was assumed that all of the solute would be incorporated into the dendrite with no formation of non- 
equilibrium eutectic phases. Under these conditions a solute-enriched boundary layer develops ahead of the 
dendrite but no further segregation occurs as the alloy solidifies. Microsegregation-free solidificationwould 
be expected throughout the majority of the cell, except at the cell wall, which incorporates the solute contained 
within the solute-enriched boundary layer. 

5. RESULTS 

Previous investigations have indicated that stainless-steel alloys solidify in the single-phase-austenite 
or the single-phase-ferrite mode at high solidification rates [4,8]. Furthermore, these investigations gave 
experimental evidence showing that the primary-solidification-mode, and the alloy composition, both intku- 
ence the transition from duplex microstructures at low solidification rates to single-phase microstructures at - - 
high solidification rates. Alloys thatlie close to the lineof two-fold saturation were shown to require higher 
solidification rates to eliminate the formation of second phases during rapid solidiGcation. 

Thesolidificationmodelwas applied toeachof theseven alloys to investigate theseeffects. Of particular 
interest was the influence that solidification rate has on the total femte content of the alloys and the velocity 
required to form single-phase microstructures. 

Results of the rapidsolidification model are summarized in Fig. 4. In this figure, the dotted lines 
indicate the total femte content of theprimary-austenitesolidified alloys 1-4. Ferrite formsonly asasecondary 
phase in these alloys and the calculations show that the ferrite content of each alloy decreases with increasing 
solidification rate. The maximum amount of femte that forms is always less than the Scheil approximation 
(dashed lines) and the ferrite content decreases to zero percent at an interface velocity of about 20 m / s .  
In this plot, it was assumed that alloy 4 solidified with a composition on the line of two-fold saturation and 
that this alloy solidified in the primary-austenite mode at all solidification rates. 

100 

8 0 -  

BÃ 
5 6 0 -  

The solid lines in Fig. 4 plot the total ferrite content of the primary-ferrite solidified alloys 5-7. The 
total ferrite content of these alloys is equal to the sum of the initial, primary, zid secondary-ferrite 
contributions. Thecalculationsshow that the ferritecontent increases with increasingsolidification rate. The 
minimum amount offerrite that forms is always greaterthan the Scheil approximation (dashed lines) and the 
ferrite content increases to 100 percent at an interface velocity of about 50 mni/s. 

- 
------ 
------ - - - ------ Fig. 4: The influence of solidification - rate on the amount offsrrite that forms ." - - - z - - 

3 
i2 - - dashed lines indicate the Scheil - - - ----- approximation. - ----- 
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during solidification. Dotted lines 
indicate primary-austenite alloys, solid 
lines indicate primary-ferrite alloys, and 



The effect of alloy composition on the amount ifferkte that solidifies from the mclt is also illustrated 
in this figure. It is apparent that the amount of femte that solidifies from each alloy increases as the O/Ni 
increases from 1.15 (alloy 1) to 2.18 (alloy 7). Furthermore, relatively small changes in the alloy composition 
can have a significant effect on the amount of femte that solidifies from the melt when the alloys have 
compositions that are close to the lime of two-fold saturation and when these alloys are solidified at high rates. 

The calculations indicate that the femte content of primary-auste~te alloys to 0% whiie 
the femte content of primw-femte all@$ increases to lCO% with increasing soIidi6cation rate. Sice the 
solute-redistribution calbdations werepe~omed without any consideration of the solid-state transformation 
of femte, the residual ferrite content of each alloy will be less than that shown in Fig. 4. 

Qualitative veriiication of these dculations was found through the measurement of the residual 
femte content of these alloys [8]. For primary-austenite alloys, the expedmmtal observations indicate that 
single-phase-austeuite soUdScation occurs in alloys 1-4 at iateriace velocities between 10 and 20 -1s 
depending on the alloy composition. These data a m  well with the calculations present& in Fig. 4 when 
the solid-state transformation of femte is taken into accomt [8,12]. 

However, for primary-ferrite alloys, experimental observatians indicate that single-phase-femite 
solidification occurs in alloys 5-7 at interface velocities between 5 to 10 mm/s. The calculations presented 
inFig.4 indicate that single-~hase solidificationsh~uId occur atinterfacevelocitiesofappro~mately %Imm/s. 
This order of mia tude  difference for the primary-femte solidified alloys can not easily be reconciled by 
the uncertainties in ihe material-propeq data. l%e fact that these alloys solidib in the single-phae mode 
at lower velocities ihan predicted by the model indicates that the assumptions used in deriving the model do 
not fully apply to the primary-femte alloys. 

m e  solute redistribution calculations suggest that microsegmgation should be present at interface 
velocities of 5 to 10 m / s  in theprimaq-femtealloys. Tlisresult can beexperimentally verifiedbymeasunng 
the composition of the dendrite cores and by measuring any composition gradients in the single-phase 
microstmctures. Bperimentalevidence of =lute redistributionat these velocities would tend to support the 
solute-redistribution calculations of the model. Lf segregation is detected in the low-solidi6cation-rate 
single-phase-femte microstructures, then the Â£ac that single-phase microstmctures form at these velocities 
is most likely related to the difficulty of nucleating auste~te from the eutectic-composition liquid during the 
final stages of solidiication 1121. 

The alternative explanation for the premature single-phase microstructures wouId be that the liquid 
is massively solidiiying as ferrite Gth no miaosegegatio;~ If this is the case, then one would expect to see 
no evidence of segregation in the single-phase-ferrite microstructures and would expect to see compositions 
equal to the initial alloy composition throughout the cell. 

S E M  analysis was performed on alloy 6 
(27.6 wt.940 Cr, 13.7 wt.% Vi) to investigate the 
presence or absence of microsegregation in the 
primary-ferrite alloys. Fig. 5 shows these results 
for EB melt 2 (Vz6.3 m / s )  and EB melt 3 
(V = 16 mm/s). In this figure, the atomic percent 
Fe, Ni, and Cr are plotted for several locations 
across a single-phase cell. The difference in cell 
spacing has been taken into account such that a 
normalized distance of 10-3 represents the cell 
wall and a normalized distance of I represents the 
cell core. The composition gradients for (3 and 
Ni are small in both cases. However, this may be 
due to the relatively high solid-state diffusivity in 
the ferrile phase, which allows the alloy to 
homogenize as i t  cools to room temperature 1131. Fig. 5: Results of the STEM analysis on alloy 6. 



More impomntly, th is  figure inicates that the nickel and chromium concentrations at the cell cores 
are significantly diierent for the two solidification conditions. This obsemed change in the cell-Core 
composition is qualitatively consistent with the fact that the dendrite core should be further enriched in 
elements such as Ni with kc 1 and further depleted in elements such as CT with k> 1 at higher dendrite-tip 
undercoohgs. The observed decrease in the Cr concentration and increase in the Ni concenkation at the 
dendrite tip with the increase in solidification rate from 6 3  to 16 mm/s is consistent with the solute- 
redistribution calculations of the model. This change in composition would not be q e c t e d  if massive 
wlidXcation was oca~ming at these solidification rates. 

Therefore, these preliminaq STEM results provide evidence to support the w e d 1  conclusions of the 
solute-redistribution dadations Furthermore, these results support the concept that ausenite does not 
readiiy nucleate from the eutecticliquid, thus allowingsi.ugle-phase-ferrite micmslructures to form even after 
the intercdhhr liquid has been e ~ c h e d  to the eutectic composition 

6. CONCLUSIONS 

1. A rapid-solidi6cation model was used to calculate the relative fractions of primary and secondary 
phases that form during the resolidification of stainless steel alloys. 

2 The rapid-solidification model shows that the femte content of primary-auste~te solidified al!op 
decreases and the femte content of primary-femte solidiied alloys increases with increasing cooling 
rate. These results are consistent with expsrimental observations. 

3- Results of the model indicate that primacy-austmitc alloys will solidify in the single-phase mode 
at all intehce velocities greater than about 20 m / s .  ThkvaJue cornelates well with exyeriments. 

4. Results of the model indicate that primary-femte alloys will solidiQ in the single-phase mode at d l  
interface velocities greater than about 50 m / s .  The experimentally-obsemed interface velocily 
for single-phase-femte solidification is signXcantJy less (10 mm/s). This discrepancy is proposed 
to be related to the relative diE6culty of nucleating auste~te from the eutectic liquid. 
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