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ABSTRACT. Two combinations of deep 
penetration, autogenous electron beam 
welds in Type 304L stainless steel exhibit 
a significant variation in hot cracking sus
ceptibility which can be associated with 
the solidification behavior along the weld 
centerline. In one combination, the entire 
fusion zone solidifies as primary ferrite 
and is immune to cracking. In the other 
combination, a localized shift in solidifica
tion from primary ferrite to primary aus
tenite along the weld centerline results in 
hot cracking within the fully austenitic 
region. 

The shift in solidification behavior is not 
associated with any detectable segrega
tion of major alloying elements but 
appears to be related to an abrupt 
change in solidification conditions at the 
centerline. A model is proposed which 
describes the effect of the weld pool 
shape on the local solidification growth 
rate and resultant solidification mode in 
high velocity welds in 300-series stainless 
steels. 

Introduction 

The electron beam (EB) welding pro
cess is ideally suited for producing deep 
penetration welds in applications where it 
is desirable to both minimize the weld 
heat input and reduce the weld-induced 
distortion of the component. Unfortu
nately, when the depth-to-width ratio of 
the weld is relatively high (on the order of 
5 or greater), the weld is often suscepti
ble to cracking along the centerline of the 
fusion zone. 

Changes in the weld joint geometry 
and the process parameters are often 
helpful in reducing or temporarily elimi
nating the cracking. However, a perma
nent solution to the problem is generally 
not obtained until the underlying metal
lurgical phenomenon is understood. This 
investigation documents the incidence of 
centerline cracking in deep penetration 
EB welds between Type 304L stainless 
steel forgings and describes the mecha
nism responsible for cracking in these 
welds. 

Weld Cracking Susceptibility of Type 304L 
Stainless Steel 

Numerous investigators (Refs. 1-13) 
have studied the relationship among 
composition, weld ferrite content, and 
the hot cracking susceptibility of the 300-
series stainless steels. The earliest studies 
(Refs. 1-3) recognized that the resistance 
of these alloys to weld hot cracking was 
related to the delta ferrite content of the 
as-deposited weld; weld deposits which 
contained at least 5 volume-percent (vol-
%) ferrite were relatively immune to hot 
cracking. 

More recently, Masumoto era/. (Ref. 5) 
postulated that solidification behavior, 
not the absolute ferrite content, was the 
factor which dictated whether crack-free 
welds could be produced. Alloys, which 
solidified with delta ferrite as the primary 
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solidification product, were more resis
tant to cracking than alloys of similar 
composition which solidified with austen
ite as the primary phase, irrespective of 
the ferrite content of the as-welded 
microstructure. 

The presence of over 5 vol-% delta 
ferrite in the fusion zone of Type 304L 
stainless steel welds generally indicates 
that solidification has occurred as delta 
ferrite. Below approximately 2 vol-%, 
weld solidification occurs as austenite 
with a corresponding increase in the weld 
cracking susceptibility (Refs. 6-8). Thus, in 
a broad sense, the ferrite content of the 
weld can be used to predict the relative 
cracking resistance of the weld metal. 

A great deal of effort has focussed on 
predicting the eventual weld ferrite con
tent based on the composition of the 
base material. Diagrams have been 
devised by Schaeffler (Ref. 14), Hull (Ref. 
15), and DeLong (Ref. 16) which estimate 
the ferrite content as a function of the 
ratio of ferrite-forming elements to aus
tenite forming elements. More recently, 
these elemental relationships have been 
modified by Suutala (Ref. 17) and Ham-
mar and Svenson (Ref. 18). The DeLong 
diagram was the first of these equivalen
cy relationships to include the effect of 
nitrogen as an austenitizing element; as a 
result, this diagram has become the most 
widely used method for predicting ferrite 
content. 

The DeLong diagram, with the chemi
cal composition limits of Type 304L stain
less steel superimposed, is shown in Fig. 
1. A large area in the upper lefthand 
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CONSTITUTION DIAGRAM FOR STAINLESS STEEL WELD METAL 

18 19 20 21 22 23 24 
CHROMIUM EQUIVAIENT = %Cr + '/.Mo + 1.5 X %Si 4- 0 5 X %Cb 

Fig. 1 — Composition limits of Type 304L stainless steel superimposed on the DeLong diagram 

portion of the enclosed region corre
sponds to Type 304L stainless steel com
positions relatively rich in austenite-form-
ing elements (Ni, Mn, C, N) and depleted 
in ferrite-forming elements (Cr, Si, Mo) 
which would exhibit little or no ferrite in 
the as-welded microstructure. Since the 
initial solidification product of alloys in this 
region would most likely be austenite, 
their resistance to hot cracking would be 
inferior to alloy compositions located in 
the lower righthand portion of the 
enclosed region. Thus, when formulating 
or selecting heats of Type 304L stainless 
steel which will be immune to weld hot 
cracking, it is necessary to restrict the 
compositions to those which will 
produce a sufficient amount of weld 
metal ferrite (greater than 2 vol-%). 

Solidification Behavior 

The primary phase of solidification in 
Type 304L stainless steel welds is pre
dominantly a function of the weld metal 
composition. In addition, the composition 
has a strong influence on both the weld 
ferrite content and the ferrite morpholo
gy. When solidification occurs as austen
ite, chromium partitions to the last-to-
solidify regions at the cellular or dendritic 
boundaries and promotes the formation 
of ferrite at these locations. Ferrite forma
tion during the final stages of solidification 
is generally considered to be the result of 
a eutectic reaction (Refs. 5,12,13,19,20). 

The delta ferrite remaining in the room 
temperature microstructure is generally 
associated with the solidification sub
structure boundaries. 

An increase in the weld ferrite content 
above 2-3 vol-% in Type 304L stainless 
steel is usually accompanied by a shift to 
solidification as primary ferrite. During 
solidification as ferrite, austenite-forming 
elements (primarily nickel) partition to the 
solidification substructure boundaries and 
promote the formation of austenite dur
ing the final stages of solidification. Upon 
further cooling in the solid state, a large 
fraction of the primary ferrite transforms 
to austenite, thus reducing the room 
temperature ferrite content to the levels 
predicted by the DeLong diagram-Fig. 
1. The mechanics of both primary ferrite 
solidification (Refs. 19,21-25) and the sol
id state ferrite-to-austenite transforma
tion (Refs. 22, 23, 26, 27) have been the 
subject of extensive research in the past 
decade; the references cited above will 
provide the reader with details of each of 
these metallurgical phenomena. 

The ferrite morphology resulting from 
the incomplete ferrite-to-austenite trans
formation may vary greatly within the 
allowable limits of the Type 304L stainless 
steel composition. Under normal welding 
conditions (moderate weld heat input 
and welding speed), the ferrite morphol
ogy in welds of Ferrite Number (FN) 3-8 is 
discontinuous and has been described as 
both vermicular (Ref. 19) and skeletal 

(Ref. 26). 
As the weld FN increases above FN 8, 

ferrite begins to form a continuous net
work within the microstructure. With a 
further increase in the weld FN, the ferrite 
takes on an acicular, or lathy, appearance 
(Ref. 28). In Type 304L stainless steel 
weldments, the transition from the skele
tal to the acicular ferrite morphology 
occurs somewhere in the range of FN 
10-15. Since the composition of Type 
304L stainless steel is biased toward low
er ferrite contents (Fig. 1), the acicular 
morphology is only occasionally ob
served. 

Effect of Welding Process Conditions 

The majority of the studies concerned 
with solidification behavior and transfor
mations in austenitic stainless welds have 
concentrated on weld microstructures 
which are produced using the more con
ventional welding processes (e.g., 
SMAW, GTAW, GMAW). Within a fairly 
broad range of weld process conditions, 
the weld ferrite content and, to a lesser 
extent, the ferrite morphology are rela
tively constant and appear to be almost 
entirely dependent on the weld metal 
composition. Suutala (Ref. 17) has shown, 
however, that as the weld travel speed is 
progressively increased during GTA 
welding of thin sheet, solidification as 
primary austenite is favored. The reduc
tion in weld ferrite content associated 
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Table 1—Chemical Compositions of the Type 304L Stainless Steels 

Material 

A 
B 
C 

Composition 
Limits 

Cr 

18.6 
18.8 
18.3 
18.0 
20.0 

Ni 

11.8 
10.4 
10.4 
10.0 
12.0 

Mn 

1.73 
1.68 
1.51 
1.50 
2.00 

Si 

0.43 
0.65 
0.56 
0.30 
0.70 

\ 
0.054 
0.039 
0.025 
0.020 

060 

0.033 
0.024 
0.020 
0.015 
0.030 

0.04 
0.04 
0.04 
_P_ 
0.04 

0.016 
0.004 
0.007 

0 
0.015 

Calculated 
equivalents'3' 

Cr 

19.3 
19.8 
19.1 

Ni 

15.3 
13.1 
12.5 

(a)Calculated using DeLong equivalents 

Table 2—Electron Beam Welding Conditions 

- 0 2 2 . 1 0 M M -

(0.870") 

Fig. 2 — Schematic illustration of the weld joint 
geometry 

wi th this gradual shift in solidif ication 
behavior is usually small and , as a result, is 
not indicative o f a change in the pr imary 
phase of solidif ication. 

A more dramatic reduct ion in the we ld 
ferr i te content was observed by Vitek 
and Dav id (Ref. 29) in laser welds p ro 
duced in Type 308 and Type 312 austen
itic stainless steels. For example, high 
speed laser welds made o n a Type 308 
stainless steel w e l d surfacing deposi t , 
wh ich initially solidif ied as pr imary ferr i te, 
exhibi ted approximate ly FN 1 and 
appeared to solidify as pr imary austenite. 
The ferr i te, wh i ch f o r m e d in these welds, 
was extremely f ine and was situated 
along the solidif ication subgrain b o u n d 
aries. The shift in solidif ication behavior 
d id not reduce the hot cracking resis
tance o f the material. 

The results of Vi tek and Dav id indicate 
that the use o f high energy density, l o w 
heat input we ld ing processes such as 
laser and e lect ron beam we ld ing may 
severely alter the amount and morpho lo 
gy o f the delta ferr i te, wh ich is normal ly 
expected in the austenitic stainless steels. 
Perhaps more impor tant , h o w e v e r , is the 
shift in solidif ication m o d e , wh i ch is con 
comitant w i t h the reduct ion in ferr i te. 
This investigation wil l describe similar 
shifts in solidif ication behavior wh ich 
occur in e lectron beam welds in Type 
304L stainless steel and relate this shift to 
the cracking susceptibil ity of these 
welds. 

Materials and Experimental 
Approach 

Materials 

The chemical compos i t ion and related 

Accelerating voltage 
Beam current 
Travel speed 

Focus setting 
Electron beam 

gun-work distance 
Part rotation 
Part fit/gap 

125 + 2 kV 
12.0 + 0.5 mA 
8.47 mm/s (20 

ipm) 
Sharp 
15.24 cm (6 in.) 

440-460 degrees 
0.025-0.125 mm 

(0.001-0.005 in.) 

ch romium and nickel equivalents of the 
three heats of Type 304L stainless steel 
used in this investigation are listed in 
Table 1. T w o of the materials (A and C) 
w e r e in the f o r m of circular forgings 
p roduced f r o m 31.8 m m (1.25 in.) thick 
cross-rolled plate. These forgings w e r e 
subsequently machined into 22 m m (0.87 
in.) d iameter circular plugs. Mater ia l B was 
fo rged f r o m 51 m m (2.0 in.) d iameter bar 
stock and subsequently machined into a 
r ing-shaped geomet ry w i t h an inner 
diameter wh i ch matched the dimensions 
o f the circular plugs. The min imum al low
able yield strength of the forgings was 
310 MPa (45 ksi). 

Welding Procedure 

A schematic il lustration o f the plug 
w e l d sample is s h o w n in Fig. 2. A single 
pass, autogenous electron beam w e l d 
was used to join the t w o parts. We lds 
w e r e made w i t h t w o material combina
t ions, namely A / B and B/C. Acceptance 
criteria requi red we ld penet ra t ion to 
exceed 6.3 m m (0.25 in.). 

All welds w e r e pe r f o rmed w i t h the 
condit ions listed in Table 2. Actual w e l d 
ing requi red somewha t m o r e than one 
full revo lu t ion in o rder t o accommoda te 
the s lope-up and s lope -down to full p o w 
er. Fol lowing we ld ing , ultrasonic inspec
t ion techniques w e r e emp loyed to detect 
the presence o f any w e l d defects wh ich 
may be present above the 6.3 m m (0.25 
in.) step. The ultrasonic technique was 
sensitive t o any lack-of-fusion defects, 
porosi ty, or w e l d cracks wh i ch exceeded 
approx imate ly 0.25 m m (0.01 in.) in the 
largest d imension. W e l d crack locations 
w e r e indexed in o rder that transverse 

cross sections cou ld be r e m o v e d fo r 
metal lographic examinat ion. 

Analytical Procedures 

Transverse metal lographic sections 
w e r e r e m o v e d at 90 deg locations refer
enced to the s l ope -up /s l ope -down posi
t ion of the w e l d . In addi t ion, welds c o n 
taining crack-l ike indications w e r e sec
t ioned to reveal these discontinuites. The 
samples w e r e metal lographical iy pol ished 
through 0.05 m i c r o n * alumina and subse
quent ly e tched w i th either a mixed acid 
(equal parts acetic, nitric, and hydroch lo 
ric) or a 10% oxalic acid solut ion (electro
lytic). 

W e l d sections containing large center-
line cracks w e r e careful ly sect ioned so as 
t o expose the crack surface. A scanning 
electron microscope (SEM) equ ipped 
w i t h an energy dispersive spect rometer 
was used to characterize the f racture 
morpho logy and identi fy particles a n d / o r 
features associated w i th f racture surface. 
In addi t ion, the e lectron m ic rop robe was 
uti l ized to obta in composi t ional profi les 
f r o m pert inent regions o f the w e l d micro-
structure. 

Results 

Predicted Solidification Behavior 

The ferr i te content , or ferr i te number 
(FN), of e lectron beam welds b e t w e e n 
material combinat ions A / B and B/C can 
be pred ic ted on the basis of the average 
w e l d metal compos i t ion using the De -
Long diagram in Fig. 1. In addi t ion, the 
demarcat ion b e t w e e n solidif ication as 
pr imary ferr i te and pr imary austenite, 
wh ich has been p roposed by Suutala et 
al. (Refs. 20,22), can be super imposed o n 
this same diagram, as s h o w n in Fig. 3. 
Al loys wh ich lie above this line w o u l d be 
expec ted to solidify as austenite, whi le 
b e l o w the line the pr imary solidif ication 
p roduc t should be ferr i te. 

The e lect ron beam welds in this inves
t igation w e r e made w i t h the beam cen
te red on the w e l d interface b e t w e e n the 
t w o materials. Thus, it is reasonable t o 
assume that equal mixing o f the materials 

*1 micron = 0.00004 in. 
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CONSTITUTION DIAGRAM FOR STAINLESS STEEL WELD METAL 

16 13 19 20 21 22 23 24 25 
CHROMIUM EQUIVALENT = %Cr + V.Mo + 1.5 X %Si 4- 0.5 X %Cb 

26 27 

Fig. 3— The DeLong diagram with the Suutala demarcation superimposed 

occurs in the weld pool. Weld metal 
compositions representative of this equal 
mixture in both the A/B and B/C welds 
have been plotted on the diagram in Fig. 
3. The diagram predicts that both of the 
EB weld compositions should solidify as 
primary ferrite, although the A/B compo
sition lies closer to the demarcation line 
and would predict a lower weld ferrite 
content than the B/C welds. 

Weld Microstructures 

B/C welds. A macrograph of a trans
verse section of a representative B/C 
electron beam weld is shown in Fig. 4. 
The weld has penetrated past the step 
located 6.35 mm (0.25 in.) below the top 
of the sample (see Fig. 2) and exhibits a 
depth-to-width ratio of approximately 9. 
The dark-etching appearance of the weld 
indicates the presence of delta ferrite in 
the as-welded microstructure. 

The ferrite content of the weld, as 
measured by the Magne Gage, was near
ly FN 5 and thus closely approximates the 
ferrite level predicted by the DeLong 
diagram-Fig. 3. The ferrite distribution 
within the weld was relatively uniform 
with the exception of a fully austenitic 
region at the root of the weld. The ferrite 
morphology in the B/C welds was typi
cally of the vermicular (skeletal) type. The 
combination of ferrite content and mor
phology in these welds suggests that 

solidification has occurred predominantly 
as primary ferrite. 

Weld cracking was not detected, 
either ultrasonically or metallographicaliy, 
in any of the B/C welds. This observation 
is consistent with the principle that Type 
304L stainless steel welds, which solidify 
as primary ferrite, are extremely resistant 
to weld hot cracking. 

A/B welds. A macrograph of a trans
verse section from an A/B weld contain
ing a centerline defect is shown in Fig. 4A. 
Note that the cracking is associated with 
a light-etching region, which is localized 
along the weld centerline and does not 
extend into the dark-etching regions of 
the weld. Solidification cracking in the 
A/B welds was always specific to the 
centerline region, usually midway be
tween the top and bottom of the weld, 
and was always completely enveloped 
by the light-etching microstructure evi
dent in Fig. 4A. Porosity was also 
observed in many of the cross sections of 
the A/B welds; this porosity was fre
quently associated with the light-etching 
microstructure. 

The variation in etching characteristics 
in the A/B welds can be explained by the 
local change in ferrite content within the 
weld. At higher magnification in Fig. 5, it is 
evident that the light-etching centerline 
region is effectively fully austenitic. Solidi
fication along the centerline in Fig. 5 
appears to have occurred as primary 

austenite. The dark-etching microstruc
ture surrounding the weld centerline has 
solidified as primary ferrite, as evidenced 
by the presence of retained delta ferrite 
along the cores of the solidification sub
structure. The shift in solidification behav
ior at the centerline is abrupt and appears 
to occur over a distance of approximate
ly 20 microns. Note that the rapid transi
tion in solidification behavior is accompa
nied by a change in the growth orienta
tion of the solidification substructure. 

The ferrite content of the A/B welds, 
as measured by the Magne Gage, was on 
the order of FN 2. This ferrite level agrees 
reasonably well with that predicted by 
the DeLong diagram in Fig. 3. The varia
tion in solidification behavior within the 
weld cannot, however, be predicted by 
Fig. 3, if equal mixing of the A and B 
material is assumed to occur in the weld 
pool. 

Microprobe Analysis 

Microprobe analysis traverses were 
performed across the fully austenitic 
region at the weld centerline in an effort 
to determine if local changes in the weld 
metal composition were responsible for 
the shift in solidification behavior. The 
analysis region shown in Fig. 6 traversed a 
ferrite-free region near the tip of a cen
terline crack, which was bounded by 
regions of the fusion zone which solidi-
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Fig. 4—Macrographs of weld transverse sections: 
solidification cracking; B — B/C weld 

A— A/B weld which exhibited centerline 

tied as primary ferrite. Despite the shift in 
the primary phase of solidification, no 
corresponding shift in the concentration 
of the major alloying additions (Cr, Ni, 
Mn, Si) was associated with this transi
tion. 

The microprobe is relatively insensitive 
to carbon and nitrogen at the levels in 
which they are present in Type 304L 
stainless steel. Thus, quantitative concen
tration profiles for both of these power
ful austenite stabilizing elements could 
not be obtained. 

Discussion 

The weld hot cracking observed in 
deep penetration EB welds between a 
low weld ferrite heat (material A) and 
medium weld ferrite heat (material B) of 
Type 304L stainless steel can be associ
ated with a shift in solidification behavior 
along the weld centerline. No shift in 
solidification behavior or subsequent sus
ceptibility to hot cracking was observed 
in identical welds made with two medium 

weld ferrite heats (materials B and C). The 
solidification behavior of 300-series stain
less steel welds is primarily dependent on 
the weld metal composition (Refs. 5,17). 
Thus, the observed solidification anomaly 
in the A/B welds would be expected to 
be the result of a local variation in weld 
metal composition. 

Centerline cracking in welds made at 
high velocity is often attributed to the 
macrosegregation of alloying and impuri
ty elements along this narrow region 
during the final stages of solidification. 
Savage et al. (Ref. 32) have shown that an 
elongated, or tear-drop shaped, weld 
pool gives rise to a distinct centerline 
along which weld defects are prevalent. 
As the weld pool shape becomes more 
elliptical, the distinct centerline disappears 
and the propensity for weld defects gen
erally decreases. Despite the utility of the 
macrosegregation theory, electron mi
croprobe analysis was unable to detect 
any significant change in weld metal com
position in the centerline region of the 
A/B welds —Fig. 6. 

Similar shifts in solidification behavior 
along the weld centerline of autogenous 
GTA welds in Type 309 stainless steel 
have been reported by other investiga
tors (Refs. 30,31). Microprobe analysis 
performed across the fully austenitic cen
terline region (Ref. 31) of the Type 309 
stainless steel welds also failed to reveal 
any significant change in composition rel
ative to the composition of the surround
ing weld microstructure. The observation 
of centerline solidification transitions in 
the Type 309 stainless steel bead-on-
plate welds was not complicated by the 
assumption of uniform mixing of two 
materials of different composition. Thus, 
it seems likely that the anomalous solidifi
cation behavior in the A/B electron beam 
welds is not due to nonhomogeneous 
mixing in the weld pool. 

The microprobe data presented in Fig. 
6 demonstrate that the segregation of 
major alloying elements is not responsible 
for the shift in solidification behavior 
along the centerline. The effect of carbon 
and nitrogen on the weld solidification 
behavior is more difficult to assess. Little 
information is available concerning the 
partitioning of these elements during 
weld solidification. Both carbon and nitro
gen are extremely mobile in the material 
in the solidification temperature range; it 
is likely that any partitioning which occurs 
during solidification rapidly disappears 
through diffusion. 

In a previous investigation (Ref. 33), the 
Auger microscope was used to detect 
the presence of both carbon and nitro
gen on the centerline crack surface in 
similar welds. Carbon appeared to be 
present as an impurity, since it became 
undetectable as the surface layer (~20 
nm)* was removed. Nitrogen was de
tectable in significant concentrations 
nearly 100 nm below the fracture sur
face. In addition, porosity was frequently 
associated with the fully austenitic region 
along the centerline. The combination of 
these two observations suggests that the 
segregation of nitrogen, a powerful aus
tenite former, contributes to the solidifi
cation transition along the weld center-
line in the A/B welds. The B/C welds 
have a lower average nitrogen content 
than the A/B welds and exhibit no 
change in solidification behavior or per
ceptible reduction in ferrite content along 
the centerline. 

Suutala (Ref. 17) has observed a gradu
al shift in the solidification behavior of 
300-series austenitic stainless steel welds 
and has attributed this shift to changes in 
the welding conditions. Nitrogen analyses 
of the weld metal, in which a shift from 
primary ferrite to primary austenite solid
ification had occurred, failed to detect 
any significant increase in nitrogen con-

*1 micron = 0.001 mm. 
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F/g. 5 — Optical micrograph of the centerline region in an A/B weld. Note the rapid transition in 
both the primary mode of solidification and the solidification growth direction 

tent. These results indicate that the local 
variation in the solidification behavior of 
the A/B welds may not be due exclusive
ly to the segregation of nitrogen; instead, 
it may be controlled by a localized shift in 
solidification conditions at the weld cen
terline. 

Effect of Solidification Conditions 

An increase in the weld travel speed at 
equivalent current and voltage levels 
reduces the overall heat input of a weld 
while increasing the solidification growth 
rate along the solid-liquid interface at the 
trailing edge of the weld pool. The 
growth rate, R, during welding is related 
to the weld travel speed, Vw , by the 
expression 

R a Vwcos 8 

where 8 represents the angle between 
the welding direction and the normal to 
the solid-liquid interface. 

Using this expression, the growth rate 
along the trailing edge of the weld pool 
can be approximated. In high velocity 
GTA and electron beam welds, the shape 
of the molten pool approximates an elon
gated tear-drop. Assuming this weld pool 
geometry, the growth rate in a weld 
moving at 50 cm/min (20 ipm, approxi
mately the speed at which the A/B and 
B/C electron beam welds were made) 
can be plotted as a function of position 
along the solid-liquid interface, as shown 
in Fig. 7. 

At the leading edge of the solidification 
front (points A and B in Fig. 7), the growth 
rate is essentially zero. Slightly behind 
points A and B, the growth front rapidly 
approaches a steady state velocity as a 
consequence of the pool geometry. In 
the vicinity of the weld centerline, the 
angular differential between the solidifi
cation growth direction and the welding 
direction changes rapidly until, at some 
point along the centerline, the growth 

rate and the welding velocity are equiva
lent (0 = 0°, cos 0° = 1, therefore 
R = Vw). 

Thus, for an elongated, or tear-drop 
shaped, weld pool, the solidification 
growth rate along the centerline can be 
significantly greater than the growth rate 
in the bulk of the weld. As the weld pool 
becomes more elliptical (at lower welding 
velocity), the angular differential be
tween the growth direction and the 
welding direction changes gradually and 
a growth rate anomaly does not occur 
along the centerline. 

Suutala (Ref. 17) has proposed that the 
critical ratio, Creq:Nieq, which differenti
ates alloy compositions that solidify as 
ferrite from those that solidify as austen
ite, varies as a function of the solidifica
tion growth rate in the weld. This rela
tionship is reproduced in Fig. 8. Note that, 
at growth rates below approximately 25 
cm/min (10 ipm), the critical equivalency 
ratio is nearly constant. Above this 
growth rate, the critical ratio increases — 
that is, solidification as primary austenite 
becomes more favorable. 

The results of Vitek and David (Ref. 29) 
have been incorporated in Fig. 8 in order 
to extrapolate the critical equivalency 
ratio to higher growth rates (dashed line 
in Fig. 8). They observed that laser welds 
in a Type 308 stainless steel weld pad 
made at 150 cm/min (~60 ipm) solidified 
as primary austenite despite a relatively 
high Creq:Nieq ratio. 

These results suggest that the critical 
equivalency ratio, which defines solidifi
cation behavior, changes extremely rap
idly as the solidification growth rate 
increases above approximately 100 c m / 
min (40 ipm). Thus, as the welding veloc
ity becomes extremely rapid, solidifica
tion as primary austenite occurs at much 
higher values of Creq:Nieq than normally 
expected. 

Solidification Behavior of A/B and B/C 
Welds 

The range of solidification growth rates 
predicted for the A/B and B/C electron 
beam welds (Fig. 7) have been superim
posed on the diagram in Fig. 8. The 
growth rate range of the B/C weld lies 
entirely above the line which separates 
primary ferrite from primary austenite 
solidification. As observed metallographi
caliy (Fig. 4), solidification within the entire 
B/C weld was as primary ferrite, includ
ing the region along the weld centerline 
where the growth rate is greatest (50 
cm/min, i.e., 19.7 ipm). 

In contrast, the growth rate range in 
the A/B welds straddles the demarcation 
line. Thus, Fig. 8 predicts that the region 
of the weld which solidifies at the steady 
state growth rate (~10 cm/min or 3.9 
ipm) will form ferrite as the primary phase 
of solidification; this will occur while the 

132-s I M A Y 1985 



rapid growth rate along the weld center-
line favors solidification as primary aus
tenite. The shift in solidification behavior 
predicted by Fig. 8 corroborates the 
microstructural evidence in Figs. 4A 
and 5. 

Although local variations in the solidifi
cation growth rate may be sufficient to 
explain the change in solidification behav
ior, macrosegregation of austenite stabi
lizing elements along the weld centerline 
could also contribute to the observed 
behavior. For instance, the partitioning of 
nitrogen, a powerful austenite stabilizer, 
would lower the local equivalency ratio 
along the centerline and allow the transi
tion to primary austenite solidification to 
occur at lower growth rates. It appears, 
however, that macrosegregation alone 
does not explain the shift in solidification 
behavior. 

The combination of Figs. 7 and 8 can 
be used to predict the solidification 
behavior in other austenitic stainless steel 
welds where the weld metal composi
tion, the welding velocity, and the 
approximate shape of the weld pool are 
known. In a true "tear-drop" geometry, 
only an extremely narrow region (actually 
a point) at the weld centerline would 
achieve a growth velocity approaching 
the welding speed. As a result, any shift in 
solidification behavior associated with an 
abrupt change in growth rate would be 
essentially undetectable. 

In reality, the shape of a deep penetra
tion electron beam weld pool is relatively 
complex and varies as a function of 
distance below the surface of the weld 
(Ref. 34). The upper portion of the welds 
shown in Fig. 4 exhibits the characteristic 
"nailhead." The weld pool in this region is 
much wider than elsewhere in the weld; 
thus, it is likely that the shape of the weld 
pool will vary correspondingly. Direct 
observation of the surface of an EB weld 
using high-speed cinematography sug
gests that the pool shape tends to 
approximate an ellipse more than a "tear
drop" (Ref. 34). Below the "nailhead," 
the weld pool width is reduced, and the 
shape approaches that of a truncated 
"tear-drop" (Refs. 34-36); here the 
degree of truncation is a function of the 
pool width, the depth below the surface, 
and the physical properties of the materi
al. 

The variation in the weld pool shape as 
a function of distance below the surface 
explains the difference in microstructure 
and solidification behavior in the A/B 
welds. In the "nailhead" region, the ellip
tical pool shape eliminates the distinct 
centerline and prevents the growth rate 
anomaly shown in Fig. 7. As the weld 
narrows below some critical dimension, 
the elliptical shape evolves into one that 
more closely approximates a truncated 
"tear-drop." The transition in shape gives 
rise to the distinct centerline which is 
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Fig. 6-Microprobe analysis traverse across a fully austenitic region at the centerline of an A/B 
weld 

observed from approximately midway 
down in the weld to the weld root in Fig. 
4. Within the A/B welds this centerline 
region solidifies as primary austenite and 
provides a preferential site for solidifica
tion cracking. The approximation of a 
truncated "tear-drop" for GTA welds 
made at high welding velocities also 
explains the observations of localized 
centerline primary austenite solidification 
and associated cracking reported in Type 
309 stainless steel sheet stock (Refs. 
30,31). 

Solidification substructure size. Despite 
the abrupt change in solidification growth 
rate along the weld centerline in the A/B 
and B/C welds, the solidification sub
structure size —or primary dendrite arm 
spacing-in this region is comparable to 
that in the adjacent microstructure. The 
dendrite arm spacing is generally consid
ered to be a function of both the temper
ature gradient, G, and the growth rate; 
this spacing obeys an inverse power law 
dependence on the product GR. Thus, a 
variation in the solidification growth rate 

uniquely controls the substructure size 
only when the gradient is constant. 

Within a fusion weld, the temperature 
gradient at the solid-liquid interface varies 
significantly as a function of location 
along this interface. The gradient is the 
greatest at the edge of the weld where 
the solidification growth front initiates 
(points A and B in Fig. 7) and lowest along 
the centerline of the weld (Refs. 39,40). 
Sahm and Schubert (Ref. 35) have esti
mated that the temperature gradient 
along the edge of the weld can be two 
orders of magnitude greater than the 
gradient at the centerline. 

The temperature gradient in the steady 
state growth region (Fig. 7) would vary 
between these two extremes and is 
probably a function of position along the 
interface. Since the growth rate along the 
solid-liquid interface changes in an oppo
site manner, the product GR should be 
roughly equivalent at all points along the 
weld interface except at the edge of the 
weld where the gradient is very steep. As 
a result, the substructure size in the bulk 
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of the weld should be relatively uni
form. 

Effect of "spiking" on solidification 
behavior. As noted previously, the B/C 
welds solidified as primary ferrite across 
the entire width of the weld. Close exam
ination of Fig. 4B, however, reveals that a 
light-etching region is present in the root 
of this weld. The high magnification pho
tomicrograph of this region (Fig. 9) 
reveals that the microstructure is nearly 
fully austenitic and exhibits an extremely 
fine solidification substructure. The origin 
of this microstructure is probably the 
result of a phenomenon known as "spik
ing" (Refs. 41,42), whereby an instability 
in the electron beam results in a momen
tary increase in weld penetration. As a 
result, a molten "spike" forms in the root 
of the weld and resolidifies extremely 
rapidly. 

Reference to Fig. 8 indicates that the 
growth rate in this region must be greater 
than 150 cm/min (60 ipm) in order to 
produce the fully austenitic structure. 
Since the "spiking" phenomenon is 
essentially instantaneous, it is likely that 
the temperature gradient during solidifi
cation of the "spike" is high; thus, the GR 
product would be much larger than else
where in the weld. The presence of a 
fully austenitic microstructure within a 
weld, whose Creq:Nieq ratio is relatively 
high, indicates the dominant effect of 
growth rate on the solidification behavior 
of austenitic stainless steels. In addition, 
this observation is in agreement with the 
results of Vitek and David (Ref. 29) and 
reinforces the dramatic increase in the 
critical equivalency ratio at growth rates 
above approximately 100 cm/min (39.4 
ipm) —Fig. 8. 

Relationship Between Solidification Behavior 
and Weld Hot Cracking 

The solidification cracking observed in 
the A/B welds is the result of both a crack 
susceptible microstructure and a large 
inherent weld restraint associated with 
the weld geometry. In many practical 
applications, the weld penetration 
requirements and, hence, the restraint 
conditions are fixed. As a consequence, 
the solution to the weld cracking prob
lem, such as in the A/B welds, often 
requires the selection of more crack resis
tant alloy composition. 

When using the more conventional 
welding processes (GTAW, GMAW, 
SMAW, SAW), the DeLong diagram cou
pled with the Suutala relationship for the 
primary austenite/primary ferrite demar
cation (Fig. 3) can be used successfully to 
select compositions which are resistant to 
hot cracking. However, when using high 
energy density welding processes (EBW, 
LW) or the more conventional processes 
at extreme welding speeds (>50 cm/min, 
i.e., 19.7 ipm), the behavior predicted by 
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Fig. 3 may not be valid. 
It is likely that the A/B combination 

would be readily weldable at welding 
velocities which did not produce an elon
gated weld pool. A corollary study (Ref. 
43) has demonstrated that increasing the 
width of the A/B welds through both 
beam oscillation and reduced welding 
speed has essentially eliminated the fully 
austenitic region along the centerline. 
Unfortunately, redevelopment of the 
welding process/welding conditions is 
not always practical. 

In general, the selection of an alternate 
material with a higher Cre q /Nie q value is 
the most appropriate means to ensure 
that welds are crack resistant. In this 
investigation, the substitution of material 
A with material C eliminated the weld 
cracking problem. It is interesting to note, 
however, that at even higher welding 
velocities (>150 cm/min, i.e., 59 ipm), 
Fig. 8 predicts that a similar solidification 
transition may occur along the centerline 
of the B/C welds. 

Although solidification as primary aus
tenite is normally avoided by proper 
material selection, several investigators 
(Refs. 11,30,44,45) have demonstrated 
that crack-free, fully austenitic weldments 
can be produced if the material either 
contains extremely low impurity levels or 
is welded under low restraint conditions. 
For example, the bead-on-plate laser 
welds in Type 308 stainless steel studied 
by Vitek and David (Ref. 29) did not 
exhibit any cracking, despite solidifying as 
primary austenite. In general, the depth-
to-width ratio of these welds was less 
than 1 and the total sulfur plus phospho
rus content was less than 300 ppm. In 
contrast, Brooks et al. (Ref. 30) reported 
that bead-on-plate welds in Type 309 
stainless steel exhibited cracking along a 
fully austenitic region at the weld center-
line (welding velocity = 61 cm/min, i.e., 
24 ipm). These welds were highly 
restrained and contained from 200-1000 
ppm sulfur plus phosphorus. In similar 
welds, where the impurity level was 
below 200 ppm, weld cracking was not 
observed, irrespective of solidification 
behavior. 

In addition to the transition in solidifica
tion behavior which occurred along the 
centerline of the A/B welds, reference to 
Table 1 reveals that the average sulfur 
content of this material combination is 
greater than that of the B/C welds. In a 
previous report (Ref. 33), a significant 
amount of sulfur was detected both by 
the microprobe and Auger microscope in 
the vicinity of the solidification cracks and 
on the fracture surface. 

The deleterious effect of sulfur with 
respect to weld hot cracking susceptibili
ty in fully austenitic stainless steel welds is 
well known (Refs. 6,9-13). The threshold 
level of sulfur (and phosphorus) which 

40 Mm 
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Fig. 9 —Optical micrograph of the weld root region of a B/C weld. Rapid solidification due to 
electron beam "spiking" results in a nearly fully austenitic structure 

promotes cracking is not well defined 
and is undoubtedly highly dependent on 
the level of weld restraint. Since the weld 
geometry used in this investigation 
produces significant restraint across the 
weld, the threshold impurity level, below 
which cracking does not occur during 
solidification as primary austenite, may be 
extremely low (<100 ppm). 

Summary 

Centerline solidification cracking in 
deep penetration electron beam welds 
between low and medium weld ferrite 
variants of Type 304L stainless steel is 
associated with a shift in solidification 
behavior. The DeLong and Suutala equiv
alency relationships predict that the weld 
metal ferrite content of this material com
bination should be in the range of FN 2-3 
with solidification occurring as primary 
ferrite. Metallographic examination of 
these welds revealed that, while the bulk 
of the fusion zone solidifies as predicted, 
a narrow region along the weld center-
line solidifies as primary austenite and 
contains no residual ferrite. Hot cracking 
is restricted to the fully austenitic region 

at the centerline. Similar welds between 
two medium ferrite variants of Type 304L 
stainless steel solidified as primary ferrite 
along the centerline and were not sus
ceptible to cracking. 

Microprobe analysis traverses per
formed across the fully austenitic center-
line region failed to detect any segrega
tion of austenite stabilizing elements 
which would give rise to the observed 
shift in solidification behavior. The shift 
from solidification as primary ferrite to 
primary austenite appears to be associ
ated with an abrupt change in solidifica
tion conditions at the centerline. As a 
consequence of the rapid welding speed, 
the weld pool shape approximates a 
truncated "tear-drop"; the solidification 
growth rate at the centerline of this weld 
pool increases abruptly relative to that of 
the surrounding fusion zone. 

In alloys, or alloy combinations, with a 
low Cre q /Nie q value (but which under 
normal welding conditions should solidify 
as primary ferrite), the large change in 
solidification growth rate promotes solid
ification as primary austenite. When the 
weld restraint is relatively severe such as 
in deep penetration electron beam 
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welds , the shift in solidif ication behavior 
can result in w e l d hot cracking. 
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