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ABSTRACT. The all-weld-metal tensile 
properties from gas tungsten arc and elec- 
tron beam welds, as well as shear proper- 
ties of pulsed laser beam welds, have been 
determined for a free-machining 
austenitic stainless steel. Ten heats with 
sulfur contents from 0.04 to 0.4 wt-% and 
a wide range of Creq/Nie~ ratios were stud- 
ied. Tensile properties o"f welds with both 
gas tungsten arc and electron beam 
processes were related to alloy composi- 
tion and solidification microstructure.  
The yield and ultimate tensile strength in- 
creased with increasing Creo/Nieq ratio 
and ferrite content, whereas t~ae ductility, 
as measured by reduction of area at frac- 
ture, decreased with sulfur content. Simi- 
lar behavior was observed for the shear 
behavior of the pulsed laser beam welds. 
A range in alloy compositions was identi- 
fied that provided a good combination of 
both strength and ductility. The solidifica- 
tion cracking response for the same range 
of compositions is discussed, and compo- 
sitions identified that would be expected 
to provide good performance in welded 
applications. 

Introduction 

Austenitic stainless steels are used in a 
wide range of applications, often because 
of their good corrosion resistance, me- 
chanical behavior, and magnetic proper- 
ties. However, because of their high work- 
hardening rate, toughness, and ductility, 
these materials are known to be difficult to 
machine. In general, tools run hotter with 
more tendency to form buildup at the tool 
edge, chips are stringier with the tendency 
to tangle, tool chatter can be exacerbated, 
and feed rate can be more critical than 
with other materials. The use of free-ma- 
chining grades can greatly reduce machin- 
ing time and improve surface quality. 
Commonly, the free-machining grades are 
alloyed with small amounts of tow solubil- 
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ity elements such as sulfur, lead, and sele- 
nium. These elements aid machinability 
by forming precipitates or inclusions that 
cause the chip to break into short frag- 
ments instead of continuing as lengthy 
turnings. Also, the inclusions appear  to 
help lubricate the tip of the tool at the cut- 
ting edge, thereby minimizing galling and 
seizing. 

Free-machining stainless steels have 
seen little use in applications involving 
welding. The two concerns restricting 
their use are weld hot cracking and uncer- 
tainties in weld mechanical properties.  
However, it has been shown for AISI 303, 
the most widely used free-machining 
grade (alloyed with sulfur), that if the 
welds solidify as primary ferrite they can 
be very resistant to cracking (Refs. 1-4). 

For gas tungsten arc (GTA) welds, the 
critical CroJNio~ ratio for primary ferrite 

~H ~ q  
solidification was found (Refs. 3, 4), when 
using Hammar and Svensson equivalents 
(Ref. 5), to be in the range of 1.55 to 1.6. 
For pulsed laser beam welds, the critical 
value was found to increase to -1 .75  
(Refs. 3, 4). In essence, this increase is due 
to the fact that higher Crect/Nie~ ratios are 
required to maintain ferritlc soYidification 
at higher solidification velocities (den- 
drite tip undercooling increases more 
rapidly with increasing solidification ve- 
locity during ferritic solidification than 
during austenitic solidification (Refs. 
6-12). 

It was also shown in Ref. 4 that at 
higher sulfur levels, the transition in solid- 
ification mode appeared to be shifted to 
slightly higher Creq/Nieq ratios. Moreover, 
it was observed for GTA welds that solidi- 
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fication cracking susceptibility increased 
for Creq/Nieq ratios above --1.9. It should 
also be noted that the heats studied con- 
tained a high level of phosphorous that is 
also known to promote cracking (Refs. 
13-16). Nevertheless, for high levels of 
sulfur, a range in compositions with 
Cr JN io~  ratios between - 1 . 7  and 1.9 
showed good welding behavior for both 
GTA and laser welding processes. These 
two processes cover an extremely wide 
range of solidification velocities. 

The second area of concern with high 
sulfur levels is the lack of information re- 
garding weld mechanical properties. The 
presence of solidification cracks could cer- 
tainly have a catastrophic effect on weld 
strength and ductility. However, in the ab- 
sence of solidification defects, the pres- 
ence of Mn- and Cr- containing sulfides 
may, in themselves, be expected to have an 
adverse affect on weld properties. A goal 
of this study was to determine the effects 
of sulfur content and C r J N L _  ratio on 

~ q  ~H 
all-weld-metal tensile properties of crack- 
free GTA and EB welds. The alloys used 
to study mechanical properties were iden- 
tical to those used in the earlier solidifica- 
tion and cracking studies (Ref. 3, 4). 

Materials and Experimental 
Procedures 

The chromium and nickel contents 
were adjusted to provide a range of 
Creq/Nieq ratios in ten experimental vac- 
uum induction melted heats of AISI 303 
stainless steel. The 11-kg cast ingots were 
homogenized and hot rolled into strips 
-7 .6  cm wide and 3.2 mm thick. As can be 
seen in Table 1, all other alloying elements 
were held constant except for sulfur, 
which was varied from 0.04 to 0.4 wt-%. 
Phosphorus, an impurity known to pro- 
mote solidification cracking, was held at 
the maximum allowable level of 0.03 wt-% 
and should therefore represent a worst 
case for cracking. Table 1 also includes the 
Cr /Nioo ratios calculated using the eq ~q 
equwalents of both Hammar and Svens- 
son (Ref. 5) and the WRC 92 diagram 
(Ref. 17). It can be seen the Creq/Nieq ra- 
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tios range from 1.55 to 1.94. The ferrite 
numbers (FN) shown in Table 1 are those 
calculated using the WRC 92 diagram and 
are very similar to those calculated using 
the DeLong diagram (Ref. 18). 

Longitudinal all-weld-metal GTA ten- 
sile specimens were made from 3.2-ram- 
thick plates welded from each side to pro- 
duce full-penetration welds that were 
approximately 6 mm wide at the surface• 
The welds were made using 120 A, 9.3 V 
with Ar shielding at a travel speed of 
3 mm/s. Flat dogbone tensile specimens 
machined from these welds were 1.3 mm 
thick and had a reduced gauge section 3.2 
mm wide and 19 mm long. Electron beam 
welds made from the same plate material 
were also butt joint welded from each side. 
Welds were made at 25.4 mm/s using 130 
kV and 32 mA with circular deflection and 
a defocused beam. Flat tensile specimens 
used for the all-weld-metal EB tensile 
properties were 2.54 mm wide and 1.27 
mm thick• Samples were tested using a 
noncontacting laser extensometer at an 
initial strain rate of 0.005/s. 

In addition to GTA and EB welds, itwas 
desired to determine the effect of mi- 
crostructure and sulfur content on proper- 
ties of pulsed laser beam welds. However, 
since standardized test techniques do not 
exist for small single-pulse welds, a shear- 
type test was used to determine the relative 
performance of the ten experimental 
heats. The welds were produced using a 
Nd:YAG laser operating at 3.7 J/pulse, 
which resulted in welds with a cross-sec- 
tional area of approximately 1.75 mm 2 in 
the plane of the joint• The welds were 
shear tested using the configuration shown 
in Fig. 1 with a crosshead speed of 0.043 
mm/s and a stand-off (gauge length) of 
0.075 mm. Weld cross-sectional area in the 
shearing plane was measured metallo- 
graphically on separate welds and was 
taken as the average of five measurements• 

GTA Weld Results 

tion to austenite occurs shortly after solid- 
ification (Refs. 24, 25).) The change in so- 
lidification mode from primary austenite 
to primary ferrite increases with increas- 
ing solidification velocity, but for typical 
GTA welds occurs at a Cr /Ni ratio of eq eq 
--  1.5 (Hammar and Svensson equivalents) 
(Refs. 19-21, 26). However, it should be 
noted welds often contain several of the 
adjacent microstructures shown in the 
schematic of Fig. 2. 

The heats with a Creq/Nieq ratio of 1.55 
solidified in a mixed mode, with some re- 
gions of primary austenite with eutectic 
ferrite, and others as primary ferrite with 
skeletal ferrite (F/A). This Cr,JNi~., ratio 

~H oH. 
is close to that where the transition m so- 
lidification mode is commonly believed to 
change from primary austenite to primary 

Loading Direction 

~ Crx)sshead O0;,m c 
Vice Jaws 

Spot Weld 

F i g .  1 - -  Schematic diagram of laser beam spot 
weld shear test. 
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Fig. 2 - -  Schematic of weM solidification and solid-state transformation behavior shown/'or increasing 
Creq/Ni eq ratio. 

Table 1 - -  Alloy Compositions (wt-%), Calculated CrJNi,q Ratios, and Ferrite Numbers (FN) 

The GTA weld microstructures corre- 
sponded closely to those expected from Heat No. 1 
consideration of the Cr /Ni ratios S 0.04 eq eq 
(Refs. 19-23). A schematic of the solidifi- Cr 17.55 
cation behavior and idealized microstruc- Ni 10.51 
turesis shown in Fig 2with Cr /Ni ratio C 0.03 

• eq eq 
increasing from left to right. The two Mn 1.48 
schematic representations at the left of the Si 0.62 P 0.03 
figure correspond to primary austenite so- Mo 0.35 
lidification, with the one at the higher Cu 0.31 
ratio depicting solidification with some N 0.02 
eutectic ferrite (austenite/ferrite solidifi- 
cation, A/F). Three primary ferrite solidi- Cr~]Ni~, 1.48 
fled structures are shown at the right side (WRC92) CL]Ni,, 1.55 
of the figure. (It has been reported the two H and S 
microstructures shown to solidify as F/A FN 2 
may also form in single-phase ferrite-so- (WRC92) 
lidified structures where the transforma- 

2 3 4 5 6 7 8 9 10 

0.04 0.04 0.11 0.27 0.42 0.11 0.12 0.27 0.18 
19.18 18.37 18.45 18.47 18.45 16.87 17.78 17.77 18.16 
8.92 9.73 8.60 8.49 8.61 10.08 9.29 9.30 8.83 
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
1.49 1.48 1.49 1.48 1.48 1.47 1.48 1.49 1.47 
0.59 0.62 0.61 0.57 0.57 0.59 0.61 0.59 0.61 
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 
0.30 0.30 0.30 0.30 0.30 0.30 0.31 0.30 0.30 
0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

1.89 1.67 1.85 1.87 1.85 1.48 1.67 1.67 1.78 

1.95 1.73 1.92 1.94 1.92 1.55 1.74 1.74 1.85 

14 10 12 12 12 1.5 6 6 9 
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Fig. 3 - -  Microstructure o f  GTA welds . .4  - -  Heat  Z Cr /Ni =1 55 S=0.11  wt-%; B - -  Heat  9, ' eq" e " ' 
Creq/Nieq =1 .74 ,  S=O.  2 7  wt-%',  C - -  H e a t  2, Creq/Nieq = ~.95,  S = 0 . 0 4  w t - % ;  D - -  H e a t  6, 
Cr  eq/Ni eq=1.92,  S = 0 . 4 2  wt-  %. 

ferrite (Refs. 19-21). However, in general, 
it was found the two heats solidified some- 
what differently. Heat 7 with the higher 
sulfur content,  0.11 wt-%, solidified 
largely as primary austenite while Heat 1 
with 0.04 wt-% sulfur solidified largely as 
primary ferrite. 

The microstructure of Heat 7 is shown 
in Fig. 3A and is characteristic of primary 
austenite solidification in which a small 
amount of eutectic ferrite is contained at 
the solidification cell and grain bound- 
aries (austenite/ferrite solidification - -  
Fig. 2). Large numbers of sulfide inclu- 
sions are also present and confined to the 
solidification boundaries. Scanning elec- 
tron microscopy (SEM) with energy dis- 
persive spectrometry (EDS) analysis 
showed the sulfides contain manganese 
with smaller amounts of chromium. 

The weld microstructure of Heat 9 with 
a sulfur content of 0.27 wt-% shown in Fig. 
3B is characteristic of welds with CreJNie. 
ratios o f -  1.7. The primary ferrite soli~ifie~ 
weld (F/A) exhibits a skeletal ferrite mor- 
phology. However, at this CreJNie~ ratio, 
some regions of lathy ferrite (~ig. 2') were 
also observed. Large amounts of sulfides 
are again present both along the solidifica- 
tion cell boundaries as well as along ferrite 
austenite interphase boundaries. This pri- 
mary ferrite skeletal structure is similar to 
the primary ferrite solidified regions of the 
welds with the Creq/Nie~ ratio of 1.55. It ap- 
pears the high sulftir co~atent prompted F/A 
vs. F solidification (Refs. 3, 4). 

The final weld microstructures, Fig. 3C 
and D, are those from heats with the high- 
est CreJNieq ratio of -1 .9 .  The mi- 
crostruc~ure of Heat  2 with a CreJNie.  
ratio of 1.95 and a sulfur content o~ 0.0~ 
wt-% is shown in Fig 3C. This weld ex- 
hibits primarily a lathy ferrite structure 
where in some regions it is evident the 
laths extend over several solidification 
ceils, which suggests that solidification oc- 
curred completely as ferrite (Refs. 19-20). 
In other regions where the ferrite laths are 
confined to the cell boundaries, solidifica- 
tion likely occurred as F / A .  Small sulfide 
particles are present at both intradendritic 
ferri te/austenite boundaries and within 
the solidification boundaries. The pres- 
ence of intracellular  sulfides indicates 
that, unlike primary austenite solidifica- 
tion, some of the liquid sulfides are 
trapped during ferrite solidification rather 
than rejected to the cell boundaries. 

The weld microstructure of Heat 6 with 
a C r J N L ~  of 1.92 and the highest sulfur ~q ~q 
content, 0.42 wt-%, is shown in Fig 3D. 
Large quantities of sulfides are present 
along both the solidification cell bound- 
aries and the ferrite austenite interphase 
boundaries. However, clusters of finer sul- 
fide particles at the interdendritic regions 
are also present at this high sulfur content. 

Longitudinal all-weld-metal GTA ten- 
sile properties are given in Table 2. The 
yield and ultimate tensile strengths, uni- 
form and total elongation, and reduction 
in area at fracture (RA) are shown along 

with Creq/Nieq ratio and sulfur content and 
are the average of two tests per heat. In 
most cases, the variat ion in tensile 
strengths between the two tests were 
within a few percent. However, variations 
in ductility were higher, in several cases as 
high as 10% relative. The graphic repre- 
sentation of the data in Fig. 4 shows the 
correlation between strength and FN. It 
can be seen an increase in calculated FN 
from 2 to - 1 2  resulted in a - 2 5 %  increase 
in YS and a 15% increase in UTS. 

The tensile ductility measured as uni- 
form elongation and %-RA is plotted as a 
function of sulfur level in Fig. 5. It can be 
seen the elongation is in the range of 
40-50% for sulfur levels below 0.3% and 
above 35% at the highest level tested. As 
can be seen in Table 2, the total elongation 
in most cases was not much greater than 
the uniform elongation, indicating only a 
small amount of necking occurred in the 
specimens prior to fracture. The %-RA 
shows a stronger and more systematic sul- 
fur dependence, with measured %-RA de- 
creasing from - 5 5 %  at the lowest level of 
sulfur to less than 30% at 0.42 wt-%. This 
behavior is summarized in Fig. 6, which 
shows the strong correlat ion between 
strain after uniform elongation (et-eu) and 
RA. 

The weld fracture surfaces were ana- 
lyzed using SEM to determine the influ- 
ence of microstructure on fracture. The 
results of these evaluations are shown in 
Fig. 7A-C for welds with sulfur contents of 
0.04, 0.27, and 0.42 wt-%. In all cases, frac- 
ture occurred by microvoid coalescence 
where the microvoids initiated at second- 
phase (primarily sulfide) particles. 

EB Weld Results 

The EB weld microstructures were sim- 
ilar to those of the GTA welds of the same 
composition. The primary difference was 
that the EB welds exhibited a finer struc- 
ture due to the higher solidification veloc- 
ity and cooling rates. The primary austen- 
ite solidified microstructure of Heat 7, Fig. 
8A, is characteristic of both heats with the 
Cren/Nie. ratio of 1.55. Unlike the GTA 
wel~s, little eutectic ferrite and no regions 
of primary ferrite were observed. It can be 
seen all sulfides are again confined to the 
solidification boundaries. The microstruc- 
ture of heats with a Creq/Nieq ratio of 1.74 
exhibited mainly skeletal ferrite. This is 
shown in Fig. 8B for Heat 9. It is also very 
evident with the primary ferrite solidified 
structure the sulfides are not confined to 
the cell boundaries alone, and a fraction 
are also trapped within the intradendritic 
regions. This observation again demon- 
strates the differences between the two dif- 
ferent solidification modes in terms of sul- 
fide trapping at the solid-liquid interface. 
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The welds with the highest C r J N i o n  ratios 
( -1 .94)  solidified as primary~ferr~i]e and 
exhibited a mixture of skeletal and lathy 
ferrite - -  Fig. 8C. 

The EB all-weld-metal tensile proper-  
ties are given in Table 3. Again the results 1 
are averages of two tests per heat (except 2 
for Heats  7 and 10). Like the GTA welds, 3 
in most  cases var ia t ions  in tensi le  4 5 
s trengths be tween  the two tests were  6 
within a few percent,  while variations in 7 
ducti l i ty were  as high as 10% in some 8 
cases. However,  one of the Heat  7 speci- 9 
mens exhibited both low strength and low 10 
ductility, only a little over 10% elongation. 
This sample also exhibited large amounts  
of  secondary  cracking along the  gauge 
length. SEM examination of  fracture sur- 
faces of  this specimen,  and both speci- 
mens f rom Hea t  1, showed evidence of  
pr ior  sol idif icat ion cracks. The  tensi le  Heat 
p roper t i es  were  the re fo re  cont ro l led  No. 
largely by weld defects, the solidification 1, ~, 
cracks, rather than the weld microstruc- 2 
ture. Thus the data in Table 3 for Heat  1 is 3 
characteristic of  welds with these defects. 4 

5 
The results from the one Heat  7 specimen 6 
were not  included in the data in Table 3. 7 
The EB tensile strengths plotted for all the 8 
weld heats except for Hea t  1 are shown in 9 
Fig. 9 along with the GTA weld data. It can 10 
be seen that  similar to the GTA welds, 
both  the yield and tensile strengths in- 
crease with FN. The ductility, plotted as 
% - R A  vs. sulfur content, is shown in Fig. 
10. Again, there is a strong correlation be- 
tween fracture behavior and sulfur con- 
tent and the behavior is similar for both 
processes, although the ductility of the EB 
welds is slightly lower on average. 

The  EB weld f racture  surfaces were  
also examined  by e lec t ron  microscopy.  
The  welds from Heat  1 with a Creq/Nieq 

Table 2 - -  All-Weld-Metal  GTA Tensile Propert ies  

Heat No. Cr0~,/L, S Ys UTS e,, ~. e~e,, R A 
(wt-%) (MPa) (MPa) (%) (%) (%) 

1.55 0.04 276.3 581.2 48.7 51.1 2.4 53 
1.95 0.04 312.5 630.4 40.2 44.6 4.4 63 
1.73 0.04 308.7 610.4 44.7 47.8 3.1 58 
1.92 0.1l 313.8 651.1 47.2 50.0 2.8 46 
1.94 0.27 329.3 645.2 43.0 43.3 0.3 32 
1.92 0.42 324.5 637.7 36.6 36.7 0.1 28 
1.55 0.11 259.8 564.3 49.3 50.5 1.2 47 
1.74 0.12 289.4 613.9 46.8 49.5 2.7 51 
1.74 0.27 296.3 624.6 46.6 47.7 1.1 37 
1.85 0.18 300.6 634.6 47.7 48.2 0.5 40 

Table 3 - -  All-Weld-Metal  Electron Beam Tensile Propert ies  

C ~ N  L S YS UTS e,, ~ RA 
(wt-%) (MPa) (MPa) (%) (%) (%) 

1.55 0.04 253 413 16.1 16.6 
1.95 0.04 339 645 41.2 48.2 57 
1.73 0.04 306 577 40.8 47.7 54 
1.92 0.11 338 654 43.4 46.9 41 
1.94 0.27 352 643 31.9 32.0 24 
1.92 0.42 373 635 28.6 28.7 21 
1.55 0.11 330 532 50.3 50.5 41 
1.74 0.12 303 595 43.0 48.6 44 
1.74 0.27 304 604 44.t 44.2 30 
1.85 0.18 341 654 42.4 42.7 29 

(a) Properties reflect presence of solidification cracks. 

rat io of  1.55 and 0.04 wt -% sulfur and 
which exhibi ted both low st rength and 
ductility were of special interest. Figure 
11A shows at low magnification the weld 
fracture that exhibits a very prominent ,  
f la t -appear ing region on the upper  left 
side of  the fracture surface. Higher  mag- 
nification, Fig. 11B, shows this region ex- 

hibits a smooth  co lumnar  appearance  
characteristic of  a solidification crack with 
evidence of  fine surface porosity. Also, 
transverse to the solidification direction 
were sulfides associated with the solidifi- 
ca t ion crack that  had a ra ther  unusual  
stringer morphology.  A region near  the 
center  of  the specimen is shown in Fig. 
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Fig. 7 - -  GTA tensile fracture surfaces at A - -  
sulfur level o f  0.04 wt-% (Heat 2); B - -  sulfur 
level o f  O.27 wt- % (Heat 9); and C - -  sulfur level 
o f  0.42 wt-% (Heat 6). Note fracture initiated at 
second-phase Mn- and Cr- containing sulfides. 

11C. In this loca- 
tion, the fracture 
surface exhibits a 
prominent  colum- 
nar appearance,  
with a finer scale 
ductile rupture.  
Thus, the low 
strength and ductil- 
ity of these welds 
can be attributed to 
preexisting solidifi- 
cation cracks. It can 
be seen in Fig. l l A  
that a large amount 
of necking had oc- 
curred prior to pre- 
mature failure re- 
sulting from the 
large defect. A sim- 
ilar but smaller so- 
lidification crack 

region was observed in one of the welds of 
Heat 7, which again resulted in poor weld 
properties.  As noted above, the results 
from this specimen were not included in 
the data plotted in Figs. 9 and 10. 

In general, the fracture appearance of all 
the EB specimens at low magnification ex- 
hibited a columnar dendritic appearance 
similar to that shown in Fig. 11C. Further- 
more, in all cases, the fracture occurred by 
a ductile process with nucleation and 
growth of voids at sulfide particles. It was 
found that as the sulfur content increased, 
the size and area fraction of sulfides on the 
fracture increased. This observation is 
shown in Fig. 12 for sulfur contents of 0.04, 
0.11, and 0.42 wt-%. Figure 12A shows that 
at the lowest sulfur concentration (0.04 wt- 
%), the large majority of sulfides are spher- 
ical in shape and approximately 0.5 to 1 ~tm 
in diameter. It is clearly evident that frac- 
ture initiated at these particles. At a higher 
sulfur content (0.11 wt-%), Fig. 12B, a 
larger number of particles are evident, 
along with the accompanying smaller aver- 
age dimple size. It can also be seen that 
some agglomeration of sulfides has oc- 
curred to form larger elongated particles. 
However, the majority of the sulfides re- 
main spherical but slightly larger than ob- 
served at lower S levels. Figure 12C shows 
the sulfide morphologywas significantly dif- 
ferent at the highest level of sulfur, 0.42 wt- 
%. Here, in addition to a few large, nearly 
spherical sulfides, a large number of ag- 
glomerated and elongated sulfides are also 
present. In addition, there are also numer- 
ous colonies of very fine spherical sulfides. 
It should be noted the heat shown in Fig. 
12C has one of the highest Creq/Nieq ratios. 

Single-Pulse Laser Beam Welds 

The microstructures of the laser beam 
welds have been reported in detail else- 

where (Ref. 4). In general, they could be 
separated into three groups, dependent  
upon CrJNio~ ratio. The two heats with 
the CroJ~qL_ of 1.55 and Heat 9 with a 
Cr /NL_ of ~ 74, but with the highest sul- 

e q  ~'-1 " 

fur content, S=0.27%, solidified as 100% 
austenite. The other two heats with a 
C r J N L ~  of 1.74 solidified in a mixed 
mo~c]e, so~ne regions as primary ferrite and 
others as primary austenite. The remain- 
der of the heats with the higher Creq/Nieq 
ratios solidified as single-phase ferrlte. If 
was believed the primary ferrite massively 
transformed to austenite on cooling, leav- 
ing all the welds completely austenitic with 
no ferrite. 

The results of the shear tests on the 
laser beam spot welds are given in Fig. 13. 
Although there is significant variability in 
the measured spot weld strength, there 
appears to be little if any dependence of 
strength on Creq/Nieq (or calculated FN). 
Note all welds are ferrite free. In the case 
of the spot welds, the lower strength of 
Heat 1 may be attributable to the presence 
of solidification cracks in the primary 
austenite structure. This data point was 
not considered when determining the de- 
pendence of strength on Cro~/Nion, ratio in 

wH ~H 

Fig 13. It is interesting that lower strength 
was not apparent in welds in the other heat 
(Heat 7) with the same low Creq/Nieq ratio 
of 1.55, in which cracks were also ex- 
pected. Scatter in the tests can be due to a 
variety of other sources, such as hinging 
during loading, but, in general,  the 
strength levels for these welds are similar 
and independent of sulfur content. Obser- 
vation of the fracture surfaces indicated 
ductile failure for all heats. 

The compliance of the load train in the 
shear test apparatus prevented the direct 
determination of shear strain at failure of 
the spot weld. However, since the load 
(strength) levels for all alloys tested are 
similar, a comparative measure of the duc- 
tility can be obtained from the time to fail- 
ure for each of the tests. This comparison 
is shown in Fig. 13B, which plots time to 
failure as a function of sulfur level. The re- 
sults are analogous to ductility measure- 
ments of the GTA and EB welds and dis- 
play similar trends. In general, there is a 
reduction in strain to failure at high sulfur 
levels, although the relative decrease is 
lower for the shearing tests than the duc- 
tilities measured in the tensile tests of the 
other weld types. Given the size of the 
welds and the relatively high loading rate, 
the failure times imply these welds are 
likely acceptable for many applications. 

Discussion 

The GTA yield and tensile strengths 
shown in Fig. 4 increased 25% and 15%, 
respectively, with an increase in calculated 
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Fig. 8 - -  Microstructures o f  E B  welds. A - -  Heat 7, C~,q/Ni eq =1.55, S =O. 11 wt- %; B - -  Heat 9, Creq/Ni eq = 1.74, S=0.27 wt- %; C - -  Heat 6, C~,q/Ni eq= 1.92. 
S=0.42 wt-%. 
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FN from - 2  to 12. For the range in FN 
studied here, FN and %-ferrite are similar 
in value. Thus it appears the increase in 
strength can be attributed largely to the 
presence of the second phase. Although 
there were a large number of sulfide par- 
ticles, their rather large size does not ap- 
pear to result in significant strengthening. 

The ductilities of the GTA welds are 
plotted vs. sulfur content in Fig. 5. At the 
low S levels, 0.04 wt-%, there is a range in 
RA and uniform elongation of - 2 0 %  be- 
tween heats with the three different 
Creq/Nieq ratios (Table 2). This range in 
ductilities may be largely attributed to 
scatter in the test results. Note there is no 
consistent correlation in ductility of these 
heats. The heat with the highest uniform 
elongation, Heat 1, has the lowest RA, 
whereas the heat with the lowest uniform 
elongation, Heat 2, has the highest RA. 
However, since uniform elongation is 
largely dependent on strain hardening, 
and RA is determined primarily by mi- 
crovoid coalescence, they are not neces- 
sarily related. 

In general, sulfur did have a large ef- 
fect on ductility (Fig. 5), reducing the RA 
from - 6 0 %  at the lowest sulfur level to 

32% at the highest sulfur level indepen- 
dent of Cren/Nieq ratio. There was also a 
significant c]ecrease in elongation at the 
very highest level of sulfur, 0.42 wt-%. In 
cases where there were no preexisting 
weld defects, it was found fracture oc- 
curred by microvoid initiation and coales- 
cence. The void initiation occurred at sul- 
fide particles that were primarily 
concentrated along solidification bound- 
aries, resulting in a columnar dendritic 
fracture appearance. The reduction in 
ductility with increasing sulfur content can 
be attributed to a higher number and size 
of fracture initiation sites that facilitate 
the ductile fracture process. The reduc- 
tion of dimple size with increasing sulfur 
content is apparent in the fractographs in 
Fig. 7. It can be seen in Fig. 7C that the 
clusters of fine sulfide particles, which are 
also evident in the optical micrograph in 
Fig. 3D, play a major role in fracture be- 
havior at the highest sulfur level. The ac- 
celeration of microvoid coalescence 
processes with increasing sulfur content 
also results in the reduction in elongation 
after the onset of necking. This is largely 
responsible for the relationship between 
RA and Ae (et - %) in Fig. 6. However, it 

is important to note that even for sulfur 
levels as high as -0 .3  wt-%, the welds still 
exhibit a good combination of strength 
and ductility (uniform elongation more 
than -40%).  

It might be expected that weld mi- 
crostructure also influences the effect of 
sulfur on fracture behavior. In the primary 
austenite solidified heats, the sulfides are 
more confined to the solidification cell 
boundaries, which reduces particle spac- 
ing along the fracture path. Furthermore, 
due to the lower solidification partitioning 
coefficient and lower solubility of sulfur in 
austenite than in ferrite, these heats may 
also be expected to have a slightly higher 
sulfide content for the same sulfur level, 
for example, Heat 1 vs. Heat 3. These fac- 
tors would have a tendency to reduce RA 
in these welds compared to primary ferrite 
solidified structures of the same sulfur 
content. However, a more detailed study 
is required to determine the effect, if any, 
of weld microstructure/sulfur interactions 
on fracture behavior. 

The EB welds exhibited mechanical 
behavior similar to the GTA welds. The 
primary difference was attributed to solid- 
ification cracking that occurred in the 
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Fig'. 11 - -  SEM inutges o f  the fi'acture smface o f  dw EB tensile specimen of  Heat 1. A - -  Low magnification showing crack on tire upper left o f  the fracture sur- 
face; B - -h igher  magnification o f  solidification crack surf}we showing stdfide stringers transverse to tire solidification direction; C -  fracntre surface at center 
o f  specimen exhibiting a cohtmnar structure and underlying ductile fracture typical o f  all the specimens. 
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Fig. 12 - -  EB tensile fractures showhtg change in appearance with increasing sulfur content: A - -  Heat 1 with 0.04 wt-% S; B - -  Heat 7 with O. 11 wt-% S; 
and C - -  Heat 6 with 0.042 wt-% S. The fracture is seen to initiate at sulfides with a variety o f  sizes and morphologies. 

welds with the lowest Creq/N!e q ratio, i.e. 
Heat  1 and one of the specimens from 
Heat 7. The tensile strengths are plotted 
in Fig. 9. It can be seen that the measured 
yield strengths are similar for both 
processes, with those of the EB welds 
being perhaps slightly higher, - 1 0 % .  This 
increase may be due to the finer mi- 
crostructure, as can be seen by comparing 
the microstructures in Figs. 3 and 8. It can 
also be seen in Fig. 9 that the yield 
strengths of the EB welds show less of a 
dependence on FN. Although FN was not 
measured, it appeared the ferrite content 
of the EB welds was less than that of the 
GTA welds made on the same heats. The 
ultimate tensile strengths of the two weld 
processes are very similar. 

The reduction in area at fracture for 
both welding processes is shown in Fig 10. 
It can be seen that the trends are the same 
for both processes, with the RA decreas- 
ing with increasing sulfur content. The 
more precipitous decrease in RA might be 
expected for the EB welds since the den- 
drite spacing and sulfide size would both 
be smaller than in the GTA welds due to 
the higher cooling rate. This is apparent 
when comparing the micrographs in Figs. 
3 and 8. The volume fraction of sulfides 
should remain nearly constant for each 
heat with both welding processes, except 
for a small reduction of sulfides in the EB 

welds due to higher solute trapping at the 
higher solidification velocities. Overall, 
with the finer solidification structure, the 
number of sulfide particles should be 
greater and the mean particle spacing less 
in the EB welds. Ductile fracture models 
predict in this case that the strain to frac- 
ture would decrease for the larger number 
of particles at the same volume fraction 
(Ref. 27). 

The shear test results of the single- 
pulse laser beam welds indicated very 
good properties may be achieved at high 
sulfur levels. Similar to the EB welds, the 
strength of the primary austenite solidi- 
fied welds reflected the presence of weld 
defects. Thus for high reliability welds 
with the high P and S levels studied here, 
a requirement would be that the welds so- 
lidify as ferrite. Irrespective of defects, the 
shear strengths of the laser beam welds 
plotted in Fig. 13A appear to show very lit- 
tle if any increase in strength at the higher 
Cr /Ni ratios However, unlike the EB eq e.q 
and GTA welds where ferrite appears to 
contribute to strengthening, the laser weld 
microstructures were all single-phase 
austenite. Any slight increase in strength 
may be due to the finer grain size that the 
higher Cr~n/Nio~ ratios welds exhibited as 

~H ~H 
a result of the massive transformation of 
ferrite to austenite. The grain sizes of the 
primary austenite structures were consid- 

erably larger. Similar to the weld tensile 
tests of the GTA and EB welds, the shear 
tests of the laser beam welds showed an 
apparent loss in ductility at the highest lev- 
els of sulfur. Although the loss in ductility 
was not as apparent  in the laser beam 
welds, the loss may be more significant 
under other (e.g., tensile) loading condi- 
tions. Nevertheless, it appears acceptable 
strength and ductility can be achieved at 
sulfur levels as high as 0.25% for all three 
welding processes. 

The observation of cracks in the HED 
welds with a Creq/Nieq ratio of 1.55 is not 
unexpected for primary austenite solidifi- 
cation (Ref. 28). It is well known welds 
that solidify as primary austenite are much 
more susceptible to solidification cracking 
than welds that solidify as primary ferrite 
(Refs. 29-34). It is also common that 
welds made with the high-energy-density 
(HED) processes and the associated high 
thermal gradients are more susceptible to 
cracking than conventional GTA welds. It 
was observed here that the GTA welds 
with Creq/Nieq of 1.55 solidified in a mixed 
mode, with the higher sulfur heat exhibit- 
ing a larger fraction of primary austenite 
solidification. An earlier study involving 
these alloys showed that for Cron/NLo ra- 
tios between 1.73 and 1.90, both ~3TA and 
pulsed laser beam welds exhibited good 
resistance to solidification cracking. The 
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upper limit of Cr /Ni ratio was set by 
e q  e q  

the GTA process and the lower limit by the 
high solidification rates of the pulsed laser 
beam welding process• These results are 
summarized in Fig. 14, along with data 
from Pacary et al. (Ref. 33) and Lienert 
(Ref. 34), where cracking susceptibility is 
plotted as (P+S) vs Cr /Ni~ ratio (using 

• " e q  ~ q  

the eqmvalents of Hammar and Svenn- 
son). For the intermediate solidification 
velocities of the EB welds, the lower criti- 
cal bound on Creq/Nieq ratios can be ex- 
pected to be between the limits for the two 
processes shown in Fig. 14. However, for 
EB welds this limit can be expected to be 
highly dependent upon weld solidification 
velocity (Refs. 12, 26). Of course, the de- 
gree of constraint also plays a critical role 
in solidification cracking behavior of pri- 
mary austenite solidified welds• 

From the mechanical property data re- 
ported here, and the weld cracking behav- 
ior summarized in Fig. 14, it can be seen a 
range of compositions of free-machining 
stainless steel exists that should provide a 
good combination of solidification crack- 
ing resistance, tolerance to processing 
procedures,  and mechanical propert ies  
for many engineering applications. 

Summary 

The all-weld-metal tensile behavior of 
both GTA and EB welds exhibited similar 
behavior over a wide range of CrJNie~ ra- 

• , , H "-I , 
ttos and sulfur contents• A slight increase in 
strength ( -  15%) with increasing calculated 
FN was attributed primarily to second- 
phase strengthening by ferrite. The wide 
range in sulfur, 0.04 to 0.42 wt-%, had little 
if any effect on strength. At the lowest 
Cr /Ni ratio of 1 55, EB weld properties 

e q  e q  

were largely controlled by the presence of 
solidification cracks that formed during pri- 
mary austenite solidification. 

A strong correlation was observed be- 

tween sulfur con- 
tent and ductility. 
This was attributed 
to the increase in 
Cr- and Mn- con- 
taining sulfides with 
increasing sulfur 
content. In all cases, 
except in the pres- 
ence of solidifica- 
tion cracks, fracture 
initiated at sulfide 
particles distributed 
mainly along solidi- 
fication boundaries. 
The higher sulfide 
contents and closer 
sulfide spacing ac- 
celerated the duc- 
tile microvoid initia- 
tion and growth 
processes, and are 
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Fig. 14 - -  Solidification cracking susceptibility of  GTA and pulsed YAG laser 
beam welds showing region o f  cracking behavior for both processes (Ref. 4 in- 
cluding data from RelY. 33, 34). 

responsible for the 
reduced ductility with increasing sulfur 
level. The decrease in RA with increasing 
sulfur level was somewhat more apparent in 
the EB welds than in the GTA welds, and 
this is likely associated with differences in 
sulfide size and spacing. The mechanical be- 
havior of laser beam spot welds showed sim- 
ilar dependence with sulfur content and mi- 
crostructure. Like the EB welds, 
solidification as ferrite minimizes the possi- 
bility of solidification cracking and is a re- 
quirement for reliable laser beam spot 
welds. However, it was found that at mod- 
erate sulfur levels, a good combination of 
strength and ductility was achieved in all 
three weld processes• Based on previous so- 
lidification and cracking studies on the 
same alloys, it was found a range of compo- 
sitions of free-machining stainless steels ex- 
ists that should provide a good combination 
of solidification cracking resistance and 
weld properties for many engineering ap- 
plications. 
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