
Unmixed Zone Formation in 
Austenitic Stainless Steel Weldments 

'Fully" austenitic weldments may exhibit an increased susceptibility to 
stress-corrosion cracking as the result of a 

duplex austenite-ferrite microstructure 
at the weld interface 

BY W. A. BAESLACK, II I , J. C. LIPPOLD AND W. F. SAVAGE 

ABSTRACT. An investigation of the 
weld interface region in heterogen
eous austenitic stainless steel weld
ments on an 18Cr-8Ni base metal indi
cates that a well-developed unmixed 
zone exists along the boundary sepa
rating the weld composite region from 
the partially-melted region. Since the 
unmixed zone exists as a laminar layer 
of base metal which has melted and 
resolidified in situ during the welding 
process, the average composit ion of 
this region is identical to that of the 
base metal. In addit ion, the duplex 
austenite-ferrite microstructure of the 
unmixed zone appears similar mor
phologically to the microstructure of 
autogenous 18Cr-8Ni weldments. 

Constant extension rate stress-
corrosion cracking tests were per
formed on transverse-welded tensile 
specimens in room and elevated tem
perature chloride-containing solutions 
which readily produce stress-corrosion 
cracking in 18Cr-8Ni base materials. 
Test results indicate that the duplex 
unmixed zone can be preferentially 
susceptible to corrosion-induced at
tack. Preferential environmentally-
induced cracking in the unmixed zone 
of both Type 310/Type 304L and Type 
312/Type 304L weldments is particu
larly severe in low pH, room tempera
ture solutions; it involves the com
bined and interrelated occurrence of 
stress-assisted ferrite dissolution and 
stress-corrosion cracking in the aus
tenite. 

Thus, designing a "who l l y " austenit
ic weldment by simply using a high-
nickel filler metal is not possible. It 
could lead to catastrophic results if 
such weldments are employed under 
conditions conducive to stress-corro
sion cracking. 

Introduction 

The wide application of 18Cr-8Ni 
austenitic stainless steels by the power 
and chemical industries has promoted 
a considerable interest in stainless 
steel weldments. As a result, substan
tial work has been performed to devel
op wholly-austenitic and duplex aus-
teno-ferritic stainless steel weld metals 
wi th improved weldabil i ty and opt i 
mum mechanical properties and 
which provide adequate corrosion 
resistance. 

Unfortunately, most of these studies 
have been founded on the classical 
premise that a weldment consists of 
weld metal (that portion of the weld 
which was entirely molten) bounded 
at the fusion line by a heat-affected 
zone (that portion of the base metal 
which was not melted, but which 
underwent thermally-induced micro-
structural changes during welding). 
This rather simplistic view of weld 
structure assumes that a distinct, two-
dimensional boundary separates the 
weld metal from the heat-affected 
zone. Despite the obvious conve
nience of this assumption, studies by 
Savage et al.1 have shown that on a 
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microscopic scale the microstructure is 
not nearly so simple, and that the 
fusion boundary is not a clearly-
defined "fusion l ine." 

The schematic illustration in Fig. 1, 
from the work of Savage, shows that a 
heterogenous weld is actually com
prised of four regions: a composite 
region, an unmixed zone, a partially-
melted region, and a " t rue" heat-
affected zone. In the composite 
region, hydrodynamic mixing of the 
molten filler and base metals results in 
a relatively uniform chemical compo
sition; this in turn is separated by a 
diffusion gradient from the unmixed 
zone where a small portion of the base 
metal totally melts and resolidifies 
wi thout undergoing filler metal d i lu
t ion. The outer edge of the unmixed 
zone bounds a partially-melted region 
at the weld interface. 

Constitutional liquation and grain 
boundary wett ing in the partially-
melted region result in various degrees 
of base metal melting. Outside of the 
partially-melted region a " t rue" heat-
affected zone exists, where thermally-
induced, solid-state changes in the 
base metal microstructure occur. 

Objectives 

The weld fusion boundary in heter
ogeneous weldments on 18Cr-8Ni 
stainless steels is clearly complex. 
Formation of the duplex partially-
melted and " t rue" heat-affected zone 
regions involves the interrelated and 
simultaneous occurrence of several 
metallurgical phenomena. It is this 
complex nature which has prevented 
the observation of an unmixed zone in 
these weldments. Accordingly, the 
objectives of this study were two-
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Fig. 1—Schematic illustration showing the regions of a heterogen
eous weld 

Fig. 2 (right)—Equilibrium Fe-Cr-Ni pseudo-binary diagram at 70 
wt-% iron 
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fo ld: 
1. To investigate unmixed zone for

mation and morphology in "whol ly-
austenitic" and "high-ferr i te" weld
ments on 18Cr-8Ni stainless steel base 
metal, 

2. To determine the importance of 
unmixed zone formation on the stress-
corrosion cracking properties of stain
less steel weldments. 

Background 

Investigations of the morphology 
and solidification of heterogeneous 
duplex stainless steel weldments have 
concentrated primarily on the com
posite region. Very little work has been 
concerned with the formation and 
morphology of the unmixed zone, the 
partially-melted region, or the " t rue" 
heat-affected zone. The fol lowing par
agraphs briefly describe the formation 
and morphology of specific regions in 
heterogeneous weldments produced 
on wholly-austenitic 18Cr-8Ni base 
metals. 

The Composite Region 

By referring to an Fe-Cr-Ni pseudo-
binary diagram, such as shown in Fig. 2 
at 70% Fe, it is possible to predict the 
solidification sequence of a 20Cr-10Ni 
stainless steel.3 Solidification under 
equil ibrium condit ions clearly occurs 
as primary ferrite. When the alloy is 
cooled slowly after solidification, a 
solid-state ferrite-to-austenite trans
formation takes place; this results in a 
fully austenitic room-temperature mi
crostructure. 

Savage et al.* have observed that 
nonequil ibrium solidification and rap
id cooling associated with the weld
ment composite region considerably 
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alters solidification and solid-state 
transformation mechanics. They found 
that, although the composite region of 
an 18Cr-8Ni weldment solidifies as 
primary ferrite, nonequil ibrium solidi
fication forces the composit ion of the 
last-to-solidify l iquid into the triangu
lar three-phase region; this results in 
the formation of a divorced austenite-
ferrite eutectic in the interdendritic 
regions. 

By applying "Case I I I " nonequil i
brium solidification principles* to the 
pseudo-binary phase diagram illus
trated in Fig. 2, it can be shown that 
the initial ferrite which solidifies at the 
cores of the subgrains (dendrites) is so 
highly enriched in chromium that it 
remains ferritic after cooling to room 
temperature. The remainder of the 
subgrain solidifies at near-nominal 
composit ion until the impingement of 
adjacent dendrites results in the 
formation of the austenite-ferrite eu
tectic at the dendrite interstices. Dur
ing subsequent cooling of the weld
ment, the austenite at the dendrite 
interstices consumes the primary fer
rite of near-nominal composit ion in a 
diffusionless, massive-type reaction. 
As a result, the room temperature 

*ln Case III solidification there is no diffu
sion in the solid and no mechanical mixing 
in the liquid. Concentration changes in the 
liquid occur by diffusion only. These 
boundary conditions can he shown to be 
closely approximated in most fusion weld
ing processes. 
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microstructure consists of a semi-
continuous distribution of retained 
ferrite situated at the former dendrite 
cores. This vermicular morphology is 
typical in 18Cr-8Ni weld metals and is 
illustrated in Fig. 3. 

Increasing the ratio of ferrite-stabil-
izing elements (Cr, Mo, Cb) to austen-
ite-stabilizing elements (C, Mn, Ni) in 
the weld composite region results in 
greater quantities of retained ferrite 
and increasingly continuous ferrite 
networks. However, at ferrite levels 
greater than 20 vol-%, the vermicular 
duplex structure evolves into a struc
ture consisting of blocky grains which 
exhibit a lathe-like mixture of austen
ite and ferrite and are surrounded by a 
continuous network of austenite. As 
the amount of ferrite-stabilizing ele
ments is further increased, the alloy 
cools to room temperature entirely 
wi th in the two-phase austenite plus 
ferrite region of the pseudo-binary 
diagram—Fig. 2. As a result, much of 
the ferrite transforms to austenite in a 
Widmanstatten precipitation reaction 
which is nucleated by the eutectic 
austenite at the grain and subgrain 
boundaries. 

Increasing the quantity of austenite-
stabilizing elements relative to the 
ferrite-stabilizing elements in the weld 
composite region promotes the solid
ification as primary austenite and 
results in less retained ferrite in the 
as-welded microstructure. Traverse B 
of the Fe-Cr-Ni pseudo-binary dia
gram, illustrated in Fig. 2, represents an 
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alloy which solidifies as primary aus
tenite. 

As in the composite regions which 
solidify as primary ferrite, nonequi l i 
brium solidification associated wi th 
welding can permit the formation of 
an austenite-ferrite eutectic mixture as 
the composit ion of the last-to-solidify 
liquid is forced into the three-phase 
triangular region. This final l iquid is 
highly enriched in chromium. As a 
result a large proportion of the eutec
tic ferrite remains stable to room 
temperature where it appears in a 
discontinuous distribution along grain 
and subgrain boundaries. 

The Partially-Melted Region 

The existence of a partially-melted 
zone (PMZ) in autogenous and hete
rogeneous weldments on whol ly-
austenitic 18Cr-8Ni stainless steels has 
been observed by several investiga
tors.3-' Studies presently in progress at 
R.P.I, indicate that grain boundary and 
solute band liquation in the PMZ may 
involve the simultaneous occurrence 
of several phenomena. 

Liquation of solute bands can result 
from the lower effective melting 
temperatures of these regions com
pared to that of the bulk of the micro-
structure. Work performed by Miller et 
a/.3 on 70Cu-30Ni weldments showed 
that the degree of solute band liqua
tion depends primarily on the temper
ature gradient in the vicinity of the 
weld interface and on the extent of 
solute segregation. In addition to 
partial melting, areas adjacent to the 
weld interface experience austenite 
grain growth. As austenite grains grow, 
their boundaries impinge upon l i
quated regions and are wet by the 
l iquid. This wett ing pins austenite 
grain boundaries and prevents further 
grain boundary migration. 

If liquated regions are sufficiently 
high in ferritizers, or low in austenit-
izers, subsequent solidification occurs 
as primary ferrite, and results in the 
continued pinning of austenite grain 
boundaries during weldment cooling. 
The enrichment of ferritizers and the 
rapid cooling rates present in the 
partially-melted region prevent this 
ferrite from transforming entirely to 
austenite on cooling and result in the 
retention of some ferrite to room 
temperature. 

Studies by Dudley" found that the 
rapid heating rates which characterize 
the weld-interface region can induce 
dissolution of niobium carbides in 
Type 347 stainless steel (Nb-stabilized) 
by a constitutional l iquation phenom
enon. This phenomenon, which has 
been observed in several additional 
alloy systems,'•' may also promote 
liquation along solute bands and grain 
boundaries in the partially-melted 

Fig. 3—Duplex austenite-ferrite microstruc
ture of typical 18Cr-8Ni autogenous weld
ment. Dark-etching ferrite is present at the 
core of the originally-solidified primary 
ferrite dendrites. Mixed acid etch, X500 

region of weldments on Type 304 base 
materials. 

During welding, base metal regions 
adjacent to the weld interface experi
ence very rapid heating rates. This 
rapid heating can result in the dissolu
tion of chromium carbides present in 
solute bands and at austenite grain 
boundaries, and provide a subsequent 
enrichment of carbon and chromium 
in the austenite which originally 
bounded the carbide particles. Local 
increases in the carbon content lower 
the effective melting temperature of 
these regions and promote l iquation. 

The large carbon and chromium 
compositional gradients, which exist 
between the liquated areas and sur
rounding austenite, result in the di f fu
sion of these elements into the austen
ite. Interstitial diffusion of carbon 
proceeds at a rate several orders of 
magnitude greater than substitutional 
diffusion of chromium. For this reason, 
the chromium-to-carbon ratio in the 
l iquid increases. This increase results 
in the ultimate solidification of this 
region as primary ferrite rather than 
austenite. The rapid cooling rates pres
ent in the partially-melted region 
prevent this ferrite from transforming 
entirely to austenite on cooling and 
results in the retention of some ferrite 
to room temperature. It is important to 
note that these constitutionally-
liquated and subsequently ferritic re
gions interact w i th growing austenite 

Fig. 4-Macrograph of a Type 312/Type 304L 
GMAW-P weldment. Mixed acid etch, X20 
(reduced 50% on reproduction) 

grains in a manner identical to that 
described previously, despite differ
ences in the mechanism of l iquation. 

The "True" Heat-Affected Zone 

Ferrite may also be formed in the 
" t rue" weld heat-affected zone (HAZ). 
During welding, the austenitic base 
metal surrounding melted and partial
ly-melted regions is rapidly heated to 
temperatures in the two phase austen
ite plus ferrite region (Fig. 2) where a 
solid-state transformation from aus
tenite to ferrite can occur. 

Regions which transform to ferrite 
on heating are usually solute bands 
(oriented parallel to the plate or sheet 
rolling direction) where ferrite-stabil
izing elements are highly concen
trated, or where austenite-stabilizing 
elements are in low concentration. 
Electron-microprobe studies per
formed by Matsuda8 have shown that 
at high temperatures ferrite-stabilizing 
elements exhibit a greater solubility in 
ferrite than in austenite, and conse
quently partition to the ferrite. Like
wise, austenite-stabilizing elements 
are more soluble in austenite than in 
ferrite and tend to partition to the 
austenite. The rapid cooling rates pres
ent in the HAZ, coupled wi th alloying-
element partit ioning, prevent the fer
ritic areas from transforming entirely 
back to austenite on cooling; this 
results in the retention of some ferrite 
to room temperature. 

The amount and distribution of 
ferrite in the " t rue" HAZ depend on 
several factors. Studies undertaken by 
Will iams" on heat-affected zone for
mation during the flash-butt welding 
of Type 321 austenitic stainless steel 
recognized the importance of base 
metal composit ion, structure, homo
geneity, maximum temperature, and 
cooling rate in determining HAZ 
ferrite morphology. HAZ simulation 
studies on Type 304 stainless steel by 
Hines1" and Sherman' further illus
trated the importance of maximum 
temperature, time at temperature, and 
cooling rate in control l ing both the 
amount of HAZ ferrite and the ferrite 
morphology. 

Experimental Procedures 

Materials 

Single-pass weldments were pro
duced on hot-rol led, wholly-austenitic 
0.107 in. (2.72 mm) thick Type 304L 
stainless steel sheet using the pulsed 
gas-metal arc (CMAW-P) welding pro
cess. Types 310 and 312 stainless steel 
filler metal wires were employed to 
produce composite regions wi th who l 
ly-austenitic and 30 vol-% ferrite, 
respectively. As illustrated in Fig. 4, 
weldments were full-penetration and 
exhibited considerable reinforcement. 
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Table 1—Chemical Compositions of 
Stainless Steel Base and Filler Materials, 
Wt-% 

U N M I X E D Z O N E 

A 

Carbon 
Chromium 
Nickel 
Manganese 
Silicon 
Molyb

denum 
Sulfur 
Phosphorus 

Type 
304L 

0.037 
18.55 

9.61 
1.55 
0.59 
0.18 

. 0.005 
0.031 

Type 
310 

0.11 
27.11 
21.11 
1.65 
0.47 
0.07 

0.002 
0.014 

Type 
312 

0.12 
28.79 
8.68 
1.58 
0.50 
0.13 

0.013 
0.020 

Table 2—Welding Parameters for 
GMAW-P Weldments 

Welding current avg 
Arc voltage 
Pulse frequency 
Travel speed 
Wire feed speed 
Electrode type 

Electrode extension 

Shielding gas 

140 A 
24 V, DCSP 
120 cycles/s 
10 ipm 
280 ipm 
0.045 in. (1.14 mm) 

diameter solid 
wire 

0.66 in. (16.8 mm) 
from contact t ip 

argon + 2% oxy- ' 
gen, 40 cfh (18.9 
l iters/min.) 

C h e m i c a l c o m p o s i t i o n s o f t he base 
and f i l ler meta ls are p r o v i d e d in Tab le 
1 . Tab le 2 summar i zes w e l d i n g p a r a m 
eters and c o n d i t i o n s e m p l o y e d in 
w e l d m e n t f a b r i c a t i o n . 

Microprobe Analysis 

Spec imens se lec ted fo r e l ec t r on 
p r o b e mic roana lys is (EPMA) w e r e sec
t i o n e d transverse to t he w e l d i n g d i rec 
t i o n , m e c h a n i c a l l y p o l i s h e d , and 
e t c h e d to reveal t he des i red m i c r o -
s t ruc tu re . M i c r o h a r d n e s s marks w e r e 
e m p l o y e d to i den t i f y spec i f ic areas 
and the spec imen was repo l i shed in 
p repa ra t i on fo r EPMA. 

Analys is was p e r f o r m e d us ing a 
p o i n t - c o u n t t e c h n i q u e w i t h an acce l -

Fig. 6—Duplex austenite-ferrite microstruc
ture typical of the unmixed zone in Type 
310/Type 304L weldment. Mixed acid etch, 
X500 
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Fig. 5—Fusion boundary region of a Type 310/Type 304L GMAW-P weldment. 
Mixed acid etch, X200 

era t i ng vo l tage o f 20 kV and a n o m i n a l 
spec imen cu r ren t of 0.25 juA. The 
spat ial r e s o l u t i o n o f t he e l e c t r o n beam 
was o n the o rde r o f 10 juM. The X-ray 
in tens i t y data c o l l e c t e d at spec i f ic 
po i n t s was c o r r e c t e d for a t o m i c n u m 
ber, a b s o r p t i o n , f l uo rescence and 
backscat ter errors, a n d c o n v e r t e d to 
w e i g h t percents us ing t h e M a g i c IV 
c o m p u t e r p rogram. 3 1 

Stress Corrosion Cracking Testing 

Cons tan t ex tens ion rate SCC tests 
(also desc r ibed as cons tan t stra in rate 
or cons tan t d e f l e c t i o n rate tests) w e r e 
p e r f o r m e d o n tens i le spec imens w h i c h 
c o n t a i n e d a s ingle-pass G M A W - P 
w e l d m e n t t ransverse to t h e l o n g i t u d i 
nal axis. Tests w e r e c o n d u c t e d in r o o m 
and e l e v a t e d - t e m p e r a t u r e c h l o r i d e -
c o n t a i n i n g so lu t i ons w h i c h readi ly 
p r o d u c e SCC in stressed 18Cr-8Ni 

UNMIXED 
ZONE 

stainless steels. 
S m o o t h - s u r f a c e d tens i le spec imens 

w e r e m a c h i n e d f r o m w e l d e d sheet 
mater ia ls such tha t the gage-sec t ion 
w e l d m e n t was c o i n c i d e n t w i t h t h e 
cen te r of the w e l d m e n t l eng th . This 
p r o c e d u r e assured that t he mac roseg -
rega t ion assoc ia ted w i t h t h e so lu te 
t rans ients in t he in i t ia l and f ina l 
reg ions o f so l i d i f i ca t i on was no t pres
en t in t he test spec imens ; it also 
n r o v i d e d a cons is ten t gage-sec t ion 
w e l d m e n t fe r r i te m o r p h o l o g y and 
c o n t e n t . Subsequen t t o m a c h i n i n g 
( w h i c h i n c l u d e d remova l o f t h e w e l d 
r e i n f o r c e m e n t ) , t h e spec imen was d ry -
g r o u n d to n o m i n a l size and w e t -
g r o u n d to a 600 gr i t f i n i sh . The f ina l 
g r i n d i n g d i r e c t i o n was para l le l t o t he 
l o n g i t u d i n a l axis o f the s p e c i m e n . 

R o o m and e leva ted t e m p e r a t u r e 
SCC tests w e r e c o n d u c t e d in a t rans
paren t Pyrex ce l l . Loads w e r e app l i ed 

W E L D 
COMPOSITE 

REGION 

Fig. 7—Nomarski micrograph of Type 310/Type 304L GMAW-P weldment fusion 
boundary region. Retained delta ferrite present in the unmixed zone appears as 
white "ridges," while the last-to-solidify cellular-dendrite boundaries are the 
dark "valleys." Some ferrite is evident along primary austenite cell boundaries in 
the composite region 
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Fig. 8—Concentration profile of chromium and nickel across the weld fusion boundary region of a Type 310/Type 304L GMAW-P 
weldment 

at a constant extension rate by a 
conventional Instron testing machine 
and monitored continuously on a strip 
chart recorder. Room-temperature 
tests were performed in 1N HCI, 5/V 
H2S04 + 0.5N NaCI, and 5N H2SOt + 
IN NaCI at 23 ± 2 C (73 ± 4 F). Solu
tions were prepared from reagent 
grade concentrated solutions and 
chemicals, and continuously dearated 
during testing by bubbl ing high-purity 
argon through the test cell. 

Wholly-austenitic and high-ferrite 
transverse-welded specimens were 
tested in the room temperature solu
tions at an extension rate of 
5.08 X 10"5 cm/m in (2 X 10" ! ipm) 
(equivalent to an initial strain rate of 
1.48 X 10 G s"1) and in air at an exten
sion rate of 5.08 x 10~3 cm/m in 
(2 x 10"' ipm) (equivalent to an initial 
strain rate of 1.48 X 10 r ' S"*). 

Elevated temperature tests were 
performed in 38 and 42 wt-% boil ing 
MgCI, at 135 and 154 C (275 and 309 F), 
respectively. Solution temperature and 
concentration were maintained con
stant by an immersion heater-reflux 
condenser system. MgCI, test solu
tions were prepared from reagent 
grade hydrous MgCI2 crystals 
(MgCI, • 6H 20) and distilled water in a 
manner recommended by ASTM Stan
dard C36-73.12 Wholly-austenitic and 
high-ferrite transverse-welded speci
mens were tested in the MgG 2 solu
tions and in l iquid paraffin (154 C, i.e. 
309 F) at an extension rate of 

5.08 X 10~4 cm/m in (equivalent to an 
initial strain rate of 1.48 x 10"a s_1). 

Results and Discussion 

Unmixed Zone Morphology and 
Formation 

Figure 5 illustrates the fusion boun
dary region of the Type 310/Type 304L 
GMAW-P weldment, which exhibits 
wholly-austenitic composite and unaf
fected base metal regions. Ferrite 
formation along solute bands in the 
" t rue" heat-affected zone and at grain 
boundaries and solute bands in the 
partially-melted region is clearly ap
parent. In addit ion, the presence of a 
large, duplex unmixed zone is evident. 
As Fig. 6 illustrates, the unmixed zone 
appears morphologically similar to the 
fusion zone of an autogenous 18Cr-
8Ni stainless steel weldment (Fig. 3), 
wi th semi-continuous ferrite present 
in a vermicular microstructure. 

Solidification of the unmixed zone 
initiates epitaxially on ferritic areas in 
the partially-melted region and pro
ceeds in a manner identical to that 
observed in the 18Cr-8Ni weldment 
fusion zone. The Nomarski interfer
ence micrograph in Fig. 7 shows that 
ferrite is retained to room temperature 
at the cores of originally-solidified 
primary-ferrite dendrites. 

Last-to-sol idify cellular-dendrite 
boundaries in the unmixed zone and 
cell boundaries in the wholly-austenit

ic composite region are quite distin
guishable from the ferrite present at 
cellular-dendrite cores in the unmixed 
zone. At the unmixed zone—compos
ite region boundary a transition from 
primary-ferrite to primary-austenite 
solidification occurs, wi th the primary 
austenite solidifying epitaxially on aus
tenitic regions in the unmixed zone. 

The existence of an unmixed zone in 
Type 310/Type 304L weldments was 
also confirmed by EPMA studies. 
Chromium and nickel contents across 
the weld fusion boundary region are 
shown in Fig. 8 and indicate that the 
mean chemical composit ion of the 
unmixed zone is virtually identical to 
that of the unaffected base metal. 
Local variations in Cr and Ni contents 
wi th in the unmixed zone, the partial
ly-melted region, and the " t rue" heat-
affected zone result from localized 
microstructural variations in these du
plex regions (e.g., high Cr and low Ni 
contents are observed if the electron 
beam was located on a predominantly 
ferritic region). 

As Fig. 9 illustrates, a duplex 
unmixed zone is also present in the 
high-ferrite, Type 312/Type 304L weld
ment. As in the Type 310/Type 304L 
weldment, primary-ferrite solidifica
tion in the unmixed zone occurs 
epitaxially on ferritic areas in the 
partially-melted region. At the un
mixed zone-composite region bound
ary, solidification of the composite 
region initiates as a continued growth 
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of delta ferrite present in the unmixed 
zone. Mean chromium and nickel 

contents in the unmixed zone were 
found to be comparable to those of 

UNMIXED ZONE 
Z_ 

WELD 
COMPOSITE 
REGION 

55fc 

„V X7 -
BASE 
METAL 

0 . 1mm 

Fig. 9—Fusion boundary region of a Type 312/Type 304L GMAW-P weldment. 
Mixed acid etch, X200 

Table 3—Results of Constant Extension Rate SCC Tests Performed on Transverse-Welded 
Specimens 

Initial Maximum 
Test strain engineering 

Test Temperature, rate stress, Failure 
Weldment Environment C (sec_1) ksi location"" 

Type 310/ 
Type 304L 

Type 312/ 
Type 304L 

Air 

IN HCI 
5N H2SO, + 1N NaCI 
5N PLSO, + 0.5N NaCI 
44wt-% MgCI2 

38wt-% MgCI2 

Liquid paraffin 

Air 

1N HCI 
5N H2SO. -1- 1/V NaCI 
5N H2S04 + 0.5N NaCI 
44wt% MgCI, 
38wt%, MgCI2 

Liquid paraffin 

23 

23 
23 
23 

154 
135 
154 

23 

23 
23 
23 

154 
135 
154 

1.48 X 10-» 

1.48 X 10-6 

1.48 X 1 0 " 
1.48 X 1 0 " 
1.48 X 1 0 5 

1.48 X 10"5 

1.48 X 10"5 

1.48 X 1 0 s 

1.48 X 10"6 

1.48 X 10-6 

1.48 X 10"6 

1.48 X 1 0 s 

1.48 X 10-5 

1.48 X 1 0 s 

78 

69 
53 
56 
32 
39 
65 

90 

62 
51 
50 
34 
39 
65 

WCR 

WCR/HAZ 
WCR/HAZ 
WCR/HAZ 

BM 
BM 
BM 

UM 

HAZ/BM 
WCR 
WCR 
BM 
BM 
BM 

"BM-base metal; WCR-weldment composite region; HAZ—heat-affected zone. 

the Type 304L base metal. 
The formation of quite sizable 

unmixed zones in both the "h igh-
ferrite" and "whol ly-austenit ic" 
GMAW-P weldments is a somewhat 
unexpected phenomenon, since one 
might normally expect hydrodynamic 
mixing in the composite region to 
eliminate such a possibility. Evidently, 
the dynamic characteristics of fluid 
f low in the weldments are such that 
large regions of the base metal are 
allowed to melt, remain relatively stag
nant, and resolidify. Thus, these hete
rogeneous weldments essentially con
sist of a composite region bounded by 
an 18Cr-8Ni "autogenous weldment." 

Stress-Corrosion Cracking Properties 

Table 3 summarizes the results of 
constant extension rate and stress-
corrosion cracking tests performed on 
transverse-welded specimens in chlo
ride-containing solutions which pro
duce stress-corrosion cracking in 18Cr-
8Ni stainless steel base metals. Values 
of maximum engineering stress for 
specimens tested in corrosive and 
neutral environments, and scanning-
electron microscopy studies provide a 
basic means of comparing the suscep
tibi l i ty of specimens to stress-corro
sion cracking under constant exten
sion rate conditions. 

Room-Temperature Testing 

Type 310/Type 304L Weldments. 
Failure of transverse-welded speci
mens which exhibit wholly-austenitic 
base and weld metals tested in low-
pH, room-temperature solutions oc
curs as a combination of environmen
tally-induced attack in the unmixed 
zone and ductile failure in the weld
ment composite region. The severity 
of this preferential attack is illustrated 
in Fig. 10 for a specimen tested in a 5N 
H2SO, + 1/V NaCI solution. 

Specimens tested in 1N HCI and the 
H2S04 + NaCI solutions appear mac-
roscopically and microscopically very 

WELD 
COMPOSITE 
REGION ^ ^ 

lL '. 

•' f t '•'• ! 

^H> v 

. • fs3 

BASE 
•—METAL 

W E L D 
COMPOSITE 
REGION 

BASE 
M E T A L 

Fig. 10—SEM macrographs of Type 310/Type 304L transverse-welded specimens tested under CER conditions in 5N H2SO, + 0.5 N NaCI. x20. 
A—note the prelerential attack at the fusion boundary region, x20; B- arrows show transgranular SCC in the base metal, x.40 (A and B 
reduced 41% on reproduction) 
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Fig. 11—SEM fractrograph of a Type 310/Type 304L transverse-
welded specimen tested under CER conditions in 5N H,SOt + 0.5 
N NaCI. Arrow indicates possible dissolution in the partially-melted 
region. X500 

Fig. 12—SEM fractrograph of a Type 310/Type 304E transverse-
welded specimen tested under CER conditions in 5N H,504 + 0.5N 
NaCI. Arrow shows region of transgranular SCC in the austenite. 
X5000 

similar. Lower values of maximum 
engineering stress and greater depths 
of attack in specimens tested in 
H,SO, + NaCI, compared to those 
tested in IN HCI, suggest that the 
H,SO, + NaCI solutions are more ag
gressive. 

Unmixed zone attack occurs by a 
combination of stress-assisted ferrite 
dissolution and stress-corrosion crack
ing in the austenite. The cellular-
dendritic nature of the duplex un
mixed zone is apparent from the SEM 
fractograph shown in Fig. 11. Evidence 
that attack may occasionally proceed 
along ferrite-covered base metal aus

tenite grain boundaries in the partial
ly-melted region is also presented in 
Fig. 11. Areas of transgranular stress-
corrosion cracking in the austenite are 
observable on the fracture surfaces. 
The SEM fractograph in Fig. 12, which 
shows the fracture surface area in Fig. 
11 at a high magnification, indicates 
that transgranular stress corrosion 
cracking of the austenite may occur by 
a tunneling mechanism identical to 
that observed by Scully13 in a similar 
alloy-environmental system. 

Transgranu lar s t ress-cor ros ion 
cracking in unaffected base metal 
regions of these specimens can also be 

found, particularly in regions adjacent 
to the fusion zone. This stress-corro
sion cracking does not, however, 
appear to influence specimen failure. 
Despite considerable plastic deforma
t ion, stress-corrosion cracking in the 
wholly-austenitic weldment compos
ite region does not occur. 

Type 312/Type 304E Weldments. 
Failure of transverse-welded speci
mens which contain a high-ferrite 
weldment composite region tested in 
low-pH, room-temperature solutions 
depends on the aggressiveness of the 
solution. In mildly-aggressive 1/V HCI 
failure occurs by a combinaton of 

* 

DUCTI LE 
FAI LURE 

FERRITE 
DISSOLUTION 

S C C 

Fig. 13—SEM macrograph of a Type 312/Type 304L transverse-welded specimen 
tested under CER conditions in 7N HCI. (reduced 11.8% on reproduction) X20 

Fig. 14—SEM fractrograph of a Type 3121 
Type 304L transverse-welded specimen 
tested under CER conditions in 7N HCI. 
Arrows indicate regions of transgranular 
SCC in the austenite. X2000 
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UNMIXED 
ZONE 

Fig. 15—SEM macrograph of Type 312/Type 304L transverse-welded 
specimen tested under CER conditions in 5N H2SOt + 7N NaCI. 
X20 (reduced 41% on reproduction) 

WELD 
COMPOSITE 

REGION 

Fig. 76—SEM micrograph of a Type 310/Type 304L transverse-
welded specimen tested under CER conditions in boiling M g O , at 
154 C (309 F). Ferrite is etched in the unmixed zone. Marble's etch, 
XI500 

environmentally-induced attack and 
ductile failure in the weld fusion 
boundary region —Fig. 13. 

The SEM fractograph illustrated in 
Fig. 14 provides evidence that unmixed 
zone and partially-melted region at
tack occurs in a manner identical to 
that observed in wholly-austenitic 
weldments described in the previous 
section. These similarities are also indi
cated by the identical values of maxi
mum engineering stress for wholly-
austenitic and high-ferrite transverse-
welded specimens tested in IN HCI. 
Transgranular stress-corrosion crack
ing in the unaffected base metal and 
ferrite dissolution in the high-ferrite 
weldment composite region are also 
observed in specimens tested in I N 
HCI. However, these phenomena do 
not appear to directly influence speci
men failure. 

Failure of specimens tested in the 
aggressive H2S04 + NaCI solutions oc
curs in the weldment composite 
region by a combination of ferrite 
dissolution and ductile failure. As Fig. 
15 shows, considerable fusion line 
attack is also apparent in these speci
mens. This attack occurs predominant
ly in the unmixed zone by the ferrite 
dissolution/stress-corrosion cracking 
process described previously. 

Elevated-Temperature Testing 

Type 310/Type 304L Weldments. 
Failure of transverse-welded speci
mens which exhibit wholly-austenitic 
base and weld metals tested in boil ing 
MgCI, occurs as a combination of 
stress-corrosion cracking and ductile 
failure in the unaffected base metal 
remote from the weldment composite 
region. Stress-corrosion cracks in the 
base metal of specimens tested at 154 
C (309 F) proceed in transgranular 
or mixed transgranular/intergranular 
modes. At 135 C (275 F) stress-corro
sion cracks propagate almost entirely 
by an intergranular mode. 

Specimens tested at 154 C (309 F) 
also exhibit numerous small stress-
corrosion cracks in the unmixed zone 
and the weldment composite region at 
the root of the weldment. The SEM 
micrograph in Fig. 16 shows stress-
corrosion cracks that propagate in 
both the duplex unmixed zone and the 
wholly-austenitic weldment compos
ite region. Stress-corrosion cracking 
appears to occur transgranularly in the 
composite region and by a mixed 
t ransgranular / in terphase- inter face 
mode in the unmixed zone. Compos
ite region failure of specimens tested 

in liquid paraffin indicates that the 
composite region deforms plastically 
more readily than both the fusion 
boundary region and the unaffected 
base metal. 

Greater resistance to stress-corro
sion cracking in MgCI, of Type 310 
stainless steel, compared to Type 304 
materials, has been shown by Denard14 

and accounts for the minimal cracking 
present in the composite region de
spite its lower strength. The nature of 
the weldment geometry (Fig. 4) and 
the low strength of the weldment 
composite region result in locally high 
strain rates (prior to crack initiation) in 
the unmixed zone at the root of the 
weldment. This increased strain rate 
induces preferential attack in this 
region of the weldment. 

Type 312/Type 304L Weldments. 
Failure in transverse-welded speci
mens which exhibit a high-ferrite 
weldment composite region occurs in 
the base metal remote from the weld
ment composite region in a manner 
similar to that described previously for 
Type 310/Type 304L specimens. Speci
mens tested at 154 C (309 F) also 
exhibited preferential attack at the 
weld interface near the toe of the 
weldment-F ig. 17. 

W E L D 
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Fig. 17—SEM macrograph of a Type 312/Type 304L transverse-
welded specimen tested under CER conditions in boiling MgCI, at 
154 C X 700 

WELD 
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REGION 

UNMIXED 
ZONE 

Fig. 18—SEM micrograph of a Type 312/Type 304L transverse-
welded specimen tested under CER conditions in boiling MgCf, at 
154 C (309 F). X1000 
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The SEM micrograph in Fig. 18 indi
cates that stress-corrosion cracking 
and ferrite dissolution in the vicinity of 
cracks occurs at the unmixed zone-
weldment composite region bound
ary. Stress-corrosion cracks appear to 
propagate predominantly in the un
mixed zone. Failure in the unaffected 
base metal of specimens tested in 
liquid paraffin at 154 C (309 F) indi
cates that the weldment composite 
region and the fusion boundary region 
exhibit greater strengths than the unaf
fected base metal. Preferential attack 
in the unmixed zone at the weldment 
toe may result from the geometry of 
the weldment; this places the unmixed 
zone at the weldment toe in a region 
which experiences a strain rate (prior 
to crack initiation) equivalent to that 
present in the weaker unaffected base 
metal. 

Conclusions 

The fol lowing conclusions pertain 
to unmixed zone formation and mor
phology in heterogeneous weldments 
on wholly-austenitic Type 304L stain
less steel: 

1. Unmixed zone formation occurs 
readily in GMAW-P weldments, re
gardless of the chemical composit ion 
and microstructural characteristics of 
the weldment composite region. 

2. The unmixed zone microstruc
ture appears morphologically similar 
to that of an autogenous weld metal in 
18Cr-8Ni stainless steel, w i th semicon
tinuous ferrite present in a vermicular 
morphology. 

3. Solidification of the unmixed 
zone occurs epitaxially on ferritic 
regions in the partially-melted region 
and proceeds by a manner identical to 
that observed in 18Cr-8Ni weld met
als. 

The fol lowing conclusions pertain 
to stress-corrosion cracking studies on 
transverse-welded specimens tested 
under constant-extension rate condi
tions in room and elevated-tempera
ture solutions: 

1. The duplex unmixed zone in 
weldments exhibiting either whol ly-
austenitic or high-ferrite composite 
regions is highly susceptible to attack 
in low-pH, room-temperature solu
tions by the simultaneous and comple
mentary occurrence of stress-corro
sion cracking in the austenite and 
stress-assisted ferrite dissolution. 

2. Failure of transverse-welded 
specimens in MgCI, solutions occurs 
"in the base metal remote from the 
weldment. However, preferential at
tack in the unmixed zone of both the 
wholly-austenitic and high-ferrite 
weldments at 154 C (309 F) is 
evident. 
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A Fracture-Mechanics Evaluation of Flaws in Pipeline Girth Welds 

by R. P. Reed, H. I. McHenry and M. B. Kasen 

Fracture-mechanics methods were used to provide a basis for assessing the significance of flaws in girth welds 
in a buried arctic oil pipeline. The objective was to illustrate the approach based on current knowledge and to 
define areas where further work will increase the validity of such analyses. Various fracture-mechanics analyses 
were used to calculate a series of allowable flaw-size curves in accordance with worst case requirements set by the 
Office of Pipeline Safety Operations (OPSO). 
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