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This article deals with the effect of the microstructural changes, due to transformation of delta
ferrite, on the associated variations that take place in the tensile and stress corrosion properties
of type 316 L stainless steel weld deposits when subjected to postweld heat treatment at 873 K
for prolonged periods (up to 2000 hours). On aging for short durations (up to 20 hours), carbide/
carbonitride was the dominant transformation product, whereas sigma phase was dominant at
longer aging times. The changes in the tensile and stress corrosion behavior of the aged weld
metal have been attributed to the two competitive processes of matrix softening and hardening.
Yield strength (YS) was found to depend predominantly on matrix softening only, while sig-
nificant changes in the ultimate tensile strength (UTS) and the work-hardening exponent, 7,
occurred due to matrix hardening. Ductility and stress corrosion properties were considerably
affected by both factors. Fractographic observations on the weld metal tested for stress-corrosion
cracking (SCC) indicated a combination of transgranular cracking of the austenite and interface

cracking.

I. INTRODUCTION

THE use of austenitic stainless steels as prime con-
struction materials for liquid metal-cooled fast breeder
reactors often necessitates the joining of two or more
components by the process of welding. High-
temperature delta ferrite is deliberately retained in the
weld metal to overcome the problem of hot cracking
during weld metal solidification.'! The use of these
welded components at elevated temperature would result
in the time-dependent degradation of the material, par-
ticularly of the weld metal, because the delta ferrite
component of the duplex weld metal transforms to
carbides/carbonitrides and intermetallic phases, such as
the sigma phase, small quantities of which lead to large
variations in the tensile!>* and corrosion properties.*-"!

No two investigators have reported matching results
for the transformation kinetics of delta ferrite®®® because
of a large number of variables in a weld, such as chem-
ical composition of the weld metal, size and shape of
the delta ferrite, diffusion of chromium in the ferrite,
service temperature, efc. The kinetics of the ferrite trans-
formation as well as the type and amount of the precip-
itated phases mainly depend on the carbon content and
the concentration of elements that promote sigma for-
mation in the weld metal.®'® The tendency toward
sigma phase formation can be quantitatively determined
using Hull’s equation, by which the steel would be sus-
ceptible to sigma phase embrittlement if the “equivalent
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chromium number” (ECN) exceeds approximately
17.8 wt pct.!'Y) The transformation kinetics of the delta
ferrite and the nucleation and growth of the sigma
phase!'? are faster when stainless steels contain low con-
centrations of carbon. The size and shape of the delta
ferrite!'” also govern the transformation kinetics of the
weld metal. Kokawa er al.'¥ have reported that at
973 K, sigma precipitation occurs much earlier in the
vermicular ferrite than in the lacy ferrite.

Microstructurally, low-temperature aging (<973 K)
reduces ferrite to secondary austenite and carbides/
carbonitrides,®*!413 and therefore, the precipitation of
sigma phase is retarded. However, at high temperatures
(>973 K), the ferrite dendrites transform directly to
sigma and very few carbides/carbonitrides are obtained,
although precipitation of chi and austenite phases has
been observed.!1216]

Tensile studies of duplex weld metal indicated that at
room temperature, delta ferrite strengthens the weld
metal, in comparison with the base metal, as evidenced
by increases in the yield strength (YS) and ultimate ten-
sile strength (UTS) accompanied by reduction in elon-
gation.'””! The competitive processes of annealing and
transformation of ferrite govern the changes in the ten-
sile properties during high-temperature aging of the weld
metal .

Studies on stress-corrosion cracking (SCC) behavior
of the duplex weld metal of austenitic stainless steels
showed that its SCC resistance depends on the content,
distribution, and solidification mode of the ferrite.!!819
A duplex weld metal could fail by a combination of SCC
of austenite and either (1) delta ferrite-austenite interface
cracking®2!) or (2) stress assisted dissolution of fer-
rite.'®221 A fully austenitic weld could fail by inter-
granular stress-corrosion cracking (IGSCC).!"™1 A
continuous network of delta ferrite was found to be most
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harmful. Although the SCC behavior of duplex weld
metal has been investigated, no significant studies have
been reported on the effect of high-temperature aging on
its SCC susceptibility. The effects of annealing and pre-
cipitation of various intermetallic phases, besides the
chromium depletion of the matrix, are expected to con-
siderably affect the SCC susceptibility of the weld metal.
The present study correlates the microstructural changes,
that occur in type 316 L stainless steel weld deposits on
aging at 873 K for prolonged periods (up to 2000 hours),
to the observed variations in the tensile and stress cor-
rosion behavior.

II. EXPERIMENTAL PROCEDURE

Bead-on-plate weld deposits (Figure 1) were prepared
from AISI type 316 L stainless steel filler wire (chemical
composition in Table I) using the gas tungsten arc weld-
ing (GTAW) process (welding parameters in Table II).
The weld deposits were susceptible to sigma phase for-
mation since the ECN was 20.63. The effect of dilution
was eliminated by machining off 10 mm of the deposit
from the base plate. Flat tensile specimens (Figure 2)
were made along the length from defect-free undiluted
weld deposits. The samples were subsequently aged in

ALL DIMENSIONS ARE IN WM.

Fig. 1— A schematic of the bead-on-plate weld pad.

Table I. Chemical Composition (in
weight percent) of AISI Type 316 L
Stainless Steel Filler Wire and its Weld Deposit

Element Filler Wire Weld Deposit
Ni 11.4 10.8
Cr 18.7 18.7
Mo 2.34 2.10
C 0.024 0.022
Mn — 1.74
Si 0.38 0.36
S 0.002 0.002
P 0.02 0.02

N — 0.026
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a tubular furnace at 873 K for time periods of 2, 20,
200, and 2000 hours.

The delta ferrite content of the weld metal was mea-
sured before and after aging using a magne-gage. The
total amount of secondary phases present in the aged
weld metals was estimated by electrochemical extraction
technique which was carried out in a methanol solution
containing 10 pct (by volume) HCI, at a potential of
1.5 V with respect to the platinum electrode.®! The res-
idue obtained by the electrochemical extraction process
was identified by the X-ray diffraction technique. Op-
tical microscopic examinations of the as-deposited and
aged weld metals were carried out. The as-deposited
weld metal and the weld metal aged for 2 hours were
chemically etched with Murakami reagent (10 g potas-
sium ferricyanide and 10 g potassium hydroxide in
100 mL water) for 3 minutes. The other thermally aged
samples were etched in a modified Murakami reagent
(20 g potassium ferricyanide and 20 g potassium hy-
droxide in 100 mL of water) for about 15 seconds at 363
to 368 K.

Stress-corrosion studies were carried out using the
constant extension rate testing (CERT) technique and the
constant load (CL) technique. In the CERT technique,
the tests were carried out at a nominal strain rate of
5.5 X 107° /s in 45 pct magnesium chloride solution at
427 K. Constant load tests were conducted in 45 pct
magnesium chloride solution at 427 K at an initial stress
level of 40 pct yield stress.

Tensile properties were evaluated in liquid paraffin at
a temperature of 427 K and a nominal strain rate of 5.55
X 107°/s. Microhardness measurements of the austenite
matrix were also carried out.

The fracture surfaces of the samples tested for SCC
using both the CERT and constant load techniques were

Table II. Gas Tungsten Arc Welding Parameters

Welding process GTAW (manual)

Welding wire AWS-ER 316L
Shielding gas Ar

Polarity DC electrode negative
Welding voltage 20 volts

Welding current 100-110 A

Welding speed* 1.0 X 107> m/s
Wire feed rate* 1.5 X 107* m/s

75 x 107 m?/s

*The wire feed rate and the welding speed represent approximate
average values because the welding was carried out manually.

Ar flow rate
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Fig. 2— A schematic of the flat tensile samples used in the study.
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examined in a scanning electron microscope (SEM) to
study the cracking mode.

III. RESULTS AND DISCUSSION
A. Transformation Kinetics of Delta Ferrite

The average ferrite content of the as-deposited weld
metal was determined to be 7 FN (ranging from 5.4 to
9.1 FN) with a standard deviation of +0.7 FN. The fer-
rite content before and after aging at 873 K was con-
verted to the fraction of the delta ferrite transformed and
plotted in Figure 3 as a function of aging time. The
figure indicates a decrease in the transformation rate
with increasing aging time.

Figure 4, which depicts the variation in the total
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Fig. 3— Transformation kinetics of delta-ferrite.

WEIGHT % PRECIPITATES EXTRACTED

i I

0 200 800 1200 1600 2000

i

AGING TIME (HOURS)

Fig. 4—Dependence of amount of precipitates extracted on aging
time at 873 K.

METALLURGICAL AND MATERIALS TRANSACTIONS A

amount of precipitates extracted with aging time up to
2000 hours, indicates a continuous increase in the
amount of second phases precipitated. As in Figure 3, a
decrease in the precipitation rate is observed with in-
creasing aging time.

The various phases present in the electrochemical res-
idue (Table III) were identified in accordance with the
Standard ASTM X-ray diffraction practices. The domi-
nant phase on aging at 2 hours was delta ferrite, whereas
on 20 hours of aging, carbides/carbonitrides were found
to be the significant phase. Aging of the weld metal for
20 hours did not indicate sigma phase in the X-ray dif-
fraction (XRD) pattern. Sigma phase was the dominant
phase on aging up to 200 and 2000 hours. The amount
of sigma phase present was greater in the latter case.
Another intermetallic phase, whose index values corre-
spond to the R phase, was found in increasing quantities
up to 200 hours of aging. Its presence was not detected
on aging to 2000 hours. Lai and Haigh,!"" Thomas and
Keown,®?4 and Tavassoli ez al.!**! reported the presence
of R phase in austenitic stainless steel weld metal. This
phase has a hexagonally close-packed structure!'*-*! and
precipitates inside the ferrite with a lathy morphol-
ogy.®*3! Formation of R phase has been reported
during stress relief of austenitic weldments containing
higher amounts of ferritizers in the weld metal.”
Tavassoli et al.1?* reported its presence on aging of Mo
bearing alloys.

Based on the dominance of carbides/carbonitrides in
the electrochemical residues of weld metal aged up to
20 hours, it was inferred that up to this aging time, the
ferrite transformed by the reaction

delta ferrite — carbide/carbonitride + R phase [1]

Lai and Haigh!"" reported that at lower aging tempera-
tures, delta ferrite transformed mainly to austenite and
carbides/carbonitrides which precipitated within the
delta ferrite as well as at the delta ferrite-austenite inter-
face. Slattery et al."? reported a similar reaction on
aging at 898 K. Leitnaker er al.*! stated that the pre-
cipitation of carbides/carbonitrides enriched in Cr and
in Mo depleted the ferrite of these elements. This de-
pleted ferrite was then either retained or transformed to
austenite.

The preponderance of the sigma phase in the electro-
chemical residues of samples aged up to 200 and

Table II1. Results of the X-Ray Diffraction Studies
Showing the Abundance of Various Phases in the
Weld Metal Aged for Various Durations of Time

Aging time Phases Identified
(h) (with Relative Abundance)
2 6>C
20 C>R
200 og>C>R
2000 o>C

8 is delta ferrite

C is carbide/carbonitride
R is R phase

o is sigma phase
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2000 hours indicated that on aging for these durations of
time, the following transformation reaction occurred

delta ferrite — sigma + carbide/carbonitride  [2]

The presence of carbide/carbonitride phase in the
electrochemical residues of samples aged for 200 and
2000 hours suggested that the delta ferrite to carbide/
carbonitride reaction occurred in the early stages of
aging. Sigma phase precipitation in the retained depleted
ferrite was then facilitated by the diffusion of sigma
phase formers, like Cr and Mo, from austenite to delta
ferrite. The decrease in the transformation rate of ferrite
and precipitation rate of second phases (Figures 3 and 4)
could be explained based on (1) the time taken for re-
duction of carbon content in the ferrite, to values at

which sigma phase precipitation is facilitated; and on
(2) the time taken for critical amounts of sigma forming
elements to diffuse from austenite matrix to the depleted
ferrite.

Optical micrographs in Figure 5(a) through (e) are for
as-deposited weld metal and for weld metal aged for 20,
200, and 2000 hours, respectively. Figure 5(a) indicates
discontinuous and predominantly lacy ferrite morphol-
ogy in the as-deposited weld metal, although vermicular
morphology is also observed at some areas. The pre-
dominance of fine lacy ferrite could be due to the high
cooling rates involved in the bead-on-plate weld depos-
its. Figure 5(b) shows the transformed second phases as
small dark dots in the ferrite particles of the weld metal
aged for 20 hours. Micrographs in Figures 5(c) through

Fig. 5-—Optical micrographs of weld metal aged at 873 K for (a) 0 h, (b) 20 h, (c) and (d) 200 h, and (e) 2000 h.
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(e) of the samples aged for 200 and 2000 hours show
large, elongated sigma phase particles in the micro-
structure both in the form of a continuous network and
as separate particles. The presence of both lacy and ver-
micular delta ferrite in the weld metal caused such vari-
ations in the microstructure on high-temperature aging
because of the differences in the coherency of their inter-
faces with austenite. Kokawa et al.l'¥ stated that the
lower the delta/gamma boundary coherency, the easier
the sigma precipitation. Since this coherency was high
in the lacy ferrite and lower in the vermicular type,
sigma precipitation started early in the vermicular fer-
rite.!!3) Heat treatments for long durations would result
in the sigma precipitation reaction taking place in the
lacy ferrite too. Hence, the ferrite particles in which the
sigma precipitates appear as dark dots in Figure 5(c) and
as near-continuous sigma networks in one region of
Figure 5(d) and (e) could be the regions of lacy ferrite.
Regions showing near-continuous network of sigma in
Figure 5(c) and separate sigma particles in Figures 5(d)
and (e) could be the regions of vermicular ferrite.

B. Effect of Aging on the Tensile Properties
of the Weld Metal

This section relates the changes in tensile properties
of the weld metal to (1) microstructural evolution ac-
companying delta ferrite transformation, (2) amount of
second phases precipitated, and (3) consequent effect of
these on the austenite matrix. The temperature and the
strain rate selected were the same as those used in the
CERT technique for SCC. A plot indicating the change
in YS with aging time is shown in Figure 6. The YS
continuously decreased up to 200 hours of aging, after
which the trend was slightly reversed on aging up to
2000 hours. The drop in YS was significant on aging the
weld metal for 2 hours. This drop in YS on aging could
be attributed to one, or more, of the following reasons:
(1) depletion of the solid solution strengtheners like Cr,
Mo, C, and N in the austenite due to the nucleation and
growth of sigma and carbide phases; (2) dissolution of
delta ferrite; and (3) decrease in the dislocation density
in the austenite on aging.”) Thomas and Yapp reported
that the decrease in the YS was a result of thermal re-
covery,P! but Gill er al.”?) attributed the drop in YS to
depletion of solid solution strengtheners and dissolution
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Fig. 6 —Effect of aging time at 873 K on yield strength.
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of ferrite, since no evidence of cell formation and de-
crease in the dislocation density was available on aging
the weld metal for 5000 hours at 873 K.

Figure 7 shows that the UTS increases slightly on
aging up to 200 hours and significantly on aging up to
2000 hours. The slight increase in the UTS on aging up
to 200 hours could be due to the formation of a thin film
of carbide/carbonitride at the austenite/delta ferrite
interface and the absence of considerable amounts of
sigma phase in the microstructure. The significant in-
crease in the UTS on aging up to 2000 hours was due
to the presence of a large amount of sigma phase in the
microstructure. The amount, size, shape, and distribu-
tion of the phases that precipitate from delta ferrite are
reported to significantly affect the UTS.12:*

Figure 8 indicates a continuous, although slight, in-
crease in ductility on aging up to 200 hours, after which
a decrease is observed on aging to 2000 hours. The in-
crease in the ductility could be attributed to the factors
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Fig. 7— Dependence of UTS on aging time at 873 K.

35 b— T T T
*
- v B
,/é./‘\:
:\: 25“__ v ]
c
s :
-}
o
§ 15 -
[¢7]
5 - -
0 A 1 1 I 1
0 F2 20 200 2000

Aging time (hours)

Fig. 8 — Variation in ductility as a function of aging time at 873 K.
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that cause a decrease in the YS. The decreased ductility
on aging up to 2000 hours, as compared to that after
200 hours of aging, may be due to the presence of sig-
nificant amounts of sigma phase in the microstructure.
Although Thomas and Yapp'! reported similar results,
Gill et al.'¥ reported a marked decrease in the ductility
through all aging times at all aging temperatures.

The work-hardening exponent, n, was numerically,
evaluated using a nonlinear curve fitting program,
VBO1A, of Harwell Library. Figure 9 shows that the
value of n increases gradually on aging up to 200 hours
and substantially on aging up to 2000 hours. The small
increase in the value of n on aging up to 200 hours may
be due to the insignificant increase in the total amount
of precipitates in the matrix. The significant increase in
the value of » on aging up to 2000 hours resulted from
the considerable increase in the total amount of precip-
itates, which were comprised mainly of the nondeform-
able sigma phase. The increase in the total quantity of
precipitates led to increased particle-dislocation inter-
action and thus an increase in the value of n.

Figure 10 shows that the microhardness of the austen-
ite matrix gradually decreased on aging up to 200 hours,
after which an increase in the matrix hardness was ob-
served on aging up to 2000 hours. The microhardness
results give conclusive evidence of the inference that the
high-temperature tensile properties of a type 316 L weld
metal depend on the following two competing factors:

(1) softening of the matrix as a result of loss of solid
solution strengtheners and dissolution of delta ferrite
(this would have an effect on the YS, microhardness,
and ductility); and

(2) hardening of the matrix by the precipitation of sig-
nificant amounts of nondeformable sigma phase (this af-
fected all the properties other than YS).

C. Effect of Aging on the Stress-Corrosion Properties
of the Weld Metal

The discussions in Section B suggest that the time-
dependent changes in the tensile properties of the weld
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Fig. 9—Rate of change in work-hardening exponent with aging time
at 873 K.
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metal on aging at 873 K depend on the two competitive
processes of matrix softening and hardening. Apart from
the preceding two processes, the depletion of Cr and Mo
from the austenite matrix would also affect corrosion re-
sistance of weld metal on high-temperature aging.

The CERT technique results in liquid paraffin and in
MgCl,, at 427 K, were compared to evaluate the SCC
resistance based on the ratios of values of UTS and per-
cent elongation in the two tests, along with the SCC sus-
ceptibility index, 7, which is defined as [ ratio of values
of UTS X percent clongation in the two tests.’
Figure 11 shows a deterioration in the SCC resistance
on aging to 2 hours with little change thereafter on fur-
ther aging.

The observations in Figure 11 were verified by cal-
culating average crack propagation rates (CPR) using the
formulas proposed by Desestret and Oltra®® and by
Hishida ez al.”® The formula proposed by Desestret and
Oltra bases the calculation of the CPR on the ratios of
values of fracture stresses in MgCl, and in liquid par-
affin. Hishida et al.® suggested the use of the value of
the work-hardening exponent to calculate the average
CPR. Since flat tensile samples were used for the current
study and since the cracking initiated at all four corners,
the calculations of the CPR were based on the initial area
of the specimen and not on the initial radius of the spec-
imen as suggested in Eqs. [1] and [2]. The time-to-
failure, t; (Table 1V), used to calculate the CPR was
considered as the time spent by the weld metal between
the YS and the maximum load in MgCl,. The YS was
used as the initial criteria to calculate ¢, because little
difference was observed in the values of YS in the tests
carried out both in liquid paraffin and in MgCl,. Beyond
the maximum load, the material fails by pure ductile
failure. Figure 12 shows an improvement in the SCC
resistance up to 200 hours of aging (decreasing CPR)
and a deterioration at 2000 hours of aging. The CPR
values obtained using Hishida’s formula were nearly
one-third of those obtained by using Desestret and
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Fig. 10— Variation in the microhardness of the austenite matrix with
aging time at an aging temperature of 873 K.
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Table IV. The Average Residence Time in

the Region Between YS and Maximum Load

in Boiling 45 Percent MgCl, (427 K) for the
Weld Metals of Various Heat-Treatment Durations

Aging Time Average Residence Time
() (min)
0 6
2 6.9
20 10.4
200 15
2000 12

Oltra’s formula. These results are contrary in trend to
those obtained by using the assessment parameters in
Figure 11, thus indicating that the evaluation parameters
are of paramount importance in assessing the results of
the CERT experiments.

A careful choice of the evaluation parameters is nec-
essary when assessing materials with differing tensile
properties, using the CERT tests, as in the present case.
The conventionally used parameters like the ratios of
values of UTS and percent elongation in MgCl, and
liquid paraffin along with the cracking index could give
error-prone conclusions in such cases. Similar opinions
have been expressed by Kim and Wilde®” and Khatak
et al.,®" both of whom expressed skepticism on the use
of the CERT technique for comparing the susceptibility
of alloys with widely differing microstructures, ductility,
and strength levels. Khatak et al. suggested the use of
the average CPR calculated by the Desestret and Oltra
formula. 2

METALLURGICAL AND MATERIALS TRANSACTIONS A

Crack propagation rate (mm2/ hour)

A
Y T ¥ § L]
Closed symbels —=Desestret and Oltre’s formuls

7.0 Open symbels —= Hishida‘s formule -1

*
(=
T
1

5.0

I
1

2.0 o © -
©
05— 20 200 2000

Aging time (hours)

Fig. 12—Dependence of crack propagation rates on aging time at
873 K.

~10—— .
£
E - o
~
£ 8+ .
§ s i
o
= 6 =
= ®
| ¢ .
o *
2 4 i
g A
e &
o 2 y
E
[ 4
oL ' ] —
o " 2 20 200 2000

Aging time ( hours)

Fig. 13—Dependence of time-to-failure (in constant load tests) on
aging time at an aging temperature of 873 K.

VOLUME 26A, JULY 1995—1865



The contradiction in the assessment of the CERT data
was resolved by testing for SCC using the constant load
technique at 40 pct of YS. These tests indicate that the
Iy per unit area of the test specimen increases with in-
creasing aging time up to 200 hours of aging and de-
creases thereafter on aging to 2000 hours (Figure 13).
Since the constant load tests were carried out using a
fraction of the YS of the material, the results obtained
were considered reliable.® The trend observed in
Figure 12 is in agreement with the results obtained in
the constant load tests.

The increased SCC resistance for the weld metal aged
between 0 and 200 hours is related to the decrease in YS
with increasing aging time. The increase in the SCC re-
sistance could be explained as follows: depending on the
applied load, there exists a concentration of stress at the
tip of an advancing crack. The stress distribution ahead
of the crack tip causes plastic deformation in the region
around the crack tip, where the yield stress of the ma-
terial is exceeded. This plastic deformation causes crack
blunting and leads to the relaxation of stresses in the de-
formed zone. As a result, an impediment in crack
growth takes place. The size of the plastic zone ahead
of a growing crack increases with decreasing yield
strength. The larger the plastic zone, the greater the
crack tip blunting and the higher the resistance to crack

:'. .‘1...'- g‘l", ‘.\h—' L-J -

growth. Thus, matrix softening, which caused a de-
crease in YS on aging up to 200 hours, led to increased
SCC resistance. Increasing Cr depletion of the matrix
due to carbide/carbonitride precipitation contributed in-
directly to the increased resistance by softening the aus-
tenite matrix. Normally, increasing Cr depletion should
have led to decreased SCC resistance, because it would
lead to the possibility of pre-existing active paths for
SCC to occur. However, that was not the case. De-
creased resistance because of intergranular SCC
(IGSCC) has been reported in dilute chloride solutions
for sensitized austenitic alloys.®3*¥ But in hot concen-
trated chloride solutions, these sensitized steels failed by
transgranular SCC.BY The nil effect of the Cr depletion
on the SCC resistance was a result of the environment,
which, due to its high corrosivity (pH = 4), was not able
to differentiate the pre-existing active paths from the
strain-generated ones, thus attacking both equally. The
small quantity of sigma phase did not have any effect on
the SCC resistance of the weld metal aged up to
200 hours.

The decrease in the SCC resistance on aging to
2000 hours was a direct consequence to the significant
increase in the value of n, as a result of extensive sigma
phase precipitation. This decrease in the SCC resistance
could have been due to decreased stress relaxation as a

Fig. 14— Typical high-magnification fractographs of weld metal aged at 873 K and tested by CERT in boiling MgCl, solution at 427 K, showing
(a) a combination of interface cracking and SCC of austenite, (b) interface cracking, and (¢) SCC of austenite.
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Fig. 15— Typical high-magnification fractographs of weld metal aged at 873 K and tested by constant load technique in boiling MgCl, solution
at 427 K, showing (a) a combination of interface cracking and SCC of austenite, (b) interface cracking, and (c) and (d) SCC of austenite.

result of increased particle-dislocation or dislocation-
dislocation interaction. Hence, faster crack propagation
took place due to reduced blunting of the crack tip. Also,
the presence of large amounts of sigma phase would
have contributed to faster crack propagation by making
available more austenite-sigma interfaces for cracking.
A detailed high-magnification study of the fracture
surfaces, as shown in Figures 14(a) through (c¢) (which
pertain to CERT-tested sampies) and Figures 15(a)
through (d) (which pertain to samples tested by constant
load technique), showed that the failure exhibited similar
typical features. The failure occurred by a combination
(Figures 14(a) and 15(a)) of transgranular SCC
(TGSCC) of austenite (Figures 14(c) and 15(¢) and (d))
and interphase-interface cracking (Figures 14(b) and
15(b)) in all the heat-treated conditions. This transition
to interface cracking was reported by Sherman et al.*"!
and Stalder and Duquette'?" during SCC of as-deposited
weld metal. Sherman et al. reported that the crack prop-
agated preferentially along interfaces which were ori-
ented near normal to the tensile stress. Similar, but less
severe, interfacial attack was observed by Sherman et al.
in unstressed specimens. Thus, they attributed the SCC
growth to the stress-assisted dissolution of the austenite-
ferrite interfaces. Stalder and Duquette attributed this
preferential attack of the interface to the nonequilibrium
segregation of solute elements in the weld metal. In the
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present study, the interfaces involved were those of delta
ferrite and sigma with austenite.

Available literature suggests that SCC takes place
under the influence of two competing factors: (1) slip
step formation and (2) dissolution of the slip step pro-
duced.B5*" The transition to IGSCC occurs when the
slip step formation rate is greater than the corrosion rate
of the slip step. This leads to dislocation pile ups at the
grain boundaries, causing stress concentration there, and
intergranular dissolution results.'*¥ Based on similar ar-
guments, when a transgranularly initiated crack in aus-
tenite of the weld metal encounters an interface of
austenite-ferrite or austenite-sigma, it is arrested since
ferrite and sigma are resistant to SCC in chlorides. Fur-
ther application of load then causes increasing disloca-
tion pileups at the crack tip, leading to a stress
concentration at the interface and causing its dissolution.
Interface characteristics, such as high dislocation den-
sity, vacancies, and impurity atom concentration, would
assist the interfacial dissolution.

IV. CONCLUSIONS

1. High-temperature aging of AISI type 316 L weld
metal at 873 K led to the precipitation of carbides at
shorter aging times and of sigma phase at longer
aging times.
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. The two competitive processes of matrix softening

and hardening caused changes in the properties of the
weld metal. While YS was found to be significantly
affected only by matrix softening, matrix hardening
considerably influenced UTS and n. Ductility, matrix
hardness, and stress-corrosion properties were influ-
enced by both factors. The weld metal aged up to

"~ 200 hours showed maximum SCC resistance.

V.

. The weld metal was found to fail by a combination

of TGSCC of austenite and interface cracking in
MgCl,, in both the CERT and constant load tests.
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