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TENSILE AND CREEP BEHAVIOR OF TYPE 308 CRE STAINLESS STEEL
JOINING 13-mm TYPE 304 STAINLESS STEEL PLATE*

R. W. Swindeman, E. Bolling, and R. T. Kingf?

ABSTRACT

As part of an effort to develop and validate design tech-
nology for use in the Liquid-Metal Fast Breeder Reactor (LMFBR)
Program, we are studying creep and crack growth in weldments. In
one set of experiments the weldments were fabricated by joining
13-mm (1/2-in.) plates of a reference heat of type 304 stainless
steel by manual shielded metal—arc welding (SMAW) using type 308
controlled residual elements (CRE) filler metal. To analyze the
behavior of the weldments we gathered uniaxial test data from spe-
cimens cut from the weldments. Tensile and creep tests were per-
formed on these specimens at 593°C (1100°F).

On examination properties in the longitudinal (all weld
metal) orientation differed significantly from those in the trans-—
verse (composite) orientation; the longitudinal orientation had
superior creep-rupture properties. This was partly because the
transverse (composite) weldment contained some weaker base metal.
We developed a creep law to represent the strain-time behavior of
the longitudinal weld metal specimens for times to 36 Ms (10,000 h).

INTRODUCTION

The need to develop an improved high-temperature design methodology for
use in the U.S. Liquid-Metal Fast Breeder Reactor (LMFBR) Program was
recognized in the late sixties. To satisfy this need the U.S. Department
of Energy (USAEC at that time) initiated a national effort to study prob-
lems specific to the LMFBR. Very early, weldments were identified as a cri-
tical area for research and development. Several national laboratories and
government contractors undertook cooperative programs to accomplish the
following goals: (1) compile and evaluate the existing data on austenitic
stainless steel welds,l (2) optimize the welding processes and weld depo-
sited chemical compositions to produce sound weldments with properties com—

parable or superior to base metal,2 (3) establish inelastic analysis methods

*Work performed under DOE/RRT AG 10 20 42 4, Task 02, (OHO048), "High—
Temperature Structure Design.”

tPresent address: Sprague Electric Company, Marshall Street, North
Adams, MA 01247.



and design criteria,3 (4) develop a data base for use in long-time high-

4 and (5) validate the high-temperature design methodo-

temperature design,
logy by performing structural tests.?

A high priority was assigned to weldments produced with type 308
stainless steel filler metal because of its use in fabricating the vessel
and piping for the Fast-Flux Test Facility (FFTF). Combustion Engineering
produced the vessel and joined Oak Ridge National Laboratory (ORNL) in a
program to develop an improved version of type 308, The result of the
effort was a subclass of filler metal, type 308 CRE stainless steel, which
contained three controlled residual elements: boron (about 0.007%), tita-

nium (about 0.06%), and phosphorus (about 0.04%). The development of this

material is described by Binkley, King, and co-workers.2>%, 68
There has been a substantial effort to produce a data base for type 308

CRE stainless steel, King and co-workers%» 79 have determined elastic, ten-
sile, and creep-rupture properties, while Brinkman and KorthlQ and
othersll, 12 have studied fatigue and creep-rupture behavior. Furthermore,
Westinghouse Advanced Reactor Division (WARD) has attempted to study the
performance of type 308 CRE stainless steel in "basic specimen” and
"structures"?2>13 tests. It should be recognized that the mechanical beha-
vior of a weld material is controlled by more that just the chemical com-
position. The joint design and welding techniques also play an extremely
important role. For this reason the type 308 CRE weldment data produced in
the materials programs were judged to be unrepresentative of weld material
as deposited in the weldments supplied to WARD by ORNL. A separate set of
"characterization data” was needed. This report summarizes the uniaxial

tests performed on coupons machined from the weldments produced for WARD.

MATERIAL PREPARATION

Welds were made by joining 13-mm—thick (1/2-in.) plates of type 304
stainless steel (heat 9T2796)., The sawing plan for the plates is shown in
Fig. 1. Twenty-eight plates measured 254 by 76,2 mm (10 by 3 in.) with the
long dimension parallel to the primary rolling direction. Eighteen plates
measured 152 by 127 mm (6 by 5 in.) with the long direction transverse to
the primary rolling direction. Six small plates measured 152 by 60,3 mm
(6 by 2 3/8 in.) with the long direction transverse to the primary rolling

direction.
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Fig., 1 Sawing Plan for Plates Used to Fabricate Weldments. Shaded
area represents plates used for uniaxial characterization tests.



Two matching plates were strapped to the fixture sketched in Fig. 2.
The fixture contained a backup plate clad with a 9.53-mm (3/8-in.) overlay
of the same type 308 CRE stainless steel used to weld the plates. The weld-
joint design bore little resemblance to joint designs typical for 13-mm
(1/2-in.) plates. Rather, it was designed to deposit at least a 13-mm

(1/2-in.) width of weld metal between two beveled surfaces. The design is
sketched in Fig. 3.
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Fig. 2. Diagram of Welding Fixture.
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Fig., 3. Setup for Welding.



The weld metal was deposited by the shielded metal—arc process with
6.35-mm-diam (0.25-in.) electrodes. Four or five passes were required.
The electrodes were from batch ABHB of type 308 CRE stainless steel. The
chemical compositions of the ABHB electrode, a typical FFTF electrode, and

the wrought 13-mm (1/2-in.) plate are listed in Table 1.

Table 1. Analysis of Types 304 and 308 CRE Stainless Steel
Used to Fabricate Weldments

Content, wt %

Element Type 304% Type 308 CRE
Heat 9T2796 Lot ABHB Lot HBEA

Si 0.48 0.46 0.56
S . 0.015 0.007 0.005
P 0.028 0.043 0.040
Mn 1.22 1.77 1.83
C 0,052 0.060 0.064
Cr 18.6 19.50 19.70
Ni 9.7 9.48 9.61
Mo 0.32 0.20 0.07

Nb + Ta 0.003 <0.01 <0.01
Ti 0.01 0.06 0.06
Co 0.18 0.06 0.03
Cu 0.24 0.11 0.04
B 0.007 0.007
v 0.09 0.07
N 0,052 0.041 0.03

9Ladle analysis except for carbon and nitrogen.

A macroscopic cross section of a typical weld is shown in Fig. 4(a).
The weld region near the backup plate (root) was about 13 mm (1/2 in.)
wide, while the region near the top (face) was typically 22 mm (9/10 in.)
wide. Thus, the weld had a taper in the thickness direction of the
plate. Microhardness data are also shown in Fig. 4. The hardness
increased systematically from the face (DPH 220) to the root (DPH 275)
[see Fig. 4(b)]. A substantial variation in hardness was also detected
in the width direction. For example, the base metal away from the fusion
line exhibited around DPH 210, while hardness near the weld centerline
varied widely but was in the range 230 to 260 DPH [see Fig. 4(c)].

Comparison of hardness in this weld to data for the FFTF weld metal used
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in the data generation program4 indicated that both types of welds had
varied similarly from maximum hardness to minimum hardness. We also
determined a Rockwell B hardness profile for the 13-mm (1/2-in.) plate
with equivalent yield strengths. Data are shown in Fig. 4(d).

The allocation of the plates after welding is indicated in Fig. 1.
The shaded regions represent plates retained at ORNL for characterization
testing. The other plates were shipped to M. J. Manjoine5 for use in the
WARD program. The sawing plan for producing specimen blanks in the ORNL
plates is indicated in Figs. 5 through 7. Plates M1/M2, K3/K4, K9/KI10,
K17/K18, and K21/K22 were sectioned according to the scheme in Fig. 5.

ORNL-DWG 79-12136
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Fig. 5. Sawing Plan for Plates M1/M2, K3/K4, K9/K10, K17/K18, and K21/K22.
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Fig. 6. Sawing Plan for Plate K15/Kl6.
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Fig. 7. Sawing Plan for Plate K11/Kl2,

This consisted of: (1) machining away the insert blank, (2) reducing the
as—-welded plate width to contain only the center 28 mm (l.1 in.), and (3)
transverse sectioning of the plate to produce three 60-mm—long (2 3/8-in.)
and two short end pieces. The 5 plates provided 15 specimen blanks
parallel to the welding direction (longitudinal orientation). Plate
K15/K16 was sectioned according to Fig. 6. Here two longitudinal blanks
were produced by sectioning the same way as before (Fig. 5). However, the
remainder was cut into six blanks transverse to the weld. Each blank was
9- by 13- by 60-mm (3/8- by 1/2- by 2 3/8-in.) long. The weld was in the
center of the 60-mm length. Plate K11/K12 was sectioned as follows: 9- by
13- by 60-mm-long (3/8- by 1/2- by 2 3/8-in.) blanks, were sawed from the
base metal near the plate corners, three 9- by 13- by 60-mm (3/8- by 1/2-
by 2 3/8-in.) all-weld-metal blanks were sawed in the longitudinal direc-
tion, four "fusion-line" blanks of identical dimensions were sawed from
regions adjacent to the longitudinal weld metal blanks, and four blanks
transverse to the weld were sawed with the same dimensions as the trans-
verse blanks obtained from plate K15/K16 (Fig. 6). In total, 20 longitudi-
nal and 10 transverse weld metal, 4 base metal, and 4 fusion-line specimen
blanks were produced.

All but seven of the specimen blanks were used to fabricate threaded-
end bar specimens 6.35 mm (0.25 in.) in diameter by 32 mm (1.25 in.) in

reduced section length. Smaller button head specimens were machined from



the remaining seven specimen blanks of longitudinal weld metal. These spe-
cimens had 6.35-mm—diam (0.25-in.) shoulders 3.17 mm (0.125 in.) in gage
diameter and 29 mm (l.125 in.) in reduced section length. Three specimens
were machined from the center of the weld (halfway through the thickness).
Two were machined from material at the top l/4 thickness and the remaining

two from material near the weld root (3/4 thickness).
Test Methods

All testing was performed at 593°C (1100°F). Tensile tests were con-—
ducted in a 44-kN (10,000~1b) Instron machine at a nominal crosshead speed
of 0.002 mm/s (8.3 x 1072 in./s). The nominal strain rate was close to
6.7 x 10"5/3. Creep-rupture tests were performed in 12:1 lever arm

machines. Extensometers were attached to the specimen shoulders.

RESULTS
Tensile Tests

The results of tensile tests are provided in Table 2. With regard to
the variation through the thickness, the specimen from the face (1/4
thickness) had the lowest yield strength, while the specimen from the root
(3/4 thickness) had the highest yield strength. The ultimate strengths
and uniform strains were about the same for all three locations, while the
fracture strain was highest for the face specimen and lowest for the root
specimen. These data became less credible when we examined data for
6.3-mm—-diam (0.25-in.) specimens. Supposedly, data from these specimens
represented center behavior, yet the yield strengths for duplicate samples
fell below the yield strengths for the face specimen. The larger diameter
specimens produced about the same ultimate strength and slightly more uni-
form strain than smaller diameter specimens. The transverse weld specimen
exhibited slightly higher yield and ultimate strengths and much less uni-
form elongation, total strain, and reduction of area than the 6.3-mm—diam
(0.25~in.) longitudinal weld specimen. The six tests exhibited an average

yield strength near 180 MPa (26.2 ksi). This strength was much in excess
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Table 2. Summary of Tensile Tests on WARD Weld Specimens

Strength, MPa(ksi)

Uniform Reduction
Specimen Specimen Type 0.2% Yield Ultimate True Strain Elongation of area
Ultimate (%) (% (%)
LWM 1-1 Long. Face 178(25.8) 283(41.1) 23.4 28.8 60.0
LWM 2-1 Long. Center 186(27.2) 282(40.9) 25.2 3401 60.0
LWM 3-1 Long. Root 199(28.8) 290(42.1) 24,0 34.3 53.5
LWM 6 Long. Center 273(25.1) 292(42.3) 378(54.8) 29.4 39.6 62.8
LWM 7 Long. Center 163(23.7) 295(42.8) 378(54.8) 28.1 39.5 71.6
LWM 2 Trans. Center 183(26.5) 312(45.3) 360(52.3) 15.5 21.5 47,2

of the 120-MPa (17.4-ksi) average yield strength for mill-annealed type 304
stainless steel.l4 No tensile data for the 13-mm (1/2-in.) mill-annealed
plate were obtained at 593°C (1100°F). However, the yield strength at
room temperature was determined to be in the range 202 to 227 MPa (29.3 to
32.9 ksi). 1 Typically, a material with this range of room temperature
yield strength would yield at around 100 MPa (14.5 ksi) at 593°C
(1100°F).14 Thus, if the room temperature yield is accurate, the weld
metal was about 80% stronger than the base metal away from the weld.
However, the base metal DPH values (Fig. 4) were around 210 and the

Rp values were high [Fig. 4(d)]. These hardness data imply a room tem—
perature yield stress for the base metal around 310 MPa (45 ksi). The
corresponding yield strength at 593°C (1100°F) would be 175 MPa (25 ksi),
which is closer to the weld metal strength. Full stress—-strain curves for
the weld metal for longitudinal and transverse FFIF weld specimens and for
reannealed base metal are plotted in Fig. 8. As mentioned earlier, the
yield strengths of the transverse and longitudinal welds were about the
same. This is true for both FFTF and WARD welds. The transverse weld
metal hardens more rapidly during the first few percent strain. As a con-
sequence, the transverse weld specimens are much stronger than longitudinal
weld specimens in the 2 to 15% strain range. The FFTF welds specimens were
taken from "level 1" or near surface location but still exhibited greater
strengths than the specimens machined from WARD weldments. Figure 8
clearly shows the vast difference at low strains in flow stress of the weld
material and the reannealed 13-mm (1/2-in.) plate. Eventually, the rean-—
nealed plate hardens to stresses comparable to the weld specimens, but not

until 15 or 207% strain is introduced.
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Fig. 8. Comparison of Stress vs Strain Curves for Type 308 CRE
Stainless Steel Welds in 13-mm (1/2-in.) Plate with Curves for FFTF Welds
and Type 304 Stainless Base Metal at 593°C (1100°F).

Creep-Rupture

Creep-rupture tests are summarized in Table 3. Included are seven
tests on longitudinal weld metal, five tests on transverse weldments, two
tests on fusion-line material, and three tests on base metal. Stresses
are in the range 124 to 241 MPa (18 to 35 ksi), and times fall in the
range 21 ks to 64 Ms (6 to 18,000 h). Tests in excess of 172 MPa (25 ksi)
should be considered "characterization tests” since the stresses are too
high to be of much value in the analysis of structures, except if we are
concerned with sharp notches or cracks where the theoretical elastic
stress could exceed 172 MPa (25 ksi).

The loading strains from the creep tests are compared to the tensile
curves for transverse and longitudinal orientations in Fig., 9. Data exhi-
bit scatter but fall in the range between the two tensile curves with only

two exceptions.



Table 3. Summary of Creep Tests Performed on Manjoine (WARD) Specimens

Strain, % Minimum Reduction
Stress Time? Strain Rate of Area
Test — Loading Transient Rupture : N
(MPa) (ksi) (h) e ém (%)
°r er R (%/h)

Longitudinal Weld Metal
185 241 35 48.8R 5.5 5.0 48 0.54 57
186 220 32 237.6R 2.9 6.0 47 0.10 55
184 207 30 1850, 4R 0. 96 2.4 46 0.03 54
187 193 28 3488. 3R 1.62 3.13 35 0.002 52
183 172 25 12700R 0.54 ~0.7 35 0.00045
271 138 20 18118D 0.23 0.23 20.6 0.00001
272 124 18 4058D 0.06 >0.11 >0.3 >0.00003

Transverse Weld Metal
276 220 32 86.4R 0.73 1.4 21 0.03
188 220 32 85.7R 2.45 1.4 13 0.082 11
190 193 28 317.2R 0. 40 0.30 10 0.016 6
189 172 25 752.9R 0.13 0.25 7.1 0.001 9
279 138 20 5731D 0.25 1.5 >2 0.0002

Fusion-Line Metal
274 207 30 312.5R 0.42 0.04 31
278 138 20 15265D 0.16 0.34 >2.7 0.000042
Base Metal

273 241 35 6D 6.5 0.5 31
280 207 30 257.9R 1.5 25 0.065
275 124 18 13483D 0.53 3.0 >4.5 0.00007

GR—time specimen ruptured; D-time test discontinued.

T



13

ORNL-DWG 79-12133

300 1 [ I
/
a—" —
TRANSVERSE WELD ’\5/ — %
—
/ /
/ O [ ]
© e —_
o8 A ry
s LONGITUDINAL WELD x
o/o’ — 30
0 200 f— 0
w w
ul W
x [+
= J =
w wn
O — LONGITUDINAL WELD
A - TRANSVERSE WELD
=) @ —FUSION LINE — 20
o ® — BASE
100 l |
o} 2 4 6 8 10

PLASTIC STRAIN (%)

Fig. 9. Comparison of Creep Loading Strains for Weld Metal Specimens
with Tensile Curves at 593°C (1100°F).

Stress—rupture data are plotted in Fig. 10, Specimens machined in the
longitudinal weldment orientation lasted longer than those machined in the
transverse direction. There was also a big difference in rupture duc-
tilities (given as numbers in Fig. 10). The longitudinal weld specimens
were very ductile (at least 30% elongation), while the transverse weld
specimens exhibited lower ductility (no more than 137 elongation). The
fusion—line and base metal specimens exhibited properties between the two
extremes described above. The transverse weldment appeared to fail in the
base metal. The stress versus rupture life behavior for longitudinal
weldments was comparable to the behavior of level 1 longitudinal welds in
the FFTF vessel. These data, as well as data for the laboratory rean-
nealed 13-mm (1/2-in.) plate, are included in Fig. 10. We see that the
reannealed material was weak relative to the weldment and mill-annealed
13-mm (1/2-in.) plate.

Secondary creep rate data from Table 3 are plotted in Fig. l1l. Again,
the longitudinal weld specimens were stronger than the transverse weld
specimens. The fusion-line specimen was also strong, while the base metal

and transverse weld materials were weaker and relatively equivalent. When



14

ORNL-DWG 79-12428
STRESS (ksi)
10 20 30 40 50
10° T T T T 1 1 [ 1

=
w
w
- 403 —
w
x
D
t—
Q.
2
[+ 4
10% _
O — LONGITUDINAL WELD
A - TRANSVERSE WELD
© — FUSION LINE
@ — BASE
00— FFTF LEVEL 1, BLOCKS 15,47
A — REANNEALED BASE
10" 1 1 | 1 | 1
100 200 300 400
STRESS (MPa)

Fig. 10. Variation of Rupture Life with Stress and Location for
Type 308 CRE Weld in 13-mm (1/2-in.) Plate of Type 304 Stainless Steel.



15

ORNL-DWG 79-12129

STRESS ( ksi)
10 20 30 40 50
10°
T T T | T T T T T
O - LONGITUDINAL WELD
A — TRANSVERSE WELD
@ — FUSION LINE
® - BASE A
O - FFTF LEVEL 1, BLOCKS 15,17
A - REANNEALED BASE
16" -
= a2
f10° ]
e
w
=
B
[ 4
o
w
w
[+ 4
(&)
>
[+ 4
LS
[=]
r4
S
-3
B 107 -
104 -
107 i 1 L
100 200 300 400

STRESS ( MPa)

Fig. 11. Variation of Secondary Creep Rate with Stress and Location
for Type 308 CRE Weld in 13-mm (1/2-in.) Plate of Type 304 Stainless Steel.



16

compared these data were equivalent to secondary creep rate data for level

1 FFTF material.
(1/2-in.) plate.

Figure 12 also includes data for the reannealed 13-mm

This material was very weak.

ORNL-DWG 78-22488R
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Fig. 12. Creep Curves for Type 308 CRE Weld Metal at 593°C (1100°F) in

the Longitudinal Direction. Dashed lines are a suggested representation
based on an analytical expression.

Representation of the Creep Curve

The seven creep tests on longitudinal weld specimens exhibited some
inconsistency, which can best be seen in a plot of log strain versus log
12.
at 207 and 193 MPa (30 and 28 ksi) fell close to one another and did not
diverge until after 3.6 Ms (1000 h).

time. Data are presented in Fig. The curves for specimens stressed

At the lowest stresses the curves

for specimens stressed at 124 and 138 MPa (18 and 20 ksi) tended to con-
verge around 18 Ms (5000 h). With these exceptions the curves exhibited
fairly well-defined trends. At short times and high stresses the slopes

of the log of creep strain versus log of time curves were around 2/3. As
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the stress decreased, the slope of the curves decreased. For example, at
172 MPa (25 ksi) the slope was close to 1/3. All curves for stresses below
241 MPa (35 ksi) turned downward after 36 ks (10 h), and the low-stress
curves became very flat. Eventually, the curves turned sharply upward. The
downward curvature suggested the need for a transient type expression for
creep strain e versus time ¢ in the primary stage. To 'capture" the shallow
slope of the log e versus log ¢ curves in an analytical equation at short

times, we resorted to a modification of the exponential form:

d [
= e, [l-exp(-rt + et 1
e, .l p(-rt) ] st (1
where

ec = creep strain;
et = transient strain asymptote;
¥ = transient strain rate parameter;
e, = secondary creep rate, %/h;
o = parameter (which we selected to be 1/2).

We found that we could represent es as an exponential function of stress:

-12

_1» exp (0.1080) (MPa) (2)

2.83 X 10
s 2.83 X 10 exp (0.7430) (ksi)

>

and et had a power dependence on stress:

-15 _6.43
X
, 2 3:92X 100 (MPa) 3)

T og9.66 x 10710 043 (1e1)

Finally, the product e,r was related to és by the equation:

t

1/4 (%)

etr = 1.07 es

Plots of these expressions are compared to data in Figs. 13, 14, and 15.

Equations (2), (3), and (4) were introduced into Eq. (1), and creep curves
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were calculated for several stresses. The curves are compared to data in
Fig. 12. See curves labeled "model"” for Eq. (1) representation. This
comparison revealed that Eq. (1) overpredicted the short time strains.
This could be fixed by increasing O from 1/2 to 3/4. However, we did not
think that this step was needed in view of the inconsistency of the
experimental data.

Log ¢ versus log © curves for the transverse weld specimens, fusion-
line specimens, and base metal specimens are provided in Fig. 16. Again
the high~stress curves exhibited slopes near 2/3, while the low-stress
curves exhibited slopes near 1/3. However, in the first 36 ks (10 h),
the strains in the longitudinal weld specimens were about five times
higher than strains in the transverse weld specimens. At 3.6 Ms (1000 h)
strains were five times greater in the transverse weld specimens. This
crossover resulted from the transverse and fusion-line specimens not noti-
ceably turning downward at times beyond 36 ks (10 h). This difference

is illustrated by the comparison of the curves for the specimens stressed
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to 138 MPa (20 ksi) in Fig. 16. The downward curvature in the longitudi-
nal weld specimen produced an order of magnitude difference in the strain
at 36 Ms (10,000 h) that was between transverse and longitudinal specimens.
Thus, both the "shape"” and "position” of the log e versus log ¢ curves
varied with location of the specimen in the weldment. Therefore, the ana-
lytical representation for creep in the longitudinal specimens could mnot
be directly applied to the fusion—line and transverse weld metal orien-

tations without introducing major errors.
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DISCUSSION

As mentioned in the Introduction, the data reported here were
gathered to characterize a material being tested in the Westinghouse
Advanced Reactor Division (WARD) Validation Program. As part of this
effort, M. J. Manjoine is creep testing type 304 stainless steel plate
specimens with longitudinal and transverse welds. Both deformation and
rupture behavior is of interest. It is not obvious that data for the

small specimens that we examined can be directly applied to the analysis
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of weldment behavior. Nevertheless, it does seem likely that if we can
understand the behavior of specimens machined from the composite, we will
have a better chance of understanding how the composite weldment will
behave.

Let us first consider the relative behavior of the longitudinal and
transverse weld specimen. The plastic flow stress of transverse weld
specimens is higher than the flow stress of longitudinal specimens
(Figs. 8 and 9). Furthermore, the transverse weld specimens have greater
creep strength during the early stages of creep (Figs. 12 versus 16). The
longitudinal weld orientation has a greater uniform strain under tensile
straining (Fig. 8) and a greater "true ultimate strength” (see Table 2).
Under creep-rupture the longitudinal weld specimens exhibit lower secon-
dary creep rates, much greater ductilities, and better rupture strengths
than the transverse orientation specimens (Figs. 11 and 12). Why does
this happen? We can explain the shorter rupture life and lower ductility
of the transverse weld material on the basis that the transverse weld spe-
cimens rupture in the "weaker" base metal. However, most of the material
in the transverse weld specimens is weld metal, and we might expect that
the deformation behavior of transverse weld specimens would be controlled
by the weld metal deformation properties. King et al.% working on FFTF
welds report the same dependence of creep behavior on specimen orientation
as seen in the WARD weldments. Yet they also show that the elastic pro-
perties of weldments are isotropic in the plane of the plate and vary as
the orientation changes from the plane of the plate to the axis perpen-
dicular to the plate.9 This observation makes sense because the columnar
grains have their [100] axis perpendicular (90°) to the plate surface but
are randomly oriented about the axis normal to the plate surface. In the
WARD transverse weld specimens the columnar grains start out inclined at
an angle 68° to the plate surface but "rotate” to 90° in a short distance.
Hence, it seems likely that the behavioral difference in the transverse
and longitudinal oriented specimens is not entirely affected by
crystallographic or grain shape but is rather partly influenced by the
directional strains introduced during welding. The strains introduced in
welding must be very large. King et al.% report a dislocation line den-

sity of 1010/cm? for material near the surface of the FFIF welds. This
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density is an order of magnitude greater than the density observed in
annealed material and corresponds to the density produced by monotonic
strains in the range 5 to 10%Z. Although we can expect that such strains
would harden isotropically, there could be some kinematic or direc-—
tionality effects. Possibly, this directionality is what produces the
orientation dependence of weldment behavior. This explanation could be
checked by stress—-relieving the welds and reevaluating the properties in
the transverse and longitudinal directions.

The difference in creep response is somewhat puzzling. The larger
plastic loading strains, which should occur in the longitudinal weld spe-—
cimens at the start of the creep test (Fig. 9), should also harden the
material to a level comparable to the transverse weld specimens.
Therefore, we are at a loss to explain why the initial creep rate for
longitudinal specimens is a factor of 5 greater than the rate for trans-
verse weld specimens. Since the tests at 138 MPa (20 ksi) plotted in
Fig. 16 do not show this factor of 5 difference at short times, we might
resort to the explanation that experimentally "creep” and "plastic”
strains are difficult to separate at the start of a creep test. Thus, the
difference in the initial creep rates of longitudinal and transverse spe-—
cimens may not be real. The much lower secondary creep rates in the
longitudinal weld specimens (Fig. 11) could be explained by the
increasingly greater effects of the base metal on the transverse weld spe-
cimens as the creep test progresses. For example, the ratio of the ini-
tial creep rate to "secondary" creep rate in longitudinal welds is of the
order of at least 1000 at lower stresses. A similar ratio could apply to
transverse weld material. The base metal in the transverse weld specimen
could exhibit less hardening. Hence, as the creep test continues the base
metal contribution to the creep of the transverse specimen becomes
greater. Grain boundary sliding and wedge cracking in the base metal
could also contribute to what appears to be a higher secondary creep rate
in transverse weld metal specimens.

It is fairly clear that a key to understanding the behavior of the
transverse weld specimens would be to study the influence of prior strain
on subsequent creep and rupture behavior. Efforts should be made to

introduce defect structures typical of the base metal near the weld. We
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should then study the creep and ductility relative to all-weld metal
specimens.

In this discussion we have not examined the influence of §-ferrite,
sigma formation, or the influence of carbide precipitation phenomena on
creep and rupture. These are all important metallurgical considerations

that have been discussed by King and co-workers#s68 for the FFTF welds.
CONCLUSIONS

1. The type 308 CRE stainless steel welds produced for WARD are
weaker than the level 1 FFTF material under tensile testing at 593°C
(1100°F).

2, Longitudinal weld specimens are weaker than transverse weld spe-
cimens for tensile strains in the range 1 to 15%. Longitudinal weld spe-
cimens exhibit higher uniform strains.

3. The longitudinal weld specimens exhibit rupture lives equivalent
to the level 1 FFTF material. Creep ductilities are high.

4, The transverse weld specimens exhibit rupture lives that are much
less than the longitudinal weld specimens. The strength is comparable to
the weak base metal heat (9T2796). Creep rupture occurs in the base
metal, and the total elongations are low.

5. The creep behavior of the longitudinal weld metal specimens can
be modeled by a modified exponential creep equation.

6. Efforts should be made to study the effect of the strains pro-—
duced during welding on the creep-rupture behavior of base metal near the
weld.
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