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CYCLIC-DEFORMATION RESISTANCE OF
WELD-DEPOSITED TYPE 16-8-2

STAINLESS STEEL AT 593°C

by

D. T. Raske

ABSTRACT

This report presents results from an investigation on
the creep-fatigue and cyclic-deformation behavior of Type 16-8-2
(16% Cr-8% Ni-2% Mo) stainless steel weld metal. Tests were
conducted in air at 593°C and a strain rate of 4 x 10 -3 s -1 . Com-
parisons with data for Type 316 stainless steel base metal in-
dicate that the weld metal has significantly longer fatigue lives
for 360-, 1.8 x 103 -, and 1.8 x 104 -s tension hold-time tests.
This is attributed to the fine duplex microstructure of the weld
metal that inhibits the growth rate of cracks. Additional studies
on the cyclic-deformation behavior of the weld metal indicate
that this material is strain-history dependent; therefore a unique
cyclic stress-strain curve does not exist. Monotonic tension
tests after cyclic straining result in a different stress-strain
curve than obtained from companion fatigue tests at various
completely reversed constant strain ranges. A comparison of
the fracture morphology of creep-fatigue and creep-rupture
specimens indicates that differences resulting from these tests
can be attributed to different failure mechanisms.

I. INTRODUCTION

Type 16-8-2 (16% Cr-8% Ni-2% Mo) stainless steel weld metal was
developed in the 1950's for the fabrication of main-steam-piping used in
power-generating plants. At that time, this material fulfilled a need for a
weld-metal composition that had good elevated-temperature (-650°C) me-
chanical properties, would not embrittle on aging, and was not susceptible to
solidification cracking. 1 More recently, this material is also undergoing tests
to determine its suitability as a filler metal for Liquid Metal Fast Breeder
Reactor (LMFBR) components fabricated from Type 316 stainless steel. As
a result, Type 16-8-2 weld metal is well characterized in terms of its micro-
structural, creep-rupture, and monotonic tensile properties. 4 " However,
LMFBR components are operated under conditions in which creep and fatigue
damage can occur simultaneously. Therefore the creep-fatigue properties,
as well as the cyclic stress-strain properties, are of interest to designers.
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The present investigation provides input for a test program to de" 316
termine the suitability of this material as a filler metal for joining T

ype -

stainless steel in the fabrication of the Clinch River Breeder Reactor thermal
liner. Thus, the principal objective is to determine the creep-fatigue and
cyclic stress-strain properties of Type 16-8-2 stainless steel weld metal
deposited by the automatic submerged-a rc (ASA) process, and compare the
results with existing data on wrought Type 316 stainless steel tested at 593°C.
Another goal is to continue development of the equipment and techniques
necessary to perform creep-fatigu e tests on weld metals.

II. SCOPE

This report contains the results of continuous-cycling and tension hold-
time (360, 1.8 x 10 3 , and 1.8 x 10 4 s) fatigue tests on as-welded Type 16-8-2
stainless steel specimens that were machined longitudinally from the surface
and root areas of the weld. All tests were conducted in air at 593°C and at a
strain rate è = 4 x 10 -3 s -1 . The initial monotonic tensile data and the cyclic
stress-strain curves determined from continuous-cycling and incremental-
step tests are also included.

III. EXPERIMENTAL PROGRAM

A. Type 316 Stainless Steel Baseline Data

Because variations between different heats and heat treatments can
affect the continuous-cycling and creep-fatigue behavior of austenitic stainless
steels ,9h1 the comparison base-metal data were confined to those from one
heat and heat treatment. The data used as the basis to compare the fatigue
behavior of the weld metal were from Heat 65808 of Type 316 stainless steel
in the solution-annealed condition 12 ' 13 and are shown in Fig. 1.

B. Materials and Specimens

Using the ASA process, Babcock and Wilcox welded together 25.4-mm-
thick Type 316 stainless steel base-metal plates. The weld joint was a single
V-groove with a 19-mm root opening and a 20° included angle. Approximately
20 passes were necessary to complete the weld. Table I lists an analysis of
the chemical composition of the Type 16-8-2 stainless steel weld metal. The
microstructure consists of columnar austenite subgrains epitaxially grown
from the base metal as shown in Fig. 2, and separated by -0.8-3.0% ferrite6
distributed in the cellular-dendritic pattern illustrated in Fig. 3. Figure 4
shows photomicrographs of the weld metal parallel to each of the three princi-
pal directions. These photomicrographs are typical for the material at the
center of the weld where the solidification direction is essentially  parallel to
axis 3. For comparison, Fig. 5 shows the microstructure of the base metal
(Heat 65808).
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Fig. 1. Total Strain Range vs Cycles to Failure. Showing Effect of Tension Hold Time
on Fatigue Life for Type 316 Stainless Steel Baseline Data (Open symbols from
Ref. 12. solid symbol from Ref. 13). Neg. No. MSD-63754.

TABLE I. Chemliml Composition (weight percent' of Type 16-8-2 Stainless Steel ASA Weld Metaib

Mn	 P	 S	 Si	 Cu	 Ni	 Cr	 Mo	 Ti	 ND	 Ta	 Co	 N	 B	 V

Weld Center 0 047 1 48 0.026 0.012 0.89 0.09 10.03 14.85 1.76 0.010 0.030 0.03 0.09 0.028 0.001 0.04

Final Pass 0 047 1 39 0.029 0 014 087 004 9.27 14.43 1 80 0 013 0.003 003 0.09 0.028 0.001 0.04

0.1

Fig. 2. Macrograph of Fusion Zone between Type 31b
Stainless Steel Base Metal and ASA Type 16—
8-2 Stainless Steel Weld Metal. Oxalic acid.
ANL Neg. No. 306-77-634.

Fig. 3. Distribution of Ferrite in ASA Type 16-8-2
Stainless Steel Weld Metal. 50170 NCI. ANL
Neg. No. 306-77-638.



(c)

Fig. 5

Microstructure of Type 316 Sta inless Steel
(Heat 65808 solution annealed). Oxalic
acid. ANL Neg. No. 306-77-631.

10

(a)
	 (b)

Fig. 4. Microstructure of ASA Type 16-8-2 Stainless Steel Weld Metal. Oxalic acid.
(a) Coordinate axes. (b) Parallel to 2-3 plane. (c) Parallel to 3-1 plane.
(d) Parallel to 1-2 plane. ANL Neg. No. 306-77-647.
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Fig. 6. ASA Type 16-8-2 Stainless Steel Weld-metal
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Axially loaded uniform-gauge specimens were machined from the weld
as shown in Fig. 6a. Specimens are designated LS (longitudinal surface) and

LR (longitudinal root). The uniform-
-152•	 gauge specimen design was used in

lieu of the hourglass specimen tra-
ditionally employed in elevated-
temperature tests because the weld
metal is highly anisotropic and, con-
sequently, a single diametral exten-
someter and strain computer cannot
uniformly control the axial strain.

No-- $0 St --el t•n• • IS
•	 \

rz
111	

are shown in Fig. 6b. Initially, these
r PS .1

ES •	
Os•

151h-	
specimens were designed without a
taper over the 16.76-mm gauge sec-
tion and were mechanically polished.
However, room-temperature tests
with strain gauges in the gauge sec-
tion indicated that the strain at the
center of the straight gauge section
was -15% less than the strain con-
trolled by the axial extensometer.

Test Specimens. Neg. No. MSD-63753.
Subsequent tests indicated

that the taper shown in Fig. 6b would most nearly result in a uniform strain
distribution over the gauge section. Mechanical polishing of this material to
obtain the surface finish necessary to avoid premature failures proved to be
excessively time-consuming. Mechanically polished surfaces with a roughness
Z'0.2 m resulted in failures that appeared to initiate at fine circumferential
tool marks. Electropolishing with a solution of 60% phosphoric and 40% sulfuric
acid for -1Z0 s after an initial mechanical polish with 600-grit paper eliminated
these problems, although the minimum roughness obtainable was only 0.4 1.sm

C. Apparatus and Test Procedure 

The tests were conducted in an MTS closed-loop hydraulic test machine
at 5934C in air with a constant axial strain rate e of 4 x 10" 3 8 1 using a tri-
angular loading waveform. (These were the same test parameters used for
the comparison base-metal tests.) All but one test was started in the com-
pressive direction, usually at a strain rate of 4 x 10 .-4 8. This low strain
rate was used because it resulted in an x-y plotter record that simplified
calculation of the elastic modulus. The strain rate was increased after the
first quarter cycle. This procedure was later abandoned because it was be-
lieved to contribute to specimen buckling, which will be discussed later.
Failure was defined as complete separation of the specimen.

(o) ANLuiestaliminum	 Dimensions of the button-head type
specimens used for most of the tests



Fig. 7

Liquld—metal Grip Showing a Specimen

Surrounded by Induction—heating Coil

and with Axial Extensometer Attached.

Neg. No. MSD-64053.
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Most of the specimens were tested in a loading fixture that had a
three-post die set to provide accurate alignment during tests. 14

Aexperimental problems were encountered with this gripping arrangement. 0f

Unless the entire load train and specimen were in exact alignment, delayed
buckling of the specimen occurred. Indeed, large bending strains could be
induced in a specimen if the upper clamping plate bolts were tightened im-
properly. For these tests, two strain gauges 900 apart were used on each
specimen in an area outside the gauge section to facilitate mounting with a
minimum of bending before testing. This procedure was effective for elimi-
nating the buckling problems experienced in earlier tests. At present, a
self-aligning liquid-metal grip, shown in Fig. 7, is used for testing. Using a
precision-machined alignment specimen with strain gauges attached, the
bending strains caused by this gripping arrangement were -2% of the total
strain range. The button-head specimens used in the previous tests were
modified for this grip by threading the ends.

Specimen heating was accomplished by an induction coil operated at
455 kHz. The coil, shown in Fig. 7, was constructed to provide a uniform
temperature distribution (±4°C) over the gauge section of the specimen. Power
to the coil was provided by a Lepel high-frequency induction heater and was
controlled by a thermocouple welded to the specimen. One additional thermo-
couple was placed on each side of the gauge section to monitor the temperature
during tests. All the rmocouples were located in the transition region 11.4 mm
from the center of the gauge section to avoid initiation of cracks at the thermo-couple welds.

The temperature profile over the gauge section and the controlthermocouple temperature were determined from 16 equally spaced thermo-couples welded to a facsimile Type 316 stainless steel specimen. However,a later temperature profile on a Type 16-8-2 stainless steel specimen 
indi-cated that the control thermocouple on samples of this material must be
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operated at a higher temperature to obtain the desired 593°C over the gauge
section. Consequently, several tests were conducted at a gauge-section tem-
perature of 584°C. This, however, did not appear to affect the results, as will
be shown in the next section.

An axial extensometer with a gauge length of 11.68 mm was used to
control longitudinal strain in the specimen. This extensometer, shown in
Fig. 7, is supported by counterweights, and the extensometer tips are held in
place on the specimen by friction. To date, no slippage has been observed nor
have there been any failures under the extensometer tips. Moreover, the lo-
cations of the crack-initiation sites around the circumference and along the
gauge section of the specimens are random, indicating an absence of any
systematic specimen misalignment.

IV. RESULTS AND DISCUSSION

A. Continuous-cycling and Tension Hold-time Fatigue Tests 

The results of this part of the investigation are listed in Table II.
Figure 8 compares these results with the strain-life curves from the Type 316
stainless steel baseline data. As shown in this figure, the cyclic life of the

TABLE II. Resuitsa d fatigue Iesh on Type 164-2 Stainless Steel ASA Weld-metai
As-melded Lontplumnai Specimens IA 5934C and It	 • 4	 10- 3 s-I

Specimen location

Avid Strain	 Stress attensile
Ran.. li 	 16/2. MPaHold firne fatigue Lite

61 I	 At p	 s	 teb tAr hf	 ti. Ysbureeer In WOO Remarks

1.11-12 Rod 2.03	 1.43	 0.0	 J02.612991 367	 330

LS-7 Surface 1.95	 L32	 0.0	 306.2/X03 636	 ts41 c

LS-I3 Surly./ 1.50	 0.95	 0.0	 262.3(2117.6 I&1	 11.04 d.e

(8-4-4 Rod 1.30	 LOD	 0.0	 25561250.1 1 567	 11.10

t 5 - 2 Surface 091	 0.47	 00	 245 3/743.1 V 1 335	 678 pel

(5-4 Stellar 1.011	 0.32	 00	 246 3/255.5 7 836	 14.22 d.e

(4-3 Rod 103	 0.53	 to	 233.317111.11 3 634	 18.06 e

1S-12 Sunni. 0.51	 0.15	 00	 187.4/1910 27 900	 69.78 4.1

LR-3 Rod 0.50	 0.12	 0.0	 I15.71110.9 31155	 17.58 e

LS-15 Surbce 0.51	 0.15	 00	 172.3(171.3 67 0219	168.114 0.1

LO-13 awl 1510	 0.61	 MO	 198.2/218.3 NI I 1 747	 637.37

L3- 14 Surface 1.013	 0.64	 340	 185.8Q19.6 3435 2 159h	1006.38 Oa

l4-7 Rod 0.51	 0.16	 310	 176.0203.3 374.9 5 874	 7128.98

L5-6 Surge= 030	 0.17	 340	 166.1/151.9 312.4 9 947	 368500

L3-10 Surface 1.50	 QM	 1.8 • 10) 	368.7/366.5 687.3 329	 592.86

10-11 Rod 1.10	 0.6)	 II ii to)	 291.906.0 414.0 • 912 1	 I 750.751

(1-38 Root 2.03	 1.14	 1.8 e	 104	237.71246.5 421.1 ,a54	 -1536

I. S-11 Surface 1,02	 0.62	 1.1 N 104	205.41203.4 361.6 2511	 4501.301

16tt • Mal strain range, Isep • plastic strain range, 10	 total stress range, CP, • related stress range Nf	 cycles lo failure.
ard ti • lime b (allure.

itPerd tensile stress/peek compressive stress.
gost gerbil In tensile diredion.
ilTested 49584•C.
bird quarter cycle at t • 4	 10' 4 s • I
ifilechenicelly polished.
"NW el tool mart In transition region, no visible cracks in gouge section.
Ilititechlne shut down before failure, many Wry cracks In gauge sedlon.
Naha, tor cycle 252.
1Spechnen removed unbroken, WIWI overstralnod at cycle 253 as a result of programmer malfunction.
IlTott flopped before failure as a result of programmer malfunction; several cracks In gauge section.
'Specimen removed unbroken; no visible cracks in gouge section.
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L. 	TYPE 316 STAINLESS STEEL
NT 65808 SOLUTION ANNEALED

14

Fig. 8. Total Strain Range vs Cycles to Failure for ASA Type 16-8-2
Stainless Steel Weld Metal Compared with Type 316 Stainless
Steel Baseline Data. Neg. No. MSD-64049.

weld metal is greater than that of the base metal for the imposed strains.
One significant exception to this observation is a continuous-cycling test at
a total strain range of 1% (specimen LS-2). This specimen was mechanically
polished, and, although it is difficult to determine, the failure is believed to
have started at a fine circumferential tool mark in the gauge section. As in-
dicated in Table II, the fatigue lives for the specimens tested at 584 and 593°C
are not significantly different, and in several cases, specimens tested at 584°C
had shorter fatigue lives than those tested at 593°C.

The strain-life behavior of the continuous-cycling data* for the weld
metal was determined by techniques outlined by Morrow. 15 This results in an
expression that relates the strain range Ae to the fatigue life Nf in the form

2cri
Ae =	 (2N)b + 2efl(21\1f)c,	 (1)

where

o f = fatigue-strength coefficient,

e lf = fatigue-ductility coefficient,

b	 fatigue-strength exponent,

c = fatigue-ductility exponent,
and

E = elastic modulus.

*Specimen LS-2 was excluded from these data.
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Values of a' r ft b and c were determined by linear-regression anal-f

yses on the logarithms of the elastic- and plastic-strain amplitude with the
logarithm of twice the fatigue life and are listed in Table III. Figure 9 is a
plot of elastic, plastic, and total strain range versus fatigue life for this ma-
terial. A similar analysis was performed on the Type 316 baseline data, and
the values for its fatigue properties are also listed in Table III. Figure 10
compares the strain-life behavior for these two materials, as calculated
using Eq. 1. As shown in this figure, the resistance to cyclic straining, i.e.,
cyclic life of the weld metal relative to that of the base metal, increases as
the strain range decreases. The increasing fatigue resistance of the weld
metal relative to that of the base metal at long lives is also reflected by the
value of the fatigue strength exponent, b, listed in Table HI. Thus, the lower
value of b for the weld metal indicates an increased resistance to elastic-
strain deformations relative to that of the base metal in the long-life regime.
If this trend were to continue, the fatigue life of the weld metal would be one
order of magnitude greater than that of the base metal at a strain range of
-0.25%. However, extrapolation beyond a data base is not generally recom-
mended, and it would therefore be inappropriate to speculate on the fatigue
behavior of these two materials at strain ranges below those shown in Fig. 8.

TAMA- 111. Fatigue Properties of Types 16-8-2 and 316 Stainless
St,e1 ..t 59A: and é • 4 x

Fatigue-st rength
Coefficient (oi). 	 Fatigue-ductility	 Fatigue-strength	 Fatigue-ductility

Material
	

MPa	 0,1ficient	 Exponent (b)	 Exponent (c)

Type 16-8-2
	

660. 7	 0.278	 -O. I IS	 -0.518

Type 3I6a
	

1010.2
	

0.239	 -0. I 37	 -0.516

a Elastic modulus - 149.7S x 103 M

Io
	 los	 to4

	
los

CYCLES TO 114411MX,N,

Fig. 9. Ranges of Total, Elastic, and Plastic Strain vs (Ides to Failure
for ASA Type 16-8-2 Stainless Steel. Neg. No. MSD-64051.
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	 	 The results of the 360-, 1.8 X

and 1.8 x 10 4 -s tension hold-time tests
- are particularly significant because the

fatigue life for the weld metal is three to
seven times longer than that for the base
metal when tested under the same condi-

- tions. This was unexpected since theTYPE 316

creep-rupture properties of the weld
metal are significantly poorer than the

102 average properties for Type 316 stain-0 1
10

5

less steel at 566 and 650°C. 6 Moreover,
it has been statistically established that
heats of a similar austenitic stainless
steel base metal, Type 304, with poor
creep properties also tend to exhibit
poorer than average creep-fatigue prop-

erties. 10 Thus, the correlation between creep and creep-fatigue behavior
observed in base-metal samples is apparently not valid for weld metals.

One mechanism that may explain the difference between the weld metal
and base metal is the mode of fatigue-crack propagation in these materials.
The results of crack-growth-rate studies on stainless steel weld- and base-
metal samples indicate that the weld metal has significantly lower crack-
growth rates than the base metal, particularly at 593°C. 16-18 This difference
is attributed to the fine duplex delta ferrite-austenite microstructure in the
weld metal, which, with its many phase boundaries, inhibits the growth rate
of cracks.

Evidence that the fine microstructure of the weld metal is responsible
for the observed differences in the fatigue lives of this material and the base
metal was obtained from a posttest examination of the weld-metal specimens.
One specimen (LS-14), which did not separate at failure, was sectioned normal
to the main crack and metallographically examined over the entire gauge sec-
tion. All 88 cracks observed along both sides of the gauge section appeared
to initiate at phase boundaries that intersected the surface of the specimen.
Of this total, more than one-third of the cracks stopped at either a phase-
boundary triple point or a sharp break in an individual phase boundary, as
shown in Fig. 11. The propagation for the largest and several secondary
cracks appeared to be almost entirely within the austenite matrix after a
length of -0.03 mm was attained within a phase boundary.

Although there was some evidence of interphase cracking, a major
amount of crack growth in the weld metal specimens apparently occurred by
a mechanism similar to transgranular cracking in wrought materials. (See
the appendix for a discussion of the fracture morphology of creep-fatigue
and creep-rupture specimens.) In contrast, the mode of crack propagation
for the Type 316 stainless steel tested under the same conditions of tension
hold time was reported to be intergranular.lz
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Fig. 10. Total Strain Range vs Cycles
to Failure for Types 16-8-2
and 316 Stainless Steel. Neg.
No. MSD-64052.
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Fig. 11

Secondary Fatigue Cracks in
Specimen LS-14. 50%0 NCI.
ANL Neg. No. 306—'17-633.

ALA a lOm

Another mechanism that could account for the differences in cyclic
lives between the weld metal and the base metal has been attributed to micro-
structural differences that affect the number of cycles required to initiate a
macroscopic crack. 19 In a study on the low-cycle fatigue behavior of cast
and wrought austenitic alloys, fatigue-striation counts indicated that both ma-
terials spent approximately the same fraction of life initiating a macroscopic
crack; however, the total life of the cast material was three to twenty times
as great as the wrought material. This suggests that the cast material has
a much greater resistance to crack initiation than the wrought material.
A similar study using the results of the present investigation was not possible
because the weld-metal specimens did not have striated areas that were con-
tinuous over the cross section (see the appendix), and these data were un-
available for the base-metal specimens.

Differences in fatigue lives attributed to nonmechanistic factors must
also be considered. For example, they might be attributed to the fact that the
weld-metal specimens were electropolished before testing, whereas the base-
metal specimens used for comparison were mechanically polished. However,
the base-metal specimens were polished longitudinally to a 0.2-1.Im finishz°
and, as stated previously, the electropolished finish was only 0.4 u.m. In ad-
dition, for the same degree of surface roughness, the difference between the
low-cycle fatigue life for mechanical and electropolished specimens is
insignificant.21

Another potential source for the dissimilarity between these data may
be the method of beginning the tests. All but one of the Type 316 stainless
steel tests were begun with the first quarter-cycle in tension. In contrast,
all but one of the weld-metal tests were begun in the compressive direction.
Although it had been reported that tests begun in tension would result in some-
what lower fatigue lives," recent studies" ) indicate that no statistically sig-
nificant difference exists between tests begun in either manner. (Unpublished
research by myself also supports this conclusion.)
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Finally, size effects also can be eliminated as a contributing factor
to the observed differences in fatigue lives of the base and weld metal. A size
effect based on the volume of the test specimen has been shown to exist, but
the volume differences must be larger than those in the present study. 22

Moreover, the specimens with the largest volume (the uniform-gauge weld-
metal specimens) would have the shortest fatigue lives, which was not observed.

B. Initial Monotonic Tensile Data and Cycle-dependent Changes in Mechanical

Properties

Table IV lists the monotonic 0.2% offset yield strengths and the elastic
modulus for the ASA Type 16-8-2 stainless steel weld metal as determined
from the initial portion of the first-cycle hysteresis loops. These results
indicate that the metal from the root of the weld has a higher yield strength
than that from the weld surface. This is consistent with results obtained at
Oak Ridge National Laboratory for this material at 565 and 650°C. 6 A promi-
nent feature in the present data is the large scatter associated with the yield
strength of the surface weld metal (more than twice that of the root weld
metal). The scatter is probably due to differences in composition, structure,
and local properties that result from the variety of thermal histories that
occur in various locations of multipass weldments. 2 '4 As expected, the elastic
modulus exhibits relatively little scatter for these tests and is not statistically
different for the surface and root weld metal.

TABLE IV. Type 16-8-2 Stainless Steel ASA Weld-metal Monotonic and
Cyclic Tensile Data from Fatigue Tests on As-welded Longitudinal

Specimens at 593°C and d = 4 x 10 -3 and 4 x 10 -4 s-1

Surface	 214.1b

Root	 237.2d
	 99.10c
	

231.9/270.3
	

688.0/475.3	 0.175/0.094

aUpper value from companion tests at constant strain ranges, lower value from monotonic
tension tests after spectrum straining.

bStandard deviation = 40.90 MPa (6 tests).
eStandard deviation = 5.75 MPa (21 tests).
dStandard deviation = 18.88 MPa (7 tests).

Figures 12 and 13 show the cyclic hardening and subsequent softening
of the weld metal as a function of strain range and cycles. Note the widely
differing values for the surface-weld-metal stress range in Fig. 12. This
is consistent with the large scatter in the monotonic yield-strength values
discussed earlier. Beyond the last data point shown in these figures, the
tensile-stress amplitude drops to zero as failure of the specimen occurs.
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Fig. 13. Changes in Stress Range during Reversed-strain Cycling for
Root Weld Metal (Specimen numbers in parentheses).
Neg. No. MSD-63950.

The cyclic stress-strain curves shown in Fig. 14 were determined by
two methods. 23 The lower curve (solid line) was obtained from the constant-
amplitude, continuous-cycling fatigue-test data. A linear regression analysis
was performed on the logarithms of the half-life stress &a/2 and plastic-
strain amplitudes from fatigue tests on both the surface and root weld metal.
The results were of the form

ba/2 = Ic(Acp/2)n',	 (2)
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where

K' = cyclic strength coefficient,

Aep = plastic-strain range,

and

n'	 cyclic strain-hardening exponent.

Values of K', n', and the cyclic 0.2% offset yield strength are listed in
Table IV. The cyclic stress-strai n curve was then calculated for the strain

amplitude Ae/2 using the relation24

( 3 )Ae/2 = ee/2 + Aep/2 = A012E +

where

Aee = elastic-strain range

and

E = elastic modulus.

Fig. 14

Cyclic Stress—Strain Curves from Constant—

amplitude, Continuous—cycling Fatigue Tests

and Monotonic Tension Test after Cyclic

Straining. Neg. No. MSD-63952.

Initially, this exercise was performed for the surface and root weld
metal individually. However, little difference exists between the calculated
curves, particularly at low strains (<0.5%); thus, the data were combined to
produce a single curve. At strains >0.5% (strain ranges >1.0%), the surface
weld metal has slightly higher cyclic strength values, but the difference is
not sufficiently large, nor do adequate data exist to justify separate cyclic
stress-strain curves.



Fig. 15

Cyclic Stress-Strain Curves from Constant-
amplitude, Continuous-cycling Fatigue Tests
for Types 16-8-2 and 316 Stainless Steel.
Neg. No. MSD-64050.
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The upper curve (broken line) in Fig. 14 was obtained from a monotonic
tension test after cyclic straining on a single root-weld-metal specimen. The
preliminary straining consisted of blocks of gradually increasing and then
decreasing strain amplitudes, i.e., incremental step tests interspersed with
blocks of constant strain-range cycling. A total of -2100 cycles at strain
ranges between 0.2 and 2.0% and a constant axial strain rate of 4 x 10 -3 s-1
were imposed on the specimen before the monotonic tension test. Values of
K' and n' for this stress-strain curve were determined by back-fitting incre-
mental values of the logarithms of stress and plastic strain from the curve
in Fig. 14 to the form of Eq. 2 by a linear regression analysis. These values,
as well as 0.2% offset yield strength, are also listed in Table IV.

Normally the cyclic stress-strain curve for a given material can be
generated by several methods, including those described above, which usually
produce approximately the same results. 23 However, some materials, notably
Type 304 stainless steel, respond differently to various loading histories;
thus, a unique cyclic-strain curve does not exist. 95 Since the material used
in the present investigation is also an austenitic stainless steel, the different

cyclic stress-strain curves shown in Fig. 14
were not unexpected. Although these curves
provide widely different values of inelastic
strain for a given stress, they both can be
of value to designers. For example, if the
anticipated loadings on a structural com-
ponent were such that both large and small
strain excursions would occur randomly,
then the upper curve of Fig. 14 would be
appropriate for characterization of these
materials. If, however, the loadings were
cyclically constant or increasing, the lower
curve would be suitable for design purposes.

Figure 15 compares the cyclic
stress-strain curves for Type 16-8-2 longi-
tudinal weld metal with the Type 316 stain-
less steel baseline data. Both curves in
this figure were obtained from constant-
amplitude, continuous-cycling fatigue-test
data for each material. Although cyclic
stress-strain data for this weld-metal
transverse to the welding direction are
unavailable, results from monotonic tension
tests at 566 and 650.0 indicate the 0.2% offset
yield strengths are approximately equal to
values for specimens longitudinal to the
welding direction. 6 Moreover, studies on
the mechanical properties of Type 308 stain-
less steel weld metal indicate that the
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elastic-modulus transverse to the welding direction is more nearly equal to
that of the base metal (-140-150 x 10 3 MPa). 26

Therefore, the cyclic stress-stra in curve for Type 16-8-2 weld-metal
transverse to the welding direction would probably be similar to that of the
base metal at low strains (-0.1%) and significantly lower, as is that of the
longitudinal weld metal, at higher strains. This may be troublesome for de-

signers, particularly for components that contain circumferentia l welds
operating where fluctuating loads are present. For example, a pipe with
circumferential welds and end constraints undergoing thermal cycling would
also be subject to cyclic loads. In such situations, the cyclic strains would
tend to be concentrated in the weld metal. Thus, the weld would behave in a
manner analogous to that of a mild geometric stress concentration. However,
this can be offset by the much better creep-fatigue resistance of the weld
metal raltive to the base metal.

V. CONCLUSIONS

Cyclic strain-control tests using constant amplitude and tensile hold-
time loading waveforms lead to the following conclusions regarding the fatigue
resistance and cyclic-deformation behavior of ASA Type 16-8-2 weld metal
at 593°C.

a. The resistance of this material to axial strain-controlled,
constant-amplitude, continuous-cycling fatigue-test loadings is greater than
that of Type 316 stainless steel base metal (Heat 65808) in the solution-
annealed condition. Moreover, a comparison of the strain-life curves for
these materials indicates that the resistance to cyclic straining of the weld
metal relative to that of the base metal increases as the strain range decreases.

b. For 360-, 1.8 x 10 3 -, and 1.8 x 10 4 -s tension hold-time fatigue
tests, the cyclic life of this material is three to seven times as long as that
of Type 316 stainless steel. This is attributed to the fine duplex microstruc-
ture of the weld metal that inhibits the growth rate of cracks.

c. The correlation between resistance to static creep rupture and
resistance to creep-fatigue failures previously observed in Types 304 and
316 stainless steel base metals is not observed for this weld metal.

d. This material is str ain-history-dependent; therefore, a unique
cyclic stress-strain curve does not exist. Monotonic tension tests after cyclic
straining result in a different stress-strain curve than obtained from com-
panion fatigue tests at various completely reversed constant strain ranges.
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APPENDIX

Metallographic and Fractographic Analysis of Creep-fatigue
and Creep-rupture Specimens

As indicated in Sec. IV, the results of the creep-fatigue tests con-
ducted in this investigation are not consistent with creep-test results obtained
at Oak Ridge National Laboratory (ORNL). 6 Because of this, representative
samples from this investigation and several creep samples from ORNL 27 were
examined to determine whether the differences in test results could be attrib-
uted to differences in the fracture morphology. The creep-rupture specimens
listed in Table A.1 were used for part of this study.

TABLE A.1 Creep-rupture Test Data for ASA Type 16-8-2
Stainless Steel Weld Metal"

Specimen
Number in Weld

Location	 Temperature.
°C

Stress.
MPa

Rupture
Time. ks

Elongation.
17.

775-Li Surface 650 138 1722.6 42.5

775-L14 Root 650 138 2193.8 44.2

775-L9 Root 566 276 753.5 23.3

775-L3 Surface 566 241 2519.3 26.2

Figures A.1-A.3 are scanning-electron macrographs of typical frac-
ture surfaces from continuous cycling and tension hold-time fatigue tests. The
fracture surfaces of the specimens subjected to continuous cyclic loadings
(Fig. A.1) show little of the columnar substructure of the weld, the specimens
subjected to hold times (Figs. A.2 and A.3) show surfaces that are more nearly

Fig. A.1. Scanning—electron Macrograph of
Fracture Surface of Specimen 1R-3
(Oz = tH 0, solidification
direction approximately vertical).
ANL Neg. No. 306-77-635.

Fig. A.2. Scanning—electron Macrograph of
Fracture Surface of Specimen 1R-7
(..‘e - 0.510, tH = 360 s, solidifica-
tion direction approximately hori-
zontal). ANL Neg. No. 306-77-632.
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Fig. A.3

Scanning-electron Mac rograph of Fracture Sur-

face of Specimen LS-10 (.!& = 1.5%, tH = 1.8 x

103 s, solidification direction approximately
horizontal). ANL Neg. No. 306-77-636.

related to the local substructure. These observations are also supported by
the results of metallographic examinations on specimens that were sectioned
parallel to the loading axis, and scanning-electron fractographs of the fracture
surfaces.

For continuous cyclic loadings, few secondary cracks were observed
on the sides of the specimens, and when present, they appeared to propagate
within the austenite matrix with no observable internal cracking, or damage,
ahead of the crack tip. This is illustrated in Fig. A.4, which shows a 0.5-mm-
long secondary crack in specimen LR -3 (,e = 0.5%, tensile hold time tH = 0).
Fractographs of the surface of this specimen near the crack origin are shown
in Fig. A.5. The fine fatigue striations and dimpled appearance shown in this

Fig. A.4. Photomicrographs of a Secondary Crack in Specimen IR-3 (Ae =
0.5%, tH = 0). Oxalic acid. ANL Neg. No. 306-77-644.
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Fig. A.5. Fractographs of Specimen LR-3 (As = 0.510. t H = 0). ANL Neg. No. 306-77-648.

figure are typical of the features observed near the crack origin on the other
continuous-cycling specimens tested at a low strain range. Away from the
crack origin, the fracture surface is generally featureless with some areas
showing the dimpled appearance characteristic of ductile failures. These
fracture features, which have also been observed in a ferritic weld metal, have
been attributed to a change from slow to rapid cyclic crack propagation.z8
Similar features are also visible on specimens tested at higher strain ranges
(tie 1%), except that the striated areas are more numerous and the spacing
between striations increases with the distance from the crack origin, as shown
in Fig. A.6. However, there are very few areas like those shown in Fig. A.6
where the striations are well defined.
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Fig. A.6. Fractographs of Specimens (a) 11(-4 (zle	 tH = 0), and
(b) 112-5 (-le	 1.010, tH	 0). ANL Ncg. No. 306-77-643.
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In tests containing a hold time at the peak tensile strain, the number
of surface cracks and amount of internal damage at the phase boundaries in-
creased as the hold time increased. Figure A.7 shows the main crack and
interphase cracking beyond the crack tip in specimen LS-14 (Ae = 1%, tH =
360 s). The internal damage is even more pronounced in specimens with the
same hold time, but with a longer test duration, as shown in Fig. A.8 for
specimen LR -7 (,Le = 0.5%, tH = 360 s). At longer hold times, the number of
surface cracks greatly increased, as did the internal damage.

Specimen LS-10 (Ae = 1.5%, tH = 1.8 x 10 3 s), shown in Fig. A.9, had
numerous long internal phase-boundary cracks and surface cracks, which
partly followed the interphase boundaries. The surfaces of this specimen were
also "rumpled" parallel to the specimen axis, much like the surfaces of the
creep-rupture specimens obtained from ORNL. The fracture surfaces of the
360-s tensile-hold-time specimens varied greatly in observable details, al-
though every specimen examined had some features that appeared related to
the substructure of the weld.

Only one specimen, LR -7, shown in Fig. A.10, exhibited a large number
of fatigue striations on its surface. Others had more areas that had features
of ductile tearing and shear as well as areas of interphase fracture. Speci-
men LS-10 had a fracture surface consisting of areas that had striations and
areas that appeared to be interphase boundaries. A typical region exhibiting
these features is shown in Fig. A.11. In all cases, these areas were separated
by secondary cracks. Results of an energy-dispersive X-ray analysis of these

Fig. A.7. Photomicrographs of Main Crack in Specimen LS-14 (As = 1.0%,
tH = 360 s). Oxalic acid. ANL Neg. No. 306-77-626.
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Fig. A.8. Photomicrographs of a Secondary Crack in Specimen LR-7 (.1e
t H = 160 s). Oxalic acid. ANL Neg. No. 306-77—C27.

Fig. A.9. Photomicrographs of a Secondary Crack and Internal Damage in Specimen LS-10

(AeL5 q0, i f/	 1.8 x 103 s). Oxalic acid. ANL Neg. No. 306-77-628.



Fig. A.11

Fractograph of Specimen LS-10 (A& =
1.5%, tH = 1.8 x 103 s). ANL Neg.
No. 306-77-640.
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Fig. A.10. Fractographs of Specimen LR-7 (A& = 0.5%, tH = 360 s). ANL Neg. No. 306-77-646.



Fig. A.1::

Scanning—electron Macrograph of Surface of Speci-
men 775—L3. ANI. Neg. No. 306-77-637.
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areas indicated that the area containing the striations had a lower chromium
and higher nickel content than the area identified as an inter phase boundary.
It is therefore apparent that the fracture mode of this specimen was by a
combination of interphase and matrix cracking.

In contrast with the results for the creep-fatigue tests, the primary
fracture mode of the creep-rupture specimens appeared to be entirely due to
interphase separation. A typical fracture surface for these specimens is
shown in Fig. A.12. Characteristically, these fracture surfaces exhibit fea-
tures that suggest the failures began internally by tearing along inter phase
boundaries and, after a sufficient reduction in cross-sectional area, by micro-
void coalescence and ductile fast fracture. The former is illustrated in
Fig. A.13 by a series of scanning-electron fractographs with increasing mag-
nification. The final rupture of these specimens, shown in Fig. A.14, exhibited
both equiaxed and shear-type dimples.

Additional evidence that the failures of these specimens began inter-
nally at phase boundaries was obtained from metallographic examination of
surfaces parallel to the specimen axis. In all cases, relatively few secondary
surface cracks were observed. Instead, all the specimens listed in Table IV
exhibited internal phase-boundary cracks. Examples of these cracks are
shown in Fig. A.15. Typically, these cracks were found in regions of fine mi-
crostructure adjacent to weld-pass fusion lines as shown in Fig. A.1 5a. Other
features exhibited by the creep-rupture specimens were highly "rumpled"
surfaces parallel to the specimen axis (especially for those specimens tested
at 650°C) and ellipsoidally deformed cross sections with the minor axis paral-
lel to the general solidification direction, as shown in Fig. A.16.

The metallographic and fractographic examinations of the creep-fatigue
and creep-rupture specimens also revealed the presence of numerous inclu-
sions embedded in the austenitic matrix and on the phase-boundary interfaces.
One of the larger inclusions observed is shown in Fig. A.17. An energy-
dispersive X-ray analysis of several inclusions indicated that they were rich
in silicon and manganese.
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Fig. A.13. Fractographs of Specimen 775—L3. ANL Neg. Nos. 306-77-629 and 306-77-630.

Fig. A.14. Fractographs of Specimens (a) 775—L1 and (b) 775—L14. ANL Neg. No. 306-77-645.
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Fig. A.15

Photomicrographs of Internal Damage in Speci-
mens (a) 7'75—L9, (b) 775—L14, and (c) 775—L1.
Oxalic acid. ANL Neg. No. 306-77-642.
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Fig. A.16. Macrograph of Cross Section of
Specimen 775-L14. Oxalic acid.
ANL Neg. No. 306-77-641.

Fig. A.17. Photomicrograph of an Inclusion
in Specimen 775-L14. Oxalic
acid. ANL Neg. No. 306-77-639.

In summary, the difference between the creep-test results from ORNL
and the creep-fatigue test results of this investigation can be attributed to
different failure mechanisms. Failures associated with continuous cyclic
straining are similar to transgranular cracking in wrought materials. In tests
containing a hold time at peak tensile strain, the failure mechanism becomes a
mixture of matrix and interphase cracking, with the latter more pronounced at
longer hold times. The failure mechanism for creep tests appears to be pri-
marily interphase separation, with some areas showing microvoid coalescence.
Thus an austenitic weld metal with poor creep-rupture properties will not
necessarily exhibit poor creep-fatigue resistance as observed in wrought
materials.

Moreover, the results of the metallographic and fractographic analysis
discussed here suggest the following conclusions regarding the results of
continuous-cycling and creep-fatigue tests on weld-deposited Type 16-8-2 and
wrought Type 316 stainless steels. When both materials exhibit similar frac-
ture mechanisms, as in continuous-cycling fatigue tests, the longer lives
obtained for the weld metal can be attributed to its finer microstructure.
Similarly, when hold times at peak tensile strain are introduced in each cycle,
the wrought material, with a relatively coarse microstructure, tends to frac-
ture intergranularly while the weld metal retains a high resistance to inter -
phase cracking and therefore has longer fatigue lives.
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