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REDUCTION FACTORS FOR CREEP STRENGTH AND FATIGUE LIFE
OF MODIFIED 9 CR-1 MO STEEL WELDMENTS

Confirmation By Axial or Torsional Tests of Tubular Specimens With
Longitudinal or Circumferential Welds*

J.J. Blass
R. L. Battiste

D.G. O'Connor

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831-8051

ABSTRACT

The provisions of ASME B&PV Code Case N-47 currently
include reduction factors for creep strength and fatigue life of
weldments. To provide experimental confirmation of such factors for
modified 9 Cr-1 Mo steel, tests of tubular specimens were conducted
at538°C(1000°F).

Three creep-rupture specimens with longitudinal welds were
tested in tension; and, of three with circumferential welds, two were
tested in tension and one in torsion. In each specimen with a
circumferential weld, a nonuniform axial distribution of strain was
easily visible. The test results were compared to an existing empirical
model of creep-rupture life. For the torsion test, the comparison was
based on a definition of equivalent normal stress recently adopted in
Code Case N-47.

Some 27 fatigue specimens, with longitudinal, circumferential,
or no welds, were tested under axial or torsional strain control. In
specimens with welds, fatigue cracking initiated at fusion lines. In
axial tests cracks grew in the circumferential direction, and in torsional
tests cracks grew along fusion lines. The test results were compared
to empirical models of fatigue life based on two definitions of
equivalent normal strain range.

The results have provided some needed confirmation of the
reduction factors for creep strength and fatigue life of modified 9 Cr-
1 Mo steel weldments currently under consideration by ASME Code
committees.

INTRODUCTION

The provisions of ASME Boiler and Pressure Vessel Code Case
N-47 (Class 1 Components in Elevated Temperature Service, Section
III, Division 1) currently include reduction factors for creep strength
and fatigue life of weldments. Corum (1990) discussed the reasons
and bases for these factors, and evaluated the results of confirmatory
creep-rupture and continuous-cycling fatigue tests of 316 stainless
steel weldments. Suc'i factors are currently under consideration by
appropriate ASME Code committees for modified 9 Cr-1 Mo steel
weldments.

* Research sponsored by the Office of Technology Support
Programs, U.S. Department of Energy, under contract DE-AC05-
840R21400 with Martin Marietta Energy Systems, Inc.

The creep-strength reduction factors were based on the results of
creep-rupture tests of small, solid-bar specimens of modified 9 Cr-
1 Mo steel and its weldments (Brinkman et al., 1990). The uniform-
diameter gage sections of the weldment specimens contained weld,
heat affected zone (HAZ), and parent metal. For a given temperature
and a given rupture time, the reduction factor is the ratio of average
weldment strength to average parent-metal strength.

Some continuous-cycling fatigue tests have been conducted on
small, solid-bar specimens taken from weldments of modified 9 Cr-
1 Mo steel (Payne, 1986). The results were consistent with the basis
for the fatigue-life reduction factor of two currently used in Code Case
N-47 for other materials.

To provide additional experimental confirmation of these factors,
axial or torsional tests at 538°C (1000°F), of tubular specimens with
longitudinal or circumferential welds, were conducted at Oak Ridge
National Laboratory (ORNL) as described herein.

TUBULAR TEST SPECIMENS

Tubular specimens of modified 9 Cr-1 Mo steel, each containing
a pair of longitudinal welds, a single circumferential weld, or no weld,
were fabricated from 51-mm (2.0-in.)-thick plate of heat 30383. The
longitudinal axis of each specimen was parallel to the rolling direction
of the plate. The fabrication process was as follows.

The plate material was sawed into pieces wide enough for three
specimens side by side, and long enough for two fatigue specimens
end to end. The plates were normalized by heating to 1038°C
(1900°F), holding for 1.5 h, and air cooling. They were tempered by
heating to 760°C (1400°F), holding for 1.5 h, and air cooling.
Grooves for the longitudinal welds were machined along the
longitudinal centerlines of the top and bottom surfaces of the plates, as
shown in Fig. l(a). With the plates preheated to 200°C (392°F), the
grooves were filled with modified 9 Cr-I Mo weld metal using a
manual gas-tungsten-arc (GTA) process. The filler wire was from
United States Welding Corp., specification DRV 1513, heat 23030,
lot 49005.

The plates were sawed into pieces of specimen size, and these
were machined into 51-mm (2.0-in.)-diameter bars. Grooves for the
circumferential welds were machined in some of the bars without
longitudinal welds, as shown in Fig. l(b). These grooves were filled
with weld metal using the same wire and process as the longitudinal
welds. The welds were radiographed, and no flaws were detected.
The bars, including those without welds, were given a post-weld heat
treatment of 1.5 h at 760°C (1400°F), followed by air cooling.
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Fig. I. Weld grooves for tubular specimens, (a) Longitudinal
grooves in flat plate, (b) Circumferential groove in round bar.

The method of obtaining tubular specimens with longitudinal or
circumferential welds is illustrated in Fig. 2(a). Six creep-rupture
specimens, three with longitudinal welds and three with
circumferential welds, were machined to the final dimensions shown
in Fig. 2(b). Fatigue specimens were machined from the remaining
bars, including those without welds. The dimensions of the reduced
section of the fatigue specimen were identical to those of the creep
specimen shown in Fig. 2(b). However, the 44-mm (1.75-in.)-
diameter ends of the fatigue specimen were 140 mm (5.5 in.) long,
and were not internally threaded because external collet grips were
used.

Based on the groove dimensions shown in Fig. 1, each weld
was nominally 8.5 mm (0.33 in.) wide at the outer surface of the
tubular specimen. Hardness measurements were made at room
temperature on the outer surface of the uniform-diameter portions of
an untested specimen with a circumferential weld. Within the band of
weld metal at mid-length, the measurements corresponded to about
101 on the Rockwell-B scale. As axial distance from the weld
increased, there wax an approximately linear decrease in hardness, to
about 78 Rockwell B slightly beyond each end of the 25.4-mm (1.00-
in.) gage length, indicating that the HAZ extended at least that far.
The hardness of the base metal at the large-diameter ends of the
specimen was about 92 Rockwell B. The variation in hardness is
indicative of a variation in inelastic response that can result in a
nonuniform axial distribution of strain in the gage length. In effect,
the specimen contains a "metallurgical notch" (Corum, 1990).

CREEP-RUPTURE TESTS

To provide experimental confirmation of the creep-strength
reduction factors, axial or torsional creep-rupture tests of tubular
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Fig. 2. Weld locations and specimen details, (a) Method of
obtaining tubular specimens with welds, (b) Dimensions of creep-
rupture specimen.

specimens, with longitudinal or circumferential welds, were
conducted in air at 538°C (1000°F). As described above, three
specimens were fabricated with longitudinal welds, and three with
circumferential welds. One of the specimens with a circumferential
weld was subjected to torsional loading, and the other five specimens



to axial loading, in axial-iorsional creep machines originally developed
by K.C. Liu and modified by R.L. Battiste at ORNL.

In each specimen with a circumferential weld, a nonuniform
axial distribution of axial or torsional strain was easily visible after the
test, with weld metal exhibiting less strain than adjacent HAZ metal.
This is attributed to the metallurgical notch.

The test results are plotted ;n Fig. 3 as equivalent stress versus
lime to rupture, with different syr ibols to distinguish between the two
weld orientations and a label to idtntify the torsion test. The definition
of equivalent normal stress used for ii*e torsion test was proposed by
Muddleston (1985). In its most general form, the definition contains
two parameters, designated a and b, for which optimum values may
be obtained from the results of multiaxial creep-rupture tests of a given
material. Since slightly different optimum values were obtained for
similar materials, generic values a = 1.0 and b = 0.24 were
recommended for austenitic steels (Huddleston, 1985). Fora= 1.0,
the definition reduces to the form adopted in 1990 for use in Appendix
T of Code Case N-47:

where

SJ = G\ + of + of

(la)

(lb)

Cc)

(Id)

and O\, o^and 03 are principal stresses. For axial-torsional loading
of tubular specimens, it further reduces to

(2)

where az is axial stress and T& is torsional shear stress. Since the
present tests were either purely axial or purely torsional, the equivalent
stress becomes

Oeq = 0z, for T& = 0,

/ exp(6), for a2 = 0.

(3a)

(3b)

The recommended value b = 0.24 was adopted in Appendix T
for 304 and 316 stainless steels, and the default value b = 0.0 was
adopted for Alloy 80011 and 2 25 Cr-1 Mo steel, pending further
evaluation. With b = 0.0. F.q. (1) reduces to a€q = 0, the Mises
equivalent stress, jsed in Appendix T until the present. Based largely
on an unpublished evaluation of the results of some internal-piessurc
tests of 2.25 Cr-1 Mo tubes, Huddleston (1990) would have
tentatively recommended the generic value ft = 0.16 for ferritic steels,
including modified 9 Cr-J Mo. This value was used to calculate aiq
for the torsion test identified in Fig. 3. If the values b = 0.0 or 0.24
were used, aeq would be 17% greater or 8% less, respectively. Jn
either case, the torsion test would be less consistent with the axial
tests.

In addition to the results for welded tubes, three Hnes are plotted
in Fig. 3, corresponding to specific applications of the creep-rupture
model (Brinkman et ah, lv»90) for modified 9 Cr-1 Mo steel:

k>g/r=CA-0.231<T-2.3851ogCT+31,080/T (4)

where logarithms are base 10,1, is rupture time (h), cris stress (MPa)
and T is absolute temperature (K). The parameter C/, is a cor'-'-nt for
a specific lot of material, assuming the same dependence c. • jpture
time on stress and temperature for all lots. The uppermost dotted line
in the figure corresponds to Cy, = -23.414, a value based on only one
test at 538°C (1000°F) and one at 593°C (1100°F) of specimens from
51-mm (2.0-in.) plate of hea< 30383, the lot of parent material from
which the tubular specimens were fabricated. The intermediate solid
line corresponds to C/, = -23.737 for average parent material, and the
lowermost dashed line corresponds to C/, = -24.257 for average
material from weldments. The lowermost dashed line also
corresponds closely to Cj, - -24.272 for minimum creep-rupture
strength of parent metal.

For a given temperature and a given rupture time, the creep-
strength reduction factor in Code Case N-47 is the ratio of average
weldment strength to average parent-metal strength. For modified
9 Cr-1 Mo steel, the strength values were obtained by numerical
solution of Eq. (4) with the appropriate values of C/, (Brinkman et al.,
1990). For a temperature of 538°C (1000°F) and rupture times of 10',
103 and 105 h, for example, the ratios are 0.94, 0.93 and 0.90,
respectively. The two lower lines in Fig. 3 are perfectly consistent
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Fig. 3. Equivalent stress vs rupture time for axial or torsional creep-rupture tests of tubul.tr

specimens with longitudinal or circumferential welds.



with these values of the creep-strength reduction factor, because they
are based on the same model, Eq. (4).

For the four welded-tube tests with tr < 2xlO3 h, the results in
Fig. 3 agree very closely with average weldment behavior, thus
providing limited confirma.ioii of the adequacy of the creep-strength
reduction factors. The two tests with fr > 104 h provide additional
confirmation and suggest that the factors are somewhat conservative,
at least for axial loading of specimens with longitudinal welds, for
which strains in weld meial and 11AZ are nearly the same.

CONTINUOUS-CYCLING FATIGUE TESTS

To provide additional experimental confirmation of the fatigue-
life reduction factor, axial or torsional fatigue tests of 20 tubular
specimens with longitudinal or circumferential welds were conducted
in air at 538°C (1000°F). Seven tubular specimens without welds
were also tested under the same conditions to provide results for direct
comparison.

An MTS axial-torsional testing machine was used. The axial
fatigue tests were conducted using an MTS high-temperature
extensometer for strain control. The torsional fatigue tests were
conducted using a capacitive, axial-torsional strain transducer
originally developed by K. C. Liu and modified by R. L. Battiste at
ORNL. Each device had a gage length of 25.4 mm (1.0 in.). Fully
reversed strain cycles were imposed at a Mises equivalent strain rate of
0.001 s'1 and four values of Mises equivalent total strain range: 1.5,
1.0, 0.6, and 0.4%.

In Appendix T of Code Case N-47, the Mises definition of
equivalent normal strain range is based on the inelastic value of
Poisson's ratio, v = 0.5. For axial-torsional straining of tubular
specimens, this definition reduces to

(5)

where Aez is axia) strain range and Ay&. is engineering shear strain
range. Since the present tests were either purely axial or purely
torsional, the Mises equivalent strain range becomes

or

Ac = Ac2, for Ayoz = 0,

Ae = Ay& / V3, for Aez = 0.

(6a)

(6b)

Induction heating was used to maintain a temperature of 538°C
(1000°F) at the center of the gage length, and 528°C (982CF) at the
ends of the gage length. This difference of 1.2% in absolute
temperature was sufficient to ensure that fatigue cracking occurred
near the center of the gage length.

To assess the nonuniform strain distribution due to the
metallurgical notch, two 25.4-mm (1.00-in.) MTS extensometers
were employed in one axial strain-cycling test of a specimen with a
circumferential weld. One extensometer was fined with offset probes
to reduce its effective gage length. This device was used to measure
average strain in the weld metal, while the other was used to control
average strain in the gage length at a range of 0.6%. During the
course of the test at 538°C (1000°F), average strain range in the weld
metal dropped from about 0.55% to about 0.50%, and hence average
strain range in the remainder of the gage length consisting of HAZ
rose from about 0.625% to about 0.65%.

Based on visual examination, it was concluded that in each
specimen with a circumferential weld or a pair of longitudinal welds,
cracking had initiated at a fusion line. In each axial or torsiona! test of
a specimen with a circumferential weld, and in each torsional test of a
specimen with longitudinal welds, the crack that led to failure had
grown along a fusion line. In each axial test of a specimen with
longitudinal welds, the crack had grown in the circumferential
direction, crossing a weld. In some of these tests, another crack was
observed starting to grow at a fusion line of the other weld, opposite
the main crack.

The test results are plotted in Fig. 4(a)-(c) as Mises equivalent
total strain range versus cycles to failure, defined as 50% reduction in

maximum axial load or torque. In each figure, different symbols are
used to distinguish between tubes with circumferential, longitudinal,
or no welds; and, in Fig. 4(c), between axial or torsionai loading.
Also plotted in each figure are three curves. The uppermost solid line
corresponds to the model developed by M.K. Booker at ORNL for
uniaxial, continuous cycling of small, solid-bar specimens of modified
9 Cr-1 Mo steel without welds:

Ae, = AN]" + BN}-b (7)

where Ae, is total strain range (%), Nf is cycles to failure, and
parameter values are as follows:

A a B b Nf

0.650
0.650

0.0595
0.0595

52.101
0.236

0.598
0.117

<74,652
>74,652

For the tests on which this model is based, complete separation was
used as the definition of failure rather than 50% load reduction. The
mode! is considered applicable for fatigue lives of 2xl(fi to 10" cycles
and temperatures of 22 to 538°C (72 to 1000°F). The intermediate
dotted line corresponds to Eq. (8) below, obtained by piecewise
reduction of the ORNL model |Eq. (7)] by a factor of two on strain
range [Eq. (8c)] or 20 on cycles |Eq. (8a),1 and insertion of a smooth
transition [Eq. (8b)]. For the present purpose, this curve is
unofficially designated the base metal design curve. Officially, «he
responsibility for establishing such a curve rests with the appropriate
ASME Code committees.

Ac, = A(20Nd Y" + B(20Nd ) ' b , for Nd<N0, (8a)

Ae, = CNd
c, forN0<Nd< 20N0. (8b)

and

where
Ae, = (ANd

a + BNd
b)12, forNd 120N0, (8c)

c = Iog2/log20 = 0.23I4

2OAfo= ( f c~C ) f l =14,014

C = lA(2QN0f'
a + B(20N0f }I2 = 2.464

(8d)

(8e)

(80

and Nd is design allowable cycles. The lowermost dashed line
corresponds to Eq. (9) below, obtained by reduction of the base metal
design curve [Eq. (8)] by a factor of two on cycles, and is unofficially
designated the weldment design curve.

Ac, = A(40Nd)'
a + i , for 2Nd < No, (9a)

Ae, = C(2Ndy
c, for No < 2Nd <20N,,, (9b)

and

Ac, = lA(2Ndy" + B(2Ndy "]/2, for 2Nd>2ONo. (9c)

The values of B and b in Eq. (8c) and (9c) depend on Nd and 2Nd,
respectively, rather than on Nf.

In axial tests [Fig. 4(a)], specimens with circumferential welds
had shorter fatigue lives than those with longitudinal welds, which in
turn had about the same lives as those with no welds. In torsional
tests [Fig. 4(b)[, fatigue lives for specimens with circumferential
welds were again shortest, but lives for specimens with longitudinal
welds were, with one exception, shorter than those with no welds.
Each of these patterns seems consistent with ihe effect of a
metallurgical notch. As shown in Fig. 4(c), fatigue lives in axial tests
were, with one exception, about the same or less than those in
corresponding torsional tests. This is considered typical for
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comparisons based on Mises equivalent strain range, and was ;iiso
observed, for example, with 316 stainless steel (Corum, 1990).

In each of three axial tests (Fig. 4(a)J of tubular specimens
without welds, the number of cycles to failure, based on 50%
reduction in maximum load, was less than estimated by the ORNL
model based on complete separation of small, solid-bar specimens.
This difference between observed and estimated fatigue life increases
as strain range decreases. Similar results were found for 316 stainless
steel (Corum, 1990). The portion of this difference that is due to the
definition of failure is thought to be small. The axial test of one
tubular specimen without a weld, at a strain range of 0.6%, was
continued to complete separation. The number of cycles required to
accomplish this was only 5% greater than for 50% reduction in
maximum load.

The factor of two on strain range, or 20 on cycles used to derive
the base metal design curve is intended to cover variables such as
surface finish, size, material properties, environment, and fabrication
(other than welding). It is obvious from Fig. 4 that the metallurgical
notch or other weld effects can consume much of this design margin,
and additional margin is needed. The factor of two on cycles used to
derive the weldment design curve is intended to provide this margin.
In corresponding tests of tubular specimens, the apparent reduction in
fatigue life due to weld effects did not exceed a factor of four, and in
some cases was less than a factor of two. Similar results were found
for 316 stainless steel (Corum, 1990). In all cases there appears to be
a reasonable margin between the test results and the weldment design
curve.

Like most provisions of Code Case N-47, the weldment fatigue-
life reduction factor of two originated in the ASME Code Subgroup on
Elevated Temperature Design. It was based primarily on an evaluation
of the results of fatigue tests conducted at elevated temperatures on
small, solid-bar specimens taken from weldments of austenitic
stainless steel (304 and 316) and ferritic steel (2.25 Cr-1 Mo and
modified 9 Cr-1 Mo). Although the apparent reduction in fatigue life
due to weld effects was greater in some cases, a factor of two was
judged to be adequate for structural design, because the specimens and
tests were not considered completely representative of we'ded
structures in service (Corum, 1990). The same may obviously be said
of the present specimens and tests.

Blass (1990) assessed a definition of equivalent strain range
based on the work of Brown and Miller (1973 and 1979). For
v = 0.5, this definition is given by

Aeeq = [tt fP
+ (B13 -])(4Ae')pfP IB (10)

where Ay'and Ac'are engineering shear and normal components of
strain range, respectively, on the planes of maximum shear sirain
range. By assigning appropriate values to the parameters B and /},
this general definition can be made to agree with several specific
definitions; and, if suitable test data are available, nonlinear least-
squares techniques can be employed to obtain optimum values of 6
and /? for a given material (Blass, 1990).

For axial-torsional straining with v = 0.5,

and

(2Ar'/3)2=(2Arfe/3)2+(Ac?)
2

4 Ac' = Aez.

(I la)

(lib)

Substituting Eq. ( I I ) into Eq. (10) with the assigned value ft = 2
results in

Aeeq = e.f+{2Ayez (12)

With B = 2/ V5 = 1.155, Eq. (12) is identical to the corresponding
Mises form in Eq. (5). For the present tests

or

Aceq = Acz, for A/fc = 0,

Aeeq = lAyoi 13fl, for Ac2 = 0.

(13a)

(13b)

To obtain an optimum value of B based on the results of the
present tests of tubular specimens without welds, it is convenient to
combine Eq. (13) with

Aeri!-ANJa U4)

Solving for log Nf gives forms suitable for a linear least-squares fit,

)ogNf = [log/l-log(Atz)|/ft, forAyfc=0, (I5a)
or

log A// =(log(3/U?/2)-log(Ayfc)]/a, for Ae2 =0. (15b)

The results of such a fit are shown in Fig. 5(a). In this figure, Aceq
given by Eq. (13) with B = 1.460 is plotted versus Nf. The empty
symbols correspond to axial tests of specimens without welds and the
filled symbols to torsional tests. The straight line, corresponding to
Eq. (14) with the values A = 21.81 and a = 0.4385, is not considered
applicable much beyond the range of the data in Fig. 5(a). However,
the line provides a convenient reference to show that with an optimum
value of B, this definition of equivalent strain range can effectively
eliminate the disparity between the results of axial and torsional tests
typically found with the Mises definition. Moreover, the definition of
Aeeq given by Eq. (10) with B = 1.460 an^ fi = 2, in combination
with a more general fatigue-life relation, like Eq. (7), may have much
wider applicability.

In Fig. 5(b), the same Ae,.q is used to plot results of the axial or
torsional tests of specimens with longitudinal or circumferential
welds. In addition to the uppermost solid line that was fitted to the
data in Fig. 5(a) for specimens without welds, two other straight lines
are plotted. The intermediate dotted line corresponds to reduction of
the fitted line by a factor of two on cycles, and the lowermost dashed
line by a factor of four. Most of the data in Fig. 5(b) are contained
within the band formed by the upper- and lowermost lines and
centered on the intermediate line, suggesting again that the weldment
fatigue-life reduction factor of two is a reasonable structural design
approximation.

CONCLUSIONS

The results of axial or torsional tests of tubular specimens with
longitudinal or circumferential welds have provided some needed
confirmation of the reduction factors for creep strength and fa'igue life
of modified 9 Cr-1 Mo steel weldmems currently under consideration
by appropriate committees of the ASME B&PV Code.

For the modes of loading and weld orientations employed, the
creep-strain distributions and rupture-life results seem consistent Ariih
the effects of a metallurgical notch. The same is true of cyclic strain
range and fatigue life.

The definitions of equivalent normal stiess and strain range
containing adjustable parameters provided better correlations of the
creep-rupture and fatigue lives than the corresponding Mises
definitions.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neitncr the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily stale or reflect those o? the
United States Government or any agency thereof.
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