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ABSTRACT

Analytical representations were developed for the fatigue life
and cyclic stress—-strain response of AWS A5.14 Class ERNiCr-3 as
observed during strain controlled cycling at a strain rate of 4 x 1073/s
over strain ranges from 0.35 to 3.0% at 25, 343, 538 and 593°C.
Specific areas Studie& include fatigue life as a function of strain,
cyclic hardening and softening during testing, development of cyclic
stress—-strain curves from stress-strain amplitude coordinates, and
development of bilinear representations of cyclic stress—strain
behavior as suggested by current advanced design techniques.

At elevated temperatures, the fatigue life of ERNiCr-3 is
reduced and the material cyclically hardens. At room temperature,
some hardening due to cycling is displayed initially, followed by
softening early in the test. The bilinear constants, E% and C, are
independent of temperature and strain rate, however, K; is not.

The power law, ac=A(&ep)n, adequately describes the cyclic stress-—
strain behavior at low strains. By bilinearization, the power law

can be extended to predict Ki'

*
Research sponsored by the Reactor Research and Technology Division,

U.S. Department of Energy under contract W-7405-eng-26 with the Union
Carbide Corporation.

NOTICE
This report was prepared as an sccount of work
sponsored by the United States Govenment. Neither the
United States nor the United States Department of
Energy, nor any of their employees, nor any of their
’;_', iU A 10N U

3, subc Wi, or thelr ployees, makes

any Warranty, express or implied, or assumes any legal
lisbility or responsiblity for the Bccuracy, completeness
o ussful of any infi ¥ product or
process disclosed, or fepresents that its use would not
infringe privately owned rights.

¥\




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither 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 responsibility 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. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



2

" INTRODUCTION

Niékel—chrémium filler metals have high strength and tolerate'dilution
by many metals without reduction in mechaniéai properties and without beﬁoming
crack sensitive at elevated temperatures.l’2 They.are the most ﬁidely used
ﬁaterials for broQucing high quality welds between dissiﬁilar metals,l’2
such as austenitic and ferfi;ic éteels, especially for use at high temperatures -
where unequal thermal:expansion coefficients can cause reiatively high
thermal sfresses, espééially at the'interface between ferritic steel
and weld metal.}3 Nickel base weld metals are ﬁore suitable than iron base
Weld‘metals sincé they have aﬁ intermediate coefficient of thermal expansion
between those of commonly used austenitic énd ferritic steels, nearer to that
of fhe ferritic.l»2 Therefore, the highest stresses on thevjoint as a result
of unequal expansion'occur in the stronger,lausteﬁitic steel side.l»>2»"

Present plénsArequire thaf the steam generator system for the
Liquid-ﬁetal Fast Breeder Reactor (LMFBR) be constructed mainly of annealed
ferritic 2 1/4 Cr—l-Mo steel.® Piping in this system méy be subjected to
temperatures as high as'517°C.L'v’5 Since other coﬁponents within the piping
system are austéﬁitié, ﬁransition joint weldments will be needed as connectors. .
A scheﬁatic cross section of the proposed transition joint is shown in Fig. 1.

Specifically, 2 1/4 Cr-1 Mo is welded té-al}oy 800H with AWS AS5.14 Class
ERNiCr—3-[67 Ni-18 to 22 Cr-2.5 to 3.5 Mn-2.0 to 3.0 (Nb+Ta)-3.0 Fe—O.lO C,
wt %], commonly knowa as Inéonei 82, using the hot wire automatic gas
tungsten-arc prbcess. ERNiCr—B is a conventional nickel-chromium filler metal

often used in austenitic/ferritic dissimilar metal joints. It is also used



for joining alloj 800H to :i.t:self.l;2 Alloy 800H is used as a spool piece
to grade the transition of thermal expanéion coefficients across. the
weldﬁent, and thus to lower projeéted thermal stresses.3 T%e.alioy SOOH
is welded to type 316 stainlesé steel using é filler of 16-8-2

(16 Cr-8 Ni-2 Mo-bal Fe, wt Z)'stainless steel.' Further information
regarding‘thiéAjoint deéign can be fouﬁd elsewhere. 3"

Transition joints have been suécessfully used in commercial
‘fossil-fired power plénts for many }ears with some failures in the
ferritié ﬁaterial adjacent to the fusién zoﬁe. In nuclear systems,
the conseéuénces»of failure are particularly.serious, and a design
lifetime of 36 yéars,is typically desired for\joints. Mechanical
properfie3~data for weld-metals are not curreﬁtly requifed for design
in Seégibn VIITI and Section III of.the ASME Boiier and Pressure Vessel
Code of)Code Case 1592. The ﬁechanical behaﬁior of the weld metal,
however, may affect the magnitude of the stress levels in the heat-
affected zone (HAZ) in.thé 2 1/4 Cr-1 Mo steél; ﬁhich is cqnsideréd
to be,fhe critiéal regiqn for‘failure.3’5{7‘ As a result, advanced
‘design tec;hniques""a;9 for the LMFBR are beginning to consider the
mechanical properties of weld metals, so that the characteristics of
all involved structural materials can be ihcorﬁorated in the joint design;

Tenéile data for ERNiCr-3 hgve been recently acquired 10,11,12,13
and the elastic constants have been determined.!" Analysis of available
creep and creep—rupturé data has been performed;ll’lz’ls’ls Because
Qeldments of this type will be exposéd to extensive cyclic loading,“
the elevated temperature fatigue properties of ERNiCr-3 are being

investigated.17,18




The purpose of this study was to suggest analytical rebresentations
for the cyclic stfess—strain response of ERﬁiCr—3~as obser&ed during
strain contrdlledlcontinuous cycling fatigue tests. Aréas to be
discussed'iﬁclude: number of cycles to failure as a function of plastic
‘and total strain, cyclic hardeﬁing and softening'durihg testiﬁg, developmenﬁ
of cyclic stress—st?ain curvés frém hysteresis loop tips from similar tests
at different constant strain ranges, and development of predictions of
cyclic behavior based on bilinear approximations of monotonic and cyclic
stress—strain'behavior._ The bilinear representation is an inelastic
analysis simplification which was originally suggested férqaustenitic‘
steels® but was.extended here to pfovide a ffamework within which to
analyze the behavior of ERNiCr-3.

‘Genefally, the fétigﬁe behavior of a weldment is greatly affected by
factorS'such.as the presence or absence of defects,19 the joint geométry,lé
and the fatigue behavior of the individual materials over the tgmperature
range and strain rate of interest. The aniSot%opy and‘heterogeneipy.of the
weld metal are contributory factors which are récognized but not consideréd
in this study. /Ihe scope of'thisAanalysis was limited to fwo types of
welds and(twb specimen orientations. Thus, the findings are prelimihary

in nature.

EXPERIMENTAL PROCEDURE
Material
Annealed 2 1/4 Cr-1 Mo steel plates (ASME SA-387, Grade D), 19-mm-thick,
were welded using the automatic gas tungsten arc (GTA) process with either

. hot- or cold-wire ERNiCr-3 weld filler metal additions. The GTA process
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uéing hot-wire filler additions produces high qualify welds since dilution'
is minimized ahd a higher depositién rate is élléwed per pass. Typically,
40 weld pasesbwere required for cold-wire and 16—18 weld passes were
required for hot-wire jéints. A typical vendor analySis of ERNiCr-3 wire

is given below:

Chemical Composition, wt %

Cr "Fe - Mn Nb Ti Ni-
18.0. 1.8 3.0 2.3 0.3 bal

Tﬁe joint_geometry‘of the weldments was a 30°—iﬁcludgd—angle V-groove
with a 32 mm root opening and a backing strip.”‘Tﬁé nominal weldiné parameﬁers
were as follows: 150A and 10V, with a travel speed of about 0.9 mm/s using
cold—wirelfiller additions; and 400A and 15V torch current, Qith a travel
.speed of about 0.25 mm/s, with hot-wire heated by llOA,and-fed at about
12.7 mm/s. The joints were radiographédas were the specimens;'fhose specimehs
?ffee ofudéfects were post-weld heat-treated in air at 732°C for l'hr.A

For the weld made with cold-wire filler additions,'the.chemical
comﬁosition of the étress—relieved weld metal was determined for three
positions'of the ﬁeid cross section: the center of the cross section, the
edge near the 2 1/4 Cr-1 Mo steel, ana midway Betweén these two regions
as shown in Fig. 2. Some dilutionAwas apparent as increased iroﬁ concentration
was found in weld metal areas adjaéent to the fusion line. No other elements
showed evidence of dilution. An iron concentration profile was determined
by probing the upper half of‘the cross section of.the specimen with a sta£ic

spot x-ray step scan every 1.25 mm (Fig. 3).
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The hardness and microstructures of a typical weldment made with
-cold—wire filler additions are shown in Fig. 4; The hardness pfofile
shows the ERNiCr-3 deposi; to be hardér than the annealed'é 1/4 Cr-1 Mo steel.
The microstructure of the weldment is complicated, reflecting factors
such as the difference in composition between ERNiCr-3 aﬁd 2 1/4 Cr—l Mo
and their varying response to heat treatmeﬁt. A t&pical weld metal or
cast microstructure can be observed in etched ERNiCr—B»Qeld metal (Figs. 56).

_Fatigue and tensilé specimens were machined from s .
the central portion of the weld such that the.uﬁifofm gage lengths were
completely weld metal. Fatigue spécimens (6.35-mm diam by 16-mm long
-uniform~gagé) were prepared in either longitudinal or transveréé
orientations. The buttonhead type tensile‘specimens (3.18-mm diam by 28.6-mm
gage length) were all oriented longitudinally (major axis parallei to‘the
line of fusion).. All fétigﬁe specimens were buffed longitudinally so that
circumferential grinding marks were removed, leaving a 0.20—0.28 ﬁm surface
finish. Specimens-wére subsequently radiographed again prior to testing.

‘Additional information on the specimens used can be found elsewhere.13,17,20

" - Testing Procedure
Monotonic stress—strain tests were made on an Instron machine,withAcrossheaa
speeds of 8.5 and 0.085‘ﬁm/$, Forty—threeAtestS'(SA cold%wire and 9 hot-wire)
were conducted at a nominal strain rate of 3 x 10~"%/s and gight cold-wire
tests were conducted at 3 x 10-6/s nominally, over the temperature range
25-732°C. Nineteen fatigue test specimens made with cold-wire filler
additions and twenty-nine hot-wire specimens were tested. over the temperature

range 25-593°C. All of the fatigue tests were conducted in axial strain
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control using strain ranées from 0.35-3.0% at é nominal strain rate

of 4 x 1073/s. Three longitudinal specimens were tested at 343°C; all other
fatigue specimens had transverse orientations. An axial extensometer was
used, and heat was provided by an induction coil with an air environment;

Additional information on test procedure is available.11,12,13,17

RESULTS

Fatigue Life

e first quarter-cycle of a fatigue test produces a curvé similar to "the-’

_“'"Eéﬁsiiénibading”éﬁrVé;-dsﬁélly'Showing a yield point~ and regions of elastic and 7

_~*“m_”_wiibiééfiéiflqﬁ.'MA‘bémpiéfé‘é&élé_céﬁéiépé éfwte?5i1é>l§§§iné'fél¥9yed'by leqéd%ﬁé{ifi:“

compression and unloading, resulting in a hysteresis curve (Fig. 7). The abscissa

represents total strain; the total strain range, Ac can be measured as the

t’

'hqrizontal distance between the tips of the loop. The total stress is the

| ordinate; theAstress range, Ag, is indicated by the vertical distance between
fhe loop tips.
Cyclic - life (yf) was defined to be the number of cycles to specimen failure
(separation into two hélves). The total strain range as a function of the

number of cycles to failure is shown in Fig. 8. A temperature dependence was
noted; specimens tested at 593°C failed earlier than those at lower temperatures.
In addition, the fatigde life of material made by the hot-wire GTA process was

slightly superior to that of cold-wire material. - The strain controlled low

cycle fatigue behavinr of as-deposited and stress-relieved ERNiCr-3 weld metal

'

is more fully described elsewhere. 7

..~ " The plastic strain range (total inelastic strain range) was also

‘ related to cycles to failure (Fig. 9). In a typical plot, often mo temperature



dependence‘is seen,?! but for ERNiCr-3, specimens tested at 593°C showed

a redﬁced fatigue life compared with iqwer tes£ temperatures. In addition,
it can be seen again that>the hot-wire material has a slightly better
resisfance to cyclic loading than does the cold-wire. Analytical

predictions of fatigue life shown in Figs. 8-9 will be discussed below.

Gyclic'Stress-Strain Behavior

Cyclic Hardening and Softening

Cyclic hardening or softening of a specimen during strain controlled
loading is indicated by a change in the amount of applied stress, with
number of cycles, that is required to maintain tﬁe imposed strain range.22
For many materials, this phenomenon is manifested by rapid cyclic hardeﬁing,
usually complete after a few cycles, followed by a period of stability.22
"ERNiCr-3 often displays this typical pattern.' Figures 10—11 illustrate the
detailed hardening and softening behavior during continuous cycling at
4 % 1073/s.. At low strain ranges (< 0.6%), rapid initial hardening was
followed by stable stress levels at all temperatures. Maximﬁm stress levels
were reached at a lower fraction of total life for the room temperatufe
_tests; that is, harééning was more gradual at elevaﬁed temperatures.

This pattern of change was.obtained for all low strain range tests;
at higher strain ranges (> 1.95%), the hardening b;havior of ERNiCr-3 is
more complicated. At room temperature with a 3% strain range,.the’test

specimens exhibited rapid initial hardening followed by a slight softening.

For a strain range of 1.95% at 343°C, a small amount of cyclic hardening took




place aftér the initial rapid hardening. At higher temperatures, 538 and
593°C, no sharp rapid hardening appeared as befo;e. At these higher strain
ranges, the specimens gfaduaily hardened to reach a ﬁaXimum stress value
after three-fourths the fatigue life.

Just before fatigue failure, many materials exhibit a décreasq in: .
'tensile stress amplitude, or apparent softening, which we hypothesize to.
be due to the formation of a crack. ERNiCr-3 diéplays.this'behavior, wiﬁh
softening occurring earligr in the cyclic life of fhe-room—temperature test

specimens than in those at elevated temperatures.

Cyclic Stress-Strain: Curves

The cyclic hardeniﬁg behavior of ERNiCrQB is shown also by the cyclic
stress-strain curves. The cyclic stress-strain:curve meaéurgs the.resistanCe
of the material to deformation by cyclic loading. These curves can be
directly compared with monotonic stress-strain curves. The cyclic curve
may be quite different from the monotonic loading curve, shoﬁing the change
in response dueAto cyclic lpading.: If the cyclic cur&e lies above the
monotonic curve, then the material exhibits cyclic hardéning, and if the
c&clic cur&e is lower, the material cyclically softens. 22

A hysteresis ibop from a fatigue test is partiaily characterized by a
strain range, Ast, and a stress range, Ao; When measured from the origin,
the coordinates of the loop tip correspond to Aét/Z (strain amplitude) and

Ac/2 (stress amplitude). A nest of hysteresis curves can then be represented

by these coordinates from measured values of Aet and Ao as shown in Fig. 12.
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Cyclic stress-strain curves were constructed from fhe locﬁs formed by
stress-strain amplitude coordinates at different strain rangeszz'at a
given temperature using 10th cycle, 100th cycle; and half-life values
of Ac.

For ERNiCr43,‘cyclic stress-strain curves lie above the monotonic
curves at all temperatures indicating hardening due té &yéling. In
éddition, at elevated temperatures'at low strain, tﬁé 10th cycle cufve is
the lerst cyclic curve, with fhe 10dth cycle curve being higher and ;he‘
yf/Z curve the highesé. At rbém temperature, However, the Nf/Z curvé
lies below fhe 100th cycle curﬁe, showiﬁg evidence of softening relatively
early in the tesf. Analytiéal predictions of cyclic stress-strain behavior

shown in Fig. 12 will be discussed below.

Bilinear Representations of Stress-Strain Behavior

Bilinear Approximation

.Monotonic bilinear stress—strain~éurves (Fig. 13) were constructed
fof ERNiCr-3 as described in Ref. 18. These curves consist of a liﬁear
elastic portion with a slope equal to Young's modulus, E, and a linear
"plastic” portion with a slope equal to Eg. The two lines intersect at -
a stress value of cy, or the bilinear yieid strength;~ Two bilinear

stress-strain constants, C and kg, are calculated as follows:

2 E x Eﬁ
C=§*— »
E_Em
and
2
_loyl
Ko—‘_,
3
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" where
Ko is a measure of the size of the loading, or yield surface, and

C is the slope of the deviatoric stress-plastic strain line.

" Figure 14 shows how the plastic portion of the bilinear curve is constructed.
The plastic line passes through thé points on the strésé—strain cﬁrve where
fhe stresg co;responds po the strain,‘emax and emax/Z. A second bilineaf—
ization method recommenaed for ferritic materials? was coﬁsidered, but was
rejected for ;his application as described in Ref. 18.

ForAcyclic stress-strain curves,Avalues for Eﬁ, and cbnsequently c,
are assumed to be the same as'those for the corfespoﬁding monotonic tests
at a particular strain. bFigure 7 shows how the curve is'constructed. Lines
of slopeé Eﬁ are plaéed on the upper and lower portions ofvthe stteresis loop
'chh that the two shaded areas in the figure are equal. The vertical distance
between ;he upper line and the point where the lower line intersects the

vertical is denoted by 20. The bilinearbconstant,'Ki, is_thén calculated from
K; = (20)%/12 , - @

where_
k)] is calculated from 20 at the 10th cycle,
ko is calculated from 20 at the 100th cycle, and

k3 is calculated from 20 at a cycle near the fatigue half-life, or Nf/2.

The procedure for determining Eﬁ, C, and Ki values can be found in Ref. 8.
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Bilinear Monotonic Stress—-Strain Beha-ior

The bilinear constants Eﬁ,'c; and Ky were calculated for various values
- of € ax at four test temperatures, 25, 316, 566, and 621°C, and the two
different strain rates. Thesevtemperatures were the closest to the test
temperatures used for the cyclic stress-strain.tésts;. We found Eh to be
; independent of temperature and strain rate as shown in Fig. 15. There was
also no significant differeﬁce observed between Béhavior of fhe hot—~-and
cold-wire deposited métefial. A siﬂgle mean curve was drawn through the data
to prodﬁce the values used for cyclic aﬁalysis.

-The slope C.ié a function of Eh and E. Evén.though E varies somewhat
with temperature, this dependency does not significantly affect the value of
Cc. Since Eﬁ is relatively indépendent of temperature then C is relatively'
’independent of temperature also.

Wﬁgreés both‘Eﬁ and C are independent of temperature and sﬁrain raté,
ko is not. There was no real difference between the hot- and cold-wire
data, but kj variea sometimes with strain rate. At 316°C, no discernible

,‘effecfs of strain rate were observed; however, at 566°C strain rate had a
significant bearing on.ky. This diversity is verified by Ref. 13 wHere
sigﬁificant differepées in yield strengths at the two strain rates were.

'noted_at temperatures above 450°C. Figure 16 shows kg as a function of
temperature at a typical strain range. There ié a general, but not necessarily

monotonic, trend for Ky to decrease with temperature.
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Bilinear Cyclic Stress-Strain Behavior

Values of Ki were computed from the 10th cycle, 100th cycle, and
Nf/Z cycle hysteresis loops. These fatigue test data were not generated
for thé express purpose of bilinear ar.alysis; thus, in cases where the
" gpecific loop was not évailable,‘the closest number ;opp was used. K; as
a‘function of strain aﬁplitude is shown in Figs. 17-19.

For many&materials; K3 > Kz > Kj > Kp, indicating cyclic hardening.
ERNiCr-3 displays this hardening behavior at elevated temperatures. At
room temperature, however «j is lower than Ko, thus indicating cyclic
softening. At the lOﬁh cyéle, room—-temperature specimens hérdened more
than elevated femperatufe specimens, but_by Nf/Z fhé room-temperature
ERNiCr-3 became softer than the elevated temperature test material at a
étrain»rate of & x 10’3/5. There is no indication, however, that the
material will soften to the extent that k3 values would approach the
monotonic level (k;). The room-temperature cyclic stress-strain behavior
of ERNiCr-3 is cémplex, and not enough data are available to yield a full

understanding of this behavior.

Regression Analysis

Prediction of Cyclic Stress—Strain Behavior

The relationship between cyclic stress and plastic étrain can be
gxpressed by a power function similar to that for'the~monotonic curve,
or described by a linear expression on log-log coordinates. The slope of
the line is the cyclic strain hardening exponent. Cyclic stress—-strain

curves are adequately represented by22
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do/2 = t(ae /%, (2)
o p o '
or, equivalently,
Ao = Acpe )" . . e
j2 _
where
Ag/2 = cyclic stress amplitude,
A = cyclic strength coefficient,
Aep/Z = cyclic plastic strain amplitude, and
n = cyclic strain hardening exponeﬁt.

Values for 4 and n as determinéd for the present data by least-squares

énalysis are listed in Table 1.

Table 1. Cyclic hardening constants for cyclic stress-
‘strain curves, strain controlled fatigue tests at
4 x 10-3/s strain rate.

Ac =4 (Ae Y
(p)

Temp?z§t“re 10th cycle 100th cycle Np/2 cycle
A n A n A n

22 "885. 0.118 1030 0.141 1020 0.106

343 730 0.190 895 0.262 1040 0.117

538 740 0.148 940 0.221. 1040 . 0.148

593 ) 670 0.169 920 0.283 985 0.170
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The following 'was used to define  the plastic strain

amplitude for the 10th, 100th, and Nf/2 cycles:

== | )
2 2 2E
where
Aet:= total strain range,
A& = gtress range at indicated cycle, and
E = vYoung's modulus.

Young's modulus values used for predicting cyclic stress-strain behavior -
were averaged from several hysteresis loops at a given temperature;17
By combining Eqs. (2) and (4), data from the loops can be fit by an_
. equation of the form:

Aer b0 (ao/A)1/T

—_—— . )
2 2E 2 : : :

.Since € ax is equivalent to Aet/Z, Fig. 12 illustrates fits of Eq. (5) for
538°C. as Ac/2 is plotted against € ax” Né discernible differences were
noted between results from hot- and cold-wire tests or between transverse
and longitudinally oriented specimens.

As shown in Figs. 20—22, Ac was plotted against 20. 1In géneral, a
. direct proportionality was obsérved, naﬁely 20 = 0.83 Ao, for all cases
except room'temperature tests. Using this value and substituting € ax for

Aet/z, Eq. (5) becomes:
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1.2(20) . 1.2(20)] 1/n
€ = —+ 1/2 | —— . (6)
max 2F A
Since K; = (20)2/12, then
1.2/12¢; 1.2/12¢;] 1/n
e =— 4 1/2 |—|

- (7)
max 2F A :
Predicted K; curves based on Eq. (7) for elevated temperature tests are
shown in Figs. 17—19. For the room temperature tests, a best-fit line was
drawn so that 20 = bAc%. Values for g and b are listed in Table 2. A

similar equation to Eq. (7) was derived for room temperature Ki'values; the

actual data and pfédictions are also shown in Figs.'17—l9.

Table 2. Best fit values for 2¢0 as a function of Acg
for cyclic stress-strain- tests at room
temperature, strain rate of 4 x 1073/s

Constants of

' : = a
Cycle 20 bAc
. ' a b
' 10th 1.0 0.83
100th . 1.165 0.244
Ngl2 " 1.606 0.012

Figure 17 shows kj curves at the four temperatures. As would be expected,
the curve for 25°C is the highest and the curve for 593°C is the lowest. The

343 and 538°C values do not differ much and fall between the other two curves.
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For € ax <0-75%, the 343°C curve is slightly lower than that for 538°C.

At the 100th cycle (Fig. 18), all the curves are grouped together to some
extent, but the curve for 343°C has dropped relative to the othérs to
become the lowest. At Nf/2 (Fig. 19), the relative k3 values show anotﬁer
change. The curve for 25°C is the lowest and is alﬁost identical to the
593°C curve. Thé 538 and 343°C curves are also similar, but the 538°C
curve i; slightly higher.‘ The relafive curve positions are the same in
Figs. 17 and 19, except that in Fig. 17 the.room-témperature curve is the

highést.and becomes the lowest by‘Nf/2 (Fig. 19).

Fatigue Life Prediction

T from room temperature to 538°C. At 593°C we found o = 0.664,

AAcommon method for description of fatigue life in cycles (N,) as a

function of total strain range (Aet) involves the use of power-law relation-

" ships between N _ and the elastic (Aee) and ﬁlastic (Aep) strain ranges. Thus, .

f
_ -t ’ l ‘
b, AIVf , _ | (8)
and
| pe =By B, (9)
p o
so that
pe, = te +ne =4 % +Bu P (10)'
t e p f r -

For the current data, we found o« = 0.688, 4 = 113.9, B = 0.102, and B = 1.32

A = 51,46, B =.0.108, and B = 1.24. Figure 9‘compares available data with
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predictions from Eq. (8), thle Fig. 8 compares data with predictions from

Eq. (10). The equations were developed from data for hot-wire material only.

The data for cold-ire matérialvin the figures are shown for comparison only.
It should be noted that Aee.is defined by Ag/E, where Ag is the total

stress range and E is Young's modulus. Making this substitution, solving

f f
AG/E _¥/d be, \"1/8 | .
g w
Z A ’ B-/. .

Equation (11) is of the same form as Eq.f(3). -Thus, the application of the

Eqs. (8) and (9) for N, and noting that N, must equal itself yields

commonly used power-law fatigue life equations constitutes an implicit

~assumption that the power-law cyclic stress—-strain equation is also valid.

DISCUSSION

The 'behavior 6f weldﬁentS'in défail i; the subject of continuing
studies direéted toward ﬁnaerstanding how thelabrupt change in thermal and
mechanical propertieslacross é transition jqipt affects thé service life
of the joint. Although considerafion of the cyélicfstress-strain‘behavior
of the weld metal is not specifiéally mandated by current codes, advancéd
ﬁumerical finite element analyses of elastic-plastic stress-strain states
require complete knowledge of the mechanical properties'of all involved
materials.® The current analysis was performed to.provide relevant

data for these design techniques.
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The.effect of any méterial in a jéint, particularly the weld metal, on
the behavior of the entire weldment is a complex subject requiring further
| investigation. For example, it has been shown that the thermal stresses
of one possible transition joint have been feduced by the use of
ERNiCr-3 with alloy 800H as a spool piece, placing the highest calculéted
" stresses on the alloy 800H side of the joint.” Previous studiesl3,15,16
have indicated that ERNiCr-3 is comp;rab;e in strength to alloy.800H,23
but is significantly stronger than the 2 l/ﬁ Cr-1 Mo steel?%325 to which
it will bg welded. IF is unclear how much the'differencé iﬁ streﬁgth
between materialstwill affect the behavior of the critical fegion of
the HAZ in the 2 1/4 Cr-1 Mo steel.

‘Only a limited amount of data is currently availéble. Most analyses
treat various regions of the weldment as homogeneous and isotropic, whereas
in reality, an accurate deécription would include continually varying
mechanical prbpefties with respect to locatibn in the weld. Even so,
current design techniques have become relatively sophisticated in their
consideration of propertieé such_éé fatigue and creep. More .data are
ﬁeeded to fully characterize the cyclic stress-strain response of ERNiCr-3
at temperatures and strain rates not yet investigated. 1In addition,
 aetailed further studyland ﬁodeling are necessary to determine how this
cyclic stress-strain response of the weld metal affects the behavior of

the entire transition joint. ' ' : .
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SUMMARY

The following conclusions were drawn regarding the cyclic stress-
strain.behavior of ERNiCr-3: |

1. ERNiCr-3 responds to cyclic loading by increasing reéistance
to deformation, or cyclic hardening. At low straiﬁ ranges, tﬁe material’
exhibits rapid initial hardening'followed by a nearly steady-state.condition,
until apparent softening occurs just before failure. At high strain ranges
at elevated temperatures, fhe hardening is much more graaual; the maximum
stress is not reached until ‘at least three-fourths of the fatigue life.
ERNiCr-3 displays some cyclic soffening at room temperature.

2; Comparison‘of cyclic and monotonic stress-strain data was
accomplished through the coﬁstruption o% cyclic stress-strain curves
from the stress and strain amplitude coordinates;' It was found that the
'isothermal power law, Eq. (2), adequately describes the response of

ERNiCr-3 to cyclic loading up to €nax 1.0%Z. At higher stfains, the cyclic
stress-strain behavior of this material is compléx and requires further
investigation.

3. Although the fatigue life of ERNiCr-3 filler metal made by the
automatic gas tungsten—arc process wiéh hot-wire filler additions is
slightly superior to that made with cbld—wire additions, neither the
monotonic nor cyclic bilinear stress-strain corstants were significantly
dependent on how the weld filler metal was added. It apﬁears that the
two bilinear slopes, Eﬁ and C, are independent of strain rate and temperature
for strains §2Z. Thus, the slope of the upper and lower lines for the

bilinear approximation of the hysteresis loop is determined by the strain range
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only. In addition, the cyclic stressfstrain response of ERNiCr-3 did not
appear~to vary due to the>0rientation of the specimen witﬁ~regﬁrd to tﬁé
line of fusion, that is, transverse veréus iongitudinal. ’

4. Values for « were determined for the monotonic tests (Ko) andiat
three cycles of the fatigue tests, 10th (k;), 100th (Ké), and Nf/2 (k3).
Although monotonic and cyclic tests were generélly not conducted at the
same temperatures, by-interpolétion of monotonic data, we generally found
that x; was greater than k. At elevated temperatures, k increases
isothermally with the number of éycles; at room temperature, k decreases
after the 100th cycle. Reasons for this éomewhat complicated temperature
dependence in the cyclic hérdening behavior are not understood at this time.

5. For Aé values between about 450 and 1030 MPa, the equation 20 = 0.83
Ao applies, buf from the preseﬁt dgta it is uncertain whether this relationship
is valid for Ao values outside this range (or at éther temperatures). The
direct proportionality between Ac and 2¢ obserfed for this material facilitates
behavior analysis through an extension of the isotﬁermal power law. One can
directly determine k from the stress range at a 4 x 1073/s strain rate at
elevated temperatures. Data for Ao are generally more readily available
than 20 data since the stress rangé is frequently reported in fatigue
tests. Also, Ao can be measured eésier than 20, thus decreasing the analysis
time. |

6. The extensive scatter in the data causes a large uncertaiﬁty in
the prediction of « for strain rates and temperatures other than those

for which data are available. At the present time, the strain rate and
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.temperature dependence of k are complicated and not fully understood. This
same complexity is observed in the temperature dependence of the monotonic
tensile properties. More data are needed so that these relationéhips can

be more adequately represented analytically.
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CHEMICAL COMPOSITION, wt%

SPECIMEN Cr Fe Mn Nb Ti
A 8 41 29 28 03
B . .17 19 30 24 03
C 8 17 29 .22 03
SPECIFICATION
min 18.0 25 20
max . 220 30 35 3.0 075

Balance is N/

| . Fig. 2. Cross-Section and Chemical
the Weld. '

Composition of Various Portions of
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Fig. 4. Hardness Measurements on a Weldment Joining 2 1/4 Cr-1 Mo Steel
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The weldment was fabricated by the automatic gas
tumgsten-arc process with cold wire filler additions and then stress relieved
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Fig. 5. Three Dimensional Photomicrograph Showing Microstructure Obtained
by Welding 2 1/4 Cr-1l Mo Steel with ERNiCr-3. The weldment was prepared using
the hot wire automatic gas tungsten-arc process.
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i ERNICr-3 ‘
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y POINTS REPRESENT EXPERIMENTIAL DATA -
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Fig. 8. Relationship Between Strain Range, Aey, and Cycles to Failure,
for ERNiCr-3. Experimental fatigue lives are related to predicted

Ne,
f}z:tigue lives.
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Fig. 10. Measured Stress Range During Cycling of Hot Wire ERNiCr-3
at Room Temperature (25°C) as a Function of Fraction of Cyclic Life.
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Fig. 12. Cyclic Stress-Strain Curves for ERNiCr-3 as Obtained from Three
Cycies of Fatigue Tests. Data and predictions are shown in relation to the

monotonic curve.
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Fig. 17. Relationship Between X and Strain Amplitude, Ae./2, for ERNiCr-3 ‘
as ‘Calculated from the 10th Cycle of Cyclic Stréss-Strain Tests. Predictions .
of X from the isothermal power law are also shown. ' S
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Fig. 18. Relationship Between X and Strain Amplitude, Aet/2 for ERNiCr-3
as Calculated from the 100th Cycle of Cyclic Stress-Strain Tests. Predictions
of X from the isothermal power law are also shown.
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Fig. 19. Relationship Between X and Strain Amplitude, bey/2, for ERNiCr-3
as Calculated at Ng/2 of Cyclic Stress-Strain Tests. Predictions of X from the

isothermal power law are also shown.
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