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' REVISED ANALYSIS OF THE TRANSITION JOINT LIFE TEST*

W. K. Sartory
ABSTRACT

The Transition Joint Life Test was performed by General
Electric and the Energy Technology Engineering Center and was
analyzed earlier by General Electric. Because of later de-
velopments in analysis techniques and in our understanding of
the stress behavior near a dissimilar metal weldment, agreement
was reached between General Electric and Oak. Ridge National -
Laboratory's High-Temperature Structural Design program that
a more up-~to-date analysis was needed. This report presents
results of a new analysis incorporating modified mechanical
properties, revised constitutive equations, and a more refined
finite element grid. The structural life prediction of the
present report is quite conservative (~3 cycles of predicted
life compared to 12 to 25 cycles of measured life), whereas the
earlier General Electric analysis was underconservative by a
similar factor.

Keywords: transition joint, dissimilar metal weldment,
structural failure, thermal transients, ratchetting, creep-
fatigue damage, inelastic analysis, piping

1. INTRODUCTION

Electrical power plants sometimes include both austenitic stainless
steel and ferritic steel piping. The transition joints that couple the
dissimilar metals have posed a reliability problem for fossil-fueled power
plants and pose a potential reliability problem for liquid-metal-cooled
fast breeder reactor (LMFBR) plants. In 1974, General Electric (GE)
undertook a program involving both testing and analysis to improve the
joints. The most detailed analysis was performed by Yang and Palmer!
beforebany testing was carried out and was eventually found to be noncon-
servative by a factor of about 5. Following the Yang and Palmer analysis,

additional information on the mechanical properties of transition joint

*Work performed under DOE/BTP AF 15 40 10 3, Task No. OR-1.1, High--
Temperature Structural Design Technqlogy.



life test (TJLT) materials was obtained, changes were made in the recom—
mended constitutive equations, improved creep—rupture criteria were devel-
oped, and a study was performed on the effect of grid refinement near a
dissimilar metal weldment. As a result, there has been some interest in
the effect of these changes on the TJLT l1life predictionm.

The Weldment Design Methodology subtask of the ORNL High—Temperature
Structural Design program includes analytically assessing the deformation
and failure behavior of structural weldments. The present revised analy-
sis of the TJLT was performed under that subtask to contribute to our
understanding of the adequacy of current design methodology as applied to

transition joints.



2. SPECIMEN WELDMENT DESCRIPTION AND FINITE ELEMENT GRID

Each TJLT specimen? was a 0.457-m—OD (18-in.) pipe with a 25.4~mm
(1.00-in.) wall incorporating three different base metals, two different
weldment filler metals, and five different dissimilar metal circumferen-
tial weldments spaced far enough apart to avoid structural interactions
(Fig. 1). Only one weldment involving 2 1/4 Cr-1 Mo steel and Alloy 800H
base metals and ERNiCr—3 weld metal (Fig. 2) is analyzed in this report.
The finite element grid is shown in Figs. 3 and 4.

Although the portion of the structure analyzed comprised only three
different alloys, the analysis also incorporated a fourth material — the
heat-affected zone (HAZ) of the 2 1/4 Cr-1 Mo steel, which was taken to
have different mechanical properties from the 2 1/4 Cr-1 Mo steel base
metal. Based on a recommendation of McAfee et a1.,3‘the HAZ was assumed
to have a thickness of 1 mm (0.040 in.). The grid extended far enough on
both sides of the weldment to minimize structural end effects. The end
boundary conditions applied an axial load and permitted axial deflection
but prevented rotation.

It is evident from Fig; 3 that the finite element grid is more highly
refined in the neighborhood of the intersection between the ERNiCr-3/HAZ
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Fig. 1. TJLT Spool Assembly. Only weldment 4 is analyzed in this
report. 1 in. = 2.54 cm.
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Fig. 2. Dissimilar metal weldment geometry and material zones.
Coolant flow direction is from left to right.
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Fig. 3. Structural finite eiement grid. (a) Complete grid of 1298
elements showing end conditions. (b) Expanded view of weldment showing

material zones.
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Fig. 4. Expanded view of the finite element grid refinement region.
There are 328 elements in this region.

boundary and the outer surface of the pipe. There are two reasons for
this refinement: (1) it is known from practiéal experience with transi-
tion joints as well as from the TILT tests that initial failure occurs
near the intersection, and (2) earlier analytical studies* suggest a

stress singularity at the intersection.



3. LOAD CONDITIONS

One of the difficulties in analyzing a weldment is determining suit-
able initial conditions. The present specimen was subjected to a postweld
heat treatment for 1 h at 727°C (1340°F). For the analysis, the postweld
heat treatment was assumed to leave the specimen in a stress—free state
at 727°C (1340°F). All stresses and strains were assumed to be zero,
and the geometry was assumed to be a perfect cylinder with the specimen
depressurized at 727°C (1340°F). .

Before the first thermal downshock was performed in the test, a se-
ries of thermal and mechanical load cycles was carried out to condition
the strain gages. These cycles involved (1) cooling the specimen from
727°C (1340°F) to room temperature (RT), (2) slow thermal cycling between
RT and 593°C (1100°F), and (3) axial load cycling between O and 1.779 MN
(400 kips) aﬁd»between 0 and 3.114 MN (700 kips) at both RT and 593°C
(1100°F). In the analysis, although no attempt was made to follow the
exact number and sequence of the pretest cycles, one cycle of each type
was performed to place the specimen in the proper initial elasfic—plastic
state. Then the specimen was slowly heated from RT to 593°C (1100°F),
an axial load of 1.779 MN (400 kips) was applied, and the first thermal
downshock was begun.

Two types of thermal downshock were applied in the TJLT experiments.
The downramp rate was nominally 5.6°C/s (10°F/s) for the mild downramp and
11.2°C/s (20°F/s) for the severe downramp. The previous analysis of Yang
and Palmer! used the mild downramp but the'present analyses used the se-
vere downramp that was'applied throughoutbthe test of specimen No. 1 and
during the initial testing phase of specimen No. 2.

In the tests and in the present analysis, after the thermal downramp
was completed, the specimen was reheated slowly to 593°C (1100°F) and held
at that temperature for 66 h at full 1.779-MN (400-kips) axial load while
creep occurred. Then the next downramp was applied.

In the test, the axial load was removed occasionally and the specimen
was slowly cooled to RT for inspection. In the present analysis, the load
was never removed, and the specimen was never cooled to RT after the first

downramp. The analytical load history is shown in Fig. 5.
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Fig. 5. Diagram of TJLT conditions showing nominal thermal downramp.
The actual metal inner surface temperature is more complicated than the
simple piecewise linear form shown on this schematic diagram. 1°C =
1.8°F; 1 MN = 225 kips.



4, MATERIAL PROPERTIES

4,1 Thermal and Elastic Properties

The thermal and elastic properties of 2 1/4 Cr-1 Mo steel, Alloy
800H, ERNiCr-3 weld metal, carbon steel (used for the centerbody), and
nitrogen (the coolant) were obtained from various sourcés and fitted to

least~squares polynomials in temperature as presented in Table 1.

4,2 Creep Equation

McAfee et al.3 performed a few additional creep tests of samples from
a TJLT weldment ring and, based on the results, recommended creep equa-

tions to be used in the present analysis.

4.2.1 2 1/4 Cr~1 Mo steel base metal creep equatiomn

For the 2 1/4 Cr-~1 Mo steel base metal, the Nuclear Systems Materials
Handbook® equation was used with an ultimate tensile strength parameter

: of 305.5 MPa (44.3 ksi) as recommended by McAfee et al.3

4,2.2 2 1/4 Cr-1 Mo steel HAZ creep equation

For the 2 1/4 Cr-1 Mo steel HAZ, McAfee et al.3 recommended that the
equations and data be re—examined. Based on only two creep curves mea-
sured with normalized and tempered material at 593°C (1100°F) and 100 and
155 MPa (14.5 and 22.5 ksi), respectively, a new equation was fit by least

squares to obtain:

c _ _Cpt
1 + pt m

where

-2,06653 + 0.764960 lo ag).
. C = 10( g10 ),
-8,94363 + 3.79156 lo ag).
D = 10€ 8100);
. ~13,7233 4+ 5.,24422 lo ).
b = 10 8109);

e = creep strain, ¥%;

t = time, hj

o = stress, MPa (1 MPa = 0.145 ksi).



Table 1. Thermal and elastic propertiesa of TJLT materials
? Coefficient of power of T
Property Symbol Matefial 0 ” " = ” 5 Source
Thermal expansion’ In (L/k,) 2 1/4 Cr-1 Mo O, 0.614909 x 1075  0.217533 x 1078  —0.623780 x 10712 ASMES
Young's modulus E 2 1/4 tr-1 Mo 0.309720 x 108 —0.591580 x 10% 0.225475 x 101 —0.268175 x 1072 ASME®
Poisson's ratio 2 1/4 Cr=1 Mo 0.254 0.154 x 1073 —0.126 x 1078 NSMHS
Thermal conductivity k 2 1/4 €r-1 Mo  0.170369 x 10! 0.646639 x 1073  —0.136303 x 1073 0.908054 x 1079 —0.356050 x 10-12 0.611225 x 10"16  NSMHS
Volumetric heat capacity pg 2 1/4iCr—1 Mo  0.297074 x 1071 0.807612 x 107° 0.246302 x 1077  —0.399890 x 10~10 0.234064 x 10713 NSMH®
Thermal expansion ln (2/2,) Alloy 80OH 0. 0.709001 x 1073 0.550265 x 108 —0.78128 x 10711 0.556507 x 10714 —0,135210 x 10717  ASME®
Young's modulus E Alloy 800H 0.286182 x 108 —0.316966 x 10*  —0.115501 x 101 ASME®
Poisson's ratio v Alloyisoon 0.332072 x 100 0.721963 x 10™*  —0.691618 x 107/ 0.333395 x 10~10 Yang and Palmer!
Thermal conductivity k Alloy '‘800H 0.531560 0.440375 x 1073 Yang and Palmer!
Volumetric heat capacity  pCp Alloy 800H 0.348923 x 10”1  —0.133352 x 10~5 0.249120 x 1079 . Yang and Palmer!
Thermal expaansion “1n (2/2) ERNiCﬁ—B 0. 0.675113 x 107> 0.308443 x 1078 —0.261170 x 1071! 0.108939 x 1071* Yang and Palmer!
Young's modulus E ERNiCr-3 0.285893 x 108 —0.101035 x 10" —0.289616 x 101 G.E. MARC output’
Poisson's ratio v ERNin—3 0.262018 0.565259 x 107" Yang and Palmer!
Thermal conductivity k ERNiCr-3 0.688350 0.361509 x 1073 0.490290 x 10~7 C. Yang®
Volumetric heat capacity  pCp ERNiCr-3 0.311515 x 1071 0.120726 x 10~ —0.101547 x 10~/ 0.572581 x 10711 Yang and Palmer!l
Thermal conductivity k Carbon steel  0.251019 x 10! —0.221639 x 1073  —0.831207 x 107®  0.301386 x 1079 NSMH®
Volumetric heat capacity  pCp Carbon steel 0.274585 x 1071 0.344540 x 10™% —0.415233 x 10~7 0.264235 x 10710 NSMH®
Thermal conductivity k Nitrogen 0.109024 x 1072 0.198991 x 1075 —0,602150 x 10~° 0.151105 x 10712 NSMH®
Viscosity | u Nitrogen 0.317249 x 1072 0.553169 x 1075 —0.241541 x 1078 0.112726 x 10711 —0,254540 x 10713 NSMH®
Specific heat capacity Cp Nitrogen 0.249072 ~0.913119 x 1075 0.444823 x 107  —0.155560 x 10710 NSMH6

AThe equations of this table are in Engiish engineering units., 1In particular,

T is in °F; T(°C) = [T(°F) — 32]/1.8

2, is the length of a specimen at —17.8°C (0°F)
2 is the length of a specimen at teémperature T
6.894757 x 1073

E is in psi;

1l psi =

v is dimensionless

k is in Btu/h in.
oCp is in Btu/in.3 °F;

°F; 1 Btu/h in. °F
1 Btu/in,3 °F =

y is in 1lbm/in. h; 1 lbm/in. h = 4,961
Cp is in Btu/lbm °F; 1 Btu/lbm °F = 4184 J/kg K

b

'

MPa

20.75 W/m K
115.8 MJ/23 K
x 1073 pa s

} any consistent units

The usual instantaneous thermal expansion coefficient is related to the quantity 1n (2/20) given in this table by a

d[1n (2/2,)1/dT.
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4,2.3 ERNiCr-3 weld metal creep equation

For the ERNiCr-3 weld métal; following the recommendation of McAfee

et al., the Yang and Palmer equation was used:

ec = Atmone—KQ/(RT) ’
where
A = 0.00216%,
m = 0.25,
n = 4,0, , :
Q = 256.5 MI/mol (61,300 kcal/mol),
R = 8314.4 J/mol K (1.987 kcal/mol K),
K = 0.3,
o = stress (ksi) (1 ksi = 6.894757 MPa),
T = temperature (K) (1 K = 1.8°R).

4.2.4 Alloy 800H creep equation

For Alloy 800H, McAfee et ‘al.3 recommended the  Yang and Palmer?

equation:
c Cpt .
T 1 +.pt “nt
where
- 1 — .7,610,12 :
= 10(28. 8341 46,083.2/T + 22" 1og100);
P = lg/tl;
¢ = 10("35-51 + 45,276.9/T + 8.707 logjgo 12,;76-7 log09).
1= H

C=€2—émt2;
1oC7+238% — 11,298.8/T + 2,153:8 10g,0),

t, = 0.00135 exp (5,483.2/T)t _0-940, T > 866 K;
_ 6,431.06
10( 18.452 + 3#,025.8/T___~__ff___ 1og100);

€~ = creep strain, 73
T = temperature, K (1 K = 1.8°R); o
o = effective stress, MPa (1 MPa = 0.145 ksi).
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In exercising the Alloy 800H equation, 1t was found to predict nega-
tive creep strain for some stresses at 593°C (1100°F). The negative pre-

diction was prevented by replacing the equation for C given above by

C = max (0., €, —-émtz) .

4.3 Creep-Rupture Properties

For the creep rupture of 2 1/4 Cr-1 Mo steel base metal, 2 1/4 Cr-1
Mo steel HAZ and ERNiCr—3 weld metal in a uniaxial stress state at 593°C
(1100°F), the following data were taken from Yang and Palmer! (Table 2).
In applying the data, linear interpolation or linear extrapolation on a

log-log scale was used.

Table 2. Creep—rupture data at 593°C (1100°F)

Stress-to-rupture (ksi)%

Time _

() 5 1/4 Cr-1 Mo base 2 1/4 Cr-1 Mo HAZ  ERNiCr-3
102 17.5 22.29 54,5
103 14.76

10t 8.74 9,29

109 5.36 40.65

2] ksi = 6.894757 MPa.

For creep rupture of Alloy 800H, Table I-14.6C of ASME Code Case®
N-47-21 was used. Unlike the data of Table 2, the ASME creep rupture

represents a minimum stress—to-rupture and incorporates some conservatism.

4.4 Yield Stress

Based on the data of McAfee et al.3 and of Yang and Palmer,1 linear

equations for yield stress as a function of temperature wevre developed:

2 1/4 Cr-1 Mo steel bhase metal: oy = 28,000 - 8.70 T,
2 1/4 Cr-1 Mo steel HAZ: oy = 59,500 — 27.7 T,

Alloy 80O0H: oy = 26,200 — 4,341 T,

ERNiCr-3: oy = 47,800 — 8.182 T,
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where oy is the yileld stress in psi (1 psi = 6.894757 x 1073 MPa), and

T is the temperature in °F {T(°C) = [T(°F) —-32]/1.8}.

4,5 Plastic Modulus

Plasticity in the TJLT analysis is mainly thermal plasticity. The
analysis of thermal plasticity has recently been studied by Clinard.l0
Based on the recommendation of Clinard, the plastic modulus in the present

work was taken to be

do
EP = — LI 4 for the 2 1/4 Cr-1 Mo steel HAZ
o dT
and
p 1 doy
EY = — 6-.—7—5——& 'd?- for the other three metals .

In the present work (unlike that of Clinard10), a temperature-dependent
thermal expansion coefficient, o, 1s used, whereas doy/dT is constant.

The use of a temperature-dependent EP was not considered justified, there-
fore, in evaluating the equations for EP, a constant value of a was cal-

culated at 316°C (600°F), with the results as given in Table 3.

Table 3. Plastic modulus

Material EP
2 1/4 Cr-1 Mo HAZ 23.6 GPa (3.42 x 10% psi)
2 1/4 Cr-1 Mo base metal 9.86 GPa (1.43 x 10°® psi)
Alloy 800H 4.34 GPa (0.629 x 10% psi)

ERNiCr-3 8.86 GPa (1.28 x 10° psi)
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5. THERMAL ANALYSIS PROCEDURES AND RESULTS

Thermal analyses for the present work were performed using the finite
element program CREEP-PLAST-HEAT.!! The thermal finite element grid was
identical to the structural grid shown in Fig. 3 except that the center-
body [a concentric 380-mm-OD (14.95-in.) carbon steel shell with a 4.76—mm
wall (0.1875~in.)] was included in the thermal analysis. The nitrogen
coolant stream that flowed between the specimen and the centerbody was
modeled with finite differences to calculate the axial temperature distri-
bution. Heat transfer between the coolant and the metal surfaces was rep-—
resented by the equation recommended by McAdams.!2 The coolant inlet
temperature and mass flow histories were obtained from Table 4. The outer
surface of the specimen and the inner surface of the centerbody were as-
sumed to be insulated.

The most imporfant result of the thermal analysis (so far as the
structural effect is concerned) is the temperature differential across the
specimen wall. Ring et al.? report temperature differential histories for
three measured severe downramps in the 2 1/4 Cr-1 Mo steel base metal near

the weldment that is analyzed in the present work. The initial thermal

analysis predicted a temperature differential significantly smaller than

reported by Ring et al.2 The heat transfer coefficient calculated from
the standard correlation was then multiplied by 1.25, and the analysis

was repeated to obtain the comparison illustrated in Fig. 6. This com—
parison was considered satisfactory so the thermal results with the 1.25

factor were used in the structural analysis.
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Table 4. Coolant mass flow and inlet
temperature history used
in the analysis

Time Mass flow rate? Sz;$:::ti:i t

(h) (1b/h) or)
0.0 0 140
0.0002778 5,400 138.6
0.0005556 10,800 137.6
0.0008333 16,200 136.4
0.0011111 21,600 135.3
0.0013889 27,000 134.4
0.0016667 32,400 133.5
0.0019444 37,800 132.6
0.0022222 43,200 131.5
0.0025 48,600 130.8
0.0027778 54,000 129.9
0.0030556 59,400 129.1
0.0033333 64,800 128.3
0.0036111 70,200 127.7
0.0038889 75,600 126.8
0.0041667 81,000 126.2
0.0044444 86,400 125.5
0.0047222 91,800 124,8
0.005 97,200 124.2
0.0052778 102, 600 123.6
0.0055556 108,000 122.9
0.0058333 113,400 122.3
0.0061111 118,800 121.7
0.0063889 124,200 121.0
0.0066667 129,600 120.5
0.0069444 135,000 119.9
0.0072222 134,892 119.2
0,0075 134,802 118.7
0.0077778 134,712 118.1
0.0080556 134,622 117.3
0.0083333 134,532 117.0
0.0086111 134,442 116.2
0.0088889 134,351 114.8
0.0091667 134,262 112.5
0.0094444 134,172 109.0
0.0097222 134,082 104.5
0.01111 133,632 86.3
0.0125 133,182 74.0
0.01389 132,732 67.7
0.01528 132,282 62.2
0.01667 131,832 58.7
0.01806 131,382 55.8
0.01944 130,932 53.8
0.02083 130,482 51.5
0.02222 130,032 49.5
0.02361 129,582 48
0.025 113,400 47
0.02639 97,200 46
0,02778 81,000 45
0.03056 69,468 42
0.03333 59,185 40
0.03611 50,189 39
0,03889 42,479 38
0.04167 36,054 37
0.04444 30,915 36
0.04722 27,063 35
0.05 24,496 35
0.05278 23,215 35
0.05556 23,220 35

2] 1b = 0.454 kg.

brcecy = [T(°F) ~ 32]/1.8.
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6. TINELASTIC STRUCTURAL ANALYSIS PROCEDURES

Structural analyses were performed using the finite element program

PLACRE.!3 The constitutive equations used (following Clinardl®) were:

the yield condition:
1@.—a.xs.—aqlﬂ=o .
2 71 157413 1j y

the flow law:

p .1 (3 — - -
deij o [Co (skl akl)dokl MdT] (Sij aij) ,
y y
2
withc=3;«:p;
the growth law for aij:
da,, =1 [2-(s . —a ) do, . —NdP —MdT| (S,. — a,.) ;
ij oy 20y kl kl kl ij ij’ >’

the growth law for oy:
doy = NdP + MdT .

The variables are identified in the usual manner: o _ = V3k 1is the bi-
linear uniaxial yield stress; P = f\/2/3 dEE

) ,
,de,, is the path length of
§9%13 p g

plastic strain; T is the temperature; C is the bilinear plastic hardening
coefficient; aij is the center of the yield surface; Egj 1s the plastic

strain; oij and Sij

N and M are functions that specify the.change of dy with change of path

are the stress and stress deviator, respectively;

length and temperature, respectively.

In the present work, it was felt that the amount of data available
did not justify the development of a law giving the effect of plastic

strain dP on oy. Thus, N was set to zero; a fully hardened yield stress

was used; and

do = MdT ,
y
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where M was obtained by differentiating the equations for the material
yield stress given earlier.

The maximum a-reset procedurel'+

was followed. That 1is, whenever
elastic unloading occurred in an element, the value of a, . was shifted
toward the origin as far as possible (until a = 0) consistent with the
requirement that the current stress point must not fall outside of the
yield surface.

Creep behavior was described in PLACRE by an equation—of-state formu-

lation using strain hardening. The creep strain increment was given by

C 3 Ec(o EH) .
de,, = - ——2>2—* g7 dt ,
ij 2 Py ij

where €° is the effective creep strain rate obtained from uniaxial data,

s is the effective stress,

VZ ij “ij °

—H

€ 1is a modified effective total* creep strain, and dt is the time incre-
—H- -

ment. In the case of monotonic creep, € 1is the effective total creep

strain,

- [gec EC
3 713 Tij o

In the case of creep under cyclic loading, speciai rules»have been
established for determining EH, besed on the loading history.l'+ The
cyclic creepurules ovaef. 14 were used in the preseant work.

| The procedure that brings in an influence of reverse plastic strains
1k

on subsequent creep response predictions was used.

o *Total creep strain means the sum of the primary and secondary creep
strains. (Some strain-hardening procedures use only the primary creep
strain for -hardening.)
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Creep-rupture damage was evaluated in the usual way by calculating

the integral
fra
o Ty’

where t is time, and T; is the creep—rupturé time at the actual calculated
HuddlestonlS equivélent stress level.

Note that, for design burposes, the calculated stress is usually
divided by a constant K° < 1.0 before evaluating the creep~rupture time
Td in order to ensure conservatism. Conservatism was not incorporated
into this analysis. The damage integral was taken over the creep-hold
périods only.

The Huddleston equivalent stressl® is given by

| —1\1.0 ! Jl
=3 20 -
o, =3 81 <3 S1> exp |0.24 <S > ,

S

where
‘J1=01+02+03,
S = Omax—J1/3,
T =/(o1 —02)2 + (02 — 03)2 + (03 — 01)2/2,

2 4+ 52 2
SS \kl o5 + 0%

0y, 0y, 03 are the principal stresses,

[+ = , .
mnax max (01, 02, 03)
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7. ANALYTICAL RESULTS AND COMPARISON WITH EXPERIMENT

The principal result of the present work is the prediction of time-
to-failure. The calculated fatigue—damage fraction is less than about
0.1%Z of the creep damage and, following Yang and Palmer,! is not included
in the life assessment. Analytical failure is taken to mean unit calcu-
lated creep damage and was reached during the third—-cycle creep—hold pe-
riod. Experimentally, failure is taken to mean the occurrence of the
first observable crack and was reached some time between cycles 12 and 40
(out of 53 cycles performed) in TJLT specimen No. 1l and some time before
cycle 25 (out of 25 severe cycles performed) in specimen No. 2. In the
Yang and Palmer analysis1 (which applied to a somewhat milder cycle than
analyzed herein), predicted failure occurred in 158 cycles. Thus, the
present analysis 1s significantly overconservative in predicting the
allowable structure life whereas the Yang and Palmer analysis is under-
conservative.

One way to illustrate the significance of the discrepancy between
calculated and measured failure time is to plot the probability density of
the predicted failure. Creep—rupture tests, even the simplest constant-
load isothermal uniaxial tests performed in the metallurgical laboratory,
always show significant scatter; it is therefore reasonable to treat
predicted failure in a statistical sense as was done earlier for test
TT6.1® For the present analysis, we use the probability density curve
adopted by Ring et al.? shifted to agree with the present prediction of
fallure at the third cycle (Fig. 7). Also shown on the figure is the ex-
perimental failure range taken for the purposes of illustration to be 12
to 25 cycles. (Failure was observed to occur some time between cycles 12
and 40 in specimen No. 1 and between cycles 1 and 25 in specimen No. 2.
If we assume that failure occurred in the same cycle in the two duplicate
tests, it must have occurred between cycles 12 and 25. If we do not make
such an assumption, we can only say that both failures occurred between
cycles 1 and 40, an interval that includes essentially the entire plot of
Fig. 7.)

Figure 8 shows the calculated creep damage contours in and near the

HAZ near the outer pipe radius at the end of the third cycle. The region
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Fig. 7. Calculated probability density of predicted cycles-to-
rupture compared to experimental range for crack initiation.

of unit creep damage extends about 220 um (9 mils) deep from the outer
surface ‘into the HAZ. The creep damage fraction in the 2 1/4 Cr-1 Mo
steel base metal exceeds 0.1 but does not reach 0.2. By contrast, Yang
and Palmer! calculated higher creep damage in the 2 1/4 Cr-1 Mo steel base
metal than in the HAZ. The creep damage fraction is much less in the
ERNiCr-3 weld metal and in the Alloy 800H (not shown) than in the 2 1/4
Cr—1 Mo steel. The calculated fatigue damage fraction is less than about
0.1% of the creep damage and, following Yang and Palmer; is not included
in the present life assessment.

Figure 9 shows the Mises effective stress contours near the weldment
at the beginning of the third creep-hold period. The highest effective

stress occurs near the inner surface in the ERNiCr-3 weld metal. The
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Fig. 8. Calculated creep damage fraction contours at end of third
cycle.

highest stress in the HAZ also occurs near the inner surface of the pipe,
but the inner surface HAZ stress decreases rapidly during the creep—hold
period. The effective stress in the HAZ diminishes toward the interior of

the wall and then increases again near .the outer surface. The effective
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Fig. 9. Calculated contours of Mises effective stress at start of

third creep hold period. The stresses are given in MPa. (1 MPa = 0.145
ksi.)
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stress near the outer surface of the HAZ persists longer during the creep-
hold periods and thus causes the greatest creep damage. (The creep damage
reported herein was based on the Huddleston equivalent stress rather than
the Mises effective stress, but the difference is minor for the conditions
of the analysis.)

Figure 10 shows contours of the calculated effective creep strain at
the end of the third cycle. The maximum effective creep strain occurs in
the 2 1/4 Cr-1 Mo steel base metal near the outer surface of the pipe near
the HAZ. The effective creep strain in the HAZ exceeds 0.0075 m/m near
the outer surface of the pipe, but the contours in the HAZ are not clearly
distinguishable on the scale of the figure.

Figure 11 shows contours of the calculated effective plastic strain
at the end of the third cycle. The peak effective plastic strain occurs
at the inner surface in all four metals, reaching 0.006 m/m in the 2 1/4
Cr-1 Mo steel base metal, 0.005 m/m in the HAZ, 0.003 m/m in the ERNiCr-3,
and 0.003 m/m in the Alloy 800H. The plastic strain also increases near
the outer surface near the HAZ but does not reach the inner surface value.

Comparison of the strains predicted in the present analysis with the
strain measured and predicted by GE is also of interest. Ring et al.? do
not present overall ratchetting strains, but they do present incremental
strains during the creep—hold period of the second cycle. The most in-

teresting of the creep strain results are those obtained by the axial

gages designated Cl0 and Cll as presented in Table 5.

Table 5. Comparison of incremental strains®
during the second creep period

Experimental
Gage Material GE analysis ORNL analysis specimen

No. 1 No. 2
Cc10 2 1/4 Cr-1 Mo 115 736 520 560
cll 2 1/4 Cr-1 Mo 130 881 370 270

AA11 strains are in pm/m.
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The strains predicted by GE are significantly less than those of the
present analyses, probably because of the milder thermal downramp applied
and the difference in material properties used. The experimental results
lie between the two calculations. Also notable is the result that, in
both analyses, the strain is greater at gage Cll [~150 mm (6 in.) from the
weldment] than in gage Cl0 [~75 mm (3 in.) from the weldment], whereas the

measurements show the opposite trend.
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8. DISCUSSION OF RESULTS

In this section, the discrepancies between the present work and the

2

TJLT experiments? and between the present work and the analyses of Yang

1 are discussed.

and Palmer
First, note that the magnitude of.the difference between the present

prediction of time-to—-failure and the observed crack initiation in the

TJLT experiments 1is comparable to the magnitude of the difference found

in the earlier TT6 experiment,16

so such a discrepancy is not surprising.
The analytical/experimental discrepancy in the ratchetting creep strain
is also not out of line with earlier work.

On the other hand, specimen Nos. 1 and 2 provide two independent

experiments that seem to give discrepancies relative to the analysis that
are in the same direction and roughly of the same magnitude.* This con-
sistency of the experimental results greatly reduces the plausibility of
attributing the analytical/experimental discrepancy to the usual random
scatter of creep-rupture experiments and is strong evidence that the dis-
crepancy 1s due to uncertainties of assumptions and input for the analyti-
cal prediction procedure.

Although a few additional mechanical property measurements were made
in preparation for the present analyses,3 the overall amount of heat-
specific data available is less than in the earlier TIT test series.17719
Property uncertainty, therefore, remains a significant source of error
in the analyses.

The HAZ modeling problem also presents unusual difficulties. Al-
though a single BAZ with a 1.02-mm (0.040-in.) thickness was adopted for
the present analysis, it 1s possible that a multizone model20 or even a
continuous—property-variation model is needed for a satisfactory analysis.

The fusion boundary singularity problem also requires discussion.

The fusion boundary between the ferritic 2 1/4 Cr-1 Mo steel and the aus-
tenitic ERNiCr-3 weld metal 1s expected to be quite sharp. In the region

*Since specimen No. 2 was already cracked at the first inspection,
it cannot definitely be proven that it did not fail much earlier, but the
small, measured crack depth -at 25 cycles strongly suggests that it failed
long after the 3-cycle prediction of the present analysis.
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where the fusion boundary intersects the surface of the pipe, a stress
singularity occurs" that can give rise to infinite predicted stresses.
The appropriate method of handling an infinite predicted stress in the
current life prediction methodology is not clear. In the present work
unbounded predicted stresses were avoided by deliberately limiting the
smallest finite element to 0.13 mm (5 mils). This was done on the grounds
that, although much smaller elements were likely to lead to prediction of
even higher stresses, a high stress that was limited to a region smaller
than 0.13 mm (5 mils) would not cause an observable crack. The adequacy
of the 0.13-mm (5-mil) element size and even the appropriateness of
resolving the stress singularity problem in this way are still open to
question, however. -

We now turn to discussion of the discrepancy between the present work
and the Yang and Palmer analysis.1 In some ways, this discrepancy could
be more disturbing than the analytical/experimental différence because it
is much larger and because, if variods analysts cannot make consistent
predictions, then there is no hope of predicting experimental behavior.

To elucidate the creep damage evaluations, we report some relevant
calculated Mises effective stresses* in Table 6.

As a basis of comparison, line (1) of Table 6 gives the primary axial
stress, which is the same in both analyses throughout the test. Line (2)
(also included for reference -purposes) indicates that at the outer surface
during the third cycle of the present analyses in the region of the 2 1/4
Cr-1 Mo steel base metal, far from the weldment, the stress decays from
110 MPa (16 ksi) at the start of the creep~hold period to 55 MPa (7.9 ksi)
at the end of the creep—hold period (i.e., the effective stress decays
almost to the primary stress level). Line (3) shows the peak stress in
the HAZ during the first cycle of the present analyses, and line (4) gives
the same result for the Yang and Palmer analysis. At the start of the
first creep-hold period, the calculated stresses are not too different,

but the stress at the end of the first creep—hold period provides the

*Creep damage in the present work is based on the Huddleston equiva-
lent stress rather than the Mises effective stress. Examination of the
calculated stress tensors indicate that the difference is only about 10%
of the effective stress. The calculated stress differences in Table 6 are
much larger.
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Table 6. Comparison of calculated effective stresses of the
present analyses with those of Yang and Palmer

Start of End of hold

Quantity hold period period
[MPa (ksi)] [MPa (ksi)]
l. Primary axial stress 52 (7.5) 52 (7.5)
2, Outer surface effective stress at third 110 (16) 55 (7.9)
cycle far from weldment (present work)
3. Peak HAZ effective stress in first 159 (23) 104 (15.1)
cycle (present work) .
4., Peak HAZ effective stress in first 148 (21.5) 43 (6.3)
cycle (Yang and Palmer)
5. Peak HAZ effective stress in third 141 (20.5) 128 (18.6)
¢ycle (present work)
6. Peak HAZ? effective stress in fourth 37 (5.4) 34 (4.9)

cycle (Yang and Palmer)

: aYang and Palmer report higher ‘stresses and more creep damage
in the 2 1/4 Cr-1 Mo steel base metal near the HAZ than in the HAZ
itself.

first major discrepancy. The stress calculated in the present work decays
less in the HAZ than in the region far from the weldment reported in line
(2), whereas the stress calculated by Yang and Palmer decays even below
the primary stress. Two possible reasons are suggested for this differ-
ence: (1) the HAZ creep equation used in the.present work (and the ex-
pe;imental creep curves on which it was based) indicates a smaller creep
rate than the equation used in the Yang and Palmer analysis; and (2) it
is believed that with the more highly refined grid used in the present
analyses, a significant amount of elastic follow-up occurs near the stress
singularity. That is, as creep redistribution of streés occurs, elastic
energy flows toward the singularity from the surrounding stressed material
and retards the rate of stress decay. _ »

Lines (5) and (6) of Table 6 present calculated stresses during the

third and fourth cycles* and indicate ‘an even more remarkable difference

- *Different cycles are compared here because of the availability of
results. ‘ '
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between the analyses. The stress calculated in the present work is sig-
nificantly (but not totally) rejuvenated with each new downramp and decays
less during the third cycle than dufing the first cycle (presumably due to
creep hardening). The Yang and Palmer analjsis, on the other hand, begins
the fourth creep-hold period with a stress even lower than the primary
stress and predicts that the stress decays even further during the redis-
tribution of the éreep—hold period. Two reasons are suggested for the
difference in the degree of stress rejuﬁenation during each downramp:
(1) the a-reset procedure used in the present work but not By Yang and
Palmer is expected to promote stress rejuvenation; and (2) the difference
in the magnitude of the thermal downshook rate could.also be important.
Finally, note that there are many differences ian the analyses, and
the differences in input most likély to be responsible for the discrepan-—
cles 1in results have been cited heré. Only a detailed sensitivity study
in which the differeunces in input'between'the‘two analyses are removed,

one—by-dne, could establish definitely which are most important.
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9. SUMMARY

An Alloy 80OH-ERNiCr-3-2 1/4 Cr-1 Mo steel dissimilar metal weldment
that was a part of the TJLT specimens is re—analyzed using modified me-
chanical properties, more up—to—date constitutive equations, and a finite
element grid that is highly refined in the region where failure is ex-
pected. The predicted time-to—failure 1s less than 3 cycles compared to
a measured life of 12 to 40 cycles for TJLT specimen No. 1 and less than
25 cycles for specimen No. 2. 1In the present report, predicted structural
failure is identified with the calculation of unit creep damage in some
finite element and is directly compared to the appearance of the first
observable cracking in the experiment. Actually, the precise experimental
significance to be attached to a unit calculated damage fraction in a com-
plicated structure with stress gradients is not definitely established.
The occurrence of a significant factor of conservatism between unit damage
and the first observed cracking might be regarded as reassuring. The cal-
culated incremental axial strain occurring during the second creep—hold
period is compared to experiment and is also found to be conservative.
Possible reasons for the discrepancy between the present work and the TJLT
experiment and between the present work and the previous analyses of Yang

and Palmer are discussed.
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