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Abstract

For considering strength reduction of weldments in elevated temperature components,
CEA and JNC have developed design evaluation procedures. Both procedures were
applied to the same benchmark problems and their results were compared under EYCC
contract. One of benchmarks that provided by INC is creep-fatigne evaluation of a
welded vessel subjected to cyclic thermal transient loading. The objective of this problem
is comparison of total strength evaluation methods of base metal and welded joints against
actual loading conditions. This report compared results of the INC problem evaluated by
both procedures from view points of material properties, strength evaluation of base metals,
and strength reduction evaluation of welded joints. Main differences of procedures were
found in strain concentration evaluation methods of base metal, initial stress evaluation
methods of relaxation, fatigue strength reduction factors of weldments, and creep strength
reduction factor of weldments. Both of CEA and INC procedures were confirmed to be
conservative for weldments of 316FR.

*  Structure and Material Research Group, System Engineering Division, OEC, INC

**  CEA-Saclay DRN/DMT/SEMT/LISN
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INTRODUCTION

Fatigue and creep-fatigue strength of welded joints are lower for the base metal, when
applied to elevated temperature components subjected to cyclic thermal transient
~ loading. CEA and JNC have developed design evaluation prbcedures for considering
strength reduction of weldments in elevated temperature components. Both procedures
were applied to the same benchmark problems and results were compared in this paper
with an associated paper[1] under EJCC contract. Strength evaluation results of welded
joints are affected by material data, evaluation methods for base metal, and procedures
for considering strength reduction of welded joints. In order to examine these effects
separately, two kinds of benchmark problems were planned.

One of benchmarks which was provided by Dr. Laurent LE BER of CEA, is fatigue and
creep-fatigue evaluation of welded plates due to reverse bending at 550C [2]. This
problem focuses on comparison of procedures for considering strength reduction of
welded joints. [ntercomparison of evaluated results of this problem and ditference of
material data are discussed in the associated paper [1).

Another problem provides by JNC, is creep-fatigue evaluation of a welded vessel due
to cyclic thermal transient loading [3]. Point of view of this problem is comparison of
total strength evaluation methods of base metal and welded joints on actual loading
conditions.

Evaluation procedures of both base metal and welded joints are compared in this paper
under the same material data and structural analysis data.
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ENCHMARK PROBLEM ON A WELDED VESSEL

2.1. THERMAL TRANSIENT STRENGTH TEST

A thermal fransient strength test was conducied on a welded vessel model by
using a sodium test facility [3]. The test model is a vessel type structure, which
has an outer container and an inner vessel as Fig.1. 1055 cycles of thermal
transients were applied by alternate flow of hot (600°C) and cold sodium (250%C)
which passed though the annulus space between the outside container and the

inner vessel. During each cycle, creep damage was accumulated by 2 hours of
holding time in 600°C.

2hours lhour .
|

Sodium Temperature

250°C

600°C

1P55 LCycles

Time
Thermal Transient Condition

Fig.1 Thermal transient strength test of a welded vessel model

As for materials, the outside container and haif of the structure of the inner vessel
are made of SUS304 (Japanese TYPE304SS), and the remainder half is made of
316FR (Japanese low carbon medium nitrogen stainless steel for Liquid Metal Fast
Reactors). Circumferential and longitudinal welded joints are incorporated in both
SUS3048S and 316FR portions. The outside container of the vessel model is
2210mm high and 980mm in diameter with 25mm thickness wall, and the inner
vessel is 456 inner diameter with 20 mm thickness wall. The inner vessel has a
restraint plate with 25mm wall thickness to make stress gradient on the inner
vessel,
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Shown in Fig.2 is an example of initiated cracks on the surface of the inner vessel
observed by the liquid flaw detection test (PT) after 1055 cycles of thermal
transients. In the 316FR division of the inner vessel, micro-cracks were found only
at part of welded joints, while many cracks were observed to both of welded joints
and base metal in the 304SS parts. Here, the cracks at welded joints were
observed to be deeper than that of the nearby base metal.

I16FR “| > SuUs34

A

Fig.2 Thermal transient test result of inner vessel

2.2. COMMON MATERIAL DATA AND STRUCTURAL ANALYSIS DATA

In order to compare strength procedures separately from affects of material
properties and structural analysis methods, both CEA and JNC have evaluated
creep-fatigue strength of the welded vessel based on common material data and
structural analysis resuits.

JNC provided such material properties on Japanese SUS304 and 316FR under
various temperatures, as'fatigue curves, monotonic stress-strain curves, stress
range-strain range relationships, creep strain equations, and creep rupture
equations. Fatigue curves of weld metal for SUS304 are the same as base metal
and Yield stress of a weld metal for SUS304 is 0.8 times one of base metal after
sufficient cyclic loading[4]. As for 316FR weldmetal, fatigue characteristic is the
same as base metal and Yield stress of a weld metal is more than 0.9 times of

base metal[5].
— 3 —
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To define a scope of the program, this benchmark program restricts the
evaluation area into the outer surface of the inner vessel as indicated in Fig.3.
Materials to be evaluated are SUS304 base metal, flash grained welded joint of
SUS304, 316FR base metal, and flash grained welded joint of 316FR. All of these
material portions have the same geometry and are subjected to the same loading.
Such structural analysis results were provided from thermal elastic analysis based
on measured temperature data, that Mises stress range on the surface, tresca

stress range from linearized stress components Sn (stress intensity), and a stress
classification table as in Fig.4.

| NN LoFxd

o

Temperature
Contour

g

Mises Stress
Contour

-y

'H
T

Evaluation Area

Fig.3 Temperature and Thermal Elastic Analysis Results
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Fig.4 Elastically calculated stress distribution
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STRENGTH EVALUATION OF BASE METAL

3.1.

FATIGUE STRENGTH EVALUATION

Creep-fatigue evaluation procedures for base metals are described in literatures
and main difference of fatigue strength evaluation procedure between CEA[6] and
JNCI[7] is summarized here. '

(1) CEA procedure
Total strain range on the surface Aeg_ can be estimated from elastically

fot

calculated equivalent stress range Ac by RCC-MR procedure with Neuber's rule
and the triaxiality factor as,

Ag,, =Ag +Ag, +Ag; t Ag, (1)
3;13_(1_;_'2&, where E is Young's modulus. (2

Ag, is for consideration of primary stress and is zero when primary stress is

absent.

[ AO' A —
AE a—— = AG +A5 ] 3
: Aol\Aeg, ( ! 2) - : )

where Ao Aas) is stress range of cyclic curve corresponding to Ag,.

As, =(K, -1)As, , where K, coefficient is provided by RCC-MR A3[6] (4)

(2) JNC procedure
Total strain range Ag,, is estimated from elastically calculated equivalent stress

range Ao and stress intensity Sn from linearized components by JNC procedure
with Elastic follow-up model as,

Aeg, = KKe' Ke'; Ae, ' (5)
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Total strain range (mm/mm)

Ag, = 'i‘" , K = max {%?—,l} (6)
Ke', = {1+ (g, -1)(1- =)} » 4 = K™ (7)
Ag

where 3Sm is modified shakedown limit provided in ETSDG[8] and n is power of
cyclic stress strain curve (i.e.n=5 for austenitic stainless steel).
38m
'o= - =290y, 8
Ke's = (1+ (g - (1~ =) . )

where q is elastic follow-up parameter and can be adjusted to ¢ =5/3 when

siress is generated by temperature gradient across wall thickness{9].
JNC procedure aiso takes strain rate effect into account to fatigue damage.
Calculated total strain ranges and fatigue damage factors were compared as in

* Fig.5 and Fig.8.

In spite that strain ranges of CEA are larger than one of JNC, fatigue damage is
approximately the same. The reason is that JNC evaluates fatigue damage
factors based on lower sirain rate than one of CEA.

0.025
-8- SUS304BASE-CEA
0.020 8- SUS304BASE-JNC ___
-¢—316FRBASE-CEA

- 316FRBASE-JNC

0.015

0.010

0.005

0.000 ' ' : ' ' ’
0 100 200 300 . 400 500 600
| Distance(mm)
Fig.5 Comparison of total strain range

_6_
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10 ,
- SUS304BASE-CEA |
= SUS304BASE-JNC
—*-316FRBASE-CEA
-#=316FRBASE-JNC

Fatigue damage Df
%

. 0.1 ] 1 1 ! 1
0 100 200 300 400 500 600

Distance(mm)

Fig.b‘ Comparison of fatigue damage

3.2. CREEP STRENGTH EVALUATION

'Main differences of creep strength evaluation procedure between CEA and JNC
are summarized here,

(1) CEA procedure .
Initial value of stress relaxation ¢, is calcutated by RCC-MR procedure with

symmetry factor as,

a.i = KSAO-(AE.‘:HP! )’ | | (9)

where Aa(As&,+ p,) is stress range of cyclic curve corresponding to Ag,,, and Ks
is symmetry factor provided by RCC-MR([6]. Ac,, o IS evaluated from an equation

Ag,, =Ag,,, +Ag,, where Ag, is creep strain from primary stress and is zero in

the case of TTS experiment.

Stress relaxation rate is estimated by RCC-MR procedure with the Cr factor as,

o(t)= —CiEéc, (10)

r
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where C, is elastic follow-up and triaxiality coefficient and is equal to 3 or a lower

value if justified by the designer.

(2) JNC procedure
Initial value of stress relaxation o, is calculated by JNC procedure considering

combination of thermal transients as,

el+pl

o; = %Aa(Aserl )' Asef*pf = max(AE‘“‘Pfl’As i )’ (1 1)

where Aa(Asm p,) is stress range of cyclic curve corresponding to Ag,, , and

¢

Ag,,, is elastic plastic strain range defined between peak time i and no loading

condition.

Stress relaxation rate is estimated by JNC procedure with elastic follow-up
parameter as,

)= ~—1— Ee., (12)
9.7 (2> 0)
where g, (g,,q) is elastic follow-up parameter and is qual to g, g or a lower

value if calculated by the precious equation{7].

Initial stress of relaxation and creep damage factors were compared as in Fig.7
and Fig.8

Estimated creep fatigue damages were also compared with distribution of
initiated cracks on the surface of the inner vessel as in Fig.9,Fig.10 and Fig.11.
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100
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Fig.9 Comparison of creep—fatigue damage factors
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Fig.10 Distribution of ihitiated cracks on the surface of the inner vessel
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4. STRENGTH EVALUATION OF WELDED JOINTS

4.1.

FATIGUE STRENGTH EVALUATION

Creep-fatigue evaluation procedures for welded joints are described in literatures
[5][6][10] and main differences of fatigue strength evaluation procedure between
CEA and JNC are summarized here.

(1) CEA procedure
The last version of RCC-MR([6] has proposed a strength reduction factor J s on

fatigue curves as J, =1.25 for 316L(N) steel. This value was determined by

As(N.)
Tr = Ag

ap

, | (13)

where, Ag_, is the applied strain range, and A&(N, ) is the strain range

corresponding to the experimental number of cycles to rupture N, and derived from
the base metal best fit fatigue curves.

(2) JNC procedure
JNC procedure provides a strain concentration factor for welded joints based on
mechanical models as

Asml = max {KKe I1.'. Ke ‘G ’KEU }Ase ' (14)
3Sm

Ke', = (1+(q, _1)(1_.],y3_m)}, (15)
Ao

where K, = 1.2 is a factor for considering material degradation, and v, isa

reduction ratio of yield stress in weld metal to one of base metal, value of which is
0.8 for SUS304 and is 0.9 for 316FR.

Ke'c={1+(qwq-1)(1—r,3:—:’n: (16)

where q,, is elastic follow-up parameter for considering strain redistribution
between weld metal and base metal. Iis value is 1.5 for both SUS304 and 316FR.
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The JNC procedure can be reduced to the same fatigue strength reduction
factor as J; by

Sfor ald
. 17
- _ (17)

ot Jhase
)

J, =

Fatigue strength reduction factors, fatigue damag‘e ratio of welded joints to base

metal (Dpwea/(De)eese; @nd fatigue damage factor of welded joints (Djweq Were
compared as in Fig.12, Fig.13 and Fig.14.

1.5

Fatigue strength reduction factors

=~ 8SUS304 JE-JNC
11 —5-316FR Jf-JNC
~2-RCC-MR Jf - CEA
1.0 ' ' ‘ ' :
0 100 200 300 400 500 - 600
Distance(mm)

Fig.12 Comparison of fatigue strength reduction factors
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Fig.13 Comparison of fatigue damage ratio of welded joints to base metal
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Fig.14 Comparison of fatigue damage factors
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4.2. CREEP STRENGTH EVALUATION

Main differences of creep sirength evaluation procedure between CEA and JNC
are summarized here.

(1) CEA procedure

The time to rupture per cycle is calculated with the real creep rupture stress of
the base metal multiplied by the Jr coefficient that depends on time and
temperature. This value is provided by RCC-MR as Jr=0.85(550°C 1hr),
0.78(600°C 2hr) for316L(N).

Creep damage factor of welded joints is calculated with Jr as

D =—>t , where t is holding time and ty is rupture time. (18)
: Ig (a.c /7 r)
(2) JNC procedure
The time to rupture per cycle is calculated with the real creep rupture time of the
base metal multiplied by the a , coefficient. This value is 10 for both SUS304 and
316FR. Since the same value of a5 is applied o base metal in the JNC procedure
effect of this value to strength reduction factors is canceled.

D, = . , where t is holding time and 1 is rupture time. : (19)
aRtR (o-c )

Initial stress of relaxation is evaluated based on strain range of welded joints.
1
g;= EAO.((ASGI*P’ )weln‘ ) ' (AE"’ +pl )wela' = max((Agd"’P’ )w:.-ldl ’ (Asd*'!’l )we!d 2) (20)

Stress relaxation rate is estimated by JNC procedure with the elastic follow-up
parameter as,

olt)=-

v E:_, (21)
9 (:,9,9)

Since direct comparison of both methods for considering creep strength |
reduction is difficult, creep damage ratio of welded joints to base metal and creep
damage factors were compared as in Fig.15 and Fig.16.
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Creep damage factor Dc

Estimated creep fatigue damages were also compared with distribution of
initiated cracks on the surface of the inner vessel as in Fig.17 and Fig.18,

26.0

~&—SUS304 DcW/DcB-CEA
21.0 - -5- 508304 DcW/DeB-JNC  —

3

S ~*-316FR DeW/DcB-CEA
5 -

A 160 316FR DeW/DcB-JNC

&g

g

]

gﬂ L

g 110 -

-]

B

B

o

1-0 1 ] 1 1
0 100 200 300 400 500 600

Distance(mm)

Fig.15 Gomparison of creep damage ratio of welded joints to base metal

1000.0
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-2- SUS304WELD-CEA
10.0 -2- SUS34WELD-JNC —
-—316FRWELD-CEA
“—-316FRWELD-JNC
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0.1 L L ) i i s
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Distance(mm)

Fig.16 Comparison of creep damage factors
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Fig.17 Comparison of creep—fatigue damage factors
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Fig.18 Distribution of crack depth at welded joints
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CONCLUSIONS

(1) Material properties .

- Both CEA and JNC base metals exhibit remarkable strain hardening, however, weld
metal does not.

- Fatigue strength of both CEA and JNC weld metal is close to their base metal .

- CEA creep strength reduction factor of welded joints obtained from weld metal data
depends on stress and temperature. On the other hand, JNC creep strength reduction
factor of weld metal is almost constant. 4

(2) Strength evaluation of base metal

- CEA strain range is larger than JNC one since difference of strain concentration
evaluation methods. However fatigue damage factor is approximately the same
between CEA and JNC, since JNC takes strain rate effects into consideration.

- CEA creep damage factor is larger than JNC one since difference of initial stress
evaluation methods and elastic follow-up parameters.

- Both of CEA and JNC procedures of creep-fatigue damage are conservative for
316FR.

(3) Strength evaluation of welded joints

- CEA fatigue strength reduction factor of welded joints to base metal is smailer than one
of JNC which is estimated from strain concentration factor.

- CEA creep strength reduction factor of welded joints to base metal is approximately
equivalent to one of JNC for SUS304 and is larger than one of JNC for 316FR.

- CEA creep fatigue damages of welded joints are larger than one of JNC, mainly since
difference of procedures for base metals. '

- Both of CEA and JNC procedures of creep-fatigue damage are conservative for
316FR. '
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DISCUSSIONS

(1) One of main factors of fatigue strength reduction in welded joints is difference of
cyclic stress-strain curves between base and weld metals. From above point of view,
benchmark with different width of welded joints and loading conditions are requested.

(2) Adoption of Jr coefficient of 316L(N) in RCC-MR to 316FR is too conservative since
Jr depends on material properties. Intercomparison of creep strength reduction trend
such as time and temperature dependencies is necessary.

(3) Procedures for base metal show larger difference than one for strength reduction of
welded joints. Benchmark problems for structural discontinuities with base metal are
desirable.

(4) Comparison with absolute values of damage factors is not sufficient, since those
values are affected from both procedures of base metal and welded joints. In order to
distinguish both effects, it is recommended that comparison by strength reduction factors
of welded joints from base metals.

(5) What strength reduction factors should be explicitly considered in design codes ?
- Metallurgical discontinuity between base and weld metal

- Structural discontinuity of unfinished welded joints

- Degradation of weld metal

- Residual stress

- Scale factors, etc.

{6) Possibility of data sharing and further benchmark
- Metallurgical discontinuity between base and weld metal
Uniaxial material tests, Bending p[ate tests, FFAST
- Structural discontinuity of base metal
FORTUNA, TERMINA, TTS
- Structural discontinuity of unfinished welded joints
- TTS reactor vessel model
- Degradation of weld metal
Long term material tests
- Scale factors, etc.
SPTT, STST, TTS
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