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INTRODUCTION

Austenltic stainless steels fabricated by welding for use in Liquid Metal

Fast Breeder Reactors (LMFBRs) pose numerous questions related to the mechani-

cal integrity of the structural components. One question relevant to the

design of these components is how will the weld metal behave in relation to

the base metal when cracks are present? Before investigating this problem, con-

sideration of the LKFBR operating conditions and structural uses indicated that

tests of weld-and base-metal sample's at 593°C (11006F) in air would provide an

adequate data base to compare the two metals. Furthermore, sii.ee prolonged ex-

posure of these steels in this environment results in the precipitation of car-

bides, thermal aging prior to testing was considered as one of the variables to

be investigated.

The purpose of the present study was to determine the fatigue crack-growth

resistance in the base-anJ weld-metal portions when Type 304 stainless steel

plates are joined by shielded-metal arc welding with Type 308 stainless steel

filler metal. The filler metal was designated as Type 308 CRE because of the

2 3
controlled residual elements that improve its strength and ductility. * The

present paper summarizes the results of crack-growth-rate tests on these metals

in the aged and unaged conditions at 593°C (1100°F).

*Work supported by the U. S. Energy Research and Development Administration.
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EXPERIMENTAL PROCEDURE

The chemical compositions of the Type 304 stainless steel plates and Type

308 CRE weld metal used In the present study are listed In Table I. Plates 6 cm

(2-3/8 in.) thick were manually welded by Combustion Engineering, Inc. using the

shielded-metal arc process. The weld joint was a double "U" groove type. The

welds were prepared and tested in accordance with the requirements of the ASME Code.

Axially loaded single-edge-notch (SEN) specimens were made from the base and

weld metal as shown in Fig. 1. Because these plates were cross rolled, identifica-

tion of the original rolling direction was not possible. Both the base- and weld-

metal specimens were tested in the as-received (as-welded) and thermally aged

conditions. The £ging was performed in an inert atmosphere at 593°C (1100°F) for

1000 h.

With Uhe exception of three tests, all of the specimens used were rigidly

gripped at their ends. A three-post die set (Fig. 2) was used to prevent rotation

and translation of the specimen during testing. Specimens CE23B3, CE40W2, and

CE41WA were pin loaded with grips similar to those recommended in ASTM Standard

E399. Most of the specimens had crack-starter notches as shown in Fig. 1. The

fatigue cracks that initiated from these notches were grown to VI. 3 mm (0.05 in.)

before crack-growth-rate measurements were begun. This resulted in a total crack

plus notch length of ^3.8 mm (0.150 in.) when data acquisition began. The depth

of the crack-starter notches for the pin-leaded spp«*lmens was increased to 3.05 mm

(0.120 in.) with a siaximum radius of 0.076 ma (0.003 in.). In these specimens the

initial notch plus fatigue crack length prior to crack-growth-rate measurements

was 5.08 tarn (0.200 in.).

All specimens were tested in uniaxial tension at a load ratio, ?miaf?max*
 o f

0.05 and a temperature of 593PC (1100°F). Specimen heating was accomplished by
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an Induction coll that operated at 455 kHz. The coll, shown in Fig. 3, was con-

structed to provide a flat temperature profile over a distance of 13 nan (OS in.)

on either side of the crack plane. Power to the coil was provided by a Lepel

high-frequency induction heater and controlled by a thermocouple welded to the

specimen. The thermocouple was located just below the line of crack growth at

the opposite end of the crack-stracer notch.

The tests were performed in an MB Electronics servo-controlled hydraulic test-

ing machine. Water-cooled grips provided thermal protection to the load cell. A

triangular waveform and cyclic frequency of 0.5 Hz were used in all tests.

The load history used for precracking and during the tests is shown in Table

II. Crack lengths were measured on the side of the specimen using a traveling

microscope with a magnification of 40X. The crack-lengil. measurements were aided

by a series of perpendicular scribe marks at 1.3-mm (0.050 in.) intervals or. each

side of the specimens. These marks also constituted the extension interval for

crack-length measurement. Except for the pin-loaded specimens, the crack lengths

were measured on each side only. The average difference in crack length neasureci

on each side of the pin-loaded specimens was <6 pet. No gross deviations of the

crack ;lane from the plane of symmetry were observed. It is .jtiaated that the

accuracy of crack-length measurements was within ^9 pet. of the erue value. This

was determined by post test observations of the fracture surface on those specimens

subjected to changes in the continuity of loading at each scribe nark.

The crack-growth rate, da/dN, was calculated by an incremental polynomial

method similar to that described by Clark and Hudak.6 This involves fitting a

second-order polynomial to sets of five successive data points by the least-squares

method. The rate of crack growth is then the derivative of this expression evalu-

ated at the median number of cycles for a particular data set. Similarly, the

value of crack length to be used in the calculation of the stress-intensity factor
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range, AK, is the estimated value, d, at this number of cycles. After the first

aet of five data points is evaluated, this method is applied to the next set and

A new polynomial is determined. This is continued until each set of successive

data points has been analyzed. The result is a smooth fit through all of the data

and values of da/dN and a for each data point except the first two and last two.

Hence, a test that consists of, for example, 11 observations would result in seven

calculated values each fcr da/dN and a.

The stress-intensity factor for the fixed-end specimens was determined from

the relation

total axial t>ending [1]

where K and \L are the usual stress-intensity values for SEN specimens

under axial and bending loads, respectively. Because of the complex relationship

between these loads, a finite-element analysis of the specimen was used to deter-

mine the relationship between the axial load, crack length, and bending moment.

The result is given as

$-•••{$]
2

[21

whei« H is the bending moment in in.-lb, P is the axial load in lb, a is the crack

lengt'.i, and M is the specimen width. The K calibration for axial loads only was

i-jed for specimens CE23B3, CE40W2, and CE41W4.

The upper limit of crack length for which the stress-intensity factor calcu-

lated by linear elastic fracture mechanics could be considered valid was difficult

to assess. In determining this maximum crack length, the approach that limits the

net section stresses (axial or axial plus bending) to some arbitrary percentage of

tha yield strength appears to be overconservative. Therefore, an approach similar

to that used by Corwin was adopted. This method limits the amount of crack-tip

necking by terminating the test when specimen thinning or "dimpling" is apparent.
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RESULTS AND DISCUSSION

The results of our Investigation are presented in terms of the empirical

A

relationship of Paris and Erdogan:

[3]

vhere C ant! m are parameters that depend on the material rnd environment. Figures

U and 5 are logarithmic plots of da/dN versus AK for the base metal in the as-

received and aged condition and weld metal in the as-welded and aged condition,

respectively. The solid line in these figures is the regression-analysis line of

log (da/dN) on log (AK). The dashed lines represent the 952 confidence intervals

of a new observation or result, da/dN, for a given value of AK. Note that because

those intervals account for the variability of the new observation as well as that

of the original sample they will be wider than would be predicted on the basis of

the original sample data alone. v The equations of the regressioi. iines are given

as follows for AK in ksi ̂ /in. and da/dN in in./cycle.

Base Metal, As-received

log ( | | ) - -7.890 (±0.169) + 2.602 (±0.121) log (AK)

or
da , - n ,n-8 ,,,,..2.60 Ul— • 1.29 x 10 (AK) l

Oft

Base Metal, Aged

log (—) - -8.042 (±0.594) + 2.571 (±0.420) log (AK)

or

^ - 9.08 x 10~9 (AK)2-57 I5J

Weld Metal, As-welded

log (^) - -9.021 (±0.342) + 3.230 (±0.236) log (AK)

or

~ - 9.52 x 10"A° (AK)3*23 f61
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Weld Metal, Aged

leg (~) - -8.550 (±0.197) + 2.801 (±0.139) log (AK)

or

— « 2.82 x 10~9 (AK)2-80 [7]

Figure 6 shows a comparison, based on the regression lines, of the crack-

grcwth rates in the base and weld metal for the as-received (or as-welded) and

aged conditions. The effect of aging, for both the base and weld metal, is shown ,
I

in Fig. 7. A comparison of the results of the present study and data from the ;

literature on annealed Types 304 and 3C8 stainless steel is shown in Fig. 8. I

13 i

The weld-metal cracks in the present study and those reported by James are j

parallel to the longitudinal weld axis and extend from the surface toward the root !

of the weld. The data of Shahinian et al. show that cracks in their specimens

grow parallel to the longitudinal weld axis.

As can be observed from Figs. A and 5, the scatter in the aged base-metal

test data is considerably greater than in any of the other cases and is approxi-

mately twice that of the aged weld-metal test data. This is attributed to the

various means used to enhance the crack front at each crack-extension interval

to more accurately measure crack length (Table II). In the other tests more con-

sistent means were used to determine the crack length at each interval, and, con-

sequently, the specimen-to-specimen scatter is much lower. Although the aged

base-metal scatter appears to be considerable, comparison with other investigations

indicates that it is not excessive. In the report by Clark and Hudak on the

variability in fatigue crack-growth-rate tests the average variance of residuals

from the regression line of da/dN on AK for 14 different laboratories that tested

the same specimens was 0.027. The variance of the residuals for the aged base-

metal data of the present study is somewhat less— 0.020.
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Different specimen loadings (fixed versus pin ends) could also affect the

scatter of the data if che bending moment, crack length, axial load relation

(Eq. [2]) was in error. This systematic error is not observed, and in fact the

scatter for both types of specimens made from the weld metal is random. Hence,

it appears that the major sources of scatter in the data, particularly for the

aged base metal, are different load changas and hold times at the end of each

increment of crack extension (Table II).

As shown in Fig. 6, the weld metal has a lower crack-growth rate than the

base metal in both the as-welded (as-received) and aged conditions. This result

13-14

is consistent with the results of other 'investigations on the same base-

weld metal combination and supports the contention that existant design rules may

be safely applied to components which contain welds. We join James and Shahinian
14

et al. in suggesting that this higher crack-growth resistance is due to the fine

duplex microstructure of the weld.

In both the base and weld metal shown in Fig. 7, aging resulted in lower

crack-growth rates than observed for specimens in the as-received or as-welded

condition. In addition, these raf;s are statistically different, over the range

of growth rates tested, above the 99 pet. level. The effect of aging on crack-

growth rates in these metals at room temperature and 538°C (1000°F) was also in-

vestigated by James. His findings indicate that thermal aging was beneficial

only at the higher temperature, and even then the effect was slight. These results

and those of the present study suggest a trend in which the improvement in crack-

growth-rate resistance is proportional to the test temperature and stress-intensity

level. This f;rend indicated that thermal aging is most beneficial at high terape-
3/2

ratures (>538°C) and high AK levels [>22 MN/(m) ]. Reasons for this are unknown*

but one factor Is consistent for these observations, namely, the metal with the

lowest monotonic and cyclic flow stress exhibited the greatest resistance to fatigue

crack growth. The results of studies on the tensile properties of aged and imaged
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base and weld metal indicate that che flow stress of Type 30b stainless steel

weld metal in the as-welded condition or Type 304 stainless steel base metal In

17—19either the as-received or aged condition.

Figure 8(a) shows Chat the results for the base metal of the present study

at 593°C (1100pF) are in general between the results of Jaaes12 at 5388C (1000°F)

and James and Schwenk11 at 650"C (1200°F). The results of Shahinian et al.14

at 593°C (11008F) are somewhat lower but still lie within the 95 pet. confidence

band. The weld-metal results, shown in Fig. 8(b), are not as consistent as Che

base-metal data, but this may be due to differences is the direction of crack

14
growth with respect to the weld. The data of Shahinian et a.l. are for cracks

grown longitudinal to the weld direction, whereas the data from the prosent study

12
and the work of James are for cracks grown through Che thickness of the weld.

SUMMARY AND CONCLUSIONS

The fatigue crack-growth resistance of Type 304 stainless steel base metal

and Type 308 stainless st^el weld metal at 593°C (1100°F) has been investigated.

Specimens of both materials in the as-received (or as-welded) and thermally aged

conditions were tested. The crack-growth races were found to be exponentially

related to the stress-intensity factor range, AK. This relation, determined by

regression analysis, was statistically appropriate and generally provided a good

fit to the data. Confidence levels for new crack-growth rate observations were

estimated, and comparisions of mean crack-growth rates were made.

The results of the present investigation suggest the following conclusions:

1. The fatigue crack-prowth rates at 593°C (1100°F) in the Type 308 stain-

less steel metal are statistically lower than in the Type 304 stainless

steel base metal in both the aged and as-welded (or ar,-received) conditions.
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2. Thermal aging at 593°C for 1000 h results in lower fatigue crack-growth

rates in the base and weld metal, tested at 593"C. Moreover, this dif-

ference in crack-growth rate waa found to be greater than previously re-

ported for lower-temperature tests.

3. Load changes and hold periods at each crack-growth increment increase

the scatter in results by a factor of approximately three.
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Table I. Chemical Composition of Type 304 Stainless Steel Plate and Type 308 CRE Weld Metal

Content (wt%)

Metal Mn Si Cr Ni Mo Cb Ti Co Cu B V Nn

Type 304 Plate,
HT. 300380-1A

Type 304 Plate,
HT, 600414-1A

Type 308 CRE,
Batch 2

0.058 1.60 0.016 0.011 0.55 18.68 8.44 - - - _ _ _ _ _

0.061 1.48 0.016 0.014 0.64 18.88 9.56 - - - _ _ _ _ _

0.051 1.87 0.042 0.009 0.60 20.10 10.14 0.24 Cb+Ta 0.06 0.07 0.17 0.007 0.10 0.042

<0.01
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Table II. Fatigue Crack-growth-rate Test Data

Specimen
No.

CE32B3
CE32B1
CE32B5

CE33B1
CE33B6
CE33B4
CE34B2
CE23B3

CE39W9
CE39W8
CE41W6

CE29W2
CE39W5
CE42WA-1
CE42WB-1
CE42WB-2
CE42WC-1
CE42WC-2
CE42WD-1
CE42WD-2
CE42WE-1
CE40W2
CE41W4

Precrack
Load,
iP <kN)

21.35
34.30
33.72

33.76
25,58
33.81
33.98
25.35

33.81
25.31
33.31

25.31
34.03
33.90
33.81
25.35
33.85
25.40
33.98
25.35
33.81
25.35
25.35

Test
Load,
AP <kN)

21.35
34.30
33.72

33.76
25.58
33.81
33.98
25.35

33.81
25.31
33.81

25.31
34.03
33.90
33.81

33.81, .25.35
33.85
33.81
33.98
34.03
33.90
25.35
25.35

Initial Value

a/W No.
Cycles

Final

a/W

Base Metal, As-received
0.228
0.202
0.211

Base
0.216
0.213
0.244
0.194
0.198

20,777
9,532

11,738

Metal, Aged
14,139
36,072
12,948
10,460
21,813

0.508
0.475
0.515

0.510
0.522
0.439
0.420
0.449

Weld Metal, As-welded
0.202
0.214
0.192

Weld
0.311
0.235
0.170
0.178
2.217
0.187
0.171
0.171
0.187
0.189
0.198
0.212

28,979
57,977
28,241

Metal, Aged
116,23?
26,150
20,735
24,902
50,592
30,732
32,610
32,912
40,968
25,140
40,320
93,211

0.512
0.508
0.538

0.527
0.520
0.482
0.472
0.508
0.514
0.484
0.510
0.482
0.493
0.502
0.506

Value

No.
Cycles

32,577
15,605
16,857

19,272
47,599
17,198
16,150
33,138

34,766
81,221
37,503

121,894
32,245
33,997
39837
78,293
44,968
60,476
48,176
68,243
39,497
56,627
111,823

Load Change
fo Record
Crack
Length*

1
1
2

4
3
2
1
5

1
1
2

3
5
5
5
5
5
5
5
5
5
1
1

*1 indicates no load change and continuous cycling, 2 indicates thct the test was stopped
and restarted at each scribe mark, 3 indicates 1-min tension hold (P ) at each scribe
mark, 4 indicates frequency reduction to 0.005 Hz for 1 cycle at eacRascribe mark, and
5 indicates hold at zero load for ^1 min at each scribe mark.
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Fig. 1. Single-^dge-notch Weld- and Base-metal Specimens.
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Fig. 2. Gripping Arrangement for Crack-propagation Specimen.
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Fig. 3. Keating Arrangement for Crack-propagation Specimen.
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Fig. 8. Comparison of Crack-growth Rates in (a) Type 304 Stainless Steel
Tested at 650°C (Annealed),11 593°C (Annealed) . ^ 538°C (Annealed),12

and 593°C (Aged) and (b) Type 308 Stainless Steel Tested at 593°C (Annealed),14

538°C (Annealed),13 a n d 593«>c ( A g e d ) ,


