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TNTRODUCTION AND IJBJECTIVE

Fracture toughness testing of ductile materials is a complex procedure in
rhe hest of circumstances. For difficult testing conditions the complexity is
compounded. One such set of conditions is Jy. testing of irradiated
structural materials from nuclear power 3zenerating equipment (ref 1).
Materials which have been irradiated are often hazaradous to t st using the
usual methods, so they must be tested remotely in a closed hot cell. Remote
Ji. tests present special problems such as the limitations imposed on specinen
displacement neasurement, 2 critical part of the Jj. test procedure. Test
results of irradiated 348 stainless steel are described here and analyzed
using two methods. One, which has become quite standard in J{. testing, is
the unlonading-compliance method (ref 2). The other is the more recently
proposed load-drop method (ref 3). Both methods were applied to the same load
versus load—-line displacement data, P versus §, from a series of three-point
bend specimens of irradiated 348 stainless steel tested at 23°C and 427°C,
using ASTM Method EBLl3 procedures whenever possible.

The objective here was to evaluate the J;. test procedure under wonideal,
remote testing conditions, using two methods of crack growth measurement well-

e, v, Hagpag, W. L. Server, W. G. Reuter, and J. M. Beeston, "Effects of
[rradiation Fluence and Creep on Fracture Toughness on 347/348 Stainless

5hA2.
25. A. Clark, W. R. Andrews, P. C. Paris, and D. W. Schmidt, "Single Specinen
Tests Inr Jp, Detarnination,” Mechanics of Crack Growth, ASTM STP 590, ASTM,
197A, pp. 27=42. =
350 A, Xapp and J. H. "nderwood, "Single Specimen J-Based Fracture Toughness

Test for High-Strength Steels,” Fracture Mechanics: Fourteenth Svamposium -

Vol. LII: Testing and Applications, ASTM STP 791, (J. <. Lewis and G. Sines,

eds.), ASTM, 1983, np. [I-402 ~ [I1-414.
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suited for remote testing, the unloading-compliance and load-drop methods.

Comparison of the values of fracture toughness with other results and the
imnortant relation of toughness to the function of power zeneration equipment
sre considered elsewhere (refs 1,4). In this work we describe fracture
toughness test procedures which proved useful in the testing of irradiated
materials and which may be helpful in other difficult testing conditions and

in Jy. testing in general.

TEST PROCEDURES

The specimens described here were fabricated from 348 stainless steel
sheet, irradiated in an experimental reactor at 427°C to about the same
fluence level, and tested in bending at 427°C or 23°C in a hot cell. See
Table T and Figure 1 for the key test coanditions and arrangements. Specimen
dimensions were depth, W = 10.0 mm; gross thickness, B = 5.1 nm; span, S =
40.6 mm; and notch width, n = 4.4 mm. Note in Figure 1 that the displacement

gzage made contact with the specimen at the edges formed between the notch and

the lower specimen surface and that the geometry of this contact was taken
iato account in calculating the corrected load-line displacement, 8. This
calculation of § does not account for large crack-opening=displacements and

specimen rotatilons, thus it may not be adequate for J-R curve determination,

lp, v, Haggag, W. L. Server, W. G. Reuter, and J. M. Beeston, "Effects of
Irradiation Fluence and Creep on Fracture Toughness on 347/348 Stainless
Steel,” Effects of Radiation on Materials, ASTM STP 870, ASTM, 1985, pp. 548-
562,

Ap. M. Haggag and A. X. Richardson, “"Precracking and Computerized Single-
Specimen Ji. Determination for Irradiated Three-Point Bend Specimens,”
presentad at Eighteenth Nati{onal Symposium on Fracture Mechanics, Boulder,
CO, June 1985.
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for example. Table I shows the specimen yield strengths {n the temperature
and irradiiation conditions of the tests. The effective yield strength Oy, 1is
the mean value of vield and ultimate strengths, as defined in Method E813.

The initial crack lengths and the side~groove conditions are given. Specimens
40A and 40B, taken from the same plece as spec’'men 40, were tested with ten

percent side grooves in each side.

N
lg— x —0~ r\\

. LVDT core tip

——S/2 ————

] L._.nm

§ = Load-line displacement
5' = Measured displacement at point 3

6 S/2

—— R ececcaea

5! S/2-n/2
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- Filgure 1. Test arrangement and calculation of load-line displacement for
bend tests performed remotely within a hot cell.
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Load versus load-line displacement plots were obtained for each specimen,
including several partial unloadings to about 86 percent of the current load
at the time of the unloading. Two aspects of the test apparatus and procedure
Jere closely controlled in order to improve the accuracy of the unloading.

The displacement transducer core was spring loaded so as to minimize the
mechanical hysteresis effect in the measurement of an unloading displacement.
Also, the load was allowed to relax at constant displacement for ten seconds
before each unloading. Two plots of several unloadings are shown in Fizure 2
for specimens with nearly the same test conditions except for test
temperature. The ilmpnortant differences in load-displacement and associated
fracture toughness behavior are discussed elsewhere (refs 1,5). The unlnading
portions of the traces were plotted separately with expanded scales and
evaluated for selection of the more linear portions. The top 30-45 percent
and the bottom 7-20 percent of the data were eliminated from a linear
regression calculation of the unloading slope. This relatively large amount
of data elimination was necessary to obtain an accurate slope for this
material and for the type of displacement measurement which was dictated by
the closed hot cell. The final crack length for each specimen was marked by
heat tinting. The nloading slopes were used to calculate crack growth using
the procedures in the following discussion of test data analysis.

le, v, Haggag, W. L. Server, W. G. Reuter, and J. M. Beeston, "Effects of
[rradiatinn Fluence and Creep on Fracture Toughness on 347/348 Stainless
Steel,” Effects of Radiation on “aterials, ASTM STP 870, ASTM, 1985, pp. 548-
362,

’F. M. Yaggag and A. X. Richardson, “"Fracture Toughness and Stress Relief
Response of Irradiated 347/348 Stainless Steel,” PR-T-84-9718, EG&G Idaho,
I[nc., Detorber 1984,
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Fizure 2. Load versus load-line displacement plots from irradiated
348 stainless steel bend specimens.
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DATA ANALYSIS

Unloading—Compliance and Effective Modulus

When J versus Aa data are plotted using A3 obtained directly from an
unloading-compliance method, it is often clear that some further analysis is
required before J1. can be determined. This was true for the tests here.
Figure 3(a) shows J versus Aa data with J calculated as suggested in Method
813 and 3a calculated from unloading compliance using an elastic modulus

tvpical »f the irradiated matertal at 527°C. Note that the first unloading
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DR . L
@ . e e e *
et . RN
P . .. S .
-t [ PRI
‘ e e B

KAl et e A LT

shift {s nor uancommon when unloading compliance is used without some sort of

XYY

’ AP
‘.z' s
. St
. ' .

i




8 e Al Bl A A'A SN 0 0 4w Ate GA Ata At swe fhe N At Ricai o ~rrry "F"'_“;"

.
LIt}

calibration process. For the tests here, the shift may be due to unavoidable

rest variations and extraneous system and specimen compliance, as well as

»
o

LI

uncertainties in the value of elastic modulus. All of these problems are

gty

vy e Y,
PR I

compounded by the testing of an irradiated material.
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Figure 3. J versus Ada plots for specimen 40.
(a) Using typical modulus, 166 GPa.
(b) Using effective modulus from
unloading #2, 156 GPa.

f- An effective modulus procedure was used to calibrate the unloading-
s
:2 compliance method and resulted in the plot of Figure 3(b). Table II outlines

the orocedure. The slope from an unloading at about 80 percent of the maximum

load is used with the tvpical modulus to calculate EBS/P. aAn unloading at

about 80 percent 5f maximum load is used for this material because (t is low
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2nough an the curve so that crack growth has not vet begun and, 2t the same
time, it is high enough on the curve that the low-load system irregularities
have long since passed. Furthermore, it is advisable to calibrate the
unloading—-compliance method at a load as close as possible to the loads at
shich it will be used. The value of EBS/P determined as described above from
the calibration unloading was used to obtain an indicated value of initial

crack length, a/W = 0.504, in this case, from the following compliance

expressions (ref 6):
-
o B8 l-a/W , 5
- - (m——— Y7 = 1.193 - 1.980 a/W + 4.478 (a/W)
p:_j» P S/W
‘i —4.443 (a/W)3 + 1.739 (a/W)* (1)
-
i 1
= Y = e (2)
8 1 + (EBS§/P)L/2
=
‘ a/W = f(Y) =1 - 3.82 y + 7.85 v2 = 384 y3 + 3852 y* - 12050 ¥3 (3)

Zquation (1) is believed to be accurate within one percent for 0 € a/W < 1.0
and $/W = %, and Eqs. (2) and (3) are believed to be accurate within two
serzent for N.4 < a/W < 1.0 and $/W = 4. Table IIL gives values from Eq. (1)
Enor quick reference. The above compliance expressions are used because racent
results (refs 6,7) have shown that they are more accurate than the compliance
data i{n ‘tethod £3813. For example, the value of EB3/P for a/W = 0.5 from the

axpressions here {s 11.9 percent higher than the value from Method E813. Ve

. A. Xapp, ind F. L[. Baratta, "More an Compliance of the

51. 4. tnderwood, J
Specimen,” [nternatinnal Journal of Fracture, Vol. 2%, 1985,

Three=Psint Bend
op. R&1=-R45,

:i Te. oM. Hagazag and J. 4. 'nderwood, "Compliance nf Three-Point Bend Specimen at
N Load Line,” International Journal »>f Fracture, Vol. 26, 1984, pp. R63I-263.
o
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Yelieve the difference is due to the omission of the no-crack shear displace-
aent in the 2813 data and the inaccuracy of the displacement expression which
accounts for the presence of the crack in the E813 data.

a0 Referring again to the calculation of effective modulus, as outlined in
- Table IT, a total initial crack length, at/w, is calculated as the sum of the
actual initial crack length from the heat tinted fracture surface and an

Y additional amount due to blunting, 8ay/W. The value of effective compliance,
L (EBS/P)*, corresponding to a,/W, is determined from Table ILIL and used as

A shown to calculate effective modulus, 156 GPa. This value of effective

o modulus is used to calculate Aa from all the test unloadings, resulting in the

plot of Figure 3(b). Linear regression was used to fit a line to points from

XL unloadings 6 and 8 through 13; unloading 7 was omitted due to excessive

- nonlinearity, noticeable even in the unexpanded plots of Figure 2; unloading
. 14 was omitted because the automated evaluation of this last unloading may
<

',. have been interrupted. Linear regression and power law regression fits were
. performed on the unloading-compliance data for all specimens. Two examples
ﬂ:: are shown in Figures 4 and 5. The power law regression was performed as
g) follows:

o fnJ = 4n A+ n 2n fa (%)
e where J was obtained from the crack-growth-corrected procedure of Method =313.
b Linear regression of fn J on 4n Aa was used to obtain an expression in the

e T

N

s form

e J = Afan (s)
h.fn

! The critical value of J is the intersection of the power law curve with a 0.2
;2} ma 2ffset line parallel to the blunting line, as shown in Figures 4 and S.

11
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value, being considered as a revised Jj. test procedure, will be
the current Method E813 J;. value obtained from the intersection

curve with the blunting line.
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Figure 5. J versus Aa plots for side-grooved specimen 40B, using
unloadiag-compliance and load-drop ameasurement of Aa.

Load Drop Analysis

Plots of J versus da were attempted from the five sets of test results
using a load=drop procedure for Aa, where
Aa = J/23y + bo[l = (Pay/Ppay)l/2] (5)
In Zq. (h) the first term is the blunting contribution to Aa. The second term

{5 the expression {ref 3) for Aa based on the assumptions that no crack zrowth

- 3. a. Xapp and J. 4. iUnderwood, "Single Specimen J-Based Fracture Toughness

:f Test for !ligh-Streangth 3teels,” Fracture Mechanics: Fourteenth Svmposium -

tu: Vnl. ILl: Testing and Applications, ASTM STP /91, (J. C. Lewis and G. Sines,
0 2ds.), AST™, 1953, op. 11402 - LI-414.
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occurs hefare maximum load and that all crack growth is described by the
hending limit load relation between load and the square of remaining liganent,
P = constant(bz). Figures 4 and 5 show the type of data obtained. For the
aonside=-grooved specimens such as in Figure 4, enough data were obtained to
perform a linear regression determination of critical J in the same manner as
for a Ji. determination. For the side-grooved specimens, as shown in Figure
3, little Aa data were obtained above the 0.15 mm exclusion line.

It is worthy of note that the J versus Aa curve obtained from load-drop

analysis has essentially the same slope as that obtained from the unloading-

compliance method. 1In Figure 4, the slope of the load-drop line in the units
shown is 0.92, compared with 0.88 for the linear unloading=-compliance line.

A similar slope from both methods would be expected even if only the second of

the two assumptions of the analysis were correct. The first assumption, that
no crack growth occurred hefore naximum load, will be proven wrong by
subsequent results here. filowever, this would affect the position of the curve
but not its slope. Therefore, there is some iandication that the load-drop
method 1s suitable for determining the tearing modulus of the material tested

here.

DISCUSSION OF RESULTS

,! A sunmary of xey results of the tests and analyses is shown in Table IV.
:;j Listed first {s the load at which the calibration unloading was performed,

:& E relative to maximum load P.,y1{p/Pyax+ Using a value of about 9.8 for this

2; ratio and applying the effective modulus procedure of Table II resulted in the
;CJJ Hilinear type of J versus Aa curve which is expected, made up of blunting and
n'.\n'.
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crick growth portions. The ratio of effective to typlcal modulus, E*/E, which
was calculated was zenerally near unity. The side—-grooved specimens, 40A and
%08, gave poorer results in this respect than the nonside-grooved specimens.
This may be due to the use of effective specimen thickness in the calculations

of Table II. The Method E8L3 calculation of effective thickness was used

Beff = Bgross [(Bgross‘Bnet)z/Bgross] (7

which results in an effective thickness of 4.88 mm for specimens 49A and 408B.
It is interesting to note that if B, = 4.06 mm were used in the calculations
of Table II, the resulting values of E*/E would be 1.05 and 1.0l for specimens
40A and 498, respectively. Then all the specimens, side-grooved as well as
nons {de~-grooved, would meet the E813 requirement that, essentially, E aust
equal Z* within seven percent.

It is generally of interest to compare the maximum load ia a Ji. test
with the bending limit load. For the tests here this ratio, shown in Table
IV, 3ives an indication of how well the load-drop method would be expected to
work. Load-drop would be expected to give a good measure of 4a only for P, ./
Plinit near unity. This was the case for only one of five tests, so based on
this, differences between the load-drop and unloading—compliance results would
10t he unexpected. It should be noted that the work of Server (ref $), bHased
21 pline-straltn slip~line-fleld analysis, was used to obtaln the Plimit

axpression £ar the tests hera

Plimir = 1.%35 oy8b?/S (3)

3u. L. server, "General Yielding of Charpy V-Notch and Precracked Charpy
Specimens,” Journal of Zngineering aterials and Technology, Vol. 100, 1973,
np. 133-1493.
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in which the constant 1.435 was calculated from Reference 8 for an indentor
width of 1 mm and for the assumption of the von Mises' yield criterion. The
n1se of a pliane-strain analysis for calculating Pyy,hi¢ s believed to be
appropriate, because the relatively low strain-hardening of the material
ancourages slip-line type deformation.

Another requirement of Method E813 is that the final measurement of Aa
using the unloading—compliance method should agree within 15 percent of that
from heat tinting or other crack length marking after the test. Comparison of
these two measures of Aa, listed in Table IV, shows that only the side-grooved
tests neet the 15 percent requirement. Figure 6 shows the reason.
Considerable tunnelling occurred in the nongrooved specimens, whereas
relatively straight-fronted crack growth occurred in the side-grooved \

specimens.

#40 #40A |

Figure 6. Heat-tinted fracture surfaces of two bend speclmens.
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The final three columns in Table IV list the critical values of J which
were determined using: unloading~compliance and linear regression as in 'ethod
2813; unlnading—-compliance and power law regression; load-drop and linear
regrassisn when there were enough data. One consistent trend is that J from
the power law method is significantly above obtained that from the linear
Method E813, 33 to 55 percent higher. The critical J from the load-drop
method is also above that from the linear method, but not as counsistently,
from 46 to over 200 percent. There i{s no common reason for these two somewhat
similar trends. The power law J is above the linear J because the power law
method selects a point higher on the J versus Aa curve for these tests. The
load=drop J 1is above the linear J because the load-drop Aa measurements are
significantly below those from unloading-compliance; this shifts the J versus

Aa curve upwarid.

An important trend in the linear JIc results is a significantly lower Ji.
value for side-grooved specimens %0A and 40B, averaging 11 KJ/mZ, compared
with nongrooved specimens 40 and 47, averaging 20 KJ/2%. The lower side-
3rooved toughness is clearly caused by the much straighter crack front.
However, the choice of which value to use in design is not clear. The side-
grooved Jr. is a lower bound, but it may be an overly conservative lower
bound, because in practice, no geometry similar to a side~grooved specimen is
likely to occur and force such an unnaturally straight-fronted crack and

1ssociated low toughness. On the other hand, without the knowledge of all

anssible design and service conditions, there {s no guarantae that the lower
straight-fronted J;. value from side~grooved tests is not the appropriate one

far a particularly severe set »f conditinns.
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SUMMARY AND CONCLUSIONS

The inclusion of an effective modulus procedure in the unloading-
compliance method used with the tests here significantly improved the self-
consistency of the results. The use of effective modulus eliminated large
variatisns ia the horizontal position of the J versus A4a curve and the
associated variations in the J1e value. The effective modulus »rocedure mnav
not be necessary under the best of testing conditions, but in general, it
should be a required part of the unloading-compliance Jj. test method. For
croper zeneral use of effective-modulus, the load-line compliance data in
‘fethod E813 should be replaced with more accurate data. The results of
Reference 5 are suggested for this purpose. For the tests here, the best
results were obtained when calibration unloading and effective modulus
procedures were performed at a point approaching maximum load. This is
sugzested as a general procedure, with care taken to be sure that no crack
zrowth has yet occurred at the calibration unloading point. 1In general,
heat-~tinting type tests will be required to positively determine the optimum
soiat for calibration unlnading.

The power law regression fit and 0.2 mm blunting line offset approach

rasulted in critical J values about 40 percent higher than those from the

linear fit and blunting line approach of Method E81l3. For the tests here, a
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b1, H. Jnderwood, J. A. Xapp, and F. I. Baratta, "More on Compliance »f the
Three-Point Bend Specimen,” I[nternational Journal of Fracture, Vol. 238, 1985,
pp. R4L=-R43.
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b

J.15 offsert would be attractive, because this line is already used for data
exclusion and ic would result in a closer agreement with results from the
current Method E313.

The load-drop procedure resulted in critical J values considerably above
those of the unloading~compliance and linear fit approach of Method ES13. The
nrimarv reason for this is believed to be the occurrence of crack growth
Hefore anaximum load for this amaterial. Such crack growth would not be
indicated by the load-drop method, so the J versus Aa curve would be shifted
to the left and a higher critical J value would result. The above serves to
emphasize that the load-drop method gives a good measure of Jp. only when it
is certain that no crack growth has occurred before maximum load. When this
is uncertain, the load-drop critical J value must be considered to be

unconservative.
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