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ABSTRACT

The potential drop method based on the compensation concept is used

in measurements of crack growth behaviour of heat resistant alloys
under static and cyclic loading in the high temperature range up to
1273 K. Test materials are cast alloys IN-519 and Manaurite 36 X and
the wrought Ni-base materials Inconel 617, Nimonic 86, and Hastelloy X.
The experiments are performed in air; the reproducibility of each
measurement is proven by at least three CT-type samples.

The test results gained from cyclic loading experiments at a fre-
quency of 5 Hz, R = 0.05, in air show the typical dependence of
log(da/dN) upon log(AK). Reproducibility between samples was good and
the onset to stable crack growth occured at a AK value of less than
10 MPa - m1/2 at elevated temperatures.

The static load experiments are evaluated following the net stress
concept; the applicability of linear elastic fracture mechanics seems
doubtful for experiments lasting longer than 7.2 Ms (2,000 hours) at
elevated temperatures. Nevertheless, the K-concept was applied to
Inconel 617 for illustrative reasons.
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INTRODUCTION

The gasification of coal with nuclear energy needs materials which

can withstand service temperatures of 1073 K to 1323 K. Although mod-
ern non-destructive techniques for flaw detection are capable of
working at low detection limits, it must be assumed that components

in practice will contain notches or flaws or develop cracks under
service conditions. For components operating at elevated temperatures,
it is possible that flaws present may grow by creep and/or fatigue.
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In order to enable a reliable design it is urgently necessary to es-
tablish the factors controlling the crack propagation rate under fa-
tigue and creep conditions. Experimental studies have shown that the
processes of fatigue and creep crack growth consist of an initiation
period and a growth period (Walton and Ellison, 1972; Weiss and Lal,
1974; Weiss, Rabaut, and MacInnes, 1969; Zaharia and Gershon, 1973;
Crooker, 1976; Jack and Price, 1970; Lindley, Richards, and Ritchie,
1976; Plumbridge, 1972; Radon and Culver, 1976; Scarlin, 1975;
Shahinian, 1978; Schijve, 1979; Neate and Siverns, 1974; Taira and
Ohtani, 1974; Floreen, 1975; Heigh, " 1995) .,

This presentation gives results of fatigue and creep crack growth
investigations.

EXPERIMENTAL PROCEDURE

Fatigue Crack Growth Investigations

The fatigue crack growth investigations were performed on a closed
loop servohydraulic computer-controlled MTS machine in air using
load controlled with a sinusoidal waveform in tension. Before start-
ing the experiments the samples were prefatigued. The length of

the crack obtained by prefatigueing was measured by means of an
optical microscope. Wires for current supply and for the potential
drop measurement were connected to the specimen by electron beam
welding using wires of the filler material: electrodes of Ni-base
material. The specimens were heated by a three zone resistance-type
furnace. For measuring the crack length the potential drop tech-
nigque was used. The method and the test procedure were described
elsewhere (Krompholz, Grosser, and Ewert, 1980). To avoid electrical
short circuits via the load frame the load rods were electrically
isolated outside the furnace. The evaluation of the tests was per-
formed with a computer, type DEC PDP 11/04, using the 11-point
incremental polynomial method, a method similar to that described
by Clark and Hudak (1975).

The fatigue and creep crack growth specimen design is shown in Fig.1

Creep Crack Growth Investigations

The experiments were performed under constant tensile load in air in
creep machines of type TC 20 constructed by Mayes Ltd. As in the fa-
tigue crack growth experiments, the specimens were heated by a three
zone resistance furnace. The fatigue conditioning of the specimens
and the method for the crack length measurement were the same as in
the fatigue experiments. In these experiments the test data were
analyzed graphically by calculating the time derivative of the plot

of the crack length versus time for an instantaneous crack length aj.

Net stress was calculated from equation (5) and/or the stress inten-
sity factor from equation (2), a method, which is described in
detail by Clark and Hudak (1975) for fatigue crack growth inves-
tigations.
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Fig. 1. CT-specimen with connections of.the cur-
rent and potential wires (all dimensions
in mm)

DESCRIPTION OF EVALUATION PROCEDURES

Concept for Fatigue Crack Growth Calculation

The fatigue crack growth experiments were evalugted by means of the
concept of linear elastic fracture mechanics using AK even at the
highest temperature under investigation. The AKy is calculated ac-
cording to -

AR = K - K.... =K (1 -z )=Kmax~(1—R), (1)

where R is the stress ratio. Kpgy can be calculated for the CT-speci-
men according to

B s a'/2 [20.6 - 185.5 (@) + 655.7 (2)?

- 1077.0 (93 +638.9 @71, (2)
where

2 e (3)

dn,max " B-w '’

is the nominal maximum stress, Fmax the maximum load, B the thickness
of the specimen, w the width of the specimen, and a the crack length.
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The expression in brackets has been tabulated by Walker and May
(1967) .

In each case, the Paris law correlation

da
@ =C R, (4)

was calculated for the linear part of the typical S-shaped curve of

the plots. Here, da/dN is the crack extension per cycle and C and n
are calculated constants.

Concepts for Creep Crack Growth Calculation

Two concepts were applied in these experiments. These were (i) linear
elastic fracture mechanics, using the K-concept of equation (2) and
(ii) the net stress concept according to

G W
n . w + a
‘het " w - a L w - a)' (5)

For the CT-specimen, the net stress is a crack tip stress calcu-
lated from the combined tension and bending stresses (Landes and
Begley, 1976; Harrison and Sandor, 1971). The terms used are ex-
plained in equation (2) and (3).

Creep crack growth rates correlate also with the energy rate integral
ct, which is an adaption of the J-integral involving substitution of
strain rates for strains and displacement rates for displacements.
The method, which holds great promise for design calculations because
ct can be calculated by finite element analysis as well as determined
expePimentally, is described in detail in literature (Landes and
Begley, 1976; van Leeuwen, 1977; Riedel and Rice, 1979). Because of
the technical equipment required, this last concept could not be
applied in tests described here. In each case, results were analysed
according to a power law

d
o R (6)

or the net stress model

da b
m =P ) - (7

Here, da/dt is the crack velocity and A, B, m, and b are constants.

RESULTS

The characterization of the test materials is given in Table 1. The
test parameters are shown in Table 2. The evaluated fatigue data
from Paris law, equation (4), are shown in Table 3.

Fatigue crack growth results for IN-519, Inconel 617, Nimonic 86,
and Hastelloy X are shown in Figs. 2 - 5, respectively. The results
are shown in the form of log(da/dN) vs. log(AK). Creep crack growth
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TABLE 1 Characterization of Test Materials

Material Heat Chemical Composition (wt. %)

Clsi M| cr Mo N | v|w]|AL|Co|Cu|Nb| Ti
IN - 519 345 |35 | 73| 76|26.84] 03[26.97].03 |06 |<.004 41] 01 |162 [<01
\;nuurite 36X 339 |43 | 82| 89|2544| 05]356 .04 | .04 |<004| 37| 03|1.25<.01
Manaurite 36X| 346 |42 [132(1.29]2582| 22334 |03 | .02 |< 004 20 (<01 | .B4|<01

Inconel 617 365 |.065 | .06 |.0304|22.0 |8.87{52.55/.09 |.15 | 1.02 [12.4| .21 | 38| 33
Nimonic 86 376 {067 19| 11 |26.83(10.0 [62.46{.09 |06 | 039| 088 04 <01 | b
Hastelloy X | 379 079 .32| .69{21.3448.74{45.6 |.06 | 69 | .4&|2.47| .02 .38]|<.01

Material Heat | Dimension (mm)| a, (/IéO v ys [ MPa |UTS/MPa
IN - 519 345 (91368 x17.7 7.2 232 456
Manaurite 36X | 339 |$134.2 x 17.35 8.0 255 496
Manaurite 36X| 346 |®1348 x177 8.6 274 531
Inconel 617 365 | 980 x16.5 160 356 46
Nimonic 86 376 $63.5 84.8 351 7170
Hastelloy X 379 4720.0 136 337 v

data for Inconel 617, evaluated as a function either of ne? stress
or of stress intensity are given in Figs. 8 and 9, respectlvely,ofor
1123 K (850°C), 1173 K (9000C), 1223 K (950°C), and 1273 K (1000°C).
Additionally, creep crack growth data from IN-519.and.Manaur1te 36 X
as a function of the net stress applied is given in Fig. s

DISCUSSION

Discussion of the Fatigue Crack Growth Data

The fatigue crack growth behaviour of the alloys was investigated.
with the parameters as given in Table 2. At room temperature and in
some cases at higher temperatures the load was }owered after reaching
a crack velocity of da/dN =5 - 107* mm/cycle, which leads to a slow

TABLE 2 Parameters for the Fatigue and Creep
Crack Growth Investigations in Air for the Ma-
terials in the As—-Received State

Material  [Heat [Notch® |R | £ On. max/MPa for T/K
Direction |z [ 505 W73 | 123 | 173 [ 1223] 1273
= S o s = W71 | 382 |307| 192
IN-519 | 345 LTt 192
307
C-L |005| 5 [128/8.6/6.4| B6/64| B.6/64 | 64 |51 | 43
Mangurite |339 |C-L [1]0] - PO T e Z
36X 346 | C-L [ 1]0 - - 4.52 376,654 - -
Inconel 617 | 365 |C-L [1]0]| - = 641 | 69& | 609 (226,186
i 490 |2.97
295
7,
C-L joos| 5|msi96s58| S0 | 50 L6 |38 | 38
Nimonic 86 |376 | C-R J005| 5| Ba/94 | 49 | &2 38 |34 | 34
Hastelloy X379 | T- L foos| 5| mar76 | 53 | 38 3B |3 |32

*According to ASTM - E399 - 74
Figures given in the Table refer to nominal stress (MPa) applied
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shift of the total curve towards higher crack velocities. This was
observed at room temperature, where a constant R-value and three dif-
ferent loads were used in one experiment to obtain the full curve
da/dN vs. AK.

Figs. 2 - 5 show the experimental results obtained at 308 X (350C),

1073 K (800°C), 1123 K (850°C), 1173 K (900°C), 1223 K (950°C), and

1273 K (1000°C) for the alloys IN-519, Inconel 617, Nimonic 86, and

Hastelloy X. The curves shown were derived from the best fit of the
evaluated points.
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Fig. 2. Fatigue crack growth Fig. 3. Fatigue crack growth
rates vs. stress intensity for rates vs. stress intensity for
G-X 35 CrNi 24 24 (IN-519); Inconel 617, £ = 5 Hz, load
f =5 Hz, load controlled with controlled with sinusoidal load

sinusoidal load in tension, in tension, R = 0.05; a: 308 K,
Ri=10.055 . a: . 308 K, b "073 K, bt “1O7B4 K, “e: 123 K, «ds 1173 K,
cis 1123 K, "dz 1173 K, ‘ez 12237K,"“e: Fl2238K £:812734K

f: 1273 K

Fig. 6 shows the typical narrow scatter of the data measured at e.g.
1273 K (1000°C) for Inconel 617. The reproducibility was always
checked with three specimens. Between room temperature (308 K) and
1273 K exists a very distinct temperature shift in the curves da/dN
vs. AK. In nearly all experiments a determination of AK¢, a value,at
which the crack starts to propagate unstable, was directly possible
from the typical S-shaped curves.
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Fig. 4. Fatigue crack growth Fig. 5: Fatigue crack growth
rates vs. stress intensity for rates vs. stress intensity for
Nimonic 86, f = 5 Hz, load con- S-NiCr 21 Fe 18 Mo (Hastelloy X);
trolled with sinusoidal load in f = 5 Hz, load controlled with

tension, R = 0.05; a: 308 K, sinusoidal load in tension,

b 1073 K, e 4128 Ky dis 1173 Ky R = 0.05; a: 308 K, b: 1073 K,

e 1223 K, £21 1273 K cie 1123 K, d: 1173 K, ez 1223 K,
£: 1273 K

In all cases the specimen size according to ASTM Designation

E 647-78 T was violated with respect to the uncracked ligament.
That is because larger specimens are not suitable in planned in-
vestigations under different environments for fatigue and creep
crack growth studies. So in some special cases the load point
deflection was measured additionally to show that the recommended
procedure for specimens violating section 7.2was fulfilled. Tests
have shown that even at 1223 K and 1273 K the application of linear
elastic fracture mechanics is possible for small specimens of these
materials; results of these investigations will be published else-
where.

The fatigue crack growth rates vs. stress intensity amplitudes were
fitted by least square regression analysis of the experimental data
according to equation (4). The parameters C and n are given in
Table 3.
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2 : It should be mentioned, that at such high temperatures the inter-
L e R R R I ; action of creep and fatigue becomes important. For this reason a high
| R= 005 i \ £ frequency of about 5 Hz was chosen to give short term tests (up to
fEEls ] 36 ks (10 h)) and reduce the effect of the interaction to give some
3 Specimens scope for the application of linear elastic fracture mechanics.

103 Load sinusoidal . .
Discussion of the Creep Crack Growth Data

While conducting these experiments the authors noticed that very
little experimental evidence 1is available on the applicability of
different fracture mechanical concepts to crack growth under creep
conditions and/or under long term fatigue conditions with creep con-—
tributions. Some authors employ the stress intensity factor without
concrete experimental verification. The problems and difficulties of
the use of CT-specimens in crack growth investigations under creep
conditions are pointed out by Koterazawa and Iwata (1976). Because
of the experimental boundary conditions it is necessary to use small
CT-specimens. Under those conditions the net stress concept which is
discussed earlier is satisfactory for analyses of the results. The
plot in the double logarithmic scale da/dt vs. opet is shown for the
cast alloys Manaurite 36 X and for IN-519, respectively, in Fig. 7.
To show the impact of different types of correlation for crack growth
behaviour the results gained for Inconel 617 are plotted da/dt vs.
net section stress opet in Fig. 8 and vs. K in Fig. 9.

Working Direction

The Fig. 7 to 9 illustrate the scatter in the experimental data by
c - S . : giving more than only one test per parameter. This was considered
15 20 30 40 50 60 fo be necessary in order to be able to separate between effects
8K; [MPa -m'"?] possibly caused by the material or by environmental parameters, the
latter to be studied in future work.

Fig. 6. Fatigue crack growth rates vs. stress The crack velocity vs. net section stress in Fig. 7 shows only a
intensity for Inconel 617; £ = 5 Hz, léad G very small temperature dependence and a broad scatter band for IN-519
trolled with sinusoidal load in tension as well as for Manaurite 36 X. A straight line relationship in the

R = 0.05; example for T = 1273 K ! form of a power law is not applicable.

In Fig. 8 the creep crack growth data of Inconel 617 are shown
plotted versus net section stress in the double logarithmic scale

TABLE 3 Parameters C and n, Calculated by Least for the temperatures given above. The results clearly show that the
Square Analysis from Equation (4) scatter of the values obtained at 1273 K covers nearly all the values
from the experiments at lower temperatures. In the net section stress
Material Heat |C, n TIK . concept there is no clear temperature dependence. However, the curves
ace. fo : for 1123 K cross those for 1173 K and 1223 K at opet = 300 MPa, sO
equ. (4) 308 | 1073 | 123 | 173 | 1223 | 1273 : that at higher stresses crack growth is faster at lower temperatures.
. This might be due to differences in net section yielding. An alter-
native explanation for the cross-over behaviour is that, at the
higher temperatures, crack growth may be effected by dynamic oxi-

IN - 519 35 | € 2107 [8.22:10%294-10% 344108152 158(2.56-10°
no 1841|660 [356 (355 428 |4.26

Inconel 617 | 365 | € [288-1071.32-10%}1.47-10%|2.86 10511915 [105-16°® dation within the growing crack.
n o [89N 2.06 205 194 233 257 :
Nimonic 86 | 376 | € 116104 201071837 10710.93 107172610 |3.52.10° % To compare the;e results with lineag elgstic fracture mechanical
0 sz lzss leas. loeo loss i ; concept da/dt is plgtte@ versus KI in Fig. 9 at ?he same tempera-
) : tures as discussed in Fig. 8. Using the net section stress from

Hastelloy X| 379 | € [40310"/137-10°783167[7.22-107}7.79 - 10711210 % Fig. 8 and comparing it with the linear elastic fracture mechanical

no (760 223 l2.60 269 |2.67 261 : concept used in Fig. 9, it can be shown that there is a clear tem-—
- : perature dependence for results at 1123 K, 1173 K, and 1223 K.

{ Only the results obtained at 1273 K deviate from this temperature

dependence; the crack velocities are about an order of magnitude

lower than expected from the data at lower temperature. This effect

P —
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Zisidabe explained by oxidation within the growing cracks which might
ccount for the early cross over effects, as mentioned above

The picture of i i k :
of tge fatigﬁe E?icirigtgii i;ggacells totally different from that i 1W3Kl ‘ T | ‘41
: s. In creep crack i i : s ‘ |
- . growth yieldin
geziinanaéngE?ant rolg. C;ack propagation is accompanied by liggment ’ jily%ﬁ A
g rding to yielding so that K seems inadequate to describe ! ek

E:eig giiziggioYFh. Fi%. 8 as well as Fig. 9 clearly show that there
: ine relationship between cr
section stress or K, respectively. S

zir ;Qiz ;gg:in is igegs urgently necessary to find an improved mod-

. shou e applicable for fatigue as i

crack growth investigations so to : W Sk b
ref i i

e b eflect the mutual interaction

v o
=
E
!'_"_7_7—7-’ : E
T ’ rﬁhrrfT_‘f — ey E
| 103 —— —f— ,,HLQ—L' é g
’ —— 123K ; z
i —— 173K | | |
i ~0—1223K i i _g
o —o— 1273K % 3
i WS Somdigre i, A e
! S 10 15 20 30 40 50 60
! | K; (MPa-m"?)
ﬁjdi~~ : ﬁ,mWﬁj_ﬁﬁMul_ﬁg i Bigi 9 Creep crack growth rates vs. stress in-
) —’_ﬂZBK}ManBGX _ 109 tensity Ky for the wrought alloy Inco-
= —=—1173K 2 nel 617 for different temperatures
= —o—1123K | e
S —— 173K | &
= o — 123K [IN - 519, = CONCLUSIO!
S e 1273K | 5 56 =i
i b =
| | The experimental results for fatigue crack growth from short term ex-
- — e ] periments show a high reproducibility as well as a plane fracture
- 1;5\\_r,,4 surface. One can conclude the concept of linear elastic fracture me-
10 '\’IE' ] . 5 chanics even at the highest temperature under investigation (i.e.
“: i o 1273 K) seems to be applicable.
£
£ There is a limited possibility to compare the data with literature
50 100 T 7 ; . £ information. At 1123 K results for the Ni-base alloy IN-738 from
200 500 1000 1500 50 100 EO — RS, fatigue crack growth experiments have been reported elsewhere. The
Gret  [MPQ) 500 1000 1500 : results are close to those for IN-519 with respect to fatigue crack
Gret  [MPa) growth but the temperature dependence is more pronounced for these
i h =738"1 igated at 1023 K d 1123 K.
§22é37;s creip crack growth oo s L TR / alloys than for IN-738 investigated a (0] an 1
. net section st : ]
il i Manauritzegz ;Or Estes vs. net section stress for ' The results of the fatigue crack growth experiments clearly show
Snd INCS10 ber dilEeitnt. tenbenas € wrought alloy Inconel 617 . that the potential drop technique has proven to be a useful tool for
tures el or different temperatures ‘ measuring crack growth even at very high temperatures.

In creep crack growth investigations the results show a large scatter.
The concepts used for the description of phenomena; i.e. opet as well
as K, seem not to be reasonable for long term experiments, i.e. for
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experiments lasting longer than 7.2 Ms (2,000 hours). The results
clearly show that there is a need for an improved concept which com-
bines creep and fatigue crack growth at elevated temperatures.
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