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DETERMINATION OF FRACTURE MECHANICS VALUES BY DIFFERENT SPECIMEN
TYPES AND IT'S USE FOR SAFETY ANALYSES

* *
A. Heuser , W. Dahl

Fracture mechanic tests using CT- and 3 SENB-spe-
cimens were performed to find out whether there
exists an influence caused by the specimen type.
Results are presented for steels with different
strength levels tested in the elasto-plastic as
well as in the linear elastic regime of material
behaviour. The crack resistance behaviour was de-
termined using different specimen types. The
results are finally used to show how far a safety
analyses is influenced by the different fracture
mechanics values.

INTRODUCTION

Fracture mechanic values are often determined with different spe-
cimen geometries. These differ not only in dimensions but also in
loading conditions. CT- and 3 SENB-specimens are most common to
determine fracture mechanics values in the linear-elastic as well
as in the elasto plastic regime of material behaviour. The speci-
men type is often selected by considerations like how to save ma-
terial and money. This proceeding seems to be justified because
the evaluated fracture mechanics data should not depend on speci-
men type within the validity range of fracture mechanics concepts
like KIc and J-integral.

One result of J,-curve evaluation on HY 130 steel by an ASTM
round robin (1) wgg that 3 SENB-specimens resulted in Jg-curves
with a steeper slope compared to CT-specimens of same thgckness.
Jones et al. (2) evaluated the same differences in stable crack
growth resistance behaviour on a copper-nickel alloy. Garwood (3)
determined for center-notched-tension and bend samples J, -values
which coincide but different slopes of JR-curves were obsé?ved.
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The differences in the evaluated Jp-curves described in (1) and
(2) are also present if the 1im1€%tions of J-controlled crack
growth are taken into account. The criteria describing the vali-
dity range of J-integral is formulated for bend specimens as:

-1
7 >254J (0,5 (oys + oUTS)) (1)
pa < 0,06 Z (2)

dd/da > wd (W-a)~! (3)
with w >> 1 often w = 10
Z=a, (W-a), B

The purpose of the work reported here is to find out whether
there exists an influence in the description of toughness be-
haviour caused by the specimen type. Therefore fracture mechanics
tests using CT- and 3 SENB-specimens were performed on steels with
different strength levels.

Materials and Specimen Dimensions

The tests were carried out using 40 mm thick plates of the
steels Fe E 470, Fe E 460 and Fe E 690. While the plates of Fe E
470 and Fe E 690 were in quenched and tempered condition the plate
of Fe E 460 steel was normalized. 3 SENB-samples with a thickness
B = 35 mm and a width of W = 70 mm as well as CT-specimens of the
same thickness and a width of W=80 mm were prepared. Additionally
1 CT- (B = 25 mm), 2 CT- (B = 28 mm), 4 SENB and 3 SENB-samples
(B = 25 mm, W = 2B) were produced out of a 30 mm thick quenched
and tempered plate of 20 MnMoNi 5 5 steel. The chemical composi-
tions and mechanical properties for the three steels of investi-
gation are listed in table 1. Specimens were tested with 20% side
grooves and without. This procedure was chosen to avoid shear 1lip
formation and to produce plane strain conditions, taking into
account results of finite element computations done by de Lorenzi
et al. (4). Side grooving was performed after prefatiguing plain
sided specimens. To be sure that the fatigue crack was situated
very well in the side grooved plane the specimens were fatigue
loaded again to the last load. A1l specimens were prefatigued to
an a/W-ratio of about 0.53.

Test and Evaluation

The fracture mechanics tests were carried out in displacement
control using servo-hydraulic testing machines (100 kN and
1000 kN). J-integral values were estimated following the procedure
given in ASTM E 813. In order to measure the load point deflection
of the 3 SENB-specimens the reference bar method proposed by Dawes
(5) was used.
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The crack tip opening displacement (cTOD) was calculated by
the formalism given by the British standard BS 5762. The extrapo-
lation formula given in this ctandard is only valid for 3 SENB-
specimens. But nevertheless it seems to be possible to use it also
for CT-specimens. There are published results (6) which show a
good agreement between CTOD values obtained by this formalism and
those obtained from silicon replica technique testing CT-samples.

RESULTS

Behaviour in the Linear Elastic and in the Elastic-Plastic range

Figure 1 shows results of fracture mechanics tests done in a
temperature range from 77 K to RT on 20 MnMoNi 5 5 steel. The
plotted data were evaluated for the maximum load. Additionally J.-
values describing the beginning of stable crack growth were esti-
mated using DC-potential technique. Within the scatter of such
values no significant differences were observed for the J.-data
obtained by the different specimen types. !

In the temperature range where the specimens failed by un-
stable cleavage fracture the J-integral values of plain sided CT-
and 3 SENB-samples were very similar. Compared to this result
there is to notice a tendency of a decrease in J-integral values
using side grooved CT-specimens. CT-specimens notched by a saw cut
(notch radius 0.05 mm) showed a tendency to higher J-integral
data. The K, -value estimated at 77K using such a sample is twice

of the KIC &f a fatigue cracked specimen (7).

The temperature T. describing the beginning of stable crack
growth is the same for plain sided CT- and 3 SENB samples. But Ti
will be shifted to higher values using side grooved samples.
Notched specimens show a contrary behaviour.

In the temperature region higher than T. the specimens failed
after some amount of stable crack growth. The J X—va1ues estima-
ted for 3 and 4 SENB-specimens are clearly hi@ﬁer than for CT-
specimens. All relevant dimensions of the specimens were similar.
Therefore it seems to be allowed to compare the values quantita-
tively. Side grooved, plain sided and notched CT-specimens have
the same level of Jmax’ Ju—data.

The notch radius of specimens prepared by a saw cut is smaller
than the critical width of the stretched zone, CTOD at initiation.
This gives an explanation that you will get the same specimen be-
haviour compared to prefatigue cracked bodies (7).

The differences in J__ -values using CT- or 3 SENB were also

present if the test datgqﬁere used to estimate CTOD values (8).
Results of fracture mechanics tests on the steels Fe E 460 and
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Fe E 470 performed at different temperatures are shown in figure 2
and 3 which show the CTOD values estimated at the failure of 3
SENB- and CT-specimens respectively. Great differences of CTOD
data are obvious in the temperature range where failure occurs
after some amount of stable crack growth. It is more dramatic for
the results on Fe E 460 steel, figure 3. &.-values, CTOD at stable
crack initiation, are very close together in the case of Fe E 460
steel. But FeE 470 steel showed some difference in §.-data using
CT-or 3 SENB-specimens, figure 2. It is not quite cleal whether it
is due to some scatter caused by the potential method or to a real
effect. The temperature Ti and the Gc-values are not affected by
specimen type.

Crack Resistance Behaviour

The differences in CTOD- and J-integral values described
appear only in the temperature range where the specimens failure
is caused by some amount of stable crack growth. Therefore J.-
curves were determined using SENB- and CT-samples. The results a&e
presented for four different steels with different strength levels
in figure 4 to 7. The J,-curves were obtained using multiple-spe-
cimen technique accordiﬁg to ASTM standard. A power law fit was
used to describe the crack growth resistance behaviour.

Compared to CT-specimens the SENB-specimens result in Jdp-
curves with higher J-integral values and a steeper slope. If sige
grooved SENB-specimens were used the slope of Jp-curves decreased.
Then the test data correspond to those of p]af% sided CT-samples
considering the scatter of results. Side grooving of CT-specimens
resulted in a small decrease of Jgp-curves. But the differences
with plain sided CT-samples are small. Testing side grooved SENB-
specimens resulted in Jp-curves which are very close to the CT-
ones. Differences in JR-curves using plain sided CT- or SENB-
specimens did not occur in the same manner for all materials
jnvestigated. Figure 7 shows that for Fe E 690 steel only very
small differences were observed in the description of stable crack
growth. In figure 4 to 7 the conditions of J-controlled crack
growth formulated in equation (1) to (3) are marked. Also if these
Timitations are taken into account, a specimen type dependence of
results is to notice.

In an earlier work (7) it was shown that 3 SENB-specimens
notched by a small saw cut resulted in the same J,-curve than
using prefatigue cracked sampels. As mentioned befJ?e this be-
haviour is due to the fact that the notch radius produced is
smaller than the Gi-values.

The estimation method for J, -values given in ASTM E 813 has
been critized a lot (9) because Gt uses a linear fit of test data
and a blunting line which considers the hardening behaviour of ma-
terials only by a mean value of Iys and TS Therefore in figure
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4 to 7 are drawn in blunting lines which can be derived using re-
lationships given by Shih et al. (10) based on HRR-field equa-
tions. These blunting lines depend on the hardening behaviour of
the material itself described by the parameters a and N of Ram-
berg-0sgood law, on the stress state and on the ratio o _/E. These
"HRR-field" blunting lines seem to describe the b1uﬁ@%ng phase
within the J,-curves better than the ASTM ones. No data point in
figure 4 toR7 is on the left hand side of "HRR-field" blunting
lines determined on specimens which showed some amount of stable
crack growth. Whereas the blunting of the crack tip calculated by
the ASTM E 813 overestimates the blunting behaviour of the mate-
rials.

Prediciton of Failure Behaviour Using Fracture Mechanics Test
Results

It is necessary for a safety analyses to compare the loading
situation of the construction with suitable material values. For
that purpose elasto-plastic fracture mechanics material values are
used 1like J-integral and CTOD. The construction behaviour is cha-
racterised by exact FE-calculations (11) or approaching procedures
like "Two-Criteria-Approach” (12), "Engineering-Approach" (13) and
"Burdekin-Dawes-Design-Concept" (14).

The CTOD test results were used to predict maximum allowable
crack lengths acpit Using the CTOD-Design-Concept. The estimation
procedure formulated in PD 6493 (14) was used. The calculations
were done for a fictive part of a construction containing a crack
which length is small compared to the width. That means an a/W-
ratio of a/W < 0.1. It was assumed that the construction is loaded
to 90% of the yield strength of the material. CTODpay-values were
used, determined on the steels Fe E 470, Fe E 460 ané 20 MnMoNi 55
at RT. Figure 8 shows a comparison of calculated allowable crack
lengths acpit using CTODmaX-data obtained on CT- respectively on 3
SENB-specimens. The mean values of acpit calculated on the basis
of mean CTODmaX—data are plotted. The {est result number N and the
standard deviation - SDEV - of acpit is given in figure 8. The
standard deviation of acpit corresponds directly to the scatter
in CTODpax-data.

For every steel the lowest values of maximum allowable crack
lengths a_ ., were obtained if the results of CT-specimens were
used. The & ?GD -data of 3 SENB-samples resulted in a__.,-values
which were up M3X100% higher. If the results of side g?gased spe-
cimens were used the differences in calculated a_ . -values were
reduced for Fe E 470 and Fe E 460 steel. Thatcﬁk%ns that for
these steels the CTOD _data of 3 SENB-specimens are influenced
strongly by side grooving. Whereas CT-specimens,with side grooves
and without resulted,in the same CTOD _values. CTOD.-values de-
termined at the beginning of stable cPadk growth resulted in much
lower values of 8
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A pit ® 20,8 - 30,9 mm for Fe E 470
evit © 26,3 - 29,3 mm for Fe E 460‘
it F 17,6 mm for 20 MnMoNi 5 5

a_..-values calculated on the basis of CTOD.-data have some
advanfgﬁés. They are not affected by specimen geometry or specimen
type. Whereas the grade of conservatism changes if geometry depen-
ded CTODmaX-data are used.

Wide plates can be used to check failure assessment methods.
Therefore centre-notched-tension-loaded (CNT) samples were tested
at RT. The thickness of the specimens were B = 30 mm for 20 MnMoNi
5 5 steel and B = 35 mm for the Fe E 470 and Fe E 460 steels. All
CNT-specimens had a through-thickness notch. Wide plates of 20
MnMoNi 5 5 steel with different crack lengths (2a = 6,09 mm, 2a =
24,78 mm, 2a = 30,31 mm) and a constant width of W = 450 mm were
tested. The wide plate of Fe E 460 steel had a crack length of
2a = 20,12 mm, it was 2a = 19,10 mm in the case of Fe E 470 steel
and the width was W = 350 mm. A1l wide plates failed in a ductile
manner and showed only stable growth on the fracture surfaces.

The failure loads of the CNT-samples were predicted by the
"Engineering Approach" (13) using the assumption of plane stress
behaviour. Four different calculations were performed for every
steel based on the different J,-curves shown in figures 4 to 6.
Dahl et al. showed that the faiqure prediction based on the esti-
mation scheme given by Kumar et al. (13) depends on the choice of
parameters o and N of the Ramberg-Osgood law (15). Therefore an
approximation was chosen of the true stress strain curves which
agreed best in the upper hardening part.

Figure 9 shows a comparison of predicted failure load F_ and
experimental failure load F. of tested CNT-samples. The different
slopes of J,-curves influenge the calculated maximum loads of the
wide plates. While the J,-curves of plain sided 3 SENB-samples
resulted in the highest cJﬁcu]ated failure loads the J,-curves of
side grooved CT-specimens give the Towest ones. Even th%n only one
specimen of 20 MnMoNi 5 5 steel was predicted with some conserva-
tism.

CONCLUSIONS

It was shown by fracture mechanics tests performed on steels with
different strength levels using CT- and 3 SENB-specimens that the
J-integral and CTOD values are comparable in the linear elastic
regime of material behaviour up to the temperature T. which
describes the beginning of stable crack growth. The temperature Ti
is not influenced by the specimen type. Fracture mechanics data Ji
or §. determined at the beginning of stable crack growth by DC-
potential technique are the same for CT- and 3 SENB-samples if
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some scatter is taken into account. Within the temperature range
where the specimens failed after some amount of stable crack
growth, the 3 SENB-specimens resulted in higher J and CTOD__ -
values. Mo Hlax

Compared to plain sided CT-specimens all the 3 SENB-specimens
resulted in J.-curves with higher J-integral values and a steeper
slope. The JR-curves obtained from side grooved 3 SENB-samples
showed only a small difference to those of CT-samples. While side
grooving influenced the results of the 3 SENB-specimens dramati-
cally the CT-specimens are affected only to a small amount.

It was shown that the maximum allowable crack Tength a_ .
calculated by the CTOD-Design-Concept depends strongly on C{ﬁg
specimen type. If specimen type affected CTOD values were used the
grade of conservatism of the design concept changes. Therefore it
ceems to be better to use §.-data which are not influenced by the
specimen geometry. 1

A comparison of predictions using the Engineering Approach and
real experimental failure loads of some wide plates showed the
effect of specimen type dependend J,-curves. It is important that
there is only a maximum difference of 15% if the calculation is
done on the basis of plain sided 3 SENB-specimens instead of side
grooved CT-specimens.

The results presented show that fracture mechanics values used
for a safety analyses of a construction can be specimen type
affected. It is to suppose that this behaviour is due to a 3-di-
mensional effect along the crack tip. A verification would be
possible on the basis of finite-element computations which take
stable crack growth into account.

SYMBOLS USED

a = crack length

B = specimen thickness

E = Young's modulus

F = load

J = J-integral

JIc = J-integral for crack initiation according to
ASTM E 813

N = parameter of Ramberg-Osgood law

N = number of tests

SDEV = standard deviation

W = specimen width
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20% SG = 20% side grooved
a = parameter of Ramberg-Osgood law
8 = CTOD-value
Oys = yield strength
oyTS = ultimate tensile strength
Aa = stable crack growth
€f = strain at fracture
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Steel ClSi|M|P|[S [AfCr|V [M]|lZ
Fek 470 015 033|1.20(0,020{0,011{0.024| 0,03 | 0,01] 0,310,044
FeE 460 017] 026{1,63{0,014{0,012]0,014) 0.02] 0.16] 0.01{0.026
20MnMoNi 551 018/ 023] 1,39/0.007{0.003|0,028) 0.16] - |048] -
FeE 630 018| 0.73| 0,89{0,017{0,009)0,030] 0.83] 0.01{ 0.46]0026

Steel cys_2 Umg—z €5 RA CVN mox
INmm‘] | [Nmm‘] [ %] (%) [J]
FeE 470 465 585 18.3 70 100
FeE 460 450 620 205 58.5 110
20MnMoNi 55 6565 770 17.6 69,1 165
Fek 630 Gg 740 840 17.0 65.0 85

Table 1 Chemical composition and mechanical properties of the
steels investigated

Steel 20MnMoNi5 5. Plate B2 Steel FeE 470, Plate 71
3 SENB o =/ 6mux/u/t 5
4 SENB O mn s v 3 SENB o 6 i
1CT 20%S6 & e cT N s —
1CT saw notch @
101 a
1200 Initiation value o ——-;—’;——— 06}
s~ 8
i %9
/o o o __ °
< SENE - . °
' 800F L7 o g E o}
~ = o
= ° o g —_—
§ g . B A
g o *
-— - o o o
< w0 0.2t Fo—
e ®
rd
sorranit . ._‘.,./, X X
60 10 %0 180 220 260 300 60 0 40 180 220 260 300
T - temperature [K] T - temperature [K]
Figure 1 J-integral vs. tempera- Figure 2 CTOD vs. temperature

ture determinded on 20 MnMoNi 5 5 determined on Fe E 470
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Steel FeE 460, Plate 72
6mux/u/c 6|
3 SENB . o ————
C1 a a
0.6 A
;/ o
E ol ./
. /.
: 1. °
o '/ 2
0.2t >
° 0o—§
/ .
i ey b " R
60 100 %0 180 220 260 300
T - temperature [K]
Figure 3 CTOD vs. temperature
determined on Fe E 460
1500 .
Steel FeE 470 . Plate 71 w  dJ/da >10(W-a)
Standard  20% S6 7 1:25)g,
3 SENB °o— — ° Z,= a,(W-a).B
C1 a— — A 7, for standard spec
71000 7, for 20%SG spec
E HRR 26,00
Braanes: // // - J—
= A / R -
é / il
‘é ?ZZ /o/o a
. 500fwe)’ = X _
w(.} Q/»‘ﬂ" —— — —
)j A/A
f 0962, 0062
0 i 2 3 L
Aa - crack growth [mm]

Figure 4 Comparison of Jp-curves determined on Fe E 470
grooved and plain sided 3"SENB- and CT-specimens
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1500
Steel Fef 460 . Plate 72 w dJ/do>1QJ(w-u)"
Standard  20% S6 7 1=25g,
3 SENB 0o —- — . Z,= a,(W-0),B
c1 8 — — pQu— 7, for standard spec
<1000 7, for 20%SG spec
(=

J - integral

2
500¢

005 2, [l(lJﬁ I

2

Aa - crack growth

3

[mm]

Figure 5 Comparison of Jp-curve determined on Fe E 460 by side

grooved and plain sided B%ENB— and CT-specimens

3000
Steel 20MnMoNi55, Plate B2 w : d)/da >1EJ(W-0)"
Standard  20% SG 7 1=25]g,

3/4 SENB ojo— — efs 7=aqa(W-0)B .

1/2CT(B=28mm) o—— afe— — e
~ 2000 e
£ HRR 26,00 —
= / 4 =

—
=]
2
+ 1000F e i
0 1 2 3 L 5
Aa - crack growth  [mm]

Figure 6 Comparison of J
side grooved and plain si

—curves determined on 20 MnMoNi 5 5 by

§ed 3 SENB- and CT-specimens
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1500
Steel Fef 690 , Plate 70 w  di/da >10J W-aJ'
. i
Standard  20% SG 1 1=251g,
3 SENB o— — o 7,= a,(W-a).B
CT pumm— T 1, for standard spec
~ 1000 7, for 20%SG6 spec
(=
= HRR 20,00
I=] —Z\/ 2
. | i T /' °
—t
0.[|15 7, U.IIJB Zy
Z 3 L 5
Aa - crack growth  [mm]

Figure 7 Comparison of ‘]R

-curves determined on Fe

E 690 by side

grooved and plain sided 3"SENB- and CT-specimens

—~
]

°[ Steel
FeE 470

FeE 460
20MnMoNi 55

1000y of
Standard spec
20% S6  spec

ocebro e

Standard spec.
20% S6_spec

n
2]

=

=\

__+'_s 7
_%'_r'—*?"/ /.q_l
7

L oA
~

~
i

N o

Q¢ - allowable crack length using CT0Dpg (CT) [mm)

H S 0
Oy - Ollowable crack length using CT00.g (3 SENB) [mm]

Figure 8 Comparison of a

according to (14) crit
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;_J 10% unsafe
- /
N 2/
o { 10% safe
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v LA A
= / S
275 /
= / A Bis Jg -curve of
g S0 B g e
. = = - o
=\ T EE| e 35N 0%y
(Y4 8 RR|.U
bbb acr 20%SH
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F, - failure load of CNT sample [MN]
Figure 9 Comp. of pred. and

test. failure load acc. to (13)



