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ABSTRACT Results are presented on R curve characterisation by crack tip parameters such
as J, Jy, 85 and CTOA for cracked CT specimens with 25 and 50 mm width and pipes with a
nominal diameter of 700 mm and a nominal wall-thickness of 11 mm of the austenitic stainless
steel 316L mod. The data transfer from small specimens 1o pipes is discussed with respect to
crack initiation and stable crack extension. Application of the &5 crack tip parameter by using
the Engineering Treatment Model (ETM) is summarised.

Notation

A Crack area

a Crack length

da, Aa  Crack extension

B Specimen thickness

CTOA  Crack tip opening angle
E Young's modulus

F Load

F F at incipient net section yielding

G Linear elastic energy release rate

J J integral

Iy Modified J integral

J Plastic part of J (J; = J — G)

K Stress intensity factor

n. Strain hardening exponent

w Width

& Load point displacement {sce equations (1}-{4))

8 Crack tip opening displacement at fatigue pre-crack tip
d &4 at incipient net section yielding

Iniroduction

A knowledge of the crack resistance properties of structures is essential for
safety analyses. In order to characterise crack resistance properties of the base
material condition of the austenitic stainless steel 316L mod. (3161 mod.
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724 BEFECT ASSESSMENT IN COMPONENTS

means a type 316 stainless steel with a low carbon content between 0.015 and
0.03 percent and a high nitrogen content between 0.06 and 0.08 percent)
experimental investigations on small specimens and large pipes are in
progress. The tests are accompanied by analytical studies. The main topics
are;

- R curve characterisation;
— transferability from specimen to structure;
— qualification of an easy to apply method for component evaluation.

The work is still in progress, and the present paper reports some prelimi-
nary results. Thus, the conclusions drawn at the end of the paper are rather
provisional than representing final solutions to the problems raised.

Further information is given elsewhere in the proceedings of this conference

(1}

Test programme
The following tests have been performed at room temperature.

— For characterisation of the R curve:
— CT specimens with two widths (6 specimens of 25 mm width and 8
specimens of 50 mm width) and a thickness of about 10.5 mm, corre-
sponding to the wall-thickness of the pipes (2);
— three circumferentially through-wall cracked straight pipes with initial
crack angles between 60 and 120 degrees, a diameter of 700 mm and a
wall-thickness of 11 mm {nominal data), tested under bending (2){4).

— For characterisation of the load—displacement correlation:
— notched (non-precracked) CT specimens specimens (two specimens of
a/W = 0.5 and 0.6 with a width of 50 and 100 mm respectively) and CCT
specimens {two specimens of a/W = 0.5 and 0.6 with 2W = 100 mm) with
a thickness of about 10 mm,

The experimental part is supported by analytical studies concerning the appli-
cability of the engineering treatment model (ETM) ().

Resulis and discussion

The R curves are characterised by the crack tip parameters J (J integral), Jy,
(modified J integral), §, (crack tip opening displacement as defined in (1)) and
CTOA {(crack tip opening angle):

Jintegral and modified 1, I,

For the small specimens standard test procedures after DVM (5), EGF {6) and
ASTM (7) have been used. In case of the pipes J and J,, are calculated by
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using the definitions of J and J, respectively

F 35)
J= — + dF 1
J; (514 F=const ( )
¢ c'iF)
= — — - dé (2
J;) (aA &= const )
oS-G
JMxJAJ‘ (%) *da (3)
a0 a dp1 =const
*far
=J— J (—L‘) - da (4)
uo aa dpy = const
where
J = current value of the J integral
G = linear clastic energy release rate (G = K?/E)
Ju =plasticpartof J(J,=J — G)

& = plastic part of the load point displacement; or the total minus the
elastic one, (3, = 6 — d,)
a,, @ = initial and current values of the crack length

The partial unloading technique has been used; loads, displacements and

crack extensions have been measured.

pl

Crack tip opening displacement, 84

With two special clip gauges measuring the crack tip opening displacement at
the original fatigue pre-crack tip over a gauge span of 5 mm {a schematic
drawing is shown in Fig. 13 of (8)) the data for the CT specimens have been
obtained. In case of the pipes a transmission light microscope has been used to
measure the crack tip opening displacements of the crack edges on the photos
taken during the pipe tests,

Crack tip opening angle, CTOA

The crack tip opening angles have been measured on the pipes at a position 4
mm behind the actual crack tip. For the CT specimens CTOA is estimated by
using the data of the J; p curve for crack extensions between 0.5 and 5.8 mm.
Thus, only in case of Aa = 4 mm the data of the pipes and the CT specimens
are directly comparable.

Crack resistance properties

Calculations .

Resuits of J calculations are affected by the calculation procedure (e.g., for
small specimens after DVM, EGF or ASTM (5){7)), i.e,, comparative studies
are limited to cases with identical calculation procedures. In Figs 1{a) and 1(b)
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Fig1 J, curves for CT specimens: (a) Jy, curves for single specimen evalnation according to DVM
(=2 J,,) (5) and J values from multi-specimen evaluations (6)7); (b) J5 curves for test no, 321
determined from different single specimen test methods (5{7); (c) influence of width of CT
specimens on Jy curves; procedure afiter (5)
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the strong effect of the calculation procedures on the J, curve of CT specimens
with W = 50 mm can be seen. A similar effect may be found if the specimen
geometry is slightly changed. This is demonsirated in Fig. 1{c) for the J;
curves of CT specimens of 25 and 50 mm width. The J and d.J/da values of the
second geometry are lower than of the first geometry. The results presented in
Fig. 1 prove that a reliable extrapolation of the J; curves, obtained from the
small specimen tests, to structures with larger crack extensions — such as the
pipes — is not possible presently.

In Fig. 2 the J, curves from the pipe tests are plotted for crack extensions
up to 300 mm. All curves increase monotonically, The shape of the curves is
non-linear. Some theoretical considerations on this phenomenon are given in
reference (9). Nevertheless, the data in Figs 1 and 2 indicate that crack initi-
ation seems to be independent of geometry changes. In the early crack exten-
sion phase, values of dJ/da — the slope of the Jp curve — are well above
200 N -mm™* while for large crack extensions lower values of about
60 N - mm ™ 2 are observed (see Fig, 3). Above about 50 mm of crack extension
the dJ/da data are nearly constant. This result is known also from other tests
on circumferential cracks (19)(11). Because of this non-linear shape of the
crack resistance curve any extrapolation from small specimens to large struc-
tares is impeded. Support is given by the comparison of CT specimen and pipe
data shown in Fig. 4. Although the correlation of both structure’s data is
reasonable, it is immediately clear that any extrapolation from small specimen
data will be difficult due to the small crack extension of only a few mm in
these specimens,
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Fig 2 Jg curves for the pipes with crack extensions up to 360 mmn

To develop a geometry independent R curve Ernst (12) suggested a modi-
fied J integral, Jy. In Fig. 5 the Jy and Jy , curves of the three pipes tested
are plotted. In the mitial phase of crack extension the curves are identical; this
is also found for the CT specimens as can be seen in Fig. 1. For larger crack
extensions the Jy g curves are slightly higher than the J curves. This behav-
iour is found in the CT specimens for Aa = 1.5 mm while in the pipes Aa = 10
mm is given. In the latter case the Jy . curve is non-linear.

Measurements

The crack tip opening displacement § is not imposed by such strong limi-
tations for the allowable ligament and crack extension (8). In Fig. 6 the 35 5
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Fig 3 Slope dJfda of the J, curves for the pipes with crack extensions ap to 360 mm

curves measured on 8 CT specimens (W = 50 mm) are shown. The scatter of
the measurements is very small. Data are available for crack extensions up to
5.8 mm. In this range the dy curves of the pipe experiments tend to change
over to a linear behaviour which is followed up to the end of the experiments
(Fig. 7). The CT specimen data are at the upper bound of the pipe data (see
comparison shown in Fig. 8}, following the non-linear trend curve up to the
maximum observed crack extension. The later linear §; x curves measured on
the pipes are within the range of possible extrapolations from the smail speci-
men measurements. Further tests on specimens with crack extensions up to
about 30 mm are recommended.

In case of CTOA, measured data for CT specimens are not available; thus
only an approximation for the crack tip opening angle by using the &; mea-
surements is possible for crack extensions up to 5.8 mm. The results are given
in Fig. 9. The trend of the CT data - i.., the transition regime of CTOA up to
a crack extension of about 25 to 50 mm which is the starting point in the base
material for a constant CTOA of about 13 degrees — is in correspondence to
the pipe results. But for an acceptable prediction of the pipe behaviour, crack
extensions above at least 30 mm (see above) have to be measured in CT speci-
mens (for the base material condition).
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Fig 4 Comparison of the J, curves obtained for the CT specimens and the pipes

Transferability

The width of standard CT specimens is relatively small. Therefore, stable crack
extension is limited to some mm. The Ji curves measured on the pipes and the
CT specimens are in acceptable agreement. However, due to the non-linear Jy
curves found for large crack extensions on the pipes the extrapolation from the
CT specimen data by using a linear procedure, which is the usual procedure at
this moment, is non-conservative by overestimating the slope of the J, curves.
The arguments concerning the non-linear R curve behaviour are also still valid
in case of Jy;. Thus both crack tip parameters may be recommended for struc-
tural analyses only, if the non-linear resistance curves are considered conserva-
tively.
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Fig 5 Jy, and Jy;  curves for the pipes with crack extensions up to 308 mm; for comparison with
the CT specimens (see Fig. 1)

The correlation of the d; R curves from CT specimens with those from the
pipes is substantially better than that of the J; curves, compare Figs 4 and 8,
In the case of 35 the linear R curves measured for crack extensions = 10 mm
on the pipes will favour the use of a linear extrapolation procedure. Further
tests on specimens with crack extension up to about 30 mm are recommended.
Constant CTOA values, desired for component evaluation, are found for the
base material condition only above a crack extension of 25 to 50 mm. This
parameter needs further investigations to be qualified for structural analyses.
Crack growth data need careful handling if they are to be used for analyses
of large structures, in particular with respect to extrapolation from small speci-
men data to larger structures with potentiaily much larger crack extension.
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Applicabifity of the ETM

In order to apply methods of component evaluation, the properties measured
on laboratory specimens must be transferable to the component under con-
sideration. This requires fracture mechanics properties of the structure which
are similar to if not identical with those of the specimen and the ability to
predict or to estimate the crack driving force in the component. Whereas the
former problem was considered in the previous sections, in the following some
points referring to the latter topic will be raised, Within the research pro-
gramme this paper is based upon, the Engineering Treatment Model (ETM) is
being verified as an easy to apply, approximate method for component assess-
ment {f). Within the framework of the ETM the material is supposed to strain
harden in a power law fashion. Since structural materials do not foliow an
ideal power law it is necessary to define a representative strain hardening
exponent, n. Thercfore, deformation studies on notched (but not fatigue
cracked in order to avoid crack growth} CT specimens with widths of W = 50
and W = 100 mm — representing the bending case — and on notched CCT
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Fig 7 &5, g curves measured in the pipe experiments for crack extensions up to 140 mm

specimens with a width of 2W = 100 mm - representing the tension case -
were carried oul.

The deformation characteristics of the CCT specimens duplicates exactly the
bilinear power law behaviour of the stainless steel 3161, mod., Fig. 10(a). The
diagram also shows that a single, average hardening exponent of n = 0.15
gives a very good approximation in the total deformation range. In contrast to
this, the second hardening exponent of the maiterial (n = 0.2) dominates the
CT specimens; the same finding can be applied to a fatigue cracked CT speci-
men, Fig. 10(b). On the other hand, the pipes are subjected to much less defor-
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Fig 8 Scale-up of Fig. 8 for crack extensions up to 20 mm and comparison of 5, ; curves of the
pipe and CT specimen tests

mation {35/3, ~ 10, as compared with J,/4, ~ 100) than the specimens, Fig.
10(c). Within this range a single n value of 0.15 is still close to a CT specimen’s
characteristics, see the data points in Fig, 10(a).

Further work with systematic variation of the relevant parameters is needed
to check whether the use of a single hardening exponent can be justified if the
stress—strain curve exhibits a bi-linear power law type. Finite element studies
with this aim are underway.
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Conclusions

The results of the research in progress demonstrate exemplarily on the base
material of the austenitic stainless steel 316L mod., that the fracture mechanics
concept for a reliable transfer of crack resistance data from small specimen
geometries to large structures is still to be qualified for high toughness
materials. The use of the J integrals and the constant CTOA .are regarded as
problematic, the main disadvantages of J are the effects of geometry and cal-
culation procedure together with the non-linear R curve. The necessary crack
extension for a constant CTOA is larger than the geometrical dimensions for
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the usual CT specimens. The crack tip opening displacement in the form of &,
shows a better agreement between the R curves measured on CT specimens

5 tant n=0.2 7 . A
o CT y consian and pipes than J. 3 presents the following advantages:
T .
2 T B 8a%&°°.,° e 1] — a direct measurement;

— a linear behaviour for crack extensions larger than 10 mm;
— a good estimation by the ETM using a mean strain hardening exponent.

This has to be confirmed by investigations on possible geometry effects on the
ds g curve and for crack extensions above 10 mm in small specimen geome-
tries,
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Fig 10 Comparison of the 5, data obtzined for the non-precracked CT and CCT specimens {a) and
the cracked pipes and CT specimens (b, ¢)






