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EFFECT OF SPECIMEN GEOMETRY ON Jy.» 5 AND THE JR—CURVE

* *% * kK
D.-Z. Sun , D. Dormagen and W. Dahl

The effect of specimen geometry on J. , J. and the
J,-curve is investigated for Fe 510 sﬁd 42 CrMo 4
s%ee\. The ASTM-procedure is compared with DCPD-
and SZW-measurements. A procedure for an alterna-
tive technical initiation value JO is proposed
showing less geometry dependences d&h approaching
physical initiation values. The comparison between
the calculated and experimentally determined blun-
ting behaviour is presented. Geometry effects are
discussed by 'J-controlled' crack growth condi-
tions and differences in the state of stress and
the influence of resistance behaviour on the in-
stability of structural component is presented.

INTRODUCTION

The onset of stable crack growth is characterized by the techni-
cal initiation J -value according to ASTM E 813 /1/, or by phy-
sical initiation .-values using additional test techniques such
as direct current potential drop (pcpD) /2,3/ or stretch-zone
width (SZW) measurements /4,5/. Beyond initiation the material's
crack growth behaviour is described by the Jp-curve. For the ap-
propiate application of these values for a quantitative safety
analysis of a structural component the geometry independence has
to be assured. The conditions to be met for obtaining results
under plane strain conditions are summarized in the American
standard and confirmed on few materials, but also contradictory
investigations have been reported /6-8/. These differences can be
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explained by inhomogeneous plate properties but also by different
distances of the test temperature to the ductile/brittle transi-
tion of the material.

In this investigation a homogeneous plate of the Tow strength
structural steel Fe 510 was used to evaluate the effect of
specimen geometry on J; , J. and the J -curve. These results are
compared with a high g%renbth quenché& and tempered 42 CrMo 4
steel. Besides the multi-specimen technique additional methods
like direct current potential drop (DCPD)- and SZW-measurements
were used to determine possible weak points of the ASTM-Standard
E 813, being discussed in several national working groups resul-
ting already in alternative proposals.

MATERIAL AND SPECIMEN GEOMETRY

The tests were carried out on 80 mm thick plates of the normali-
zed Fe 510 steel and the steel 42 CrMo 4 in a quenched and tem-
pered condition (840°C/water + 640°C/air). The chemical composi-
tion and the mechanical properties of tensile and charpy impact
tests are listed in Tab. 1 for both steels. The structural steel
shows homogenity across the plate thickness whereas only a 50 mm
thick range in the mid-thickness position was appropriate for
these investigations for the 42 CrMo 4 steel. This result was
also affirmed by hardness measurements. The microstructure (see

i 1) shows bands of ferrite and pearlite with a mean ferrite
grain diameter of d_ = 18 um for the steel Fe 510 and a tempered
bainite for 42 CcrMo™,

According to the ASTM procedure twelve geometry series for the
structural steel and three series for the quenched and tempered
steel were tested, varying the specimen thickness between 13 and
75 mm and the width between 26 and 150 mm, as shown in Tab. 2.
Plane-sided and 20% side-grooved CT-specimens were prefatigued to

room-temperature. All specimens were tested in the T-L orienta-
tion.

EXPERIMENTAL PROCEDURE

The fracture mechanics tests were carried out in displacement
control using servo-hydraulic testing machines (100 and 1000 kN)
with a constant ram displacement speed of 0.4 mm/min.

Using the DCPD-method for crack initiation no characteristic

change in the slope of the potential-displacement record was
found for the very tough Fe 510 steel. In this case a multi-
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specimen calibration technique as proposed by Bachmann /2,3/ was
used to determine crack initiation by a back extrapolation of the
potential change to stable crack extension Aa = 0. Thus plasti-
city effects were taken into account. For the less ductile
quenched and tempered steel initiation could be determined by a
significant change in slope. Both methods are demonstrated in
Fig. 2a. The principle of SZW-measurements, carried out in a SEM,
75 shown in Fig. 2b. Because of the non-regular formation of the
s7W a mean value of 70 equally spaced single values was deter-
mined for several specimens with and without side-grooves within
the blunting-regime and for each serie one specimen was measured
after crack initiation. The Jj-value was defined by an extrapola-
tion against the measured blunting-line.

The J-integral was calculated after /1/ using

A
J=mn-" g(w‘ '305 (1)

RESULTS AND DISCUSSION

Determination of the blunting-line

The comparison between the calculated and experimentally deter-
mined blunting behaviour is demonstrated for both steels in Fig.
3. In Fig. 3a the ASTM-blunting 1line is compared with SZW-
measurements and calculations from the '"HRR-field' /9/ using

oys * SM
J = (2)

d, * 0.4

both for plane strain and plane stress. The specimen size was
1TCT with 20% side-grooving. There is a good agreement between
SZW-measurements and HRR-field calculations for plane strain. The
slope for plane stress conditions is somewhat decreased, never-
theless measurements and theoretical considerations reveal that
the generalized blunting procedure given by ASTM is overestima-
ting the material's behaviour. A slope of 4.6 instead of 2 in

J = Zoy . SIM (3)
was determined for this Tow strength, ductile structural steel.
For the high strength quenched and tempered steel 42 CrMo 4 (fig.
3b) there is a good agreement between SZW- measurements and HRR-

field calculations for plane stress, both again demonstrating
that the ASTM-procedure overestimates the material's blunting
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behaviour. Compared to Fe 510 steel the differences between SZi-
measurements/'HRR'-field calculations and the ASTM-blunting pro-
cedure seem to diminish with increasing yield strength.

Effect of specimen geometry on J. and Ji

Ic

The effect of specimen geometry on crack initiation values is
demonstrated in Fig. 4, where the ASTM-procedure is compared with
DCPD- and SZW-measurements. Except for the 13 mm thick specimens
the ASTM criteria

B, (W-a) > 15 J/qy (4)
and B, (W-a) > 25 JIC/c{y (5)

concerning geometry independence and plane strain conditions are
met. Nevertheless J, -initiation values are remarkably effected
by the specimen geoﬁéiry. J;_-values decrease about 17% with in-
Creasing thickness from 25 k% 50 mm keeping the width constant.
The same influence is observed, when the overall dimension are
enlarged from 1TCT - to 3TCT specimens. Increasing the specimen
width from 50 mm to 150 mm results in an increase of J -values
of about 30%. This effect was found to be more pronou&ééd with
decreasing thickness /10/. Introducing 20%-side grooving general-
1y Tower J; -values are determined although the slope of the J,-
curve (dd/&g) is equal for plane sided and side-grooved spect-
mens, and is not effected by the overall dimensions. One has to
notice that only above a thickness of B = 50 mm a geometry in-
dependent JIC-va1ue was determined resulting din a geometry
criterion:

B, (W-a) > 120 JIC/gy (6)

Comparing J. -values with DCPD- and SZW-measurements one can see
that signif%%ant]y Tower initiation values are determined with
the latter methods. Both techniques result in similar Jj-values
indicating that physical initiation can be detected rather by
DCPD- and SZW-measurements. The experiments on the high strength
steel 42 CrMo 4 revealed no significant geometry effects on J. -
or J.-values. For all series the geometry criteria given by Eag.
(4) and (5) are met. DCPD-measurements again result in lower
initiation values.

The geometry effects on JIC-values can be explained for steel
Fe 510 as follows:

a) the ASTM blunting-line with J = 2 ¢ - Aa overestimates the
crack tip blunting especially for 1¥w strength high toughness
steels. SZW-measurements have demonstrated the blunting-Tine
to be better described by J=4.6 0 - Aa, which was also de-
monstrated by HRR-field calculation¥
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b) the ASTM-procedure refers to the J,-curve but the conditions
of 'J-controlled' crack growth are not applied sufficiently
strict. Especially the geometry criterion B>251J C/c is not
confirmed. These investigations propose a factor 0% 128 in-
stead of 25. Theoretical investigations of Riedel /11/ propose
a factor of at least 67, which is confirmed by using the ASTM
procedure but considering the measured blunting-line in this
investigation.

¢) Combining these effects, the technical J -value can be deter-
mined in a region where stable crack grow%h has already oc-
cured, and where geometry dependent JR-curves can be derived.

For steel 42 CrMo 4 no geometry effects (see Fig. 5) were mea-
sured in the range of specimen sizes investigated. At least a
factor of 60 can be affirmed for geometry independence by the
smallest specimen (1/2 T cT).

These investigations led to 2 proposal to determine a technical
J-value for initiation suggested by Dahl et al. /10/, where based
upon a power law fit of the J,-curve initiation was defined at a
constant value of aa = 0.2 n&. These J. .-values are nearer to
the physical initiation and demonstrate qé%s pronounced geometry
effects as shown in Fig. 4 for those series, where the effect of
overall specimen dimensions was investigated.

The effect of geometry on the J,-curve

In Fig. 6-8 the effect of geometry on the J_-curve is shown for
Fe 510 steel for plane sided and side-gré%ved specimens with
variation of overall-dimension and for specimens with thicknesses
B > 50 mm. The arrows in Fig. 6 and 7 characterize the limits of
'J-controlled' crack growth given by

B < 0.06b (7)

b,B 2z 25 J/oys (8)
dl b

® = a.g - :]—- > 10 (9)

The JR—curves are described by a power law fit given by

Gz
J=20C - 22 i (10)
which seems to be more realistic than a linear regression es-
pecially in the regime of the onset of stable crack growth. For
both series lower and flatter J.-curves are measured with in-
creasing overall dimensions. JR-curves derived from side-grooved
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specimens are lower than for plane sided specimens, but for both
series geometry independence is indicated for a specimen thick-
ness B > 50 nm. This is also indicated in Fig. 8 where J_-curves
do not exhibit an influence of specimen width for B > 50 mm.

The conditions of ‘d-controlled' crack growth given by Eqgs.
(7)-(9) are summarized in Tab. 3 for side-grooved and plane-sided
specimens. For smaller specimens the thickness criterion (Eq. 8)
to ensure plane strain behaviour is more severe and for larger
specimens the maximum allowable crack extension and the y-crite-
rion to ensure proportional plastic deformation. The fact that
within the thickness limits (Eq. (8)) but outside the pa -
and w-criterion the J -Curves are still geometry independent™32-
monstrates that furt%er experiments and theoretical work is
necessary to determine the limits for the slope of the JR-curve
and the maximum allowable crack growth.

The differences in the crack resistance behaviour can be ex-
plained by different stress states ahead of the crack tip. The
normalized Toad-displacement records in Fig. 9, describing the
stress intensification ahead of the crack tip /12/, demonstrate
for Fe 510 steel by the arrows characterizing the onset of stable
crack extension that crack initiation appears for larger speci-
mens at smaller displacement values. From that one can conclude
that the behaviour of larger specimens is governed by a higher
constraint.

The influence of the above mentijoned geometry effects on the
failure analysis of three different structural components is de-
monstrated in Fig. 10. Based on the Shih and Kumar concept /13/
the normalized J -curves for the CCP, DECP and a cylindric
specimen are comﬁggéd with instability loads for the analysis
carried out with the steepest and the flattest Jp-curve of
1TCT-13 and 2TCT-20% SG geometry. It is demonstrated é%at in the
fully ductile regime (steep increase of J ) the remarkable
geometry effect on the load bearing compaciﬂypis very small e.g.
Ao (P/P)) = 10%. It has to be emphasized that this geometry

9 £§ be more pronounced for the amount of crack extension
at instability loads.

CONCLUSTONS

The investigations revealed a strong influence of the specimen
geometry on J. , J. and J -Curves especially when the conditions
of 'J-contro1{5d' &rack g?owth are not met. The physical initia-
tion values J. determined by SZW- and DCPD measurements are
generally lower than the technical J; _-measurements and show geo-
metry independence. This was exp]aiﬁgd by the overestimation of
the blunting-Tine given by the ASTM procedure, thus technical
values are determined in i regime of stable crack growth where
JR-curves are not geometry independent because the 'U-controlled'
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crack growth conditions are not applied sufficiently strict in
the ASTM standard. The thickness criteria B > 25 J c/c is not
confirmed for a low strength structural steel. For seée1)Fe 510 a
value of 120 and for 42 CrMo 4 a factor of 60 is necessary to
ensure geometry independence. An alternative procedure for the
determination of a technical J, ,-value was proposed, being
nearer to physical initiation va?ﬂgs and showing less geometry
dependence. The influence of the specimen geometry on the Jn-
curve was explained by different stress states. For thickeB,
larger and side-grooved specimens plane strain conditions are
approached. The influence of J.-curve behaviour on the failure
analysis of CCP-, DECP- and cy1f%drica1 specimens was discussed.

SYMBOLS USED

= fatigue crack length

a
A0 = area under the load displacement record
b = Tigament
B = thickness
Cl, C2 = constants of power law, Eq (10)
CCP = center-cracked plate in tension
DCPD = direct current potential drop
DECP = double-edge cracked plate in tension
dn = factor correlating J and COD, dn =
f (N, Iy stress state) /14/
= J-integral
Ji = J-integral at crack initiation from DCPD- or SZW-
measurements
JIc = J-integral at crack initiation after ASTM E 813
JO,Z = J-integral at a constant value of Aa = 0.2 mm /10/
N = strain-hardening exponent
P = load
P0 = limit load
SZW = stretch zone width
W = width
oy = average of the yield stress and the tensile strength
Oys = yield stress
n = factor, depending on the a/w-ratio
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