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ABSTRACT Fracture mechanics tests with different kinds of specimens have been performed
to study the influence of specimen geometry and notch acuity on the fracture mechanics tran-
sition curve of three steels {Fe 510, FeE 690, FeE 885). Tests on specimens containing a blunt
notch with a notch tip radius of 0.1 mm instead of a fatigue crack lead to an increase of the J,
values of 30-50 percent. The slope of the transition curve remains unchanged. The transition
temperature T is shifted about 10 K to lower temperatures with decreasing notch acuity, The
use of J_ and J, values obtained from notched specimens for a failure prediction of wide plates
containing notches with identical notch-tip radius as used in the small scale specimens leads to
unsafe predictions. This result may be explained by differenices of the local constraint although
the notch acuity was equal. Finite element (FE) calculations with refined meshes for calculation
of meaningfui local stresses and strains will answer this question.

Intreduction

A fracture mechanics based failure analysis (K, CTOD, or J analysis) requires
the knowledge of material values describing the response of the material to the
actual loading sitnation in the structure. The conservatism of the final state-
ment about the safety of a structure strongly depends on the quality of the
simulation of the constraint in the small scale specimen used for the evaluation
of material values.

The influence of several geometry parameters like specimen thickness B,
width W, overall dimensions, specimen type, side grooving and crack length g,
on fracture mechanics material values and on crack resistance curves has been
investigated by several authors (1)(5). In all cases fatigue cracks have been
used to simulate a very severe loading situation. This seems to be guite reason-
able due to the fact that fatigue cracks are often found in real structures. The
assessment of components containing small notches instead of fatigue cracks
often leads to very conservative estimations of tolerable defect sizes, loads, or
minimum service temperatures, resulting from low material values due to a
higher constraint in the prefatigued specimens compared to the notched com-
ponent.

The investigations presented in this paper should show the influence of
using notches instead of fatigue cracks, sidegrooving and specimen thickness
on the J integral material values and the assessment of wide plate test results.

* Institute of Ferrous Metallurgy, Technical University Aachen, 5100 Aachen, FRG.
781



User
Rettangolo


782 DEFECT ASSESSMENT IN COMPONENTS

Material, specimen geometry, and testing procedure

Thirty mm thick plates of structural steels of grade Fe 510, FeE 690, and FeE
885 were used for this investigation. Table 1 shows the chemical composition
of the stecls. The microstructure of the Fe 510 steel mainly contains ferrite and
pearlite with additional bainite-martensite areas spreaded inhomogeneously in
the centre of the plate. The waterquenched and tempered high strength steels
show a tempered bainite-martensite microstructure. The mechanical proper-
ties in {ransverse direction (mid-thickness) are given in Table 2. The yield
strength varied between 401 MPa (Fe 510) and 923 MPa (FeE 885), The upper
shelf value of the Charpy impact energy is 200 J for the Fe 510 steel and 73 J
and 83 J, respectively, for the high strength steels.

Different kinds of fracture mechanics specimen were taken from the base
plates to -vary loading conditions (bending, combined bending, and tension),
thickness (13 mm to 28 mm) and notch acuity. The 10 series of specimens
shown in Table 3 have been prepared from the steel FeE 690.

Sidegrooved and prefatigned CT (compact tension) and SECB (single edge
cracked bend, W = 2B) specimens ($)(7) of 25mm thickness were used for the
series 1 and 2. The SECB specimens of series 3 had a thickness of 28 mm
which is nearly the original plate thickness. For series 4, 5, and 6, 28 mm thick
specimens with a notch instead of a fatigue crack have been prepared (notched
CT = NCT, single edge notched bend = SENB). The notch tip radius of 0.1
mm was chosen according to the notch tip geometry used in wide plates which
should be assessed on the basis of the small scale test results, The original
plate thickness was reduced to 13 mm for series 7-10. The CT and SECB
specimens of series 7 and 9 were taken from subsurface (ss) position whereas
for series 8 and 10 the specimens were sampled from the mid-thickness posi-
tion (mt}. The a/W ratio of all specimens was very similar showing values

Table 1 Chemical composition (wt%)

Steel C Si Mn P b} Al Cu Cr Ni v Mo
Fe 510 0.2 647 156 002t 0002 0033 007 005 003 — —
FeE690 018 061 0985 0013 0004 0066 — 091 — — 042
FeEB55 046 027 076 0007 0001 0025 — 060 187 006 041

Table 2 Mechanical properties at 293 X (transverse, mid-thickness)

Steel  (MPD)  (MPY ({;f) (gu) CV(?;"'“ Tsogermms
Fe 510 401 s04 28 7T 200 236
FeE 690 748 827 18 64 7 218
FeE 855 923 95 18 69 83 215
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Table 3 Geometry and sampling position of specimens

Side
Series Type of Notch (N} Thickness grooves Sampling
No specimen Crack (C} i (%) position
1 1CT C 25 20 approximately full
thickness
2 SECB C 25 20 approximately full
thickness
3 SECB C 28 — full thickness
4 I NCT N 28 — full thickness
5 SENB N 28 — fuil thickness
6 SENB N 28 20 full thickness
7 1CT C 13 20 subsurface
8 iCT C 13 20 mid-thickness
9 SECB C 13 20 subsurface
16 SECB C 13 20 mid-thickness

Series 1 and 4 have also been tested for the steels Fe 510 and FeE 885.

between 0,53 and 0.55. The orientation was T—L compared to the rolling
direction. The quasistatic tests were performed at different temperatures to get
a complete fracture mechanics transition curve. J, values have been deter-
mined below the transition temperature 7T;, at which the first amount of stable
crack extension can be observed on the fracture surface. J; values have been
evaluated with the direct current potential drop technique (DCPD) at tem-
peratures beyond T,. Cleavage fracture afler a small amount of stable crack
extension gave J, values and in the upper shelf area J,,, values were deter-
mined if the plastic collapse load had been reached.

Fracture mechanics transition curves

The first part of this paragraph is concerned with the results of test series 1-10
on the steel FeE 690, At the end the results of tests on the two other steels are
presented.

Figure 1 shows a comparison of the J integral transition curves of steel FeE
690 which have been determined with test series 1 and 2. The only difference
between both series is the type of loading which is combined tension and
bending for the CT specimens (series 1) and three-peoint bending for the SECB
specimens (series 2). The resuits of both series can be described by one
common scatterband. The scatter in the transition area is quite large, with
differences of the J values at the same temperature up to 100 percent. Separa-
tions have been observed in the centre of the specimens at temperatures above
223 K (see Fig. 2). The formation of separations is supported by the side-
grooves leading to high stresses in z direction, The separations caused only
small pop-ins with a drop of the load smaller than 5 percent.. The occurrence
of separations is one reason for the relatively large scatter of tests results in the
transition area. The specimens with a centre line separation showed higher J,
and J, values resulting from effectively testing two separate thin specimens




784 DEFECT ASSESSMENT IN COMPONENTS

o 1) 1 Ju mex | Specimen geometry | series - 1.7 Icrossheﬁd speed - {3 mm/mn
00 a e | e m | 10175 20%sg = J-vaolee af first seporation
£ o o | o |SEB2S 0% sg
= TI
B gl FeE 690 (L .
200 /
TDG g g :,, first
e separation
lower bound curve of series 1 and 2

73 w13 53 73 93
Temperature in ¥

Fig 1 Jintegral as 2 fapction of temperature of test series 1 and 2 (FeE 650)

with a lower local constraint compared to the original specimen. The J,,,
(sep. = separate) values, determined at the first occurrence of the centre line
separation, lay between 65 kN/m and 95 kN/m. Even at the highest tem-
perature of 293 K separations were observed. A slight increase of the J,,,
values was found with increasing temperature. A similar result was observed
for the J; values. Values between 130 kJ/m and 160 kJ/m have been evaluated
for the initiation of stable crack extension. The first amounts of ductile tearing
appeared between 231 K and 241 K (T; area). The J__, values (260-310 kN/m)
showed no difference between CT and SECB specimens. This result is in con-
trast to results of former investigations (8), where large differences between
Jmax vatues of CT and SECB specimens have been presented. The small differ-

Fig 2 Fracture surface of a specimen tested at 293 K (separations, stable crack growth)
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ences of the J_ . values indicate very similar J; curves of both types of speci-
mens. This can be explained by the occurrence of separations dominating the
fracture process in the centre of the specimen,

Figure 2 shows the fracture surface of a broken specimen tested at 293 K,
Pronounced splittings in the centre of the specimen resuiting in large amounts
of stable crack extension underline the influence of the separations on the
crack extension process. The assessment of the wide plate test results will be
performed based on the lower bound curve of the J_ and J, values (see Fig. 1).

Figure 3 shows a comparison of the scatterband of series 1 and 2 with the
results of test series 3. The influence of an increased thickness (25 mm/
sidegrooved — 28 mm/non-sidegrooved) can be neglected. Only the geometry-
dependent J, values of series 3 are higher than those of series 1 and 2 giving a
steeper upper part of the transition curve. J, J;, and J,,,, values of series 3 are
included in the scatterband of series 1 and 2. The lower bound curves and 7; of
all three series are identical.

The J,,, values are slightly higher for series 3 due to a lower local loading
in z direction in the non-sidegrooved specimen (9).

Test results of the notched CT (NCT) and the SENB specimens (series 4 and
5) are shown in Fig, 4. The differences between J, and J, values are negligible,
as they were for the prefatigued specimens of series 1, 2, and 3. The lower bound
curve of serics 4 and 5 is shifted to higher J values {factor 1.5) and lower
temperatures compared to the lower bound curve of series 1-3 The tem-
perature shift of T; is about 10 K. Beyond T, the J,, values of the SENB speci-
mens are slightly higher than those of the NCT specimens. The J_,_ values are

sep.

also increased by a factor of about 1.5 like the J_ and J, values. This is an
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indication for the lower local constraint situation in front of the notch tip. The
specimens of test series 6 (SENB 28) were 20 percent sidegrooved. A compati-
son of the results of test series 5 and 6 (see Fig. 5) showed no influence of the
additional sidegrooving. All values belong to the scatterband of series 4 and 5.
At 293 K the J,, values and the amount of stable crack extension Aa at
maximum load are very similar for all notched and prefatigued specimens of
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Fig 3 Jintegral as a function of temperature of test series 5 ard 6 (FeE 690)
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series 1-6. This indicates that the J-Aa curves for both notch acuities are
nearly equal at this loading point. Further investigations have to clarify this
result,

The background for the test series 7-10 was to show the influence of micro-
structure variations in the thickness direction. Therefore specimens were taken
from sub-surface (ss) and mid-thickness (mt) position. A second reason for
testing thin specimens was to clarify if a reduction of thickness only would
give the same results as a proportional reduction of the specimen size. The CT
specimens therefore got the dimensions of a standard 1 CT specimen except
for the thickness of 13 mm. The SECB specimens were proportionally reduced
to a thickness of 13 mm and a width of 26 mm (W = 2B). All specimens have
been prefatigued and 20 percent sidegrooved.

A comparison of test results of series 7, 8 and 9, 10 are shown in Figs 6 and
7. For both types of specimens large differences between the transition curves
for ss and mt positions have been evaluated. The transition temperature T, of
the ss position is about 30 K higher than that of the mt position, although the
J values itself are higher for the ss position. One reason for the large differ-
ences may be the occurrence of phosphorus segregations discontinuously
spread in mid-thickness areas of the plate, The comparison of CT and SECB
specimens from the same sampling position shows that higher J values have
been determined for the CT specimens resulting from the higher load bearing
capacity of the CT specimens having a ligament length of twice the length of
the SECB specimens,

The lower bound curves of series 1-3 and series 8 and 10, all evaluated by
fatigue cracked specimens, showed no agreement of J; values and 7; (see Fig.
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8). The J; values of the series 8 (SECB 13) is lower than that of the full thick-
ness specimens. The higher value of the full thickness specimens could be
explained by supporting effects of the surface regions, which showed much
higher J; values. The lower bound curve of the 1CT13(mt) specimens shows in
general higher J, and J; values due to the different local constraint (see pre-
vious paragraph). Also for the transition temperature 7, differences up to 15 K
have been found. It can be concluded from this result that the use of J values
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Fig 8 Comparisen of lower bound curves of different test series of the steel FeE 690
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and FeE 885

and T; of thin specimens for the assessment of components shouid be done
carefully if variations of the material properties in the thickness direction can
OCCur,

The influence of the notch tip acuity on the initiation values J_ and J; which
has been demonstrated in Fig. 4 for steel FeE 690 is confirmed by results of
tests on the steels Fe 510 and FeE 885 (see Fig. 9). The large scatter of J values
in the transition area of steel Fe 510 results from the discontinuously spread
bainite-martensite islands in the centre of the plate of this steel (18). The
scatter of the steel FeE 885 in the transition area is relatively small. The differ-
ence of the transition temperature T, of notched and cracked specimens is
about 10 K. The J; values of the notched specimens are increased by 30
percent to 50 percent, The factor of increase in the lower transition curve (J,
values) depends on the steepness of the curve. For a very steep transition curve
the factor can be much higher than 1.5 whereas in a flat transition curve the
factor of the J, values remains the same for the increase of the J_ values. In
general the resuits show, that the slope of the transition curves remains the
same and a temperature shift of about 10 K for T; has to be taken into
account, if a notch with a tip radius of 0.1 mm is used instead of a fatigue
crack.

Comparison of failure predictions and wide plate test results

In order to avoid problems arising from approximation methods for the deter-
mination of the crack driving force finite element calculations have been per-
formed to evaluate J,,; values as a function of the applied load (11)—(13). The
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elastic—plastic displacement controlled computations were carried out with the
general purpose finite element program ABAQUS (14) utilising the von Mises
yield condition and isotropic work hardening. The strength behaviour was
represented by a multilinear approximation of the true stress—strain curve, in
which the experimentally observed Lueders strain region was taken into
accouni. Young’s modulus amd Poisson’s ratio were taken to be E = 210 GPa
and v = 0.3, respectively. The J integral was calculated according to the virtual
crack exfension technique (15). It has been demonstrated (16) that a plane
stress solution is sufficiently precise if a faiture analysis based on the J integral
concept has to be performed for a wide plate of 30 mm thickness. The calcu-
lated geometry was of the DENT type (double edge notched tension) with a
width W = 3060 mm, a notch tip radius of 0.1 mm, and a total notch length
2a = 150 mm. This geometry is identical with the geometry of the tested wide
plates of steel Fe 510. The consequences for a failure assessment are demon-
strated in Fig. 10, if lower bound fracture mechanics values of series 1 (1CT25,
fatigue crack, 20 percent sidegrooved) and series 4 (INCT28) are used. The
upper part of Fig. 10 shows the calculated J,,, curves for different tem-
peratures and as an example the determination of failure loads at 218 K using
the above mentioned J, material values. The lower part of Fig. 10 presents the
experimentally evaluated general yield (net section yielding) and maximum
loads and the predictions of failure loads.

A conservative prediction of failure loads and the transition temperature T,,
is made using the data of lower bound transition curve of the sidegrooved
1CT25 specimens (series 1). The use of the data of the notched specimens
(lower bound transition curve of series 4) leads to a shift of T, to lower tem-
peratures. In this case an underestimation of T,, is observed, but it has to be
taken into account, that the accuracy of the experimental determination of T,
strongly depends on the temperature interval between two tests, which in this
case was 20 K. Without carrying out the procedure for assessing the failure
behaviour the shift of the predicted T,, can already be gathered from the upper
part of Fig. 10, beacuse in one case {data of series 4) general vield is reached at
218 K and in the other case (data of series 1) the critical J value still belongs to
the small scale yielding region of the wide plates. Thus brittle failure is predict-
ed at 218 K.

Summary and conclusions

Fracture mechanics tests with different kinds of specimens have been per-
formed to study the influence of the type of the specimen (CT/SECB), the
thickness (13/25/28 mm), sidegrooving, the sampling position (full thickness/
subsurface/mid-thickness) and in particular the influence of the notch acuity
{fatigue crack/notch, R = 0.1 mm) on the fracture mechanics transition curve
of a structural steel FeE 690. In addition the infiuence of the notch acuity has
also been investigated on steels of grade Fe 510 and FeE 885.
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Large scatter in the transition range could be explained by microstructure
variations in the thickness direction. A difference of the results from tests with
CT and SECB specimens of the same thickness has not been found. The influ-
ence of the sampling position was large. No agreement between lower bound
curves of full thickness tests and tests with specimens sampling the mid-
thickness or the subsurface position has been obtained.

A transfer of J values or transition temperature T, from thin to thick speci-
mens therefore should be done very carefully if gradients of the material
properties are existing in the thickness direction.

The tests on specimens containing a notch with a notch tip radius of 0.1 mm
lead to higher J_ and J, values compared to those of the prefatigued speci-
mens. For all three stecls the J, value was increased by 30-50 percent. The
slope of the transition curve remains unchanged. The transition temperature T,
is shifted about 10 K to lower temperatures with decreasing notch acuity.

The use of J, or J, values obtained by testing prefatigued specimens in
failure assessment of notched wide plates leads to a more or less conservative
prediction of the failure loads and the transition temperature T,,. Unsafe pre-
dictions were made in case J, or J, values of notched specimens were used
although the notch tip radius was identical to that of the notches in the wide

plates. The main conclusion from this result is that it is not enough to simulate ---—-- ___

only the same notch tip acuity in the small scale specimen. In order to get a
better understanding of the fracture process, FE computations have to be per-
formed for specimens and components using substantially refined meshes and
thus giving the possibility to calculate meaningful local stress and strain dis-
tributions. The local constraint could then be characterised more precisely to
guarantee a most accurate transferability of the results from small scale tests
to real structures.
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