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ABSTRACT

To investigate the influence of specimen geometry on the R-curve be-
haviour of a high strength steel 30CrNiMo8, fracture mechanics experi-
ments were carried out on compact tension specimens with variable
thickness, width and crack length. Different methods were applied to
characterize the crack growth resistance for elastic-plastic material
behaviour. It is described in terms of J-integral and effective K-
values according to the ASTM recommendation E 561. The influence of
specimen dimensions on the R-curve and the critical values of the elas-
tic-plastic fracture mechanics parameters at the onset of crack growth
and at maximum load is discussed. The R-curve using compliance-indi-
cated effective crack growth was found to be independent of specimen
width and crack length. Instability predictions for different geome-
tries were made using this R-curve.
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INTRODUCTZION

Stable crack growth is a phenomenon generally preceding the failure
of structural materials in the upper transition-temperature range. To
characterize material toughness from crack initiation up to specimen
failure, the R-curve concept has been developed (Srawley and Brown,
1965) . It describes the rise in crack growth resistance with increas-
ling crack growth. Its technical use, i. e. the transfer of R-curves
of small specimens to large specimens and structural components, is
jonly possible if the influeénce of specimen geometry on stable crack
|growth is known. For linear-élastic material behaviour, the investi-
gations of seveéral authors (Krafft and co-workers, 1961; Schwalbe,
1977; Setz and Schwalbe, 1979) have found the R-curve to be independ-
ent of specimen dimensions except specimen thickness. However, steels
are generally used at temperatures near the upper shelf transition-
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temperature range where linear-elastic concepts are no longer appli-
cable. Recently, attempts have been made to extend the R-curve con=
cept to elastic-plastic material behaviour by using yielding fragture
mechanics concepts. The purpose of this investigation was to derive
R-curves in terms of different elastic-plastic fracture mechanics
parameters and to study the influence of specimen geometry on the
R-curve behaviour.

EXPERIMENTAL METHODS

Fracture mechanics experiments were carried out on an electro-slag-
remelted high strength steel 30CrNiMo8 having a room temperature yield
strength of 850 N/mm?. The tests were conducted on compact tension
(CT) specimens of various dimensions. The specimen thickness B ranged
from 5 to 50 mm. At a constant thickness of 10 mm the specimen width
W was varied between 25 and 100 mm and the ratio of crack length to
specimen width a/W from 0.3 to 0.7. The experiments were carried out
at 0°C where nearly all specimens displayed slow-stable crack growth
up to and beyond the attainment of maximum load without any of the
"pop-in" behaviour that occurred at lower temperatures.

To monitor the stable crack growth, DC potential drop equipment was
used. The potential drop at the crack tip was measured and for tem-
perature-compensation divided by a reference potential measured on the
specimen surface beside the crack (Hagedorn and Riidiger, 1977). The
amplified, filtered and divided output signal of the potential drop
device Uput was recorded together with the load line displacement

(see Fig. 1). A distinct increase in the slope of the Uout-load line
displacement curve was taken as the point for crack growth initiation.
This point is indicated in Fig. 1 by an arrow.
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Fig. 1. Typical record of the po- Fig. 2. Calibration curve of the
tential drop device output potential drop device
signal Ugyt versus load A4dUput versus crack egten—
line displacement. sion Ah‘for 10 mm thick

CT-specimens.

Figure 2 shows a calibration curve of the potential drop device for
specimens of different widths and a/W ratios. The curve Was obtained
by loading the specimens to maximum load or some lower displacement
levels. After marking the fracture surfaces by a heat-tinting treat-
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ment the specimens were fractured in liquid nitrogen. dUgyt represents
the difference in the output signal from the initiation of stable
crack growth to the end of loading. The crack growth da was evaluated
by measuring the crack extension at nine points along the crack front
and averaging to give mean values. A linear regression line can be
drawn through the calibration points of the different sized specimens.
For the specimen with a/W = 0.3 the reference potential amplification
was changed and thus this point deviates from the regression line.
Different slopes of the potential calibration curves were only obtain-
ed if the specimen thickness was varied (Kaiser and Hagedorn, 1980).

To characterize the crack growth resistance for elastic-plastic ma-
terial behaviour, yielding fracture mechanics concepts were applied.
J-integral values, respectively J resistance values Jgr, were evaluat-
ed as proposed by Clarke and Landes (1979). For a/W ratios greater
than 0.5 the expression

2A 1#a

T = BWa) Tl (1)

was used, where A = area under the load-displacement curve and
VEVE 2a i 2a
= ot ) 280 < (=20
& qu—a) 2 (W—a) i (W—a k)

(see Clarke and co-workers, 1978).

The analysis of Merkle and Corten (1974) that accounts for the tension
component in the compact specimen was used to determine J for a/W ra-
tios less than 0.5.

Values for the crack opening displacement & were also calculated using
the extrapolation technique according to the British standard BS-5762-
1979.

Another way of obtaining an elastic-plastic R-curve is given in the
ASTM recommendation E 561-76T. In accordance with this recommendation
R-curves were plotted in terms of effective stress intensity factors
KR versus physical crack extension Ja hys or effective crack extension
Adacff where the effective crack lengtg was determined from the load-

displacement diagram and a calibration curve for the elastic specimen
compliance.

RESULTS

The influence of thickness on the R-curves of 100 mm wide CT-specimens
in terms of JR and KR versus da is shown in Figs. 3 and 4. R-curves

in terms of &6-4a are discussed elsewhere (Kaiser and Hagedorn, 1980)
and not in this paper because they yield a very similar picture as the
Jr-4a curves. da is the average physical crack growth calculated from
the potential drop measurement.

The different elastic-plastic methods produce a similar picture of the
rise in crack growth resistance with stable crack extension. It was
found that for specimens with a/W = 0.5, R-curves in terms of the ef-
fective stress intensity factor KR versus crack growth Ja are equiva-
lent to J-integral based R-curves up to the attainment of maximum load
(Kaiser and Hagedorn, 1980), as reported by McCabe and Landes (1978).
The stable crack growth begins well before maximum load at about the
same Ji-values for the different thicknesses except for the 5 mm thick
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The influence of specimen width on the R-curves determined according
to the ASTM recommendation E 561 is shown in Fig. 5. The crack growth
resistance KR is plotted against the physical crack growth determined
by the potential drop technique and also against the effective crack
growth calculated from the load-displacement record and a calibration
curve for the elastic specimen compliance. A scatterband of five ex-—
periments is drawn for the 50 mm wide specimens. A potential drop
measurement was not conducted for the 25 mm wide specimens. The R- ;
curves in terms of Kr versus AathS are within one scatterband for all .
en widths in the initial, steeply-rising part. But after.some.

degree of plasticity is exceeded, the R=curves are no longer.independ-
1 ent of specimen width and an increasing specimen width results in.a

teeper”

sIope in the R-curves. However, the R-curves do coincide for

the three specimen widths if plotted in terms of KR versus effective

crack growth. For small dacff-values the scatterband of the KrR-dacff
curves is very wide because small variations in the establishment of
the linear initial part of the load-displacement diagram yield large
errors in daeff. But a very good coincidence of the R-curves of the

specimens of different width exists for higher dagef-values.

Furthermore the influence of specimen width on the values of the elas-
tic-plastic fracture mechanics parameters at maximum load can be seen
from Fig. 5. The Kr-values and also the 6- and J-integral values at

maximum load, not shown in this figure, clearly increase with speci-
men width.

To check the crack length calculation obtained by the potential drop
measurement, several specimens of various thicknesses and widths were
loaded up to different displacement values and then unloaded to mark
the crack growth by a heat-tinting treatment. The points of the R-
curves received by this multiple specimen technique are marked in
Figs. 3 to 5. The points are well matched to the R-curves based on the
crack extension measurement with the potential drop device.
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Figure 6 shows R-curves according to the ASTM-recommendation E 561 for
50 mm wide specimens with different a/W ratios. The R-curves in terms
of KR versus daphys are within one small scatterband in the initial
part irrespective of the various a/W ratios. Though there are slight
differences between the R-curves of the different sized specimens, the
scatterband is not very large up to the attainment of maximum load and
a systematic influence of the a/W ratio on the course of the R-curve
was not observed.
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A very good coincidence of the R-curves for different a/W ratios is
again established when plotted in terms of KR versus effective crack
growth. After an initially wide spread, all R-curves are within one
shaded scatterband for higher dacff-values. A small scatterband of the
R-curves for the different a/W ratios can also be obtained when the
curves are plotted in terms of JRr versus physical crack growth Ja
(Fig. 7). They coincide very well up to and beyond the attainment of
maximum load.

A critical test of R-curve results is to predict instability (maximum)
loads and to compare them with the experimentally-determined values.
In Figure 8 an average R-curve, derived from five experiments with

10 mm thick and 50 mm wide specimens by fitting with a second order
polynomial, is shown in terms of KR versus dagff together with crack
driving curves for specimens of different width fulfilling the tangen-
cy condition for instability. All plasticity effects are contained
within the R-curve in the use of aegff to calculate Ki and in the use
of daeff on the abscissa. The crack extension drive is totally elastic.
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The predicted maximum load values of different sized specimens of the
same thickness are compared with the experimentally-determined maxi-
mum loads in Fig. 9. A remarkable agreement was obtained for all speci-
men widths and a/W ratios indicating that the R-curve concept is also
applicable for elastic-plastic material behaviour. But to prove itg
general applicability in the elastic-plastic regime, further experi-
ments have to be carried out on steels of different strength.

Finally, the influence of crack length to specimen width ratio a/W
on the critical J-integral values is shown in Fig. 10. A systematic
influence of the a/W ratio on the Jj-values at crack growth initiation
was not observed for both specimen widths. The narrowly spread Ji-
values for the 50 mm wide specimens fall into the scatterband for the
100 mm wide specimens. A distinct increase of the Jp-values at maxi-
mum load with decreasing a/W ratio can be seen. As mentioned above,

. the specimen width also has a striking influence on the J-integral
values at maximum load.
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CONCLUSIONS

Different elastic-plastic methods were used to derive elastic-plastic
R-curves for different sized specimens of the high strength steel
30CrNiMo8. A remarkable influence of specimen thickness on R-curve
behaviour was observed. An influence of specimen width on the R-curve
plotted in terms of the effective stress intensity factor KR versus
physical crack growth was also found after a certain rise in crack
growth resistance. However, R-curves in terms of KR versus effective
crack growth were found to be independent of specimen width and a/W
ratio enabling a precise prediction of instability loads for different
specimen geometries, indicating the applicability of R-curve methods
also in the elastic-plastic regime.
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