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8. THE MEASUREMENT OF R-CURVES FOR A STRUCTURAL STEEL
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1 INTRODUCTION Referring to Fig. 1, by similar triangles,

The early stages of fibrous crack extension in a ductile material often S J
4 o

| = (3)
r (W-a -Ada) da+ r(w—ao—da)

o
TheJ(; vs.ha curve is normally linear, at least in the early stages of crack

demand an increase in the applied load, even though the uncracked ligament is
decreasing. Krafft et al (1) ascribed this appareat rise in toughness to the

growth of shear lips. Recent experiments have shown, however, that the measured
extension.

i.e. Jo = Ada +Ji %)

resistance to crack extension may increase even in the absence of shear lips, |

under 'plane strain" conditions (2, 3).

where A is the slope and ﬂi the initial COD.
Hence, from (3) and (4)

The fracture toughness of fully plastic, bend test-pieces may be measured

in terms of the crack opening displacement (COD,§), or the J-integral. COD may

be calculated by means of Wells formula (4), and J by estimation formulae (5). §_ = (Ada +d.) tb
ces . 3 £ i

During slow crack growth, various modifications to these formulae are in common | Al )

3 rb +4a
use to measure the R-curve:- o

where b = W - ao -4a. If 6i<<r A(W-a ), the initial slope is
[}
(1) The COD, 60, referred to the position of the original crack tip &)
d
(6, 7), calculated from £ =A (6)
- d (Aa) Aa = o
50 = r(w—ao) + 8a Vo~ (%) ‘ (1) |
- Thus, the initial slopes of the Jf & éo R-curves are approximately the same,

W + (1-r) (a_ +da) + z
o for sufficiently large specimens. Equation (5) may be used to predict the

. . . . e .. whole of the d_ rs. Aa curve. Note thatd. is not the actual COD of the
where r is the rotational factor, W is the specimen width, a, the initial crack £ f

. . . ropagating crack tip (denoted byd in Fig 1), but is a geometrical ~
" length, Aa the crack extension, z the height of the knife edges and V the clip Propag 8 B {denated By P g 1), BESNENEALAL EOR

X sequence of the mouth opening and centre of rotation of the test piece.
gauge displacement.

b d +J

(ii) The COD, Gf, referred to the position of the final, growing ) o o
Equati 2) may be rewritten

crack tip (8). This is obtained by modifying (1). q on (2) may

% 5 .8 J =2 Md
(iii) Estimates of the J-integral (3, 9). In terms of the original o £ LC9 (7
crack length, making no allowances for crack extension, B' (w-ao)
J = 22U where M is the bending moment and @ is the angle of bend, given approximately
6 T e
B(W-a ) (2) by
° é
e = o (8)
for three point bending, where U is the area under the load/deflection plot, b + Aa

and B the specimen thickness.
Combining with (4) and differentiating gives
*Now at CEGB Regional Scientific Services, Portishead, Bristol.
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d e Ar (W-a ) -d. (1-r)
= a— (9)
d(Aa) (rb +4 a)
Substituting in (7) gives
d JO _ 2M d e (10)
d(Aa) B'(w—ao) d@a)

This may be integrated to give the complete J, R-Curve. For rigid-plastic

behaviour, the bending moment is given by

2
= Y
M 0.3luy B'b

(o

Some allowance for work hardening may be made by substituting ailow = y + Outs

in plare of & _.
P y
At Aa = o, (10) becomes

dJ = 0.6200,, & ar (w-a°>-Ji<1-r)} au

d@a) | Aa=o (W-aO)r2

which simplifies to

dJ

o = 0.620 12)

flow A
ha=o r

d@ a)

if Ji %« A(W-ao). This equation is analogous to J=M vflow'J , which applies
up to initiation. Taking r=0.45, the factor corresponding to M is
0.62/0.45 = 1.4, which is in agreement with the theoretical and experimental

values for M of 1-2.5.

3. EXPERIMENTAL DETAILS

R curves were measured on a hot-rolled, low strength steel (En32B),

the composition of which is given in Table 1. It contained elongated manganese

)12

-4y

sulphide inclusions. Precracked, three point bend test-pieces were used,
10 mm. square and with a 40 mm. span. They had 2 mm. deep side-grooves

to eliminate shear lips. To develop an R-curve several test pieces were
required. These were loaded to different displacements to give varying
amounts of slow crack growth, and then broken open at low temperature in
the cleavage mode. Crack lengths were measured optically on the fracture
surface at nine different points along the crack front. The clip gauge
and load point displacements were monitored continuously during slow crack

growth, so thatcL and J0 could be calculated for each specimen.

Two heat treatments, normalising and slow cooling, were used, and
these resulted in yield stresses of 290 and 220 MN/M2 respectively. The
effects of nominal prestrainsof 10 and 207 and of test-piece orientation

(as defined in Fig. 2) were also investigated.

Strains around the crack tips were estimated by two methods, micro-
hardness and recrystallisation (10). The latter technique was used for
the high strains in the immediate vicinity of the tip. Specimens were
heat-treated at 650°C for 3 hours, and sectioned.The number of recrystallised
grains in a small region at the crack tip could be related to the average

strain there by means of a prior calibration performed on tensile specimens.

4. EXPERIMENTAL RESULTS

Some typical R-curves in terms of Jo and Ju are shown in Figs. 3 and 4.

These enabled the initial values, Ji and Ji’ and the slopes, to be measured.

a) Initiation
Both d} and Ji were affected by prestrain and by specimen orientation
with respect to the orientation of elongated inclusions. Further discussion,

however, is beyond the scope of this paper.

b)  Propagation .

The initial slopes of the R-curves are given in Table 2. Changes in
yield stress had a negligible effect. Prestrain tended to lower the initial
slopes. Test-piece oricntation had a large influence. The initial slopes

may be divided approximately into two categories:

Ls, LT > TS, ST, TL, SL
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In the first category the elongated manganese sulphide inclusions were
aligned parallel to the maximum tensile stress, normal to the crack plane.

In the second category they lay in the crack plane.

Also shown in Table 2. is a comparison between the measured initial slope
of the J° R-curve, and that predicted from equation (11), using the measured
values of A. Agreement is good for the less tough orientations,and where
the work-hardening capacity had been lowered by prestrain. Poorer agreement
is expected in cases of high work-hardening, as a result of the essentially

rigid-plastic analysis.

c¢) The Strain at the Crack Tip.

The average true strain in a region 50 mm. square was estimated by means
of the recrystallisation technique, Fig. 5. shows that this strain remained
constant during crack extension, in contrast to the observed steep rise in the
R-curves. The lateral extent of the plastic zone was determined by micro-
hardness measurements on sectioned specimens in different orientations,all
with 1 mm. of crack extension. Fig. 6 shows that this was larger in the
tougher spécimen (LS orientation). The difference in hardness levels remote
from the crack in the TS and TL specimen reflects the fact that they had been

normalised in different batches.

5s DISCUSSION

The variation of toughness with microstructure may be explained on the
basis of the attainment of a critical fracture strain over a small region
ahead of the crack tip. By prestraining, the additional strain required
to reach this critical value is lowered and the toughness reduced. The
dependence on inclusion orientation is caused by the "plastic strain
intensification", F, of the inclusions. The plastic strain, ¢' in the
ligament between the crack tip and an inclusion may be written:

€' = ¢t (1+F)

Where £ is the plastic strain in the absence of the inclusion. F may be
expected to increase with decreasing separation of inclusions (assuming
these are weakly bonded to the matrix), and with increasing inclusion length

perpendicular to the maximum tensile stress.
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The analytical relationship between dJo/d(Aa) and A, Eqn. (12), for
rigid-plastic materials, contains no factors dependent on specimen size.
Therefore, if A is geometry independent, dJold(Aa) should be too, initially.
This seems likely, for a large test-piece, since A may be identified as the
angle between the growing crack flanks (3), and so should be characteristic
of the crack tip (11). However, the strains at the growing crack tip were
found to be constant, and previous work (12) has shown that the COD, Gp
in Fig. 1, at the propagating crack tip is invariant. This evidence,
together with the observed increase in plastic zone extent with increasing
toughness, implies that the rise in the R-curve is caused by an increase in

remote plastic work, which is geometry dependent.

The apparent contradiction may be reconciled as follows. Just prior
to initiation, unique stress and strain fields, as determined bydor J,
are set up over a region ahead of the crack tip, and these are size independent.
The crack then extends into these fields. The initial spread of plasticity
from the crack tip is dependent upon local conditions, which are determined
by the interaction of the microstructure with the stress and strain fields.
Thus the initial slope of the R-curve is dependent upon the conditions at the

crack tip.

A criterion for J-controlled crack growth was proposed by Paris et al
(13) as

w >> 1

where w= W-a dJ
J da

For the tougher orientations, (LS and LT) we 25 at initiation. However, for
the other orientations, w25, and decreases with crack extension. This provides
a possible explanation for the greater non-linearity observed in the ~L R-curves
in these orientations, since the lower values of w would imply that the crack

extension was influenced by specimen geometry.
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