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ABSTRACT

Using finite element analysis and metallographic observations, the stress field ahead of stationary
and growing cracks and the ductile-to-brittle transition mechanism in a carbon steel have been
evaluated. Compared to a stationary crack, a growing crack elevates both the stress triaxiality
and the opening stress on the remaining ligament. The micro-criterion for cleavage fracture for
both stationary and growing cracks is postulated to be identical. Ductile-to-brittle transition may
occur as a result of increasing constraint for different specimen geometries. Based on the stress
fields ahead of the stationary and growing cracks and the measured value of local cleavage
stress, the ductile-to-brittle transition temperature has been successfully predicted in the
compact tension (CT) specimen geometry.
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INTRODUCTION

Many engineering structures of ferritic steel operate in the ductile-to-brittle transition region
where unstable fracture occurs by transgranular cleavage after some amount of ductile crack
growth. The prediction of the fracture transition is one of the remaining important problem to be
addressed in fracture mechanics. To achieve this purpose, it is essential to understand the stress
fields ahead of a growing crack and the fracture criterion for ductile-to-brittle transition. In the
theoretical and numerical work by Rice and co-workers (1978, 1980), it was shown that the
stress field ahead of a growing crack changed little from that of a stationary crack for elastic-
ideally plastic solids under small scale yield condition. Also, the small strain finite element
simulation of growing cracks by Xin and Goldthorpe (1993) indicated that the stress field ahead
of a growing crack is basically the same as a stationary crack. However, in the work of
O’Dowd, Shih and Dodds, Jr (1994), it was found that crack growth elevated the opening stress
and shifted the location of peak stress closer to the crack tip. For cleavage fracture, a local
failure criterion has been proposed (Ritchie et al., 1973) such that cleavage occurs when the
opening stress exceeds a critical cleavage stress over a characteristic distance ahead of the crack
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tip. Itis unclear, however, whether this criterion can be applied to cleavage fracture preceded by
ductile crack growth. In the present work, the compact tension (CT) specimen was employed to
measure the fracture toughness at different temperatures. Also, detailed microscopic
observations were carried out to evaluate the variation of cleavage initiation position. Based on
the CT test and the experimental work of Wu and Mai (1995) for three-point bend [SE(B)] and
centre-cracked tension [M(T)] specimens, a large deformation finite element analysis was carried
out to investigate the stress fields ahead of a growing crack for the different specimen
geometries. The mechanism of ductile-to-brittle transition and the prediction of transition
temperature are discussed.

EXPERIMENT AND FINITE ELEMENT ANALYSIS

The material used for the experiments was a carbon steel. The chemical composition of the steel
is 0.25% carbon, 0.82% manganese, 0.21% silicon, 0.05% phosphorus and 0.03% sulfur. The
stress-strain relationship is expressed by 6=Ke", where K is a constant and 7 is hardening
exponent. The values of K, n and yield stress o, at different temperatures are given in Table 1.

Table. 1 Yield strength & hardening exponent of carbon steel

Temperature ( °C) _ Yield Strength ( MPa) Hardening Exponent  Constant K

30 226 0.23 662
20 236 0.23 715
0 250 0.25 904
-30 278 0.25 908
-50 296 0.25 943
-70 322 0.24 1066

The CT specimens (a/W=0.6) were tested from -70°C to 40°C. Crack tip opening displacement
(CTOD) at unstable fracture (8.) was calculated according to ASTM standard E1290-93. Then
3. was corrected for crack growth in terms of Hellmann and Schwalbe’s equation (1986). The
CTOD at ductile initiation, &;, was obtained by the resistance curve method. The SE(B)
specimens (a/W=0.1) and M(T) specimens (a/W=0.5) were tested at 30°C by Wu and Mai
(1995) and §-Aa resistance curves were obtained. The thickness of all specimens was 25mm and
the configuration of the specimens could be found in Wu and Mai (1995). All tests were carried
out in an Instron 1195 testing machine with a crosshead speed of 1.0 mm/min. The test
temperatures were controlled using a close-loop constant temperature chamber. The fracture
surfaces of CT specimens fractured at -70°C and -30°C were observed using a scanning electron
microscope (SEM). The distance (X¢) from cleavage initiation site to a blunting crack tip for the
specimens with complete cleavage or a growing crack tip for the specimens with cleavage
preceded by ductile growth were measured.

To obtain the stress distributions ahead of a growing crack for the above specimen geometries,
large deformation plane strain finite element analysis was carried out with the finite element code
ABAQUS (Hibbitt er al.,, 1996). Four-node isoparametric elements with 2 by 2 Gauss
quadrature were used. Only one half of the specimen was modelled because of symmetry. To
simulate stable crack growth, small elements with equal width (0.1 mm) are placed in front of
the crack tip, as shown in Fig. 1.
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“¥—_ initial crack tip
Fig. 1 Refined mesh for crack tip.

Rate-independent incremental plasticity and associated flow rule were used for the material
constitutive model. Crack growth was achieved by the method of .nodf: release. Nodal forces of
crack tip elements were reduced gradually to avoid numerical oscﬂ.lauon and non-convergence.
When the calculated CTOD reached the measured initiation value, i.e., &, the node at the crack
tip was released. The crack growth was controlled by node release to ensure good agreement
between the calculated CTOD and the experimental 8-Aa resistance curve.

STRESS DISTRIBUTIONS AHEAD OF A GROWING CRACK

The opening stress G22/C, distributions ahead of stationary and growir.lg cracks for CT, M(T)
and SE(B) specimens are shown in Fig. 2(a). It is clear that the opening stress increases after
ductile crack growth. The position of peak stress shifts to the crack tip with crack growth when
the distance is normalized as X/8. This result is similar to the work of O’Dowd, Shih and Dodds
(1994). The peak stress ahead of the crack tip increases in the o_rder of M(.T),. SE(B) apd (;T
specimens. The distribution of stress triaxiality ahead of the growing .crack tip is shown in Fig.
2(b). Here stress triaxiality is expressed as the ratio of the hydrostatic st.res.s C.Ym oYer thej Von
Mises effective stress .. The CT specimen has the highest stress trlaxxahty., e, hlght?st
constraint level and M(T) has the lowest. Fig. 3 shows the variation of peak opening stress with
crack growth. It can be seen that the opening stress increases after the onset of ductile crack
growth. After a certain amount of growth, 6,,/C, remains almost constant.

CONSTRAINT AND DUCTILE-TO-BRITTLE TRANSITION

The variation of toughness (&) in CT specimens with temperature is sh9wn in Fig. 4. /.Xt -70°C
and -40°C, fracture occurred as complete cleavage for all specimens w1thoout any ductlli crack
growth. That is the specimens fractured at the lower-shelf region. At -30 (?, 20°C, -10 C and
0°C, some CT specimens were cleavaged without ductile grogvth; but m0 some specimens
cleavage was preceded by ductile crack growth. At 10°C, 20°C, and 30°C, cleaovage was
invariably preceded by ductile crack growth for all CT specimens. In CQntragt, at 30 @ S].S(.B)
and M(T) specimens fractured in a complete ductile mode .w1thout displaying thls transition
behavior, showing the upper-shelf characteristic. Table 2 gives the rr}easured dlistance X¢ of
cleavage initiation to the stationary crack (complete cleavage) or growing crack tips (cleavage
preceded by ductile growth) at -70°C and -30°C for the CT specimens. The local cleavage stress
o is shown in Table 2.
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Fig. 4 Variation of toughness (8.) with temperature.

Table. 2 Experimental results of CT tests

T Xe X/d of Aa
&) (pm) (MPa)  (mm)
-70 209 2.55 1235 0
-70 300 2.34 1193 0
-70 350 4.41 1081 0

Average 286 3.10 1169 0
-30 382 1.67 1069 0
-30 188 1.54 1123 0
-30 428 1.41 1086 0
-30 436 1.71 1251 0
-30 367 1.26 1119 0

Average 360 1.52 1130 0
-30 1100 227 1116 0.34
-30 633 1.19 1212 0.53
-30 473 0.85 1299 0.66
-30 1000 1.59 1142 0.63
-30 400 0.88 1251 0.30

Average 721 1.35 1204 0.49
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Eisually, the maximum opening stress corresponding to the fracture load is taken as the local
eleavage stress or. However, cleavage initiation does not necessarily start at the site of maximum
opening stress (Chen ez al., 1994; Lewandowski et al., 1987; Yan et al., 1993). It may be
overestimated to take the maximum opening stress as or. In the present study, from the
calculated stress distribution corresponding to the fracture load, the opening stress at the
initiation site X¢ could be determined and this was taken as the local stress needed to initiate
cleavage fracture, i.e., of, as described in previous work (Chen et al., 1994; Yan et al., 1993) .
From Table 2 the average o; is 1169MPa and 1130MPa at -70°C and -30°C respectively for the
specimens without ductile crack growth and 1204 MPa for the specimens with ductile crack
growth. In spite of the data scatter, no real difference for Ot can be found for the specimens
fractured with and without ductile crack growth. This indicates that cleavage initiates from the
weakest particle of the material. According to Ritchie et al (1973), the cleavage fracture
criterion was postulated as the opening stress exceeding the cleavage stress over a
microstructurally significant distance. Initially, the characteristic distance was assumed as two
grain diameters. However, in subsequent studies by Curry and Knott (1976, 1979), it was found
that no simple relationship existed between grain size and characteristic distance and a statistical
argument was introduced to explain the variation of characteristic distance. In Table 2, there is
no fixed cleavage distance ahead of a crack tip. Table 3 shows the maximum opening stress the

specimen has experienced during crack blunting (stationary crack) and ductile growth (up to
Aa=3.0mm) at 30°C..

Table. 3 The maximum opening stress the specimens experienced

Specimens Omax, MPa Omax, MPa
(stationary crack) (growing crack)

ET 994 1175

SE(B) 920 1062

M(T) 879 1037

Comparing Table 2 with Table 3, it is clear that the maximum opening stress ahead of the
stationary crack tip for all specimens is less than the average or. This indicates that complete
cleavage fracture cannot occur for all specimens at 30°C. After ductile crack growth, for SE(B)
and M(T) specimens, the peak opening stress approaches the lower bound of o¢but is less than
the average or. On the other hand, for CT specimens the peak stress ahead of the growing crack
is greater than the lower bound of o; and approaches the average o. This is in agreement with
the experimental results at 30°C at which the ductile-brittle transition occurred after some crack
growth for CT specimens but no transition occurred for SE(B) and M(T) specimens. Therefore,

specimen geometry has a remarkable effect on the ductile-to-brittle transition due to different
constraint levels.

PREDICTION OF DUCTILE-TO-BRITTLE TRANSITION

Usually, to determine the ductile-to-brittle transition temperature, many tests must be done at
different temperatures. As discussed above, the cleavage criterion for both stationary and
growing cracks is identical, i.e., the opening stress exceeds the local cleavage stress o; over a
characteristic distance which is related to the random distribution of brittle particles. The
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possibility of cleavage fracture at a given temperature can be predicted by cornp.armg the
calculated peak opening stress with the measured cleavage stress o¢. If the peak opening stress

ahead of a blunting crack (before growth) can reach oy, the correspf)nding ten.lperature falls
within the lower-shelf region. Another situation is that the peak opening stress is less thap Ot
during crack blunting but greater than it after crack growth. The corresp.ondmg te@peratuf is in
the ductile-brittle transition region. If at a given temperature, the opening st.ress is less tl an Of
even after crack growth then this temperature belongs t.o th.e upper-shelf region. The prediction
of transition temperature for the CT specimen is shown in Fig. 5.
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Fig. 5 Prediction of ductile-to-brittle transition behavior at different temperature

The solid line represents the calculated peak openin,(?y stress .ah.ead of the bluntl.ng crack a\:/ gl;s
instant just before crack growth. Because there is a little Yar12.1t101? of peak opening stresi Ly
crack growth Aa is greater than 1.0mm (Fig. 3), the dash line in Fig. 5 repx_’e‘sents. th.e peak stre X
ahead of the growing crack at Aa =1.0 mm. The local cleavage sotress used here is the mgas;li::l
lower tail value at -70°C, i.e., 1081 MPa (Table. 2). At about 5 C, the peak stres§ ahead o i e;
blunting crack just approaches or and it exceeds or below this .ter.nperature. Th;}s Irfncani iv :1-
below 5°C complete cleavage fracture can occur and fracture is in the low‘er—s e 1(o.r 1o .
transition region. In Fig. 5, from 5°C to 30°C the peak stress ahead of the blunting crac ¥sb;)wbe
than o but its value exceeds o; after crack growth. This. means that ?leavagc would 1;11var1a. }1,: :
preceded by ductile crack growth. This is consistent vyxth the experimental results s own in iblge.
4. It is important to find the temperature above which cleavage fracture be.comes 1lr(n.polsswer
(upper-shelf). In Fig. 5, at about 30°C, even the peak stress ahead of the growing crac 1sd i
than ;. This means that above 30°C, cleavage cannot occug and fracture shows complpte uc 1;5:
tearing. The experimental observation indicated thé.it at 40°C the fracture of CT specimens \;fnd
dominated by complete ductile tearing. Therefore, if the stress ﬁeld§ ahead of thé statlon?ry
growing cracks are known, the local cleavage stress O; can b? obtamf_:d by locgu'ng the ¢ eavtagrz
initiation position from the fracture surface. Then, the ductile-to-brittle transition temperatu
can be predicted by the method illustrated in Fig. 5.
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CONCLUSIONS

Compared to a stationary crack, ductile crack growth elevates the stress triaxiality and opening
stress on the remaining ligament and shifts the position of the peak opening stress to the
growing crack tip. The cleavage criterion for both stationary and growing cracks is identical,
i.e., the opening stress exceeds the local cleavage stress at a characteristic distance which is
related to the random distribution of brittle particles. Specimen geometry has a remarkable effect
on ductile-to-brittle transition due to the different constraint levels. Based on the stress fields
ahead of stationary and growing cracks, the local cleavage stress can be obtained by locating the
cleavage initiation position from fracture surface. A method for predicting the ductile-to-brittle
transition temperature has been proposed and there is good agreement with the experimental
data.
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