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ABSTRACT

Precracked and notched specimens were used to investigate the fracture mechanism of a bainite sted at
low temperature. The criticd fracture event was studied usng metdlographic sectioning method. The
results showed that the critical cleavage event was different in the precracked and the notched specimens.
At -196°C, dl specimens fractured at lower-shdf region without any ductile crack growth. The critica
crack tip opening displacement was not sendtive to the depth of precrack. With increasing temperature to
—100°C, cleavage was preceded by ductile crack growth for al precracked specimens. A longer ductile
crack growth was associated with the shalow crack specimens, which resulted in a higher critica crack tip
opening displacement. The ratio of depth to width of micro-dimple on ductile crack surface was decreased
with ductile crack growth.
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INTRODUCTION

Previous research [1-3] showed that metdlic materids, especidly low-dloy high-strength (HSLA) Steds
hed the different fracture mechanisms at low temperature in precracked and notched specimens. The work
of Lin et a [2] in AISI 4340 dged showed that with increasng gran Sze there was an apparent
improvement in fracture toughness (K c) measured using precracked specimens but a decrease in Charpy
V-notch impact energy. They atributed this to the variation of cleavage fracture dress and the
characterigic distance over which the cleavage fracture can occur. Recently, the work of Chen et al on G
Mn ged [4-6] indicated that the cleavage fracture mechanisms were different in a precracked and a
notched specimen. Currently, bainite steds have been incressng used in pressure vessdls and piping
industries due to superior weldability and fracture toughness. However, the fracture mechanisms of banite
deds ae Hill not very clear. In this study, the fracture mechanism of a banite sed was investigated using
precracked and notched specimen at different temperatures. The cleavage fracture toughness and notch



impact energy were measured. The critical cleavage events in precracked and notched were identified
using metallographic sectioning methods.

EXPERIMENTAL PROCEDURE
The test materid was a bainite sted (WCF-62) in quench-temper condition. The chemica compostion is

shown in Table 1. The microdructure is tempered banite. The yidding strength and hardening exponent
were measured using round tensile specimen in the temperature range of —196°C to 20°C.

TABLE 1
COMPOSITION OF THE MATERIAL (%)

C Si Mn Ni Cr Mo V B S P
006 023 136 036 019 021 0.03 0.0017 0.009 0.02

Three-point bend specimens with a/W ratio of 0.23, 0.45 and 0.72 were tested at —196°C and —100°C.
Crack tip opening displacement (CTOD) a undgable fracture (dc) was obtained according to ASTM
standard E1290-93. The impact energy was measure using standard Charpy \Anotch test from —100°C to
20°C. To invedtigate the fracture mechanism in both the precracked and notched specimens, the critical
fracture event was identified usng metalographic method. The critical fracture event is consdered as the
most difficult step in the process of cleavage fracture from crack initiation to propagation. For the three-
point bend specimen, sections were cut perpendicularly to the front of the precrack tip in the specimens
unloaded at 95-98% fracture load at which the specimens were regarded in a critica condition. In this
study, double-notched four-point bend specimen with the same notch dimensons of Charpy V-notch was
used to investigate the critical event in the notched specimen a —196°C. In the double-notched specimens,
when cdeavage initiates from one notch, the survived notch must be in the criticd date due to the same
dress condition. The sections are then cut across the survived notch to observe the arested cleavage
microcracks which are shorter than the critical length for unstable propagation. The fracture surfaces were
obsarved using scanning eectronic microscope (SEM) and the compostion of particles located in
cleavage initiation Stes was andyzed usang energy disoersve andyss of X-ray (EDAX).

RESULTSAND DISCUSSION

Fracture Mechanism of Precracked Specimens at —196°C

The experimenta result of the three-point bend (COD) tests at —196°C is summarized in Table 2. Pisthe
falureload, d. isthe critica crack tip opening displacement, and K| ¢ is stress intengity factor.

TABLE 2
EXPERIMENTAL RESULTS OF COD TESTSAT -196°C
a/lw P (kg) dc (mm) Kic (kg/mm™*)
0.23 1240 8.32 136.7
0.23 1580 13.9 176.9
0.45 600 7.6 130.2
0.45 620 7.5 129.8
0.45 680 9.8 148.0
0.45 690 9.5 145.7
0.72 280 9.0 142.4
0.72 320 9.2 143.9

0.72 330 8.9 141.7




It can be seen in Table 2 that the fracture toughness is very low and both the d. and K¢ are not senstive to
the crack depth (a/W). This indicates that dl the specimens fractured in the lower-shdf region. The
fracture surface is shown in Fg. 1. There are typicd river-pattern marks on the fracture surface and the
initigtion gte is very close to the precrack. The EDAX analysis showed that the cleavage initiated from the
second-phase particles (1-2mm) rather than nontmetdlic incdusons. According to the compostion of the
ded, the second-phase may be carbide or martendte-augtenite condituent (M-A). The metdlographic
andyss by lkaw et al [7] for the smilar sted showed that the mgority of the second-phase particles were
M-A condituents. Fig.2 shows the metalogrephic section made from the unloaded three-point bend

specimen.

Figure 1: Fracture surface of athree-point Figure 2: Remaining micro-cracksin
bend specimen a —196°C. the vicinity of precrack tip.

It can be observed in Fig. 2 tha the crack tip is only dightly blunted. In the vicinity of the crack tip, some
remaning micro-cracks with 1-2nm in length were observed due to unloading prior to fracture. This

indicates that the critical fracture event is the propagation of second-phase sized crack to the matrix.

Fracture Mechanism of Precracked Specimen at —100°C

The experimental result of te three-point bend tests a —100°C is shown in Table 3, where d, is the crack
tip opening displacement at the failure load.

TABLE 3
EXPERIMENTAL RESULTS OF COD TESTSAT -100°C
alW P(kg) du (mm)
0.23 2860 0.635
0.23 2890 0.288
0.23 3280 1.159
0.45 1464 0.413
0.45 1480 0.341
0.72 470 0.096
0.72 510 0.250

In contrast to the fracture at  -196°C, for al specimens cleavage was preceded by ductile crack growth. In
other words, there was a trandtion from ductile crack growth to cleavage fracture. It can be seen in the



Table 3 that the average vadue of d, is much higher than the average d. (Table 2) due to the ductile crack
growth. Also, the d, is sendtive to the depth of precrack @W). A high d, is associated with a specimen
with shdlow precrack. Fig. 3 shows the effect of the depth of precrack on the ductile crack growth length
(DC). The totd length of crack, i.e, precrack plus ductile crack growth (DC+a) corresponding to the

fallureload is d <o included.
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Figure 3: Effect of a/W on ductile crack growth
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Figure 4: Shapes of microdimples located a different positions of a ductile crack: (8) generd view, (b)
position 1, (c) position 2 and (d) position 3.



The shallow crack specimen has a greater length of ductile crack growth compared to the deep crack
gpecimen. Normally, fracture toughness is proportional to the length of ductile crack in which the pladtic
deformation energy is disspated [8]. The shdlow crack specimen has a greater ductile crack growth,
thereby having a higher fracture toughness (dy). It is well recognized that cleavage fracture is controlled
by criticd opening stress [9]. Many numericd investigations have demondrated that the crack depth @/W)
has a sgnificant effect on the dress triaxidity ahead of crack tip [10-11]. The hydrodtatic stresses are
larger for deeper cracks. On the other hand, Yan et al [12] showed that ductile crack growth could elevate
the dress triaxidity and opening dress on the remaining ligament. Therefore, a larger ductile crack growth
is expected for the shalow crack specimen to raise the opening stress to the critica cleavage dress. The
work of Chen et al [13] showed tha the variation of dress triaxidity could affect the shape of micro-
dimples (the ration of depth to width) on the ductile crack surface. High dress triaxidity results a smdl
ratio of depth to width. Fig. 4 shows the variation of microdimples located in different growth length of
the ductile crack. In Fig. 4, the dimple becomes flat with the ductile crack growth. This means that the
raio of depth to width of the dimples decreases with ductile crack growth due to an increase of dress
triaxidity.

Fracture Mechanism in Notched Specimen

The double-notched four-point bend specimens were tested at —196°C. The fracture surface was typica
cdeavage fracture without any ductile crack growth. The metalographic sections made from the double-
notch four-point bend specimens are shown in Fg. 5. The remaning micro-cracks are much longer than
that in the unloaded three-point bend specimens. The typicd length of the remaining cracks is about the
width of banite bundle This implies that the criticd cdeavage event in the notch specimen is the
propagetion of grain-szed crack to the matrix, which is, obvioudy, different from the criticd event in the
precracked specimen. Cleavage fracture stress can be related to the critical crack sze in terms of the well-
known Griffith’s equation,

4Er
— p ¥2
Sf [p(l' nZ)C] ' (1)

where st, E, ,, n and C are cleavage dress, Young's modulus, surface energy, Possion’s ratio and the
critica crack sze, respectively. Clearly, a higher cleavage stress can be obtained by decreasing the critical
crack sze C. As the criticd event is the propagation of bainite bundle-szed crack to the matrix, a higher
fracture toughness is expected when the sze of bainite bundle is reduced.
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Figure 5: Remaining micro-cracks in the vicinity of notch tip

The impact energy measured in Charpy V-notched specimen from —100°C to 20°C is shown in Table 4.



TABLE 4
CHARPY IMPACT ENERGY (J) FROM —100°C TO 20°C

T°C -100 -80 -60 -40 -20 0 20
30.8 402 405 1339 1914 1848 2280
Impact 320 50.6 91.2 1433.0 159.7 1878 2321
energy 301 491 749 1503 1814 2316 2293
131 395 86.7 1162 1518 2031 2340
Average 265 449 733 1359 1711 2018 230.9

It can be seen that there is an increase of impact energy with temperature. The lower-shdf temperatureis
about —100°C.

CONCLUSIONS

The fracture behaviour of a banite sed a low temperature was investigated usng precracked and
notched specimens. Experimentd results showed that the critica cleavage events were the propagation of
second phase-9zed and bainite bundle-Szed micro-cracks to the matrix for the precracked and the notched
specimens, respectively. At -196°C, both the precracked and the notched specimens fractured at lower-
shef region without any ductile crack growth. The criticadl crack tip opening displacement was not
sendtive to the depth of precrack. At —100°C, for al precracked specimens cleavage was preceded by
ductile crack growth. A longer ductile crack growth was associated with the shdlow crack specimens,
which resulted in a higher critical crack tip opening displacement. The ratio of depth to width of micro-
dimple on ductile crack surface was decreased with ductile crack growth, which indicated an increase of
dresstriaxidity ahead of agrowing crack.
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