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Advances in the mechanism of cleavage fracture of low alloy steel at
low temperature. PartI: Critical event
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Abstract. The critical event of cleavage is variable for different types of specimens made of the same steel. In
notched specimens (Charpy V or 4 PB) over a wide temperature range as low as —196°C, the critical event is the
propagation of a ferrite grain-sized crack (30—40 pm). In precracked specimens at a moderately low temperature
(around —110°C) itis the propagation of a second phase particle-sized crack (< 10 um). Atever lower temperatures
(—=150°C - —196° C) the cleavage fracture is nucleation-controlled.

No matter whe:zr a notched specimen or a precracked specimen is used, as long as a fibrous crack has been
initiated and prop.--ated in it, the critical event is the propagation of a ferrite grain-sized crack and the fracture
behavior can be hai.dled as in a specimen with an acute notch.

- The difference of ‘of’values measured in a notched specimen and a precracked specimen is caused by a change
of the critical event in these two specimens.

1. Introduction

Discussing the critical event of cleavage fracture Smith clarified ‘In developing a realistic
physical model of the cleavage process it is of paramount importance to ascertain the nature
of the critical event in the formation of a cleavage crack. ... It is essential to decide if the
greatest difficulty in the formation of a crack is its nucleation or whether it occurs at some
stage during its growth’ [1].

Before the early 50s’, crack nucleation was considered to be the most difficult step, i.e.
the critical event during the fracture process. This was based on the Stroh model [2] which
suggested that the crack could be nucleated by a dislocation pile-up at an energy balance
higher than that needed for crack propagation. Yet a number of experiments confirmed the
important influence of the hydrostatic tension and tensile stress on the cleavage fracture, [3, 4],
which implied that the controlling step was crack propagation rather than crack initiation.
Observations of grain-sized micro-cracks remaining in fracture specimens [5] supported this
argument and examplified grain boundary control. On the basis of the dislocation pile-up
model and the above observation of the remaining ferrite grain-sized crack, in the late 50s’
and early 60s’ crack propagation was identified as the critical event and the grain size was
identified as the dominant microstructure feature for cleavage fracture [6—7]. Relationships
between toughness parameters such as the brittle-tough transition temperature T'c, the local
fracture stress of and the grain sizes were observed.

Yet this model could not explain the influence of second phase particles on the variation
of toughness for similar grain sizes and yielding stress, which was observed by McMahon
and Cohen [8]. They also observed that the majority of the ferrite micro-cracks originated at
carbide cracks. Smith [9] proposed a well-known model: a grain boundary carbide particle
was cracked by an impinging dislocation pile-up and the microscopic carbide crack acted as a
Griffiths crack. The critical event is the propagation of the carbide crack into the neighboring
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ferrite grain as a result of the combined action of the dislocation pile-up and the applied normal
stress. The fracture stress could be calculated by the following equation.

Co 2 4 (Co\'2 7i)? 4E~p
(F)r+ e{”;(T) ef 2 Al Ad W

where Co is the thickness of a grain boundary carbide, d is the grain diameter, Te is'the
effective shear stress, 71 is the lattice friction stress, and p is the effective surface energy of
ferrite.

This model supplied a mechanism for an increase in effective surface energy subsequent
to crack initiation which supported the model of propagation control.

Curry and Knott [10] modified this model further by rewriting the 7e as kd~'/2 and
reducing (1) to

§ 4, 17> 4E
e 22 - A 2
g+ C0{1+7r(co) k} ? =00 @

k is the shear Hall-Petch yielding constant. In this equation the only microstructural para-
meter affecting the fracture stress is the carbide thickness. The authors concluded that the
cleavage strength depends on the carbide thickness rather than the grain size. They attributed
the strong dependence of of on the grain sizes to the relationship between ferrite grain sizes
and the largest observed carbide thicknesses in normalized and annealed mild steel.

Thus from the late 60s’ to the 80s’ the critical event of cleavage was held as the propagation
of a second phase particle micro-crack into the matrix. The particle sizes are clearly the most
important dimensions.

Hahn [11] summarized the work of the past two decades as saying “The 1mphcat10ns of
crack blunting are related to the essential role of carbide particle and other brittle phases in
the steel. Dislocation pile-ups and ferrite grain size are accorded a diminished role’.

Based on the RKR model [12] and taking the ‘eligible carbide crack’ as the events, a
number of statistical models were established [13-15].

But during this period some researchers proposed that the critical event of cleavage could
be changed from one type to another type of specimen made of the same material or from one
temperature to another [16, 17].

Oates and Griffiths claimed that ‘In the tensile tests of 3 percent silicon iron, the critical
event for fracture throughout —196 to —50°C was the nucleation of a suitable microcrack.
Between —50°C and +50°C the critical event was the growth of grain-size microcracks them-
selves nucleated at cracks in grain-boundary carbides or pearlite colonies. The deformation
and fracture mechanisms in the notched specimens were in sharp contrast to those described
above. Throughout the range —160°C to +40 twins were not formed at the fracture stress and
fracture was determined by the growth of slip-nucleated carbide cracks’. The authors attribute
the change in the critical event from the growth of ferrite microcracks (found in smooth spec-
imens) to the growth of carbide cracks (found in notched specimens) to the difference of high
strained volume in these two types of specimens. Lin, Evans, and Ritchie [17] proposed that
‘At the lowest temperature cleavage fracture occurs once the nucleation condition is satisfied.
Nucleation dominated behavior would then pertain. At higher temperatures particles which
satisfy the dynamic criterion for propagation across the particle/matrix interface would then
become the source of cleavage fracture. At still higher temperatures, the particle may crack
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Table 1. Composition of C-Mn steel and weld steels, wt% .

Materials C Mn Si S P Ti B 0 N Ni
C-Mn base metal 0.18 149 036 0033 001 = * * * *
C-Mn weld metals 007 124 028 0.02 001 003 = 003 0.019 =
Ti-B weld metals 006 149 048 0.02 0.01 003 0.004 003 0019 =

Ti-B-Ni weld metals  0.07 1.60 019 0.031 0.02 002 0.003 003 0019 045

* Not measured.

and the crack can extend to the first grain boundary without causing failure, stable grain size
cracks would then become possible. Within this temperature range, cleavage fracture would
occur when a crack can extend dynamically across the ferrite grain boundary’. The authors
attributed the change in the critical event from crack nucleation (at the lowest temperature) to
the carbide crack growth (at higher temperatures) and then to the ferrite grain crack growth
(at still higher temperatures) to the variation of relative values among the yield stress, carbide
cleavage strength and ferrite grain strength at various temperatures.

Another important parameter associated with the critical event is the local fracture stress
of . A change of of values measured in notched and precracked specimens is observed, but
just like the variation of the critical event, it is attributed to the different high stress volumes
in these two specimens [11].

On the basis of the work [18-25] done by authors on the critical event, the present paper
provides a comprehensive discussion especially on the renovating concepts of the critical
event, its variability and its effect on the local fracture stress of.

2. Experimental procedure
2.1. MATERIALS

The materials used were C-Mn steel and C-Mn, Ti-B, and Ti-B-Ni weld steels with composition
shown in Table 1.

2.2. SPECIMENS

The standard Charpy V specimens with root radius p = 0.25 mm were used. Three types
of deep notched specimens for 4 point bending (4 PB) test, i.e. single notch {p = 0.25 mm,
Griffiths—Owen specimen), double notches (p = 0.25 mm) and single notch with different root
radii (p = 0.05,0.075,0.15,0.25,0.35, 0.6, 1.0 mm) were adopted. Precracked specimens for
the three point bending test (COD) were used also. Dimensions of specimens are shown in
Figure 1.

2.3. EXPERIMENTAL METHOD
2.3.1. Toughness testing procedure

For investigation of the critical event of cleavage fracture occurring in the lower shelf tem-
perature region the Charpy V impact tests were carried out at —45°C and —60°C at a hammer
speed of 5 m/sec. Most of the 4 PB tests were carried out at-—196°C and a part at —150°C,
the latter having a root radius of 0.25 mm. COD tests were carried out at —70°C, —90°C,
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Figure 1. Dimensions of toughness specimens: (a) COD, (b) 4 PB, (c) Charpy V and (d) double notches.

—110°C and —196°C and some of the COD specimens were unloaded at 95 percent of frac-
ture load. For investigation of the critical event of cleavage fracture occurring at the transition
temperature after a fibrous crack had been initiated and propagated, the COD test was carried
out within a range of —80°C to +15°C, the 4 PB test —90°C to —10°C, the Charpy V test at
—20°C and —40°C. The cross-head speed of the testing machine in both 4 PB and COD tests
was 1 mm/min. The routine properties oy and n were measured by tensile tests at various
temperatures.

2.3.2. Determining the critical event

Several metallographic sections as shown in Figure 2(a) were taken from 4 PB, COD and
Charpy V specimens to observe the remaining microcracks which were initiated but were
shorter than the critical length for unstable propagation and remained in the specimens. The
remaining crack below the survived notch in the fractured double-notched 4 PB specimens
and in the COD specimens unloaded prior to fracture were observed especially carefully. The
microstructural feature limiting the maximum length of the remaining crack was defined as
the microstructural domain of the critical event.

The sizes of the ferrite grains in the zone where the cleavage crack was initiated were mea-
sured in a special metallographic section, shown in Figure 2(b). The relationships between
these grain sizes or the maximum lengths of remaining cracks and macro-mechanical proper-
ties were used to determine the critical event. The fracture surfaces were observed in detail
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Figure 2. Metallographic sections for examining: (a) the remaining cracks and (b) microstructure of region where
cleavage cracks were initiated.

(b)

Figure 3. Ferrite grain-sized cracks remaining in: (a) Charpy V specimen at —40°C and (b) double notched 4 PB
specimen at —150°C.

using a scanning electron microscope (SEM) and the sizes of second phase particles initiating
the cleavage crack and the sizes of the cleavage facets around them were measured to give
additional information for determining the critical event.
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Figure 4. Ferrite grain-sized cracks remaining in 4PB specimens with notch root radius: (a) p = 0.075 mm,
L = 10um, (b) p=0.25mm, L = 25 umand (c) p =-0.6mm, L = 25 um at —196°C, where L represents the
length of remaining crack.

2.3.3. Calculating the local cleavage fracture stress ‘of’

The of has been evaluated accurately from the Charpy V, 4 PB and COD testing. The detailed
methods are described in Part ITI of the present paper [26].
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Figure 6. Remaining crack observed in COD specimen unloaded at —70°C: (a) crack tip opening < 40 um,
L = 5.5 um and (b) crack tip opening of 65 pm, L = 17 um, L: crack length.

3. Experimental results A

3.1. CRITICAL EVENT OBSERVED IN SPECIMENS

The remaining ferrite grain-sized cracks were found in fractured Charpy V specimens at
—40°C and —60°C, as shown in Figure 3(a) and similar cracks were observed below the tips
of survived notches in the double notched 4 PB specimens at —150°C also (Figure 3(b)).

9
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Further, as shown in Figure 4 the ferrite grain-sized cracks were observed in fractured 4 PB
specimens with different notch root radii tested at —196°C.

In COD specimens unloaded at 95 percent of fracture load at —110°C, only the remaining
second phase particle-sized cracks were observed, as shown in Figure 5. In COD specimens
unloaded at 95 percent of fracture load at —70°C, as the crack tip opening was narrow
(< 40 pm), only the second phase particle-sized cracks were observed (Figure 6(a)). However
ferrite grain-sized cracks could be found when the tip opening was wider (65 um, Figure
6(b)).

It was observed that no matter whether a notched or a precracked specimen was used, once
a fibrous crack was initiated and propagated in it, the remaining ferrite grain-sized cracks
could be found at distances from the fibrous crack tip in unloaded specimens, as shown in
Figure 7.

In COD specimens unloaded at —196°C, the original tip width b = 0.23 pum of the fatigue
precrack was blunted to b = 1.5 um. None of the remaining microcracks could be found.

The statistical distribution. of remaining crack lengths in Charpy V specimens at —45°C
and —60°C and COD specimens at —110°C are indicated in Figure 8. An apparent difference
of the maximum length of remaining cracks found in notched specimens (30 ~ 40 um) and
in precracked specimens (< 10 zm) is indicated.

3.2. RELATIONSHIP BETWEEN THE MECHANICAL PROPERTIES AND MICROSTRUCTURAL
PARAMETERS

As shown in Figure 9(a) and 9(b), in Charpy V specimens, there are apparent relationships
between the Charpy V absorbed energy and both the sizes of ferrite grains in the region
of cleavage initiation (Figure9(a)) and the maximum lengths of remaining ferrite cracks
(Figure 9(b)). Yet as shown by Figure 10 the relation between the toughness and the sizes
of second phase particles initiating cleavage is highly scattered and therefore less clear.
Additionally, in Figure 11, the sizes of facets around the second phase particles initiating the
cleavage crack were related to the cleavage fracture stress o f measured in 4 PB specimens.

3.3. RESULTS OF MEASUREMENT

The cleavage fracture stress values of measured in notched and precracked specimens are
shown in Table 2. A jump of 600-800 MPa from the values of notched specimens to that of
precracked specimens was observed for all three steels. The statistical distribution of the sizes
of second-phase particles which initiated the cleavage cracks are plotted in Figure 12(a) and
12(b).

4. Discussion
4.1. CRITICAL EVENTS FOR VARIOUS SPECIMENS AT DIFFERENT TEMPERATURES

From Figure 3 it is clearly shown that for notched specimens tested by either dynamic loads
(at —60°C) or static loads (at —110°C to —196°C) the boundary between ferrite grains is the
last barrier for the propagation of a crack that has just been nucleated. Therefore in notched
specimens the critical event for cleavage fracture was identified as the propagation of a ferrite
grain-sized crack to neighboring grains.

10
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(b)

(©)

Figure 7. Ferrite grain-sized cracks at distances from the tips of fibrous cracks observed in both COD precracked
and 4 PB notched specimens unloaded prior to fracture: (a) weld metal COD specimen, (b) base metal COD
specimen and (c) weld metal 4 PB specimen.

Figure 9 shows a sharp rise of toughness when the ferrite grain size or the maximum length
of the remaining crack is less than 40 um. This indicates that the critical length for cleavage
crack propagation in Charpy V specimens is around 40 zm.

In the 4 PB test, when the size of the cleavage facet was less than 40 um, it was found to
have a definite relation with of (Figure 11) and this could be considered as further evidence
of grain-sized crack critical event. On the other hand, when the facet is more than 40 um, of

11



