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a b s t r a c t
In a previous experimental study, it was observed that the break-through process of a
cleavage front across a high-angle grain boundary can be highly nonuniform. While the
central part of the boundary can be cleaved quite smoothly, the rest parts must be sheared
apart. In this paper, the trapping effect of grain boundary shearing is analyzed in considerable detail. Before the shearing is completed, the crack ﬂanks are locally pinned together
and a bridging stress must be provided. The bridging stress has a negative contribution
to the local stress intensity at the cleavage front segment that penetrates across the grain
boundary, and thus the crack growth driving force must be increased. A closed-form equation is derived to relate the overall fracture resistance to the fracture mode through an
energy analysis.
Published by Elsevier Ltd.

1. Introduction
Cleavage cracking is one of the most dangerous failure modes of engineering materials [1]. At the tip of a sharp crack, the
high degree of stress concentration can cause rapid separation of atomic or molecular planes, resulting in catastrophic failure
with only a relatively small amount of energy being dissipated. That is, the material tends to completely fail when the external loading and the strain energy density are still low, especially when the loading rate is high and/or the temperature is low
[2].
Usually, the requirements of toughening and strengthening are contradictory to each other [3]. On the one hand, as a
material becomes stronger, its plastic deformation mechanisms are suppressed, and therefore the energy dissipation associated with crack propagation is reduced [4]. On the other hand, to be ductile, it must be relatively easy for a material to
undergo plastic deformation in crack-tip zone [5]. One way to solve this problem is to make the material heterogeneous.
With a strong yet brittle matrix, if dispersed reinforcements can interrupt cleavage crack growth, the fracture toughness
can be increased while the strength is not affected. This concept has been widely employed in polymer [6] and ceramic
[7] matrix composites, by using continuous ﬁbers, short ﬁbers, and/or particulates. The ﬁbers and particulates are often
made of carbons, metals and alloys, glasses, and/or polymers, which are of high toughness and can be strongly bonded
[8]. For metallic materials, however, due to the constraints in processing and application conditions, addition of ﬁllers can
be difﬁcult or irrelevant. Under this condition, very often grain boundary is the primary heterogeneity that can raise the
resistance to cleavage cracking.
In an early experimental study, Gell and Smith [9] observed that grain boundaries offered important resistance to
cleavage crack growth, which is in agreement with the assumption of the classic Grifﬁth theory that precracks are often
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grain-sized [10]. It also agreed well with the results of the famous brittle-to-ductile transition experiment of Hahn et al. [11].
In a recent experiment on iron–silicon alloy [12,13], the effects of crystallographic misorientation across high-angle grain
boundaries were investigated quantitatively. The grain boundary was characterized by three misorientation angles: the tilt
angle (u), the twist angle (h), and the rotation angle. It was noticed that the rotation angle had little inﬂuence on the grain
boundary toughness. Between the rest two factors, the effect of the twist angle was more signiﬁcant. The effects of u and h
can be collectively described as

GGB sin h þ cos h
sin h  cos h
¼
þC
2
cos u
cos u
2c

ð1Þ

where GGB is the critical energy release rate of the grain boundary, 2c is the effective surface free energy of cleavage plane,
and C is a material constant dependent on the grain boundary strength and the proﬁle of crack front. The fracture resistance
of a polycrystalline material to a uniformly propagating cleavage crack can be analyzed based on Eq. (1), by calculating the
average contributions of all the possible values of {u, h} as well as the inﬂuence of lateral grain boundaries [14]:

GPC0 ¼ a  ð2cÞ

ð2Þ

The randomness of grain orientation leads to a constant factor, a  3.2.
One problem that remains unsolved is, when compared with the experimental data of polycrystalline steels [14–16], Eq.
(2) underestimates the overall fracture toughness by an order of magnitude. If only the contributions of the separation of
crystallographic planes, the secondary cleavage cracking, and the deformation of ligaments are taken into consideration,
the critical energy release rate would be only 0.8 kJ/m2 [12]. The measured fracture resistance of a polycrystalline 1010 steel
under cryogenic condition, however, is around 68 kJ/m2 [14].
In addition to the work of plastic shearing, the large difference between them may be attributed to that the cleavage front
propagation across a ﬁeld of grains is usually quite nonuniform. To derive Eq. (1), it is assumed that when a cleavage front
encounters a high-angle grain boundary, it penetrates through the boundary at a large number of break-through points
simultaneously. Because the orientations of cleavage planes across the grain boundary are different, secondary cracking
must take place in the grain ahead of the boundary to complete the fracture surface separation, resulting in the river markings parallel to the crack advance direction. The break-through points distribute along the boundary regularly. When the
critical penetration depth is reached, the persistent grain boundary islands in between the break-through points are separated apart, so that the grain boundary is bypassed by the cleavage front.
In experiments, however, it was noticed that not all the grain boundaries could be described by such a regular failure
mode. For instance, when a cleavage crack advanced in a 1010 steel [14], while regular river markings were observed, at
a considerable number of grain boundaries (e.g. the grain boundaries indicated by the arrows in Fig. 1) plastic shearing subsequent to partial cleavage cracking was evident. At these boundaries, cleavage front penetration occurred only in the central
parts, and therefore the river markings were radial. The rest sections of the boundaries were separated apart through plastic
shearing, which demanded more fracture work. Moreover, as the behaviors of the crack front were different in central and
side sections, the distribution of local stress intensity must be nonuniform, which could cause a crack trapping effect. In the
past, this irregular failure mode of grain boundary did not receive the necessary attention. In a recent work of Qiao [17], the
additional work of plastic shearing was taken into account, but the contribution of the crack trapping effect was ignored,
which will be analyzed in detail in the current study.

Fig. 1. SEM fractography of cleavage cracking across a ﬁeld of randomly oriented grains. The crack propagates from the left to the right. The arrows indicate
the grain boundaries that are sheared apart after partial cleavage cracking.
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2. Trapping effect associated with partial cleavage cracking
Fig. 1 shows SEM fractography of the cleavage cracking process in a 1010 steel at 100 °C. The detailed testing procedure
has been discussed elsewhere [14]. Prior to the fracture test, the material had been thermal treated in hydrogen and fully
annealed in nitrogen. When the cleavage front bypasses a grain boundary, due to the twist misorientation, river markings
are formed. It can be seen that in most of the grains the river markings are parallel to each other, indicating that the front
segment is straight when it propagates across the grain. In some grains, e.g. the ones indicated by the arrows, the river
markings are radial. They initiate only from the central part of the grain boundary, fanning out into the grains ahead of
the boundaries. The boundary sections next to the central part are separated apart via plastic shearing. The cleavage front
segments are curved inside these grains, suggesting that the side sections of boundary fail after the central part is broken
through.
This process is shown more clearly in Fig. 2, where the crack propagates from the bottom to the top. When the crack front
reaches the grain boundary, it is arrested at side sections. In the central part, the front penetrates into the grain ahead of the
boundary, leading to the formation of radial river markings. The central part of the boundary, which will be referred to as the
break-through window (BTW) in the following discussion, is quite smooth, which minimizes the required fracture work. In
the side sections outside the BTW, the direct crack front penetration is not observed. After the front section advances in the
next grain in the BTW, as cleavage planes at both sides of the grain boundary are cleaved, the bridging boundary sections are
separated through shearing. Since the cleavage facets are planar, the separated boundary sections are triangle shaped.
The mechanism of the irregular grain boundary fracture mode may be related to the chronology of the cleavage front advance. As a crack front propagates across a ﬁeld of grains, due to the variation in local fracture resistance and the disturbance
in external loading, e.g. the grain size distribution, the change in crystallographic orientation, and the mode-II or mode-III
loadings, the front may reach different parts of a grain boundary at different times. As the central part of the boundary is
exposed to and penetrated through by the front, the grain ahead of the boundary is cleaved. Due to the shielding effect of
the crack-tip [18], subsequent cracking behind the verge of propagating front at a different height becomes difﬁcult, especially when the grain boundary toughness is relatively high. Hence, when the next grain is fully separated and the crack front
keeps moving forward, the side sections of the grain boundary are left behind, somewhat similar to the bridging reinforcements in a composite material. The nonuniform crack front behavior may also be attributed to the competition of the formation of break-through points along the grain boundary. At the side sections where the conﬁning effect of adjacent
grains is pronounced, front penetration can be suppressed, and therefore the front tends to break through the central part
of the boundary ﬁrst, resulting in the irregular boundary failure behavior. This effect can be important if the degree of anisotropy of single crystal is relatively high and the crystallographic orientations of adjacent grains are unfavorable [19].
The fracture work associated with the plastic shearing of a side boundary section can be assessed as [14] W1 = k*d1wsDh,
where k* is the effective shearing strength of grain boundary, which, for the 1010 steel under investigation, can be taken as
120 MPa; d1 is the preparatory shearing distance before the abrupt grain boundary separation occurs; ws is the width of a
side boundary section; and Dh is the effective height difference of the two fracture facets across the boundary. The contri2
bution of W1 to the fracture resistance can be calculated as G1 ¼ 2W 1 =dg , where dg is the grain size. The factor of 2 is used to
take into account that there are two side sections at each grain boundary. According to an energy analysis performed by
McClintock [20], where the condition of the onset of mode-II fracture following plastic shearing is analyzed based on the data
of large-scale punctuation experiment, G1 should be around 2–5 kJ/m2, which, while much larger than 2c (0.8 kJ/m2), is still
lower than the measured fracture resistance (60 kJ/m2).

Fig. 2. SEM microscopy of plastic shearing subsequent to cleavage cracking across a high-angle grain boundary. The crack propagates from the bottom to
the top.

Author's personal copy
W. Lu et al. / Engineering Fracture Mechanics 77 (2010) 768–775

771

Before the side boundary sections are separated, the two crack ﬂanks are pinned together locally. As depicted in Fig. 3,
assume that initially the crack front is at a regular grain boundary array. It starts to advance from the bottom to the top once
the crack growth driving force reaches the critical value, Gcr. If a grain boundary is broken through in the regular mode, such
as the boundary between grains ‘‘A1” and ‘‘B1”, the grain boundary toughness can be assessed by Eq. (1). With the fracture
work of lateral grain boundaries, such as the boundary between grains ‘‘B1” and ‘‘B2” being taken into account, the effective
local fracture resistance should be calculated by Eq. (2). The boundary between grains ‘‘A2” and ‘‘B2” is dominated by the
irregular mode. The crack front can only penetrate through the central part (‘‘bc”), and the side boundary sections (‘‘ab”
and ‘‘cd”) bridge across the fracture surfaces.
With the crack closure, the cleavage front must go a round-about way to bypass the persistent boundary areas, until a
new front is formed ahead of the boundary array. If during the front propagation process no external work is input in the
system, e.g. in a displacement control experiment, the new front would eventually stop, with an effective crack growth
length of Da. Due to the shielding effect, at a curved crack front [21], the pinning stress at the side boundary sections would
cause a negative local stress intensity component at the protruding part of the crack front. Consequently, to keep the front
from being arrested, the overall crack growth driving force must be higher than the local fracture resistance. This crack trapping effect is a primary toughening mechanism of composite materials [22,23] and has been investigated intensively for
reinforcing ﬁbers and particulates [24–29].
In order to analyze the interruption effect of the grain boundary on the cleavage front behavior, assume that the smallscale yielding (SSY) condition is applicable. Thus [30],

P ¼ d=C s

ð3Þ

where P and d are the crack opening force and displacement, respectively; and Cs is the effective sample compliance. The
strain energy stored in the specimen is

U ¼ d2 =2C s

ð4Þ
3

For a standard double-cantilever beam (DCB) specimen, 1=C s ¼ Ebh =8a30 , with E being the modulus of elasticity, b the
specimen thickness, h the height of DCB arm, and a0 the initial crack length. Before and after the crack front bypasses the
boundary, the change in strain energy is

"
#
3
Ebh d2 1
1
þ U2
DU ¼

16
a30 ða0 þ DaÞ3

ð5Þ

where U2 is the strain energy caused by the bridging stress at the side boundary sections. Note that at the onset of crack front
advance, the critical energy release rate should be reached, i.e.

Gcr ¼ 


3
1 @U 
3Eh d2
¼

b @a a¼a0
16a40

ð6Þ

The variation in strain energy is balanced by the dissipated work associated with the formation of new fracture surfaces.
Thus,
2

DU ¼ ð2cÞ  dg

ð7Þ

Substitution of Eqs. (6) and (7) into (5) gives

ð2cÞ 

2
dg

"
#
bGcr
a40
þ U2
¼
a0 
3
ða0 þ DaÞ3

ð8Þ

Grain Boundary
“B2”

“B1”

“B3”
Arrested Crack Front

x2, ξ2

Δa

“a”

“e”

“b”

ws

x1, ξ1

“d”

“f”

wb
dg

“A1”

“c”

Propagating Crack
Front

“A2”

Initial Crack
Front

Plastic Shearing
“A3”

Fig. 3. Schematic of the nonuniform cracking mode.
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To calculate U2, the bridging stress, r(n1), must be obtained, with n ¼ ðn1 ; n2 Þ being the local coordinate system deﬁned on
the side grain boundary section. The subscript ‘‘1” indicates the direction parallel to the initial crack front, and ‘‘2” indicates
the crack growth direction. The range of n1 is C = {(0, ws) [ (ws + wb, dg)}, where wb is the width of the central break-through
window (‘‘bc”) and ws is the width of side boundary section (‘‘ab” and ‘‘cd”). If r(n1) were zero, with the external loading, P,
the crack opening distance at the location Da away from the crack front would be [31]
*

K1 ðx Þ ¼ 2K 1

1m

l

rﬃﬃﬃﬃﬃﬃﬃ
Da
2p

ð9Þ
*

where m is the Poisson’s ratio; l is the shear modulus; x ¼ ðx1 ; x2 Þ is the global coordinate system; and K1 is the average
stress intensity factor along the arrested crack front. Since at the steady-state the crack growth step length is much smaller
than the total crack length, the dynamic effect on crack-tip stress ﬁeld is negligible [28]. Under this condition, K1 can be taken
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
as the average fracture toughness, i.e. K 1 ¼ EG1 =ð1  m2 Þ. With the bridging stress, the local crack closure distance can be
calculated as [31]
*

K2 ðx Þ ¼ 

Z 

1m

lqp2

arctan

 pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 x1 n 1

q

 rðn1 Þdn1

ð10Þ

C

 * *
where q ¼  x  n . The actual crack opening distance should be determined by the grain boundary shearing, which can be
described as
*

Kðx Þ ¼ rðn1 Þ=kgb

ð11Þ

where kgb is the effective shear modulus of the grain boundary. If the shape of the side boundary section is assumed to be
p
triangle and the difference in material properties at grain boundary and inside grain is ignored, kgb can be taken as E 3. Combination of Eqs. (9)–(11) leads to

rðn Þ
pﬃﬃﬃ 1
¼ 2K 1
3ð1  mÞ

rﬃﬃﬃﬃﬃﬃﬃ Z 
 pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Da
1
2 x1 n1

arctan
 rðn1 Þdn1
2
2p
q
p
q
C

ð12Þ

Eq. (12) needs to be satisﬁed for the entire C. The additional strain energy associated with the local crack closure can be
calculated as

U2 ¼

1
2

Z

*

rðn1 Þ  Kðn Þdn1

ð13Þ

C

The bridging stress also affects the distribution of local
stress intensity along the arrested cleavage front. In the frame
*
work of linear elasticity, a pair of unit pinning force at n would cause a stress intensity factor at s [31]:

e ðsÞ ¼ 
K

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃ
2
Da
p5 s2 þ Da2

ð14Þ

where s is parallel to n1. Hence, the distribution of stress intensity along the arrested cleavage front is

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 Z
EGcr
a0
e  rðn1 Þdn1
K
KðsÞ ¼

1  m2 a0 þ Da
C

ð15Þ

The ﬁrst term at the right-hand side (RHS) of Eq. (15) is the nominal stress intensity factor if the bridging stress did not
exist. It can be obtained through Eq. (6) that with a constant crack opening displacement, i.e. without additional input energy, the energy release rate is proportion to 1/a4, with a being the crack length. The second term at the RHS of Eq. (15) captures the disturbance caused by the bridging stress. Note that

G1 ¼

1  m2
dg E

Z

dg

K 2 ðsÞds

ð16Þ

s¼0

i.e. the overall crack growth driving force should be balanced by the fracture resistance.
Eqs. (8), (12), (13), and (16) form a complete equation set, through which Gcr can be solved. Different from G1, which is
based on the assumption that the crack front propagates uniformly and the central part and the side sections of the grain
boundary fail simultaneously, in the calculation of Gcr the crack trapping effect of the side boundary sections are taken into
consideration. Note that the current analysis is carried out in the framework of linear elastic fracture mechanics (LEFM). Dynamic effects, which may further promote the irregular crack front behaviors, are ignored.
3. Results and discussion
The equation set of (8), (12), (13), and (16) should be solved numerically. In the current investigation, the Ritz method is
employed. To solve integral Eq. (12), the bridging stress is taken as
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rðnÞ ¼

4
X

ai ni

ð17Þ

i¼0

with n being the distance to the border of the central part and the side section (‘‘b” and ‘‘c” in Fig. 3). It is assumed that the
distribution of bridging force is symmetric at the two side boundary sections (‘‘ab” and ‘‘cd”), and at n1 = 0 and n1 = dg periodic boundary condition is applied. It was conﬁrmed numerically that including higher order terms in Eq. (17) would only
cause negligible changes in the calculation results.
The material parameters, E, m, and l are used to relate the stress intensity factor, K, to the energy release rate, G. As long as
the SSY assumption is valid, K and G should be equivalent to each other [32], and therefore the values of {E, m, l} do not affect
the calculation result of Gcr. The numerical results show that when m is in the range of 0.1–0.4 and l is in the range of 1–
1000 GPa, the variation in Gcr is less than 5%. The modulus of elasticity, E, also comes in by affecting the nominal crack opening displacement. However, its inﬂuence on Gcr is still secondary, less than 5% when it varies from 10 GPa to 1000 GPa, probably because that the bridging stress nearly fully closes the local crack ﬂanks. The geometrical factors of the specimen, b, h,
and a0, inﬂuence the value of strain energy, but in the calculation of the energy release rate their effects vanish. When they
are varied in the range of 1–100 mm, no signiﬁcant changes in Gcr can be detected. Therefore, the model is scalable. As the
microstructure at the crack front, which is characterized by ws, wb, and dg, is given, Gcr can be obtained as a function of G1.
Note that in a regular grain array ws, wb, and dg are related to each other by dg = 2ws + wb. Through a dimensional analysis,
their relationship can be described by

 
b ¼ f ws
G
or
dg

 
b ¼ ~f ws
K
dg

ð18Þ

b ¼ Gcr =G1 ; K
b ¼ K cr =K 1 , and f and ~f are two functions
where G
to be determined. The critical stress intensity factor, Kcr, can be
pﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
b .
b ¼ G
related to Gcr by K cr ¼ EGcr =ð1  m2 Þ, and thus K
By substituting Eq. (17) into (12), Eq. (12) can be reduced to a set of algebra equations

pﬃﬃﬃ
2 3ð1  mÞK 1

2
0 qﬃﬃﬃﬃﬃﬃﬃﬃﬃ13 "
#
rﬃﬃﬃﬃﬃﬃﬃ
Z pﬃﬃﬃ
4
4
2 nj n1
X
Da X
m
Þ
3
ð1

i
i

4
@
A
5


ai nj 
arctan
ai n dn1 ¼ 0
2p i¼0
qi p2
qi
C
i¼0

ð19Þ
*

j and n . Thus,
where 
nj ðj ¼ 1; 2 . . . ; 6Þ is the sixth points at the side boundary section (C), and qi is the distance between n
Eqs. (8), (13), (16), and (19) can be solved through explicit methods. The ratio of ws/dg is varied in the range from 0 to 0.3. In
the numerical integration the nearest ﬁve grains were considered, and the distributions of bridging stress and local stress
intensity are assumed to
pbe
ﬃﬃﬃﬃ periodic, and symmetric with respect to the median plane of the grain.
b ) is shown in Fig. 4. By using a polynomial, the numerical data can be regressed as
b (or G
The results of K

b¼
K

 i
3
X
ws
ki
dg
i¼0

ð20Þ

where ki = {1, 18.6, 17.1, 162.9} (i = 0, 1, 2, 3) are coefﬁcients obtained through data ﬁtting. It can be seen clearly that the
overall fracture toughness increases rapidly as ws/dg becomes larger, as it should, since the larger the portion of the side
boundary sections, the more pronounced their crack trapping effect would be. According to the fractography analysis, at a
grain boundary that fails in the irregular mode, the two side boundary sections usually take 30–50% of the entire boundary
b is around
b is around 4–7; correspondingly, G
width, and thus ws/dg ratio is in the range of 15–25%. From Fig. 4, the value of K
16–50. Consequently, if only the fracture work of plastic shearing of the side boundary sections is taken into account through

Kcr/K1

♦ Numerical Result
Regressed Curve

ws/dg
Fig. 4. The fracture resistance as a function of the width of the break-through window.
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a simple superposition method, the fracture resistance of the polycrystalline material would be signiﬁcantly underestimated
by more than an order of magnitude. As discussed above, with the fracture work associated with the formation of river markings and the plastic shear of ligaments inside grains being accounted for, the effective surface free energy of a crystallographic plane can be assessed as 0.8 kJ/m2 [12,33]. By using Eq. (2), the nominal fracture resistance of a polycrystalline
material where all the grain boundaries fail in regular mode, G1 can be estimated as 2.5 kJ/m2. The actual fracture resistance
of the 1010 steel samples under cryogenic condition is 68 kJ/m2, which is about 27 times higher than the value of G1, within
the predicted range of 16–50. That is, the crack trapping effect of side boundary sections can well explain the large difference
between the experimental data and the prediction of Eq. (2).
Fig. 4 indicates that, even when ws/dg is only a few percent, the increase in fracture resistance can be large. Compared
with the regular-mode fracture resistance (G1), Gcr increases by 40% when ws/dg is only 1%; by nearly two times when ws/
dg is 2%; and by more than an order of magnitude when ws/dg reaches 12%. The toughening effect of increasing in ws/dg is
more pronounced when its value is higher. In fact, theoretically, when ws/dg approaches 0.5, the entire boundary becomes
unbreakable and the effective fracture resistance tends to inﬁnity. However, under this condition, the weight function method breaks down, and therefore the current study is focused on the range of ws/dg ratio from 0 to 0.3.
While the toughening effectiveness of the irregular grain-boundary failure mode is remarkable, it is still not fully understood what are the key factors that trigger such a behavior. From the energy point of view, the most energetically favorable
failure mode of a grain boundary in cleavage cracking is the regular mode. On the one hand, as the break-through points are
close to each other, the area of grain boundary that needs to be sheared apart is reduced, so that the grain boundary toughness tends to be lower. On the other hand, if the break-through points are too close to each other, the increase in river marking density would cause crack stoppage in the grain ahead of the boundary, even after the boundary is broken through
[34,35]. As the two mechanisms compete, the distance between adjacent break-through points varies in a narrow range,
leading to the formation of parallel river markings. In the irregular mode, the side boundary sections locally arrest the cleavage front, until both sides of it are cracked. The local crack stoppage should not be attributed to the variation in local fracture
toughness, since it is unlikely that at every grain boundary that fails in the irregular mode the toughness is lowest in the
central part. It may be related to the proﬁle of the propagating crack front in the grain behind the boundary. With the constraints of the lateral boundary, the central part of the front may protrude and thus reaches and breaks through the boundary
ﬁrst. When the side parts of the front encounters the boundary, the local stress intensity is reduced by the protruding part of
the front across the boundary, and therefore the side boundary sections become bridging components. The non-penetration
of crack front at side boundary sections may also be caused by the variation in elastic properties across the lateral boundary.
For instance, along the direction normal to the median fracture surface, if the adjacent grain is effectively stiffer, the local
crack growth driving force near the lateral interface may be lower than that at the central section. Thus, in order to promote
the irregular mode, the distribution of crystallographic orientation should be controlled in a certain range. Adjusting the
shape of grains may also be helpful. For example, if all the grains are hexagonal, as the crack front propagates along the ﬂat
side, it is more likely for the central part of the crack front in each grain to encounter the grain boundary ﬁrst, compared with
the front segments close to the lateral boundaries. If the crack propagates along the sharp angle direction, the side front segments tend to reach the boundary ﬁrst, and thus regular mode may be dominant.
4. Conclusions
By analyzing the resistance offered to cleavage crack front propagation by side grain-boundary sections, it is found that
the toughening effect associated with the irregular boundary failure mode is signiﬁcant. In such a failure mode, the crack
front does not penetrate through the entire grain boundary uniformly. Rather, it ﬁrst bypasses the boundary in the central
part, leaving the side boundary sections behind as bridging components. The side boundary sections are separated apart
through plastic shearing, after both sides of them have been exposed to the cleavage fracture surface. The nonuniform crack
front behavior causes a signiﬁcant crack trapping effect, which, in additional to the fracture work of grain boundary separation, can increase the overall fracture resistance by an order of magnitude. A closed-form equation is obtained to capture the
toughening effect. Promotion of the nonuniform grain-boundary failure mode may be achieved by controlling the external
loading, the texture, and/or the grain shape/size distribution.
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