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1. Introduction

Due to the small grain size of nanocrystalline ma-
terials, the internal interfaces composed of grain boundaries,
phase boundaries, or domain boundaries are very high.
Grain boundaries can account for 50% or more of the entire
material, making its performance different from that of crys-
tals or amorphous materials with the same composition. The
high grain boundary density of nanocrystalline materials can
increase their strength by an order of magnitude, and due to
their unique composition and structure, their performance is
significantly improved and enhanced compared to tradi-
tional materials, especially with special properties such as
super-hard and super-modulus effects [1-22]. However, the
low tensile elongation and high brittleness exhibited by
nanocrystalline materials limit their application. Therefore,
when it was discovered that certain specific nanocrystalline
materials can exhibit superplasticity and super toughness at
high temperatures, or exhibit good tensile ductility at room
temperature, this greatly aroused the interest of researchers.
At present, most studies indicate that these characteristics
are attributed to special deformation mechanisms in nano-
crystalline materials, such as special rotational deformation
[23], grain boundary slip and migration [24], nano amor-
phization [25], Coble creep [17], etc.

Nanoscale amorphization, which is the transition
from a crystalline to an amorphous state at the nanoscale, is
a unique deformation mechanism commonly observed in
nanocrystalline materials. Many experiments and theories
currently suggest that nanoscale amorphization significantly
influences the toughness of materials. It also plays a crucial
role in the plastic deformation process of nanocrystalline
materials. Ovid'ko and Sheinerman [26-29] propose that
during the splitting transformation process, grain boundary
dislocations move, resulting in local plastic deformation that
relaxes the stress caused by wedge disclination dipoles.
Grain boundary dislocations are distinct from lattice dislo-
cations, and their movement creates a disordered region
known as the amorphous region, composed of these dislo-
cations. They also observed that nanocrystalline materials
can undergo amorphization at grain boundaries and their tri-
ple junctions even without an external load, acting as a
mechanism to relax elastic energy through grain boundary
dislocations (rotational defects). Furthermore, it has been
noted that nanoscale amorphization occurs near the crack tip
and can impede crack propagation. However, the actual
cracks in nanocrystalline solids are relatively complex, and

their configurations are diverse. To some extent, internal
cracks, which consist of the main crack and its branches, can
more accurately depict the real crack [30].

The article adopts a theoretical model that charac-
terizes nanoscale amorphous regions within nanocrystalline
materials using n pairs dislocation dipoles [25]. Subse-
quently, a mechanical model was established to investigate
the effect of nanoscale amorphous regions near the tip of
bifurcated cracks on crack passivation. By employing the
method of complex potential functions in elasticity, the re-
sultant force acting on dislocations is analyzed, and an ana-
lytical expression for the critical SIF (Stress Intensity Factor)
corresponding to dislocation emission at the tip of the bifur-
cated crack is derived. Additionally, the study examines the
variation of typical parameters, such as nanoscale amor-
phization, dislocation emission angle, and the relative length
between the main and branched cracks, on dislocation emis-
sion at the tip of the bifurcated crack. The influence of these
parameters on the toughness of nanocrystalline materials is
also explored.

2. Establishment of Mechanical Models

As depicted in Fig. 1, an infinite nanocrystalline
solid is subjected to in-plane shear loading (Mode Il) and
tensile loading (Mode I) at infinity. The solid material is
segmented into nanocrystals delineated by grain boundaries
(GBs), which encompass a bifurcated crack within, as illus-
trated in Fig. 1, a. The magnified view and mapped ¢-plane
of nanoscale amorphization near the bifurcated crack tip are
depicted in Fig. 1, b and Fig. 1, c, respectively.

Assuming the nanocrystalline solid is uniformly
isotropic, the lengths of the main crack and the branched
crack are expressed as a and b, respectively, and the internal
angle between them is (1-m)z. Without loss of generality,
we assume that the length of the branched crack does not
exceed that of the main crack, namely b < a. It is known that
the shear modulus is x and the Poisson's ratio is v. The ma-
terial is subjected to far-field mode | and mode Il loads. The
defect structure is identical in the direction perpendicular to
the plane of the main crack and the branched crack. Based
on this assumption, we can establish a two-dimensional me-
chanical model to analyze the primary aspects of the prob-
lem.

Two coordinate systems are introduced: the Carte-
sian coordinate system (x’, y') and the Polar coordinate sys-
tem, with the origin at the right end of the branched crack,



as shown in Fig. 1, b.

Referring to Feng’s work [25], for the rectangular
amorphous region near the bifurcated crack tip, it is as-
sumed that the lattice dislocations are continuously distrib-
uted at a constant density. Therefore, the amorphization
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within the rectangular region can be equivalent to n pairs of
wedge disclination dipoles uniformly distributed on the lat-
eral boundaries AD and BC, as shown in Fig. 1, c.
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Fig. 1 A two-dimensional mechanical model illustrating the effect of nanoscale amorphization on dislocation emission from
a bifurcated crack tip in nanocrystalline materials: a — general view, b — enlarged view, ¢ — the mapped ¢-plane

3. Calculation of Forces Acting on the First Edited
Edge Dislocation

It is widely recognized that if the stress level at the
vicinity of a crack’s end becomes sufficiently elevated, the
crack will initiate the release of lattice dislocations from its
tip, which in turn facilitates the plastic deformation of the
surrounding material. The mechanical behavior of the bifur-
cation crack needs to be analyzed. The emission of the first
edge dislocation from this crack is a critical event, as it ini-
tiates the process of crack propagation. To understand this
phenomenon, it is essential to consider the interplay be-
tween the various forces acting on the dislocation.

The force generated by nanoscale amorphization
plays a significant role, as it drives the dislocation to move
along the crack surface. Additionally, the image force of the
dislocation itself also contributes to its motion. This force
arises due to the interaction between the dislocation and its
image in the adjacent crystal lattice. Finally, the force gen-
erated by external loads, such as tensile or compressive
stresses, can also influence the emission and propagation of
the dislocation. By carefully analyzing these forces, we can
develop a comprehensive mechanical model that describes
the behavior of the bifurcated crack and the associated dis-
location emission process. So, when the first edge disloca-
tion is emitted from the bifurcation crack, the total emission

force acting on it comprises three components: the force
generated by nanoscale amorphization f,., the image force
of the dislocation itself f,, and the force generated by exter-
nal loads fr.

Firstly, when we consider the force generated by
nanoscale amorphization, it is essential to understand the
fundamental principles behind this phenomenon. Amor-
phization at the nanoscale refers to the process where mate-
rials undergo a transition from a crystalline state to an amor-
phous state, which is characterized by a lack of long-range
order in the atomic structure. This transformation can be in-
duced by various means, such as irradiation, mechanical de-
formation, or chemical reactions, and it often results in sig-
nificant changes in the physical and mechanical properties
of the material. In the context of our discussion, we are par-
ticularly interested in the force that arises due to this amor-
phization process. Assuming that the first edge dislocation
of Burgers vector b e is located at point z, =b, +r,e,
we can delve into the specifics of how this dislocation con-
tributes to the force generated by nanoscale amorphization.
The point at which this dislocation is located is significant
because it marks the site where the structural irregularity be-
gins, and it is from this point that the force exerted by the
amorphization process emanates. The force f,, generated by
nanoscale amorphization can be expressed mathematically
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as [25, 31]: Nanoscale amorphization is represented by n pairs
. of wedge disclination dipoles, so the stress fields o>, afy
= b O, =
Tue v ) " ando— generated by a wedge disclination with strength @
=b [(G —e )SInHCOS¢9+UXy cos 29]’ ) at pomt z, = X, +1y; in nanocrystalline solids with a bifur-
N cated crack should be derived.
where: o7, oy and o are the stress field components for- Introduce the following conformal transformation
med by nanoscale amo_rph|za'glon near a bifurcation crack in function to map the infinite region outside the internal crack
deformed nanocrystalline solids. in the z-plane to the infinite region inside the ¢-plane [31]:
o 1+m o 1-m
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where
and ¢=n+i¢& sing=msing, R is a real constant. The pa-
a+p m a-p e rameters o and S can be determined by assigning values to
a=4R|cos 5 0S| — m and the length ratios b/a, and b/a < 1.
(3) Taking the derivative yields:
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Assuming the crack surface is free, the boundary Referring to the work of He [30-31], the corre-
conditions of the crack surface can be expressed as: sponding complex function formulas ¢, (¢') and y,, (¢) to
t —io, t =0, te Cracksurface, (6)  calculate the stress fields on ., o, and o, generated by a

wedge disclination near a bifurcated crack are obtained as:
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So, the stress field o}, , o, and o, caused by na-

noscale amorphization near the bifurcated crack can be cal-
culated, see Egs. (11)-(13). By substituting the stress field

._)2 2

+%{—Mln(§—5)—m—gf—ﬂ- (11)

obtained above into Eq. (1), the force generated by na-
noscale amorphization can be determined.
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where: z = x+iy = X, +iy, + (X +iy’)e“ "), s W
Secondly, the force generated by the dislocation it- We(§)= a)’(g”) g“—g__( ; 47)2 _
0 |76 ~%0

self is calculated. The elastic stress field produced by an
edge dislocation emitted from a bifurcation crack tip can be

represented using complex potentials g (¢)and w¢ (¢)as
[32-34]:
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where: y =,u(by —ibx)/[41t(l—v)] H=0(s)o'(&),
W =[8(%)-(&) ]/ 0'(%).

Then, the image force f,, of the dislocation itself
can be calculated by Peach-Koehler formula as [35-38]:
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where: 6, , 6,, and &,, — the components of disturbance

stress generated by the interaction between edge disloca-
tions and bifurcated cracks and
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Finally, the calculation formula for the force acting
on the first edge dislocation, which is induced by in-plane
tensile loads (Mode 1) and shear loads (Mode II) that are
applied at an infinite distance, can be expressed as follows
[38, 41]:

®E' (go) =
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Kand K, are the Mode 1 and Mode II SIFs at the crack

tip under infinite load.

Combining Egs. (1), (16) and (17), the resultant
force acting on the edge dislocation emitted from the tip of
the bifurcated crack can be calculated as:

fE = fAE + fIE + frE =
=Re[ f,e + fic]cosd—
—Im[ e + fie]sing+ f,.. (20)
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4. Analysis of Critical SIF Corresponding to Disloca- to the dislocation core radius. By combining the formula for
tion Emission the image force, the forces generated by nanoscale amor-
phization, and those by external loads, the critical conditions
According to the criterion for dislocation emission  for dislocation emission fz = 0, the expression for the critical
at the crack tlp, the critical condition is met when the force SIF Corresponding to the dislocation emission from a bifur-
acting on the dislocation is zero, and the distance between  catjon crack tip can be obtained as [25, 30]:
the crack and the dislocation must be greater than or equal

J2
Ky =0,KR =b—|nr°(lm[f,E + e [sinO—Re[ fic + f,.]cos ), (21)
1
K'=0,K\. = V2T (Im[ fi + fae Jsin@—Re[ fc + f,c |cos ). (22)

b,

Utilizing the aforementioned formula for the criti-
cal SIF associated with dislocation emission, the impact of —— K¢ =0
nanoscale amorphization, crack size, and varying grain sizes 2.1 o Kic =0
on dislocation emission at the tip of the bifurcated crack in P -
nanocrystalline materials can be examined. To streamline 1.87 e
the analysis, the critical SIF is rendered dimensionless as .
KP =K /b, and Kie = K. /4o, . The size of the 1.59
nanoscale amorphous region is established as s and d, as
well as s = d. The classic 3C SiC is chosen as the nanocrys-
talline material, featuring a shear modulus of g =217 GPa
and a Poisson’s ratio of v=0.23. 0.37 e eooeossoess o oo o0

The strength of the wedge disclination is set as +w, T T T T :
the Burgers vector of the dislocation is assigned as 0 5 10 15 20
b =0.25 nm [33], and the distance between the bifurcation @(degree)
crack tip and the emitted dislocation is defined as r, = b/2.
When m = 0, the main crack and branched crack extend into
a straight crack, which is consistent with the research results
obtained by Fang [33].

The variation curve of dimensionless critical SIF

1.27

Fig. 2 Dependence of the dimensionless critical SIFs K2
with dislocation strength @

From Fig. 3, b, it can be seen that the Model Il crit-
- . . . -  ono ical SIF first increases from a finite positive value to infinity
W't_h (;jllséocatlon Ztring:h 'Sgef'ggef n bF/'g'_Z OV\ghen @ __?i(/)s’ and then transitions to a negative value as the emission angle
rl_‘ ~ nm, 178 MmO ‘?‘ " m =175, increases. The sign of the critical SIF is determined by the
s =d = 15nm. As shown in the figure, with the increase of gjrection of Burgers vector of the emitting dislocation [35].

dislocation strength, both the Mode | and Mode Il dimen- g, o positive edge dislocations, the most probable emis-
sionless critical SIFs both increases. This indicates that the ;5 angle is zero. The negative critical SIF initially de-

presence of nanoscale amorphization can reduce the high
stress field near the bifurcated crack tip, making it difficult
for dislocations to emit from the bifurcated crack tip,
thereby reducing the toughness of the material caused by
dislocation emission. When the dislocation strength is con-
stant, the Mode | dimensionless SIF is greater than the Mode
Il dimensionless critical SIF, indicating that shear load is
more likely to release dislocations from the tip of the bifur-
cated crack than tensile load.

The variation curve of the dimensionless critical
SIFs with dislocation emission angle at different relative
crack lengths b/a is depicted in Fig. 3 when o= 30°,
r,=0.15nm, 6, =0° w=>5° m=1/3, s=d =15 nm. From
Fig. 3, a, the Mode | dimensionless critical SIF increases
from infinity to a minimum value, and then increases in the

ite direction to infinity with the incr f dislocation . . . . . .
opposite direction to ty with the increase of dislocatio increases, it becomes increasingly challenging for disloca-

emission angle. The minimum value of K corresponds to tions to emit from the tip of the bifurcated crack. From Fig.
the most probable emission angle of dislocations &, which 4, b, it is evident that the critical SIF for Mode II decreases
can be obtained from the figure that @ = 57.5°at this point,  from a finite positive value to a negative value as the emis-
and this critical dislocation emission angle is independent of ~ sion angle of the edge dislocation increases, and subse-
the relative length of the crack. As the relative crack length  quently rises from a negative value to a positive infinite
b/a increases, it will become increasingly difficult for dislo-  value. The most probable angle for dislocation emission
cations to emit from the bifurcation crack tip.

creases to a minimum value and subsequently increases as
the dislocation emission angle increases. The most probable
angle for negative dislocations to emanate from the bifur-
cated crack tip is also at 8=57.5°. As the relative crack
length increases, it becomes more challenging for disloca-
tions to emit from the bifurcated crack tip.

The variation curve of the dimensionless critical
SIF with dislocation emission angle at different m is de-
picted in Fig. 4 when «=30° r,=0.15nm, b/a=0.3,
6,=0° w=5° s=d=15nm. From Fig. 4, a, the Mode I
critical SIF increases from infinity to a minimum value and
then increases in the opposite direction to infinity as the dis-
location emission angle increases. The most probable emis-
sion angle corresponding to the minimum value is
6. = 58.5°, independent of the value of m. As the value of m
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Fig. 4 Dependence of the dimensionless critical SIFs on the edge dislocation emission angle 6, with different m: a— K.,
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from the bifurcated crack tip is at & = 57°and & = 62.5°. As
the value of m increases, the dimensionless critical SIF also
increases. This suggests that as the angle between the main
crack and the branched crack increases, dislocation emis-
sion from the branched crack tip becomes more difficult.

As shown in Fig. 5, the variation curve of the di-
mensionless critical SIF with the nanoscale amorphous size
d is depicted when different dislocation strengths are taken,
and «=30° r;=0.15nm, b/a=0.3, 6 =0° w=5°
m = 1/3, s = 15 nm. As shown in the figure, with the increase
of nanoscale amorphous size, the critical SIF increases un-
der the action of Mode | load and eventually tends to remain
constant. When there is no nanoscale amorphous defor-
mation at the crack tip (@ = 0°), the critical SIF remains a
constant. And when the nanoscale amorphous size is small,
the critical SIF of dislocation emission is greatly affected,
which makes it difficult to emit dislocations at the tip of the
bifurcated crack. However, when the size is large, the in-
crease in grain size has little effect on the critical SIF.

As depicted in Fig. 6, the variation curve of the di-
mensionless critical SIF with the nanoscale amorphization
size d is illustrated for different nanoscale amorphization az-
imuth angles when r; = 0.15 nm, b/a=0.3, 6, =0°, @ =5°,

m = 1/3, s = 15 nm. The figure reveals that as the azimuth
angle of nanoscale amorphization increases, the critical SIF
initially decreases and subsequently increases, indicating a
minimum nanoscale amorphization size d, corresponding to
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Fig. 5 Dependence of the normalized critical SIF K2, on the

nanoscale amorphization size with different disclina-
tion strength @
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the nanoscale amorphization size with different na-
noscale amorphization azimuth angle «

the lowest critical SIF. When the inclination angle of na-
noscale amorphization is « =5°, the corresponding mini-
mum nanoscale amorphization size is d, =17; for o= 10°,
d, =11; for a = 15°, d, =4; and for a = 20°, d, =2. It is evi-
dent that increasing the nanoscale amorphization size can
reduce the corresponding critical SIF. Consequently, na-
noscale amorphization facilitates the emission of disloca-
tions at the tips of branched cracks, thereby enhancing the
fracture toughness of materials.

5. Conclusions

The present study has provided a comprehensive
analysis of the influence of nanoscale amorphization on the
dislocation emission behavior at the tips of bifurcated
cracks. The force acting on the dislocation was derived us-
ing the complex potential method of elastic mechanics, in-
cluding the image force of the dislocation itself, the force
generated by amorphization, and the force generated by ex-
ternal loading. Based on the dislocation emission condi-
tions, an analytical expression for the critical SIF corre-
sponding to dislocation emission was obtained, and the ef-
fects of relative crack length, angle between the main crack
and the branched crack, strength of nanoscale amorphiza-
tion, and dislocation emission angle on the critical Mode |
and Mode Il SIFs were discussed. The conclusion is sum-
marized as follows:

1. The presence of nanoscale amorphization re-
duces the high stress field near the bifurcated crack tip, sup-
pressing dislocation emission from the crack tip. This sup-
pression of dislocation activity diminishes the material's
ability to undergo plastic deformation, thereby reducing its
toughness.

2. As the relative crack length b/a increases, it be-
comes increasingly difficult for dislocations to emit from the
bifurcated crack tip. This trend suggests that longer
branched cracks can act as more effective barriers to dislo-
cation motion, potentially enhancing the material's strength
but at the expense of ductility.

3. A larger angle between the main crack and the
bifurcation crack further inhibits dislocation emission from
the branched crack tip. This geometric effect implies that
crack branching at higher angles can significantly impede

plastic deformation, leading to increased brittleness. How-
ever, the critical dislocation emission angle remains unaf-
fected by the angle between the main and branched cracks,
suggesting that the local stress field near the crack tip gov-
erns dislocation nucleation regardless of the global crack ge-
ometry.
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X. Song, M. Yu, X. Peng

EFFECT OF NANOSCALE AMORPHIZATION ON
EDGE DISLOCATION EMISSION FROM A
BIFURCATED CRACK TIP IN DEFORMED
NANOCRYSTALLINE SOLIDS

Summary

The effect of nanoscale amorphization at the triple
junction of grain boundaries on edge dislocation emission
from a bifurcated crack tip in nanocrystalline materials has
been suggested and theoretically described. A correspond-
ing mechanical model has been established, and the exact
analytical solution of the modified model was obtained us-
ing the complex potential method of elastic mechanics. The
resultant force acting on the dislocation was calculated, and
the analytical expression for the critical SIF corresponding
to dislocation emission was obtained based on the disloca-
tion emission criterion. The influence of the size, position,
strength of nanoscale amorphization, and bifurcated crack
shape on the critical SIF was discussed using numerical
analysis. The study found that an increase in the angle be-
tween the main crack and the branched crack makes it more
difficult for dislocations to emit from the bifurcated crack
tip. The critical dislocation emission angle is independent of
the angle between the main crack and the branched crack.
The presence of nanoscale amorphization can reduce the
high stress field near the bifurcated crack tip, making it dif-
ficult for dislocations to emit from the bifurcated crack tip,
thereby reducing the toughness of the material caused by
dislocation emission.

Keywords: nanoscale amorphization, bifurcated crack, dis-
location emission, stress intensity factor, complex potential
solution method, nanocrystalline solid.
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