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Abstract In this paper, a theoretical model is established to describe the effect of nanoscale amorphization
in nanocrystalline bimaterials on the dislocation emission from the tip of a collinear crack at the interface.
In the description, nanoscale amorphization is formed by the splitting transition of the Grain Boundary (GB,
the disclination of GBs caused by the movement of GBs). The analytical solution of the model is obtained
by the elasticity complex potential solution method. In addition, the effects of nanoscale amorphization,
dislocation emission angle, interfacial crack length and material constants of nanocrystalline bimaterials on
the critical stress intensity factor of interfacial crack tip corresponding to dislocation emission are discussed
through numerical analysis. The analysis shows that the influence of nanoscale amorphization in nanocrystalline
bimaterials on the critical stress intensity factor (SIF) corresponding to dislocation emission depends on
the dislocation emission angle, the position and size of the nanoscale amorphization, interface crack length
and relative shear modulus. With the increase in relative shear modulus and dislocation emission angle, the
normalized critical SIF decreases at first and increases afterwards. When the nanoscale amorphization size is
small, the critical SIF of the dislocation is less affected, but when the size is larger, the impact becomes great.
The influence of nanoscale amorphization on the dislocation emission from collinear interface crack tip is
related to nanoscale amorphization and relative shear modulus. There is a critical relative shear modulus that
the increase in dislocation intensity has little effect on dislocation emission. Appropriate selection of materials
for the upper and lower planes can reduce the critical stress intensity factor corresponding to dislocation
emission, thereby promoting the dislocation emission from interface cracks and improving the toughness of
the nanocrystalline bimaterials.

1 Introduction

Nanocrystalline materials have the characteristics of high resistivity, good biocompatibility, high strength,
low density, etc., and show a wide range and significant development prospects in the application of micro-
/nanotechnology [1-5]. Although the strength and hardness of nanocrystalline and ultrafine particle materials
are 2—10 times those of traditional coarse-grained materials [6], the shortcomings of low tensile ductility and
low fracture toughness at room temperature severely limit their practical applications. Therefore, in order to
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solve this problem, researchers used a lot of advanced material preparation technology to improve the fracture
toughness of nanocrystalline ceramics [7-10]. When studying the toughening micro-mechanism that plays
an important role in nanocrystalline and ultrafine particle materials, the researchers found that the specific
properties of nanocrystalline materials are controlled by their specific structural characteristics, such as a
large number of GB [11], GB movement [12], GB migration [13], diffusion creep, cooperative dislocation
[14], rotational deformation [15] and nanoscale twin deformation [16], etc. Alternative deformation modes
can effectively act on nanocrystals and ultrafine particles [17], and these will lead to the operation of specific
structural deformation and fracture mechanisms.

Inrecent years, the special deformation mechanism of nanoscale amorphization (the formation of nanoscale
amorphized regions) in deformed nanocrystalline and ultrafine particle materials observed in experiments
has attracted widespread attention from scholars [18, 19]. A large number of experiments [20], theoretical
models [21] and computer simulations [22] have proved that nanoscale amorphization can effectively occur in
nanocrystalline and polycrystalline materials [23, 24]. It is found in experiments that the local amorphization
near crack tips will affect crack propagation of conventional coarse-grained materials [25]. And computer
simulations [26] and theoretical analysis [27] show that nanoscale amorphization can effectively occur in
GBs and at the triple junction, which is a process driven by lattice relaxation. In the absence of any external
mechanical load, nanoscale amorphization can effectively occur at the GB and its triple junction, which is a
process driven by the elastic energy relaxation of the GB disclination (line defects related to sudden changes in
GB direction/gap [28]). Generally, the high local stress near the crack tip causes the GB to slip. And, through
the splitting and conversion of GB disclinations produced by GB slippage, nanoscale amorphization can occur
[6]. Researchers have found that nanoscale amorphization may be used as a special deformation mode for
initially deformed materials under various applied stresses [29]. Ovid’ko and Sheinerman [30] established a
theoretical model of the amorphization process and studied the effects of GBs and crack passivation on the
fracture toughness of nanocrystalline and ultrafine grained materials. As a result, they found that nanoscale
amorphization can occur on GB dipoles, and they used nanoscale amorphization as a special deformation
method to act as local plasticity near the crack tip [6].

As we all know, the dislocation emission from the crack tip is one of the most basic processes to understand
the crack passivation of nanocrystalline and ultrafine particle materials. Once the dislocations are released,
they move out of the crack tip area, leaving a dislocation-free area. The internal stress which is caused by the
dislocations generated at the crack tip adapts the stress intensity factor to the applied load, thereby enhances
the fracture toughness of the material. D Lyu [31] understands the dislocation mode and its relationship with
the macro-mechanical properties from the perspective of dynamics. The dislocation mode has a significant and
decisive effect on work hardening and plastic strain localization, while the dislocation microstructure affects
the macro-scale material properties. Fang [32] pointed out that the GB sliding deformation mechanism is very
effective in increasing the critical SIF of the finest grain crack propagation in nanocrystalline materials, and
GB sliding deformation can increase the number of dislocations emitted by the crack tip, thereby enhancing
the toughness of the material. Zhou K [33] pointed out in the article that the position of the dislocation has
a significant effect on the image force acting on the dislocation, which depends on the elastic constant of the
material. Typically, the crack blunting and growth process are controlled by the dislocation emission from the
crack tip. According to their description, both crack blunting and dislocation stress field hinder the crack from
further releasing dislocations. As a result, the reduction in particle size causes nanocrystalline and ultrafine
particle materials to exhibit brittleness. In fact, the dislocation release has a profound effect on the number
of dislocations released at the crack tip and the fracture toughness of nanocrystalline and ultrafine crystalline
materials.

Nanocrystalline bimaterials are more prone to interface cracks initiating near the bonding surface and
expanding along the interface until the structure breaks. Therefore, the failure of nanocrystalline bimaterials
is not only the problem of cracks inside a single material, but also of the failure of the interface or near the
interface. With the continuous development of computational mechanics, numerical calculation methods for
solving fracture mechanics problems continue to emerge, and they have become important tools to promote the
continuous development of fracture mechanics research. Lee and Huang [34] studied the interference effects
of threading dislocations and linear interface cracks from the edges of semi-elliptical holes. Fang et al. [35]
studied the interaction between screw dislocations and elastic elliptical inclusions with interfacial cracks. Qiu
et al. [36] studied the relationship between the crack length at the interface and the stress component and the
value of the electric field intensity in the analysis of the interface crack stress and electric field concentration
factor of the film substrate structure. Li Junlin et al. [37] pointed out that the problem of interfacial cracks was
transformed into a kind of boundary value problem of generalized reharmonization equations and proposed the
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crack tip of the semi-infinite interface of orthotropic bimaterials and the model I, model II and mixed model
center penetrating interface, and calculation formulas for crack tip stress intensity factor, stress field and
displacement field. Zhao H et al. [38] studied the anti-plane interface crack stress of orthotropic piezoelectric
bimaterials and obtained the relationship between the mechanical energy strain release rate and the difference
of material parameters, crack length, and applied electromechanical load. Although the current development
of computational fracture mechanics is relatively mature, its research on the analysis of bimaterial interface
cracks is still lacking, and a lot of research is needed from the perspective of basic research.

In this article, we aim to study how the stress filed generated by nanoscale amorphization in nanocrystalline
bimaterials affects the emission of collinear crack tip dislocations at the interface. And we give the basis for
judging the first edge dislocation emission from the tip of a collinear linear crack near a nanoscale amor-
phization in nanocrystalline bimaterials. Numerical examples are used to analyze the influence of nanoscale
amorphization, dislocation emission angle, crack length, and relative shear modulus of nanocrystalline bima-
terials on the critical stress intensity factor corresponding to dislocation emission, and to get the influence law
of nanoscale amorphous on the dislocation emission from the interface crack tip, so as to explore the toughness
changes of nanocrystalline bimaterials containing defects due to dislocation emission.

2 Model and basic formula

As shown in Fig. 1, considering an infinite nanocrystalline bimaterial solid that is subjected to in-plane shear
load (model II) and tensile load (model I) at infinity, the deformed infinite nanocrystalline bimaterial solid
contains a large number of nanoscale crystal grains separated by grain boundaries. Assuming that the interface
of the bimaterials is a straight line, there are a series of collinear linear cracks on the interface and a nanoscale
amorphous is produced near a certain interface crack attachment. It is assumed that all micro-defects are
unchanged along the direction perpendicular to the plane, so the model can be regarded as a plane strain
problem. Assuming that the plane is the xy plane, the interface of the bimaterials is set to the x-axis, the part of
the complete connection on the interface is represented by L, and the aggregated part of collinear linear cracks
with endpoints a; and b; existing on the interface L ;(j = 0, 1, 2, ...) can be represented as L. Nanocrystalline
bimaterials are assumed to be isotropic, and the shear modulus and Poisson’s ratio of the upper half plane are
(1 and vy, respectively, and the lower half plane is p7 and vs.

Two coordinate systems are introduced: the Cartesian coordinate system x’, y’ with the origin at A and
the polar coordinate system (r, #) with the origin at the right end of the crack Ly, as shown in Fig. 1(b).
For solids subjected to external loads, the relaxation of stress is achieved through plastic deformation or
failure processes. Therefore, Ovid’ko and Sheinerman [30] believe that the grain boundary dislocations move
during their splitting transition, and relax the stress generated by the disclination dipole by forming local
plastic deformation. Grain boundary dislocations are not lattice dislocations, and their movement will form a
disordered region composed of grain boundary dislocations, called amorphous regions.

For simplicity, it is assumed that lattice dislocations are continuously distributed in the rectangular amor-
phous region ABCD at a constant density, as shown in Fig. 2c. According to the solid defect theory of Hirth
and Lathe [39], continuous and uniform dislocations can be regarded as an array of dislocation walls located
between the opposite boundaries (AD and BC) of the amorphous region. Each dislocation wall located between
these boundaries can be represented by a wedge disclination dipole. Therefore, the amorphization in the rect-
angular region can be equivalently represented by n pairs of wedge disclination dipoles uniformly distributed
on the side boundaries AD and BC (as shown in Fig. 2d).

Assuming that the sliding direction of the GB is the extension direction of the y" axis, and the expansion
direction of the amorphous nucleus is the extension direction of the x" axis, the wedge disclination values on
different side boundaries are equal and opposite. 1/s represents the linear density of evenly distributed wedge
disclinations. The total strength of wedge dislocations on the AD and BC boundaries is represented by  and
— w, respectively, while d represents the wedge disclination arm length, and « represents the angle between
one of arm d and the crack surface, expressed as nanoscale amorphization inclination angle.

For the plane problem, there are only stress components, oy, 0yy and oy, and displacement components
uy and uy, which can be expressed by two Muskhelishvili complex potential functions ®(z) and ¥ (z) [40]:

- Re[zcb(z) D) — W] (1)

Oy = Re[ZCD(z) +70(2) + W] 2)
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Fig.1 Dislocation emission model of collinear crack tips near a nanoscale amorphization in a nanocrystalline bimaterial solid.
a General view; b Magnified inset highlights of nanoscale amorphization near the tip of a collinear linear crack; ¢ Calculation
model

(b) () @

Fig. 2 Formation process of a nanoscale amorphization near the tip of a collinear linear crack in a nanocrystalline bimaterial
solid
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oxy = Im[Z®'(2) + ¥(2)], A3)
2u’ +v") = (3 — 40)®(2) — P(z) — 29/(z) — ¥(2), “4)
where z is a complex variable: z = x + iy, 1 = +/—1, ‘—" means complex conjugate, u’ = du/dx, v’ = dv/dx,

D' (z) = dd(z)/dz.
The stress and displacement of the crack-free part of the bimaterial interface are continuous, which can be
expressed as:

uj(t) +ivi(t) = uy (1) +ivy (t) t €L, (5)
oy (1) —iof (1) = 0 () —io (1) te L. (6)

Among them u1, v; represent the displacement component of the upper half plane, and u,, u represent the
displacement component of the lower half plane; oy.1, 0yy1 and oyy1, represent the stress component of the
upper half plane, 0,12, 0y,2 and oy,2, represent the stress component of the lower half plane.

Assuming that the crack surface is free, the boundary condition of collinear crack surfaces can be expressed
as:

opy () —iog, (1) =0 telL, (7)

oy*yz(t) — ia;yz(t) =0 rel. ®)

3 The stress field generated by the nanoscale amorphous at the tip of the interface crack
Firstly, let us calculate the stress fields ogc, ayl\; and O')IC\; generated by the nanoscale amorphous at the tip of
the collinear crack in the nanocrystalline bimaterials. A rectangular nanoscale amorphization is produced in
the upper half plane at the point zx = x; + iyx near the crack Lo. The nanoscale amorphization area can be
equivalently represented by n pairs of wedge disclination dipoles uniformly distributed on the side boundaries
AD and BC. Assuming that the stress field generated by a wedge disclination with strength w is ax[}’C, aﬁ, and
O'XD,, the stress field generated by nanoscale amorphous can be calculated by integration. For example, o)f\)’c,
can be calculated by the following formula:

1 s
N D
Jxx(x’ )’): ;/(; (Gx/x/(x/s y/’ x]/(v y]/c)

=0 (¢33 )

. d)dx’, )

=0
where z = x +iy = x5 +iya + (x' +iy)e! @7/,

In the following calculation, when a point zx = x; + iy in the upper half plane has a positive wedge
disclination with a strength of w, the stress fields agc, o)g and o)g, produced by it can be calculated by CD{) ()
and \IllD (z). The complex potential functions CD? (z) and \Ile (z) in the upper half plane are divided into two
parts:

Py =R @)+ ol(2) zesT, (10)
W)y =wh@)+ vl zes™ (11)

Among them, the first parts CI>%(z) and \Ill%(z) represent the complex potential function when there is
a positive wedge disclination in the upper half plane in an infinite matrix without cracks. The second parts
CD{)*(Z) and \IJID*(Z) represent the complex potential function of the crack interacting with a positive wedge
disclination, which is holomorphic in the defined region. From [41]:

Diw
dh(2) = %ln(z —zk) z€sT, (12)

Diw 7
Vi) = — g

zest. 13
2 -2z (13)
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Below we consider the case where there is only a finite-length crack on the interface, without loss of
generality, set the crack endpoints as ag and by, respectively, and finally obtain the complex potential functions
®P(z) and WP () as [41]:

Diw 1—g+h 77—z 72—z
oDy L1 1= (ln % _ _k)
2 1—g Z—Zk T—7Zk
Diw hXo(z) {ln(z - 2%) _ 1 [z -k _
- : : +8@k — ) — 5= — +In(z —2) | ¢» (14)
D2 11 -8 X )iO(Zk) 5 Xo@k) Lz — 2k
1w — g+ T — Zk
o (2) = : [ - = — 2]
2 l—¢g lz—zx 22—k (z2—7)
Diw hXy(2) {ln(z — k) e —F0) 1 |:z — Zk +ln(z -3 )i|}
- . . k—Zk) — o= = — 7k
2 1-g Xo(zk) Xo@k) L2 — 7k
3 Diw hXo(2) 1 B 1 |: 2 .z :H (15)
2 l—g /XO(ZkE%— ) Xo@olz—zc @-z*l)
VP () = -0 (@) — 2] (2) — @) (2)
_ D l1—g+h -z -7
= -7 (2) - @, () — 2. 872 [hl T2 Zk]
2 1—g Z—Zk Tk
Diw hXy(z) [In(z—2 _ 1 -7 _
+ 22 0().{ (_k)+g(zk—zk)— _ [ k+1n(z—zk)]}, (16)
2 l—¢g Xo(zk) Xo(@r) Lz — 2k
_ _ +1(3—4vp) _ 4pup(1—-vy) _ Injg| _ dXo(2) _
where D] = %,g = —%, h = _%,ﬂ == l’zl_jf’ X6(Z) = d_OZZ’ XO(Z) -

(Z _ ao)—O.S—iﬁ(Z _ bo)_O'SHﬂ.

4 Emission of edge dislocations at the tip of a collinear interface crack

Under the action of an external load, the stress concentration at the crack tip will cause dislocations to be
emitted from the crack tip. Here, only edge dislocations are considered. Suppose the first edge dislocation
reflected by the interface crack is located at a certain point zg = bg + roe'? in the upper half plane, and where
Burgers vector is b = b, — iby. Referring to the literature [42], it can be known that the complex potential

functions CD‘]E (2) and \I»']E (z) are:

of () = o) + (1) zest, (17)
VE@) =wE @)+ VE() zest, (18)

E _ E _ Y Y120 — K ;
where ®(2) = 2=, Wip(2) = 2L+ N = m(by —iby).
It is known from reference [41] that when there is only a finite-length crack on the interface, without loss

of generality, the crack endpoints are also set as ag and by, and the final complex potential functions CI>{5 ()
and \Ilf (z) are:

OE —p | on Y1(zo — Zo)} Xo(@) n (] — ¥
1@ ! [Z —20 Z—720 (z —70)? 2Xo(zo) Z2—20 tha(l = &)1 Xo()
Xo@) | n 71@o—z20) 20 — 3(ao +bo) +iB(ag — bo) ¥, (2o — o)
+hy =22 — - — - - =< a9
X0(zo) | z—20 (z —Z0) (zo — ao) (o — bo) (z —zo)
2y1(zo — z0) Xy wn Xo(z) n
O () = & [_ Y1 Y1 Y1 :| 0 o n
B P R A A "oz z—20  Xo(20) (z — 20)°

Xp2) | 1 71G@ —z0) Zo— 3(ao+bo) +ifao — bo) ¥1(Zo — z0) ,
hy—9 - - hy(1 — X
T X0 Go) [z —%0 (-2 @0 — a0)@o — bo) -z | TR TENHE
Xo(2) Y1 2y1(o —z0) 70 — %(ao +bo) +if(ao — bo) ¥1(zo — z0)
21— | — 5+ — + — = — | (20)
X0@o)| (z—1z0) (z —70) (zo — ao0) (o — bo) (z —70)
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WE(Z) = —0E () — 287 (2) — B} (2)
Vi 71 nG— Zo)}
Z—20 Z—20 (z — z0)?

=) -7 () + hl[

Xo z v —
s @ V1 - o)
Xo(zo) 2 — 20
ok Xoz) | 74 vi(zo —Z0) 20— %(ao +bo) — iB(ao — bo) y1(z0 — Zo) @
r=— - - ,
Xo0@o) | z2— 20 (z — 20)? (zo — ao)(zo — bo) (z — z0)
where 1| = 4pi(1—=vp) hy = 4pp(1—vy)

u1(1=v2)+ua(1-vy)°  pi(d—vp)+up(1-v) . . o
It can be seen that the total emission force fg of the force acting on the dislocation is composed of three

parts: the dislocation image force f1g, the force f Ag produced by nanoscale amorphization, and the force frg
produced by an external load.
(1) The image force f1g of the dislocation itself can be calculated by Peach—Koehler formula:

fIE = fIEx - ifIEy = [&xy(§0)bx + C}y)'(§0)by] + i[a—xxb@'O)x + 6xy(§0)by]

_ pib? % (%0) + D% (%0) N w(£0) P (S0) + V5 (20)
4 (1 — vy) i Y1 ’

(22)

where Gy, 6yy and 6y, are the interference stress field components, ®%(z0) = lim,,;[®F (z) — ®f,(2)].

. d[dE (z)—dE .
¥ (z0) = lim, ., L2LO20O] g (20) = lim, [WE () — WE ()],

(2) The force f4g acting on dislocations produced by nanoscale amorphization can be expressed as:

fAE :bar[\é :b[(ayNy —aﬁc) sin@cos@+o)g\;00529], (23)

where a)ﬁ, Gyj\; and J;V are the components of the stress field produced by nanoscale amorphization.
(3) The calculation formula of the force frg acting on the edge dislocation caused by the in-plane tensile
load (model I) and the shear load (model II) acting at infinity can be expressed as:

fre =bol = (leIN +zzz<g), (24)

b
A/ 2w ro
where /| = %sin 6 cos %0, I, = cos 3% + sin? 97" cos ‘970, KIN and K{}/ are the model I and model II stress
intensity factors of the crack tip under infinite load.

Therefore, the emission force fg acting on the edge dislocation can be written as:

fE = fAE+ f1E+ fTE = Re[fag + frelcosO —Im[ fag + frglsin€ + fr. (25)

5 Critical stress intensity factor corresponding to dislocation emission

J.S. Langer suggested that the second law of thermodynamics could be used to study the dynamics of dislo-
cations, including strain hardening and elasticity, plastic yielding, shear banding, grain size effects, etc. [43,
44], and he found that the fracture toughness generally decreases as the temperature decreases [45—47].

This paper mainly studies the first dislocation emitted from the crack tip under constant temperature, without
considering the influence of temperature change, so the dislocation emission criterion proposed by Rice and
Tomson is adopted [48]. When the dislocation force on the dislocation is equal to zero, the dislocation will be
emitted from the crack tip. Combining the formulas of dislocation image force frg, the force f4g generated
by nanoscale amorphization, the force frg generated by the applied load, and the critical condition fg = 0
for dislocation emission, the expression of the critical stress intensity factor K{é and K ;VI ¢ corresponding to
the dislocation emission can be obtained:

27

bl

27Ty .
K =0 Kjjc= WO(Im[fIE + faglsin® — Re[ fig + fag]cos0). 27

KN =0 K% = (m[ f1g + faglsin® — Re[ fig + fag]cosf), (26)



2068 F. Jiang et al.

15

—&—y = 0.6
—o—u=0.9
—A—y =1
—v—u-=14
10 u=2
u=3
5
‘ 0 000AAAAAAAAARARAAARRALALLLLLad
Of -n-----""R808888anz, - ------"----
51 A

o (degree)

Fig. 3 Dependences of the critical normalized SIF KIOC on w with different relative shear modulus u

6 Example analysis

According to the above formulas of critical stress intensity factors corresponding to dislocation emission, the
influence of nanoscale amorphization and interface crack size in nanocrystalline bimaterials on the dislocation
emission of collinear linear crack tips at the interface can be analyzed. In order to simplify the analysis, the
critical stress intensity factors are dimensionless to K ?C =K ;VC /u1~/b and K?l c=K ,A; c/ 1 Vb, and the
relative shear modulus of the upper and lower half planes is defined as u = /1. And the dimensions of
the nanoscale amorphized rectangular area are s and d, and s = d, the length of the interface crack is set to /,
the material of the lower plane is assumed to be the nanocrystalline material 3C-SiC, and its parameters are:
2 = 217 GPa, v, = 0.23. The strength of the wedge disclination is £w, and the first edge dislocation emitted
from the interface crack is located in the upper half plane, let b = 0.25 nm and ro = b / 2.

6.1 Influence of material constant and nanoscale amorphization strength

As shown in Fig. 3, when different relative shear modulus u, and o« = 30°,r; = 0.15 nm, 6; = 5°,6y = 9°
[ = 2000 nm, d = 12 nm, are taken, the model I critical stress intensity factor KIOC varies with disclination
intensity w. It can be seen from the figure that when the upper half plane is relatively hard, K?C decreases
with the increase in disclination intensity; when the upper half plane is relatively soft, KIOC increases with the
increase in disclination intensity; and when the disclination strength is large (such as w = 5°), K IOC increases
with the increase in the relative shear modulus u. On the contrary, when the disclination strength is small
(such as w = 1°), K{)C decreases with the increase in relative shear modulus u. It can be seen that when the
upper half plane is relatively hard, nanoscale amorphization deformation can hinder the dislocation emission
at the tip of the interface crack; when the upper half plane is soft, the nanoscale amorphization deformation
can promote the dislocation emission at the tip of the interface crack. When the upper half plane is relatively
hard and the intensity factor is KPC = 0, there is a critical disclination strength; at this time, the degree of
nanoscale amorphization is most likely to promote the emission of crack tip dislocations, thereby showing the
enhancement of the fracture toughness of the material. From Fig. 3, it can be known that the critical disclination
strength value increases with the increase in the relative shear modulus u (when u = 0.6, wpin = 2.8; when
u=0.9, Onin = 3.4; whenu = 1, opin = 3.9).

As shown in Fig. 4, it depicts the variation curve of the model I critical stress intensity factor KIOC with the
relative shear modulus u when different disclination strengths w and @ = 30°, r; = 0.15 nm, 6; = 5°, 6y = 9°,
[ = 2000 nm, d = 12 nm are taken. It can be seen from the figure that when there is no nanoscale amorphization
deformation (w = 0°), K Pc decreases with the increase in relative shear modulus u and then tends to a stable
value, indicating that interface cracks are prone to emit dislocations in a softer half plane; when considering
the nanoscale amorphization deformation (w 7 0°) near the interface crack, the curve of KIOC with the relative
shear modulus u is more complicated. When the disclination strength is constant, there will be at least one
relative shear modulus u, that is easiest to emit. For example, when disclination intensity is w = 1°, u, = 0.9,
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Fig. 5 Dependences of the critical normalized SIFs on the edge dislocation emission angle 6 with different relative shear modulus
u for a KIOC; bKlQlC

when disclination intensity is @ = 2°, u, = 0.7; when disclination intensity is ® = 3°,u, = 0.45,0.8;
when disclination intensity is w = 4°, u, = 0.25, 1.0; when disclination intensity is w = 5°, u, = 0.2, 1.1.
This will be consistent with the conclusion of the above figure that there will be critical disclination strength
corresponding to most easily emitted dislocation only when the relative shear modulus u < 1.

6.2 Influence of dislocation emission angle

As shown in Fig. 5, when the relative shear modulus u« is different, and = 3°, « = 30°,r; = 0.15 nm,
61 = 5°,1 = 2000 nm,d = 12 nm the model I and model II critical stress intensity factors K g vary with the
emission angle 9y of the edge dislocation.

It can be seen from Fig. 5a that K 10c decreases first and then increases with the increase in the dislocation
emission angle, and there is a minimum value, which corresponds to the easiest dislocation emission angle 6,.
When the relative shear modulus is # = 0.6, the most probable dislocation launch angles are 8, = 9.4° and
106.6°; when u = 0.9, 0, = 12.6° and 82.5"; when u = 1.0, 6, = 14.9°, and 68.4"; When the relative shear
modulusisu = 1.4,0, = 26.8°; when u = 2.0, 0, = 18.9°; when u = 3.0, 6, = 4.8°.

It can be seen from Fig. 5b that KIOIC increases with the increase in the dislocation emission angle from a
finite positive value to infinity (decreases to infinitesimal) and then changes to a negative value (positive value)
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and increases from an infinite negative value to a finite negative value because the sign of the critical stress
intensity factor is determined by the direction of the Burger vector emitting dislocations. It can be seen that
the most probable emission angle of a positive edge dislocation is 0°. |K ﬁc ] increases first and then decreases
with the increase in u.

As shown in Fig. 6, it depicts when the relative shear modulus u = 0.6, the disclination strength w, and
a =30° ri =0.15 nm, 6] = 5°,1 = 2000 nm, d = 12 nm are taken, the model I and model II critical stress
intensity factor K g varies with the emission angle 6 of the edge dislocation.

It can be seen from Fig. 6a that the model I critical intensity factor will first drop sharply with the increase
in the dislocation emission angle, then stabilize, and finally rise sharply. Therefore, there will be a minimum
value 6, of the dislocation emission angle that dislocations are most easily emitted. When there is no nanoscale
amorphization deformation w = 0° at the crack tip, the most likely emission angle of the crack tip dislocation
is 6, = 70.85°, However, when considering the nanoscale amorphization deformation (w 7 0°) near the end
of a straight crack, as the disclination strength w increases, the most likely angle 6, will decrease, For example,
when disclination intensity is @ = 1°, the emission angle is 6, = 32.5°, 80.4°: when disclination intensity
is w = 2°, the dislocation emission angle is 6, = 15.1°, 98.8"; when disclination intensity is w = 3°, the
dislocation emission angle is 6, = 10.8°, 104.7°; when disclination intensity is w = 4°, the emission angle is
0, = 8.2°, 107.9°; when disclination intensity is w = 5°, the emission angle is 6, = 6.9°, 108.8°.

It can be seen from Fig. 6b that when there is no nanoscale amorphization deformation (w = 0°) at the crack
tip, the model II critical intensity factor K ﬁc will, at first, gradually increase from a positive value approaching
zero to a finite positive value with the increase in the dislocation emission angle, and then converted to a
negative value, and with the increase in the dislocation angle, it eventually tends to a negative value near zero.
It is found that the most likely emission angle when there is no nanoscale amorphization deformation at the
crack tipis 6, = 71.46°. When considering the nanoscale amorphization deformation near the end of a straight
crack (w # 0°), the model II critical intensity factor K ﬁc will, at first, gradually decrease from a positive value
tending to zero to a negative value of infinity as the dislocation emission angle increases, and then convert to a
positive value, and with the increase in the dislocation angle, it eventually tends to a negative value near zero.
Therefore, it can be seen from the figure that the crack tip dislocation launches at the most probable angle
0, = 0°.

6.3 Influence of grain size and inclination angles
As shown in Fig. 7, the model I critical stress intensity factor KIOC varies with different grain sizes d when,o =

30°,r; = 0.15 nm, 0; = 5°,6p = 9°,1 = 2000 nm. In this analysis, the relative shear modulus is set to the
u, corresponding to different disclination strengths @ according to the above results, such as #, = 0.9 when



Effect of nanoscale amorphization in nanocrystalline bimaterials 2071

- v
400 —a—y, = 0.45 0=3° ',v"'"
—u, = 0.7 0=2°

300 - —A—u, = 0.9 ow=I° v"’”"

200 1

0
IC

0 500 1000 1500 2000
d

Fig. 7 Dependences of the critical normalized SIF K IOC on grain size d with different relative shear modulus « and disclination
strengths w

IC

20
-804 L[t e v e
e v [ w=1° 0=4°
- A e =5°
_40 T T T T —
0 200 400 600 800 1000
d

Fig. 8 Dependences of K IOC on grain size d with different disclination strengths w

w=1°u, = 0.7 when v = 2°, u, = 0.45 when w = 3°, and u, = 1.0 when w = 4°. It can be seen from
the figure that K Pc increases with the increase in grain size d; and when the grain size d is constant and the
relative shear modulus is u = 22 < 1, KIOC increases with the increase in disclination intensity o, indicating

that when the upper half plane is relatively soft, it is helpful for the emission of dislocations.

As shown in Fig. 8, the model I critical stress intensity factor KIOC varies with the grain size d when
disclination strengths w are different, and ¥ = 0.6, = 30°,r; = 0.15 nm, 6 = 5°,6p = 9.4°,] =
2000 nm. It can be seen from the figure: (1) when the grain size is constant, KIOC increases with the increase
in disclination strength w, which is consistent with the conclusions of Figs. 3 and 4; (2) when there is no
nanoscale amorphization (w = 0°) at the crack tip, the critical stress intensity factor KIOC is a fixed value.
When considering the existence of nanoscale amorphization (w # 0°) near the end of the linear crack, the
critical stress intensity factor will decrease as the grain size d increases, and there is a critical grain size dy
that makes KIOC = 0; as long as the grain size d > dy, dislocations can be emitted at the tip of the interface
crack without external load; the critical grain size d( decreases as the disclination strength w increases.

As shown in Fig. 9, it depicts when taking different disclination dipole arm inclination angles «, and
u = 0.6, o =3° r; =0.15nm,0; = 5°,6p = 9.4°, I = 2000nm, the model I critical stress intensity factor
K f)c varies with the grain size d. It can be seen from the figure that when the tilt angle of the disclination dipole
armis o < 10°, the KIOC stress intensity factor first increases and then decreases with the increase in the grain
size; when the tilt angle of the disclination dipole arm is o > 10°, the KIOC stress intensity factor decreases
with the increase in the grain size. As the tilt angle « of the disclination dipole arm increases, there is a critical
grain size dg for K IOC = 0, and d(y decreases as the tilt angle « of the disclination dipole arm increases.
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6.4 Influence of crack length
Figure 10 depicts the variation law of model I and model II critical stress intensity factor K 8 with crack length /
when different relative shear modulus u, and w = 3°, & = 30°, r; = 0.15nm, 0; = 5°,6) =9°, d = 12 nm,
are used. It can be seen from the figure that K IOC decreases with increasing crack length /; when the crack length
is constant, KIOC increases with increasing relative shear modulus.

As shown in Fig. 11, when the disclination strength w, and u = 0.6, « = 30°, r{ = 0.15nm, 8; = 5°,
6o = 9.4°, d = 12 nm are taken, the model I critical stress intensity factor K 10c varies with the crack length
1. It can be seen from the figure that when there is no nanoscale amorphization (w = 0°) near the crack tip,
K?C first decreases sharply and then slowly decreases with increasing crack length /; when considering the
existence of nanoscale amorphization (w # 0°) near the end of a linear crack, the KIOC critical stress intensity
factor will first increase sharply and then slowly decrease as the crack length [ increases. When the crack
length is constant, K IOC decreases with increasing disclination strength w, which is consistent with the previous
conclusion.

7 Conclusion

In summary, this paper establishes a theoretical model of analyzing the influence of nanoscale amorphization
on dislocation emission from collinear line crack tip at the interface in nanocrystalline bimaterials. Using the
complex potential method of elastic mechanics, the complex potential function solution of the built model is
obtained, and the law of the influence of nanoscale amorphization and interfacial crack size on the dislocation
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emission at the tip of interfacial cracks is analyzed by using calculation examples, and the toughness changes
of nanocrystalline dual materials containing defects due to dislocation emission are also discussed.

1.

When the material is relatively soft, the interface crack is easy to emit dislocations. And the appropriate
selection of materials for the upper and lower planes can reduce the critical stress intensity factor related
to dislocation emission, thereby promoting the dislocation emission of interface cracks and improving the
toughness of the nanocrystalline bimaterials.

When the upper half-plane is relatively hard, nanoscale amorphization can promote dislocation emission
at the tip of the interface crack; when the upper half-plane is soft, nanoscale amorphization can hinder
the dislocation emission at the tip of the interface crack. And the existence of nanoscale amorphization
promotes the dislocation emission at the tip of the interface crack in the case, which improves the toughness
of the material due to dislocation emission.

When the upper half plane is relatively hard, the most probable dislocation emission angle increases
with the increase in the relative shear modulus; when the upper half plane is relatively soft, the most
probable emission angle of dislocations decreases with the increase in relative shear modulus; and the
most probable emission angle of dislocations decreases with the increase in disclination intensity. The
most likely emission angle for a positive edge dislocation is 0°, and the absolute value of the critical stress
intensity factor increases with the increase in the relative shear modulus.

There is a critical grain size making the dislocation emission from the crack tip most easily. And the
critical grain size decreases with the increase in the wedge disclination inclination angle. Therefore, when
the upper half plane where the dislocation is located is relatively soft, it is helpful for the emission of the
dislocation.
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