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ARTICLE INFO ABSTRACT
Keywords: Copper nanowires have received extensive attention for their potential applications in optics,
Chemo-mechanical coupling electricity and catalysis, while oxidation erosion has become the biggest obstacle to their wide-

Interlayer cracking

spread application. Here, we present a chemo-mechanical coupling model to investigate the

ReaxFF interlayer cracking behaviors of nanowires during oxidation. In contrast to existing chemo-
Energy release rate . . .
Oxidation mechanical models, the present model emphasizes that the process of oxygen entry into copper

Copper nanowires

nanowires is chemical reaction-mediated layer-by-layer replacement rather than vacancy-

mediated diffusion, which means the oxygen ions in the outer layer would not cross over the
oxygen atoms in the inner layer during their entry. These conclusions are validated by molecular
dynamics simulations. We then discuss the effect of the chemical reaction-induced free energy on
the stress state of the nanowire during the reaction. Finally, a self-developed finite difference
procedure is used to solve the control equations and the fracture location is determined according
to the energy release rate analysis. We find the fracture of nanowires is closely dependent on the
size of nanowire, the reaction rate and the oxygen concentration. This work deepens our un-
derstanding of the mechanism of chemo-mechanical coupling and fracture behavior of metals due
to oxidation, thus has implications in other areas involving chemo-mechanical coupling.

1. Introduction

Copper, one of the first metals used by humans, is still widely used in various areas of our daily life such as construction materials,
electrical systems and electronic devices (Gattinoni et al., 2015). The properties of copper have been extensively studied in recent
decades, while the oxidation and corrosion of this metal have not been fully solved, which severely influences its performance in
industrial and technological applications. Since copper has been found to oxidize at room temperature (lijima et al., 2006; Platzman
et al., 2008), there is an urgent desire to find ways to prevent copper oxidation, making it promising as an environmentally friendly,
low-cost alternative in tin-lead or gold/silver-based solder alloys in electronic packaging (Song et al., 2012). For example, the voids
due to copper oxidation in the connections of many nano-electronic devices and nano-electromechanical systems are not desired
(Huang et al., 2018). Then it is necessary to first study the oxidation and corrosion of copper under oxygen-rich conditions. Not all
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Table 1
Representative material parameters for the nanowire.
Parameters Symbols Values Units
Young’s modulus of pure copper Eo 74 GPa (Hui et al., 2020)
Poisson’s ratio v 0.34 -
m 0.45 - (Sondors et al., 2020)
Chemical modulus ¢ - kJ/mol
{*=¢/(RT) &* 0,30r6 -
Partial molar volume Q 0.74 - (Suetal., 2014)
Diffusion coefficient of O in Cu Do - m?/s
a 0.95 -
Radius of the nanowire b 20 nm
Time t - s
t* = Dot/b? t* 0.005 or 0.01 -

Fig. 1. Bright-field TEM images of the copper nanowire (CuNWs). a-c Nanocrystalline CUNW after air-exposure for less than 1 day (a), 3 days (b)
and 7 days (c) (Huang et al., 2018).

oxidation is undesirable. In recent years, hollow or core-shell nanostructures have been synthesized by oxidation reaction of nanowires
with remarkable results in the fields of fuel cells, drug delivery, catalysts, biosensors and plasmas (Liu et al., 2014; Caruso et al., 1998;
Kim et al., 2002; Xie et al 2011; Oldendurg et al., 1998). Understanding the mechanism of formation of layer cracking behavior during
the oxidation of nanowires is fundamental in terms of exploiting the layer cracking process to obtain hollow nanotubes, core-shell
structures.

Table 1

The oxidation process in coppers typically involves 3 processes: (1) the chemical reaction between oxygen and copper atoms; (2)
the diffusion of oxygen ions driven by a concentration gradient; (3) the volume expansion of coppers due to the embedding of oxygen
ions. The oxidation reaction is inevitably accompanied by the breaking/reforming chemical bonds between the oxygen and copper
atoms. The released reaction energy and the concentration gradient of oxygen within the coppers drive the diffusion of oxygen ions
inward, facilitating the oxidation reaction forward. As the driving force is balanced by the accumulated internal stress induced by the
embedding of oxygen ions, the diffusion of oxygen ions ceases at some position, resulting in a nonuniform distribution within the
coppers. Further oxidation may accumulate high internal strain energy, leading to layer crack of coppers. For instance, Huang et al.
(2018) have experimentally observed that after exposure of copper nanowire to air for several days, the oxide layer gradually thickens
until the interlayer fractures (Fig. 1).

This chemo-mechanical coupling process is very similar to the charging and discharging process of high-capacity lithium batteries.
The oxidation behavior of copper and the charging behavior of Li-ion batteries have exactly the same mechanical process, i.e., the
volume expansion of coppers/silicon electrodes due to the embedding of oxygen/Li ions. However, Studies have shown that Li
diffusion in Si involves vacancy mediation (Moon et al., 2016). So most studies of Li batteries are based on the coupling of diffusion of
Li ions and elastic and plastic deformation of the electrode (Christensen and Newman, 2006; Zhang et al., 2007; Cheng and Verbrugge,
2009; Golmon et al., 2010; DeLuca et al.,2011; Ryu et al., 2011; Grantab and Shenoy, 2012; Haftbaradaran et al., 2010, 2011; Gao and
Zhou, 2011). Although there have been some reports on the mechanism of copper oxidation (Byoungseon et al., 2011), the effect of
chemical reaction on oxygen diffusion remains unclear. Moreover, there is a lack of accurate theoretical model to describe the change
in stress and failure behavior during the oxidation of copper. Therefore, it is necessary to investigate the effect of chemical reactions
(charge transfer) on oxygen diffusion in copper from the atomic scale and to develop a new mechanical-chemical coupling model to
study the stress and interlayer cracking behavior of nanowires.

In this paper, we use a copper nanowire as a model system to study its oxidation and fracture behavior. In Section 2, we first propose
a chemo-mechanical coupling model in which the reaction and diffusion driven by oxygen concentration gradients are considered. A
self-developed finite difference method is then used to solve the model. In Section 3, we further study the initiation of crack during the
spallation of copper nanowires. The energy release rate is calculated and used as a criterion to determine the fracture location. In
Section 4, we conduct molecular dynamics simulations with reaxFF force field to study the oxidation process of coppers, and examine
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Fig. 2. (a) Schematic cross-section of the copper nanowire before oxidation. (b) Schematic of the copper nanowire oxidation process. (c) Schematic
of the oxidation process and interlayer cracking behavior of the copper nanowire under high oxygen conditions. (d) Schematic of the oxidation
process and interlayer cracking behavior of the copper nanowire under low oxygen conditions.

the effect of charge transfer on the diffusion pathway of oxygen ions. The effects of chemical reactions on the concentration and stress
fields of oxygen during the oxidation are then discussed. Finally, a summary is provided in Section 5.

2. Mechanical-chemical coupling model

During the oxidation, once an oxygen molecule in the external environment toughs the copper surface, it dissociates into two
oxygen atoms which further react with the copper atoms to become oxygen ions. The chemical reaction between oxygen and copper
atoms consists of two steps. First, oxygen molecules are dissociated into oxygen ions, reacting with copper atoms to form copper oxide
or cuprous oxide, ie.,

0, + 4~ — 207, Cu —» Cu*t +ke™,
2/kCu*t + 0% = CuyO. (k=1 or 2)

Then, the chemical potential gradient resulting from the uneven distribution of oxygen ions in the nanowire drives these oxygen
ions toward the center of nanowire, reacting with neighboring copper atoms inside. Obviously, the chemical reaction is accompanied
by the diffusion of oxygen ions, resulting in the gradual oxidation of nanowire from surface to center. The absence or presence of a
finite interface between copper and copper oxide is used as a criterion for defining low or high concentrations, which significantly
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affect the oxidation behavior of copper nanowires (Prisedsky and Vinogradov, 2004). When copper nanowire is exposed to a sufficient
amount of oxygen atmosphere, relative fast diffusion of oxygen ions leads to partial oxidation, resulting a transition region between the
copper and copper oxide regions, as shown in Fig. 2c. When the oxygen in the environment is not sufficient, slow diffusion of oxygen
ions leads to full oxidation, resulting a distinct interface formed between copper oxide and pure copper regions (Zhou et al., 2012), as
shown in Fig. 2d. Here we develop the models under high and low oxygen concentration conditions, respectively. To simplify the
problem, we assume the degree of oxidation along the axial and circumferential directions of the nanowire is the same. Then it be-
comes a 2-dimensional problem. The formation of copper oxide leads to a volume expansion, inducing tensile stress along the radial
direction in the nanowire. As the oxidation reaction advances, the strain energy of nanowire gradually accumulates and approaches a
critical value. Then the interlayer cracking occurs at certain location to release the strain energy, dividing the nanowire into two parts:
a small copper nanowire and a hollow nanotube as shown experimentally (Huang et al., 2018).

Herein we will develop a theoretical model to describe the chemo-mechanical coupling behavior of copper nanowire during
oxidation.

2.1. Interlayer cracking of nanowire under high oxygen concentration

As previously mentioned, the oxidation of copper nanowires involves three components, i.e., diffusion of oxygen ions, chemical
reaction between oxygen and copper atoms and volume expansion of nanowire. The free energy of the system can be expressed as the
sum of energies of three components, i.e.,

U=Us+ U + U, (€9)]

where Uq, U; and U, are the chemical energy of oxygen diffusion, the chemical reaction energy and elastic strain energy induced by
volume expansion, respectively. Under high oxygen condition, the oxygen ions diffuse towards the center of the nanowire under
enormous gradient of chemical potential. The diffusion of oxygen ions into copper nanowires is inevitably accompanied by oxidation
reactions of oxygen and copper atoms. Meanwhile the interaction between oxygen and copper atoms also affects the diffusion of
oxygen ions in the copper nanowire.

Let ¢ denote the concentration of oxygen ions in the copper oxides, in which ¢ = 0 and 1 refer to the cases of pure copper and pure
copper oxide, respectively. The diffusion behavior of oxygen ions is only related to their concentration gradient. Following the work of
Wei et al. (2010), the chemical energy associated with the diffusion can be expressed as

Ug = ¢+ RTp(Ingp — 1), (2)

where 4 is the reference chemical potential, R is the gas constant and T is the absolute temperature. The effect of charge transfer, i.e.,
chemical reaction, on the chemical process of oxygen ions is studied via molecular dynamics simulations in Section 4, which has been
found to promote the entry of oxygen ions into the nanowire. The chemical reaction energy between the oxygen and copper atoms
(Loeffel and Anand, 2011) is described as
1 2

U =3¢ -9, ®
where ¢ is the chemical modulus related to the reaction temperature. After the embedding of oxygen ions, a volume expansion
generates stress in nanowire. In this process, the deformation of nanowire is associated with the movement of copper atoms. We
consider the copper nanowire and copper atoms as a continuum solid and material points, respectively. Then the elastic strain energy
of the nanowire (Gao and Hong, 2016) can be written as

A
Ue = 5(Ew)’ + VE;Ej, 4

where 1 and u are the Lamé constants, E is the Green-Lagrange strain tensor. By substituting Eqs. (2), (3) and (4) into Eq. (1), the free
energy of the nanowire system can be written as

1 A
U= p’p+RTp(Ing — 1) + it o) + E(Ekk)z + VE;Ej. (5

After quantifying the free energy of the system, we analyze the stress distribution in the oxidized nanowire resulting from the
volume expansion. Based on the geometry of nanowire, a cylindrical coordinate system (r, 6, z) is used to describe its deformation state,
as shown in Fig. 2. The radius of nanowires is denoted as b. Due to a long cylinder of the nanowire, its stress state satisfies the plane
strain condition, i.e.,

e. =0, (6)

where ¢, is the strain in the axial direction of nanowire. The radial strain &,, circumferential strain ¢y and axial strain ¢, are

_ Ou, N ow

=, g =, 6= o
or r or’

(7)

Er
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where u,; and w is the radial and axial displacements. When oxygen ions enter into the copper nanowire, its lattice size increases with
the concentration of oxygen, giving rise to a variation of stress and strain states. By analogy with thermoelastic equations, the
constitutive equations of oxidized nanowire are expressed as (Zhang et al., 2007)

€ ,%gg :%[o‘, — (o + 0.)],

Q, 1
€ — glf’ = E["e —v(o, +02)), @
&= 2 = lo. —vlor + o)),

where oy, 64 and o, are the radial, circumferential and axial stresses, respectively, and v and Q denote the Poisson’s ratio and partial
molar volume of oxidized nanowire, respectively. The Young’s modulus E is written as (Shenoy et al., 2010)

E = Ey(1+¢m), ©
where Ej is the Young’s modulus of the nanowire before oxidation and m is a dimensionless factor. The stress state of the nanowire
during the oxidation is in a static equilibrium. According to elastic mechanics, the equilibrium equation is

do, o, —o0y

dr r 0. 10

Furthermore, both the radial displacement in the center of nanowire and the radial stress on the surface are zero. Therefore, the
boundary conditions are

ul,_o =0, 64],_, =0. an

By considering the conditions of Eq. (11) and substituting Eqs. (7)-(8) into Eq. (10), we have

QE (1 (P L
6,:m<b—2/0 (/)rdr—p/o (ﬁrdr),
QE L[ I
Jﬂzm(ﬁ/o ¢rdr+r7/0 ¢rdr7¢>, 12)

QE (2 [
0'1273(171)) <?/0 (/)rdrfqﬁ).

It can be seen from Eq. (12) that the stress distributions of the nanowire are associated with the concentration of oxygen ions during
the oxidation process.

We now establish a governing equation to describe the evolution of the oxygen concentration with respect to the oxidation time.
Based on the law of conservation of mass, the diffusion equation of oxygen ions in the copper nanowire along the radial direction can
be expressed as (Carslaw and Jaeger, 1959)

op B
S V=0, a3

where V- is the divergence and J is the diffusion flux that represents the mass of oxygen ions flowing through unit area per unit time.
Furthermore, the diffusion flux J can be described as a function of the gradient of the chemical potential (Zhang et al., 2007)

_ Do
" RT or (14

where the diffusion coefficient D of oxygen ions in the oxidized nanowire (Yang et al., 2014) is written as

D=D (ﬁ) (15)

where Dy is the diffusion coefficient of oxygen ions in pure copper and a denotes a positive dimensionless coefficient. The chemical
potential of oxygen ions y is the partial derivative of the free energy U of the system (Anand, 2012), i.e,

ou
= 1
"= (16)
By substituting Eq. (5) into Eq. (16), u is written as
=’ + RTIng + £(¢p — 1) — 6, a7)

By substituting Eq. (12) into oy, the hydrostatic pressure is
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b
ow =3 (o tanta) =i (5 [ ot —o0). as

By substituting Eqs. (17) and (18) into Eq. (14), the diffusion flux along the radial direction J can be expressed as

B 1 ) 2EQ? op
1= 0= [ ar (st o) 45 1

Substituting Eq. (19) into Eq. (13), we have

op [P 1op ¢ |pop  (op azl/) OE d¢ o\’
m—D{wﬂaﬁRr[m*((») o5 "5**””(;)
IE OE d¢ a2¢ 10E, Edp (20)
*H‘ﬁ( AN R R R *75)}
oD [o¢ o
Tor L)r + (D+H) (bar}

where the parameter His H = 9<1—I,)RT Furthermore, the oxidation reaction of nanowire is carried out in an oxygen-rich environment.

The concentration of oxygen ¢ on the surface of nanowire is considered as 1 while the initial concentration of oxygen in the nanowire is
0. In the entire reaction process, the concentration of oxygen at the center of nanowire has a finite value. Therefore, the boundary
conditions of oxygen concentration are

o

¢(b7t):17¢(r70):07 E(Ovt):()' (21)

Since it is difficult to find an explicit expression of Eq. (20), the concentration of oxygen ¢ in the nanowire will be calculated by
numerical method. Furthermore, the stress distribution in the nanowire can be obtained by substituting the resulting ¢ value into Eq.
(12).

As the oxidation reaction advances, the elastic strain energy of the nanowire gradually accumulates. Based on classical Griffith’s
fracture theory, when the energy release rate of copper oxide G reaches a critical value, the interlayer cracking within the nanowire
occurs (Zhao et al., 2010). Here based on results of molecular dynamics simulations (see details in Appendix B), we find that the
fracture toughness of the interface of Cu/CuO is much lower than that of copper oxide, thus the fracture is presumed to be occurred in
the interface of Cu/CuO. In this way, the nanowire divides into two parts with new surface created: an inner copper nanowire and an
outer hollow nanotube of oxidized copper. As such, the energy release rate G is the difference in the strain energies, U, and U/, of the
system before and after interlayer cracking divided by the area of the surfaces, i.e.,

U, - U,

= e 22
G 2na ' (22)

where a is the inner radius of the hollow nanotube. The strain energy U, can be written as

b
U. = 211/ e(r)rdr, (23)
0
where e(r) is the strain energy density of the oxidized nanowire, which is expressed as
1 v
e(r) = 3E (¢?+0y+02) — E (6,00 + 040, +0.6,). 24
The strain energy U’ equals to the sum of strain energies of smaller nanowire and hollow nanotube, i.e.,
, b
U, = 2n/e,»(r)rdr+ 21t/ e,(r)rdr, (25)
0 a
where e; and e, are the strain energy densities of copper nanowire and hollow nanotube, respectively, which can be written as
1 i\2 i\2 i\2 v i
elr) = 2 (@) + () + (0] - L (66} + oie + ). 26)
1
eo(r) 5 [( 0)2 n (0_2)2 i (0_(1,)2] o % (o_,,o_(; +O’"0‘" +6”60) 27)

where 6L, 6}, and ¢!, are the radial, circumferential and axial stresses of copper nanowire, respectively, and 62, 65 and ¢? are the radial,
circumferential and axial stresses of hollow nanotube, respectively.

The stress states in nanowire and hollow nanotube after interlayer cracking, and the details of the full expression for the energy
release rate G are listed in Appendix A.
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2.2. Interlayer cracking of nanowire under low oxygen concentration

Under low oxygen and high temperature condition, the copper nanowire is oxidized layer-by-layer from outside to inside, as shown
in Fig. 2d. In this process, the interface between copper oxide and copper regions in the nanowire moves gradually from surface to
center. The cracking at the interface occurs when the strain energy release rate of the interface reaches the threshold value. We assume
that the concentration of oxygen ¢ in the copper region equals to zero while ¢ is 1 in the copper oxide region.

For simplicity, the moving rate of the interface in the nanowire is considered as a constant 7. The variation of the thickness h of the
copper oxide region with time t can be expressed as

dh
a_ . 28
a1 (28)

Since the initial thickness of copper oxide is zero, by solving Eq. (32)  can be expressed as
h=nt. (29)

In this case, both the deformation and stress states in the copper and copper oxide regions still satisfy the forms of Egs. (7), (8) and
(10). Based on the above assumption, both the radial displacement in the center of nanowire and the radial stress on the surface equal
to zero. The radial displacement at the interface between the copper region and copper oxide region should be continuous. Hence, the
boundary conditions are

u(0) = 0, u(c) = (c), ol(b) = 0, (30)
where c is the radius of copper region, the superscripts @ and $ represent the copper and copper oxide regions, respectively. By
substituting Eq. (30) into Egs. (7), (8) and (10), we can obtain the radial, circumferential and axial stresses in the copper region as
follows

Ea ZI/E(I

oo — C o — c 31
r Oy (1—1/) 1’62 (l—l/) s ( )

where the parameter C; is

QEy(c® —b*)(1 —v)
3{(1 = v)(Es — Ea)® — [Ea(1 +v) + Ep(1 —v) |2}

C]:

The radial and circumferential strains in the copper region are
el =¢p=C. (32)

The radial, circumferential and axial stresses in the copper oxide region are

E C E; Q
p_ P G T e R A
o = -7 {(IJH/)CZ (- rz} 1-v3’
E C E; Q
od=—""_la 1—v)=| —— = (33)
v=1_ 2 |G-y 7|~
2UEy 1+v_ Q
= - Ey—,
R Y
where the parameters C3 and C3 are
c Q{Ey(1 —v)* — [E(1+v) + E5(1 —v)]b*}
2 = )
3{(1 = v)(Es — Eo)® — [E.(1 +v) + Es(1 —v)]b°}
Ce— QE,(1 +v)c’b*
P T3{(1=0)(By — E) & — [Ea(1 +0) + E(1 — )]0}
The radial and circumferential strains in the copper oxide region are
e/j:cr%efj:CﬁQj. (34)
r r

The elastic strain energy of the nanowire gradually accumulates with the interfacial movement. When the energy release rate G
reaches a critical value, the interlayer cracking occurs at the interface between copper region and copper oxide region. The expression
of G still follows the form of Eq. (22). Considering the distance between the crack and the center of nanowire is c, the strain energy of
nanowire before interlayer cracking is

C b
U. = Zn/ eq(r)rdr + 27t/ ep(r)rdr, (35)
0 c
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where e, and e are the strain energy densities of copper region and copper oxide region before interlayer cracking, respectively.
According to elastic mechanics, the strain energy densities e, and e; under plane strain condition can be expressed as

1
eq(r) = 3 (o2 +o5es), (36)
1
() = 5 (o0l + oleh). 37)
Substituting Eqs. (31)-(34) into Egs. (36) and (37) yields
Ea
eq(r) = i V)Cf, (38)
e,;(r)fliy(cz 3)C2+1+1/r4' (39)
By substituting Eqgs. (38) and (39) into Eq. (35), the strain energy of nanowire U, is
_ Ea 2 2 Eﬂ Q bz - C2 E/g szz — (,‘2
U, =2n <]—1/CIC T\ G5 Gy ) (40)

After the interlayer cracking, the strain energy of the system is the sum of strain energies of the copper and copper oxide regions, i.
e.,

C b
U, = 211:/ e, (r)rdr + 27t/ e,(r)rdr, (41)
0 c

where e,/ and ey’ are the strain energy densities of copper region and copper oxide regions, respectively. Additionally, both the radial
displacement u; in the center of the copper region and the radial stress ¢ on the surface are zero. As a result, the boundary conditions
are

wl—0 = 0, }]—c = 0. (42)

By considering the assumption of ¢) = 0 in the copper region and then substituting Eq. (42) into Egs. (7), (8) and (10), the radial
stress o, , circumferential stress &, axial stress G, radial strain &' and circumferential strain g, in the copper region are

Gl=0,=0.=08 =g =0. (43)
For the copper oxide region, the boundary conditions are
e =]y = 0, (44)

By considering the assumption of ¢ = 1 in the copper oxide region and substituting Eq. (44) into Egs. (7), (8) and (10), the radial
stress 5, circumferential stress &), axial stress 67, radial strain & and circumferential strain & in the copper oxide region can be written
as

E;Q Q
o =0,=00l == & =g = (45)

By using Eqgs. (43) and (45), ey and e’ are

&) =1 @ ) —o, (46)
&) = % (% +3el) = 0. 47)

Then the strain energy of the system is
U, =0. (48)

By substituting Eqs. (40) and (48) into Eq. (22), the strain energy release rate G of the interface is

G=

E Ey Q b —c? E; b*—¢?
«_c? F (c,-=)e,- b2 : 49
171/'C+17y(2 3>2 2 1100 208 (49)

By considering the relation of ¢ = b — h and substituting Eq. (29) into Egs. (49), G can be rewritten as

2bnt — (qi)*  Ep 260t — (1)’
2b—nt) " T+02(b —pr)p?

Eq

G =
1—-v

T—> (50)

E, Q
:f(b—m)+—‘3(5z—§)52-
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Fig. 3. (a) The distribution of oxygen concentration in the cross section of the copper nanowire under high oxygen for t* = 0.005, 0.01 and 0.015
when ¢* = 3. (b) The distribution of radial stress in the cross section of the copper nanowire under high oxygen for t* = 0.005, 0.01 and 0.015 when
g*=3.

where the parameters 1, &5 and &3 are

QE; (7t — 2bnt) (1 —v)

b= 3{2Eb* — 2(1 — v)(Ep — E)byt + (1 — v) (Ep — Eo) ()}
g = Q{E4(1 —v)(*? — 2byt) — E,(1 +v)b*}

2 3{2E —2(1 —v)(Ey — Ed) byt + (1 — v) (Ey — E,) (1)}
g = QE,(1+v)(b —nt)’b*

3{2E,0* — 2(1 — v)(Ep — E.)bnt + (1 — v) (Es — E.) (1)}

According to Eq. (50), we can obtain the energy release rate with time during the movement of the interface between the copper
and copper oxide regions from the surface to the center of the nanowire.

In this Section, we have developed a chemo-mechanical coupling model to describe the oxidation and interlayer cracking behaviors
of copper nanowire. This model combines the diffusion of oxygen ions in the nanowire with the oxidation of copper atoms and the
volume expansion due to introduced oxygen. For the mechanical process, we consider the stress state of the nanowire to be in a static
equilibrium while a combination of the diffusion behavior of oxygen ions induced by concentration gradient and the chemical reaction
between oxygen and copper determines the chemical process. The interlayer cracking location during the oxidation of the nanowire is
analyzed from energy release rate.

3. Results and discussion
3.1. Oxidation and interlayer cracking behaviors under high oxygen concentration

We first analyze the oxidation behavior of nanowires before interlayer cracking under high oxygen condition. The oxygen con-
centration ¢ is used to describe the oxidation behavior, which is associated with the following parameters: ¢, R, T, H, m and @, and can
be obtained through Eq. (20) with boundary conditions of Eq. (21). Since it is difficult to accurately identify these parameters, we
introduce two dimensionless parameters, i.e., £* = £/(RT) and t* = Dot/b?, to study the effects of the charge transfer ¢ and reaction time
t on the oxidation behavior of nanowires. The dimensionless parameter m is set as 0.45 by using Eq. (9) with Young’s modulus of pure
copper and copper oxide of 74 GPa and 107 GPa (Hui et al., 2020; Sondors et al., 2020). The Poisson’s ratio of the namowire is taken as
0.34. In addition, we obtain the partial molar volume Q=0.74 based on the lattice constants of copper and copper oxide, i.e., 3.61 A,
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Fig. 4. (a) The distribution of oxygen concentration along the radial direction in the copper nanowire for {* = 0, 3 and 6 and t* = 0.005 and 0.01,
where {* = ¢/(RT) and t* = Dot/bz. The distributions of (b) radial, (c) circumferential and (d) axial stresses in the nanowire when ¢* = 0, 3 and 6 and
t* = 0.005 and 0.01.
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3.61 ;\, 3.61 A (pure copper) and 4.69 A, 3.43 ;\, 5.10 A (copper oxide). Moreover, we take HEy = 0.2 and a = 0.95 and consider the
constant environmental temperature during the oxidation process. We next use several color nephogram to visualize the distribution of
oxygen concentration and radial stress in the cross-section of the nanowire. Fig. 3a shows the distribution of oxygen concentration in
the cross section of the nanowire under high oxygen for t* = 0.005, 0.01 and 0.015 when ¢* = 3. The evolution of oxygen concentration
in the radial direction are indicated by the color contours, with red region representing the copper oxide and blue region the copper. As
t* increases from 0.005 to 0.015, the oxygen concentration in the nanowire increases, implying that oxidation advances in the
nanowire gradually. Fig. 3b shows the distribution of radial stress o,/0* in the cross section of the nanowire for t* = 0.005, 0.01 and
0.015 where 6*= QE(/(3—3v). The radial stress monotonically decreases from the maximum value to zero along the radial direction
due to the volume expansion of copper oxide, which generates tensile stress in the copper oxide region and the inner copper region.

Fig. 4a further shows the distribution of oxygen concentration along the radial direction in the nanowire for several values of {* and
t*. It is seen that the oxygen concentration in the nanowire increases with {*. Furthermore, a large {* corresponding to a high reaction
rate leads to a large area of copper oxide. These findings demonstrate that increasing the reaction time and temperature can enhance
the oxidation of copper nanowire.

The oxidation of copper nanowire induces volume expansion and subsequent internal stress. For simplicity, we define the
dimensionless parameters of ¢,/0*, 0g/0* and 0,/0* to describe the stress distribution in the nanowire, in which ¢*= QEy/(3—3v). As
shown in Figs. 4b-d, the radial, circumferential and axial stresses in the nanowire are calculated by using Eq. (12) with the values of ¢
shown in Fig. 4a. As t* and {* increase, the radial stress near the center gradually increases while the one near the surface slightly
decreases. The increase in the radial stress near the center is contributed to the accumulation of tensile stresses toward the center
region induced by a large copper oxide region and volume expansion corresponding to high t* and ¢*. For the circumferential stress,
the volume expansion in the copper oxide region results in the compressive stress along the circumferential direction near the surface
of the nanowire and tensile stress near the center. As t* and {* increase, the nanowire gradually expands. The existed copper oxide
region is pushed outwards by the newly oxidized region. The volume expansion near the surface is inevitably. Therefore, the existing
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Fig. 5. (a) The variation of the energy release rate G* with respect to the location in the radical direction of nanowire under several t* when {* = 3.
The variations of the maximum energy release rate G* . With respect to (b) the oxidation time t* and (c) radial location of the interlayer cracking
(b—a)/b in the nanowire. For any G*p,x, we can obtain the oxidation time from Fig. 5b and the corresponding radial location of the interlayer
cracking from Fig 5c.

copper oxide region is pushed outwards by the newly oxidized region. The volume expansion near the surface is inevitable. Moreover,
the circumferential tensile stress near the center increases with the radial stress. The trend of axial stress is exactly the same as that of
circumferential stress.

After determining the stress distribution in the nanowire during the oxidation process, we now analyze its interlayer cracking
behavior. Along with previous analysis, we cannot directly obtain both the location of interlayer cracking and the corresponding
energy release rate of nanowire. In this case, we consider that the interlayer cracking occurs at an arbitrary location along the radial
direction with a specific oxidation time and then calculate the energy release rate of nanowire by using Eq. (55) with relevant pa-
rameters. To determine the location of interlayer cracking, we will study the oxidation-fracture processes of nanowire under specific
reaction conditions. The location with the maximum strain energy release rate is regarded as the location where the interlayer cracking
is most likely to occur. Similarly, we define a dimensionless parameter G*= (3—3v)G/(£2Eob) to describe the energy release rate. Fig. 5a
shows the variation of the energy release rate with respect to the location along the radial direction of nanowire under several values of
t* when ¢* = 3. For simplicity, (b—a)/b is used to describe the location along the radial direction. When (b—a)/b > 0.5, the obtained
energy release rates have a negative value, indicating that the interlayer cracking cannot occur at these locations. Hence, these values
are not shown in Fig. 5a. For a certain t*, the curve of G* is non-monotonic and has maximum value with respect to the location along
the radial direction. For any t*, the location with the maximum energy release rate lies in the transition region between copper and
copper oxide, indicating the interlayer cracking may occur in such location. As t* increases, the location with the maximum energy
release rate moves from the surface to the center of nanowire. Figs. 5b and 5c show the variations of the maximum energy release rate
G*max With respect to the oxidation time t* and radial location (b—a)/b under several values of {*, respectively. There exists a certain
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correlation between the oxidation time and the location corresponding to G*pax. Therefore, G*ax has the same trend with the
variation of these two parameters, i.e., at an oxidation process G*na first increases then decreases with increasing (b—a)/b and t*.
Theoretically, there is only one location where the interlayer cracking occurs along the radial direction during this process. For
simplicity, we consider the critical energy release rate G*. of a nanowire as a constant along the radial direction, e.g,, G*. = 0.0025.
When G* .4 reaches the value of G*, the interlayer cracking occurs at a location along the radial direction. From Fig. 5c, it can also be
found that G*,ox gradually increases at the same location as ¢ * increases. It demonstrates that a larger value of {* corresponding to a
higher reaction rate results in more strain energy accumulation in the nanowire, thus favors the interlayer cracking. In addition, as the
value of {* increases, the interlayer cracking occurs at a location closer to the surface of nanowire. When ¢* = 0, G* o« is lower than
G*. in the entire radial range, thus the interlayer cracking of nanowire cannot occur.

3.2. Oxidation and interlayer cracking behaviors under low oxygen concentration

As previously mentioned, the copper nanowire is oxidized layer-by-layer from outside to inside under low oxygen condition. There
exist two distinct regions, i.e., copper oxide and pure copper regions, in the entire oxidation process. To describe the stress distributions
in the two regions along three principal directions of nanowire, we define three dimensionless parameters 6:/6", 60/6" and 6,/6", in
which 6% = QE,/3. Moreover, we use the dimensionless parameter * = 5t/b to describe the reaction time. The parameters Ey/Egand v
are taken as 1.45 and 0.34, respectively Tan et al., 2007). The stress distributions in the copper and copper oxide regions can be
calculated by using Eqgs. (31) and ((33). Fig. 6a shows the distribution of oxygen concentration in the cross section of the nanowire
under low oxygen for ¥ = 0.2, 0.4 and 0.6. The evolution of oxygen in the radial direction are indicated by the color contours. In
contrast to the case of high oxygen, there is no transition region between the copper and copper oxide regions. In this process, the
interface between copper oxide and copper regions in the nanowire moves gradually from surface to center. Fig. 6b shows the dis-
tribution of radial stress o,/6" in the cross section of the nanowire under low oxygen for t* = 0.2, 0.4 and 0.6. The radial stress in the
copper region has a constant value while in the copper oxide region, it gradually decreases along the radial direction. As t* increases,
the radial stress increases in the copper region while decreases in the copper oxide region.

Figs. 7a-7c¢ further show the distributions of the radial, circumferential and axial stresses in the nanowire under several values of t*.
The volume expansion of the copper oxide region results in compressive stress along circumferential and axial directions in the copper
oxide region and tensile stress in the copper region. As time increases, the circumferential and axial stresses increase in the copper
region and decrease in the copper oxide region. As the oxidation reaction advances, the volume of copper oxide region gradually
expands and the strain energy in the nanowire increases. When the interfacial energy release rate between copper oxide and copper
regions reaches its critical value, the interlayer cracking of nanowire occurs at the interface. Similar as the previous analysis, we
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Fig. 7. The distributions of (a) radial, (b) circumferential and (c) axial stresses in the nanowire for t¥ = 0.2, 0.4 and 0.6. (d) The variation of the
energy release rate G* with respect to the oxidation time t*.

consider the interlayer cracking occurs at an arbitrary location along the radial direction with a specific oxidation time. The interfacial
energy release rate between two regions can be calculated by using Eq. (50). The dimensionless parameter G* = 9G/(Q?Eyb) is defined
to describe the interfacial energy release rate. Fig. 7d shows the variation of G* with respect to the oxidation time t*. According to Eq.
(29), there exists a positive correlation between the interfacial location and the oxidation time. The interfacial energy release rate first
increases then decreases with increasing t* under low oxygen condition. Let G¥ denote the critical energy release rate of the interface
which has a constant value along the radical direction of nanowire. For the nanowire with a larger value of GZ, it takes longer oxidation
time for the occurrence of interlayer cracking, and the location is closer to its center.

4. Molecular dynamics simulation of the oxidation behavior of copper

In the previous Sections, we have set up a theoretical model to describe the oxidation of copper nanowire in which the diffusion of
oxygen ions is presumed. However, the underneath mechanism of how the oxygen ions diffuse is still unclear. To clarify the effects of
the reaction between the copper and oxygen ions and the diffusion of the oxygen ions in the chemical process, as well as the reaction
path of oxygen ions within the copper crystals, we conduct molecular dynamics simulations of the oxidation process in the conditions
with and without charge transfer, respectively.

4.1. Molecular dynamics simulation model

LAMMPS is used for molecular dynamics simulations of the oxidation behavior of copper (Plimpton, 1995). We construct a model
with dimensions of 36.15 A x 36.15 A x 51.83 A, which consists of a 31.83 A copper layer with 3200 copper atoms and a 20 A vacuum
layer in z direction, as shown in Fig. 8a. The (100) surface of copper is selected. All the simulations are carried out at an elevated

temperature of 623 K with periodic boundary condition in x and y directions. A time step of 1 fs is used for all calculations. 400 oxygen
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Fig. 9. (a) Trajectory diagram of oxygen ions entering the second layer. (b) After the oxygen ions (blue color) gradually spread over the first layer,
they (green color) start to enter into the second and third layer with their original position filled by new oxygen ions (yellow color). (c) Potential
energy changes of lateral movement of oxygen ion in the first layer (black dots) and inward movement of oxygen ion when the first layer is not fully
filled with oxygen ions (red dots). (d) Potential energy change of inward movement of oxygen ion in the first layer with its initial position filled by
another oxygen ion (black dots, co-diffusion) and inward movement of oxygen ion in vacuum passing through the first layer filled with other oxygen
ions and entering the second layer (red dots, direct diffusion).

ions are filled into the vacuum layer one by one at 2 ps interval. The entire process is carried out under an NVT ensemble for 1000 ps.
The reaxFF potential (Byoungseon et al., 2011) is adopted to simulate the oxidation process of copper. To quantitatively describe the
effect of chemical reaction of copper and oxygen atoms on the oxidation process of copper layer, we simulate the oxidation process of
the copper layer with and without charge transfer (CT). When the CT is considered, the charge distribution will be calculated during
MD simulation with the help of ReaxFF potential which will consider the bonding and debonding during oxidation. However, if CT is
not included, it means there is no oxidation process and the main driving force of the movement of oxygen ions is only related to their
concentration gradient. The number of oxygen ions that enter the copper layer is used to evaluate the degree of oxidation of copper.

4.2. Oxidation characteristics of copper surface

We have studied the oxidation process until 1000 ps and compared the number of oxygen ions entering different layers with and
without CT, as shown in Fig. 8b. Fig. 8c shows the oxygen concentration to the copper atoms in each layer at steady state with and
without CT at 1000 ps. We find that with the CT, the number of oxygen ions entering the first layer, the second layer, the third layer and
the total number of oxygen ions involved in the reaction are significantly higher than that without CT (Fig. 8b). This indicates that the
CT (oxidation reaction) could accelerate the diffusion of oxygen ions. It is worth noting that on the newly created copper atomic layer
where the copper atoms are initially located in the first atomic layer, the results are reversed. It indicates that the charge transfer
promotes the diffusion of oxygen ions driven by the gradient of chemical potential, resulting in more oxygen ions entering the inside of
copper. In Figure 8d, we show the variation of oxygen concentration in each layers with time with and without CT. We find that the
oxygen concentration gradually increases with time, implying that the oxidation reaction advances toward the inside of the copper.
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CuO. The brown and red spheres represent copper and oxygen atoms, respectively. (c) Stress-strain curves of simulated samples.

This conclusion is in full agreement with our theoretical results. Furthermore, the oxygen concentration with CT is higher than that
without CT, which illustrate that CT facilitates the diffusion of oxygen. Therefore, the effect of chemical reactions is considered in our
chemo-mechanical coupling model.

The snapshots (top and side views) of the oxidation process from 0 to 1000 ps for the case of CT are shown in Fig. 8e. During the
initial period of the oxidation reaction (t < 200 ps), the oxygen ions gradually fall into the hollow sites between the four copper atoms.
A small number of copper atoms are squeezed out of the first copper layer. As the reaction continues, the oxygen ions gradually fill the
hollow sites between the copper atoms in the first layer and more copper atoms are squeezed out of the first layer to form a newly layer
of copper atoms. As the oxygen ions fill the gaps in the first layer of copper atoms, the oxygen ions gradually diffuse into the second
layer.

To further elucidate the diffusion pathway of the oxygen ions during the oxidation reaction, we plot the variation of z coordinates of
the oxygen ions entering the third layer in Fig. 9a. We can see that all the oxygen ions enter into the first layer and stay there for a
while, then further enter into the second layer. This phenomenon indicates that the oxygen ions in the first layer would enter the
second and third layer when they are firstly spread over the first layer, rather than entering across the second layer directly from the
vacuum. The zoom-in view of the pathway is shown in Fig. 9b that as the oxygen ions spread over the first layer, one oxygen ion that
was previously in the first layer (green sphere) enters the second layer and its original position is replaced by another one from vacuum
(yellow sphere). Then, driven by the subsequent oxygen ions, the green sphere enters the third layer and the original position of the
second layer is once again replaced by the yellow sphere. We expect this replacement would occur further in the third, fourth etc layers,
eventually exhibiting a diffusion process of oxygen ions. In contrast to commonly known direct diffusion of atoms in crystalline
materials that the diffused atom would not occupy the lattice point, here the oxygen ions would replace and occupy the lattice points
during diffusion, which we define it as co-diffusion. It is expected such co-diffusion would be energetic favorable. To verify it, we
evaluate the energy barrier of the oxygen ions during the diffusion using nudged elastic band (NEB) method (Henkelman and Jonsson,
2000; Henkelman et al., 2000). Fig. 9c shows the potential energy changes of lateral movement of oxygen ion in the first layer (black
dots) and inward movement of oxygen ion when the first layer is not fully filled with oxygen ions (red dots). The results show that the
energy barrier of lateral movement of oxygen ions on the surface is slightly smaller than that of the inward movement (Fig. 9¢). Fig. 9d
shows the potential energy change of inward movement of oxygen ion in the first layer with its initial position filled by another oxygen
ion (black dots, co-diffusion) and inward movement of oxygen ion in vacuum passing through the first layer filled with other oxygen
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ions and entering the second layer (red dots, direct diffusion). It is seen that the energy barrier of direct diffusion (63.8 eV) is much
higher than that of co-diffusion (3.12 eV). It demonstrates that oxygen ions in the outer layer do not cross over the oxygen atoms in the
inner layer during their entry. Combined with the effect of chemical reactions on the diffusion of oxygen ions in copper nanowires
shown in Fig. 8, this particular diffusion mechanism is called chemical reaction-mediated layer-by-layer replacement.

5. Conclusion

In this paper we develop a chemo-mechanical coupling model for the oxidation of copper nanowires. In contrast to existing chemo-
mechanical models, this model emphasizes the mechanism that oxygen ion enters the copper nanowires in a reaction-driven cascade-
like manner rather than vacancy-mediated diffusion. Under the assumption of small deformation and plane strain, the mechanics and
diffusion equations for homogeneous metallic copper nanowire are derived. By solving the control equations with initial and boundary
conditions, we obtain the oxygen concentration and various stress states. The diffusion pathway of oxygen ions during copper
oxidation is also studied via an atomic simulation. We find that the radial stress dominates the fracture of the copper nanowire through
interlayer cracking, which occurs when the energy release rate reaches a critical value. The relationship between the fracture location
and the parameter of chemical reaction is obtained to elucidate the oxidation behavior of copper. It could be extended to understand
the oxidation of other metals and alloys, and provide a theoretical basis for future corrosion prevention.
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Appendix A. The expression of the energy release rate G under high oxygen condition

After the interlayer cracking in the nanowire, the boundary conditions of copper nanowire are

u[r|r:0 =0, U:‘r:a =0, (51

where u! is the radial displacement of the copper nanowire. Substituting Eq. (28) into Eq. (10) yields

o, = % E /0 $(r)rdr — %/0 ¢(r)rdr} ,

o) = % Ll—z /Oa ¢(r)rdr +r1—2/0r ¢(r)rdr — q’)(r)} , (52)

=i |5 [ #orr - a0,

Moreover, the boundary conditions of hollow nanotube are
d‘r:u =0, Gj‘r:b =0. (53)

Then, by substituting Eq. (30) into Egs. (7), (8) and (10), the stress distributions in the hollow nanotube can be written as
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Y QE P —ad
o) = 3(1711 bz—a /d) Vrdr — /¢rrdr]
oy = 3(171/ bz—a /¢ Vrdr + — /¢rrdr7 r)] (54

% = 3(1—1/ [bz—a/¢rrdr_ r)]

By substituting Egs. (14), (25)-(29), (31), (33) into Eq. (24), the energy release rate G can be obtained
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Given the crack location a, we can obtain the energy release rate G at this crack location by substituting it into Eq. (55).

2

+

Appendix B. The comparison of fracture toughness of Cu/CuO and CuO

To compare the toughness of the interface of Cu/CuO and the surface of copper oxide, we conduct additional molecular dynamics
simulations to explore the processes of crack growth at the interface and surface. LAMMPS is used for molecular dynamics simulations
of the oxidation behavior of copper (Plimpton, 1995). We construct a model with dimensions of 61.72 A x 25.56 A x 143.14 A, which
consists of a 62.67 A CuO and Cu layer with 2516 O atoms and 6784 Cu atoms and a 87.47 A vacuum layer in z direction, as shown in
Fig. A.1a. The Cu/CuO interface is prepared as follows: (1) building the lowest energy surface for Cu (111) and CuO (010), respectively
(Tafreshi et al., 2015; Su et al., 2014); (2) matching the lattice of Cu (111) and CuO (010); (3) expanding the cell to get the complete
model. The atomic configuration of the CuO surface consists of 5168 oxygen atoms and 5168 copper atoms, as shown in Fig. Alb. A
time step of 0.5 fs is used for all calculations. The reaxFF potential (Byoungseon et al., 2011) is adopted to simulate the loading process
of samples.

To quantify the toughness of the Cu/CuO interface and the CuO surface, a tensile load is applied vertically upwards to the top of the
CuO layer. The tensile rate is 0.0002 A/fs. An initial sharp edge crack with a length of 21.75 A is introduced in the middle of the sample
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by eliminating the interaction across the crack surfaces. The entire process is carried out under an NVE ensemble for 120 ps. We have
investigated the relationship between the tensile loading and displacement in tension of the simulated samples as shown in Fig. Alc.
We find that the CuO surface could bear higher tensile loading before fracture than the interface of Cu/CuO. Furthermore, the
toughness of the CuO surface is much higher than the Cu/CuO interface.
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