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a b s t r a c t

In this work, a new hardening model is proposed for the depth-dependent hardness of ion-irradiated
polycrystals with obvious grain size effect. Dominant hardening mechanisms are addressed in the model,
including the contribution of dislocations, irradiation-induced defects and grain boundaries. Two ver-
sions of the hardening model are compared, including the linear and square superposition models. A
succinct parameter calibration method is modified to parametrize the models based on experimentally
obtained hardness vs. indentation depth curves. It is noticed that both models can well characterize the
experimental data of unirradiated polycrystals; whereas, the square superposition model performs
better for ion-irradiated materials, therefore, the square superposition model is recommended. In
addition, the new model separates the grain size effect from the dislocation hardening contribution,
which makes the physical meaning of fitted parameters more rational when compared with existing
hardness analysis models.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Radiation damage is one of the main safety threats in nuclear
industry. Studying the mechanical behavior of materials under ra-
diation conditions is vital not only for the safe and reliable opera-
tion of nuclear reactors, but also for the development of nuclear
fusion energy [1]. According to the types of irradiation particles,
irradiation can be divided into neutron irradiation and ion irradi-
ation. Neutron irradiation can offer the irradiation conditions that
are close to the real environment of nuclear fission and fusion re-
actors. However, due to the limitations of neutron irradiation ex-
periments, such as the limited irradiation sources, high
radioactivity of irradiated samples, high cost and long experimental
period, increasing interests have been focused on ion irradiation,
which offers an effective alternative to study the fundamental
mechanisms of irradiation effect [2e4]. Comparing with neutron
irradiation, the execution of ion irradiation experiments has many
advantages, namely, sufficient ion irradiation sources, low radio-
activity, cheap costs and short experimental period [5,6]. Whereas,
angc@hnu.edu.cn (C. Jiang).

by Elsevier Korea LLC. This is an op
given the limited irradiation depth (usually within tens of microns)
and non-uniformly distributed irradiation defects under ion irra-
diation, it is generally difficult to characterize the mechanical
properties of ion-irradiatedmaterials by traditional mechanical test
methods [7e9]. In recent years nanoindentation, with the advan-
tage of sample preparation and plenty of experimental data offered
within a limited time, has been widely considered for the hardness
measurement of ion-irradiated materials [10,11].

It is well known that ion irradiation can significantly lead to the
increase of materials hardness due to the impediment of sliding
dislocations by irradiation damage [12e14]. Several models have
been proposed to interpret the experimental data, and explore the
fundamental mechanisms related to the depth-dependent hard-
ness of ion-irradiated materials [15e22]. Thereinto, Nix-Gao model
[18] is one of the most widely applied theoretical models that
initially explained the indentation size effect (ISE) of unirradiated
materials by introducing the concept of geometrically necessary
dislocations (GNDs) [23]. Based on the Nix-Gao model, the square
of the indentation hardness is noticed to increase linearly with the
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Fig. 1. A schematic diagram for the surface nanoindentation of ion-irradiated poly-
crystals. The irradiation depth is Ld, and the plastic zone is assumed as a hemisphere
with radius R. d and h, respectively, indicate the mean grain size and indentation
depth. q characterizes the geometrical configuration of the indenter tip.
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inverse of the indentation depth. This relationship agrees well with
many nanoindentation results, and leads to the development of the
mechanism-based strain gradient plasticity theory [18]. However,
this model does not cover any information about irradiation-
induced defects within the irradiated layer, therefore, the funda-
mental mechanisms of irradiation hardening cannot be well char-
acterized. The Orowan model [19] can effectively address the
contribution of irradiation defects to hardness. However, strictly
speaking, it is applicable only when the defect distribution is uni-
form. Therefore, in order to effectively evaluate the damage
gradient effect caused by non-uniform distribution of ion-irradi-
ated defects, the average defect distribution [16] and average defect
density within the plastic zone [15] were considered to revise the
Orowan model [19]. Very recently, Xiao et al. [20,22] established a
mechanistic model addressing the depth-dependent hardness of
ion-irradiated materials by surface nanoindentation. The model is
capable of capturing the ISE, ion irradiation-induced damage
gradient effect and softening effect of the unirradiated substrate.
The rationality and accuracy of the model have been effectively
verified by comparing with the experimental data of ion-irradiated
stainless steel.

On the other hand, previous literatures have indicated that the
grain size plays an important role in determining the strength of
unirradiated polycrystalline materials [24e29]. According to the
classic Hall-Petch relationship, the yield strength of bulk materials
(sy) as a function of the average grain size d can be expressed as
sy ¼ s0 þ Ky=d [25], where s0 is the friction stress, and Ky is the
macroscopic Hall-Petch coefficient, which represents the accumu-
lated strengthening effect of the grain boundaries. Whereas, in
spite of the extensive effort, there still exist some limitations for the
existing models, especially for the hardness characterization of ion-
irradiated polycrystals with grain size effect. Experimental in-
vestigations have indicated that (1) the materials hardness of both
unirradiated and ion-irradiated polycrystals increases with
decreasing grain size, which is known as the Hall-Petch relation-
ship [30e35]; (2) smaller grain size gives rise to less irradiation
hardening for ion-irradiated materials [32,34]. However, to the
authors’ knowledge, the effects of grain size and ion irradiation
have not been simultaneously addressed in the existing irradiation
hardening analysis models.

In order to further investigate the hardening mechanisms of
ion-irradiated polycrystals, two general models, i.e. the linear and
square superposition models with both irradiation and grain size
effects, are proposed in this work for the depth-dependent hard-
ness of ion-irradiated polycrystals. The paper is organized as fol-
lows. Section 2 introduces the detailed derivation of the two
models. Section 3 provides a simple approach for the effective
fitting of model parameters based on the hardness data. The ra-
tionality of these two models is analyzed by comparing the theo-
retical results with several different sets of experimental data in
Section 4. Finally, the corresponding conclusions are drawn in
Section 5.

2. Model development

To begin with, we first consider the nanoindentation of ion-
irradiated polycrystals, as illustrated in Fig. 1. During the indenta-
tion process, a plastic zone (the region where the resolved shear
stress is greater than the critical resolved shear stress (CRSS), and is
generally assumed as a hemisphere) is formed beneath the
indenter tip. Within the plastic zone, the sliding of dislocations is
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impeded by network dislocations, irradiation-induced defects and
existing grain boundaries. According to the Taylor's dislocation
model [36,37], CRSS related to the dislocation density can be
generalized as

tdisCRSS∝mb
ffiffiffi
r

p
(1)

where m and b are the shear modulus and magnitude of Burgers
vector, respectively. r denotes the total density of dislocation bar-
riers. By further following the work of Nix and Gao [18], tdisCRSS can
then be recast as

tdisCRSS¼mba
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rS þ rG

p
(2)

where a is the hardening coefficient of dislocations, rS and rG refer
to, respectively, the average density of statistically stored disloca-
tions (SSDs) [38] and GNDs [23] within the plastic zone. In general,
the SSD density is related to the bulk hardness of the materials
without grain size effect, and is usually a few orders of magnitude
smaller than that of GNDs, especially when the indentation depth is
shallow [38]. The respective expressions of rS and rG follow as

8>>><
>>>:

rG ¼ 3

2b tan qM3h

rS ¼ 3
2b tan qh*

(3)

where q characterizes the geometrical configuration of the indenter
tip, which affects the dislocation density during the nano-
indentation process. M is the proportional coefficient that is
generally taken as a constant (ranging from 5 to 10) for the con-
cerned materials, which can be measured by experimental obser-
vations or finite element simulations [20,39,40]. For polycrystalline
materials with comparatively large grain sizes,M can be effected by
grain orientation or texture when the plastic zone mainly locates

within one single crystal. h is the indentation depth. h
* ¼ h*=M3

with h* the characteristic length depending on the SSD density
through H0. Here H0 ¼ 3

ffiffiffi
3

p
mba

ffiffiffiffiffi
rS

p
is the bulk hardness of unir-

radiated single crystals or polycrystals with large grain sizes that is
determined by the density of SSDs alone [18]. After materials
annealing, the initial value of SSD density may be changed that
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results in the variation of H0 to some extent. Whereas, its influence
on the depth dependent hardness is limited as it is dominated by
the variation of GND density with indentation depth. Finally, by
substituting Eq. (3) into Eq. (2), the ultimate expression of tdisCRSS
yields as

tdisCRSS ¼mba

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2b tan qh*

 
1þ h

*

h

!vuut (4)

Under exposure to high energy particles, numbers of micro-
scopic defects (e.g. dislocation loops, stacking fault tetrahedra and
bubbles) are generated in the irradiated materials. These irradia-
tion-induced defects act as barriers for the motion of dislocations.
Consequently, the yield strength of irradiated materials increases
tdefCRSS ¼mbb
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ndefddef

q
¼

8>>>>>><
>>>>>>:

mbb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3N0

defddefh
n

ðnþ 1Þðnþ 3Þ�hsepc
�n

vuut �
h � hsepc

�

mbb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3N0

defddef
2

"
1

nþ 1
hsepc
h

� 1
nþ 3

�
hsepc
h

�3#vuut �
h>hsepc

�
(9)
[16]. Then, the CRSS related to the additional defects generated by
irradiation can be written as [20].

tdefCRSS ¼mbb
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ndefddef

q
(5)

where b denotes the irradiation-induced defect hardening coeffi-
cient. Ndef and ddef are respectively the average density and size of
irradiation-induced defects. Moreover, Ndef is defined as

Ndef ¼
ð
Vp

NdefdV=Vp (6)

where Vp is the volume of the plastic zone, and the density of the
ion-irradiation induced defects Ndef is assumed to obey the
following relation [20].

Ndef ðxÞ¼

8><
>:

N0
def

�
x
Ld

�n

ðx � LdÞ

0 ðx> LdÞ
(7)

where N0
def is the peak defect number density at the maximum

irradiation depth. Ld and n are parameters describing the distri-
bution profile of defects. Though expressed in an approximated
form, Eq. (7) has been verified in previous literatures that it can
effectively characterize the irradiation hardening behavior of ion-
irradiated materials with inhomogeneously distributed defects
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[20e22]. By substituting Eq. (7) into Eq. (6), the average defect
density in the plastic zone at different indentation depths can be
obtained

Ndef ðhÞ¼

8>>>>><
>>>>>:

3N0
defh

n

ðnþ 1Þðnþ 3Þ�hsepc
�n �h � hsepc

�

3N0
def
2

"
1

nþ 1
hsepc
h

� 1
nþ 3

�
hsepc
h

�3# �
h>hsepc

�
(8)

where hsepc ¼ Ld=M is the critical indentation depth at which the
plastic zone reaches the boundary x ¼ Ld. Substituting Eq. (8) into
Eq. (5), the ultimate expression of tdefCRSS yields as
Besides the hardening contribution induced by network dislo-
cation interaction and dislocation-defect interaction, there also
exists another critical hardening mechanism for ion-irradiated
polycrystals, i.e. the Hall-Petch effect related to the impediment of
sliding dislocations by grain boundaries [30e35]. Following the
Hall-Petch relationship [24], the CRSS affected by grain boundaries
can be expressed as

thpCRSS¼
khpffiffiffi
d

p (10)

where khp is the Hall-Petch coefficient. Finally, in order to deduce
the expression of CRSS containing all the three dominant hardening

mechanisms, i.e. tdisCRSS, t
def
CRSS and thpCRSS, one may consider either the

linear superpositionmodel (or sayModel I) or square superposition
model (or say Model II), i.e.

tirrCRSS ¼

8>><
>>:

tdisCRSS þ tdefCRSS þ thpCRSS Model Iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
tdisCRSS

�2 þ �tdefCRSS

�2 þ �thpCRSS�2
r

Model II
(11)

By further considering the Mises flow rule [41] and Tabor's
factor [42], the hardness model of ion-irradiated polycrystals can,
therefore, be deduced as



Hirr ¼3
ffiffiffi
3

p
tirrCRSS ¼

8>>>>>>><
>>>>>>>:

H0

2
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h

*

h

s
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2h

*
hn

ðnþ 1Þðnþ 3Þ�hsepc
�nþ1

vuut þ
ffiffiffiffi
K
d

r 3
5�h � hsepc

�
Model I

H0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h

*

h
þ A2h

*
hn

ðnþ 1Þðnþ 3Þ�hsepc
�nþ1 þ

K
d

vuut �
h � hsepc

�
Model II

(12)
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and
Hirr ¼

8>>>>>><
>>>>>>:

H0

2
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h

*

h

s
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2h

*

2h

"
1

nþ 1
�
�
hsepc

�2
ðnþ 3Þh2

#vuut þ
ffiffiffiffi
K
d

r 3
5�h>hsepc

�
Model I

H0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h

*

h
þ A2h

*

2h

"
1

nþ 1
�
�
hsepc

�2
ðnþ 3Þh2

#
þ K

d

vuut �
h>hsepc

�
Model II

(13)
where K ¼ 27k2hp=H
2
0 and A ¼ b=aM

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2b tan qLdN

0
defddef

q
. As indi-

cated in Eqs. (12) and (13), three distinguishing hardening mecha-
nisms are characterized in the proposed hardnessmodel. Besides the
depth-dependent dislocation and defect hardeningmechanisms (the
first two terms on the right hand of Eqs. (12) and (13)), the hardening
contribution induced by grain boundaries is addressed to charac-
terize the dependence of materials hardness on grain size. This
hardening mechanism can be obviously noticed when the grain size
of polycrystals decreases down to hundreds of nanometers [30e35],
as observed in the previous experimental work that the hardness of
ion-irradiated Fee14Cr-based alloys increases when the grain size
decreases from 1.15 mm to 0.32 mm. In this case, the parameter H0
fitted by the previousmodels varieswith the grain size, whichmakes
the physical interpretation of H0 become questionable. This also
indicates the necessity of establishing a hardening model that is able
to address grain size effect for ion-irradiated polycrystals. Futher-
more, the proposed model can be deduced to either the Nix-Gao
model [18] when both irradiation and grain size effect are ignored, or
the Xiao's model [22] when the grain size effect is relatively weak.
When interpreting the grain size dependence of the hardness of
unirradiated polycrystals, one can also have

Huni ¼

8>>>>><
>>>>>:

H0

0
@

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h

*

h

s
þ

ffiffiffiffi
K
d

r 1
AModel I

H0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h

*

h
þ K

d

s
Model II

(14)

which ignores the hardening contribution induced by irradiation-
induced defects.

Strictly speaking, both Model I and II in Eq. (13) are limited to
polycrystalline materials as the dominant purpose of this work is to
develop a theoretical model covering both irradiation and grain
size effect. When the grain size decreases below 100 nm (nano-
crystals), the contribution of grain boundaries to the macroscopic
materials properties tends to become dominant, and corresponding
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formula characterizing the grain boundary behavior should be
addressed, then, Eq. (13) for polycrtstalline materials may no longer
hold. On the contrary, when the grain size becomes much larger
than the indentation depth, the grain boundary effect is limited,
and the developed model in Eq. (13) can then be applicable for
single crystals by ignoring the last Hall-Petch term H0

ffiffiffiffiffiffiffiffiffi
K=d

p
.

3. Model parameter calibration

In order to calibrate the hardness model as expressed in Eqs.
(12) and (13), one can divide the parameters into two groups,

including the ones without irradiation effect, i.e. H0, K and h
*
, and

the ones affected by ion irradiation, i.e. n,A and hsepc . For the former
three parameters without irradiation effect, H0 and K are unaf-
fected by the grain size, while the decrease of grain size could limit
the expansion of the plastic zone, therefore, lead to the decrease of

the proportional coefficient M and then the increase of h
*
. In the

following, the parameter calibration process is given in details.
Firstly, after the conduction of indentation tests on unirradiated

polycrystals with two different grain sizes, i.e. d1 and d2, it is
available to obtain two experimental Hexp

uni � h curves. Then, the
difference between the experimental data and theoretical results
(say Model I for instance) at the i-th indentation depth can be
calculated as

8>>>>>>>><
>>>>>>>>:

DH1ðiÞ¼Hexp
uni1ðiÞ�Htheory

uni1 ðiÞ¼Hexp
uni1ðiÞ�H0

2
664

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h

*
1

hðiÞ

vuut þ
ffiffiffiffiffi
K
d1

s 3
775

DH2ðiÞ¼Hexp
uni2ðiÞ�Htheory

uni2 ðiÞ¼Hexp
uni2ðiÞ�H0

2
664

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h

*
2

hðiÞ

vuut þ
ffiffiffiffiffi
K
d2

s 3
775

(15)

where h
*
1 and h

*
2 are corresponding to the grain size d1 and d2.



Table 1
Parameters of Model I andModel II for unirradiated polycrystalline Cu with different
grain sizes.

Model I Model II

d (mm) 0.90 1.15 0.90 1.15

h
*
(mm) 2.07 1.78 4.80 4.67

H0 (GPa) 0.59 0.49
K (mm) 0.71 3.93
khp (MPa

ffiffiffiffiffi
m

p
) 0.10 0.19

Table 2
Parameters of Model I and Model II for unirradiated Fee14Cr-based alloys with
different grain sizes.

Model I Model II

d (mm) 0.32 1.15 0.32 1.15

h
*
(mm) 4.16 3.53 2.21 1.71

M(�) 10 14.3 7.7 10
H0 (GPa) 0.18 0.50
a (�) 0.2 0.4
K (mm) 77.36 13.22
khp (MPa

ffiffiffiffiffi
m

p
) 0.31 0.35

Table 3
Parameters of Model I and Model II for the ion-irradiated Fee14Cr-based alloys with
different grain sizes.

Model I Model II

d (mm) 0.32 1.15 0.32 1.15
T (mm) 1.37 5.82 3.72 5.10
Z$ ðmm3Þ 9.02E-3 1.87E-3 0.03 0.03
n 2.39 2.51 0.85 1.17
pðum�nÞ 1.14E3 2.25E4 85.18 361.20
hsepc (um) 0.10 0.07 0.13 0.10

b(�) 0.2 0.6
A(�) 1.49 3.40 2.50 3.59

Table 4
Parameters of Nix-Gaomodel for unirradiated polycrystalline Cu with different
grain sizes.

d (mm) 0.9 1.15

H0 (GPa) 1.14 1.03

h
*
(mm) 0.87 1.09

K. Liu, X. Long, B. Li et al. Nuclear Engineering and Technology 53 (2021) 2960e2967
When further applying the genetic algorithm [43], one can simul-

taneously obtain H0,h
*
1, h

*
2 and K by solving the minimum sum of
0 1 2 3 4 5 6
1

1.2

1.4

1.6

1.8
(a) polycrystalline Cu

Symbols: Experiment data 
Solid lines:       Model II 
Dashed lines:     Model I 
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Without irradiation

Indentation depth, h ( m)
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ar
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)

Fig. 2. Hardness-depth relationships with grain size effect compared between Model I and
based alloys [15].
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P
i
½DH2

1ðiÞþDH2
2ðiÞ

#
. The same calibration process also works for

Model II in order to obtain the set ofH0,h
*
1, h

*
2 and K for unirradiated

polycrystalline samples with different grain sizes. Once H0 is ob-
tained, the value of a can be calculated through
a ¼ H0 =ð3

ffiffiffi
3

p
mb

ffiffiffiffiffi
rS

p Þwith m, b and rS measured or informed in the
literature.

Next, in order to calibrate the rest irradiation-dependent pa-
rameters, i.e. n, A and hsepc , one needs to conduct indentation tests
on the ion-irradiated sample with a given grain size (d1 or d2),
which yields the Hexp

irr � h curves with irradiation effect. Given the

calibrated value of H0, h
*
and K in the previous step, one may

transform the Hexp
irr � h curves into the form as

f expðhÞ¼

8>>>>>><
>>>>>>:

0
@Hexp

irr
H0

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h
*

h
þ 1

s
�

ffiffiffiffi
K
d

r 1
A

2

Model I

 
Hexp
irr
H0

!2

� h
*

h
� 1� K

d
Model II

(16)

where one should note that the parameter K is assumed to keep the
same before and after irradiation given the irradiation-induced
defects may have limited effect on the properties of grain bound-
aries. Otherwise, the model can hardly be applied to the irradiated
samples with varying defect density and grain size at the same
time. Similarly, the theoretical model expressed in Eqs. (12) and
(13) can be deduced as

f ðhÞ¼

8><
>:

Phn
�
h � hsepc

�
T
h
� Z

h3
�
h>hsepc

� (17)

where P ¼ A2h
*
=½ðnþ1Þðnþ3Þðhsepc Þnþ1�,T ¼ P=2ðnþ3Þðhsepc Þnþ1

and Z ¼ P=2ðnþ1Þðhsepc Þnþ3. By comparing the theoretical rela-
tionship f ðhÞ with the experimental data f expðhÞ, the determina-
tion of parameters n, P, T , Z , h

sep
c , and A can be performed following

the calibration process as detailed in Ref. [20]. Furthermore, the
values of M and b can then be, respectively, obtained by

M ¼ Ld=h
sep
c and b ¼ Aa=ðM

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2b tan qLdN

0
defddef

q
Þ with corre-

sponding irradiation related information (Ld, N0
def and ddef )

measured in the ion irradiation experiments.
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Fig. 3. (a) f ðhÞ � h and (b) hardness-depth relationship with grain size effect compared between Model I and II with ion-irradiated experimental data of Fee14Cr-based alloys [15].
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4. Model validation and discussion

In this section, two sets of experimental data are adopted to
compare with Model I and II, including unirradiated polycrystalline
copper with grain size of 0.9 mm and 1.15 mm [30], and ion-irradi-
ated Fee14Cr-based alloys with grain size of 0.32 mm and 1.15 mm
[34]. The main purpose of this comparison is not only to verify the
rationality of the proposed models, but also to help evaluate which
oneworks better for the hardness characterization of ion-irradiated
polycrystals with both irradiation and grain size effects. Following
the above mentioned parameter calibration process, the parame-
ters for Model I and II are collected in Tables 1, 2 and 3. In addition,
the parameters fitted by the Nix-Gao model for unirradiated
polycrystalline copper are also collected in Table 4 as a comparison,
which indicate unreasonable high bulk hardness values for unir-
radiated polycrystalline copper.

Fig. 2 compares the unirradiated experimental data of poly-
crystalline copper and Fee14Cr-based alloys with the theoretical
results of Model I and II (as expressed in Eq. (14)), which note-
worthily indicates that: (1) Both Model I and II could effectively
characterize the ISE and grain size effect of unirradiated poly-
crystals, and both of them match well with the experimental data.
(2) The fitted parameters H0, K and further deduced parameter
khp ¼ H0

ffiffiffiffi
K

p
of Model I and II are independent of grain size, and
Fig. 4. Contribution of network dislocation interaction, dislocation-defect interaction
and Hall-Petch effect to the critical resolved shear stress of ion-irradiated Fee14Cr-
based alloys with grain size of 0.32 mm and 1.15 mm at different indentation depths.
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seem reasonable as they are close to the literature values [30], i.e.

H0 ¼ 0:55 GPa and khp ¼ 0:14 MPa
ffiffiffiffiffi
m

p
. Whereas, h

* ¼ h*=M3 is
noticed to decrease with the increase of grain size. Given that the
decrease of grain size could to some extent inhibit the expansion of
the plastic zone due to the impediment of sliding dislocations by
grain boundaries, therefore,M tends to decreasewith the grain size,

which finally results in the increase of h
*
at small grain sizes. By

comparing with the Nix-Gao model, an obvious advantage of the
model developed in this work is that one can simultaneously obtain
H0 and khp by separating the grain size effect from the dislocation
hardening contribution. More importantly, the fitted parameter H0
is much closer to the experimental data and the physical meaning is
more rational.

In addition, Fig. 3 illustrates the f ðhÞ � h and hardness-depth
relationship with both irradiation and grain size effects, which are
compared between Model I and II with the experimental data of
ion-irradiated Fee14Cr-based alloys [34]. The irradiation dose is 10
dpa. Please note that for a given grain size, the transformed
experimental f � h relation may not be the same for Model I and II,

as both the model expression and parameters (e.g. h
*
) are different.

It can be seen that: (1) The transformed experimental data given in
Fig. 3(a) can effectively represent the inhomogeneously distributed
irradiation hardening behavior of ion-irradiated materials. Irradi-
ation hardening becomes increasingly obvious at the initial
indentation depths until the plastic zone transports into the
Fig. 5. Hardening contribution of SSDs, GNDs, irradiation-induced defects and grain
boundaries to the indentation hardness of ion-irradiated Fee14Cr-based alloys with
grain size of 0.32 mm and 1.15 mm at different indentation depths.
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unirradiated region that the substrate softening mechanism be-
comes dominant. (2) Irradiation hardening is more noticeable for
the sample with large grain size when compared with that with
small grain size. Actually, the proportion of grain boundaries tends
to increase with the decrease of grain size, which offers sufficient
defect sinks for the irradiation-induced point defects and helps
alleviate the irradiation hardening phenomenon [31,33,34]. (3) The
fitted values of the Hall-Petch coefficient khp at room temperature

are 0.31 MPa
ffiffiffiffiffi
m

p
for Model I and 0.35 MPa

ffiffiffiffiffi
m

p
for Model II, which

are close to the literature value of 0.39 MPa
ffiffiffiffiffi
m

p
[44]. (4) For ion-

irradiated polycrystals, Model II performs better thanModel I when
characterizing the hardness-depth relationship with large grain
size. Considering the expression of CRSS for Model I and Model II as
expressed in Eq. (11), it is not difficult to approximately have the

additional increment terms
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2tdefCRSSt

hp
CRSS

q
,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2tdisCRSSt

hp
CRSS

q
,ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2tdefCRSSt
dis
CRSS

q
for Model I when compared with Model II. As shown

in Fig. 4, for the fine grain, thpCRSS is much larger than tdisCRSS and tdefCRSS
during the nanoindentation process, therefore, these additional
increment terms can be ignored when comparing with tirrCRSS
respectively given in Model I and Model II. However, for the coarse

grain, the magnitude of thpCRSS, t
def
CRSS and tdisCRSS gets much closer.

Consequently, the additional increment terms can be obviously
noticed, and make the results of Model I deviate from the experi-
mental data. This also implies that it is more rational to apply
Model II for the hardness characterization of ion-irradiated
polycrystals.

After the calibration of model parameters, we have categorized
the parameters into two groups, including the ones with and
without irradiation effect, as listed in Tables 2 and 3. It is then
available to further verify the rationality and accuracy of the pro-
posed model by comparing some intrinsic materials parameters
with the literature values. For instance,M can be calculated byM ¼
Ld=h

sep
c under ion irradiation conditions. In this work, the irradia-

tion depth is 1 mm [34], and hsepc has been calibrated as given in
Table 2. Then, the M-values with different grain sizes for ion-irra-
diated Fee14Cr alloys can be obtained for the two models (Table 2).
It can be seen that the M-values are 10 and 14.3 for Model I when
the grain sizes are 0.32 mm and 1.15 mm, respectively. As a com-
parison, the M-values range from 7.7 to 10 for Model II, which are
closer to the literature values (from 5 to 10) [20,39,40]. These nu-
merical results further indicate that Model II performs better than
Model I under irradiation conditions. In addition, the hardening
coefficients, a and b, can also be calculated for the ion-irradiated
Fee14Cr alloys. Thereinto, a is obtained from a ¼ H0 =ð3

ffiffiffi
3

p
mb

ffiffiffiffiffi
rS

p Þ
with m ¼ 84 GPa, b ¼ 2:48E� 10 m and rS ¼ 9:7E13 m�2 [45].
Moreover, b can be calculated through

b ¼ Aa=ðM
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2b tan qLdN

0
defddef

q
Þ with b ¼ 2:48E� 10 m, tan q ¼

0:3579, Ld ¼ 1 mm, Ndef
0 ¼ 25E22 m�3 and ddef ¼ 1:1E� 10 m

[34,45]. As summarized in Table 2, one can see that a equals 0.2 and
0.4 for Model I and II, respectively, which seems reasonable as they
are close to the literature value, i.e. a ¼ 0:33 [45]. As a comparison,
b equals 0.2 for Model I and 0.6 for Model II. Given that the liter-
ature value of b is 0.63 [46], then one may again verify the domi-
nant conclusion of this work that Model II performs better than
Model I when addressing the hardness of ion-irradiated poly-
crystals with obvious grain size effect, i.e. the hardening contri-
bution of grain boundaries is comparable with both the dislocation
and defect hardening contribution for the overall hardness.

Furthermore, the proposed model offers an effective method to
evaluate the contribution of different hardening mechanisms to the
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materials hardness. Take Model II with calibrated parameters for an
instance, Fig. 5 compares the hardening contribution of GNDs, SSDs,
irradiation-induced defects and grain boundaries at different
indentation depths for ion-irradiated Fee14Cr-based alloys with
grain size of 0.32 mm and 1.15 mm. As one can see: (1) Besides the
hardening terms of grain boundaries and SSDs, the contribution of
both GNDs and irradiation-induced defects tends to decrease with
increasing indentation depth. The former originates from the
decrease of the density of GNDs, and the latter can be ascribed to
the substrate softening effect. (2) Comparing with the sample with
large grain size, the dominant hardeningmechanism for the sample
with small grain size is mainly determined by the Hall-Petch effect,
especially at the deep indentation depth. (3) The hardening
contribution of irradiation-induced defects for the sample with
small grain size is lower than that with large grain size, which is
consistent with the experimental data as presented in Fig. 3(a).

5. Conclusion

To conclude, a mechanistic model with grain size effect is pro-
posed for the depth-dependent hardness of ion-irradiated poly-
crystals. Two submodels are deduced, including the linear and
square superposition versions. Four dominant hardening mecha-
nisms are addressed in the hardness model, i.e. the hardening
contribution of GNDs, SSDs, irradiation-induced defects and grain
boundaries. By comparing with the experimental data of both un-
irradiated and ion-irradiated polycrystals with different grain sizes,
the dominant results can be summarized as follows:

(1) The new model separates the grain size effect from the
dislocation hardening contribution, which makes the phys-
ical meaning of fitted parameters more rational when
compared with existing hardening models.

(2) For unirradiated samples with obvious grain size effect, both
linear and square superpositionmodels canwell characterize
the experimental data; whereas, for ion-irradiated materials,
the square superposition hardening model performs better.

(3) The square superposition hardening model is recommended
to characterize the hardening behavior of both unirradiated
and irradiated polycrystals with obvious grain size effect.
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