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a b s t r a c t

Understanding the irradiation hardening effect of structural steels under various irradiation conditions
plays an important role in developing advanced nuclear systems. Such being the case, a crystal plasticity
model for body-centered cubic (BCC) crystal based on the density of dislocations and irradiation defects
is summarized and numerically implemented in this paper. Based on this model, nano-indentation
hardness of Chinese A508-3 steels with ion irradiation is calculated. Very good agreement is observed
between simulation and experimental data of several different irradiation doses subjected to various
operating temperatures, from which, it can be concluded that indentation hardness increases with
increasing irradiation dose at both room temperature and high temperature. Consequently, the validity of
this model has been proved properly, and furthermore, the model established in this paper could guide
the study of irradiation hardening effect and temperature effect to some extent.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

With excellent safety and good economy performance, high-
temperature gas-cooled reactors (HTGRs) are recognized as one
of reactors for the fourth generation of nuclear power system by the
international nuclear community [1]. The reactor pressure vessel
(RPV) is a critical and non-replacement component of HTGRs,
which plays an important role in sealing radioactive fuel and
maintaining operating pressure during the life cycle. However, RPV
serves in the hard environment of high temperature, high pressure
and adequate irradiation during the operation of HTGR. Therefore,
it is very important to choose RPV material with excellent me-
chanical properties, and the A-5083 steel is selected as the RPV
material of the Chinese HTGR. As well known, the lattice atoms of
RPV steel become dislocated atoms after being struck by high-
energy neutrons and ions, and the irradiation defects are gener-
ated through the cascade collision process such as dislocation
loops, vacancies, solute clusters, and voids [2,3]. The macroscopic
mechanical properties of materials containing irradiation hard-
ening and embrittlement are affected by these irradiation effects.

The irradiation effect is generally studied by ion implantation
by Elsevier Korea LLC. This is an
[4e6], from which, the irradiation condition of ion accelerator can
be controlled precisely, the irradiation time required by ion irra-
diation experiment is short and the cost is low. In the irradiation
damage research, nano-indentation method is [7] used to study the
mechanical properties of the material for the reason that the irra-
diation damage caused by ion beam in the material is limited to a
few hundred nanometers near the surface.

Weaver et al. [8] used nano-indentation stress-strain curves on
unirradiated and proton irradiated 304 stainless steel to quantify
the mechanical effects of irradiation damage. They found a signif-
icant increase in indentation yield strength and indentation work
hardening rate of the irradiated samples. The 315 KeV Arþ9 ions
were used to irradiate T-91 steel with the irradiation damage of 5,
10, 20dpa at room temperature by Kumar et al. [9]. The precipita-
tion dissolution phenomenon caused by irradiation was found and
the indentation hardness had a saturation as a function of the
irradiation dose. Xiazi Xiao et al. [10] developed a mechanistic
model for modeling the depth-dependent hardness in ion-
irradiated metallic materials. Beyond that, this model could simu-
late the indentation size effect, ion irradiation induced damage
gradient effect, and the soft substrate effect at unirradiated region
and the simulation results showed great agreement with the
experimental data of several different stainless steels.

It demonstrates that the macroscopic irradiation mechanical
properties of the materials are closely relevant to the
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microstructure defects and the irradiation-induced effect is a
multi-scale problem. Metal crystal plasticity theory [11] is an
important theory that connects mesoscopic scale and macroscopic
scale and reveals the deformation law of crystal materials. In
addition, irradiation mechanical behavior of crystal materials can
be studied from the microscopic view by combining the crystal
plasticity theory with the finite element method [12,13].

Although the irradiation hardening effect has been widely
investigated, there are few theoretical and numerical studies on the
mechanical properties of A5803 steel used in Chinese HTGR under
irradiation and non-irradiation, and especially few work is under-
taken for the simulations of mechanical properties with CPFEM
(crystal plasticity finite element model) from the microscopic view.
Such being the case, the work is conducted to simulate the nano-
indentation test with CPFEM and understand the fundamental
mechanism of the hardness under irradiation. Furthermore, the
work is an effective approach to study the irradiation effect at the
microscale and predict the mechanical properties to some extent.

In this paper, a body-centered cubic (BCC) crystal plasticity
irradiation constitutive model based on the density of dislocation
and irradiation defects is implemented. Based on the model, the
nano-indentation of Chinese A508-3 steel with different doses at
room temperature and high temperature (250�C) are simulated and
the irradiation hardening behavior is studied properly.
2. Crystal plasticity constitutive model coupling with
irradiation effect

2.1. Crystal plastic geometry deformation

Crystal plasticity theory is an effective method to study the
mechanical behavior of materials at microscopic scale. The defor-
mation of a single crystal is assumed to include the elastic defor-
mation process and the plastic deformation process independently.
The deformation gradient F can be decomposed into F* and FP:

F ¼ F* $ FP (1)

where F� denotes the stretching and rotation of the lattice and FP is
related to crystallographic slip.

Firstly, the crystal translates from the original reference
configuration to the intermediate configuration via dislocation slip;
then the crystal undergoes lattice distortion and torsion and rea-
ches the current configuration. The mathematical descriptions of
crystal plastic deformation and kinematics were derived rigorously
by Taylor [14], Asaro [15], Hill and Rice [16].
2.2. Constitutive relation

Following the elastic constitutive relation proposed by Hill and
Rice [16], the relation describing the distortion and torsion is given
by

sKi
V ¼ C : D�

Xn
a¼1

½C : ma þ ua,sKi � sKi,u
a�ga

�
(2)

where sKi
V

is the Jaumann derivative of the Kirchoff stress tensor
sKi intermediate configuration, C represents the stiffness tensor, D
is the deformation rate tensor, u and m are the symmetric and anti-
symmetric parts of the Schmid factor respectively. The superscript
a denotes the considered slip system.
2.3. Flow laws

In the single crystal, slip plays a major role in the plastic
deformation. Slip usually occurs in a specific crystal orientation and
crystal plane. The specific crystal orientation and crystal plane are
called slip direction and slip surface respectively, and the slip sur-
face and slip direction on the surface together are named the slip
system. The slip system of crystal is activated when the resolved
shear stress on a potential slip plane exceeds its corresponding slip
resistance. Furthermore, 48 slip systems are found in BCC crystal.

In the constitutive relation, the slipping rate is critical for the
computation. According to Orowan’s formula [17], the slipping rate
of slip system _ga is the product of mobile dislocation density ram, the
norm of the Burgers vector b and the mean velocity of the slipping
dislocation va and given by

ga
·

¼ rambv
a (3)

The crystalline slip is assumed to obey Schmid law [18], so the
slipping rate _ga is relevant to the resolved shear stress ta. For finite
deformation, Schmid resolved shear stress is

ta ¼ sKi : m
a (4)

When the resolved shear stress ta exceeds the slip resistance ga,
the dislocation starts to slip along the slip direction. The slip in a
crystal is thermal-activated. Kothari and Anand [19] proposed the
velocity of the slipping dislocation in a Kocks-type activation form
[20]:8>>><>>>:

va ¼ 0 if jtaj<ga

va ¼ l
a
v exp

(
�Q0

kT

�
1�

�jtaj� ga

t
_a

�p�q)
sgnðtaÞ if jtaj>ga

(5)

where l
a
is the mean length of the leading edge of the mobile

dislocation, v denotes the vibration frequency of the dislocation, Q0
represents the activation free energy for slipping without external
force, bta is the maximum slip resistance to be overcome for the
movement of the dislocation without thermal activation energy, p
and q are the flow laws related parameters respectively. From
equations (3) and (5), the slipping rate _ga can be obtained.

2.4. Irradiation hardening

There are two main hardening mechanisms of the irradiated
materials. One is described that in the process of the plastic
deformation, dislocation density is increasing gradually and inter-
action between dislocations is strengthening resulting in a larger
slip resistance. Another is that a large number of irradiation defects
appear and impede the movement of the dislocation. The irradia-
tion defects mainly include dislocation loops, defect clusters, solute
clusters and other defects.

The model implemented in this paper is based on the disloca-
tion loops. The dislocation loops are considered to be the main
defects in BCC crystals and other defects are equivalent to the
dislocation loops. According to Taylor’s hardening law [21,22], the
hardening formula coupling irradiation effect is given:

ga ¼ Gb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qr

XN
b¼1

h
Aabrbdis

i
þ qiN

a
i d

a
i

vuut (6)

where G denotes the shear module, Aaa and Aab are self and latent
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hardening coefficients respectively and represent the contributions
of each slip system to the slip resistance of the current slip system,
rbdis represents the dislocation density of the bth slip system, Na

i
and dai denote the density andmean size of the dislocation loops in
the ath slip system respectively. Meanwhile not all dislocations and
irradiation defects contribute to the hardening of the material [10],
so we used the coefficients qr and qi to adjust the ratio of the
effective dislocations and defects. Na

i and dai can be calculated by
Deo’s formula [23].

Na
i ¼A,dpa1=2 (7)

dai ¼B,dpa1=2 (8)

A and B are material constants and the applicable scope ranges
from 0.0001dpa to 10dpa.

In a BCC crystal, the mechanism of the dislocation evolution
mainly has the following patterns: the multiplication and annihi-
lation of the mobile dislocation, the mobile dislocation trapped as
the immobile dislocation, dynamic recovery of the immobile
dislocation caused by thermal activation. The total evolution for-
mula of the dislocation density is given as [24].

radis

·
¼

�
kmul

b

ffiffiffiffiffiffiffiffiffiffiffiffiffiX
b

rbM

s
� 2Rc

b
raM � kdynr

a
I

����ga· ��� (9)

where kmul denotes the multiplication coefficient of the mobile
dislocation, rm and ri are the mobile and immobile dislocation
density respectively, Rc is the critical size of the annihilation, kdyn
represents the dynamic recovery coefficient of the immobile
dislocation.

The dislocation loops are assumed to have the similar multi-
plication form with the mobile dislocations, then the length of the

dislocation fragment is changed into
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
b

rbM þ Nb
i d

b
i

s
. To adjust the

influence of dislocations and dislocation loops on the annihilation,
the annihilation formula proposed by Patra [25] is modified

Na
i;ann

·
dai ¼ Rai

b

�
Na
i d

a
i
	c�

raI
	1�c

���ga· ��� (10)

As have been noted above, the BCC crystal plasticity model
considering irradiation hardening effect has been implemented. In
addition, the numerical implementation of the model is completed
and the user-defined material subroutine (UMAT) based on ABA-
QUS [26] is also developed. The flow chart of the finite element
implementation is shown in Fig. 1. Nano-indentation of the Chinese
HTGR A508-3 steel samples unirradiated and irradiated by different
doses at room temperature and high temperature are simulated.
3. Modeling and parameters selection

Tianci Zhang et al. [4] studied the irradiation effect of Chinese
A508-3 RPV steel which was used in HTGR. The irradiation source
was 3 MeV Fe-ion whose irradiation damage ranges from 0.1 to
20dpa at room temperature and high temperature. Apart from that,
positron annihilation doppler broadening (PADB) and nano-
indentation method were used to study the macroscopic and
microscopic features of irradiated materials. The size of the
experimental samples was 10 � 10� 1mm3. More details are in
Ref. [4].

Since the depth of nano-indentation is smaller than grain size
mentioned in Ref. [27], which indicates that a single crystal model
should be adopted in the work. According to Ref. [4], the damage
indicated by the number of dpa caused by ions ranges from the
surface of incidence up to a depth of 1300 nm, and the maximum
damage occurs at a depth of about 900 nm. The distribution of
irradiation damage is shown in Fig. 2. Furthermore, a conical-
shaped indenter with a 70.3�semi-angle is used since the area
function is the same as a Berkovich indenter used in the experi-
ments. During the process of experiments, the interface between
the indenter and the specimen is assumed to be frictionless. Ac-
cording to references [28e30], the friction has a negligible effect on
the load-displacement curve.

Considering the size of indenter and irradiation damage region,
the radius and height of the model are both 0.01 mm and it
certainly includes the affected area of nano-indentation. Besides, in
the pressing direction, the model is divided into sixteen regions
where the width of the first fifteen regions is 100 nm. Different
region has different dpa value according to Fig. 2. C3D8 is chosen as
the element type. At the same time, the meshes near the indenter
needed to be enough refined to guarantee the description of
deformation below indenter with sufficient accuracy. The model is
shown in Fig. 3. In addition, the displacement of the bottom surface
is fixed and the loads are applied on the upper surface.

Totally, the indentation depth is 1000 nm. The load-depth pro-
files are extracted from the data with appropriate interval and the
hardness is calculated in the post-process [31]. The nano-
indentation processes of Chinese A508-3 steel samples under un-
irradiated and irradiated conditions at room temperature and high
temperature are simulated respectively. For the convenience of
description, the depth-dependent dose will be represented by the
corresponding maximum dose in the same experiment irradiation
situation.

The hardness H is related to P and A:

H ¼ P
A

(11)

where P denotes the load imposed on specimen by indenter and A is
the contact area between specimen and indenter. As for ideal Ber-
kovich indenter,

A ¼ 24:56h2c (12)

where hc is the contact depth that can be obtained by the simula-
tion directly.

According to Refs. [32e35] and experimental analysis, the main
material parameters are shown in Tables 1e4 respectively.
4. Results and analysis

4.1. The load-indentation depth curves and mises stress contour
analysis

The indentation hardness as a function of contact depth is
calculated for each of the temperatures and irradiation conditions
including the unirradiated references. In terms of single crystal,
anisotropy is the basic property. Different loading directions will
lead to different hardness values. Consequently, the nano-
indentation processes are simulated in loading along five typical
directions that are along [001], [110], [111], [112], and [123] direc-
tion respectively. A set of indentations with a maximum depth of
1000 nm that contain both loading and unloading processes are
performed on the surfaces of samples. The corresponding load-
displacement curves are shown in Fig. 4. The tendency is consis-
tent with the result shown in Ref. [36]. As shown in Fig. 4, the loads
at same indentation depth along [112], [123] and [111] are larger
than those along [110] and [001].



Fig. 1. The flow chart of the finite element implementation.

Fig. 2. Depth distribution of damage in the irradiation with a maximum dose of 1dpa
calculated by SRIM 2013 [4].

(a) The 16 regions of the model

(b) The mesh of the model
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The Mises stress contours of the X-plane at room temperature
are shown in Fig. 5. From Fig. 5, non-uniform deformation of the
material is observed in [112] and [123]. The indentation hardness of
the material is determined by the density of dislocations and irra-
diation induced defects in the plastic zone. The area of the plastic
zone is different along different direction that demonstrates the
anisotropy of single crystal. However, they are all basically in the
semi-circle area with a radius 7.5 times the indentation depth [10].

Apart from that, the area deeper than 1500 nm is regarded as an
unirradiated area and contains little defects, so the hardness of the
unirradiated area is smaller. Therefore, when the indentation depth
is large and the plastic zone extends to the unirradiated area, the
hardness of the nano-indentation measured will be smaller than
the hardness measured when the plastic zone is in the irradiated
area, resulting in a slow decline of the nano-indentation hardness
profiles.
Fig. 3. Half of the model in the simulation.



Table 1
The main parameters of elastic module (GPa).

C11 C12 C44

236 134 119

Table 2
The main parameters of flow laws.

_g0 t
_

0
Q0

107s�1 390 MPa 2:43� 10�19J

Table 3
The main parameters of hardening laws.

kmul kdyn br qr

0.097 275 0.014 0.06

Table 4
The main parameters of the irradiation effect.

C bi qi Aðmm�3Þ BðmmÞ

0.98 0.0255 1 5� 1013 3:7� 10�5

(a) The Mises stress contour in [001]

(b) The Mises stress contour in [110]

(c) The Mises stress contour in [111]
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4.2. Nano-indentation hardness analysis

Indentation hardness-depth curves of the simulations at room
temperature and high temperature are shown in Fig. 6a-Fig.6c and
Fig.7a-Fig. 7c respectively. With given irradiation dose and oper-
ating temperature, the values in loading different direction are
averaged as final hardness values to decrease the error. Then the
final hardness values are compared to the experimental values [4]
and shown in Figs. 6d and 7d. First and foremost, the indentation
hardness values in loading along [111], [112] and [113] direction are
mostly larger than those in loading along [001] and [110]. The
phenomenon is also obtained in the load-indentation depth curves.
When loading along [112] and [113] direction, it occurs to double
slip and [111] is the close packed direction, all of which contributes
to the increase of indentation hardness [37]. This result demon-
Fig. 4. The load-indentation depth curves under 0dpa at room temperature.

(d) The Mises stress contour in [112]

(e) The Mises stress contour in [123]

Fig. 5. The Mises stress contours under 1dpa at room temperature.



(a) The indentation hardness calculation values in 0 

dpa

(b) The indentation hardness calculation values in 1 

dpa

(c) The indentation hardness calculation values in 10 

dpa

(d) The averaged indentation depth-hardness curves 

compared to the experimental curves

Fig. 6. The hardness-depth curves of the simulation and experiments with different irradiation damage at room temperature.
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strates that the hardness is associated with grain orientationwhich
is evident for our modeling process. From Fig. 6d, it can be obtained
that the ion irradiated steel shows an evident hardening phe-
nomenon compared to the unirradiated specimen. The experi-
mental results are the typical hardness-depth profiles in the nano-
indentation. The results also show that the hardness increases with
the increase of the irradiation dose. Totally, it was associated with
the damage defects such as vacancy clusters, dislocation loops,
atom clusters and solute clusters. A higher irradiation dose will
induce more defects which contribute to the hardness. All the
profiles peak at a depth between 150 nm and 250 nm. While across
this region, the hardness will decrease with the increase of
indentation depth and then descend to stability. Since the change of
irradiation defects with depth is taken into account in the model,
the numerical simulation results capture the peak characteristics of
the hardness and show good agreement with the experimental
results. So the validity of the model is proved.

As shown in Fig. 7d, the experimental results show that the
tendency of the hardness-depth curves at high temperature is
similar to the distribution of hardness along the depth at room
temperature, but the hardness of the material irradiated by a high
irradiation damage (10dpa) is significantly larger in the area near
the surface. In the simulations, temperature effect is considered in
the model. These results are in good agreement with the experi-
mental data, especially the simulation results of the unirradiated
and 1 dpa irradiated conditions. As for the 10dpa samples, the peak
of the hardness calculated by the simulation is smaller than the
experimental value. The reason is that the 10dpa samples at high
temperature have the higher density of solute clusters and lower
density of vacancy-type defects [4], and the formation of solute
clusters is thought to be the main reason of the sudden increasing
of indentation hardness. In the next study, we will focus on the
relationship among irradiation-induced solute clusters, irradiation
dose and irradiation temperature to make the model more precise.

5. Conclusion

In this study, a BCC crystal plasticity constitutive model com-
bined with the irradiation hardening effect based on the density of
dislocations and irradiation defects is implemented. Using the
model, we simulate the nano-indentation of Chinese A508-3 steel
samples with ion irradiation in different doses at room temperature



(a) The indentation hardness calculation values in 0 

dpa

(b) The indentation hardness calculation values in 

1dpa

(c) The indentation hardness calculation values in 

10dpa

Fig. 7. The hardness-depth curves of the simulation and experiments with different irradiation damage at high temperature.
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and high temperature which provides an effective method of
studying the irradiation hardening effect. The conclusions have
been presented as following:

C The simulations in ion irradiation showgood agreement with
the experiments, so the validity of the model is proved.

C The model can capture the peaks of the indentation
hardness-depth profiles and the hardness of the material
increases with the increasing irradiation dose.

C In the results, the temperature effect is also obtained and the
connection and tendency between indentation hardness and
indentation depth can be also captured.

It also needs to note that the model has not considered the ef-
fects of solute cluster defects generated by high dose irradiation at
high temperature. Nonetheless, the connection and tendency be-
tween indentation hardness and indentation depth can be
captured. In a short, it is practicable to study the irradiation effect
from a microscopic view using the model, and the model will be
improved in the next study.
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