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a b s t r a c t

One of the important requirements for the application of reduced-activation ferritic/

martensitic (RAFM) steel is to retain proper mechanical properties under irradiation and

high-temperature conditions. To simulate the yield strength and stress-strain curve of

steels during high-temperature and irradiation conditions, a multiscale simulation method

consisting of both microstructure and strengthening simulations was established. The

simulation results of microstructure parameters were added to a superposition strength-

ening model, which consisted of constitutive models of different strengthening methods.

Based on the simulation results, the strength contribution for different strengthening

methods at both room temperature and high-temperature conditions was analyzed. The

simulation results of the yield strength in irradiation and high-temperature conditions

were mainly consistent with the experimental results. The optimal application field of this

multiscale model was 9Cr series (7e9 wt.%Cr) RAFM steels in a condition characterized by

0.1e5 dpa (or 0 dpa) and a temperature range of 25e500�C.

Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

One of the most important requirements of reduced-

activation ferritic/martensitic (RAFM) steels is to retain

proper mechanical properties in irradiation and high-

temperature conditions [1e6]. However, testing the

mechanical properties of materials under irradiation and

high-temperature conditions is complicated and costly. To

verify the accuracy of experimental results and to analyze

the mechanisms associated with irradiation and high

temperatures, much attention has been paid to simulations of

the mechanical properties of RAFM steels under these

conditions.

As a long-standing problem, yield strength simulations

have been studied by many researchers, and many classical

models have been established, including the PeierlseNabarro

(PeN) model [7,8], the HallePetch model [9,10], the Orowan

dislocation looping model [11], Friedel's shear cutting model

[12], and the KockseMecking model [13e15]. Most of these

models express one main strengthening method, with no
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relationships among them. To widen the application range of

yield strength simulations, a superposition model [16], which

combined different classical models, was built and used to

calculate the yield strength of gear steels. However, this su-

perposition model was only feasible for use under normal

conditions (no irradiation at room temperature). In 2015, a

self-consistent thermomechanical model was devised by

Terentyev and co-workers [17] to simulate the strain-

hardening behavior of polycrystalline tungsten at high tem-

peratures. However, this model mainly expressed the effect of

the temperature on dislocation strengthening without

considering irradiation effects or other factors. Moreover, the

FriedeleKroupaeHirsch model [12,18] and a dispersed barrier

hardening model [19] have been widely used to calculate the

irradiation effect on the yield strength of steels. However,

these models only express factors related to He bubbles and

dislocation loops [20].

In this work, a multiscale model, which consists of models

at different scales and theories of different strength methods,

is established to simulate the yield strength and stress-strain

curve of RAFM steels in both irradiation and high-temperature

conditions.

2. Simulation method

The applied model mainly consists of four strengthening

models. Fig. 1 shows the overall simulation procedure of the

proposed multiscale simulation model. To evaluate the ac-

curacy and rationality of thismodel, it was used to analyze the

effects of irradiation and high temperatures on the yield

strength of F28H steel (Japanese RAFM steel tempered at 750�C
for 1 h).

2.1. Microstructure simulation

2.1.1. Precipitation and solid solution
Thermodynamic theory is commonly used to simulate the

volume fraction of precipitation, commonly using the

Thermo-Calc software package (Thermo-Calc Software AB

Company, Stockholm, Sweden) [21]. Previous work reported

that the main precipitations that form in RAFM steels were

MX, M23C6, and the Laves phase [22,23]. As M23C6 and the

Laves phase typically form at the grain boundary and at much

higher coarsening rates than the MX phase [23,24], the MX

phase is regarded as the main reinforcement for dispersion

strengthening. Fig. 2 shows the simulation results of the vol-

ume fraction of the MX phase and the concentration of the

solid-solution element in the matrix of F28H steel.

2.1.2. Shear modulus
For steels, small changes in the atomic configuration triggered

by temperature changes can change themagnetic interactions

responsible for the nonrandom atomic spin orientation. In

such a case, different magnetic states lead to different

macroscopic properties, such as the shearmodulus and elastic

modulus [25,26]. Recently, many simulation results pertaining

to ideal strength levels were obtained by first-principles

methods. Based on these simulation results [25,27] and on

experimental findings, a linear hypothesiswasused to express

the effect of the temperature on the shear modulus from 25�C
to 500�C in RAFM steels, as shown in the following equation:

m ¼ m0 � kshearDT (1)

where m0 is the shear modulus at 25�C and DT denotes the

temperature increment.

2.1.3. He bubbles and dislocation loops
The formation of He bubbles and dislocation loops under an

irradiation condition is a complicated problem that has been

studied by many different simulation methods, including

phase field theory, rate theory, and molecular dynamics

[28e31]. A linear function passing through zero has been used

to express the relationship between the irradiation and den-

sity/size of the dislocation loops. Based on both simulation

and experimental results, a linear hypothesis has been used to

express the effects of accumulated displacement damage on

Fig. 1 e Simulation procedure of the multiscale simulation model.
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the density/size of He bubbles at the growth stage from 0.1 dpa

to 5 dpa in RAFM steels, as shown in Eqs. (2) and (3) [32e34].

dH ¼ d0 þ kd�HeDf (2)

NH ¼ N0 þ kN�HeDf (3)

In these equations, d0 and N0 denote the initial diameter

and the density of He bubbles at 0.1 dpa, respectively, and Df

is the accumulated displacement damage increment. Except

for these factors, other information about the microstructure

included in Fig. 1 was not a key factor. Therefore, only these

values are listed as parameters in Section 3.

2.2. Strengthening simulation

2.2.1. KockseMecking model
The stress-strain curve can be divided to three parts: the

elastic stage (ε < εI), the homogeneous plastic deformation

stage (εI � ε < εII), and the inhomogeneous plastic deformation

stage (ε � εIII). The modified KockseMecking model was used

to simulate dislocation strengthening [15], as expressed by

Eqs. (4e6):

dr
dε

¼
8<
:

0 ε< εI

k1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rðT; εÞ

p
� k2ðTÞrðT; εÞ εI � ε< εII

k1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rðT; εÞ

p
exp½ � xðTÞ

ffiffiffiffiffiffiffiffiffiffiffiffi
rðT; ε

p
� ε � εII

(4)

k2 ¼ c
k1b
Ea

�
1� kBT

cb3
ln

�
_ε

_ε0

��
(5)

x ¼ d$kn
2 (6)

where k1 is the KockseMecking parameter, c is the interaction

parameter, Ea represents the normalized activation energy, c

is the proportionality constant, _ε represents the mean shear

rate, _ε0 denotes the reference shear rate, d is the annihilation

parameter for the inhomogeneous plastic deformation stage,

and n is the index parameter.

The shear stress of dislocation strengthening is expressed

as follows:

td ¼ amðTÞb
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hdðTÞr

q
(7)

where a is a constant of order unity, which depends on the

strength of the dislocation/dislocation interaction and hd de-

notes the dislocationedislocation interaction strength, which

is expressed as follows:

hd ¼
�
a1h þ k1hT T � Tc

a2h þ k2hT T>Tc
(8)

where Tc is the critical temperature based on the temperature-

dependent dislocationedislocation interaction theory [17].

2.2.2. HallePetch model
For grain refinement strengthening, the HallePetch stress is

given by Eqs. (9) and (10) [35e38]:

sHeP ¼ s0 þ KHePd
1=2 (9)

KH�P ¼ K0 þ kirrfþ kT expðaTDTÞ (10)

where s0 is the PeN stress, KH�P is the HallePetch constant,

and d is the martensite packet size. A high temperature would

decrease the bonding strength of the grain boundary directly,

but the precipitation formed at the grain boundary (M23C6,

Laves phase) would also pin the grain boundary and enhance

the bonding strength. Consequently, the value of KH�P can be

expressed by Eq. (10).

According to the PeNmodel [8] and to Lim's model [35], the

PeN stress can be expressed by Eqs. (11) and (12):

s0 ¼ sf

2
41�

kBT ln
�
_gp

.
_ε
	

2Hk

3
5

2

(11)

sf ¼ M
mðTÞ
1� n

exp

�
� 2pds

bð1� nÞ
�

(12)

where _gp is the reference strain rate, Hk denotes the double-

kink activation enthalpy, ds is the spacing of the slip planes,

n is Poisson's ratio, and M represents the Taylor factor for

RAFM steels.

2.2.3. Orowan bypass model
Previous studies on microstructural observations in RAFM

steels showed that the diameter of the MX phase is much

Fig. 2 e Simulation results of volume fraction of the MX phase and concentration of solid-solution element in the matrix of

F28H steel. (A) Volume fraction of the MX phase; (B) concentration of the solid-solution element.

Nu c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 9 ( 2 0 1 7 ) 5 6 9e5 7 5 571

http://dx.doi.org/10.1016/j.net.2016.10.006
http://dx.doi.org/10.1016/j.net.2016.10.006


larger than the critical value of coherence [22,23]. Only an

equilibrium content was used in the simulations of the pre-

cipitate and element distributions, as the contents of the

precipitates and elements nearly reached a state of equilib-

rium, as proved in previous experimental results [22,23]. A

modified Orowan bypass model was used to express disper-

sion strengthening, as shown in Eqs. (13e16):

tp ¼ Y
2Kb

wLR
ln

�
2wDR
b

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln
�
2wDR

b

	

ln
�
wLR
b

	

vuuut (13)

wL ¼
ffiffiffiffiffiffiffiffiffi
pwq

4MX

r
� 2wr (14)

wD ¼
�

1
wL

þ 1
2wr

��1

(15)

K ¼ mðTÞ
4p

ffiffiffiffiffiffiffiffiffiffiffi
1

1� n

r
(16)

where Y represents the precipitate spatial-distribution

parameter for Orowan dislocation looping; wr and wq repre-

sent the mean radius and the mean area of the particle

intersection with the glide plane, respectively; n is Poisson's
ratio; and 4MX and R are the volume fraction and mean radius

of the MX phase, respectively.

2.2.4. Solid-solution model
The solid-solution strengthening of RAFM steels was calcu-

lated using the following equation:

tss ¼
 X

i

k2
ss;ici

!1=2

(17)

where kss;i is the strengthening coefficient of element i in the

matrix. In addition, ci is the atomic fraction of element i in the

matrix.

2.2.5. Yield strength model
A superposition equation was established to combine all of

these strengthening constituents using Eq. (18).

ss ¼ M

�
td þ

�
tkss þ tkp

	1
k

�
þ sH�P þ Dsirr (18)

According to the FriedeleKroupaeHirsch model [12] and

the dispersed barrier hardening model [19], Dsirr can be

expressed as follows:

DsirrðT;fÞ ¼ aMmðTÞb
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NdlðfÞddlðfÞ

q
þ bMmðTÞbdHðfÞNHðfÞ2=3

(19)

3. Results and discussion

Fig. 3 shows the simulation results of the stress-strain curve

and yield strength with an increase in the temperature. The

stressestrain curve shows a trend identical to those in other

simulations in previous works [17,39]. The simulation results

of the yield strength were essentially consistent with earlier

experimental results [40]. Table 1 presents the simulation re-

sults of the strength contribution for different strengthening

methods. At room temperature, the PeN stress and grain

refinement collectively account for a relatively large propor-

tion. The solid-solution strengthening was scarcely changed

by the temperature; therefore, its absolute value remains

constant and the percentage increases with an increase in the

temperature.

Fig. 4 shows the simulation results of the effects of irradi-

ation and temperature on the yield strength. The simulation

results were mainly consistent with earlier experimental re-

sults [41,42]. Table 2 presents all of the parameters used in the

model. The values of most parameters (61%) were obtained

through simulations using thermodynamic, first-principles,

phase field, rate theory, or other constitutive models. How-

ever, the values of parameters that could not be calculated

accurately by any simulation method were obtained from

experiment results (21%) or through fitting (18%). Accordingly,

this model remains not perfectly suitable as a widely predic-

tive model for every type of steel, at least until the parameters

obtained from experimental results or fittings can be calcu-

lated accurately by simulation methods. For 9Cr series

(7e9 wt.%Cr) RAFM steels with the condition of 0.1e5 dpa (or

Fig. 3 e Simulation results of stress-strain curve and yield strength with the increase of temperature in the condition of

0 dpa. (A) Stress-strain curve; (B) yield strength.
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0 dpa) and 25e500�C, the difference between simulation re-

sults and experimental results for the yield strength was

found to be approximately ± 30 MPa, which is an acceptable

error range. For extremely high temperatures (>500�C), the

bonding strength of the grain boundary would decrease

significantly. As a result, the decrease in the HallePetch con-

stant would deviate from the hypothesis model in Eq. (10)

when the temperature reaches 500�C. This would lead to

additional error and inaccuracies in this model. As deter-

mining the interaction between the temperature and irradia-

tion is too complicated in this model, the temperature and

irradiation are regarded as two separate factors. This explains

why the error in the simulation would be significant under

high-temperature and high-irradiation conditions. When the

accumulated displacement damage reaches 0.1 dpa, the

density/size of the dislocation loops can be assumed to be

constant and the density/size of the He bubbles can be

assumed to follow a linear function. However, at 0e0.1 dpa,

the growth of both dislocation loops and He bubbles shows a

long incubation stage, very different from a constant or linear

growth stage. As a result, additional errors would also be

included in themodels owing to the inaccurate expressions of

the growth processes of dislocation loops and He bubbles.

4. Conclusion

The dispersion and solid-solution parameters were calculated

by thermodynamic theory. Dislocation loops and He bubbles

were also expressed according to previous results, which

relied on phase field and rate theory. The simulation results of

microstructural parameters were added to a superposition

strengthening model. The simulation results showed that the

PeN stress and grain refinement accounted for relatively large

proportions of the strength and that solid-solution strength-

ening was scarcely changed by temperature changes. All of

Table 1 e Simulation results of strength contribution for different strengthening methods.

Strengthening constituents PeN Grain refinement Solid solution Dispersion Dislocation

Strength fraction at 25�C, % 45 22 19 10 4

Strength fraction at 500�C, % 36 15 34 12 3

Strength change from 25�C to 500�C, MPa �135 �76 �1 �15 �10

PeN, PeierlseNabarro.

Fig. 4 e Simulation results of the effect of irradiation and temperature on yield strength. (A) Effect of irradiation in the

condition of 25�C; (B) effect of temperature in the condition of 2 dpa.

Table 2 e Parameters used in the simulation procedure.

Parameter Value Parameter Value

m0 77 GPaa c 1011b

kshear 5.37� 107 Pa/Kc _ε 10�3 1/sa

d0 0.02 nmc _ε0 107 1/sa

kd-He 0.2 nm/dpaa d 2.5� 10�9c

N0 1� 1022 1/m3a n 1.3b

KN-He 1� 1023 1/(m3∙dpa)c a 0.4b

r0 5� 1012 1/m3a k2h 4� 10�4c

kB 1.38� 10�23c a2h 0.38c

b 0.248 nmc _gp 3.71� 1010 1/sa

Dc 7� 10�8 m/sc Hk 1.65� 10�19 Jc

C 10�10c n 0.3c

k1 3.73� 10�8 1/mb M 2.5c

c 0.9c kirr 200b

Ea 3.8� 10�3b kT 3� 103b

Y 0.65c aT 0.01b

wr 0.82c b 0.7c

wq 0.75c Ndl 1� 1019 1/m3a

Tc 473 Kc k 1.8c

4MX 0.01c ddl 100 nmc

R 25 nma kss;Cr 82.7 MPac

a Obtained from experiment results in references

[3,5,16e18,23,26,40].
b Obtained from fitting.
c Obtained from simulation results or classical constant

[7,8,10e13,15,25,29e33,35,37].
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the simulation results of the yield strength under irradiation

and high-temperature conditions were generally consistent

with earlier experimental results. The optimal application

field of this multiscale model was as follows: 9Cr series

(7e9 wt.%Cr) RAFM steels with the condition of 0.1e5 dpa (or

0 dpa) and 25e500�C.
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