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One of the important requirements for the application of reduced activation ferritic/martensitic steel is to
retain proper mechanical properties in irradiation and high temperature conditions. In order to simulate
the impact toughness with the effect of temperature and irradiation, a simulation model based on energy
balance method consisted of crack initiation, plastic propagation and cleavage propagation stages was
established. The effect of temperature on impact toughness was analyzed by the model and the trend of
the simulation results was basicly consistent with the previous experimental results of CLAM steels. The
load-displacement curve was simulated to express the low temperature ductile-brittle transition. The
effect of grain size and inclusion was analyzed by the model, which was consistent with classical
experiment results. The transgranular-intergranular transformation in brittle materials was also
simulated.
© 2018 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

Reduced activation ferrite/martensite (RAFM) steels are
considered as potential materials for first wall and blanket struc-
ture in international thermonuclear experimental reactor (ITER)
[1—4]. In order to meet the application requirements for ITER,
which contained irradiation and high temperature conditions, the
impact toughness of RAFM steels was one of the critical properties,
which would directly affect the service life of the reactor [5,6].
However, the experiment in irradiation and high temperature
conditions was extremely difficult and costly. In order to reduce
cost and guide the engineering project by theory, much attention
was paid to analyze the mechanism and simulate steel's impact
toughness in high temperature and irradiation conditions [7—10].

Several researches showed the experiment test results of
RAFM's toughness [11—15]. In 2014, Baek et al. [11] reported the
effect of temperature and irradiation on the fracture toughness in
HT9 steel. Also, Huang et al. [ 12] reported the effect of temperature
on impact toughness and ductile brittle transition temperature
(DBTT) in China low activation martensitic (CLAM) steel. Recently,
Park et al. [13] also studied the effect of isothermal aging time on
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the impact toughness of 9Cr—1WVTa RAFM steels. Although the
toughness of RAFM steels was studied by various experiment re-
searches, most of them just focused on the analysis of experiment
results without establishment of models. The simulation of
toughness in the field of steels was a long-standing problem. In
2016, Cho et al. [16] established a model to express the effect of
precipitation on the impact toughness in high-carbon Cr—V tool
steels. However, other factors except for precipitation were not
considered in Cho's model. Also, several researchers tried to use
finite element method (FEM) to simulate the impact toughness
[17—20]. However, it was difficult for FEM to consider the effect of
microstructure. Recently, XFEM models were widely used to
simulate the relationship between microstructure and toughness of
steels, however, most XFEM models could only show the effect of
microstructure on crack propagation direction, instead of obtaining
an accurate value of impact toughness [20].

In this work, a model based on the classical fracture theory
and energy balance method was established to simulate the
impact toughness of steels with the effect of temperature and
irradiation. The model included different microstructure factors
and could describe several traditional fracture phenomenon as
low temperature ductile-brittle transition, irradiation hardening,
transgranular-intergranular transformation, etc.
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2. Simulation method

The model was mainly based on the energy balance method
[21], which estimated the impact toughness by calculating the
energy consumption in different fracture stages. According to the
experiment analysis on the fracture mechanism, the fracture pro-
cess of impact test could be divided into three stages [22]: (1) crack
initiation; (2) plastic propagation of the crack; (3) cleavage prop-
agation of the crack. So, the impact toughness could be expressed
by Eq. (1).

Efor = Eint + Eplas + Eelas (1)

Where Ejn, Epias and Eejqs were the energy consumption in crack
initiation, plastic propagation and cleavage propagation stages,
respectively. The simulation methods of Ejn, Epigs and Eees were
introduced in detail below.

2.1. Energy consumption in crack initiation stage

The energy consumption in crack initiation stage was studied in
the cohesive zone models [23,24]. Three typical traction-separation
laws were used to express the relationship between load and
displacement in crack initiation stage [25]: linear, polynomial and
exponential function. Based on the three typical laws, the energy
consumption in crack initiation stage could expressed by Eq. (2).

Sx‘nr
a
Eint - / - ( Sr'nats) S+ Omas = kintamassint (2)
in
0

Where omgs was the maximal load during the impact process; S,
was the width of the crack initiation region (crack tip passivation);
kint was the integral coefficient of crack initiation stage.

The maximal load was proportional to the yield strength of the
steel. Based on the experimental results and basic fracture tough-
ness laws, constitutive equations were established to express gmqs
and S;,; as Egs. (3) and (4). In Egs. (3) and (4), the effect of tem-
perature, irradiation and inclusions were considered. And to
simplify the simulation, the effect of temperature was supposed as
a Gauss error function based on the experimental results [26,27].
The effect of irradiation and inclusions was simply supposed as a
liner function, which can make this simulation avoid the compli-
cated mechanism of irradiation defects temporarily.

Omas = amoo[erf( — AT/nmas) + ‘l} (1 — hrZXml¢3/2> (bmas@
i

+ Cmas)
(3)
Sint = GineSint.olerf (AT /Mine) + 1) (1 — M Xint ;! 3) lerf
— A/Mjge) + 1] (4)

Where AT was temperature increment(K)(T — 298(K)); xm; and
Xinei Were the weakening coefficient of inclusion i for load and
displacement, respectively; ¢ were irradiation damagement (dpa);
0o was initial load(N); Sj, o Was initial width of the crack initiation
region; h, was the interaction coefficient of inclusion weakening; A
® was relative irradiation damagement compared with critical
effective irradiation damagement (¥ — 0.001(dpa)). Other param-
eters were all equation correction coefficient.

2.2. Energy consumption in plastic propagation stage

Plastic propagation stage of the crack was also a process of crack
tip passivation and crack propagation. So the energy consumption
in plastic propagation stage was basicly similar with crack initiation
stage and it could be expressed by Eq. (5) [25] and (6).
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Where x,; was the weakening coefficient of inclusion i for the
displacement in plastic propagation stage (fibrous crack length);
kpias was the integral coefficient of plastic propagation stage; m was
equation correction coefficient.

2.3. Energy consumption in cleavage propagation stage

Based on cleavage fracture mechanism, the energy consumption
in cleavage propagation stage was expressed by Eq. (7), which was
based on superposition law. And the resistance of grain boundary
term was defined base on the mechanism of Hall-Petch relation.

Eelas = Ac [fb'Yb + (1 _fb)('Yc + Kdiz)] (7)

Where A, was the area of fracture surface (cm?); f, was the fraction
of grain boundary crack; vy, and vy. were the decohesive energy of
grain boundary and crystal crack (J/cm2), respectively; k was the
resistance coefficient of grain boundary (J); d was the grain size
(pum).

Based on Eq. (7), the energy consumption in cleavage propa-
gation stage was divided into two parts: grain boundary crack
(intergranular) and crystal crack (transgranular). For the part of
crystal crack, the resistance of grain boundary was considered to
express the effect of grain size. The difference between decohesive
energy of grain boundary and crystal crack were the gradient cri-
terion of intergranular and transgranular crack. The crack preferred
to propagate along the direction with lowest energy consumption,
so the fraction of grain boundary crack could be expressed by Gauss
error function as Eq. (8) [28], traditional mathematical treatment
for gradient criterion. And constitutive equations were also estab-
lished to express the decohesive energy of grain boundary and
crystal crack as Egs. (9) and (10).
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Where x.; and x;, ; were the weakening coefficient of inclusion i for
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Table 1

Value of the parameters used in the model.
Parameter Value Parameter Value
Am, Ging, Ap 0.5° K 1 x 10%
7o 40 kN® Ao 1 cm?®
Sint.0 4 mm° 0 45°P
Spo 14 mm" ac,ay 0.5
Nmas, Nint 80° b 1007
hy 1.21¢ c 200°
Xm,i» Xinti» Xp.i 0.5 Xei 0.5
bmas, be, by 0.01¢ Xbi 0.3¢
Yeo 20J/cm* Vbo 35 Jjcm??
Cmas, Ce, Cp 1° m 80°

2 Obtained from classical constant or subjective experience.
b Obtained from experiment results in Refs. [9,13—15,18,22].
¢ Obtained from fitting.

the transgranular and intergranular crack in cleavage propagation
stage, respectively; v, and v, o were the initial decohesive energy
of grain boundary and crystal crack, respectively.

In cleavage propagation stage, the crack propagation process
would finish in extremely short time and the crack propagation
path has certain randomness. Based on the geometric relation, the
distance of crack propagation path would only be affected by the
bending angle, instead of the bending times. So, the area of fracture
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surface (Ac) was set as a range from Ap to Ap/cosf. Ap represented the
cross-sectional area of the impact samples. § represented the
maximum bending angle. Because of the uncertainty of A, the
calculation results of impact toughness would be a range (as error
band), instead of an accurate value. The calculation results with an
error band were more reasonable than an accurate value, because
the experiment results of impact toughness were also unstable. For
this model, the error band calculation was only based on the un-
certainty in the direction of crack propagation. However, the
experimental error of impact toughness was from not only the
uncertainty in the direction of crack propagation, but also the
surface quality of the sample, the machining precision of notch, etc.,
which were difficult to explain by models. So the experiment value
would probably have difference with the simulated error band.

3. Results and discussion

Table 1 showed the parameters used in the model. The opti-
mized value of the fitting parameters was obtained by cycle opti-
mization based on the method of exhaustion. The initial grain size
was set as 5 um. The simulation results of load-displacement curve
were shown in Fig. 1. The simulation results indicated that the
decrease of temperature mainly affect the width of the crack
initiation region and plastic propagation region. The material was
difficult to obtain an obvious crack passivation zone when the
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Fig. 1. Simulation results of load-displacement curve without irradiation: (a) —200 °C;

Displacement (mm)

(b) —150 °C; () —50 °C; (d) 50 °C.
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Fig. 2. Effect of temperature on impact toughness of CLAM steel without irradiation.

temperature was lower than —150 °C. With the decrease of tem-
perature, the crack passivation and plastic propagation zone was
greatly decreased, which represented the phenomenon of low
temperature ductile-brittle transition. Fig. 2 showed the effect of
temperature on the impact toughness simulated by the model. The
trend of the simulation results was basicly consistent with the
previous experimental results of CLAM steels [9].
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Fig. 3 showed the effect of irradiation on the impact toughness.
The simulation results indicated that with the increase of irradia-
tion damage, the toughness decreased (Fig. 3(a)). The crack
passivation and plastic propagation zone in low and high irradia-
tion condition were compared in Fig. 3(b) and (c). Based on the
simulation results, the irradiation didn't decrease the maximal
load, but it decreased the width of the crack initiation region and
plastic propagation region significantly. So, the material was diffi-
cult to obtain an obvious crack passivation zone. The decrease of
toughness by irradiation was mainly caused by the decrease of
crack passivation and plastic propagation zone, which was consis-
tent with the well-known irradiation hardening phenomenon. As
shown in Fig. 3(a), the simulation results were basically consistent
with the experimental results by Q. Huang's research with low level
irradiation (<1.5dpa) [13]. It meant that this model had its
reasonability. However, because of the limitation of irradiation
source, the experimental test of the impact toughness with irra-
diation effect was still a difficult work with large data dispersity.
Much more experimental data was still needed to estimate the
accuracy of this model. However, this model provided a method to
simulate the impact toughness of RAFM steels with the effect of low
level irradiation, and it partly showed the mechanism that irradi-
ation decreased the impact toughness of the steels by decreasing
the crack passivation and plastic propagation zone.

Other traditional fracture phenomenon could also be indicated
by this model besides the effect of temperature and irradiation.
Fig. 4(a) showed the effect of grain size on the impact toughness in
brittle materials (the width of crack initiation and plastic
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Fig. 3. Simulation of irradiation effect on impact toughness: (a) irradiation effect on impact toughness; (b) load-displacement curve for Odpa; (c) load-displacement curve for 5dpa.
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Fig. 4. Simulation of microstructure effect on impact toughness at room temperature without irradiation: (a) grain size effect; (b) inclusion effect.

propagation region was both less than 0.5 mm). The results showed
that the impact toughness decreased by grain coarsening, which
was consistent with the classical grain refinement theory [29,30].
Fig. 4(b) showed the effect of inclusions on the impact toughness in
brittle materials, which indicated that the increase of inclusion
content was bad for the impact toughness of brittle materials,
which was also consistent with experiment results [31,32].
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The model could also describe transgranular-intergranular
transition phenomenon in brittle material. Fig. 5(a) showed that
the increase of inclusion content at the grain boundary would
greatly reduce the decohesive energy of the grain boundary. So, the
crack propagation mode would gradually change from trans-
granular to intergranular when the decohesive energy of the grain
boundary became lower than crystal (Fig. 5(b)). The transgranular-
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Fig. 5. Simulation of transgranular-intergranular transformation without irradiation: (a) decohesive energy; (b) fraction of grain boundary crack; (c) impact toughness.
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intergranular transition phenomenon finally led to the significant
decrease of impact toughness in brittle material, which was also
shown in the simulation results (Fig. 5(c)).

In this impact toughness simulation model, the equations used
to express the width of the crack initiation and plastic propagation
regions were still semi-empirical equations, which meant the
mechanism of alloy's plastic deformation were still unclear in this
model. Also, based on these semi-empirical equations, this model
could describe the phenomenon of low temperature ductile-brittle
transition, but couldn't explain the physical mechanism. Also, part
of the parameters values in this model were still based on fitting
results, which would inhibit the predictability and application
scope of this model. The assumption of the linear effect of dpa from
irradiation in this model would probably be different with the
actual situation, especially when the irradiation was in relatively
high level. Therefore, when using this model to a high level irra-
diation condition (>10dpa), any conclusion regarding the effect of
irradiation from the model should be cautious and the modification
of the irradiation effect on defects and properties was necessary. In
order to widen the application of this model, more modification
should be made to establish the model, which could accurately
express the effect of irradiation on defects (He bubbles and dislo-
cation loops) and the effect of defects on plasticity. Impact tough-
ness simulation was a long-standing problem, which couldn't be
completely solved by one paper. However, this model established a
framework of impact toughness simulation with the effect of
temperature and irradiation and provided a feasible way for future
research. Also, this model provides an algorithm of cleavage
propagation crack based on the mechanism of brittle fracture,
which could explain several classical cleavage fracture phenome-
non, including transgranular-intergranular transition. Because of
the limitation of parameter accuracy, this model is suggested to be
used in the field of RAFM steels with irradiation less than 10dpa and
temperature between —200 °C and 200 °C. If further studies
planned to use this model in the field of other metal materials,
much more effort should be made to optimize parameter values.

4. Conclusion

A constitutive model based on energy balance method was
established to calculate the impact toughness of steels with the
effect of temperature and irradiation. The model contained crack
initiation, plastic propagation and cleavage propagation stages,
which was consistent with the classical fracture theory. The model
can simulate the load-displacement curve of the impact test. Using
this model, the effect of temperature on impact toughness was
analyzed and the trend of the simulation results was basicly
consistent with the previous experimental results of CLAM
steels. The model included different microstructure factors and
could describe several traditional fracture phenomenon as low
temperature ductile-brittle transition, irradiation hardening,
transgranular-intergranular transformation et al. This model
established a framework of impact toughness simulation with the
effect of temperature and irradiation and provided a feasible way
for future research.
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