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A B S T R A C T   

In this work, we used Dislocation Dynamics (DD) simulations to investigate the role of the hierarchical defects 
microstructure of ferritic-martensitic steel Eurofer97 in determining its hardening behavior. A Representative 
Volume Element (RVE) for DD simulation is identified based on the typical martensitic lath size. Material 
properties for DD simulations in b.c.c Eurofer97 are determined, including the dislocation mobility parameters. 
The dependence of material parameters on temperature is fitted to experimental yield strength measurements 
carried out at room temperature and 330 ◦C, respectively. Voids and precipitates observed in the microstructure, 
such as M23C6 and Tantalum-rich MX, are considered in our DD simulations as inclusions with realistic size 
distribution and volume density, while 〈111〉 -and 〈100〉 -type irradiation loops are included directly in the DD 
simulations. The lath structure, together with its typical precipitates arrangement and the different crystallo-
graphic orientation of the martensitic blocks can also be captured in the simulations. DD simulations are used to 
extract microstructure-specific hardening parameters, which can be used to simulate the properties of Eurofer97 
at the engineering scale.   

1. Introduction 

Reduced activation ferritic-martensitic steels (RAFM), e.g. Euro-
fer97, are candidate materials for structural components of future fusion 
reactors because of their high strength and creep resistance, and low 
swelling behavior under irradiation. Compared to conventional steels, 
their use under high dose irradiation is preferable, because they include 
short-life transmutation nuclides such as W, Ta, Mn etc. resulting in 
strongly reduced activation. Post neutron-irradiation experiments, like 
WTZ 01/577 [1] and ARBOR1 [2], demonstrated that Ferritic/ 
Martensitic (FM) steels show irradiation induced hardening with 
increased yield strength and loss of ductility [3]. In order to better un-
derstand the origin of irradiation-induced hardening, several micro-
structural investigations based on Transmission Electron Microscopy 
(TEM) were performed [4,5]. These studies revealed a complex hierar-
chical microstructure of Eurofer97, which even without irradiation is 
composed of austenitic-phase grain boundaries, packet/block bound-
aries, and martensitic laths with specific precipitates along different 
boundaries. In addition, irradiation induces a high density of defects 
such as precipitates, dislocation loops, voids/bubbles, black dots and 

maybe nanoclusters. Dethloff et al. [6,7,4] performed a series of post 
irradiation TEM analysis and studied the microstructural change after 
neutron irradiation in BOR-60 irradiation facility with doses of 15 and 
32 displacements per atom (dpa) at irradiation temperature between 
300 and 330 ◦C. They observed irradiation defect densities dependent on 
irradiation dose. The presence of irradiation defects typically leads to 
hardening and loss of ductility. For example, the irradiation hardening 
was found to be 404 MPa and 475 MPa for 15 and 32 dpa irradiation 
dose in the WTZ and ARBOR 1 irradiation programme, respectively [8]. 

A collection of defect densities based on available literature data 
[6,7,4] is summarized in Table 1. In the unirradiated state there are only 
precipitates present, while under irradiation dislocation loops and voids 
are formed. In addition, Dethloff et al. reported defects called black dots, 
which are too small to be clearly identified as loops. Under irradiation 
the density of precipitates keeps more or less constant. In addition, 
dislocation loops are visible at 15 dpa. Dethloff et al. [4] distinguished in 
his TEM analysis between densities of dislocation loops and dislocation 
loops together with black dots. For both cases, the ratio of fixed 〈100〉 to 
movable 〈111〉 loop densities was identified. Another defect type which 
was observed beyond 15 dpa are voids, although their density is low 
compared to that of the dislocation loops. Not visible under TEM but 
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revealed by Atom Probe Tomography (APT) are the so-called nano-
clusters observed by Rogozhkin et al. [9] at higher irradiation doses. 
APT analysis has not been performed so far at 15 dpa, and it is unclear if 
nanoclusters occur at even lower irradiation dose. 

In addition to defects type and density, also their size distribution 
plays an important role in determining the characteristics of irradiation 
hardening. The defects size distributions determined by TEM for unir-
radiated and neutron irradiated Eurofer97 of Dethloff et al. [6,7,4] can 

be described with the following lognormal probability distribution 
function: 

f (x) =
A
̅̅̅̅̅
2π

√
σx

e

(

−
(ln(x)− m)2

2σ2

)

(1) 

The parameters for each class of defects are reported in detail in 
section 4.2. TEM observations and post-irradiation mechanical testing 
have revealed the complex microstructure of RAFM steels and its in-
fluence in their hardening behavior. However, a clear quantitative 
relationship between microstructural parameters (e.g. defect types and 
size distributions) and constitutive hardening properties used in engi-
neering design is still lacking. Unfortunately, establishing 
microstructure-aware constitutive laws has proved a difficult task. In 
fact, hardening properties are defects type and size dependent, and they 
require a detailed understanding of the mechanisms by which crystal 
dislocations interact with individual defects. This challenge is being 
tackled mainly by computer simulations of individual dislocations- 
defects interactions using the Molecular Dynamics (MD) method (see 
[10] for a review). Moreover, the statistical aspects of dislocations- 
defects interactions which emerge from their collective dynamics typi-
cally exceed the scope of atomistic computer simulations. Nonetheless, 
hardening and other mechanical aspects of plastic deformation in the 
presence of large densities of irradiation defects can be studied within 
the Dislocation Dynamics simulation method [11]. 

The objective of this work is to study hardening in Eurofer97 

Nomenclature 

Symbols (latin) Unit Name 
a [nm] lattice constant 
A [m] scale parameter of lognormal distribution 
a0, a1,a2,a3 [-] parameters for Schmid’s law 
ainclusion [nm] lattice constant for inclusion 
amatrix [nm] lattice constant for matrix 
b [nm] Burgers vector 
B [Pas] drag coefficient 
B0 [Pas] temp. indep. drag coefficient 
B1 [Pas/K] temp. dep. drag coefficient 
Be [Pas] drag coefficient for edge dislocations 
Be,0 [Pas] temp. indep. drag coeff. for edge dislocation 
Be,1 [Pas/K] temp. dep. drag coeff. for edge dislocation 
Bk [Pas] drag coefficient for kinks 
Bk,0 [Pas] temp. indep. drag coeff. for coefficient for kinks 
Bk,1 [Pas/K] temp. dep. drag coeff. for coefficient for kinks 
Bs [Pas] drag coefficient for screw dislocations 
Bs,0 [Pas] temp. indep. drag coeff. for coefficient for screw 

dislocation 
Bs,1 [Pas/K] temp. dep. drag coeff. for coefficient for screw 

dislocations 
f(x) [-] lognormal distribution 
G [MPa] shear modulus 
h [nm] kink height 
kB [J/K] Boltzmann constant 
L [nm] segment length 
L0 [nm] segment length value 
m [-] median of lognormal distribution 
p [-] fitting exponent for Kock’s law 
q [-] fitting exponent for Kock’s law 
s [-] standard deviation of lognormal distribution 
T [◦C] or [K] temperature 
T0 [◦C] or [K] transition temperature 

Tm [◦C] or [K] melting temperature 
v [m/s] dislocation velocity 
ve [m/s] edge dislocation velocity 
vs [m/s] screw dislocation velocity 
w(φ) [-] interpolation function for edge and screw disloc. 

velocity 
Symbols (greek) Unit Name 
εT [-] transformation strain 
θ [-] ratio of shear stress and Peierls stress 
ρ [m− 3] defect density 
ρL [m− 2] line dislocation density 
ρm [kg/m3] mass density 
υ [-] poisson ratio 
σ [-] standard deviation of lognormal distribution 
σ [MPa] stress 
σy [MPa] yield strength 
τ [MPa] shear stress 
τp [MPa] Peierls stress 
ΔGkp [J] free energy of kink pair nucleation 
ΔH0 [J] enthalpy barrier for kink nucleation 

Abbreviation 
Name Description 
APT Atom Probe Tomography 
dpa displacement per atom 
DD Dislocation Dynamic 
MoDEL Mechanics of Defect Evolution Library 
PDD Parametric Dislocation Dynamics 
RAFM Reduced Activation Ferritic Martensitic 
RVE Representative Volume Element 
TEM Transmission Electron Microscopy 
WTZ Nickname of an irradiation programme (15 dpa) 
ARBOR1 Nickname of an irradiation programme (32 dpa) 
BOR-60 Fast reactor, Riar, Russia  

Table 1 
Dose dependent microstructural observations after BOR-60 irradiation.  

BOR-60 irradiation 

irradiation temperature ≈ 330 ◦C 0 dpa 15 dpa 
Precipitates of type M23C6  

density ρ  [1019 m–3] 5.7 [6] 5.6 [7] 
Precipitates of type MX (Ta-rich)  
density ρ  [1019 m–3] 2.4 [6] 3.9 [7] 
〈111〉+〈100〉 dislocation loops  
density ρ  [1019 m–3] – 691 [4] 
〈100〉 loop fraction   0.72 [4] 
〈111〉+〈100〉 loops + blackdots  
density ρ  [1019 m–3] – 2000 [4] 
〈100〉 loop fraction   0.45 [4] 
Voids  
density ρ  [1019 m–3] – 36 [5]  
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Representative Volume Element with the dimensions of a martensitic 
lath. 

The approach of this work will be presented in section 2. followed by 
the application of the approach. Therefore, the Representative Volume 
Element, required for the description of ferritic-martensitic micro-
structure, is discussed in 3. The Dislocation Dynamics simulation with 
all required input parameter related to Eurofer97 can be found in 
chapter 4 and the results are summarized in chapter 5. 

2. Approach 

The idea of this approach is to benefit from the experimental mea-
surements obtained by Transmission Electron Microscopy (TEM) and 
learn more about irradiation induced hardening. At this, the defect 
densities and distributions measured for different neutron irradiation 
conditions can be transferred down to the level where defect interaction 
simulated with Dislocation Dynamics plays an important role. The 
principal idea goes down from the continuum time and length scale, 
where Engineering Problems are important, to the defect interaction 
level. On continuum length scale the yield strength experimentally 
determined increases due to neutron-irradiation. This is known as the 
irradiation induced hardening and it is caused by the formation and 
interaction of defects. These defects can be quantified by defect densities 
and distributions utilizing TEM. Proper Dislocation Dynamics (DD) 
codes like the Mechanics of Defect Evolution Library (MoDELib) 
developed by G. Po et al. [12] allows to study the influence of the de-
fects. MoDEL is based on the Parametric Dislocation Dynamics (PDD) 
code formulated by Ghoniem et al. [13] and has its origin in the early 
1990 with the work of Amodeo&Ghoniem [14]. 

In our case, we start on DD scale with the description of the yield 
strength for different temperatures. Then, additional microstructural 
features, which are already present without irradiation (e.g. pre-
cipitates), were added to analyze their influence. The last step is the 
consideration of irradiation induced defects like dislocation loops and 
voids. The DD simulation should be able to describe the experimentally 
observed increase in yield strength. Furthermore, the development of 
defects beyond yield can be studied. 

3. The microstructure of Eurofer97 and its representation in DD 
simulations 

The ferritic-martensitic microstructure of Eurofer97 shows a hier-
archical structure. This complex microstructure [15,16,17] is illustrated 
in Fig. 1 a). It is defined by prior austenite grain boundaries (grey), 
packet boundaries (orange), block boundaries (yellow) and lath 

boundaries (green). The lath boundaries form the martensitic lath. The 
prior austenite grains (PAG) have a diameter between 6.7 and 11 µm for 
14 mm thick Eurofer97 plates and 8–9.4 µm for 25 mm plates [18]. 
Inside the prior austenite grain boundaries there are so called packets, 
which are separated by packet boundaries (PB). A packet is character-
ized by blocks with the same set of parallel planes, but with different 
crystallographic orientations [19]. The block itself contains martensitic 
laths with same crystallographic orientation [19]. The typical dimension 
of a block measured by EBSD is about 3.1 µm [16]. In such a hierarchical 
structure, no Representative Volume Element (RVE) can be rigorously 
defined. Here we simply consider the smallest unit of the hierarchical 
structure of Eurofer97, the martensitic lath with its boundaries. Hence, 
the martensitic lath is used as the Representative Volume Element (RVE) 
in our DD simulations. This choice is mainly justified by space–time 
limitation of the DD method, although it is also supported by the 
physical consideration that the lath boundaries precipitates partially 
restrict the dislocation activity across them. However, it is recognized 
that this choice might limit the prediction of the true bulk behavior of 
the material, since we ignore other characteristic length scales associ-
ated with block, packet, and grain boundaries. 

The size of the martensitic laths determined by TEM [20] is in the 
range of 0.5 ± 0.2 µm. Fig. 1 b) shows a martensitic lath and all features 
relevant for irradiation hardening. The lath boundaries (lime green) are 
sub-grain boundaries, which are formed in this case out of M23C6 pre-
cipitates (red) [6,7]. They are large and composed of Cr, Fe, W and C. In 
addition, there are small Ta rich MX precipitates (orange) present, which 
are located inside the lath [6]. Other precipitates are of minor impor-
tance, because their concentration is very low. In addition to the pre-
cipitates, there are free line dislocations (dark green) within the lath 
with a line density ρL of around 0.9E14 m− 2 [21]. All mentioned defects 
so far are present in the initial microstructure without influence of 
irradiation. 

Due to its microstructure, the ferritic-martensitic steel has good 
deformation and creep properties. The yield strength dependence on 
temperature and irradiation dose is listed in Table 2. 

The yield strength increases dramatically. At 330 ◦C the yield 
strength for 15 dpa increases around 404 MPa compared to the 

Fig. 1. Idealization of ferritic-martensitic microstructure and representative volume element.  

Table 2 
Yield strength dependent on temperature [8].   

0 dpa 15 dpa 32 dpa 
Temperature T in [◦C]  23 330 550 330 330 

Yield strength σy in [MPa]  544 465 345 869 940  
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unirradiated state. Even between 15 dpa and 32 dpa there is still an 
increase of around 71 MPa, but it seems to saturate. The yield strength of 
the unirradiated material will be used later for a comparison with the 
simulation result. If the yield strength can be simulated, it is assumed 
that the mobility law can be used for additional simulations related to 
irradiation hardening. This work focuses on the irradiation dose of 15 
dpa and higher irradiation doses are planned for the future. 

Next, we shall consider the defects content of both unirradiated and 
15 dpa irradiated Eurofer97, with the objective of extracting probability 
size distribution parameters of different defect families for later use in 
DD simulations. In general, the defects content measured in the TEM 
studies of Dethloff et al. ([6,7,4]) can be fitted to following lognormal 
probability size distribution function: 

f (x) =
A
̅̅̅̅̅
2π

√
σx

e

(

−
(ln(x)− m)2

2σ2

)

(2) 

Here σ and m refer to the standard deviation and the mean values of 
the lognormal distribution function, respectively. 

In the case of unirradiated Eurofer97, the defects population is 
mainly composed of two families of precipitates of type M23C6 and MX, 
respectively. The size distribution of these precipitates was measured on 

two specimens by Dethloff et al. [6]. The defect distributions for M23C6 
and MX were fitted with two lognormal distributions. The average curve 
for each precipitate type is shown in Fig. 2a with blue color for MX and 
M23C6 precipitates, respectively. The red curve is the sum of both 
average lognormal distributions (see parameters in Fig. 2a) and de-
scribes the measurement in good agreement. The mean diameter of MX 
type precipitates is 18.6 nm and for M23C6 precipitates, it is 67.6 nm. 
Fig. 2b shows a TEM micrograph, where the martensitic laths formed by 
M23C6 precipitates are visible. Other defect types have not been 
observed in the unirradiated state. 

The M23C6 and MX precipitates content observed by Dethloff et al. 
[6] following neutron irradiation (15 dpa at 330 ◦C) is shown in Fig. 3a 
with red circles. These defects populations were averaged and fitted 
with two lognormal distributions. The red solid line shows the sum of 
both lognormal distributions. The mean diameter of M23C6 precipitates 
is 88.6 nm and for MX type 27.6 nm. 

In addition to altering the precipitates content, irradiation also leads 
to the generation of new defects families, namely 〈100〉 and 〈111〉
dislocation loops [4]. The mean diameter of the loops is 3.7 nm. The 
distribution is shown in Fig. 3b. Dethloff et al. [4] performed a critical 
assessment of the visibility of loops and the TEM resolution limit. In this 
context, the mean diameter of loops and so called black dots is equal to 
3.3 nm, and the 〈100〉 loop fraction is equals 0.45. The defect 

a) MX and M23C6 precipitates, unirradiated [6] b) TEM micrograph showing precipitates of unirradiated Eu-
rofer97 [6] 

Fig. 2. Precipitates and TEM micrograph without irradiation.  

a) MX and M23C6 precipitates, irradiated 15 dpa [6] b) Loops, irradiated 15 dpa [4] 

Fig. 3. Precipitates and dislocation loops after 15 dpa irradiation.  
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distribution including loops and black dots is shown in Fig. 4a, together 
with its log-normal fitting and parameters. It is assumed that the size of 
the mean diameter of black dots is about 1 nm. 

Voids are another defect type which occurs during irradiation of 
Eurofer97. Voids have been identified with mean size of 3 nm [5]. The 
corresponding lognormal distribution is shown in Fig. 4b. 

Fig. 5a shows the densities of all defect types in the unirradiated state 
and after 15 dpa to summarize the presented defect densities. It is 
obvious that for M23C6 and MX type precipitates the defect density is 
independent from irradiation dose. Beyond 15 dpa the loops and black 
dots show the highest defect density. Fig. 5 b) compares the evolution of 
mean diameter with and without irradiation according to [6]. In gen-
eral, there is a slight increase in mean diameter visible for the 
precipitates. 

4. Dislocation Dynamics simulation 

In this section, the basic equations of the mobility law developed and 
implemented by G. Po et al in DD code MoDEL are presented. The 
equation for the velocity of kinks was slightly modified regarding tem-
perature dependence. Furthermore, within this chapter the parameters 
used for the ferritic-martensitic steel Eurofer97 will be shown. 

4.1. Mobility law 

For a good description of dislocation mobility, a proper mobility law 
must be used. The Dislocation Dynamics code MoDEL is based on a 
phenomenological mobility law developed by Po et al. [12]. This 
mobility law was developed for b.c.c. metals. Tungsten has been chosen 
by Po et al. as an example material for demonstration of its applicability. 
The formulation of the mobility law is limited to the glide component of 
dislocation motion and climb (controlled by diffusion of point defects) is 
not considered. The general form of the mobility law, see equation (3), is 
given as 

v(σ,T,φ) = vs(σ,T)[1 − w(φ) ]+ ve(σ,T)[w(φ) ] (3) 

It is a function of temperature T and stress σ. Furthermore, it in-
terpolates between screw dislocation velocities vs and edge dislocation 
velocities ve with a specific interpolation function w(φ). More details can 
be found in Po et al. [12]. With this interpolation function, a smooth 
transition between kink-dominated and phonon dominated regime is 
guaranteed [12]. The general form of dislocation velocity (edge or 
screw) is implemented in the DD code with equation (4) as: 

a) Loops+black dots, irradiated 15dpa [4] b) Voids, irradiated 15dpa [5] 

Fig. 4. Dislocation loops + black dots and voids after 15dpa irradiation.  

a) Defect densities b) Mean diameter 
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v(σ, T) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

τb
B(σ,T) exp

(

−
ΔGkp(σ, T)

2kBT

)

τb
B(σ, T)

if ΔGkp(σ,T) > 0
if ΔGkp(σ,T) ≤ 0 (4) 

The dislocation velocity is dependent on the resolved shear stress τ 
and the product τb is the glide component of the Peach-Koehler force 
[12]. The velocity can be influenced by the drag coefficientB(σ,T), 
which depends on stress and temperature. 

The distinction of cases by ΔGkp(σ,T) allows differentiating between 
active and non-active kink-pair mechanisms. If the free energy of kink 
pair nucleation ΔGkp(σ,T) is greater or equal to zero, the kink diffusion 
model influences the behaviour of dislocation velocity. This kink diffu-
sion model depends on the Boltzmann kB, the temperature and the free 
enthalpy, see equation (5) 

ΔGkp(σ, T) = ΔH0

{

[1 − θ(σ)p
]
q
−

T
T0

}

(5) 

In this equation the fitting constant T0 can be interpreted as an 
athermal transition temperature above which the energy barrier for 
kink-pair nucleation is guaranteed [12]. The remaining part in this 
equation is based on the phenomenological law introduced by Kocks 
[22]. The variable ΔH0 is the enthalpy barrier for kink nucleation and 
the exponents p and q are used as fitting parameters. With the ratio θ =

τ/τp, defined by the resolved shear stress τ and Peierls stress τp, the free 
enthalpy can be described. 

Po et al. [12] introduced the drag coefficient dependent on kink pair 
activation. If the free enthalpy is bigger than zero, the drag coefficient 
depends on the thermally activated kink process. In the other case, the 
drag coefficient follows a linear relationship dependent on temperature, 
see equation (6) 

B(σ,T) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

a
[

2aexp
(

ΔGkp(σ,T)
2kBT

)

+ L
]

2hL
Bk

B0 + B1T

if ΔGkp(σ, T) > 0
if ΔGkp(σ, T) ≤ 0

(6) 

In this equation, we use for the lattice constant a, the kink height h 
and the segment length L the relations in equations (7)-(9) derived from 
the geometry of the bcc lattice: 

a =
2̅
̅̅
3

√ b (7)  

h =
2
̅̅̅
2

√

3
b (8)  

L = L0b (9) 

Although phonon scattering theory suggests a temperature- 
dependent drag coefficient, the drag coefficient for kinks Bk used in Po 
et al. [12] is independent from temperature. In this work we did not 
explore the details of the drag behavior of kinks. We simply assume a 
linear relationship between temperature and drag coefficient, in the 
form 

Bk = Bk,0 +Bk,1T (10) 

where we simply consider Bk,0 and Bk,1 as fitting constants. The 
combination of the equations above allows now the final definition of 
edge and screw dislocation velocities. 

edge dislocation velocity 
The edge dislocation velocity in equation (11) is dominated by 

phonon drag regime. The kink dominated regime is equal to zero and it 
is independent from the free energy of kink pair nucleation: 

ve(σ,T) =
τb

Be(σ,T)
with Be(σ,T) = Be,0 + Be,1T (11) 

screw dislocation velocity 
For screw dislocations both regimes – phonon drag and kink domi-

nated – are relevant. Equation (12) show the final formulae of drag 
coefficient for screw dislocations: 

vs(σ, T) =
τb

Bs(σ, T)
withBs(σ,T)

=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

̅̅̅
3

√
[

4̅
̅̅
3

√ exp
(

ΔGkp(σ,T)
2kBT

)

+ L0

]

2
̅̅̅
2

√
L0

(Bk,0 + Bk,1T)

Bs,0 + Bs,1T

if ΔGkp(σ,T) > 0
ifΔGkp(σ,T) ≤ 0

(12)  

4.2. Parameters for Eurofer97 

Our material of interest is the ferritic-martensitic steel Eurofer97 
with its b.c.c. crystal structure. Some general material properties like 
melting temperature, lattice constant, Burgers vector, shear modulus, 
Poisson ratio and mass density are listed in Table 3. 

Based on a literature study the remaining parameters used in the 
equations of section 4.1 are summarized in Table 4 and will be explained 
in more detail on the following pages. 

The athermal transition temperature T0 used in equation (5) can be 
defined based on the work of H. Conrad [26]. He studied the tempera-
ture dependence of the activation energy for pure iron and pure chro-
mium. Pure iron reaches its plateau for an activation energy of 0.56 eV 
at around 230 Kelvin and pure chromium for 1.0 eV at higher temper-
ature. If we now consider that the chromium content in Eurofer97 is 
about 9% we can calculate an activation energy of 0.65 eV for the level 
of the plateau and this is reached at a temperature of around 350 Kelvin 

Table 3 
Material properties for Eurofer97.  

Property Symbol Unit Value 

Melting temperature Tm  [◦C] 1538 
Lattice constant [23] a [nm] 0.2484 
Burgers vector 〈111〉 [23] b  [nm] 0.2868 
Shear modulus [24] G  [MPa] G = G0 + G1T  
Poisson ratio [24] v  [-] 0.3 
Mass density [24] ρm  [kg/m3] 7670  

Table 4 
Dislocation Dynamics related material parameters for Eurofer97.   

dislocation  
Property Symbol Unit screw edge  

Enthalpy barrier for kink 
nucleation 

ΔH0  [eV] 0.65 ≈ 0  [25] 

Mobility exponent p  [-] 0.5 – [25] 
Mobility exponent q  [-] 1.25 – [25] 
Athermal transition 

temperature 
T0  [◦C] 0.138Tm  – [26] 

Peierls stress τp  [MPa] 360 – [27,28] 
Non-schmid coefficient a0  [-] 1.0 – [29] 
Non-schmid coefficient a1  [-] 0.4577 – [29] 
Non-schmid coefficient a2  [-] 0.1454 – [29] 
Non-schmid coefficient a3  [-] 0.5645 – [29] 
Drag coefficient kink Bk,0  [Pas] 6.60E-5 – [30] 
Drag coefficient kink Bk,1  [Pas/ 

K] 
− 3.80E- 
7 

– [30] 

Drag coefficient screw/ 
edge 

Bs,0; Be,0  [Pas] 7.83E-5 9.65E- 
6 

[30,25] 

Drag coefficient screw/ 
edge 

Bs,1 ;Be,1  [Pas/ 
K] 

2.71E-8 6.42E- 
7 

[30,25] 

Segment length L0  [-] 30.5  [31]  
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and will be used as athermal transition temperature T0. 
The Peierl’s stress τp, see equation (5), for b.c.c. iron mentioned in 

Gururiaj [27] is in very good agreement with single crystal yield stress 
experimental data at zero Kelvin [28]. The reported value is 360 MPa 

and used within this work. 
It is well-known that the screw dislocations in bcc metals is largely 

affected by non-Schmid effects [12]. The mobility law employed in this 
work is sensitive to the non-Schmid components of stress. We implement 
a well established model [32], which predicts the onset of slip of a screw 
dislocations when the shear stresses on the planes of the [111] zone 
satisfy the condition 

a0τp = τ(101) + a1τ(011) + a2τ’
(101) + a3τ’

(011) (13) 

The non-Schmid parameters in equation (13) for b.c.c iron have been 
determined by Chen [24] (a1 = 0.4577, a2 = 0.1454, a3 = 0.5645). The 
parameter a0 was not specified and it was set equal to 1.0 to be 
consistent with the implementation in DD code MoDEL. Comparable 
non-Schmid parameters were reported by Köster et al. [33], which 
proofs their applicability. 

At sufficiently high stress and temperature, the dislocation mobility 
is dominated by the phonon drag rather than kink nucleation and 
migration. Therefore, the mobility law includes drag coefficients for 
edge and screw dislocations and also for kinks. The phonon drag co-
efficients of edge dislocations used for Eurofer97 are based on the work 
of Queyreau et al. [25]. They determined the edge dislocation mobility 
for b.c.c. iron by molecular dynamics. The drag coefficient for edge 
dislocations increases linearly with temperature and its value approxi-
mately triples between 100 and 450 K [25], see Fig. 6. 

The equation of the linear fitting is shown in equation (14): 

Be = Be,0 +Be,1T = 9.65∙10− 6 + 6.42∙10− 7T (14) 

Gilbert et al. [30] identified the dependence of stress and tempera-
ture of screw dislocation mobility in b.c.c. iron. In this context, they 
determined phonon drag coefficients for screw dislocations and kinks. 
The equation for screw dislocation velocity mentioned in his work uses 
the normal stress instead of the shear stress. For this reason the Taylor 
factor (M = 3.06) must be considered to transfer shear stresses to 
normal stresses, see equation (15): 

σ = Mτ = 3.06τ (15) 

In case of screw dislocations, the dependence of phonon drag coef-
ficient on temperature considering the Taylor factor is shown in Fig. 7 
according to [30]. 

The equation of the linear fitting is shown in equation (16): 

B = 6.42E-07 T + 9.65E-06
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Fig. 6. Phonon drag coefficients edge dislocations.  

y = 2.71E-08 T + 7.83E-05
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Fig. 7. Phonon drag coefficient for screw dislocations.  

Fig. 8. Initial microstructure for line dislocations.  
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Bs = Bs,0 +Bs,1T = 7.83∙10− 5 + 2.71∙10− 8T (16) 

For the formation of kinks in the thermally activated regime the drag 
coefficient was determined by fitting based on a satisfied description of 
the experimental yield strength in Table 2. The equation of the linear 
fitting is shown in equation (17): 

Bk = Bk,0 +Bk,1T = 6.6∙10− 5 − 3.8∙10− 7T (17) 

The last unknown parameter for the mobility law is the segment 
length L0, which is used in equation (12). Brunner&Diehl [31] reported 
a value of 30.5 for the segment length L0 which is used within this work. 

5. Results and discussion 

This paragraph shows the simulation results obtained with the 
Representative Volume Element presented in Fig. 1 c). All simulations 
are based on the defect densities and defect distributions presented 
within this work. For the dislocation mobility, the parameters summa-
rized in Table 3 and Table 4 were used. 

Section 5.1 starts with the simulation of yield strength dependence 
on temperature. The influence of additional features like inclusions 
(M23C6 or MX precipitates) are discussed in section 5.2. The last part 
(section 5.3) deals with the influence of irradiation induced hardening 
on the yield strength. 

5.1. Simulation of the temperature dependence of yield strength 

In this section, the temperature dependence of yield strength is 
presented. The DD simulations were performed at room temperature 
and 330 ◦C. The obtained yield point from the simulation at these 
temperatures is compared with the experimental yield strength. The line 
dislocation density used for the Representative Volume Element (RVE) 
was 0.9E14 m− 2. The initial microstructure was generated randomly 
with a specific generator for line dislocations, see Fig. 8. 

In a first step, precipitates were not included, because it is assumed, 
that their influence on yield strength will be minor. The RVE needs a 
grain orientation, which can be defined with a so called grain orienta-
tion matrix in MoDEL, see equation (18). 

M =

⎡

⎣
1 0 0
0 1 0
0 0 1

⎤

⎦ (18) 

The simulations were performed under stress- and strain-rate con-
trol. The strain-rate is equal to 1000 s− 1 and the used stress-rate has been 
chosen corresponding to this strain-rate. For room temperature as well 

as for 330 ◦C, the drag coefficient for kinks was changed until the 
simulation was able to reproduce the experimental yield strength. This 
procedure has been chosen due to lacking literature data. 

Fig. 9 a) shows the result of the DD simulation under stress-rate 
control. For room temperature, there are three curves in light blue and 
the average curve in deep blue. For 330 ◦C the same is shown in green 
color. The horizontal dotted blue and green lines show the experimental 
yield strength. It is obvious that due to fitting the average curves for both 
temperatures fits the experimental yield strength very well. 

The influence between stress- and strain-rate control at 330 ◦C is 
presented in Fig. 9 b). The light lime green curves show the result of 
three simulations under strain-rate control. All these curves show 
remarkable drops in stress, which is caused by the constant strain rate. 
The lime green curve shows the average curve under strain-rate control. 
A comparison of the deep and lime green average curves shows, that the 
difference between stress-rate and strain-rate control is not significant. 

5.2. Simulation of the influence of precipitates 

The microstructure of Eurofer97 shows M23C6 precipitates, which 
are located predominantly at the lath boundaries, see Fig. 1. In conse-
quence, their influence on yield strength should be minor. Nevertheless, 
there are Ta-rich MX precipitates inside the lath and they may affect the 
yield strength of the material. 

In the MoDEL implementation used here, dislocations interact 
among themselves and with the irradiation loops through their elastic 
stress field. The stress field is then used in the mobility law to determine 
the time evolution of the dislocation microstructure configuration. 
Precipitates interact with dislocations by providing an additional source 
of stress in the material, and by acting as obstacles to the motion of 
dislocations. In order to investigate the effects of precipitation, we have 
implemented the stress field of precipitates according to Eshelby in-
clusions theory [34]. For simplicity precipitates are implemented as 
spherical inclusions in the DD code MoDEL. The interaction between 
precipitates and dislocations is governed by the stress field of the in-
clusion. In turn, this depends on the so called transformation strain of 
the inclusion. In our work, the transformation strain is assumed to be 
isotropic transformation associated with the lattice constant mismatch 
between inclusion and matrix. This can be calculated according to 
equation (19): 

εT =
ainclusion − amatrix

amatrix
(19) 

For a first guess the precipitates are treated as impenetrable, which 
cannot be sheared (inclusion problem). This means, that the 

a) Temperature dependence of yield strength b) Dependence of stress- & strain-rate control 
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Fig. 9. DD simulation results.  
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impenetrable inclusion should have a strong influence on the general 
behavior. The simulation has been performed at 330 ◦C under strain-rate 
control with initial line dislocation density of 0.9E14 m− 2. Furthermore, 
the densities and lognormal distributions of M23C6 and MX-type pre-
cipitates (see Fig. 2) were added before generating the microstructure. 
The initial microstructure used in the RVE is shown in Fig. 10 a). The 
spheres lying at the outer surfaces of the RVE represents the M23C6 

precipitates and the ones within the volume are the MX-type pre-
cipitates. It is important to mention that these inclusions do not have 
specific material properties. These spherical volumes are impenetrable 
and cannot be sheared by any dislocation. 

The simulation result obtained with precipitates under strain-rate 
control at 330 ◦C is compared with the result without precipitates in 
Fig. 10 b). The red curve clearly shows, that the influence of precipitates 

a) Initial microstructure b) Influence of precipitates on yield strength 
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Fig. 10. Microstructure and DD simulation results.  

M23C6 at lath boundary: 

a) 

MX within the lath: 

b)  

<111> and <100> loops: 

c) 

voids: 

d) 

Fig. 11. Initial microstructure for line dislocations, precipitates, dislocation loops and voids.  
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treated as impenetrable inclusions is minor compared to the green 
curves obtained with line dislocations, only. However, the precipitates 
will be maintained for further simulations, because it is not clear how 
their influence after irradiation will be. 

5.3. Simulation of irradiation induced hardening 

Dethloff et al. [6 7 4] observed dislocation loops and voids inside the 
lath after 15 dpa neutron irradiation. After re-evaluation of TEM mea-
surement, Dethloff [4] reported defect densities and distributions for 
dislocation loops and black dots, see Fig. 4. The analyzed loops have the 
types 〈100〉 as well as 〈111〉 . The DD simulation is able to consider the 
ratio of 〈100〉 and 〈111〉 loops, which was experimentally measured by 
TEM [4]. The initial microstructure for DD simulation considers now the 
distribution and densities of precipitates, loops + blackdots and voids. 
All defect features generated with the microstructure generator are 
visualized in Fig. 11. 

In addition to the grey spheres, representing the precipitates in 
Fig. 11 a) & b), there are 〈111〉 and 〈100〉 loops added (loops with 4 and 
6 corners), see Fig. 11 c). The corners forming the loops have the same 
features as line dislocations and all 〈100〉 loops are fixed at their initial 
position. The 〈111〉 loops have in general two options depending on the 
simulation settings:  

• Fixed position  
• Free movement 

The neutron irradiation generates voids within the microstructure, 
which have been considered as impenetrable small inclusions; see 
Fig. 11 d). Hence, the dislocation voids interaction neglects the free 
surface effects and image forces [35,36], respectively. The distribution 
and density of voids was set according to TEM measurements by Weiß 
et al. [5], see Fig. 4. 

In a first simulation, all dislocation loops were fixed at their initial 
position and cannot move. The simulation result at 330 ◦C under stress- 

rate control after 15 dpa neutron irradiation (considered with corre-
sponding defect densities and distributions) is shown in Fig. 12 with the 
curve in red color. Compared to the green curve before irradiation, there 
is an increase in yield strength visible. This increase is called irradiation 
induced hardening based on the formation of defects like dislocation 
loops and voids. The experimental yield strength after neutron irradia-
tion of 15 dpa was equal to 869 MPa with an increase from unirradiated 
to irradiated case of 404 MPa. The simulation shows a less pronounced 
increase in yield strength (223 MPa). In summary, the simulation pre-
dicts a yield strength after irradiation, which is equal to 627 MPa. 

The reason for the discrepancy between experiment and simulation 
of irradiation induced hardening can be versatile:  

• Dislocation loop or void density obtained by TEM is not correct  
• Dislocation loop or void distribution obtained by TEM is not correct  
• Ratio for 〈111〉 and 〈100〉 loops obtained by TEM is not correct  
• 〈111〉 loops should not be fixed at all 

To figure out the discrepancy between simulation and experiment, 
another simulation has been performed, where the 〈111〉 dislocation 
loops have the possibility to move within the RVE. After 15 dpa the 
presence of the 〈111〉 dislocation loops dominate with 55% compared to 
the 〈100〉 loops. This means that around half of all loops will have the 
opportunity to move in this simulation. The simulation result is shown in 
Fig. 12 with purple color. The influence of irradiation hardening on yield 
strength is more pronounced compared to the simulation before, where 
all dislocation loops are fixed on their initial position. The simulated 
yield strength now increases to 752 MPa and the increase in yield 
strength is equal to 287 MPa. 

These simulations have shown, that the movement of 〈111〉 dislo-
cation loops increases the irradiation induced hardening significantly. 
Nevertheless, there is still a gap between experiment and simulation. If 
we now assume, that the TEM resolution limit does not allow detecting 
defects smaller than one nanometer, it is obvious that there are more 
defects present than observed by TEM. Additional small defects e.g. 

0

200

400

600

800

0 0.002 0.004 0.006 0.008 0.01

st
re

ss
 [M

Pa
]

strain [-]

330°C, stress control, #01
330°C, stress control, #02
330°C, stress control, #03
330°C, stress control, avg
330°C, stress control, precipitates, voids, fixed loops, #02
330°C, stress control, precipitates, voids, fixed loops, #01
330°C, stress control, precipitates, voids, fixed loops, avg
330°C, stress control, precipitates, voids, free loops, #01
330°C, stress control, precipitates, voids, free loops, #02
330°C, stress control, precipitates, voids, free loops, avg
330°C, yield strength
330°C, 15dpa, yield strength
330°C, 0.2 mm offset

Fig. 12. DD simulation results considering irradiation induced hardening.  
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small loops in DD simulations would act as obstacles and affect the 
movement of line dislocations and 〈111〉 loops. For this reason, other 
techniques than TEM, like Atom Probe Tomography (APT), should be 
considered to be able to quantify small particles in the future. 

6. Conclusion 

This paper shows the effect of irradiation hardening based on the 
interaction of defects by Dislocation Dynamics simulations. Initially the 
ferritic-martensitic microstructure of Eurofer97 was discussed. The main 
finding was, that it is sufficient to simulate a Representative Volume 
Element with the dimensions of a martensitic lath. Based on that, the 
microstructural features forming the lath were figured out. In the 
following, a literature survey on irradiation induced hardening based on 
TEM observations was presented. The most relevant information for the 
Dislocation Dynamics simulations were the type of defects with their 
densities and defect distributions. All defect distributions from literature 
were fitted with lognormal distributions. The corresponding parameters 
were summarized to use them in the simulations. 

The DD simulation requires a proper mobility law. Within this work, 
the mobility law for b.c.c. materials developed by Po et al. [12] has been 
used with a small modification regarding the temperature dependence 
of the drag coefficient for kinks Bk. 

The simulations focused on three main parts:  

• The proper description of the material yield strength,  
• the influence of precipitates on yield strength and  
• the influence of irradiation induced defects on the yield strength. 

It was shown, that the precipitates have a minor influence on yield 
strength and could be neglected. The dislocation loops and voids, 
formed under neutron irradiation, influence the yield strength signifi-
cantly. It is important to notice that the movement of dislocation loops 
within the volume affects the yield strength in addition. There is still a 
gap between the yield strength after irradiation observed in the exper-
iment and the simulation. In the future, other experimental techniques 
like Atom Probe Tomography would help to identify small defects 
(smaller than one nanometer). If their density and distribution were 
known, it would be easy to add them to a DD simulation to be able to 
simulate the experimental yield strength after irradiation. 
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