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Abstract

Ferritic steels with and without hafnium (Hf) addition were irradiated by 250 keV nickel ions at 300 �C in an ion accel-
erator attached to the multi-beam high voltage electron microscope (JEOL ARM1300) to study the influence of Hf addi-
tions on radiation-induced segregation in a ferritic/martenitic steel. Grain boundary segregation of phosphorus, silicon,
chromium and molybdenum were measured by field-emission-gun transmission electron microscopy with an energy disper-
sive analyser. The results show that radiation induces the enrichment of undersized atoms (P) and the depletion of over-
sized atoms (Cr) in the materials without Hf addition. The addition of Hf suppresses radiation-induced undersized atom
enrichment and oversized atom depletion. A radiation-induced non-equilibrium segregation (RIS) model is developed to
predict undersized and oversized atom segregation behaviour at the grain boundary. The effect of hafnium on freely
migrating defect population is discussed and estimated to indicate the effect of the element on segregation behaviour of
the elements like P and Cr in the ferritic steel. The predicted results are compared with experimental data.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Radiation by high energy particles (electrons,
ions, neutrons) may induce the redistribution of
impurities and solutes near sinks, such as point
defects, dislocations and boundaries. The enrich-
ment and/or depletion of the elements at grain
boundaries will influence the mechanical properties
of materials. The enrichment of undersized impurity
atoms, e.g. phosphorus in ferritic reactor pressure
0022-3115/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.jnucmat.2006.02.026

* Corresponding author. Tel.: +44 1509 223618; fax: +44 1509
223949.

E-mail address: zheng.lu@lboro.ac.uk (Z. Lu).
vessel steels, reduces the grain boundary cohesion,
causing the materials to fail through inter-granular
embrittlement [1]. The depletion of oversized solute
atoms, e.g. chromium in austenitic steels, is believed
to contribute to the irradiation-assisted stress corro-
sion cracking (IASCC) [2]. It has been found that
radiation-induced Cr depletion in austenitic steels
and radiation-induced P enrichment in ferritic steels
can be suppressed by oversized atom additions
[3–10]. Ti, V, Nb, Ta, Zr, Hf and Pt were added
to austenitic steels [3–9] and Hf to ferritic steel [10]
to study the influence of oversized solute additions
on radiation-induced segregation (RIS). Hf and Zr
additions show the best suppression effect for Cr
.
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depletion in austenitic steels. The majority of work
has been focused on austenitic steels so far and
few studies of ferritic steels have been made. In this
study, the effect of Hf additions on radiation-
induced segregation in ferritic steels is investigated.
Radiation-induced segregation models (RIS) are
also presented to predict the inter-granular segrega-
tion of undersized and oversized solute atoms.

2. Experimental

E911 was supplied by Corus in the as-received
condition, i.e. normalised at 1060 �C for 1 h, then
air cooled. The chemical compositions are listed in
Table 1.

Samples used in this study are 3 mm dia. TEM-
discs. Electro-polishing was applied to produce thin
areas at the edge of holes. Hafnium (Hf) (1 at.%) is
implanted in E911 at room temperature. E911 with
and without Hf (marked by E911 + Hf and E911,
respectively) were irradiated by heavy ion (Ni+) in
the ion beam line attached to the multi-beam high
voltage electron microscope (JEOL ARM 1300),
Hokkaido University, Japan. Irradiations were car-
ried out at a dose rate of 6.25 · 1012 Ni+ cm�2 s�1 at
300 �C. Doses were 8.06 · 1016 Ni+ cm�2.

A conversion from dose (ion fluence, ions cm�2)
to displacement dose (dpa) is given by [11]

dpa ¼ 0:8

2Ed

dE
dx

� �
U
q
;

where Ed is a displacement threshold energy (about
40 eV for steel), dE

dx is the linear energy transferred
per ion to the target by nuclear processes, U is ion
fluence, q is target (steel) atomic density. dE

dx is calcu-
lated by SRIM 2003. The corresponding dose rate
and dose in units of dpa are 2.36 · 10�5 dpa/s and
0.305 dpa.

After irradiation, ion thinning of TEM foils was
carried out by an ion-milling instrument in order to
remove surface amorphous layers induced by ion
implantation. The grain boundary composition
was measured using a field-emission-gun analytical
TEM (JEOL 2010F) equipped with an energy dis-
Table 1
Chemical compositions of E911 steel (wt%)

Cr C W N Mn Si P S
9.16 0.105 1.00 0.072 0.35 0.2 0.007 0.003

Ni Nb Mo V Sn As Sb Fe
0.23 0.68 1.01 0.23 – – – Bal.
persive X-ray analyzer (Noran Inc. VOYAGER sys-
tem). The nominal spot size is 0.5 nm.
3. Modelling segregation

3.1. RIS for undersized atoms

The binding energy between the self-interstitial
and the solute atoms is related to the magnitude
and sign of the misfit of the solutes in the complex.
The magnitude of RIS is dependent upon the mag-
nitude of binding energy, whilst the distribution is
governed by the sign of binding energy. For under-
sized atoms, the self-interstitial, rather than the
vacancy, is regarded as the main transporter of
impurities because the migration energies are lower
and binding energies are higher than for the
vacancy–impurity situation [17,15]. Although recent
researches [19,20] show the vacancy–P atom com-
plex also plays a role in RIS, the self-interstitial–
impurity mechanism is thought to be dominant in
RIS. For undersized solutes, the binding energy is
positive and the solutes migrate in the same direc-
tion as the self-interstitial. On the basis of the earlier
models [10,12], the misorientation and stress effects
are included. The maximum segregation, Cj

m, of
undersized atoms induced by irradiation at grain
boundary in ternary alloys can be expressed by

Cj
m ¼ Cj

g

Eip
bðjÞ

Ep
f

Cj
g exp

Eip
bðjÞ
kT

� �
P

jC
j
g exp

Eip
bðjÞ
kT

� �
2
664

3
775

� 1þ aLðtfÞBGFðgÞ
ApDpk2

dp

exp
Ep

f

kT

� �" #
ðj ¼ 1; 2Þ;

ð1Þ

where Cj
g is the solute concentration in the matrix;

Eip
bðjÞ is the self-interstitial–impurity binding energy;

Ep
f is the point-defect formation energy; k is Boltz-

mann’s constant; T is the absolute temperature; a
is a misorientation factor, which can be expressed
by a = 1 � exp(�lEGB/kT), l is a constant, EGB is
the grain boundary energy; G is the dose rate; B is
the dose rate correction factor related to the FMD
concentration; F(g) is the long-range recombination
factor of the freely migrating defect; L(tf) is the foil
effect factor [10]; Ap is a constant associated with the
vibrational entropy of atoms around the point-
defect; Dp is the diffusion coefficient of point-defects
in the matrix; k2

dp is the sink strength for point-
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defects; Ep
f is the formation energy of point-defects.

The final grain boundary concentration, Cj(t)*, after
irradiation time t, including site competition effects
between the solutes i and j, is given by [10,12,18]

CjðtÞ� ¼ CjðtÞ
Cj

g expðQj=kT Þ
Ci

g expðQi=kT Þ þ Cj
g expðQj=kT Þ

 !
.

ð2Þ
Here, Cj(t) is grain boundary concentration after
irradiation time, t, without site competition; Qi

and Qj is the binding energy of grain boundary with
the solutes. When a stress is applied at grain bound-
ary, it is assumed the direction of stress is perpen-
dicular to GB, and the binding energy of grain
boundary with solutes is expressed by Qr = Q �
pDV, here Q is the binding energy without stress,
p is the applied tensile (+)/compressive (�) stress,
DV is the volume of impurity. Effects of free carbon,
dose rate, misorientation and stresses on RIS of
phosphorus in a-Fe are shown in Fig. 1. Radiation
induces a P segregation peak in the temperature
range 200–300 �C. At the lower temperature, for
example, less than 200 �C, although irradiation pro-
duces greater damage, the diffusion coefficient of
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Fig. 1. Effects of free carbon (a), dose rate (b), misori
impurity is low. So RIS is low. At higher tempera-
ture, for example, 400 �C, the diffusion coefficient
increases but irradiation damage decreases because
of defect annihilation. It should be noted that the
diffusion mentioned here is enhanced by irradiation.
The position of the peak is related to the irradiation
condition and materials. The second peak is caused
by equilibrium segregation. Fig. 1(a) shows that
with the increase of free carbon concentration, radi-
ation-induced P GB segregation decreases. This is
because there is site competition between P and C,
i.e. C can occupy preferentially the sites on the grain
boundary. With the decrease of dose rate, radiation-
induced P segregation peak moves towards the low-
er temperature region (Fig. 1(b)). Different R values
correspond to different grain boundary energy. a in
Eq. (1) is the function of grain boundary energy. So
RIS of P at GB with different R can be calculated
from Eq. (1). In the low R boundary, for example,
R3, P segregation is low (Fig. 1(c)). The tensile stress
enhances GB P segregation, while the compressive
stress suppresses GB P segregation (Fig. 1(d)). The
P segregation ratio used in Fig. 1 is the ratio of
radiation-induced P GB segregation and P bulk
concentration.
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3.2. RID of oversized atoms

For oversized atoms, Goodwin and Faulkner’s
model is used [13,14]. Both interstitials and vacan-
cies are produced during radiation, but only the
contribution from interstitial–solute complexes is
considered in the model. The detailed discussion
on this issue can be found elsewhere [14]. For over-
sized solutes, the binding energy is negative (Fig. 5)
and it is assumed that the solute is repelled by the
interstitial and the solutes migrate in the opposite
direction to the interstitial. The maximum RIS of
oversized atoms at the grain boundary in the binary
alloys (site competition is not considered here), Cm,
is then given by

1

Cm

¼ 1

Cg

1þ LðtfÞBGFðgÞ
ADpk2

dp

exp
Ep

f

kT

� �" #
. ð3Þ

The evaluation of the time dependency of RIS is
given by

C ¼ Cg þ ðCm �CgÞ 1� exp
4Dct

a2d2

� �
erfc

2
ffiffiffiffiffiffiffi
Dct
p

ad

� �� �
;

ð4Þ
where Dc is the diffusion coefficient of the complex, t
is the radiation time, a is the ratio of Cm/Cg and d is
grain boundary thickness.

The concentration profile of RIS is given by [13]

Cx ¼ Cg bþ ð1� bÞerf
x

2
ffiffiffiffiffiffiffi
Dct
p

� �� �
; ð5Þ

where b is the ratio of Cg/C, and x is the distance
from grain boundary.

3.3. Effect of oversized atoms on FMD and

consequent segregation behaviour of other elements

Radiation produces an excess of point-defects
(vacancies and self-interstitials) in the matrix, while
the concentration of point defects at the grain
boundary approaches the thermal equilibrium con-
centration. The point-defects surviving from cas-
cades are called freely migrating point-defects
(FMD), which form complexes with solutes and
migrate towards GBs. For undersized solute atoms,
like P, the binding energy with self-interstitials is
higher than that with vacancies. Thus, P-self-inter-
stitial complexes are formed and migrate towards
GB. This is radiation-induced segregation (RIS).
Oversized solute atoms, like Cr, can form the com-
plexes with self-interstitials and the binding energy
is negative. The self-interstitial–solute pairs migrate
away from the GB. This is radiation-induced deple-
tion (RID). The binding energies of FMD to vari-
ous solutes are calculated by using Faulkner’s
model [15] and are shown in Fig. 5. It is well known
that RIS or RID is dependent on FMD concentra-
tion through the B in Eq. (1). The oversized addi-
tion atoms have positive binding energy with
vacancies. With the increase of the radius of addi-
tion atoms, the binding energy increases. This
means the atoms with larger atomic radius (Hf,
Zr) can capture vacancies more easily than the oth-
ers (Ti, Ta, Nb, V). The capture of vacancies by
addition atoms results in reduced mobility of vacan-
cies and enhancement of vacancy–interstitial recom-
bination in the matrix. So the population of FMD
decreases and RIS or RID also decreases. This is
agreement with experimental observation. The effect
of oversized atom addition on the population of
FMD can be estimated by

CFeEb
Fe

CHfEb
Hf

¼ BHf

B
;

where CFe, CHf are the concentration of Fe and Hf
in matrix; Eb

Fe;E
b
Hf are the binding energies of Fe

and Hf with vacancies respectively; B is the freely
migrating defect concentration in alpha Fe; BHf is
the FMD concentration in the materials with the
Hf addition. The calculated BHf is 0.246B, which
means that the population of FMD decreases to
about one-quarter of the value for the case without
Hf addition. It should be emphasized in addition to
FMD being affected by the presence of large atoms,
the recombination item F(g) and complex diffusion
coefficient in Eq. (1) will also be changed. We have
not yet included this into the modeling.
4. Results and discussion

Ferritic E911 steel shows a lath martensite micro-
structure (see Fig. 2). There are a few Nb-rich car-
bides in E911 (from tens to hundreds of nm in
diameter) prior to the irradiation at 300 �C.

The grain boundary composition of unradiated
E911, radiated E911 and radiated E911 + Hf was
measured. The effect of hafnium on segregation
behaviour of undersized and oversized elements is
described below.

P is an undersized element in ferritic steels. The P
concentration in the matrix is 0.007 wt%. Heat
treatment induces P enrichment at the GB



Fig. 2. The microstructure of E911.
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Fig. 3. Phosphorus concentration in unradiated, radiated E911
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Fig. 4. Cr GB concentrations in unradiated, radiated E911 and
radiated E911 + Hf steels.
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(0.17 wt%) measured experimentally. For the mate-
rials without Hf addition, radiation at 300 �C results
in P segregation towards the GB (up to 1.66 wt%).
In the materials with Hf addition, the concentra-
tions of P at the GB are suppressed (0.3 wt%), see
Fig. 3.
Table 2
The input data used in the models

Parameter P C Cr

Entropy constant associated with self-interstitial 1 1 1
Vacancy formation energy (eV) 1.4 1.4 1.4
Self-interstitial formation energy (eV) 3.0 3.0 3.0
Self-interstitial–impurity binding energy (eV) 0.57 1.12 –
Impurity diffusion activation energy (eV) 2.68 0.83 2.38
Self-interstitial–impurity complex diffusion

activation energy (eV)
0.87 1.42 –

Self-interstitial migration energy (eV) 0.3 0.3 0.3
Pre-exponential diffusion constant for

impurities (m2 s�1)
7.12 · 10�3 3.94 · 10�7 1.48 · 10�4

Pre-exponential diffusion constant for
complexes (m2 s�1)

8 · 10�7 8 · 10�7 8 · 10�7

Pre-exponential diffusion constant for
self-interstitials (m2 s�1)

5 · 10�6 5 · 10�6 5 · 10�6

Self-interstitial bias 1.1 1.1 1.1
Activation energy for dislocation recovery (eV) 0.1 0.1 0.1
Equilibrium segregation parameter 0.775 0.775 –
Binding energy with grain boundary (eV) 0.54 0.829 –
Grain boundary width (nm) 1 1 1
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Cr is oversized atom in ferritic steels. The concen-
tration of Cr in the matrix is 9.16 wt%. Prior to radi-
ation, there is enrichment due to heat treatment of
Cr (+3.74 wt%) measured experimentally at the
GB, similar to the case for P. For the materials with-
out Hf addition, the radiation induces the depletion
of Cr (�2.04 wt%) at the GB. In the materials with
Hf addition, the depletion of Cr is suppressed
(�0.63 wt%) (see Fig. 4).

The radiation-induced undersized P atom and
oversized Cr atom inter-granular segregation behav-
iour is calculated by the models in Section 3. The
presence of Hf is accommodated by a revised value
of B, the FMD concentration, in Eqs. (1) and (3) as
indicated in Section 3.3. Input data for modeling
can be found in Table 2. The results are shown in
Figs. 6 and 7, respectively. Here, the experimental
data are corrected according to an analytical convo-
lution method established by Faulkner et al. [16]
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Fig. 6. The comparison of experimental data and predicted
results of P enrichment at GB.
because the actual segregated solute grain boundary
concentration should be much higher or lower in the
case of enrichment or depletion than those deter-
mined by the FEGTEM microanalysis because of
its limited spatial resolution. The calculated results
show a good agreement with experimental data
when the change of FMD population B in the pres-
ence of Hf is considered.

5. Summary

Radiation induces undersized atom (P) enrich-
ment and oversized atom (Cr) depletion at grain
boundaries in E911 steel. This phenomenon can be
suppressed by the addition of an oversized atom,
Hf. The effect of Hf on the population of freely
migrating point-defects is estimated. The models
for predicting RIS are presented. The predicted
results show a good agreement with experimental
data.
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