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Abstract

Various X-ray diffraction line profile analysis (XRDLPA) techniques have been used to assess the microstructure of an heavy irra-
diated Zr-1.0%Nb-1.0%Sn-0.1%Fe alloy. The domain size, microstrain, density of dislocation and stacking fault probabilities of the
irradiated alloy have been estimated as a function of dose by the Williamson—Hall Technique, a Modified Rietveld Analysis and by
the Double Voigt Method. A clear signature for an increase in the density of dislocation with the dose of irradiation was revealed.
The analysis also estimated the average density of dislocation in the major slip planes after irradiation.

© 2007 Elsevier B.V. All rights reserved.

PACS: 61.10.Nz; 61.72.—y; 61.82.Bg

1. Introduction

Energetic particles such as electrons, heavy ions and
neutrons transfer energy to solid materials primarily by
the process of ionization, electronic excitation and by the
displacements of atoms from their original sites [1]. These
processes cause a change in the internal microstructure,
phase distributions, dimensions and the mechanical prop-
erties [2-5] of the target material. Generally neutrons and
heavy ions in the MeV range impart so much energy to
the primary knock-on that a displacement cascade is pro-
duced consisting of highly localized interstitials and vacan-
cies [6] associated with a single initiating event. The process
and the reaction pathways by which the displacement and
electronic energy are dissipated, determine the structure
and properties changes, exhibited by the material. Micro-
structural evolution in metals and alloys during irradiation
with the energetic particles has been reviewed thoroughly
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with an emphasis placed on the underlying defect reaction
processes [7]. In case of the light ions such as protons, the
damage profiles are much more homogeneous than for
heavy ions. The damage caused by the neutron irradiation
is often simulated by using the high-energy particle irradi-
ations, which allow easy variations of the irradiation con-
ditions [6]. By using light or heavy ions, the recoil
spectrum can be altered to cover significant ranges of the
neutron recoil spectrum [6]. Thus the nature of the radia-
tion damage in a material is affected by the type of ions
used for irradiation, the alloying elements and the impurity
variations [8].

In the present study, we have carried out irradiation
with 145 MeV Ne®" with degrader on Zr-1.0%Nb-1.0%
Sn-0.1%Fe at different doses. Several techniques of X-ray
diffraction line profile analysis (XRDLPA) have been used
to evaluate the effect of the irradiation on the microstruc-
ture of the material. XRDLPA is a powerful technique to
evaluate the microstructural parameters in a statistical
manner [9]. Different techniques of XRDLPA have been
widely applied for the evaluation of microstructural
parameters in deformed metals and alloy systems [10,11].
In our earlier studies, we have measured microstructural
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variation due to irradiation with the proton and the oxygen
ions on the same alloy [12,13]. Though the parameters
obtained by different techniques are differently defined
and thus not necessarily comparable, the main purpose of
using these different techniques is to show their
equivalence.

In this work, we have characterized the microstructural
parameters by XRDLPA using three different model based
approaches: (1) the Williamson-Hall Technique, (2) a
Modified Rietveld Analysis and (3) a Double Voigt
Method. The Zr-1.0%Nb-1.0%Sn-0.1%Fe alloy was irra-
diated with neon. The domain size, microstrain, density
of dislocation and the stacking fault probabilities of the
irradiated alloy have been estimated as a function of dose.
The damage profile as a function of depth from the surface
has been characterized in terms of displacements per atom
(dpa) for different doses.

2. Experimental

An ingot of Zr—1.0%Nb-1.0%Sn-0.1%Fe alloy was pre-
pared in the Nuclear Fuel Complex, Hyderabad, India, by
the double vacuum arc melting technique. It was then f
quenched, followed by hot extrusion and cold pilgering
to produce fuel cladding tubes of 0.4 mm wall thickness.

Samples of size 10 mm x 10 mm were cut from these
tubes and annealed at 1023 K for 4 h. The samples were
mounted on an aluminum flange and covered with an alu-
minum foil of thickness 30 pm which was used as a degra-
der. These samples were then irradiated with 145 MeV
Ne®*ions from variable energy cyclotron (VEC), Kolkata,
India. The incident energy of the particle on the sample
was 110 MeV after degradation. The irradiation doses were
3%x10'7, 8x 107, 1 x10'® and 3 x 10'®Ne®" ions/m>2. The
flange used for irradiation was cooled by continuous flow
of water. During the irradiation, the temperature of the
sample did not rise above 313 K as measured by the ther-
mocouple connected very close to the sample. The range
of ions in this material and the dpa were obtained by
Monte-Carlo simulation technique using the code SRIM
2000 [14].

X-Ray diffraction (XRD) profiles for each irradiated
sample have been recorded from PHILIPS 1710 diffrac-
tometer using CuK, radiation. The range of 20 was from
25° to 100° and a step scan of 0.02° was used. The time
per step was 4 s.

3. Method of analysis

In most X-ray investigations, structural information is
extracted from the angular positions and the intensities of
Bragg peaks in the diffraction pattern. Here, we are inter-
ested in variation of the microstructure with irradiation.
Generally, the broadening of a Bragg peak arises due to
the instrumental broadening, broadening due to the small
domain size and microstrain. In general, more detailed
information is extractable from the line shapes of the Bragg

peaks; analysis of the line shapes allows for characteriza-
tion of the microstructure more comprehensively in terms
of the mean square microstrain and the average domain
size. The Williamson—Hall Technique, a Modified Rietveld
Method using the whole powder pattern fitting technique
and a Double Voigt Analysis have been adopted in the
present study in order to analyze the line shapes of the dif-
fraction data of Zr-1.0%Nb-1.0%Sn-0.1%Fe at different
doses of irradiation. The instrumental broadening correc-
tion was made using a standard defect free Si sample.

3.1. Williamson—Hall technique

Williamson and Hall [15] assumed that both size and the
strain broadened profiles are Lorentzian. Based on this
assumption, a mathematical relation was established
between integral breadth (f), volume weighted average
domain size (D,) and the upper value of the microstrain
(¢) as follows:

BeosO 1 2sin 0
oo ) (m

The plot of (£<%) versus § = (22¢) gives the value of the

microstrain from the slope and the domain size from the
ordinate intercept.

3.2. Modified Rietveld method

In this method, the diffraction profiles have been mod-
eled by pseudo-Voigt (pV) functions using the program
LS1 [16].

This program refines simultaneously the lattice parame-
ters, surface we}ghted average domain size (D), average
microstrain (¢} )? and the preferred orientation parameter
P [17,18] assuming isotropicity in the domain size and the
microstrain. The effective domain size (D.) with respect
to each fault-affected crystallographic plane was refined
to obtain the best fitting parameters.

XRD peak profiles of Zr-1.0%Nb-1.0%Sn-0.1%Fe
show strong crystallographic texture along certain crystal-
lographic directions particularly (002), (101), (102) and
(103). The h,k,/ values of these planes were incorporated
in the program as the preferred oriented planes and the best
fit was sought in each case.

Considering the X-ray line profiles to be symmetric in
shape, distributions of the dislocations were assumed to
be random. The average density of dislocation (p) has been
estimated from the relation [19] p = (prS)%, where,
Pp = & (density of dislocation due to domain) and

s

ps = k(e2)/b* (density of dislocation due to strain), k is
the material constant and b is the modulus of the Burger’s
vector, 1[1120]. Similarly, p,, the density of dislocation at
each crystallographic plane has been estimated.

D, and Dy are related to the deformation stacking fault
probability «, considering the growth fault probability (/)
to be zero in the hep alloys [20-24]. The values of o for var-
ious doses are reported.
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3.3. Double Voigt technique

In this technique, the size and the strain effects are
approximated by a Voigt function [25], which is a convolu-
tion of Gaussian and Cauchy functions. The equivalent
analytical expressions for the Warren-Averbach size—strain
separation [26] were then obtained. The Fourier coefficients
F(L) in terms of a distance, L, perpendicular to the diffract-
ing planes is obtained by Fourier transform of the Voigt
function [25] and can be written as:

F(L) = (—2Lpc — nL*fg), (2)

where, fc and fg are the Cauchy and Gauss components
of the total integral breadth, respectively.
fc and g can be written as:

Bc = Bsc + Boces (3)
& = B + Boa: (4)

where, fisc and fpc are the Cauchy components of the size
and the strain integral breadth, respectively, and fsg and
Ppc are the corresponding Gaussian components.

The size and the distortion coefficients were obtained
considering at least two reflections from the same family
of crystallographic planes. The surface weighted average
domain size Dy and the microstrain (¢} )? are given by the

equations:

D, = 1/2ﬁ5C7 (5)

(e1) = [Bba/(2m) + Boc/ (W°L)]/S?,

where S = 25;11 0. (6)
The volume weighted domain size [27] is given by

D, = é where fig = @, integral breadth in the units of

S, (A).

The surface weighted and the volume weighted column-
length distribution functions are given by:

d*4s(L)
Py(L ; 7
d*4s(L)

P,(L) xL TR (8)
For a size-broadened profile, the size coefficient is given as:
As(L) = exp(=2Lpsc — 1L f5). 9)
From Eq. (8), we get,
d*As(L

dZE ) = (@nL B+ 2hec) ~ 2Bl (L), (10)

Selivanov and Smislov [28] showed that Eq. (9) is a satis-
factory approximation of the surface weighted column-
length distribution function.

4. Results and discussion

The range of 110 MeV Ne®" ion in Zr-1.0%Nb-
1.0%Sn-0.1%Fe (obtained by SRIM 2000 calculation)
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Fig. 1. Damage profile of 110 MeV Ne®" in Zr-1.0%Nb-1.0%Sn-0.1%Fe.

was found to be around 39 pum which is of the order of
the depth of penetration of CuK, X-ray in this material.
The radiation damage was assayed by the damage energy
deposited causing displacements of atoms. The total target
displacements of the collision events calculated by the
SRIM 2000 code is shown in Fig. 1. The damage is mea-
sured by the dpa. The average dpa for the highest dose
sample in Zr-1.0%Nb-1.0%Sn-0.1%Fe was found to be
1.2 x 1072, The average dpa value has been calculated over
the total range of 39 um. The dpa value at 39 um is found
to be 0.13.

4.1. Williamson—Hall technique

The Williamson—Hall (WH) technique estimates D,, and ¢
from the plot of (£<*%) against S = 2s¢, Fig. 2 shows the
WH plots for the unirradiated and the irradiated Zr—
1.0%Nb-1.0%Sn-0.1%Fe at different doses. For most of
the cases, it is seen that ﬁc/ﬁ shows a linear S dependence.
This implies that the shape of the domains is isotropic. It
is further observed that the line connecting two orders of
(007/) type reflections, i.e. (002) and (004) yield a consider-
able slope indicating strong lattice distortion along (00 1)
direction. The values of D, and ¢ obtained from the

8:882 [ 3x10"Ne®m?
0.004 |-

0.003 1 1 1 1 J

0.006 10 Ne®/m?

0.005 3
goodf _ 48 ———#—— & %
0003 1 1 1 1 J
0.005
0.004 -8><1OW
0.003

0.004 :3X‘M
0.003

0.004 |Unirradiated §102> <103> 004>
0003F _ngoa<l0 i
0.002 |

0.3 0.4 0.5 0.6 0.7 0.8
(2sin6)/r

(Bcose)/n

Fig. 2. Williamson-Hall plots for the unirradiated and irradiated Zr—
1.0%Nb-1.0%Sn-0.1%Fe at different doses.
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Table 1
Results of Williamson—Hall plot

Sample Dose Volume weighted
average domain size

(Dy) (nm) (£10%)

Microstrain (&)
(1073) (£5%)

Zirlo Unirradiated 100.0 1.8
3% 10" Ne®/m? 50.0 1.8
8 x 107 Net*/m? 51.2 1.9
1x 10" Ne®*/m? 454 2.0
3% 10" Ne®/m? 38.5 22

intercept and the slope of WH plots are shown in Table 1. It
is observed that D, decreased by a considerable amount in
the first dose of irradiation. The values were found to
decrease further with the dose. The value of ¢ was found
to increase slightly with the dose.

4.2. Modified Rietveld method

We have carried out analysis on the XRD patterns of
irradiated Zr-1.0%Nb-1.0%Sn-0.1%Fe with the help of
modified Rietveld mlethod using program LS1 [16]. The
variation of Dy, (¢)? and p for these samples have been
plotted as a function of dose in Figs. 3-5, respectively.

Significant changes were found in the values of Dy, (&} )?
and p as a function of dose. The values of Dy initially
decreased with increasing dose of irradiation but it satu-
rated at higher dose. On the contrary, the average micro-
strain initially increased with dose of irradiation and
consequently saturated at higher dose. The density of dislo-
cation increased significantly for the irradiated samples and
the increase was found to be almost an order of magnitude
more for the case of the irradiated sample at a dose of
1 x 10" Ne®"/m? as compared to the unirradiated one.
The density of dislocation was also found to saturate with
dose.

The reason of the above findings can be explained as
follows.

The range of 110 MeV Neon in Zr—1.0%Nb-1.0%Sn—
0.1%Fe was found to be 39 pm as calculated by SRIM
2000. Neon being a heavy ion, transferred sufficient energy
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Fig. 3. Variation of average domain size as function of dose.
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Fig. 4. Variation of average microstrain as function of dose.
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Fig. 5. Variation of average density of dislocation as function of dose.

to the primary knock-on atoms and a displacement cascade
was produced consisting of highly localized interstitials and
vacancies associated with a single initiated event. More-
over, the energy transferred to the lattice atoms was much
larger at the end of the trajectory; as the primary recoil
proceeded through the sample, losing energy in successive
collisions, the displacement cross-section increased [29].
Thus the distance between the successive displacements
decreased and at the end of the track, the recoil collided
with practically every atom in its path, creating a very high
localised concentration of the vacancies and the intersti-
tials. These mobile point defects interact with the
microstructure by long-range diffusion [6]. The main mech-
anism of the migration of the point migration and their
annihilation are based on three reaction paths: (i) the loss
of point defects at extended sinks such as the surfaces,
grain boundaries and at the network of the existing disloca-
tions, (i1) the nucleation of the clusters by the homogeneous
reactions between the point defects of the same type, (iii)
the growth of the defect clusters like the dislocation loops,
and voids by agglomeration of the point defects.

For Ne®" ion irradiation, the damage is maximum
within a distance of 2-3 pm at the end of the reaction path,
where the dpa is 0.13. A concentration gradient of defects
in the sample was thus created within a small reaction path
of 39 um which helped in the migration of defects. Again,



A. Sarkar et al. | Journal of Nuclear Materials 372 (2008) 285-292 289

the diffusion coefficient D, of a particular lattice atom is
enhanced due to irradiation [30] and is given by the follow-
ing equation:

Da - ﬁ/Dva +_f2vD2vC2v +ﬁD1Cz + """ (11)

Thus, D, is increased by increasing the concentration of
different defect species such as the vacancies, di-vacancies,
interstitials, etc., and also by opening up the other diffusion
channels via defect species which are not significantly pres-
ent in the normal thermally activated diffusion.

In the irradiated sample, the enhancement of radiation
induced diffusion is solely responsible for the migration
of the vacancies, their agglomeration and the collapsing
in the shape of dislocation loops. This is the only mecha-
nism by which density of dislocation is increased in the
irradiated samples as Frank—Reed source mechanism for
the multiplication of dislocation is absent due to the non-
availability of any stress field. The generation of disloca-
tion by collapsing of vacancy clusters is only possible when
there is vacancy concentration in excess of the equilibrium
values. Hence, we could observe an order of magnitude
increase in the density of dislocation at a dose of 1 x 10'®
Ne®*/m?. During irradiation, two competing processes
occur simultaneously, one is the generation of vacancies,
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g 704
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o 50 <112>
Q 0] <101>
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204
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80<004> <104>

agglomeration of vacancies and then collapsing into dislo-
cation loops and the other is, their annihilation at the pos-
sible sinks. Initially, at the low dose of irradiation (3 x 10'7
Ne®*/m?), the rate of generation of dislocation loops dom-
inates over the rate of annihilation of the point defects as
the sink density is low. We therefore found an increase in
the density of dislocation with dose. With increasing dose
of irradiation, though more vacancies are created and the
annihilation rate of vacancies also increases with sink den-
sity. Hence, a saturation was observed in the density of dis-
location with the increase in the dose of irradiation.

The size of the domains of the irradiated samples
decreased with the increase in the dose of irradiation.
The decrease was quite drastic at lower doses and almost
saturated at higher doses, as the generation of dislocations
did not vary significantly at higher doses.

The effective domain size D., along different crystallo-
graphic directions were also found to decrease with dose
as compared to the unirradiated material but the shape of
the domains were almost isotropic. We have plotted the
projections of D, (along different directions) on the plane
containing the directions (002) and (100). Only the projec-
tions in the first quadrant are shown in Fig. 6 for unirradi-
ated and irradiated Zr-1.0%Nb-1.0%Sn-0.1%Fe. It was
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Fig. 6. Projections of effective domain size on the plane containing the directions (002) and (100) (First quadrant) for unirradiated and irradiated Zr—

1.0%Nb-1.0%Sn-0.1%Fe at different doses.
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clearly observed that D. was almost isotropic (spherical)
with values <De>002 =~ 1077 A and <De>l°00 >~ 1070 A for
the unirradiated sample, (De)gor =969 A and (D.)1g0 =
891 A at a dose of 3 x 10""Ne®t/m?, (De)oo2 22 760 A and
(De)100 =724 A at a dose of 8 x 10" Ne®™/m?, (De)oo» =
417 A and (D)100 22419 A at a dose of 1 x 10'*Ne®"/m>
and (D.)oor =372 A and (De)100= 370 A at a dose of
3 x 10" Ne®"/m?. These values clearly signify that the shape
of the domains did not change with dose though the varia-
tions in the size of the domains were significant with the
increasing dose as compared to the unirradiated sample.
This analysis also revealed that the density of disloca-
tion at each crystallographic plane has increased as a func-
tion of dose, as shown in Table 2. The analysis is important
as the estimated values of the density of dislocation on var-
ious planes particularly on the slip planes provide informa-
tion about the flow property of any material. The flow
stress of metals is proportional to the square root of the den-
sity of dislocation [31]. In order to predict the number and
the nature of the active slip systems, it is therefore essential
to know the density of dislocations per slip plane [32].
The microstrain values at L = 50 A along different crys-
tallographic directions for the alloy at different doses are
shown in Table 2. The values showed an increasing trend
for irradiated samples as compared to the unirradiated one.
The deformation fault («) was found to be negligibly
small for the unirradiated and the irradiated samples.

4.3. Double Voigt analysis

The general conclusions obtained from the simple WH
plot can be further substantiated by a more detailed anal-
ysis. In this analysis, both the size and the strain broadened
profiles were approximated by a Voigt function. The Cau-
chy and the Gaussian components (fisc, fsg, fpc and fpg)
of the size and the strain broadened profiles were then sep-
arated along (00 1) and listed in Table 3. From Table 3, it is
observed that in general size broadened profiles had both
Cauchy and Gaussian components of the integral breadths.

The volume weighted column-length distribution func-
tion P,(L) along (00/) normal to the diffraction plane
(00/) has been shown in Fig. 7. It is clear that the column
length distribution is much wider for the unirradiated sam-
ple and it is found to narrow down with the increasing dose
of irradiation.

Using different model based approaches of XRDLPA
techniques, the microstructure of the irradiated Zr—
1.0%Nb-1.0%Sn-0.1%Fe at different doses have been char-
acterized. All these techniques are based on the profile
shape and the broadening of the diffraction peak. Among
these techniques, the Williamson—Hall gives the informa-
tion of volume weighted domain size in a qualitative man-
ner. The major advantage of this technique is that it is a
very simple technique to ascertain whether the material is
having anisotropy and also to get qualitative information
about size and strain effects in the material independently.

Table 2

Microstrain and density of dislocation for Zr-1.0%Nb-1.0%Sn-0.1%Fe at different doses

Dislocation density (10'°) (m~2) Max. error +(6 x 10'?)

Microstrain (10~%) Max. error 4-0.00005

Dose (Ne®*/m?) —

Sample

3% 10" 8x 107 1x10' 3x10'®

Unirradiated

8x 107 1x 10" 3%x10'®

3x 10"

Unirradiated

Fault un-affected

002
004

Zr—1.0%Nb-1.0%Sn-0.1%Fe

1.0
1.0
1.3
1.1

0.6
0.6

0.5

0.3

0.1

1.6
1.6

2.1

1.1
1.1

L.5
1.5

2.6
2.0

14
1.4

2.3

0.6

0.5

0.3

0.1

0.6

1.0
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0.9
0.6
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0.6

0.2
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1.9
1.4
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0.7
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1.0

0.7
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0.2
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112
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1.2
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1.0
1.0

0.9
0.7

0.7
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0.2
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1.9
1.7
1.7
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1.6
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1.2
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0.6
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Table 3
Results of double Voigt method for Zr-1.0%Nb-1.0%Sn-0.1%Fe at different doses
Sample Dose Bsc (107%) Bsa (107%) Poc (107%) Boc (1077 Ds (nm) & (107%) Dy (nm)
Zirlo[001] Unirradiated 0.03 0.11 0.05 0.10 60.9 0.52 72.3
3 % 10""Ne/m? 0.98 1.60 0.0 - 37.6 - 43.8
8 x 10'"Ne®"/m? 0.0 2.49 0.76 - 32.1 1.16 40.2
1% 10" Ne®t/m? 0.57 2.26 0.59 - 31.6 1.46 37.8
3% 10" Ne®"/m? 0.40 2.93 0.77 - 25.7 1.82 31.4

0.005 —m— Unirradiated

—e— 3x10""Ne®/m?
—o— 8x10""Ne®/m?
—A— 1x10"®Ne™/m?
—#%— 3x10"®Ne®/m?

0.004

0.003

P,L)

0.002

0.001

0.000

: ; Sy s
80 100 120 140

L (nm)

Fig. 7. Volume weighted column length distribution function for unirra-
diated and irradiated Zr—1.0%Nb-1.0%Sn-0.1%Fe at different doses.

Double Voigt method gives information about the micro-
structure considering only the parallel peaks. On the con-
trary the Modified Rietveld method gives quantitative
information of the microstructural parameters considering
all the diffraction peaks. These techniques have limitations
in characterising the small defects particularly small inter-
stitial clusters which do not cause broadening of the peak
but contribute to the background values close to the Bragg
peak [33]. Scattering of X-rays from interstitial clusters [34]
contribute to diffuse scattering very close to the Bragg peak
(Huang scattering). Thus, more complete information of
the microstructure of the irradiated samples can be
obtained from X-ray diffraction techniques by the com-
bined studies of the diffraction pattern in the Bragg peak
region (coherent scattering) and in the background region
(diffuse scattering close to the Bragg peak). As in our case,
the experiments were carried out at room temperature, the
diffuse scattering near the Bragg peak region due to small
interstitial clustering are superimposed by thermal diffusion
scattering. Hence, the line profile analysis could character-
ise only those microstructural parameters which are
responsible for the broadening of the diffraction peaks.

5. Conclusion

XRDLPA can be used as a technique to analyze
change in the microstructure of materials due to radiation
damage. In this work, the microstructure of the unirradi-
ated and irradiated Zr-1.0%Nb-1.0%Sn-0.1%Fe has been
assessed by XRDLPA wusing different model based
approaches. Microstructural parameters like average and
effective domain sizes and microstrain within the domains

have been characterised as a function of dose. The density
of dislocation and the stacking fault probability have been
estimated from these values. The analysis reveals that
there is a significant decrease of surface weighted average
domain size (D) with dose. The damage associated with
neon beams (a heavy ion) is quite extensive and produces
highly localized concentrations of defects, particularly
vacancies and interstitials. These vacancy clusters collapse
into dislocation loops and the dislocation density
increases accordingly. This analysis also estimated the
average density of dislocation in the major slip planes.
The deformation (stacking) fault probability was found
to negligible for this alloy even with increasing dose of
irradiation. The column length distribution was found
to be narrower at highest dose of irradiation for this
alloy.
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