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Abstract

The microstructure was investigated in previously deformed specimens of a high-nickel alloy with four levels of initial
dislocation density, both before and after irradiation in BOR-60 reactor at 370–4008C and three displacement rates. The
network dislocation density, dislocation loop radius and loop number density were determined by both X-ray line profile
analysis and TEM observations. The dependence of dislocation structure parameters on irradiation conditions and initial
network density was obtained.

1. Introduction

Presently, many intensive studies of the influence of
dose rate and neutron spectral effects on the behavior of
structural materials for various types of reactors are being
carried out. Significant experimental data concerning the
influence of reactor irradiation parameters on swelling,
in-reactor creep and radiation induced changes in tensile

w xproperties of materials are now available 1,2 . However,
there are only a few data concerning the influence of

w xirradiation variables on dislocation structure evolution 3,4 .
Microstructural changes in irradiated materials tradi-

tionally are investigated using transmission electron mi-
Ž .croscopy TEM . Its accuracy is limited by the following

factors: foil thickness measurement error, possible disloca-
tion loss during and after foil preparation, local hetero-
geneity of dislocation structure and limited resolution for
dislocation densities higher than 1015 my2.

X-ray studies of irradiated or deformed materials do not
require such specimen thinning before examination and
therefore allow us to determine bulk-averaged microstruc-
ture levels. The theory of X-ray scattering by imperfect
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w xcrystals 5 provides quantitative relations between mi-
crostructural components and X-ray scattering effects. On
the basis of these relationships the measurements of net-
work dislocation density have been performed for plasti-

w xcally deformed metals and alloys 6,7 . Dislocation loop
parameters have been determined in our laboratory for

w x w xboth irradiated Ni 8 and Mo 9 .
Microstructure of structural materials irradiated up to

the high doses at elevated temperatures is composed of
various components, and therefore may yield a compli-
cated profile of X-ray lines.

The purpose of this current work consists of the follow-
ing:

– development of procedures and software to calculate
microstructural parameters of both irradiated and deformed

Ž .materials by X-ray line XRL profile analysis;
– microstructural studies of deformed specimens of

Ž .high-nickel alloy type 20Cr–45Ni with different initial
dislocation densities before and after irradiation in the
BOR-60 fast reactor at three displacement rate levels;

– comparison of the microstructural study results ob-
tained by both XRL profile analysis and TEM observation;

– determination of microstructural parameter depen-
dence on irradiation conditions and initial dislocation den-
sity.
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2. Principles of X-ray studies of irradiated materials

According to the theory of X-ray scattering by imper-
w xfect crystals 5 , various components of the microstructure

of irradiated andror deformed materials involve different
X-ray scattering mechanisms, that define the X-ray line
intensity distribution. Dislocation loops or precipitates of a
new phase create a Coulomb displacement field that causes
a shift and a decrease in intensity of the Bragg reflection
peaks, yielding a diffuse X-ray scattering. The intensity

Ž .distribution, I 2u , considered as a function of scattering
angle 2u can be presented by

I 2u s I d 2uy2u 0 q I 2u , 1Ž . Ž . Ž .Ž .0i m 1

where the d-function represents the Bragg reflection peak,
0 Ž .with integral intensity I and position 2u , and I 2u0i m 1

describes the diffuse scattering intensity distribution, where

I s I q I ey2 M , 2Ž .Ž .0i 0i 1i

I is the diffuse scattering integral intensity and M de-1i

pends on the defect concentration, type and size. For cubic
symmetry defects creating a net radial displacement field,
Ž . 3 w xu r sCrrr , in cubic elastically-isotropic crystals 10

4p 3r2
< <Ms N C Q , 3Ž .Ž .

3
Ž .where Qs 4prl sin u , l is X-ray wavelength, N is the

defect density, and the parameter C defines the crystal
volume change due to defect introduction. For interstitial
loops and precipitates which expand the lattice, C)0. The
shift of the Bragg reflection peak with respect to position
for perfect crystal, 2u 0, is determined by0

8p 1y2n
0 02 u yu sy 1q2 NC tan u , 4Ž .Ž .m 0 ž /3 1yn

where n is Poisson’s factor.
The shape of the diffuse scattering intensity distribution

depends on 2 M. For 2 Mf1, when X-ray lines have
Ž .doublet structure, the distribution I 2u is significantly1

asymmetric, but the asymmetry decreases with an increase
in M. The integral width of intensity distribution, 2du ,i

Ž 0.and the shift of its maximum, 2 u yu , are described bym 0

8p
< <2du s h N C tan u , 5Ž .i i3

8p 1y2n
02 u yu s h y2 NC tan u , 6Ž .Ž .m 0 mž /3 1yn

where h and h are functions of 2 M. In Fig. 1 are showni m

the calculated dependencies for results obtained in Ref.
w x10 , according to which both the integral width and shift
of diffuse scattering maximum significantly increase at
2 M™0. When 2 M41, the intensity of the Bragg reflec-
tion vanishes and the diffuse scattering profile is described
by a Cauchy distribution

I s1i c
I 2u s , 7Ž . Ž .1 22p s q 2uy2uŽ .c m

where s s2du rp.c i

The relationships presented above can be used for the

Fig. 1. Function for calculation of maximum position and integral
width of diffuse scattering intensity distribution.

description of X-ray scattering by irradiated materials
w xwhich contain dislocation loops. According to Ref. 11 for

� 4Frank loops randomly oriented on 111 planes in elasti-
cally-isotropic fcc crystals, C can be estimated by

1 1qn
2Cs aR , 8Ž .' 1yn12 3

where R is the radius of loops, and a is the lattice
parameter. If there are both large and small loops of

w xinterstitial and vacancy type, then by Ref. 5 the value of
M, the magnitude and direction of Bragg reflection shift
are determined by additive contributions of various type
defects. Due to the strong M dependence on loop size
Ž 3.M;R , the diffuse scattering characteristics are to be
determined largely by loops of the greatest size.

The X-ray scattering by crystals containing randomly
Ždistributed line dislocations in the absence of defects of

.other types leads to Bragg reflection broadening, that is
determined by the dislocation density. For plastically-de-
formed metals and alloys, the broadening may be de-

w xscribed by a square Cauchy distribution 6

2s 3 1n2C 2u s , 9Ž . Ž .22p 2 0s q 2uy2uŽ .n 0

where the dispersion s depends on the dislocation densityn

rn

fhkl
s s b r tan u , 10' Ž .n n n'(2 2 y1

b is the magnitude of Burgers vector of line dislocations,n
Ž .f depends on the Miller indices hkl and crystal elastichkl
w xanisotropy. For a high-nickel alloy 12

2 h2k 2 qk 2l 2 q l 2h2

f s 1y1.65 .hkl 22 2 2ž /1qn h qk q lŽ .
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In structural materials irradiated at elevated tempera-
tures, Frank interstitial loop growth and unfaulting is oc-
curring and formation of network dislocations is taking
place. If the lattice contains both line dislocations and
Coulomb type defects, than it would appear reasonable that

Ž .the X-ray line intensity distribution I 2u is described by
Ž Ž ..a convolution of distribution Eq. 1 with that of distribu-

Ž Ž ..tion Eq. 9 . At 2 M41, when diffuse X-ray scattering
Ž Ž ..intensity is described by a Cauchy distribution Eq. 7 ,

we obtain

I 2s 3
0i n

I 2u sŽ . 22p 2 0s q 2uy2uŽ .n m

I s1i c
q 22p s q 2uy2uŽ .cn m

22s sn cn
q , 11Ž .222s q 2uy2uŽ .cn m

where

fhkl8 < <s s h N C tan uq b r tan u . 12' Ž .cn i n n3 '(2 2 y1

For 2 M less or not much higher than one, the diffuse
scattering intensity distribution must be described by a

Ž .convolution of the asymmetric distribution with Eq. 9 .
w xFrom the results obtained in Ref. 10 , it follows that the

approximation error of the asymmetric distribution by
Ž Ž ..Cauchy function Eq. 7 does not exceed 2.5%. That is

why for all the values of 2 M the intensity distribution can
Ž .be represented by Eq. 11 . The above-mentioned relation-

ships allow us to determine the concentration, type and
size for defects of the Coulomb type and the dislocation
line density using the results of XRL profile analysis.

In actual practice, however, analysis of irradiated and
deformed materials with complicated profiles involves
some problems associated with instrumental broadening
and X-ray non-monochromaticity. The measured profile is
a convolution of the physical profile, conditioned by the
material structure, with the hardware function. The unfold-
ing of the physical profile presents the problem of solving
the integral equation of the first kind, whose right side is

represented by the measured profile and the integral kernel
is described by the hardware function. The REGREN

w x w xcomputer code 13 employs the regularization method 14
for physical profile unfolding and employs nonlinear re-
gression analysis for computation of both Bragg reflection
and diffuse scattering characteristics.

3. Experiment

Flat specimens of 20Cr–45Ni austenitic alloy were
tension-tested at 6508C. Sections of specimens 5=5 mm
in area with three deformation levels and one section
deformed by rolling at room temperature were subjected to
X-ray examination before irradiation. After electropolish-
ing diamond powder was applied on the specimen surface
to check the scattering angle. The X-ray patterns were
recorded using the diffractometer DRON-2.0 with doublet

Ž y1 .CuK radiation l s1.54051=10 nm in scanninga a1

Ž . Ž . Ž .step 0.018 for 220 and 311 , and 0.058 for 420 reflec-
tions by scale 2u . Corresponding reflections from the
annealed high-purity nickel are recorded to determine
hardware function.

Specimens were irradiated in the fifth row of the
BOR-60 reactor in the cell D-23 as components of the
irradiation device. Thermocouples and sets of fluence mon-

Ž .itors Ni, Fe, Cu, Nb were arranged throughout the height
of the device. Samples were placed in He-filled stainless
steel capsules fixed within the body of the irradiation
device at various distances above core midplane and were
cooled with sodium. The inlet coolant temperature during
the entire irradiation was 325"68C. The specimen tem-
perature was calculated with knowledge of the inlet coolant
temperature and temperature distribution inside the irradia-
tion device. The calculation error was "208C. Sample
irradiation conditions are shown in Table 1.

The X-ray study of the irradiated specimens was car-
ried out by means of a remote diffractometer DARD-2.
The specimen preparation and the X-ray pattern recording
were similar to those used before the irradiation.

After X-ray studies were completed the specimens were
mechanically thinned to a thickness of 0.20–0.25 mm.
Then 3 mm diameter disks were punched out of these
specimens and again mechanically thinned to a thickness
of 0.1 mm. The resulting disks were electropolished to

Table 1
Irradiation parameters

y7Ž . Ž . Ž . Ž .Specimen number Distance above core midplane mm Dose rate =10 dpars Dose dpa Temperature 8C

B1B, B1T, B1M 315 1.9 0.6 400
B2B, B2T, B2M 210 4.6 1.6 400
B3B, B3T, B3M, B3U 0 7.7 2.6 370
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Ž . Ž . Ž . Ž . Ž . y7Fig. 2. Measured and unfolded 420 reflection profiles of the B3M specimen a , b before and c , d after irradiation at 7.7=10
dpars.

yield a central perforation. The foils were examined in a
EM-125 electron microscope operated at 100 kV. To esti-
mate the network dislocation density, dislocation loops and

voids concentration, the foil thickness was taken to be 120
nm. The error in definition of the microstructural values
presented in the next section may reach 30–40%.

Table 2
Microstructural parameters in initial and irradiated states of alloy by XRL profile analyses

3r2Ž < < .Specimen N C ra NCLattice parameter Network density Dislocation
y3 y5y1 14 y2 Ž . Ž .Ž . Ž .number =10 =1010 nm =10 m loops

initial irradiated initial irradiated density radius
22 y3Ž . Ž .=10 m nm

B1B 3.5928 3.5910 i 0.5 1.0 0.61 3.8 0.32 19.3
B2B 3.5914 3.5930 0.6 1.7 1.10 6.3 0.45 21.0
B3B 3.5910 3.5954 0.6 2.4 2.20 12.7 0.91 20.8
B1T 3.5920 3.5917 1.4 1.8 0.53 3.5 0.33 18.2
B2T 3.5918 3.5938 1.5 3.4 0.80 5.6 0.59 17.2

aB3T 3.5913 – 1.4 4.8 1.45 10.0 1.03 17.4
B1M 3.5895 3.5900 2.2 3.3 0.31 3.1 0.67 12.0
B2M 3.5910 3.5941 2.4 4.5 0.48 4.5 0.85 12.8
B3M 3.5909 3.5980 2.4 6.5 0.74 7.6 1.72 11.7
B3U 3.5933 3.5972 18.5 9.0 0.57 6.3 1.65 10.9

aX-ray pattern recorded without diamond powder.
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4. Results

The XRL profile analysis of the deformed and irradi-
ated specimens was performed by the REGREN code. The
Ž .420 reflection profiles of the B3M specimen in initial
state and after irradiation are shown in Fig. 2. The physical

Ž Ž ..profile before irradiation Fig. 2 b is described by distri-
Ž . 0bution Eq. 9 , for which 2u s147.198, s s0.668. The0 n

Ž Ž ..physical profile after irradiation Fig. 2 d , is described by
Ž .distribution Eq. 11 with the following characteristics:

I s3.3=104, s s0.968, 2u 0 s146.438,0i n m

I s6.1=104, s s1.398, 2u s147.078,1i cn m

2 Ms1.05.
Using the position of Bragg reflection peak the lattice

parameter of irradiated and non-irradiated specimens was
calculated. Using the dispersion of Bragg reflection peak,
s , the network density in the initial state was calculated inn

Ž .accordance with Eq. 10 . Using the M dependence on
Ž .3r2 Ž . Ž < < .3r2Qa according to Eq. 3 the values of N C ra
were calculated. Using the shifts of the diffuse scattering

Ž 0. Ž . Ž . Žmaxima, 2 u yu , according to Eqs. 4 and 6 nsm m
.0.3 the values of NC were calculated. Using the disper-

Ž . Ž .sions s and s in accordance with Eqs. 10 and 12n cn
< <were calculated the values of N C and r .n

The lattice parameter, network dislocation density be-
Ž < < .3r2fore and after irradiation, values N C ra and NC are

given in Table 2.
The TEM observation results were used to connect N

and C values with the microstructural components. Ac-
Ž .cording to these results Fig. 3 the observable microstruc-

ture elements of irradiated specimens are network disloca-
tions, dislocation loops, coherent and non-coherent precipi-
tates of a new phase, and voids. The dominant microstruc-

Ž .tural components are dislocation loops Table 3 . That is
why the values of N and C calculated by characteristics of

Fig. 3. TEM microstructure of alloy at two initial dislocation
Ž . 14 Ž . 14 y2densities a 0.6=10 , and b 2.4=10 m , irradiated in

BOR-60 at 7.7=10y7 dpars.

diffuse scattering should be determined by the loop type,
their concentration and sizes. Loops were determined to be
interstitial in character because NC)0. Their radius, cal-

Ž .culated in account with Eq. 8 , and density are given in
Table 2.

Table 3
Microstructural parameters of irradiated alloy by TEM observations

14 y2Ž .Specimen number Network density =10 m Dislocation loops Voids
22 y3 20 y3Ž . Ž . Ž . Ž .density =10 m diameter nm density =10 m diameter nm

a b cB1B 0.3 0.28 22.5 – –
dB2B 0.9 0.23 31.5 0.9 10.0
dB3B 1.0 0.75 32.0 1.0 16.0

B1T 2.3 0.08 28.0 – –
B2T 2.5 0.47 18.0 – –

dB3T 1.3 0.50 19.0 2.0 14.0
eB1M 3.6 – – – –

B2M 3.0 0.39 26.0 – –
B3M 5.8 0.54 17.0 0.8 12.0
B3U 10.0 0.30 18.0 – –

a Line dislocations decorated by coherent precipitates.
b Loops decorated by coherent precipitates; the density is the sum of both loop and coherent precipitate contributions.
c Loop diameter is undersized because of contribution of coherent precipitates.
d Line dislocations decorated by precipitates.
e Density cannot be determined because of loop and coherent precipitate interaction.
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5. Discussion

The dislocation loop density as a function of damage
rate is shown in Fig. 4. According to X-ray results the loop
density is nearly proportional to the square root of the
damage rate at 4008C, is higher when the initial network
density is higher, and increases with a decrease of irradia-
tion temperature. The dose-rate dependence provides evi-
dence that the loop density reaches a saturation level
within the examined doses, and the nucleation of intersti-
tial loops occurs by a reaction between free interstitials

w xand not by cascade collapse 15 . The dependence on
initial network density corresponds to the idea that the
interstitial loop nucleation is more probable, if at the start
of irradiation, there are sinks for interstitial point defect.

The scatter of the TEM measurements does not allow
us to determine the loop density dependence on the initial
network density. The loop density, defined by various
methods is rather close for specimens with low network
density, but if r increases, the loop densities determinedn

by TEM are several times lower than that determined by
XRL profile analysis. The discrepancy between the two
methods can be explained in the following way. Loop
density defined by XRL profile analyses may be overesti-
mated because of the contribution of coherent precipitates
in diffuse scattering characteristics. The possible scatter in
TEM observations may arise from the local heterogeneity
of the dislocation structure and the foil thickness error. The
lower loop density determined by TEM observations may
be connected with the resolution limitation at high total
dislocation density.

Fig. 4. Dependence of dislocation loop density on displacement
Ž . Ž .rate for various initial network densities I, B 0.5, ^, ' 1.4,

Ž . 14 y2`, v 2.4=10 m . Open and filled symbols denote X-ray
and TEM results, respectively. The indicated slopes correspond to
a dependence for an irradiation temperature of 4008C.

Fig. 5. Network dislocation density evolution as revealed by the
results of XRL profile analysis and TEM observations. Symbols
are the same as in Fig. 4.

The results presented in Tables 2 and 3 show that loop
sizes, determined by XRL profile analysis, are a bit higher
than those determined by TEM observations. The loop
radius does not appear to depend on irradiation parameters
and probably is determined by the initial network density.

Independent of the initial dislocation level, the network
density tends toward a saturation density in the range from

14 y2 Ž .6 to 9=10 m with increasing dose Fig. 5 . This
tendency corresponds to the general trend of microstruc-
tural evolution observed in Fe–Cr–Ni alloys irradiated up
to high doses: the saturation dislocation density lies in the

Ž . 14 y2band 6"3 =10 m , relatively independent of the
w xstarting state, displacement rate and other variables 16 .

The noticeable difference of the XRL profile analysis and
TEM results at low initial dislocation density and the
rather good agreement at r )3=1014 my2 may arisen

from the method of foil preparation for TEM observation.
Upon mechanical thinning of specimens, glide and anni-
hilation of the unpinned line dislocation segments is possi-
ble, and correspondingly may lead to the observed de-
crease of the dislocation density. As the network density
increases, the pinned dislocation segment fraction in-
creases and that may explain the coincidence of XRL
profile analysis and TEM results.

6. Conclusion

According to the theory of X-ray scattering by imper-
fect crystals, procedures and software were developed to
allow the microstructural study of irradiated and deformed
materials using XRL profile analysis.

The dislocation structure of the predeformed specimens
of a 20Cr–45Ni alloy, before and after irradiation at three
displacement rates, was studied by XRL profile analysis
and TEM observation.

The joint application of those two methods provided a
rather high accuracy of results and allowed us to define
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possibilities of both techniques. In the electron microscope
a broader spectrum of radiation-induced defects is ob-
served. The XRL profile analysis provides the more higher
accuracy for determining dislocation structure parameters.

Using those methods, we have defined the dependence
of dislocation loop density and network density on irradia-
tion conditions and the initial state, and found them to be
consistent with the results of other studies.

The results obtained can be used for prediction of
microstructural changes at higher irradiation doses.
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