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Abstract—High-resolution neutron diffraction is employed to determine the main structural parameters and
microstrain levels of several austenitic 16Cr—15Ni—3Mo—1Ti steel samples subjected to different degrees of
cold plastic deformation and estimate the dislocation densities thereof. It is demonstrated that the anisotropic
diffraction peak broadening observed in the neutron experiment is caused by variations in the dislocation-
contrast factor and can be satisfactorily described with the help of the used model. Comparative analysis of
the results obtained by neutron diffraction and transmission electron microscopy is performed.
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INTRODUCTION

During operation, constructional materials of
nuclear reactors are exposed to fast-neutron fluxes. An
increase in the reliability, safety, and cost effectiveness of
reactors imposes higher requirements on their radiation
resistance. At present, special austenitic stainless steels,
which are very complicated objects to study the radia-
tion behavior thereof, are widely applicable as the
aforementioned materials. They are characterized by
multiple components of chemical composition, a great
variety of phases, and dependence of their properties on
the treatment technology and operating conditions.
Radiation processes occur in both the intrinsic matrix
structures of these materials and impurities of other
phases. The action of fast neutrons leads to the precipi-
tation and dissolution of new phases, the coalescence of
precipitated substances, and, on the contrary, their
grain refinement, pore formation, and radiation-
induced swelling. In investigating reactor materials sub-
jected to radiation exposure, the features of the real
crystalline structure thereof, which are connected with
the manufacturing technique, must also be taken into
account, such as texture, internal stresses, and interac-
tions of the latter with radiation-induced defects.

It is known that nanosystems composed of inter-
metallic or carbide compounds formed due to the arti-
ficial ageing of materials exert a significant influence
on their behavior under irradiation. Neutron-diffrac-
tion studies into the intermetallic and carbide ageing
of austenitic 26Ni—5Cr—3Ti and 0.40C—4Cr—
18Mn—2V steels were performed in [1, 2]. However, as
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was established by studying neutron-irradiation effects
in pure nickel [3], the development of radiation dam-
ages of face-centered cubic (fcc) metals can also
depend on the dislocation system formed by mechan-
ical deformation. Thus, to investigate how the intrin-
sic mechanical treatment of austenitic steels affects
the irradiation-initiated behavior, 16Cr—15Ni—3Mo—
1Ti steel with a low titanium content was chosen and
used to prepare samples whose degrees of cold defor-
mation were 10, 20, 30, and 40%. First, it was ascer-
tained that, in the former steel, an intermetallic Ni;Ti
phase is barely segregated in the initial unaged state
and its clusters appear only upon annealing at ~600°C.
Second, in contrast, e.g., to titanium-enriched 26 Ni—
5Cr—3Ti steel samples, the neutron-diffraction pat-
terns of the given material have no additional reflec-
tions after its irradiation with fast neutrons. During the
first stage, the unirradiated samples mentioned above
were studied to estimate the neutron diffraction appli-
cability to solving this problem and acquire initial data
of the analysis of radiation-induced defects. During
subsequent neutron-diffraction investigations of the
irradiated samples, these data can serve as reference
information.

RESOLUTION FUNCTION R
OF THE TIME-OF-FLIGHT
DIFFRACTOMETER

Neutron diffraction is to a large extent similar to
X-ray scattering. However, unlike characteristic
X-rays, slow neutrons possess a continuous (Max-
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wellian) energy spectrum. In the experiment based on
a pulsed source, the neutron energy can be analyzed
via the time-of-flight (TOF) method because the slow
neutron velocity is rather small. Depending on the
wavelength, the diffraction-peak position on the time
scale is determined from the condition
t=L/v=>AmL/h=2mLd,sinb/h, (1)

where L is the total flight distance between the neutron
source and the detector; v, A, and m designate, respec-
tively, the velocity, wavelength, and mass of neutrons;
h is Planck’s constant; d,, is the interplanar spacing;
and 0 is the Bragg angle.

The resolution of the TOF neutron diffractometer
is defined by the expression

R=Ad/d = [(Aty/H?* + (AB/tanB)? + (AL/L)*]'2, (2)

where At is the neutron-pulse width, = 252.778 LA is
the total time of flight (in microseconds), L is the total
flight distance between the source and the detector
(in meters), A is the neutron wavelength (in ang-
stroms), and 0 is the Bragg angle. The first term is the
time component of the resolution function, i.e., a
TOF uncertainty; the second is the geometric compo-
nent of the resolution function, which characterizes
all geometric uncertainties under scattering at differ-
ent angles; and the third is a flight-distance uncer-
tainty.

Thus, the instrument resolution is improved if the
neutron-pulse width decreases and the flight distance
or scattering angle increases. For neutron sources with
a short neutron pulse (~20 ps/A), the instrument res-
olution can attain ~10~3 at a substantially increased
path length (~100 m) with a corresponding loss in
intensity. For neutron sources (e.g., an IBR-2 fast
pulsed reactor) with a long neutron pulse, such a
method is unjustified. Hence, a special-purpose corre-
lation technique is used to obtain high diffractometer
resolution based on the given sources. In this case, at a
comparatively short path length (~20 m), a multiple
decrease in the effective pulse duration is achieved
using a fast Fourier chopper, which modulates the pri-
mary neutron-beam intensity, in combination with the
reverse TOF (RTOF) method for data acquisition [4].

In the RTOF method, the TOF diffraction spec-
trum is accumulated by continuously varying the Fou-
rier chopper rotation speed according to a certain law
(from zero to the maximum frequency Q). In this case,
the time component of the resolution function
depends on the given frequency distribution g(w) and
the maximum rotation speed of the Fourier chopper
and can be represented as

Q

At/ty ~ Ig(m)cos(mt)dm, 3)

0
where ®,,,, is the maximum rotation speed of the Fou-
rier chopper, N is the number of slits in the Fourier
chopper, and Q = No,,,, is the maximum modulation
frequency of the neutron-beam intensity. Moreover, in
contrast to a conventional TOF diffractometer whose
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pulse width depends linearly on the wavelength, the
effective pulse width is constant and, to sufficient
accuracy, is equal to the reciprocal value of the maxi-
mum modulation frequency in the given experiment.
In other words,

Ar=L-_1 )
Q  NOy

For a Fourier stress diffractometer (FSD), the maxi-
mum modulation frequency is Q = 102.4 kHz and,
accordingly, the effective pulse width is Af = 9.77 us at
N=1024 and w,,,, = 6000 rpm. Thus, when the flight
distance between a chopper and a detector is fairly short
(~6.6 m) and the scattering angle is 20 = 90°, the time-
component contribution to the resolution function is
Aty/t=2 x 103 at d =2 A. The geometric contribution is
commonly optimized by selecting the appropriate con-
figuration of the detector system. In so doing, its value
must be less than the time-component contribution to

the total instrument resolution function.

Asarule, TOF diffractometers exhibit a rather wide
range of interplanar spacings and, consequently, pos-
sess a large number of simultaneously observed dif-
fraction peaks. In addition, the functional dependence
between the diffraction-peak width and the interpla-
nar spacing enables us to estimate microstrains and the
size of coherent scattering regions on crystallites in a
rather simple way:

Ad?=C,+ Cyd? + (e d? + d*/(D)?, ®)

Here, Ad is the diffraction-peak width at half maxima;
C, and G, are, respectively, the time and geometric
components that define the diffractometer resolution
function (their values are found from measurements
with a standard sample); (€?)!/?>= (Aa/a) is the variance
of the unit-cell parameter (microstrain); and (D) is the
size of coherent scattering regions on crystallites.

Analysis of the shape of a diffraction peak (in the
simplest case, its width) can provide data on crystal-
lattice distortions (microstrains) inside individual
grains and their sizes. A conventional approach devel-
oped primarily for X-ray diffraction is the harmonic
analysis of several diffraction peaks corresponding to
different orders of reflection from the same (4k/) plane
[5]. Alternative techniques [6], which make it possible
to remove restrictions inherent to classical harmonic
analysis, have also been created recently. In addition,
the authors of [7, 8] have developed methods for ana-
lyzing not only diffraction-peak shifts caused by ori-
ented microstresses, but also a decrease in the diffrac-
tion-peak intensity and an increase in the diffuse
background, which arise from statistical lattice distor-
tions produced by atom shifts from ideal positions [9].

EXPERIMENT AND SAMPLES
UNDER STUDY

The microstrains of the 16Cr—15Ni—3Mo—1Ti
steel samples were experimentally studied using the
FSD of the IBR-2 fast pulsed reactor situated at the
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Fig. 1. Diffraction spectrum of the 16Cr—15Ni—3Mo—1Ti
steel sample deformed by 20%. Data were measured using
the FSD and processed by the Rietveld method. Experi-
mental points and calculated and difference curves are
shown.

Frank Laboratory of Neutron Physics, Joint Institute
for Nuclear Research [10, 11], which was created to
investigate internal mechanical stresses in industrial
products and new promising materials via the Fourier
correlation technique applied to neutron diffraction.

In this work, a set of four austenitic 16Cr—15Ni—
3Mo—1Ti steel samples with degrees of cold deforma-
tion of 10, 20, 30, and 40% were examined. They were
fabricated as cylinders 55 mm long and 6.45 mm in
diameter. The diffraction spectra of the 16Cr—15Ni—
3Mo—1Ti steel samples under study were measured at
room temperature, and the exposure time of each
spectrum was 2 h. All main diffraction peaks of the
spectra were indicated in the scope of the fcc structure
with the space group Fm3m and the lattice constant
ay=~ 3.6 A. The typical diffraction spectrum processed
by means of the Rietveld method is presented in Fig. 1.
The main structural parameters were obtained using
profile analysis of the measured diffraction spectra
according to the Rietveld method. In addition, sepa-
rate diffraction peaks were processed with the help of
the least-squares (LS) method to analyze the depen-
dence between the peak width and the interplanar
spacing and to determine how crystal-lattice micros-
trains and the average size of coherent scattering crys-
tallites contribute to the peak width.

RESULTS AND DISCUSSION
Neutron Diffraction

Analysis indicates that the dependence between the
FSD resolution function and the interplanar spacing d
is quite simple and that the instrument resolution
increases gradually with spacing d. The FSD resolu-
tion function, as well as its sensitivity to the diffrac-
tion-peak broadening induced mainly by microstrains
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Fig. 2. Dependences between the full resolution function
Ad/d and the interplanar spacing d at different degrees of
deformation of the steel samples under study. For compar-
ison, the instrument resolution function measured with
the help of the standard sample is shown.

in the material and finite-size crystallites, was esti-
mated at the preliminary stage. For this purpose, the
diffraction spectrum of the standard o-Fe powder
sample was measured. As is evident from Fig. 2, where
the instrument resolution functions Ad measured with
the help of the standard sample and the steel samples
under study are compared, existing broadening effects
can be reliably measured using the FSD.

When the diffraction-peak width at half maxima is
analyzed with the aim of studying microstrains defined
by formula (5), it is convenient to subtract the instru-
ment resolution function and, afterward, examine the
diffraction-peak broadening [ related only to the
properties of the material under consideration. Thus,
for the investigated samples, analysis of the interrela-
tion between peak broadening % and @? revealed that
certain (200 and hhh) reflections deviate markedly
from the linear dependence. Such a deviation is usu-
ally associated with variations in the dislocation-con-
trast factor and was observed more than once during
X-ray scattering experiments [12, 13]. It should be
noted that the anisotropic peak-broadening effect
manifests itself very strongly with the use of the FSD
(Fig. 3).

The study of diffraction-peak broadening demon-
strated that crystallite sizes contribute negligibly to the
broadening. On the contrary, microstrains make the
main contribution to the above phenomenon. The
crystal-lattice constant depends weakly on the degree
of sample deformation, and its absolute value is in
good agreement with our previous results obtained in
studying the different heat-treatment modes of the
same steel grade (see table) [14, 15]. At the same time,
individual diffraction peaks of the spectrum become
broader with increasing degree of deformation, as is
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Fig. 3. Dependences between the squared peak half-width

Ad?* and the squared interplanar spacing d? of the investi-
gated samples and the standard sample.

seen in Fig. 4, confirming that material microstrains
grow within very wide limits.

Microstrains (€?)!/? and coherent-scattering-
region sizes (D), which were obtained from analysis of
the diffraction-peak broadening, can be employed to
estimate an important parameter, namely, the disloca-
tion density of the material under investigation. From
comparison between the crystal lattice’s elastic energy
per unit volume and the energy of a single dislocation,
it was demonstrated [16] that the dislocation density
can be represented as

2

-ke), ©

Fb

Here, (¢2)!/? is the microstrain; b is the Burgers vector;
parameter F allows for the interaction of dislocations
(in the simplest case, F'=1); and k = 124, where 4 =
2 corresponds to the Lorentzian peak shape and 4 =
1t/2, to the Gaussian shape. As a rule, the coefficient &
of many materials varies from 2 to 25. Moreover, with
application of the given model, it is assumed that all
dislocations contribute to diffraction-peak broadening

Fig. 4. Dependences between the (200) diffraction peak
shape and the degree of plastic deformation of the 16Cr—
15Ni—3Mo—1Ti steel samples.

and microstrains are independent of the [Ak/] direc-
tion in the crystal. In particular, when the Burgers vec-
tor of dislocations is oriented along the [110] direction
(F=1), it was established that the dislocation density
of the fcc lattice is defined as

P =16.1<?. (7)

As was indicated above, the FSD spectra exhibit
anisotropic diffraction-peak broadening associated
with variations in the dislocation-contrast factor. The
given anisotropic effect can be taken into account
using the model for random-orientation polycrystal-
line materials with the cubic system [17]. In this
model, the anisotropic diffraction-peak broadening
depends on the average dislocation-contrast factor

Chmi allowing for the orientational and elastic proper-
ties of dislocations:

2 2,2
(AK)2:(MJ +%}K2Ci0(1(4c2). ®)

(D)

Crystal-lattice constants, average microstrains, and dislocation densities determined via neutron diffraction and TEM at
different degrees of plastic deformation of 16Cr—15Ni—3Mo—1Ti steel

o def]grfﬁfﬁeon % a, A & x 10~ Diffraction, p x 10, m=2 | TEM, p x 10", m2
10 3.59655 + 0.00001 11.4+0.1 1.7 3.0-5.0
20 3.59616 + 0.00002 16.5+0.1 3.9 4.0-5.0
30 3.59643 + 0.00002 19.0 0.2 5.8 45-6.0
40 3.59766 + 0.00002 214402 6.9 8.0~10.0
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Fig. 5. Variations in the squared peak broadening [32 Vs.
(A+ BH*d* at 30% deformation of the sample. White
squares designate experimental values, and the continuous
line corresponds to the LS fitting.
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Fig. 6. Dependences between the squared pzmak half-width
Ad” and the squared interplanar spacing d“ at 30% defor-
mation of the sample. The continuous lines were plotted
using the LS fitting results and correspond to microstrains
at different anisotropy factors H%. For comparison, the
instrument resolution function measured with the help of
the standard sample is shown.

Here, K= 2sinB/A, AK is the peak width at half max-
ima, (D) is the coherent-scattering-region size, M is
the constant determined by the effective radius of the
dislocation cutoff, p is the dislocation density, b is the
Burgers vector, C is the average dislocation-contrast
factor, and O(K*C?) are the higher-order residual
terms.
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Fig. 7. Variations in the averaged lattice microstrain vs. the
degree of plastic deformation of the material.

In particular, the averaged dislocation-contrast
factor of a cubic crystal is described by the simple rela-
tionship

Wi+ P+ k1

B 2 2 2\2
" +k"+10)

where 4, k, and / are the Miller indices, H? is the ori-
entation factor (anisotropy factor), and parameters A
and B depend not only on the elastic constants of the
material and the effective radius of the dislocation cut-
off, but also on whether dislocations are of the edge or
screw type. In this case, material microstrains are
anisotropic and possess minimum and maximum val-
ues at H? = 0 and 0.33, respectively.

Cwi =A— - A-BH?, (9)

Thus, the given model based on LS fitting provides
a satisfactory description of the anisotropic diffrac-
tion-peak broadening (Fig. 5). It should be empha-
sized that the parameters fitted via the LS method
enable us to construct model curves corresponding to
different values of the orientation factor /#2. In this
case, the experimental values Ad? agree very well with
the corresponding model curves (see Figs. 3, 6). The
dependence of microstrains (€2)!/2, which is averaged
over all orientations and corresponds to H? = 0.2, is
depicted in Fig. 7. Its value increases if the degree of
plastic deformation of the material increases. Accord-
ingly, the dislocation density also increases from 1.7 x
10'*t0 6.9 x 10'* m~2 (Fig. 8).

In addition, the aforementioned model can be used
to estimate the ratio between edge or screw disloca-
tions in the material under consideration. For this pur-
pose, the experimentally determined dislocation-con-

p— . p— d
trast factor Cpoo must be compared with C Zoge and

——Screw

Cno ,i.e., with the separately calculated contrast fac-
tors of edge and screw dislocations, respectively. For
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Fig. 8. Dependences between the dislocation density and the Fig. 9. Variations in the fraction of edge dislocations in the
degree of plastic deformation of 16Cr—15Ni—3Mo—1Ti material vs. the degree of plastic deformation.

steel. The densities were measured via TEM (minimum
and maximum values) and neutron diffraction.
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Fig. 10. Structures of 16Cr—15Ni—3Mo—1Ti steel deformed by (a, b) 10 and (c, d) 20%.
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Structures of 16Cr—15Ni—3Mo—ITi steel
deformed by (a, b) 30%.

Fig. 11.

16Cr—15Ni—3Mo—1Ti steel, the results are presented
in Fig. 9. It is seen that, in the material investigated,
the fraction of edge dislocations decreases from 75 to
4% with increasing degree of plastic deformation.
(Accordingly, the fraction of screw dislocations
increases under the same conditions.) Afterward, the
fraction of edge dislocations increases and reaches 28%
at the maximum degree of plastic deformation of 40%.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) was also
used to study variations in the dislocation structure
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versus the degree of sample deformation. TEM exper-
iments were carried out using a JEM-200CX electron
microscope operating at an accelerating voltage of
160 kV and specially prepared foils. The bright-field
images of the structure, microdiffraction patterns, and
the dark-field images of different reflections were
obtained to identify phases. During foil preparation,
the sample thickness was mechanically thinned to
~100 pm, followed by electropolishing in orthophos-
phoric acid mixed with chromic anhydride. The dislo-
cation densities were determined by means of the
secant method.

The structure of the examined steel samples
deformed by 10 and 20% involves only single twins
(Fig. 10). When the degrees of deformation of the
material are 30 and 40%, the density of twins grows
appreciably (Figs. 11, 12). During investigation of the
structure of austenitic 16Cr—15Ni—3Mo—1Ti steel
samples with different degrees of deformation, it was
revealed that the dislocation density varies over the
grain volume. There are regions with low and high dis-
location densities. In all probability, this is explained
by the fact that TEM is a local method employed to
investigate separate regions of a thin foil, in which the
dislocation density can vary substantially. As opposed
to TEM, neutron-diffraction data are averaged over
the entire volume of the sample under study and pro-
vide an integral estimate of the dislocation densities.
Moreover, TEM results can be affected by dislocations
that are formed on sample surfaces during thin foil
preparation. Hence, the dislocation density in foils is
smaller as compared to the initial material.

However, comparison between the findings of both
methods indicates that, in our case, the dislocation-
density estimates determined from the neutron-dif-
fraction data coincide closely with the TEM results
(see table, Fig. 8).

CONCLUSIONS

In this work, the main structural parameters,
microstrain levels and dislocation-density estimates of
austenitic 16Cr—15Ni—3Mo—1Ti steel samples with
degrees of cold plastic deformation of 10, 20, 30, and
40% are determined by means of high-resolution neu-
tron diffraction. It is demonstrated that the anisotro-
pic diffraction-peak broadening observed in the neu-
tron experiment arises from variations in the disloca-
tion-contrast factor and can be satisfactorily described
with the help of the used model. The dislocation-den-
sity estimates obtained via neutron diffraction and
transmission electron microscopy are rather close to
each other and agree well with the data determined for
the given material in [18, 19].
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Fig. 12. Structures of 16Cr—15Ni—3Mo—1Ti steel deformed by (a, b) 40%: (a, b) bright-field images and (c) dark-field image of
the 111, reflection.
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