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The technique of X-ray diffraction investigation of coherence length and micro-strain
level using approximation of diffraction line profiles by Gaussian and Cauchy functions as
well as by harmonic analysis has been worked out for tungsten samples with quite perfect
structure. The importance of right choice of a standard for obtaining the reasonable
measurement results has been demonstrated. For the first approximation the possibility to
use the spectral line width for calculation of the reflection true (physical) broadening has
been shown. The contributions of basic instrumental factors into the reflection geometric
broadening were estimated.
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OrpaboTana MeTOOUKA PEHTreHOrpaduuecKoro WCCIENOBAHUA pasmepa obiacreil Kore-
PEHTHOr0 pacCesHUS M BeJUYMHBI MUKPOAehopMANUil IIyTEeM AllpoKcHUMAnuud Ipoduireil
InPpaknuoHHBIX JuHNN QyHKnuaMu 'aycca, Kommu, a Takike IpuMeHeHNEM FapMOHUYECKO-
ro aHajgmnaa Ajgs o0pasiioB BoJb()pamMa ¢ JOCTATOUHO COBEPIIEHHON CTPyKTypoii. IIpomemoH-
CTPUPOBAHA BAMKHOCTDL IIPABUJILHOIO BHIOOPA STANOHA A/ IMOJYYESHUA PA3YMHBIX PE3YJILTATOB
usmepennii. [IokasaHo, YTO B IIEPBOM MPUOIMMKEHNHN HPU PACUETe UCTUHHOTO ((HUBHUECKOr0)
pacuinpeHus OOINYCTUMO MCIIOJNb30BAHIE TEOPETUYECKON CIEKTPAJbHOU IIMPUHBI JHHUM.
Crenana OIleHKA BKJAA B reOMETPHUUECKOE PACIIMPEHNE OCHOBHBIX HHCTPYMEHTAJBHBIX (aK-
TOPOB.

IIpo 3acrocyBaHHA cmoco0y ampoxKcuMamii 0 BUBYEHHS CyOCTPYKTYPH HOCTATHBO [0-
cKkoHAaaux 3pa3kiB pentreniBecskum meromom. C.B.Manuxin, I.€.Iapxywa, B.O.Maxaail,
C.B.Cyposuuvruii, M.B.Pewemnsx, C.C.Bopucosa.

Bignpanbopano merogmKy peHTreHorpadiuuoro mociaimsxkeHHs posMipy obsacreil Kore-
PEHTHOr'0O pPo3cigHHA Ta BeJauwuuHu gedopmaliiili migxom ampokcumariii mpodinie gudparmii-
HuX JgiHil pynrnisvmu Faycca, Komu, a TakoX BUKOPHCTAHHSAM FapMOHIUHOrO aHaaisy miasa
3pasKiB BoaBDpPaAMy 3 ITOCTATHBO AOCKOHAJOI CTPYKTYPOwo. IIPOJeMOHCTPOBAHO BAaKJIUBiCTDL
HIPaBUJILHOTO BUOOPY eTAJIOHY [IJSA OTPUMAHHS PO3YMHHUX pPe3dyJbTaTiB BUMipioBaHB. IloKaza-
HO, II[0 y IeplIoMy HaOJIMMKeHHI Ipu pos3paxyHKy ictmHHOrO ((PisMUHOr0) POSMIMPEHHS €
IOIyCTUMUM BUKOPHCTAHHS TEOPETHYHOI cleKTpaJybHOl mupuHy Jginii. 3pobaeHo oiinky
BKJIALy V I'€OMETPHUUHE POSIIHUPEHHS OCHOBHMUX IHCTPYMEHTAJIbHUX (DAKTOPiB.
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1. Introduction

In physics of materials and physics of
solids, one of actual problems of structure
analysis is attestation of a sample structure
state, namely, determination of the average
coherence length (CL) <L> and average
micro-strains <e>. Usually, for determina-
tion of the sub-structure parameters either
the approximation method or the harmonic
analysis is applied [1-4]. Recently, the
method of moments is also discussed [5].
These methods are quite tested and used for
studying the strongly strained samples.
These are based on the analysis of angle
dependence of diffraction maxima broaden-
ing taking into account the geometric (in-
strumental) broadening. It is assumed that
other causes of the physical broadening,
such as packing defects [6] are absent. For
estimation of the instrumental broadening,
usually the measurements of a standard are
used. For very strongly strained samples
with coherence lengths L < 100 nm, the ab-
sence of the standard does not result in any
substantial error.

Technique difficulties appear under
studying the sufficiently perfect samples
which diffraction patterns showing K,-dou-
blet splitting already for diffraction me-
dium angles. Such the case was observed, in
particular, under studying Al and Al-Li sam-
ples. In the samples strongly strained at
cryogenic temperatures, as a result of dy-
namical recrystallization, the perfection of
the structure was sharply increased as the
deformation degree grew [7, 8]. Similar
problems are present when studying the ra-
diation stability of both Zr and Zr-5 % Nb
samples from TEE (thermo-emitted element)
shells [9] and in researches of cracking the
tungsten as a primary Plasma Facing Mate-
rial (PFM) relevant to diverter of ITER (In-
ternational Thermonuclear Experimental
Reactor, Cadarache facility in Saint-Paul-
les-Durance, south of France ) fusion reac-
tor [10, 11]. When the diffraction maxima
of the sample and the standard are close by
widths at small angles, the obtained coher-
ence length L = 500-700 nm is found to be
absurd. Sometimes, Hall plots get into the
negative area that is principally impossible.
According to [1], measurable by X-ray
method maximum coherence length value
should not exceed 250—300 nm which corre-
sponds to the case when the minimum width
of the diffraction maxima is equal to the
line spectral width. As the problem of
studying the sub-structure parameters and
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their evolution under the influence of dif-
ferent factors on sufficiently perfect sam-
ples occurs periodically, our aim was to
work out a correct enough technique of cor-
responding X-ray diffraction (XRD) meas-
urements.

2. Experimental

The technique task combines both the
correct choice of a standard and the minimi-
zation of instrumental factors contributing
into the geometric broadening of diffraction
maxima. As the samples, the pure tungsten
ones supplied by Plansee AG (Austria) have
been used. They were prepared by different
technologies. Once forged cylindrical speci-
mens (set WJL) with a diameter of 12 mm
and a height of 5 mm were prepared from a
1 m long rod (diameter of 12 mm, the de-
formation axis along the rod) [12]. The
grain orientation was parallel to the heat
transfer direction. Double forged (DF se-
ries) targets were prepared by the following
way [13]. These materials were sintered into
a rod shape, thermo-mechanically deformed
in the axial direction to obtain around
blank with a height of ~ 29 mm and a di-
ameter of ~ 160 mm and subsequently stress
released at 1000°C. As a result of the axial
forging, the grains were heavily deformed
to a disc-like shape perpendicular to the
forging direction. Samples with dimensions
12x12x5 mm3 were cut with the disc-like
grains oriented parallel to the loaded sur-
face. A WKB series is double forged sam-
ples with sizes of 12x12x1 mm3. All the
samples were polished to a mirror finish to
obtain the undamaged well-defined starting
state.

WJL and DF samples were prepared and
delivered from Forschungszentrum Julich
(Julich, Germany). WKB specimens were
delivered from Max Planck Institute for
Plasma Physics, (Garching, Germany).
These were assumed to be different by
structure state. Such kinds of tungsten ma-
terials are chosen as a reference of Plasma
Facing Materials (PFC) for the diverter of
the experimental fusion reactor ITER and
for the first wall and the diverter of the
next-step fusion reactor DEMO. Now the
ITER project is at the stage of building.
Nevertheless, the critical issue for the suec-
cessful realization of this project is to pre-
dict structure and substructure changes in
plasma-facing materials subjected by power-
ful heat plasma loads and intensive fluxes
of particles relevant to the fusion reactor
plasma. Tungsten is the priority PFC for
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the fusion reactor due to following advan-
tages: high thermal conductivity, high tem-
perature strength and stability, high recrys-
tallization temperature and the high sput-
tering threshold for hydrogen. The main
tungsten disadvantage is high brittleness.
Nevertheless, the tungsten is a suitable ob-
ject for experiments: it has a unique isot-
ropy of elastic properties; therefore, it is
possible to use it for calculations of all
available X-ray diffraction maxima. Hall
plots can be constructed by a lot of points,
i.e. are most correct; additionally, it is pos-
sible to analyze the material for packing
defects.

For determination of the geometric
broadening, a specially annealed powder
sample of the same material is usually used
as a standard. In the present work, the ma-
terials used for this aim were: diamond
powder, recrystallized polycrystalline Al,
single crystalline mica — muscovite, and
single crystalline mica — fluorinephlo-
gopite. Firstly, it is necessary to plot the
dependence of the peak broadening on the
diffraction angle 20 for a standard; then
from this dependence, the geometric broad-
ening for the standard should be determined
for the diffraction angle range specific for
tungsten.

The diffraction patterns were recorded
using step by step 6 — 20 scanning in the
Cu-anode radiation for samples and stand-
ards using the DRON-type X-ray diffrac-
tometer. The receiving slit size in front of
the counter was from 0.25 to 0.05 mm.

The treatment of the diffraction patterns
and determination of integral widths of
maxima were carried out using the
"New_Profile 3.5" soft-ware with approxi-
mations of profiles by Cauchy or Gauss
functions. The contributions of different
factors of geometric broadening into the
total broadening of a diffraction profile
were estimated by calculation of function
convolutions using the method of numerical
simulation.

3. Results and discussion

3.1. Choice of a standard

In Fig. 1, the angle dependences are
shown for line widths B of W-K,; diffrac-
tion profiles for all reflections of one of
tungsten samples (a), and for several stand-
ards (b). The line widths of conventional
standards of diamond and aluminum (curve I)
are found to be comparable with the widths
of the studied material at the diffraction
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Fig. 1. Diffraction peak widths versus dif-
fraction angle for aWKB30 tungsten sample
(a) and for a series of standards (b): 1 —
aluminum (black triangles) and diamond
(clear triangles); 2 — mica recorded with the
slit 0.1 mm; 3 — mica recorded with the slit
0.05 mm; 4 — theoretical spectral line width.

angle 6 = 70° (Fig. 1). Moreover, for low an-
gles the “"standard” width is even larger
than for the tungsten. Consequently, the re-
crystallized aluminum and the powder dia-
mond can not be used as standards. Much
smaller width is observed for mica samples,
and in the range 0 > 45° this coincides with
the spectral width calculated according to
the theory [1, 14]. At lower angles, the
mica lines widths exceed the spectral one,
and are found to be the more, the wider is
the receiving slit in front of the counter.
Calculations by the simulating method have
shown that the convolution of the symmet-
ric function corresponding to both the spec-
tral line and the slit function taken from
[15] transfers the line 4 in Fig. 2b into the
dashed line position. After calculation of
the convolution with the function account-
ing the projection of the tube focal spot, we
obtain complete agreement with the curve 3
or 2 depending on the receiving slit func-
tion. Thus, the conclusion can be done that
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Table. Substructure parameters: coherence length L, micro-strains €, and dislocation densities p;
in walls and in crystallite bulk p, calculated from X-ray diffraction line widths for different

tungsten sample series

Sample number Series L, nm €108 pr, 1019 em=2 | p., 1010 cm2
WKB42 49 1.1 12.0 5.0
W-coating/Cu 57 1.7 9.2 1.5
WKB30 52 - 11.1 -
4 DF 54 - 10.3 - -
5 WJL 79 0.9 4.8 4.3
Irradiated coating 80 - 4.7 -
20 b) i 3.2. Substructure parameters of tung-
18r = sten samples
16+ 7
. Hall plots for a series of the studied
14 . o 2 . .

P > tungsten samples are shown in Fig. 2 for
< 21 9. - . Gaussian approximation of diffraction line
SO o ¥ X . 3 profiles. Originally we have chosen Gauss
e * e . sty functions because the low angle reflections

6F . . 5 and especially standard ones had intense

ap " ., 6 and sharp maxima.

Al * From the Fig. 2 it is seen that all the

0 . , ) ) , plots are linear. Practically all the points of

0.0 0.2 0.4 0.6 0.8 1.0 each plot lie on the straight lines. Absence
sinZe of falling out points testifies the absence of

Fig. 2. Hall plots for a series of tungsten
samples: I — WKB42; 2 — initial coating; 3
— DF-18; 4 — WKB30; 5§ — WJL, 6 —
irradiated coating.

the basic contribution into the geometric
broadening of diffraction maxima is sub-
stantial only at small diffraction angles;
and the main contribution in it is caused by
the receiving slit width and the profile of
the radiation source (the projection of the
focal spot). Additionally it should be noted
that the influence of these functions is
found to be the less, the wider is the initial
convoluting line. As the diffraction angle
(and, consequently, the line width) in-
creases, the contribution of geometric
broadening becomes lowered. For tungsten
lines wider than mica ones even at low an-
gles, the contribution of the geometric
broadening is found to be small when using
the receiving slit of 0.05 mm, but with
larger slits this is noticeable in the angle
range of 0 < 30°. As the measurements of
the tungsten lines at low angles were car-
ried out with the slit 0.1 mm, we used the
curve 2 in Fig. 1b for determination of the
standard line width and calculations of
physical broadening.
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packing defects. The straight lines do not
get to the negative area. Testing on the
correctness of geometric conditions and on
the absence of calculation errors under condi-
tions where the whole broadening is caused
only by coherence length (CL) and micro-
strains is usually carried out using the ex-
pression cosf;/cosby < Py/PB; < tgby/tgb; [1,
2, 7]. Such testing has shown that the above
condition is fulfilled for all of ineclined
plots, i.e. the measurements and calcula-
tions are correct. The shape of the plots
indicates small coherence lengths and exist-
ence of micro-strains. For horizontal plots,
the left part of the relation

cosf;/cosBy = By/P; is realized; this indi-

cates the absence of micro-strains. Here 0,
and 0, are small and large diffraction an-
gles; By and P, are corresponding physical
broadenings. For the double forged samples
of the WKB series, the steepest is the plot I
in Fig. 2; according to Gaussian approxima-
tions, the average coherence length is found
to be <L> =50 nm, while the average
micro-strain level being <e> = 1.1-1073. For
the case of Cauchy approximation, these
data are <L> = 150 nm and <e> = 0.9:1073.
As it is known, these data are limit values,
while the reality being medial. Calculations
fulfilled using harmonic analysis give the
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values <L> = 130 nm and <e> = 1.0-1073, If
the physical broadening is determined by
the direct solution of the convolution equa-
tions by the regularization method, the fol-
lowing data are obtained: <L> = 154 nm
and <e> = 0.5-1073, From these data it fol-
lows, that the average micro-strains in this
sample are about 1.0-1073 independently on
the approximation method. The average
<L> is likely close to Cauchy approximation
data near 140 nm. In Fig. 2 the plot 7
(dashed line) corresponds to the sample 1,
but the calculations were done using the
spectral line width. This way of the calcula-
tion is also reasonable, because it does not
affect the micro-strains values, while devia-
tions by CL being in the limits of scattering.

The results of calculations using Gauss-
ian approximation for CL, micro-strains, as
well as dislocation density in the block
walls, and chaotic dislocation density within
the blocks are given in Table for all samples
studied. We can not insist the data are ab-
solutely true, but these reflect the vari-
ations from one type samples to another or
within the same series of samples. Note,
that even within the same series, the sam-
ples may have different substructure pa-
rameters. Additionally, it is seen that irra-
diation of a W-coating sample by hydrogen
plasma in the regime of (5 fold pulsing by
quasi-stationary plasma accelerator —
QSPA Kh-50 (National Science Center
Kharkov Institute of Physics and Technol-
ogy) plasma with heat load 0.6 MJ/m?2 and
duration of 0.25 ms for each pulse) results
in annealing the dislocations both chaoti-
cally distributed over the ccherence scatter-
ing areas in the bulk and at the boundaries.

We can state the fact that all the data
obtained has the reasonable meaning and
explanation. These do not contradict any
theoretical conceptions. Consequently, the
used approach to substructure investigation
of quite perfect samples by the X-ray dif-
fraction method is well applicable.

4. Conclusions

The technique of X-ray diffraction inves-
tigation of coherence length and micro-
strain level using approximation of diffrac-
tion line profiles by Gaussian and Cauchy
functions as well as by harmonic analysis
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has been worked out for tungsten samples
with quite perfect structure. The impor-
tance of right choice of a standard for ob-
taining the reasonable measurement results
has been demonstrated. For the first ap-
proximation the possibility to use the spec-
tral line width for calculation of the reflec-
tion true (physical) broadening has been
shown. The contributions of basic instru-
mental factors into the reflection geometric
broadening were estimated.
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