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The degree of influence of corrections was studied by the method of high-temperature radiography of
alloys of Cu-Ni, Fe-Ni, Au-Ag, KCI-KBr systems on the reverse imaging chamber on the diffuse tempera-
ture scattering of X-rays and scattering by defects of the crystal lattice. The research of the concentration
and temperature dependences of the mean squares of the values of static and dynamic displacements of
hypothetical atoms on their equilibrium positions in the crystal lattice was carried out. The method of sep-
arating the values of root-mean-square (RMS) dynamic and static displacements of atoms was described.
The article is based on the choice of objects and research method. Mathematical relations for determining
the temperature dependence of the X-ray characteristic temperature and complete RMS dynamic and stat-
ic displacements of hypothetical atoms from the position of their equilibrium in the lattice are presented.
The formulas for finding the values of the correction for temperature diffuse scattering of X-rays and the
formula for calculating the values of static displacements are given through the parameter of the crystal
lattice of the solid solution and the solvent, as well as through the values of the elastic constants of the in-
vestigated alloys. Some of the results of the investigation are illustrated graphically, and others — analyti-
cally. The advantage of the Chipman-Paskin method for determining the X-ray characteristic temperature
and the advantage of evaluating the values of static displacements by temperature changes of the lattice

parameter of the solid solution and the solvent are proved.
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1. INTRODUCTION

When studying the thermal properties of substances
and their alloys by the X-ray method, the question of the
influence of X-ray scattering by crystal lattice defects is
important. First of all, this concerns the values of the

total medium quadratic dynamic uiyn and static uft

displacements of atoms from the equilibrium position
in the crystal lattice and taking into account the correc-
tions for thermal diffuse scattering (TDS) of X-rays and
the manifestation of the anharmonicity of thermal vi-
brations of atoms.

This direction of experimental research was ex-
panded by scientists from the Department of X-ray
Metal Physics of Chernivtsi State University under the
guidance of Professor G.P. Kushta. The method of de-
termining the X-ray characteristic temperature @r and
its change was improved, and a generalized measure of
anharmonic oscillations of the atoms of a crystalline
substance was proposed. Such experimental researches
are relevant today, as there are discussions about the
feasibility of taking into account various amendments
in determining the integral intensities of interference
maxima of X-rays and the search for the optimal meth-
od of studying the thermal properties of substances.

2. DESCRIPTION OF OBJECTS AND METHODS
OF RESEARCH

We investigated continuous solid solutions (alloys)
of Cu-Ni, Au-Ag, Fe-Ni and KCI-KBr systems. A char-
acteristic feature of Cu-Ni and Fe-Ni alloys is that the
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values of the atomic masses of their components are
close to each other and are widely used in industry.
Suffice it to remind the use of invar and permalloy al-
loys of the Fe-Ni group for memory cells.

Au-Ag alloys are characterized by the fact that the
filling of the upper electronic atomic shells is similar
(Ag-4d1095s!, Au-5d°6s!), although the atomic masses
and radii are different. Au-Ag alloys are corrosion-
resistant, often used in electronics.

The compounds KCl, KBr and their alloys by struc-
ture belong to one class of ionic crystals of the NaCl
type. They have found practical application in optics, in
particular in the field of frequency overradiation asso-
ciated with resonant oscillations of ions in the crystal
lattice.

All research objects have a face-centered cubic (FCC)
structure.

Researches of the above alloys were carried out by
the method of high-temperature radiography using a
KROS camera with a high-temperature nozzle to de-
termine the temperature change of the parameter a(z)
of the crystal lattice and the change in the relative in-
tegral intensity of the interference line of a certain in-
dex (hkl). Based on them, the medium quadratic total

u?, and static u’ displacements of atoms from the

position of their equilibrium in the crystal lattice were
calculated.

The reasonable proposals of L.N. Guseva were ac-
cepted by us for determining the static displacements of
alloy atoms by temperature and concentration change
of the crystal lattice parameter

© 2020 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.12(6).06019
mailto:v.i.harashchenko@nuwm.edu.ua

D.I. VADETS, O.V. GARASHCHENKO ET AL.

C Clp

2
0361{@()] | "

where c is the atomic concentration of impurities in the
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where Cj are the elastic constants; V is the average

atomic volume; v, = &; Vo = Cus ;a= —
C, C, 1+v, +2v,

Difficulties arise due to the limited amount of liter-
ature data on the concentration and temperature de-
pendences of Cij. Therefore, the degree of dependence

2

-, on temperature and concentration of the solution

u
can be estimated by relation (1).
When determining the dependence uzyn(T) for al-

loys with FCC lattice, we took into account the
amendments to the TDS [1]:
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where a is the period of the crystal lattice, A9 is the
angular width of the photometric curve line (hkl) of the
order of 8-10°; 9 is the center of the Bragg angle of the
interference maximum; A is the X-ray wavelength.
Based on generally accepted considerations regard-
ing the relative integral intensity of a certain interfer-
ence maximum of X-rays, the equation can be written as

I=B. M/t (4)

where B is the product of the coefficient of proportiona-
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solid solution, ap and an are the parameters of the crys-
tal lattice of the solvent and the solid solution, respec-
tively, at a given temperature.

The ratio of M.A. Kryvoglaz is also taken into ac-
count for alloys with FCC lattice:

1,011

(1-1,055a) +2,47a* -7,36a" + 24,20 + ————
1+v, +2v,

2

lity, angular and structural factors; e-2M is the Debye-
Waller temperature factor; e ™ is the weakening fac-
tor of the intensity of the interference maximum of X-
rays at static displacements of atoms from the equilib-
rium position; £ is the correction of TDS.

Exponents in the research of cubic syngony crystals

can be expressed through dynamic uﬁyn and static uszt

displacements of combined hypothetical atoms or through
the characteristic temperature Or:

opg =t e b _ 3h*Ty (x) X b7
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where h is the Planck constant; & is the Boltzmann
constant; 7' is the thermodynamic temperature; m is
the total mass of hypothetical atoms of the crystal lat-
tice; Zb;i? is the sum of the squares of crystal indexes
(hkI) of a certain interference maximum; yi(x) is a De-
bye function; x = O/T.

By taking a crossgram or diffractogram at room and
other temperatures, determining the relative intensi-
ties of a particular interference line and performing
certain mathematical operations on (4), taking into
account expressions (5) and (6), it can be written:

Hmkaz T,(1-4, )[1+a0—€}12
T;

o 3h L6 (1-5)T
where index "0" refers to the values of physical quan-
tities, for example, to room temperature, and without
indices — to other temperatures. The coefficient a can
be found with a high degree of accuracy from the
tabular values of the Debye function and a set of val-
ues x = O/T:

(x) =1+ax” ®

The feasibility of introducing the influence on the
overall intensity of the interference maximum from
the side of the TDS is not in doubt. Even at a con-
stant value of A9, f increases with temperature due
to an increase in a(f), and the influence of static dis-
placements should be evaluated by formula (1).

The temperature dependence @,(7T) was found by
the known Chipman method [2]. For the most part,
O,(1) slowly decreases linearly with increasing tem-

perature, uﬁyn(T) or utzot(T) increases rapidly ac-

cording to the quadratic law with increasing temper-

7 4 7 R (M

ature of the test substance. Therefore, it is conven-
ient to first determine the temperature dependence
of the effective Or.q(T) by formula (7) without the

term with u? .

Having determined the effective values of Or.s(7),

we calculate the total values u’ (T) by the ratio:

IR Ty (x)

47°mk6?
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The mean square of the static displacement is de-
termined by interrelation (1). Since the mean square
of the total displacement is equal to

2
utot

—u}, ik (10)

2 _o2 _ 2
whence w, =, —u;; .

If necessary, the actual values of X-ray tempera-
tures Or(7) can be calculated using (9).
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3. DESCRIPTION AND ANALYSIS OF
RESEARCH RESULTS

Within the temperature researches of Cu-Ni al-
loys up to 1073 K, Fe-Ni up to 973 K, Au-Ag up to
873 K, KCI-KBr up to 573 K, we did not detect crys-
tallographic structural changes.

The tables for the investigated alloys show the
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temperature changes of the total ufot(t) , ;i(t) s uzyn )
displacements and the percentage contribution to uszt

in % . Fig. 1, Fig. 2 show the concentration depend-

ences uszt (t) at different temperatures and their tem-

perature change at different concentrations.

Table 1 — Concentration and temperature values of the RMS of the total, static and dynamic displacements of atoms and the

fraction of static displacement relative to the total one as a percentage of Au-Ag alloys

Alloy, at. %/temperature, °C 18 °C 100 °C 200 °C 300 °C 400 °C 500 °C 600 °C
1,-10-22 2.94 3.83 4.906 6.04 7.19 8.363 9.57
Auso-Agio 2,10-22 0.000029 | 0.00032 | 0.0000032 0.0000032 | 0.000051 | 0.00015 | 0.000081
3,:10-22 2.94 3.83 4.906 6.04 7.19 8.363 9.57
4, % 0.0009 0.008 0.00006 0.00005 0.0007 0.0018 0.0008
1,10-22 3.39 4.39 5.651 6.96 8.32 9.707 11.2
Aurs-Agss 2,10-22 0.000087 | 0.00013 0.00010 0.000017 0.00013 0.00021 | 0.00039
3,10-22 3.39 4.39 5.651 6.96 8.32 9.706 11.2
4, % 0.002 0.001 0.0009 0.0009 0.001 0.001 0.003
1,10-22 3.84 5.02 6.542 8.16 9.88 11.64 13.3
Auso-Agao 2,:10-22 0.000089 | 0.000091 0.00014 0.00014 0.00021 0.00036 | 0.00076
3,:10-22 3.84 5.02 6.542 8.16 9.88 11.63 13.3
4, % 0.002 0.001 0.002 0.001 0.002 0.009 0.005
1,-10-22 4.43 5.71 7.274 8.93 10.5 12.199 13.8
Auio-Ageo 2,10-22 0.00109 0.00114 0.00145 0.00157 0.00169 0.00174 0.0020
3,10-22 4.43 5.71 7.273 8.92 10.5 12.197 13.8
4, % 0.02 0.01 0.02 0.01 0.01 0.01 0.01
1,10-22 4.07 5.31 6.77 8.31 9.82 11.443 13.1
Auss-Agrs 2,:10-22 0.00172 0.00148 0.00132 0.00125 0.00181 0.00181 | 0.00228
3,10-22 4.07 5.31 6.769 8.31 9.81 11.441 13.1
4, % 0.04 0.02 0.01 0.03 0.01 0.01 0.01
1,10-22 4.02 5.16 6.56 8.05 9.52 11.038 12.6
Auo-Agso 2,:10-22 0.000207 0 0.000051 0.000013 0.00020 0.00020 | 0.00046
3,:10-22 4.02 5.16 6.559 8.05 9.52 11.038 12.6
4, % 0.005 0 0.0007 0.0001 0.002 0.001 0.003

Note: 1 — u2 ;2 — u?

tot

st 2

. 2 . S22
3—ug,;4-uylu

tot

Table 2 — Concentration and temperature values of the RMS of the total, static and dynamic displacements of atoms and the
fraction of static displacement relative to the total one as a percentage of Fe-Ni alloys

Alloy, at. %/temperature, °C 20 °C 100 °C 200°C | 300°C | 400°C | 500°C | 700 °C
1,-10-22 1.629 2.09 2.71 3.49 4.11 4.93 6.64

Fegs-Niss 2,-10-22 0.1 0.091 0.081 0.074 0.071 0.068 0.066
3,'10-22 1.528 2 2.63 3.416 4.04 4.86 6.58

4, % 6.17 4.36 3 2.13 1.73 1.39 1

1,10-22 1.227 1.54 1.95 2.376 2.8 3.29 4.36

Fese-Nis 2,:10-22 0.14 0.13 0.12 0.10 0.10 0.098 0.093
3,-10-22 1.086 1.41 1.82 2.267 2.7 3.19 4.26

4, % 11.47 8.65 6.32 4.61 3.67 3 2.14

1,-10-22 1.223 1.57 2.03 2.5685 3.11 3.67 4.93

Feso-Niso 2,-10-22 0.143 0.144 0.147 0.145 0.146 0.145 0.147
3,'10-22 1.08 1.43 1.88 2.44 2.97 3.53 4.78

4, % 11.7 9.17 7.24 5.61 4.69 3.95 2.98

1,-10-22 1.322 1.71 2.26 3.031 3.66 4.46 6.53

Feso-Nino 2,-10-22 0.112 0.114 0.114 0.107 0.103 0.095 0.085
3,'10-22 1.21 1.6 2.15 2.923 3.56 4.36 6.44
4, % 8.49 6.63 5.04 3.56 2.81 2.14 1.3

1,10-22 1.205 1.56 2.05 2.51 3.35 3.9 6.23

Feso-Niso 2,-10-22 0.081 0.084 0.084 0.078 0.075 0.069 0.063
3,-10-22 1.123 1.48 1.96 2.432 3.28 3.83 6.17

4, % 6.8 5.42 4.1 3.1 2.24 1,79 1.01
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1,-10-22 1.199 1.63 2.14 2.75 3.53 4.39 6.7
Fero-Niso 2,:10-22 0.032 0.036 0.04 0.0359 | 0.033 0.029 0.025
3,710-22 1.166 1.6 2.09 2.716 3.5 4.36 6.67

4, % 2.71 2.24 1.88 1.3 0.94 0.67 0.37

Note:l—a;Z—u2

st

2 . 2 3
3- udyn ’ 4- Uy /utot

The investigated solid solutions behave different-
ly, although there is a certain pattern between them.
So, the concentration dependence uszt(C) with both

one and the other solvent increases with increasing
concentration of impurities, reaching a maximum at
50 at. % impurities in solid solutions.

For Cu-Ni, Fe-Ni, Au-Ag alloys, the concentration
dependence u’(C) at different temperatures is dif-
ferent. In particular, for solid solutions of Cu-Ni, this
is due to similar temperature rapidity of the depend-
ence uZ(t).

Addition of Ni to the Cu solvent causes greater
values of uft than addition of Cu to the Ni solvent.
At room temperature, for alloys, for example, with
50 at. % impurities, uft is 5% of utzot, and up to
1.5 % at high temperatures. Therefore, neither con-
centration nor temperature dependence u’ should

not be neglected.

For Fe-Ni alloys, the dependence uszt(C) at differ-

ent temperatures is obviously influenced by tempera-
ture changes of invar (35-45 at. % Ni) and permalloy
alloys, which is supported mainly by a decreasing

temperature dependence uszt @) .
For Fe-Ni alloys, at room temperature, the value
and 3 % at high tem-

peratures. Therefore, it is also undesirable to neglect
the temperature dependence.

is 12 % relative to u?

2
of uy tot

For Au-Ag alloys, the value of utzt is 4-5 orders of
magnitude less than g Therefore, the magnitude

and temperature dependence of uft can be neglected,

because their values are on the verge of accuracy of
determination.

Concentration dependence uszt(C) at different

temperatures in solid solutions of KC1-KBr is almost
the same, which is due to the weak temperature

change of uszt(t). For KCI-KBr, for example, at

2

~ 1s from 12 % relative to w2 at room

tot

50 at.%, u
temperature to 5 % at high temperatures. Therefore,
the magnitude of utzt cannot be neglected, and the
temperature dependence is possible.

Calculations of utzt at room temperature showed

that their values found by formula (1) are 1.5 times
greater than the values obtained by formula (2) for
solid solutions of Cu-Ni, Au-Ag, KCI-KBr. Therefore,
with separate determination of the mean squares of
the dynamic and static displacements of hypothetical

06019-4

atoms from the equilibrium position, it is advisable
to calculate the temperature change in the lattice
parameter of the solid solution and solvent. The ob-
tained data can be corrected by the elastic constants
of the investigated alloys.
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Fig. 1 - Concentration dependence of uszt at different tem-

peratures of Fe-Ni alloys
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Fig. 2 - Concentration dependence of us2t at different tem-

peratures of Au-Ag alloys
The research has also shown that the value of

Or.ff. obtained without taking into account the
amendments to the TDS is greater than Or.q re-



TAKING INTO ACCOUNT THE CORRECTIONS IN THE STUDY ...

ceived with amendments to § which is about 4 % at
room temperature and 2 % at high temperatures.

Similar results and the nature of the dependences
were obtained by V.A. Valchykovska in the research
of other solid solutions.

4. CONCLUSIONS

No crystal structural changes were detected in
the investigated temperature range.

With separate determination of the mean squares
of the dynamic and static displacements of hypothet-
ical atoms of the crystal lattice from the position of
their equilibrium, it is expedient to calculate the val-

ue of uft by the temperature change in the crystal

lattice parameter of the solid solution and solvent.
The received data can be corrected by the elastic con-
stants of the searched alloys. It turned out that the

values of LT2 calculated from the parameters of the

st
crystal lattice at room temperature, are 1.5 times
greater than u’ calculated from the elastic con-

stants of solid solutions.
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With increasing concentration of impurities in al-

loys uszt increases, and its temperature change in

different solid solutions and in size and nature is
different.

Therefore, it is always necessary to estimate size
and character of change in the static displacement
and make a decision on the expediency of taking into

account the correction for uszt .

The temperature change of the effective X-ray
characteristic temperature @g.;. without correction
for TDS of X-rays for test substances is higher by 4 %
at room temperature and 2 % at high temperatures
from Or.q. obtained with corrections for TDS. There-
fore, they should be taken into account, and in the

and u?

)
presence of the values of u, ot

one can get a
clearer description of the manifestation of the an-
harmonicity of thermal oscillations uzyn(t). In our

opinion, the most optimal way to determine the de-
pendence of the X-ray characteristic temperature is
Chipman-Paskin method by analyzing the family of
curves Or(7T).
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BpaxyBaHHA OIPABOK IIPH JOCJIIIKEHHI BJIJACTUBOCTEH PEYOBUH PEHTre€HiBCBKHUM METOI0M

J1.1. Bagemns!, O.B. IN'apamenxo!, B.I. 'apamenko?!, O.A. Pomanis?!, d.1. ®egummuuz, C.JI. @opcrox!

! HauioranvHUil yHi8epcumem 800H020 20cno0apcmea ma npupodokopucmysants, 8y. Cobopra, 11,
33000 Pisne, Yrkpaina
2 JIb8i8CoKULL HAUIOHAJILHUL YHIBEpCUMem 6emepuHapHol meduluru ma 6iomexrono2ii imeni C. Torcuuprozo,
ey. Ilexapcoka, 50, 790010 Jlvsis, Yrpaina

Metomom BHCcOKOTEMITEPaTYpPHOrO peHTreHorpadysana ciwiasiB cucreM Cu-Ni, Fe-Ni, Au-Ag, KCI-KBr ua
KaMepi 00epHEHOro 3HIMAHHS IIPOBEIEHO JOC/IKEHHsI CTYIIeHIO BILUIMBY IIOIIPABOK HA TeMIIepaTypHe Iudy3He
PO3CIIOBAHHA PEHTTeHIBCHKUX IIPOMEHIB TA PO3CIIOBAHHA medeKTaMM KpPHCTAJNYHOI rpaTkw. [IpoBemeHo mocii-
JKEHHST KOHIIEHTPAIIMHOL 1 TeMIIepaTypHOI 3aJIesKHOCTEN Ccepe/iHiX KBaJIpaTiB 3HAUYEHb CTATHYHUX Ta JUHAMIY-
HUX 3MIIEeHb TIOTeTHYHUX ATOMIB Bl IX IIOJIOYKEHD PIBHOBATH y KpUCTAMIYHIN rpaTii. Ommcana MeTonuka poa-
JIUJTEHHST 3HAYEHD TTOBHUX CePETHBOKBAIPATUYHUX JUHAMIYHUX 1 CTATUYHUX 3MINEHb aTtoMiB. B crarti oOrpyHTO-
BaHWH BUOIP 00€KTIB 1 METOIY JOCTKeHHs. HaBeeHl MareMaTiyHl CITIBBITHOINEHHS 3 BUSHAYEHHS TeMITepa-
TYPHOI 3QJIESKHOCT]I PEHTTEHIBCHKOI XapaKTePUCTUYHOI TEMIIEPATYPH, ITIOBHOTO CePETHBOKBAIPATHIHOIO JUHAMIY-
HOTO Ta CTATWYHOIO 3MIIEHb TITOTETHYHUX ATOMIB BIJ TIOJIOYKEHHS iX piBHOBaru B rpatii. Hasemerl dopmyi
TS 3HAXOJKEHHS 3HAYEHD TIOITPABKY HA TeMIlepaTypHe udy3He PO3CIIOBAHHS PEeHTIeHIBCHKUX IIPOMEHIB, (pop-
MyJIA OOUMCJICHHS 3HAYEeHb CTATUYHUX 3MIIeHb Yepes IapaMeTp KPUCTAIYHOI IPATKK TBEPIOr0 PO3UMHY Ta PO3-
YMHHWKA, 4 TAKOXK Yepes 3HAYEHHS MNPY>KHUX MOCTIMHUX AOCTIIMKYyBAHUX cILIaBiB. YacTuHa pe3yJbTaTiB J0CITi-
IKEeHHS IPOLIICTpoBaHa rpadiuno, a iHma — a"Hamtrudo. JloBemena mepesara Merony Jinvena-Ilackina 3 Bu-
3HAYEHHS PEHTTEHIBCHKOI XapaKTePHUCTUYHOI TEMIIEPATyPH Ta [IepeBara OIiHKYA 3HAYEeHb CTATUYHUX 3MIIIEHb 3a
TEeMIIepaTyPHUMYU 3MIHAMU IapaMeTpa MPATKY TBEPOro POSYNHY 1 PO3UMHHUKA.

Kmiouosi ciosa: CepelHbOKBAaIpaTUUYHI AWHAMIUHI 3MINIEHHS, PeHTTeHIBCHKI IIpoMeHi, AHrapMOHI3M,

Xaparrepucruuna Temmneparypa, Criasu.
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