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The temperature and concentration dependences of the nanometric parameter of crystal lattice of
Fe-Ni alloys in the range of 293-973 K were studied with the high-temperature X-ray diffraction method using
the "CROS"-type camera. The change of the Debye's X-ray characteristic temperature, the general measure of
anharmonicity, it's implicit and explicit parts, the Grineisen parameter were investigated. The discrepancy
between the individual values and the mean values of the Griineisen parameter was explained. One part of
the research results was presented analytically and the other was presented graphically. The nature of tem-
perature and concentration changes correlate with each other. It was investigated that for invar alloys (35-
35.6 at. % Ni) the linear expansion coefficient is small, and for super invar alloys (42-48 at. % Ni) the coeffi-
cient of linear expansion is almost constant in the range of 273-573 K. In connection with these features, it
was foreseen to estimate the value of the explicit part of anharmonicity measure, due to the growth of sample
temperature. The temperature dependence of the lattice constant and the logarithm of the relative integral
intensity of diffraction peaks reflection were investigated at room temperature and at higher temperatures.
By the Chipman's method, taking into account the correction on thermal diffusive scattering, the temperature
dependence of the effective X-ray characteristic temperature was determined. It was investigated that the
temperature dependence of the actual coefficient of linear expansion of permalloy alloys is similar in magni-
tude and character. For invar alloys it differs significantly in magnitude and in character from permalloy al-
loys. The prospect of using a high-temperature X-ray method for determining the Grineisen parameter in

studying the structure and interatomic bonds of ferromagnetic solids was substantiated.
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1. INTRODUCTION

Iron-based alloys are important materials and widely
used in various industries. For example, iron-based alloys
are used as filtering nozzles for magnetic purification of
liquid and gaseous media in many industrial plants [1].
This is especially goes for alloys of the Fe-Ni system, in
particular, invar and permalloy alloys.

In the framework of nanoelectronic physics, the study
of the characteristics of the thermal vibrations of crystal
lattice atoms has a significant theoretical and practical
importance. The study of the physical characteristics of
the thermal vibrations of crystal lattice atoms by various
methods makes it possible to generalize the behavior of
these oscillations, to investigate the behavior of all new
characteristics, for example, the temperature and con-
centration dependences of the Griineisen parameter.

2. DESCRIPTION OF THE OBJECT AND
RESEARCH METHODS

The studied materials were solid solutions (alloys) of
the Fe-Ni system with 35, 44, 50, 70, 73, 80, 90, 100 atom-
ic percentages of nickel in the alloy. The source materials
were electrolytic nickel and granular iron.

Alloys were prepared in a high-frequency oven under
excess pressure in an atmosphere of purified argon fol-
lowed by slow cooling of the oven with ingots. Subse-
quently, the ingots were subjected to generally accepted
mechanical and thermal actions, provided for the prepa-
ration of samples for X-ray analysis similar to the work
[2]. Powder from such ingots was poured out in an agate
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mortar to produce fine-grained grains. The powder was
pressed in the form of tablets in iron substrate capsules
and burned off in a vacuum at a temperature of 1170 K
for one hour with slow cooling in the oven.

Homogeneity and structure of samples were deter-
mined by metallographic and X-ray methods. The com-
position of alloys was controlled by chemical and spec-
tral analyzes.

The criterion for the suitability of the samples for
the study was a clear separation of doublets K,; and
Ka2 on radiographs, lack of texture and obtaining con-
tinuous diffraction peaks without rotation of the sam-
ple and the pellicle.

High-temperature X-ray diffraction of each sample
was carried out several times in the range of 293-973 K
in an inert medium with increasing and decreasing
temperature, then with the replacement of samples of
the same composition and one production series. This
made it possible to control the growth of the extinction
effect due to the change in the metallographic grains at
high temperatures.

A characteristic feature of invar alloys (35-35.6 at. %
Ni) is their small linear expansion coefficient and of "su-
per" invar alloys (42-48 at. % Ni) — their almost constant
coefficient of linear expansion in the range of 273-573 K.
In connection with these features, it was foreseen to esti-
mate the value of the explicit part of the anharmonicity
measure due to the growth of sample temperature.

High-temperature X-ray diffraction was carried out
by a "CROS"-type camera with a high-temperature
nozzle on iron Kg-irradiation. An analysis of the tem-
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perature dependence of the interference maximum
(222) was carried out, taking into account the correc-
tions for thermal diffusive scattering (TDS) of X-rays.

Using the special diagrams, we investigated the
temperature dependence of lattice constant a(7) and
logarithm of the relative integral intensity of diffraction
peaks reflection (222) at room temperature and at high-
er temperatures 7. Reproducibility was high. The abso-
lute error in determining the period of the crystal lattice
was Aa =+ 0.0002 A. After analyzing different methods
for determining the Debye's characteristic temperature,
we preferred heat-intensive, elastic and X-ray methods.
We chose the X-ray method among them.

By the Chipman's method [3], taking into account
the correction on the TDS, the temperature dependence
of the effective X-ray characteristic temperature Or(T)
was determined.

As known, the Griineisen parameter y is determined
for monatomic substances by the ratio:

_dlno,
dinV’

@

where @p is the Debay's characteristic temperature, V
is the molar volume of matter.

Since the masses of Fe and Ni atoms differ slightly
from each other, we can assume that the ratio (1) can
be applied to alloys of the Fe-Ni system.

In addition, judging by the diagram of the state of
the Fe-Ni system, in the temperature and concentra-
tion limits of the research the alloys have a face-
centered cubic (FCC) lattice.

The values of @p and Gk are close to each other, so
using relation (1) we can found y:

In6, =—ylnV +const. 2)

The experimental results show that the tempera-
ture dependence @r(T) can be expressed by the ratio:

QR(T) =0y 273 K _b(T_To) =0y 273 K -(T-213) ©)
=6_,. —bt,

RO°C
where b is the dimensionless coefficient of proportional-
ity, T is the temperature on the Kelvin scale, ¢ is the
temperature on the Celsius scale.

It should be noted that the physical meaning of an
effective X-ray characteristic temperature Gr is a bit
unfocused. It can be regarded as the temperature from
which all kinds of oscillatory motion of lattice atoms
are beginning. However, not so much importance of ®@r
as its change with temperature is important.

In particular, from the equation (3) we can calculate
the universal measure of the anharmonicity of the crys-
tal lattice thermal vibrations:

din6, b ‘ @
dT O,
Since, based on thermodynamic considerations:
ding, o0ln g,
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where 8 (B is the real coefficient of volume expansion)
is an implicit part of the universal measure of anhar-
monicity due to volume change; 0ln®r/0T is an obvious
part, because of temperature change, then for invar
alloys at insignificant temperatures you can find a
clear part of anharmonicity.

Taking into account that the general measure of
anharmonicity can be expressed in parts of 3, so by the
relation:

dlné,
=— 6
aT nyp (6)

you can follow the change in the magnitude of the di-
mensionless coefficient of proportionality n.

3. DESCRIPTION AND ANALYSIS OF THE
RESULTS

According to the results of the research, the concen-
tration dependence of the constant crystal lattice a(c) of
alloys is obtained, which is shown in Fig. 1.

The temperature dependence of the effective X-ray
characteristic temperature for Fe-Ni alloys is expressed
by ratios (temperature in Kelvin) shown in Table 1.
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Fig. 1 — Concentration dependence of the crystal lattice pa-
rameter a(c) of Fe-Ni alloys at different temperatures

Table 1 — Temperature dependence of the effective X-ray
characteristic temperature for Fe-Ni alloys

Op() = 381.42 — 0.0647¢ 35 %
Op(t) =439.43 — 7.2438-10-3¢ — 4.0350-10-5¢2 | 44 %
Op() =441.76 — 0.0784¢ 50 %
Op(t) =421.06 — 0.1204¢ 70 %
Op(t) =421.36 — 0.1462¢ 73 %
Op(t) = 445.21 — 0.1374¢ 80 %
Op(t) = 444.34 — 0.1623¢ 90 %
Op() =422.99 — 0.0513¢ 100 % Ni

The character of temperature dependences a(c) and
Or(t) 1s explained by the anharmonicity of crystal lattice
atoms thermal vibrations of Fe-Ni alloys. A characteris-
tic feature of the concentration dependence of the crystal
lattice parameter of the Fe-Ni system at different tem-
peratures is its increase with increasing Fe amount in
the alloy. This is due to the fact that ar. > ani (Fig. 1).

The nature of the temperature dependence of the
actual coefficient of linear expansion an(t) of permalloy
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alloys is similar in magnitude and character. For invar
alloys (35; 44 at. % Ni) it differs significantly in magni-
tude and in character from permaloy alloys (50-90 at. %
Ni) (Fig. 2).
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Fig. 2 — Temperature dependence of the actual coefficient of
linear expansion ap(t) of Fe-Ni system alloys

We explain this by peculiarities of the thermo- and
magnetostrictive properties of alloys with 35 and 44
at. % of nickel in Fe-Ni alloys.

This dependence for the invar and super invar alloys
is due not only to the influence of the anharmonicity of
thermal vibrations of crystal lattice atoms, which is the
only reason for the change in the size in the dia- and
paramagnets. In ferromagnets, the change in tempera-
ture leads to a change in their magnetization and to
magnetostriction. Therefore, the full real coefficient of
thermal expansion of ferromagnetic materials consists of
the component oz due to the anharmonicity of the oscil-
lations and the component am due to the magneto-
striction:

a=a,+a,. (7

The first component is always positive, and the se-
cond component can be positive, equal to zero or nega-
tive. At a temperature of 293-323-573 K, invar and su-
per invar alloys have a negative ferromagnetic compo-
nent am. When the samples are heated to the Curie
temperature, the normal component of the thermal ex-
pansion aq is compensated by the decreasing component
am, because the spontaneous magnetization decreases
with temperature increasing.

The concentration dependence of the Debye's X-ray
characteristic temperature @r(c) at different tempera-
tures of the alloys has a complex character and at low
temperatures this dependence is smoother by charac-
ter, and at high temperatures it has sagging character.
This indicates that all modes of oscillatory motion in
the Fe-Ni alloys are switched in different ways.

In the presence of the dependences a(c), Or(f) and
the graph-analytic relation (2), the Griineisen parame-
ter yis determined. Temperature change of the Grinei-
sen parameter of alloys was not observed. This testifies
that in the investigated temperature interval the struc-
ture of the crystal lattice of alloys has not changed, and
the concentration change of the Griineisen parameter
depends on the magnetic interaction of crystal lattice
atoms (Fig. 3).
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The temperature dependence of the general meas-
ure of anharmonicity din®gr/dT of the investigated al-
loys increases by magnitude and decreases with the
sign (Fig. 4). This dependence for the investigated al-
loys is similar.
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Fig. 3 — Concentration dependence of the Griineisen parame-
ter yc) of the investigated Fe-Ni alloys
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Fig. 4 — Temperature dependence of the general measure of
anharmonicity of investigated Fe-Ni alloys

The presence of the values of the Grineisen parame-
ter y and the volumetric thermal expansion coefficient of
the lattice f made it possible to determine the implicit
part of the general measure of anharmonicity y4(t) of in-
vestigated alloys which is shown in Fig. 5. The tempera-
ture growth of the general measure of anharmonicity yA(t)
for invar alloys correlates with the behavior of ap(t).

By relation (5) it was found the temperature change
of the explicit part of the general measure of investi-
gated alloys anharmonicity (Table 2).

From Fig. 4, Fig. 5 and Table 2 it can be seen that for
an invar alloy with 35 at. % Ni, the values din@r/dT and
0ln®r/OT are of the same order when heated to 200 °C.
This is due to the invariability of the thermal coefficient
of the volumetric expansion of the crystal lattice in this
temperature range. For other alloys, the value of
Jln®r/0T is substantially smaller than din@r/dT.

The results of the researches show that with the ex-
ception of the invar alloy the general measure of an-
harmonicity is essentially exhausted by the implicit
part y8 associated with the thermal expansion of the
crystal lattice. Therefore, according to (6), the value of
the dimensionless coefficient n for permalloy alloys is
close to one, especially at high temperatures.
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Fig. 5 — Temperature dependence of the implicit part of the
general measure of anharmonicity of Fe-Ni alloys

4. CONCLUSIONS

The temperature dependences a(c) and Or(T) are
determined by the method of high-temperature X-ray
diffraction with the help of the "CROS"-type camera
with high temperature nozzle.

On their basis, the Grineisen parameter y, the gen-
eral measure of the anharmonicity din®r/dT, the im-
plicit 8 and the explicit 0lnOr/0T parts of the general
measure of Fe-Ni alloys anharmonicity are determined.

For an invar alloy containing 35 at. % Ni, an explicit
part of the general measure of anharmonicity oln@r/0T
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ITapamerp I'pronaiidena Ta sBHA 4YaCTUHA y3araJbHIOIY0I Mipy aHTapMOHI3MYy
TBepaux po3uunHiB cucremu Fe-Ni

J.I. Bagewus, B.I. 'apamenro, O.B. 'apamenxo, O.f. Pomanis

Hauionanvruil ynisepcumem 8001020 20Ch00apCmMea ma npupooKopUCILY8AHHA,
eya. Cobopna, 11, 33000 Pisne, Yikpaina

BucokoremmepaTypauM peHTreHorpadidanM Metoom 3a goromoroio kamepu KPOC mocmmpxeni Temmepary-
pPHA Ta KOHIIEHTPAINHA 3aJIeKHOCTI HAHOMETPHUYIHOIO ITapaMeTpa KPUCTAIYHOI I'paTKH CILIaBiB cuctemu Fe-Ni B
mamazoni 293-973 K. JlocmreHa 3aMiHa peHTTeHIBCHKOI XapaKTeprUCTHYHOI Temrieparypu Jlebas, ysarabHO0Ia
Mipa aHrapMoHI3My, 11 HesIBHA Ta SIBHA YACTWHH, mapamerp | proHaiisena. [1oscHIOIOTBECS PO30LYKHOCTI 3HAYEHD
OKpPEeMUX CILIABIB TA CEPeHIX iX 3HaueHb. JacTrHa pe3ysIbTaTiB JOCKeHHS IIPEICTABIEHA AaHAJIITHYHO, a 1HIIa
— rpadiuro. XapaxTep TeMIlepaTyPHUX 1 KOHIIEHTPAIIMHIX 3MIH KOPEJTIOEThCS Misk coboro. JlocimkeHo, 1110 y 1H-
BapHUX cIutaBiB (35-35,6 aT. % Ni) KoedilfieHT JIHIHOTO POSIIMPEHHS € HE3HAYHUM, a ¥ CyIIepIHBAPHUX CILIABIB
(42-48 aT. % Ni) KoedillieHT JIHITHOTO POSIIMPEHHA Maike HOoCTiMHMM B Meskax 273-5730 K. V 3B’a3ky 3 Takuvm
0COOJIMBOCTAMY II€PEI0AYATIACH MOMKINBICTD OIIHUTH BEJIMYMHY SBHOI YACTMHHU MIPH AHTAPMOHI3MY, 3yMOBJICHY
3POCTAHHAM TEeMIIEPATyPH 3PasKa. 3a KpocorpaMaMu JOC/IIKYBAJINCh TEMIIEPATYPHI 3aJIesKHOCTI IIepioay KpHc-
TaAYHOI IPATKH 1 JIorapuMy BiTHOCHOI IHTErpasIbHOI IHTEHCHMBHOCTI JU(MPAKIIMHNX MAKCHMYMIB BiIOMBAHHS
Ipy KIMHATHIN TeMIIepaTypi Ta IpH BHIIXNX TEMIIEpaTypax. 3a MeroaoM JinMaHa 3 BpaxyBaHHAM IIOIIPABKU HA
TeIUIOBE Iu(y3HE POCIIOBAHHA BUSHAYAIACH TEMIIEPATYPHA 3AJIEKHICTh ePeKTUBHOI PEHTTeHIBCHKOI XapaKTepH-
CTHYHOI TeMriepaTypu. JlociIimKeHo, 0 TeMIepaTypHa 3aJIeKHICTD JIMCHOr0 KoedillieHTa JIHIMHOTO PO3IIUPEeH-
HSI IEPMAaJIOVHUX CIUIABIB 31 3HaYHUM BMicToM Ni 3a BeJIHMUYMHOIO 1 XapakTepoM nosibHa. J{is iHBapHUX crutasiB
BOHA 3HAYHO BIPI3HAETHCS 1 38 BEJIMUMHOIO 1 32 XapaKTepoM Bl epMaJIoHHuX cruiaBiB. O0rpyHTOBaHA IIEPCIIeK-
THBA 3aCTOCYBAHHSI BHCOKOTEMIIEPATYPHOIO PEHTIEeHIBCHKOTO METOy BU3HAUYeHHs rapamerpa |'proHaiiseHa mpu
BHBYEHHI CTPYKTYPH Ta MIPKATOMHIX 3B'sI3KIB )epOMAaTHITHIX TBEP/IUX TLJIL.

Kmrouori ciosa: [lapamerp ['pronaitsena, Perrrenorpadisi, Aurapmoniam, Kpucramiuua rpatka.
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