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Hayxkosuit :xypHaa «Meramodisuka ta HOBiTHI TexHosgorii» (MHT) momicansa ny6mikye crarri, aki
paHitre 11e He TyOJiKyBaJuCcsA Ta He IepebyBaloTh Ha POSTJIALI JJIs ONYyOIiKyBaHHS B iHIINX BUAAHHAX.
CraTTi MalOTh MiCTUTH Pe3yJbTaTU €KCIEPUMEHTAJIbHUX i TEOPETUUYHUX JAOCTiIKeHb B obsacTi pisuku Ta
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Marnio npo KoH(epeHIii, ceminapu; BizomocTi 3 icropii merasodisuKy; pekJamMy HOBUX TE€XHOJOTIi,
MarepianiB, npunaaxiB. JKypHanM JOTPUMY€EThHCS 3araJbHOIPUNHATUX IMPUHIIUIIIB, 3a3HAaUEHUX HA HOTro
caiiTi B JOKyMeHTax 3 myOJIiKaIiiiHol eTUKY Ta {00 HeIPUNHATHUX MPAKTUK.

TemaTuka sxypHaxy: Enexmponni cmpyxmypa ma éiacmueocmi, [Jepexmu kpucmaaiihol rpamuu-
yi, Pasosi nepemeopennsa, Pisurxa miynocmu ma naacmuinocmu, Memaniuni noeéepxrni ma naiexu, By-
dosa ma enacmueocmi HAHOMACWMAOHUX | ME30CKONILHUX Mamepianie, Amoppruil i pidkuii cmanu,
B3aemodii 6unpominenHs ma 4acMUHOK i3 KOHOeHCO8AHOI Pewo8uHOoI0, Mamepisniu 6 eKCmpemMaibHUX
ymosax, Peaxmopre i asiaxocmiune memanoznaécmeo, Meduune memanoznaecmeo, Hosi memaanesi
mamepiaiu ma cunmemuuni memaau, Memanoemicui cmapm-mamepiaau, Pisuko-mexHiini 0CHOBU
excnepumenmy ma disizHocmuku, JJuckyciitii nogidomaeHHs.

Crarri my0IiKyIOThCA OMHIE0 3 ABOX MOB: aHTJIINCHKOIO (BiAgaeTbesa mepesara) a60 yKpaiHChbKOIO.

Crarri, B 0opopMJIeHHI AKUX He JOTPUMAHO HACTYIHUX IPaBWI N onyoaikyBanus 8 MGHT, mosep-
TAITHCSA aBTOpaM 0e3 posryiAaay mo cyri. ([JaToro HagXOMKeHHS BBAyKAEThCA [eHb TOBTOPHOT'O HAaJaHHS
CcTaTTi micya ZOTPUMAaHHA 3a3HAYEHUX HUKUe IIPABUIL. )

1. CraTTa Mae 6yTH mignucaHoro BciMa aBropamu (i3 3a3HaueHHAM IXHiX agpec eJIeKTPOHHOI ITOIITH);
¢y BKasaTu mpisBuie, iM’st Ta o 6aTHKOBi aBTOpa, 3 AKMM pefaKilis GyAe BeCTH JUCTYBaHHS, HOTO
TOLITOBY aJpecy, HoMepu TeseoHy Ta haKcy i aJpecy eJIeKTPOHHOI ITOIITH.

2. Buxiag marepisiay mae 6yTu 4iTKUM, CTPYKTypoBaHMM (po3AinaMu, Haupukaan, «1. Berym», «2.
Excnepumenransua/Teopernuna meronmka», «3. Pedynbratu Ta ix oO6roBopeHHA», «4. BucHoBKmM»,
«ITuroBaHa JiTeparypa»), CTUCINM, 0e3 JOBrux mpeamOyJ, BiAXUJIEHb i IOBTOPiB, a TaKOK 6e3 myOJiro-
BaHHS B TEKCTi JaHUX Ta0JIUIlb, PUCYHKIB i mignucis go Hux. AHOTaIis Ta po3ain « BucHOBKU» MaioTh He
Iy6JIFOBaTH OOUH OJHOTO. YMCJIOBI AaHi CJIii HABOAUTY B 3aTaJIbHOIIPUAHATAX OJUHUILAX .

3. 06’em opurinaapHOI (HeoraAxoBol) crarri Mae 6yTu He 6isibire 5000 ciiB (3 ypaxyBaHHAM OCHOBHO-
TO TEKCTY, TaOIHIlh, MiANUCiB O PUCYHKIB, CIUCKY BUKOpUcTaHUX mxKepei) i 10 pucynkis. 06’em oras-
moBoi cratti — 70 10000 cuiB Ta 30 pucyHKiB.

4. 3a moTpebu 0 pemaKIlii MOXKe HaJaBaTuCs APyKoBaHuil (A4, moxBifiHWII iHTepBaJ) IPUMIPHUK
pyKoImcy 3 inmocrpamniamu.

5. ITo penakiiii 060B’s13K0BO HajgaeTbes (o e-mail) daiis craTri, HaGpaHUl y TEKCTOBOMY peAaKkTopi
Microsoft Word, 3 HasBomw, 1110 CKJIAJa€ThCA 3 MPi3BUIA MEPIIOro aBTopa (JaTUHUIEID), HAIPUKJIAL,
Hotovchenko.docx.

6. EjleKTpOHHA Bepcis PYKOIHUCY Ta MOro ApyKOBaHU BapisHT (B pasi MOro HagaHHA) MAIOTh OyTH ieHTnY-
HuMu. BoHr MaroTh 0hOPMITIOBATHCS 34 II1A0JI0HOM, STKUI MOYKHA 3aBAHTAKUTH 3 CAUTY JKypHAITY, 1 MicTuTu 5—
7 inperciB PACS B pepaknii ‘Physics and Astronomy Classification Scheme 2010’. TekcTu craTeil MaloTh Ta-
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The defect structure of crystalline compounds is investigated using the total
integrated-reflectivity method. For interpretation of the experimental data,
a generalized dynamical theory of x-ray diffraction is applied to real crystals
containing randomly distributed microdefects of various types and a dis-
turbed surface layer. The dynamics of the concentration and size variations
are analysed for several types of interconnected dominant defects, including
spherical and disk-shaped clusters, as well as dislocation loops.

Key words: total integrated reflectivity, high-resolution x-ray diffractome-
try, dynamical theory, kinematical theory, diffraction curves, crystalline
compounds.
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Y peasbHUX KPUCTAJaX 3 XaOTUYHO POSIOMiIEHUMU MiKpoaedeKTaMu PisHUX
TUIIiB i HOPYIIIEHNM NPUIIOBEPXHEBUM ItapoM. [ociigixeHo quHaMikKy sMiHmI
KOHIIEHTpAIIi#l i po3MipiB MeKiTbKOX THUIIB B3a€EMOIIOB’ A3aHUX MOMiHYBAJb-
HuX nedekxTis (chepuuHi Ta gucKONIOAiOHI KIacTepy, IMCIOKAIINH] TETJIi).

KarouoBi ciioBa: moBHa inTerpajsbHa BimdOuBHA 34aTHICTH, BUCOKOPO3aiabua X-
mpoMeHeBa AU(MPaAKTOMETpiA, IMHAMIUHA TEOpis, KiHeMaTUYHa Teopis, KPpUBi
IuGpaKIiiHOro BigOMBAaHHA, KPUCTAJIIUHI CIIOTYKH.

(Received 3 March, 2026; in final version, 16 April, 2026 )

1. INTRODUCTION

This article is dedicated to the memory of Prof. V. B. Molodkin, Corre-
sponding Member of the National Academy of Sciences of Ukraine.

Over the recent decades V. B. Molodkin and his colleagues working
at G. V. Kurdyumov Institute for Metal Physics, NAS of Ukraine have
demonstrated the possibility of radically increasing the sensitivity and
information capacity of defective structure diagnostics. This was
achieved through the application of dynamical diffraction, the theo-
retical foundations of which were established by V. B. Molodkin [1-4].

Modern non-destructive structural diagnostics is based on the ex-
perimental study of how structural imperfections influence the dif-
fraction scattering pattern of the investigated object using various x-
ray wavelengths, followed by the structural characteristics decoding
based on the pattern parameters. The kinematical theory of Bragg and
diffuse scattering in crystals with defects, developed by M. O. Krivo-
glaz, has been and remains the theoretical basis for quantitative re-
search on defect characteristics and their distribution [5, 6]. However,
the single-scattering approximation, which underlies the kinematical
theory, leads to significant limitations in its application. Specifically,
the kinematical theory is effective for polycrystals and single crystals
highly distorted by defects, but it becomes largely inapplicable when
the dimensions of the crystals and coherent scattering regions exceed
the extinction length. In such cases, the theory of multiple dynamical
scattering is required [ 7-9].

Another drawback of the kinematical theory is that it allows for the
investigation of defect characteristics only if a single dominant type is
present in the crystal. This is due to the fact that the kinematical pat-
tern remains virtually identical across all diffraction conditions; it re-
flects experimental measurements of the defects’ influence on a single
scattering pattern, from which characteristics of only one defect type
can be determined. Currently, most modern devices are multi-
parametric, and single-crystal components simultaneously contain
multiple types of defects. Furthermore, the sensitivity of kinematical
scattering is insufficient for the quantitative diagnostics of even a
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single defect type in structurally perfect single crystals. In this case,
coherent scattering can be correctly described only within the frame-
work of the dynamical theory of x-ray scattering [10—12], accounting
for multiple scattering processes.

In addition, it was predicted and experimentally confirmed by dou-
ble-axis and triple-axis diffractometry methods that dynamical effects
also occur with diffuse x-ray scattering near Bragg reflections from
imperfect single crystals [13—15]. In the case of Bragg diffraction ge-
ometry, these effects cause a significant reduction in diffuse scatter-
ing intensity within the total reflection region (the extinction effect)
and its redistribution near the Bragg peak (anomalous transmission
and absorption effects) [8, 9]. During the dynamical x-ray scattering in
crystals with defects, much like in the dynamical theory for ideal crys-
tals, the boundary conditions and diffraction geometry of the investi-
gated crystal exert a substantial influence on the distribution and
magnitude of the diffracted x-ray intensity, in contrast to the kine-
matical theory. Furthermore, the thickness of the crystal and the radi-
ation energy significantly affect the behaviour of diffracted intensi-
ties in both perfect and defective crystals. Isolating and utilizing the
diffuse scattering component under dynamical diffraction conditions
enhances the informative potential of these methods, as diffuse scat-
tering carries the most comprehensive and direct information regard-
ing the structural perfection of the objects. At sufficiently high defect
concentrations, they can contribute significantly to the diffuse scat-
tering intensity in the Bragg peak region. A correct description of dif-
fuse scattering is provided by the dynamical theory of x-ray diffrac-
tion in crystals with randomly distributed defects.

The primary advantage of angular intensity distributions is the abil-
ity to determine the concentration and size of defects, as well as their
type (interstitial or vacancy) and the symmetry of the static distortion
fields they create. Among these highly informative methods is the to-
tal integrated reflectivity (TIR) method, where information about de-
fects is extracted from the full diffraction curves, which represent the
distributed scattering intensity. Consequently, when considering rela-
tively perfect single crystals with defects, it is necessary to apply diag-
nostics based specifically on the dynamical scattering theory[16, 17].

This approach is based on the analysis of the TIR from investigated
crystal. In Refs. [18—22], the dislocation structure of crystalline com-
pounds was studied based on the kinematical theory of x-ray scatter-
ing. In contrast, the TIR method employs the dynamical theory to ob-
tain more comprehensive information about the defective structure.
We have approved this method for crystalline compounds with a well-
developed defective structure. Its application enables the estimation of
the concentrations and sizes of several defect types, namely, disloca-
tion loops, disk-shaped formations (extended blocks) and spherical
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formations (grains). This method allows for the most complete and ac-
curate diagnostics of defects within the bulk of single crystals and the
determination of the parameters of disturbed surface layers.

Cadmium telluride CdTe crystalline compounds are widely used in
the fabrication of x-ray and y-ray detectors [23, 24]. However, CdTe
crystals are characterized by a well-developed defect structure (vari-
ous types of dislocations, dislocation loops, foreign phase inclusions,
cluster formations, etc.), which subsequently has a negative impact on
their sensing properties. Although the methods for growing high-
perfection crystalline compounds improve every year, the influence of
the defect structure on the electrical and spectroscopic properties of
detectors remains an ever-present and relevant problem.

In the article, the using of TIR method is illustrated by the example
of semiconductor materials. Nevertheless, the appropriateness of us-
ing such methods in the researching of metallic single crystals with
microdefects is even higher than for semiconductors. This is due to the
fact that an approximate description of the effects of radiation scatter-
ing (including dynamical effects) in such crystalline compounds can
lead not only to a quantitative, but also to a qualitatively incorrect de-
scription of the defect structure. For example, the kinematical theory
of scattering for single crystals with dislocations assumes a complete
absence of a coherent component of the intensity. However, in the dy-
namical approach, taking into account the effects of multiple scatter-
ing, leads to an effective cut-off of the contribution of distant disloca-
tions to the scattering characteristics and, as a result, even with a suf-
ficiently high concentration of dislocations in the crystal, coherent
peaks are observed.

This paper presents the results of testing the method of total inte-
grated reflectivity and computer simulation of the defect structure for
several types of defects in cadmium telluride crystalline compounds.

2. OBJECTS OF RESEARCH

The objects of research are a set of (111)CdTe crystalline compound
samples from Acrorad Co., Ltd., grown by the traveling heater meth-
od, with dimensions of 5x5x1 mm?[25, 26]. Experimental studies were
conducted on a Panalytical Philips X’Pert PRO diffractometer using
radiation CuK:. The divergence of the primary beam and the angular
acceptance of the analyser crystal used before the detector is Ao =12".

3. TOTAL INTEGRATED REFLECTIVITY METHOD

The generalized dynamical theory of x-ray diffraction in real crystals
with randomly distributed microdefects of various types and a dis-
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turbed surface layer was used to interpret the experimental results
[27]. The best results were obtained for a model containing the follow-
ing dominant types of microdefects: disk-shaped clusters, small spher-
ical clusters, and dislocation loops. The presence of thermal diffuse
scattering was accounted for by scattering on point defects, represent-
ed by spherical clusters with sizes equal to the covalent radii of cadmi-
um and tellurium atoms. The strain distribution in the disturbed sur-
face layer was represented by a multistep profile corresponding to the
so-called ‘layer-by-layer approximation’. Within this approximation,
the disturbed layer is represented as a set of sublayers with thickness
t;, in each of which the strain epsilon is constant.

Unlike the kinematical theory, the dynamical theory introduces two
additional structurally sensitive parameters (which in several cases
are significantly more informative than the Krivoglaz’s factor (static
Debye—Waller factor E?): these are the integrated extinction coeffi-
cients of the coherent (nJ, ) and diffuse (u*) components of TIR. This
provides an opportunity, unavailable in the kinematical case, to de-
termine unambiguously the parameters of several defect types simul-
taneously using TIR measurements [8, 9].

In the case of a uniform distribution of bounded defects with radius
R, and concentration c, the following expression is valid [28]:

?J@n?),
B=b,+b,In(e/rl), b, =B, + B, /3,b, = B, +cos’ 0,B, /2,

ng, = cE*C*myB, my = no H? [y, )

where ro=Ro/A, A=Myoyn)"2/(Clyu:|) is the extinction length, H is the
diffraction vector, e is the base of the natural logarithm, and it is as-
sumed that ro< 1.

For spherical clusters: B; =0, B:=(4nAa/v.)?, A, =TeR; is the clus-
ter strength, ¢ is relative strain at the cluster boundary, and
I'=1+v)/((3(1-v)). For disk-shaped clusters: Bi=B;=(41Au/v.)?,
A, =Teh, R2 is the cluster strength For randomly distributed dlsloca-
tlon loops B = 4(nb} /v,)* /15, B, = bB,, B = (3V* + 6v —1) /(4(1 - V?)),
V. is the unit cell volume, v is the P01sson s ratio, and b is the Burgers
vector.

If pgs << u, and ro<<1, the following approximate relationship is
valid [29]:

p gl (),
5+2r,Inr,-3r, /8

) = 31-Inr)

for dislocation loops, (2)

2
trlnn —2n for dislocation clusters,
5-61nr,

£y =2
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The relationship between the Krivoglaz’s factor exponent Ly=-InE
and the defect characteristics is described by the following expres-
sions:

L, =0, 5cvc'1R03 (Hb)?'? for dislocation loops, (3)
L, =0, 5cn0n2(1 —n? /100) for spherical clusters (n><<10), 4)

L, ~ cny®’? for spherical clusters (n*<<10),

where n, ~ 4R /3v, is the number of matrix unit cells replaced by a
cluster, n = a,n;'*h , 0o =Te(612/n0)"/3, vo is the number of atoms in the
cubic matrix cell, h = Ha/2n, and a is the lattice constant.

Through the parameters E, pgs , and p, the TIR value R; is linked to
the defect characteristics (¢, Ro, €, b).

In the case of arbitrary (asymmetric) Bragg diffraction geometry,
the expression for the TIR, which combines the limiting cases of ‘thin’
(uol << 1) and ‘thick’ (1ol >> 1) crystals, is as follows:

R =R"™PE+ RII(1 - E?), ()

Ridyn =16CQA /3y, , Ri=C?Qt/yo is the TIR of a perfectly mosaic crys-
tal,

(o + 1)t/ Y) 7 pet >> 1,

, (6)
AL+ (e +p /1) et <12 >> Ay,

H(H*7 t) = {

1/y =(1/vo+1/lyul)/2, As=1(/volyuly/2/(@nCyu) = L/27, P=1-3ns/4
with s=(y, + 3 )AE/YC, s<<1, P is the polarization factor,
Q = (| yu:12)/(hsin(20)) is the reflectivity per path length unit, yu: is
the real part of the Fourier component of the crystal polarizability, ¢ is
the crystal thickness, yo, yu are the direction cosines of the wave vec-
tors of the plane wave incident on the crystal and the diffracted wave,
respectively, relative to the inward normal to the entry surface, and o
is the linear photoelectric absorption coefficient.

Here, the integrated effective absorption coefficients ) and p*are
described by the approximate expressions (1), (2) under conditions
o, << p, and Ro<<A.

4. RESEARCH RESULTS

Experimental dependences of TIR, normalized on the reflectivity of
ideal crystal, on the reflection order (extinction thickness A.x) are
shown in Fig. 1. These dependences are non-monotonic. Samples Nos. 2
and 4 exhibit higher TIR values than sample No. 2; notably, the maxi-
mum increase in reflectivity is observed at lower reflection orders for
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059 —m—Sample No. 2
1 —e—Sample No. 3 A
| —a—Sample No. 4 .333
0.6 Ay
o T 444
0.4+
J —
0.2 T T T T T T T T 1
0 2 8 10 12

g
A, Um

Fig. 1. Dependences of the normalized TIR p on the reflection order (extinc-
tion thickness values) for a set of samples.

sample No. 2. The calculation of the normalized TIR was performed
with a precision of 0.01, meaning the calculated dependences of the
normalized TIR on the reflection order will have same shape.

We considered several possible combinations of microdefects with
different sizes and concentrations present in the investigated crystals
[30]: disk-shaped clusters—relatively large CdTe grains surrounded by
dislocation loops of corresponding sizes, and small spherical clusters—

107
1071 A —=—Sample No. 2 —s—Sample No. 2
o —e— Samp]_e No. 3 Alll ---Sample No. 3
Sample No. 4 —+—Bample No. 4
E 10+
&
. I
= -6
107 E T T T T T T "O T T T T T 1
0 2 1 6 8 10 12 2 4 6 8 10 12
A, Um A, Um
a b

Fig. 2. Dependences of concentrations (a) and sizes (b) of dislocation loops on
the reflection order.
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TABLE 1. Values of concentrations C and sizes R of dislocation loops depend-
ing on the order of reflection.

Sample Reflection
111 333 444
2 5.3-101! 8.5-108 2.1-10!
3 C,cm™ 2.7-101 2.9-108 7.2-101!
4 1.5-1012 7.3-107 5.6-101
2 8.7-10* 1.3-10°¢ 2.6-10°°
3 R, cm 1.8-10°3 1.3-10°¢ 1.6-10°°
4 6.7-10°° 1.1-10° 3.8-10°°

small CdTe grains located in the spaces between large grains; disk-
shaped clusters—relatively large CdTe grains, and dislocation loops.

The best agreement between the experimental and theoretical TIR
dependences (Fig. 1, p=pexp * pteor, the deviation does not exceed 1%)
was obtained for the first model, which assumes the presence of three
types of dominant defects in the crystal. This allowed for the determi-
nation of the characteristics (concentration and size) of the dominant
defects in the crystals (Figs. 2—4, Tables 1-3).

Samples Nos. 2—4 exhibit several characteristic features on C(Axw)
dependences (Figs. 2—4, a). Specifically, the concentration of disloca-
tion loops for all samples (Fig. 2) comparing to the control sample de-
creases sharply from the surface to a depth of =9 um, followed by an
increase. The decrease in concentration at a depth of 9 um is associated

) —s—Sample No. 2
—i—Sample No. 2 —— b
10%+ N —-—Samgle No. 3 - —a Sﬂglg gg' 431
A N —+—Sample No. 4 107 )

o . A A3_33 A
5102 A

10" e

10% 4

0 2 4 [ 8 10 12

Fig. 3. Dependences of concentrations (a) and sizes (b) of disk-shaped clusters
on the reflection order.
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TABLE 2. Values of concentrations C and sizes R of disk-shaped clusters ver-
sus the reflection order.

Sample Reflection
111 333 444
2 2.9-10%3 4.2-10° 8.5-10%
3 C,cm™ 4.9-10'2 5.4-108 1.1.10%2
4 3.8-101% 8.1-10° 3.8:10°
2 2.9-107° 3.4-10* 3.2.10*
3 R, cm 3.1-10* 2.7-10* 6.6-10°°
4 1.6-107° 5.1.10° 1.4-10™

with a possible ordering of the structure, followed by its subsequent
disordering deeper into the crystal. This is confirmed by the uniformi-
ty of the dislocation loop sizes at this extinction depth in samples
Nos. 2 and 3. Sample No. 4 is characterized by a nearly monotonic be-
haviour of the R(Ax) dependence.

A somewhat different trend is observed in the C(Ann) dependences
for disk-shaped clusters. Samples Nos. 2 and 3 are characterized by an
inflection point in the region of the (333) reflection, followed by an in-
crease toward (444). Sample No. 4 has a monotonic decrease with in-
creasing Anw. A notable feature is that at the depth of Asss, the concen-
tration values for all samples remain within the same order of magni-
tude. A completely different behaviour is observed for the size depend-
ences R(A). Sample No. 2 exhibits a monotonic curve within a single

10 . —=—S8ample No. 2
——Sample No. 2 ample INO.
| “mpeNed o gempeRe
10%; Alll ample INO. ]\111 . A444
it e 533 5
0107? /c
<
1019
108 |
0 2 4 6 8 10 12 0o 2 4 6 g 10 12
A, Um A, um
a b

Fig. 4. Dependences of concentrations (a) and sizes (b) of spherical clusters on
the reflection order.
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TABLE 3. Values of concentrations C and sizes R of spherical clusters versus
the reflection order.

Sample Reflection
111 333 444
2 5.2.10%° 1.1-108 4.4-108
3 C,cm™ 7.5-101° 3.4-108 7.6-101!
4 8.8-10 3.8-10% 8.7-10°
2 2.9-10° 3.4-10°° 9.9-10°°
3 R, cm 1.8-10°® 1.2:10° 3.5-10°°
4 1.4.10* 2.9-10°° 2.9-10°°

order of magnitude. Sample No. 3 shows a gradual decrease toward
(333), which intensifies down to the depth of (444). The pattern for
sample No. 4 is fundamentally different: a gradual decrease toward
(333) followed by an increase toward (444).

Regarding the concentration dependences of spherical clusters for
samples No. 2 and No. 3, a sharp decrease toward (333) is observed, fol-
lowed by an increase in values toward (444). For sample No. 4, the
curve shows a monotonic decrease in concentration values. The general
behaviour of the size dependences shares a common feature for all
samples—the proximity of R(Axw) values for higher-order reflections.
The scatter of cluster size values for the (111) reflection is explained
by the influence of the disturbed surface layer, with the most favoura-
ble situation observed for sample No. 3. The anomalous deviation of
the R(A111) value can be attributed to the effects of mechanical surface
treatment.

5. CONCLUSIONS

The defective structure of crystalline compounds was investigated us-
ing the total integrated reflectivity method based on the dynamical
theory of x-ray diffraction. The most optimal combination of microde-
fects was identified during the simulation process: disk-shaped clus-
ters (representing relatively large CdTe grains) surrounded by disloca-
tion loops of corresponding sizes, and small spherical clusters (repre-
senting small CdTe grains) located in the spaces between the large
grains. The dynamics of changes in the concentration and size of mi-
crodefects as a function of the extinction depth were demonstrated.
The general behaviour of C(Aux) and R(Axx) can be explained by the
significant influence of the disturbed surface layer in all samples, as a
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scatter in the size values of spherical microdefects is observed across
all samples, while the range of concentration variations remains mini-
mal. For the complex consisting of a disk-shaped microdefects and a
dislocation loops, the dynamics of concentration and size changes are
interconnected in samples Nos. 3 and 4. For sample No. 2, asignificant
deviation in sizes occurs. This can be attributed to the mosaic nature of
the structure and the influence of the surface and grain boundaries,
with the impact of the second one increasing with depth.

Overall, the considered model of the defective structure requires
further supplementation with model microdefects that would allow for
a better interpretation of grain boundary effects. Nevertheless, the
proposed method for calculating the defective structure yields results
that correlate well with the results of previous studies of these samples.
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Influence of Annealing on the CTE of Sintered Al-Si—Ni
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This study investigates the effects of annealing and annealing temperature
on the temperature-dependent coefficient of thermal expansion (CTE) for two
advanced materials: sintered Al-Si—Ni alloy and Al-TiC composite with in
situ synthesized carbide particles. The experiments reveal significant differ-
ences in the annealing impact on the CTE behaviour of these materials. For
the Al-TiC composite, the CTE demonstrates an Arrhenius-type dependence
on temperature, with annealing causing a consistent reduction in CTE across
the studied temperature range. While the activation energy associated with
the Arrhenius-type dependence remains unaffected largely, the pre-
exponential factor is altered significantly, pointing to structural and micro-
structural transformations. XRD analysis confirms that increasing the an-
nealing temperature decreases the crystallite size, particularly, in the car-
bide phase, that correlates with the observed CTE reduction. In contrast, the
Al-Si—Ni alloy exhibits a more complex response to annealing. Annealing at
420°C increases slightly the CTE at higher measuring temperatures
(> 100°C), while annealing at 550°C causes a notable rise in CTE at lower tem-
peratures and leads to more stable, nearly linear temperature dependence.
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Crystallite size in the alloy increases with annealing, aligning with the ob-
served rise in CTE. These findings highlight the critical role of microstruc-
tural changes induced by annealing in controlling the thermal-expansion
properties of Al-based alloys. Understanding these mechanisms offers valua-
ble insights for tailoring material performance in applications requiring pre-
cise thermal stability.

Key words: coefficient of thermal expansion, sintered aluminium alloys, al-
uminium-matrix composites, annealing, structure, crystallite size.

¥ mocaimkeHHI TpoaHAII30BaHO BIJIMB TEMIIEPATYPH BifTIary Ha TeMIIEPATYP-
HY 3aJIe:KHicTh KoedirienTa repmiunoro posmupensa (KTP) qma neox cyuac-
HUX MaTepianiB: cueuenoro cromy Al-Si—Ni ta kommosuty Al-TiC 3 Kap6in-
HUMU YaCTUHKAMU, CUHTE30BAHUMM in Situ. EKcepruMeHTH BUABUIN 3HAUHI
BinminzocTi y moBeginmi KTP nux marepianis micaa signany. g koMoosury
Al-TiC KTP gemoHCTpye 3aJieKHICTh Bifi TeMmepaTypu TUIY AppeHitocoBoi,
IIPUYOMY Bifmas cupmumHse nocriiHe noHmkenHa KTP y Bcromy mocmimsxe-
HOMY TeMIIepaTypHOMY miAmnasoHi. Xoua eHepria akTuBailii, moB’s3aHa i3 Ap-
PEHiI0COBOIO 3aJIEKHICTIO, 3aJUINAETHCI MaliKe He3MiHHOI0, 3HAUHO 3MiHIO-
€ThCSA MEePeIeKCIOHEeHITINHNYT MHOKHUK, II10 BKa3ye HAa CTPYKTYPHIi Ta MiKpo-
CTPYKTYpPHiI Tpamchopmarii. Aumamisa 3a momomoroio audpaxiii X-mpoMeHiB
ToKasaJjia, 10 3 MiJBUINEHHAM TeMIepaTypHu Bifmanay 3MeHIIYETHCS PO3Mip
KpucTaxiTiB, ocobauBo y Kapbimuii ¢asi, 1o Kopesioe 3i cmocTepeskyBaHUM
noumkenHaMm KTP. Croan Al-Si—Ni mokasas CKJIamHilly peakiriio Ha Bimmadl.
Bignan 3a remmeparypu y 420°C Hesuauno 30iabimus KTP 3a Butiux remmepa-
Typ Mipauea (> 100°C), Toxi ax Bigman 3a 550°C cuprynHMB mOMiTHE 3pOC-
ranHa KTP 3a auixumx Temmneparyp i npusiB mo crabisbHOI, Maityke iHiTHOL
sasexxaoctu KTP Big remneparypu. Posmip kpucrasitiB y croni 30iabmryBas-
cd micasa Bigmairy, 1o y3romxyeTtbes 3i apocranaam KTP. IMi pesyabsraTtu mia-
KPECIII0TH KJIIY0BY POJIb MiKPOCTPYKTYPHUX 3MiH, CIPUYMHEHUX BignamoMm,
Yy PperyjioBaHHI BJIACTMBOCTEN TEPMiUHOI'O POSIIMPEHHS CTOIIB Ha OCHOBi
anmoMiHiro. PosyMinHA mux MexaHidMiB 1ae 3MOTy BIOCKOHAIIOBATH MaTepid-
JIU 1151 BaCTOCYBaHb, IO MTOTPEO0YIOTh BUCOKOI TepMiuHOI cTabiTbHOCTH.

Karouosi ciioBa: KoedillieHT TEIJIOBOTO PO3UIMPEHHHA, CIeYeHi amoMiHiioBi
CTOITH, ATIOMiHifIOBI MATPUYHI KOMIIO3UTH, BifiTIaj, CTPYKTypa, po3Mip Kpucra-
JiTiB.

(Received 9 May, 2025; in final version, 15 October, 2025 )

1. INTRODUCTION

The field of device construction, particularly for aerospace applica-
tions, necessitates lightweight materials with specific physical proper-
ties [1, 2]. One critical property is a coefficient of thermal expansion
(CTE) compatible with materials such as steel and copper alloys. This
compatibility is essential for orientation and navigation devices in fly-
ing objects, where dimensional instability can account for 20-50% of
total device error [3]. Consequently, the development of lightweight
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materials with low CTE values remains a pressing challenge in modern
metallurgy and materials science.

Aluminium serves as the foundation for many lightweight materials
due to its numerous advantages: low density (2700 kg/m?), high corro-
sion resistance, excellent plasticity, affordability, non-toxicity, and
ease of processing [4]. These properties often surpass those of other
lightweight metals like magnesium, beryllium, or lithium. However,
aluminium high linear thermal-expansion coefficient (23.4:10 %K™ in
the 20-100°C range) [5] presents a significant drawback compared to
materials like steel (2 10-15-10° K™) [6] and copper (16.8-10 ¢ K™) [7].
Therefore, reducing aluminium CTE through specialized alloying is
crucial for its application in precision instrument making.

The Al-Si—Ni alloys, which contain 25-30% wt. silicon and 5—7%
wt. nickel, exhibit CTE values comparable to steel. However, manufac-
turing homogenous Al-Si—Ni alloys with appropriate structures and
properties poses significant challenges due to their broad solidification
temperature range [8]. For example, an alloy with 30% wt. silicon and
7% wt. nickel has a liquidus temperature of = 850°C and a solidus tem-
perature of 557°C, as illustrated in Ref. [8]. During this interval, sili-
con and intermetallic compounds, known for their brittleness, tend to
grow within the liquid phase, leading to phase segregation due to the
difference in density. As a result, casting is unsuitable for these alloys,
and production typically relies on powder metallurgy. This method in-
volves pre-alloyed powders produced through rapid solidification, fol-
lowed by solid-phase sintering and hot deformation processing [9]. On-
ly this approach ensures a homogenous structure with fine silicon and
Al;Niinclusions and acceptable mechanical properties [10].

As an alternative to A1-Si—Ni alloys, aluminium matrix composites
(AMCs) are gaining attention. AMCs reinforced with ceramic particles
exhibit superior strength, elastic modulus, and resistance to creep and
fatigue compared to unreinforced aluminium. These properties make
them highly attractive for the aerospace and automotive industries. In
addition to improved strength, AMCs demonstrate enhanced hardness
and wear resistance. Commonly used reinforcements include SiC,
Al;O3, TiC, and TiB: [11-16]. Among these, AlI-TiC composites stand
out due to their excellent wear resistance, high strength-to-weight ra-
tio, and mechanical properties. Moreover, the lattice parameters of
TiC particles closely match those of solid aluminium, making them ef-
fective nucleation centres during the alloy crystallization [17, 18].

Several techniques are available for making particle-reinforced
metal matrix composites (MMCs), ranging from casting [19, 20] to
powder metallurgy (PM) methods [17, 20]. The segregation of rein-
forcement during solidification limits the performance of cast-route
composites in various applications. Inhomogeneous distributions of
the reinforcement have been widely reported to deteriorate mechanical
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properties, particularly fatigue and fracture performance [19].

AI-TiC composites hold a key position among materials with low co-
efficients of thermal expansion, particularly for use in high-precision
equipment and electronics. These composites are notable not only for
their reduced CTE but also for their enhanced strength and hardness.
Titanium carbide (TiC) forms exceptionally strong bonds with the alu-
minium matrix, making these materials resistant to mechanical de-
formation, even at elevated temperatures [21]. The presence of TiC
particles limits the thermal expansion of the aluminium matrix while
contributing to improved heat resistance. However, this comes at the
expense of reduced plasticity, as the rigid TiC particles restrict the ma-
trix’s ability to deform under stress. Thanks to their high-temperature
stability, Al-TiC composites are particularly suitable for demanding
applications such as engine components and heat dissipation systems,
where performance under high loads is critical.

The most common method for producing Al-TiC composites is pow-
der metallurgy, which ensures a uniform distribution of TiC particles
within the aluminium matrix. This process typically involves mixing
aluminium and titanium carbide powders, followed by pressing and
sintering in a vacuum or an inert gas environment, such as argon.
Compared to traditional casting, powder metallurgy offers significant
advantages, including minimized chemical reactions between the alu-
minium matrix and TiC reinforcement, as the synthesis occurs at lower
temperatures [18]. However, a challenge with this approach is the poor
wettability of titanium carbide particles by aluminium, often caused
by oxide films on the TiC surface. This issue can limit the potential
benefits of carbide reinforcement [22].

To overcome this limitation, alternative technologies have been de-
veloped, including the use of Al-Ti—C master alloys. These master al-
loys are created via in situ reactions in a mixture of elemental alumini-
um, titanium, and carbon powders, resulting in the formation of finely
dispersed TiC particles within the aluminium matrix. This process oc-
curs at relatively moderate temperatures (900-1000°C) [22—-26], pro-
ducing composites with improved properties.

One of the most promising techniques is in situ thermal synthesis,
which ensures the formation of submicron-sized, spherical TiC parti-
cles that are well integrated into the aluminium matrix [27-29]. This
method can avoid undesirable structural components formation, such
as ternary carbides (MAX phases), intermetallics, or unreacted carbon
residues. Figure 1 shows an isothermal section of the Al-Ti—C phase
diagram at 900°C, calculated using the CALPHAD method [30, 31]. In
this diagram, the marked narrow two-phase region that represents the
AI-TiC equilibrium seems to be an ideal for thermal in situ synthesis of
Al-TiC composites.

Studies [27, 28] have demonstrated that, when the aluminium con-
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Fig. 1. Isothermal section of the calculated phase diagram of Al-Ti—C for 900°C
[30].

tent exceeds 45%, the resulting TiC particles have roundish polyhe-
dral submicron-sized shape, as shown in the micrograph in Fig. 2.
These particles enhance the composite overall properties, making Al—
TiC an ideal material for advanced applications.

Increasing the volume of carbides in the aluminium matrix is an ef-
fective way to lower the composite coefficient of thermal expansion.
However, higher carbide content tends to increase porosity, which can
adversely affect the composite mechanical properties [32]. In AI-TiC
composites, the typical content of titanium carbide particles is limited
to 10-15%. Beyond this range, the material plasticity decreases sig-
nificantly, and its machinability becomes more challenging [33].

One promising solution to this issue is the application of additional
hot stamping processes. This technique has been shown to reduce po-
rosity, even at higher carbide concentrations, enabling the production
of composites with exceptionally low CTE values (comparable to steel),
while still retaining acceptable mechanical properties [28].

Despite significant advancements in the production and application
of Al-TiC composites, their thermal expansion behaviour remains in-
sufficiently studied. This is particularly true for their response to
long-term high-temperature exposure, such as annealing. Similarly,
for both Al-Si—Ni and AI-TiC composites, there is a lack of detailed
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Fig. 2. Typical SEM image of the structure of in situ synthesized Al-TiC com-
posite (45% Al)[27].

information regarding the impact of annealing on CTE values and how
these values vary with temperature.

The present investigation aims to address this gap by exploring the
relationship between annealing temperature and the CTE of these
composites. This study seeks to provide new insights into the tempera-
ture-dependent behaviour of Al1-TiC and Al-Si—Ni composites.

2. MATERIALS AND METHODS

The materials investigated in this study were an Al-Si—Ni sintered al-
loy and an Al-TiC composite, with their compositions summarized in
Table 1.

Since the prior studies revealed that the A1-Si—Ni alloy production
through merely mixing the does not achieve the desired mechanical
properties and leads to a coarse structure even after hot stamping, pre-
alloyed powder has been used [9]. The Al-Si—Ni alloy was prepared

TABLE 1. Compositions of the studied materials (% wt.). The composition of
Al-TiC composite reflects the mass proportions of the initial materials for
synthesis, corresponding to approximately 55% TiC by weight.

o Al Si Ni
Al-Si—Ni sintered alloy 65.8 98.5 5.7
Al Ti C

Al-TiC composite
45 44 11
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from powder of ground rapidly solidified ribbons produced using the
melt-spinning technique. The ribbons with a thickness of 30—50 um
and a width of 9-12 mm were fabricated by casting molten material
onto a rotating copper reel under controlled conditions, including a
melt temperature of 1080°C, precise crucible pressure, and drum rota-
tion speed. The process was conducted under a protective helium at-
mosphere using quartz crucibles at the G. V. Kurdyumov Institute for
Metal Physics, N.A.S. of Ukraine [10].

The ribbons were mechanically ground in a Fritsch Pulverisette P-6
planetary ball mill to produce alloy powder. Grinding parameters in-
cluded a rotation speed of 200 rpm, a ball-to-powder mass ratio of 10:1,
and a grinding duration of 30 minutes with 12 steel balls (20 mm diam-
eter) and approximately 37 g of powder. The resulting powder had an
average particle size of 106 = 5 pm, with particle sizes ranging from 4
to 381 pm.

Compaction of the A1-Si—Ni powders was achieved using a hydraulic
press at pressures of 500—-600 MPa. The powders were compacted into
low-carbon steel capsules with external and internal diameters of
28 mm and 32 mm, respectively, and a total height of 37 mm (including
the base and lid). These capsules optimized the deformation process
and ensured uniform compression. Sintering was performed at 530°C
for 2 hours, preceded by degassing at 350°C for 30 minutes. This tem-
perature was selected to remain below the ternary eutectic point (540—
550°C) for rapidly solidified materials with non-equilibrium phases, as
noted in Ref. [3]. Solid-phase sintering was employed to prevent liq-
uid-phase formation, which could lead to porosity and chemical distor-
tion, as observed in earlier studies [10].

Hot deformation (forging) of the sintered samples was conducted at
520°C in a specially designed die. Before forging, the samples under-
went additional lateral compression (20—-30%) at the same tempera-
ture. After forging, the steel shells were removed by machining. The
final samples exhibited no brittle fractures and were suitable for fur-
ther processing.

Thermal synthesis of the Al-TiC master alloy followed the proce-
dures detailed in Refs. [23, 27, 28]. Initial aluminium, titanium and
carbon (graphite) powders mixtures has been blended in a barrel mixer
with alcohol, pressed into briquettes at 500 MPa using a hydraulic
press (GP60), and sintered in an argon-filled sealed chamber at 950°C
using indirect induction heating. The sintered briquettes (spongy and
porous because of TiC synthesis reaction) were subsequently crushed in
a planetary mill for 5—15 minutes to achieve the desired particle size,
with sieving used to ensure a maximum particle size of 10 pum. The ob-
tained particles were polycrystalline aggregates of TiC crystals in alu-
minium matrix. The obtained powder was then pressed at 550 MPa into
blanks measuring 40 mm in diameter and 12 mm in height. These
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blanks were sintered in argon at 600°C for 1 hour and then subjected to
hot stamping in a semi-closed die on an arc-stator press.

Post-stamping annealing was performed in a laboratory muffle fur-
nace (SNOL 7.2/1300, ThermoLab) at 400°C, 500°C, and 600°C for the
Al-TiC composite and at 420°C and 550°C for the A1-Si—Ni system ma-
terial samples. The duration of the annealing for each case was 2 hours.
Dilatometric measurements were carried out using a dilatometer with
an inductive transducer. The error of CTE estimation on the final ex-
perimental curves was +0.3:10®K™. Microstructural analysis was
conducted using an optical microscope (BH200M-RT) with digital mi-
crographs captured using a SIGETA M3CMOS 32000 camera. The x-
ray diffraction (XRD) study of the materials was carried out on a
DRON-4 diffractometer with radiation MoK,

3. RESULTS AND DISCUSSION
3.1. Coefficient of Thermal-Extension Temperature Dependence
3.1.1.CTE of Sintered Al-Si—Ni Alloy

Figure 3 presents the temperature dependence of the studied Al-Si—Ni
alloy CTE in temperature range of 50—300°C in its initial and annealed
states. The studied samples were in the initial state and annealed at
420 and 550°C. From the provided plots, we can see that the CTE val-
ues of Al-Si—Ni alloy significantly increase with the temperature. For
instance, in the initial state at 50°C its value is the lowest observed at
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Fig. 3. Influence of annealing on the sintered Al-Si—Ni-alloy CTE tempera-
ture dependence.
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13.8-:10*K™. However, at 300°C it rises to 16.5-10® K. The growth is
not linear, especially for not annealed and annealed at 420°C samples.
A significant jump is observed in the range of 50—100°C.

Annealing at 420°C almost does not affect the material CTE at lower
temperatures. The observed difference in the range of 50-150°C is
comparable with the measurement accuracy. At higher temperatures,
some slight but notable (20.5-10 K™!) increase of CTE for the an-
nealed at 420°C specimen is observed. Annealing at 550°C leads to
more significant growth of CTE at lower temperatures: for 50°C, the
difference is of 1.3-10 K™, and for 100°C, it is of 0.66-107¢ K. How-
ever, at temperatures higher than 200°C, the difference becomes in-
significant and close to the measurement inaccuracy. It could be seen
that, after annealing at 550°C, CTE of the material appears more sta-
ble—the mentioned jump at 50—-100°C disappeared and its temperature
dependence becomes almost linear and less pronounced.

Regarding the nature of the effect of annealing on the CTE, it can be
assumed that annealing somehow affects the redistribution of the final
mechanical stresses between the matrix and the silicon and intermetal-
lic particles. Annealing can stabilize finely dispersed, in particular in-
termetallic, particles and prevent their agglomeration. When the par-
ticles remain evenly distributed and are not prone to coalescence, this
contributes to an increase in the density of interphase boundaries,
since each particle forms its boundary with the matrix. Annealing
helps to eliminate residual stresses accumulated during the defor-
mation of the composite. This relaxation contributes to the redistribu-
tion of particles at the microstructural level, where strong adhesion
between the phases creates additional interphase boundaries.

3.1.2.CTE of Al-TiC Composite

The CTE temperature dependence of the Al1-TiC composite was studied
for the cases of annealing temperatures of 400, 500 and 600°C. CTE of
the non-annealed samples has not been studied. The temperature de-
pendencies of CTE values for the studied annealing temperatures are
presented in Fig. 4.

From the presented results, it is evident that the CTE of the AI-TiC
composite under consideration increases noticeably with a rise in tem-
perature. Unlike the Al-Si—Ni system, annealing in this case signifi-
cantly reduces the CTE. Furthermore, the observed reduction is rela-
tively uniform across all temperatures. Increasing the annealing tem-
perature further decreases the CTE.

The supposed reasons of the observed effect might be related to the
relaxation of residual stress, dislocation density, changes in the mor-
phology of particles or crystallite size caused by the annealing. Anneal-
ing, particularly, at higher temperatures, may lead to the redistribu-
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Fig. 4. Influence of annealing on the Al-TiC composite CTE temperature de-
pendence.

tion of TiC particles within the matrix or changes in the density of in-
terphase boundaries.

3.2. Microstructure of Composites
3.2.1. Sintered Al-Si—Ni Alloy

Microstructure photos of the initial and annealed material’s samples
are shown in Fig. 5. There is no notable difference in the material mi-
crostructure depending on the annealing temperature. In both pre-
sented cases are observed small almost eventually distributed silicon
and intermetallic inclusions in the aluminium matrix. The shape of the
inclusion is close to equiaxed polyhedra. The numerical characteristics
of the microstructure are presented in Table 2, which includes average
sizes of silicone and intermetallic inclusions and a number of all types

DL o Yoo 735 SR P T S T S
: 3
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Fig. 5. Microstructure of the sintered Al-Si—Ni alloy after forging (a) and
annealing at 420°C (b) and 550°C (c¢).



INFLUENCE OF ANNEALING ON THE CTE OF SINTERED Al-Si—Ni AND Al-TiC 473

TABLE 2. Quantitative characteristics of the sintered Al-Si—Ni-alloy micro-
structure after different annealing temperatures.

Annealing tem- Average inclusions sizes, pm Total number of the in-
perature, °C Si Al:Ni clusions per 1 mm?, x10*
Initial state 2.57+0.13 1.43+0.10 5.42+0.86

420 2.77+0.12 1.80+0.07 4.05+0.30
550 2.81+0.09 1.82+0.10 3.68+0.20

of inclusions per 1 mm?2.

As can be seen in Table 2, some growth of the average inclusion sizes
(both for silicon and for AlsNi) is observed after annealing at 420°C
compared with the initial state. However, the difference in the meas-
ured values of the samples annealed at 420°C and 550°C is very slight
and insignificant. Nevertheless, the difference between the number of
inclusions per 1 mm?, which seems to be a more reliable and precisely
measured parameter, is rather different for all three studied cases.
There is a decrease of this number after annealing and with razing its
temperature. This may indicate some growth of the particles, gradual
vanishing of the smallest ones, and growth in the distance between the
inclusions. This seems to be a typical case of Ostwald’s ripening, which
accelerates with the temperature increasing.

Despite there being no direct evidence that the observed ripening of
the inclusions when annealing effects directly the CTE of the material,
it can be declared that those phenomena accompany each other, in this
case—the particles ripen and CTE values increase when annealing and
temperature growth.

3.2.2. Al-TiC Composite

Typical microstructure images (optical metallography) after annealing
at different temperatures are shown in Fig. 6. The images demonstrate
that the structure does not undergo radical changes under the influ-
ence of different annealing temperatures. Nevertheless, careful quan-
titative evaluation allows for the identification of even minor shifts in
the structure.

The quantitative characteristics of the microstructure are presented
in Table 3. The following parameters have been measured: the size of
TiC particles (measured at x500 magnification), the thickness of car-
bide cluster layers (measured at x200 magnification), and the porosity
estimation (carried out at x50 magnification).

The measurement data indicate that the annealing temperature has
almost no effect on the size of titanium carbide particles. The differ-
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Fig. 6. Microstructure of the AlI-TiC composite after stamping and annealing
at following temperatures: 400°C (a), 500°C (b), 600°C (¢).

TABLE 3. Quantitative characteristics of the Al-TiC-composite microstruc-
ture after different annealing temperatures.

Annealing tem- | TiC particles aver-| Thickness of carbide [Porosity estima-

perature, °C age size, pm cluster layers, uym tion, %
400 2.18+0.11 7.83+0.36 7.8+1.4
500 2.33+0.07 9.84+0.37 4.6+1.5
600 2.40+0.08 11.96 +0.44 3.1+0.9

ence in average values lies within the margin of statistical error. The
size distribution of the particles follows a lognormal pattern, with no
significant differences observed in the nature of the distribution.

The thickness of the carbide cluster layers observed in the structure
changes only slightly with annealing temperature. A visual inspection of
the microstructures reveals that in annealed at lower temperature sam-
ples, the carbide particles are more aggregated into clusters. With increas-
ing annealing temperature, the particles become somewhat more separat-
ed, and more distinct matrix layers appear between them. It was also ob-



INFLUENCE OF ANNEALING ON THE CTE OF SINTERED Al-Si—Ni AND Al-TiC 475

served that annealing reduces porosity in the material. Anyway, the influ-
ence of the annealing on the microstructure seems to be very slight.

3.3. X-Ray Diffraction Analysis
3.3.1. Sintered Al-Si—Ni Alloy

Observed by means of optical microscopy structural changes could only
practically explain the possible reasons for CTE changes after a long-
term thermal impact such as annealing. The x-ray diffraction (XRD)
analysis is able to reveal more fine structure factors, among which are
crystallite sizes and lattice parameters of the phases. An example of an
XRD pattern for the studied material—a case of annealing at 420°C—
is shown in Fig. 7. The present phases are typical and expected for the
material, which are aluminium solid solution—the matrix, silicon and
intermetallic compound AlsNi. The phase composition is qualitatively
and quantitatively identical in each of the studied samples and is not
affected by the annealing. Nevertheless, the XRD analysis reveals also
the crystallite sizes and lattice parameters of the phases, as has been
mentioned above. These results are presented in Table 4.

The given results show that this does not affect the lattice parame-
ters of any phase presented in the material. However, there is a signifi-
cant influence on the crystallite size both for matrix and for inclu-
sions. The crystallite size of the aluminium matrix grew about 1.3 times
after annealing at 420°C and more than 1.3 extra with the rise of the an-
nealing to 550°C. Even more significant grows the crystallite size of sili-
con. For the Al3Ni inclusions, however, only annealing at 550°C can af-
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Fig. 7. Typical XRD pattern for the studied sintered Al-Si—Ni alloy.
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TABLE 4. Effect of annealing temperature on the fine-structure characteris-
tics of the phases present in the sintered Al-Si—Ni alloy according to XRD
analysis.

Annealing tem- Lattice parameters, A Crystallite

perature, °C Phase a b c size, A
Al 4.053 - - 660
Not annealed Si 5.443 - - 700
AlsNi 6.602 7.382 4.811 450
Al 4.057 - - 865
420 Si 5.448 - - 1150
AlsNi 6.620 7.378 4.817 430
Al 4.059 - - 1180
550 Si 5.440 - - 1800
AlsNi 6.619 7.388 4.822 990

fect significantly its crystallite size, which increases more than twice.
Thus, for the studies here sintered Al-Si—Ni alloy annealing leads to
both Ostwald ripening of the inclusions and growth of the crystallite
size of matrix and inclusions. Moreover, the crystallite size of Al3Ni
starts to grow only at high annealing temperatures close to the solidus
temperature. The observed structural changes could result in the men-
tioned CTE changes. It might be assumed that the Al;Ni crystallite size
increase, which appears at 550°C annealing, could be the reason for ob-
served CTE rising at lower measuring temperatures. Moreover, it
might be the phase most responsible for the annealing dependence of
CTE for the material. The matrix and the silicon inclusions (their crys-
tallite growth and ripening) could be responsible for more subtle
changes in CTE temperature behaviour, which are the increase of CTE
at higher temperatures after annealing at 420°C and its relative stabi-
lization at the whole temperature range after annealing at 550°C.

3.3.2. Al-TiC Composite

The carried-out x-ray phase analysis has not shown any significant dif-
ference in the phase composition of the studied samples annealed at
different temperatures. As you can see in the XRD pattern in Fig. 8,
the only observed phases in the material are Al-based solid solution and
TiC. The estimated part of TiC was about 55% wt.

The XRD also provides information on the lattice parameters and
crystallite sizes for each of the present phases. The obtained results are
presented in Table 5. In the XRD study, it was analysed as not annealed
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Fig. 8. XRD pattern for the studied AI-TiC composite.

TABLE 5. Effect of annealing temperature on the fine-structure characteris-
tics of the phases present in the AI-TiC composite according to XRD analysis.

Annealing temperature, °C| Phase |Lattice parameter, A|Crystallite size, A

Al 4.0548 511
Not annealed .
TiC 4.3255 940
Al 4.0597 414
500 .
TiC 4.3272 533
Al 4.0581 310
600 .
TiC 4.3284 480

instead of annealed at 400°C. Others were the same.

We can see that annealing does not have any effect on the lattice pa-
rameters of any phase. However, the impact on the crystallite sizes is
rather more valuable. It is notable that the annealing and its tempera-
ture rising lead not to growth but to a significant decrease of the crys-
tallite sizes both for Al-based solid solution and for TiC. The annealing
almost twice reduces its value for TiC. Rising annealing temperature
from 500°C to 600°C has an additional 10% effect on the crystallite
size of TiC declining.

Thus, for the studied material we observe that the CTE decreasing
with the annealing temperature growth is clearly accompanied by the
crystallite sizes decreasing both for the metal matrix and for the car-
bides. The observed relationship between decreasing CTE and reduced
crystallite sizes is a realistic outcome of annealing. It might highlight
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the complex interplay between microstructure evolution, defect dy-
namics, and interfacial phenomena in determining the thermal proper-
ties of a material.

3.4. Discussion

The relationship between annealing temperature, grain size, and the
coefficient of thermal expansion in MMC is known and a well-
documented phenomenon in materials science for different materials.
Generally, as the grain size decreases, the CTE tends to increase due to
the enhanced contribution of grain boundaries, which have different
thermal expansion behaviours compared to the grain interiors. For ex-
ample, in work [34], they studied the effects of grain size on the ther-
mal expansion behaviour of the Fe—Ni invar alloy. The results showed
a possibility of achieving different thermal expansion coefficients over
a wide range of (3.1-7.8)-10% K™! for the same alloy through grain size
control. The thermal expansion difference between grain boundaries
and crystallites was enlarged in the invar alloy.

However, in certain MMCs, increasing the annealing temperature
can lead to a reduction in CTE. This effect is often attributed to the re-
laxation of residual stresses and changes in the microstructure, such
as the redistribution of reinforcing particles like carbides within the
metal matrix. For instance, in aluminium matrix composites rein-
forced with silicon carbide SiC and other particles, heat treatment has
been shown to influence mechanical properties and thermal expansion
[35]. Specifically, the CTE after treatment without reinforcement ap-
plied was reduced, while no significant difference was seen with rein-
forcement applied.

Additionally, the presence of reinforcing particles with a lower CTE
than the metal matrix can lead to a mismatch in thermal expansion,
inducing internal stresses that affect the overall CTE of the composite.
The distribution and morphology of these particles, influenced by an-
nealing, play a crucial role in determining the composite’s thermal ex-
pansion behaviour [36].

The study [37] declares that, despite the known fact that the CTEs of
alloys and composites are mainly changed by a volume fraction and
shape of the second phases [38, 39], the CTE of particle-reinforced
MMCs is affected by several other factors. These include: plasticity
due to CTE mismatch between reinforcement and matrix, during heat-
ing or cooling; reinforcement fracture, residual stress, and local
stresses at points of contact between reinforcement [40]. An incom-
pressible plastic layer may form at the particle/matrix interface, and
result in a lower expansion of the matrix, and thus, the overall compo-
site [41]. The CTE of the composite is generally less than the rule of
mixtures value because the presence of ceramic particles (usually of
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low CTE) introduces a constraint on the expansion of the metallic ma-
trix (usually of high CTE). In this regard, it is important to point out
that interface can exert some influence on the value of CTE, especially,
for very small particle sizes.

Thus, the observed here influence of annealing and its temperature
on the Al-based MMCs’ CTE and its relationship with the crystallite
sizes does not contradict general concepts for such composites. Moreo-
ver, the obtained results significantly complement the insight into the
thermal dependence of sintered A1-Si—Ni and Al-TiC materials CTE and
the annealing effect on it observed at different temperature ranges.

It was shown that annealing could either increase or decrease the
crystallite size, but lower crystallite size for the studied here composites
often means the lower values of CTE. In the sintered Al-Si—Ni alloy, an-
nealing and raising its temperatures results in crystallite size increasing
and inclusions ripening that leads to CTE increase. A key role in this
phenomenon can be played by Al3Ni particles, the crystallite growth of
which after high-temperature annealing can lead to an increase in the
CTE at lower temperatures and its relative stabilization. On the other
hand, the Al1-TiC shows the contrary reaction on annealing—its crystal-
lite decrease, which may lead to the observed CTE lowering.

4. CONCLUSIONS

An experimental investigation was carried out to study the influence of
annealing and its temperature on the temperature dependence of the co-
efficient of thermal expansion for sintered Al-Si—Ni alloy and AI-TiC
composite material containing in situ synthesized carbide particles.

The CTE of both materials increases with rising temperature. How-
ever, the effect of annealing on the sintered Al-Si—Ni alloy CTE dif-
fers from that observed in the Al-TiC composite. Annealing at a lower
temperature (420°C) slightly increases the CTE at higher (> 100°C)
measuring temperatures. In contrast, annealing near the solidus tem-
perature (5650°C) significantly raises the CTE at lower measuring tem-
peratures, makes it more stable, and results in nearly linear tempera-
ture dependence.

Changes in CTE following annealing are accompanied by structural
modulations. Notably, variations in crystallite size, determined
through XRD analysis, were observed. A decrease in crystallite size
correlates with a reduction in CTE for both materials. However, an-
nealing affected crystallite size differently in the studied materials: in
the sintered Al-Si—Ni alloy, annealing and increased temperature led
to larger crystallites, whereas in the Al-TiC composite, higher anneal-
ing temperatures caused a reduction in crystallite size, particularly in
the carbide phase. These differences in the effects of annealing on
crystallite size are likely contributing factors to the contrasting CTE
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behaviours of the two materials.
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The Effect of Hot Deformation in the o and o+ 3 Phase
Fields on the Microstructure and Precipitate Evolution

of the Zr—-Sn—Nb-Fe Alloy

A.W. Aldeen, D. Y. Mahdi, and M. S. Tuma

Department of Materials Engineering,
College of Engineering, University of Kufa,
Najaf, Iraq

The microstructure and precipitates’ evolution after hot deformation of
Zr—-Sn—Nb-Fe samples in the o and a + 3 phases are investigated using trans-
mission electron microscopy (TEM), energy dispersive x-ray spectroscopy
(EDS), scanning electron microscopy (SEM), and electron backscatter dif-
fraction (EBSD) accessories. The results show that the grain structure of the
hot-deformed Zr—Sn—Nb-Fe-alloy samples is elongated along the thermal-
deformation direction, forming a long, strip-like structure. Numerous re-
crystallized small grains and subgrain boundaries exist between these strips.
The precipitated phases in the deformed samples with increasing tempera-
ture are primarily B-Zr, with minor amounts of 3-Nb and Zr(Fe, Nb):, exhibit-
ing a relatively uniform dispersion.

Key words: Zr—-Sn—Nb-Fe alloy, hot deformation, microstructure, precipitate
phase.

EBoutrortiro MikpoCTpYKTypu Ta npenumiTaTiB micasa rapsauoi gedopmarrii spas-
KiB Zr-Sn—Nb-Fe y dasax a it o + 3 mocaifgKyBaiu 3a JOTOMOTOI0 TPAHCMicCifi-
HOl enexTpoHHOI Mikpockonii (TEM), eneprommcmepciiiHoi peHTI'eHiBCHKOI
cuexrpockotmii (EPC), ckanyBaabHOi eneKTpoHHOI Mikpockomii (CEM) Ta
mudpakii 3BBopoTHLO poscissHUx (BigduTux) enexTpoHiB ([I3PE). Pesynabsratn
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IIOKAa3yIOTh, IO 3€PHUCTA CTPYKTypa 3pasKiB rapsauenedopMOBAHOIO CTOIY
Zr—-Sn—Nb-Fe € BUTATHYTOIO B3[JOBK HANIPAMKY TepMmiuHOi nedopmarrii, yTBo-
PIOIOYU OBTY, CMYTOIOAIOHY CTPYKTypy. MiX mumMm cMyramMm po3TairioBaHi
yucJieHHi ApiOHi pexpucTanaidoBami 3epHa Ta MexKi cybsepen. Pasu, 1m0 BUIi-
JSI0ThCA B e OPMOBAHUX 3pasKax i3 MiABUINEHHAM TeMOepaTypu, ABIAIOTH
coboro mepeBasKkHO P-Zr, 3 HesHauHuMu Kinbkoctamu 3-Nb ta Zr(Fe, Nb)z, ge-
MOHCTPYIOUM BiTHOCHO PiBHOMipHY AucCIIepCiro.

Karouosi ciosa: crou Zr—-Sn—Nb-Fe, rapsua medopmaliis, mikpocTpyxTypa,
¢asa ocany.

(Received 11 February, 2026; in final version, 30 April, 2026 )

1. INTRODUCTION

Zirconium alloys have long been widely used as fuel cladding materials
for nuclear power reactors due to their advantages such as small neu-
tron absorption cross-section, high thermal conductivity, and good re-
sistance to waterside corrosion. As reactors develop towards high fuel
consumption and long life, the in-core corrosion performance, hydro-
gen absorption performance, irradiation elongation, and creep per-
formance of zirconium alloy cladding at high fuel consumption have
become primary concerns. In the late 1970s, developed countries began
to develop new zirconium alloy cladding materials and successively de-
veloped a series of new zirconium alloys, such as France’s M5, the
United States’ ZIRLO, Russia’s E635, Japan’s DNA and MDA, and
South Korea’s HANA series alloys [1-4]. China has been conducting
research on new zirconium alloys since the early 1990s. Through a se-
ries of studies, the composition of N36 zirconium alloy
(Zr-1Sn—-1Nb-0.3Fe) was determined, and industrial-scale pipe devel-
opment work was carried out [5, 6].

Zirconium alloy preparing must undergo ingot melting, forging,
homogenization, hot extrusion, annealing after hot extrusion, multi-
ple cold rolling and intermediate annealing, cold rolling of finished
products, and final annealing. Compared with Zr-4 alloy, the addition
of Nb elements to N36 zirconium alloy reduces its a— o + 3 phase
transformation temperature from about 810°C of Zr-4 alloy to below
680°C[7]. Therefore, the processing temperature of the new zirconium
alloy should be reduced accordingly. In addition, when the Nb content
is higher than 0.6%, Zr—Nb zirconium alloy will undergo segregation
reaction at about 610°C, generating -Zr [8-10]. In order to avoid the
reduction of the corrosion resistance of the alloy due to the formation
of B-Zr [11], the heat treatment of Zr—-Nb alloy needs more practical
fields to understand the segregation temperature and formation of
precipitates.

This study used transmission electron microscopy (TEM), scanning
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electron microscopy (SEM), and electron backscatter diffraction
(EBSD) accessories to investigate the microstructure of Zr-Sn—-Nb-Fe
zirconium alloy plate hot-deformed at 600-750°C. The grain structure,
grain boundary characteristics, and precipitation formation mecha-
nism of the hot-deformed samples were analysed, providing a theoreti-
cal basis for subsequent processing.

2. EXPERIMENTAL/THEORETICAL DETAILS
2.1. Materials Sampling Method

In this study, the nominal composition of Zr—-Sn—Nb-Fe zirconium al-
loy was Zr-1%Sn—-1%Nb—0.3%Fe, and hot deformed was used at
600-750°C with strain rate 5 s™ to investigate the microstructure evo-
lution. Using SEM with its EBSD accessory and TEM, the specimens
were observed along parallel ND-RD axis of the original plate (Fig. 1).
The final diameter and height of the cylindrical samples used in this
experiment was 6 mm. In order to be able to identify the RD observa-
tion area of the original plate on the sample after compression defor-
mation, a small notch is left on the cylindrical surface to mark the RD
of the plate.

2.2. Structural Characterization

The final diameter and height of the cylindrical samples used in this
experiment was 6 mm. In order to be able to identify the RD observa-
tion area of the original plate on the sample after compression defor-
mation, a small notch is left on the cylindrical surface to mark the RD
of the plate. The Gleeble 3500 thermal simulation testing apparatus
was used to finish the thermal compression experiment. EBSD samples
were prepared using a vibratory polishing and chemical polishing
method. The vibratory polisher was a BUEHLER VIBROMET2, and the

‘ND

-
]
>

Fig. 1. Method of sampling from original plate.
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chemical polishing solution was H2SO.:HNOs;:H;O:HF = 15:30:45:6
(volume ratio). After chemical polishing, the samples were immediate-
ly rinsed with running water and alcohol. The prepared samples were
characterized for microstructure using an EBSD system (HKL)
equipped with a field emission scanning electron microscope (FEI
NOVA NANO SEM 400). Electron beam scanning was used, with a typ-
ical scan step size of 0.1 ym and a scanning area of 150 x 150 points.
HKL’s CHANNEL-5 software was used for data analysis and micro-
structure reconstruction.

The precipitate phase was prepared using mechanical polishing and
chemical etching. For observation, the sample was first polished to
5000# with sandpaper and then chemically etched using a solution of
glycerol:nitric acid:hydrofluoric acid =6:3:1 (volume ratio). After
chemical polishing, it was immediately rinsed with running water. The
surface was wiped clean with a clean cotton ball and ultrasonically
cleaned in acetone for 3 minutes. The sample was then rinsed in 60°C
concentrated nitric acid to remove polymeric substances adhering to
the surface. The sample was then rinsed with running water and dried
for later use. The morphology and composition of the precipitate phase
were analysed using a FEI NOVA NANO SEM 400 with an EDS acces-
sory. TEM samples were prepared using a mechanical thinning and
electrolytic double-spray thinning method. The chemical thinning so-
lution was HCIO,:CH;CH:OH =11.5:86 (volume ratio). The prepared
samples were analysed for grain structure and precipitated phases us-
ing a high-resolution transmission electron microscope.

3. RESULTS AND DISCUSSION
3.1. Grain Structure

Figure 2 shows the ND-RD plane EBSD reconstruction of the hot de-
formed samples at 600°C and 750°C. The analysis results show that the
hot-deformed area exhibits a typical post-deformation locally dynami-
cally recrystallized structure. Most of the grains are elongated, form-
ing long strips approximately 20 ym long and 3 ym wide. These strips
contain numerous subgrains, and most of the small grains have the
same orientation or a small orientation difference. Locally, dynamical-
ly recrystallized grains are present, with an average grain size of ap-
proximately 0.5 um. In addition, some grains show resistance to de-
formation process. Differences in hot deformation temperature led to
variations in crystallographic orientation between the o and a+f
phases in zirconium alloys, which are attributed to their distinct crys-
tal structures, deformation mechanisms, and phase transformations
governed by specific orientation relationships.
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Fig. 2. EBSD Images of ND-RD observation area at 600°C (a), 750°C (b).

TEM analysis of hot deformed samples at different temperatures
shows a trend that the structure consists primarily of two types of
structures: lath-like structure and fine equiaxed recrystallized struc-
ture (Fig. 3, a). The laths contain a high density of dislocations
(Fig. 3, b). The EBSD recrystallization positive polarity map of the hot-
deformed sample also shows a small orientation difference between the
deformed and recrystallized grains, indicating that dynamic recrystal-
lization occurs through continuous subgrain boundary rotation
(Fig. 4).

An average analysis of the EBSD grain boundary diagram reveals
that this elongated microstructure contains high-density, small-angle
grain boundaries surrounded by fine, equiaxed, dynamically recrystal-
lized grains. There are two theories regarding its formation: the first
one is the originally equiaxed grains, under high temperature and with
suitable grain orientation and sufficient independent slip systems,

Lath-like
structure

a

Fig. 3. TEM microstructure of deformed samples: lath and partial recrystalli-
zation structure (a); lath structure contains high density of dislocations (b).
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Fig. 4. EBSD grain boundaries map of hot deformed sample.

they can uniformly deform into elongated shapes, similar to the de-
formation of cubic metal grains; and the second one they are formed
from original coarse equiaxed grains through continuous horizontal
shearing and friction at high temperatures, with the large grains dis-
appearing slowly and being partially retained [12-15]. Figure 4 shows
that there are many subgrain boundaries within the large, elongated
deformed grains, indicating that slip deformation also occurred within
the elongated structure. The slip systems that zirconium alloys may
excite at high temperatures mainly include the {1010 }<1210> cylin-
drical slip system, the {1010} and {1121} conical slip system, and can
also be obtained through the {1012 }<1011> twins nromote the defor-
mation of zirconium alloys, while the {1010}<1210> and {1011}<
1210> slip systems can provide 2 and 4 independent slip systems
[16, 17], respectively. This indicates that although Zr—-Sn—Nb-Fe alloy
has a relatively large number of independent slip systems at high tem-
peratures, it still has fewer independent slip systems compared to cu-
bic metals. On the other hand, from the perspective of orientation dis-
tribution, the orientation of the elongated structures is relatively close
to that of the recrystallized equiaxed grains, both being slightly de-
flected tangential orientations, which are conducive to the activation
of the <a> and <a + ¢> slip systems [18]. This indicates that the original
large grain orientations corresponding to these elongated structures
are conducive to plastic deformation, while the distortion energy ac-
cumulated during the deformation process is relatively low. The origi-
nal coarse grain orientations of other parts are not conducive to plastic
deformation, and the distortion energy accumulated during the de-
formation process is relatively high.

Studies by K. Murty et al. have shown that under higher extrusion
ratios, Zr—-0.25Sn-1.0Nb—0.35Fe zirconium-alloy extrusion billets al-
so exhibit similar elongated structures, while Zr-4 alloys all exhibit
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fine equiaxed recrystallized structures. This indicates that the slower-
diffusion Nb element may hinder the dynamic recrystallization of
Zr—-Sn—-Nb-Fe zirconium alloys [19]. Therefore, during hot defor-
mation, deformed structures with high distortion energy will become
fine equiaxed dynamic grain structures due to dynamic recrystalliza-
tion. The presence of Nb element hinders the dynamic recrystallization
of some deformed structures with lower distortion energy, and the dis-
locations inside will merge to form small-angle grain boundaries or
subgrain boundaries, still basically preserving the original grain
structure the elongated tissue after deformation.

3.2. Precipitated Phase

SEM analysis showed that there were precipitates in the hot-deformed
samples deformed at 600°C and 750°C (Fig. 5). Most precipitates which
were distributed in a string-like pattern along the hot deformed direc-
tion, with an average size of more than 250 nm in an average. Most of
the precipitates at 600°C are fine particles and the energy dispersive
spectroscopy analysis shows that the mainly composed of Nb indicating
high B-Nb precipitate percentage, and some of Zr(Nb, Fe).. At 750°C,
the precipitate shows the same trend of elongated along the deformed
direction, indicating that these precipitates have good plasticity. In
niobium—zirconium alloys, except for the metallic 3-Zr and B-Nb, the
others are relatively hard and brittle intermetallic compound precipi-
tates. B-Nb is generally finer. Energy dispersive spectroscopy analysis
shows that most precipitates are mainly composed of Zr and a small
amount of Fe and Nb. Considering that zirconium alloys with Nb con-
tent exceeding 0.6% will undergo segregation reaction at a certain
temperature. Studies by Toffolon et al. have shown that the segrega-

Fig. 5. SEM second phase particles image of hot deformed sample: low magni-
fication at 600°C (a); high magnification at 600°C (b); sample deformed at
750°C (c).
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tion temperature of Zr—1.0Nb is above 600°C, while studies by Hyun-
Gil Kim etal. have shown that the segregation temperature of
Zr-2.0Nb is approximately 585°C [8, 9]. However, the temperature
during hot deformation of the Zr-Sn—Nb-Fe alloy in this study exceeds
this temperature, allowing it to enter the o+ phase region. The B
phase is likely to be retained at the end of deformation due to the rapid
cooling rate. Therefore, the precipitates observed by SEM should al-
most be B-Zr.

TEM studies revealed that the precipitates in the hot-deformed
samples were almost retained B-Zr structures at the grain boundaries
(Fig. 6), and trace amounts of B-Nb and the Zr(Fe, Nb). phase (Fig. 7).
The Nb/Fe value in the Zr(Fe, Nb): phase is relatively dispersed, rang-
ing from about 0.1 to 15, while the Nb/Fe ratio in the Zr—-Sn—Nb—Fe
zirconium alloy containing the Nb and Fe second phase is generally in a
smaller range [20-22]. This indicates that for primary products such
as Zr—-Sn—Nb alloy hot deformed samples, the distribution of alloying
elements is not uniform. In addition to solid solutions in precipitates
such as B-Zr and Zr(Fe, Nb)., a large number of alloying elements are
supersaturated and solidly dissolved in the matrix, which is signifi-
cantly different from a uniform equilibrium structure. A uniform
equilibrium structure can be obtained through subsequent processing.
K. Murty et al. study on Zr—0.25Sn—-1.0Nb-0.35Fe zirconium alloy ex-
trusion billets showed that the precipitates mainly consisted of harder
intermetallic compound precipitates Zr(Fe, Cr): and (Zr, Nb).Fe;, as
well as softer metallic precipitates B-Zr and B-Nb, etc. [19]. This indi-
cates that even at lower deformation temperatures, Zr—Sn—Nb zirconi-
um alloys may will produce B-Zr. Considering B-Zr and its string-like
structures formed during subsequent processing, the adverse effects
of distributed second-phase particles on the corrosion of zirconium al-

" "Retained B-Zr

Fig. 6. Image of B-Zr precipitated in hot deformed samples.
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Nb finc precip

Fig. 7. Image of precipitated B-Nb (a), Zr(Fe, Nb): ().

loy necessitate measures during subsequent processing to eliminate
residual B-Zr and the formation of string-like second-phase distribu-
tions, resulting in a finely dispersed second-phase [21, 23]. Further-
more, considering that supersaturated Nb dissolved in the zirconium
matrix also negatively impacts the corrosion resistance of zirconium
alloys [24], Zr-Sn—Nb-Fe zirconium alloys should be deformed at the
lowest possible temperature, with a larger rolling deformation and a
lower annealing temperature to promote the full precipitation of Nb
within the zirconium matrix, forming a finely dispersed second phase
and improving the corrosion resistance of Zr—-Sn—Nb-Fe zirconium al-
loys.

4. CONCLUSION

The results of studying microstructure and precipitates evolution of
Zr—Sn—Nb-Fe alloy during hot deformation at oo and o + B phase showed
the following.

1. The alloy matrix is a mixture of lath-like structure and locally dy-
namically recrystallized fine-grained structure.

2. During deformation, most precipitates are distributed in a string-
like pattern. At 600°C, fine particles with mainly composed of Nb indi-
cate high B-Nb precipitate percentage, and some of Zr(Nb, Fe),. As
temperature rises to the o + f two-phase region, residual B-Zr and trace
amounts of 3-Nb and Zr(Fe, Nb): phases can be observed in the matrix.
3. This inhomogeneous microstructure negatively influences its corro-
sion resistance. Therefore, subsequent processing of Zr—-Sn—Nb—-Fe al-
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loy should employ large deformation and low-temperature annealing
processes to obtain a fine, dispersed second-phase microstructure,
thereby improving the alloy corrosion resistance.

The authors gratefully acknowledge Baoji Five Elements Metal Co.,
Ltd, for the Zr alloy sheet. Special thanks to Mr. Erik Nilsson and Prof.
Chen for their cooperation in this work.
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496 A.M. TITEHEKO, JI. . TEMYEHKO, 10. M. TPOIIIEHKOB Ta in.

B po60Ti posriIaHyTO KOHIENTYAa bHI MOMKJINBOCTI BUKOPUCTAHHSA iHTEJIEKTY-
aJBbHUX MaTEePifAaiB 3ZaTHUX ONHOYACHO BUKOHYBATH (DYHKIII aKTyaToOpiB i
JaTYMKiB 3MiHU cTaHiB. B AKOCTi TAKMX €J1€eMEHTiB IPOIIOHYETHCA BUKOPUCTO-
ByBaTU HAHOCTPYKTYPOBaHi (hepoMarHeTHi cTonu 3 mam’ ATTIO (popMu HA OCHO-
Bi 6araTOKOMIIOHEHTHUX CTOIIiB Mimi. IIpoBezmero mopiBHANBHY aHaisy He-
npyKHBOI fedopmartitinoi moBeniaku croniB CuAlMn(Fe), orpumanux pisHu-
MU MeTOJaMHu, 3 BiIOMUMM aHAJOTaMH, 110 CBiTUUTHL MPO MOTEHITIAHI MOMKJIIH-
BOCTi 3aCTOCYBaHHA IX y AedopMaifHUX IPUCTPOSAX BigHOBIIOBaAbHOI nii. Ha
MacuBHUX moJikpucramiuaux spazkax CuAlMn(Fe) Busnauerno mopdosoriusi
Ta KiHeTHuHi 0cOBJIMBOCTI IIig Yac iHAYKYBaHHA MapTEeHCUTHUX IIEPETBOPEHD,
SAKi OB’ A3aHi 3i 3MiHOI0 MAarHeTHOTO CTaHY B Pe3yJIbTATi IOSIBY HABEJEHOI aHi-
30TpoIii hopMU i HATIPAMY 3aJI€KATh Bijl 3aIIPOIIOHOBAHOTO TEPMOMATrHETHOT'O
00pobienHA. JlocmimKeHo eeKTPUYHI Ta MArHEeTHI XapaKTepUCTUKU Bubpa-
uux cromis. Ha Bigminy Bigx CuAlMn-cromiB, cronu CuAlMnFe maitixe He 3Mmi-
HIOIOTH IMTOMY HAMarHETOBAHICTH 3 TEMIIEPATYPOIO TA YaCOM HU3BKOTEMIIEDA-
TYPHOTO Bimmany, IO IOB’A3aHe 3 INPEBAJTIOBAHHAM aHTU(EPOMATHETHOT'O
BIOPAAKYBaHHA HaJA (hepoMarHeTHUM. Buxonsauy 3 ofep:KaHUX BIACTUBOCTEHN
HarocTpyKTypoBauux CuAlMnFe-cToniB 3po6/ieH0 BUCHOBOK CTOCOBHO MOYK-
JINBOCTEH BUKOPMCTAHHA I1X B IKOCTi cMapT-MaTepisiiB pisHOMaHiTHOTO IIpU-
3HAYEHHA.

Karouogi ciroBa: cmapr-martepisanay, HAAUPYKHICTh, edeKT nam’aTi opmu, Ha-
Mar"HeToBaHiCTb, aKTyaTOP, MarHeTHA aHi30TPOIIisA, TEPMOIPY KHE MapPTEHCUT-
He IIepeTBOPEHH, MarHeTHe II0JIe.

The paper examines the conceptual possibilities of using intelligent materials
capable of simultaneously performing the functions of actuators and state-
change sensors. As such elements, it is proposed to use nanostructured ferro-
magnetic alloys with shape memory based on multicomponent copper com-
pounds. A comparative analysis of the inelastic deformation behaviour of
CuAlMn(Fe) alloys obtained by various methods with known analogues is car-
ried out, which indicates the potential possibilities of their use in deformation
devices of restorative action. On the massive polycrystalline CuAlMn(Fe) sam-
ples, morphological and kinetic features are revealed, when martensitic trans-
formations are induced, which are associated with a change in the magnetic
state because of the appearance of the induced anisotropy of the shape and di-
rectly depend on the proposed thermomagnetic treatment. The electrical and
magnetic characteristics of the selected compounds are studied. Unlike
CuAlMn alloys, CuAlMnFe alloys almost do not change the specific magnetiza-
tion with temperature and time of low-temperature annealing that is due to the
predominance of antiferromagnetic ordering over ferromagnetic. Based on the
obtained properties of nanostructured CuAlMnFe alloys, a conclusion is made
regarding the possibilities of their use as smart materials for various purposes.

Key words: smart materials, superelasticity, shape-memory effect, magnetiza-
tion, actuator, magnetic anisotropy, thermoelastic martensitic transfor-
mation, magnetic field.

(Ompumano 27 cepnnsa 2024 p.; ocmamoyn. éapianm — 20 aucmonada 2024 p.)
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1. BCTYII

Hayka mpo marepisiau (materials science) cramo pyxaeTrbcsa IO CTBO-
PeHHs iHTeJaeKTyaJIbHUX Marepisanais. Iliarpyuaram mjas Taxkoi TpaHcdo-
pMairii € 6iIBIIT IPUCKIIIINBI BUMOTH 0 IXHiX MOKJIMBOCTEI, 1[0 BIMa-
raioTh CHEIiAJNbHUX BJIACTUBOCTEH (€JIeKTPUUYHNX, MAarHeTHUX, TEMIIe-
paryposane:xuux). Taki maTepiaau MalOTh OZHOYACHO BUKOHYBAaTHU IIe-
BHi mii (aKkTyaTopu) Ta 3abesmneuyBaTu GyHKIII naBauiB (cexcopiB). Tu-
MOBUM HPEeACTaBHUKOM (PYHKIIIOHAJILHUX i OMHOUYACHO KOHCTPYKITIHHUX
MaTepidaiB € MeTajieBi CTOIIM 3 TEPMONPYKHIMU MapTeHCUTHUMHU IIepe-
tBopenHAMY (TMII) Ta edherTom mam’ari popmu (EIID) [1-4].

CyuacHa aHaJIiza MOMKJINBOCTel PyHKITioHaIbHNX MaTepianis 3 EII®
AK BUKOHABUMX eJIEMEeHTiB IMUKJiuHOI mii, 3aco0iB aBTOMaTH3aIlii CBif-
YUTH IPO IXHiNl 3HAYHUN TOTEHITiAJ 1 MepcneKTuBy BuKopucTanusga. 00-
JIacTi 3aCTOCYBaHHA TEePMOCUJIIOBUX IIPUCTPOIB ¥ CUCTEMAaX eJIeKTPUYHO-
o YIPAaBIiHHA OXOILIIOITH: TEPMOUYTJINBI mpuiaagu (3acodu cUI'HAI-
3arii, MipAaHHA, KOHTPOJIIO Ta Per'yJiOBaHHA IIapaMeTpPiB podounx cepe-
JTOBUIIL, 3aXMCHO-3aM00i*KHi IPUCTPOI), Aif0Ui aBTOMATHYHO Ta KEepOBaHi
IUCTAHIIINHO IPUBOAN MaJorabapuTHUX BUKOHABUMX IPUCTPOIB (peJe,
I03aTOpHu, iMIyJIbCHI KJIAIaHU, PEr'yJaATOPU, PO3IIOAia0BaYi, 3alipHa,
peryiioBaJibHa Ta IepeMUKyBaHa apMaTypa), KOHCTPYKTHUBHI eJleMeHTH
MeXaHidMiB, TPyOOIIPOBOMIIB, JIEKTPUUYHNX Mepesk (KOMIIeHCATOPH, Bi-
OpoisossiTopu, TepMoMexaHiuHiI 3’emHaHHsA). Halbiabin mepcreKTus-
HuM ctaoTh PCIID (hepomaruerHi cTronu 3 mam’ ATTIO (GOPMI) B IPUCT-
poAX, eJeMeHTH SKUX 00’ €IHYIOTh TepMOUYTJIMWBI Ta cUJIOBI (QYyHKIIIT,
3a0e3Ieuyul IIPU IILOMY MOKJINBIiCThL BAPilOBaHHS IIBUAKOCTEH CIIpa-
I[IOBAHHSA B IMTUPOKUX MerKax 0e3 3MiHM HaBaHTAKyBaJbHOI 3MaTHOCTH,
MOJIiIIITeHHA MacorabapUTHUX MOKA3HUKIB i cIpoIenHa KOHCTPYKILiit,
MOKJIMBiCTL AucTaHIiiiHoro yupaBiainud [1, 2]. Posmmupennsa chepu
3aCTOCYBAHHSA IX CIOCTEPIiraeThCsa B raIy3Aax MAITMHOOYAYBaHHS, Po0O-
TOTeXHiIli, aBTOMaTHIIi, MeqUIINHi, 6iosorii Tormo [3].

dyurionanasbHi BaacTuBocTi cMapr-marepianiB iz PCIIP szabesme-
YyIOThCS Ta I'PYHTYIOTHCA Ha HUBI TepMmocuoBux edertis: EIID, naz-
npy:xuocTi (HII), deponpy:KHOCTI, IIIACTUYHOCTI IePETBOPEHHS, dEeM-
ndysauui Tomto. B ocaosy HII mokaageHo aBuie 060pPOTHLOTO BiTHOB-
JeHHA BUXiMHOI (opMU IIicjid 30BHINIHIX CHUJOBUX BILJIMBIB HIJIAXOM
TpaHchopMaIlii cTpyKTypu abo mepeopieHTalii ii 3a TMII. 3azmaunmo
YMHHUKHA, 9Ki BoauBaioTh Ha HII-moBemiaky B @CIID. 3a ogHOBiCHOTrO
CTUCKaHHSA CIIOCTEpPiraeThCcA 3MEHINeHHA YaCTKU BiJHOBJIOBaHOI Jedo-
pMairii, Hi’K 3a OJHOBICHOTO PO3TATY, OiJMLINI KPYTUI HAXII 34 IIePETBO-
PeHHs 3 OiJIBINT BUCOKMM KPUTHUYHUM HANPY:KeHHAM immykyBanua MII
[4, 5].

JocaifHKy IepMaHeHTHO CHOPAMOBYIOTh 3yCHUJLJIA Ha CTBOPEHHSA
aJalTUBHUX €JEeMEeHTiB KOHCTPYKIiMl 3 BigmOBiZHUM BimoOpasKeHHAM
CTPYKTYPHHUX 3MiH IIIOJ0 30BHIIITHLOT'O BILIMBY Uepes3 3MiHM MarHeTHUX
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Ta eJeKTPUUYHUX CTaHiB. B iboMy ceHci BapTo BuokpemMuTu cromnu Cu—
Al-Mn, B AKMX mapamMarserHa MaTpPuIld 3asHae ingyxkosanoro TMII, a
depoMarHeTHi YaCTUHKH, 1110 YTBOPIOIOTHCA ITiJi YaC BUCOKOTEMIIEpATY-
pHOTrO cTapiHHsd, He 3a3Ha0Th TMII i mig BuianBoM 3cyBHUX medopMarii
MaTpUIli 3MIiHIOIOTH CBOI MAarHeTHi M eJeKTPUYHI XapaKTepPUCTHUKU.
3MiHy MarHeTHUX BJIACTHMBOCTEH 3YMOBJIEHO (POPMYBaHHAM 0COOJIMBOI
HaAHOCTPYKTYPU, IO CKJIAJAETHCA 3 aHIBOTPOIMHUX 3a (DOPMOIO Ta PO3-
TalryBaHHAM (has, AKi BiIPiBHATHCA BeJIMUYNHOI0 HaMarHeTOBaAHOCTU
Hacuty. YMHHUKaMH, AKi CIIPUAIOTh 3MiHaM BuUXigHOI cTpyKTypu Cu-—
Al-Mn npu 1bOMYy MOXKYTE OYTH: aHI30TPOIis IPYKHIX KOHCTAHT MaT-
puiii, arizorpormia ¢gopmu i 06’€MHOI TOJi YACTUHOK, BeJIUYNHYN HEBiJ-
HOBiJHOCTH KPUCTAJIYHNX IIapaMeTpiB (a3 r'paTHUIb, PisKHUIA IIPY K-
HiX MoayJiB (pas ToIIo.

MerToio pobOTH € BU3HAUEHHS MOXKJIMBOCTEH 3acTOCyBaHHSA Oararto-
KOMIIOHEHTHUX cMapT-MarepiariB @CII® ma ocHOBi Mizi B AKocCTi moTe-
HIIIMHUX MaTepiaaiB, IO 3JaTHI OHOYACHO IIOEZHYBATH (DYHKIIII aKkTy-
aTopiB i maBauiB IMIJIAXOM BUKOPUCTAHHSA 1XHBOI HAJAIIPYKHBOI ITOBEIiH-
KU1 3 BiAIIOBiIHMMU 3MiHAMHU MarHeTOeJeKTPUUYHUX IIOKa3HUKiB 3a iH-
IYKYBaHHSA TEPMONPYKHIX (ha30BUX IePETBOPEHbD.

2. OB’€KTHU JOCJLIKEHD TA EKCHEPUMEHTAJILHI
METOJAUKH

06’eKTaMu JOCIimKeHb O0yJI0 00paHo 0AraTOKOMIIOHEHTHI CTOIN Ha Oc-
HoBi Cu—Al-Mn, Cu—Al-Mn-Fe: CuAli;2MngssFe 925, Cu—12,4 Al-
5,03 Mn ta Cu—-12,4 Al-6,5 Mn (% Bar.) y BUIIALi MAaCUBHUX 3PasKiB i
TOHKUX (POJIiH 3 PiIBHUM BMiCTOM JieT'yBaJIbHUX KOMIIOHEHTIB 3a BiIMiH-
HUX PEeKUMiB Ofep:;KaHHsA Ta TePMOMEXaHiuHOT0 00po0JIeHHA, a TaKOXK
(paKTHYHUM IIOPiBHAHHAM IXHIiX MOKa3HWKIB 3 BioMHMMN aHAJIOTaMMU.
Jlo mocaiKyBaHUX CIIOJIYK 3aCTOCOBYBAaJIMCA HACTYIHI METOIM JTOCJIi-
IKeHb: CTPYKTYpHi mocraimkenns (XRD, SEM, DSC), maraeTHi meTo-
IUKY HU3LKOIIOJHOBOI MArHeTHOI CIPUHUHATIMBOCTHA Ta CTAaTUYHOI Ha-
MarHeTOBaHOCTHU (BiOpaIlifiHWII MarHeTOMeTep), eJIeKTPOoomIopy (UoTu-
poToukoBuUM MeTOoAoM). 10 06’€KTiB JOCTiKeHDb 3aCTOCOBYBAJIOCS Pi3He
00po0JIeHHS, B TOMY UHCJIi TePMOOOPOOJIeHHA 3 HAKJIaJaHHAM 30BHIIII-
HBOT'O MAarHeTHOTI'O I10JIA Pi3HOI OpieHTAaIrii.

3. PE3YJIBTATH TA IX OBTOBOPEHHSA

Mexaniuni Baactusocti CuAlMn- i CuAlMnFe-cronis. Posrisaaemo
MexXaHiuHi mapamerpu i e)eKTH, AKi peaisyloThCsa y 3a3HAUEHUX CTO-
nax. Cronu Cu—Al-Mn MarTh JOCTATHLO BUCOKI MeXaHiuHi MOKA3HUKU
B IMIMPOKUX iHTepBajaX HPOABY OOOPOTHIX medopMariiiHmx edeKTiB.
Hepmosixkamu €: Majia mIaCTUYHICTD i HM3bKa 00pO0JIIOBAHiICTEL MOJiKPH-
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CTAJiYHUX CTOIIB 3 BEJIWKUM 3€PHOM, III0 3yMOBJIEHO BHCOKOIO IIPYIK-
HBOIO aHizoTpormieio A=Cy4/C' =212-13 BiZHOCHO TPYKHBOIBOTPOITHUX
cromiB NiTi 3 A=1-2 [6], i BumileHHs YacTUHOK KpuxKoi ¢asu. [lo mo-
HUKEHHS IJIACTUYHOCTH IITPU3BOAUTH TAKOMK T'eTePOTeHHUM pOo3Iam,
0Cc00JIMBO B KPYIHO3epHUCTOMY cTaHi. [lomyBamusa 6imapuux cromis Mn
e(PeKTUBHO cHOpuse 30iJIbITEeHHIO IJIACTUYHOCTU, Hempy:xkHocTu, HII,
EII® [7]i cTumyaioe iHAYKYBaHHSA riraHTChKOT0 MarueToonopy [8].

Cyro BusHauums, 1m0 B cromax Cu—Al-Mn i3 BmicTrom Aurominiro
mennre 18% mnposasigersesa sHauanii EII®D i suma mioacTuudicTs, aHix
y cronax Cu—Al-Ni mig gyac ¢pasoBux mepexoxiB. OgHax zaraasua HII
oomesxkena Jmmine 2% 3amictb 8%, AKi mocararorhes B Cu—Zn—Al, i
maitsxe 10% , aki moxxausi B Cu—Al-Ni [9, 10]. Bucoka miacTuuHiCTS,
6inpima 3a 11%, peamisyerscs B cromi Cur 5Ali7,sMny; 81 croBImuacToio
rekcTyporo <001> 3zepma [11]. OcHoBHuM ummHHHKOM Masoi HII B
CuAlMn cromax 3 APiOHO3EPHUCTOI CTPYKTYPOI € OOMEKeHHs,
OB’ A3aHe 3 MAJIOI0 BEJIMYMHOIO BiTHOINEHHS 3epHA ayCTEHIiTy JO TOB-
IITUHY 3pa3Ka, AKe CIPUUYNHIE e(peKT 3aTUCHEHHA.

B croni Cu—17 Al-15 Mn go 273 K me Buasiaeno TMII, a HII ckaagae
Bike 8,56% 3a 77T K. Kpurnuni manpy:euuda s imgyxosamoro TMII
3MEHITYIOThCA 3 IIOHMKEHHAM TeMIIepaTypu, a HOoro I'pPagi€eHT cTae
MEHITUM 3a HUBBKUX TeMIIepaTyp Uepe3 3MeHIIeHHA eHTpomii, AKa 3a
77 K cramoButs 0,46 [[:x/(Mmoan-K) i BigmoBimae surie Tpetuni 3a 221 K
[12].

Mouokpucran Cu—12,4 Al-6,5 Mn—3,2 Fe 3a KimHaTHOI TeMmmepary-
pu nemoucTpye nosay HII y 7%, a Tako:x peryapouuit EII® no 8,8%.
MonoxpucraJa 3 EII® Cu-12,9 Al-5,6 Mn-3,8 Fe (% mac.) ogHo4acuo
nposasase nosay HIly 12% B neprromy nukiai HapaHTaxkeunsa i EIID y
9% sa IBOKPATHOI'O MUKJIYHOI0 HABAHTAXKEHHS 3a KiMHaTHOI TeMIiepa-
rypu [12]. Oas Curi,3Ali7Mnsg 7Nis 3a TemiiepaTypu BUIPOOOBYBAHHSA Y
500°C ra mBugKocTu gedopmyBanua y 5-107% ¢! GyJio omepkamo mwiac-
TUYHiCTh cTomry Ha piBHi 1150%, a 3a 450°C — 385% [25].

ITopiBHANLHI XapaKTepUCTUKHU CTOIIiB 3BeIeHO 10 TabJI. 1.

B nrani KepyBaHHA MeXaHIUHMMU XapaKTepUcTuKaMu (epoMarHer-
HUX MeTaJIeBUX MAaTepPisiB MOZAaTKOBUMMU BasKeJIIMM BILJINBY MOMKe
CIYTYyBATH HAKJAMAHHS IOCTiHHMX a00 3MiHHMX MarHeTHHUX IIOJiB Mif
yac medopmailrii, 10 TO3HAYAETLCA HA BEJIMUMHAX : MEJK1 IIJIMHHOCTH Ta
MiITHOCTM, BUAOBXKEHHIi, IIJIa3y4OCTH, BTOMHOI MiITHOCTHU, peJakKcarii
HamnpysKeHb. HassBHIiCTH MarHeTHOTO IIOJIS 3a ILIACTUYHOI medopMarrii
MOJKe CIPUATHU 3HEeMiITHeHHIO (IO3UTUBHUN MarHeTOILIACTUYHUH eheKT
— MIIE), Tak i aminuenssa (Bix’emuuit MITE) maTepiasiiB nig BmmmBom
MaTrHeTHOTrO I10JId pisHoi npupoau [26]).

Buxonaum i3 TepMoMexXaHIUHOI MOBENiHKM 3a3HAYEHUX HEIPY KHIX
MOKJIMBOCTEl moTpifinmx i derBepHux cromiB CuAlMnFe, Bumaerncs
ITOCTaTHBO BAarOMUM apI'yMeHTOM Ha KOPUCTH 3aCTOCYBAHHSA IX B AKOCTI
pobounx eJeMeHTiB aKTyaTOpPiB 3a TEPMOCHJIOBUX BILJINBIiB, BeIUUNHU
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TABJINIA 1. IlopiBHANBHI XapaKTEePUCTUKU HENPYYKHBOI MOBEIiHKM Bino-
MUX CTOUIB (3 meBHUMU acuexkTtamu) (d/¢ — BiIHOIIIEHHSA BeJIWYWHU 3e€pHA IO
TOBIIUHY 3pa3Ka).

TABLE 1. Comparative characteristics of inelastic behaviour of known alloys
(with certain aspects) (d/t is ratio of grain size to sample thickness).

CkJiaz cTOIiB ‘ HII, % ‘EHqD, % ‘ OcobsuBoCTi ‘HOCI/IJIaHHS{
CuAliz,4sMnssFes 2 5,8 8,8 MoHokpucTaax [13]
Cur1,0Al16,6Mng sNi2Bo,2 7,5 ITonikpucran [14]

Curi,6Ali17,0Mnus,4 6/4,5 IToni/monoKpucTanm [15, 16]

Cuses,4Al27,8Nis,g 8,6 Monoxkpucran [17]
Cuser,0Znie,1Al16 8,5 MoHokpucTaax [18]
Cus7,1124n24,25 Al 577007 4,5 Mowmoxpucran [19]
(Curs,5Al17,5Mne)e7Nis ?dﬁ/og ITonikpucran [20]
Curi,5Ali7,5sMniq >14% C;s::rzzi;ilzel{)&}ﬁ’ [21]
NisoTiso 7,3 IMoxixkpucran [22]
Fes0,05Ni2sCo17Al11,5Taz,5Bo,05 13,5 ITonikpucran [23]
Ha ocHOBi Cu 7,0 [24]

SIKUX 3aJIe’KaTh Bil TEpPMOCUIIOBUX apaMeTpPiB ()a3s0BUX IIEPETBOPEHbD.
EnxexTpuuni Ta MarHeTHi BJIaCTHUBOCTI NOTPIiiHUX i YeTBEPHUX CTOIIB.
YIpomoB:K 3HAYHOTO Yacy HAIIPAIlbOBAHO BEJIUKUIT TOPOOOK pe3yJibTa-
TiB, IIOB’SI3aHUX 3 MOMKJIMBOCTAMU peryaoBaHHa nmapamerpis TMII cTo-
IiB Ha MigHiI OCHOBI B pPe3yJIbTaTi XeMiUHOIO JieT'yBaHHA, BUKOPHUCTAH-
HA KOMILJIEKCHUX PEeKUMiB TePpMOMEXaHiuHOTO 00POOJIeHHA OJId IIiATo-
HKM IOTPiOHMX TeMIIepaTyp i Aidma30HiB IepeTBOPEHb, 1[0 BILJINBATHIME
Ha KepyBaHHA (i3MUYHMMU BJIACTUBOCTAMU, 30KpeMa MeXaHiuHuUMH,
MarHeTHUMU, eJeKTpuuHuMu Toirno [27]. 3a ingykyBaunua TMII Bixoy-
BAEThCA 3MiHa MATHETHUX Ta €JIeKTPUUYHUX MOKA3HUKIB, BUKOPUCTAHHS
AKUX MOJKe 3a0e3IeunTH BiAIOBigHY (ikcalliro cTaHy MaTepidry Iozo
30BHINIHIX BIIJIMBIB, IO BayKJNBO IJII BUKOPUCTAHHS B SIKOCTi CEHCO-
piB. Bapiioioun xemiunuii cKJjag abo TepMoMexaHiuHi 00pOOJIeHHS MO-
JKHaA JOocATaTH 3MiH TeMIepaTypu Ta BeJIUUYUHU TicTepesu B IITUPOKOMY
inTepBasi Temmepatyp abo miaramaru mapametrpu MII, fioro ricrepesu
ITo 3azanol BesimumHy [ 28].

IIig vac ingyxkyBanaa MII i3 BHOyX0BOIO KiHETHKOIO B 3pas3Kax CTOIIY
Fe—Ni crmocrepiraersbca BUHUKHeHHS curHaiis [29, 30] repmo-e.p.c. 3a-
BIAKN HAABHOCTI I'PAJieHTY TeMIepaTyp 3a IepeMimieHHA MixkdasHol
Me:ki (i3 TemsIoToI0 mepeTBOPeHHA v 5,3 KaJI/T), TOAl AK 3a idoTepMiuHOl
Kimeruku MII iMmoysabcu e.p.c. He cIlocTepiraioTbcsa. 3asHaueHo, IO i3
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30iJIBIIEHHAM 3epHa aycTeHiTy aminIiTyna curuaay [30] s30inabpmryerses
mo 0,7 mB, a B pasi Hak/JaJaHHA MarHeTHOTO IIOJA aMILIITyIa CUTHAJIY
aminaoi hopmu moske ctanoBuTu 10 mB.

3pyuHuMu Ta HagintauMmu 3acodbamu izentudikaiii TMII e mommupeni
metonuku JICK, HU3bKOIIOJIBOBOI MarHeTHOI CIPUAHATINBOCTH ¥ eJIeK-
Tpoomopy. B AKocTi 00’eKTa HOCHiIKeHHSA 3aIIpOIOHOBAHO UeTBEPHUH
crorr CuAli,2Mng ssFeo 025, o memouctpye tumoBe TMII 3 mopiBHSAHO
IITPOKOI0 TeMIIepaTypHOoIo ricrepesoro. Tpauchopmariia TMII y ueTrse-
pHuX crnoaykax [31] sacBigumya ictoTHi 3Minu B mopdoJorii Ta KineTu-
i TMII: Big TepMOIIPYKHLOTO 0 ZBOCTAAiTHOTO IIEPETBOPEHHA, B TOMY
yurcJi i3 BuOyxoBoio KiHeTukomw. 3a pesyabratamu JCK cTom BusABIAE
osmaku TMII 3 Takumm mapamerpamu: M.=10,1°C, M:=-29,6°C,
As=3,4°C, A;=54,7°C, AM =M — M:=40°C, AA=57°C, AT =30°C. Mi-
KpocTpyKTypa (puc. 1) XapaKkTepusyeThCcsa YTBOPEHHSIM I'OJIYacTOrO Ma-
PTEHCHUTY i 3a KiMHATHOI TeMIlepaTypu XapaKTepu3yeTbCA BeJIUKUM PO-
3MipoM 3epHa y = 3 MM IIepeBaKHO piBHOBicHOI (hopmu. Tpeba 3asmaumn-
TH, U0 TeMIlepaTypHi iHTepBasu mpaAMoro i sBoporHboro MII maroTh
OPOTSKHUI XapaKTep, IO € BipoTifHMM HACJIAKOM HEOTHOPiZHOCTH
XeMiuHOro CKJIamy 3paskiB (puc. 2).

Ha cyuacHoMYy eTalri po3BUHYTO Ta HAKOINUYEHO YSIBJICHHSI CTOCOBHO
nmoBeiHKM norpiiiamx cromiB Cu—Al-Mn 3a TepMoMarseTHoro oopoo-
aerHsa (TMO). B mboMy KOHTEKCTi 3HaUHY yBary IIpuBepTaOTh 3pasKu,
SIKi 3a3HAIU TepMoMarHeTHoro oopobsenns. TMO BHOCUTH icTOTHI Ko-
PEKTUBY B MarHeTHY I eJIeKTPUUHY IMOBEAIHKY IMOTPiHNX HAHOCTPYK-
TYPOBAaHUX CIOJYK min uac imgyrkysauusa MII crony Cu—-12,4 Al-5,03
Mn (puc. 3).

PicT enexTpoomopy 3a MII 3ymoBjeHO 6ijbII JeeKTHOIO CTPYKTY-

1€X0

—40 -20 0 20 40 60 80
Temmepartypa, °C

Puc. 1. [ICK uerBeproro CuAlii,2Mns,s5Feo,025 cTOITY.

Fig. 1. DSC of the quaternary CuAlii.2Mns.ssFeo.925 alloy.
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Puc. 2. Mikpocrpyxrypa cromy CuAlii2Mnse,ssFeo025 B 3araproBanomy crami:
1) 36inbmienna y 130 pasiB, 2) 6e3 30iymbIIeHEA.

Fig. 2. Microstructure of CuAli1.2Mne.3s5Feo.025 alloy in the tempered state:
1) 130-fold increase, 2) without increase.
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Puc. 3. TemneparypHhi 3ayexHocTi exexrpoonopy cromy Cu—12,4 Al-5,03 Mn
3a pisaoro TMO.

Fig. 3. Temperature dependence of the electrical resistance of the Cu-12.4
Al-5.03 Mn alloy at different TMT.

POIO MapTEHCUTY, TOLi AK CUTHAJ Y /Ymax (PUC. 4) TPOMIOPIiHTHUIT PO3MI-
pam depomarumernux dacTuHOK CuzAlMn, posMmimienux y mapamarHer-
Hi#l maTpuIi, Koju 3a 3CyBHOI AedopMallii MaTpulli BUHNKae HaBeleHa
aHi30TpoITia (GOPMU YACTUHOK.

3MmeHIieHHA aMmILtiTyau curaany x(7') € eKBiBaJeHTHUM 3MEHIIIEHHIO
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Puc. 4. TemnepaTtypHi 3aeXKHOCTI HUBBKOTEMIIEPATyPHOI MarHeTHOI CIPUM-
uarausoctu crory Cu—12,4Al1-5,03Mn 3a pisaoro TMO.

Fig. 4. Temperature dependence of the low-temperature magnetic susceptibil-
ity of the Cu—12.4Al1-5.03Mn alloy at different TMT.

HamaraetoBaHocTu I /I, 3 TeMIiepaTypoIlo, I10 XapaKTepus3yeThCcs BiAIo-
BigauM BigHomenuaMm I /Iy~ nH /(3kT) i 3a BUCOKUX TeMIIepaTyp IPU3-
BOJUTD A0 Aer'pasallii MarHeTHOTO BHOPSAAKYBaHHI.

3Mminu B Kineturi Ta mopdosiorii MII cromy 3 ofHAKOBUM XeMiuHUM
CKJIaJIOM MMOBipHO IIOB’A3aHi 31 3MEHITIEHHAM PO3Mipy hepoMarHeTHUX
HAHOYACTUHOK BiJIOBIZHO 0 TEPMOAMHAMIUYHNX PO3paxyHKiB [32] abo
i3 sOinmpITenHAM aHizoTpotmii ¢opMu, a came, M0 GiJIBIT OPi€eHTOBAHOTO
HAIIPSIMKY POCTY HAHOYACTUHOK BiTHOCHO HANIPAMKY MArHEeTHOTO ITOJIA.
Jlo TaKOro BUCHOBKY MOJKHA TififiTH, BpaXOBYIOUU iCTOTHE BMEHIITeHHA
aMILTITy iU cUrHaiy y Ta p B 3paskax 3a TMO. 3a napasenbHOI opieHTa-
il romoBHOI oci 3paska 3a TMO Mar"HeTHa COPUNHATINBICTE JEeMOHCT-
pPy€e maaBHUH IIepexin uepes3 TpaHchopMaIlio CTPYKTYPHU, AK 3a IPAMO-
ro, Tak i 3soporasoro MII. I3oTepmivnuii Bigmasa 3a mepneHInKyJIApPHOI
opierrarii spaska iz TMO meMoHCTpPye Pi3KHil Iepexin AJIsS IPSIMOIO
MII i gBocTamitiny TpaHcdopmaiiiio 3a 3sopoTaboro TMII. B po6ori mif
vac igemTudikaiii MII y cromax Cu—Al-Mn 3a HakJagaHHS CTAJIOTO
MAaTHETHOTO II0JISI He CIIOCTePiraeThCsa 3MillleHb TeMIIEPATYP IIEPEX0nY, a
i3 30iJBITEeHHAM HANPYKEHOCTH IIPUKJIAAeHOT0 MarHeTHOTO II0JIs 3POcC-
Tae aMILIiTyAa eJekTpooropy [33].

Minimisamisa BistbHOI eHeprii 3 yrBopeHHAM (pepoMarHeTHol (pas3u BU-
IijeHHA BiZOyBAEThCA B Pe3yJIbTAaTi KOHKYPYBAHHA MisK MarHeToCTaTH-
YHOIO TA IIOBEPXHEBOI0. fIKIIO 3a TepMiuHOro 0O0POOJEeHHS YTBOPEHHS
dopMu pasu BUIIICHHS BiIOyBaeThCA 3a KOHKYPEHI[II MiK IPYKHBOIO
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Puc. 5. Kpusi TemepaTypHOi 3aJIeKHOCTA HUTOMOI HAMArHETOBAHOCTH CTOILY
Cu-12,4 Al-6,5 Mn B pexxumi ZFC ta FC 3a 200 E.

Fig. 5. Curves of the temperature dependence of the specific magnetization of
the Cu—12.4 Al-6.5 Mn alloy in the ZFC and FC modes with 200 Oe.

Ta MOBEPXHEBOIO eHeprieio, To 3a TMO dopMma BUAiIIeHHA 3aJI€KUTD Bif
KOHKYPEHIIil MiK IIOBEPXHEBOI0 Ta MAarHeTOCTATHUYHOIO eHepriaMu.
Edext TMO B crapitounx ®@CII®P mae anizoTponHuii xapaxTtep 3a ¢Gop-
MYBaHHS (pepoMarHeTHUX HAHOUYACTUHOK.

Ha pucynkax 5, 6 mpeacTaBIeHo MarHeTHY IIOBEAiHKY IIIBUIKO3arap-
ToBaHOI cTpiuku crony Cu—Al-Mn: TeMmiepaTypHy 3aJeXHICTh HaMmar-
HeTOBaHOCTU (puc. 5) Ta i3oTepMiuHi KPpUBi HAMarHeTOBaHOCTU 3a Pi3-
Hux Temieparyp Big 3 K mo 380 K (puc. 6). ¥V BucoxkoTemMepaTypHii 00-
JIacTi cToI mepedyBae B mapaMarHeTHOMY CTaHi Ta B IIOLAJIBIIIOMY i3 II0-
HUKEeHHSIM TeMIIepaTypHu MepPexonuTs y cylepnapaMarHeTHUHA cTaH (Bi-
ICYTHIiCTH KOEPIIUTUBHOI CUJIN), a 3a TeMmueparypu y 26,6 K — mo cramy
cIriHOBOTrO CcKJa. HasBHiICTHL IIepexomy cyleprapaMarHeTHK—CIiHOBe
CKJIO MOXKHA IIOB’sI3aTH 3 JUMHOJHLHOIO B3AEMO/Ii€I0 YaCTUHOK, IKi 3a 3Cy-
BHOI medopmarrii B Meskax MapTeHCUTHUX KPUCTAJiB 3a3HAIOTh HaBele-
HOI aHizoTpormii popmu. BinmoBigui pospaxyuku [34] cBiguaTh, 1110 HAa-
BeJleHA HAIPYKeHHIMHM aHi30TPOHisa Ha 2 MOPAIKY IIePeBUIIlye KPUcTa-
Jorpadiuny, 110 IPUBOAUTE A0 aHi30TPOIii hopMu yacTMHOK i (pikcarii
MarHEeTHUX BJIACTHUBOCTEI caMe uepesd HUX. I3 3MeHIIIeHHIM TeMIIeparTy-
pHu 3pocTa€e BeJIMYMHA KOEPIIMTUBHOL CUJIN, IITO BiAIOBigae OoqHOLOMEH-
HOMY CTaHy aHi30TPOITHMX YaCTHUHOK IIepeBakKHO MAaJIOro po3Mipy (Bix-
HOCHO HU3bKa TeMIIepaTypa IIepexony).

EdexT i3oTepMiuyHOrO cTapiHHA Ta Yacy BUTPUMKU He Ma€ CHUJIBLHOTO



OYHRKIIOHAJIBHI HAHOCTPYKETYPOBAHI KOMITOSUTH 505

24

M, emu/r

1 . 1 . . 1 .
- -8 —4 0 4 8

H, Tn

Puc. 6. I3oTepmivHi KPUBi TOJTBOBUX 3aT€KHOCTEH MTUTOMOI HAMArHETOBAHOCTH
Cu-12,4 Al-6,5 Mn za pisuoi temneparypu mipauHs. BcraBka: 3ajesKHOCTI
HaMarHEeTOBAHOCTY HACUTY Ta KOEPIIUTUBHOIL CUJIN BiJf TeMIIepaTypu.

Fig. 6. Isothermal curves of field dependences of the specific magnetization of
Cu-12.4 Al-6.5Mn at different measurement temperatures. Inset: depend-
ences of saturation magnetization and coercive force on temperature.

BILIMBY Ha Mar"eTHi xapaxkrtepuctuku crorry CuAlMnFe, i, moxxauso,
IIe TIOB’A3aHe 3 IIPeBAJIIOBAHHAM aHTH(HEPOMAaTrHETHOTO BIIOPAAKYBaHHS
Hag (hepoMarHeTHUM, a TAKOMK CUJILHOIO MarHeTOKPUCTAJIIUHOIO aHi30T-
porrieio cTony, KU 3a KIMHATHOI TeMIlepaTypu riepedyBae B MapTEeHCH -
THOMY cTaHi (puc.7), mo mpuramanue morpifimum cromam CuAlMn
(puc. 7, a). HaBegerna MII xpucramiuna amisorporis maTpuili 6J0Kye
tioro Hacurt B moJi 7o 20 KE Ha mpoTuBary BUNagKy, KOJM YACTUHKI PO-
3MillleHi B aycTeHiTHI# MaTpuIli.

Amnajoriuaa xaptuHa crmocrepiraersca y cromax Cu—Al-Mn(Co), me
HagiHHsAa HaMarHeTOBAHOCTHU II0 BiJHOIIIEHHIO A0 cTomry 0e3 KobaabTy cd-
rae 5-KpaTHOro piBHA. 3a IYMKOIO aBTOPiB, momaBaHHA KobambTy 6J0-
Kye BugisenHsa ¢asu Cu:AlMn, mmpore OZHOYACHO 3 MM BABiUi 36iJb-
IITY€EThCS ILJIACTUYHICTE cTOHiB [35].

Mexawniuni xapakrepuctruku Cu—Al—Mn(Fe). Ha pucyurky 8 mpezncras-
JeHo gpiarpavu BaaBiaoBaHHI CuAli; 2Mnsg ssFeo925. MikporsepaicTs Ta
MOAYJb TPYsKHOCTH 3a KimmaTtHOi Temueparypu: H =3,7I1la,
E =61TITla. Beanunna BigHOBIIOBaHOI medopmarrii 3a KiMmHaTHOI TeM-
nepatypu — Re=((3,44-2.44)/3,44)-100% =29,069% . Bigznocuo He-
BeJIMKi mOKasHuKM BimmoBaioBamoi medopmarii crony Cu—Al-Mn(Fe)
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Puc. 7. Ilerai ricrepesucHi nuromoi mamarserosanoctu: cromis Cu—12,4 Al—
5,03 Mn 3a crapiuusa (200°C, 3 roz.) (a), cromy CuAlii,2Mns,35Feo,925 3a Bimmanay
(100, 150, 200°C B 3asesxHOCTI Big uacy crapinusa) (0, 8).

Fig. 7. Hysteresis loops of specific magnetization: Cu—12.4 Al-5.03 Mn alloys
at 200°C 3 hours ageing (a); CuAli1.2Mns.35Feo.925, when annealed at 100, 150,
200°C depending on the ageing time (6, 8).

OB’ A3aHi 3 HaABHICTIO ABO(A3HOTO CTaHy (ayCTEeHIT + MapTEeHCUT), KO-
JY TePMOAMHAMiUHAa CTiHKiCcTh iHgZyKoBaHoro HaBanTaxkemHsaM MII mix
30BHIIIIHIM BIJIMBOM 30epiraeThbcs i yac po3BaHTAKeHHA, HA BiAMiHy
Big medopmysauua ¢oiaiii Cu—Al-Mn B mIOBHiCTIO ayCcTeHiTHOMY CTaHI
(puc. 9).

JJia mosikpucTadiuvHuX 3pasKiB 3 MiKpO3epeHHOI0 CTPYKTYPOIO Bif-
HocHe 30iJbIlIeHHs BiZHOBJIOBaHOI medopmarii ¢gikcyeTrbed iz 36ijb-
IIeHHAM IIUKJIiB HaBaHTAKeHHA—POo3BaHTaKeHHA uepes 1% oTpumanoi
nedopmarrii B pesyJibTaTi 3MillHeHHA MaTpuili. HakoImnm4eHHS CTPYKTY-
pPHUX nedeKTiB mif yac IMUKJIIOBAHHA TAKOMK CIPUAEC IIOJHIIIIIEHHIO JeM-
nyBaJbHUX XapPaKTEePUCTUK.

Ha pucynkax 9, 10 npeacraBieHo MUKJIIYHI KPHUBi HaBaHTAKEHHI—
posBaHTa)KeHH (3a e opMyBaHHA 3pas3KiB i3 36iabIeHHAM gedopma-
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Puc. 8. [liarpama BrasioBanusd crony Cu—Al-Mn—Fe.

Fig. 8. Indentation diagram of the Cu—Al-Mn—-Fe alloy.
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6,0/0

Puc. 9. Kpusi nHaupy:xenna—zgedopmania (MuKIivHi B3TOBK OCi cTpiuKwM) cTO-
ny Cu-12,4 A1-6,5 Mn.

Fig. 9. Cyclic stress—strain curves (along the strip axis) of the Cu—-12.4 Al-
6.5 Mn alloy.

mii ma KoxHMIZ 1%) 3a OJHOBICHOrO PO3TAry IIIBUIKO3arapTOBaHUX
CTPiUOK cTOmy 3a KiMHATHOI TeMmepaTypu (3 TeMIlepaTypaMu IPIMOTO
MII M.=-55°C, M;=-95°C (B inTepBami AM =40°C) Ta 3BOPOTHBLOTO
MITAs=-34°C, A =—-5°C (B inTepBaii AA = 30°C)).

Ha mepopmaniiiHNX KPUBUX IIPOCHIAKOBYETHCA iHAYKYBaHHSI MapTe-
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Puc. 10. Kpusi Hanpykeunua—mgedopmariiia (momepek oci crpiukm) cromy Cu—
12,4 Al-6,5 Mn.

Fig. 10. Stress—strain curves (across the strip axis) of the Cu-12.4 Al-6.5 Mn
alloy.

HCUTHOTO II€PETBOPEHHS, OCKIJIBKH TeMIlepaTypa BHIPOOOBYBaHHS
T > A;. 30inblIIeHHs BigHOBIIOBAHOI JedopMallii mos’s3aHe 3 IPUHHAT-
HOIO OpieHTAaIli€l0 3pas3Ka II0 BiJHOMIIEHHIO A0 3yCUJLIA, IKe IPUKJIaLa-
€ThCs, Ta 3MiIHEHHAM MATPHUIli 3a JeOopMyBaHHSA. 3 KOKHUM IITUKJIOM
BigHOBIIOBaHA gedopmalris 36inbiryersesa: I — 70% (0-2%), 2 — 82%
(2-4,5%), 3 — 75% (4,5—7%), B TOIf yac aAK KoedimieHT gedopMariii-
Horo 3Mminuenua do/de B iHTepBaJi 2 Mae crany BeaunuuHy 5,22 i B Tpe-
THOMY iHTepBaJi 30iabmIyeThbcsa BABiui mo 9 MIla. Moxyan momyis B
nepuIiomMmy nuKJIi craHoBuTh E = 5085 MIla. B octanEbROMY ITUKJII Big0y-
BAETHCA 3PUB HAIPYIKEHHS, IO CIPUYNHAE PO3PUB 3pasKa. [ad mboro
CTOITy Ma€ MicIie opieHTaniiiunii xapaxrep gedopmyBanuda. OgHoBicHU
pO3TATr 3paska IolIepeK oci cTpiuky mpuBoAuUTh H0 3MinuenHs Ha 20%
yepes3 IBOKpPATHY BTpaTy miaactuuHocTu (puc. 10). Take po3xomKeHH B
MeXaHiuHill TOBEIiHIIl CTPIYOK IIOSCHIOETHLCA HEPIiBHOMIPHICTIO IIO TOB-
IWHI Ta HEOOHOPIZHUM PO3IOAiJIOM XeMiUHMX CKJIAJOBUX B 00’ eMi 3pa-
3KiB. PoboTa B TeXHOJIOTiYHOMY acleKTi Haj CTPYKTYPHUMU HEOTHOPi-
JHOCTAMMU Ta CTa01lIizaIfiero TOBIIMHU MOKE BiIKPUTH JOSATKOBI MOK-
JMBOCTi KepyBaHHS MeXaHIiYHNMHN Ta MarHeTHHMM IIapaMeTpaMU CTO-
miB.

IIpakTuuni 3acrocyBanHs. IlepcrieKTUBHICTH BacTOCYBaHHA CTOIIIB Ha
MiZHiI# OCHOBi 3a3HauYeHO B 0araThbox HAyKOBUX IsKepenax [35]. Buko-
PMCTOBYIOUM BHCOKI MeXaHiuHiI MOKAa3sHUKMN HAHOCTPYKTypoBanux Cu-—
Al-Mn-Fe-cTomiB B KoMOiHAIII 3 eIeKTPOMArHETHUMHU IIOKA3HUKAaMU
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Cu—Al-Mn, mizxkom BiporiHe 3acTOCYBAHHS HAHOCTPYKTYPOBAHUX
KOMIIOBUI[ifl B CMApT-IPUCTPOAX, Po0OTA AKUX 0a3yBATHUMETHCS OIHO-
YacHO Ha CYKYMIHOCTI MOMKJIMBOCTEHl aKTyaTopa Ta ceHcopa. B mpomy
KOHTEKCTi 3aIIpONOHOBAaHI HOBi HmifIxXoau 10 BUKOPUCTAHHA (PyHKITiOHA-
apHuX crouiB TMII (CII®) B AKOCTi aganTUBHUX IIPUCTPOIB i3 3MiHHOIO
[36] Ta KBa3sMHYJIHLOBOIO ITYIKICTIO 3 HAANIPYKHIMU cTPKEAMY i3 Cu—
Al-Mn [37, 38], a Tak0K B eleMeHTax mepemiess [39].

Hoga rexHosoriuna cxema suroronisieHHs CII® ma ocuoBi Cu—Al-Mn
3abesmeuye 3HaUHE IOJIIIIIIEHHS TEPMOCHJIOBUX IIOKA3HUKIB, IIigBU-
IIeHHA SKOCTH Ta HAZIMHOCTH 3a OJHOYACHOI iHTeHcudikallii mporecy
BUTOTOBJIEHHA iX B cepenubomMy B 10—15 pas i mpuBoAUTE 40 IOHUIKEHHS
cob6iBaproctu npoaykirii [40]. Hositui cromzm Cu—Al-Mn mMaTh IIIupo-
KHH inTepBaJ podounx TeMIIepaTyp i MOKyTh OyTH BUKOPHUCTAHI IIiT yac
BUT'OTOBJIEHHSA iHTeI'PaAJIbHUX MiKpocXeM, B ONTHYHMX HaBiramiiHmMx
Opujaazax, TeJIeCKoIlax, ONTUYHNX IIPUIiJIaX, JaJeKoMipaxX, IIPOEKIIiH-
HUX i 3HiMaJbHUX ammapaTax, CHeKTpoMeTpax, cuekTporpadax [41].

TaxuM YMHOM, B POOOTi mpefcTaBIeHO aHAJITHUYHE MiATPYHTI MOMK-
ausocteit CIIP Ha ocHOBIi cTOmiB MiAi Ta HaBegeHO eKCIePUMEHTAILHI
JIOKa3y BUKOPUCTAHHS 1X B AKOCTi iHTeJIeKTyaJbHUX MaTepidAJiB pi3HoO-
MaHiTHOTO IpHU3HAUEHHA.

4. BUICHOBRKH

1. IIpoBesmeHo AKicHY Ta KiJgbKicHY OIiHKY medopMalliiiHol IIOBeIiHKMU
Cu—Al-Mn(Fe)-cTomiB, fKa 3acBigumia IeMOHCTPAIIiI0 3HAYHUX Iedo-
pMaIiiHMX MOKa3HUKIB 3a peaJsisalrii epexTiB HaAIIPyKHOCTHA Ta edeK-
Ty mam’ATi GopMHu Y BiITOBIZHMX CIOJIyKaX.

2. 3a3Ha4YeHO iCTOTHUH BIIJIMB MArHETHOTO II0JIS HA eJIEKTPUYHI BJIaCTH-
BOCTi I uac iHAYKYyBaHHA MApTEHCUTHOIO II€PETBOPEHHS, IKi 0e3Io-
CepeIHbO 3aJIe’KaTh BiJl BIJIMBY 30BHIIITHLOT'O MHOJIA Ta IIOHEPEIHBLOTO
TePpMOMAarHEeTHOTO 00po0IeHH 3pas3KiB.

3. O0pobaennsa B margersomy moJi cromy Cu—Al-Mn mnpuBOsuUTEL 0
3MiHM KiHeTHKH Ta MOpPQoJIoril 3a iHAYKYBaHHS MapTEeHCUTHOTrO (haso-
BOT'O IIepeTBOPeHHs. MoiKHa CTBEPAKYBATHU, III0 3a TEPMOMArHETHOTO
00po0JIeHHS 3pasKi OTPUMAIOTEL HABEAeHY OJHOBiCHY MArHeTHY aHi30T-
potrito abo 3MeHIITeHHA PO3MipiB (hepOMarHeTHUX YaCTHUHOK.

4. BuxopucrToByoun BHCOKiI MexaHiuHi noxasHumkum Cu—Al-Mn-Fe-
CTOITiB B KOMOiHAIIil 3 BUCOKMMU cyHepliapaMarHeTHUMHU IMOKAa3HUKAMU
Cu—Al-Mn-crormiB, IIiJIKOM BiporifHe 3aCTOCYBAHHS TAKUX HAHOCTPYK-
TYPOBAaHUX KOMIIOBUIIINl y CMapT-MPUCTPOAX, poboTa AKUX OasyBaTu-
MeThCSA OHOYACHO HA CYKYIIHOCTI MOKJINBOCTEH aKTyaTopa Ta ceHcopa.

PobGoTy BUKOHAHO B paMKax IPOEKTy «PismuHi OCHOBU CTBOPEHHS
MaTepiasiB 3 KepOBaHUMHN MAarHITOCTPYKTYPHUMUM Ta TepPMOJMHAMIiU-
HuMu xapaxkrepuctukamu» (0122U001886) Ta 3a 4acTKOBOI MiATPUMKHI
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Formation of Manganese-Silicide Films by Magnetron
Sputtering, Measurement of Crystal Structure, Thermoelectric
and Electrophysical Parameters
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In this work, thin Mn4Sir films are grown by the solid-state ion-plasma meth-
od using a magnetron-sputtering device, and their surface morphology, crys-
tal structure, Miller indices, lattice parameters, thermoelectric and electro-
physical parameters of the films are measured. Seebeck coefficient decreases,
and finally, the sample is changed from p-type to n-type. Power factor turns
out to be small (P=1-4 mW /(m-K?)) and increases very little in the tempera-
ture range of 300—450 K and increases sharply in the range of 500-580 K
(P =850-3690 mW /(m-K?)). As the thickness decreases, the power factor in-
creases. The band gap at room temperature for the sample prepared by the
ion-plasma method is measured optically to be E;=0.354 eV. Studies show
that Mn4Sir layers with a size of <40 nm can be grown on the surface of the Si
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crystal formed by the magnetron sputtering, but the Si crystal does not form
a full-size Mn4Si7 layer. During thermal heating at 300—750 K, nanosize bub-
bles are observed to form in the thin MnsSir coating grown under vacuum
conditions; then, they are ruptured and the nanosize defects are formed.
Then, at 750 K, the defects narrow down to form a single thin Mn4Sir coating.
The measurement results show that the thin films grown by the solid-state ion-
plasma method are formed and their thermoelectric and electrophysical prop-
erties are improved.

Key words: Miller indices, interplanar distance, strict monocrystalline struc-
ture, Seebeck coefficient, power factor.

Y nmaHiti pobOTi METOm0I0 TBEPAOTINHLHOI MOHHOI IJIasMu 3 BUKOPUCTAHHAM
IIPUCTPOIO0 MAarHETPOHHOTO PO3IOPOIIIeHHA BUPOIeHO TOHKI mriBkyu Mn4Sir Ta
BUMipsaHO Mopdoaorio iIXHBOI MOBEPXHi, KPUCTATIUHY CTPYKTYDPY, Minmeposi
iHgekcu, mapamMeTpy I'DATHUIL, TEPMOEJEKTPUYHI i esleKTpodisruHi napame-
TPU ILIiBOK. 3eebeKiB KoedillieHT 3MEHIINBCH, i 3PENITO0 TUII 3pas3KiB 3MiHU-
Bca 3 p-tuny Ha n-tun. Koedinient nmory:xHocTH BuABMBcA ManuMm (P=1-
4 MmBt/(M-K?)) Ta mysxe cnaGo 36inblryBaBesa B AiAmasoHi Temmepatyp 300-—
450 K i pisko 3pocraB y cmocrepe:xyBaHomy Hamm agiamasoHi 500-580 K
(P =850-3690 mBt/(m-K?)). 3i 3MeHIIEHHAM TOBINUHM 30inbITycThCA KOoedi-
nienT nory:xHoctu. [Iluprry 3ab60poHEHOI 30HM 3a KiMHATHOI TeMmepaTypu
[JIs 3pa3Ka, BUTOTOBJIEHOTO HOHHO-IIJIA3MOBOI METO/00, 0yJI0 BUMipSHO OII-
TUYHO, IMOo craHoBuyo FEg=0,354 eB. [ocrmimxeHHsa IOKasanu, IO IMapu
Mn4Siz posmipom y £ 40 HM MOXKYTh OyTH BUPOIIEeHi HA TOBEPXHi KpucTany Si,
YTBOPEHOT'O MarHETPOHHUM PO3IOPOIIIEHHAM, ajie KPuCTal Si He yTBOPIOE IIO-
BHOpo3MipHwmit map Mn4Siz. Ilig yac Tepmiunoro marpiBamua 3a 300-750 K
crocTepirajoca YTBOPEHHS HAHOPO3MipHUX OyJILOAIIOK Y TOHKOMY HMOKPHUTTI
Mn4Si7, BupormieHoMy B yMOBaxX BaKyyMy, a IIOTiM BOHU PO3PUBAJIUCS K yTBO-
proBasucsa HaHOPo3MipHi mederTu. 3a 750 K mederTu 3ByKYIOTHCA, YTBOPIO-
104U eIVHEe TOHKe TOKPpUTTA MngSir. PesyabraTu Mipsaus cBiguaTs npo dopmy-
BaHHA TOHKUX ILIiBOK, BUPOIIEHUX METO0I0 TBePAOTiIbHOI HOHHOI IJIa3Mu,
Ta NOJIINIIEeHHA IXHIX TePMOEJIEKTPUYHUX i eJIeKTPO(MiBMYHNX BJIACTUBOCTEN.

Karouosi croBa: MisiepoBi inaeKcu, MisKIJIONIMHHA BiAgadb, YiTKa MOHOK-
pucraniuyHa CTPYKTypa, 3eecbeKiB KoedinienT, KoedimieHT TOTYKHOCTH.

(Received 15 March, 2025; in final version, 2 July, 2025 )

1. INTRODUCTION

High manganese silicide (HMS) is one of the promising materials for
use in the field of silicon microelectronics [1]. Based on HMS films, it
is possible to create infrared thermal radiation detectors. Detectors
can record data into memory devices and measure fast processes asso-
ciated with data transmission through various channels. In addition, it
is possible to create light sources at significant wavelengths in the in-
frared range [2—4]. Therefore, studying the growth and electrical
properties of HMS films is of great interest.
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There is ion implantation, molecular beam epitaxial, ion plasma and
chemical methods for producing thin films. Thin films obtained by the
ion plasma method are practically not found in previously published
literature, and this method can be called new. The ion plasma method
was created by ionizing argon gases under high vacuum conditions.

Of all the silicon compounds that have thermoelectric efficiency, it
is possible to select compounds that are of practical importance. These
are, for example, solid solutions based on cobalt monosilicide (CoSi),
higher manganese silicide (MnSi;.7) and Mn.X (X = Si, Ge, Sn). There is
little data on the thermoelectric properties of Mn,Si; materials[5, 6]. The
high Seebeck coefficient, low resistance and high application tempera-
ture make them very attractive for power generation [7, 8]. However, the
thermoelectric properties of n-type Mn,Si- films have rarely been report-
ed. We developed and characterized n-type polycrystalline Mn,Si; thin
films to understand the basic thermoelectric properties of the movie.

When preparing the sample, a ready-made Mn,Si; target, heated and
compacted, was used. Pure silicon with the crystal direction [111] was
taken as a substrate. First, the silicon surface was cleaned of surface
impurities using an ‘ion gun’ device in a vacuum. The purified sample
was heated to 1720 K for 2 hours. Then, using argon gases under high
vacuum conditions, ‘ion plasma’ was created from a manganese silicide
target and thin films of Mn4Si; of various thicknesses were obtained.
The electrical conductivity and Seebeck coefficient of the resulting
thin films were measured using a ‘Netzch®SBA 458’ measuring in-
strument.

Research shows that Mn,Sir layers <40 nm in size can be grown on
the surface of a Si crystal produced by magnetron sputtering, but the
Si crystal does not form a full-size Mn4Si- layer. During thermal heat-
ing at 300-750 K, the appearance of nanosize bubbles in a thin Mn,Sir
coating grown under vacuum conditions was observed; then, they burst
and formed nanosize defects. Then, at a temperature of 750 K, the de-
fects narrowed and formed a single thin Mn4Si; coating (Fig. 1).

The surface morphology of Mn4Si; crystals was studied under a mi-
croscope (Scios FEI, Quanta 200 3D). The surface morphology of
Mn,Si7 was studied using an SPM 9700HT scanning probe microscope.
For this purpose, a sample area measuring 500x500 nm was selected,
lines were drawn on this area in one arbitrary direction, and the thick-
ness of their full width was determined.

2. EXPERIMENTAL/THEORETICAL DETAILS

Polycrystalline HMS thin films were prepared using a magnetron sput-
tering system. A schematic diagram of the magnetron sputtering sys-
tem used in this work is presented in Fig. 2. A high vacuum was creat-
ed at a pressure of 107 Torr using a molecular turbo-pump (Pfeiffer
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Fig. 2. Scheme of a magnetron-sputtering device.

vacuum) in the chamber of the Epos-PVD-Desk-Pro magnetron device
for sputtering the Mn,Sir target. First, the surface of the silicon wa-
fers was mechanically cleaned with 20% dilute hydrofluoric acid, then
the silicon surface was cleaned again by ionizing argon gas inside the
chamber using an ‘ion gun’ treatment device installed in the chamber.
A direct current source was used to sputter the Mn,Si; target. The cur-
rent in the magnetron power supply is of 657 mA, power is of 221 W,
and voltage is of 336 V. The purity of the Mn,Si; target is of 99.9%.
The deposition rate varies from 0.4 to 14 A/s. The thickness of each
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layer was controlled on an ‘SP307’ monitor.

The electrical parameters of a thin layer of Mn,Sir samples with a
thickness of approximately 34.7-172 nm was studied on an ECOPIA
instrument (HMS-5000). The surface morphology was analysed using
atomic force microscopy. Structural analysis of the Mn,Si; crystal was
recorded on an XRD-6100 x-ray diffractometer; spectra were recorded
at room temperature. Spectrogram peaks based on Miller indices and
interplanar distances indicate newly formed manganese silicide com-
pounds. The thermoelectric parameters of manganese silicide were
measured using the ‘SBA-458’ measuring system. This setup allows
you to measure the Seebeck coefficient and electrical conductivity as a
function of temperature. The diagram of the measuring cell is shown
in Fig. 3.

The sample is placed on the ceramic supports, inside of which micro-
heaters are located. Two thermocouples and two current probes are
connected to the bottom surface of the sample. Electrical conductivity
is measured by the four-point method. This scheme allows current to
flow through the sample in the forward and reverse directions. During
the measurement, three current values are passed in each direction:
TInaxy 21max/3, Imax/3. The value of I, is selected based on the geometry
and material of the sample. The program determines three current
values, and applies each sample to the sample five times in the forward
direction and five times in the opposite direction. Next, the voltage
values Ux and Us are measured between two positive and two negative
thermocouple branches. Based on the measurements, a graph of volt-
age dependence on the missed current is plotted, and the electrical
conductivity is calculated.

To measure the Seebeck coefficient using two microheaters inside
the sample, a temperature gradient is created. After heating one side

o Current pin L
: Thermocouple Sample :
o I ' I R e
[ F I " [
@] j , ’ o
O
@ e = AU = e [
o] z AT = Support |@
e] nf = = _i IHeater o]
® i ®
o — “ Furnace—|@
O [

Fig. 3. Diagram of the SBA-458 Nemesis® measuring cell.
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of the sample, it cools. Then, the other side of the sample is also heated
and cooled. During this whole process, the values of the voltages Ua,
Us and Ur1, Ure are measured. As for electrical conductivity, Ua and Us
are the voltages between the positive and negative branches of thermo-
couples. These values are measured concerning the temperature dif-
ference AT, which is the temperature gradient between the two sides of
the sample. The value of AT is determined from the voltages Ur; and
Urs, coming from two thermocouples. Based on the measurement data,
a graph of voltage versus temperature is plotted and the Seebeck coef-
ficient is calculated. In this case, it is of + 2 degrees from the point giv-
en by the operator.

The efficiency of thermoelectric materials is determined by a dimen-
sionless quantity called the thermoelectric index [14]:

ZT =ca’t/A, 1)

where o is the electrical conductivity of the material, A is the thermal
conductivity, a is the Seebeck coefficient, and T is temperature. A ma-
terial with ZT =1 at room temperature is considered effective. As can
be seen in formula (1), if there is the higher the quality factor, there is
the higher the thermal conductivity and electrical conductivity of the
material [15]. These parameters are directly related to the electronic
properties of the material and, for convenience, include power factor.
The thermoelectric power factor characterizes the ability of a thermoe-
lectric generator to generate electrical energy in an external circuit and
is defined as:

P=c0?.

3. RESULTS AND DISCUSSION
3.1. Surface Morphology and Crystal Structure of Mn,Si; Thin Films

Figure 4 shows a 3D image of a manganese silicide nanofilm grown by
magnetron sputtering, obtained using an atomic force microscope. The
average roughness height of the HMS film is r.=34.7 nm, and the sur-
face is completely covered with a peak. Figure 5 shows a 2D image of a
Mn,Si7 nanofilm. Moreover, if we take images in only two dimensions,
we see that we cannot easily discern differences in surfaces. The height
of the islands is more visible in 3D. In both cases, evenly distributed
waves are generated under the surface over large areas. This means
that the thin surface layer is manganese silicide. AFM analysis shows
that evidence of formation is a nanosize film obtained by the ion-
plasma method. Figure 6 shows the formation profile of a manganese
silicide nanofilm grown by the solid-phase ion plasma method in a
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Fig. 4. 3D images of the surface of thin Mn4Sir films obtained by atomic force
microscopy.

magnetron sputtering device.

The qualitative composition of a thin film of manganese silicide, the
crystal structure of the substance, as well as the arrangement of atoms
in the unit cell have been determined. The texture of polycrystalline
materials has been studied. In addition, the phase composition of the
substance, phase diagrams, crystal sizes in the sample, radiation CuK,
(B-filter, Ni, A=1.54178 A, current and voltage mode—30 mA, 40 kV)
and constant rotation speed of the detector were assessed 0.05 degrees

Fig. 5. 2D images of the surface of thin Mn4Sir films obtained by atomic force
microscopy.
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30—§ F‘I

Fig. 6. Profile along the selected direction.

in steps of 4 degrees/min. The x-ray power was 2 kW. The results were
analysed using a database. The penetration depth of radiation CukK, is
about 1 mm (980 um) for light elements (carbon) and several microns
for heavy elements (Ag, Pt). For most inorganic substances, CuK, is
tens of microns (um) for simple compounds.

Figure 7 shows the spectral dependences obtained using the Mn4Sir
diffractometer method. In addition, Miller indices are given. We used
the Rietveld method to refine the structure from x-ray data [9-11].
The principle of the method is to use independent intensity measure-
ments at each point of the diffraction pattern to describe the line pro-
file using analytical functions instead of using the integrated reflec-
tion intensity. Object parameters, including structural, hardware and
other characteristics, are refined using the nonlinear least squares

Fig. 7. Crystal structure (tetragonal structure, space group Pm3m).
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Fig. 8. X-ray diffraction pattern of Mn4Sir crystal.

TABLE 1. Type and lattice parameters of silicide films.

In this work
Silicide : 3
Grille type Lattice parameters, A
Si Cubic a=5.45
CoSiz[5] Cubic a=>5.40
Mn4Sir Tetragonal a=5.7,¢=15.3

method. Using this refinement method, we determined the Miller indi-
ces (hkl). As mentioned above, x-ray diffractometry of polycrystalline
films allows quantitative elemental analysis.

Figure 8 shows x-ray diffraction analysis and spectral dependences
of a thin film of manganese silicide. XRD analysis at room tempera-
ture shows that peaks 17.292, 27.412, 36.321, 45.842, 55.792, 65.247
and 77.634 are visible from several angles. The main ideal peak ap-
pears at an angle of 27.412 degrees (104).

When heated to 700 K, the angle of the peaks in the image does not
change, but the intensity does. The release of some light volatile ele-
ments during heating and crystallization can be explained by the crys-
tallization of the sample. The x-ray phase analysis method presented in
the literature [12, 13] shows that in a sample heated to 800 K, x-ray
phase analysis peaks appear at certain angles, although the peaks are
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very small in intensity and contrast.

3.2. Measurement of Electrophysical and Thermoelectric Properties
of Samples

The electrical parameters of manganese silicide films of various thick-
nesses deposited on the surfaces of silicon and glass by the ion-plasma
method in high vacuum were measured on an ECOPIA instrument
(HMS-5000), and comparative data on the electrical parameters of thin
Mn,Si; coatings are presented (Table 2). Figure 9 shows the tempera-

TABLE 2. Mn4Sir film deposited on glass (1), Mn4Sir film deposited on silicon (2).

Mn4Sir coated on glass Mn4Sir coated on

Measurements surface (1) silicone surface (2)
Resistivity, Q-cm 4.1678-103 1.2453-10°3
Resistance, Q 612 454
Average Hall coefficient, 5.7642-102 92.8979.10°5
cm?®/C
Conductivity, S/cm 239.94 802.99
Sheet concentration, cm2 3.2488-101° 2.2036-1018
Bulk concentration, cm™ 1.0829-10%° 2.1541-1023
Mobility, cm?2/(V-s) 13.83 2.327-1072
Sheet resistance, Q/ 138.93 121.74
A—-C Hall coefficient, cm?/C 1.4251-10! 2.9439-10°°
B-D Hall coefficient, cm3/C -2,7224.1072 2.8519-10°°
Ratio vertical /horizontal 0.77849 0.97469

3800
545
N -,E 3200
& D 2600
T — S—
2000
455 - 14002
0.003 0.005 0.007 0.008 0.007

>

Fig. 9. Electrophysical parameters of Mn4Si7 thin films (resistance vs. current

and I-U curve).
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ture dependence of I-U curve and the electrical resistance of the samples.

The MnSi film deposited on a silicon substrate with a resistivity of 3—
5Q-cm had an n-type and the Seebeck coefficient was close to
—140 1V /K. The thickness of the films was about 146 nm. The resistance
decreased with increasing temperature. However, the relationship be-
tween resistance and temperature was very complex due to the shrink-
age effect of the substrate. The figures show the temperature depend-
ences of the electrical conductivity and Seebeck coefficient of thin
Mn,Si- films of various thicknesses grown in ion-plasma oats (Fig. 10).

With increasing temperature, the resistivity first decreased from
124 to 118 mQ:-cm, increased slightly after 400 K, and then, sharply
decreased. This behaviour indicates that Mn4Si; is a semiconductor.
Due to the average crystallinity of the film, the Seebeck coefficient
was not very low.

The Seebeck coefficient of the film with an initial thickness of
172 nm was larger than that of sample-1, but the Seebeck coefficient
increased faster after 560 K, which can be attributed to the crystallini-
ty of the film thickness.

The resistivity of the sample deposited on the silicon surface was
about 9.88 mQ-cm at room temperature. With increasing temperature,
the electrical conductivity increased slightly and then increased sharp-
ly above 530 K. The film was p-type at room temperature and n-type
after 460 K. Near the Mn,Si;/Si interface, the silicon substrate heavily
doped with manganese is n-type, and the donor state has separated
from the conduction band with the energy level. We can say that
E;=0.354¢V.

At temperatures above 580 K, the resist is thermally activated with
apparent activation energy of 0.492 eV. If we take the activation ener-

Sample 1
Tk
ample
1400- Sample 1 + 0
g
= 1000 B0y
ok b=
o) =
. = —80-
600- -
- e \|_
3 - ~120 !
200 E==tmAEREE IR L
300 400 500 600 300 | 400 500 | 600
T, K T, K
a b

Fig. 10. Temperature dependence of electrical conductivity and Seebeck coef-
ficients.
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gy of the material in this intrinsic region to be half the forbidden ener-
gy gap, this indicates an estimated energy gap of about 0.984 eV:

Eg = Eg(0) £, (2)

where E, is the energy band gap, T is the temperature, then the coeffi-
cient B=dE,/dT =-0.80-10*eV/K [16]. The Seebeck coefficient is
-1.321V/K at 300K and -136 nV/K at 530 K, respectively. With in-
creasing temperature, the concentration of electrons excited from the
donor state to the conduction band increases. As a result, the Seebeck
coefficient decreases and finally the sample changes from p-type to n-
type. For the sample prepared by the ion plasma method, the band gap at
room temperature was E,=0.354 eV, measured by the optical method.

Figure 11 shows the power factor as a function of temperature for
samples of four different thicknesses. As a result of measurements,
the power factor turned out to be small (P =1-4 mW /(m-K2)) and in-
creased very little in the temperature range of 300-450 K and in-
creased sharply in the range of 500-580 K (P = 850—-3690 mW/(m-K?)).
As the thickness decreases, the power factor increases. Using the mag-
netron sputtering method, a Mn,Si; film with a resistivity of
1.24-103 Q-cm was obtained at room temperature. The power factor
reached 3684 nW/(m-K?) at 575 K. Due to this high-power factor, the
n-type HMS material can outperform the p-type HMS material in the
development of thermoelectric generators.
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Fig. 11. Power factor dependence on temperature.
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4. CONCLUSION

A film of high-manganese silicide of various thicknesses was grown on
the surface of a silicon crystal in a magnetron sputtering installation
using the solid-phase ion-plasma method. The surface morphology of
Mn,Si; crystals depending on their state was studied using a Quanta
200 3D microscope (Scios FEI). The electrical parameters of a thin lay-
er of Mn,Si; samples with a thickness of approximately 34.7-172 nm
were studied on an ECOPIA device (HMS-5000). Structural analysis of
the Mn4Si; crystal was recorded on an XRD-6100 x-ray diffractometer;
spectra were recorded at room temperature. Spectrogram peaks based
on Miller indices and interplanar distances indicate newly formed
manganese silicide compounds. As a result of the research, it was es-
tablished that the electrical properties of Mn,Sir coatings grown on the
surface of glass and silicon by magnetron sputtering are higher on sili-
con. It has been established that when a Mn4Si; nanocluster is heated
and cooled, the Seebeck coefficient changes from -1.32 uV/K to -140
nV/K depending on the order of the nanolayer and the thickness of the
coating, and the resistance of the coating decreases upward up to 1.5
times. As a result of the analysis of the measured thermoelectric prop-
erties, we concluded that the ‘ion-plasma’ method is a more effective
method for producing high-quality thermoelectric materials. The re-
sulting films can be used in sensors for IR and UV detectors.
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Young’s Modulus of Sub-10 nm MgO Films via the Tunnelling-
Current Nanoindenter Method

V. O. Burlakov and O. V. Filatov

G. V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
36 Academician Vernadsky Blvd.,
UA-03142 Kyiv, Ukraine

A novel method for determining the elastic properties of ultrathin dielectric
films based on conductive-tip nanoindentation is applied. The approach ena-
bles the extraction of film deformation from variations in tunnelling cur-
rent, thereby, eliminating contributions from the substrate, indenter, and
instrument compliance. A 6 nm MgO film deposited on a Fe film is investi-
gated as a model system. The load—displacement curve is calculated from the
obtained data of tunnel current, allowing evaluation of the Young’s modulus.
The measured modulus of the MgO film is of = 180 GPa, which is lower than
bulk values and is attributed to reduced density and structural features of
the deposited film. Repeated indentation results in an apparent increase in
the Young’s modulus up to = 380 GPa, associated with densification and re-
duced porosity. The applied method provides a high-resolution approach for
measuring the mechanical properties of dielectric films with thicknesses be-
low 10 nm.

Key words: nanofilms, Young’s modulus, mechanical properties, magnesium
oxide MgO, nanoindentation, tunnelling current.
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nozatauBoctu npuaany. Ilniska MgO ToBmuHO©0 ¥y 6 HM, HaHEeceHa Ha IJIiBKY
Fe, mocnimxyeTbca AK MomenbHA cucTeMa. KpuBa HaBaHTaKeHHA—3MillleHHS
PO3PaxOBYETHCSA HA OCHOBI OZEP’KAaHUX TAHUX CTOCOBHO TYHEJBHOTO CTPYMY,
110 A€ 3MOry omiHuTu mMomyJab IOura. Bumipanuit mogyas maisku MgO cra-
HoBUTH = 180 I'Tla, 1o HM:KUe 3a 06’eMHi 3BHAUEHHSA Ta MOKe OyTHU OB’ sI3aHO 3
IOHWKEHHAM T'yCTUHU Ta CTPYKTYPHUMU OCOOJIMBOCTSAMY HAaHECEHOI IJIiBKH.
IToBTOpHE iHIEeHTYyBaHHA IPUBOAUTH A0 MOMiTHOrO 30inbINIeHHA Monysid FOHT'a
nmo = 380 I'Tla, 1o moB’A3aHe 3 YIMiIbHEHHAM i TOHMKEHHAM IIOPUCTOCTH. 3a-
CTOCOBaHUM MeTOJ 3a0e3mneuye AieBuil miaxim mis MipAHHS MeXaHiuHUX BJac-
TUBOCTEH JieJIEKTPUYHUX IIJIiBOK TOBIIMHO MeHIIe 10 HM.

KarouoBi ciioBa: HaHOMIiBKY, Moayab FOHT'a, MexaHiuHi BIacTUBOCTI, OKCU[
Marwuiro MgO, HaHOIHAEHTYBaHHA, TYHEJIBHUI CTPYM.

(Received 10 April, 2026, in final version, 20 April, 2026 )

1. INTRODUCTION

Ultrathin dielectric films and multilayers with thicknesses below 10
nm are central to nanoelectronic, spintronic, and quantum technolo-
gies [1, 2]. Continued miniaturization of high-frequency devices and
next-generation CMOS systems requires dielectric layers only a few
atomic layers thick to achieve high capacitance and low power con-
sumption [3]. In such architectures, mechanical integrity is critical, as
the films must withstand stresses induced by thermal expansion mis-
match and applied electric fields without fracture or delamination [4,
5].

Beyond their electronic functionality, ultrathin films are also cru-
cial for nanoelectromechanical systems (NEMS), where elastic defor-
mation and dynamic response are determined by mechanical proper-
ties. Device miniaturization enhances sensitivity, enabling sub-
femtometer-displacement resolution and zepto-scale mass and force
detection [6—9].

Consequently, understanding the thickness dependence of elastic
properties at the nanoscale is of fundamental and technological im-
portance. At these scales, surface and dopant effects become domi-
nant, leading to mechanical properties that can deviate significantly
from bulk properties, exhibiting either softening or stiffening [10].
Thickness-dependent elasticity primarily arises from the high propor-
tion of surface atoms, which may decrease stiffness since surface at-
oms have less restrictions on their movement [11] or increase it
through electron charging redistribution and bond contraction [12,
13]. These effects have been both analysed (using continuum and atom-
istic approaches[13—-16]) and confirmed experimentally [16, 17].

Within the field of green electronics called spintronics, in which
magnetic tunnel junctions incorporating an MgO barrier layer serve as
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key components in magnetic memory devices, magnetic sensors, radio-
frequency and microwave applications, as well as logic and non-
Boolean devices [18—20]. MgO seems to be one of the best candidates
for use as a barrier layer due to its high dielectric constant and wide
band gap. In addition, its cubic crystal structure ensures a relatively
low lattice mismatch with many metals and semiconductors [21]. MgO
thin films used as barrier layers enable high tunnelling magnetore-
sistance ratios via coherent spin-polarized tunnelling [22]. Therefore,
MgO is selected as a model system for the present study, since the de-
termination of its Young’s modulus is essential for evaluating the me-
chanical stability and reliability of ultrathin barrier layers in na-
noscale electronic and spintronic devices.

2. EXPERIMENTAL DETAILS

Accurate determination of the elastic properties of ultrathin films re-
mains experimentally challenging, as most conventional techniques
lack sufficient sensitivity for thicknesses below 10 nm [23, 24]. Com-
monly employed methods, such as nanoindentation, typically provide
reliable characterization for films with thicknesses on the order of sev-
eral hundred nanometres, particularly when combined with advanced
modelling [25, 26].

To solve this problem, a novel approach to determining the mechani-
cal properties of ultrathin dielectric films is presented. In this method,
a conductive tip replaces the traditional diamond tip. The dielectric
film under investigation is deposited onto a conductive substrate, and
a constant potential difference is applied between the tip and the sub-
strate (Fig. 1).

The current flowing through the tip—dielectric—substrate system is
continuously monitored during the indentation process. Variations in
the tunnel current result from changes in the dielectric film's thick-
ness and defect mobility under applied load. By analysing these chang-
es, a load—displacement curve is calculated, providing insights into the
mechanical behaviour of the dielectric film.

The indenter is fabricated from hardened steel and is characterized
by a truncated conical geometry with a tip area of A =4.8-107° m2. Prior
to the measurements, the applied load is calibrated using standard ref-
erence weights. The corresponding calibration data are obtained by
several measurements.

The dielectric film is a 6 nm thick MgO layer deposited under vacu-
um conditions onto a 100 nm thick Fe film. The tunnelling current be-
tween the tip and the underlying Fe film is measured using the electri-
cal circuit shown in Fig. 1. A Zener diode is employed to maintain a
constant bias voltage of 0.7 V. The tunnelling current is determined
from the voltage drop across the reference resistor, allowing for quan-
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Fig.1. Schematic representation of the tunnelling current nanoindenter
method: a constant bias voltage is applied between the conductive indenter
and the substrate, while the tunnelling current through the tip—dielectric—
substrate system is monitored during loading to determine the deformation of
the dielectric film.

titative analysis during indentation. The change in dielectric thickness
under applied load from the tip is inferred from the corresponding var-
iation in the tunnelling current.

3. RESULTS AND DISCUSSION

Reduced atomic co-ordination near a free surface leads to charge redis-
tribution and changes in bonding, resulting in elastic properties that
differ from those of the bulk material. While the surface region is only
a few atomic layers thick and can be neglected in micron-scale struc-
tures, its influence becomes significant at the nanoscale because of the
increased surface-to-volume ratio. As a result, the overall stiffness of
a nanoscale film cannot be accurately described using the bulk modu-
lus. In this context, the concept of an effective modulus is used to
characterize the averaged mechanical response of a structurally inho-
mogeneous system. Nanoscale films must be regarded as inhomogene-
ous, since surface regions contribute substantially to their elastic be-
haviour. Consequently, the effective modulus becomes size-dependent
and deviates from the corresponding bulk value[27, 28].

The Young’s modulus determined by indentation is typically evalu-
ated using the load—displacement (P—h) curve [29]. The indenter dis-
placement under loading is influenced by the deformation of the film,
the substrate, the indenter, and the instrument itself. This compli-
cates the isolation of the film deformation contribution to the total
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displacement 2. When a conductive indenter is employed, the dis-
placement (%¢) associated with the deformation of the dielectric film is
determined from variations in the tunnelling current. At room tem-
perature, the tunnelling current exhibits an approximately exponen-
tial dependence on the applied voltage. At low voltages (up to 0.3 V)
[30], thermal fluctuations significantly affect the current, introduc-
ing a source of error in the exponential approximation of the current—
voltage relationship.

The exponential dependence of the tunnelling resistance provides
high resolution in determining variations in the dielectric thickness.
Under loading with a conductive indenter tip, the electrical resistance
of the system is observed to vary in the range from 10 MQ to 1 kQ as
the dielectric thickness decreases from 5nm to 1 nm. The contact re-
sistance between the indenter tip and the metallic film, without the
dielectric film, is approximately 100 Q and decreases linearly with in-
creasing contact area. Its influence on the total tunnelling current is
therefore negligible. Consequently, the displacement (k) calculated
from variations in the tunnelling current I enables the determination
of the dielectric deformation, while excluding contributions from the
deformation of the substrate, the indenter, and the instrument.

During the experiment, the voltage across a reference resistor con-
nected in series with the sample is monitored. Variations in the dielec-
tric thickness affect both the current I in the circuit and the voltage U;
across the sample (Fig. 2). In Ref. [31], a series of I-U characteristics

2.52 nm || I P Ji: /
——2.31 nm J 1
&8-107F—2.10 nm |
——1.89 nm j f /
e - oo f
1.68 nm | | [ I‘ /

~1.47nm | ] J / /
——1.26 nm |/ [/ / /
1.05 nm [/ fanfiesd /
-7h——0.84 nm [/ et
——0.63 nm | I

A
@
b
=
5

Current I,

Voltage U, V

Fig. 2. Determination of dielectric thickness: the I-U: characteristic (data
line) measured during deformation is matched with calculated I-U curves for
different MgO thicknesses (2.52—0.21 nm lines).
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for different MgO thicknesses is experimentally obtained, and an em-
pirical relationship for their calculation over a wide range of dielectric
thicknesses is proposed. This relationship is used to determine the die-
lectric thicknesses by matching the measured I-U: characteristic with
the calculated I-U characteristics (Fig. 2).

The I-U: characteristics obtained during the deformation of MgO
intersects the calculated I-U characteristics corresponding to differ-
ent dielectric thicknesses with a step of 0.21 nm. Using the intersec-
tion points, the values of the exp(h:) on current I is constructed (Fig.
3). This relationship is approximated by a linear function in the select-
ed co-ordinates. The dielectric deformation is then determined from
the obtained functional relationship A: = f(In(1)).

Based on the obtained data, the load—displacement curve (P = f(k:))
is constructed (Fig. 4).

The loading is performed within the elastic deformation regime of
the dielectric film (up to 10 MPa). No residual imprints associated with
plastic deformation are observed during microscopic examination of
the film surface, and the unloading curve returns to the initial point.
The resulting diagram corresponds to the load—displacement response
characteristic of instrumented (kinetic) indentation. The Young’s
modulus of the film is determined from the slope of the unloading
curve in the range of (0.8—0.4)Pp..x. This portion of the curve is approx-
imated by a linear function: red dash line in Fig. 4.

14 | T L]

= Data
——— Linear fit

Plot: D

6F Weight: No weighting
Intercept: 21.55125 + 0.55531
Slope: —4.93698E7 + 1.69738E6

[ Residual sum of squares: 0.55208
Pearson’s r: —0.99647

| R-square (COD): 0.99296 n
Adj. R-slquare: 0.?91 78 g :

1.5 107 20 107 25107 3.0 107 35 107 4.0 167

Current I, A

b Equation: y=a+bx
X
M=

Fig. 3. Determination of dielectric deformation: the values of exp(ks) on tun-
nelling current I constructed from the intersection points of experimental I—
U: characteristic and calculated I-U curves. The solid line is a linear fit in the
selected co-ordinates.
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Fig. 4. Load—displacement curve of the MgO film obtained from tunnelling-
current measurements.

Conventionally [29], the evaluation of the Young’s modulus in in-
dentation is performed using equations that account for the defor-
mation of the indenter and the compliance of the measuring system. In
the present study, the calculation is simplified, since only the defor-
mation of the film is considered in constructing the load—displacement
curve. Using the value of the Poisson’s ratio of the MgO film [32], the
contact area, and the slope of the unloading curve, the Young’s modu-
lus is calculated as:

_Vr@-v*)ap
2JA  dn’

where E is the Young’s modulus, v is the Poisson’s ratio, A is the tip
area.

The Young’s modulus obtained for a 5 nm thick MgO film deposited
on a 100 nm thick Fe film is =180 GPa. For bulk MgO, the Young’s
modulus ranges from 250 to 350 GPa depending on the crystallograph-
ic orientation [33]. The density of polycrystalline MgO is known to af-
fect significantly the Young’s modulus, which may vary within the
range of 80—300 GPa[34]. Based on these data, the MgO film deposited
by vacuum sputtering is estimated to have a density of approximately
3.2 g/cm?3, which is about 10% lower than that of single-crystalline
MgO.

During repeated indentation at the same point, the load—
displacement curve is determined using the same procedure. The re-
sulting curve exhibits reduced hysteresis between the loading and un-

E 1)
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Fig. 5. Load—displacement curve obtained during repeated indentation at the
same location of the MgO film.

loading curves, as well as smaller displacement under the same applied
load (Fig. 5). The Young’s modulus of the MgO film obtained under re-
peated loading is =380 GPa, which exceeds the reported values for
bulk MgO [34]. The observed twofold increase in the Young’s modulus
can be attributed to the absence of plastic deformation and a reduction
in porosity during repeated indentation.

4. CONCLUSION

A conductive-tip indentation method based on tunnelling current
measurements is used to determine the elastic properties of ultrathin
dielectric films. The proposed approach enables direct determination
of dielectric film deformation by isolating its contribution from the
total displacement, overcoming limitations of conventional
nanoindentation techniques at the nanoscale.

Application of the method to MgO films with thicknesses below
10 nm demonstrates its capability to thickness changes and to calculat-
ing reliable load—displacement curves. The obtained Young’s modulus
of =180 GPa is consistent with bulk values of MgO with reduced densi-
ty.

Repeated loading leads to a significant increase in the measured
modulus to =380 GPa, which is associated with structural densifica-
tion and a decrease in porosity. These results indicate that the mechan-
ical properties of ultrathin films are strongly influenced by their
structural state and loading history.
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Friction stir welding (FSW) of aluminium alloys became increasingly im-
portant across many industries, where the welded joints are required to have
acceptable structural and functional properties. Conventional single-side
FSW (SS-FSW), particularly, in thick-section joints, leads frequently to a
reduction in weld properties, because of excessive heat input. Double-side
friction stir welding (DS-FSW) has arisen as a potential solution to mitigate
these limitations by balancing the thermal cycles and improving joint proper-
ties. In the present work, DS-FSW is executed on AA7075-T651 10 mm thick
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plates, and the resulting joints are evaluated methodically for wear perfor-
mance with the help of a pin-on-disc wear testing setup. The microstructural
features and precipitate morphology are also evaluated through optical mi-
croscopy and transmission electron microscopy. The DS-FSW joints exhibit
superior wear performance, as evidenced by lesser friction coefficients and
reduced specific wear rates, in comparison with both the base material and
SS-FSW joints. Metallurgical characterization shows that the weld nugget of
DS-FSW contained fine equiaxed grains, accompanied by significant re-
precipitation of strengthening phases following their dissolution during
welding. The combined effects of grain refinements and enhanced retaining
of hardening precipitates are identified as the primary contributors to the
improved wear resistance of DS-FSW joints. Overall, the findings establish
DS-FSW as an effective technique for improving the wear properties of high-
strength aluminium-alloy welds, chiefly in thick-section applications.

Key words: double-side friction stir welding, AA 7075, wear behaviour, opti-
cal microscopy, transmission electron microscopy.

3BapioBaHHA TepTAM 3 nepemimyBanuam (3IIT) amomiHifioBUX cTOmiB cTae
Bce OiJIbII BasKJIMBUM y 0araTboxX rajyssx IPOMICJIOBOCTH, Ie Bil 3BapHHUX
3’eqHAHb BUMAaraloThCAd IPUHHATHI CTPYKTYPHI Ta (pyHKITiOHAJIbHI BIacTHUBOC-
rmi. Tpagumiiine ogmuHOcTOpoHHE 3IIT, O0CO6JIMBO B TOBCTOIEPEPi3HUX
3’¢THAHHSX, YaCTO MPU3BOAUTH A0 MOHUKEHHSA BJIACTUBOCTEN 3BAPHOTO IIIBA
yepes3 HaMipHe IIiiBeleHHA Telia. [[BOCTOPOHHE 3BapIOBaHHA TEPTAM 3 Iepe-
MIiIlTyBaHHAM BUHUKJIO AK IMOTEHIIifiHe PillleHHS I mMOoM’ AKIIEeHHSA ITUX 00-
MeXKeHb IILIAXO0M OalaHCyBaHHA TEPMIiUHUX IIUKJIIB i MOJIINIIIeHHA BJIACTHUBOC-
Teil 3’eJHAHb. ¥ NaHiil poOOTi JBOCTOPOHHE 3BAPIOBAHHSA TEPTAM 3 IIEPEMIIITy-
BaHHAM OyJI0O BUKOHAaHO Ha maactuHax AAT075-T651 Tropuiuuoio y 10 MM, a
oJep:kaHi 3’eTHAHHS OyJIM METOAWYHO OIliHEeHi Ha 3HOCOCTiHKiCThL 3a JOIOMO-
T'OI0 YCTAHOBKY [JIs BUIIPOOYBAaHHA Ha 3HOC «IITHU(T Ha AUCKY». MiKpPOCTPYK-
TYpPHi 0c00JMBOCTI Ta MOP(OJIOTid HPenuIiTaTiB TakoK OyJiu OI[iHeHi 3a Jo-
TIOMOT0I0 ONITUYHOI MiKPOCKOIIil Ta MPOCBiTJIIOBAJILHOI €JIeKTPOHHOI MiKpoc-
Kormii. 3’efHAHHA TPOAEMOHCTPYBAJIHN UYAOBY 3HOCOCTiMKiCTh, IIPO IO CBif-
YyaTh MEeHIIi Koe(il[ieHTH TepTsa Ta MOHMMKEHI TUTOMI MIBUAKOCTI 3HOCY ITIOPiB-
HAHO AK 3 OCHOBHUM MAaTepisijioM, Tak i 3’eaHaHHAMEN ogHocTopoHHimM 3IIT.
Meranypritina xapakTepusailisa moxasaJja, III0 3aroTiBKa, 3BaploBaHa JIBOCTO-
pouuim 3IIT, micTuna apiOHi piBHOBiCcHI 3epHAa, III0 CYIPOBOAKYBAJIOC 3HAU-
HUM TOBTOPHUM OCAIKEHHAM 3MIiITHIOBAILHUX (ha3 Micasa PO3UMHEeHHS IX mifg
yac 3BaproBanudg. CYKynHUI BILJINB MOAPiOHEHHS 3epPeH i MOJIiIIIIeHoro BMicTy
3MIiIIHIOBAJIbHUX OCAMIiB BU3HAUEHO K OCHOBHI UMHHUKU, IO CIIPUAIOTH IIO-
JIIIIIeHHIo 3HOCOCTifiKoCcTH 3’ eHanb qBocToponuim 3IIT. Saramom, omep:kani
pesyiabTaTu BH3HaUalTh ABocTOpoHHE 3IIT aK edheKTMBHY TEXHIKYy IJd II0-
JIIIITIIeHHSA 3HOCOCTiMKOCTY 3BapHUX IIIBiB BUCOKOMIITHUX aJIIOMiHiIOBUX CTO-
IiB, TOJIOBHUM YMHOM, ¥ TOBCTOITPOMiIbHUX 3aCTOCYBAHHAX .

KarouoBi ca1oBa: 1BOCTOPOHHE 3BapIOBAHHA TEPTSAM 3 MePEMillTyBaHHAM, CTOM
AA 7075, 3HOMIyBaHHSA, ONTUYHA MiKPOCKOIifA, IIPOCBIT/IIOBAIbHA €JIEKTPOH-
Ha MiKpOCKoOMid.

(Received 31 August, 2025; in final version, 1 May, 2026 )
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1. INTRODUCTION

7000 series aluminium alloys, particularly, AA7075, are widely em-
ployed in automotive, aerospace, and structural sectors owing to their
superior strength to weight ratios. However, their weldability is lim-
ited with conventional fusion techniques due to solidification cracking
and strength degradation. Friction stir welding (FSW), a solid-state
welding, has emerged as an effective alternative, with extensive stud-
ies addressing weld formation mechanisms, microstructural evolution,
mechanical behaviour [1-3], and the influence of tool design [4—8] and
process modelling [9, 10]. Advanced variants like friction stir additive
manufacturing (FSAM) and friction stir processing (FSP) have further
expanded applications in microstructural refinement, composite fab-
rication, and solid-state manufacturing [11-14].

Most FSW research has focused on plates below 10 mm thickness,
while studies on thick sections highlight challenges in thermal man-
agement and joint performance [15—19]. Double-sided FSW, involving
sequential welding from both sides, has been proposed to overcome
these limitations by improving heat distribution and microstructural
uniformity [20—22]. Although DS-FSW has shown promise in enhanc-
ing the mechanical performance of thick-section joints [23—26], 1lim-
ited work has explored its influence on wear properties of AA7075. To
address this gap, the present study investigates DS-FSW of 10 mm
thick AA7075 plates with emphasis on wear behaviour.

2. EXPERIMENTAL PROCEDURES

In this work, 10 mm thick rolled AA7075-T651 plates (110 mm x 250
mm) were used as the base material. The alloy composition [wt.%] was
as follows: 6.00 Zn, 2.50 Mg, 1.40 Cu, 0.20 Cr, 0.08 Fe, 0.05 Ti, 0.03
Si, 0.01 Mn, with remaining Al. Double-side friction stir welds were
produced sequentially, with the second pass executed such that the
advancing side of Side 1 corresponded to the retreating side of Side 2,
ensuring balanced material flow and heat distribution. For compari-
son, single-side welds were also prepared. Welding parameters and tool
designs were adopted from previous studies by the present authors[17,
23], with a constant tool tilt angle of 2° for both processes. Representa-
tive images of tools and welded plates are shown in Figs. 1 and 2.
Metallographic characterization was performed using optical mi-
croscopy and transmission electron microscopy (TEM). Specimens were
extracted from heat-affected zone (HAZ), thermomechanically affect-
ed zone (TMAZ), weld nugget (WN) and base material (BM). Standard
metallographic preparation included grinding with SiC papers, polish-
ing with diamond suspension, and etching in Keller’s reagent. Micro-
structural features were recorded at various magnifications using an
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Fig. 1. Images of FSW tool: a—DS-FSW, b—SS-FSW.

Face side Root side :

Fig. 2. Photographs of AAT7075 plates before and after joining: a—As-
received plates, b—DS- FSW, ¢—SS-FSW.

Olympus optical microscope.
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Transmission electron microscopy was employed to examine precipi-
tate morphology across different weld zones. Specimens were sectioned
using an electrical discharge machine to minimize mechanical damage,
followed by slow manual thinning to avoid thermal effects. Final thin-
ning was performed electrolytically in a nitric acid—methanol solution
to obtain electron-transparent foils. TEM observations were carried
out using a JEM-2100 microscope.

Wear tests were performed using a pin-on-disc apparatus (Fig. 3)
under dry sliding conditions following ASTM G99 standards. The set-
up comprises a controller, testing unit and display unit. In the testing
unit, a lever mechanism applied normal load to the stationary pin
against the rotating disc, with the pin firmly held in a pin holder. Lin-
ear variable differential transducer (LVDT) sensors measured friction
force and wear displacement, enabling calculation of the wear rate and
friction coefficient. The controller unit regulated disc speed to main-
tain accurate sliding conditions.

Pin samples (10 mmx10 mm cross-section) were extracted from the
weld nugget region (Fig. 4). The counter face disc was EN31 steel, 8
mm thick and 80 mm in diameter. Both pin and disc were ultrasonically
cleaned in acetone for 10 min prior to testing. The pin was mounted
vertically in the holder, and a normal load was applied against the ro-
tating disc at the prescribed speed and sliding distance/time. Real-
time friction force, friction coefficient, and wear displacement were
recorded during testing. The test parameters considered for the work
are provided in Table 1. The experiments were conducted on BM, SS-
FSW and DS-FSW pin samples against the EN 31 rotating disc.

Fig. 4. Pin samples for tribological testing.
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TABLE 1. Test parameters.

Parameter Value Unit
Normal load (F,) 60, 80, 100 N
Speed (N) 500, 600, 700 rpm
Sliding time (%) 180 sec
Stationary pin roughness (R, for pin) 0.31 microns
Rotating disc roughness (R, for disc) 0.28 microns

All experiments were carried out for a constant duration of 180 sec-
onds across different load—speed combinations. Each test was repeated
three times, and the average values of specific wear rate and friction
coefficient were considered. The weight of each pin was measured be-
fore and after testing, and weight loss was used to calculate the specif-
ic wear rate. Tribological parameters, namely friction coefficient and
specific wear rate (SWR) [mm?®/(N-m)], were determined using the fol-
lowing equations:

friction coefficient = F,/F, ; specific wear rate = (W, - W) /(pE.,S) .

Here, F; = force of friction [in N], F, = normal load [in N], W, = weight
of the pin sample before the experiment [in g], W; = weight of the sam-
ple after the experiment [in g], p = density of the pin material [in
g/mm?], and S = sliding distance [in m].

3. RESULTS AND DISCUSSION
3.1. Friction Coefficient

Figure 5 illustrates the effect of normal load and rotational speed on
the friction coefficient. At 500 rpm, the coefficient increased with
load due to higher interfacial pressure and ploughing action. Among
all conditions, BM exhibited the highest friction coefficient, while DS-
FSW showed the lowest, indicating superior resistance to sliding.
With increasing rotational speed, the coefficient decreased for all
samples; however, BM remained more sensitive to speed, particularly
at lower ranges. DS-FSW consistently demonstrated a substantial re-
duction in friction coefficient, especially at higher speeds, suggesting
smoother sliding with reduced asperity contact.

3.2. Specific Wear Rate

The influence of normal load and speed on specific wear rate is shown
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Fig. 5. Variation in friction coefficient with normal load and speed: a—
normal load, b—speed.
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Fig. 6. Variation in specific wear rate with normal load and speed: a—
normal load, b—speed.

in Fig. 6. BM again exhibited the highest SWR across all conditions,
with a sharp rise at higher loads due to severe plastic deformation and
material removal. DS-FSW samples demonstrated the lowest SWR,
attributable to smoother and work-hardened surfaces coupled with
lower interfacial shear stresses. With increasing rotational speed
(500-700 rpm), SWR decreased for all samples, because higher speeds
generally favoured reduced abrasive contact resulting in comparative-
ly lower SWR.

Overall, DS-FSW joints exhibited superior tribological perfor-
mance, simultaneously reducing both the friction coefficient and SWR
compared to BM and SS-FSW samples. The combination of fine-
grained microstructure and higher survival of strengthening precipi-
tates likely contributed to their enhanced wear resistance. Favourable
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Fig. 7. The worn surfaces of pin samples at a load of 100 N and speed of
500 rpm: a—BM, b—SS-FSW, and ¢c—DS-FSW.

tribological conditions were achieved under lower loads and higher
speeds, where DS-FSW joints maintained stable friction and mini-
mized material loss.

3.3. Surface Analysis

Typical worn surface micrographs of BM, SS-FSW, and DS-FSW sam-
ples are shown in Fig. 7.

Abrasive wear is evident through scratches, ploughing marks, and
plastic deformation along the sliding direction, further aggravated by
wear debris acting as third-body particles. Smooth smeared regions
indicate adhesive wear, while dark oxide layers suggest oxidative wear
due to frictional heating. These mechanisms were observed in all sam-
ples tested at 100 N load and 500 rpm. However, DS-FSW samples
showed fewer grooves and lower weight loss, demonstrating reduced
wear severity, consistent with their minimum specific wear rate values
presented in Fig. 6.

3.4 Optical Microscopy

Representative micrographs of the base material and weld zones are
given in Fig. 8. The base metal showed large, elongated pancake shaped
grains (Fig. 8, a), typical of hot-rolled 7000 series alloys. In contrast,
the weld nugget displayed fine equiaxed grains (Fig. 8, b), confirming
extensive dynamic recrystallization brought by frictional heating and
severe plastic deformation during FSW, in agreement with earlier re-
ports [17, 18]. Grain refinement in the nugget zone is a key factor con-
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Fig. 8. Typical microstructures: a—base material, b—WN-TMAZ interface,
and c—HAZ.

tributing to the reduced wear rate of the welded joints compared with
the base material.

The thermo-mechanically affected zone represents the transition
between the weld nugget and the heat-affected zone. In this region, the
tool induces elevated temperatures and partial plastic deformation,
resulting in elongated grains without recrystallization (Fig. 8, b).
Alongside the TMAZ, the HAZ experiences only thermal exposure,
leading to limited grain coarsening as shown in Fig. 8, c.

3.5. Transmission Electron Microscopy

Figure 9 illustrates the precipitate morphology of AA7075 in the T651
condition and within the TMAZ and HAZ. The base metal (Fig. 9, a)
exhibited two distinct classes of strengthening precipitates, consistent
with reports by Wert [27] and Lorimer [28]. Larger precipitates (40—60
nm) were identified either as Mg(Zn,, AlCu) or Mgs,(Al, Zn),, phases,
while smaller precipitates (10—15 nm) contributed significantly to the
alloy high strength. Precipitation hardening achieved through defor-
mation and artificial aging in the T651 temper conditions for the alloy
ultimate tensile strength of =600 MPa, compared with =200 MPa in
the annealed state.

The TEM micrograph of the TMAZ (Fig. 9, b) revealed partial disso-
lution of precipitates. While the larger particles remained largely unaf-
fected, the finer precipitates showed slight coarsening. In the HAZ
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Fig. 9. Typical TEM images showing precipitate morphology in a—base mate-
rial, b—TMAZ, and c—HAZ.

(Fig. 9, c), precipitates were uniformly distributed within grains, but
precipitate-free zones (PFZs) were evident along grain boundaries. PFZ
formation, widely reported in heat-treated AA7075 alloys, results from
dissolution of boundary-adjacent precipitates during heating and their
preferential re-precipitation along grain boundaries upon cooling.

TEM images of the weld nugget for SS-FSW and DS-FSW joints are
shown in Fig. 10. The thermal cycles during FSW, typically above the
solutionizing temperature but below the melting point, caused dissolu-
tion of strengthening precipitates, followed by partial re-precipitation
and coarsening (Fig. 10, a). In DS-FSW joint (Fig. 10, b), a higher den-
sity and slightly larger size of precipitates were observed compared
with SS-FSW, likely due to more favourable thermal conditions. The
greater retention of hardening precipitates in DS-FSW explains its
superior wear resistance.

4. CONCLUSIONS

1. AA7075-T651 aluminium alloy plates (10 mm thick) were success-
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200 nm

Fig. 10. Transmission electron micrographs of the WN: a—SS-FSW b—DS-
FSW.

fully joined using single-side and double-side friction stir welding, and
their wear performance was systematically evaluated.

2. DS-FSW joints exhibited superior wear resistance, reflected in less-
er friction coefficients and specific wear rates than both the base mate-
rial and SS-FSW joints. This improvement is attributed to dynamic
recrystallization and enhanced retention of hardening precipitates in
the weld nugget.

3. Friction coefficient and specific wear rate improved with applied
normal load but decreased with sliding speed.

4. Microstructural analysis showed elongated grains in the base metal,
refined into equiaxed grains in the weld nugget. The TMAZ contained
plastically deformed grains, while the HAZ preserved the base metal
structure with limited grain coarsening.

5. TEM observations confirmed dissolution and coarsening of precipi-
tates in weld nugget, with DS-FSW promoting higher precipitate re-
tention compared with SS-FSW, thereby contributing to improved
wear behaviour.
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