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NAS RK is pleased to announce that News of NAS RK. Series of geology and technical
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by Clarivate
Analytics to be accepted in the Science Citation Index Expanded, the Social Sciences Citation
Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of
Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of geology and technical
sciences in the Emerging Sources Citation Index demonstrates our dedication to providing the
most relevant and influential content of geology and engineering sciences to our community.

KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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MULTILAYER STRUCTURE FORMED
IN DIFFUSION ZONE OF Al-Co AND Al-Ni SYSTEMS

Abstract. The Diffusion Zone (DZ) of Al-Co and Al-Ni systems using the diffusion couple method was stu-
died. The microstructure and element composition of samples were studied in cross-sectional geometry by mean of
Scanning Electron Microscopy and Electron Probe Microanalysis (SEM/EPMA) and X-rays diffraction. After
isothermal treatment in the range between 1000°C and 1375°C the multilayer intermetallic structure has been for-
med. It was shown that the diffusion couples method demonstrates its efficiency in comparative experiments having
cross-sectional geometry. Depending on the established concentration of components in DZ several layers of
different phase composition have been formed. The well-known intermetallics having constant compositions were
detected: AlyCo,, Alj;Coy4, Alz;Co, AlCo, AlsCo,, as well as Al3Nis, Al4Ni;, AINi, AINi;. New compounds having
variable composition were revealed. For of Al-Co system, these four layers were detected after treatment at high
temperature (1300-1375 °C): Aly;Coq (78.72 at.% Co), Aly,Cose (55.69 at.% Co), AlyCogy (79.55 at.% Co), and
Aly;Cos; (73.29 at.% Co). For of Al-Ni system, the corresponding layers having clear boundaries were detected:
A151Ni49 (4907 at.% Nl), A136N164 (6406 at.% Nl), A130N170 (6962 at.% Nl), and A132N16g (6786 at.% Nl)

Similar structural features in multilayer DZ in both systems (porosity, dendrites, and shift of intermetallics
having constant composition to higher temperatures), as well as evidence of changes in local densities not only for
different layers, but also within one layer, can contribute to specification of application of both systems to AM.

Keywords: diffusion couple, scanning electron microscopy, electron probe microanalysis, X-rays diffraction,
diffusion zone, multilayer structure, intermetallics.

Introduction. In case of study of pattern and structure of diffusion zone (DZ) the diffusion couple
method can facilitate to disclose the character of element distribution and conditions for the formation of
intermetallic layers. This method is based on the close contact between two metals followed by the heat
treatment at the corresponding temperature for the period of time sufficient to provide the diffusion re-
distribution of elements. It is expected that DZ will contain all phases in that subsequence, which is
observed for them in the corresponding phase diagram at the given temperature. Therefore one can
evaluate the fragments of phase diagrams through measurements of component concentration in each
layer.

The concentration discontinuity is considered as the boundary line between on-phase areas in the
diagrams. Adjacent phases in layers are considered ones having equilibrium with each other [1]. The DZ
method can be also applied for practical purposes, e.g., to enhance the oxidation resistance of Ni-super-
alloys using NiAl-diffusion coatings [2]. In the most of binary systems, the mutual diffusion is accom-
panied by the formation of phases: solid solutions existing in the limited range of concentrations,
intermetallic phases having the strictly constant composition (stoichiometric compounds, i.e., daltonides),
or with variable composition (non-stoichiometric compounds, i.e., berthollides) [1]. From point of view of
concentration localization of the berthollides takes the intermediate position between solid solutions and
daltonides [1 Page 229, 3].
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Regardless of the fact that Al-Co and Al-Ni systems are well-studied in a number of original works
nevertheless new phases are still discovered for them (including the phases having variable compositions)
[3-4].

The knowledge on temperature-time conditions for the creation of new intermetallic phases can be
laid into the basis for updated methods of the powder intermetallics metallurgy for broad application. It
should be noticed that the powder intermetallics metallurgy obtains good prospects along with rapid
development of addictive manufacturing (AM) [5-7]. AM has a great potential in drastic reduction of costs
in the manufacturing of parts in the aircraft industry, power plant industry, instrumentation manufacturing
industry, i.e., in every branch where items having sophisticated geometry are used. In this context, the
intermetallics inevitably will find their application in AM. It is very true from point of view of high prices
on intermetallics; it is not appropriate to permit any substantial wastes of expensive intermetallics.

The goal of this work is to compare the formation of multilayer DZ structures formed between
aluminium and cobalt as well as between aluminium and nickel.

Materials and experimental methods. The diffusion couple method has been applied to Al-Co and
Al-Ni systems. Experimental details for this method are shown in [8, 9]. Samples were prepared at tem-
peratures of isothermal treatment from 1000 °C to 1375 °C with duration from 1 to 4 hours. The initial
materials were used as follows: high-grade aluminium (99,99 % Al), commercial cobalt (99,98 % Co), and
nickel (99,80% Ni) in form of plates having masses up to 30 g. SEM/EPMA studies were performed on
JXA-8230 (JEOL) at magnifications from X75 to x1,000 using the original software EPMA. Element
composition of phases formed in DZ was determined by means of the spot, multipoint, and linear
detection techniques using energy-dispersion spectrometry (EDS) and wave-dispersion spectrometry
(WDS) demonstrated a high reproducible data obtained.

X-rays measurements were performed on a Bruker D8 Advance diffractometer operated at 40 kV
voltage and 40 mA current using Cu Ko radiation (A = 1.5406 A). Software EVA has been used to process
XRD patterns and to compute the interplanar distances. Interpretation of samples and phase searching
were performed by means of the software Search/Match using the Powder Diffraction Database PDF-2.

The modern phase diagrams for Al-Co and AI-Ni systems are not final ones; they are under
permanent detailing [10-13]. Therefore widely using data taken from scientific-technical handbooks [14-
17] become quickly out of date. For this reason, in this work, the data references taken from PDF-2
updating database were used.

Results of study and their discussion. The cross-section pattern of DZ has the following peculia-
rities: DZ having two or more phases the corresponding layers (as structural fragments) have different
concentration profiles. In other words, there is DZ containing several layers having different contract in
the image of back-scattered electrons (figure 1).

A

Solid Solution

(a) Al-Co,1350 °C, 1 h (b) AI-Ni,1300°C, 1 h

Figure 1 — Layers in DZ
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In-depth sequences of phase formation (in temperature scale) in Al-Co system were reported in
details in [9]. At 1350 °C all observed compounds represent were identified from a highly diluted solid
solution of Al in Co to Alg;Cos;. The following intermetallic phases having constant composition were
observed in Al-Co system: AlyCo, Al;3Co4, CoAl; Alj3Co, and AlCo [9]. However, there are observations
when layers have variable compositions.

Figure 1 (a) shows microphotography of sample after treatment at 1350 °C where DZ contain four
layers with clear border lines, contrast, and characteristic structure. From Cobalt side, the layers are
seemed more homogenous with “smooth” boundaries whereas next layers (to Aluminium side) have more
irregular boundaries with the appearance of certain dendrites. These layers were identified as compounds
with variable composition: Al,;Co7y (78.72 at.% Co), AlysCose (55.69 at.% Co), Al,(Cogo (79.55 at.% Co),
and Al,;Co7; (73.29 at.% Co). The similar pattern was also observed after other treatments at high tem-
peratures 1300-1375 °C. It should be noted that new similar compound for Al-Co system with non-
standard formula was obtained in case of alloying of a mixture of Al powder with intermetallic AlyCo, [4].
Presumably, these compounds should be referred to berthollides [18].

Similar approach was used to identify intermetallic phases having constant and variable compositions
in Al-Ni system: daltonides - AI;Ni, Al;Ni,, AI3Nis, Al4Ni;, AINi, and AlNi;; berthollides — AlsNiyg
(4907 at.% Nl), A136Ni64 (6406 at.% Nl), A130Ni70 (6962 at.% Nl), and A132Ni68 (6786 at.% Nl)
Dendrites were also observed in Al-Ni system (see figure 1 (b)) between Al;Nis and pure nickel.

It should be noticed that common feature for both systems was the well-developed porosity in certain
layers of DZ.

All observed intermetallics having constant compositions in Al-Co and AI-Ni systems after all
isothermal treatments are compiled in table 1.

Table 1 — Intermetallics in Al-Co and Al-Ni systems

Intermetallics Landolt-Bornstein [11-12] Temperatures, °C Ref.
AlyCo, 17.97 at.% Co 700 [17]
Al;3Coy 23.19 at.% Co 800 [18]
Al;Co 24.93 at.% Co 800, 900 [19]
AlsCo, 28.26-29.13 at.% Co * 1150,1200%*, 1350%*, 1375%* [20]

AlCo 50.00 at.% Co * 1150,1200, 1300, 1350, 1375 [19,21]
AL;Ni 25.78 at.% Ni * 1300%* [22]
Al;Ni, 40.00 at.% Ni * 1300 [23]
ALNi; 41.39-45.04 at.% Ni 1300%*, 1350** [24]
AINi 50.00 at.% Ni * 1250,1350 [23]
Al3Nis 63.51-68.07 at.% Ni * 1250%*, 1300%*, 1350** [25]
AlNi; 74.00 at.% Ni 1250,1350 [23, 26, 27]
Note. *Phase has been confirmed by X-rays measurements.
**The corresponding phase diagram does not have this phase at given temperature.

Table 1 demonstrates that experiments have resulted in all intermetallic compounds existing in the
corresponding phase diagrams for Al-Co and Al-Ni systems. Some of these compounds were detected in
those areas of phase diagram where they have not been determined before. It means that the diffusion
couple method applied to Al-Co and AI-Ni systems has resulted to shift to higher temperatures of
formation (or/and existence) for certain intermetallics in both systems. It is necessary to note that from a
methodical point of view the discrepancy between experimentally EDS measurements and concentrations
shown in Landolt-Bornstein database for each intermetallic compound [11, 12] does not exceed 0.5 at.%.

X-rays measurements confirmed the accuracy of identification of intermetallics having constant
composition in DZ for both systems (figure 2).

However, some of the intermetallic layers were too small to be identified by means of X-rays pattern
presumably because of its insufficient sensitivity.
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Figure 2 — Examples of X-rays patterns for Al-Co and Al-Ni systems

The most of samples reveal the normal element distribution in form of concentration steps on cross-
sectional profiles of DZ (Figure 3 (a) and (b)). However, there are some examples of abnormal element
distribution (figure 3 (c)) where one berthollide layer enriched with aluminium has two adjacent
berthollide layers having lower Al concentration.

There is another important peculiarity in DZ element profiles: changes in component concentrations
occur in a non-proportional manner. It is apparent that minor changes in concentration profile of Ni (or
Co) correspond to more drastic changes in Al concentration profile. It is more evident when more
sensitive method — WDS linear analysis — has been applied. Non-proportional changes take place not only
in the area of concentration jumps (at the boundaries between layers), but also within one layer. To
exclude the effect of absorption of characteristic X-rays on concentration profiles the re-measurements
were performed using Kg(1) lines of cobalt and nickel instead their regular K,(1) lines. Behaviour of
concentration profiles was pretty same. Smooth and non-proportional changes in concentration profiles
should be associated with the ability of studied intermetallics to vary their component concentrations and
local density.

Similar features in structure of multilayer DZ in Al-Co and Al-Ni systems as well as general beha-
viour of their component concentration profiles could be associated with certain property (or properties)
inherent to both systems. These systems are recognized as ones having omission solid solutions; therefore
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Figure 3 — Element profiles in depth of DZ obtained by means of multipoint and linear EDS and WDS microanalysis

some special phenomena such as maxima in dependences of lattice parameters and density on component
concentrations as well as structural defects [3 Page 232-233] can be also expected in multilayer DZ in

both systems.

Conclusions. It was confirmed that diffusion couple method is efficient in comparative cross-
sectional experiments on identification and characterization of phases formed in multilayer DZ in Al-Co
and Al-Ni systems. Parallel with well-known intermetallic phases having constant composition new
compounds having variable compositions were revealed — in fours for each system: (78.72 at.% Co),
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Aly4Cosg (55.69 at.% Co), Aly,xCogp (79.55 at.% Co), and Al,;Coz; (73.29 at.% Co); AlsNig (49.07 at.%
Nl), A136Ni64 (6406 at.% Nl), A130Ni70 (6962 at.% Nl), and A132Ni68 (6786 at.% Nl)

Similar structural features in multilayer DZ in both systems (porosity, dendrites, and shift of inter-
metallics having constant composition to higher temperatures), as well as evidence of changes in local
densities not only for different layers, but also within one layer can contribute to the specification of
application of both systems to AM.

This work has been implemented in the framework of Governmental Order on Programme: “Grant
Funding for Scientific Research (Grant # 203/1 Nel196/GF4) “Creation of basis for manufacturing of
high-strength and refractory intermetallic superalloys and the basis aluminides using powder metallurgy
methods (2015-2017)”
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I. M. Mi6paesa’, b. M. Cykypos', P. K. Ay6akuposa', }0. H. Mancypos®

'«Kep Typabl FHLIBIMIAP, METAILTYPrHs KoHe KeH Oaitbity opTansirsiy AK, Anvarsr, Kasakcran,
2Mecmy 0oat >xoHe KOpBITIajIap HHCTUTYTH, Mockey, Peceit

Al-Co JKOHE Al-Ni )KYWUEJIEPIHIH, JU®®Y3UATBIK AMMAFBIHBIH KO KABATTBI KYPBLIBIMbI

Annoranus. Kywmreicta Tydicneni 0ankeity onicimer Al-Co sxone Al-Ni xylienepinia qudy3nusiiplk aiiMarst
3epTTelireH. MUKPOKYPBUIBIMbBI )KOHE 3JIEMEHTTIK KypaMbl YITUIEp/AiH KOJICHEH KUMAChIHIA PAacTPIIbIK 3JIEKTPOH-
JIBIK MHUKPOCKOIIUS JKOHE pEeHTreHocneKTpanasl Mukpotangay (POM-PCMA) xoHe ne peHTreH IudpaKkTOMeTpHs-
cerablH (PJ]) xemerimen 3eprrenmi. Mzorepmusuielk y3akTeikTan kedin 1000-1375°C apaneifbiHAa MHTEPMETAN-
JUITEPIIH Ker KadaTThl KYpPbUIBIMBI KaJbInTacThl. TyiicKeH aiiMakra mMeTaijap/blH IIOFbIpiIaHy OenriciHe Kapai
(hazanblk Kypambl apTypuii OipHeie KabaTrap Kypbuiansl. nddy3usibk aiiMakTa KypaMmbl TYPaKThl Oenriii uHTep-
Metauaarepain AlyCo,, AljzCo4, Al;Co, AlCo, AlsCo,, xone me AlzNis, AlyNiz, AINi, AINi;. Ty3inyi Ty#icneni
OankpITy omiciMeH pactanabl. CabICTBIPMAIIBl TOHKIPUOCHIH KOJIJACHEH KMMa Ie€OMETPHSChIHIA TYHICIeai OaaKbITy
Q/IICIHIH KOJIAMJBIFBl KOPCETUIreH. AybICIaibl Kypambl 0ap jkaHa KocbuibicTap aHbIKTanasl. Al-Co xyitecinne »xo-
raprbl Temreparypaiap aimMarbiaga 1300-1375 °C Al Coqg (78.72 ar.% Co), AlyyCose (55.69 at.% Co), AlyCog
(79.55 ar.% Co) xone Aly;Co7; (73,29 at.% Co) TypaTbIH Kypambl aybICialibl TOPT KOCBUIBIC aHBIKTANB. a1 conai
Al-Ni xy#ecinze e HaKThI IeKapanapsl MeH THicTi Kabartapsl 6ap Als;Nig (49.07 at. % Ni),) Al3¢Nigs (64.06 at1.%
Ni), Al3pNiz (69.62 aT.% Ni), Al;)Nigg (67.86 at.% Ni) aHBIKTaIIBL

JKanmer KypbUTBIMIBIK epeKIIelikTepi Ko KadbarTel nudy3usuiblK aitMak eki xyheHi (keyekTinik, pecTtoHmap
JKOHE KYpaMBbl TYPAKTHl HHTEPMETAIUTAATI (hazanmapablH KOFaphl TEMIIEpaTypara BIFBICYBI) COHIAN-aK op KEepPriuTiKTi
THIFBI3IBIKTHIH KYQNIKTI €3repyl Typii KabaTTapablH FaHa eMec, Oip KaOaTTBIH INETiHAe Ie aATUTHBTI TEXHOIO-
THSIHBIH KOJIZIAHYbIHA HAKTHI YJIEC KOCYbl MyMKIH

Tyiiin ce3mep: Tyificrieni OaNKpITy, PacTpibIK 3JIEKTPOHIBIK MUKPOCKOIHUS KOHE PEHTICHOCHEKTPAJIbl MHK-
porainjay, peHTreH qudpakroMeTpusicbl, AP Py3usIIBIK aiiMak, Kol KadaTThl KYPbUIbIM, HHTEPMETAIUIUATED.

I. M. i6paesa’, b. M. Cykypos', P. K. Ay6akuposa', }O. H. Maucypos®

'AO "Huctutyt Meramnypriu 1 O6oramenns", Anvarsl, Kazaxcran,
MockoBcKuii Wucturyt Cramm u CrmaBo, Mocksa, Poccus

MHOI'OCJIOMHAS CTPYKTYPA JJU®DY3IUOHHOMN 30HbI CUCTEM Al-Co M Al-Ni

Annotanusi. B pabore meronom muddy3noHHbx map nccnenosana quddysnonnas 3oHa ([3) cuctem Al-Co n
Al-Ni. MEKpOCTPYKTYpa 1 3JIEMEHTHBIN COCTaB 00pa3lOB N3yUYeHHI B ITONIEPEYHOM CEUCHHH C IIOMOIIBIO PACTPOBOH
3JIEKTPOHHON MHUKPOCKOIINH, PEHTI€HOCHEKTPaIbHOro MuKpoanainniza (POM-PCMA), a Taxke ¢ MOMOIIBbIO PEHTIe-
HoBcko mudpaxromerpun (P). ITocne msorepmudeckoii Boiiepxkku oT 1000°C no 1375°C cdopmupoBaace MHO-
TOCIJIOWHAsl CTPYKTypa MHTEPMETAUTNIOB. B 3aBHCMMOCTH OT yCT@HOBHMBILEHCS KOHIIEHTPAMU KOMIIOHEHTOB B /I3
00pa3yroTCcsi HECKOJIBKO CIIOEB PA3IMYHOTO (Pa30BOTO COCTaBa. Y CTAaHOBJICHO 00pa30BaHNE M3BECTHBIX MHTEPMETAN-
JUIOB TIOCTOSIHHOTO cocTaBa B J[3 cucreM, crmaBieHHBIX MetoaoMm auddysuonusx map AlyCo,p, Alj3Co4, Al;Co,
AlCo, AlsCo,, a Takke Al3Nis, Al4Niz;, AINi, AINi;. [lokazano, uTo MeTox T Py3nOHHBIX TIap Y3PPEKTHBEH B CPaB-
HHUTEJIBHBIX 3KCIIEPUMEHTAaX B T€OMETPHHU IOMNEPEYHOrO CEUECHUs. BBISABIECHBI HOBBIE COEANHEHUS IEPEMEHHOTO CO-
craBa. B cucteme Al-Co B obmactu Beicokux Temmepatyp 1300-1375 °C BeisiBieHsl 4eTsipe Takux cios: AlyCoqg
(78.72 at.% Co), AlysCose (55.69 at.% Co), AlyyCogg (79.55 at.% Co) u Al,,Co7; (73,29 ar.% Co). B cucreme Al-Ni
TaKKe 0OHapyKeHbI COOTBETCTBYIOLINE CJIOH ¢ YeTKUMU rpaHuiamu: AlsNig (49.07 at.% Ni), Alzg Nigy (64.06 at1.%
Ni), Al3pNizg (69.62 ar.% Ni), Al Nigg (67.86 at.% Ni).

OO01me CTPyKTypHBIE 0COOEHHOCTH B MHOTOCIOMHBIX JI3 00eux cucteM (IOpPHCTOCTh, (DECTOHBI U CIBUT H3-
BECTHBIX MHTEPMETAJUIUIHBIX (pa3 MOCTOSHHOrO cocTaBa K 00Jiee BHICOKMM TEMIIEpaTypaM), a TaK)Ke CBUAETEIIbCTBA
WN3MEHEHHS JIOKAJIbHOM TUNIOTHOCTH HE TOJIBKO JUISl Pa3HBIX CJIOEB, HO M B IpejesiaX OQHOTO CJIOS MOTYT BHECTH BKJIa]
B JICTAJIM3ALUIO IPUMEHEHHS 3TUX CHCTEM B aJJUTUBHBIX TEXHOJOTHSX.

KnroueBnble cioBa: muddysnonHas napa, pacTpoBasi JJIEKTpOHHAs MUKPOCKOIIHS, PEHTI€HOCTIEKTPAJIbHBIA MHUK-
poaHaIM3, peHTreHOBCKas qudpaxromeTpus, Anpdy3noHHas 30Ha, MHOTOCIIONHHAS CTPYKTYPa, HHTEPMETAIUIHIBI.
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