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MULTILAYER STRUCTURE FORMED
IN DIFFUSION ZONE OF Al-Co AND AI-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,, Alj3Co4, Al;Co, AlCo, AlsCo,, as well as AlzNis, AlyNi;, 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 OC): A121C079 (7872 at.% CO), A144C056 (5569 at.% CO), AlzoCOgo (7955 at.% CO), and
Al»,Cosz (73.29 at.% Co). For of Al-Ni system, the corresponding layers having clear boundaries were detected:
Al51Ni49 (4907 at.% Nl), A136N164 (6406 at.% Nl), A130N170 (6962 at.% Nl), and A132N168 (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, ¢.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.¢., daltonides),
or with variable composition (non-stoichiometric compounds, i.¢., 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 lincar
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 Ka radiation (. = 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 modemn phase diagrams for Al-Co and AIl-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-
ritics: 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).

Solid Solution

(a) Al-C0,1350°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 Als;Cos;. The following intermetallic phases having constant composition were
observed in Al-Co system: AlyCo, Al;3Co, 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: Aly;Coye (78.72 at.% Co), AlyCoss (55.69 at.% Co), AlyCoso (79.55 at.% Co),
and Al;Cor; (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 AloCo, [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 - AINi, Al3Ni,, Al3Nis, Al4Nis, AINi, and AlNi;; berthollides — Als1Nigo
(49.07 at.% Ni), AlyNig, (64.06 at.% Ni), Al;Niyy (69.62 at.% Ni), and Al;Nig (67.86 at.% Ni).
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 Al-Ni systems after all
isothermal treatments are compiled in table 1.

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

Intermetallics Landolt-Bomstein [11-12] Temperatures, °C Ref.
Al,Co, 17.97 at.% Co 700 [17]
Al;3Coy 23.19 at.% Co 800 [18]

AlCo 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]
ALNiI 2578 at.% Ni * 1300%* [22]
ALNi, 40.00 at.% Ni * 1300 [23]
ALNi; 41.39-45.04 at.% Ni 1300%*, 1350** [24]
AINi 50.00 at.% Ni * 1250,1350 [23]
ALNi; 63.51-68.07 at.% Ni * 1250%%*, 1300%*, 1350%* [25]
AINi; 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 Al-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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Al Coss (55.69 at.% Co), Al,Coso (79.55 at.% Co), and Aly;Coz; (73.29 at.% Co); Als;Niy (49.07 at.%
Ni), AlzsNig, (64.06 at.% Ni), Al;oNig, (69.62 at.% Ni), and Al;,Nigg (67.86 at.% Ni).

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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Al-Co KOHE AI-Ni JKYHEJEPTHIH JHODY3USIBIK ANMAFBIHEIH KOII KABATTBI KYPELILIMEL

Annoramus, XXymeicra tydicmeni 0ankeity omicimeH Al-Co sxone Al-Ni xyitenepidid u@Qy3uaablk aitMarsl
3eprTesreH. MUKPOKYPBUIBIMBI JKOHE 3IEMCHTTIK KYpPaMbl YITLICPAIH KOJIICHECH KHMACBIHAA PACTPIBIK 3ICKTPOH-
JBIK MHKPOCKOIIHS KOHE PEHTICHOCTIEKTpaiasl Mukpotanaay (POM-PCMA) xoHe ¢ peHTreH audpaxroMeTpus-
cerbH (PJl) xemeriMeHn seprremai. M30TepMuANBIK Y3aKTHIKTAH KeHiH 1000-1375°C apamsFbslHAa HMHTCPMETA-
TUITCPOIH KOT KA0ATThl KYPBUIBIMBI KATbMTACThl. TYHICKCH aiiMaKTa METATAApABIH IMOFBIPIAHY OC/riciHe Kapai
(hazambIk Kypambl opTypii OipHeme kKadarrap Kypbuiaasl. JAuddy3usamblk aliMakTa KypaMbl TYPAKTEI OC/ITii HHTEP-
vetammarepair AloCo,, Alj3Coy, AlCo, AlCo, AlsCos,, mone me AlzNis, AlyNis, AINi, AINi;. Ty3imyi Tyhicnem
OamkpITy omiciMeH pactanasl. CajbICTRIPMANBEI TOXKIPHOCHIH KOIICHCH KHMA TCOMCTPIACHIHIA TYHICHCNT OaTKbITY
OMICIHIH KONAHIBIFBI KOPCETIATeH. AybICIalbl KypaMsl 0ap kaHa KochuibicTap aHbIKTanasl. Al-Co xyleciHnme sko-
Faprel Temmeparypamap aimmareiaga 1300-1375 °C Aly Coqo (78.72 at.% Co), AlyCose (55.69 ar.% Co), Al,Cogg
(79.55 ar.% Co) xone Aly,Cor; (73,29 at.% Co) TypaThiH KYPaMBI ayBICHAITBI TOPT KOCBLIBIC AaHBIKTAIIBL 1271 comait
Al-Ni xxy¥eciHae A¢ HAKTHI MCKApaIapsl MCH THICTI KabaTrTapsl 0ap Als; Nigo (49.07 at. % Ni),) AlzNig, (64.06 at.%
Ni), AlzNiz (69.62 at.% Ni), Al3;Nigg (67.86 at.% Ni) aHBIKTATABL

JKamme! KypRIIBIMIBIK SpEKINETiKTepl Kol KadarTel Au()(y3HsuIbIK aiiMak €Ki >KyHeHI (KEYCKTIK, (ecTOHmap
JKOHE KYPaMBI TYPAKThl HHTEPMETAIHMATI (pa3amapabIH >KOFAPBI TEMIIEPATYPAFa BIFBICYBI) COHMAN-aK 9P *KEPTLTIKTI
THIFBI3ABIKTBIH KYQIIKTI €3repyi Typi KabaTTtapAblH FaHa eMec, Oip KaOaTTHIH IIETIHAE A€ aJAWTUBTI TEXHOJO-
THSHBIH KOJIAAHYbIHA HAKTHI YJIEC KOCY Bl MYMKIH

Tyiiin cezaep: Tyificneni OanKbITy, PaCTPIBIK 3ICKTPOHIBIK MHKPOCKOIHS JKOHE PEHTTCHOCTIEKTPAIIb MHK-
porannay, peHTIeH Ju(pakroMeTpusichl, Tu( Gy 3HUIBIK aliMaK, K6l KadaTThl KYPhUIbIM, HHTEPMETAILTHATED.

I. M. HiGpaera', b. M. Cykypos, P. K. Ay6akuposa’, FO. H. Mancypos®

'AO "HuctutyT Meramtyprun n O6oramerus”, Amvarst, Kazaxcran,
*MoCKOBCKHI Hncruryt Cramn u CrutaBos, Mocksa, Poccus

MHOTOCJOMHAS CTPYKTYPA JTA®D®Y3ZHOHHOMN 30HbI CHCTEM Al-Co B AI-Ni

Annortamus. B pabote meromom au((y3nOHHBIX Hap uccnexosana muddysunonnas 30Ha ([3) cucrem Al-Co u
Al-Ni. MHKPOCTPYKTYPa U 3JEMEHTHBIN COCTaB 00PA3LOB H3YUCHBI B IMOTIEPEYHOM CECUCHHH C TIOMOIIBIO PACTPOBOH
3JICKTPOHHOH MHKPOCKOIHH, PCHTTCHOCTICKTPANIbHOTO MuKpoanamn3a (POM-PCMA), a Takke ¢ MOMOIIBIO PCHTTC-
HOBCKOH mudpaxkromerpun (P/). TTocae m3oTepmutdeckoit Beraepxkku ot 1000°C mo 1375°C copmupoBanacs MHO-
TOCJIOMHAA CTPYKTYPa HHTCPMCTAUTMAOB. B 3aBHCHMOCTH OT YCTAHOBHBIICHCSA KOHICHTPAIMH KOMIOHCHTOB B /13
00Pa3yrOTCsl HECKOJIBKO CJIOCB PA3IHYHOTO (ha30BOTO COCTaBA. YCTAHOBICHO 00PAa30BAHUC M3BECTHBIX HHTEPMETAN-
JTHIOB MOCTOAHHOTO cocTaBa B /I3 cucTeM, CIUTABICHHBIX MeToaoM au((y3monHsx map AlyCo,, Alj3Cos Al;Co,
AlCo, AlsCo,, a Tarke Al3Nis, ALLNis, AINi, AINi;. ITokazano, uro Metox audy3noHHBIX Map 3QdexTHBeH B Cpas-
HUTCITBHBIX SKCIICPHMCHTAX B TCOMCTPHH MOMCPCYHOTO CCUCHHA. BBHIIBICHBI HOBBIC COCIUHCHHS MEPCMCHHOTO CO-
crasa. B cucteme Al-Co B 00mactu Bricoknx Temmeparyp 1300-1375 °C BeiaBicHBI 4eTHIPE Takux closa: Aly Coqg
(78.72 at.% Co), Al4Coss (55.69 at.% Co), Al,Cog, (79.55 at.% Co) u Al,,Co; (73,29 at.% Co). B cucteme Al-Ni
TaKKe 0OHAPYIKCHBI COOTBCTCTBYOIIUC CI0H ¢ YeTKHMH TpaHunaMu; Als;Niy (49.07 ar.% Ni), Al Nig, (64.06 at.%
Nl), A130N170 (6962 ar.% Nl), A132N168 (6786 ar.% Nl)

OO0mue CTPYKTYpHBIC 0COOCHHOCTH B MHOTOCTIOHHBIX JI3 00CHX CHCTEM (MOPHUCTOCTH, (DECTOHBI M COBHT H3-
BCCTHBIX HHTCPMCTALTHAHBIX (Da3 MOCTOSHHOTO COCTaBA K 00JICE BRICOKHM TCMIICPATYPaM), a TAKKS CBHACTCIBCTBA
H3MCHCHHSA JIOKAJIBHOM IIOTHOCTH HE TOJIBKO JJIS PA3HBIX CJIOCB, HO M B MPEACIAX OJTHOTO CJI0S MOTYT BHCCTH BKJIAJ
B ACTATH3ALHIO MPUMCHCHHS 3THX CHCTEM B ATHTHBHBIX TCXHOJIOTHAX.

Kirouepnie ciroBa: mu(Qy3HOHHAS Mapa, PacTPoBas 3ACKTPOHHAS MHUKPOCKOMHS, PCHTTCHOCTICKTPAIBHBIN MHK-
poaHaIH3, PSHTTCHOBCKAA Au(pakToMeTprs, Tu(y3HOHHAS 30Ha, MHOTOCIIOWHAS CTPYKTYPA, HHTCPMCTAJLTAIBL.,




