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Abstract. Scanning electron microscopy, electron probe microanalysis, X-rays diffractometry, and microhardness
measurements were used for studies of diffusion zones in systems Al-Ti, Al-Co, and Al-Ni formed by means of diffusion couples
method in a temperature range of 1,300-1,350 °C. It was shown that diffusion zones have the multilayer structure with numerous
peculiarities. For a number of intermetallic compounds formed in all three systems there were revealed their temperature shifts
using the electron probe microanalysis methods and confirmed with X-rays diffractometry. The correlation between the
individual intermetallic layers and their microhardness numbers are not always evident. For some aluminides the microhardness
can reach 7,060 + 1,200 MPa (in globular area of TisAl1; and TiAl) and 4,938 MPa (in multilayer area of titanium aluminide
TiAly). For very thin (about 10 um) layers in multilayer area the microhardness has been measured in the first time 4,000 MPa
(TiAl) and 4,450 MPa (TisAl). The obtained microhardness numbers demonstrated reasonable coincidence with previous
published results. Microhardness in Al-Ni system was measured as 5,200 + 500 MPa (for B-NiAl) and 5,300 + 860 MPa (for y'-
NisAl). For cobalt aluminide CoAl from Al-Co system the microhardness showed numbers 3,900 =200 MPa, whereas for CoAls
it was higher up to 6,600 MPa. The intermetallic compound y’-NisAl considered as the most interesting from practical point of
view had small (up to 10 um) width whereas the next layer NizAls had the wider (100 um) width. There were also revealed some
globular TisAli; having thin shells which consist of intermetallic TisAl..

Keywords: intermetallic phases, aluminides, microstructure, scanning electron microscopy, electron probe microanalysis,
microhardness.
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HHUKEJIb, TUTAH )KOHE KOBAJIBT ATIOMUHUATEPIHIH MUKPOKYPBIJIBIM/IbIK EPEKIHEJIIKTEPI

Tyiiinaeme PacTpiblK 31eKTPOHIBIK MHKPOCKOIMS KOHE PEHTT€HOCTICKTPAIAbl MHKPOTalay KOMETiMEH, PEHTIeHMIIK IM(PaKTOMETpHs KoHE
MHKPOKATTHUTBIKTHI ouiey apkbuibl Ti—Al, Co-Al sxone Ni—Al sxyitenepingeri 1300-1350°C temmeparypanap apanbiFbiiaa AnGdy3HsIIbK KYITacy
omiciMeH anbiHFaH AUGQY3UIIBIK afiMakTap 3eprrenreH. Juddys3usblk aliMakra KenTereH epekuienikrepi Oap Kypueni KemkadaTThl KYpBUIBIM
Ty3inreH. WHTepMeTammuaTi KOCBUIBICTAp/ABIH OipHeNIe TYpiHIH TeMIlepaTypablK KO3FAJBICHI PACTPIBIK 3JIEKTPOHABIK MHKPOCKOIHS JKOHE
PEHTTE€HOCTIEKTPaJ/Ibl MHUKPOTAJIay KOMETiMeH pacTajjibl. MUKPOKATTHUIBIK KOPCETKILITEpiH jXKeKe KabaTTapMeH OailTaHBICTBIpYFa MYMKIHIIK
apkesne Ooma Oepmeni. XKeke aliMakTarbl TYHIpIIIK TOpi3Ai HHTEPMETAUIMATED YIIiH MUKPOKATTBUILIK 7060 £ 1200 MIla kypansl, an kernkadaTThl
aiimakrarsl TiAl, THTaH anroMUHNIHIE MUKPOKATTEUIBIFEI 4938 MIla kepcerti. CoHbIMEH Oipre KenKabaTThl aiiMaKTaFbl eHi eTe jkyKa (1mamamen 10
MKM) OOJIBIN KeJEeTiH HHTEPMETAJUTUATEePIiH MHUKPOKATThUIbIKTaphiH: 4000 MITa (TiAl) u 4450 MIla (TizAl) enmey icke acTbl. MUKPOKATTBLIBIK
KOpCeTKiITepi d9mebuerTeri aepekke3nepmen coiikec keiemi. Al-Ni xyitecirmeri MukpokatTsuiblk (B-NiAl ymrir) 5200 + 500 MITa sxome (y -NisAl
yurin) 5300 + 860 MIla apansirsiaaa Tabbutagsl. Al-Co xyitecinaeri kobansT amomuauaiHiH CoAl MukpokaTTeuisrsl 3900 +£200 MITa xepcerce, 1o
connaii CoAls amomuanarig kopcerkimi 6600 MIla xyparan. CoHBIH imIiHIE, MPAKTHUKAIBIK TYPFBIIAa MaHbBI3ABUIBIFEI KOFAphl OOJBIN KeNleTiH
uatepmeramumuATie v -NisAl eri 10 MkM Kypa, *xoHe 011 eHiHiH xanmakTeirsl 100 MkM-HaH Typatsii NisAls HHTEpMeTaIHATIH )KaHBIHIA OPHATACKAH.
JXKexke opranackan TisAll1 Ty#ipurik Topi3i HHTEpMETALTUATIH, chIPTKEI OeTi TigAl, HHTEpMeTauIHAIMEH KOMKepireHi OaiikaaraH.

Tyiiin ce3nep: nHTEpMeTAIIIHATI (hazaap, ATFOMUHUJTEP, MUKPOKYPBUIBIM, PACTOPIIBIK JIEKTPOH b MUKPOCKOII, PEHTTCHOCTIEKTPaJIIbl MUKPOTAJIZIAY,
MHKPOKATTBUIBIK.
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OCOBEHHOCTU MUKPOCTPYKTYPbI AIIOMUHNI0B HUKEJISI, THTAHA U KOBAJIBTA

Pe3rome. MeToamu pacTpoBOi 3JIEKTPOHHO MHKPOCKOIIHH, PEHTICHOCIIEKTPAIbHOI0 MUKPOAHAIHN3a, PEHTICHOBCKO# TH(PAKTOMETPUH U U3MEPEHHUSI
MHKpPOTBepIocTH Obln nccnenoBansl auddysnontsie 308b1 cucteM Ti—Al, Co-Al u Ni—Al, nonyuernsie MetooM AudGpy3HOHHBIX T1ap B HHTEPBAJC
temnepatyp 1300-1350 °C. YcranosneHo, 4to B qu¢y3noHHOH 30HE 00pa3yeTcs CI0KHAST MHOTOCIOHHAsI CTPYKTYpa CO MHOTUMH OCOOCHHOCTSIMH.
OOHapyXeHHBIE C IIOMOIIBIO PACTPOBOI AIEKTPOHHOI MUKPOCKOIUH, X PEHTICHOCIIEKTPAIFHOTO MHKPOAaHAIN3a TeMIIEPATypHbIE CABUTH UL Pia
HHTEPMETAJUTMIECKHX COSTHHEHHH MOATBEP)KACHBl PEHTIeHOBCKO#l audpakromerpueii. IlonmHas mnpuBs3ka MNOKAa3aHUE MHKPOTBEPAOCTH K
HMHTEPMETaJUIMIECKHM CIIOSM HE BCErJa MPeCTaBIIACh BO3MOXKHOM. JIJI OTAENBHBIX alFOMHHHIOB MHKPOTBEPAOCTh cocTaBisieT 7060+1200MIla
(rnoGyssipabIi yaactok TisAlyy u TiAl) u 4938 MIla (MHOrocioiHbBIH y4acTok amoMuHHI0B THTaHa TiAly). [Ipr 5TOM B MHOTOCIOMHOM y4acTKe
yIaJI0Ch OIPEIETUTh OKa3aHUsI MUKPOTBEPAOCTH B TOHKUX (mopsaka 10 mkm) ciosix: 4000MIla (TiAl) u 4450 MITa (TizAl). Ilony4ueHnsie moka3aHust
MHKPOTBEPIOCTH MPAKTHYECKH COBIAJAIOT C JINTEPATYPHBIMH HCTOUYHHKAMH. MHKpOTBeproCcTh B cucTeMe Al-Ni Haxoautes B nHTepBane ot 5200 +
500MIIa (quist B-NiAl) mimm ot 5300 + 860 MITa (st y'-NizAl). st cucremsr Al-Co amromuanz kobansta CoAl mokasain 3Ha4eHHs: MUKPOTBEPIOCTH
3900 + 200 MI1a, B To xe Bpemst wist CoAls ona cocrasisier 6600 MIla. B uactHOCTH, TaKo# Ba)KHBIH C IPAKTUYECKON TOUKH 3PEHHSI HHTEPMETAILTH ],
kak y'-NizAl, umeer mmpury 1o 10 MM n o6pasyercs psiiom co ciaoeM NigAls, kotopsiit cocrasiser 100 mxm. Taxke 06GHapYKEHO, YTO OTACIBHBIC
o6y TisAly; IMEIOT TOHKHE 000I0YKH, cocTosIHe u3 nHTepMeTamumaa TigAl,,

KuroueBble c10Ba: nHTEpMeTanyeckue (asbl, allOMHHHABIL, MHKPOCTPYKTYpa, PAcTpoBas 3JIEKTPOHHAs MHUKPOCKOIMS, PEHTICHOCHEKTPAIIbHBII

MUKpOaHaJIn3, MUKPOTBEPAOCTb.

Introduction. The developments of new
construction  materials, which have better
performance and cost-effective properties for
numerous units in different areas of application,
should result in relatively light compounds. They are
able to work in conditions of long-term thermal
cycling. Therefore these materials should have high
refractory properties, low density, and high
mechanical properties. Irregular-shaped and heavy-
duty items with unique and serial properties, e.g.
based on the titanium powders, are manufactured
using additive technologies. For these purposes
ductility and hardness of modern metallic and
intermetallic compounds can be modified using the
different heat treatments [1]. It seems that it is
impossible to raise resistance of metallic materials to
thermal shocks and thermo-cycling using the
traditional approaches for alloys [2].

Intermetallic compounds are considered as
having a great potential to improve operation
specifications for such heavy-duty conditions [2].
Today there are more than 1,500 intermetallic
compounds forming about 200 different crystal
structures [3]. The most prospective intermetallics
are as follows: phases AsB having cubic crystal
lattice, phases A3B having hexagonal crystal lattice,
aluminides of type MAIz and phases of type AB [3].
The best results in area of development of structural
refractory intermetallics were reached for titanium
aluminides [4]. Among the nickel aluminides one can
emphasize so-named y'-phase (NisAl). It appeared in
refractory superalloys and became attractive subject
in other systems [5]. Studies conducted on the cobalt
aluminides are just getting started [6]. Today the
diffusion couples technique is the effective to study
strengthening phases in intermetallics. It is
convenient for comparative studies not only in
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diffusion zone in its classical understanding [7], but
also in reaction zone (RZ) resulted from
transformation of diffusion zones (DZs) to formation
and development of intermetallic compounds [8].
Merging of these terms into single conception
“Diffusion zone and Reaction zone” (DZ&RZ) fully
corresponds to processes proceding in the same area
of substance.

Goal of this work is a detection of
microstructural peculiarities in the DZ&RZ and
microhardness of aluminides of nickel, titanium, and
cobalt.

Experimental. DZ&RZs of Al-Ti, Al-Ni, and
Al-Co systems were prepared by means of the
diffusion couple method. This method used the mode
“Solid metal (Co, Ni, Ti) — liquid aluminum” at
temperatures between 1,000 °C and 1,350 °C from 1
to 4 hours and cooling on air [9]. For these purposes
the metals, which have a technical purity, were used:
aluminum A99 grade, cobalt KO grade, nickel H2
grade, and titanium BT1-00 grade (all grades were
written in Russian).

For sample preparations in the longitudinal
and cross sections STRUERS equipment (Secotom-
50 and Tegramin-25) was used. Studies of scanning
electron microscopy (SEM) and electron probe
microanalysis (EPMA) were implemented using the
microanalyzer  JXA-8230 (JEOL).  Element
composition of phases formed in DZ&RZs was
identified with spot detection using the Energy
Dispersive Spectrometer (EDS). Detailing of phase
compositions in DZ&RZs was performed using the
X-rays diffractometer (XRD) Bruker D8 Advance.
Microhardness of samples was measured with PMT-
3M device using a load 1HV; some samples were
measured with DuraScan G5 (Emco Test, Austria) at
loads from 0.025 to 1HV.
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Results and their discussion. Our result in
DZ&RZ between Al and Ti consists of three
fragments: area with smooth growth of Al
concentration in titanium, area in form of multilayer
structures of intermetallic phases, and area in the
form of large globular particles of intermetallics and
gaps between them filled with non-reacted aluminum
(Figure 1 a, c). Larges globes can reach sizes up to
100 pum (Figure 1c, d); they consist of phases TiAl
(51.69 at. % Ti) and TisAlu (31.2 at. % Ti). Thin
shells can be formed around these globes; they
consist of phases TiAl; (33.07 at.% Ti) and TisAlz
(37.15 at. % Ti). The share of non-reacted aluminum
was estimated by means of the metallographic
methods for evaluation of phase volumes [10]. It is
decreasing with growth of temperature from 23 % at
1,100 °C to 6 % at 1,300 °C.

These globes shown on Figure 1d have Ti
concentration 31.2 at. % indicating on intermetallic
phase TisAli1. Their microhardness is about
7,065+£255 MPa. Its order of magnitude is close to
values of titanium aluminides formed by method of
powder shock-wave compression: 4,086 MPa for
TiAl and 4,492 MPa for TisAl [11]. The
microhardness numbers were also determined for
thin (about 10 um) layers: 4,000 MPa (TiAl) and
4,450 MPa (TisAl).

Figure 2 shows microstructure of DZ&RZs of
Al-Ni and Al-Co systems. Figure 2a shows indents
in y'-NisAl layer with a distorted shape. Since
compression of indents is observed in direction
perpendicular to layer boundaries one can suppose
the generation of compressing stresses due to
difference of volumes in elementary unit cells
belonging to different phases.

The compressive stresses can radically
influence not only on shape of indents, but also on
the microhardness in the affected layer [12]. The
intermetallic ~ compound  NizAls has  with
agglomeration of pores (Figure 2b). There are also
shown the profiles of Al (red) and Ni (green) giving
evidence that their concentrations in layers and on
layer boundaries have non-monotonic character.

When the microhardness were not been
affected by microstructural peculiarities (narrow
layers, pores, etc.) its numbers have been
determined for separate intermetallic phases. For f3-
NiAl it was 5,200+500 MPa and for y'-NisAl —
5,300+£860 MPa. For B-NiAl it is 5,900+300 MPa
and for y’-NisAl it is about 5,100+500 MPa [13].
For Al-Co system the pattern was pretty the same
with indents in CoAl intermetallic phase
(Figure 2c).
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a) 1,150 °C, b) 1,300 °C, ¢) 1,300 °C, and d) 1,150 °C

Figure 1 — DZ&RZ microstructure of Ti-Al system
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d)
a) 1,300°C, b) 1,250°C, ¢) 1,150°C, and d) 1,300°C

Figure 2 — DZ&RZ microstructure of Al-Ni and
Al-Co systems

From this Figure it is notable that
microhardness number of pure Co is lower compared
to cobalt aluminides. CoAl layer has microhardness
number about 3,900+200 MPa; for CoAls layer the
microhardness number is about 6,600 MPa.

Present measurements do not coincide with
data demonstrating that cobalt aluminide CoAl has
microhardness higher than for nickel aluminide
NiAl [3]. Presumably it is related to techniques of
manufacturing of intermetallic compounds and
different consequences of phase transformations in
multilayer structures. The accurate comparison of
microhardness sometimes is very difficult even for
simple experimental conditions [14], it is needless to
say about differences caused by microstructural
peculiarities.

In area of higher temperatures the layer B-NiAl
has been formed with width about 200 um. For y’-
NisAl the width exceeds 10 um (Figure 2a, b).
Meanwhile for Al-Co system the intermetallic
compound CoAl has its width about 115 pum; and this
value for CoAls was below 100 um (Figure 2c, d). A
brief summary on this issue can be formulated as
follows - the direct comparison in widths will
incorrect even for the same system because of the
sophisticated structural peculiarities.

DzZ&RZs of intermetallic phases have
complex structure, e.g. for AI-Ti system after
1,100 °C porosity has been formed whereas after
1,300 °C phase TiAl which has the brittleness at the
room temperature [15] contains the specific cracks
(Figure 1b). Examples of porosity were observed in
other multilayer intermetallic compounds (TiAl and
Ti-TiAls) [16]. Formation of titanium aluminides
was confirmed by XRD spectra (Figure 3a). These
XRD measurements verified the temperature shifts of
existence of a number of intermetallics in DZ&RZs
in systems Al-Ni and Al-Co revealed by means of
EPMA methods [17, 18]. However, some of the
intermetallic layers are too narrow to be identified
with XRD. It is related to fact that size of XRD spot
is much larger compared to the typical sizes of
DZ&RZs and its corresponding layers. Figure 3 (a, b)
shows X-rays diffraction patterns for Al-Ti system
with observed intermetallic phases TiAls, TizsAlz1,
TiAl, and TisAl and for Al-Ni system with phases
NiA'g, NIAl, and NizAlg.

In Al-Ti system at 1,300 °C the phase TioAlxs
(27.15 at.% Ti) demonstrated the temperature shift, i.e.
it should be disappeared at 780 °C according to Predel’s
work [19]. In Al-Ni system the temperature shift for
phase NiAls (25.78 at.% Ni) is about 446 °C taking into
account that its upper limit of existence is 854 °C [20].



¢=22346
4=20764

Intensity p/s

2 Theta
EJAluminum Titanium
Elauminum Titanium -
nAluminum Titanium -

a)

A

[2JAluminum Titanium -
L4 Aluminum Titanium -

mTitanium Aluminum -
D Auminum - Al - S-Q
B itanium, syn - Ti- S-Q

4=2.0849
20524
d=17399

FTERTY ‘lt ) lTT-eT )
At g et ]
4 10 20 30 40 50 60 70 80

2 Theta
[ Aluminum Nicke! - AINi3 - S-Q 9.2
B4 Aluminum Nicke! - AINi - S-Q 6.7

NP
O Aluminum Oxide - AI203 - S-Q 65
DY Aluminum Nickel - AI3Ni2 - S-Q 1

b)
a) Al-Ti system, b) Al-Ni system.

Figure 3 — Examples of XRD analysis
(after 1,300 °C, 1 hour)

The similar value for Ni>Als (40 at.% Ni) is 163 °C. In
Al-Co system for the phase CoAlsz (24.93 at. % Co)
there is the temperature shift about 165 °C [21],
whereas for phase CosAl13 (23.19 at.% Co) it is about
207 °C.

The shifts in phase diagrams are not frequently
reported, however, there are communications on
temperature and concentration shifts compared to
hand-book data for binary and intermetallic
systems [22, 23, 24, 25]

Conclusions. To sum up, observations and
identifications of structural peculiarities of DZ&RZs
in Ti-Al, Co-Al, and Ni-Al systems obtained by
means of the diffusion couple technique in a
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temperature range of 1,000-1,350 °C using the
SEM/EPMA methods resulted in the following
conclusions:

1) Complex and multilayer structure is
developed with numerous peculiarities in form of
narrow layers for instance in case of y'-NizAl
adjacent to layer NisAls with the developed porosity
or in form of thin intermetallic shells TisAl,
surrounding the separate globes of TisAli;

2) Temperature shifts for a number of
intermetallic compounds revealed by means of
EPMA were confirmed by XRD;

3) Although the microhardness had been
comparable to the literature data, there was no
complete opportunity to link them to individual
layers. Moreover comparison of the microhardness
and DZ&RZ widths is a difficult task even for the
same system because of complicated and sometimes
incomparable structural peculiarities.
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