I1ZVESTIYA. FERROUS METALLURGY. 2023; 66(1): 57-61.
Akimov K.O, Ivanov K.V, etc. Grain structure formation and microhardness of Ni;Al intermetallic compound fabricated by SHS extrusion

=42 |ET| UDC 536.46:539.219

DO0I110.17073/0368-0797-2023-1-57-61

Original article

Opu2uHaabHass cmames

GRAIN STRUCTURE FORMATION AND MICROHARDNESS
OF NI3AL INTERMETALLIC COMPOUND FABRICATED
BY SHS EXTRUSION

K. 0. Akimov Z, K. V. Ivanov, M. G. Figurko, |V. E. Ovcharenko |

Institute of Strength Physics and Materials Science, Siberian Branch of the Russian Academy of Sciences (2/4 Akademiches-
kii Ave., Tomsk, 634055, Russian Federation)

&3 akimov_ko@ispms.ru

Abstract. In this paper we studied the possibility to enhance the microhardness of Ni,Al intermetallic compound by reducing the average grain size and
the effect of the mixture deformation during self-propagating high-temperature synthesis (SHS) on the Ni;Al grain size and microhardness. We used
an SHS extrusion test bench to continuously monitor the synthesis variables. One of the key factors affecting the grain structure and microhardness
is deformation rate of the synthesis product. Increasing the extrusion nozzle diameter from 3 to 5 mm results in a longer displacement of the press
plunger since it takes less force to extrude the material through the larger diameter orifice. It is assumed that the resistance to deformation under
pressure decreases, while the deformation rate increases for the material in the mold, and decreases for the extruded material. As a result, the average
grain size of Ni;Al remaining in the mold after synthesis decreases by 40 % (from 7 to 5 pum), while the grain size of the extruded material is doubled
(from 3 to 6 um). Compared to Ni;Al produced by SHS compaction, the average grain size of extruded Ni Al is 82 % less (17 and 3 pm, respectively).
Reducing the average grain size of extruded Ni;Al leads to a 600 MPa increase in microhardness. The results obtained may assist the development
of guidelines for fine grain, high microhardness intermetallide/alloy manufacturing.
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AHHOmayus. B pamkax paboTbl Ha MPUMEPe MUKPOTBEPIOCTH MCCIIEIOBAHA BO3ZMOXKHOCTD YTyULIECHHUS POYHOCTHBIX CBOMCTB MHTEPMETAILINYECKOTO
coequnenns Ni,Al myTem yMeHblIGHHSI CPEJHEro pasmepa ero 3epHa. Mccremyercs BiausHue aeopmanuy pearupyrolmieii cMecd Ipu
camopacnpocTpaHsomemMcs BbicokoTemieparypaom cunrese (CBC) nHa pasmep 3epHa M MHKPOTBEPAOCTb HHTEPMETAINYECKOTO COEIAMHEHHS
Ni;Al. CBC-3KcTpy3ui0 IIPOBOIMIIN HA SKCTIEPUMEHTANILHOM CTEH/IE, MO3BOJISIFOIIEM HENPEPLIBHO KOHTPOJIMPOBATH MapaMeTphl CUHTE3a. OHUM 13
KJTIOYEBBIX (DAKTOPOB, BIMSIOIIMX HA XapPaKTEPUCTHKHU 3€PEHHOM CTPYKTYPbl 1 MUKPOTBEPJOCTb, SBIISIETCS CTENEHb 1e(hOpMALIK MTPOILYKTa CHHTE3a.
VBenudeHne TuamMeTpa SKCTPY3HOHHOTO OTBEPCTHs OT 3 10 5 MM HPHUBOIMT K YBEIMYCHUIO MAKCHMAJIBLHOTO JIMHEHHOTO MEPEMEILCHHS! TUTYHKepa
npecca BCEACTBHE Oojee JIErKoro BbIXOJA Marepuajia uepe3 OTBepcTHe Ooibluero auamerpa. Ilpenmonaraercs, 4To HMpH 3TOM MMEIOT MECTO
YMEHBLICHHE CONMPOTHUBICHUS 1e(hOPMUPOBAHHIO MaTepuaia MpU MPHJIOKEHUH JABJICHUs, YBEIMUYCHHUE CTENeHH JeopMaliyi Marepuaia BHYTPH
npecc-pOpMBbI U € CHUXKEHUE B OKCTPYAMPOBAHHOM Marepuaie. B pesynbrare cpennuii pasmep sepua NiyAl, ocrasuierocs B 00beme npecc-popmbl
rocie cuHTe3a, ymensmaercs Ha 40 % (ot 7 1o 5 MKM), a IIPOIIE/IIEro Yepe3 IKCTPY3HOHHOE OTBEPCTHE — BO3PACTALT B JBa pa3a (0T 3 10 6 MKM).
To cpaenennto ¢ Ni,Al, nonyyennbim Metogom CBC-KoMIakTMpoBaHus, CpeHuil pasmMep 3epHa skeTpyauposanHoro Ni,Al Menbuie B 5,6 pasa
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(17 1 3 MKM COOTBETCTBEHHO). YMEHBLICHUE CPEIHErO pa3Mepa 3epHa dKCTPYMpoBaHHOro Ni,Al MpUBOIUT K YBEIMYEHHIO MUKPOTBEPIOCTH Ha
600 MIla. TTomyueHHbIe pe3yIbTaThl HO3BOIIIOT Pa3paboTaTh PEKOMEHIAIMH TI0 TIOTYYCHHIO HHTEPMETAILIHIOB 1 CIIABOB HA MX OCHOBE C MEIKUM

pa3MepoM 3epHa U BHICOKOIT MUKPOTBEPAOCTBIO.

Katwoueswle cio8a: crpykrypa, pasmep 3epHa, MUKpoTBepaocTh, CBC-akcTpys3us, nedopmarius, yaydlleHue CBOMCTB

Bbaazodaprocmu: PaboTa BEINOJIHEHA B paMKaX TOCYIapCTBEHHOTO 3a1anust MHCTHTYTa (DM3MKK IPOYHOCTH U MaTepuasioBeneHust CHOMpCKoro otaerne-

uust PAH, rema Noe FWRW-2021-0004.

Ana yumuposanus: Axumos K.O., Usanos K.B., ®urypko M.I'., OBuapenxo B.E. ®opmupoBanue 3epeHHOI CTPYKTYpbl 1 MUKPOTBEPIOCTH HHTEP-
meraimdeckoro coenunenns Ni;Al B pesysnsrare CBC-aketpysuu. Mzeecmus 6y306. Yepras memantypeus. 2023; 66(1): 58-61.

https://doi.org/10.17073/0368-0797-2023-1-57-61

B INTRODUCTION

The Ni;Al intermetallic compound is the key com-
ponent of advanced nickel-based superalloys providing
high strength at elevated temperatures, and creep resis-
tance [1 — 4]. Despite the excellent mechanical properties
at high temperatures, the applications of Ni,Al are limited.
This is due to its low ductility at room temperature caused
by intergranular embrittlement which significantly com-
plicates any machining [5 — 8]. As was shown in [9, 10],
the ductility and strength of Ni3Al can be increased
by alloying or refining the grains, for example, by severe
plastic deformation [11 — 14]. Still, severe plastic defor-
mation is suitable for small samples only such as disks
~0.5 mm thick and up to 15 mm in diameter under torsion
and pressure [15], or plates less than 30 um thick under
multi-pass rolling [16].

Grain refinement in large Ni;Al samples requires
deformation at temperatures close to the melting point.
Such conditions are achievable as the workpiece is crys-
tallized during the self-propagating high-temperature
synthesis and partial extrusion (SHS extrusion) [17, 18].
The phase transformations occur simultaneously
in the bulk of pressed powder [19] during the volumetric
exothermic reaction of Ni,Al synthesis from the powder
mixture of nickel and aluminum. Deformation ofthe mix-
ture is a way to control the average grain size of the Ni, Al
compound synthesized under pressure [20, 21].

The purpose of this study was to investigate the effect
of mixture deformation during SHS extrusion on the ave-
rage grain size and microhardness of the Ni;Al compound.

[ MATERIALS AND METHODS

We used a test hydraulic press for the SHS extrusion
of Ni,Al. The press was equipped with an HF generator
for inductive mold heating [22]. We processed a mixture
ofnickel (PNK-1L8, particle size: 1 — 5 um) and aluminum
(ASD-4, particle size: 1 —4 um) powders. The powder
mixture was placed in a steel mold, 58 mm inner diameter,
3 to 5 mm extrusion nozzle diameter. The process tem-
perature (inside the steel mold wall) was measured with a
type K thermocouple, with £7 °C accuracy. The pressure
was calculated from the press instrument readings pres-
sure and the punch area. The press plunger displacement
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was continuously measured using a Shahe 5403-200 digi-
tal linear scale, of 0.6 mm accuracy.

The high-temperature synthesis ofthe Ni,Al inter-
metallic compound from a mixture of nickel and alumi-
num powders under pressure consists of several steps:
preloading the powder mixture (3Ni+ Al) in the mold
(at 115 MPa); heating the pressed powder until (Ni-Al)-
eutectics is formed; melting the aluminum component;
initiation oftheexothermic Ni,Al formation simulta-
neously with applying the specified pressure to the high-
temperature synthesis product; holding the final product
at the specified pressure (430 MPa).

The key process variables which control the grain
structure ofthe synthesized intermetallide are the defor-
mation rate ofthe mixture in the mold and the period
of pressure applied to the thermally reacting powder
mixture after the intermetallide synthesis reaction is ini-
tiated.

We manufactured Ni,Al cylinders with concave end
faces, 58 mm diameter, 16 mm height in the middle
by high-temperature synthesis under pressure at different
deformation rates, and partial extrusion ofthesynthesis
product from the mold through 3, 4, and 5 mm dia. nozz-
les. The pressure was applied 1 s after the reaction initia-
tion. The holding time is 1 s, in order to ensure uniform
pressure distribution across the mold which has extrusion
nozzles of different diameters. An increase in the extru-
sion nozzle diameter leads to an increase in the mix-
ture deformation rate in the mold. After passing through
the extrusion nozzle, the material was shaped as a rod up
to 180 mm long.

The samples ofthematerial remaining in the mold
were cut from the middle vertical cross sections as 1 mm
thick plates, in order to eliminate the edge effects which
may change the structure and properties ofthe material.
The samples ofthe extruded material were cut from a cross-
section passing through the axial axis. The samples were
mechanically ground with a diamond paste. The abra-
sive particle size was gradually reduced to 1 um. Then
the samples were polished with an aluminum oxide sus-
pension (0.3 um particle size) and cloth. In order to reveal
the grain structure, we applied argon ion etching, 0.6 kV
accelerating voltage. A Carl Zeiss AXIOVERT-200MAT
microscope was used for metallographic analysis.
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The average grain size was measured by the random plane
method according to GOST 5639-82 (150 measurements).
We measured the microhardness with a PMT-3 microhard-
ness meter. The indenter load was 0.98 N, and the loading
time was 15 s. The final microhardness was the mean
value of at least 10 tests.

[ RESULTS AND DISCUSSION

Fig. 1 shows the press plunger position vs. time curves
at the mixture compression stage during the SHS extru-
sion through extrusion 3, 4, and 5 mm dia. nozzles.

The plunger displacement in the mold increases
with the diameter ofthe extrusion nozzle. This indicates
a decrease in the resistance to deformation under pressure.
It is assumed that the deformation rate ofthesynthesis
product within the mold increases and that ofthe extruded
material decreases.

Fig. 2 shows that using larger nozzle diameters
leads to a 40 % decrease in the average Ni;Al grain size
ofthe material remaining in the mold after synthesis
(from 7+ 0.4 to 5 £ 0.3 um). With regard to the extruded
material, reducing the nozzle diameter from 5 to 3 mm
results in halving the average grain size (from 6 £ 0.5
to 3+ 0.3 um). Compared to the Ni;Al compound made
by SHS compaction, the average grain size is 82 %
less (17 +0.5 and 3 £0.3 um). SHS extrusion reduces
the average grain size due to the higher deformation rate
as the material exits the mold into the extrusion channel
with a smaller nozzle diameter.

It should be noted that the Ni,Al average grain size
vs. extrusion nozzle diameter curve confirms the above
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Fig. 1. Dependences of linear movement of press
plunger during compression of the synthesis product
in the mold without extrusion (/)
and with partial extrusion of the product through the nozzles
3,4 and 5 mm diameter (2 — 4)

Puc. 1. 3aBucumocTi TMHEWHOTO TIepeMeIeHHs TUTYH)Kepa mpecca
Ha CTaJIMM CXKATUS MIPOAYKTa CHHTE3a B npecc-popme Oe3 axerpysuu (/)
Y C YaCTUYHOH DKCTPY3UEH MPOIyKTa Yyepe3 OTBEPCTHUS
auameTpoM 3, 4 u S MM (2 — 4) oT BpeMeHn

assumption that, as the nozzle diameter increases,
the deformation rate ofthesynthesis product remaining
in the mold increases and that oftheextruded material
decreases.

Fig. 3 shows the hardness curves for Ni Al made
by SHS extrusion. It can be seen that changing the extru-
sion nozzle diameter resulting in a decrease in the average
Ni,Al grain size leads to an increase in the intermetallide
microhardness by 16, and 20 % for the material remaining
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Fig. 2. Dependence of the average grain size of Ni,Al
obtained by SHS extrusion on the extrusion nozzle diameter,
1 s pressure holding period:

[l — material inside the mold; @ — extruded material

Puc. 2. 3aBrucumocTs cpennero pasmepa sepna NiyAl, moydennoro
metogom CBC-okeTpy3un, OT JuaMeTpa SIKCTPY3HOHHOTO OTBEPCTHUS
MIPU BPEMEHH 3a/IePIKKH TIPUIIOKEHUSI JaBlieHust | ¢:

[l — MaTepuan BHYTpH mpecc-(hopmar;

@ — PKCTPYIMPOBAHHBIN MaTepua
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Fig. 3. Dependences of microhardness of Ni,Al intermetallic
compound obtained by SHS-extrusion, remaining
in the mold (@) and extruded ()

Puc. 3. 3aBUCHMOCTH MUKPOTBEPIOCTH UHTEpMeTaLIIIa NijAl,
nostyaeHHoro merogoM CBC-3KCTpy3uu, 0CTaBIIErocsi BHYTPH
npecc-hopmsl mocie cuHTe3a (@), ¥ FKCTpyAnpoBanHoro ()
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inside the mold after synthesis and the extruded material,
respectively.

The results are consistent with the data reported by
Stolin A.M., etc. [23]. They indicate that SHS extrusion
is suitable for making long products from brittle, hard-to-
deform refractory materials such as Ni;Al

- CONCLUSIONS

Deformation ofthe high-temperature synthesis product
during SHS extrusion significantly affects the average grain
size and microhardness oftheNi,Al intermetallide (both
remaining in the mold and extruded). The higher defor-
mation rate ofthe material inside the mold as the extru-
sion nozzle diameter is increased from 3 to 5 mm, leads
to a 30 % decrease in the average grain size and a 16 %
increase in the microhardness. For the extruded mate-
rial, as the extrusion nozzle diameter is reduced from 5
to 3 mm, the average grain size is halved, and the micro-
hardness is increased by 20 % (600 MPa).

Our findings can be used to develop fine-grade, high-
microhardness intermetallide/alloy SHS extrusion pro-
cesses.
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