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MODELING THE PROCESS OF POROSITY FORMATION UNDER NON-STATIONARY
TEMPERATURE CONDITIONS

In this paper, the simulation of the formation of porosity of titanium alloys under non-
stationary temperature conditions was carried out. The purpose of the work is to establish the
regularities of obtaining non-porous intermetallic alloys and products of a given form using the
plastic properties of the product of synthesis at high temperatures. The mathematical modeling of the
process was carried out in a specialized computer program. In solving the thermodeformation
problem of thermochemical pressing of intermetallic alloys in a two-way seal in a computer program,
the properties of the rheology of the synthesized intermetallic alloy o = f (¢, u, T) were integrated.
Analysis of the obtained dependence shows that when the compression pressure is increased from 200
to 700 MPa, the porosity decreases and reaches the values less than 5 %. With an increase in
compression and aging effort of up to 20, the porosity also becomes less. The optimal ratio of selected
factors of the research is at the pressure level of pressing — 630 MPa, the time of exposure is 20
seconds, and the dispersion of the titanium powder is 80 um, the porosity of the sample is reduced to
1..3%.

Keywords: process simulation, intermetallic alloys, porosity, thermochemical pressing,
pressure, property

Y Oauiti pobomi nposedeno mooenro8anus npoyecie GopmyeaHHs NOPUCTNIOCHE MUMAHOBUX
CNIABI8 Npu HeCMAayioOHApHUX memnepamypHux ymogax. Memoio pobomu € 8cmaHO8UMU 3aKOHOMIp-
HOCmel OMPUMAHH OeCROPUCmUX THMepMemanioHux CHasieé i supoobis 3a0anoi gopmu 3 euxopuc-
MAHHAM WIACTMUYHUX 8]1ACMU80OCmeli NPOOYKMY CUHmMe3y NPpU 8UCOKUX memnepamypax. Mamemamuuy-
He MOOento8anHs npoyecy 30IUCHIO8ANU 8 cheyianizosanitl komn'tomepuit npoepami. Ilpu supiwenni
mepmooepopmMayitinoco 3a60aHHSI MEPMOXIMINHO20 NPECYBAHHS IHMEPMEMANIOHUX CHAABI8 NPU 060-
CMOPOHHLOMY YWIIbHEHHI 8 KOMITOMEPHY npocpamy Oyau ihmeeposari 1acmusocmi peooeii cunme-
308aH020 IHMepmemanionoz2o cniagy o = f (¢, u, T). AHaniz ompumanoi 3a1excHoCmi NoKaA3ye, wo npu
30inbuenni mucky npecysanns 6io 200 oo 700 Mlla nopucmicms 3menutyemocs i 00cs12ae NOKA3HUKIG
menwe 5 %. Ipu 30invuienni 3ycunis npecygants i gumpumku 0o 20 ¢ nopucmicms maxodc cmac me-
Hue. Onmumanvhe Cnig8iOHOWEHHSA 00PAHUX (PAKMOPIe OOCHIONCEHHS 3HAXOOUMbCA HA PIBHI MUCK
npecysanus — 630 Mlla, yac eumpumxu — 20 ¢, i ducnepcrocmi nopowky mumany — 80 mxm, nopu-
CcmMicmv OMPUMAHO20 3PA3KA 3MEHUYEMbCsL 00 noxkasnuka I ... 3 %.

Knrouosi cnosa: mooenroganusn npoyecie, iHmepmemanioni cniagu, nopucmicms, mepmoximi-
YHe Npecy8ants, MUCK, GIACUBICHIb.

Formulation of the problem
To date, the urgent task of modern metallurgy is the development of new technologies that
provide new materials with the necessary operational characteristics with a minimum time of their
formation. Such technologies can serve as methods for producing intermetallic alloys based on the
method of self-propagating high-temperature synthesis (SHS) [1]. SHS is a highly exothermic
interaction of chemical reagents in the condensed phase occurring in the combustion mode.
Thermochemical extrusion is a type of SHS technology, in which hot porous SHS products are

compacted by external force actions (pressing, extrusion, etc.) [2].
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The aim of the work is to establish patterns of obtaining non-porous intermetallic alloys and

products of a given shape using the plastic properties of the synthesis product at high temperatures.
Materials and research methods

To obtain intermetallic alloys, metal powders of titanium PTX5-1 and UTEM-1, aluminum
dispersity of 80 ... 150 microns were used as starting materials. Before mixing, the powders were dried
at a temperature of 75 ... 120 °C for 3 hours. Powder mixing was carried out in steel ball mills for 2
hours. The ratio of the components was selected from stoichiometric calculations to obtain the
intermetallic phases of y-TiAl. Thus prepared, the mixed reaction mixture was weighed on an
electronic scale and filled into the rector. For compacting the initial blanks used hydraulic press PSU-
125. The samples formed a cylindrical shape with a diameter of 25 mm and a length of 30 mm. The
porosity of the briquettes was evaluated by hydrostatic weighing. Hydrostatic weighing was performed
for samples without surface protection and with surface protection, which made it possible to estimate
the proportion of closed and open porosity. Weighing was performed in distilled water at a
temperature of 25 ° C with an accuracy of 0.01 g. The density of water was 0.997 kg / m’. In assessing
the pg)rosity, it was assumed that the density of compact samples for the y-TiAl based alloy was 3600
kg/m’.

The calculation of the density of the samples was performed according to the formula:

p=p (1)
M—-m b
where M — is the body mass in the air; m — is the body mass in a liquid.
Presenting main material

Experimental data on the change in the total porosity of P intermetallides Ti-Al and Ni-Al in

the pressing process are shown in Fig. 1.

Py 1 & 3 F. tonmes

Fig. 1. Change in total porosity and pressure in the process of thermochemical compression of
intermetallic alloys: a — TiAl, b — NiAl

The compression time 1 is the sum of the values of the time of reaching the pressure 7, = const
= 140,1 s and the holding time under pressure tv. The sample was not compressed and had a total
porosity of 49.3 %, which indicates a definite self-compacting of y-TiAl during the synthesis, probably
under the action of surface tension forces [3, 4], since the calculated calculated value of P after the
completion of the synthesis is 56,6 %. The main difference between the obtained dependence on the
traditional hot pressing curves is the appearance of a horizontal section on it at 1c <1 <2 s. As can be
seen from the data presented, the compression curve of Ti-Al and NiAl synthesis products, depending
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on the material sealing speed, can be conditionally divided into four sections. This testifies to the
complex nature of the sealing process [5].

According to experimental data of the densification of y-TiAl alloy, the dependences (Fig. 2)
of changes in the structure density during the loading process (compression curves) were obtained and
the angles of inclination of the tangents to the curve of the seal in the characteristic points (zones)
were determined. The angle of inclination of the tangent to the seal curve in the characteristic points
(zones) was determined from the relation:

tga, =Ll Pi 2)
qdi+1 —4i
Tilt angle of the tangent to the seal curve:
al. = arctgw R (3)
(Cli+1 - %')

where p — intermetallic density, r/cm’; ¢ — pressure of pressing, MITa.
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Fig. 2. Experimental packing curve of y-TiAl alloy at thermochemical pressing

However, it should be noted that the nature of the curve: IV in the area corresponding to
the pressure, is applied from 0 to 650 MPa — the same type: it increases monotonically; has a slight
bend corresponding to a change in the angle of inclination of the tangent (in the pressure range
applied, from 0 to 100 MPa — angle o > 50 ° (from 58 to 73 °©); with thermal spontaneous combustion
— angle o increases sharply to 90 °; synthesis due to the passage of chemical reactions, at a pressure
of 100 ... 250 MPa — the angle a decreases (from 90 to 15 °), at 250 ... 650 MPa — the angle a
decreases slightly and is in the range (from 15 to 5 ©) Changes in the angle of inclination are of a
general nature for the presented curve, values that are in the same range, Obviously, the nodal kink
currents determine the boundaries of the compaction stages in this pressure range. self-consolidation
of the synthesized product under the time of thermal self-ignition (by 10—15 %). Having reached a
pressing pressure of more than 250 MPa, a change in the slope of the curves is noted, their character is
monotonic, which increases (the angle o has a small value) [6, 7].

Mathematical modeling of the process was carried out in a specialized computer program. In
solving the thermodeformation problem of thermochemical compression of intermetallic alloys with
bilateral sealing into the computer program, the properties of the rheology of synthesized intermetallic
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alloys o = f (&, u, T), which were experimentally obtained on modern Plastometers, were integrated
into the computer program.

The results of modeling the density distribution by volume of the synthesized product are
presented in Fig. 3. According to the obtained results, it is evident that the central part of the
workpiece is the most compressed, and the zones adjacent to the end and lateral surfaces of the
workpiece are zones of complicated deformation and have a minimum density. The voltage scheme at
the final stage of the process is as close as possible to comprehensive compression, which impedes the
growth of the intensity of the shear strains and the corresponding finite density. An increase in the
intensity of deformations is possible only with the use of a scheme of comprehensive non-uniform
compression at all stages of the process, which will positively affect the growth of product density [7].
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Fig. 3. Simulation of the process of sealing the synthesized intermetallic product during
thermochemical compression: a is the first stage, b is the second stage; ¢ — the third stage

Consequently, the experimental seal curves and the simulation results of the compression of
the synthesized product make it possible to fix four distinct zones, which determine the degree of
structure formation during thermochemical pressing:

The first stage of compression — from the bulk density (characteristic of the raw material) to
the density of the vapor level, is characterized mainly by structural deformation, transfer of particles,
change in steam space. The second stage — the stage of thermal self-ignition — shows a leap-like
increase in relative density, which indicates a definite self-compacting of the alloy during the
synthesis, probably under the action of the surface tension forces [8, 9]. The third stage is a seal,
characterized by structural deformation. Threshold density of stage 85 ... 92 % [10].

The fourth stage — the final stage of structuring — is the alignment of the composition of
intermetallic layers. Residual porosity of intermetallide is 1 ... 3 %.

In order to study the dependence of the porosity of the intermetallics on the compression force,
the dispersion of the titanium powder and the aging time, a full factor experiment with the main level
using the matrix method was used.

The first factor of the study (X1) is the compression pressure (p, MPa), the second factor (X2)
is the dispersion of the titanium powder (D, wm), the third (X3) — the holding time (z, c). The
optimization parameter (V) is the porosity of intermetallic alloys (Pd, %).

As a result of mathematical planning, we obtain the equation:

Pd =40375-0,057-P+0,05-D-0,28 7. 4)

The analytical estimate (4) is shown when it comes to the recovery of the economy from 200
to 700 MPa at the end of the show at 5 %. Taking into account all wishes and time till 20 with small.
The optimal development of various factors of premature overcoming — 630 MPa, hourly time — 20
seconds, dispersion powder titanium — 80 microns, porous from 1 to 3 %.
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Conclusitons and perspectives of further researchs
1. Proposed technological Thermochemicals at production international alloys, competitive
and economical, economically and economically more profitable, metered and meat industry.
2. to interact that, at a rising temperature of up to 630 MPa, the time of the display case 20
with dispersed powdered titanium is 80 pum, the porosity of the produced radiation is up to 1—3 %.
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MOAEJIOBAHHA ITPOLECY ®OPMYBAHHS IMOPUCTOCTI TUTAHOBHUX
CILUTIABIB IMTPU HECTAHIOHAPHUX TEMIIEPATYPHUX YMOBAX
Cepena B.I1., Beaokons 10.0., Kpyrask 1.B., Cepena 1.b.

Pedepar

Mertoto poOOTH € BCTAHOBUTH 3aKOHOMIPHOCTEH OTpUMAaHHS OECIIOPHCTHX IHTEPMETAiTHUX
CIUIaBiB 1 BUpOOIB 3a/1aHOT (JOPMH 3 BUKOPUCTAHHSM IUIACTHYHHUX BIACTHBOCTEU MPOAYKTY CHHTE3Y
MIPH BUCOKUX TEMIIEpaTypax.

J1st OTpUMaHHS iHTEPMETAITHUX CITIaBIB B SKOCTI BUXITHUX MaTepialiB 3aCTOCOBYBAIN Me-
taneBi nopomku tutany [1TX5-1 1 IITEM-1, amominito AC/1 mucnepcuicts 80...150 mxm. Ilepen
3MiLTyBaHHSM MOPOIIKH MIPOCYLIyBal npH Temneparypi 75...120 °C npotarom 3 roauH. 3MimyBaHHsS
MOPOIIIKiB TPOBOJIMIIA B CTAIEBHX KYJIhOBUX MJIMHAX MPOTATOM 2 rofuH. CHiBBiTHONIICHHS KOMIIOHE-
HTIB BUOHPAIOCS 3 CTEXIOMETPUUHUX PO3pPaxyHKIB AJI1 OTpuMaHHs iHTepMeTamigaux ¢a3 y-TiAl. ITix-
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TOTOBJICHY TaKUM YHMHOM, 3MillIaHy peakLiiiHy CyMilll 3BayKyBaJll Ha eJICKTPOHHHUX Barax i 3acunaiay B
pekrtop. [1JIsi KOMITaKTyBaHHS TOYAaTKOBHUX 3arOTOBOK BHKOPHCTOBYBaNH Tifpapiigauit nmpec [ICY-125.
3pasku GhopMyBau MUITIHIPUYHOI GopMH AiamMeTpoM 25 MM 1 qoBxkuHO0 30 MM. [TopucTicts Opuke-
TiB OLIHIOBAJIM [UIIXOM TiAPOCTATUYHOTO 3BaXKyBaHHS.

MareMaTHdHe MOJCITIOBAHHS TPOIECY 3MIMCHIOBAIHN B CITCIiali30BaHId KOMITIOTEPHINA TPO-
rpami. [Ipu BupimeHHi TepMoaeopMAaIiifHOTO 3aBJaHHS TEPMOXIMIYHOTO MPECyBaHHS IHTEpPMETa-
JIHUX CIJIaBiB IPH ABOCTOPOHHBOMY YIIITbHEHHI B KOMI'TOTEPHY Hporpamy OyJH iHTeTpOBaHi Bjac-
THUBOCTI PEOJIOTii CHHTE30BAaHOTO 1HTEPMETANIAHOTO CIU1aBy o = f (&, u, T), OTpUMaHi eKcIepruMeHTa-
JBHO HA Cy4acHOMY IUIACTOMETDI.

3riiHO 3 OTPUMAaHUMH PE3yJIbTATaAMHU BHUIHO, 1[0 HAWOUIBII YIIIIEHEHOIO € LEHTpaJbHa Jac-
THHA 3arOTOBKH, a 30HH, IPUJIETIIl 10 TOPLEBUX 1 OIYHUX MOBEPXOHb 3aTOTOBKH, € 30HAMH YCKJIaJHE-
HOT medopmariii Ta MaroTh MiHIMAITBEHY MIIBHICTE. CXeMa HaNpy)KEHHS Ha 3aBepIIaibHiN cTamii mpo-
ecy MakCMMaJlbHO HAONMMKA€ThCs 0 BCEOIYHOTO CTHCKYBAaHHS, IO MEPEHIKOIKAE 3POCTaHHIO BEJIH-
YMHU iHTEHCUBHOCTI JedopMalliif 3cyBy Ta BiAMOBITHOIO 1if KiHIEBiH MIIIBLHOCTI. 301IbIIEHHS iHTEH-
CUBHOCTI AedopmMailiii MOKIIMBE TUTBKHA 3 BUKOPUCTAHHSAM CXEMH BCEOIYHOTO HEPiBHOMIPHOTO CTHC-
KyBaHHS Ha BCIX CTaJisX MPOLECY, 0 TO3UTHBHO MMO3HAYUTHCS Ha 3pOCTaHHI IITBHOCTI BUPOOiB.

TakuM YWMHOM, eKCHEepUMEHTalbHI KPHBI YIIUIBHEHHS Ta Pe3yJbTaTH MOJCIIOBAaHHS MpPECcy-
BAaHHS CHHTE30BAaHOTO NMPOIYKTY HO3BOJIAIOTH 3a(iKCyBaTH HOTUPHU BUPA3HO BHPAKCHHUX 30HH, SKi
BH3HAYAIOTH CTAlIHHICTh CTPYKTYPOYTBOPEHHS IIPH TEPMOXIMIYHOMY ITPECYBaHH:

[lepma crazist npecyBaHHS — BiJl HACHITHOI IIUTBHOCTI (XapaKTEPUCTHKA TIOYaTKOBOTO MaTe-
piary) 0 IIUTBHOCTI MAapoOBOTO PiBHS, XapaKTEPU3YEThCS MEPEBAKHO CTPYKTYpPHOIO Aedopmalliero,
HEePEKIATAHHAM YaCTUHOK, 3MiHOIO IIApOBOT0 IIPOCTOPY.

Jpyra cramis — cTajis TEIJIOBOrO caMO3aliMaHHs — CIOCTEPIra€ThCsl CTPUOKOIIOMIOHE 3pOoc-
TaHHA BIJHOCHOI IIITBHOCTI, IO CBIAYMTH MO MEBHE CaMOYIIIbHEHHS CIUIaBy B MPOLECi CHHTE3Y,
BIpOTiTHO, ITiJT Ti€0 CHJI TOBEPXHEBOTO HATSIKIHHS.

Tpers cramis — yOIIBHEHHS, XapaKTEepPU3YEThCSI CTPYKTypHOIO nedopmariiero. IToporosa
IIUIBHICTE cTamil 85...92 %.

YeTBepTa cTazis — 3aBepliajibHa CTafis CTPYKTYPOYTBOPEHHS — 1€ BUPIBHIOBaHHS CKJIaly iH-
TEepPMETaNiTHUX IIapiB. 3aJHIITKOBA IIOPHUCTICTh iHTepMeTatiay ckiamae 1...3 %.

3 METOr BUBYCHHSI 3aJIE)KHOCTI MIOPUCTOCTI IHTEPMETANI/IIB B/l 3yCHIIISI IPECYBaHHS, JTUCTIC-
PCHOCTI TOPOIIKY TUTaHy 1 4yacy BHUTPUMKH BHKOPHCTOBYBaJll MOBHUH (DaKTOPHHH EKCIIEPUMEHT 3
OCHOBHUM PiBHEM 332 MATPUYHUM METOJIOM.

[epmmm dakropom mocmimxkenHs (X;) € THCK npecyBaHHA (p, MIla), apyrum dakropom (X;)
— IUCTIEPCHICTh MOPOIIKY TUTaHy (D, MKM), TpeTiM (X3) — uyac BUTPUMKH (7, ¢). [lapameTp onThmi-
3aii (¥) — MOpHUCTICTh iHTepMeTaNiTHUX cruiaBy (Pd, %).

B pe3ynbraTi MaTeMaTUYHOTO IJIAHYBAaHHS OTPUMAHO PiBHSIHHSA:

Pd =40375-0,057-P+005-D-028 7. 4

AHaui3 oTpuMaHOi 3aJIeXKHOCTI (4) Mmokasye, 1o Npu 30UTBIICHH] TUCKY TpecyBaHHs Big 200
1o 700 MIla nopucTicTb 3MEHIIYETHCA 1 JOCsATae MOKa3HUKIB MeHme 5 %. [Ipu 30inbienHHi 3ycns
TpecyBaHHs 1 BUTpUMKH 110 20 ¢ TTIOPHUCTICTh TaKOXK cTae MeHIIe. ONTUMabHe CITiBBiTHOMIEHHS 00pa-
HUX (paKkTOpIB MOCIIHKEHHS 3HAXOIUThCS HA PiBHI THCK mpecyBaHHs — 630 MIla, yac BUTpUMKH —
20 c, 1 qUCnepcHOCTI MOPOMIKY TUTaHy — 80 MKM, IOPHUCTICTh OTPUMAHOTO 3pa3Ka 3MEHIIYETHCS 10
nokasnuka 1...3 %.
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