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Consumable additive FDM models in the production
of aluminum alloy castings

M.S. Varfolomeev, I.A. Petrov

Moscow Aviation Institute (National Research University)
4 Volokolamskoe shosse, Moscow 125993, Russia

P< Maksim S. Varfolomeev (varfolom2a@yandex.ru, varfolom2a@rambler.ru)

Abstract: This article describes the results of a study aimed at improving production technology of experimental castings from aluminum
alloys by investment casting using models produced by 3D printing. The consumable models were produced using fused deposition
modeling (FDM). Biodegradable polylactide (PLA) was used as a material for the models. In order to decrease the surface roughness
of consumable PLA model. chemical post-treatment by dichloromethane needs to be performed. After immersion of the model into
the solvent for 10s, its surface becomes smooth and glossy. Three-point static bending tests of PLA plates demonstrated a mechanical
strength of average ~45.1 MPa. A thermomechanical analysis of polylactide demonstrated that in the course of heating of ceramic shell
in excess of 150 °C, the polylactide model begins to expand intensively by exerting significant pressure on the ceramic shell. In order
to decrease stress during the removal of polylactide model from ceramic mold, the heating time in the range of 150—300 °C needs to
be heated to a maximum. The use of hollow consumable casting models with a cellular structure not higher than 30 % is also sensible.
The stresses on the shell will not exceed its strength. Characteristic temperature properties of PLA plastic thermal destruction were
detected using thermogravimetric analysis. Polylactide was established to completely burn out upon heating to 500 °C leaving no ash
residue. Analysis of the results identified the burning modes of polylactide models from ceramic molds. Using a Picaso 3D Designer
printer (Russia), the PLA models were printed used for production of experimental castings from aluminum alloys. It was revealed that
the surface roughness (R,) of a casting produced using a consumable model treated by dichloromethane decreases by 81.75 %: from 13.7
to 2.5 um.

Keywords: investment casting, polylactide, 3D printing, fused deposition modeling (FDM), aluminum alloys, surface roughness.

For citation: Varfolomeev M.S., Petrov I.A. Consumable additive FDM models in the production of aluminum alloy castings. Izvestiya. Non-
Ferrous Metallurgy. 2023;29(4):5—14. https://doi.org/10.17073/0021-3438-2023-4-5-14

Oco0eHHOCTH M3rOTOBJICHUI OTIMBOK
U3 AJJIOMUHHEBBIX CILIABOB
Mo BbIZKUTraeMbIM aaauTuBHbIM FDM -Moaeaam

M.C. Bapdoaomees, U.A. IleTpos

MockoBcKuii aBuanuoHHblii MHCTUTYT (HaunuoHabHbII HCCIeI0BATEIbCKUIT YHHBEPCUTET)
125993, Poccus, r. MockBa, Bonokonamckoe mocce, 4

< Makcum Cepreesud Bapdonomees (varfolom2a@yandex.ru, varfolom2a@rambler.ru)

AunoTtauus: [IpuBeneHbl pe3yabTaThl UCCIEIOBAHMIA, HallpaBJIeHHbIE HA COBEPIICHCTBOBAHUE JIMTEMHOM TEXHOJOTUM TOJTYUYECHHU S
OIBITHO-9KCIIEPUMEHTATbHBIX OTJIMBOK U3 aJIIOMUHUEBBIX CITJIABOB METOJIOM JIUThS IO BHIXKMTAEMbIM MOEJISIM, U3TOTOBJICHHBIM C IMPU-
meHeHueM 3D-nevyatu. Jist co3maHusl BIXKMTaeMbIX MOJIEJIeil MCIOIb30BaJiu MeTOl ocaxkaeHus pacriaBieHHoit HuTu (FDM — fused

© 2023 1. M.S. Varfolomeeyv, I.A. Petrov
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deposition modeling), a B KauecTBe Marepualia Mojeieil OblJl BbIOpaH Ouopasiaraemblii Matepuas — noiauiaaktua (PLA — polylactide).
YcTaHOBIEHO, YTO JIJISl yMEHbBILIEHU ST IIEPOXOBATOCTH BbhIxkMTraeMoil PLA-Mozein Heo6XxonMMo MPOBOIUTH XUMUYECKYI0 TOCTOOPabOTKY
ee MOBEPXHOCTU IMXJIOPMETaHOM. B pe3ysibTaTe OKyHaHUsI MOJIEIN B pacTBOpUTeIb Ha 10 ¢ oHa mpuoOpeTaeT IIaaKylo U TJISHLEBYIO
MMOBEPXHOCTH. MCITBITAHM ST MEXaHUUECKO TPOUHOCTH PLA-TIJTaCTUH Ha TPEXTOYEUHBII CTATUYECKUI U3rM0 ITOKa3aIy, YTO JaHHBII IO~
Kaszaresib cocTaBisieT B cpenHeMm ~ 45,1 MIla. TepmomexaHM4YeCcKMid aHAIMU3 MOJUIAKTUIA BbISIBUJI, UTO B TIPOLIECCE HAarpeBa KepaMu-
yeckoit 06o0s0uku Bbile 150 °C nmoauaakTUaHas MOAEIb HAYMHAET MHTEHCUBHO PACIIMPITHCS, OKa3biBasl CYLIECTBEHHOE JaBJIeHUE Ha
KepaMUyueckylo 000y0uKky. Jisl yMeHbIUIEHU sl HalpsI)KeHUI B IpoLecce yaaJeHUsl NOJIUIaKTUIHON MOAEIH U3 KepaMUuyecKoir (hopMbl
HEeoO0X0JMMO MaKCUMaJIbHO YBEJIMUUTHL BpeMsi HarpeBa B uHTepBasie Temreparyp 150—300 °C, a Takxke 1ejiecooOpa3HO UCMOJIb30BaTh
IYCTOTEJIbIE BBIXKUTaeMbIe MOIEIH OTIMBKM CO CTEIEHBIO 3aIOJHEHUS SYEUCTON CTPYKTYpHI He Oonee 30 %. [Ipu 3TOM HampsKeHUS
B 000J104Ke He OyayT MpeBHIIIATH €€ MTPOYHOCTh. C IMOMOIIBI0 TEPMOTPABUMETPUIECKOIO aHaIN3a BHISIBIEHBI XapaKTePHbIE TeMIIepa-
TYPHBIE XapaKTePUCTUKU TepMoaecTpyKuuu PLA-miacTrka. YCTaHOBJIEHO, YTO MaTepyasl U3 MOJTUIAKTHIA MOJHOCTHIO BRITOPAET MPU
Harpese 10 TemnepaTypbl 500 °C, He ocTaBJIsisl MOCe ce0s1 0CTaTKOB 30J1bl. AHAJIM3 PE3YIbTAaTOB MO3BOJMI OTIPEACTIUTh TEXHOJOTUYECK e
PEXMMBbI BBIXKMTAHM S MOJTMJIAKTUAHBIX MosieJield u3 Kepamudeckux ¢dopMm. Ha npunrtepe Picaso 3D Designer (Poccust) Obliv HarneyaTaHbl
PLA-mozmenu, KoTopble UCIOIb30BaIU JJISI TOJYYSHU ST OTIBITHO-3KCIIEPUMEHTAIbHBIX OTJIMBOK U3 aTIOMUHMEBBIX CIIaBOB. BhISIBIICHO,
YTO LIEPOXOBATOCTb MOBEPXHOCTH (R,) OTIIMBKU, NOJTYUEHHOII 10 BLIXKUTAeMOit MOJEIN, 00pabOTaHHOI JUXJIOPMETAHOM, YMEHbIIAETCS
Ha 81,75 % — ¢ 13,7 10 2,5 MKM.

Karouesbie c10Ba: 1M ThE MO BbIXKMTaeMbIM MOJCIAM, NOJTUJTAKTU, 3D-neanb, METOI OCAXKIACHU A paCl’lJ’[aBJ’leHHOﬁ HUTHU, ATIOMUHUCBBIC
CILJIaBbI, IIEPOXOBATOCTb MOBEPXHOCTU.

Jns uurupoBanus: Bapdponomees M.C., [Tetpos U.A. OcoGeHHOCTY U3TOTOBJICHU ST OTIUBOK U3 aJTIOMUHUEBBIX CTIIIABOB IO BBIXKMUTAeMbIM

anautuBHBIM FDM-Monensm. Uzgecmus 6y3o06. Lleemnas memannypeus. 2023;29(4):5—14.

https://doi.org/10.17073/0021-3438-2023-4-5-14

Introduction

Investment/lost-wax casting is a traditional techno-
logy for the production of high-precision products. This
casting method enables the production of parts of the
most complex shapes with thin walls and a high surface
finish. The quality of investment/lost-wax castings is
markedly superior to other casting methods, therefore
this method is used in various fields.

The main problem in single and small batch pro-
duction of products is the high cost of tooling. Traditio-
nal ceramic mold making requires the use of a melted/
fired model produced in molds. This production process
of making a mold is very complicated, and the cost of
making such tooling is extremely high. This problem
is resolved by integrating modern additive 3D printing
methods into foundries [1; 2]. It is a relatively new pro-
duction technology intensively developed and applied in
various fields, including foundries [3—5]. The direct de-
velopment of lost-wax models is not only cost-effective
for small-scale and pilot production, but is also capable
of creating very complex geometries that would be ex-
tremely difficult or too expensive to produce in the tra-
ditional way [6].

The process of making a lost-wax model using 3D
printing allows the cost and time of casting production
to be reduced. It also enabled the production of prod-
ucts of complex geometry in comparison to the conven-
tional investment/lost-wax casting process [7—9]. These
advantages are offset by the stepped surface of the mo-
del associated with the feature of 3D printing which

6

can negatively affect the surface roughness and dimen-
sional tolerances of castings.

Today, the most affordable and widespread 3D print-
ing method is the technology of Fused Deposition Ma-
nufacturing (FDM) [10]. This method is comprised of
layer-by-layer application of the molten polymer using
an extruder. When compared to other additive manu-
facturing processes for lost-wax models, such as stereo-
lithography (SLA), direct light processing (DLP), FDM
3D printing is one of the cheapest due to the low price of
equipment and consumables, which makes it more wide-
ly available [11].

The main materials used in FDM 3D printing are
thermoplastics: acrylonitrile butadiene styrene (ABS)
[12; 13]; polylactide (PLA) [13,14]; polyamide (PA) [15];
polyethylene terephthalate-glycol (PETG) [16]; poly-
ether ether ketone (PEEK) [17]; polycarbonate (PC) [18]
and others.

As an alternative to petroleum-based polymers
(ABS, PA, PETG, PEEK, PC), polylactide, a biode-
gradable biopolymer, is widely applied in numerous
industries. PLA is based on starch and polylactic acid,
made from completely renewable natural materials.

Polylactide is a fully biodegradable thermoplastic
polyester. It is a polymer of lactic acid derived from the
processing of corn, starch, cellulose, and sugarcane. The
non-toxicity of the material allows the printing process
to be carried out even in poorly ventilated areas. The
products of thermal degradation of polylactide are con-
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sidered harmless, and it burns quite slowly. Due to its
environmental friendliness, biocompatibility, biodegra-
dability, renewability, high stiffness and tensile strength,
and ease of processing, the use of PLA in the world is
growing. In this regard, a number of authors are con-
sidering the possibility of using it for the manufacture of
burnt models [19—22].

The main goal of the work was to study the techno-
logical possibilities of 3D printing for the rapid produc-
tion of lost-wax models from polylactide with the sub-
sequent production of experimental cast products from
aluminum alloys.

Experimental

The lost-wax models were fabricated by the FDM
method using polylactide (PLA) as the material of
the models. A spool of PLA filament with a diameter
of 1.75 mm was supplied by Bestfilament (Russia), a
commercial manufacturer of filaments for 3D printing.
Pilot lost-wax models of castings and models for me-
chanical testing were fabricated using a Picaso 3D
Designer X printer (Russia) at a cellular structure fill-
ing rate of 30 %. A printer nozzle with a diameter of
0.5 mm was used. The thickness of the applied layer
was 0.2 mm. The print and platform temperatures du-
ring the process were maintained at 200 °C and 75 °C,
respectively. Print speed was 20 mm/s. Dichlorometh-
ane was used to polish the surface of the PLA models.
The casting models were dipped for 5, 10, and 15 s di-
rectly into the solvent.

Three-point bending tests of PLA samples with sizes
of 40x20x5 mm were performed using an Instron 5982
machine (USA). The traverse speed was | mm/min. The
distance between supports was 30 mm, and the number
of tested samples: 10 pieces.

Ceramic molds were made according to the tra-
ditional lost-wax casting technology using layer-by-
layer application of a ceramic suspension consisting of
an ETS-40 ethyl silicate binder and a filler (pulverized
quartz) onto a model block. This was followed by sprin-
kling each layer with granular quartz with a particle size
of 0.2 mm. A total of 5 layers were applied.

The calcination of ceramic experimental molds
was carried out in a support filler in an electric resist-
ance furnace at 1 =900°C, in an air atmosphere (heat-
ing duration 5 h) and exposure for 2 h. The ceramic
molds were filled with aluminum alloy AK7ch with
the following chemical composition: wt.%: Al — the
base; Si — 7.21; Mg — 0.36; Fe — 0.147; Cu — 0.011;
Mn — 0.0026. This corresponds to State standard
GOST 1583-93.

800 g of the AK7ch alloy was melted in a
SNOL-1,6.2,5.1/11-13 muffle electric furnace. Prelimi-
nary degassing of the melt was carried out by purging it
with an inert gas (argon).

The melt was modified with a standard 25%NaF +
+ 62.5%NaCl + 12.5%KCl flux at 740—750 °C. On the
surface of the melt, it was applied as an even layer in the
amount of 1.5 wt % of the melt. After holding at this
temperature for 10 min, the flux was thoroughly kneaded
deep into the melt. After 15 min after the melt holding,
it was poured at ¢ = 710+720 °C into calcined ceramic
molds heated to 350 °C.

Experimental castings from AK7h alloy were sub-
jected to thermal processing according to State standard
GOST 1583-93 under T5 regime (quenching in water
at 535%5 °C for 4 h, then aging for 3 h at 415%5 °C).

Thermogravimetric (TGA) and differential ther-
mal (SDTA) analyses were performed using a TGA/
SDTA 851 instrument (Mettler Toledo, Switzerland),
at a heating rate of 10 °C/min to 1100 °C in an air at-
mosphere.

Thermomechanical analysis (TMA) of plastic was
performed using TMA/SDTA 840 analyzer (Mettler
Toledo) in the range r = 20+350 °C.

The surface roughness (R,) of the castings in the ar-
ea of 50x50 um was analyzed using a MicroXAM-100
optical profilometer (KLA-Tencor Corp., USA). In or-
der to evaluate the surface roughness of the products,
2 castings were selected (with and without dichloro-
methane treatment), and 3 areas were examined on each
sample: each with 4 measurements. Statistical analysis
of the obtained results was performed using Statistica 10
software.

Results and discussion

The main areas of work were to study of the possibili-
ty of using PLA plastic as a material for the manufacture
of experimental models in investment casting, as well as
establishing the temperature characteristics of the mod-
el material.

Thermochemical transformations of polylactide up
to 1100 °C were studied using TGA and SDTA methods.
The results are presented in Fig. 1. The TGA curve at
t=30+300 °C shows no recorded changes and the weight
of the sample practically did not change (the loss was
only 1.09 %).

Thermogravimetric studies demonstrated that the
main weight loss of the substance occurs when the tem-
perature rises to 390 °C and amounts to 96.98 %. An
exothermic effect is observed on the SDTA curve. At
t = 300+390 °C, active thermal degradation of the
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polymer occurs (sample weight drops from 98.91 to
3.02 %). Complete burn-out of polylactide occurs at
t ~ 500 °C, until it burns out completely, leaving no ash
residue. Its further heating to 1100 °C practically does
not cause any changes. The weight of the sample goes in-
to minus. This is primarily due to the removal of residual
moisture from the porous ceramic crucible as a result of
heating to 1100 °C.

Based on the results of the thermogravimetric study,
it can be concluded that when heated above 500 °C,
PLA plastic samples have zero ash content. It should
be noted that the ash content (solid residue) of the lost-
wax model during the calcination of ceramic molds is a
very important parameter which should be minimal or
completely absent. Increased ash content leads to the
formation of ash residues after calcination in the body
of the shell, reducing the quality of the cast products
obtained in them.

The study of the thermal destruction of the model
material enabled the temperature and time parameters
of the process of removing (burning out) polylactide
from the ceramic mold to be defined. Burning tem-
perature is more than 500 °C, the duration is at least
1 hour.

The main reason for the destruction of the ceramic
mold during the burning of the polymer model is the
difference in the expansion coefficients of ceramics

and polylactide. The thermomechanical properties
of the plastic were determined by TMA of polylactide
in the temperature range of 20—350 °C (Fig. 2). As
demonstrated by the data, in the range r = 20+150 °C
no significant changes were detected. Active expan-
sion of polylactide begins at temperatures above 150
°C, indicating the beginning of the melting of the PLA
plastic.

In the course of heating the ceramic shell above
150 °C, the polylactide model begins to expand rapid-
ly, exerting significant pressure on the ceramic shell.
Therefore, in order to reduce stresses in the process
of removing the polylactide model from the ceram-
ic mold, the heating time interval in the range ¢t =
= 150+300 °C needs to be maximized. It is also ad-
visable to use hollow lost-wax casting models with a
cellular structure filling degree not more than 30 %.
In this case, the stresses in the shell will not exceed its
strength.

The use of polymer filament layer-by-layer depo-
sition for the manufacture of accurate lost-wax mo-
dels is limited due to the high surface roughness and
inaccurate dimensions. This is due to the character-
istics of their manufacturing technology. When 3D
printing a product vertically, a corrugated structure
is formed on its surface (the so-called staircase effect)
[23; 24].
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Thus, certain subsequent post-processing proce-
dures are required to improve surface quality [25—27].
At present, two main approaches are used to achieve a
smooth surface of products: chemical or mechanical
smoothing [28—30]. The latter method is inefficient
in obtaining models with a complex geometric surface
and a developed structure. The chemical method of
smoothing the surface with volatile solvents is more
effective.

In this work, dichloromethane (CH,Cl,) was used to
reduce the surface roughness of the PLA lost-wax mo-
dels (Fig. 3, a) [31]. According to the studies, holding
the model in dichloromethane for 10s results in its sur-
face being smoothed (Fig. 3, ¢). With a shorter exposure
time in the solvent, the staircase effect is partially pre-
served (Fig. 3, b), and with a longer duration, the model
surface swells (Fig. 3, d).

This simple, fast and cost-efficient chemical treat-
ment gives the model a smooth and glossy finish, reduc-
ing labor and cutting tool costs.

Three-point static bending tests of PLA plates
demonstrated a mechanical strength of an average
~45.1 MPa. This result is quite high for casting lost-
wax models. Accordingly, during operation (for exam-
ple, at the site of application of the suspension or during
the transportation of model blocks), there is a low pro-

80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 ¢°C

bability of their accidental breakage or the formation
of dents.

Based on the results of the studies carried out on
the Picaso 3D Designer X printer (Picaso 3D, Russia),
experimental models were made from PLA polymer
(Fig. 4, a). Quartz ceramics on a hydrolyzed ethyl sili-
cate binder were used to form a ceramic shell (Fig. 4, b).
A casting of the “bracket” type manufactured from
AK7ch alloy demonstrates the possibility of obtaining
suitable aluminum cast products (Fig. 4, ¢).

A comparative analysis of the surface of the experi-
mental castings shows that the cast product acquires a
smooth surface (Fig. 5) due to the chemical treatment of
the lost-wax model with dichloromethane.

In order to assess the surface quality of castings,
their roughness was measured using a laser optical
profilometer and they were compared with each oth-
er. Figure 6 shows micrographs, as well as 2D and 3D
relief of the surface of the castings. Images of castings
are made in the same scale. The roughness (R,) of the
castings was measured in several places indicated in
Fig. 5.

As illustrated in Fig. 6, the roughness of the sam-
ples was significantly reduced by the use of chemical
post-processing of the lost-wax models with dichlo-
romethane vapor. There are no surface lines between ad-

9
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Fig. 3. External view of surface of consumable PLA model
a — after 3D printing; b—d — after processing by dichloromethane for 5 s (b), 10 s (¢) and 15 s (d)

Puc. 3. BHemrHuit Bua noBepxHocTH Bhlxkuraemoir PLA-mMonenu

a — nocye 3D-nevaru; b—d — mocie o6paboTKu auxjIopMeTaHoM B TeueHue 5 ¢ (b), 10 ¢ (¢) u 15 ¢ (d)

Fig. 4. Experimental PLA model (a), applied ceramic layer (b), and final aluminum casting (c)

Puc. 4. OnbiTHas PLA-Mozenb (@), oHa XXe ¢ HAHECEHHBIM CJI0eM KepaMUKHU (b) 1 TOTOBAs aJllOMUHUEBas OTJIMBKA (€)

jacent layers on the images of the surface of the castings, The surface roughness of castings produced us-
obtained by PLA lost-wax models and processed with ing models before and after chemical processing is
dichloromethane (see Fig. 6, b). A noticeable reduction illustrated in Fig. 7. The distribution of Kolmogo-
in roughness is observed and the effect of stairs is eli- rov—Smirnov and Shapiro—Wilk quantitative indi-
minated. cators showed adequate results. Average values of R,

10
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Fig. 5. External view of casting produced using
non-processed model (@) and after its holding
in dichloromethane (b)

Puc. 5. BHeliHu# BUa OTJIIMBKY, MOJTYyYEeHHOUN
10 BBIXKMTaeMoil HeoOpaboTaHHOI Moenu (a)
M TIOCJIE €€ BBIACPXKKHU B IUXJopMeTaHe (b)

decrease from 13.7 to 2.5 pm. The roughness R, of a
casting produced using a consumable model processed
by dichloromethane varies from 1.8 to 3.5 pm. Thus,
the surface quality was improved significantly and the
roughness decreased by 81.75 %.

Conclusions

This work focused on studying process variables of
3D printing for the rapid production of consumable
models from PLA plastic, and subsequent fabrication
of experimental cast items from aluminum alloys. The
mechanical properties and ash content of burnt samples
from polylactide were studied. Thermomechanical and
thermogravimetric analyses of the polymer were con-
ducted, resulting in the following main conclusions:

1. The static bending strength of 3D printed con-
sumable PLA models was ~45.1 MPa.

2. The characteristic temperature properties of PLA
plastic thermal destruction were detected using thermo-

Fig. 6. Micro images 2D (on the right) and 3D (on the left), of surface of castings produced using consumable PLA models,

without processing (a) and after holding in dichloromethane (b)

Puc. 6. Mukpodotorpadbuu 2D- (cripaBa) u 3D-u3zo0paxeHus (cieBa) MOBEPXHOCTU OTJIUBOK,
MOJIYYEHHBIX I10 BbIxkuraeMbiM PLA-Moaessim, 6e3 00paboTKHU (@) 1 TTocJie BRIACPXKKHU B AUXJI0pMeTaHe (b)
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Fig. 7. Distribution histograms of surface roughness (R,) of casting produced using non-processed model (a)
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Puc. 7. T'uctorpammbl pacrpenesieHU s 3Ha4eHU i 1IepOX0BaTOCTH (R,) MOBEPXHOCTU OTJINBKHU,
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gravimetric analysis. It was established that polylactide
completely burns out upon heating to 500 °C leaving no
ash residue.

3. In the course of heating of ceramic shell in excess
of 150 °C, the polylactide model begins to expand inten-
sively. In order to decrease stresses during the removal
of polylactide model from ceramic mold, the heating
time must be increased to the range of 150—300 °C. In
addition, the use of hollow consumable casting models
with the filling extent of cellular structure not higher
than 30 % would be sensible. The stress on the shell will
not exceed its strength.

4. In order to decrease the surface roughness of con-
sumable PLA model, chemical post-treatment by di-
chloromethane must be performed. The best solvent for
smoothing model surface layers is dichloromethane. Af-
ter immersion of the model into the solvent for 10 s, its
surface becomes smooth and glossy.

5. The experimental results of the process variab-
les were used. They were then verified under labora-
tory conditions allowing a good experimental casting
of bracket type from aluminum alloys to be obtained.
Castings produced on the basis of consumable models
processed by dichloromethane show a decrease in the
roughness R, from 13.7 to 2.5 um. Thus, the ladder ef-
fect is eliminated.
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Abstract: Thin-walled axisymmetric truncated parts made of sheet billets are actively used in rocket and aerospace engineering. Improvement
to their shape formation, based on directed material thickness change will ensure the production of parts with minimum thickness variation.
This will also enable aviation and space industry enterprises to attain leading positions, as well as reduce labor costs. This work studies the
possibility of obtaining thin-walled axisymmetric parts of truncated tapered shape using one of the methods of sheet metal stamping under flat
tensile stress conditions (flanging). The mechanism was identified and the analysis of the stress-strain state of the billet during deformation
was carried out. This takes into account the minimizing of the difference between the specified and technologically possible thicknesses.
A mathematical model was developed to consider the shaping method based on the process of flanging. Theoretical studies were based on the
principles of the plastic deformation theory of sheet materials. This was achieved by the following factors: approximate differential equations
of force equilibrium; equations of constraint; plasticity conditions; and fundamental constitutive relations under given initial and boundary
conditions. The process of flanging was simulated using the LS-DY NA software package with the following initial data of a conical billet made
of 12Kh18N10T steel: cone angle 16.4°, thickness Sy = 0.3 mm. The aim was to eliminate errors in designing a tool for future implementation
of the method on a manufactured die tooling, as well as to confirm the theoretical conclusions on the selection of technological parameters and
achieve minimal thickness variation. The steps of computer modeling are presented, indicating the main process parameters such as material
model, mechanical characteristics of the workpiece material, type of elements, kinematic loads, conditions of contact interaction of elements
with each other, etc.
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Aunoramusa: B pakeTHO-KOCMUYECKON M aBUALIMOHHOI TEXHUKE aKTUBHO MPUMEHSIIOTCSI TOHKOCTEHHbBIE OCECUMMETPUYHBIE JeTau
YCEUeHHOM cyKatoleiicsi hopMbl, U3TOTOBICHHBIE U3 JIUCTOBLIX 3ar0TOBOK. COBEPIIEHCTBOBAHME TTPOIIECCOB UX (hOPMOOOPA30OBaAHUS,
B OCHOBE KOTOPBIX HApaBJIeHHOE M3MEHEHUE TONIIWHBI MaTepraa ¢ LeJblo TMOJyUYeHUs AeTaleil ¢ MUHUMaJIbHOW Pa3HOTOMIIUHHO-
CTbIO, TTO3BOJIUT O0ECMEUYUTh BeAYlIMe MO3ULIUU MPEANPUsATUI aBUALIMOHHONW U KOCMUYECKON OTpacseil MPOMBILIJIEHHOCTHU, a TaKXe
rapaHTUpyeT CHUXEHUe Tpyno3aTpar. JJaHHasi paboTa MOCBsILIEHA UCCIEA0OBAHUIO BOZMOXHOCTHU TMOJYyUYEeHUsI TOHKOCTEHHBIX 0CECUM-
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METPUYHBIX JeTajleil yceueHHOi cyxatoleiicss GopMbl ONHUM U3 CIIOCOOOB JIMCTOBOM IITAMITIOBKHU B YCJIOBUSIX MJIOCKOT'O HAMPSIXKEHHOTO
COCTOSTHUSI paCTsXKeHUs (0TOOPTOBKOIM). BBIsSIBJIEH MeXaHU3M U MPOBEIEH aHAJM3 HATIPSIKEHHO-1e(OPMUPOBAHHOTO COCTOSTHUST 3ar0-
TOBKH B TIpotiecce (OpMOU3MEHEHUSI C YUETOM BBIpAKeHUSI MUHUMU3ALNY MEXY 3aIaHHOU U TEXHOJIOTUYECKH BO3MOXKHON TOMIMHA-
mu. PaspaboraHa maTeMaTuyeckasi MOJIEIb paCCMaTpUBaeMoro crnocoba hopMoobpa3zoBaHusi, OCHOBAHHOTO Ha MPOLECCe OTOOPTOBKU.
TeopeTunueckue UCCIe0OBAHNSI OCHOBBIBAJIUCH Ha MOJOKEHUIX TEOPU U MIACTUYECKOr0 Ae(OPMUPOBAHUSI TMCTOBBIX MATEPUAIOB Ty TEM
COBMECTHOTO pelIeHU s TPUOIMXKEeHHBIX AuddepeHIInalbHbIX YPAaBHEHU 1 paBHOBECHSI CUJI, YPaBHEHU I CBSI3U, YCIOBUS MIACTUYHOCTU
1 OCHOBHBIX OIpPEAEISIIOUIMX COOTHOIIEHUI NP 3aAaHHbBIX HaYyaJbHBIX U TPAHUYHBIX YCIOBUSIX. C LEIbI0 UCKIIIOYEHUSI OLUIMOOK MpU
MPOEKTUPOBAHUM MHCTPYMEHTA [IJIsI IEPCIIEKTUBHOM pean3aluy criocoba Ha U3rOTOBJICHHOM IITAMITOBOI OCHACTKE, a TAKKe JIJIs TIOM-
TBEPKICHUST TEOPETUUECKUX BBIBOJOB IO BHIOOPY TEXHOJOTUUECKUX IMAPaMETPOB U MOCTUXEHUS MUHUMAJbHOW Pa3HOTOJIIIMHHOCTU
MPOBEIeHO MOAEINPOBAHNUE TIPOLecca OTOOPTOBKHU B IIporpaMMHOM KomIiekce LS-DYNA ¢ nucxogHbIMU JaHHBIMY KOHUYECKOMN 3ar0-
toBku u3 ctanu 12X18H10T: yron konycHoctu 16,4°, Tonuuna Sy, = 0,3 MM. [IpeacraBiaeHbl 3Tanbl KOMIBIOTEPHOTO MOIEIMPOBAHUS €
yKa3aHUeM OCHOBHBIX MapaMeTpoB Mpoliecca, TAKMX KaK MOJEJIb MaTepuala, MeXaHMYeCcKue XapakTepuCcTUKU MaTepuaa 3aroTOBKH,
THII 3JIEMEHTOB, KHHEMAaTUUeCKUe HArPy3KH, YCIOBHSI KOHTAKTHOTO B3aUMOJECTBISI 2JIEMEHTOB MEX 1y COOOM U T.1I.

Kirouessle ciioBa: 0TOOPTOBKA, TOJIIMHA, TOHKOCTEHHAs, MUHUMU3a11s1, (hopMooOpa3oBaHue, MPOLECC, MHKEHEPHBIN METO/, HATIPsI-
xeHust, LS-DYNA, monenrpoBaHue.

Jng uuruposanus: lembsinenko E.T., [Tonos W.I1., Jlesaruna A.A. CoBeplieHCTBOBaHHUE npouecca HopMooOpa3oBaHMs B yCIOBUSIX I1JIO-

CKOI'0O HalPsI>KEHHOTO COCTOSIHUSL pacTsixkeHUsl. M3eecmus 8y306. Lleemnas memannypeus. 2023;29(4):15-23.

https://doi.org/10.17073/0021-3438-2023-4-15-23

Introduction

Components such as compartment shells, fairings,
fuel tanks of various shapes and sizes, gas storage cy-
linders, nozzle shells, engine combustion chamber shells
and other parts used in the rocket, space and aviation
industry must fulfill preset performance characteristics.
They must also meet design requirements that determine
the technological feasibility of their manufacture [1—4].
The known methods of shape formation [5—7] of such
parts do not fully provide the necessary and uniformly
distributed thickness (for example, at multiple drawing
the thickness variability can reach 80 %). This entails
an increase in the number of technological transitions,
a decrease in the material utilization rate due to subse-
quent machining and a general increase in production
costs. Associated problems are corrugation (local loss
of deformation stability) and deterioration of surface
quality.

In order to avoid defects [8—10] in thin-walled parts
with a ratio of the preset billet thickness to its major di-
ameter at Speqe¢ /D < 0.08, shape formation is carried
out under conditions of stress state close to the plane
tensile stress state. This can be achieved, for example,
using processes of flanging and forming. In addition, it
is important to design the process in such a way that the
thickness of the workpiece varies in the direction asso-
ciated with a preset part thickness. For this purpose, in
real deformation processes, it is important to ensure the
minimum thickness variation of the part, defined as a
minimization equation in the form of an integral quad-
ratic difference between the preset and technologically
possible thicknesses.

16

The aim of this work was, therefore, to develop a
technique for obtaining parts with a preset thickness
from a conical billet by flanging.

Theoretical studies of the flanging process
to obtain thin-walled axisymmetric parts
of a truncated tapering shape

This paper presents the results of the study on-
ly for relatively low parts (the ratio of height to major
diameter H/D ~ 1 and diameter to relative curvature
D/Rp < 0.045). Let us consider a method for manufac-
turing thin-walled axisymmetric parts of a truncated
tapering shape with a minimum thickness difference
from a conical billet using the flanging process. In
this case, we use the theory of plastic deformation of
sheet materials, taking into account the anisotropy
of the mechanical properties of the initial billet and
the assessment of the conditions for stable shape for-
mation upon plane tensile stress state. By minimizing
the equation for the difference between the preset and
technically possible thicknesses, the possibilities of
process analysis are expanded. Figure 1 illustrates a
schematic view of the method of part flanging from a
conic billet.

The tapered billet 4 is clamped between die 3 and
clamp 2, providing a stationary portion of the billet
flange under the clamp during shape formation. For
example, when punch 7 is lowered, due to the different
configuration of the punch and billet geometry, the bil-
let is at first contacted and deformed in the elements of
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Fig. 1. Geometric layout of shape formation

1 — punch, 2 — blank holder, 3 — mold, 4 — workpiece/part

Ryt and Ry, are the major radii of billet and part, mm;

Opjlier 18 the billet cone angle, deg.; riije; and 7y, are the minor radii of
billet and part, mm; Q is the force and direction of clamping, N;

p — is the current radius of part, mm

Puc. 1. l'eomeTpuueckas cxema popMooOpa3oBaHUs

1 — niyaHcoH, 2 — niprkuM, 3 — MaTpuIia, 4 — 3ar0TOBKa/IeTalb
Rypr i R — HAaUOOIbIIME PAJIMYChl 3aTOTOBKU U IETATIA, MM;

Oy, — YTOJI KOHYCHOCTH 3aTOTOBKH, TPAJL; Vg U Fyer — HAMMEHDBLINE
paauychl 3arOTOBKM U IeTalu, MM; O — YCUJIME 1 HalpaBlieHne
npwxkuma, H; p — tekyumit paauyc geranu, My

minor diameter. As the punch is lowered, the billet ele-
ments with major diameter coordinates enter the zone of
deformation center. The process stops when the plastic
deformation of the billet edge begins.

Due to the size and geometry of the punch and the
workpiece, it is possible to adjust the thickness of the
latter along the generatrix length. As a result, the part
obtained has a thickness either close to constant, with
minimal thickness variation, or with a variable (mono-
tonic) thickness that is close to the preset thickness.
It has a minimal thickness variation (with its decrease
from the minor diameter edge elements to the elements
with the major diameter, and vice versa). The main fac-
tors affecting the above-described distribution of part
wall thickness are the inclination angle of the tapered
billet face, friction, and the mechanical properties of
the billet (e.g., anisotropy coefficient of a transversal
isotropic body) [11].

Directed change in billet thickness with regard to
preset thickness is possible by varying the constants
in the process of technological parameters [12] (billet
size, tool geometry, coefficient of friction, bounda-
ry conditions, mechanical property indicators, etc.).
It also requires an analytically [13—15] presented and
resolved expression of minimum thickness difference
[16—18]:

.” (Spreset - STh)zdF — min, (1)
F

where 8o is the preset part thickness, mm; Sty is the
technologically possible thickness, obtained after the
shape formation of the billet, mm; F is the area of the
part across the median surface, mm?.

The mathematical condition for achieving a given
distribution of the constant wall thickness of the part
for implementation of the proposed method is written as

follows:

2
[ } [(Emset -0 (1 - @H dp—>min, Q)
P

Tpart

where Spreset = Spreset /Sbillets ’Tbillet = Tpillet /Rpart and
P =P/ Ryart-

Let us denote Q:
O =(01-wW[(1+0y)/ (1o, —1)] = const, (3)

where 6, = 6,/0 is the ratio of stresses determined
by the engineering method using the equation of equi-
librium in polar coordinates [19]. In the case of billet
shape formation, assuming that the additional pressure
q = 0, it will take the following form:

So (%, % |_
sinay | R, Ry

p

do,
pd—p+ak$p —dog —

where R, and Ry are the radii of the part in the meridi-
onal and tangential directions; 6, and G are the stresses
in meridional and tangential directions, Pa; fis the coef-
ficient of friction on the inner surface of the workpiece;
0, is the angle of generatrix inclination of the part to the
axis, deg.

Let us write the plasticity condition for flanging:

Bo, = 0e, )

where 8 =2 /,/7-6p is the coefficient determining the
stress-strain state of the process taking into account the
anisotropy of mechanical properties of the initial bil-
let [20].
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With the geometrical ratio p = Rg coso and assump-
tion that G, /Rp = ( the equilibrium equation is written
as:

do
P+ 0, — Bo, 1+ feiga) =0, &)
p

where o is the angle of inclination of the tangent to the
axis of the part, drawn in the middle part of the defor-
mation zone, deg.

Assuming that the stress ratio G, /Cg, as shown in
[19], is not affected by hardening [21—23] and thick-
ness variation, we can find the stresses G, in the bil-
let under boundary conditions: 6, = 0, p = rp, and
5 = p/Rpart'

We will assume that the stress in the deformation
center is constant and equals the average integral value.
Its value is determined by the known formula [19] taking
into account that the meridional stress is equal to:

o, =B+ fetga)(1 = 7/ P), (©)
then the average integral value is:
1 - =y =
oy (1+fctg(x)’f7pm(l—rpm/p)dp
Op =——= — . (7)

Ge 1 — rpan
After algebraic transformations we obtain:

B Fpart (1 —In Fpart)

1_”part

50 = (1+ fotga) ®)

Next, it is necessary to determine the ratio #y;e; /p-
Let us make the following assumption:

Foitlet = @ T bp. )

Atp= p/Rpart and Fyjjier = Fpilet /Rpart =1Eq. (7)is
rewritten as follows:

b=1-a. (10)

Taking into account Eq. (10), Eq. (9) will be pre-
sented in the following form:
Toieg =@ +(—a)p=a(l-p)+p. (1)
Let us carry out a minimization for the case of
changing the preset thickness of the part: decrease
from the major diameter. With such a flanging scheme
(Fig. 1), the defining function of a given thickness is de-
scribed by the following equation:

18

S . =1-[m/(-

Fpar )] (1=P), (12)

preset —

where m=1— Spreset /Spinet < 1.
Let us write the minimization condition (2), taking
into account Eq. (12):

L
part l_rpan

Equation (14) with consideration for Eq. (11) will be
rewritten as follows:

s

Varying a and taking the derivative, we obtain the
following equation:

m 1 _ (1
1_Fpart J"’pan|:(1_p)(§ B J:|dp
1 1 ? _ ‘
ijparl g_ dp

After integration, it will take the following form:

_ 2
5)+Q[l —@H dp - min. (13)
= .

2
a- p)+Qa(é— H dp—>min. (14)
P

1-7, part

(15)

a =

=2
__m {— 07 gy = 21~ Py ) + 0,5 — rﬂ

part

(16)

Q(I/Fpart+21n7pan_ Fpart)

Let us determine the relative technologically pos-
sible thickness of the part according to the following
equation:

Sy =1+ QU= Fyje./P)- a7

Using Egs. (3), (9), (12) and (16), m = 0.1, Cpk =
0.3311, Q = —0.7976, a = —0.1497 are obtained, and the
distribution of the technologically possible and specified
thicknesses of the convex part is plotted with the follow-
ing parameters: major radius Ry, = 22.35 mm; minor
radius r,,, = 11.05 mm; radius of curvature of the part
in the meridional direction R 1000 mm. The part was
obtained from a billet with a taper angle oy = 16.4°
during shape formation with a coefficient of friction on
the inner surface of the workpiece = 0.05 and taking in-
to account the anisotropy coefficient of the transversely
isotropic body u = 0.5.
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Fig. 2. Distribution of relative technologically possible
at f=0.05 and u = 0.5 (I) and relative preset (2) thickness
of a thin-walled convex part

Puc. 2. PacnipeeieHrie OTHOCUTEILHOM TEXHOJIOTMYECKHI
Bo3MoxxHo# mpu f= 0,05 u u = 0,5 (I) ¥ OTHOCUTETbHOI
3a/IaHHOM (2) TOJNILMH TOHKOCTEHHOM BBITTYKJIOH AeTalu

The data obtained made it possible to plot the distri-
bution of the relative technologically possible thickness
of the part along the deformation zone, according to the
proposed method (Fig. 2).

Simulation of shape formation
in LS-DYNA software

In order to eliminate errors in the design of a tool for
the future implementation of the method on manufac-
tured die tooling [24], we applied the method of simulat-
ing shape formation in specialized finite element soft-
ware systems. A variety of programs, such as LS-DYNA,
ANSYS, Abaqus, QFORM, DEFORM, etc., are used
for calculation of process variables. Despite the fact
that much scientific literature is devoted to the study of
plastic flow, theoretical equations can be derived only
for relatively simple processes (bending, drawing, pre-
cipitation), and with significant assumptions for billets
of simple shape (round, cylindrical, square). However,
when using billets of a complex shape and developing
more advanced metal forming technologies (MPT),
such equations give significant errors, and it is difficult
to obtain a solution with approximate methods.

The solution to this problem can be to use pro-
grams based on the finite element method, such as
ANSYS / LS-DYNA, which is one of the best in its
field. It is intended for calculations of high-speed and
dynamic processes and ideal for solving problems of
mechanical engineering, including cold sheet stamp-
ing. The software enables dangerous zones and seg-

ments of the model in which destruction is possible to
be identified. It can also determine all the necessary
parameters:

— stress-strain state of the billet and tool at any point
and at any time;

— energy parameters of the process;

— values of efforts and torques, normal and tangen-
tial forces;

— contact parameters;

— many other factors necessary for an understanding
of the processes occurring in the billet.

Nowadays, there is a wide choice of programs for
simulating various scenarios [25—31], successfully used
in various fields of mechanical engineering.

The need to resolve these problemsin LS-DYNA sys-
tem can be explained, among other things, by the pos-
sibility of calculating thin-walled shells. The kinematic
diagram of the simulation process is shown in Fig. 3.

The billet and tool geometry (clamp, die, punch)
were designed using ASCON Compass-3D 3D mo-
deling system [32] and exported in a common data ex-
change format between CAD/CAE applications: Iges.
Directly using ANSYS/LS-DYNA, the punch, mold,
and billet were assigned the element type - Shell, a shell
element. The BOUNDARY_SPC constraint was set
on the billet flange nodes to prevent movement along

Punch — |

Clamp

Mold

|
|
|
|
|
|
|
|
. |
|
|
|
|
|
|

—

Billet |
|

Fig. 3. Kinematic diagram of flanging

Puc. 3. Kunemaruueckas cxema mpoiiecca oTbopTOBKH
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Fig. 4. Experimental hardening curve of 12Kh18N10T steel

Puc. 4. DkcnepuMeHTabHasi KpUBasi yIIpOYHEHU
cranau 12X18HIOT

and rotation around axes. The command performs the
clamping and mold functions. The boundary condi-
tions and constraints on the degrees of freedom of the
punch are set in such a way that the tool moves only
along the OZ axis. The coefficient of friction between
the punch and the billet was 0.05. After positioning
the objects along the OZ axis, a regular (quadrilateral)
finite element mesh with an edge length of 1 mm for
the workpiece and a mixed mesh with an edge length
of 2 mm for the punch were plotted for them. A rigid
model was chosen as the material model of the punch
and workpiece: MAT RIGID and transversely ani-
sotropic: MAT TRANSVERSELY ANISOTROPIC
ELASTIC_PLASTIC, respectively.

In order to specify the properties [33] of the material
of the billet (12Kh18N10T), an experimental hardening
curve for this structural steel was introduced, obtained
during a simple tensile test (Fig. 4).

Results and discussion

To describe the properties of the material of a thin-
walled billet with a thickness of Sy = 0.3 mm from
steel 12Kh18N10T, the following parameters were intro-
duced:

— steel density: 7920 kg/mm?2;

— elasticity modulus: 198 GPa;

— Poisson’s ratio: 0.29;

— coefficient taking into account the anisotropy of a

transversely isotropic billet: 0.5.

The simulation results are illustrated in Fig. 5.

For a comparative analysis of the simulation results,
we selected points along the generatrix of the axisym-
metric part (Fig. 6) and plotted the function reflecting
the thickness at these points (Fig. 7). For illustration, let
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Fig. 5. Distribution of wall thickness (mm)
of an axisymmetric part

Puc. 5. Pacnipenenenue ToguHbl (MM)
CTEHKHU 0CEeCUMMETPUIHOU IeTaIun

Fig. 6. Selection of points along the generatrix
of an axisymmetric part

Puc. 6. Be16op Touek 1mo odpasyolieit ocecCuMMEeTPUIHOM
neTanu

us add the relative specified thickness of the part to the
plot, which will enable a conclusion about the minimum
deviation obtained of the thickness of the part from a
given value, not exceeding 2.0 %.

Conclusions

The following conclusions were drawn from the
study.

1. The maximum discrepancy between the simu-
lation and theoretical data does not exceed 1.5 %. The
minimum variation in thickness is observed at a punch
angle of 15.36°, and the maximum at 16.79° (see Fig. 7).
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Fig. 7. Distribution of relative technologically possible
thickness according to the results of simulation and relative
preset thickness of a thin-walled convex part

Puc. 7. PacnpenesieHue OTHOCUTEJIbHBIX 3HAYEHU I

TEXHOJOIMYECKH BO3MOXHOM TOILIMHbI (l'lO pesyjibratamM

MOJEIUPOBAHMS) U 3aJaHHOU TOMIIMHBI TOHKOCTEHHOU
BBIITYKJIOW AeTanu

2. A comparison of simulation results and theoretical

studies using the proposed method indicates their satis-
factory agreement.

3. The required thickness distribution was achieved

(see Fig. 6): it decreases from major to minor radii with a
minimum deviation from the specified value.
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Abstract: This work is focused on establishing the regularity of the effect of zirconium (2.21; 3.29; 3.69 and 6.92 wt.% Zr) on structure
formation, the nature of distribution of elements and the microhardness of structural components in the AI-Ni—Zr system alloys obtained by
aluminothermy using the SHS metallurgy. Regularities of the formation of structural components and their microhardness depending on the
content of zirconium in Al—Ni alloys (50 wt.%) have been identified and scientifically substantiated. Structural components were identified by
the methods of electromicroscopic studies and X-ray microanalysis of elements. The structure of the initial alloy consists of Al;Ni, (B’-phase)
and Al3Ni nickel aluminides. Zirconium doping of the alloy in the amount of 2.21 wt.% leads to crystallization of zirconium nickel aluminide
Al,(Ni,Zr). With further increase in the content of zirconium (more than 2.21 wt.% Zr), complex alloyed intermetallic compounds crystalli-
ze — Zr, W, Si aluminides and Ni zirconides. A regularity was established in the decrease of the solubility of nickel in nickel aluminides Al;Ni,
and Al3Ni and their microhardness as the zirconium content increases in the Al-Ni—Zr alloys from 2.21 to 6.92 wt.%. In nickel aluminide
with zirconium Al,(Ni,Zr), this contributes to a decrease in the solubility of Ni, Al and increase in the concentration of Si and Zr. Zirconium
doping of the Al—Ni alloy in the amount over 2.21 wt.% contributes to an increase in hardness (HRA), despite a decrease in the microhardness
of the metal base (Al;Ni,, Al3Ni and Al,(Ni,Zr)). The main reason for increasing the hardness of the Al-Ni—Zr alloys is the crystallization
of complex-alloyed intermetallides — Zr, W, Si aluminides and nickel zirconide, which probably have an increased microhardness. Thus,
zirconium doping of the Al—Ni alloy makes it possible to obtain a plastic metal base from nickel aluminides Al;Ni,, Al3;Niand Al,(Ni,Zr) and
complex-alloyed intermetallides with high hardness.
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Oco0eHHocTH (h)OPMHPOBAHUS CTPYKTYPbI CILIABOB
cuctembl Al—Ni—Zr, moJIlydeHHBIX NPH BOCCTAHOBJIECHUN
OKCH/IHBIX COCJIMHEHHUI aJTIOMOTEpMHUEH

¢ npumenenuem CBC-merasayprum

X. Pu, 5.X. Pu, M.A. Epmakos, E.JI. Kum

THX00KeaHCKHii roCy1apCTBEHHbIH YHHBEPCHTET
680035, Poccus, 1. XabapoBck, yi. TuxookeaHckasi, 136

< Esrenuit Jasunosny Kum (jenya 1992g@mail.ru)

Aunnoraums: Hacrosuias pabora NMocBsLIeHAa YCTAHOBJIEHUIO 3aKOHOMEPHOCTU BJIUSHUS 100aBKM LIMPKOHUS B KosmyecTse 2,21, 3,29,
3,69 u 6,92 mac.% Ha cTPYyKTYypoOOpa3oBaHue, XapaKTep pacrpeae]eHus 3IeMEHTOB U MUKPOTBEPAOCTh CTPYKTYPHBIX COCTABJISIOLIAX
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Pu X., Pn3.X., Epmakos M.A., Kum E.A. OCOBEHHOCTN GOPMUMPOBAHMS CTRYKTYPbI CIACGBOB CUCTEMbI Al-Ni-Zf, MTOAYHYEHHbIX MPY BOCCTAHOBASHMM. .

B criaBax cucteMbl Al—Ni—Zr, MmoJiydeHHBIX ajioMoTepMueii ¢ npumeHenuem CBC-MeTayuiypruu. YCTaHOBJIEHBI U HAyYHO OOOCHO-
BaHbBl 3aKOHOMEPHOCTH (HOPMUPOBAHUSI CTPYKTYPHBIX COCTABISIONMIMX U UX MUKPOTBEPAOCTH OT COAEPXKAHWS ITUPKOHUS B CILJIaBax
Al—Ni (50 mac.% Ni). MeTomaMu 3JeKTPOHHOIW MUKPOCKOITMU U MUKPOPEHTIEHOCTIEKTPATIbHOTO aHAIN3a SJIEMEHTOB UACHTU(DULIUPO-
BaHbl CTPYKTYpHbIe cocTaBisiiolne. CTPyKTypa UCXOJHOIO CIlJIaBa COCTOUT U3 alloMuHuI0B Hukenst AlNi, (B-dasza) u AI3Ni. Jleru-
poBaHue cIljlaBa LIMPKOHMEM B KoJuuecTBe 2,21 Mac.% NpuBOAUT K KpUCTAJUIM3AL MU LUPKOHUEBOro aJioMuHuaa Hukens Aly(Ni,Zr).
[Tpu manpHelileM yBeTUYEHUN CONepXaHUs UpKoHUs (6osee 2,21 Mac.%) KpUCTAIU3YIOTCSI KOMITJIEKCHO-JIETMPOBAaHHBIE MHTEPME-
TaJJIMAHBIE COENUHEHUS — amtoMUHUAB Zr, W, Si u nupkoHuabl Ni. YcTaHOBJIeHAa 3aKOHOMEPHOCTb CHUXXEHUS pacTBOpuMOCTH Ni B
amoMuHunax Hukenst AlsNip, 1 AI3Ni 1 uX MUKPOTBEPLOCTH [0 Mepe yBeJINUYeHHU sl CofepX)KaHus LUPKOHUSs oT 2,21 10 6,92 mac.% B cruta-
Bax Al-Ni—Zr. B amomunue Hukesns ¢ uupkonuem Al,(Ni,Zr) 3To ciocodcTByeT yMeHblIeHN0 pacTBopuMOcTH Ni, Al 1 MOBBILIEHU IO
KoHUeHTpatuit Si u Zr. JlerupoBanue crutaBa Al—Ni nupkoHreM B KonmdecTBe 6osee 2,21 Mac.% crmocoOCTBYET MOBBIIIEHU IO TBEPIOCTH
(HRA), HecMOTps1 Ha CHUXKEHME MUKPOTBEPAOCTU MeTalIn4ecKoit ocHOBbI (Al3Ni,, AI3Niu Aly(Ni,Zr)). OCHOBHOI1 TPUYMHOI MOBbIILE-
HUSI TBEPAOCTH CI1aBOB Al—Ni—Zr siBJsIeTCS KpUCTAIN3A1 M ST KOMIIJIEKCHO-TIETUPOBAHHBIX MHTEPMETAJINI0B — aTioMUHUA0B Zr1, W, Si
U LIMPKOHU A HUKEJIsI, 00J1aJalol X, BEPOSITHO, TOBBILIEHHOI MUKPOTBEpAOCThIO. TakuM 006pa3oMm, jerupoBaHue crjasa Al—Ni nupko-
HMEM ITO3BOJISIET MOTYYUTh MJIACTUYHYIO METAJUIMYECKYIO OCHOBY U3 aTIoMUHUI0B HUKend AlsNi,, Al3Niu Al,(Ni,Zr) u BEICOKOTBEPABIE
KOMIIJIEKCHO-JIETUPOBAHHBIE MHTEPMETAJIUA L.

Kurouesbie ciaoBa: criaB AI—Ni, criiaB AI—Ni—Zr, cTpyKTypooOpa3oBaHUe, MUKPOPEHTIEHOCTIEKTPaJbHbI aHAIU3, MUKPOTBEPIAOCTb,
TBEPAOCTh, aTIOMUHUABI HUKeN s, CBC-meTannyprus.

Baaropapuoctu: Vccnenosanusi nposoaunuchk B LIKIT «[lpuxknagnoe marepuanosenenue» GIbOY BO «TuxookeaHckuii rocypap-
CTBEHHbI YHUBEPCUTET» MPH HUHAHCOBOI Moaaepkke MUHUCTEPCTBA HayKK U obpasoBanus Poccuiickoit @enepannu B pamkax HUP
Noe AAAA-A20-120021490002-1 rocyaapcTBEHHOM perucTapiMy rocy1apCTBEHHOIO 3aaHu .

Jng uuruposanusa: Pu X., Pu B.X., EpmakoB M.A., Kum E./l. Ocob6eHHOCTH (hOPMUPOBAHUS CTPYKTYPHI CIJIaBOB cucTeMbl Al—Ni—Zr,
MOJTYYEHHBIX TPU BOCCTAHOBJIEHU U OKCUIHBIX COeIUHEHU N ajlloMoTepmueii ¢ mpumeHenem CBC-mertannypruu. Mzgecmus 6y306. Llgem-

nas memannypeus. 2023;29(4):24—34. https://doi.org/10.17073/0021-3438-2023-4-24-34

Introduction

The high oxidation resistance and thermal conduc-
tivity of nickel aluminide played a role in its selection
as a material for high-temperature applications, es-
pecially in the aerospace, automotive and energy in-
dustries [1; 2]. In connection with recent research on
fuel economy, the low density of this intermetallide
is a huge added benefit. The intermetallic structure
of NiAl promotes structural stability even at critical-
ly higher temperatures, which are of important engi-
neering value. This is possible due to the special phase
of the B2 structure which persists even to the melting
point, making it ideal for high-temperature structural
applications [3]. Unfortunately, a major obstacle to the
versatile applicability of this intermetallide is its poor
mechanical properties at room temperature, especial-
ly its ductility and fracture toughness. The lack of slip
systems and the complexity of transferring them across
grain boundaries have been identified as single “con-
tributors” to the NiAl brittleness [4].

Various approaches to improve the restrictions of this
intermetallide have been studied over the years. They
are still being studied, in order to make the most of its
versatility. Researchers have included ductile phases
in the brittle system. They have also applied direction-
al solidification pathways, refined grain sizes, studied
heat treatment, added rare earth metals, and even re-
cently integrated nanostructures into the NiAl matrices

[5—10]. However, in the papers analyzed here, there is
no information regarding doping of the Ni—Al system
alloys with rare metals, such as Sc and Zr.

Meanwhile, the formation of coherent precipitates
L1, was observed during aging in aluminum alloys with
Sc [11; 12]. This showed high thermal stability, allow-
ing the use of Al alloys with Sc at higher temperatures.
The undesirable coarsening of phases was not identified
in the structure which has a beneficial effect on strength
increase at room temperature and heat treatment tem-
peratures. Zirconium, while having a lower diffusion
coefficient than scandium, also forms metastable co-
herent precipitate L1,. The disadvantage of using Zr
is in its even lower maximum solubility in Al than in
Sc — only 0.078 at. % [12]. This limits the use of these
alloying elements when implementing the traditional
NiAl production technology.

The promising technology of self-propagating
high-temperature synthesis (SHS), which has a num-
ber of economic advantages, can be a solution to the
problem of obtaining NiAl [13]. This process allows the
formation of reinforcing phases in the matrix alloy. The
method is used to synthesize nickel aluminides which
are the metal matrix in modern functional materials.
A high temperature of endogenous processes makes it
possible to obtain cast composite alloys according to a
short flow diagram [14—21].
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The use of high-temperature reduction processes
for refractory metal oxides seems economically feasible
[21—24]. The present study is a continuation of work [22]
in which the Zr content in the AI—Ni—Zr alloy ranged
from 0 to 3.52 wt.%.

Thus, the objective of this work was to obtain zir-
conium-doped nickel aluminides by their synthesis
from nickel oxide compounds and baddeleyite concen-
trate from the Far East region by the SHS metallurgy
method. Another objective was to study the effect of
zirconium on structure formation, liquation process-
es and microhardness of structural components of the
Al—Ni—Zr system alloy.

Methods and materials

The initial substances for the charge were:

— NiO (99.5 wt.%, TU 6-09-3642-74, OSCH 10-2);

— baddeleyite concentrate (Table 1);

— calcium fluoride CaF, (98.0 wt.%, TU 2621-007-

69886968-2015 with amendment 1);

— NaNO; (C.P., GOST 4168-79);

— aluminum powder (98.0 wt.%, PA-4, GOST 6058-73).

The composition of the charge in fractional parts
was as follows: Al : NiO : CaF, : NaNO;s : ZrSiO4 =
=10:10:12:6: X, where X= 1.5, 2.0, 2.5, 5.0 and
8.0 of ZrSiO, fractional parts.

Metallothermic smelting was carried out in
heat-resistant metal crucibles lined with refractory
material. The charge was prepared by mixing a 50 g
weighed portion with & 40 mm grinding balls in a Pul-
verisette3 planetary mill (Fritch, Germany). This is
a sealed 0.5 L container, at a speed of 500 rpm for
15—20 min. The experiment was carried out in the
open air. The charge was ignited at a bulk mass after
vibration compaction. The reaction was initiated with
an electric igniter from above. Then the reaction pro-
ceeded without external heating. As a result of smelt-
ing, 2 layers of products in the form of metallic and
slag phases were formed. They were separated due to
gravity separation and the presence of calcium fluo-
ride in the charge, acting as a flux.

Within the context of this work, samples with the size
of the studied surface of about 1.5 cm? and 5 to 10 mm
high were used. Marking was done with a permanent
marker. In order to study the uniformity of element dis-
tribution in volume, the surface of the cross section was
treated. The samples were fixed by hot pouring into the
Rose’s alloy. Abrasive grinding with abrasive paper on a
rotating wheel was used with decreasing the grain size
after each treatment.

In order to ensure a higher quality of the examined
surface, abrasive polishing with a felt cloth on a rotating
wheel and chromium oxide-based abrasive pastes with
different abrasive particle sizes ranging from 9 to 1 pm
were used. Ultrasonic cleaning in acetone medium was
applied, in order to remove polishing products and other
contaminants from the surface of the samples.

The following modern methods of research were
used:

— X-ray phase analysis of alloys using a DRON-7
diffractometer;

— X-ray spectral microanalysis to determine the
content of elements in different structural components
of the alloys — on an analytical research complex based
on FE-SEM SU-70 (Hitachi, Japan) with energy disper-
sive (Thermo Scientific Ultra Dry) and wave (Thermo
Scientific Magna Ray) attachments;

— microhardness tests (Hs) by the standard method
on the HMV-G21DT device (Shimadzu, Japan);

— assessment of porosity by hydrostatic weighing on
AUW-220D analytical scales (Shimadzu, Japan);

— hardness tests by the standard HRA method on
a Metolab 100 hardness tester (Russia).

Main results and their discussion

The alloy synthesis proceeds through the stage of
reduction of the initial zirconium and nickel oxides,
accompanied by the formation of intermetallides and
can be summarized, with a certain degree of approx-
imation, by the following equations of chemical reac-
tions [13]:

. . 3 _3 1
In order to determine the regularity and average the /4 Zr0y + Al ="/ Zr + '/, AL, 03, M

results obtained, 5 melts were carried out for each con-
centration of the baddeleyite concentrate. 3Al+ Zr = Al3Zr, @)
Table 1. Composition of baddeleyite concentrate, wt.%
Ta6auwua 1. CocraB 6amaeIeuTOBOrO KOHIIEHTpaTa, Mac. %

ZI'OZ CaO SIO2 F6203 P205 T102 W03 Impurities

72.83 0.86 10.28 0.89 10.19 0.25 2.35 1.35
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Q)
Q)

3NiO + 2A1 = 3Ni + AL, O,

4AL+ W = ALW.

The values of the Gibbs energy are AGjgoox =
= —39 kJ/mol for reaction (1), —28 klJ/mol (2),
—105 kJ/mol (3) and —254 kJ/mol (4).

The effect of variable zirconium content on struc-
ture formation and the nature of element distribution in
structural components of the A1—Ni alloy (50 wt.% Ni)
obtained by the SHS metallurgy method was studied. In
all synthesized ingots, the vertical sections in the lower
half showed a dense structure without pores, and in the
upper half the porosity was about 20 %.

The diffraction patterns of all alloys (Fig. 1) have
the same character and set of peaks. The differ-
ence is noticeable in the relative intensity of reflex-
es. This probably indicates unequal crystallization
processes and the preferential growth along certain
atomic planes. The NiAl; phase was identified. No

Intensity, relative units

compounds with zirconium were detected, due to
the low concentrations of this metal in the initial
mixture.

The following structural components are formed
in the initial alloy during crystallization in the SHS
process (Fig. 2). Nickel aluminide Al;Ni, represents
ap’-phase —solid solution of Niin AINi, located inthe
area to the left of the singular crystallization point of
AINi. Its crystals have a lighter hue and are multifac-
eted in the form of grains. The AI;Ni crystals have a
gray hue and occupy the main area in the thin sec-
tion.

Figure 3 presents the microstructure and points of
analysis in structural components of the AI—Ni—Zr al-
loy samples which contain 2.21, 3.29, 3.69 and 6.92 wt.%
of zirconium. As its content increases, the alloy struc-
ture becomes more complex with a decrease in the total
volume ratio of the AI;Ni matrix alloy, and an increase
in the density of reinforcing intermetallide phases with
zirconium.

Intensity, relative units
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Fig. 1. Diffraction patterns of AI-Ni—Zr alloys
Zr content, wt. % 0 (a), 2.21 (b), 3.29 (c),

3.69 (d), 6.92 (e)

Puc. 1. Iludpakrorpammbl criiaBoB AlI-Ni—Zr

Conepxanue Zr, Mac.%: 0 (a), 2,21 (b), 3,29 (¢), 3,69 (d),
6,92 (e)
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Alg) 15Nisg 95 = Al 57Ni = Al ,Nij ~ Al;Nip

74.56 25.44

4-6 ALNi _ T
Algy 56Nias 44 = Al 43Ni = Al3Ni

Fig. 2. Microstructure and element distribution in structural
components of the Al—Ni alloy

Puc. 2. MukpocTpyKTypa 1 pacrpeseseHue 3JIeMEHTOB
B CTPYKTYPHBIX cOCTaBsiiomux criyiaBa Al—Ni

Fig. 3. Microstructure, points of element
analysis in structural components
of the AI-Ni—Zr alloy

Zr content, wt. % 2.21 (I), 3.29 (II), 3.69 (II),
6.92 (IV)

Puc. 3. MukpocTpyKTypa U TOUYKU
aHaJn3a 3JIEMEHTOB B CTPYKTYPHBIX
cocTapistomux craba AlI-Ni—Zr
Conepxanue Zr, mac.%: 2,21 (1), 3,29 (II),
3,69 (I11I), 6,92 (IV)
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Table 2 shows the elementary and phase composi-
tions of structural components of the synthesized alloys.
As can be seen, the NiAl; and Ni,Al; phases have been
identified in all samples. Zirconium alloying compli-
cates the phase composition of the alloy: the Al,(Ni, Zr)
phase is formed in all the samples, and with an increase
in the zirconium additive over 2.21 wt.% — Aly(Ni, Zr,
V, Hf, Ti), Al(Zr, Ni, W, V, Ti, Fe), Zr4(Al, Ni, Hf, Ti),
Zry(Al, Ni, Hf, Ti) and AI(Si, Ni, V, Mn, Cr, W) are
formed.

Figure 4, a shows that the increasing zirconium
content in the A1—Ni alloy contributes to the extre-

5 Hardness, HRA

a
3
70 ¢
65
60
554
50 T T T
0 2.21 3.29 3.69 6.92
Zr, wt.%
Al, at.% Ni, at.%
3 c
£ Al - 39
62 i
- 37
3 N |
61 ' Lss
1 i, i
60 T T T T 33
0 2.21 3.29 3.69 6.92
Zr, wt.%
Al, at.% Ni, Zr, at.%
le
674 Ni [ 20
66 ————— 5 — —@ 7r - 15
654 \Al 10
] -5
64 AlL(Ni, Zr)
T T T T 0
0 2.21 3.29 3.69 6.92
Zr, wt.%

me change in hardness with its minimum value at
2.21 wt.% Zr. In order to identify the reasons for this,
the effect of zirconium on the microhardness of the
Al5Ni,, Al;Ni and Al,(Ni,Zr) structural components
was studied.

It was found that the Al3Ni, (f-phase) and Al;Ni
microhardness monotonically decreases to 6.92 wt.%
Zr (see Fig, 4, b). This is due to the reduction of ni-
ckel solubility as the zirconium concentration increases
(Fig. 4, ¢c—d). The Al,(Ni,Zr) compound has an in-
creased zirconium content in addition to the low nickel
content (Fig. 4, e). Moreover, their total Ni + Zr amount

Microhardness, MPa

1200
Al,(Ni, Zr)
1100
1000
900
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700 T T T T 1
0 2.21 3.29 3.69 6.92
Zr, wt.%
Al at.% Ni, at.%
4 26
77 " Al B
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764 -
g - 24
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] N [
741 -
1 ALNi, - 22
73 T T T T
0 2.21 3.29 3.69 6.92
Zr, wt.%
Ni + Zr, at.% Si, at.%
6
i f Si t3
34 4 i
i -2
32+ C |
Ni+Zr
1 AL, zn) B
30 T T T T 0
0 2.21 3.29 3.69 6.92
Zr, wt.%

Fig. 4. Effect of zirconium on the composition and microhardness of nickel aluminides in AlI—Ni alloys
a — hardness, b — microhardness of matrix phases, ¢ — Al and Ni in Al3Ni,, d — Al and Ni in Al;Ni,, e — Al, Ni, Si in Al,(Ni,Zr),

f—Ni+ Zrand Si in AL(Ni,Zr)

Puc. 4. Biusinue uMpKOHMS Ha COCTAB U MUKPOTBEPAOCTh aTIOMUHUI0B HUKeJIs B crtaBax Al—Ni

@ — TBEPIOCTb, b — MUKPOTBEPIOCTb MAaTPUUHbIX (a3, ¢ — Al u Ni B Al3Ni,, d — Al u Ni B Al3Ni,, e — Al, Ni, Si B Aly(Ni, Zr),

f—Ni+ Zru SiBAlLy(Ni, Zr)
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decreases, and the concentration of silicon in Al,(Ni,Zr)
increases significantly (Fig. 4, f).

Thus, the microhardness of AI3Ni,, AL3Ni and
Aly(Ni,Zr) decreases as the zirconium content in the

Table 3. Crystallization of intermetallide compounds
depending on the content of zirconium

in AlI-Ni—Zr alloys

Tabauua 3. Kpucramiuzanuus MHTEpMETaJIUIHbIX
COE€IUHEHUI B 3aBUCUMOCTH OT CoaepXKaHUAd HUPKOHUA
B criaBax Al-Ni—Zr

Zr, wt. % Composition, at.%

72.6 Al
4.05 Ni
0.28Ti
0.835V
21.19 Zr
0.32 Fe
1L.OW

64.6 Al

21.79 Ni
11.55Zr
0.6 Ti

0.75V
0.7 Hf

9.01 Al
7.92 Ni
0.94Ti
79.27 Zr
2.93 Hf
25.6 Al
11.45 Ni
0.56 Ti
59.76 Zr
2.63 Hf

39.06 Al
9.37 Ni
0.97 Cr
385V
30.5 Si
0.75 Fe
1.0 Mn
1295W
1.58 Ti

Compound

3.29 Aly(Zr, Ni, W, V, Ti, Fe)

3.29 Aly(Zr, Ni, V, Hf, Ti)

3.69 Zr,(Al, Ni, Hf, Ti)

3.69 Zr5(Al, Ni, Hf, Ti)

6.92 Aly(Si, W, Ni, V, Ti, Mn);

52.56 Al
17.34 Ni
28.41Zr
1.43 Hf
0.26 Ti

6.92 Al(Zr, Ni, Hf, Ti)

Al—Ni alloy increases because the solubility of Ni and
Ni+Zr decreases.

The main reason for increasing the hardness of
the AI—Ni—Zr system alloys during alloying with
2.21—6.92 wt.% Zr is the crystallization of additional
intermetallide compounds (Zr, W, Si aluminides and
nickel zirconides) possessing high microhardness
(Table 3).

Thus, by doping the AI—Ni alloy with zirconium
(more than 2.21 wt.%), it is possible to obtain a plastic
metal base of Al3Ni,, AI3Ni, Al,(Ni,Zr) and high-hard-
ness intermetallide phases of Al,(Ni, Zr, V, Hf, Ti),
Al(Zr, Ni, W, V, Ti, Fe), Zr,(Al, Ni, Hf, Ti), Zr3(Al,
Ni, Hf, Ti), AI(Si, Ni, V, Mn, Cr, W) which increase the
hardness of the AI—Ni—Zr system alloy.

Conclusion

1. The structural components in alloys of the
Al—Ni—Zr system containing 2.21, 3.29, 3.69 and
6.92 wt.% Zr have been identified by electron-micro-
scopic studies and X-ray spectral microanalysis of ele-
ments.

2. Regardless of the zirconium content, Al;Ni,
(B-phase), Al3Ni and Al,(Ni,Zr) crystallize in the Al—
Ni—Zr alloy. In addition to these, various intermetal-
lide compounds differing in stoichiometry and chemical
composition crystallize in the alloy studied. They in-
clude zirconium, tungsten, silicon aluminides and ni-
ckel zirconide.

3. The solubility of nickel in Al3Ni, (B’-phase) and
AL3Ni, as well as nickel with zirconium in Al,(Ni,Zr)
has been found to change with increasing zirconium
content in the AI—Ni—Zr alloy:

— the amount of nickel in Al3Ni, and Al;Ni de-

creases;

— the concentrations of Ni, Al and Ni + Zr in

Al,(Ni,Zr) decrease;

— the silicon content increases on the contrary.

4. The regularity of AI3Ni,, Al3Ni and Al,(Ni,Zr)
microhardness decrease depending on the zirconi-
um content in the AI—Ni—Zr alloy has been estab-
lished.

5. Doping of the AI—Ni alloy with zirconium (more
than 2.21 wt.%) promotes increase of hardness in spite
of decrease of microhardness of the Al3Ni,, Al3Ni and
Al,(Ni,Zr) metal base.

6. The main reason for increasing the hardness of
Al—Ni—Zr alloys is the crystallization of complex inter-
metallide phases — Zr, W, Si aluminides and Ni zirco-
nides. Thus, the structure corresponding to the Charpy
principle is confirmed.
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7. Due to the structure developed and phase com-

position, as well as the increased hardness, it can be
assumed that the alloys with the addition of 6.92 wt.% Zr
are the most heat-resistant and wear-resistant of
the synthesized alloys. This in turn, can be used in
the conditions of increased wear and high tempera-
tures.
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Abstract: This article describes approaches to the optimization of regimes of selective laser melting (SLM) used in the fabrication of porous
materials from medical grade Ti—6A1—4V alloy with thin structural elements and a low level of defect porosity. Improved fusion of thin
elements based on SLM regimes is achieved due to a significant decrease in the distance between laser passes (from 0.11 to 0.04—0.05 mm).
Moreover, the balance between the laser energy density and building rate is compensated by changing the laser speed and laser power.
The results of the study of defect porosity and hardness of samples fabricated according to experimental SLM regimes allowed three
promising sets of parameters to be defined. One was selected for studying mechanical properties in comparison with the reference SLM
regime. In the aims of this study, the samples were developed and fabricated using the structures of rhombic dodecahedron and Voronoi
types with a porosity of 70—75 %. The decrease in defect porosity was established at ~1.8 % to 0.6 %, depending on the SLM regime.
This promotes a significant increase in strength properties of the material, including an increase in the yield strength of rhombic
dodecahedron from 76 to 132 M Pa and the Voronoi structure from 66 to 86 MPa. The low Young module (1-2 GPa) remains, corresponding
to the rigidity level of spongy bone tissue.
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MOPUCTOCTU. YIYUYLIEHHOE NpoIjaBieHre TOHKUX 2JIEMEHTOB C MPUMEHEHUEM pa3padoTaHHBIX KCNEepUMeHTalbHbIX pexuMoB CJIIT
JNIOCTUTAETCS 3a CUET 3HAYUTEIbHOIO CHUXEHUSI pacCTOSIHUS MexXay npoxonamu jazepa (c 0,11 go 0,04—0,05 mm), a 6anaHC MeX 1y MJIOT-
HOCTBIO 9HEPTUM JIa3epa U CKOPOCTHIO TOCTPOCHU ST CKOMIICHCUPOBAH IMTyTeM U3MEHEHM I CKOPOCTH TTpobera M MOIIHOCTH Jlazepa. Pe3yinb-
TaThl U3y4YeHUs NeDEeKTHOI MOPUCTOCTU U TBEPAOCTH 00Pa3IIOB, U3TOTOBIEHHBIX M0 dKCIeprMeHTaabHbIM pexkxumaMm CJII1, mo3Bonunu
YCTaHOBUTH 3 HamboJee MepCrneKTUBHBIX HA0Opa MapaMeTpoB, OAUH U3 KOTOPLIX BLIOPAH IJIsl UCCIEN0BAHMSI MEXaHUUECKUX CBOMCTB B
CpaBHEHMU cO cTaHAapTHBIM pexkxumom CJIITT. 15 3Toro uccienoBaHus pa3paboTaHbl 1 U3rOTOBJIEHBI 00pa3iibl HA OCHOBE CTPYKTY P TUIIA
poMObuYecKoro noaekasapa u nojausnpa Boponoro mopuctoctsio 70—75 %. YcTaHOBICHO, UTO CHUXKEHUE YPOBHS Ie(EeKTHOM MOPUCTOCTH
c~1,8 % 10 0,6 %, obecrieueHHOE TpUMeHeHeM pa3padboranHoro pexxuma CJITT, cnocoOGCTBYET 3HAYUTEILHOMY IMOBBIILIEH U IO TTPOYHOCT-
HBIX XapaKTePUCTUK MaTepuasa. YBeJueHne YCJIOBHOTO Tpeesia TeKydecT poMOrudyeckoro goaekasapa ¢ 76 mo 132 MIla u BopoHoro
¢ 66 1o 86 MIla. [1pu aTOM coxpaHsieTcst HU3KHUA Monysib FOura (1-2 I'lla), COOTBETCTBYIOIIMIA YPOBHIO JXECTKOCTU I'y0UaTON KOCTHOM
TKaHU.

KioueBbie ciioBa: ceJIeKTUBHOE Jla3epHOE MaBJeHUe, TATAHOBbIE CIIJIaBbI, TOPUCTBIE CTPYKTYPbl, MUKPOCTPYKTYpPa, MOPUCTOCTD, MeXa-

HUYECKNE CBOMCTRBA.
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Introduction

Selective laser melting (SLM), consisting of layer-
by-layer melting of a metal powder under the impact of a
moving laser beam, has become widespread in the pro-
duction of medical implants and tools. This is due to the
rapid transition to manufacturing, greater freedom in
product design, and the high accuracy of their geometry.
Standardized medical alloys Ti—6Al—4V, Ti—6Al—
7Nb are widely employed [I; 2] in the manufacture of
implants using the SLM method. This also includes as
Ti—Ni, Ti—Zr—Nb shape memory alloys for medical
purposes [3; 4].

In the medical industry, the advantage of SLM over
traditional manufacturing methods, in addition to man-
ufacturing individual implants, also lies in the possibi-
lity of obtaining porous structures with a given geometry
and cell size. The use of porous structures arises from the
necessity to simulate the structure of bone tissue and its
properties (Young’s modulus, compressive strength, bio-
logical compatibility, tendency to bone tissue ingrowth)
[5]. The ingrowth of bone tissue into the implant is one
of the most important properties, and provides a reliable
mechanical connection with the bone [6; 7]. This prop-
erty is determined by such macrostructural parameters
as porosity (the proportion of voids in the total volume
of the product), dimensions, geometric shape and pore
distribution.

In the last decade, the development of new bone
structures, and optimization of the geometry of existing
porous structures, for bone implants has been the subject
of numerous works [§—11]. Two approaches to the crea-
tion of such structures can be identified:

36

— non-parametric design, when the structure is
created on the basis of the geometry of a single element;

— parametric design, based in an algorithm with in-
put data in the form of porous structure parameters (po-
rosity, pore size). The structure is generated with some
element of randomness, based on mathematical expres-
sions [5].

Of the existing variety of types of porous structures,
two were selected for study: a rhombic dodecahedron
(D, nonparametric design); and Voronoi polyhedra
(V, parametric design). Materials based on a D-type
cell are distinguished by the homogeneity of the mac-
rostructure and the high strength properties in all direc-
tions [12]. Structure V'is less homogeneous, but similar
in morphology to real bone tissue [13]. It is formed by
creating a grid structure based on connecting random
discrete points with struts, in accordance with a certain
algorithm [14].

Increase in the functional and mechanical proper-
ties of materials obtained by the SLM method is associ-
ated with the minimization of internal material defects
in the form of pores in the struts. Defect porosity is
formed due to insufficient or excessive energy densi-
ty, determining the conditions for powder melting [15].
In order to eliminate defective porosity, it is necessary
to correctly select the SLM parameters [4]. When ap-
plied to porous structures, where the thickness of inter-
nal structural elements (“struts”) is 200—300 pum, the
problem of defective porosity, as well as geometry accu-
racy, is of particular importance from the point of view
of increasing the strength characteristics of products
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[16]. The solution to this problem can achieved by cor-
recting the laser trajectory and reducing the distance
between its passes. This in turn requires the other SLM
parameters to be changed, in order to ensure optimal
energy density.

This study focuses on improving the SLM regime for
fabricating porous structures of the D and V types with
thin structural elements and a low level of defect porosi-
ty from a Ti—6A1—4V alloy (ASTM F3001) for medical
purposes.

Experimental

The initial material employed in this research was
Ti—6Al1—4V alloy powder (AP&C a GE Additive Com-
pany, Canada). According to the ASTM B822 spec-
ification, particle size distribution is as follows: d10 =
= 23 um, d50 = 35 pm, d90 = 47 pm. Fluidity ac-
cording to ASTM B213 and bulk density according to
ASTM B213 were 25s/50 g and 2.55 g/cm3, respec-
tively. Experimental samples were fabricated using a
TRUPRINTI1000 laser setup (TRUMPF Gruppe,
Germany) equipped with an ytterbium laser with a
power of P; = 175 W, spot diameter of 30 pm, and a
maximum laser speed of v < 3000 mmy/s. In order to
control the SLM regimes, the thickness of the powder
layer (¢) and the scanning step (k) can be varied. This
can be determined by the distance between the laser
passes in one layer.

A standard regime (hereinafter T') is used, according
to the recommendation by the manufacturer, TRUMPF
(Germany), for the manufacture of products from this
powder. This includes two sets of parameters: for build-
ing the main (internal) and contour (external) parts of
the product (Table 1).

The main regime is formed by “hatching” with a
certain step to build the bulk of the product and must
meet the requirements of optimal penetration of the
powder layer, in order to ensure low defective porosity
(py)- The tracing regime has one pass along the con-
tour of the object in each layer and serves to ensure the
required surface quality of the product. In order to op-
timize the SLM parameters, it is customary to use the

following characteristics: energy density (F£) and build
rate (BR), calculated by the following equations [17]:

P,

E=1L ()
vht

BR = vht. ?2)

After fabrication, all samples were subjected to heat
treatment in a vacuum furnace according to the stand-
ard regime: annealing at 1010 °C (45 min) followed by
cooling in the furnace. After heat treatment, the samples
were cut from the platform using the EDM method.

In order to assess defect porosity by metallograph-
ic analysis, thin sections were prepared by multi-stage
grinding and polishing in two stages:

— mechanical grinding on abrasive SiC-paper with
particle size from P320 to 4000;

— polishing using a suspension based on silicon ox-
ide with a particle size of 0.05 um.

Thin polished sections were analyzed using a
VERSAMET-2 metallographic microscope (UNI-
TRON, Japan) at 50* magnification. The resulting pho-
tographs of the microstructure were processed using Im-
agelJ software (Wayne Rasband (NIH), USA). The ratio
of the area of dark segments (pores) to the entire area of
the micrograph was used to determine the defect poros-
ity of the segment.

The porosity of the experimental samples (p) was
determined by weighing the density of the Ti—6Al—4V
compact alloy. This was calculated by the following
equation:

mon

p or
pz(l— P J-lOO%, A3)

where p,,, is the density of porous sample, and p,,,, =
=4.47 g/cm3 is the density of Ti—6Al1—4V solid alloy.

The density of porous samples was estimated by
weighing them and calculating according to the follow-
ing equation:

m 7
P por = Vpo -100 %, (4)

ctl

where m,,, is the weight of sample, g; V is the model
volume, cm?.

Table 1. Parameters of SLM regimes recommended by the manufacturer

Ta6nuua 1. [TapameTpsl pexkumon CJII, pekoMeHIOBaHHBIE TIPOM3BOAUTEIEM

Regime P, W 1, mm h, mm v, mm/s E, J/mm2 BR, cm3/h
Main 155 0.02 0.11 1200 58.71 9.50
Tracing 75 0.02 — 1000 - -
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X-ray diffraction analysis was carried out using
a D8 ADVANCE X-ray diffractometer (Bruker, Ger-
many) at room temperature in Cuk, radiation in
the range of 20 = 30°+80°. The microstructure of
the samples was studied using a VEGA LMH scan-
ning electron microscope (TESCAN, Czech Repub-
lic) equipped with an electron backscatter diffraction
(EBSD) device.

The Vickers hardness of the samples was determined
using a Metkon Metallography hardness tester (Metkon,
Turkey), performing at least 5 measurements for each
sample at a load of 1 kg and a holding time of 10 s.

The mechanical properties of the samples of po-
rous structures in the form of cylinders with a diame-
ter of 14.0—14.5 mm and a height of 7.0—7.5 mm were
evaluated by uniaxial compression tests. The tests were
carried out on an Instron 5966 testing machine (In-
stron — Division of ITW Ltd., USA) at a strain rate of
2 mm/min until a relative strain of 50 % was reached.
The values of Young’s modulus (E), yield strength (o ;)
and ultimate strength (c,) were determined according to
the deformation curves obtained. For testing purposes,
3 samples were used for each experimental point. The
calculated values of mechanical properties were aver-
aged. The measurement error was determined as the
standard deviation

Results and discussion

Selection of parameters of porous structures
and development of models

As described above, two types of porous structures,
D and V, were selected for study in this work. Their geo-
metric characteristics were selected based on the anal-
ysis of the publications, as well as the requirements for
porous structures to ensure osseointegration. The tech-
nological possibilities of manufacturing [8] were also
taken into account.

The selection of the optimal pore size is limited
by a very wide range D = 0.1+1.0 mm [18]. Pore sizes
D =0.1-0.2 mm are sufficient to accommodate indi-
vidual osteo-like cells (osteoblasts). D = 0.2+0.6 mm
allow colonization of osteoblasts, while an increase
in pore size above 0.6 mm contributes to vasculari-
zation, the formation of new blood vessels and bone
tissue [8, 10].

The higher the porosity of the material, the greater
the internal free volume for the bone tissue. However,
according to [19, 20], at porosity values p > 75 %, the
strength parameters of porous structures degrade signi-
ficantly to levels below those of bone tissue.
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The thickness of thin internal structural elements
(“struts”) largely determines the porosity of the final
structure, and is limited by the capabilities of SLM.
According to [8; 9], the minimum size of such elements
to ensure high accuracy is 0.20—0.25 mm. Considering
these requirements and using the Materialize 3-matic
software (Belgium), models of porous structures and
cylindrical samples were created for subsequent fab-
rication and evaluation of their mechanical proper-
ties (see Fig. 1). In order to determine the parameters
of the resulting porous structures (porosity (p), pore
size (D), and strut thickness (h)) CAD models were
analyzed using VGStudio MAX 3.1 software (Germa-
ny). The parameters of the developed porous structures
are summarized in Table. 2.

The struts of the structure with a D type cell have
the same thickness. Their location at an angle of 45°
relative to the axes ensures the uniformity of me-
chanical properties in all directions (see Fig. 1). In
a structure element of V type of a similar size, struts
with a variable thickness are observed, although their
arrangement looks chaotic. Due to randomization du-
ring the generation of such a structure, the pores also
have different sizes.

Development of experimental
SLM regimes

Table. 1 shows a laser scanning step of 0.11 mm. This
is too large for building thin structural elements, since
it is comparable to the strut thickness (0.25 pm) (see
Fig. 2). Therefore, in order to build the porous struc-
tures, the main SLM regimes with a scanning step of
0.04 and 0.05 mm were selected. Fig. 2 shows that a
laser movement strategy enables the main regime to
be applied more efficiently when building small-sized
elements by increasing the number of laser passes in-
side the struts.

While developing the experimental SLM regimes,
the values of the energy density and the building rate of
the regime by the manufacturer were taken as a guide-

Table 2. Parameters of the developed models of porous
structures

Tabauua 2. [TapameTpbl pa3zpaboTaHHBIX MOJIEIE
TMOPUCTBIX CTPYKTYP

Structure Strut thickness, | Pores size, Porosity,
type mm mm %
D ~0.26 0.4-0.5 ~75.3
V 0.20—0.25 0.2—-0.8 ~75.5
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Strut
thickness

D=0.5mm

Strut
b thickness

Fig. 1. Elementary cell of D type structure () and cell of V'type structure of similar size (b), models of experimental samples

of porous structures D (c¢) and V' (d) for mechanical tests

Puc. 1. DiieMeHTapHad siueiika CTpYKTYpbl TUTIA /] (@) ¥ 2JIEMEHT CTPYKTYphl B aHajoruyHoro pasmepa (b),
a TaKXe MOJIeJIU 9KCIIEPUMEHTAJIbHBIX 00Pa3110B MOPUCTHIX CTPYKTYDP /[ (¢) 1 B (d) 1 MeXaHUYECKUX UCTIBITAHU I

h=0.11 mm h=10.05 mm

4
s
)

Fig. 2. Schematic view of laser trajectories when plotting

a cylinder with a diameter of 0.25 mm in two different sections
using SLM regimes with a scanning step of 0.11, 0.05

and 0.04 mm

h=0.04 mm

Puc. 2. CxemMbl TpaeKTOpUIi ABUXKEHUS Ja3epa

MpU MOCTPOSHUU LUJIMHApa auameTpom 0,25 MM

B IBYX Pa3HBIX CEUECHUSIX MIPU UCITOJIb30BAHUY PEXUMOB
¢ marom ckanuposanus 0,11, 0,05 u 0,04 MM

line. These conditions enabled products with a low lev-
el of defect porosity (less than 0.5 %) to be obtained.
Moreover, based on the data of [17], a conditional
region was marked on the graph of energy density de-
pendence on building rate. This corresponds to a com-
bination of SLM parameters to obtain products with a
minimum number of internal defects (Fig. 3). An addi-
tional limitation in the selection of SLM parameters is
the limiting speed of building products (vertical lines
in Fig. 3), determined by the scanning step (0.04 and
0.05 mm) and the limiting scanning speed. As a result
of the selection of SLM parameters, 9 experimental
modes were developed (Table 3). These are shown on
the map of their dependence on the energy density and
building rate (see Fig. 3).

Study of defect porosity and hardness
of samples fabricated according
to experimental SLM regimes

Using the regimes developed, 9 samples were fabri-
cated in the form of a cube with the size of 3x3x3 mm.
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Table 3. Parameters of the developed experimental SLM regimes and standard regime 7'

Tabauua 3. [TapaMeTpsl pazpaboTaHHBIX 9KCIIepuMeHTalbHbIX pexkumMoB CJIIT u ctanmapTHoro pexxuma 7'

SLM regime P W h, mm v, mm/s E, J/mm? BR, cm’/h
1 136 0.04 2900 58.62 8.35
2 143 0.04 2600 68.75 7.49
3 160 0.04 2900 68.97 8.35
4 140 0.05 2860 48.95 10.30
5 155 0.05 2630 58.94 9.47
6 155 0.05 2250 68.89 8.10
7 175 0.05 2630 66.54 9.47
8 135 0.05 2630 51.33 9.47
9 167 0.05 2860 58.39 10.3
T 155 0.11 1200 58.71 9.50
E, J/mm’ and hardness of the samples obtained using the exper-
0 ) Ultimate building rate imental regimes and under standard conditions (7).
Developed regimes ) )
80  Scanning step: 0.04 mm0.05 mm A high level of p, values correlates with a large error
:88‘5‘ mm in measuring the hardness HV. This can be explained
707 Manufacturer regime: by the indenter entering in the immediate vicinity of
60+ x011mm the pores. The material produced according to re-
N ‘ gimes /, 5, and 7 has the lowest defect porosity and
301 Co‘;(figlrf,?silsriiimn | high hardness comparable to the level of these cha-
40 4 SLM regimes I racteristics for the alloy produced according to regi-
: : me 7. These regimes correspond to a rather narrow
30 T T T T T T T T ! T T II T T = - 2 —3
0 s A p z 7o 5 4, range of para3meters (E . 58.6+66.5 J/mm~, BR
BR. em’h = 8.4+9.5 cm”/h). Taking into account the measure-

Fig. 3. Distribution map of experimental (I—9)

and standard (7") SLM regimes as a function of energy
density and building rate

The conditional area of promising SLM regimes is highlighted
1n gray

Puc. 3. Kapra pacnpeneneHus aKcriepuMeHTaIbHBIX
(1. I-9) u ctangaptHoro (7') pexxumon CJITT

B 3aBUCUMOCTH OT MJIOTHOCTU S3HEPTUU U CKOPOCTH
TMOCTPOCHU I

YcnoBHas 061acTh MepcreKTUBHbBIX pexxumoB CJITT
BbIIIEJIeHA CEPhIM

Their external view is illustrated in Fig. 4. The e sample
obtained according to regime 2 is visually distinguished
by the presence of defects on the surface. This regime
with the minimum BR is the extreme one in the plot of
energy density and building rate (see Fig. 3).

Fig 5 shows measurements of defect porosity (p,)
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ment results, as well as the minimum scanning step
(0.04 mm), regime I was selected for further research
and fabrication of porous structures in comparison
with standard conditions 7.

Study of phase composition
and microstructure

Fig. 6 shows the results of the X-ray diffrac-
tion analysis of the alloy fabricated according to re-
gimes T and I before and after heat treatment (HT).
In all cases, the alloy is in the single-phase state of
the low-temperature hexagonal close-packed (HCP)
a-phase. No clear X-ray lines of the high-temperature
BCC B-phase were found in the X-ray diffraction pat-
terns.

The microstructure of the alloy after SLM was
studied in two regimes with subsequent heat treatment.
It was performed using electron backscatter diffraction
in a plane parallel to the building plane. Fig. 7 shows
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Fig. 4. External view of samples obtained according to the experimental SLM regimes 1—9 (see Table 3), with supports

on the platform

Puc. 4. BHenmHuM BUI 00pa31oB, MOTYYSHHBIX 110 3KCITepuMeHTanabHbIM pexkxumam CI1JI 1—9 (cMm. Tabi. 3),

C MojJJiep>KKaMu Ha riatdopme

Py % 5 5 HY
B2 | p-004mm | /i =0.05 mm h=0.11mm 360

2.2 1 O HY i i
2.0 : ! 340

s - Loh B b

| ' L 320

1.6- ! :
1.4 L L300
1.2 i L 280

1.0- i {— i
0.8 i | 260
0.6 - | ; - 240

0.4 | !
: : L 220

0.2 : :
O 1 T T |I T T T T : T 200

1 2 3 4 5

6 7 8 9 T

Fig. 5. Defect porosity and hardness of samples obtained by experimental regimes 1—9, compared

with the standard regime T

Puc. 5. JlepbexTHast MOPUCTOCTh U TBEPAOCTH OOPA31IOB, MOJYUYEHHBIX MO 9KCIIEPUMEHTaIbHBIM pexkumam 1—9,

B COITOCTABJICHUM CO CTaHAAPTHBIM PEXMMOM T

that changing the regime does not lead to a change in
the structural state of the material. The microstructure
is predominantly represented by o-phase plates 1—5 um
thick formed as a result of  — o-transformation during
cooling after annealing. The contours of the packets of
o-phase plates are the former (inherited) grain bounda-
ries of the high-temperature B-phase, within which the
packets were formed.

The phase state and microstructure of the alloy
fully correspond to those obtained using the stand-
ard SLM mode after HT in the earlier study of this
alloy [20].

Study of the macrostructure
and mechanical properties
of porous structures

Fig. 8 shows the macrostructure of porous samples
obtained according to regime 1. A considerable quantity
of fused granules of powder material is observed on the
inner surface. In the lower part of the samples, these par-
ticles are much more numerous. This can be explained
by the features of the SLM process and is consistent with
the observations of other researchers [21]. Granules on
the surface create stress concentrators, contribute to
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Fig. 6. X-ray diffraction patterns of samples obtained by regimes 7'and I, before and after heat treatment

Puc. 6. PentrenoBckue nudpakrorpaMMbl 00pa3iioB, MOJTYUYEHHBIX TIO peskuMaM 7’1 I, 1o 1 mociie TepMooOpaboTKM

Fig. 7. Microstructure of samples obtained by regimes 7 (a) and 7 (b), after heat treatment

Puc. 7. MuxkpocTpyKTypa o0pa3moB, moJydeHHBIX 1o pexkxumaM 1T (a) u 1 (b), mociie TepMooOpaboTKu

the initiation of fatigue cracks and reduce the fatigue
strength of the material, thus they need to be removed
[21]. In addition, their presence makes it difficult to
quantify the accuracy of the geometry of thin structural
elements.

Fig. 9 shows quantitative assessment of defect po-
rosity and geometry was carried out by analyzing im-

42

ages in several sections of the sample obtained using
light electron microscopy. Qualitative assessment of
the images showed a difference in the level of defect
porosity between the samples made according to re-
gimes T and 1.

It was established as a result of the quantitative anal-
ysis of defective porosity that for structures obtained
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Performance in NENOLDSCE
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VEGA3 TESCAN

Performance in nancapace

Pertormance in nancapace

Fig. 8. Macrostructure of samples of porous structures of D type (a, b) and V'type (c, d), obtained by regime 1

a, ¢ — top view, b, d — bottom view

Puc. 8. MakpocTpykTypa 00pa3iioB MOPUCTHIX CTPYKTYp TUIa J (a, b) v B (¢, d), TOITy4eHHBIX TI0 peXuMy [

a, ¢ — BUI CBepxY, b, d — cHU3y

according to mode 1, it is 3 times lower than for sam-
ples made according to the manufacturer’s mode, and is
about 0.6 % (see Fig. 9, e).

The thickness of the struts of the D type structure,
measured from microphotographs, is 265+15 um and
245+14 um for modes 7 and 7. Any differences in the
values of defect porosity and the average size of the
struts are reflected in the total porosity of the samples:
p = 72.3%t1.2 % for mode T and p = 70.0£1.0 % for
regime 1.

Fig. 10 shows diagrams of deformation by compres-
sion of samples of porous structures of D and V types,
fabricated in two regimes. Ultimate strength (c,) was
determined from the point of the first sharp decrease in

stress, corresponding to the primary destruction of one
of the rows of struts of the porous structure.

A comparison of the mechanical properties of
porous structures shows that the application of the
regime developed leads to a significant increase in
strength characteristics: increase in the yield strength
from 76 to 132 MPa for D and from 66 to 86 MPa
for V (see Fig. 10 and Table 4). A difference in the
strength of the two types of structures is associated
with a more optimal D design [5]. It should be noted
that the Young’s modulus changes slightly with a suf-
ficiently significant increase in strength and remains
in the range of 1—2 GPa. This corresponds to this in-
dicator for spongy bone tissue. When comparing the
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Fig. 9. Typical images of struts in samples of porous structures of D type obtained by regimes 7 (a, ¢) and / (b, d),

T

1

e — the average size of the struts of samples of type D built according to different modes

Puc. 9. TunuuHble n3006pakeHU S IEpEMbIYEK B 00pa31iax MOPUCTHIX CTPYKTYP TUIIA /[, TOTyYeHHBIX 10 pexxumam 71 (a, ¢)

u I (b, d), e — cpeaHuii pazmep rnepeMbluku 00Opas31oB TUIIA /] TOCTPOEHHBIX 10 pa3HbIM PeXMMaM

o, MPa o, MPa
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Fig. 10. Compression strain diagrams of samples of porous structures of D type (@) and V'type (), obtained by regimes 7'and /

Puc. 10. InarpamMmbl tecopMaliny cxkaTueM 00pa3IioB MOPUCTHIX CTPYKTYp Tuna J (a) u B (b),
MOJIYYEHHBIX 10 pexkuMam 7'u [
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Table 4. Mechanical properties of porous structures obtained by regimes 7 and 7 in comparison with analogues

and types of bone tissue

Tabnuua 4. MexaHU4ecKre CBOMCTBA MOPUCTHIX CTPYKTYP, MOTYISHHBIX 110 pexxuMaM T ¥ I, B CpaBHEHWU C aHAJIOTaMu

U3 IUTEPATypbl U TUIIAMU KOCTHOW TKaHU

(Sstiuﬁlizf;gg; p, % 6.2, MPa oy, MPa E, GPa
D (P) 72.3£1.2 7613 10316 1.2440.08
V(P) 74.5+1.5 6614 80+4 1.091+0.14
D (1) 70.0£1.0 13248 17345 1.5540.12
V(1) 73.4+1.3 86+t6 104+5 1.25+0.10
V19] 68.1+2.7 80+5 93+3 1.8240.15
D[12] 70 140£6 174+4 4.89+0.05
Bone tissue [11]:
cortical bone — 42—176 — 7-30
trabecular bone 40—-80 0.2—10.5 — 0.04-2.0
vertebrae — 3—6 — 0.37
* Porosity according to CAD model.
mechanical properties of the porous structures of two  References

types build according to the developed SLM regime,
the values of Young’s modulus are lower than those of
analogues with the same porosity and a comparable
level of strength, (1.55%£0.12 vs. 4.89 £0.05 for D and
1.25%0.10 vs. 1.82+£0.15 for V).

Conclusions

Based on the results of the study of the influence
of selective laser melting parameters on defect porosi-
ty, phase composition, microstructure and hardness of
Ti—6Al—4V alloy, an approach to the improvement of
SLM regimes in the production of highly porous materi-
als with thin internal structural elements was developed.
The method was efficiently applied in the manufactur-
ing of porous structures of D and V type with a porosity
of about 75 % developed for bone implants.

A decrease in the level of defect porosity from ~1.8 to
0.6 %, provided by the use of the developed SLM regime,
contributes to a significant increase in the strength char-
acteristics of the material. This is seen in the increase
in the yield stress of rhombic dodecahedron from 76
to 132 MPa and that of Voronoi polyhedron from 66
to 86 MPa. At the same time, a low Young’s modulus
(1—2 GPa) is maintained, corresponding to the level of
stiffness of the spongy bone tissue.
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Sputtering by inverted magnetrons:
influence on the texture and residual stresses
in four layer Ta/W/Ta/W coatings
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Abstract: The aim of the study is to examine the possibilities of sputtering of multilayer coatings at a high rate of deposition on products
of complex shape using inverted magnetrons. The formation of texture and residual stresses in magnetron four-layer Ta/W/Ta/W coatings
deposited at voltages from 0 to —200 V on cylindrical and flat copper substrates imitating elements of the surface of complex shape products
was evaluated using the X-ray method of inverse pole figures and the sin®¥ method. The patterns of texture formation in coatings depend
mainly on the bias voltage on the substrate (Uy), while at U; = —200 V they differ for W and Ta layers. At U; = —100 V, the epitaxial mechanism
of texture formation is realized. In the case of a cylindrical substrate, this leads to intense texture (111) of all four layers. In the case of a flat
substrate, this can lead to the formation of a single-crystal texture (111) in all layers with a texture maximum width of 12°—14°. The presence of
asingle-crystal (111) tantalum texture corresponds to the maximum Young moduli and, accordingly, the interatomic bonding forces normal
to the coating plane. This suggests that multilayer coatings with an external Ta layer have high tribological characteristics. Increasing the
voltage on a flat substrate from 0 to —200 V leads to an increase in residual compressive stresses from 0.5 to 2.7 GPa for the four-layer coating
under study.

Keywords: Ta/W/Ta/W coatings, «sin?¥» method, texture, residual stresses, bias voltage.
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HOIf (hOPMBI C TIOMOIIBIO HHBEPTHPOBAHHBIX MATHETPOHOB. PEHTIeHOBCKIMM METOIOM OGPATHBIX MOTIOCHBIX QDUTYD U METOLOM «sin’P»
OLIEHUBAJIN (OPMUPOBAHUE TEKCTYPBI U OCTATOUHBIX HATIPSKEHU T B MATHETPOHHBIX YeThIpeXcIoiHbiX Ta/ W/ Ta/W-TIOKpBITUSIX, HaHE-
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CEHHBIX NpU HanpsikeHUs X oT 0 1o —200 B Ha UMAMHIPUYECKYIO U MJIOCKYIO MOAJTOXKHU U3 MEIU, UMUTHUPYIOLLKE 2JIeMEHTHI TOBEPX-
HOCTH U3JEJUii cJToXHOU hopMmbl. [TokazaHo, 4TO 3aKOHOMEPHOCTU (OPMUPOBAHUSI TEKCTYPBI B TOKPBITUSIX 3aBUCIT B OCHOBHOM OT
HaIpsXeHUs cMellleHus Ha noanoxke (Uy), mpu atom npu U, = —200 B onu otinuatores nist cioes W u Ta. Ilpu U, = —100 B peanu-
3yeTcsl 9NMUTAKCUATbHBII MEXaHU3M TEKCTYPOOOpa30BaHusI, KOTOPBIH B CIydyae HUAUHIPUIECKOM MOMTOXKY MPUBOAUT K UHTEHCUB-
Ho#t (111) TeKCType BcexX YeThIpeX CJI0EB, a B Cydae MJI0CKOoil — K (h)OpMUPOBAHHMIO BO BCEX CIOSIX MOHOKpUCTaAbHOM (111) TeKCTyphI
C LUMPUHOM TEKCTYpHOTOo Makcumyma 12°—14°, Hannuue MoHOKpucTaabHOM (111) TEKCTYpbl TaHTala COOTBETCTBYET MaKCUMaJbHbIM
3HayeHusIM Monyst FOHra 1, cooTBETCTBEHHO, CUJI MEXATOMHOM CBSI3M HOPMaJIbHO MJIOCKOCTU MOKPBITU S, UTO NIPeAIIoaraeT y MHO-
TOCJIOWHBIX TTOKPBITUI ¢ BHEITHUM Ta-coeM BBICOKHME TPUOOJOTMUeCKUEe XapaKTePUCTUK M. YBeJIUUeHUE HATIPSIKEHUsI Ha TIJIOCKOM
moaoxke oT 0 mo —200 B MpuBOAUT K MOBBIIIEHNIO OCTATOYHBIX CXUMalOMuUX HampsikeHuit ot 0,5 no 2,7 I'Mla nns ucciaenyemMoro

quprCXCHOﬁHOFO IIOKPBITHU .

Kmiouessie cioBa: Ta/W/Ta/W-MOKpBITHSI, METOL «Sin’¥», TEKCTYpa, OCTATOUHbIE HATIPSIKCHMSI, HATIPSIKCHIE CMELIECHUSL.

Baaronapuoctu: PaboTa BeITtoTHeHA Tpu hMHAHCOBOM Toepx)Ke Poccuiickoro HayaHoro onma (rpant Ne 22-19-00754).

Jlng nuruposanug: JlozoBaH A.A., bettoden C.4., Jlenkoen A.C., lllanun A.B., UBanoB H.A. UccrenoBanue BAMSHUS YCIOBUI HaTIbLlIe-
HUS CUCTEMOU MHBEPTUPOBAHHBIX MATHETPOHOB HA TEKCTYPY M OCTATOUYHbBIC HANIPsIXKEHU sl B YeThipexcaoitHbiXx Ta/ W/ Ta/W-nOKpbITUSIX.

H3zeecmus 6y306. Lleemnasa memannypeus. 2023;29(4):48—59.
https://doi.org/10.17073/0021-3438-2023-4-48-59

Introduction

Refractory coatings, primarily based on tungsten,
are promising for various applications such as: microe-
lectronics [1], including spintronics [2; 3]; thermophoto-
voltaic converters in power engineering; and high-tem-
perature nanophotonics [4]. They can be in demand as
thermal barrier coatings for parts of future thermonu-
clear reactors such as ITER [5; 6], subject to extreme
thermal stress and ion bombardment. They can also be
used for other heat loaded products such as rocket en-
gine combustion chambers. Key issues for such coatings
are thermomechanical stability against delamination,
tungsten oxide formation and diffusion at high operating
temperatures, as well as the difficulty of achieving long-
term high temperature stability in terms of preventing
grain growth [4].

Tantalum coatings are of particular interest because
they are a promising candidate for the replacement of
electrolytic chrome coatings, often used in a variety of
tribological and corrosion-resistant applications. Re-
placement of these coatings is justified, since chromium
waste contains 6-valent chromium, a known carcinogen
dangerous to the environment. Paper [7] presents the re-
sults of a study of the formation of thin magnetron films
of a- and B-Ta. It shows that when applied to an amor-
phous substrate (o.-Si, a-SiO,, a-SiN,), B-Ta is formed.
This belongs to the spatial group of tetragonal syngony
P-42,m (a=10.194 A, ¢ = 5.313 A) with strong axial tex-
ture [001]. Heating of Ta coating to 176 °C leads to the
formation of o-Ta along with B-Ta, and at a tempera-
ture > 326 °C, a single-phase structure of o-Ta is formed.
When such coatings are applied to crystalline molybde-
num, o-Ta with a texture [110] is formed.

An important role for multilayer coatings is played
by the texture of individual layers formed in them,
since the efficiency of stress relaxation processes at the
interface depends on this. In addition, texture is a de-
fining characteristic for many service properties due to
their pronounced orientational dependence. In this re-
gard, special attention should be paid to Ta. Unlike W,
it has a pronounced anisotropy of elastic and, with a
high probability, also tribological properties. In [8],
the phase composition, texture and residual stresses
in magnetron Ta coatings of thickness (#) up to 40 um
sputtered at r = 20+400 °C were investigated. At room
temperature B-Ta with (001) texture is formed; at ¢t =
= 300 °C — a two-phase mixture of B- and o-Ta with
B-Ta dominating with (001) texture (while o.-Ta has no
pronounced texture); at ¢t = 400 °C — a-Ta with pro-
nounced (110) texture.

The dependence of the o-Ta texture on the film
thickness was found. At 2 > 10 um, the texture (110)
is transferred to (111). The phase composition and
texture change as the final coating thickness is
formed.

In [9], an in-situ X-ray study of tantalum film growth
during deposition using a planar magnetron at distances
from the target to the glass substrate of 25 and 108 mm
was carried out. In the first case, deposition was carried
out at a rate of 6.4 nm/min, with an amorphous layer
with a thickness of 45 nm closest to the substrate, fol-
lowed by a 3-Ta layer with # = 15 nm, and then an o-Ta
layer with # = 190 nm. In the second case, the deposition
rate was 1.6 nm/min and the amorphous layer occupied
almost 90 % of the total film thickness of 36 nm. $-Ta
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had texture (002) and o-Ta was characterized by texture
(110), and the degree of texturing increased with the
time of film deposition.

The authors [10] investigated the structure of Ta
coatings deposited using magnetron sputtering at differ-
ent bias voltages ranging from 0 to —100 V. This has a
marked influence on the phase structure of these coat-
ings. When the bias voltage was increased from 0 to
—70 V, their structure changed from a single-phase
B-phase at U from 0 to —20 V to a two-phase struc-
ture in the range of —30 to —40 V and to a full o.-phase
when the U, values were in the range of —50 to
—100 V. The authors managed to obtain a coating with
a thickness of 100 um with good mechanical proper-
ties and relatively low residual stresses (—2.1 GPa) for
this thickness.

In [11], the influence of argon pressure (P,,) from
0.3 to 1.4 Pa on the phase composition, texture, re-
sidual stresses, and hardness of magnetron Ta coat-
ings 10—1000 nm thick was investigated. At all Py,
the coatings consisted of a metastable B-phase, and
only at 0.7 Pa was the o-phase Ta detected. For
most coatings, compressive stresses from —200 to
—1500 MPa were observed, but tensile stresses from
400 to 1100 MPa were found in a number of coa-
tings. The hardness of the coatings varied from 10.2 to
17.7 GPa. At the same time, no correlations were
found between hardness and texture or with the mag-
nitude of residual stresses.

The authors of [12] considered the influence of
the conditions for deposition of magnetron coatings
by the modulated pulse method on the structure and
properties of Ta coatings. Their phase composition de-
pends on temperature. The a-Ta phase is formed at a
substrate temperature above 365—375 °C, achieved in
~150 min. The B-Ta phase is formed at lower tempera-
tures. For this reason, B-Ta is formed at the initial stage
of coating formation, and only at a distance of >14 um
from the substrate the o.-Ta phase begins to dominate.
Measurements of residual stresses in coatings 5—20 um
thick showed the presence of compressive stresses from
—2.0 to —2.2 GPa for coatings with # = 5, 8, 14; and
20 um and tensile stresses of 1.7 GPa only for coatings
with 4 =6 pum.

Composite multilayer W/Ta coatings with both a
BCC structure and a close surface energy of 3.26 and
2.9 J/mz, respectively, have been intensively studied in
order to establish their possible application in a variety of
applied problems [13—15]. Important among them is the
development of a method for applying a multilayer uni-
form thickness W/Ta-coating on the surface of products
of complex shape.

50

Direct current planar magnetron sputtering (DCMS)
and high-power pulsed magnetron sputtering (HP-
PMS) have been successfully used [16] to deposit W/ Ta.
HPPMS coating is denser and has a smoother surface
than DCMS which is a consequence of the deposition of
a stream with a higher degree of ionization of the sput-
tered atoms [17]. However, from the point of view of in-
dustrial application, the main disadvantage of HPPMS
technology is the significantly lower deposition rate
compared to DCMS [16].

Simultaneously resolving both of these problems
by using inverted strip magnetrons is also a relevant
objective. [17] shows that hollow cathode deposition,
in which the substrates are mounted on the axis of an
elongated tubular source, can be an efficient method
of coating complex-shaped objects. In a hollow catho-
de magnetron with a uniform current density and a
cosine angular distribution of the sputtered material,
the sputtered flux (per unit area) at all points inside
the cathode (where the final effects are not important)
is equal to the cathode erosion flux, regardless of the
pressure of the working gas. The authors obtained a
copper deposition rate of 400 nm/min. However, it
should be borne in mind that when the substrate is
large, and the space between it and the cathode be-
comes a thin ring, the geometry approaches a planar
cathode and backscattering of the sputtered atoms re-
duces the deposition rate.

[18; 19] shows that in order to create thin-walled
small-sized axisymmetric shell structures made of
layered composites: for example, tubular products with
different surface profiles; a system of successively ar-
ranged inverted field-cathode magnetrons; and one
straight cylindrical magnetron used to clean the sub-
strates is very efficient. Such a system allows the forma-
tion of layered composite shells by sputtering various
layers onto a mandrel (for example, made of copper)
which is subsequently etched.

The aim of achieving uniformity of the coating on
the surface of products of complex shape cannot be iso-
lated from the problem of structure, since the micro-
structure of coatings deposited in vacuum depends on
the deposition rate, the directions of arrival of coating
atoms, pressure of the working gas, as well as the ion
bombardment flux, bias voltage (U,) on the substrate and
its temperature.

This work studies the formation of texture and resid-
ual stresses in individual layers of four-layer Ta/W/Ta/W
coatings deposited by a system of inverted strip cathode
magnetrons on copper substrates of various shapes (flat
and cylindrical) at bias voltages on the substrate from 0
to =200 V.
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Experimental

The sputtering deposition was carried out using
a system of inverted magnetrons installed in series
at a distance of 30 mm from each other on a special-
ized MRM-1 setup as presented in [18]. Argon with
a purity of at least 99.9 % was selected as the working
gas The cathode material was W and Ta with a purity
0f 299.9 %; the inner diameter and length of the cath-
odes were 37 and 24 mm, respectively. A tube made of
copper M-1 with a diameter of 10 mm and a length of
20 mm was used as a substrate. Before sputtering, the
tube was polished and washed in an ultrasonic clean-
er in acetone and alcohol. Then the substrate was in-
stalled on the rod for vertical movement of samples in
the chamber and evacuated to a residual pressure of
1073 Pa. Before sputtering, the glow discharge plasma
treatment was applied for 30 min at argon pressure of
5 Pa and a voltage on the substrate of 1100 V. Next,
deposition of tantalum and tungsten was carried out
at different bias voltages on the substrate according
to the regimes presented in Table 1. During sputter-
ing, the substrate performed reciprocating movements
along the cathode axis and periodically completely left
the cathode area, both ends alternately. Each layer was
deposited for 2 h, sputtering all samples for 8 h and ob-
taining a total coating thickness of 198, 189, 167, 128,
and 64 pm at U, = 0, =50, —100, —150, and —200 V,
respectively. The layers alternated in the Ta/W/Ta/W
sequence.

The texture was estimated using quantitative inverse
pole figures (IPF) by taking diffraction patterns in the
angle range 26 = 30°+140° in filtered Cuk,, radiation.
The pole density for 6 normals to (hkl) on a stereogra-

Table 1. Sputtering regimes

Tabnuna 1. PexxuMbl HambLIeHUST

phic triangle (001, 011, 013, 111, 112, 123) was deter-
mined by the equation:

Liniay ! Roniay
2in iy ! Rowiay)

@

[Ehkl) =

where [, and R, are the integral intensities of re-
flections (hkl) for texturized and textureless (reference)
samples, respectively; n = 6 is the number of independ-
ent (hkl) reflections.

In diffraction strain measurement, the “sin®¥” me-
thod is widely applied, in which the interplanar dis-
tances for reflection (hk/) are measured at several val-
ues of the tilt angle W. The residual stress value is deter-
mined by the slope (tga) of the experimental depend-
ence dy (interplanar distance at the slope angle ¥) on
sin?¥:

tOE

=, 2
do (14 V)

GOCT

where E ;) and v, are the Young’s modulus and the
Poisson’s ratio for the direction of the normal to (hk/);
d, is the interplanar distance at ¥ = 0.

Results and discussion
Investigation of texture in four-layer coating

Figures 1 and 2 show combined diffraction pat-
terns of magnetron coatings Ta, Ta/W, Ta/W/Ta, and
Ta/W/Ta/W deposited on a cylindrical Cu substrate
at voltages U; = —100 and —200 V. Analysis of these

Regime Layer U,, V 1., A -U,, V I, A Py, Pa t,°C
Ta 280—285 1 — — 0.2 420

W 290-305 1 — — 0.2 430

! Ta 275-285 1 — — 0.2 415

w 290-305 1 — — 0.2 430

Ta 270-280 1 50 (100, 150, 200) 0.14-0.05 0.2 430

A\ 290-300 50 (100, 150, 200) 0.14—0.05 0.2 440

? Ta 270-285 50 (100, 150, 200) 0.14-0.05 0.2 430
w 290-305 50 (100, 150, 200) 0.14—0.05 0.2 440
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diffraction patterns, summarized in Fig. 3 as depend-
ences of the pole densities of reflections (211), (321)
and (222) for successive layers in four-layer coatings,
indicates that the regularities of texture formation de-
pend mainly on the stress on the substrate. Howev-
er, they differ for W and Ta layers. This is especially
noticeable for coatings deposited at U; = =200 V (see
Fig. 3, b).

The use of the calculation of pole densities gives a
more adequate and, in addition, a quantitative picture
of the features of texture formation in comparison with
a qualitative consideration of the reflection intensities in
diffractograms. The intensity of the reflection (222) in
the textureless reference is 7 and 6 times less than the
intensity of the reflections (321) and (211), respectively.
In addition, the angular width of the reflection (222) is
almost 2 times greater than the reflection (211). There-
fore, at the same height of both reflections (211) and the
pole density (222) is more than an order of magnitude
higher, observed in Fig. 3, a.

The influence of the bias voltage on the substrate on
texture formation in a four-layer coating can be seen
in the fact that at U, = —100 V (Fig. 3, a) an epitaxial
relationship between the layer orientations is achieved.
The pronounced (111) texture formed in the first Ta layer
is reproduced by all subsequent three layers, and even
some enhancement of its intensity is observed.

At =200V (see Fig. 3, b), another mechanism of tex-
ture formation is observed. This includes the absence
of dominance of the (111) orientation, as well as the vi-

1, rel. units

a

1)y
&
=

ry

(

S——— § | T
[ ('!"J"J) e

-200 e
3 70 90

20, degr.

10 130

olation of epitaxy. In the first and third Ta layers, the
pole density of the (222) reflection is maximum, but still
lower than at a voltage of —100 V. In this case, in the
second and fourth W layers, the pole density of the (211)
and (321) reflections is higher than reflection (222). The
texture in the third tantalum and fourth tungsten lay-
ers completely reproduces the texture not of the previ-
ous layer, but the texture characteristic of the metal in
the first and second layers. This indicates not a partial,
but a complete absence of epitaxy. Partial violation of
epitaxy would be accompanied by a gradual weakening
of the intensity of all texture components with distance
from the substrate. However, at U; = —200 V, a texture
is formed in each layer characteristic of this particular
metal (see Fig. 3, b). This fundamentally distinguishes
the texture formation mechanism at this voltage on the
substrate from the mechanism typical for U, = —100 V
(see Fig. 3, a).

Figure 4 shows diffraction patterns of four-layer
Ta/W/Ta/W coatings deposited on a flat substrate at
voltages U; = 0, —50, —100, and —200 V. In the absence
of voltage on the substrate (Fig. 4, @) and at its va-
lue — 50 V (Fig. 4, b) the (111) texture dominates, and
at U; = —100 V (Fig. 4, ¢) it is enhanced to such an
extent that we can speak of its single-crystal character.
At a voltage of —200 V, as on a cylindrical substrate,
the (111) texture component is weakened. Of particu-
lar interest in this regard is the single-crystal texture
shown in Fig. 4, ¢, which corresponds to the texture of
the fourth W-layer.

I, rel. units
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Fig. 1. Combined X-ray diffraction patterns of Ta, Ta/W (a) and Ta/W/Ta, Ta/W/Ta/W (b) magnetron coatings deposited

on a cylindrical Cu substrate at U;=—100V

Puc. 1. CoBMmenieHHbIe TUdpaKTOrpaMMbl MATHETPOHHBIX TOKpBITHIA Ta, Ta/W (a) u Ta/W/Ta, Ta/W/Ta/W (b)
HaHECEHHBIX Ha IIMTUHApUYecKyto Cu-MmoaIoxXKy rnpu Hanpstxenuu U, = —100 B
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Fig. 2. Combined X-ray diffraction patterns of Ta, Ta/W (a) and Ta/W/Ta, Ta/W/Ta/W (b) magnetron coatings deposited

on a cylindrical Cu substrate at U; = —200 V

Puc. 2. CoBMmeneHHbIe UG PaKTOrpaMMbl MAaTHETPOHHBIX MOKpHITUi Ta, Ta/W (a) u Ta/W/Ta, Ta/W/Ta/W (b),
HaHEeCeHHBIX Ha UMIMHApUYecKyio Cu-nmoajoxKy npu Hanpsixenuu U, = —200 B

Py tel. units
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Fig. 3. Pole reflection densities (4k/) for layers of four-layer coatings deposited on a cylindrical Cu substrate

at voltages U; = —100V (@) and —200 V (b)

Puc. 3. [NontocHbIie MI0THOCTU pedieKcoB (hkl) MI1s1 CTOEB YETHIPEXCIOMHBIX TTIOKPBITUI,
HAaHECEHHBIX Ha LMAuMHApuyecKyto Cu-nonjoxky npu HanpsxkeHusax U, = —100 B (a) u —200 B (b)

Figure 5, a shows reflection (222) for the outer W lay-
er at tilt angles ¥ = 0°, 5°, and 10°. When the deviation
from the normal to the sample exceeds 10°, there are no
grains with such a misorientation. The half-width of the
texture maximum for the (222) reflection is ~12°, cor-
responding to the misorientation angles of single-crys-
tal nickel superalloys [20]. The diffraction pattern from
the first Ta layer deposited at U, = —100 V practically
does not differ from that for the fourth W layer, which
indicates that, as in the case of coatings on a cylindrical

substrate (see Fig. 3, a), at the mentioned voltage, an ep-
itaxial correspondence of the orientations of successive
layers is realized on it.

Figure 5, b shows reflections (222) for a single-layer
Ta coating at angles ¥ = 0°, 10°, and 15°, which demon-
strate that there are no grains with such angle of misori-
entation when deviated from the normal to the sample
by an angle of 15°. The half-width of the texture maxi-
mum for the (222) reflection for Ta layer is ~14°, which,
as in the case of a cylindrical substrate (see Fig. 3, a),
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Fig. 4. X-ray diffraction patterns of outer W-layers of four-layer magnetron Ta/W/Ta/W coatings deposited at different

substrate voltages
U, =0 (a), =50 V (b), —100 V (c) and —200 V (d)

Puc. 4. ludppakrorpammbl BHEITHUX W-CJIOEB YETHIPEXCIOWHBIX MAaTHETPOHHBIX TTOKpbITUH Ta/W/Ta/W,

HAHCCCHHBLIX ITPU Ppa3JIMYHbIX HAIIPAXKCHUAX HA ITOAJTOXKE
U, =0 (a), —50 B (b), —100 B (c) 1 —200 B (d)

indicates an increase in the degree of texturization of the
fourth layer compared to the first.

The importance of the result obtained is due to
the fact that Ta has a “positive” elastic anisotropy, for
which the maximum Young modulus (£,,) is lo-
cated along the <111> direction of the Ta BCC lattice
(Table 2). Therefore, the orientation of the coating plane
parallel to the (111) crystallographic plane corresponds
to the location of the direction with £ ,, and, accord-
ingly, with the maximum value of the interatomic bond
forces normal to the coating plane.

Thus, with a high degree of probability, high wear re-
sistance should be expected in multilayer coatings with
an external Ta layer. Tungsten is the only metal that does
not have elastic anisotropy (Table 3), but it is possible
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that the “single-crystal” orientation of W-layers will be
useful for realizing other physicochemical properties, in
relation to which this metal will have the necessary an-
isotropy.

Measuring residual stresses
in four-layer coating

Our attempts to estimate the residual stresses for
coatings deposited on cylindrical substrates failed. In
essence this was the reason for applying coatings on a
flat substrate. Problems also arose in estimating the re-
sidual stresses on the coatings, in which, at U; = —100V,
a “single-crystal” texture was formed (see Fig. 5) for the
outer layer of a four-layer Ta/W/Ta/W and a single-layer
Ta coating.



l13BeCTns By30B. LIBeTHOSI METAAAYPIUS o 2023 o T.29 o N24 e C, 48-59

NozosaH A.A., beropeH CSl., NeHkoser A.C. 1 Ap. ICCAeAOBOHNE BAUSIHMS YCAOBUIA HOMBIASHWNSI CUCTEMOWN MHBEPTUPOBAHHbLIX MATHETPOHOB...

1, rel. units

a

112 113 114 115 116 117
20, degr.

1, rel. units

b

3500

3000

2500

2000

1500

1000

500

107 108 109 110

20, degr.

105 106

Fig. 5. Reflection (222) for pseudo-single-crystal magnetron coatings deposited at U; = —100 V at various tilt angles ‘¥

a — the outer W layer of the four-layer Ta/W/Ta/W coating; b — single-layer Ta-coating

Puc. 5. Pedaexc (222) a1 nceBIOMOHOKPUCTAJIbHBIX MArHETPOHHBIX MMOKPBITUIA, HaHeceHHbIX Tpu U, = —100 B,

TIpY pa3INnYHBIX yTiax HakyioHa W

a — BHelHuit W-coii yetbipexcioitHoro Ta/W/Ta/W-nokpbiTust; b — oqHocoiiHOe Ta-MmoKpbITHE
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Fig. 6. Reflection (321) of the outer W-layer for four-layer Ta/W/Ta/W magnetron coatings deposited at U; = —50 V (a)

and —200 V (b) at tilt angles ¥ = 0° and —40°

Puc. 6. Peprekc (321) BHemHero W-ciost mis yeTbipexcioiHbiX Ta/W/Ta/W MarHeTpOHHBIX TTOKPBITUA,
HaHeceHHbIX Ipu U, = —50 B (a) u —200 B (b) npu yrnax HakysoHa ¥ = 0° u —40°

The “sin®¥” method provides for recording at tilt
angles in the range from 0° to 40°—60°. For single-crys-
tal coatings, as can be seen from Fig. 5, the value of ¥
cannot exceed 10°, severely limiting the sensitivity of the
method. Only the presence of ultrahigh stress values in
both coatings made it possible to estimate the residual
stresses for them. They amounted to —2.0 GPa for the

outer W layer in a four-layer coating and —3.1 GPa for a
single-layer Ta coating.

Such a difference between the residual stresses can
be attributed to two reasons. First, it is possible that the
high stress value of a single-layer Ta-coating decreases
in subsequent layers due to the mutual compensation
of the thermal component of stresses when alternat-
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Fig. 7. Residual stresses (@) and lattice periods (b) of four-layer magnetron Ta/W/Ta/W coatings as a function of voltage

on the substrate

Puc. 7. 3aBUCUMOCTH OCTaTOYHBIX HANIPSI)KEHU T (@) U IEPUOIOB PelIeTKU (b) YETHIPEXCIOMHBIX MATHETPOHHBIX MOKPBITU i

Ta/W/Ta/W oT Hampsi>keHU sl Ha TTOJIJTOXKE

Table 2. Young's moduli for Ta and W <uyw> directions

Tabauua 2. 3HaueHust monyas KOHra ans <uvw>
HanpasiaeHuii Tau W

E, GPa
<uyw>
Ta W

<110> 193.4 409.8
<100> 145.8 409.8
211> 193.4 409.8
<310> 160.0 409.8
<111> 217.1 409.8
<321> 193.4 409.8

ing layers of refractory metals [21] differ in coefficient
of thermal expansion (CTE) (owy = 43107 K— and
o, = 6.5-107% K™"). This leads to a decrease in stress-
es in the W-coating, which is the fourth layer. The
second reason for such a difference in voltages may be
related to the fact that the first Ta layer is deposited
on a copper substrate, the CTE value of which (o, =
= 16.6-10"° Ky differs from Ta by almost 5 times
the difference of the W-layer from the preceding
Ta layer.

For other coatings, the use of the “sin®¥” meth-
od is not a problem. Figure 6 shows reflections (321)
of the outer W-layer of four-layer coatings deposited at

56

voltages of —50 and —200 V. It can be seen that with a
tilt of —40°, the intensity can be even higher than with
symmetrical shooting (¥ = 0°). In general, the value
of residual compressive stresses for four-layer coat-
ings increases with increasing stress on the substrate
(Fig. 7, a), due to which the value of the grating period
also increases (Fig. 7, b).

Conclusions

1. The regularities of texture formation in a four-lay-
er Ta/W/Ta/W coating obtained using a sputtering
system of inverted magnetrons depend mainly on the
voltage on the substrate, but differ for W and Ta layers.
The latter is especially evident for coatings deposited at
U,=-200V.

2. At a substrate voltage of —100 V, a special
mechanism of texture formation operates, manifest-
ing itself in the realization of an epitaxial relation
between the layer orientations. In this case, for a
cylindrical substrate, the strong texture (111) of the
first Ta layer is reproduced by all subsequent three
layers, while for a flat substrate, a single-crystal tex-
ture (111) is formed with a texture maximum width
of 12°—14".

3. The presence of a single-crystal texture (111) of the
Ta layer corresponds to the maximum Young modulus
and, accordingly, the interatomic bond forces normal
to the coating plane, suggesting that multilayer coatings
with an external Ta layer have high tribological charac-
teristics.
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4. An increase in the voltage on a flat substrate
from 0 to —200 V leads to an increase in residual com-
pressive stresses from 0.5 to 2.7 GPa for a four-layer
Ta/W/Ta/W coating.

5. In the first Ta-layer of the single-crystal coating, the
residual stresses were —3.1 GPa, while in the fourth W-lay-
er they were —2.0 GPa. This can be attributed to stress re-
laxation in the intermediate layers, as well as the fact that
the difference in TCLE values between the first Ta layer
and the Cu substrate is 5 times greater than the difference
between the fourth W layer and the previous Ta layer.
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Effect of structure and phase composition
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of hot extruded titanium alloy Ti—3Al1—2.5V tubes
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Abstract: This study investigates the impact the hot extrusion process variables on the physical and mechanical properties of Ti—3Al—
2.5V alloy tubes. The research examines four tube segments extracted from various hot-extruded tubes of Ti—3Al-2.5V alloy, with an
outer diameter (OD) of 90 mm and a wall thickness of 20 mm. The manufacturing process involves expanding sleeves with a horizontal
hydraulic press to achieve an OD of 195 mm, followed by heating to 850—865 °C prior to extrusion. The tube segments are labeled as /,
2, 3, and 4, corresponding to their order of production. Our findings demonstrate that an increase in the number of extrusions in the
o+ B areafromtube 1 to tube 4 leads to a reduction in the primary a-phase volume fraction and an increase in the B-transformed structure
volume fraction. These changes are attributed to the higher final extrusion temperature resulting from more intense deformation heating
during hot tooling (die and mandrel) processes. Additionally, elevating the final extrusion temperature from tube / to tube 4 leads to
a notable decrease in the residual B-solid solution volume fraction and a reduction in the “sharpness” of the o.-phase tangent-oriented
texture. The alterations in the structural and phase state of the alloy from tube [ to tube 4 are found to influence the contact modulus of
elasticity and microhardness. These identified relationships can be utilized to optimize the process variables for the extrusion of multiple
Ti—3A1-2.5V alloy tubes.
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BiausHue cTpykTypHO-(a30BOro COCTOSHHS
HA (PU3UKO-MeXaHUYECKHUe CBOMCTBA
ropsAaYenpeccoOBaHHbIX TPYO

u3 TutaHosoro cmiasa Ti—3Al-2,5V
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Annotanusa: VccienoBaHo BIMsHUE M3MEHEHUs MMapaMeTPOB ropsiuero npeccoBaHus Ha GpU3MKO-MeXaHUUYECKKe CBOMCTBA TPyO U3
cnnaBa Ti—3A1-2,5V. Marepuajom JUist UCCIEA0OBaHUS CIYXUIU YeThbIpe naTpyoka, OTOOpaHHbIE OT Pa3HbIX TOPSYENIPECCOBAHHBIX
Tpy06 u3 critaBa Ti—3A1-2,5V ¢ BHeluHUM nuametTpoM 90 MM 1 TOJIIMHOM CTeHKHU 20 MM, MTOJYYEHHBIX U3 9KCTTAaHAMPOBAHHBIX TUJIb3 C
BHEITHUM AUaMeTpoM 195 MM Ha rOpU30HTATBHOM THIPaBINUECKOM TIpecce. DKCMaHIUuPOBaHHbIE THJIb3bI TIepel MPpecCOBAaHUEM Ha-
rpeBainch 10 TeMiepatypsl 850—865 °C. O6pasiaM UcCaeayeMbIX TOPSUEIPECCOBAHHBIX TPYO MpUCBOeHbI HOMepa 1, 2, 3 u 4 coriacHo
MOCJIeA0BATEIbHOCTH UX MOJTYUYEHU S B IPOMBILJIEHHBIX YCI0BUsIX. [lokazaHo, 4TO yBeIMUEHUE KOJIMYECTBA MPOBEAEHHBIX TPECCOBOK
B o + -06mactu oT TpyGhl / K Tpy6Ge 4 MPUBOAUT K 3aKOHOMEPHOMY YMEHBIIEHU IO 00BEeMHO A0JIU MEePBUYHOM 0.-(Ha3bl B UX CTPYKTY-
pe, a TaKXe K pocTy 00beMHOIi 10U B-TIpeBpallleHHO CTPYKTYPhI BCJIEACTBHE MOBBIILIEHMSI TEMIIEPATyPbl OKOHUYAHU S TTPECCOBAHM S,
BBI3BAHHOTO 60Jiee aKTUBHBIM e (POPMAIIMOHHBIM Pa30TPEBOM M3-3a YBEJIUUEHU I TEMIIEPATyPbl MHCTPYMEHTA (MaTPUIILI ¥ UTJIBI). O6-
HapyXeHO, 4TO GUKCHpPYyeMOe CTPYKTYPHO TOBBIIIIEHUE TEeMIIEpaTypbl OKOHUYAHUSI TIPECCOBaHUs OT 1-if TpyOBI K 4-if BiieUeT 3a coOoi
XapakTepHOE yMEHbIIEHNUEe 00bEMHOI 10T OCTATOYHOTO 3-TBEPIOTO PACTBOPA U CHUKEHUE «OCTPOThI» HAOII0AaeMON TAHTeHIIMATb-
HOM TEKCTYpHI O-ha3bl. YCTAHOBJICHO, UTO BbISBJICHHbIC U3MEHEHUST CTPYKTYPHO-(Ha30BOTO COCTOSIHUS CIJiaBa OT 1-it TpyObl K 4-ii
O0Ka3bIBaIOT 3aKOHOMEPHOE BIMSIHUE Ha TIOJIyYaeMblil B HUX YPOBEHb CBOMCTB — KOHTAKTHOTO MO YJISI yIPYTOCTU U MUKPOTBEPAOCTH.
[TonyyeHHbBIE 3aKOHOMEPHOCTH HEOOXOAMMO YUUTHIBATH MPU pa3paboTKe TEXHOJOTMYECKOr0 PeXMMa MHOTOPa30BOTO MPEeCCOBAHMS
TpyO u3 crninasa Ti—3A1-2,5V.

KutoueBbie ciioBa: TutaHoBbli criiaB Ti—3AI—2,5V, ropsiuee rnpeccoBaHue, CTPyKTypa, TEKCTypa, MEXaHMUYeCKue CBOMCTRBA.
BaaronapHocTu: McciaenoBaHusi MpoBeneHbl B paMKax BbITIOJIHEH U TpoekTa Poccuiickoro HayyHoro onaa (Ne 18-79-10107-1IT).

Jas qutupoBanus: Mnapuonos A.T., Bononasckuit @.B., Minapuonosa C.M., Kocmankuii 5I.W., lHupunkuna H.A., [llabanos M.A.
BnusiHue cTpykTypHO-(})a30BOro coCTOSIHUS Ha GU3MKO-MEXaHMUYECKUE CBOMCTBA rOpsiUYENpPEeCcCOBaHHBIX TPYO M3 TUTAHOBOTO CIJIaBa
Ti—3Al1-2,5V. Uzseecmus 8y3os. Lleemnas memanaypeus. 2023;29(4):60—69. https://doi.org/10.17073/0021-3438-2023-4-60-69

Introduction

Pseudo-o-titanium alloys exhibit a distinctive com-
bination of advantageous properties, such as high spe-
cific strength, corrosion resistance, and excellent man-
ufacturability. They find application in the production of
critical components, including tubes [1—4]. One such al-
loy is the Ti—3AI—2.5V pseudo-o-titanium alloy which
conforms to the ASTM B338 Standard Specification

for Seamless and Welded Titanium and Titanium Alloy
Tubes for Condensers and Heat Exchangers. This alloy
is widely employed in the manufacturing of tubes [5; 6],
and its manufacturability allows for the production both
hot-extruded [7] and cold-drawn tubes [8; 9].

Nikol’skii L. et al. [10], Kosmatskiy Ya. et al. [11]
have observed that the hot extrusion process used to fab-
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ricate tubes and other products from the Ti—3A1—2.5V
alloy can exhibit temperature and deformation varia-
tions. These variations arise due to deformation heat-
ing of the workpiece and tooling, as well as potential
cooling of the product surfaces when they come into
contact with a colder tool.

Kosmatskiy Ya. et al. [12], Tarin P. et al. [13], and
Illarionov A. et al. [14] conducted research on the Gra-
de 9 alloy and found that temperature fluctuations dur-
ing hot drawing in the o + B two-phase region influence
the ratio of a- and B-phases, thermophysical properties,
and deformation forces. Additionally, Pyshmintsev I.
et al. [7] reported that such temperature variations im-
pact the final structure, phase composition, and texture
after cooling. Consequently, these variations are likely
to affect the physical and mechanical properties of the
end product.

Despite the existing research on the topic, there is a
notable absence of studies investigating the effects of the
structure and phase composition formed under non-sta-
tionary hot extrusion conditions on the properties of
Ti—3A1—2.5V alloy tubes. Therefore, the purpose of this
study is to address this research gap and explore the spe-
cific impact of non-stationary hot extrusion conditions
on the properties of the Ti—3A1—2.5V alloy tubes.

Materials and methods

The samples consisted of four tube segments extract-
ed from various hot-extruded Ti—3A1—2.5V alloy tubes,
with an outer diameter (OD) of 90 and a wall thickness
of 20 mm. These tubes were manufactured by utilizing
195 mm outer diameter expanded sleeves and a horizon-
tal hydraulic press. Prior to the extrusion process, the
expanded sleeves were heated to 850—865 °C. The spe-
cific extrusion process variables, including temperature
and strain rate, were detailed in a previous work by the
authors [15]. The four samples of the hot-extruded tubes
were numbered /, 2, 3, and 4 according to the sequence
of their manufacturing.

In this study, three main analytical techniques were
employed to characterize the samples. Optical micros-
copy, X-ray diffraction (XRD), and micro-indentation
were utilized to measure the Vickers hardness and con-
tact modulus of elasticity of the tubes. The microstruc-
ture of the tubes was analyzed using a GX51 microscope
(Olympus, Japan). For sample preparation, micro slides
were etched using an aqueous solution consisting of a
mixture of hydrofluoric and nitric acids (1 part HF +
+ 3 parts HNO; + 5 parts H,O) as suggested by Anosh-
kin N. et al. in [16], following the method suggested by
Anoshkin N. et al. in [16]. XRD analysis was performed
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on a Bruker D8 Advance X-ray diffraction platform
(Bruker, Germany) using copper CuKk|, radiation in the
20 = 34°+102° range. The XR D data were analyzed using
Rietveld refinement [17] with the TOPAS® 4.2 software
package.

Microgeometry and contact modulus of elasticity
measurements were carried out using the Oliver-Farr
micro indentation hardness test [18]. A MHTX micro
indenter (CSM Instruments, Switzerland) was utilized,
applying a 9 N load with 6 measurements conducted
per sample.

Results and discussion

In order to assess the phase state of the tubes, X-ray
diffraction (XRD) analysis was conducted on the longi-
tudinal sections of the samples (Fig. 1).

The Rietveld refinement of the XR D patterns (Fig. 2)
yielded the identification of two distinct phases, name-
ly, o.-phase and B-phase lines. The lattice parameters of
both the oo + B- and B-phases were estimated from the
XRD patterns, and the corresponding volume fraction
of the B-phase was determined. The results are summa-
rized in the table below.

The olume fraction of the B-phase in all the sam-
ples varied between 4.8 to 6.2 %. There is a noticeable
correlation between changes in the volume fraction of
the B-phase and the lattice period; the period slightly
increases with the volume fraction. This outcome is in
line with expectations, as the presence of B-stabilizers
(vanadium and iron impurities) in the B-solid solution

Fig. 1. The three directions are denoted as follows
RD — radial direction, TD — tangential direction,
ED — extrusion direction

Puc. 1. Dcku3 TpyObl C yKazaHUEM TPeX OCHOBHBIX
HAIlpaBJeHUH, CBI3aHHBIX C BHELIHUM BO3IECTBAEM

PH — paguanbHoe HanpasieHue, TH — TaHreHUManbHOE
Harpasienue, HI1 — HanpaBieHue peccoBaHust
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Lattice periods of the o- and (3-phases, the volume fraction of the B-phase in hot-extruded tube samples 7—4

IMepuonsl peuretok o- u B-das, oobeMHas noss B-das3sl B o6pasuax /—4 ropsiuenpeccoBaHHbIX TPYO

o-phase B-phase
Sample No. Lattice parameter, nm ) ) )
| c/a Lattice period, nm | Volume fraction, %
a @
1 0.29370 0.46724 1.5909 0.32242 6.2
2 0.29408 0.46770 1.5904 0.32222 54
3 0.29388 0.46757 1.5911 0.32202 5.0
4 0.29391 0.46761 1.5910 0.32196 4.8
Intensity, pulse/sec
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Fig. 2. XRD patterns of the hot-extruded tubes 1—4

Shooting in the tangential direction

Puc. 2. ludpakrorpammsl 06pa3iioB I—4 TopsiuenpeccoBaHHBIX TPYO

CbeMKa B TAHT€HILIMAJIbHOM HaIpaBJIeHUU

decreases. Prior research [19—21] has established that
these stabilizers contribute to the reduction of the lattice
period.

Regarding the tube samples (labeled as 1-4), the
c/a parameter of the o.-phase falls within the range of
1.5904 to 1.5911 (refer to the table). This value is lower
than the c¢/a values for the original sleeves, which range
from 1.5913 to 1.5915, and these sleeves were expanded
at a temperature similar to that of the hot extrusion
process. This discrepancy suggests that the diffusion
processes in the o.-phase, which occur during cooling
down from the extrusion temperature, are less com-
plete compared to those in the the phase formed dur-
ing cooling after expansion. The reason behind this
observation is that the wall of the hot-extruded tubes is
72 % thinner than that of the expanded sleeves, leading

to higher cooling rates and consequently reducing the
diffusion period.

Fedulov V. et al. [22] conducted a study on the VT23
titanium alloy, which shares a similar temperature of
polymorphic o + B — B transformation with the Ti—
3A1—2.5V alloy [1]. In their research, it was demonstrat-
ed that when the wall thickness is reduced by 65—75 %
during cooling from 850 °C (close to the tube extrusion
temperature), the cooling rate along the cross-section
more than doubles.

An analysis of the X-ray diffraction (XRD) pat-
terns of the tubes allowed for a comparison of the
intensities of the o-phase lines. It was observed that
the (002)a line exhibits the highest intensity in the
hot-extruded tube samples /—4. Interestingly, for the
sleeves after expansion, the (101)c line, not the (002)o
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line, displayed the highest intensity. This discrepan-
cy indicates that the hot extrusion process creates a
tangent-oriented basic texture of the o-phase (Fig. 3)
in the two-phase region of the tube samples /—4.
In other words, the normal to the basis plane (0001)
in the a-phase grains is predominantly oriented in the
tangential direction. This finding aligns with the work
of Forney C. et al. [23], who reported that reduction
drawing, as in our case, facilitates the formation of a
tangent-oriented basic texture. It should be noted that
the quality of the texture varies from tube to tube, as
evidenced by the changes in the relative intensities of
the primary a-phase lines in the XRD patterns relative
to the (002)a line (Fig. 4).

Fig. 3. Characteristic arrangement of the o.-phase hexagonal
cell as the tangent-oriented texture is formed
in the Ti—3A1-2.5V alloy

Puc. 3. XapakTepHoe pacrooxXeHne rekcaroHaJabHOMi
npU3Mbl 0.-(Pa3bl Tpu GOPMUPOBAHUU TAaHTEHLIMAJTBHOMN
TeKCTyphl B criaBe Ti—3A1-2,5V

40 1(002)/1(hk1)
m ]
- - )
m3
30 =4
20+
10 1
0 H T I'I'll_l T H T |_| T
](002)/1(100) [(002)/1(101) 1(002)/1(102) [(002)/](110) 1(002)/1(103)

Fig. 4. 1(02) /I sk ratio variations at the max intensity
of the a-phase lines with different (hk/) indices 1—4

Puc. 4. VismeHenue otHoweHus ooy /i

IJ1s1 MAKCUMAJbHON MHTEHCUBHOCTU IMHUH OL-has3bl

C pa3UIHBIMU UHIeKcaMu (hkl) Ha nudpakTorpaMmax
TSI TOPSTYETIPECCOBAHHBIX TPYO I—4
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As evident from Fig. 4 and the table, there exists a
correlation between the quality of the tangent-oriented
texture and the volume fraction of the B-phase: the high-
er the fraction, the more intense the line becomes (ref-
lected by the higher /) /) ratio). This observation
leads to the conclusion that the XRD pattern analysis for
the B-phase volume fraction indicates the resistance to
decomposition during cooling of the high-temperature
B-solid solution. Moreover, this resistance is linked to
the relationship between the condition of the o-phase
texture and the physical and mechanical properties (as
depicted in Fig. 5). Specifically, as the volume fraction
of the B-phase decreases, both the contact modulus of
elasticity and microhardness exhibit a corresponding
decrease.

The observed relationship between the values can
be explained as follows. Samples 7/ and 2 retain a larger
amount of B-phase, indicating less complete decom-
position of the high-temperature B-solid solution and
o-phase separation during cooling, in comparison to
samples 3 and 4. The less complete decomposition of
the high-temperature B-phase usually occurs when
the initial B-solid solution contains more (3-stabilizers

HV

285

280

2754

2701

2654

260

Sample
E, GPa

1124

1104

108 7

106 1

104 H

102 T

Sample

Fig. 5. Variations of the average microhardness (a)
and contact modulus of elasticity (b) in samples I—4

Puc. 5. i3ameHeHre cpeqHX 3HaYeH Ui MUKPOTBEPAOCTH (@)
1 KOHTAaKTHOTO MOMyJis yripyroctH (b) B o6pasuax 1—4
ropsi4erpecCoOBaHHEIX TPYO
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Fig. 6. Predominant longitudinal section microstructure of the 7 (a), 2 (b), 3 (¢) and 4 (d) hot-extruded tube samples,

Ti—3Al1-2.5V alloy

Puc. 6. [Ipeobnanarmiiasi MUKPOCTPYKTYpa B MPOIOJbHOM CEUEHUU TopssyeripeccoBaHHbIX TpyO I (a), 2 (b), 3 (c) u 4 (d)

u3 ciyaBa Ti—3A1-2,5V

before cooling. The presence of more -stabilizers in
the initial state is a result of a lower initial cooling
temperature of the tube compared to the other tubes.
This effect arises from the lesser deformation heating
of the first Ti—3A1—2.5V alloy tubes manufactured by
hot extrusion. Subsequent extrusions cause additional
heating of the tools (die and mandrel), leading to re-
duced heat removal from the tube to the tool. Similar
effects have been observed in other metal extrusion
processes [24; 25].

The proposed explanation is further supported by the
microstructural analysis of the tubes. A thorough exam-
ination of typical structures found in most areas of the
longitudinal tube section revealed that samples / and 2
(Fig. 6, a, b) are dominated by primary o-phase grains
elongated along the direction of extrusion. Small regions
of the B-transformed structure exist between the grains,
appearing as clusters of secondary o.-phase thin plates
with different orientations and B-phase interlayers. The
formation of the B-transformed structure occurs as a
consequence of the high-temperature -solid solution

decomposition during cooling from the extrusion tem-
perature.

A notable characteristic of the structure in sam-
ples 3 and 4 (Fig. 6, ¢, d) compared to samples / and
2 is a significant decrease in the volume fraction of
the primary o-phase elongated along the direction of
extrusion. This reduction results in an increase in the
volume fraction of the B-transformed structure areas.
The primary o-phase exhibits partial fragmentation
and spheroidization, indicating dynamic recovery
processes [26]. Furthermore, the B-transformed struc-
ture areas become broader, and the secondary o.-plates
are enlarged.

The observed difference in the structure of the
tube samples can be logically explained by the gradual
increase in the end-extrusion temperature from sam-
ple I to sample 4. This temperature rise occurs due
to higher deformation heating caused by the increas-
ing temperature of the die and mandrel during the
extrusion process of tubes / to 4. Consequently, this
intensifies relaxation recovery and dissolution of the
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primary a-phase, leading to an increase in the volume
fraction and size of the high-temperature B-phase ar-
eas during the extrusion process. Upon cooling, the
B-phase decomposes in these areas, forming plates of
the secondary o.-phase.

The observed decrease in microhardness from sam-
ple 7 to sample 4 (see Fig. 5) can be attributed to the
more intense recovery processes in the primary o.-phase,
which are associated with the removal of deformation
hardening, and the enlargement of decomposition prod-
ucts in the B-transformed matrix. This conclusion is fur-
ther supported by comparing the B-phase volume frac-
tion with the thermodynamic analysis conducted in the
ThermoCalc software [14].

The increase in extrusion temperature in the two-
phase oo + P region leads to a higher amount of -solid
solution and a depletion of B-stabilizers (vanadium and
iron). This, in turn, reduces the resistance of the B-phase
to decomposition during subsequent cooling. As a re-
sult, in samples 3 and 4, which were heated to higher
temperature during extrusion compared to samples /
and 2, the decomposition of the B-solid solution starts at
higher temperatures and leads to the formation of larger
secondary a-phase plates. Additionally, the decompo-
sition process is more complete, resulting in a smaller
volume fraction of the residual B-solid solution (as indi-
cated in the table).

Unlike the primary phase, the secondary a-phase
plates were not deformed during extrusion. Therefore,
they lack a clear orientation or pronounced texture.
The XRD patterns demonstrate a decrease in the in-
tensity of the (002)o lines from sample 1 to sam-
ple 4 relative to the intensity of other a-phase lines.
This indicates a decrease in the sharpness of the tan-
gent-oriented prism texture. Consequently, there is a
slight decrease in the contact modulus of elasticity (F),
measured in the tangential direction, from sample 1 to
sample 4. This is consistent with the well-known fact
that the a-phase exhibits the maximum £ value along
the <001> direction [27].

In our view, the dominant high-modulus orientation
<001> in the direction of the contact modulus of elas-
ticity measurements results in average modulus values
(ranging from 103 to 110 GPa) that are close to or even
above the upper values typical for Ti—3Al1—2.5V alloy
products (ranging from 95—105 GPa) [2].

Conclusions

1. The study demonstrates that an increase in the
number of oo + B-area extrusions, from tube I to tube
4, leads to a reduction in the volume fraction of the pri-
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mary o-phase and an increase in the volume fraction
of the B-transformed structure due to end-of-extrusion
temperature rise caused by more intense deformation
heating of the die and mandrel.

2. Furthermore, the investigation reveals that the el-
evation of the final extrusion temperature from tube /
to tube 4 results in a distinctive decrease in the volume
fraction of the residual (3-solid solution and a reduction
in the “sharpness” of the oi-phase tangential texture.

3. Additionally, it was observed that the aforemen-
tioned changes in the structure and phase state, from
sample 7 to sample 4, have an impact on the contact
modulus of elasticity and microhardness.

4. These established relationships provide valuable
insights for adjusting the process variables in the multi-
ple Ti—3A1—2.5V alloy tube extrusion.

References

1. Ilyin A.A., Kolachev B.A., Polkin I.S. Titanium alloys.
Composition, structure, properties: Reference book.
Moscow: VILS—MATI, 2009. 520 p. (In Russ.).

HMnwun A.A., KonaueB b.A., [Toabkun WU.C. TutaHoBbIe
crutaBel. CocrtaB, CTpyKTypa, cBoiicTBa: CIIpaBOYHUK.
M.: BUJIC—-MATMU, 2009. 520 c.

2. Pumpyanskiy D.A., Illarionov A.G, Vodolazskiy F.V.,
Kosmatskiy Y.I., Popov A.A. Promising titanium al-
loys for manufacture of cold-worked pipes. Metallurg.
2023;1:37—48.
https://doi.org/10.52351/00260827 2023 01 37
MMymnsuckuit O.A., HWnnapuonoB A.Il., Bomonasc-
kuniit @.B., Kocmaukuii 4.U., [Tonos A.A. IlepcriekTuB-
Hbl€ CIIJIaBbl THUTaHa OJIs M3TOTOBJIEHUS XOJIOMHOIE-
¢opmupoBaHHBIX TPYO. Memannype. 2023;1:37—48.
https://doi.org/10.52351/00260827 2023 01 37

3. Romantcev B.A., Goncharuk A.V., Aleshchenko A.S.,
Gamin Yu.V. Production of thick-wall hollow profiles and
tubes made of titanium alloys by screw rolling. Izvestiya.
Non-Ferrous Metallurgy. 2015;(4):38—41. (In Russ.).
https://doi.org/10.17073/0021-3438-2015-4-38-41
PomanueB b.A., T'onuapyk A.B., Anemenko A.C., T'a-
muH lO.B. IlonydyeHue MOJIBIX TOJCTOCTEHHBIX IIPO-
uneit u Tpyd U3 TUTAHOBBIX CIIJIABOB METOIOM BUHTO-
BOIi IpOKaTKU. Mzeecmus 6y306. lleemnas memannypeus.
2015;(4):38—41.
https://doi.org/10.17073/0021-3438-2015-4-38-41

4. Pilipenko S.V. Analysis of the influence of cold pipe
rolling technological factors on the change in Q-factor
distribution along the deformation cone. Izvestiya. Non-
Ferrous Metallurgy. 2019;(3):30—35. (In Russ.).
https://doi.org/10.17073/0021-3438-2019-3-30-35
IMununenko C.B. AHanu3 BAUSIHUS TEXHOJOTIMYECKUX



13BeCTng By30B. LIBETHAS METAAAYPIUS o 2023 o T.29 o N24 o C. 60-69

VianapumoHos A.I., Boaorasckuii @.B., ViannapuoHosa C.M. 1 pp. BAUSIHUE CTPYKTYPHO-$A30BOrO COCTOSIHNS HO GUBNKO-MEXAHUYECKME. ..

10.

11.

(hakTOpOB MpoLecca X0JOAHOU MPOKATKMU TPyO Ha U3-
MeHeHue pacnpenesieHus: Q-dakTopa BIOJbL KOHYca
nedopmanuu. HUzeecmus 6y3oe. llgemnas memannypeus.
2019;(3):30—35.
https://doi.org/10.17073/0021-3438-2019-3-30-35

Boyer R., Welsch G., Collings E.W. Materials roperties
Handbook: Titanium alloys. ASM Int., The Material
Information Society, 1994. 1176 p.

Chen S., Li X., Xu D. Manufacture of Gr9 titanium
alloy tube for small size and extra-thin wall. In: Chine-
se Materials Conference. High Performance Structural
Materials. 2018. P. 531—538.
https://doi.org/10.1007/978-981-13-0104-9_56
Pyshmintsev 1.Y., Kosmatskii Y.I., Filyacva E.A., Illa-
rionov A.G., Barannikova N.A. Alloy Ti—3Al—2.5V
hot-extruded pipe metal structure and properties.
Metallurgist. 2018;62(3-4):374—379.
https://doi.org/10.1007/s11015-018-0671-5
Memmvmunues W.10., Kocmauknii .U., ®unsaesa E.A.,
Wnnapuonos A.I., Bomonasckuii ®.B., BapanHuko-
Ba H.A. CtpykTypa u cBolicTBa MeTajja ropsiaenpec-
coBaHHOI TpyObl u3 criaBa Ti—3Al—2,5V. Memanaype.
2018;4:70—75.

Li H., Wei D., Zhang H.Q., Yang H., Zhang D., Li G.J.
Tooling design—related spatial deformation behaviors
and crystallographic texture evolution of high-strength
Ti—3A1—2.5V tube in cold pilgering. The International
Journal of Advanced Manufacturing Technology. 2019;104:
2851—2862.
https://doi.org/10.1007/s00170-019-04151-w

Yang Q., Hui S., Ye W,, Xu Z., Dai C., Lin Y. Effect
of “Q” ratio on texture evolution of Ti—3Al1—2.5V alloy
tube during rolling. Materials. 2022;15(3):817.
https://doi.org/10.3390/mal15030817

Nikol’skii L.A., Figlin S.Z., Boitsov V.V., Kalpin Y.G.,
Baharev A.V. Hot stamping and extrusion of titanium
alloys. Moscow: Mashinostroenie, 1975. 285 p. (In Russ.).
Hukonwckuii JI.A., ®urnun C.3., boiinos B.B., Kan-
muH FO.I"., baxapes A.B. ['opsiuas mrammnoBKka u mpec-
COBaHMe TUTAHOBBIX CIUIABOB. M.: MammnHOCTpoeHMe,
1975. 285 c.

Kosmatskiy Ya.l., Fokin N.V., Filyaeva E.A., Barich-
ko B.V. Deformation ability research of the titanium alloy
Ti—3A1—2.5V and the assessment of the technological
capability production of hot-extrusion tube from him.
Titan. 2016;2(52):18—22. (In Russ.).

Kocmanukuit .U., ®okun H.B., ®ungesa E.A., ba-
puuko b.B. HccnemoBanme medopMallMOHHOM CITO-
cobHocTu TUTaHOBOro cruiaBa Ti—3Al—2,5V u oueH-
Ka TEeXHOJIOTMYECKOI BO3MOXHOCTU U3rOTOBJIEHUS U3
HEro ropsiyernpeccoBaHHbIX Tpy6. Tuman. 2016;2(52):
18—22.

12.

13.

14.

15.

16.

17.

18.

19.

Kosmatskiy Ya.l., Filyaeva E.A., Fokin N.V., Yakovle-
va K.Yu. Determination of the production possibilities
to preparing a new form of seamless TREX pipes of
Ti—3Al1—2.5V alloy. Kachestvo v obrabotke materialov.
2016;2:15—22. (In Russ.).

Kocmauxkwnii J.U., ®ungesa E.A., ®okun H.B., SIkoB-
nesBa K.FO. OnpeneneHre TeXHOJIOTMUYECKON BO3MOX-
HOCTU M3rOTOBJICHUS HOBOIO BHAAa OECIIOBHBIX TPYO
TREX u3 TutanoBoro crinaBa Ti—3A1—2.5V. Kauecmeo
6 o6pabomie mamepuanos. 2016;2:15—22.

Tarin P., Corral N., Simon A.G. Evolution of alpha-beta
transformation in Ti—3Al—2,5V alloy. Microstructural
changes and properties obtained. In: Proceedings of the
12" World Conference on Titanium. Beijing: Science
Press., 2012. Vol. 1. P. 481—484.

Illarionov A.G., Vodolazskiy F.\V., Barannikova N.A.,
Kosmatskiy Y.A., Khudorozhkova Y.V. Influence of
phase composition on thermal expansion of Ti—0.4Al,
Ti—2.2A1—2.5Zr and Ti—3A1—2.5V alloys. Journal of
Alloys and Compounds. 2021;857:158049.
https://doi.org/10.1016/j.jallcom.2020.158049

Illarionov A.G., Kosmatskii Y.I., Filyaeva E.A. Vo-
dolazskii F.V., Barannikova N.A., Experimental deter-
mination of temperature parameters for evaluating the
possibility of manufacturing alloy Ti—3Al—2.5V hot-
extruded tubes. Metallurgist. 2017;9-10(60):983—988.
https://doi.org/10.1007/s11015-017-0396-x

HNnnapuonos A.l., Kocmaukuit 4.1., ®unsepa E.A.,
Bononasckuit ®.B., bapannukosa H.A. DkcnepuMeH-
TaJbHOE OIpele/ieHue TeMIepaTypHBIX IapaMeTpoB
IUTST OLIEHKY BO3MOXHOCTH U3TOTOBJIEHU I TOPSTIEITPec-
coBaHHBIX TpyO u3 cruiaBa Ti—3Al1-2,5V. Memanaype.
2016;9:83—87.

Anoshkin N.F., Borisova E.A., Bochvar G.A., Brun
M.Ya., Glazunov S.G., Kolachev B.A., Korobov O.S.,
Malkov AYV., Moiseev V.N., Notkin A.B. and etc.
Metallography of titanium alloys. Moscow: Metallurgiya,
1980. 464 p. (In Russ.).

AnomkuH H.®., Bopucosa E.A., BouBap I'A., bpyn M.41.,
I'nmazynos C.I., KonaueB b.A., Kopo6os O.C., MaJib-
koB A.B., Moucees B.H., Horkun A.b. u ap. Tutano-
Bble CILTIaBBl. MeTannorpacdus TUTAHOBBIX CILJIABOB.
M.: Meramuryprus, 1980. 464 c.

Rietveld H.M. A profile refinement method for nuclearand
magnetic structures. Journal of Applied Crystallography.
1969;2:65—71.

Oliver W.C., Pharr G.M. An improved technique for
determining hardness and elastic modulus using load and
displacement sensing indentation experiments. Journal of
Materials Research. 1992;7(6):1564—1583.
https://doi.org/10.1557/JMR.1992.1564

Shao G., Miodownik A.P., Tsakiropoulos P. w-phase

67



lzvestiya. Non-Ferrous Metallurgy e 2023 ¢ Vol. 29 ¢ No.4 e P. 60-69

lllarionov A.G., Vodolazskiy F.V., lllarionova S.M. et al. Effect of structure and phase composition on the physical and mechanical...

formation in V—AI and Ti—AIl—V alloys. Philosophical
Magazine A. 1995;71(6):1389—1408.

20. Aurelio G., Fernandez Guillermet A., Cuello G.J.,
Campo J. Metastable Phases in the Ti—V System: Pt. 1.
Neutron Diffraction study and assessment of structural
properties. Metallurgical and Materials Transactions A.
2002;33A:1307—1317.
https://doi.org/10.1007/s11661-002-0057-x

21. Zhelnina A.V., Kalienko M.S., Illarionov A.G., Shchet-
nikov N.V. Transformation of the structure and parameters
of phases during aging of a titanium Ti—10V—2Fe—3Al
alloy and their relation to strengthening. Fizika metallov
i metallovedenie. 2020;121(12):1220—1226. (In Russ.).
https://doi.org/10.1134/S0031918X20120133
XKennuna A.B., Kamuenko M.C., Unnapuono A.l.,
lletnukoB H.B. TpaHcdhopmaliusi cTpyKTypbl, napa-
MeTpoB a3 mpu crapeHuu criaBa tutaHa Ti-10V—
2Fe—3Al u ux cBSI3b yIIpouHeHUeM. Qusuxa memaniios u
memannogederue. 2020;121(12):1220—1226.
https://doi.org/10.1134/S0031918X20120133

22. Fedulov V.N. Prediction of the efficiency of thermal
hardening of titanium alloys, Lit’yve i metallurgiya. 2006;
1(37):130—135. (In Russ.).
®enynos B.H. [IpornosupoBanue 3(pHeKTUBHOCTH
TEPMUYECKOTO YIPOYHEHUS] TUTAHOBBIX CILJIABOB.
Jlumve u memannypeus. 2006;1(37):130—135.

23. Forney C.E., Meredith S.E. Ti—3Al—2.5V seamless
tubing engineering guide. Sandvik special Metals Corp.,
Kennewick, Wash., USA, 1990. 3rd ed. 144 p.

24. Loginov Y.N., Semenov A.P. Changing the temperature
of the tool during hot pressing of copper and brass bars.
Kuznechno-shtampovochnoe  proizvodstvo.  Obrabotka
materialov davieniem. 2006;4:10—13. (In Russ.).
Jlorunos FHO.H., CemenoB A.I1. U3mMeHeHue Temnepary-
pbl MHCTPYMEHTA IIPU TOPSTYEM IIPECCOBAHMU IIPYTKOB
U3 MEU U JIAaTYHU. Ky3HeuHO-umamnogouHoe npou3eoo-
cmeo. O6pabomka mamepuanoe oaeaenuem. 2006;4:10—13.

25. Loginov Yu.N. Pressing as a method of intense
deformation of metals and alloys. Yekaterinburg: UrFU,
2016. 156 p. (In Russ.). https://elar.urfu.ru/bitstream/
10995/40656/1/978-5-7996-1623-6_2016.pdf
Jlorunos KO.H. IlpeccoBaHue Kak MeTo MHTEHCUBHOM
nedopMallii MeTaJIOB U crJjaBoB. ExarepuHOypr:
Uzn-Bo Yp®Y, 2016. 156 c. https://elar.urfu.ru/bitstream/
10995/40656/1/978-5-7996-1623-6_2016.pdf

26. Weiss 1., Semiatin S.L. Thermomechanical processing
of alpha titanium alloys — an overview. Materials Science
and Engineering A. 1999;263:243—256.
https://doi.org/10.1016/S0921-5093(98)01155-1

27. Zwicker U. Titan und titanlegierungen. Berlin, Heidel-
berg: Springer-Verlag, 1974. 717 p.
https://doi.org/10.1007/978-3-642-80587-5

Information about the authors

Anatoly G. Illarionov — Cand. Sci. (Eng.), Associate Professor
of the Department “Heat Treatment and Physics of Metals”,
Ural Federal University named after the First President

of Russia B.N. Yeltsin (UrFU); Research Scientist, Institute
of Metal Physics named after M.N. Mikheev of the Ural
Branch of the Russian Academy of Sciences.
http://orcid.org/0000-0002-7571-1179

E-mail: a.g.illarionov@urfu.ru

Fedor V. Vodolazskiy — Cand. Sci. (Eng.), Associate Professor
of the Department “Heat Treatment and Physics of Metals”,
UrFU.

http://orcid.org/0000-0002-6311-131X

E-mail: fv.vodolazskiy@urfu.ru

Svetlana M. Illarionova — Head of the Laboratory of the
Department “Heat Treatment and Physics of Metals”, UrFU.
Scopus-1D: 56572890900

E-mail: s.m.illarionova@urfu.ru

Yaroslav I. Kosmatskiy — Dr. Sci. (Eng.), Deputy General
Director for Scientific Work, The Russian Research Institute
of the Pipe Industry.

Scopus-1D: 36166718600

E-mail: Kosmatski@rosniti.ru

68

Nudopmanus 00 aBTopax

Anarosmii lennaabesny VIuiapuoHoB — K.T.H., IOLIEHT Kadea-
pbl «TepmoobpaboTKa U pU3uKa METAJIIOB», YPaIbCKUA
dbenepanbHbIN yHUBEpcUTET MMeHU riepBoro [Ipe3nmenta
Poccun b.H. Enpiinna (Yp®Y); Hayy. corpynHuk MHCTH-
tyTa pusnku metasaioB uMm. M.H. Muxeesa YpO PAH.
http://orcid.org/0000-0002-7571-1179

E-mail: a.g.illarionov@urfu.ru

®enop BanepbeBuy Bogonasckuii — K.T.H., TOLIEHT Kadeapsl
«TepMoo6paboTKa 1 pusMKa METAIJIOB», YpDY.
http://orcid.org/0000-0002-6311-131X

E-mail: f.vvodolazskiy@urfu.ru

Csetnana MuxaiinosHa Unnapuonosa — 3aB. 1abopaTopueit
kadenpsl «TepmMoobpaboTKa 1 pHU3MKa METaII0B», YpDY.
Scopus-1D: 56572890900

E-mail: s.m.illarionova@urfu.ru

Apocnas Uropesny Kocmankuii — 11.T.H., 3aM. Te€H. TUPEKTO-
pa o Hay4yHo#1 pabore, AO «Pycckuii HaydyHO-KUCClIeI0Ba-
TEJbCKUI TPYOHBI MHCTUTYT».

Scopus-1D: 36166718600

E-mail: Kosmatski@rosniti.ru



13BeCTng By30B. LIBETHAS METAAAYPIUS o 2023 o T.29 o N24 o C. 60-69

VianapumoHos A.I., Boaorasckuii @.B., ViannapuoHosa C.M. 1 pp. BAUSIHUE CTPYKTYPHO-$A30BOrO COCTOSIHNS HO GUBNKO-MEXAHUYECKME. ..

Natalia A. Shirinkina — Head of the Department, JSC “Ural
Works of Civil Aviation”.

Scopus-1D: 57193270781

E-mail: nata382@yandex.ru

Maksim A. Shabanov — Research Engineer of the Department
“Heat Treatment and Physics of Metals”, UrFU.
http://orcid.org/0009-0008-6725-1724

E-mail: m.a.shabanov@urfu.ru

Haraabsa Anekcanaposna IIIupuHkuHa — HaYaJIbHUK OTAEIA
AO «Ypasibckuii 3aBol TpaXk JaHCKOUM aBUALIUU».
Scopus-1D: 57193270781

E-mail: nata382@yandex.ru

Makcum Anekcanaposuy [1labanoB — nHkeHep ucciieaoBa-
Tesb Kadenpsl «IepmMmoodpadboTKa 1 hr3rKa METalI0B»,
YpdYy.

http://orcid.org/0009-0008-6725-1724

E-mail: m.a.shabanov@urfu.ru

Contribution of the authors

A.G. Illarionov — basic concept, problem statement, paper
authoring, conclusions.

F.V. Vodolazsky — XRD and EDS analysis and image pro-
cessing.

S.M. Illarionova — metallographic analysis and processing

of the results.

Ya.l. Kosmatsky — acquisition and analysis of manufacturing
information.

N.A. Shirinkina — processing of the manufacturing process
observations, and data structuring.

M_.A. Shabanov — durometry analysis and processing of the
results.

Bkaan aBTopoB

A.T. UnnapuoHoB — hopMupoBaHKE OCHOBHOM KOHIICTILIUH,
IMOCTaHOBKA LIEJIM 1 32141 UCCJICIOBAHMU S, TTOATOTOBKA
TeKcTa, GOpMYyJIMPOBKA BEIBOIOB.

®.B. Bonoaa3sckmii — mocTaHOBKA 3a/1a4 PEHTTEHOCTPYKTYP-
Horo ($a30BOTO aHaM3a, ero MpoBeaeHe U 00paboTKa
pe3yJbTaToB.

C.M. NnnapnoHoBa — ITOCTaHOBKA 3a/1a4 MeTajutorpadudec-
KOTO aHaJIn3a, ero MpoBeieHne 1 00paboTKa pe3yIbTaToB.
A.U. Kocmankuii — opraHu3saius coopa Npou3BOACTBEH-
HBIX ITapaMeTPOB U UX aHaIHU3.

H.A. lllupunkuna — o6paboTKa HaOIIOIEHU I B IIPOU3BOI-
CTBEHHOM TIpOIIecce, YIOPsI0UeHNEe IOy YeHHBIX TaHHBIX.

M_.A. IIladanoB — IMOCTaHOBKA 3aJa4 JI0OPOMETPUUECKOTO
aHaJiu3a, ero npoBeaeHue u 00padboTKa pe3yJbTaTOB.

The article was submitted 26.04.2023, revised 22.06.2023, accepted for publication 23.06.2023

Cmamos nocmynuaa é pedaxyuro 26.04.2023, dopabomana 22.06.2023, noonucana ¢ newams 23.06.2023

69



lzvestiya. Non-Ferrous Metallurgy e 2023 ¢ Vol. 29 « No.4 e P. 70-86

Luts A.R., Sherina Yu.V., Amosov A.P., Kachura A.D. Liquid matrix SHS manufacturing and heat tfreatment of Al-Mg composites reinforced...

PHYSICAL METALLURGY AND HEAT TREATMENT / METAAAOBEAEHUE U TEPMUYECKAS OBPABOTKA

UDC 621.74 + 669.018 Research article
| @O0
https://doi.org/10.17073/0021-3438-2023-4-70-86 Hayunas cTatbst Bv_NG_ND

Liquid matrix SHS manufacturing

and heat treatment of AlI—-Mg composites reinforced
with fine titanium carbide

A.R. Luts, Yu.V. Sherina, A.P. Amosov, A.D. Kachura

Samara State Technical University
244 Molodogvardeyskaya Str., Samara 443100, Russia,

< Alexander P. Amosov (egundor@yandex.ru)

Abstract: Aluminum matrix composites reinforced with ultra-fine refractory titanium carbide feature a unique combination of properties.
They are promising structural materials. Self-propagating high-temperature synthesis (SHS) is an affordable and energy-saving composite-
making process. It involves the exothermic reaction between titanium and carbon (or their compounds) directly in the melt. We studied the
properties of SHS composites based on the AMg2 and AMg6 commercially available alloys reinforced with 10 wt.%TiC. We investigated
the macro- and microstructure of the samples with XRD and EDS analysis. It was found that the B-phase is separated from o.-solid solution
of aluminum as early as the air cooling stage. We conducted experiments aimed at studying the effects of additional heating on the sample
structure and properties and found the optimal temperature and time values. We also proposed a phenomenological model of the structural
transformation sequence. We compared the physical, mechanical, and manufacturing properties and corrosion resistance of the original
cold-hardened AMg2N and AMg6N alloys and the composites before and after heat treatment. It was found that additional heating reduces
porosity and maintains electrical conductivity. It was also found that the compressive strength and relative strain of the composite based on
the AMg?2 alloy change insignificantly, while for the AMg6-based composite the reduction is more significant. Heat treatment increases the
composite hardness while maintaining sufficient plastic deformation. It is confirmed by the measured values of the relative strain and the
reduction ratio close to that of the original matrix alloys. It was also found that the composites retain high resistance to carbon dioxide and
hydrogen sulfide corrosion.
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(SHS).

For citation: Luts A.R., Sherina Yu.V., Amosov A.P., Kachura A.D. Liquid matrix SHS manufacturing and heat treatment of Al—Mg composites
reinforced with fine titanium carbide. Izvestiya. Non-Ferrous Metallurgy. 2023;29(4):70—86.
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6oJiee TOCTYITHBIX M SHEPTOCOeperaroiX METOIOB UX TIOJYUEHHUST SIBJISIETCSI CAMOPACTIPOCTPAHSTIOIIMICS] BBICOKOTEMITEpaTy PHBIN CUHTE3
(CBC), ocHOBaHHBII Ha 9K30TEPMHUYECKOM B3aMMONECHCTBUY TUTAHA U YIJiepoaa (VJIU X COSNMHEHWIT) HEMMOCPEICTBEHHO B pacIijaBe.
B pa6ore mpusonastcs pe3yabraTbl CBC KOMITO3ULIMOHHBIX MAaTEPHAJIOB HAa OCHOBE IIPOMBIILIEHHBIX cIlaBoB AMT2H n AMr6H, yripou-
HeHHbix 10 Mmac.%TiC. WiccienoBaHbl MaKpO- M MUKPOCTPYKTYPa MOJy4YEHHBIX 00Pa310B, MPOBEAEHbBI MUKPOPEHTIEHOCTIEK TPaIbHbI i
U peHTreHo(da30Bblii aHATU3bl. YCTAHOBJIEHO, YTO yXe B MpOLEcce OXJIaXAeHUsI Ha BO3AyXe Mocje CUHTEe3a MPOUCXOIUT BblAeICHUE
B-dasbl u3 a-TBepmOro pacTBopa antoMUHMSL. [IpoBeieHbl SKCIIEPUMEHTHI 110 U3YYEHU 0 BJIUSIHUSI TOTTOJIHUTEIbHOTO HarpeBa Ha CTPYK-
TYpy M CBOICTBa 00pa3iioB, OMpeaeeHbl ONTUMaJbHbIEe TEMIIEPaTypPHO-BpEeMEHHbBIEC TTapaMeTphl, MpeaioxkeHa HeHoOMeHOoIoTnYecKast
MOJIEJb MTOCJIEIOBATEIbHOCTH CTPYKTYPHBIX MTpEeBpaIleHNi. BBITOTHEH cpaBHUTEIbHBINM aHAIN3 GU3MIECKUX, MEXaHUUECKHX, TEXHO-
JIOTUYECKUX CBOWCTB U KOPPO3UOHHOI CTOMKOCTU MCXOMHBIX ciaBoB AMT2H nu AMr6H B HarapToBaHHOM COCTOSTHUM U KOMIIO3U-
LIMOHHBIX MaTepHaoB HAa UX OCHOBE /10 U MOCJIe TEPMUUECKOll 00pabOTKHU. YCTaHOBJIEHO, UTO TPOBEAEHNE TOMOJTHUTEIBLHOTO Harpesa
CIMOCOOCTBYET CHUXKEHU IO TOPUCTOCTU U COXPAHEHUIO YPOBHSI 2J€KTPONPOBOAHOCTHA OTHOCUTEIBHO dTUX ITOKA3aTee 1151 TUTBIX KOM-
MO3UTOB. BhIsIBJIEHO, UTO MPOYHOCTb Ha CXAaTWe U OTHOCUTEIbHAs fedopMalus 4151 KOMIIO3UTa Ha OCHOBe crjiaBa AMr2 u3sMeHs10T-
cg He3HaYMTeJIbHO, TOTJA KakK JJIs MaTepualia Ha ocHoBe AMT6 ux najaeHue 6oJjice cylecTBeHHo. I1pu 3ToM TepMuyeckass oopaboTka
TTO3BOJISIET TMOBBICUTH TBEPIOCTh MAaTEPUATIOB, COXPAHUB JOCTATOYHYIO CTIOCOOHOCTH KOMTIO3UTOB K TIJIAaCTUYECKON AedhopMalinu, 9To
TMOATBEPXKAAETCSI 3HAUEHUSIMU CTenleHU JedopManuu u KodpduumeHTa yKoBKY, OJU3KUMHU K YPOBHIO MATPUYHBIX CIJIaBOB. Takxke
YCTaHOBJIEHO, YTO CUHTE3MPOBAaHHbIE KOMIO3UIIMOHHbIE MaTepUaibl COXPAHSIOT BHICOKUI YPOBEHb YCTOMUMBOCTU K YIJIEKUCIOTHOM
U CEPOBOJOPOAHOIN KOPPO3UU.

KioueBbie cjioBa: a1loMOMaTPUYHBIM KOMITO3UIIMOHHBI MaTepuan (AMKM), anioMuHMIA, pacriaB, KapOua TUTaHa, caMopacnpocTpa-
HSIONINIics BeIcOKOoTeMmIiepatypHblii cuHTe3 (CBC).

Jng uuruposanus: Jlyu A.P., llepuna 10.B., AmMocoB A.T1., Kauypa A.[l. ZKunkodasHnoe nonyuerue metonom CBC u repMuyeckast oopa-
60TKa KOMITIO3UTOB Ha OCHOBE aJIIOMUHUEBO-MarHUEBbIX CIIJIABOB, YIIPOUYHEHHBIX BHICOKOIUCTIEPCHOIT (ha3oii kapbuaa TutaHa. Mzeecmus

8y306. lleemnas memannypeus. 2023;29(4):70—86. https://doi.org/10.17073/0021-3438-2023-4-70-86

Introduction

Aluminum matrix composites (AMCs) reinforced
with fine refractory titanium carbide (from hun-
dredths of a percent to 50 wt.%) possess increased
strength while retaining high plasticity, low speci-
fic weight, and good corrosion resistance as report-
ed by Mikheyev R. et al. [1]. This unique combina-
tion of properties makes the material suitable for
making connecting rod components, bearings, and
other wear-resistant parts [2; 3].

There are many AMCs manufacturing technolo-
gies. As mentioned by Nath H. et al. [4], these tech-
nologies can be divided into solid matrix and liquid
matrix processes. Amosov A. et al. [5] note that the
solid matrix processes are long and energy-consum-
ing. On the other hand, conventional liquid matrix
processes are unable to add a significant amount of
reinforcing phase into the melt. This is due to low
fluidity, and may result in undesirable chemical re-
actions between the matrix and the added compo-
nents.

The new AMCs manufacturing technology is
self-propagating, high-temperature synthesis (SHS). It
is simple and suitable for virtually any melting furnace
with a relatively low level of energy consumption. The
SHS process is an exothermic reaction of initial rea-

gents (powders of titanium and carbon or their com-
pounds) in aluminum melt, producing titanium car-
bide as multiple dispersed particles [S—8].

Many recent studies have focused on increasing
the fineness of the carbide phase particles and add-
ing alloying elements to the matrix, since these have
a positive effect on the AMCs properties. For exam-
ple, Zhou D. et al. [9] studied the following alumi-
num melt (wt.%.): 5 Cu, 0.45 Mn, 0.3 Ti, 0.2 Cd,
0.2V, 0.15 Zr, and 0.04 B. They added aluminum,
titanium, and carbon nanotubes in the amounts of
0.1—1.0 wt.%. It was found that the formation of
0.5 wt.% of nanosized TiC particles increases com-
posite strength to 540 MPa, and relative elongation,
to 19 % (11 and 188 % growth compared to the ini-
tial matrix alloy). Tian W. et al. [10] used the same
matrix to manufacture composites with 0.5 wt.% of
TiC (particle size d = 97 nm), and 1, 3, and 5 wt.%
of TiC (d = 1.88 um). It was found that at r = 180 °C
and under a 20 N load, the wear resistance of the
nanoscale composite is 16.5 % higher than that of
the composite reinforced with 5 wt.% of titanium
carbide microparticles.

Amosov A. et al., Samara State Technical Univer-
sity [5] showed SHS process applicability to AI—TiC
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mixtures (with powdered titanium and carbon). The
reinforcing phase content is up to 20 % with an ini-
tial particle size of about 2—4 um. Luts A. et al. [11]
found that the addition of 5 wt.% of Na,TiF4 reduces
the carbide particle size in the AI—10%TiC composite
to ultra-fine (less than 1 pm). As a result, the strength
after casting is increased by more than 80 % (from
115 to 200 MPa). The authors [12] manufactured Al—
5%Cu—10%TiC, Al—5%Cu—2%Mn—10%TiC, and
other heavy-duty composites containing an ultra-fine
carbide phase.

Many recent works study alloy reinforcement by
carbide phase both formed in the melt by SHS or add-
ed [13—15]. As a rule, the base metals are heat-trea-
table alloys. After reinforcement, the metal is treat-
ed with precipitation hardening (hardening + aging).
Cho Y. et al. [16] showed that SHS applies to the high-
ly dispersed carbide phase (6, 10, and 12 vol.%) in
A2024 (A1—4.4%Cu—1.5%Mg). The sample contain-
ing 12 vol.% TiC, after extrusion, annealed at 400 °C
for 20 h, quenched for 1 h at # = 500 °C, and aged at
190 °C for 8 h, showed the greatest increase in modu-
lus of elasticity and tensile strength. This reached up
to 93 GPa and 461 MPa, respectively. Ramakoteswara
Rao V. et al. [17; 18] noted that a sample with 8 wt.%
of TiC particles after adding 2—10 wt.% of TiC par-
ticles of about 2 um to the AA7075 foundry alloy
(A1—5.8%7Zn—2.4%Mg), subsequent homogenization
at t =450 °C for 2 h, and aged at 121 °C for 24 h, in-
creased its tensile strength from 400 to 600 MPa, and
hardness, from 110 to 200 HV.

Nevertheless, some works indicate that heat treat-
ment of AMCs does not always improve strength.
Chen C. et al. [19] studied the aging behavior of the
Al6061 alloy (Al—Mg—Si) reinforced with 2 % TiC
particles (d = 40+50 um) at # = 160 °C. They established
that the reinforcing particles prevent the formation of
Guinier-Preston zones and strengthening metastable
Mg—Si phases in the aluminum matrix. As a result, af-
ter T6 heat treatment, the max hardness (75.8 HV) of the
Al6061—TiC composite was reached after 8 h of aging.
This was much lower than that of the A16061 matrix al-
loy after 18 h of aging (123 HV).

The review [20] summarizes the quenching and
subsequent aging of Al—Cu—Mg—SiC, Al—Mg—Si—
Cu—SiC, AlI—Mg—Si—Cu—B4C, and Al—Zn—Mg—
Cu—SiC AMCs reinforced by silicon carbide and
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manufactured with both solid matrix and liquid matrix
processes. In general, the aging patterns of composites
and aluminum alloys are different. The sequence of
precipitation hardening phases and phase composition
of the matrix material may vary, while the max AMCs
hardness and strength are achieved in a shorter time.
Furthermore, the hardening of the composites general-
ly results in lower hardness than expected by “adding”
the results of the precipitation hardening of the alumi-
num alloy and the matrix strengthening by reinforcing
particles.

There are highly interesting studies which show that
by changing the composition and structure of interfa-
cial boundaries and by improving the matrix-to-filler
bonding, it becomes possible to apply heat treatment
to alloys considered unsuitable for precipitation har-
dening. One example is the study by Hashim J. et al.
[21]. They reported that quenching at 550 °C for
20 min with hot water cooling and subsequent aging at
160 °C for 30 min of the non-heat-treatable AMgl alloy
with 2.5 wt.% SiC (d = 3 um) increases the hardness to
1040—1200 HB, and tensile strength, to 153 MPa. One
of the reasons may be the presence of magnesium in
the alloy. Magnesium is often used as a surface active
additive that segregates at the phase interface and re-
duces its energy [22].

For example, Contreras A. et al. [23] studied the
interaction between titanium carbide substrate and
Al—Mg melt at 900 °C. It was found that by increasing
the Mg content from 1 to 20 % in the base aluminum,
the wetting of the ceramic phase can be significantly
improved by reducing the surface tension of alumi-
num drops. Magnesium additions also significantly
strengthen aluminum alloys. In particular, Shu S. et al.
[24] reported that the addition of 14 % Mg to SHS al-
loys manufactured by hot pressing increases the com-
pressive strength of the AI—TiC composite by as much
as 353 MPa.

This review confirms that magnesium signifi-
cantly increases the efficiency of alloy hardening by
adding titanium carbide. Gulyayev A. et al. [25] re-
ported that such reinforcement is most appropriate
for Al—Mg alloys (magnalium) which are known to
have good formability and weldability, albeit relatively
low strength and hardness. The most common alloys
contain from 1 to 6 wt.% Mg, and micro amounts of
other alloying elements (Fe, Si, Mn, Ti, Cu, Be, etc).
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The Mg solubility in Al is 17.4 % at t = 450 °C and
about 1.4 % at room temperature. Nevertheless,
non-equilibrium solidification conditions in alloys
containing as low as 1—2 % Mg may result in the for-
mation of eutectic § phase inclusions of the Al3;Mg,
(MgsAlg) composition.

When solidified, transition metals form supersatu-
rated solid solutions with aluminum [26; 27]. However,
their low content does not lead to a significant increase
in strength. Therefore, the formation of one more ul-
tra-fine titanium carbide phase in magnalium may
have a positive effect explained both by its hardening
by reinforcing perticles and changing the sequence
and the rate of structural transformations during the
solidification and heat treatment caused by lattice
micro-distortions.

The reinforcement results largely depend on the
chemical composition of the alloy (the contents of mag-
nesium and alloying elements). The purpose of this study
is to obtain two composite materials by the SHS process
and analyze the effects of heat treatment on their struc-
ture and properties. We studied the addition of titani-
um carbide to the AMg, (10%TiC) and AMg¢ (10%TiC)
alloys.

Methods and materials

We used AMg2 (1520) and AMg6 (1560) al-
loy grades from Sammet (Russia) manufactured to
GOST 4784-2019 as the melted matrix. In order to
produce the charge mixture, we mixed powdered ti-
tanium (TPP-7 grade, TU 1715-449-05785388 Spec.)
and carbon (P-701, GOST 7585-86) in a stoichio-
metric ratio for the Ti + C = TiC SHS reaction with
Na,TiFs (GOST 10561-80) added in amount of 5 % of
the charge weight. The mixture was then divided into
3 equal parts wrapped in aluminum foil. Each was add-
ed to the AMg2 or AMg6 melts at 900 °C in a graphite
crucible placed in a PS-20/12 melting furnace (made
in Russia), in order to induce the SHS reaction and
make the desired composites.

In the aims of studying the microstructure, we
etched the samples with a 50 % HF + 50 % HNOj; solu-
tion for 10—15 sec. Then we analyzed the samples with a
JSM-6390A scanning electron microscope (Jeol, Japan)
with a JSM-2200 energy-dispersive spectroscopy (EDS)
module.

We also used XRD for phase identification. The
XRD instrument was an ARL X’trA X-ray diffrac-
tion system (Thermo Scientific, Switzerland) with the
CuK,, radiation and continuous scanning in the 26 =
= 20+80° angle range at 2 deg/min. The HighScore
Plus software (PANalytical B.V., Netherlands) was
used to analyze the XRD patterns. The AMCs samples
were heat treated in a SNOL lab furnace (temperature
up to 1300 °C).

We measured the sample density by hydrostatic
weighing on a VK-300 scale (made in Russia), accura-
cy class 4, GOST 20018-74. The demineralized water
density was assumed to be 0.99733 g/cm3 at the room
air temperature of 24 °C. For dimensional control and
composition analysis, we used a MIM 43 optical metal-
lographic microscope (made in Russia) and the SIAMS
800 image processing software.

We measured AMCs electrical conductivity using
a VE-26NP eddy current structurescope (made in
Russia) according to GOST 27333-87. The hard-
ness of the samples was measured using a TSh-2M
hardness tester (made in Russia) according to GOST
9012-59. The impression diameter was defined us-
ing a Motic DM-111 microscope (made in Russia)
and the Motic Educator image analysis software. For
sample microhardness testing, a PTM-3 standard mi-
crohardness tester (made in Russia) was used accord-
ing to GOST 9450-76. The instrument drives a square
diamond pyramid (136° vertex angle). The penetrator
load was 100 g.

We performed compression tests on the type III
samples (dy = 20 mm) according to GOST 25.503-97.
The relative strain and reduction ratio was established as
specified in GOST 8817-82.

Corrosion resistance was evaluated according to
GOST 13819-68 in a Coat Test 3.3.150.150 autoclave
under the following conditions: 5 % NaCl aqueous
solution; CO, (1 Pa) + H,S (0.5 MPa) + N, (3.5 MPa)
gas phase at 80 °C 240 h: 5 MPa total pressure. The
corrosion resistance factors were calculated accord-
ing to GOST 9.908-85. We used a Universal-1B tri-
bology tester (made in Russia) for tribology testing
as follows:

— friction type: boundary friction (sliding);

— block-on-ring contact arrangement;

— counterbody material: 40H grade steel;
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— lubricant: Shell Helix Ultra SAE 5W-40 synthetic
engine oil;

— normal contact load: 380 N;

— counterbody rpm: 600 (average linear velocity at
the contact area: 0.157 m/s);

— test period: 30 min (or until seizure).

Results and discussion

The powders mixtures used to make both compos-
ites in the AMg2 or AMg6 melts at 900 °C produced
an intense, rapid SHS reaction with bright flashes. The
fractures of the synthesized samples were homogeneous-
ly gray and lacked any foreign inclusions or residues of
unreacted charge.

Composite manufacturing
and heat treatment AMg2—10%TiC

Figure 1 shows the microstructure of AMg2—
10%TiC composite manufactured with SHS. The pro-
cess produces a large number of both small sintered
agglomerates, and ultra-fine rounded particles larger
than 180 nm. XRD analysis revealed the presence of Al,
Ti, C, and Mg (Fig. 2). XRD analysis also identified the
presence of the required TiC phase (Fig. 3). EDS ana-
lysis indicated a presence of Mg, so the -phase may be
also present but its amount is too small to be detected
by XRD.

XRD processing identified the presence of a carbide
phase (8 wt.%). This is an acceptable level, considering
some inhomogeneity of its distribution. The average

. 20kv

X100 “100pm, - |

Fig. 1. SEM image of the AMg2—10%TiC composite
a — x100 magnification, b — x20000 magnification

grain size reduced from 9.64 (+4.82) um in the matrix
to 1.31 (£0.056) pm in the composite material. It con-
firms the modifying effect of the carbide phase particles.
Measurements showed an increase in hardness from
509 HB for the AMg2 casting alloy to 594 HB for the
AMg2—10%TiC composite. It matches the hardness of
the hardened AMg2 alloy.

We can conclude that, due to the absence of plastic
deformation, the presence of highly dispersed carbide
particles increases the hardness.

Next we selected the optimal temperature and time
for heat treatment. As noted above, the lean AMg2
alloy does not undergo precipitation hardening af-
ter quenching. It consists mainly of a solid solution
of magnesium in aluminum. However, as was shown
above and by Kurganova Y. et al. [21], heat treatment
of the AMgl composite with a fine phase can produce
some new effects.

Taking all the factors into account, we selected the
following heat treatment modes: 130, 150, 180, and
350 °C for 1, 2, and 3 h with subsequent still air cooling
[28]. The hardness was a quantitative criterion aimed at
evaluating the effects of heat treatment. Figure 4 pre-
sents the results. The highest value of 676 HB (com-
pared to the initial 594 HB for the foundry composite)
is achieved after heating at 150 °C for 2—3 h. Heating at
350 °C does not affect the hardness.

The microstructure and EDS analysis of the AMC
samples with the highest hardness (Figs. 5 and 6) show
that the carbide particle sizes and chemical composi-

20kV X20,000 . 1pm

Puc. 1. MuKpocTpyKTypa KOMITO3ULIMOHHOro MaTepuaia AMr2—10%TiC

a — yBemuueHue x100, b — x20000
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Marker Element content, wt.%

number C Al Ti Mg F
001 28.01 14.27 57.72 0 0
002 17.97 38.17 38.01 3.49 2.36
003 17.82 4791 28.71 3.92 1.65
004 0 93.93 0 6.07 0

Fig. 2. EDS analysis of the AMg2—10%TiC composite

Puc. 2. Pesynbratsl MPCA KOMITO3ULIMOHHOTO MaTepuaia
AMr2—-10%TiC

Intensity, rel. units

Al ¢ e Al

8001 92% m TiC
TiC

600 8%

400

200

5 — 1¢JL; T
20 30 40 20, degr.

Fig. 3. XRD pattern of the AMg2—10%TiC composite

Puc. 3. IludpakTorpaMma KOMITO3ULIMOHHOI'O MaTepuasa
AMr2-10%TiC

tion are not affected. However, EDS indicates that the
result of heat treatment leads both to the appearance of
elemental magnesium and XRD peaks of the Al3Mg,
B-phase in the amount of 3 wt.%. This means an addi-
tional release of magnesium from the solid solution of
aluminum (Fig. 7).

We made the following assumption about the se-
quence of structural transformations before and after
heat treatment based on the experimental data. Imme-

Hardness, HB

750
m130°C
® 150 °C
700 ©180°C
A 350 °C
650-
600 -
550 -
500 1 I L) L)
0 1 2 3

T, hours

Fig. 4. The hardness variations of the AMg2—10%TiC
composite after heat treatment at different
temperatures

Puc. 4. i3aMeHeHMUe TBEPIOCTH KOMITO3UIIMOHHOTO
martepuana AMr2—10%TiC nociie 10NMOJHUTETBLHOTO
HarpeBa ITpU pa3HbIX TeMIIEpaTypax

diately after pouring the composite into the mould and
during the solidification cooling, the presence of a large
number of carbide particles distort the lattice of the mat-
rix and cause high internal stresses. This is due to the
formation of the Mg,Si, Al¢(Fe, Mn), Al;5(Fe, Mn),Sis
crystallization phases [29]. After solidification, a partial
precipitation of the B-phase from the solid solution is
possible.

It should be noted that the presence of the Al;Mg,
phase can decrease the strength and corrosion resis-
tance, since it precipitates as continuous chains along the
grain boundaries [29]. In this case, the large number of
dispersed carbide particles prevents the formation of such
continuous precipitates, while individual intermetallic
B-phase inclusions may increase the hardness. Additional
heating at = 150 °C while the internal stress still applies
facilitates the diffusion. Subsequent cooling in air leads to
an additional B-phase release, increasing hardness.

There is no change to hardness after heating to 350 °C
(see Fig. 4) because a solid solution is formed through-
out the entire alloy volume at this temperature. Cooling
leads to the same processes as after SHS, and the initial
hardness is restored.

Composite manufacturing and heat treatment
AMg6—10%TiC

Figure 8 shows the microstructure of the AMg6—
10%TiC composite. Compared to the previous case,
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20KV 1X20,000 _ gl

Fig. 5. SEM image of the AMg2—10%TiC composite after additional heating at z= 150 °C for 2 h

a — x500 magnification, b — x20000 magnification

Puc. 5. MukpocTpyKTypa KoMmno3unonHoro Mmarepuana AMr2—10%TiC mociie 1omoTHUTEIbHOTO Harpesa

npu ¢t = 150 °C B TeueHue 2 4
a — yBesuuenue x500, b — x20000

Marker Element content, wt.%

number C Al Ti Mg
007 22.04 13.54 63.19 1.22
008 14.60 75.90 4.88 4.60
009 29.00 38.44 29.89 2.67

Fig. 6. EDS analysis of the AMg2—10%TiC composite
after additional heating at 7= 150 °C for 2 h

Puc. 6. Pesynbrarsl MPCA KOMITO3MIIMOHHOTO MaTepuaja
AMT2—10%TiC nocJie 10MOJHUTEIBHOTO HArpeBa
npu ¢t = 150 °C B TeueHue 2 4

carbide phase particles exceeding 130 nm are distri-
buted more uniformly over the alloy volume. This can
be explained by the higher magnesium content and,
consequently, their higher wettability, and better as-
similation.

76

Intensity, rel. units

Al e Al
1000 87 % . %TC
& AlMg,
Al;Mg,
3%

500 4 10%

|

20 30 40 20,degr.

Fig. 7. XRD pattern of the AMg2—10%TiC composite
after additional heating at r = 150 °C for 2 h

Puc. 7. ludpakTorpaMma KOMITO3UIIMOHHOTO MaTepraa
AMTr2—10%TiC nocie 10MOJHUTEIBHOIO HarpeBa
npu t= 150 °C B TeueHue 2 4

XRD analysis indicates the presence of the TiC tar-
get phase (Figs. 9 and 10), while the presence of magne-
sium suggests the presence of the B-phase.

The XRD pattern analysis confirms the presence of
a carbide phase in the amount of 10 wt.%. Average grain
size decreased from 15.8 (+34.3) um in the matrix al-
loy to 10.6 (£3.56) um in the composite. The process
increases the hardness from 830 to 909 HB for AMg6—
10%TiC casting alloy.

The AMg6 alloy is not a conventional precipita-
tion hardened material. However, the high magnesi-
um content provides the highest strength among all
other magnalium alloys. The alloy is usually hardened
or is subjected to recrystallization annealing in the
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20kV... X500  50pm
Fig. 8. SEM image of the AMg6—10%TiC composite
a — x500 magnification, b — x20000 magnification

i b S
20kV. %20,000, 1pm

Puc. 8. MukpocTpyKTypa KOMIO3UIIMOHHOro Marepuaia AMr6—10%TiC

a — yBeauuenue x500, b — x20000

Marker Element contents, min., wt.%

number Al Ti C Mg
005 4.43 90.18 4.74 0.66
006 90.56 0.22 0.15 9.06
007 5.13 88.60 5.46 0.81
008 40.24 51.14 2.76 5.86

Fig. 9. EDS analysis of the AMg6—10%TiC composite

Puc. 9. Pesyabratel MPCA KOMNO3UIIMOHHOIO MaTepuraa
AMT6—10%TiC

310—335 °C temperature range, in order to increase its
ductility, with furnace holding time from 30 minto 3 h
and air cooling [26].

Kishchik M. et al. [30] studied the effects of different
heterogenization annealing modes for the 1565ch alloy
containing 5.1—6.0 wt.% Mg and alloying Zr. The tem-

Intensity, rel. units

6004 Al t . Al
a0 % w TiC
400 e TiC
10 %
200
0 - —L-&
20 30 40 50 60 70

20, degr.

Fig. 10. XRD pattern of the AMg6—10%TiC composite

Puc. 10. IudpakTorpamma KOMIO3UIITMOHHOTO MaTepraia
AMr6—10%TiC

Hardness, HB

1030

® 230°C

71 — 310°C

9904 — 320 °C

B 335°C

950 +

910 -+ } } o o
870 T T T T T
0 1 2 3 6

7, hours

Fig. 11. The hardness changes of the AMg6—10%TiC
composite after additional heating at different
temperatures

Puc. 11. i3aMeHeHUe TBEPIOCTU KOMITO3UILIMOHHOT'O
martepuaia AMr6—10%TiC nocie 1oMoTHUTETBHOTO
Harpesa ITpu pa3HBIX TeMIIepaTypax
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20kV  X20,000 1pm

Fig. 12. SEM image of the AMg6—10%TiC composite after additional heating at =230 °C for 3 h

a — x500 magnification, b — x20000 magnification

Puc. 12. MukpocTpyKTypa KOMIo3uiMoHHOro marepuaia AMr6—10%TiC nociie 10MOJHUTEIBHOTO HarpeBa

npu t =230 °C B redyeHue 3 4
a — yBemmueHue x500, b — x20000

Marker Element contents, min., wt.%

number | A Ti C | Mg | Mn | Fe
022 9.92 85.04 3.73 1.31 — -
023 80.86 — — 6.75 386 8.54
024 93.41 - — 6.59 — -

Fig. 13. EDS analysis of the AMg6—10%TiC composite
after additional heating at 7= 230 °C for 3 h

Puc. 13. Pe3ynbrarsl MPCA KOMIIO3UIIMOHHOI'O MaTepuaa
AMr6—10%TiC nocie AOTIOJTHUTEILHOIO HarpeBa
npu ¢t = 230 °C B TeueHue 3 4

perature varied from 130 to 280 °C, and the holding time
from 1 to 12 h. The results showed that the formation
of homogeneously distributed individual B-phase parti-
cles during annealing at # = 230 °C with a 6 h holding
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Fig. 14. XRD pattern of the AMg6—10%TiC composite
after additional heating at t =230 °C for 3 h

Puc. 14. lucppakrorpamMmma KOMITO3UIITMOHHOTO MaTepraia
AMr6—10%TiC nociie n0MOJTHUTEIBHOTO HarpeBa
npu =230 °C B TeueHue 3 u

time produces a fine-grained structure, and leads to the
highest hardness gain.

Considering the above, we selected the following
treatment mode for the AMg6—10%TiC composite:
heating at r = 230 °C for 1, 3, and 6 h at 310, 320, and
335 °C for 1, 2, and 3 h. Fig. 11 shows the measured
hardness values. It indicates that heat treatment in the
t = 310+335 °C range does not increase hardness. Its
highest value (999 HB) is achieved after holding at
t=230°C for3and 6 h.

Just like with the first alloy, additional heating at a
temperature close to the solubility line contributes to
higher hardness.
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Figures 12—14 shows the XRD, EDS, and micro-
structural analysis results of the sample with the highest
hardness. XRD analysis showed the presence of not only
Al, Ti, C, and Mg, but also Mn and Fe. It may indicate
the presence of intermetallic and ceramic phases formed
during solidification. However, the primary phase
formed after heating is Al;Mg, in the amount of 6 wt.%.
It accounts for the hardness increase (Fig. 14).

Properties of AMg2—10%TiC
and AMg6—10%TiC composites

We compared the properties of the original
cold-hardened alloys with index N, composites without
heat treatment (No HT), and composites after addition-
al heating resulting in the highest hardness.

The SHS process is characterized by significant
outgassing which can adversely affect the composite
properties. For this reason, we initially determined the

density (py.s;) and porosity (P) of the samples (Table 1).
The peq values of the AMCs are slightly higher than
those of the original matrix alloys. This confirms the
presence of a carbide phase with p = 4.92 g/cm3. The
reference density (p,s) was calculated for the AMCs
containing 10 % TiC.

The comparison of the reference and experimental
density values indicates that the porosity of the SHS cast
samples does not exceed 1%. Heat treatment reduces it to
zero, confirming higher adhesive bonding at the phase
interfaces.

Then we studied the electrical conductivity. It is
an important characteristic of all aluminum alloys
(Table 2).

Pan S. et al. [31] reported that only AMCs rein-
forced with ultra-fine nanophases (such as CNTs,
graphene, etc.) can have high electrical conductivity.
The possibility of making a conductive material con-

Table 1. Density and porosity of the original alloys and composites

Tabnuna 1. [TnotHOCTD U IOPUCTOCTD CIJIABOB U KOMITIO3MIITMOHHBIX MaTEPHaJIOB

Sample composition Prest> &/’ Prep &/cm’ P, %
AMg2N 2.69 - -

AMg2—10%TiC (no HT) 2.82 2.797 0.82
AMg2—10%TiC (heating to 150 °C, 2 h) 2.82 2.826 0
AMg6N 2.64 - -
AMg6—10%TiC (no HT) 2.768 2.739 1
AMg6—10%TiC (heating to 230 °C, 3 h) 2.768 2.768 0
AMg6—10%TiC (heating to 230 °C, 6 h) 2.768 2.768 0

Table 2. Electrical conductivity of alloys and composites

Tabauua 2. BHCKTpOHpOBOHHOCTb CIIJIaBOB 1 KOMITOBUMIIMOHHBIX MaT€puraloB

Sample composition Electrical conductivity, MSm/m

AMg2N 19.7
AMg2—10%TiC (no HT) 154
AMg2—10%TiC (heating to 150 °C, 2 h) 16.6
AMg6N 14.5
AMg6—10%TiC (no HT) 10.57
AMg6—10%TiC (heating to 230 °C, 3 h) 11.2
AMg6—10%TiC (heating to 230 °C, 6 h) 10.98
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Table 3. Mechanical properties and manufacturability of the alloys and composites

Tabauua 3. MexaHuuecKMe U TEXHOJOTMUECKMEe CBOMCTBA CIIJIABOB U KOMITO3ULIMOHHBIX MAaTepPUAaIoB

Sample 6" MPa e % Hardness, Microhardness, Relative Reduction
composition B> e HB HV strain, % ratio
AMg2N 290 69.19 594 608 32 1.48
AMg2—-10%TiC
(no HT) 271 59.7 594 736 25 1.33
AMg2—-10%TiC
(heating to 150 °C, 2 h) 288 61.5 676 745 29 1.41
AMg6N 449 32 830 991 44 1.8
AMg6—10%TiC
(no HT) 403 19 909 1020 43 1.62
AMg6—10%TiC
(heating to 230 °C, 3 h) 395 14 999 1069 43 1.75
" Uniaxial compression tests.
Table 4. Corrosion resistance of alloys and composites
Ta6auua 4. Koppo3roHHast CTOMKOCTD CILIABOB M KOMITO3ULIMOHHBIX MaTEPHUAIOB
Weight Weight loss Sample Corrosion Corrosion
Sample . .
composition loss, per unit area, thickness rate, depth rate,
P g kg/m2 change, m g/(cm2~h) mm/year
AMg2N 0.6187 0.160 0.058 0.666 0.0021
AMg2-10%TiC 0.3686 0.095 0.035 0.416 0.0014
(no HT)
AMg2—-10%TiC
(heating to 150 °C, 3 h) 0.418 0.108 0.038 0.450 0.0014
AMg6N 0.8935 0.231 0.082 0.962 0.003
AMg6—10%TiC 0.5826 0.151 0.057 0.627 0.0021
(no HT)
AMg6—10%TiC
(heating to 230 °C, 3 h) 0.8063 0.208 0.075 0.868 0.0027

taining a titanium carbide reinforcing phase is still un-
der study.

The values measured are slightly lower than those
of the original alloys due to the presence of the carbide
phase. Pan S. et al. [32] confirm this. They reported that
an AMC with 3.68 vol.% TiC and aluminum matrix has
a higher electrical resistance and, consequently, lower
conductivity.

We measured the ultimate strength (og) and rel-
ative strain (¢) with the subsequent compression
tests (Table 3). It was found that both values for the
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AMg2—10%TiC composite are slightly lower than the
original matrix alloy values. For AMg6—10%TiC the
decrease is more significant. This is probably due to
the extensive formation of the B-phase in the AMg6
alloy. The accumulation of clusters is more difficult
to prevent. Furthermore, magnesium, as a highly ac-
tive metal, can form compounds with oxygen. At low
Mg content, MgAl,0, is formed, and at high content,
MgO [33].

Rafalsky I. et al. [34] studied the effects of adding
2 wt.% Mg on the structure of Al—1%Ti—10%SiC
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Fig. 15. Friction surface of the AMCs samples
a— AMg2N; b — AMg2—10%TiC (heating to 150 °C, 3 h); ¢ — AMg6N; d — AMg6—10%TiC (heating to 230 °C, 3 h)

Puc. 15. Bung nosepxHocT TpeHus oopasinos AMKM
a— AMr2H; b — AMr2—10%TiC (uarpes mo 150 °C, 34); ¢ — AMr6H; d — AMr6—10%TiC (narpes o 230 °C, 3 u)

Table 5. Tribological tests

Tabauua 5. Pe3ynbraThl CpaBHUTEAbHBIX TPUOOTEXHUUECKUX UCTIBITAHUMN

Sample Wear rate, Friction Self-heating
composition um/h coefficient temperature, °C
AMg2N 37.6%5.2 upto 0.3 71
AMg2—-10%TiC
+ —
(no HT) 6.4%1.6 0.11-0.12 65
AMg2—-10%TiC
+ —
(heating to 150 °C, 2 h) 4.0+1.3 0.07—0.08 56
AMg6N 15.514.1 0.13—0.15 70
AMg6—10%TiC
+ J—
(no HT) 3.5+0.6 0.07—0.09 59
AMg6—10%TiC
+ —
(heating to 230 °C, 3 h) 42+1.2 0.08—0.10 66
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composite manufactured by mixing at §50—900 °C.
The final material contains individual, extended film-
like clusters of MgAl,O4. The presence of Mg-con-
taining inclusions at the phase interfaces can mini-
mize the effect of higher wettability, and contribute to
strength reduction. Mikheev R. et al. [35] also showed
that by adding 10 wt.% of TiC 40—100 um reinforcing
particles to the AKI2M2MgN, the aluminum alloy
decreases compressive strength from 489 to 470 MPa,
while the relative strain drops from 17.01 to 12.65 %.
Therefore, an insignificant decrease in these proper-
ties is expected in composites reinforced with titanium
carbide. Furthermore, the hardness values of AMg2—
10%TiC and AMg6—10%TiC increase by 12 and
17 %, and the microhardness values increase by 18 and
7 %, respectively.

During the upsetting test (Table 3), we loaded the
samples to the maximum. The samples of AMg2 and
AMg6 matrix alloys were deformed by 32 and 44 %
without cracking. The test was stopped upon cracking.
The cracks always occurred not in the sample body, but
on its circumference. It was found that the AMCs af-
ter heating have better strain and reduction ratio values
than the original alloys. These values are almost iden-
tical to the matrix alloy values. The € = 29 and 43 %
measured values are assumed to be the strain limits for
the AMCs samples. This is a satisfactory result, since in
real-life applications magnalium alloys are not subject-
ed to strains exceeding 30 % which leads to a decrease
in the plasticity. It can also create instability of mecha-
nical and corrosion resistance properties [26].

High corrosion resistance is one of the key advantag-
es of magnalium alloys. After annealing, the corrosion
resistance is 3 points (Perelygin Yu. et al. [36]). We also
measured this property (Table 4). All the AMCs samples
have a corrosion depth rate of 0.001—0.005 mm/year.
It matches that of the matrix alloys and means that the
AMC:s are highly resistant.

Finally, we compared the tribological properties of
the investigated materials. The samples of the original
AMg?2 matrix alloy showed wear with seizures and abra-
sive wear. It leads to rapid destruction of the surface lay-
er. The AMg6 sample featured unstable friction torque
values, indicating undesirable effects in the friction con-
tact area (Fig. 15, a, b).

All the AMCs samples showed better tribological
properties such as good mechanical conformability,
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halving the friction coefficient, and up to 88 % wear
rate reduction (Fig. 15, ¢, d and Table 5).

Conclusion

This study showed that heat treatment of compos-
ites based on aluminum-magnesium matrix alloys re-
inforced with ultra-fine titanium carbide is a promi-
sing method of controlling the composite structure
and properties, although the original matrix alloys are
not-heat-treatable.

It was found that SHS of the AMg2—10%TiC com-
posite with subsequent heating to 150 °C maintains
compressive strength, deformability, and corrosion
resistance (virtually identical to the original harde-
ned matrix alloy values). Furthermore, hardness is in-
creased by 12 %, and microhardness by 18 %. The fric-
tion coefficient is reduced by at least 75 %, and the wear
rate by 88 %.

It was found that SHS of the AMg6—10%TiC com-
posite with subsequent heating to 230 °C reduces com-
pressive strength by 12 %, while deformability and corro-
sion resistance are still acceptable. Hardness is increased
by 17 %, and microhardness by 7 %. The friction coeffi-
cient is halved and the wear rate is reduced by 72 %.

The liquid matrix SHS process with subsequent heat
treatment of aluminum-magnesium alloy composites
hardened with ultra-fine titanium carbide can produce
light and wear-resistant materials.
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