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Abstract. Research in the field of titanium powder metallurgy has been ongoing for more than 60 years. Nevertheless, there are rela-

tively few examples of the practical application of powder titanium, which is associated with insufficient reliability and durability
of the manufactured products. The ability of titanium parts to withstand static and dynamic loads is determined by residual porosity,
non-metallic inclusions, and microstructural characteristics. At present, the most widely used method for producing powder titanium
components is the press—sinter route. However, the porosity of sintered titanium typically ranges from 3 to 15 %, which reduces its
load-bearing capacity and highlights the need for effective methods to minimize porosity. Hot working methods, particularly hot
die forging of porous preforms, hold considerable potential in addressing this issue. This study presents the results of investigating
the features of densification, structure formation, and properties of powder titanium under hot die forging. A technology for producing
hot-forged powder titanium is proposed, which includes hydriding—dehydriding of porous preforms. This operation promotes the reduc-
tion of oxides localized on the surfaces of open pores by hydrogen and their activation, thereby improving conditions for interpar-
ticle bonding during subsequent hot repressing. As a result, the obtained samples demonstrate higher fracture toughness and ductility
compared with reference samples. The values of the maximum specific work of hot densification of porous powder titanium, required
to achieve monolithic density at different preheating temperatures of the preforms, were determined. It was shown that the non-mono-
tonic temperature dependence of the maximum specific densification work is associated with the formation of a coarse-grained structure
and with reduced ductility of the deformable material in the temperature range of the a — P phase transformation.
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AHHOTayms. PaboThI B 00J1aCTH MTOPOIIKOBOI METAJTypr'i TUTaHA IPOBOJATCS Yoke Oostee 60 sier. HecMoTpst Ha 3TO, IPUMEPOB MPaKTH-

YECKOTO HCIIONB30BAaHMUS ITOPOIIKOBOIO THTaHA HE TaK MHOTO, YTO CBSI3aHO C HEYJOBJICTBOPHUTEIBHBIM XapaKTepoM HoKas3aTesei
HAJIeKHOCTH U JIONTOBEYHOCTH MOJydaeMbIX u3aenauid. CHOCOOHOCTh TUTAHOBBIX M3/IENUI COINPOTHUBISITHECS BO3JEHCTBUIO CTATH-
YEeCKMX M JMHAMHUYECKHX HArpy30K ONpeessieTcs HaJMYMeM OCTATOYHOMN MOPHCTOCTH, HEMETAIMYECKUX BKIIOUCHUH, a Takxke
XapaKTepPUCTUKAMH MHKPOCTPYKTYpbl. B HacTosiiiee BpeMsi NMPU W3TOTOBICHUM HM3IENHI M3 MOPOILIKOBOrO THTaHA HanOojbliee
pacnpocTpaHeHHe MONy4YHiIa TEXHOJIOTHs MpeccoBaHus—cnekanns. OJJHaKko MOPHUCTOCTh CIIEUEHHOTO THTaHa cocTasiseT 3—15 %,
YTO CHH)KAeT €ro CONPOTHBISIEMOCTh ACHCTBHIO HArpy3oK M OOyCJIOBIMBAEeT aKTyalbHOCTb Pa3padoTKh A(P(PEKTUBHBIX METOIOB
CHIDKEHHMS TTOPUCTOCTH. BOJNBIIOI MOTeHnMan B pelIeHuH YKa3aHHOH 3a/lad4d MMEIOT METOABI ropsdeil 00paboTKH JaBlICHUEM,
B YaCTHOCTH ropsiyasi IITaMITIOBKa IIOPHUCTHIX 3ar0TOBOK. B paboTe npeacTaBieHbl pe3ysibTaThl HCCISA0BaHHs OCOOCHHOCTE! YIIIOT-
HeHUsl, GOPMUPOBAHUS CTPYKTYPBI M CBOIMCTB IOPOIIKOBOTO TUTAHA NP ropstueid mramioBke. [Ipeoxkena TeXHOIOT U TOTyYeHUS
rOpsIYENITAMIIOBAHHOTO MOPOIIKOBOTO THTAHA, BKJIIOYAIONIAsl BBHITOIHEHHE ONEPAlMil THAPUPOBAHMS—IETHIPUPOBAHUS OPUCTOM
3ar0TOBKH, 0OECIEYMBAIONIMX BOCCTAHOBJIEHHE OKCHJIOB, JOKAJIM30BAaHHBIX Ha MOBEPXHOCTAX OTKPBITHIX IOP, BOJOPOJIOM M HX
AKTHBU3ALHIO, YTO CIIOCOOCTBYET YIYUIICHHIO YCIOBHH (POPMHPOBAHHS MEKYACTUUHOTO CPAIINBAHUS IIPH MOCIIEIYIOIIEeH ropssaeit
JIONPECCOBKE ¥ MOBBIIICHHUIO TPEIMHOCTOMKOCTH M IUIACTHYHOCTH IOJTy4YaeMbIX 00pa3loB B CPaBHEHHH C 00pa3laMHU-CBHIETeE-
JSIMU. YCTAQHOBJICHBI 3HAYCHHUS BEJIMYMHBI MAaKCHMAaJIbHON MPUBEAECHHOW pabOThI TOPSMYEro yIUIOTHEHHs IIOPHCTOTO MOPOIIKOBOTO
TUTaHa, HEOOXOAMMOIT JUIsl JOCTHXKEHUsSI INIOTHOCTH MOHOJIMTA, IIPU Pa3HbIX TeMIeparypax mnpenieh)opMaoHHOrO HarpeBa 3aro-
TOBOK. [ToKka3aHo, 4TO HEMOHOTOHHOCTB TEMIIEPAaTypPHON 3aBUCHMOCTH MaKCHMaJIbHOU TPHUBEICHHOI paboThl YIUIOTHEHHS CBs3aHa
¢ (opMHpOBaHHEM KpPYITHO3EPHUCTOH CTPYKTYPHI M C YMEHbIICHHEM IUIACTUYHOCTH Je(OpMUpYeMOro Marepuaia B MHTEpBalie
TemIieparyp (pazoBoro o — [-rnpeBparieHus..

KnroueBbie cnosa: ropsa4as IITaMIIOBKa, MOPUCTBHIC 3arOoTOBKH, HOpOHIKOBbIﬁ THUTaH, pa60Ta YILUIOTHEHUA, TpemHHOCTOﬁKOCTB,

I1aCTUYHOCTD, IIPOYHOCTD, BSI3KHUI H3JIOM, MEKYACTUIHOC pa3pylICHNUE, BOCCTAHOBJIICHUE OKCUA0B, THAPUPOBAHUE, NAETUAPUPOBAHUEC,
MEKIACTUIHOC CpAIlIlUBAHUE, aKTUBALIAA
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Introduction

The unique properties of titanium — its high speci-
fic strength, corrosion resistance, and good biocompa-
tibility — determine the wide application of this metal
and its alloys in aerospace, automotive engineering,
medicine, and other industries [1]. The prospects
of powder metallurgy technologies for manufactu-
ring titanium and titanium alloy products are largely
driven by the high cost of alternative casting technolo-

gies [2; 3]. The production of cast titanium is further
complicated by significant losses during machining.
The average material utilization factor in manufactu-
ring titanium products from wrought stock does not
exceed 18 % and is often much lower [4].

Research in titanium powder metallurgy has been
ongoing for more than 60 years. Nevertheless, there
are still relatively few examples of its practical appli-
cation. In many cases, consumers prefer cast titanium
over powder-based titanium due to unsatisfactory
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mechanical properties and/or high cost of the latter [1].
Reducing the cost of powder titanium products requires
the development of economically efficient technologies
both for producing titanium powder and for fabricating
finished parts [5].

One promising approach to lowering the cost of tita-
nium powder is the use of by-products from sponge
titanium production as the raw material. Another pro-
mising route is the hydride-dehydride (HDH) process,
which involves mechanical milling of pre-hydrided
sponge titanium, turnings, scrap, and other machi-
ning waste, followed by dehydrogenation of the milled
material [6—8].

Improving the mechanical properties of powder
titanium products during processing is also of critical
importance, although success in this area often directly
depends on the quality of the starting powder [9].
The ability of titanium products to resist static and
dynamic loads is determined by the presence of resi-
dual porosity, non-metallic inclusions, and micro-
structural characteristics [10]. The residual porosity
of powder titanium depends on the production tech-
nology. In recent decades, the press—sinter method has
become the most widespread [1; 11; 12]. Porosity in
sintered (undeformed) titanium typically ranges from
3 to 15 %. Since pores act as stress concentrators, they
reduce the effective cross-section of the sample and
diminish its load-bearing capacity. Therefore, impro-
ving the physical and mechanical properties of powder
titanium requires the development of effective methods
to reduce porosity [1].

The use of fine, amorphous, and nanostructured
powders, thermocycling in the a — B phase transfor-
mation range (¢#=800-1100 °C), thermomechanical
treatment, and spark plasma sintering are effective
methods of sintering activation [11; 13—15]. In addi-
tion, the use of activating additives also provides posi-
tive results; these are conventionally divided into two
types [16].

Additives of the first type activate self-diffusion
of the base element, thereby improving densification
conditions during sintering. The diffusion rates of tran-
sition metals and phosphorus in a-Ti are 3—5 orders
of magnitude higher than its self-diffusion [17]. Self-
diffusion of titanium is also enhanced by elements that
reduce the solidus temperature of the alloy [16].

The second type of additives includes elements
that promote the formation of a transient liquid phase,
which disappears during sintering and provides effec-
tive diffusion pathways for mass transport, thereby
increasing the density of sintered products. Moreover,
liquid-phase formation may be related to eutectic reac-
tions between two precipitated phases (solid—liquid

30

sintering). Significant sintering activation is observed
during liquid-phase sintering of amorphous titanium
powders [13]. Powders of iron, nickel, silicon, cobalt,
and copper are used as activators [18-26]. However,
liquid-phase sintering technology has several draw-
backs: distortion of the shape of preforms, segregation
of solid and liquid phases, and rapid grain growth, all
of which negatively affect the mechanical and service
properties of the products.

High diffusion rates are also observed during sinte-
ring of titanium powder produced by the hydride—
dehydride process [27]. This is due to the formation
of a large number of lattice defects during dehydroge-
nation, which promote diffusion processes [28].

Among the more recent technologies of sintering
activation for powder titanium are induction vacuum
sintering methods and FAST (Field-assisted sintering
technology), which employs strong electromagnetic
fields [29; 30]. A major limitation of these methods is
the need for expensive specialized equipment, which
significantly increases production costs [31].

Limiting factors also include the low ductility and
toughness of powder titanium and its alloys, which
adversely affect their fracture toughness and fatigue
strength [32; 33]. In this regard, it is worth recalling
a recent event. At the 2021 Tokyo Olympics, an acci-
dent occurred involving the bicycle of an Australian
rider, caused by the fatigue failure of handlebars manu-
factured by additive technology from Ti—-6Al-4V pow-
der alloy [34; 35].

Although the specific strength of powder titanium
is about four times higher than that of steels, its resis-
tance to cyclic loading is often low due to its limited
ductility. In addition to porosity, ductility, fracture
toughness, and fatigue strength are negatively affected
by interstitial impurities (O, H, N, C) and microstruc-
tural characteristics [32]. The presence of impurities is
associated with the high chemical affinity of titanium
for these elements, necessitating heating operations in
vacuum or inert atmospheres.

The dependence of fatigue life on microstructural
characteristics is determined by the slip length during
plastic shear of the crystal lattice. In titanium-based
materials, this corresponds to the a-phase grain dia-
meter in equiaxed structures, the a-phase plate width in
basket-weave structures, or the colony size in lamellar
structures [33]. A reduction in slip length due to micro-
structural refinement contributes to improved fatigue
strength. It should be noted that prolonged high-tem-
perature exposure during sintering leads to grain
growth. This highlights the relevance of employing
methods in powder titanium processing that enable
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simultaneous reduction of porosity and refinement
of structural constituents.

A promising approach to addressing this challenge
lies in hot deformation methods. The first studies in
this area were carried out in the late 1950s to early
1960s. At Novocherkassk Polytechnic Institute,
LN. Goncharov proposed a method of hammer for-
ging titanium powder particles or crushed titanium
sponge to achieve welding [36]. Densification was per-
formed under isothermal conditions in a preheated die
at 900-920 °C. The resulting samples exhibited high
density (4.46-4.48 g/cm®), along with high ductility
and deformability of forged powder titanium. Since
the starting material subjected to hot deformation was
powder or sponge particles, this method developed by
LN. Goncharov can, in modern terminology, be classi-
fied as direct powder forging (DPF).

In industrial practice, hot forging of loose powder
prepacked into cans was introduced later, in the 1970s,
for the production of high-alloy tool steels [37].
More recently, studies have investigated the feasibi-
lity of applying DPF technology to titanium powder
processing [31; 38]. A high-density Ti—-6Al-4V pow-
der material with a homogeneous lamellar two-phase
(o + PB) structure was obtained, characterized by high
ductility, low impurity content both on the surface
and in the bulk of the experimental samples, and
only minor deviations from the chemical composition
of the starting powder. Using this technology, a femo-
ral implant was fabricated that meets the requirements
of ASTM F136-13 (2021) [39].

One advantage of the DPF process is that the high
stresses and strains generated during forging at the pow-
der — can interface promote the fracture of intermetal-
lics and oxides formed there, facilitating subsequent
can removal. However, this advantage may present a
problem: after can removal, the powder material sur-
face exhibits a fracture-like relief, necessitating addi-
tional machining.

Research on hot forging of porous titanium preforms
(HFPTP) was conducted by S.S. Kiparisov and co-
authors in the late 1960s to early 1970s [11, pp. 47, 48].
These studies established the optimal parameters for
HFPTP: heating temperature of 900 °C and impact
energy of 2000-2500 kJ/m?. However, the upper limit
of the heating temperature range did not exceed 900 °C,
and the impact energy values were expressed per unit
area rather than per volume of the sample in the com-
pact state, which complicates their practical application
for densification.

Subsequently, V.A. Pavlov and co-authors carried
out research on hot deformation of titanium powders
and other non-ferrous metals [40; 41]. They examined

the forging behavior of porous titanium preforms in
open and closed dies, heating under various conditions
(unprotected, protected with glass coatings, in argon,
and in vacuum), as well as deformability characteris-
tics and energy consumption during cold hydrostatic
pressing of titanium powder. However, the energy
requirements for densifying powder titanium to a pore-
free state by hot forging were not determined. Such
data are also absent in the works of Yu.G. Dorofeev
and his scientific school. The lack of information on
the parameter W__ (maximum specific densification
work, i.e., the work required to reach monolithic den-
sity [42; 43]) for HFPTP complicates the selection
of technological modes, since densification energy is
one of the key control parameters in dynamic consoli-
dation of powder materials [44].

The aim of this work was to study the densifica-
tion behavior, microstructure formation, and properties
of powder titanium during hot die forging (HDF).

Experimental procedure

The experimental samples were fabricated
from electrolytic titanium powder grade PTES-1
according to TU 48-10-22-85. A powder frac-
tion of —-0.63+0.18 mm with a bulk density
of 1.5-10° kg/m? was used. The processing flowcharts
for sample fabrication are shown in Fig. 1. At the initial
stage of the study, the energy characteristics of hot den-
sification were determined using cylindrical samples
with dimensions ©&20 x 8 mm (scheme /). The ratio
of the final height of the sample (4,) to its diameter (d)
was kept constant (h/d = 0.4 = const). The porosity
of the cold-pressed billets was in the range of 22-25 %.
After heating to various temperatures (800—-1050 °C),
the billets were further compacted on a laboratory drop
hammer with a falling weight of 50 kg. The densifica-
tion work (W) was varied in the range of 30-150 MJ/m3.
Preheating of the billets before further compaction was
carried out in a portable heat-resistant steel container
into which helium was supplied. The container with
the sample was then placed into a laboratory muffle
furnace with silicon carbide heating elements, which
was also purged with helium.

The value of W was determined by a graphical—
analytical method, processing the plots of gl = f(1gP)
according to Dorofeev’s methodology (B — relative
volume) [42;43]. The density of the samples was
measured by hydrostatic weighing in accordance with
GOST 18898-89.

At the next stage of the study, prismatic samples
with dimensions 130x26x15 mm were fabricated
to determine the mechanical properties and conduct
microstructural analysis. To reduce the probability
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of oxidation, the billets for prismatic samples were
made bimetallic. The outer layer (sheath) of the billets
was produced from high-pressibility iron powder grade
ABC100.30 (Hogands AB).

After HDF, the billets were subjected to machi-
ning. The fracture toughness (K, ) was determined
on type 4 samples (GOST 25.506—85) with dimensions
12.5%25%112.5 mm containing a pre-induced crack
using the three-point bending method. The crack was
initiated under cyclic loading. The values of K, were
calculated according to the procedure [45]. Tensile
tests were carried out on type Il Gagarin samples
(GOST 1497-84) with a working section diameter
d, =5 mm and a gauge length /, = 25 mm.

Based on the results of the first stage of HDF tes-
ting, the mechanical properties and fracture tough-
ness were determined at a specific densification work
of W =195 MJ/m? Since fully dense samples were not
obtained in the first stage, the pre-deformation hea-
ting temperature of the billets was varied in the range
of #,;pr = 1000+1200 °C.

During the fabrication of samples according to tech-
nological scheme 3, porous cold-pressed billets were
subjected to hydrogenation in hydrogen, followed by
dehydrogenation during vacuum sintering. This step
was intended to reduce impurity content and acti-

SCP of cylindrical billets:
500 MPa; porosity 22-25 %

!

L

vate interparticle surfaces for subsequent hot forging,
similar to the previously observed effect of hydroge-
nation—dehydrogenation of initial titanium powders
during sintering [27]. For comparative analysis, cont-
rol samples were produced according to technological
scheme 2, which did not include the hydrogenation step
of cold-pressed billets.

The fracture surfaces of the samples were exami-
ned using a Quanta 200 i 3D scanning electron micros-
cope—microanalyzer and an MBS 9 binocular micros-
cope. The fraction of fracture surface components was
determined by grid and area methods applied to elect-
ron microscopic images [46], with 10—12 fields ana-
lyzed. Metallographic studies were performed with
an AltamiMET 1M optical microscope (Altami Ltd.,
Russia) on both etched and unetched polished sections.
Kroll’s reagent (2 ml HNO, + 2 ml HF + 96 ml H,0O)
was used as the etchant, with an etching time of 20 s.

Results and discussion

Fig. 2 presents the 1g = f(IgB) dependences for
porous titanium billets subjected to different pre-
deformation heating temperatures. The relationships
between the relative volume of powder titanium and
the specific densification work, plotted in logarithmic
coordinates, exhibit a linear form, which is characteris-

SCP of prismatic billets
in a porous can:
500 MPa; porosity 22-25 %

Pre-deformation heating
of cylindrical billets:
800-1050 °C; 10 min; helium atmosphere

Sintering:
1100 °C; 1 h; vacuum

Hydrogenation:
700 °C; 30 min; hydrogen atmosphere

!

!

W=30-150 MJ/m3; t; =600 °C

HDF: Pre-deformation heating:
1000-1200 °C; 1 h; vacuum

Sintering—dehydrogenation:
1100 °C; 1 h; vacuum

!

!

Ejection of the sample
from the die and embedding
in potassium chloride to prevent ignition

HDF: Pre-deformation heating:
W= 195 MI/m’; £, = 600 °C

1000-1200 °C; 15 muH;
helium atmosphere

!

{

Ejection of the sample from the die HDF:
and removal of the can

W =195 MJ/m’; £, = 600 °C

{

Ejection of the sample from the die
and removal of the can

Y

Fig. 1. Processing flowcharts for producing hot die forged powder titanium

SCP - static cold pressing; ¢, — preheating temperature of the die matrix for HDF; I — specific densification work

Puc. 1. TexHOJIOTHYECKHUE CXEMBI TOJYYCHUSA ropsA4CITaAMIIOBAHHOTO MOPOIIKOBOI'O TUTaAHA

SCP — craTndeckoe X0JI0JHOE PECCOBAHKE; ¢, — TEMIIepaTypa MmoJorpesa Marpuiibl npecc-hopmsl st I'1L; W — npuBeneHHas paboTa yIuioTHEHHs
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0.5

Fig. 2.1gWW = f(1gB) dependences during hot die forging
of cold-pressed titanium powder billets
fupe> °C: 1 — 800, 2900, 3 — 950, 4 — 1000; h /d = 0.4
Puc. 2. 3aBucumoctu gl = f(1gf) npu ropsueii mramoske
XOJIOZIHOTIPECCOBAHHBIX 3arOTOBOK W3 THTAHOBOT'O MOPOLIKA

fypgs °C: 1 — 800, 2900, 3 - 950, 4 — 1000; h,/d = 0,4

tic of ductile materials [42]. The W __ were determined
by extrapolating curves /-4 to their intersection with
the ordinate axis (dashed lines).

The dependence of the W, values determined in
this way on the hot die forging temperature is shown
in Fig. 3. It is evident that the dependence is nonmono-
tonic. Increasing ¢, in the 800-950 °C range leads
to a decrease in W, due to the enhanced plasticity
of the a-phase. At 7. = 950-1000 °C, the W__ value
increases, which is attributed to the o — 3 phase trans-
formation and the formation of the B-phase, charac-

terized at these temperatures by reduced plasticity

W,

max

MJ/m’
200

150 |-

100

50 1 1 1 1
800 850 900 950 1000ty , °C

Fig. 3. Dependence of the maximum specific densification work
on the heating temperature of porous titanium billets

Puc. 3. 3aBHCUMOCTh MAaKCUMANbHOM PUBEACHHON pabOThI
YIUIOTHEHHS OT TEMIIEPATyphbl HarpeBa MOPHCTHIX 3aTOTOBOK
U3 TUTaHA

and higher strength. At 7,,.> 1000 °C, the plasti-
city of the B-phase increases, resulting in a decrease
inW_.

The effect of phase transformations on densifica-
tion behavior and deformability has been previously
reported in studies of dynamic and explosive hot pres-
sing of porous iron-based billets [42; 43]. With regard
to titanium and its alloys, the literature data remain
contradictory [11]. Some authors indicate a monotonic
increase in plasticity with temperature across all tita-
nium alloys [47], whereas others note a nonmonotonic
trend [48]. The reduction in plasticity in the oo — B
transformation range has been linked to the develop-
ment of a coarse-grained structure [49].

x*

In our experiments, the grain size of samples fabri-
cated at 7, = 950 °C, was 10-20 um (Fig. 4, a), cor-
responding to grades 2—3 on the titanium alloy micro-
structure scale used for metallurgical quality cont-
rol [49]. At t,,. = 1000 °C, the grain size increased
to 25-35 um (grades 5-6) (Fig. 4, b). This provides
sufficient grounds to assume that the nonmonotonic

Fig. 4. Microstructure of hot die forged powder titanium

a, b —scheme 1, ¢ —scheme 2; #,,..., °C: 950 (@), 1000 (b) and 1200 (c)

Puc. 4. MEKpOCTPYKTypa TOpSIEIITaMIOBAHHOTO
IIOPOLIKOBOTO TUTAHA

a,b—cxema I, ¢ —cxema 2; t, °C: 950 (a), 1000 (b) u 1200 (c)

> "HDF?
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e =S (Gypp) dependence is also associated with
grain growth during phase transformation. The samp-
les exhibited a lamellar intragranular o-phase struc-
ture with areas of basket-weave microstructure. This
morphology is related to the temperature distribution
within the billet during deformation and subsequent
cooling.

A similar lamellar a-phase intragranular structure is
observed in titanium castings under slow cooling con-
ditions [48]. In our experiments, cooling was relatively
slow: after removal from the die preheated to 600 °C,
further cooling proceeded under a layer of potassium
chloride. Consequently, the formation of the lamellar
structure can be attributed to f — a recrystallization.
In this process, a-phase lamellae nucleate at B-grain
boundaries and grow inward. The formation of bas-
ket-weave regions is apparently associated with cool-
ing of the billet surface layers in contact with the die
walls during hot forging. Deformation of these zones
begins in the B-region and ends in the o + f region,
which provides favorable conditions for basket-weave
formation [50].

The W_, values obtained in the investigated pre-
deformation heating range were 150-200 MJ/m3,
whereas the heat of fusion of titanium in comparable
units is significantly higher — 1411 MJ/m? [51]. This
indicates that in powder titanium processing by hot
die forging, as in other metals, the energy expenditure
is considerably lower than during melting, since only
part of the particle material undergoes plastic defor-
mation, determined by the material’s ductility [43].
The measured W__ values are also much lower than
the reported activation energy of powder titanium
sintering (~15,000 MJ/m?) [52], which approximately
corresponds to the activation energy of self-diffusion
in B-Ti.

Fig. 5 presents the dependence of fracture toughness
and mechanical properties of powder metallurgy tita-
nium on the hot die forging temperature. Samples were
fabricated according to technological schemes 2 and 3.
The K, =f(t;,;) dependences are nonmonotonic.
Increasing ;. to 1150 °C leads to higher K,  due
to improved deformability of the porous billet mate-
rial. A further increase in #,,. to 1200 °C results in
a decrease in K|, which is attributed to grain refine-
ment (see Fig. 4, ¢).

Grain refinement in samples fabricated at
tupr > 1150 °C, is associated with the higher post-
deformation cooling rate caused by the increasing
temperature gradient between the heated porous bil-
let and the die. Throughout the studied 7. range,
the fracture toughness of samples fabricated accor-

ding to scheme 3 was consistently higher than that
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of control samples fabricated according to scheme 2
(cf. curves I and 2 in Fig. 5, a). This difference can be
explained by distinct fracture mechanisms in the com-
pared types of samples.

Raising the hot die forging temperature also altered
the fracture characteristics of the samples. In control
samples fabricated at 7. = 1000-1100 °C, the frac-
ture surface of the initial fatigue crack contained secon-
dary cracks in the failure origin (Fig. 6, a). In the final
fracture zone, which formed under static loading,
the fracture was of a ductile fine-dimple type with areas
of interparticle fracture (Fig. 6, b, ¢). Dimple sizes
ranged from 4 to 6 pm. At 7. > 1100 °C, secondary
cracks in the fracture origin were not observed; howe-
ver, interparticle fracture areas remained present in
the final fracture zone. The dimples of ductile fracture
in this zone were larger — 10—12 pm — than in control
samples fabricated at 1000—1100 °C, indicating higher
material ductility (Fig. 6, d).

The fracture surfaces of samples fabricated accor-
ding to scheme 3 were characterized by the absence
of secondary cracks in the fracture origin at all stu-
died ¢, values (Fig. 6, ). In the final fracture zone,
interparticle fracture was not detected, which indicates

higher fracture energy compared to control samples.

Klr:’
12

60 |

40 ¢

20 i d
G,
MPa

600

b
. 5
typr> °C

1050 1100 1150

0
1000

Fig. 5. Effect of pre-deformation heating temperature
of porous titanium billets on fracture toughness (@)
and mechanical properties (b)

1-K, (scheme 3), 2 - K, (scheme 2); 3 -3 (scheme 3);
4 -3 (scheme 2); 5 — o, (scheme 3);

6 — o, (scheme 2); =195 MJ/m’

Puc. 5. BnusiHue Temnepatypsl ipeaeGopMannoHHOTO HarpeBa
MOPHUCTHIX 3aTOTOBOK M3 TUTaHA HA TPECIMHOCTOMKOCTS (@)
Y MEXaHMUYECKHUE CBOMCTBA (b)
1-K, (cxema3),2-K, (cxema2);3 -3 (cxema 3), 4 -0 (cxema 2),
5- 0, (cxema 3), 6 — o, (cxema 2); W =195 MJlx/v?
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Fig. 6. Fracture surfaces of powder titanium samples fabricated by schemes 2 (a—d) and 3 (e, f) after fracture toughness tests

a, e — fracture panorama; b, ¢, d, f— final static fracture zone:
b — area of ductile fine-dimple fracture, ¢ — area of interparticle fracture,
d — large dimples of ductile fracture with interparticle fracture areas, f— ductile fracture
°C: 1000 (a, b, c); 1100 (e, f); 1200 (d)

tHDF >

Puc. 6. TloBepxHOCTH pa3pyIIeHHs] 00pa3IoB TOPOIIKOBOTO TUTAHA, MOTyYeHHBIX 110 cxemaM 2 (a—d) u 3 (e, f),
T10CJIe MCTIBITAaHNI Ha TPEIMHOCTOHKOCTD

a, e — maHopama u3noma; b, ¢, d, f— 30Ha cTaTHYECKOTO JI0JIoMa:
b — y4acTOK BSI3KOTO MEJIKOSIMOYHOTO Pa3pyIICHUS, ¢ — y4aCTOK MEKYACTUUHOTO pa3pyLICHHs,
d — KpyIHBIE IMKH BSI3KOTO M3JI0Ma C y4aCTKaMHU MEKYaCTHYHOTO pa3pyIlieHus, f— BI3KUIl U3JI0M
tupp» CC: 1000 (a, b, c); 1100 (e, £); 1200 (d)

The trend in dimple size variation with 7. was simi-
lar to that observed for control samples (see Fig. 6, f).
Thus, the predominant factor influencing the frac-
ture toughness characteristics of scheme 3 samples
is the hydrogenation—dehydrogenation treatment.
An analysis of impurity composition in the initial tita-
nium powder and in the fabricated samples showed that
under scheme 2, the oxygen concentration in the resul-
ting material increased by about two fold (see Table).

In samples obtained according to scheme 3,
the oxygen content was significantly reduced, while
no substantial changes were observed in the amount
of other impurities. This is explained by the fact that

hydrogen released from titanium hydrides during
vacuum sintering of porous billets after hydrogenation
promotes the reduction and activation of oxides locali-
zed on the surfaces of open pores. A similar sintering
activation effect when using hydrogenated titanium
powder was reported earlier [27]. In our experiments,
the activation of pore surfaces and their refinement
from oxides improved the conditions for interpar-
ticle bonding during subsequent hot die forging [53].
In contrast, the relatively high oxygen content in cont-
rol samples (scheme 2), associated with the presence
of oxides on the collapsing pore surfaces during hot die
forging, impaired interparticle contact conditions and

Impurity content in titanium powder and materials produced from it

Conep:kaHne npuMeceii B IOPONIKe THTAHA M MATePHAIAX HA €r0 OCHOBE

Material/ Content, wt. %
processing scheme | Fe Cl, N, o, C Si H,
PTES-1 powder 0.06 | 0.03 | 0.020 | 0.06 | 0.02 | 0.02 | 0.010
Scheme 2 0.06 | 0.02 | 0.011 | 0.15 | 0.03 0.02 | 0.003
Scheme 3 0.06 | 0.01 | 0.008 | 0.03 0.02 | 0.02 | 0.002
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led to lower fracture toughness compared to scheme 3
samples (Fig. 5, a).

Strength and ductility characteristics were less
sensitive to the quality of interparticle bonding and
were mainly determined by grain size. Accordingly,
the dependences of o, and 6 on #,,, were monotonic:
increasing temperature led to growth of these proper-
ties throughout the studied range (see Fig. 5, ). In this
case, the dominant factor was grain refinement with
increasing ¢, (see Fig. 4, ¢). Improved interparticle
bonding conditions during hot die forging of billets
subjected to hydrogenation—dehydrogenation resulted
in higher ductility of scheme 3 samples compared
to control samples (cf. curves 3 and 4 in Fig. 5, b).

Conclusions

1. The maximum specific densification work
required to achieve monolithic density in porous pow-
der titanium was determined for different pre-deforma-
tion heating temperatures of billets. The nonmonotonic
character of the W__ dependence on 7. is associa-
ted with the formation of a coarse-grained structure
and reduced ductility of the deforming material in

the o — P phase transformation temperature range.

2. A processing technology was proposed for pro-
ducing hot die forged powder titanium, involving
hydrogenation—dehydrogenation of porous billets.
This treatment promotes hydrogen-assisted reduc-
tion by hydrogen of oxides localized on the surfaces
of open pores and their activation, thereby improving
interparticle bonding during subsequent hot die forging
and enhancing the fracture toughness and ductility
of the resulting samples compared to control samples.

3. Increasing the hot die forging temperature
of porous titanium billets contributes to higher frac-
ture energy and improved ductility of the samples.
At the same time, the likelihood of secondary crack
formation in the origin of the initial fatigue crack is
reduced, and the size of dimples in the final ductile
fracture zone increases.
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