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Abstract

Titanium alloys are mainly used in the automotive, aviation, shipbuilding and military industries. Their main ad-
vantages are low specific gravity, resistance to cracking and corrosion, high strength as well as fatigue strength. The most
important disadvantages of titanium alloys include low thermal conductivity, difficulties in their machining and high cost
of manufacturing. For the latter reason, titanium alloys are primarily used for the manufacturing of highly responsible
components, such as implants and aviation structures, while the remaining products are produced in limited series. In the
appropriate conditions, many titanium alloys can be formed in hot working processes. At present, in the processes of
manufacturing structural elements of titanium alloys, semi-finished products obtained by the casting method are common-
ly used. However, more and more research is being carried out on the use of powder metallurgy based material in this
field. This approach opens up the possibility of decreasing production costs. As initial material, the alloy powders or mix-
tures of elemental powders can be used. The properties of alloy powder products are usually high and stable, however, the
cost of powder production is high. Obtaining a product from titanium alloys based on a powders mixture is relatively sim-
ple and significantly cheaper. The disproportion of prices causes, that a great number of research projects realized in re-
cent years in the field of implementation of powder metallurgy for manufacturing titanium-based products is directed to-
wards the use of powder mixtures since this approach gives real chances for the successful implementation of cost-

effective titanium alloys processing technology.
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1. INTRODUCTION

Titanium alloys are mainly used as high-
performance components and mostly applied in the
aviation industry due to low density, high mechani-
cal properties and good corrosion resistance (Singh
etal., 2017). Moreover, the biocompatibility of some
of the titanium alloys allows using them in medicine
as a bone replacement (Chouirfa et al., 2019; Eisen-
barth et al., 2004). High affinity to oxygen and ni-
trogen and low thermal conductivity, which makes
titanium alloys difficult to machine, have caused the
costs of the production by conventional methods
relatively high (Singh et al., 2017). The powder met-
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allurgy (PM) method seems to be a cost-effective
alternative as a production method, which allows
manufacturing net-shape or near-net-shape elements.
Recent studies have shown, that application of pow-
der metallurgy techniques can result in decreasing
the manufacturing costs as well as in obtaining
products having as good mechanical properties as
titanium alloys made by ingot metallurgy (Kim et
al., 2014; Zyguta et al., 2017; Dunstan et al., 2019).
Different procedures were applied to manufacturing
semi-products from titanium powders. A method
providing the best microstructural homogeneity and
mechanical properties is hot isostatic pressing (HIP)
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of pre-alloyed titanium powders. However, this
method is much more expensive in comparison to,
for example, cold pressing and sintering of ele-
mental powders mixtures (Yang et al., 2018b).

An important factor having an influence on fur-
ther mechanical properties of the material is its mi-
crostructure. In the case of titanium alloys, shape,
morphology and location of a grains play a signifi-
cant role in designing their properties. The control of
the microstructure of titanium alloy made by the
powder metallurgy technique can be performed in
various ways. First of all, the appropriate schedule
of sintering process, which can be combined or fol-
lowed by heat treatment, results in the formation of
microstructure containing the combination of o and
S phases or single-phase g structure (Ma et al.,
2018). The hot deformation processes applied to the
titanium powder compact can result in homogenous
and fine microstructure throughout dynamic recrys-
tallization (DRX). Additionally, fragmentation of o
grain boundaries, due to thermo-mechanical pro-
cesses (TMP), results in increase in ductility of tita-
nium alloy (Ahmed et al., 2017). All mentioned
effects, combined with decreasing the porosity of
PM material, plays significant role in increasing
mechanical properties of structural element obtained
from powder metallurgy titanium alloy.

The research work contains chosen aspects of
manufacturing structural elements from Ti alloys
with an application of the cost-effective approach,
involving plastic forming of semi-products obtained
by the application of powder metallurgy technology.
The results obtained for several selected titanium
alloys are presented, however in each case mixtures
of elemental powders were used as the initial mate-
rial. Chosen investigations of the properties of semi-
finished products obtained from powders are pre-
sented. Then, selected results of the research on the
influence of thermal and mechanical parameters of
hot processing on the microstructure and selected
properties of titanium alloy products have been
compiled. These results were obtained on the basis
of plastometric tests, and as the result of the applica-
tion of analytical methods as well as on the basis of
tests carried out under industrial conditions.

2. EXPERIMENTAL PROCEDURE

The initial materials used for experimental re-
search were three different titanium alloys (Ti-6Al-
4V, Ti-10V-2Fe-3Al, Ti-5Al-5Mo-5V-3Cr) made by
techniques based on powder metallurgy methods.
Nominal chemical compositions of the alloys are
given in table 1. Raw materials used for making
powders mixtures were elemental powders of titani-
um (hydrogenation-dehydrogenation - HDH, 100
mesh), aluminum (atomized, up to 35 pm), vanadi-
um (HDH, 100 mesh), iron (atomized, 100 mesh)
and chromium (milled, > 63um). The powders were
weighed in the proportions required for achieving a
nominal composition of a specific titanium alloy and
then mixed for 90 minutes in a conical mixer with a
rotational speed of 55 rpm. For improving the effi-
ciency of the blending process, tungsten carbide
(WC) balls were added to the container with pow-
ders. Then, powders mixtures were hot-pressed (HP)
at 1200 °C under pressure of 25 MPa for 3 h in the
case of Ti-6Al-4V and Ti-10V-2Fe-3Al alloys, and
for 45 min in the case of Ti-5AI-5Mo-5V-3Cr alloy.
The process was carried out under an argon protec-
tive atmosphere. In the result of the HP process,
cylindrical compacts of 77.5 mm in diameter and
about 40 mm high were obtained. Additionally, the
Ti-5Al-5Mo-5V-3Cr alloy powder mixture was
compacted at room temperature and then sintered
(CPS — cold pressing and sintering) at the tempera-
ture of 1250 °C for 4 h under protective atmosphere
(argon). After compaction relative density of the
obtained compacts was measured using the Archi-
medes method.

In order to analyze the chemical composition of
powders mixtures as well as that of the obtained
compacts, Energy-dispersive X-ray spectroscopy
(EDS) analysis (Hitachi HM-3000 scanning micro-
scope) was performed. The hot compression tests
were carried out to determine the flow behavior of
the investigated materials (Gleeble 3800 Thermal
Physical Simulator; Servo-Hydraulic Hot Defor-
mation Simulator WUMSI; Bihr MDS 830 Ther-
momechanical Simulator). The tests were performed
at a wide range of temperatures (800-1100°C) and
strain rates (0.01-100 s).

Table 1. Nominal chemical composition of the investigated alloys (in % by weight).

Alloy / Element Al \ Fe Mo Cr Ti
Ti-6Al-4V 5.5-6.75 3.5-45 >0.3 -
Ti-10V-2Fe-3Al 2.6-34 9-11 1.6-2.2 - - balance
Ti-5Al-5Mo-5V-3Cr 4.4-57 4.0-5.5 - 4.0-55 | 2.5-35
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Based on the Dynamic Material Model (DMM)
theory, as well as on data from hot compression
tests, processing maps for the investigated alloys
were elaborated. For the calculations, a method
based on the equations previously reported by Pra-
sad et al. (1984) was used. Numerical simulations of
chosen forging processes were realized with the
application of the Finite Element Method (FEM),
using QForm 2D/3D commercial software. Forging
tests in industrial conditions were performed at GK
Forge Grelowski forging company in Poland and at
ATI forging company, Poland.

Mechanical properties of all materials, including
the uniaxial compression tests, tensile tests (Zwick-
Roell Z250 testing machine) and hardness measure-
ments (Zwick-Nolan), were carried out for the inves-
tigated materials before and after deformation pro-
cesses. Optical microscopy (Leica DM4000M) was
used to analyse the microstructure after the manufac-
turing process, as well as after forging processes.
Ground and polish cross-sections of each investigat-
ed sample were etched with Kroll’s reagent (2 vol.
% HF + 2 vol. % HNO3 + 94 vol. % H20).

3. RESULTS AND DISCUSSION

3.1. Initial materials and compacts characteri-
zation

The results of EDS analysis for the chosen pow-
der mixture were shown in figure 1. Regardless of
the chemical composition, it has been observed, that
due to the intensive blending process with the appli-
cation of WC balls softer particles (e.g. aluminum)
were inserted on the surfaces of harder particles and
also some of the ingredients were crushed and frag-
mented. Such effect is beneficial for further homog-
enization of the chemical composition and micro-
structure.

Due to the hot compaction process of the Ti-
6Al-4V alloy powder mixture and of Ti-10V-2Fe-
3Al alloy powder mixture in extended time, the ob-
tained materials were characterized by high density
and uniform microstructure. In the case of Ti-5Al-
5Mo-5V-3Cr alloy, a shorter time of compacting
resulted in formation of areas with high concentra-
tion of g — stabilizing elements, but this had no im-
pact on relative density, which was comparable with
the density of other investigated materials. Micro-
structure observations revealed, that HP materials
did not have significant porosity. Ti-5Al-5Mo-5V-

3Cr powders mixture subjected to the CPS process
was characterized by significantly lower relative
density and evident porosity. Nevertheless, due to
carefully selected time of sintering, homogenous and
uniform microstructure was obtained. A comparison
of relative density with respect to the chemical com-
position and method of manufacturing was shown in
figure 2.

Fig. 1. EDS analysis results: a) Al particles inserted on Ti
particle in Ti-6Al-4V alloy powder mixture, b) identification of
the chemical composition of the powder particles in Ti-10V-
2Fe-3Al alloy powder mixture.

. 24 94 98,2
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& n‘l I
THEALAV HP THIOV-2Fe-3A1 HP TI-5ALSMo-5V-30r HP Ti-SALSMo-5V-3Cr CP TI-BALSMa-5V-3Cr CPS

Fig. 2. Comparison of the relative density of the investigated
materials manufactured by the powder metallurgy method.

Relative density, %
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Conducted studies revealed, that the most important
role in proper homogenization of the microstructure
plays the time and temperature of sintering. Basing
of the previous research performed by Ivasishin and
Savvakin (2010) and Yang et al. (2018a) for titani-
um alloys manufactured by BEPM technique, it may
be stated, that sintering process should be conducted
at the temperature between 1200°C — 1350°C and in
time no shorter than 2 hours. Such processing pa-
rameters ensure complete alloying of powder parti-
cles by dissolving into the titanium matrix and also
are sufficient for self-diffusion of titanium. The mi-
crostructures of as-manufactured materials were
shown in figure 3. Materials compacted in the HP
process and slowly cooled in die (figure 3a-c), re-
gardless of the chemical composition, were charac-
terized by the microstructure composed of thick
lamellar a grains located on primary £ grains bound-
aries and within them. In the case of g titanium al-
loys, f8 phase fraction was greater (figure 3b-c). Such
microstructure was previously observed by Carman
et al. (2011) as a result of slow furnace cooling after
heat treatment of PM Ti-5Al-5V-5Mo0-2Cr-1Fe
alloy. The microstructure of cold compacted and
sintered material (figure 3d) was mainly composed
of thin a plates located on primary £ grain bounda-
ries and small o acicular precipitations located per-
pendicular to each other and spread inside primary S
grain on S phase matrix.

Regardless of the chemical composition, all in-
vestigated alloys exhibit high tensile strength, but
low elongation in comparison to the material of cor-
responding chemical composition, manufactured by
conventional casting route. Selected mechanical
properties of the investigated materials in the as-
manufactured state were shown in table 2.

Table 2. Data used for material description in numerical modeling, Ys
-Yield strength, UTS - ultimate tensile strength, A — elongation, Ysc -
yield strength in compression, HV2 — hardness.

Yo JUTS [ A [ Yo [

MPa | MPa | % | MPa 2

Ti-6Al-4V 950 | 1022 | 59| - | 338

Ti-10V-2Fe-3Al - | 982 [ 9.0 2173 ] 330
Ti-5Al-5V-5Mo-3Cr

HP) - - - | 1894 | 401
Ti-5Al-5V-5Mo-3Cr

(cPS) - - - | 1537 | 220

Fig. 3. Microstructures of as-manufactured: a) Ti-6Al-4V alloy,
b) Ti-10V-2Fe-3Al alloy, c) Ti-5AI-5V-5Mo-3Cr alloy (HP), d)
Ti-5AlI-5V-5Mo-3Cr alloy (CPS).
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3.2. Flow behavior

The investigated materials were tested in a wide
range of temperatures and strain rates. The hot com-
pression process was scheduled according to the
scheme presented in figure 4a. The results of the
discussed flow behavior of the examined alloys were
previously reported by Wojtaszek and Sleboda
(2013, 2014), Wojtaszek et al. (2014, 2016), and
Zygula et al. (2017, 2019). Tests were performed
using different types of thermo-mechanical simula-
tors, which were able to simulate various ranges of
processing conditions. It was indicated, that titanium
alloys made by powder metallurgy technique are
very sensitive to variable parameters of processing,
such as temperature and strain rate. Flow curves
received at low temperature or high strain rate are
characterized by stress peak followed by flow sof-
tening and steady-state behavior. Increasing the
temperature of deformation and decreasing strain
rate resulted in reduction of flow stress phenome-
non.

Chosen flow curves for a+p titanium alloy and g
titanium alloy were presented in figure 4b. Irrespec-
tively on chemical composition, at high strain rates
flow stress peak can be observed, in contrast to low
strain rates, where the materials exhibit steady-state
behavior from the beginning of the hot compression
process. The observations of stress-strain curves
indicated high sensitivity of both materials to in-
creasing strain rate. For Ti-10V-2Fe-3Al alloy de-
formed at the temperature of 900°C, deformation
took place in the single g phase region, while for Ti-
6Al-4V in a+p phase region. Nevertheless, during
hot compression of £ titanium alloy, higher stress
value was noted at lower strain rates in comparison
to the o+p titanium alloy. However, previous re-
search (Weiss & Semiatin, 1999) reported, that al-
loys with a higher concentration of alloying ele-
ments exhibit the highest flow stresses values.

Data received from plastometric tests for the in-
vestigated materials were used for the elaboration of
processing maps and were the source of information
on material behavior during deformation, which was
applied for Finite Element Method (FEM) numerical
modeling.

3.3. Processing maps

Processing maps were developed on the basis of
the theory of DMM. Prasad et al. (1984) previously
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Fig. 4. Schematic representation of plastometric tests (a) and
chosen true stress—true strain curves (b) for Ti-6Al-4V and Ti-
10V-2Fe-3Al alloys obtained at various strain rates and at the
temperature of 900°C.

used this method to describe the workability of Ti-
6Al-2Sn-4Zr-2Mo alloy. The total power P absorbed
by material during deformation can be split into two
components:

P=gé=G+J 1)

In equation (1) G is dissipation component rep-
resenting part of energy transformed into the tem-
perature increase and J is a component representing
dissipation of energy due to microstructural changes
occurred during plastic deformation, such as dynam-
ic recrystallization and recovery (DRX and dynamic
recovery - DRV), phase transformation or grain re-
finement. These two components are calculated from
the following equations:

G =jodé (2)
J =Téda 3)

Processing map contains isoclines, which repre-
sent the efficiency of power dissipation #, and insta-
bilities regions, represented by instability criterion ¢.
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These two parameters are calculated from the fol-
lowing equations:

J 2m

3 Tmd @
am(mfjl)
§=T(é)+m<0 (5)

where: m - the strain rate sensitivity parameter,
which is defined at the constant value of the temper-
ature and strain.

Chosen processing maps for Ti-6Al-4V (figure
5a) and Ti-10V-2Fe-3Al (figure 5b) alloy were pre-
sented in figure 5. Shaded areas represent parame-
ters for which the & parameter takes negative values.
Deformations at those regions are considered unsafe,
because of the possibility of the occurrence of the
microstructural defects, such as flow localization,
adiabatic shear, and as a result debonding or cracks
(Liu et al., 2010). Recommended parameters are the
ones where the » parameter values are the highest.
Then, the possibility of the occurrence of DRX,
DRV or superplasticity is the most likely (Chuan &
Liang, 2018).

It can be observed, that regardless of the chemi-
cal composition, for titanium alloys manufactured by
powder metallurgy method, instability domains oc-
cur at high strain rates. The temperature of the de-
formation of titanium alloys under a strain rate high-
er than 10 s should be strictly controlled. Accord-
ing to the developed maps, too much undercooling
of the material may result in the occurrence of de-
fects. On the other hand, due to relatively low ther-
mal conductivity of titanium, its alloys have a ten-
dency to overheating during hot deformation, which
also may results in a formation for example ASB.
For the investigated alloys, most favorable condi-
tions are low strain rates and the temperature be-
tween 880 — 990°C for a + S alloys and 850 — 940°C
for p alloys. The difference in temperature results
from the different S — transus temperature, which for
Ti-6Al-4V alloy is about 980°C (Wojtaszek, 2018)
and for Ti-10V-2Fe-3Al alloy is about 855°C
(Zyguta et al., 2019).
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Fig. 5. Processing maps elaborated for Ti-6Al-4V (a) and Ti-

10V-2Fe-3Al (b) alloy compacts developed for a true strain of
0.9 (shaded areas with a negative & parameter value).

3.4. FEM simulations and process verification
in industrial conditions

The rheological characteristics of the investigat-
ed materials were developed on the basis of hot
compression tests. Hot forging processes carried out
on forging machines having different work dynam-
ics were selected for FEM numerical analysis, which
enabled the diversification of thermo-mechanical
conditions for their application. As a result, they
could correspond to different processing windows
determined basing on DMM analysis. For the nu-
merical analysis of forging selected structural part
out of the investigated alloys, commercial QForm
3D software was used. The results of the numerical
modeling of the hot forging of PM titanium alloys as
well as its verification in industrial conditions were
previously reported by Wojtaszek and Sleboda
(2013, 2014), Wojtaszek et al. (2014, 2016),
Wojtaszek (2018). In order to properly design and
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carry out a thermo-mechanical numerical analysis of
hot forming processes of the investigated alloys
obtained by powder metallurgy, it was also neces-
sary to know its basic thermal properties and the
estimated value of the friction coefficient at the met-
al-tool contact surface under hot working conditions.
The results of such tests were implemented into
numerical modeling procedures as a part of bounda-
ry conditions.The chosen results of FEM modeling
were presented in figure 6a-c. According to the
DMM analysis as an initial temperature of hot forg-
ing 900°C was selected. Deformation in such condi-
tions should ensure avoiding the possibility of the

a) *

- \’\‘b‘f;.z';,
A s

Fig. 6. Distributions of the temperature (a), plastic strain (b)
and strain rate (c) obtained from FEM numerical simulations of
forging of the PM Ti-6Al-4V alloy at the temperature of 900°C;
microstructure of structural part forged in industrial conditions

).

occurrence of microstructural defects during forging
at high strain rates. The selected friction coefficient
was 0.1 and the tools temperature was set as 300°C.
Based on the simulation results, it can be concluded
that the deformation was accompanied by a sharp
rise in temperature in the flash zone and in areas
near it as well as in most deformed regions (e.g.
“bottom” part). Analysing figure 6b, it can be ob-
served that in the usable part of the forgings (“bot-
tom” and flash are waste material), deformation
values do not exceed 1.0, which confirms the possi-
bility of analyzing the parameters of forging of such
structural part based on the obtained process maps.
Similarly, highest strain rate values are visible in
regions close to flash and in “bottom”. Nevertheless,
only in mentioned locations in the volume of the
forged part there is a possibility that strain rate will
exceed 100 s*. In the remaining volume of the struc-
tural part strain rate is in the range of 0-50 s*. A
correct filling of the die, as well as no structural
defects was demonstrated. Simulation results
showed that proposed deformation parameters can
be successfully applied in trails in industrial condi-
tions.

Forging trials at the industrial conditions were
realized on various production lines mentioned in
chapter 2. Deformation parameters matched those
implemented in FEM simulation. A cylinder-shaped
charge with dimensions selected as a result of FEM
modelling was used. Forging was carried out on a
crank press with a maximum speed of the upper tool
1 m's!' and the temperature of deformation was
900°C. The microstructure of chosen forging ob-
tained from PM Ti-6Al-4V alloy compact was
shown in figure 6d. The geometry of forging ob-
tained in industrial conditions corresponded to that
of the conducted numerical simulation. In result of
hot forging process relative density increased up to
99.5 %. The microstructure consists of o phase
thick plates, that surround thin acicular « grain pre-
cipitations located on the g phase matrix. During
deformation, « plates that previously grew on prima-
ry B grain boundaries were fragmented or elongated
towards material flow direction. Whether the a
plates were fragmented or elongated, depended on
their initial orientation in relation to the flow direc-
tion. It was previously reported, that breakup of
microstructure during hot deformation plays im-
portant role in designing the required mechanical
properties (Shell & Semiatin 1999; Li et al., 2019)
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4. CONCLUSIONS

Based on the performed research and obtained
results, both presented in this work and in previous
publications it can be stated, that proposed route of
manufacturing titanium alloy structural parts, which
assumes hot or cold compaction of mixture of ele-
mental powders followed by sintering and plastic
deformation, allows producing structural elements
with high relative density and mechanical properties
comparable to that of solid material.

Due to plastometric tests, it was possible to de-
scribe the rheology of the investigated materials and
obtain useful data for the elaboration of processing
maps and FEM simulations of chosen forging pro-
cesses. Results of DMM analysis and numerical
simulations allowed designing the most favorable
processing parameters, which were applied during
forging tests in industrial conditions. The correctness
of these parameters was confirmed based on forging
tests carried out in industrial conditions. Obtained
structural parts were characterized by fine and uni-
form microstructure and profitable mechanical prop-
erties. Research concerning material behavior during
hot processing of cold compacted and sintered Ti-
5AI-5Mo0-5V-3Cr alloy is still being performed.
Nevertheless, the results obtained so far indicated,
that during the hot compression tests, in spite of
favorable microstructure, also an increase in relative
density of the investigated alloys can be achieved up
to 95%.

The results of the presented investigations indi-
cated that proposed manufacturing technology can
be competitive to conventionally used coasting route
and an attractive, cost-effective alternative for the
production of structural parts applied in the aviation
and automotive industries.
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WYBRANE ASPEKTY WYTWARZANIA
ELEMENTOW KONSTRUKCYJNYCH ZE
STOPOW TYTANU EACZACYCH
TECHNOLOGIE METALURGII PROSZKOW
ORAZ PROCESY PRZEROBKI PLASTYCZNEJ

Streszczenie

Stopy tytanu sg stosowane glownie w przemysle motoryzacyj-
nym, lotniczym, stoczniowym i wojskowym. Ich glownymi
zaletami sg niski ci¢zar wlasciwy, odporno$¢ na pekanie i koro-
zj¢, wysoka wytrzymato$¢ oraz wytrzymato$¢ zmeczeniowa. Do
wad stopow tytanu mozna zaliczy¢ niska przewodnos¢ cieplna,
skomplikowang obrobke mechaniczng i wysokie koszty produk-
cji. Z tego ostatniego powodu stopy tytanu sg stosowane przede
wszystkim do produkcji wysoce odpowiedzialnych elementow
konstrukcyjnych, takich jak implanty i struktury lotnicze, pod-
czas gdy pozostale produkty sg wytwarzane w ograniczonym
stopniu. Stosujac odpowiednie parametry termomechaniczne,
stopy tytanu moga by¢ z powodzeniem ksztaltowane na drodze
przerdbki plastycznej na goraco. Obecnie w procesach wytwa-
rzania elementdéw konstrukcyjnych stopéw tytanu powszechnie
stosuje sie potprodukty uzyskane metoda odlewania. Jednak w
tej dziedzinie prowadzone sa coraz wigcej badan nad wykorzy-
staniem materialdow opartych na metalurgii proszkow. Takie
podejscie otwiera mozliwo$¢ obnizenia kosztow produkcji. Jako
material wyjsciowy mozna zastosowaé proszki stopowe lub
mieszaniny proszkow elementarnych. Wykorzystanie proszkow
stopowych zwykle zapewnia wysokie i stabilne wlasnos$ci,
jednak koszt produkcji takiego proszku jest wysoki. Otrzymy-
wanie produktow ze stopow tytanu na bazie mieszaniny prosz-
kow elementarnych jest stosunkowo proste i znacznie tansze.
Dysproporcja cen powoduje, ze ogromna liczba projektow
badawczych zrealizowanych w ostatnich latach w zakresie
wdrazania metalurgii proszkéw do wytwarzania produktow na
bazie tytanu jest ukierunkowana na stosowanie mieszaniny
proszkéow elementarnych, poniewaz takie podej$cie daje realne
szanse na pomyslne wdrozenie opisanej technologii przetwarza-
nia stopow tytanu.
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