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INFLUENCE OF STRUCTURAL FACTOR OF POWDER MATERIAL ON
ELEMENTS STRENGTH

Purpose. To investigate the influence of porosity and chemical composition on the strength of titanium structural
components made from the unalloyed titanium alloy VT1-0, manufactured by powder metallurgy. The work aims to refine
the methodology for calculating such components while taking into account the specific features of their structure, since
the presence of pores contradicts the traditional hypothesis of material continuity.

Research methods. For the experiment, thermomechanical titanium powder PT5 was used. After pressing (700
MPa) and vacuum sintering (1250 °C, 180 min), the VT1-0 alloy was obtained. A comparative analysis of the structure
and mechanical properties of the sintered material and its cast counterpart was carried out.

Results. The key structural distinction is the porosity of the sintered alloy, which is 13 %, with pores located mainly
along grain boundaries. In terms of chem-ical composition, powder-based VT1-0 has twice the oxygen content (0.20 wt%)
compared to the cast alloy (0.10 wt%). It is known that oxygen significantly increases the strength of titanium alloys;
however, the ultimate strength of the sintered VT1-0 alloy was 330.5 MPa, which is 45.5 MPa lower than that of its cast
counterpart (376.0 MPa). This is due to the presence of pores in the metal structure. Eliminating these pores will increase
strength compared to a cast material of similar chemical composition and reduce its dispersion to that of a cast alloy.

Scientific novelty. The main conclusion of the study is that the reduction of the effective metal cross-section bearing
the load (due to 13 % porosity) outweighs the strengthening effect of the higher oxygen and other substance’s content.
The presence of pores also leads to a significant increase in the scatter of strength and in some cases microhardness
values. If we make a correction for the effective cross-sectional area minus the pores, the actual strength of the powder
sample would be higher due to the increased oxygen and other substance’s content.

Practical value. It was proved that the actual negative effect of porosity on strength is significantly outweighed by
the strengthening effect resulting from microalloying with impurities during sintering. Given the high dispersion of the
strength index, this effect can be explained by the fact that the influence of porosity on the ultimate strength is
multidimensional and depends on factors such as pore shape and size, the presence of sharp corners in them and their
volume fraction.

Key words: powder metallurgy, additive alloys, pores, material strength hypotheses, mechanical properties,
strength, stress.
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Introduction

The development and implementation of powder met-
allurgy in the production of structural components requires
refining the methods used to calculate the strength of these
elements, taking into account the specific features of their
structure. In the mechanics of materials, the assumption of
material continuity states that a material must be solid and
uninterrupted — meaning it should not contain cavities,
cracks, or pores of various origins, as these act as stress
concentrators. Materials produced from powders inher-
ently contain pores of different shapes and sizes. One such
material is the structural, non-alloyed titanium VT1-0, ob-
tained via powder technology (PT).

For the sintered VT1-0 titanium alloy, its strength
characteristics correspond to those of cast titanium of the
same grade. However, some discrepancies in properties are
observed. Specifically, the average ultimate strength of
VT1-0 for bar-rolled products is 425 MPa, whereas for cast
ingots this value is only 350 MPa. This discrepancy arises
from differences in the structure of the billets, which, de-
spite identical chemical composition, are influenced by
technological parameters and the manufacturing method.

Analysis of research and publications

Titanium alloys are critically important materials for
high-tech industries such as aerospace, automotive, and
medical sectors due to their unique combination of high
specific strength, corrosion resistance, and biocompatibil-
ity [1]. Traditional metallurgy for producing titanium cast-
ings is extremely expensive and energy-intensive, which
motivates the development of alternative, cost-effective
manufacturing methods. Powder metallurgy (PM), includ-
ing its various forms (pressing and sintering) as well as ad-
ditive manufacturing, offers pathways for producing near-
net-shape components that significantly reduce material
waste and machining costs. [1, 2] However, the widespread
adoption of PM-titanium is limited by the need to ensure
mechanical properties comparable to those of cast ana-
logues. A similar challenge arises in additive manufactur-
ing, where powders are also used. The main factors influ-
encing the final material properties are residual porosity,
impurity control, and thermomechanical processing tech-
nologies. [2, 3, 5].

Porosity is the most significant defect in powder-de-
rived materials because pores act as stress concentrators,
leading to premature failure. Studies on TiNbZrTa alloys,
which are promising for biomedical applications, have
shown that samples produced with minimal porosity ex-
hibit significantly higher hardness compared to their po-
rous counterparts [4]. This demonstrates the direct negative
effect of porosity on static characteristics. Other studies [3,
5] have focused on controlling the final microstructure of
the alloy to achieve the required performance characteris-
tics.

Thus, there are two main approaches to reducing po-

rosity: optimization of the sintering process and secondary
processing. In [6], the authors investigated the influence of
hot-pressing parameters on titanium with a bimodal micro-
structure, confirming that controlled adjustment of temper-
ature and pressure is an effective means of managing the
final porosity and mechanical behavior. The authors of [3]
also established the importance of sintering temperature,
using inductive hot pressing to produce titanium compo-
sites.
Complete elimination of porosity is not always necessary
—for example, to ensure osteointegration in implants [7, 5].
In [7], it was shown that surface engineering through ni-
triding and burnishing significantly improves the wear re-
sistance of a highly porous titanium alloy by closing sur-
face pores and forming a nitride layer, without altering the
properties of the underlying core.

As noted above, porosity regulation is a critical issue
for titanium alloys. It can be addressed at the synthesis
stage, but there are also methods and technologies that al-
low porosity reduction after the billet has been produced.
Thermomechanical treatment is highly effective for tita-
nium alloys. In [8], a sintered titanium alloy containing 5%
iron and produced via powder metallurgy with a porosity
of 10% was studied. The samples failed in a brittle manner,
but hot rolling complicated the fracture process due to a
sharp reduction in porosity. It was also reported that this
treatment increased the tensile strength of the alloy to 960
MPa. These results indicate that porosity has a significant
influence on alloy strength, and that additional thermome-
chanical processing can compensate for the limitations of
the basic powder metallurgy process by effectively elimi-
nating pores.

The effect of porosity becomes especially critical un-
der cyclic loading. In [9], it was shown that for Ti-6Al-4V
produced via Binder Jetting — a form of PM - residual in-
ternal porosity remains the primary cause of low fatigue
life, even at relatively high densities (up to 95%). The au-
thors demonstrated that to achieve reliability comparable
to cast Ti-6Al-4V, hot isostatic pressing (HIP) is a neces-
sary secondary operation. HIP effectively closes internal
pores, raising the density to 99.8% and restoring fatigue
strength [9].

In additive manufacturing, for example Electron
Beam Melting (EBM), the microstructure and mechanical
properties of the resulting material are influenced by tech-
nological factors such as build geometry and powder reuse.
This highlights that quality-control challenges found in tra-
ditional PM remain relevant in advanced AM technologies
as well, requiring careful parameter regulation [10].
Titanium powders typically contain an elevated oxygen
content, which significantly increases material strength.
However, excessive oxygen leads to brittleness and a dras-
tic decrease in ductility. Therefore, controlling the material
properties requires precise regulation of oxygen content in
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titanium. Studies [2, 11] present a new sintering-deoxygen-
ation process for Ti-6Al-4V powder that enables reduction
of oxygen content, which is critically important for ensur-
ing adequate ductility and reliability of the final material.

Titanium powders contain an elevated oxygen con-
tent, which significantly increases the material’s strength.
However, an excess of oxygen leads to brittleness and a
substantial reduction in ductility. Therefore, controlling the
material’s properties is possible only through precise regu-
lation of the oxygen content in titanium. Studies [2, 11] de-
scribe a new sintering — deoxygenation process for Ti-6Al-
4V powder that allows reducing the oxygen content — crit-
ically important for ensuring the required ductility and re-
liability of the final material.

As in [8], the authors of [2, 7, 11] have shown that
strength can be increased — while maintaining a controlled re-
duction in ductility — through the presence of “harmful” im-
purities in titanium (iron, oxygen, nitrogen). Thus, there is a
clear relationship between porosity, impurity content (oxygen,
nitrogen, iron), and the resulting mechanical properties.

Purpose

This scientific and practical work is devoted to a
comprehensive analysis of the mechanical properties of
structural elements made of technically pure unalloyed
titanium alloy of the VT1-0 brand by the powder
metallurgy method. Special emphasis is placed on the
relationship between the level of residual porosity,
chemical composition and actual strength of products made
of such materials. The relevance of the work is due to the
need for a fundamental review and improvement of
existing methods of engineering calculation of structural
components of mechanical engineering made of powders,
since the specific microstructure of such materials,
saturated with internal pores, directly contradicts the
classical hypothesis of material continuity, which is the
basis for the fundamental academic course of materials
resistance. The study considers how the morphology of
pores and the concentration of impurities affect the
distribution of internal defects, which allows us to offer
certain clarifications for predicting the reliability and
durability of titanium parts in real operating conditions,
ensuring the optimal balance between the weight of the
structure and its ability to withstand critical loads. The aim
of the work is to prove the need to improve the methods of
calculating the strength of structural elements made of
powder titanium alloy VT1-0 through a comprehensive
analysis of the influence of porosity and chemical
composition.

Material and research methods

To produce the sintered titanium alloy, thermome-
chanical titanium powder PT5 (Technical Specifications
(of Ukraine) 14-10-026-98) (Table 1) was used as the base
material, without fractional sieving (fraction —0.50/+0.16),
i.e., in the as-supplied condition.

Table 1 — Chemical composition (impurities) of PT5
owder, wt% [12]

Fe Cl C Si N O H Ti
0,08 | 0,06 | 0,03 | 0,04 | 0,03 |020 | 0,01 | base

After sintering the thermomechanical titanium powder
PT5, the unalloyed titanium alloy VT 1-0 was obtained. The
requirements of the state standard for this alloy with re-
spect to impurities are summarized in Table 2.

Table 2 — Chemical composition (impurities) of VT1-0,
wt% [12].

Fe C Si N O H Ti
Up to {Up to | Up to | Up to fup to|up o
0,25 0,07 0,1 0,04 0,2 0,01

Compaction of the titanium samples was carried out
on a DB2432A hydraulic press with a working pressure of
700 MPa. Sintering was performed in a laboratory vacuum
electric furnace model SNVE-1.3.1/16 according to the fol-
lowing technological scheme: heating at a rate of Viea =
20 C/min, followed by an isothermal hold of 180 minutes
at a temperature of 1250 °C £ 10 °C in a protective atmos-
phere—vacuum at 13.3 Pa. After the hold, the samples
were cooled together with the furnace, also under vacuum.
The chemical composition of the experimental titanium al-
loys was determined using the spectral method with a
SPECTROMAX spectrometer (manufactured by SPEC-
TRO) in accordance with standard procedures from GOST
19863.1-91 to GOST 19863.12-91. The content of gaseous
impurities — nitrogen, oxygen, and hydrogen — was meas-
ured separately according to industry standard OST
190013, using an ON900 gas analyzer (manufactured by
ELTRA) at SE “ZTMK?” as part of joint research work.
Samples for metallographic examination were prepared us-
ing the standard procedure involving sequential grinding
and polishing. Etching of the prepared sections was carried
out in a special reagent containing 10 ml HF, 25 ml HNOs,
and 65 ml glycerin. Microstructural analysis was per-
formed using a NEOPHOT-32 inverted reflected-light mi-
croscope manufactured by Carl Zeiss. Quantitative evalua-
tion of porosity (volume fraction of pores) was conducted
using the Rozival line method on an MIM-8M optical mi-
Ccroscope.

Microhardness measurements were performed in ac-
cordance with the standard procedure DSTU 3827:2004 on
a PMT-3 microhardness tester at a load of 0.49 N. Final
microhardness values for different structural constituents
were determined as the average of five measurements,
based on the diagonal dimensions of the indentations. Me-
chanical testing was conducted according to the standard
methodology.
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Research results and their discussion

To evaluate the structure, metallographic analysis
was performed on both the cast and the sintered VT1-0 ti-
tanium alloy produced from PT5 powder. Analysis of the
microstructure of VT1-0 in the cast condition revealed the
presence of B-transformed grains with a size of 150-200
um. These grains consist of packets of parallel a-plates
with a thickness of 4-10 um, whose linear dimensions are
comparable to the size of the primary p-grains (Fig. 1a).
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Figure 1. Microstructure of VT1-0 titanium alloy [12]:
a — cast VT1-0; b — powder-based VT1-0 (PT5)

The structure of the sintered powder titanium alloy
produced from PT5 powder (see Fig. 1, b) consisted of a-
phase grains and pores of various geometric shapes and
sizes. The pores were located both within the grain volume
and along grain boundaries, with the latter being the pre-
dominant location. The average size of the elongated o-
grains did not exceed 100 pm.

Analysis of the structure (see Fig. 1b) shows that the
sintered VT1-0 titanium alloy produced from PT5 powder
contained pores of complex configuration, unevenly dis-
tributed throughout the volume of the workpiece. The pore
area fraction on the polished section was 13 %, which re-
sulted in a low material density, and their average size did
not exceed 60 um. Thus, the only difference between the
alloys under investigation is their porosity.

Analysis of the microhardness measurements of the
alloy grains showed that the values for the sintered titanium
alloy are 50 MPa higher than those for the cast alloy (Table
3). At the same time, dispersion analysis indicated that the
microhardness values do not exhibit the same spread rela-
tive to their mean. The microhardness dispersion of the sin-
tered alloy is 5 units higher than the corresponding value
for the cast titanium alloy.

Table 3 — Results of mechanical property testing of
titanium alloys manufactured using different technologies
12]

Mechanical properties

Alloy oy H%,
MPa 85,%| S5 | W% Sv |\pa| Sun | %

B

BT1-0|376,0 23,35/ 14,2| 0,56| 24,1| 0,62 (1400 45,46

cast

BT1-0

(IT5) 330,5 75,12

50021 75| 0,25(1450 50,44| 87,3

sintered

The ultimate strength of the sintered titanium alloy samples
was 330.5 MPa, which is 45.5 MPa lower than the ultimate
strength of cast VT1-0 titanium (376.0 MPa). However,
analysis of the dispersion of this parameter showed that its
value is significantly higher for the sintered alloys com-
pared to the cast ones (75.12 and 23.35, respectively),
which is attributed to the presence of pores.

The lower ductility of sintered powder alloys com-
pared to cast VT1-0 is due to the presence of titanium com-
pounds with nitrogen, oxygen, and hydrogen on the surface
of the powder particles [13-15]. According to the literature
[13 — 15], these compounds decompose under sintering
temperatures, and the elements released during decompo-
sition diffuse into the metal, thereby reducing its ductility.
DSTU 1SO 6892-1:2019 specifies that the ultimate tensile
strength is calculated using a formula that is universally ac-
cepted for stress calculations in general engineering me-
chanics disciplines (such as strength of materials):

P

O'B = -
Fo

where F, — cross-sectional area of the specimen; for a cir-
cular cross-section;

wd?
Fo ="~
0 4’

d - diameter of the cross-section;
P — value of the force that deforms the sample.

The cross-sectional area of the sample is determined
by the formula F, = 0,257d? and does not include the re-
sulting pore area. When using the powder-derived VT1-0
titanium alloy, the effective cross-sectional area is reduced
by the area of the pores present within the cross section.
This can be taken into account in the formula for determin-
ing the ultimate strength as follows:

Nmux

(v =
Bpores FO_Fpores’

where F,ors — the area of pores that fall into the plane of
the cross section.
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As noted in Tables 1 and 2, the chemical composition
requirements for the materials are almost identical. The re-
sults of the chemical composition analysis of the examined
materials are summarized in Table 4.

Table 4 — Chemical composition of the studied materals

Material Average content of elements, wt%
Fe Si 02 NZ HZ
Cast 0,25 0,1 0,10 0,040 0,01
Powder-
based ) - 0,20 0,042 0,01

As seen from the data in Table 4, the oxygen content
in the VT1-0 structural titanium alloy produced from PT5
powder is twice as high. As previously noted, oxygen sig-
nificantly increases the strength of the alloy. [14]. For
every 0.1 wt% increase in oxygen, the strength of a tita-
nium alloy increases by approximately 100 MPa. From Ta-
ble 3, it can be seen that the ultimate tensile strength is
376.0 MPa and 330.5 MPa for the cast and powder-sintered
alloys, respectively. Thus, the strength of the sintered alloy
is 45.5 MPa lower, although, according to Table 4, its ox-
ygen content is 0.1% higher. Assuming the sintered tita-
nium alloy contained no pores and that the specimen cross-
sectional area was the same, the strength of such a material
could reach 450-500 MPa due to oxygen strengthening
alone.

The pore content in the powder-sintered alloy was
13 %, which means a 13 % reduction of the cross-sectional
area F, in the formula used to calculate ultimate strength.
In other words, the actual cross-sectional area of the tita-
nium specimen (for specimens with a working diameter of
5 mm) is 17.074 mm? instead of 19.625 mma2. This implies
that the ultimate strength of the sintered alloy should have
been higher for the same applied force used in the labora-
tory test.

Taking into account both the higher oxygen content
compared to the cast alloy and the reduced cross-sectional
area due to the porosity of the sintered material, its strength
should have been significantly higher than that of the cast
alloy. However, the study revealed the opposite. As noted
above, porosity led to an increase in the dispersion of ulti-
mate strength values. In other words, the actual negative
impact of porosity on strength far outweighs the strength-
ening effect produced by alloying.

Considering the high dispersion, this effect can be ex-
plained by the fact that the influence of porosity on ultimate
strength is multidimensional and depends on factors such
as pore shape, pore size, the presence of sharp edges, and
their volumetric fraction.

Conclusions

The lower overall strength of the sintered sample, de-
spite its elevated oxygen content, is attributable to its poros-
ity. This strength can be increased by eliminating the pores.

The influence of pores on ultimate strength is com-
plex and requires consideration of their shape, size, the
presence of sharp edges, and their volumetric fraction.
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Onekcint
OMeNBLYEHKO

Mema pobomu. JJocrioumu eniué nopucmocmi ma XiMiyHo20 CKIa0y HA MIYHICMb MUMAHOBUX KOHCMPYKYIUHUX
KOMNOHEHMIB, GUSOMOBNIEHUX 3 HeNe208aH020 mumanoeozo cnaasy BT1-0, ompumanozo memooom nopouikogoi memay-
peii. Memoio pobomu € yOoocKkoHanieHHs Memo00a02ii pO3PAXYHKY MAKUX KOMIOHEHMI8 3 YPAXYy8aAHHAM 0COOaU80Cmel
iXHbOI CIMPYKMYpPU, OCKINLKU HAABHICIb NOP Cynepeyums mpaouyiliHit 2inomesi npo cyyinbHicme mMamepiany.

Memoou docnioxycenna. /[na excnepumenmy Oyio 6UKOPUCIAHO MePMOMEXAHIuHULl mumarosuil nopoutok I1T5.
Hicna npecysanus (700 MIla) ma sakyymuozo cnixanns (1250 °C, 180 x8) 6yn0 ompumaro cnaas BT1-0. Byno nposedero
NOPIGHANLHUL AHATLI3 CIMPYKMYPU MA MEXAHIYHUX 6]IACTUBOCTEN CHEYeHO020 Mamepiany ma o20 JUmo20 aHaio2d.

Ompumani pesynomamu. Knouosoio cmpykmypHoto 8iOMIHHICIIO € NOPUCMICb CHEYeHO20 CHABY, KA CMAHOBUMb
13%, 3 nopamu, po3smauto8aHuMu NEPEBANCHO 830064iC MedIC 3epeH. 3a Ximiunum ckradom nopouikoguti BT1-0 mace 606iui 0i-
mowut emicm xuchio (0,20 mac. %) nopienano 3 aumum cnaaeom (0,10 mac.%). Bioomo, wo xucens 3HauHo nioBUUye MiyHicmo
mumanosux cniasie. Knouoeoo cmpykmypHoio 8iomMinHicmio cheueno2o Cniagy € 1020 NOpUCmicms, Aka cmanosums 13%.
3a ximiunum cxnadom nopowxosuti cnias BT1-0 micmums 606iui 6invute xuchio (0,20 mac.%) nopisHsano 3 iumum cniagom
(0,10 mac.%). Bioomo, wo Kucenv 3uauno nioguugye MiyHiCms mumano8ux CHIAGI8;, 0OHAK SPAHUYs MIYHOCE CNeueH020
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cnnagy BT1-0 cmanosuna 330,5 MIla, wo na 45,5 MIla menwe, Hidic y tioeo aumozo ananoea (376,0 MIla). Lje nog’s3ano 3
HAAGHICMIO NOP Yy CIPYKMYPI Memainy. YCyHeHHs: yux nop 30Libuums MiyHICMb NOPIGHSIHO 3 TUMUM MAMEPIAIoM aHA02iY-
HO20 XIMIUH020 CKAAOY MA 3MEHWUMb 11020 OUCHEPCIIO NOPIGHAHO 3 TUMUM CNIASOM.

Hayxkoea nosuszna. OchoHuil 6UCHOB0K OOCTIONCEHHS NONALAE 8 THOMY, WO 3MEHUEHHS eheKmMUEHO20 NONEPEUHO20
nepepizy memary, wo Hece nasaumasxcenus (vepes 13% nopucmicme), nepesasicye eghexm 3miyHen s 6i0 U020 BMICMY
KUCHIO ma iHuwux pewosut. Hasenicms nop maxosic npu3eooums 00 3HA4HO20 30i1bUeHHs pO3KUOY 3HAYEeHb MIYHOCI, a 8
Oesaxux sunaokax i Mixpomeepoocmi. Axujo 3pobumu nonpasky Ha egoekmueHy nioufy NonepeyHo20 nepepisy 3a Upaxysan-
HAM Nop, akxmuuna MiyHicms NOPOWKOB020 3paszka byoe 8uwujoio uepes 30iNbueH s BMICIY KUCHIO MA IHUUX PeHOBUH.

IIpakmuuna yinnicms. B pobomi 0osedeno, wo paxmuynuii HeeamugHull 6NIUE NOPUCMOCIT HA MIYHICMb 3HAYHO
nepesaicac egexm 3miyHen s, Wo BUHUKAE GHACTIOOK MIKPOAe2y8ants 0OMiWKamu npu chikauui. Bpaxoeyiouu eucoxy
oucnepciio NoKa3HuKa MiyHoOCMI, yell e(pekm MONCHA NOACHUMU MUM, WO 61U NOPUCIOCTI HA SPAHUYI0 MIYHOCMI €
b6acamosuMipHuM i 3anedxCcums 8i0 MaxKux axkmopis, aK ¢opma ma posmip nop, HAA6HICMe Y HUX 20CMPUX Kymie ma ix

00'emna yvacmrka.

Knrouosi cnosa: nopowikoga memanypeis, aOumusHi Cniagu, nopu, 2inomesu onopy mMamepianis, MexaHiuui euac-

Mmugocmi, MiyHiCb, HANPYIHCEHHA.
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