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Abstract — Biocompatible ceramics have recently attracted
increasing attention as porous scaffolds that stimulate and guide
natural bone regeneration. Due to excellent biocompatibility of
titania (titanium dioxide or TiO,) porous three-dimensional (3D)
TiO, structures have been proposed as promising scaffolding
materials for inducing bone formation from the surrounding
environment and for enhancement of vascularisation after
implantation. In this paper, 3D porous TiO, ceramic scaffolds
were produced via polymer foam replica method. This work
deals with several important issues that are considered to be
important for 3D scaffolds applied to regenerate bone tissue:
pore size, porosity and mechanical strength. TiO, ceramic
scaffolds with pore size 300 pm — 700 pm and porosity > 90 %
were obtained. Scaffolds showed fully open and interconnected
pore structure that remained after recoating them with low
viscosity TiO, slurry. By optimising thermal treatment conditions
grain growth and collapse of struts could be controlled in a way
that resulted in higher compressive strength. Recoating greatly
improved compressive strength and it reached 0.74+0.08 MPa
after two coatings without causing changes in the open pore
structure.
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|. INTRODUCTION

The use of scaffolds as sacrificial templates for bone
ingrowth is the basis of bone tissue regeneration. The main
reasons for using bone scaffolds are: to provide an
environment for bone formation, to maintain the space and at
the same time to supply mechanical support to the skeleton
during the healing process [1]. Thus an ideal scaffold should
be three-dimensional and highly porous with an
interconnected pore network for cell growth and for flow
transport of nutrients and metabolic waste. The mechanical
properties of the scaffold should match those of tissue at the
site of the implantation [2], [3].

One of the materials that can be used to produce 3D
scaffolds is titania (TiO,) ceramics. TiO, have attracted
particular attention for the use as a bone tissue regeneration
material due to its excellent mechanical properties compared
to other ceramic materials, biocompatibility and good
osteoconductivity [2]-[6]. Fabrication of highly porous TiO,
ceramic scaffolds with interconnected pore structure has been
previously reported [7]-[10]. The most widely used technique
for fabrication of such structures is polymer foam replica
method [8]-[13]. It was invented by Schwartzwalder and
Somers in 1963 [14]. The polymer that has the desired
macrostructure simply serves as a sacrificial template for the
ceramic coating [10]-[14]. Using polymer foam replica

method a porous ceramic with porosity from 40 % to 95 %
and with pore sizes between 200 um and 2mm can be
obtained. Thus this technique is the most popular method to
produce macroporous ceramics. It is also simply adjustable,
flexible and relatively inexpensive [13].

The aim of the presented research was to adjust this
technique to produce porous 3D TiO, ceramic scaffolds with
interconnected pore structure. This work deals with several
important issues that are considered to be important for 3D
scaffolds applied to regenerate bone tissue, including pore
size, porosity and mechanical strength.

Il. MATERIALS AND METHODS

A. Sample Preparation

TiO, ceramic scaffolds were prepared using polymer foam
replica method. Commercially available titanium dioxide with
average particle size 180 nm (Sachtleben Chemie GmbH,
HOMBITAN LW - S), 5% polyvinyl alcohol solution
(Polysciences, Inc.) and deionised water were used as raw
materials to prepare ceramic slurry (Table I). The slurry was
homogenised by ball milling for 1 h at 300 rpm.

TABLE |
SLURRY COMPOSITION
Raw material Mass fraction, %
Titania 70
Water 21
5 % polyvinyl alcohol solution 9

Fig. 1. SEM micrograph of PU foam template.

The polyurethane (PU) foam templates (Vitabaltic
International) with fully interconnected pore structure (Fig. 1)
were cut to size by punching with a metal stamp. Obtained
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cylinders with 10 mm diameter were washed in ethanol using
a Soxhlet extractor and dried in air. Cylindrical PU foam
templates then were dipped into the ceramic slurry. Excess
slurry was squeezed out of the templates to ensure that only a
thin layer of slurry uniformly covered PU foam surface
without blocking the pores. After drying for 24 h, the polymer
was slowly burned out by heating to 450 °C at a heating rate of
0.5 °C/min. After 1 h holding time at 450 °C, the temperature
was raised to 1100 °C at a rate of 3 °C/min and held at 1100 °C
for 10 h.

The scaffolds were sintered at different temperatures
(1300 °C-1500°C)  with  different  holding  times
(10 h-30h). Some of the scaffolds that were sintered at
1400 °C temperature for 20 h were additionally coated with
low viscosity slurry (TiO, mass fraction 20 %) using a
vacuum infiltration method. After slurry infiltration scaffolds
were centrifuged at 1000 rmp for 1 min to remove excess
slurry that could have blocked the pores, dried in air and
sintered at the same conditions as previously — 1400 °C for
20 h.

B. Characterization of Materials

Identification of crystalline phases of sintered ceramics was
carried out using X-ray diffraction (XRD). X-ray diffraction
patterns were obtained using an X-ray diffractometer
PANalytical X Pert PRO. Cu Ka filtered radiation in 26 range
from 20° to 65° was used.

The microstructure of scaffolds was investigated using
scanning electron microscope (SEM) Tescan Mira/LMU and
digital microscope KEYENCE VHX 2000. Before SEM
investigations samples were sputter coated with a gold layer.
The samples were observed at 15 kV accelerating voltage.
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Fig. 2. XRD patterns of anatase powder (a) and of the obtained scaffolds after
sintering at 1000 °C (b) or 1300 °C (c).

Fig. 3. Digital microscopy images of the obtained scaffolds.

Total porosity (I7) of the scaffolds was measured using
gravimetry, according to the equation:

11 = 1—pycatiold/Pritania

Here piania iS the density of TiO; (rutile) and pecasioid is the
apparent density of the scaffold measured by dividing the
weight of the scaffold by the volume of the scaffold. Sample
shrinkage after sintering was calculated by geometric method,
taking into account the changes of scaffold dimensions.

The mechanical strength of scaffolds was determined using a
compression test (A Static Materials Testing Machine 2010
TN (Zwick GmbH & Co. KG). Scaffolds were preloaded with
0.1 N. The speed of compression tests was 10 % per 1 min.

I11. RESULTS AND DISCUSSION

A. Effect of Heat Treatment on the Composition of Scaffolds

In order to examine the phase composition of TiO,
scaffolds XRD was performed on TiO; (anatase) powder and
on scaffolds after sintering at 1000 °C or 1300 °C temperature
(Fig. 2). XRD pattern of samples sintered at 1000 °C showed
the characteristic peaks of both TiO, crystalline modifications
(anatase and rutile). Thus this confirmed phase transformation
during scaffold sintering. In the transformation process bonds
break in the anatase structure. This allows the rearrangement
of the Ti-Og octahedra and leads to a more compact structure
formation and formation of rutile phase [15]. Increasing
sintering temperature up to 1300°C a complete phase
transition from anatase to rutile crystalline modification took
place and stable rutile modification was obtained.

B. Porosity and Mechanical Properties

Porous TiO, ceramic scaffolds with fully open and
interconnected pore structure have been obtained (Fig. 3 and
Fig. 4). The porosity of the scaffolds was in the range from
92 % to 94 % and pore size was from 300 ym to 700 pm,
independently of the sintering temperature (from 1300 °C to
1500 °C) and independently of the holding time at the
evaluated temperatures (10 h to 30 h). Obtained pore size and
porosity is appropriate to ensure cell migration throughout the
scaffold structure and ensure vascularisation, if scaffolds are
used for bone tissue regeneration.

If the temperature of thermal treatment is increased from
1100 °C to 1500 °C, grain growth occured. At 1100 °C fine-
grained ceramics can be obtained, but at higher temperatures
inhomogeneous grains with grain size up to 50 um were
observed (Fig. 4). As can be seen in Fig. 4, during PU foam
pyrolysis process hollow struts (shown using a rectangle) and
voids (shown using an arrow) in the ceramic wall structure
were produced; these had a direct effect on mechanical
strength of the ceramic material.

By optimising thermal treatment conditions grain growth
and collapse of struts could be controlled in a way that
resulted in higher compressive strength. Increasing the heat
treatment temperature of the ceramic scaffolds from 1100 °C
to 1500 °C resulted in grains compacting and the
disappearance of microcracks was promoted, thus slightly
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decreasing the defect quantity in the ceramic wall structure
(Fig. 4).
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Fig. 4. The effect of thermal treatment temperature on the microstructure of
the sintered scaffolds.
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Fig. 5. Compressive strength of the sintered scaffolds.

During the heat treatment reduction of scaffold dimensions
also was observed and the thermal shrinkage of the scaffold
volume reached 35% at 1100 °C and up to 60 % at the
temperature range 1300 °C — 1500 °C.

The effect of sintering temperature and holding time at
evaluated temperatures on mechanical strength of scaffolds is
shown in Fig.5. It was experimentally determined that
increasing heat treatment temperature and holding time at
evaluated temperature slightly increased mechanical strength

of the sintered ceramic scaffolds and the highest mechanical
strength (0.3+0.06 MPa) was obtained for scaffolds after heat
treatment at 1500 °C for 30 h.

Fig. 6. SEM micrographs of TiO, scaffolds before (a) and after 1% coating
and sintering (b); before (c) and after 2" coating and sintering (d) .
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Fig. 7. Compressive strength and porosity of the recoated scaffolds.

C. Effect of Recoating Process on Scaffold Properties

Scaffolds sintered at 1400 °C temperature for 20 h were
recoated with low viscosity TiO, slurry by vacuum infiltration
method and were further sintered at the same thermal
treatment conditions as before. Results showed that recoating
procedure slightly decreased porosity by partially filling the
micropores. Voids and folds remained in the scaffold wall
structure and wall surface as illustrated in Fig. 6. As shown in
Fig. 7, recoating scaffolds with low viscosity slurries
improved the compressive strength and it reached
0.74+0.08 MPa after three coatings without causing significant
changes in porosity and open pore structure.

1V. CONCLUSION

TiO, ceramic scaffolds with pore size 300 pm — 700 pm
and >90 % porosity were produced via polymer foam replica
method. Scaffolds showed fully open and interconnected pore
structure that remained after recoating them with low viscosity
TiO, slurry. By optimising thermal treatment conditions, the
grain growth and collapse of struts could be controlled in a
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way that resulted in higher compressive strength. Optimal
sintering temperature were 1500 °C and optimal holding time
was 30 h. Recoating greatly improved compressive strength
and it reached 0.74+0.08 MPa after 2 coatings without causing
changes in the open pore structure.

ACKNOWLEDGEMENT

This work was supported by the Latvian State Research
Program “Development of innovative multifunctional
materials, signal processing and information technology for
competitive science intensive products” project No. 4 “New
materials and technologies for evaluating biological tissue,
and replace”.

REFERENCES

1. Chan, B.P., Leong, K.W. Scaffolding in tissue engineering: general
approaches and tissue-specific considerations. European Spine Journal,
2008, vol. 17, pp. 467-479. http://dx.doi.org/10.1007/s00586-008-0745-3

2. Tiainen, H., Wohlfahrt, J.C., Verket, A., Lyngstadaas, S.P., Haugen,
H.J. Bone formation in TiO, bone scaffolds in extraction sockets of
minipigs. Acta Biomateriala, 2014, wvol. 8, pp. 2384-2389.
http://dx.doi.org/10.1016/j.actbio.2012.02.020

3. Sabetrasekh, R., Tiainen, H., Lyngstadaas, S.P., Reseland, J., Haugen,
H.J. A novel ultra-porous titanium dioxide ceramic with excellent
biocompatibility. Journal of Biomaterial Applications, 2011, vol. 25, pp.
559-580. http://dx.doi.org/10.1177/0885328209354925

4. Verket, A., Tiainen, H., Haugen, H.J., Lyngstadaas, S.P., Nilsen, O.,
Reseland, J.E. Enhanced osteoblast differentiation of scaffolds coated with
TiO, compared to SiO, and CaP coating. Biointerphases, 2012, vol.7, N 36.
http://dx.doi.org/10.1007/s13758-012-0036-8

5. Wei, J., Chen, Q.Z., Stevens, M.M., Roether, J.A., Boccaccini A.R.
Biocompatiblity and bioactivity of PDLAA/TIO, ans PDLLA/TiO./Bioglass
nanocomposites. Materials Science and Engineering C, 2008, vol. 28, pp.
1-10. http://dx.doi.org/10.1016/j.msec.2007.01.004

6. Haugen, H.J., Monjo, M., Rubert, M., Verket, A., Lyngstadaas, S.P.,
Ellingsen, J.E., Ronold, H.J, Wohlfahrt, J.C. Porous ceramic titanium
dioxide scaffolds promote bone formation in rabbit peri-implant cortical
defect model. Acta Biomateriala, 2013, vol. 9, pp. 5390-5399.
http://dx.doi.org/10.1016/j.acthio.2012.09.009

7. Narkevica, 1., Ozolins, J., Berzina-Cimdina, L. Effects of surface
modification of titania on in vitro apatite-forming ability. Key Enginering
Materials, 2014, vol. 604, pp. 196-199.

http://dx.doi.org/10.4028/www.scientific.net/KEM.604.196

8. Haugen, H.J., Will, J., Kohler, A., Hopfner U, Aigner, J., Wintermantel,
E. Ceramic TiO,-foams: characterization of potential scaffold. Journal of
the European Ceramic Society, 2004, vol. 24, pp. 661-668.
http://dx.doi.org/10.1016/S0955-2219(03)00255-3

9. Novak, S., Druce, J., Chen, Q.Z., Boccaccini, A.R. TiO, foams with poly-
(D,L-lactic acid) (PDLLA) and PDLAA/Bioglass coating for bone tissue
engineering scaffolds. Journal of Material Science, 2009, vol. 44, pp. 1442—
1448. http://dx.doi.org/10.1007/s10853-008-2858-9

10. Tiainen, H., Eder, G., Nilsen, O., Haugen, H.J. Effect of ZrO, addition
on the mechanical properties of porous TiO, bone scaffolds. Materials

Science and Engineering C, 2012, wvol. 32, pp. 1386-1393.
http://dx.doi.org/10.1016/j.msec.2012.04.014

11. Tiainen, H., Lyngstadaas, S.P., Ellingsen, J.E., Haugen, H. Ultra-porous
titanium oxide scaffold with high compressive strength. Journal of
Materials Sciene: Materials in Medicine, 2010, vol. 21, pp. 2783-2792.
http://dx.doi.org/10.1007/s10856-010-4142-1

12.Tiainen, H., Wiedmer, D., Haugen, H.J. Processing of highly porous TiO,
bone scaffolds with improved compressive strength. Journal of the
European  Ceramic  Society, 2013, wvol. 33, pp. 15-24.
http://dx.doi.org/10.1016/j.jeurceramsoc.2012.08.016

13. Studart, A.R., Gonzenbach, U.T., Tervoort, E. Gauckler, L.J.
Procession routes to macroporous ceramics: a review. Journal of American
Society, 2006, vol. 89, N 6, pp. 1771-1789.
http://dx.doi.org/10.1111/j.1551-2916.2006.01044.x

14. Schwartzwalder, K., Somers, A.V. Method of making a porous shape of
sintered refractory ceramic articles. US patent No. 3090094, 163.

15.Hanaor D.A.H., Sorrell C.C. Review of the anatase to rutile phase
transformation. Journal of Material Science, 2011, vol. 46, pp. 855-874.
http://dx.doi.org/10.1007/s10853-010-5113-0

Inga Narkevica, Mg.sc.ing., is a doctoral student at Riga Technical
University, Faculty of Materials Science and Applied Chemistry, programme
“Materials Science”. She is a researcher at the Institute of General Chemical
Engineering, RTU Rudolfs Cimdins Riga Biomaterials Innovation and
Development Centre. She is an author of 4 publications in the scientific fields
of titanium dioxide ceramics, its properties and its use as a biomaterial. Her
scientific interest focuses on biomaterials, especially on titanium oxide
ceramic scaffolds for bone tissue engineering.

E-mail: inga.narkevica@rtu.lv

Laura Stradina, Bc. sc. ing., is currently studying for master’s degree at Riga
Tecnical University, Faculty of Materials Science and Applied Chemistry,
programme “Nanotechnology for Materials”. Her main fields of interest are
materials for bone defect regeneration, porous materials and titanium dioxide
ceramics.

E-mail: laura.stradina@rtu.lv

Vladimir Yakushin graduated from Riga Polytechnic Institute in 1971. He
received Dr. sc. ing. degree in polymer and reinforced plastics technology in
1976 from the same institute. In 1981 he started research activity in
polyurethane technology and materials science at Latvian State Institute of
Wood Chemistry, Laboratory for Polymers. He now is a leading researcher,
responsible for the development and testing of rigid polyurethane foams and
coatings. His research activities include properties of epoxy composites
reinforced with various fillers, crosslinked polyurethane coatings and behavior
of rigid polyurethane foams and other materials studied at normal and
cryogenic temperatures.

E-mail: yakushin@edi.lv

Jurijs Ozolins, Dr.sc.ing., professor, is a leading researcher at Riga
Technical University, Faculty of Materials Science and Applied Chemistry,
Institute of General Chemical Engineering. He is an author and a co-author of
more than 100 publications in the fields of polymers technology,
environmental engineering (mass transfer processes, properties of titanium
dioxide ceramics and their use, microbiological contamination of drinking
water) and application of bioceramics. He is the lecturer for the following
courses: Fluid Flow, Heat and Mass Transfer, Unit Operation in Chemical
Engineering, Heat Transfer Processes and Equipment, Special Processes and
Equipment, Processes in Materials Technology.

E-mail: jurijs.ozolins@rtu.lv

Inga Narkevica, Laura Stradina, Vladimirs JakuSins, Jurijs OzolinS. Porainu titaina dioksida keramikas pamatnu ieguve un

raksturojums.

Pasaulé arvien vairak p&tijjumu tiek veltiti jaunu, sint€tisku biomaterialu izstradei, kas paredzgeti bojatu cieto audu aizvietoSanai. Liela interese
kaulaudu inzenierijas pétijjumos ir veltita trisdimennsionalam audu pamatn€m ar pilniba caurejosSu poru struktiiru, jo ta var veicinat
vaskularizaciju, dzivo §tinu piesaisti un proliferaciju. Viens no biosaderigiem materialiem, kuru var izmantot bojatu kaulaudu aizvieto$anai, ir
poraina TiO, keramika. TiO, keramikai ir labakas mehaniskas pasibas neka citiem porainiem keramiskiem materialiem, un tai piemit
osteokonduktivas ipaSibas. Salidzino$i vienkarS$a metode porainu struktiiru iegfiSanai ir sintStiska prekursora piesiicina$ana. Darba ka
prekursors poraino pamatnu iegtiSanai izmantotas elastigas poliuretana putas. Tas tika piesticinatas ar TiO; $likeri, kas sastav no TiO, (anataza)
pulvera, polivinilspirta §kiduma un H,O. Slikera homogenizaciju veica planetarajas bumbu dzirnavas. Paraugu termisko apstradi veica divas
stadijas: organisko savienojumu izdedzinaSana (1) un porainas keramikas sakepinasana 1300 °C — 1500 °C, 10 h—30h (2). Dalu paraugu
atkartoti parklaja ar zemas viskozitates TiO; §likeri un termiski apstradaja gaisa 1400 °C temperatura 20 h. Paradits, ka, izmantojot prekursora
piesiicinasanas metodi, iesp&jams iegilit porainas pamatnes ar pilniba atvertu, caurejosu poru struktiiru, ar poru izmériem 300 pm — 700 pm un
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porainibu virs 90 %. Palielinot poraino pamatnu termiskas apstrades temperatiiru no 1300 °C Iidz 1500 °C, TiO, keramikas graudi labak
sablivgjas, kas veicina mikroplaisu samazinaSanos. Eksperimentali noteikts, ka, palielinot termiskas apstrades temperatiiru un izturéanas laiku,
uzlabojas poraino pamatnu mehaniska izturiba. Pamatném, kas apdedzinatas 1500 °C temperatiira 30 h, izturiba spied€ sasniedz 0,3+0,06 MPa.
Atkartoti parklajot porainas pamatnes ar zemas viskozitates TiO, §likeri, péc termiskas apstrades saglabajas atvérto poru struktiira un biutiski
uzlabojas mehaniskas ipasibas, sasniedzot mehanisko izturibu spiedé 0,74+0,08 MPa.

HNura Hapkeuuna, Jlaypa Crpagunsa, Baaaumup SAxymmn, IOpuii O3oiaunbm. ITlogydyeHue M XapaKTepHCTHKAa TOPHCTBIX
KepaMU4YeCKHX MOAJI0KEeK HA OCHOBE JHOKCH/IA THTAHA.

Bo MHOTHX cTpaHax Bcé GoJbIIe MPOBOANMBIX HCCIIEIOBAHUH CBS3aHO C Pa3pabOTKOH M CO3MaHMEM HOBBIX CHHTETHYECKHX OHOMaTepHalloB
JUISL 3aMEIEHUs] TBEPABIX MOBPEXKICHHBIX TKaHeil. B MHKeHEpHBIX pa3paboTKax KOCTHOM TKaHM OCOOBI MHTEpec yHelmseTcs TKaHEBBIM
nouto’kkaM 3D co CKBO3HOH MOPUCTOI CTPYKTYpOH, CHOCOOCTBYIOLIEH BacKyJSPU3alMI0 TKAHW, MPUCOCAMHEHHUIO XHMBBIX KIETOK M HX
nponudepanun. OZHUM U3 OHOCOBMELICHHBIX MAaTepHaloB, NMPUMEHSACMbBIX AU 3aMEIICHHUsS MOBPEKACHHBIX KOCTHBIX TKaHEH, SBIACTCS
MOpUCTasi KepaMHKa Ha OCHOBE OHOKCHAA THUTaHa, OOJajaromas Jy4dlIIMMH MEXaHHYECKUMU CBOMCTBAMH U OCTEOKOHIYKTUBHOCTBIO.
OTHOCHTENBHO NPOCTBIM METOAOM MONy4YEHHs TaKMX MaTepHUallOB SBIAETCS MPOIMHUTKA CHHTETHYECKHX IMpeKypcopoB. B paborte B kadecTBe
IpeKypcopa Uil MOJYyYEHHs] MOPUCTOM MOIOKKH HCIIOJIb30BAH AIACTHYHYIO TOJIMYPETAaHHYIO IEHY, MPONHMTaHHYI wuiukepom TiO,,
cocrosimuM 1 mopomka TiO, B opme aHarasa, — pacTBopa HMOJMBHHHIOBOTO CIIUPTa M BOJBL. ['OMOreHM3amusi OUIMKepa MPOBOIMIACH B
IUTAaHETapHON IIapOBOW MEJBHHIE, TEPMHYECKYI0 00pabOTKYy OCYIIECTBIUIM B JABYX CTaIusX: BBDKHTAHHE OPraHWYECKHX COCIMHEHUH n
CIeKaHWe MOPUCTON KepaMuKU OpH Bbicokux Temmeparypax (1300-1500 °C) ¢ pasubiM Bpemenem Bbiaepkkd (10-30 h). Yacts o6pasuos
MOKpBIBATUCH NUIHKepoM TiO, HU3KOH BS3KOCTH, UCIIONB3Ysl METO]] BAKYYMHON MHOWIBTPAIMHU C TOCIEAyIoNel TepMUIeckoi 06paboTKol B
Bo3xyxe B Tedenue 20 h. [TosydyeHHBIe pe3yIbTaThl CBHACTEIBCTBYIOT O TOM, YTO ITOPHCTHIE MOIJIOKKH C ITOJHOCTBIO OTKPBITON MPOXOJSIeH
cTpykTypoir mop pasmepom oT 300 mMkm g0 700 MKM M MOPHCTOCThEO Bhimie 90 % MOMy4aroT MPU HCIONB30BAHUU METOAA MPOMUTKH
npekypcopa. C yBeluueHHEM TeMIIepaTypbl TePMUIECKOW 00paboTku mopucthix momioxkek ot 1300 °C no 1500 °C 3epua TiO, kepaMuku
yIDIOTHSIOTCSL Oojee 3 (GEeKTHBHO. IDTO CIOCOOCTBYET 3HAYMTEIHHOMY YMEHBIICHHIO KOJMYECTBA MHUKPOTPEIIVH. OKCIEPUMEHTAIBHO
YCTaHOBJEHO, YTO IOBBINICHHE TEMIEPAaTyphl W BpeMs TEPMUYECKOH 0OpabOTKM yiIydmiaeT MEXaHHYeCKal0 MPOYHOCTh ITOPHCTHIX
KepaMU4ecKuX Motokek. [lpu temmeparype obkura mopucteix momioxkek 1500 °C B teuenne 30 h mexaHumdeckass MpoOYHOCTH 0Opa3LOB
nmocruraet 0,3+0,06 MPa. IIpi mOBTOPHOM TTOKPBITHH 00Pa3loB MOPHUCTHIX MOT0KEK HuTHKepoM TiO, HU3KOHM BSI3KOCTH TOCTE TEPMUIECKOI
00pabOTKM COXpaHSAETCS OTKPHITasl CTPYKTypa IOP M CYIIECTBEHHO YIYYIIAIOTCS MEXAaHWYECKHe CBOWCTBA IIOIOKEK,  3HAYCHHS
MeXaHU4ecKoi mpouHocTy npu cxatuu gocturarot 0,74+0,08 MPa.



