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AUSTENITIC STAINLESS STEEL-TiB2 COMPOSITES
OBTAINED BY HP-HT METHOD

Titanium diboride has many advantages such as a high melting point, high Young’s modulus, low density, good thermal
conductivity and high Vickers hardness. Therefore, the addition of TiB, to metal matrices has also been observed to greatly
increase stiffness, hardness and wear resistance. The aim of the studies was to determine the influence of different contents of
TiB, ceramics on selected properties of AISI 316L austenitic stainless steel. Metal matrix composites containing TiB, as a par-
ticulate phase were produced by high pressure-high temperature (HP-HT) sintering. Next, the apparent density (p,) was
measured using the hydrostatic method. The hardness was determined by the Vickers method. Young’s modulus measure-
ments of the sintered composites were also taken using the ultrasonic method of measuring the transition speed of transverse
and longitudinal waves. This paper also presents the microstructure analysis of composites with different contents of TiB, par-
ticles. The composite was analyzed by observations with an optical microscope, scanning electron microscope (SEM) and en-
ergy dispersive spectrometry (EDS). It was shown that the properties of the composites significantly depend on the sintering
conditions. Generally, the application of a larger participation of strengthening phase improves the properties of the sintered
composite materials. The microstructure of the composites with different contents of TiB, consisted of a fine and uniform
TiB, particle distribution along the grain boundaries.
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KOMPOZYTY STAL AUSTENITYCZNA AiSi316L -TiB, OTRZYMYWANE METODA SPIEKANIA HP-HT

Dwuborek tytanu charakteryzuje wysoka temperatura topnienia, wysoki modul Younga, stosunkowo niewielka gestos¢,
dobra przewodno$¢ cieplna oraz wysoka twardo$¢. Czyni to z ceramiki TiB, material nadajacy sie na umocnienie kompozytu
o osnowie metalowej, poniewaz wplywa on na podwyzszenie m.in. sztywnos$ci, twardoSci oraz odpornosci na Scieranie. Celem
przeprowadzonych badan bylo okreSlenie wplywu réznej zawartoSci dwuborku tytanu na wybrane wlasciwosci stali
austenitycznej AISI316L. Kompozyty metalowe zawierajace czastki TiB, otrzymano, stosujac metode wysokociSnieniowego-
-wysokotemperaturowego (HP-HT) spiekania. Po procesie spiekaniu okre§lono gesto§¢ pozorna (p,) poszczegélnych
kompozytéw, twardo$¢ Vickersa przy obciazeniu 2,942 N oraz warto$¢ modulu Younga, stosujac metode ultradzwigkowa
pomiaru predkosci przechodzenia fali poprzecznej i podluznej. W artykule przedstawiono wyniki badan mikrostrukturalnych
kompozytéw z rézng zawartoscia czastek TiB,. Analiza mikrostruktury obejmowala badania przy zastosowaniu mikroskopu
optycznego oraz skaningowego mikroskopu elektronowego wraz z analiza skladu chemicznego (EDS). Wykazano, ze
wlhasciwosci kompozytéw istotnie zaleza od warunkéw spiekania. Generalnie, zastosowanie wig¢kszego udzialu fazy
umacniajacej wplywa na poprawe wlasciwosci spiekanych materialow kompozytowych. Badania mikrostruktury wykazaly
jednorodne rozmieszczenie czastek TiB, wzdluz granic ziaren osnowy.

Stowa kluczowe: kompozyty o osnowie metalowej, ceramika TiB2, spiekanie HP-HT

INTRODUCTION

Sintering is one of the techniques giving the possi-
bility to receive materials with better properties in com-
parison to regular alloys. Classic methods of sintering
require the application of a high temperature and long
time, which very often causes the growth of grains
and, as a consequence, loss of properties due to the
grain-refined microstructure of the material [1, 2].
A sintering process under high pressure is one of the
techniques which restrains grain growth and accele-
rates densification processes. So far, a few special

processes have been developed: Hot Pressing (HP), Hot
Isostatic Pressing (HIP), High Pressure-High Tempera-
ture (HP-HT).

The main advantage of HP-HT sintering is the pos-
sibility of reaching simultaneously an extremely high
pressure (hundreds of GPa) and high temperatures
during the process. Therefore, due to the concurrent
operation of both pressure and temperature, the sinter-
ing process proceeds much faster (usually in several
minutes) than free sintering which usually takes a few
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to several hours. The obtained sinters are characterized
by a degree of densification reaching almost 100%.
This allows for a fine microstructure of the sintered
materials. The high-pressure devices are constructed
with hydraulic presses and special chambers for the
sintering process. The basic types of high-pressure
chambers utlitized in industry are spherical chambers
of the Bridgman type, chambers of the ‘Belt’ type and
multi-anvil chambers of type [3, 4].

Fig. 1. Scheme of Bridgman-type, toroidal HP-HT apparatus: 1 - anvil
(A - central part made of sintered carbides, B - supporting steel
rings), 2 - pyrophyllite container, 3 - pyrophyllite gasket,
4 - material for sintering, 5 - punch, 6 - supporting plate [5]

Rys. 1. Schemat komory do spiekania wysokocisnieniowego z kowad-
fami sferycznymi typu Bridgamana; 1 - matryca (A - kowadlo
weglikowe, B - pierscienie $ciskajace), 2 - ostona pirofyllitowa,
3 - pierdcien uszczelniajacy z pirofyllitu, 4 - wktad reakcyjny,
5 - stempel, 6 - plyty prasy [5]

Such a structural solution of the synthesis chamber
guarantees a relatively large volume of reactive charge,
optimal distribution of pressure and possibility of
obtaining high temperatures. Their characteristic feature
is attaining a quasihydrostatic state of stress through
a solid medium transmitting the pressure, usually
through various types of rocks. The temperature al-
lowed for the sintering process can be as high as
2000°C or even higher depending on the duration of the
sintering. Such features make the HP-HT method
a promising technique for the densification of materials.
Figure 1 presents a scheme of the chamber for high-
pressure sintering with spherical anvils of the Bridgman
type. The HP-HT method was applied for the sintering
of a large group of materials: diamond [5, 6], regular
boron nitride (¢cBN) [7], TiB, ceramics [8], gradient
materials [9, 10] and composite materials [11-14].

The aim of the research was to determine the influ-
ence of different contents of TiB, ceramics on the pro-
perties and microstructure of composites obtained by
HP-HT sintering.

EXPERIMENT

The starting materials used in this study were
commercial diboride titanium powders (H.C. Starck,
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2.5-3.5 wm grade, purity 99.9%) and AISI 316L austen-
itic stainless steel (KAMB Import-Export, 25 pm
grade). The chemical compositions of the AISI 316L
steel powder and TiB, ceramic powder under study are
given in Table 1. Figure 1 presents the morphology of
the AISI 316L steel powder and TiB, powder.

TABLE 1. Chemical composition of AISI 316L stainless steel
powder
TABELA 1. Sklad chemiczny proszku stali AISI 316L

Chemical composition [wt.%)]

C Cr Ni Mo Mn Si S P Fe

0.027| 17.20| 12.32| 2.02 | 0.43 | 0.89 | 0.030 | 0.028 | balance

TABLE 2. Chemical composition of TiB, powder
TABELA 2. Skltad chemiczny proszku TiB,

Chemical composition [wt.%]

B (0] C N Fe Ti
30.1 1.6 0.36 0.32 0.06 balance
a)
b)

Fig. 2. Morphology of: a) TiB, powder and b) AISI 316L steel powder
used in current study

Rys. 2. Morfologia proszkéow: a) TiB, AISI316L

zastosowanych w badaniach

oraz b) stali

The composites were produced by mixing the pow-
ders in a TURBULA® mixer for 8 hours. The initial
phase compositions of the mixtures for the sample
preparation were as follow:
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- 98 vol.% AISI 316L + 2 vol.% TiB,
- 96 vol.% AISI 316L + 4 vol.% TiB,

The resulting mixtures were formed into discs
(15 mm in diameter, 5 mm high) by pressing in a steel
matrix under the pressure of 200 MPa. The sintering
process was carried out using a high temperature-high
pressure (HT-HP) Bridgman type apparatus. Figure 3
presents the scheme of the reactive charge. The samples
were sintered at temperatures of 1000 and 1300°C and
the pressure of 5 +£ 0.2 GPa and 7 = 0.2 GPa. The sam-
ples were sintered for 60 seconds.
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Fig. 3. Assembly for high pressure-high temperature sintering:

1 - pyrophyllite external gasket, 2 - internal gasket, 3 - ceramic
plate, 4 - molybdenium plate, 5 - sintered sample, 6, 7 - graphite
heater [7, 15]

Fig. 3. Schemat wsadu reakcyjnego stosowanego W procesie
wysokocisnieniowego spiekania: 1 - ksztaltka zewngtrzna,
2 - ksztattka wewngtrzna, 3 - zatyczka, 4 - blaszka molibdenowa,
5 - spiekana probka, 6, 7 - grafitowe elementy grzewcze [7, 15]

The density was determined by weighing in air and
water using the Archimedes method. The uncertainty
of the measurements was 0.02 g/cm’. The Young’s
modulus of the composites was measured based on the
velocity of ultrasonic waves transition through the sam-
ple using the ultrasonic flaw detector Panametrics
Epoch III. The velocities of the transverse and longitu-
dinal waves were determined as the ratio of sample
thickness and relevant transition time. The accuracy of
the calculated Young’s modulus is estimated at 2%.
Calculations were made using the following formula:

3C; —4C;
E=pC;—L —T

Cr-Cr
where: E - Young’s modulus, C; - longitudinal wave
velocity, Cr - transversal wave velocity, p - material
density.

Vickers indentation tests were performed on the po-
lished surface of the samples using an FM-7 micro-
hardness tester. Five hardness measurements, with in-
dentation loads of 2.94, were carried out for each sam-
ple. The standard deviations of the HV values were no
more than 4% of the average values. For the morpho-
logical characterization of the composites, an Olympus

GX-51 optical light microscope and a JEOL JSM
6610LV scanning electron microscope (SEM) were
used. The EDS technique (AZtec) was applied to de-
termine the chemical composition of the sintered mate-
rials.

RESULTS AND DISCUSSION

The results of the measurements of the selected
properties of the composites obtained by HP-HT sinte-
ring are given in Table 3 and Figures 4 and 5. For the
applied conditions of sintering, composites with a very
high level of consolidation were obtained. The density
values are 99 and 98% of theoretical density. It was
observed that the Young’s modulus of the composites
increases with the increasing content of TiB, phase
(Fig. 4). The highest values of Young’s modulus were
obtained for the samples with 4% vol. TiB,, namely:
205 GPa and 204 GPa at the temperature of 1300°C
and pressure of 5 £0.2 GPa and 7 +0.2 GPa, respec-
tively. The application of various pressures at the same
temperature do not essentially affect the Young’s
modulus values. Moreover, the Young’s modulus of the
sintered composites increased with a rise in sintering
temperature. An increase in microhardness with an
increase in titanium diboride content was observed.
It is interesting that the composites which were
obtained at the lower temperature of 1000°C have
a higher hardness value. In the case of the composites
with 2% vol. TiB,, the hardness is 336 HVO0.3 and
354 HVO0.3 at the pressure of 5 +0.2 GPa and
7 £0.2 GPa, respectively. However, the composites with
4% vol. TiB, reached the hardness of 350 GPa and
370 GPa, at the pressure of 5 0.2 GPa and 7 0.2 GPa,
respectively. The application of the highest temperature
of 1300°C at the same pressures caused a reduction in
the hardness of about 28+35%. In these conditions, the
hardness of the investigated composites was in the
range of 223+254 GPa.

TABLE 3. Effect of temperature, pressure and different TiB,
content on composite density
TABELA 3. Wplyw temperatury, ci$nienia oraz réznej zawar-
tosci TiB, na gestos¢ kompozytow

Composite Temperature | Pressure Degjity 0/ Preor
[°C] [GPa] [e/em’] [%]
1000 5 7.86 100
AISI316L+ 2% 1000 7 7.85 99
vol.TiB, 1300 5 86 00
1300 7 7.74 99
1000 5 7.80 100
AIST316L + 1000 7 7.87 100
4% vol. TiB, 1300 5 775 %
1300 7 7.75 99
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Fig. 4. Effect of TiB, particle content and sintering conditions on Young’s modulus values

Rys. 4. Wplyw zawarto$ci ceramiki TiB, oraz warunkow spiekania na wielko$¢ modutu Younga

Fig. 5. Effect of TiB, particle content in matrix and sintering conditions on composites microhardness

Rys. 5. Wptyw zawartosci ceramiki TiB, w osnowie oraz warunkéw spiekania na mikrotwardos¢ kompozytow

Figures 6-8 present the microstructure of the
composites reinforced with 2 and 4% vol. TiB,
which were sintered in different conditions. The
uniform distribution of titanium diboride in the micro-
structure of the composites was observed (Fig. 6).
The EDS analyses indicated the presence of TiB, along

a)

the grain boundaries in all the sintered materials. The
TiB, particles that appear in dark contrast present an
average grain size of about a few um. Additionally,
the mapping of the element distribution (Fig. 8) con-
firmed the occurrence of TiB, ceramic along the grain
boundaries.

b)

Fig. 6. Selected composite microstructures with different of TiB, particle content (sintered at temperature of 1000°C and pressure of 7+0.2 GPa):

a) 2% vol. TiB, and b) 4% vol. TiB,

Rys. 6. Mikrostruktura kompozytow z rézna zawartoscia czastek TiB, (spiekanych w temperaturze 1000°C oraz przy cisnieniu 7+£0.2 GPa): a) 2%

vol.TiB, and b) 4% vol. TiB,

Composites Theory and Practice 12: 4 (2012) All rights reserved
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a) b)
c)
EDS analyses | Fe [wt.%] Cr [wt.%] Ni [wt.%] Mo [wt.%] Si [Wt.%] Ti [Wt.%] Mn [wt.%] B [Wt.%]
Point 1 67.0 17.7 11.8 1.9 13 03
Point 2 259 79 4.4 0.6 0.4 30.7 0.1 30.0

Fig. 7. Typical composite microstructure with different of TiB, particle content (sintered at temperature of 1000°C and pressure of 7+0.2 GPa):
a) 2% vol. TiB, and b) 4% vol. TiB; and ¢) corresponding EDS point analyses

Rys. 7. Typowa mikrostruktura kompozytéow z rozng zawarto$cia czastek TiB, (spieckanych w temperaturze 1000°C oraz przy ci$nieniu 7+0.2 GPa)
a) 2% vol.TiB, i b) 4% vol. TiB; oraz c¢) wyniki analizy punktowej EDS
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Fig. 8. Selected SEM microstructures of composites with 4% vol. TiB, particles and corresponding maps of Ti, B, Mo, Fe, Cr, Mn and Ni (sintered at
temperature of 1300°C and pressure of 5 £0.2 GPa)

Rys. 8. Wybrana mikrostruktura SEM kompozytéw z udziatem 4% obj. czastek TiB, wraz z powierzchniowa analiza sktadu chemicznego (spiekanych
w temperaturze 1300°C oraz przy cisnieniu 5 £0.2GPa)
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CONCLUSIONS

In this work, AISI316L stainless steel-diboride tita-
nium composites were successfully fabricated using
HP-HT sintering. It was shown that the composites pro-
perties significantly depend on the sintering conditions.
The density, Young’s modulus, hardness and micro-
structure of the composites sintered at different tempe-
ratures and different pressures suggest that the lower
temperature of 1000°C is sufficient for good quality
HP-HT sintering of these materials. Moreover, the in-
fluence of the different volume fraction of TiB, ceramic
phase on the mechanical and physical properties was
analyzed. The increase in TiB, content improves the
properties of the sintered composites. The microstruc-
ture of the composite materials was characterized by
uniform distribution of fine TiB, particles along the
grain boundaries.

Acknowledgements

The author would like to thank Professor Lucyna
Jaworska from Institute of Advanced Manufacturing
Technology in Cracow, for her help in the HP-HT sin-
tering of the composites.

The study was conducted under Research Project
No. N N507 222840.

REFERENCES

[1] Cia$ A., Frydrych H., Pieczonka T., Zarys metalurgii prosz-
kow, Wydawnictwo Szkolne i Pedagogiczne, Warszawa
1992.

[2] Kazior J.,, Analiza czynnikow technologicznych decy-
dujacych o wiasnosciach spiekanych austenitycznych stali
nierdzewnych, Monografia 164, Wydawnictwo PK, Krakow
1994.

[3] Bundy F.P., Ultra-high pressure apparatus, Phys. Rep. 1988,
3, 156-175.

Composites Theory and Practice 12: 4 (2012) All rights reserved

[4] Eremts M.I., High pressure experimental method, Oxford
University Press, Oxford 1996.

[5] Jaworska L., Wysokocisnieniowe spiekanie proszkow dia-
mentowych, Prace IOS, seria Zeszyty Naukowe nr 82,
Krakow 2002.

[6] Yin L.-W., Zou Z.-D., Li M.-S,, Liu Y.-X., Hao Z.-Y.,
Structural imperfections in synthetic diamond single crystals
prepared by the HPHT method, Applied Physics 2000, A71,
4, 457-459.

[71 Klimczyk P., Badanie wplywu sktadu fazowego i pa-
rametrow otrzymywania kompozytéw z regularnym azot-
kiem boru na ich wlasciwosci wytrzymatosciowe, Praca
doktorska, AGH, Krakow 2005.

[8] Sulima I., Figiel P., Suéniak M., Swiatek M., Sintering of
TiB, ceramic, Archives of Materials Science and Engineer-
ing 2007, 28(11), 687-690.

[9] Rozmus M., Cermetalowe materiaty gradientowe, Materiaty
Ceramiczne 2006, 4, 142-147.

[10] Rozmus M., Jaworska L., Krélicka B., Putyra P., Gradien-
towa mikrostruktura kompozytowych spiekow diamen-
towych przeznaczonych na narzedzia skrawajace, Mate-
rialty Ceramiczne /Ceramic Materials 2009, 61, 3, 192-
-196.

[11] Klimezyk P., Figiel P., Petrusha I., Olszyna A., Cubic boron
nitride based composites for cutting applications, Journal of
Achievements in Materials and Manufacturing Engineering
2011, 44/2, 198-204.

[12] Wyzga P., Jaworska L., Bu¢ko M., Putyra P., Kalinka A.,
Sintering of TiB,-TiN nano- and micropowders, Kompozyty
(Composites) 2011, 1, 34-38.

[13] Figiel P., Jaworska L., Putyra, P. Klimczyk P., Bryla K.,
Wysokocisnieniowe 1 swobodne spiekania kompozytéw
cermetalowych z udzialem nanometrycznych proszkéw TiC,
Kompozyty (Composites) 2008, 130-135.

[14] Sulima 1., Jaworska L., Wyzga P., Perek-Nowak M., The
influence of reinforcing particles on mechanical and
tribological properties and microstructure of the steel-TiB,
composites, Journal of Achievements in Materials and
Manufacturing Engineering 2011, 48, 1, 52-57.

[15] Jaworska L., Ceramic cutting-edge materials, Tooling Mate-
rials, The Institute of Advanced Manufacturing Technology,
Krakow 2011.



