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In order to increase the hardness and other mechanical characteristics of the composites
produced through the SHS/PHIP process using ilmenite and Al as precursors, and the conversion
of Fe to FeAl in the product, additional Al, in comparison to the stoichiometric amount, was used.
After performing a number of experiments, the green mixture with a 50% addition of Al to the
stoichiometric amount was chosen as optimal. The results of XRD and microstructural analyses
with SEM and EDS methods show that the product is a composite consisting of TiC, TiB,, FeAl,
Al,O3, as well as metastable AlggFe 4 phase. Hardness and fracture toughness of this composite
measured by the Vickers indenter method, as well as density measured by the ASTM C GO7
method show that the product is a lightweight composite with very high hardness and toughness,
in comparison to conventional ceramics. Moreover, no sign of rusting and oxidation was observed
on the surface of the product in an aguatic environment.

Fig. 6, tabl. 1, ref. 8.

Introduction

Ceramic composites containing aluminium oxide, boron carbide, and titanium
diboride can produce unique mechanical properties which make them appropriate for
different applications of high wear resistance, high toughness, high melting point, high
thermal shock resistance, and relatively low density. Some of the applications of this
type of composite are cutting tools, drawing dies, hardface mechanical sealing, military
light weight ceramics (armor), and other wear-resistance components [1-2]. Production
of these ceramics and composites using hot isostatic pressing (HIP), hot pressing and
conventional sintering is costly because of the facility intensive and time intensive nature
of these processes [3]. Moreover, the low fracture toughness (Kic) of these materials can
limit their use in specific applications alone. One of the most effective methods for
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increasing fracture toughness (KIC) is the process, in which a binder with appropriate
toughness is used for connecting other components [4]. IImenite concentrate (FETiIOs)
has the potential of being the main raw materia for producing of multi-ceramic
composite with high toughness, fracture toughness and low price. As a result of
auminathermic reduction Ti can cause the formation of titanium diboride (TiB,) and
titanium carbide (TiC). Moreover, and Fe, alone or as an intermetallic component FeAl,
can act as a binder appropriate for high fracture toughness [5]. In the present study
ilmenite concentrate powder (Kohnoj mines, Iran), as well as Al powder and a low
percentage of B,C powders were used as raw materials. Moreover, for the production of
a dense multi-ceramic composite, self-propagating high-temperature synthesis (SHS) or
combustion synthesis (CS), combined with the pseudo hot isostatic pressing (PHIP) were
used. The latter have certain benefits, such as high energy efficiency, reduction of
production time, high purity of products due to evaporation of volatile impurities during
high temperature reaction, and the relative simplicity of the process and equipment used
[21-3].
The main reaction of this processis:

3 FeTiO; + B,C + 6Al — 3Al,0;3 + 2TiB, + TiC + 3Fe (@]
P=1-10 atm T4 = 2500K

To change Fe into FeAl, Al was increased by 50%, more than the Al of the above
reaction, and it is expected that the following reaction be gained:

3 FeTiOz + B4C +9A1 — 3Al,0;3 + 2TiB, + TiC + 3FeAl (2
P=1-10atm Ty = 2325K

The abovementioned values of adiabatic combustion temperature were calculated
using ISMAN-THERMO software [6].

Experimental

In the current study the following raw materials were used:

IImenite concentrate with 81% content of FeTiOs (considering the XRF analysisin
table 1) and mean particle size of 15 pm;

B,C powder with 95% purity and particle size of less than 10 pm;

Aluminium powder with 99% purity and mean particle size of 20 um.

Considering reaction 2 and the purity of the used ilmenite, the necessary quantities
of the above powders were prepared and were completely dried in an oven in 80 + 5°C
for 20 hours. Then the prepared powder mixture was milled for 7 hours under rotation
speed of 60 rpm in a ball mill with a 200 mm diameter and 150 mm length. The ball to
powder weight ratio was 25 and ball with diameter 5-15 mm [7]. 60 grams of the milled
powder were compacted into disc-shaped tablets of 50 mm diameter and 14mm height,
with a hydraulic press at 5 MPa pressure. This weight and pressure were gained by a
number of experiments in order to achieve a portable tablet without cracks or other
apparent defects [7]. The produced tablet was transferred to a SHS/PHIP system like a
schematic figure (1). This system is designed in a way that the dust and gases resulting
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from combustion and inclusions can easily exit from the sand surrounding the tablet
during combustion and compression. During compression the sand plays the role of
isostatic transmission of power to the tablet [7]. By adjusting pressure, delay time, and
the time of compression, a number of samples were produced, the best result of which,
for an intact sample without cracks and sufficient strength, was gained with 100 MPa
pressure, 10 seconds delay time, and 10 seconds time of compression. In order to avoid
thermal shock to the synthesized samples, these samples were transferred to a furnace
with 1000°C temperature after synthesis and then were cooled with 2°C /min speed [7].

Table 1. XRF chemical analysis of ilmenite

compound Wt.%
AlLO; 1.38
MgO 0.37
Ca0 2.16
Fe,0, 47.64
TiO, 42.59
SO, 5.61
N&a,0 0.02
K0 0.04
SOs <0.05
Punch
; —— Upper block
Sample . Termocouple

Ignition (TisC) Photocell

Down block

Mould

Figure 1. The scheme of the SHS/PHIP experimental set up.

Results and discussion

1. Phase constituents of combustion synthesized product.

Figure 2 shows the X-ray diffraction pattern of synthesized sample, in which FeAl,
Al,O3 TiB,, TiC phases are clearly visible. Note that the semi-stable AlgsFe, phase is
present in the products too. Furthermore, there are no characteristic peaks of the initial
reactants, namely ilmenite, B,C, and Al, in the product. It should be taken into
consideration that since ilmenite used in this synthesis has a 81% purity, a certain
additional amount of ilmenite has been added to the stoichiometric amount of reaction 2

[7].
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Figure 2. XRD pattern of the synthesized product.
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2. Microstructure of combustion synthesized Al,O4/TiB,/TiC/AlFe composite.

The study of microstructure by scanning electron microscopy (SEM) equipped with
an EDS (energy disperse spectrometry) detector confirms the results of the formation of
the TiB,, TiC, Al,Os, and FeAl compounds (figures 3, 4 and 5).

30 ym EHT = 18,50 kv Signal A= CZ BSD Date :2 Sop 2012
WD = 15.0 mm Mag= 500X

Figure 3. The overall distribution of phases.

13



14

0 pm EHT = 20,00 kv Signal A= CZ BSD Date :2 Sep 2012
WD = 13.5mm Mag= 200KX

cps/eV
140-|
120-|
Fe
100+ Al
L si ca Ti Mn
Mn
60
Fe
a0
20
o il | i b .
2 i 3 &
kew
P

White area Black area
Figure 4. EDS analysis results for regions containing Al,O3 (black) and FeAl (white).
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Figure 5. EDS analysis result for regions containing Ti compounds.

3. Hardness and density.

The density of samples prepared by SHS/PHIP process, after grinding and cutting
was measured by the ASTM C GO7 method and the 3.9 gr/cm?® density was obtained.
Moreover, hardness of samples was measured through the Vickers method and various
forces were 3-60 Kg, and the mean hardness was 1650 HV (for material obtained with
stoichiometric amount of Al, hardness was 1500 HV). It should be noted that we tried to
measure the fracture toughness of the samples too using the Vickers indentation fracture
toughness test [8]. But there was no detectable crack produced using different forces in
Vickerstest [7].

4. Resistanceto rusting in the aquatic environment.

In order to ensure the transformation of Fe into FeAl and full removal of Fe in the
microstructure, in addition to previous tests, the samples were immersed for 10 daysin a
normal aguatic environment at a mean temperature of 30°C. After 10 days no sign of
rusting was observed on the surface of samples. However, on the samples containing Fe,
with asimilar test, rusting was clearly visible (figure 6 a).
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@) (b)
Figure 6. (2) Sample with Fe binder after immersion in tap water; (b) Sample with FeAl binder
after immersion in tap water.

Conclusion

Combustion synthesis coupled with PHIP method, and use of ilmenite concentrate
with additional Al, produced a multi-ceramic composite of Al,Oy/TiC/TiB,/FeAl. This
composite has very high toughness, appropriate fracture toughness, and resistance to
oxidation in aguatic and humid environments. As a result, this composite is suitable for
use as wear resistant and high strength parts. Furthermore, the relatively low density of
this composite, and the above mentioned properties can make it suitable for uses such as
armors.

ULSNRUDPLP UJEBLANRYP USYESNRE3NRULL APU-UTULUUL BNULUUNY,
BPLUGULPSE LSUL3NREP OQSUANTOUUUL UEMUUrIUYUL
TNUNNehSLELh USUSUUL 4T

U. QLAP, 2. EMPU b U. MUNUSSUL

Pdkuhnp b wpnidhth oguunugnpsdwdp APU dudjdwt tnubwlny unwugqud
Undwynqhghnt  wmptph wdpmpuit b wy]  dbjuwbhjuljut  punipwgpbph
pupbjudiut tyuwunwlny, hswybu twb ptwlghuih wpyniupmd unnwgynn Fe-p
FeAl-h thnhwplbnt hwdwp, Euyht pnduhiwntnipnhtt wnpdlp £ Al-h wdbignily:
Uwnnignnqujutt thnpdtph wpnniupnid npybu oywpdw) b puwnpyt] nkwlghuygh
unkjuhndbnphwyh tyundwdp Al-h 50% wybigniyp:

N30, EU b dhypnwbwihqh wpmynitpubpp gnyg u wnydk), np nkwlghuyh
wpquuhpl hpkuthg tbpjuyugunid £ jndwynghn’ punugws TiC, TiBs, FeAl, Al:Os,
husytu twlb AlssFers dbnmwuwnwphp dwqhg: dhitpuh tnuwbwlnd Junmwpdws
swthnidubph,  hywbu  twb  junnipjut swihnwdubph wpnibpubiphg
Eqpuljugmpinit E wpdl] np uvnugqus ndynghnt wjwinulijut jEpudhlugh
tjuwndwdp wsph bt pujunmd wpwdbk] wupnipjudp b phplnipjudp: Fugh wy,
unugywd §ndwynghwup opuyhlt hgwjuypnid Ynnnghwyh sh Eupwplynid:
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BJIMAHWE M3BBITKA ATIOMWHINA HA TIOJIYYEHME KEPAMWYECKWX
KOMIIO3UTOB METOOM CBC-IIPECCOBAHWA C UCIIOJIb3OBAHUEM
KOHLIEHTPATA WJIBMEHUTA

M. XOJITH, T. 5APUC u C. JI. XAPATAH

Jlyis TOBBIIEHNS TBEPAOCTH U SPYTUX MEXaHWIECKUX XaPAKTEPUCTUK KOMIIO3H-
TOB, Moay4eHHbIX MeTogoM CBC-mpeccoBanus ¢ ucnons3oBaHreM wibMeHuTa 1 Al B
KadyecTBe IIPEKypPCOPOB, a Takxe mpeppamenus Fe B FeAl B mpopykre GBLI MCIIOIB30-
BaH M30BITOK Al II0 CpaBHEHHUIO CO cTeXuoMeTpudeckuM kKonudectBoM. [Toce mpose-
IeHusd psAfa SKCIepPHMEHTOB B KaueCTBe ONTHMAIbHOM ObIna BRIOpaHA HCXOAHAS
cmech ¢ 50% u36srrkom Al. Pesynbrater POA 1 MUKpPOCTPYKTYpHBIX aHAJIH30B C IIO-
mompio COM 1 MuKpoaHamM3a IMOKa3aay, YTO MPOAYKTOM PEaKIIMH ABIAETCA KOMIIO-
sur, cocrosmmii u3 TiC, TiB2, FeAl, AlQOs, a Ttakxe MeracTabuiabHON a3bl
AlssFeis. II1OTHOCTB, TBEPAOCTD U BA3KOCTh Pa3pyLIEHHS STOrO KOMIIO3UTA, U3MEPEeH-
HBIE 110 MeTOny Bukkepca, IToKas3anu, YTo MPOAYKT IPeAICTaBIIeT COG0I IeTKUit KOM-
IIO3UT C OY€Hb BHICOKOH TBEPIOCTHIO M IPOYHOCTHIO II0 CPAaBHEHUIO C TPAAUIIMOHHOM
KepamMuKoii. Kpome Toro, HUKaKuX IIPU3HAKOB KOPPO3UM He HAGJIIOJAIOCH Ha IIOBEPX-
HOCTH IIPOAYKTa B BOAHOM Cpefie.
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