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MuKpoOCTPYKTYpa U MeXxaHMYeCKHe CBOICTBA KOMIIO3HTHBIX MATEPUAJIOB Ha
OCHOBe ’KeJie3a, apMHUPOBaHHBIX HaHo4yactunamn TiC
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@akynpTeT HHXEHEPUH HPUKIATHBIX MaTepuanoB, HammonanpHblii XaHOAaTCKUIl yHHBEpPCHTET,
Truwxon, Pecmybimka Kopes

Komnosumnvle mamepuanst na ocrose jceiesd, apMuposanible PA6HOMEPHO PACHPOCMPAHEHHbIMU
nanovacmuyamu TiC, nonyuensl ¢ HOMOWBIO NIAHEMAPHOLO PPe3eposanUsl 8 apeoHe U NOCieOyIole-
20 eopauezo npeccosanus. Ilymem usmenvuenus 6 mevenue 6 4acos u 2opsaue2o Npecco8anis mame-
puana npu memnepamype 1100°C u dasrenuu 50 MIla oxkazanoce 03MOAICHIM NOLYUUNMD 0OPA3YbL
KOMNO3UMHBIX MAMEPUAnos ¢ NoYmu MAakCuManbHot niaomuocmuvio. Hccnedosanst chepuueckue
uacmuywl TiC u 6onoknucmule meaxooucnepcuvie Fe;C gasvl, komopuvle 06pasyiom mampuyy KOMno-
SUMHO20 MAMEPUANa Ha OCHoGe dicene3d. MuKpocmpyKmypHulll aHaau3 NOKA3ai, Ymo yCpeoHeHHbll
ouamemp uwacmuy TiC u onuna Fe;C ¢asz ymenvuiaiomes ¢ ygenuvenuem 06beMHO20 COOePICANUS
uacmuy TiC. 3Hauenue npedena mexyuecmu npu CHCAmMu KOMIOZUMHBIX MAMEPUANIOB, NOJYYEHHbIX
2OPAUUM NPECCOBAHUEM, YEETUUUBACICSl NPONOPYUOHALbHO codepoicanuto ywacmuy TiC: 1,3 I'Tla ona
7,5% TiC. Hccneoosana 63aumocesasb mexncoy MUKpOCHPYKMYPHbIMU XAPAKMepUCmuKamy u npe-
0e10M meKyuecmu KOMRO3UMHbIX Mamepuanos, apmuposannvix wacmuyamu TiC. Ha ocnose mexa-
Husma ynpounenus Opo8ana MOXCHO NPeOnoIONCUNb, 4mo 60Jee BbICOKOe 3HAYeHUe NPOUHOCHIU
umeem mecmo npu Oonvbutem codepocanuu uacmuy TiC, 6 OCHOBHOM 6CeOCmBUe COKpAUeHUs
paccmosanus mexcoy apmupyrowumu nanovacmuyamu TiC.

Knrouegvie cnoea: KOMIO3NUT ¢ MaTpUIICH Ha OCHOBE jKeyeza, HaHowyactua TiC, MHKpo-
CTPYKTYpa, MEXaHHUECKOEe JIETUPOBaHUE, Topsdee NMPecCOBaHUE.

Introduction. Metals and alloys are often reinforced with ceramics to enhance their
strength and wear resistance, and various metal-ceramic composites are widely used in
many industrial fields. Among these, the iron- based composites have gained a considerable
attention insofar as they possess both excellent mechanical properties and relatively low
cost [1-4]. Titanium carbide has been frequently chosen as a reinforcing material to iron
matrix due to its high values of hardness, elastic modulus and chemical stability [5-7].
Metal-matrix composites can be classified into various types, including fiber- and particle-
reinforced. Although the largest enhancement in mechanical properties can be achieved with
fiber reinforcements, particle-reinforced composites exhibit an advantage of isotropic
properties. There are also diverse ways to fabricate particle-reinforced iron-matrix
composites, but powder metallurgy routes involving the addition of TiC powders to iron
powders are often considered as the most suitable method, especially for nanosized
reinforcing particles [5-8]. Composite powders can be prepared by many different methods,
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and mechanical alloying (MA) is one of the most appropriate methods that may involve a
wide range of reinforcing particle volume fractions and provide the uniform distribution of
fine particles in the matrix. Grain size reduction of alloys via mechanical alloying process
is also of interest, because it may improve the mechanical strength of these alloys, possibly
even without deteriorating their ductility [1].

Indeed, the hardness and yield strength of the metal-matrix composites can be
noticeably improved by increasing the volume percent of the reinforcing hard phase in the
matrix, but, as with the most metal-matrix composites, the remarkable reduction in ductility
through the addition of hard and brittle ceramic particles to the metal is inevitable. The
influence of reinforcing particle size on the mechanical properties is complicated. Finer
reinforcing particles are expected to increase the strength of a composite more effectively
than coarser ones. It has been reported that the yield strength of a cast aluminum alloy was
remarkably increased by nanosized SiC particles, and this improvement was much higher
as compared to the reinforcing effect of adding the same amount of microsized SiC
particles [9]. However, very fine particles tend to easily agglomerate, and this may probably
result in lower strength and ductility values [4]. A porosity associated with particle
agglomeration can be also influential.

However, if very fine spherical TiC particles are uniformly distributed in the metal
matrix, the enhancement of hardness and strength may be possible without sacrificing much
ductility. Paramsothy et al. [10] showed that asddition of alumina nanoparticles to
magnesium alloy could even enhance the ductility. A small amount of submicron-sized
alumina particles also could increase the ductility of magnesium attributed to the
combination effects of grain size reduction, presence of uniformly distributed fine particles,
and slip occurrence on extra nonbasal slip system [11]. But, in case of magnesium matrix
composites, an apparently higher ductility was observed when nanosized alumina particles
were incorporated, as compared to submicron-sized ones [11].

A few studies have been conducted on TiC nanoparticle-reinforced iron-matrix
composites, even though numerous studies on iron composites with micron-sized or larger
reinforcing particles have been carried out. Meanwhile, when micron scale TiC particles
were used to fabricate TiC nanoparticle-reinforced iron-matrix composites, considerably
long-term milling time was usually required [1]. But, it is expected that the milling time can
be significantly reduced if currently commercially available nanosized TiC particles are
directly used. The present research aims to confirm that uniformly distributed TiC
nanoparticle-reinforced iron-matrix composite with high strength and high ductility can be
fabricated via a relatively fast and simple process. Furthermore, the relationship between
microstructure and mechanical properties of nanosized TiC-reinforced iron-matrix
composites has not been clarified yet. Therefore, in this research, iron powders and TiC
nanoparticles were mechanically alloyed for a short time and hot-pressed to produce the
iron-based composites, whereas the correlation between the microstructure and the yield
strength of them was mainly discussed with respect to the volume content of TiC.

Experimental Methods. Elemental powder mixtures containing Fe (0.25 wt.% C)
with an average powder size of 40 um and TiC with an average size of 20 nm (MTI Corp,
> 99%) were used to prepare the composite powders. The compositions of composites were
implied to contain 2.5, 5.0, and 7.5% volume of TiC nanoparticles. After preliminary
mixing of the elemental powder mixtures in a steel jar with a purge of argon for 1 h,
mechanical alloying was carried out at room temperature for 6 h with a high energy
vibratory mill using a stainless steel container and 25.4 mm diameter chrome steel (JIS
SUJ2) balls. This comparatively short milling time of 6 h was set up not in order to obtain a
nanosized grain structure, but to provide homogeneously distributed TiC nanoparticles in
the matrix. The volume fraction ratio of the ball charge in the container was about 0.6 and
the ratio of the ball to powder was 50:1. To avoid oxidation during the milling process, the
container was placed into the high-purity argon atmosphere.
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After the mechanical alloying, the mixed powders were extracted and placed into a
graphite mold, and then subjected to the uniaxial hot-pressing at the pressure value of
50 MPa in the argon atmosphere. Coin-shaped specimens with the diameter of 25 mm were
finally produced. The hot-pressing condition, at 1100°C for 4 h, was selected through a
series of preliminary experiments to assure that the hot-pressed specimens possess at least
99% density. The increased densification with increased pressing temperature was clearly
observed, but the lowest temperature to obtain a high enough density (>99%) was
employed for minimizing the grain growth and manufacturing cost. The density was
determined by the Archimedes principle according to ASTM C373-72.

Specimens for optical microscope and scanning electron microscope (SEM, JEOL
JSM-5600) examination were prepared to follow the conventional metallographic
techniques. The sectioned samples were polished with emery papers of different grits in
succession, and then disk-polished with a diamond paste to get a mirror surface. Phase
identification was performed by using the X-ray diffractometer (XRD, Rigaku RINT2200)
with CuKea radiation. Transmission electron microscope (TEM, JEOL 2100 F, 200 kV)
equipped with energy dispersive X-ray spectrometer (EDS) was used to investigate the
microstructure of hot-pressed specimens in depth. TEM specimens were thinned to less
than 100 um by polishing with SiC paper and punched to disks with a diameter of 3 mm,
while the final thinning was carried out by iron milling. Compressive tests at room
temperature were conducted with an Instron testing machine for the hot-pressed specimens.

Results and Discussion. The diameter of mechanically alloyed iron powders without
TiC addition ranged from a few micrometers to 50 um. The mean diameter of TiC-
containing powders appeared to be somewhat smaller (~30 um) than that of the iron
powders without TiC. However, no clear effects of TiC content on the powder size were
observed. During the high-energy attribution milling process, the elemental powders in the
mixture are repeatedly cold-welded and fractured. The powders are gradually work-
hardened, while the fracture mechanism becomes dominant, resulting in generally decreased
size with the milling time. This powder size reduction will be stopped when a steady state
is established between the cold welding and the fracture rates. The elemental powders
without TiC nanoparticles are softer than those containing TiC, and it seems quite
reasonable that larger powder size is obtained in the absence of TiC particles, due to a
stronger cold-welding effect. Figure 1 shows the XRD analysis patterns for mechanically
alloyed powders with and without reinforcing TiC nanoparticles. It indicates that peaks for
TiC become apparent as the volume percent of TiC particles is increased [12, 13]. Insofar
as the original iron powders contain about 0.25 wt.% C, peaks for Fe;C phases were
expected to be detected, but turned out to be indistinguishable from those for the iron
matrix.
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Fig. 1. The XRD analysis results for mechanically alloyed Fe+xTiC powders.
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Density measurement and SEM microstructure observations confirmed that almost
fully densified composites with no apparent porosity were successfully prepared after the
final hot-pressing process. The applied press temperature of 1100°C, which is relatively
low, should be desirable for the future industrial applications [1, 12]. As shown in Fig. 2,
comparatively uniformly dispersed fine Fe;C phases, as well as TiC particles, were formed
in the hot-pressed composite specimens. The TEM-EDS analyses revealed that the generally
fibrous phase and the spherical phase corresponded to Fe;C and TiC, respectively.

Table 1 shows that the mean length of fibrous Fe;C tends to decrease, while its width
increases with increasing the volume percent of TiC. Since the original size of TiC particles
was about 20 nm, a little agglomeration or coarsening of TiC apparently occurred in all the
specimens. The mean diameter of TiC particles was found to decrease with increasing the
TiC content. Considering that a milling time of 6 h was applied [1, 12], it can be concluded
that uniformly distributed TiC nanoparticle-reinforced iron-matrix composites were
successfully prepared in a short time. Nowadays, many kinds of nanoparticles are
commercially available with reduced costs, so often it would be expedient to mechanically
alloy nanoparticles directly with matrix powders, rather than to convert micron-sized
particles into the nanosized ones through a prolonged milling.

revd El:\’lolrphological Characteristics of Fine Fe;C and TiC Phases in Iron Matrix
TiC, Fe;C TiC
vol.% Length (um) Width (um) Mean diameter (um)
2.5 0.82 0.10 0.124
5.0 0.68 0.12 0.088
7.5 0.65 0.15 0.070

Fig. 2. TEM micrographs of hot-pressed specimens showing fine phases: (a) 2.5% TiC; (b) 5% TiC;

(c) 7.5% TiC.
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The effect of volume percent of TiC on the compressive properties of the hot-pressed
specimens was also investigated. Figure 3 indicates that the yield strength increases
gradually with the volume percent of TiC, and all the investigated specimens possess a
good ductility (at least 40% strain). Noteworthy is that a significant enhancement in
strength was achieved for high volume content of TiC without deterioration of the
elongation characteristics. This combination of increased strength with retained fairly good
ductility is mainly attributed to the refined matrix microstructure, as well as existence of
TiC nanoparticles. In order to differentiate the effect of TiC particles on the strength from
that of Fe;C phases, the compressive yield strength of base specimen (without TiC
addition) is also compared in Fig. 4.
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Fig. 3. Compressive stress—strain curves for hot-pressed specimens.
Fig. 4. Comparison of compressive yield strength for hot-pressed Fe+xTiC specimens.

It has been reported that the strengthening of metal matrix by addition of hard
particles is mainly attributed to the load-bearing effect of the reinforcement and the
dislocation strengthening in the matrix [14—16]. The load-bearing effect of the reinforcing
particles is that the reinforcement can share the applied stress directly with the matrix,
whereas the dislocation strengthening is related to the generation of additional dislocations
in the matrix owing to the introduced reinforcement. Since these two mechanisms are
known to be interrelated/coupled, they can produce a combined effect. For particule-
reinforced composites, the load-bearing effect is proportional to the volume percent of
particles, but the effect of dislocation strengthening in the matrix is related to more diverse
mechanisms [17]. One of the main mechanisms contributing to the second effect is the
well-known Orowan stress or stress increase required for passing a dislocation through an
array of impeding particles. The Orowan stress can be simply written as

Gb

AO Orowan = 7 > )

where G is the shear modulus of the matrix, b is the magnitude of the Burgers vector for
the dislocation, and A is the distance of the closest approach of the reinforcing particles.
Thus, the effective value of A can be written as

Az(LSl—L@)d )

i)

where [ is the volume fraction of the reinforcing particles and d is the diameter of the
particles. For the composites in this study, Ao, ., for a given volume percent TiC was
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Table 2
Yield Strength Increase of Composite Due to TiC Nanoparticles

TiC, Experiment, A, nm AGH,ormans Aoy, ACpH,pnan T A0,
vol.% Ao, MPa MPa MPa MPa

25 134 609 67 11.5 78.5

5.0 286 284 143 23.0 166.0

7.5 400 174 233 345 267.5

calculated and summarized in Table 2. It was assumed that G = 81.6 GPa and 5= 0.248 nm
[18, 19]. Meanwhile, the yield strength increase in the composites due to the load-bearing
effect can be expressed as (f/2)0,,,where o, is the yield strength of the matrix [14].

Table 2 shows the experimentally measured compressive yield strength of TiC-
reinforced composites and the calculated values considering the Orowan and the load-
bearing mechanisms. Apparently, the actual strength increase obtained in this experiment
cannot be completely explained by considering only the above two mechanisms. However,
it shows that calculated Ao, 1s significantly higher than Ao, suggesting that the
Orowan mechanism plays quite a critical role in composites containing very fine particles.
This is due to the relatively low volume fraction and the fine size of the reinforcing
particles. It is also noteworthy that the Orowan mechanism becomes more dominant, as
compared to the load-bearing mechanism, with increasing the TiC content because d
becomes smaller.

The discrepancy between the experimental strength increase values and those calculated
based on the above two mechanisms seems to be mainly attributed to the disregard of the
dislocation-strengthening effect that is related to dislocation generation owing to the elastic
modulus and thermal expansion coefficient mismatch between the matrix material and
reinforcement. Another reason for the discrepancy may be due to the refined matrix
microstructure, which is also related to the volume content of TiC. A very fine micro-
structure is often obtained by the mechanical alloying process, but some grain growth is
hard to avoid during the consolidation process at a high temperature. The average grain size
with disregard of very fine grains, as estimated from low-magnification SEM micrographs,
was reduced from ~20 to ~10 um as the TiC content was increased. This grain size
difference according to the TiC content can be partly attributed to the fact that the grain
growth of the matrix can be suppressed by a particle-pinning effect of fine TiC particles,
especially during the densification process at high temperatures [12]. Although the
mechanical alloying process employed in this study appeared to reduce the grain size not as
effectively as anticipated, the addition of TiC particles has clearly resulted in the average
grain size reduction. The reason why the grain was not significantly refined as expected
seems due to a relatively short milling time. Therefore, if necessary, both strength and
ductility of the TiC-reinforced iron-matrix composites investigated in this study may be
further improved by extending the mechanical alloying time. Futhermore, when the grain
size becomes extremely small, the Hall-Petch grain size strengthening effect should be very
important, too [20].

Conclusions. Uniformly distributed nanosized TiC particle-reinforced iron-matrix
composites were fabricated via short-term mechanical alloying and the following hot-
pressing procedure at a low temperature. Relatively high compressive yield strength and
high ductility could be obtained in the hot-pressed specimens, and the yield strength could
be gradually enhanced by increasing the TiC content. It is proposed that the Orowan
strengthening effect provided by nanosized TiC particles is the main strengthening
mechanism for the TiC particle-reinforced iron-matrix composites. Considering that a
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comparatively short milling time and a low pressing temperature were applied, the currently
investigated manufacturing procedure appears to be a very efficient method for obtaining
TiC nanoparticle-reinforced iron-matrix composites.

Pe3ome

Komrmo3uTHi MaTepianu Ha OCHOBI 3ai1i3a, apMOBaHi PIBHOMIPHO PO3MOBCIOPKCHUMH HAHO-
yactuHkamu TiC, OTpMMaHO 3a JIOIIOMOTOI0 IUIAHETApHOTO (pe3epyBaHHs B aproHi i
MTOJTANIBIIIOTO rapsyoro npecyBaHHs. naxom moapiOHEHHS MPOTAroM 6 TOAMH 1 raps4oro
npecyBaHHsl Marepiany 3a Temneparypu 1100°C i tucky 50 MIla MoxxHa oTpuMart 3pa3ku
KOMIO3UTHUX MaTepiamiB i3 Mai)keé MaKCHMAaIbHOIO IIiIbHICTIO. JlocmimkeHo cdepuyHi
yactuakn TiC 1 Bonoknucti apioHoaucnepcHi Fe;C ¢asm, siki cHpustoTh BHHHUKHEHHIO
MaTpHUIi KOMIIO3UTHOTO MaTepiajly Ha OCHOBI 3amiza. MiKpOCTpyKTYpHHI aHaJi3 MOKa3as,
o ycepenuenuit giamerp yactuHok TiC i nosxuna FesC (a3 3MeHIIyr0Thes 31 301IbIICH-
HiM 00’ eMmHOT0 BMicTy yacTHHOK TiC. 3HaueHHS TpaHUIll TEKy4OCTi IPH CTUCKAHHI KOMIIO-
3UTHHMX MarepiaiiB, OTPUMAHUX TapsyuM MPeCyBaHHIM, 30LIbIIYETHCS MPOMOPIIHHO BMic-
1y TiC wacrunok: 1,3 I'Tla ms 7,5% TiC. JlocmimpkeHO B3a€MO3B’SI30K MiX MIKPOCTPYK-
TYPHUMH XapaKTEPUCTHKAMH 1 TPAHUIICIO TEKY4OCTI KOMIIO3UTHUX MaTepialliB, apMOBaHUX
yactuakamu TiC. Ha ocHOBI Mexani3my 3MminHeHHS OpoBaHa MOYKHA IIPHITYCTHTH, IO
OLIBII BHCOKI 3HAYEHHSI MIITHOCTI BiAMiYaroThbes 3a Oinbimoro Bmicty yacTuHok TiC, B
OCHOBHOMY BHACJIIJIOK CKOPOYEHHS BIJIICTaHI MDXK apMmylounmu HaHouactuHkamu TiC.
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