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Introduction

AL O, is considered a valuable industrial material and the
most widely used ceramic. It possesses good mechanical
properties such as: high hardness, high compressive strength,
good chemical and thermal stability [1-2]. However, its
applications as a structural material have been limited by its
low fracture toughness and low-fracture strength. This is
because cracks easily propagate in this ceramics and therefore
they might fail unpredictably in service. The incorporation of
several reinforcement materials such as; ceramics, metals and
intermetallicsintoan AL O, matrix formingacomposite material
has been proved to be an effective experimental route which
improves toughness and mechanical strength of the composites
matrix [3]. Thus, composites can be constituted in some cases
of carbide ceramics, oxide ceramics and metals, and they can be
used, for example in application at high temperatures such as
in the construction of gas turbine engines in order to increase
their thermal cycle efficiency [4-5]. Therein, the mechanical
and physical properties of such type of composites have been
studied, as well as their production processes [6-8]. In spite
of this, the high temperature cementation of metal-dispersed
carbide composites has not been investigated in detail and there
are not sufficient reports on the high temperature cementation
of thermal barrier composite-coatings [9].

The Pack Cementation process has been used for many years
to develop protection coating in different materials. Here the
body is essentially heat treated in a reactive environment as
to chemically alter the surface region, thus forming ceramic
compounds that improve corrosion and heat resistance
behavior. Variables that affect the quality of coating include
body composition, powder bed composition, and heat treating
conditions such as temperature, time and furnace atmosphere.

Davio HERNANDEZ-SILVA - Departamento de Ingenieria Metalurgica
Epuarpo TERRES-ROJAS = Laboratorio de Microscopia Electrénica de Ultra Alta Resolucion

http://dx.doi.org/10.14382/epitoanyag-jsbcm.2010.15

The synthesis of Al 0,-based composites having different amount of fine titanium and titanium-
dispersed carbide reinforcement-particles has been explored. Two experimental steps have been
set for the synthesis; namely, solid sintering of ALO_-titanium powders which were thoroughly
mixed under high energy ball-milling, pressureless-sintered and then for the second step it was
induced formation of titanium carbide at 500 °C by the cementation packing process. SEM
analyses of the microstructures obtained in cemented bodies were performed in order to know
the effect of the activated carbon used as cementant on the microstructure of titanium for each
studied composite. It was observed that a titanium carbide layer growth from the surface into
the bulk and reaches different depth as the titanium content in the composites was increased.
The use of reinforcing titanium significantly enhanced density level and fracture toughness of the
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Since elemental carbon may diffuse throughout an oxide
matrix at high temperatures, the metallic particles dispersed
in a matrix can consequently be cemented. In turn, the
crystallographic volume of such metallic-oxide’s dispersions
will expand, thus inducing micro stresses accumulation in
the surrounding matrix. As result, fissures can nucleate in the
neighboring matrix upon the stresses fraction generated by the
volume expansion. The later is particularly true if the magnitude
of compressive stresses reaches the ultimate fracture strength.
Inevitably, after multiple cracks formation, the composite
undergoes catastrophic fracture. It is then important designing
composites for high temperature applications, and so does
their analysis behavior at high temperature-cementation. The
later is the experimental aim of this work.

Experimental procedure

Composite materials were prepared using two consecutive
steps. First, titanium-dispersed oxide aluminium composites
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were prepared using precursor powders of Al,O,(99.9%, 1 um,
Sigma, USA)and Ti(99.9%, 1-2 um, Aldrich, USA). Theamount
of powder was selected as to obtain Al,O,-based composites
having 0.5, 1, 2 and 3 vol% of Ti. The powder mixture was ball-
milled in a commercial high energy mill (Simoloyer) using
ZrO, media (with Si,N -inner coating to avoid contamination),
the rotational speed of which was set to 400 rpm for 8 h. The
ball-to-powder volume ratio was set to 20:1. Using milled
powder mixtures, cylindrical samples of 2 cm in diameter and
0.3 cm thick were fabricated by uniaxially pressing 2 grams at
250 MPa. Cold-pressed green samples were then pressureless
sintered PLS in an electric furnace using argon atmosphere.
Heating rate was set to 5 °C min’, sintering temperature was
1500 °C and holding time 1 h. After sintering, furnace was
turned off and samples were left inside it for gradual cooling.
Then for second step the composites were cemented in vacuum
as follows. The composite powder produced as described before
was placed inside a graphite-made container as it can be seen
in Fig. 1. Inside the container the sintered-compact sample
was totally surrounded by the cementing medium (powdered
activated carbon) and then heated in vacuum up to 500 °C for
1 h. The later set arranged in order to induce carbon diffusion
into the sample and to cement metallic particles that are found
near the surface of the composite, before being allowed to cool
down inside the furnace.

Body to be cemented
Reactive powder (C)

Graphite container

Fig. 1. Schematic configuration set for inducing cementation on the test-specimens
1. dbra Az indukdlt cementdlds megvaldsitdsdra szolgalo kisérleti berendezés

The specimen’s characterization was conducted as follows.
Density of fired specimens was determined using the
Archimedes’ method. Cemented samples were analyzed using
scanning electron microscopy SEM (XL30 ESEM, Philips)
and energy dispersive spectroscopy EDS (Noram), to observe
their microstructure and chemical composition, respectively.
Thickness of the carbide (cemented) layer as a function
of the titanium-carbide content in each sample was also
determined by using these techniques. Microhardness of the
obtained specimens was evaluated using Vickers indentation
in a microhardener (Buehler Micromet 2003), whereas their
toughness was estimated following the fracture indentation
method, the most widely used technique in the literature for
assessing the fracture toughness directly from indent cracks
utilizes the Vickers indenter. First proposed in the late 1970’s,
this technique was developed to estimate the fracture toughness
of ceramic materials by measuring the lengths of cracks
emanating from Vickers indents [10]. Evans et al. modeled
the elastic-plastic behavior under the indent, assuming that a
median/radial crack system is created due to tensile stresses
that form during unloading. They derived the expression:

K, =0.16 (c/a)"* (Ha'?) (1)
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where K| is the fracture toughness, H is the hardness, c is the
length of the surface trace of the half crack measured from
the center of the indent and a is the length of the indentation
mark.

Results and discussion

The cross section view of prepared composite-specimens
is shown in Fig. 2., as a function of the Ti content and after
completing their cementation process at 500 °C for 1 h. These
fractographs reveal general features of the microstructure and
larger grains for the 2 and 3 vol% Ti specimens. It is evident the
formation of homogeneous specimens, because the Ti particles
(typically disclosed by SEM as tiny white dots), which retained
their very fine sizes were well distributed in the alumina matrix
(gray-dark phase). In general the resulting microstructures
displayed few pores left in the matrix after sintering. In these
pictures, it can also be observed that there are no Ti particles
in the surface region to a depth of about 50, 83, 107 and 119
pum for samples with (0.5), (1), (2) and (3) vol% of titanium,
respectively. The local region in which Ti-particles have reacted
with diffusing carbon is defined to as the cemented zone,
whose thickness turns into layer depending on the gradient
concentration and sintering time. A common factor in all
pictures shown in Fig. 2. relates to the fact that Al O,-based
composites do not fracture by the Ti-cementation.

Fig. 2. Cross section view of the functional graded material s resulting
microstructures. The right side of each fractograph corresponds to its
outermost part or external surface.

(a) 0.5, (b) 1, (c) 2 and (d) 3 vol% Ti

2. dbra A funkciondlis rétegszerkezetii anyag keresztmetszeti mikroszerkezete.
Minden egyes torési kép jobb oldala a minta legkiilsé feliiletét mutatja;
a Ti-tartalom tf%-ban: (a) 0,5, (b) 1, (c) 2 és (d) 3.

Fig. 3. shows a cross section SEM-view of the 2 vol% Ti
specimen after sintering. EDS-microanalysis conducted both
at the white particles at the edge and in the core of the sample
confirmed the existence of elemental carbon, particularly
being more concentrated at the specimen’s edge. As long
as the qualitative analysis is conducted at inner zones of the
composite the carbon concentration diminished. Not evident
from this picture but there is a certain surface layer displaying
a slightly different color contrast with respect to the AL,O,-bulk
matrix. Such contrast, in practice exhibited similar texture to
the cemented region. So that between the cemented layer and
the non-cemented region, there is an intermediate zone which
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consists of partially-cemented Ti particles. Therefore, moving
from the outermost surface part into the bulk of material, it
has been detected three specific regions, featuring: (1) fully
cemented metal particles, (2) partially cemented particles and
(3) metallic particles not being cemented.

Al

Fig. 3. EDS microanalysis conducted both at the white particles placed in the edge
(near external surface) and in the core of specimen containing 2 vol% Ti
3. dbra A 2 tf% titdnt tartalmazé mintdk EDS mikroelemzésének eredményei; az
elemzéseket a minta fehér, a legkiilsé feliilethez kozeli részén, valamint azok
belsejében is elvégeztiik

Fig. 4. shows depth of the cemented layer as a function of the
titanium content supplied into the alumina-based composites.
There is an evident increment on the layer’s depth as the Ti
concentration rises. This on-growing behavior is not lineal and
the curve’s trend suggests eventual saturation of titanium at
the surface, which accounts for its composite-nature. From the
same figure it is also clear the toughening effect that results on
the composites derived from the formation of TiC, i.e., as long
as the cement layer gets thick. To explain toughening in these
composites we assume the crack-bridging effect operating,
which often occurs when dispersing metals into ceramic
matrix [3]. Thus, when enough external energy is conferred
to the composite material, micro cracks or remaining micro
pores act arresting it and avoid fracture, to some extent. The
Ti ligaments present in the ceramic matrix absorb part of the
fracture energy.
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Fig. 4. Thickness of the cement layer plotted as a function of Ti content in the ALO,
matrix
4. dbra A cementdlt réteg vastagsdgdnak viltozdsa az Al,O, matrix Ti-tartalmdnak
fiiggvényében

Table 1. summarizes the relative density and some mecha-
nical properties measured on the studied material. It can be

observed that density increased as Ti content was rose in
the composites. It is worth noting that microhardness was
evaluated by indenting two different zones on the specimens.
First testing was carried out at the edge of the sample whereas
others were practiced near to its core. Microhardness for all
studied samples with Ti is larger at the edge of specimens
than that observed at their core. This behaviour is due to the
formation of hard TiC near to the edge of samples. The later
takes place through the reaction: Ti + C — TiC. This chemical
reaction is thermodynamically favored since its free energy of
formation is - 43.2 Kcal/mol [8]. The TiC formation takes place
with carbon gas diffusing through the specimen’s edge into
the bulk. Cementation degree depends on the temperature and
gas concentration. In practice, it is thus possible to fabricate
Al O,/TiC/Ti - composites.

System Relative Edge hardness Core hardness K.
(vol% Ti) density (%) (GPa) (GPa) (MPa-m*2)
0 94.95 11.97 +/-0.5 11.94+/-05 3.2+/-0.2
0.5 97.64 9.76 +/-0.3 6.80 +/-0.3 41 +/-0.2
1.0 97.75 10.01 +/-0.4 9.13 +/-0.3 4.8+/-0.1
2.0 97.93 10.34 +/-0.4 9.69 +/-0.4 5.0+/-0.1
3.0 99.76 10.17 +/-0.5 7.09 +/-0.3 5.2+/-0.1

Table 1. Relative densities and mechanical properties measured in the studied
composites
1. tabldzat A vizsgdlt kompozitok relativ siirtiségei és mechanikai tulajdonsdgai

The magnitude of fracture toughness K. attained in the
studied materials is reported in Table 1. For all studied cases,
this strength parameter is superior to that of the pure alumina
which is of about 3.2 MPa-m™?[3], see Table. It is concluded
that the metallic particle’s dispersion into a ceramic matrix,
as conducted in this work may increase its toughness. Some
authorshavereported that the reinforcing mechanism operating
here is associated to the crack bridging phenomena triggered
by ductile metallic ligaments [8, 11]. The high densification
level conferred to the composites is another factor that greatly
influences their toughness value. Catastrophic cracking of
specimens usually takes place as large voids are left in it.

Conclusions

Strengthened Al O,-based composites can effectively be
reinforced by inducing fine dispersions of TiC/Ti, throughout
a combination of experimental techniques, such as; mechanical
milling, pressureless sintering PLS (Ar-atmosphere) and
cementation process (vacuum). The later provided that ALO,,
Ti and activated carbon fine precursor powders are bring
together as to react upon sintering forming a functionally-
graded-cemented layer. This in-situ synthesis method produces
composites that are greatly sinterable and do exhibit enhanced
toughness, as compared to monolithic-Al, O, ceramics. This
toughening improvement technique offers the possibility of a
low synthesis cost, turning into an attractive synthesis route for
scaling the process up to a pilot plant-level.

62. évf. 3. szam = 2010/3 = épitdanyag | 77



ANYAGTUDOMANY - MATERIALS SCIENCE

Acknowledgment

The microscopy laboratory facility given by IMP and
laboratories of ESIQIE is appreciated. Authors acknowledge to

SNI-Conacyt Mexico.

References

[1] Ko, S.]J. - Min, K. H. - Kim, Y. D.: A study on the fabrication of AL,O /Cu
nanocomposite and its mechanical properties. Journal of Ceramic Proces-

sing Research. (2002), pp. 192-194.

[2] Handbook of Chemistry and Physics, 66" edition, CRS Press, R.C. Weast

editor. 1986, D90.

[3] Ighodaro, O. L. - Okoli, O. I.: Fracture Toughness Enhancement for Alumi-
na Systems: A Review. Int. J. Appl. Ceram. Technol. (2008), pp. 313-323.
[4] Wessel, J. K.: The Handbook of Advanced Materials, John Wiley & Sons,

New York. 2004.

[5] Miyamoto, Y. - Kaysser, W. A. - Rabin, B. H. - Kawasaki, A. - Ford, R. G.
(eds.): Functionally Graded Materials; Design, Processing and Applicati-

ons. Kluwer Academic, USA. 1999.

[6] Sampath, S. - Herman, H. - Shimoda, N. - Saito, T.: Thermal Spray Proces-

sing of FGM’s, MRS Bull. (1995), pp. 27-31.

[7] Rabin, B.H - Shiota, I.: Functionally Gradient Materials, MRS Bull. (1995),

pp. 14-18.

[8] Claussen, N. - Knechtel, M. - Prielipp, H. - Rodel, J.: A Strong Variant of

Cermets, Ber. Dtsch. Keram. Ges. (1994), pp. 301-303.

[9] Koizumi, M. - Niino, M.: Overview of FGM Research in Japan, MRS Bull.

(1995), pp. 19-26.

[10] Evans, A.G. - Charles, E.A.: Fracture Toughness Determination by Indenta-

tion, J. Am. Ceram. Soc. (1976), pp. 371-372.

[11]Rodel, J. - Sindel, M. - Dransmann, M. - Steinbrech, R.W. - Claussen, N.:
R-curve Behaviour in Ceramic Composites Produced by Directed Metal

Oxidation. J. Eur. Ceram. Soc. (1994), pp. 153-161.

Titan- és titan-karbid diszperziokkal erésitett
aluminium-oxid alapu tarsitott anyagok

Kulénb6z6 mennyiségl, kis szemcseméretl titan és titan-
karbid erositofazist tartalmazo, ALO, alapd tarsitott
anyagok eldallitasat vizsgaltuk. Az eldallitas két I€pésbol
all: az elso lépéshen az Al Q,-titan porelegyet nagy
energiaju golydés malomban végzett 6rléssel Gsszekeverjik,
majd nyomasmentesen, szilard fazisban szintereljik. A
masodik Iépésben 500°C-on cementaljuk a mintat a titan-
karbid képzodés elosegitésére. A cementalt prébatestek
mikroszerkezetét SEM modszerrel vizsgaltuk. A vizsgalatok
célia annak felderitése volt, hogy a mintaba cementalé
anyagkeént bevitt az aktivalt szén miként befolyasolja a titan
mikroszerkezetét. Azt talaltuk, hogy a titan-karbid réteg a
fellletrdl kiindulva névekszik, és onnan halad az anyag
belseje felé, és a behatolasi mélység a titan tartalommal
valtozik. A titan, mint erositdfazis bevitele jelentdsen novelte
a kompozitok siirliségét és torési szivossagat.

Kulcsszavak: keramia matrixi kompozitok, részecske-erosités,
torési szivossag
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