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Abstract Composite material with a gradient concentra-

tion of the metallic phase was prepared by the novel gel-

centrifugal casting method. This method combines the

consolidation of powders by the centrifugal force with the

reaction of radical polymerization of an organic monomer

which simultaneously proceeds within the composite

slurry. The combination of the centrifugal casting with gel-

casting permits production of ceramic–metal composites,

including materials with a gradient distribution of metallic

particles in a ceramic matrix. Special attention was paid to

the thermal analysis of the composite Al2O3–Ni green

bodies and the binder used in the fabrication of the mate-

rial. The experiments were performed on the simultaneous

thermal analyzer coupled with the mass spectrometer. The

measurements were carried out in air and the inert atmo-

sphere (argon) what allowed to determine the effects

characteristic for organic binder decomposition and type of

gases released to the atmosphere during thermal treatment.

The measurements allowed also to establish the sintering

program of the green composite samples and evaluate

whether harmful gases are released to the atmosphere. The

thermal experiments were complemented with physical and

structural measurements, including X-ray diffraction and

scanning electron microscopy.

Keywords Gel-centrifugal casting � Ceramic–metal

composite � Thermal analysis � Al2O3–Ni � Mass

spectrometry

Introduction

Colloidal shaping of ceramic and composite materials

plays recently much attention due to the possibility of

obtaining homogenous components of different geometries

without using high-pressure apparatus [1–3]. The concept

of gel-casting, belonging to shaping methods based on

colloidal processes, was first presented by researchers from

Oak Ridge National Laboratory in 1990 [4, 5]. This method

is a well-known colloidal technique in the preparation of

high-quality, complex-shape, tough green bodies by means

of polymerization of organic monomers in the ceramic

suspensions [6–10]. The method does not require the use of

sophisticated equipment as in case of injection molding [4].

Gel-casting method allows also manufacturing metal parts

[11], ceramic matrix composites such as zirconia-tough-

ened alumina (ZTA) [12], or ceramic–metal composites

[13]. Among forming methods which allow obtaining the

composites with the gradient distribution of metallic par-

ticles, magnetic field-induced sedimentation [14] or cen-

trifugal slip casting (CSC) [15] can be mentioned. The

gradient distribution of different phases in composite

materials can be achieved through cold-pressing and lam-

ination [16] as well as in the form of thin coatings [17].

In the case of the method using the magnetic field-in-

duced sedimentation, the gradient is dependent on the

ferromagnetic properties of metallic powders. The powders

which do not have such properties will not be set in motion

by the action of the magnetic field which results in

obtaining a composite without any gradient. In addition,
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the limitation of this method is the difficulty in production

of large-size components because of the limited use of the

range of magnetic field.

The centrifugal slip casting (CSC) combines the effects

of slip casting and centrifugation [15, 18–20]. The use of

porous gypsum molds in the CSC method allows the

removal of the liquid medium from the slurry what leads to

densification of the composites. Additionally, the use of

centrifugal force causes the simultaneous variable deploy-

ment of the metal particles in a ceramic matrix. Previous

own research has shown that in centrifugal slip casting

method lower value of centrifugal acceleration can be

applied than in the classical method of centrifugal casting

of the composites with the metal matrix [15, 19]. This

technology allows to obtain the finished product in the

shape of a hollow cylinder [15, 18–20] characterized by

high relative density after sintering.

It was noticed in the scientific literature that the mate-

rials obtained by centrifugal casting are less defected in

comparison with materials formed by uniaxial or isostatic

pressing [21–23]. It was also observed that the use of

centrifugal force may result in the removal of gas bubbles

(which can adsorb on the surface of powders and

agglomerate during the preparation and mixing of slurry),

so thus it is not necessary to further degas slurries by using

a vacuum pump. Lack of bubbles also improves the quality

of the components in the green state. Open porosity is

reduced, and the quality of sample surface is high; there-

fore, additional machining is not required [22].

In the centrifugal slip casting method, a porous gypsum

mold is used which removes a liquid medium during

forming of the composites. Centrifugal slip casting method

enables the production of axially symmetric composites. So

far, studies have revealed that the resulting composites are

composed of three different zones differing in the content

of the metallic phase [15, 18–20]. It was observed that the

outer part of the graded region was formed as a result of

removing water by the capillary forces active in the gyp-

sum mold. This zone in each case was characterized by a

value equal to the content of the reinforcement of the

metallic phase in the initial slurry. The maximum amount

of metal particles was observed in the central region of

composites. This part of the sample was formed due to the

centrifugal acceleration combined with the capillary action.

The metal content decreases continuously from a maxi-

mum value to zero in the inner part of samples. Own

research showed the characteristic sharp transitions

between zones in obtained composites. This is not pre-

ferred in many applications. More preferred, however, is

the situation when the maximum content of the metallic

phase is in the outer part of the element.

In the present work, functional graded materials were

fabricated using gel-centrifugal casting. This method

combines the consolidation of powders by the centrifugal

force with the reaction of radical polymerization of and

organic monomer which simultaneously proceeds within

the composite slurry. The combination of the centrifugal

casting with gel-casting permits producing ceramic–metal

composites like Al2O3–Ni, including materials with a

gradient of particles concentration. This technique can be

used for producing sleeve-shaped parts with a gradient

concentration of metallic phase intended to, e.g., trans-

porting of toxic media.

Experimental

The starting powders were: a-Al2O3 of the average particle

size of 0.1 lm and density 3.96 g cm-3 (TM-DAR, Taimei

Chemicals) and nickel powder of the average particle size

of 27 lm and density 8.9 g cm-3 (Sigma-Aldrich). Citric

acid (CA) (Sigma-Aldrich) and diammonium hydrocitrate

(DAC) (Sigma-Aldrich) were applied as dispersants in the

composite slurries. The selection of dispersant was made

based on previous research [18, 24, 25]. Deionized Milli-Q

water was used as a solvent. The glycerol monoacrylate

(GM) was used as a monomer. The monomer has been

synthesized at the Faculty of Chemistry Warsaw University

of Technology from acrylic acid and glycerol [26]. As the

redox type initiator of polymerization the system ammo-

nium persulfate APS (Sigma-Aldrich)—N,N,N’,N’-tetram-

ethylethylenediamine TEMED (Sigma-Aldrich) was used.

The initiator was used in the form of 10% aqueous solution.

The first step in producing of ceramic–metal composites

with a gradient distribution of the metallic particles by gel-

centrifugal casting technique was the preparation of the

slurry. The aqueous ceramic slurries contained 50 vol% of

solid phase including 10 vol% of the Ni particles with

respect to the total solid volume. The concentrations of CA,

DAC and GM, equaled respectively 0.1, 0.3 and

4.0 mass% with respect to solid phase, while the concen-

trations of TEMED and APS equaled 0.5 and 3 mass%

with respect to monomer content. The slurries were mixed

in a PM 200 planetary ball mill (Retsch), for 1 h at the rate

of 300 rpm. Then, the aqueous ceramic slurries were

degassed in a device for automatic slurry mixing and

degassing—ARE-250 produced by Thinky Corporation for

3 min at the rate of 1500 rpm. Degassing step was applied

to prevent oxygen inhibition of the polymerization process.

Next, the initiator of the polymerization was added to the

slurry. After the initiator was added to the suspensions, the

slips were again placed in the ARE-250 device so as to be

mixed with the initiator (30 s 900 rpm-1). Just after stir-

ring the slurries with the initiator, the slurries were casted

into a Teflon mold. The dimensions of the Teflon mold

were as follows: the outer radius—40 mm, length—
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60 mm, the thickness—10 mm, and the inner radius—

20 mm. Then, the tubular mold was centrifuged in the

radial direction with the 1700 rpm for 1 h. Previous own

research has shown that the use of centrifugal force may

result in the removal of gas bubbles which can adsorbed on

the surface of powders and agglomerate during the prepa-

ration and mixing of the slurry. After the centrifugation, the

specimen was removed from the Teflon mold and dried at

30 �C for 24 h. Then, the samples were sintered at 1400 �C
in the reducing atmosphere (H2/Ar). During the sintering,

the heating and cooling rate were 2 �C min-1.

The phase identification of the samples was conducted

by X-ray diffraction (Rigaku MiniFlex II) using CuKa1.54

radiation and k = 1.54178 Å. Terms of record: voltage

30 kV, current 15 mA, angular range 2Theta 20�–100�,
step 0.02�, and counting time 0.5 s on the surface of

samples. The results were obtained in the form of plots of

the diffracted intensities as a function of 2Theta.

The density of the sintered samples was calculated from

the data obtained by the Archimedes method, according to

the European Standard EN623-2. The theoretical density

used to determine relative density was calculated from the

rule of mixtures.

DTA/TG/MS measurements have been performed for the

pure polymer obtained from glycerol monoacrylate and for

the Al2O3–Ni green bodies obtained by gel-centrifugal

casting. DTA/TG measurements were carried out by using a

Netzsch STA Jupiter 449C coupled with a quadrupole mass

spectrometer Netzsch QMS 403C. The heating rate was

5 �C min-1; the final temperature was 1000 �C. The mea-

surements were performed in two atmospheres: oxidizing of

synthetic air (80:20 N2:O2) and neutral of argon, both in the

flow of 60 mL min-1. The mass spectrometer was set to

detectm/z values in the mass range 10–300. The quantities of

polymeric samples taken to measurements equaled from 0.1

to 0.2 g. These samples have been covered by calcinated

(non-reactive) Al2O3 powder in the quantity of 0.3 g in order

to prevent the polymer creeping from the crucible. The

Al2O3–Ni green bodies have been placed in crucibles with-

out any coverage. The precise simulation of the sintering

processes (1400 �C; the reducing atmosphere of H2/Ar) is at

the moment impossible due to the specific construction of the

apparatus; however, the comparison of thermal behavior of

the substances with and without the presence of the oxygen

brings also valuable information.

The microstructure and gradient distribution of particles

of cross section of composites were observed by means of a

SU-70 scanning electron microscope. For these purposes,

the samples were first sectioned and then prepared with the

standard metallographic technique (grinding and polishing

with diamond suspensions up to 1 lm).

Stereological analysis has been described quantitatively

with the use of a computer image analyzer equipped with

the Micrometer program [27]. This technique allows

obtaining information about the distribution of metallic

phases in the material. Quantitative description of the

microstructure included: image processing, measurements,

and interpretation of obtained results. The analysis was

based on the SEM micrographs of randomly selected areas

positioned on a cross section of the sample [28, 29].

Microstructure observations were performed using magni-

fication 5009. The average values were calculated from

measurement of 30 images.

Vickers hardness was measured on MetaServ 250 grin-

der–polisher, Buehler, the polished surface with the given

load of 98 N with 10 s holding time.

Results and discussion

Thermogravimetry is a very useful tool to determine

decomposition stages of different organic and inorganic

substances [29, 30]. Additionally, the possibility of cou-

pling the apparatus with MS or FTIR spectrometers allows

to gain new knowledge about decomposition products of

samples during thermal treatment [31, 32]. DTA, TG, and

DTG curves and the data from the mass spectrometer for

the pure polymer obtained from glycerol monoacrylate

measured in air are shown in Fig. 1. The total mass loss

was 94.8% and was observed from ca. 95 �C till ca.

599 �C. Three stages of polymer (binder) degradation were

observed: the first stage till 245 �C connected with 15.7%

mass loss, the second stage till 436 �C with 57.7% mass

loss, and the third stage till 599 �C with 21.7% mass loss.

The mass spectrometer has detected two m/z values of

relatively high intensities: 18, 44, and two m/z values of

low intensities: 45 and 46. Mass 18 can be ascribed to

water vapor, while mass 44 to carbon dioxide [33]. Masses

45 and 46 may come from the low-chain (C3 and C4)

hydrocarbons [34]. The thermal degradation of poly(glyc-

erol monoacrylate) in air is connected with one exothermic

peak with two maxima at 448.6 and 536.5 �C. In these

temperatures, the significant increase in the intensities of

m/z values is observed. No carbon residues were observed

in the crucible after the measurement.

A little different behavior was observed for poly(glyc-

erol monoacrylate) heated in non-oxidizing atmosphere,

argon (Fig. 2). The total mass loss was 92.9% and was

observed from ca. 100 �C till ca. 900 �C; however, the

mass spectrometer has detected no signals above 500 �C.

Three stages of polymer degradation were observed as in

the case of measurement carried out in air, but the main

degradation step can be ascribed to the lower temperature

range 173–266 �C connected with 61.8% mass loss. The

intensive increase in most of the MS signals is also

observed in the 240–245 �C temperature range. The mass
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spectrometer has detected five m/z values: 16, 18, 44, 45,

and 72. Mass 72 may refer to C5 hydrocarbons, while mass

16 to oxygen. In case of the measurements carried out in air

atmosphere, it is impossible to observe any changes on m/z

values corresponding to O and N molecules because the

intensities of signals coming from air as for the measuring

gas are few times higher than for gases released from

samples. Therefore, in case of the measurements conducted

in argon, one can observe the temperature regions at which

oxygen appears. The main conclusion based on the com-

parison of the measurements carried out in oxidizing and

non-oxidizing atmosphere is that in case of the presence of

argon degradation of poly(glycerol monoacrylate) proceeds

faster. On the other hand, some amounts of carbon residues

remain in crucible.

The important question was whether thermal degrada-

tion of the binder proceeds in the same way from the

Al2O3–Ni green body. The measurements of Al2O3–Ni

samples obtained by gel-centrifugal casting with the use of

glycerol monoacylate as the monomer have been per-

formed again in oxidizing and non-oxidizing atmosphere.

The obtained results show that the presence of ceramic and

metallic powders has some influence on the degradation

process of organics. For measurements carried out in air

(Fig. 3), the mass loss equaling 5.4% is observed till

505 �C, while with the further temperature increase, the

mass increase of 4.3% is observed, as expected. The mass

loss at lower temperatures is connected with thermal

decomposition of organic additives used in gel-centrifugal

casting, mainly poly(glycerol monoacrylate). However, the
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Fig. 1 a DTA/TG/DTG curves of poly(glycerol monoacrylate) registered in oxidizing atmosphere (air); b data from the mass spectrometer

coupled with TG
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mass increase can be ascribed to the oxidation of Ni as

described elsewhere [35]. The mass spectrometer has

detected five m/z values: 18, 44, 45, 46, and 52. Mass 52

can be ascribed to C4 hydrocarbons. One can observe that

the curve corresponding to m/z 18, having one maximum,

is broader that in case of the pure polymer. Additionally, in

case of curve corresponding to m/z 44 curve, the second

maximum at 460.5 �C is lower than for the pure polymer.

The differences in thermal degradation of pure polymer

and polymer in the Al2O3–Ni green body have been

observed also for the measurements performed in argon

(Fig. 4). Mass spectrometer has detected m/z values 16, 18,

44, and 45 as it was in case of the pure polymer; however,

mass 72 did not appear. Instead, masses 46 and 56 have

been detected. It must be underlined that in both cases the

intensities of masses higher than 44 are of very low

intensities, and they all refer to low-chain hydrocarbons,

and therefore, these slight differences between both spectra

can be treated as negligible. Nevertheless, it is worth to

indicate that the maxima on curves 16, 18, and 44 appear at

different temperatures and have different intensities than in

case of pure polymer measured in argon. Mass 16 which
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may refer to O is slightly visible, while the main product of

organics decomposition seems to be water vapor. One of

the explanations of these differences may be the presence

of impurities and gasses adsorbed on the ceramic and

metallic powders surface [36] which influences the

decomposition reaction of the organic substances. As a

result, different quantities of decomposition products are

observed.

Alumina–nickel composite green body with smooth

surface and no visible defects has been obtained by gel-

centrifugal casting. It was found that after drying pro-

cess, the relative density of green bodies was

62.25 ± 0.76%. After the sintering process, the relative

density was about 98.31 ± 0.53%. It means that the

prepared composites are described by high degree of

packing of the grains in the sintered bodies. The XRD

patterns of alumina and nickel powders as well as sin-

tered composite sample are shown in Fig. 5. In case of

powders their high purity has been confirmed, only

nickel and alumina phases were identified. After the

sintering process, no new phase has been created. The

use of reducing atmosphere prevents the oxidation of the

metal powder, and as a result, only two-phase composite

structure has been obtained.
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Fig. 3 a DTA/TG/DTG curves of Al2O3–Ni green body obtained by gel-centrifugal casting with the use of glycerol monoacrylate as a monomer,

data registered in oxidizing atmosphere (air); b data from the mass spectrometer coupled with TG
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The fracture surface of green bodies and sintered sam-

ples as observed from SEM is presented in Fig. 6. It is

visible that alumina particles were uniformly packed and

large pores were observed (Fig. 6a). Furthermore, the

ceramic particles closely covered metallic particles which

can facilitate the sintering process. For sintered sample

(Fig. 6b), the fracture mode was mainly intergranular. At

the Al2O3–Ni interface, no cracks or delamination was

observed. That may indicate a good bonding between

phases. Moreover, in alumina matrix, pores were not

observed. The average grain size of Al2O3 was approxi-

mately 1 lm.

The typical microstructure of the Al2O3–Ni composites

obtained by gel-centrifugal casting is presented in Fig. 7.

The gray area is Al2O3 and the bright area is Ni. The

changes in microstructure are represented by three zones.

The concentration of nickel decreases from Zone I to Zone

II that is from the inner to the outer part of the final sample.

The stereological analysis confirmed that the Ni grains

are distributed in the Al2O3–Ni composites in a gradient

way. Figure 8 shows the histograms of changes in nickel

content in Al2O3–Ni composite. The maximum amount of

nickel was observed in the outer region of the composite

(Zone I). The measurements showed that in Zone I, the
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Fig. 4 a DTA/TG/DTG curves of Al2O3–Ni green body obtained by gel-centrifugal casting with the use of glycerol monoacrylate as a monomer,

data registered in non-oxidizing atmosphere (argon); b data from the mass spectrometer coupled with TG
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nickel content was 22.5 vol% per 0.75 mm sample width.

It was confirmed that the content of the nickel particles

decreases with the increasing distance from the outer edge

to the inside part of the sample. In Zone II nickel content is

in the range of 15–7 vol% per 0.9 mm. The transition

between zones I and II has sharp, stepwise character. In

Zone III, mild decrease in nickel concentration was

observed. The nickel content falls from 5 to 0 vol% per

1.2 mm.

The Vickers hardness measurements were made on the

polished surfaces of Al2O3–Ni samples. Figure 9 shows the

hardness of the samples as a function of the distance from

the outer to the inner surface of the sample. The lowest

hardness (7.09 ± 1.25 GPa) were noticed in Zone I due to

the maximum concentration of nickel particles in FGM
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material. The Zone II was characterized by hardness of

13.16 ± 1.35 GPa. The highest hardness was obtained at

the outer edge of Zone III (17.05 ± 1.24 GPa) what cor-

responds to the areas without nickel.

Conclusions

Al2O3–Ni-graded hollow tubes were successfully obtained

by the gel-centrifugal casting. No additional phases were

present when sintering was carried out at 1400 �C in the

reducing atmosphere (H2/Ar). Microstructural observation

showed linear gradation of nickel content along the radial

direction of samples. Measured Vickers hardness reveal

that the relative Ni content decreased monotonously from

the outer toward inner side of the sample.

According to TG/DTA/MS measurements, it can be

concluded that thermal degradation of poly(glycerol

monoacrylate), used in the process as the binder, proceeds

a little faster in non-oxidizing (argon) than in oxidizing

atmosphere. However, slight amounts of carbon residues

have been observed in case of measurements performed in

argon. The main decomposition products are water vapor,

carbon dioxide, oxide (observed only for measurements in

argon), and small quantities of low-chain hydrocarbons.

The presence of Al2O3 and Ni powders changes decom-

position characteristics of the polymer but mainly toward

the changes in the relative quantities of released gasses.
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