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A B S T R A C T

The utilization of SiAlON ceramics at high speed machining of superalloys has been increasing day by day. In
these operations, chemical wear, based on diffusion of tool and work-piece atoms towards each other due to high
temperature and pressure at the cutting zone, is the dominant tool failure mechanism. In this study, dopant-
dependent diffusion behavior of SiAlON ceramics, prepared by using different rare-earth elements (Y, Yb, Er and
Ce), against Inconel 718 alloy was investigated. The SiAlON-Inconel 718 diffusion couples were manufactured
by SPS technique. It was observed that the diffusion zone thickness was strongly dependent on the type of the
rare-earth used in the composition and Er-doped SiAlON samples had a higher interaction zone in comparison to
the others. Moreover, crystallization of grain boundary phase was observed as an effective parameter on the zone
thickness for Er-doped compositions.

1. Introduction

SiAlON is one of the most important structural ceramics for various
applications such as attrition milling arms, wire extrusion dies, roll
bearings, cutting tools etc. in which high wear resistance, physical and
chemical stability, high temperature durability and thermal shock re-
sistance are required [1]. The cutting tools utilized for high speed
turning and milling of nickel based aerospace alloys are good examples
for these challenging applications.

As being one of the most widely used superalloys, Inconel 718 ex-
hibits excellent mechanical strength and creep resistance at elevated
temperatures and is defined as “difficult to cut material” due to its
superior high temperature properties. Many studies were reported over
decades in order to explain cutting performance of SiAlON tools on
turning of Inconel 718. Zheng et al. [2] studied wear mechanisms
during high speed turning of Inconel 718 alloy with SiAlON cutting
tools and found that main wear mechanisms were adhesive and abra-
sive wear. Zhuang et al. [3] investigated the correlation between notch
wear at the cutting edge of SiAlON based turning inserts and work
hardened layer formed on the surface of Inconel 718 alloy during
turning experiments conducted at a cutting speed of 200m/min. Their
results showed that the depth of the notch wear was directly propor-
tional to the hardened layer beneath the machined surface. Altin et al.
[4] analyzed wear mechanisms of SiAlON and SiC whisker reinforced
alumina inserts depending on cutting speed. The authors concluded that
diffusion based wear mechanisms such as notch, adhesion and crater
wear were dominant at high cutting speeds (200–300m/min), whereas

flank wear and thermal cracking were the main wear mechanisms at
relatively low cutting speeds (< 200m/min.).

Although, SiAlON based ceramics have been studied extensively in
high-speed turning of Inconel 718, there are limited number of study on
utilization of SiAlON based ceramics at high-speed milling of super-
alloys. Zheng et al. [5] investigated relative cutting performance of
graded nano-ceramic round inserts based on Si3N4/TiCN and com-
mercial Al2O3-SiCw ceramic tools on ultra-high speed milling of Inconel
718. They observed micro-chipping, microcracking, abrasion and ad-
hesion as the main wear mechanisms on the cutting edges of the tools.
Tian et al. [6] studied high-speed face-milling of Inconel 718 with
SiAlON ceramic tools under dry cutting conditions. While the notch
wear was found to be the dominant mechanism when the cutting speed
is relatively low (600–1400m/min.), the dominant wear mechanism
turned into adhesion wear at the cutting edges of the tools at higher
cutting speeds in the range of 1800–3000m/min. In another study
performed by Akhtar et al. [7], surface integrity of Inconel 718 alloy,
which was high speed milled by coated carbide and ceramic inserts, was
analyzed. The authors observed that finish surface roughness of the
work-piece alloy, machined with whisker reinforced alumina tool was
lower than that of the alloy machined with coated carbide tool due to
the adherence of material debris at higher cutting speeds at which the
ceramic tool was tested. In a recent study, Çelik et al. [8] manufactured
and tested a novel α/β-SiAlON solid milling tool and its TiN reinforced
composite on high speed milling of Inconel 718. A severe adhesion of
work piece material to the cutting edge and a subsequent crater for-
mation due to removal of the adhered layer from the cutting edge was
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observed under dry cutting conditions.
As stated in the literature on high speed cutting of superalloys with

SiAlON cutting materials, adhesive and a subsequent chemical wear,
based on the interaction of the tool and work-piece atoms, are re-
sponsible for tool failure during high speed machining of superalloys at
elevated temperatures. Therefore, it is critical to understand the effec-
tive parameters on the chemical resistance of SiAlON ceramics against
softened Inconel 718 alloy. In this study, it was aimed to investigate
diffusion behavior between Inconel 718 and SiAlON ceramics that
contain different rare-earth dopants, which is one of the most effective
parameters on the performance of the material, in order to elucidate
wear behavior of SiAlON based cutting tools. The diffusion couples of
SiAlON-Inconel 718 were manufactured by a novel technique based on
heating and pressing of sandwiched samples in a spark plasma sintering
(SPS) furnace, simultaneously and examined by scanning electron mi-
croscope (SEM) and an attached energy dispersive x-ray (EDX) detector.

2. Materials and methods

The experimental part of this study was divided into three sections
as manufacturing of SiAlON ceramics with different rare-earth dopants,
production of SiAlON-Inconel 718 diffusion couples by SPS and mi-
crostructural characterization of sintered SiAlONs and diffusion cou-
ples.

2.1. Production of SiAlON ceramics

A Y-Sm-Ca multi-cation doped α/β-SiAlON, the cutting performance
of which was investigated by Çelik et al. [8] and labelled as S-YSC, was
considered as the reference composition in this study. Three composi-
tions were derived from S-YSC by replacing the main dopant, Y, with
Yb, Er and Ce and designated as S-YbSC, S-ErSC and S-CeSC, respec-
tively. Two other compositions, which contain single dopant (100mol%
of Y and Er), were designed to determine the effect of Sm and Ca in the
dopant system on diffusion scale at the interface of SiAlON-Inconel 718
and labelled as S-Y and S-Er.

SiAlON compositions were prepared by wet mixing and milling of
raw powders Si3N4 (UBE-SE10/Japan), AlN (Tokuyama/Japan), Al2O3

(Sumitomo/Japan), Y2O3 (Treibacher/Austria), Yb2O3 (Treibacher/
Austria), Er2O3 (Treibacher/Austria), CeO2 (Treibacher/Austria),
Sm2O3 (Treibacher/Austria), (Treibacher/Austria) and CaO (in the
form of CaCO3), in an attrition mill (Union Process/USA) with a spindle
speed of ~ 600 rpm for 2 h. The sluries were then further mixed for an
additional 1 h after addition of organic pressing additives in the amount
of ~ 6wt%. After an efficient mixing step, the slurries were converted
to the SiAlON granules with an average diameter of 100 µm and hu-
midity of< 1% by means of a spray dryer. Cold isostatic pressing was
performed by compacting the granules in a flexible mold at a hydro-
static pressure of 200MPa to obtain green cylindirical samples. A low
temperature heat treatment (~ 600 °C) was applied to remove pressing
additives prior to sintering. Then, the green samples were sintered at
1900 °C for 1 h soaking time under N2 gas pressure in a gas pressure
sintering (GPS) furnace (FCT-Anlagenbau GmbH).

2.2. Production of SiAlON-Inconel 718 diffusion couples

The chemical composition of Inconel 718 superalloy, determined by
EDX analysis is given in Table 1. The diffusion couples were formed by
sandwiching a piece of square Inconel 718 alloy with a dimension of

5×5×3mm between two cylindrical SiAlON pellets with a diameter
and a thickness of 12 and 5mm, respectively. The SiAlON pellets and
Inconel 718 alloy were placed into a graphite mold setup as shown
schematically in Fig. 1. The sandwiched Inconel 718 and SiAlON ma-
terials were heated and pressed under vacuum condition between the
rams of SPS furnace (FCT Systeme GmbH), simultaneously. The sam-
ples, in surface contact, was kept at the maximum operating tempera-
ture of 1200 °C for 30min in order to allow diffusion to take place at
their interfaces. The configuration of SPS furnace, the operating con-
ditions of SPS process and a representative picture of the cross-section
of a diffusion couple are given in Fig. 1.

2.3. Characterization of materials

Microstructures of the sintered SiAlON ceramics and the interfaces
of the SiAlON-Inconel 718 diffusion couples were examined by SEM
(Zeiss-Supra 50VP) and an energy dispersive X-ray spectroscopy (EDX)
attached to this microscope. Phase analysis of the SiAlON ceramics and
z value of the β-SiAlON, which indicates the solubility of Al and O in
general formula of β-Si6-zAlzOzN8-z, were determined by a X-ray dif-
fractometer (XRD) (Rigaku-Miniflex 600). The XRD samples prepared
by mixing of SiAlON powder with a reference Si powder (~ 10wt%),
then the measurements were carried out with a scan speed of 0,2°/min.
for the 2θ values between 25° and 40°. The relative proportions of α and
β-SiAlON phases were calculated by using the intensities of the (102)
and (210) diffraction peaks for hexagonal α-SiAlON and (101) and
(210) peaks for β-SiAlON crystals as follows:

+
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+ −
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1
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β
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where Iα and Iβ are the intensities of α and β-SiAlON peaks, respec-
tively, wβ is the relative weight fraction of β-SiAlON, and κ is a constant
that equals to 0.518 for β (101) − α (102) reflections and 0.544 for β
(210)− α (210) reflections [9]. The z value of β phase was calculated
by taking the average of za and zc, which were calculated by the Eqs. (2)
and (3) given as follow:

=
−z a 7.6044
0.031a (2)

=
−z c 2.9075
0.026c (3)

where a and c are the calculated dimensions of β-SiAlON hexagonal unit
cell.

3. Results and discussion

3.1. Microstructural characterization of SiAlON ceramics

It is supposed that the interaction behavior of SiAlON ceramics with
Inconel 718 strongly depends on the composition and microstructural
characteristics of materials, as well as the manufacturing conditions of
the diffusion couples that are listed in Fig. 1. Fig. 2 shows the back
scattered electron (BE) images of the SiAlON ceramics after GPS at
1900 °C and 100 bar maximum temperature and pressure, respectively.
While, β-SiAlON phase is observed as dark gray rod-like grains, α-
SiAlON phase appears as more brighter and equiaxed grains due to
partial solubility of high atomic number rare earth atoms in α-Si3N4

crystal lattice. The sub-micron size white islands distributed throughout
the microstructure are the grain boundary oxynitride crystalline/
amorphous phase mainly composed of the elements of the rare-earth
oxides, silicon and nitrogen. It can be clearly seen in Fig. 2 that mi-
crostructural characteristics of the SiAlON ceramics were strongly af-
fected by the type of the rare-earth dopant. A similar microstructure for
S-YSC, S-YbSC and S-ErSC compositions in terms of grain shape, size
and amount of α and β-SiAlON phases was observed (Fig. 2(a), (b), and

Table 1
The composition of the Inconel 718 superalloy.

C Al Ti Cr Fe Nb Mo Ni

wt% 4.32 4.42 0.76 15.26 18.33 3.60 2.35 Balance
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(c), respectively). On the other hand, a more bimodal microstructure
with large β-SiAlON grains surrounded by much finer α or β-SiAlON
grains, was obtained for the Ce+2-doped S-CeSC composition (Fig. 2. d).
Furthermore, large α-SiAlON grains that were observed in the micro-
structures of S-YSC, S-YbSC, S-ErSC and S-Er samples were not detected
in the microstructure of Ce+2-doped sample, proving that the stabili-
zation of α-SiAlON phase is constrained by Ce+2 in comparison to the
other rare earth elements. According to Ekstrom [10], the largest rare-
earth cation to be able to enter the α-SiAlON structure alone is Nd3+,
with an ionic radius of 0.98 Å. The larger cations such as La3+

(r= 1.03 Å) and Ce3+ (=1.01 Å) are considered unable to occupy
alone the interstitial sites in α-SiAlON crystal structure. One way to
incorporate Ce+2 atoms into α-SiAlON structure was reported as the

utilization of Ce+2 together with smaller rare earth cations, such as
Y+3, Yb+3, etc. [11,12]. In this study, 5mol% of Sm3+ and Ca2+ (with
a radius of 0.958 and 1 Å, respectively) were used together with Ce+2.
However, stabilization of α-phase was not achieved for this composi-
tion due to their insufficient amounts as confirmed by the results of
XRD analysis shown in Fig. 3. The characteristic peaks of α-SiAlON
phase at 2θ values of 30.8°, 34.2° and 35.2° were not observed in the
corresponding spectra. Although small amount of Sm+3 and Ca+2 in S-
CeSC composition were ineffective on the stabilization of α-SiAlON
phase, their effects were much more obvious for Y+3 and Er+3 doped
compositions. A strong crystallization of grain boundary phase in the
form of melilite with a general formula of Ln2Si3−xAlxO3+xN4−x was
detected due to the absence of these cations for Er+3 and Y+3 doped

Fig. 1. Schematic illustration and operating conditions of SPS furnace used for manufacturing of diffusion couples.

Fig. 2. BE-SEM micrographs of (a) S-YSC, (b) S-YbSC, (c) S-ErSC, (d) S-CeSC, (e) S-Y and (f) S-Er compositions.
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samples (Fig. 3). Moreover, using Er+3 as a single dopant in S-Er re-
sulted in elimination of large α-SiAlON grains, as well as a reduction in
number of large β-SiAlON grains, as shown in Fig. 2(e) and (f).
Therefore, a monomodal microstructure with a lower amount of α-
SiAlON and crystalline grain boundary phases was obtained. While the
same α/β-SiAlON ratio is maintained, a reduction of overall grain size
was also observed for S-Y sample. The change in the ratio of α/β-
SiAlON, grain growth and crystallization of grain boundary phase most
probably arises from variations in viscosities of the RE-rich liquid
phases during sintering as suggested by Zenotchkine et al. [13], Kleebe
[14], Cao and Metselaar [15] and Mandal [16].

Al2O3 solubility in the crystal structure of β-SiAlON, indicated by z
value, plays an important role on mechanical behavior of SiAlON based
ceramics [17,18]. As shown in Fig. 3, a negligible difference in the z
values of β-SiAlON phase depending on the type of RE used in com-
positions, were calculated. Therefore, the effect of z value of β-SiAlON
on chemical properties of α/β-SiAlON ceramics as was neglected.

3.2. Comparison of diffusion scales of SiAlON ceramics

In order to reveal the chemical interaction between SiAlON based
ceramics and Inconel 718 without performing high speed machining
tests, at which high chemical wear occurs at the cutting zone due to
high temperature and pressure are exerted on tool materials, diffusion
couples were manufactured with a novel SPS technique. Fig. 4 shows
the microstructures of the interaction zone between SiAlON and In-
conel718, with a total thickness varying between 10 and 15 µm. While
S-YSC, S-YbSC and S-CeSC samples had a similar zone thickness about
~ 10 µm, a considerable difference in the interaction zone thickness
was measured (~ 15 µm) for Er+3 doped S-ErSC composition. By con-
sidering the similar α/β-phase ratio of S-ErSC and S-YbSC compositions
given in Fig. 3, it can be concluded that there is not a direct correlation
between α/β phase ratio and diffusion zone thickness. This was also
confirmed by the moderate zone thickness of S-CeSC composition
(11.16 µm), which was almost lack of α-SiAlON phase. Another in-
consistent behavior on diffusion zone thicknesses was observed in case
of single-doped S-Y and S-Er compositions. The β-SiAlON content was
increased by 10% and 19% for Y+3 and Er+3-doped systems, respec-
tively, as the result of a change in the dopant system from multi to
single for these compositions. However, the diffusion zone thickness of
Y+3-doped system was not affected by the absence of Sm+3 and Ca+2,
while it was slightly decreased when there is no other dopants in the
Er+3 system. Therefore, the decrease in the zone thickness of the Er+3

system was attributed to the crystallinity of grain boundary phase as
nitrogen-melilite (Fig. 3). Chee et al. [19] were suggested that nitrogen-

melilite (containing 67 eq.% of nitrogen) is an attractive grain
boundary phase for high temperature performance of SiAlON ceramics
due to its high refractoriness. Crystallization of melilite phase at the
grain boundaries of Er+3 and Y+3 doped SiAlON ceramics was also
reported by Bandyopadhyay et al. [20] and Ijevskii et al. [21].

A representative EDX analyses in mapping mode showing the dis-
tribution of the elements at the interface of S-YSC/Inconel718 is given
in Fig. 5. A Nb and Mo rich region (Fig. 5(c) and (d)) was observed as a
slightly brighter layer adjacent to the Inconel 718 side in BE image
(Fig. 5(a)). Nb, as a main former of γ’, γ’’ and δ phases in Inconel 718
[22], was also detected at the boundary of SiAlON-diffusion zone as
shown in Fig. 5(c). Between these Nb-rich layers, a relatively high Al
concentration was observed as a porosity-like dark regions (Fig. 5(a))
which were distributed in a matrix composed mainly of Cr, Mo and Ni
elements according to the Fig. 5(b), (d) and (f), respectively. The
thickness of this particulate composite structure was about 2–3 µm.
Although, Al presents in both SiAlON and Inconel 718 side, the Al-rich
grains were supposed to be formed as the result of the diffusion of Al
atoms from Inconel 718 to SiAlON due to high stability of Al in the form
of Al2O3, which was reported by Peteves [23] and Chakraborty et al.
[24] as − 1155 kJ/gmole at 1200 °C. Moreover, Al was expressed as a
critical component in diffusion process since the Al-O bonds in SiAlON
structure acts as a barrier for the diffusion of atoms from metal side
[24,25]. In this case, the size and the amount of Al rich grains dis-
tributed to the diffusion zones of the SiAlON ceramics was found quite
similar to each other (Fig. 4). Therefore, Al-rich grains were not taken
under consideration as a parameter, which affected the resultant dif-
fusion scale thicknesses. The last characteristic layer adjacent to SiAlON
side was distinguished as dark gray region, in which Nb as well as Cr,
Ni, Mo and Fe concentrations are relatively high according to the cor-
responding EDX maps given in Fig. 5(b) to (f). While Nb-rich layer was
much more explicit in the microstructure of S-ErSC and S-CeSC samples
(Fig. 4(c) and (d), respectively), it was observed as more discontinous
for the other compositions. It should be also noted that the con-
centration of Si at the interface was approximately zero indicating that
Si, as well as N, diffused towards the metal alloy with a relatively high
diffusion rate. The high diffusion rates of Si and N from ceramic to
metal are in agreement with the results of Chakraborty et al. [24], who
investigated the diffusion behavior between Si3N4 and a stainless steel
with a grade of 304 L.

If necessary to summarize, the diffusion zone between SiAlON
ceramics and Inconel 718 alloy had three characteristic sub-layers in
terms of microstructure and composition of the diffused elements as
schematically illustrated in Fig. 6. While first layer was observed as a
bright Nb-rich layer adjacent to the Inconel 718 side, the third layer
was seen as dark gray region in which Cr, Ni, Mo and Fe as well as Nb
concentrations were high. Between these two layers, a particulate
composite-like structure forming the second layer was detected. High Al
concentration was found in particle like phases, which were surrounded
by a matrix containing Cr, Ni and Mo elements.

4. Conclusions

In this study, dopant-dependent diffusion behavior of SiAlON
ceramics, prepared by using different rare-earth elements (Y, Yb, Er and
Ce), against Inconel 718 alloy was investigated. The SiAlON-Inconel
718 diffusion couples were manufactured by SPS technique.
Accordingly, the following conclusions were drawn:

• In case of using Ce+2 as a main dopant in the composition, the
stabilization of α-SiAlON phase was not achieved due to high ionic
radius of Ce+2. Utilizing Er+3 and Y+3 as single dopant altered the
final composition and microstructure. While the growth of rod-like
β-SiAlON grains was inhibited due to absence of Sm+3 and Ca+2,
the amount of α-SiAlON phase decreased in both Y+3 and Er+3

systems.

Fig. 3. XRD spectra of SiAlON samples with different dopant type.
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• Er+3-doped compositions (S-ErSC and S-Er) exhibited a higher dif-
fusion zone thickness in comparison to the other compositions, the
diffusion zone thicknesses of which are quite similar to each other
(10–11 µm). It was concluded that there was not a direct correlation
between the diffusion zone thickness and α/β-SiAlON phase ratio by
considering the similar α/β-phase ratio of S-ErSC and S-YbSC
compositions. This was also confirmed by the moderate zone
thickness of S-CeSC composition, which was almost lack of α-
SiAlON phase. The considerable reduction in the diffusion zone
thickness due to change in dopant system from multi to single was
believed as the result of strong crystallization of the grain boundary
phase as melilite in case of Er+3 system.

• It was found that the diffusion zone between SiAlON ceramics and
Inconel 718 alloy had three characteristic sub-layers in terms of
microstructure and composition of the diffused elements. While first

layer was observed as a bright Nb-rich layer adjacent to the Inconel
718 side, the third layer was seen as dark gray region in which Cr,
Ni, Mo and Fe as well as Nb concentrations were high. Between
these two layer, Al-rich particulates surrounded by a matrix con-
taining Cr, Ni and Mo elements.

• Since high speed machining is a dynamic process in which the chip
is always in a continuous sliding movement on the rake faces of the
tool, the chemical wear resistance of α/β-SiAlON ceramics during
high speed machining of Inconel 718 is proposed to be dependent
not only on the ease of formation of the diffusion products, but also
on their integrity to the SiAlON substrate under thermal and me-
chanical stresses, which was directly related to the compatibility of
coefficients of thermal expansion.

Fig. 4. BE-SEM micrographs of the diffusion interfaces of (a) S-YSC, (b) S-YbSC, (c) S-ErSC, (d) S-CeSC, (e) S-Y, (f) S-Er, and (g) the thickness of the diffusion zones of
these compositions.
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