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Abstract

SiAION ceramics have been known for many years as prime candidate materials in structural
applications at ambient and high temperatures involving superior mechanical and/or chemical
processes. In spite of their excellent properties, the utilization of SiAIONs has remained limited till
today due to the high cost of raw materials and processing. In order to circumuvent this problem, low
cost refractory grade, coarse, impure, less sinter active [5-Si,N, powder was used to produce SIAION
ceramics with satisfactory mechanical properties.

In this article, the processing challenges in the production of SiAION ceramics with [-SisN,
powder were discussed. The process parameters obviously affect the phase assemblage, densification,
microstructural and mechanical properties of final SIAION ceramics. Processed [f-Si;N, powder
characteristics are majorly investigated by SEM-EDX, XRD, XRF, laser particle sizer and elemental
analyser. The existence of undesirable impurities in the [ -SiAION crystal structure because of the
use of impure Si,N, powders has been shown to be tolerable by TEM microstructural analysis.
Mechanical properties are in general evaluated by Vickers indentation method. Wear behaviour of
the cost effective SIAIONs were compared with commercially available ceramic materials which are
commonly being used in wear applications. Initially the use of such powders to produce materials for
engineering applications proved challenging, however, satisfactory results have been obtained by the

optimization of the initial chemical composition and process parameters.
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1. Introduction

SiAION ceramic materials are very significant
with their highly desirable, and proved potential,
especially in industrial wear and high temperature
applications™. The final mechanical and chemical
properties of these ceramics depend on microstruc-
tural evolution (grain size, grain aspect ratio, poros-
ity, intergranular phase, impurities, etc.)*”. Powder
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processing stage has a strong effect on microstruc-
tural development, since ceramic parts are produced
by the sintering of initial powder mixtures®'?. Re-
moval of impurities from the raw powders, initial
particle size distribution, homogeneous dispersion
of sintering additives, and grinding of starting non-
oxide powders are the important parameters in the
microstructural formation of SIAION materials with
superior mechanical properties™. SiAION produc-
tion processes are based on homogenization of raw
powders a or f-Si;N, powder, Al,O,, AIN and sin-
tering additives such as Y,0;, Sm,0;, Er,0,, Dy,0.,
CaO, etc. in alcohol or water in order to achieve a
predetermined composition (@ : -SiAION ratio ("
"), a determined intergranular phase chemistry),
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@(I%\é(@&"by drying of slurry, shaping, and sintering.

O@de\“\“‘f?aditionally, high quality pure «-Si;N, powder is
$>~Q Wused instead of B-Si,N, powder due to its higher sin-

ter activity. However, fine «-Si;N, powders are very
high in cost and this is a key determinant parameter
for large scale applications. On the other hand, f
-Si;N, powders can be produced economically with
combustion synthesis®”. Free silicon and iron may
originate from milling of the raw S -Si;N, powder. Re-
moval of these impurities and/or achieving desired
final phases including these impurities in the sintered
product is required. Besides milling and sintering
process parameters have crucial effects on micro-
structural evolution. In this respect, SIAION powder
processing technology involves a number of know-
how developments to produce materials with supe-
rior properties at low cost.

In this article, the manufacture low cost SIAION
ceramics with satisfactory mechanical properties by
the use of low cost refractory grade, impure, less sin-
ter active [ -Si;N, powder was described. Correlation
between processed f-Si;N, powder characteristics
and process conditions with final phase assemblage,
densification, microstructure and mechanical proper-
ties was determined.

2. Experimental Studies

In this study f-Si;N, powder manufactured by
combustion synthesis (Beijing Chanlian-Dacheng
Trade Co. Ltd., China) was used as initial Si;N, pow-
der. Attrition milling in water with Si;N, grinding me-
dia (3 mm in diameter) at 1400 rpm was performed to
decrease the average particle size of f-Si;N, starting
powder. In order to completely understand correla-
tion between processing-structure-property relation-
ships, [-Si;N, powder characteristics were investi-
gated by using SEM-EDX, XRD, XRF, laser particle
sizer and elemental analyser.

Since a'and ' phases are both stable thermody-
namically, it is possible to produce hard and tough
o - f-SiAION composites. For this purpose 30
70 f-SiAION composition was designed and Y-Sm-
Ca multi cation doping system was chosen with the
aim to produce self reinforcement microstructures.
Y,0,; (>99.9%, H.C. Starck Berlin, Germany), Sm,0,
(>99.9%, Stanford Materials Corp., USA), CaCO,
(>99.75%, Reidel-de Haen, Germany) were used as
sintering additives. CaO was used to avoid « to S Si-
AION transformation, Y,O; and/or Re,O; (where Zg,
>62)) to increase the stability and hardness of «-Si-
AION and Sm,0O, (where Zy.<62) to develop elongat-
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ed [-SiAION grains to increase fracture toughness).
Si;N, powders and sintering additives were mixed
with high purity AIN powder (H Type, Tokuyama
Corp. Japan, with 1.6wt% O content) and Al,O, (Alcoa
A16-SG Pittsburgh, USA). All of the prepared SiAION
compositions with §-Si;N, powders were milled in
water with 64wt% solid loadings. Tetramethylammoni-
um hydroxide (TMAH) was used as a dispersant with
2.5 wt%. Milling was performed for a total duration
of two hours. The slurry was sieved with 32 pm and
homogenized together with 2 wt % plasticizer (Pri-
mal B60, Rhom & Haas, Italy), 2 wt % binder (PEG
4000, Clariant Produkte GmbH, Germany) and 2 wt%
lubricant (Zuzoplast Wem, ZSC Zimmer&Shwarz,
Germany) in a mixer. The slurries were spray dried
(Nubilosa LTC-2 model). The powders were uniaxi-
ally pressed at 25 MPa and subsequently cold iso-
statically pressed at 300 MPa to improve green den-
sity. Binder burn-out process was carried out at 550
C for 30 minutes. The pellets were sintered both by
gas pressure sintering (KCE, FPW 100/150-2200-25
type furnace), under 2.2 MPa nitrogen gas in a stan-

Cleaning
(Magnetic cleaning and wet sieving)

Attrition Milling
(in water, 1400 rpm, down to 1, 0.8 and 0.5pm )

. Characterisation of 3-Si;N4 Powder
, (XRD, XRF, SEM-EDX, Laser Particle Sizer)
1

___________________________________

Sintering
(GPS and PLS)

E Characterisation (XRD, SEM) |
1 Hardness and Toughness Measurement |
| Sand blast wear test '
1 1

Fig. 1 Flow chart of the manufacturing process.
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O$P\ p“a;‘ticle composition Alumina
= Particle size of alumina 0.5-1 mm
Alumina content 2 kg
Sample dimensions 24.5 X 7mm
Test duration 10 min.
Distance to nozzle 10 mm
Impact angle 50°
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dard manner and by pressureless sintering (Thermal
Technology, 1000-4560-FP2000 model furnace). Post
sintering heat treatment was performed at 1900C for
3 hours under 0.1 MPa nitrogen gas. Flow chart of
the manufacturing process is given in Fig. 1.

o : B phase ratio and phase composition of the in-
tergranular phase were determined by X-ray diffrac-
tion (Rigaku 2000 Rint, Japan). Polished surfaces of
the sintered samples were gold coated prior to exami-
nation in a Zeiss VP50-Supra type scanning electron
microscope (SEM) by using back-scattered electron
imaging mode. Analytical TEM investigations were
achieved by using 200 kV field emission TEM (JEOL
JEM-2100F).

Hardness and fracture toughness measurements
were carried out by Vickers indentation technique by
applying 10 kg load for 10 seconds. At least 5 inden-
tations were made for each sample. The sand blast
wear tests were further performed at Réchling Leripa
GmbH (Austria). The test conditions were given in
Table 1. The erosion rates of the nozzles are defined
as the nozzle mass loss divided by the nozzle density
and so volume of the erodent abrasive particles (wear
volume) is found.

3. Results and Discussion

3.1 Powder processing challenges and solutions

Widespread use of SiIAION parts is limited at pres-
ent due to high cost of raw materials and of process-
ing. In order to solve this problem, low cost refrac-
tory grade, coarse, impure and less sinter active [
-Si;N, powder was used. Utilization of this kind of
powder brings about processing challenges to pro-
duce SiAION ceramics with sufficient densification,
phase assemblage and mechanical properties.

The first step was before milling, characterisation
of as-received [ -Si;N, powder. XRD analysis was car-
ried out to detect impurities in as-received f-Si;N,
powder (Fig. 2). According to Fig. 2, the powder
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Fig. 2 An XRD analysis of cleaned and as-received
B -Si,N, powders.
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Fig. 3 Schematic illustration of iron and silicon remov-
ing processes.

contains Fe, Si, Fe,Si and FeSi, as impurities. Iron
contamination was believed to cause from the milling
process of starting Si powder involving use of steel
grinding media.

In order to remove iron, magnetic cleaning pro-
cess was applied as shown in Fig. 3. Initial f-Si;N,
powder was mixed in mixer with isopropyl alcohol
and Fe impurities were collected with a magnet. This
process was repeated until iron impurities were to-
tally removed. To remove silicon impurities, obtained
slurry after magnetic cleaning process were passed
under 75 pm sieves to separate coarser silicon par-
ticles. Subsequently slurry was dried in rotary evapo-
rator. A phase comprises of as-received and cleaned
B -Si;N, powder is given in Fig. 2. XRD analysis
showed that this cleaning process is effective, since
there were no silicon or iron/iron containing impuri-
ties detected.

3.2 Effect of milling on powder characteristics
Initial average particle size of f-Si;N, powder was
measured as 10 ym by laser diffractometer (Fig. 4).
Attrition milling in water with Si;N, balls (3 mm in
diameter) at 1400 rpm was performed to decrease
the average particle size of f-Si;N, starting powder
to 1pym, 0.8 ym and 0.5 pym. The related powders
were designated as B1 (d50: 1 pm), B0.8 (d50: 0.8
pm) and B0.5 (d50: 0.5 pm). For the milling process,
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< O 450519 11m, d10: 2.38 um, d90: 35.71 um Table 3 Starting Si,N, powder characteristics
St WO
0®6 \} B B1 B0.8 B0.5
RO W
O$\> <4 % -Si;N, 0 0 0 0
& ts % B-SiN, | 100 100 100 100
=P D50 (um) 10 1.08 0.78 0.53
1 D10 (um) 24 0.55 0.30 0.18
$o1 0.1 1 10 100 1000 3000 D90 (wm) 36 243 169 140
Particle size distribution (um) Milling time (h) - 9 13 21
Fig. 4 Particle size distribution of as-received f-Si,N, Particle shape| Prismatic | Irregular | Irregular | Irregular

powder.

Table 2 Milling time versus particle sizes

Table 4 XRF analyses of B0.5 powder

N Si Al Fe Ca | Mn P Sr Cu Ni Cr

Milling Time (h) d50 d10 d90 wi% | 78.97 | 20.38 | 0.450 |0.0898(0.0849|0.0077|0.0030|0.0022 | 0.0020 [0.0020 [0.0019
0 10.05 2.38 35.71
L5 3.8 0.89 9.34 the slurry began to bubble with an ammonia odour.
25 2.59 0.84 579 It was shown that the long term milling in isopropyl
45 1.40 055 322 alcohol might have increased in the amount of Si-O-Si
7 1.19 0.56 243 surface groupslo).
9 1.08 0.55 2.07 . .. .
1 0.98 0.46 L97 XRF analysis of B0.5 powder is given in Table 4.
13 0.78 0.30 169 Fe, Ca, Mn, P, Sr, Cu, Ni and Cr are still present in
15 0.67 0.19 164 very small quantities (less than 0.1 wt.%) in cleaned
17 0.62 0.20 1.50 B -SisN, powder. XRF analyses verify the XRD analy-
19 0.59 0.19 1.48 ses of cleaned f-Si;N, powder. SEM-EDX elemental
21 0.53 0.18 1.40 analyses of B0.5 powder showed the presence of Fe,

Attrition milling at 1400 rpm in water

the ratio of powder to deionised water and dispersant
was 800 g : 400 g : 16 g; the weight ratio of powder to
Si;N, milling balls was 1: 2.3. The vessel was cooled
by water circulation throughout the process. The
slurry temperature was systematically controlled ev-
ery hour. If slurry temperature reaches 50C, milling
speed was decreased for the duration of the next 30
minutes. Milling efficiency was given in Table 2. In
the first 1.5 hrs, particle size was down to 3.58 um.
After 7 hrs milling, particle size was down to 1.2 ym.

SEM analysis of as-received and milled f-Si;N,
powder was given elsewhere®”. As-received f-Si;N,
starting powder exhibited prismatic-elongated parti-
cle morphology, whereas the milled £ -Si;N, particles
(B1, B0.8, and B0.5) showed an irregular morphol-
ogy with sharp edges. The sum of initial Si;N, powder
characteristics were given in Table 3.

Total oxygen content of the powders was deter-
mined by the inert-gas-fusion method, using an
elemental analyser. As-received f-Si;N, powder con-
tains 3 wt% oxygen. After 21 hours milling in water
B0.5 powder has 7.8 wt% oxygen. This can be attrib-
uted to the hydrolysis of f-Si;N, powder during mill-
ing in water after long hours. After 21 hours milling
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Ca, Cu, Ba, S, Mn, Ti and Ni as impurities (Fig. 5).

3.3 Effect of milling time on SiAlON properties
3.3.1 Densification, phase assemblage and mi-
crostructure

Milling time is the most important variable that will
effect final particle size, particle surface characteris-
tics and hence densification, phase assemblage and
microstructure. Table 5 shows some characteristics
of the powders (B1, B0.8 and B0.5), sintering condi-
tions and some properties after sintering process.
It was found that SiAION obtained from B1 powder,
milled for 9 h presents nearly full densification and
designed o': B phase ratio was achieved. Increase
in milling time from 9 to 13h leads to increase in oxy-
gen content of Si;N, powder and this variation causes
increase in f' content. During milling in water, fol-
lowing reaction may occur®.

Si;N, + 6H,0 = 3510, amorphoust 4NH; @)

SiO, formation due to this reaction shifts the com-
position to f' rich region. It is also expected that
increased silica would preferentially react with «
-SiAION stabilizing additives and thus would reduce/
prevent a-SiAlION formation.

Other important topic is sintering of coarse B0.8
powder by pressureless sintering route at 1800C, for
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Fig. 5 SEM-EDX analyses of B0.5 powder.

1 h with almost full densification due to judiciously
selection of dopant system®. One of the main as-
pects in designing SiAIONs with improved properties
would be the chosen of additives that would provide
a good liquid phase sintering behaviour. In this study
Sm rich Y-Sm-Ca dopant system with cation molar
ratio 30:64:6 was chosen because of the low eutectic
temperature and high nitrogen solubility of the Sm-
Si-Al-O-N system®”. Moreover, the viscosity of Sm-
Si-Al-ON liquids is less than the other lanthanide
containing SiAlONs and this makes densification
easier’. Further increase in milling time to 21 h
results in further increase in oxygen content up to

Table 5 Characteristics of SIAION ceramics

Powder [Milling | O Sintering Conditions Phase Relative
Time (h) [(wt. %) Assemblage | Density
B1 |9 4 1940°C, 2 h, 2.2 MPa N, 734270 [99.90
B0.8 | 13 4.7 1800°C, 1 h, 0.IMPa N, 814190 |99.90
HT: 1900°C, 3 h, 0.1MPa N,
B0.5 | 21 7.8 1850°C, 1 h, 2.2 MPaN, 1008 99.43
26

Fig. 6 BSE-SEM images of sintered SiAIONs prepared
from (a) B1, (b) B0.8 and (c) B0.5 powders.

7.8 wt.%. Higher oxygen content induces more liquid
phase during sintering and leads to better densifica-
tion even at 1850C but it has detrimental effect on
high temperature properties due to higher liquid
phase content.

Fig. 6 shows BSE-SEM images of sintered Si-
AlONSs prepared from f-Si;N, powders which were
subjected to different milling times. The differences
in microstructure can be explained on the basis of
differences in powder particle size and sintering con-
ditions. The microstructure of B1 sample consisted
of predominantly between 1-1.4 ym «'and f' grains
diameter, the aspect ratio of grains changes between
2.5to 7 (Fig. 6a). The diameter and length of grains
were determined by the SEM micrographs of pol-
ished surfaces. Over 200 grains of each sample were
measured. The apparent aspect ratio of the grains
was calculated by dividing the length to diameter.
A decrease in f-Si;N, particle size to 0.8 ym (B0.8)
resulted in decrease in a'and f' grains diameter to
between 0.5-1.5 pm, but aspect ratio of grains almost
similar (Fig. 6b). This sample was subjected to heat
treatment at 1900C for 3 hrs under 0.1 MPa nitro-
gen gas pressure. However, substantial grain growth
was not achieved due to coarse grain size of sintered
samples. In order to obtain grain growth, grain size
should be less than 0.5 pym. It was observed that in
order to achieve grain growth and to develop self
reinforced microstructure after heat treatment, the
grain size of SIAION after sintering should be rather
fine, preferably less than 0.5 ym as in Fig. 7 *. Oth-
erwise, coarse grains, even around 1 pm, do not have
enough driving force for grain growth. Similar obser-
vations were made on f-Si,N, ceramics™®.

After 21 hrs milling, particle size was down to 0.5
pm and B0.5 specimen after sintering have fine elon-
gated microstructure with grain size was around 0.2
pm and aspect ratio was about 7. It is evident that
final grain size of [-Si;N, derived SiAION ceram-
ics depends on the initial f-Si;N, particle size (Fig.
8). During sintering, the solution of f-Si;N, in the
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Fig. 7 BSE-SEM images representing the as-sintered
and heat treated microstructure of (a, b) B1 and
(c, d) B0O.5.

Fig. 8 (a) SEM-SE image of starting f-SiN, powder
(d50:1 pm) and (b) SEM-BSE image of sintered
B1 sample.
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Fig. 9 TEM-EDX analyses of B1 sintered sample.
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liquid phase and precipitation as «: f-SiAION might
have caused the formation of «: f-SiAlION from £
-Si,N, powder ®. The nucleation can either be ho-
mogeneous from the liquid or heterogeneous on the
existing f-Si;N, grains. Given the fact that the initial
particle size is an effective parameter on the final
microstructure, the use of coarse or fine f-Si;N,
powders resulted in coarse or fine o: f-SiAlION, re-
spectively. It appears that nucleation of o : ff-SiAION
occurred heterogeneously on the pre-existing crys-
tals in case of B0.8 and B1 powders.

Even if the starting f-Si;N, powder was subjected
to magnetic cleaning and sieving processes, some im-
purities may remain in powder. After a detailed TEM-
EDX examination of the sintered SiAION samples
prepared from B1 powder, incorporation of undesir-
able Fe and Cr impurities into the [-SiAION crystal
structure was found (Fig. 9) *. As previously noted
Be * Mg, Li *” and Ga * may enter f-Si,N, crystal
structure. These results clearly showed that Fe and
Cr can enter [-SiAlION crystal structure. As a con-
clusion it can be inferred that the use of Si;N, pow-
ders with certain impurities can be used to produce a
SiAION phase microstructure.

3.3.2 Mechanical properties

The hardness and fracture toughness values of
the SiAION ceramics are summarized in Table 6.
Increasing milling time resulted in a decrease in
hardness. During milling in water, oxygen content of
the composition increased. Therefore, the initial com-
position shifted to S’ region. In addition, higher oxy-
gen content led to a higher fraction of intergranular
phase. This increment provided a decrease in hard-
ness. B1 and B0.8 have similar hardness values. The
difference in hardness between B1, B0.8 with that
of B0.5 can be attributed to the presence of larger
fraction of grain boundary phase in B0.5 due to pro-
longed milling time and also to the absence of harder
o' phase. Although B1 and B0.8 specimens consisted
of both o' and B’ phases, hardness values were low-
er than expected. As mentioned before, incorporation
of Fe and Cr impurities in ' crystal structure might
have caused a decrease in hardness values.

Both indent diagonals and crack lengths around
the indentations were measured from the SEM im-
ages and found that 1/a ratio varies between 1.0 and
1.7 and such values indicated good crack growth
resistance property of the investigated ceramics. The
differences in microstructure and properties can be
explained on the basis of differences in powder par-
ticle size. The development of more elongated grains
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Tab%ebﬁc Meéchanical properties and developed phases
‘Qde \&© of SiAIONS, prepared from different starting
o @\“ particle sizes 1 ym (B1), 0.8 ym (B0.8) and 0.5
pm (B0.5), when subjected to different sinter-
ing methods and heat treatment

Sample Milling time () HV (GPa) Kic (MPam”®)  Phases

B1 9 14.22 £ 0.03 530 = 0.15 73p"27a'
B0.8 13 14.10 £ 0.07 520 = 0.10 81419’
(HT)

B0.5 21 13.00 = 0.03 5.60 = 0.20 1004"

in B0.5 resulted in relatively higher toughness than
other sintered ceramics. B1 and B0.8 samples have
similar aspect ratio (see Fig. 6) and thus fracture
toughness values are similar. Post sintering heat
treatment did not have any effect on grain growth
for B0.8 sample (Fig. 7). It was concluded that to
achieve grain growth and to develop self-reinforced
microstructures by heat treatment, grain size of Si-
AION microstructure after sintering should be less
than pm (preferably < 0.5 pm). Coarse grains would
not have enough driving force for grain growth.

3.3.3 Wear resistance

Table 7 presents the hardness, flexural strength,
fracture toughness, phase assemblage and wear
volume of the samples. Sand blast wear tests were
carried out on the developed SiAION ceramics to
simulate wear caused by severe particle impacts. In
addition the wear volume of the developed cost effec-
tive SiAION was compared with commercial ceramic
materials were provided from CeramtecAG company
(Germany) which are commonly used in wear appli-
cations.

The sand blast test results showed that SiAION ce-
ramic was much more durable than alumina ceramics
which are widely used in wear applications. Although
commercial Al,O,-ZrO, material is harder than B0.8
monolithic SiAION, B0.8 monolithic SiAION is 4.5
times more durable than commercial Al,O5-ZrO, ma-
terial. SIAION showed similar performance to silicon
nitride ceramics although it was prepared from cost
effective heterogeneous powders. When the hard-
ness, toughness and strength values are compared,

Table 7 Properties and wear volumes of sand blast
tested ceramics

Sample HV K ” Strength Phases Wear Volume
(GPa) |(MPam"?)| (MPa) (mm’)
B0.8 14.10 5.1 530 |814":19a’ 0.0360
Commercial Si;N, 16.00 5.5 850 B-SizN, 0.0320
Commercial Al,04-Zr0O, | 17.00 44 450 |ALO4ZrO, 0.1600
Commercial Al,O, 17.00 4.0 380 ALO, 0.4800
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commercial Si;N, proved advantageous over B0.8
sample. However, wear volume values are almost
similar. In general, it can be concluded that SIAION
ceramics have better properties than Si;N, ceramics
for commercial applications.

4. Conclusions

In this article, processing challenges of f-Si;N,
powder to produce SiAION ceramics have been tried
to clarify. It has been found that undesired iron and
silicon impurities in starting silicon nitride powder
can be significantly reduced by magnet and then wet
sieving. On the other hand, incorporation of undesir-
able impurities into the f-SiAlON crystal structure
and thus use of Si;N, powders with certain impurities
as characterized by TEM, are found to be possible.

The effect of powder processing conditions on
phase assemblage, densification, microstructure
and mechanical properties of SIAION parts has been
identified. The powder milling time was determined
to see the effects on creating silica on silicon nitride
powder. Silica content on silicon nitride powder gov-
erned the phase assemblage. If oxygen content is
~7.8 wt%, the designed o': ' ratio was not achieved
and composition was shifted to ' rich region. It was
observed that initial particle size have vital effects
on microstructural evolution. If particle size is larger
than 0.5 pm low aspect ratio grains developed. A
combination of hardness of around 14 GPa and inden-
tation toughness of 5.1 MPam1/2 could be obtained
in ceramics sintered from coarse (0.8 ym) f-Si;N,
powders. This SiAION ceramics prepared by with
commercial Si;N,, showed similar wear resistance
performance and proved more durable than commer-
cial alumina ceramics which are widely used in wear
applications.
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