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Abstract. Advanced ceramic materials constitute a mature technology with a very broad base
of current and potential applications and a growing list of material compositions. Within the
advanced ceramics category, silicon nitride based ceramics are wear-resistant, corrosion-
resistant and lightweight materials, and are superior to many materials with regard to stability
in high-temperature environments. Because of this combination the silicon nitride ceramics
have an especially high potential to resolve a wide number of machining problems in the
industries. Presently the SizN4 ceramic cutting tool inserts are developed using additives
powders that are pressed and sintered in the form of a cutting tool insert at a temperature of
1850 °C using pressureless sintering. The microstructure of the material was observed and
analyzed using XRD, SEM, and the mechanical response of this array microstructure was
characterized for hardness Vickers and fracture toughness. The results show that SizN4/20
wt.% (AIN and Y,0;) gives the best balance between hardness Vickers and fracture
toughness. The Si3N4/15 wt.% (AIN and Y,03) composition allows the production of a very
fine-grained microstructure with low decreasing of the fracture toughness and increased
hardness Vickers. These ceramic cutting tools present adequate characteristics for future
application on dry machining.

Introdution

Advances in ceramic composites have resulted in the emergence of newer materials [1].
Control of microstructures has led to the development of new ceramic composite materials
which are successfully used for cutting tool applications [2 and 3].There is a continuous need
for improving the existing cutting tool materials, which is driven by a strong competition on
the market and also by more difficult to machine materials like, e.g. high alloyed grey cast
iron, compacted graphite iron, nickel alloys [4]. Si3N4 ceramic cutting tools offer a high
productivity due to their excellent hot hardness, which allows high cutting speeds. Under such
conditions the cutting tool must be resistant to a combination of mechanical, thermal and
chemical attacks [5]. Machining, a major manufacturing process, plays a key role in overall
manufacturing costs. The development of new ceramic cutting tools that have unique
chemical and mechanical properties is important as these tools can offer an increase in metal
removal rates, extending tool life and having the ability to machine harder materials too.
When properly applied these tools can provide the manufacturing engineer with a means of
reducing machining costs and increasing productivity [4]. Machining with silicon nitride
ceramic tools is usually carried out in dry condition. In general, environmental concerns call
for the reduction of cutting fluids in industry [6]. The concept of dry machining has many
advantages, such as non-pollution of the atmosphere or water, no residue or the swarf
resulting in the reduction of disposal and cleaning cost, no danger to health, such as skin
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rupture and allergy [7]. This prompts researchers to develop ceramic cutting tool materials
with high dry machining performance. In recent work the authors has been proved the great
potential of silicon nitride on dry machining [8]. Some researchers have adopted a method of
mist lubrication [9]. Depending on the machined workpiece, cost savings up to 17% of the
total work piece cost can be made by introducing dry machining. This is mainly due to the
elimination of coolant supply, cleaning, maintenance and disposal costs [10]. Reducing costs
in the cutting process together with reduced environmental pollution by the use of dry
machining is the main key for the industry to remain competitive and profitable in the future
[11, 12]. In this way, the present work investigates the possibility of increasing silicon nitride
cutting tools properties so that it can be used, with higher efficiency compared to the cutting
tools available in the market, on dry machining.

a
o
3
@
<
)
a
°
3
3
®
H
B
1
a
°
3
2
&
2

*
o
®
Q
o
Q)
N
r

Wear mechanism of ceramic cutting tools

In general, ceramic cutting tools undergo wear due to abrasion, adhesion or diffusion.
The total tool wear observed in the ceramic tool can be divided into two main broad
categories [13]:

* Mechanically activated wear which includes abrasion, adhesion (attrition) and
fracture;

* Chemically activated wear which includes diffusion or dissolution wear.

Usually the wear in a cutting tool is a complex phenomenon and can be attributed to
several of the above wear modes/mechanisms. The combined effect of the wear mechanisms
or the predominance of any of them depends upon the following factors:

* type of cutting tool material such as single phase ceramic or composite ceramic, type
of reinforcements like particles, whiskers, chemical affinity towards work piece material,
mechanical properties such as hardness, toughness etc.;

* type of work piece material such as ferrous or non-ferrous material, composite
material, its hardness and machinability;

* cutting conditions such as speed, feed rate, depth of cut, and tool geometry such as

rake angle, clearance angle, approach angle, cutting edge angle, nose radius etc.
In general ceramic cutting tool materials are more wear resistant than cemented carbide tools.
Abrasive wear is predominantly controlled by the mechanical properties of tool material such
as hardness and toughness. Diffusion wear is predominantly controlled by chemical stability
and the solubility of the tool material in the work material at high temperature.

Cutting tools for machining super-alloys.

The requirements for any cutting tool material used for machining super-alloys are [14]:
good wear resistance, high hot hardness, high strength and toughness, good thermal shock
properties and adequate chemical stability at elevated temperature.

Experimental procedure

Two different SizNy-based compositions were prepared using the following high purity
starting powders: SNYA1, 85.0 a-SisNs— 5.0 Y,05—-10.0 AIN (H. C. Starck) and SNYA2,
80.0 0-Si3N4—8.0 Y,03-12.0 AIN (H. C. Starck) in wt. % to obtain different ceramics cutting
tools. The starting powders were weighed and milled in water-free isopropyl for 8 hrs. in an
agate jar using agate milling media. The mixed powders were dried and subsequently sieved.
The green bodies were fabricated by uniaxial pressing under a 50 MPa pressure and
subsequent isostatic pressing under a 300 MPa pressure. After compaction, samples showed
dimensions of 15.86 x 15.86 x 6.5 mm and green density of 60 % by geometric methods.
Before sintering, the samples were involved in 70 % Si3N4 + 30 % BN as powder bed, and
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then introduced in a furnace with a graphite heating element (Thermal Technology Inc. type
1000-4560-FP20) in a nitrogen atmosphere. The heating rate employed was 25 °C/min. up to
a maximum sintering temperature of 1850 °C, with a holding time of 2 hours. The cooling rate
was the same as the heating rate. The density of the samples was measured by the Archimedes
method and the weight loss was determined before and after sintering measurements. The
surfaces of the sintered samples were removed (at least 2 mm) and then the phase composition
was analyzed by the X-ray diffraction technique. Microstructural characterization was
performed with a scanning electron microscope (SEM). The samples for SEM examination
were polished and submitted to chemical etching, in a NaOH : KOH mixture (1:1 at 500
°C/10 minutes), to reveal microstructure.

The hardness was determined by Vicker's indentations under an applied load of 20N for
30 s. For statistical reasons, 20 indentations were made to each sample. The fracture
toughness was determined by the measurement of crack length created by indentations. The
calculation of the fracture’s toughness values was done through a relation proposed by Evans
et al., valid for Palmqvist-type cracks, conform to equation (1) [15, 16].

Kic = 0.16(E/HV)"2.F.b>" (1)
Where: K¢ = fracture toughness [MPa.m” ,E= Young modulus of material [GPa]; HV
= Vickers hardness [GPa]; b = crack size [um] and F = applied load [N].
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Results and discussion
Sintering

The particle size distributions of both powder batches, SNYAI and SNYA2, showed
that the average particle size found was approximately 0.48 — 0.62 pm, resulting in very
similar green densities of both green samples. The SNYA2 sample had 98.75+0.16 %
relative density slightly higher than SNYAI sample which had 97.92 + 0.22 % relative
density. The mass losses during the sintering were about 2 % in both samples. This behavior
demonstrates the viability of using Y,Os/AIN as sintering additives, promoting similar
sintering activity for both samples compositions, as expected because of the same additives
with only slightly different amounts. Thus the sintering parameters applied are adequate to
produce high density cutting tools.

X-ray difractometry (XRD)

The sintered SNYAI sample showed B-SizsN4 present as the main matrix phase Fig.1.
The randomly distributed grains of SisN4 ceramic fabricated through Nj-pressure sintering
lead to isotropic mechanical and physical properties [17]. The phase of Y,SizO3N4 was
identified from the XRD spectra and the formation of this phase can be explained by the
following reaction equation.

Y,03+S13N4—Y,S1303Ny (2)

The X-ray diffraction pattern of a sample designated as SNYA2 (N,-pressure sintering
at 1850 °C) is shown in Fig. 2. As seen in Fig. 2, a majoritary a-SiAION phase was identified
suggesting the existence of a sintering-complete system. Fig. 2 shows the relationship
between the phase formation and the amount of additive which will reflect in an increase of
mechanical properties while the Y,Si303N, phase disappears. A higher sintering temperature
of 1850 °C and a 20 % amount of additive was effective to improve the mechanical properties
and reduce the intergranular phase. Therefore, in this work, samples with 15 and 20 %
Y,0s/AlIN, as sintering additives, were completely densified with similar results presented by
Santos et al.[18].
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Fig. 1. X-ray diffraction patterns of SNYAI. Fig. 2. X-ray diffraction patterns of SNYA2.

Microstructure and mechanical properties

As shown in Fig. 3, the microstructure of SNYAT1 consists of elongated B-SizNy4 grains
randomly distributed in a matrix. The elongated B-Si3N4 grains are well developed and have
an irregular cross-section perpendicular to the growth direction. The B-SizN4 grains have an
average grain size of about 4.5 um and aspects ratios higher than 5.1 pum. This demonstrates
the efficiency of the gas-pressure sintering process [19, 20]. The intergranular phase located
between the grains was revealed and created during the etching-off of the grain-boundary
phase.

In order to examine the effect of the amount of additives on the microstructure and
morphology of Si3Ny4 ceramic cutting tool, the micrograph of a sample of (SNYA?2) sintered at
temperatures of 1850°C is illustrated in Fig 4. At lower amount of additive, most of the a-
SiAION grains are equiaxed and small. As the amount of additive increases, the volume
fraction and the average quantity of a-SiAION grains also increases. In a previous report, the
formation of the elongated a-SiAlON grains was explained by means of the reduction of the
driving force for the nucleation [9]. These studies show that the formation of elongated grains
is directly related to the sintering parameters, time, temperature and isothermal holding time,
as well as to the characteristics of the starting powders [21].

In Fig.4, one can appreciate the change in the average grain size of about 3.8 um and
aspect ratios higher than 4.2 pum, thus confirming the formation of a-SiAION with an
elongated microstructure.

In this paper, it was also possible to evaluate the effect of material density on hardness.
The SNYAI and SNYA2 compositions showed variations of hardness with density. As
expected, the hardness of SNYA2 increases with increasing relative density and the highest
value for hardness (21.52 GPa) is achieved in the sample with the highest relative density, i.e.,
98.75 %. Similar results for the variation of hardness with density were observed in the
SNYA1 sample, which presented a decrease of hardness (18.90 GPa) when decreasing
relative density value.

It is interesting to note that the growth of elongated B-SizN4 grains occurred in the SNYA1
composition investigated, suggesting that the self-reinforcement for this composition is
operational and may lead to an enhancement in toughness. In addition to composition, it was
found that the amount of additive has an equally important role in promoting the growth of
the elongated grains and volume fraction. The SNYA2 composition showed the change of the
average grain aspect ratio and grain volume fraction of 15 % additive, sintered at temperatures
of 1850 °C, the same as for the amount of additive of 20 %: for both the grain aspect ratio
decreased and the volume fraction of the grains increased.
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The effect of grain aspect ratio and elongated grain volume fraction is observed on
fracture toughness for samples sintered with different amounts of additive. The results showed
clearly that there is a relationship between fracture toughness and both the grain aspect ratio
and volume fraction of the elongated grains. Unlike for the aspect ratio and volume fraction of
the elongated grains, no definite relationship exists between fracture toughness and grain
diameter (grain width). However the SNYA1 sample has shown a fracture toughness of
5.92 MPa m'? and the SNYA2 sample a fracture toughness of 5.45 MPa m'?.

Despite the clear difference in grain morphology and toughness values, the SNYA2
sample has a high hardness of over 21 GPa. This is because the high hardness of a-SiAION
ceramics, that is an intrinsic property, and is derived from the crystal structure. The longer
atomic stacking sequence (ABCD) in a-SiAION increases the slip resistance of the
dislocations, offering a higher hardness compared to -SizNs or B-SiAION, which have a
relatively lower hardness (15-16 GPa) due to the shorter atomic wstagking sequence (AB).
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Fig. 3. SEM micrograph of sintered SNYAI. Fig. 4. SEM micrograph of sintered
SNYA2.

Conclusion

It can be concluded that the experimental methodology applied here was effective in the
development of new ceramic cutting tool inserts (B-Si3N4 and a-SiAION), with high relative
density, high hardness, fracture toughness and promising application on dry machining. It can
be considered as an enabling technology which has potential to deliver high-value
contributions for solving the challenges of the future machining industries. Optimized
combination of properties governed by crystal chemistry and microstructure realized a new
cutting tool material. The significance of these results will be further supported and explained
in a more detailed manner by dry machining tests. To remain competitive in the future, and to
ensure long-term success, machining policy makers, must focus on future markets of ceramic
cutting tools and apply a well-founded strategy for technology development.
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