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Abstract
Silicon nitride (Si3N4) is widely used in the manufacture of cutting tools due to the combination of properties such as high

hardness, fracture toughness and wear resistance. This ceramic is usually sintered by liquid phase, causing the reduction of

thermo-mechanical properties. This work investigated the sintering of pure (binderless) Si3N4 tools by a high pressure and

high-temperature (HPHT) technology. Sub-micrometric a-Si3N4 powder was hot-pressed at 1700 �C for 3 min, using

extreme pressures of 5, 6 or 7 GPa. The sintered samples were characterized by XRD and atomic force microscopy (AFM);

hardness and fracture toughness were measured by the indentation fracture method (IF). Preliminary machining tests with

binderless-Si3N4 tools were performed using AISI 4140 hardened steel. Commercial TiN-coated hard metal insert was used

as a comparative tool material. Turning tests were carried out using coolant/lubricant, cutting time of 12 min, cutting speed

of 150 m/min, cutting depth of 0.3 mm and feed of 0.11 mm/rev. The results showed the presence of a-Si3N4 and b-Si3N4

crystalline phases after sintering, indicating partial a ? b phase transformation, with elongated b-Si3N4 grain. The relative

density after sintering was near 90–97%. The best results for the mechanical properties were hardness of 21 GPa and

fracture toughness of 8.9 MPa m1/2. The machining results indicated an improvement on surface quality when using Si3N4

ceramic tool. The flank wear of the hard metal insert was 0.7 mm, while the wear of binderless Si3N4 insert was

substantially lower, 0.1 mm. The roughness (Ra) measured in AISI 4140 steel was 17.6 lm (HPHT Si3N4 insert) and

19.7 lm (TiN-coated hard metal insert), after machining tests.
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1 Introduction

Silicon nitride, Si3N4-based ceramics can be used as

structural materials due to its high flexural strength and

fracture toughness, high hardness, excellent wear resistance

and low creep deformation up to 1300 �C [1–5]. They are

promising options for cutting tools and, therefore, have

been increasingly studied over the last years [6]. One key

issue of high-quality and reliable structural Si3N4-ceramics

is to reach a high fracture toughness. This can be achieved

by the combination of several factors, such as high-quality

starting powders, optimization of the processing parame-

ters that reduce the size and amount of defects. Moreover,

the production of high aspect ratio grains and control of the

interfacial bonding strength between the b-Si3N4 grains

and the secondary intergranular phase can also contribute

[7–10].

Si3N4 crystallizes in two different allotropic forms: a-

Si3N4 and b-Si3N4. The a-Si3N4 phase is stable at room

temperature, and it is characterized by its equiaxed grains.

Above 1400 �C, the b-Si3N4 phase becomes stable. How-

ever, this transformation is difficult due to the low diffu-

sivity of this ceramic, resulting from the covalent character

of its chemical bonds. Therefore, the use of sintering

additives is of utmost importance, because they form a
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liquid phase above 1400 �C, which leads the sintering

mechanism of dissolution–reprecipitation [1, 2, 7, 8, 10,

11] to accelerate the phase transformation. This process

allows the formation of the b-Si3N4 phase, which remains

metastable after sintering. Also, the use of high sintering

temperatures and considerable isotherm levels (up to 6 h)

is essential to enable this transformation.

The advantages of the b-Si3N4 phase focus mainly on

the morphology of b-grains, with elongated format, of high

aspect ratio (length to diameter). This characteristic allows

better densification of the ceramic and provides excellent

mechanical properties such as high fracture toughness, of

the order of 6–10 MPa m1/2, and high flexural strength of

500–800 MPa [1, 2, 7, 12–14].

Initially, a-Si3N4 was sintered conventionally, without

the use of additives or pressure [10, 14–16]. In this process,

high temperatures of the order of 1900–2100 �C, in addition

to long isotherm holding times, are required to obtain the

complete densification of this ceramic [17]. However, pre-

vious studies [14] report the abnormal growth of b-Si3N4

grains and partial decomposition of this phase, causing an

increase in the residual porosity of the sintered body and

reducing its mechanical properties. Ziegler et al. [14]

investigated the production of dense Si3N4 using the reactive

sintering technique. As a major problem, the authors

observed a great microstructural heterogeneity, reducing the

reproducibility in the properties of this ceramic.

Sintering additives, such as Y2O3 (or mixture of rare

earth oxides) and Al2O3, are usually mixed witha-Si3N4

particles which possess surface layers of silica. The rare

earth oxides and Al2O3 react with this silica and with some

of the silicon nitride itself at sintering temperatures to form

liquid oxynitride, which promotes densification by solu-

tion–precipitation [7, 8, 17, 18].

Among the sintering techniques for silicon nitride, liq-

uid phase sintering has been used to obtain Si3N4 with high

bending strength, fracture toughness and high hardness.

This process is carried out at 1750–1900 �C under a

nitrogen atmosphere (0.1–10 MPa) [1, 2, 10, 16–18].

Nevertheless, there is a disadvantage in using sintering

additives: during sintering, these additives are converted

into an amorphous or partially crystallized intergranular

phase, which considerably reduces the hardness and

thermo-mechanical properties of the silicon nitride cera-

mic. Hence, some technological applications, such as

machining tools, are partially compromised.

Due to the potential use of this ceramic, several liquid

phase sintering processes have been studied such as uni-

axial hot pressing (HP) [18–20], using pressures up to

100 MPa, hot isostatic pressing (HIP), using pressures up

to 400 MPa [21], microwave sintering [22] and spark

plasma sintering (SPS) [23], among others. As common

feature, all these techniques reveal the presence of residual

intergranular phase among the b-Si3N4 grains. However, to

the best of our knowledge, there are no reports of binder-

less Si3N4 sintering using pressures at the gigapascal scale

(GPa), and thus the effect of this pressure scale on densi-

fication and a ? b-Si3N4 transformation.

The high-pressure and high-temperature sintering tech-

nique (HPHT) [24–26] uses pressure in GPa scale, to

obtain densification and refractory metal and ceramics,

aiming to obtain super hard materials. This technique has

been used with great success for the manufacture of com-

ponents such as synthetic diamond and cubic boron nitride,

at temperatures of the order of 2000 �C, under pressures of

the order of 5–7 GPa and at short intervals of time.

In this work, binderless Si3N4 ceramics were sintered

using the high-pressure and high-temperature (HPHT)

technique. The sintering was carried without the presence

of additives, aiming at full densification, with consequent

increase in fracture toughness and mechanical property

improvements. It indicates that sintered material could be

used in the machining of metallic alloys.

2 Experimental procedure

2.1 Samples processing by HPHT

High-purity silicon nitride powder containing 99.9 wt% a-

Si3N4 and 0.1% Si (SN10, UBE Industries-Japan), with

average particle size of 200 nm, was used. In each sample,

approximately 0.275 g of Si3N4 powder was filled into a

graphite heater chamber (mold).

After filling the mold with the Si3N4 powder, this mold

was installed directly into deformable calcite capsules,

which was assembled into cavity of hard metal anvils in a

special hydraulic press (630 tons capacity) model

DO138B-Ryazantyashpressmash (Russia). This equipment

is used to generate maximum pressure of 8 GPa and tem-

peratures up 1700 �C—commonly used to sinter superhard

materials: diamond and cubic boron nitride. The samples

were sintered fast at 1700 �C for 3 min, using three high-

pressure values: 5, 6 or 7GPa.

2.2 Characterizations

The relative density of all sintered samples was determined

using Archimedes’ principle, correlating apparent density

with theoretical density.

The crystalline phases were determined by X-ray

diffraction analysis, using a ShimadzuTM XRD7000-

diffractometer. The analysis was conducted using Cu–Ka
radiation with Ni filter, in the 2h range of 10–80�, a step

width of 0.03� and an exposure time of 2 s per position. The

peaks were identified by comparison with JCPDS files [27].
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2.2.1 Mechanical properties

For Vickers hardness and fracture toughness test, the cross

sections of sintered samples were embedded in acrylic

resin and the surface was polished with diamond

suspension (1–3 lm). Five (05) Vickers hardness indenta-

tions per sample were made in a microhardness tester

(PantecTM model RBS) with 1000 gF load for 15 s.

Fracture toughness was determined by Vickers hardness

indentation technique, which is based on the relationship

among the Vickers hardness value, cracks that form from

each corner of the indentation and Young’s modulus. The

fracture toughness, KIC, was calculated using the method-

ology proposed by Hanyaloglu et al. [28].

2.2.2 Microstructural analysis

The ShimadzuTMSuperScan/FF500-50 (with EDS coupled)

Scanning Electron Microscope (SEM), was used for the

visualization of microstructural features of the samples

after the machining tests, to measure the flank wear length

and to observe crack propagation.

A MultiMode model atomic force microscope (AFM0)

was employed to identify the presence of phases a-Si3N4

and b-Si3N4, in the sintered samples and to observe the

aspect of grains (morphology and aspect ratio).

2.2.3 Machining tests

The sintered Si3N4 was fixed in tool holders and then

attached to the lathe ROMI-TORMAX 20A. Cylindrical

samples measuring 4.5 mm diameter 9 5 mm height and

back rake angle of 45� were used.

Pure Si3N4 was subjected to the test of wear by

machining a piece of AISI4140 steel with cylindrical shape

and internal and external diameters of 45 and 90 mm,

respectively. The wear condition was assessed in terms of

mass loss of Si3N4 in external turning operations of the

piece of steel AISI 4140 hardened and tempered to 58–60

HRC.

Fig. 1 XRD patterns of the Si3N4 sintered at 1700 �C for 3 min under

pressure: a 5 GPa, b 6 GPa and c 7 GPa

Fig. 2 Relative density of Si3N4 samples sintered by HPHT at

1700 �C for 3 min
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Turning tests were performed using Emulsol as coolant/

lubricant, adopting the parameters: cutting time of 12 min,

cutting speed of 150 m/min, cutting depth of 0.3 mm and

feed 0.11 mm/rev, in accordance with Bobrovnitchii and

Filgueira [24]. These parameters were used in the

machining of the same steel using boron wurtzite nitride—

also called Hexanite-R, Amborite and hard metal com-

mercial inserts.

The AISI 4140 steel piece was also machined with a

commercial TiN-coated hard metal insert—using the same

cutting parameters for Si3N4, aiming to compare the

results.

2.2.4 Workpiece surface after machining tests

A laser confocal microscope Lext Olympus OLS4000 was

used to observe the microstructural features of the turned

AISI4140 hardened steel. This microscope is equipped

with a laser scanning system, which measures the surface

roughness at the non-contact mode.

3 Results and discussion

3.1 Characterization of HPHT sintered samples

The X-ray diffraction (XRD) patterns of sintered samples

are shown in Fig. 1.

The analysis of the XRD patterns (Fig. 1) reveals that

the ceramics sintered at 1700 �C for 3 min and the a-Si3N4

and b-Si3N4 present as crystalline phases, regardless of the

sintering pressure applied during the densification process.

This is due to the characteristics of the a ? b phase

transformation, which is strongly dependent on the pres-

ence of a liquid phase to activate the phase transformation

mechanisms [7]. The low diffusivity and the reduced sin-

tering time of 3 min, used in this work, were not sufficient

for completing the a ? b Si3N4 phase transformation.

On the other hand, it is possible to affirm that the high

pressures to which the Si3N4 was subjected during the heat

treatment act as driving force for the beginning of the

a ? b phase transformation, even in the solid state and

Fig. 3 AFM of Si3N4 binderless ceramic, sintered at 1700 �C for 3 min (5 GPa)
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without the presence of the liquid phase (additives). This

may be due to the chemical interaction between a-Si3N4,

unstable above 1400 �C, and the thin layer of SiO2, notably

present in a-Si3N4 particles, as already discussed in several

previous works [2, 7, 8]. Due to the high pressure at which

they are subjected, these accelerate the localized dissolu-

tion–reprecipitation and favor the a ? b transformation.

More detailed studies should be carried out evaluating the

effect of sintering time on a ? b-Si3N4 transformation

during HPHT sintering.

The relative density results of HPHT Si3N4 samples

sintered at 1700 �C for 3 min are shown in Fig. 2.

The results indicate that the samples sintered by HPHT

present relative densities between 89 and 97%. In contrast

to the use of sintering additives, samples of binderless

Si3N4 reached high densification at an usual intermediate

sintering temperature of Si3N4, 1700 �C, with extremely

reduced isothermal times (3 min).

This short isotherm time is important to prevent grain

growth or thermal decomposition of Si3N4 and is motivated

by high sintering pressures. It is observed that the increase

of the pressure leads to an increase of the relative density in

pressures of up to 6 GPa, reaching 97% of relative density.

By using sintering pressure of 7 GPa, the densification is

dramatically reduced. This in explained by the presence of

a large amount of cracks generated by this pressure

increment, also compromising the mechanical properties.

The results obtained are extremely satisfactory, when

compared with those of literature—where the liquid phase

sintering technique is adopted in the latter: as examples,

Matovic Bocanegra–Bernal [29] obtained the density ran-

ges from 86 to 100% after several sintering techniques,

with temperatures between 1500 and 1825 �C; Huang et al.

[30], using a pulsed electric current sintering, obtained full

density at 1650 �C [18].

AFM Microstructural characterization of typical Si3N4

sintered at 1700 �C for 3 min (5 GPa) is shown in Fig. 3. A

microstructure with very fine grains is observed. A black

arrow points to a hexagonal grain—along the plane system

{0001}. This may be an evidence of the transformation of

a- to b-phase. It seems that the applied high pressure along

with a very short sintering time suppressed Si3N4 grain

growth.

Microstructures from a crack are depicted in Fig. 4a–c.

These cracks were generated by the applied high pressure

of 5 GPa during the short sintering process. The presence

of a duplex microstructure formed of b-Si3N4 elongated

grains and a-Si3N4 equiaxed grains confirming the results

shown in Fig. 1 can be observed.

The half portion of the crack is shown in Fig. 4a. The

curved line accompanies the path of the crack growth—one

can observe the aligned nano-sized pores, which weaken

the microstructure, justifying the presence of the crack

Fig. 4 Typical microstructure of binderless Si3N4 HPHT sintered

sample (1700 �C for 3 min): a half portion of a crack; b quarter half

portion of a crack; c end portion of a crack—high pressure induced

(sample sintered at 5 GPa)
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there. An elongated grain is seen at the center of the

micrograph, which is probably a b-phase grain (see black

arrow).

The aspect of the crack at a quarter half to its end is

shown in Fig. 4b. A large amount of b-elongated grains are

visible, mainly at the center of the micrograph. Some of

them were pulled out. The end region of the crack is shown

in Fig. 4c. A plane and dense microstructure is observed,

and a region of detached b-phase grains is clear at the

central region of the micrograph. The black arrow points to

the end of the crack tip. This is an indication of the active

toughening mechanism of Si3N4 ceramic materials by a–b
phase transformation, where the elongated hexagonal b
grains deflect or even block the cracks. In this case, Fig. 4a,

b shows b-elongated grains deflecting the crack. On the

other hand, Fig. 4c shows an array of detached b grains

that blocked the tip of the crack.

3.2 Mechanical properties

The results of hardness and fracture toughness of sintered

samples are presented in Table 1.

Hardness results indicate high values, between 14 and

21 GPa, and they are consistent with the relative density of

samples sintered by HPHT. Compared with the results

obtained in sintered ceramics by the liquid phase, the

results are sensitive to the porosity and intergranular phase

content. Huang et al. [30] and Tatli et al. [31] sintered

Si3N4 ceramics by conventional techniques, using sintering

additives. The hardness values range from 9.7 to 18.4 GPa,

for Si3N4 ceramic sintered between 1400 and 1750 �C.

Yang et al. [32]. obtained a hardness of 16.5 HV for a low

pressure-assisted silicon nitride sintering at 1800 �C.

The results of fracture toughness indicate that the

ceramics present high KIC between 8.5 and 10 MPa m1/2,

even without the presence of intergranular phase, and

motivate its use as a cutting tool. Tatli et al. [18], when

studying sintering-aided Si3N4, found fracture toughness

ranging from 4.2 to 5.3 MPa m1/2. According to data

reported by Tapasztó et al. [33], the fracture toughness

values vary between 2 and 5 MPa m1/2. Furthermore, Yang

et al. [34] found a value of 7.2 MPa m1/2 for low pressure-

assisted sintering of Si3N4 using Y2O3 or La2O3 as sin-

tering additives.

Table 1 Mechanical properties of HPHT sintered Si3N4 samples

Sintering condition Sintering

pressure

Relative density (%

TD)

Crystalline

phases

Hardness (HV1000gF)

(GPa)

Fracture toughness (KIC)

(MPa m1/2)

1700 �C–3 min

(HPHT)

5 GPa 90 ± 2 b-Si3N4

and a-Si3N4

14.2 ± 1.8 9.94 ± 1.09

6 GPa 97 ± 5 21.3 ± 2.0 8.86 ± 0.55

7 GPa 89 ± 4 15.9 ± 7.6 9.61 ± 0.37

Fig. 5 SEM image of HPHT sintered sample (1700 �C-min, 5 GPa)

with flank wear and crater types of abrasion, after the turning test

Fig. 6 EDS mapping of the flank wear region of Fig. 5
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The high fracture toughness can be attributed to several

factors, such as the increase of the relative density, the a-

to-b-Si3N4 transformation, but mainly due to microstruc-

tural aspects. The reduction of porosity influenced the

fracture toughness due to the reduction of the amount and

size of defects. The high fracture toughness is explained by

the microstructure consisting of elongated grains with high

aspect ratio, which act as crack propagation barriers,

increasing the energy consumed during crack growth. In

the ceramics sintered in this work, the main toughening

mechanisms are crack bridging and crack deflection

[2, 9, 34].

3.3 Machining tests

The topography of an Si3N4 tool surface after machining is

shown in Fig. 5. It can be seen that the main wear mech-

anism was abrasion—denoted by crater and flank wear

modes, since there was no spread of machined material in

the cutting tool.

The EDS mapping carried out in the region of flat sur-

face (flank) in Fig. 5 was performed and the presence of

only Si and N was observed, along with their good distri-

bution, without the presence of iron (Fe)—see Fig. 6. This

means that there was no diffusion wear, which leads to an

increased tool performance and lifetime.

3.4 Tribological analysis

The roughness of the cylindrical AISI4140 steel samples

submitted to the turning tests, using HPHT binderless

Si3N4 insert or, comparatively, TiN-coated hard metal

insert, is shown in Table 2.

It can be observed that there was a remarkable differ-

ence between the workpiece surface (steel) when machined

with the binderless Si3N4 tool and commercial TiN-coated

hard metal insert. This fact describes the surface quality

improvement when using the Si3N4 ceramic. The flank

wear of the hard metal insert was 0.7 mm and the wear of

Si3N4 cylinder was substantially lower, 0.1 mm measured

by SEM and laser confocal microscopy. This indicates a

higher performance and increased lifetime for the HPHT

sintered pure Si3N4 samples.

Confocal laser microscopy surface images of AISI4140

steel parts and their roughness profiles after machining

tests with different tools are shown in Fig. 7. It is possible

to observe more continuous and cracks-free surfaces, with

closer grooves for the surface turned with the HPHT

binderless Si3N4 insert, rather than when using the com-

mercial TiN-coated hard metal.

Binderless Si3N4 flank wear (100 lm) was 2.8 times

lower than that found by Long et al. [34], using similar

turning parameters—flank wear: 280 lm, when turning an

AISI4340 steel (hardened to 52 HRC—same order of

magnitude of the AISI4140) with Si3N4 sintered with

additives insert (16 HV and 5 MPa m1/2). One can attribute

this result to the use of binderless Si3N4, and it seems to be

a fruitful achievement, over the novelty that is the possi-

bility to obtain silicon nitride dense bodies with good

properties.

4 Conclusions

According to this study, promising results were achieved

regarding the sintering of advanced high strength ceramic

materials, resulting in the possibility of using the HPHT

special processing route to obtain dense binderless silicon

nitride bodies. It presents the following main findings:

1. In general, densification was satisfactory in all param-

eters used, reaching about 80% up to 97% density.

2. Good hardness values were achieved, the highest was

21 HV for samples sintered with a pressure of 6 GPa.

3. The fracture toughness results are between 8 and

10 MPa m1/2 for samples of three groups, which are

excellent when compared with conventionally sintered

bonded Si3N4, considering that fracture toughness is a

very important mechanical property to ensure a

satisfactory tool lifetime and performance.

4. The structural analyses by X-ray diffraction showed

that the phase transformation a ? b was achieved.

5. Atomic force microscopy showed the presence of a
and b phase and a very fine microstructure after

sintering.

6. The machining tests were performed only with 5 GPa

samples. The main features were the presence of flank

wear and crater formation, and the absence of iron

diffusion, indicating the abrasion wear mechanism.

The surface quality generated by the processed Si3N4

Table 2 Roughness of AISI4140 steel after turning tests

Material Machining test conditions Roughness (Ra) lm

HPHT binderless Si3N4 insert (1700 �C-3 min, 5GPa) Using coolant/lubricant, cutting time: 12 min,

speed: 150 m/min, cutting depth: 0.3 mm,

feed 0.11 mm/rev

17.60 ± 2.58

Commercial TiN-coated hard metal insert 19.70 ± 3.89
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cylinder was better than that obtained when using a

commercial TiN-coated hard metal insert, employing

the same turning parameters. Si3N4 was far more wear

resistant than the commercial hard metal insert.

7. Binderless silicon nitride presented lower flank wear

than the conventional silicon nitride inserts, sintered

with the aid of additives.
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