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 Sialon and stainless steel possessed dissimilar properties and for this reason, it was very 
difficult to join them but with the advancement of technology, they could be joined 

using one of the techniques developed namely diffusion bonding process. The benefit of 
joining them, it would result in more effective component design since the properties 

from both materials could be optimized. This work studied the effect of bonding time 

on the reaction layer when sialons were diffusion bonded to 1 and 4 h nitrided AISI 420 
martensitic stainless steels. The materials were joined at 1200°C in a vacuum under a 

uniaxial pressure of 17 MPa for 2 and 3 h. Sialon retained its microstructure after 

joining. Reaction layer that made of interface and diffusion layer was developed due to 
the interdiffusion and reaction of elements between the joined materials. Increasing the 

bonding time had caused the formation of thicker and denser layer since more 

decomposition of sialon took place. However, thinner reaction layer was developed 
when joining with longer nitrided steel since the nitriding had suppressed the 

decomposition of sialon. Grinding caused the border of diffusion layer and steel to be 

“peeled off” but the joint remained intact. The interface displayed a sharp drop of 
hardness due to sialon’s decomposition at this region and this indicated that the weakest 

part of the joint might be at the border of sialon and the interface layer. All samples 

produced crack-free joints since the reaction layers’ properties and thickness were 
sufficient to bond sialon and the steel together by acting as flexible zones to absorb the 

excessive generated residual stress upon the cooling process. 
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INTRODUCTION 

 

 Joining has been performed since the stone age 

and with the passing of time, it has grown and 

evolved to meet the high demand to produce more 

sophisticated assemblies. According to Messler, the 

main purposes of joining are to achieve functionality, 

to facilitate manufacturability, to reduce costs, and to 

provide aesthetics (Messler, 2004). Ideally, a design 

containing no joints especially in a static structure is 

favorable since joints are generally the sources of 

local weakness or excess weight, or both but this is 

impossible to achieve since in real situation joints are 

definitely necessary. Techniques of joining ceramic 

to metal can be divided into three categories namely 

mechanical, indirect, and direct joining (Nascimento 

et al., 2003). Active metal brazing which fall under 

indirect joining is widely employed to join these 

materials. However, the drawback from this 

technique is the formed joints can be used only for 

applications with working temperature less than 

400
o
C. Direct diffusion bonding or solid state joining 

may be the right choice for applications that require 

to operate at higher temperature. Many factors 

influence the success of solid state joining for 

example the bonding parameters such as bonding 

temperature, surface condition, and loading pressure. 

Besides, other factors such as chamber bonding 

atmosphere, thermal expansion, and thermal 

conductivity also should be considered because 

oxidation and thermal effects are more rapid at the 

elevated temperature (Powers et al., 2007). 

Generation of high residual stress at the joint upon 

cooling process is expected since this process 

involves heating to cooling from a high temperature 

and if it too excessive, it will cause cracking on the 

ceramic.  

 Ceramics have the ability to withstand high 

working temperature and corrosive environment but 

they are brittle and low toughness. On the other hand, 

stainless steels possess high strength and not easily 

corroded that make them suitable for applications 
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where the materials are subjected to wear and/or 

corrosion (i.e. turbine and automobile engine). Thus, 

combining ceramic to stainless steels will result in 

more effective design but it is a challenging task 

since these materials possess different properties due 

to their dissimilar nature of bonding; ceramics 

comprise either ionic or covalent bonds, or they can 

have mixed ionic-covalent bonds, whereas steels are 

made of metallic bonding (Jadoon et al., 2004). 

Thermal expansion mismatch will cause 

inhomogeneous deformation at different region that 

leads to accumulation of residual stress at the joint 

upon the cooling process and this always caused 

cracking on the ceramic. In addition, it is hard to 

machine the ceramics into complex parts since they 

are brittle. Therefore, the application is limited to the 

individual component such as cutting tool, nozzle, 

bearing, and seals. It is also unrealistic to 

manufacture large-complex ceramic material since it 

will be very costly. Besides, only a small part of the 

equipment that need the particular properties where 

ceramics can provide for example exhaust valve; 

since the face is exposed to higher temperature, it is 

made up from ceramic while the bulk part of 

components can be made from metal.  

 Joining sialon to stainless steels utilizing 

diffusion bonding process had been attempted by a 

few researchers in the last two decades (Vleugels et 

al., 1996 ; Hussain and Isnin, 2001 ; Firmanto, 2011). 

Sialon ceramics have the advantage over silicon 

nitride since the latter is hard to manufacture, 

experienced degradation of mechanical properties at 

elevated temperatures, has inadequate resistance to 

unpredictable brittle fracture, and insufficient 

resistance to oxidation (Rosenflanz, 1999). Crack 

was developed on the sialon when joining with 

austenitic stainless steel due to the absence of ductile 

layer (Hussain and Isnin, 2001). Joining sialon to 

ferritic steels showed promising results since none of 

the samples contained any crack  (Firmanto, 2011). 

In general, sialon could not withstand high residual 

tensile stress because it lowered the integral strength 

that resulted in increasing the tendency to fracture. 

However, this stress could be accommodated by the 

formation of ductile reaction layer. It reduced the 

effect of thermal expansion misfit of the joined 

materials by acting as a shock absorbing zone and 

contributed to the joint successfulness. In the case of 

martensitic stainless steel, numerous pores were 

developed at the interface layer that weakened the 

joint since fracture had tendency to follow porous 

paths (Vleugels et al., 1994). Thickness of the 

reaction layer was related to the reactivity between 

the joined materials. Higher reactivity was indicated 

by the formation of thicker reaction layer. However, 

only at certain thickness it would produce a good 

joint with the highest strength. When too thin 

reaction layer was formed, it could not bond the 

materials since sialon would detach whereas too 

thick reaction layer would cause cracking on the joint 

(Ibrahim et al., 2014a). Joining at combination of 

higher pressure, time, and longer holding time would 

increase the thickness of the reaction layer. When 

joining was performed at very high temperature and 

pressure, it caused deformation of the metal that 

decreased the joint strength (Lemus-Ruiz et al., 

2006). A strong joint could be achieved when joining 

was conducted at suitable bonding parameters. 

 From the previous works, there were no 

emphasis on joining sialon to nitrided martensitic 

stainless steel at combination of high temperature 

and pressure. Therefore, this work aimed to study the 

effect of the bonding time on the growth of the 

reaction layer when sialons were diffusion bonded to 

nitrided AISI 420 martensitic stainless steel at high 

temperature and pressure. 

 

MATERIALS AND METHOD 

 

 β-sialon under the trade name of Syalon 201 

(Int. Syalons Ltd., Newcastle, UK) and AISI 420 

martensitic stainless steel (Böhler Edelstahl GMBH 

& Co KG, Austria) were used in the experiment. 

Both materials were 20 mm in diameter but they 

differed in thickness. They were 4 mm and 1.5 mm-

thick, respectively. Electrical discharge machining 

wire cut was utilized to cut the steel since it was 

provided in a rod form. Both sides of the steel were 

manually ground using silicon carbide abrasive to a 

planar 1200 grit finish and followed by polishing 

with the 6 µm and then 3 µm alumina pastes. Then, 

the steels were ultrasonically cleaned in acetone at 

temperature of 30°C for about 10 minutes.  

 High temperature gas nitriding was utilized to 

nitride the steel. Detail on the process was reported 

in the previous work (Ibrahim et al., 2014b). 

Diffusion bonding technique was employed to join 

sialon and the steel. The joining process was 

conducted inside Korea Vac hot press furnace at 

temperature of 1200°C under uniaxial pressure of 17 

MPa in a vacuum ranging from 5.0 to 8.0 x 10
-6

 Torr 

with heating rate of 5°C/minute. Fig. 1 shows the 

temperature and pressure profile of the joining 

process. t corresponds to bonding time which is 2 and 

3 h. The heating rate was controlled after 500°C and 

the pressure was applied at 1200°C. After the elapsed 

time, the pressure was slowly released and the 

sample was cooled down to 750°C with a cooling 

rate of 5°C/minute. After 750°C, the sample was 

furnace cooled for about 18 h. Details on the 

employed characterization techniques and hardness 

test were reported in the previous work (Ibrahim et 

al., 2014a). 

 

RESULTS AND DISCUSSION 

 

 Fig. 2(a) shows the microstructure of the as-

received AISI 420 before nitriding and joining 

process. It comprised of coarse globular carbide in 

ferrite matrix. After diffusion bonding process, 
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reaction layer that consist of thin interface on the 

sialon side and ticker diffusion layer on the steel side 

were formed as depicted in Fig. 2(b). Besides, the 

steel no longer contained the globular carbide since 

heating above the steel’s eutectoid temperature 

caused the change in the microstructure. Diffusion 

layer grew toward the steel since atomic diffusion 

was easier in this material due to its body centered 

crystal structure. This structure was not closely 

packed as compared to tetrahedral structure in sialon; 

hence, atom could diffuse more easily into the steel 

(Cao and Metselaar, 1991). Pressure played very 

important role at the first stage in achieving the 

interfacial contact. It plastically deformed the surface 

asperities followed by flattening the voids with the 

help of creep deformation while vapor phase transport 

and diffusion took place to make them spherodized 

and shrunk (Suganuma, 1990). Decomposition of 

sialon started at 1033
o
C and interdiffusion of 

elements occurred between the joined materials 

(Vleugels et al., 1996). Since heating was conducted 

at 1200°C, diffusion and reaction would occur 

rapidly as the atoms were provided with high energy. 

Joining was carried out below the steel’s melting 

temperature to ensure no formation of liquid phase 

during the process. The steel would melt if joining 

was conducted at too high temperature while the 

sample might experience macroscopic deformation if 

too much pressure was applied. Formation of the 

reaction layer indicated that the applied pressure and 

temperature were adequate to produce good bonding 

between sialon and the steel. Table I shows the 

average thickness of the formed interface and 

diffusion layer. From this table, the reaction layer’s 

thickness increased when joining was conducted for 

longer period of time. However, increasing the 

nitriding time had caused formation of thinner layer 

due to less decomposition of sialon. This led to less 

reactivity to take place since the 4 h nitrided steel has 

already saturated with nitrogen (Ibrahim et al, 2014c). 

The high working temperature did not influence 

sialon since its microstructure was retained after 

joining due to covalent bonds possessed by this 

ceramic. These bonds were short, very strong, rigid, 

and compact as they are responsible for many 

important properties of sialon such as high melting 

point. Sialon only decomposed at the original contact 

with the steel to form the interface layer. Therefore, 

the formation of this layer had caused the initial 

contact point between these materials to be shifted by 

overlapping the new layer on it.  

 

 
Fig. 1: Temperature and pressure profile of diffusion bonding process (not drawn to scale). 

 

 
 

Fig. 2: (a) Scanning electron microscope image of as-received AISI 420 before nitriding and joining. (b) Optical 

micrograph of the cross-sectional view for sialon-4 h nitrided steel bonded for 2 h. 
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Table I: Average Thickness of the Interface and Diffusion Layer. 

Sample Bonding time (h) Interface layer (µm) Diffusion layer (µm) 

Sialon-1 h nitrided steel 2 16.95 56.54 

3 21.23 69.57 

Sialon-4 h nitrided steel 2 14.61 51.52 

3 20.53 65.30 

 

 Diffusion layer and the parent steel were 

segregated after bonding process as depicted in Fig. 

2(b). From this figure, the segregation between these 

two regions looked like a gap but it had been 

revealed from the previous work that this structure 

resembled a stream-like structure (Ibrahim et al., 

2014d). Due to the difference in properties and the 

usage of diamond abrasive to grind the surface in 

sample preparation, the border of these regions was 

“peeled off”. In addition, the high applied pressure 

might be another contributing factor for this 

occurrence since no segregation took place when 

joining was conducted at lower pressure such as 2.5 

MPa (Vleugels et al., 1994). Regardless of this 

structure, the formed joint was quite strong since no 

cracking on the joint occurred. This was supported 

by breaking the samples and it was found out that the 

fracture propagated partly through the interface layer 

and partly through the unaffected sialons. 

Meanwhile, the diffusion layer and the parent steel 

remained intact. Therefore, this finding had proved 

that the segregation was not actually a gap as 

reported in the previous article (Ibrahim et al., 

2014c). Unlike the diffusion layer, the thickness of 

the interface layer was not regular (Fig. 3) due to the 

difference in rate of diffusion among the atomic 

species such as Fe and Si during the reaction process 

(Tang et al., 2002). The interface layer became denser 

at longer bonding time and joining sialon to 4 h 

nitrided steel for 3 h produced the densest one as 

shown in Fig. 3(d). Compared to the previous work, 

better joint was developed in this bonding condition 

since it contained lesser pores and Kirkendall voids 

(Vleugels et al., 1994). Formation of too many voids 

caused the interface layer to become a porous zone 

and once the crack was initiated, it would follow this 

path and finally led to fracture. In the previous work, 

voids were formed in the metal due to incomplete 

diffusion bonding. They were detrimental to the joint 

since fracture originated from these defects (Tomsia, 

1993). All diffusion layers did not contain any 

precipitate as observed in Fig. 3(a) to 3(d). The 

samples did not produce any crack since slow cooling 

was employed and the thicknesses of the reaction 

layers were sufficient to reduce the effect of the 

generated residual stress.  

 

 
 

Fig. 3: Scanning electron microscope image of the joint for; sialon-1 h nitrided steel bonded for (a) 2 h and (b) 3 

h; sialon-4 h nitrided steel bonded for (c) 2 h and (d) 3 h. 
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 Hardness profiles across the joints are shown in 

Fig. 4(a) to 4(d). The interface and diffusion layer are 

labeled as region I and II, respectively. From these 

figures, all samples exhibited quite similar trend; 

sialon maintained its hardness, a sharp dropped of 

hardness at the interface layer, it displayed almost 

constant hardness in the diffusion layer, and the 

hardness increased slightly toward the steel. The 

working temperature did not influence the sialon 

property since it retained its hardness due to covalent 

bonds possessed by this ceramic. Besides the high 

melting point, these bonds were responsible for 

maintaining the high hardness of ceramic at high 

temperature. The bonds provided sialon with high 

resistance to slip and dislocation motion that 

maintained the hardness. In the interface layer, 

hardness dropped extremely low due to sialon’s 

decomposition and interdiffusion of elements in this 

region. Hardness is related to chemical composition, 

crystal structure and perfection, and the size and 

distribution of the various phases that make up the 

microstructure (Roberts et al., 1998). Thus, the third 

reason contributed to the low hardness in the 

interface layer due to formation of new phases from 

the interdiffusion and reaction of the elements from 

the joined materials. The large difference in hardness 

between sialon and the interface layer could be used 

as the indicator that these regions possessed very 

different property. For this reason, failure most likely 

to take place at the border of these regions since it 

was the weakest part of the joint. Diffusion layer had 

the lowest hardness and the values gradually 

increased toward the steel. For all samples, the 

reaction layer possessed an intermediate hardness 

which provided the joint with ductility and 

subsequently, increasing the strength. The ductile 

reaction layer was able to bond the hard and brittle 

sialon to steel by acting as a flexible layer or buffer 

zone to absorb the excessive residual stress that was 

generated upon cooling. This claim was supported 

with no formation of crack after joining due to its 

ability to accommodate the residual stress. Cracking 

on sialon occurred due to the absence of ductile 

reaction where the excessive generated residual 

stress could not be compensated (Hussain and Isnin, 

2001). It also occurred when the pressure was 

applied at the beginning of the joining process since 

the ceramic could not withstand the pressure for too 

long (Ibrahim et al., 2014a).

 

 

 
Fig. 4: Hardness across the joint for; sialon-1 h nitrided steel bonded for (a) 2 h and (b) 3 h; sialon-4 h nitrided 

steel bonded for (c) 2 h and (d) 3 h. 

 

Conclusion: 

 Diffusion bonding of sialons to nitrided AISI 

420 martensitic stainless steel produced good joints 

since all samples contained no crack. The 

interdiffusion and reactions of elements from the 

joined materials created the reaction layer. Thicker 
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reaction layer was formed when joining at longer 

time since more reactivity could take place. Besides, 

it produced denser interface layer in the longer 

bonded one. Joining sialon to 4 h nitrided steel 

produced thinner reaction layer as compared to 

joining to 1 h nitrided steels since sialon’s 

decomposition could be suppressed. Segregation was 

formed between diffusion layer and steel due to the 

“peeling off” effect during sample preparation. 

Hardness across the joint varied at different region 

and the weakest part of the joint was expected to be 

at the border between sialon and the interface layer 

due to the extreme difference in property. In this 

attempt, no crack was formed since the thicknesses 

of the reaction layers were sufficient to act as a 

buffer zone to absorb the excessive generated 

residual stress upon the cooling process. Also, the 

slow cooling contributed to formation of the crack-

free joint. 
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