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ABSTRACT 

Diffusion bonding of structural ceramics to superalloys has been investigated. 
Emphasis was placed on methods resulting in joints durable at elevated tempera
tures (500-700°C) between these two classes of high-temperature materials. Hot 
isostatic pressing (HIP) was used to enhance void elimination at relatively low 
diffusion bonding temperatures. This results in lower residual stresses, thinner 
reaction layers and a retained microstructure in the superalloy. 

The investigation centred on ceramic materials based on silicon nitride (Si3N4). 
This is the main structural ceramic intended for use in components facing very 
high temperatures and/or aggressive environment at a certain level of thermo
mechanical stress. These ceramics were densified by HIP, with or without a 
few percent of yttria (Y2O3) as a sintering additive. 

A silicon nitride composition developed for the turbine wheel in a vehicular gas 
turbine was the main ceramic, HIPed with 2.5 wt% Y 2 0 3 to give a material 
with good mechanical properties up to about 1400°C. 

The increased oxidation resistance of silicon oxynitride (Si 2 N 2 0), as well as 
the formation of a layer consisting mainly of silicon oxynitride on the surface of 
silicon nitride components during glass-encapsulated HIP, made it valuable to 
compare the joining behaviour of these two materials to superalloys. Reaction 
sinterings of S i 2 N 2 0 without sintering additives using HIP, as well as simulta
neous joining and sintering of powder bodies of S i 2 N 2 0 to S i 3 N 4 were there
fore conducted. 

Diffusion bonding of these ceramics to the superalloy Incoloy 909 was per
formed by HIP at 200 MPa and 900°C or 1000°C for two hours. The thin reac
tion layers (apparently about 2 |im in thickness) were examined by scanning 
electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS). 
Enrichments of titanium and niobium were detected at the interface with silicon 
nitride, while no such enrichments were observed when the silicon oxynitride 
was bonded. 

The main physical limitation for durable joints (intended for use up to about 
700°C) between silicon nitride materials and superalloys is the large mismatch in 
coefficient of thermal expansion (CTE). This leads to extreme residual stresses 
and cracking of the ceramic. Two possible solutions to this problem were in
vestigated: 

The use of a low-expansion superalloy, Incoloy 909, could reduce the resi
dual stresses in the joint. The thermal expansion of this alloy was measured to 
higher temperatures than the maximum recommended temperature during use 
(650°C) since the contraction from higher joining temperatures at about 900-
1000°C has a significant influence on the residual stresses in the joint after coo
ling. A temperature range suitable for joining without impairment of the 
microstructure and properties of the superalloy was determined. 



The relatively high average CTE of Incoloy 909 during a joining cycle, to
gether with the serious limitations in methods suggested in the literature (such as 
interlayers of refractory metals such as tungsten, low-expansion alloys like 
Kovar or ductile metals such as nickel) lead to the conclusion that the CTE 
mismatch could not be sufficiently reduced by modifying only the metal part. 
The composition in the ceramic part of the joint should therefore be graded to in
crease the thermal expansion behaviour from the low CTE value in monolithic 
silicon nitride up to a significantly higher value at the ceramic/metal interface. 

Titanium nitride (TiN) and titanium diboride (TiB 2) were chosen as supple
mentary phases to the silicon nitride due to their suitable properties and the avai
lability of a variety of such composites. A gradation up to 80 vol % TiN could 
reduce the CTE mismatch against Incoloy 909 to less than half from 
Aa=8.8 |im/(mxK) to Aa=3.5 um/(mxK). 

The two composites used in diffusion couples were densified by HIP from 
powder mixtures of Si3N 4 and either 60 vol%TiN or 50 vo l%TiB 2 . 
Monolithic silicon nitride HIPed with 2.5 wt% Y 2 0 3 was also included in this 
study of interfacial reactions with Incoloy 909. A diffusion couple geometry 
was developed to facilitate the preparation of thin-foil specimens for examina
tion by analytical electron microscopy (AEM). Diffusion bonding was perfor
med by HIP at 927°C (1200K) and 200 MPa for four hours. 

The formation of reaction layers was very limited, being less than one micron 
in total layer thickness for all the S i 3 N 4 - based ceramics used. Two reaction 
products were found by AEM; a continuous, very thin, (<100nm) layer of fine 
TiN crystals at the initial ceramic/metal interface, and larger grains extending 
about 100-500 nm into the superalloy and forming a semi-continuous layer of a 
G-phase silicide containing mainly nickel, silicon and niobium. 

A ceramic composite, in which both the continuous fibres and the matrix con
sist of silicon carbide (SiC), was diffusion bonded to two superalloys, Incoloy 
909 and Hastelloy X, by HIP at 200MPa and 900°C or 1000°C for one hour. 

Using S EM/EDS, the reaction zones were found to consist of a thin line of 
carbide formers from the superalloys (Cr+Mo and Nb+Ti, respectively), 
bounded by several layers containing silicides and free carbon, depending on the 
superalloy involved. The width and composition of the reaction zones formed 
were found to depend more on the different compositions of the superalloys 
(Hastelloy X or Incoloy 909) than on a difference of 100 K in joining tempe
ratures (1000°C or 900°C). At 1000°C, the reaction zones were typically about 
40lim thick in joints with Hastelloy X and about 100 urn in joints with 
Incoloy 909. 

The SiC/SiC composite was considerably more prone to reactions with 
superalloys compared to the behaviour of S i 3 N 4 under similar conditions. The 
higher reactivity of SiC requires efficient diffusion barriers to be developed 
since the reaction zones formed will otherwise grow more than two orders of 
magnitude thicker (about 100 um) than for silicon nitride ceramics under similar 
joining conditions. 
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1. INTRODUCTION 

Components intended to sustain a significant stress level at elevated temperatu
res (>800°C) can be manufactured from two classes of materials, either structu
ral ceramics or metallic superalloys. Structural ceramics should, due to manufac
turing limitations and costs, be applied only in parts where their properties can 
be utilized efficiently, mainly in components facing very high temperatures 
and/or aggressive environments at certain levels of mechanical or thermo
mechanical stress. Superalloys are preferred in all parts where their properties 
are sufficient. The utilization of silicon nitride (Si 3N 4) or silicon carbide (SiC) 
in hot applications such as heat engines is presently restricted by the lack of effi
cient joining methods to superalloys. The possibihties to design with an efficient 
combination of these materials are strongly related to the obtained durability of 
the joint. 

The fabrication of a joint between these two classes of materials is, however, 
complicated by the extensive structural and chemical differences between cera
mics and metals. Methods for ceramic/metal joints in structures used at elevated 
temperatures must deal with two major restrictions, namely the high residual 
stresses and excessive reaction layers that can occur in the bonded region during 
joining and use [1-6]. 

During the improvement of high-temperature properties for superalloys and 
structural ceramics, certain important physical properties have diverged: 

• Superalloys base their properties on the FCC structure, which is consider
ably more creep resistant than the BCC structure, like in ferritic steels. 
Precipitation or dispersion of intermetallic (Ni 3 Al, Ni 3 Ti) or ceramic 
(Y 2 0 3 ) phases increase the creep strength further, while a high amount of 
chromium improves the corrosion restistance. The FCC structure unfortuna
tely results in a very high Coefficient of Thermal Expansion (CTE), which 
generally is unfavourable for thermal fatigue durability and narrow tolerances 
between rotating and stationary parts in heat engines. 

• Structural ceramics such as silicon nitride (Si 3N 4) and silicon carbide (SiC), 
retaining their properties up to very high temperatures, base their strength on 
strong covalent bonding and their corrosion resistance on the formation of a 
protective surface oxide layer. Their covalent structure results in a low CTE 
(also in comparison with structural ceramic oxides such as zirconia (Zr0 2 ) 
and alumina (A1 2 0 3 ) , having more ionic bonding). Silicon nitride is parti
cularly suitable in applications involving rapid temperature changes such as 
heat engines, since the high strength and relatively low stiffness of S i 3 N 4 

together with the low CTE and relatively high thermal conductivity results in 
a higher durability against thermal chock than for other structural ceramics. 
The low thermal expansion can also permit reduction of clearances between 
components subject to thermal cycling, thereby making it possible to increase 
the fuel efficiency of heat engines. 

The thermal expansion mismatch for materials with slightly different CTE va
lues, such as between ferritic and austenitic steels or between Z r 0 2 and ferritic 
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steel can cause high stresses in rigid joints, either during cooling from the joi
ning temperature or later during thermal cycling in use. 

The CTE mismatch is considerably larger for joints between silicon nitride and 
steels or superalloys, and since an efficient use of these materials requires the 
joint to be positioned as far into the hot zone as possible, the joint must be able 
to sustain high temperatures (500-700°C) during use and even higher temperatu
res during the formation of the joint. If these materials are rigidly joined, the 
thermally induced strains result in extreme residual stresses that frequently cause 
fracture in the joint or some hundred microns into the ceramic [7-10]. 

Considerable efforts have been made to reduce the residual stresses by apply
ing metallic interlayers, especially in brazed or diffusion bonded joints. The in
terlayers are of three kinds, often used in combination to decrease the stresses in 
the ceramic down to a safe level. 

• Refractory metals such as tungsten (W) or molybdenum (Mo) have the 
lowest CTE values (a=4.5-6.2um/(mxK)) of all metals, but their coeffici
ents are still higher than for S i 3 N 4 (a=3.5 um/(mxK)). By joining of 
silicon nitride to these metals or by applying a rather thick layer of tungsten 
or molybdenum at the superalloy side of the ceramic/metal joint, thermal 
stresses experienced by the ceramic might be reduced down to a safe level 
[11,12,9,13,14,7,15]. The main drawback is that refractory metals are very 
unstable and difficult to protect at high temperatures in oxidizing 
environments like hot air or those usually present in engines [2]. 

• Fe-Ni alloys can for a specific composition (36 wt% Ni) named Invar ex
hibit a very low CTE level up to about 200°C, but expansion increases ra
pidly at higher temperatures. By a cobalt addition, a Fe-29wt%Ni-
17 wt% Co alloy named Kovar extends its sligtly higher but still low CTE 
level up to about 300°C, followed by a rapid increase. This behaviour is as
sociated with a ferro- to paramagnetic transition of the austenitic alloy at the 
Curie temperature. The phenomenon arises from electron exchange interac
tions between the Fe, Ni and Co atoms [16,17]. These alloys have been used 
as interlayers [18,19,15,7], but since they were developed for sealings in 
electric devices made of low-melting glass, the alloys do not possess good 
high temperature properties. 

• Soft interlayers of ductile metals with low yield stresses, such as pure nickel 
or copper, have been utilized to relieve stresses through plastic deformation 
on cooling from joining temperature [7,13,20,14,21,19,11]. The main drawback 
is that the CTE of these ductile metals are much higher than for the ceramic 
part and often even higher than for the metal part to be joined. For 
applications including repeated exposure to elevated temperatures, reiterated 
extensive plastic deformation should result in susceptibility to fatigue. 

Joints intended for use at elevated temperatures between silicon nitride and 
metals can be made by mechanical attachment (shrink fit), active metal brazing or 
diffusion bonding. These methods and the factors governing their durability are 
described in the following review. The higher reactivity of silicon carbide with 
metals during diffusion bonding is reviewed in paper 7 [22]. 
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2. REVIEW OF S i 3 N 4 / M E T A L JOINING 

2.1. Mechanical attachment 

In the KTT ceramic gas turbine concept developed by United Turbine, Sweden 
(a Volvo Flygmotor subsidary), the hub of a S i 3 N 4 turbine wheel is attached to 
a steel shaft through an intermediate sleeve made of a low-expansion superalloy, 
Incoloy 909, see Fig. 1. 

Fig. 1. Mechanical attachment in the KTT gas turbine concept of a S i 3 N 4 turbine wheel to 
a steel shaft through a sleeve of Incoloy 909. (Courtesy: United Turbine, Sweden.) 

The shrink fit between hub and sleeve limits the maximum temperature in the 
joint to 500°C due to either loosening of the firm grip at higher temperatures or 
exceeding the yield strength at the lowest temperature. This limitation is mainly 
caused by the thermal expansion characteristics of Incoloy 909 [16,17,23,24]. 

The composition of this low-expansion alloy (42.9Fe, 37.4Ni, 13.0Co, 
4.7 Nb, 1.5 Ti, 0.4 Si, <0.1 Al and 0.02 C [wt%]) extends the ferromagnetic 
range of the austenitic alloy, restraining the thermal expansion up to higher 
temperatures. The resulting CTE value is about 8 um/(mxK) up to the Curie 
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point (ferro- to paramagnetic transition) at about 400°C, but the coefficient 
increases rapidly above this temperature [24]. The mean expansion value given 
by the manufacturer for the temperature interval 20-670°C is 10.5 um/(mxK) 
[16,24], which can be compared with 15.1um/(mxK) for Inconel 718, the 
most common superalloy [16,24]. The level of chromium effective for high 
temperature oxidation resistance (about 20 wt% Cr) unfortunately suppresses the 
Curie point well below room temperature, resulting in the high CTE experienced 
for most superalloys. To minimize the thermal expansion as much as possible, 
Incoloy 909 does not contain chromium, and thermal barrier coatings have 
therefore been developed [25]. 

A proper design based on a shrink fit combined with active metal brazing or 
diffusion bonding might be used at higher temperatures, also increasing the 
possibilities to position the bearing closer to the turbine wheel. Since such joi
ning must be performed at even higher temperatures, knowledge about the ex
pansion characteristic for the entire joining cycle is needed. 

In a study on heat treatments appropriate for retaining the microstructure in 
Incoloy 909 during joining (paper 3 [26]), dilatometric measurements were 
performed in the interval 20-1000°C, see Fig. 2: 

Fig. 2. Thermal expansion characteristic and momentary C T E level for Incoloy 909 [26]. 

This behaviour results in a mean value of 12.2 um/(mxK) in a typical tempera
ture interval for joining (20-900°C), which is similar to mean values for ferritic 
steels. This results in a CTE mismatch to Si3N4 of Aa=8.8|im/(mxK), cau
sing stresses that can not be sustained by a rigid joint of practical dimensions. 
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2.2. Thermodynamics for Si 3N 4/metal systems 

Since both active metal brazing and diffusion bonding are performed at 
elevated temperatures, not only high residual stresses but also formation of 
excessive reaction layers can occur in the bonded region during joining and 
subsequent high temperature use. Reaction layers usually have inferior 
properties compared with the joined materials, thereby reducing the durability of 
the joint. It is of particular importance that the reaction zones do not continue to 
grow during use at high temperatures. 

The main difference between brazing and diffusion bonding is that while bra
zing relies on wetting, spreading and reaction of the chemically active constituent 
in the melted braze with the joined surfaces, in diffusion bonding two nominally 
flat surfaces are forced to an intimate contact followed by solid state reactions at 
elevated temperatures. For both methods, the formation of reaction products is 
governed by the mermodynamics/kinetics of possible reactions at the interface, 
depending on the chosen process parameters temperature, time and pressure. 
The enrichment of impurities and/or sintering additives from the joined materials 
as well as possible reactions with the surrounding atmosphere (oxidizing, inert, 
reducing) are also important. 

The reactivity between silicon nitride and metals is mainly governed by the 
occurrence of strong nitride and/or silicide formers, either in the joined alloy or 
in the brazes or interlayers present. The largest effort to characterize a particular 
Si 3N 4/metal reaction has been devoted to titanium. Studies on thin-film 
reactions have been spurred by the possibilities to utilize Si 3 N 4 , TiSi2 and TiN 
in VLSI (very large scale integrated) electronic circuits [27-30]. For macroscopic 
joining, the reactive behaviour of titanium with silicon nitride has mainly been 
utilized in commercial Ag-Cu-Ti braze alloys, where the addition of 1.5 wt% Ti 
(Cusil ABA) or 4.5wt%Ti (Ticusil) converts the otherwise nonwetting, 
nonreacting eutectic Ag-Cu alloy into one that reacts with silicon nitride and 
causes reaction-driven wetting and spreading [31]. 

Thermodynamics of reactions between silicon nitride and several pure metals in 
the temperature interval 900- 1400°C have been investigated by Schuster et al. 
[32-35]. As an example of the vast number of reactions possible with commercial 
alloys, the alloying elements in Incoloy 909 is henceforth discussed. 

A survey of phase equilibria in ternary Me-Si-N systems showed that at 
1000°C potential silicide formers like nickel, iron and cobalt are chemically inert 
to silicon nitride as long as nitrogen is not removed due to a low partial pressure 
of N 2 or by formation of nitrides with other metals. The temperatures for the on
set of S i 3 N 4 decomposition under argon with these metals are 1120°C, 1170°C 
and 1170°C, respectively [32-34]. 

Other metals such as titanium and niobium are markedly reactive and form both 
nitrides and silicides with S i 3 N 4 [3233,35,5]. Nakao et al. [11] calculated the free 
energy change AG at varying temperatures for Si3N4/metal reactions forming 
both nitrides and silicides. The free energy change (in kJ/mol of Si 3 N 4 ) for the 
formation of TiN+Ti5Si 3 was very high, more than twice as high compared 
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with the formation of NbN+Nb 3Si. The activation energies for the growth of 
the reaction layers during brazing of Si3N4/W joints with Cu-5wt%Ti at 
1100°C or with Cu-1 wt%Nb at 1300°C were calculated to 318kJ/mol and 
539kJ/mol, respectively. Since these energies were larger than for nitrogen 
diffusion in the nitrides, it was deduced that the growth of reaction layers was 
controlled by the diffusion of the active metals [ l l ] . 

Okamoto [5] calculated AG for silicide formation for Si3N4/metal reactions at 
varying temperatures. The largest negative AG value was found for the forma
tion of Nb 5 Si 3 , followed by T i 5 S i 3 and Ni 3 Si, while at 1000°C the value was 
close to zero for Co2Si and clearly positive for FesS i 3 [5]. 
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2.3. Microscopy for analyses of reactions in Si 3N 4/metal joints 

2.3.1. Scanning Electron Microscopy 

Most studies of interfacial reactions between silicon nitride and metals have 
been conducted with scanning electron microscopy (SEM) combined with ele
ment distribution analysis by energy dispersive X-ray spectroscopy (EDS) 
[11,31,36,21,10,9,37,7,12] or by wavelength dispersive X-ray spectroscopy 
(WDS) [19,38,15]. The use of SEM is usually sufficient for monitoring the wide 
reaction layers formed by brazing [11,31,38,36,9] or by diffusion bonding at 
temperatures close to or exceeding the lowest eutectic temperature [19,15,21]. 
Unfortunately, the spatial resolution of the element distribution in bulk 
specimens is limited due to electron scattering. This broadens the penetration 
volume below the surface, resulting in an interaction diameter several orders of 
magnitude larger than the diameter of a focused electron beam for acceleration 
voltages of 10-30keV. In favourable circumstances, the interaction diameter 
may be 1 |im, although more typically it is several micrometers [31]. 

For brazing with an Ag-Cu-Ti braze, this limitation is evident for the reaction 
layer at the interface with Si 3 N 4 , where a thin silicide layer can be observed by 
SEM, while the TiN layer is to thin («0.1 Lim) [4]. Methods to overcome this 
limitation for other, slightly thicker, phases at brazed interfaces by deep etching 
have recently been developed by Ljungberg et al. [38]. 

For diffusion bonded joints HIPed at 900- 1000°C and 200MPa for 2h, the 
enrichment of strong nitride and silicide formers (titanium and niobium) from the 
superalloy Incoloy 909 was examined by quantitative point analyses with 
0.5 um spacing along a hne across the interface. The enrichment was detected in 
only three consecutive points, and since the radius of the interaction volume was 
larger than the point spacing, the real compositional gradients were even steeper 
than the measured ones; (paper 4 [10]). 

2.3.2. Transmission Electron Microscopy 

To be able to examine interfacial reaction products in closer detail, transmission 
electron microscopy (TEM) must be adopted. The increased resolution is possi
ble because the electron beam is only slightly broadened in the very thin 
(<200nm) specimen, being transparent for electrons with energies in the range 
100-400 keV. This increases both the spatial resolution for image formation and 
for element distribution measurements. The combined use of TEM and EDS 
forms the basis for analytical electron microscopy (AEM). The corresponding 
image is then formed with a convergent beam in scanning transmission electron 
microscopy (STEM) mode, in a manner similar to SEM. 

When even higher resolution is required, e.g. for lattice fringe imaging of 
single crystal planes at the interface, high resolution electron microscopy 
(HREM) with a resolution better than the lattice spacings of the investigated 
material must be adopted. 
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The most extensive studies on interfacial microstructure in ceramic/metal dif
fusion bonds have been performed for the model combination A l 2 0 3 / N b [1], 
facilitated by the negligible CTE mismatch between these materials. Single 
crystals of alumina and niobium were joined by vacuum hot pressing (1700°C, 
10 MPa, 2 h) and analysed with TEM and HREM by Mader et al. [39]. 
Specimens suitable for TEM could be prepared after joining of two single 

crystals by cutting out cylinders with 2.9 mm diameter and length up to 4 mm, 
and with the interface in the centre of the cylinder. Subsequently, discs with a 
thickness of about 200 um were cut from these cylinders, followed by careful 
poUshing and dimpling down to a minimum residual thickness of 10 um, finaUy 
foUowed by ion-thinning to obtain electron-transparent areas from the joint [39]. 

HREM images revealed that no reaction layer was formed during bonding. 
The alumina stayed perfectly crystalline up to the interface, while four (110)N b 

planes were strongly distorted [39]. 
Diffusion bonding reactions between siUcon nitride and nickel have been analy

zed in TEM by Brito et al. [13,20,14] and by Suganuma et al. [21] after joining by 
vacuum hot pressing (900- 1300°C, 10-20MPa, 0.5-1 h). In the former cases, 
the joint consisted of a 600 um interlayer of nickel between siUcon nitride and 
molybdenum, while in the latter case a 200 um foil of nickel was used between 
two pieces of siUcon nitride. 

In an early work, Ishida et al. [40] analyzed reactions when two pieces of 
siUcon nitride were joined with a 50 um foil of an Ag-Cu-Ti braze in vacuum at 
877°Cfor7min. 

Specimens suitable for TEM were prepared by different methods. Brito [20] cut 
cross-sectional discs with a thickness of about 300 um, foUowed by careful 
poUshing and dimpling down to a minimum residual thickness of less than 
60 um. The specimens were then glued to a supporting ring with 2.3 mm outer 
diameter, foUowed by argon ion-beam thinning at 5-6kV to obtain electron-
transparent areas from the joint. Suganuma used mechanical thinning to about 
50 um [21] or thinner than 100um [41] foUowed by ion-beam thinning at 3kV 
[41]. Ishida et al. cut the brazed specimen to 300 um thickness, followed by 
polishing down to 20 um residual thickness. The final thinning process was 
argon ion-beam thinning at 5 k V [40]. 

In a recent paper, Ishida et al. [42] discussed the difficulties associated with 
preparation of thin-foil specimens from ceramic-metal joints. A general diffi
culty is of course that the thinning process must be controUed so that both the 
reaction zone as weU as some of the unreacted ceramic and metal on each side of 
the joint are thinned to electron transparency (<200nm) without complete remo
val of any of these areas during the process. The positioning control is greatly 
enhanced by the use of dimple grinding and poUshing with diamond slurries on 
one side of the specimen after planar grinding and poUshing. The use of the 
dimple grinder can produce a specimen suitable for argon ion-beam thinning 
where the centre has a thickness of only a few tens of microns, while the 
circumference giving the strength necessary for handüng has a larger thickness 
(about 100 um), determined in the planar grinding and polishing steps. This 
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does also decrease the time needed to reach sufficiently thin specimens, reducing 
the cost as well as the risk of contamination influencing the compositional mea
surements. 
The thinning of the the model combination A l 2 0 3 / N b is facilitated by the al

most equal thinning rates of these materials under the ion-beam [42]. 
Unfortunately, this is not the case for joints between silicon nitride and metals 
[42]. For joints between two pieces of silicon nitride brazed with an Ag-Cu-Ti 
braze, the argon ion-beam thinning rates are so different that the two compound 
layers formed between the braze and the ceramic (mainly T i x S i y and TiN) re
mained as relatively thick needles, while both SisN4 and the Ag-Cu-Ti braze 
were thinned away [42]. This selective thinning is so pronounced that the com
pound layer could resist the increased penetration depth of the 1 MeV beam in a 
high voltage electron microscope (HVEM) [42]. Off-centering of the ion-beam 
from the joined interface was not enough to reduce the selective thinning. For a 
diffusion bonded joint between sihcon nitride and nickel, the amorphous layer 
formed was instead thinned faster than the surroundings and appeared as a 
groove [42]. 

No information in the papers reviewed was given on important specimen 
preparation parameters such as the beam angle of incidence relative to the 
specimen plane, rotation of the specimen, the use of shields to protect the 
interface from the ion-beam in some directions during rotation, or the effective 
time needed for the final thinning step. 
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2.4. Active metal brazing 

The active brazes used for joining of sihcon nitride to metals have mainly been 
either pure aluminium or eutectic compositions of inert metals (e.g. Ag-Cu) 
with a small addition of titanium as the active component. Due to the high resi
dual stresses formed during cooling from brazing temperature, several studies of 
reactions have been conducted on thin metal sheets between two pieces of sihcon 
nitride [31,41,43,9,36], while fewer have been concerned with "true" ceramic/ 
metal joints [1138,9,18]. 

2.4.1. Brazing with pure aluminium 

In an early work, joining of silicon nitride to ferritic steel with an aluminium 
braze and an interlayer of Invar was performed by Suganuma et al. [18]. A disc 
of silicon nitride with 7 mm diameter and 1 mm thickness was placed between 
discs of aluminium (t=500u,m), followed by Invar (t=2mm) and steel 
(t=7 mm) on each side. The bonding was conducted at 800°C and 7 min in an 
argon atmosphere under an uniaxial pressure of 0.15 MPa. The thickness of the 
aluminium interlayer was reduced to about 5 0 um after brazing. 

The reactivity of aluminium at temperatures in the range 850-900°C was found 
by Loehman etal. [31] to be influenced by the stability of a partially passivating 
oxide film on the aluminium, depending on the partial pressure of oxygen in the 
joining atmosphere. Analysis of the thin layer by SEM/EDS revealed only A l , 
and X-ray photoelectron spectroscopy (XPS) showed that the reaction product 
was AI2O3, in which the oxygen probably emanated from reactions with the 
S iC>2 -containing gram-boundary phase in the Si 3 N 4 [31]. 

Later work by Suganuma et al. [41] on joints between pieces of additive-free 
sihcon nitride brazed with an aluminium interlayer at 800°C showed that a preox-
idation of the S i 3 N 4 surfaces to form a Si2N20 layer increased the adherence. 
Studies in TEM showed that a ß'-sialon layer and an amorphous S i 0 2 -A l20 3 

layer was formed at the interface [41]. 
The temperature hmit for joints containing aluminium is, however, about 

200°C due to softening of the interlayer [12]. 

2.4.2. Brazing with titanium as the active component 

Several aspects on brazing of sihcon nitride to itself with active Ag-Cu-Ti 
braze alloys were discussed by Loehman et al. [31]. After a brazing cycle with 
commercial Ag-Cu-Ti braze alloys (Cusil ABA (1.5wt%Ti) or Ticusil 
(4.5 wt% Ti)) at 900°C for 1 h in 200kPa of Ar, a layer of about 10 um thick
ness containing TiN and Ti 5S i 3 was formed at the Si3N4/braze alloy interface. 
The remaining major part of the braze alloy sohdified as an Ag-Cu eutectic 
structure with separated regions of primary a-phase (Ag-Cu) and ß-phase 
(Cu-Ag). For the braze alloy with the higher titanium content, a third layer of 
about 40 um thickness was formed between the T i N / T i 5 S i 3 layer and the Ag-
Cu eutectic. Its average composition was Cu-28at%Ti, which is close to the 
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lowest melting eutectic in the Cu-Ti system, and the layer was separated into a 
Cu 4 Ti and a Cu 3 Ti 2 phase, as predicted by the phase diagram [31]. 

Cracks were observed in the Cu-Ti layer perpendicular to the reaction plane 
after coohng. This indicated that the layer could not deform plastically to accom
modate stresses generated by CTE mismatch. Dilatometric measurements 
showed that the mean CTE of this composition in the interval 20-700°C was 
15.5 um/(mxK), causing high stresses with S i 3 N 4 during cooling [31]. 
Strength measurements of Si 3 N 4 bars brazed with Cusil AB A or Ticusil foils 

of varying thickness at 950°C for 30 min were conducted. It was consistently 
found that the thinnest joints (10-15 um) produced the highest strengths measu
red (600-700 MPa), while the strength was almost halved for thicker joints 
(100-200 um) [31]. 

Transitional phases formed at the Si3N4/braze alloy interface were examined 
with AEM by Carim [43]. Two pieces of sihcon nitride were brazed with Cusil 
ABA or Ticusil at 900°C under 828kPa of Ar for 5-30min. Several phases 
were observed by AEM. A continuous layer of TiN was formed in contact with 
the polycrystalline silicon nitride. Beyond the TiN, another continuous, single-
phase layer consisting of columnar, relatively defect-free grains was found. 
Patterns from selected area electron diffraction (SAED) of this phase, 
designated as the C-phase, indicated that it was orthorhombic, and EDS 
showed it to be a Ti-Si-Cu-N compound. Farther from the interface, a mixture 
of phases including metallic Cu and Cu-Ti alloys with precipitates of cubic and 
hexagonal Ti-Si-Cu-N compounds was found [43]. 

Earher work with AEM on phases formed at Si3N4/braze alloy interface was 
conducted by Ishida et al. [40] after brazing with a 50 um foil in vacuum at 877°C 
for 7 min. The sintered sihcon nitride contained additives of alumina and yttria. 
EDS point analyses with >0.5 um spacing across the interface showed that at 
the interface against silicon nitride, a layer of about 3 um thickness contained 
substantial enrichments of titanium but not of sihcon, indicating the presence of 
TiN. Farther from the interface with silicon nitride, a thicker layer with 
columnar grains contained enrichments of either silver or copper, followed by 
reprecipitated S i 3 N 4 crystals without the usual grain-boundary layer rich in 
yttrium. The metal layer facing these crystals contained a dense dislocation 
network, accommodating the residual stresses. The layers rich in titanium were 
very resistant to argon ion-beam thinning in comparison to the other phases [40]. 

Ceramic-metal brazing of a HIPed sihcon nitride containing a few percent of 
yttria to Incoloy 909 has been conducted by Ljungberg et al. [38]. Brazing with 
Cusil ABA was carried out in vacuum (about 10'3Pa) at 950°C for 20min. 
This conditions differ from the braze cycle (820-860°C, 3-30 min) recommen
ded by the suppher of the braze alloy, but were chosen to encourage a more 
rapid growth of the reaction phases so that they could be detected more easily 
[38]. The total braze zone was about 90 um thick, and besides the usual reaction 
products, two kinds of particles were found at the interfaces. On the S i 3 N 4 side, 
a phase rich in iron, titanium and nickel formed small, angular particles of about 
5 um size, while on the superalloy side larger (10-20 urn) rounded particles rich 
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in iron, nickel and titanium were found. Preliminary analyses by SEM/WDX 
indicated the phase at the S i 3 N 4 side to be a Fe2Ti sihcon-substituted Laves 
phase, while the second phase could be a Fe-Ni-based solid solution with en
richment of titanium. After selective etching with boiling H N 0 3 to remove the 
Ag-Cu eutectic, an area with densely packed particles of the probable Laves 
phase was cracked due to the CTE mismatch with Si 3 N 4 [38]. 

The properties of Cusil AB A filler metal were described by Mizuhara et al. 
[44]. The liquidus and solidus temperatures are 815°C and 780 C, respectively. 
The filler metal has a CTE value (20-500°C) of 18.5 um/(mxK), its Young's 
modulus is 83 GPa and the yield strength is 271 MPa [44]. 

Sihcon nitride vapour-coated with 1 |im titanium was brazed to itself or to 
metals with an Ag-28 wt% Cu alloy at 790°C by Santella [9]. The S i 3 N 4 - S i 3 N 4 

joint was typically 25-50 am thick, contained very httle porosity, and showed 
good wetting on the rather rough Si 3 N 4 surfaces. The titanium coating was by 
SEM observed to be rather intact at its original thickness. No cracking was 
detected [9]. 

In all S i 3 N 4 - metal joints with either TZM (a Mo alloy), pure titanium or the 
superalloy A286, the ceramic cracked at a distance of 0.5-1 mm from the inter
face, leaving a thin, somewhat hemispherical fragment attached to the metal. 
This fracture behaviour for Si3N4-metal butt joints has been described el
sewhere [12,6,26,4]. It was concluded that ductile braze fillers do httle to accom
modate the thermal expansion mismatch strain, and that brazing of sihcon nitride 
directly to metals for structural apphcations requires the use of transition layers 
to accommodate mismatch strains [9]. 

Active brazing of S i 3 N 4 / W joints was performed with active filler metals of 
Cu-5 wt% Ti at 1100°C or of Cu-1 wt% Nb at 1300°C by Nakao et al. [ l l ] . The 
reaction layers were identified to consist of TiN + Ti 5S i 3 and NbN + Nb3S i , 
respectively. 

The use of a transient hquid-phase for brazing of sihcon nitride to itself was 
developed by lino [36]. He used a Ni-Ti bilayer, consisting of a thicker nickel 
part (1000 um sheet) surrounded by thinner titanium parts (5 um foils), between 
the ceramic pieces with the dimensions 12 x 14 x 17 mm. When the bilayer was 
heated to 1050°C, a hquid phase was formed in the composition range Ni - (60-
75) wt% Ti, but when the titanium diffuses into the nickel, the local concentra
tion falls below the hquidus line (at 60 wt% Ti), and the braze then sohdifies. To 
determine the titanium concentration in the metal layer, a Ni -Ti -Ni simple metal 
couple was joined under the same bonding conditions (1050°C, 1.5 h). The 
resulting titanium concentration (8 at%) corresponds to a melting point of 
1350°C, significantly higher than the bonding temperature [36]. 
S i 3 N 4 - metal joints with Kovar or with stainless steel (SUS 304) were made 

by the same method but with a thinner nickel part (a 100 Jim foil). The metals of 
1 mm thickness were centered with bilayers and silicon nitride on each side. The 
joints did not crack, probably due to the limited thickness of the metals [36]. 
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2.5. Diffusion bonding 

For applications with the highest requirements on joint durability, joining in the 
sohd state by diffusion bonding is the prime choice. This is due to the possibih
ties to minimize reaction zones and avoid phases with low melting points and 
limited chemical stability. 

In diffusion bonding, the most crucial aspect is the degree of contact between 
the joined surfaces. The degree of contact is governed by three factors: 

• The surface roughness of the mating surfaces. 
• The yield strength of the metal at the joining temperature. 
• The pressure level applied to bring the surfaces together. 

Other important factors are the reactivity between the ceramic and the metal 
alloy, the enrichment of impurities and/or sintering additives from the joined 
materials, and possible reactions with the surrounding atmosphere. Oxide 
ceramics such as alumina have shown to be inert in contact with otherwise 
reactive metals such as niobium [39], while non-oxide ceramics such as sihcon 
nitride, and to a much greater extent sihcon carbide [22], are more reactive with 
metals prone to form sihcides, nitrides or carbides. 

The three factors governing the degree of contact is to some extent dependent 
on each other. Since no surface is perfectly flat on the atomic level, the voids 
formed at the interface must either be filled by a wetting melt (as in active metal 
brazing) or otherwise the metal must adapt to the ceramic by yielding followed 
by power-law creep and diffusion processes. The most accurate modelling of 
diffusion bonding published so far, according to the recent review by Akselsen 
[45], was made by Hill and Wallach [46]. They proposed an elhptical void shape, 
instead of the earlier adopted cylindrical geometry. This was supported by 
micrographs taken at various bonding stages, indicating that the void aspect ratio 
(height/length) is relatively low [45]. 

Their model considers the contributions from seven mechanisms (also opera
ting in pressure sintering) to the elimination of voids at the interface: 

• plastic yielding deforming an original contacting asperity; 
• power-law creep; 
• volume diffusion from an interfacial source to a neck; 
• grain-boundary diffusion from an interfacial source to a neck; 
• evaporation from a surface source to condensation at a neck; 
• volume diffusion from a surface source to a neck; 
• surface diffusion from a surface source to a neck; 

Initially, plastic deformation rapidly increases the contact area until the apphed 
load can be supported, i.e. the local stress falls below the yield strength of the 
metal at joining temperature. The contributions from the remaining six time-
dependant mechanisms are then considered to add together, giving the overall 
amount of bonding [46]. For single-phased, similar-to-similar metal bonds such 
as for copper, a-iron or y-iron, it was found that the main mechanisms after 
finished yielding were either power-law creep, grain-boundary diffusion or 
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surface diffusion. The model considers the influence from the amount of grain 
boundaries (which is depending on the grain size) and also the variation in 
chemical potential due to the angle between applied (uni-axial) pressure and a 
particular grain boundary. It does not, however, consider the influence from 
surface oxides or from the formation of intermetalhc phases, which is clearly 
relevant in joints between metals and non-oxide ceramics. 

Most diffusion bonding experiments in the literature have been performed with 
vacuum hot pressing, where planar surfaces were uniaxially compressed at pres
sure levels in the range 10-60MPa [20,14,21,13,37,7]. The temperature varied 
between 800- 1300°C, the vacuum level was in the range 10"2 -10"3 Pa, and the 
hold times were 0.5 - 2 h. 

Joint configurations other than the planar butt-end joint can be achieved by hot 
isostatic pressing (HIP). This method is presently considered to be an efficient 
sintering method for densifying powder bodies of metals or ceramics to fully 
dense components with close tolerances [47] or for defect healing of castings. 
The first development of HIP technology in the fifties originated, however, 
from the need to clad urania fuel elements with zircalloy tubes for use in nuclear 
reactors. The further use of HIP for joining purposes has up to now mainly 
concerned diffusion bonding of different metal alloys such as austenitic steel to 
ferritic steel, but the use of large HIP facilities could make diffusion bonding 
more accessible as a mass production process and increase the range of geome
tries that can be bonded, according to Nicholas [3]. 

The efficient alignment of the joining surfaces during diffusion bonding by 
HIP requires that the isostatic gas pressure acts on a soft, impermeable capsule 
surrounding the workpiece. For simple geometries, the capsule often consists of 
a tube which is sealed at one end, evacuated by vacuum pumping and then sea
led at the other end. Materials suitable for the capsule must have a low yield 
strength at the HIP temperature, a low reactivity with the workpiece and permit 
easy and rehable sealing. For joining at temperatures around 1000°C, copper or 
mild steel are often used, while for sintering at higher temperatures glass or tan
talum are possible alternatives. 

The high isostatic pressure (100-200 MPa) acting on the encapsulation of the 
joint pieces (evacuated before sealing and apphcation of pressure) forces the 
metal at the joint interface to plasticize and accommodate to the surface of the 
ceramic. The yield strength of the metal alloy at joining temperature is usually 
lower than the apphed HIP pressure, since even for most superalloys, the major 
strengthening precipitates are dissolved at these temperatures. The major part of 
the void elimination can therefore be performed by yielding, mainly followed by 
power-law creep. This takes place without the shape distortion of the joint pie
ces that would occur if uniaxial pressure was apphed up to this high level at the 
joining temperature, according to Suganuma [4]. The abihty for superalloys to 
adapt to the very rough surface of a SiC/SiC continuous fibre composite during 
diffusion bonding by HIP is described in paper 7 [22]. 

In contrast to other joining methods such as active metal brazing or conventio
nal diffusion bonding using vacuum hot pressing, the interfacial joining 
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processes are taking place in a closed system inside the capsule. The pressurized 
encapsulation prevents both unwanted reactions with the furnace atmosphere and 
possible degradation by the formation of voids due to released gases, e.g. nitro
gen during joining of sihcon nitride. 
These advantages for diffusion bonding by HIP permit reduction of bonding 

temperatures, resulting both in lower residual stresses and in a very thin inter
face, if chemical stability between the ceramic and the superalloy can be obtai
ned. Moreover, the possibihty to retain the optimum microstructure in the metal 
alloy is increased with lower joining temperatures. 

Diffusion bonding between silicon nitride and metals by HIP have been per
formed by some authors [12,10,15,48,19]. The temperatures varied between 900-
1400°C, the isostatic pressure varied between 50-200 MPa, and the hold times 
were 0.5 -4 h. 

In contrast to joints formed by active metal brazing, only a few studies on dif
fusion bonding concern the case with thin metal sheets between two larger 
pieces of silicon nitride [21,37], while most studies have concerned "true" cera
mic/metal joints [19,13,15,20,14,10,7,12]. This was promoted by the larger 
possibihty to combine interlayers with different properties during joining in the 
sohd state. 

2.5.1. S i 3 N 4 joined directly to superalloys 

Sihcon nitride was joined directly to Incoloy 909 by Larker et al. (paper 4 
[10]) and to the superalloy Nimonic 80A by Yamada et al. [7]. These studies 
showed that adhesion between sihcon nitride and the superalloy could be 
obtained by HIP (900-1000°C, 200MPa, 2h) [10] or by vacuum hot pressing 
(1100-1150°C,50MPa, lh) [7]. However, the high residual stresses formed 
during cooling cracked the ceramic, leaving a hemispherical fragment of the 
ceramic on the superalloy, similar to the experiences made by Santella during 
brazing of sihcon nitride to different metals [9]. 

The reaction layers formed with the HIPed Si 3 N 4 (containing 2.5 wt% Y 2 0 3 ) 
were very thin (<2 um) after HIP at 900- 1000°C [10], but they were conside
rably thicker (=90 um) when a sintered sihcon nitride was joined by vacuum hot 
pressing at 1100-1150°C [7]. 

Sihcon oxynitride (Si2N20) is usually formed as a surface layer on siUcon 
nitride components densified by glass-encapsulated HIP. Joints to Incoloy 
909 with additive-free HIPed Si2N20 (fabricated as described in paper 1 [49]) 
showed even lower enrichments of titanium and niobium after HIP at 900-
1000°C than did the joints with HIPed Si 3 N 4 , but the adhesion caused sintilar 
cracking in the ceramic 100-200 um from the interface [10]. 

2.5.2. S i 3 N 4 joined with interlayers to superaUoys 

SiUcon nitride was in some studies joined to superaUoys by the use of inter
mediate interlayers [19,15,7]. Applying a single interlayer of Invar (Fe-
36wt%Ni) in joints between siUcon nitride and the superaUoy MA 6000 by 
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Frisch et al. using HIP (1100°C, 50 MPa, 2 h) [19] or a single interlayer of 
nickel between silicon nitride and Nimonic 80A by Yamada et al. using 
vacuum hot pressing (900°C, 15 MPa, 0.5 h) [7] showed that cracking still 
occurred during cooling. Single interlayers of either copper or Kovar (Fe-
29 wt%Ni-17 wt% Co) did not result in adhesion between sihcon nitride and 
Nimonic 80A at 900°C [7]. 

Multiple interlayers were recendy used by Frisch et al. [19,15]. The use of either 
niobium+In var or hafnium+Invar in HIPed (1100°C, 50 MPa, 2h) joints 
between sihcon nitride and MA6000 resulted in cracking perpendicular to the 
joint plane [19]. It was claimed from SEM analyses that the reaction products for 
the joint with niobium were a 1 urn thick layer of NbN formed at the S i 3 N 4 - Nb 
interface, and that a 7-8 um thick layer of Nb-Fe-Ni intermetalhcs formed 
between niobium and Invar. In the joint with hafnium, it was claimed that the 
40 um hafnium sheet reacted to Hf S i 2+S i-Hf-Fe-Ni intermetalhcs [19]. 

The use of two different sets of four interlayers were examined by Frisch et al. 
[19]. An interlayer set consisting of 50umFe+60umNi+2mmInvar+l mm 
Ni between S i 3 N 4 and MA6000 joined by HIP (1150°C, 100MPa, 2h) 
resulted in a stronger joint than an interlayer set with 50umFe+250umNi+ 
a W-Ni-Cu heavy alloy+2 mm Invar. No cracking was observed on coohng 
[19]. 
Earher work by Frisch et al. concerned two different sets of three interlayers 

[15]. A 250 um foil of either nickel or titanium against the ceramic was followed 
by sheets of Invar and a W-Ni-Cu heavy alloy with a low CTE (5.2um/ 
(mxK)). Sihcon nitride and MA6000 were joined with these sets of interlayers 
by HIP (1200°C, 100MPa, 1 h). 

It was claimed from SEM analysis that the reaction products with the nickel 
foil at the interface with sihcon nitride were a Ni(S i) sohd solution and enclosed 
nitrogen gas bubbles, while the joint with the titanium foil formed a reaction 
layer of 10-25 urn TiN but no silicides. At the interface between titanium and 
Invar, interdiffusion resulted in a Ti-Ni-Fe sohd solution. For both sets of 
interlayers, a 5-12um thick layer of a W 2 Fe 3 intermetallic compound was 
formed at the interface. A rapid diffusion of iron was observed into the grain 
boundaries of the W-Ni-Cu heavy alloy, while the diffusion of tungsten into 
Invar was very limited. Between the W-Ni-Cu heavy alloy and the superalloy 
MA6000, rapid diffusion of aluminium from MA6000 formed a 2um thick 
layer of a NiAl intermetallic [19]. 

Multiple interlayers were earher used by Yamada et al. [7]. After examination of 
several combinations of nickel, copper, tungsten or Kovar, they found that the 
best reduction of residual stresses in butt-end joints with 10 mm diameter was 
reached with three layers consisting of 100umNi+800umKovar+500um 
Cu between sihcon nitride and Nimonic 80A after vacuum hot pressing (900-
1000°C, 60-15 MPa, lh) . For joining temperatures >950°C, fracture during 
tensile testing occurred within the sihcon nitride, while for joining <925°C lower 
strengths were reached due to fracture along the interface [7]. 
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2.5.3. S i 3 N 4 joined with interlayers to refractory metals 

S i 3 N 4 - based ceramics have been joined to refractory metals such as molybde
num by a nickel interlayer [13,14] or to tungsten by an interlayer of either iron or 
niobium [12]. 

A dense ß-sialon HIPed with 9 wt% A1 2 0 3 as sintering additive was joined 
to molybdenum with a 600 urn nickel interlayer using vacuum hot pressing 
(1000- 1200°C, 20MPa, 1 h) [13]. Cross-sectional images in SEM showed that 
a very thin (<1 um) reaction layer formed at 1000°C. It was wider at 1100°C 
(=3-5 um), but at 1200°C nickel diffused more than 40um into the sialon, 
forming a heavily damaged interface with complex reaction products. No reac
tion compounds were found by HREM at the lower temperatures (1000°C or 
1100°C), while at 1200°C both NisSi^ and void regions including O' (Si2-X  

A1XN2Ü) particles were found. The joint formed at 1100°C was strongest, but 
large scatter in strength was observed for joints formed at 1000°C or 1100°C due 
to incomplete bonding [13]. 

When the ceramic in earher work was a sihcon nitride sintered with less than 
5wt% of oxide (MgO+A1 2 0 3 ) additives, the reactivity during vacuum hot 
pressing (1000°C, 10MPa, lh ) [14] or (900-1200°C, lOMPa, lh ) [13] was 
increased in comparison with joints formed with ß-sialon. This was explained 
by a slower sublimation process of the ß ' phase in the ß-sialon due to the enve
loping O' grain-boundary phase [13]. 

For sintered sihcon nitride joined to molybdenum with a 600 urn nickel inter
layer at 1000°C, a reaction layer of about 2 um thickness was found together 
with a void-like region on the nickel side of the original interface. Due to the ab
sence of a plateau in AES (auger electron spectroscopy) concentration profiles 
of nickel, sihcon and nitrogen, characteristic for compounds such as silicides, it 
was concluded that the layer consisted of a Ni(Si,N) sohd solution [14]. In the 
interface formed at 1100°C, NißSi appeared as small spherical domains exten
ding from the interface as deep as 400 nm into the ceramic [20]. Several voids 
were formed at the nickel side of the interface, containing particles with elements 
such as magnesium, aluminium and oxygen from the sintering additives [20]. 

In an early work, Suganuma et al. [12] joined sihcon nitride to tungsten by a 
5 00 urn interlayer of either iron or niobium using HIP (1300-1400°C, 
100 MPa, 0.5 h). The joint with an iron interlayer could be bonded at 1300°C, 
while the joint with a niobium interlayer required 1400°C [12]. 

2.5.4. S i 3 N 4 joined to pure metals 

Some work has concerned reactions between silicon nitride and pure metals 
such as nickel [21,12], iron [12], titanium [12] or niobium [12], or with combi
nations of nickel and niobium [37]. 

In recent work by Suganuma et al. [21], two pieces of sihcon nitride sintered 
with oxide additives (A1 2 0 3 +Y 2 0 3 ) were joined with a thin (200 um) nickel 
interlayer by vacuum hot pressing (1000- 1300°C, 10 MPa, 0.5 h). Bonding was 
achieved at 1000- 1200°C, while at 1300°C the reaction was so violent that the 
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nickel melted completely and flowed out of the interface [21]. Examination in 
S EM showed that neither a reaction layer nor any new phase could be detected 
after joining at 1000°C. A reaction layer of about 2 um thickness was found after 
joining at 1100°C, while the thickness increased to about 7 Lim after joining at 
1200°C. In the latter case, free sihcon was found to diffuse about 15 um into 
nickel. 

AEM examination of the interface formed at 1100°C showed that the reaction 
layer consisted of grains of Ni(Si) and small YAG particles ( 3 Y 2 0 v 
5ÅI2O3), but no silicides were observed. It was concluded that the grain-
boundary phase promoted the reactions. At the higher temperature (1200°C), the 
interfacial structure contained several voids due to formation of nitrogen gas, but 
no additional phases were found. Strength measurements of joints formed at 
1000°C showed a low strength with large scatter since intimate contact was not 
achieved at this temperature, while joints formed at 1100°C or 1200°C were al
most equally strong at room temperature. Measurements at elevated temperature 
showed that this strength decreased with increasing temperature up to 600°C, but 
then the apparent strength increased at higher temperatures due to plasticization 
of the nickel interlayer [21]. 

The use of nickel and/or niobium interlayers between two pieces of sihcon 
nitride sintered with oxide additives (AI2O3+ Y 2 0 3 ) was examined by lino et 
al. [37] after vacuum hot pressing (950°C, 20 MPa, 0.75-6 h). Single interlayers 
did not result in bonding at this relatively low temperature, but combinations of 
dissimilar metals resulted in strong joints i f the time for diffusion through the 
thin foil close to the ceramic was sufficient. The combination 
10 um Ni +1 mm Nb + 10 um Ni formed a joint after 0.75 h and a stronger joint 
after 1.5h, while 12.5umNb+1mm Ni+12.5 umNb resulted in similar 
strength as for the shorter time with layers of Ni/Nb/Ni, and was slightly 
improved after 6 h [37]. 

In an early work by Suganuma et al. [12], joining of silicon nitride to four 
metals (Ni, Fe, T i or Nb) was performed by HIP. The joining temperatures 
with these metals were 1200°C, 1300°C, 1300°C and 1400°C, respectively, the 
pressure was 100 MPa and the hold time was 0.5 h. Of these, iron and niobium 
showed good adherence, while nickel and titanium did not. The thermal expan
sion mismatch for butt-end joints caused, however, convex cracking in the 
ceramic on cooling for joints with iron, while the joint with niobium survived 
cooling [12]. 
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2.6. Conclusions based on this review 

Most work in the field of Si3N4/nietal joining have concerned methods to 
overcome the obvious restriction due to cracking caused by the large CTE mis
match. It was in the recent review by Akselsen [45] proposed that the temperature 
is the most important process parameter in diffusion bonding, since it has a great 
influence on both the yield strength and on the kinetics for creep and diffusion. 
The optimum temperature should then occur at a point when the strength 
reduction due to residual stresses arising from CTE mismatch start to balance 
the strength enhancement due to void elimination [45]. 

Less work have been devoted to prevent the formation of excessive reaction 
layers with inferior mechanical and chemical properties at the interface. 
Furthermore the necessity to retain the optimum microstructure of the metal alloy 
after heat treatments experienced during joining has almost been ignored. 

The two latter factors are very dependant of the temperature and hold time du
ring joining. Most work on diffusion bonding with superalloys have been con
ducted at very high temperatures (above 1000°C) [7,19,15], leading to the 
formation of thick reaction layers and probably excessive grain growth of the 
superalloy due to dissolution of grain-boundary precipitates. The formation of 
such reaction layers reduce the joint durability and thus the main advantage of 
diffusion bonding over brazing methods. The work on diffusion bonding 
between a dense HIPed ß-sialon and pure nickel could be performed up to 
1100°C without the formation of thick reaction layers [13], possibly due to the 
lower reactivity when no nitride former is present at the interface to initiate the 
decomposition of Si 3 N 4 . The presence of the grain-boundary phase formed 
with additives of MgO+A1 2 0 3 in sintered S i 3 N 4 was found to increase the 
formation of reaction products [14,13]. The influence on the formation of reaction 
products from the composition of the silicon nitride material used (such as 
grain-boundary phase composition and impurity levels) has otherwise not 
attracted much attention, or occasionally not even been known [9]. 

The influences from the level and direction of applied pressure is often 
neglected. It could be useful to point out that a majority (the four first) mecha
nisms used in the model by Hill and Wallach [46] (described in section 2.5) are 
directly or indirectly dependant on the level of the apphed pressure. 

The high residual stress level in the joint between sihcon nitride and metals 
after cooling from joining temperature remains a major limitation for joints that 
must sustain thermal cycling to high temperatures (>500°C) in use. The often 
proposed solutions by changing the composition from the metal side through 
ductile metal interlayers such as nickel or copper [7,13,20,14,21,19,11] and/or 
refractory metals such as tungsten or molybdenum [11,12,9,13,14,7,15] are diffi
cult to protect against fatigue and oxidation, respectively [2]. The low-expansion 
characteristics of Invar and Kovar are restricted to relatively low temperatures 
(below 200°C and 300°C, respectively). In a recent study on Incoloy 909 
(paper 3 [26]), it was found that the benefits usually claimed for the use of this 
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superalloy, a relatively low thermal expansion up to about 400°C, is reduced by 
the considerably higher expansion in the range above 400°C and up to the joi
ning temperature. 

For interlayers intended to reduce stresses in the ceramic without plastic defor
mation, such as refractory metals (W, Mo), the interlayer must generally be rat
her thick, even when combined with a ductile layer [7,12]. Yamada et al. [7] made 
calculations by the finite element method (FEM) for several insert metal 
combinations of tungsten, nickel and copper, positioned between sihcon nitride 
and Nimonic 80A. They found that the residual stresses were reduced with 
increasing thickness of the tungsten interlayer up to 5 mm, but due to the 
difficulties in protecting tungsten against oxidation at high temperatures, they 
used three layers consisting of 500umNi+800|imW+500ttmCu in then-
diffusion bonding experiments [7]. In an earher work, Suganuma et al. joined 
sihcon nitride to steel with interlayer combinations consisting of 500 um iron 
and with tungsten of 1 - 2 mm thickness. They found that 2 mm was a sufficient 
tungsten thickness in a circular butt-end joint with 5 mm diameter, while a W 
sheet with only 1 mm thickness caused cracking in the ceramic [12]. 

The main conclusion based on this review concerning residual stresses is that 
in Si3N4/metal joints intended for high service temperatures (500-700°C), the 
CTE mismatch can not be sufficiently reduced by modifying only the metal side 
of the joint The composition in the ceramic part of the joint should therefore be 
graded to increase the thermal expansion behaviour from the low CTE value in 
monolithic sihcon nitride up to a significantly higher value at the ceramic/metal 
interface. 

The remaining part of this thesis concerns an AEM study of diffusion reactions 
between Incoloy 909 and ceramic composites with intermediate composition of 
sihcon nitride and supplementary ceramic phases after joining by HIP. 
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3. A E M STUDY ON S i 3 N 4 / METAL DIFFUSION REACTIONS 

3.1. Materials and joint geometry for diffusion couples 

Five different ceramics sintered to theoretical density by glass-encapsulated 
HIP were originally included in this study. Early results were presented in 
paper 5 [48]. Three of the ceramics were monolithic materials, namely Si 3 N 4 

with 2.5wt% Y 2 0 3 as a sintering additive, S i 3 N 4 without additives, and 
S i 2 N 2 0 without additives (fabricated as described in paper 1 [49]). The remai
ning two ceramic materials were particulate composites chosen from the 
fohowing requirements on the supplementary ceramic phase: 

• intermediate CTE (as i 3 N 4 < a supplementary ceramic < aSUperalloy)> 
• sufficient stabihty against reactions with S i 3 N 4 (during sintering); 
• useful properties of the particulate composite formed with Si 3 N 4 ; 
• controlled reactivity against the superalloy (during joining and use). 

Based on these requirements two ceramics, titanium nitride (TiN) and titanium 
diboride (TiB 2) were chosen as supplementary phases with sihcon nitride due to 
their suitable properties and the availability of a variety of such composites, 
produced by ABB Cerama, Sweden, using glass-encapsulated HIP at 1600°C. 

Dilatometric measurements on such composites showed that the steepest 
change in the mean CTE appear to take place in the interval 40-60 vol% of TiN 
or TiB 2 , where both silicon nitride and the supplementary ceramic phase are 
continuous, as shown in Fig. 3. The value at 80vol% TiN could reduce the 
CTE mismatch against Incoloy 909 to less than half from Aa=8.8 Lim/(mxK) 
to Aa=3.5 |xm/(mxK). 
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Fig. 3. Mean C T E (20- 1000°C) for HIPed composites manufactured from particulate 
mixtures of Si 3N4/TiNandSi 3N4/TiB2. 
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The composites used in joints were made from powder mixtures of S i 3 N 4 and 
either 60 vol% TiN or 50 vol% TiB 2 . The amounts of yttria added as a sintering 
additive were 4.0 wt% and 0.3 wt% of the Si 3 N 4 constituent, respectively. 

The superalloy used was Incoloy Alloy 909; (composition in wt%: 42.9 Fe, 
37.4Ni, 13-OCo, 4.7Nb, 1.5Ti, 0.4Si, <0.1 Al, 0.02C). It was heat treated 
for optimum tensile properties by solution annealing at 980°C/1 h/AC, foUo
wed by ageing at 720°C/8 h/FC+620°C/8 h/AC [24]. The composition of the 
aUoy together with the compositions of the precipitated phases (y', e", e and 
Laves), as determined by Heck et al. [23], are shown in Fig. 4. AU of the pre
cipitates contain a considerably lower concentration of iron than the mean com
position of the aUoy. 

Relative concentration [at%] 
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• Si 

Alloy 909 Gamma' Epsilon' Epsilon Laves 

Fig. 4. Composition of Incoloy Alloy 909 together with the compositions of precipitates 
formed during heat treatment [23]. 

The joining temperature was chosen to be 1200 K (927°C) considering results 
from thermodynamic calculations of possible reactions [53331] and with the aim 
to retain a useful microstructure in the superaUoy after joining [26,23]. The 
200 MPa argon pressure level was the upper limit of the HIP equipment used, 
and the hold time was four hours to permit the formation of relevant reaction 
products. 

The reaction zones between diffusion bonded bulk samples of siUcon nitride 
and Incoloy 909 have earher (in paper 4 [10]) showed to be very thin (1 -2 tim), 
being below the spatial resolution hmit for S EM/EDS. Recent work in TEM 
[13,20,14,21] have shown the possibihties to resolve the detaüs of reaction 
products between sihcon nitride and nickel. Due to the high yield strength of 
superaUoys such as Incoloy 909 in comparison with pure nickel, the residual 
stresses can cause fracture in the joint or some hundred microns into the 
ceramic, where the stress level is highest [7,10]. The stress level decreases with 
decreasing dimensions of the joint, but the handhng during thinning and 
examination stiU involves a considerable risk for failure of the specimen. 
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It was therefore considered necessary to improve the joint configuration used in 
the preparation of thin-foil specimens for AEM studies. 

Diffusion couples with planar interfaces are not hmited to the butt-end geome
try when HIP is used, and the materials can instead be machined to a semicyhn-
drical shape. The machining of the ceramic and metal materials to semicylinders 
before joining is more complicated, but this is more than equalized by the easier 
preparation of thin TEM specimens after joining. 

The capsule tube adopts the shape of the joined semicyhnders during HIP and 
can also form bonds to both of the joined materials. If the CTE value of the cap
sule material is higher than for the joined materials, the capsule would like to 
shrink more on coohng from the HIP temperature. This results in residual com
pression forces on the semicylinders, which is beneficial for the integrity of the 
joint when the joined couple is machined to prepare thin-foil specimens. For the 
joint between Si 3 N 4 and Incoloy 909, capsules of either copper, mild steel or 
austenitic stainless steel would give this result Stainless steel was chosen due to 
its combination of beneficial properties such as a high CTE value, a rather high 
yield strength at room temperature, a non-magnetic behaviour and the availabi
lity of thin-walled tubes in suitable dimensions. 

Therefore diffusion couples, designed to facilitate the subsequent preparation 
of thin-foil specimens, were fabricated according to the following route: 

• Ultrasonic machining of the five ceramics and electro-discharge machining 
of Incoloy 909 to cyhndric samples with 2.32 mm diameter and 4.0 mm 
length. 

• Grinding lengthwise to obtain semicylinders with a planar surface 
(4.0 x 2.32 mm) on each sample. 

• Polishing of the planar surfaces using slurries down to 1 um diamonds. 
• Encapsulation of paired ceramic/metal semicyhnders in a stainless steel tube 

with 3.0 mm outer diameter and 2.35 mm inner diameter. The five different 
diffusion couples were separated axially by spacing plugs of stainless steel 
made with a waist-line in the middle of their 5 mm length to facilitate the 
positioning of later shce cutting (see Fig. 5 for complete configuration). 

• Diffusion bonding by HIP at 927°C (1200 K) and 200 MPa for 4 h. 
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S i 3 N 4 (2.5 wt% Y 2 0 3 ) + IN909 H mm} 
s p a c i n g plug (s.s.) 15 mm] 
t h r e a d e d e n d plug (s.s.) [i mm\ 

S i 3 N 4 (additive-lree) + IN909 14 mm} 
s p a c i n g plug (s.s.) 15 mm] 

T i B 2 / S i 3 N 4 -composite + 1N909 14 mm} 
spacing plug (s.s.) I5mmi 

S12N2O (additive-free) + IN909 (4 mm} 
spac ing plug (s.s.) }5 mm} 

TiN / S i3N 4 -composite + IN909 14 mm) 
spacing plug (s.s.) 15 mm} 

hollow end plug (s.s.) 16 mm) 
spacing plug (s.s.) 15 mm} 

HIP capsule of stainless steel [ODi = 2.35 mm; 0 D O = 3.00 mm] 

Spec imen conf igurat ion for dif fusion bonding bv H\P 

Fig. 5. Configuration of ceramic and metal materials for diffusion couples before encapsu
lation and diffusion bonding by HIP. 

3.2. Preparation of thin-foil specimens from joints 

One of the diffusion couples, the one with S i 2 N 2 0 , failed due to insufficient 
axial positioning during insertion of the five couples and six spacing plugs into 
the tube before encapsulation. This could be observed after HIP but before cut
ting of thin shces, due to the different shape of the capsule at this position. The 
remaining four diffusion couples in the capsule were successfully bonded, and 
the preparation of thin-foil specimens were conducted in the foUowing way: 

• Diamond wheel cutting of thin shces (400 |im) from the joined diffusion 
couples including a coUar of the capsule. The number of shces from each 
couple could be maximized by observing the positions of the waistlines for
med in the surface of the capsule at the middle of every spacing plug. Six or 
seven shces were obtained from each couple. 

• Planar grinding with SiC paper (1000mesh followed by 4000mesh) to 
about 70 um thickness with the specimen mounted on a Gatan Disc Grinder. 

• Planar poUshing in four steps using Struers DP-Spray on different DP-
Cloths (6um diamonds on DP-Plan, 3um on DP-Plan, 1 um on DP-Dur 
and 0.25 um on DP-Nap) with the specimen held by a Gatan Disc Grinder. 

• Dimple grinding and polishing to about 7 um final minimum thickness 
(measured using the narrow depth of focus at 1000 X magnification in an 
optical microscope) using a Gatan Dimple Grinder with wheels of 15 mm 
diameter and with a 20 g load. InitiaUy, grinding with 9 um diamond paste 
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was used down to about 25-30 um thickness, followed by 6 um paste down 
to about 20 um thickness and 2.5 um paste down to about 15 um thickness. 
Polishing was then conducted with 1 (lm and 0.25 um paste down to the f i 
nal minimum thickness. 

• Argon ion-beam thinning was finally used to obtain electron transparent 
areas of the joint interface using a Gatan Duomill at 5 kV and with a beam 
angle of 14° relative to the specimen plane. The specimen was rotated during 
thinning, and the effective thinning time was usually about 2h. 

The reduced CTE mismatch in joints with the composites could be clearly ob
served by the markedly lower occurrence of cracks in slices with these ceramics 
compared to slices with the monolithic silicon nitride materials, especiaUy the 
more brittle additive-free Si 3 N 4 . Cracking was not found closer than 200 um to 
the ceramic/metal interfaces. 
Due to the difference in polishing rates for the metal and the ceramic, the harder 

DP-Plan cloth was used down to 3 um, followed by the DP-Dur instead of the 
softer DP-Mol cloth for the 1 um diamonds. 
The hardness of the ceramic part in the diffusion couple was found to markedly 

influence the dimpling speed with the coarser diamond pastes (9 um and 6 um). 
The composite with 50vol% TiB 2 and the highest hardness ( H V 0 j = 20GPa) 
was observed to require considerably longer dimpling time than the softest ce
ramic, the 60vol% TiN composite (H V0.5 = 15 GPa), while the two couples 
with monolithic Si3N4 were intermediate in both hardness and dimpling time. 

During ion-beam thinning, it was found that selective thinning was pronoun
ced when the ion-beam was paraUel to the interface. Therefore shields of stain
less steel were attached on the holder of the rotating sample to avoid thinning 
when the angle of rotation was within ±45° of the direction paraUel to the inter
face. 

The centre of the dimple grinding was initiaUy positioned about 250 um into 
the ceramic. This was based on the presumption that Incoloy 909 would be 
less resistant to argon ion-beam thinning than the different ceramics. This was, 
however, only true for the diffusion couple with the 50vol% T iB 2 composite. 
The pronounced topography observed in secondary electron images (SEI) sho
wed that the Si 3 N 4 phase was thinned much faster than the T i B 2 phase, see Fig. 
6. It is possible that the T i B 2 grains to some extent have shielded the S i 3 N 4 

grains from even faster thinning by the ion-beam. 
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Fig. 6. SEI overview from the ion-beam thinned TiB 2 /Si 3 N 4 -Incoloy 909 joint 

The monohthic Si 3 N 4 materials were considerably less resistant than Incoloy 
909 to the ion-beam. The composite with 60 vol% TiN was also less resistant, 
although the TiN grains to some extent behaved in the same way as the T iB 2 

grains. For optimum results, it was therefore necessary to position the centre of 
the preceeding dimple grinding closer to the metal side. When the centre was 
positioned at the interface, the dimple drifted further into the softer metal, which 
was found beneficial after the subsequent ion-beam thinning. Therefore the 
centre of the dimple grinding was finaUy positioned about 250 um into the metal 
for diffusion couples with the 60vol% TiN composite or with the two mono
hthic Si3N4 materials. 

This preparation route for thin-foil specimens was successful for the diffusion 
couples with the two composites. The ion-beam thinning of diffusion couples 
with the 50 vol% TiB 2 composite resulted in a hole on the metal side close to the 
interface, surrounded by electron-transparent areas including the interface. It is 
beneficial for the contrast in transmission microscopy that the metal side is thin
ner than the ceramic side, because the higher specific density of the superaUoy 
causes extinction of the electron beam for a thinner specimen thickness than is 
the case for the ceramic phases (in particular Si 3 N 4 ). Since the S i 3 N 4 grains 
were thinned more rapidly than both the superalloy and especiaUy the T iB 2 

grains, it was stiU difficult to find areas at the joint interface having both thin 
TiB 2 grains and adjacent remaining S i 3 N 4 grains. The appearance of a thin-foü 
specimen with the 50 vol% TiB 2 composite is shown in Fig. 7 a. 

Ion-beam thinning of diffusion couples with the 60 vol% TiN composite ini
tiaUy resulted in a hole at the ceramic side of the interface, causing the metal side 
to be too thick for transmission of the electron beam. Changing the the dimple 
grinding centre to be positioned at the interface resulted in a thin area on both 
sides of the interface. This entaüs, however, that the interfacial areas possible to 
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examine are very limited due to the rapid increase in thickness with increasing 
distance from the hole. Further change of dimple position into the metal resulted 
in a hole on the metal side close to the interface, surrounded by electron-trans
parent areas including the interface to the composite. Since the difference in 
thinning rate between grains of TiN and Si 3 N 4 was much smaller than the large 
difference between TiB 2 and Si 3 N 4 , the ceramic grains were more evenly thin
ned in the 60vol% TiN composite. The combination of thinner S i 3 N 4 grains 
and their lower density (compared to TiN) still resulted in a large difference in 
image brighmess between the grains in the ceramic composite. Two thin-foil 
specimens with the 60vol% TiN composite, one dimpled with the initial dimple 
grinding position and the other with the final position, are shown in Figs. 7 b 
and 7 c, respectively. 

The diffusion couples with the two monolithic S i 3 N 4 materials proved to be 
more difficult to prepare, both due to fast thinning of the sihcon nitride and to 
the considerably higher residual stresses in these couples from larger CTE mis
match (Aa=8.8um/(mxK)) compared to the couples with the composites 
(Aa=4.4-5.9 um/(mxK)). The large stresses often caused hemispherical crack
ing at a small distance from the interface, especially for the S i 3 N 4 material 
HIPed without additives, having a lower fracture toughness. One specimen 
could be prepared with the tougher Si 3 N 4 material (HIPed with 2.5 wt% Y 2 0 3 

as a sintering additive), but the selective thinning caused the metal side to be 
non-transparent to the electron beam. Thus only concentration profiles could be 
obtained from that specimen. The appearance of a thin-foil specimen with the 
monolithic sihcon nitride (HIPed with 2.5 wt% yttria) is shown in Fig. 7 d. 

Fig. 7. Thin-foil specimens after ion-beam thinning. 
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3.3. A E M methods for studies of reaction products 

Five specimens were studied in detail, two with each of the composites and 
one with the monolithic S i 3 N 4 HIPed with 2.5 wt% Y 2 0 3 as a sintering addi
tive. Most of the work was conducted with a Jeol JEM 2000-EX analytical 
electron microscope equipped with a Link AN 10000 system for EDS element 
analysis. The EDS detector was protected by a thin beryllium window; therefore 
the hght elements nitrogen, boron, carbon and oxygen were omitted in the mea
surements, while the remaining elements in the ceramics (sihcon and titanium) 
and in the superalloy (iron, nickel, cobalt, niobium, titanium and sihcon) were 
measured. 

Two types of specimen holders were used; most work including the EDS ele
mental analysis was conducted with a graphite holder, while some structural in
vestigations were conducted with a double-tilt holder. The specimens were 
consistenüy mounted with the interface of the joint perpendicular to the axial 
direction of the holder. 

Since both of the ceramic composites are electrically conductive, these speci
mens did not require carbon coating to avoid charging under the electron beam. 
The monolithic sihcon nitride is an electrical isolator, but as long as the electron 
beam was concentrated close to the interface, the electrical current could be 
grounded via the metal side of the specimen, thus avoiding carbon coating. 

The elemental distributions at the interface of the joints were determined by two 
methods in STEM mode. The two-dimensional distributions were revealed by 
semi-quantitative element mapping, where the intensity due to the measured 
number of counts (within X-ray energy windows defined for each element) in 
each point of a scanned area (usually 256x256 points) gives a visual image of 
the elemental concentrations. The accuracy of this method is mainly limited by 
the fohowing three factors: 

• No correction is made for the variation in detector sensivity for X-rays of 
different energies, causing an underestimation of the concentration of certain 
elements, especially hght ones such as sihcon. 

• Thin areas (such as S i 3 N 4 grains) emit fewer X-ray quanta than thicker 
areas (such as T iB 2 or TiN grains). 

• A very short measuring time for each point (typicaUy 10-50 ms). Since the 
total count rate typically is 600-700counts/s in STEM, the statistical 
accuracy of the composition in each point is quite hmited, especially for 
minor elements giving only a few counts in each point. When element 
mapping is conducted on bulk specimens in SEM/EDS (at about 
2000 counts/s), several consecutive frames are usuaUy taken to give a better 
intensity resolution, but at the higher magnifications useful in STEM/EDS 
(usuaUy more than one order of magnitude higher), the specimen drift due to 
the thermal and mechanical instabihty of the microscope can result in severe 
distortion of the element map. 

In spite of these limitations, element mapping can successfuUy be used as a first 
screening analysis for monitoring enrichments of elements. The simultaneous 
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enrichment of elements can be made obvious by mixing of up to three element 
maps. Each element map is given a pseudo-colour (red, green or blue) and is 
then mixed to give complementary colours (red+green => yellow; green+blue 
=> magenta; blue+red => cyan; red+green+blue => white). 

To obtain compositional profiles, quantitative microanalyses were conducted 
using the RTS -2/FLS programme. This programme compares the characteristic 
peaks of the acquired spectra with stored standard profiles for each pure ele
ment, and the energy scale is calibrated against a generated zero peak and the 
CuKa peak from a specimen of pure copper, measured during the same session 
at the microscope. Elemental concentrations were calculated using the thin foil 
approximation with corrections for absorption and normalized to 100at% 
(nitrogen, boron, carbon and oxygen omitted). The points were normally 
positioned with 25 nm spacing along straight lines perpendicular to the interface, 
and since the electron beam of about 6 nm diameter while penetrating the thin foil 
(150-200nm) broadens up to about 25-30nm diameter, there is still only a 
slight overlap between consecutive points. The resulting spatial resolution is 
nearly two orders of magnimde higher than for quantitative point analyses with 
ZAF correction calculations, earher conducted on bulk diffusion couples in 
SEM (paper 4 [10]). The acquiring time for each point was chosen to be 100s, 
providing considerably better statistical accuracy for the composition in each 
point, compared with element mapping. 
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3.4. Reaction phases found at the joint interfaces 

The main impression from all of the joint interfaces examined is that the forma
tion of reaction products is very limited. The maximum total thickness of the 
reaction layers formed was below 1 urn. Two reaction phases could be readily 
observed in all specimens examined; the first phase was a continuous, about 
100 nm thick layer (bright) consisting of numerous small crystals along the 
ceramic/metal interface, while the second was a semi-continuous layer (dark) of 
larger crystals formed with varying thickness into the superalloy. The characte
ristic appearance is shown in the diffusion bonded interface between the 
T iN/S i 3 N 4 composite (left) and Incoloy 909 (right) in Fig. 8. 

Fig. 8. Reaction layers between the TiN/S i 3 N 4 composite Oeft) and Incoloy 909 (right). 

The relatively large grain to the left of the joint in Fig. 8 was a titanium nitride 
grain, while the adjacent silicon nitride grains above and below at the interface 
were almost absent, due to the higher minning rates of these grains. Areas of 
interface with remaining silicon nitride adjacent to sufficiently thin titanium 
nitride grains could only be found where a small S i 3 N 4 grain was shielded by 
the more resistant TiN grains during ion-beam thinning. An example of this is 
shown at lower magnification in Fig. 9 a and a detail of the reaction zone 
adjacent to the Si 3 N 4 grain is shown at higher magnification in Fig. 9b. 
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Fig. 9. Phases formed at the interface with a S i 3 N 4 grain (bright) in the TiN/S i 3 N 4 

composite: (a) overview; (b) detail of phases formed at the joint interface. 

Both reaction phases were more efficiently thinned adjacent to the S i 3 N 4 grain, 
due to the increased exposure to the ion-beam perpendicular to the interface 
when the thickness of the Si 3 N 4 grain decreased. The continuous reaction phase 
consisted of small crystals (<50nm), while the grains of the semi-continuous 
reaction phase were much larger. 
Determination of the composition at joint interfaces between the TiN/S i 3 N 4 

composite and Incoloy 909 was made at a similar area, see Fig. 10. Element 
mapping was used as a first screening analysis for monitoring element enrich
ments at the interface. It was found that the major elements in the semi-continu
ous reaction phase was nickel, sihcon and niobium, while the continuous phase 
showed an enrichment in titanium. The element maps for sihcon, niobium and 
nickel were given pseudo-colours (Si-red, Nb-green, Ni-blue) and were then 
mixed in Fig. 11 to give complementary colours (red+green => yellow; 
green+blue => magenta; blue+red => cyan; red+green+blue => white). The 
red areas to the left were Si 3 N 4 grains while the blue areas corresponded to the 
matrix of the superalloy. The black areas to the left of the joint interface corre
sponded both to the TiN grains in the composite and to the Ti-rich continuous 
reaction phase. The area with white or bright-coloured pixels corresponded to 
the semi-continuous reaction phase in Fig. 10. 

To obtain compositional profiles, quantitative EDS point microanalyses were 
conducted using the RTS -2/FLS programme. The points were positioned with 
25 nm spacing along three straight lines perpendicular to the interface, positioned 
as indicated in Fig. 11. The counting time for each point was 100 seconds. The 
compositional profiles are shown in Figs. 12a, 12b and 12c, respectively. 
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Fig. 10. Area used for determination of the composition at the joint interface between the 
TiN/S i 3 N 4 composite and Incoloy 909. 
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Fig. 12. Compositional profiles determined by quantitative EDS point microanalysis. The 
points were positioned with 25 nm spacing along three straight lines perpendicular 
to the interface as indicated in Fig. 11; (a) first line; (b) second line; (c) third line. 
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The enrichment of titanium in the continuous reaction phase of about lOOnm 
thickness could be observed in Figs. 12a and 12b. The enrichment of sihcon 
and niobium together with the unchanged level of nickel (and cobalt) from the 
superalloy in the semi-continuous reaction phase could be observed in Figs. 
12b and 12c. Areas of the interface against sihcon nitride grains with both reac
tion phases formed could also be found; an example of this is the composition 
profile obtained by point measurement with 20 nm spacing at the joint interface 
between the other composite (TiB 2/S i 3 N 4 ) and Incoloy 909, see Fig. 13. 

Relative concentration [at%] 

• Ni 

• Co 

B Fe 

• Nb 

• Si 

Distance 
0 100 200 300 400 500 600 [nm] 

Fig. 13. Compositional profiles determined at the joint interface between the T i B 2 /S i 3 N 4 

composite and Incoloy 909. The points were positioned with 20 nm spacing. 

3.4.1. The continuous reaction phase 

The Ti-rich continuous layer between the ceramic grains and the grains of the 
semi-continuous reaction phase or the superalloy matrix was studied in closer 
detail. The thickness of this layer was approximately 100 nm, and it contained 
clusters of very fine (<50nm) crystals. This is shown in the bright-field (BF) 
image shown in Fig. 14a and the corresponding dark-field (DF) image in 
Fig. 14b with position of the aperture indicated in the selected area electron 
diffraction (S AED) pattern in the upper left corner. 
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Fig. 14. Clusters of fine crystals in the continuous reaction layer at the joint interface 
between the TiN/S i 3 N 4 composite and Incoloy 909; (a) BF; (b) DF + SAED. 
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EDS point measurements from the crystals resulted mainly in titanium peaks, 
and both SAED and convergent beam electron ciiffraction (CBED) indicated 
that they were mainly TiN crystals, see Fig. 15. 

Fig. 15. CBED pattern taken from a small TiN crystal with zone axis [100]. 

This reaction layer was found in all the joint interfaces between the superaUoy 
and the three ceramics. The crystals formed during joining are more than one 
order of magnitude smaller than the grains of the composite, but the EDS 
measurements could not distinguish between the crystals formed and the TiN or 
TiB 2 grains of the composites, since nitrogen or boron could not be detected. 
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3.4.2. The semi-continuous reaction phase 

This major reaction phase consisted of seemingly defect-free grains elongated 
along the interface and was situated in the superalloy close to the interface. Its 
composition (determined by quantitative point analyses) was found to mainly 
consist of nickel, silicon and niobium. Enrichment of niobium and nickel is 
known to occur in all four major precipitates (y', e ", e and Laves) in Incoloy 
909 [23], but only e and Laves have a higher content of niobium than titanium, 
see Fig. 4. Due to the higher content of silicon in Laves and to its globular 
shape (contrary to the acicular e), it was initially proposed [48] that the major 
reaction phase formed at the interface was a Lave s phase. 

That phase is known to form in grain boundaries at the high temperatures 
(800- 1040°C) routinely encountered during hot working and annealing [23,17]. 
The shortest time for precipitation of Laves (<0.1 h) is found at 870-930°C in 
the time-temperature-transformation (TTT) diagram [16,17,23]. Since the diffu
sion bonding was performed at 923°C for four hours, it was likely that Laves 
phase was formed. Such A2B-type compounds are characterized by close-
packed layers of shghtly smaller A atoms (e.g. Fe, Co), separated by layers of 
shghtly larger B atoms (e.g. Nb, Ti). 

Quantitative measurements at several points along lines across five single 
grains of the major reaction phase resulted in the mean relative concentrations 
shown in the five first columns in Fig. 16. Two grains were analysed at joint 
interfaces with either of the two composites and one with the monolithic S13N4. 
The sixth and seventh columns show, for comparison, the compositions of 
grain-boundary Laves phase in Incoloy 909 after optimum heat treatment [23] 
and of Laves phase formed during welding of Incoloy 909 according to Ernst 
et al. [50], respectively. 
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Fig. 16. Compositions measured by STEM/EDS in five single grains of the major reaction 
phase compared with Laves in grain boundaries [23] and after welding [50]. 
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The composition of the major reaction phase at the joint interfaces seemed to be 
rather constant, and the measured variation was small within each grain, as 
shown in Fig. 17. 
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Fig. 17. Variation in composition of the three major elements nickel, sihcon and niobium in 
points along lines across the analyzed five single grains formed at joint interfaces. 

The formation of Laves phases is in general known to be stabilized by increa
sed levels of sihcon, niobium and titanium in Fe-Ni alloys [51,23,52-54]. The 
grain-boundary Laves phase dominating in Incoloy 909 is of the hexagonal 
MgZn 2 -type (C14) with the lattice parameters a=4.77 Å and c=7.76Å [23]. Its 
formation is promoted by additions of sihcon in Fe-Nb and Fe-Ti alloys [54] 
and by nickel in Co-Nb alloys [55], and it has an extensive solubihty for sihcon 
(up to 25-27 at%) in both Fe2Nb [56] and Fe 2Ti [54] at 1100°C. The sihcon 
content measured in the five single grains of the major reaction phase could thus 
be on the solubihty limit for these structures. One of the other two possible 
Laves structures, the cubic MgCu2-type (C15), can be formed in Co-Nb 
alloys [56], but above about 5 at% Si, the structure changes to the hexagonal 
MgZn2-type (C14), which is stable up to about 15at%Si at 1100°C. The 
extensions of the Laves phase regions along constant niobium lines in the Fe-
Nb-S i and Co-Nb-Si systems indicate that sihcon is substituting for iron and 
cobalt atoms, respectively [56]. 

No Laves phases are, however, known to form in the Ni-Nb-Si or Ni -Ti -
Si systems. While Fe-based alloys tend to prefer the precipitation of TCP 
(topologicaUy close-packed) phases such as Laves, o, n and x, the Ni-based 
aUoys instead prefer GCP (geomerricaUy close-packed) A3B-type precipitates 
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such as "i, T|, y"or e. This tendency is called the Laves-Wallbaum effect [52]. 
The size ratio between the atoms in the A2B-type compounds would favour 
Laves phase formation between titanium or niobium as the slightly larger B 
element and nickel as the A element The absence of such phases is attributed to 
an unfavourable electron/atom ratio [57]. 

Recent work by Savin [58] on the system Ni-Fe-Nb further showed that 
nickel-rich compositions prefer the orthorhombic S-phase (Ni 3Nb) instead of 
Laves phases. The S-phase is formed during overageing of the ordered y" 
BCT (body-centered tetragonal) major strengthening phase in Inconel 718. 
High contents of sihcon and niobium and low contents of aluminium promote 
this transformation, which is ctetrimental for the properties of such Fe-Ni-based 
alloys [51]. It is therefore not obvious why nickel is the main A atom in the A 2 B 
grain-boundary Laves [23] or in Laves formed during welding of Incoloy 
909 [50]. 

These obscurities resulted in further examination of the semi-continuous 
reaction phase at the joint interfaces. An extensive SAED work was conducted 
to characterize its crystal structure. A low index SAED pattern was first 
obtained by tilting the specimen, as shown in Fig. 18 a. By tilting around the 
two shortest reciprocal lattice vectors in this pattern, two series of SAED 
patterns were then obtained. The two projected reciprocal lattice planes which 
were perpendicular to the tilt axes, respectively, can be drawn up with the two 
systematic tilting series and so enable determination of the reciprocal lattice unit 
cell and, as a consequence, the crystal lattice unit cell. The deduced Bravais 
lattice for this phase is FCC (face-centered cubic) with the lattice parameter 
a=11.3Å. The two low index patterns shown in Figs. 18a and 18b can 
therefore be indexed with the zone axes [100] and [110], respectively. 

Fig. 18. S AED patterns taken from the semi-continuous reaction phase: 
(a) zone axis [100]; (b) zone axis [110]. 
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A further investigation using CBED was conducted to confirm the FCC crystal 
structure. Fig. 19 is a [100] zone axis CBED pattern. The 4mm symmetry of 
this pattern may be deduced from the relative diffracted intensities in the HOLZ 
(high order Laue zone) rings. By comparing the pattern symmetry between 
cubic and hexagonal crystals provided by Buxton et al. [59], it is clear that the 
major reaction phase has a FCC crystal lattice instead of a hexagonal lattice. 

Fig. 19. CBED pattern from the semi-continuous reaction phase with zone axis [100]. 

The lattice parameter a=l 1.3 Å is too large for a cubic Laves phase, and the 
sihcon content is also too high for that structure, as earher described. 

The large semi-continuous reaction phase must therefore be some other com
pound, that combines a large cubic lattice parameter with high contents of nickel, 
sihcon and niobium. One such possibihty is a ternary silicide called G -phase. 
It was first discovered by Beattie et al. in the Fe-Ni superaUoy A-286, where a 
sihcon content above 0.5 wt% caused precipitation of G-phase in grain boun
daries after solution treatment at 930°C for 4 h foUowed by ageing at 650-815°C 
for 1000 h; (the arbitrary name was assigned owing to its prominent appearance 
at grain boundaries) [53]. The presence of G-phase in grain boundaries retarded 
high-temperature grain growth, similar to the effect of Laves in Incoloy 909 
[23]. 
Later work by Beattie et al. showed that G-phase precipitated in nickel-rich 

and cobalt-rich complex austenitic aUoys after solution treatment at 1205°C for 
8 h foUowed by ageing at 815°C for 1000 h, on condition that the contents of 
sihcon and titanium were simultaneously high (about 1 wt% and 1.7 wt%, re
spectively) [52]. The G-phase compositions suggested by Beattie et al. were 
N i i 3 T i 8 S i 6 and (Ni,Co)i 6 Ti 6 Si 7 , respectively. 
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G-phase sihcides have recendy been found as a minor phase in Incoloy 909 
after prolonged exposure (>100h) at 820-1040°C. Its composition was 
N i 1 6 N b 6 S i 7 (isostructural with M 2 3 C 6 (H6F)) [23]. Cobalt and titanium could 
substitute for nickel and niobium, respectively, in its structure [17]. 
Under the presumption that also iron to some extent can substitute for nickel in 

G-phase, the compositions determined for the grains of the major reaction 
phase, earlier shown in Fig. 15, can be compared with the suggested composi
tions N i 1 3 T i 8 S i 6 and N i i 6 N b 6 S i 7 , denoted G(13-8-6) and G(16-6-7), re
spectively, in Fig. 20. 
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Fig. 20. Compositions measured by STEM/EDS in five single grains of the major reaction 
phase compared with two G-phase compositions suggested by Beattie et al. 

It is obvious that the compositions of the major reaction phase can be reasonably 
fitted to the suggested G-phase compositions. 

The lattice parameters for the cubic G-phase sihcides formed with titanium, 
( N i i 3 T i 8 S i 6 and (Ni,Co)ifiTi 6Si 7), characterised by Beattie et al., were 
a= 11.198 A and a= 11.191 A, respectively, as determined by X-ray diffraction 
of extracted precipitates. An extensive determination of the lattice parameters for 
cubic G-phases was conducted by Spiegel et al. [60]. According to the crystal 
structure, the N i i 6 T i 6 S i 7 was considered to be the ideal composition. With 
nickel, the lattice parameters of the G-phases were a= 11.187 A with titanium 
and a= 11.249 A with niobium, while for cobalt the lattice parameters were 
a= 11.201A and a= 11.235 Å, respectively [60]. 

The combination of nickel and titanium was the most effective in forming G-
phases, while iron was not found to form G-phases with any transition 
element [60]. The lattice parameter for the cubic G-phase sihcide formed with 
niobium in Incoloy 909 (Ni 1 6 Nb 6 Si 7 ) was by X-ray diffraction determined 
to be a= 11.25 A [23]. These values are in good agreement with the lattice 
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parameter a = 11.3 Å for the major reaction phase formed at the joint interface, as 
determined by electron diffraction. 

A third compound possible to form with the elements present at the joint 
interface and having a cubic structure with a large lattice parameter is Fe 2 Nb 3 . It 
has the lattice parameter a= 11.261 Å [61], and it is isostructural with T i 2 N i 
(a= 11.319 Å) [62]. The composition range of Fe2Nb3 is, however, restricted to 
56-64 at% Nb and the maximum sihcon solubihty is about 6 at% at 1000°C [61]. 

Since the semi-continuous reaction phase examined at the joint interfaces was 
single grains, and not agglomerates of different sihcides, it was most probable a 
G-phase silicide with some substitution of cobalt and iron for nickel and tita
nium for niobium. The main reason for its formation (instead of Laves phase) 
was probably the good supply of sihcon at the joint interface, compared with the 
limited supply of silicon in the superalloy itself (1.2at% Si in Incoloy 909). 
The source of niobium and titanium was mainly intragranular precipitates such 
as y', e " and e formed during ageing heat treatments (see Fig. 4). At the joining 
temperature, these precipitates (in particular y') were more or less dissolved, 
facilitating diffusion of niobium and titanium towards the metal/ceramic inter
face. Some niobium might also come from the Laves precipitates already pre
sent in grain boundaries in the superalloy, intersected by the interface with the 
ceramics. 
G-phase was formed at the joint interfaces already after four hours at 923°C, 

which is considerably quicker than for precipitation in Si-containing alloys 
(>100h) described in the literature [23,53,52]. The main reason for this was 
probably the shorter diffusion path for sihcon to the interface, compared with 
the diffusion to grain boundaries in alloys containing about 1 at% Si. 
The formation of G-phase was continuous along the interface to the compo

site with T iB 2 but only semicontinuous both for the composite with TiN and for 
monolithic Si 3 N 4 . This difference is probably due to the occurrence of free 
sihcon in the former composite from a partial decomposition of T iB 2 and S i 3 N 4 

during its densification, forming Si, BN and TiN together with the initial con
stituents. 
Occasionally, a third kind of reaction phase was found on the ceramic side in 

the specimens with the 50vol% TiB 2 composite. Clusters of small grains, rich 
in silicon, nickel, iron and cobalt, were found in former S i 3 N 4 areas. These 
clusters could be relatively large (up to 1 um in size). It is likely that they contain 
sihcides of nickel, iron and cobalt, promoted by the free sihcon present. 
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3.5. Proposed reactions during joining 

It is known from phase equilibria in ternary Me-Si-N systems that at tempera
tures up to 1000°C, the potential silicide formers nickel, cobalt and iron are 
chemically inert to sihcon nitride as long as nitrogen is not removed due to a low 
partial pressure of N 2 or by formation of nitrides with other metals [32-34]. 
Therefore the initial reactions must concern titanium and/or niobium. These 
metals are markedly reactive and form both nitrides and sihcides with Si 3 N 4  

[32,33,35,5]. 
For sihcide formation between sihcon nitride and these five metals, the largest 

negative free energy change AG is found for the formation of Nb 5 Si 3 , foUowed 
by TisS i 3 and N i 3 S i , while at 1000°C the free energy change is close to zero for 
Co 2Si and clearly positive for Fe 5Si 3 [5]. On the other hand, the free energy 
change (in kJ/mol of Si 3 N 4 ) for Si3N4/metal reactions forming both nitrides 
and sihcides show that AG for the formation of T iN+Ti 5 Si 3 is very high, more 
than twice as high as for the formation of NbN+Nb 3Si [11]. 

This implies that titanium is the strongest nitride former present, and that the 
first reaction at the ceramic/metal interface is governed by the diffusion of 
titanium from the dissolved precipitates in the superaUoy grains to the interface 
with sihcon nitride, foUowed by decomposition of S i 3 N 4 grains and formation 
of TiN crystals. The remaining siUcon is then free to diffuse into the superaUoy 
and together with the matrix and the constituents of the dissolved precipitates 
form the G-phase shicide. This formation seems to be favoured instead of 
binary sihcides with niobium, titanium and nickel. 
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4. CONCLUDING DISCUSSION 

Diffusion bonding of silicon nitride (Si 3N 4) ceramics to the low-expansion 
superaUoy Incoloy 909 by HIP has shown to be efficient in several ways: 

• The metal surfaces have fuUy accommodated to the surfaces of the ceramics 
without macroscopic deformations of the diffusion couples, resulting in 
good adhesion and void-free joints. 

• The large residual stresses formed in the S13N4- metal joints during cooling 
caused cracking in the ceramics about 200 um from the joint interface, but 
the decreased CTE mismatch with ceramic composites containing titanium 
nitride (TiN) or titanium diboride (TiB 2) considerably reduced cracking 
problems during preparation of thin-foU specimens for analytical electron 
microscopy (AEM). 

• The formation of reaction layers have been very limited, being below one 
micron in total layer thickness for all Si3N4-based ceramics used. After 
joining for two hours at 900°C or 1000°C, enrichments of titanium and 
niobium were detected by S EM/EDS at the interface with süicon nitride, 
while no such enrichments were observed when the ceramic was instead 
sihcon oxynitride (Si 2 N 2 0) . 

• Two reaction products were found by AEM after four hours at 927°C; a 
continuous, very thin (<100nm) layer of fine TiN crystals at the initial 
ceramic/metal interface, and larger grains forming a semi-continuous layer 
of a G-phase silicide containing mainly nickel, süicon and niobium 
extending about 100-500 nm into the superalloy. 

• The proposed reaction is initiated by the diffusion of titanium from the dis
solved precipitates in the superalloy grains to the interface with sihcon 
nitride, foUowed by decomposition of Si 3 N 4 grains and formation of TiN 
crystals. The remaining siUcon is then free to diffuse into the superaUoy and 
wül together with the matrix and the constituents of the dissolved precipitates 
form the G-phase sihcide. This formation seems to be favoured instead of 
binary sihcides with niobium, titanium and nickel. 

• The joining temperatures used (900°C, 1000°C and 927°C) are within the 
temperature range suitable for heat treatment of the superaUoy. Excessive 
grain growth or formation of embrittUng phases in the superaUoy have 
therefore been avoided. Joining could possibly be combined with annealing, 
later foUowed by ageing of the joined superaUoy. 

A possible way to assemble a joint resistant to fatigue and corrosion during 
thermal cycling up to 500-700°C in oxidizing environments Uke hot air or those 
usuaUy present in engines is suggested based on the experiences described in 
this thesis: 
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• The use of a functionally graded material (FGM) with increasing amounts of 
titanium nitride up to around 80vol%TiN at the ceramic/metal interface 
might reduce the residual stresses to less than half of the stress level in 
S i 3 N 4 - Incoloy 909 joints. 

• Long-time stabihty might be provided due to the fohowing three factors: 
1. The composition of the graded composite at the ceramic/metal interface 

(around 80vol%TiN) entails that the silicon nitride grains present at 
the interface during joining are isolated. If these Si3N4 grains (of 
about 1 um in size) are completely reacted to form TiN and G-phase, 
further reactions can not proceed due to the TiN diffusion barrier. 

2. Most or the titanium and niobium is after ageing locked up in preci
pitates in the superaUoy. 

3. The maximum temperature experienced by the joint in use is about 
200°C lower than the joining temperature. 

• Further reduction of residual stresses might be possible by adapting a cermet 
composition of TiN and a low-expansion metal aUoy between the functio-
naUy graded ceramic and the metal ahoy. 

Diffusion bonding between sihcon carbide (SiC) and superalloys is more 
comphcated. The higher reactivity of SiC requires that efficient diffusion barri
ers are developed, since the reaction zones formed otherwise grow more than 
two orders of magnitude thicker (~100um) than for sihcon nitride ceramics 
under similar joining conditions. 
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5. SUMMARY OF APPENDED PAPERS 

5.1 Paper 1 "Reaction Sintering and Properties of Silicon 
Oxynitride Densified by Hot Isostatic Pressing" 

Dense silicon nitride (Si 3N 4), fabricated by glass-encapsulated hot isostatic 
pressing (HIP), develops a surface layer of mainly sihcon oxynitride (Si 2 N 2 0) 
during sintering. Since this production method gives excellent dimensional re
producibility, costly machining introducing strength-reducing surface flaws can 
often be limited. The efficient use of structural ceramics such as sihcon nitride 
usuaUy requires it to be joined to metal aUoys. It was therefore judged valuable 
to compare me joining behaviour of süicon oxynitride and süicon nitride to metal 
aUoys. The higher thermodynamical stabüity of S i 2 N 2 0 than of Si 3 N 4 also in
dicates that the former material could itself become a potential high- temperature 
structural ceramic with superior oxidation resistance, if it could be reaction sin
tered without other oxide additives than the transient silica melt 

Süicon oxynitride ceramics were therefore reaction sintered and fuUy densified 
by hot isostatic pressing of the equimolar mixture of a-Si 3 N 4 and Si0 2 pow
ders without additives in the temperature range 1700-1950°C. The glass encap
sulation forced the volatile species (mainly SiO and N 2 ) to remain in the closed 
system inside the capsule due to the counteracting argon pressure at 200 MPa. 

Conversion to S i 2 N 2 0 was found to increase steeply from a level around 5% 
of the crystalline phases at 1700°C to £80% at 1800°C, and increasing a few 
percent further at even higher temperatures. The slow and sluggish kinetics of 
the conversion were also indicated by the influence of hold time, since the two 
HIP sinterings at 1800°C for 2h and at 1900°C for 4 h resulted in higher yield 
than at 1850°Cfor 1 h and 1950°Cfor2h, respectively. a-Si 3 N 4 was the major 
residual crystalline phase below 1900°C. When 1 wt% Y 2 0 3 (yttria) was added, 
the conversion to S i 2 N 2 0 was greatly enhanced, especiaUy below 1800°C, and 
ß-Si 3 N 4 became the major residual crystalline phase from 1800°C and higher. 

The hardness level for materials containing ̂ 85 % S i 2 N 2 0 was approximately 
19 GPa, comparable with the hardness of a reference süicon nitride HIPed with 
2.5wt%Y 2 0 3 , whüe the fracture toughness level was around 3.1 MPaVm, 
being approximately 0.8 MPaVm lower. The 3-point bending strength increased 
with HIP temperature from about 300 MPa up to 500 MPa. 

5.2 Paper 2 "Diffusion Reactions between Silicon Oxynitride and 
Silicon Nitride during HIP-Synthesis" 

The possible apphcation of sihcon oxynitride (Si 2 N 2 0) as an interlayer in 
joints between components of süicon nitride (Si 3N 4) and metal aUoys, aiming to 
reduce both residual thermo-mechanical stresses and chemical reactions during 
joining and use, made it interesting to smdy joining of these ceramics simultane
ously with sintering of the green bodies by HIP. 
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A PVC container was filled up to half its height with an equimolar mixture of 
a -S i3N 4 and S i0 2 powders without other oxide additives, the remaining then 
filled with an a-S i 3 N 4 powder mixture containing 2.5 wt% Y 2 0 3 as a sintering 
additive, followed by sealing and cold isostatic pressing (CIP) at 300 MPa to 
give a green body of the two compositions. The simultaneous reaction sintering 
to form the S i 2 N 2 0 material and sintering to form the ß-Si 3 N 4 material was 
conducted by HIP at 1900°C and 200 MPa argon pressure. Due to the slow and 
sluggish kinetics of S i 2 N 2 0 formation, the hold time was chosen to four hours. 
The S i 3 N 4 material, designed for gas turbine apphcations, is usuaUy HIPed at 
lower temperatures (1725- 1750°C) for l h . 

The mixed green body was converted to a dense body of sihcon oxynitride joi
ned to silicon nitride. A thick reaction zone was formed, extending about 
0.1 mm into the S i 2 N 2 0 side of the initial powder border, and about 2.0mm 
into the S i 3 N 4 side. Measurements by SEM/EDS showed that the yttrium level 
decreased rapidly in the thinner reaction zone on the S i 2 N 2 0 side, and that ytt
rium was strongly enriched in a thin layer at the front of the thicker reaction zone 
on the S i 3 N 4 side. Pronounced etching in HF+HNO3 indicated that the thin 
layer was a glassy yttrium silicate layer. The composition of the reaction zone 
was determined by XRD using a tungsten foil with a 2 mm sht to conceal sur
rounding areas from measurement. The reaction layer was found to mainly con
sist of ß-Si 3 N 4 with a smaU amount of S i 2 N 2 0 . 
The joint reaction during HIP can be described as foUows: The mixed green 

body was heated at about 10°C/min, when the oxides near the initial powder 
border exceeded the eutectic melting temperature of the system S i0 2 - Y 2 0 3 at 
about 1660°C. A melt with a low viscosity due to high yttria concentration was 
formed some minutes ahead of the other oxide-containing areas. The melt was 
then squeezed through the pore channels during local shrinkage due to the com
pressive isostatic pressure acting on the encapsulated body. When the tempera
ture rose to about 1700°C, a two-phase hquid formed, consisting of a major low 
yttria, high viscosity phase of almost pure sitica and a minor phase with higher 
yttria content and lower viscosity. The melt flowing in the oxynitride direction 
was soon depleted of yttria, stopping when the melt no longer had a lower mel
ting point than the surrounding silica. 

The melt flowing in the nitride direction had a large sitica content and could 
therefore not be quickly depleted in a sintilar way. The low viscosity, high yttria 
phase flowed in front of the major low yttria phase through the pore channels, 
dissolving some of the yttria grains and impurities on the way. The melt flow 
stopped about 2 mm into the sihcon nitride body, explained by two concurrent 
mechanisms: One possible mechanism was that the pressure difference between 
the low viscosity melt and the pore channels decreased due to higher contact for
ces between the grains in the initial powder border area during compression and 
due to increasing melt formation in surrounding areas. Another mechanism that 
could stop the melt was the fast closing of porosity during sintering of the 
Si 3N 4-2.5 wt% Y 2 0 3 powder mixture designated for HIP at 1725-1750°C, 
when the temperature was quickly raised by 10°C/min up to 1900°C. The 
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conversion of a-Si 3 N 4 to ß-Si 3 N 4 instead of reacting with S i0 2 to form 
Si2N 2 0 was promoted by the higher thermodynamical stability of silica in the 
melt due to the presence of yttria, and because the a=>ß conversion was 
considerably faster than the formation of S i 2 N 2 0 . 

The reactions described occurred during the heating and the first minutes at 
HIP temperature. Subsequendy S i 2 N 2 0 was formed during the remaining time 
at 1900°C. Grain growth was obvious in areas containing considerable amounts 
of the low viscosity yttrium silicate melt, mainly at the reaction front and at the 
initial powder border. It could be assumed that the distance covered by the melt 
into the Si 3 N 4 powder body was mainly governed by the heating rate; a slower 
rate between 1660°C and 1720°C would have allowed the melt to flow a longer 
distance before being stopped by pore closure. 

5.3 Paper 3 "Heat Treatments of the Low-Expansion Superalloy 
Incoloy 909 for Application in Ceramic/Metal 
Joints and in Metal Matrix Composites" 

Increasing efficiency demands on gas turbines have promoted the development 
of superalloys with low thermal expansion up to intermediate temperatures, re
ducing the need of coohng for preservation of efficient clearances between rota
ting and stationary parts. These materials are also of prime interest for joints to 
engineering ceramics such as sihcon nitride and sihcon carbide, or as a matrix 
with W or SiC fibers in metal matrix composites (MMC). The choice of a sui
table superaUoy for joining or for MMC matrices is governed by three factors: 

• The high thermo-mechanical stresses that arise due to mismatch in thermal 
expansion, both on cooling from joining/densification temperature and du
ring thermal cycling, must be reduced to a safe level. 

• The formation of excessive reaction layers during joining/densification and 
during use must be prevented, due to the inferior mechanical and chemical 
properties of such layers compared with the adhering materials. 

• The desired structure of the superaUoy must either be retained after heat tre
atments experienced during joining/densification, or be possible to restore 
by heat treatments afterwards. 

The third of these requirements has perhaps recieved the least attention, but is by 
no means unimportant. Because of these possible apphcation areas for Incoloy 
909, two pertinent aspects of this material were examined in this work. 

Firsüy, the thermal expansion behaviour was (letermined up to higher tempera
tures than those given in the hterature (<670°C), due to the need to estimate the 
degree of residual stresses arising during cooling from joining/densification 
temperatures. Secondly, the effects of relevant heat treatments on microstructure 
and properties were examined by use of scanning electron microscopy (SEM), 
grain size and hardness measurements. 

LMlatometric measurements were made in air up to 1000°C. A sample with the 
dimensions 49 x 4.8 x 5.6mm was cut from a rod heat-treated for maximum 
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tensile strength (annealing at 9S0°C for 1 h, air-cooled; ageing at 720°C for 8 h, 
furnace cooled (55°C/h) to 620°C for 8 h, air-cooled). The coefficient of thermal 
expansion (CTE) was relatively low (7-8 um/(mxK) up to the Curie tempera
ture at about 380°C, followed by a rapid increase (14-19 |im/(mxK) up to about 
780°C, and finaUy an intermediate value (12-14 um/(mxK). This behaviour re
sults in a mean CTE value of 12.2um/(mxK) in a typical interval for joining 
(20-900°C), which is simhar to mean values for ferritic steels. 
The samples for heat treatment were chosen from "as-received" Incoloy 909 

in three delivery forms: wire (6.3 mm diameter), rod (19 mm diameter) and sheet 
(t= 1.5 mm). The paper deals mainly with rod and wire, since these are most l i 
kely to be used in the apphcations described. Five heat treatment temperatures 
were chosen: 800°C, 900°C and 1000°C suitable for ceramic-metal joining, 
1060°C and 1150°C for MMC purposes. Similar heat treatments were con
ducted both in a HIP and in a vacuum furnace, to evaluate the influence of va
riations in pressure and equipment. The heating rate was 25°C/min, the hold 
time four hours and the cooling rate 15°C/min. 

It was found that Incoloy 909 must not be joined/densified above the anne
aling temperature region (930- 1040°C) specified by the manufacturer, due to the 
exaggerated grain growth from the initial grain size 5 -16 um up to an abnormal 
200-440 um that occurred when grain-boundary Laves phase was dissolved, 
since grain-boundary pinning carbides are lacking in this aUoy. 

Joining at temperatures between the recommended range for the higher ageing 
temperature (720-775°C) and up to about 900°C should also be avoided, since 
prolonged exposure could cause overaging by excessive formation of e- phase 
platelets. This might cause an undesired embrittling effect, but that could not be 
determined quantitatively without tensüe testing. Excessive precipitation of e" 
and e phases would also reduce the available amount of titanium and niobium for 
formation of the primary strengthening y'phase during later ageing treatment. 
The formation of platelets at 800°C was more pronounced in the HIPed samples 
than in vacuum furnace heat treated samples, but this was probably caused by 
aged thermocouples in the HIP furnace, resulting in a slightiy higher (~ 10°Q 
temperature during HIP treatment. 

The hardness was increased above the levels of "as-received" materials by the 
heat-treatments performed up to 1000°C, but the hardness after 1060°C was al
most unchanged and after 1150°C, the level was even lower than for untreated 
material. The hardness of reference material aged for optimum tensile strength 
was considerably higher, showing the importance of y' precipitation during the 
second ageing treatment at 620°C for 8 h. 

A ceramic/metal joining method adapted for Incoloy 909 could possibly per
form bonding and annealing simultaneously, foUowed by the two-step ageing 
(if necessary combined with a stress -relieving treatment). 
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5.4 Paper 4 "Diffusion Bonding Reactions between Silicon 
Nitride, Silicon Oxynitride and Incoloy 909 by 
Hot Isostatic Pressing" 

Solid state bonding by diffusion reactions is an attractive route to achieve joints 
that retain their strength at high temperatures. Intimate physical contact across 
the joint during bonding is essential for the diffusion process. Hot isostatic 
pressing (HIP) can enhance the interfacial area and thereby produce a stronger 
joint at a lower bonding temperature than other methods. Silicon oxynitride, 
Si 2 N 2 0, is often formed on the surface of sihcon nitride (Si3N4) components 
during sintering and has several properties that might be beneficial as an interfa
cial layer against metal alloys. Furthermore, if machining of the joint area of the 
sihcon nitride component is to be avoided, the bonding reactions of S i 2 N 2 0 to a 
metal ahoy is as important as for S13N4 to the same ahoy. 

To evaluate the possible benefit of using sihcon oxynitride between the sihcon 
nitride and a superalloy in the joint, the reactions between these ceramic materi
als and Incoloy 909 were examined. To reduce thermo-mechanical stresses, 
the joining temperature should ideally not be much higher than the highest tem
perature endured by the joint region during use, but high enough to give suffici
ent bonding strength. The high isostatic pressure during HIP enhances the con
tact area, thereby reducing the necessary temperature and time for the joint for
mation. A sufficient joining temperature might therefore be about 200-300°C 
higher than the highest temperature during operation, or 900-1000 °C. The hold 
time at temperature and pressure was two hours to obtain measureable reactions. 

Ceramic samples of cylindrical shape of S13N4 and S i 2 N 2 0 were prepared by 
forming powders into rod shape by CIP foUowed by glass-encapsulated HIP to 
a final diameter of 7 mm. The rods were cut into pieces of 5 mm length and po
lished on the end surfaces. The metal samples were cut out of a larger rod by 
Electro Discharge Machining (EDM) to pieces of the same dimensions as the ce
ramics and were pohshed on the end surfaces. To obtain more ceramic/metal 
interfaces from a certain amount of material, two pieces of ceramic material were 
mounted between three metal pieces to give a ceramic/metal rod with four cera
mic/metal interfaces in each capsule. The benefit of using an intermediate layer 
of refractory metals was investigated by mounting 0.25 mm thick discs of tita
nium, zirconium or tungsten at three of the ceramic/metal interfaces whüe lea
ving the fourth interface without an interlayer for the diffusion reactions dealt 
with in this paper. The pieces were wrapped together in stainless steel foü and 
mounted in capsules made of müd steel tubes. 

Four capsules, two with Si 3 N 4 and two with S i 2 N 2 0 ceramic pieces were 
evacuated and sealed. One of each type was HIPed at 900°C and 200MPa for 
2 h hold time, the other two at 1000°C and 200 MPa for 2 h. The capsules were 
then cut in two halves in the axial direction by diamond saw to give cross-sec
tions of the joints for examination by light optical microscopy and scanning 
electron microscopy (SEM). The high residual thermo-mechanical stresses cau
sed cracking in the ceramics, mainly in a convex manner typicaUy some 200 um 
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from the interface due to the stress concentrations in this area. Cracking was re
duced in joints with refractory metal interlayers, especiaUy with tungsten. 

The diffusion reactions in the interfaces between the ceramic and metal pieces 
during HIP were examined by SEM with energy dispersive X-ray spectros
copy (EDS). The detectabihty of elements was limited to atomic weights higher 
than fluorine due to the beryllium window on the detector, therefore the level of 
the important hght elements nitrogen and oxygen in the ceramics could not be 
measured. 

The reaction zone was very thin in all four cases. The element distribution in 
the joint was examined by X-ray element mapping at a microscope magnifica
tion of 3000 X. It was found that niobium and titanium were enriched at the inter
faces close to sihcon nitride, especially (luring joining at 1000°C. 

Diffusion profiles were determined by ZAF calculations of the element concen
trations in 21 points situated along a straight line across the interface. The dis
tance between the points close to the interface was 0.5 um in order to detect ele
ment gradients in the very thin reaction zones. The ZAF calculations compensate 
for the influence of difference in atomic weight (Z), absorption (A) and fluores
cence (F) during EDS measurements, thereby aUowing a quantitative evaluation 
of the results. At interfaces with süicon nitride, the enhanced concentration of 
titanium and niobium in a thin layer (apparently about 2 um in thickness) close to 
the initial interface was very pronounced, especially for the joint HIPed at 
1000°C. This behaviour was not observed at interfaces with süicon oxynitride. 
The difference could be explained by a higher stability of the süicon oxynitride 
in contact with the strong nitride formers titanium and niobium. 

The electron beam positioned at a certain point on a surface wül exite characte
ristic X-rays from an interaction volume, which is typicaUy 1 um in diameter. 
The size is, however, dependant on the atomic weight of the material. The cera
mic is composed of lighter elements (Si, N, O) than the metal (Fe etc.) and the 
characteristic X-rays wül therefore be exited from a larger volume in the cera
mic. The distance between the measuring points close to the interface was 
0.5 um, which means that the interaction volumes overlapped. The total effect 
was that the real diffusion profiles were even steeper than the apparent ones. 

5.5 Paper 5 "Diffusion Bonding of S i 3 N 4 / T i N and S i 3 N 4 / T i B 2 

Composites to Incoloy 909" 

In joints between süicon nitride and metals intended for high service temperatu
res, the CTE mismatch can not be sufficiently reduced by modifying only the 
metal part. The composition in the ceramic part of the joint must therefore be 
graded to increase the thermal expansion behaviour from the low CTE value in 
monolithic süicon nitride up to a significandy higher value at the ceramic/metal 
interface. A supplementary ceramic phase for this gradation should have the 
foUowing properties: 

• intermediate CTE ( a S i 3 N 4 < a supplementary ceramic < Osuperalloy); 

• sufficient stabiüty against reactions with Si 3 N 4 (during sintering); 
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• useful properties of the particulate composite formed with Si 3 N 4 ; 
• controlled reactivity against the superaUoy (during joining and use). 

Based on these requirements two ceramics, titanium nitride (TiN) and titanium 
diboride (TiB2) were chosen as supplementary phases with silicon nitride due to 
their suitable properties and the avaüabihty of a variety of such composites, 
produced by ABB Cerama using glass-encapsulated HIP at 1600°C. 

Dilatometric measurements on such composites showed that the steepest 
change in the mean CTE appear to take place in the interval 40-60 vol% of TiN 
or TiB 2 , where both süicon nitride and the supplementary phase are continuous. 
The value at 80vol% TiN could reduce the CTE mismatch against Incoloy 
909 to less than half from Aa=8.8 um/(mxK) to Aa=3.5 um/(mxK). 

The two ceramics used in diffusion couples in this smdy were composites 
densified by HIP from powder mixtures of S i 3 N 4 and either 60 vol%TiN or 
50 vol% TiB 2 . The superaUoy used was Incoloy 909, heat treated for optimum 
tensüe properties. The joining temperature at 927°C (1200 K) was chosen 
considering results from thermo-dynamic calculations of possible reactions and 
with the aim to retain a useful microstructure in the superaUoy after joining. 

The reaction zones between diffusion bonded bulk samples of süicon nitride 
and Incoloy 909 have earlier (in paper 4 [10]) been shown to be very thin, 
being on the limit of the element resolution for SEM/EDS. Therefore diffusion 
couples, adapted for the preparation of thin-foil specimens for AEM studies, 
were prepared; (a detaüed description is given in section 3.2 and in paper 6). 

The influences of the TiN phase or T iB 2 phase on diffusion bonding reactions 
between the Si 3 N 4 phase and the superaUoy constiments (Fe, Ni, Co, Nb, T i 
and Si) were then compared by examination with AEM using both semi
quantitative element mapping and quantitative point analyses along straight lines 
perpendicular to the joint interfaces; (the light elements nitrogen,boron and 
oxygen were omitted due to the beryllium window on the EDS detector). 

The reaction zones were in general very thin, usuaUy less than 1 (im in total 
thickness. The most evident reaction phase in the joint was formed at the supe
raUoy side close to the interface. The phase was rich in Ni, Nb and Si, and was 
erraneously identified as Laves phase, which is a grain-boundary phase in 
Incoloy 909, preventing grain growth and creep at high temperatures. 
Later measurements by selected area electron diffraction (SAED) showed that 

the phase instead was a cubic ternary sihcide, caUed G-phase. (a detaüed 
description is given in section 3.4 and in paper 6). The formation of G-phase 
seemed to be promoted by the increased access to silicon at the interface 
compared to that within Incoloy 909 (0.4wt%Si). 

At the joint interface between S i 3 N 4 /T iB 2 and Incoloy 909, the G-phase 
was continuous along the interface, with a thickness varying between 100-
500 nm. A simüar layer at the joint interface between S i 3 N 4 /T iN and Incoloy 
909 had the same thickness but was semi-continuous, and its occurrence did 
not seem to depend on the phase of the adjacent ceramic grains (Si 3 N 4 or TiN). 
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Fine titanium nitride crystals were also detected by SAED in a titanium-rich 
layer between the ceramic grains and the G-phase or superaUoy matrix. The 
TiN crystal size was below 50 nm and the layer thickness about 100 nm. 
Sihcide clusters (rich in Ni, Fe, Co and Si) appeared occasionaUy in joints 

between S i 3 N 4 / T i B 2 and Incoloy 909, usuaUy between S i 3 N 4 and TiB 2 

grains near the interface. Their size varied from a few hundred nm to 1 um. 
The reactions were very limited in both cases, but they were sufficient to give a 

strong adhesion. This was seen in larger butt joints with 10 mm diameter, 
where convex cracks in the composites formed during cooling at a few hundred 
um from the interface, in the volume with the highest residual stresses. The be
haviour is simhar to butt joints of monolithic S i 3 N 4 to Incoloy 909. The redu
ced CTE mismatch for the joints with the composites (Aa=4.4-5.9 um/(mxK)) 
compared with S i 3 N 4 (Aa=8.8um/(mxK)) resulted, however, in considerable 
reduction of cracking problems during preparation of the thin-foü specimens, in 
spite of the higher intrinsic strength of monolithic Si 3 N 4 . 

5.6 Paper 6 "AEM Investigation of Ceramic/Incoloy 909 
Diffusional Reactions after Joining by HIP" 

Diffusion bonding by hot isostatic pressing (HIP) was performed between 
Incoloy 909 and five different ceramics. Two of the ceramics were composites 
made from powder mixtures of S i 3 N 4 and either 60 vol% TiN or 50 vol% TiB 2 , 
whüe three were monolithic materials, namely S i 3 N 4 with 2.5 wt% Y 2 0 3 as a 
sintering additive, S i 3 N 4 without additives, and S i 2 N 2 0 without additives. A 
diffusion couple geometry was developed to facilitate the preparation of thin-foü 
specimens for examination by analytical electron microscopy (AEM). Diffusion 
bonding was performed by HIP at 927°C (1200K) and 200 MPa for four hours. 
The formation of reaction layers was very limited, being less than one micron in 
total layer thickness. Two reaction products were found by AEM; a continuous, 
very thin, (^lOOnm) layer of fine TiN crystals at the initial ceramic/metal 
interface, and larger grains extending about 100-500 nm into the superaUoy and 
forming a semi-continuous layer of a G-phase sihcide containing mainly 
nickel, süicon and niobium. 

5.7 Paper 7 "Diffusion Bonding Reactions between a S i C / S i C 
Composite and two Superalloys during Joining by 
Hot Isostatic Pressing" 

The utilization of structural ceramics such as süicon carbide (SiC) and süicon 
nitride (Si 3N 4) in heat engines is at present restricted. One reason is that efficient 
joining methods to other high temperature materials such as superaUoys are 
lacking. Structural ceramics should, due to manufacturing limitations and costs, 
be apphed only in parts where their properties can be utilized efficiently, mainly 
in components facing very high temperatures and/or aggressive environment at 
certain levels of thermo-mechanical stress. Metals are preferred in aU parts 
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where their properties are sufficient. The possibihties to design with an appro
priate combination of these materials are strongly related to the durability of the 
joint. Joining methods for structures used at elevated temperatures must deal 
with two major restrictions, namely the high thermo-mechanical stresses and 
excessive reaction layers that can occur in the bonded region during joining and 
use. A third restriction, not often discussed, is the need to design joining met
hods that are thermally compatible with the heat treatments suitable for the alloy 
in the joint. 

In the present study, diffusion reactions between a SiC/SiC composite and 
two superaUoys during sohd state bonding by HIP were investigated. The cho
sen ceramic material was a SiC/SiC composite made of stacked 2-D weaves of 
continuous SiC fibres with a süicon carbide matrix deposited by chemical va
pour infiltration (CVI). The composite had a density of 2500kg/m3 and a po
rosity of about 10 %. The coefficient of thermal expansion (CTE) for the com
posite was a=5 um/(mxK)). 

The rough surface of the composite provides good mechanical interlocking 
possibihties if the mating superaUoy is able to deform plasticaUy during joining. 
The degree of surface deformation is governed by the relationship between the 
yield strength of the superaUoy at the chosen joining temperature and the isosta
tic pressure of 200 MPa apphed during HIP. The large degree of porosity also 
caused some concern for the risk of damage to the composite in the early stages 
of the HIP cycle, when the pressure is increased before the temperature is high 
enough to sufficientiy reduce the strength of the superaUoy. 

Hastelloy X is a Ni-base superaUoy with good oxidation resistance up to 
1200°C and moderately good strength properties up to 870°C. It is a single-pha
sed austenitic aUoy, solid-solution strengthened by additions of chromium, 
molybdenum and tungsten. Hastelloy X is a widely used aUoy in combustion 
chambers for gas turbines. The chemical composition (in wt%) is: 47.9 N i , 
22.0Cr, 18.0Fe, 9.0Mo, 1.5Co, <1.0Si, 0.5Wand0.10C. 

The mean CTE (20-1000°C) is 16.6um/(mxK), causing a large CTE mis
match (Aa=11.6um/(mxK)) in joints between the ceramic composite and 
Hastelloy X. Therefore diffusion reactions with another superalloy, which 
combines relatively low thermal expansion with high strength up to intermediate 
temperatures, were investigated as weU. Reduction of the residual stresses by 
adopting such an alloy in the joint region could be beneficial to the integnty of 
the joint, if the temperature is held around 500-700°C in use. 

Incoloy 909 is a Fe-Ni-base superaUoy with a relatively low CTE and a 
high strength up to 650°C. Düatometric measurements up to 1000°C showed re
cently that the momentary CTE level doubled above the Curie point until a 
mean value around 12-13 um/(mxK) was reached. The composition and heat 
treatments of this aUoy are described in detaü in paper 3 [26]. 

Diffusion bonding was conducted by HIP at 200 MPa and 900°C or 1000°C 
for one hour. The porous structure of the ceramic composite did survive the 
diffusion bonding procedure without damage. Due to the very rough surface of 
the composite, the reaction time with the superalloy was prolonged at the 
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asperities of the composite compared with other areas. Variations in thickness of 
the reaction zones were more pronounced at lower HIP temperatures and for the 
joints with Hastelloy X (due to higher yield stress at joining temperamres 
compared with Incoloy 909). 

The reaction zones consisted of a thin line of carbide formers from the superal
loys (Cr+Mo and Nb+Ti, respectively), bounded by several layers containing 
sihcides and free carbon, depending on the superalloy involved. 

The width and composition of the reaction zones formed during joining were 
found to depend to a much larger degree on the different compositions of the 
superaUoys (Hastelloy X or Incoloy 909) than on a difference of 100K in 
joining temperatures (1000°C or 900°C). At 1000°C, the reaction zones were 
typicaUy about 40fim thick in joints with Hastelloy X and about 100 um in 
joints with Incoloy 909. The SiC/SiC composite was found to be conside
rably more prone to reactions with superaUoys compared to the behaviour of 
S13N4 with superaUoys under simhar conditions. 

The propagation of reaction layers was decreased by an increasing supply of 
carbide formers from the superaUoy forming carbide phases, acting as diffusion 
barriers to slow down further reactions. For long time stability, efficient diffu
sion barriers must be developed. The low segregation of Co in reaction zones 
formed with Incoloy 909 indicates that Co foüs can be useful as diffusion 
barriers. 

The large CTE mismatch in the ceramic/metal couples caused cracking when 
they were shced to obtain a cross-section suitable for microscopy. The crack 
propagated paraUel to the joint along the interfaces between the reaction layer and 
either the ceramic composite or the superaUoy. This is in contrast to the be
haviour of diffusion joints with monolithic ceramics such as Si3N4, where 
cracking usuaUy occurs in the ceramic some 100-200 um away from the joint. 

The rough surface of the composite can, combined with a proper design, be 
useful through mechanical interlocking by plastic deformation of the superaUoy 
during diffusion bonding by HIP. 
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Silicon oxynitride ceramics were reaction sintered and fully 
densified by hoi isostatic pressing in the temperature range 
1700°C to I950°C from an equimolar mixture of silicon ni
tride and silica powders without additives. Conversion to 
SijN.O increases steeply from a level around 5% of the crys
talline phases at 17Q0°C to >80% at 1800°C, and increases a 
few percent further at higher temperatures. a-Si iN< is the 
major residual crystalline phase below 1900°C. The hard
ness level for materials containing 285% Si2N20 is approxi
mately 19 GPa, comparable with the hardness of Si,N4 hot 
isostatically pressed with 2.5 wt% VjO.,, while the fracture 
toughness level is around 3.1 MPa-m'", being approxi
mately 0.8 MPa • m'" lower. The three-point bending strength 
increased with HIP temperature from approximately 300 to 
500 MPa. I Key words: silicon oxynitride, sintering, hot iso
static pressing, X-ray diffraction, mechanical properties.] 

I. Introduction 

SI L I C O I S 1 O X Y N I T R I D E exhibits many intrinsic properties of a 
potential high-tcmpcraturc engineering ceramic, ll has a 

high proportion of covalent bonding, and thermodynamic cal
culations ol the silicon oxynitride stability' " indicate il to be 
more stable t h a n Si.tN4 in oxidizing environments. Materials 
sintered within the Si ,N4-Si.N,0-Y.Si.Oj compatibility tri
angle arc known1 to be extremely resistant lo oxidation. 
Comparison between silicon oxynitrides sintered with differ
ent additives has shown* that Si;N;0 with 5 mol% Y;Oj is 
stable in air up to 1600°C. 

Silicon nitride materials, hot isostatically pressed (HIPed) 
at intermediate temperatures (1650° to 17U0X) with low yttria 
levels (<3 wt%)" or HIPed at 1750°C with 2 wt% additions of 
AliOj, YjO), ANOj + Y.O,, or AI.Oj + ZrO,1" contain sili
con oxynitride as a minor phase. The occurrence of Si.N.O 
in materials hot-pressed with MgO has also been confirmed 
with TEM." Surface layers of Si.N.O formed on Si3N4 com
ponents during glass-encapsulated HIP might beneficially 
l imit the reactions during diffusion bonding of silicon nitride 
lo superalloys.11 Joining of green bodies of Si.N.O a n d Si,N4 

c a n 1>c |K'rfoi'Mtcd timing subsequent sintering by MIP." 
The synthesis of silicon oxynitride cun bc performed either 

through liquid phase by reaction sintering of equimolar mix
tures of Si3N4 and SiO.""22 or through gas phase by nitrida
tion of a mixture of Si and SiO.. 2 , - 2 7 The reaction sinterings 
have been done cither by pressureless sintering with additives 
of MgO,22 YjO,." 1 7 2 2 and/or AI.O,," 1 7 2"-" or by hot-pressing 
with Al.0 3'

4 1* or CeO..'"•''' Densification of powders ob
tained by gas-phase synthesis has been demonstrated by pres
sureless sintering with A1>03 + Y.O!2" or by hot-pressing 
with MgO,2'24 Y.O,, 2 4 or CaO.25 
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The reaction sintering process o f silicon oxynitride m a l e r i 

als is in some aspects similar to the sintering of silicon ni
tride: both materials h a v e strongly covalent bonds requiring 
high sintering temperatures, and thus n e e d high nitrogen 
pressures to remain thermodynamicaily stable at these tem
peratures. This usually implies the use of oxide additives, 
forming a liquid with a eutectic melting p o i n l low enough to 

permit sintering wilhout excessive dissociation. 
For fine-grained Si3N4, the use of glass-encapsulated HIP 

permits sintering to theoretical density at 1950°C, wilhout dis
sociation or the use of other oxides besides the surface 
silica.2" '' The encapsulation forces the volatile species (mainly 
SiO and N.) to remain in the closed system inside the capsule 
due to the counteracting argon pressure at 20Ü MPa, thereby 
giving the opporlunily to increase Ihe temperature beyond 
the processing limitations in pressureless sintering or hoi-
pressing of nitrogen ceramics at low additive levels. Elling
ham diagrams for sintering of SijN4 at different total gas 
pressures have shown that the stability of solid phases is sub
stantially increased at HIP pressure levels.1" 

The reaction sintering of Si.N..O involves, contrary lo sin
tering of SiiN4, a transient melt o f 50 mol% SiO., in w h i c h 

the initial Si,N< grains dissolve and Si.N.O grains precipitate 
and grow. The kinetics of this process are known to bc slow 
and sluggish,"14 '"'7 2 2 mainly due to I h e high viscosity of a 
pure silica melt in comparison to thai of the eutectics usually 
formed with additives and/or impurities during sintering of 
Si,N4. The kinetics of the conversion, and hence the final 
amount of Si.N.O formed, is limited by the decreasing amount 
of transient melt available during the sintering process. The 
nucleation can be enhanced by seeding with a few percent of 
Si.N.O crystals."'" Weight loss during sintering can be sup
pressed by increased nitrogen pressure (980 kPa instead of the 
usual 98 kPa), combined w i t h a protective powder bed of the 
same composition (Si,N4 + SiO.) around the green body.21 

Because of these difficulties in the fabrication of fully 
dense single-phase Si;N;0, the characteristic properties of the 
structure have not been fully investigated, since the sintered 
bodies have contained significant amounts of second phases 
and/or substantial porosity. The a i m ol t h i s work wits there

fore lo evaluate whether a stoichiometric powder mixture ol 
Si3N4 a n d SiO; without other oxide additives could bc reaction 
sintered by HIP to a fully dense SKN.O material. The evalua
tion contains X-ray diffraction determination of phase com
positions formed a n d measurement of mechanical properties 
s u c h as hardness, fracture toughness, a n d bending strength. 

II. Experimental Procedure 

The SiiN4 powder u s e d throughout t h i s work was UBE 
SNE-10, characterized by a h igh a-phasc content (ar/(a + 
ß) = 0.97), a very low level of metal impurities (<I00 ppm), 
a n d a rather h i g h oxygen content (1.5 wt%). The SiO. powder 
chosen for the three initial sinterings in the lower tempera-
lure range (1700°, 1750°, and I750°C followed by I800T) was 
Aerosil 200, an amorphous high-purity powder with very high 
specific area (=200 m2/g). Because of dispersing difficulties 
during milling and encouraged by unexpectedly high Si.N.O 
yields at these sintering temperatures, the SiO. source for the 
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higher temperatures (1800°, 1850°, 1900°, and 1950°C) was 
changed to a coarser powder, Elmin fused silica El-180 
(>99.5 wt% SiO;), mainly containing Al;0, (0.2 wt7f) and 
Fe.O, (0.05 wt%) as impurities. To obtain an equimolar mix
ture of Si,N4 and SiO: (corresponding to 30 wt% SiO:), the 
amount of Si,N4 powder was increased to compensate lor its 
oxygen content. The influence of a small yttria addition 
(1 wt% Y.O,) on the conversion lo Si.N.O was examined in 
samples HIPed at 1700°, 1750°, 1750° + 18(H)", and 1900°C. 

The powders were mixed by ball milling for 24 h in 
petroleum ether using Si,N4 milling media (HIPed with 
2.5 wt% Y j O j ) and polypropylene jars. The wear from the 
milling media was 0.1% of the batch weight. The powder mix
ture was wet-sieved through a 5 iim sieve and dried using a 
thin-film evaporator followed by heating under vacuum lo 
250°C. The dried powder mixture was poured into PVC bags 
with dimensions of 80 mm x 60 mm x 25 mm (appropriate 
for fabrication of bending bars) and preformed by cold iso
static pressing at 300 MPa. The green bodies were further 
degassed in a vacuum furnace up to 7(1)"C and 10 " Pa. The 
reaction sinterings were performed by the ABB Ccrama pro
prietary method of glass-encapsulated HIP." The sintering 
temperatures were varied between 1700° and I950°C in steps 
of 50°C. The isostatic Ar pressure was 200 MPa throughout 
this work, and the dwell times were I, 2 or 4 h. 

The phase compositions obtained by Ihe HIP reaction sin
terings have been determined by semi-quantitative X-ray dif
fraction analyses using a Philips PW 1700 diffractometer 
system equipped with PDF data base and pattern processing 
capability. The diffractometer was operated at 50 kV and 
30 mA. The radiation was CuKa (A = 1.5418 Å), and the 
peaks were scanned with a 0.005° step in 26 and 1 s dwell 
time. Crystalline phase compositions were determined from 
the integrated intensities of the following peaks, chosen be
cause of their high relative intensities in each phase pattern, 
adjacent d values, and absence of phase interference within 
the peaks: 

o-SijN4: d = 2.547 Å ; /iA.7 = (210); ///. = 100 

P-Si,N4: d = 2.488 Å; hkl = (210); Uh = 90 

Si.N.O: d = 2.425 Å ; hkl = (002); ///, = 50 

Si.N.O: d = 2.390 Å; hkl = (021); ///, = 50 

The material with Ihe highest SijN.O content, obtained by 

HIP at 1900°C and 200 MPa for 4 h dwell time, was chosen 
for the determination of the lattice parameters. The Si.N.O 
pattern contained 44 peaks (with d values defined by the 
minimum of the second derivative) with the fitting index 
JM(20) = 47. 

The properties were mainly determined on the material 
with the highest Si.N.O content, obtained by HIP at 1900°C 
and 200 MPa for 4 h dwell time, but the measurements of 
hardness, fracture toughness, and three-point bending strength 
were performed on samples from several HIP sinterings. 

Young's modulus was determined by four-point bending 
with an inner/outer span of 20/60 mm. The dimensions of the 
specimen were 65 mm x 4.46 mm x 3.55 mm. 

The coefficient of thermal expansion (CTE) was deter
mined over the temperature range 20° to 1000T in air by 
differential dilatometry. The dimensions of the specimen 
were 59 mm x 5.0 mm x 3.3 mm. 

Hardness (HV0.5) was measured by Vickers indentation 
technique with 4.9 N load on samples HIPed al IK(KI\ 1X50°. 
1900", and 1950"C. For comparison, the hardness of a SiiN4 

reference sample (HIPed with 2.5 wt% Y.O, al 1725"C) was 
also measured. The calculated hardness for each material was 
the mean value of five indentations with a standard deviation 
in the range of 3% to 6%. 

Fracture toughness (KK ) was determined on the same 
samples by indentation technique with 98 N load for 30 s dwell 
time. The fracture toughness for each material calculated us
ing the equation of Anstis el al.'1 was the mean value of five 
indentations with a standard deviation within 0.2 MPa •tn'-. 

The strength at room temperature was measured by three-
point bending on samples HIPed in the interval 1700° to 1950°C. 
More than 15 bars were cut from each sample with a 126 iim 
(120 mesh) diamond wheel to the dimensions 30 mm x 
3.2 mm x 3.2 mm, followed by loading on a 20 mm span al 
0.01 mm/s. 

The strength at 1350°C was measured by four-point bending 
on one sample HIPed at I900°C for 4 h. The test bar of the 
dimensions 45 mm x 4.4 mm x 3.4 mm was loaded on an 
inner/outer span of 20/40 mm at 0.01 mm/s. 

Evaluation of creep resistance al elevated temperatures by 
STSR" (stepped temperature-stress rupture) was carried out 
for three materials, one with and one without 1 wt% Y.O, 
(HIPed at 1750°C for 2 h + 1800°C for 2 h), and one material 
HIPed without additives at 1900°C for 4 h. Bending bars cut to 
the dimensions 45 mm x 4.4 mm x 3.4 mm were healed lo 
I000°C and then loaded on an inner/outer span of 20/40 mm 

Fig. 1. Crystalline phase composition for Si.N.O materials. HIPed with different SiO. sources al varying HIP temperatures and dwell 
times. Samples with 1 wt% Y.O, are included at four temperatures for comparison. 



at a constant stress level of 150 MPa. The temperature was 
then increased in steps of 100°C after every 24 h of loading. 

III. Results and Discussion 

Density measurements hy the Archimedes method showed 
lluil the samples wcic fully densified to I h e calculated theo
retical density of each final composition. The density of the 
material HIPed at 1900°C was p = 2.84 g/cm1, which because 
of the residual amounts of a- and 0-SijN.,, was slightly higher 
than I h e Si.N.O crystal density p = 2.82 g/cm1 earlier re
ported." The high driving force for densification during hot 
isostatic pressing,1" together with the large amount of liquid 
phase present in the initial stage of sintering, seems to pro
mote the densification. 

The accuracy of the amounts of minor crystalline phases in 
the sample HIPed at 1900°C was checked with a method de
veloped by Käll." This method resulted in the composition 
91.1% Si.N.O, 4.9% a-Si,N4, and 4.0% /3-Si.,N4, which can 
be compared with 95.3%, 2.2% and 2.5%, respectively, deter
mined by the integrated intensities of the aforementioned 
peaks. No other crystalline phases were found, but a residual 
amorphous phase was detected in I h e samples with a Si;N..O 
content <80%. The X-ray diffraction measurements of crys
talline phase compositions formed by HIP reaction sintering 
ut varying temperatures and dwell limes are presented in 
Fig. I. 

Calculation of the lattice parameters for silicon oxynitride 
from X-ray diffraction measurements on the sample with the 
highest Si.N.O yield resulted in the values a = 8.868(6) Å, 
* = 5.497(9) Å. and c = 4.854(2) Å, giving the cell volume 
V = 236.69 A1. Comparison with lattice parameters from the 
two JCPDS-files available for the Si.N.O structure, file 33-
1162(P. Morgan) and file 18-1171 (I. Wrestedt and C. Brasset),14  

and from the early results of Forgeng and Decker15 is made in 
Fig. 2. The slightly higher a value in file 33-1162 and in 
Ref. 35 could possibly be due to solid solution of Al in the 
oxynitride grains from sintering additives. All three lattice 
parameters in file 18-1171 arc considerably smaller than in 
the other measurements. The d values <4.4 Å in the pattern 
determined in this work deviate less than ±0.005 Å from file 
33-1162 and less than ±0.010 Å from file 18-1171. The agree
ment with 33-1162 in peak intensities is much better than with 
18-1171, but there are still some large discrepancies for the 
strong peaks at high d values. The d values and their relative 
peak intensities are shown in Table I. 

Table I. Comparison of XRD Peak Intensities from the 
SijNjO Material Synthesized in This Work with the 

Two JCPDS Files Available 
<**/> </(A) / / / , (33-1162) (18-1171) 

110 4.6609 39 65 80 
200 4.4227 7(> 100 UNI 
III 3.3620 Kill 85 101) 
020 2.7405 In 15 30 
310 2.6016 38 20 50 
002 2.4263 50 20 80 
021 2.3905 48 30 80 
311 2.2932 25 10 50 
400 2.2155 3 5 30 
112 2.1531 9 10 50 
202 2.1286 4 30 
221 2.1045 16 15 50 
022 1.8191 7 10 50 
130 1.7943 11 15 50 
312 1.7751 11 10 50 
510 1.6877 12 15 50 
402 1.6364 3 10 
421 1.6256 4 5 30 
511 1.5941 18 15 50 
330 1.5571 13 15 50 
113 1.5293 9 20 30 
331 1.4836 4 
600 1.4778 8 10 50 
132 1.4430 6 10 50 
023 1.3947 18 20 80 
512 1.3859 4 10 
040 1.3746 16 15 80 
223 1.3304 11 50 
041 1.3229 5 5 30 
240 1.3129 9 50 
332 1.3107 11 20 
620 1.3017 2 
530 1.2745 7 5 50 
602 1.2627 9 50 
621 1.2573 15 15 50 
004 1.2134 2 2 30 
042 1.1963 4 5 30 
513 1.1682 7 5 30 
242 1.1547 3 2 50 
622 1.1472 2 30 
532 1.1283 5 2 50 
333 1.1231 2 30 
024 1.1079 1 
314 1.1008 2 1 
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The determination of Young's modulus by application of the 
force F = 263.4 N resulted in the deflection a" = 0.157 mm 
(corrected for the rig compliance), giving the value E = 
288 GPa. This is a value slightly lower than for Si,N4 malerials 
HIPed wilh 2.5 wt% Y : 0, (£ = 310 GPa), but higher than for 
dense Si.N.O materials sintered with oxide additives: E = 
220 GPa (5 wt% MgO),24 E = 220 GPa (5 wt% Y.O,), 2 J E = 
236 GPa (2 mol% CeO.),1" and £ = 239 GPa (3 moi% CeO.).'" 
The differences between the oxynitride materials seem to de
pend on the varying amount of grain boundary phases. 

The CTE for the interval 20° to 1000°C was determined to 
bc a = 3.55 x 10"" K"1. This can bc compared with measure
ments on a Si.N.O material sintered with 5 wt% MgO,21 

where a = 2.85 x 10 " K 1 in the interval 20° to 200°C and 
a = 3.55 x 10"" K"' in the interval 20° to 800°C. 

The Vickers hardness and fracture toughness values for 
samples HIPed al 1800°, 1850°, 1900°, and 1950°C together with 
a reference sample of Si,N4 (HIPed wilh 2.5 wt% Y..O, at 
1725°C) are shown in Fig. 3. Hardness values in the literature 
for dense Si.N.O materials sintered with additives are 
HVI = 20 GPa (5 wt% MgO),"'4 HV1 = 22 GPa (5 wl% 
Y.O,),'4 and 15 GPa (10 wl'/r Y : 0, + 6 wt% AI.O,)." Frac

ture toughness values for Si.N.O materials in the literature 
are KK = 4.4 MPa-m1" (5 wt% MgO).2' KK = 6 MPam"2  

(10 wt% Y.O, + 6 wl% AI .O, ) ; 7 Kit = 2.5 MPam' 2  

(2 mol% CeO,),'" and /Vtt = 5.2 MPa - m'2 (3 mol% CeO.)." 
The thrcc-poini bending strength at room temperature for 

materials HIPed at different temperatures is shown at the 
value of maximum likelihood (ov-tim) in Fig. 4 with the stand
ard deviation and Weibull modulus (m value). The strength at 
1350°C in four-point bending for the material HIPed at 
1900°C was determined to be rr = 87 MPa. Evaluation of 
creep resistance by STSR was carried out at a stress level of 
150 MPa for three materials: (1) A bar from the first material, 
HIPed with 1 wt% Y.O, at 1750°C for 2 h + 1800°C for 2 h, 
failed after 74.3 h, including 1.8 h al 1300°C. (2) A bar from 
the second material, HIPed without additives at 1750°C for 
2 h + 1800°C for 2 h. sustained 78.2 h, when the run was 
interrupted. No creep deformation was detected. (3) The third 
material, HIPed without additives al I9(X)°C for 4 h, was 
tested at the same stress level (150 MPa), when three bars 
failed after 0.5, 0.7, and 1.8 h, respectively. The stress level 
was then lowered lo 100 MPa. when a fourth bar sustained 
24 h at I000 C and then failed after 3.1 h al IKKTC. 
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IV. Conclusions 

All samples were fully densified to the calculated theoreti
cal density of each final composition, regardless of conversion 
yield to silicon oxynitride. A strong dependence for silicon 
oxynitride on formation temperature was observed, especially 
below I8(X>°C. while the influence of the dwell time was also 
observed. The two HIP sinterings at IHWC for 2 h and ut 
\mrC for 4 h resulted in higher yield than at I85()°C for 1 h 
and 195()°C for 2 h. respectively. 

The h igh SiO; content suppressed the phase transformation 
from a-Si <N4 to /J-Si,N4 considerably in the materials without 
additives, since the temperature needed to obtain a higher 
residual amount of /3-SiiN4 than of <»-SiiN4 was IsXXTC. For 
materials wilh additions of I wtc; Y;0,. Ih i s phase transfor
mation is facilitated since the temperature needed to obtain a 
higher residual amount of ß-Si iN4 than of «-Si >N4 is lowered 
to I8(X1°C. 

Hardness and fracture toughness were tested at room tem
perature for the silicon oxynitride materials wilh >H5r/i 
Si;N;0. The hardness level was approximately 19 GPa, which 
is comparable wilh the hardness of the SUN4 reference. The 
fracture toughness level was also constant at approximately 
3.1 MPa m1", which is 0.8 MPa • m 1 : lower compared to the 
SiiNj reference. 

The strength al room temperature, measured in three-point 
bending, increased with HIP temperature from approximately 
3(X) MPa (I7(X)"C) to 5(X) MPa (195(f°C). There was no signifi
cant difference in strenglh belwccn malerials with 1 wt% 
Y;Oi and wilhout additives, reaction sintered in the same 
HIP cycle. 

The differences in creep resistance (and also hot strength) 
could he due to the higher level of impurities in the silica 
used at higher HIP temperatures. This could possibly also 
explain ihe high Si.N.O yield obtained in this work compared 
with HIP reaction sinterings by /.eng et ir/ . 1" ami I:.kslröni.w  

This impurity level is, however, only ileiiiiiieiital lot high 
temperature strength, and is not adversely affecting room-
tcmperaiurc properlies examined in this work or oxidation 
resistance al high temperatures.*' 
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HIP-SYNTHESIS 
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ABSTRACT 

Recent advances in production processes for High Performance Ceramics have made i t 
possible to produce fully dense net shape turbocharger and gas turbine rotors made 
of silicon nitride. These rotors must usually be attached to a metal shaft by some 
joining technique. 

Solid state bonding by diffusion reactions is an attractive route to achieve 
joints that retain strength at high temperature. Intimate physical contact across 
the joint during bonding is important for the diffusion process. Hot Isostatic 
Pressing (HIP) can enhance the contact and thus produce a stronger joint at a 
lower bonding temperature than other methods. 

Silicon oxynitride syntesized from a stoichiometric mixture of silicon nitride and 
silicon oxide by HIP has some interesting properties that might be useful as an 
intermediate layer in bonding silicon nitride to metals. 

This work is a part of an assessment to develop solid state bonding methods for 
the joining of silicon nitride to superalloys by HIP. I t presents the f i r s t steps 
in the development, namely tbe optimization of the synthesis of pure silicon 
oxynitride during densification by HIP and joining of the oxynitride to silicon 
nitride during synthesis and densification by HIP. The achievements in these areas 
and the direction of future work wil l be discussed. 

1. IMIKOOCTTOrJ 

The introduction of engineering ceramics such as silicon nitride in demanding 
applications is often limited by the lack of adequate joining methods to other 
parts of the structure. This i s especially true when one wants to take advantage 
of the superior high temperature properties of the ceramic. In those applications 
the large difference in thermal expansion characteristics makes i t diff icult to 
avoid thermal stresses that decrease the strength of the joint and might lead to 
complete failure of the component. 

Silicon oxynitride, Si-N-O, i s an interesting material often formed on the surface 
of a silicon nitride c&rponent during sintering. I f machining of the joint area of 
the silicon nitride component is to be avoided, the bonding reactions of silicon 
oxynitride to i .e . a superalloy is as important as for the silicon nitride i tse l f . 
Earlier work on silicon oxynitride ccrcipounds by Viashburn (1) predicts that sane 
important properties such as the coefficient of thermal expansion and Youngs 
niodulus differ less from those of a superalloy than the nitride and might 
therefore reduce thermal joint stresses. The earlier work was, however., performed 
on materials containing large amounts of sintering additives and remaining silicon 
nitride. Mare recent work by Huang et a l (2) and Lewis et a l (3) show a higher 
degree of conversion to silicon oxynitride, but this i s s t i l l only possible by 
rather large amount of additives. This i s due to the necessity to sinter at a 
relatively low temperature to avoid excessive dissociation during pressureless 
sintering. Hot Isostatic Pressing of glass encapsulated powder bodies has the 
ability to prevent dissociation, thereby making i t possible to sinter at a higher 
temperature using very low amounts of additives (4). I t was therefore considered 
to be both necessary and possible for the evaluation to develops a method to 
synthesize a dense material of almost pure silicon oxynitride. 
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2. SYTfTHESIS OF SILICON OXYNITRIDE 

Silicon oxynitride SijNpO, henceforth called y-phase, can be synthesized frem a 
stoichiometric mixture of silicon nitride, S i ,N 4 , and silicon oxide, S i0 2 > during 
densification with Hot Isostatic Pressing using the following route: 

- Mixing and ball milling of the stoichiometric powder mixture in 
petroleum ether or water for 100 h using milling media and jars made of 
silicon nitride and polypropene. The ini t ia l powder mixtures were 
compensated for wearing residuals of 1 wt% Sî N^ emanating from the 
milling media. 

- Drying of the powder using a thin-film evaporator and a heated vacuum 
chamber up to 250 C. 

- Forrning of green bodies by Cold Isostatic Pressing (CIP) at 300 MPa 
isostatic pressure of powder contained in PVC bags. 

-2 
- Heat treatment of green bodies in a vacuum furnace up to 700 C and 10 

Pa to remove water and other absorbed species from the powder surfaces. 

- Densification using the proprietary ASEA CERAMA glass encapsulation and 
HIP technology. The process parameters were varied in order to ciptimize 
the conversion into silicon oxynitride. The highest oxynitride content 
was obtained by HIPing at 1900 C and 200 MPa for 4 h hold time. 

Al l samples were fully densified to the calculated theoretical density of each 
final composition. Most of the syntheses have been carried out without any 
sintering additives, but a few samples were made with an addition of 1 wt% Y 2 0 3 

for comparison purposes. 

2.1. Analysis 

Studies of the synthesized extrapositions after HIP have been made by semi-quantita
tive X-ray diffraction analysis using a Philips PW 1700 system equipped with PDF 
data base and pattern processing capability. An active dilution method was used to 
improve the accuracy in the determination of the low amounts of a- and ß-phase in 
the samples. 

2.2. Results 

The relative amounts of a-, 8- and y-phase achieved by varying the process 
parameters HIP-temperature and hold time are presented in figure 1. The influence 
of a small addition of 1 wt% Y 2 0 , i s shown in figure 2. Yttria seems to enhance 
the conversion to silicon oxynitride, especially at the lower temperatures where 
the viscosity in the liquid phase otherwise i s too high to effectively promote the 
synthesis. 

3. JOINING OF CERAMICS 

The next step in the evaluation of silicon oxynitride as a bonding layer between 
silicon nitride and superalloys was to examine the diffusional bonding reactions 
between the oxynitride and the nitride during sintering. The joint was made by the 
following route: 

- A stoichiometric powder composition of SijN. + SiO, without sintering 
additives was prepared as earlier described. 

- A silicon nitride powder composition designated for gas turbine use 
containing 2.5 wt% YjO^ was prepared in a similar way. 

- A PVC container was f i l l ed with the oxynitride mixture up to half i ts 
height and then f i l l ed up with nitride powder. The sealed container was 
CIPed at 300 MPa to give a green body of the two compositions. 

- The powder compact was glass encapsulated and HIPed using the ASEA 
CERAMA iiethod at 1900 C and 200 HPa for 4 h hold time. 
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The powder ccmpact converted to a fully dense body of silicon oxynitride joined to 
ß-s i l icon nitride. The ceramic was sliced by diamond saw to make i t possible to 
examine the reactions in the joint. 

3.1. Analysis of joint area 

A examination of the two materials joined reveals that a distinct joint reaction 
has taken place during synthesis and densification. The reaction zone extends from 
the in i t ia l powder border approx. 2.0 urn into the silicon nitride material, and in 
the opposite direction approx. 0.1 nm into the silicon oxynitride, see figure 3. 
The zone is optically very dark canpared with the bulk materials, and especially 
so on the synthesized silicon oxynitride side. A cross section of the joint area 
was marked with parallel indents to make i t possible to perform Energy Dispersive 
X-ray analysis (EDX) at chosen distances from the in i t ia l powder border. Then a 
thin area between each pair of indents was measured concerning the yttrium level 
at several points in the joint area canpared to the level in the SijN^ bulk 
material. No other element than silicon and yttrium could be detected by EDX. The 
yttrium level i s plotted in figure 4. 

The ccfnposition of crystalline phases in the reaction layer was determined by XRD 
using the following method. A 0.2 rrm thick tungsten fo i l with a 2 mm s l i t was 
applied on the surface of the cross-section to make i t possible to analyze a thin 
layer by concealing the surrounding areas from measurement. Then diffraction 
patterns was measured for the reaction layer and the bulk materials on each side 
in a range without tungsten peaks to determine the compositions. 

3.2. Results 

I t was found that the reaction layer mainly consists of 8-silicon nitride with a 
small amount of silicon oxynitride. No other crystalline phases could be detected 
by XRD. The patterns of the three areas are presented in figure 5. 

4. DISCUSSION 

The joint reaction during HIP can be described as follows: The powder body of the 
two canpositions, one of the a-Si,N, + SiO, stoichiometric mixture and the other 
of a-SKN. with a small Y,0, addition, i s heated up to HIP temperature with a 
heating rate of approx. 10 C/min. When i t reaches the eutectic melting temperature 
in the system Si0 2 -Y,0 3 (5) at about 1660 C, the oxides near the in i t ia l powder 
border area form a low viscosity melt of high yttria concentration some minutes 
ahead of the other oxide-containing areas. 
The melt i s then squeezed through the pore channels during local shrinkage due to 
the compressive isostatic pressure acting on the encapsulated body. 

When the temperature has risen to approx. 1700 C, a two-phase liquid form, 
consisting of a major low yttr ia , high viscosity phase of almost pure s i l i ca and a 
minor phase with higher yttria content and lower viscosity. The melt flowing in 
the oxynitride direction is soon depleted with aspect to yttria, and the flow 
front stops when the composition does not have a lower melting temperature than 
the surrounding s i l i c a . This can be observed by the continous decrease of yttrium 
(see figure 5), combined with the optical appearance of a vary dark zone close to 
the in i t ia l border gradually becoming lighter when moving into the pure Sî N^O. 
This can be explained by the decreasing nitrogen content and the larger grains 
observed in etched areas by SEM, see figure 6, 7 and 8. 

The melt flowing in the nitride direction, on the other hand, has a large s i l i ca 
content and can therefore not be quickly depleted in a similar way. The low 
viscosity, high yttria phase flows in the front of the major low yttria phase 
through the pore channels, dissolving some of the yttria grains and impurities on 
the way. 

The temperature continues to raise and the speed of the conversion from a-Si -.N^ to 
B-Si-jN^ by dissolution-precipitation in the yttrium si l icate melt made of the 
surface s i l i ca on a-SijN^ grains and yttria increases, especially in the area 
swept by the yttrium si l icate melt flow. 
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The melt flow stops after covering approx. 2 mm into the silicon nitride body. 
This could be explained by two concurrent mechanisms. 
One possible mechanism i s that the pressure difference between the low viscosity 
melt and the pore channels decreases due to higher contact forces between the 
grains in the in i t ia l powder border area during compression and due to the 
increasing melt formation in surrounding areas. Another mechanism that wi l l stop 
the melt i s the fast closing of porosity during sintering of the Si-,N.-2.5wt%Y o, 
mixture designated for HIPing at 1750 C for 1 h when the temperature quickly 
raises by 10 C/min. up to 1900 C. 

Small amounts of silicon oxynitride are formed in the zone swept by the yttrium 
silicate melt. The earlier syntheses described in this paper show that silicon 
oxynitride is formed to a very high degree when silicon nitride and silicon oxide 
are in close contact at a temperature sufficiently high to prcrnote the kinetics of 
formation. In this case the silicon oxide i s , however, thernoäyriamically more 
stable in the yttrium si l icate melt cxrnpared with the silicon oxynitride due to 
the higher concentration of yttria. Furthermore the conversion from ot-Si-,N, to 
8-Si,N, is a faster reaction than the oxynitride formation. Therefore the main 
crystalline phase in the swept reaction zone wil l be 8-Si,N. with only minor 
amounts of SijNjO. 

The volume relation between the thin (approx. 20 im) glassy layer in the reaction 
front and the large layer of 2 mm thickness mainly consisting of B-Si,N. can be 
explained by the relative amount of s i l i ca compared to yttria in the melt flow. 
The amount of glassy phases does not seem to be higher in the main part of the 
reaction zone compared with the bulk material of silicon nitride composition, 
because of the fast closure of the pore channels, thus limiting the amount of high 
s i l ica melt to flow through the zone. The s i l i ca is then transformed to silicon 
oxynitride during the remaining time at high temperature. 

The reactions described take place during the heating and the f i r s t minutes at the 
HIP temperature. Subsequently the silicon oxynitride is formed during the 
remaining time at 1900 C. 
Grain growth occured in the areas containing considerable amounts of the low 
viscosity yttrium si l icate melt, mainly at the reaction front and at the in i t ia l 
powder border, see figures 6 and 7. 

I t can be assumed that the distance covered by the yttrium sil icate melt into the 
silicon nitride powder body was mainly governed by the heating rate, i . e . a slower 
rate between 1660 C and 1720 C would allow the melt to flow a longer distance 
before being stopped by pore closure. 
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Figure 1. Synthesized ceramic canpositions achieved by HIP 
of addition-free stoichiometric powder mixtures. 
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Figure 2. Influence of 1 wt% Y 0 addition on synthesis. 
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Figure 4. Distribution of yttrium in 
joint area determined by EDX. 
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Figure 5. X-ray diffraction patterns 
frcm thin layer measurements. 
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Si,N. Si^N.O 3 4 2 2 

Figure 7. SEM picture of the in i t ia l Figure 8. SEM picture of Si-NjO 
powder border. bulk material. 





Heat treatments of the low-expansion 
superalloy Incoloy 909 for application in 
ceramic/ metal joints and in metal matrix 

composites 
R Larker, K An«vik , S Kr is t iansson and B Lobarg 

Abstract 
Increasing efficiency demands on gas turbines have promoted the development of superalloys with low thermal 
expansion up to intermediate temperatures, to reduce the need of cooling for preservation of efficient clearances between 
rotating and stationary parts. These materials are also of prime interest for joints to engineering ceramics such as silicon 
nitride and silicon carbide, and as a matrix with W or SiC fibers in metal matrix composites (MM C). The paper deals 
with the thermomechanical and microstructural stability of Incoloy 909 during possible joining and densification 
treatments. Thermal expansion behaviour and joining/densification temperatures suitable for retaining the desired 
structure of the superaUoy are presented 

The development of superaUoys over almost half a century 
nas resulted in materials with high strength and corrosion 
resistance at elevated temperatures. These properties 
emanate from the use of an austenitic FCC matrix, based 
on Ni and/or Co, with small additions of Al, Ti or Nb 
for precipitation or solution hardening and with high levels 
of Cr for protection against corrosion and oxidation. 
Unfortunately, the FCC structure results in a higher 
thermal expansion than for similar BCC structures, such 
as in ferritic steels. 

Development of alloys with very low coefficients of 
thermal expansions (CTE) at low temperatures, such as 
Invar, showed that low expansion for certain Ni-Fe 
alloys is maintained up to the Curie temperature, when 
the change from ferro- to paramagnetism drastically in
creases the CTE. Tbe addition of Co increased tbe Curie 
temperature, resulting in tbe alloy Kovar® used for 
sealing against glass1. 

Tbe level of Cr effective for corrosion/oxidation resi
stance in conventional superaUoys suppresses the Curie 
temperature well below room temperature. High thermal 
expansion behaviour results, causing problems in gas 
turbine engines, including tolerance control and suscept
ibility to thermal fatigue. These problems can partly be 
solved by cooling systems to reduce working temperatures 
and to maintain efficient clearances between rotating and 
stationary parts. Superalloys with a low and controlled 
CTE have been developed to minimize this need for 
cooling, while retaining as much as possible of other pro
perties important for superalloys'. 

Due to the combination of its relatively low CTE and a 
high strength up to intermediate temperatures, Incoloy 
909 is a frequenUy adopted alloy for tbe development of 
joining methods to S13N4 or SiC by brazing or diffusion 
bonding. The alloy is also of interest as a matrix in metal 
matrix composites (MMC) with fibres of W or SiC. 

Department of Engineering Materials, Luleå University 
of Technology, S-951 87 Luleä, SWEDEN. 
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Joining of superaUoys to structural ceramics such as 
S13N4 and SiC, having considerably better dimensional 
stability during thermal cycling, is restricted by high ther
mal strains arising in the joined region during cooling due 
to large mismatch in CTE. Superalloys with low and 
controlled expansion are therefore of prime interest in such 
joints. Possible joining methods for joints used at elevated 
temperatures (50O-7OO°C) include shrink fit, brazing2 or 
diffusion bonding3. In the ceramic gas turbine concept, the 
bub of a ceramic turbine wheel wUl be mounted to a metal 
shaft as far into the hot zone as possible. 

A proper design based on a shrink fit combined with 
diffusion bonding could be used at the highest tempera
tures, due to tbe absence of wide reaction zones with low 
melting points and limited chemical stability. 

Tbe choice of a suitable superalloy for joining or for 
MMC matrices is governed by tliree factors: 

• Tbe high thermo-mechanical stresses that arise due to 
CTE mismatch both on cooling from joining/densi
fication temperature and during thermal cycling must be 
reduced to a safe level. 

• The formation of excessive reaction layers during 
joining/densification and during use must be prevented, 
due to the inferior mechanical and chemical properties of 
such layers compared with the adhering materials. 

• The desired structure of the superalloy must either be 
retained after beat treatments experienced during 
joining/densification, or be possible to restore by heat 
treatments afterwards. 

Tbe third of these requirements bas perhaps recieved tbe 
least attention, but is by no means unimportant 
Because of these possible application areas for Incoloy 
909, two pertinent aspects of this material were examined 
in üiis work. 

Firstly, Ihe thermal expansion behaviour was deter
mined at higher temperatures than those given in tiie 
literature*^ (<670°C), due to the need to estimate the 
degree of residual stresses arising during cooling from 
joining/densification temperatures. Secondly, die effects of 
relevant heat treatments on microstructure and properties 



were examined in this work by use of scanning electron 
microscopy (SEM), grain size and hardness measurement. 

For both diffusion bonding and densification of MMC, 
hot isostatic pressing (HIP) is an attractive route to 
consolidate the materials at as low a temperature as poss
ible. Therefore samples beat treated in HIP were compared 
with identical samples beat treated without pressure with a 
similar temperature cycle in a vacuum furnace to evaluate 
the influence of variations in pressure and equipment. 
The main results presented in this paper concern HIP 
samples, while pressure-less heat treated samples are men
tioned when there is any divergence. 

Microstructure of Incoloy 909 
Incoloy Alloy 909 is a superalloy in which the 
relatively low coefficient of thermal expansion (CTE) is 
achieved by balancing the ratio of Ni+Co to Fe and by 
excluding Cr1-6-7-8. The alloy bas an austenitic (FCC) 
structure, but its CTE is relatively low in tbe 
ferromagnetic state up to tbe Curie point at 
approximately 415°C; above this the alloy becomes 
paramagnetic and the CTE increases. This gives a mean 
expansion value o = 10.5 pjn/(mxK) in the temperature 
interval 20-670°C, compared to a value of 15.lum/ 
(mxK) for Inconel 718, the most common used 
superaUoy9. 

Tbe high strength of tbe alloy up to intermediate 
temperatures is mainly obtained by precipitation of y' 
during the lower temperatures of heat treatment. The Nb 
content and a small addition of Si promotes precipitation 
of e'and E at intermediate temperatures and of Laves 
phase at higher temperatures. The nominal composition 
is 42.3 wt% Fe. 38.0 % Ni, 13.0 % Co, 4.7 % Nb, 
1.5 % Ti, 0.4 % Si, 0.03 % Al and 0.01 % C4-

The thermomechanical processing of Incoloy 909 
aims to achieve a fine, recrystallized grain structure with 
the desired grain boundary precipitates (Laves, z~ and e, 
all rich in Nb and Si), and intragranular y'. This 
processing includes hot working and annealing, followed 
by ageing in two steps6'7. Depending on the grain size of 
the initial material, hot working is performed at succes
sively lower temperatures, starting at 1060-1120°C for 
very coarse grained ingots requiring large reductions, 
compared to 980-1020°C for fine grained material. The 
major part of the final reduction is performed below 930°C 
to promote dynamic recry<,utilisation with Laves phase 
present6. 

To obtain maximum tensile strength, annealing of 
material containing sufficient strain energy from previous 
bot working is performed at 980°C for one hour. The 
structure is refined through full recrystallisation by 
pinning of the grain boundaries by Laves particles. Tbe 
bot working and annealing processes are controlled to 
provide an adequate amount of Nb and Si in solution for 
subsequent precipi-tation of e" and E 6 . When Incoloy 
909 is used for an application that requires brazing, the 
annealing is done during the braze cycle at 1040°C for one 
hour, giving a coarser grain size due to partial dissolution 
of Laves phase at this higher temperature*-9. 

Air cooling following annealing, together with subse
quent ageing at intermediate temperatures (720°C for 8 h) 
cause intergranular precipitation of t" and £. These phases 
improve the resistance to stress accelerated grain boundary 
oxygen embrittlement (S AGBO) at tbe higher temperature 

range for the alloy (480-650°C) 6 ' 7 1 9 1 0 1 1 . For brazed 
material, a slight over-ageing (775°C for 8 h) is needed to 
compensate for its coarser grain size. This treatment produ
ces acicular E , which improves creep resistance but reduces 
room temperature strength and ductihty. 

Ageing at intermediate temperatures is followed by 
furnace cooling (55°C/h) down to a lower ageing tempera
ture (620°C for 8 b) followed by air cooling. This leads to 
precipitation of intragranular y\ being the major strength
ening phase between room temperature and approximately 
550°C6'7. Material heat treated for maximum tensile 
strength obtains a yield strength of 1040 MPa at room 
temperature and at 540°C a notch rupture strength of 
965 MPa after 100 hours1. 

TheorderedFCC (LI2) structure of y' is of the A3B-
type8, where most of the A atoms consist of Ni (with 
some Co & Fe) and where the B atoms are mainly Ti (and 
to a smaller extent also Nb), while Al is absent. 
Precipitation of Y" can occur in die interval 540-760°C 7 . 
The precipitated y' particles with diameters 100-500 Å 
cause strengthening by interaction with moving disloca
tions, forcing mem to shear the particles8. In general, Ti 
is preferred to Al in Ni -Fe alloys due to the need to opti
mize the lattice parameter misfit between y and y'. The 
lattice parameter of y' can be increased by increasing the 
Tt/Al ratio to accomodate Ute increasing lattice para
meter of the y matrix with the Fe/Ni ratio8. This reduc
tion of coherency strains is beneficial for creep stability at 
intermediate temperatures (up to 650°C), at the expense of 
possible Ni3Al-derived high temperature strength, which 
anyhow can not be utilized in these alloys due to other 
reasons (e.g. limited oxidation resistance). The fact that y" 
(tbe major ordered BCT (DO22) Ni3Nb precipitate in 
other Nb strengthened superaUoys such as Inconel 718) 
is not found in Incoloy 909 is ascribed to the effect of 
Co and Fe on stacking fault energy7. 

Tbe £-group of phases that precipitate in Incoloy 909 
at higher temperatures (700-950°C) are also of the A3B-
type7'6. The transitional e'-type has a distorted hexagonal 
structure compatible with the transition of f (abcabc) to 
the equlibrium £ (abab) phase7. The £~ phase bas an aci
cular morphology (similar to 5 or y" in Inconel 718) 
forming very fine inter- and intragranular platelets with a 
composition similar to y'1. The precipitation of E * is 
strongly enhanced by residual strain energy6. 

The equilibrium e phase is an ordered HCP (DO 19) 
which precipitates at grain boundaries, around nitrides and 
carbonitrides, and intragranularly from t~. Tbe content of 
Co, Nb and Si is higher and the Ti content is 
significantly lower compared to E * 7 

The Fe and Co content of the alloy affects die ordering 
of the A3 B phases and favours formation of e-type 
structures (instead of y~and 6). The Si content broadens 
tbe time temperature transformation (TTT) curves for 
E'and E 1 . These phases improve tbe resistance to stress 
accelerated grain boundary oxygen embrittlement 
(SAGBO) in the higher temperature range for the alloy 
(480-650°C)6.7.iA«o.ii. Al is mainly excluded from this 
alloy due to its strong negative influence on SAGBO/ 
notch rupture strength and ductility in the first commercial 
low expansion superalloy, Incoloy 903, at elevated 
temperatures'. 

The usual degradation of metastable y in Ni-Fe alloys 
having a Ti/Al ratio >2 by the formation of HCP T| 



(D024) during over-aging8 is not observed in Incoloy 
9097, possibly due to tbe reasons discussed earlier. 

Laves phases are characterized by close-packed layers 
of slightly smaller A atoms (e.g. Ni, Fe, Co), separated 
by layers of slightly larger B atoms (e.g. Nb, Ti), forming 
A2B-type compounds. They can occur in three structures, 
one cubic structure (C15) named the MgCu2-type, and 
two hexagonal structures, the MgZn2-type (C14, 
c/a=1.63) and the MgNi2-type (C36, c/a=1.63*2)»-
15. Geometrically, the Laves phase structures show tbe 
most economic occupation of space by two types of 
spheres. The condition of ideal atomic diameter ratio 
V3/2- 1.225 applies, within 8%, to observed transition 
metal compounds. They possess a characteristic topology 
compared to the A3B-type compounds (y'f t j , Y". 8. £). 
which are geometrically close-packed (GCP) in all 
directions. Laves phases are therefore, together with other 
intermetallic phases such as o, | i and x< considered to be 
topologicaUy close-packed (TCP). Fundamentally, whilst 
the elemental structures and their solid solutions are close-
packed only within the constraint of prescribed diameters, 
the Laves phases are close-packed for optimum 
diameters14. Fe-based alloys tend to prefer precipitation of 
TCP phases, while Ni-based alloys prefer GCP precipi
tates. This tendency is called the Laves-Wallbaum 
effect16. Tbe stability of Laves phases is due to atomic 
size and electron concentration factors!7-'4.!8. 

Increased levels of Nb, Si and Ti stabilize Laves 
formation in Fe-Ni alloys s . 7 ' 6 ' « 0 , and a high Ti/Al 
ratio promotes Laves instead of o in Fe-Ni alloys The 
Laves phase dominating in Incoloy 909 is of tbe 
MgZn2-type (C14) with the lattice parameters a=4.77 Å 
and c=7.76 Å 7 . Its formation is promoted by additions of 
Si in Fe-Nb and Fe-Ti alloys** and by Ni in Co-Nb 
alloys'3, and it has an extensive solubility for Si in 
Fe2Nb2>. 

The presence of TCP phases in superalloys are usually 
considered to be undesirable8, because their platelike mor
phology and lack of multiple slip systems generaUy result 
in an embrittling effect, reducing notch rupture strength 
and ductility. In the case of Incoloy 909, the amount of 
carbides (N b C and TiC) is very low due to the low C 
level (0.01 wt%). The presence of Laves phase in the 
grain boundaries is therefore necessary for grain-boundary 
pinning, preventing excessive grain growth during 
annealing7-6. 

Materials and methods 
To determine the thermal expansion behaviour up to 
joining/densification temperatures, dilatometric measure
ments were made in air up to 1000°C. A sample with tbe 
dimensions 49x4.8x5.6 mm was cut from a rod heat-
treated for maximum tensile strength (980°C for 1 h, air-
cooled; 720"C for 8 h, furnace cooled (55°C/h) to 620°C 
for 8 b, air-cooled). 

Tbe samples for beat treatment were chosen from "as-
received" Incoloy 909 in three delivery forms: wire 
(6.3 mm diameter), rod (19 mm diameter) and sheet 
(1*1.5 mm). This paper deals mainly with rod and wire, 
since these are most likely to be used in the applications 
described. 

Five heat treatment temperatures were chosen: 800°C, 
900°C or 1000°C suitable for ceramic-metal joining and 
1060°C or 1150°C for MMC purposes. The heating rate 

was 25°C/min, the dwell time four hours and the cooling 
rale 15°C/min. 

After heat treatment, the samples were ground and 
polished down to 1 um diamond prior to etching with 
Marble's reagent (10g CuS04, 50ml HCl. 50ml 
H2O) for between 5 and 30 seconds. The examination of 
tbe microstructure was mainly performed in a SEM 
(JEOL JXA-840), operating at 20 kV in SEI mode. The 
attached EDS system (Link) was used to detect 
enrichments of elements in precipitates and grain 
boundaries. 

Vickers macrohardness measurements were performed 
on a LECO machine (model V-100-A2) with a 5 kg load 
for 15 s. The number of indents was 13 on each rod 
sample and 10 on each wire sample, with a distance of 
1 mm between two consecutive indents. 

Determination of die average grain size was made using 
the AS TM E112 standard intercept method. The relevant 
equationisL=P/(NxM), whereL=grain size, P»length 
of the test line (90 mm), N= number of grain boundary 
intersections, and M=magnification. Optical micrographs 
with a magnification between 32 X and 500 X were used. 
Grain boundary interceptions with six test lines, 
positioned with a 30° angle between each line, were 
counted on two micrographs for each sample, measuring at 
least 50 grains. Twin boundaries were ignored. 

Results 
The thermal expansion curve obtained between 20- lOOO'C 
is shown in Figure 1, together with the momentary CTE 
value at each temperature. It is obvious that the change 
from ferromagnetic to paramagnetic state strongly affects 
the thermal expansion behaviour. 
This behaviour results in a mean value for a of 
12.2 |xm/(mxK) in a typical temperature interval for 
joining (20-900°C) - similar to mean values for ferritic 
steels. 
Tbe specimen oxidized badly during measurement in air, 
showing the low oxidation resistance due to the absence of 
chromium. Results on thermal barrier coatings for 
Incoloy 909 to overcome this problem have recently 
been published22.23. 

Temperature [°C] 

Fig J Thermal expansion and momentary CTE for 
Incoloy 909. 



Tbe typical microstructures developed at different After HIP at 1000°C, tie grain-boundary phase was partly 
temperatures are shown for wire in Figures 2-6. Compari- dissolved, as shown in Figure S. 
son between the microstructure of the as-received wire All samples heat treated at the two highest temperatures 
(Figure 2) and wire HIPed at 800°C (Figure 3) show that (1060°C and 1150°C), intended for MMC purposes, 
tbe heat-treatment caused an extensive precipitation of experienced abnormal grain growth. The wire HIPed at 
intragranular platelets of t~ and e. 1150°C (Figure 6) is an example of this behaviour. 
The sample HIPed at 900°C (Figure 4), however, shows The rod sample HIPed at 900°C (Figure 7) shows a larger 
almost no precipitates, being similar to as-received wire. grain size than tbe wire sample in Figure 4, but the 
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Fig 2 Microstructure of "as-received" wire. Fig 5 Microstructure of wire HIPed at IOOO°C. 

Fig 3 Microstructure of wire HIPed at 800X. Fig 6 Microstructure of wire HIPed at 1I50X. 

Fig 4 Microstructure of wire HIPed at 900°C. Fig 7 Microstructure of rod HIPed at 900°C. 
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Fig 9 Microstructure of sheet HIPed at 800°C. 

absence of platelets is similar for both delivery forms. 
The degree of platelet formation at 800°C depends on 

residual strain energy, which can be seen in comparison 
between wire (Figure 3), rod (Figure 8) and sheet (Figure 
9). 

The grain size for both wire (5-7 um) and rod (16-
18 um) is unchanged up to 1000°C, but at 1060°C abnor-
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Fig 10 Grain size in HIPed wire and HIPed rod 
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Fig 11 Hardness of HIPed wire and HIPed rod. 

mal grain growth occurs, and after heat-treatment at 
1150°C, ihe grain size becomes even larger (365 um in rod 
and 438 um in wire samples). 

The hardness of both wire and rod samples is increased 
above the levels of "as-received" materials by the heat-
treatments performed up to 1000°C, but the hardness after 
1060°C is virtually unchanged and after 1150°C, tie level 
is even lower than for untreated material. 

The hardness of reference material aged for optimum 
tensile strength is considerably higher, showing the 
importance of the precipitation of y' during the second 
ageing treatment at 620°C for 8 h. 

Discussion 
The formation of platelets at 800°C was more pronounced 
in the HIPed samples than in vacuum furnace heat treated 
samples. This was probably caused by aged thermo
couples in the HIP furnace, resulting in a slightly higher 
(»10°C) temperature during HIP treatment. Excessive 
formation of platelets may cause an undesired embrittling 
effect, but this can not be determined quantitatively with
out tensile testing. Excessive precipitation of e" and e 
will also reduce the available amount of mainly Ti and Nb 
for formation of the primary strengthening f phase during 
later ageing treatment. 

Heat treatments performed by hot isostatic pressing or 
by similar temperature cycles in vacuum furnace do not 
change the grain size of the superalloy when the dwell 
temperature is 800°C, 900°C or 1000°C. Extended time 
(hours) above 1040°C, however, causes dissolution of the 
grain-boundary Laves phase. Due to the lack of grain-
boundary pinning carbides, excessive grain growth occurs 
from the initial grain size of 5-16 um up to an abnormal 
200-440 urn. This can solely be beneficial for creep 
resistance but is detrimental for other properties such as 
tensile strength and ductility. 

The hardness increases slightly during four hours at 
800°C, 900°C or 1000°C, but is considerable lower than 
tbe hard-ness for optimum heat-treated material, indicating 
the need for ageing after joining if the high strength of 
Incoloy 909 is considered to be beneficial for joint 
performance. The hardness is unchanged or even reduced for 
material with an abnormally large grain size. 



Cond us i ons 
Incoloy® alloy 909 must not be joined/densified above 
the annealing temperature region (930- 1040°C) specified 
by the manufacturer, due to the exaggerated grain growth 
occuring when grain-boundary Laves phase is dissolved. 
Joining at temperatures between the recommended range 
for the higher ageing temperature (720-775°C) and 
approximately 900°C should also be avoided, since prolon
ged exposure can cause overaging by excessive formadon 
of e-phase. 
A ceramic/metal joining method adapted for Incoloy 909 
could therefore perform bonding and annealing simul
taneously, followed by the two-step ageing (if necessary 
combined with a stress-relieving treatment). 
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OXYNITRIDE AND INCOLOY 909 BY HOT ISOSTATIC PRESSING. 
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ABSTRACT 

Solid state bonding by diffusion reactions is an attractive route to achieve joints that 
retain strength at high temperature. Intimate physical contact across the joint 
during bonding is important for the diffusion process. 
Hot Isostatic Pressing (HIP) can enhance the interfacial area and thereby produce a 
stronger joint at a lower bonding temperature than other methods. 
Silicon oxynitride, S 1 2 N 2 O , is often formed on the surface of silicon nitride 
components during sintering and has several properties that might be beneficial as 
an interfacial layer against metals. Furthermore, i f machining of the joint area of 
the Si3N4 component is to be avoided, the bonding reactions of Si2N20 to,e.g.,a 
superalloy is as important as for Si3N4 to the same alloy. 
This work concerns the development of solid state bonding methods for the joining 
of silicon nitride to superalloys by HIP. It presents the first two steps in the 
development: The synthesis of pure dense S 1 2 N 2 O for joining purposes and the first 

comparative study of the joining reactions SißNit/superaHoy vs. Si2N20/superalloy. 

1. INTRODUCTION 

The introduction of engineering materials such as silicon nitride in demanding 
applications is often limited by the lack of adequate joining methods to other parts 
in the structure. This is especially true when advantage is taken of the superior 
high temperature properties of the ceramic. In those applications the large 
difference in thermal expansion characteristics makes it difficult to avoid thermal 
stresses that decrease the strength of the joint and might lead to complete failure of 
the component. 
Silicon oxynitride, S12N2O, has a tendency to form on the surface of a silicon nitride 

component during sintering. Several properties such as the coefficient of thermal 
expansion (CTE) and Young's modulus make it an interesting material as an 
interfacial layer against metals. I f machining of the joint area on the sintered 
component is to be avoided, the joining reactions for silicon oxynitride to the 
superalloy are as important as for the silicon nitride itself. This may prove to bc a 
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cost-effective joining material for high-temperature applications such as engine 

components. 
Earlier work on silicon oxynitride compounds by Washburn [1] predicts that some 
important properties such as the CTE and Young's modulus differ less from those of a 
superalloy than the nitride and might therefore reduce thermal stresses. 
The earlier work was, however, performed on materials containing large amounts of 
sintering additives and residual silicon nitride. More recent work by Huang et al [2] 
and Lewis et al [3] show a higher degree of conversion to silicon oxynitride, but this 
is still only possible with rather large amounts of additives. Sintering at a relatively 
low temperature to avoid excessive dissociation during pressureless sintering 
requires larger addition amounts. 
Hot Isostatic Pressing of glass encapsulated powder bodies has the ability to prevent 
dissociation, thereby making it possible to sinter at a higher temperature using low 
amounts of additives [4]. Furthermore, the high driving force for densification is 
beneficial to increase the speed of the synthesis reaction: 

Si3N4 + Si02 =* 2 S i 2 N 2 0 

It was therefore considered to be both necessary for joining purposes and possible 
by HIP to develope a method to synthesize a dense material of almost pure silicon 
oxynitride. 

2. SYNTHESIS OF SILICON OXYMTRJDE 

Silicon oxynitride Si2N20 can be synthesized from a stoichiometric powder mixture 
of Si3 N 4 and Si02 during densification with Hot Isostatic Pressing using the 
following route: 

- Mixing and ball milling of the powder mixture in water using milling media 
and jars of silicon nitride and polypropylene for 100 h. 

- Drying of the powder using a thin-film evaporator and a heated vacuum 
chamber up to 250 °C. 

- Forming of green bodies by Cold Isostatic Pressing (CIP) at 300 MPa of 
powder contained in PVC bags. 

- Heat treatment of green bodies in a vacuum furnace up to 700 °C and 10"2 P a 
to remove water and other adsorbed species from the powder surfaces. 

- Densification using the proprietary ABB Cerama glass encapsulation and HIP 
technology. The process parameters were varied to improve the conversion 

into silicon oxynitride. 

All samples were fully densified to the calculated theoretical density of each final 
composition. 

2.1 Analysis 

Studies of the synthesized compositions after HIP have been made by semi
quantitative X-ray diffraction analysis (XRD) using a Philips PW 1700 system 
equipped with PDF data base and pattern processing capability. An active dilution 
method (ADM) was used to improve the accuracy in the determination of the low 
residual amounts of hexagonal a - and ß -phase compared with the major 
orthorombic S i 2 N20 , henceforth called y -phase, in the samples. The synthesized 
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dense sample of ihe highest S12N2O content, obtained by HIPing at 1900 ° C and 200 
MPa for 4 h hold time, was consequently chosen for this measurement. The dense 
sample was pulverized and examined by XRD. Then 2 wt% of a -Si3N4 powder was 
added and the powders were well mixed before a second determination by XRD. A 
subsequent addition of a -Si3N4 was made up to a total addition level of 5 wt% 
followed by X-ray measurement. The resulting patterns were analyzed concerning 
the change of relative intensity of the a -phase peak compared 10 the 7- ph asc 
peaks.The following strong peaks were used: 

ct-Si3N4.: D=2.547 Å; hkl=<210>; relative pattern intensity : 100% 
P-S13N4: D=2.492 Å; hkl=<210>; relative pattern intensity : 90% 

Y -S i2N20 : D=2.419 Å; hkl=<002>; relative pattern intensity : 80% 
Y-S12N2O : D=2.383 Å; hkl=<021>; relative pattern intensity : 80% 

First the a -phase peak height was plotted against the addition level to determine the 
initial a -phase content in the addition-free sample to be approx. 1 wt%. A straight 
comparison between the peak height of the a -phase peak and of the y -phase peaks 
would, however, predict the a -phase to be approx. 2.5 wt%. Therefore the measured 
relative amount of a -phase determined by comparing these peaks should be divided 
by the factor 2.5 to avoid overestimation and give a more accurate determination of 
the low residual amount in the sample. The ß -phase peak is assumed to behave in a 
similar way. 

The yield of the Si2N20 HIP syntheses performed at different temperatures and hold 
times calculated by ADM is presented in figure 1. 
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Figure 1. Silicon Oxynitride Yield achieved by HIP Syntheses. 
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2.2 Mechanical properties 

Some mechanical properties of silicon oxynitride have been measured on the 
synthesized samples by bending tests and indentation techniques [5], The results are: 

Further evaluation is in progress [6]. 

3. JOINING WITH INCOLOY 909 

To evaluate the possible benefit of using silicon oxynitride between the silicon 
nitride and the superalloy in the joint, the reactions between the ceramic materials 
and the alloy were examined. The silicon nitride alloy used is based on silicon nitride 
(ÜBE SN-E10) with 2.5 wt% yttria (Rhonc-Poulenc) addition, designed for HIP 
fabrication of gas turbine components. The Incoloy 909 is chosen because of the 
good strength in the temperature region for a gas turbine wheel/axle joint intended 
(R.T. - 700 °C) combined with a low CTE compared with other high-temperature 
alloys, thereby reducing the thermo-mechanical stresses to a minimum. This alloy is 
therefore frequently used in such applications and thereby chosen in this 
investigation.The alloy composition is 42.0% Fe, 38.2% Ni, 13.0% Co, 4.7% Nb, 1.5% Ti 
and 0.4% Si. 

The joining temperature should ideally not be much higher than the highest joint 
operation temperature to reduce thermo-mechanical stresses but high enough to 
give sufficient bonding strength. The high isostatic pressure during HIP enhances 
the contact area, thereby reducing the necessary temperature and time for the joint 
formation. A sufficient joining temperature might therefore be about 200 - 300 °C 
higher than the highest temperature during operation, or 900 - 1000 °C. The hold 
time at temperature and pressure was chosen as 2 h to give the diffusion processes 
enough time to give measureable reactions. 

Ceramic samples of cylindrical shape of Si3N4 and Si2N20 were prepared by forming 
powders into rod shape by CIP followed by glass encapsulation and HIP to a final 
diameter of 7 mm. The rods were cut into pieces of 5 mm length and polished on the 
intended joint surface. The metal samples were cut out of a larger rod by Electro 
Discharge Machining (EDM) to pieces of the same dimensions as the ceramics and 
polished on the intended joint surfaces. To obtain more ceramic / metal interfaces 
from a certain amount of material, two pieces of ceramic material were mounted 
between three metal pieces to give a ceramic/metal rod with four ceramic/ metal 
interfaces in each capsule. The pieces were wrapped together in stainless' steel foil 
and mounted in capsules made of mild steel tubes. 

- Young's modulus: 

- Hardness: 

- Fracture toughness: 

- 3-P bend strength: 

E = 277 GPa (measured by 4-point bending) 

H v = 21 GPa (Vickers diamond; 500 g; 10 s) 

Kic = 3.4 MPa • m 1 / 2 ( -"- ; 2000 g; 30 s) 

- Weibull modulus: 

Of = 475 MPa (20 mm span; 0.05 mm / min) 

m = 5.7 (22 specimens HIPed at 1850 °C) 
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The benefit of using an intermediate layer of refractory metals was investigated by 
mounting 0.25 mm foil discs of titanium, zirconium and tungsten between three of 
the ceramic/metal pieces while leaving the fourth interface without an interlayer 
for the diffusion reactions dealt with in this paper. Four capsules, two with S i3N4 
and two with S i 2 N 2 0 ceramic pieces were evacuated and sealed. One of each type was 

HIPed at 900 °C and 200 MPa for 2 h hold time, the other two at 1000 °C and 200 MPa 
for 2 h. The capsules were cut in two halves in the axial direction by diamond saw to 
give a cross-section for microscopy and diffusion profile measurements. 

3.1 Examination of joint cross-sections. 

The cross-section of the joint was examined by light optical microscopy ( L O M ) and 
Scanning Electron Microscopy ( S E M ) . T h e high residual thermo-mechanical stresses 
during cooling from joining temperature due to the differences in C T E caused 
cracking in the ceramics. T h i s occured mainly in a convex manner typically some 
200 u m from the interface due to the stress concentrations in this area. 
T h e extension of the cracks was larger in the S i 2 N 2 0 ceramics due to its lower 
fracture toughness partly caused by the limited synthesis experience. 

The optical micrographs of the interfaces joined at 1000 ° C is shown in figure 2. 

* 
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Figure 2. Optical micrographs of ceramic/metal joints HIPed at 1000 °C 
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3.2 Joint reaction analysis 

T h e diffusion reactions in the interfaces between the ceramic and metal pieces 
during H I P were examined by S E M with Energy Dispersive X-ray Spectroscopy ( E D S ) . 
The detectability of elements was limited to atomic weights higher than fluorine due 
to the Be window in the detector, i.e. the level of the important light elements 
nitrogen and oxygen in the ceramics could not be measured by this equipment. 
The reaction zone was very thin in all four cases. The element distribution in the 
joint was examined by X-ray dot mapping at a microscope magnification of 3000 x. It 
was found that Nb and T i were enriched at the interfaces close to S i ß N ^ especially at 

the higher joining temperature (1000 ° C ) . Four dot maps of this interface with the 
distribution of Nb and T i together with the major ceramic element S i and metal 
element Fe is shown in figure 3. 

Figure 3. Element Distribution in a S i ^ N ^ / Incolov 909 Joint HIPed at 1000 ° C 

T h e d i f fus ion prof i les was determined by Z A F ca lculat ions o f the element 
concentrations in 21 points situated at certain distances along a straight line across 
the interface far away from the capsule. The distance between the points close to the 
interface was chosen to be 0.5 u.m in order to detect element gradients in the very 
thin reaction zones. The Z A F calculations compensate for the influence of difference 
in atomic weight ( Z ) , absorbtion ( A ) and fluorescence ( F ) during E D S measurements, 
thereby al lowing a quantitative evaluation of the results. 

Plotting of the results is shown in figures 4.1 - 4.4 with the total measurements 
presented in the square in the upper left corners and the reactions close to the 
interface (< 5 p m ) presented at a higher magnification in the center of the figures. 

508 Ceramic Materials & Components for Engines 



Ceramic Materials & Components for Engines 



-5 -4 -3 -2 -1 0 1 2 3 4 5 Distance [um] 

Fig 4.3 Si3N4 / Incolov 909 HIP 900 °C 200 MPa 2 h EDS-ZAF4 



5. DISCUSSION 

The electron beam positioned at a certain point will exite characteristic X-rays from 
an interaction volume, which is typically 1 pm in diameter. The size is, however, 
dependant on the atomic weight of the material. The ceramic is composed of lighter 
elements (e.g. Si) than the metal (Ni, Fe, Co etc.) and the characteristic X-rays will 
therefore be exited from a larger volume in the ceramic. 

The distance between the measuring points for the diffusion profiles close to the 
interface was 0.5 pm, which means that the interaction volumes overlapped. This has 
the effect that the real diffusion profiles are even steeper than the apparent ones in 
figures 4.1-4.4. 

In the silicon nitride cases, the enhanced concentration of titanium and niobium in a 
thin layer (apparently about 2 pm in thickness) close to the initial interface is very 
pronounced, especially for the joint HIPed at 1000 °C. This behavior is not observed 
in silicon oxynitride cases.This difference could be explained by a higher stability of 
the silicon oxynitride in contact with the strong nitride formers Ti and Nb. 

The formation of nitrides, silicides or oxides at the interface was not possible to 
analyze because of the limited detection capability of light elements explained in 
section 3.2. Thermodynamic calculations of this systems together with further EDS 
and Wavelength Dispersive X-ray Spectroscopy (WDS) analysis equipped with 
window-Icss detectors will be conducted. 

According to our measurements, the Fe content in the ceramics had reached the same 
level of approx. 2% in all the samples, regardless of ceramic type or HIP temperature. 
This appeared to be highly improbable as the Fe content in the starting silicon 
nitride powder is < 0.005 %, and the levels in the fully densified ceramics are not 
significantly higher. The kinetics in this system does not allow Fe to diffuse into the 
ceramics to such an extent as the measurements implies. The high content of Fe in 
the ceramics was therefore assumed to be an artefact due to improper polishing. The 
probability of polishing contamination from the superalloy was however low in this 
case, as this should have given measureable levels of Ni and Co as well. Etching with 
H N O 3 followed by a second EDS measurement showed that the iron level in the 
ceramic diminished after this treatment, thus being a surface effect probably 
emanating from the soft mild steel capsule during polishing. 
This result does not impair the reliability of the steep diffusional gradients 
determined in this study. 

The evaluation of metal interlayers such as titanium, zirconium and tungsten 
between the ceramics and the superalloy. is in progress. Preliminary results indicate 
that Ti and Zr have a higher tendency than W to react with both ceramics. The 
cracking in the ceramics caused by thermo-mechanical stresses is less pronounced 
in the joints with metal interlayers. 
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6. CONCLUSIONS 

1/ Hot Isostatic Pressing is a useful method to obtain good conditions for solid state 
diffusion bonding between silicon nitride based ceramics and superalloys. 

2/ Silicon oxynitride is more stable than silicon nitride against diffusion of 
reactive metals such as titanium and niobium from the superalloy. 

3/ The properties of silicon oxynitride such as higher CTE, lower Young's 
modulus and better chemical stability might be useful as an cost-effective 
intermediate joining layer for HIP joining of silicon nitride to superalloys 
for high-temperature applications such as engine components. 

4/ Refractory metal interlayers seem to reduce thermo-mechanical cracking. 
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A B S T R A C T 

Reduction of thermo-mechanical stresses in ideal-elastic diffusion joints between silicon 

nitride and superalloys can be accomplished by ceramic joint pieces of graded compositions 

made of S i 3 N 4 and a supplementary ceramic phase. 

In this work, T i N and T i B 2 were chosen as supplementary ceramic phases in particulate 

composites with S i 3 N 4 due to their suitable properties and the availability of such materials. 

Diffusion bonding of the composites to Incoloy ® 909 was performed by Hot Isostatic 

Pressing (HIP) at 1200 K (927°C) and 200 MPa for 4 h. The influences of the T i N phase or 

T i B 2 phase on diffusion reactions between the S i 3 N 4 phase and the superalloy constituents 

(Fe, Ni, Co, N b . T i , Si) were compared by examination wilh T E M / S T E M / E D S . 

I N T R O D U C T I O N 

The introduction of structural ceramics such as silicon nitride in heat engines is today usually 

restricted by the lack of efficient joining methods to superalloys. Silicon nitride should due to 

manufacturing limitations and costs be applied only in parts where its properties can be utilized 

efficiently, chiefly in load-bearing components facing very high temperatures and/or 

aggressive environment. Superalloys are preferred, when their properties are sufficient. The 

possibilities to design with an appropriate combination of these materials are strongly related to 

the durability of the joint Joining methods [1] for structures used at elevated temperatures must 

deal with two major restrictions, namely the high thermo-mechanical stresses and 

excessive reaction layers that can result in the bonded region during joining and use. 



Very high stresses occur due to the large mismatch in Coefficient of Thermal Expansion 

(CTE) between the joined materials (normally a m e t a l » "ceramic). a n c l c a n c a u s e fracture in 

the joint or at some distance into the ceramic, either during cooling from joining temperature or 

during thermal cycling in use. Reaction layers usually have inferior properties compared with 

the joined materials, thereby reducing the possible stability and strength of the joint. It is parti

cularly important that the joining reactions does not proceed during use at high temperatures. 

The possible bonding methods for joints used at elevated temperatures (500-700°C) are 

mechanical attachment (shrink fit), active brazing or diffusion bonding. In the ceramic gas 

turbine, the hub of the ceramic turbine wheel must be attached to a metal shaft. A proper design 

based on a shrink fit combined with diffusion bonding could be used at high temperatures, due 

to the absence of wide reaction zones with low melting points and limited chemical stability. 

Hot Isostatic Pressing is mainly considered to be an efficient sintering method for 

densifying powders of metals or ceramics to fully dense materials [21 but docs also offer some 

advantages for joining of dissimilar materials. In diffusion bonding, the most crucial aspect is 

the degree of alignment between the joined surfaces. The high isostatic pressure working on 

the encapsulated joint forces the metal to plasticize and accommodate to the surface of the 

ceramic. The pressurized encapsulation prevents both unwanted reactions with the furnace 

atmosphere and the formation of voids due to released gases, e.g. nitrogen during joining of 

silicon nitride. These advantages permit reduction of bonding temperatures, resulting in lower 

residual stresses and a very thin interface, if chemical stability can be obtained. 

The number of suitable materials for the interlayers needed between S i 3 N 4 and superalloys 

are limited. The stress levels can to some extent be reduced by selection of a superalloy with 

relatively low thermal expansion, such as the Incoloy 909, but the coefficient increases 

rapidly for this austenitic alloy above the ferro- to paramagnetic transition at =400°C, 

confirmed by dilatometric measurement performed in the interval 20-1000°C, see figure 1: 

Figure 1. Thermal expansion and momentary C T E for Incoloy 909. 



This behaviour results in a mean value >12 x 10"6 K' 1 in a typical temperature interval for 

joining (20-900°C), being similar to mean values for ferritic steels. 

Refractory metals having C T E values close to S i 3 N 4 (a = 3.5 x 10"6 [KT1]), such as W or 

Mo (a = 4.0 -6.2 x 10"e [ K 1 ] ) , might reduce the residual stresses in the ceramic, but these 

metals are very unstable at high temperatures in the oxidizing environments usually present in 

engines. Soft interlayers of ductile metals with low yield stress and considerably higher C T E , 

such as Ni or C u , can relieve stresses through plastic deformation on cooling from joining 

temperature, but they may be susceptible to fatigue during thermal cycling in use. 

The possibility to gradually increase the C T E in the ceramic towards the interface 

could increase the performance of the joint, allowing an ideal-elastic joint to be formed by 

diffusion bonding. For this purpose, diffusion reactions between particulate composites 

containing S i 3 N 4 and a supplementary ceramic phase and superalloys have been analysed. 

Requirements for this supplementary ceramic phase are: 

- intermediate C T E (cc S i 3 N 4 < Ot supplementary ceramic < Ot superalloy)! 

- sufficient stability against reactions with S i 3 N 4 (during sintering); 

- useful properties of the particulate composite formed with S i 3 N 4 ; 

- controlled reactivity against the superalloy (during joining and use). 

ln this work, T i N and T i B 2 were chosen as supplementary ceramic phases with S i 3 N 4 due 

to their suitable properties and the availability of a variety of such composites, produced by 

A B B Cerama AB, Sweden, using glass-encapsulated HIP at 1600°C. The mean C T E s were 

determined in the interval 20-1000°C by dilatometric measurements and presented in figure 2: 
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Figure 2. Mean C T E (20-1000°C) for HIPed composites manufactured from particulate 

mixtures of S i 3 N 4 / T i N and S i 3 N 4 / T i B 2 . 

The steepest change in the mean C T E takes place in the interval 40-60 vol% T i N or T i B 2, 

where both Si3 N 4 and the supplementary phase are continuous. The value at 80 vol% T i N 

could reduce the C T E mismatch against Incoloy 909 to Aa = 3.5 x 10"6 [ K 1 ] . 



M A T E R I A L S AND METHODS 

The two ceramics used in diffusion couples in this study were composites densified by HIP 

from powder mixtures of S i 3 N 4 and either 60 vol% T i N or 50 vol% T i B 2 . 

The superalloy used was Incoloy® 909 (42.1 wt% Fe, 38.3 wt% Ni, 12.9 wt% Co, 

4.7 wt% Nb, 1.5 wt% T i , 0.4 wt% Si), heat treated for optimum tensile properties by 

solution annealing at 980^/1 h/AC, followed by ageing at 720 t C/8h/FC + 620 t C/8h/AC. 

The joining temperature at 1200 K (927°C) was chosen considering results from thermo

dynamic calculations of possible reactions [3-4] and with the aim to retain a useful 

microstructure in the superalloy after joining [5]. 

The reaction zones between diffusion bonded bulk samples of silicon nitride and Incoloy 

909 have earlier been shown [6] to be very thin, being on the limit of the element resolution for 

S E M / E D S. Recent work in T E M [7-9] have shown the possibilities to resolve the details of 

reaction products between S i 3 N 4 and metals. Therefore diffusion couples, adapted for the 

preparation of T E M specimens, were fabricated according to the following route: 

- Ultrasonic machining o f S i 3 N 4 / T i N & S i 3 N 4 / T i B 2 and electro - discharge machining 

of Incoloy 909 samples to the dimensions 0d=2.35 mm and length=4.0 mm. 

- Grinding to obtain a half cylinder with a plane surface (4.0 x 2.35 mm) on each sample. 

- Polishing of the plane surfaces using slurries down to 1 t̂m diamonds. 

- Encapsulation of paired samples in a stainless steel tube (0d o=3.O mm, 0d,=2.35 mm). 

- Joining by HIP at 1200 K (927°C) and 200 MPa for 4 h. 

- Cutting of thin slices (0.4 mm) of the joined diffusion couples surrounded by the capsule. 

- Planar grinding and polishing to approximately 70 u.m thickness. 

- Dimple grinding to approximately 7 u,m thickness, (measured by optical microscopy). 

- Selectively ion beam thinning for approximately 2 h, (perpendicular to the joint). 

The influences of the T i N phase or T i B j phase on diffusion bonding reactions between 

S i3 N 4 and the superalloy constituents (Fe, N i, C 0 , Nb, T i , Si) were then compared by 

examination wilh T E M / S T E M / EDS; (the light elements N, B and O were omitted in the 

measurements due to the beryllium window on the EDS detector). The interface is consistently 

displayed vertically, with the ceramic on the left side and the superalloy on the right side. 

R E S U L T S 

The reaction zones were in general very thin, usually less than 1 u.m in total thickness. The 

most evident reaction phase in the joint was due to the enrichments of Ni , Nb and S i 

proposed to be Laves phase, formed in the superalloy at the interface. Laves is a grain-

boundary phase in the Incoloy 909, preventing grain growth and grain-boundary sliding at 

high temperatures. 



At the joint interface between S i 3 N 4 / T i B 2 and Incoloy 909, the Laves phase was 

continuous along the interface, with a thickness varying between 100-500 nm. 

Fine titanium nitride crystals were also detected by SAED in a Ti-rich layer between 

S i 3 N 4 grains and Laves phase. The crystal size was below 50 nm and the layer thickness 

approximately 100 nm. 

Sil icide clusters (rich in Ni, Fe, Co and Si) appeared occasionally, often between S i 3 N 4 

and T i B 2 grains near the interface. Their size varied from a few hundred nm to one um. 

The appearance of these phases at the interface is shown at high magnification in the T E M 

micrograph in figure 3: 

Figure 3. T E M micrograph from an interface between S i 3 N 4 / T i B 2 and Incoloy 909 

Diffusion profiles perpendicular to the two kinds of ceramic-metal interfaces ( S i 3 N 4 -

Incoloy 909 and T iB 2 - Inco loy 909) were obtained by EDS point measurements with 

25 nm spacing. The results from Z A F calculations at each point are presented in figure 4: 
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Figure 4. Diffusion profiles by EDS (25 nm spacing) at interfaces between S i 3 N 4 - Incoloy 

909 (left) and T i B 2 - Incoloy 909 (right) in a S i 3 N 4 / T i B 2 - Incoloy 909 joint. 



The appearance of the continuous Laves phase along the interface between S i 3 N 4 / T i B 2 

and Incoloy 909 can be seen in the S T E M micrograph (left) with corresponding EDS maps 

for N b and T i close to the interface (right) in figure 5. The brighter areas are polycrystalline 

S i 3 N 4 surrounded by larger grains of T i B 2 . A silicide cluster, rich in Ni, Fe, Co and S i , 

was formed between the large upper T i B 2 grain and the polycrystalline S i 3 N 4 area. A grain-

boundary in the superalloy was intersected by the ceramic/metal interface, thus acting as a N b 

supply for Laves formation, as shown by the EDS map for N b. The thin layer containing 

TiN between the S i 3 N 4 area and the Laves phase can be detected in the EDS map for T i . 

Figure 5. S T E M micrograph from an interface between S i 3 N 4 / T i B 2 and Incoloy 909 

(left) with corresponding EDS maps for N b and T i (right). 

At the joint interface between S i 3 N 4 / T i N and Incoloy 909, only the Laves phase 

layer, (rich in Ni, Nb and Si) was detected. The layer was in this case semi-continuous, and 

the occurrence did not seem to depend on the phase of the adjacent ceramic grains (S i 3 N 4 or 

T i N ) . The thickness of the layer varied between 100- 500 n m. 

The interface is shown in a S T E M image with corresponding EDS element maps (left) and in 

three diffusion profiles by EDS with 25 nm point spacing across the joint (right) in figure 6: 
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Figure 6. S T E M image of the joint interface between S i 3 N 4 / T i N and Incoloy 909 with 

EDS clement maps (left) and three EDS profiles (25 nm spacing) across the joint (right). 

D I S C U S S I O N 

The reactions were very limited in both cases, but they were sufficient to give a strong 

adhesion. This was seen in larger butt joints with 10 mm diameter, where convex cracks in the 

composites formed during cooling at a few hundred u,m from the interface, in the volume with 

the highest residual stresses. The behaviour is similar to butt joints of monolithic S i 3 N 4 to 

Incoloy 909. The reduced C T E mismatch for the joints with the composites (Aa = 4.4 - 5.9 

x 10"6 [ K 1 ] ) compared to joints with monolithic S i 3 N 4 (Aa = 8.8 x 10"6 [ K 1 ] ) resulted, 

however, in considerable reduction of cracking problems during preparation of the T E M 

specimens, in spite of the higher intrinsic strength of monolithic S i 3 N 4 . This is promising, 

since the necessary reduction of the residual stresses formed in joints with application 

dimensions could be obtained by applying a joint piece with compositional gradients, using 

higher amounts of TiN or TiB 2 close to the superalloy. Concepts based on graded joint pieces 

could thus make it feasible to manufacture ideal-elastic joints by diffusion bonding with HIP. 



C O N C L U S I O N S 

- Laves phase occurred in the first 100-500 nm of metal for both composite /superalloy 

joints. The formation seems to be promoted by the increased access to silicon at the interface 

compared to that in Incoloy 909 (0.4 wt% Si). 

- The T i B 2 phase seems to be less inert compared with the T i N phase as a supplementary 

phase with S i 3 N 4 , due to the more pronounced formation of nitrides and silicides. 

- T i N is therefore preferred as supplementary phase in future work on composite joint pieces 

with compositions graded from monolithic S i3 N 4 to 80-90 vol% T i N . 

- Cermets composed of T i N and ferritic steel might together with optimized joint design 

lower the residual stress level further in ideal-elastic joints formed between S i 3 N 4 and 

superalloys using diffusion bonding by HIP. 
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AEM investigation of ceramic/Incoloy 909 
diffusional reactions after joining by HIP 
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Diffusion bonding by hot isostatic pressing (HIP) was performed between Incoloy 909 and five different 
ceramics. Two of the ceramics were composites made from powder mixtures of S i 3 N 4 and either 60 vol% 
TiN or 50 vol% TiB 2 , while three were monolKhic materials, namely S i 3 N 4 with 2.5 wt% Y 2 0 3 as a sintering 
additive, S i 3 N 4 without additives, and S i 2 N 2 0 without additives. A diffusion couple geometry was 
developed to facilitate the preparation of thin-foil specimens for examination by analytical electron 
microscopy (AEM). Diffusion bonding was performed by HIP at 927°C (1200K) and 200MPa for four 
hours. The formation of reaction layers was very limited, being less than one micron in total layer thickness. 
Two reaction products were found by AEM; a continuous, very thin, (5100 nm) layer of fine TiN crystals at 
the initial ceramic/metal interface, and larger grains extending about 100-500 nm into the superalloy and 
forming a semi -continuous layer of a G -p h ase silicide containing mainly nickel, silicon and niobium. 

1. Introduction 
Components intended to sustain a significant stress 
level at elevated temperatures (>800°C) can be 
manufactured from two classes of materials, either 
structural ceramics or metallic superalloys. Structural 
ceramics should, due to manufacturing limitations and 
costs, be applied only in parts where their properties can 
be utilized efficiently, mainly in components facing 
very high temperatures and/or aggressive environments 
at certain levels of mechanical or thermo-mechanical 
stress. Superalloys are preferred in all parts where their 
properties are sufficient. The utilization of silicon 
nitride (S i 3 N 4 ) in hot applications such as heat engines 
is presently restricted by the lack of efficient joining 
methods to superalloys. Since an efficient use of these 
materials requires the joint to be positioned as far into 
the hot zone as possible, the joint must be able to 
sustain high temperatures (500-700°C) during use and 
even higher temperatures during the formation of the 
joint. The possibilities to design with an efficient 
combination of these materials are strongly related to 
the obtained durability of the joint. 

Methods for ceramic/metal joints in structures used at 
elevated temperatures must deal with two major restric
tions, namely the high residual stresses and excessive 
reaction layers that can occur in the bonded region du
ring joining and use [1 - 6]. The strong covalent bonding 
in silicon nitride results in a lower coefficient of thermal 
expansion (CTE) than for most ceramics, while superal
loys base their creep resistance on the FCC structure, 
causing a higher CTE than for ferritic steels. If silicon 
nitride and superalloys are rigidly joined, tbe thermally 
induced strains due to tbe large CTE mismatch result in 
extreme residual stresses that frequenUy cause fracture in 
the joint or some hundred microns into the ceramic [7-
10]. 

2. Literatur« review 
The main methods for joints between silicon nitride and 
metal alloys intended for use at elevated temperatures are 
diffusion bonding or active metal brazing. A recent lite
rature review of these methods and the factors governing 
their durability [11] showed that most work have con
cerned methods to reduce the residual stresses by apply
ing metallic interlayers in brazed or diffusion bonded 
joints. The frequently proposed solutions by changing 
the composition from the metal side through ductile me
tal interlayers such as nickel or copper [7,12-17] and/or 
refractory metals such as tungsten or molybdenum 
[17,18,9,12,14,7,19] are difficult to protect against fati
gue and oxidation, respectively [2]. The low-expansion 
characteristics of I n v ar and K o v ar are restricted to rela
tively low temperatures (below 200°C and 300°C, re
spectively). In a recent study on Incoloy 909 [20], it 
was found that the benefits usually claimed for the use 
of this superalloy, a relatively low thermal expansion 
up to about 400°C, is reduced by the considerably higher 
expansion in the range above 400°C and up to the joi
ning temperature. 

Less work have been devoted to prevent the formation 
of excessive reaction layers with inferior mechanical and 
chemical properties at the interface. Furthermore tbe ne
cessity to retain the optimum microstructure of the 
metal alloy after heat treatments experienced during 
joining has almost been ignored. 

The two latter factors are very dependant of the tempe
rature and hold time during joining. For applications 
with the highest requirements on joint durability, joi
ning in the solid state by diffusion bonding is the prune 
choice. This is due to the possibilities to minimize reac
tion zones and avoid phases with low melting points 
and limited chemical stability. Most work on diffusion 
bonding with superalloys have, though, been conducted 
at very high temperatures (above 1000"C) [7,16,19], 



leading to the formation of thick reaction layers and pro
bably excessive grain growth of the superalloy due to 
dissolution of grain-boundary precipitates. The forma
tion of such reaction layers reduce the joint durability 
and thus the main advantage of diffusion bonding over 
brazing methods. The work on diffusion bonding bet
ween a dense HIPed ß-sialon and pure nickel could be 
performed up to 1100°C without the formation of thick 
reaction layers [12], possibly due to the lower reactivity 
when no nitride former is present at the interface to ini
tiate the decomposition of S i 3 N 4 . The presence of the 
grain-boundary phase formed with additives of MgO+ 
Al2O, in sintered Si 3 N 4 was found to increase the 
formation of reaction products [14,12]. The influence on 
the formation of reaction products from the composition ^ 
of the silicon nitride material used (such as grain -
boundary phase composition and impurity levels) has 
otherwise not attracted much attention, or occasionally 
not even been known [9]. 

The influences from the level and direction of applied 
pressure are often neglected. It could be useful to point 
out that a majority (four out of seven) of mechanisms 
used in the diffusion bonding model by Hill and Wallach 
[21] are directly or indirectly dependant on the level of 
the applied pressure. 

Joint configurations other than the planar butt-end 
joint can be achieved by hot isostatic pressing (HIP). 
This method is presently considered to be an efficient 
sintering method for densifying powder bodies of metals 
or ceramics to fully dense components with close tole
rances [22] or for defect healing of castings. The use of 
HIP for joining purposes has up to now mainly concer
ned diffusion bonding of different metal alloys such as 
austenitic steel to ferritic steel, but tbe use of large HIP 
facihties could make diffusion bonding more accessible 
as a mass production process and increase the range of 
geometries that can be joined with diffusion bonding, 
according to Nicholas [3]. 

The high isostatic pressure (100-200 MPa) acting on 
the encapsulation of the joint pieces (evacuated before 
sealing and application of pressure) forces the metal at 
the joint interface to plasticize and accommodate to the 
surface of the ceramic. The yield strength of the metal 
alloy at joining temperature is usually lower than the 
applied HIP pressure, since even for most superalloys, 
the major strengthening precipitates are dissolved at 
these temperatures. The major part of tbe void elimina
tion can therefore be performed by yielding, mainly 
followed by power-law creep. This takes place without 
the shape distortion of the joint pieces that would occur 
if uniaxial pressure was applied up to this high level at 
the joining temperature, according to Suganuma [4]. 
The ability of superalloys to adapt to the very rough 
surface of a SiC/SiC continuous fibre composite 
during diffusion bonding by HIP was described by 
Larker «rar. [23]. 

In contrast to other joining methods such as active 
metal brazing or conventional diffusion bonding using 
vacuum hot pressing, the interfacial joining processes 
are taking place in a closed system inside tbe capsule. 
The pressurized encapsulation prevents both unwanted 
reactions with the furnace atmosphere and possible de
gradation by the formation of voids due to released 
gases, e.g. nitrogen during joining of silicon nitride. 

These advantages for diffusion bonding by HIP permit 
reduction of bonding temperatures, resulting both in 
lower residual stresses and in a very thin interface, if 

chemical stability between the ceramic and tbe 
superalloy can be obtained. Moreover, the possibihty to 
retain the optimum microstructure in the metal alloy is 
increased with lower joining temperatures. 

Concerning residual stresses, the main conclusion ba
sed on the review [11] was that in Si3N4/metal joints 
intended for high service temperatures (500-700°C), the 
CTE mismatch could not be sufficiently reduced by 
modifying only the metal side of the joint. The compo
sition in tbe ceramic part of the joint should therefore be 
graded to increase the thermal expansion behaviour from 
the low CTE value in monolithic silicon nitride up to a 
significantly higher value at the ceramic/metal interface. 
The supplementary ceramic phase in such graded particu
late composites should fulfil the following require
ments: 

• intermediate CTE; 
• sufficient stability against reactions with S i 3 N 4 

(during sintering); 
• useful properties of the particulate composite for

med with S i 3 N 4 ; 
• controlled reactivity against the superalloy (during 

joining and use). 
Titanium nitride (TiN) and titanium diboride (TiB 2) 
were found to possess suitable properties and were avai
lable in a variety of compositions, produced by ABB 
Cerama, Sweden, using glass-encapsulated HIP at 
1600°C. Dilatometric measurements showed that the 
steepest change in the mean CTE appears to take place 
in the interval 40-60 vol% of TiN or T iB 2 , where 
both ceramic phases are continuous [24]. Tbe value at 
80 vol* TiN could reduce the CTE mismatch against 
Incoloy 909 to less than half from Aa=8.8|tm/ 
(mxK) to Aa=3.5 um/ftnxK). 

3. Materials and geometry for diffusion 
couples 

3.1. Joined materials 
The composite mainly treated in this paper was made 
from powder mixtures of S i 3 N 4 and 60vof% TiN, 
with an Y 2 0 3 sintering additive level being 4.0 wt% of 
the Si3N 4 constituent. 

Four other different ceramics were included in this 
study. One was a composite made from powder mixtures 
of S i 3 N 4 and 50 vol% T i B 2 , with an Y 2 0 3 sintering 
additive level being 0.3 wt% of the S i 3 N 4 constituent 
Three of the ceramics were monolithic materials, 
namely S i 3 N 4 with 2.5 wt% Y 2 0 3 as a sintering addi
tive, S i 3 N 4 without additives, and S i 2 N 2 0 without 
additives [25]. All five ceramics were sintered to theore
tical density by glass-encapsulated HIP. 

The superalloy used was Incoloy Alloy 909; 
(composition in wt%: 42.9Fe, 37.4Ni, 13.0Co, 
4.7Nb, 1.5Ti, 0.4Si, £0.1 Al, 0.02C). It was heat 
treated for optimum tensile properties by solution anne
aling at 980°C/1 h/AC, followed by ageing at 
720°C/8h/FC+620°C/8h/AC [26]. 

3.2. Joining parameters 
The joining temperature was chosen to be 1200 K 
(927°C) considering results from thermodynamic calcu
lations of possible reactions [5,27,28] and with the aim 
to retain a useful microstructure in the superalloy after 



joining [20.29]. The 200 MPa argon pressure level was 
the upper limit of the HIP equipment used, and the hold 
time was four hours to permit die formation of relevant 
reaction products. 

The reaction zones between diffusion bonded bulk 
samples of silicon nitride and Incoloy 909 have earlier 
[10] showed to be very thin (1 -2 pm), being below the 
spatial resolution limit for SEM/EDS. Recent work in 
TEM [12-15] have shown the possibilities to resolve 
the details of reaction products between silicon nitride 
and nickel. Due to the high yield strength of superalloys 
such as Incoloy 909 in comparison with pure nickel, 
the residual stresses can cause fracture in the joint or 
some hundred microns into the ceramic, where tbe stress 
level is highest [7,10]. The stress level decreases with 
decreasing dimensions of the joint, but the handling du
ring thinning and examination still involves a conside
rable risk for failure of the specimen. 
It was therefore considered necessary to improve tbe 
joint configuration used in the preparation of thin-foil 
specimens for AEM studies. 

3.3. Preparation methods 
In a recent paper, Ishida et al [30] discussed tbe difficul
ties associated with preparation of thin-foil specimens 
from ceramic-metal joints. A general difficulty is of 
course that the thinning process must be controlled so 
that both the reaction zone as well as some of the unre
acted ceramic and metal on each side of the joint are 
thinned to electron transparency (5200 nm) without 
complete removal of any of these areas during the pro
cess. The positioning control is greatly enhanced by the 
use of dimple grinding and polishing with diamond slur
ries on one side of the specimen after planar grinding 
and polishing. Tbe use of the dimple grinder can produce 
a specimen suitable for argon ion-beam thinning where 
the centre has a thickness of only a few tens of microns, 
while tbe circumference giving the strength necessary 
for handling has a larger thickness (about 100 um), de
termined in the planar grinding and polishing steps. 
This does also decrease the time needed to reach suffici
ently thin specimens, reducing the cost as well as tbe 
risk of contamination influencing the compositional 
measurements. 

The thinning of tbe the model combination 
Al j O 3 /Nb is facilitated by the almost equal thinning 
rates of these materials under the ion-beam [30]. 
Unfortunately, tbis is not the case for joints between 
silicon nitride and metals [30]. For joints between two 
pieces of silicon nitride brazed with an Ag-Cu-Ti 
braze, the argon ion-beam thinning rates are so different 
that the two compound layers formed between the braze 
and tbe ceramic (mainly Ti,S i , and TiN) remained as 
relatively thick needles, while both S i jN 4 and the Ag-
Cu-Ti braze were thinned away. This selective thinning 
is so pronounced that the compound layer could resist 
tbe increased penetration depth of the 1 MeV beam in a 
high voltage electron microscope (HVEM). Off-
centering of the ion-beam from the joined interface was 
not enougb to reduce the selective thinning. For a 
diffusion bonded joint between silicon nitride and nickel 
the amorphous layer formed was instead thinned faster 
than tbe surroundings and appeared as a groove [30]. 

Diffusion couples with planar interfaces are not l i 
mited to the butt-end geometry when HIP is used, and 
the materials can instead be machined to a semicylindri-

cal shape. Tbe machining of tbe ceramic and metal ma
terials to semicylinders before joining is more compli
cated, but tbis is more than equalized by the easier pre
paration of thin TEM specimens after joining. 

The capsule tube adopts the shape of the joined semi-
cylinders during HIP and can also form bond to both of 
the joined materials. If the CTE value of the capsule 
material is higher than for the joined materials, the cap
sule would like to shrink more on cooling from the 
HIP temperature. This results in residual compression 
forces on the semicylinders, which is beneficial for the 
integrity of the joint wben the joined couple is machi
ned to prepare thin-foil specimens. For the joint bet
ween S i s N 4 and Incoloy 909, capsules of either cop
per, mild steel or austenitic stainless steel would give 
this result. Stainless steel was chosen due to its combi
nation of beneficial properties such as a high CTE va
lue, a rather high yield strength at room temperature, a 
non-magnetic behaviour and the availability of thin-
walled tubes in suitable dimensions. 

3.4. Geometry of diffusion couples 
Diffusion couples, designed to facilitate the subsequent 
preparation of thin-foil specimens, were fabricated ac
cording to the following route: 

• Ultrasonic machining of the five ceramics and elec
tro-discharge machining of Incoloy 909 to cylin-
dric samples with 2.32mm diameter and 4.0mm 
length. 

• Grinding lengthwise to obtain semicylinders with a 
planar surface (4.0 x 2.32 m m) on each sample. 

• PoUshing of tbe planar surfaces using slurries down 
to 1 um diamonds. 

• Encapsulation of paired ceramic/metal semicylin
ders in a stainless steel tube with 3.0 mm outer di
ameter and 2.35 mm inner diameter. The five diffe
rent diffusion couples were separated axially by spa
cing plugs of stainless steel made with a waist-line 
in the middle of their 5 mm length to facilitate the 
positioning of later slice cutting (see Fig. 1 for 
complete configuration). 

• Diffusion bonding by HIP at 927°C (1200K) and 
200 MPa for 4 h. 

W hollow end plog (s.v> te ram\ 
J spacing plug (s.s.) 15 mm) 

mmW T I N / S I 3 N 4 -composite • IN909 14 mml 
I spac ing plug (vs.) \5 txvn\ 

S . 9 TiB2 / S i a N « -composite + IN909 (4 mm\ 
M s p a c i n g plug (s.s.) (5 mm) 

fl.S S12N2O (addrlive-lree) + IN909 14 mml 
4f s p a c i n g plug (s.s.) i s nwrt) 

L I S13N4 (additive-lree) + I N 9 0 9 (4 mm\ 
J s p a c i n g plug (s.s.) 15 mml 

S i 3 N 4 (2.5 wt% Y 2 0 3 ) + I N 9 0 9 14 mml 
I s p a c i n g plug (s.s.) is mml 
• threaded end p l u g (s.s.) p mml 

Figure 1. Configuration of ceramic and metal materials 
before encapsulation and diffusion bonding by HIP. 

3.5. Preparation of thin-foil specimens 
One of the diffusion couples, the one with Si 2 N 2 0» 
failed due to insufficient axial positioning during inser
tion of the five couples and six spacing plugs into the 
tube before encapsulation. This could be observed after 
HIP but before cutting of thin slices, due to the diffe
rent shape of the capsule at this position. The remaining 



four diffusion couples in the capsule were successfully 
bonded, and the preparation of thin-foil specimens were 
conducted in tbe following way: 

• Diamond wheel cutting of thin slices (400 um) 
from tbe joined diffusion couples including a collar 
of the capsule. The number of slices from each 
couple could be maximized by observing the posi
tions of the waistlines formed in the surface of the 
capsule at the middle of every spacing plug. Six or 
seven slices were obtained from each couple. 

• Planar grinding with SiC paper (1000mesh follo
wed by 4000 mesh) to about 70 um thickness with 
the specimen mounted on a Gatan Disc Grinder. 

• Planar polishing in four steps using Struers DP-
Spray on different DP-Cloths (6pm diamonds on 
DP-Plan, 3um on DP-Plan, 1 pm on DP-Dur 
and 0.25 um on DP-Nap) wiüi the specimen held 
by a Gatan Disc Grinder. 

• Dimple grinding and polishing to about 7 pm final 
minimum thickness (measured using the narrow 
depth of focus at 1000 X magnification in an optical 
microscope) using a Galan Dimple Grinder with 
wheels of 15 mm diameter and with a 20 g load. 
Initially, grinding with 9 pm diamond paste was 
used down to about 25-30 urn thickness, followed 
by 6 um paste down to about 20 pm thickness and 
2.5 pm paste down to about 15 pm thickness. 
Polishing was then conducted with 1 pm and 
0.25 pm paste down to the final minimum thick
ness. 

• Argon ion-beam thinning was finally used to ob
tain electron transparent areas of the joint interface 
using a Gatan Duomill at 5kV and with a beam 
angle of 14° relative to Ihe specimen plane. The 
specimen was rotated during thinning, and the effec
tive thinning time was usually about 2 h. 

During ion-beam thinning, it was found that selective 
thinning was pronounced when the ion-beam was paral
lel to die interface. Therefore shields of stainless steel 
were attached on the holder of the rotating sample to 
avoid thinning when the angle of rotation was within 
±45° of the direction parallel to the interface. 

The reduced CTE mismatch in joints with the 
composites could be clearly observed by the markedly 
lower occurrence of cracks in slices with these ceramics 
compared to slices with the monolithic silicon nitride 
materials, especially the more brittle additive-Hee 
S i 3 N 4 . Cracking was not found closer than 200 pm to 
the ceramic/metal interfaces. 

Due to the difference in polishing rate for the metal 
and the ceramic, the harder DP-Plan cloth was used 
down to 3 pm, followed by the DP-Dur instead of the 
softer DP-Mol cloth for the I pm diamonds. 

The hardness of Ute ceramic part in tbe diffusion 
couple was found to markedly influence the dimpling 
speed with the coarser diamond pastes (9 um and 6 um). 
Tbe composite wiüi 50vol% TiB 2 and tbe highest 
hardness (H V 0 s = 20 GPa) was observed to require con
siderably longer dimpling time than the softest ceramic, 
the 60vol% TiN composite (HV 0 5 = 15GPa), while 
the two couples with monolithic S i 3 N 4 were interme
diate in both hardness and dimpling time. 

The centre of the dimple grinding was initially posi
tioned about 250 um into the ceramic. This was based 
on the presumption that Incoloy 909 would be less re

sistant to argon ion-beam thinning than tbe different 
ceramics. This was, however, only true for the diffusion 
couple with the 50vol% TiB 2 composite. The pro
nounced topography observed in secondary electron ima
ges (SEI) showed that the S i 3 N 4 phase was thinned 
much faster than the TiB 2 phase, and that it is possible 
that the TiBj grains lo some extent have shielded the 
S i 3 N 4 grains from even faster thinning by the ion-
beam. 

The monolithic S i 3 N 4 materials were considerably 
less resistant than Incoloy 909 to the ion-beam. The 
composite with 60vol% TiN was also less resistant, 
although the TiN grains to some extent behaved in the 
same way as the TiB 2 grains. For optimum results, it 
was therefore necessary to position the centre of the pro
ceeding dimple grinding closer to the metal side. When 
the centre was positioned at the interface, the dimple 
drifted further into the softer metal, which was found 
beneficial after the subsequent ion-beam thinning 
Therefore the centre of the dimple grinding was finally 
positioned about 250 um into the metal for diffusion 
couples with the 60vol% TiN composite or with the 
two monolithic S i 3 N 4 materials. 

Tbis preparation route for thin-foil specimens was 
successful for the diffusion couples with the two com
posites. The ion-beam thinning of diffusion couples 
with the 50 vol% TiB 2 composite resulted in a hole on 
the metal side close to the interface, surrounded by elec
tron-transparent areas including the interface. It is bene
ficial for the contrast in transmission microscopy that 
the metal side is thinner than the ceramic side, because 
the higher specific density of the superalloy causes ex
tinction of the electron beam for a smaller specimen 
thickness than is tbe case for tbe ceramic phases (in par
ticular Si 3 N 4 ) . Since tbe S i 3 N 4 grains were thinned 
more rapidly than both tbe superalloy and especially the 
TiBj grains, it was still difficult to find areas at the 
joint interface having both thin TiBj grains and adja
cent remaining S i j N 4 grains. The appearance of a thin • 
foil specimen with the 50 vol* TiB 2 composite is 
shown in Fig. 2 a. 

Ion-beam thinning of diffusion couples with the 
60 vol % TiN composite initially resulted in a hole on 
the ceramic side of the interface, causing the metal side 
to be too thick for transmission of the electron beam. 
Changing the dimple grinding centre to be positioned at 
tbe interface resulted in a thin area on both sides of the 
interface. Tbis entails, however, that the interfacial areas 
possible to examine are very limited due to the rapid 
increase in thickness with increasing distance from the 
hole. Further change of dimple position into the metal 
resulted in a hole on the metal side close to the inter
face, surrounded by electron-transparent areas including 
the interface to the composite. Since the difference in 
thinning rate between grains of TiN and S i 3 N 4 was 
much smaller than the large difference between TiB 2 

and Si 3 N 4 , the ceramic grains were more evenly thin
ned in the 60 vol% TiN composite. Tbe combination of 
thinner Si 3 N 4 grains and their lower density (compared 
to TiN) still resulted in a large difference in image 
brightness between the grains in the ceramic composite. 
Two thin-foil specimens with the 60vol% TiN com
posite, one dimpled with the initial dimple grinding po
sition and the other with the final position, are shown 
in Figs. 2 b and 2 c respectively. 



The diffusion couples with the two monolithic S i 3 N 4 

materials proved to be more difficult to prepare, both 
due to fast thinning of the silicon nitride and to the 
considerably higher residual stresses in these couples 
from larger CTE mismatch (Aa=8.8um/(mxK)) 
compared to the couples with the composites (Act =4.4-
5.9pm/(mxK)). The large stresses often caused he
mispherical cracking at a small distance from the inter
face, especially for the S i jN 4 material HIPed without 
additives, having a lower fracture toughness. One spe
cimen could be prepared with the tougher S i 3 N 4 mate
rial (HIPed with 2.5 wt% Y 2 0 3 as a sintering addi
tive), but the selective thinning caused the metal side to 
be non-transparent to the electron beam. Thus only con
centration profiles could be obtained from that speci
men. The appearance of a thin-foil specimen with the 
monolithic silicon nitride (HIPed with 2.5 wt% yttria) 
is shown in Fig. 2d 

Figure 2. Thin-foil specimens after ion-beam thinning. 

4. Analys is of diffusion reactions 
4.1 Analytical Electron Microscopy 

Most of the work was conducted with a Jeol JEM 
2000-EX analytical electron microscope equipped with 
a Link AN 10000 system for EDS element analysis. 
The EDS detector was protected by a thin beryllium 
window; therefore the light elements nitrogen, boron, 
carbon and oxygen were omitted in the measurements, 
while the remaining elements in the ceramics (silicon 
and titanium) and in the superalloy (iron, nickel, cobalt, 
niobium, titanium and silicon) were measured. 

Two types of specimen holders were used; most work 
including tbe EDS elemental analysis was conducted 
with a graphite holder, while some structural investiga
tions were conducted with a double-tilt holder. The 
specimens were consistently mounted with the interface 
of the joint perpendicular to the axial direction of the 
holder. Since the ceramic composites were electrically 
conductive, the specimens did not require carbon coaling 
to avoid charging under the electron beam. 

To obtain compositional profiles, quantitative micro
analyses were conducted using the RTS-2/FLS pro
gramme. Tbis programme compares the characteristic 
peaks of the acquired spectra with stored standard profiles 
for each pure element, and the energy scale is calibrated 
against a generated zero peak and the Cu K a peak from a 
specimen of pure copper, measured during the same ses
sion at tbe microscope. Elemental concentrations were 
calculated using the thin foil approximation wilh correc

tions for absorption and normalized to 100 at% 
(nitrogen, boron, carbon and oxygen could not be 
detected). The points were normally positioned with 
25 nm spacing along straight lines perpendicular to tbe 
interface, and since the electron beam of about 6 nm 
diameter while penetrating the thin foil (150-200 nm) 
broadens up to about 25-30nm diameter, there is still 
only a slight overlap between consecutive points. Tbe 
resulting spatial resolution is nearly two orders of 
magnitude higher than for quantitative point analyses 
with ZAF correction calculations, earlier conducted on 
bulk diffusion couples in SEM [10]. The acquiring time 
for each point was chosen to be 100 s. 

4.2. Reaction phases found at the joint interfaces 
The main impression from all of the joint interfaces 

examined is that the formation of reaction products is 
very limited. The maximum total thickness of the reac
tion layers formed was below 1 um. Two reaction pha
ses could be readily observed in all specimens examined; 
the first phase was a continuous, about 100 nm thick 
layer (bright) consisting of numerous small crystals 
along the ceramic/metal interface, while the second was 
a semi-continuous layer (dark) of larger crystals formed 
with varying thickness into the superalloy. The charac
teristic appearance is shown in the diffusion bonded in
terface between die TiN/S i 3 N 4 composite (left) and 
Incoloy 909 (right) in Fig. 3. 

Figure 3. Reaction layers between the TiN/Si jN 4 compo
site (left) and Incoloy 909 (right). 

Tbe relatively large grain to the left of the joint in 
Fig. 3 was a titanium nitride grain, while the adjacent 
silicon nitride grains above and below at the interface 
were almost absent, due to the higher thinning rates of 
these grains. Areas of interface with remaining silicon 
nitride adjacent to sufficiently thin titanium nitride 
grains could be found where a small S i 3 N 4 grain was 
shielded by tbe more resistant TiN grains during ion-



beam thinning. An example of this is shown at lower 
magnification in Fig. 4a and a detail of the reaction 
zone adjacent to the S i 3 N 4 grain is shown at higher 
magnification in Fig. 4b. Both reaction phases were 
more efficiently thinned adjacent to the Si 3 N 4 grain, 
due to the increased exposure to the ion-beam perpendi
cular to the interface when the thickness of the Si 3 N 4 

gram decreased. 

1 00 nm 

Figure 4. Phases formed at the interface with a S i 3 N 4 grain 
(bright) in the TiN/Si 3 N 4 composite: (a) overview; 
(b) detail of phases formed at the joint interface. 

4.2.1. Continuous reaction phase 
The continuous layer between the ceramic grains and 

the grains of the semi-continuous reaction phase or the 
superalloy matrix contained clusters of very fine 
(<50nm) crystals. EDS point measurements resulted 
mainly in titanium peaks, and both selected area elec
tron diffraction (SAED) and convergent beam electron 
diffraction (CBED) indicated that they were mainly 
TiN crystals. The crystals formed during joining are 
more than one order of magnitude smaller than the 
grains of the composite, but the EDS measurements 

could not distinguish between the crystals formed and 
the TiN orTiB 2 grains of the composites, since nitro
gen or boron could not be detected. 

4.2.2. Semi-continuous reaction phase 
The thicker semi-continuous reaction phase consisted 

of seemingly defect-free grains elongated along the 
interface and was situated mainly in the superalloy close 
to the interface. Compositional profiles were determined 
along straight lines across these grains perpendicular to 
the interface by quantitative EDS point microanalysis 
with 25 nm spacing between consecutive points. A 
typical compositional profile for a wide grain of this 
phase is shown in Fig. 5. 
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Figure 5. Compositional profile perpendicular to the inter
face from a relatively wide grain of the semi-continuous 
phase determined by quantitative EDS point microanalysis. 

This reaction phase was found to mainly consist of 
nickel, silicon and niobium. Enrichment of niobium and 
nickel is known to occur in all four major precipitates 
Cy', e", E and Laves) in Incoloy 909 [29], but only e 
and Laves have a higher content of niobium than tita
nium. Due to the higher content of silicon in Laves 
and to its globular shape (contrary to the acicular e), it 
was initially proposed [24] that the major reaction phase 
formed at the interface was a La v es phase. 

That phase is known to form in grain boundaries at 
the high temperatures (800- 1040°C) routinely encoun
tered during hot working and annealing [29,31]. The 
shortest time for precipitation of Laves (<0.1h) is 
found at 870-930°C in the time - temperature - transfor
mation (TTT) diagram [32,31.29]. Since the diffusion 
bonding was performed at 923°C for four hours, it was 
likely that Laves phase was formed. Such AjB-type 
compounds are characterized by close-packed layers of 
slightly smaller A atoms (e.g. Fe, Co), separated by 
layers of slightly larger B atoms (e.g. Nb, Ti). 

Tbe formation of Laves phases is in general known 
to be stabilized by increased levels of silicon, niobium 
and titanium in Fe-Ni alloys [33,29,34,35,36]. The 
grain-boundary Laves phase dominating in Incoloy 
909 is of the hexagonal MgZn 2 -type (C14) with the 
lattice parameters a =4.77 Å and c=7.76 Å [29]. Its for
mation is promoted by additions of silicon in Fe-Nb 
and Fe-Ti alloys [36] and by nickel in Co-Nb alloys 
[37], and it has an extensive solubility for silicon (up to 
25-27at%) in both Fe2Nb [38] and Fe 2Ti [36] at 
1100°C. The silicon content measured in tbe five single 
grains of the major reaction phase could thus be on tbe 



solubility limit for these structures. One of the other 
two possible Laves structures, the cubic MgCu2 -type 
(C15), can be formed in Co-Nb alloys [38], but above 
about 5 at% S i , the structure changes to the hexagonal 
MgZn2-type (C14), which-is stable up to about 
15 at% S i at 1100°C. The extensions of the Laves phase 
regions along constant niobium lines in the Fe-Nb-Si 
andCo-Nb-Si systems indicate that silicon is substitu
ting for iron and cobalt atoms, respectively [38], 

No Laves phases are, however, known to form in the 
Ni-Nb-Si orNi-Ti-Si systems. While Fe-basedal-
loys tend to prefer the precipitation of TCP 
(topologicaUy close-packed) phases such as Laves, o, 
p and x . the Ni-based alloys instead prefer GCP 
(geometrically close-packed) A3B-type precipitates 
such as y', T|, y " or e. This tendency is called tbe 
Laves-Wallbaum effect [34]. The size ratio between the 
atoms in the A2B-type compounds would favour 
Laves phase formation between titanium or niobium as 
the slightly larger B element and nickel as the A ele
ment The absence of such phases is attributed to an un
favourable electron/atom ratio [39]. 

Recent work by Savin [40] on the system Ni-Fe-Nb 
further showed that nickel-rich compositions prefer the 
orthorhombic 8-phase (Ni3Nb) instead of Laves pha
ses. The 8-phase is formed during overageing of tbe or
dered Y" B C T (body -centered tetragonal) major strengt
hening phase in Inconel 718. High contents of silicon 
and niobium and low contents of aluminium promote 
this transformation, which is detrimental for the proper
ties of such Fe-Ni -based alloys [33]. It is therefore not 
obvious why nickel is the main A atom in the A 2 B 
grain-boundary Laves in Incoloy 909 [29]. 

These obscurities resulted in further examination of 
tbe semi-continuous reaction phase at the joint interfa
ces. An extensive SAED work was conducted to charac
terize its crystal structure. A low index SAED pattern 
was first obtained by tilting the specimen, as shown in 
Fig. 6a. By tilting around the two shortest reciprocal 
lattice vectors in this pattern, two series of SAED pat
terns were then obtained. The two projected reciprocal 
lattice planes which were perpendicular to the tilt axes, 
respectively, could be drawn up with the two systematic 
tilting series and so enabled determination of the recipro
cal lattice unit cell and, as a consequence, the crystal lat
tice unit cell. The deduced Bravais lattice for this phase 
was FCC (face-centered cubic) with the lattice parame
ter a= 11.3 Å. The two low index patterns shown in 
Figs. 6 a and 6 b could therefore be indexed with tbe zone 
axes [100] and [110], respectively. 
A further investigation using CBED (convergent beam 
electron diffraction) was conducted to confirm the FCC 
crystal structure of the tbis reaction phase. The 4mm 
symmetry deduced from the relative diffracted intensities 
in the HOLZ (high order Laue zone) rings further indi
cated that the major reaction phase had a FCC aystal 
lattice instead of a hexagonal lattice. 
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Figure 6. SAED patterns of tbe major semi-continuous 
reaction phase: (a) zone axis [100]; (b) zone axis [110]. 

The determined lattice parameter a= 11.3 Å was too large 
for a cubic Laves phase, and the silicon content in the 
major reaction phase was also too high for that struc
ture, as earlier described. 

The semi-continuous reaction phase must therefore be 
some other compound, that combines a large cubic lat
tice parameter with high contents of nickel, silicon and 
niobium. One such possibility is a ternary silicide called 
the G-phase. It was first discovered by Beattie et al in 
the Fe-Ni superalloy A-286, where a silicon content 
above 0.5 wt% caused precipitation of G-phase in grain 
boundaries after solution treatment at 930°C for 4h 
followed by ageing at 650-815°C for 1000 h; (the arbi
trary name was assigned owing to its prominent appea
rance at grain boundaries) [35], The presence of G-
phase in grain boundaries retarded high-temperature 
grain growth, similar to the effect of Laves in Incoloy 
909 [29]. 

Later work by Beattie et al. showed that G-phase pre
cipitated in nickel-rich and cobalt-rich complex austeni
tic alloys after solution treatment at 1205°C for 8h 
followed by ageing at 815°C for 1000 h, on condition 
that the contents of silicon and titanium were simulta
neously high (about 1 wt% and 1.7 wt%, respectively) 
[34]. The G-phase compositions suggested by Beattie 
etal. wereNi 1 3 Ti 8 Si 6 and (Ni,Co) 1 6 T i 6 S i 7 , respec
tively. 
G-pbase silicides have recently been found as a minor 

phase in Incoloy 909 after prolonged exposure 
(>100h) at 820-1040°C. Its composition was 
N i i 6 Nb 6 Si 7 (isostructural with M 2 3 C 6 (116F)) [29], 
Cobalt and titanium could substitute for nickel and nio
bium, respectively, in its structure [31]. 

Under the presumption that also iron to some extent 
can substitute for nickel in G-pbase, the compositions 
determined for the grains of the major reaction phase 
was found to fit well with both of tbe suggested compo
sitions N i 1 3 Ti 8 Si 6 andNi 1 6 Nb 6 Si 7 . 

The lattice parameters for the cubic G-phase silicides 
formed with titanium, (Ni ) ;Ti«,Si6 and (Ni,Co)i 6Ti 6 

Si 7), characterised by Beattie et al, were a=11.198Å 
and a= 11.191 Å, respectively, as determined by X-ray 
diffraction of extracted precipitates. An extensive deter
mination of the lattice parameters for cubic G-phases 
was conducted by Spiegel ef al. [41]. According to the 
crystal structure, the Ni j 6 T i 6 S i 7 was considered to be 
the ideal composition. With Ni, the lattice parameters 
of tbe G-pbase were a=l 1.187 Å with Ti and 
a=l 1.249 Å with Nb, while for Co the lattice para
meters were a= 11.201Å and a= 11.235 Å, respectively. 



Tbe combination of nickel and titanium was tbe most 
effective in forming G-phase, while iron was not 
found to form G-phase with any transition element 
[41]. The lattice parameter for the cubic G-phase sili
cide formed with niobium in Incoloy 909 
(Ni i6 N b 6 Si 7 ) was by X-ray diffraction determined to 
be a=l 1.25 Å [29]. These values are in good agreement 
with the lattice parameter a=l 1.3 Å for the major reac
tion phase formed at tbe joint interface, as determined by 
electron diffraction. 

A third compound possible to form with the elements 
present at tbe joint interface and having a cubic structure , 
with a large lattice parameter is Fe 2Nb 3. It has the lat
tice parameter a=l 1.261 Å [42], and it is isostructural 
with T i 2 N i (a=11.319Å) [43]. The composition range 
of Fe 2Nb 3 is, however, restricted to 56-64 at% Nb and 
the maximum silicon solubility is about 6at% at 
1000°C [42]. 
Since the semi-continuous reaction phase examined at 

the joint interfaces was single grains, and not agglome
rates of different silicides, it was most probable a G-
phase silicide with some substitution of cobalt and 
iron for nickel and titanium for niobium. The main rea
son for its formation (instead of Laves phase) was pro
bably the good supply of silicon at the joint interface, 
compared with the limited supply of silicon in the supe
ralloy itself (1.2at%Si in Incoloy 909). The source 
of niobium and titanium was mainly intragranular pre
cipitates such as y, e"and e formed during ageing heat 
treatments (see Fig. 4). At the joining temperature, 
these precipitates (in particular y") were more or less 
dissolved, facilitating diffusion of niobium and titanium 
towards tbe metal/ceramic interface. Some niobium 
might also come from the Laves precipitates already 
present in grain boundaries in the superalloy, intersected 
by tbe interface with the ceramics. 
G-phase was formed at the joint interfaces already 

after four hours at 923°C, which is considerably quicker 
than for precipitation in S i-containing alloys (>100h) 
described in the literature [29,35,34]. Tbe main reason 
for tbis was probably the shorter diffusion path for 
silicon to the interface, compared with the diffusion to 
grain boundaries in alloys containing about 1 ar% S i . 
Tbe formation of G-phase was continuous along tbe 

interface to the composite with TiB 2 but only semi-
continuous both for the composite with TiN and for 
monolithic S i 3 N 4 . This difference is probably due to 
tbe occurrence of free silicon in the former composite 
from a partial decomposition of TiB 2 and S i 3 N 4 du
ring its densification, forming S i , BN and TiN together 
with the initial constituents. 
Occasionally, a third kind of reaction phase was found 

on the ceramic side in tbe specimens with tbe 
50vol%TiB2 composite. Clusters of small grains, rich 
in silicon, nickel, iron and cobalt, were found in former 
S i 3 N 4 areas. These clusters could be relatively large 
(up to 1pm in size). It is likely that they contain 
silicides of nickel, iron and cobalt, promoted by the free 
silicon present. 

4.3. Proposed reactions during joining 
It is known from phase equilibria in ternary Me-S i -N 

systems that at temperatures up to 1000°C, the potential 
silicide formers nickel, cobalt and iron are chemically 
inert to silicon nitride as long as nitrogen is not remo

ved due to a low partial pressure of N 2 or by formation 
of nitrides with other metals [44,27,45]. Therefore the 
initial reactions must concern titanium and/or niobium. 
These metals are markedly reactive and form both 
nitrides and silicides wilh S i 3 N 4 [44,27,46,5], 

For silicide formation between silicon nitride and these 
five metals, the largest negative free energy change AG 
is found for the formation of NbjSi 3 , followed by 
Ti 5Si 3and Ni 3 Si, while at 1000°C the free energy 
change is close to zero for Co 2Si and clearly positive 
for Fe 5Si 3 [5]. On the other hand, the free energy 
change (in kJ/mol of Si 3 N 4 ) for Si3N4/metal reac
tions forming both nitrides and silicides show that AG 
for the formation of TiN+Ti 5 Si 3 is very high, more 
than twice as high as for the formation of 
NbN+Nb3Si [17]. 

This implies that titanium is the strongest nitride 
former present, and that the first reaction at the cera
mic/metal interface is governed by the diffusion of tita
nium from the dissolved precipitates in the superalloy 
grains to the interface with silicon nitride, followed by 
decomposition of S i 3 N 4 grains and formation of TiN 
crystals. The remaining silicon is then free to diffuse 
into the superalloy and together with the matrix and tbe 
constituents of tbe dissolved precipitates form the G-
pbase silicide. This formation seems to be favoured in
stead of binary silicides with niobium, titanium and 
nickel. 

5. Conclusions 
Diffusion bonding of silicon nitride (Si 3 N 4 ) ceramics 

to tbe low-expansion superalloy Incoloy 909 by HIP 
bas shown to be efficient in several ways: 

• The metal surfaces have fully accommodated to the 
surfaces of the ceramics without macroscopic de
formation of the diffusion couples, resulting in 
good adhesion and void - free joints. 

• Tbe large residual stresses formed in the S i 3 N 4 -
metal joints during cooling caused cracking in the 
ceramics about 200 um from the joint interface, but 
the decreased CTE mismatch with the ceramic 
composites containing titanium nitride (TiN) or 
titanium diboride (Ti B 2 ) considerably reduced crack
ing problems during preparation of thin-foil speci
mens for analytical electron microscopy (AEM). 

• Two reaction products were found by AEM after 
four hours at 927°C; a continuous, very thin 
(SlOOnm) layer of fine TiN crystals at the initial 
ceramic/metal interface, and larger grains usuaUy 
forming a semi-continuous layer of a G-phase 
silicide containing mainly nickel, silicon and 
niobium extending about 100-500 nm into the 
superalloy. 

• Tbe proposed reaction is initiated by the diffusion of 
titanium from tbe dissolved precipitates in the supe
ralloy grains to the interface with silicon nitride, 
followed by decomposition of S i 3 N 4 grains and 
formation of TiN crystals. Tbe remaining silicon is 
then free to diffuse into the superalloy and will to
gether with the matrix and the constituents of the 
dissolved precipitates form the G-phase silicide. 
This formation seems to be favoured instead of bi
nary silicides with niobium, titanium and nickel. 



• The joining temperatures used (927°C) is within the 
temperature range suitable for beat treatment of the 
superaUoy. Excessive grain growth or formation of 
possibly embrittling phases in the superalloy have 
therefore been avoided. Joining could possibly be 
combined with annealing, later followed by ageing 
of the joined superalloy. 

A possible way to assemble a joint resistant to fatigue 
and corrosion during thermal cycling up to 50O-70O°C 
in oxidizing environments like hot air or those present 
in engines is suggested based on the experiences descri
bed in this paper: 

• The use of a functionally graded material (FGM) 
with increasing amounts of titanium nitride up to 
around 80 vol% TiN at the ceramic/metal interface 
might reduce the residual stresses to less (ban half 
of the stress level in SijN» - Incoloy 909 joints. 

• I^ng-time stability might be provided due to the 
following three factors: 
1. The composition of the graded composite at the 

ceramic / metal interface (around 80 vol* Ti N) 
entails that the silicon nitride grains present at 
the interface during joining are isolated. If these 
S i 3 N 4 grains (of about I pm in size) are 
completely reacted to form TiN and G-phase, 
further reactions will be inhibited due to the 
continuous TiN composite acting as a diffu
sion barrier. 

2. Most of the titanium and niobium is after ageing 
locked up in precipitates in the superalloy. 

3. Tbe maximum temperature experienced by the 
joint in use is about 2O0°C lower than tbe 
joining temperature. 

• Further reduction of residual stresses might be pos
sible by adapting a cermet composition of TiN and 
a low-expansion metal alloy between tbe functio
nally graded ceramic and the metal alloy. 
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Abstract—Diffusion reactions during solid state joining of a ceramic SiC/SiC composite to two superalloys. 
Hastelloy X and Incoloy 909, by Hot Isostatic Pressing (HIP) have been investigated. The HIP pressure was 
200 MPa in all joining cycles, and the temperature/dwell time were either 800°C/15 min, 900°C/1 h or 
1000°C/1 h. The reaction zones formed consisted of a thin layer of carbides surrounded by several layers 
containing silicides and free carbon. The thicknesses of the reaction layers increased with increasing 
temperature, but were more affected by the composition of the alloy. With more carbide formers in the 
alloy, the thickness of Ihe reaction layer decreased. The SiC composite was found to be considerably more 
prone to reactions with these superalloys during HIP as compared to S13N4 under similar conditions. 

1. INTRODUCTION 

The utilization of structural ceramics such as 
silicon carbide SiC and silicon nitride S i j N 4 in 
heat engines is at present restricted. One reason is 
that efficient joining methods to other high tem
perature materials such as superalloys are lacking. 
Structural ceramics should, due to manufacturing 
limitations and costs, be applied only in parts 
where their properties can be utilized efficiently, 
mainly in components facing very high 
temperatures and/or aggressive environment at 
certain levels of thermo-mechanical stress. Metals 
are preferred in all parts where their properties are 
sufficient. The possibilities to design with an 
appropriate combination of these materials are 
strongly related to the durability of the joint. 
Joining methods [1,2] for structures used at 
elevated temperatures must deal with two major 
restrictions, namely the high thermo-mechanical 
stresses and excessive reaction layers that can 
occur in the bonded region during joining and use. 
A third restriction, not often discussed, is the need 
to design joining methods that are thermally 
compatible with the heat treatments suitable for 
the alloy in the joint [2]. 

Very high stresses occur due to large mismatch 
in the Coefficient of Thermal Expansion (CTE) 
between the joined materials ( c t m e t a i » ot ceramic). 

This can cause fracture in the joint or in the 
ceramic, either during cooling from joining 
temperature or during thermal cycling in use. 

Reaction layers usually have inferior properties 
compared with the joined materials, thereby 
reducing the possible stability and strength of the 
joint. It is particularly important that the joining 

reactions do not continue during use at high 
temperatures. 

Possible bonding methods for joints intended for 
use at elevated temperatures (500-700°C) are 
mechanical attachment (shrink fit), active metal 
brazing or diffusion bonding, sometimes in 
combination. In the ceramic gas turbine, the hub 
of the ceramic turbine wheel is attached to a metal 
shaft. A proper design based on a shrink fit 
combined with diffusion bonding could be used at 
high temperatures, due to the absence of wide 
reaction zones with low melting points and 
limited chemical stability. 

Hot Isostatic Pressing (HIP) is mainly consid
ered to be an efficient sintering method for densi
fying powder bodies of metals or ceramics to fully 
dense materials [3] but does also offer some 
advantages for joining of dissimilar materials. In 
diffusion bonding, the most crucial aspect is the 
degree of alignment between the joined surfaces. 
A high isostatic pressure acting on the 
encapsulated joint forces tbe metal to plasticize 
and accommodate to the surface of tbe ceramic. 
The pressurized encapsulation prevents both 
unwanted reactions with the furnace atmosphere 
and degradation by formation of voids due to 
released gases, e.g. nitrogen during joining of 
SijN*. These advantages permit reduction of 
bonding temperatures, resulting both in lower 
residual stresses and in a very thin interface, if 
chemical stability between the ceramic and the 
metal can be obtained. 

In the present study, diffusion reactions between 
a SiC/SiC composite and two superalloys 
during solid state bonding by HIP were 
investigated. 



The superalloys were chosen to be one high 
temperature, moderate strength alloy with a high 
CTE and one alloy which combines a relatively 
low thermal expansion with high strength up to 
intermediate temperatures. 

Diffusion bonding procedures and kinetic studies 
in the literature have often been conducted at 
relatively high temperatures [4-6] and/or long 
hold times [4-5, 7-9]. Those conditions were 
presumably chosen due to the obvious need to 
increase the alignment between the joined surfaces 
by plastic deformation of the metal, especially 
when low uniaxial pressures were used. The large 
widths of the reaction zones may also have 
facilitated the examination of the abundant 
number of phases formed. 

Such joining parameters may, due to the fol
lowing reasons, not be suitable for joints between 
structural ceramics and superalloys in real appli
cations: 

The main reason to choose diffusion bonding 
as the joining method for a certain application 
is the superior durability provided by the 
absence of wide reaction zones having inferior 
properties. If the reaction zones grow to more 
than about 50 um, this advantage is not 
utilized, and brazing may then be a more cost-
effective method. 
The microstructure of the alloy might be 
destroyed when joining is performed at 
temperatures above 1000°C. Recent results 
concerning Incoloy 909 [10] indicate that 
extended time above 1040°C, the highest 
temperature recommended for heat treatments 
[11], causes dissolution of the grain-boundary 
Laves phase, followed by excessive grain 
growth. It has also been shown [2, 10] that 
even lower temperatures like typical braze 
cycles can affect the properties of the alloy 
drastically. 

This study, part of a project concerning joining 
between ceramics and metals [2, 12], was 
therefore directed towards temperatures and times 
closer to possible production parameters. 

2. LITERATURE REVIEW 

The literature on diffusion reactions between 
SiC and metals present in superalloys can, based 
on the duration of the heat treatments, be divided 
into three groups: initial reactions [13], kinetic 
studies during prolonged heat treatments [4-5, 7-
9] and diffusion bonding treatments [6,14,15]. 

I . Initial reactions between SiC single 
crystals and sputtered N i films (200 nm) after 
annealing for 15 min between 500-900°C have 
been studied with TEM by Brito et al. [13]. 

I I . Kinetic studies have been performed by 
several authors in the interval 700-1150°C for 
dwell times between 5-330h. 
III . Diffusion bonding has been conducted 
between 700-800°C for 1 h [14], at 950°C for 
4h[15], oral 1160°Cfor3h [6]. 

AU kinetic or diffusion bonding studies except [6] 
were conducted under uniaxial pressures between 
7-13MPa, while [6] was conducted by HIP at 
103 MPa isostatic pressure. 

Most studies of ceramic/metal reactions during 
diffusion bonding of S i C ceramics were conducted 
with pure Ni [4-5, 7-9, 13-15] and pure Fe [7-
9, 15], but reactions have also been studied with 
Ni-Fe alloys [8, 15], T i [9, 15], Cr [9], and with 
Ni-CrandNi-Cr-AI model superalloys [4-5]. 

2.1. SiC-pure Ni 

Initial reactions at 500-900°C were found to 
form orthorhombic 8-Ni 2 Si [13]. After 
prolonged time (18-44 h) at 850°C, Schiepers et 
al. [7-8] found that three zones grew into the 
ceramic, the first zone consisting of alternating 
layers of 5-Ni 2 Si and 8-Ni 2 Si + C (graphite) 
against SiC, the major second zone of alternating 
layers of hexagonal y-NisS i 2 and y-Ni 5 Si2 + C, 
and the third zone of cubic ß-Ni jSi against N i . 
Tlie total width of the reaction between additive-
free HIPed SiC and pure Ni was about 85 um 
after 18 h and about 220 um after 44 h at 850°C 
[7-8]. 

At higher temperatures (1000°C or 1150°C), 
Jackson et al. [4] claimed that the reaction zone 
formed between hot-pressed S iC and pure Ni after 
100h consisted of alternating layers of 5-Ni 2 Si 
and 8-Ni 2 Si + C. The same silicide, 8-Ni 2 Si , 
was found by Choi et al. [9] in SiC-Ni powder 
mixtures heated to 900°C for 5 h, while in mix
tures heated to 1000°C several Ni-rich silicides 
(NisSi 2, Ni 3 S i and N i j i S i 12) were identified. 

2.2. SiC-Ni (20wt%Cr) 

The addition of 20at% Cr to Ni caused a reduc
tion of the total reaction width from 1.7 mm to 
0.8 mm after 100 h at 1150°C, and an enrichment 
of Cr was found in a region of T j ' -Cr 3 Ni2SiC 
formed between the layered silicide zone and the 
Ni-Cr alloy [4]. 

2.3. SiC-Ni (20wt%Cr, 10wt%Al) 

By a further addition of 10 at% A l to the model 
superalloy, tbe reaction width was further reduced 
down to 0.5 mm, and the formation of several 
phases, Y ' t (Ni ,Cr ) 3 (Al .Si)} , ß-NiAl, ct-Cr 
and a ternary N i - S i - A l phase were observed 
between lheT| '-Cr 3Ni2SiC region and the N i -
Cr -Al model superalloy [4-5]. 



2.4. Si C-pure Fe 

For reactions with pure Fe, the major zone 
formed after prolonged times (18-44 h) at 850°C 
contained a-Fe 3Si with graphite precipitates, 
while die minor zone (15%) consisted of ot-
Fe 3Si without graphite [7-8]. Contrary to the 
layered structure formed wiüi Ni , graphite was 
randomly dispersed in the major a-Fe 3Si zone. 
The total width of the reaction between additive -
free HIPed SiC and pure Fe was about 75um 
after 18 h and about 335 um after 44 h at 850°C 
[7-8], 

The presence of low levels of sintering additives 
(such as 0.20-0.45 wt% Al) in the SiC ceramic 
doubled die reaction rate wiüi Fe and halved the 
incubation time observed from 14 h to 7h, while 
reactions with Ni were not affected [8]. 

2.5. SiC-(Ni-Fe) alloys 

Reactions between SiC and Ni-Fe alloys were 
studied in alloys with 20%, 40%, 60% or 80% Fe 
by Schlepers et al. [8], and in 25%, 50% or 75% 
Fe alloys by Backhaus-Ricoult [15]. For samples 
heated to 850°C for 44 h [8], the different alloys 
resulted in the following reaction products: 

Ni-20%Fe: Formation of alternating layers 
of (Ni, Fe)5S i 2 and (Ni, Fe)5S i 2 + C, similar 
to the Y-NisSi 2 and y-Ni5Si 2 + C layers 
observed in the major zone with pure Ni . 
Ni-40%Fe: This reaction also resulted in 
alternating layers of (Ni,Fe)sSi2 and 
(Ni,Fe)sSi 2 + C, but on the metal side, a 
ternary Fe-Ni-Si alloy called t and contain
ing random graphite precipitates was formed. 
Ni-60%Fe: Formation of four layers: 
(Ni,Fe) 2Si, (Ni ,Fc) 5 Si 2 , an a-Fe solid 
solution, and the ternary compound t on the 
metal side. Graphite was mainly present in 
bands in a similar way as earlier described. 
Ni-80%Fe: The reaction resulted in a very 
thick layer of an a -Fe solid solution 
containing 22-25at% Si and 15-16at% Ni . 
Graphite precipitated in bands close to the 
SiC, while it was randomly dispersed in the 
major part of tlie zone. 

For all Ni-Fe alloys, a thin part of the zone close 
to die alloy was free of graphite precipitates. 

The morphologies found by Backhaus-Ricoult 
[15] after 4 h at 950°C were consistent with the 
result by Schiepers el al. in that the Ni-rich 
alloys formed alternating layers of pure silicides 
and layers of a mixture of silicides and graphite, 
whereas forFe-rich alloys an a-Fe type phase 
with graphite precipitates was formed. 

3. MATERIALS AND METHODS 

3.1. Ceramic composite 

The chosen ceramic material was a SiC/SiC 
composite made of stacked 2-D weaves of 
continuous SiC fibres with a silicon carbide 
matrix deposited by Chemical Vapour Infiltration 
(CVI) [16]. The composite had a density of 
2500 kg/m 3 and a porosity of about 10 %. 

The CTE for the composite is 5 x IO' 6 K° [16]. 
The surface used for joining (parallel to tlie fibres) 
is shown in Fig. 1. Notice that the matrix had not 
filled the rectangular cavity between the mutually 
perpendicular fibre bundles in the laminate, 
exposing the interior down to the next layer of 
matrix covered fibres. The material was used 
without additional oxidation-protective finishing 
treatment. 

Fig. 1. Surface of the S i C / S i C composite used for 
diffusion bonding t o H a s t e l l o y X o r I n c o ! o y 9 0 9 . 

The rough surface of the composite provides 
good mechanical interlocking possibilities if the 
mating superalloy is able to deform plastically 
during joining. The degree of surface deformation 
is governed by the proportion between the yield 
strength of the superalloy at the chosen joining 
temperature and the isostatic pressure of 200 MPa 
apphed during HIP. The large degree of porosity 
also caused some concern for the risk of damage 
to the composite in the early stages of die HIP 
cycle, when the pressure is increased before the 
temperature is high enough to sufficiently reduce 
the strength of the superalloy. 

3.2. Superalloys 

Hastelloy X is a Ni-base superalloy with 
good oxidation resistance up to 1200°C and mode
rately good strength properties up to 870°C. It is 
a single-phased austenitic alloy, solid-solution 
strengthened by additions of Cr, Mo and W. 
Hastelloy X is a widely used alloy in combus-



tion chambers for gas turbines [17]. The chemical 
composition is shown in Table 1. 

The mean CTE (20-1000°C) is 16.6x10 ° K \ 
causing a large CTE mismatch (A.cx=l 1.6x10° 
K"1) in joints between tlie ceramic composite and 
Hastelloy X. Therefore diffusion reactions with 
another superalloy, which combines relatively 
low thermal expansion with high strength up to 
intermediate temperatures, were investigated as 
well. Reduction of the residual stresses by 
adopting such an alloy in tlie joint region could 
be beneficial to the integrity of the joint, if the 
temperature is held around 500-700°C in use. 

Incbloy 909 is a Fe-Ni-base superalloy wiüi 
a relatively low CTE and a high strength up to 
650°C. The high strength is mainly due to 
precipitation of y' (Ni3(Ti, Nb)) during the final 
ageing treatment. The Nb content together with a 
small addition of Si promotes precipitation of 
Laves phase during annealing, and of e" and e 
phases during intermediate ageing treatment [11]. 
The chemical composition is shown in Table 1. 

Incoloy 909 has an austenitic structure, but 
the CTE is relatively low in the ferromagnetic 
state up to the Curie point at approximately 
415°C. The mean CTE value is 10.5x10 * K ' 
in the temperature interval suitable for continuous 
use in air (20-670°C) [11]. However, dilatometric 
measurements up to 1000°C showed recendy [10] 
that the momentary CTE level doubled above the 
Curie point until a mean value around 12-
13 x 10"6 K"1 was reached, as shown in Fig. 2. 

Fig. 2. Thermal expansion characteristic and 
momentary C T E level for I n c o l o y 909 [10]. 

This mean CTE value, relevant to the origin of 
residual stresses in ceramic/metal joints after 
coohng from joining temperature, is similar to 
mean CTE values for ferritic steels. 

3.3. Reaction couples 

The joint configuration was a circular sandwich 
with a diameter of 10 mm, consisting of three 
parts: a 3 mm thick piece of SiC/S iC between a 
2 mm sheet of Hastelloy X and a 2mm sheet of 
Incoloy 909. The sandwich was wrapped in a 
thin Mo-foil and placed in a Cu-tube with an 
inner diameter slightly larger than the diameter of 
tiie sandwich. The tube was then evacuated and 
sealed by TIG welding. 

An initial run at 800°C showed that this 
temperature was too low for the superalloys 
(particularly Hastelloy X) to plasticize and 
accommodate to the rough surface of the ceramic 
composite. Therefore two higher diffusion 
bonding temperatures, 1000°C and 900°C, were 
chosen. The isostatic pressure and hold time 
during HIP were 200 MPa and 1 h, respectively. 

3.4. Examination of reaction zones 

The HIPed reaction couples were sliced axially 
wilh a diamond saw and polished down to 1 urn 
diamonds. The reaction zones were examined by 
scanning electron microscopy (SEM) in back-
scatter electron image mode (BEI) on a 
CAMSCAN S4-80DV, equipped both with 
energy dispersive X-ray spectroscopy (IiDS) by a 
LINK eXL system and with wavelength 
dispersive X-ray spectroscopy (WDS) by a 
MicrospecWDX-3PC system. 

Detennination of the amount of diffusion 
enrichments in reaction zones were conducted both 
with EDS semi-quantitative element mapping 
and with fully quantitative point analysis. The 
compositional gradients were studied along tines 
with 1 um spacing between points and were in 
each point determined by ZAF calculations. 
Calibration was made against a Co standard. The 
EDS detector was equipped with a Be window; 
therefore light elements such as C could not be 
detected. The remaining elements were measured, 
and the element concentrations obtained were 
normalized to 100 at% (with C omitted). 

WDS analysis of the carbon level were 
conducted on small (about 1 um 2 ) dark dots 
suspected to contain graphite precipitates. 

Table 1. Composition of the superalloys used for diffusion bonding to the S i C / S i C composite. 

Composition [wt%l Ni Fe C r C o Mo W Nb T i S i C 

H a s t e l l o y X bal. 18.0 22.0 1.5 9.0 0.5 - - <1.0 0.10 

I n c o l o y 909 38.0 bal. - 13.0 - - 4.7 1.5 0.4 0.01 



4. RESULTS 

4.1. General observations 

The porous structure of the ceramic composite 
did survive the diffusion bonding procedure 
wilhout damage. Due to the very rough surface of 
the composite, the reaction time with the 
superalloy was prolonged at the asperities of the 
composite compared with other areas, especially 
in comparison with the deep cavities earlier 
shown in Fig. 1. Variations in thickness of the 
reaction zones were more pronounced at lower 
HIP temperatures and for the joints with 
Hastelloy X (due to higher yield stress at 
joining temperatures compared with Incoloy 
909). 

The width and composition of tlie reaction zones 
formed during joining were found to depend to a 
much' larger degree on the different compositions 
of die superalloys (Hastclloy X or Incoloy 
909) than on a difference of 100K in joining 
temperatures (1000°C or 900°C). 
The large differences in reactivity was obvious 
already at low magnifications, see Fig. 3. 
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F i g . 3. S E M overview in B E I mode of the inter
faces formed between the S i C / S i C composite and 
either (a) H a s t e l l o y X or (b) I n c o l o y 909 after 
HIP at 1000°C and 200MPa for 1 h. 

The large CTE mismatch in the ceramic/metal 
couples caused cracking when they were sliced to 
obtain a cross-section suitable for microscopy. 
The crack propagated parallel to the joint along 
the interfaces between the reaction layer and either 
the ceramic composite or the superalloy. This is 
in contrast to the behaviour of diffusion joints 
with monolithic ceramics such as S i 3 N 4 , where 
cracking usually occurs in the ceramic some 100-
200 um away from the joint [18]. 

Areas examined in more detail from joints 
HIPed at 1000°C are shown as pseudo-coloured 
element maps in Fig. 4. The EDS semi

quantitative element maps of the three main 
elements were given different colours (Si-red, 
Ni-blue, Fe-green) and their intensities were then 
mixed in each of the pixels in the chosen area 
(512x512 pixels; 133 x 133 um). The enrichment 
in thin zones of the presumptive carbide formers 
from the superalloys (Cr & Mo or Nb & Ti , 
respectively) were made binary above a lower 
treshold and then superimposed (with orange & 
white). The elements C, Co and VV were omitted. 

4.2. SiC/S iC-Hastelloy X joined at 1000X 

An area analysed in detail is shown at higher 
magnification in Fig. 5. The width of the total 
reaction zone varied between 20-50 um. This was 
probably caused by the varying reaction time 
experienced at different areas, as discussed earlier. 

F i g . 5. B E I micrograph from the interface between 
S i C / S i C - H a s t e l l o y X afterHIP at 1000°C. 

The presence of dark precipitates in the reaction 
zone was in accordance with the observations of 
[4-9, 15]. Analyses in the literature of these sub
micron dots was performed by TEM [15, 4] or by 
S EM/EDS [7-9]. The precipitates was found to 
contain graphite [15, 7-9] or graphite with small 
amounts of Cr 5.„ S i 3 . y C x + y [4]. 



F i g . 4a. Pseudo-coloured EDS element map from the 
interface S i C/Si C-Has t e l l o y X after H I P at 1000°C. 
The three main elements (Si-red, Ni-blue, Fe-green) were 
mixed in each pixel, followed by superimposing with the 
enrichment of presumptive carbide formers (Cr-orange, 
Mo-white) . The elements C, Co and W were omitted. 

along line 

<121 points; 1 spacing) 

^ • • J Mixed elenents: Si Fe Ni I 
• Superinposed: Nb l ß - n I 
1 Quitted: C Co 

l ß - n I 

F i g . 4b. Pseudo-coloured EDS element map from the 
interface S i C / S i C - I n c o l o y 909 after H I P at 1000°C. 
The three main elements (Si-red, Fe-green, Ni-blue) were 
mixed in each pixel, followed by superimposing with the 
enrichment of presumptive carbide formers (Nb-orange, 
T i - white). The elements C and Co were omitted. 



EDS quantitative point measurements from a 
line consisting of 51 points with 1 um spacing 
and located perpendicular to tlie reaction zone, as 
indicated in Fig. 4a, are shown in Fig. 6. 

Relative concentration [at%] 

O Ni B Fe Distance [um] 

• Cr • Mo • Si 

Fig. 6. Concentration profile (C omitted) from the 
interface S i C / S i C - H a s t e l i o y X HIPed al 1000°C. 

Tlie total reaction zone (about 43 um wide) can 
be divided into two zones: 

I . An approximately 20 um wide zone with 
50at% Ni , 30at% Si, 15at% Fe and 5at% 
Cr was formed at the ceramic side. In accord
ance with [8], this larger zone probably 
consisted of ( N i , F e ) 5 S i 2 + C The submicron 
graphite precipitates were randomly dispersed 
instead of the banded precipitation usually 
found with Ni-base alloys [4, 5, 7, 8, 15]. 
The precipitation observed in this study was 
probably influenced by the relatively narrow 
zone widüi. 
I I . An approximately 8 um wide zone with 
large enrichments of carbide formers (up to 
45 at% Cr and 20 at% Mo) was formed closer 
to the metal side. The highest level of Cr was 
found close to the silicide zone. The levels of 
Ni , Si and Fe was halved in comparison to 
the (Ni, Fe) silicide zone. Therefore, this zone 
seemed to consist bodi of (Cr, Mo) x C y and of 
(Ni ,Fe) 5 Si 2 . 

The Si level decreased linearly about 15um 
further, simultaneously wilh a proportional 
increase of Ni , until the composition of 
Hastelloy X was reached. This is in agreement 
with the solubility of Si in Ni and Fe as shown 
in phase diagrams forNi-Si and Fe-Si systems. 

4.3. SiC/S iC-Hastelloy X joined at 900°C 

The width of the reaction zone was almost 
halved (to 24 um), the main difference being the 
absence of a flat Si gradient between the Cr 
enrichment and the superalloy. Cr was enriched 
up to the same level (45 at%) as for the 1000°C 
joint, while Mo showed only a slight enrichment. 

4.4. SiC/SiC-Incoloy 909 joined at 1000"C 

The reaction zone obtained with this superalloy 
was considerably wider and contained a higher 
number of clearly distinguishable zones. This was 
in accordance with [8], where a Ni-60%Fe alloy 
formed four layers with mainly banded graphite 
precipitates after 44h at 850°C. 

An area analysed in detail is shown at higher 
magnification in Fig. 7. The width of the total 
reaction zone varied slightly between 100-
HOum, which is more than twice the width of 
the zone between SiC/SiC and Hastelloy X. 
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F i g . 7. B E I micrograph from the interface between 
S i C / S i C - I n c o l o y 909 aflerHIP at 1000 oC. 

EDS quantitative point measurements from a 
line consisting of 121 points with 1 um spacing 
and located perpendicular to the reaction zone, as 
indicated in Fig. 4b, are shown in Fig. 8. 

The total reaction zone (about 102 um wide) can 
be divided into four zones: 

I . An approximately 78 um wide zone with 
30-35 at%Fe, 25-30at% Ni , 10at% Co and 
30 at% S i was formed at the ceramic side. The 
Ni level within the zone was sligüily higher 
close to the ceramic, with a corresponding 
lower Fe level. The dark precipitates were 
present in bands, similar to the behaviour with 
Ni-base alloys. In accordance with [8], this 
zone probably consisted of alternating layers 
of(Ni,Fe) 5 Si2and(Ni,Fe) 5 Si 2 -rC. 



I I . An approximately 6 um wide zone with 
61 at% Fe, 8 at% Ni, 8 at% Co and 23 at% Si 
was formed closer to the metal side. The dark 
precipitates were larger and randomly 
dispersed, which is typical for Fe-base alloys 
[7-8, 15]. The zone either consisted of ct-
Fe(Si) [7, 15] or ordered cubic a-Fe 3Si [8], 
both with graphite precipitates. 
I I I . Further away from the ceramic, an app
roximately 4 nm wide zone with very high 
levels of carbide formers (up to 50at% Nb and 
40at% Ti) was formed. The residual was 
mainly Fe, while Ni, Co and Si were almost 
absent in the middle of the zone. 
The formation of both carbides and silicides 
with Nb and Ti are thermodynamically 
strongly favoured in contact with SiC. The 
carbides are, however, more stable than the 
silicides. This, and the lack of S i in this zone, 
makes it most likely mat it almost entirely 
contained N b C and T i C. 
IV. Closest to the metal side, an approxi
mately 14 um wide zone with slowly decrea
sing Si level from 21at% to 15at% was 
formed, followed by a steep decrease of Si 
down to below 1 at%. The Ni level increased 
relative to the level in zone I I , especially at a 
second smaller enrichment of Nb and Ti . This 
zone did not contain any dark precipitates. It 
can be noticed from the element mapping in 
Pig Ah th^t differer*? areas in this zone 
between the carbide line and the superalloy 
varied in composition, with some Fe-rich 
areas having a composition close to zone I I , 
while other areas contained more Ni , Nb and 
Ti (+C). 

Relative concentration [at%] 

100 

On the other side of a crack parallel to the joint, 
the composition of Incoloy 909 was almost 
immediately reached. 

The presence of carbon in the dark precipitates 
was checked by qualitative WDS measurements. 
The C level at a large (1 um2) precipitate in zone 
II close (about 5 um) to the (Nb, Ti ) C zone was 
found to be one order of magnitude higher than 
for a similar area in the (Nb,Ti)C zone. This 
indicates that the precipitates mainly contain 
graphite. 

4.5. SiC/SiC-Incoloy 909joined at 900°C 

The width of the total reaction zone decreased, 
but no part of the interface between the ceramic 
and zone I could be found due to extensive 
cracking. The four zones changed as follows: 

I . The level of Ni was about 10at% higher 
and both Fe and S i 5 at% lower, respectively, 
compared with the corresponding zone from 
the interface HIPed at 1000°C. 
The width of the zone was at least 20 um 
(interrupted by a crack). 
I I . The Fe-rich zone was much wider (about 
16 um) compared with the zone formed at die 
higher temperature (about 6 um). The Ni level 
was twice as high (14at%), while the Si level 
was 7 at% lower. 
III . The enrichments of carbide formers were 
considerably lower (up to 30at% Nb and 
25at% Ti). Fe, Ni , Co and Si remained in 
the same proportions as in zone I I . The width 
of the zone was about 4 um. 
IV. Closest to the metal side, the Si level 
decreased from 14 at% to below 1 at% in only 
about 3 um distance, reaching the composition 
of Incoloy 909. 
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F i g . 8. Concentration profile (C omitted) from the interface S i C / S i C - I n c o l o y 909 HIPed at 1000 oC. 



5. DISCUSSION 

At the joining temperatures, silicon carbide is 
not thermodynamically stable with any of the 
metals in the alloys used [2]. That reactions occur 
is thus not surprising; the question is rather what 
is diffusing and where? 

The initial interfaces were most likely situated 
close to the metal side of the reaction zone. There 
are several indications supporting this judgement. 

From the structure of the ceramic composite 
in Fig. 3, it is clear that there is still some 
matrix present covering the fibres in the joint 
with Hastelloy X, while the considerably 
larger reaction zone formed with Incoloy 909 
penetrated through the matrix into the first 
fibre bundle. 
The CVI process produces a material with a 
rather well defined thickness of the final 
matrix layer from the fibre bundles to the 
surface. The thickness of this layer in 
SiC/SiC samples from the same batch, not 
used for joining, supports the conclusion mat 
the initial interface was close to the metal side 
of the joint. N i and Fe also diffuse faster in 
SiC than Si does in these metals [9]. 
Tlie concentration of carbide formers in thin 
zones indicates that they were formed early 
during the reaction, reflected by the irregular 
shape of the carbide zone shown in Fig. 4b. 
In the literature, experiments with markers at 
the initial interface have shown that up to at 
least 950°C, only the metals diffuse through 
the reaction product scale to form silicides or 
a -Fe at the interface moving into tbe SiC [7, 
15]. At higher temperatures in conjunction 
wiüi long hold times and a large supply of 
carbide formers from the superalloy, reaction 
zones can also grow far into the metal side [4]. 

In the zone closest to the ceramic, the relative 
level of Ni is equal or higher than in the 
superalloy, while the relative level of Fe is lower. 
TheNi level in zone I in the SiC/SiC-Incoloy 
909 joint HIPed at 1000°C is highest at the 
interface to the ceramic, while the Fe level is 
higher close to zone II (richer in Fe). This can be 
observed by die concentration profile in Fig. 8 
and by the slight change in blue/green ratio in die 
mixed EDS map (Fig. 4b). It can partly depend 
on die faster diffusion of N i relative to Fe in S i C 
or silicides. It can also depend on the higher 
thermodynamic driving force for the formation of 
silicides with Ni than with Fe. 

The formation of graphite precipitates in the 
silicide zones is not surprising, since the thermo
dynamic driving force for the formation of 
carbides with Ni and Co is low, and Si is known 
to stabilize graphite in Fe [9]. 

The reason for the considerably larger reaction 
zone formed wiüi Incol oy 909 as compared wiüi 
Hastelloy X is not obvious. The most likely 
explanation might be the difference in amounts of 
carbide formers present in üie different alloys, as 
carbides can form an effective barrier against the 
diffusion of mainly Ni and Fe. Similar results 
were found by Moseley et al. [6]. They found 
large differences between Incoloy 909 and 
Inconel 718 concerning the reactivity with Si-
SiC. The compositions of both Inconel 718 
and Hastelloy X contain approximately five 
times higher amounts of carbide formers compared 
with Incoloy 909. Their investigation did 
however involve reactions in liquid state and 
might therefore not be totally comparable. 

The SiC/SiC composite was found to be 
considerably more prone to reactions with 
superalloys compared to the behaviour of S i 3 N 4 

with superalloys under similar conditions [18]. 
This is not surprising since S i 3 N 4 is thermo
dynamically stable with Ni and Fe at the relevant 
temperatures [19, 2] while SiC is not [2]. The 
higher reactivity of SiC than S i 3 N 4 with Ni has 
also been demonstrated in wetting experiments of 
Ni -based brazes by Holmström et al. [20]. 

It would be useful to combine the joining 
procedure wiüi heat treatment of the superalloy. 
One complicating factor with Hastelloy X is 
that the solution treatment recommended at 
1175°C to provide optimum mechanical 
properties and corrosion resistance must be 
followed by a rapid cooling to 540°C to prevent 
carbide precipitation [17]. The solution treatment 
temperature is much to high for diffusion bonding 
to SiC, while sufficient topographical accom
modation of Hastelloy X to the surface of the 
ceramic composite during joining would even by 
HIP require at least 900-950°C. 

Wilh precipitation hardening alloys like 
Incoloy 909, the situation is even more 
complicated, as discussed in the introduction. The 
effect of the joining process on the metal has to 
be carefully considered in the future [2]. 

6. CONCLUSIONS 

To summarize, the propagation of reaction 
layers during diffusion bonding increases with 
increasing joining temperature. 

The reaction zones consisted of a thin line of 
carbide formers from the superalloys (Cr+Mo 
and Nb+Ti , respectively), surrounded by several 
layers containing silicides and free carbon, 
depending of üie superalloy involved. 
At 1000°C, the reaction zones were typically 
about 40um.thick in joints with Hastelloy X 
and about 100 um in joints wiüi Incoloy 909. 



The propagation of reaction layers is decreased 
by an increasing supply of carbide formers from 
the superalloy forming carbide phases, acting as 
diffusion barriers to slow down further reactions. 

For long time stability, efficient diffusion 
barriers must be developed. The low segregation 
of Co in reaction zones formed with Incoloy 
909 indicates that Co foils can be useful as diffu
sion barriers, as suggested by Moseley et al. [6], 

The SiC/SiC composite was found to be 
considerably more prone to reactions with 
superalloys compared to the behaviour of SijN» 
wiüi superalloys under similar conditions [18]. 

The rough surface of the composite can, 
combined with a proper design, be useful through 
mechanical interlocking by plastic deformation of 
the superalloy during diffusion bonding by HIP. 
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