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ABSTRACT

Besides dissimilar bonding nature that makes difficulties in joining ceramics
with metals, different thermal expansion coefficient of the materials is another
important issue. This can cause residual stress which may crack the ceramics. In
diffusion bonding, ceramic-metal joint is attained by formation of reaction layers in
the interface. Mechanical properties, thickness and morphology of the layers highly
affect the joint strength. Thus, understanding the reaction layer is important. This
work investigated reaction layers in sialon — AISI 430 FSS and sialon — 7.5%-Cr FS
joints. The materials were diffusion bonded to produce the joint and grow the reaction
layers. The sialon was also joined with nitrided steels. The reaction layers were
studied using OM, FESEM, EDX, XRD, and XPS. Microstructure of the interface
illustrated the interfacial joint. Sialon decomposed and liberated Si and N. EDX
analyses found Si in the steel adjacent to the interface. Thus, Si diffused into the steel
which had lower concentration of Si and created silicon-diffusion layer. Since Cr and
Si are ferrite formers, Si dissolved in a-Fe(Cr, Si) in the layer. Similarly, the EDX
analyses found more-dominant Fe and Cr and less Si in the interface layer in sialon
side. This revealed the transfer of Fe and Cr from the steel into the sialon-
decomposed part. XRD and XPS confirmed silicide and oxides precipitation in the
interface layer. They also revealed a-Fe(Cr, Si) in the matrix which was same with
the phase in diffusion layer. It depicted that the interface-layer matrix and the
diffusion layer was one species that composed the joint. Hence, cohesive joint was
formed through ferrite-solid-solution bridge. Pre-dissolved nitrogen in nitrided steel
might have occupied the space in steel lattice; therefore it reduced the nitrogen
solubility in the steel during the joining. This impeded sialon — nitrided steels
reactivity and suppressed FeSi, formation as verified by XPS and XRD on the
interface-layer surface. The sialon — steel joint could be potentially useful to serve
high-temperature and abrasive environment such as agitator for abrasive slurry,

turbine rotor, rocker arm or other automotive components.
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ABSTRAK

Lain daripada sifat ikatan kimia yang berbeza yang membuat kesukaran untuk
menghubungkan seramik dengan keluli, perbezaan nilai muatan haba tentu kedua-dua
bahan adalah hal yang penting. Ini menghasilkan tegangan sisa yang boleh
menyebabkan rekahan pada seramik. Di dalam penyambungan difusi, sambungan
seramik-keluli  didapati kerana lapisan reaksi yang terbentuk di ruang
perhubungannya. Sifat mekanik, tebal, dan morfologi lapisan reaksi ini
mempengaruhi kekuatan sambungan. Oleh itu, pemahaman tentang lapisan tersebut
adalah penting. Kajian ini bertujuan menghubungkan sialon dengan keluli tahan karat
gred AISI 430 dan 7.5%-Cr. Bahan-bahan tersebut dihubungkan untuk menghasilkan
sambungan dan mendapatkan lapisan reaksi. Sialon juga disambungkan dengan keluli
yang telah dinitridkan. Lapisan reaksi dikaji menggunakan OM, FESEM, EDX, XRD,
and XPS. Mikrostruktur di ruang sambungan menunjukkan sambungan yang rapat.
Sialon terurai dan membebaskan Si dan N. Kajian EDX mendapati Si menyerap
masuk ke dalam keluli dan membentuk lapisan serapan. Kerana Si dan Cr adalah
pembentuk ferrite, Si menyerap masuk ke dalam a-Fe(Cr, Si). Fe dan Cr yang lebih
utama dengan Si yang sedikit ditemui di dalam lapisan perhubungan. Ini
membuktikan perpindahan Fe dan Cr daripada keluli ke dalam bahagian sialon yang
terurai. Kajian XPS membenarkan silisida dan oksida di dalam lapisan perhubungan
dan a-Fe(Cr, Si) di dalam matriknya. Larutan ferrum padat ini sama dengan yang
didapati pada lapisan serapan di dalam keluli. Ini menunjukkan bahawa matrik
lapisan perhubungan dan lapisan serapan adalah bahagian yang sama yang
membentuk sambungan yang rapat. Nitrogen yang diserapkan terlebih dahulu ke
dalam keluli yang dinitridkan mengurangkan tindak balas sialon dengan keluli dan
menghalang pembentukan FeSi,. Sambungan sialon dengan keluli boleh bermanfaat
untk melayani pekerjaan pada suhu tinggi dan abrasive misalnya agitator for abrasive

slurry, turbine rotor, rocker arm atau komponen enjin kereta yang lain.
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PREFACE

The title of this thesis is “Reaction Layers in Diffusion Bonded of Sialon to
Ferritic Steel”. It is submitted as the requirement for the degree of Doctor of
Philosophy in the Department of Mechanical Engineering, Universiti Teknologi
PETRONAS, Malaysia. The thesis is written based on the results of an extensive
experiments and investigations that were carried out in UTP and AMREC, SIRIM,
Bhd., Malaysia.

The research is aimed to investigate the reaction layer in the diffusion bonded of
sialon to AISI 430 FSS and 7.5%-Cr FS. Sialon has a good corrosion resistant. It is
chemically and thermally stable. The ceramic is also very hard. Therefore it is
suitable for high temperature, corrosive and abrasive environment. Nevertheless, the
ceramic is extremely brittle. It invites difficulties in machining it into a complex
component. Thus, combination of the ceramic with metal is required. The AISI 430
FSS and the 7.5%-Cr FS also own corrosion resistant and commonly applied for
high-temperature application, therefore they are suitable for combining with sialon.
Joining the sialon with the steels optimizes the properties of the materials. Diffusion
bonding produces stronger joint than other joining methods. The joint attained by
this process is highly influenced by the reaction layers produced in the interface.
Therefore, understanding the reaction layer in the interface of the joined materials is

meaningful for achieving the joint.

The investigation was carried out by performing diffusion bonding experiment
using a hot press machine. The process was conducted in AMREC, SIRIM, Bhd.,
Malaysia. Joining of sialon with nitrided steel was also studied as earlier work
indicated that it could improve the joint. Characterization was performed on the joint

of the materials to study the reaction layers in the joint interface.
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The results are presented in a structured presentation in this thesis. Motivation
and objectives of the study are presented in Chapter 1 of the thesis. A review on the
relevant previous work was reported in Chapter 2. The chapter describes the road
map of the research and the current issue on this area. This part is aimed to identify
the opportunity for producing a meaningful contribution in the joining of ceramic to
stainless steel. Methodology to achieve the objectives of the research is written in
Chapter 3. This chapter also provides information on the materials, experimental
setting and characterization techniques employed in the study. The later chapter, i.e.
Chapter 4, reports the results of the study. Analyses with theory on the results of the
experiment were performed to draw the conclusions that are presented in Chapter 5.

Chapter 5 also identifies and highlights potential issues for further study in this area.

Hudiyo Firmanto
Bandar Seri Iskandar, March 2011
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CHAPTER 1

INTRODUCTION

1.0 Overview

This chapter provides an overview of the present research. Initially it explains the
background that motivates to perform the study. Problem statements are derived
based on brief observation on latest development of the concerned area.
Subsequently, objectives and methodology to achieve them are described briefly. At
the end of the chapter, organization of the thesis is explained. The section is aimed to

help readers to go through the thesis more easily.

1.1 Background

Sialon is an engineering ceramic that owns good properties of high hardness and
thermal resistance. Thus it is good in serving abrasive and corrosive, as well as high
temperature environment. With regards to this benefit, it has been widely used for
components that experience abrasive and high temperature conditions. However, it is
mainly used for individual components such as mechanical clamp, extrusion dies,
cutting tool, and sand blasting nozzle. This is due to its poor machinability and
difficulties in joining it with metal. Therefore, joining it with metal is necessary to

expand its utilization.

Joining ceramics with steels is required to optimize properties of the materials.
The components would obtain benefits from high hardness and corrosion resistance
of the ceramics, and toughness of the steel. With this idea, bulk part of components
can be made of the steel, while the ceramics is employed for the part that was directly

involved in corrosive and high-temperature environments. Turbocharger rotor, glow



plug head and rocker arm tip made of silicon nitride are the examples of the ceramics

metals joining applications [1].

Despite the prospect in its application, joining ceramics with metals is difficult.
There are two issues that relate to the joining difficulties [2-3]. The first is regarding
the difference of chemical bonding between ceramics with metals. The difficulty to
join ceramics with metal is due to the different chemical bonding of the materials.
Ceramics own covalent and ionic bonds. It does not have metallic bonds where outer
shell electrons of atoms in the structure become delocalised. Control of this
ceramic/metal interface is highly responsible for the intrinsic strength of joint. The
different of bonding nature between ceramics and metal may prevent formation of
strong bonds. Another serious concern in ceramic — metal joining is the different
thermal expansion coefficient of the materials, which is more important especially in
designing components and joint. The different thermal expansion coefficient of the
materials results in high thermal residual stress at the joint which is generated during
cooling stage in the joining process. Excessive residual stress at the joint may crack
the ceramics though the interfacial bonds can be attained. Thus, compensating for
thermal expansion mismatches between the materials is important to prevent the

crack.

Several techniques are commonly applied for joining ceramics to metal. Brazing
is frequently employed, yet it uses filler metal that limits the service temperature of
the joint. Alternatively, solid state joining is also often attempted. In this technique,
problems that arise from the different thermal expansion coefficient of the joined
materials become more critical as the process involves heating to and cooling from a
high temperature. This may lead to a crack due to the high residual stress at the joint.
This case was observed in joining of sialon with austenitic stainless steel [4-5] and

also indicated in the case of silicon nitride with steel [6-7].

Reaction of metal with ceramics during the joining is another source of the
problem. Thickness of reaction layer affects the joint strength, while brittle phase in
the layer may weaken the joint [8-12]. The brittle phase can also produce microcrack.
The works observed optimum condition that gives maximum joint strength. Although

a joint is achieved by reaction of ceramics with metals, however excessive growth of

2



the reaction layer deteriorates the joint. Therefore, reaction layers are important for

achieving the joint.

Joining of silicon nitride with stainless steel has been carried out [2, 10, 12-14].
Reactions of the materials are noticed. However, different reaction products in the
joint are claimed. For a relatively-new-developed engineering ceramic, a few works
were attempted to join sialon with steel. Joining of sialon with austenitic stainless
steel was impossible since crack occurred in the ceramics due to the different
coefficient of thermal expansion [4-5]. However, the ceramics was successfully
joined with 9%-Cr FSS. The work claimed that ductile reaction layers at the interface
contributed to the joint successfulness. Although the ductility of the layer was noted,
nevertheless detailed phase identification on the layer was not carried out. Phases in
the layer were analytically predicted based on the elements at the joint and no other
characterization techniques were employed to investigate the phases. Hence, phases
which appear in the reaction layer in sialon — 9%-Cr FSS joint remain unclear.
Another investigation on reactivity of sialon with iron-based alloys observed that the
ceramics could be joined with steel [15].

Since the reaction layers are important for attaining the joint, controlling the
layers is essential. Hussain [5] proposed nitriding pre-treatment on the steel prior to
joining to improve the joint of sialon-ferritic stainless steel. The treatment was aimed
to diffuse nitrogen into the steel surface before joining. It was claimed that nitrogen in
the steel could suppress the decomposition of sialon and improve the joint.
Nonetheless, the effect of the treatment was not clearly explained. Furthermore, the
work did not provide obvious evidence. However, nitrogen in titanium prior to joining
with silicon nitride was found to suppress the growth of titanium silicide in the
interface. This slightly improves the joint strength [8]. Adding nitrogen into the steel
to counteract the nitrogen liberation from the decomposed sialon was in line with the
idea of avoiding fast decomposition rate of ceramics to control the reaction layers
[16].

The above brief reviews show that despite good prospect of sialon-steel joint
application, not many works reported on the joining of the materials. The importance

of reaction layer at ceramic-steel joint has also been revealed. However, for the
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sialon-steel joint, phases at the joint were not clearly identified. It seems that
complexity of elements interdiffusion at the interface and the thin layer at the joint has
led to the difficulties in accomplishing the task. Hence, studying the reaction layers
(i.e. thickness, properties and phases) and their relation to the joint in the interface of

the sialon-steel joint is still such a challenging research.

It was also noted that nitriding pre-treatment improved the joint of sialon-ferritic
stainless steel. Influence of nitrogen pre-solved metal on the joining with silicon
nitride was known in the case of titanium-silicon nitride joining. However, its
influence on the elements diffusion and the reaction layer formation was not

scrutinized in the sialon-stainless steel joining [4-5].

In this work, joining of sialon with AISI 430 FSS and 7.5%-Cr FS were
attempted. Since joining of sialon and austenitic stainless steel was not possible, AISI
430 FSS could be an alternate stainless steel to propose. AISI 430 FSS is suitable for
corrosive environment and commonly used for high temperature application.
Therefore it is appropriate to be combined with ceramics to serve corrosive and high
temperature environments. Moreover, the steel is also commercially available in the
market. The 7.5%-Cr FS was also joined with sialon to investigate the phases in the
reaction layer that has not been completely identified in the previous works [5, 17]. In
those works, characterization was performed on the cross section of the joint. They
did not attempt to perform the characterization on the surface of the reaction layer.
Applying the characterization on the reaction layer cross section was difficult since
the reaction layer in the joint was too thin. Therefore, only elemental analysis was
performed to analyze the phases of the reaction layers. Consequently, the works failed
to identify the phases in the reaction layer of the sialon — stainless steel joint. Despite
its lower Cr content, the 7.5%-Cr FS has a good corrosion resistance and frequently
used in high temperature applications such as in power plant and nuclear industry. In
the present research, the steels were joined in as-received and nitrided condition to
study the influence of the pre-treatment on the joint as well as the reaction layer.



1.2 Problem Statement

The above discussions reveal up several problems that can be formulated. Those are

as follows:

1.

Difficulties in joining sialon with steel have limited the utilization of sialon to
individual components. Few efforts in joining sialon with steel leads to the
assumption that the materials cannot be joined, thus the success of the joining
will expand the utilization of the sialon.

Decomposition of the joined materials and interdiffusion of elements at the
interface of the joint may form the reaction layers that affect the joint; hence
understanding the characteristics of the joint is valuable in joining the
materials.

The works in sialon-ferritic stainless steel joining had identified a ductile layer
at the joint interface. This has an important role on achieving the joint.
Nevertheless, detail investigation on the phases at the layer was not carried
out; hence distribution of phases at the interface was still unclear.

Nitriding pre-treatment on the steel prior to bonding with sialon has been
claimed to improve the joint, however its influence on the reaction layers at

the joint was not investigated [5, 17].

1.3 Objectives of the Study

With regards to the above problems, the present project was carried out with the

following objectives:

1.

To develop the solid state joining of sialon and AISI 430 FSS and 7.5%-Cr FS
by using direct diffusion bonding process.

To study the interdiffusion of elements in the interface of the joint.

To investigate the reaction layers formed at the joint and their new phases.

To study the influence of the solution nitriding pre-treatment applied to the

steel on the joint.



1.4 Scope of the Study

The research covers the investigation on solid state joining of sialon and AISI 430
FSS and 7.5%-Cr FS by using diffusion bonding process in a hot-press machine. The
steels to be joined were in nitrided and unnitrided conditions. The study was focused
on the interdiffusion of elements and the formation of the reaction layers at the
interface. It was also aimed to identify the properties of the layers. Evaluation of the
joint was carried out qualitatively from its microstructures. Comparison of the
properties of the reaction layers at the interface for nitrided and unnitrided steel joined
to sialon was performed. This was to study the influence of the pre-treatment on the

diffusion bonding of the materials.

1.5 Thesis organization
The thesis is structured and organized as follows:

Chapter 1 presents the summary of the background and also the formulated
problem in the area. It also describes the direction and objectives of the research.

Brief description on the methodology to achieve the objectives is also presented.

Chapter 2 discusses the theoretical background of the study. It also provides
literature review that was carried out in the research area. The discussion reflects the

road map of work in the ceramic-metal joining and its related study.

Chapter 3 explains details of the steps of works that are performed to achieve the
objectives of the research. Materials and procedure used in the experiments as well as

characterization techniques utilized to gain the data are presented.

Chapter 4 presents the analysis and discussion on the results of the overall
experiments. Initially, the results of solution nitriding of the AISI 430 FSS and the
7.5%-Cr FS are reported and discussed. The later part provides the analysis and the
discussion of the diffusion bonding of the materials. The analysis and discussion of
the diffusion bonding of sialon — AISI 430 FSS and sialon — 7.5%-Cr FS are presented

separately.



Chapter 5 states the conclusions drawn from the research. This section also

highlights the future work that can be explored further in this area.



CHAPTER 2

LITERATURE REVIEW

2.0 Overview

This chapter contains a review on theory and previous works which are relevant with
the present research. The first two sections present brief discussions on the materials
which are studied in this work. The later sections review previous works on solution
nitriding of stainless steel and joining of ceramics with steel. The review is attempted
to scrutinize the information which are useful either to plan the experiment or analyze
the results. It is also focused on identifying the issues that is meaningful for further

study.

2.1 Sialon

Sialon ceramics are engineering ceramics which consist of Si, Al, O and N in various
compositions [18]. The materials are attractive for high temperature applications for
their good properties, such as high hardness, anti oxidation, high fracture toughness,
superior wear and corrosion resistance, and excellent thermal shock resistance [19-
21]. These properties have led to application of the ceramics for materials in cutting
tools, bearings, turbochargers, high temperature valves and other wear-resistant

components [21-23].

SisN4 has insufficient resistance to unpredictable brittle fracture, degradation of
mechanical properties at elevated temperatures and insufficient oxidation resistance.
These properties limit its application range [23]. Sialon ceramics are obtained by
incorporating sintering additives (e.g. MgO or Y,05) into the silicon nitride lattice. It

reduces the amount of secondary phase and improves its high-temperature properties.



Based on the initial SizN4 condition, sialon may be in the form of a and B sialon.
B-sialon is a solid solution of B-SisN, with Al,O3 where Si and N were substituted
with sufficient amount of Al and O [19]. It has a structure similar to hexagonal f-
SizN, and softer than the a-sialon. Figure 2.1 presents the diagram of sialon behavior
at 1750°C. The figure illustrates the B-sialon as a solid solution between SizN, and
Al,O3 — AIN. The ceramics is represented by the formula of Si,Al,O,Ng, (0<z<4.2).

The sialons are produced according to the following reaction [24].

(2-2/3)B — SisN, + (z/3)AIN + (z/3)Al,05 - B — Sig_,Al,0,Ng_, (2.1)
Siy0 613(34 i :
% ///\ “( IZOIZS& ) Ndoo

// Liduio
47(3A1,0,.AIN)

F43(AINALD,)

,A’:'h
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Typlcal Syalon Ceramic  AlaNg

Figure 2.1 The Si-Al-O-N behaviour diagram at 1750°C [22]

a-sialons have an expanded a structure. Their formation also involves the
substitution of Si and N by Al and O respectively. Simultaneously, metal cations are
incorporated into the interstices in the a-SisNg4 structure [25]. This can be obtained by
reaction of lithium silicon nitride with alumina or of lithium aluminates with silicon

nitride.
The sialons are found in Li-Si-Al-O-N system and also in Mg, Ca, Y-Si-Al-O-N
systems. General formula of the ceramics is:

MexSi12—(m+n)Al(m+n) OnN16—n (2-2)

where x<2, and m(A1-N), n(Al-O) replace (m + n)(Si-N) in each unit cell.



Chemical reaction for the formation of the solid solutions is:
m
1/3(12 — m — n)SizN, + 1/3(4m + 3)AIN + (Z) Me,0, + 1/6(2n — m)Al, 05

- a— Mem/vSilz—m—nAlm+nOnN16—n (2.3)

The materials are harder than B-SizN4. They are also brittle and unstable at high

temperatures. Therefore, the ceramics are less favorable for structural applications.

B-sialon was produced using (SisN,+Al,O3); a-Al,O;, B-SisN,, AIN powder as
starting materials [19]. The powders were compacted into pellets in a die at 100 MPa
using Y,0; as sintering additives. The compacted samples were sintered by hot
pressing in a graphite die at 1730°C for two hours under 0.1 MPa of nitrogen
atmosphere with 30 MPa mechanical loads. Fully-densified pure pB-sialon was

obtained from the process.

Another work [21] used Si, Al and SiO, powder as starting material to prepare [3-
sialon. The powders were synthesized by combustion synthesis using B-sialon as the
diluent under low nitrogen pressure (i.e. 1 MPa). The compacted powders were then
sintered using a spark plasma sintering system under vacuum conditions of lower than
4 Pa at a compressive stress of 50 MPa. Sintering was carried out at 1600°C for 12
minutes without sintering additives. The ceramics is produced through the following

reaction:
(6 — 1.52)Si + zAl + 0.525i0, + (4 — 0.52)N, - B — Si;_,Al,0,N,_, (2.4)

The process produced pure and dense B-Sis.zAl,O,Ng.; (z=1-3) with relative densities

higher than 99% of the theoretical density.

Preparation of sialon using nano powder was investigated [26]. The powders were
plasma-synthesized. Those were SisN4, mixture of 90% SizN;—10%AIN, 90%AIN-
10%Y 203, SisNs—AIN-Al,O3-Y,03 and Y,03;. Comparison was made with the sialon
prepared from commercial powders, i.e. a- SigN4, AIN, Al,O3 and Y,03 (nanophase)
powders. The powders were compacted by die pressing to produce sialon sample.
Sintering of the samples was performed under nitrogen atmosphere up to 1650°C for

2 hours. B sialon formation was started above 1400°C. Sintering improved the density
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of the samples, i.e. from 40 — 48% to 95 — 98%. This was denser than the sialon
prepared from commercial powder (maximum density of 87%). Compared to the
sialon made from commercial um-sized powder, dense material could be obtained
from nano-sized powders at lower temperature (i.e. 1500 — 1600°C). Thus the work
revealed that densification behavior of sialon was influenced by powder composition

and size of particles used as starting powder.

Addition in excess of 2 or 5% yttrium produced fully-densified o-sialons after
hot-isostatic pressing [27]. This was investigated on the a-sialons that were prepared
from powders of SizN4, AIN, Al,O3 and Y,03. The compacted green pellets were hot-
isostatic pressed at 1800°C for one hour under 1 MPa. Transformation of a. — § phase
was restrained by rapidly cooling the sample after densification. This also minimized
crystallization of the glassy-grain boundary phase during cooling. Samples having
same composition could not be densified without excessive Y,03 incorporation. In
this condition, density of the sample after sintering was only 70% as the treatment
could not remove the closed porosity. Addition of excessive Y,0; drove the
formation of elongated a-sialon grain when the samples were heat-treated at relatively
higher temperatures (1700° and 1900°C). This improved fracture toughness of the

sialons.

2.2 Stainless Steel

Chromium is the main alloying element in stainless steel. The element creates a thin
protective film that prevents oxidation of the steel. Minimum content of chromium in
stainless steel is about 11% [28]. Other elements are added to improve its particular

characteristics.

Stainless steel is classified based on its microstructure. Phase diagram given in
Figure 2.2 can be used to explain the idea behind the stainless steel classification. The
figure shows that solubility limit of Cr in y phase is around 13% at 1050°C. Therefore
in this condition the steel is in y phase. At this composition, martensite start
temperature (M) is sufficiently high to transform the austenite into martensite[29].

Thus, at room temperature, the steel is in martensitic structure.
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Figure 2.2 Fe-Cr equilibrium diagram [28]

Austenite transforms to ferrite when chromium is increased. This phase will
remain in the steel upon cooling to room temperature and produce ferritic structure.
With addition of nickel, austenite phase is stabilized even at high Cr content. This is
due to the strong austenite-former characteristics of the element. Figure 2.3 illustrates
that nickel stabilizes the austenite. Thus, even at higher Cr content, addition of 9%
nickel makes the steel to be in austenite phase. The overall alloy decreases
martensite-start and martensite-finish temperature down to sub-zero [29]. Therefore,

the steel is in austenitic structure when it is cooled to room temperature.
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Figure 2.3 Fe-Ni equilibrium diagram [30]

Based on microstructure and alloy composition, five categories of stainless steel is
derived, namely [31]:

1. Martensitic (11.5-1 8% Cr, 0.08-1 .20% C); the standard martensitic grades
are types 403, 410, 414, 416, 416Se, 420 , 422, 431, 440A, 440B , and 440C

2. Ferritic (10.5-30% Cr); the standard ferrite stainless steels are types 405, 4009,
429, 430, 430F, 430F-Se, 434, 436, 439, 444, and 446

3. Austenitic (16-26% Cr, 0.75-19.0% Mn, 1-40% Ni, 0.03-0.35% C, and
sufficient N); 2xx and 3xx series are groups of this steel

4. Duplex (18-29% Cr, 2.5-8.5% Ni, and 1-4% Mo, up to 2.5% Mn, up to 2%
Si, and up to 0.35% N); 329

5. Precipitation hardening (PH) stainless steel (austenitic and martensitic with
alloy added to form precipitates; those are: Mo, Cu, Al, Ti, Nb, and N);

essential alloys in this grade are 17-7PH (UNS S17700) and PH15-7Mo (UNS
S15700)
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2.3 Nitriding of Stainless Steel

Nitriding is an established technique to strengthen steel. In this method, nitrogen is
diffused into the steel. The nitrogen may dissolve in the steel or precipitates in the
form of nitride. Interstitial diffusion of the element in the steel or its precipitation

improves hardness of the steel.

In gas nitriding technique, the steel is exposed in nitrogenous atmosphere at
elevated temperature. Gas nitriding at 400 — 700°C is considered as low-temperature
gas nitriding. During the process, nitrogen diffuses into the steel and forms a nitrogen
solid solution or nitrides. A white compound is formed in the steel’s surface. It
consists of nitrogen solid solution and nitrides (FexN or CrN). This produces a
hardened case in the steel [20, 32-38]. However, formation of the compound reduces
its corrosion resistance [39-40].

Gas nitriding at high temperature (i.e. 1000 — 1200°C) is also known as solution
nitriding. This is a relatively-new technique of heat treatment to harden stainless steel
[39, 41]. The technique is carried out by heating the sample in nitrogenous
atmosphere at high temperatures where austenite is the stable phase [39-42]. After
being held for a certain time and quenching, a hardened case is normally obtained. In
this method, nitrogen is added and diffused interstitially into the steel. The nitrogen
forms a solid solution in the steel. The diffusion of nitrogen strengthens the steel. This
treatment is widely employed in improving the hardness of martensitic [40],
austenitic [39, 41-46], ferritic [47-50], and duplex [51-52] stainless steels. The works
recognized that compared to low-temperature gas nitriding, the solution nitriding can

diffuse nitrogen deeper into the steel.

Permeation of nitrogen in steel occurred through dissolution in austenite up to its

solubility limit. This takes place according to the following reaction [40]:

1/2 N,(gas) 2 (2.5)

Nitrogen can also precipitate in chromium nitrides through the reaction below:
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ZCTD,] + N[y] 2 CT'ZN (27)

Solubility of nitrogen in iron is affected by alloying elements. Figure 2.4
illustrates the influence of alloying elements on nitrogen solubility calculated by
Vleugels et al. [15]. fxN is ratio of nitrogen solubility in pure iron and in binary Fe—X
alloy concerned. Log fxN greater than 0 means that the element improves activity
coefficient of nitrogen and reduces the nitrogen solubility, while element with fxN
less than O enhances the nitrogen solubility. The figure shows that C, Ni and Si in the
metal decreased reactivity of the sialon — iron-alloy since the elements reduced
solubility of nitrogen. On the other hand, Cr, Mn and Mo increase the nitrogen

solubility, thus they enhance the reactivity.
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Figure 2.4 Influence of alloying elements on the activity coefficient of nitrogen in
pure iron at 1200°C and 1 atm of N gas [15]

Solution nitriding of duplex stainless steel at 1150°C for 15 hour produces
nitrides (M3N) at the sample surface [41]. However, the solution nitriding does not
change microstructure of austenitic stainless steel [42-43]. In this kind of steel,
absorption of nitrogen is increased with increasing N, partial pressure. Longer
solution nitriding enlarges grain size of the steel. This implies that nitrogen is fully
absorbed by the steel. Solution nitriding for 4.8 ks hardens overall cross section of 0.3

mm sheet thickness of the steel. It improves hardness of the steel from 1.7 GPa to
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approximately 2.7 GPa. Tensile strength of the steel is also increased; i.e. from 400
MPa to 850 MPa.

Correlation of nitrogen and hardness of nitrided stainless steel was proven for
austenitic stainless steel [41, 46]. For the nitriding of martensitic stainless steel,
Nitrogen content in the steel correlated well with the martensite layer and also the
steel hardness [47]. Nitriding the martensitic stainless steel produced martensite layer
in steel surface and dual phase of ferrite and martensite at the sample core. It was also
shown in nitriding AISI 410 SS at 1200°C under 0.25 MPa N, pressure for six hours
which formed 2.2 mm martensite case in the surface [53]. Below the martensite layer,
microstructure of the steel was dual phase; i.e. ferrite and martensite. However,
nitrides were formed when nitriding was performed at 1000°C. Maximum nitrogen
content of 0.7 weight percent was diffused into the steel. Figure 2.5 shows

microhardness and nitrogen content profiles of gas nitrided AISI 410 SS.
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Figure 2.5 Microhardness profiles of gas nitrided AISI 410

stainless steel [53]

Nitrogen diffusion was estimated based on surface hardness since nitrogen
content in steel correlates well with its hardness [17]. Martensite-case thickness was
also utilized for this purpose. In this work, solution nitriding was employed to diffuse
nitrogen into 9%-Cr FSS.
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Solution nitriding of AISI 430 FSS at 1100°C for 15 minutes produced 130 pm
martensite layer at the steel surface [50]. The whole 1.2 mm thickness of the steel was
transformed to martensite when nitriding was lengthened for 10 hours. In the former
setting, nitrogen was diffused with the content of 1 weight percent at the steel surface
and diminished at approximately 160 um below the surface. Maximum nitrogen
content was found in the surface of the steel nitrided for 10 hours. It decreased to 0.43

weight percent in the core of the sample.

Separate investigation on the materials also gained martensite phase throughout
the steel after nitriding for 1200°C under 0.1 MPa for 10 hours [49]. The steel
absorbed 0.43 weight percent of nitrogen. Iso-thermal section phase diagrams of Fe—
(0-30)%Cr—(0-3)%N system at 1473 K calculated by the worker is displayed in
Figure 2.6. With composition of 16.21% Cr and 0.43% N, the steel is in y phase.
Subsequently the austenite transformed to martensite during cooling to martensite-

start temperature.
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Figure 2.6 Calculated iso-thermal section phase diagrams of Fe—(0-30)%Cr—(0—3)%N
system at 1473K [49]

At higher Cr and N content (i.e. 24% and 1.82% respectively), nitrogen pearlite
which consists of a and Cr,N was observed. Phase diagram of Fe-24%Cr — (0—
2.5)%N system given in Figure 2.7 shows the possibility of a + Cr,N at nitrogen
content of 1 — 2.5%. The diagram also reveals that CroN may be formed at lower
temperature (i.e. up to 1300K or 1023°C).
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Reviews on solution nitriding works in this section reveal the role of the treatment
in strengthening stainless steel by diffusing nitrogen. It improves the hardness of
austenitic, ferritic, martensitic and also duplex stainless steels. Nitrogen diffusion
does not change the microstructure of the austenitic stainless steel due to its high
solubility [42-43, 54]. However, the ferritic structure in the ferritic stainless steel
underwent transformation to martensitic due to the nitrogen diffusion [47, 49-50].
Nitrogen content correlates well with hardness of nitrided steel. Therefore, thickness
of martensite and hardened-case in nitrided-steel surface can be used to estimate
depth of nitrogen diffusion in the steel [17]. Hence, this estimation technique was also

employed in the present work.
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Figure 2.7 Calculated vertical section phase diagram of Fe-24%Cr — (0-2.5)%N
system [49]

Besides dissolution in the steel, nitrogen may also precipitate in the form of
nitrides. This occurs when nitriding is conducted at lower temperature. Nitrides were
formed in nitriding of ferritic or martensitic stainless steel at 1000°C. Nitrogen

pearlite is also produced when the nitrogen content exceeds its solubility in austenite.

2.4 Diffusion Bonding Theory

Diffusion bonding is a solid-state joining process to join similar or dissimilar

materials. The joint was attained by reaction of the joined materials.
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To grow the reaction, intimate contact between the joined materials has to be
attempted. The interfacial reaction was achieved by the elements interdiffusion. To
stimulate the elements interdiffusion, intimate contact was maintained for a sufficient
time with an appropriate uniaxial pressure. Simultaneously, heating is applied at the
temperature of at least 0.75T,, where T, is the melting temperature of the less-
refractory material in degree Kelvin. Heating cannot be applied at too high
temperature as it will melt the less-refractory materials. However, it should be high
enough to facilitate the diffusion process that will produce reaction between the

joined materials.

Diffusion bonding pressure is needed to bring the mating surface into intimate
contact. This should not be too high to prevent macroscopic deformation.
Nevertheless, it should be sufficient to produce proper mating throughout the joined
surface. The pressure can be applied by employing a dead load or utilizing a low-
expansion-material jig to put the materials under pressure while heated. It can also be
generated using hydraulically-operated rams in the chamber walls. Such technique is
employed when the diffusion bonding is conducted in a hot-press machine.

Joining of ceramics with metal could be difficult due to the refractoriness of the
material. Low plasticity of the material also results in difficulties to attain conformity
of mating surfaces. To overcome this problem, interlayer is frequently utilized. The
interlayer is placed in between the joined surfaces. It must be ductile so that it can
deform easily to provide intimate contact between the mating surfaces under diffusion
bonding temperature without yielding any macroscopic deformation. The interlayer
may also absorb residual stress at the joint during cooling in the bonding process. The
residual stress normally takes place when there is a big difference of the joined-

materials’ expansion.

Production of the ceramic — metal joint depends on the formation of interfacial
reaction layer. The reaction layer acts as a bridging compound between the joined
materials. Excessive growth of the layer may produce brittle reaction products which

are harmful to the joint.
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2.4.1 Modeling joint formation

Achieving the joint in diffusion bonding process is initiated with the formation of
contact areas and the joint formation by the growth of bonded interfaces. Modeling of
the joint is proposed [55] by assuming the bonding as two blocks of pure ductile
material without any contaminants. This model is illustrated in Figure 2.8. The block
is assumed as uniform shape of doom or pyramids whose peaks make the initial
contact (Figure 2.8a). The contact flattens the peaks, yields neck formation (Figure
2.8b) and subsequently closes the voids (Figure 2.8c).
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Figure 2.8 Stages in the growth of the contact area between asperities [55]

The initial contact is attained by the deformation on the contact points which

generates a contact /interface area of width Ag. The contact area is expressed as:

S

Ap = —_—
B ext* Constant. oy

(2.1)

where Pey is the external pressure, S is spacing between the ridges, o), is the yield

stress of the material.
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Several processes are involved in closing the voids and developing the interface
(Figure 2.9). It was started with creep to drive the flattening (Figure 2.9a), while
vapor phase transport and diffusion takes place to make them spherodize (Figure
2.9b) and shrink (Figure 2.9c).

The steady state creep is derived from the expression:

dess/dt = A(/E)"exp[—Qy/RT] (22)

where ¢ is the stress, E is the elasticity modulus, n is a power term (i.e. a value of
typically between 4 and 5), Q, is the activation energy and A is a constant related to

fundamental deformation characteristics of the material such as Burgers vector.
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Figure 2.9 Local material transport mechanism involved in the growth of a bonded
neck [55]

The maximum rate of vapor phase transport, dm*/dt is given by the Langmuir

evaporation equation

. 1/2
dm*/dt = (3Pyap- p5) (2.3)
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where pgis density of the transported gaseous material and P,,,, is equilibrium vapor
pressure. The equilibrium vapour pressure can be related to the temperature through

the following equation:

Poop = Po.exp(—AH,/RT) (2.4)

where P, is a constant and AH is the evaporation enthalpy.

2.4.2 Diffusion of elements

Diffusion bonding involves materials transport in term of atomic migration through
the lattice of a crystalline solid [56]. The process is a thermally-activated process and
time dependent. Diffusion is defined as atomic movement from the higher-
concentration to the lower-concentration. It is the only possible significant transport in
solids [57]. Rate of diffusion with respect to the concentration gradient is expressed in

a mathematical equation by Fick’s first law as [58]:

aC .
Jx=-D() @9)

where, Jx is the flux of the diffusing elements in the x direction, dc/dx is
concentration gradient which can be changeable with time, and D is the diffusion
coefficient which is expressed in m?/sec. The diffusion coefficient also means as the

element’s diffusivity.

The above equation is applied when the flux does not change with time. This
condition is also called as steady-state diffusion. Nonetheless, in many cases, the
diffusion runs in non-steady state condition, that is the diffusion flux and the
concentration gradient vary with time. For this situation, concentration of the diffused
elements continuously decreases with the increasing of time. This is illustrated in
Figure 2.10.
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Nonsteady-state diffusion is expressed in a mathematical equation which is known

as Fick’s second law. The equation for the Fick’s second law is as follows:

ac—aa DaZC (2.6)
TR G P |
When the diffusion coefficient is independent of composition, the equation can be
simplified to:

ac b %C (2.7
at  dxZ

Concentration of diffusing species

Distance

Figure 2.10 Concentration profiles for nonsteady-state diffusion taken at
the different times ty, to, and t3 [58]

In a semi-infinite solid, in which the surface concentration is held constant, error
function is the solution for equation 2.7. The solution was proposed with the
assumption: fort =0, C = Cpat 0 < x < 0. For t >0, C = C; (the constant surface
concentration) at x = 0, C = Cy at x = . Application of the boundary produces the

following equation:

(2.8)

where C, corresponds to concentration at depth x after time t.
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The error function erf (%D_t) is the Gaussian error function which is defined as:

erf(z) = \% f e dy (2.9)
0

where x/2v/Dt is replaced by the variable z.

The diffusion coefficient is expressed as:

D = Dy exp <_}§_;> (2.10)

where
D, = a temperature-independent preexponential (m?%/s)
Qq = the activation energy for diffusion (J/mol or eV/atom)
R = the gas constant, 8.31 J/mol-K or 8.62x10" eV/atom-K

T =absolute temperature (K)

2.5 Solid State Joining of Ceramics with Metals

The joining of ceramics to metals currently has become an important manufacturing
step. Despite its benefit for utilization at high temperature and corrosive environment,
ceramics possess low toughness and brittle. This makes it difficult to machine into
complex part. Therefore, the combination of ceramics with metal is required [59]. The
joining is also required since it is impractical to fabricate large-complex ceramic
material. Furthermore, frequently only a certain part of equipment that requires the
specific properties where ceramics can fulfill [60]. Machining ceramics is difficult as
it is very hard and brittle. Thus, only diamond grinder normally used to machine the
ceramics [61]. This will lead to high manufacturing cost and also limitation of shape.
In this situation, the equipment can be made of metals for the main structure, while
the ceramics is utilized for the particular component which needs corrosive or high
temperature resistant. Therefore, success of ceramics application often requires
utilization of the techniques. This was employed to produce an electric light bulb

which was invented in the 1800s. The technique was then improved between 1950

24



and 1970 and currently is widely utilized in electronic industry, medical equipment
and weaponry [62]. As established in section 1.1, metal — ceramic joining is also

utilized for turbocharger rotor, glow plug head and rocker arm tip.

Many joining techniques were utilized to combine ceramics with metals; i.e.
ranging from mechanical joining to solid state joining and liquid phase bonding [59].
In their review, Nascimento et al. [62] classified the ceramics — metal joining
techniques into three categories, namely: mechanical joining, indirect joining and
direct joining. Mechanical joining is the simplest and the most efficient. Examples of
this process are screwing, fastening, clamping, and shrink fitting. In indirect joining,
the joint is achieved by employing intermediate material such as filler metal.
Adhesive bonding and brazing are grouped into this classification. In direct joining
method, the additive material to achieve the bonding is not needed. Solid-state
diffusion bonding is joining technique which is in the group of direct-joining method.
However, intermetallic layer is commonly employed in the diffusion bonding process.
This was applied for self-joining of ceramics [12] as well as joining ceramics to
metals [4, 10]. Direct diffusion bonding without interlayer requires very high process
temperature and a proper surface preparation [63]. The material is required to relieve
the thermal residual stress at the joint. Ductile interlayer is also needed to create

proper contact with the harder and more-brittle joined materials.

Diffusion bonding is a solid-state joining process to join similar or dissimilar
materials. The process is carried out by applying the pressure to maintain intimate
contact between the joined materials while heating them at temperature minimum of
0.75 T, Where Ty, is melting temperature of less-refractory material [55]. Throughout
the process, atomic diffusion occurred and bonding was produced. This technique can

produce very stable joint that can operate at high temperature [64].

Although homogeneous structure of the joint interface is expected, however, it is
hard to achieve, especially in joining dissimilar materials. Interface layer is often
developed. Brittle layer is the interface product that should be avoided. This layer is
difficult to accommodate residual stress that is generated during the cooling process.
The residual stress is occurred due to the different coefficients of thermal expansion

of the bonded materials. All of these have brought the interface layer to be the most-
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critical part on the bonded material. This section reviewed several works on solid-
state diffusion bonding of ceramics with metals. Important characteristics and
parameters related to the joint achieved in the process will be highlighted and

summarized at the end of the overall review.

Alumina was joined using Pt foil as interlayer [60]. The Pt foil was placed in
between two alumina discs. The samples were then heated to 1450°C under argon
atmosphere with uniaxial pressure of 1 MPa. The thickness of the foil was 25 — 250
pm. Microstructure of inherent voids was observed in the ceramics side. A thin layer
of glass covered the ceramics and caused the defect. The interfacial failure was
sensitive to the foil thickness. Thinner metal layer produced the joint strength which is

comparable to the inherent strength of the ceramics.

Strength of ceramic metal joint can be examined using several techniques. Since
machining ceramics is difficult, producing the joint that is suitable for standard
mechanical test was not easy. Therefore, frequently the test should be customized
based on the shape of the sample. Four-point flexure bending test of the joint was
applied when the sample has sufficient length [60, 65]. Mechanical shearing test was
often performed for examining the strength of cylindrical shape of joined sample [8,
66-67]. The method is normally employed when for point bending test was impossible
due to the minimum length of the sample. Tensile test was carried out to examine the
strength of alumina — kovar joint [68]. It was possible since the kovar was in the tube
form. Groove was provided at the outer wall surface to allow gripping the sample.
Another work attempted tensile test complying with the standard of ASTM E-338 to
test the strength of aluminum — silicon carbide joint [69].

Travessa et al. [67] joined aluminum oxide with AISI 304 steel using Ti, Cu or
Mo as interlayer materials. Diffusion bonding technique was employed. It was
performed with 15 MPa uniaxial pressures under vacuum condition in the hot furnace.
Joints were achieved with Ti interlayer. It produced average shear strength of 20 MPa.
The diffusion bonding was feasible under process temperature of 700 — 900°C.
However, the joining was unsuccessful with Cu or Mo. Diffusion bonding with Mo
was failed since the metal is highly stable. This failure indicated poor reactivity of the

materials at the employed diffusion bonding conditions. Reaction of the ceramics with
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Cu also failed to produce joint. Best joint was given in the diffusion bonding setting
of 800°C for 60 minutes. The joint was produced by the dissociation of the ceramics
and diffusion of O, into Ti. Intermetallic compound of TizAl was formed in the
interface. Increasing diffusion bonding temperature and lengthening the time built

brittle phase that endangered the joint.

Das et al. [68] performed the joining of alumina ceramics with Kovar tube using
20 pm-thickness aluminum interlayer. The materials were hot-pressed at around
600°C under vacuum condition. Three types of alumina ceramics were utilized for the
experiments, namely: 90, 96, and 99% alumina ceramics. The materials were joined
using 75 MPa unixial pressure for 10 minutes in temperatures range of 450 — 600°C.
Maximum joint strength was obtained at the optimum temperatures of 550, 512, and
575°C for 90, 96, and 99% alumina ceramics respectively. The strength was enhanced
when the bonding was carried out up to 90 minutes. Higher diffusion bonding
temperatures stimulated the joint. However, they formed excessive thickness of
reaction layer in the joint. This decreased the joint strength. Increasing bonding
pressure improved the strength of the joint. Nonetheless, a limit of the maximum
pressure was noted. This was limited by the deformation of the interlayer. Elemental
diffusion took place between Al foil and alumina; whereas, reaction occurred between
the Al foil with Kovar. The reaction products were identified as Ni,Al1g029 and
NiAls.

Shen et al. [70] diffusion bonded Al,O3-TiC composite ceramic and W18Cr4V,
high speed steel. The diffusion bonding utilized a Ti-Cu-Ti (20 um Ti + 60 um Cu +
20 pm Ti) multi interlayers to deal with thermal residual stress. Uniaxial pressure of
10 — 15 MPa was applied while heating the samples at 1100 — 1130°C for 45 — 60
minutes in a vacuum chamber. The interlayer fully melted and reacted with the
substrates to form the transition zone in the joint. Cu-Ti solid solution and Fe-Ti
compound were predicted in the transition zone. Hardness of the transition zone was

in between the hardness of the substrates.

Study on the solid-state reaction of SiC and Fe was attempted by Tang et al. [71].
The samples (SiC and iron) having 10mm x 10mm X 2mm dimensions were in

contact with a load of 20 kgf in a tube furnace at temperatures of 1073 — 1373K for
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0.5 — 40 h. The atmosphere of the furnace was gas mixture of Ar-20 vol.% H..
Reaction of the materials produced Fe3Si and Fe (Si) and carbon precipitation. Higher
carbon precipitated in the layer produced brittle phase in the joint. Therefore, despite
the reaction of the materials, crack at the ceramics side was demonstrated in the

experiment.

Solid-state joining of SiC with Ni-based super alloy (HAYNES®214™) was
studied by Hattali et al. [66]. The alloy was applied for high temperatures and severe
chemical atmosphere. Ag metallic interlayer was employed to reduce residual stress at
the joint. The joined materials were prepared in 15mm x 5mm x5mm. The foil having
same size with 200 um thickness was located in between ceramic blocks. Joining was
carried out under vacuum condition. It employed 6 MPa uniaxial pressures at 910°C
for 1 hour. Utilization of the Ag foil hindered the formation of brittle reaction product
of Si and N. Diffusion bonding of the materials using Ag interlayer achieved the joint
strength up to 45+9 MPa. This could fulfill industrial applications at 700°C for more
than 10,000 hours.

Aluminum was diffusion bonded with SiC at various temperatures (700, 750, 800,
850 and 900°C) and dwelling time of 10, 20 and 30 minutes [69]. Segregation of SiC
occurred and reaction of Si and C with Al took place in the interface. Harder interface
layer was observed in the diffusion bonding at higher temperature. Increasing the
bonding temperatures improved the bond strength. This was recognized as joining at
lower temperature produced poor wetting of the ceramics. At constant temperature the
strength increased at holding time of 10 — 20 minutes. It subsequently decreased when
the diffusion bonding was lengthened. This was caused by the presence of the reaction
product in the interface.

Paulasto et al. [72] investigated the interfacial reactions in Ti/ SisN4 and TiN/Si
diffusion couples. The experiment was conducted under vacuum. It employed 200
N/cm? contact pressure and heated the materials at 950 and 1100°C. The materials
reacted well. Precipitation of TisSiz, TiSi, and TiNy and a-Ti(Si,N) solid solution was
formed in the layer. Sintering additives, Y,0O3 was also observed. Fracture in the joint
occurred at the reaction products layer. This revealed the brittleness of the silicide.

The work noted that the maximum solubility of N into TiNy was influenced by the
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nitrogen external pressure. Therefore the gas phase possessed strong effect on the

reaction

SizN4-TiN composite joint with Ni, INVAR (Fe-Ni alloy), and IN600 (Ni-Cr-Fe
alloy) interlayers was achieved using as diffusion bonding process [73]. The process
was carried out in a hot furnace under argon or nitrogen atmosphere. Joining was
performed at temperatures of 1100 — 1350°C with holding time of 1 — 4 hours. The
joint of the composite with Ni interlayer was obtained at temperature above 1100°C.
Reaction layer was formed in the interface. The layer consisted of the un-dissociated
TiN surrounded by light particles. The particles were predicted to be solid solution of
Si in Ni or nickel silicide. Diffusion of Si in the interlayer side was also discovered.

The depth of the diffusion depended on the diffusion bonding temperatures and time.

SizN4 with Ti foil interlayer was diffusion bonded in a hot press at temperatures
ranging from 1250 — 1550°C [1]. A titanium foil with the thickness of 0.89 um was
sandwiched with two ceramics discs. The materials were positioned in a graphite
furnace room and pressed with 20 MPa uniaxial pressures. Maximum joint strength of
145 MPa was attained in the diffusion bonding at 1500°C for two hours. Below
1400°C, the joint could not be produced. The joints were formed due to a reactive
interface on the Ti side. Diffusion of Si and N into the Ti created Ti-N compound and
titanium silicides precipitation on the reaction layer. Thermal micro crack occurred in
the layer. The interface was generally brittle. Joint strength initially increased when
the thickness of the layer increased. It reached its maximum at a certain layer-
thickness and subsequently decreased when the layer grew thicker. Therefore the

layer must be controlled to improve the joint strength.

Self diffusion of SizsN4 was attempted [74]. The diffusion bonding employed Ti
and Cu-foil/Ti as the interlayer. The thickness of the Ti and the Cu-foils were 0.89
and 0.1 mm. These were utilized to reduce the generation of the residual thermal
stress. The process was performed on the hydraulic press combined with a graphite
resistance furnace at the temperature of 1400 — 1550°C for SizN4/Ti/SizN4 and 900 —
1100°C for SizN4//Cu/Ti/Cu/ SizsN4/ with several holding times. The reaction formed
TisSiz and TiN in the interface. These reaction products were known to be brittle. The

work found that temperature is the most significant parameters that affected the joint.
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The strength of the joint increased as the reaction-layer thickness increased to a
certain value. This subsequently decreased after it reached a maximum strength (i.e.
147 MPa). This was achieved at a certain thickness of the reaction layer. The decrease
of the strength was due to the excessive reaction-layer thickness. Therefore, the

authors recommended controlling the reaction layer to obtain good joint.

SizN4 was diffusion bonded with Ni interlayer [9]. The process was accomplished
in a hot press at temperatures of 1050°C and 1150°C for one hour. It was carried out
under vacuum condition with uniaxial pressure of 40 MPa. Highest shear strength was
achieved in the diffusion bonding at 1050°C; while the strongest joint (i.e. 235 MPa)
in bending test was obtained at diffusion bonding temperature of 1150°C with 0.26
mm Ni thickness. Diffusion of Si into Ni was at greater distance than the diffusion of
Ni into the ceramics. Thin Ni produced weak joint due to its non-uniform distribution
of pressure or by the degree of deformation of the interlayer. Nickel silicides and
precipitates were found in the interface for diffusion bonding at 1150°C. In the joining

process at 1050°C, these species were not identified.

Diffusion bonding of silicon nitride with molybdenum was studied by Martinelli
et al. [75]. Direct diffusion bonding of 9mm x 9mm x 6mm of silicon nitrided with
9mm x 9mm X 2.5mm of molybdenum sheet was performed in a hot press furnace
under vacuum and nitrogen atmosphere. The diffusion bonding was accomplished at
temperatures range of 1100°C to 1800°C and the holding time of fifteen minutes to
four hours. The uniaxial pressure of 10 MPa was applied at 10°C before it reached the
diffusion-bonding temperature. The pressure was released at the end of the dwelling
time. Bonding was not achieved at temperature below 1200°C. However, above this
temperature, the joints could be achieved for all conditions. Layers of molybdenum
silicides (MosSi and MosSi3) were formed in the interface of the joint. Nitrogen
atmosphere postponed the formation of the silicides, yet, it did not change the reaction
products. Porous layer and precipitations of sintering additives were found in the
joint. The overall thickness of the layers increased along with increase of the
temperature. The joint strength increased to a maximum value (57 MPa of optimum
condition) at certain diffusion bonding time and temperature. The strength was
reduced when the parameters increased further. This was due to the substantial growth

of the layer.
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Silicon nitride and 253MA wear-resistant steel was diffusion bonded in a hot press
at temperatures of 1200°C under vacuum condition [2]. Variable pressures (i.e. 1 — 10
MPa) were applied during cooling. Twenty percent improvement of the joint strength
(from 75 MPa to 87 MPa) was achieved when the proper change of the pressure was
employed. The joint strength was also improved by the smaller surface roughness of

the joined materials.

Direct diffusion bonding of silicon nitride with austenitic stainless steel was
attempted by Stoop et al. [14]. It was performed in a high-frequency induction
furnace under vacuum condition. Diffusion bonding experiments were carried out
under various bonding pressure (0 — 15 MPa), time (up to 1440 minutes) and
temperatures (1000 — 1225°C). In the interface of the joint, the diffusion layer was
formed in the steel side, while the porous zone was produced in the ceramics part. At
a constant temperature, the joint strength was increased to a maximum at a certain
holding time and decreased when the process was lengthened. Similarly, a definite
temperature giving a maximum joint strength was also identified at a constant time.
Subsequently, increasing the temperature decreased the strength. This was due to the
growth of the diffusion and the porous layer. Maximum joint strength of 37 MPa was

obtained at 1100°C, for three hours under 7 MPa uniaxial pressures.

Joining of the silicon nitride with austenitic stainless steel was also carried out by
using metallic interlayer [12]. Fe, Ni, invar and kovar were employed for the
interlayer. Among the materials, invar interlayer gave best joint. Diffusion bonding
setting was the same as his previous work reviewed in the former paragraph. At the
ceramics-invar interface, reaction layers comprised a porous zone in the ceramics and
a diffusion area in the interlayer. In the other interface (i.e. invar — stainless steel),
diffusion zones were formed in both materials. A certain value of bonding time and
temperature (at constant temperature and time, respectively) that gave maximum joint
strength was identified. The highest joint strength of higher than 70 MPa was
achieved.

Three types of austenitic stainless steels (AISI 304, 316 and 321) were employed
as interlayer in diffusion bonding of silicon nitride [10]. Thickness of the interlayer

was 50 um. Diffusion bonding in a hot press machine was executed at 1100°C for 120
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minutes. The process took place in vacuum condition and employed 4 — 5 MPa
uniaxial pressures. Joint strength produced by the interface layer was relatively the
same as the self-joining of the SizN4 (i.e. without interlayer) which was attained at
much higher temperature. However, the joint of the ceramics using AISI 321 steel
was stronger than the joint without interlayer. Metallic silicide in the interface was

believed to decrease the strength of the joint.

Jadoon et al. [76] joined silicon nitride with high-temperature and corrosion
resistant iron—chromium—aluminium alloy (fecralloy). Joining was performed in a
high-temperature vacuum furnace. The experiments were carried out at temperatures
850 — 1140°C under uniaxial pressure between 0 — 9.5 MPa for holding time between
0 — 60 minutes. Cu foil interlayer or Ti/Cu/Ti multilayer was placed in between the
ceramics and the alloy for the joining. Good joint was obtained at 1100°C without
remaining Cu or formation of reaction layer in the joint. At slightly higher
temperature, precipitations of chromium nitrides and iron silicides were produced. A
thin aluminum nitride was also developed at the interface in the ceramics side. The
diffusion of elements occurred at higher pressure. The joint produced modest joint
strength but well comparable with other metal-ceramic joints possessing high
difference of coefficient of thermal expansion. The modest strength of the joint was
believed due to the formation of brittle phase in the joint. Joining the materials using
Ti/Cu/Ti was attempted to improve the joint. Nevertheless, the joining failed due to

the formation of Ti—Cu-Si—N brittle compound.

Austenitic stainless steel was utilized as interlayer in joining sialon ceramics by
Abed et al. [4]. Cookson Syalon 201 was joined using 316L stainless steel for the
interlayer. The samples were pressed in a hot press machine with about 20 MPa
compressive pressures at 1250°C. Reaction layer in the joint indicated the penetration
of the steel into the sialon. Re-precipitation of the dissociated silicon nitride was also
estimated at the steel side in the interface. The critical thickness of the interlayer was
1 mm. Thicker interlayer caused crack at the ceramics despite its good bonding.

Austenitic and ferritic stainless steels were diffusion bonded with sialon [5]. The
joining was carried out by hot-pressing at 1250°C with uniaxial pressure of 15 MPa.

Nitrogen was added into the steel prior to the joining by nitriding it under nitrogenous
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atmosphere at 1200°C for four hours. The nitrogen in the steel was expected to
counteract the liberation of the nitrogen from the sialon during the joining. Good joint
was achieved for the joining with both steels. However, ceramics cracked in the
joining with austenitic stainless steel. Better joint was attained in sialon — ferritic
stainless steel joining. This was due to the formation of the ductile layer in the joint.
The layer was presumed to absorb the residual stress generated during the process.

Hence, good bonding was contributed.

The above works were presented in summary to identify important characteristics
in ceramic — metal joining using diffusion bonding process. The summary describes
that joining of ceramics to metal is possible. It was demonstrated by alumina, silicon
carbide, silicon nitride, and sialon. The process was initiated with the dissociation of
ceramics which liberated its elements. Diffusion of the elements occurred between the
joined materials. It built a diffusion zone of the ceramics’ elements in the metal side.
Reaction between the elements also occurred and produced reactive interface in the
joint. All of the works disclosed that diffusion and reaction of elements from the

joined materials produced the joint.

All above works noticed that the joint strength correlated with thickness and
phases of the reaction layer. A certain thickness of the layer was identified giving
maximum joint strength. However excessive growth of the layer subsequently
decreased the strength. Diffusion bonding temperatures increased the thickness of the
reaction layer. Similarly, holding time employed in the diffusion bonding process also
stimulated the growth of the layer. This was well known as diffusion was time and
temperature dependent. Thus, for a certain level, these parameters improved the joint
strength. However, excessive layer-thickness may weaken the joint. Therefore, too

high temperature or too long dwelling time reduced the strength of the joint.

Structure of the joint affects the joint strength. Brittle phase such as nitrides or
silicide decreases the strength Other than brittle phases, voids or porosities also
deteriorate the joint. Thermal microcrack may also be formed. Controlling the phases
in the layer was also recommended to improve the joint. Formation of ductile layer
contributed the joint [5, 17]. The works also observed that nitrogen in steel prior to

joining with sialon improved the joint. The use of Ag interlayer hindered formation of
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Si-Ni brittle compound in the joint of SIiC with Ni-based super alloy and thus
enhanced the joint strength [66].

Problems due to difference coefficient of thermal expansion can be highlighted in
several works. This caused crack in the joint of austenitic stainless steel — sialon [4-5,
17]. Thickness and materials of interlayer influence the results of joining ceramic-
metal using interlayer. Too thick layer hinders the joint and may also cause excessive
thermal residual stress and crack the ceramics [60]. Stable material hampers reaction
with the substrates [67]. Thus, it is difficult to achieve the joint. Employing proper
interlayer material and thickness effectively relieves the thermal residual stress in the
joint [12, 66-68, 70].

Review of some works on the ceramic — metal joining clearly depicts the
importance role of the ceramic — metal reaction on the joint. To attain the joint,
reaction of the ceramics with the metal must be stimulated. However, excessive
growth of the layer tends to weaken the joint. Brittle reaction products also deteriorate
the joint. Discontinuity of the microstructure in the joint could also be in a form of
voids, porosities or thermal micro crack. These may also endanger the bonding.
Therefore, controlling the interfacial layer (i.e. phases and thickness) is recommended
to improve the joint. Unfortunately, controlling the reaction layers in the joint seems
not easy. The aforementioned review showed that an optimum condition was given by
combinations of diffusion bonding parameters. It was also suggested that controlling
the phases on the layer can be performed by selecting the suitable metallic interlayer.
In direct diffusion bonding, nitrogen added into the steel was also claimed to improve
the joint. With regard to the critical role for achieving the joint, understanding the

reaction layers in the joint is important.

2.6 Reaction of Silicon Nitride and Sialon with Steel

Evaluation on the works in solid state diffusion bonding of ceramic — metal disclosed
the importance of reaction layers in the joint. Formation of the reaction layers

illustrates reactivity of the joined materials. Reaction of silicon nitride or sialon with
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various kinds of steels or iron alloys has been studied in the last decade. Summary of

the works is tabulated in Table 2.1.

Table 2.1 Investigations on reaction of SizN, and sialon with iron and steel
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Some of the works listed in the table focused on investigating the reaction
between the materials [6-7, 15, 77-78]. Thus, those were not intended to obtain the
joint. However, the studies found good bonding in silicon nitride — iron interface, as
well as in the interaction of the ceramics with steel. Despite crack at the ceramics, it
indicates that joining the materials was actually possible. Several works focused on
achieving the joint [2, 5, 10, 12, 81]. As part of the concerns, the studies also provide

information on reactivity of the materials.

Table 2.1 illustrates that generally reaction products are formed in the interface of
the materials. The reaction zone is created in both ceramics and metal parts. Several
reaction products were identified in the interaction of silicon nitride or sialon with the
metal. Silicides and nitrides were found by several workers [2, 5, 10, 17, 81].
However, the other researchers claimed that no new phase or compound was
produced by the interaction of the materials [6-7, 15, 77-78].

A silicon-enriched sintering additives precipitation occurred in the interaction of
silicon nitride with pure iron [6]. Vleugels et al. [15] suggested that elements released
from ceramics recombined and formed the oxides. There are few works which even
failed to identify the phases in the reaction layer [5, 12, 14, 16-17]. Instead of silicides
or nitrides, several works claimed that decomposition of ceramics produced insoluble
oxides in the reaction zone [77-78]. More complex compound of elements from the
materials was also discovered [81].

2.6.1 Decomposition of Silicon Nitride

Reaction of ceramic — metal at high temperature is initiated with the dissociation of
the ceramics. Silicon nitride decomposes when in contact with steel at high
temperature. It releases its elements. The liberated elements are consumed for the
reaction with steel [13, 77].
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Decomposition and dissolution of silicon nitride in steel occur according to the

following reactions [15]:
SizN, = 3[Si]pe + 2N, (2.8)
SizNy 2 3[Silpe + 4[N]ge (2.9)

in which [Si]re and [N]r. are the dissolved silicon and nitrogen in the steel. Reaction

2.8 started at temperature above 636°C; whereas, reaction 2.9 began at 1033°C.

The decomposition of silicon nitride creates a reaction layer in the ceramics side.
The aforementioned discussions have established that the ceramics decomposition
may produce insoluble oxides or precipitations of sintering additives. However,
reaction of elements from the materials may also be formed in this area. When the
work attempts to achieve a silicon nitride — steel joint, thickness of the layer strongly
influences the joint strength [14]. Too thin reaction layer cannot produce the joint.
Conversely, excessive growth of the layer also deteriorates the bonding [16]. For this
reason, avoiding fast decomposition of the ceramics was suggested. Nevertheless, the
worker did not provide a manner to do that. Adding nitrogen [17] into the steel prior
to joining with sialon was proposed to hinder the sialon decomposition. It was

claimed that it worked successfully; however, no clear evidence was given.

2.6.2 Interdiffusion and Reaction of Elements

Silicon and nitrogen released from the decomposition of silicon nitride or sialon
diffused into the metal. Reaction 2.8 shows that the decomposition of silicon nitride
occurs through gas phase. Heikinheimo et al. [6] suggested that the nitrogen gas
would be removed from the ceramic-metal interface through open crack in the
interface or along the interface. It may diffuse into the metal or be trapped and create
pores in the interface. The nitrogen gas can also be freed into the atmosphere through
the edge of the ceramic-metal contact zone [7, 15]. All works listed in Table 2.1
revealed porous zone in reaction front of silicon nitride or sialon with iron or steels.

This was believed due to the trapped nitrogen in the interface.
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Investigations on reactivity of silicon nitride with steel reviewed in this work were
not able to detect nitrogen in joint interface. However, they all believed that the
element dissolved in the metal side during the interaction. Peteves et al. [13] found
the precipitations of CrN in the steel side close to the silicon-diffusion zone.

Martensite formation driven by nitrogen diffusion was recognized in the parent
steel of 9.5%-Cr when it was joined with sialon [5, 17]; whereas nitrogen pearlite was
identified in the steel-composite site [82]. Those proved that nitrogen also diffused
into the steel. It may dissolve in the steel and stimulated martensite formation, or

precipitated in the form of CrN or Cr;N.

Kalin et al. [7] and Vleugels et al. [15] claimed that solution rate of nitrogen
controlled the reactivity of silicon nitride and sialon with iron-based alloys. Thus,
increasing solubility of nitrogen enhanced the reactivity. The solubility of nitrogen is
influenced by the alloying elements. This was illustrated in Figure 2.4. The figure
clearly shows that the increasing Cr, Mn and Mo increased the solubility of nitrogen,

and thus improved the reactivity with ceramics.

Better reactivity of the materials could be reflected from the thicker reaction layer
in the interface. Therefore, thickness of reaction front in sialon side was used for a
measure of reactivity of the materials concerned. Kalin et al. [79] added the diffusion
zone as a sign of the reactivity. Hence, other than reaction front in ceramics, they also
proposed silicon-diffusion extent in steel to be used for estimating the reactivity.

Fe diffuses into the decomposed part of the silicon nitride or sialon in its interface.
Si dissolves in the iron in this part to form an iron solid solution matrix. Table 2.1
reveals that in all works, iron solid solution was produced at the reaction area in the

ceramics.

Diffusion of silicon is extended into the metal side and creates a silicon-diffusion
zone. In an alloy containing high C, the reaction produces v solid solution. However,
with higher Cr content in the alloy, ferrite iron with dissolved Fe (a-Fe (Cr, Si)) is
produced and stabilized since Cr and Si are both ferrite formers [77-78].
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In addition to solid solution in layer matrix, the other reaction products are also
found in the reaction front. Taking into account the diffusion of Fe and Cr from metal
alloy into silicon nitride, one may expect the formation of silicides and nitrides in the
joint. This was observed in interface of silicon nitride — Fe-Cr alloy system [2, 10, 13,
81]. An earlier work in joining silicon nitride with austenitic stainless steel found no
new compound was made in the joined-materials interface [14]. XRD examination on
the surface of reaction front in ceramics side could not detect any compound.
However, another work on joining similar materials identified several silicides and
nitrides using glancing incidence angle (GIA) XRD [10]. The later work predicted
that the difference might be due to different materials used in the experiment. It also
proved that characterization technique is essential to scrutinize the phases in the

reaction front.

The findings discussed in previous paragraph reveals that dissociation of Si from
silicon nitride in silicon nitride — steel interaction leads to opportunity of silicides
formation. Similarly, nitrogen may form nitrides when it meets metallic-nitride
formers. The possibility of the iron silicide formation can be learnt from the Fe — Si
system (Figure 2.11) which shows the presence of Fe,Si, FesSis, Fe,Si and B-FeSi;
(high temperature) and a-FeSi, (low temperature). Maximum solubility of Si in v is
1.9 weight percent. This is in temperature of around 1100°C. Slightly below 1300°C,
10.9 weight percent of Si would dissolve in iron.

Although silicides and nitrides were confirmed by several researchers in the
interaction of silicon nitride — steel; however, Heikinheimo et al. [6] claimed that no
silicides or nitrides were formed in silicon nitride — Fe interaction. Several other
works found the same conditions [7, 77-79]. Instead of silicides or nitrides, the works
claimed that the decomposition of silicon nitride produce insoluble oxides,
precipitation of sintering additives or silicon-enriched sintering additives in interface

of silicon nitride — steel.

In sialon — steel interface, Vleugels et al. [15] found that Al,O3 was produced
from recombination of dissociated sialon elements. EDX analysis performed on
precipitations in the interface found that the species were rich of Al and O. The

alumina was confirmed using Raman spectroscopy. Characterizations on the interface
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of sialon — 9.5% Cr failed to clarify any formation of compound [5, 17]. Nevertheless,
chemical composition of the area indicated that silicides and nitrides might be present.
Two other studies in joining sialon with austenitic stainless steel and steel composite

also failed to ascertain the phases [4, 82].
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Figure 2.11 Phase diagram of Fe — Si [30]

Review of investigations on reaction of silicon nitride — steel in this section
reveals that reaction of ceramic — metal occurs in the interface. The interaction
produces reaction front in ceramics side and silicon-diffusion in steel side. While the
works agree on the silicon-diffusion in steel, different reaction products are claimed in

interface of the materials concerned.

Fewer studies were carried out on accessing sialon — steel interaction. Crack in
sialon side was found in joining the ceramics with austenitic stainless steel [4].
However, the ceramics was successfully joined with 9%-Cr ferritic stainless steel [5].
Ductile layer formed in the interface was believed to relieve residual thermal stress
and contributed the joint. Yet, despite its success in achieving the joint, phases in
interface of the materials remain unclear since its characterization failed to identity
them. Another study on reactivity of sialon with steel implied that the materials can be
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joined [15]It was established that fast decomposition rate of ceramics in joining with
metal should be avoided (section 2.5.1). Brittle phase, such as silicides and nitrides in
the interface should also be prevented. To suppress decomposition of sialon, nitrogen
addition through solution nitriding on the steel prior to joining was proposed [5, 17].
This was claimed successfully hindered the decomposition of sialon and thus
qualitatively enhanced the joint. Nonetheless, the work did not provide any evidence
on the reduction of the decomposition. Hence, phenomenon of the nitriding on the
steel to improve the joint remains unclear.
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CHAPTER 3

METHODOLOGY

3.0 Overview

To attain the objectives of the research, several experiments, characterizations and
analytical works were carried out. This chapter describes the methods of investigation
taken to accomplish the mission. The chapter is divided into two sections. In the first
section, methodology of the research will be presented. It discusses general steps that
were accomplished to study the joining of sialon and steel. Subsequently, detail of the
experimental procedure is presented in the later part. The section discusses the
materials used in the experiments as well as the techniques and equipments utilized in
the experiment. Procedures and settings as well as the considerations in executing the

experiments are presented.

3.1 Methodology

Reaction layer in the interface of sialon — ferritic steel was obtained by attempting the
joining of the materials. The joining was performed by diffusion bonding process as
the process produces the joint by stimulating reaction between the joined materials.
Therefore, it would produce reaction layers that were going to be explored in this

study.

Diffusion bonding of sialon was attempted with AISI 430 FSS and 7.5%-Cr FS in
as-received and nitrided conditions. Joining of the sialon with nitrided steels was
performed to study the influence of nitrided steel on the reaction layers of its joint
with sialon. Solution nitriding was applied on the steel before the joining. The
solution-nitriding treatment was intended to diffuse nitrogen into the steel. Thus, the
steel would be diffusion bonded with sialon in nitrogen-pre-dissolved condition.



Reaction layers in the joint were studied in term of their thickness, phases, as
well as the mechanical properties. Characterizations were carried out on the cross
section of the joint. Metallographic study was performed using OM and FESEM.
Elemental analysis was conducted using EDX across the joint. The analysis aimed to
study elements interdiffusion across the joint. Analysis of the elements was also
accomplished on a particular phase as indicated by the optical or scanning electron

micrographs. This was conducted to identify phases in the reaction layers of the joint.

Further characterizations were undertaken using XRD and XPS to identify phases
in the reaction layers. At the end, the results of the investigation on the reaction layers
of the joint were analyzed. Characteristics of the reaction layers in sialon — as-
received steel and sialon — nitrided steel joints would be compared. Comparison was
also accomplished for the sialon — AISI 430 FSS and the sialon — 7.5%-Cr FS joints.

3.2 Experimental Procedure

This section presents the procedures of experiment that were conducted to attain the
objective of the research. This covers the nitriding and the diffusion bonding
experiments. Materials, equipments and the experimental setting employed in the

study are reported.

3.2.1 Materials

The Sialon that would be joined with steels was B-sialon provided by Syalon Int. Ltd.,
UK with the trade name of Syalon 101®. The material was supplied in the form of
discs of 20 mm diameter and 4 mm thickness. Chemical compositions of the as-
received sample were analyzed using inductively-coupled-plasma optical emission
spectroscopy (ICP-OES) of Sirim Bhd., Shah Alam, Malaysia. Table 3.1 presents the

chemical compositions of the sialon.

Table 3.1 Chemical compositions of sialon (weight percent)

Al (@] N Si
3.57 | 2.87 | 1.58 | Balance
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The AISI 430 FSS was in the form of 1.2mm-thickness sheet of Thainox Stainless

Steel Co. Ltd., Thailand. The chemical composition of the steel is given in Table 3.2.

Table 3.2 Chemical composition of as-received AISI 430 FSS (weight percent)
C Cr | Mn | Mo | Ni S Si P Ti | Fe
0.062 | 15.72 | 0.31 | 0.13 | 0.12 | 0.003 | 0.23 | 0.03 | 0.002 | Balance

The second steel used in the experiment was 7.5 %-Cr FS. The material was
supplied in the form of 16mm-diameter round bar. Chemical compositions of the steel

are presented in Table 3.3.

Table 3.3 Chemical composition of as-received 7.5%-Cr FS (weight percent)

C Cr | Mo | Ni S Si Mn Vv Fe
0.06 | 751 | 0.69 | 0.87 | 0.002 | 0.32 | 0.64 | 0.29 | Balance

3.2.2 Experimental Procedure for Solution Nitriding

Solution nitriding was employed to prepare the nitrided steel for joining with sialon.
Nitrogen diffusion into the steel was expected from the nitriding treatment. The
nitriding treatment was applied for the AISI 430 FSS and the 7.5%-Cr FS.

The solution nitriding was carried out in a Carbolite STF horizontal tube furnace.
N gas was used as it was commonly utilized in the treatment [41-42, 46-51, 83]. A
gas flow meter was attached to the tube furnace to adjust the flow rate. It was also to
maintain constant flow rate during the treatment. The gas outlet tube was connected to
a Drechsel bottle. Five millimeters of the outlet tube length was inserted into the
water to slightly increase the gas pressure flown in the furnace. Details of the

equipments for the experiment were illustrated in Figure 3.1.

Samples of AISI 430 FSS were prepared in 20mm x 30mm dimension for the
treatment, while the 7.5%-Cr FS was cut into 1.5mm thickness. The samples were
washed with acetone before each experiment was carried out. For the nitriding of
AISI 430 FSS; two samples were placed in alumina boat and inserted into the heating

zone. After the nitriding, a small piece of the nitrided steel was cut for
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characterization works, while the rest of the samples were then used for diffusion

bonding with sialon.
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Figure 3.1 Setting of solution nitriding experiment

For the 7.5%-Cr steel, three samples were inserted into alumina boat for the
nitriding treatment. One sample was used for the characterization and hardness test.
Two other samples were prepared for the diffusion bonding. Putting three samples in
one nitridng treatment was possible since the size of the 7.5%-Cr steel sample was
smaller than the sample of AISI 430 FSS (i.e. 16mm-diameter disc with
approximately 1.5mm thickness) and could be loaded into the alumina boat. Before
heating, the air in the furnace was purged with nitrogen for 15 minutes at a flow rate
of 1000cm®/min to prevent oxidation of the sample. Heating at 5°C/minute was started
immediately after the purging completed. Nitrogen was flown into the furnace with
the flow rate of 1000cm®/min when the temperature reached 1200°C. At the end of the
process, the nitrogen flow was stopped and the samples were removed from the

furnace and quenched into water.

Nitriding was conducted for one, four and seven hours. It was observed that
solution nitriding AISI 430 FSS as short as ten minutes could diffuse nitrogen into
0.13 mm below the surface and created martensite formation [50]. It was also noted
that nitriding for ten hours diffused nitrogen throughout the cross section of 1.2mm-
thickness steel. Therefore nitiriding for one hour could be expected to diffuse nitrogen

into the steel. Nitriding for one hour should have been able to diffuse nitrogen into the
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steel significantly. Three-hour interval was determined to produce different level of

nitrogen diffusion into the steel.

For comparison purpose, the steel was also solution annealed. This aimed to
normalize microstructure of the steel after the manufacturing processes. The solution
annealed was accomplished by heating the steel at 1200°C under air atmosphere for
one hour and quenched into water. Hardness of the solution-annealed sample would
be used for the reference of the hardness improvement on the steel after nitriding

treatment.

3.2.3 Experimental Procedure for Diffusion Bonding

Solid-state joining of the sialon and the steels was performed by using diffusion
bonding technique. The process was carried out using Korea Vac hot press machine of
Advance Materials Research Centre (AMREC), Sirim Bhd., Kulim, Kedah, Malaysia.

The steels to be joined were in three conditions, namely: as received and nitrided
for one and four hours. Before joining, the AISI 430 FSS samples were cut into same
dimension of the sialon discs. However, the sample of 7.5%-Cr FS was provided with
16mm-diameter rod which was smaller than the sialon diameter (i.e. 19 mm). This
was cut into 1.5 mm thickness. The steel samples were ground and polished with 1um
diamond paste. Subsequently the sialon and the steels were washed with acetone in an

ultrasonic cleaner and dried with a hot-air dryer.

Joining was performed in sandwich form where a steel sample was placed in
between two sialon discs. To avoid reaction between the steels and graphite dies set,
the joined materials were embedded in boron-nitride powder. Thus, there was no
contact between the samples with the graphite dies in the hot press machine.
Diffusion-bonding setting in the hot-press machine was illustrated in Figure 3.2.

46



Graphite plunger

Induction
© W OAheating coil
o O4>Graphite die
o o
o o
o : @ ,

B » Sialon
© \\\\\VV O;>Steel
© W O, Sialon
© © »Boron nitride
@) O powder

Figure 3.2 Setting of diffusion bonding experiment

Diffusion bonding parameters (i.e. temperature, time and diffusion bonding
pressure) were determined before the diffusion bonding of the materials was
undertaken. The diffusion bonding is generally carried out at high temperature to
allow interdiffusion of elements and reaction of the materials. The process is
performed at the temperature of at least 0.75Ty, where Ty, is a melting temperature in
degrees Kelvin [55]. Phase diagram of Fe — Cr alloy given in Figure 2.2 (section 2.2)
illustrates that melting temperature of the alloy with 7 — 15% Cr is around 1520°C.
Therefore minimum diffusion bonding temperature for the AISI 430 FSS (15.7% Cr)
and 7.5%-Cr FS is about 1072°C. Solid-state reaction for joining of sialon — 9%-Cr
FS was attempted at 1200 — 1300°C for one hour under about 15MPa [5]. It was in
accordance with the suggestion that reaction of sialon and iron alloy occurred at
1100°C and 1200°C [15]. The diffusion bonding at 1200°C for one hour successfully
produced the joint. Reaction of sialon with stainless steel interlayer was growth at
1200°C for one hour diffusion bonding under intimate contact pressure of 20 MPa.
Based on the calculated minimum diffusion bonding temperature (i.e. 1072°C), and
the experience provided by the previous works, diffusion bonding experiment in the
present work was undertaken at 1200°C for one hour with uniaxial pressure of 20
MPa.

Diffusion bonding was performed by putting the samples into the furnace and
pressing them with the graphite plunger. Those were then heated to 1200°C. Heating
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and cooling rate of the furnace were set at 5°C/minute to avoid high thermal shock.
The samples were hold at 1200°C for one hour. Vacuum condition of about 2x107
Torr was simultaneously applied during the diffusion bonding. The diffusion bonding
pressure was released when cooling started. The hot-press furnace was switched off
and cooled to room temperature when it reached 500°C. Two diffusion bonded

samples were prepared for each joining condition.

3.2.4 Characterization and Hardness Test

Characterization and hardness test were carried for the nitrided and the diffusion
bonded samples. Metallographic study and hardness test for the nitrided samples were
conducted to scrutinize the outcome of the treatment; i.e. phase changes and hardness
improvement. For the joining samples, characterizations of the joint were
accomplished to investigate the elements diffusion and the reaction layers. This was
also to identify the phases in the reaction layers of the joint. Several techniques were
utilized to accomplish the characterization. Whenever possible, the characterizations
were executed on the joint cross section. However, assessing the thin interface layer
in the joint might be difficult. In this case, the examinations were also conducted on
the surface of the interface layer.

3.2.4.1 Microstructural Characterization

Microstructure of the nitrided steels was observed using optical microscope. Phase
changes at the steel after the nitriding was studied through its optical micrograph. For
the diffusion bonding sample, microstructural characterization was performed across
the joint using OM and FESEM. Morphology of the joint cross section was initially
investigated through its microstructure. More-detail assessment was executed on a

particular area using the FESEM.

To enable the examination, the samples were cross sectioned. Abrasive disc cutter
was used to cross-section the nitrided samples. Subsequently, the samples were

ground with emery paper and polished with 1-pum diamond paste.
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The diffusion bonded was cross-sectioned using precision diamond cutter. The
samples were ground using diamond grinding disc. Diamond grinding disc was
employed to grind the sialon which is very hard. Subsequently, cross section of the
samples was ground using 600-grade emery paper. The samples were then polished
with 6-um, 3-um and 1-pm-polycrystalline diamond paste. To enable the
microstructural observation in OM and FESEM, the nitrided and the diffusion bonded
samples were etched using Glyceregia reagent, i.e. a mixture of three parts of
glycerol, two parts of hydrochloric acid and one part of nitric acid [84]. Observation
of the microstructure was conducted on Olympus optical microscope. The scanning

electron micrograph was captured by using Zeiss Supra 55 VP FESEM.

The OM was employed to observe the overall joint as well as the phase
distribution at the joined material. In some cases, optical micrograph could present
better information on the phase distribution than the scanning electron micrograph.
Exploring larger area of the microstructure can be performed by using smaller
magnification. This is undertaken to identify the phases existed in the observed area.
In this case, OM could present the image of phases with better contrast difference.
Therefore, early phase identification can be performed. Further detail-observation on

a particular region could be then accomplished using SEM or FESEM.

3.2.4.2 Elemental Analysis

Elemental analysis was carried out on the cross section of the diffusion bonded
sample. The analysis employed EDX attached to the FESEM. It was required to study
the decomposition of the sialon and also the interdiffusion of the elements from the
sialon to the steel and vice versa. For these purposes, spot EDX analysis was carried
out across the joint.

The elemental examination was started at the original sialon; i.e. around 30 um
from the border of the reaction layer at the sialon side. The analysis was continued
approximately every 10 um across the joint towards the parent steel. The analysis was
stopped at the parent steel (around 20 um away from the reaction layer at the steel) as

diffusion was expected to diminish in this region. The results of the elemental analysis
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across the joint were subsequently used to generate a concentration profile of

elements across the joint.

Besides studying the sialon decomposition and elements interdiffusion, EDX
analysis was also utilized to investigate phases in the reaction layer. For this aim,
analysis was focused on particular area that was indicated as a different phase by the
scanning electron micrograph. Assessment of the elements in the interface layer was
performed on the precipitates and the interface-layer matrix. Ten spots were
determined randomly to perform EDX analyses on the precipitates and the interface
layer matrix. The spots were determined in such a way that covers the precipitates and
the matrix throughout the observed area. The spots selection was attempted in
direction of along and across the interface layer simultaneously. For the analyses of
each joint, figure of the EDX-spot map was provided.

3.2.4.3 XRD Examination

Phase identifications of the joint were conducted using Bruker D8 XRD equipment. It
was suggested that performing XRD right on the cross section of the joint was
difficult due to the several thin layers that were available at the joint [5, 17]. Other
efforts were successful in identifying the phases at the joint by applying the XRD
examination at the fractured surface of the joined samples [8, 10-11]. Hence, in this
research, XRD examinations were attempted on the fractured surface of the joined
samples. To perform the examinations, the joined samples were broken down. The
sialon was removed from the steel to expose the steel’s surface. Subsequently, XRD

examination was performed on the surface.

3.2.4.4 XPS Examination

To ascertain the phases identified by the XRD, surface of the reaction layer was
analyzed using XPS. Thermo Scientific XPS equipment was employed to perform the
investigation. XPS is a very sensitive characterization technique for thin surface [85].
Therefore, it could be suitable for examining the chemical state of the elements in the

surface of the reaction layer.
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To identify elements at the surface, a survey scan of XPS examination was
performed on the surface of the fractured surface. Subsequently narrow scan was
carried out for the elements that formed the compound identified by the XRD

examination. This aimed to study their chemical states and estimate the compound.

3.2.4.5 Hardness Test

Hardness test was conducted for the nitrided samples to study the hardness
improvement on the steel surface after nitriding. It was also performed on the

solution-annealed sample.

Enhancement of the hardness caused by the nitriding treatment indicated the
diffusion of nitrogen into the steel. Micro Vickers Hardness with 300 g load scale
(HV 300) was attempted on the cross section of the sample. LECO LM247 AT micro
hardness tester was employed to conduct the test. The hardness assessment was
carried out from the surface of the steel and moved towards the core of the sample.

Indentation was applied on the steel every 10 pm.

Hardness test was also undertaken for the diffusion bonded samples. The test was
purposed to study the mechanical properties of the reaction layers in the joint. It was
conducted across the joint and started from the original sialon side. The indentation
was initiated around 50 um from the border of the joint interface at the sialon side.
Subsequently, the indentation was performed approximately every 10 um across the
joint. The hardness test was ended at the parent steel; i.e. around 30 um from the
reaction layer at the steel. Since the parent steel of AISI 430 FSS after the joining
consisted two phases, namely: martensite and pearlite, the hardness test was carried

out separately across each phase in the region.

The examination was performed using the same equipment that was previously
used for the hardness test of the nitrided sample. However, the interface layer at the
joint might be too thin, therefore Micro Vickers hardness test will leave an indentation
that is larger than the thickness of the layer. For this reason, Knoop hardness test with
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low load scale of 10g force was employed for the test. This technique allows small
indentation at the surface. Thus, it enables to obtain the hardness value of the thin

interface layer.
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CHAPTER 4

RESULTS AND DISCUSSION

4.0 Overview

In this work, joining of sialon with AISI 430 FSS and 7.5%-Cr FS was investigated. It
was reported that nitriding on the steel could produce more sound joint of ferritic
stainless steel and sialon [5]. Thus, joining of sialon was also performed with the
steels in nitrided condition. The influence of the steel pre-treatment on the joint was
studied. This chapter reports and discusses the overall results of the experiment and
the analyses. At the beginning, solution-nitriding experiments on the steel will be
presented. The subsequent sections discuss separately the joining of the sialon with
the AISI 430 FSS and the 7.5%-Cr FS. Each section will discuss the joining of the
sialon with the steels in as-received, nitrided-for-one-hour, and nitrided-for-four-
hours conditions. At the end of the results and the analyses presentation, one section

is provided for the discussion and the wrap-up of the overall outcome of the joining.

4.1 Solution Nitriding of Stainless Steel Samples

Ceramics decomposed in the joining process with metal. It released their elements
and produced the reaction layers in the joint. It was suggested that fast decomposition
of the ceramics and formation of brittle phase in the joint should be avoided [14, 16].
In this case, nitrogen in the steel was believed to suppress the decomposition of the
sialon [5, 17]. The later work added nitrogen into the steel by high-temperature gas
nitriding (solution nitriding) technique before the joining. In the present study, the
nitriding technique was applied on the AISI 430 FSS and the 7.5%-Cr FS before they
were joined with sialon. The results would be compared with the joining of the sialon

and the as-received steels. For this purpose, experiments on the solution nitriding of



the AISI 430 FSS and 7.5%-Cr FS were carried out. The objective was to ascertain

the sufficient nitriding time for the steel before the joining.

Gas-nitriding technique has been discussed in section 2.3. Solution nitriding is a
gas-nitriding technique that is performed at high temperature (i.e. 1000 — 1200°C). In
this method, nitrogen is added and diffused interstitially into the steel. The nitrogen
forms a solid solution in the steel. The technique is carried out by heating the sample
at high temperature under nitrogenous atmosphere. Detail of the treatment setting in
this work has been explained in Chapter 3. The diffusion of nitrogen leads to
strengthening of the steel. It was established in section 2.3 that compared to low-
temperature gas nitriding, the solution nitriding could diffuse nitrogen deeper into the
steel [39, 43, 48, 51].

4.1.1 Solution Nitriding of AISI 430 FSS

Microstructure of the as-received AISI 430 FSS is shown in Figure 4.1. The
microstructure is presented in this section for comparison purpose with microstructure
of the nitrided steel. The original microstructure of AISI 430 FSS is typically ferritic
stainless steel microstructure (Figure 4.1). The grain is elongated along the rolling

direction.

Phase changes on the steel after the nitriding can be observed from the
microstructures of the nitrided samples presented in Figure 4.2 to Figure 4.4.
Martensite layer of approximately 0.3-mm thickness was observed from the surface
of the sample nitrided for one hour (Figure 4.2). In the sample core, the phase was
ferrite with coarse grain. When the nitriding time was extended, the martensite
became denser and more phase transformation occurred in the deeper zone (Figure
4.3 and Figure 4.4). Martensite transformation occurred throughout the steel when the

nitriding was carried out for four hours (Figure 4.3).
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Flgure 4.2 Microstructure of AISI 430 FSS nitrided for one hour
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Figure 4.4 Microstructure of AlISI 430 FSS nitrided for seven hours
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Figure 4.2 to Figure 4.4 show that the thickness of the martensite layer was
affected by the nitriding time, i.e. longer nitriding results in thicker martensite layer in
the surface. In this case, four hours nitriding was sufficient to form martensite
throughout the cross section of the steel (Figure 4.3). Nevertheless, small ferrite
islands can still be observed in the interior part of the sample. The ferrite phase
disappeared from the steel when it was nitrided four seven hours (Figure 4.4). The

whole steel changed to martensite after nitriding for seven hours.

XRD pattern from the sample nitrided for four hours shows o peaks (Figure 4.5).
This was considered as mixed phases of ferrite and martensite [49]. No retained
austenite or nitrides were found. Retained austenite was found in AISI 430 FSS when
it was nitrided at 1100°C [50]. At lower temperature, precipitation of Cr,N was also
detected. However, in the present work, microstructure of the nitrided samples
(Figure 4.2 to Figure 4.4) did not indicate the existence of austenite or Cr;N
precipitations. It is also revealed by the XRD pattern of the sample (Figure 4.5) which

shows only the existence of a phase.
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Figure 4.5 X-ray diffractogramme of AISI 430 FSS nitrided for four hours

In solution-nitriding treatment, Tschiptschin et al. [40] suggested that nitrogen
could dissolve into the steel through reaction 2.5 or precipitated in the form of
nitrides according to reaction 2.6 or 2.7. The reactions were given in section 2.3. The
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nitrogen austenite transformed into martensite when it was cooled and reached the
martensite-start temperature. Figure 2.6 given in section 2.3 illustrates the stabilized y
phase with respect to N content in the calculated isothermal phase diagram of the Fe—
Cr—N ternary system at 1200°C. The chromium content of the AISI 430 FSS used in
this experiment was 15.71 weight percent. Based on the diagram, with low nitrogen
content, the steel was in y and o phase. Therefore, martensite might be formed during
cooling; while the ferrite remains unchanged at the room temperature. Hence, the
phase of the steel at the room temperature would be a mixture of martensite and
ferrite. The y phase increased with the increasing nitrogen. This would produce more
martensite when the material was cooled. Longer nitriding at 1200°C made the steel
to be in fully austenitic condition and brought to fully martensitic phase when it was

cooled to room temperature.

Figure 4.6 shows that up to 0.3 mm from the surface, hardness of the sample
nitrided for one hour was significantly higher than the hardness of the as-received
sample. The hardened-case depth was approximately same as the thickness of the
martensite layer, i.e. approximately 0.3 mm (Figure 4.2). This divulged that thickness
of the martensite layer was in accordance with hardness of the steel. Therefore, the
effect of the treatment in improving the hardness of AISI 430 FSS was also evident.
Deeper into the core, the hardness decreased. In this part, the hardness of the steel
was about equal to the hardness of the solution-annealed steel. On the other side,
hardness at the core of the steel nitrided for four and seven hours remained as high as
the hardness of the surface. This was in line with the martensite phase that dominated

the entire cross section of the sample (Figure 4.3 and Figure 4.4).

Based on the thickness of the marteniste and the hardened case, nitrogen diffusion
as deep as 0.3 mm from the surface was achieved by nitriding for one hour (see
Figure 4.6); whereas nitriding for four hours diffused the nitrogen throughout the
steel. It could be expected that further increase of the nitriding time would lead to the

nitrogen saturation in the steel.

In solution nitriding treatment, nitrogen uptake occurs at the nitriding
temperature. Fast cooling, e.g. quenching with water or oil is required to maintain the

dissolution of the nitrogen that dissolves into the steel [39]. Ferrite transforms into
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austenite when the nitrogen uptake into the ferritic-martensitic steel takes place [47].
Fast cooling applied in the nitriding treatment leads to martensite formation when it

reaches the martensite-start temperature.
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Figure 4.6 Hardness of nitrided AISI 430 FSS

Diffusion of nitrogen induced strong elastic distortion in the crystal lattice and
increases the internal friction. This causes the movement of dislocation become more
difficult. This is the reason for the nitrogen-solid-solution strengthening effect [48].

Thus, more nitrogen in the steel can be expected to produce higher hardness.

In term of kinetics diffusivity, diffusion of nitrogen obeys the 2" Fick’s Law of
diffusion discussed in section 2.4.2. Therefore, the nitrogen diffusion is affected by
time and temperature. This makes the nitrogen concentration decrease continuously
with increasing distance from surface. Increasing the nitriding time diffused nitrogen
in higher amount and also into deeper part of the steel [50]. This will lead to thicker
and harder martensite layer when fast cooling applied. For this reason, the hardened-

case depth is in accordance with the martensite layer thickness at the nitrided steel.

In the present work, martensite was formed in the steel after the nitriding. This
was shown in Figure 4.2 to Figure 4.4. Thus, it indicates that nitrogen has diffused
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into the steel. The results of the present work demonstrated that thickness of the
martensite layer and the hardened-case depth was about equal. In one-hour-nitrided
steel, the martensite layer thickness and the hardened case depth was about 0.3 mm.
These were estimated from Figure 4.2 and Figure 4.6, respectively. The equal
thickness of the martensite-layer and the hardened-case was caused by the nitrogen
that stimulates the martensite formation and also enhances the hardness of the steel.
This can be explained from the mechanism of nitrogen diffusion and nitrogen-solid-
solution hardening discussed in the former paragraph. Based on this mechanism,
nitrogen was presumed to diffuse 0.3 mm into the steel when the steel was nitrided

for one hour.

Nitrogen diffusion was affected by time, i.e. longer nitriding may results in
higher-amount and deeper nitrogen diffusion. This made thicker martensite when the
nitriding was extended into four hours (Figure 4.3). Figure 4.3 shows that martensite
occupies the overall cross section of the steel. Nevertheless, very-small ferrite islands
were also observed at the core of the sample. This was ferrite that remained in the
steel after the quenching. The hardness enhancement into the core of the sample was
also exhibited by the four-hours-nitriding (Figure 4.6). Considering that thickness of
the steel is 1.2 mm, the four-hours-nitriding was sufficient to diffuse nitrogen

throughout cross section of the steel.

The influence of nitriding time on the nitrogen diffusion was also shown by the
nitriding for seven hours which also attempted in this work. Microstructure of the
steel nitrided for seven hours displayed fully martensitic phase (Figure 4.4). Ferrite
phase was no longer observed in the microstructure. Hardness test across the steel
also depicted the hardness improvement in the overall cross section (Figure 4.6).
Therefore, nitrogen fully diffused into the steel. This condition may indicate that

seven-hours nitriding has brought to nitrogen saturation in the steel.

4.1.2 Solution Nitriding of 7.5%-Cr FS

Microstructure of the as-received 7.5%-Cr FS is presented in Figure 4.7. The

microstructure of the steel consisted of ferrite (white or light phase) with martensite
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(black or dark phase). The rolled structure that indicates rolling direction in the
manufacturing process of the steel was also obvious. Change of the microstructure

after nitriding is shown in Figure 4.8 to Figure 4.10.

Figure 4.7 Microstructure of as-received 7.5%-Cr FS

Figure 4.8 to Figure 4.10 illustrate the existence of martensite phase in the
microstructure. This suggested that nitrogen had diffused into the steel after the
treatment. Nitrides or retained austenite were not indicated in the XRD pattern
obtained from the seven-hour-nitrided sample (Figure 4.11). The XRD gave a peak

which could represent the mixed phase of martensite and the un-transformed ferrite.

In the present work, the border of the martensite layer was hard to be determined
as no clear boundary was observed. Microstructure of the as-received 7.5%-Cr FS
consisted of martensite and ferrite. After the nitriding, nitrogen diffusion stimulated
the transformation of ferrite to martensite. However, since the original microstructure
of the steel consisted also martensite, after the nitriding the martensite phase was
found not only in the area close to the steel surface. The phase seemed to be
distributed throughout the cross section of the sample. Therefore it is difficult to
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precisely determine the martensite layer thickness produced by the nitriding treatment

from microstructure of the sample.
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Figure 4.9 Microstructure of 7.5%-Cr FS nitrided for four hours
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Figure 4.10 Microstructure of 7.5%-Cr FS nitrided for seven hours
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Figure 4.11 X-ray diffractogramme of 7.5%-Cr FS after nitrided for four hours
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Nitriding enhanced the hardness of the surface of the 7.5%-Cr FS sample. This
was shown in Figure 4.12. For the sample nitrided for one hour, the extent of the
hardened part was around 0.75 mm. Longer nitriding produced higher hardness at the
surface. This was shown by the hardness of the samples nitrided for four and seven
hours. For these samples, the high-hardness area was maintained up to approximately
1 mm from the surface before it continuously decreased. At the distance of 1.5 mm
from the surface, the seven-hours-nitrided steel was still harder than the other nitrided
steels. However, the difference of the hardness in this depth was not significant.
Based on the hardened-case depth, nitriding for one hour was observed to diffuse
nitrogen around 0.75 mm from the surface. Extending the nitriding duration to four

hours seemed likely to diffuse the nitrogen into 1 mm below the surface.

The influence of nitrogen in the hardness of the steel was discussed formerly in
section 4.1.1. It was established that more nitrogen content led to hardness
enhancement in the steel. The section also explained that nitrogen diffusion was
influenced by time; i.e. longer nitriding diffuse more nitrogen into deeper part of the
steel [50]. For this reason, longer nitriding may yield higher hardness of the steel as
more nitrogen dissolved in the steel. This was also exhibited in the nitriding of the
7.5%-Cr FS attempted in this work. Figure 4.12 illustrates that nitriding of the 7.5%-
Cr FS for four hours produced harder steel than the nitriding for one hour; while
nitriding for seven hours results in higher hardness than nitriding for four hours. This
was due to more nitrogen which dissolved in the longer-nitrided-steel. Since the
thickness of the steel to be joined with the sialon was approximately 1.5 mm,

nitriding for four hours should be sufficient to add the nitrogen throughout the steel.

Besides showing the higher hardness for the longer-nitrided steel, Figure 4.12
also illustrates that the hardness decreases with the increasing distance from surface.
This was exhibited by the steels nitrided for one, four and seven hours. Explanation
on this trend can be based on the discussion on the nitrogen diffusion mechanism

written in section 4.1.1.

The diffusion of nitrogen obeys 2™ Fick’s Law of diffusion [39]. Thus, nitrogen
diffusion decreases with the increasing distance from the surface of the steel. Since

nitrogen in the steel increases the hardness of the steel, the decrease of the nitrogen
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with respect to the distance form surface leads to the inclination of its hardness trend.
Hence, it can be disclosed that the reduction of the hardness with respect to the

distance from surface (Figure 4.12) was due to the decreasing nitrogen content in the

steel.
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Figure 4.12 Hardness of nitrided 7.5%-Cr FS

4.2 Joining of Sialon to AISI 430 FSS

AISI 430 FSS is joined to sialon for several reasons. These have been mentioned in
section 1.1. The steel could be an option since joining sialon with austenitic stainless
steel was failed [5, 17]. It contains 15.72 % Cr and is a common grade of ferritic
stainless steel which is available in the market. The material is ductile and commonly
applied to high temperature environment. Thus it is suitable to be combined with the
sialon. Reactivity of the sialon with Fe-Cr alloy [15] also suggested that the materials
could be joined.
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4.2.1 Joining of Sialon with As-received AISI 430 FSS

This section discusses joining of sialon with as-received AISI 430 FSS. This will be
compared later with the joining of the sialon with the steel in nitrided condition. The
as-received condition of the steel was given in Chapter 3. Sample preparation and
joining procedure as well as characterization of the joint were also as explained in the

chapter.

4.2.1.1 Microstructure of the Joint

Microstructure of the overall joint is presented in the optical and scanning electron
micrographs given in Figure 4.13 and Figure 4.14, respectively. Scanning electron
micrograph in Figure 4.14 depicted clearer morphology of the joint cross section,
whereas detail of the sialon — steel interface is shown in Figure 4.15. Figure 4.15
shows that nterfacial joint occurred between the sialon and the steel.

+

di_'ffus“i_g n layer

Figure 4.13 Optical micrograph of the cross section of sialon — as-received AISI 430
FSS joint
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Figure 4.14 Scanning electron micrograph of the cross section of sialon — as-received
AISI 430 FSS joint
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Figure 4.15 Scanning electron micrograph of the cross section of the interface layer in
sialon- as-received AISI 430 FSS joint
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Scanning electron micrograph in Figure 4.14 depicted clearer morphology of the
overall joint cross section. Reaction layers were indicated in the interface of the sialon
and the steel. Thin and rough reaction layer was seen adjacent to the sialon; while the
second layer was significantly thicker and extended into the steel. The interface of the
first and the second layer was the initial contact plane of the joined materials. This
was recognized in the previous works [7, 77-78]. Therefore, this was the border
between the sialon and the steel part before the joining. This revealed that the thin-
rough layer near the sialon was actually the sialon’s part, while the thicker layer was

the steel’s part.

Rough-surface layer near the sialon was due to the porosities and the precipitates
as shown in the exaggeration of the layer (Figure 4.15). Voids were observed in the
interface of the layer with sialon. Precipitates in the reaction layer were the reaction
products of the sialon and the steel. It was observed from Figure 4.15 that matrix of
the layer owned the same contrast with the second layer that extended into the steel.
This characteristic indicated that those parts might have the same phase. In other
words, both parts might be the same species that composed the joint of the sialon with
the steel. This made the initial sialon — steel contact plane was no longer obvious.
Same species was observed across this contact plane. Based on this reason, it could be

disclosed that cohesive joint was formed in the sialon — steel interface.

There were no other species at the reaction layer in the steel side. Thus, it seemed
that the layer contained a single phase. Elemental study on this layer disclosed that
this area was the diffusion zone of the silicon into the steel. This will be reported in
the later section of this chapter. Subsequently, throughout the discussion, the reaction
layer in the sialon was called interface layer; whereas, the layer in the steel side will
be called as the diffusion layer. The thickness of the layers was obtained by
measuring them on the microstructure of the joint. The average thickness of the
diffusion layer was 78.57 um; while the average thickness of the interface layer was
4.45 pym. These were the average value of 10 measurements.

Microstructure of the interface layer given in Figure 4.15 displays the same
contrast in diffusion layer and interface layer matrix. Therefore, it could be expected

that the interface layer matrix and the diffusion layer might have the same phase. It
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looked that material transfer occurred from the steel into the sialon across the initial
contact plane. The steel-like phase penetrated into the interface layer in the sialon side
and formed irregular boundary with the original sialon. The transfer of the steel phase
into the sialon side has shifted the interface of sialon — steel slightly deeper into the
sialon part. The boundary of the original sialon with the interface layer has become
the new sialon — steel interface. Consequently this may turn into the weakest part of
the joint since this area is the border of extreme different properties of the sialon and
the steel.

4.2.1.2 Elemental Analysis

Interdiffusion of elements across the joint was analyzed using FESEM-EDX. Initially
the analysis was attempted on the overall joint. This was carried out across the
interface and the diffusion layers. Further analysis was also accomplished separately
on the interface layer. This was aimed to investigate the elements in the precipitates as

well as in the matrix of the layer.

The results of the analysis for the overall joint are presented in Figure 4.16.
Silicon was detected in the steel at the distance of around 80 pm from the joint
interface. This showed the silicon diffusion into the steel. It was difficult to determine
the exact length of the diffusion distance from the figure. The more realistic way was
to refer to the thickness of the diffusion layer measured from the microstructure. For
this joint, the average thickness of the diffusion layer was 78.57 pum. Maximum
concentration of the silicon in this layer was 1.57 weight percent (3.53 atomic
percent). No other sialon’s element was found; i.e. only silicon diffused from the

sialon into the steel.

The interface layer was the reaction layer in the sialon side. This was revealed by
the existence of the elements from both materials in this layer. As established in the

previous section, the average thickness of this layer was 4.45 um.

69



a0

sialon = F

Concentration (weight percent)

a 20 40 60 g0 100 120 140

Distance (um)

Figure 4.16 Concentration profile of elements across the sialon — as-received AISI

430 FSS joint; F=interface layer, D=diffusion layer

Elemental analysis was accomplished at the interface layer to study its phases.
EDX analysis was conducted on the interface-layer matrix and the precipitates. The
spots were determined randomly as it was explained in section 3.2.4.2. Map of the
EDX analyses on the interface layer of sialon — as-received AISI 430 FSS joint is
illustrated in Figure 4.17. The results of the analyses were tabulated in Table 4.1 and
Table 4.2.

Table 4.1 shows that the interface-layer matrix consisted of mainly Fe, Cr and Si;
nevertheless, other sialon’s elements were also found in a few spots. Among the
elements, Fe and Cr were more dominant than the silicon. The maximum
concentrations for Fe and Cr are 80.13 and 24.84 weight percent, respectively. These
were much higher than the maximum concentration of the silicon (i.e. 3.26 weight
percent). The silicon concentration in the interface layer was lower than its
concentration in the bulk sialon. This revealed that the layer was the decomposed-part

of the sialon since this was originally part of the sialon.
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Figure 4.17 Map of EDX spot analysis at the interface layer of sialon — as-received

430 FSS joint; (@) = matrix, @) = precipitates

Table 4.1 Concentration of elements of the interface-layer matrix in sialon —as
received AISI 430 FSS joint (weight percent)

Spot Concentration (weight %)
number Cr Fe Si 0] Al Y N
1 11.38 | 80.13 | 3.26 1.68 | 3.54 0 0
2 20.24 | 78.13 | 1.62 0 0 0 0
3 17.64 | 75.83 | 2.27 1.72 | 2.54 0 0
4 19.93 | 78.30 | 1.76 0 0 0 0
5 15.26 | 60.67 | 3.27 | 5.38 | 6.11 | 9.32 0
6 24.84 | 73.26 | 1.90 0 0 0 0
7 13.45 | 79.62 | 3.20 0 3.73 0 0
8 21.20 | 75.78 | 2.05 | 0.95 0 0 0
9 21.51 | 76.73 | 1.76 0 0 0 0
10 14.69 | 77.80 | 2.80 1.27 | 3.46 0 0

Same contrast of the interface-layer matrix in the sialon and the diffusion layer in
the steel was displayed in the microstructure image of the layers. Furthermore, the
compositions of elements in both parts were also similar. Steel’s elements (i.e. Fe and
Cr) are more dominant than the sialon’s elements. Therefore, those reaction layers

parts might have the same phase. It seemed that the steel had penetrated into the
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sialon side across the initial contact plane (see Figure 4.15). Further characterization

would be carried out to identify the phase on that area.

Table 4.2 Concentration of elements of the precipitates at the interface layer in
sialon — as-received AISI 430 FSS joint

Spot Concentration (weight %)
number Cr Fe Si 0 Al Y N
1 10.65 | 62.52 | 8.52 1.95 | 7.56 | 8.80 0
2 11.13 | 66.39 | 10.55 242 | 398 | 5.54 0
3 9.90 | 45.06 | 28.94 | 2.18 | 4.26 0 9.64
4 6.06 | 45.00 | 30.26 | 2.45 | 4.77 0 11.46
5 3.89 | 4298 | 34.14 | 2.26 | 441 0 12.32
6 11.20 | 41.71 | 30.25 | 1.94 | 2.98 0 11.92
7 15.30 | 39.86 | 28.35 | 2.09 | 2.65 0 11.75
8 14.78 | 41.58 | 25.55 | 1.82 | 3.60 0 12.66
9 12.89 | 4195 | 26.84 | 1.63 | 3.55 0 13.13
10 11.99 | 43.10 | 27.54 | 1.96 | 3.44 0 11.97

White precipitates were other species in the interface layer. Table 4.2 presents the
EDX analyses on the precipitates. Several precipitates were selected randomly for the
analysis as shown in Figure 4.17. The precipitates contained Fe and Cr in
concentration of 66.39 weight percent and 15.3 weight percent respectively. Those
were the maximum concentrations observed in the spots. Besides the steel’s elements,
the precipitates also comprised sialon’s elements. Among the elements, silicon was
found in higher concentration (i.e. 8.52 to 30.26 weight percent). Nitrogen
concentration was also significant (i.e. 9.64 to 13.13 weight percent) where EDX was
able to detect it. The presence of the elements from both materials implied that the
precipitates were the reaction product of the sialon with the steel. Hence, the interface
layer was the sialon-decomposed part and also the reaction front of the joined

materials in the ceramics side.

The analysis disclosed that the precipitates were rich of Fe, Cr and Si. Nitrogen
was also existed in relatively significant quantity. One could expect that the Fe and Si
would form the iron silicides; whereas, N would tend to create nitrides when it met

nitride formers such as Cr and Fe.

Further investigation on the phases of the layer was carried out using other

characterization techniques. The later section of this chapter reports the
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characterization works on the layer. The phases in the interface layer would be

elaborated further based on the results of the investigations.

4.2.1.3 XRD

Elemental analysis on the reaction layer indicated that iron silicides or chromium
nitrides might be formed in the precipitates. To scrutinize the phase, XRD
examination was conducted on the joint. It has been reported in Chapter 3 that
applying XRD examination on the cross-section of the joint was difficult due to the
thin cross-section of the layer. Therefore the investigation was performed on the
surface of the interface layer. To perform the XRD investigation on the layer, the
joined sample was broken to expose the surface of the interface layer. The sialon at
the steel was removed to ensure the clean surface of the layer. Microscopic
observation on the cross section of the broken steel was carried out and it was found
that the interface layer was still attached to steel. Subsequently the XRD test was

attempted on the surface.

XRD pattern of the layer is shown in Figure 4.18. In the interface layer, strong
peaks of o and FeSi, were detected. The ferrite peak should be from the interface
layer since this contained Fe, Cr and Si. Both Cr and Si are ferrite formers that
stabilize the ferrite. Thus, the silicon dissolved in the steel and formed the ferrite solid
solution in the interface-layer matrix. This phase extended into the diffusion layer in
the steel. The silicon diffused into this layer and dissolved in the same solid solution.
The silicon diffusion diminished at the end of the layer. Hence, the ferrite phase was
no longer existed and transformation to other phases (i.e. pearlite and martensite)
occurred in the parent steel. This was disclosed since the diffusion layer consisted of
similar elements with the interface-layer matrix. Those parts of the joint also
displayed same contrast in the micrograph of the microstructure. This might imply

that the joint parts had the same phase

Another peak which corresponds to FeSi, was also seen in the X-ray
diffractogram. This peak should come from the precipitates since no other species
existed in the layer. Although EDX and the literature study predicted that other
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compounds might also be formed, yet only the FeSi, was confirmed by the XRD. To
reveal the existence of the FeSi, in the interface layer, further assessment of the layer

using XPS was carried out on the layer.
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Figure 4.18 X-ray diffractogramme of the interface layer in sialon — as-received AISI
430 FSS joint

4.2.1.4 XPS

XPS analysis was performed on the surface of the interface layer. The analysis
was focused on examining the existence of FeSi; as it had been shown by the XRD.
For this purpose, Fe and Si were registered in the XPS examination to get the spectra.
Figure 4.19 and Figure 4.20. present the XPS spectra for Fe and Si from the interface
layer respectively. The red-colour curve is the raw data. Green curve in the spectra is
the background selected for the peak fitting. In this case, smart background was used.
The raw data was simulated and the result is given in the blue curve. The peaks were

then fitted and resulted in the split peaks that are illustrated in yellow colour.

Figure 4.19 shows that four peaks of Fe were observed in the spectra. Those are
at: 707.06 eV; 711.03 eV; 720.02 eV and 724.73 eV. The peaks at 710.99 eV and
724.89 eV were attributed to Fepps, from Fe,Os; [86-87]. The other two peaks at
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707.06 eV and 720.02 eV could correspond to FeSi, [86, 88-90]. These peaks were
also very close to the metallic Fe peak, which was at 706.75 eV and 719.95 eV [87].
However, the presence of plasmon loss at around 730 eV in the Fe spectra indicated
the existence of FeSi, [86, 89]. It was suggested that the Fe,, peak in the FeSi, shifted
to higher binding energy (+0.2 eV) from the metallic Fe peak. Therefore, the
existence of the metallic Fe could not be ignored with regard to the very small

difference.
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Figure 4.19 XPS spectra of Fe from the interface layer in sialon — as-received AlSI
430 FSS joint

The spectra for Si (Figure 4.20) from the interface layer surface provide two peaks
which attributed to SiO, and FeSi,. The existence of the SiO, was represented by the
peak of Si,, at 102.96 eV. Another peak at 99.57 eV indicates the presence of FeSi; in
the interface layer [86, 89-90].

The results of the XPS examination supported the existence of the FeSi, that had
been found through XRD analysis. Therefore, it can be concluded that the precipitates
in the interface layer of the joint consisted of the iron silicides. However, the analysis
also suggested that the Fe was also in the form of Fe,O3. The Si spectra also revealed

that SiO, was present in the layer.
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Figure 4.20 XPS spectra of silicon from the interface layer in sialon — as-received
AISI 430 FSS joint

It was mentioned formerly that formation of oxides in the reaction layer of
nitrogen-based ceramics joined with steel was possible. Insoluble oxides could be
produced from the decomposition of silicon nitride ceramics [77-78]. Those were also
possible compounds in the joint of alloy containing Cr and Ni with silicon nitride.
Al,O3, Cr,03, SiO, and NiO were reported as possible oxides to form in the joint [2].
Al,O3 was formed in the reaction of sialon — steel as a result of the recombination of

AI** and O that was liberated from the sialon decomposition [15].

In this work, Fe,Os3 and SiO, were detected in the XPS examination. However, the
XRD failed to identify the phases. It was probably due to their low volume fraction.
The Fe,03 might be formed due to the reaction of Fe** and O% in the interface layer.
The steel diffused into the sialon-decomposed area and reacted with O* to produce
the Fe,O3. On the other side, SiO, was possibly created from the recombination of
Si** and O%. The process was similar with the formation of Al,O5 that was suggested
by Vluegels et al. [15]. Si and O, were released due to the decomposition of the

sialon. The silicon dissolved in the steel in the interface-layer matrix and the diffusion
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layer. Subsequently, part of the silicon that remained in the interface layer reacted
with O% to form the SiO».

4.2.1.5 Hardness Test across the Joint

Mechanical properties of the layers may have important role in achieving the joint.
This is due to the different thermal expansion coefficient of the joined materials
which leads to the excessive residual stress. The stress is generated during the cooling
stage of the joining process. Ductile layer is expected in the joint to absorb the
residual stress so that crack in the ceramics can be prevented. In this research,
hardness test was carried out across the joint to study the mechanical properties of the

reaction layers.

Hardness across the joint is given in Figure 4.21. The hardness of sialon decreased
sharply at the interface layer. The decreased of the sialon’s hardness in this layer was
due to the decomposition of the ceramics in this area. Previous discussion had proved
that this area was the decomposed part of the sialon. Therefore, the decomposition of
the sialon had decreased its hardness. Compared to the diffusion layer, the interface
layer was harder. As a matter of fact, the interface-layer matrix and the diffusion layer
should have same hardness since those consisted of ferrite. However, the precipitates

in the layer which consisted silicides and oxides enhanced the hardness.

The diffusion layer in the steel was the lowest-hardness part. Phase identifications
that were carried out on the layer revealed that this was ferrite zone. As a result, the
hardness of this layer was lower than the mixture of ferrite and precipitates at the
interface layer. Its hardness was also lower than the pearlite in the parent steel. In
overall, the hardness of the reaction layers (i.e. interface and diffusion layers) were
lower than that of original sialon and the parent steel. Therefore, these parts were

more ductile compared to the parent joined-materials.

Martensite and pearlite were produced in the parent steel after the joining. This
had been shown earlier in the optical micrograph of the joint. Hence, the hardness of

the steel was very high when indentation was performed on the martensite phase.
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Conversely, lower hardness was obtained when the indenter penetration was applied

on the pearlite structure.
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Figure 4.21 Hardness test across the joint of sialon — as-received AISI 430 FSS;

F=interface layer, D=diffusion layer

Low hardness of the diffusion layer showed its ductility. This was beneficial in
achieving the joint. Especially in dealing with the residual stress that was generated
during cooling stage in the diffusion bonding process. Crack at the ceramics due to
this problem vyielded to failure in the joining [5-6, 15, 17]. On the other side,
intervention of the thermal expansion coefficient of the steel was not easy. In the
current work, ferritic microstructure of the steel was changed to martensite and
pearlitic during the joining. Martensite phase at the parent metal caused the steel to be
more brittle. In this case, the layers would act as a bridge of the joined-material’s
properties. This was like the ductile metallic interlayer that was normally utilized to

solve the problem of high residual stress at the joint of ceramics with metal.

78



4.2.2 Joining of Sialon with One-hour-nitrided AISI 430 FSS

Nitriding experiments discussed in section 4.1.1 disclosed that the treatment enhanced
hardness of the surface of the AISI 430 FSS. Nitriding the steel for one hour was
shown to improve the hardness up to approximately 0.35 mm below the surface.
Surface hardness of the steel was increased and martensite phase was formed. It was
believed that the hardness improvement and the martensite formation in the surface of
the steel were due to the nitrogen diffusion into the steel. Therefore, the steel was
diffusion bonded in nitrogen-pre-dissolved condition. Joining of the steel with the
sialon was accomplished using the same technique and setting that were employed in

the previous joining.

4.2.2.1 Microstructure of the Joint

Joining of the steel nitrided for one hour was successful. Good joint was achieved as
illustrated in Figure 4.22 — Figure 4.24. Reaction layers were clearly appeared in the
interface of the joint. Morphology of the layer was similar with the reaction layers
formed in the sialon — as-received AISI 430 FSS joint. It consisted of rough-thin
interface layer in the sialon side and diffusion layer in the steel side.

The presence of martensite and pearlite in the parent steel was obvious. This could
be seen in Figure 4.22 and Figure 4.23. The phases were seen at the area near the
diffusion layer. The pearlite structure extended into deeper area and diminished at the
core of the steel. At this part, ferrite phase was appeared.

Microstructure of the interface layer can be observed in more detailed in Figure
4.24. Obviously, white precipitates appeared in the interface layer. These were
observed throughout the interface layer which was the decomposed area of the sialon.
The morphology of the interface-layer matrix shows same contrast with the diffusion
layer. This might also lead to the same phase in the layers as it was found in the joint
of sialon — as-received steel. Thus, this was the steel part that moved towards the
decomposed-part of the sialon during the diffusion bonding. Elemental analysis on the
joint was expected to give further information on the joint.
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Figure 4.23 Scanning electron micrograph of the cross section of sialon — one-hour-
nitrided AISI 430 FSS joint
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Figure 4.24 Scanning electron micrograph of the cross section of the interface layer in
sialon — one-hour-nitrided AISI 430 FSS joint

The initial contact plane of sialon — steel in the joint was no longer appeared
(Figure 4.24). This was caused by the reaction product of the materials that composed
the joint. Therefore, the same phase was formed across the initial contact plane
leading to the cohesive joint of the sialon with the steel. However, the border between
the original sialon and the interface layer was clearly recognized in the microstructure
of the interface layer shown in Figure 4.24. This part looked to turn into a new sialon—
steel interface after the diffusion bonding. This was resulted due to penetration of the
steel into the decomposed-part of sialon during the joining process. It could be
expected that properties of the interface layer would be more similar to the steel
properties as it was dominated by the steel phase. This has also been proven from the
hardness test across the sialon — as-received AlSI 430 FSS joint (Figure 4.21). On the
other side, the original sialon remains very hard. Therefore this was the boundary of
the two areas with extremely-different properties. Consequently this part could be the
weakest zone of the joint. This part might become more critical as voids were also
observed. The presence of the voids in this area might endanger the joint as this could
initiate crack when the joint was subjected to working load during its service.
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It was difficult to distinguish the joint of nitrided steel — sialon with as-received
steel — sialon joint from the microstructure. The morphology of the joint as well as the
parent metal was very similar. They also comprised similar phases. However, the
interface layer and the diffusion layer in this joint were thinner than the layers in the
sialon — as-received steel joint. The average thickness of the interface layer in this
joint was 3.8 um, whereas the thickness of the diffusion layer was 73.4 um. These
were smaller than the interface and the diffusion layers in the sialon — as-received
steel joint which were 4.45 um and 78.57 um. This could be an early indication that
the nitrided steel reduced the thickness of the interface layer as well as the diffusion
layer. However, observation on the joining of the sialon with the longer-nitrided-steel

might produce better information to reveal this prediction.

4.2.2.2 Elemental Analysis

EDX analysis on the overall joint depicted the diffusion elements from the sialon into
the steel and vice versa. This was shown in Figure 4.25. The figure describes the
similarity of the elements interdiffusion with the previous joining. For this joint,
silicon diffused into the steel in approximately 70 um from the initial contact of the
sialon — steel. This was estimated from the figure. Alternatively, the length of the
silicon-diffusion distance could be determined from the thickness of the diffusion
layer. The average diffusion-layer thickness measured in the microstructure in this
joint was 74.3 pum. This value was shorter than the thickness of the layer obtained in
the sialon — as-received steel joint. This also means that the silicon diffused into
shorter distance from the interface. It could be an early indication of shorter silicon-
diffusion in the steel when the sialon was joined with the nitrided steel. Joining the
sialon with longer-nitrided steel might produce more information to examine the

prediction.

As also observed in joining of sialon — as-received steel, the interface layer was
the reaction zone of the sialon and the steel in the ceramics side. This was revealed by
the elements from both materials in this layer. It also disclosed that diffusion of Fe

and Cr from the steel into the sialon also occurred in this joining. In this joint, the
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average thickness of the layer was 3.8 um. This was thinner than the layer in the joint

of the sialon with the as-received steel.
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Figure 4.25 Concentration profile of elements across the sialon — one-hour-nitrided

AISI 430 FSS joint; S=sialon, F=interface layer, D=diffusion layer, St=steel

Further analyses of elements in the interface layer and the precipitates were
executed on the spots that selected randomly in the layer. The map of the spots in the
interface-layer matrix and the precipitates for the EDX analyses is presented in Figure
4.26. The results of the analyses on the interface-layer matrix and the precipitates are
presented in Table 4.3 and Table 4.4, respectively.

Matrix of the layer contained mainly Fe, Cr and Si (Table 4.3). Nevertheless other
sialon’s elements were also found in several spots. Fe was found in highest
concentration than the other elements (i.e. 67.59 — 78.36 weight percent).
Concentration of Cr was 14.90 — 24.86 weight percent; while Si was found in 1.47 —
1.96 weight percent. The existence of Fe and Cr disclosed the diffusion of the steel’s
elements into the sialon. These were shown in the results of the EDX-random-spot

analyses on the interface-layer matrix (Table 4.3) and the precipitates (Table 4.4).
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Figure 4.26 Map of EDX spot analysis at the interface layer of sialon — one-hour-
nitrided AISI 430 FSS joint; (@ = matrix, (+) = precipitates

Table 4.3 Concentration of elements of the interface-layer matrix in sialon — one-
hour-nitrided 430 FSS joint

Spot Concentration (weight %)
number Cr Fe Si 0] Al Y N
1 21.86 | 76.18 | 1.96 0 0 0 0
2 21.60 | 76.92 | 1.47 0 0 0 0
3 20.88 | 77.53 | 1.60 0 0 0 0
4 24.86 | 72.60 | 1.60 0 1 0 0
5 1490 | 76.16 | 1.62 | 2.96 1.53 2.84 0
6 21.18 | 77.25 | 1.57 0 0 0 0
7 22.17 | 76.32 | 1.52 0 0 0 0
8 19.94 | 78.36 | 1.70 0 0 0 0
9 17.89 | 67.59 | 1.84 | 532 | 2.56 | 4.79 0
10 21.53 | 76.94 | 1.53 0 0 0 0

Analysis on the interface layer in the previous joining concluded that silicon
dissolved in the ferrite-iron solid solution in the interface-layer matrix. This was
proven by the XRD examinations on the layer. The interface-layer matrix in the
present joint had similar compositions of elements with the layer matrix obtained for
the previous joining. Therefore, most probably the interface-layer matrix in the joint
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also comprised the ferrite solid solution with silicon and other elements dissolved in
it.

Table 4.4 Concentration of elements of the precipitates at the interface layer in sialon
— one-hour-nitrided 430 FSS joint

Spot Concentration (weight %)
number Cr Fe Si O Al Y N
1 9.83 | 53.45 | 533 | 1236 | 6.44 | 12.58 0
2 18.48 | 53.97 | 2.79 | 9.11 5.72 9.95 0
3 17.01 | 58.01 | 2.37 | 7.66 5.33 9.62 0
4 1293 | 59.93 | 2.71 | 9.93 4.83 9.67 0
5 16.04 | 57.24 | 2.70 | 9.75 5.36 8.90 0
6 15.72 | 28.90 | 3.87 | 19.00 | 10.14 | 22.38 0
7 10.09 | 67.12 | 2.11 | 838 | 4.11 8.20 0
8 16.94 | 38.86 | 4.71 | 15.32 | 5.61 | 18.55 0
9 14.63 | 52.19 | 3.32 | 11.44 | 5.94 | 12.48 0
10 14.36 | 45.26 | 2.40 | 13.88 | 8.09 | 15.99 0

It was recognized in section 4.2.1 that high concentration of Fe and Si in the
precipitates in the joint of sialon — as-received AISI 430 FSS led to the formation of
FeSi,. Nitrides were also predicted based on the nitrogen content of the precipitates.
Thus with lesser amount of silicon and nitrogen in the precipitates, it could be
expected that silicides and nitrides might not present in the precipitates. In other
words, nitrided steel might have suppressed the formation of the silicides and the
nitrides in the interface of the joint. Further characterization was carried out to
scrutinize the unavailability of the compound. Later part of this section will report the

results of the work.

The average thickness of the interface layer and the diffusion layer for this joining
condition were 3.8 um and 74.3 um, respectively. It has been mentioned in the
previous section that these were smaller than the thickness of the interface and the
diffusion layers in the sialon — as-received steel joint. In that joint, the thickness of the
interface and the diffusion layer were 4.45 um and 78.57 um, respectively. Since the
interface layer represented the decomposed part of the sialon and the reaction front of
the joined materials, thus thinner interface layers divulged less decomposed sialon and
also less reactivity of the materials. A few workers [77-80] referred to the thickness of

the layer to justify the reactivity of the joined materials.

85



Former discussions established that the interface layer was the sialon-decomposed
part. This was also the reaction front of the sialon and the steel in the sialon side. The
thickness of the interface layer indicated the sialon part that was consumed for the
reaction of the ceramics with the steel to produce the joint. In the steel, the thickness
of the diffusion layer represented the length of silicon-diffusion distance. Oliveira et
al. [77-78] found that in the joint of SizN4 with steel, the thickness of the interface
layer correlated well with the thickness of the diffusion layer. Thinner reaction layers
in the present joint could be a hint of the less reactivity of the sialon with nitrided
steel than with the steel in as-received condition. Study on the joining of the sialon
with the longer-nitrided steel might also be required to provide better description on

this phenomenon.

4.2.2.3 XRD

XRD pattern from the interface layer surface of the sialon — one-hour-nitrided steel
joint is given in Figure 4.27. Apparently only a peak was found in the layer. No other
phase was observed. Ferrite phase in the pattern emerged from the matrix of the layer
which consisted of Fe, Cr and low-concentration Si. The diffusion layer should also
comprise the ferrite phase as it had similar composition of elements. As it was
expected, silicide was not present in the interface layer. Therefore the nitrided steel

might have hindered the precipitation of silicide in the joint interface.
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Figure 4.27 X-ray diffractogramme of the interface layer in sialon — one-hour-nitrided
430 FSS joint

4.2.2.4 XPS

To study the FeSi,, XPS analysis was carried out on the surface of the steel from the
broken sample. XPS spectra for Fe and Si are given in Figure 4.28 and Figure 4.29,
respectively. The spectra were similar with spectra obtained in the previous joining.
Four peaks of Fey, were produced in the XPS spectra. However, in the present joint,
the spectra did not clearly indicate the existence of plasmon loss at around 730 eV
which was the sign of FeSi, compound. Therefore, two peaks at 706.92 eV and
719.58 eV were attributed to metallic Fe [87] rather than the FeSi,. According to the
same reference, the other two peaks (i.e. at 710.98 eV and 724.3 eV) represented the

Fe in the form of Fe,0s.

Symmetrical spectrum of Si from the interface layer shown in Figure 4.29
characterized a single chemical state of the Siy,. The only produced peak was at
102.95 eV which corresponded to Si,, from SiO; [85, 88-89].
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Figure 4.29 XPS spectra of silicon from the interface layer in sialon — one-hour-
nitrided AISI 430 FSS joint

The XPS results established the absence of the silicides in the layer. The analysis
showed Fe in the form of Fe,O3 and Si in the form of SiO,. Yet, the oxides were not
detected by the XRD. These oxides were also found in the XPS examination of the
interface layer in the joint of sialon — as-received steel. Thus, in this joint, Fe>* reacted
with 0% to form the Fe,03. Recombination of Si** and O which were released from

the decomposed sialon occurred to produce the SiO; in the precipitates.
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Characterizations on the interface layer (EDX, XRD and XPS) demonstrated a
coherent result on the existence of the FeSi,. The iron silicide was found in the joint
of sialon — as-received steel. Nevertheless, it was not formed in the interface layer of
the sialon — one-hour-nitrided steel joint. In the joint of sialon — nitrided steel, the
absence of the iron silicides was proven by the XRD and XPS. This divulged that

nitrided steel had suppressed the formation of the silicide in the joint.

4.2.2.5 Hardness Test across the Joint

Figure 4.30 shows the hardness of the cross section of the joint. The diffusion layer
was the area with the lowest hardness. This was due to the same reason for the
hardness of the layer in the previous joining condition. The layer consisted of ferrite
phase which was soft and ductile. Consequently the hardness of the layer was lower
than the hardness of pearlite and martensite in the parent steel. In the interface layer,
the precipitates which consisted of oxides contributed the hardness enhancement on
the layer. Therefore, it appeared in Figure 4.30 that the hardness of the layer was
slightly higher than the diffusion layer.
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Figure 4.30 Hardness test across the joint of sialon — one-hour-nitrided AISI 430 FSS

joint; F=interface layer, D=diffusion layer
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4.2.3 Joining of Sialon with Four-hours-nitrided AISI 430 FSS

Nitriding the AISI 430 FSS for four hours improved the hardness of the whole cross
section of the sample. Martensite transformation was also exhibited throughout the
steel after the nitriding. This had been reported and discussed in section 4.1.1. Since
there was a correlation between the hardness improvement and the martensite
formation in the steel, it was believed that nitriding for four hours had dissolved the
nitrogen throughout the steel. The four-hours-nitrided steel was subsequently joined
with the sialon. The joint of the sialon with the steel was studied and compared with

the previous joining condition.

4.2.3.1 Microstructure of the Joint

Sialon — four-hours-nitrided AISI 430 FSS joint can be seen from the microstructure
displayed in Figure 4.31 to Figure 4.33. Morphology of the present joint and the
previous joints were alike. Figure 4.32 and Figure 4.33 illustrate the interface and the

diffusion layers in the joint which were also produced in the previous joining.
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Figure 4.31 Optical micrograph of the cross section of sialon — four-hours-nitrided
AISI 430 FSS joint
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hours-nitrided AlISI 430 FSS joint

sialon
possible
weakest |ink_

o‘. é‘ ; 5 - ‘ { 4
"“&-‘"# e
T R

s R initialacontactplane S
diffusionlayer T

T S S, . G ot >
w I M L e, B ol N

EMT = 15.00 kV Signal A = SE2 Date :1 Dec 2009 Time :16:04:28
WD = 8.0 mm Mag= S00KX Universiti Teknologi PETRONAS

Figure 4.33 Scanning electron micrograph of the cross section of the interface

layer in sialon — four-hours-nitrided AISI 430 FSS joint
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Microstructure of the diffusion layer show that the layer consists of a single phase.
This is illustrated in Figure 4.31 to Figure 4.33. Overall region of the diffusion layer
comprises area with same contrast. No grain boundary was shown in the
microstructure of the diffusion layer. Therefore, a single-phase in the diffusion layer
is indicated. White precipitates were seen throughout the interface layer. It was clearly
seen in the detail of the interface layer presented in Figure 4.33. Optical micrograph
of the joint given in Figure 4.31 illustrates more martensite in the parent steel adjacent
to the diffusion layer. The more martensite in the steel after the joining could be
expected due to the longer nitriding of the steel prior to the joining. Figure 4.31 also

illustrates the presence of pearlite in the area near the diffusion layer.

The boundary between the original sialon and the interface layer was noted. This
could become the weakest part at the joint was. The original sialon and the interface
layer should own very different properties. This has been observed in the two
previous joining conditions. Therefore, the boundary between the original sialon and
the interface layer might also become the most critical part. Voids were also seen in
this borderline. This could worsen the part as the weakest link in the joint.

4.2.3.2 Elemental Analysis

Results of EDX analysis across the joint (Figure 4.34) outlined the sialon
decomposition and the elements interdiffusion at the joint. Elemental analysis of the
overall joint in this joining denoted the similarity with the two previous joining
conditions. However, silicon diffused into the steel shorter than the two former
joining conditions. In this joint, the silicon diffusion into the steel is approximately 55
pm from the initial contact plane. This was estimated from Figure 4.34. More precise
thickness of the layer was obtained from the measurement. The average thickness of
the diffusion layer and the interface layer measured in the microstructure was 59.6 um
and 3.4 um, respectively. In the interface layer, change of the sialon’s elements
composition depicted the decomposition of the sialon. Diffusion of the steel’s

elements into the sialon was recognized from the existence of Fe and Cr in this area.
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Elements in the interface layer were scrutinized at the interface-layer matrix and
the precipitates. A number of spots were determined randomly throughout the cross
section of the layer. It was expected that the spots analyses could represent the
precipitates and the interface-layer matrix in the overall observed area. The spots for
the EDX analysis on the precipitates and the interface-layer matrix of the sialon —
four-hours-nitrided AISI 430 FSS joint are shown in Figure 4.35.

The output of EDX analysis on the interface-layer matrix and the precipitates are
tabulated in Table 4.5 and Table 4.6, respectively. The sialon’s elements were
distributed into the interface-layer matrix and the precipitates (Table 4.5). Therefore,
as established for the previous joining, this layer was the decomposed sialon. These
were also exhibited in the present joint. However, only silicon was found in the
interface-layer matrix (Table 4.5). The element was identified in the spots with
smaller quantity (i.e. 1.18 — 1.96 weight percent) than the Fe and Cr. The silicon
should have diffused into the iron to form ferrite solid solution. This considered the

investigation that was conducted for the previous joining.
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Figure 4.34 Concentration profile of elements across the sialon — four-hours-nitrided
AISI 430 FSS joint; S=sialon, F=interface layer, D=diffusion layer; St=steel
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hours-nitrided AISI 430 FSS joint; (@) = matrix, @) = precipitates

Table 4.5 Concentration of elements of the interface-layer matrix in sialon — four-
hours-nitrided AISI 430 FSS joint

Spot Concentration (weight %)
number Cr Fe Si 0] Al Y N
1 17.91 | 80.51 | 1.57 0 0 0 0
2 23.81 | 73.74 | 1.86 0 1 0 0
3 20.56 | 77.92 | 1.52 0 0 0 0
4 19.42 | 78.98 | 1.60 0 0 0 0
5 17.91 | 80.36 | 1.75 0 0 0 0
6 22.44 | 76.37 | 1.19 0 0 0 0
7 20.51 | 77.96 | 1.52 0 0 0 0
8 21.65 | 77.15 | 1.19 0 0 0 0
9 17.75 | 80.51 | 1.74 0 0 0 0
10 20.26 | 78.15 | 1.60 0 0 0 0
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Table 4.6 Concentration of elements of the precipitates at the interface layer in sialon
— four-hours-nitrided AISI 430 FSS joint

Spot Concentration (weight %)
number Cr Fe Si 0] Al Y N
1 15.37 | 36.55 | 2.36 | 16.39 | 9.51 | 19.79 0
2 1244 | 52.85 | 2.64 | 12.08 | 7.19 | 12.79 0
3 16.30 | 49.73 | 2.72 | 10.55 | 7.00 | 13.69 0
4 12.67 | 72.40 | 2.26 | 4.25 3.36 5.07 0
5 14.60 | 62.44 | 1.85 | 7.96 | 4.90 | 8.25 0
6 14.60 | 62.44 | 1.85 7.96 | 4.90 8.25 0
7 16.01 | 54.63 | 2.22 | 1040 | 5.86 | 10.88 0
8 19.76 | 52.21 | 2.05 | 9.21 | 5.06 | 11.69 0
9 23.65 | 7401 | 1.64 0 0.70 0 0
10 14.76 | 79.52 | 1.85 | 2.68 | 1.18 0 0

The precipitates were no longer rich of Si as it was found in the joint of the sialon
— as-received steel. Nitrogen was not discovered either (Table 4.6). Its concentration
could be too small to be detected by EDX. The chemical compositions of the
precipitates was similar with the condition in the joint of sialon — steel nitrided for one
hour joint. Therefore, most probably the precipitates did not contain silicides or
nitrides. This divulged that joining of the sialon with the nitrided steels (i.e. for one
and four hours) produced consistent results. Both joining might have supressed the
formation of silicides in the joint.

Analysis on the joint of the sialon — one-hour-nitrided AISI 430 FSS indicated
that the reaction layers were thinner than the layers in the sialon — as-received AlSI
430 FSS joint. Therefore, it shows that the nitrided steel had decreased the sialon
decomposition as well as the sialon — steel reactivity. Thickness of the layers in the
presents joint supported this idea. The interface layer and the diffusion layer in this
joint were thinner than the layers produced by the two former joining. The four-hours-
nitrided AISI 430 FSS — sialon joint produced the average thickness of 3.4 um and
59.6 um for the interface layer and the diffusion layer, respectively. This was smaller
than the thickness of the layers in one-hour-nitrided AISI 430 FSS — sialon joint (i.e.
73.4 pum of the diffusion layer and 3.8 um of the interface layer). Obviously these

were also thinner than those produced in the joint of the sialon — as-received AISI 430
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FSS joint, which were 78.57 um and 4.45 um for the diffusion layer and the interface
layer, respectively. This observation disclosed that the nitrided steel had decreased the
sialon decomposition in the joint of the sialon — AISI 430 FSS. Consequently, it
reduced the reactivity of the sialon with the steel in the sialon side. The decrease of
the diffusion layer thickness also concluded that the nitrided steels shortened the

diffusion extent of the silicon into the steel.

4.2.3.3 XRD

Ferrite phase in the interface-layer matrix was revealed by a peaks in the XRD pattern
of the layer (Figure 4.36). The peak emerged from the interface layer as it consisted of
Fe, Cr and Si. With the same reason in estimating the phase in the layers for the

previous joining, the diffusion layer should have the same phase.

With respect to the low silicon in the precipitates, it was unlikely that the iron
silicides would exist. The X-ray diffractogramme of the layer revealed this. Phase
identification using this technique proved the absence of FeSi; in the layer. This had
also been proven for the joint of sialon — one-hour-nitrided steel. Therefore, it
supported the indication that nitriding treatment on the steel prior to joining had

suppressed the formation of iron silicide in the layer.
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Figure 4.36 X-ray diffractogramme of the interface layer in sialon — four-hours-
nitrided AISI 430 FSS joint
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4.2.3.4 XPS

XPS spectra for Fe and Si from the interface layer were shown in Figure 4.37 and
Figure 4.38, respectively. The XPS spectra provided four peaks of Fe,p, namely: at
706.94 eV, 712.04 eV, 719.8 eV and 725.13 eV (Figure 4.37). Plasmon loss at around
730 eV (which indicates the FeSi, peak) did not present. Therefore, two peaks at
706.94 eV and 719.8 eV should correspond to metallic Fe [87, 89]. Based on the same
references, Fe was also in oxide form (Fe;Os). This was represented by the other two
peaks at 712.04 eV and 725.13 eV.

The Si spectrum in the Si XPS spectra (Figure 4.38) disclosed that the silicon was
only in one chemical state (i.e. SiO;). This was shown by the peak at 103.96 eV that
was the only peak at the spectra. Therefore the XPS examination revealed that the
FeSi, was not present in the layer.
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Figure 4.37 XPS spectra of Fe from the interface layer in sialon — four-hours-nitrided
AISI 430 FSS joint
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Figure 4.38 XPS spectra of Si from the interface layer in sialon — four-hours-nitrided
AISI 430 FSS joint

4.2.3.5 Hardness Test across the Joint

Hardness of the cross section of the joint is illustrated in Figure 4.39. The diffusion
layer was shown again as the lowest-hardness part of the joint. The interface layer
was slightly harder than the diffusion layer due to the contribution of the hardness
given by the precipitates. This layer was like the steel part that moved into the
decomposed area of the sialon. Therefore its hardness should represent hardness of
the steel. However, the precipitates which were a mixture of steel’s and sialon’s
elements had increased the hardness slightly higher than the steel. Compared to the
original sialon, lower hardness could be expected for it was the decomposed part of

the sialon.
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Figure 4.39 Hardness test across the sialon — four-hours-nitrided AlSI 430 FSS joint;
F=interface layer, D=diffusion layer

4.2 .4 Discussion

Previous sections of this chapter presented the results of the sialon — as-received AlSI
430 FSS joining. Interfacial joint of the materials was achieved in all joining
conditions. Reactions of the joined materials were indicated. These had been
identified and analyzed using several characterization techniques. This section

discusses the overall results of the joining as well as the reaction layers in the joint.

4.2.4.1 Joining of Sialon — As-received Steel

Interfacial joint of sialon with as-received AISI 430 FSS was observed in the
microstructure of the interface cross section. The joint was attained due to the reaction

of the sialon with the steel.

Reaction layers in the joint comprised silicon-diffusion layer in the steel side and

interface layer in the sialon side. Sialon decomposed and released silicon and nitrogen
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that diffused into the steel. Fe and Cr from the steel diffused into the sialon-
decomposed part. Interaction of the steel’s elements in this part formed ferrite solid
solution in the interface layer matrix. This was produced since Cr and Si are ferrite
formers. Fe reacted with other sialon’s elements to form precipitation of silicides and

oxides in the form of white precipitates.

Matrix of the interface layer has same contrast with the steel part in the diffusion
layer. Elemental analysis of the interface layer matrix also revealed that the elements
of the interface layer matrix and the diffusion layer were similar. Analyses on the
phase of these parts divulged that the diffusion layer and the interface layer matrix
consisted of the same phase, i.e. a-Fe (Cr, Si). Thus, those parts were actually the
same species. This species composed the joint of the sialon with the steel. Therefore,
the same species was found across the initial contact plane. This made the initial
sialon — steel contact plane disappeared and indicated cohesive joint at the sialon —

steel interface.

Discussion on the preceding paragraph explained that during the diffusion
bonding process, steel penetrated into the sialon and reacted with the sialon’s element.
This reaction also occurred in the diffusion layer. The steel moved across the joint and
shifted the interfacial contact deeper into the sialon part. Hence, the border between
the sialon and the original part was just like new steel — sialon interface. This area
could possibly become the weakest part of the joint as this was the boundary between

the original sialon and steel which have very-different properties.

Microstructure of the parent steel changed from ferritic to pearlitic and martensitic
structure. The pearlite phase is possibly the nitrogen pearlite. Previous works had
observed the similar phase in the interaction of silicon nitride — Fe-Cr alloy [13] and
in sialon — steel-composite joint [82]. Those works predicted that the structure was
nitrogen pearlite. Section 2.3 describes that besides stimulating martensite formation,
nitrogen may also precipitate into nitrides. This was observed in nitriding of 17Cr-
INi-0.5C martensitic stainless steel at 1050°C for one hour under 98.07 kPa of
nitrogen [48]. Calculated vertical section phase diagram of Fe—24%Cr — (0-2.5)%N
system given Figure 2.7 in section 2.3 explains that nitrogen pearlite (a+CrzN) is

formed when the alloy is cooled down to below 1300K [49]. It suggests the possibility
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of the pearlitic transformation (i.e. a+Cr;N) in the region of 1.0 — 2.5% N. Thus,
during the diffusion bonding, nitrogen diffused into the steel. It produced Fe-Cr — N
alloy system. Upon slow cooling in the furnace, nitrogen pearlite was possibly formed
as suggested by Figure 2.7. This was seen in the area close to the diffusion layer. It
seemed that the nitrogen diffusion is limited into this are, therefore the pearlite

structure diminished in the core of the parent steel.

The formation of the martensite in the parent steel during the joining also seemed
to be affected by the existence of the nitrogen. The results of nitriding experiment
reported in section 4.2 divulged that nitrogen stimulated the formation of martensite
in heat treatment of the AISI 430 FSS. This has also been recognized in other
nitriding works [49-50]. Hence, the martensite formation in the parent steel during the
joining could be the sign that nitrogen had diffused into the area.

Decomposition of the sialon occurred in the interface of the joint according to
reactions 2.8 and 2.9 presented in section 2.6.1. SizN, decomposed through the gas-
phase reaction (reaction 2.8) at above 636°C. Nitrogen dissolved in the steel
according to reaction 2.9 at above 1033°C. In the current work, decomposition of the

sialon also happened in the interface layer according to the same reactions.

Nitrogen that was released from the ceramics decomposition was distributed in
several manners. This was noticed by previous works [6-7]. At the edge of the joined
sample, close to the atmosphere, molecular nitrogen would be released to the
surrounding atmosphere. Around the middle of the joint, nitrogen could not be
liberated from the interface. Therefore it could be trapped in the interface and
produced porosities. The porosities were observed in the microstructure of the joint.
The nitrogen could also dissolve in the steel or precipitated as nitride when it met
metallic nitride formers such as Fe or Cr [77-78]. In this work, chromium nitride was
possibly formed in the joint of the sialon with the as-received steel as nitrogen was
detected in relatively significant concentration in the precipitates which also contained
the nitride formers (i.e. Fe and Cr). The nitrogen might also diffuse into the parent

steel as indicated by the martensite phase.
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The liberated-silicon diffused into the steel and formed the silicon-diffusion layer.
The elements in the diffusion layer are Fe and Cr from the steel and silicon from the
sialon. In this layer, the silicon content is 0.94 — 1.57 weight percent. At the reaction
front in the sialon side, the silicon is in 1.76 — 3.27 weight percent concentration. The
element dissolved in Fe and Cr which transferred towards the interface layer.
Concentrations of Fe and Cr in the layer are 60.67 — 80.13 weight percent and 11.38 —
24.64 weight percent, respectively. It implied the similar element compositions of the
interface-layer matrix and the diffusion layer. The transfer of Fe and Cr in significant
amount into the sialon made the interface-layer matrix and the diffusion layer to have
same contrast in the micrograph. Therefore, the microstructure depicted a steel-like

phase in the interface-layer matrix.

Similarity of chemical composition and contrast between the interface-layer
matrix and the diffusion layer indicated that the interface-layer matrix and the
diffusion layer might own the same phase. XRD revealed that the interface-layer
matrix and the diffusion layer consisted of the same phase, i.e. a-Fe (Cr, Si). Thus, in
the diffusion layer, Si and Cr dissolved in the steel in the form of a-Fe (Cr, Si) solid
solution. The presence of Si and Cr in the interface and the diffusion layers enhanced
the ferrite formation since they are both ferrite formers [77-78]. Phase diagram of Fe
— Si system (Figure 2.11) illustrates the maximum solubility of 10.9 weight percent
(13.4 atomic percent) of Si in the a-Fe (Si). Heikinheimo et al. [6] discovered the
same phase with maximum 12 atomic percent of Si in the interface of SisN, and iron.
In the present work, silicon in the interface-layer matrix and in the diffusion layer had
formed ferrite phase with maximum Si content of 3.58 weight percent (7.71 atomic
percent). This was in a good agreement with the a-Fe (Si) solid solution in the phase

diagram of Fe — Si.

Solubility of silicon in iron (18 atomic % at 1200°C) is much higher than the
solubility of nitrogen (0.089 atomic % at 1200°C) as reported by Vleugels et al. [15].
Thus it seemed that the diffusion of silicon had pushed the nitrogen from the steel
adjacent to the interface towards the parent steel. It created a silicon diffusion zone in

the diffusion layer.
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The nitrogen moved from the steel adjacent to the interface into the parent steel.
Beyond the silicon-diffusion layer, it promoted the formation of martensite when the
samples were cooled to room temperature. Mechanism of the martensite formation in
nitrogen influence was well established in nitriding works of the stainless steel. It has
been explained in section 2.3; i.e. nitrogen interstitially diffused into the austenite
when the stainless steel was heat treated under nitrogenous atmosphere at 1200°C.
This was trapped in the lattice when the steel was cooled even in a slow rate [17].
Therefore, nitrided ferritic stainless steel exhibited martensite at the steel surface. The
depth of the martensite case depended on the length of the nitriding. At the end of the
nitrogen diffusion extent, ferrite was also formed when the austenite in the steel was

slowly cooled from the temperature of 1100°C.

The above discussion describes that reaction of the steel and the sialon occurred in
diffusion layer and interface-layer matrix. Interaction of the elements in the layer
produced a-Fe (Cr, Si) solid solution. Reaction of the materials in the sialon side took
place when the sialon decomposed and Fe and Cr from the steel moved towards the
sialon and filled up the sialon-decomposed area. Besides the a-Fe (Cr, Si), reaction of
the elements in this layer produced precipitates that contained the elements from the
steel and the sialon. This was disclosed by the findings of both materials’ elements in

the precipitates.

In this joint, the precipitates were rich of Fe (i.e. maximum concentration of 66.39
weight percent) and Si (i.e. maximum concentration of 34.14 weight percent). Cr and
N were also found in many spots with maximum concentration of 15.3 and 13.13
weight percent, respectively. Other elements of the sialon (Al and O) were also
present in lower concentration. Therefore the precipitates were the reaction products
of the steel and the sialon. With the high Fe and Si in the precipitates, the formation of
Fe-Si compound could be expected; whereas chromium nitrides might also present
due to the existence of Cr and N. Nevertheless, the presence of O in the precipitates

might also stimulate the oxides formation.

The precipitates had been observed in the reaction zone of silicon nitride with iron
or iron alloy. Section 2.6.2 discusses the phases in the reaction layer of silicon nitride

and sialon with various kinds of steels. The findings of the phases in the previous
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works are cited again in this section to help analyzing the results. Heikinheimo et al.
[6] claimed that no new compound or silicide was formed in the reaction of SizN,4
with iron. Instead of the silicides or nitrides, they observed the precipitates as the
silicon-enriched sintering additives. Two other works also found the same things [78-
79]. Those work justified their findings through the elemental analysis on the reaction
zone. No other characterization techniques were utilized to prove the phase in the
precipitates. Despite their claim that no new compound was produced in the joint,
Polanco et al. [10] recognized the presence of silicides (i.e. MosSi, Fe,Siy), nitrides
(CroN) with a-Fe in the reaction front of SisNg — AISI 316L SS. Those were
confirmed using the GIA-XRD examination that was attempted on the surface of the
interface layer. The work divulged that characterization technique such as XRD on
the surface of the interface layer might be helpful to identify the phase rather than

only rely on the elemental analysis.

Reaction between sialon with iron alloy was investigated by Vleugels et al. [15].
This was conducted by contacting the materials with relatively low pressure (i.e. 2.5
MPa) at 1200°C. The precipitates were claimed to be Al,O3. Besides using the EDX
analysis results, the work also confirmed the presence of the Al,O3; using Raman
spectroscopy on the cross section of the reaction zone. The Al,O3 was formed from
the recombination of Al and O which were initially released through the dissociation
of the sialon. Thus, reaction of the steel with the sialon in that work only produced

ferrite solid solution in the interface-layer matrix and in the silicon-diffusion layer.

The joint of sialon with 9% Cr ferritic stainless steel was achieved with 20 MPa
diffusion bonding pressure [5, 17]. The work found that the reaction layer in the joint
consisted of a-Fe (Cr) solid solution matrix and also the precipitates. EDX analysis
revealed the elements of the steel and the sialon in the precipitates. However, only
typical face-centered-cubic (FCC) CrN was concluded through the diffraction pattern
produced by the TEM. The work predicted another compound of intermetallic based
of ((Fe,Cr),(Si,Al)). XRD was not attempted to identify the phase in this work.
Further work in the joining of sialon to steel composite steel [82] observed the

precipitations of Cr,N in the form of nitrogen pearlite.
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The above discussion revealed that different kind of reaction products were
identified in the interface of the SisN4 — steel and sialon — steel joints. Polanco et al.
[10] reported that the discrepancy could be due to different kind of steels that may
influence the Kkinetics and also the fact that the use of different sintering additives
affected the reactivity of the SizNg-steels [80]. The authors of the works also agreed

that the characterization method was important in identifying the phases.

The aforementioned studies employed different techniques of phase
identifications. Polanco et al. [10] claimed that GIA-XRD was very effective to detect
the phase at the thin interface layer. Raman spectroscopy was employed to confirm
the phase in the reaction layer [15]. Several works [6-7, 77-78] estimated the phase
based on elemental analysis obtained by Electron Probe Micro Analysis (EPMA).
Other researchers utilized the TEM to estimate the reaction product [17, 81]. Relying
only on the EDX analysis results brought to the difficulties in accessing the phase in
the reaction layer [5, 82]. Thus, characterization technique was also important in

identifying the phase in the reaction layer of the joint.

In the present work, XRD and XPS were employed to identify the phase in the
surface layer. XPS was very effective characterization for the upper surface of the
layer, thus it could possibly detect the phase in the very thin interface layer. FeSi, in
the precipitates was revealed by the employed techniques. This was also supported by
the significant amount of Fe and Si given by the EDX analysis in the precipitates. Cr
and N were also found in the precipitates leading to the expectation of the CryNj.
However, the presence of oxides might also be possible due to the existence of
oxygen in the precipitates. The presence of the oxides was not disclosed by the XRD
examination. Nonetheless, XPS spectra of Fe and Si from the interface layer surface
showed the elements in the state of oxides (i.e. Fe;O3 and SiO,). Thus, besides the
reaction of the Fe and Si to form the a-Fe (Cr, Si), recombination of the sialon’s

elements to form oxides were also observed.

XRD examinations on the interface layer surface in the sialon — as-received AISI
430 FSS joint detected the presence of a. As it was expected, the o peak was obtained
from the interface-layer matrix. Other than the ferrite solid solution, FeSi, was also

shown in the XRD pattern. The silicide was believed to be from the precipitates since
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no other species existed in the layer. Since the FeSi, was also confirmed from the
XPS spectra of Fe and Si from the layer surface, thus the results of EDX analysis,
XRD and XPS on the FeSi; existence were coherent. However, the XPS spectra also
informed the existence of Fe,O3; and SiO, from the layer. The oxides could not be
identified by the XRD. Small volume fraction could possibly be the reason for the
difficulties to identify the phases using XRD. It could also be due to the very small
thickness of the interface layer. As it was stated previously in section 3.2, the XPS
was very effective technique to identify the chemical state of elements in the thin
layer. Hence, the precipitates in the interface layer were iron silicides and mixed of

oxides.

The FeSi, might be produced from the silicon in the interface layer that did not
completely dissolve in the steel. Nitrogen pressure was built up in the interface due to
the dissociation of the sialon. This reduced solubility of the silicon in the steel [6].

When the silicon exceeded its solubility in the Fe, it formed FeSi, in the precipitates.

Formerly, the FesSi was also found in the reaction layer of silicon nitride —
253MA steel joint [2]. It was suggested that the diffused Fe into the sialon
decomposed area could react with Si to form the silicides. Nonetheless, other
elements in the precipitates could also produce different compound as suggested by
the previous discussion. Since Al, O and N also existed in the precipitates; oxides,
nitrides or precipitation of the sintering additives might also be formed. In this work,
Fe also reacted with O to form the Fe,Os;. Recombinations of Si and O from the

dissociated sialon also occurred and formed the SiO, in the interface layer.

As it was discussed previously, reactivity study of sialon with steel under low
contact pressure produced Al,O3; as a result of the Al and O recombination. Later
studies on the joining of the sialon with 9% Cr ferritic stainless steel and steel
composite failed to identify the new compound in the reaction layer though it was
clearly indicated in the microstructure. Through the characterizations technique
employed in the present work, the presence of iron silicides and mixed of oxides were
revealed. Different materials, experiment setting and characterization method used in
this work might be the reason for the above dissimilarity. For studying the reactivity,

the previous works employed relatively low pressure to make a contact between the
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materials (i.e. 2.5 — 5 MPa). This pressure was sufficient to produce the reaction
between the contacted materials. With this condition it was shown that no iron silicide
or other new compound was formed. Fe or Si was not present at the precipitates. In
the present work, joining was carried out at higher uniaxial pressure (i.e. 20 MPa).
The same diffusion bonding pressure was also used by the previous sialon — ferritic
stainless steel joining [5, 17, 82]. In these setting, Fe and Si was obviously found at
the precipitates which subsequently revealed as the FeSi, using XRD and XPS in the
current work. Reaction of the Fe and Si powder in a hot isostatic press was
investigated [91]. B-FeSi, was produced by the reaction. The formation of FeSi, was
enhanced with the increased of pressure. Thus, it suggested that higher pressure

applied in the work possibly facilitated the formation of the silicide.

Besides rich of Fe, the precipitates in the joint of the sialon with the as-received
steel also contained significant amount of nitrogen so that it could be detected by the
EDX. It was established earlier in this section that nitrogen could be released through
the pores in the interface, freed to the atmosphere at the edge of the joint or permeated
into the steel. Around the middle of the joint, nitrogen would be trapped in the pores
or dissolved in the Fe (Cr, Si) in the layer matrix. The dissolution of nitrogen in the Fe
(Si) solid solution in y under 10° Pa N, gas was reported to be negligible (i.e. 10
atomic percent at 1100°C) [6]. It could be higher in a solid solution [17]. Thus the un-

dissolved nitrogen could also precipitate in the interface layer.

The elemental analysis revealed that chromium was also observed in the
precipitates which contained the nitrogen. This brought to an expectation of the
nitrides formation. Besides the dissolution into the solid solution, nitrogen might also
be incorporated in steel through the precipitation of chromium nitrides (i.e. CrN or
Cr;N) [40]. This occurred when the steel was exposed in nitrogen gas. Thus, despite
the failure to detect it by XRD, CrN or Cr,N might exist in the precipitates in the

interface layer of the joint.

The above discussion describes the sialon decomposition and the interdiffusion of
elements across the joint. Silicon and nitrogen were liberated from the sialon. The
silicon diffused into the steel and formed the diffusion layer. The nitrogen diffused

across the reaction layers and brought to martensite formation in the parent steel. Fe
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and Cr from the steel moved into the interface layer which was the decomposition part
of the sialon. The elements distributed into the interface-layer matrix and the
precipitates. The precipitates were the results of the sialon — steel reaction and

recombination of the dissociated-sialon’s elements.

4.2.4.2 Joining of Sialon — Nitrided Steel

Observation on the microstructure of the cross section of the sialon — nitrided steel
joint illustrates that the joint was attained. Interfacial joint was seen in the interface of
the sialon with the steel in one-hour and four-hours-nitrided conditions. Morphology
of the joint (i.e. interface and diffusion layers) was similar with the joint of sialon —
as-received steel AISI 430 FSS. The reaction layers contained the interface layer with

the presence of the precipitates, and the diffusion layer in the steel side.

Formation of the interface layer can be explained similar to the mechanism of its
formation in the sialon — as-received 430 FSS. Penetration of the steel’s elements into
the sialon-decomposed part occurred during the joining process. The existence of the
steel material in the interface layer matrix was also revealed by the EDX analyses on
the interface layer matrix. The analyses depicted the domination of Fe and Cr in the
matrix of the layer. The materials move towards the sialon and created a new interface
of sialon with steel. This new sialon — steel boundary was obviously seen in the
microstructure of the interface layer. Penetration of the steel into the sialon shifted
interface of the original sialon with the steel. Hardness test on the joint revealed the
extreme hardness difference between the sialon and the interface layer. Therefore, the
border between the original sialon and the interface layer in the joint might turn into
the weakest part of the joint. This could be predicted as this part was the boundary
between two areas with extremely-different properties.

Voids were observed in the boundary between the interface layer and the sialon.
This was especially seen in the joint of sialon with nitrided AISI 430 FSS. The
presence of the voids made this part to be more critical. Pores in the interface of
ceramic — metal joint were frequently seen. These were observed to be from the

trapped nitrogen [6, 9-10, 14]. Mechanism of the pores formation due to the trapped
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nitrogen has been discussed in section 4.2.4.1. Nitrogen that could not escape from
the joint or permeate into the steel may be trapped and created the pores. In the
diffusion bonding of sialon with nitrided steel, the steel was joined in nitrogen-pre-
dissolved condition. During the diffusion bonding process, nitrogen was released from
the sialon. However, solubility of the nitrogen in the steel was suppressed by the
existence of the nitrogen in the steel that was added from the nitriding treatment.
Therefore, more nitrogen could be trapped in the interface of the joint when it could
not be released to the atmosphere. Consequently, more voids would be produced. In
the present work, more voids were found at the joint of sialon — nitrided AISI 430
FSS (see Figure 4.24 and Figure 4.33). Nonetheless, in the present work, the voids
could also be due to the drastic changes of the ductility between the original sialon
and the interface layer. Hardness test across the joint revealed the high hardness at the
original sialon after the joining. The hardness test at the interface layer depicted
significantly-lower hardness at the interface layer. This could be expected since the

interface layer matrix contained ferrite solid solution.

Severe changes of the ductility between the original sialon and the interface layer
might yield voids at their border. It could be predicted since the voids took place at
the boundary of the original sialon and the steel phase in the interface layer. Thus, the
voids were present at the point of drastic transition from a hard-and-brittle sialon to
the more-ductile steel phase in the interface layer.

The voids formation could be initiated when residual stress occurred due to the
different thermal expansion between the sialon and the steel. This might cause crack
at the ceramics though the materials could be bonded. However, when the ceramics
did not crack, the residual stress would take effect on the boundary of the original
sialon with the interface layer. Drastic change of ductility from the sialon to the
interface layer may lead to voids formation as illustrated in the microstructure of the
interface layer (Figure 4.24 and Figure 4.33). The voids could become crack initiation
at the ceramics when the joint is carrying working load. Hence, the border between

the original sialon and the interface layer could become the weakest part of the joint.

As it was also observed in the joint of sialon — as-received AISI 430 FSS, the

interface-layer matrix and the diffusion layer in the joint of sialon — one-hour-nitrided
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and four-hours-nitrided AISI 430 FSS comprised mainly Fe and Cr from the steel and
Si from the dissociated sialon. XRD then revealed a-Fe (Cr,Si) solid solution in the
interface-layer matrix and the diffusion layer in the sialon — nitrided AISI 430 FSS.
The solid solution was also observed in the interface-layer matrix and the diffusion
layer for the joint of sialon — as-received AISI 430 FSS. However, silicon content of
the layers in the joint of the sialon — nitrided AISI 430 FSS was less than in the joint
of sialon — as-received AISI 430 FSS. In these parts, maximum concentrations of
silicon for the sialon — one-hour-nitrided and sialon — four-hours-nitrided steels were
1.9 and 1.86 weight percents respectively (Table 4.3 and Table 4.5). This was less
than in the joint of sialon — as-received steel, i.e. 3.26 weight percent of maximum

concentration.

While the precipitates in the joint of sialon — as-received AISI 430 FSS were rich
of Fe, Cr, Si and N; the amount of silicon in the precipitates of the sialon — nitrided
AISI 430 FSS joint was insignificant. Maximum silicon concentration in the
precipitates for the sialon — one-hour-nitrided AISI 430 FSS joint was 5.33 weight
percent (Table 4.4) and in the joint of sialon — four-hour-nitrided steel was 2.72
weight percent (Table 4.6). In the same part, maximum concentration of silicon for
the sialon — as-received AISI 430 FSS joint was significantly higher (i.e. 34.14 weight
percent). This was shown in Table 4.2.

In the joint of sialon — nitrided steels, nitrogen was even not found. This showed
that should nitrogen exist in the precipitates; its concentration was too low that EDX
was unable to detect it. Examination using XRD and XPS discovered the absence of
iron silicide in the interface layer. The XRD could only detect a-Fe (Si) from the
interface-layer matrix. XPS spectra of Fe and Si from the interface layer informed the
Fe and Si in the form of oxide, i.e. Fe,O3 and SiO,. This situation was found both in
joining of the sialon with the AISI 430 FSS nitrided for one and four hours. The
absence of FeSi, in the precipitates was in accordance with the compositions of
elements in the precipitates which showed insignificant concentration of silicon. Thus,
this could be the evidence that nitrided steel had suppressed the formation of the iron
silicide. In this case, nitriding for one hour on the steel was enough to suppress the

silicide formation.
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Suppression of the silicide in the interface layer might be due to the decrease of
the sialon decomposition caused by the nitrided steel used in the joining.
Decomposition of the sialon in joining with the steel liberated the silicon and
nitrogen. The nitrogen diffused into the steel provided that there was enough
solubility. The nitrided steel was in the nitrogen-pre-dissolved condition when it was
joined with the sialon. Therefore, less nitrogen from the sialon could dissolve in the
steel. This would decrease the dissociation of the sialon. The decrease of the sialon
decomposition also reduced the silicon that was released from the sialon. Hence, less
silicon was precipitated in the interface layer. It decreased the opportunity of the

silicon to form the silicides.

The above technique was the analogy of the method proposed by Stoop [16]
which suggested silicon addition into the steel to suppress its decomposition during
the interaction with stainless steel. When the materials were in contact, the steel
would be as the sink where the silicon went. High silicon in the steel would decrease
the movement of the silicon into the steel. Thus decomposition of the sialon could be
reduced.

Similar phenomenon was also noticed in the reaction front of SizN4 and titanium.
Suppressing of the metallic silicides using the nitrogen pre-dissolved metal was
demonstrated in the joint of SisN4 — titanium reaction [8]. TisSi; was the reaction
product of the joined materials. The silicide was formed due to the decomposition of
the silicon nitride and reaction with Ti. The nitrogen released from the ceramics
dissolved in the titanium; whereas the silicon reacted with the Ti to form the TisSis.
Thin Ti foil accommodated less nitrogen. When the Ti was saturated with N,
decomposition of the silicon nitride was hindered. Thus, no more Si was released to
form the TisSis. Therefore, thinner titanium foil produced thin TisSi3. Experiment to
join the nitrogen-pre-dissolved titanium with the SisN4 had been proved to suppress
the growth of the TisSisz layer in the interface of the ceramics — titanium foil interface.
It was also found that the suppression of the TisSiz improved the strength of the joint.

In relevant to the above idea, the present study found less silicon concentration in
the precipitates in the sialon — nitrided-AlISI 430 FSS joint. Nitrogen was even not

detected by the EDX; probably due to its too low concentration. Consequently, less
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liberated nitrogen yielded to the absence of nitrogen in the precipitates. It was
presumed that the nitrogen did not precipitate as chromium nitrides in the interface
layer. Thus, nitriding on the steel prior to the joining was also believed to hinder the
nitrides precipitation in the layer.

Sections 1.1 and 2.6.2 described that nitriding on the 9% Cr-ferritic stainless steel
prior to the diffusion bonding had been reported to improve the joint of the steel with
the sialon [5, 17]. However, the reason was not clearly explained. The improvement
of the joint strength could be due to the role of the reaction layers. Nonetheless, the
work did not decisively find the phase in the reaction layers. It was only claimed that
the reaction layers were ductile. This ductile layer contributed to the joint. Since the
phases on the reaction layers were not known, the relation of the joint strength with
the phases was not established.

The phase such as iron silicide was brittle so that its formation in the joint should
be avoided [6]. Suppression of TisSiz by using nitrogen-pre-solved Ti improved the
strength of SisN4 — Ti joint [8]. The brittle phase of Mo3Si was found to decrease the
strength of AISI 316 austenitic stainless steel — SisN4 joint [10]. Fast ceramics
decomposition and the production of brittle phase in the joint should be prevented in
the joint of ceramic — metal joint [14, 16]. This has been highlighted in section 1.1. It
seemed that improvement of the joint strength in the joint of sialon — nitrided 9%-Cr
ferritic stainless steel that was reported by Hussain et al. [5, 17] could be due to the
absence of the silicides. The present study recognized that the use of nitrided steel in
joining with sialon was beneficial since it reduced the sialon decomposition and
subsequently suppressed the formation of FeSi, in the joint. It was also believed to

prevent the formation of chromium nitrides in the joint.

Influence of the nitrided steel on decreasing the decomposition of the sialon could
be studied from the thickness of the reaction layers in the joint. The interface layer in
the joint has been noticed as the decomposed-part of the ceramics. Reaction of the
sialon’s and the steel’s elements in this area yielded this part as the reaction front in
the ceramics. In the steel side, the diffusion layer could also be considered as the

reaction zone of the materials. This was presumed since Fe and Si had formed a solid

112



solution. Several workers [15, 77-78] utilized the layer thickness to justify the

reactivity of the ceramics with the metal.

Average thickness of reaction layers in sialon — AISI 430 FSS joint is given in
Figure 4.40. It was shown that the nitrided AISI 430 FSS decreased the thickness of
the interface and the diffusion layers in the joint. Therefore it can also be disclosed

that the nitriding reduce reactivity of sialon with the steel.
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Figure 4.40 Average thickness of the interface layer and the diffusion layer in the
sialon — AlSI 430 FSS joint

Figure 4.40 divulged the decrease of the layer thickness was more significant
when the sialon was joined with the longer-nitrided steel. In the former discussion, the
interface layer was established as the sialon-decomposed part. This decomposed
sialon would be consumed in the reaction with the steel. Thus, thinner interface layer
might represent less decomposition of the sialon. This led to less silicon and nitrogen
which were liberated from the sialon. Consequently, this resulted in shorter silicon-
diffusion zone as illustrated in Figure 4.40. Since reaction of the sialon with the steel
occurred in the layers, reduction of the layer thickness also disclosed less reactivity.
Based on this argument, it can be concluded that nitriding hindered reactivity of AISI

430 FSS with sialon in diffusion bonding process.
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The study has explored the benefit of the nitrided steel in the joint. The pre-treated
steel prevented excessive decomposition of the sialon. This would be beneficial and
therefore this was recommended by the previous works [8, 10]. This was also
suggested by Stoop [16]. The workers also advised that brittle phase such as silicides
should be avoided. Therefore, suppressing the FeSi, in the joint of the sialon —

nitrided steel might improve the strength.

With regard to the reactivity (i.e. the reaction layer thickness), Stoop [16] found
that the strength of SizN4 — 316 austenitic stainless steel joint was directly related to
the thickness of the porous zone in the ceramics (i.e. the interface layer in the present
work). The researcher observed certain thickness of the porous zone that gave the
strongest joint. This might also occur in the joining that was explored in the present
work. Hence, study on the relation of the joint strength and the layer thickness is
required to obtain the process setting that could produce strongest joint. Investigation
on the relation of the joint strength with the joined-steel condition was also
meaningful. This would also inform the optimum nitriding condition that could
produce good joint. The study was beyond the scope of this work. Therefore, it was

recommended for the continuation of the research.

4.2.4.3 Hardness of the Joint Section

In the present work hardness test was employed to estimate the mechanical properties
of the reaction layers in the joint. Hardness test results across the joint of sialon — as-
received AISI 430 FSS and sialon — nitrided AISI 430 FSS were similar. No change
was observed on the hardness of the original sialon after the joining. This was
expected for its stability in high temperature. However, hardness improvement was
exhibited by the parent steel due to the martensite formation.

In between the original sialon and the steel, reaction layers in the joint of sialon —
AISI 430 FSS formed two different-hardness areas. Both interface and diffusion
layers had ferrite phase. Thus it should have same hardness. However, precipitates
were also present in the interface layer. In the joint of sialon — as-received steel, the

precipitates were estimated to be iron silicide, nitride and oxides; while in the joint of
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sialon with nitrided steel, the precipitates contained only oxides. The phases in the
precipitates enhanced the hardness of the interface layer. Therefore it was harder than

the ferritic-phase diffusion layer, yet it was softer than the original sialon.

The diffusion layer in the steel was the lowest-hardness part. Phase identifications
that were carried out on the layer revealed that this was ferrite-single-phase zone. As a
result, the hardness of this layer was lower than the mixture of ferrite and precipitates
at the interface layer. Its hardness was also lower than the pearlite in the parent steel.
Assessment on the hardness across the joint proved that the diffusion layer possesses
the lowest-hardness among the joint parts. This was in accordance with the
mechanical properties of ferrite phase that was soft and ductile. Hardness of the
interface layer was higher than the diffusion layer due to the presence of the
precipitates. In overall, hardness of the reaction layers (i.e. interface and diffusion
layers) were lower than the original sialon and the parent steel. Therefore, these parts

were more ductile compared with the parent joined materials.

Different thermal expansion coefficient between ceramics and metal caused
excessive residual stress at the joint. The stress was generated during the cooling stage
in the joining process. Section 2.6.2 reported that despite good bonding, crack
frequently occurred at the ceramics during the interaction of silicon nitride — steel [6-
7] and sialon — steel [15]. This was due to the unability of the ceramics to
accommodate the residual stress. In this case, martensite in the steel reduced the
contraction of the steel during cooling [17]. As it was also suggested by the worker,
the present work also agreed that the ductile layers in the interface of the joint helped
in accommodating the stress and contribute the joint. This would act as the ductile
metallic interlayer that was normally utilized to solve the problem of high residual

stress at the joint of ceramics with metal.

4.3 Joining of Sialon with 7.5%-Cr FS

High-chromium ferritic steel was widely used in high-temperature applications.
Therefore, the material was suitable to be combined with ceramics to serve the

working environment. In this study, joining of 7.5%-Cr FS was attempted. The
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joining method and condition of the previous experiments were employed to carry out

the study.

4.3.1 Joining of Sialon with As-received 7.5%-Cr FS

For the first condition of the study, the sialon was joined with the as-received 7.5%-Cr
FS. Detailed information of the steel was given in Chapter 3. Procedure of the joining
was the same with the joining of the sialon with the AISI 430 FSS. Investigation on
the microstructure of the joint, element diffusion and mechanical properties of the

reaction layers were also performed in similar technique with the previous joining.

4.3.1.1 Microstructure of the Joint

Microstructure of the joint of sialon — as-received 7.5%-Cr FS is presented in Figure
4.41 and Figure 4.42. The figures show that interfacial joint was attained. Reaction
layers were formed in the joint.

The morphology of the reaction layers were similar with the layers in the joint of
the sialon —AISI 430 FSS. The interface layer was part of the reaction layer in the
sialon; while in the steel side a diffusion layer was built. In the parent steel, the
structure was fully martensitic. No other phase was indicated in the microstructure of
the parent steel. This had been observed by Hussain et al. [5, 17] in the joint of the
steel with sialon. It was noted that the martensite formation was due to nitrogen that
diffused into the steel. This was also revealed by the results of the nitriding
experiments given section 4.2.2 of this chapter.
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Figure 4.42 Scanning electron micrograph of the cross section of sialon — as-received
7.5%-Cr FS joint
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Morphology of the interface layer is illustrated in Figure 4.43. Irregularity of the
interface layer thickness was also observed. The average thickness of the interface
layer was 3.64 pm. This was smaller than the thickness of the layer in the joint of
sialon — as-received AISI 430 FSS (i.e. 4.45 um). Precipitates in the interface layer

brought to rough surface of the layer.
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Figure 4.43 Scanning electron micrograph of the cross section of the interface layer in

sialon — as-received 7.5%-Cr FS joint

The microstructure depicted that the diffusion layer in the steel contained a single
phase. This could be estimated from the contrast of the layer in the micrograph.
Furthermore, this characteristics was also owned by the layer in the former joining
conditions. Measurement of the diffusion layer thickness showed the average value of
39.11 um. This was significantly shorter than the thickness of the layer in the sialon —
as-received AISI 430 FSS joint; i.e. 78.57um.

Figure 4.43 illustrates that the interface layer matrix and the diffusion layer have
the same contrast. Analyses on these regions in the joint of sialon — AISI 430 FSS
revealed that these area own the same phase, that is ferrite solid solution. Therefore,

transfer of material from steel to sialon might have also occurred in the present
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joining. The steel moved across the initial contact plane. It penetrated into the sialon
side and formed the interface layer. This could be studied from the microstructure of
the interface layer presented in Figure 4.43. Ferrite solid solution in the interface layer
matrix is commonly soft and ductile, while the original sialon is very hard and brittle.
Thus, the boundary between the original sialon and the interface layer is the transition
area from the brittle sialon to the soft-and-ductile ferrite solid solution. Combined
with the voids presence in this area, the border between the interface layer and the

original sialon could turn into the weakest link in the joint.

4.3.1.2 Elemental Analysis

EDX analysis was executed in the joint as well as in the interface-layer matrix and the
precipitates. The result of the analysis on the overall joint is given in Figure 4.44;
whereas Table 4.7 and Table 4.8 provide output of the analysis on the interface layer.
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Figure 4.44 Concentration profile of elements across the sialon — as-received 7.5%-Cr

FS joint; S=sialon, F=interface layer, D=diffusion layer St=steel

Figure 4.44 depicts the existence of silicon in the diffusion layer in the steel side.
No other sialon’s element was found to diffuse into the steel. Obviously the analysis
also revealed the existence of Fe and Cr since this area was the steel part. Discussion
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on the previous joining (section 4.3) established that this was the silicon-diffusion
layer. The silicon-diffusion zone was estimated from the thickness of the diffusion
layer. This was measured in the optical micrograph of the layer. As it was mentioned
in the previous section, the average thickness of the layer was 39.11 um. The result
revealed that the silicon was liberated from the sialon and diffused into the steel. It

reached 39.11 um from the interface of the joint.

Random-spot elemental analyses were performed on the interface layer-matrix
and the precipitates. Several spots were selected randomly in the interface layer.
Those were selected from the area closest to the sialon and move towards the
diffusion layer. It was also attempted to select the spots that distributed in the overall
oberved area. Figure 4.45 shows the map of the spots for the elemental analyses on
the interface layer of the sialon — 7.5%-Cr FS joint. The EDX analyses on the
interface layer provided the elements condition on the interface layer-matrix and also

the precipitates. These are presented in Table 4.7 and Table 4.8, respectively.

Figure 4.45 Map of EDX spot analysis at the interface layer of sialon — as-received
7.5%-Cr FS joint; (@) = matrix, @) = precipitates
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Fe and Cr diffused into the sialon as they were found in the interface-layer matrix
as well as in the precipitates. Fe and Cr were identified in the matrix with highest
concentration of 81.17 and 20.72 weight percent respectively (Table 4.7). The layer
matrix contained silicon with the highest content of 3.64 weight percent.

Table 4.7 Concentration of elements of the interface-layer matrix in sialon — as-
received 7.5%-Cr FS joint

Spot Concentration (weight %)

number Cr Fe Si 0] Al Y N
1 20.50 | 76.45 | 3.05 0.00 0 0 0
2 17.76 | 78.00 3.00 1.24 0 0 0
3 19.08 | 77.67 | 2.53 0.73 0 0 0
4 19.51 | 77.97 2.51 0.00 0 0 0
5 10.93 | 69.05 | 2.74 | 3.44 | 6.78 | 7.05 0
6 19.79 | 77.51 2.70 0 0 0 0
7 0.51 | 81.17 3.64 3.14 | 6.64 | 4.89 0
8 19.97 | 77.28 | 2.18 | 0.57 0 0 0
9 11.89 | 41.33 | 25.71 2.04 | 5.71 0 13.32
10 20.72 | 75.85 | 2.69 | 0.74 0 0 0

Table 4.8 Concentration of elements of the precipitates at the interface layer in

sialon — as-received 7.5%-Cr FS joint

Spot Concentration (weight %)
number Cr Fe Si 0] Al Y N
1 15.24 | 81.24 | 3.52 | 0.00 0 0 0
2 7.18 | 75,56 | 3.31 | 2.76 6 6 0
3 17.99 | 78.44 | 2.94 | 0.63 0 0 0
4 6.93 | 83.52 | 3.46 1.85 4 0 0
5 17.62 | 60.78 | 14.26 | 1.14 0 0 6
6 0.72 | 48.47 | 29.71 2 5 0 14
7 8.56 | 48.44 | 26.64 | 2.30 | 3.30 0 11
8 5.42 | 49.04 | 27.37 | 2.33 5 0 11
9 7.43 | 48.37 | 26.35 | 2.81 | 4.31 0 10.72
10 7.75 48.79 | 26.61 | 2.41 4 0 10

In the precipitates, Fe and Cr were also detected in maximum concentrations of
83.52 and 17.99 weight percents, respectively (Table 4.8). A few precipitates
contained low silicon. Nevertheless, in some other precipitates, higher silicon was
found (i.e. 29.71 weight percent of maximum concentration). Nitrogen was also

detected in these precipitates with 14 weight percent maximum concentration. Thus,
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the precipitates were rich of Fe, Cr, Si and N. The elements composition of the
precipitates was similar with the precipitates in the joint of sialon — as-received AlSI
430 FSS. With this situation, similar reaction could be expected, i.e. the precipitates

would consist of the FeSi».

The above results revealed the diffusion of the elements in the joint of sialon — as-
received 7.5%-Cr FS. The sialon dissociated with the same mechanism as discussed in
section 2.6.1. It took place according to reactions 2.8 and 2.9. Silicon and nitrogen
were released from the sialon due to its decomposition. Length of the silicon-diffusion
zone in the steel was 39.11 um. This was estimated from the measured thickness of
the layer. Nitrogen was also believed to diffuse into the steel and helped to produce
martensite phase. It was also trapped in the interface as indicated by porosities in the
border of the sialon with the interface layer.

It seemed likely that not all of the silicon and the nitrogen could dissolve in the
steel. This was divulged by the presence of the elements in the precipitates. In this
species, reaction of silicon and nitrogen with Fe and Cr might take place.
Subsequently, XRD and XPS examinations were employed to scrutinize the reaction

products of the materials.

Thickness of the reaction layer in this joint was smaller than the thickness of the
layers in the joint of sialon — as-received AISI 430 FSS. Average thickness of the
interface layer and the diffusion layer in the current joint was 3.64 um and 39.11 pm
respectively. Compared to the thickness of the layers in the joint of sialon — as-
received AISI 430 FSS, the layers in this joint was thinner. In the sialon — as-received
AISI 430 FSS joint, the measured thickness of the interface layer and the diffusion
layer were 4.45 um and 78.57 um, respectively. This disclosed that reactivity of the
7.5%-Cr FS with sialon was less than the reactivity of AISI 430 FSS with the
ceramics. As shown in Figure 2.4 (section 2.3), Cr enhanced the reactivity of the steel
with the sialon; while C decreased it. Therefore, the results in the present work agreed
with the suggestion; i.e. lower Cr in the 7.5%-Cr FS yielded to less reactivity with the
sialon than the AISI 430 FSS which contains 15.7% Cr.
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4.3.1.3 XRD

Figure 4.46 shows the XRD pattern from the surface of the interface layer. The
examinations gave two peaks of a-Fe (Si). As it was predicted from the elemental
analysis, the a-Fe (Si) should originate from the interface-layer matrix. Another peak
that revealed FeSi, was also found. This came from the precipitates as no other

species were observed in the microstructure of the interface-layer matrix.
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Figure 4.46 X-ray diffractogramme of the interface layer in sialon — as-received 7.5%-
Cr FS joint

4.3.1.4 XPS

XPS spectra of Fe and Si from the interface layer are given in Figure 4.47 and
Figure 4.48, respectively. Peak fitting of the Fe XPS spectra provided five peaks.
Those were at 706.78 eV; 710.88 eV; 713.68 eV; 719.68 eV and 724.58 eV. The
FeSi, was indicated by the peaks at 706.78 eV and 719.68 eV and the plasmon loss at
around 730 eV. The plasmon loss was also seen in the XPS spectra of Fe in the joint
of sialon — as-received AISI 430 FSS (Figure 4.19. Refer to the same references; the
other two peaks at 710.88 eV and 724.58 eV were attributed to Fe,Os.
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Figure 4.48 XPS spectra of Si from the interface layer in sialon — as-received 7.5%-Cr
FS joint

In the Si spectra, two peaks were obtained (Figure 4.48). Those were at 102.98 eV
and 99.58 eV. The peak at 102.98 eV represents the Si in the form of SiO,; while
another peak was attributed to FeSi,, This was according to the literatures that were

referred previously [85, 88-89].
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Results of the XPS analyses were inline with the XRD output that revealed the
existence of FeSi, in the layer. Thus it was a strong indication that the iron silicide
was formed at the precipitates in the interface layer. Nevertheless, besides the FeSiy,
the XPS spectra of Fe and Si showed that the elements were also in oxide states, i.e.
Fe,O3 and SiO,. Hence, besides the formation of FeSi, in the interface layer, Fe®* also
reacted with O* from the dissociated sialon to form the oxides. As suggested by the
previous discussion, SiO, was the results of the recombination of Si** and O%. The
aforementioned discussion exhibited similar condition with the AISI 430 FSS — sialon
joint. Both joining produced the FeSi, and oxides precipitates in the interface layer.
Therefore, this implied that outputs of the experiment were consistent with
investigation on AISI 430 FSS — sialon joint. In the joining, of sialon — as-received
AISI 430 FSS, the presence of FeSi, and oxides in the joint was also demonstrated.

4.3.1.5 Hardness Test across the Joint

Figure 4.49 displays hardness across the joint. Hardness of the parent steel reached
HK 600. The high hardness in this part was due to the fully martensite phase.
Diffusion layer in the steel owned the lowest hardness. This zone represented the

ferrite phase which is soft and ductile.

The interface layer phase was a mixture of ferrite solid solution and precipitates.
This layer was harder than the diffusion layer in the steel. Thus the precipitates in the
layer made it as the hard layer in the joint. The hardness of the sialon was originally
very high. It was not changed after the joining. The ductility of the reaction layers
could be expected due to its low-hardness properties. Refer to the discussion for the
previous joining (section 4.3) this might be beneficial in dealing with the residual
stress in the joint.
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Figure 4.49 Hardness across the sialon — as-received 7.5%-Cr FS joint; F=interface

layer, D=diffusion layer

4.3.2 Joining of Sialon with One-hour-nitrided 7.5%-Cr FS

Influence of solution nitriding on hardness and microstructure of 7.5%-Cr FS was
reported in section 4.2.2. The diffusion of nitrogen into the steel was implied by the
enhancement of the steel’s hardness and the martensite formation. With this
condition, nitrogen in the surface of the steel was expected. Joining of the sialon with
the steel nitrided for one hour was attempted. Influence of the treatment on the joint

was investigated and reported in this section.

4.3.2.1 Microstructure of the Joint

Figure 4.50 and Figure 4.51 present the microstructure of the overall joint of the
sialon with the one-hour-nitrided 7.5%-Cr FS. As shown in the figures, interfacial

joint was attained. The microstructure informed that the joint morphology was similar
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with the sialon — as-received 7.5%-Cr FS joint. Reaction of the materials was shown

by the interface layer (Figure 4.52) in the sialon and the diffusion layer in the steel.
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Figure 4.50 Optical micrograph of the cross section of sialon — one-hour-nitrided

7.5%-Cr FS joint

Figure 4.51 Scanning electron micrograph of the cross section of sialon — one-hour-
nitrided 7.5%-Cr FS joint
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Figure 4.52 Scannin electron microgb cross section of terfcelyer in

the sialon — one-hour-nitrided 7.5%-Cr FS joint

Transfer of steel into the sialon-decomposed part in the interface layer could be
estimated from the similar contrast between the interface layer matrix and the
diffusion layer. This could be seen in Figure 4.52. The border between the diffusion
layer and the interface layer matrix was not clearly indicated. It looked like that the
interface layer was part of the steel that moved towards the sialon part. VVoids were
not found in the observed area. However, the boundary between the original sialon
and the interface layer could become the weakest link of the joint due to the extreme

difference of the sialon’s and the interface-layer’s properties.

Similarity with the joint of sialon — as-received steel was also exhibited in the
microstructure of the parent steel which consisted of martensite phase. Prior to the
joining, the microstructure of the steel was also martensite as the result of the
nitriding treatment. However, the optical micrograph shown in Figure 4.50 displayed
denser martensite compared to the microstructure of the nitrided steel presented in
section 4.1.2 (Figure 4.8). This might be due to the diffusion of the nitrogen into this
area during the joining. It had been recognized that the nitrogen produced finer

martensite and enhanced its hardness [17, 92].
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Joining one-hour-nitrided 7.5%-Cr FS with sialon produced thinner reaction
layers. For this joint, the average thickness of the interface and the diffusion layer was
2.8 pum and 35.4 pm respectively. The thickness of the layers in the joint of the sialon
— as-received 7.5%-Cr FS was 3.64 um for the interface layer and 39.11 pum for the
diffusion layer. Thus, the use of one-hour-nitrided steel in the joining reduced the

thickness of reaction layers.

4.3.2.2 Elemental Analysis

Compositions of elements across the joint are illustrated in Figure 4.53. It was
difficult to determine the exact silicon-diffusion extent in the steel from the figure.
However, compared to Figure 4.44, in this joint, silicon diffused into shorter distance
from the interface. The more-accurate extent of the silicon diffusion was determined
from the thickness of the diffusion layer in the microstructure of the joint. This had
been shown in the former section. Based on the measurement of the diffusion layer
thickness, 35.4 um of the silicon diffusion distance was disclosed. This was shorter

than in the joint of the sialon with the as-received 7.5%-Cr FS.
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Figure 4.53 Concentration of elements across the sialon — one-hour-nitrided 7.5%-Cr
FS joint; S=sialon, F=interface layer, D=diffusion layer, St=Steel
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Several spots was chosen in the interface layer for the elemental analyses. Since
the layer is very thin, the spots were selected along the layer in the observed area.
However, the selection covers the spots from the area closest to the sialon towards the
area near by the diffusion layer. The map of the spot is illustrated in Figure 4.54.

Figure 4.54 Map of EDX spot analysis at the interface layer of sialon — one-hour-
nitrided 7.5%-Cr FS joint; (@) = matrix, @) = precipitates

Composition of elements in the interface layer is given in Table 4.9 and Table
4.10. The interface-layer matrix contained Fe and Cr in the maximum concentrations
of 82.26 and 9.69 weight percents. The matrix also comprised Si and O. Those were
in 12.49 and 7.17 weight percent of maximum concentrations. Aluminium was also
observed in the matrix with less quantity than the other elements. Since the element
compositions of this part in this joint and the other previous joints were alike, the
phase in this zone should also be ferrite solid solution. The XRD pattern from the

layer surface proved this and will be displayed in the later section.

High concentration of Fe was also found in the precipitates (Table 4.10). Other
elements, which are Si, Al, and O from the sialon and Cr from the steel, were also

discovered in smaller quantity. Low concentration of Si in the precipitates in this
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joining could be highlighted. In joining of the sialon with the 7.5%-Cr FS in as-
received condition (section 4.3.1), the precipitates were rich of Fe, Cr, Si and N
(Table 4.8). Further investigation subsequently found FeSi, in the precipitates.
However, in the present joining, Si was found in all spots with low quantity. The
amount of Si in the precipitates might not be sufficient to form FeSi,. This had also
been demonstrated in the joining of the sialon with the nitrided AISI 430 FSS.
Therefore, the nitriding treatment might exhibit same effect on the FeSi, formation in
the joint of sialon either with AISI 430 FSS or 7.5%-Cr FS. Further characterization
on the layer was carried out to reveal this. The later section discusses the XRD and
the XPS for this joint.

Table 4.9 Concentration of elements of the interface-layer matrix in sialon — one-
hour-nitrided 7.5%-Cr FS joint

Spot Concentration (weight %)
number Cr Fe Si 0] Al Y N
1 8.04 | 67.31 | 12.49 | 7.17 | 0.86 0 4.14
2 8.59 | 7845 | 6.79 5.53 | 0.63 0 0
3 9.69 | 81.27 | 4.40 | 4.63 0 0 0
4 831 | 7215 | 4.46 | 852 | 224 | 431 0
5 9.68 | 81.16 | 3.86 5.29 0 0 0
6 9.55 | 75.74 | 4.05 6.79 | 1.27 | 2.59 0
7 9.36 | 81.26 3.94 4.77 | 0.69 0 0
8 8.94 | 81.16 | 3.90 5.17 | 0.82 0 0
9 8.64 | 77.00 | 3.94 | 6.12 | 1.10 | 3.19 0
10 9.11 | 82.26 | 3.70 | 4.04 | 0.91 0 0

Table 4.10 Concentration of elements of the precipitates at the interface layer in

sialon — one-hour-nitrided 7.5%-Cr FS joint

Spot Concentration (weight %)

number Cr Fe Si 0] Al Y N
1 5.21 | 40.03 | 18.00 | 15.44 | 4.30 8.44 | 8.59
2 511 | 38.66 | 9.41 |21.80| 839 | 16.62 0
3 6.37 | 55.34 | 4.16 | 1583 | 6.34 | 11.97 0
4 8.16 | 66.87 | 4.96 | 12.47 | 4.05 5.36 0
5 8.08 | 67.61 | 519 |11.62 | 2.86 4.63 0
6 6.34 | 5412 | 4.17 | 1598 | 7.42 | 11.99 0
7 7.74 | 61.89 | 4.12 | 1295 | 4.97 8.34 0
8 6.79 | 59.77 | 4.74 | 14.15 | 5.05 9.50 0
9 524 | 36.20 | 491 | 2458 | 9.28 | 19.79 0
10 733 | 3403 | 882 |2394 | 2.64 | 23.24 0
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Nitrided steel decreases thickness of the interface layer in sialon — AISI 430 FSS
joint. The interface layer was the decomposed-part of the sialon. It was also the
reaction front of the joined materials in the sialon side. This was disclosed previously
in section 4.2.1.3. The pre-treated steel also suppressed the diffusion of silicon into
the steel. These influences were also indicated in the current joining. It has been
mentioned in the former section (i.e. section 4.3.2.1) that the average thickness of the
interface and the diffusion layer was 2.8 um and 35.4 um, respectively. These were
thinner than the layers in the joint of the sialon with the steel in as-received condition.
In the sialon — as-received 7.5%-Cr FS joint, thickness of the interface layer was 3.64
pum; while thickness of the diffusion layer was 39.11 um. Section 4.2.4 has
established that the decrease of the diffusion layer thickness revealed reduction of
reactivity of the joined materials. Therefore, the nitrided steel might also have
restrained reactivity of the 7.5%-Cr FS with the sialon. This would be examined

further on the joining of the sialon with the steel nitrided for four hours.

4.3.2.3 XRD

XRD examination that was applied on the surface of the interface layer produced only
two peaks that represented the ferrite phase (Figure 4.55). This should have been
obtained from the interface-layer matrix that comprised significantly high Fe and less
quantity of Cr and Si. Hence, the interface-layer matrix in this joint was ferrite solid

solution.

No other phase could be detected from the layer by this technique. FeSi, that was
found in the interface layer of the joint of sialon — as-received 7.5%-Cr FS was not
identified in the joint of the current joining condition. Therefore, as it was
experienced in joining the sialon with the AISI 430 FSS, it seemed that the nitrided

steel had hindered the formation of the iron silicides in the joint.
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Figure 4.55 X-ray diffractogramme of the interface layer in sialon — one-hour-nitrided
7.5%-Cr FS joint

4.3.2.4 XPS

XPS spectra of Fe and Si from the interface-layer surface supported the information
from the XRD examination. The XPS spectra of the elements are shown in Figure
4.56 and Figure 4.57. Plasmon loss as the indication of FeSi, peak at around 730 eV
was not observed. The Fe was identified in the form of Fe,O3. This was represented
by two peaks at 710.33 eV and 723.51 eV. The other two peaks at 707.18 eV and
719.94 eV could be attributed to metallic Fe; while two other peaks at 708.71 eV and
712.84 eV are the satelite peaks. Based on this analysis, the FeSi, was not formed in

the layer.

The absence of FeSi, was also revealed by the Si XPS spectra (Figure 4.57). The
examination of the layer surface peoduced only one peak at 101.98 eV. This
corresponds to Si in the form of SiO, [85, 88-89].
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Figure 4.56 XPS spectra of Fe from the interface layer in sialon — one-hour-nitrided
7.5%-Cr FS joint
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Figure 4.57 XPS spectra of Si from the interface layer in sialon — one-hour-nitrided
7.5%-Cr FS joint

Results of the analyses concluded that FeSi, was not formed in the interface layer.
These were in acordance with the output of other characterization techniques (i.e.
EDX and XRD) that were also attempted. The EDX analyses on the interface layer

showed that the layer contained less Si. Therefore, composition of the elements were
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insufficient to form the silicide. The presence of the silicide was neither detected by
the XRD. Hence, it could be conluded that the formation of the iron silicide was
hindered in the joint of the sialon — one-hour-nitrided 7.5%-Cr FS. This effect was
noticed formerly in the joining of sialon with one-hour-nitrided AISI 430 FSS. This
divulged that the experiments had produced a consistent finding, i.e. the nitriding

suppressed formation of the iron silicide in the joint of the sialon with the steels.

4.3.2.5 Hardness Test across the Joint

Hardness of the reaction layers in the joint is presented in Figure 4.58. The reaction
layers of the joint were the lowest-hardness part. Among the layers, the interface layer
was harder than the diffusion layer. Hardness of the diffusion layer represented
hardness of the ferrite phase which is soft and ductile. The interface layer was slightly
harder than the diffusion layer since the phases of the layer were comprised of
precipitates and ferrite matrix.
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Figure 4.58 Hardness test across the sialon — one-hour-nitrided 7.5%-Cr FS joint;

F=interface layer, D=diffusion layer
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4.3.3 Joining of Sialon with Four-hours-nitrided 7.5%-Cr FS

Longer nitriding time was expected to diffuse more nitrogen into the steel and
increase the hardened-case depth. This was confirmed in the solution nitriding
experiment results that were reported earlier in this chapter (section 4.1.2). The
experiment results reported in that section revealed that nitriding for four hours should
have diffused nitrogen throughout the steel sample. In this study, joining of the four-
hours-nitrided 7.5%-Cr FS to sialon was conducted. The results were explored and
compared with the other joining.

4.3.3.1 Microstructure of the Joint

Microstructure of the joint is presented in Figure 4.59 to Figure 4.61. Apparently, the
reaction layers in the joint consisted of the interface and the diffusion layers (Figure
4.59 and Figure 4.60). In the parent steel, the existence of fine martensite was
obvious. Figure 4.61 depicted that joining of sialon with 7.5%-Cr FS nitrided for four
hours seemed to produce the sound joint. However, porosity was observed along the

border between the interface layer and the original sialon.
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Figure 4.59 Optical micrograph of the cross section of sialon — four-hours-nitrided
7.5%-Cr FS joint
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Figure 4.60 Scanning electron micrograph of the cross section of sialon — four-hours-
nitrided 7.5%-Cr FS joint
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Figure 4.61 Scanning electron micrograph of the cross section of the interface layer in

sialon — four-hours-nitrided 7.5%-Cr FS joint
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The joint was formed at the location indicated as the initial contact plane (Figure
4.61). After the joining, the initial contact plane of the sialon and the steel was no
longer appeared. Previous joining discussed in sections 4.3.1 and 4.3.2 revealed that
diffusion layer at the steel side and matrix of the interface layer at the sialon side were
the same species that composed the joint. Therefore, as it can be seen in Figure 4.61,
microstructure of the sialon — steel interface shows that sound joint has been

produced.

Average thickness of the diffusion layer in the joint was 29.4 pum; while the
thickness of the interface layer was 1.8 um. White precipitates could be seen in the
interface layer as shown in Figure 4.61. The interface and the diffusion layers in this
joint were thinner than the thickness of the layers formed in the previous joints. It
showed that longer-nitrided steel had more significant effect in decreasing the
thickness of the interface and the diffusion layers. This might also imply that longer
nitriding on the steel lessened its reactivity with the sialon. Further discussion on this

effect will be presented in the later section.

The existence of voids in the boundary between sialon and interface layer in this
joint were more apparent than in the joint of sialon — as received steel and sialon —
one-hour-nitrided steel. Figure 4.61 shows that the voids were observed along the
boundary between the sialon and the interface layer. Therefore, this region could
become the weakest part of the joint. The voids could lead to crack initiation when the

joint is subjected to stress.

4.3.3.2 Elemental analysis

Elemental analysis across the joint shown in Figure 4.62 explains the interdiffusion of
elements in the joint. The figure noticed that silicon diffused shorter into the steel than
in the joining of sialon with as-received (see Figure 4.44) and one-hour-nitrided steels
(see Figure 4.53).
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Thickness of the diffusion layer which represented depth of silicon diffusion into
the steel was given in the previous section. It has been revealed that the nitrided steel
produced shorter diffusion distance of the silicon into the steel in its joining with
sialon. Increasing nitriding time on the steel was also recognized to form smaller
silicon-diffusion extent. Thinner diffusion layer in the microstructure of the joint
reflected this condition. This disclosed that longer-nitrided steel reduced its reactivity
with sialon. This was possible since longer nitriding added more nitrogen into the
steel. Thus, the steel had more nitrogen content when it was joined with the sialon.
Higher nitrogen content in the steel more strongly restrained the diffusion of the

silicon into the steel. Consequently, thinner diffusion layer was formed.
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Figure 4.62 Concentration of elements across the joint of sialon — four-hours-nitrided

7.5%-Cr FS joint; S=sialon, F=interface layer, D=diffusion layer

The elements interdiffusion across the joint was similar with the condition in the
joint of the sialon — 7.5%-Cr FS nitrided for one hour. The interface layer was formed
in the sialon with the average thickness of 1.8 um. The layer matrix was dominated by
Fe and Cr (Table 4.11). Table 4.11 and Table 4.12 were obtained from the elemental

analyses carried out at the matrix and the precipitates in the interface layer. The
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analyses were carried out according to the spot map given in Figure 4.63. The spots
were selected along the layer as the layer is a little bit thin.

Figure 4.63 Map of EDX spot analysis at the interface layer of sialon — four-hours-
nitrided 7.5%-Cr FS joint; (@) = matrix, () = precipitates

Table 4.11 Concentration of elements of the interface-layer matrix in sialon —
four-hours-nitrided 7.5%-Cr FS joint

Spot Concentration (weight %)
number Cr Fe Si 0] Al Y N
1 9.89 | 83.07 | 3.34 | 2.87 | 0.84 0 0
2 7.61 | 81.09 | 553 | 445 | 1.33 0 0
3 14,57 | 82.24 | 3.17 0 0 0 0
4 8.15 | 70.18 | 3.33 | 6.51 | 3.87 | 7.96 0
5 20.20 | 76.83 | 2.17 | 0.00 | 0.81 0 0
6 18.65 | 77.89 | 2.92 | 0.00 | 0.54 0 0
7 11.30 | 78.81 | 4.82 | 3.28 | 1.79 0 0
8 22.44 | 75.09 | 2.46 0 0 0 0
9 18.35 | 79.13 | 2.51 0 0 0 0
10 20.22 | 76.81 | 2.27 0 1 0 0
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Table 4.12 Concentration of elements of the precipitates at the interface layer in

sialon — four-hours-nitrided 7.5%-Cr FS joint

Spot Concentration (weight %)
number Cr Fe Si (0] Al Y

1 7.51 | 35,54 | 5.73 | 22.05| 9.65 | 19.53

2 13.97 | 41.19 | 2.71 | 17.94 | 5.06 8.76 | 10.38
3 4.44 | 65.98 | 4.38 | 10.33 | 5.75 9.11 0

4 15.74 | 80.08 | 4.18 0 0 0 0

5 19.32 | 76.86 | 2.78 0 1.05 0 0
6 18.69 | 79.06 | 2.25 0 0 0 0
7 21.86 | 73.95 | 4.20 0 0 0 0

8 18.25 | 79.10 | 2.65 0 0 0 0

In the interface layer matrix, Fe was found in the spot in the concentration of
70.18 to 83.07 weight percent (Table 4.11). Cr was detected in concentrations of 7.61
to 22.44 weight percent. Sialon’s elements were found in small quantity and might
dissolve in the iron solid solution. These should form ferrite phase as it was suggested

by the analysis for the other joining.

All precipitates in the interface layer contained Fe, Cr and Si (Table 4.12). Fe was
found in the range of concentration of 33.08 to 76.8 weight percent. This was the
highest-concentration element in the precipitates. Concentration of Cr was much
lower than the Fe (i.e. 4.21 to 20.15 weight percent). The precipitates also comprised
sialon’s elements; however, only Si was discovered in all spots of EDX analysis. This

was found in the range of 3.16 to 5.33 weight percent.

The elements composition in the interface-layer matrix and the precipitates
described similar condition with the joint of the sialon with the steel nitrided for one
hour. In this joint, besides the domination of Fe, the layer also consisted of Si in small
quantity. In the joint of the sialon and the steel in as-received condition, the Si was
observed in relatively high concentration. It was then revealed that the composition of
Fe and Si in the precipitates had formed FeSi,. With little quantity of Si in the
precipitates, it could be expected that the silicides might not be formed in the present
joint. This condition was formerly faced in the joint of the sialon with the steel

nitrided for one hour.
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It was reported in section 4.2.4.2 that growth of interface layer in the joint
followed the same trend with development of the diffusion layer; i.e. joining of the
sialon with longer-nitrided steel decreased more significantly thickness of the layer.
The previous section (i.e. section 4.3.3.1) had given the average thickness of the
interface layer of the joint. Obviously, in this joint thickness of the interface layer was
smaller than the layer produced in the joint of sialon with as-received and one-hour-
nitrided 7.5%-Cr FS. The decrease of the interface layer delineated suppression of the
sialon decomposition and also reactivity of the steel with the sialon. The analysis on
this joint confirmed that nitrided steel had hampered reactivity of the sialon with the
steel. Longer nitriding on the steel prior to joining with sialon signified its hindering

effect on the reactivity with the ceramics.

4.3.3.3 XRD

XRD pattern obtained from the surface of the interface layer is displayed in Figure
4.64. The pattern produced several peaks that represented the phases in the layer.
Ferrite solid solution was indicated through the existence of a peak. Previous analysis
had suggested that this was from the interface-layer matrix which comprised of the
ferrite former elements. Other peaks which represented sialon phase were also
observed. The peaks emerged from sialon in the steel that was not properly cleaned
during sample preparation for the XRD examination. No other new phase or
compound was discovered from the layer by this technique. The FeSi, peak which
was identified in the joint of sialon — as-received 7.5%-Cr FS was not found in this
joint. The XRD result agreed with the elemental analysis on the interface layer which
found a low concentration of Si. The outcome was also consistent with the previous

joining, where nitrided steel in the joining hindered formation of the silicides
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Figure 4.64 X-ray diffractogramme of the interface layer in sialon — four-hours-
nitrided 7.5%-Cr FS joint

4.3.3.4 XPS

XPS spectra of Fe and Si from the layer are shown in Figure 4.65 and Figure 4.66,
respectively. In the Fe XPS spectra, four peaks of Fey, can be seen from the fitted
spectra. Plasmon loss that indicates FeSi, did not appear in the spectra. Thus, two
peaks at 706 eV and 719 eV correspond to Fey, in metallic form; while the other

peaks at 711.29 eV and 724.48 eV were attributed to the Fe,, in the form of Fe,Os.

Si in the interface layer was in the form of SiO; (Figure 4.66). This was suggested
by the XPS spectra of the elements from the layer surface. XPS examination on the
surface of the interface layer produced only one peak of Siy, at 103.83 eV which

corresponds to the Si in the form of the SiO,.

The XPS results revealed that Fe was found in the form of oxide and metallic
element, while the Si was identified in the form of oxide. The examination did not
identify the iron silicide which was found in the interface layer of the sialon — as-
received steel. This output was in accordance with the EDX and the XRD results.

Elemental analysis on the layer identified the Si in low content. Thus, its composition
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might be insufficient to form the iron silicide. This was then confirmed with the XRD

results that only found ferrite phase in the layer.
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Figure 4.65 XPS spectra of Fe from the interface layer in sialon — four-hours-nitrided
7.5%-Cr FS joint
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Figure 4.66 XPS spectra of Si from the interface layer in sialon — four-hours-nitrided
7.5%-Cr FS joint

The XPS results supported analysis of the layer using EDX and XRD. This

assessment revealed that reaction product of the sialon with the four-hours-nitrided
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7.5%-Cr FS was ferrite solid solution in the interface-layer matrix and the diffusion
layer. Reaction of the materials also produced precipitates in the layer. Investigations
on the interface layer using XPS found iron oxide (Fe,O3) and silicon oxide (SiO,) in
the precipitates.

4.3.3.5 Hardness Test across the Joint

Hardness test across the joint of sialon with 7.5%-Cr FS nitrided for four hours is
given in Figure 4.67. Hardness of the diffusion layer was lower than the other parts of
the joint. This represents hardness of ferrite in the diffusion layer. The hardness of the
interface layer was slightly higher than the diffusion layer due to the presence of the

precipitates.
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Figure 4.67 Hardness test across the sialon — four-hours-nitrided 7.5%-Cr FS joint;

F=interface layer, D=diffusion layer
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4.3.4 Discussion on the Joining of Sialon with 7.5%-Cr FS

Experiments on the joining of sialon with 7.5%-Cr FS revealed that cohesive joint
could be achieved using diffusion bonding process. This could be attained in the
joining of the sialon with the steel in as-received as well as in nitrided conditions.
Reaction between the steel and the sialon was indicated in the joint by the formation
of the reaction layers in the joint. Analysis on the joint as well the reaction layers in
the joining of the sialon with as-received and nitrided 7.5%-Cr FS is discussed in the
following part.

4.3.4.1 Joining of Sialon — As-received 7.5%-Cr FS

Despite little porosities in the border between the interface layer and the original
sialon, no crack occurred at the joint of sialon — as-received 7.5%-Cr FS. As also
found in the joining of the sialon with the AISI 430 FSS, this joining produced two
reaction layers in the joint. The diffusion of the elements from the steel to sialon and
vice versa was clearly recognized from the elemental analysis of the joint. Diffusion
of the steel’s elements was known from the existence of Fe and Cr in the interface
layer; whereas, silicon was found in the diffusion layer in the steel. Decomposition of
the sialon in this joining occurred according to the reaction 2.8. This decomposition
took place in the interface layer. The steel’s elements diffused into this area. This

made the background of the layer to be the steel-like phase.

EDX analyses revealed that the interface layer was dominated by Fe and Cr which
were from the steel. Silicon was present in this layer due to the sialon decomposition.
The silicon dissolved in the ferrite solid solution in the interface layer matrix as it was
revealed by the XRD examination. Dissolution of Si in ferrite solid solution also took
place in the diffusion layer at the steel side. Hence, ferrite solid solution had
composed the sialon — steel joint. This made the sialon’s part (i.e. interface layer
matrix) and the steel’s part (i.e. diffusion layer) to be one region; therefore cohesive
joint had been produced. This was also indicated by the initial sialon — steel contact
plane which disappeared after the joining.
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It looked like that transfer of steel part into the sialon took place during the
diffusion bonding. It was indicated by the steel-like phase in the matrix of the
interface layer. This seemed to shift the sialon — steel contact plane further into the
sialon side. Therefore, the boundary between the sialon and the interface layer looked
to turn into the new sialon — steel interface. In this region, very-different properties
could be expected from the original sialon and the interface layer as sialon is very
hard, while ferrite is soft and ductile. The extreme properties difference of the sialon
and the interface layer were proven by the hardness test across the joint. The severe
properties difference in the sialon and the interface could lead the boundary of these
areas to become the weakest part of the joint. This was also noted in the joint of sialon
— AISI 430 FSS.

Voids were also formed at the border of the original-sialon — interface-layer.
Many workers believed that pores in the reaction layer were created due to the trapped
nitrogen [6, 9-10, 12]. Since the voids formation also occurred in the sialon — AlSI
430 FSS joint, mechanism of the pores formation has also been explained for the
joining of sialon with AISI 430 FSS in section 4.2.4.1. It was explained that the pores

might be due to nitrogen which could not escape from the joint.

Compared to the joint of sialon — as-received AISI 430 FSS, more voids were
found in the joint of sialon — 7.5%-Cr FS. This was possibly because of the lower Cr
content in the 7.5%-Cr FS. Reactivity of nitrogen ceramics (e.g. SizN4, Sialon) was
governed by solubility of nitrogen in the steel. Solubility of nitrogen in the steel was
restrained by Si and enhanced by Cr. Therefore, with less Cr in the steel, less nitrogen
could dissolve in the steel. This yielded more nitrogen which should be removed
through the joint. Nitrogen which could not escape from the joint was trapped in the

interface and created the porosities.

Taking into account the highly-different properties of the sialon and the interface
layer, another mechanism could be proposed. This mechanism has been discussed to
explain the voids formation at the interface-layer — original-sialon boundary in sialon
— nitrided-AISI 430 FSS joint (section 4.2.4.2). Different properties of interface layer
and the original sialon might be responsible for the voids formation in the interface

layer — sialon border. The voids formation also related to residual stress that was
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generated during cooling stage in the diffusion bonding process. Though the
interfacial bond was formed, ceramics would crack if it could not hold the stress.
Nevertheless, the joint could be maintained when it could absorb the residual stress.
In this case, the effect of the residual stress would be carried by the interface of the
sialon — steel (i.e. the boundary between the original sialon and the interface layer),
since a single part was formed on the joint, which should be capable of holding the
effect of the residual stress. Simulation of the residual stress at the joint of sialon —
AISI 316 stainless steel using ANSYS software was conducted by Abed et al. [4]. The
work disclosed that the nature of the stress at the joint was compressive at the free
ends and rising tensile toward the centre of the joint section. Therefore, the joint
would have to hold the tensile stress at the centre cross section. Due to the extremely-
different ductility of the ceramics and the interface layer, the original-sialon —
interface-layer boundary would be subjected to the tensile stress. This would produce

voids at this part. Hence, this region could become the weakest part of the joint.

Increasing Cr content in the steel increased the reactivity of the ceramics with the
alloy. This was also reported in the work which investigated the reactivity of sialon
with Fe-Cr alloy [15]. Oliveira et al. [78] also supported these claims. With regard to
this suggestion, lower Cr content in the 7.5%-Cr FS (compared to the AISI 430 FSS)
should have reduced the reactivity of the steel with the sialon. The reactivity of the
sialon with the steel could be evaluated based on the thickness of the interface layer or
the diffusion layer [15, 77-78]. The thickness of the reaction layer and the diffusion
layer in the joint of sialon — 7.5%-Cr FS was approximately 3 um and 40 pm
respectively. This was shorter than the thickness of the layers in the sialon — as-
received 430 FSS joint (i.e. approximately 5 um and 60 pum respectively). Therefore,
it seemed that 7.5%-Cr FS owned less reactivity with sialon than AISI 430 FSS.

The reaction of the steel and the sialon produced the precipitates in the interface
layer. The precipitates in this joining are rich of Fe and Cr from the steel, and Si and
N from the sialon. This elemental condition was also found in the joint of the sialon —
as-received AISI 430 FSS.

The elements composition in the precipitates led to the prediction of the metallic

silicides and nitrides. However, only Fe-Si compound was confirmed through XRD
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and XPS examinations. FeSi, was the only compound which was detected by the
XRD. The technique was not able to detect the chromium nitride even though the
EDX analysis in the precipitates found high Cr and N. The FeSi, was also revealed by
the XPS examination in the surface of the interface layer. Besides FeSi,, XPS also
found Fe and Si in the form of Fe,O; and SiO,. These compounds were also

discovered in the joint of sialon with AISI 430 FSS in as-received condition.

The above discussion revealed that the distributions of elements in the joint were
similar with the condition in the joint of sialon — as-received 430 FSS that was
discussed previously. Despite its less reactivity with sialon; the lower Cr content in
the steel did not seem to give significant effect on the reaction products of the
materials. Therefore, same explanation could be proposed for the reaction of the steel
with the sialon. Decomposition of sialon in contact with 7.5%-Cr FS liberated Si and
N. At the same time Fe and Cr from the steel transferred into the sialon-decomposed
area. Nitrogen was first dissociated through gas phase. This molecular nitrogen was
trapped in the interface and produced the porosities. The nitrogen also diffused into
the parent steel as indicated by the martensite formation in this area. Reaction of Si
with Fe and Cr in this area produced a-Fe (Cr, Si) in the interface-layer matrix. This
reaction also occurred in the steel and built the silicon-diffusion layer in the steel. Cr
and Si stabilized the ferrite solid solution in those areas as both elements are ferrite
formers. Fast decomposition rate of the sialon released silicon that could not
completely dissolve in the steel. The silicon reacted with Fe and formed the FeSi; in
the precipitates in the layer. The interaction of Fe and O in this part also created iron
oxide (Fe;0O3). Oxide of silicon was also formed in the precipitates as the product of
Si and O recombination.

Possibility of Fe — Si compound formation in the Fe — Si system was discussed in
section 2.6.2. The section also explored the works which found Fe — Si compound
through their characterization on the interface layer of the SizsN, — steel joint. A few of
them judged that no new compound was formed in the interface layer. However,

several others suggested that metallic silicide and nitride were produced in the layer.

In the reaction of the sialon — steel, recombination of Al and O was claimed to be

in the precipitates [15]. Nevertheless, another work predicted the compound of Fe — Si
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in the interface of the sialon — 9%-Cr ferritic stainless steel joint [5, 17]. The present
study has shown that FeSi, was strongly indicated in the joining of the sialon with the
two kinds of steel, i.e. 7.5%-Cr FS and AISI 430 FSS. Besides the iron silicide, Fe;O3
and SiO; possibly were also formed in the precipitates as they were shown by the
XPS spectra. The oxides might be formed due to the reaction of Fe and O from the
dissociated sialon; while the SiO, was the results of the sialon’s elements

recombination.

4.3.4.2 Joining of Sialon — Nitrided 7.5%-Cr FS

Morphology of the reaction layers in sialon — nitrided-7.5%-Cr FS joint was similar
with the morphology of sialon — as-received 7.5%-Cr FS joint. The reaction layers
contained silicon diffusion layer in the steel and interface layer in sialon. The
interface layer was the region where the sialon decomposed during the diffusion
bonding. Diffusion of steel’s element produced ferrite solid solution in the interface
layer matrix. Reaction of Fe and Cr with other sialon’s elements formed oxides
precipitation. EDX analyses in the interface layer identified that content of Fe and Cr
was dominant either in the precipitates or the layer matrix. This revealed that the steel
transferred into the decomposed-part of the sialon. The steel moved across the initial
sialon — steel contact plane. Therefore the interface of the steel and the original sialon

shifted to the boundary between the interface layer and the original sialon.

The boundary between sialon and interface layer could be the weakest region of
the joint. This was due to properties of the original sialon and the interface layer
which were highly different. Voids at the border between original sialon and interface
layer in the sialon — nitrided 7.5%-FS were more apparent than in the joint of sialon —
as-received 7.5%-Cr FS. The voids were observed along the interface of the original
sialon and the interface layer. The presence of voids in this part could also make the

sialon-interface layer boundary become the most-critical part.

As also explained in the previous joining, many researchers agreed that voids in
the interface layer might be due to the trapped nitrogen. The nitrogen was produced

from the decomposition of sialon during the joining process. With sufficient solubility
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of nitrogen in the steel, more nitrogen could be accommodated. Nitrogen that did not
dissolve in the steel would escape from the joint through the opening at the edge of
the joint. The rest of nitrogen would be trapped in the joint and created pores at the
reaction layer in the ceramics. Degassing experiment proved that pores at the reaction

layer in SizN4 — AISI 316 stainless steel joint was filled with molecular nitrogen [12].

For the joint of sialon — nitrided steel, the steel had contained nitrogen prior to the
joining. Nitrogen in the steel decreased the solubility of nitrogen released from the
sialon decomposition. Thus, less nitrogen could dissolve in the steel. Consequently,

more nitrogen concentrated in the joint. This could potentially produced pores.

In the present work, voids were formed along the boundary between the original
sialon and the interface layer. Therefore, voids along the sialon — interface-layer
border might also be due to the big difference between the sialon’s and interface-
layer’s properties. The extreme difference of the properties from both regions was
revealed by the result of the hardness test. As it was expected, the original sialon
owned significantly higher hardness than the interface layer. Big gap of ductility
between the sialon and the interface layer could make the boundary between them to
be the most-critical part for failure. The sialon and the interface layer should also have
different coefficient thermal expansion. Those extremely-different properties led the
joint section to be in state of stress when cooled from the joining temperature [11].
The residual stress induced voids in the boundary between the sialon and the interface
layer. The voids in the sialon — interface-layer boundary were the points of stress
concentration and could become the point of crack initiation. This may weaken the
joint. Therefore the sialon — interface-layer boundary might become the weakest part
of the joint.

Suppression of FeSi, in the interface layer was exhibited in the joint of sialon with
AISI 430 FSS in nitrided conditions. This phenomenon was also demonstrated in the
joint of sialon with nitrided 7.5%-Cr FS. This was observed in the joint of the
ceramics with the steel nitrided for one and four hours. FeSi, was identified in the
interface layer of the sialon — as-received 7.5%-Cr FS joint. However, it was not

found in the sialon — nitrided 7.5%-Cr FS joint. In the interface-layer matrix, reaction
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of the nitrided 7.5%-Cr FS and the sialon produced ferrite solid solution. This reaction

was extended into the steel side and formed the silicon-diffusion layer.

Precipitates as the reaction products of the materials in the interface layer
contained less Si and N than in the reaction of the sialon with the as-received 7.5%-Cr
FS. This had been identified in the joint of the sialon with one-hour-nitrided 7.5%-Cr
FS. Further characterization on the interface layer surface using XRD and XPS
disclosed the absence of the FeSi,. The XPS found Fe and Si as oxides (i.e. Fe,O3 and
Si0y) in the layer. Thus, nitriding as short as one hour had suppressed the formation

of the metallic silicides in the joint interface.

Since similar reactions products were shown in the joint of sialon with the nitrided
AISI 430 FSS, the reactions of the sialon with the nitrided 7.5%-Cr FS might take
place through the same mechanism. The solution nitriding applied on the steel had
made the steel to be in a nitrogen-pre-solved condition. Nitrogen in the steel reduced
the decomposition of the sialon. Thus, less sialon was decomposed. The silicon
dissolved in the iron in the interface layer as well as in the diffusion layer in the steel.
Less fraction of the silicon precipitated in the layer. This was insufficient to form the
silicides with the iron. Instead of forming silicides, Fe reacted with O, and formed
Fe,O3 in the precipitates; while the silicon recombined with oxygen and produced
SiO,. Formation of the oxides might be possible considering relatively-high
concentration of oxygen in the precipitates. These compounds were not identified by
the XRD, yet it was detected through the XPS examinations. Formation of the
insoluble oxides in the interface layer was also suggested by a few workers in this
area [2, 13]. Similar mechanism was observed in the joint of Ti with SizN4. This has
been discussed in sections 1.1 and 4.3.4.2. In this joint, formation of TisSiz was
suppressed when the dissolved nitrogen reached certain amount [8]. Therefore adding
nitrogen into the metal prior to joining restrained the growth of the metallic silicides

in the interface.

The similarity of reaction products in sialon — nitrided 7.5%-Cr FS and sialon —
nitrided AISI 430 FSS joints disclosed the consistency of the experiments results. The
suppression of Fe-Si compound in the interface layer of the joint was performed by

the nitrided steel. Section 4.2.4.2 disclosed that the suppression was achieved through
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decreasing the dissociation of the sialon due to the nitrogen in the steel. Thus, it
hindered the formation of iron silicide. In this case, the experiments outcome
suggested that nitriding for one hour was sufficient to prevent Fe-Si compound

formation in the joint interface.

Benefit of the FeSi, suppression has been established previously in section
4.2.4.2. The section also addressed that fast decomposition of the ceramics and
production of the brittle phase should be prevented in the joint. As metallic silicides is
commonly a brittle phase, it also has to be avoided. For this purpose, nitrided-7.5%-
Cr FS hindered the decomposition of the sialon and avoid the formation of the
metallic silicides in the joint. Considering that metallic silicide is brittle, suppression
of the compound formation in the joint by the nitrided steel could be expected to
produce stronger joint. Study of the mechanical strength of the joint may be able to
prove this. Evaluation of the joint strength is beyond the scope of this work. Hence, it

is recommended for the further work in this area.

Nitrided steel in the present joint was also proven to prevent the growth of the
interface layer and the diffusion layer. The reduction of the layers’ thickness was
demonstrated in the joint of sialon — 7.5%-Cr FS nitrided for one and four hours.
Average thickness of the layers in the joint of sialon — 7.5%-Cr FS is displayed in
Figure 4.68.

Figure 4.68 illustrates that thickness of the interface layer and the diffusion layer
decreased when the sialon was joined with the nitrided steel. The decrease of the
layers’ thickness was more significant in the joint of the sialon with longer-nitrided
steel. Thus it evidenced that the nitrided steel suppressed the growth of the reaction
layers thickness in the sialon — 7.5%-Cr FS joint. This also reflected that the nitrided
steel lessened the decomposition of sialon and silicon diffusion in the steel side. The
mechanism of this phenomenon is similar with the joint of sialon — AISI 430 FSS.
Nitrogen in the steel (that is added into the steel through the solution nitriding
process) hampered the decomposition of the sialon. This produced thinner
decomposition part of the sialon (i.e. the interface layer). It also produced less
decomposed sialon that was consumed by the sialon — steel reaction in the joint.

Therefore, silicon diffused shorter into the steel and built a thinner diffusion layer.
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Figure 4.68 Average thickness of interface layer and diffusion layer in sialon — 7.5%-
Cr FS joint

Formation of the thin reaction layers in the steel —sialon joint was found earlier in
the sialon — AISI 430 FSS joint. It was explored and discussed in section 4.3.4.2.
Reduction of the reaction layers caused by the nitrided steel in the joint of sialon —
AISI 430 FSS and sialon — 7.5%-Cr FS were in a similar trend. The former joint also
illustrated that thickness of the reaction layers decreased when the sialon was joined
with the nitrided steel. The reduction was more significant when the ceramics was
joined with the longer-nitrided steel. In all joining conditions, the interface and the
diffusion layers in the sialon — AISI 430 FSS joint were thicker than the layers in the
joint of sialon — 7.5%-Cr FS. As explained in section 4.3.1.2, this was due to higher
Cr content in AISI 430 FSS which enhanced reactivity of the joined materials. The
discussions in this paragraph highlights that in this work, the role of the nitrided steel
to dwindle the growth of the interface and the diffusion layers was exhibited in the
joint of sialon with both 7.5%-Cr FS and AISI 430 FSS. Therefore, this phenomenon

could possibly be generalized for the joining of sialon with chromium steel.
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Ruiz et al. [11] suggested that reaction layer in ceramic — metal joint affected the
joint strength in a number of factors, namely: mechanical properties of the layer, its
thickness and morphology, and the strength of the interfacial bond. However,
thickness of the reaction layer played a dominant effect. The joint was produced by
the interdiffusion of elements and reaction that produced interfacial bond. This was
indicated by formation of reaction layers in the joint. Too-thin reaction layers might
indicate that the reaction was not sufficient to produce the interfacial bond. However,
excessive growth of the layer may decrease the joint strength. This was due to the
reaction products in the layers which mostly are brittle phase. Hence, there would be
an optimum layer thickness that provided maximum joint strength. Several works
observed an optimum reaction layer thickness that gave maximum joint strength [75-
76]. It was noted that initially the joint strength of ceramic — metal increased with the
increasing reaction layer thickness. Subsequently, the joint strength diminished when

excessive growth of the layer occurred.

In the present work, nitrided steel decreased the thickness of the reaction layer.
The decrease of the layer was more obvious in the joint of sialon with longer-nitrided
steel. The nitrided steel also avoided the brittle-silicide formation. This agreed well
with the phenomenon discussed in the previous paragraph. Despite the benefit that
could be gained from the iron-silicide suppression, too thin reaction layers produced
in the joint of sialon — four-hours-nitrided 7.5%-Cr FS divulged poor reactivity of
materials. According to the discussion in the preceding paragraph, this could produce
insufficient reaction to produce strong interfacial bond. With this reason, too long

nitriding on the steel might not be recommended for the joining with sialon.

4.3.4.3 Hardness of the Joint Section

Hardness test on the joint cross section predicted mechanical properties of the reaction
layers in the joint. Hardness of the joint section in sialon — 7.5%-Cr FS joint is similar
with the hardness of the sialon — AISI 430 FSS joint section. Since the joint section
consists of three parts (i.e. original sialon, interface layer, diffusion layer and parent

steel), four hardness levels was indicated in the joint.
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The original sialon shows highest hardness. This could be expected since the
ceramics is originally hard and stable at high temperature. Thus, its high hardness was
maintained during the joining. However, decomposition of the sialon due to reaction
with steel had decreased its hardness. This was shown by the hardness of the interface
layer. The decomposed part of the sialon (i.e. the interface layer) transformed to
ferritic structure with iron silicide and oxides precipitates. Thus, it was just like a

sialon — steel composite.

Hardness of the interface layer should be the combination of ferrite solid solution
in the matrix and iron silicide and/or oxides in the precipitates. Ferrite solid solution is
the only phase in the diffusion layer. Thus, hardness of the interface-layer matrix and
the diffusion layer should be the same, since it contains the same phase. Hardness test
for the sialon — 7.5%-Cr FS joint section shows that the interface layer is harder than
the diffusion layer. Hence, it reveals that the precipitates increase hardness of the

layer.

Microstructure of the parent steel of 7.5%-Cr FS after the diffusion bonding is
fully martensitic. With this structure, high hardness in this part could be expected.
This was also revealed in the hardness test results across the joint. Morphology of the
joint section of sialon — as-received 7.5%-Cr FS and sialon — nitrided 7.5%-Cr FS was
similar. Reaction layers in those joints comprise the diffusion and the interface layer.
Section 4.3.4.2 established that reaction layers in the joints differed only in their
thickness. Therefore, the above discussion represented hardness condition of the joint
section for all joining conditions (i.e. sialon — as received 7.5%-Cr FS and sialon —
nitrided 7.5%-Cr FS).

Similar with the joint section of sialon — AISI 430 FSS joint, hardness of the
reaction layers is lower than the original sialon and the parent steel. The lower
hardness indicates that the layers are more ductile than the original sialon and the
parent steel which consists of martensite phase. Thus, as it was also observed in the
joint of sialon — AISI 430 FSS, this layer could act as a bridge between the two brittle
parts. In one side, this might be beneficial in dealing with the residual stress at the

joint. The ductile layers in the joint could absorb the residual stress to avoid crack at
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the join. However, the drastic change in ductility might also lead to voids formation in

the boundary between the original sialon and the interface layer.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The experimental study that was accomplished in this research generated several main

conclusions. Those are as follows:

1. Sialon — AISI 430 FSS and sialon — 7.5%-Cr FS joints were achieved by the
diffusion bonding process carried out at 1200°C for one hour in a hot press
machine. Heating the properly-contacted sialon and steel surface for one hour
during the diffusion bonding induced the sialon decomposition and elements
interdiffusion. Reaction of the elements built reaction layers both in the sialon
and the steel sides in the joint interface. The reaction layers produced

interfacial joints of the materials.

2. Diffusion bonding produced cohesive sialon — steel joint by creating reaction-
product layers in the interface. As the results of the sialon — steel interaction, a
ferrite-solid-solution bridge was built in the sialon and the steel in the joint
interface. The ferrite-solid-solution bridge in the sialon — steel interface
produced the cohesive joint. The solid solution composed of the sialon’s and
the steel’s elements. The interfacial joint was produced through decomposition
of sialon and elements interdiffusion. Heating the mating sialon and steel
surfaces at 1200°C for one hour decomposed the sialon which liberated Si and
N. It also facilitated the diffusion of elements between the sialon and the steel.
Silicon and nitrogen diffused into the steel which has lower Si and N
concentrations. Conversely, Fe and Cr from the steel also diffused into the

sialon which had lower content of the elements. Reaction product layers were



formed in the sialon and the steel side. Formation of the reaction layers in the

sialon — steel interface produced the joint.

Decomposition of sialon and elements interdiffusion in the diffusion bonding
yielded diffusion layer in the steel and interface layer in the sialon.
Microstructure of the joint cross section showed that part of the reaction layers
in the sialon (i.e. interface-layer matrix) and in the steel sides (i.e. diffusion
layer) had the same contrast. EDX analyses disclosed that those parts
composed of sialon’s and steel’s elements in similar composition. XRD and
XPS examinations subsequently found the same phase, i.e. a-Fe (Cr, Si) on
those regions. Thus, the interface-layer matrix and the diffusion layer were the
same species that composed the sialon — steel joints. Therefore, the initial
sialon — steel contact plane was no longer appeared. This indicated that sound
joint between the sialon and the steel was formed by reaction of the materials.
Besides ferrite solid solution, precipitation of silicides and oxides were formed
in the interface layer of sialon — as-received steel; while in the sialon — nitrided
steel, the precipitates contained only oxides. Thus, Fe and Cr also reacted with
other sialon’s elements in the interface layer to produce white precipitates
which comprised oxides and silicides. The diffusion layer was ductile since it
comprised ferrite solid solution. Hardness test across the joint revealed that the
diffusion layer owned lower hardness than the steel. The interface layer was
slightly harder than the diffusion layer due to the presence of the precipitates.
However, its hardness was lower than the original sialon. Therefore, in
overall, the ductility of the reaction layers (i.e. interface and diffusion layers)
was in between the sialon and the parent steel. Thus, the ductile reaction
layers in the joint were bridging the hard-and-brittle sialon and martensitic
parent steel. The layers could be advantageous for accommodating the residual
stress that was generated during cooling and contributed the strength to the
joint. Reactivity of the sialon — AISI 430 FSS was better than that of the sialon
— 7.5%-Cr FS since the AISI 430 FSS has higher Cr content. The better-
reactivity of the sialon with the AISI 430 FSS was depicted by formation of
thicker reaction layers in the joint.
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4.

The work attempted the diffusion bonding of sialon with nitrided steels.
Nitriding was applied on the steels so that the steels were diffusion bonded in
nitrogen-pre-dissolved condition. Addition of nitrogen into the steels was
indicated by martensite formation and hardness improvement on the steel.
Nitrogen added into the steel through the nitriding decreased the sialon
decomposition. It also restrained the solubility of nitrogen in the steel during
the diffusion-bonding process. Thus, the nitrided steel reduced reactivity of the
sialon with the steel. It was depicted by the thinner reaction layers that were
developed in sialon — nitrided steels joint than in sialon — as-received steel.
Reduction of the sialon decomposition suppressed the formation of FeSi, in
the interface layer. The FeSi, was revealed by XRD and XPS examinations on
the interface layer of sialon — as-received steel joint. Nevertheless, it was not
identified in the interface layer of sialon — nitrided steel joint. The suppression
of FeSi, formation in the joint could be beneficial as the silicide is brittle.

Thus, preventing its formation might be able to improve the joint strength.

5.2 Contributions

The overall research provides several contributions on the area of the ceramic-metal

joining. Those are as follows:

1.

2.

This work has successfully joined sialon and AISI 430 FSS using the diffusion
bonding process. AISI 430 FSS has a good corrosion resistance as commonly
owned by other stainless steel. This material is also used for high temperature
applications. Thus it is suitable to be combined with sialon to serve corrosive
and high temperature applications. Since the AISI 430 FSS is readily available
in the market, the joining with sialon has a good prospect to be developed to

expand the sialon’s utilization.

The work has identified FeSi, in the reaction layer of the sialon and AISI 430
FSS. The silicide was also characterized at the reaction layers of the sialon and
7.5%-Cr FS. Although previous similar works predicted the presence of the

160



silicide, yet the characterization performed in that study failed to prove it. It

also failed to identify the exact compound of the silicide.

3. The work provided evidence of hindering-effect of nitrided steel on sialon
decomposition. Influence of the nitrided steel prior on suppressing silicide

formation was also observed.

5.3 Recommendations

The overall activities carried out in this project identify several recommendations for
further exploration of the area. Those are as follows:

1. The joining of the sialon with AISI 430 FSS and 7.5%-Cr FS using diffusion
bonding process was possible. The role of the ductile reaction layers in
avoiding crack at the ceramics was implied. However, the present work did
not scrutinize the joint strength produced by the joining process of the

materials. Thus, further work on accessing the joint strength is recommended.

2. Nitrided steel could be beneficial to produce the joint by suppressing the
brittle FeSi, in the interface. This possibly reduced the brittleness of the
interface layer. Nevertheless, the reactivity of the materials that contributed to
the joint formation might be impeded by the pre-treated steel. Thus, there
might be an optimum condition that provides the best condition for the joint.
Further study on the influence of the nitrided steel on the strength of its joint
with sialon would be useful. The study would be more meaningful if it could
provide the optimum nitriding condition which gives highest joint strength.
Those are beyond the scope of the present study. Therefore, the investigations

are recommended for the continuation of the research.

3. Prevention of brittle silicide could improve the joint strength as it was also
agreed by previous works. However, the absence of the silicide in the sialon —
steel interface might also be detrimental as this makes large properties
distribution between the sialon and the steel in the interface layer. The extreme
properties difference between the sialon and the interface layer might induce
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voids in their border and could lead to crack initiation. These voids were
observed in the border between the original sialon and the interface layer
through the scanning electron micrograph of the interface-layer. Investigation
on the influence of the silicide on voids formation in the joint interface is
suggested for further study.

Previous study suggested that joining sialon with austenitic stainless steel
produced crack at the ceramics. The present research found that joining sialon
with ferritic steel and ferritic stainless steel was successful. Investigation on
the joining the sialon with other types of stainless steels, i.e. martensitic and

duplex, is valuable for future works.
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