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ABSTRACT

It is not easy to join ceramic to metal due todifeerences in the coefficient of thermal
expansion of the two materials. The residual stpresent has caused failure to the
joining. Materials with a relatively low elastic miolus can accommodate strain and will
tend to deform under the influence of this streds)e brittle materials such as glasses
and ceramics, will have a tendency to fracture. Ekaluations and modelling of
residual stress of a joining-sialon to austenit&rdess steel was simulated using Finite
Element Analysis (ANSYS10) software and simple winedl model was used to
evaluate the residual stress. The joining proceas assumed as direct diffusion
bonding. The stress contour plot was discuss basddilure criteria. It is found that at
the area nearby the joining interface, stainleselstxperiences tensile stress while
ceramic experiences compressive stress. The gtresssity is the highest at a few
points at the ceramic interface compared to thel stéerface. Crack occurred at these
points due to the mismatch of thermal expansion #&l inability of ceramic to

withstand the high concentration of tensile stress.
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CHAPTER 1
INTRODUCTION

1.1  Background of Study

It is not easy to join ceramic to metal due to thiéerences in the coefficient of
thermal expansion of the two materials. When janithese two materials, the
residual stress present has caused failure toothang. Previous study had shown
that the joining sialon to ferritic stainless steeimore successful than the joining of
sialon to austenitic stainless steel. At the jagnai sialon to ferritic stainless steel, a
ductile interlayer [1] which able to absorb theidesl stress was formed. However,
at the joining of austenitic stainless steel tdosiathe ductile layer was not present.
This has caused crack at the joint. Effects ofdtianless steel thickness during the
joining was studied by P.Hussain et al [2] wheraliings show that below a critical
thickness of steel, the residual stress is legs titva fracture stress of sialon. Typical
applications of ceramic-metal bonding are the abbewf metal shaft to the turbine

rotor, the assembly of metal components to heahes@nd etc.

1.2  Problem Statement

In an assembly composed of various materials, tisevsually a mismatch between
the thermal expansion coefficients of the adjointngiponents. This causes residual
stress on cooling from the solidus temperaturéneffiler metal and is maximum at
the lowest temperature that the assembly expegeidaterials with a relatively low
elastic modulus can accommodate strain and will terdeform under the influence
of this stress, while brittle materials such assggs and ceramics, will have a
tendency to fracture. Even if the assembly surviliegoining operation, the residual
stresses arising from the thermal expansion midmeda cause it to fail by fatigue
during subsequent thermal cycling in the field. dugh this project, extensive study
on sialon ceramic, austenitic stainless steel,ngiprocess and residual stress will
be carried out. The present of residual stressiming of sialon to austenitic stainless
steel will be simulated using Finite Element An&yANSYS).



CHAPTER 2
LITERATURE REVIEW AND THEORY

2.1 Ceramic Sialon

2.1.1 Sialon and silicon nitride

Sialon and silicon nitride[3] are a material witim#ar properties. Silicon nitride
(SisN4) exhibits very high resistance to heat and coorosind is extremely strong.
Sialon, a family of silicon-aluminium-silica oxynides, has properties comparable to
those of silicon nitride and is much easier to nfacture and form into complex
shapes. Because of puregNgipowders are difficult to sinter, several methods ar
used to achieve finished parts of desired sizestraghe. The processing technology
used has a significant effect on the physical pitogee of the finished part. Among
the processing technologies are reaction bondiaggptessing and isostatically hot
pressing and sintering and gas-pressure-assigtégtisg. Sialon is synthesized by
reacting together silicon nitride, silica, alumiaad aluminium nitride. Sialon exists
in three formsB” based orf silicon nitride;a” based oru silicon nitride and O
sialon which has the crystal structure of silicotyratrides and obeys the formula
Si,Al, /03N, with z taking values in the range of 1.3 to 2.atbftials base ofi’
sialon or a mixture ofi andp” sialon are well suited for high-temperature arghhi

stress application.



Table 1: Typical Properties of Sialon compareditic@ Nitride[3]

Property Units Sialon SiN4
Density g/cm 3.25 3.2
Modulus of Elasticity GPa 0.28 0.31
Hardness Knoop,k100 1800 2200
Compressive strength MPa >350( >350p0
Toughness MPam™* 7.7 5
Poison’s ratio 0.23 0.27
Thermal conductivity at 25°C W/(mK) 21.3 25
Specific heat at 25°C CallK 0.15 0.17
Thermal expansion coefficient oK 3.04 3.2

Silicon nitride (SiNg) is technically the most important nitride of thein group
elements. It is the most frequently utilized nigrighaterial and is used for the
construction of bearings, pistons, and turbinesials two forms and usually both
forms are obtained together during the preparafionexample by reaction of the
elements at 1200°C. The low temperaturemodification is transformed to thg
modification by heating above 1650°C. At low pregiéon temperatures the-
modification predominates. The proportionsee®isN4 and p-SisN4 in mixtures can
be determined by X-ray powder diffraction. A higmaunt of a-SisN4 is desired

because it significantly increases sintering attivi

The a-SisN4 and B-SisN4 have a complex three-dimensional network of corner
sharing SiN, tetrahedral with an average Si-N bond length df7@nm. The
structure of the low-temperature modification hase trystallographically different
silicon atoms, while only one silicon position ocguin the high-temperature
modification. In both modifications, the nitrogetoms have more or less trigonal-
planar carbon coordination. The high stability iten nitride is due to a complex
interaction of mostly covalent bonding and a higlgre of condensation of the
corner-sharing 9N, tetrahedral. The high corrosion stability o§N\gj is due to the

formation of a thin surface coating of S0

The most common method used for sintering silicibride materials is gas-pressure
sintering. The material is sintered to closed poyos>95% density) at a low gas

pressure. Then an outer gas pressure of up to 18 isRpplied. The difference



between the outer pressure and the pressure inldked pores is a driving force
leading to a better healing of defeats: SIAION are formed during liquid-phase
sintering by the reaction of $l4, AIN, Al,O3 and a suitable cation which can enter
the structure ofu’- SIAION. The amount of liquid available for densdtion is

quickly reduced due to the formatiorSiAION solid solutions.

2.1.2 Crystal Structure and Properties

The a and 3 modifications be can be produced under normabgén pressure. A
high pressure modification can be produced undeGR& pressure by the technique
of laser heating in a diamond cell. Tlephase is very stable under sintering
conditions but is the main phase in the startitigasi nitride powders. The andf
modifications [4] are based SjNetrahedral connected at the corners. Every N
belongs to 3 tetrahedral. Only one layer of Sétrahedral exists ifi-SisN4 whereas
two layers shifted with respect to each other eristSisN,4. This leads to a doubling
of the c-axes in the-SisN4 crystal lattice in comparison to tifieSisN, lattice. The
high-pressure phase has a completely differenttsire. On the basis of powder
diffraction patterns, it is found that this phasesla spinel-type structure, in which
one silicon atom is coordinated by four nitrogerd awo silicon atoms by six

nitrogen atoms.

The Si and N atom§-SizsN4 can be replaced by Al and O atoms to form fhe
SIAION with the formula: Si,Al:Ng/O,. The range of th@” solid solution extends
from z =0 to 4.2 at 1750°C. EverysNi material containing AD; as a sintering
additive is some kind o8-SIAION. Most commonly the terminolog§-SiAION is
used for z values >0.5. Analysis of n&isN4 crystal structure shows that there is an
empty position coordinate in the crystal structufis position can be partially
occupied by ions with an atomic radius of abountl1Furthermore, Si and N must
be replaced by Al and O to obtain electro neugralihe resulting phase is the called
a-SIAION with the formula: RSij2n-nAlm+nN16.:On. Occupation of the coordinate
leads to stabilization of the very stabkSisN4 phase. The lowest x value for trivalent
cations is 0.33 which means that tiie SIAION solid solution does not include the
composition of pure-SIAION. Thep modifications have much lower hardness than

the o modifications.



2.1.3 Mechanical properties

Table 2: Properties of Sialon [5]

Mechanical Units Value
Density glent 3.24
Porosity % <1%
Color — gray
Flexural Strength MPa 760
Elastic Modulus GPa 288
Shear Modulus GPa 120
Bulk Modulus GPa 220
Poisson’s Ratio — 0.25
Compressive Strength MPa —
Hardness Kg/mm 1430-1850
Fracture ToughnessiK MPaen’ 6.0-7.5
Maximum Use Temperature (no load) °C 1200
Thermal

Thermal Conductivity W/me°K 15-20
Coefficient of Thermal Expansion TrC 3

2.2 Stainless Steel

Stainless steels [6] are iron-base alloys with aimuim of approximately 11%
chromium, which is the amount needed to prevenfdahmaation of rust in a normal
environment. A few stainless steels contain moaa tB0% chromium. They achieve
their stainless characteristic by the formatioruaseen and adherent chromium-rich
oxide surface film. This oxide forms and healslitse the existence of oxygen.
Other alloying elements added to enhance theirctstre and properties such as
formability, strength and cryogenic toughness. €h&xclude elements such as
nickel, molybdenum, cooper, titanium, aluminiumlicen, nitrogen, and sulfur.
Carbon is normally present in amounts ranging fless than 0.03% to 1.0% in
certain stainless steel. The main requirementtionkess steels is that they should be
corrosion resistant for a specified applicatiorenovironment. Stainless steel can be
classified into five groups namely austenitic, ite@y martensitic, duplex and

precipitation hardening (PH) stainless steel.



Stainless steel can be formed and fabricated irvergional ways. They can be
produced and used in the many conditions. The shege be produced by powder-
metallurgy techniques. The cast ingots can bedalteforged while the flat products
(plate and sheet) can be produced from continuoca$t slabs. Meanwhile, the
rolled product can be drawn, bent and extrudedait also be used as an integral
cladding on low-alloy steels as well as some noaotexr metals and alloys. Stainless
steel can also be further shaped by machining aimked by welding, brazing,
soldering and adhesive bonding. Heat treating afkgss steel produces changes in
physical condition, mechanical properties and redidstress level and restores
maximum corrosion resistance when that property been adversely affected by
previous fabrication or heating. Frequently, satigfry corrosion resistance and

optimum mechanical properties are obtained in #meesheat treatment.

Over the years, stainless steels have establiseeshaterials for cooking tools,
fasteners, cutlery, flatware, decorative architedtbardware and equipment used in
chemical plants, food processing plants, healthsamitation application, petroleum

production offshore structure and aerospace parts.

2.2.1 Physical and Mechanical Properties

The physical and mechanical properties of stainkéssls are quite different from
those of commonly used nonferrous alloys such asiialum and cooper alloys.
When comparing the various stainless steel famiigth carbon steels, many
similarities in the properties exist. The densifystainless steels is approximately
8.0g/cni, which is about three times greater than thatlahium alloys. Its high
modulus of elasticity (200MPa) is nearly twice aoper alloys and nearly three

times of aluminium alloys[7].

The differences among these materials are evidetitarmal conductivity, thermal
expansion and electrical resistivity. For stainlstgel, alloying additions component
especially nickel, copper, and chromium greatly rdase thermal conductivity.
Figure 1 shows the comparison thermal expansi@ctratal resistivity and thermal
conductivity for carbon steel, cooper alloy, alumim and stainless steel. Thermal
expansion is greatest for type 6061 aluminium aftdpwed by aluminium bronze

and austenitic stainless alloys, and then feratid martensitic alloy. For austenitic



stainless alloys, additions of nickel and copper decrease the thermal expansion.
Stainless steels have high electrical resistitjoying additions tend to increase
electrical resistivity. Therefore, the ferritic drimartensitic stainless steels have
lower electrical resistivity than the austenitigyptex and PH alloys but higher
electrical resistivity than 1080 carbon steel. Eleal resistivity of stainless steels is
about 7.5 times greater than aluminium bronze &wdie20 times greater than type

6061 aluminium alloy.

Aluminum-Type 6061

Autenitic stainless
and cooper alloys-
S17400,Types 430
and 410,AIS1 1080

Fefritic/martensitic
stainless and carbon
steel-Type 304 and Al
branze(5%)

0 5 10 15 20 25 30
Thermal expansion,10-6/K

-Type 6061

Carbon alloy-Al bronze(5%)

Carbon steel- AISI1080

Ferritic/martensitic

stainless-Type 430,4/10
Autenitic stainless-Type
304,532950,S17400

0 20 40 60 80 100 120 140 160 180 200
Thermal conductivity W/m.K

Aluminum alloy-Type 6061

Carbon alloy-Al bronze(5%)

Carbon steel- AISI1080
Ferritic/martensitic stainless-

Type 430,410
Autenitic stainless-Type
304,532950,S17400
‘ ‘ | ‘ | | ‘ ‘
0 100 200 300 400 500 600 700 800 900

Electrical resistivity Q.mm
Figure 1: Comparison of thermal expansion, eleatriesistivity and thermal

conductivity for carbon steel, cooper alloy, alumim and stainless steel.[8]



The austenitic alloys have relatively low yieldestgth, compared with the heat-
treatable alloy, but have the highest tensile fitycind toughness. There are also
specially developed austenitic alloys to have Sopeesistance against metal-metal

wear.

The ferritic stainless steels have yield strengiimoat similar to those of the
austenitic grades but lower values for ultimatesilen strength, ductility and
toughness. However, the strength, ductility, andghmess are still outstanding
compared with other material such as aluminiumyadiod aluminium bronze. As for
the duplex stainless alloys, the tensile yieldrgjtk is almost twice of the austenitic
and ferritic grades and approximately half the towess and it toughness is far

superior to that of alloys that are heat treatetif@ardened.

The martensitic alloys have a large variation nerggth, ductility, and toughness. In
the annealed condition, their properties are smtdahose of the ferritic alloys, with

strength increasing and ductility decreasing witleréasing carbon content. The
higher carbon containing alloys are generally temget a low temperature (260-
650°C) to maximize their strength. The tensile prtps are similar to those of
carbon steels. The martensitic PH alloys have higinmealed strength and lower
ductility than the martensitic alloys and are temepgeat temperatures ranging from
480 to 620°C. Their strength is dependent on thedmer material and the aging
temperatures used. Their toughness is either sirailasuperior to the martensitic

alloys at a given strength level.



Table 3: Physical Properties of Stainless Steel[6]

Steel Types | Density Modulus Expansion | Conductivity | Specific | Resistivity
(AISI) Heat
kg/m?® kN/mnt 10°x K™ W/m.K Jikg.K | ohm.mrfim
20C | 400C
Ferritic stainless steels
410S 7700 220] 195 10.5 30 460 0.60
430 7700 220 195 10.0 25 460 0.70
444 7700 220 195 10.4 23 430 0.8
Martensitic and precipitation hardening stainless steal
410 7700 215 190 10.5 30 460 0.60
440 7700 215 190 10.4 15 430 0.8
630 7800 200 170 10.9 16 500 0.71
Austenitic stainless steels
304 7900 200 172 16.0 15 500 0.73
316 8000 200 172 16.0 15 500 0.75
Duplex stainless steels
'2205' | 7800 | 200 N/A| 13.0 | 15 500 | 0.8

2.2.2 Selection of Stainless Steel

The selection of stainless steels[8] may be basecbaosion resistance, fabrication
characteristics, availability, mechanical propestia specific temperature and the
product cost. However, corrosion resistance andhargcal properties are usually
the most important factors in selecting a specstainless steel for a given

application. The characteristics to be consideredelecting the proper type of

stainless steel for a specific application include:

* Corrosion resistance

* Resistance to oxidation and sulfidation(high terapee corrosion)

» Strength and ductility at ambient and service tenaipees

« Suitability for intended fabrication techniques

» Suitability for intended cleaning

» Stability of properties in service

e Toughness

+ Resistance to abrasion and erosion

» Surface finish and reflectivity

* Physical property characteristics such as magnatperties, thermal

conductivity and electrical resistivity

* Sharpness or retention of cutting

. Rigidity




2.3 Austenitic Stainless Steel

Austenitic stainless steels[9] constitute the latgstainless family in terms of
number of alloys and usage. Like the ferritic atlothey cannot be hardened by heat
treatment However, their similarity ends there. Blstenitic alloys are nonmagnetic
and their structure is face-centered cubic (fa&g that of high-temperature (900-
1400°C) iron. They possess excellent ductility, nfability and toughness. In
addition, they can be substantially hardened byl cmbrk. Nickel is the chief
element used to stabilize austenite. Besides ¢aalbon and nitrogen are also used
because they are readily soluble in the fcc stractd wide range of corrosion
resistance can be achieved by balancing the fdaiteing elements, such as

chromium and molybdenum with austenite-forming edats.

Austenitic stainless steels can be subdivided iw categories; chromium-nickel
alloys and chromium-manganese-nitrogen alloys. Beeond group generally
contains less nickel and maintains the austenitioctire with high levels of
nitrogen. Manganese (5 to 20%) is necessary irettes-nickel alloys to increase
nitrogen solubility in austenite and to prevent t@asite transformation. The
addition of nitrogen also increases the strengthaa$tenitic alloys. Typical
chromium-nickel alloys have tensile yield strengflem 200 to 275MPa in the
annealed condition, whereas the high-nitrogen allugve yield strengths up to 500

Mpa. The compositions of standard austenitic sambteels are shown in Table 4.

Austenitic stainless steels can be further divieeal five groups:

» Conventional austenitic such as types 301, 302, 303, 304, 305, 308, 309,
310, 316, and 317

» Stabilized compositions primarily types 321, 347, and 348

» Low-carbon grades such as types 304L, 316L, and 317L

* High-nitrogen grades such as AISI types 201, 202, 304N, 316N and the
Nitronic series of alloys

» Highly alloyed austenitic such as 317LX, JS700, JS777, 904L, AL-4X and
254 SMO

10



Table 4: Composition of standard austenitic stamigeel[10]

Type Composition, %
C Mn Si Cr Ni S Other
201 0.15 55-75 1.0 16.0-18.p0 3.5-5p 0.p3 0.29N
205 0.12- | 14.0-15.5 1.0 16.5-18.p 1.0-1.95 0.p3 0.32-
0.25 0.40N
302 0.15 2.0 1.0 17.0-19.0 8.0-10J0 0.p3 -
302Cu| 0.08 2.0 1.0 17.0-19.0 8.0-10J0 0.p3 3.0t
4.0Cu
316H | 0.04- 2.0 1.0 16.0-18.0 10.0- | 0.03 2.0-
0.10 14.0 3.0Mo
316L 0.03 2.0 1.0 16.0-18.0 10.0-| 0.03 2.0-
14.0 3.0Mo
317 0.08 2.0 1.0 18.0-20.0 11.0-| 0.03 3.0-
15.0 4.0Mo
317L 0.03 2.0 1.0 18.0-20.0 11.0-| 0.03 3.0-
15.0 4.0Mo
330 0.08 2.0 0.75- 17.0-20.0 34.0- | 0.03 -
1.5 37.0
347 0.08 2.0 1.0 17.0-19.0 9.0-13J0 0.p3 10x%C
min Nb
384 0.08 2.0 1.0 15.0-17.0 17.0-| 0.03 -
19.0

As mention before, austenitic alloys can be sulbistdnhardened by cold working.
The degree of work hardening depends on the allmyent, with increasing alloy
content decreasing the work-hardening rate. Austestiainless steels that have low
alloy content often become magnetic because oftrdmesformation to martensite
when sufficiently cold worked or heavily deformed machining or forming
operations. Cooper is intentionally added to lowee work hardening rate for

enhanced headability in the production of fasteners

Another property that depends on alloy contenbisasion resistance. Molybdenum
is added enhance corrosion resistance in chlomderaaments. High-chromium

grades are used in oxidizing environments and tegiperature applications while a
high-nickel grade is used in severe reducing aodirenments. To prevent inter-
granular corrosion after elevated-temperature exgositanium or niobium is added
to stabilized carbon in austenitic stainless steHie lower- carbon grades (AISI L

or S designations), have been established to praviengranular corrosion. Some of
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the more corrosion-resistant alloys, have nicketle high enough (32 to 38% Ni) to
be classified as nickel-base alloys. Alloys contamickel, molybdenum (6%) and
nitrogen (0.20%) are sometimes referred to as aug&nitics which has a very high
corrosion resistance.

Austenitic stainless steels have a face-centerb@:¢tcc) structure. This structure is
attained through the liberal use of austenitizilgnents such as nickel, manganese
and nitrogen. These steels are essentially nonrtiagnghe annealed condition and
can be hardened only by cold working. They usupligsess excellent cryogenic
properties and good high-temperature strength. @iumm content generally varies
from 16 to 26%, nickel up to about 35% and mangangsto 15%. The 200-series
steels contain nitrogen, 4 to 15.5% manganese prtd @ % nickel while the 300-
series contain larger amounts of nickel and up % rdanganese. Molybdenum,
cooper, silicon, luminium titanium and niobium may be added to goestain
characteristics such as halide pitting and oxigatiesistance. Sulfur or selenium

may be added to certain grades to improve macHhityabi

2.3.1 Basic Metallurgy

Austenitic stainless steel compositions are basedaobalance between alloy
elements that promote ferrite formation and thésg¢ promote austenite formation.
The prototype ferritizing element is chromium, lbublybdenum, niobium, titanium,
aluminium, tungsten and vanadium also promotetéerfihe prototype austenitizing
element is nickel but carbon, nitrogen, and copgempromote transformation of
ferrite to austenite at high temperatures. In &ldjtalthough manganese does not
seem to promote transformation of ferritic to ansie at high temperature but it
does tend to stabilize austenite with respectdasfiormation to martensite at low
temperatures. Further, manganese promotes the ilgglulif nitrogen in steel,
making possible a low-nickel family of austenitiaialess steels that are high in

manganese and nitrogen.

Austenitic stainless steels can be best describegrms of iron-chromium-nickel
ternary alloy system. The commercial alloys alsotam a certain amount of carbon,
silicon, manganese, sulfur and so on. These elamaight change somewhat the

phase balance. The structure is determined by tpreeary constituents iron,

12



chromium and nickel. The maximum temperature ofemite stability is 1100°C and
is used as the optimum annealing temperature ®188 chromium-nickel steels.
Above 1150°C, somé-ferrite will form. If the chromium content incress above
18%, it becomes necessary to raise the nickel nobrigherwise, increasing amounts

of ferrite will be formed.

Sensitization or carbide precipitation at grain mdaries can occur when austenitic
stainless steels are heated for a period of timé@enrange of about 425 to 870°C.
Time at temperature will determine the amount abicke precipitation. When the
chromium carbides precipitate in grain boundariestantly the area adjacent is
depleted of chromium. The carbide formed in coneeral austenitic steels is
(Cr,Fe}s or My3Cs carbide. When the precipitation is relatively cantus, the
depletion renders the stainless steel susceptiblatérgranular corrosion which is
the dissolution of the low-chromium layer or enyaosurrounding each grain.
Sensitization also lowers resistance to other foofmsorrosion, such as pining and
crevice(crack) corrosion. Time-temperature-serditin curves are used as guidance
for avoiding sensitization. Besides that, stabiizteels are also used for avoiding
sensitization. Such stainless steels contain titaror niobium. These elements have
an affinity for carbon and form carbides readilfisTallows the chromium to remain
in solution even for extremely long exposures tmgeratures in the sensitizing

range. The only way to correct a sensitized stagéteel is through annealing.

2.3.2 Properties and Applications

Most of the austenitic stainless steels are theS38es Steels which the first letter
of the type name is denoted with ‘S’. The yiel®ertyiths of austenitic stainless steels
are rather modest and are comparable to those ldf steels. Typical minimum
mechanical properties of annealed 300-Series stmedsyield strength 205 to
275MPa, ultimate tensile strength of 520 to 760MPRa elongations of 40 to 60%.

Austenitic stainless steels cannot be hardenedeay treatment. Therefore, high
strength is possible in cold-worked form, espegiadldrawn wire, in which a tensile
strength of 1200MPa or higher is achievable. Tret béwelding will soften a heat-

affected zone in heavily cold-worked austenitiérdéss steel.

13



The leanest austenitic stainless steels such as t$02 and 304, which can be
considered the base alloys of austenitic stainktesgls offer general corrosion
resistance in the atmosphere, in many agueous niadiae presence of foods, and
in oxidizing acids such as nitric acid. Types 32l 847 are essentially type 304
with additions of either titanium or niobium respeely, which stabilize carbides

against sensitization.

The addition of molybdenum in type 316L providésing resistance in phosphoric
and acetic acids and dilute chloride solutionswali as corrosion resistance in
sulphurous acid. An even higher molybdenum contasitin type 317L (3%), and

even richer alloys further enhance pitting resistan

Nitrogen is added to enhance strength at room teatyppe and especially at
cryogenic temperature. Nitrogen is also addeddaae the rate of chromium carbide
precipitation and therefore, the susceptibility $ensitization. Molybdenum-
containing alloys are also added with nitrogen riorease resistance to chloride-

induced pitting and crevice corrosion.

Higher amounts of chromium, nickel or both are use@nhance high-temperature
oxidation resistance (as in types 309, 310 and.3309per and nickel can be added
to enhance resistance to reducing acids, such hhusic acid. Nickel and

molybdenum when present in sufficient amounts, mtenresistance to chloride-

induced stress-corrosion cracking.

There are several other groups of austenitic stssnsteels for specific applications
or processing requirements. Each of the wroughteailg stainless steels has a
counterpart cast alloy with a specific cast all@gignation. For example, CF-3, CF-
8, CF-3M and CF-8M correspond to the wrought typé4L, 304, 316L and 316,

respectively. The cast austenitic stainless seelslesigned for good castability and
therefore the composition ranges may be varyingnftbose of their counterpart

wrought steels. In particular, the chromium aneteil contents are higher and the

nickel contents are lower in the cast alloys coragado wrought alloys.
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Many cast heat-resisting grades of steel also hasgeenitic structures. The cast heat
resisting grades have much higher chromium andehidontents for scaling
resistance and greater high-temperature strengtipa@d to the 18Cr- 8Ni types of
stainless steel. Again there are counterpart wrbagt cast grades of heat-resisting
stainless steels. However, there are many othérgcades of heat resistance alloys
and these alloys have much higher carbon cont@28 (0 0.75%) than wrought
grades. Thus alloy carbides which contribute sutistily to creep resistance are an
important component of the microstructure of thetaustenitic high-temperature
alloys. The heat-resistant austenitic stainlesslstere used at elevated temperature

applicants.

2.3.3 Heat Treatment

In furnace loading, the high thermal expansion udtanitic stainless steels (about
50% higher than that of mild carbon steel) shoudd donsidered. The spacing
between parts should be adequate to accommodatexpansion. Stacking should

be employed when necessary to avoid deformatigqad$ at elevated temperatures.

Conventional austenitics[10]cannot be hardenedday treatment, but will harden as
a result of cold working. These steels are usyalischased in an annealed or cold-
worked state. Following welding or thermal procegsia subsequent anneal may be
required for optimum corrosion resistance, softrass$ ductility. During annealing,
chromium carbides which obviously decrease registan intergranular corrosion
are dissolved. Cooling from the annealing tempeeaoust be rapid but it must also
be consistent with distortion limitations. Whenewaéstortion considerations permit,
water quenching is used, thus ensuring that disslobarbides remain in solution.
When distortion considerations rule out such a €astling rate, cooling in an air
blast is used. With some thin-section parts, evaes intermediate rate of cooling
produces excessive distortion and parts must biedao still air. If still air does not
provide a cooling rate sufficient to prevent caebptecipitation, maximum corrosion
resistance will not be obtained. A solution to tisigo use of a stabilized grade or

low carbon alloys.

Stabilized austenitics alloys (types 321, 347, 348) contain controlled amounts of

titanium or niobium, which render the steel neantymune to intergranular
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precipitation of chromium carbide and its poor effeon corrosion resistance.
However, these alloys may require annealing t@velistresses, to increase softness
and ductility or to provide additional stabilizatioUnlike the unstabilized grades,
these steels do not require water quenching or aiteeleration of cooling from the
annealing temperature to prevent subsequent ilat@utar corrosion. Air cooling is

generally adequate.

When maximum corrosion resistance of the stabileagstenitic grades is required, it
may be necessary to employ a heat treatment knewa stabilizing anneal. The
treatment consists of holding at 845 to 900°C fprto 5hours depending on the
section thickness. It may be applied prior to orimy fabrication and may be
followed by short- time stress relieving at 705°@hwut danger of harmful carbide
precipitation. Certain restrictions on furnace apiere are compulsory. The
furnace combustion must be carefully controlled dliminate carburizing or

excessively oxidizing conditions. Because the prioge of the stabilized steels are
based on their original carbon content, carbon r@ihem cannot be tolerated.
Excessively oxidizing conditions cause the formatad a scale that is difficult to

remove in subsequent rescaling operations. Dingpirigement of flame on the work
must also be prevented. The sulfur content of tinesice atmosphere, particularly in

oil-fired furnaces, must be kept low.

Low-carbon austenitics are intermediate in thendécy to precipitate chromium
carbides to the stabilized and unstabilized gra@ksir carbon content (0.03%max)
is low enough to reduce precipitation of intergdanearbides. This characteristic of
limited sensitization is of particular value in w&lg, flame cutting and other hot-
working operations. These materials do not reqthee quenching treatment that
unstabilized grades require to retain carbon indssblution. However, the low-

carbon alloys are not satisfactory for long-time/ge in the sensitizing temperature
range of 540 to 760 °C because they are not coatplehmune to the formation of
carbides deleterious to corrosion resistance. Tfiects of sensitization and
susceptibility to general corrosion vary among lthe-carbon alloys, depending on
their chemical composition. Because they contaidybaenum, types 316L and
317L are subject te-phase formation as a result of long-time exposuré50 to

870°C. However, the corrosion resistance of theselgs can be improved by
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employing a stabilizing treatment consisting ofdimay at 885°C for 2hours, prior to
stress relieving at 675°C. After undergo the siabi heat treatment, these alloys
must get the copper-copper sulfate 16% sulfurid &eist for to ensure free from
intergranular carbide precipitation.

The low-carbon alloys are frequently used in thedpction of part requiring low
magnetic permeability. These materials are nonntagne the fully annealed
condition, with permeabilities below 1.02T but thewvay develop ferromagnetic
qualities as a result of cold working during fahtion. Cold working may generate
some low-carbon martensite, which is strongly mégnEusion welding with a low-
nickel filler rod is another possible cause of netggm. Magnetism due to any of
these causes can be eliminated by a full anneakgtore the alloy to its fully

austenitic condition.

2.3.4 Stress Relieving

Austenitic stainless steels have good creep resistaConsequently these steels must
be heated to about 900°C to attain adequate gebes In some instances, heating
to the annealing temperature may be desirable.iktplat a temperature lower than
about 870°C results in only partial stress reli@ie most effective stress-relieving
results are achieved by slow cooling. Quenchingtber rapid cooling, as is normal
in the annealing of austenitic stainless steel, wgilially reintroduce residual stresses.
Stress relieving is only necessary when austestailess parts are subjected to

corrosive conditions conducive to stress corrosiomtergranular corrosion failures.

Selection of an optimum stress-relieving treatmésnt difficult because heat
treatments that provide adequate stress relieflaamage the corrosion resistance of
stainless steel and heat treatments that are motfllato corrosion resistance may

not provide adequate stress relief.

17



The metallurgical characteristics[11] of austendtiainless steels that may affect the

selection of stress-relieving treatment are diseti$®low:

Heating in the range from 480 to 815 °C Chromium carbides will
precipitate in the grain boundaries of wholly angte unstabilized grades. In
partially ferritic cast grades, the carbides willeg@pitate initially in the
discontinuous ferrite pools rather than in a cardis grain-boundary
network. After prolonged heating grain-boundarybade precipitation will
occur. For cold-worked stainless, carbide predioita may occur
temperatures as low as 425 °C. For types 309 afdtB& upper limit for
carbide precipitation may be as high as 900 °Chils condition, the steel is
susceptible to intergranular corrosion. By usingb#ized or extra-low-
carbon grades, these intergranular precipitateshodmium carbide can be
avoided.

Heating in the range from 540 to 925°CThe formation of hard, brittle-
phase may result, which can decrease both corressstance and ductility.
During the times necessary for stress rekephase will not form in fully
austenitic wrought, cast or welded stainless. Hawew the stainless partly
ferritic, the ferrite may transform te-phase during stress relief. This is
generally not a problem in wrought stainless stéelsause they are fully
austenitic. However some wrought grades particplgpes 309, 309Cb, 312
and 329 may contain some ferrite. Furthermore, d@position of most
austenitic stainless welds and castings is inteatip adjusted so that ferrite
is present as a deterrent to cracking. The niolantaining cast grade CF-
8C normally contains 5 10 20% ferrite, which is mdkely to transform to
o-phase than the niobium-free ferrite in the unditaddd CF-8 grade.

Slow cooling an unstabilized grade (other than an xtra-low-carbon
grade). Through either of the above temperature ranges; sooling may
allow sufficient time for these detrimental effetdgake place.

Heating at 815°C to 925°C The coalescence of chromium carbide
precipitates os-phase will occur, resulting in a formless harnéutorrosion

resistance or mechanical properties.
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» Heating at 955°C to 1120°C This annealing treatment causes all grain
boundary chromium carbide precipitates to redissotvansformss-phase
back to ferrite and fully softens the steel. Lomgiing times (>1 hour) may
even dissolve some of the ferrite present and éurteduce the probability
thatcs-phase will reform upon slow cooling.

e Stress relieving to improve notch toughnessUnlike carbon and alloy
steels, austenitic steels are not notch-sensiieasequently, stress relieving
to improve notch toughness would be of no bendfidtch-impact strength
may actually be decreased if the steel is strdgeveel at a temperature at

which chromium carbide is precipitated@phase is formed.

Although stabilized alloys do not require high-teargiure annealing to avoid
intergranular corrosion, the stress-relieving terapge has an influence on the
general corrosion resistance of these alloys. Dnesion of type 347 is better when
the material is treated at 8I5 to 870°C than wheatéd at 650 to 705°C. The 650 to
705°C stress relief may promote the formation odnaall quantity of chromium

carbides as a result of free carbon not earlidrdj@as niobium carbides.

The selection of the proper stress-relieving treaininvolves consideration of the
specific material used, the fabrication proceduireslved and the design and
operating conditions of the equipment. Stress vilge generally is not advisable
unless the service environment is known or suspetttecause stress corrosion. If
stress relieving seems necessary, appropriate daration should be given to the
metallurgical factors and their effect on the siedhe intended service. The use of
stabilized or extra-low-carbon grades is an adwgmta view of the greater latitude

allowed in stress relieving.
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2.4 Joining Process

The joining of dissimilar materials to make produdiest suited to particular
applications is very common. Using joining processas part of a manufacturing
route can offer considerable technical and econ@di@antages to the designer and
fabricator, provided careful and informed decisians made about the processes to
be applied, materials to be selected, joint coméijans and the process parameters
to be employed. Ceramics in comparison to metalallyshave low densities, strong
and hard but brittle, poor electrical and thermahductors, refractory and expand
little when heated. It is a common performance ireguent that the joints between
both similar and dissimilar materials used to mantifre products are both
permanent and strong. Examples include the joimhgopper piping in central
heating systems, attachment of electronic compgnémtcircuit boards and the

sealing of metal spark-plug electrodes to theiagec insulators.

In general, a very wide range of processes cansee to join both similar and
dissimilar materials, but in practice the numbeatttan be employed for a specific
product application is always limited by economasswell as technical factors such
as the characteristics of the particular matetlzs have to be joined and the service
conditions that must be go through. Processesfohat permanent joints[12] either
produce bonding directly between the component riaddeor make use of foreign
materials introduced between mating surfaces. ¥pe Df joining processes for
permanent bonding includes:
» fusion welding, in which mating surface regionscoimponents are melted
and mixed before solidifying to form a permanemdo
» diffusion bonding, in which solid mating surface® g@ressed together and
heated to cause bonding by interdiffusion of thepgonents
* brazing, in which liquid metal flows into a narrayap between the mating
surfaces and solidifies to form a permanent bond
» glazing or glass sealing, which uses a fluid gtassond mating surfaces in
processes analogous to brazing or fusion welding
» adhesive bonding, in which component gaps aredfilby fluid organic

compounds that polymerize to form rigid bondingeitdyer.
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Effective application of brazing and diffusion bamgl depends on careful selection
of materials and fabrication parameters. One ofntiest important technical factors
that must be considered is the type of materid lias to be joined. When using
brazing or diffusion bonding as the joining procebe materials that can be joined
are metals or ceramics, or both types of matevifllile selecting component and
joining materials for a particular application,esition must be given to the effects of
their individual and separate characteristics oth llbe suitability of any proposed
joining process as well as the ability of the bahgeoduct to withstand the intended
service conditions. Bulk properties such as yidieergth affect the easiness of
diffusion bonding, while surface characteristicéeetf both brazing and diffusion
bonding. The melting temperatures of brazes andrdtbnding materials must be
reviewed in terms of what is achievable with thendiog equipment, the
refractoriness of the component materials and thepgsed maximum service
temperatures. The detailed chemistry of the joininaterials also needs
consideration if unwanted diffusion of foreign sjscinto the components is to be
avoided and for certain types of brazing it is alsgessary to select a flux which can

aid the joining process and provide a protectivgrenment during its operation.

After selecting the materials and the type of joghiprocess to be employed,
decisions must be made about joint designs, whiehuaually the butt, T, lap or
sleeve configurations. Before assembling the predgioint designs it is necessary to
prepare the component mating surfaces if succebsdaing or diffusion bonding is
to be achieved. Specification of this preparatioocpdure often involves decisions
about the mechanical finish or roughness of theangaurfaces. The decisions must
be made based on how to ensure the surfaces ar&drma chemical blemishes that
can impede joining, which can range from paint ustdayers to oil stains, finger

prints and other almost invisible mobile organiatzmninants.
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Figure 2: Cross-sections of configurations ofteedusvhen brazing or diffusion
bonding: (a) butt, (b) T, (c) lap and (d) sleevieig The bonded areas are shaded.

Brazing is a high-temperature process and in madtie temperatures used range
from a minimum of 450°C to a maximum of about 13D0& limit governed by the
melting temperatures of the most refractory commktrazes. Although there are
no limits in principle to the temperatures that dsn used for diffusion bonding,

those in use in practice so far also normally lighiw the range of 450 to 1300°C.

Some brazing and diffusion bonding processes catohducted in air in the open
workplace but others need fabrication chambersdaatbe evacuated or filled with
inert gaseous atmospheres and some brazing teesnigquire the component
mating surfaces to be covered with an inorganik that plays an active role in the
joining process. Brazing is a relatively fast psxevith joint filling being achieved
within a few minutes, but the heating and coolitages can be slow. Similarly, the
selection of diffusion bonding process and the maeint employed must take
account of the fact that the cycle times can bersitang because joint formation

depends on the operation of slow solid-state diffuprocesses.

2.4.1 Diffusion Bonding

Diffusion bonding is a solid state process for fdfgrication of metal-metal, ceramic-
ceramic and ceramic-metal joints that is conceptuaimple. In principle, the

process requires no localized melting of componeamtsntroduction of foreign

bonding materials but simply that the mating swfaare brought into intimate,
atomic scale contact so that an interface can e by interdiffusion to create a

structural continuum. Such interfaces, whether betwmetals, between ceramics or
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between a metal and a ceramic, can have good meahamegrity even at high

temperatures.

The simplest form of diffusion bonding[12] involvake application of a low

pressure at a high temperature, usually at led@& Ty, where | is the melting

temperature in degrees Kelvin, to achieve bondinghetal components that have
smooth and well-matched mating surfaces. There nhetno macroscopic
deformation of the components but contacting aspsrion the mating surfaces
grows to create initially separate microscopic sre& contact. These are then
transformed into interfaces by interdiffusion whiockmoves barriers to structural

continuum such as oxide films and enlarges the &ordea.

This effect a sintering process that closes thellswoéds, no more than a few
microns across, that are residues of the vallegs @rs originally present on the

mating surfaces.

If the mating surfaces are not flat but wavy, theam also be regions where the
mating surfaces curve away from each other, as shiowFigure 3, and these
substantial voids can be slow to close. While viglgalized, this simple picture
reflects some of the mechanism that has led taléwvelopment of differing diffusion
bonding techniques. In the figure, the heavy maykad the mating surfaces is
reduced as contact area grows as the dissolutiarkiodk and other films on the
mating surfaces or the desorbtion of separated iigsiand solutes that is an often

necessary condition for successful diffusion bogdin
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Figure 3: Schematic illustration of diffusion bongdiinduced growth of the contact
area between to microscopically rough and wavy mgagurfaces: (a) initial contact,

(b), (c) and (d) progressive growth due to plafitiev and diffusion

The process is best suited for the bonding of corapts made from the same ductile
metal whose surfaces are oxide free. However,rdikgsi metal combinations can be
bonded provided they satisfy a number of additiocahditions. The bonding
temperature must not be as high as to cause meltiting less refractory component,
but it is desirable that it should be high enouglpérmit beneficial diffusion within
the refractory component to promote sealing of ascopic isolated porosity at the
bond line and dissolution of soluble surface oxittas. Once metal-metal contact
has been achieved, beneficial interdiffusion witor if the two metals are mutually
soluble and the bonding temperature is high enoumlt, for some systems
interdiffusion should be restricted because it wdkult in the growth of easily

broken layers of intermetallic compounds.
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Uniaxial pressing has been used widely to produte jbints by diffusion bonding

metal components that already machined to theal fehape and dimensions and
prepared with smooth and flat mating surfaces. &hare a few examples of
diffusion bonding being performed in an open wodgsbut the normal practice is to
use a chamber that is evacuated and then somdimekdilled with inert gas before

the components are raised to the proposed bondimgpdrature using heating
elements or induction coils. The pressures useldritay the mating surfaces into
contact are low to avoid macroscopic deformatioth @an be generated by applying
a dead load, by using jigs made of low expansioteriads that put the components
under pressure when they are heated or by usintatijchlly operated rams that

pass through the chamber walls.

Such processing has permitted successful diffusarding[12] of a wide range of
similar and dissimilar metals including Cu, Fe, Nii, Ta, Ti, W and some of their
alloys. When wishing to bond Al, Be and other meetilat form chemically stable
oxides, it can be advantageous to coat their maturfaces with Ag which will

dissolve in the substrate during the diffusion bogdcycle. Coatings can also be
useful when bonding some dissimilar metal combamegtito avoid harmful effects of
oxide films and the formation of easily broken mtetallic. Cu and Ni have been
bonded successfully to steel and Mo, Nb, W evemawuit the use of coatings by

careful choice of the fabrication temperature.

Bonding of ceramics by uniaxial pressing has beehiezed. The plasticity of
ceramics is generally so poor that deformation gpesities to obtain an initial
contact and conformity of the mating surfaces iddema possible and the
refractoriness of ceramics means that the fabdoatemperatures often can be
unacceptably high for the equipment that is avélablowever, some success has
been achieved by using very smooth and very flatngaurfaces. Other examples
of successful ceramic-ceramic joining has beeneaeli by using component
materials with glassy binder phases that flow tonf@ glazed joint at the bonding
temperature and by the introduction between thepoorents of a ceramic powder

that is so fine that it creates a bond by sintetinteir surfaces.
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When ceramics have to be bonded to metals, itcisnamon practice to introduce a
metal interlayer between the components, produaif@nt structure similar to that
created by brazing. Interlayers have also been imskdboratory studies of ceramic-
ceramic bonding. For both requirements, the inyerlashould be ductile so that it
can deform readily to achieve intimate contact vitith mating surfaces at pressures
and temperatures that do not cause any macrosdefacmation of the components.
The interlayer should act as a stress relievindebddiyer if the thermal expansion of
the metal and ceramic components differs signifigaand it should stick on
strongly to both the metal and ceramic componevitmy metals and alloys should
be able to satisfy these requirements but those ingaractice are usually Al, Au, Ni

and Ni-Cr alloys.

Adherence to the metal component can be relatigaby to achieve provided care
has been taken to clean the mating surfaces ofthetbomponent and the interlayer,
but adherence to the ceramic often depends onotineafion of a reaction product
layer that acts as a bridging compound and thistigga can proceed too far to
produce thick and easily broken reaction layer. fBthnique has been applied so far
mainly for the joining of AlO; and SiQbut its utility has also been demonstrated in
laboratories for the joining of SiNand other engineering ceramics. Optimization of
the product designs and process parameters haeedllfabrication of very high-
quality joints. The requirement of the uniaxial gsi;g method of diffusion bonding
for a very high-quality finish towards the matingrfaces are significant technical
and economic disadvantages that have led to thelamwent of some others

techniques.

2.4.2 Brazing

Brazing is a joining process in which liquid metlalws into a narrow gap between
the mating surfaces and solidifies to form a pemnarbond. Brazing is a widely

used industrial process for fabricating productsmeet service demands ranging
from those of simple domestic utensils to complexctures for the aerospace and
nuclear industries. No matter what the applicatibie, requirements for successful
fabrication of brazed joints are the same: thedragtal or alloy must melt and flow

over the surfaces of the components to be joirmh f fillet or more usually fill a
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narrow gap between the components, and then fquarraanent bond by remaining

adherent while solidifying.

The formation of brazed joints depends on the floiwa liquid experiencing an
attraction exerted by the component surfaces amefibre anything that affects this
attraction is of crucial importance to the sucagsthe brazing process. The surfaces
of clean metal components should be readily welttediquid brazes in principle
because similar material interfaces have low emsergHowever, difficulties can
arise[12] in practice due to surface pollution d@hd presence of chemically stable
and physically stubborn oxide films. Thus cleanipgbcedures are of critical
importance when defining a brazing procedure. Jdegign is of almost equal
importance because the extent and rate of permtrafia gap by a wetting liquid
depends on its width. The preferred gap for pratticazing of metal components is

usually about 0.1 mm.

\ ~af— Width —jm= /

i 7 Components

Figure 4: Basic configuration of brazing

Braze alloys and procedures have been developptbioote the wetting of a very
wide range of metallic components. Ideal flow a@fuid into the capillary gaps of
components will be impeded only by viscous and igmiienal drag and joints of a
few millimeters in length should be filled in a ¢teon of a second. In practice, filling
of joints can take a few minutes when the liquichzar experiences additional
impedance due to unwetted oxide films present anpoment surfaces. However,

joint formation times are usually a small part lo¢ total cycle time which includes
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heating and cooling stages and may also accommaéds of typically 10 to 30
minutes to achieve a uniform component temperaitlren heating or to encourage

interdiffusion between the braze and the compomeierial when cooling.

If the liquid braze does not wet, the gap will betfilled and no joint will be formed.

It is technically important that few brazes wetamics and they also spread very
slowly over the surfaces. This slowness not onfga$ the brazing cycle time but
also the placing of the braze. While brazes foraledbmponents can be placed at
gap entrances and will flow to fill them, those f@ramics are normally placed
within the gaps. The widths of gaps are determmetdonly by capillary factors but

by the thickness of available braze sheet or tlaskrof the layer of braze powder

that has been applied to the surface.

A brazed joint has a different composition compatedhe components and this
affects not only chemical characteristics such agosion resistance but also
technically important physical properties. The gaftle lower yield strengths and
elastic modulus of braze materials can give thetgowith a desirable ductility, but
also a undesirable weakness. Also, the low meteéntperatures of brazes relative to
the components means that brazed joints normal l@alower maximum service
temperature than those produced by fusion weldirgjrect diffusion bonding of the
components. Brazing can be used to join ceramigvels as metal components
although the two types of materials require quiffeknt brazing practices. The fact
that ceramics are wetted by very few braze metaddlays makes it necessary either
to coat their surfaces with a metal before attemgptirazing or to use an ‘active
metal braze’ alloy that could react chemically witle ceramic to produce a wettable

reaction product layer on its surface.

2.4.3 Brazing Techniques

The main techniques used to braze metal compomevidse the use of localized
heating applied by gas torches, induction heatersf generalized heating produced
by dipping components in salt, flux or metal filldzhths, or placing them in

controlled atmosphere or vacuum furnaces.
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Torch Brazing

Torch brazing by hand is the simplest and also iplysshe most used brazing
technique for joining metal components and thipasticularly true for one-off and

short run production applications. The performimilar to that of fusion welding

with the torch flames being directed close to boit &t the joint regions. The torch
nozzles are usually larger when brazing so that,etkothermic inner flame is not
restricted in volume. Gas pressures are generalyerd than when fusion welding
and sometimes only the outer cool flame is allow@dntrude on the component
surface. A variety of gas mixtures are used randgnogn oxy-acetylene which

produces very hot flames with an inner temperatfirabout 3500°C to natural gas-

air mixtures with a maximum flame temperature aw#hl850 °C.

The usual practice when manually using a torclo isupply liquid braze by melting
the tip of the braze ‘filler’ rod that touches tbemponent surface near the entrance
to the joint. For flow of the liquid to form a jdinit is necessary that the component
surface is clean and free of oxide films that stilawn wetting. This can be achieved
by adjusting the gas mixture to produce a sligmédgucing flame when joining
components. In practice it is necessary to useng fienerally a mixture of alkali
borates and halides that is applied to the comgosieriace as a powder or paste.
During the brazing process, the flux melts at adiotemperature than the braze alloy
and then spreads over the component surface andyaqts between components to

dissolve the oxide film before itself being disgddy the advancing liquid braze.

Induction and resistance brazing

High-frequency induction brazing is a clean andddpchnique that lends itself to
automated and semi-automated joining. As with amynf of induction heating,
power is transferred by a high-frequency electraynegic field from a water-cooled
induction coil to the component as a rapidly akimg eddy current. The power
source can be used to effect fluxed or fluxlessipg using preplaced braze and flux
materials and can be conducted in the open workehapa controlled environment

using a non-metallic chamber such as a glass tithesealed ends.
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In some cases, the resistance brazing technigeeeis simpler since it is merely a
current to flow between electrodes through thetjoagion. A pressure is needed to
achieve good electrical contact between the elées@nd the components, and once
again the braze and flux must be placed in the jeigion prior to joining. The joint
region normally has an initially high electricalsigance so that the resistance
heating is localized and often strong. Thus impartant to adjusting the current and
design the electrodes to avoid overheating of trezeb alloy or the component
materials.

Furnace Brazing

Brazing can be performed in batch furnace chamtheatsare evacuated or filled with

a controlled atmosphere of generally, an inert gash as Ar. Continuous furnaces
are particularly suitable for the production of dmgms such as automobile

components. They use a conveyor wire mesh to mongaonents into and out of a
heated brazing zone and usually also into and babmtrolled atmosphere regions.
Batch furnaces find their main applications in greduction of short runs, high

added value and large components. The assembliss boazed are loaded into the
furnace via a front opening door and the chambethén resealed. The closed
chamber is then evacuated or evacuated and bk With a controlled atmosphere

and the components are subjected to a temperacie ¢

When furnace brazing it is necessary to place taeeballoy in position before the
assembly is in the furnace. The use of fluxing tonpote braze flow is rear when
using a batch furnace but is when using the coatisdurnaces. Fluxless brazing in
controlled atmospheres or vacuum has a particaaargage. There is no need to
clean the product after brazing. Furthermore, Ibigazin vacuum or reducing

atmosphere enhances the appeal of the productsoldugng bright clean surface.

However, only certain grades of brazing alloy carubed in vacuum furnaces.

Ceramic Brazing

The brazing of ceramics is difficult{12] becauseytrare usually unwetted by the
commercial alloys successfully. Thus ceramic sw$amust be coated with pure
metals or alloys by vapor deposition but the mostvetbped technique is

metallization by the ‘moly-manganese’ process whias originally developed for
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Al,0O3 ceramics. A mixture of Mo, Mn and a glass powdeapplied to the ceramic
surface and heated to about 1400°C in relatively Hir. This causes the glass to
become fluid and to wet and bond to both the Mo gewand the ceramic surface,
with the bonding to the ceramic being promoted dgyasation of MnO to the ceramic
surface. This coating is sufficiently metallic t@ lelectroplated with Ni and the

metallized ceramic is then furnace brazed.

Batch furnaces are very suitable for brazing cetacomponents. If the ceramic
surfaces have been metallized, they can be treetedetallic components. Ceramic
component surfaces can also be painted with Wkich dissociates at 300-500°C to
deposit Ti during the subsequent vacuum brazindecy®raze flow controlled by

growth of a solid reaction product is very slow drahce active metal braze alloys
are generally placed between ceramic componeritsrritan being expected to flow

into capillary gaps as when joining metal compogsent

2.5 Residual Stress

Residual stress is the stress that present in jaotalhen no external forces act upon
it. It is free basically free from restraint and irs motionless equilibrium. These
stresses are caused by internal residual strairewtie strain fields in turn are
caused by stored elastic energy in the materiaé Wteory of elasticity for an

isotropic elastic material can be calculated frow rtesidual stress field at that point

by using the generalized form of Hooke’s law[13].

Residual stress occurs when a body is subjectedrdoesses such as thermal
expansion or contraction, diffusion, phase changefling, forging, drawing,
welding, joining etc. The stress can have a goatled influence on the life of the
component. Residual stress can be beneficialatts opposite to the applied stress.
The most commonly known example of a residuallgssted material is pre-stressed
concrete, where the tension in the steel reinfgreads or pre-stressed cable places

the concrete in compression.
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Residual stresses have always been a concerndoreens. Manufactured item such
as rotors, plates, pressure vessels and autompéus are plagued by residual
stresses that occur during manufacturing or tramapon. Just the same as the
applied stresses, the residual stresses will adectthi to the stress state of the
component. While compressive residual stressesteong applied tensile stresses
can increase the load bearing capacity of a commppmesidual tensile stresses
severely decrease this capacity. There is no wagnofving the state of that stress
field unless the stress field is measured. In fhetresidual stress could be as high as

the yield strength of the material.

There are several methods [14] used to determmeeidual stress in components.
Residual stress in materials can be non-destrligtiveeasured by a variety of
method including X-ray diffraction and neutron diition which determine stress by
assuming linear elasticity. Other methods, whiclseldaon non-linear properties
include ultrasonic, Barkhausen noise and electromtay However, X-ray
diffraction remains the most popular method for -“destructively measuring
residual stress in metals. For greater measurepargtration, neutron diffraction

method is used but this is technique is not poetabd it is comparatively expensive.

2.6 Residual Stress Evaluation

According to Giles Humpston [15], the stress in ithgion of the joint between two
isotropic materials designated 1 and 2 with diffgrihermal expansion that develops
on cooling from the bonding(solidus) temperatur@ ¢ approximated by the
following equation:

E,(E
Stress = (ﬁj(xl_ X, )T, - T,)

where

E is modulus of elasticity of 1 and 2

X is coefficient of thermal expansion of 1 and 2
Ty is the bonding (solidus temperature)

Ts is the temperature of the assembly

It is assumed that the materials are only deformigain their elastic limits and the
joint is infinitely thin.
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CHAPTER 3
METHODOLOGY/PROJECT WORK

3.1 Methodology

This research project is divided into two sectiaiih the scope of study focuses on
the residual stress in a joining of ceramic to métethis work, the joining sialon to
austenitic stainless steel will be studied. Theatfisection included the process
identification based on literature review and thaleation of residual stress using
analytical model. The second section is the FiRiament Analysis using ANSYS.

The results from both sections will be compared jastified.

Process Identification

Process Parameters

Analytical Stress Evaluation

Finite Element Analysis (ANSYYS)

Comparison and Justification

Figure 5: Project work flowchart
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3.2 Process ldentification and Joining ProcessrRgters

It was assumed that the joining process is to bheedwy diffusion bonding. The
sialon used has the following properties: a densit$.30 gcrit, an elastic modulus
of 300GPa, a poison ratio of 0.22, fracture st#825MPa and a thermal expansion
coefficient of 3.1 X 10 K™. The austenitic stainless, AISI 316L which has the
following properties: a density of 7.96 g éman elastic modulus of 200GPa, a
poison ratio of 0.25, yield stress of 286 MPa artdeamal expansion coefficient of
16.0 X 10° K* was used in the process. Both materials have dimes of 10mm
width, 10mm length and 10mm height. It was assuthatithe surfaces of both bars
were already machined to have flat smooth matimtase and free from pollutants.
The joining process [16] was carried out in a met@mber high vacuum furnace of
about 1 X 10 Pa. The uniaxial pressing [2] with pressure ofMBa was applied to
the assembly during the heating cycle. At the ookéte cooling cycle, the pressure
was removed. Joints were held for 120 minutes@atnthximum joining temperature

of at 1250°C. The heating and cooling rates wef€2r minute.

Table 5: Material properties and joining parameters

Properties AlISI 316L SIALON
Density(gcnt) 7.96 3.30
Young's Modulus(GPa) 200 300
Poison ratio 0.22 0.25
Thermal Expansion Coefficients{i 16.0 X 10° 3.1X10°
Uniaxial pressure(MPa) 4.5
Dimension(mm)

Height 10 10
Width 10 10
Length 10 10
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Pressure Vacuum

@ condition

AIS| 316L

Sialon

Figure 6: Joining setup

3.3 Finite Element Analysis(ANSYS)

This analysis was carried out using ANSYS 10 adogrdo the material properties
and process parameter defined earlier. Thermalysisalwas carried out first
followed by structural analysis. The results frowttbanalysis were then coupled
together to obtain the final solution. The elemsei#e used for this analysis is
0.0001lm. The maximum and minimum temperature waS0%2 and 25°C
respectively. The uniform pressure was 4.5MPa.bim were held for 120 minutes
at the maximum temperature and it took 125 minébesheating and cooling. The
total time used for the whole process was 245 mauthe following general steps
[17] were used:

1. Pre-processing
2. Solution phase

3. Post processing

At the pre-processing stage, the geometry of thdaimdhe element type and the
material properties are defined. The mesh sizdsis defined and the meshing is
done in this stage. The type of analysis is defoh@thg the solution stage. The load,
boundary condition and constraint are applied dytime solution stage and the
system is solved. Finally, the results are plotvimwing and analysis at the post

processing stage. Refer to appendix for more detils.
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CHAPTER 4
RESULTS AND DISCUSSIONS

4.1 Residual stress calculations

The stress at the joining interface was calculatedg these parameters:

Teonding= 1250°C = 1523°K
Tassembiy= 25°C = 298°K
Esialon= 300GPa

E 316.= 200GPa

o36.= 16.0 X 10°K ™

O sialon=3.1 X 10° K™*

Residual stress at joining interface

:( E316L |:IESiann

E + E ](a?,lESL - aSialon)(Tbonding _Tassembl)
316L

Sialon

_( 200CB00
200 + 300

=18963MPa

j(16 - 31)10°)1513 - 298)

It is assumed that the materials are only deformigain their elastic limits and the
joint is infinitely thin.

36



4.2  Finite Element Analysis (ANSYYS)
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Figure 7: Residual stress contour plot at joinimgfiface (room temperature)
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Figure 8: Residual stress contour plot at joinimgiiface (zoomed view)
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Figure 9: Stress contour plot at maximum tempeeat®23°K
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Figure 10: Principle stress contour plot — Maximoonmal stress
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Figure 11: Principle stress contour plot — Minimaormal stress
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Figure 12: Shear stress contour plot
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Figure 13: Residual stress intensity at room temipes
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Figure 14: Stress intensity contour plot at maxintemperature
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Figure 15: Shape deformation contour plot

4.3 Discussions

Residual stresses are stress fields that existeirabsence of any external load. All
mechanical processes can cause deformation thatleadyto residual stress. The
state of a residual stress depends on both thegnecesses it has undergone and the
material properties that relate the current medshnprocess or environment to

deformation.

In diffusion bonding between ceramic and metalidiesl stress at the ceramic-metal
interface usually occurs during the cooling proceresn the solidus temperature
(joining temperature) of the metal to the loweshperature of the assembly. The
residual stress is maximum at the lowest tempegabiirthe assembly. This stress

might cause the joint to fail during cool down.
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Compressive residual stress is found to be benétiwia body while tensile residual
stress degrades the strength of a part. High casipee residual stress near the
surface greatly increases the resistance to fatigaek initiation. However, when a
surface flaw is already present and if the sizéhefflaw is larger than the depth of
the zone of the compressive stress, the crackitippgrunder a tensile stress. Hence

the fracture strength is greatly lowered and migatls to failure.

From the finite element analysis, the residualsstref the assembly range from
positive 1780MPa to negative 3100MPa. Positive eahdlicates tensile stress while
negative value is compressive stress. The stressentration is high at the area of
the joining interface. The maximum value of compies stress, which is negative
3100MPa presents at the ceramic while the maximensile stress, positive

1780MPa is in the stainless steel.

It can be seen at the area nearby the joiningfaderthat stainless steel experiences
tensile stress while ceramic experiences compresgress. Ceramic by nature has
high strength and is brittle. It is possible foramaic to withstand the compressive
stress induced by the cooling process. On the dthed, steel by nature has lower
strength than metal and is ductile. It can undeegtensive plastic deformation
before failure compared to ceramic which usualiisfaith about 0.2% of strain.

Hence, it is possible for the steel to withstarelténsile stress without failure.

However, at the joining interface between steel @grdmic, there is tensile stress on
the ceramic which range from 154MPa to 1240MPan¥lierature, the fracture

stress of ceramic sialon is 825MPa. Hence thisesaosack to the ceramic interface
region where the tensile stress is more than 825MBamention before, ceramic

cannot withstand tensile stress but compressiesstiThere is no crack at the steel
interface as the maximum tensile stress at thé istbelow the tensile strength of the
AISI 316L, which is 1450MPa. Tensile strength is thaximum stress that can be

sustained by a structure in tension.

42



The residual stress at the joining interface edgohdrom analytical method is
1893MPa. This value is within the range of the ke$tom the finite element

analysis. However, this model does not indicatetyipe of stress that is present. It
only shows the magnitude of the residual strese. firiite element analysis shows

the distribution of stress and the deformatiorheflbody for better understanding.

From the intensity contour plot, it is clearly shdkat the stress intensity is the
highest at a few points at the ceramic interfacepared to the steel interface. Those
are the points where the crack occurs due to tisenatch of thermal expansion and

the inability of ceramic to withstand the high centration of tensile stress.

Furthermore, this result also agrees with the presiwork done by P.Hussain[1]
who compared the joining of sialon to austenitairdess steel and ferritic stainless
steel and found that joining of ferritic stainledsel to sialon was successful due to
the natural present of a ductile interlayer betw#en joint which can absorb the
residual stress. This ductile layer was not preaettie joining of sialon to austenitic

stainless steel and this caused the joint to fdil wrack at the ceramic interface.

The temperatures employed at diffusion bondingahnays below those needed to
melt the component .The melting points of AISI 3l§labout 1370 - 1400°C. From
that range, the maximum joining temperature of 2256mployed is relevant. The
component temperature of 25°C is also relevant usscanaximum stress usually

occurs at room temperature.

In practice, it is common to introduce a ductile taheinterlayer between the
components when joining ceramic to ceramic or céeralm metal. The ductile
interlayer can deform to achieve intimate contadthwoth mating surfaces at
pressures and temperatures that do not cause arrpsoapic deformation of the
components. The interlayer also functions to reliamd absorb the mismatch stress.
Those common use ductile metals and alloys intertayare Al, Au, Ni and Ni-Cr
alloys. However in this work, no interlayer wasraduce to absorb the residual

stress.

43



CHAPTER 5
CONCLUSION AND RECOMMENDATION

The residual stresses arising from the thermal rsipa mismatch during direct
diffusion bonding of sialon and austenitic staielesteel has been successfully
simulated using Finite Element Analysis (ANSYS)cdin be seen at the area nearby
the joining interface that stainless steel expesentensile stress while ceramic
experiences compressive stress. The stress inténgtie highest at a few points at
the ceramic interface compared to the steel interfihose are the points where the

crack occurs.

The analysis shows that the tensile stress preskemisg the cooling down of the

assembly has cause high concentration of tensdessat the ceramic interface. This
causes crack to the ceramic interface as ceranmootawithstand tensile stress
which is more than its fracture stress, 825MPard&iseno crack at the steel interface
as the maximum tensile stress at the steel is biélewensile strength of the AISI

316L.

It is highly recommended that future work will bectising on direct diffusion
bonding of sialon and austenitic stainless ste@gusluctile interlayer. Also the
effects of the thickness of the interlayer and miale should be analyzed using finite

element analysis to obtain the stress distributicdhe future.
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Appendix A
Finite Element Analysis (ANSYS)

Steps for residual stress analysis

Preprocessing

Thermal Environment - Create Geometry and Define Thermal Properties

1. Give a title -Utility Menu > File > Change Title > example Thaal Stress

2. Open preprocessor mentANSYS Main Menu > Preprocessor

3. Define KeypointsPreprocessor > Modeling > Create > Area > Rectang|
>By two corners. we use (0,0) W=0.01, H=0.01 &n@)(,W=0.01, H=-0.01

4. Glue- Preprocessor > Modeling > Operate > Booleans >XArea. Pick
the two areas.

5. Define the Type of ElementPreprocessor > Element Type >
Add/Edit/Delete For this problem we will use theefimal Mass>Solid>
Quad 4node 55

6. Define Element Material Properties-Preprocessor > Material Props >
Material Models > Thermal > Conductivity > Isotropi
In the window that appears, enter the followingemal properties for steel:
KXX: 15
Add a new model and enter the material propeftieSialon.

7. Define Mesh SizePreprocessor > Meshing > Size Cntrls > ManualSize
Global > Size
Use an element edge length of 0.0001 meters
Preprocessor > Meshing > Mesh Attributes > Pickezhs > Pick
Upper area is steel —Material 2, Lower area ito8iaMaterial 1

8. Mesh the frame-Preprocessor > Meshing > Mesh > Areas > FreeecBal
all the areas.

9. Write Environment
The thermal environment (the geometry and thepr@perties) is now fully
described and can be written to memory to be asedater time.

Preprocessor > Physics > Environment > Write
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In the window that appears, enter the TITLE Thdramal click OK.

10. Clear Environment -Preprocessor > Physics > Environment > Clear > OK
Doing this clears all the information prescribedthe geometry, such as the
element type, material properties, etc. It dogsclear the geometry however,
so it can be used in the next stage, which is)defithe structural

environment.

Structural Environment - Define Physical Properties

11. Switch Element Type-Preprocessor > Element Type > Switch Element
Type
Choose Thermal to Struc from the scoll down list.
A warning saying you should modify the new elemenhecessary will pop
up. In this case, only the material propertiedrteebe modified as the
geometry is staying the same.

12.Define Element Material Properties
Preprocessor > Material Props > Material Modeldra@ural > Linear >
Elastic > Isotropic
In the window that appears, enter the followingrgetiic properties for
Sialon and AISI316L:
Sialon
Young's Modulus EX: 300e9
Poisson's Ratio PRXY: 0.22
Preprocessor > Material Props > Material Mode&ireictural > Thermal
Expansion Coefficient> Isotropic
ALPX: 3.1e-6

Steel

Young's Modulus EX: 200e9

Poisson's Ratio PRXY: 0.25

Preprocessor > Material Props > Material Mode&reictural > Thermal
Expansion Coefficient> Isotropic

ALPX: 16e-6
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13. Write Environment
The structural environment is now fully described.
Preprocessor > Physics > Environment > Write

In the window that appears, enter the TITLE Struct

Solution Phase: Assigning Loads and Solving

1. Define Analysis Type- Solution > Analysis Type > New Analysis > Static
2. Read in the Thermal Environment
Solution > Physics > Environment > Read
Choose thermal and click OK.
If the Physics option is not available under Soluticlick Unabridged Menu
at the bottom of the Solution menu. This should enakisible.
3. Apply Constraints -Solution > Define Loads > Apply > Thermal >
Temperature > On All Lines
Set the temperature of all the lines to 298 Kelvin.
4. Solve the SystemSolution > Solve > Current LS
5. Close the Solution Menu-Main Menu > Finish
The thermal solution has now been obtained..Tlicgnmation is saved in a
file labelled Jobname.rth, were .rth is the therreallts file. Since the
jobname wasn't changed at the beginning of theysisakhis data can be
found as file.rth. We will use these results iredetine the structural effects.
6. Read in the Structural Environment -Solution > Physics > Environment >
Read
Choose struct and click OK.
7. Apply Constraints -Solution > Define Loads > Apply > Structural >
Displacement > On lines
Select the lowest line and set constrain to OY.
8. Apply Constraints -Solution > Define Loads > Apply > Structural >
Thermal > On lines
Select the joining interface line and set the terajure to 1523K
9. Include Thermal Effects -Solution > Define Loads > Apply > Structural >

Temperature > From Thermal Analysis
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Enter the file name File.rth. This couples theultssfrom the solution of the
thermal environment to the information prescribethe structural
environment and uses it during the analysis

10. Define Reference TemperaturePreprocessor > Loads > Define Loads >
Settings > Reference Temp
Set the reference temperature to 1523 Kelvin

11.Solve the SystemSolution > Solve > Current LS

Post processing: Viewing the Results

1. General postproc Plot Results > Contour Plot > Nodal Solution

Select the desired results to view

2. General postproc List Results > Contour Plot > Nodal Solution

Select the desired results to list in command form
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Appendix B: Gantt Chart 1

10| Task Name [ st | Fhkb M6 723 (180 | 86 B3 |Be0 | &@7 | 98 [0 | w7 |92 (104|108 [0S (1022 (1029 | 1S
1 | Selection of Project Topic Jul 23 Aug 5
2 | Preliminary Research Work Jul 30 Aug 17
3 | Submission of Preliminary Report Aug13 | Aug17
t | Project work Jul 30 Oct 1
3 | Submission of Progress Report Sep 17 Sep 21
f | Seminar Sep 24  Oct19
T | Submission of Interim Report Oct 22 Oct 26
& | Oral Presentation Oct 29 Hov 2
Tazh Milestone & Extemal Tasks

Project: F%P | By, Tan Min Chuan
Split

Date: 11 August 2007 Progress NN Project Summany Pm—  Deadline

e et pu——F Ecomal hlestone

*
&
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Appendix B: Gantt Chart 2

0 [ Task Name e 1231 55
1 Project Wor k-Analytical Stress Evalustion Jan 21
2 | Praject Work-Finite Element Analysis [ANSYS10) Feb 25
3 | Submission of Progress Report 1 Feb 11
| Submission of Progress Report 2 bar 17
5 | Seminar War 17
& | Poster Exhibition hdar 31
T | Submission of Draft Report Apr 21
8 | Submission of Final Report Apr 28
2 | Oral Presentation Apr 28
0 | submission of Hard Cover Final Report May &
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Project: FYP 2 By Tan Min Chuan Pragress
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