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5LIST OF ABREVIATIONS 


Abbreviation      Description 


6061 Al       Precipitation Hardening Aluminum Alloy      
 Al2O3      Aluminum Oxide       


BSE      Back-Scattered Electrons 


CTE      Coefficient of Thermal Expansion 
 DRX      Dynamically Recrystallized Zone 
 DSC      Differential Scanning Calorimetry 
 DZ       Deformed Zone 


EDX      Energy-Dispersive X-ray Spectroscopy 
 EMPA       Electron Microprobe Analysis 


FESEM       Field Emission Scanning Electron Microscope 
 FPDZ      Full Plastic Deformed Zone 


FSW      Friction Stir Welding 
 FW      Friction Welding 
 HAZ      Heat Affected Zone 
 LFW      Linear Friction Welding 
 MMC      Metal Matrix Composite 


NaOH      Sodium Hydroxide       
 OM      Optical Microscope 


pH      Concentration of hydrogen’s ions 
 PM       Powder Metallurgy 


POP       Plaster Of Paris 
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 PVA      Poly Vinyl Alcohol 
 RPM      Revolutions Per Minute 
 SE      Secondary Electrons 
 T      Tetragonal Phase 


TMAZ       Thermomechanically Affected Zone 
 TPS      Thermal Constants Analyzer 


UZ       Unaffected Zone 
 Wt.       Weight  


XRD      X-ray Diffraction  


XRF       X-ray Fluorescence       
 YSZ       Yttria Stabilized Zirconia 


Zpd      Partly Deformed Region 


Zpl      Fully Plasticized Region      
 ZrO2       Zirconium Oxide  


Zud      Undeformed Region 
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 Symbol      Description 


∆l       Change in length 


∆L      Change in length of the test piece (mm)      


∆T(t)      Time- dependent temperature increase of the TPS element 
 µ      Friction coefficient 


a1       Radius of the sensor      
 A11       Cross section area (mm2) 


a2       Thermal diffusivity, mm2s-1        


a3       Distance between the supporting and the loading pins   
 A      Area of the sample 


A1       Surface area of the small piston 
 A2      Surface area of the second piston 
 Ac      Contact area 


B       Burn-off length 


d      Arithmetic mean of two diagonal lengths (mm)    
 D       Section diameter of round specimen 


D(τ)      Theoretical expression of the time dependent temperature      
 dt’       Subdivision time into series of infinitesimal elements 


F      Force applied 
 Ff       Friction force 
 Fg      Forge pressure 


FM       Maximum bending force 
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 Hv      Vickers hardness 


k      Thermal conductivity  (W / (m· °K))      
 L      Load 


L0      Original test piece length 
 M      Interfacial torque 


P       Friction pressure (N. mm-2) 


P(r)       Pressure distribution across the interface 
 Pa      Apparent porosity 


Po      Total output power 
 PT      Applied load (Newton) 


q      Heat flows through a material  (W)        
 q      Heat flux 


Q       Thermal energy generation 
 qo       Net heat power (Watt) 


QS      Heat generated from the shoulder/plate interface 
 r       Radius of samples 


R°      Surface radius 


R1       Radius of the small piston 
 R2       Radius of the second piston 
 RO      Resistance of TPS element 
 t       Time, second         


t’h       Duration of heating period, second 
T1       Reference temperature (°K)   
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 T2      Test temperature (°K)   


 Th       Temperature at the end of the heating period, ºC      
 TM.P.absolute       Melting point absolute temperature 


To      Ambient temperature, ºC 
 Tsp       Apparent specific gravity 


umax       Maximum surface velocity at the outer edge (m s-1) 
 V       Exterior volume (cm3) 


V       Linear velocity 


VIP      Impervious portions (cm3) 
 VOP       Volumes of open pores (cm3) 


Wd      Dry weight of sintered sample (gram) 


Wm       Saturated weight of ceramic sample       
 Ws      Suspended weight in the water (gram) 


X      Distance between two layer  


x       Distance to the contact surface, mm       


α       Temperature coefficient of resistance (TCR) for the TPS 
        element  


      


α       Mean linear thermal expansion coefficient  (K-1)        
 αA      Mean linear thermal expansion coefficient correction for the 
        apparatus over the temperature range 


ρ      Bulk density  (g/cm3)       
 σint       Normal interface stress 



σ
M       Maximum bending strength 


(30)xxx


7LIST OF PUBLICATIONS 


1.  Uday M.  Basheer, Ahmad Fauzi,  M.  N., Hasmaliza M., Ahmad Badri  I.,  Effect 
 of Rotational Speeds on the Friction Welding of Alumina- Aluminum 6061 alloy 
 joints, In  proceedings  of Malaysian  Metallurgical  Conference  (MMC  2008). 


2008: P. 22-25, UKM, Bangi, Malaysia. 


2.  Uday,  M.  B.,  Ahmad  Fauzi,  M.  N.,  Zuhailawati  H.,  Ismail  A.  B.  Mechanical 
 properties  of  Alumina-YSZ  composite  and  6061  Al  Alloy  joints  fabricated  by 
 friction welding method, In proceedings of  Malaysian Metallurgical Conference 
 '09 (MMC2009). 2009: P.1-5, Kuala Perlis, Perlis. 


3.  Uday M. B., Ahmad Fauzi, M. N., Zuhailawati H., Ismail A. B. Microstructural 
 Observation  of  Friction  Welded  Alumina-Yttria  Stabilized  Zirconia  (YSZ) 
 Composite  with  6061  Al  Alloy, RAMM  &  ASMP  Conference  2009:P.  42-45, 
 Penang, Malaysia. 


4.  Ahmad Fauzi, M. N., Uday, M. B., Zuhailawati, H., Ismail, A. B., Microstructure 
 and  mechanical  properties  of  alumina-6061  aluminum  alloy  joined  by  friction 
 welding, Materials & Design, 2010, 31(2): p. 670-676. 


5.      Uday,  M.  B.,  Ahmad  Fauzi,  M.  N.,  Zuhailawati,  H.,  Ismail,  AB,  Advances  in 
 friction  welding  process:  a  review,  Science  and  Technology  of  Welding  & 


Joining, 2010, 15(7): p. 534-558. 



(31)xxxi


6.        Uday, M.  B.,  Ahmad Fauzi,  M. N.,  Zuhailawati H.,  Ismail A.  B.  Evaluation  of 
 interfacial  bonding  in  dissimilar materials  of YSZ-Alumina composites to 6061 
 aluminium  alloy  using  friction  welding, Materials  Science  and  Engineering:  A, 
 2011.528(25):p.1348-1359. 


7.      Uday  M.  B.,  Ahmad  Fauzi  M.  N.,  Zuhailawati  H.,  Ismail  A.  B.  Effect  of 
 deformation  behavior  on  the  grain  size  of  the  6061  aluminum  alloy  joint  with 
 alumina  by  friction  welding,  in The  International  Conference  on  Experimental 
 Mechanics and  The 9th  Asian  Conference  on Experimental Mechanics,  2010:P. 


97-102, Legend Hotel, Kuala Lumpur, Malaysia  


8.       Uday, M. B., Ahmad Fauzi M. N., Zuhailawati H., Ismail A. B. Effect of welding 
 speed on mechanical strength of friction welded joint of YSZ-alumina composite 
 and 6061 aluminum alloy, Materials Science and Engineering: A, 2011, 528(13-
 14): p. 4753-4760. 


9.      Uday M. B., Ahmad Fauzi M. N., Zuhailawati H., Ismail A. B. A study on the 
low rotational speed for the joining between YSZ-Alumina composite and 6061 
Aluminum  alloy  by  friction  welding,  The  1st  International  conference  on 
Materials  Engineering  and  The  3rd  AUN/SEED-Net  Regional  Conference  on 
Materials, Melia Purosani Hotel Yogyakarta, Indonesia, 2011: P. 51-55. 



(32)xxxii


10.        Uday,  M.  B.,  Ahmed  Fauzi  M.  N.,    Zuhailawati  H.,  Ismail  A.  B.  Effect  of 
 Deformation Behavior on the Grain Size of the 6061 Aluminum Alloy Joint with 
 Alumina by Friction Welding, Applied Mechanics and Materials Journal, 2011. 


83: p. 97-103. 


11.     Uday M. B., Ahmad Fauzi M. N., Zuhailawati H., Ismail A. B. Thermal analysis 
 of friction welding process in relation to the welding of YSZ-alumina composite 
 and  6061  aluminum  alloy, Applied  Surface  Science  Journal,  2012,  258(20): 


p.8264-8272. 


List of Exhibitions 


1.       Ahmad Fauzi  Mohd  Noor, Uday M. B.,  Zuhailawati H.,  Ismail A.B.,  “Ceramic-
 metal  joining  for  advance  thermal  application”, Malaysia  Technology  Expo 
 (MTE 2010): Silver Medal, 2010, 4-6 February 2010, Kuala Lumpur.  


2.       Ahmad Fauzi Mohd Noor, Uday M. B., Zuhailawati H., Ismail A.B., “MF welding 
of  ceramic  composites  to  6061  Aluminum  alloy”, Malaysia  Technology  Expo 
(MTE  2011):  Bronze  Medal,    2011,  21-24  February  2011,  Kuala  Lumpur 
Convention Centre (KLCC). 



(33)xxxiii



Kimpalan Geseran Aloi Aluminum dengan Komposit YSZ-Alumina  untuk Tambahbaik Sifat Mekanik dan Terma  


8ABSTRAK 


Dalam  kajian  ini,  tiga  jenis  sistem  utama  digunakan  bagi  kimpalan  geseran  iaitu  bagi 
 cantuman aloi   aluminium  kepada  alumina tulen, alumina dengan 25% berat  YSZ, dan 
 alumina  dengan  50%  berat  YSZ.  Sistem  seramik  difabrikasi  dengan  menggunakan 
 kaedah  penuangan  slip  dan  disinter  pada  suhu  1600°C.  Logam  aloi  aluminium  pula 
 dipotong dan digilap. Diameter rod seramik dan logam kedua-duanya berukuran 16 mm. 


Kesan  parameter  proses  kimpalan  geseran  (kelajuan  putaran,  geometri  sambungan  dan 
 tekanan  yang  digunakan)  ke  atas  kimpalan  bahan-bahan  yang  berlainan  diteliti  dan 
 dikaji.  Ujian  terma  bagi  bahan  dasar  yang  berlainan  mempunyai  peranan  yang  kuat  ke 
 atas pemanasan semasa geseran serta peningkatan suhu di antara dua permukaan. Hasil 
 kajian ini menunjukkan   bahawa alumina tulen boleh dicantum dengan aloi  aluminium 
 6061  melalui  kaedah  kimpalan  geseran  pada  kelajuan  putaran  1250  dan  2500  rpm, 
 manakala  alumina  dengan  peratusan  berat  YSZ  25  dan  50%  boleh  dicantum  pada 
 kelajuan putaran yang lebih rendah (630 hingga 900 rpm). Kajian ini juga menunjukkan 
 bahawa  cantuman  di  antara  alumina  dengan  25%  kandungan  berat  komposit  YSZ  dan 
 aloi  aluminium  6061  mempunyai  kekuatan  sambungan  paling  tinggi,  kekerasan  mikro 
 yang  rendah  dan  permukaan  mikrostruktur  yang  baik  pada  kelajuan  putaran  630  rpm 
 berbanding sampel-sampel yang lain. Bagi sampel sambungan alumina tulen dengan aloi 
 aluminium  6061,  kekuatan  sambungan  melalui  kimpalan  geseran  dipengaruhi  oleh 
 kelajuan  putaran,  di  mana  ia  meningkat  apabila  kelajuan  putaran  meningkat.  Kesan 
 kelajuan  putaran,  geometri  sambungan,  masa  kisaran,  tekanan  kisaran  dan  darjah 
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kecacatan  permukaan  lebih  tinggi  bagi  aloi  aluminium  6061  berbanding  bahagian 
 seramik.  Peningkatan  kelajuan  putaran  sewaktu  kimpalan  geseran  mengakibatkan 
 peningkatan  kecerunan  suhu  dan  pemendekan  paksi,  dimana  lebih  banyak  jisim 
 dikeluarkan  daripada  permukaan  kimpalan.  Kajian  ini  juga  mendapati  bahawa  masa 
 kisaran  serta  geometri  permukaan  seramik  mempunyai  kesan  yang  besar  ke  atas 
 mikrostruktur  sambungan,  kekerasan  mikro  dan  kekuatan  lenturan.  Data  XRD 
 menunjukkan  bahawa  perubahan  dalam  saiz  hablur  aloi  logam,  ketumpatan  dan 
 parameter  kekisi  berlaku  pada  kelajuan  putaran  yang  berlainan.  Saiz  hablur  didapati 
 amat halus dan terhablur semula secara dinamik berdekatan dengan kawasan kimpalan. 


Walau  bagaimanapun,  saiz  hablur  ini  mengalami  pemanjangan  apabila  pelbagai  jarak 
kawasan  kimpalan.  Parameter  yang  berlainan  memberikan  kesan  keretakan  samada 
mulur atau rapuh pada permukaan bahan.  
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Friction Welding of 6061 Aluminum Alloy with YSZ-Alumina Composite for 
 Improved Mechanical and Thermal Properties 


9ABSTRACT 


In the present work, three main dissimilar materials were used in friction welding 
i.e. 6061 aluminum alloy joined to pure alumina, alumina-25 wt. % YSZ and alumina-50 
wt.  %  YSZ.  The  ceramic  systems  were  fabricated  by  slip  casting  and  subsequently 
sintered at 1600 ºC, while the metal aluminum alloy was cut and polished. The diameter 
of both the ceramic and metal rods was 16 mm. The effects of friction welding process 
parameters (rotational speed, friction  time, joint geometry  and applied pressure)  on the 
dissimilar  material  joints  characteristics  were  evaluated.  The  thermal  analysis  of  base 
materials  plays  an  important  role  in  the  possibility  of  friction  heat  generation  and 
increasing  the  friction  temperature  between  two  surfaces.  The  results  in  this  study 
showed  that  pure  alumina  was  able  to  be  friction  welded  to  6061  aluminum  alloy  at 
rotational  speeds  between  1250  and  2500  rpm,  while  alumina-25,  50  wt.  %  YSZ  were 
joined at lower rotational speeds (630 rpm to 900 rpm).  It was also observed that joint 
between  alumina  –  25  wt  %  YSZ  composite  and  6061  aluminum  alloy  at  lower 
rotational speed of 630 rpm produced the highest joint strength but lower microhardness 
with  good  microstructure  as  compared  to  the  other  ceramic  components  joint.  On  the 
other  hand,  the  mechanical  strength  of  friction-welded  pure  alumina  /  6061  aluminum 
alloy components was affected by the rotational speed which increases in strength with 
increasing  rotational  speed.  The  effect  of  rotation  speed,  joint  geometry,  friction  time, 
applied  friction  pressure  and  degree  of  deformation  appears  to  be  high  on  the  6061 
aluminum alloy than on the ceramic part. The effect of increasing rotational speed over 
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the friction-welding joint was that both the temperature gradient and the axial shortening 
increased  as  a  result  of  more  mass  being  transferred  out  of  the  welding  interface. The 
results  also  indicated  that  the  friction  time  and  ceramic  face  geometries  have  a 
significant  effect  on  the  joint  microstructure,  microhardness  and  bending  strength.  The 
XRD  data  showed  that  changes  in  metal  alloy  crystallite  size,  density  and  lattice 
parameters  occurred  over  the  test  distances  at  different  rotational  speeds.  The  grains 
were  fine  and  dynamically  recrystallized  near  the  weld  interface  and  elongated  after 
different distances.The fracture surfaces were different with different parameters giving 
either ductile or brittle failure. 
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1 CHAPTER 

1- 

INTRODUCTION 


1.1 Background 


Ceramic-metal  bonding  is  one  of  the  biggest  challenges  that  have  faced 
 manufacturers and users over the years because of the inherent differences in the thermal 
 expansion coefficients of the two dissimilar materials. Nevertheless, several techniques 
 have been developed to produce a good bonding, but it depends on the materials bonded.  


Among  others,  it  includes  solid  state  welding,  direct  diffusion  bonding,  hot  isostatic 
 pressing, reactive metal bonding and active metal brazing (Nascimento et al., 2003; Noh, 
 2008).  There  were  several  factors  influencing  the  degree  of  success  when  joining  of 
 different materials are attempted; these include the properties of the interface created in 
 the joint and the thermal expansion coefficient mismatch between the joined materials, 
 which  potentially  results  in  forming  of  large  residual  stresses  during  cooling  of  the 
 joined  materials.  In  order  to  overcome  these  problems,  friction  welding  could  be  the 
 technique  for  producing  high  integrity  joints.  Friction  welding  is  reported  to  be  one  of 
 the  most  economical  and  highly  productive  methods  in  joining  similar  and  dissimilar 
 metals,  although  it  is  relatively  unknown  in  joining  of  metal  to  ceramics.  It  is  widely 
 used  in  automotive,  aerospace  industry  and  engineering  applications  (Sathiya  et  al., 
 2007). 


Friction  welding  is  a  solid  state  joining  that  produces  a  bond  under  the 
compressive  force  of  one  rotating  workpiece  to  another  stationary  workpiece 
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(Akbarimousavi  and  Goharikia,  2011).  Heat  is  generated  at  the  weld  interface  during 
 friction  welding  because  of  the  continuous  rubbing  of  contact  surfaces,  which, 
 subsequently  results  in  softening  of  the  metal.  Eventually,  the  material  at  the  interface 
 starts  to  flow  plastically  and  forms  an  upset  (Mousavi  and  Kelishami,  2008).  When 
 certain amount of forging had occurred, the rotation stops and the compressive force is 
 maintained  or  slightly  increased  to  consolidate  the  weld.  Some  of  the  important 
 operational parameters in friction welding are friction time, friction pressure and rotation 
 speed (Özdemir et al., 2007).  


For a particular application, heating time is determined during the set-up or from 
 previous experience. Excessive heating limits productivity and increase wastes material. 


Similarly,  uneven  heating  as  well  as  entrapped  oxides  causing  unbonded  areas  at  the 
 interface may be due to insufficient welding time. The effective pressure ranges are also 
 broad for heating and forging although the selected pressure should be reproducible for 
 any specific operation. The pressure controls the temperature gradient in the weld zone, 
 the  required  drive  power  and  the  axial  shortening  (Khan,  2012).  The  specific  pressure 
 depends upon the materials being joined and the joint geometry.  


On the other hand, the rotational speeds are related to the material to be welded 
 and the diameter of the weld at the interface. They might have different effects upon the 
 mechanical properties of friction joints. Increasing rotational speed might lead to greater 
 frictional heat at the interface, consequently leading to softening of the metal, a greater 
 extent of recrystallization, or even increased intermetallic formation (Yeoh et al., 2004). 


Additionally,  depending  upon  the  type  of  materials  joined  or  more  accurately,  the 
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mechanical and physical properties involved, different ranges of rotational speeds would 
 produce  different  effects  on  the  quality  of  the  joint.  Therefore,  appropriate  rotational 
 speeds  must  be  used  to  minimize  any  detrimental  effects  and  produce  joints  of  good 
 quality. 


Many  researchers  have  carried  out  different  studies  on  the  interface 
 microstructure and mechanical properties of the friction welding. For example, Özdemir 
 (2005)  had  joined  AISI304L  austenitic  stainless  steel  and  AISI4340  steel  by  friction 
 welding  using  different  rotational  speeds  in  their  studies.  He  found  that  the  tensile 
 strength of the joints was markedly affected by the joining rotational speed chosen. They 
 have  also  studied  the  effect  of  rotational  speed  on  the  interface  properties  of  friction 
 welded of different kind of steel (Özdemir et al., 2007). They observed that the width of 
 the full plastic deformed zone (FPDZ) has an important effect on the strength of friction 
 welded samples and the strength increases with increase of the rotational speed. (Noh et 
 al.,  2008)  had  joined  Al2O3  with  mild  steel  by  friction  welding  using  Al  sheet  as  an 
 interlayer.  The  strength  of  Al–steel  bonding  was  dependent  on  the  wettability  of  the 
 alumina surface by the partially molten Al interlayer with constant rotational speed.  


Work by Avinash et al. (2007) showed the feasibility of producing similar metal 
joints  of  titanium  alloy  by  rotary  friction  welding  method  by  using  three  different 
rotational speeds. They observed that in all the three cases of rotational speeds, the weld 
joints  were  continuous  and  the  Heat  Affected  Zone  (HAZ)  was  very  thin.  However, 
there was  a distinction  between the microstructures developed near the interface in  the 
two joints, such as the grains had enlarged or reduced in size. In others, Lin et al. (1999) 
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studied the effect  of joint  design and volume fraction on friction  welding properties of 
 Al  /  SiC  composites.  They  found  that  the  HAZ  consisted  of  three  zones,  i.e.  fully 
 plasticized  region,  partially  deformed  region  and  the  undeformed  region.  Mortensen  et 
 al. (2001) conducted bending tests on welded and non-welded 416 stainless steel. In all 
 samples,  the  bending  strength  decreased  with  decrease  in  the  ductility  of  the  welding 
 samples. 


1.2 Problem Statement 


Friction  is  a  very  important  aspect  in  friction  welding  since  the  process  itself 
 relies  on  the  heat  generated  from  the  frictional  force  between  rotary  workpiece  to 
 stationary one to soften and subsequently the joining.  Although this welding technique 
 has  been successfully developed and applied in various cases  in  industries,  the friction 
 phenomena during ceramic to  metal  joining is  not  yet  fully understood. Therefore, this 
 study  addresses  the  friction  welding  process  between  the  ceramic  and  the  metal 
 interface,  between  the  surfaces  microstructure  interface  as  well  as  the  mechanical  and 
 thermal properties in the joining. 


The majority of the techniques used today are based on the joining of ceramics 
with  metals  either  by  diffusion  bonding,  active  metal  brazing,  brazing  with  oxides  and 
oxynitrides, or diffusion welding ( art  ne   ern nde  et a ., 2000; Cook and Sorensen, 
2011).  These  techniques  need  either  very  high  temperatures  for  processing  or  hot 
pressing  (high  pressures).  The  joints  produced  by  these  techniques  have  different 
thermal  expansion  coefficients  than  the  ceramic  materials,  which  creates  a  stress 
concentration  in  the  joint  area  (Lemus-Ruiz  et  al.,  2008).  The  high  stress  sometimes 
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results in joint failures or unreliable joints. Therefore, the thermal stress problems should 
 be  overcome  to  obtain  reliable  joints  between  the  ceramic  and  the  metal.  The  ceramic 
 and metallic components should be selected with minimal thermal expansion differences 
 throughout their operating range. In addition to the previously mentioned problems, the 
 active  metal  brazing  requires  a  stringent  firing  atmosphere,  either  high  vacuum  or 
 reducing  gas  conditions  to  prevent  the  active  species  (Darsell  and  Weil,  2007).  This 
 represents a high capital expense and higher operating cost.   


In  order  to  overcome  those  problems  mentioned  above,  the  friction  welding 
 could  be  an  interesting  and  cost  effective  alternative,  provided  that  the  strength  of 
 friction welded joints reaches or exceeds the strength of those joints produced by other 
 techniques (Weiss and Sassani, 1998; Noh et al., 2008). 


The  friction  welding  of  dissimilar  materials  is  more  complicated  than  similar 
 materials due to difference in the physical, thermal, chemical and mechanical properties 
 of  base  materials  (Khan,  2011).  The  weld  strength  and  its  interface  properties  are 
 extremely  important.  The  failure  of  these  welded  parts  may  lead  to  huge  losses. 


Therefore,  the  quality  of weld  is  extremely important.  In friction welding of dissimilar 
materials  combinations such  as  6061  Al  alloy  -  Stainless  steel  304,  5052  Al  alloy  – 
stainless  steel  304,  the  weld  strength  and  its  interface  properties  are  degraded  due  to 
formation  of  intermetallic  compounds.  These  compounds  strongly  depend  on  the  local 
temperature  attained  during  the  welding  process  and  they  are  responsible  for  brittle 
failure  of  the  components.  However,  there  is  possibly  non-uniform  heat  generation 
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across the weld interface as the rotational speed of inner region is less than outer region, 
 and thus heat generated in the inner region is less than outer region. 


To overcome the above  problems  the progression of friction  welding  process  is 
 important  to  be  investigated.  In  regular  friction  welding  process  the  development  of 
 friction  weld  starts  from  the  outer  periphery  and  it  progresses  to  inner  region  which 
 increases the severity of above problems (Khan, 2011). The welding process is improved 
 by  reversing  the  progression  of  welding  and  this  is  achieved  by  designing  a  new  joint 
 geometry.  The  new  joint  geometry  (taper  pin  30º,  taper  pin  60º  and  pin)  reverses  the 
 progress  of friction welding from inner region to  outer periphery. The comparison  and 
 detail explanation of the proposed new joint geometry and its influence are discussed in 
 detail in subsequent sections, which shall be part of the research emphasis.  


The new methods of friction welding are becoming more widely implemented in 
the  manufacture  of  aero  engines,  because  these  solid  phase  joining  processes  provide 
high weld quality and economic benefits (Kallee et al., 2003). High-strength metal alloys 
are  of  interest  for  structures  requiring  minimum  weight,  especially  in  the  aerospace 
industry.  Along  with  the  interest  in  high-strength  metal  alloys,  there  is  a  growing 
requirement to  join  ceramic composite components.  For high-performance applications 
an  improved  strength  /  toughness  combination  is  needed,  and  for  this  reason  the  solid 
phase friction welding processes have been developed, as they are likely to have a good 
balance of properties in the materials. Friction welding processes also permit the joining 
of  dissimilar  materials,  thus  making  best  use  of  specific  material  properties  at  the 
operating location.  
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