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Mechanical and Metallurgical Properties of Aluminium and 
Copper Sheets Joined by Cold Pressure Welding
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Cold pressure welding is a special welding method that has been used in applications such as 
assembly o f  various parts at an increasing rate in recent years. In the present paper, cold pressure 
welding was applied to commercial purity aluminium and copper sheets as lap welding and a 150 metric 
ton hydraulic press was used fo r  the process. As the surface roughness and the weld deformation ratia o f 
aluminium sheets increased, tensile strength o f  the joints also increased. Purchased specimens with 
original roughness had the lowest weld deformation as-is and it was not possible to jo in  these sheets at 
30% weld deformations. Fatigue tests showed that jo ined sheets resisted against low fluctuating tensile 
stresses. Hardness increases due to local hardening at the interface as a result o f  cold deformation. Also 
ED X (Energy Dispersive X-ray) measurements clearly show that Al-Cu jo in ts contain an intermetallic 
compound layer at the interface which does not affect the jo in t strength to a great extent. Results showed 
that the cold pressure welding technique in lap form  resulted in strong Al-Al joints and the intermetallic 
layer form ed in Al-Cu joints did not affect the jo in t strength to a great extent.
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0 IN T R O D U C T IO N

C old pressu re w eld ing  can be app lied  by 
bring ing  surfaces o f  v irg in  m etal specim ens into 
close contact. C o ld  p ressu re  w eld ing  takes p lace 
due to  the b reakdow n o f  the surface layers caused 
by  bu lk  p lastic  deform ation . It is a  so lid  phase 
w eld ing  p rocess tha t can  be  perfo rm ed  on  a large 
num ber o f  possib le  m etal com binations.

C old  p ressu re  w eld ing  has particu larly  
been  app lied  w ith in  the last fifty  years, due to  the 
fac t th a t the p rocess can  be  carried  ou t easily  at 
room  tem peratu re  w ith o u t u sing  com plex  and  
expensive equipm ent. C o ld  p ressu re  w eld ing  also  
has the advan tage o f  b e ing  app licab le  to  m etal 
pa irs  tha t canno t be  jo in e d  w ith  e ither m elt 
w eld ing  m ethods o r to  those m etal pairs th a t pose 
u tm ost d ifficu lty  w ith  resp ec t to  m elt w eld ing .

C o ld  p ressu re  w eld ing  is u sed  to  jo in  
a lum in ium  cab les, v arious types o f  k itchen  
furn itu re , e lec tro lysis cells , and  com m unication  
lines. It is also  u sed  to  jo in  w ires and  rods and  in 
p ro d u c tio n  o f  h ea t exchangers as coolers.

T he im portan t variab les  o f  th e  m ethod  are; 
surface p repa ra tion  befo re  processing ,

defo rm ation , p ropertie s  o f  the w eld ing  m ateria l or 
m ateria l pairs and  pressure. T hus, one o f  the most 
im portan t aspects o f  co ld  p ressu re  w eld ing  is the 
p roperties o f  the su rface befo re  w eld ing . The 
m ost com m only  used  m ethod  fo r surface 
p repa ra tion  is c lean ing  the m e ta l surfaces w ith  a 
so lv ing  agen t and  b ru sh ing  th em  w ith  a w ire 
brush . W ire b rush ing  resu lts  in  the fo rm ation  o f  a 
hard  b rittle  layer th a t p reven ts  the m etal from 
getting  d irty  (from  grease, con tam inan t and 
ox ide). It has been  found  tha t b o nd ing  occurs as 
a  resu lt o f  th e  crack ing  o f  th is lay er w ith  the 
co rrespond ing  con tac t o f  m eta ls [1], H ea ting  or 
chem ical c lean ing  m ethods m ay  also  be applied. 
D efo rm ation  is the m ost im portan t process 
variab le . T here is a m in im um  defo rm ation  -  
surface sp read  ou t o r a reduc tion  value fo r each 
m ateria l du ring  co ld  p ressu re  w elding.

M oham ed  e t al. [2] investiga ted  the 
m echan ism  o f  p ressu re  w eld ing  in  alum inium , 
copper, silver and  gold . B ay  [3] exam ined  the 
b o nd ing  m echan ism  o f  co ld  p ressu re  w eld ing  and 
m echan ism s p roducing  m etallic  b o nds in cold 
w eld ing  [4]. T aba ta  et al. [5] investiga ted  cold 
p ressu re  w eld ing  o f  a lum in ium  and  copper by
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butt upsetting . B ond  criterion  in  co ld  p ressu re 
w elding o f  a lum in ium  w as exam ined  [6], U nal et 
al. [7] investiga ted  th e  effec ts o f  p rocess 
param eters on the w eld ing  strength  in the cold  
pressure w eld ing  o f  a lum inium . A ltan  et al. [8] 
obtained the surface roughness depend ing  on 
welding streng th  in the co ld  p ressu re  w eld ing  o f  
alum inium . L i e t al. [9] exam ined  in terfacial 
energy and  the m atch  o f  cold  p ressu re  w elded  
Ag/Ni and A l/C u. L i e t al. [10] investiga ted  the 
interfacial bond ing  sta te on d iffe ren t m etals A g, 
bfi in co ld  p ressu re  w eld ing . K rishna  et al. [11] 
directed process param eter op tim iza tion  to  ob ta in  
high w eld  streng th  in  the cold  so lid  sta te in 
joining sin tered  steel and  copper pow der. Sahin et 
al. jo in ed  p lastica lly  defo rm ed  steels by  fric tion  
welding [12], T y leco te  in fo rm ed  abou t p ressu re 
welding prac tice  [13]. Sahin  e t al. investiga ted  the 
application o f  co ld  p ressu re  w eld ing  to 
alum inium  and  copper sheets [14]. Io rdachescu  et 
al. ob ta ined  the F E M  M odel o f  B u tt C old 
W elding [15]. K im  et al. d escribed  fab rica tion  o f  
organic ligh t-em itting  dev ices by  low -pressure 
cold w eld ing  [16]. O kum ura  et al. deve loped  the 
com posite m ateria ls  fab rica ted  from  m u lti-layered  
5052 a lum in ium  alloy  fo ils and  titan ium  foils by  
cold p ressu re  w eld ing  [17]. A  titan ium -flake  
reinforced a lum in ium -m atrix  com posite  w as 
prepared from  m u ltilayered  fo ils by  cold  p ressu re 
welding [18]. K im  e t al. investiga ted  m icro  
patterning o f  o rgan ic  e lec tron ic  dev ices by  co ld 
welding [19]. D ariel e t al. S tud ied  acid -assisted  
consolidation o f  pow d er com pacts [20]. Z hang  et 
al. m ade a fractograph ic  investiga tion  o f  w eld  
form ation fo r co ld  w eld ing  [21]. K uzin  stud ied  
optim ization o f  techno log ica l param eters fo r cold  
pressure w eld ing  o f  th in  sheets o f  A D 1M  
alum inium  [22],

In  the p resen t paper, a lum in ium  and 
copper sheets w ere jo in e d  b y  co ld  p ressu re  
welding, nam ely , lap w eld ing . A  150 m etric  ton 
hydraulic p ress w as u sed  fo r the w eld in g  process. 
Before w eld ing , a  w ire-b ru sh ing  p rocess  w as 
applied in o rder to  p repare  the a lum in ium  and 
copper sheets, th e ir roughness w as determ ined  
using a su rface  roughness equ ipm en t and  they

w ere  jo in e d  a t d iffe ren t defo rm ation  ratia. T he 
effec ts o f  defo rm ation  ra tia  and  su rface  roughness 
on ten sile  strength  o f  w elded  jo in ts  w ere 
investiga ted . T ensile  tests and  fatigue tests w ere 
carried  out, hardness varia tions and  m ic ro 
structures o f  the jo in ts  w ere  exam ined . T he jo in ts  
w ere exam ined  u sing  E D X  (E nergy  D ispersive  X- 
ray) analysis in o rder to have an insigh t into the 
phases occu rring  during  w eld ing  a t the in terface. 
S oundness o f  the jo in ts  w as also  investiga ted  
u sing  n o n -destruc tive  techn iques rad iograph ic  
in spection  techn ique so as to  evaluate  the 
occurrence o f  defects.

1 C O L D  P R E S S U R E  W E L D IN G

1.1. Process Characteristics

E xten t o f  defo rm ation  is one o f  the m ost 
im portan t fac to rs in cold  p ressu re w eld ing . 
Supposing  tha t the  basic  p aram ete r in cold  
p ressu re  w eld ing  is the degree o f  defo rm ation  
no rm ally  expressed  as the reduc tion  R or the 
su rface expansion  X  o f  the bond ing  surface, 
p lastic  defo rm ation  o f  the m etal p a ir  is necessary  
in  o rder to  o b ta in  a  bonding .

In bu tt-w eld ing , the experim en ta lly  
m easu red  ex tension  (defo rm ation ) R  is g iven  by

R = àzA
A " ( d

w here  A 0 is the orig inal c ross -  sectional area  and 
A  is the ex tended  area  afte r p rocessing . T rue 
fractional m etallic  a rea  revealed  at a  certain  
ex tension  R is then:

A A _  R

A  R  + 1 (2)
T his E quation , w hich  is valid  fo r bu tt cold  
p ressu re  w eld ing , is g iven by

K  (3)

fo r lap w eld ing  w here  h 0 is the orig inal th ickness 
o f  the sheet and  h is the instan taneous th ickness at 
defo rm ation  ratio  R  [2] and [3].

O n the o the r hand, E quation  2 is a lso  valid  
fo r lap  w eld ing . A  specific  th resho ld  surface 
ex tension  or reduc tion  (m in im um  w eld ing



deform ation) is requ ired  for bond  estab lishm en t at 
the atom ic level. T his deform ation  depends on 
m e ta l-m e ta l pairs, jo in in g  shape and th ickness 
and surface preparation . It should  also  be noted  
that w eld ing  streng th  increases as defo rm ation  
increases. H ow ever, too  m any  p lastic  
deform ations also cause a decrease in  w eld  
strength. Surface prepara tion  befo re  w eld ing  
in fluences w eld  streng th  to a g rea t extent. The 
m ost w idely  used surface pre-preparation  
technique is rem oving  the grease and  b rush ing  
w ith  a  w ire  brush. N ickel coating  o f  m etal 
surfaces befo re  p rocessing  is know n  to produce 
effective results. A lso , app lication  o f  norm al 
pressure on the w eld ing  surface affects w eld  
strength  in a positive m anner [2], [3], [7] and [8],

1.2. Bond Formation Mechanism

M icrostructural exam ination  o f  SEM  
m icrophotographs w as used to develop  an 
understand ing  o f  the m echanism s underly ing  
bond  form ation  on the w ire  b rushed  surfaces. 
W ire b rush ing  during  m echanical surface 
prepara tion  form s a hard  and brittle  surface film  
at m etal surface w hich is referred  to  as the cover 
layer. O bservations have show n that bond  
form ation is carried  ou t by  m eans o f  the stages 
g iven in  Fig. 1.

surface ex tension  caused  ex trusion  o f  m etallic 
m ateria l th rough  the crack  in  the cover layer 
(Fig. 1 .b). F inally , increase in defo rm ation  leads to 
real con tac t be tw een  m etals resu lting  in  the 
form ation  o f  a rea l bond  (Fig. l.c ).

2 E X P E R IM E N T A L  PR O C E D U R E

A lum in ium  and  copper sheets (2 .75 mm 

th ickness) w ere  jo in e d  using  lap fo rm  o f  cold 

pressu re w elding. T he p roperties o f  alum inium  

and  copper m ateria ls used  in the p resen t study are 

g iven in  T ables 1 and  2, respectively .

T able  1. The chemical composition and the tensile 
strength o f  Aluminium material used in the 
experiments

Chemical
Composition

% 1.34 Fe, % 0.489 Si, % 0.439 Mg,
% 0.913 Zn, % 0.107 Mn, % 0.0249 Cr, 
% 0.0135 Ti, % 0.005 Sn, % 0.0536 Pb, 
% 0.0179 Ni, % 0.003 Sb, % 1.12 Cu, 
% 95.47 Al

Tensile
Strength

170 MPa

Surface
Roughness

Arithmetical Average (Ra) = 0.30 pm

T able 2. The chemical composition and the tensile 
strength o f  Copper material used in the 
experiments

Chemical
Composition

% 0.02920 Fe, % 0.00100 Si, % 
0.00050 Mg,
% 0.00100 Zn, % 0.00050 Mn, % 
0.00100 S,
% 0.00050 Bi, % 0.00108 Sn, % 
0.00287 Pb,
% 0.00596 Ni, % 0.00200 Sb, % 
0.00230 P,
% 0.00050 Al, % 99.95 Cu

Tensile Strength 360 MPa

Surface
Roughness

Arithmetical Average (Ra) = 0.30 pm

Fig. 1. The bondformation mechanism in cold 
pressure welding [4]

F irst the cover layer is frac tu red  o f  b y  the 
effec t o f  p ressu re  (F ig. l.a ). F u rthe r increase in

T he alum in ium  and  copper sheets were 
10x150 m m  specim ens and  lap w eld ing  was 
app lied  in  a sing le  d irec tion  p unch  as show n in 
F ig. 2. P ressu re  needed  for the process was 
app lied  u sing  the 150 m etric  ton  capac ity  press 
system  (Figs. 2 and  3).



Fig. 2. Schematic illustration o f  cold pressure 
welding

Fig. 3. The hydraulic press

__ A ll parts u sed  in  the experim en ts w ere 
cleaned u sing  acetone oil and  then they  w ere 
brushed u sing  a  w ire  brush . A  60 m m  d iam eter 
rotating steel w ire-b rush  w as used. T est surfaces 
were b rushed  at 510 r.p .m . w ire  b rush  ro tational 
speed. T he arithm etica l average o f  surface 
roughness o f  the sheets p repared  w as u sed  to 
determ ine the e ffec t o f  surface roughness on  w eld  
strength. PR Ä Z IS  -  R U G -03 surface roughness 
equipm ent w as u sed  to  m easure  the surface 
roughness (Fig. 4). A rithm etic  average surface 
roughness w as found  as R a = 1 , 3 , 5  pm .

Fig. 4. The equipment fo r  surface roughness 
measurement

S urfaces p repared  w ere sub jected  to cold 
pressu re w eld ing  shortly  afte r the p repara tion . 
T he app lica tion  o f  w eld ing  for 10 m inu tes 
affec ted  the w eld  strength  greatly . Increasing  the 
w eld ing  tim e to  over 10 m inu tes caused  the w eld  
strength  to  d im in ish  to  a  g rea t extent. E x ten t o f  
defo rm ation  w as m easured  b y  determ in ing  
reduc tion  (R) over the to ta l th ickness o f  w elded  
parts.

3 E X PE R IM E N T A L  R E S U L T S  A N D  
D ISC U SSIO N

3.1. Preparation of the Metal Sheets

E ffect o f  defo rm ation  ratio  and  surface 
roughness on cold  p ressu re  w eld ing  o f  
com m ercia l pu rity  alum in ium  and copper w as 
investiga ted  using  defo rm ation  ratios o f  30% , 
45% , 50% , 60%  (3.85 m m , 3 m m , 2.75 m m , 2.2 
m m , respective ly ) and  an  arithm etic  average 
surface roughness R a =  1, 3, 5 pm . Surface 
roughness w as p rov ided  b y  a revo lv ing  b rush , and 
the sheets w ere w iped  w ith  acetone after 
b rushing.

3.2. Tensile Test Results

C old  p ressu re  w eld ing  in lap fo rm  w as 
app lied  to  w ire  b rushed  m etal sheets at d ifferen t 
defo rm ation  ratios. T ensile  tests u sing  an 
IN S T R O N  8501 dynam ic testing  m ach ine w ere 
app lied  on the co ld  p ressu re  w elded  sheets to 
de term ine the ir w eld  strengths. A ccep tab le  w eld  
streng th  w as ob ta ined  at a surface roughness o f  
R a =  5 pm  and  60%  defo rm ation  ratio . It w as no t 
possib le  to jo in  the pu rchased  specim ens hav ing  
orig inal surface roughness as-it-is  a t 30%  w eld  
defo rm ation , the low est ex ten t o f  deform ation  
u sed  in  the p resen t study. F igure  5 show s the 
varia tion  o f  w eld  strength  w ith  defo rm ation  for 
d iffe ren t surface roughness values, w h ile  F igure 6 
show s the v aria tion  o f  w eld  streng th  w ith  surface 
roughness at d iffe ren t ex ten ts o f  deform ations.

A ccep tab le  w eld  strength  in the alum in ium  
jo in ts  w as ob ta ined  a t 60%  defo rm ation  ratio  and 
5 pm  surface roughness (F igures 5 and  6). 
T herefo re  fu rther experim en ts to  jo in  copper 
sheets toge ther and  to  jo in  alum in ium  sheets to 
the copper sheets w ere perfo rm ed  only  a t 60%  
defo rm ation  ratio  and  a  surface roughness o f  5 
pm  (Figs. 5 and  6).



Fig. 5. Relationship between tensile strength and 
surface roughness at different weld deformations
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Fig. 6. Relationship between tensile strength and 
weld deformation at different surface roughness

T he length  o f  bond  zones w ere found  to  increase 
w ith  increasing  defo rm ation  w hich  fu rther leads 
w eld  strength  to  increase. W eld  strength  also 
increases w ith  surface roughness (Figs. 5 and  6).

3.3. Fatigue Test

F atigue  tests o f  co ld -w elded  alum inium  
jo in ts  w ere conduc ted  u sing  an  IN S T R O N  8501 
hydrau lic  fatigue m ach ine  (Fig. 7). T ests w ere 
done at a  frequency  o f  10 Flz F atigue  tests  w ere 
app lied  to  specim ens tha t had  the h ighest 
strength , nam ely  to  sam ples hav ing  a surface 
roughness o f  R a =  5 p m  and  jo in e d  a t 60%  w eld 
deform ation . D im ensions o f  the specim ens w ere 
set accord ing  to  A S T M  E -466  (Fig. 8).

F ig . 7. INSTRON 8501 hydraulic fatigue 
machine

R

30 2,75

Fig. 8. Dimensions o f  the specimens used in 
fatigue tests

W eld ing  in terfaces w ere located  in 
m idsec tion  o f  th e  fatigue specim en. F atigue  tests 
w ere  conduc ted  superim posing  fluc tuating  tensile 
loads on  a constan t tensile  load  th a t can  produce 
40  M P a o f  tensile  stress. W hen  stress value in 
fa tigue tests  w as increased , sheets jo in e d  w ere 
rup tu red  at th e  in terface o f  th e  parts.

F luctua ting  tensile  stress am plitudes were 
varied  betw een  10 M P a and  20 M P a and  num bers 
o f  cycles to  fractu re  w ere recorded . Sheets jo ined  
w ere capable  o f  resis tin g  fluctuating  ten sile  stress 
(Fig. 9). O bservations du ring  fatigue tests showed 
tha t rup tu res p arts  are u su a lly  detached  from  the 
w eld ing  in terface . Jo ined  sheets cou ld  n o t supply 
h ighe r s treng th  due to  the defects (m icro-cracks, 
inc lusions or n o t fu lly  bonded  surfaces etc.) at the 
in terface o f  th e  jo in ts .



The Fatigue Results of Sheets Joined
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Fig. 9. The fatigue test results, 
<ymean =  20 MPa

3 .4 . Results of Microstructural Examinations

O ptical m icroscopy  w as u sed  to study the 
m icrostructure o f  th e  w elded  in terface bo th  for 
alum inium  jo in ts  an d  a lum in ium  to copper jo in ts  
that have an  average surface roughness o f  R a =  5 
[am and w elded  a t a  60%  defo rm ation  ratio  after 
etched in p ie ra i (F igures 10 to  13).

T he v ertica l scra tches ow ing  to  b rush ing  
are clearly  v is ib le  on  the  fragm ents o f  the cover 
layer (Figs. 11 to  13). S cratch -b rush ing  w as 
carried ou t in  long itud inal d irec tion  para lle l to  the 
direction o f  deform ation . E x tended  areas o f  
bonding reg ions and  un -bonded  reg ions o f  the 
cover layer are confined  to iso la ted  regions. 
Therefore, the b o n d  fracture  is ductile  and occurs 
after num erous local neck ing  [3],

3.5. EDX Analysis of Joints

S canning  elec tron  m icroscopy  (SE M ) and 
energy d ispersive X -ray  (E D X ) analysis w ere 
perform ed to have  an  insigh t in to  the phases

Fig. 10. Microstructure o f  aluminium parts

Fig. 11. Microstructure at interface o f  joined  
aluminium parts having Ra =  5pm and  

60% deformation

Fig. 12. Microstructure at interface o f  welded 
aluminium to copper parts having Ra = 5pm and  

60% deformation

10 Jim

—►

Fig. 13. Microstructure at interface o f  welded 
aluminium to copper parts having Ra = 5pm and  

60% deformation



w as u tilized  by  m eans o f  softw are that allow s 
p ilo ting  the beam  and scanning along a surface or 
a line to  obtain  X -ray  cartog raphy  or 
concentration  p rofiles by  elem ents, respectively .

Fig. 14 (a) show s E D X  analysis points 
defined on the SEM  m icrostructu re  at the 
in terface reg ion  o f  the co ld  p ressu re w elded  A l- 
A1 jo in ts. F igure 14 (b) and  (c) illustrate the E D X  
analysis results taken from  po in t 3 o f  the SEM  
m icrograph o f  the A l-A l jo in t and  the respective 
ED S poin t analysis.

Fig. 14. a) SEM  microstructure o f  Al-AI jo in t

A  r

A  r A  r

Ar__ '•_____ ‘ '
Energy
keV

Fig. 14. b) ED X  analysis result taken from  
point 3 represented to SEM  image

Points Elements Line Intensity
(c/s)

Conclusion

i Al Ka 1852.48 96.940 wt. %
Ar Ka 28.12 3.060 wt. % 

(100.000 wt. % 
Total)

2 Al Ka 1537.79 97.614 wt. %
Ar Ka 17.99 2.386 wt. % 

(100.000 wt.%  
Total)

3 Al Ka 1404.12 97.824 wt. %
Ar Ka 14.93 2.176 wt. % 

(100.000 wt. % 
Total)

4 Al Ka 1378.65 97.151 wt. %
Ar Ka 19.41 2.848 wt. % 

(100.000 wt. % 
Total)

5 Al Ka 1495.16 100.000 wt. % 
(100.000 wt. % 
Total)

Fig. 14. c) EDS point analysis results according 
to SEM  microstructure

Figure 15 (a) show s E D X  analysis o f  the points 
defined on the SEM  m icrostructu re  at the 
in terface reg ion  o f  the co ld  p ressu re  w elded  Al- 
C u jo in ts. F igures 15 (b), (c) and (d) illustrate the 
E D X  analysis resu lts o f  po in t 1 on the A l side, the 
po in t 3 on  the C u side o f  the SEM  m icrographs. 
T he E D S resu lts confirm  that an  interm etallic 
com pound  layer does no t ex ist in  A l-A l, whereas 
A l-C u  jo in ts  have an  in term eta llic  com pound 
such as C u3A1, C u4A13, C uA l and  C uA 12 which 
does no t affec t jo in t strength  to  a  g rea t extent [23] 
to  [25]. T his is w ell enough  ev idence that strong 
jo in ts  can  be p roduced  by  co ld  pressure welding 
m ethod.

F ig. 15.a)
W II)



b) EDX analysis result taken from 
point 1 represented to SEM image

c) EDX analysis result taken from 
point 3 represented to SEM image

E n e r g y  k e V E n e r g y  k e V

Points Elements Line Intensity (c/s) Conclusion
1 Al Ka 1357.82 98.170 wt.%

Ar Ka 12.08 1.830 wt.% (100.000 w t.%  Total)
----  2 Al Ka 1659.40 97.522 wt.%

Ar Ka 20.20 2.478 wt.% (100.000 w t.%  Total)
------------3 Cu Ka 1134.00 100.000 wt.%  (100.000 w t.%  Total)

4 Cu Ka 1188.01 100.000 wt. % (100.000 wt. % Total)
' 5 Cu Ka 1205.98 100.000 wt.%  (100.000 w t.%  Total)

pig. 15. SEM  microstructure o f  the cold pressure welded interface region between Al-Cu joints having Ra =  
5pm and 60% deformation ratio and EDS analysis results

3 .6. Results of Hardness Examination

H ardness varia tions at the in terface o f  
joined parts w ere ob ta ined  by  m icro  hardness 
tests under a  load o f  200 g. M easuring  locations 
are given in  Fig. 16. H ardness varia tions in 
vertical d irec tion  w ith  respect to  the w eld -cen tre  
are shown in Fig. 17.

Fig. 16. Hardness test orientations at cross- 
section ofjo ined parts

m ateria l than copper. It m eans tha t A l can be 
easily  defo rm ed  accord ing  to Cu. A l sheet is 
p lastica lly  deform ed in  a g rea ter ex tend  than  Cu 
w hen  overall defo rm ation  ratio  60% . A s a result, 
the  hardness o f  a ductile  m ateria l as a lum in ium  is 
low er than tha t o f  less ductile  m ateria l as copper 
[51 and f61.
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Hardness values are abou t the sam e at the 
interfaces o f  the parts  hav ing  d ifferen t surface 
oughness values and  defo rm ed  a t 60% . H ardness 
of alum inium  m ateria l pu rchased  is abou t 53 HV. 
Hardness o f  the jo in e d  parts  is h igher due to  local 
hardening w hich  is a  resu lt o f  co ld  deform ation . 
The effect o f  the surface roughness on hardness 
variations is m uch  less than  tha t o f  the 
deformation ratio  (Fig. 17). A  sim ilar resu lt as to 
the increase in  hardness due to  local harden ing  is 
observed for the A l-C u  jo in t. T hen, ductility  is a 
mechanical p roperty  u sed  to describe the  ex ten t to 
which m ateria ls can  be  defo rm ed  p lastica lly  
without fracture. A lum in ium  is m ore ductile

Fig. 17. Hardness variations along the vertical 
direction

3.7. Non-Destructive Evaluation by 
Radiographic Inspection

Inspection  (N D I) is the exam ina tion  o f  an 
ob jec t o r m ateria l w ith  techno logy  tha t does no t 
affec t its fu tu re  use. N D I can be  u sed  w ithou t 
destroy ing  o r dam ag ing  a  p roduct o r m aterial. 
B ecause it a llow s inspection  w ithou t in terfering  
w ith  a  p roduct's  final use, N D I p rov ides an 
excellen t ba lance  betw een  quality  contro l and 
cost-effectiveness. N D I can and  shou ld  be used  in



any phase o f  a p roduct's  design  and 
m anufacturing  process, inc lud ing  m ateria ls 
selection , research  and developm ent, assem bly , 
quality  contro l and m aintenance. C om m only  used 
non-destructive inspection  m ethods inc lude liquid  
penetrant, m agnetic particle , eddy  cu rren t and 
radiographic inspection , u ltrason ic  inspection , 
tom ography, and rea l-tim e rad iography . 
R adiographic testing  is one o f  the o ldest m ethods 
o f  non-destructive testing  and has been  in use for 
approx im ately  five decades. R ad iography  using  
X -rays is one o f  the N D T  techniques used  for 
im aging the jo in ts  to detec t and locate defects. In 
the p resen t study, A lum inium  jo in ts  w ere 
evaluated  by  rad iographic inspection  using 
R IG A K U  200 kV  test equipm ent. F igure 18 is an 
exam ple o f  the rad iographic  patterns for an 
a lum inium  jo in t p roduced  from  sheets hav ing  a 
surface roughness o f  R a =  5pm  and  w elded  at 
60%  deform ation. A s seen from  the inspection  
figure, alm ost there are no defects in  the jo in ts. 
But, there can be  very  sm all w eld  defects (m icro 
cracks, inclusions o r no t fully  bonded  surfaces 
etc.) because the jo in ed  sheets do no t resist 
against h igh sta tic and dynam ic loads.

F ig. 18. An example from  radiographic patterns 
used in this work

3.8. Statistical Analysis of Data

T he b a s is  o f  th is  a p p ro a c h  is the  
a s su m p tio n  o f  a s im p lif ie d  l in e a r  m o d e l fo r  
the  o p tim iz a tio n  p a ra m e te r  q  g iv e n  by
rj= ßo+ß\X\+ß2x2+........ , w here  x h x2... are the
factors w hich  q depends on and  ß 0, ß\, ß2..., etc, 
rep resen t the ‘tru e ’ values o f  the correspond ing  
unknow ns. F rom  the resu lts  o f  an  experim ent 
com prising  a  fin ite num ber o f  tria ls, one can 
arrive at sam ple estim ates o f  the coeffic ien ts, ß , 
w hich are then u sua lly  fitted  into a  linear 
reg ression  equa tion  o f  the type 
y=bo+b\Xi+b2x2+..., w here  y  is the response 
function  and  the b s are  the "estim ated" values o f  
the ß s. In sim ple term s, each  coeffic ien t represen ts

the in fluence o f  the co rrespond ing  fac to r on the 
quality  o f  the tensile  strength  expressed  by  the 
op tim ization  param eter [ 12] and  [13]. Param eter 
op tim ization  w as carried  ou t using  factorial 
design  o f  experim ents. In the p resen t study; 
alum in ium  specim ens ob ta ined  by  m ach in ing  w as 
chosen  as an exam ple m odel. D efo n n a tio n  ratio 
and pre-upsetting  surface roughness w ere  chosen 
as the tw o factors. T hen, the ten sile  strength  data 
w ere sub jected  to sta tistical analysis to 
understand  the in fluence o f  ind iv idual effects o f  
the factors. T he o ther param eters w ere kept 
constant. R egression  equation  w as ob ta ined  from  
th is analysis. C orrela tion  coeffic ien t w as a lso  
ob ta ined  from  the sta tistica l analysis. 
E xperim enta l resu lts are  g iven  in  T able  3.

T able 3. Experimental results

Trial
N o

Surface 
R oughness 

o f  Parts 
(R a-gm )

Xl

D eform ation
Ratio
(% )
X2

T ensile Strength 
o f  Jo ined  Parts 

(M Pa)
y

1 1 0 .3 0 0 .1 9 2

2 1 0 .4 5 2 .0 2 1

3 1 0 .5 0 4 .3 6 2

4 1 0 .6 0 4 .5 9 0

5 3 0 .3 0 0 .9 7 4

6 3 0 .4 5 2 .2 6 7

7 3 0 .5 0 4 .6 5 0

8 3 0 .6 0 5 8 .7 0 0

9 5 0 .3 0 1 .5 2 7

10 5 0 .4 5 3 .4 1 0

11 5 0 .5 0 5 .8 1 0

12 5 0 .6 0 1 3 2 .1 0 0

O ptim um  estim ates o f  reg ression  coefficients 
w ere ob ta ined  u sing  the F isher m ethod  ratio . The 
resu lting  equation  is also  g iven  here:

y  -  - 9 4 ,7 3 9  +  8 ,2 3 0 -x} + 1 9 1 ,2 0 4 -x2 (4

T he co rrela tion  coeffic ien t u sing  Eq. (4) is about
0 .70 in  respect o f  tensile  strength . T herefore , it is 
quan tita tive ly  show n th a t th e  effec ts o f  
defo rm ation  ra tia  and  surface roughness on  the 
ten sile  strength  are v ery  sign ifican t, as expected.

4 C O N C L U SIO N S

- C o ld  p ressu re  w eld ing  o f  the com m ercial purity  
a lum in ium  and  copper in  lap fo rm  w as 
successfu lly  app lied  to  A l-A l and  A l-C u  jo in ts.
- A s the surface roughness and the w eld



deform ation  ra tia  o f  alum in ium  sheets increased , 
tensile streng th  o f  the jo in ts  a lso  increased.
. P urchased specim ens w ith  orig inal roughness 
had the low est w eld  defo rm ation  as-it-is and  it 
w as no t possib le  to  jo in  these sheets a t 30%  w eld  
deform ations. H ow ever, it w as possib le  to  jo in  
these specim ens at defo rm ation  ratios g rea te r than 
70 %■
- M icrographs o f  specim ens hav ing  a surface 
roughness o f  5 jam and  defo rm ed  a t 60%  
deform ation ratio  clearly  reveal bond  fo rm ation  at 
the in terface o f  jo in e d  parts.
- H ardness values o f  jo in ts  are about the sam e at 
interfaces o f  sheets hav ing  d iffe ren t surface 
roughness and  p roduced  at equal deform ation. 
H ardness resu lts in  A l-C u  jo in ts  are sim ilar to 
those o f  a lum in ium  jo in ts . H ardness increases due 
to local harden ing  at the in terface as a resu lt o f  
cold deform ation.
- F atigue tests show ed tha t jo in e d  sheets resisted  
against low  fluc tuating  ten sile  stresses.
- E D X  m easurem en ts c learly  show  tha t A l-C u  
jo in ts con tain  an  in tenneta llic  com pound  layer at 
the in terface w hich  does no t affec t the jo in t 
strength  to a  g rea t extent.
- E ven i f  rad iograph ic  testing  show ed no  defects 
at the w elded  jo in t, there  could  be very  sm all 
w eld defects since the jo in e d  sheets do n o t resis t 
against h igh  sta tic and  dynam ic loads.
- T ensile streng th  o f  jo in e d  parts  can  be expressed  
in term s o f  the p rocess param eters b y  reg ression  
equation  ob ta ined  b y  sta tistical analysis.

5 N O M E N C L A T U R E

X  S urface expansion  o f  b o nd ing  su rface (% )
R R eduction  (% )- D eform ation  R atio 
Aq O rig inal c ross-sectional area (m m )
A E x tended  area  afte r p rocess (m m ) 
h0 O rig inal th ickness o f  sheet (m m ) 
h Instan taneous th ickness at defo rm ation  (m m )
Ra S urface roughness (pm )
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