
 

1 
 

 1  

  2  

Graphical Abstract 



 

2 
 

New diss imi lar joining  method of  CFRP/A6061 Al  by  Cu 1 

electrodepos i t ion  2 

 3  

Koji Naito*, Soichiro Deguchi*, Masataka Hakamada and Mamoru Mabuchi 4  

 5  

Department of Energy Science and Technology, Graduate School of Energy 6 

Science, Kyoto University, Kyoto 606–8501 Japan 7 

(* Graduate student, Kyoto University) 8  

 9  

Corresponding author, E-mail:  10 

Masataka Hakamada, hakamada.masataka.3x@kyoto-u.ac.jp 11 

 12 

Abstract 13 

A new CFRP-aluminum join ing method has  been  developed by Cu 14 

e lect rodepos i t ion .  Cu deposition was filled into the roughened CFRP surface 15 

and the  s ign i f icant  anchor  effec t  was  a t ta ined  by the joining method.  16 

As a  resul t ,  CFRP and  A6061 Al  a l loy were  success ful ly j oined  by Cu 17 

e lect rodepos i t ion and a h igh joining s t rength of  67  MPa was  obta ined .  18 
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1.  Introduction  1 

 2  

Joining of  d i ss imilar  mater ial s  i s  one  of  impor tant  t echnologies  for  3  

mult i -mater ial iza t ion.  In  par t icu lar,  jo ining of  a  carbon f iber  4  

re inforced  plas t ic  (CFRP) to  a  metal l i c  mater ial  i s  most  impor tant  for  5  

next -genera t ion  vehicles .  To  date ,  many s tudies  have  been  performed 6 

on  d i ss imilar  join ing of  CFRP 1 ) .  Because  CFRP cannot  be  jo ined  by 7 

di rec t  di ffusion  bonding methods 1 ) ,  adhes ives  are  of ten  used  for  8  

jo in ing of  CFRP.  Recent ly,  new technologies  wi thout  adhes ives  for 9  

jo in ing of  CFRP are  drawing much a t ten t ion ,  for  example ,  l aser  10 

jo in ing2 - 4 ) ,  f r i c t ion  s t i r  l ap  join ing5 , 6 )  and  ul t rasonic  spot  weld ing7 ) .  11 

Since  the  bonding between a  res in  and  a  meta l  i s  weak  because  of  non-12 

covalen t  bonding,  addi t ion  of  funct ional  groups has  been  performed 13 

for  enhancing the  bonding s t rength 8 - 1 0 ) .  Also ,  i t  has  been  demonst ra ted  14 

tha t  roughening a  metal  sur face  leads  to  the  enhanced  jo in ing s t rength 15 

due  to  the  anchor effec t2 - 4 , 1 1 - 1 3 ) .  However,  the joining s t rength  of  16 

CFRP/meta l  i s  s t i l l  l ess  than 50  MPa in  sp i te  of  these achievements .  In  17 

addi t ion,  the anchor effec t  by roughening a  metal  sur face  i s  l ess  18 

effec t ive  in  joining of  thermoset t ing res ins  such  as  epox y res in ,  which 19 

is  expected to  be  a  mat r ix  of  CFRP for  vehic les ,  than in  jo in ing of  20 

thermoplast ic  res ins ,  and  the  jo in ing s t rength  of  CFRP whose  mat r ix  is  21 

the  epox y res in  i s  l ess  than  30  MPa4 ) .   22 

Recent ly,  join ing by deposi t ion  of  meta ls  was  proposed ,  where  23 

a luminum sheets  were  jo ined  by Cu e lec t rodepos i t ion 1 4 ) .  In  the  24 

deposi t ion  jo in ing,  an  anchor  effec t  plays  an  important  role  in  25 
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enhancing the  jo ining s t rength.  In  the  present  s tudy,  the  depos i t ion  1 

bonding i s  appl ied  to  di ss imilar  join ing  of  CFRP,  whose  mat r ix  i s  the  2 

epox y res in ,  to  A6061 Al  a l loy.  3  

 4  

2.  Experimental  Procedures  5 

 6 

A CFRP sheet ,  which was composed  of  a  p lain weave roving c lo th 7 

prepreg (F6343B-05P)  laminated  us ing carbon f iber  (T300)  and  a 8  

120°C-cur ing type  epox y res in (#2500)  [0 /90] ,  was  purchased  f rom 9 

TORAY and i t  was  cut  to  the  samples  wi th 20 mm in  length ,  4  mm in 10 

wid th  and  1  mm in  thickness .  The CFRP samples  were  etched  by 11 

immers ion  in  a  so lu t ion  contain ing 0 .2  M KMnO4 + 4  M NaOH at  373 12 

K for  45 min1 5 ) .  Af ter  the  e tch ing,  the  samples  were  su l fonated by 13 

immers ion  in  a  so lu t ion  conta ining 14  M H2 SO4  a t  333  K for  10  min .   14 

A6061 Al  al loy sheets  were  anodized  in  the  same condi t ions  in  0 .3 15 

M H3 PO4  as  those in  the  prev ious  work1 4 )  to  genera te  nanoporous  16 

s t ructure  a t  the  surfaces .  17 

Cu e lec t rodepos i t ion  was  performed between the  CFRP and  the 18 

anodized  Al  a l loy samples  wi th  20  mm in  length,  4  mm in  wid th  and  1  19 

mm in thickness  under a lmos t  the  same deposi t ion condi t ions  as  those  20 

in  the previous work1 4 ) .  The  samples  were  la id  wi th a  space of  about  21 

200  µm between them so  that  the  area  for  Cu e lec t rodeposi t ion  was 22 

10×1 mm,  where  other  areas  except  the depos i t ion  area  were  covered  23 

by an  insu lat ing tape  to  prevent  the  deposi t ion .  The Cu deposi t ion 24 

tempera ture  and  t ime were  room temperature  and  12  h ,  respect ive ly.   25 
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Four samples  were  prepared:  non-t rea ted  sample ,  e tched  sample ,  1  

su l fonated sample  and  e tched  + su l fonated  sample ,  and  the  lap  shear  2  

tes ts  were  conducted  at  room temperature  to  measure  thei r  joining  3 

s t rengths .  The tes t s  were  repeated several (three-six) t imes and the  4 

average  s t rength  was  defined  as  the  joining s t rength .  Cross -sect ions  5 

and f rac tured  surfaces  of  the  samples  were  observed  by scanning  6 

e lect ron  microscopy and  opt ical  microscopy.   7  

 8  

3.  Resul ts  and Discussion  9 

 10 

Figure  1  shows CFRP surfaces  before  and  af ter  the  e tching process .  11 

The epox y surface  was  removed by e t ching to  expose  ca rbon f ibers  12 

para l le l  and  perpendicular  to  the  surface  plane .   13 

In  the case  tha t  the  join ing i s  not  enough,  a  joined sample  wi l l  be  14 

easi l y f rac tured  by hand and  an  experiment  for  jo in ing s t rength 15 

measurement  cannot  be  car r ied  out .  In  the  present  s tudy,  the  CFRP and 16 

Al  samples  were  jo ined  by the  Cu elec t rodepos i t ion  wi thout  f rac ture  17 

dur ing handl ing and the joining s t rength  measurements  were 18 

success ful ly performed for  al l  samples .  Resul ts  of  the  jo in ing s t rength 19 

measurements  are  shown in Fig.  2 .  The non-t rea ted sample  showed a 20 

low joining s t rength  of  3  MPa.  It  should  be  noted  tha t  e tching the  CFRP 21 

surface  increased the  jo in ing s t rength  to  36  MPa.   22 

In  the  prev ious s tudies2 - 4 , 1 1 - 1 3 ) ,  a  meta l  sur face  was roughened for  23 

the  anchor  effec t .  In  such a  case ,  the roughened  meta l  sur face  was 24 

f i l l ed  with  res in .  In  the  present  work ,  however,  a  CFRP surface  was  25 
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roughed  by e tch ing  and  the  etched  CFRP surface  was f i l l ed with  Cu 1 

deposi t ion (Fig.  3 ) .  It  i s  therefore  sugges ted tha t  the  cons iderable  2  

anchor  effec t  i s  re la ted  to  the  f i l l ing wi th  Cu,  bu t  not  wi th res in .   3  

  The bonding of resin and metal is enhanced by funct ional  groups8 - 1 0 ) .  Zhu 4 

e t  al . 8 )  showed that  the  jo in ing s t rength  was  enhanced  by s i l ane 5 

coupl ing agent .  However,  the  addi t ion  of  the  s i l ane  coupl ing agent  did  6 

not  enhance  the  joining s t rength  in  the  pre l iminary exper iment  of  the  7 

present  work  (data  are  not  shown) ,  al though the  reasons are  unknown.  8  

An al ternat ive  i s  the  su l fonat ion  of  a  CFRP surface9 , 1 0 ) ,  because 9 

su l fone  groups are  adhered to  an epoxy of  CFRP surface .  Therefore ,  10 

the  sul fonat ion  t rea tment  was  performed on  the  CFRP surface .  As  a 11 

resul t ,  the  join ing s t rength  was  increased  f rom 3  to  7  MPa by the  12 

su l fonat ion .  However,  the  sul fonat ion  was  not  as  effec t ive for  13 

enhancing the joining s t rength  as  the  e tch ing.  14 

Fur ther  enhancement  in  the  jo in ing s t rength  was  obtained  by a  15 

cont inuous  t reatment  of  e tch ing and  sul fonat ion ,  as  shown in  Fig.  2;  16 

tha t  i s ,  the  jo in ing s t rength  of  e tched  + su l fonated  sample  was  67  MPa.  17 

Hence,  a  synergis t i c  effec t  o f  e tching and sul fonat ion  led  to  s t ronger 18 

jo in ing of  CFRP and  Al .   19 

Fracture  occurred  at  the  inter face  between the copper depos i t ion  and  20 

the  CFRP for  the  e tching + su l fonated  sample . Figure  4  shows f rac ture  21 

surfaces  of  Al  and  CFRP sides  af ter  the  lap  shear  t es t s .  The carbon 22 

f ibers  para l lel  and  perpendicular  to  the  surface  were  observed for  the 23 

CFRP side ,  whi le  depos i ted  Cu was  rare ly found (Figs  4a&b) .  On the  24 

other  hand ,  deposi ted  copper  wi th  a  s t ructure  dupl ica ted f rom carbon 25 
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f ibers  was  found a t  the  Al  s ide  (Figs  4c&d) .  Thus ,  the  carbon f ibers  1  

were  pul led  out  f rom Cu depos i t ion  for  the  e tch ing +  sul fonated  sample .  2  

In the conventional method for dissimilar joining of CFRP/metal, a metal 3  

surface is roughened and resin is pressed to the roughed metal surface2 - 4 , 1 1 - 1 3 ) . 4  

In this case, voids tend to be generated at the CFRP/metal interface by 5 

inadequate pressing. In the deposition joining, however, voids are not formed 6 

at the interface because metal is deposited from the interface. Actually, voids 7  

were not found at the Cu/CFRP surface although a few voids were generated in 8  

the deposited Cu (Fig. 3). The epoxy resin was removed at the surface and the 9 

carbon fibers were exposed by the etching (Fig. 1). This led to enough filling 10 

of Cu deposition into roughened CFRP because the carbon fibers have the high 11 

electrical conductivity, and pulling out of the carbon fibers. The present work 12 

demonstrated the joining strength of 67 MPa, which is more than twice as high 13 

as the one in the previous work4). The high joining strength by the deposition 14 

joining is suggested to be because the significant anchor effect is attained by 15 

enough filling of Cu deposition into roughened CFRP.           16 

 17 

4.  Conclusions  18 

 19 

The present  s tudy demonst ra ted tha t  CFRP was success ful ly joined 20 

to  A6061 Al  al loy by Cu e lec t rodepos i t ion .  Etching and  sul fonat ion  of  21 

CFRP surface  were  effec t ive  in  enhancing the  join ing s t rength .  As a 22 

resul t ,  the  h igh  join ing s t rength  of  67 MPa was  at tained .  It is suggested 23 

that the high joining strength is because the significant anchor effect is attained 24 

by enough filling of Cu deposition into roughened CFRP. 25 
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Captions  Lis t  1 

 2  

Figure  1  CFRP surfaces  before  and  af ter  e tching t rea tment .  (a)  CFRP 3 

surface  before  e tch ing.  (b)  Magni f ied  image of  a  region  where  carbon 4 

f ibers  are  ar ranged  perpendicular ly to  the  surface  in  (a) .  (c)  Magni f ied  5 

image of  a  region  where carbon f ibers  are  ar ranged  para l le l  to  the 6 

surface  in  (a) .  (d)  CFRP surface  af ter  e tching.  (e)  Magni f ied image of  7  

a  region  where  ca rbon f ibers  are  ar ranged  perpendicular ly to  the  8 

surface  in  (d) .  ( f )  Magni f ied  image of  a  region  where  carbon f ibers  are  9  

ar ranged  para l le l  to  the  surface  in  (d) .  10 

 11 

Figure  2 Join ing s t rength for  CFRP/A6061 al loy jo ined  by deposi t ion 12 

jo in ing method.  13 

 14 

Figure  3  Cross -sec t ional  images  of  the  e tched sample  inte r faces .  (a)  15 

Cross  sect ion  of  the region  where  the carbon f ibers  are  ar ranged  16 

perpendicular  to  the  surface .  (b)  Cross  sec t ion of  the  region  where  the 17 

carbon f ibers  are  ar ranged  para l le l  to  the  surface .  18 

 19 

Figure  4  Fracture  surfaces  of  the  e tching + sul fonated  sample.  (a)  20 

Region  where  carbon f ibers  are  ar ranged  perpendicular  to  the  surface  21 

for  CFRP s ide .  (b)  Region  where  carbon f ibers  are ar ranged para l le l  to  22 

the  surface  for  CFRP s ide .  (c)  Region  where  carbon f ibers  are  ar ranged  23 

perpendicular  to  the  surface  for  Al  s ide .  (d)  Region  where  ca rbon f ibers  24 

are  ar ranged  para l le l  to  the  surface  for  Al  s ide .  CF:  carbon f iber  25 
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 1  

  2  

Figure  1  CFRP surfaces  before  and  af ter  e tch ing t rea tment .  (a)  CFRP 

surface  before  e tch ing.  (b)  Magni f ied  image of  a  region  where  

carbon f ibers  are  ar ranged  perpendicular ly to  the  surface  in  (a) .  (c)  

Magni f ied  image o f  a  region  where  carbon f ibers  are  ar ranged  

para l le l  to  the  surface  in  (a) .  (d)  CFRP surface  af ter  e tch ing.  (e)  

Magni f ied  image o f  a  region  where  carbon f ibers  are  ar ranged  

perpendicular ly to  the  surface  in  (d) .  ( f )  Magni f ied  image of  a  

region where carbon f ibers  are  ar ranged para l le l  to  the surface  in  

(d) .  
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 1  
Figure  2 Join ing s t rength for  CFRP/A6061 al loy jo ined  by deposi t ion 2 

jo in ing method.  3  

  4  

Jo
in

in
g 

st
re

ng
th

, σ
/M

Pa

Non-treated Etched Sulfonated Etched
+

Sulfonated



 

13 
 

 1  

  2  

Figure  3  Cross -sect ional  images  of  the e tched  sample  in ter faces .  

(a)  Cross  sec t ion  of  the region  where  the  carbon f ibers  are  

ar ranged  perpendicular  to  the surface .  (b)  Cross  sec t ion of  the  

region  where  the  carbon f ibers  are  ar ranged  para l lel  to  the  

surface .  
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 1  

 2  

Figure  4  Fracture  surfaces  of  the  e tching + su l fonated  sample .  (a)  

Region  where  carbon f ibers  are  ar ranged perpendicular  to  the  surface  

for  CFRP s ide .  (b)  Region  where  carbon f ibers  are  ar ranged  para l lel  

to  the  surface  for  CFRP s ide .  (c)  Region  where  carbon f ibers  are  

ar ranged  perpendicular  to  the  surface  for  Al  s ide .  (d)  Region  where  

carbon f ibers  are  ar ranged  para l le l  to  the  surface  for  Al  s ide .  CF:  

carbon f iber  


