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Abstract 
In this  s tudy A l2O 3–C u core-s hell s tructural compos ites  are fabricated through tw o s tep electroles s  coating 

proces s  of pretreatment and E lectroles s  depos ition. T he influence of various  electroles s  parameters  on the 

thicknes s  and uniformity of coated layer are inves tigated and becaus e of numerous  experiments  needed an 

experiment des ign bas ed on T aguchi robus t des ign method is  applied. T he morphology, uniformity, and 

chemical compos ition of the C u coated A l2O 3 particles  w ere characterized and it is  concluded that the 3s tep 

pretreatment method, 1 0 ml/l HC HO , 20 g/l C uSO 4.5H2O , 60 g/l C 4H4O 6K Na.4H2O , PH= 1 1 and Pouring rate of 

5ml/min are the bes t condition for E lectroles s  depos ition of C u. During the electroles s  plating of activated 

A l2O 3 particles , nucleation of nano-s ized copper particles  w as  s tarted from the Pd clus ters  and s ubs equently 

more nucleation and grow th of copper w as  performed onto the catalys t C u nucleies  and s urface of A l2O 3 

particle and caus ed to coat the s urface of A l2O 3 particle and form a uniform C u s hell w ith thicknes s  of 50 0 nm 

around the A l2O 3 core.  

 
1  Introduction  
C ore/s hell s tructural compos ites , thin metallic films  

coated ceramic particles , are an attractive kind of 

ceramic matrix compos ites  due to their combined 

characteris tics  of metals  and ceramic matrix w ith 

improved functional and mechanical properties  of 

particles [1 ]. 

T his  kind of compos ites  are fabricated by s olid s tate 

methods  s uch as  ball milling, liquid s tate methods  

s uch as  s ol gel, E lectroles s  depos ition (E D) and 

precipitation depos ition, and vapor depos ition s uch 

as  PV D and C V D[2-3].  A mong thes e methods , the 

electroles s  coating has  been recognized as  one of the 

mos t effective techniques  for preparing metal-coated 

ceramics  pow ders  due to the its  advantages  s uch as  

even dis pers ion of the metal coating, uniformity of 

depos its  on complex s hapes , low er cos t w ith s imple 

proces s ing, eas y control of the coating thicknes s  and 

nondependence on the electrical properties  of the 

s ubs trate [4-6]. 

E lectroles s  plating is  an autocatalytic 

electrochemical reaction, us ed to s urface 

metallization of conductive or nonconductive 

s ubs trates  w ithout any external current. T he method 

cons is ted of pretreatment of inert s ubs trate, in order 

to obtain catalytic activity, and then dipping the 

pretreated s ubs trate in a bath of metal ions , 

complexing agents , reducing agents  and s tabilizers  

[6-7]. 

How ever, in electroles s  depos ition it is  difficult to 

obtain uniform and nano-s ized metallic coating on 

the ceramic pow ders  becaus e Pow der electroles s  

plating is  a complex chemical reaction, w hich is  

affected not only by bath compos ition of electroles s  

plating, but by lots  of proces s  parameters  s uch as  

pretreatment type, mixing method, bath temperature, 

dipping time, pH ranges , particle s ize of s ubs trate, 

etc [6, 8]. How ever, effects  of s ome parameters  on 

the depos ition rate, uniformity and chemical 

compos ition of coated layers  w ere s tudied by s ome 

res earchers , although there are s ome incons is tent 

res ults  becaus e of complicated E D s ys tem, but it is  

es s ential to unders tand the effect of other important 

factors , contribution percent of each one and 

relations hip betw een them to optimize the 

fabrication condition w ith minimum thicknes s  and 

maximum uniformity of coated layer.  

In this  s tudy, the A l2O 3/C u core-s hell 

nanocompos ite w as  fabricated by electroles s  plating 

of C u on A l2O 3 particles . T his  kind of 

nanocompos ites  can be us ed as  the catalys ts , 

electromagnetic w ave abs orbing materials , 

electrodes  in fuel cells , thermal protective coatings  

of air engines , contact materials  in relays , 

contactors , s w itches , circuit breaks , electronic  
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packaging, high current brus h and etc, becaus e of its  

excellent properties  s uch as  s ignificant improvement 

of the fracture toughnes s  of the particles , improving 

the w etting property betw een metal and ceramics  

materials , good electrical and thermal conductivities , 

excellent res is tance to high temperature annealing, 

excellent corros ion and w ear res is tance, high 

bonding s trength, excellent w eldability, and 

controllable magnetic properties  through s uitable 

heat treatment[5, 9-1 1 ].  

In order to reach to the uniform and s ubmicron 

s hells  effect of pretreatment type and E lectroles s  

bath compos ition w ill be inves tigated. Due to the 

lots  of experiment needed, an experiment des ign 

bas ed on T aguchi robus t des ign method is  applied. 

Finally, analys is  of variance (A NO V A ) is  us ed to 

s tudy the effects  of each factor on the thicknes s  of 

coated layers  and determination of experimental 

condition having the leas t variability as  the optimu m 

condition. 

2 Experimental procedure 

2.1 Electroless deposition 

C opper w as  coated on the s urface of micron s ize 

A l2O 3 particles  (50 µm) through tw o s tep electroles s  

coating proces s . A t firs t, Becaus e of chemical 

inertnes s  of A l2O 3 particles , 1 0 0 gr A l2O 3 pow ders  

w ere pretreated to obtain catalytic activity. T he 

pretreatment had been performed in s tages  of 

w as hing, coars ening, Sens itization and activation 

us ing magnetic s tirrer. Details  of thes e s tages  are 

reported in table1 . Subs equently, E lectroles s  

depos ition w as  performed in a des cribed bath in 

table 1 , w hile magnetic s tirrer w as  us ed to s tir the 

bath and avoid particle agglomeration. Finally the 

pow ders  w ere w as hed in dis tilled w ater for s everal 

times ; they w ere filtrated and dried in a vacuum 

oven at 80  ºC  for 3 h. 

2.2. Experiments design 

T he influence of various  electroles s  parameters  on 

the thicknes s  and uniformity of coated layer are 

inves tigated. T he main controlling electroles s  

parameters  and their levels  are reported in table 2. 

Becaus e of numerous  experiments  needed and 

interaction betw een the parameters , s pecial des ign of 

experiments  w as  applied.  

A t firs t, the individual effects  of pretreatment type 

on the depos ition of copper on the micron s ized 

A l2O 3 particles  are s tudied. Bas ed on res earch done, 

pretreatment can be performed by different manner 

of 1 s tep (only coars ening), 2s tep (coars ening and 

activation) and 3s tep (coars ening, Sens itization and 

activation). E ffect of each proces s  on the 

morphology, catalytic activity and depos ition of 

copper on the A l2O 3 s urface are inves tigated and 

the bes t condition is  s elected. 

In the s econd part, parameters  of bath compos ition 

w ere chos en as  the independent parameters . T he 

parameters  are HC HO /C uSO 4.5H2O  ratio (1 0 /1 0 , 

1 0 /1 5, and 1 0 /20 ml/g), C 4H4O 6K Na.4H2O  

concentration (40 , 50  and 60 g/l), PH (1 1 ,1 2 and 1 3) 

and Pouring rate (3 and 5ml/min). Normally, in this  

cas e, 33 *2=  54 experiments  s hould be conducted. I n 

order to decreas ing in number of experiments  and 

unders tanding the contribution percent of each factor 

on the thicknes s , plating rate and uniformity of 

coated layer an experiment des ign bas ed on T aguchi 

method w as  applied.  A ccording to the T aguchi 

method, the s tandard orthogonal array, namely L9 

that reduces  the number of experiments  to 9 w as  

us ed and the optimized s ituation for depos ition of 

C u on the micron s ized A l2O 3 particles  w as  

determined by analys is  of variance (A NO V A ).  

2.3 Structural characterization 
T he morphology, uniformity, and chemical 

compos ition of the C u coated A l2O 3 particles  w ere 

characterized by s canning electron micros copy 

(SE M ), high-res olution trans mis s ion electron 

micros copy (HRT E M ), energy dis pers ive 

s pectros copy (E DS) and X-ray diffraction (XRD). In 

order to meas uring the thicknes s  of coated layers , 

s ome amount of C u coated particles  mounted and 

then carefully polis hed. T he cros s  s ection view s  of 

coated particles  are us ed and high magnification O M  

micrographs  w ere taken and thicknes s  of layers  w as  

calculated us ing C elemex image analyzer s oftw are. 

T he average of 5-1 0  meas urements  has  been 

reported as  the thicknes s  of the coated layers . A ls o 

plating rate w as  determined by meas uring the w eight 

gain of pow der after plating.  

3 Result and discussion 

3.1 Effect of Pretreatment 

A s  mentioned before, Becaus e of chemical inertnes s  

of A l2O 3 particles  direct copper grow th on alumina 

s urfaces  are not obs erved[9] and the particles  firs t 

s hould be activated to obtain catalytic activity. O n 

the other hand, the electroles s  coating proces s  w as  

divided in tw o s tages  of pretreatment and E lectroles s  

plating. Bas ed on res earch done, pretreatment can be 

performed by different manner, and the mos t 

accepted methods  are 3s tep method (coars ening, 
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Sens itization and activation), 2s tep method 

(coars ening and activation) and 1 s tep method 

(w ithout conventional s ens itization and activation 

s teps [6]). Res pected to other routs , the 3s tep 

pretreatment method is  mos t accepted betw een the 

res earchers  becaus e of its  more tendencies  in 

increas ing the adhes ion properties . T he method 

cons is ted 3s tage of coars ening, Sens itization and 

activation. Fig 1  s how s  the s chematics  of proces s es .  

C oars ening proces s  w as  applied in a Hydrophilic 

etcher (fig1 b) in order obtain a rough s urface and 

increas e the s pecific s urface area and hydrophilic 

property of the particles [6]. During the Sens itization 

s tage, w hen the coars ed particles  dis pers ed in a 

s ens itization hydrochloric acid s olution of SnC l2 

and HC l, the s urface of A l2O 3 particles  s ens itized 

due to the chemis orption of Sn on the s urface of 

A l2O 3 particles  (fig 1 c) and after this  s tep the 

s urfaces  of A l2o3 particles  are ready to be activated. 

A mong lots  of catalytic agents , Pd w as  know n the 

mos t efficient[5]. How ever activation proces s  w as  

performed in a hydrochloric acid s olution of PdC l2 

and HC l. In cons equence of Pd activation, the Pd2+ 

ions  trans late into electroneutral atoms  w hen they 

are encountering w ith the Sn2+ ions . It is  obs erved 

that by chemis orption of Pd onto Sn clus ters  (fig 1 d) 

pas s ive condition of the al2o3 particles  eliminated 

and they w ere s uitable for electroles s  plating due to 

the promotion of chemical abs orption phenomena. 

A s  s oon as  activated particles  are dis pers ed in an 

electroles s  bath of metal ions , complexing agents , 

reducing agents  and s tabilizers , an autocatalytic 

electrochemical reaction is  performed as  follow : 

2HC HO  + C u2+ + 4O H-  2HC O O - + C u+ H2 + 2H2O  (1 ) 

A s  the reaction s tarted, the s olution turned to be 

orange-color, s how s  depos ition of C u, and lots  of 

bubble appeared in the s olution. fig 1 e s how s  that 

during the electroles s  plating of activated A l2O 3 

particles , nucleation of nano-s ized copper particles  

w as  s tarted from the Pd clus ters  and s ubs equently 

(fig 1 f) more nucleation and grow th of copper w as  

performed onto the catalys t C u nucleies  and s urface 

of A l2O 3 particle and caus ed to coat the s urface of 

A l2O 3 particle and form a uniform C u s hell around 

the A l2O 3 core.  

C omparing morphology of cu coated pow ders  

pretreated by different method, it is  revealed that all 

of methods  have tendency to promote the chemical 

activity of pas s ive A l2O 3 particles . How ever, the 

uniformity and adhes ion property of coated layers  

pretreated by 3s tep method is  more than the others . 

 In 1 s tep method the s urfaces  of particles  w ere 

activated by coars ening treatment and w ithout 

conventional s ens itization and activation s teps .  

Specific s urface area of the particles  increas ed in 

this  method, and nano-s ized voids  obs erved on the 

s urface of particles  that caus ed to create s uitable 

parts  for nucleation of copper. How ever the 

nucleation locations  are les s  in amount and the cu 

coated layers  s eems  to be non uniform w ith w eak 

adhes ion to s ubs trate. In other method, pretreatment 

performed after coars ening in a unique chemical 

bath of SnC l2 and PdC l2 (2s tep method). T he 

method w as  not efficient compared to 3s tep method 

to create nucleation locations  on the s urface of 

A l2O 3 particles ; therefore the res ulted coated layer 

w as  not dens e and uniform[9]. 

3.2 Optimization of bath composition parameters 

T he s tructure of T aguchi orthogonal robus t des ign, 

the res ults  of meas urement for thicknes s  of coated 

layer and corres ponding S/N ratios  are s how n in 

T able 2. 

T he s tructure of T aguchi orthogonal robus t des ign, 

the res ults  of meas urement for thicknes s  of coated 

layer and corres ponding S/N ratios  are s how n in 

T able 2. 

Fig. 3 s how s  the mean of S/N ratio values  vers us  

levels  of parameters  for thicknes s  of coated layer. 

T he graph applied in order to unders tanding effects  

of parameters  and their levels  on the output. U s ing 

fig 3 the parameter w ith mos t variability is  

s ignificant parameter and als o, in each parameter the 

levels  w ith minimum S/N ratio w ere s elected as  the 

optimal condition. 

In E lectroles s  plating characteris tics  of coated layers  

are very much dependent on the compos ition of 

electroles s  bath. How ever, there is  a little theoretical 

s tudy of the plating compos ition and in all s tudies  

choos ing the appropriate bath compos ition is  

determined through experimental. For example, it is  

w ell know n that the concentration of copper s alt in 

the bath has  little influence on plating rate, w hereas  

increas ing in reducing agent caus ed to increas ing in 

plating rate and thicknes s  of coated layer. T he res ult 

of our experiments  als o confirmed the obs ervations . 

Fig 3 s how s  that by increas ing the HC HO  

concentration (decreas ing the C uSo4.5H2O /HC HO  

ratio), the thicknes s  of coated layers  decreas ed 

s ignificantly. A ls o it is  revealed that, more 

increas ing in HC HO  concentration caus ed to 

increas ing the plating time and hydrogen evolution, 



 

 

meanw hile the uniformity of coated layers  becomes  

better. 

In this  s tudy C 4H4O 6K Na.4H2O  w as  choos e as  the 

complexing agent. T he res ult from fig 3 s how s  that 

increas ing in mount of complexing agent can be 

caus ed to decreas ing in thicknes s  of coated layers . 

 A nother influencing parameter of bath compos ition 

is  NaO H concentration. But during the electroles s , 

the O H_ ions  are cons umed rapidly, w hich leads  to 

the decreas e of pH value of the plating bath. When 

the pH decreas es  to a level that is  low  enough, the 

HC HO  w ill los e its  reducing capability and the 

copper depos ition w ill terminate automatically. In 

order to maintain the plating reaction, the NaO H 

mus t be s upplied continuous ly. T herefore 

concentration of NaO H in plating bath is  not 

cons tant and PH of the bath w as  choos ing as  the 

other independent factor. It is  know n that only in the 

s olution w hos e pH value is  greater than 1 1 , the 

HC HO  has  the reducing capability. How ever effect 

of bath PH inves tigated and it is  indicated that 

increas ing the pH range of the s olution from 1 1  to 

1 3 caus ed to increas ing the thicknes s  of coated 

layers .  

Ling and Li s tudied the various  feeding modes  in 

electroles s  pow der depos ition and reported that, 

w hen the copper-complex s olution w as  fed into 

s us pending s olution of formaldehyde, NaO H and 

activated particles , more uniformity of copper 

coating w as  appeared[5]. A ccording to this  method, 

tw o different feeding rates  w ere examined and it is  

revealed that, there is  not any big difference in 

thicknes s  of coated layer in both rates ; how ever 

5ml/min feeding rate caus ed to les s  thicknes s  of 

coating layers .  

Statis tical analys is  of variance (A NO V A ) w as  

performed to identify the effect of individual factors  

on the proces s  res pons e and unders tanding w hich 

proces s  parameters  are s tatis tically s ignificant. In the 

pres ent s tudy, A NO V A  is  performed us ing M initab. 

T able 3 s how s  the A NO V A  res ult for the thicknes s  

of coated layer. T he res ults  s how  that PH of the bath 

s olution w ith 41 .77%  contribution has  the mos t 

effect on thicknes s  of coated C u layer, 

C 4H4O 6K Na.4H2O  concentration w ith 26.98%  

contribution has  the next larges t effect, and 

HC HO /C uSO 4.5H2O  ratio is  third (24.88% ). 

A t the final s tep of T aguchi method optimal 

combination of the proces s  parameters  and res pons e 

of this  s ituation w ill be predicted us ing A NO V A . 

A 3, B3, C 1  and D2 are predicted as  the bes t levels  

for parameters  to achieve minimum thicknes s  of 

coated layer and the es timated value for thicknes s  is  

645nm. T he verification experiment is  conducted 

and the thicknes s  of coated layer is  meas ured to be 

50 0 nm, w hich is  s ignificantly low er than the 

calculated amount.  

Fig 3 s how s  cros s  s ectional image of A l2O 3 core-

s hell s tructural compos ites  prepared though 3s tep 

pretreatment procedure and coated by the optimized 

compos ition of electroles s  bath. A s  received A l2O 3 

particles  w ere recognized polygonal in s hape w ith 

particle s ize of 50 µm. How ever after the activation 

procedure (fig. 3a), no difference in the morphology 

of A l2O 3 particles  obs erved and only the Pd 

nucleies  are identified on the s urface of A l2O 3 

particles . Fig 3b s how s  the firs t s tage of electroles s  

plating that is  related to nucleation of C u particles  at 

palladium activated locations . It is  indicated that, C u 

particles  w ere depos ited on the s urface of A l2O 3 

cores  as  nanos pherical particles . T he micros copy 

experiments  of coated particles  at the end of 

electroles s  depos ition procedure (fig 3c), mention 

that by grow ing of copper on the s urface of the cu 

nucleies , a continuous  coating around the A l2O 3 

particle form a thin and uniform s hell w ithin about 

50 0 nm thicknes s . How ever in s ome places  

agglomerates  of s pherical particles  obs erves . Same 

events  caus e to change the s hape of particles  from 

polyhedral to s emis pherical, w ith diameters  of about 

53 µm.  

4 Conclusion 
1 - In this  s tudy, A l2O 3–C u core-s hell 

nanocompos ite w as  fabricated by electroles s  plating 

of C u on A l2O 3 particles .  

2- C opper w as  coated on the s urface of micron s ize 

A l2O 3 particles  (50 µm) through tw o s tep electroles s  

coating proces s  of pretreatment and E lectroles s  

depos ition. 

3- T he influence of various  electroles s  parameters  on 

the thicknes s  and uniformity of coated layer are 

inves tigated and becaus e of numerous  experiments  

needed an experiment des ign bas ed on T aguchi 

robus t des ign method is  applied.  

4- C omparing morphology of cu coated pow ders  

pretreated by different method, uniformity and 

adhes ion property of coated layers  pretreated by 

3s tep method is  more than the others . T he method 

cons is ted 3s tage of coars ening, Sens itization and 

activation.  

5- PH of the bath s olution w ith 41 .77%  contribution 

has  the mos t effect on thicknes s  of coated C u layer, 

C 4H4O 6K Na.4H2O  concentration w ith 26.98%  
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contribution has  the next larges t effect, and 

HC HO /C uSO 4.5H2O  ratio is  third (24.88% ). 
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 T able 2: M ain controlling factors  and their levels  

 

T able 4: A NO V A  for S/N ratio of the micron s ize 

C u(A l2O 3) particle s ize. 

Factors  df SS M S F p(% ) 
(B) HC HO /C uSO 4.5H2O  

ratio (ml/g) 2 24.78 1 2.39 50 8 24.88 

(C ) C 4H4O 6K Na.4H2O  

concentration (g/l) 2 26.86 1 3.43 551  26.98 

(D) PH (NaO H 

concentration)  2 41 .56 20 .78 853 41 .77 

(E ) Pouring rate (ml/min) 1  6.1 5 6.1 5 252 6.1 7 

E rror 1  0 .0 2 0 .0 2 *** 0 .20  

T otal 8 99.39 *** *** 1 0 0  

 

  

Factor Levels  

1  2 3 

(A ) Pretreatment type 1 s tep 2 s tep 3s tep 

(B) C uSO 4.5H2O /HC HO  ratio 

(g/ml) 

1 0 /1 0  1 0 /1 5 1 0 /20  

(C ) C 4H4O 6K Na.4H2O  

concentration (g/l) 

40  50  60  

(D) PH (NaO H concentration)  1 1  1 2 1 3 

(E ) Pouring rate (ml/min) 3 5 - 

E xp. 

No. 

(B) C uSO 4.5H2O / 

HC HO  ratio (g/ml) 

(C ) C 4H4O 6K Na.4H2O  

concentration (g/l) 

(D) PH (NaO H 

concentration) 

(E ) Pouring rate 

(ml/min) 

T hicknes s  of 

coated layer (µm) 
S/N 

1  1  1  1  1  2 6.0 20 5 

2 1  2 2 2 1 .8 5.1 0 54 

3 1  3 3 1  2.3 7.2345 

4 2 1  2 1  1 .9 5.5750  

5 2 2 3 1  2.3 7.2345 

6 2 3 1  2 0 .75 -2.4987 

7 3 1  3 2 1 .9 5.5750  

8 3 2 1  1  1 .1  0 .8278 

9 3 3 2 1  1  0  

Stage C hemical C ompos ition T emperature 

(° C ) 

T ime 

(min) 

U ltimate proces s  

1 - pretreatment Was hing C leaner 20 0  ml A cetone 25 1 5 Was hing in de-ionized 

w ater for s everal times 

C oars ening Hydrophilic etcher 1 0 0  ml/l HNO 3 25 1 5  Was hing in de-ionized 

w ater for s everal times 

Sens itization Sens itization 

hydrochloric acid 

s olution 

1 5 g/l SnC l2 and 60  ml/l HC l 25 1 5  Was hing in de-ionized 

w ater for s everal times 

A ctivation A ctivation 

hydrochloric acid 

s olution 

0 . 5 g/l PdC l2 and 1 0  ml/l HC l 25 30   Was hing in de-ionized 

w ater for s everal times / 

filtering/ drying in an 

oven at 1 1 0  ºC  and 1 h  

2- E lectroles s  depos ition M ain s alt 

Reducing agent 

Buffering agent 

C omplexing agent 

 

C opper s ulphate (C uSO 4.5H2O ) 

Formaldehyde (HC HO ) 

Sodium hydroxide (NaO H)  

Pottas ium s odium tartrate 

(C 4H4O 6K Na.4H2O ) 

60 30 Was hing in de-ionized 

w ater for s everal times / 

filtering/ drying in an 

vacuum  oven at 80  ºC  

and 3h 



 

 

 

 

 

 

 

 


