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Galvanostatic electrodeposition:

constant current density
control deposition rate
control coating thickness
composition

grain size

surface morphology

phase constitution

binary alloys: T, electrolyte -> which phase ? -> ECPD
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- - _ T=850K
Electrochemical diagrams (ECD) [1] 1 =~
Binary systems: A - B B
Electrolyte: A X,, B,X,, solvent / 08 - 0 - B -
Reduced molar fraction: o 9 < - >
x* = n'; - /0 > e e - ne EH'B
bt = / : > i .
) 600 :E::‘ ;—E }E.I::l :
Molar fractions: B - 04 - - 1
0 0,2 04 0,6 08 1 i
Xaxee) T Xpxe) Ty =1 Xg :
i
s (1—-y)-(1—x"py) . ng . a 1
Xax(e) = s—(s—¢q)-x* . &
B - LLECDrule:E,>E; — E, Xp(a/B)
gy = L LY X + 1. ECD rule: Epq = Eg, _,.- :
e * ey
s=(s—q) x"p4  1ll. ECD rule: E, = Eg o= Mo N Py oa iy ol 1o
Partial cathode potentials: K+
Haxe) — 4 Hao _ HBx(e) — S " HB(2) * _ _ *
Eq@) = (ec)l.q F @) Epe) = b s F X B+(a/B) = f(T)orT = f(x B+(a/[>’))

9/29/2026 [1] G. Kaptay, Electrochimica Acta 484 (2024): 144002. @ 3
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General equation of ECPD lines

R-T X AuE s —q-Au
Partial cathode potentials: Eqg0)=E OA(cb) + g-F In AX(e)q + AX() .qg-F A
Haxe) — 4 Ha(e) “a (xA((p)) .
EA(¢) = E e, E
a-q-F R-T XBX(e) Augxey — S * AUp (o)
! EB(QD):EOB(@)-I_b-S-F.m(x )S+ b-s-F
By = M2HE S " HB(@) B
B(®) — * *
b-s-F s (1= (1= x"pr(0/w) q-(1—y) x"pio/w)

X = X =
Partial chemical potentials: AX(e).®/¥ s=(5—q) X pyo/w) BX&) T s —(s—q) - X" B+(d/W)

HA(¢) = I’lOA((D) +R-T- lnxA(¢) + A[Jﬁ((p)

. . EO + R-T I Xax(e),® /W + Aﬂﬁx(e),cp/tp —q 'A.Uﬁ(cp) _
Hp(@) = U pe) T R-T - Inxpe) + Aipa) A@) T . q-F (XA(q;))q a-q-F
Hax(e) = ng(e) +R-T-Inxyxe + A#ﬁx(e) _ EOB(cp) + R-T In XBx(e),®/¥ + Aﬂgx(e),cb/t}' —S- A,ug(q))
S
Upx(e) = 1ovio + R - T - InXpx(e) + ApE bes F o (xpw) brs-F
Bx(e) = MUBx(e) Bx(e) T AHpx(e)
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Simplified equation of ECPD lines

0 R-T Xax(e)ow  Aaxerew =4 Ma@) o R-T Xpx(e)o/w  AMpxe)ow — S Aipa)
EA(CD)-I_ F'ln CI+ I =EB(¢)+b F.ln S+ ) =z
aq- (*a(@)) aq- T (x5@)) R
) s 0=y =%em) oy = q- A=y Xp1/w)
= : BX(e),®/¥ = ¥
OO T = (5 = ) Xpa(oyw) ) s = (5= 4)  Xpy(o/w)
Active compounds: A X,, B.X, charges of cations: a = b(= ¢) q=s(=u) r=t
* 1 0 0
XB+(a/B) = 1 u 0 = 2.2 . F. E"a@) — E p(o)
1+ (KO . KE )_ﬁ . (xA((P)> KB(CD) =eéxp|c-u F R-T
B(d)) B((D) xB(¢)

Al 7

(A:ufl'X(e),a/ﬁ _ A:ugx(e),a/ﬂ) —u- (A.ufl'(cb) _ A.ug(cb))]

E —
KB(d,):exp[c-u- BT
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ECPD lines of a simple binary solid solution system

Active compounds: A X,, B.X, charges of cations: a = b(= ¢) q=s(Zu) r=t

1100

Electrolyte: ideal solution Aﬂﬁx(e),s /= A:“gX(e),s n= 0

1000
Electrodeposited alloy:
 ideal solution in solid phase
+ ideal solution in liquid phase

900

Aoy = Dligpy = 0

¥
K,—1 K,—1 =
O KK PO KK, e
0 0 E%40y — E%sy
Hay —Ha K9 . = 2.2 . F. 600
K, = exp< ()R T (“)) B T €Xp|c U R-T
O 0 500
U — U . 1 0 0,2 0,4 0,6 0,8 1
Kg = exp( B(l)R T B(a)> XB+(s/l) = 1 | — KAY Xg
1+ (KSe) ©- (KA - f)

9/29/2026 6
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ECPD lines of a simple binary solid solution system

guaniity [unit] value
™, [K] = 1100
T, 8 [K] 1000 1000
- J
AmS "‘[nmﬂl-]f 10
a=b=c[-] 2 o
g=s=u|[—] 1 hvd 200
AE? = Egqy— Egqy [V] 0.05 =
700
0 — 40
K@ = Hp@ =Y
600
u° i)~ =4 Soml (Toml T)
500
x* _ 1 0 0,2 0,4 0,6 0,8 1
B+(s/1) — 1 *
1+ (K9,) " - (A=Ke)’ X s
B(l) KA - 1

9/29/2026 7
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ECPD lines of a simple binary system with miscibility gap

Active compounds: A X,, B.X, charges of cations: a = b(= ¢) q=s(Zu) r=t
Electrolyte: ideal solution Aﬂﬁx(e),m/az = A,ugx(e)’al/az =0
Electrodeposited alloy: Ly 1—2Xpan e _
- phase separation in solid phase =% T i-x o solid a
- regular solution in solid phase In 5(al) 100

E 2 xB(al) 1000
Ala(ar) = Lo " Xp(a1) 0 0 X a0o

0 2 . .,2 E 4@ — E" @ -
A,uf‘;(az) =L, -xé(az) Kg@y =exp(c®-u”-F- R.T e solid al + solid a2
2 400

Attpany = Lo (1 = Xp(an) 200

E _ 2 % 1 0
AMB(CKZ) = Lo~ (1 - xB(“Z)) XB+(al/a2) = 1

1+ (KQ)

9/29/2026 8
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T°,.4 [K] 600
T 5 [K] 1000
4,,5%, J 10
ol K
k
L[4 ] 20
mol
a=b=c[] 2
gq=s=ul[—] 1
— 1]
AE? = Ejc,y — Egeoy [V] 0.029

* —
XB+(al/a2) = 1

9/29/2026
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ECPD lines of a imple binary eutectic system

Active compounds: A X,, B.X, charges of cations: a = b(= ¢) q=s(Zu) r=t
Electrolyte: ideal solution Aﬂﬁx(e),l Ja = A:ng(e),l /B = 0 1100
Electrodeposited alloy: . . e
- ideal solution in liquid phase Apay = Apgy = 0 o 5 L
« immiscible a, B in solid phase = 7%
% 1 600 L+B
Ha = Hay + R T-In(1 = xpq/a)) | XB+@/p) = — 1 w0 L+0l
0 cu
,ng(ﬁ) = ,ng(l) +R-T-In xB(l/,B) 1+ (KB(“/ﬁ)) A0 a+B
1 EO© — EO© w 0 02 0,4 0,6 0,8
X =1- 0 _ 2.2, .2 Al B(B)
B(l/a) Kaw Kg(a/p) = €xp (c uc-F T Xg
1
XBU/B) T " 1 " 1
Kepy | xprqay = 1 XB+(1/B) = 1
0 Tcu . _ —u 0 “cu . _\U
9/29/2026 1+ (KB(I)) (KA(“) 1) 1+ (KB(l)) (KB(,B) 1)
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quantity [umit] 1100
T4 [K] 600 100
T 5 [K] 1000
900
a,5s° [m 4 10
" " el - K 800 L
a=b=c[-] 2 2o
a=s=u[] 1 = .
AE} = Eqqy — Egqy [V] 0.05
AE] = Eg,) — Eg [V] | 0.029 e ‘ o B
400
x* — 1 300
B+(l/a) _1 . 0 0,2 0,4 0,6 038 1
0 cu - *
1+ (KB(I)) ) (KA(a) — 1) X g4
Xp+(1/B) = 1 XB+(a/B) = 0 NS
. u ’
1+ (Kfy) “* - (Kep — 1) 1+ (KSa/p)
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Experimental data:

o Ag-cu Kun Hee Lee, et al.: "Properties of nanocrystalline CuAg foil prepared via
electrodeposition.” Journal of Alloys and Compounds 881 (2021): 160522.
. thode: Ni d bv ch te result:
. z:th:e:p;r;::f;-e 60 3’cc roMa%® . supersaturated Cu(FCC) nanocrystals
- current density: 7' 5 mA/cm? - after heat treatment: Ag precipitates
" ’
+ electrolyte: 438
- CuCN: 0.78 M Xcucn(e) = 0.013

418

(n0)004

398

* AgCN: 0.12, 2.5, 3.7 mM  x,,cy() = 2.03-1075,4.23-107%,6.26 - 10~
« KCN: 2.08 M

Xeus = 0.9998,0.9996,0.9995 =
* Rochelle salt: 79 mM Cut - 8 . = FeCihg)
e KOH: 0.27 M Xpg+ = 1.53:107%,3.20-107%,4.74 - 10 B
- K2CO03: 0.36 M y = 0.987 diluted solution s
+ saccharin: 0.5 mM
] L] ~ . 1 298
PAT: 75 l"M EOCu(FCC) ~ (0.521V Xews(rect/rees) = : — 0,99 0,992 0,994X*Cu+ 0,99 0,998
« PEI: 3 mM E®agerecy = 0.799 V 1+ (KCu(FCC1/FCC2))

——C AgCN=0.12mM —e—C_AgCN =0.25 mM —e—C_AgCN =0.37 mM

* Triton-X: 5 mM 0 0 N
E Cu(FCC) - E Ag(FCC) = _0278 V Ag Weighl Percent Copper Cu

9/29/2026 CRC Handbook of Chemistry and Physics, 92nd ed., CRC Press, Boca Raton, 2011: pp. 5-80. 12
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e Co-Cu A. E. Mohamed, et al.: "Electrodeposition of Co-Cu alloy coatings from glycinate
baths.” Journal of Applied Electrochemistry 33.11 (2003): 1085-1092.

. cathode: steel result: ,
e« bath temperature: 10 - 55 °C (25 oc) « Cuis more preferable <24 mA/lcm

. current density: 1.5 - 10.8 mA/cm2 ° ©one FCC phase (XRD)
+ electrolyte:
« CuS04*5H20: 0.04 M Xcusoa(e) = 7.03-107*

- C0SO04*7H20:0.106 M x¢os504(e) = 1.86- 1073 FCC(Co)
- Na2S804: 0.14 M .
. X = 0.273
. glycine: 1.06 M cut FCC(Cu)
Xcoy = 0.727
y = 0.997 diluted solution .
EOCu(FCC) =~ —-1.2V
0 ~ _ * 1
E Co(FCC) = 13V Xcu+(FCcC1/Fcc2) = 1
EOCO(FCC) - EOCu(FCC) =—-01V 1+ (K((I)u(FCC1/FCC2)) -4 -3,5 -3 -2,5 -2 -1,5 -1 -0,5

lg(x*Cu+)

9/29/2026 13
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Thank you for your attention!

9/29/2026 14
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   x  A X ( e ) +  x  B X  ( e ) + y = 1


   x  B + ∗ ≡    n  B +   n  A + +  n  B +


     x  A X  ( e ) =   s ∙  ( 1 − y ) ∙  ( 1 −    x ∗  B + )  s −  ( s − q ) ∙    x ∗  B +


     x  B X  ( e ) =   q ∙  ( 1 − y ) ∙    x ∗  B +  s −  ( s − q ) ∙    x ∗  B +


   E  A  ( 𝛷 ) =    𝜇  A X ( e ) − q ∙  𝜇  A  ( 𝛷 )  a ∙ q ∙ F


   E  B  ( 𝛷 ) =    𝜇  B X ( e ) − s ∙  𝜇  B  ( 𝛷 )  b ∙ s ∙ F


     x ∗  B +  ( 𝛼 / 𝛽 ) = f  ( T )   o r   T = f  (    x ∗  B +  ( 𝛼 / 𝛽 ) )


   E  A  ( 𝛷 ) =    𝜇  A X ( e ) − q ∙  𝜇  A  ( 𝛷 )  a ∙ q ∙ F


   E  B  ( 𝛷 ) =    𝜇  B X ( e ) − s ∙  𝜇  B  ( 𝛷 )  b ∙ s ∙ F


   𝜇  A  ( 𝛷 ) =    𝜇 0  A  ( 𝛷 ) + R ∙ T ∙ l n  x  A  ( 𝛷 ) + 𝛥  𝜇  A  ( 𝛷 ) E


   𝜇  B  ( 𝛷 ) =    𝜇 0  B  ( 𝛷 ) + R ∙ T ∙ l n  x  B  ( 𝛷 ) + 𝛥  𝜇  B  ( 𝛷 ) E


   𝜇  A X  ( e ) =  𝜇  A X  ( e ) 0 + R ∙ T ∙ l n  x  A X  ( e ) + 𝛥  𝜇  A X  ( e ) E


   𝜇  B X  ( e ) =  𝜇  B X  ( e ) 0 + R ∙ T ∙ l n  x  B X  ( e ) + 𝛥  𝜇  B X  ( e ) E


   E  A  ( 𝛷 ) =    E 0  A ( 𝛷 ) +   R ∙ T  a ∙ q ∙ F ∙ l n    x  A X  ( e )     (  x  A  ( 𝛷 ) ) q +   𝛥  𝜇  A X  ( e ) E − q ∙ 𝛥  𝜇  A  ( 𝛷 ) E  a ∙ q ∙ F


   E  B  ( 𝛷 ) =    E 0  B ( 𝛷 ) +   R ∙ T  b ∙ s ∙ F ∙ l n    x  B X  ( e )     (  x  B  ( 𝛷 ) ) s +   𝛥  𝜇  B X  ( e ) E − s ∙ 𝛥  𝜇  B  ( 𝛷 ) E  b ∙ s ∙ F


     E 0  A ( 𝛷 ) +   R ∙ T  a ∙ q ∙ F ∙ l n    x  A X  ( e ) ,  𝛷 / Ψ     (  x  A  ( 𝛷 ) ) q +   𝛥  𝜇  A X  ( e ) ,  𝛷 / Ψ E − q ∙ 𝛥  𝜇  A  ( 𝛷 ) E  a ∙ q ∙ F =


  =    E 0  B ( 𝛷 ) +   R ∙ T  b ∙ s ∙ F ∙ l n    x  B X  ( e ) ,  𝛷 / Ψ     (  x  B  ( 𝛷 ) ) s +   𝛥  𝜇  B X  ( e ) ,  𝛷 / Ψ E − s ∙ 𝛥  𝜇  B  ( 𝛷 ) E  b ∙ s ∙ F


     x  A X  ( e ) ,  𝛷 / Ψ =   s ∙  ( 1 − y ) ∙  ( 1 −    x ∗  B + (  𝛷 / Ψ ) )  s −  ( s − q ) ∙    x ∗  B + (  𝛷 / Ψ )


     x  B X  ( e ) =   q ∙  ( 1 − y ) ∙    x ∗  B + (  𝛷 / Ψ )  s −  ( s − q ) ∙    x ∗  B + (  𝛷 / Ψ )


  a = b ( ≡ c )


  q = s ( ≡ u )


  r = t


     E 0  A ( 𝛷 ) +   R ∙ T  a ∙ q ∙ F ∙ l n    x  A X  ( e ) ,  𝛷 / Ψ     (  x  A  ( 𝛷 ) ) q +   𝛥  𝜇  A X  ( e ) ,  𝛷 / Ψ E − q ∙ 𝛥  𝜇  A  ( 𝛷 ) E  a ∙ q ∙ F =    E 0  B ( 𝛷 ) +   R ∙ T  b ∙ s ∙ F ∙ l n    x  B X  ( e ) ,  𝛷 / Ψ     (  x  B  ( 𝛷 ) ) s +   𝛥  𝜇  B X  ( e ) ,  𝛷 / Ψ E − s ∙ 𝛥  𝜇  B  ( 𝛷 ) E  b ∙ s ∙ F


   x  A X  ( e ) ,  𝛷 / Ψ =   s ∙  ( 1 − y ) ∙  ( 1 −  x  B +  (  𝛷 / Ψ ) ∗ )  s −  ( s − q ) ∙  x  B +  (  𝛷 / Ψ ) ∗


   x  B X  ( e ) ,  𝛷 / Ψ =   q ∙  ( 1 − y ) ∙  x  B +  (  𝛷 / Ψ ) ∗  s −  ( s − q ) ∙  x  B +  (  𝛷 / Ψ ) ∗


   x  B +  (  𝛼 / 𝛽 ) ∗ =  1  1 +    (  K  B ( 𝛷 ) 0 ∙  K  B ( 𝛷 ) E )  −  1  c ∙ u ∙    (    x  A  ( 𝛷 )   x  B  ( 𝛷 ) ) u


   K  B ( 𝛷 ) 0 ≡ e x p  (  c 2 ∙  u 2 ∙ F ∙      E 0  A ( 𝛷 ) −    E 0  B ( 𝛷 )  R ∙ T )


   K  B ( 𝛷 ) E ≡ e x p  [ c ∙ u ∙    ( 𝛥  𝜇  A X  ( e ) ,  𝛼 / 𝛽 E − 𝛥  𝜇  B X  ( e ) ,  𝛼 / 𝛽 E ) − u ∙  ( 𝛥  𝜇  A  ( 𝛷 ) E − 𝛥  𝜇  B  ( 𝛷 ) E )  R ∙ T ]


  a = b ( ≡ c )


  q = s ( ≡ u )


  r = t


  𝛥  𝜇  A  ( 𝛷 ) E = 𝛥  𝜇  B  ( 𝛷 ) E = 0


  𝛥  𝜇  A X  ( e ) ,  s / l E = 𝛥  𝜇  B X  ( e ) ,  s / l E = 0


   x  B ( 𝛼 ) =  K B ∙    K A − 1   K A −  K B


   x  B ( l ) =    K A − 1   K A −  K B


   K A ≡ e x p  (      𝜇 0  A  ( l ) −    𝜇 0  A  ( 𝛼 )  R ∙ T )


   K B ≡ e x p  (      𝜇 0  B  ( l ) −    𝜇 0  B  ( 𝛼 )  R ∙ T )


   x  B +  (  s / l ) ∗ =  1  1 +    (  K  B ( l ) 0 )  −  1  c ∙ u ∙    (   1 −  K B   K A − 1 ) u


   K  B ( l ) 0 = e x p  (  c 2 ∙  u 2 ∙ F ∙      E 0  A ( l ) −    E 0  B ( l )  R ∙ T )


     𝜇 0  A  ( 𝛼 ) =    𝜇 0  B  ( 𝛼 ) = 0


     𝜇 0  i  ( l ) =  𝛥 m    S 0  m , i ∙  (    T 0  m , i − T )


   x  B +  (  s / l ) ∗ =  1  1 +    (  K  B ( l ) 0 )  −  1  c ∙ u ∙    (   1 −  K B   K A − 1 ) u


  a = b ( ≡ c )


  q = s ( ≡ u )


  r = t


  𝛥  𝜇  A X  ( e ) , 𝛼  1 / 𝛼 2 E = 𝛥  𝜇  B X  ( e ) , 𝛼  1 / 𝛼 2 E = 0


  𝛥  𝜇  A  ( 𝛼 1 ) E =  L 0 ∙  x  B  ( 𝛼 1 ) 2


  𝛥  𝜇  A  ( 𝛼 2 ) E =  L 0 ∙  x  B  ( 𝛼 2 ) 2


  𝛥  𝜇  B  ( 𝛼 1 ) E =  L 0 ∙    ( 1 −  x  B  ( 𝛼 1 ) ) 2


  𝛥  𝜇  B  ( 𝛼 2 ) E =  L 0 ∙    ( 1 −  x  B  ( 𝛼 2 ) ) 2


  T =    L 0 R ∙   1 − 2 ∙  x  B  ( 𝛼 1 )  l n   1 −  x  B  ( 𝛼 1 )   x  B  ( 𝛼 1 )


   x  B +  ( 𝛼  1 / 𝛼 2 ) ∗ =  1  1 +    (  K  B ( 𝛼 ) 0 )  −  1  c ∙ u


   K  B ( 𝛼 ) 0 = e x p  (  c 2 ∙  u 2 ∙ F ∙      E 0  A ( 𝛼 ) −    E 0  B ( 𝛼 )  R ∙ T )


   x  B +  ( 𝛼  1 / 𝛼 2 ) ∗ =  1  1 +    (  K  B ( 𝛼 ) 0 )  −  1  c ∙ u


  a = b ( ≡ c )


  q = s ( ≡ u )


  r = t


  𝛥  𝜇  A  ( l ) E = 𝛥  𝜇  B  ( l ) E = 0


  𝛥  𝜇  A X  ( e ) ,  l / 𝛼 E = 𝛥  𝜇  B X  ( e ) ,  l / 𝛽 E = 0


   𝜇  A  ( 𝛼 ) 0 =  𝜇  A  ( l ) 0 + R ∙ T ∙  ln ⁡  ( 1 −  x  B  (  l / 𝛼 ) )


   𝜇  B  ( 𝛽 ) 0 =  𝜇  B  ( l ) 0 + R ∙ T ∙  ln ⁡   x  B  (  l / 𝛽 )


   x  B  (  l / 𝛼 ) = 1 −  1   K  A  ( 𝛼 )


   x  B  (  l / 𝛽 ) =  1   K  B  ( 𝛽 )


   x  B +  (  𝛼 / 𝛽 ) ∗ =  1  1 +    (  K  B (  𝛼 / 𝛽 ) 0 )  −  1  c ∙ u


   x  B +  (  l / 𝛼 ) ∗ =  1  1 +    (  K  B ( l ) 0 )  −  1  c ∙ u ∙    (  K  A  ( 𝛼 ) − 1 )  − u


   x  B +  (  l / 𝛽 ) ∗ =  1  1 +    (  K  B ( l ) 0 )  −  1  c ∙ u ∙    (  K  B  ( 𝛽 ) − 1 ) u


   K  B (  𝛼 / 𝛽 ) 0 = e x p  (  c 2 ∙  u 2 ∙ F ∙      E 0  A ( 𝛼 ) −    E 0  B  ( 𝛽 )  R ∙ T )


   x  B +  (  𝛼 / 𝛽 ) ∗ =  1  1 +    (  K  B (  𝛼 / 𝛽 ) 0 )  −  1  c ∙ u


   x  B +  (  l / 𝛼 ) ∗ =  1  1 +    (  K  B ( l ) 0 )  −  1  c ∙ u ∙    (  K  A  ( 𝛼 ) − 1 )  − u


   x  B +  (  l / 𝛽 ) ∗ =  1  1 +    (  K  B ( l ) 0 )  −  1  c ∙ u ∙    (  K  B  ( 𝛽 ) − 1 ) u


   x  Cu + ∗ = 0 . 9998 ,   0 . 9996 ,   0 . 9995


   x  Ag + ∗ = 1 . 53 ∙  10  − 4 ,   3 . 20 ∙  10  − 4 ,   4 . 74 ∙  10  − 3


   x  C u C N ( e ) ≅ 0 . 013


   x  A g C N ( e ) ≅ 2 . 03 ∙  10  − 6 , 4 . 23 ∙  10  − 6 ,   6 . 26 ∙  10  − 6


  y ≅ 0 . 987


     E 0  Cu ( F C C ) ≅ 0 . 521   V


     E 0  Ag ( F C C ) ≅ 0 . 799   V


     E 0  Cu ( F C C ) −    E 0  Ag  ( F C C ) ≅ − 0 . 278   V


   x  Cu +  (   F C C 1 /  F C C 2 ) ∗ =  1  1 +    (  K  Cu (   F C C 1 /  F C C 2 ) 0 )  − 1


   x  Cu + ∗ ≅ 0 . 273


   x  Co + ∗ ≅ 0 . 727


   x  C u S O 4 ( e ) ≅ 7 . 03 ∙  10  − 4


   x  C o S O 4 ( e ) ≅ 1 . 86 ∙  10  − 3


  y ≅ 0 . 997


     E 0  Cu ( F C C ) ≅ − 1 . 2   V


     E 0  Co ( F C C ) ≅ − 1 . 3   V


     E 0  Co ( F C C ) −    E 0  Cu  ( F C C ) ≅ − 0 . 1   V


   x  Cu +  (   F C C 1 /  F C C 2 ) ∗ =  1  1 +    (  K  Cu (   F C C 1 /  F C C 2 ) 0 )  −  1 2

