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Micro Structure and Corrosion Resistance
of Zn Composites Films Produced by Pulse
Electrolysis from a Insoluble Particle-free

Solution Containing Zr lons

Sota ToyokuNt, Satoshi OUg?, Yu-ki TANiNoucH!? @ and Hiroaki NAKANO?”

1) Graduate School of Engineering, Kyushu University
2) Faculty of Engineering, Kyushu University

Abstract: Electrodeposition of Zn—Zr compound composite was performed under pulsed and double pulsed current
conditions at 313 K on unagitated pH 2 sulfate solutions containing Zn’", ZrO”" ions and a polyethylene
glycol (PEG). At constant current density of 5000 A'm , the coarse granular deposits containing Zr
compound existed partially. Meanwhile, in pulse electrolysis, the coarse deposits were rarely seen and
the both areas of deposited films containing Zr compound and its films being exfoliated were observed.
On the contrary, in double pulse electrolysis of high current density (5000 A'm *) and low current density
(500 A'm ), the coarse deposits were not observed and the fine particle deposits containing Zr compound
were present. In double pulse electrolysis, since at low current density, the rate of hydrogen evolution
decreases and Zn deposits without co-deposition of Zr compound, the continuous hydrogen evolution is
suspended in some areas and the area of hydrogen evolution seems to become random. Although Zr com-
pound concentrated at upper area of deposited films regardless of electrolytic method, it codeposited even
at inner part with double pulse electrolysis. The corrosion current density in 3 mass% NaCl solution was
the smallest for the films produced by double pulse electrolysis, comparing with films obtained by pulse
electrolysis and constant current
electrolysis. This is attributed to ()
reduction reaction of dissolved
oxygen being suppressed.
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Micro Structure and Corrosion Resistance of Zn Composites Films Produced by Pulse Electrolysis

from a Insoluble Particle-free Solution Containing Zr Ions

Sota Toyokuni, Satoshi OUE, Yu-ki TANINoucHI and Hiroaki NAKANO

1. #E

ALY A B O 1 % & m & ol < 2 5 A BT
W, BAHCIAEE, MEERETE T B KO E Y a
DR ENGTEZENTESL 720, ThETELEOM
ROBTHON TN B, fEROESETIE, HEEED T
K+ % GO RERT» bR 2B x 25, Ly
U, PR3 B rh CRESE L S 720, BT flfll 7
RECH 22 L 3RNHETH D, £/, HELLRT
P TR 5 - OBESOHGEF D AR AL E
fe EoREM & 20",

R VRV & D Zn B TIF, BEHFRIBE LTH A 4V
DBEICKIE QH +2¢"—H,) AL, BEMAmE O pH A L
H5 2™ 2078, Zntt A v & D &K pH THIAS i
FTEEB/A AV EE IJLEE LTRNTE, Z08EA
x v (M) BIIARSREOE (M + nH,0 = M(OH), + nH ")
12K O ARFALY & 7213 b & 2 D Zo BATIIZHLD 3A £
BB ENREE 55, Tabb, BHEHZAC 5
ARG R BOS & I 40U, HEEPEO TR+ % R 12
WL AL TS, BEENEITH ZLAREL k5,

WRIZEES X, Zn° 1 A v & 3 {KpH THIAK S
% 710" A K v A Zn BRI U C, o IR R ik
I2& 0 ZrO* 4 F v QMK GRS % Zn & $AT X
¥ DT L hkATN, Ze KB & 5 TR H & i
SIS L 2 Za RS S R i 5 7270 Z OB
LT, EBWREMETIE, 200°T 4 & v ORISR K
& (ZrO* "+ 3H,0 — Zr(OH)s +2H" £ 72132 2r0° "+ H,0 —
710, +2H") B ZnBIIED K O —H T L AT L T
BWZENREZ OGNS, 210° 4 K ¥ OMIKSIRIKIB I,
H, BERIEY A FTHEL B e, LEENGE
=245 2 L Tzi0° A F ¥ ORI RNIE & ¥ —12 T
XHLEIOND,

WA Y AT EHOIRT I OL AERTIE, R4 7O
Bz H, R8BS A — HOEEWE LU, [Rl— &P T KR 0555
EEMHET S Z A chs, 72, SEREEMKE
WRERE D & T IS ZEBRIZ BT KB B COEM
HEICH, A HE MR N 5720, [Al—Er COH, FEAEK
JBAES F B REMED B B o

72, BERIBIC B 2 BB ROETTINE, HRO
MWEIZE D B2 ZEAME I TS, EEmREMRIC
BWTHELNZEIIEIZOWT, ZnlZ ZeKBR{ILW £ 721
WAt % S & & 5 LSRR OEITCRIE IR 2 h b
ZERMEXINTH P, Zn-Zr REABENIEOM EVEZ
ZAbLEMORMTIRREIZ X D RS Z LN PRESh D,

P o E X KRR TIE, 220°T 1 & v % &t IR
YRI5 L A FEIRY:, XTSI A BRI X D 70 Rl
BB AR, Z OGS B X O &M & FHd L 72,

2. XBRIE
AL 5 & ORGP % Table 1R S . AT

HR D FERER % Py, #IRIZ C ZnS0,-7H,0 0.52 mol-dm ~°,

Table 1. Electrolysis conditions.

ZnS0O,-7H,0 0.52 mol-dm™
Bath Zr(SO,),"4H,0 0.1 mol-dm™
composition pH )

Polyethylene glycol (M.W.6000) 1 g-dm™

Current density 500, 5000 A'm >

Amount of charge 10°C'm™
Operating | Temperature 313K
conditions | Cathode Cu (2 cmx1 cm)
Anode Pt (2 cmx1 cm)
Quiescent bath
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Z1(S0,),-4H,0 0.10 mol-dm % Hi KISl X ¥ CTEBL L
72 RINAIE U CHTR6000DKY TFL 7Y a—)L
(PEG) %1 g-dm *WRINIL, pHIZD> B O & 7= 13Kk
F YT AKBHIZE D 2SI L 72, —HDEERTI
e b B E G RV Zn BT AR L 7228, Z OO
HUKZ, B BEMTE S S Z2r(SO,),-4H,0 0.10 mol-dm %
Hn=e0TH 3,

TR S J6 & OV B 1 % Al 9 5 k& 1R 5 72
WOBEMIL, BWA VA T DI XEG, BB

IKBREED X TSI X E ﬁ#,:!botoﬂs@x@t TE B
BIAIZ L DT Of:oFlgl MR 3 BRI %

E@(mﬂ]‘/HTV) EEE () &
5000 A'm >, X 7S ZEIZE T B EEREE () 1
m%Amﬂ’ﬁ B () 12500 Am ™7, £ 72, g0
7= BT - 72 E BB MO E ﬁ&ﬁ@mJim%Am”&

L7, &k, Zn DEBEFRMNE, éﬁ*ﬁﬂ%@Zr@ﬁgg%E?mﬁﬁ‘é
BXid, 500 A-m > T EBRBEMEIT - 72 7L ZEM, &
TS Z BRI IS0 Z 100 ms,
50% & L7z,

ISV AR, K& TSI A BRI, EETREMIC
X 2 PIMFER AT 500, B Zr &A% (Fig2), ZnD
BIRNHE (Fig.3) 2% L 7245%, 5000 A-m™>Ti&, B
D Ze B LR L, £77, 500 Am™ > T, ZnDEFED
TEL, HOzrGHEMMEL B> Tk D, KERES
Mlcx 3z Wit e s, £, EBWEMREICCE
5Tz Zn A BT O 2o HiER, Zn AT O &85 o3 ik Hh B
J:V)&ww\)»z BIROIKBIREE & L TRE L 72500

3, 2o Oy kiR IS W T4 =T 2 LD

NG, 2L ZAERIC

Fa—74 1

ﬁﬁﬁﬁﬁ\‘ﬁ AL L T B HKICH O (Figd), ZnBEHTILE
B ENRESHRIZ A > TWE EE A Bhto —J5, 3L
ZEMRE, & TN ZEMR, BB EMIC 5

mmAmﬂma—71»@ﬁﬁw#6%htﬁﬁuﬁn
(Fig4), Zn’ "4 & v OIHIRAERZEZITE DN THE D,
ZnEHT T iZnH/f 71"/75“%%5(1?1.. 2 ->TWbEEZD
hiz, U bowEdE 12k B PIEFEEBEOMERE (Figs.2-4)

EE'

@ (b)

~.

n
S
S
(=]

5000

on

loff

EICKREMERICI T BRI (o, iy, i o) FaXiE L
Too 85, RESIZHT 2EMIED Zr 53 (mass%) 1,
BHTNED Zr d K V' Zn i K D [Zr/(Zn+2Zr) ] X 10012 K
DEILZEDTH B,

RAEMIE, WERE10° Cm ™% BIR313 KIZk W\ L

Zr Content in Deposit (mass%)
w0

1000 10000

100

1 10
Current Density , J /A-m™

.2. Zr content in deposits obtained by electrolysis at
constant current in Zn-Zr solution.
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Fig. 3. Current efficiency for Zn deposition by electrolysis at
constant current in Zn-Zr solution.
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Fig. 1. Current waveforms of each electrolysis to produce the films for evaluating micro structure and corrosion resistance. (a)
Electrolysis at constant current, (b) Pulse electrolysis, (c) Double pulse electrolysis. (Online version in color.)
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ZeAF VGO IREEEN 57 L B IRAIZ KO MR 72 Zo RAE BHTIRO GRAMI 3G L iR £ 7

TiT 7 > 72, WEE10° C-m ™71, BRI 100% THlizn D
B ERET 5 EMEFE47 pm IS 5, FERIZ1E Culi
(2em X 1cem), BEIZIZPAR (2em X 1 ecm) & HW\ 72,

35 M7= B CIAME L, ICP K 7k 3 i ik
(SHIMADZU, ICPS-10001V) {2k VD Zn, Zr &€= L, B
JEHLRR, Zn BT DOEFDHE I & Oz th O 75 B IR E
R 7z, ViiFERBIZHWTH ﬁxﬂﬂﬁ%@%@”éﬁr 35
ERTEMATD, BEEHN10 Cm 212k - 2HEOE
ZWE U7z, BAHIE OB, 2@ & LT Ag/AgCl Mk
(0.199 V vs. NHE, 298 K) % flifH U 7z 2%, AL EHEAK I
BMRSLHE IR L TR L 7,

BRI Ze (LA N 2 & H, BAE G2 < h
6#85#%%&5&%Z@”%iyﬁbﬁb®ﬁ@#
55000 Am > TOEBMEBEMICK D BMEAERL 72,
%@Lﬁﬁ%mnfsnKIﬁwnmqm A Iz B0
T, BAARFIEIZE D 2.0 mV-s™' OME TRIEEMN 2 5 H
BT & & oy fithif & JlE U 72,

BT L DR & TLHR i M&Dﬂiﬂ%é‘éﬁ SEM (Zeiss
ULTRASS5, MIEEE2~10 kV) O “KE 7% £ EDXIZ X
DR L 7=, & 77, zr{tAffﬁ@,\ffE%@J%%Jﬂﬁﬁ 3 7-%
5000 A-m *DEBMEMIZ KD Zn — Zr A %ﬁ&u%E
10° C'm 7, Zn M 3.0 pmJHVY, Zr &4 # 5.3 mass%) %56
AW, ﬂ%%%zm”%iy%ﬁitwﬁmﬁemm
Amﬂ@% ER I K D Mizn AT GEE E7.5X 10
C'm 7, Znfi&/E2.0 um?ﬂ‘«‘) BT o iR A EBL, 20
Wrifi 122\ CEDX & FI W TR T 47 - 72,

BT V% 5P 5 720 O kil BE% il
M X 272313 KD 3 mass% NaClAKEEHIZ I\ C, BT

BREIZE D 2.0 mV-s™ ' OWE TCH BN 5 E LB
frEglleE L 7z,
Iy
lOl’l
10000 ¢ —
'T‘E : iL
> 1000 | }
H C
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Fig. 4. Total and partial polarization curves by electrolysis at
constant current in Zn-Zr solution.
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ISV ABIRTEENTTH, VI ZABROBE LD 2r &8
HKIIXRXEL ko,
71O’ A F v ORGSR B, Fido (1) 721
12k DETT S,

)

(1)

ZrO” +3H,0 — Zr(OH), + 2H"

7ZrO0** + H,0 — ZrO, + 2H" ()

BER i COH A 4 v OWERE T &b b H, A HE
MWL 2 B1EE, Zr4 4 ¥ OMKI RIS HEST L 2o
720, BREENSL BRIEEEBMEO 2z 58 F 135 <
KHEEZOENS, VL AEMTIE, BHRA 7O, H, ¥
RO — HERr b 720, BiRA VICUD B A 28
710’ A4 F ¥ DMK SR KOG A TR R AR N B & D
LZtEHRIIMEFTLZEEZ NS, £ T ZEMRIC
BT HIKBEHRBEM (500 Am™7) OB, H, 3 LSS —H
L k5728, ERRER (5000A~m*2) DY 210 4 F
Y OMARG RIS EBREMROGE L 0D EL, ZrEHA
L EBBREMIZIANET L% &%z Ehd,

Fig.6 {Z & Bk TZn%aAai’ifﬁ%ﬁtotFnODZn@

BN E NS, Zn BT OBEBWRDFIE, EEREMICE
A EREE 500 Am TR E EL, BRE F{vsooo
Am PEELT5EMKTL %, Figdllnd ki {i:"
J¥5000 Am > T, Zn BT TIEZn’ "4 A ¥ O PLEEE

Zr Content in Deposit (mass%o)
w

|
5000 A-m2 500 A.m-zJ

Pulse Double pulse

[

Constant current

Zr content in deposits obtained by each electrolysis
method in Zn-Zr solution. (Online version in color.)
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o THD, BMERTOZ REOIK TR PRI, Zn
OBFEMEFL2EFEZ 6N 5, 7L ZHEE (500000
A'm %) TIE, 5000 A'm > CTOEBFRBEMOLS LD HEIC
BIRNEPMET U7z, 7S ZERTIIEHRA 7 OB, BT
L7zZn A —EBIART 52 & nFE AL 515, —7, 5000/500
Am DX TIIIL ZAEBIRTIE, Zn DEFRDRIL, EEBR
BEIRIZ I 1T B EIREE 500 & 5000 A'm > CTOMDM & & -
7243, 5000 A'm > COMIZYE A - 72, Zliﬁﬁ’”z@ﬁ?“f)wi’)l/
ZBIRTIE, 500, 5000 A-m > OME R AE— D720,

E 1L 5000 Am > TOEMEED S A500 Am Z“C(D%h
DI & k%, 2D, ZInDBFNRIZ, EERBMIZ
B 55000Am > TOMISELS Ko7z FEZ6Nh 5,

3:2 EEAEMEOBEICRITIEHRIDEE
3-2-1 i

Fig.7125000 A'-m *DEBHREMRIZ I DHE S I
HriE £ 18 0O SEM % 65 & OVEDX 2 & % R Mifs R & R,
BOENEORT (Fig.7 (a) 121, Y4 X238 1~5 um 12
DEBORARY & FHEBA LS Nz, KRB O AT (Fig.7
(a) D@) » 61X, Zn, Zr, OV EHTH D (Fig.7 (b)),
Zr DKFEALI % 721 3B Zn E T L T B2 E X5
N5, —7, BWROHEBOET (Fig.7 (a) DQ@) 751
FiZzn i E N TH D (Fig7 (), Zn AL T\ 5
EEIO6ND, ZDXHIT5000 Am COEEREMRT
b & GO BN AL TB D %(Difﬁ&
ANg—TH -7,

Fig.8127 %)L 2 &f# (50000 Am ™) 12k 6 h=EA
78 M 2 10 ) SEM 1% % & OVEDXIS & B s B il 3 & R
T HAENEDO LI (Fig.8 () 2%, 277 v 7 DAS7
HIEROE T (Fig.8 (a) D®) & il A FIfE L 72 & 5 7
A (Fig.8 (a) @) MW 57z, HEROMEAIZIZY T v
INEZRAAHEL TR, ZonAiZzZr L OBt Eh T
52 L2565 (Fig8 (b)), Zr OKEELY % 72 13t % & &
BAEBRBPEEK ENTOB B L 5h 5, HIEAHEEL 72 &
I EEM 2SI FIC A S TEH D (Fig8 (c)), Zn

11

Pulse Double pulse

80
70 |
60 |
50 [

40

Current Efficiency of Zn (%)

0
l5000A m2 500 A- m2

Constant current

Fig. 6. Current efficiency for Zn deposition by each electrolysis
method in Zn-Zr solution. (Online version in color.)
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Fi

g.7. SEM image and EDX spectra of surface of deposits
obtained by electrolysis at constant current of 5000
Am™ in Zn-Zr solution. [(a) SEM, (b) EDX of @, (c)
EDX of @]. (Online version in color.)

Counts (< 1000)

1 2
Energy (keV)

Energy (keV)

Fig. 8. SEM image and EDX spectra of surface of deposits
obtained by pulse electrolysis of 5000 and 0 A'm” in
Zn-Zr solution. [(a) SEM, (b) EDX of D, (c) EDX of @].
(Online version in color.)
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B L TWEEEZ OGNS, VL ZEBRIZKD/ SN
BEEENIEIE, ZobEW % GO EAIEAERR I L
TWBHETE ZOEAHERRHEEL 72 &5 BEHTAR S
72728 (Fig (a)), IKEHRE THEICRMOBIRE 217572, T
DGR % Fig.9 1278 T, Fig.9 (a) OOD RV T, 12T
IHNZPE D Zo LB & & EA BRI H L Tu
D2 LT (Fig9 (b)), Fig9 (a) D@D IV T,
FEIEZn DAL TV B Z EANEDXIZ K DRI Iz
(Fig.9 (c)) o

Fig. 10124 7 L7 L 2 & f# (5000/500 A'm™?) Ik D5
N EAENEL RO SEM{% #5 K EDXIZ & 5 mir bl
RERNT, EAEEMEOXRM (Fig.10 (a)) 1213, SEMET
FE < R A 2 RS AR L 22O R S s, B
RGO E A 51, Zn, Zr, OXBH 2 TH D (Fig.10
b)), ZifbtaM e G nENMEE L 5N 5, —77, Ik
RO A 5 1E TS Zn I EhTH D (Fig.10 (c)),
AHPESRD Zn L ThbEEZ 6h 5,
3-2-2 Wk

Fig. 11125000 A-m > DEBREMIZ L DF SN HAE
W RS 17 D [ BB 1% 45 L UEDXUC & B A ifs R & R,
Fig.11 (a) {Zn 3 EHARW IR O A E TR0 O, @, @D fH
FriZ o W RO HEN R & iz, DI, Fig7 () 1R T
KRB O Wik 12 A3 5 & Cdb 5. KRIO O & 22 &

Counts (X 1000)

Energy (keV) Energy (keV)

Fig. 10. SEM image and EDX spectra of surface of deposits
obtained by double pulse electrolysis of 5000 and 500
Am™ in Zn-Zr solution. [(a) SEM, (b) EDX of @, (c)
EDX of (@]. (Online version in color.)

Fig. 9. SEM images of surface of deposits obtained by pulse electrolysis of 5000 and 0 A-m > in Zn-Zr solution. [(b) Magnification of (D,

(¢) Magnification of 2)]. (Online version in color.)
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1EZn, Zr, O B XN TE D, RRWIE Zn & Ze (L&

SRk TndEEZ6N%, QOEN T, Zr, O A
L TED, ZbtAMBTFEL T b &HE 16N 5, &
WA O@ D@ 613, FiZzn Al Xz, BLEokk
12, EEREMRIC X SEAEN T, Zo LA WEENEO
&0 &HEs, EETREAEL &5 ERsR s hiz,

Fig.12127 5L 2 f# (5000/0 A'm %) 12Xk D F 57 6EE
TR T 1A 0D S4B 1% 4 & OVEDXIZ & B MG AR
F, RIS AR K D12, 2SI 2B X DE S NI B
124, Ze b A A& & O EAEASEBRIHTH LT 2 (&
(Fig.9 (b)) &2 DOEAERENFIEEL 72 & 5 &6 (Fig.9 (c))
MRS N7, Fig 1213 Ze /bW & & O EA IR A MRS
Hrith LT3 (&7 (Figo (b)) Oz 8% L7228 DTh
%, OWFERED TEIZ IR, i, EECHRIENE L &5
TED, ZInlX THOFPNIRENE» > 72, ZHIZHL T,
Zeld, TOFPETRESMET L T, BLEORR K
0, ZeAbEPTENED PEB, B TIRE N E < &> T
% &L 72,

Fig. 1312 &4 7L L 28 f# (5000/500 Am™2) 12X DARS
M7= A EATRRET 1 O [ 1% 35 & UTEDXIC & B 73
R &N T, Fig13 (a) (S8 EMHEWT IR O KA E T8O
@©, @O fE T THEGIZREIZK & S HEN R 5 N7z, EHET
DO T CE RIS 2 kil & 72 5 D123 U TER

Deposits

()

%A D@ D E i T ARG & 7 5 72, BHTIRO &K RE
WERREIZ BT Z, OB S & hiz, 2%, %
gk s & O DTN ZAL$ 5 hIL I Ze LA 1 23 i
ftLTwaeEZ o615,

3-3 HABEMEOMEMICRIFTEREOTE

Fig.14 12 3 mass% NaCl KA 1) % KEffkic k0
13 5 N=BHEEIED Syl 2 78§ AFRIZEH T 518
BEN, BEBREEL, 7/ - FBXU0H Y — FRIED
SRRHIERIZ I 1 B 4 — 7 x LAER O SRRy & ML T2
DR LD RD 72, BBFZIC K DER L 2EABWED
JEEBEAITITRE BARIIR S N 5 720, EEBERE
JEZZ TN ZBEIRIC K OER L 22D R g /& <
ZDWIZI SN ABIRIZ K DPERL 22 RSN E 5 72, &
TSI AT K D/EBL L 72 I B W T, IRIEIR R D
BILRIES R E N KoTH D, ZOME, BAERS
BRGNS o,

Fig.1512 3 mass% NaClKEWEHIC I % 4 TS0 28
fi# (5000/500 Am ™ 2) 12X D5 N BEAEMIEL & O
Zn BTN D sy K R & 7R 4, A E AT IO IS £ A3
ZnBHIHED 2 U IEARBUCFEAT L 7208, IS BRI IIA
E KN U 72, EABNIEO T 23 Zn BT MR, JE
RSO A1 — R RIS T db 5 IEFRROETCRIS AR LT
B0, TOMR, BEBREEMITL 2.

(b)

Fig. 11. (a) BEI image and (b—d) EDX mappings of a cross-section of the deposits obtained by electrolysis at constant current of 5000
A'm™ in Zn-Zr solution. [(a) BEI image, (b) Zn-K, image, (c) Zr-L, image, (d) O-K, image]. (Online version in color.)
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Fig. 12. (a) BEI image and (b—d) EDX mappings of a cross-section of the deposits obtained by pulse electrolysis of 5000 and 0 A'm
in Zn-Zr solution. [(a) BEI image, (b) Zn-K, image, (c) Zr-L, image, (d) O-K, image]. (Online version in color.)

(2) (b)

Deposits

2pm

Fig. 13. (a) BEI image and (b—d) EDX mappings of a cross-section of the deposits obtained by double pulse electrolysis of 5000 and
500 A'm™ in Zn-Zr solution. [(a) BEI image, (b) Zn-K, image, (c) Zr-L, image, (d) O-K, image]. (Online version in color.)
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Fig. 14. Polarization curves in 3 mass% NaCl solution for
deposits obtained by each electrolysis method in Zn-
Zr solution. [(a) Constant current, (b) Pulse, (c) Double
pulse]. (Online version in color.)
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Fig. 15. Polarization curves in 3 mass% NaCl solution for
deposits obtalned by double pulse electrolysis of 5000
and 500 A'm~ in Zn and Zn-Zr solutions. [(a) Zn, (b)
Zn-Zr compound]. (Online version in color.)
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deposits obtamed by electrolysis at constant current of
5000 A'm "’ in Zn and Zn-Zr solutions. [(a) Zn, (b) Zn-
Zr compound]. (Online version in color.)
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