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Using two cationic electropaint resins, the deposition mechanism including the film structure was studied. The resins introduced
methyl methacrylatdMMA system) or methyl acrylate(MA system)into a backbone component, and these systems showed
different values of the glass transition temperaturg) ( The MMA resin had &y of 70°C, and the MA resin 5°C. A film was
deposited under conditions of both constant voltage and constant current, and the film resistivity was estimated. The surface of the
deposited film was also observed by scanning electron microg&fpyl). For the MMA, the film resistivity was on the order of

10® O cm. The MMA formed a dense film as the first layer at the start of deposition, and the electrochemical behavior of the film
depended on the electrolysis conditions: constant voltage or constant current deposition. The voltage-current curves for the MMA
film exhibited a nonohmic behavior. SEM images of the MMA film thinner than.8® revealed that pores up to Opgn diam

were scattered in the film. Moreover, by increasing the thickness, the film morphology was transformed into a spongy layer with
holes up to several mm diam. However, the resistivity of the MA film was almost constant during deposition, and it was on the
order of 10 Q cm or less. The voltage-current curves for the MA showed an ohmic behavior. The MA film was nonporous, and
such a structure was maintained up to;2% thick. As the thickness increased, the deposition morphology was also transformed
into a spongy layer from a nonporous layer. The resistivity of both films depended on the concentration of lactic acid in the film
and on the morphology of the deposits. We clarified that the film formation mechanism of both systems was similar. A new model
proposed as the mechanism is that of ion-permeable film formation.
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A deposited film in an electropaint system has high electric re-However, this PF model cannot perfectly account for some experi-
sistance. The film characteristics enable a complicated-shaped sumental results. Therefore, we must reconsider the correlation of the
face to be covered with a film having a high throwing power. The formation mechanism with the film structure.
throwing power plays an important role in improving the corrosion ~ The purpose here is to investigate this correlation to understand
resistance of metals. A tube test is one evaluation technique for théhe change in the film resistivity during deposition. Although there
throwing power. Furunet al. used the tube test to analyze an elec- aré two types of film formation, HRFF and IPFF, both formations
tropaint system, and they reported that high film resistance, as welfurned out to be practically the same. A new model is proposed to

as high conductivity of a resin solution, produces a high throwing explain the film formatipn mecha.nisml. Moreovgr, it is revealed t.hat
powerl? It is easy to raise the solution conductivity by adding a not only the concentration of lactic acid in the film but also the film

neutralizer. High neutralization promotes hydrolysis of the resin so-Structure affect the film resistivity during deposition.

lution and/or causes film defects by electrolytic gases, leading to

pinhole problems and film ruptures. Therefore, controlling the film )

resistance during deposition is a better option for improving the Experimental

throwing power. In addition, understanding what governs the film A cationic acrylic resin was synthesized by radical polymeriza-

resistance gives important information in regard to improving thetion. Lactic acid and deionized water were mixed in the resin to

throwing power. prepare a resin solution of 10% in solid concentration. Preparation
We have reported the influence of the glass transition temperaof the resin and its solution has been reported in our previous

ture (T,) of resins on deposition behavior, using two cationic resins !3«’:49673-"1 The resins used in these experiments were of two types,

with different T, values as model resifisWe found that the film introducing methyl methacrylatMMA) or methyl acrylate(MA)

resistivity depended on thE, and that there were two types of film ES a t%ackfbggfcc?\ﬁmhﬁznent. The rezinhsyste_m that intr_oduc:d .MMA
formation. A resin with highr y shows high resistance film formation as alg 0 ( system), and the resin system introducing

(HRFF) behavior, while a resin with lowT, follows the ion- MA has aTj of 5°C (MA system). The two systems are hereafter

} . . denoted by MMA and MA, respectively. The solid concentration,
permeable film formatioflPFF)mechanism. The former produces a conductivity, and milliequivalents of the resin solution were

high resistance film, and the latter behaves as a conductive ﬂlmdeterminecfA Cu-zn alloy plate(65% Cu-35% Znwas used as a
Observations with an atomic fo'rce migroscc(p«FM) ShOW that the cathode (210 chsurface area). The counter electrode was a 304
HRFF produces a layer on \.Nh'Ch resin partlcle_s are piled, and thagtainless steel plate of 105 érand was separated 60 mm from the
the IPFF creates a 'a}’ef having a flat surface without any parficles. cathode. Electrodeposition was performed under constant voltage or
The T, changes the film morphology. current conditions. After being rinsed with water, the deposited film
In general, many works have supported the porous fif)  \yas dried for weighing with an electric balance. Conditions for
model®® in this model, mass transport and current flow take placedeposition were as follows: the bath temperature was 25°C, the ap-
through the pores formed in the film during deposition. We made itplied voltage was varied from 2 to 150 V, the current density was
clear that the film growth progresses at the film/solution interfdce. 0.2-1.0 mA/cni, and the deposition time was 10-2000 s. A model
IPS-0120-3120 V, 3 A; Takasago Power Supplgower source was
mainly used, and a combination of AP-ECO01 and GP-0@%0 V, 5
* Electrochemical Society Active Member. A; Takasago Power Supplyyas also used. For the potentiodynamic
Z E-mail: yoichiro-suzuki@uyemura.co.jp experiments, a high potential-type potentiogg80 V, 5 A; Hokuto
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10.0 — ity, the ohmic drops of a solution and a deposited film govern the
| i voltage balance during electrodeposition. According to Ohm’s law,
under constant voltage deposition, the resistivity of a fifrp, is
S 8.0 - given by
o R 4 ,
> 1(E . E(1 1) L
%6'0‘ . PF—E(T*PSS—E(T*G (1]
4 | | J
£ 40 — whereE is the voltage(V), i the current density (mA/cf), p the
= | resistivity (2 cm), Lg the film thicknesgcm), andL 5 the electrode
O MMA system separatior(cm). The subscript F denotes the film, and the subscript
20 - 0 at time= 0. Under constant current conditions, Eq. 2 is obtained
A\ MA system
L L —1(E L)—lE Eo) [2]
0 05 1.0 1.5 PE= |7  Psbs] = ¢ 0

Current density /mA cm™

The film resistivity was calculated by using Eq. 1 and 2 from the

Figure 1. Relationship between current density _and initial voltage. The dataexperimental data. We presuppose that these equations are applied to
were obtained from the MMA and the MA solutions under constant currenta film thicker than 0.5.m.

deposition. The conductivity was 6585/cm for the MMA and 727.S/cm
for the MA at 25°C.
Results

Resistivity of resin solutior-Solution resistivity was evaluated
Denko)was used. Surface observation of deposited films was perby measuring the response immediately after voltage or current was
formed using scanning electron microscoEM, JEOL model  applied to the systems. Under constant voltage deposition, the initial
JSM-5600). current was proportional to the applied voltage, and Ohm'’s law was

The conductivity of the resin solution used in these experimentssatisfied. The ohmic relationship was also satisfied under constant
was 659uS/cm for the MMA and 727.S/cm for the MA. Both current depositioriFig. 1). The solution resistivity for both systems
solutions had similar conductivities. Because of the low conductiv-was estimated to be about 22 10° Q cm.
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Figure 2. (a) Current-time curves the MMA film was deposited at various voltages for 180) §ime dependence of the film thickness obtained from the
current-time curves.
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Figure 3. Change in film resistivity of the MMA deposited at various volt- | TS W ST N SR R 1
ages as a function of deposition time. Resistivity was calculated using Eq. 1. 0 10 15 20

Film thickness / pm

Film deposition frc_)m the MMA system-—DePOS'Uon behavior at Figure 4. (a) Voltage-time curves the MMA film was deposited at various
constant voltage.—Figure 2a gives the current-time curves when thyrrent densities(b) Correlation of voltage with film thickness obtained
MMA film was deposited at constant voltage. An abrupt decrease infrom the voltage-time curves. Dotted line shows 0.3 m&cashed line,
current indicates the HRFF. Applying a voltage higher than 20 V for g 5 ma/cn?; and solid line, 1.0 mA/cf 7 is the induction period.

180 s could deposit a dense film of 10-20n, a thickness that
satisfies the practical requirements. The initial current density
changed from 2.5 to 14 mA/cmdepending upon the voltage. Fur-
ther electrolysig180 s or morgdid not give a film thicker than 30
pm, even for an applied voltage of 150 V. No film rupture was s . .
observed during electrodeposition. The deposit weight of a film isDepOSItlon behavior at constant curreatElectrodeposition of the

: ; -~ MMA was performed at constant currefih the maximum range of

proportional to the number of coulombs passed during electrolysis ; .
Thus, the deposit weight can be estimated from the current-timelzo .V)’ and voltage-time curves were_measu_(rlé@. 4). The vglt-
curve and gives good agreement with the measurec®ditaure 2b age increased abruptly after an |nducF|on perid@tagnant period)
shows the time dependence of the film thickness, where a density g Several tens of seconds at the poit Rnd then the peak ap-
1 glen? was used for the MMA film to convert deposit weight into  Peared at the pointP(Fig. 4a). The lower the current density was,
thickness. The thickness increased most abruptly at the early stagél€ longer the induction period became. The voltage peak became
and then increased moderately with time. When electrolysis of wategMall with decreasing current density. The time reaching 120 V was
occurs at high current density in the period from the start of depo-about 2000 s at 0.2 mA/chand about 500 s at 0.3 mA/émin the
sition to the end of the abrupt fall in current, a film thickness of only current density range of 0.5-1.0 mA/@pit took 40-160 s to reach
15-20% of the total is deposited. The film essentially grows at a low120 V, as can be seen in Fig. 4a. For the constant current deposition,
current density after the current decreases abruptly in the currentthe forced current flow enables a thickness ofp30 or more to be
time curve. deposited. The deposited film was observed with an optical micro-

The film resistivity of the MMA was calculated using Eq. 1. The scope. After exceeding 30m in thickness, the film was transformed
time dependence is shown in Fig. 3. The resistivity increasedinto a spongy layer. The spongy layer had holes rather than pores,
abruptly and formed a pedla maximum). After that, the film resis- and the size was distributed from 0.1 to 3 mm diam. A film rupture
tivity decreased gradually. The resistivity at the peak wasforthe MMA took place at 240-280 V, and the voltage was indepen-
10%-10° Q cm. The influence of thickness on the film resistivity dent of the applied current density. Once the film rupture was initi-
was checked. At 20 V, the resistivity increased suddenly a0  ated, the film was observed with the optical microscope. The film
thick, and then the peak appeared at 1tb. As the applied voltage rupture took place within the film. Segments of the film broke down
was increased, the thickness giving the peak increasegkr.&t 50 and floated on the solution surface, while the remaining film on the
V and 4.5um at 100 V. The resistivity approached the order of substrate was as dense as the film thinner thami®0 After the
1 x 10° O cm when the thickness exceededufn. At this stage,  rupture voltage was reached, the voltage oscillated with repeated
the resistivity no longer depended on the voltage. destruction and restoration of the deposited film. In addition, the
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Figure 5. Relationship between current density and resistivity at peak volt-
age(the point B, shown in Fig. 4). Data were obtained from the MMA under
constant current deposition.

solution temperature rose gradually just before reaching the rupture 30

voltage.

Under constant current deposition, the deposit weigintthe
thickness)f the film is also proportional to the number of coulombs
passed. A change in voltage as a function of the deposited film
thickness is plotted in Fig. 4b. The results show that an abrupt rise in
voltage occurred at about a thickness ofi, and a voltage peak 10
appeared at about #m. The resistivity of the MMA film was esti-
mated using Eq. 2. The correlation of thickness with resistivity . |
shows that a peak of the resistivity was also formed at abquin4d 0 50 100
corresponding to the point,Fn Fig. 4b. Figure 5 gives the depen- .
dence of current density on the resistivity at each peak. The resis- Time /s

tivity at the n[%eak was abo(;ut 3% 10° Q cm I:ﬁ the rangelof Figure 7. (a) Current density-time curves where the MA film was deposited
0.2-0.7 mA/cm and 2.5X 10° ) cm at 1.0 mA/cm. The resistiv-  4"arious voltages for 180 gb) Time dependence of the film thickness

ity is almost independent of current density. A film of cationic elec- gptained from the current-time curves.
tropaint is deposited by electrolysis of water at a cathode. It has

been believed that the disperse particles of resin initiate coagulation

after hydroxide ions produced at the cathode reach a critical concen-

tration during the induction perict® However, our AFM observa-

tions revealed that the disperse particles can coagulate even duriqﬂe induction _period.Therefo_re, the induction period should be de-
ined as the time when the film reaches a certain resistivity.

Film observation.—The MMA film up to 25um was relatively
dense under both conditions of constant voltage and current when
seen with the naked eye. Such a film was observed using SEM.
Similar images were obtained in the film surfaces irrespective of the
deposition modes. Figure 6 shows SEM images of the MMA film
deposited at 0.5 mA/cfrand for 90 s. Aggregates and pores can be
observed on the film surface. The aggregates were 10A2@ size

[Fig. 6A(b)]. As shown in this figure, the pore size was 0.01y%
diam, and pores could be also seen on the surface of the aggregates.
The AFM images for the MMA film showed resin particles consti-

L tuting the aggregates® However, we were unable to observe them
B. MA system by SEM, probably because the film would suffer damages due to the
heat of the electron beam and the high vacuum. Although the SEM
images may support the PF model, our results cannot be fully ex-
plained.

20

Film thickness /pum

LINL UL L L L L LI L L L B L

A. MMA system

Deposition of the MA film.—When the MA film was electrode-
posited in the range of 5-15 V, the current density at the early stage
was 0.6-1.8 mA/crh The current decreased monotonously with
time from the start of depositioffrig. 7a). Furthermore, even at such
a low voltage, the MA could produce a film as thick as the MMA
(Fig. 7b). The thickness increased gradually from the start. The MA
Figure 6. SEM images of(A) the MMA and (B) the MA. The films were film had a low rupture voltage in comparison with the MMA, and
deposited at 0.5 mA/cfrfor 90 s. the film rupture took place at voltages higher than 50 V.
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Figure 9. Change in film resistivity of the MA deposited at various current

0.3mAcm™? - densities as a function of deposition time. The resistivity was calculated

] using Eq. 2.
YN I T R E I ST N -1 culated g h | ; )  the fil
0 20 was calculated according to Ohm’s law, as a function of the film
f:O th'eok 80/ 100 120 thickness. The rapid falls in film resistivity ranged up tp.& thick,
Film thickness um and then the resistivity gradually decreased and remained constant.

_ _ ' ' ~ Moreover, the MA system showed no peak of the resistivity, and its
Figure 8. (a) Voltage-time curves where the MA film was deposited at vari- resistivity was smaller than that of the MMA by an order of magni-
ous current densitiegb) Correlations of voltage with film thickness obtained ,de.
from the voltage-time curves.

Film resistivity obtained from voltage-current curves by dynamic
potential sweep technique-On the assumption that Ohm’s law is

Figure 8a shows the voltage-time curves for the MA under con-valid for the deposited film, the film resistivity was estimated using
stant current deposition. At a current density of 0.3 mA/end for Eqg. 1 and 2. It has been thought in an electropaint system that the
a deposition time of 2000 s, the voltage gradually increased from Hilm resistance showed nonohmic behavior because a high electric
to 25 V. The rate of the rise in voltage was very slow even if the field of about 18-10° V/icm was applied to the film during
current density increased. Unlike the MMA, an abrupt rise in volt- deposition®®1°Beck measured voltage-current curves using the po-
age did not appear. Figure 8b gives the change in voltage as &ntial sweep technique with an anionic electropaint system to ex-
function of thickness. The increase in voltage was almost propor-amine the influence of electric field on the deposited filmonse-
tional to the thickness. Reaching a thickness of 6041@0caused a  quently, he proposed the space charge formation model to explain
film rupture, and the rupture voltage was in the range of 25-35 V. the nonohmic behavior of the deposited film. In addition, Cooke

The MA films deposited under both deposition conditions were examined a variation in resistivity by suddenly changing the applied
observed using SEM. The images of the film up top30 showed a  voltage from 200 to 100 V by using a film deposited on a steel panel
flat surface without any characteristic surface structlffes 6B(a)].  at 200 V(20 wm thick, resistivity of 1.6x 10° O cm) 1% His results
Such films appeared to be dense by naked eye observation. Obsefid not conform to Ohm’s law, and hence he considered that such
vation with an optical microscope showed that the film thicker than changes were caused by the effect of the electric field. hgmjlmed
30 pm was transformed into a spongy layer similar to that of the out that reliable evaluation of the film resistance with a physical
MMA. The film rupture occurred inside the MA film, like the MMA. meaning can be achieved only from the following two measure-
A part of the spongy layer was peeling off, and the remaining film ments: an ac bridge technique using low voltage amplitudes, or a
on the substrate had a denseness similar to that of the MA film of 3Qalculation from the residual current passed after deposition at con-
pm or less. stant voltage according to Ohm’s law. Moreover, he described that

The estimation of resistivity for the MA film revealed similar the straight slope in the low voltage range, which is obtained from
changes irrespective of the deposition modes. The resistivity washe potential sweep technique, is identical with the resistance mea-
3-6 X 10’ Q cm at the early stage of deposition and approached asured by the ac bridge.
value of 0.2-1.8< 10’  cm during the film growth. Under con- To check the validity of the resistivity calculated in the preceding
stant current deposition, Fig. 9 gives the change in resistivity, whichsections, the ohmic behavior of the films was investigated. After
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Figure 10. (a) Voltage-time profile when potential sweep technique was __'
applied to a deposited film. First, the film was deposited at constant voltage 30 -
for 10 s. Second, by switching from constant voltage to the sweep technique, _
the film deposition was continued. Conditions for the sweep mode are as 20 —
follows: sweep rate 200 V/s, sweep voltage 0-50 V, and cycle number 35 -
times. (b) Current-time curve obtained from the MMA. Inset shows the full 10 —
range of the measuremerit) Current-time curve obtained from the MA. 0 -
0.5
being deposited at constant volta@® V), the film was electrolyzed 50 T T T r
35 times using the potential sweep technidire sweep rate of 200 L | I I I W -
V/s and the voltage cycle between 0 to 50 W took about 0.3 s to 40 |- O?P% —
switch from the constant voltage to the sweep mode; in this case, the B (o) -
X X ; 30 |- (o] —
current was interrupted. Figure 10a shows a voltage-time curve ap- B ]
plied to the system. During constant voltage deposition of 10 s, the 20 |- _
MMA formed a film about 4pm thick. The current-time curve for = 2 I -
the MMA corresponding to Fig. 10a is shown in Fig. 10b. The figure 10 |- 4 cycie _
revealed that the current fell off rapidly under constant voltage con- - | | | -
o . 0 1 1 A A
ditions, and then the peak current in the sweep mode was smaller
than one-half of the current at 50 V just before switching to the 0 0.1 0.2 0.3 0.4 0.5
sweep mode. While the sweep cycle was repeated, the peak current . 2
gradually decreased and again increased. Such behavior could be Current denSIty/ mA cm

observed when the deposition time at constant voltage was shorter. . .
than 30 s. The deposition time exceeding 30 s at 50 V showed %flgure 11. Voltage-current curves obtained from the MMA. Electrodeposi-
) . ion conditions are shown in Fig. 10.

monotonous decrease in the peak current.

However, the MA deposited a film about 10n thick at 50 V
and for 10 s. The MA film decreased in current monotonously from - o
the start of deposition. After the voltage was switched to the sweepdehavior(Fig. 11). The hysteresis in the curves became greater as
mode, the peak current conformed to the trajectory which extendedhe cycle number increased. The film resistivity for the MMA was
the current-time curve under constant voltage deposiftag. 10c). estimated to be 7.% 10° ) cm from the straight slope through the
Figures 11 and 12 show the voltage-current curves for the MMA andorigin, as described by Be&The results obtained from the constant
the MA, respectively. For the MMA, the voltage was not propor- voltage measurements in Fig. 3b were about¥.a¢® Q0 cm at 10
tional to the current, and then the deposited film displayed nonohmics and agreed well with the estimation by the sweep technique. The
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Figure 12. \oltage-current curves obtained from the MA. Electrodeposition
conditions are shown in Fig. 10.

voltage-current curves for the MA showed ohmic behavior, although
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Figure 13. (a) Current-time curve of the MMA when electrodeposition was
performed from the start of depostion using the potential sweep technique.
(b) Voltage-current curves obtained from data showriap Conditions for

the sweep are as follows: sweep rate 200 V/s, sweep voltage 0-50 V, and
cycle number 30 times.

a nonohmic film, and the IPFF, such as in the MA, created an ohmic
film.

Influence of current interruption during depositierOn switch-
ing from the constant voltage to the sweep mode, the peak current
for the MMA film fell to about one-half of the current obtained
under constant voltage deposition. We examined the deposition be-
havior using only the sweep technique. The current-time curves
given in Fig. 13a showed a current decay similar to that obtained
under constant voltage deposition. The values of the peak current
obtained from the sweep technique were slightly large in compari-
son with the constant voltage deposition. Therefore, we confirmed
that the sweep technique had no influence on the results shown in
Fig. 10b. For the MMA, the fall in current in the sweep mode relates
to the instantaneous current interruption: it needed about 0.3 s to
switch from the constant voltage mode to the sweep mode. How-
ever, whenever a MA film deposited at constant voltage was left in
the solution for 3-5 s with interrupting current, the subsequent elec-
trolysis by the sweep technique resulted in a fall in the peak current
of 5-10%. The thick MA film displayed such a tendency to decrease
in current. The current interruption for both systems suggests that
possibly the deformation of the film structure changed the film re-
sistivity.

Discussion

they had a small deviation from the straight line after the 12th cycle The MMA and the MA differ in the deposition behavior and the

(Fig. 12). The resistivity estimated from Fig. 12 was 0.7

electrochemical characteristics of the film. Both systems form a

X 10’ Q cm and was within the results calculated by Eq. 1. The dense film at the early stage of deposition, and the film transforms

evaluation of the film resistivity according to Ohm’s law gives reli-

into a spongy layer after growing to a certain thickness. The growth

able results. Furthermore, the HRFF, such as in the MMA, producedseems to follow the PF mod&f We had considered that the film
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formation progressed according to this model in the previousa light pink color irrespective of the applied voltage, which suggests
papers>* However, the model cannot fully account for the following that its deposit was basic. However, the MA deposit was acidic
phenomena. First, interruption of current varies the resistivity of thewithout coloring the film pink. Moreover, we measured the concen-
film. Second, a spongy layer with holes of several mm diam istration of lactic acid contained in the 20m film. The concentration
formed. We discuss the film growth process, which can explain suchn the MMA film was 6.3x 102 mmol/g of deposited film, and the
phenomena. MA was 7.5X 10 2 mmol/g. We reported that the MMA created a
hydrophobic film and that the MA produced a hydrophilic fiim.

Current path through a fili-As shown in Fig. 10b, by inter- Such characteristics reflect the different concentrations. Thus, the

rupting the current, the value of the current fell to one-half the value L . i X
before the interruption for the MMA film. Moreover, a similar phe- [im resistivity depends on the concentration of lactic acid.
nomenon also took place for the MA to some extent. A film formed  FOr the MMA, the coalescent layer of particles has a different
by electrodeposition is a polymer, and hence current passed througfeSistance from the particles themselves. That is, the inside of the
the film is attributed not to electronic conduction but to ionic con- Particle composes an electrical insulating layer, and the coalescent
duction. The current interruption influences the transport of ionic |2yer around it comprises a conductive layer. Consequently, the coa-
species in the film. Pores in the film contribute to the transport in the!€Scent layer acts as a practical current path. For the MA, the depos-
PF model. If the MMA follows this model, hydroxide ions migrate |ted_ film has a unlf_orm resistivity because it contains a high concen-
to the film/solution interface through pores and interstices betweerfration of lactic acid and has the structure of a flat surface without
particles, and the film can grow. SEM observations of the MMA film @ny particulate structures. Current can pass through the whole film
showed a deposition morphology which is consistent with the PFOf the MA. In comparison with the MA, the MMA film has low
model. Numerous pores existing in the film are 0.01-Ar& in e_Iectronlc conductivity; Fhe current path is small because of the par-
diameter. If the pores dominated the mass transport, they wouldiculate structure. The dlffe_re_nce between the_s_e structures affects the
penetrate the film from the electrode surface to the film surface with€lectrochemical characteristics during depositeg,, the difference

a certain probability. We also had supported this idea in our previoudn applied voltage necessary for deposition. The model proposed
papers** However, to explain reasonably the influence of the cur- here enables us to explqln the difference in fllm re5|§t|V|ty for both
rent interruption by using the PF model, the pores must be deforme@ystems. However, the influence of current interruption on the de-
momentarily, and the migration of hydroxide ions must be ob- Posited film remains to be explained. Probably trace amounts of
structed. For latex, it is well known that compressive stress acts oryvater in the film act upon such a phenomenon.

the interstices between the particles by vaporizing water, and then Pores formed in the fil—SEM observations showed that mi-

the interstices coales¢&™ For electrodeposition, a phenomenon cropores of 0.05-0.1um were scattered in the MMA film with a
similar to that in the latex is also caused because a film is deposite¢hickness of 3Qum or less. The MA film was observed to be a non
by changing from an agueous solution of polymer to solid polymer. porous structure by SEM. Moreover, on increasing the film thick-
Moreover, particular phenomena in the electrodeposition are Coaleajes& both systems formed holes of several mm diam, transforming
cence of film by Joule heating and an increase of stress bythe film morphology into a spongy layer. We consider such a trans-
electro-osmosig® Such phenomena should act on the film as an formation of the film morphology.
influence of the electrolysis or the electric field. It is difficult to In general, the surface of a deposited film is covered with hydro-
assume such effects during current interruption. Furthermore, thgen gases generated by electrolysis of water when the film is taken
probability of the pores penetrating the film from the electrode to theout of a cell. The film rinsed with water immediately after deposi-
film surface should be extremely low because the polymer particlegion has a rough surface. This seems to be caused by the following.
as a film are deposited at random. Thus, if the deposition mechanisrilydrogen gases migrate to the film/solution interface through the
of the MMA is explained by the PF model, the interstices betweenfilm. Until hydrogen bubbles grow to a certain size, they are at-
the MMA particles, which are observed with AFM, should contrib- tached to the film surface depending on the surface roughness. We
ute to mass transport. For the MA, the interstices between the MAobserved bubbles attached to a film surface when the film up to 30
particles cannot be observed with AFM, and hence we think that theum was deposited for both systems. Once the MA film was taken
transport of species generated by electrolysis occurs through theut of its solution, the bubbles disappeared, and the film surface was
deposited layer itself: the MA forms an ion-permeable film. When covered with the solution. For the MMA, the bubbles stayed on the
electrodeposition was performed using a transparent cell made ofurface after the deposited film was taken out. Because the film
glass, evolution of hydrogen gases could be seen from the film sursurface of the MMA is composed of aggregates, its surface is
face in both the MMA and the MA systems. These facts lead us torougher than that of the MA. Such a rough surface inhibits the
conclude that hydroxide ions and hydrogen gases migrate througbubbles from detaching. For a film at 3n or less, partial coverage
the film. Hence, the question is whether the interstices between they the bubbles allows the MMA to form pores of 0.05-Quth diam.
MMA particles create a simple space layer or a continuous layer. IfThe formation of the micropores at a relatively thin thickness de-
the interstices are the space filled with the electropaint solution, thepends on the surface morphology of both systems.
influence of current interruption cannot be expected. However, such The MA also showed an increase in surface roughness in the
results cannot be obtaing@ig. 10b). We must consider from the thickness range of 30-40m. The variation in the MA surface is due
experimental results that the interstices between the MMA particlego the influence of the hydrogen bubbles. At a film thicker than 40
form a continuous layefor a coalescent layewhere the particles  um, the MA and the MMA transformed the deposit into a spongy
coalesced. Consequently, the MMA also follows IPFF where speciedayer. The surface of the spongy layer appears as holes rather than
are transported through the film itself. Such a viewpoint of the film pores. The holes have a diam of 0.5-1 mm. In such a case, the film
growth results in the same growth mechanism for the MMA and themorphology of the MMA cannot be distinguished from that of the
MA. We conclude that the current path during deposition is the film MA. If the film growth process conformed to the PF model, such
itself. great holes could not be produced. Consequently, surface coverage
Difference of film resistivity in the MMA and the MA by hydrogen bubbles governs the formation of holes in the film and

systems.—The resistivity of the MMA and the MA systems differs gg;]ts fsoer(r:rt}zr‘ﬁhiﬁ félg;a)?]tructurehe hole formation is described in the
by an order of magnitude. The deposited film behaves as an ionic

conductive film, and hence it is a certain solid electrolyte. Electro-  Phenomenon of film rupture-A film rupture for both systems
lytic concentration contained in the deposited film determines theunder constant current deposition takes place after the structure
resistivity. To confirm the characteristics of the film, we added phe-turns spongy with the growing film. The rupture occurs not at the
nolphthalein into the MMA and the MA. Electrodeposition was per- electrode/film interface but within the film. In addition, under con-
formed at constant voltage. The deposited film of the MMA showed stant voltage conditions, the MMA does not produce ruptures, but
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the MA causes them. The film rupture for the MA clearly depends 1000 T
on the film thickness. Another observation is that the film rupture

takes place not at the edge of a substthigh current densitybut - (@ Le=1pum
in the middle. There are three probable causes for the film rupture: 2 L \3
hydrogen gases, the dielectric breakdown, and the sparking o 5 N

breakdownt*® As shown in Fig. 4, the MMA system under con- —~
stant current deposition showed that the electric field strength at the |_"'
peak voltage was about 8 10* V/cm. The MMA film ruptures at
240-280 V. The film thickness in this case can be estimated to be
about 30-43.m. If a film rupture occurs at 3pm and at 260 V, the

100

electric field strength is estimated at 410" V/cm. In addition, a i Pr=1X10"Qem 1
film rupture for the MA occurs at 25-35 V, in which the electric field 10 v vl vl s
is about 16 V/cm. The film rupture at low voltage suggests that the 01 1 10 100

cause cannot be regarded simply as the effect of the electric field. It
is appropriate to understand that the rupture is caused by hydrogen 1000 T T
gases; nevertheless, the mechanism is difficult to prove experimen-
tally from a microscopic viewpoint. However, the macroscopic re- Q
sults obtained from the experiments give us the following model for K
the film rupture caused by hydrogen gases. Constant current opera-© .
tion forcibly produces electrolytic products corresponding to the ap- —
plied current. Hydrogen gases and hydroxide ions are transported (% 100
through the film. Hydrogen gases coalesce as the bubbles reach the

film surface. At the same time, the resin particles are coagulated

with hydroxide ions and form the film. As the bubbles attach to the

(b) Ly = 3 um &S

T T T TTT
7

surface, the film grows around the bubbles. Hydrogen gases are i pe=1X10"Qcm 4
confined in the film. Consequently, the bubbles form holes, and the 10 L1l Ll L i
spongy layer is deposited on a dense layer. The amount of hydrogen 0.1 1 10 100

gases permeating the spongy layer cannot balance the amount pro

duced at the electrode. When a deposited film covers a portion of the 1000
surface of the holes in which hydrogen bubbles are confined, the

inner pressure rises; the film rupture takes place. The detachment of
hydrogen gases from the surface depends on the convection of the [
solution, e.g., by agitation or stirring. Thus, the film rupture is re- ,9
stricted to the middle of the substrate, as mentioned in the beginning

of this section. The film rupture is a circumstantial evidence that w 100 |
hydrogen gases permeate the film. = E

T T T TITIT] T T T T TTTT]

() Le =5 pm

Structure of the MMA film: Influence of film temperature during

deposition.—Draziet al. measured a temporal change in tempera- 5 or=1X10" Qem
ture at a film surface, using a cationic electropaint film deposited at

constant voltage of 200-350%.According to their results, the sur- 10 1l bl Loy
face temperature reached the maxim@#@-85°C)at 20 s. Dorosz- 0.1 1 10 100
kowski and Toynton also reported a rise in temperature at a film Current density / mA cm2

surface during depositiolf.Deposition of the MMA film at 70-150

Vand for 180 s raised the solution temperature by 0.3-0.5°C for 18Ckjgyre 14. Estimation of temperature at a film surfadg, under natural
s. For the MMA, the Joule heat generated in the film influences thegonyection condition. Tha was shown as a function of current density at
deformation of the film structure. Heating phenomena by electroly-various values of resistivity.

sis have been investigated in the fields of plating and anodic

oxidation!’2° Hoshino and Boshin measured the surface tempera-

ture at a cathode during deposition using various plating solutions,e mogel in which the interstices between the particles create the

@ntinuous laye(the coalescent layerWhen current passes through

. . . . " the coalescent layer, the Joule heat promotes coalescence of the
film to consider the influence of the Joule heat on the film deposi-iyergtices. The results of Fig. 3 exhibit the influence of the Joule
tion. The surface temperature of a film was estimated assuming thalea; The progress of the coalescence at the interstices increases the
the physical constant of an electropaint solution is similar to that ofg, resistivity excessively, and then a portion of the film layer
water. Figure 14 shows the results of the surface temperature of 8,565 4 kind of film ruptL’Jre. Such variation is measured as a de-
film, Tg, as a function of current density at various re_s,|st|\l/ét|es. The crease of the resistivity with increasing voltage. However, the film is
figure qualitatively explains the results which Drastal™ ob- not perfectly broken down because the early deposited film becomes
tained, and a rise in temperature during deposition is suggested at @ense by the heat effect and behaves as a barrier-like and adhesive
peof 10° O cm. For constant voltage deposition, the MMA requires fjim (a dense layer). In such a dense layer, the interstices between
a deposition voltage higher than the MA to attain the same thick-particles promote coalescence so as to decrease the resistivity. In
ness. The initial current during the MMA film deposition depends on contrast, under constant current deposition, a current density lower
the voltage value, 2.5 mA/chat 20 V and 14 mAlcthat 100 V. than 1 mA/crd has hardly any influence of the Joule heat on the
(Fig. 2). Therefore, once electrolysis of water is initiated, the MMA film_ The film is slowly deposited during the induction period of
forms a film several micrometers thick. The MMA resin ha'Ega)f several seconds to form the dense layer of aboutr After the 3

70°C, and the deposited film begins to soften at a temperature neggm thickness is reached, the voltage abruptly rises. As in constant
the T4. Figure 14 suggests the possibility of the film attaining the voltage deposition, a portion of the dense layer is broken down, and
softening temperature for a film resistivity of &0 cm. As de- the resistivity peak appears. Consequently, the peak resistivity is
scribed in the section on current path through a film, we proposedndependent of the current densifyig. 5).
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0.500 T acid molecules do not dissociate in the deposited film. Lactic acid
"o C ] reacts with hydroxide ions at the electrode/film interface and forms
0B :CQ O o N lactate ions. Lactate ions formally migrate to the bulk solution
gE 0.400~ VU o —0 Q through the film. However, hydroxide ions actually migrate in the
5= L ] film. Thus, we must understand that the MA has low resistivity
gE 03002 ] because hydroxide ions have a high mobility.
§§ . C g Conclusions
E? C ] We investigated the correlation of film formation with the film
s 0.2001- n structure in electropaint systems, using two types of cationic resins
g'g r ] with differentT, values: the MMA and the MA, 70 and 5°C, respec-
ES 01001 J tively.
ge L 7 The resistivity of the MMA (18-10° Q cm) is higher by an
3 [ N order of magnitude in comparison with the MA Q0" Q cm).
ST IR R BT ITAT AT IR The voltage-current curves obtained using the potential sweep tech-
0 5 10 15 20 25 30 nique show that the MMA behaves as a nonohmic film and that the

MA film exhibits ohmic behavior.

We proposed a new model for the MMA film formation, where
Figure 15. Concentration of amino groups contained in the MA deposit as a Current passed through the continuous layer itself. Thus, because the
function of thickness. Electrodeposition was performed at constant voltage ofnterstices between the MMA particles coalesce and form a continu-
10 V, for various times, and at a solution temperature of 25°C. Solid line ous layer, the film growth for both systems follows the IPFF and can
shows the calculated value of the concentration of amino groups from thebe practically explained by the same mechanism.

MA composition: 4.1X 10" mmol/g. The film resistance depends on the concentration of lactic acid in
the deposited film and the film structure. Moreover, at a film thinner
than 30um, pores in the film are formed by the partial coverage of

Film structure of the MA—The MA, as shown in Fig. 9, gradu- hydrogen gases at the film surface. The coverage transforms the
ally decreased in film resistivity with increasing thickness. All of our structure of the deposited film, and then holes are formed with an
results support the model of IPFF: current passes through the depoacreasing thickness of 3@m or more. However, when a high re-
ited film, and the film growth takes place at the film/solution inter- sistance film like the MMA is deposited, the behavior of the film
face. Now, we must account for the change in resistivity for the MA. formation depends on the electrolysis mode: constant voltage or
The change in the resistivity is expected to correspond to a changeonstant current deposition. The high resistance film is greatly in-
in the concentration of ionic species in the film. Because it canfluenced by the Joule heat under constant voltage deposition, but it
hardly be thought that the film composition changes depending onis hardly affected under constant current deposition. Under constant
the deposition conditions, the concentration of amino groups in thecurrent deposition, an induction period was observed for the MMA,
film always remains constant. Thus, if concentration of lactic acid isin which the film grew and the voltage rose. Thus, the induction
low at the early stage, the relationship of such a change in theperiod is defined as the time when the film with a certain resistivity
resistivity is established. To confirm this, the concentrations ofis formed.
amino groups and lactic acid in the MA film were determirEdy. Acknowledgments
15, 16). The concentration of amino groups was independent of the ) )
film thickness(Fig. 15). The concentration of lactic acid decreased ' ne authors thank Professor F. Hine, Nagoya Institute of Tech-
with increasing thicknesgFig. 16). The resultant concentrations Nology, for useful comments. We also acknowledge the advice on
suggest that the MA film would be basic. However, the depositedth's manuscript from Dr. Y. Suzuki, Central Laboratory of C. Uye-
film was acidic in another experiment, in which no color change wasmura & Co., Ltd.
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