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ABSTRACT

With the development of cathodic electrodeposition as a
commercially inportant'coating process, conaiderahle research on
various aspects of the process has been initiated. However, the
majority of this work has been performed using “solubilized” resins

‘'which undergo charge destruction at the cathode to form smooth,

thin, insulating films. While the theoretically predicted

electrical efficiency of deposition from a latex system is
considerably higher than that of solubilized resins, little research

has been performed on the'fundamental aspects of the cathodic

electrodeposition of latexes.

In this study, a-cationic:polyurethane acrylic latex was
developed for use in the cathodic electrodeposition process. The

latex exhibited unique physical properties, including a broad glass

transition and high damping over a wide temperature range,
indicating a structure similar to that observed with latex

interpenetrating polymer networks. The glass transition began at

‘approximately -20 9c., so films cast from the latex were tough,

flexible, and coalesced easily at foom temperature.

Using the polyurethane acrylic latex developed and, for
comparison, a commercially available solubilized resin, fundamental
aspects of the cathodic electrodeposition of latexes were examined.

Experimental data showed that the current - time behavior of the

7

latex and solubilized systems was similar, with the current cut-off
fof the solubilized systems generally occurring more rapidly,
resulting in thinner films deposited with this system (0.3 - 1.0
mil) than with the latex (1.0 - 15.0 mil). Proper optimization of
the bath conductivity and deposition voltage were found to be
essential to the electrodeposition performance of the polyurethane

acrylic latex, whereas the performance of the solubilized resin

system was not as sensitive to these parameters. As predicted, the

coulombic efficiency of deposition was observed to be much higher
with the latex system ( 100 - 500 mg./coul.) than that obtained with
the solubilized system (20 - 40 mg./coul.). The film thickness was
found to decrease with increasing voltage for the latex system,
while the film thickness increased with increasing voltage with the
solubilized system. This opposite trend indicated different film
charadteristics and a different deposition mechanism for the two
systems. The initially deposited latex film was conducting, and
only became insulating upon desorption and redispersion of ‘the

surfactant back into the electrodeposition bath.

Examination of the constant voltage electrodeposition kinetics
of the polyurethane acrylic latex stabilized with an adsorbed
quaternary ammonium surfactant showed a two - stage film growth
process. These two stages represented the periods of growth when
the film was conducting and insulating, respectively: In the first

stage, a linear dependence of the film'growth on the depositiqn time
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was observed, while in the second stage a linear dependence on the
square root of the deposition time was found. The kinetics of
deposition for the commercial resin at constant voltage showed
single stage growth, dependent on the square root of deposition
time, thus indicating that an insulating film governed the growth
rate during the entire deposition process with this system. An
examination of the constant voltage electrodeposition kinetics of .a
polyurethane'acrylicjlatex sample stabilized by charged groups able
to .undergo charge destruction at the cathode was made, and behavior
similar to that experienced with the commercial solubilized resin
was observed. The two - stage film growth kinetics observed with
the polyurethane acrylic latex stabilized by adsorbed quaternary
ammonium surfactant were therefore more a result of the inability of
the surfactant to experience charge destruction (either
electrochemical or acid - base) at the cathode than the partitulate

nature of the latex system.

An attempt was made to describe the electrodeposition mechanism
in terms of flocculation and accumulation theories. The
accumulation mechanism proposes an analogy between electrodeposition
and particle sedimentation, and predicts the formation of a two
- layer deposited film, comprised of a fluid layer of concentrated
latex, and a fixed layer of irreversibly coagulated polymer. This
two - layer film was observed during the electrodeposition of the

polyurethane acrylic latex, indicating that the accumulation

9

mechanism-governed film formation with this system. Mathematical
models developed to describe the electrodeposition process for the
proposed mechanisms indicated that-the induction time (that period
during which no deposition takes place) should be affected
differently by various electrodeposition parameters, depending on
which mechanism was predominant. Attempts to measure the induction
period during constant voltage electrodeposition of the polyurethane
acrylic latex, and thereby specify the mechanism precisely, were
unsuccessful. While the accumulation mechanism was clearly indicated
by the observed film characteristics, occurrence of the flocculation

mechanism could not be conclusively ruied'out.
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1. Introduction

1.1 Historical

In its basic form the technology of organic coating application
to metallicksubstrates is very old; as much as 500 years ago
significant efforts were being made to develop durable varnish
binders, and paint-making was moving from the mortar - and - pestle
production of the artist's supply to a larger production basis,
resulting in widespread commercial use [6]. Since that time there
has been a continued effort to improve both'the corrosion protection
performance of organic coatings and the procedures used to apply
these coatings. While the industrial production of coatings grew to
substantial proportions in the nineteenth century, it is only in the
past sixty years that extensive scientific attention has been
focused on paint technology. During this period gsignificant
advances have been made, particularly in the techniques of
application that have become available. Various solutions to the
problem of how to achieve rapid application of high quality coatings
have been developed, including dip coating, rolling, powder coating,
spraying, and electrostatic coating. Among the more recent
developments in the technology of coatings application, having
reached commercial importance only within the past twenty fears, is
electrodeposition. In this process, an organic coating is applied
from an aqueous medium to a conductive substrate. Deposition is

brought about by the application of a direct current,-hence the

1

process is primarily electrochemical in nature, in direct contrast
to customary coating methods where only mechanical'forces are at
work. Under the influence of the applied current, charged polymeric
molecules or particles migrate electrophoretically to the electrode
of opposite charge (anode for negatively charged particles and
cathode for positively charged particles); At the electrqde the
polymer is destabilized or-coagulated and deposited on the
electrode, forming a paint film; this organic film becomes.

insulating, thus the electrodeposition process is self-limiting.

The fundamental process of electrophoretic migration of
colloidal particles was observed by Ruess as early as 1809_[8].
Pelton and Linder [9] recorded the first observation of an
electrodeposit being formed upon the.application of a current in
1905 at the University College in London. An early patent for the
painting of conductive substrates was granted to Davey, of General
Electric Co., who described a process for the making and application
of "japan" [13]. However, practical work on the development of
electrophoresis as a means of applying organi¢ coatings is generally
considered to have begun with experiments carried out in the U.S.
between 1923 and 1933. In the earliest of these experiments,
Sheppard and Eberlin [44, 45] examined the anodic electrodeposition
of natural rubber latex, and suggested several possible
applications, including molded articles, covering and impregnation

of_fabrics, and the production of leather substitutes. In 1933 Beal
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described the "anode process", a term .chosen to designate "...the
production, directly from (natural) rubber latex, rapidly and in one
-application, of articles and coatings of the highest grade of
unmasticated rubber.” [3]. Clayton [12] patented a process in the
U.K. in 1936 for the interior coating of cans with an oleoresinous
lacquer by anodic electrodepoeition, and a paper describing the
technology of this process was puBlished by Sumner [49] in 1940. In
19%8 Turner end Coler [52] examined the electrodeposition of natural
rubber latexes on a mercury pool anode, and further experimental
work on the anodic electrodeposition of 'synthetic rubber latexes was
reported by Fink and Feinleib [16, 17] in 1945-1948. Early work in
India on the topic of electrodeposition is indicated by patents.
issued there in 1946 dealing with improvements in the

electrodeposition of rubber [26].

Unfortunately, none of these early applications progressed to
pigmented resin coating systems, and the rate of formation of an
adequate film in the early electrodeposition systems proved to be
too slow for a high - speed commercial operation [SOJ. Thus by the
end of World War II most of the industrial processes based upon the

principle of electrodeposition had been abandoned.

Following World War II, the huge demand for metallic consumer
goods in the U.S. (primarily automobiles and appliances), coupled

with the development of various synthetic resins suitable for use in

13

aqueous - based paints and increasing labor costs, led producers to

gearch for new ways to apply corrosion protective coatings. Also,

the occurrence of several serious fires in car factories, all
centered around the large dip coating tanks then in use, resulted in
increasing pressure to develop alternative coﬁting materials and
methods. Researchers at Ford Motor Co. in 1959 became concerned
with the problem of "gsolvent wash" and began to search for a way to
apply paint to hidden surfaces and complicated workpieces without
the need for involved‘labor or a solvent - based paint [9]. By 1963
this group had developed a coating composition and an electrodip

priming process that was commercially acceptable, and had begun

disclosing the information to a number of leading paint

manufacturers [43]. During the past twenty years electrodeposition

has grown.into a widely practiced application technique; currently
approximately 64 electrodeposition tanks are in operation in the
U.S. automotive industry, with the result that roughly two-thirds of
the automobiles produced in the U.S. are electrocoated [60]. In
addition, numerous electrodepoSition units are in operation in other
manufacturing areas, ‘coating items ranging from farm implements ‘to

air conditioners and microwave ovens.

Along with the;previously mentioned benefits of organic solvent
- free coating and the ability to coat recessed areas, the
electrodeposition process has additional advantages which have made

it_particularly attractive in a number of‘applications [23, 59]:
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Upon application the coating remains in place; thus\tQ:zf

are no runs, sags, solvent washing, or "fatty" edges, and
very uniform coverage of the workpiece results. S

- Complete mechanization of the process is possible,
resulting in lowered labor costs over a manual operation.

- Very good corrosion resistance is observed due to the
uniform coverage and absence of film pores.

- The electrocoating bath is formulated at approximately 15%
solids, so the rheology of the paint (pumping, agitation)
is not a significant problenm.

- The counter ion required for polymer stabilization in the
aqueous system does not generally deposit with the film

(unlike conventional aqueous coatings), resulting in-
‘improved film properties. '

‘Tt should be noted that the electrodeposition process does have
several disadvantages, including high inifial capital costs, strict
limitations on coating bath formulation latitude, little masking of
substrate surface defects (no "filling"), imability to coat non
- conductive objects, and limitations on the film build possible

(generAIIy not greater than 15 mil.) [59]-

1.2 Background

In the electrodeposition process, a metallic workpiece is
placed into a conductive bath and, upon the application of a
specific voltage or current, is coated with an insulating film.
Thus the electrodeposition process may be viewed as occurring in
several distinct stages, including tramsport of the polymer

particles'or macro-ions to the workpiece, deposition of the

15

particles onto the object, and growth of the paint film with the
coincident insulation of the coated electrode. These various stgges
may be further considered in terms of specific mechanisms;
convection, -electrophoresis, electrolysis, coagulation,
electroosmosis (the movement of the liquid phase away from the
deposited film under the influence of the applied field), and
diffusion may all play an important part in the formation of ‘an
electrodeposited film. Any analysis of the electrodeposition

process must ultimately give consideration to each of these effects.

In anodic electrodeposition, the workpiece is made the anode;
consequently the polymer molecules to be deposited must have a
negative charge. A schematic of the anodic electrodeposition
process is preSented'in Figure 1-1 (after Wessling [57]). As
indicated, the major reactions occurring in anodic electrodeposition
are eleqtrdlysis of water, oxidation of the anode, and subsequent
destabilization and deposition of the resin. The resins utilized in
anodic electrodeposition have generally been characterized as
carboxyl - containing macro-ions, oOr polyeledtrolytés'[4]. These
polyelectrolytes are hydrophobic in nature, and are stabilized in

the aqueous paint bath due to parfial neutralization of the

carboxylic acid functional groups by amines or KOH [23]. As anodic

‘electrodeposition was the first commercially successful

electrocoating process, the early research concerning the

fundamental aspects of the electrodeposition process centered around

16
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3)  Destabilization and Deposition of the Resin
R CO0 + H'—= RCOOH 4

.
Figure 1-1: .Anodic Electrodeposition Process
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anionic systems. The mechanism of deposition at the anode has been
examined by a number of workers'[43, 23, 61, 5, 40], and it is
generally agreed that deposition takes place primarily by an acid

- base charge destruction mechanism (reaction 3, Figure 1-1). 1In
addition to the neutralization of ionized carboxyl groups by
protons, Beal [3], Phillips and Damm [37], and Olsen [35] provided
experimental evidence indicating that destabilization of the anionic
resins by metallic cations generated at the anode (reaction 2,

Figure 1-1) is an important deposition mechanism.

While anodic eleptrodeposition.vas developed first, primarily
due to the availability of amionic paint systems, by 1965

experiments were being carried out on the suitability of catiomic

‘resins for electrodeposition. In the cathodic electrodeposition

process, the workpiece is made the cathode, and the polymer
molecules must carry a positive charge; early efforts to develop
cathodic electrodeposition were hindered by the unavailability of
cationic resins that were stable (retained charge) at a pH of
greater than 6. The cathodic electrodeposition process is outlined

in Pigure 1-2. As suitable cationic resins became available in the

early 1970's, cathodic electrodeposition quickly became recognized

as the more desirable electrocoaxing_prdcess for a number of
reasons. In cathodic electrodeposition deposition of the paint
takes place in a reducing atmosphere_(as opposed to the oxidizing

atmosphere present in anodic systems), and passivating‘layers'on,the

18.




substrate are not.attacked in the alkaline medium surrounding the

| DC cathode; both of these factors would be expected to lead to improved

corrosion protection [40]_. In addition, oxidation of the workpiece

does not take place, leading to reduced metal dissolution and a
subsequent reduction in both staining of the coating and corrosion

of the coated piece. While early workers anticipated no metal

dissolution and greatly im_proved- corrosion protection performance

with the cathédic system, Murphy [34] and Anderson [2] demonstrated

+ % » - ab—\x that some dissolution does take place at the cathode, and postulated
I —r N SR ] . o
- ¥ - - —_ - a mechanism for the alkaline oxidation of metals involving the
Anode . | | y _ | N
, CathOde _ formulation of soluble metallic oxyanions at the cathode during

deposition. However, these and other researchers did observed that

the corrosion protection performance of cathodically deposited films

Major Reactions at the Cathode

(as measured by salt spray and weatherometer exposure tests) was

l) El&CtTOlySIS of Water considerably improved over that of films deposited anodically. Upon
H20 _— 1/2 HZ + 20H 3 r_e‘cogn_i.tion of the advantages offered by the process, many

| d installations switched from anodic to cathodic coating; today 98% of

2)  Deposition of the Resin

the automotive coating tanks in operation in the U.S. are cathodic.

Along with the development of commercial cationic
electrodeposition systems, fundamental research programs were
initiated concerning the mechanism of deposition and other aspects
of the cathodic processf[GO).59, 42, 38, 7]; ‘However, these studies

_ were carried out with cationic polyelectrolyte resins ‘similar in
Figure 1-2: Cathodic Electrodeposition Process ' o ' '

nature (solubilized) to those used in anodic systems. These

20

19




cationic resins were stabiliged by the addition of carboxylic acids
[29] and consequently were easily destabilized in the alkaline
region surrounding the cathode, resulting in a smooth uniform film.
However, these macro-ions are both relatively low in molecular
weight and high in charge - to - mass ratio, leading to a low

electrical efficiency and the requirement~of a- post<deposition

‘curing reaction. It has long been recognized that'the electrical

efficiency of deposition from a latex system would be expected to be
significantly,higher than that from a,solubilized polyelectrolyte
system [18]. In addition, a latex could be depositied at a high
molecular weight without affecting the rheology of the coating bath,
thus-eliminating the need for a curing reaction following
deposition. However, with the exception"of the early work on the
fundamental aspects of the anodic electrodeposition of natural

rubber latex, little research has been undertaken in this area.

‘Wessling, et al, have reported various aspects of the

electrodeposition of cationic latexes, including the effect of the
surfactant structure on the deposition behavior fS?, 58, 56]; the
kinetics of the electrodeposition process were not examined. Recent
work by Humayun.[25] in this laboratory on the electrodeposition of
cationic epoxy latexes has indicated that the kinetics and mechanism
of deposition from an ammonium stabilized latex differ considerably
from those proposed for typical golubilized cationic macro-ion

systems.

21
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1.3 Statement of Problea

‘The objectives of this research project were to develop a latex
system suitable for use in the cathodic electrodeposition process,
and using this system, to examine some of the fundamental aspects of
the electrodeposition of latexes. Included in these objectives were
analysis of the mechanism and kinetics of deposition, and a
comparison of the electrodeposition behavior of the latex to that of

a commercial solubilized resin system.

22




2. Experimental

2.1 Materials

Several different electrodeposition resins were used in the
various experiments performed in this study. A significant portion
of the etperimental vork was devoted toward the development and
characterization of a cationic polyurethane - acrylic latex system
suitable for use in the cathodic electrodeposition’ process,
‘therefore the. preparation and properties of this latex will be

discussed in detail in the "Results and Discussion” section.

In addition to the primary latex system, electrodepqsitions_
‘were carried out using a commercially - available "solubilized”
resin. This resin was received from the manufacturer as a 60% non-

volatile organic solution, and was composed of an amine - modified

epoxy/isocyanate blend. The aqueous electrodeposition solution was
prepared by adding 2% acetic acid (based on resin solids) to 20% of
the. final deionized water, followed by addition of the feed resin
with vigorous agitation. Subsequently, the remaining 80% of
deionized water was added with continued agitation following which
the solution was vacuum stripped at 50 °C in a Buchler rotary
evaporator to remove the organic solvent and adjust the solids to
the desired level. Nb’su:factant.was added during the preparation
of the "solubilized" resin; stabilization of the polymer in the

aqueous system was a result of protonation of the amino-functional

23

groups bound to the resin molecules in the presence of the acetic

acid ("solubilizer") [29].

Electrodeposition samples were also prepared from the
commercial feed resin using a cationic surfactant (hexadecyl
trimethyl ammonium bromide) and mo acidic solubilizer, resulting in
latexes with well-defined particle size and stabilized primarily by
the adsorbed surfactant. These latexes were prepared by a direct
emulsification process using a mixed emulsifier system [53]. Prior
to emulsification, the commercial feed resin was diluted to 40% N.V.
with a mixture of toluene and xylene (toluene:xylene = 2.2:1) in
order- to reduce the solution viscosity and lower the relative
proportion of the more water-miscible solvents. Hexadecane was
added to the diluted feed resin solution at a level such -that the
weight ratio of surfactant to hexadecane in the final latex was 2:1.
The HDTMAB emulsifier (0.2 - 1.0%, wt. percent based on water) was
dissolved in deionized water held at 30 ®c. The feed resin solution
containing the hexadecane was then added to the surfactant solution
with vigorous agitation and held at 30 %¢ for another 30 minutes.
The resulting crude emulsion was gonified in 500 ml. portions for 3
minutes using a Branson Ultrasonic Cell Disrupter, and homogenized
by passing through a Manton—Gaulin Submicron Disperser at a pressure
of 5000 psig. To insure efficient dispersion the emulsions were
homogenized three times. Following emulsification the latex was

vacuum stripped at 50 OC in a Buchler rotary evaporator and samples

24




if

taken to determine solids content.

The physical properties and formulations of the commercial
resin electrodeposition samples are outlined in Table 2-1. The
commercial feed resin emulsions all appeared stable with no coagulum
evident during emulsification or stripping. Upon standing for 5
wveeks a very thin layer of polymer was visible at the bottom of the
storage bottles, and the solids had dropped slightly (e.gs from
15.2% to 14.3% for Sample I-3), indicating that a small amount of

settling and coagulation had occurred.

The emulsion samples were examined with the transmission
electron microscope (using the cold stage to prevent deformation of
the particles under the electron beam) and a particle size analysis
made. The results of this analysis are presented in Figures

2-1 - 2-3, It should be noted that, within experimental error, the

particle size did not vary greatly with varying surfactant

concentration, and in all cases the particle size distribution (as

indicated by the polydispersity index, PDI) was fairly broad.

2.2 Electrodeposition Apparatus and Procedure

The electrodepositions were performed at room temperature in a
rectangular plexiglas cell of dimensions 2.7 cm.- x 3.8 cm. x 9.0 cm.
Two carbon anodes were connected in parallel, and these were placed

at either end of the cell, separated by a distance of 6.0 cm.
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Table 2-1:

O/W RATIO
(prior to
stripping)

Physical Properties and Formulations of
Commercial Resin Samples.

Surfactant

(wt. % B.O.W.)

CONDUCTIVITY
(u S/cm)

SOLIDS

(following
stripping)

N (0.50%
5°';b'!"-ed 0.25/1 aceticacid | 6.4 1590 15%
esin “solubilizer”)
Emulsion 1.00% o
L1 0.33/1 worvae | 77 811 15%
Emulsion 0.30% 516 0
.21 0.33/1 wormas | 75 15%

Emulsion

I-3

0.20%
HDTMAB
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PERCENT

SAMPLE LATEX I-1

D, = 207.5 PDI = 1.756
Dw = 364'3. Dmin = 33.2
N = 968 Dmax = 674.1
D, = 237.9 Da = 233.3
Sd = 106.7 STEP = 22.1
Dq = 404.2 D, = 315.2
10
Hh
S i
Ny B
O' r + ; - ﬁl R
o 300 600 900 1200

DIAMETER, NM

Figure 2-1: Particle Size Distribution, Commercial

Resin Emulsion, Sample 1. Emulsifier
Concentration = 1.00 %, based on water.
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SAMPLE LATEX 1-2
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D = 162.7 PDI = 3.197
D, = 520.2 D, = ©56.0
N = 718 D, =1137.7
D, = 229.6 D, = 190.2
Sy = 98.6  STEP = 37.3
D, = 690.5 D, = 334.6

500 600 900 1200
DIAMETER, NM

Figure 2-2: Particle Size Distribution, Commercial

Resin Emulsion, Sample 2. Emulsifier
Concentration = 0.30 %, based on water.
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SAMPLE LATEX 1-3
182.1

O
i
U
o
0

2.815

n
Dw o 512.7 Dmin = 75;‘0
N : | 72.3 .Dm.ax = 1225.0
:DV - 24] -3 Da = 205.7
D, = 693.3 D, = 331.9
40 + . —
-
pa -
L
O 20 1 il
e ;
L] |N
a_ [* |
0 - ; -y —
0 300 600 900 1200

DIAMETER., NM

Figure 2-3: Pgrticlg Size Distribution, Commercial
Resin Emulsion, Sample 3. Emulsifier
Concentration = 0.20 %, based on water.
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Carbon was used for the anode haterial in orﬂer to prevent
dissolution of this electrode during deposition, thus avoiding
contamination of the bath with metallic cations. The cathode sample
bars upon which depositions were made were Q-Panel, type QD
standardized samples of smooth (mill rolled), cold rolled, low
carbon steel, with nominal dimensions 15.5 cm. x 2.2 cm. x 0.051 cm.
During electrodeposition the sample bar was lowered into the bath
midway between the anodes using a motor drive, at a speed of 3 feet

per minute.

The power supply for the electroﬁepositions-was-a-PPG Elcoat
laboratory unit capable of providing 750 Volts D.C. and 10 Amperes;
the design of the unit was such that only constant applied voltage
depositions could be performed. A schematic of the
electrodeposition unit is shown in Figure 2-4. Included in the
circuit were a Keithley autoranging digital voltmeter to facilitate
accurate setting of the applied voltage, and a strip chart recorder
to measure the current paésing through the electrodeposition cell as
a function of time. In addition, an external switch was included in
the electrodeposition circuit which permitted the power supply to be
turned on without current flowing through the electrodeposition
cell. This served two purposes; it provided a ‘means of allowing the
power supply to stabilize at the desired voltage setting prior to
deposition (preventing voltage fluctuations during deposition), and

it enabled the cathode sample to be placed in the bath without
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deposition occurring while the pover supply stabilized.

(+) (<) (+ ' Electrodeposition was typically performed by turning on the

power supply and setting the desired voltage, with the external

switch in the "off" position. The cathode bar was weighed on a

Mettler balance, then connected to the electrodeposition circuit and
lowvered into the bath (“dead entry"). The run was begun by starting

the strip chart -recorder, then moving the external switch to the

"on" position. No agitation of the bath was provided during

deposition. After the desired electrodeposition time, the switch

750 Vol[' 10 Amp DC Power SUpp')’ ' was again moved to the "off" position and the cathode sample bar
] raised from the bath with the motor drive. Following deposition the

Rectangular Plexiglas Cell

Q - Panel (Type QD) Steel Cathode Sample Bar
Carbon Anodes

sample was dip rinsed with deionized water, dried to a constant

weight in a vacuum oven at room temperature, and reweighed to

£OwWw o
'

determine the total deposited film mass. The area under the current
- time curve obtained from the strip chart recorder was integrated
using a Carl Zeiss MOP-3 analyzer in order to calculate the amount

' L of charge passed during deposition. TFinally the film area and

Figure 2-4: Schematic of Electrodeposition Unit thickness were measured.

A second type of electrodeposition run was performed by placing
the external switch in the "on" position prior to lowering of the
sample .into the bath. While this “live entry" type of deposition
vas not as useful in determining the kinetics of electrodeposition

as the "dead entry" discussed above, it is the. type of deposition
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commonly performed commercially, and hence was useful for comparison

purposes.

Electrodepositions were generally performed from 15% solids

dispersions, with applied voltages in the range 30 - 300 Volts,

resulting in initial field strengths in the bath of 10 - 100

Volts/cm. The coated area of the cathode samples was approximately

12 cm;z, and the initial current was on the order of 0.5 A., thus

the maximum current density was roughly 40 mA/cm.Z. Samples were

coated from very short times (<1.0 sec.) up to >60 sec. depending on

the current cut-off behavior. Film thicknesses typically ranged

from 0.5 - 30.0 mil.

3. Experimental Results and Discussion

3.1 Polyurethane Acrylic Latex System Development

3.1.1 Introduction
Previous research was performed in this laboratory on the
electrodeposition behavior of cationic Epon 1001 latexes, and
mixtures of cationic epoxy - curing agent (Epon 1001 + Emerez 1511)
latexes [25]. While the work done with the Epon 1001 latex prepared
by direct emulsification proved useful in elucidating some of the
fundamental aspects of the cathodic electrodeposition process, the
quality of the films deposited from this latex were generally poor
as a result of the glassy behavior of the polymer at the deposition:
conditions. Films deposited with this latex showed poor coalescence
on the substrate and generally cracked or flaked off of the
substrate upon drying. Alternatively, analysis of the
electrodeposition behavior of the Epon and Emerez mixture was. found
to be complicated by the concurrent heteroflocculation between the
two components and the crosslinking reaction occurring at the
particle - particle interface. As a result of these various
phenomena, it was decided to investigate the possibilities of
developing a single - component latex system which would form
reasonably good films in the cathodic electrodeposition process, and
would require no post-deposition curing. Vanderhoff et al [54],

Matsunaga [32], and Woo [62]. indicated that tough‘p:oteCtive
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coatings of high gloss could be obtained from aqueous single
- component polyurethane dispersions, thus it was on this system

that efforts to develop a suitable cationic latex were concentrated.

3.1.2 Latex Preparation and Characterization

3.1.2.1 Preparation
The latex system under investigation consisted of a
polyurethane acrylic copolymer; a sample recipe used for the
prgparation of this latex is shown in Table 3-1. The latex was
preparedfin.a three step process involving a solution polymerization
step, an emulsification step,.and subsequent emulsion
polymerization. This process is very similar to that described by
Vanderhoff etfal.[54]; the major difference in the polymer obtained
results from the unique structure and reactibility of the
diisocyanate monomer used. In the first stage, a solution of
isophorone diisocyanate (3-isocyanatomethyl-3,5-5-trimethyl
cyclohexyl isocyanate, Veba Chemie, AG), 2-hydroxy propyl
methacrylate (2-HPMA), butyl acrylate (BA), and isobutyl
methacrylate (IEMA) was prepared. Isophorone diisocyanate contains
two differently combined isocyanate groups, with the aliphatic
isocyanate approximately ten times as reactive as the cycloaliphatic
one [55]. Consequently, the more reactive isocyanate could be
reacted somewhat selectively with the active hydrogen'of”the 2-HPMA,

while leaving the second (cycloaliphatic) isocyanate group available

Table 3-1: Polyurethane Acrylic Latex Recipe

CATIONIC POLYURETHANE - ACRYLIC LATEX

Component Moles Unit WL %

2-Hydroxy Propyl Methacrylate I 4.0
I sophorone Diisocyanate 3 I7.5
Polyol PCP-0200 2 21.8
Butanol I 2.1

Butyl Acrylate 4.6 © 5.4
Isobutyl Methacrylate 8.4 31.2
Acrylic Acid L1 2.0

Distilled Deionized H,0 - 400 gm.

Hexadecyl Trimethyl Ammonium Bromide - 3 gm.
Hexadecane - 2 gm.




for further reaction. This was accomplished by adding dibutyl tin
dilaurate, a low temperature catalyst, to the above described
solution and agitating at 60 Oc. for 1/2 hour. Prior to raising the
temperature the system was inhibited with phenothiazine to prevent
bulk free - radical polymerization of the acrylic monomer (BA, IBMA,
2-HPMA) at this stage. Fqllowing the reaction of a portion of the
isophorone diisocyanate with the 2-HPMA, a caprolactone diol'(Polyol
PCP-0200, Union Carbide), was added to the solution and reacted with
the isophorone diioscyanate for ome hour at 80-°C. Butanol was then
added to the solution and allowed to react for another hour at 80
Oc, in order to "block" any residual isocyanate groups and prevent
further growth of the polyurethane éhain. This solution then
consisted ideally of urethane prepolymer with a molecular weight of
approximately 2000 terminated at one end with a reactive vinyl
group, dissolved in a monomer gsolution of BA and IBHA. It must be
noted that the isocyanate reactions were not completely specific,
thus along with the urethane prepolymer described above the solution
containéd.a gignificant fraction of higher molecular weight
polyurethane_Containing no vinyl groups as well as polyurethane
‘terminated at both ends with reactive vinyl groups (leading to
crosslink sites in the final polymer; the development of
crosslinking during the free - radical polymerizationfof this system

has been observed by other workers in this laboratory [36]).

The second stage of the polyurethane acrylic latex synthesis’
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roufe involved emulsification of the prepolymer solution by
essentially the same technique used in the formulation of the
commercial resin emulsions (Ref. Experimental), and consisted of
preparation of a crude emulsion by standard techniques using the
nexadecane / hexadecyl trimethyl ammonium bromide mixed emulsifier
system, followed by sonification and homogenization to yield a

stable prepolymer emulsion.

The final preparation stage consisted of free - radical
emulsion polymerization of the acrylic monomer in the resulting
emulsion. Two alternative methods of initiating polymerization.-were
used. In the first of these a water - soluble azo - type
initiatior, V-50 (2-2’-Azohis(2-amidinoepropane)HCl, Crescent
Chemical Co.) and a small quantity of surfactant were dissolved in
water, and the prepolymer emulsion was added to this solution with
agitation at 60 Oc. over a period .of four hours. Following addition
of the emulsion, the reaction was continued'at 60 °C. for another 12
hours in order to obtain a high conversion. Finally the latex was
vacuum stripped at 50'°C. in a Buchler-rotary.evaporator-to remove
any residual monomer and adjust the solids to the desired level.
Analysis of the amount of monomer collected'during stripping

jndicated that conversions of greater than 95% were obtained.

The second method of initiating polymerization_employed used an

0il - soluble initiator, lauroyl peroxide. In this method of
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initiation the initiator was dissolved in the prepolymer emulsion
prior to emulsification. In the emulsion polymerization step a
surfactant solution was prepared, and the prepolymer emulsion
containing the dissolved initiator was added to the solution,
polymerized, and stripped under conditions identical to those
employed with the'V-SO initiated system. Analysis of the amount of
monomer collected during stripping indicated that high conversions

were also obtained using the lautojl peroxide initiator.

The lauroyl peroxide and V-50 initiators were observed to
result in latexes with considerably different electrodeposition
behavior; this difference resulted from the nature of the radical
fragment generated during'polymerization with the different
initiator systems. The radical'fragment generated with the V-50
initiator was cationic, thus a positive bound charge (in addition to
the charge resulting from the adsorbed surfactant) was imparted to
the latex particles; this charge was observed to be very pH
dependent (ionized at pH of less than 6), which would be expected to
affect the electrodeposition behavior of the latex. The lauroyl
‘peroxide radical fragment was nonionic, thus polymerization with
this initiator did not affect the surface charge or pH stability of
the latex particles. However, it was observed that during
polymerization with the lauroyl peroxide the pH tended to drift
downwards from approximately 6.5 at the beginning of polymerization

to about 4.0 following polymerization. A possible mechanism for the
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drop in pH during polymerization has been suggested by Ghosh and
Maity, who examined the polymerization of acrylic monomer with acyl
peroxide initiator in the presence of quaternary ammonium salts
[19]t Their results indicated the occurrence of an interaction
between the acyl peroxide and the quaternary ammonium components

during polymerization, leading to the generation of hydrogen ions.

Several variations on the polymerization process were examined,
including elimination of the post-emuléification gsonification and
homogenization steps, and addition of the aqueous V-50 initiator
aolution directly to the monomer emulsion. However, with both of
these modificationa large amounts of coagulum were obtained during
polymerization, and the original process outlined above appeared to
be the most effective in preparing stable polyurethano acrylic
latex. Along with variation of the polymerization process, the
composition of the acrylic (main) polymer chain was varied, while
the ratio of acrylic to polyurethane was held constant at 1:1 (W:W).
Early formulations of the polyurethane acrylic latex yielded glassy,
brittle films that did not adhere well to the steel
electrodeposition substrate. Acrylic acid (2% based on the total
monomer) was added to the formulation and the‘adhesion was observed
to improve considerably. Wessling et al [57] have reported that the
glass transition temperature (Té) of a polymer greatly affects its
electrodeposition pehavior, and that for optimal performance the

polymer should be marginally film forming at the deposition
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temperature. Humayun [25] observed that a glassy polymer resul ted

in electrodeposited films that vere thick (indicating poor current

cut-off behavior), poorly coalesced, and cracked upon drying. In

order to vary the ']".‘8 of the polyurethane acrylic polymer, the ratio

of butyl acrylate to isobutyl methacrylate was varied, and good

films (flexible, tough, not tacky or glassy) were obtained with a 27

wt. percent BA, 63 wt. percent IBMA composition.

Finally, in order to observe the effect on electrodeposition, &

‘sample of polyurethane acrylic latex was prepared using the V-50

initiator and subsequently ".leaned" of adsorbed surfactant; this

latex was then stabilized primarily by the cationic V-50 initiator

fragments bound to the latex particles. Removal of the adsorbed

surfactant was accomplished using serum replacement; this technique

involved separation of the latex serum from the bulk latex by

pumping deionized water through the latex sample confined in a

Plexiélza\sTm cell with a 0.2 micron pore size _N,ucleporeTm filter.

The conductivity of the exit stream was monitored and cleaning

considered to be es_sentially_ complete when the conductivity did not

vary greatly with time. The conductivity of the cleaned latex at

15% solids was 180 uS/cm, compared with a value of 1100 uS/cm prior

to cleaning.

A summary of the variations in the polymerization process .and

recipe is provided_ in Table 3-2.

LATEX
SAMPLE

JAH-1

Table 3-2:

FORMATION

(first attempt; V-50
initiator; no acrylic
acid)

Polurethane acrylic latex
polymerization process and
recipe variations.

LATEX
PROPERTIES

tacky film; poor
adhesion

ELECTRO-DEPOSITION
BEHAVIOR

extensive gassing; poor
film; low coulombic
efficiency

JAH-3

increased IBMA

fraction; acrylic acid

added

brittle(glassy)
film; poor
coalescence

increased gassing; slow
current cut-off; low
coulombic efficiency

JAH-4

decreased IBMA
fraction slightly

tough, flexible
film, not tacky or
glassy; good
coalescence and
adhesion

reduced gassing;
thinner film; low
coulombic efficiency

JAH-6

eliminated
homogenization
(latex coagulated
during
polymerization)

JAH-7

substituted Lauroyl
Peroxide for V-50
initiator

same behavior as
sample JAH-4

decreased gassing;
good film; higher
coulombic efficiency

JAH-8

added V-50 solution
directly to monomer

emulsion (latex
coagulatedduring
polymerization)

JAH-9

reduced surfactant
concentration

same behavior as
sample JAH-4

further reduced
gassing ; very smooth

film; increased
coulombic efficiency

JAH-11

V-50 initiator;
following

polymerization latex

“cleaned” using
Serum Replacement

same behavior as
sample JAH-4

little gassing; very
thin,smooth
film:extremely high
coulombic efficiency (5
times that ofJAH-9)




3.1.2.2 Characterisation

Characterization of the polyurethano'acrylic latex properties

vas eseential to the understanding of the electrodeposition behavior

of this system. As a first step in this characterization, average
particle size and par;iclesize distribution were determined using
cold - stage transmission electron microscopy. As the acrylic
portion of the polymer was transparent to electrons, it was
necessary to “stain” the samples using phosphotungstic acid prior to
examination in the TEM. The results of the particle size analysis
are shown in Pigure 3-1; it is evident from this analysis that the
latex had a fairly broad distribution (PDI= 1.49), which was typical

of emulsions prepardd using the direct emulsification process.

Differential scanning calorimetry (DSC) was used to determine

the"l'g of an air-dried sample of the polyurethane acrylic latex.

The sample was scanned from 200 K. to 400 K., at heating rates of 20
Oc./min. and 10 c./min. on a Perkin-Elmer DSC-1B systenm.
Essentially identical scans profiles wefe obtained for the two runs.

A broad T, was observed, spanning from approximately 260 K. (-13

8
0c.) to 320 K. (47 °C.). This broadened Tg indicated that some

phase separation may have been occurring in the polymer; thus

further examination of the thermal properties was made using dynamic
mechanical spectroscopy (pMS). In this technique & direct - reading
viscoelastometer (Rheovibron) vas used to apply & sinusoidal strain

of fixed frequency to one end of a dried film of the polymer. The
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Dn = 63 nm

Dw= %3 nm

P.D.1. =149

Pigure 3-1: Particle size ‘analysis for
polyurethane acrylic latex.

44



}

@

response (stress) was the

n measured at the opposite end of the

sanple as a function of temperature, and the storage modulus (E')

and tan delta (the ratio of energy dissipated to emergy stored, &

measure of danping) determined. The polyurethane acrylic sample vas

‘scanned from -100 °C. to 50 Oc, at a frequency of 100 Hz.; the

resulting values of E' and tan delta are shown in Pigure 3-2. In
agreement with the results of the DSC analysis, the polymer
exhibited a broad glass transition, as indicated. by the wide
temperature range of decreasing moddlus and increasing-damping
(approximately .25 °C. to 50 °C.). A gimilarly broad transition
region has been reported by Allen et al [1] for composites formed by
interstitial polymerization of vinyl monomers in polyurethane
elastomers. The'broad.transitionvbehavior may be taken to indicate
that extensive but incomplete mixing of the pol&mer components had
occurred, similar to that found by Sperling [46]'in‘semicompatible
latex intetpenetrating polymer networks. While the polyuréthane
acrylic copolymer cannot be considered to be & true interpenetrating
polymer network, the crosslink sites generated during the prepolymer
reaction (polyurethane oligomers with two vinyl functional groups)
#ould be expected to lead to a polymer with properties similar to
those of IPNs. From a practical point of view, this broad~’_1‘g is
very desirable, as the mechanical behavior of the polymer

consequently remains relativeiy constant over a broad temperature

range, and such problems as coating bath temperature control become

FREQUENCY 110 Hz

o
s

oo
]

R
- o

Tan Delta

Log E (Pad

8) <
(G
L-—Og Tamn Delta

o

TEMPERATURE ()

Figure 3-2: | Dynamic mechanical spectroscopy
results; polyurethane acrylic latex.

46



e

o
&
—h

c 2
? . 4 -
k ; less crucial to the electrodeposition behavior. In addition, the 50,21 ' a =50V §
" ' o
damping exhibited by the polymer over & vide temperature range is a : r \__- 3

very desirable characteristic for a coating to be used on a : . I ——

3 6 9 12 15 18 21 24 27 30 3 6 9 12 15 18 21
Time (sec.) Time (sec.)

bile) or noise reducing surface in a range of

vibrating (e.g. automo
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‘application temperatures (47, 48). It is important to note that

this polymer composition gave good electrodeposition behavior, and

did not exhibit the undesirable characteristics of the Epon 1001 and
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o
£
Current (A)

Epon / Emerez latexes studied earlier.
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N

3.2 Electrodeposition Behavior
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Time (sec.) ' Time (sec.)

The current - time behavior of the polyurethane acrylic latex

deposited until current cut-off (constant residual current) at

various applied voltages and live entry may be seen in Figure 33,
0.8 -

rent - time curves are similar to those reported by Wessling

The cur

(o N
(=]

et al [58} for the électrodéppbition of latexes prepared with an

ammonium surfactant. The Shape of the current - time curve

Current (A)
©
—

The

obviously depended strongly on the deposition voltage.

Current (A)

initially increasing current was an indication of the increaéing

electrode area as the sample was lowered into the bath with live

ed of 3 ft./min. the immersion was completed

entry; at a lowering spe

in approxinately-z_seconds. At low voltages the film remained T & 9 12 5 é_ é- ¥) f5 j é_ é
Time (sec.). : Time (sec.) Time (s¢c.)

conducting for a longer time, as is evident from Figure 3-3, curve

Figure 3-3: Current - time curves for the
electrodeposition of polyurethane

acrylic latex, varying applied voltage.

a; the current was relatively constant at 180 mA. for a period of 8

sec., after wnich it slowly decreased to a constant value of 10 mA.

j‘ The current - time curve for the -highest applied voltage tested (225
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V., Figure 3-3, curve g) shows a smooth, rapid current cut-off, thus

no film rupture (which would be characterized by a continued
increase in the current) occurred. As the applied voltage was
increased from 50 to 225 V., the maximum current increased and
current cut-off (indicating the formation of an insulating film) was
more rapid. As the maximum current depended primarily on the
initial bath conductivity (constant) and the applied voltage, the
increase in current with applied voltage was as anticipated. For
this polyurethane acrylic latex system the optimum coating voltage

(over the range tested) would consequently be 225 V.

Scanning electron micrographs of polyurethane acrylic latex
films deposited at 75 V. and 200 V. may be seen in Figures 3-4 and
3.5, respectively. It is evident that raising the applied voltage
had a profound effect on the film morphology; at low voltage the
film was thick and exhibited many gassing defects, while at the

higher voltage a smooth, thin film, free of defects was obtained. A

similar effect of the applied voltage on the film morphology was

reported by Turnmer and Coler [52] in their study on the .

| Figure 3-4: Scanning electron micrograph of

polyurethane acrylic latex deposited
at 200 V. Magnification = 2000X.

electrodeposition of natural rubber latexes.

The current - time curves for the deposition of polyurethane

acrylic latex at 160 V. using both dead and live entry are shown in

Figure 3-6. While dead entry was useful in performing studies on

the rate of film growth, it is evident from Figure 3-6 that the
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Pigure 3-5: Scanning electron micrograph of
polyurethane acrylic latex deposited
at 75 V. Magnification = 100X.
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electrodeposition behavior was not as good as that observed with
live entry. The higher current surge that occurred with dead entry
resulted in increased gassing and less rapid current cut-off,
leading to thicker deposited films with more gassing “pinholes”.

The varying substrate area during deposition at live entry would not
affect the coverage of the test piece thus, as noted by Machu L31],
industrial electrocoating processes often utilize live entry to
avoid the current surge and gassing that are observed with dead

entry.

It should be noted that the current - time behavior of the
polyurethane acrylic latex prepared with HDTMAB differed
considerably from that observed by Humayun [25] for epoxy latexes
prepared with the same surfactant. With the epoxy latexes a
distinct period of increasing current followed the immersion of the
sample into the bath; this current increase was attributed to the
presence of a conducting film. However, a conducting film alone
would be expected to result in a constant current, not an increasing
one. A similar behavior was observed with the polyurethane acrylic
latex, but only for samples deposited at very low voltages (< 30 V.)
for long times (> 60 gec.), when the film did not cut off current
effectively. It is believed that the increasing current was a
direct result of the increasing conductivity of the bath, which
arises from the desorption of emulsifier from the depositing polymer

particles. In addition, the current cut-off behavior of the
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polyurethane acrylic latex deposited over the range 75 - 225 V. was
much better than that reported for the epoxy latex. This

improvement in current cut-off was the. expected result of the less

-glassy'behavior.of the polyurethane acrylicprIymer during

deposition and film formation; similar improvements in
electrodeposition performance upon lowering the softening

temperature. of a polymer were reported by Wessling et al [57],

The current - time voltage relationships for the commercial

resin solubilized with acetic acid are shown in Figure 3-7. These

curves are similar in nature to those observed for the polyurgthane

acrylic latex, with generélly smoother, more rapid current cut-off

behavior. As with the latex system, the form of the current - time

curves: for the solubilized resin depended very strongly on the
applied voltage. With the commercial resin, however, the initial
current was somewhat higher than that observed for the latex,
indicative of the higher conductivity of the commercial resin (1500
- 1800 Iys'./'cm. at 15% solids). The effect of the applied voltage on

the formation of an insulating film with this resin is very clearly

‘demonstrated in Figure 3-7. As the voltage was raised to 160 V. a

"hump" or' current .surge appeared on the current - time curve,
showing that rupture of part of the_deposited film had occurred. At
200 V. the current was ‘observed to begin to decrease as a film of
the resin began to insulate thg electrode, following which the film

ruptured and the current increased steadily until the end of the
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Pigure 3-7: Current - time curves,
commercial solubilized resin,
varying applied voltage.
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‘run; at this voltage it was not possible for the film to become

insulating and completely cut off current flow. Film rupture has
been attributed to increased gassing and heating of the bath at high
current densities_[TB], and the voltage at which rupture takes place
obviously varies significantly depending on the polymer and

electrodeposition bath physical properties. From Figure 3-7 it is

‘evident that there was an optimum-voltage‘range (appr. 120 - 140 V.)

for efficient electrodeposition of the commercial resin system.

An interesting difference in the effect of applied voltage on
the time to current cut-off was noted between the commercial resin
and the polyurethane acrylic latex. Comparing Figures 3-3 and
3-7 it is clear that increasing the applied voltage led to a
decrease in the timé to current cut-off (more rapid film insulation)
for the polyurethane acrylic latex, while with the commercial resin
increasing the applied voltage resulted in an increase in the time
to current cut-off. This opposite behavior would seem to indicate
that different mechanisms governed the electrodeposition and film

growth for the two systems.

The coulombic efficiency of electrodeposition, defined as the
mass of polymer deposited per coulomb of charge passed, was
calculated for the deposition of the polyurethane acrylic latex
under various conditions. As shown in Table 3-3, the coulombic

efficiency increased slightly as the applied voltage was raised from.
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Table 3-3: Effect of applied voltage on coulombic
efficiency; polyurethane acrylic latex.

Applied Voltage Coulombic Efficiency
50 V. 64. mg/coul.
100 V. 76. mg/coul.
140 V. 78 mg/coul.
180 V. 80. mg/coul.
200 V., 8. mg/coul.

50 to 200 V. While the variation in the data above 100 V. could
simply reflect experimental error, below 100 V. the coulombic

efficiency decreased significantly. This decrease in efficiency is

‘explained by realizing that at low voltages deposition continued for

a much longer period than at higher voltages, with constantly
increasing bath conductivity during deposition. This increasing

bath conductivity would be expected to lead to a lower coulombic
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"efficiency, as noted by Pink and Feinleib [17]. The effect of the

applied voltage and the bath conductivity on the coulombic

efficiency and coating quality is summarized in Table 3-4. These

results further verify the relationship proposed by Fink and
Feinleib between the bath conductivity and electrodeposition
performance.
Table 3-4: Effect of applied voltage and
bath conductivity on polyurethane

acrylic latex electrodeposition
performance.

Sample No.  Applied Voltage  Conductivity  Film Thickness  Efficiency
I | 200v. 800 4s/cm .2 mil 8 mg/coul.
2 200 V. 2000 ws/em 28.0 mil 53 mg/coul.
3 V. 800 us/em 3.5 mil 51 mg/coul.

The coulombic efficiency of electrodeposition was also

determined for the commercial solubilized resin system deposited

under conditions similar to those used for the polyurethane acrylic
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latex. As can be seen in Table 3=5, the coulombic efficiency was

fairly constant

Table 3-5: Effect of applied voltage on
coulombic efficiency; commercial
resin systen.

APPLED | COULOMBIC

VOLTAGE(V) | EF (Fr'ggfé‘)c”

to very low voltages. The_spabilizing'group (protonated amine) was
deposited with the resin in the commercial system, so the bath
composition remained essentially constant during deposition and the

coulombic,efficiency would not be expected to vary with the applied

voltage. The unexpected decrease in the cdulombic.efficiency at low
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voltages could be explained by several effects. A certain current

"loss" (current passing for which no deposition takes place) is

expected for the electrodeposition-of solubilized resins, and is

generally attributed to the development of a suitable ionic boundary
layer around the electrode for deposition to take place, and the.
diffusion of ions into the bath before ‘the surface of the electrode
is coated with a paint film [41]. While the current loss is
observed to be constant for a widely varying range of applied
voltages_[51]; the fraction of the current lost in this manner would
greatly increase as the total charge passed decreased. For the
commercial resin solution, the total current passed during
deposition at 30 V. vas 1/30%0 of that passed at 200 V., thus the
fraction of the current lost could have been significant at the
lower voltage. In addition to the current loss, a portion of the
film deposited would be expected to consist of loosely coagulated
material, which would be removed from the cathode during post-
deposition rinsing. Again, this portion would not vary greatly with
the applied voltage for the solubilized resin system, however the
fraction of the total film lost would rise and could become
significant as the total deposited film mass decreased. Either or
both of these factors may have contributed to the lower effective
coulombic efficiency observed at low voltages with the solubilized

resin system.

Comparison of the coulombic efficiencies obtained for the
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polyurethane acrylic latex and commercial resin systems (Tables

3-3 an 3-5) revealed that the efficiency of the latex system was

much greater than that of the solubilized resin, verifying the

hypothesis of Finn and Mell [18] that the deposition of a latex

would be more efficient than the deposition of solubilized resins.
It is important to_note‘thdt_the'efficiency of electrodeposition for
solubilized resins is dependent on the molecular weight of the resin

and the quantity of hydrophilic¢ functional 8roups included in the

polymer chain [41], resulting in a fixed electrochemical equivalent

weight. Thus, for this type of electrodeposition system, the

coulombic efficiency cannot be varied without altering the'polymer

composition. With a latex system, however, the polymer molecular

weight and surface charge can be varied independently simply by

changing the amount of surfactant used in the preparation of the.

polymer. Alternatively, the surface charge (Corresponding to an

electrochemical equivalent weight) can be varied following

formulation by "cleaning" the latex using serum replacement, ion

exchange, or dialysis. In this cage the polymer system has a
variable electrochemical equivalent weight, and the coulombic
efficiency can be changed by varying the surface charge of the latex
particles. While the increase in electrochemical equivalent weight
is limited by an accompanying decrease in throwpower (ability to
and the decrease in latex stability,

theoretically it would be possible to achieve very high coulombic

61

e » e A ET Y

efficiencies merely by reducing the surface charge of the latex. To
test this, a sample of the polyurethane acrylic latex prepared with
the V-50 initiator and cleaned of a significant amount of the
adsorbed ammonium surfactant was deposited. While the conductivity
of the latex was very low (180 uS./cm.), which would severely.rodoce
the possible throwpower, the coulombic efficiency observed was 450
mg./cdul.; over ten times that obtained with the solubilized system

i ' ing.
and five times that observed for the same latex prior to cleaning
’

A series of electrodepositions was performed at 200 V. with the
polyurethane acrylic latex system and reusing the same bath to
observe the effect of multiple depositions on the electrodeposition
behavior. The current - time curves for these depositions are shown
in.Figure 3-8. The maximum current and the %ime to current.cut-off
both were seen to increase with increasing number of depositions
foOm the bath. In addition, the residual amperage following the
current cut-off increased from 20 mA. (first deposition) to 80 mA.
(seventh deposition). Film rupture had also begun to occur by the
fourth deposition, as shown by the the increase in current after the
initial current cut-off (curves c and d, Figure 3-8). The_rUpturo
of the film was a result of the increased gassing that occurred with
multiple depositions from the same bath; the effect of this gassing
on the film morphology can be seen by comparing Figures 3=5 and 3-9.
The decline in electrodeposition performance with the number of

- [} ’ | " s
depositions from the bath with the latex system was anticipated; a
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Figure 3-8: Current - time curves for the

electrodeposition of
polyurethane acrylic latex;
multiple depositions from the
same bath.
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Figure 3-9: Scanning electron micrograpb of
polyurethane acrylic latex deposited
at 200 V.; fourth use of bath.
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deposition took place a portion of the emulsifier associated with
the depositing particles would desorb and be redispersed, increasing
the emulsifier concentration in the bath [25]. The increased
gassing, film rupture, and current - time behavior observed with the
multiple depositions-occurred because of the higher bath
conductivity that resulted from this increased emulsifier
concentration. To verify that the surfactant wag actually being
redisperSed, the conductivity of the electrodeposition bath was
measured before and after the multiple depositions, Initially the
conductivity was 1000uS./cm., while after seven depositions it had
increased to 1400uS./cm. While this conductivity could not be
correlated directly with the bath emulsifier concentration;(due to
the adsorption equilibrium between the latex particles and the bath
serum), it did clearly indicate an increage in the total amount of
surfactant present in the bath. The coulombic efficiency of
deposition was measured for the multiple depositions, and is shown
in Table 3-6. From these results it ig evident that the increasing

emulsifier concentration in the bath associated with multiple

depositions from the same bath caused a significant reduction in the

coulombic efficiency; by the seventh deposition from the same bath

the efficiency had dropped to 28% below the initial value.

acrylic latex stabilized by V=50 radical fragments. For both of
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le 3-6: Coulombic efficienmcy vs.
fable 7 number of depositions;
. polyurethane acrylic latex.

Number of Depositions Coulombic Efficiency
I | 83. mg/coul.
2 80. mg/coul.
3 79. mg/coul
4 73. mg/coul.
5
6
!

67. mg/coul.
65. mg/coul.
60. mg/coul.

ese ] ' vi t - time curves,
th systems the electrodeposition behavior (current i
> 8LE €po | |
im 1i vas found to be essentially independent of the number
ity) . tially indep t
film qua _ .
. o IS . O Iy -
f depositions from the bath. As the stabilizing entity was bound
of depo ‘
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in the bath for both of these systems, the bath composition (and the
electrodeposition behavior) would not be expected to vary
significantly with the number of depositions. -AnalysiS'of the bath
‘before deposition and after ten depositions for these two systems
indicated a slight drop in conductivity (e.g. from 1600PS./cm. to
149OPS./cm. for the commercial resin system); this drop was taken to
result from the reduction of charge - carrying molecules as the

solids content of the bath was decreased.

The dependence of the electrodeposition process on the applied
voltage for the polyurethane acrylic latex is further demonstrated
in Figure 3-10, which shows the film mass (mg@/cm.z) at current cut-
off plotted as function of the applied voltage. While there is some
scatter in the data, a clear trend of decreasing film mass with
increasing applied voltage is evident. The results appeared to be
in conflict with those presented by Humayun for the deposition of

the single - component Epon 1001 epoxy latex'[25], as well as the

data reported for the deposition of solubilized resins 31, 23, 33].

However, Humayun reported the mass deposited after 60 seconds of
electrodéposition; thus the deposition was ended prior to current
cut-off, and the reported film masses therefore reflected the
different rates of growth at different-voltages, not the ultimate
film mass (that at current cut-off). As observed with the
polyurethane acrylic latex, at higher voltages the film became

insulating more rapidly ‘than at lower voltages (see Figure 3-3 ),
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Figure 3-10: Film mass versus applied voltage,
polyurethane acrylic latex.
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and the ultimate film build was consequently reduced. The decrease
in film mass with increasing deposition voltage was also observed by
Finn and Mell [18] for the electrodeposition of films which remained
somevhat electrically conducting for a period following the

In light of the nature of the HDTMAB

beginning of deposition.
surfactant used in the electrodeposition of the polyurethane acrylic

latex, instantaneous charge destruction upon deposition would not

‘occur, and behavior similar to that reported by Finn and Mell would

be expected. For comparison, the effect of applied voltage on the

film mass obtained upon deposition of the commercial solubilized

resin vas determined, and is illustrated in Figure 3-11. Again some

scatter of the results was observed, however the trend indicated an

increasing film mass with increasing applied voltage. Finn and Mell FILM

THICKNESS
1.3

|18] reported the same relationship for the anodic
electrodeposition of a solubilized carboxylated polymer system, and

attributed the behavior to the rapid formation of an insulating

film, and the observed increase in the time to current cut-off with

increasing voltage with that system. Reference to Figure 3-7- shows

this same increase in time to current cut-off with increasing

& il ) L 1 1 . L
R T 80 90 100 1i0 120 130
APPLIED POTENTIAL (valts)

applied voltage was observed with the commercial resin system, thus
the increase in film mass with increasing applied voltage should be
expected for this system. It must be noted that this relationship

would not be expected to hold at higher voltages (> 180 V.) where

film rupture occurred. Figure 3-11: Film mass versus applied voltage,

commercial resin solution.
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In order to observe the relationship between the quantity of
# charge passed and the amount of polymer deposited for the two
systems (polyurethane acrylic latex and commercial solubiliged
resin), the film mass vas plotted against the coulombs of charge
passed for a variety of electrodeposition conditions. As can be

'seen in Figures 3-12 and 3-13, there is a linear relationship

between the film mass deposited and the charge passed for both the

_ _ 241
polyurethane acrylic latex and the solubilized commercial resin

systems. In addition, as a good fit was obtained over a wide range
20+
of applied voltages and deposition times, further evidence was

provided that the coulombic efficiency did not vary greatly with

either of these system parameters. These results indicated that ‘ ;&g;

Paraday's law was followed in the deposition of the latex and the 12k

solubilized resin, and are in agreement with the findings of 2
(mg/em<)

:Saatveber and Vollmerti[41],-Olsen‘[}S], and Brown and Campbell st

L11].

3.3 Kinetics of Electrodeposition

1 | 1

1 A | -
0.4 0.8 .2 16 20 2.4 2.8 3.2
3.3.1 Introduction | CHARGE PASSED (coul)

The study of electrodeposition kinetics involves a theoretical
analysis of the deposition process, with the ultimate aim of
developing a mathematical model capable of describing the rate of

electrodeposition under various conditions. Since the development

Film mass versus charge passed;

. ‘ ' : _ Pigure 3-12:
of electrodeposition as an important industrial process in the early _ polyurethane acrylic latex.
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Figure 3-13: Pilm mass versus charge passed;
commercial resin system,
15% solids, varying applied voltage.
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19608, numerous researchers have examined the kinetics of film
growth and various models have been proposed. These models have
been developed for solubilized resins, and consequently assume a
charge - destruction mechanism of deposition. The variables
affecting the rate of film growth during depositidn‘from a latex
gystem should differ from those involved in a solubilized resin
system, thus a kinetic model developed for a latex system would not

be expected to be the same as that for a solubilized system.

i

Prior to discussion of the kinetic models developed it is
necessary to mention that, in each of these.models, an induction
period (during which no deposition takes place) is considered. This
induction period occurs as a consequence of the mechanism of
electrodeposition, and as a result would be expected to vary
significantly with different. parameters, depending on the specific
mechanism governing the formation of the film. Consequently, a
discussion of the effect of such variables as the applied voltage
and the bath properties on the induction period is included in the
section dealing with the mechanism of electrodeposition. The
kinetic models developed for the electrodeposition process therefore

consider only film growth following the induction period.

In one of the earliest quantitative studies on the kinetics of

the electrodeposition process, Olsen [35] examined in detail both

the migration of components in the bath and the specific reactions

T4
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taking place at the electrode. Olsen observed experimentally that
the electrodeposition rate appeared to be céntrollad by other
factors than the ‘electrophoretic migration of particles to the
electrode, and concluded that the rate determining step in the
electrodeposition process involved the diffusion of ions through the
deposited film. Upon comparison of the growth of the
eIectrodeposited film to the formation of oxide films on metals, and
examination of the rate of film growth, the following expression was

derived for constant voltage electrodeposition:

ad + d° = kt (3.1)

where a and k are constants, d is the film thickness, and t is the
deposition time. Olsen observed a two - region electroﬂeposition
curve. In the first region, a linear film mass versus time
dependence was followed, while in- the second region a linear film
mass versus square root of time dependence was followed. These
dependencies were explained by assuming that in the first_region the
electrode was not completely covered by the film, thus the
deposition reaction vas unimpeded. In the second region, diffusion
of ions through the film resulted in the observed square root time
relation; the two regions then represented limiting cases of
Equation (3.1): region 1 where d<<1, region 2 where d>1.
Significantly, Olsen concluded that the first region of deposition

covered only a small fraction of the electrodeposition process, and

could be.considered to have a negligible effect on the overall
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kinetics of film growth. Thus the model proposed by Olsen reduced

to:

d = kt‘1/2 (3.2)

Fink and Feinleib [17] proposed a similar relationship for the

. i 1 d
anodic electrodeposition of natural rubber 1atex,_however.they_d1

y Wi ' m.
not verify the kinetic model experimentally with the latex syste

With [61] presented experimental evidence for a square root time

dependence of film growth in an anodic electrodeposition system, but
epende ol 11!

no attempt was made to model the kinetiC'data,_andxthe results were

somewhat ambiguous as With did not specify the nature of the re

(latex, solubilized, etc.). A more quantitative analysis of the
’ .

. od
process was performed by Phillips and Damm [37], who also assum

the rate limiting step to be the diffusion of ions through the film,

4 Fick's second law of diffusion for a planar electrode:

then solve
' (3.3)
aa%‘ Doisx{

' i i thi i is the
where Cy is the concentration of ions within the film, Dy 1

. . e . . . nce
diffusion coefficient of the ions in the film, x 18 the dista

s , and
from the electrode, and t is the deposition time. The boundary _

t i ffusi i movin
initial conditions were chosen to represent diffusion with a g

t x = and tion
boundary layer -and constant jon flux at x = 0, and the soluti

obtained is of the form:

1= (.ZDO'CO't/m)”?‘

T = kel (3.4)
1 = kt!/2
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where Co' is the concentration of ions at the metal - film

interface, m is the concentration of ions within the film, 1 is the

film thickness, and k is a constant. Note that this mathematical

expression (Eq. (3.4)) is of the same form as the empirical kinetic

model presented by Olsen. Beck [4] applied the expression developed

by Philiips and Damm to kinetic results for the anodic

electrodeposition of dissolved polyelectrolytes, and found good

correlation between experimental data and“the model curves.

Recently, Pierce et al_[60, 59, 38, 39] have examined the
kinetics of the cathodic electrodeposition process in detail, and
observed a strong similarity between the growth of electrodeposited
organic coatinga and oxide films. Of particular interest is the
fact that, while the mechanism of electrodeposition was assumed to
involve the destruction of the stabilizing charge on the polymer by
electrochemical reaction, the kinetic models developed did not rely
on this or any assumption concerning. the mechanism (unlike the

kinetic treatments of Olsen [35], Fink and Feinleib {17], Phillips

and Damm [37], and Beck [5]). Rather, the only assumption made in

the kinetic models developed by Pierce et al was that the quantity

of polymer deposited was directly proportional to the amount of

charge passed; i.e. Faraday's Law is obeyed. Thus following the

induction period, the rate of growth is given by:

j.f. ¢\ (3.5)

where C1 is the coulombic efficiency, j is the current density, § is
the film thickness, and t is the deposition time.. At constant
current deposition (j = constant) a linear time dependence of the
film growth is predicted, regardless.of the characteristics of the
film. However, at constant voltage j is time depenQegt and related

to the voltage drop through the deposited- film, thus the film

L _ - etic
characteristics must be considered. Note that this general kineti

model still equates the growth of the film with the transport of
ions through the film; however, the transport is important only as
it results in current flow. This model (Eq. (3.5)) is then
applicable to any electrodeposition system, regardless of the

mechanism of electrodeposition assumed to be governing deposition.

In the case of constant voltage deposition it is necessary to
determine the relationship between the applied field and the current
density. According to Kovac-Kalko [30], the most general

relationship between the current density and the field strength in a

material is:

.6
j = Asinh(BV/ &) (3.6)

where A and B are constants, V4 is the instantaneous field strength,
and j is the current density. Several important limiting cases of
Equation (3.6) can be considered. If the field strength in the

material is not exceedingly high:

sinh(BV/&) = (BV/&)
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and_therefore
) mAVfe (3.8)

Equation (3.8) is simply a statement of Ohm's law, and a film in
which this»relationehip-holda is considered an ohmic resistor.

Substituting Equation (3.8) into Equation (%.5) and integrating

yields:
§= (aaBe,vt)'/2 5.9
or‘l kt1/2

Note that Equation (3.9) is identical in form to the kinetic models
-presented by Olsen [35] and'Phillips and ‘Damm [37]; At higher field
strengths Equations (3.7) and (3.8) do not apply, and the film
conduction behavior is considered to be non-ohmic. The hyperbolic

sine function may then be approximated by an exponential function

‘[38]:
J = Aexp(BV/{ ) (3.10)

In the case of non-ohmic conduction 8 numerical solution of Equation
(3.5) 1is necessary. Pierce et al have obtained a numerical solution

for this equation in reduced forh'(dimensionless deposition time and

‘coating thickness), and observed that at long times the solution

approached the form of Equation (3.9).

In addition to consideration of the film conduction

characteristics, the above model may be modified to include such
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effects as excessive gassing at the electrode, or poor coalescence

: ’ b
of the film following deposition; both of these phenomena would be

expected to result in a porous film. In the case of a porous film

in which conduction takes place primarily through the pores, the

current density may be written:

3.11)
3= Jo(1-x) (

where Jg is the initial current density, and x represents the
fraction of electrode surface covered. The film mass deposited may
be assumed to be proportional to the fractional surface coverage,

and Equation (3.5) may be rewritten in terms of the deposited film

mass:
(3.12)
m = kx
and
(3.13)
dm . |
de ® Cod

‘Substituting Equations (3.11) and (3.12) into Equation

’ Il » . - 3 : t N n
(3.13) and integrating leads to an exponential film growth equatio

for constant voltage deposition:

[ (3.14)
m= k{1 - expL-kCzjot]} _

' ' i rt ilm
Following complete surface coverage of the electrode, further f

growth would be described by Equation (3.9).
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Finally, it should be noted that while the basic film growth
equation proposed by Pierce et al (Eq. (3.5)) is not based upon a
specific mechanism of deposition, different mechanisms of film
formation would result in considerably different film
characteristics, which would consequently enter into the solution of
Equation (3.5). Then, with a complete knowledge of the deposition
mechanism (and resulting film characteristics) it should
theoretically be possible to model any Faradaic electrodeposition
process by solving Equation (3.5). Alternatively, analysis of the
film growth behavior for a particular system in terms of Equation

(3.5) may be useful in elucidating the mechanism of deposition.

3.3.2 Film Growth Results and Discussion

The kinetics of electrodeposition were obtained by varying the

‘time the sample remained in the bath at a constani'applied voltage,

and meashring the mass of polymer deposited. Kinetic studies were
performed using: (i)'the standard polyurethane acrylic latex, (ii)
commercial resin in the solubilizéd*form. (iii) an emulsion' prepared
from the commercial resin, and (iv) “cleaned” polyurethane acrylic

latex.

Figures 3-14 - 3-16 illustrate typical kinetic data for the
polyurethane acrylic latex deposited at 160 V. In Figure 3-14 is
shown the film growth versus deposition time. These data indicate

that, following a short induction period, the latex film appeared to

81

B84 112 140 168

DEPOSITION TIME (sec.

‘ ilm ' ition time;
-14: Film mass versus deposi -
Figure 7 polyurethane acrylic latex deposited




I 2 -+

FILM
MASS
a7

img/cm 2) |

6..

0.56 12 1.68 2.24 a%o 336 392 440

(DEPOSITION TIME (sec.) )l &

| Figure 3-15: Film mass versus square root of
deposition time; polyurethane
acrylic latex deposited at 160 V.

1 &

3.0F
S ©
© & o N
2.4
In(FILM
MASS)
1.8
(mq/cmz)
12r
0.6
[ 1 . 1 l 1 | L
2.4 5.6 8.4 1.2 14.0 16.8 19.6
TIME (sec.)

Pigure 3-16: Ln{film mass| versus deposition time;
| polyurethane acrylic latex
"deposited at 160 V.

84




8row linearly with'time; and at two distinct rates. It was shown in

Figure 3-12 that the electrodeposition of the polyurethane acrylic

latex obeyed Faraday's law, thus the kinetic expressions developed

based on this assumption should be applicable. If an ohmic,
insulating film were formed, it is expected that a plot of film mass

versus the square root of deposition time would yield a straight

line, indicating that the film growth was limited by the migration

of ions through the film 17, 61, 37, 38, 35]. Tnig plot is shown

in Figure 3-15; the rélationship was clearly not linear, so the
simple case of deposition of an insulating ohmic film did not occur
with thé'polyurethane_acrylic.latex. Similarly, if the

electrodeposition film growth behavior were a result of of the

formation of a porous film, a Plot of ln{film mass} versus

deposition time should be linear, in accordance with Equation

(3.14). Figure 3-16 shows such a plot for-the-polyurethane.acrylic

latex; evidently the observed kinetics are not simply a result of

the film porosity.

From this analysis it was deduced that a two - stage process
with a well-defined inflection point most accurately described the
electrodeposition of the polyurethane acrylic latex system. The
initial linear period observed (Figure 3-14) indicated that the
growth of the film at the cathode was unimpeded as deposition

continued. Olsen [35] and Munson [33]'conaidered this initial

growth period to result -from the phase of the deposition prior to

85

which the surface of the electroﬂe was covered by a polymer film.
The results of Figure 3-14 differ from those of Olsen and Munson in
two significant ways. The initial stage of deposition was
considered by these researchers to be negligible compared to the
overall deposition time (leading to an overall linear square root
time dependence); this was clearly not the case in the
electrodeposition of the polyurethane acrylic latex system under
investigation. Also, if the linear film growth - time relationship
occurred due to incomplete coverage of the electrode, examination.O?
the electrode during this period should reveal a "spotty” film [33].
Electrodeposition runs were performed with the polyurethane acrylic
latex. in -which the run was ended and the sample removed from the
bath prior to the point at which the second stage growth kinetics‘
occurred. With the exception of samples from runs ended after only
a fraction of a second of electrodeposition, the cathode was found
to be completely covered with polymer. Thus the linear growth
period was a result of other factors than ;néomplete'electrode N \
coveraée. It was observed experimentally by Wagener E56], Bec* 5],
and Wessling [57] that resins stabilized by quaternary ammonium
functional groups (either bound or adsorbed) did not undergo charge
destruction at the cathode during deposition. ‘This behavior is due
to both the tendency of the ammonium group to remain ionized even at
very high pH and to its resistance to electrochemical reduction in

. .
o
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surfactant adsorbed on the latex particles resulted in the
deposition of é-highly conductive film which initially posed little
resistance to current flow and further film growth. This film
remained conducting until a sufficient quantity of the surfactant
had desorbed and redispersed in the bath through electroosmosis.

Additional evidence for this type of deposition was presented by

Héssling‘[SB]} who found that resins stabilized by bound ammonium

functional,groups (prevented from desorbing) did not cut off current

at all during deposition, indicating that even at long deposition

times the film remained conductive. The: results reported by

Wessling are depicted in Figure 3-17.

While the proposed deposition of a highly conductive film
satisfactorily explained the observed initial constant film growth

rate, a question arose as .to why the'desotption‘of"surfactant did

not.occur continuously during deposition, resulting in a gradually

decreasing film growth rate and elimination of the inflection point
on. the film growth curve. However, as Fink and Feinleibd [17]

observed, a certain current density and field strength would be

reached at which a combination of electroosmotic dehydration and

surfactant desorption would bring about a rapid increase in the

resistance of the film, and therefore, in the rate of dehydration,

surfactant removal, and further insulation. Once this process

started it would proceed at a self - accelerating rate until the

deposit developed sufficient resistance to completely cut off the
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It vas initially observed that in the second stage (after the
inflection point in Figure 3.14), the film growth apparently
depended on the deposition time in a linear fashion, as in the first
stage but at a much slower rate [25, 20]. A closer examination of
the electrodeposition kinetics in terms of the previously proposed
nodels (pp. 75 - 80) indicated that this observation was not
correct. While a linear growth period was explained.satisfactorily
by the presence of a conductive film, once the film became
insulating and posed resistance to ionic transport, a linear film
growth - deposition time relationship could not occur. The second
stage growth data were replotted as a function of the square root of
deposition time, and a linear relationship vps observed (Figure
3.18), indicating that further growth of the film (and current flow)
after the inflection point was limited by the migration of ions
through a resistive film, as described by Equation (3.9). The field
strength'in the deposited film during the gecond stage of growth was
calculated by dividing the applied voltage by the film thickness
(assuming, then, that the potential drop in the film was much
greater than that in the bath), and was on the order of 5 x 107
V./cm. This was approximately two orders of magnitude less than the
field strength reported in the anodic electrodepoaition of
golubilized resins, some of which exhibited non-ohmic behavior'[61].
Beck [4] reported that films deposited at very high voltages ofien

show deviations from non-ohmic behavior; in this case the current
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density - field strength relationship would be given by Equation
(3.10) and the film growth equation (Equation (3.5)) would require a
numerical solution. The linear square root time dependence-observed
for the polyurethane acrylic latex deposited at 160 V. indicated
that  the film conduction characteristics during this second stage of

deposition were ohmic in nature.

The effect of the applied voltage on the kinetics of film
growth for the polyurethane acrylic latex is shown in Figure 3-19,
vhich shows the film mass plotted as a function of time for
electrodeposition at 50 V. As in deposition at the higher'voltage, a
distinct two - stage growth was observed. The initial linear growﬁh
rate was much slower for the deposition at 50 V. (1.3 mg;/cm.zasec.,
compared to 4.0 mg./cm.z-sec. at 160 V.) and the time to the
inflection point (current cut-off) was significantly greater (34.0.
sec. at 50 V., 4.9 sec. at 160 V.). The longer time required to

establish a film of sufficient resistance to initiate the

accelerative current cut-off process would be expected to have an.

effect on the deposited films; this effect was shown in Figure

%-10 and Figures 3-4 and 3-5.

In summary, the kinetics of electrodeposition for the

'polyu:ethane acrlyic latex over the range of voltages examined were

accurately represented by a two-stage growth model. In the first

‘stage the film posed little resistance to current flow and further
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depoaition, and a linear film growth - time relationship was

followed. In the second stage, the film became insulating and

apparently behaved as an ohmic resistor, thus the film growth

depended linearly on the square root of the deposition time. During

the first stage the .current density, j, remained constant and

Equation (3.1) could be integrated to yield:

8= c5t (Stage 1) (3.15)

During the second stage the film growth was best described by

integrating Equation (3.5) for the case of ohmic resistance to yield

Equation (3.16):

d= kt'/2

(3.16)

For comparison, the kinetics of electrodeposition of the

commercial solubilized resin were studied under conditions similar

to those used for the electrodeposition of the polyurethane acrylic

latex. The deposition of the protonated amine - stabilized type of

-solubilized resin has been reported to take place by a charge

destruction mechanism [29, 58], thus it was expected that the

deposited film would show little conductivity from residual charged

groups. The formation of an insulating film would limit further

growth, and, if the film were ohmic, solution of Equation
(3.5) would lead to a linear square root time dependence, Equation
(3.9). The results of the kinetic study with the commercial resin

in solubilized form are shown in Pigures 3-20 and 3-21; depositions
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were performed at 130 V. to avoid the complications of film rupture

observed at higher voltages. From Figure 3-21. it is clear that the
film growth of the solubilized resin was linear with the square root
of deposition time oveQ-theuentire deposition period. A slight
deviation from this straight line occurred at very short deposition
times; this deviation was also observed by Kovac-Kalko [30] during
constant voltage deposition of solubilized resin, and was attributed
to the high current density that occurred at the beginning of
electrodepoaition‘before.the‘film developed any significant

resistance to current flow.

Kinetic studies were also performed with polyurethane acrylic

latex stabilized primarily with V=50 initiator radical fragments
("cleaned” of ammonium surfactant) and emulsified commercial resin
samples in order to determine whether the kinetic results described
above could be attributed to the physical nature_(particulate latex
versus solubilized polymer) of the system. If the two - stage
grovth.ébaerved with the polyurethane acrylic latex were a result
simply of the particulate nature of the system, it would be expected
that the latex stabilized with the V-50 radical.fragments.(which
undergo rapid charge destruction in an alkaline medium) would also
exhibit this'two - stage growth. The kinetic data obtained with the
V-50 stabilized polyurethane acrylic latex deposited at an initial
pH of 4.0 are shown in Pigures 3-22 and 3-23. From the plot of film

mass versus deposition time (Pigure 3-22) it is evident that a two
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- stage growth pattern was not observed with the V-50 stabilized

square root of the deposition time, and a straight line, similar to

that found with the commercial solubilized resin, is observed.
These data indicated that the polyurethane acrylic latex stabilized
with the V-50 radical fragments rapidly formed an insulating film

and that the deposition rate was governed by the transport of ions

through this film.

This behavior was clearly significantly
different from that observed with the polyurethane acrylic latex
stabilized by adsorbed HDTMAB surfactant, and indicated that the

deposition kinetics were not strictly a result of the particulate

nature of the latex system.

In Figures 3-24 and 3-25 are shown the film mass versus
deposition-time’and,square'root of deposition time curves for an
emulsion prepared from the commercial amino- functional resin using
the HDTMAB surfactant rather than acetic acid solubilizer. As
reported in section 2.1, this semple had a well defined particle
size (with a broad PSD), and hence would be expected to exhibit the
deposition behavior of a particulate system. The data in'Figures
5-24 and 3-25 for this emulsion deposited at 160 V. showed
considerable experimental scatter and indicated generally that the
film growth did not appear to follow a linear dependonce on either
the deposition time or the square root of the deposition time. This

may have been an indication that both the bound amino functional

97

latex. In Figure 3-23 the film mass is plotted as a function of the
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groups and the adsorbed ammonium surfactant were involved in the
stabilization of the emulsibn, and that some charge destruction (and
resulting variation of film conductivity) occurred during
deposition. Consequently, no attempt vas made to describe the
kinetics of film growth in terms of'the-previouslyxdeveloped.models

for this emulsion.
7.4 Mechanism of Electrodeposition

3.4.1 Introduction
The mechanism of polymer destabilization and depqsition'during
the cathodic electrodeposition process has been extensively examined
by a number of investigators including Pierce [38,:39],.Wessling
|57], Wagener [56], Beck [4, 5], and Wismer [60]. The consensus
reached by these investigators is that deposition takes place
primarily by a charge destruction mechanism, at least with the

protonated amine gtabilized resins examined in each of these studies

[10]:
R{R NI+ x 0= R(RH], ¥ (3.17)

Unlike anodic -electrodeposition, in cathodic electrodeposition

electrode reactions involving the resin have little effect on the

deposition process.

In addition to the charge destruction mechanism which has been

demonstrated to play the major role in the deposition of polymers
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prior to this time

which are able to undergo reactions similar to that described in

Equation (3.17), two other mechanisms

the electrodeposition of polymeric systems onto the cathode.. These

are the flocculation mechanism and the accumulation, or

concentration coagulation mechanism. As noted by Hagener'[56],

these latter two mechanisms may play an important part in the

destabilization and deposition of a film, particularly in systems in

vhich the charge destruction reaction does not take place.

The.flocCulation_mechanism, originally proposed by Koelmans and

Overbeek [27], and developed further by Koelmans [28], is based upon

the destabilizatibn of the polymef by increasing electrolyte
concentration in the vicinity of -the electrode. The electrolyte

concentration increases as the resultjof the electrolytic

decomposition of water (see Equation 1, Figure 1-2); as the

concentration of electrolyte_increaees, the electrical double layer

responsible for particle - particle repulsion is depressed,‘whidh

results in a reduced energy barrier to flocculation. At a certain

critical electrolyte concentration particle attraction will overcome

repulsion, and irreversible flocculation and deposition onto the

'electrodé?will occur. The time required for the concentration of

the electrolyte to increase to a level sufficient to initiate

deposition is known as the critical time or the induction period ;
current will pass with no accompanying deposition

taking place. An expression for the electrolyte concentration as a

103

t te
solving Pick's second law of diffusion using the appropria

. . 13 i i I- The
boundary conditions; this solution is outlined in Appendix

resulting c¢xpression is:

e (3.18)
€, = G+ (1_t1)(23/p)(t/(,.no)1/2

t densi t, is the
electrolyte concentration, j is the current density, t; 1

. . . r

h y r []

solve for the critical time yields:

(3.19)
£ = Do((ACP)/(23(1‘ti))1/2

; : : ' .19) it is seen
bring about flocculation (Cy - Cg). From Equation (3.19)

field strength and the bath conductivity:

(3.20)

j = aVk

. t =

ap

sys v ' lation
tem in which deposition is go erned by the flocculati
y N . . B

p £ b
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applied voltage [28],

The third mechanism which ﬁay‘play‘a role in the formation of a

film of polymer on the elctrode during eIectrodeposition:is the
accumulation mechanism. This mechaniam was first proposed by
Hamaker and Verwey in 1939 to ‘explain the development of an
irreversibly coagulated deposit on an electrode upon-applying an
electrical potential across an otherwise stable suspension [21].

Hill, Lovering, and Rees [24] analyzed the electrodeposition of

powdered barium strontium carbonate from a non-aqueous suspension,
and found that their results could be explained by a model based on
the accumulation mechanism. The mechanism proposed by Hamaker and
Verwey considers the formation of an insulating film during
electrodeposition to be analagous to the-sedimentation and

coagulation,observed, for example, during the centrifugation of a
colloidally stable suspension. It is proposed that the actual
destabilization mechanisms occuring in sedimentation and
electrodeposition are ideﬁtical, with the gravitational force
exerted during sedimentation replaced by a coulombic eleétrical
force during electrodeposition. Significantly, Hamaker and Verwey
noted that if this mechanism governs electrodeposition, the
electrostatic charge on the particles in the bath does not play an
important part in the destabilization of the polymer and the
formation of a film, and no electrochemical discharge of the

stabilizing ions is necessary. In this case, the role of the

105

o oy q
electrical field is to exert a force on the charged particles, an

electrodeposition becomes primarily-a mechanical process.

As noted by Del Pico [14],uin sedimentation particles
undergoing destabilization may be considered in two categories;
those which have already coagulated, and those which are simply
concentrated in the vicinity of the deposit and not yet coagulated.
This will result in the formation of two layers, referred to as the
"eived" and "fluid" layers, respectively, which will exhibit
considerably different properties. The fixed layer, being
irreversibly coagulated, cannot be redispersed upon agitation or
other mechanical influence, whereas the fluid layer, having not.
coagulated, can be redigpersed upon stirring, etc. It is expected

il ition
that fixed and fluid layers would be observed in electrodeposi
tha _

: h

shown in Figure 3-26.

_ . _ o
A litative analysis of the sedimentation process can be made
A qua/ .

. i i “whi have
sidering the energy of interaction of particles which hav
by consider he €

d Verwey [21], is shown in Figure'3-27, and represents the

Hamaker an

o ‘o . ; . | ‘
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Figure 3-26: Schematic of the fixed and fluid layers
expected with the accumulation mechanism
of electrodeposition.

layer surrounding the_particles, and, as indicated in Figure 3-27,
is a function of the distance between the particles. The particles
are nqt'able to move together as a result of this repulsive energy,
consequently they will be separated by a distance such -that the
repulsive force and the attractive forces (including Van der Waals
forces and any force pushing the particles together) are in
equilibrium.. As the sedimentation process progresses, additional
parti¢1es will settle onto those initially settled, and act upon
these lower particles with a pressure which is. schematized in Figure
3-27 by curve c; this pressure is due to the gravitational force
exerted on the accumulated particles, and is independent of the
particle separation. The energy of interaction between the
particles is then no longer represented by curve a, but rather by
the sum of curves a and c. The sum of these curves results in a
local energy minimum, as can be seen in Figure 3-28. The particles
will then'be separated by the distance at which this local energy
minimum occurs, and the total repulsive energy between the particles
is given by the difference between S and M in Figure 3-28. Further
settling of particles results in the the development of a
concentré¥éd fluid layer, and an increased pressure on the lower
particles; this increased pressure is represented in Figure 3-28 by
an increasing slope of curve c. Notice that as the slope of curve ¢

increases both the particle separation distance (Rm) and the energy

barrier to flocculation (S - M) decrease. At some critical fluid
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layer thickness sufficient force will be exerted upon Fhe initially
settled particles to "push" them over the potential energy barrier
into the‘potential energy well F (Figure 3?17),'where attractive
energy is predominant, resulting in irreversible coagulation and
formation of a fixed layer of polymer. As settling continues, the

fixed layer grows, while the fluid layer remains at the required

.critical thickness.

In electrodeposition the situation is similar to that described

for sedimentation, with the container surface replaced by the

electrode, and the.gravitational force exerted on settling particles

replaced by a coulombic electrical force exerted on.
electrophoretically migrating charged particles.[14]. The
“electrical pressure” that results from the force exerted upon a
layer of particles may be depicted in the same way as the
gravitational pressure, thus the curves in Figures 3«27 and

3-28 apply to electrodeposition as well as sedimentation.

The experimentally observed induction period or critical time
is explained -in the accumulation mechanism as the time required to
the development of a fluid layer of sufficient thickness for
initiate irreversible coagulation and deposition. This explanation
is considerably different than that proposed for the flocculation

mechanism (ref. page 103), consequently an examination of the effect

of varioue;electrodeposition-paraneters on the induction period

1

would be expected to yield information concerning the deposition
mechanism. A mathematical analysis of the accumulation mechanism
was performed (similar to that of Hill, Lovering, and Rees [24]),
and is presented in Appendix II. From this analysis the following

expression for the critical time expected with the accumulation

mechanism was obtained:
¢ = (4T /(a€* (V/1)4Co) (3.21)

where n is the bath kinematic viScosity,Cjﬁj the normal stress
(pressure) required to initiate coagulation, a is the particle
radius,€ is the dielectric constant of the bath, ;_is_the zeta
potential of the particle double layer, Cq is the concentration of

. A.. .. P th.
particles in the bath, and (V/L) is the electric field streng

From Equation.(3.21) it can be seen that, as with the flocculation

mechanism, the critical time is .predicted to be inversely

p -vas |
. : . L.

' 't p and
1so inversely proportional to the bath particle concentration,
als ,

i tion period for
lectrodeposition and bath parameters on the induction period
elec ! _

| i is table it is
the two mechanisms is presented in Table 3-7. From this ta

. . . . . .
’
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Table 3-7: The effect of electrodeposition and

bath parameters on the critical time.

Voltage  Conductivity Latex Concentration

Accumulation Theory v i ndep ¢’

| | -2 -
Flocculation Theory V K : i ndep.

be expected to exhibit the two - layer (fluid and fixed) behavior
predicted if deposition were result of particle accumulation; thus

]
analysis of the film characteristics during deposition should aid in

the determination of the mechanism of electrodeposition.

3.4.2 Results and Discussion

For the electrodeposition of the polyuiethane acrylic latex
stabilized with an adsorbed quaternary ammonium surfactant, the
current - time behavior, kinetic data, and film thickness - applied
voltage data (ref. Figures 3-3, 3-14, and 3-10) all pointed toward.

the formation (initially) of an electrically conductive film, In
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addition, as noted earlier, Beck [5] and Wagener [56] observed that

the quaternary ammonium group ghowed little tendency to undergo
charge destruction at the cathode either as a result of alkaline
deprotonation or electrochemical reduction. Consequently it was,
concluded that the first mechanism of deposition discussed (charge

destruction) did not occur in the cathodic electrodeposition of the

polyurethane acrylic- latex system under investigation.

3,4,2.1 Film Charaterization
In order to observe the film characteristics during deposition,
a series of. electrodepositions was carried out in which the cathode
was left in the bath for va:ying-timeg-after the end of the
deposition run; this differed -from the usual procedure in which the
sample was removed from the bath immediately following deposition.
As reported by Del Pico and Botsaris [15], the presence of a fluid
layer would be indicated by a decreasing film mass with increasing
"waiting time" in the bath after the electric field was removed.
Humayun [25]:reportad a decreasing film mass as a function of
waiting time for the cathodic electrodeposition‘of epdxy latexes,
however it is possible that the observed trend in that study
resulted from the poor coalescence of the glassy polymer»oh the
cathode, rather than the occurrence of the accumulation mechanism.

In Figures 3-29 and 3-30 are shown the results obtained with the

polyurethane aCrylicvlatex system deposited at two different

voltages (50 V. and 160 V.). It was desired to measure the waiting
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time from a point before current cut-off occurred, as after this
point the fluid layer would be difficult to detect; consequently,
deposition was stopped after 4 seconds at 160 V., and after 20
seconds at 50 V. From Figures 5;29 and 3-30 it is evident that the
deposited film mass did decrease with increased waiting time in the
bath following deposition, thus indicating the presence of a fluid
layer in addition to the irreversibly coagulated fixed layer. The
percent decrease ‘in film mass after "infinite" waiting time (1 hour)
for deposition at 160 V. was approximately 18%, while for deposition
at 50 V. the percent decrease was apprdximately 25%. This increase
in the fluid layer thickness with decreasing voltage can be
explained by the accumulation mechanism; as the voltage was
decreased the force on the particles in the fluid layer decreased,
and a-thicker fluid layer was required to exert sufficient pressure
on the particles next to the electrode to initiate deposition (see

Appendix II).

The data obtained for the film mass as a function of waiting
time could -then be satisfactorily explained in terms of the
accumulation mechanism, and provided evidence for the occurrence of

this mechanism in the cathodic electrodeposition of the polyurethane

acrylic latex.

3,4,2.2 Induction period
An attempt was made jto measure the induction period as a
function of latex soli&sfgt constant conductivity; as indicated in
Equations (3.20) and (3.21), the induction period. should be
inversely proportional to the latex solids if the accumulation
mechanism were predominant, and independent of the latex solids if
deposition took place by the flocculation mechanism. -However, the
critical times measured were extremely short ( 0.5 - 1.5 sec.) and
reflected considerable experimental error ( 0.3 sec.), thus no
conclusions could be drawn concerning the effect of the latex solids
on this critical time. Kovac-Kalko [30] and Pierce_[39]-observed
similarly short induction periods with constant voltage
electrodeposition, .and attributed the rapid initiation of"deposition
to the high current densities present at the beginning of
deposition, where the current is limited only by the bath
resistance. Consequently, it appears that in order to accurately
determine the effect of the latex solids and the bath conductivity
on the induction period, and thereby unambiguously specify the
mechanism of electrodeposition for the quaternary ammonium
stabilized polyurethane acrylic latex system, constant current
density electrodepositions must be performed. At constant current
density the rate of development of the conditions riecessary to
initiate deposition (either the accumulation of a sufficiently thick

fluid layer of particles or an increase in the electrolyte




concentration to the critical level) could be controlled at a level

low enough to permit accurate measurement of the critical time.
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4. Conclusions

A cationic polyurethane.acrylic'latex was synthesized which
showed unique physical properties,_similar to those observed with
latex interpenetrating polymer networks. This ‘behavior resulted
from extensive but incomplete mixing of the polymer components, and
was reflected in a broadened glass transition and increased damping
over a wide temperature range.. Of the variations on the
polymerization recipe, the best electrodeposition results were
obtained with the lauroyl peroxide;initiated_polyurethane acrylic
latex system. This latex deposited much better films than the
previously examined epoxy latexes, primarily as a consequence of the

improved physical properties of the polyurethane acrylic polymer.

Cathodic electrodeposition of the polyurethane acrylic latex
over the range 30 - 225 V. showed that no film rupture occurred in
this voltage span during deposition, indicating that the optimum

electrodeposition voltage for this system was 225 V. The current

time behavior and film morphology of the polyurethane ac:ylic latex

showed that, with proper optimization of the electrodeposition and
bath parameters, it was possible to deposit a high quality, thin,
glossy film from an ammonium stabilized latex. In the cathodic
electrodeposition of a commercial resin in SOIubilized form, rupture.
occurred at applied voltages greater than 140 V. While the

commercial resin generally deposited more rapidly, resulting in a
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thinner film than obtained with the latex system, the coulombic
effidiency‘of deposition with the latex was much greater than that
of the commercial resin. With proper formulation of the latex it
was possible to obtain coulombic efficiencies ten times greater than

those obtained with the commercial resin in the solubilized form.

The film thickness at current cut-off decreased with increasing
applied voltage for the polyurethane acrylic latex, while with the
commercial resin system the ultimate film thickness increased with
increasing applied voltage. This opposite behavior indicated
different deposited film properties, and a different mechanism of
deposition for the two systems. Both the polyurethane acrylic latex
and the solubilized commercial resin system obeyed Faraday's Law
during deposition (after an initial induction period); that is, the
amount of polymer deposited was directly proportional to -the
quantity of charge passed at any applied voltage and any deposition

time.

A study of the kinetics of electrodeposition at constant

‘applied voltage with the polyurethane acrylic latex showed that the

film growth occurred in two distinct stages. In the first stage the
film growth was linear with the deposition timeg and strongly
dependent on the applied voltage, thus the film growth was unimpeded
at the cathode and a conductive film was being formed. During the

second stage the conductivity of the film rapidly decreased as a
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result of an accelerating process of electroosmosis and removal of
the adsorbed surfactant from the deposited polymer. In the second
stage the film growth was most accurately modelled by a linear
dependence on the square root of time, indicating that transport of
ions through the deposited film was the rate limiting step in this
stage of deposition. Electrodeposition of the solubilized resin
occurred in a:single stage following an induction period, and a
linear dependence of film growth on the square root of the
deposition time was found for the entire growth period. Therefore,
an insulating, ohmic film was rapidly formed, and transport of ions
through the film controlled the deposition rate during the entire
deposition with the commercial sclubilized resin. The
electrodeposition of a polyurethane acrylic latex stabilized by
functional groups able to undergo charge destruction showed a film.
growth behavior similar to that found with the commercial
solubilized resin; the film growth was accurately described by a
linear dependence on the square root of the deposition time
throughout thé deposition process. From these results it may be
concluded that the electrodeposition behavior of the ammonium
stabilized polyurethane acrylic latex was a result of the inability
of the ammonium functional group to experience charge destruction at
the cathode, and was not due simply to the'particulate nature of the
latex system. Additional evidence for the lack of charge

destruction during electrodeposition of the ammonium stabilized
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latex wab.provided.by the observed increasing bath conductivity
during electrodeposition, the decrease in film thickness with
increasing applied voltage, and the erratic film growth behavior
observed with commercial resin emulsion samples prepared with the

ammonium surfactant.

It was shown that the films deposited from the polyurethane
acrylic latex consisted of two layers, a "fixed" layer of
irreversibly coagulated polymer, and a "fluid" layer in which the
polymer was concentrated but not coagulated. The fluid layer was
observed to increase in thickness with decreasing applied voltage.
The existence of a two - layer film provided a clear indication that
the accumulation mechanism proposed by Hamaker and Verwey [21]

governed the deposition of the ammonium stabilized latex. A

‘mathematical analysis of the flocculation and accumulation

‘mechanisms showed that the measurement of the induction period prior

to the initiation of deposition would indicate which mechanism was
actually taking place; however, attempts to measure this induction
period were unsuccessful, and the mechanism of deposition was

therefore not proven unambiguously.
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5. Recommendations for Future Work

During the research performed for this report it became
apparent that several areas of the cathodic electrodeposition
process with the latex system warranted examination beyond that

possible in this study. These areas are outlined briefly below.

- Latex Particle Size Distribution. While Hameker indicated
that the paricle size would not be expected to exert_a
profound effect on the electrodeposition process L22], it
was postulated that the particle size might affect the
electrodeposition process in such areas as gassing,
deposition rate, and current cut-off behavior by affecting
the packing of the particles during the first stage of
film growth. In addition, fractionation of the particles
in the bath could conceivably occur, which would affect
the electrodeposition behavior after multiple depositions
from the same bath.

- Constant Current Deposition. As mentioned in section 4, a
study of the induction period at constant current density
would be expected to provide evidence indicating the
predominance of either the accumulation or the
flocculation mechanism of electrodeposition.

- Effect of Stirring Rate. While all of the depositions
perforﬁga in this study were done in an unstirred bath, it
was realized that agitation of the bath would affect the
development of either a boundary region of increased
electrolyte concentration or a boundary layer of increased
particle concentration. Thus if either the accumulation
mechanism or the flocculation mechanism governs
deposition, the deposition behavior would be expected to
be altered significantly with bath agitation. Beck [4]
examined the effect of agitation on the deposition of
solubilized resins; thus far no work has been done on the
effect of agitation on the deposition of latexes that do
not experience charge destruction at the electrode.

- Effect of the Surfactant Structure. The results of this
study clearly indicated that the stabilizing functional
gfoup may play a predominant role in the electrodeposition
behavior of a polymer latex; however the surfactant was

not systematically varied, and no general relationship
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between the electrodeposition performance of the latex and
'such parameters as the pH stability and electrochemical
reactivity of the surfactant could be deduced. Wagener et
-al'[56] have reported preliminary data in this area, and
found that varying the electrochemical reactivity of the
ammonium surfactant by the the alteration of substituent
groups bound to the nitrogen resulted in dramatic changes
in electrodeposition performance. It would be useful to
extend this work to the polyurethane acrylic latex
developed in this study.

Refinement of the Mathematical Analysis of the
Elecrodeposition Process. While preliminary models
describing the kinetics and mechanism of the cathodic
electrodeposition of the latex system were developed in
this study, considerable refinement of these models would
be useful to allow broader application and a more
quantitative treatment of the effects of such variables as
the applied voltage, bath temperature, agitation rate, and
latex properties on the overall electrodeposition process.
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Appendices

I. Mathematical Analysis of Flocculation Mechanism

x=0
« x=0 -,

—ty

This mechanism assumes that deposition of the polymer - takes
place as a result of double-layer depression, which is caused by the
generation of-OH' ions at the cathode. A critical time is expected

prior to which a build up of OH™ ions occurs with no deposition

taking place. With this assumed mechanism of deposition, the effect.
. *
of various system parameters on the critical time, t , may be

determined in a manner similar to that applied by Koelmans [28].

There are various fluxes of OH™ ions:
1. Electrophoretic migration:

where Jy is the electrophoretic ion flux, I is the
current, F is Faraday's number, A is the crosa-sectional

area, and toy is the ion transport number.
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2. Diffusion: s ré‘:ﬁ exp (-max) Cosmaq (5.8)

Q

: Con’
- 'D'S;— ? (5.2)

Jp

where Cy is the OH™ concentration in the bulk solution, c(x) is the

where J, is the diffusive ion flux, D is the diffusion

coefficient , andagvgxls the concentration gradient. OH~ concentration at point X,

(This assumes that convective transport = O for our unstirred

-(EiFR0-2ay) o,

= ')ftDo“-/ HI‘L
= /21

system). Thus the total OH™ flux is:

[+

J = -D%‘f—;"—"" (toyl/(FA) |
j = 1l-x

m = 2n + 1

The accumulation of OH™ is given by the divergence .of J:

x’.'
x - Vd | o o
An approximation to Equation (5.8) developed by Thompson and

Cayley for at < 1/2 and x = 1 is:

Ce- G L} /232 a
v PGS

Substituting in K and a, and rearranging leads to:

B(l-tey) | E (5.10)
Cop= Cot —)——’—__—Ll V=o-

On

or, expanding:

Kor,
gt BX (D‘r‘;%“ +

(5.6) (5.9)

Fa o»)

Assuming that D, I, Toy" are not a function of the x position,

we may write:

at o I ' In the electrodeposition work performed 'in this study this

as error only arises for long deposition

The boundary and initial conditions are: approximation is very good,

times and thin boundary (diffusion) layers, neither of which

1. At t

occurred in these experiments.

‘ 2. At x

l' J = Do* (3(.¢‘ . +-2:—
)

3., At x = 0, 3(0..-
Fre ’
A solution to the differential equation with this set of boundary

From the above equation ((5.10)) the following relationships

are evident:
and initial conditions, developed by Rosebrugh and Miller is:
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| - "o yo?
where V is the applied potential, and k is the conductivity of the

suspending medium.

by o
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II. Mathematical Analysis of Accumulation Mechanism

® ©

) _/T

: X+ —] .
v\ )= x=0 al

et

With the accumulation mechanism, depositidn-takes place by the

exertion of-sufficient electrical force on the latex particles.

The initial voltage drop (prior to any'deposition) is linear.

across the deposition cell. In this case the following expression

may be written:

dv o ‘
'-;; = y{_ . (5.1)

where V' is the applied voltage, and L is the electrode.separation in

the x direction.

The velocify'of the particles in the deposition bath may then
be calculated from the Smoluchowski equation:

A = £9(*%) (5.2)
41
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where v is the velocity in the x direction, € is the dielectric

#*
Final (required) concentration = C  xA

constant of the medium, % is the zeta potential of the particle, and

M is the kinematic. viscosity of the medium. Substituting Equation "Filling rate" = Covh

(5.1) into Equation (5.2) leads to:
V= &(Vu) (5.3)
4 2L
It should be noted that for a constant potential gradient the

Therefore the time required is:

£ = (C" jrgh - Coxyh)/(Cov) (5.6)

velocity of the particle is constant:

v = - dx/dt = constant = C, (5.4) _— (xb(C’p - Co)/(Cqv) (5.7)

If a cross-sectional area, A (parallel to the face of the

Assuming that the initial bulk particle concentration is much

electrode and normal to the x axis), is chosen at an arbitrary less than that required to initiate destabilization and deposition

p - : * . . : .
distance x, from the electrode, the number of particles crossing the (Co << C p),Equatlon (5.7) may be rewritten:

area A per second may be determined. Assuming that no particle PR (xbc* )/(Cqv) (5.8)
p A

depletion_in the vicinity of A occurs, this flux is given by:

In the accumuldtion mechanism model, the thickness of particles

N1 = CoVA

* . B ~ e .
of concentration C P is required in order to exert the sufficient

where C() is the bulk concentration of latex particles. | o
force on the particles next to the electrode to overcome repulsion

and initiate deposi%ion. The force on a single particle of radius a

According to the accumulation model, a certain concentration of

in an applied field dv/dx is [24):

particles, C*p, at a thickness x, would be required before

deposition would start. At a "filling rate" of CovA the time F = Eg a(dv/dx) (5.9)

*
required to raise the concentration to C p may be determined: The force exerted on a layer of particles mext to the electrode (at

x = 0) by all of the particles from x =0 tox =Xy in the

_ » .
Initial concentration = C beA electrical field is given by the number of particles multiplied by
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the force per particle. The number of particles is given by: Substituting Equation (5.14) into Equation (5.8) yields:

oy
Ny = AS‘Cp(x)dx (5.10)

L0

£ =0 WYaet VEN (¢ /e,

Then the force exerted is:

v Xz, ‘Noting that
F, = a&’(dv/dx)ASC (x)dx ; (5.11)
!SQ

Assume:

1. Linear voltage gradient across.cell prior to beginning of _
deposition (ignores polarization of the ele‘c_tr_ode). v =(5-E,V )/‘_Hr o
2. An gverage value of Cp may be substituted for Cp(x)

2(C.) the following expression for the critical or induction time 1s
S p .

integrating Equation (5.11) from x = O to x = X, yields: obtained:

(5.16)

Ft ’ae(v/L)Agxb/ep (5.12) % = (HW"IOI')/QE‘LS‘LEQCO

Ft,is the force exerted on the particles next to the cathode, i.e.
those particles which would deposit first. Note that a normal
stress (force per unit area) would be exerted on this layer, given

~simply by:

Or= € (V/L)E xf (5.13)

)4

A certain critical stress will be required to overcome the repulsive
forces exerted between the particles by electrostatic interaction.
(Ifas defined as the force per unit area which must be applied to

the layer of particles next to the electrode to induce coagulation

and deposition. The thickness of the concentrated -layer causing

this stress may then be written:
x, = /(a€ (V/1)$T, (5.14)
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