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or well over 100 years, innovation has enabled the paint and coatings in-
dustry to offer novel products for new substrates, ever better products with
improved performance, and products with reduced environmental impact.
Despite the gains made in this time, significant gaps in knowledge and un-
derstanding remain. Research approaches such as design of experiment
(DOE), high throughput experimentation (HTE), combinatorial methods
(Combi), and data mining (DM) now being applied to coatings R&D aim to
fill those gaps and may lead to many new opportunities for the industry.

All of these methods have been around for many years. DOE was first in-
troduced in the early 1900s for factorial designs. Mixture designs for study-
ing formulations were developed in the 1950s. The pharmaceutical industry
has utilized combinatorial chemistry and HTE in conjunction with DOE and
DM for the development of novel drugs over the past 15 years or so. It has
been only recently, though, that scientists and engineers in the paint and
coatings industry have begun exploring the application of these research
methods to the process, ingredient, and formulations development for
paints and coatings.

HIGH THROUGHPUT EXPERIMENTATION
AND COMBINATORIAL METHODS

High throughput experimentation in general is very useful for speeding
up discovery times for new materials and shortening time to market. HTE ac-
celerates scientific research, especially of complex systems, by moving away
from one at a time to parallel experiments. Libraries of compounds are gen-
erated, formulations are then prepared based on those libraries, and certain
properties of the formulations are screened to see which ones meet a prede-
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temmined aiteria. Successful imple-
mentation of HTE regquires well
pHanned experiments, equipmenn
capable of handling the matexials,
maldng the fonnulations and
serewning (oo properties, and soft-
ware tol storing and analyzing the
results,

HTF. affers benefits for research
and syathesis, development, anl
process improvement. 1L has real
value in allowing one to explore an
gxlensive parameter space,” notes
Lir Slephanie Sirawizar senior asso-
clate saentist with Bayer
saterialScience. “Coatings in partic-
ular are well suited because there is
such a large variable ser—ihere is
no shortage of components that
ome could consider inan expen-
mental desion,” she adds. Coatings
formulations are complex with nu-
merous ingredienls, according o
pr. Michael Basolka, direcior of the:
NIST Combinatoral Methods
Cearler al the National Tnstitute of
Standards and technology. “ln ad
dition, applications for coatings are
hecoming more and more specific,
Coalings now are oflen Lailored 10
meet a specitic set of performance
criteria, and looking through this
huge formuladon space Lo (ind the
ideal combination requires a large
numlwr ol experiments,”

ITVE and combinatarial mnuterials
development provides information
and knowledge, according to D
Michael | Doyle senior scientisl
with Accelrys, Inc. “Using [[1L re-
sults in the development of a
knowledze base and syslem knowl-
edpge as well. With such a large data
set companies are ahle to get better
IIPR and receive much mare sul
stantive patents,” he adds,
Lindersianding, howewver, anly
comes with the uze ol good DHOE
and data mining rools, “Models
and 1Y go hand in glove.
Serendipity and incremental knoswl-
eilize are mowt gained by looking at a
laree number of Masks,” Dr. Doyle
states. In industry, there is signiti-
cant polential Tor improving effi-
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ciency and reducng costs, "LTsing a
wedl thougdh oul HTE approach can
reduce coatings development times
b an order of magnitude,” says D
Diean O, Websier, professor of coat-
ings and polymeric materials with
Nonh Dakota State Universitg's
Tept, of Coatings & Polymeric
Waterials. "Companies nol only can
develop coatings more quickly, bae
also produce better, mote ophi-
miel, merre rolwst formalalions.”

Like with design ol experiment,
gquality measuves such as Total
Cruality Management {TEM] and
S1x Sigma are leading peaple 1o ask
where 0 research can variability be
climinated and productisity im-
proved, and A high througlsu ape-
proach can help achieve these goals,
according to D, Doyle, Carly
adopters of HTE and combinatarial
methoeds in the paint and coatings
industry indude Avery Dennison,
-, BAST. Baver, and Sy, b
name i lew.

‘lhese companies are working to
overcomne the many difficulties and
challenges wssociated with oople-
menting a high throughpur/combi-
natorial materials program, HTE re-
guires a new mindsel, aod i is
human nature o resist change. “In
mast organizations. shadng of in-
lormation is nol encowraged, and in
general, scientists see the lmowledge
that they possess as defining their
value 1o the onganizalion,” noles
Lir Dovle [le adds that crganiza-
tional protectiomism is also at work,
and managemenl fears loss of
powel if gains in efficlency result in
smaller budgets and reduced head
caunl Because the concepl of com-
binaterial metheods is still in the
earhy stages of application in the
coalings industey, 10 1s also diflieote
1o convince management that this
terhnelogy should e explonsd.

1There ure many lechnical chal-
lenges as well. “Coatings formula-
tions teguite mult-tiered, mold-
slep processing routes to combine
the components properly. 5o, when
you think about making multivari-
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ate lilararies for HTE of coatings,
voul Tabrication rowe muost reflect
this complex processing. Lo addi-
tion, vou must develop means to
mieasuce lormulaiony performance
in a high threnghpul appooach. 1T
vou don't have high throughput
measurement methods 1o scoeen
them, the liliraries Iy themselves da

igh tiroughput experi-
H mentation continues to

he the focus of interna-
tienal coatings conferences. HTE
far polymers and materials has
been discussed at programs
sponsared by the American
Ehemical Society, Materials
Research Society, and others,
Upcaaing programs incktude the
folkowing:

Research Methods Tn the 21st
Century: A Toolkit for
Competitive Advantage
Sponsored by Federalion of
Sprieties for Coatings Technology
May 18-28, 2005

New Orfeans Marriolt

Hew Ordeans, 14

{Includes figh throughput expern-
fiedtatian. DOE data miring, and
cambinatorial methads)
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2005 Gordon Research
Conference on Coatings and
Films

July 10-14, 2005

Cothy Sawyer College

Plew Loncdon, MH

{Tncludes figh hroughinul soroen-
ing, manacompositos, and nom-
veational applicatians of UV coring)
WWW.gTC.arg

2008 Gordon Research
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Erience
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not offer much advantage to researchers,” explains Dr.
Fasolka. Many of these analytical tools have not yet
been designed for HTE with materials. “The diverse
spectrum of functionalities in materials represents a sig-
nificant challenge in high-throughput characterization,
often involving development of novel measurement in-
strumentation,” adds Dr. Radislav A. Potyrailo, an ana-
lytical chemist and project leader with GE Global
Research Center. Professor Webster also notes that the
initial investment, if using fully automated workflow,
can be quite high, whether building or acquiring sys-
tems for carrying out the experiments and analyzing
them. Scale up can also be an issue, notes Dr. Doyle.
Typically compound libraries are made on a very small
scale, and processing conditions are not considered.
Handling all of the data can be an issue as well, al-
though advances in DOE and data mining are begin-
ning to address these issues.

Headway has been made over the last five years in
addressing the handling and measuring aspects of the
HTE/combinatorial approach to coatings R&D.
Companies such as Bayer and BASF have focused their
efforts on developing robotics systems that can formu-
late and mix an array of samples in little vials, making
libraries in a rapid manner. General Electric and Avery
Dennsion developed new methods of robotic deposi-
tion, curing, and property screening of multiple dis-
crete coating formulations onto plastic and other sub-
strates. NIST has focused on development of libraries
using a gradient approach, where formulation mixtures
are prepared using a pumping and dispensing system
that changes quantities continuously. “No matter what
method is chosen for preparing the library, validation
measurements are necessary to confirm reliability,” says
Dr. Fasolka.

It is also necessary to establish a correlation between
the data generated in a high throughput experiment
with existing measurements made according to gener-
ally accepted industry standards. “Tests automatically
conducted on a small scale by robots must be corre-
lated to traditional macroscale tests,” says Dr. Potyrailo.
“These new methods won't have any value if customers
are not satisfied that the results are legitimate. In other
words, experiments completed on a combinatorial scale
must be validated on a conventional scale.”

For physical tests, speed remains an issue because
some type of physical contact must occur. Hysitron is a
company that conducts high throughput nanoindenta-
tion evaluations for the coatings industry.
Nanoindentation involves measurement of the forces
encountered by a sharp diamond tip of known geome-
try as it encounters a thin film sample. Modeling is
used to predict properties such as hardness, modulus,
and yield strength. “Speed is still a challenge. While
there have been some attempts to do nanoindentation
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testing in parallel, it is still much easier
to work with samples in a serial man-
ner,” says Dr. Oden Warren, director of
R&D for Hysitron. Currently it takes
about two minutes per sample. “There
also needs to be more education in the
industry on the Combi aspect of HT
nanoindentation,” adds Hysitron's direc-
tor of sales and marketing Dr. James
Burkstrand. “The coatings industry is
rather conservative and tends to adopt
newer technologies a little more slowly
than other market sectors.”

Despite its conservative nature, the
paint and coatings industry has been
showing increasing interest in HTE and
Combi methods for conducting R&D.
Several academic groups have imple-
mented programs as well. Professor
Douglas A. Wicks’ group at The University
of Southern Mississippi uses HTE meth-
ods to study complex interactions of ad-
ditives in coatings formulations. Their
method development derives a lot of its
inspiration from work done in the phar-
maceutical industry. Using the tools of
microbiology in conjunction with auto-
mated liquid handling and fluorescence
spectroscopy, the students in the group
are investigating latex spoilage, biodegra-
dation of coatings, and thermal degrada-
tion of coatings resins such as PVC.
"Combining HT techniques with microbi-
ological methods has allowed us to study
the interaction of industrial and experimental biocides
with different components found in a latex paint,” ex-
plains Professor Wicks. “To fully evaluate the interaction
of these biocides with formulation variables such as sur-
factants, thickeners, water contaminants, and the like re-
quires hundreds of experiments to be run. Using con-
ventional techniques, this effort would require weeks to
accomplish. Here we do it in days. The real impact of
this approach will be seen in the future, as the under-
graduates who now use these methods and view them
as routine begin to enter the workforce.”

A

Professor Webster's group at North Dakota State
University is studying nontoxic coatings for marine ap-
plications that are made from water-stable polymers
with low surface energy. The group synthesizes differ-
ent polymers to make polymer libraries, creates formu-
lations from the libraries, and does the testing. They
can synthesize 24 polymers, make 96 coating formula-
tions, and test them all in a one week period. “Using
this combinatorial approach, we have been able to
identify several possible new formulations and are cur-
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rently working on opti-
mizing them,” says
Professor Webster.
“Design of experiment
helps determine the ini-
tial scope of work,
while information gen-
erated from experi-
ments laid out in the
initial design is very
useful for revising our
experimental plan,” he
adds.

At Bayer Material-
Science, Dr. Strazisar’s
HTE group works with
colleagues in innova-
tion, business develop-
ment, and production
groups to design better
materials, respond to
customer queries about
formulations, and solve
quality control issues in
production. The group
led by Dr. Richard A.
Roesler, senior principle
scientist at Bayer, im-
proved productivity by
10-fold by using DOE
and high throughput
techniques with simple
laboratory equipment.
“The experiment was
designed so that 3000 vials were placed in set patterns.
The vials were filled and mixed very rapidly using volu-
metric measurements rather than weight to control the
quantities of materials. The use of a quick visual screen
in conjunction with the established vial patterns also
enabled rapid analysis for the exceptions. “We were
able to dramatically increase productivity for a few
thousand dollars (cost of the volumetric equipment),”
notes Dr. Roesler. “This example demonstrates that HTE
is possible within a traditional setting. People just need
to think about things a little differently.”

GE has applied high throughput experimentation for
the development of several different types of coatings
products. In one case the company worked with Avery
Dennison to develop HTE automated analytical charac-
terization tools. Avery was studying moisture and oxy-
gen barrier coatings for flat panel displays, while GE
was interested in transparent coatings for automotive
applications. As a result of this collaboration, GE accel-
erated development of new high-performance coating
materials for automotive applications by at least 10-
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fold. Several cost-competitive coatings with perform-
ance equal to high cost products have been developed
using this combinatorial approach. The compositions
have been validated on the traditional scale for their
adhesion and weathering performance. In another case,
GE applied combinatorial and HTE methodologies to
develop functional coatings for chemical sensors using
discrete and gradient array designs. Some of these de-
veloped coatings have been tested by the U.S.
Department of Energy.

The NIST Combinatorial Methods Center
(www.nist.gov/combi) focuses on library fabrication
and HT screening techniques particularly for polymer
science. It is supported by a consortium of 21 members
from industry, government, and academia, which it
serves with technology transfer of developments, indus-
trial workshops for training, national conferences, and
a members’ website. Industry scientists are also invited
to work in the NIST labs, and the Center sends people
to work at companies to help them implement tech-
nologies that NIST has developed.

“The Center fabricates libraries using gradient tech-
niques and a new set of technologies based on mi-
crofluidics similar to the ‘lab-on-a-chip’ approach in
biotechnology,” according to Dr. Fasolka. “The chal-
lenge in implementing lab-on-a-chip methodology for
coatings lies in the high viscosity and organic solvents
in paint and coating systems,” he says. The group has
developed methods to fabricate microfluidic devices
suitable for coatings formulations, and also has devel-
oped in-situ measurements that gauge formulation per-
formance. For example, they have developed HT inter-
facial tension measurements for characterizing systems
such as emulsions. This microfluidic system obtains
measurements in several seconds, is accurate within a
few percentage points, and can rapidly measure interfa-
cial tension of a series, or library, of systematically
changing fluid specimens. Dr. Fasolka’s group has also
designed and implemented a variety of other mi-
croscopy, spectroscopy, rheological, mechanical, and
adhesion testing instrumentation useful for HTE of
coating systems.

The potential power to improve efficiency and pro-
ductivity, leading to better, more improved, more ro-
bust coatings formulations can be seen in these differ-
ent examples. As computational tools become easier to
use and ever more powerful, a greater number of peo-
ple in the coatings industry will move toward the use
of design of experiments, data mining, high throughput
experimentation, and combinatorial methods for many
different applications.

Much effort needs to be expended on developing the
tools for combinatorial materials science—synthesiz-
ing, handling, mixing, measuring, and characteriza-
tion—according to Professor Webster. Advances along
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these lines enable more people to achieve real com-
mercial successes with these tools, and their value to
the industry will at that point become transparent. At
Hysitron, the company is currently working on single
test hybrid technologies that combine nanoindentation
with other tests such as adhesion, stickiness, or me-
chanical or electrical property determination. “We
hope to extend this capability to high throughput
processes,” says Dr. Warren. “In that way we can pro-
vide a much more significant level of information
throughput. With these research tools, what the indus-
try can achieve is only limited by imagination,” adds
Dr. Burkstrand.

Along those lines, Dr. Potyrailo sees HTE and com-
binatorial methods as being useful for the develop-
ment of coatings that have advanced functionalities
such as environmentally responsive coatings for sen-
sors. “These coatings are highly complex.
Combinatorial research methods already make it possi-
ble to develop these types of coatings, where such a
large number of factors and interactions affect the per-
formance of the materials,” he states. Sensor materials,
for example, need to exhibit high stability with respect
to providing a consistent response to a given stimulus
for an extended period of time under a range of condi-
tions. If biomolecules are to be immobilized in the
polymer coating, the challenges can be even more sig-
nificant.

“Things are headed in the right direction, particu-
larly in terms of getting buy-in from the industry,” says
Dr. Strazisar. “We must keep in mind, though, that
these tools are not a panacea for all problems. We
should learn from the experiences of the pharmaceuti-
cal industry and be careful about what direction we
choose to follow in terms of where and how we apply
these tools,” she continues. The market will be the
strongest driver. “These research tools will either drive

Example of robotic screening of a discrete sensor coating array for op-
tical sensors. Photo courtesy of GE.
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innovation very dramatically and in such a way as to
provide a leapfrog effect, or, unfortunately, they will en-
able everyone to come to the same conclusions and
will lead to commoditization,” notes Dr. Doyle.
Microsegmentation is also a possibility. With access to
a large set of information about how variations within
a given formula affect behaviors, companies may be
able to offer a wide range of products to the market-
place for different end users and applications based on
that variability.

Today, most large companies have some form of
combinatorial or HTE programs in place, and many
smaller companies do as well. In general the focus is
on smaller R&D projects, but the leaders are looking at
larger aspects of formulation. “Once more people focus
on application of combinatorial and high throughput
methods to formulations development, these research
tools will provide a systematic way to study these com-
plex systems, which in turn will lead to development of
models for predicting their behaviors. What is now
guess work will become truly scientific,” says Dr.
Fasolka.

DESIGN OF EXPERIMENTS AND DATA MINING

Design of experiment involves the careful planning
of experiments so that an understanding can be gained
about specific variables and parameters in a process or
formula. A series of experiments provides a data set
that is then used to create a predictive model, enabling
the researcher to carry out a desirability analysis and
identify the “sweet spot” for the process or formula un-
der investigation. “The idea is to lay out the experiment
so that good information is generated on what the dif-
ferent variables are doing to the process or formula-
tion,” says Mark Anderson, principal with Stat-Ease,
Inc., a company that provides statistical software, train-
ing, and consulting, particularly on the tools of DOE.
“Brainstorming is done to identify the key features that
need to be evaluated, and statistics are used to generate
a predictive equation,” he continues.

Benefits of DOE include improved productivity and
efficiency and higher quality, more reliable results.
Development of new materials can also be a direct re-
sult. “DOE is useful in the coatings industry as it pro-
vides a tool to allow formulators to develop products
rapidly and maximizes the amount of information,”
says Dr. Richard Rosen, senior staff scientist with
Rhodia. DOE can also be used to demonstrate that the
results do not have any unnecessary variability, accord-
ing to Dr. Roesler, of Bayer MaterialScience. “Scientists
need to be aware that every measurement has variabil-
ity in it, and running one experiment can’t identify that
variability. The only way to determine the variability is
by running replicates, and using DOE provides the
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most reliable results.” The multi-functional aspect of
coatings can also be addressed with DOE. “The interac-
tions between the various components of a coating for-
mulation must all be considered, which requires a
large number of experiments,” says Dr. Potyrailo.
“Experimental design tools help reduce the number of
experiments needed, which can save a great deal of
time and money.”

DOE can also be used for improving manufacturing
processes. Optimization of parameters such as yield,
cost, scrap, throughput, or a specific property (gloss, re-
flectivity, etc.) can be achieved through application of
DOE analyses. In the past, the coatings industry has
shied away from DOE because it required making a
large number of batches, according to Dr. Peter J. Hunt,
president of Productivity Management Consultants, an
organization specializing in on-site training and imple-
mentation of statistically based Quality Management
Systems (QMS). “We have conducted an assessment of
different design options and found five that are appli-
cable to production processes in the coatings industry.
With these five designs, variable optimization and in-
teraction effects between variables may be defined in as
few as eight production runs and in no more than 16
production runs,” notes Dr. Hunt. “The analyses of any
one of these five designs can be done on a hand calcu-
lator. My approach is to get more people involved in
process improvement, including process engineers,
quality control managers, pilot plant operators, and
others. This gets appropriate people involved with DOE
and allows them to discover how beneficial DOE can
be. They only need first to develop an intuitive under-
standing of DOE in general laymen’s terms to utilize
any one of these five designs.”

In fact, a fear of statistics is one of several challenges
faced by proponents of DOE. “Both chemists and
chemical engineers tend to be nervous and fearful of
statistics, in large part because of the way it is presented
in school,” says Mr. Anderson. For Dr. Rosen, providing
the proper organizational structure so the chemist or
engineer has the knowledge, training, support and re-
sources necessary to design, execute, and analyze the
DOE experiment is the major challenge. Dr. Roesler
adds that research and formulations managers need to
understand that if they invest a little up front they will
get returns down the road. “The paint and coatings
community also needs to publish and further commu-
nicate successful projects using DOE to generate inter-
est among chemists and engineers,” adds Dr. Rosen.

There are several examples of commercial applica-
tions of DOE in the coatings industry. Coding Products
addressed customer concerns about the product life
and inconsistent quality of its hot ink rollers, which are
pre-inked foam rollers used to print, for example, expi-
ration dates onto candy bar and other food wrappers.
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Automated analytical instrumentation developed for imaging of
discrete and gradient optical sensor coating arrays. Image courtesy
of GE.

End users heat the rollers, releasing ink that is available
in an array of colors. The company used DOE software
to dramatically improve its hot ink roller consistency
and impression count. Another company, Exatec, em-
ployed DOE to determine optimal operating conditions
for its proprietary in-line, plasma-deposition machine
bonding abrasive-resistive layers onto silicon hard-
coated polycarbonate. The company used DOE to dis-
cover how thickness varied as a function of key input
factors, screening a large number of factors using the
fewest number of trials that would give them precise re-
sults.

An advanced form of DOE called “response surface
methods” (RSM) has also been applied to the develop-
ment of coatings systems to achieve optimal perform-
ance with minimum variability, thus meeting the objec-
tives of Six Sigma programs. According to Mr.
Anderson, this approach has been utilized to eliminate
variability in a powder coating operation.! “This exam-
ple demonstrates how systematic experimentation, us-
ing sound statistical principles, can improve coating
quality and make it more robust to variations in the
levels of components and processing factors,” he says.
Akzo Coatings also used RSM to achieve an optimal
balance between hardness and solids content in an
acrylic automotive clear coat binder.? In addition, the
statistical methods helped Akzo establish acceptable
tolerances in both the resin specifications and the paint
production process.

DOE has also been used to improve process opera-
tions for coatings manufacturers. According to Dr.
Hunt, in one example, cycle time for product produc-
tion was reduced by nearly five hours after a key step
was identified as the-main factor in determining that
parameter. The DOE was based on four key factors,
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Example of robotic screening of a gradient sensor coating array for
optical sensors. Photo courtesy of GE.

each at two different levels. In another case study, fac-
tors affecting the yield of a filtration step were evalu-
ated. The analysis showed that an interaction between
solvent and water, the amount of each, and the use of
agitation strongly impacted the yield. Controlling these
factors led to signficant improvement in isolated prod-
uct yield.

Data mining tools enable researchers to gather and
analyze information from various sources with the goal
of discovering new meaning in the data through un-
veiled patterns and correlations in data sets. Computer
software programs make it possible for analysis of the
very large quantity of data generated in high through-
put experiments. Data generated in new experiments
must also be correlated and compared to historically
produced results. Data mining tools make it possible to
access information in database programs from different
vendors.

Traditionally, companies built monolithic reposito-
ries to store data, but these systems are not very useful
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because the data often is out of date when accessed, or
is not the right information. Pipelining is a new way to
connect data from multiple sources and also allow ac-
cess by many different people. “In essence, pipelining
removes the traditional centralized approach and
makes the data available to anyone who can derive
value from it,” says Dr. Doyle. Data input from robots
and comparative analyses with historical data can also
be automated. As high throughput screening becomes
more accepted in the coatings industry, pipelining will
become more important.

“The real question that R&D people are asking is
‘which experiments resulted in something different?’”
says Dr. Doyle. “When you are applying high through-
put methods, you need a way of filtering the data to al-
low people to gain value from it. That is what pipelin-
ing and data mining do.” When combined together,
design of experiment and data mining tools provide a
way for those involved in coatings R&D to generate
valuable predictive models and gain a much deeper un-
derstanding of the formulations and processes they are
investigating.

“In the end,” says Dr. Roesler, “the key to success in
R&D is to think about a project, plan it, execute it, and
then evaluate it. Design of experiments allows re-
searchers to follow the real scientific method, which in-
volves proposing a hypothesis and using statistics to de-
sign a set of experiments to disprove it. HTE and
combinatorial methods make it possible to carry out
the experimental plan, and data mining aids in the
analysis of the results.”
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