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Combinatorial screening of materials formulations followed by the scale-up of combinatorial leads has been
applied for the development of high-performance coating materials for automotive applications. We replaced
labor-intensive coating formulation, testing, and measurement with a “combinatorial factory” that includes
robotic formulation of coatings, their deposition as 48 coatings orxal2-cm plastic substrate, accelerated
performance testing, and automated spectroscopic and image analysis of resulting performance. This high-
throughput (HT) performance testing and measurement of the resulting properties provided a powerful set
of tools for the 10-fold accelerated discovery of these coating materials. Performance of coatings is evaluated
with respect to their weathering, because this parameter is one of the primary considerations in end-use
automotive applications. Our HT screening strategy provides previously unavailable capabilities of (1) high
speed and reproducibility of testing by using robotic automation and (2) improved quantification by using
optical spectroscopic analysis of discoloration of coating-substrate structure and automatic imaging of the
integrity loss of coatings. Upon testing, the coatings undergo changes that are impossible to quantitatively
predict using existing knowledge. Using our HT methodology, we have developed several cost-competitive
coatings leads that match the performance of more costly coatings. These HT screening results for the best
coating compositions have been validated on the traditional scales of coating formulation and weathering
testing. These validation results have confirmed the improved weathering performance of combinatorially
developed coatings over conventional coatings on the traditional scale.

Introduction testing of flame-retardant materigksThe testing process

Combinatorial and high-throughput (HT) methods are ?ngludes exposure of th? Iiprary to an environment that
becoming common tools for discovery and optimization of imitates the end-use application and alters materials proper-

difficult-to-predict entities, such as catalysts, and are gaining fi€S in @ detectable manner. Upon testing, the materials
widespread acceptance in other areas of materials research, Undergo changes that are impossible to quantitatively predict
The multidimensional nature of the interactions between the USINg existing knowledg€. Importantly, combinatorially
composition, process parameters, and end-use conditions ofléveloped materials should be scalable, as was recently
functional formulated materials, such as polymer-based demonstrated with the scaling up of combinatorial coatings
sensor films5 organic coating8;'® cured resin blend®, ~ With respect to their adhesidh?®
etc. also provides dramatic opportunities for combinatorial  In this study, we report the development and implementa-
and HT research. In these materials, the formulation com- tion of a high-throughput screening factory for evaluation
ponents may be highly interactive, resulting in complex, of weathering of organic protective coatings for automotive
nonlinear structureproperty relationships. Thus, perfor- applications, followed by the scale-up of the best (lead)
mance testing is becoming critical for combinatorial experi- coating formulations. The primary considerations in the
mentation with such advanced materials. We have recentlydurable applications of such coatings are their resistance to
demonstrated the effectiveness of HT multilevel performance ywear abrasiof? adhesion to a plastic (polycarbonate)
testing for analyte-response properties of polymeric sensorsypstraté? and weathering performance. The environmental
materialsﬁv”'ls-wear abrasiof} adhesion of coating array$,  parameters affecting weathering of coatings are summarized
and weathering of polymer blend compositighs’ In in Figure 1 along with the important measured parameters
addition, HT performance testing has been demonstrated ing¢ the weathered substrate and coating. The determining
impact testing of polymetsand flammability and ignition  ¢5¢tors in the end-use outdoor weathering lifetime of organic

. . - . coatings are the UV radiation dose received by a sample

Tgfg{ﬁ‘?gg;g?cﬁ“égt;'ma'I' Potyrailo@crd.ge.com. and atmospheric moistu?é?s Reliable quantification of

* GE Advanced Materials. weathering-induced coating degradation is performed using
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Parameters of substrate evaluation of both YI and coating integrity, separate mea-

T 3 I ] » Color change i
Environmental e i s sure_ments are manually performed on different types of
pgrameters = equipment.
+ Radiation spectrum : .
- Radiation intensity | — Parameters of coating . We developed a measurement method and an associated
+ Moisture content — * UV absorber photo- and oxidative degradation . ) K
- Oxygen content | —> * Matrix chemical degradation automated system for rapid determination of Y| and degrada-
« Temperature T # - Visible trar on spectrum . f h bl . . Itiol [ h

+ Haze tion of weatherable coatings in multiple samples, such as

* Mairix cracking those created as combinatorial libraries. Our new method
Figure 1. Environmental parameters that affect weathering of eliminates the complexity of the known methods for separate
coatings and substrate. evaluation of YI and integrity of each coating upon weather-

ing. These measurement capabilities are combined in a single
automated modular system that automatically determines the
physical condition of a coating and measures its YI. In
particular, degradation condition and degradation products
of coatings and the substrate are analyzed using electronic
absorption spectroscopy and reflected light imaging. Char-
acterization of the weatherability of combinatorial libraries
Yot coatings is performed in a fraction of the time required
for such analysis using known test and analysis approaches.
These time savings originate from parallel weathering of
multiple coatings in an array format and more rapid analysis
of properties after weathering.
Our HT weathering testing methodology adapts the

principles of the well-accepted accelerated weathering method

yellowness index (YI), haze or gloss, and loss of coating
integrity 2529

Although outdoor weathering data are the most useful for
the direct evaluation of material stability, a fundamental
limitation is the need for multiyear exposure times. Thus,
alternative weathering approaches are used to more rapidl!
qualify materials for particular applications in an effort to
judge acceptable performance as well as to screen additive
for efficacy. Accelerated outdoor weathering studies usually
are performed at test sites in Florida or in Arizona for several
years®® Further reduction of the testing time is achieved by
using a xenon arc exposure test in which the equivalent of

one year of Florida exposure can be reached 1100 h3! . . .
based on xenon-arc expostfgjet it provides previously

The _commonly used approach of weathering ‘_evaluatlon unavailable capabilities of fabricating coatings with high
.Of coa’_ungs has several short_commgs that_ make_. th'§ approacfgpeed and reproducibility through robotic automation and
llr_lr?pph(;ablebfork H.T Isc(;eenlnlg_ ?f comb|r|1ator|a| ::branes. improved quantitation through high signal-to-noise automatic

ese drawbacks include multiple manual steps o MeasUre-spectroscopic analysis and reflected light imaging. In the

mlen_t Ofl C?lor (1) ar_1d coatm? mtegr_lty; thedneed to have a ‘manual method, weathering is performed on relatively large
;e'f?tlvle.y arge q(c)iatlng area for testflng Tm | measulrerﬁengs,areas of coatings (25 ¢ror more) followed by manual
d!ﬁ!cult!es In rapl measurements o mu t'_IF_’ N Sg&np es; :n measurement of Yl and coating integrity. Ranking of coating
I'I '|Cu.t|es |r]1 measurgmelrlt autorr;jatlon. 0 address thezeweathering is done by the smallest YI and least degradation
|:cn|tat|ok?s 0 conv;zntloga t?St ag Hreas.urement methods ¢ coating. This approach has a large historical database for
of weathering, We have develope testlngf m,easuremer,‘tweathering determinations, so it was adapted for the HT
and data analysis methodology for the quantitative determi- coatings evaluation
nation of weathering of combinatorial arrays of coatings. The . I :
. L : ; One of the requirements for HT determination of coating
approach included fabrication, weathering, automatic spec- . o X )
. o . . weathering was the capability to operate with a coating
troscopic determination of the resulting YI, and automatic . L .
. ) . . . sample size of only 10 mm in diameter when 48 coatings
imaging of the integrity of coatings arrays, followed by the . .
h . . . . are produced as an 8 6 array. This layout of coating
decision-making step. Our combinatorial chemistry meth- . . - .
T " . libraries was jointly developed with Avery Reseaitfor
odology, array fabrication conditions, performance testing o . ) .
etermination of wear abrasion, adhesion loss, and barrier
propertiest®1314 Another requirement was improved quan-

methods, and measurement techniques provided results tha
correlated well with the more conventional test and measure- .. "~ : - .
) . . tification of degradation of the coating integrity, because the

ment methods. Combinatorial methods are useful in develop- . i S

. . : standard method involved manual visual determination of
ment of cost-effective coating formulations that match the . o .

. . the coating condition. In the HT system, this improved

performance of more costly coatings. Several cost-competi- e . ) ) _
. . . guantification was achieved through the high signal-to-noise
tive coatings leads developed using HT tools were success-

automatic imaging of the coating regions and determination
fully scaled up and demonstrated excellent performance, as ging greg

. . . of different types of coating degradation.
compared with conventional coatings. _ . .

A schematic of our HT weathering testing methodology
is shown in Figure 2. The approach included fabrication,
weathering, automatic spectroscopic determination of the
resulting YI, and automatic imaging of the integrity of

Two main parameters in the weathering of coatings are coatings arrays, followed by the decision-making step.
the increase in yellowness index (YI) and mechanical Quantitative macroscopic visualization of organic coatings
degradation of coating material. To differentiate coatings on using digital imaging was introduced by NIST to the organic
the basis of these parameters, weathering must accumulateoatings industry in the early 1990s to provide robust and
at least 2000 kJ/fat 340 nm of UV exposure dose and quantitative analysis capabiliti€.In weathering studies,
include water spray, elevated humidity and temperature measurements of coatings appearance and the kinetics of the
phases in the weathering cycle. Because of the need forappearance changes can often provide insight into the

HT Concept for Weatherability Testing of Coatings
Formulations
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Figure 2. A schematic of the approach for the high-throughput
weathering screening of formulated libraries of organic coatings.

Table 1. Compositions of Coating Formulations

photo- uv
coating acrylates, wt % initiator absorber

formulaton A B Cc D E F wt% wt %
1 35,5 355 20 3 6

2 355 355 20 3 6

3 355 355 20 3 6

4 355 35,5 20 3 6

5 71 20 3 6

6 71 20 3 6

7 355 355 20 3 6

8 355 355 20 3 6

9 35,5 355 20 3 6
10 35.5 355 20 3 6
11 71 20 3 6
12 71 20 3 6

Potyrailo et al.

radiation using a curing system containing two Hg Arc lamps
(Fusion UV Systems, Inc.). Further details of the library
preparation are reported elsewh@té32For demonstration

of the operation of the automated weathering-evaluation
system described in this article, coating arrays were fabricated
that contained acrylate-based coating blend formulations in
each array, as shown in Table 1, with four replicates each.

Weathering. For weathering testing, coating arrays were
loaded into holders and positioned in the weatherometer.
Weathering was performed in a weatherometer equipped with
a Xenon lamp (Atlas Electric Devices Co., Chicago, IL,
model Ci35A, 0.77 W/rhirradiance at 340 nm) with inner
and outer filters of the lamp made of borosilicate glass. The
weathering cycle for coating arrays was 160 min of light
(air temperature 458C, black panel temperature 7C, 50%
relative humidity) followed by 5 min dark and 15 min of
dark and water spray (air temperature°Z) 100% relative
humidity). The samples accumulated 59.04 k3/(m) at
340 nm of radiation in a 24-h period, which is an ap-
proximate 8-fold acceleration over Miami, FL.

HT Spectroscopy and Imaging. A schematic of the
automated modular measurement system for spectroscopic
(YI) and mechanical integrity analysis of coatings arrays is
presented in Figure 3. General views of the system are
depicted in Figure 4. For YI measurements, the system
operated with a deuteriurrhalogen light source (Ocean
Optics, Inc., Dunedin, FL), an assembled transmission probe,
and a portable spectrometer (Ocean Optics, model S2000).
Each coating element deposited onto the substrate was
automatically measured in the transmission mode over the

underlying factors, such as chemical or mechanical degrada-spectral range from-250 to 800 nm. Absorbance values in

tion of performancé&3 3 Depending on the coatings nature,

the range from 400 to 500 nm were further used to calculate

weathering-induced degradation modes of organic coatingsy| yalues.

include blistering, delamination, cracking, haze, chalking, and

For determination of the integrity of each coating in the

some others which are determined from the image analysisarray the system operated with a halogen 60-W lamp to

data?5:36-39

Experimental Section

Materials. Compositions of coating blend formulations
are presented in Table 1. Formulation component&Avere

acrylated aliphatic urethane oligomers of variable functional-

ity Ebecryl 1290, Ebecryl 140, Ebecryl 8301, SR355, and

SR399 purchased from UCB Chemical Corp., North Augusta,

uniformly illuminate the coating array for imaging with a
detector (ICCD camera, Andor Technologies). Images of
individual coating elements for determination of the integrity
of coatings were collected in sequence. The image acquisition
and analysis were achieved with a computer using a program
written in LabVIEW (National Instruments, Austin, TX).
IMAQ Vision Builder and Advanced IMAQ Vision from
National Instruments were used for development of image

SC, and Sartomer Co., West Chester, PA. Formulation analysis algorithms.
component F was an acrylated coating formulation containing  For spectroscopic and image analysis, the array of coatings

acrylate-functionalized colloidal silica particles (formulation
FCS 100 available from GE Silicones, Waterford, NY).
Details of formulations A-F are provided in Table 2. A

photoinitiator Darocur 4265 was purchased from Ciba

Chemicals. A photoabsorber was a reactive benzophenone-

based UV absorber manufactured at GE.

Preparation of Coating Libraries. Small (10uL) vol-
umes of various coating oligomer formulations were dis-
cretely deposited onto a 0.5-mm-thickx912-cm polycar-

was positioned onto a computer-controllédY translation
stage. The stage was operated in concert with either the
portable spectrometer or the CCD camera.

Results and Discussion

Evaluation of Weathering Reproducibility. To under-
stand the sources of variation in the weathering, in our initial
experiments, we evaluated the reproducibility of weathering
of uncoated substrates. Results of these evaluations are

bonate sheet using a liquid dispensing robot (Packard presented in Figure 5. These data demonstrate the reproduc-

Instrument Co., model Multiprobe II, Meriden, CT) to
produce 48-element coatings libraries ag 8 arrays. Each
coating element was 10 mm in diameter areb2im thick.
Coating formulations were cured upon exposure to UV

ibility of measurements of Y| for two control substrates. One
substrate was an unweathered polycarbonate sheet. The
second substrate was a polycarbonate sheet exposed to
weathering conditions identical to those of the weathering
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Table 2. Details of Coating Formulations

acrylate coating formulation name description
A Ebecryl 1290 acrylated urethane acrylated aliphatic urethane oligomer hexa-functional
B Ebecryl 140 acrylate ester tetraacrylate monomer
C Ebecryl 8301 acrylated urethane acrylated aliphatic urethane oligomer
D SR355 ditrimethylolpropane tetraacrylate
E SR399 dipentaerythritol pentaacrylate
F FCS 100 functionalized colloidal silica suspended in a liquid diacrylate

[ almost 1400 kJ/fhof exposure. Acrylates A, C, and E are

CcCD all aliphatic and of relatively high molecular weight. Since

it they are aliphatic, they do not absorb much UV light. In

M Spectrograph dg‘;go, I, Computer addition, the relatively high molecular weight of these
materials results in a lower content of acrylate groups per

unit volume of material. Thus, the small number of residual

Array of coatings acrylate groups present after curing was in part responsible
[ il for better chemical stability. The error bars represent one
Fiber-optic X-Y stage standard deviation from the mean of four measurements of

transmission probe

Yl. The somewhat larger error bars of the coatings as
compared to the bare substrate materials are due to the slight
Light source variation in coating thickness across four replicate coating

_ _ _ elements of each of coatings compositions.
Figure 3. Schematic of an automatic measurement system for  go\era| coating formulations demonstrated significant
determination of YI and integrity of each coating in the combina-

torial library. mechanical degradation with different types of degradation
mechanisms. It is known that depending on the coatings
conditions of arrays of coatings. Each substrate was measuredhature, weathering-induced degradation modes of organic
in 48 locations, the same locations as for measurements ofcoatings determined from image analysis include blistering,
48-element coating libraries. Further, four measurementsdelamination, cracking, haze, chalking, and some offiéfs?®
were combined into a single representation (similar to four Typical modes of degradation of coatings are summarized
replicate coatings in the libraries). Thus, the data shown in in Figures 7 and 8, obtained with the automated imaging
Figure 5 present 12 means of such measurements on botigystem and an optical microscope, respectively. The degra-
types of controls. dation modes included crack and void formation (observed
The increase in the YI of the weathered control indicates after a 1395 kJ/fexposure) and delamination of coatings
the capabilities of the weathering test and Y| measurementfrom a substrate (observed after a 1738 KJémposure).
system, as shown in Figures 3 and 4. The instrument Crack and void formation was observed in formulations C
precision was better than 2% RSD, as determined from the+ D + F and A+ B + F. Delamination of coatings was
spread in Yl determinations of the unweathered control observed in formulations A- D + F. Coating formulations
substrate. The test precision was 4% RSD, as determinedA + F and C+ E + F showed no degradation of the matrix
from the spread in Y| determinations of the weathered control material upon this exposure dose.
substrate at the highest exposure. It was observed that the Factory-Mode Operation. In the factory mode, we have
test precision degraded with the exposure. Overall, it was screened a large variety of formulations. The nature of these
determined that the accelerated weathering process whicHormulations has been outlined in our earlier rep8tt$Four
included UV exposure, water spray, and temperature cycles,different formulations were deposited in groups of four in
provided only a slight increase in the variability of measure- three different locations on a substrate. Weathering was
ments. performed with a maximum exposure of 4215 k/ds a
Initial Evaluation of Yl and Mechanical Degradation control, a separate array was fabricated with control coatings
of Coatings. Measurements of Yl were performed in the (48 replicates). Data analysis was performed by averaging
automatic mode on weathered coating arrays. Typical resultsmeasured Y| for each group of four coating formulations
are presented in Figure 6, which highlight the performance and plotting three averages and respective standard deviations
of an unprotected substrate upon weathering, measurementfor each formulation. Screening results for the Yl of
of a control nonweathered unprotected substrate, and twoweathered coating formulations identified from the primary
best types of acrylate coatings (AF and C+ E + F). The screen are summarized in Figure 9. These data identify two
largest increase in the YI as a function of exposure doselead coating formulations (nos. 4 and 2) as the ones with
was observed for an uncoated substrate. This could bethe smallest YI.
expected because the coatings are clear formulations that do Upon reaching the 4215 kJfrexposure, the coatings on
not contain any colored species (see Table 1), and theirthe control array were mostly delaminated, and the remaining
purpose is to reduce the discoloration of the polycarbonate coatings were hazy. The screening results for matrix stability
substrate. of weathered coating formulations with the exposure dose
Two types of acrylate coating materials,7AF and C+ of 4215 kJ/m are presented in Figure 10. In these studies,
E + F, have demonstrated the smallest increase in Y| over matrix stability was considered at three broad levels, includ-
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Figure 4. Sections of the automatic measurement system for (A) spectroscopic determination of Yl and (B) imaging of integrity of each
coating in the combinatorial library.
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Figure 6. Results of measurements of Y| performed in the
automatic mode on a weathered coating array and two control
H 935 materials. Controls: an unweathered polycarbonate sheet and
weathered polycarbonate sheet exposed to weathering conditions
identical to those of the weathering conditions of arrays of coatings.

1395

. scaled up and evaluated with xenon-accelerated weathering
tests. Two measurement parameters inclu§eédhaze and
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Figure 5. Results of the evaluation of performance capabilities of ~ The first set of scale-up results is summarized in Figure
the system for automated measurement of YI. 11, which compares th&% haze of one combinatorial lead

formulation with a commercial control formulation. The
ing severe coating delamination, formation of hazy regions combinatorial lead formulation performed well during the
of the coating, and no detectable coating changes. Suchtest with respect td% haze. Both formulations had similar
matrix stability levels are common in evaluation of organic induction periods, but combinatorial lead demonstrated
coatings® For comparison, this Figure also illustrates the slightly better performance over the contret30% relative
matrix stability of weathered control array of coatings with improvement inA% haze at the longest xenon exposure of
48 replicates. Lead coating formulations in regard to matrix 3000 h.

stability were identified from the weathering screen as those  The second set of scale-up results is summarized in Figure
that have the smallest matrix degradation. The lead coating12, which compares the Yl of the combinatorial lead
formulations for matrix stability were nos. 4, 1, and 2. formulation with the commercial control formulation. Again,
Scale-Up of HT Lead Coatings.As a result of the  the combinatorial lead formulation performed well during
combinatorial studies that utilized test and measurement stepshe test with respect taYl. The control had a negligibly
described above, three lead coating formulations wereless Yl than the combinatorial lead, with the maximum
identified as potential lower-cost alternatives to replace the difference of only~0.3 Y| units at the longest exposure time
current commercial material. These lead formulations were of 3000 h. However, the absolute values/YI for both
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Figure 9. Screening results for Yl of weathered coating formula-
tions, exposure dose of 4215 k3/r&rror bars, one SD from four
coatings. Lead coating formulations in regard to Y| identified from
the weathering screen are shown as gray and dark gray bars.
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Figure 7. Typical modes of degradation of coatings as analyzed 506 -
by an automated imaging reflected light system shown in Figure £0.4
4B. Degradation modes of coating materials in the weathered array 202
of coatings: (A) good condition of coating, (B) crack formation, 0. —
(C) void formation, and (D) delamination observed after a 1738 Formulation #1  Formulation #2  Formulation #3  Formulation #4
kJ/m? exposure. Coating Type

Figure 10. Screening results for matrix stability of weathered
coating formulations, exposure dose of 4215 KJ/Averages of
four samples are shown. (A) Control array of coatings with 48
replicates. (B) Coatings with four new formulations identified from
primary screen. Lead coating formulations are shown as gray, dark
gray, and black bars. Key: 0, severe delamination; 0.5, small to
medium haze; 1, excellent stability.
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Figure 11. Comparison ofA% haze weathering performance of
combinatorial lead and commercial control formulations.
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Figure 8. Typical modes of degradation of coatings as analyzed 08 Combinatorial

by optical (transmitted light) microscopy in the weathered array of Hiljfiioze g
coatings: (A) good condition coating, (B) crack formation, (C) void als

formation, and (D) delamination. A, B, and C observed after a 1395 0.0 B P e e I
kJ/nm? exposure; D observed after a 1738 k3kmposure. Curved e il el
regions on each image are the edges of coatings. Scale bar, 500 pilh B SUS o S
um. Xenon Exposure (h)

. . . Figure 12. Comparison ofAYl weathering performance of
formulations are quite low (YI< 4), which indicates that  combinatorial lead and commercial control formulations.

both formulations are acceptable with respect to YI. There-

fore, at this point in the testing, this small difference is not ya compinatorial methods are useful in development of cost-
of a critical concern, although continued weathering testing gfective coating formulations that match the performance
is being completed. of more costly coatings. The scalability of these materials
to the industrial-scale levels is the most important aspect for
the acceptance of the combinatorial and HT methodologies
Combinatorial methodologies in materials science provide in industry and academia. Only a limited humber of reports
important time savings in materials development in the initial exist on the scalability of combinatorial leads of materials.
discovery and optimization phases. This report demonstratesThe most recent reports include adhesion performance of

Conclusions



196 Journal of Combinatorial Chemistry, 2005, Vol. 7, No. 2

scaled-up automotive protective coatirt§3® and catalyst
scale-ups from combinatorial to laboratory and pilot plant
sizes**% With our report, we demonstrate that the combi-

natorial developments and scale-up of the cost-competitive (18)
leads progress into such a difficult area of performance

Potyrailo et al.

(17) Potyrailo, R. A.; Morris, W. G.; Wroczynski, R. J. kigh

Throughput Analysis: A Tool for Combinatorial Materials
Science Potyrailo, R. A., Amis, E. J., Eds.; Kluwer
Academic/Plenum Publishers: New York, 2003, Chapter 11.
Potyrailo, R. AMacromol. Rapid Commui2004 25, 77—

94,

testing as weathering of high-performance organic coatings (19) Potyrailo, R. A.; Pickett, J. Angew. Chem., Int. E@002

for automotive applications.
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