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The U.S. Army Research Laboratory’s Coatings Research Team has developed a water- 
reducible (WR) chemical agent resistant coating (CARC) utilizing hydroxy-functional 
polyurethane dispersions and water-dispersible polyisocyanates. This coating has met the Army 
requirement for chemical agent resistance, while having a volatile organic compound (VOC) 
content of less than 220 g/l, and it provides improved weather durability, flexibility, and mar 
resistance. It has undergone field application testing at Letterlcenny Army Depot and at Fort Sill. 
A military specification is being developed, and U.S. Patent #5,691,410 has been awarded. 

Since CARC is used on a wide variety of Department of Defense (DOD) equipment, users 
include painting installations across DOD (such as Army Depots, Marine Corps Logistics Bases, 
and Air Force Logistics Centers) and otiginal equipment manufacturers. Application of the WR 
CARC at these sites can reduce VOC emissions by millions of pounds per year and, combined 
with the improved performance properties, will potentially avert costly expenditures for pollution 
abatement equipment while sustaining all Army mission requirements. 
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1. Introduction 

One of tbe most demanding challenges that has faced the coating industry in recent years has 

been the effort to reduce volatile organic compounds (VOC). This effort has also been a major focus 

for the U.S. Army Research Laboratory’s Coatings Research Team. Currently there is a tremendous 

need for camouflage coatings that will satisfy diverse Army mission requirements and provide 

reduced VOCs. The basic camouflage topcoat required on all Army tactical vehicles and aircraft is 

a very low gloss (at 6O”cl.O and at Wc3.5) two-component, solvent-based polyurethane. This high 

solid, solvent-based topcoat has a maximum VOC content of 420 g/l. This coating provides the 

standard characteristics, such as corrosion resistance and durability, of any automotive protective 

finish. It is also required to provide resistance to chemical warfare agents, be resistant to chemical 

agent decontamination procedures, and provide camouflage properties in the visible and 

near-infrared regions to minimize detection. 

To meet current and anticipated Environmental Protection Agency (EPA) regulations as well 

as military requirements, the U.S. Army Research Laboratory’s Coatings Research Team has 

developed a water-reducible, two-component polyurethane coating, implementing water-dispersible 

hydroxyl-functional polyurethane and water-dispersible polyisocyanates. This material has a VOC 

of 180 g/l, a greater than two-fold improvement over the currently used solvent-based system. 

Additionally, this new water-reducible system maintains chemical agent resistance (CAR) and 

exhibits superior physical properties, such as low temperature flexibility, impact resistance, and 

weathering durability, compared to the current solvent-based system. 

The work described herein details the research and development of the water-reducible coating 

and the U.S. Army requirements for chemical agent resistant coatings (CARC). Thermal 

characterization utilizing differential scanning calorimetry @SC) and dynamic mechanical analysis 

(DMA) of the most recent formulations as well as traditional coating test results are presented. 

DMA is discussed and compared to coating properties such as impact resistance. 



2. Background 

Historically, it has been critical to ensure that water is not present in nonaqueous, two- 

component polyurethane formulations due to its undesirable reaction with isocyanate. The reaction 

between water and isocyanate forms an unstable carbamic acid. The carbamic acid quickly 

decomposes to generate carbon dioxide and amine (reaction [l]); the amine then reacts with 

additional isocyanate to yield a substituted urea (reaction [2]) (Woods 1990; Oertel 1985). 

HI RNCO + Hz0 + [RNHCOOH] + CO&)? + RNH2 . 

PI RNH2 + FUWO + RNHCONHR . 

In a solvent-borne, two-component system, this reaction may inhibit or adversely affect the 

stoichiometry and development of cross-linking that is crucial to the integrity and performance 

typical of two-component polyurethane coatings. However, recent developments in water-borne 

polyurethane technology have enabled high-performance coatings to be formulated using water- 

dispersible polyisocyanates and hydroxyl-functional polyurethane dispersions (Jacobs and Yu 1993). 

While there is a competing reaction occurring with water, the kinetics, raw materials, and proper 

indexing of isocyanate (NCO) to hydroxyl (OH) groups used in the formulations ensure that 

sufficient cross-link density is established in the film. In two-component water-reducible 

polyurethane coatings, the water-dispersible aliphatic polyisocyanate reacts slowly with water. Thus, 

an excess of polyisocyanate will preferentially react with the hydroxyl groups of the polyurethane 

dispersion. Jacobs and Yu (1993) proposed that because the polyisocyanate is dispersed and not 

dissolved in water, it coalesces with the polyol dispersion particles, enabling the isocyanate group 

to be close enough to the hydroxyl group for cross-linking to occur. More recent work by Hegedus 

et al. details a mechanism of film formation for two-component waterborne polyurethane systems 

in terms of a time line of integrated events (Hegedus, Gilicinski, and Haney 1996; Bassner and 

Hegedus 1996). Their work indicates that the dispersion of isocyanate in an aqueous system appears 
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to occur immediately upon addition and mixing. The authors found that particle coalescence during 

the admixed state was minimal using particle size experimentation. 

Traditionally, solvent-based systems are formulated with a slight excess of NC0 (NCO:OH 

approximately equal to 1.1: 1.0). This excess NC0 ensures complete reaction of the polyol and 

provides optimal film properties. In water-borne formulations, higher amounts of NC0 are required 

to account for the competing reaction between isocyanate and water. Typically, water-borne 

formulations are indexed using excess NC0 ranging from 1.5 to 3.5. Early efforts within our 

laboratory focused on formulations with NC0 to OH ratios of 2.0: 1 .O and 3.5: 1 .O. While these fihns 

exhibited enhanced properties compared to the solvent-based coating, they did not have the necessary 

chemical resistance to pass the Armys live agent requirement. For this reason, further investigation 

led to the most recent formulations with NC0 to OH ratios of 5.0: 1 .O. This level of indexing 

provided chemical agent resistance without a significant change in coating properties. 

3. Experimental 

3.1 Sample Preparation. The coatings were sprayed onto cold rolled steel panels pretreated 

with zinc phosphate (Bondrite 37) and a chromate sealer (Parcoolene 60) unless otherwise noted. 

The panels were sprayed to a dry film thickness of 45-55 pm. Formulations reported in this paper 

were pigmented, conforming to color number 34094, green 383, as stated in MIL-C-46168D, the 

U.S. &my specification for two-component polyurethane coatings. Throughout this report, water- 

reducible formulations are designated “WR,” followed by the specific NC0 indexing. The solvent- 

based system is designated as ‘SOL.” The water-reducible formulations implement water- 

dispersible hydroxy-functional polyurethane and water-dispersible polyisocyanates with conventional 

siliceous-type extenders for flattening purposes, as well as prime pigments used to make the base 

green camouflage coating. 

DMA and DSC were performed on free coating films. These films were prepared by spraying 

the coating onto release paper. The films were dried for 10 days at ambient temperature before 
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separating them from the release paper. The handling and testing of free films require greater 

thickness than coated panel testing. The solvent-based coatings had an average film thickness of 

280 pm, and the water-reducible free fihn thickness measured approximately 160 pm. Although 

these film thicknesses were different, the data were normalized according to individual sample 

dimensions and therefore could be qualitatively compared. 

3.2 Panel Tests. Table 1 lists the general coating tests that are specified in ML-C-46168. The 

procedures for each test are detailed in the military specification. Chemical agent resistance was 

determined by subjecting the coated panel to the liquid agent, bis-dichloroethyl sulfide (mustard gas), 

and allowing the sample to sit for 30 min. The surface of the panel was then rinsed with isopropanol. 

The residual agent vapor was collected using bubblers after 4 hr and again after an additional 18 hr 

following the isopropanol rinse. The residual vapor after each interval was reported in micrograms. 

Table 2 summarizes the color difference and pencil hardness evaluations that were used to 

determine the decontamination solution no. 2 (DS2) resistance of the films. DS2 is an alkaline-based 

material used for field decontamination after chemical agent exposure. Its basic formulation consists 

of diethylenetriamine (70%), sodium hydroxide (2%), and ethylene glycol monomethyl ether (28%). 

DS2 resistance requires color stability and film integrity. Films used for these tests were drawn 

down on 76-mm X 152~mm tin-plated panels. The dry film thickness was measured to be 45- 

55 pm. The coated panels were air dried for 7 days at ambient temperature. The test procedure 

involved applying 1.5 mm of DS2 to a l-in-diameter circular area on the panel surface and allowing 

the DS2 to sit for 30 min undisturbed. Afterwards, the panel was thoroughly rinsed with water. The 

pencil hardness tests were performed in accordance with ASTM D3363 (6.01) on exposed and 

unexposed areas on the panel. 

3.3 Thermal Analysis. DSC was performed using a TA Instruments 2920 DSC. The 

experimental method involved cooling the film from ambient to -65” C, followed by heating at 

10” C/min to +200” C. The temperature was then held isothermally at 200” C for 2 min and 

retooled to -65 O C. Data were collected during both the heating and cooling cycles. The experiment 

was conducted under a nitrogen purge of approximately 50 cm3/min. 
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Table 1. General Test Requirements 

Chemical 

Test Color 
Specular Water Hydrocarbon Agent 

voc Gloss Resistance Resistance Resistance 
(g/l) (ug) 

Mil-C-46168D E~ss 5 2.0a _ 
<420 60’11.0 168&r 168&r 

85” 53.5 Immersion Immersion 5180 

WR 3.5 ENss = 1.41 z 180 
60” = 0.9 510 850 = 1 7 No Blisters No Blisters 

. 

WR 5.0 ENss = 1.69” = 180 ;;I 1;‘; No Blisters No Blisters 98 
. 

a Hunter’s Revised National Bureau of Standards (NBS) color difference equation. 

Table 2. DS2 Resistance and Hardness Evaluation 

Material 
NBS Color Difference After 

DS2 Exposure a 
(Reauirement I 2.0) 

Pencil Hardness 
Unexposed/Exposed 

WR 3.5 1.36 HB/HB 

WR 5.0 0.43 2Hl2H 
I I 

SOL I 0.57 I m/HB 
I I 

3.5 Index (Clear Coat) 5.03 H/F 

4.0 Index (Clear Coat) 1 6.56 I B/B 
4.5 Index (Clear Coat) 1.54 HB/HB 
5.0 Index (Clear Coat) 0.67 HB/B 
5.5 Index (Clear Coat) 9.84 HB/3B 

a Hunter’s Revised National Bureau of Standards (NBS) color difference equation. 

DMA of the coating films was performed using an Imass Inc. Autovibron (automated Rheo-200 

Rheovibron, Toyo Instruments). This instrument is a forced oscillation dynamic mechanical analyzer 

that places the film in oscillating tension at very small strain rates, allowing evaluation of the 

material in the linear viscoelastic range. The samples were evaluated over a temperature range 

between -100 O C and +150” C at a heating rate of 2” Cknin. Data were collected at 1.1 Hz and 

110 Hz to observe the effect of frequency on dynamic mechanical behavior. 
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4. Results and Discussion 

4.1 Coating Properties. General panel test results of WR 3.5 and WR 5.0 are shown in 

Table 1. The second column of the table lists the MILC-46168 requirement for each test. With the 

exception of chemical agent resistance, both water-reducible formulations fell well within the 

specified requirements. The specification requires no more than 180 pg of residual agent vapor after 

22 hr of sampling. It should be noted that WR 5.0 provided exceptional chemical agent resistance 

(98 pg). Although WR 3.5 exhibited similar properties to WR 5.0, it does not meet the requirement 

for chemical agent resistance (510 pg). Both WR 3.5 and WR 5.0 demonstrated excellent 

hydrocarbon (an 85% isooctane/l5% toluene blend) and water resistance. 

The coated panels were also evaluated for DS2 resistance. MlI_.-C-46168 requires that the 

panels retain color stability and hardness after exposure to DS2 in accordance with the procedure 

described in the Experimental section of this report. Pencil hardness was also measured prior to and 

following DS2 exposure. These results are listed in Table 2. 

An acceptable color change in the coatings after DS2 exposure is 5 2.0 color units. WR 3.5 and 

WR 5.0 demonstrated good color stability. Clear coats at various degrees of indexing were evaluated 

to determine the DS2 resistance of the resin system. These data show that a minimum of 3.5 

indexing is required to achieve DS2 resistance. The DS2 results indicate acceptable resistance with 

indexing at 4.5. It should be noted that obtaining DS2 resistance does not guarantee live chemical 

agent resistance (i.e., WR 3.5). Indexing at 5.0 results in excellent DS2 resistance and chemical 

agent resistance; however, indexing at levels above 5.0 results in film incompatibility. 

Pencil hardness was determined to ensure that excessive softening of the film did not occur after 

DS2 exposure. An acceptable change in hardness should be within two hardness units or no softer 

than level “B.” All films tested met this requirement with the exception of the clear coat indexed 

at 5.5, which apparently did not have proper film formation. 
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Good impact resistance and flexibility of coatings are generally associated with enhanced 

durability and wear. The current solvent-based system exhibits marginal impact resistance and low 

temperature flexibility. The water-reducible formulations show dramatically improved properties 

as shown in Table 3. Flexibility tests were performed on tin-plated, thin-rolled steel panels. SAE 

1010 cold-rolled steel panels (untreated) were used for impact testing. Panels for both tests were 

sprayed to a dry film thickness of 45-55 pm. The films were dried for 10, 17, and 24 days at 

ambient temperature prior to testing. Impact resistance and flexibility were tested according to 

ASTM D 2794 and ASTM D 522 method B, respectively. 

Table 3. Impact Resistance and Flexibility 

Elapsed Forward Impact Flexibility 
Sample Dry Time Resistance 

(days) (in-lbs) at 25” C at 0” C 

10 160 Pass Borderline Pass 
WR 3.5 17 148 Pass Pass 

24 148 Pass Borderline Pass 
10 148 Pass Pass 

WR 5.0 17 84 Pass Pass 

Wet and dry adhesion evaluations were conducted on initial water-reducible formulations 

(Escarsega and Duncan 1996). Numerous substrates and primers were utilized for the adhesion 

testing. These studies indicated that there was no incompatibility or adhesion problems with water- 

reducible formulations indexed up to 3.5. Current testing with WR 5.0 suggests similar adhesion 

properties. Extensive accelerated weathering studies utilizing a xenon light source were conducted 

on initial water-reducible formulations indexed at 3.5. These films exhibited a greater than two-fold 

improvement in weathering durability compared to the conventional solvent-based system. Water- 

reducible formulations indexed at 5.0 are currently being evaluated for accelerated weathering and 

outdoor exposure. Similar results to WR 3.5 are expected. 
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4.2 Thermal Analysis. DSC was performed on the conventional solvent-borne system and the 

water-reducible systems at both 3.5 and 5.0 indexing. Figures 1 and 2 show the DSC heating and 

cooling scans of the solvent system after the film was dried for 10 days. Over this temperature range, 

the sample exhibited two endothermic transitions: a small peak at about 33’ C followed by a broad, 

much larger transition with a peak temperature of approximately 174” C. The glass transition 

temperature (Tg) was not evident in the DSC scans, which was most likely due to masking by the 

broad endothermic transitions. When the material was retooled (Figure 2), a clear Tg was observed 

at about 62” C. This Tg does not represent the actual Tg of the film because it was measured after 

the film was heated to 200” C. Exposure of the coating film to such temperatures most likely 

induced additional cross-linking, resulting in a higher Tg. 

Figure 3 shows the DSC scan of WR 3.5 during the heating cycle. The thermal characteristics 

of the water-reducible film were distinctively different from the solvent system. The water-reducible 

system exhibited a sharp endotherm with a peak temperature of approximately 120” C. Another 

broad endothermic transition was also apparent at a lower temperature. It is not clear whether this 

broad transition is related to the Tg or another type of endothermic relaxation. When the sample was 

retooled, a sharp exothermic transition was observed with a peak temperature of 77” C, as shown 

in Figure 4. The magnitude of the exothermic transition was less than that of the melt observed 

during the heating cycle. It is believed that the sharp endotherm and exotherm observed in the water- 

reducible film is due to melting and recrystallization, respectively, of a polymeric additive present 

in the water-reducible formulations. The presence of this additive results in distinctively different 

thermal profiles of the water-reducible and solvent-borne systems. The thermal characteristics of 

the water-reducible films measured by DSC were independent of indexing ratios of 3.5 and 5.0. 

DMA was used to investigate the effect of indexing and dry time on overall dynamic mechanical 

properties. Tg and modulus determinations were made on the water-reducible formulations and the 

conventional solvent-based system. Data were taken at both high (110 Hz) and low (1.1 Hz) 

frequency with the presumption that the higher frequency measurement may correlate better with 

mechanical properties such as impact resistance. The use of DMA to characterize coating films can 
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Figure 1. DSC Heating Scan of SOL After lo-Day Dry Time. 
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Figure 2. DSC Cooling Scan of SOL After lo-Day Dry Time. 

9 



P e-o.: 
E 
LI 
4.8 

: 
I 

-0.. 

116.73Y 

120.47°C 

_!?_ -100 -50 0 50 100 150 
-sX” Temperature ("C) 

)O 
Universal V1.58 TA Instruments 

Figure 3. DSC Heating Scan of WR 3.5 After lo-Day Dry Time. 
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Figure 4. DSC Cooling Scan of WR 3.5 After lo-Day Dry Time. 
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provide valuable information regarding chemistry, morphology and performance properties. 

Detailed reviews of the application of DMA to study coatings can be found in the literature 

(Skrovanek and Schoff 1988; Hill 1992; Neag 1995; Wicks, Jones, and Pappas 1994). 

Storage modulus (E’) is a measure of a material’s stiffness and can be used to provide 

information regarding polymer molecular weight, degree of cure and cross-link density (Skrovanek 

and Schoff 1988; Hill 1992; Neag 1995). Figure 5 shows the log (E’) vs. temperature of WR 5.0 and 

SOL films after a dry time of approximately 6 months. The striking difference in the two films is 

seen primarily in the lower glass transition and higher storage modulus of the solvent-borne system. 

The upward rise in the modulus of the solvent system as the test progresses is indicative of 

temperature-induced cross-linking. The water-reducible system appears to exhibit a broader 

transition with lower E’ in the rubbery plateau region and shows no signs of further cross-linking. 

The difference between the storage modulus (AE’) in the plateau regions before and after the glass 

transition is generally related to the degree of cross-link density. A smaller AE’ is related to greater 

cross-link density (Skrovanek and Schoff 1988; Hill 1992). The DMA data indicate that the solvent- 

based system exhibits greater cross-link density than the water-reducible systems. 

Loss modulus (E”) and tan 6 (EYE’) are measures of a material’s viscous response or the 

amount of energy dissipated as heat during deformation (Skrovanek and Schoff 1988; Hill 1992; 

Neag 1995). E’ and tan 6 can provide information related to the polymer Tg and indicate damping 

properties of polymers. Figure 6 shows tan 6 (E”/E’) vs. temperature of the same films shown in 

Figure 5. At the glass transition, tan 6 goes through a maximum. The temperature at which this 

maximum occurs is defined here as the Tg. These data clearly show the difference in the glass 

transition between the solvent and water-reducible systems. The solvent system exhibited a Tg of 

37.6” C at 1 .l Hz, and the Tg of the water-reducible system was 91.6” C at the same frequency. This 

dramatic difference in Tg of the two systems is likely the reason for the improved properties of the 

water-reducible coating. Raw materials used in the water-reducible system result in a lower pigment 

volume concentration (PVC) than the solvent-borne system, eliminating excessive porosity and 

producing a more resin-rich film (Escarsega and Duncan 1996). This is not only important for 

achieving chemical agent resistance but may also reduce free volume in the polymer, leading to a 
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higher Tg. The flatter E’ in the rubbery plateau region of the water-reducible films (Figure 5) 

suggests that these films exhibit a more complete cross-linking reaction than the solvent-based 

system and therefore are not susceptible to thermally induced cross-linking. This can be attributed 

to the negligible amount of “trapped” solvent present in the water-reducible systems. 

The presence of low-temperature transitions on E” or tan F plots suggest enhanced flexibility 

and impact properties (Hill 1992; Neag 1995). E” was determined at high frequency (110 Hz) to 

provide better correlation to the coating’s impact resistance tests. Figure 7 shows the log E” vs. 

temperature for the solvent system and the water-reducible systems indexed at 3.5 and 5.0. These 

data were taken after a 17-day dry time. The solvent-based system exhibits the classic p peak in the 

region of -50” C, which is used as a predictor of good impact resistance (Hill 1992). However, WR 

5.0 and WR 3.5 exhibit broader loss modulus peaks, and WR 3.5 exhibits high loss modulus 

throughout the low-temperature region. This suggests greater molecular motion associated with the 

WR 3.5 film, which is in agreement with its superior impact resistance as shown in Table 3. Future 

work will involve impact testing at low-temperature, where greater differences in the films should 

be seen. The DMA data suggest that due to the high and broad E” throughout the low-temperature 

region of this experiment, WR 3.5 is likely to exhibit superior low-temperature impact resistance. 

The Rheovibron data indicate that the water-reducible film is more stable over time than the 

solvent-based system. Table 4 shows the Tg and the tan 6 peak magnitude for WR 5.0 and the 

solvent system at intervals of drying between 10 days and 6 months. The solvent system initially 

exhibits a much higher tan 6 than WR 5.0, but after 6 months of dry time this value drops below that 

of WR 5.0. Tan 6 of WR 5.0 remains relatively stable throughout the drying period. This large 

change in tan 6 peak magnitude of the solvent system may be due to solvent loss that occurs for the 

most part between 24 days and 6 months of drying and may translate to reduced properties of the 

solvent-based system over time. However, further studies would need to be conducted to confirm 

this possibility. WR 5.0 exhibits a significant increase in Tg between 24 days and 6 months of dry 

time. This increase in Tg of the water-reducible system could possibly result from densification or 

free-volume change that occurs as a result of aging (Hill 1992). 

13 



,o(xx)(xxxEoo ______________.__________ _________..._--______________.. - ._-___--.. ._____. 

T 

Table 4. Tan 6 and Tg at 1.1 Hz 

1 
.-- -.- WI3 5.0 

+vvR 3.5 

6 SOL 

Time. 

5. Conclusions 

The U.S. Army Research Laboratory’s Coatings Research Team has successfully formulated a 

low-VOC, water-reducible coating that is chemical agent resistant. The enhanced properties such 

as flexibility and durability have numerous implications for t&Service implementation and usage. 
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It is anticipated that this material can be reformulated, incorporating minor pigmentation changes, 

to meet Air Force, Navy, and Marine Corps needs. Current efforts involve technology transfer from 

the laboratory to a production environment. Evaluation of large-scale application and durability of 

the coating on military vehicles is underway. 

Thermal characterization of the coating films has provided insight into the 

chemical/morphological differences between the conventional solvent-based coating and the water- 

reducible formulations. Specifically, the dramatic increase in the Tg of the water-reducible coating 

and the breadth of the loss modulus transition seems to be related to the enhanced properties of the 

water-reducible films. The comparatively high values of loss modulus of WR 3.5 in the low- 

temperature region indicates that this material may exhibit superior impact resistance and flexibility = 

at low temperatures. DMA data also indicated that the water-reducible films exhibit greater stability 

as a function of dry time compared to the solvent-based coating. 

The formulations discussed in this report used conventional diatomaceous silica or siliceous- 

type extenders. To achieve low values for gloss (60” 5 1.0 and 85” I 3.5), other formulations are 

being developed using polymeric and/or nonsiliceous type materials. The higher efficiency of 

nonsiliceous materials as flattening agents allows lower quantities to be used compared to 

conventional diatomaceous silica, thus reducing the resin demand and enhancing mar resistance of 

the film. Unlike siliceous extenders that tend to dominate the surface of the current CARC system, 

the nonsiliceous material tends to integrate within the fihn matrix and interact with the resin system. 

Future efforts will focus on establishing application parameters such as temperature, humidity, 

handling, and mixing procedures on both siliceous and nonsiliceous formulations. The coating tests 

and DMA data show that WR 3.5 has excellent film properties and actually exhibits better impact 

resistance than WR 5.0. For these reasons, future studies will involve re-evaluating of WR 3.5 for 

live chemical agent resistance and formulating new coatings at indexing levels between 3.5 and 5.0 

in an effort to reduce costs associated with the isocyanate. 
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