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Tl:' 

FOREWORD 

The investigation reported herein was authorized by the first in 

dorsement, dated 20 December 1966, from the Office, Chief of Engineers 

(ENGCW-EC), to U. S. Army Engineer Waterways Experiment Station (WES) 

letter dated 14 October 1966, subject: Effects of Water on Cured Epoxy 

Resin Systems, and was a part of Civil Works Investigations, Engineering 

Studies Item 628. 

The investigation was conducted in the Concrete Division of the WES 

during the period January 1967-0ctober 1968 under the supervision of 

Messrs. Bryant Mather, R. V. Tye, Jr., and Leonard Pepper. This report 

was prepared by Mr. Tony B. Husbands, Mrs. Clara F. Derrington, and 

Mr. Leonard Pepper. 

Directors of the WES during the conduct of this study and the prep 

aration of this report were COL John R. Oswalt, Jr., CE, COL Levi A. 

Brown, CE, and COL Ernest D. Peixotto, CE. Technical Directors were 

Messrs. J. B. Tiffany and F. R. Brown. 
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT 

British units of measurement used in this report can be converted to metric 

units as follows: 

Multiply By To Obtain 

inches 25.4 millimeters 

square inches 645.16 square millimeters 

pounds (force) 4.448222 newtons 

pounds per square inch 6.894757 kilonewtons per square meter 
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SUMMARY 

The effect of continuous iwJnersion in water on the tensile strength, 
tensile elongation, tensile modulus, flexural strength, flexural strain, 
and bond strene;th of five different epoxy-resin systems was evaluated. 
The water absorption of the five systems was also obtained. One of the 
systems will meet Federal requirements for epoxy resins and another con 
tains the same system but includes sand as a filler . .All of the physical 
properties of these two systems were deleteriously affected by storage in 
water and, therefore, the systems should not be used when the cured sys 
tems will be subjected to immersion in water for periods longer than 
1 month. In addition, every effort must be made to protect these two sys 
tems from undue exposure to water. 

The test results also indicate that the use of a modifier in proper 
amounts will produce a large increase in strength and elongation and a large 
decrease in tensile modulus and. water absorption. Two of the modifiers 
tested, polyncide and ru:nidopolyamine, produced epoxy-resins systems which 
were not deleteriously affected by immersion. 

The additicn of sand in the proper proportions will materially reduce 
all the physjcal properties of the resin system except bond strength, but 
will increase s i.gn i.f'a.c arrt Ly the modulus of elasticity. 

The testing errors determined in this investigation are given as a 
guide for testing the engineering properties of erioxy-resin formulations. 
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EFFECTS OF WATER ON EPOXY-RESIN SYSTEMS 

PART I: INTRODUCTION 

Background 

1. Epoxy resins were first synthesized in the late 1930's. Since 

that time, the uses of epoxy resin have continued to grow. Epoxy resins 

are now being used as adhesives, laminates, coating materials, sealants, 

and castings. 

2. Epoxy resins possess a number of properties which enable them to 

be used in a variety of ways. These are: 

a. Versatility. Different curing agents and modifiers are 
available which can be mixed with the epoxy to vary its 
physical and chemical properties. 

b. Good handling characteristics. Most epoxy systems can be 
mixed at room temperature and will cure without additional 
heat. 

c. High adhesive properties. Epoxy resins have high adhesive 
strengths and will bond with nearly all materials with the 
exception of a few of the newer nonpolar thermoplastics. 

d. Low shrinkage. Shrinkage is on the order of 2 percent 
for most systems. 

e. Inertness. Cured epoxy resins are very inert chemically. 
The cured epoxy system is virtually invulnerable to caustic 
attack and extremely resistant to acids. 

Purpose 

3. Very little information is available about the effects of water 

on epoxy-resin systems. Epoxy-resin systems are frequently or continuously 

exposed to water in most construction work. It is known that epoxies do 

absorb water, and the result of this water al:Ssorption may liave some effect 

on the structural properties of the epoxy system and also on the bond be 

tween the epoxy and the substrate. It has been reported in some cases 

that water absorption was believed to be the cause of bond failure. This 
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investigation was made to determine the effects of water on epoxy-resin 

systems. 

l+. Five epoxy-resin systems were studied to determine the effect of 

water immersion. The properties evaluated included tensile strength, elon 

gation, modulus of elasticity, flexural strength, flexural strain, bond 

strength, and water absorption. Bond strength tests were conducted on 

epoxy-bonded mortar half sections. Other tests were conducted on molded 

epoxy specimens. Bond strength tests were conducted after 0, 3, 6, and 

12 months immersion. Other tests, except water absorption, were conducted 

after 0, 1, 3, 6, 9, and 12 months immersion. Control specimens cured in 

laboratory air were tested at 1 month (except for bond strength) and at 

12 months. Water-absorption specimens were tested periodically during ex 

posure for 30 weeks at 23 C and 19 weeks at 50 C. 

5. To determine the chemical nature of the epoxy curing process and 

the effect of water immersion, infrared spectra were obtained for the com 

ponents of the epoxy systems and for each system after various periods of 

storage, up to 1 year, for both air-cured and immersed specimens. 
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PART II: TEST SPECIMENS AND METHODS 

Epoxy Formulations 

6. It was originally intended to conduct this investigation using 

typical epoxy systems. Typical systems were desired to avoid using any 

particular formulator's product. In examining different formulations, it 

appeared that the principal difference between formulations was the nartic 

ular modifier used in the formulation. For bonding structural components 

during 1966, the available modifiers were polyamides, amidopolyamines, and 

polymercaptans. Typical systems were regarded as a mixture of an epoxy 

resin and a modifier with no other added ingredient except the catalysts 

needed to polymerize the system containing polymercaptans. After this 

study was started, it became obvious that plasticizers, reactive diluents, 

fillers, and other materials added to formulations are all needed for 

proper field performance and have a great effect on the engineering prop 

erties of the cured system. Therefore, the formulations used in this 

study cannot be regarded as typical except for the two systems that involved 

polymercaptan as a modifier. 

7. The epoxy resin used for all the systems is a diglycidyl ether of 

bisphenol A having an epoxide eQuivalent of 200. The general structure of 

this epoxy resin is as follows: 

System A 

8. To evaluate the effect of the different modifiers, it was de 

sirable to have one system (System A) without any modifiers. However, to 

polymerize the resin at room temperature it was necessary to add to Sys 

tem A dimethylaminomethylphenol (DMP-10) and tris(clirnethylamino- 

methyl )phenol (DMP-30) as catalysts. 'These catalysts promote curinr; by 

opening the epoxy group so that crosslinking will take place. The struc 

tures of DMP-10 and DMP-30 are as follows: 
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DMP-10 

OH 

CH3'N-CH OCH -N/CH3 

/ 
2 2 -, 

C~ CH 
3 3 

cj2 
N 

/ " CH3 CH3 

System B 

9. The second formulation (System B) will meet the requirements of 

Federal Specification MMM-B-350a for Binder, Adhesive, Epoxy Resin, Flex 

ible.* This formulation is a mixture of epoxy resin, polymercaptan, DMP-10, 

and DMP-30. The flexibility of the system depends on the amount of poly 

mercaptan added to the system. The general structure of the polymercaptan 

is as follows: 

HS-re H -O-CH -o-c H -s-J -c H -O-CH -o-c H -SH L' 2 4 2 2 4 '.Jn 2 4 2 2 4 

System C 

10. The effect of incorporation of sand in an epoxy-resin formulation 

was determined with System C. System C was made by incorporating three 

parts by weight of graded Ottawa sand with one part by weight of System B. 

System D 

11. The fourth formulation (System D) is a mixture of epoxy resin 

and a polyamide. 

for the system. 

follows: 

The polyamide serves as the flexibilizer and curing agent 

The structural formula, a typical polyamide resin, is as 

0 
II 

(C~ 217CNHCH2CH 2NHR 

/CH"-. ~ 

~H IH(CH2)7CNHCH2CH2NHR 

C~ /CHCH2CH=CH(CH2) 
4CH3 

CH 
I 

(CH2) CH 
5 3 

* U. S. Army Engineer Waterways Experiment Station, CE, "Handbook for Con 
crete and Cement," CRD-C 591, Aug 1949 (with quarterly supplements), 
Vicksburg, Miss. 
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System E 

12. The fifth and last formulation (System E) is a mixture of epoxy 

resin and an amidopolyamine. Th0 amidopolyamine, like the polyamide, is 

the flexibilizer as well as the curing agent. The amidopolyamines have the 

general structure: 

0 
II 

CH3(CH2) CNHCH2CH2NHCH2CH2NH2 
n 

Summary 

13. The formulations used in this investigation for each of the 

epoxy-resin systems are listed below. The components for each epoxy sys 

tem are expressed in parts per hundred by weight of epoxy resin (phr). 

Com12onent2 J2hr 
System Polymerca12tan Polyamide Amido12olyamine DMP-10 DMP-30 

A 7.5 2.5 
B 50 7.5 2.5 
D 30 
E 35 c Three parts by weight Ottawa sand to one part of System B 

Test S12ecimens 

14. All the epoxies were prepared by thorough hand mixing for 3 
minutes in a cup with a wood spatula. After mixing, the resins (except 

System C) were transferred to centrifuge tubes and centrifuged at 2000 rpm 

for 3 minutes to remove all air bubbles. The epoxies for the flexural 

specimens were not centrifuged because the batches were too large. The 

mixed epoxy systems were immediately transferred to the proper molds or 

useci to bond th-e mor t ar spec i.mens . The- ten-s-i-le-, fl-exural-, and wat-e-1---.;_ 

absorption specimens ;1ere allowed to cure in the molds at laboratory condi 

tions (23 C) for 1 day. The specimens were then removed from the molds and 

Placed on a smooth surface at the same conditions. All the specimens we r e 

air-cured for a total of 7 days before the start of the tests. This is the 

jnitial or zero test age. Details of the test and additional curing pro 

cedures are given below. 
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Test Methods 

Tensile strength and elongation 

15. The tensile specimens used for this investigation were tested 

according to American Society for 'resting and Materials (ASTM) Designation: 

D 638-68.* A type I specimen was molded in a silicone rubber mold. All 

tests were conducted with a crosshead speed of 0.05 in./min.** The tensile 

elongation was measured at the yield point or at the breaking point if no 

yield point was obtained. A total of 70 specimens were prepared in two 

rounds of four batches per round for each epoxy system. Five specimens 

were selected at random from the four batches and were tested for tensile 

strength and elongation at each test age. The specimens were tested after 

O, 1, 3, 6, 9, and 12 months immersion in water at 23 C and 12 months cur 

ing in laboratory air. 'l'en additional test specimens were prepared from 

two batches for each epoxy system and tested after 1 months curing in labo 

ratory air. Modulus of elasticity was computed from the tensile strength 

and elongation results for each specimen tested. 

Flexural tests 

16. The flexural tests were made in accordance with ASTM Designa 

tion: D 790-66,t except that the dimensions of the specimens tested were 

1 by 1 by 11 in., the test span was 9 in., crosshead speed was 0.20 in./min, 

and only three specimens were tested per condition. Molds used in prepar 

ing these specimens were made of heavy polyethylene which was sprayed with 

a light coat of silicone mold release. The molds were waxed around the 

outside to prevent leakage of the epoxies. A total of 30 specimens were 

prepared in two rounds of five batches per round for each epoxy system. 

Three specimens (one batch) of each epoxy system were tested for flexural 

strength and deflection at each test age. The specimens were tested at 

* American Society for Testing and Materials, "Standard Method of Test 
for Tensile Properties of Plastics," Designation: D 638-68, 1969 Book 
of ASTM Standards, Part 2T, 1969, Philadelphia, Pa., pp 169-182. 

** A table of factors for converting British units of measurement to 
metric units is presented on page vii. 

"i' ASTM, op. cit., "Standard Method of Test for Flexural Properties of 
Plastics," pp 272-279. 
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O, 3, 6, and 12 months after immersion in water at 23 C and after 12 months 

curing at laboratory conditions. The flexural strength was determined by 

taking the maximum load obtained during the run. The strain was deter 

mined by taking the deflection reading at the yield point or at the moment 

of break when no yield point was obtained. 

Bond strength 

17. The bond strength test was conducted in accordance with a pro 

cedure that has been proposed by the U. S. Army Engineer Waterways Experi 

ment Station to be used as an ASTM method for the determination of the bond 

strength of epoxy-resin systems. Since this procedure has not been pub 

lished, it is included in Appendix A. The procedure has been adapted from 

a procedure used by Kriegh and Endebrock.* 

18. The mortar half sections were prepared in eight mortar mixes 

per round for a total of two rounds. Each mix was sufficient to make 24 

half sections and four control cylinders. Therefore, each mortar mix was 

used to prepare four bonded specimens for three epoxy systems. The mortar 

mixes were assigned at random to test age and to two epoxy groups. One 

epoxy group consisted of Systems A, B, and C; the second of Systems B, D, 

and E. After the mortar half sections had been bonded with epoxy resin, 

they were cured at laboratory conditions for 7 days. The specimens were 

then immersed in water at 23 C. The four control cylinders made from each 

mortar mix were also immersed with the bonded specimens. 

19. The specimens were tested for bond strength after O, 3, 6, and 

12 months immersion. Four bonded specimens for each round were tested at 

each age for each epoxy system except System B for which eight specimens 

were tested at each age. Observations were made after breaking to deter 

mine if the break had occurred in the mortar or at the bond. The bond 

strength was determined by dividing the maximum load by the average cross 

sectional area of the bond. The bonding area of a 3- by 6-in. specimen is 

equal to 14.13 sq in. 

* J · D. Kriegh and E~ G. Endebr-ock , "Th~ U&~ of Epox .. 7 Resins hr Reinforced 
Concrete, Static Load Tests, Part II," Final Report No. 2, Jan 1963, 
Arizona State Highway Department, Engineering Research Laboratories, 
Tucson, Ariz. 
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Water absorption 

20. The specimens for the determination of water absorption were 

made and tested in accordance with "Standard Method of Test for Water Ab 

sorption of Plastics," ASTM Designation: D 570-63,* except that five speci 

mens were used for each resin system and the specimens were conditioned by 

exposure to laboratory air for 7 days. Each epoxy system was tested for 

long-term immersion in water at both 23 and 50 C in accordance with sec 

tion 6(d) of the test method. 

Infrared spectroscopy 

21. Infrared (IR) spectroscopy is an excellent techniQue for study 

ing structure and obtaining chemical information on epoxy resins. The ma 

terials evaluated in this investigation were examined and identified using 

a double-beam infrared spectrophotometer. Infrared spectra were obtained 

in the region 2.5 to 16 µfor each of the individual constituents used in 

mixing the epoxy resins and for four of the mixed epoxy-resin systems (A, 

B, D, and E) after curing in air and also in water for various lengths of 

time. Infrared spectra of the filled system (System C) were of no value, 

and therefore were not obtained, because the Ottawa sand in the mixture 

obscured the characteristic infrared absorptions of the epoxy system. 

Samples of the individual constituents and air-cured mixed systems were 

prepared for infrared study by gently pressing the material between sodium 

chloride (NaCl) crystals and placing this cell in a demountable cell 

holder. The NaCl crystals containing the four mixed systems were allowed 

to cure in a desiccator stored under normal laboratory conditions for 1 

year. At ages of 1 to 4 hours, 1 day, 2 days, 7 days, 1 month, 3 months, 

6 months, 9 months, and 1 year, spectra were obtained on these systems. 

Thin films cast on teflon sheets were used for water-immersion tests. 

Infrared spectra were obtained on the water-immersed films at irregular 

ages, depending upon the amount of change noted as compared with previous 

ages tested. 

* ASTM, op. cit., pp 166-169. 
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PAHT III: TEST HESULTS AND DISCUSSION 

Engineering Properties 

Tensile strength 

22. The tensile strength results are shown in pl~te 1. Except as 

noted below, the strengths at each test age are the average of two rounds, 

five specimens per round. Test specimens that broke at or near the test 

machine grips were not included in the average or in the analysis of the 

test results. Two analyses of variance were made of the results obtained 

for each epoxy system. One analysis compared the results obtained for 

water storage, including the initial test values. The second analysis com 

pared the results obtained for the two storage conditions at test ages of 

1 and 12 months. Except for System D, rounds were found not to be statis 

tically different from each other. 

23. System A. The tensile strengths of System A increased from an 

initial value of 1100 psi up to a maximum of about 3500 psi in 9 months. 

The strengths of the specimens stored in water decreased to 3100 psi during 

the last 3 months (9th to 12th months). This decrease in strength may 

be presumed to be due to absorption of water. Since the specimens stored 

in air had the same strength as those stored j_n water at the test age 

of 1 month and the strength of the air-stored specimens at the test age 

of 12 months is the same as that of the water-stored specimens at the 

test age of 9 months, it may be presumed that the strength development 

of the system is the same for both storage conditions up to a test age 

of 9 months. 

24. System B. The strength development for System Bis not the 

same for the two storage conditions. Aj_r-cured specimens at a test age 

of 1 month show an j_ncrease in tensile strength from 5750 to 7000 psi, 

and at test age of 12 monnhs.; the strength increased to 7250 psi, The 

strength of System B (air cured) is at least twice that of System A at 

any age. Irrunersion of specimens of System B in 'dater caused a strength 

decrease of approximately 2200 psi between test ages of 3 and 12 months. 

25. It should be noted that although the tensile strength of 
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System B after 12 months immersion in water ( 3750 psi) is about. the same 

as the strength of the air-cured specimens made with System A, the System 

B specimens were soft and spongy due to a deleterious reaction with water. 

'I'he water -cured System A specimens at test ages of 9 and 12 months did 

not appear soft and spongy, and the decrease in strength of these specimens 

may be clue to absorption of water as a result of the air entrapped in 

the specimens. 

26. System C. The strength development for System C is also not 

the same for the two storage conditions. The 600-psi decrease in tensile 

strength during the first month of air curing may be a batch effect. All 

the tensile specimens in this program tested after 1 months curing in 

air were made toward the end of the progrrJJn. Some difference in tensile 

strength results may therefore be expected. The decrease between the 

initial strength (2500 psi) and the strength at a test age of 1 month 

for the specimen cured in water (1600 psi) is statistically significant. 

'I'he tensile strength at a test age of 12 months, air cured, is 1900 psi, 

the same strength found for the 1-month test age. The initial strength 

of 2500 psi is materially lower than the initial strength of System B (5750 

psi). This difference is clue to the incorporation of sand into the resin 

system and also clue to the entrapment of air as a result of the increased 

viscosity of the epoxy system. Exposure to water decreased the tensile 

strength of System C 1500 psi in 6 months to a strength of 1000 psi; the 

strength did not change between 6 ancl 12 months. The cause of the reduction 

in s t r-engt.h is the reaction of the epoxy system with water. It is probable 

that the greater amount of entrapped air in System C specimens as compared 

with System B specimens caused the decrease in strength to occur earlier. 

27. System D. The strength development for System Dis not the 

same for the two storage conditions principally because of the low results 

obtained for the specimens stored for 12 months in air. 'I'he data obtained 

for System D were~ verr potrr ; +he error variance was hiP,h and also the 

rounds were significantly different. 'The data do indicate that tensile 

strength of System Dis about the same as the strength obtained for System 

B, between 6000 and 7000 psi. 

28. Also, immersion in water did not reduce the tensile strength of 
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System D; for round 1, the strength appeared to be constant at 6000 psi, 

whereas in round 2, the strength slowly increased to 7250 psi after 12 

months immersion in water. The low tensile strength obtained for 12-month 

air-cured specimens may be due to residual stresses induced into the speci 

mens as a result of the rapid strength increase (from approximately 2400 to 

6350 psi) during the first month of curing. Unfortunately, the 12-month 

air-cured specimens were not examined for any signs of distress. The ef 

fect of the residual stresses would be somewhat ameliorated by storage of 

the specimens in water; however, the residual stresses in the water-cured 

specimens would account for the high variance determined for this system. 

The low tensile strength may also have been caused by poor storage condi 

tions for these highly stressed specimens. The specimens were handled too 

frequently during storage, and temperature and humidity control could be 

improved. 

29. System E. The data obtained for System E were also found to 

be poor; the error variance was high. However, rounds were not found to 

be significantly different, and the strength development for the two 

storage conditions was statistically the same. The tensile strength of 

System E increased to approximately 6000 psi during the first month of 

curing and did not change with additional curing up to 12 months. The 

apparent decrease in tensile strength of the 12-month air-cured specimens 

and the high error variance may be due to the residual stresses in the 

specimens. 

30. Testing error. Analysis of the available data indicated the 

following testing errors for each system. 

Error Standard Coefficient of Degrees of 
system Deviation, psi Variation, % Freedom 

A 285 12.2 44 
B 158 3.0 48 
c 187 13.3 41 
D 924 1 t: 1 35 ...LU• ..L- 

E 908 15.6 39 

'I'he large errors for Systems D and E were noted previously. These systems 

also have the highest coefficients of variation. The smallest errors were 
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found for Systems Band C, which are the two systems most frequently tested 

by this laboratory. The coefficient of variation obtained for System Bis 

the lowest of the five and may be regarded as satisfactory for tensile 

testing. The coefficients of variation for Systems A and Care approxi 

mately the same and are four times greater than the coefficient obtained 

for System B. 

31. The larger coefficients of Systems A and Care due to the cor 

respondingly lower tensile strengths of these two systems. The tensile 

strengths of Systems D and E are of the same order as that obtained for 

System B; therefore, the larger coefficients obtained for Systems D and E 

are due to greater testing errors. More experience is needed in testing 

Systems D and E. The mixing, molding, and testing procedures used for 

these two systems may have to be revised. However, the testing error as 

sociated with these two systems may be inherently larger due to residual 

stresses in specimens cast with these systems. 

Elongation 

32. The elongation of the resins was determined at the same time the 

tensile strength was measured and on the same specimens. The number of 

specimens, test ages, and rounds are the same for both tests. The data 

of both tests were therefore analyzed in the same way. The elongation re 

sults are shown in plate 2. Rounds were not found to be statistically 

different from each other. 

33. System A. The elongations of System A specimens appear to be 

the same for both storage conditions. The initial elongation of approxi 

mately 0.2 percent remains constant up to a test age of 1 month; elongation 

then increases rapidly to a value of 0.76 percent at a test age of 6 months. 
The elongation then increases slowly to a value of approximately 0.8 per 

cent at the test age of 12 months. This increase in elongation for Sys 

tem A is surprising since it was expected that, with additional curing, the 

tensile strength increase would be accompanied by a reduction in elongation. 

34. System B. The elongations of System B specimens were differ 

ent for the two storage conditions. The elongation decreased uniformly 

from an initial value of 4.2 percent to a value of 3.7 percent at the 

test age of 12 months for the specimens stored in air. Storage in 
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water caused a more rapid decrease in elongation to a value of 3.3 percent 

at the test age of 6 months and then an increase to a final value of 3.8 

percent at the test age of 12 months. The initial decrease followed by an 

increase in elongation is due to the absorption of water into the resin 

and also the reaction of the resin with water. This difference in elonga 

tions of System B between the two storage conditions corresponds to the 

difference in tensile strength development for these conditions which was 

noted above. The elongation of System Bis five or more times greater 

than that of System A due to the modifier incorporated into System B. The 

elongations of Systems D and E are also greater than that of System A be 

cause of the modifiers present in the former systems. 

35. System C. The rates of change of elongation for System C were 

found to be different for the two storage conditions. No real change in 

elongation was encountered during air storage, and the elongation of the 

system may be taken as 0.17 percent. Storage in water caused an increase 

in elongation to a maximum of about 0.32 percent at the test age of 6 
months and then a decrease to approximately 0.18 percent at the test age of 

12 months. This change in elongation during water storage is due to the 

absorption of water into the resin and reaction of the resin with water. 

The reduction in elongations from approximately 4 percent for System B to 
approximately 0.2 percent for System C is due entirely to the incorporation 

of sand in System C. 

36. System D. The rates of change of elongation of System D speci 

mens were found to be different for the two storage conditions, as indi 

cated by the low average elongation (o.8 percent) obtained for the specimens 
stored for 12 months in air. Residual stresses and/or poor storage condi 

tions would cause this low value, and it corresponds to the low value for 

tensile strength that was obtained for these same specimens. The initial 

elongation of System D was greater than 12 percent. The elongation de 

creased after 1 months storage in either air or water to about 2.9 percent. 

Continued storage in water decreased the elongation to 1.9 percent at 3- 

month test age, after which no further change in elongation was observed. 

The initial elongation of System D was three times greater than that of 

13 



System B; however, after 3 months curing, the elongation of System D be 

comes one-half that of System B. 

37, System E. The rates of change of elongation of System E were 

found to be the same for both storage conditions. In addition, the elonga 

tions for System E were the same as those for System D water-stored speci 

mens except for the initial values. The initial elongation of System E 

was 4.1 percent, whereas the initial elongation of System D was greater 

than 12 percent. 

38. Testing error. Analysis of the available data indicated the 

following testing errors for each system in the determination of elongation: 

Error Standard Coefficient of Degrees of 
Szstem Deviation2 % Variation2 % Freedom 

A 0.085 16.2 43 
B 0.141 3.8 47 
c 0.088 37,0 41 
D o.441 20.8 39 
E o.428 18.2 35 

Comparison of the above testing errors and coefficients of variation with 

each other indicates the same conclusions as previously obtained for ten 

sile strength except for the coefficient of variatio~ for System C which is 

inordinately high. The testing errors for Systems D and E are essentially 

the same and much greater than those associated with Systems A, B, and c. 
Modulus of elasticitz 

39. The modulus of elasticity values were calculated using the 

tensile strength and elongation test results reported above. The calcu 

lated moduli were analyzed in the same manner as the previous results and 

the average moduli are shown in plate 3. Rounds were not found to be 

statistically different from each other. 

40. Szstem A.~ The nat.e.s. of', change; of the modulus of elasticity of 

System A were found to be different for the two storage conditions. How 

ever, the moduli decrease with time for both storage conditions. The re 

duction in the modulus is less in air storage than in water storage. The 

initial modulus is approximately 6.5 X 105 psi. After 12 months air stor 

age, the modulus decreased to approximately 5.8 X 105 psi, although there 
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was an apparent increase, which may be due to testing error, at 1-month test 

age to 6.8 x 105 psi. Specimens tested after 1 months water storage indi 

cate an increase in modulus with respect to the initial value to a value of 

7.2 X 105 psi. Thereafter, the moduli for specimens stored in water de 

creased rapidly to a test age of 9 months (approximately 4.4 X 105 psi) and 

then slowly to the final test age of 12 months to a value of approximately 

4. 2 X 105 psi. 

41. System B. The rates of change of the modulus of elasticity of 

System B were different for the two storage conditions. The initial value 

was 2.5 X 105 psi, and the modulus increased with air storage to a value of 

3.2 X 105 psi after 12 months. No real change in modulus was observed dur 

ing the first 6 months of water storage. Additional water storage decreased 

the modulus to a value of 1.9 X 105 psi at a test age of 12 months. All 

these moduli are approximately one-half the values determined for System A. 

42. System C. The rates of change of the modulus of System Care 

very similar to those found for System B, but the magnitudes are different. 

The initial modulus for System C was 1.5 X 106 psi, six times greater than 

the initial modulus determined for System B. The modulus after 12 months 

of air storage was determined to be 3.08 X 106 psi. No real change in 

modulus was observed during the first 6 months of water storage. Addi 

tional water storage decreased the modulus to a value of approximately 

1.0 X 106 psi at a test age of 12 months. 

43. System D. The rate of change of the modulus of System Dis 

completely different from that determined for the three previous systems. 

Also, storage conditions had no effect on the moduli of System D. The 

initial modulus of System D was determined to be 3 X 104 psi, one-tenth 

the modulus of System B. However, 1 month curing increased the modulus 

of System D approximately 10 times to 3.3 X 105 psi. At a test age of 3 

months, the modulus was found to be approximately 3.9 x 105 psi. No fur- 

ther change in modulus was observed through the test age of 9 months. At 

a test age of 12 months, the modulus was, de.t.ernrlned. t.o, he~ approximately 

5.7 X 105 psi. No explanation has been found for this increase in modulus 

between 9 and 12 months. 

44. System E. The change of the modulus for System Eis the same 
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as that determined for System D. Differences between Systems E and D were 

observed only at 0-, 1-, and 12-month test ages. The initial modulus of 
5 4 . System Eis 2 X 10 psi in contrast to the value of 3 X 10 psi for Sys- 

tem D. At a test age of 1 month, the modulus of System Eis 3.8 X 105 psi, 

slightly higher than the modulus determined for System D. At a test age 

of 12 months, the modulus of System Eis 4.5 X 105 psi, a lower value than 

the modulus determined for System D. 

45. Testing error. Analysis of the available data indicated the 

following errors for each system in the calculation of the modulus of 

elasticity: 

Error Standard 
Deviation Coefficient of Degrees of 

Slstem 106 :12si Variation2 % Freedom 

A 0.065 11. 7 43 
B 0.014 5.6 48 
c 0.588 42.5 41 
D 0.056 16.1 35 
E 0.037 10.2 39 

The errors and coefficients associated with System C appear to be exces 

sively large, duplicating the results obtained for elongation. In addi 

tion, the error and coefficient obtained for System Eis lower than values 

obtained above. However, the magnitude of the errors associated with Sys 

tems D and Eis large compared with the error of System B. 

Flexural strength 

46. The flexural strengths are shown in plate 4. Except as noted 

below, the strengths at each test age are the averages of two rounds of 

three specimens per round. The test results were statistically analyzed 

to determine the effects of rounds, test ages, and batches (batches are 

confounded with the test age-round interaction). 

47. Slstem A. Analysis of the strength results of System A indi 

cane d that nounds. had, a, signiJ'icant~ ef'f'ec.t. on, t.he., strengths.~ Detailed ex 

amination of the data revealed that the significant round effect was due 

solely to the difference in strengths at zero test age. At zero test age, 

the flexural strength for round 1 was 600 psi whereas the strength for 

round 2 was 1250 psi. The average of both rounds is shown in plate 4 for 
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all the other test ages for System A. No difference in strength develop 

ment is evident for the two storage conditions and the flexural strength 

increases to a maximum value in 12 mo~ths of approximately 2900 psi. 

48. System B. The flexural strength development for the two storage 

conditions is the same up to the test age of 6 months, increasing from a 

strength of 6650 psi at zero test age to a strength of 12,550 psi at test 

age of 6 months. The flexural strength of System B decreases with addi 

tional water storage to a value of 11,550 psi at test age of 12 months, 

whereas additional air storage to a test age of 12 months increases the 

flexural strength to 13,780 psi. The flexural strengths obtained with 

System Bare much larger than the strengths obtained with the other sys 

tems. The flexural stren~th for System Bis 4 times the strength of Sys 

tem A, and approximately 2 to 2-1/2 times the strengths of Systems C, D, 

and E. 

49. System C. Analysis of the flexural strength results of System 

C indicated that both batch and round had a significant effect on the 

strengths. Detailed examination of the data revealed that the significant 

effects were due to the variability of the test results obtained for round 

l; therefore, only the strengths obtained for round 2 are shown in plate 4 

for System C. The flexural strength development of System C is different 

for the two storage conditions. The strength in water increases from a 

value of 2900 psi at test age of zero months to a value of 4430 psi at 12 

months, whereas the strength in air increased to a value of 4830 psi at 12 

months. As was found for System B, the effect of water storage on System 

C is to decrease the flexural strength at test age of 12 months. 

50. System D. Deflections of System D specimens were so large that 

no yield or rupture flexural stress was obtainable at the zero test age. 

From the test records, it is estimated that zero test age flexural strength 

would be between 3000 and 4000 psi. The flexural strength development is 

different for the two storage conditions, and, just as in the tensile 

tests, greater strengtha were obtained in water storage. At the 12-month 

test age, the flexural strength in water storage was 7210 psi, whereas the 

strength attained in air storage was only 4390 psi. 

51. System E. Analysis of the strength results of System E 
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indicated that neither test age, rounds, nor batches had any significant 

effect on strength. The strength development for System Eis therefore 

shown in plate 4 as a horizontal line at 6570 psi, the grand average of 

all the data. The same uniform results were obtained in the tensile tests 

of System E, except for the initial tensile test. Since the flexure speci 

mens involved a greater mass of epoxy, the cure rate may be expected to be 

greater, with the result that a higher initial flexure strength will be 

obtained. 

52. Testing error. The following testing errors were found to be 

associated with each system in the determination of the flexure strength: 

Error Standard Coefficient of Degrees of 
System Deviation, psi Variation, % Freedom 

A 344 17. 3 18 
B 1119 10.4 19 
c 104 2.6 10 
D 1064 18.0 16 
E 1366 21.0 18 

The flexure testing errors for Systems B, D, and E are essentially the 

same, whereas the testing error for System C is one-tenth as small. It 

should be noted that only 10 degrees of freedom are associated with Sys 

tem C testing error, and additional work may indicate a larger error. Ap 

proximately the same coefficient of variation was obtained for Systems A, 

D, and E, on the order of 19 percent, and the coefficient of variation of 
System Bis 10.4 percent. As was found in tensile testing, the testing 

variations for Systems D and E are much too high. In addition, the con 

trols on flexure testing of System B could also be improved. 

Flexural strain 

53. The deflections of the flexure specimens were observed for 

calculation of flexural strains. The flexural strains are shown in plate 5. 
The strains at each test age are the average of two rounds~of~three speci 

mens per round, except as noted below. The data were also statistically 

analyzed as described above for the flexural strength tests. 

54. System A. As was noted above for the flexural strength tests 

of System A, rounds were found to have an effect on the flexural strain 
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results, and the significant round effect was due solely to the difference 

in strains at zero test age. The flexural strain at zero test age for 

round 1 was found to be 0.14 percent and the strain for round 2 was 0.23 

percent. The average of both rounds is shown in plate 5 for all the other 

test ages for System A. 

55. The strains for System A are different for different storage 

conditions. A greater flexural strain is obtained at 12-month test age 

for water storage than for air storage. The strain after 12 months water 

storage was found to be o.68 percent, and after 12 months air storage, 

the strain was 0.52 percent. 

56. System B. The strains for System Bare different for the two 

storage conditions at test ages greater than 3 months. The initial strain 

is approximately 3.0 percent, and after 3-month storage, the strain has 

increased to 3.3 percent. A~er water storage for 6 months, a rapid rise 

in strain is evident to a value of 5.4 percent. This rapid rise may be due 

to water absorption. The strain after 12 months water storage was found 

to be 6.2 percent, whereas after 12 months air storage, the strain was only 

5.0 percent. 

57. System C. The strains for System Care also different for the 

two storage conditions. The initial strain was found to be 0.34 percent. 

The strain increased uniformly in water storage to a value of 0.51 percent 

at the 12-month test age. The increase of strain in air storage was much 

less, and a value of o.40 percent was obtained at the 12-month test age. 

58. System D. The strains for System Dare different for the two 

storage conditions at test ages above 6 months. The graph for System D 

is also. different from those for Systems A, B, and C. The initial 

strain was found to be above 12 percent and drops very rapidly to a value 

of 1.8 percent at 3-month test age. A further decrease in strain to ap 

proximately 1.4 percent was observed at the 6-month test age. The strain 

after 12 months water storage was approximately 1.9 percent; however, the 

strain after 12 rr~nths air storage was approximately 1.2 percent. 

59. System E. The strains obtained with System E were approximately 

the same as those obtained with System D except for the initial strain 

values. The initial strain obtained for System E was 6.1 percent, whereas 
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the initial strain obtained for System D was greater than 12 percent. 

60. Testing error. The following testing errors were found to be 

associated with each system in the determination of flexural strain: 

Error Standard Coefficient of Degrees of 
System Deviation, % Variation, % Freedom 

A 0.078 20 18 
B 0.723 16 19 
c 0.027 6 20 
D 0.252 17 16 
E 0.374 14 18 

The testing errors are all different, and, as noted for flexure strengths, 

the lowest testing error was found to be associated with System C. How 

ever, the highest testing error was found for System B. The coefficients 

of variation are essentially the same for all the systems except System c. 
Considerable improvement is needed in testing precision in determination 

of flexural strain. 

Bond strength 

61. The bond strengths for the five systems are shown in plate 6. 

Except as noted below, the strengths at each test age for Systems A, c, D, 

and E are the averages of two rounds of four specimens per round. The 

test results for these four systems were analyzed using the procedures 

used for the flexural test results. The strengths given for System B for 

each round are the averages of two batches of four specimens per batch. 

The test results for System Band also for mortar control specimens were 

statistically analyzed to determine the effects of rounds, test ages, in 

teraction, and batches. 

62. Control specimens. The upper limit to bond strength is the 

strength of the mortar being bonded. It is therefore important to know 

any differences in mortar strength due to rounds, test age, and batches. 

The mortar strengths were calculated in terms of the bonded area. No dif 

ference in mortar strength was found due to rounds or test age. The only 

difference found was for batch 1 in round 1 as compared to the rest of the 

data. The strength of batch 1 in round 1 was found to be 2890 psi, whereas 

the average for all the specimens was 3640 psi. The standard deviation 
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was found to be 260 psi with 45 degrees of freedom. The coefficient of var 

iation for this work is 7 .1 percent, wh i.ch is somewhat higher than desired. 

63. System A. The same bond strengths were obtained for System A 

specimens for both rounds, except at zero test age. The initial bond 

strength for round 1 was found to be 2925 psi, whereas the initial bond 

strength for round 2 was 2525 psi. The 9- and 12-month test specimens 

broke in the mortar; therefore, no real measurement of bond strength was 

obtained at these ages. The bond strength at test age of 3 months for both 

rounds was 3410 psi. Storage in water apparently did not affect the bond 

strength of System A. 

64. System B. The bond strengths obtained with System B were found 

to be different for the two rounds, and lower strengths were obtained for 

round 2 as compared with round 1. In addition, batch 1 specimens for 

round 1 at zero test age broke in the mortar rather than in the bond. It 

was noted above that this particular batch of mortar was weaker than the 

other batches; therefore, these test results are not shown in plate 6. 
All the other System B specimens broke in the bond. 

65. The initial bond strength for round 1 was found to be 3420 psi. 

Storage in water for 3 months reduced the strength to 2835 psi and no 

further significant change was found in bond strength up to a test age of 

12 months. The initial bond strength for round 2 was 3120 psi. Storage in 

water for 3 months reduced the strength to 2710 psi and at 9 months the 

strength was reduced to 2150 psi with no further significant change at 12 

months. Water storage materially decreased the bond strengths of System B, 

and the difference between rounds may be due to the difference in the 

amount of air incorporated into the system. 

66. System C. The bond strengths obtained for System C were also 

found to be different for the two rounds. The round 1 specimens at zero 

test age broke in the mortar rather than in the bond, and this particular 

batch of mortar was weaker than the other batches; therefore, the bond 

strength obtained for round 2 at zero test age (3130 psi) is shown as the 

strength for round 1. 

67. Storage in water for 3 months reduced the strength of round 1 

specimens to 2390 psi and no further significant change in strength was 
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found up to the test age of 12 months. Storage in water for 3 months re 

duced the strength of round 2 specimens to 2710 psi; after 9 months water 

storage, the strength was reduced to 2510 psi; and finally at test age of 

12 months, the bond strength was found to be 2200 psi. Just as was found 

for System B, System C bond strength materially decreased with water stor 

age and the difference between the two rounds may be due to the difference 

in the amount of air incorporated into the system. 

68. System D. All the System D specimens at 3-, 9-,, and 12-month 

test ages broke in the mortar. The bond strength at zero test age was not 

the same for the two rounds. The initial bond strength for round 1 was 

3365 psi, and the bond strength for round 2 was 2790 psi. Storage in 

water did not decrease the bond strength of System D. 

69. System E. The bond strengths obtained for System E were dif 

ferent for the two rounds, except for the initial test results. The ini 

tial bond strengths for both rounds were found to be 1460 psi. It should 

be noted that the initial bond strengths for the other four systems were on 

the order of 3000 psi, approximately twice the bond strength of System E. 

70. System E bond strength for round 1 increased with time. The 

3-month test specimens for round 1 broke in the mortar, and therefore that 

strength is not shown in plate 6, whereas the 9- and 12-month test speci 

mens broke in the bond and the same strength (2100 psi) was found for both 

test ages. The bond strength for round 2 decreased with water storage and 

the same strength (approximately 1090 psi) was found for all three test 

ages. No explanation was found for this clear difference between rounds 

or for the low initial bond strength for System E other than the possibil 

ity of residual stresses in the system. Since the reaction of System E 

to water storage is expected to be the same as that of System D ,. it is 

probable that round 1 test results are more reliable. 

71. Testing error. The following testing errors were found associ 

ated with each system: 

Error Standard Coefficient of Degrees of 
System Deviation, ~si Variation 1 % Freedom 

A 200 6.1 23 
B 228 8.4 47 c 95 3.7 23 
D 169 4.9 23 
E 132 7.8 22 
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The above error standard deviations are all less than the value determined 

for the control specimens, whereas the above coefficients of variation are 

the same or less than the value determined for the control specimens. The 

lowest error and coefficient of variation were found for System C, probably 

due to the greater ease in handling a highly filled system in this test. 

Water absorption 

72. The water absorption tests were terminated after 32 weeks storage 

at 23 C and 19 weeks at 50 C. A saturated condition was not achieved for 

all the systems; however, enough information was obtained to compare the 

water absorptions of the different systems. An analysis of variance was 

not conducted on these test results, but the test variance was determined. 

The test results are shown in plate 7. The results shown are the average 

of the test results obtained on five specimens. 

73. System A. The System A specimens were not found to be warped, 

cracked, or noticeably changed in appearance at the termination of the 

test. Saturation was attained after 8 weeks of immersion at 50 C. Water 

absorption at saturation was 5.14 percent. An apparent absorption decrease 

was noted after the specimens were saturated, and at test age of 19 weeks 

the decrease was 0.08 percent. The apparent decrease in absorption was 

probably due to the leaching of the catalysts from the specimens. Satura 

tion was not achieved at 23 C. The rate of water absorption a~er 3 weeks 

of immersion at 23 C was found to slowly decrease with time. However, the 

rate at 32 weeks (0.1 percent per week) may be regarded as high. It is 

highly probable that saturation would not be achieved at 23 C within a 

year and that the water absorption at saturation would be greater than 

5 percent. 

74. System B. The System B specimens were found to be warped, dis 

colored, and noticeably softened at the termination of the test. Satura 

tion was attained after 4 weeks of immersion at 50 C. Water absorption at 

saturation was 2.28 percent, less than half the value determined for Sys 

tem A specimens. At saturation, the System B specimens were markedly soft 

ened and somewhat spongy in appearance. Continued immersion at 50 C after 

saturation produced a marked weight decrease. The apparent decrease in ab 

sorption at test age of 19 weeks was 0.26 percent. This weight decrease 
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is due to leaching of the catalysts from the specimens and may also indi 

cate leaching of the modifier in System B. 

75. At 23 C, the rate of water absorption after 1 week of immersion 

slowly decreased with time up to a test age of 21 weeks (1.96 percent water 
absorption). The rate increased rapidly after 23 weeks, and saturation was 

attained at 28 weeks. Water absorption at saturation was 2.49 percent, 

o.21 percent more than was absorbed at 50 C. The absorption decreased at 

32 weeks to 2.32 percent. The rate increase at 23 weeks may indicate the 

start of a reaction of System B with water. This rate increase also cor 

responds with changes noted at about the same test age in tensile strength 

and elongation for System B. 

76. It should be noted, however, that the rate absorption curves 

shown for System Bin plate 7 do not agree with curves published by Lee 

and Neville* for a similar system. The published curves indicate that: 

a. At 22 C, saturation is achieved in 200 days (approximately 
29 weeks) with absorption equal to approximately 4 percent 
and no further change in absorption up to 365 days and also 
no rate increase between 100 and 200 days. 

b. At 66 C, apparent saturation is achieved in approximately 
a week with absorption equal to approximately 3 percent, 
and the rate of water absorption increased at 100 days 
(approximately 14 weeks) with no further change in rate 
up to 365 days. · 

Available information is not sufficient to explain the differences between 

the water absorption curves. 

77. System C. The test results obtained with System C were very 

similar to those obtained with System B. The specimens were warped, dis 

colored, and softened during the test. At 50 C, saturation was attained 

at 2 weeks with an absorption equal to 0.52 percent. There was no further 

pronounced change in absorption at 50 C after saturation was achieved. 

This absorption is approximately one-fifth the absorption of System B; 

however, the epoxy content of System C is one-fourth that of System B. 

78. At 23 C, a reaction is indicated by the change in slope of the 

* Henry Lee and Kris Neville, Handbook of Epoxy Resins, McGraw-Hill, New 
York, 1967. 
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rate of water absorption between 1 and 3 weeks. An apparent saturation 

point was attained at 7 weeks with an absorption of 1.55 percent. After 

saturation, the rate of water absorption decreased up to a test age of 23 

weeks. The test results between test ages of 7 and 23 weeks fluctuate er 

ratically in contrast with the results obtained for the other systems. No 

explanation is apparent for these erratic data. The rate of water absorp 

tion increased after 23 weeks, as was found for System B, to a saturation 

point at 25 weeks with absorption e~ual to 1.64 percent. 

79. System D. Saturation was not attained for System D at either 

23 or 50 C. System D specimens did not undergo any changes in physical 

appearance during the course of the test. The water absorption curves 

shown in plate 7 for System Dare very similar to curves published for a 

similar system by Lee and Neville* with respect to rate and amount of water 

absorbed. 
80. System E. System E test results are very similar to those at- 

tained with System D. The only difference is in the amount of water ab 

sorbed. After 32 weeks at 23 C, the water absorption of System E was 2.04 

percent, whereas the absorption of System D was found to be 1.99 percent. 

After 19 weeks at 50 c, the water absorption of System E was 2.78 percent; 

the absorption of System D was 2.57 percent. 

81. Testing error. The following testing errors were determined 

in conducting the water absorption test. Each standard deviation is based 

on five replicates: 

Temperature Error Standard Coefficient of Degrees of 

System oc Deviation, % Variation, % Freedom 

A 23 0.136 6.1 75 
50 0.063 1. 8 45 

B 23 0.045 2.8 80 
50 0.049 2.7 45 

c 23 0.128 8.8 80 
50 0.049 10.5 45 

D 23 0.067 5.6 75 
50 0.035 2.2 45 

E 23 0.061 5.1 75 
50 0.036 2.0 45 

* Op. cit. 
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With the exception of System B, the testing error for work conducted at 

23 C is approximately two times greater than the error found for the work 

conducted at 50 C. The testing errors for Systems A and Cat 23 C appear 

to be greater than the errors found for the other systems at that tempera 

ture. In general, the testing error for the water absorption test at 50 C 

is on the order of 0.04 percent, whereas the error at 23 C may be taken as 

0.07 percent. 

Infrared Spectroscopy 

Epo~ system components 

S2. The epoxy-resin component used in mixing each of the four sys 

tems of this investigation yielded the typical spectrum of a diglycidyl 

ether of bisphenol A (plate Sa). Spectra of the two catalysts or harden 

ing agents used with Systems A, B, and Care shown in plate Sb and c. 

S3. The spectrum of the polymercaptan (plate 9a) is typical for 

polysulfide modifiers, and is quite different from the polyamide and 

amidopolyamine modifiers. The spectrum of the amidopolyamine modifier 

(plate 9b) is typical of the fatty amidopolyamine resins. The spectrum of 

the polyamide modifier is shown in plate 9c. Both the polyamide and 

amidopolyamine modifiers serve as the modifier and curing agent for their 

respective systems. The only s~gnificant differences noted between the 

spectra of the amidopolyamine system and the polyamide system are the 

presence of a medium band at 9.9 µand a doublet at 6.05 and 6.2 µin the 

polyarnide modifier. The spectrum of the amidopolyamine resin has only a 

very weak absorption at 9.9 µand a single band about 6.1 µ, These addi 

tional bands in the polyamide resin are attributed to additional C-0 link 

age in the polyamide resin. Actually, the curing of both systems is at 

tributed to free amine groups present in the condensed resins.* 

Air-cured specimens 

S4. Spectra of the four freshly mixed systems (A, B, D, and E) im 

mediately after mixing and after 1 days, 1 months, and 1 years cure at 

* Lee and Neville, op. cit. 
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laboratory conditions are given in plates 10-13. The spectra are generally 

composites of the individual constituents mixed in the ratio given in para 

graph 13. Any differences observed, of course, are due to the modifiers or 

catalysts since the same epoxy resin was used in all mixes. The following 

tabulation shows the major differences of the IR spectra as observed from 

the freshly mixed systems: 

Approximate Wavelength for AbsorEtion Bands2 u 
Wavelength System System System System 

\l A B D E 

3 2.88 w 2.88 M 3.02 M 3.02 s 
6 6.08 M 6.05 s 
9 8.8, 9.1 MW 9.0 s 8.85, 9.05 MW 8.85, 9.05 MW 

10 10. 3 M 10.3 M 10.3 M 
13 MS MS 13. 0' 13.2 MB 13.0, 13.2 MB 

Note: M =medium, S =strong, W =weak, and B =broad. 

85. The spectra of Systems A and Bare quite similar, the major 

difference being the presence of the medium band at 10.3 \l in System A 

which is absent in System B. There is no appreciable difference between 

the spectra of Systems D and E, and these two systems differ from Systems 

A and B chiefly by the position of the hydroxyl band around 3 \land the 

presence of the amide bands around 6.05 \l in Systems D and E. 

86. Certain changes in the infrared spectra were noted as the vari 

ous epoxy systems were allowed to cure in normal laboratory conditions. 

These changes were detectable around 3, 9, 10.9, and 13.25 \land are due 

to structural changes in the polymers involving hydroxyl groups, ether 

linkages, epoxide groups, and aromatic substitutions, respectively. The 

absorbances at each of these wavelengths were calculated at each age speci 

fied in paragraph 21. Changes in these absorbances are described in the 

following paragraphs. 

87. Hydroxyl grouEs· The hydroxyl absorbance (3 µ)for System A 

was small initially, then the hydroxyl band disappeared until age 1 month, 

and then remained fairly weak with minor fluctuations from 1 month through 

1 year. The hydroxyl band of System B increased gradually from initial 

mixing, showed some fluctuation in the early curing stages, but remained 
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fairly stable after 6 months. The hydroxyl band for System B was of much 

less intensity than the bands found for Systems D and E, and the band for 

System E exhibited the greatest irregular decreases and increases in hy 

droxyl absorbances of any of the systems. System D followed a pattern of 

hydroxyl changes similar to System E, but the changes were less intense. 

All systems showed little hydroxyl change after 6 months. 

88. Changes in the hydroxyl absorption around 3 µare influenced by 

the type of curing agent used. Epoxy resins cured with tertiary amines 

normally show a decrease in hydroxyl concentration initially when the 

amines are participating in the reaction; and after the hydroxyls have been 

almost entirely consumed, the hydroxyl concentration increases. When the 

epoxy is reacting with a primary amine, hydroxyl concentration increases 

throughout the reaction because hydroxyls are formed directly. The calcu 

lated absorbances of the hydroxyl bands of the epoxy systems in this in 

vestigation show fluctuations at different rates in the early ages, indi 

cating different rates of reaction of the amines and epoxy constituents. 

89. The modifier of System B influences considerably the cure rate 

and reactions taking place initially as noted by the gradual hydroxyl ab 

sorbance increase not evident in System A. The fluctuations noted in the 

hydroxyl bands of Systems D and E are attributed to structural and chemical 

changes occurring as the epoxy amides and amines react to form cross 

linking bands. 

90. Ether linkages. Absorbance around 9 µ (due to ether linkage in 

the epoxy resins) normally increases with curing of epoxy resins. These 9- 

µ areas were measured for the four epoxy systems; however, the transmissions 

of the bands for Systems A and Bat 9.0 µwere so great that reliable data 

were unobtainable on the changes noted, The calculated absorbances of 

Systems A and B fluctuated excessively throughout the year of curing. The 

9-µ bands of Systems D and E followed a similar pattern with some fluctua- 
tions at the various ages. Generally, all four systems showed a slight 
increase of the ether band throughout the year. 

91. EEoxide grouEs• All absorbance measurements at 10.9 µ, which 
indicate the presence of epoxide rings of the four epoxy systems, evinced 

a rapid decrease from the initial mixing to about 48 hours. After 48 hours, 
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the rate of decrease of the epoxide group slowed down considerably, but 

the epoxide band continued to decrease for 3 or 4 months curing. After 3 

or 4 months, there was a leveling off of both rate of change and fluctua 

tions involving increases and decreases of the epoxide band. The decreas 

ing of the epoxide band indicates the disappearance of the reactive groups 

or conversion of the epoxy components to a highly cross-linked material. 

The fluctuations of the epoxide band at various later ages may be due to 

actual chemical and physical changes occurring within the epoxy resin, in 

strumental changes of the infrared spectrophotometer, and changing labora- 

tory conditions. 
92. The degree of cure for three of the epoxy systems was measured 

at various ages by calculation of the epoxy conversion according to the 

following eQuation: 

= 
100 

(1 _ absorbance at 10.9 µ of cured epoxy ) 
Epoxy conversion,% absorbance at 10.9 µof uncured resin 

These calculations were based on values obtained from the same materials 

placed on the NaCl windows as described in paragraph 21. The epoxy con 

version for System E could not be calculated since one of the crystals was 

removed after the first IR spectrum was obtained and this changed the path 

length of the remaining spectra from the initial value. It is expected 

that the epoxy conversion rate for System E would be a little greater than 

that found for System D. The results for the other three systems were as 

follows: 

Epo2SY: Conversion2 % Epo2SY: Conversion2 % 

System System System System System System 

Age A B D Age A B D 

1 hour 14.4 16.6 1 month 65.2 95.8 66.4 
3 hours 31. 5 3 months 60.3 100.0 76.5 
4 hours 20.2 17.7 4 months 67.3 96.3 71.0 
1 day 49.9 118. 6 52.5 6 months 69. 7 94.6 70.1 
2 days 53.0 78.1 52.7 9 months 711. 7 98.3 75.6 
7 days 56.8 88.o 64.6 1 year 74.o 98.8 71. 3 

14 days 58.9 94.3 63.3 

93. The percent epoxy conversions for the three systems were more 
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rapid initially, as was expected, with about 50 percent conversion at 1 

day. System B showed a faster rate of cure after 1 day than the other two 

systems, and epoxy conversion was essentially complete at about 3 months. 

At 1 year, the epoxy conversions for Systems A and D were 74 and 71 per 

cent, respectively. Again, the epoxy conversion values show a fluctuation 

which is probably not real after 1 day curing and which may be due to in 

strumental variations or to the position of the crystal in the instrument. 

94. Aromatic substitutions. The absorption band around 13.2 µ 

changed throughout the year of curing under laboratory conditions. This 

band is associated with changes occurring due to substitutions on the 

aromatic ring. System E showed the greatest changes at 13.2 µ,Systems B 

and D showed similar patterns but less fluctuation, and System A reacted 

in the opposite direction to the other systems. Very little change was 

apparent in the 13.2-µ band after 4 months for all the systems. 

Water-immersion specimens 

95. Additional films cast of the epoxy resins were cured for 7 days 

in laboratory air and then immersed in distilled water. At 2 weeks and at 

later ages, IR spectra were obtained on these films and changes were noted. 

If thinner films could have been cast for these epoxy systems, the changes 

noted below could have been measured more accurately and may have had more 

meaning with respect to rate of cure or chemical and physical changes oc 

curring within the system itself. However, the spectra that were obtained 

were not very good and did not yield any quantitative data. These spectra 

are, therefore, not included in this report. 

96. H~dro?S;Ll groups. The film of System A was apparently too thick, 

and spectra that were obtained showed excessive absorption in the hydroxyl 

and epoxide areas; any changes of interest could not be reliably detected. 

The hydroxyl absorbance noted around 3 µincreased greatly during the first 

2 weeks of the water immersion for the other three epoxy systems (B, D, 

and E). The hydroxyl band of System B continued to increase until 9-month 

age, whereas the hydroxyl bands of Systems D and E showed a decrease between 

2 weeks and 1 month of water immersion. The hydroxyl band of System E 

after 1 month fluctuated, but not excessively, throughout the year of immer 

sion in water, while the hydroxyl band of System D showed a very large 
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increase after 1 month and a progressive increase throughout the year, with 

a decrease noted at 6 months. Actually, the hydroxyl bands of Systems B 

and E could be read with more accuracy than the hydroxyl band of System D 

because of the intense absorption of the System D band. The accuracy of 

measurement decreases considerably when the absorption falls below 20 per 

cent transmission, and most of the System D hydroxyl bands fell below this 

amount. 

97. Enoxide groups. The epoxide bands at 10.9 µin the water 

immersed films of epoxy Systems B, D, and E were practically gone after 2 

weeks and had completely disappeared after 1 months immersion. 

98. Aromatic substitution. Changes involving the 13.2-µ absorption 

band were more evident for the four systems. The 13.2-µ bands of Systems D 

and E followed the same general pattern of change, increasing during the 

first 2 weeks of immersion, decreasing at 1 month, and then showing a gen 

eral fluctuating increase throughout the remainder of the year. However, 

the changes of 13.2 µof System D were larger than those of System E. Sys 

tems A and B evinced a decrease in absorption during the first 2 weeks, 

and an increase was noted after 30 days which fluctuated throughout the 

remainder of the year. 

£.omparison 

99. It was hoped that quantative comparisons between air and water 

curing could be made for each of the four systems and between systems. 

However, because of the methods of preparing the samples and instrumental 

inaccuracies, such comparisons were not possible. In addition, the diffi 

culties encountered in preparing the samples for water immersion were so 

great that little meaningful data were obtained. It should also be noted 

that observations for the thin films cast on NaCl crystals and the films 

immersed in water will not necessarily correlate with the same epoxy sys 

tems made in larger batches. 

31 



PART IV: CONCLUSIONS 

100. Only two of the five systems tested showed deleterious effects 

on all the physical tests resulting from storage in water. These two sys 

tems are Band C (System B meets the requirements of Federal Specification 

MMM-B-350a). System C is the same as System B except that it includes sand 

as a filler. The following approximate percent changes in physical prop 

erties were observed as a result of curing Systems Band C in water for 

12 months. 

Change on Curing in Water 
for 12 Months % 

Test System B System C 

Tensile strength 
Tensile elongation 
Tensile modulus 
Flexural strength 
Flexural strain 
Bond strength 

-48 -48 
-15* +88* 
-41 -67 
-16 -8 
+25 +25 
-25 -25 

* Six months curing. 

In addition, both systems were found to warp, discolor, and soften appre 

ciably after 32 weeks immersion in water at 23 C or 19 weeks at 50 C in 

the water absorption test. 

101. The effect of the addition of sand to a system and also the 

effect of polymercaptan as a modifier may be obtained by contrasting the 

physical test results obtained with Systems A, B, and C. The following 

test results and approximate percent changes in physical properties were 

observed as a result of air-curing Systems A, B, and C for 12 months. 

T;·n.sL:.1; s t r-engt.b 
Tensile 

FLexur-a.l :~tr·~ngtl: 
vtcxur-u.l st i-a ln 
uon.I <;trenrr;tbll 
H,1t,~r aboot-pt.Lon , ** 
"v.'rLLer s.'.J:_;u~T;,tion, '!<-)I- 

-J!. Iru t.La l valuc s . 
** At cnt.ur-a.tlon or t.c r-ntnnt.t on of' t.e c t . 
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102. The above tabulation indicates that addition of uolymercautan 

in the proper proportions to epoxy resin will materially increase the ten 

sile and flexural strengths and the elongation of the system and also ma 

terially decrease the modulus and water absorntion of the system. Similar 

results are obtained by comparing System I\ with either System Dor E. 

However, the addition of sand in the nrouer pronortions will materially re 

duce all the physical properties of the system except bond strength and 

will materially increase the modulus of the s:vstem. 

103. According to available information, f,ystem B is the best, if 

not the only, formulation available for bonding freshly mixed concrete to 

hardened concrete. 'l'he results of this investir:ation indicate that System 

B must not be used whenever the cured system will be subjected to continu 

ous irimersion in water, or even for periods of irimersion greater than 1 

month. Whenever System Bis used, every effort must be made to urotect the 

cured system from undue exnosure to water. 

10Le. Test results indicate that continuous immersion in water does 
not have a deleterious effect on the engineering properties of Systems D 

and E, which contained polymide and amidopolymine modifiers, respectively. 

Eowever, it is expected that neither system will ever be used as formu:'..ated 

for these investir-i;ations. The test results indicate that the systems must 

contain additional materials to ameliorate residual stresses, optimize the 

rate of cure, etc. 

105. The statistical studies conducted in this investigation have 

also indicated the testing errors encountered in each test. These errors, 

particularly the errors determined for Systems Band C (an unfilled and 

filled system), can be used as a guide for future work in testing the engi 

neering properties of epoxy formulations. The ex:oected testing errors are 

shown in the followinc: tabulation. 

Test 

Tensile strength 
Tensile elongation 
'rensile modulus 
Flexural strength 
Flexural strain 
Bond strength 
Water absorption, 23 C 
Water absorption, 50 C 

Testin Errors 
Standard Deviation Coefficient of Variation 

Unfilled System Filled System Unfilled System Filled System 

158 psi 187 psi 3.0% 13.3% 
0.141% 0.088% 

106 
3.8% 37.0% 

0.014 x 106 psi 0. 588 x psi 5.6% 42.5% 
1119 psi 104 psi 10.4% 2.6% 
0.723% 0.027% 16.0% 6.0% 
228 psi 95 psi 8.4% 3.7% 
0.045% 0.128% 2.8% 8.8% 
0.049% 0.049% 2.7% 10.5% 
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106. The use of infrared spectroscopy was useful in identification 

of the epoxy components and in studying the relative rate of cure of each 

epoxy system stored in normal ambient laboratory conditions. Improved 

methods of preparing sufficiently thin films are needed in order to obtain 

more meaningful infrared data for epoxies immersed in water. 
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APPENDIX A: METHOD OF TEST FOR BOND STRENGTH 
OF EPOXY-RESIN SYSTEMS 

1. Scope 

1.1. This method covers the determination of the compressive strength 

of 3- by 6-in. mortar cylinders which are made by bonding together, with 

the epoxy-resin system, two equal sections of a cylinder, each section 

having a diagonally cast bonding surface at a 30-deg angle from the verti 

cal. The procedure described for bonding together hardened mortar to 

hardened mortar differs from the procedure described for bonding freshly 

mixed mortar to hardened mortar. Similarly, the procedure used for un 

filled epoxy-resin systems differs from that used for filled epoxy-resin 

systems. 

2. Apparatus 

2.1. The apparatus shall consist of the following: 

2.1.1. Apparatus to mix portland-cement mortar.--Same as para 

graph 2 of ASTM C 109-64* except delete paragraphs 2 (e), "Specimen Molds"; 

2 (h), "Tamper"; and 2 (j ) , "Testing Machine." 

2.1.2. Specimen molds.--The molds shall be constructed in the form 

of right cylinders, 3:!:_1/16 in. in inside diameter and 6 :!:_ 1/16 in. high. 

However, all the molds used for this test shall either be selected or 

machined so that the maximum range of the difference in each of the dimen 

sions of the group is less than 1/64 in. The molds shall be made of hard 

metal not attacked by portland-cement mortar. The sides of the molds shall 

be sufficiently rigid to prevent spreading and warping. Before use, the 

molds shall be made watertight. 

2.1.3. Dummy section.--A dummy section (see fig. Al) shall be 

* American Society for Testing and Materials, "Standard Method of Test 
for Compressive Strength of Hydraulic Cement Mortars (Using 2-In. Cube 
Specimens)," Designation: C 109-64, 1969 Book of ASTM Standards, Part 9, 
1969, Philadelphia, Pa., pp 73-79. 

Al 



NOTE: DUMMY SECTION SHOULD BE 
MACHINED TO EXACTLY F"IT 
CYLINDER MOLDS USED. DI 
MENSIONS SHOWN ARE F"OR 
A 3.000-IN. BY 6.000-IN. 
CYLINDER MOLD. 

1-<----- .J. 000" DIAM---- .. -il 

Fig. A.l. Dummy section 

machined of a hard material, not at 

tacked by the portland-cement mortar, 

to fit the specimen mold and be equal 

in volume to half of a 3- by 6-in. 

cylinder cut at an angle of 30 deg 

from the vertical. Additional dummy 

sections may be made by casting 

epoxy-resin mortar against the 

machined dummy section within a 3- 

5.598" by 6-in. cylinder mold, taking due 

precautions to prevent the epoxy 

resin mortar from bonding to either 

the machined dummy section or the 

cylinder mold. 

2.1.4. Tamping rod.--The 

tamping rod shall be a round straight 

brass or plastic rod, 3/8 in. in 

diameter and approximately 12 in. in 

length having one end rounded to a 

hemispherical tip, the diameter of 

which is 3/8 in. 

2.1.5. Apparatus to mix the epoxy-resin system.--A glass, plastic, 

or metal 100-ml-capacity container shall be used to hand mix the epoxy 

resin system. A spatula or wooden tongue depressor shall be used as a 

paddle. 

2.1.6 Spacers.--Ball bearings 1/16 in. in diameter shall be used 

as spacers to ensure uniform bond thickness. 

2.1.7. Testing machine.--Same as paragraph 2 of ASTM C 39-66.* 

3. Portland-Cement Mortar 

3.1. Test conditions, materials, proportions, and procedures for 

* ASTM, op, cit., "Standard Method of Test for Compressive Strength of 
Molded Concrete Cylinders," Part 10, pp 25-27. 

A2 



mixing portland-cement mortar shall be in accordance with the applicable 

portions of ASTM C 109-64. The compressive strength of a 3- by 6-in. cyl 

inder of the portland-cement mortar shall be at least 2000 psi at 7 days 

and at least 3000 psi at 28 days, calculated on the basis of the bonding 

area of the epoxy resin. 

4. Molding and Curing Portland-Cement Mortar Sections 

4.1. Lightly oil the dummy section and the specimen cylinder mold. 

Position the dummy section within the mold. Place portland-cement mortar 

in the mold in three layers of approximately equal volume. Each layer 

shall be rodded with 25 strokes of the tamping rod. The strokes shall be 

distributed uniformly over the cross section of the mold and shall pene 

trate into the underlying layer. The bottom layer shall be rodded as 

deeply as possible. Where voids are left by the tamping rod, the sides of 

the mold shall be tapped to close the voids. After the top layer has been 

rodded, the surface of the mortar shall be struck off with a trowel and 

covered with a glass or metal plate to prevent evaporation. The mortar 

section shall be cured in accordance with section 63 of ASTM C 192-69* for 

at least 28 days. 

5. Number of Test Specimens 

5.1. Three or more bond strength test specimens will be made for each 

test condition. 

6. Preparation of Test Specimens 

6.1. Bonding hardened mortar to hardened mortar with a filled epoxy 

resin system.--Two hardened portland-cement mortar sections will be needed 

for each bond strength test specimen. Sandblast, wash, and dry the diag 

onally cast bonding surface of each of the mortar sections. Wrap masking 

tape around the circumference of the bonding surface of one of each pair 

of mortar sections. The tape will serve to dam the resin system. Support 

the mortar sections so that the bonding surfaces are in a horizontal plane. 

Weigh the epoxy components into the mixing container in the proportions 

* ASTM, op. cit., 11 Standard Method of Making and Curing Concrete Test 
Specimens in the Labora1~ory, 11 Part 10, pp 140-148. 
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recommended and hand mix the resin system thoroughly. Brush the mixed 

resin system on the prepared bonding surface. Distribute several 1/16-in. 

diam ball bearings over the primed surface of the taped mortar section. 

Add additional resin, if needed, to just cover the ball bearings. Place 

the two halves of the specimen together, squeezing out the excess resin and 

keeping the joint in a horizontal plane. Press the tape over the joint and 

at the same time squeeze the excess resin along the joint to ensure that 

the joint is completely filled with resin. Remove the excess resin. Wrap 

masking tape around the diameter of the specimen close to both ends of the 

specimen. Place additional masking tape along the joint of the specimen. 

Keep the joint in a horizontal plane for 24 hr and then remove all of the 

masking tape. Cure the test specimen for 14 days in laboratory air. 

6.2 Bonding hardened mortar to hardened mortar with an unfilled 

epoxy-resin system.--Two hardened portland-cement mortar sections will be 

needed for each bond strength test specimen. Prepare and prime the diag 

onally cast bonding surface of each of the mortar sections exactly as de 

scribed in paragraph 6.1 above. Distribute several 1/16-in.-diam ball 

bearings over the primed surface of the taped mortar section. Do not add 

additional resin to cover the ball bearings. Place the two halves of the 

specimen together and press the tape over the joint. Wrap masking tape 

around the diameter of the specimen close to both ends of the specimen and 

place additional tape along the ,joint of the specimen. Coat the tape over 

the joint with hot paraffin. Support the specimen so that the ,joint is in 

a vertical plane by inclining the ends of the specimen at an angle of 30 

deg from the horizontal. Cut a slit in the tape to expose approximately 

3/4 in. of the upper circumference of the joint. Pour the epoxy resin 

slowly into the exposed joint. Continue to add resin until the joint is 

completely filled. Keep the joint in a vertical plane for 24 hr and then 

remove all the masking tape. Cure the test specimen for 14 days in labor 

atory air. 

6.3. Bonding hardened mortar to freshly mixed mortar with filled and 

unfilled epoxy-resin systems.--Only one hardened portland-cement mortar 

section will be needed for each bond stren8th test specimen. Sandblast, 

wash, and dry the diagonally cast bonding surface of the mortar section. 
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Weigh the epoxy components into the mixing container in the recommended 

proportions and thoroughly hand mix the resin system. Brush the mixed 

resin system on the prepared bonding surface. Place the mortar section 

within the 3- by 6-in. cylinder mold previously lined with 4-mil sheet 

polyethylene. Support the cylinder mold so that the bonding surface of 

the mortar section is in a horizontal plane. Distribute several 1/16-in. 

diam ball bearings over the primed surface of the mortar section and add 

additional resin to just cover the ball bearings. Place a layer of 

freshly mixed portland-cement mortar, 1/2 in. in depth, over the epoxy 

resin. Rod the layer with the tamping rod. Place the mold in its normal 

position and place additional mortar into the cylinder in two layers of 

approximately equal volumes. Each layer shall be rodded with 25 strokes 

of the tamping rod, distributing the strokes over the cross section of the 

mold and penetrating into the underlying layer. Where voids are left by 

the tamping rod, the sides of the mold shall be tapped to close the voids. 

After the top layer has been rodded, the surface of the mortar shall be 

struck off with a trowel and covered with a glass or metal plate to prevent 

evaporation. The test specimen shall be cured in acco~Jance with section 

6.3 of ASTM C 192-69 for 7 days. 

7. Capping Specimens 

7 .1. All specimens shall be capped prior to the bond strength test 

in accordance with paragraph lO(c) of ASTM C 192-69. 

8. Bond Strength Test 

8.1. The specimen shall be tested in compression in accordance with 

paragraph 4 of ASTM C 39-66 except that the specimen shall be loaded at 

an approximate rate of 300 lb/min. 

9. Calculation 

9.1. Calculate the bond strength of the epoxy-resin system by dividing 

the maximwn load carried by the specimen during the test by the average 

cross-sectional area of the bond and express the result to the nearest 10 

psi. Reduce the area of the bond by the area of any voids that may be 

found in the bond. Calculate the bonding area as follows: 
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Bonding area= 3.14ab 

where a and b =the semiaxes of the elliptical surface. 

Note.--The bonding area of a 3- by 6-in. specimen is equal 
to 14.13 sq in. 

10. Report 

10.1. The report shall include the following: 

(a) Identification number. 

(b) Bond strength calculated to the nearest 10 psi. 

(c) Bonding area. 

(d) Number and total area of voids in the bond. 

(e) Type and position of the fracture (in or adjacent to the 
bond or in the mortar). 

(f) Defects in either the specimen or cap. 
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