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SYNOPSIS

A series of mathematical relationships were derived from a ﬁleoretieal
treatment of phenomena. agsociated with paint peel. ‘'These relationships are ex-
pressed in two fundamental equations. On the basis of the equations, a techni(iue
was devisedfor the measurement of the linear coefficient of therma_l expansion of
dry paint films. This technigue was applied in the case of six highway traffic

paints of varyingdurability with results suggesting strongly that the difference in

thermal expansion of the paint and the substrate maybe an important factor in the '

pi‘dduction of paint peel.




MEASUREMENT OF THE LINEAR COEFFICIENT OF THERMAL EXPANSION OF
PAVEMENT-MARKING PAINT AND A MATHEMATICAL CONSIDERATION
OF THE PHENOMENON OF PAINT PEELING

INTRODUCTION

Among the most important of all types of paint failure is adhesion failure,
which in the United Sfates is described variously as paint peeling, scaling, or
chipping. Many theories have been presented to explain this phenomenon, As

yet, none of these has given a complete explanation. This is probably due to the

large number of variables which operate on the strength of the adhesion bond_. '
| Such factors as moisture, surface roughness, type of substrate, thickness of
paint, drying stress, linear coefficient of thermal expansion, surlface tension,
and many others all affect the adhesion of the paint.

It would be very coﬁvenient to be able.to predict which paint from a group
of paints would be the most durable under a given set of conditions. This would
mean that some type of mathematical eépreSSion is needed to correlate the bond-
ing forces of the paint with the variables which cause adhesion failure.

It is the objective of this report to give in part a mathematical treatment

to the process by which paint peels. The analysis is limited tb the effecté of the
linear coefficient of thermal expansion and the drying stresses which are characi:er— |
istic of the paint. Also contained in this paper is a method for_ the measurement
of the linear coefficient of thermal expansion of paint_“ The durability ratings of

these paints are known.



Theo_ry of Paiﬁt,Peeling

In order that the. proéess of paint peeling be understood, the terms
"theoretfical' and "apparent adhesion" are introduced. The magnitude of the
theoretical adhesion bond is determined éxperimenta.ﬂy at a convenient standﬁrd
physical and chemical condition (corrections are made for drying stress and
surface tension). The Staﬁdard condition should be maintained from the time of
application of the paint te the time at which tl‘_xe numerical value is to be determined.
It should be noted that the theoretiéal_ adhesion is a function of time_; chemical
makeup of the paint, substrate material, temperature, thickness of paint,: and
surface roughness. The apparent adhesion is never equal to the theo_retical ad—l
hesion, due to the effects of the drying stresses and surface tension of the paint.
The apparent adhesion is a function of the theoretical adhesion, linear coefficient
of thermal expansion, changes in the chemical environment, drying stresses, and

surface tension,

Assumptions. It is conceded by the author that the following assumptions
are not necessarily in complete agreement with the conditions of the system in

qllestionn_ 'They are made to simplify the following analysis.

1. P.aint is homogeneous,
2, Substrate will not experien;ze a bending moment due to the difference in
* the linear coefficient of thermal expansion of paint and substrate.
3. Expansion of subsi;rate is uniform,
4. Adhesion of paint is uniform.

5. Young's modulus of elasticity is applicable tQ both paint and substrate.




Definitions. The following are the symbols used in the mathematical descrip-

tion of paint peeling as presented in this paper.

a  -" thegretical adhesion of any given paint (Ibs/in.)

A - apparent adhesion of any giveﬁ paint, determined by experiment (lbs/in. )
. x - thickness of paint (in.)
E - modl__xlus of elasticity of any given paint (Ibs/in, 2)

AT - temperature change, equal to the témperature of the system minus
the reférem;e temperature (°F)
ACK ~ difference in the linear coefficient of th%armal expansion of paint and
substrate (in. /in, OF)'
K1 =~ constant (lbs /in,z)
Ko - constant (Ibs/in. %)
ds -~ change in drying stress (in. /in.)
t - timel |
t - time of peel
F(p) - paint function (Ibs/in. )
~ In equation 3 the term E(AT) {~ex) represents the stfass as d@sc?ibed in the
above paragraph, The terﬁ Kx expresSes thé total stre‘ss-‘ ina g‘ivexj;. crgsé section

and that portion which acts on the bond.

. Equation 3 only describes the effects of the linear coefficient of thermal.

- exXpansion,



The Effect of Drying Stress on Adhesion. Paint films generally undergo a

densification in the drying process, even when considering only the non-volatile
portion of the applied paint. When considering a normal paint sysiem of paint
film-substrate, as shown in Figure 1, one can visualize a shrinkage in the Z
direction during the densification inherent in drying, However, during the dry-

ing process there can be no noticeable shrinkage at the adhesion interface, i.e.,
inthe X and Y difections of Figure 1. Since the forces causing the densifica-
tion can be assumed poly-directional, the physical restraint to the shrinkage at

the adhesion interface will leave the paint in residual tension and the suk :irate in
residual compression, These stresses in the paint film are called drying stresses.

Due to the movements ‘iiiich take place in the upper layers of the paint
dilm, as described in the paragraphs above, the stress throughout a given cross
‘section will not be uniform. The drying stresses in the adhesion interface will
be a maximum and the drying stress in the top surface will be a minimum,

In order that paint peel may be initiated, the net bonding forces of the paint
wiat,in respect of time, approach zero. This would mean that at the time of peel
start, there is adhesion failure. This can be expressed as follows:

1- F(p) = A af any time ¢t .

Therefore at the time of peel,

2- 1lim F({p) = O.
tet,




The Effect of the Linear Coefficient of Thermal Expansion. Due to the effect.

of the difference in the linear coefficient of thermal expansion of the paint and sub-
strate, a stress will a,c;t upon "their bond. This results in a change in the magnitude
of the adhesion force.é.

This stress is not uniform throughout a given cross section of the paint. In
fact, the stress is a maximum at the bonding surface and a minimum at the top sur-
face. This is a result of free_dom of movement which the paint has in the upper layers
as opposed to that in the bonding surfape',, The movement all‘eviates. some of the
stress.

It follows then:

3~ A = a+K(E) (X (AT) (&) = a + K XAT) (A

Where
K = constant (unitless}

and




Because of the effeqt of the densification of the paint film, the thickness of
the paint will vary with time. It can also be assumed that the drying stress is a
function of time. Thérefore, by the same argument used in the development of
Equation 3, the effect of the drying stress on the adhesion forces may be described
as ‘follows:

4- A = a.—fKSEde = a—fK2de,

Wh_eré

Ks = constant (unitless)
and

KE = K,.

The expression in Equation 4 cannot be integrated at the present time. By
éombining the equations 3 and 4, an expression for F (p) can be arrieved at.

5- Fip) = a + K{X(AT) (a9 —fxzx ds = A, |

‘This equation gives a correlation of the properties of any given paint, It ‘is
thus shown that no one factor can be specified as the sole agency of paint peel. Each
factor must be singled out and measured individuallfa Then a correlation may be
established between the factor measured, and conclusions may be drawn from these
correlations. The problem is to measure the individual variables making up the

correlation.




‘Procedure for Measuring Coefficient of Expansion

The method employed for measuring one of these components, the cbefficiént

of thermal expansion, is as follows:

© Paint was applied to a wooden block (6" x6"x 3/4™ in layers. Aftér each

layer was allowed to dry, -successive layers were applied until the paint sample was
about 35 milsl fhicko This was allowed {o dry! for ﬁbout 6 months. The sample was
removed from the wooden block by means of :;‘ band saw. The slab of the wood was
cut off, leaving a thin slice between the paint and the saw blade. This method was
employed to prevent over-heating of the sample, The remaining wood was sanded
off by hand.

One-inch by three-inch samples of paint were then cut off of this sample.
These were allowed to dry an additional three weeks to cure the p_oi-tion of the paint.
that was in contact with the wood,

Two (A-7) strain gages were attached to the sample with Duco cement, one
on each side fo compensate for bending strain énd also to increase sensitivity by two,
A thermocouple was placed in the paint sample, with which to determine average

temperature of the paint, as shown in Figure 2,

‘ Strain.‘ Gage
M ' y, Thermocouple

Strain Gage { s ] } Thermocoupl_g Lead Wires .

Lead Wires : , oo
" Paint/_WWW\Strain Gage - .

Figure 2




The sampies were then put on glass plates mounted on a wooden frame as
shown jn Fi-éure 3. A lead barrier strip waé. uséd to prevent pulling on the gages
hnd thermocouple. The hole shown in Figure 4 in the‘ glass arrangement was made
to allow free movement of the lower strain gage. |

A compensating gage was made by placing two (A~7) strain gages on a steei
bar, 1/4m x I x 2'?, in a series fashion,_ after which it was waterproofed,

An automatic temperature recofder was used to record temperatures; and
a dynamic strain analyzer and oscillograph were used .to record strain changes. The
compensating gage was kept at 32 degrees F by placing it in a thermos c_ontgining
ice water. Seventy degrees F was taken as the zero stress point,

When the curve below 70 degreces F was run, the temperature of the freezer
~was at 0 degree F, and the test sample was then placed in it. When the upper part
of the curve was run, the oven ‘was.at 160 degrees F, In both cases, recordings were
also made as the sample returned to 70 degrees F.

The purpose of having thﬂe freezer and the oven at these temperatures whén._th_e
- samples were placed in them was to eliminate the drying error which oecurs when a
test take,; a long time to run, |

In ﬂl:e running of the test, two operators are required; one to reéd the téniperam
tures as they are recorded, and one to mark the place on the oscillograph which will 1

correlate strain and temperature. Only one paint Was run at a time.
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Figure 5

Assembled Test Samples

Figure 6

Equipment Used
(Left to right) Temperature Recorder, Freezer, Paint Samples, Thermos con-

taining compensating gage, Strain Analyzer, Oscillograph.
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TABLE I

STRAIN-TEMPERATURE DATA FOR PAINTS STUDIED

54 PR 140 54 PR 146 ‘54 PR 148 54 PR 156 54 PR 159 54 PR 162
Temp. | Strain Temp.|Strain | Temp. | Strain |[Temp.| Strain {Temp. | Strain | Temp.!Strain
o Mic., In, o |Mic.In, | o |Mic.In.| o Mic.In o . |Mic.In.| o [Mic.In.
F |PerIn. F [PerIn. F |PerIn,| F |PerIn.| F |PerIn.|  F [Per In
44 =750 28 |-940 .| 31 -910 | 45 =720 | 36 | ~760 | 28.5| ~590
47 ~710 34 |-850 32 -875 | 46.5| -590 | 41.5| =740 | 30.5 | -560
47 -630 42 | -700 | 34 -850 | 47.5| -680 | 43.5| -670 | 30.5 | -540
49 -650 42 |-600 | 36 ~820 | 49 -540 | 45 -640 | 33 «530
52 -560 47 | -550 37.5 | ~770 |50 | -640 [ 46 -620 | 34 ~510
54 -460 48 | -460 38 | -740 | 51 | -580. | 52 =450 35 480
57 -380 - 52 |-350 40 -710 | 53 | -530 | 56 -320 | 36 -470
60 <290 |- B4 {=230 44 -610 | 56 ~440 | 63 | -190 | 38.5| -440
64 | =170 58 |-130 46 -540 | 58.5| -350 | 67 30 | 40.8:] -420
68 - | - 50 60 |=-240 49 ~500" | 51 -270 | 74 | 80 | 42.5| -380
71 | -~ 10 63 | -200 52 -450 | 83.5| -160 | 74 | 230 | 50 ~270
72,6 | 110 70 |- 50 56 -350 | 64,5 - 40 | 74.5| 150 | 53,5 | -230
78 - | . 220 70 40 59 -250 | 71 110 | 75 230 | 57 ~180
79.5 | 300 76 100 65. | -130 | 77 190 | 82 240 | 60.5 | -130
84 400 | 80 | 200 | 67.5 | - 40 | 79 260 | 87 360 | 66.5 | - 50
87 | 470 81 250 69.5 |- 20 | 84 360 | 90 480 | 72 20
87.5 | 520 85 300 73 50 86 | 460 | 95 610 7 . 80
89 560 88 400 - 76 160 | 87 | 430 | 99 690 | 79 110
91 | 620 89 440 | 79 200 | 87 490 | 102 | 740 | 81 150
91 670 | 90 | 450 g2 - | 300 |88 | 510 |106 | 820 | 84 190
- 95 710 | 92 | 460 85 350 | 89 490 | 198 | 840 | 8T 220
98 840 | 94 | 530 87 380 | 89 540 | 110 880 | 89 270
99 800 96 550 90 480 | 90 560 : 91,5 | 290
‘ 98 | 620 92 510 | 9L.5 | 590 L 94 | 340

99 800 96 | 550 90 480 | 90 560 | 91.5 | 220
' 1. 98 620 92 | 510 | 91.5| 590 94 | 340

102 | 620 92 550 |.94. | 620 | 97 | 880

103 700 - 96 600 | 95 | 650 : 99 400

1103 750 100 720 | 97 | 700 | - 100 450

108 800 | 102 675 | 97 740 : 102 | 480

108 850 103 800 100 780 105 480

107 860 {102 880 | 107 510

‘- 109 540

112 580

115 630

118 670

121 720

124 760

127 830

128 860

. 130 890,




Results:

TABLE II

COEFFICIENTS OF EXPANSION vs DURABILITY RATINGS FOR PAINTS STUDIED

Linear Coetficient of Durabiﬁty Ra.fng ]
- ' Thermal Expansion : Lat Days of Exposure *
Paint No, |~ (Micro-Inches/inch/°F | 15 1957 | 369
54 PR 162 - 14.0 - '1‘0,0 9.5 83
54 PR 156 e | 100 50 3.5
54 PR 140 - : 30. 0 100 | 58 | a9
54 PR 146 225 ol 10| s '_3,“2
54PR150 23,5 9.0 | 3.0 | 2.4
54 PR 148 . 23.3 - 10.0 | 1.7 0.6
Conerete 1 ' ~ 5-6

* A rating of 10 signified 100% paint remaining.



Discussion

Adhesion is a multiple function of many factors. Of these, the éoefficient
of expansion -ahd dxlying stress play important rolespl

'The test for the coefficient of expansion of paint was developed using Carl_

Konkle's procedure as a starting point, His method is as follows:

. Paint films were prepared by placiﬁg layers of masking tape on a glass plate
so that a 2" x 6" form was constructed. The ﬂﬁckness of the film was determined
by the thickness of the tape form; in this case, 10 mﬂs

After the tape layers were in place, the glass plafse was coated with silicone
-gre'ase and gﬁaint was poured inio thé forms. |
Tollowing an ihitial air cure of one day, the filmsrwere placed in an oven
_ 'opei_'ating at 140 degrees F and were alternately heated énd cooled for a week. The
mdsking tape was stripped from th.e glass and the films lifted frfom_the greased plate.
The films were then cui;‘ in twb piéees 2" x 3" x 10 mils. . One half of the film was
placed on a small glass plate coated with silicone grease. A coat of the ,origin..al
liquid paint was then applied to the film on the glass plate. The thermocouple and
the strain gage were placed so that the leads were parallel to the long axis of the film.
This arrangement was then coated wii:h_anothef"‘_thixi layer of the original paint and
the other half of the film was pressed over the umt The liquid paint formed a bond
.b.etween the f.wo films so that a homogeneous film of about 20 mils thickness was
=olot;aine.c_i containing the strain gage and the thermocouple in the genter. Another

glags plate coated-wim silicone was.placed on top of the unit, thus comprising a




sandwich, w;lth' a wéight of about 2 kg placed on top to assure ﬁght 'bon__ding., These
samples were then pm¢ed in the '140mdegre'e' F bven a_md alternately ﬁeated a:éd coo}ed |
for another week,

The cured -éa;int‘sp;acimens were fastened by gluing the bottom glass plate to
two narcow wooden sti'ips on a bdardu. Thesge strips providéd sufficient circulation on
é,ll éides of the paint film to insure even heating énﬁ cpqliﬁg of the :t'il:rnsjo ’I‘hé silic'one
grease permits the f_i].ms‘tn expand:a,ndl contract between the Sandwié_h of glassa The
glass plates allow onljr ﬁdﬁzomtal movement, S0 as to preveht buckling. The top
g}.asls plate is_ held secur;e in the assembly by means é_f brads driven into the fwo wooden
strips and bent over thé plates to hold them firmly.

The leads are fastened fo a barrier strip and exteﬁ"sion leads to the 8R-4 statie -
strain indicator and a temperature recorder, The pr?_sence-of the barrier strip pre-
j{ents :a,nj accidentai pulling df the leads in the paint film, |

These prepared films wors placed in. a freezﬁng 'unit which was ai; T,
temperature. |

The strain readings on the paint wére zeroed at 100'0 on a 2000 range scalé :
by means of variable resistors, The internal temperature of each film was r;aéordgd
as the teniper‘atu_fe was Imweredo The unit was allowed to run for 24 hoursl. téfi“insiure
completiop of the movement of the films. The specimens were then ali@wea fé;_retﬂfn E
to r@dm temperature and stablize, a;nd readings Wefe recorded again, The thermal
céefficient was computed by dividing th(,, strain change in inches X loéﬁ./inch by the

temperature change to give a result in inches x 1076 /inch /degree F.




+

Th,é coefficient for the freezing portion was averaged with the coeffiéient of
~the recovefy ig)ortipn to give a mean coefﬁcient for the range of room temperature to
the lowest temperature the freezer Would_ produce (appi‘ﬁximately -5 F). 'the next
phase qf the test was to heat the paiﬁt films in an oven (approﬁmately 140 F). The :
temperature and strain were recorded at room temperature and at 140 F, gnd again
at room temperature. The coefficient value for the heating cycle v&ag a\-re_raged with

that for the cooling cycle to obtain the mean value.

Difficulties Encountered
| 1. Use of a static strain analyzer to determine a djnamic strain change.
2. - Uneven distribution of paini: in samples as result of a.rbitfary applica-
_tion of paint used to fasten strips fdgether to form the experimental units.
3. Unfavorable effects Qf wet paint on strain gages.
4. Insufficient evidence that stréin gage adhered ;;i'rope rly to sample.
5. Length of time required to run test.

6. Test samples were non~homogencous,

In Konkle's method of mea,sﬁring coefficient of expansion, it was ne.ceséa,ry

" for the paint to be in equilibrium in order to obtain readings from & static strain

| analyzer, " In this; case, equilibrium is cons.i.dered to mean that_sti‘ain readings at
given temperatures v&ou].d be constant, "waei;er, by -exami\natior;. of the eguation
fP)=a+K; x ATAex ~ sz_x o8 1t is seen th#t the strain re;dix;gs can pever
) .be constant, due‘fé drying stresse-s .being‘ a functi;m of tiem. This fact léd the ina;-

“vestigators to"ﬂlle use of a dynamic stress .a,nalyz_ér. With the use of this analyzer,

:
&
I




when the temperatures of oven and freezer were changed simultaneously with the
temperature of the sample, curved plots were observed. These plo_ts proved to be -
complementary in nature when ascending and descending in a given temperature
range, as shown in Figure 10. This fact seemed to indicate that drying stresses
were still playing a major role in causing the difficulty of plottil;g the coefficient
of expansion. | |

Still keeping in mind that drying s-tresses are a funecfion of time, it was
decided to maintain the oven and freezer at maximum temperature change before placing
the sample inside. 'This in effect reduced necessary testing time. '. ~Results of this

change gave a straight line function to the coefficient of expansion for all six paints.

Temperature CF

Stress

Figure 10
Stress-Temperature Relation of Paints Studied when Time is a Major Factor
'I‘he uneven distribution of paint in the sample might cause the strain gage fo

give very inaccurate readings with the slightest bending caused by uneven heating
which may occur. To overcome fhis difficulty, two strain gages were uSed_ ;x)y'-atta?cghe
ing them to opposite sides of the sample in éeriesﬂ This in effect cancelled o:ilt'any
bending strains by a compression sirain occurring on one strain gage, and tension
strain occurring on the other. When the gages are connected in a series, the suﬁl of

the compression and tension reading caused by bending is zero,




Wheln an onion skin strain gage is attached by wet paint, the resistance of the
gages will vary due to the solvenis in the paint. To overcome this, Duco cement was
substitute& for the wet paint which is recommended for attaching stﬁain gages.

When there is insufficient evidence of the adhesion between paint and strain
gage, _there is no assurance that air bubbles are not present on or neax_“‘th'e gages,
which would give inaccurate readings. By placing the strain gages on the surface
of the test ‘é,a,mple; visual inspection of the bond can be made.

When employing static St£°ain indicatoré; it is necessary to reach equilibrium,
~ which requires severél days for a sufficient number of readings to be taken. By
running the test dyna,micaﬂiy, a complete test can be made in an hour and a half.

| It should also be noted that by the application of wet paint to paint which has
| already been cured fm‘la given length of ﬁmeg- a non-homogeneous sample will result.
Ey the use of a single paint sample, wet pa;iiﬁt ﬁras not required for adhasi@na

The resﬁlts of the field fest durability rating Weré plotted against the coslficient

of "expa,nsien as éhéwn in Figure 11, ' The straight line was based on the leagt squares

method. A correlation factor was then derived from the following equations:

r ww\/l ~ 8y2 jory2 = goefficient of correlation
Sy *—W\/gélﬁ_g@ﬁm = standard error estimate

d = Y(actual}) = Y (theoretical)

N = number of plots

. G_.' . :_\/ s 2_7 m (Ig;lm)z
N N

Whers ¥ = Y{actualy
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When;

a1
i

1 the coefficient of correlation indicates a perfect relationship, and when

It

r

0 it indicates a wholly imperfect rélaﬁonshif).

-In this case, (r=. 97.at I5days, r = ;32;3 at 195_'days, and r = 715 at

- 369’ days‘)-;, indicates that the relationship ié moxre than. midway between a wholly imperw
feét relationship and a perfect relati:'onship for the curves at 15 da:ys'and 369 days.

It was noted, of those paints tested, the best paint 1n the field had a linear
ckoefﬁ'cient of 'thermal e}c_pansi(;n closest to that of éoncrete,, The other five painis
tested had coeﬂ‘icignts which were very near one another and did not correspond to
the dura.bili%ylrati.ng withd respect to the difference in the coefficient of expa_nsion of

. concrete and paint. Beclaﬁse of the closeness of the qoefficients of these five paints
and the faéf that only one sample of each paint was tested it is probable thai more tests
“ghould be run using more Saﬁlpies. This would gi\{e more reliable results and niight

increase the coefficient of correlation,

Conqh‘lsion'

1. From the vectorranalysis of paint pe:lél,- the foilpwing two equations were
derived: |

() f(P) = a+Kyx A’i‘A(X - szxch = A

(b) lim F(p) = 0

t—>1,

(Definitions of symbols ~ page 3)
2. The 1954 performance paints used in this investigation had linear coeffici-
ents of thermal expansion which were constant in the temperature range of 0 to 120

degrees F.



3. The results of this test can be reproduced.

4., When the six paints used in this investigation were plotted against the
results of the field test, given in durability ratings from 0 to 10, a correlation factor
of r = .T7at 15days, r = .32% at 195 days and r = .715 at 369 days was shown,
indicating that the relationship is more than midway between a wholly imperfect relation-
ship and a perfect relationship for curves at 15 days and 369 days.

5. It was noted, of those paints tested, that the best paint in the field had a |
linear coefficient of thermal expansion closest to that of concrete. The other fiyle paints
tested had coefficients which were very near one another and did not correspond to the
percent best with respect to the difference in the coeffiéﬁent of expansion of concrete and
paint. This would indicate that more tests should be run on these paints Wiﬂz respect
to the linear coefficient of thermal expansions, or that other paint characteristics

such as abrasion resistance, water resistance, etc., are important to durability.
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