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Swelling of Paint Films in Water, II'

Absorption and Volumetric Swelling of Bound and Free Films
Before and After Weathering '

F. L. BROWNE

Chemist, Forest Products Laboratory,® Forest Service, U, §. Department of Agriculture

Previous methods of studying swelling of paint films in water
were improved by including measurements of volumelric swellings
of both free films and bound flims (coatings on gluss). The new
technique leads to wmore precise measuremenis and discloses infor-
mation about the structure of the paint coatings.

A-rscnmqun for measuring the vol-
umetric swelling of bound films of
house paint coated on glass as well as
of free films was developed to supple-
ment the measurements of absorption
of water, swelling in atea, changes on
redrying, and loss of soluble ingredients
previously described for free films. Al-
though bound films absorb and swell
somewhat less than free films do, films
of some paints still display great sensi-
tivity to water. Both artificial and
natural weathering usually reduce ab-
sorption and swelling below the values
for unweathered films; but the reduc-
tion takes place duting the first few
months of natural weathering or the
equivalent and, thereafter, remains
nearly constant for at least 16 years.
Unweathered films swell at least 1
cubic centimeter for each gram of water
absorbed; weathered films swell less,
sometimes much less than 1 cubic centi-
meter for a gram of absorbed water.
Swelling and redrying or weathering
may develop voids within the films that
can hold free water that does not con-
tribute to swelling.

Introduction

A previous paper (3) reported meas-
urements of the absorption of water by
free films of house paints, the swelling
of the films in surf}:ce area caused by
absorption of water, the shrinking on
subsequent redrying, and the loss of
soluble ingredients while soaking in
water. Some paints were found to swell
several times as much as wood does,
whereas others swell less than wood.

1 A contributed paper.

,® Maintained st Madison, Wis,, in coopera-
tion with the University of Wisconsin,

. Data were also presented on the effects

on absorption and swelling of film
thickness, time of contact with water,
temperature and acidity or alkalinity of
the water, aging of the films before
soaking in water, and exposure of the

painits to both natural and artificial

weathering before testing them in wa-
ter. But diret measurements of the
changes in film thickness were not
precise enough to permit calculation
of the volumetric swelling,

Since the earlier papsr was written,
the experimental technique has been
improved to measure directly the volume
of the paint flms before and after
soaking in water and after redrying.
From the changes in volume and in
area, the changes in thickness an be
alculated precisely. Volumetric swellin
was measured both for free films an
for coatings on glass (bound flms),
Volumetric swelling proves to be even
more instructive than swelling in area,
Among different paints, the volumetric
and the areal swelling are not nsces-
sarily Slroportional to each other. More-
over, the volumetric swelling sometimes
reveals changes in the internal structure
of paint films that are not evident from
the areal swelling.

The volume of a free film of paint
was measured by weighing the film in
air and again in distilled water (4).
The difference in weight was the water
displaced. Within the precision possible
in this work, it was permissible to con-
sider that a displacement of 1 of
water at room temperature (70° to
75°) represented a volume of 1 cubic
centimeter, The film of paint was
weighed in air and in water immediately
before immersion in water for the soak-

ing test, Then, at the end of the soakin
period, it was weighed in water an
:Fain in 2ir after semoving free water
inging to the susfaces, Finally, it was
weighed in air and water for the third
time after it had been fedried in a des-
sicator over calcium chloride. Thus the
initial volume, the swollen volume, and
the volume after redrying and the densi-
ties in cach of the three conditions
could be calculated. The volume of
coatings on glass was determined in a
similar way by subtracting the previously
determined weights of the in ait
and in water, :
By use of a chainomatic balance, it
was possible to immerse, weigh, and re-
move a dry film from the water in 140
to 260 seconds. Tests showed that in 5
minutes, even the most highly absorp-
tive paints take up no more than 1
tcent of the water they absorb in 3
ys of soaking. -
Changes in length and width of the
free films were measured before and
after swelling and after redrying as in
the work previously reported (3). From
the volume and area of the film, the
thickness at each stage of the soaking
tests was easily computed,

Paints and Vehicles Tested

The paints tested were chosen from
the list of those used in the riments
on swelling in area previously pub-
lished. The composition of the paints
is expressed by volume in the short
notation first described by Browne (1)
and more recently described in this
journal (2). Two dlear veehjcles with-
out any pigment were tested; namely,
aw linseeftgil containing lead-man, A
nese naphthenate drier and bodied lin-
seed oiiPof viscosity Z6 containing the
same kind of drier. Single-pigment
?aints made in the laboratory were as
ollows:

Magnesium silicate in raw linseed
oil, pigment volume (p/nv) 0.30
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Basic carbonate white lead in saw
linseed oil, paint L, p/nv 0.30

Anatase titanium dioxide in faw lin-
seed oil, paint T, p/nv 0.30

Zinc oxide in raw linseed oil, paint Z,
p/av 0.30

Of the single-pigment paints, only the
white lead paint was a practicable house
paint; the others are of scientific interest
only. Multiple-pigment paints, all of
them practicable house paints but made
in the laboratory, were as follows:

Paint TL,,, p/nv 0.30, anatase ti-
tanium dioxide, basic carbonate
white lead, magnesium silicate, and

calcium carbonate in raw linseed -

oil

Paint LZ,,, p/nv 0.30, basic carbon-
ate white lead and zinc oxide in
raw linsced oil

Paint TL; Z.,, p/nv 0.30,)

Paint TL,,Z,., p/nv 0.30,)

Paint TL,,Z,, p/nv 0.30,)

Paint TL,,Z ., p/nv 0.30,)
anatase titanium dioxide, basic car-
bonate white lead, zinc oxide, and
magnesium silicate in raw linseed
oil; same ingredients but differing
Proportions

Paint TZ,, p/nv 0.30, anatase and
rutile titantum dioxide, zinc oxide,
magnesium  silicate, and calcium
carbonate in raw linseed oil

Paint TZ,,, p/nv 0.36, the same pig-
ments as paint TZ,,, p/nv 0.30,
but in 2 mixture of raw and bodied
linsced oil

Commercial paints of open formula
were tested as follows:

No. 1—TL.Z,,, p/nv 0.35, leaded
zinc oxide, titanium-calcium, ti-
tanium dioxide, and magnesium
silicate in raw and bodied linsesd
oil

No. 2—(TL,3Z,4)1s» p/nv 031,
basic carbonate white lead, basic
silicate white lead, zinc oxide, ti-
tanium dioxide, and magnesium
silicate in linseed oil

No. 3—(TZ,g) 126 p/nv 0.30, zinc
oxide, titanium dioxide, and mag-
nesium silicate in linseed and soy2
oils

No. 4-—(TZ,),,., p/nv 0.38, zinc
oxide, titanium dioxide, and mag-
nesium silicate in bodied linseed
oil

No. 5—T,,,(te), p/av 0.39, t-
tanium dioxide, mica, magnesium
silicate, and aluminum stearate in
tung oil varnish and bodied lin-
seed oil

Commercial paints 1 to 4 were chosen
because they are widely sold in all parts
of the United States and are reasonably
tepresentative of the ‘range in composi-
tion of the commercial first-grade paints
with which the public is familiar. Com-
mercial paint No. 5, although not yet

2

_called breather-type of

N

so well known, was of particular inter-
est for this study because it is a so-
int that is un-
usually resistant to moistuce blistering.

Methods of Experiment

Unpigmented oils were applied by
brushing in successive coats unti) enough
had been applied, determined by weigh-
ing, to form a coating of the desired
thickness. Pigmented paints were ap-
plied by drawing down manually with

a Bird doctor blade over a substrate held -

firmly on a Bird suction plate. Each
paint was applied in a single coat
at a predetermined wet-film thickness
achieved when necessary by use of suit-
able shims.

Coatings were allowed to dry in the
laboratory near a closed window that
faced north, Drying continued for 10
days, after which those to be weathered

were mounted in an Atlas Weatheroms-

ter or on suitable racks placed on 2
roof of the Laboratory, where the coat-
ings were e to natural weather,
facing south and sloped back at an angle
of 45° from the vertical. Coatings that
were not weathered were tested imme-
diately after the 10-day drying éaeriod.
Bound Films (Coatings on Glass):
In order to compare the absorption of
water and swelling of bound films with
free films, a rigid substrate that is not
measurably affected by water was
needed. Glass was chosen for the pur-
pose. Microsco
1Y, inches wide,” and 3 inches long
were measured for exact thickness with
an Ames dial gage and sorted into
matched sets actualfy 46, 45.5, or 44.5
mils thick, plus or minus 0.2 mil. Close
control of slide thickness was n
to permit control of wet-film thickness
while applyinf 'jtint with the doctor
blade. Each of the selected microscope
slides was marked with an identification

number, catefully cleaned and dried in

a dessicator over calcium chloride, and
then weighed in air and again when
submerged in distilled water at the
temperatuze of the room in order to
determine its volume by displacement,
After the coatings on glass had been
:.Eplied and had dried for 10 days,
ose for testing before weathering were
omptly subjected to the soaking test.
e others were weighed to determine
the initial coating weight, They were
then fastened by suitable clips to
aluminum-painted plywood ba
of a size to fit the slots in the drum of
an Atlas Weatherometer, and the arti-
ficial weathering was started, For the
pur of these ecxperiments, the
artificial-weathering cycle consisted of
constant exposure to visible and ultra-
violet light from a flaming carbon arc
filtered through Corex D glass, which
passes only tfux portion of the ultra-
violet spectrum that is present in nor-

slides 45 mils thick, .

mal sunshine out of doors. As the
Weatherometer drum rotated, the test

- specimens passed three times an hour

under specially designed sprays that wet
the pai:r:t?d surfaces gen v):;th a fine
mist of water in sufident quantity to
drain down and drip copiously from the
botton cdges of the specimens. After

ing the sprays, the water left cling-
Fna;stogthc pa:Rﬂntys evaporated before tl%e
specimens moved more than halfway
around to the position of the water
sprays.

Test data are given in tables 1, 2, 3,
and 4, When the data for tables 1 and
3 were obtained, Madison city water,
which is very hard, was supplied to the
sprays in the Weatherometer, As will
be discussed farther on, this led to false
results with some paints for the loss
in weight during weathering. For that
teason, the Weatherometer was later

“equi with a tank and pump to su
e?;umlcd water to thepsprgys. T{;

ta in table 2 wete obtained in the
revised Weatherometer, :

One set of specimens was exposed in
the W&thcrmmpc:‘;r until the wpaot:-thout
meter registered 600 . kilowatt-hours,

" which required about 714 days. A sec-

ond set of specimens was exposed for
1,200 kilowalt::;oms, or about 15 days.
On removal from the Weatherometer,
the specimens were dried over calcium
chloride and submitted to the soaking
test. From the weight before exposure
in the Weatherometer and the first
weighing in air to start the soaking
test, the change in weight of the paint
coating during artificial weathering was
computed.

Free Films: The paints and oils
that were tested as films bound on glass,
where the changes in volume necessarily
took place entirely by changes in thick-
ness of coating, were tested also as free

films that could change in all three

dimensions. The free films were pre-
pared by spreading the paints as coat-
ings on gummed paper that had i
ously been saturated with linseed ol and
allowed to dry. For any 1 paint, the
coatings on glass and those on

per v‘;erue‘e always mafde on the same

, Af 2 of specimens were
tal!'en through gepg;ogmn of ure
and testing contemporaneously, It was
practicable to expose the coatings on
gummed paper in the Weathetometet
without loss of adhesion because the
periods of to water spray were
too short for the dampness to penctrate
through the coatings to soften the layer

“fre

¢ free films were stripped from
the paper after the 10-day dry-
ing period for unweathered speci
or after exposure in the Weatherometer
by soaking in water for a few minutes
unti] the gum was dissolved. From the
free films, test specimens 134 by 214
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g Tor da d ter natural weathering for
g (distsTled vater used {n Vestherometer vaier s
d thickne d svellin

H b 1 C 4 H 1 H H
Paint or clear vehicle : Weathering : Weight loes :Before soaking:Abeorpe: Bwelling incresse :8welling: Redried changs 1Wetght loss
(density of nouvolstile:ecnececveccccsasivhile veather-: ttion of: 1 efff= 3 :vhile soak~
while liquid) 3 Xind  :Time : ing :Denstty: Pilm's wvater ¢t In 3 In ¢ In 3 ol 1 Ta st Ia v In %
: ' S i : ithickes AV, :volume: ares ;thick-:aV,V./A iYolume : ares ithicke 1 8,/¥,
: 3 : : t nees t AVg t 8Q, ! ness 3 tAY, 1 AQ, 1Dpess 1
: : : : AR : 3 3 ATy "] Y L
worronmnan . P teamant s ] 1 s s 1 1 H 3 3
3 3 Mo, : DPercent [ t Mils :Percent: Pere : Per- ; Pure iPercent :Pexcent:Percent:Percent: ut
: B s B s B 3 cent : Cent 3 cent 3 s ¥ 3 H
: H : : 1 t 1 s t 1 H H : H
Rav licweed ofl :Xooe £ 0 fiaeevieesaiaea? 1211 231 2218 : 22,01 z.B 12.8: 100 3 603 A9 «1.3: 5.8
{0.933) sArtificlel: 1/2 &s 23,17 $ 3.7 s 0.6 ;2,51 M1 155: 200 r -2.2¢ <73 +3: 2.9
:¥stural  : 6 53 13,36 127 1 ¥.2 : 1663 8,73 2.1 1 6 1 -20: -3.831 4.9 6.1
feevsdOeeest 12 8 92.0 11,2 125 1250 19,332 3.3:38083 N3 3.0 253 B8.0: 68
H H H 4 H 2 1 s t b 1 i 3 4
Podied linseed oil, :None t 0 fe.... vesessaas t .10 32 3.6 5.0 1 9,21 6.3 1.bh: 102 3 M9 =261 2,2 5.1
26 viscosity sArtifieials 1/2 {1 £1.26 ki 2 1 271.5: WA 98 1 S Ti 4213 42 1.8
{0.970) iNetural 3 6 3 Py Y $219 3.2 31 T.5 1 8.3: M1 1,33 0 1t -3.3:3 -1 -28: 2.8
SeereB0.4.08 12 2 1.1 22,09 133 3 8.2 1+ T.7: 2832 21t Hb ¢ 3.2 =22t A5 £ Y
s : : : 1 3 : 1 1 1 s 3 s 1
sius silicete,  :None 8 0 feiiiesseecennet 1,68 @ 2.3 : 56,2 1%6.1311359 13151 100 : -3.8: 223 ~51: h.S
p/ov 0,30 . :Artificial: 1/2 19.0 1 1.89 R4 3 9.2 s 9812 503 671 99 : 2,1t <3M3: 4l 3.4
(1.515) iNaturel : 6 ¢ 3.8 £ 1,80 :3.9 ¢+ 6.6 3 6,73 2,23 251 205 3 2545 -3t -23: 2.1
teeo 8000002 )2 2 39.6 :1,88 :3.8 3 67 1 681 163 26 95 3 261 O 3 «2.6: 1.7
: : 3 : 13 1 t [ [ 3 3 ] 3 t
Basic carbonate vhite :None 2 0 tevieeecceeese.2 2,8% 1 3.9 3207 3208 60: 1,63 101 s -3.31 #1.0: =3.6: b8
lesd, L, p/av 0.30 :Artiftetals 1/2 : 2.0 :$3.22 35,5 1128 ¢ 12.% 1 20:1003 9 1 3,21 <83 22 1.8
(2.705) :Natural : 6 @ 26.5 +3.28 :13.9 t1.0 3 89: 3.9: 5.1 8 3 201 +k2 A5 2.7
teeeud0.e0at 12 2 28.3 :3.28 82 :208 2 69: 3.0: 3.2 & : -9: 0 3 A0 3.5
H H H 1 z 2 k] 2 3 3 3 H 2
Titanium-lesd, :None T 0 fessresesronesel 222 : M0 1293 320.9: 3271181 202 : -39 +4L62 =531 5.1
TL,o» »/ov 0.30 sArtificsal: 1/2 : (2 ZeveseselesnossdanencsedronscstonsesetocsoneloccrcscoaBoscessebossssssdocccacilocnteroncans
(2.030) :Natural 3 6 : sY.6 T 2. $ 3. 1 27.2 1263 903137102 97 3 -.3: RT3 -26: 1.8
tesee@00.a02 12 3 53.7 1265 3.3 :28.2 s 270 Bk 1683 96 -8B 433 -2.1: 2.3
: .t s 1 H H H : ] 3 3 : s 3
Titantum dioxide, :Hone $ 0 Toseens eracans 2,02 127 1256 125.3:33.5: 6,93 9 : Al 4.0: KT 5.2
anatase type, tArtiricial: 1/2 : 55.1 212 156 :10.2 lg.s : 251 6.2 93 &t -l.3 .'Z t 0 3 2.3
T,00> P/OY 0.30 :Netural : 6 @ 8s.2 £2,32 £29 12,9 118,13 7.8: 883 87 1 283 AB: -l 2.9
{1.820) FONORN 7S 107 :2.39 ;28 1328 1 9.1 3.2: 3851 T ¢ <23t <=9 -l b7
: 3 3 B t s s 1 : H 3 : l
Zinc oxlde, 2, :None t 0 feieereccnsveset 2MB 2 3.7 3 Te6 : THE 1 M2.7 3 2001 100 & 3.9t +9.h: 12,0 3.6
p/av G.30 :Artificial: 1/2.: 12,2 ;277 122 10,0 332517118913 8L 3 +63 4223 <51 .2
{2.345) Matural 3 6 @ 16.3 2.5 3 M0 ot Mk 3 38,3 :1h5: 93 86 3 42081 42.6: 4265 1.5
Tere @0...03 12 18, 1258 : 4.0 $33.8 1297:4.6:326: 688 i+ -8: NI A9 1.3
: 3 : H s H H H H 3 3 13 H e
Lead~zine, 1Z.., : None 2 0 fiiaeriesiescac? 278 23,9 1680 :B1.0: 326 2%.0: 119 3 28 +6k: 8.5 )6
piov 0.30 37 :Artificied: 1/2 : 1.7 :2.8% : .2 $37.6 :38.6:20: 3271 92 : 203 *7.6:1 <17 1.7
2.563) :Natural 3 & @ 0.7 1 2.9 4O 3825 :37.8:19.5: 19t B 1 +2.5: 42.6: +0.0 73
teeee@0aase3 12 ¢ 2.8 3290 : M1 M3 1366:19.3:223: 8 -3 =31: (3 ieeecanet 8.3
: 3 : s : : ¢ s : : : Il 1
Titanium-lead-zinc, :Noow T 0 Iiieeessenereaes 252 23,9 3612 160,53 33.5:19.31 99 : 201 47.71 903 3.8
Mso2r0s p/ov 0,30  :Artificiel: 1/2 s 13.0 1270 3.8 : 366 130.81:123.7: W01 95 : <L03 +h2: -9 2.5
{2.370) :Metural : 6 ¢ 16.3 : 269 3.9 3381 :137.0:37.2: 61 97 1 «291 4501 :‘: 3 6.9
2eees80s.40t 12 3 2.2 : 268 140 3366 :136.5:18.0:1.8: 9% : <303 +5.91: 2 7.1
plate by floating them face down on All coatings and films absorbed water ~ which the film had been made, The

mercury untif the tin became amalga-
mated and the coatings could be
stripped off. The free films were then
cut to size, marked, and equilibrated
over calcium chloride in preparation for
soaking tests.

Methods of Expressing Results

During exposare to natural or arti-
ficial weathering, there is normally a
loss of weight of coatings by leaching
of water-soluble ingredients and some-
times by erosion (chalking). Some
paints reported in table 1 gained in
weight during artificial weathering for
a reason that is explained farther on.
In either case, the change in weight,
which was the difference in weight of
coating in grams immediately before ex-

ure and afterward, is represented by’
the symbol S,. There was a further loss
in weight from all coatings and films
during the 3-day soaking test that was
revealed by the difference in weight in
air just before immersion in water and
the weight in air after redtying over
calcium chloride. This loss in weight in
grams from leaching of soluble ingre-
dients is represented by the symbol S,.

4

during the 3-day soaking test. The ab-
sorption of water in grams, represented
by A, was the difference between the
weight in air on removal from water
and the weight after redrying over
calcium chloride. ¥f the initial rather
than the final dry weight were taken for
the subtrahend, the absorption would
be underestimated by the weight of
soluble ingredients lost during the soak-
ing. By the method used, there is still
a small error from loss of volatile in-
gredients other than water during the
period of redrying in a dessicator, but
such loss of volatile matter is much less
than the loss of soluble substances
while soaking,

The great variation in density among
the paints and vehicles studied raises
a problem of finding a meaningful
method of expressing comparative re-
sults for absorption of water, A, and
the losses, S, and S,. In the previous
paper (3), A and S, were reported in
percent by weight of the oil present in
the film calculated on the assumption
that the film at the time of test retained
the same percentage of oil as the non-
volatile portion of the liquid paint from

assumption is at best 2 reasonable -a
gigximation for unweathered films and

omes dccreasin%ly reliable as the films
are weathered. Volumstric measurements
offer a much better basis of expression;
namely, the volume in cubic centimeters
of the film or coating at the baginning
of the soaking test, tepresented by the
symbol V,. Accordingly, the absorption
of water is now reported as (A/V,) x
100, which is the percent by volume if
1 gram of water is taken as 1 cubic
centimeter. The losses S, and S, are
expressed similarly; (S/V,) x 100, or
the grams of substance of unknown
composition lost per 100 cubic centi-
meters of film.

During the 3-day soaking in water,
the initial volume V, increased to 2
larger volume V,; and when the film
was redried, the volume shrank to V,.
As a rule, V, was less than V,, presum-
ably by the volume of soluble ingre-
dients leached out while soaking. In
such cases, the percent-swelling in vol-
ume,AV,, was calculated as 100 (V,~
V.)/V,; and it was observed that the
density of the redried film retumed
neatly to the density before soaking or
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2
“These paints were Dot tested after artificial weathering with 4istilled water in the Weathercmeter SRrays.
3ats lacking because the redried films were too badly curled and too brittle to permit measurements.

became slightly greater, But with films
of some paints, the redried volume V,
was greater than the initial volume V,,
and the density after redtying remained

significantly less than the density before .

soaking, despite loss of soluble ingre-
dients. To avoid gross underestimation
in such cases, the volumetric swelling
was calculated by the formula AV, =
100(V, - V,)/V,. The percentage
change in volume after redrying was
always calculated from the formula
AV, = 100(V, - Vo)/V,. It was
negative or positive accordingly as V,
was greater or less than V.

The relation between the percent ab-
sorption, A/V,, and the volumetric
swelling, AV,, was conveniently stud-
ied by computing the swelling efhciency,
which was AV, divided by A/V, times
100, expressed in percent. As 2 rule,
the swelling efficiency was not far from
100 percent, which meant that each
gram of water absorbed increased the

volume of the film by 1 cubic centi-
meter. After weathering, the swelling
effitiency tended to decrease somewhat,
and for a few paints it decreased
markedly. There are paints not included
in these tests for which the swelling
efficiency is less than 100 percent even
before weathering. Low values of swell-
ing efficiency indicate that the film con-
tains voids that can take up water with-
out causing any swelling, a condition
that was predicted from theoretical con-
siderations by MacGregor (7).

Changes in area of free films were
calculated from the changes in length
and width between lines ruled on the
surface of the films about an inch apart
in the central portion of the ﬁ{:s.
Curling at the edges of films that swell
greatly made it impracticable to make
measurements between edges. It was
shown in the previous paper that films
of many paints swell more across the
grain of the paint, determined by the

Iast direction of flow of the paint dur-
ing application, than with the grain.
After computing the percentage change
in area of the marked portion of the
films, the change in total area was cal-
culated on the assumption that the
whole film changed in the same propor-
tion as its marked central portion, Tak-
ing Q., Q,, and Q, as the areas before
soaking, after soaking, and after redry-
ing, respectively, the areal swelling,
AQ,, and the change in area on redry-
ing, AQ,, were computed analogously
to the changss in volume from the for-
mulas: AQ- = 1OO(QI - Qr)/Qo if
Q, was less than Q,, or AQ, =
100(Q, - Q.)/Q, if Q. was greates
than Q, and AQ, = 100(Q, -
Q)/ Q.

The thickness of the film in mils (1
mil = 0.001 inch) before soaking was
calculated from the volume and area,
T, = 61 V,/Q, where V, is in cu. cms.,
Q, in square inches, and 61 is a con-
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Comparison of Bound and Free
Films Before and After Arti-
ficial Weathering

Table 1 records the results of experi-
ments with bound films (coatings on
glass), and table 3 the contemporane-
ous results with free film of the same
vechicle and paints. Each vehicle o1 paint
was tested both bound and free in two
different thicknesses of film because
thin films change more rapidly or to
greater extent than thick films. In mak-
ing comparisons, therefore, both thick
and thin films should bs considered
and allowance made for variations in
thickness.

Changes in Density: The 10-day-
old coatings of all of the vehicles and
paints were markedly higher in density
than the nonvolatile portion of the
liquid coating material t};gm which they
were made. Part of the increased density
aame from absorption of oxygen while
drying, but others (4, 5) have shown
that most of it came from contraction
in volume, which- for raw linseed oil
after 10 days may amount to nearly 13
percent (4). On weathering, the density
of the coatings continued to increase
materially. Part of the increase in den-
sity on weathering of the pigmented
coatings may be attributed to loss of
volatile and soluble products of decom-
position of the linseed oil vehicle, and to
the Jeaving behind of a higher propor-
tion of the pigments, which are much
denser than the vehicle. But there was
also some loss of pigment by chalking
or by leaching of soluble salts formed
by reaction of some pigments with de-
composition products of the vehicle.
After allowance for such losses, how-
ever, it is clear that much of the in-
crease in density was due to further
contraction in volume of the coatings.

The increase in density while drying
was often slightly more for thin coat-
ings than for thick ones. The difference
was greater for coatings on glass than
for coatings on gummed paper. Such
effect of coating thickness was to be ex-
pected because the oxygen necessary for
drying enters the coating at its surface,
affects the top of the coating sooner
than the bottom, and takes longer to
penetrate to the bottom of a thick than
of a thin coating. The gummed paper
substrate may have been somewhat per-
meable to oxygen, whereas the glass
substrate was not. On weathering, thin
coatings always gained in density more
rapidly than thick coatings; particularly
so when the coating contained opaque
pigments to keep the light of the
Weatherometer from penetrating readily
to the bottom of the coating.

Absorption of Water: Free films
nearly always absortbed more water dur-
ing the 3-day soaking test than bound
films on glass of the same paint and

z t B 1 ] 1 [}
Paint sDensity: Pilm sAbsorp-:Seslling:Svelling:RedriediVeight loes
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comparable thickness. The few excep-
tions to this rule wers with paints of
relatively low absorption, and the differ-
ences between the free and bound films
were small. Although both faces of the
free films were to water,
whereas water had access to 1 face only
of the bound films, the period of ex-
posure, 3 days, was so long in con-
sideration of the thinness of tested
that it is very difficult to attribute the
greater absorption by free films to the
greater area of surface exposed, There
was ample time for water to penetrate
to the center of the thickest films.
Moreover, the differences between free
and bound films are as striking for the
thinner films of each paint as they are
for the thicker films. The more probable
explanation, therefore, is that restraint
of the bound films by their attachment
1o the glass substrate developed internal
stresses of sufficient magnitude to reduce
the absorption of water below the quan-
tity taken up when the film was free
to swell in all three directions.

Nevertheless, even bound films of
some paints absorb surprisingly lar
quantities of water. The greatest aﬁ
sorption recorded was nearly 63 percent
by volume for the unweathered thinner
film of zinc oxide paint. The corre-
sponding free film absorbed 90 percent.
The smallest absorption by a bound film
was 4.4 percent by the thicker un-
weathered Alm of white lead paint for
which the corresponding absorption by
the free film was 6.5 percent. Un-
weathered films of raw linseed oil ab-
sorbed 17.5 percent for the thicker and
10.3 percent for the thinner films when
bound, compared with 21.8 percent for
the thinner, and 10.8 percent for the
thicker film when free. '

The absorptions by different kinds
of paints and by thid and thin films
of any one paint when in the bound
condition fan parallel, at least quali-
tatively, to the corresponding absorp-
tions by the free films. Thus, if one
paint took up more water than another
when bound, it did so also when free.
Thin Alms always absorbed more water
than thick films of the same paint

- whether the films were bound or free.

Artificial weathering increased the
absorption of both bound and free films
of unpigmented raw linseed oil and
bodied linseed oil at comparable film
thickness. White lead paint exhibited
the same effect of weathering, but at a
lower level of ion, All of the
other paints absorbed much less water
after weathering than they did before.
The first 714 days of artificial weather-
ing usually effected 2 greater change in
absorption than the second 714 days
did; 1n fact, there was often a minimum
of absorption after 71/, days of weather-
ing and a slight increase again after
15 days.

Swelling in Water: The volumet-
ric swelling, AV,, of all of the un-
weathered vehicles and paints in tables
1 and 3 paralleled and approximated
reasonably closely the absorption of wa-
ter. For unweathered, bound coatings,
the swelling efficiencies were between
99 and 120 percent, and for free coat-
ings between 92 and 107 percent. The
exceptionally high and exceptionally low
values were for films of very low ab-
sorption and swelling, for which the ex-
perimental errors were therefors great-
est. All of the water absorbed by the
unweathered films, therefore, resulted

in swelling, Fts\xmz.bl because there
wercnovoisintheghnsthatconﬂd
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become filled with -water without in-
crease in film volume. The fact that the
swelling efficiency often slightly ex-
ceeded 100 percent may be attributed
for the present to underestimation of
the absorption because of evaporation
of absortbed water while the soaked
films were being weighed in air; al-
though the possigility that the volumet-
ric swelling docs at times actually ex-
ceed the volume of water absorbed will
be considered in a subsequent publica-
tion in this sertes.

After weathering, the swelling effi-
ciency of bound films was always less
than 100 percent. For commercial paint
No. 5, the efficiency dropped as low as
51 percent. A similar trend was evident
for the free films, but it was not so
marked, except for commercial paint
No. 5, and it was not so consistent.
Some of the water absorbed by weath-
ered films often fails to cause swelling,
presumably because voids have been de-
veloped within the weathered films that
take up water without changing the
volume, Apparently, bound films, which
can swell or shrink in thickness only,
reveal the porosity developed by weath-
eting more fully than do the free films,
which can swell and shrink in three
dimensions. The approximate equality
in density of bound and free films indi-
cates that they are about equally porous
before immersion in water for the soak-
ing test; but when the wet films, plas-
ticized by the absorbed water, dry out
again afterward, the free films may be
able to draw together and collapse the
pores more nearly completely than the
bound films can.

For free films, the volumetric swell-
ing was distributed between areal swell-
in% and swelling in thickness. The dis-
tribution, however, was not in fixed
proportions. ‘Thus, for the thin, un-
weathered film of magnesium silicate
paint, the volumetric swelling was 56.1
percent, the areal swelling 159 per-
cent, and the swelling in thickness 31.5
percent; whereas, for the thin, un-
weathered fAlm  of titanium-lead-zinc
paint, the corresponding fgures were
61.1, 38.0, and 15.6 percent, respec-
tively. Such variations appear through-
out table 3 not only among paints but
between weathered and unweathered
films of the same kind of paint. In the
previous paper {3) it was shown that
many films swell much more across than
with the grain of the paint.

Recovery on Redrying: On redry-
ing after the soaking test, both bound
and free films usually shrank to a vol-
ume slightly less than their initial vol-
ume before soaking. The loss in volume
may be attributed to the loss of soluble
ingredients by leaching during the soak-
ing period. Quantitative comparison of
the volumetric shrinkage with the leach-
ing loss is not possible in the absence of
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knowledge of the density of the soluble
ingredients, Usually the leaching loss
in grams per 100 cubic centimeters was
slightly greater than the percent shrink-
age in volume, which agrees with the
presumption that the soluble ingredients
had a density greater than 1.

One of the 60 bound flms in table

1, and 10 of the 60 free films in table

3 retained a larger volume after redry-
ing than the volume before soaking, al-
though all of them experienced loss of
soluble ingredients during the soaking.
Of the 11 films that semained some-
what swollen after redrying, 9 wers
films that had been weathered, and all
11 of them were films that exhibited less
than 100 percent swelling eﬁ'lciemz in
the soaking test. Eight of the 11 flms
were of paints that contained zinc oxide
and were mote brittle and less distensi-
ble than the other paints. It may be
concluded at least tentatively, therefore,
that the residual swelling left after re-
drying indicates voids left within the
films after evaporation of the water
with which they had been filled while
the films were wet.

Failure of free films to return on re-
drying to their initial dimensions before
soaking was much more frequent in the

measurements of area than in those of

volume. Of the 60 free films in table
3, there were 28 for which the area,
when redried, exceeded the area before

soaking. Twenty-two of the 28 were

among the 24 Alms of paints that con-
tained zinc oxide, The paints of highest
absorption and swelling on soaking ap-
pear to be the ones most likely to retain
swollen area after redrying. T{xe harder,

less distensible paints of high absorption . .

and swelling thus seem to shrink more
readily in thickness than in area when
they dry out agzin. The results agree
with phenomena that- have long been
observed in the moisture blistering of
paints. Formation of blisters necessarily
involves an increase in area of film.

After the wet condition passes and the

blistered paints dry again, the more
distensible kinds of paint often draw
down to a surface so level that the blis-
tered area can no longer bs seen;
whereas, the less distensible paints often
leave a rumpled surface, a sort of
“double-chin’ effect that clearly reveals
the blistered area. Similiacly, in normal
weathering of paints when cacking
and curling occur, it can often be seen
that, if the curled paint could be rolled
out flat again, the parts on either side
of the crack would have to overlap.
Both in swelling and in redrying of
free films, measurements of changes in
asea alone prove inadsquate and may
lead to conclusions at variance with the
understanding obtainable when the vol-
umetric changes are measured also.
When both volumetric and areal
changes ate observed, significant infor-
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mation is revealed about the internal
structure of the films and the nature
of the stresses that must be set up within
them.

Loss in Weight While Soaking:
‘The loss in weight of paint films durin,
the 3-day soaking period were discuss
in the previous paper (3). The loss
arises from leaching of water-soluble

‘'substances probably formed by decom-

position of the paint oils, chiefly during
the soaking period. They can be re-.
covered from the soaking water by
evaporation, They consist of organic
matter, together with inorganic con-
stituents if the paint contained pigments
partly soluble in water or capable of
forming soluble salts with organic
acids. In this paper, it is sufficient to

int out that bound films yielded solu-
ility losses of the same order of mag-
nitude as those from free films. Thick
films lost less in propertion to their
volume than did thin of the same
kind of paint, whether the films were
bound or free.

Comparison of Artificial and
Nataral Weathering

Table 2 reports results with free films
of 2 unpigmented oils, 11 laboratory-
made paints, and 5 commercial paints
when tested before weathering, after
artificial weathering for 15 days, and
after natural weathering for 6 months
and for 12 months. The 6-month period
of natural weathering was from May
to October 1953, inclusive, which in-
cluded the summer months; the 12-
month period was the extension through
April 1954, which included the winter
season. , . .

Weight Losses While Weather-
ing: Losses in weight during weath-
ering, cither artificial or natural, were
substantial. Paint T ,,, in which anatase
titanium dioxide was the sole pigment,
lost 107 grams per 100 cubic centimeters
of weathered hlm after 12 months of

natural weathering. But much of the
loss by paint T,,, was pigment because
it was chalking very freely by the end
of the exposute period. Although other
paints chalked observably, none of them
was chalking freely enough to attribute
much of their weight loss to erosion
of pigment. For most paints, the losses
are believed to consist chiefly of volatile
organic products of oxidation and to
leaching of soluble decomposition prod-
ucts of the paint oils and soluble metal
salts of such products. Raw linseed oil
lost 92 grams per 100 cubic centimeters
of weathered film after 12 months’
natural weathering; bodied linseed oil
lost a little less than half as much.

 Paint TL,, and commercial paint No.

5, which was pigmented with titanium
dioxide and extending pigments, lost
somewhat more than bodied linssed oil
but less than raw linseed oil, Magne-
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sium silicate paint lost a little less than
bodied linseed oil; and pure white lead
paint, paint L, lost less than magnesium
silicate paint. All paints that contained
zinc oxide Jost less than pure white lead
paint, but the Jowest loss after 12
months’ natural ,weathering was 15.6
grams per 100 cubic centimeters of
weathered film of paint TL,,Z,,. These
findings agree with measurements of the
rate loss of coating thickness in practical
exposure tests (2).

In natural weathering, most of the
loss in weight took place during the
first 6 months. After 12 months, the
losses were usually greater but only
slightly so, This is strong evidence that
the weight losses consist chiefly of
leachings of soluble decomposition and
reaction products, rather than mechani-
cal attrition by chalking or erosion. Oxi-
dation takes place most rapidly in young
films and slows down as they get older.
Erosion, on the other hand, is negligible
in young films and speeds up as they
age. To be sure, the first 6-month pe-
riod of natural weathering included the
summer period during which paint
deterioration proceeds more rapidly than
in winter, but the 6-month losses ap-
proach the 12-month losses toa closely
to be attributed largely to the difference
between summer and winter seasons.

In artificial weathering for half a
month, the weight losses were smaller,
usually much smaller, than the losses

in natural weathering. The shorter pe-.

riod of time for artificial weathering
may be partly responsible for the differ-
ence, but another and perhaps more
important factor is the brevity of the
periods of exposure to water in artificial
weathering. Each spraying with water,
during which soluble ingredients could
be leached out, lasted only a few min-
utes, after which the films had time to
dry thoroughly before again reaching
the sprays. The time was insufficient for
the water to affect more than a thin,
superficial layer of the paint films. Other
workers (6) also have pointed out that
customary cycles of artificial weathering
fail to provide long enough periods of
exposure to wet conditions.

In table 1, bound films of paints
containing zinc oxide usually gained in
weight during exEosure to artificial
weathering. Losses by other paints were
usually much less than the losses for the
same paints recorded in table 2. The
gains by the zinc oxide paints were
clearly abnormal and were traced to
deposits from the hard water used in
the Weatherometer sprays. The metal
clips by which the test specimens were
held in the Weatherometer drum be-
came coated with the deposits. This
source of error was corrected by equip-
ping the Weatherometer with a tank
and pump to supply distilled water to

the sprays for the experiments recorded
in table 2.

Absorption of Water: Weathered
films of pigmented paints, except pure
white lwdgpaint, agsorbcd less water
when soaked than the unweathered films
of the same paints, whether the weather-
ing was artificial or npatural. On the
whole, attificial and natural weathering
did not differ greatly in their effects on
absorption, If there was any real differ-
ence between them, after making reason-
able allowances for differences in film
thickness, the difference was that ab-
sorption by artificially weathered films
was more often slightly less than slightly
more than the ior jon by similar
naturally weathered films. At any rate,
the results indicate that half a month of
artificial weathering ages the films fully
as much as a year of natural weathering,
at 45° facing south, though it does not
follow that the chemical and physical
effects of the 2 methods of weathering
are the same in all respects.

Swelling and Swelling Efficiency:
No significant differences were observa-

ble in the effects of artificial and natural

weathering on the swelling and swell-
ing efficiency of paint . Before
weathering, the swelling efficiency was
usually dlose to or sl;'fhtly greather than
100 percent; and after weathering of
either kind, the efficiency as a rle was
slightly Iess, sometimes markedly less
than 100 percent. Likewise, the distri-
bution of "the volumetric swelling be-
tween area and thickness changes was

about the same for artificial and for

natura} weathering.

Shrinking on Redrying: When re-
dried aftﬁrgsmking, allgunweathered
films returned to less than the volume
before soaking, “ircsumabelg because of
leaching of soluble ingredients. After
artificial weathering, films of 5 paints,
chiefly paints that containsd zinc oxide,
retained after redrying slightly more
than their initial volume, All films
naturally weathered for 12 months re-
turned after redrying to less than the
initial volume; but of the films naturally
weathered only 6 months, those of 10
paints had larger-than-initisl volume
after redrying. The residual swelling
was small for 3 zinc-contzining paints
and pure white lead paint; but it was
large, from 14.5 to 30.9 percent, for 6

%i:ts, namely, paints Z, LZ,;, TL,oZy0 -

oZqo TZy, and commercial paint
No. 3. Large residual swelling after re-
drying was usually associated with low
swelling efficiency during soaking. The
area of films of all zinc-contzinin
paints, except commercial paint No. 4,
was always larger after redrying than it
was before soaking, even for unweath-
ered films. .
Thus, the behavior of zinc-containing
paints on redrying after soaking sug-
gests that their physical condition after

6 months of natural weathering is
farther away from the unweathered
condition than is the condition after 12
months of weathering. On the other
hand, ‘it"has already been pointed out
that the data for loss in weight while
weathering suggest that the chemical
composition changes greatly during the
first 6 months, but not much more dur-
ing the next 6 months. But it may be
that the physical condition that deter-
mines the ability to shrink again after
becoming swollen in water, oscillates
beteween limits during weathering, or
that it depends more on the weather
conditions for a few days immediately
before sampling than on the total time
of exposure to weathering.

Solubility While Soaking: Artifi-
cially weathered films lost less weight
from leaching of soluble ingredients
during soaking than the corresponding
unweathered ﬁlms did, except for the
pure zinc oxide paint and commercial
paint No. 5. Naturally weathered films
of bodied linseed oil, all zinc-free
peints, and commercial paints Nos. 1,
2, and 3 also lost less soluble material
than the corresponding unweathered
films, But naturelly weathered films of
raw linseed oil, all laboratory-made
paints that contzined zinc oxide, and
commercial paint No. 4 had more solu-
ble material than the corresponding
unweathered films. (The laboratory-
made paints were made with raw lin-
sesd o1l, but the commercial paints con-
tained substantial proportions of bodied
deying oils.) Solubility was higher in
naturally weathered than in artificially
weathered films of all paints for which
the data ate available for such compari-
son, except pure zinc oxide paint and
commercial paint No. 5.

It appears, then, that artificial weath-
ering tends to reduce solubility below
that of unweathered films. Natusal
weathering, on the other hand, seems
to increase the solubility of films of
taw linsesd oil and of paints contain-
ing zinc oxide unless they also contain
much bodied oil. For bodied linseed
oil and zinc-free paints, the solubility
after natural weathering, though less
than that of unweathered films, is not
so Jow as it is in artificially weathered
films. More should be known about the
chemistry of paint weathering before
an explanation is offered for these facts.

Chips of 16-Year-Old Paint

An opportunity to measure the volu-
metric swelling of soms very old paint
films was afforded by a test-fence study
of s‘mt maintenance programs started
at Madison, Wis., in 1936, the results
of which have been published (2). The

int coatings were renewed by repaint-
ing at intetvals, always with the same
kind of paint, until 1948, After that,
they were 21l allowed to stand without

o
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further repainting until 1952 to provide
a period for observing the outcome
critically. The thicker coatings of many
of the paints were then scaling badly
enough to permit collection of samples
of free films large enough to test for
absorption of water and volumetric
swelling. The chips were coliected in
the spring of 1952 and kept indoors
until the measurements were made in
January 1954.

The results are reported in table 4.
All of the paint chips available for
study were more than 9 mils thick, one
of them 18.1 mils thick. The absorption
and swelling measured, then, are for
films of excessive thickness and pre-
sumably are much lower than the ab-
sorption and swelling of similar films
of normal thickness, say 5 mils. All
chips available were of paints that con-
tained zinc oxide and that were there-
fore high in. absorption and swelling.
Zinc-frec paints, even in excessively
thick films, did not loosen and saale in
pieces large enough to afford samples
suitable for measurement.

The absorption of water ranged from
18.8 percent for paint (LZ,,),, to 45.2

escent for paint (TZ,;),,,. Absorption

y the 2 paints in which there was no

white lead was greater than the absorp-
tion by any of the 6 paints in which
there was white lead, Although the ab-
sorptions were lower than for compara-
ble paints in table 2 that received nat-
ural weathering for 1 year, the differ-
ences were no greater than might be
accounted for by the much greater thick-
ness of the 16-year-old films. Thus, it
agpe&rs that most of the reduction in
absorption caused by weathering of
paint films occurs in the first year, or
perhaps even in the first 6 months.

Volumetric swelling of the 16-year-
old films was always less than the ab-
sorption of water, and the swelling
efficiency was therefore less than 100
percent. The efficiencies ranged from 77
to 92 percent. The 16-yeat-old paints

did not differ greatly from 1-year-old

paints in swelling efhciency. Moreover,
the shrinkage of the swollen films on
redrying and the loss of soluble ingre-
dients during the 3-day soaking petiod
were about the same for the 16-year-old
as for the 1-year-old films.

Conclusions

1. A technique was developed for
measiting the volumetric swelling both
of free films and of coatings of house
paints bound on glass when spaked in
distilled water for 3 days, and the
shrinkage of the free and bound films
when dried again after soaking. The
volumetric measutements in conjunc-
tion with measurement of the absorp-
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tion of water, the changes in area, and
the loss of soluble ingradients by leach-
ing previously teforted add materially
to the understanding of the action of
water on house paints of different kinds.
Paints were tested before exposure to
weathering and after exposure to arti-
ficial and to natural weathering.

2. Bound films absorbed somewhat
less water and swelled correspondingly
less than free films, although the ab-
sorption and swelling of bound films of
some paints were surprisingly Jarge. The
bound films, which could swell in thick-
ness only, were pethaps unable to ad-
just their volume to the full extent of
swelling and remained under greater
internal stresses than the free films, Free
films changed in length, width, and
thickness.

3. Thick films, whether bound or
free, absorbed less water and swelled
less than otherwise similar thin films.

4. Unweatheted films, either bound

or free, usually swelled at least 1 cubic
centimeter in volume for each gram of
water absotbed, Artificial weathering in
a Weatherometer reduced the absorption
and swelling. Weathered films tended
to swell less, sometimes much less than
1 cubic centimeter for each gram of
water absorbed. It may be that the
weathered films become potous and are
able to hold some free water that causes
no swelling in addition to the swelling
water.

5. When redried after soaking, most
films shrank to 2 somewhat er vol-

ume than they had before soaking. The

loss in volume is attributed to loss of

soluble ingredients by leachin, d\iti:F”

the soaking, Practically all films suf-
fered loss in weight from this source.
But a few films, chiefly of highly ab-
sorptive paints in which there was zinc
oxide, were slightly greater in volume
after redrying despite loss of soluble
ingredients. This scems to be further
evidence of the development of voids
within some films.

6. Al films lost weight substantially
during either artificial or natural weath-
ering. The losses were much larger in
natural than in atificial weathering. In
natural weathering, the major portion
of the loss took place during the first
6 months. The loss in weight is attrib-
uted chiefly to leaching of soluble in-
gredients, rather than to mechanical
erosion or chalking, because few paints
were chalking very freely within the
first 6 months of natural weathering.

7. In artificial weathering, the use
of hard water in the Weatherometer
sprays led to low measurements of
weight loss; in fact, some paints that
contained zinc oxide actually gainsd in
weight. Evidently, there were gains in

weight from deposition of the salts
present in the hard water, which partly
or wholly overbalanced the losses of
soluble ingrzdicats from the paint films.
Such abnormal results were corrected by
supplying distilled water to the Weath-
erometer sprays.

8. Absorption and swelling of films
were reduced fully as much by 15 da
of artificial weathering as by 12 mon
of natural weathering.

. 9. Chips of paint films from a test-
fence study of paint-maintenance pro-
grams were available for examination.
The paints had been maintained by re-
painting homogeneously at intervals
throughout the period from®1936 to
1952, with the last repainting in 1948.
The absorption and swelling of the 16-
year-old paint chips, when reasonable
allowance was ma&e for their excessive
thicknesses, was comparable with the
absorption and swelling of similar
Yaints when weathered for only 1 year.
t seems, then, that the reduction in
ab“s:gtion and swclligi of paint films
caused by weathering takes place during
the first few months and thereafter

remains neatly constant for at least the

next 15 years.
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