Rheology of :Melts and Solutions Part 2:

B V1scaelast1c1ty Temperature, and

Surface Flow

by Cliffard K. Schoff, Schoff Associates®

Fris artfcle conriiugs the discesion of heologicgl belurdar of polvmer melts ard soli-
pomy thart was begur Gi Pare [0 Coanmet o, August 2007 ). T8 bisias ndti o is-
s af visoelas o of eomrentrated solutions, matnly v e aof gruialitative ways

te discern elastic belundon, bt veferemees fur guamdifoive methads are alio ghen, The cover-
ar of rscosity-tentperature effects ncludes buth the Archenius relutionship fAndrade’s e
tinseh wned ifig Williions-Landel-Ferry weatirent. The later does a belgr fob of velating visooe-
ity awd wemperature for many aondings, The infTeence of sofvents on eclegy i mentioned.
Surface flows anwd surface deteces are discussed 0 temins af crater forimalion, craier el pelo-
ity srfece wreien goudierts, and the rate of fermation of craten, Relotences ate given for

ather dafiects and flows,

INTRODUCTION

This article deals with the rheo
logical behavior of polymer melts
and palymer solulions as related w
oIganic coatings. Part 1 discussed
melt and sohation viscosity and de-
seriled melluwnls of measuremnent.
Fart 2 covers viscoelaslcity of con-
cemtrated solutions, viscositv-tem-
peralure ellects, inlluence of sal-
vents o theology, surlace flows,
anil surface defects, The discussion
is briel, bul a number of references
are given for additional siudy.

VISCOELASTICITY OF
CONCENTRATED SOLUTIONS

Another aspect of theology is vis-
coelasticity. Polymers and many of
their solutions are elastic as well as
visconns, Paing technelogists oy to
avoid Loid efastcity, bt o not al-
ways lnow that is what thev are do-
ing They are concerned whether
their paints apply prapedy al the
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solitls necessary Lo meet regulatory
resuictions on VIO levels. Tn order
to do this, 7t is well o hal 11 is
wise 10 wvoid resins with high mo-
lecular weight “tails”™ in their molec-
ular wright distrilutions, tal the
Gstes) (Tiighesl evaporation rate)
solvents had better not be the only
good solvents for the resins in the
formula, and that wo much stue-
ture in the paint is bad. Breaking
these mules is Tikely 1o resull in
pains hal produce spits or strings
and cobwebs on spraving, are ropey
ox give mistingfspaliering on roll
codling suller severe orange peel, or
exhibit other problems. What s not
s well knoven s tha the cause of
these problems wsually is luid elas-
tcity, Ywhereas viscoyity @ a mneas-
nre of the resistance ol a material w
permiinenl detonmation vnder
stress, 1.2, Heow, elaslicily is e
versible deformallon s that the
defcrmed body rennms to its onigi-
nal shape as in the seap-lack of a
rubber Tvand.

Measurement of paint elasticty is
notan easy raatler fand there 34 no
good methed for measuting elaslic-
ity at high shear). Conventonal vis-
TOIMELETS ST i_!T'iE}-' ﬂ'll::’ "L"'iﬁ{'{:luﬁ
component even i the Nuid is quile
viscoelastic, This is because motion
is vnly in one direction and the
torgue necessary Lo pooduce (he
motion 1s not atfected by elasticity
unless thal component is very large
(inwhich case the problom will be
obvicus), Oscillatory modon, creep
MESUETNENE, OT stress relaxation is
necessary L measare elasticily. A
number of research viscomerers are
capalle of making such measure-
ments, bul they dce expensive and
ravely found outside large paint
conmpanies and a few universities,
What can smaller Tubworalories and
companies 4ot It tuens oul that
carehil gualitative methods can be
wory wseful i Lhis aren. Hxamples
include noting the forcing apant of a
vone and plale during siscosity
measurements, or the clirolang of a
resin o paint up the stirrer shaft
during polyroerization or mixing
(both examples of the Weissenberg
effect).

Anather technigque is to observe
with a microscape the amoun ! ol
swell in diameter of a stream off
patint ar odher material exmded
trom a syringe. ' The greater the
swell, the more viscoelastic is the
(il Tselad semi-cquantitative
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medsurements have been made
witlh this method. With high-solids
rexing, paints [parlienlarly after par-
tal loss of volatiles on spraying or
during the lake), or polymer melts,
elasticity can cause chattering or
bucking of the cone on a conef
plate viscownerer, Good batches or
components will gve normal meas-
urements, whereas efastic ones will
give nuomeasurable values, exratic,
ones, o very high values. Yet an-
ather way to ook for elasticity is 1o
observe behavior during hubble
tibe viscosily measurentents of
polymer solutions. A pointed Lail in
the: rising bubble indicates elastic-
iy, None of the rolling ball tech-
niques discussed in Pam 1 measme
elasticity as such, but ¢lasticity does
allect the ball velocity. In additon,
the patl of the ball may sheww
smap-back along the sides of the
groove if the coating is elastic,

‘The use of oscillatory measyre-
eI, CORe|T £ W TIeIts, e
siress relaxation in characterizing
viscoelasiic fluids is deseriled in
detail in the literature! ¥ and will
nol be discussed here.

VISCOSITY-TEMPERATURE
EFFECTS

The dependence of viscosity on
e perature is critical 1o the han-
dling of malien polymers in mold-
ing, extrusion, and oher manutac
wuring pprocesses, In fact, the drop in
VISCOsTy wilh increasing tempera
ture malies these operations possi-
ble. & sirrdlar decrease in viscosThy
0Ccurs with most Tesin solutiong aned
paints and is the reason that viscous
producls can be ot spraved (and
alscr is the reason that hot sag oc
curs}. Therefore, viscosily-ternpera-
ture relationships are imporcLani.
Data tor many pelvmers can be
found in the literature,®* ot paint
viscosity dependence usually meust
b: extablished via viscosity measure-
Ments over 3 range of temperaiures,
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The temperature dependence of
viscosily for many paints, pelymer
soluticons, and polymer melts at
ternperatures consideralyly abowe T,
approximates an expeonential func-
tion of the Archentus type such tha
N =d-e"Torn = A WE T where A
and B are constants and 'l is the ab-
solute temperature in Kelvin. this
telationship is called Andrade's
equation and has been found to
work well for a number of lgw mo-
lecular wetght resin salutions, pac-
ficularly alkyds * Fstimation of
the viscosity of a paint st a given
temperature requires the Knceeledye
of the viscosivy al twor different Lem-
perdtures that brackel the tempera-
ture of interest, This allows the cal-
aulatien af the ronsrants A and 1
and subsequent determination of
visviwitics at other, intermediate
temperaty res,

Andrade’s equation may be ex-
pressed in logarithmic form, log 1 -
log A BT, which for two lempera-
tures becormes

log (1 m.) = B{L/T,-1/T,)

Plots of lag r versus 1/T tend 1o
resull in straight lines over 4 consid-
erable range of temperatures. This
allenws the constructiom of a nomo-
gram sich as the one in Figure 190
The viscesily at an intermediace
temperature {say, 35°07) iy deter-
mined from the known viscosites
at two olher temperatures (13 and
45°C) by drawing siraight lines
connecting the viscosities and corme-
sponding temjreratures [the solid
lines in Figure 1).'Ie intersection
ol the lines gives the pivol point,
The viscosity al 352 was deter-
mined an the nemogram by draw-
ing a dashed line thraugh that 1em-
perature and the pivot point

Andrade’s equition holds for
many paints and polvmer solutions
and for polymer melts well ahove
their glass mansition temperatires
(T,). For pelymers doser 1o the T,
and for high-solids paint and con-
centrated polymerfoligomer sohs-
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Litins, the willinms-Landel-Ferry
{WLF] treatment does a better joh
of relaling viscosity and tempera-
ture. M awith the proper choice of
relerence temperature T (in Kelvin,
the ratics of viscosily, 1, to the vis-
cosity at the reference temnperature,
Ml a1 b expressed by a singie uni-
versal eqnation:

log (ind = - 8.86 (I _TJ
1016 + {T-1)

where I often is defined as the I’
or T, - 50°C. The WLF equation s
comsidered 1o hold from Uhe 'I"g toa
temperature 10070 above that
point. A form of the equation that
Tas been shonwn to work (or coat-
ings 150-17

lnn=i7n- A(T-1,)
B+ (T-1,)

whese the reference temperature is
the L' anl the viscosily al the T, 1s
assumed 1o be 10 mPas (= ofy).
A5 paints and resing meve to higher
and higher seids, it is important to
know that the higher the concentra-
tiony, Lhe greater the reduction in
viscosity with incrcasing empera-

Figure 1—\iscosity-temperature nomugram
fur &ndrade’s equation.?
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ture The increased sensitivity o em-
peralure is caused by the reducion
in solvent, noL by the reduction in
the molecular weight of the polytner '

somme waterhome paints do nol
show viseosily dectenses with in-
creasing temperalure, and, in fact,
exhibit viscosity increases. This pre-
stmaldly is due fo the absorption of
solvenl by micelles or Tatex particles
with Increasing temperature leading
Iy incTenses in particle size, which
increases particle-parlicle interac-
tions and, theretore, the viscosily,

INFLUENCE QF SOLVENTS
GN RHEOLOGY

Solvents can hie a considerable
effect on rtheology, The conlinous
phase in solventborne paints is a
resin-solvemt solution that is af-
tected by the viscosiiy of the solvent
blend and by resin-solvent inlerac-
Lions, In s waterhome coating, in-
clusion of dillerent solvenis can in-
thaence the extension or retaction
ol polviner chains to fonn a clear
"solution” or a while latex-like ois-
persion with very ditferent viscosily
behavinr Some solvents will body
ol even gel a walerborne paint and
can twm a free flowing waterhorne
clear into an elastic, glatinous mess
mare suited Lo forming cobwehs
than spraving properds. Salveni
barne paints ane not immime from
such problems. Forroulations with
badly designed solvenl blends con
taining good solvents thar flash off
during application andfor poor tail-
end solvents will pive an unaccepn
ahlbe appearance Jue to insufficient
tlow or elasucity, or Toih,

In low-zelids resins and pains,
sexlvent viscosity and polvmer-sol-
venl intersclions usally can be ig-
nored, It the viscosity is oo high, the
foormulator just adds more solvent.
I high-aolids products, viscosity
must be minimized withowl using
adkdiional solvent. Solvent viscosite
and interaclions with afher cotnpo-
nents become VeIV impDrEanE.
Changing 1o a solvent Blend with
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Wlscasiy, Wigensity,
Sphnt s cps
M R Ty - T T-T . L0L50 &l
MIBK .- oo 0.0 113
Etowl aretate . ..., . .44 121
MAK oL 0.5 147
Teopropanal ... -, - - 241 108
a-Futyl acetame L. 074 éng
Todluene oLl [N 284
Wlene oL e a7 Y
1 083 3BT
Cellosglve aretate _ . 0 1.3 441

D=L i atkman | hemieal,

twice the viscosity of 1he original
Talemul will not necessarily double the
viscoslty of the resin or paint, bt it
will raisc it considerabiby, [Ty in-
crease s mest nolceable as a raising
ol the high shear viscosity "floo”
the relatively low viscosity thal oo
curs at high shear cales, which is an
indication of the ease of pumping,
metering, and application. Therefore,
using a low-viscosily solvent blend
can impieve handling and applica-
tion properties,

Unformmately, broeanse of resin-
stalvent inleractions, i is didficel wo
predicl resin or palnt viscosites
from the viscosity of the solvent
lend, This is lusirated in table 1,
which containg data from viscosity
measurcinents on a high-solids
arrvlic resin.t The lewest soluiion
viseosities were tound with low vis-
cosity solvents, but other solvenis
with low viscosilies gave fairly high
solution viscosities. However, it is
well wornth trying lower viscosily
sulvenis il a lower application vis-
cosity is necded,

SURFACE FLOWS AND
SURFACE DEFECTS

Atter paint has been applisd asnd
a covatingg has [ovmed, 2 number of
llows are possible. Loveling of oush

marks, voller patterms, or spray
droplels heging immediately,
Sagging may el oo verbical sur
faces, but will not be nndeeable
right away. Surface-tenslon diiven
defects such as crlers, sinky and
bumps. Bénard cells (convection
fleww ), dewetting, and fat edges may
appear usially very rapidly, The
main driving [orce for leveling is
surface tension as it acts o redoce
the surfice b o minimum. Sagging
iz gravily-diiven M Bath of 1hese
flonws are covered in detail in the lit-
eraturet-* 11 along with many
ather aspedcs of the theology of
coatings.

All wet patnt films experience
surface flows, but high-solids
clearcaats probabiby suffer more de-
fects because iere is so lide resisl-
ance to flow even after all the sal-
wenl is gome. Their Newtondan
nature alloswes theo tor Mow and
level wery well, thereby producing
sumunh, high-gloss coatings, How-
evel, Lhey have less resislance 1o sag
ging and surface tension-related de-
fects snch as oatering, dewetting,
Lelegraphing and picure framing.

Surtace Howes ather than leveling
have not received much coverage in
the coalings literature, Tetus use a
crater such as that shown o Figige 2
as an example of surface flow and
apply ome of the equations of Tink-
Jensen. "™ Craters fonm when a low
surface tension contaminant is on

Figure 2—Crater wilh a dislinel ri. This de-
foct was formed by Fflow drivan by surface
tonsion gradicnts.
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the subwtrate, is in the paint (and
comes o the surface}, ot falls on
the paint. There i Now rom the
area of low sinface tension w the
areas of higher surface tension. 'Lhe
velocty of the wave [ront, e, the
crateT edge, is

v = [i%/ex) (hin)

where dvidw iz the surlaee fension
gradient (the driving force for Mow),
which is the difference in surface
rension (dy] over a distance (8x}, h
is the wet film thickoess, and 1 ix
the: viscosing

Let us see il we can caloslate the
velocity, We call measire or esti-
mate the indtial wet film thickness,
h, and the initial viscosity after ap-
plication, 1. Eel us assume that we
have a clearcoat of initial wel Alm
thickness of 100 pm (4 mils) and a
viscosity alter application of 0.3
Pa.s (500 cPs). Unlorluniiely, we
dar non know or even have a gond
estimate of Jyfix, the sutface ten-
sion gradient. 1he dilference inosyr-
[ace wnsion probably is between 1
and 14 dyoesfom. The distance over
which this distanee occurs iy be
as litde as 001 \mm or as large as a
tew mm. ‘These numbers give a
range of possible values for the gra-
dient of romghly 1 to 1000 dvnesy
omy’, which is nol much help,
Tormanately, there are some dala in
the lilerature on the velocity of
spreading of one liguid over an-
other and the velocity of cracer
edgey:

* sotuianal om water spread
very rapidly with a maximum veloc
ity of 48 cm/s {480,000 umys}. The
velocily dropped as water was
added to the butanel ar utanol
was added to the water {thereby in--
creasing the sidubility of ane liquid
for the other), but the maximum
SLID was greater than 20 omy/s, ™

s Sprewding velocities of sufac-
tants ol water fanged feom Lo 30
vmfs. The spreading speed was in-
versely proportional Lo the MW of
insuluble surfactants.™

wiww cootingstech.org

¢ lhe rale of incresse in rdins
of 4 crater formed by placing a 0.5
mm digmeter drop of silicone oil
on a 7h% glyceral/ 25% waler Alm
wag”!

r § mMIY'E at 125 5 [BOD0 p/s)

w55 mms at 0.3 5 {3500 um/s)

& The rate of increase in radius
ol a craler formed by placing a L0
pm diamerer drop of silicone oil on
an alkyd-amino varnish was?;

e L mmfs at 0.5 s (1600 um/s)

r L0 s at 1 os (1000 pings)

* i ovher reseacch, the [ooma-
tion of craters in clearcoat was
recirded via g video camera with a
cotpuet as the reconder?? Craters
were made by placing a drop ol a
spray lubricant on a wet filin thar
had been made by drawing down
and tlashing {5 min} an aulomolive
aoylic clear that had been spraved
o1 @ panel and allowed 1o man off
into a jar ‘Lhe crater crest o rim ve-
lercities were:

Flapsed Time = 0.1 5, velodty =
L2 tovimyfs = 12000 pengs

0255 v =2 monfs = 2000 pmys
0.5 & v = 1 mmfs = 1000 pmys

[.O% w= {6 mmis = 600 mmys

208 vz 03mm/fs = 300 umy/s

Althwough the velocities are loser
than those of surtactanls and other
materials o water listed aboswe,
they still are high aned are very com-
parable to those lor silicone oil on
a varnish, The higher viscosity of
paints and varmisbes compared to
water undoubredly s responsible
[ar the difference.

Substinsting the inital velocitye of
e acrylic crater inlo Fink-lensen’s
eefuation gives 2 very large gradiemt
ol 60 "a {00 dyvofem). This high
value presumably is due to the op-
eration of a moderately large sur-
tace tension difference ower a very
shor distance, sav 6 mNfm (6
dvny/cm ) over 0.1 mm. Such values
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definitely are possilble and initial
gradients of 100 Pa {1000 dynfcm?)
undoubtedly are common.

Although initial crater front ve-
loacitics ave high, what does this
tean in terms of hew Tong it fakes
to foem a crater? In the experiments
mentioned abowve, the crater diame-
ter reached 2 mm in 4 4 For the var-
nish, and in 1 5 for the acrvlic. A
crater may grow [or several seconds,
but will be noticeable in a very
short time, This has implications or
adding rheology modiflers to paints
1o prevent of reduce cralering,
Unless the additive raises viscosity
very rapidly alter application. it will
have little or no elfect except per-
haps to cause encugh orange pegl
L mask the craters.

Rederences 2430 provide addi-
tional insights fnte surface defects
and surface tlows,

CONCLUSIONS

Melts and solutions are only part
of the towal piclure of coaings, but
lmowledge of their beluavior is nse-
lul in formulaton, manutacturine,
and probilem solving. Cevtainly,
contol of their theology and ihe
ahility to characterize their behavior
is impoetanL. The Tewdy of literamre
conceting these materials is very
large: and may appear daunring, but
references 1-7, 13, and 31-32 offer
good places to star.
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