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of Melts and Solutions Part 1:

Viscosity and Its Measurement

by Clifford K. Schoff, Schoff Associates”

—juis article deats with e Ywaloey Behaiar of puhmme! rmaits and podpter siutions anid

contsiders haur these maleriads telte to coatings. 11 begtes with the meisurement of i

bute salution viscositn iwluding the limiting piscosity vember (intrirsic vicasity) and

vehitedd prpvavarars, Polprier mells and vhir Tisefatngss of melt thenlngy techumigues o charactev-

e mmolieil coutings and follow cire ane disisend. Methods for the measurement af concen-

sraterd suhciions are prasented, including rotafiotil viseoielry grud volfing Bl lechouques.

INTRODUCTICN

Yo may wouler what an arricle oo
mely and selunons is doing in a paiot
and coanngs journal, The soltion as-
pect is not Jillionls to explain because
wi often deal with resins in solalion,
and letdows, varoishes, and clears £s-
sentially are solutions. Also, more and
more paint compoaents will be incor.
puraled as selutions as paint manlav-
Iering hy dispensing melered amounts
of solutions aod dispersions into con-
Lainers hecomes commoenydace, Tn
addition, diluw suluiicn viscosities
are usell] for charactenizing polyviers,
Regarding melts, readers will knowe that
powder coatings melt and thow on Lriak-
ing, hut they may be surprised la leam
that mamy ather foatings also behave
Lt perlymer melts. For example, Y-
solids coatings st considerable flow
v aller all solwent s lost, particularly
a1 alevared temperaluges.

'L he analylical aspects of all this come
will e wechnigues used to weasure
rheolngical behaviar and the questions
that Ll resulis should ansver Does
it OT COMTPOTLLL Lkl gppecificatinns?
Croes the paint have the cormect theslog-
eal characteristios Lor the applicaiond
why is the paint experiencing flow prob-
lemst Wy is the appearazce 1l ufr e
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standard? Whal are the characieristics of
the palymess andfor aligimers i e
1esin?

DILUTE POLYMER SOLUTIONS

Although (he movenent u snvirom-
mentally compliant wehnologies bas -
dured the use of moderate 1o bigh me-
Jecular weipht PolyIiers in fraies,
chagarterization of polymers by dilute
salution viscosity still is ol inlerest to the
coulings industry. The reason for warking
with very low polyrer concenlralinns is
that they reduce intemnoleoniar interac-
lirers and allowe weasnmerment ol [Hly-
mersolven| inferactions, Yiseosity val
Ui can he used 1o detmming mecular
weights and 1o establish wlwelher a sol-
eIk i A good oI or pOnt one for the
palymer I guestion.

seasurements are vsually made in
gluss capillary viscomeders. @ this
method, a liguid drains taoupgh a fine
bore wise and the visosity 1s deter
mincd trom the Nese time and he wibe
dimenyions.’ * The basic phass capillary
desipn is that of Oslwald: 2 -1l with
tweo Teserviit batlbs separaled by a capil-
lary, 3 shovn in Figwe L. the guid s
added to L viscomezer, pulled into the
upper reservinir by suction. and then al-

benwed o drain by gravity back into the
lower Teservoln The e thar it takes
lior the Tiquid tor pass between by
etchied marks, one alweee and one helow
the upper resernin, s A TNeasUre ol the
viscosity [ L-tabe viscommw s, the ef-
fective pressure Lead and, therefore, the
tlave Lime, depend on the volue af -
wid in the instriment, Feoce, the con
Jitions wsl e he same for eacl
mwastirement. Cleanliness Is critical for
accurate and precise resulis, The vis:
comeler mial e ceaned thoroaghly af-
wer paclt seties of measuremens. AN
crandards 17 443, “Kinematic YViscoeity
ol Transparent and Cpague Tigquids
jand the Calewlalion of Dynamic
Viscositg]," 1} 446, “Standar Specifica-
tiem and Cperaling Instructians for
Class Capillay Kinematic Viscomeiers,”
and 11 2557, "Standard Praulice for
Dilute Solution Viscosity of Polyvmers”

Figure 1- Ostwald glass capillary viscometer.

.
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Figure 2—Piots of viscasity nureber (1, = 7/ and the logarith-
mi¢ wiscosity number {n.. = In 1 /() wersLs concentration.
Extrapalalions to zero concentralion give the limiting wistosity

nurker 1]

Analytical Series

Figure 3—Plots of wiscosity versus shear rate for salutions of a styrene-
butadicne-styrene block copolymer® Curee A 35 “nr the copolymer in
cyclohexanane (o= 0.248 giem?); B o-wylene {c - 0.246 g/zm™); and

€, tolucre (o= 0.248 gfom?),

Concentration, G/DL

provide valuable information an plass
capillany wiscometers and Lelr use.

VISCOSITY RELATIONSHIPS

A key viscosity pararneter [or poly-
mer charactedcation s the Timiing vis-
cosity Tiumher ar inrinsic viscosity (],
s related 1o the moleclar weight of
the podyoner. (Ui calealated by extrap-
lation b zero concentralicn pl one or
the other o wea parameters: the viscas-
ily oumber [reduced viscosity] and the
Togaritlnde viscosity mamber {inlwrent
viscosity]. These quaniities and their
mca e ol caloalation are outlined below.

The vigcosily Tato or elafive visoos-
ity. M 15 the rario of e viscosity of a
polyiner soluton to the wisensity of Lhe
pure sotvend. o capillary viscometer
mesugernents, the relative wiscosity (i
mensionless) is U ratio of the flow
Lirme tor the sohution [17 o e Dow
timie fon Al solvent (T, ).

N = Wty =1/, [dimensionless)
Fhe specific () viscosity s defined as

r‘:rp {“‘“::}.‘lqu =N, " 1 [dimen-
sinanlens )

The wiscusily wimber ot reduced (red)
visoosity is defined as

Wy = Ny L = (M = 11T (s =
m* g or dl i)
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I'he Ingarithntic viscosity number or in-
herent (mh} viscosity is

Ty, — 0101 30 (uinids = mPikg ot
el i)

whete s the concenuralion of poly
mer 0 cvavenient units, Taditionally
g/ 100 cm® bt legfm® i ST units, The
wigoueily number and logadthmic vis-
coaity mumben vary wilhh conwcentration,
Il vach can be exrapodaved {Fignme 2]
o Fero concenladon wogive the lhait-
Lnyg viscosity numiber {nurinsic viscos
ity). Usnally, measurements at four o
five concentraticoms are meeded,

The specific viscosity also can e ep
resetited Ty

Ny Inle+ k. [n]" e
which hecnmes the Hugging eoualion®;
nde - (1 =T Jnle)

where by is the Huggins viscosity cou-
stant, a commenly use] dilute solution
wiscosity umber or index. 11 s vasily
determined [wmn the slope of a plot of
n,, /€ versus © such as e Ty plol o
Fiagerg 2. The [ Iugging constant may he
thought of as a measure ol the “goud-
ness” ol e solvent for the pelymer
with walues around 1.3 in good solvents
and 0.5-1 in poor sofvents. Hugging
constants can be foand in relerence 5
alang wilh constants lor another semi-
empirical equation relating viscosity

aud concentratian, (bl of Schutz and
Blaschhe

Ihe Huggins equaton and 1Tuggins
ronslants can be wsed 1o determine wak-
ues for [n].7 Tl latter Teference wives
AN v Uation:

]T]l = [I +1 I{ll J].I.s;'l}ll';2 -1 -'II 2 k']l c

that can he vsed [or gingle-poiol deter
minalons {caloulalioes fean a stngle
TISCOSILY MidsUTETRENT A1 & krlowl con-
centration). The general validity od sin-
glo-pwrinl ethods has been gues-
tiomed,” but ey wan be vwerv selul,
cépecially tor malking comparisons. An
even simHer ruethiod 15 ta approsiinats
M) by the logarithioie viscosity nummber
of a4 sinple sulfidently dilue: selution,
snch as 0.1 0T 02 100 ao

]~ 9y, (I, K

‘The Timithiy viscosity number depends
om the polymer, salvent, and tempera-
e, bt undet a given set of condinicng
it is related o the meleeular weight by
the rark-1Tauwink relation, n — KM,
where K and @ are constan(s and b is
the mwlecilar weighit of the polvme,
Tatles of K and a are awailalile fora
large numher of polymers and
sealwen s, 51 Excellent summearies of
equations. technigues, and referencas
relaling 1y Lhe viscosity of Jilule poly-
mer sohrians are also available ™" as
infornpation oo dilute podyroer solu.
tions that are shwar thinoing ™
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POLYMER MELTS AND
CONCENTRATED SOLUTIONS

When powden, hiph-solids, o elec-
mrodepoaition roatings are baked ar
weastirements are made an them at ele-
wated temperal ines, they ane
thought of a8 polymer welis, hur that
casentially s wlial hey ane I¢is nol wee-
essary Lo ki this to be able to make
WisCLsiny measurerueiils, b sich
lenemwledge cau helpr explain prolrens
and certain ldnds of betuasio, ‘1here has
nol lean a lot published on the visoos-
ity behavior of roatings at elevawed lem-
peratres, but the thealagy of malten
prlymners has been studied in greal de-
tail and we can build oo w wesialis of
that research. bell visonsity Is a fune-
tion of ter peracure, polymner modeeular
welph | (and Mw distribwion], and
prbyner stuclue. delts exhibit elasiic
as well s visrous properiivs,

A nnmber of expedingnial methods
e heen applied v measure the el
viscozily af palymers, 1317 hoy capillary
exliugion techniues probably are the
miost comnan. Since such slomens
rarely are found 1o coatings Talarare-
ries, Totatiowal viseomerers having heat-
inyg capabilities are more bikely 1o he
Lsed for maolten paiin flma. Osdlatoey
shear measurements are uselul lor
wgasuTing the elaslicity of pohpmer
mcles 7yl alse molten painé [lms.
Souwe research vlscomuelens permit the
measirement of nornal stress ettecls re-
sulting o elasnicity. Contoalled stress

Flgure 4—Wiscostty-time piots for two versions of an automative
clearceat. The orcles descibe she cure of the original, noncatalyzed
clear, The triangles show the cure of the catalyzed version
Wensurements were done with an oscillatary wscometer,

methinds alse car be wselul™ for evalu-
ating melts and coalngs. Squevse [Im
flow 1s an Wtezesiing techicpe that is
snitahle for processibilily testing ol
polvmer melts? wod might Laee appli-
calions for mallen coatings.

Polrmes inclts generally are
PoEwtonian atwery lowr shear rawes, then
show decreaziug fiscosity with inceas-
ing shear tule. 4 ligh shear rate
Newlonian region may exist, Inil heat
peneration and polvmer degadation
high shewr rates usoally obsoure i
Diepending on the concenbalion, the
solvent, and the shear rale of measue-
ment, crncerirated polymer solutions
may give wide ranges of viseosity and
appear to b Newtouia i or Ton -
Newionian, ‘Lhis s illusmated in Figure
3, where solutions of 4 strvene-buladi-
ene-gtyrene hlock copolymer aw
Fewlanian and viscous al s shear
vates, but Lecome slear thinning al
high shear rates, dropping w relatively
leww wiscosilivs heyond 107 s 120 The
shear rule at which the break. in behae-
jar cecnrs depennds on the conceTTaTio
and on tw selvent. Mote that the vis-
cosily also depends om which solvent
was Lsed to dissolve the polymer The
wiscosities of the et solvents gl
25007 are toluene .59 mPa- s [ cl's),
oavlene .67 ml'a- s and crclohesa-
nme 320 mPu- s Therefore, it is not
sirprsing (hat soluticn 4 has the ligh-
ext viwersity, bul the ditferences between
T and O obvionsly are Jdue o more tian
the diflerences in solvent viscouitics.
There tonst also
Tre differeices in
the puobymer-sol-
Wik I TTeT3otlLs,

Prsrder cosling
mells are Mewton-
Lart 11t near

gelation™ as are
Clearcoats sl sobventhoriee
Viscosity vs. Time at 140°C (285°F) clearcoats, The
EﬂDUT J..L'I'W :Sfif].ﬁﬁ}' .(J.'I.II-
g the Ilash 1%
E EDUE}-:L Cﬁta;yze ¢ fallowed v an
E | evil Tommer vics-
= AMKGT & {ngatalyzed ity wrell ine the
oy l © ke, which is
E 004 & why cledrs are &0
2 ED{H}P‘» A 3 woluerable to din
= ' and other contmm-
- 10004 a © ination. 'he tact
1 n G that wacosily does
(}&u - -&—H—%—@—G—E e S | merease, ofen
] 100 200 300 400 500 &0 YOO sharply, durdug
crosslioking
Time {sec) [eans that viscos-
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ily measurernents o & roating al ele-
wirted e perattives can be wsed w fol
lowy the sare process, Allthough e in 4
wiscometeT 1s nol identical to cure inan
oven, i 5111 s 2 very wseful vechnigue
fin romparing lormulations and
chermistrivy, evaliating catafysts, and es

tablishing root causes af problems.

Flats of wiscosity vemns time al the hale
ternperaly i give curves such as those
[ & antonmuotive cleanenat with and
without catabwl ihat are shown in §igure
4. The wmiginal coating cured slowly awd
Ll visrosity had onby reached alwol
1500 s (350 Pa-s] atrer 11 minures.
Uhe caralyzed coating cured maore rap-
idly and the visonsing was headed fovin
Hoity alter six mimates,

Since the cared coating usually does
an excellel jouly of gluing the pans of
the viseometer together, oy ronefplate
o plateplate senmoars should be wyed
and the pacls should be separatmd while
the corating soill is ot anwd maolten.
1deally, measurements should be made
with i oscillatory theonetes, hur vis-
cusily Alse can be fllawed ata glven
speed ona consentiomal rolational w15
comwelet. owever, ship-slick behavior
wiay ocour as Lw caating cures, which
produces peculiar saw oo led traces,
There ate several ways af preparing
Apedimwns:

¢ The roating can be appiied toa
panel, then Mashed aud seraped
Lelewe placing inthe viscometer
1Mis method weplicates the doving
of a coaling and seems 1 be
mrwe realistic Uuan other meth-
ods, but peecizion studies have
stionert that there 13 variability in
bath the spraving and scraping
PILLESERS,

¢ The paint can by sprayed direcily
oo a plate 1hat has beed -
weed from the visoomerer and
then is returoed for measure-
mwnls alter the appropriale flash
time. Cine probilem s that the
cone up-doswn position st he
pre-set for the plaw, ot the i
no way o be sire that the plae
Lagigghi 1% exactly the same as be-
fowe.

v & fiew drops of paint toan the cam
are applied to the plaie on the
viscomeler Usnally; the plawe
Lemmpreranire is then ramped to
the baks temperature, although
the plaie can be prebeawd. This
method may seenn norealisic
ginee U does not allow ruch sol-
went to escape, bt il weocks well
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- Analytical Series

dicnis process of
having w cocl and

e Lorny, &y colnparisons amy e
wnder the same ciromstanees.

Figure 5—Low shear viscosity (1 57 versus solids for a waterborne
clearcoal (@) and a solventborne clear ().

The oirves in Figure 4 ame exam
ples ol this kind al expeciment,
Viscosity values st nor he
taken as absolule, but uselnl pa-
rarmelers inclide the lime al the
viscosity uptum, the thne at
wehiicds the curve poes vertical §1F
his happens), the slape of the
line ot curve, and the tine when
Uae mdzienun viscosily is
achieved.

The limiting low shear ar zeta-shear
viscosity 1, of molten polvner: and con
contraled soliiens can e eelansd 1o
their weight-average molecular weight,
M, by e [ollowing relations: n, = KM
[oor lener mokernlar weight and n, -
kM, - tor high molecilar weighe 2441
Ther traosition Tetween the lwn farms ol
behaviar ocours at o cnitical melecular
weighl, M. wlich is alove s noleou-
Tar welght o ms) paing resins.
Viscosity-solids relationships also show
a break i1 beluavior due we chiain entan-
glement abeove 4 certain modecatar
wedght [ranging from 3,800 w0 36,000
R F again aberar painn resin pawy,
Hiwvever, in highly concentrated
vligoneric salutions such as high-solids
roatings, relatively high dependencies
of viscosily ou mclecular weighl aud
snlids ceeur even at lone minlecular
weights ~%% This 1s probably due o hy-
dopen leneling that canses e suing-
ing tagerher of short chains o the for
malion ol a loose netwark, Qeereley
increasing the effedive dhain length.
Something similar to this has been seen
willt the Tonmeation of viscasity-lailding
negdle-lile strucmres by low molecular
weiehil imaterials ™ Abhhough fhe visoos-
itv-molecnlar weight relationships
noted here really anly bold lor narcow
rrwdbectbar weight distribution polymers,
they still can be usetnl with broader dis-
rilwtons such a5 1hose found inoresing
for roatings.

[

bielt viscosity measurenents of
resing are nsefll] for qualite conmal,
prablem solving, and mmaking batch o
Dadely comnparisons. Ton cxample, a high
temperatare |C1-type high shear vis-
cornwler {ASTM T A2E7, "1igh Shear
Viscosity Lsing o Gone!/lMlate Visrome-
ter” ) 1s @ wselul M ar process ool Dor
the mannfactire of tesins. Hot resin can
be taken from a kettle and i viscosily
measured rmedianely If the wisonsioy
has reached a specified level, the balch
is [uishwd andd the reaction can be
stopped. Lesting bl resin aeoids e -

Wi coatingstech.arg

dissalve 1 resin

specimen, then

measure the yis-
cosily af the solu-
o, An indication
ol the useluliess
of this ierhnique is

s ¢

124

the fact thar when
ann ICT-Lyme
cane'plate wis-
CoITieter was lenl
Lex g resin pladl Qe

Log Viscosity, po

\ . 1
a resin conling
lrial, thie inssiru- i
- LN
Ment Never rame
35 40

back.
el viseosiny

43 &3 S& B0 B3 TO V5 4D
% Solids

Mmeasturernents alse
may be wsed [or
crparisnn of
rezin batches in
cases whers o high
mdbectlar weight tail or the presence of
gel iz suspected ina bately, ot gl per-
mwalicon Juamatography (42170 has
net indicated an unosoal moleculac
weizlil, Filtealion priar v the GRC
reasurement often temoves high MW
polvmer [especially i poor solvents)
and pel, therehy shawing the results, The
melt viscosity measuremenls are done
aller salven] hias heen diiven from the
resinn (preferably by heatio uoden vac-
uurn el wsally are done with a high
terreratuTe conefplate viscometer.
Batches that luave bween wested have
shiowen subhsiantial melt wiscosite ditter-
ences when high melecubar weight ma-
tecia] wis presen| (later separated and
identified by other technigques),

Measurement of the Viscosity
of Cancentrated Sofiftons

Coneeniraled solutions can Tue char-
aclerkzed via a wide range of viscome-
ters. Probably the most commn desioe
used I the costings industry is the eff
flux rup. Viscosity cups work beller (o
Fewomian dearcoars and resin sodiu-
ticans 1han they do for shear thinomme
pignented paiuts, bul they sl have
pacl precision. Uow this reason, cups
should be restriete o progess comirol
aewcl wal usen] for setting product specili-
ratioma. Motational visconelers [pation-
larly twse with adequate temperaio e
comiteal] ave mucly betler instrrnents
for e neasurement of theological Tie-
harrior 2230 posl research viscometers
Tave exrellent temperalure eapahilities

and allow oscllatory, ax well as con-
tralled shear and siress, measu remenTs.
However, much less expensive viscorme-
Leers wsoally e suMicieny for Tormada-
ticm and problem-solving work. 'Lhe
sl suunple adapler (554) thal s 4
Brooldie]d viscomerer into a concentric
cvlineder instroment and inespensive
comnef ate viscomierers wonls well for
MEAsNTLINETIy o0l clearcoaty and esin
salieinns as well as o pigmented for
mabations. Figune 3 shows viscosity
salids data Tor watedmne and salvenl-
brmie clearcoars measured with a
Brooklield low shear conefplude vis-
cometer. [Fwe Teoloat the cinves from
tight to left, we see the effects of dilu-
i Cnwiscnsi Ly, Thee solven oo clear
draps steadily o wiscosity hut the wa-
Lerborne clear [iesl increases D viscosig,
then decreases, 1he larer hehavior is
COTIITIHL 10 dispersion-tvpe wale i e
vestng amd clears,

another useful technique is rolling
hall viscosity =3 ¥ This is an ald
[1330s or carlienr] mcthod that involves
rotling a small ball bearing {usually ¢
mn, Yinch ine diamerer] down a wet
painted panel on an inclined plane
[Figure &]. The viscosity which can be
theright of ay a surtace viscosily, is in-
vemely propartional 1o the welocity of
the hall. The system can be calibraed
wilh slandard cils or other flwids of
kmonam vizoosity, but that 1 not neces
sarg for comparisan wark. The geometry
iz ill-defined becanse the ball often
alids amd rells o the iechnigue can
be very helpiul in problem solving.
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Fiqure &—Ralling ball viscosivy diaagram.

Rolling Ball Viscosity
Ball Beating 0
b 2om
Coated Panel —
! '-EIE-‘. ane F
i é £ om
‘i i 8 am
Slaga i 10 om
Side View Top View

Figure 7—Surface (ralling ball) wiscosity wversus time ab 20°¢ for three
versions of 2 clearcaat: (3 s control, A with 3% addition of flow con-
tril agent, and @ wiith replacement of % of Lhe splvent with 2 slower
salvent. Inclined plane rolling ball viscomater at 15° angle with a
B.35 mm [1/4 1.} diameler steet hall.
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Figure &—Yiscosity-time behavior of a high-solids caating during flash
and bake, Data from TG rolling ball viscosiar apparatus,
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Plows wl relling ball viscosity versus Wme ae useful for com -
paring batches or fomwlatians that show ditferences iu Jevel-
g crater reaislance, volatile entraprment, el Crzamples of
such plots are illustrated in Figure 7, which gives data for a
solventbome clearceal amd shows the effect of (1) adding a
tlove agow and [2) replacing a portiow of the soleent with a
shimweer salvent Uhe addition of e slosver solvent allowsd he
surface to siay open longer to telease more volutiles, 1Tis
sulvedd & popping problem.

Ralling ball wiscosity alsa has been measured under bake
conditions with the inclined plane in an oven® and with a
dillerent apparatis amnploying o stalionary ball and a moy-
ing suhsteate 453 Tl laer instument, the INO Tilling
Ball ¥iscanmews, uses a tumtable similar 1w thal of a phono
graph record player. Data rom this device are preserted in
figure & which shaws rheodngical behavior of & high-solids
crdwe] during the flash and bake* Rolling hall has even
been nsed to measure viscosities of powder COatings un pan-
els during healing

Another version involves rolling a large steel ball down
an inclined plane ontu 4 wel painted panel being baked on
a precision hot plate. The redpracal ol the distanre tolled
by 1he ball can be taken as puapartional to the vigcosily,
This is 4 madification of 2 method used for determining the
tack of pressiure sensitive adhesives™ " I'he hot plate ver-
sion of the medund can he difficult, messy, and [rustrating,
arl the Beginning and end of bakes aflen resuls in ball
bearings tlving acrows the Tab, but it is possible o leamn 4 Tot
about dillerent farmulations. However, it dags not wark
with fast drving coatings,

Ume aspect of he theology of concentrated soludons (hat
seemy W have Teen ignored i the lilevature is the vismosity ol
beldown solutions. Iuis impartant 1o match pasite anul Llei-
down viscosities. Good pigment dispersions are easily apoiled
{Tesceulated) by atternpts 1w mix hem with letdowns that are
substantially dillevent in wiscosity. This simation Ias berame
warse wilh high-selids coalings amd 1he demand far very
high-solids pastes Uiac i ont o have excessively hiph wis-
cosities and ofien de not have enousl vehicle 1o adequately
siahilize the pigmenl paticles. 1t may well be TIECESSALY LIt
tommulate su thal part of the letdown solution is in the pig
el paste to balance viscositics.

COMMENTS AND CONCLUSIONS, PART 1

Melts and silutians are ondy part of the total picte of
caalings, bt knowledge ol wiv behaviar is useful in fommu-
lanon, manalaciuting, and problem sobving, Certainly, ton-
Ll ol their rheology and the ubility 1o diwacierize their be
hawior is imporlant The body of literature COTWCRTINY, ey
nalerials is wery large and may appear dauuling. T refer
ences 2, 13, 29, 34, and 41-46 ofler good places o start,
Pant 2 ol this article will deal with viscoelasticily of crucen-
aled sodutions, surface Heows i cisalings, 1he effec of tewa-
perature on mell and selution viscosity, and how salvents
allecl fhealooy @
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