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Abstract

The effect of polymer, plasticizer, and surfactant additives on stress development during drying of calcium carbonate particulate coatings
was studied using a controlled-environment apparatus that simultaneously monitors drying stress, weight loss, and relative humidity. We
found that the calcium carbonate coatings display a drying stress evolution typical of granular films, which is characterized by a sharp
capillary-induced stress rise followed by a rapid stress relaxation. The addition of a soluble polymer to thedDagEdsion resulted in
a two-stage stress evolution process. The initial stress rise stems from capillary-pressure-induced stresses within the film, while the secon
larger stress rise occurs due to solidification and shrinkage of the polymeric species. Measurements on the corresponding pure polyms
solutions established a clear correlation between the magnitude of residual stress in both the polymer apg@a@er films to the
physical properties of the polymer phase, i.e. its glass transition temperagrand Young's modulus. The addition of small organic
molecules can reduce the residual stress observed in the &=a0IPmer films; e.g., glycerol, which acts as a plasticizer, reduces the drying
stress by lowerindg, while surfactant additions reduce the surface tension of the liquid phase, and, hence, the magnitude of the capillary
pressure within the film.
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1. Introduction [7,8]. Recent experimental and theoretical work has investi-
gated the stress evolution of colloidal films and shown that
The formation of thin films and coatings by drying col- the compressive stress exerted on the particle network dur-
loidal dispersions on a substrate is a subject of both techno-iNg drying originates from the capillary pressure induced by
logical and scientific interest. This approach is used to createth® liquid menisci between the particlgs-13] Routh and
thin coatings on papdt.,2], to coat various surfaces with a Russel described the stress and strain evolution of a drying
protective or decorative’ p'air[m 4], or to fabricate ceramic film based on a model of viscoelastic deformation of particle

substrates and multilayer devicis6]. Of particular inter- network, which is of particular relevance for latex film for-

est is understanding and controlling the stresses that developg]ation[m]'_ TirlmekEdu_Iuhand Russ.ell expaltnd%d thi‘; model
during drying of granular films to alleviate crack forma- y accounting for the inhomogeneities related to the prop-

tion, warping, as well as dimensional changes that can occur9ating drying fronts and a spatially varying evaporation

. : . rate[12]. Comparison with cantilever stress measurements
in the coating when released from the underlying substrate =~ . . . ;
9 ying during drying of model dispersions showed that this model

is able to capture to essential features of the stress evolu-
* Corresponding author. tionlof both soft (film-forming) and hard (nonfilm-forming)
E-mail addresslennartb@inorg.su.sg.. Bergstrém). particles[12].
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Colloidal dispersions used in paper coatings, paints, andmodulus of the polymer species. We have also explored
ceramic processing are often quite complex. They can con-the effects of plasticizer and surfactant addition on the dry-
tain several organic additives, including soluble polymers ing stress evolution of CMC-based films with and without
(or latex binders), plasticizers, and surfactants. Paper coat-CaCQ, and their mechanisms for drying stress reduction are
ing formulations, for example, rely on soluble polymers discussed.
and small organic molecules to control the viscosity of the
continuous phase during the critical drying and dewatering
stage, when the concentrated dispersion has been applie@. Materialsand methods
onto the paper sheet in a high-speed pro#4s Soluble
polymers are also frequently used as dispersants and binderg.1. Materials
in the manufacture of ceramic green bodies or as thicken-
ers in paint formulations, whereas surfactants are utilized to  Precipitated CaC&particles (Albaglos L PCC, Specialty
disperse pigment and latex particles in paints or to reduce Minerals, USA) were obtained from the manufacturer as a
the liquid surface tension in coatings applied by spraying dry powder (sed-ig. 1) with a number mean particle size
processes. of 0.84 um with 90% of the particles finer than 1.5 um, as

The presence of soluble polymers can strongly influ- determined by light scattering (Mastersizer 2000, Malvern
ence the stress evolution observed during drying of colloidal Instruments). The specific surface area of the Caf@v-
films. Lewis and co-workers showed that substantial residual der is ~4.0 n?/g, as determined by nitrogen gas adsorp-
stresses develop in non-aqueous colloidal films containingtion (Model ASAP 2400, Micrometrics). X-ray diffraction
poly(vinyl butyral) [6]. More recently, in work relevant to  shows that the CaCG{powder consists of calcite; no arag-
paper coatings, Wedin et 48] showed that the addition of  onite or other oxides could be found. Sodium polyacry-
carboxymethyl cellulose (CMC) to aqueous calcium carbon- late (NaPA, Fluka,My, ~ 5.1 kg/mol) was used as dis-
ate suspensions dominated the stress evolution during dryingpersant. Four different water-soluble polymers were inves-
yielding films with large residual stress values. The origin of tigated: CMC (Aldrich,M, ~ 90 kg/mol, p = 1.59 g/cm®),
residual stresses in such films is distinctly different from the EHEC (Bermocoll E 230 FQ, Akzo Nobel Surface Chem-
capillary-induced drying stress, whose onset coincides with istry AB, Sweden, = 1.12 g/cm?), PVA (Aldrich, My, ~
the point where the particle network ceases to consolidate,31-50 kgmol, 98-99% hydrolyzedy = 1.27 g/cm®), and
i.e., when the liquid—vapor interface first begins to recede ASE (Sterocoll HT, BASF, Ludwigshafen, Germam,, ~
into the coating6,9,10] The strong similarity between the 4500 kg/mol, p = 1.05 g/cm®). The other organic addi-
drying stress behavior of binary particle—polymer and pure tives studied include: (1) glycerol (Merck,= 1.26 g/cn),
polymer films suggests that large residual stresses can be atf2) sodium dodecyl sulfate (SDS, Aldrich), and (3) poly-
tributed to the solidification and shrinkage of the polymer oxyethylene 10 lauryl ether ¢gE;o, Sigma). All additives
phase as liquid evaporation occi6s9]. Yet in recent work  were used as-received, without further purification. The
on the stress evolution of starch-containing calcium carbon- chemical structure for several of these species are shown in
ate suspensions, Laudone et[4b,16] attributed the large  Fig. 2
increase in the observed drying stress upon starch additions
solely to an enhanced capillary pressure due to tighter parti-2.2. Suspension and solution preparation
cle packing and, hence, smaller pore sizes within the film.

Here, we aim to investigate how soluble polymers and  CaCGQ suspensionsg( = 0.21) were prepared by dis-
other organic additives of relevance in paper coating for- persing the CaC@powder in deionized water with NaPA
mulations affect the stress evolution of calcium carbonate (NaPA/CaCQ = 0.003), followed by mechanical stirring at
(CaCQ) suspensions as well as to explore routes for re- 500 rpm for 15 min. Their pH was then adjusted to 9 and they
ducing residual stresses in these granular films. Specifically,were stirred for another 60 min at 1000 rpm. Finally, each
we have studied the effects of four water-soluble polymers: suspension was ultrasonicated for 1 min with a 1 s on/off
(1) CMC, (2) an acrylate-based alkali-swellable thickener
(ASE), (3) polyvinyl alcohol (PVA), and (4) ethyl hydrox-
yethyl cellulose (EHEC) on the drying stress evolution of
CaCQ—polymer, pure CaCg) and pure polymer films. The
addition of soluble polymers induces a substantial increase
in both the maximum and residual drying stresses observed
for CaCQ—polymer films relative to the pure CaG@ims,
which we largely attribute to the shrinkage that occurs in
polymer-rich regions. Based on the drying stress behavior
of the pure polymer films, the magnitude of the induced
stresses observed in the Cag=Polymer films could be re-
lated to the glass transition temperature and the Young’s Fig. 1. SEM micrograph of the calcium carbonate powder.
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Fig. 2. The chemical structure of the organic additives.

pulse using an ultrasonic horn (Sonics Vibracell VC750, Pure polymer solutions (3-5 wt% polymer) and polymer

Sonics & Materials Inc., Newton, CT, USA) and then mag- solutions with either plasticizing or surfactant species were

netically stirred for a period of up to 6 h. also prepared, where the ratio between these organic species
CaCQ suspensions containing soluble organic species and the polymer was 1:3 (by weight).

were prepared with a polymer/CagQatio of 0.01 by

weight and a ratio of the small organic additives to the poly- 2.3. Drying stress measurements

mer of 1:3 by weight. The organic additives were added as

a solution to the CaCgsuspensions, followed by stirring at The stress histories of the coatings were measured in

500 rpm for 15 min. The pH was adjusted to 9 and the sus- situ during drying using the cantilever deflection technique.

pensions were then stirred for another 60 min at 1000 rpm. A brief description of the technique is given below and

Finally, each suspension was ultrasonicated for 1 min with more detailed information can be found elsewhgd 7,

a 1 s on/off pulse using an ultrasonic horn and magnetically 18]. The measurement technique relates the end deflection

stirred for a period of up to 6 h. of a clamped stainless steel substrate to the stress developed
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in an attached coating as it dries. The end deflection wascalculated from the slope of the initial linear region of the
measured using an optical ensemble consisting of a 1 mWstress—strain curve.

helium laser (Uniphase, Model 1103), a position-sensitive  The residual water contendy) in the polymer films that
photodiode (UDT Sensors, No. DL-10), an array of mirrors have equilibrated at 30% relative humidity and a tempera-
and a data acquisition computer. The steel substrate was poture of 25°C for a period of at least 6 days was determined
sitioned beneath a small doctor blade and the suspension wafrom the weight loss when the polymer films were putinto a
deposited onto the substrate with a syringe. This assemblyvacuum oven at 50C for a period of 2-3 days.

was then moved beneath the doctor blade at a constant speed

of 1 cm/s to create a coating of the desired initial thickness

(240-520 um, unless otherwise specified). A final film thick- 3. Resultsand discussion

ness of~100 um was obtained for each particulate-based

coating, and a final film thickness 6f7—20 pym was obtained  3.1. CaCQ films

for the pure polymer-based coatings.

This device has an environmental chamber that allows  The stress evolution during drying of films formed from
for both humidity (15-70% RHEt1%) and temperature g CaCQ suspensionKig. 3) exhibits behavior typical of
(295-308+ 1 K) control. All coatings were dried at a granular films[6,10]. As these data have been previously
30+ 1% relative humidity (RH), which varied cyclically  reported,[9] we only summarize the key features to pro-
between~29 and 31 RH% after film drying ceased, and a vide background for evaluating the effect of soluble polymer,

temperature of 298 K. The biaxial, in-plane-f/) stresso, plasticizer, and surfactant additions.

averaged across the coating thickness is related to the sub- |njtially, the CaCQ films exhibit a rapid rise in stress to

strate deflection b{9] a maximum valuedmax = 0.37 MPa) followed by a rapid
dE3 dEc(ts+ 1c) relaxation to a nearly stress-free state. During initial drying

o= + , (2) there is a negligible stress build-up, the particulate film is
3icl?(ts + tc) (L= v) — 12(1—ve) supersaturated with liquid and its consolidation is governed
whered, E, E, ts, tc, [, v andvc are the end deflection,  solely by the liquid evaporation rate. Eventually, the volume
elastic modulus of the substrate, elastic modulus of the coat-fraction of particles is sufficiently high to enable the particle
ing, substrate thickness, coating thickness, substrate lengthpetwork to withstand further consolidation. It is possible to
Poisson ratio of the substrate and Poisson ratio of the coat-estimate the partide volume fraction S|mp|y from the We|ght
ing, respectively. loss and we find that the stress peak occurs at a particle vol-
If the modulus of the coating is much smaller than the yme fraction between 40 and 45 vol% for the investigated
substrate modulus (aS is the case for most particulate fllmSCaCQ Suspensions_ Beyond this point' ||qu|d menisci form
on rigid substrates) this second term can be neglected with-and begin to recede into the particle network and the parti-
outintroducing a significant error{1% or less]19]. There-  cle volume can no longer be estimated in this simple fashion
fore, only the first term in Eq(1) was used for our stress  due to the development of open pores within the film. The re-

data analysis. The stainless steel substrates used had a thickylting capillary pressure exerts a compressive stress on the
ness of 254-400 um, and clamped dimensions of 50.8«mm

6.35 mm with the following propertiesf = 190+ 20 GPa, 0.4 100

I =508 mm andv = 0.36. AN 4008 -

Weight loss measurements were simultaneously carried - R S
out on duplicate samples in the cantilever stress chamber 0.3 80 36
during the drying stress measurements. The weight loss data &
was acquired by suspending the coated substrate from a bot-_ 0.25 <
tom loading balance (Mettler Toledo, Model AG204). § 02 60 &

The Ty value for EHEC was determined by differen- 2 N z
tial scanning calorimeter (Mettler Toledo DSC822). Samples & 015 1, 4 | "o 0 =
were heated at 10C/min. Prior to the DSC measurements, 0.1 =
the EHEC powder was stored in vacuum at@Xor 24 h to ) §
minimize the amount of absorbed water. 0.05 b 20 =

The Young'’s modulus for the polymer film&} was de- ol Stress ;3“
termined by mechanical testing of 0.1-0.25 mm thick poly-

mer films. These films were cast from solution and stored -0.05 L 0

in a vacuum oven at 2% for 3-5 days; then cut into 0 1020 30 40 50 60 70 80 90

5 x 40 mnt test specimens, and mounted in an Instron (In- Time [min]

stron universal testing instrument Model 5500) with a gauge Fig. 3. The drying stress evolution, weight loss profile and the correspond-

length of 15 mm. The specimens were elongated with a ing volume fraction of CaC@particles as a function of time for a calcium
strain rate of 25 mmin and the Young’'s modulus was carbonate film.
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particle networkf20]. Upon further evaporation, the stress Croll [23,24]carried out one of the first systematic studies
relaxes quickly attaining a nearly stress-free state. Weight on the drying behavior of solvent—cast polymer films. He
loss measurements (sEg. 3) reveal that the constant rate  showed that the magnitude of the residual drying stress in a
period of evaporation extends well beyond the maximum polymer coating is a function of the Young’s modulus)(
drying stress, i.e. after liquid—vapor interface has receded of the polymer, the volume fraction of solvent at the point of
into the particulate film. solidification ¢s), and the volume fraction of solvent in the
Itis possible to calculate the capillary pressure in the film dry film (¢r), according to:
by using the Young-Laplace equatifi]

E  ¢s—¢r
2y "1 vaa—gn’ @
Pcap= —> (2) '
"p wherev is the Poisson ratio of the film (estimated 0.33 for

where Pcap, y andry are the capillary pressure, surface ten- the polymers in this study). Please note that the “dry” film
sion and the pore radius, respectively. Since the tortuousmay still contain some residual water.

capillary pores within the particle network have little in com- The volume fraction at the point of solidification is usu-
mon with cylindrical tubes, an equivalent pore radius can be ally identified as the solvent concentration at which the glass
estimated by using the hydraulic radiug,described by22] transition temperaturefy) of the polymer—solvent system
is equal to the ambient temperature. The solvent concen-
21-¢) . e . : :
h= ——=, (3) tration at the solidification point can either be determined
PpsS experimentally[23,25] or by using a model that relat§g

where¢, ps and S are the particle volume fraction, density to the water content in the system, e.g., the Gordon-Taylor
of the solid phase and the specific surface area of the parti-[26], Fox[27] or the Couchman—Kara§28] equations. The
cles, respectively. By using a value for the specific surface Gordon-Taylor equation accounts for the plasticizing effect
area ofS = 4.0 m?/g, we estimate the capillary pressure of additives such as water or glycerol according6]

to be Pcap= 0.55 MPa, which is in reasonable agreement

with the experimental datarfax = 0.37 MPa). Renormal- Ty= wlTLszng (5)
ization of drying stress measurements on calcium carbon- wy + kwa
ate suspensions recently reported by Laudone ¢1%/16] with
also yield maximum in-plane drying stresses on the order o1 g1
of omax~ 0.22—027 MPa, which is in good agreement with k= 29 (6)
our results. p2Tg2
where w, Ty and p are the weight fraction, glass transi-
3.2. Polymer films tion temperature, and the density for the pure components 1

and 2, respectively. The Gordon—Taylor equation (BY).is

We have studied the stress evolution of films cast from reduced to the more simple Fox equation when the densities
pure polymer solutions to better understand how the phys- of the two components are equal.
ical properties of the polymer control the magnitude of the ~ These models suggestthatitis the glass transition temper-
observed maximum and residual drying stresses. Please notature that has a decisive influence on the stress development
that the use of a relatively concentrated polymer solution during drying becausg; controls the shrinkage of the poly-
(3-5 wt%) is needed to yield a final coating thickness that mer film beyond the solidification point; a polymer with a
produces a measurable stress respdfige4 shows thatthe  high Ty will contain more solvent at the solidification point
stress initially builds in pure polymer films when their wa- than a polymer with a lowly and thus shrink more. The
ter content reaches20—-40% of its initial value coinciding  glass transition temperature for the polymers used in this
with a decrease in the evaporation rate. The drying stressstudy was obtained from literature except for EHEC were
evolution for three of the polymers, CMC, ASE, and EHEC, we used DSC to estimatfy (seeTable ). We find that
follow a similar pattern Figs. 4a, 4b, and Jowith a rela- CMC possesses a substantially larggr(= 391 K) than
tively strong stress rise followed by little stress relaxation the other polymers, whosg values range between 348 and
and a stress oscillation that is slowly decreasing in magni- 358 K. This suggests that the CMC film should experience
tude with time. The magnitude of their maximum drying the largest shrinkage beyond the solidification point, where
stress varies significantly, withinax of ~17, 12 and 3 MPa  the stress rise occurs. Indeed, comparing the stress profiles
for the CMC, ASE and EHEC films, respectively. The dry- for these different polymers iRig. 4 reveals that the stress
ing stress evolution for the PVA film differs substantially, as rise in the CMC film occurs at a water content of about 40%,
shown inFig. 4d. In this case, the drying stress increases which is substantially higher than that observed for the other
continuously with time over long periods-8 h of drying), polymer films.
far beyond the point where evaporation ceases G min). The magnitude of the drying stress is also determined by
By extrapolation, we estimate that the stress in the PVA film the stiffness of the polymer, i.e. the Young’s moduly.(
may ultimately reach a maximum ef10 MPa. The Young’s modulus for the polymers was determined from
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Fig. 4. The drying stress evolution and weight loss profile as a function of time for (A) CMC, (B) ASE, (C) EHEC and (D) PVA films cast from agueous
polymer solutions.

Table 1

Physical properties and drying stress behavior of polymer films

Component Tg E os ér Omax  OGordon-Tayor
(K) (GPa) (MPa) (MPa)

cMC 392 35 0166 Q117 17 78

ASE 348 24P 0107 Q0680 12 50

PVA 358 23 0123 Q0515 ~10 86

EHEC 350 051 0111 Q0349 3 20

CMC—glycero1j 2.6 45

2 Estimated from Picke84] using the Fox equation.
b pata supplied by the manufacturer.

¢ From Marten35].

d The glycerol/CMC ratio is 1:3.

the initial linear region of the stress—strain curve when thin
polymer films were elongated in a universal testing machine.
We estimatedE to be 3.5, 2.4, 2.3 and 0.51 GPa for the

CMC, ASE, PVA and EHEC films, respectivelyable 1

with the measured maximum stress of the polymer films.
CMC films, which have the highedly and E, also exhib-
ited the largest maximum stressy{ax = 17 MPa), while
EHEC films displayed the lowest stresghax = 3 MPa), as
expected, given its loWy and E values compared to other
films.

One can estimate the maximum drying stress in these
polymer films using Eq92)—(4) We calculated values that
were from~4 to 8 times higher than those observed ex-
perimentally Table 7). Such differences may be attributed
to several factors. First, small errors 7y can have a large
effect ongs and thus the maximum stress. Second, the poly-
mers studied are water-soluble and their corresponding films
typically contained 5-10% water after drying under ambi-
ent conditions. Since water serves as a plasticizer, with a
Ty of 136 K [29], we expect the polymeric intermolecu-
lar attractions, and hence Young’s modulus, to be weakened
compared to the polymer films that were dried in vacuum

summarizes the physical properties of the polymers togetherbefore mechanical testing. Finally, the amorphous polymers
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38 . . . . .
CMC ing particle volume fraction are in good agreement with the

behavior observed for pure Cag@@ims (Fig. 3). This simi-
| 36 larity strongly suggests that the origin of the first stress rise

ﬂ in these binary films stems from the capillary pressure gen-
ﬂ erated by the liquid phase within the particulate film.

As drying proceeds in these Cag&olymer films, the
relaxation of the capillary-induced stress peak observed for
pure CaCQ films is overcome by a second stress rise. The
magnitude of the maximum drying stress depends on poly-
mer composition, withomay values of 1.5, 0.8, 0.65 and
0.45 MPa observed for binary films containing CMC, ASE,
PVA and EHEC, respectively. Indeed, thesgy values fol-
low the same order observed for the pure polymer films, i.e.,
- CMC > ASE > PVA > EHEC, which suggests that the sec-

0 20 40 60 30 100 120 ond stress rise of the binary particle—polymer films is domi-
Time [min] nated by the polymeric species.
It is noteworthy that the second stress rise observed for
Fig_. 5. The drying stress_evolution and relative humidity profile as a function the CaCQ@—polymer films occurs when more than 90% of
of time for a pure CMC film. their initial water content has evaporated. This is far beyond
the point when the liquid has receded into the particle net-
are viscoelastic materials, i.e., their mechanical propertieswork and the maximum capillary forces are exerted. These
exhibit time-dependent behavior. Thus, the effective elas- trends are in good agreement with prior work on stress de-
tic modulus at the relatively slow deformation induced by velopmentin ceramic films containing soluble binders (poly-
drying may be significantly lower than the elastic modulus mers)[6] and a related studf®] on the drying behavior of
measured during mechanical testing. binary CaC@-CMC coatings, which have linked the large

PVA is a semicrystalline polymer, and it has previously residual stress to shrinkage of polymer-rich regions within
been shown that its degree of crystallinity increases as athese films. This conjecture is also supported by the stress
function of time[30], even at very low water content. This  oscillations observed for CaG8polymer films in the resid-
would result in a slow change in modulus and volume as a ual stress plateau, which we attribute to the swelling and
function of time, which may explain why the stress in the shrinking of the hygroscopic polymer phase as it absorbs and
PVA film (Fig. 4c) increases far beyond the point where desorbs water, when the relative humidity varies cyclically
evaporation ceases. within the drying chamber (seig. 5. We therefore dis-

The importance of volumetric expansion and contraction agree the interpretation proposed by Laudone €il&l16]
on stress evolution in polymeric coatings is further supported that the large increase in drying stress observed when a water
by how stress in the CMC film varies with the relative hu- soluble starch binder is added to a calcium carbonate suspen-
midity, as shown irFig. 5. We find that the CMC film, and  sions merely reflects an increase in capillary pressure within
to a lesser degree the ASE, EHEC and PVA films {Sged), the drying film.
exhibit an oscillatory variation in stress at the residual stress |t is interesting to note that the magnitude of the max-
plateau where the frequency of the stress variation can be reimum stress is substantially lower for the binary particle—
lated to variations in relative humidity in the drying chamber. polymer films Fig. 6) compared to equivalent pure polymer
The uptake and loss of water of these hygroscopic polymerfiims (Fig. 5. The presence of the particle network may
films will affect the volume fraction of water in the filngy(), limit the total shrinkage, and thus the induced stress, that the
thereby resulting their respective expansion and contraction,polymeric phase can experience compared to the more unre-
which gives rise to large fluctuations in stress as the relative strictive shrinkage in the pure polymer film. In fact, similar

34

Stress [MPa]
Relative humidity [%]

H 30

humidity varies cyclically from~29 to 31%. trends were observed in a previous study on solvent-based
coatings[6], when the stress levels of pure polymer (PVB)
3.3. CaCQ—polymer films were found to be substantially higher than the stress levels

in the particle—polymer films.

The drying stress evolution of Ca@&oolymer films is
shown inFig. 6. We find that each binary system displays 3.4. CaCQ-polymer—small organic molecule films
similar features, as characterized by a relatively small ini-
tial stress peak followed by a rapid increase in the stress The dominating effect of soluble polymeric species on the
to a plateau value. The initial stress peak with a magni- drying stress evolution of CaG&based films motivated us
tude of ~0.2—-04 MPa occurs at a similar particle volume to explore the influence of other low-molecular weight addi-
fraction,¢ = 0.4—045, irrespective of the polymeric binder. tives on both pure polymer and Cagolymer films. The
Both the magnitude of the stress peak and the correspond-drying stress profile and weight loss behavior for a CMC
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Fig. 6. The drying stress evolution, weight loss profile and the corresponding volume fraction of @a@idles as a function of time for calcium carbon-
ate—polymer films (A) CMC, (B) ASE, (C) EHEC or (D) PVA.

film containing glycerol, an anionic surfactant (SDS), or a The addition of anionic or non-ionic surfactants has only
non-ionic surfactant (Ejo) are shown inFig. 7. In each a modest effect on the drying stress evolution of CMC films,
case, a constant rate period of evaporation was observed foas reflected by a decrease @fax ~ 12 to ~10 MPa for
these films unti~-80—-90% of the initial water content had those containing SDS and; &1, respectively. These ad-
evaporated. At this point, analogous to the pure CMC film, ditives are of interest, because they are normally presentin a
their drying stress increased rapidly to a maximum value fol- paper coating formulations that contain surfactant-stabilized
lowed by a modest relaxation. Similar to the pure CMC film latex binder. One interesting observation from our work is
(Fig. 4a), the films containing these organic additives also that the relatively thick CMC—surfactant films used in the de-
displayed oscillations in stress induced by cyclic changes in termination of the Young’s modulus, turned opaque during
relative humidity within the drying chamber. The addition drying, while the pure CMC and CMC—glycerol films re-
of glycerol results in a significant decrease in the maxi- mained transparent throughout the drying process. The film
mum drying stress from 17 MPa for the pure CMC film to opacity may indicate that the CMC and surfactant species
~4.5 MPa for the CMC—glycerol film. This stress reduction phase separated during film formation. Vaessen 2] re-

is mainly attributed to the plasticizing effect of the glycerol cently reported that the drying stresses were reduced in the
species, which reduces the filfiy to 290 K[29,31] as es- polymer films that experience phase separation, as compared
timated by the Gordon-Taylor equation. We found that the to those that remain as a single phase throughout the drying
Young’s modulus,E, also decreased slightly from 3.5 GPa process. Polymer—surfactant incompatibilities also provide a
for the pure CMC film to 2.6 GPa for the CMC—-glycerol driving force for migration towards interfacg¢33], which

film. can adversely affect the adhesive, gloss, and printing prop-
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Time [min] Fig. 8. The drying stress and weight loss as a function of the drying time

for the ternary films containing calcium carbonate particles, CMC and the
Fig. 7. The drying stress evolution and weight loss profile as a function plasticizers: (A) glycerol, (B) SDS or (C){GE1, respectively. The cor-
of time for CMC films containing (A) glycerol, (B) SDS or (C)16E1q, responding particle volume fraction is also include for figure a where a
respectively. (Note: the CMC/plasticizer ratio is 3:1.) capillary induced stress peak can be identified.
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