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Abstract

Stress development during drying of coatings produced from aqueous dispersions of calcium carbonate particles in the presence and ab
sence of organic binders was studied using a controlled-environment stress apparatus that simultaneously monitored drying stress, weigh
loss, and relative humidity. Specifically, the influence of two organic binders on drying stress evolution was investigated: (1) carboxymethyl-
cellulose, a water-soluble viscosifying aid, and (2) a styrene—butadiene latex emulsion of varying glass transition temperature. The stress
histories exhibited three distinct regions. First, a period of stress rise was observed, which reflected the capillary tension exerted by the liquid
on the particle network. Second, a maximum stress was observed. Third, it was followed by a period of either stress decay or rise depending
on the organic species present. Significant differences in stress histories were observed between coatings containing soluble and nonsolubl
binders. Maximum drying stressesmax) of 0.2—-0.5 MPa were observed for coatings produced from pure calcium carbonate or calcium
carbonate—latex suspensions, whereas coatings with carboxymethylcellulose exhibited substantiabynhighetes of 1-2 MPa. Upon
drying, these coatings were quite hygroscopic, such that cyclic variations in relative humidity induced large cyclic changes in residual stress.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction layer, which can promote defect formation such as cracks,
warping, mottling, or phase segregation.

In related work, Chiu et al. [7,8] and Guo and Lewis [9]
have studied drying of coatings produced from aqueous col-
loidal suspensions of varying stability. They carried out in
situ drying stress measurements on coatings derived from
stable and flocculated dispersions without organic binders
and correlated the measured stress to that induced by cap-
illary tension in the liquid phase. Such coatings exhibited
f period of stress rise, followed by a maximum stress, and
product by enhancing print properties, opacity, brightness, a subsequent decline to a stress-free sta‘ge. .Chlu apd Cima
or gloss. Liquid removal, or drying, is a critical step in the [8] showed that the maximum stress coincided with the

coating process. The coating structure evolves during drying, PO where consolidation of the particle network ceased,
as the capillary tension in the liquid phase exerts a compres--€-» Where the liquid-vapor interface first began to recede
sive force on the particle network driving its consolidation. into the goatlng. They |dent.|f|ed several processing parame-
Stress develops during drying due to the constrained vol- ters that influenced the drying stress evolution and cracking

ume shrinkage associated with loss of liquid from the coated behavior of such films. Of these, particle size, liquid surface
tension, and dispersion stability had the most pronounced in-

fluence on drying behavior.
* Corresponding author. More recently, Le_wis. and co-wquers [6,10] haye studied
E-mail address: par.wedin@surfchem.kth.se (P. Wedin). the effects of organic binder additions on the drying behav-

Colloidal suspensions containing soluble and nonsoluble
organic binders are used in numerous technological applica-
tions including paper coatings [1,2], paints [3,4], inks, and
as precursors to a wide variety of ceramic materials [5,6].
Paper coatings, for example, are complex formulations that
typically contain pigment particles, latex binders, and solu-
ble viscosifying additives (such as cellulose binders) in an
aqueous suspension. Paper coatings add value to the fin
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ior of coatings produced from both aqueous and nonaque-
ous colloidal suspensions. Specifically, two systems were
investigated, one based on nonaqueous tape-casting formu-
lations that contained poly(vinylbutyral), a soluble organic
binder [6], and the other based on aqueous binary mix-
tures composed of rigid silica microspheres and deformable
acrylic latices [10]. They observed significant differences in
the drying stress histories of tape-cast layers in the pres-
ence and absence of soluble organic binders, which were
mirrored by the stress histories of the corresponding pure
binder coatings. For example, they found that substantial
stresses continued to build in these coatings long after the
liquid—vapor interface receded into their interiors. Their ob-
servations served to highlight the important role that solu-
ble organic species play in stress development. In contrast, Fig. 1. SEM micrograph of the calcium carbonate powder.
coatings produced from binary mixtures of rigid colloidal
particles and deformable latices exhibited features charac-2. Materialsand methods
teristic of pure particulate coatings during the initial rise to
their maximum stress. However, their subsequent stress re2.1. Materials system
laxation was governed primarily by the organic phase, i.e.,
the latex glass transition temperature and the ratio of rigidto ~ The model system investigated in this study is an aqueous
deformable particles. In such binary systems, films formed suspension containing three components: (1) precipitated
near the critical pigment concentrations exhibited the high- calcium carbonate (CaGppowder (Albagloss L PCC, Spe-
est drying stresses. ciaIty_MineraIs, USA) sta_lbilized with a sodium polyacry-_
The presence of organic binders clearly has a strong in- 12t dispersant (NaPA, Dispex N40, Ciba Specialty Chemi-
fluence on the drying stress evolution of advanced coatings.C2S), (2) styrene-butadiene latices (DL 980 and XZ 943262,
However, little is known regarding the combined effects of DOW Sverige AB, Sweden), and (3) carboxymethylcellulose
having soluble and nonsoluble organic binders present in a(CMC, Finn-Fix 10, Metsa Specialty Chemicals Oy, Fin-
given coating formulation, such as those utilized in paper 'and)- The CaC@ powder, which served as the pigment

manufacture. Although Petersen et al. [4] recently studied phase, consists of irregularly shaped particles, as shown in

the drying stress evolution of coatings that contained pig- F'g'_l' The mean particle size is 2'2. Hm With 90% of the
ment, acrylic latex, and a soluble binder, they neglected to particles finer than 3.8 um, as determined by light scattering

account for possible contributions stemming from the solu- (Master5|zer_ZOOO,HI]\Z/IaIvern Instruments), a_nd their specific
ble constituent. surface area is’4.0 m=/g, as determined by nitrogen gas ad-

Here, we aim to investigate the drying stress evolution sorption (Model ASAP 2400, Micrometrics). Two styrene-—

. . butadiene latices, denoted as L- and H-latex for particles
of a model paper-coating system composed of calcium car-_ . "
bonate pigment particles, styrene—butadiene latex binders ofWlth glass transition temperaturek of —7 and 28C, re-
e pig particies, sty . . spectively, served as the nonsoluble binder phase. Both L-
varying glass transition temperature, and a soluble viscosi-

. . and H-latices have a narrow particle size distribution with a
fying additive composed of carboxymethylcellulose. In such mean diameter of 0.14 um. Carboxymethylcellulose, with a
systems, the pigment/binder volume ratio exceeds the Crit'weight-average molecular weight of 60,000epl, served
ical pigment concentration, so that the dried coating will ’ ’

S ° i as the soluble viscosifying aid (or thickener).
contain internal porosity. We show that the coating com-
position strongly affects the drying stress evolution, max- 5 o Suspension preparation
imum stress, and residual stress. We found that coatings

containing carboxymethylicellulose exhibited substantially  calcium carbonate suspensions (at two different initial
higher maximum drying stressnfax) values of 1-2 MPa,  yglume fractionsginitial = 0.21 Of initial = 0.44) were pre-
compared to the 0.2-0.5 MPa observed for coatings pro-pared by adding the appropriate amount of deionized water
duced from pure calcium carbonate or calcium carbonate—and dispersant to the powder, while mechanically stirring for
latex suspensions. Further, the hygroscopic nature of the car<15 min at 500 rpm. If binder additions were made to the sus-
boxymethylcellulose was seen to strongly affect the drying pension, it was stirred for an additional 15 min at 2000 rpm
stress evolution, so that cyclic variations in relative humidity per addition. Upon completion of the initial mixing process,
induced large cyclic changes in residual stress. We believethe solution pH was adjusted to 8.5 and each suspension was
that our observations have important implications for the stirred for another 60 min at 1000 rpm. Finally, each sus-
design and drying strategy of granular films such as paperpension was ultrasonicated for 10 min in an ultrasonic bath.
coatings. Following this procedure, each suspension was magnetically
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Table 1

Summary of the different dispersion formulations

Sample No. ¢ CaCGQ; (wt%) NaPA (wt%) CMC (wt%) Latex (wt%)
01 0.21 41.8 0.13 0 0
02 0.44 67.9 0.20 0 0
03 0.21 41.6 0.12 0.42 0
04 0.44 67.4 0.20 0.67 0
05 0.21 35.0 0.10 0.35 3.5 (L-latex)
06 0.44 58.7 0.18 0.59 5.9 (L-latex)
07 0.21 35.0 0.10 0.35 3.5 (H-latex)
08 0.44 58.7 0.18 0.59 5.9 (H-latex)
09 0.21 35.1 0.11 0 3.5 (L-latex)
10 0.44 59.0 0.18 0 5.9 (L-latex)
11 0.21 35.1 0.11 0 3.5 (H-latex)
12 0.44 59.0 0.18 0 5.9 (H-latex)

Note that the volume fractios for samples 07—12 is the totalfor calcium carbonate and latex combined.

distance using a micrometer. Using a propagation of error
analysis, the measurement error for this apparatus in term
of stress units was estimated to ©6.010 MPa. Upon cal-

ibration, the steel substrate was positioned beneath a small

Balance

Mi a Mi . .
'cr°"1°"< B doctor blade and the suspension was deposited onto the sub-
4 Pan geoel Heating strate with a syringe. This assembly was then moved beneath

Casting Element

Unit ~__

Substrate ity the doctor blade at a constant speed of J/&1o create a

by Sensor coating of the desired initial thickness (240-520 um, unless
otherwise specified). A final film thickness 6fL00 um was
obtained for each coating. All coatings were dried at 30%
relative humidity and a temperature of 5. The biaxial,
in-plane(x — y) stressg, averaged across the coating thick-
ness is related to the substrate deflection by [13]

Photo
Sensitive

dEt? dE(t; + 1)
o= ,
Btcl2(ts +1)(1—v)  12(1—w)

1)
Fig. 2. Schematic illustration of the drying stress measurement apparatus.
whered, E, E,, t,, t., [, v, andv. are the end deflection,

stirred prior to coating formation. A detailed summary of all €lastic modulus of the substrate, elastic modulus of the coat-
the coating formulations is provided in Table 1. The volu- iNg. substrate thickness, film height, substrate length, Pois-
metric pigment/latex binder ratio for formulations 7—12 is SON ratio of the substrate, and Poisson ratio of the coating,
3.8, which is above the critical pigment volume fraction for Fespectively.

this system. If the modulus of the coating is much smaller than the
substrate modulus (as is the case for most particulate films
2.3. Drying stress measurements on rigid substrates) this second term can be neglected with-

out introducing significant error1% or less) [13]. There-

The stress histories of the coatings were measured in situfore, only the first term in Eq. (1) was used for our stress
during drying using the cantilever deflection technique illus- data analysis. The stainless steel substrates used had a thick-
trated in Fig. 2. This device has an environmental chamberness of 254-400 um and clamped dimensions of 50.8
that allows both humidity (15-70% R# 1%) and temper- ~ 6.35 mm with the following properties = 190+ 20 GPa,
ature (22-35t 1°C) control. Additional specifications are [ =50.8 mm, andv = 0.36.
provided elsewhere [11,12]. This technique relates the end There are several important considerations in applying
deflection of a clamped stainless steel substrate to the stresthe above equation to estimate internal stress development
developed in an attached coating as it dries. The end deflec4in latex-based films. First, the recorded stress histories must
tion was measured using an optical ensemble consisting ofbe corrected to account for the contribution of weight loss
a 1-mW helium laser (Uniphase, Model 1103), a position- associated with water evaporation to the measured deflec-
sensitive photodiode (UDT Sensors, No. DL-10), an array tion. Because the film height changes during the measure-
of mirrors, and a data acquisition computer. Clean, polished ment, the instantaneous film height early in the experiment
substrates were mounted onto a movable sample holder fixeds greater than the final height. The reported stress histo-
at one end. A calibration curve for each substrate was ob-ries have been calculated using a final film thickness that
tained by deflecting the free end of the substrate a knownrepresents an average value obtained by taking micrometer
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measurements across the entire sample. Use of this aver- 05 Stress (¢=0.21) -=--=-=:

age value yields a reasonable estimate of the maximum and Waterci‘nrf;st gzg;‘:; _________

residual stress for a given film. In our experiments, the fi- 04 1 Water content (¢=0.44) ~+-~"~" 1 100

nal film thickness exceededl/3 of the substrate thickness.

Payne [12] has shown that under these conditions the po- 0.3 Fi1 4 80

sition of the neutral axis (plane in a bending plate where X

the strain is zero) within the coated substrate is shifted away

from the location of(z, + 7.)/2 assumed in Eg. (1) leading

to a slight overestimate of the measured stress. Finally, stres

distributions throughout the coating thickness that arise due 0.1 |

to microstructural differences cannot be measured by this

technique. For example, local variations in the deformation 0 ‘) - . ]

rate across such films would impact their instantaneous mod- ~

ulus. However, this property is not included in the first term L

of Eq. (1). Inrelated work, Smay and Lewis [14] have shown ~01 0 10 20 30 40 50 60 70 80 90_20

that there is little compositional variation (in theaxis di- Time [min]

rection) in latex-based composite films, indicating the ab-

sence of microstructural differences in later stages of the film Fig. 3. The drying stress and water content as functions of the drying time

formation process. However, in light of the above consider- fr Pure calcium carbonate films.

ations, the reported data should be viewed in a qualitative

manner, serving only as a guideline for establishing generalwas removed from the films. Hence, the constant rate period,

trends between the films studied here. CRP, persisted beyond the stress peak, which suggests that
Weight loss measurements were simultaneously carriedit is external boundary conditions that determine the rate of

out on duplicate samples in the cantilever stress chamberevaporation, e.g., the diffusion of water vapor from the sur-

during the drying stress measurements. The weight loss datdace of the film to the surrounding media [15,16].

were acquired by suspending the coated substrate from a For particulate films it is possible to calculate the cap-

4 120

60

ress [MPa]

&
1

IS

o

% Initial water in film

bottom-loading balance (Metler Toledo, Model AG204).  illary pressure in the film using the Young-Laplace equa-
tion [17],
2y
3. Resultsand discussion Peap= —, (2)

Tp
wherePcap, v, andr, are the capillary pressure, the surface
tension, and the pore radius, respectively. Since the tortu-
ous capillary pores within the particle network have little
in common with cylindrical tubes, an equivalent pore radius
can be estimated by using the hydraulic radiysdescribed
by [18]

3.1. CaCOs suspensions

The stress profiles and corresponding weight loss behav-
ior during drying of pure calcium carbonate coatings are
shown in Fig. 3. The stress evolution for the calcium carbon-
ate coatings is representative of that observed for particulate
films with little or no additive [8,9]. The stress increased , _ 2(1—¢) 3)
rapidly to a maximum value, followed by a rapid stress re- bpsS
laxation to a nearly stress-free state. Changing the initial whereg, p,, ands are the particle volume fraction, the den-
volume fraction of particlespinitial, from 0.21 to 0.44 re-  sity of the solid phase, and the specific surface area of the
sulted in an increase of the maximum stress from 0.23 to particles, respectively.

0.44 MPa. We find that the coating with higher initial solids load-

At the onset of the drying process, the film is covered with ing consolidates to a higher volume fraction upon drying,
liquid and the evaporation rate is constant. Initially, the par- with smaller pores as a consequence. The stress reaches a
ticle network consolidates at the same rate as the pore liquidmaximum value at solids volume fractionspf 0.41 and
evaporates, resulting in negligible stress buildup. At some ¢ ~ 0.47 for the low and highpinitiai SUSpensions, respec-
point the particle network will cease to consolidate, forcing tively. By using a surface area estimated from the volume-
the liquid to recede into the pores. Capillary pressure quickly average particle sizel = 2.16 pum), the capillary pressure
builds up and creates a compressive stress in the film [15].is estimated taPcap (¢ = 0.41) = 0.28 MPa andPcap (¢ =
The maximum stress was reached whe&d6% and~31% of 0.47) = 0.36 MPa, which is in fairly good agreement with
the initial water was removed from the films of low and high the experimental data. Calculating the equivalent pore radius
initial solids volume fraction, respectively. As evaporation from the surface area measured by nitrogen gas adsorption
proceeds, the liquid—vapor interface migrates into the gran- gives unreasonably high capillary pressure. The polydisper-
ular film and the stress relaxes. We find that the evaporationsity of the calcium carbonate powder means that the small
rate was constant until more than 90% of the initial water particles contribute greatly to the specific surface area.
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The CaCaQ films did not relax to a completely stress-free  (Fig. 5). The granular films containing deformable latices
state when drying was complete. In a previous study on silica at a low initial solids loading exhibit a period of rise in ten-
suspensions, Guo et al. also found that the film displayed asile stress up to a maximum value-©6.22 MPa. The stress
residual stress and attributed this to the reprecipitation of dis- relaxes somewhat as evaporation proceeds beyond the first
solved salt in the pore liquid, forming salt bridges between stress peak, but is then followed by a second stress rise pe-
particles. Calcite is partly soluble in water, 0.01/4 gt 25°C riod. The stress maximum is reached wheB4% of the
[19], and the residual stress displayed for both of the calcium initial water content has been removed. Little stress relax-
carbonate samples may be related to a similar reprecipitationation is observed beyond this point; the final stress at 90 min
of dissolved calcium carbonate at the particle contact points. is nearly equivalent to the maximum stress value.

The volume fraction at the first stress peakpisz 0.37
3.2. Addition of latex binder for the sample with low initial solids loading, compared
to ¢ ~ 0.41 for the corresponding calcium carbonate film,

Figs. 4 and 5 displays the drying stress evolution for bi- suggesting that the stress peak is induced by the capillary
nary coatings containing CaG@nd latex binder. We find  pressure in the pores at the end of the consolidation process.
that addition of rigid latex particles (Fig. 4) results in @ The point of maximum stress occursjet~ 0.82, an unlikely
very sharp stress peak and virtually no residual stress. Thenigh solids loading for a saturated dispersion. It is more rea-
maximum stress occurred when 96% and 94% of the watersonaple that the air starts to penetrate into the pores of the
content was removed from the films of low and high initial ~ caicium carbonate particle network after the first stress peak,
solids volume fraction, respectively. It should be noted that gnq the stress declines initially as a result. Due to the great
the film thickness for the calcium carbonate system contain- jifference in particle size between the latex and the calcium
ing rigid latex particles at a low initial solids loading had to  carhonate, the latex particles could still be fairly mobile in
be reduced to avoid cracking, which means that it dried more o remaining liquid. The second stress maximum and the
quickly and reached the critical point sooner. . associated stress plateau is probably related to the compres-

The drying stress curves for pure Ca&atings (Fig. 3) sion and coalescence of the soft latex particles [20,21].
and binary coatings containing rigid latex particles (Fig. 4)  \jartinez and Lewis [10] studied the stress evolution of
are similar in shape. Addition of H-latex results in a slight i,y silica—latex films at different silica—latex ratios. They

increase in the maximum stress for the suspension at a highe g ted 4 smooth transition of the drying stress profile from
initial volume fraction. This suggests that addition of small, sharp peak with no residual stress for the pure silica system

rigid latices results ﬁn only a slight increase in the capillary- to a slow increase in the stress to a plateau of residual stress
induced stress, which probably is related to a smaller POresor the latex system. They saw no evidence of a two-step

filziz- Tahrficrl?azl?Ssé;?fhserlggiat::tli(I:Tet;/prg\a/lir?@;a;tl)i?gtsrzgn of process. However, in their work, the silica and latex particles
gap T part ’ ga ) were of comparable size, thereby reducing the possibility of
experimental temperature, are simply too rigid to experience having latex coalescence some time after the stress peak in-

deformatlo.n during the film formahon process. . duced by the capillary pressure in the particle network.
The drying stress evolution for binary coatings contain-

ing the deformable latex particles is completely different
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Fig. 5. The drying stress and water content as functions of the drying time

Fig. 4. The drying stress and water content as functions of the drying time for the binary films containing calcium carbonate and deformable latex par-
for the binary films containing calcium carbonate and rigid latex particles. ticles.
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It is worth noting that the stress curves in Fig. 5 repre- By comparison of the drying stress curves for pure
sent the only case in this study where the sample with low CaCQ coatings and the binary CaG&MC coatings in
initial solids loading reaches a higher stress than a suspen+ig. 7, it is clear that the first stress peaks coincide almost
sion at a high initial solids loading. The difference in particle perfectly. Hence, the stress evolution during the first stage
size between the calcium carbonate and latex particles make®f drying is similar for the suspensions with and without ad-
it possible for the latex particles to migrate toward the air— dition of CMC, which indicates that the first stress peak is
liquid interface along with the pore liquid during the consol- induced by the capillary pressure inside the pores. As the bi-
idation phase. Suspensions of low initial solids loading often nary coating continues to dry, it reaches the semidry state in
segregate more, due to the higher mobility of the particulate which the liquid phase still contains soluble CMC species.
phase. We believe that this migration yields a denser cal- It has been shown [22,23] that CMC does not adsorb onto
cium carbonate—latex network at the surface. This results inthe calcium carbonate particles provided that the dispersion
a smaller pore size, giving a higher residual stress. The rigidis already stabilized with NaPA. However, the CMC will
latex particles may migrate toward the surface in a similar deposit on the particle surfaces as the remaining liquid evap-
fashion, but they will not deform and coalesce and, thus, ex- orates. Previous work on the stress development in tape-cast

ert a negligible influence on the residual stress. layers with soluble organic binders [6] showed that the resid-
ual stress is related to the shrinkage of the binder beyond the
3.3. Effect of carboxymethylcellulose solidification point. Consequently, shrinkage of the CMC-

rich regions in the granular film is expected to induce a
The stress evolution and weight loss as a function of time residual stress in a similar fashion.

for binary films containing calcium carbonate and soluble  Fig. 8 shows the drying stress evolution for a pure CMC
CMC binder is shown in Fig. 6. The drying stress evolution fijm cast from a concentrated CMC solution together with
displays two separate stress regions, a small initial peak ancthe variation in relative humidity. Drying a pure CMC film
a large final plateau, which suggest that there are two sep-can induce very high tensile stresses—up to 35 MPa—but
arate stress-inducing processes. The films containing CMCmore importantly, a mere humidity oscillation of 3% RH re-
lost 60% and 12% of the pore liquid at the first peaks for the gyts in a 25-MPa oscillation in stress. The tensile stress for
low and highginitial Samples, respectively, and at the pointof - fjims cast from polymer solutions originates from the vol-
maximum stressymax, 96% and 98% had evaporated. The me change caused by evaporation. Croll [24] showed that
volume fraction of the film at the first stress peaki80%  tnhe residual internal stress is a function of the Young’s mod-
and~47% and the stress is0.24 and~0.55 MPa for the  ys (£) of the film and the volume fraction of solventin the
low and highginitiar Samples, respectively. At the residual iy at the solidification pointd,) and in the dry statef),
stress plateau, the maximum stress-ik0 and~2.3 MPa according to
for the low and highpinitial Samples, respectively. The evap-
oration rate is constant throughout the drying process and E ¢ —o,
little stress relaxation is observed beyond the point of max- @ = mm (4)
imum stress; the final stress at 120 min is nearly equivalent
to the maximum stress value.

1.2
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Fig. 7. The drying stress as a function of the drying time for a pure cal-
Fig. 6. The drying stress and water content as functions of the drying time cium carbonate film and binary films containing CMC at low initial solids
for the binary films containing calcium carbonate and CMC. loading, @initial = 0.21.
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Fig. 8. The drying stress, water content, and relative humidity as functions Fig. 10. The drying stress and water content as functions of the drying
of the drying time for a pure CMC film cast from an 8 wt% solution of time for ternary films containing calcium carbonate, deformable latices, and

CMC. CMC.
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Fig. 9. The drying stress and relative humidity as functions of the drying Fig. 11. The drying stress and water content as functions of the drying time
time for a binary film containing calcium carbonate and CMC with a low for ternary films containing calcium carbonate, rigid latices, and CMC.
initial solids loading §initial = 0.21).

and evaporation of water; such events will affect the vol-

wherev is Poisson’s ratio. The absorption and evaporation of ume and Young’s modulus of the CMC phase within the film
water from the film will induce volume changes. The water leading to similar stress changes as observed for the pure
will also act as a plasticizer for the polymer, thereby reduc- CMC films.
ing its Young’s modulus. Hence, Eq. (4) suggests that small  The stress evolution and weight loss as a function of time
volume changes together with changes in Young’'s moduluswhen adding deformable and rigid latex particles to the cal-
can account for drastic changes in stress. cium carbonate—CMC suspensions are shown in Figs. 10

Fig. 9 shows the stress curve for binary coatings contain- and 11, respectively. We find that the addition of deformable
ing calcium carbonate and CMC together with the variation latices (Fig. 10) reduces the maximum stress compared
in relative humidity. We find that these binary coatings ex- to the films containing only calcium carbonate and CMC
hibit an oscillatory variation in stress at the residual stress (Fig. 6). The maximum stress is0.77 and~1.21 MPa
plateau and that the frequency of the stress variation is re-and ~96% and~100% of the pore liquid has evaporated
lated to variations in relative humidity in the sample cham- at omax for the low- and highginitiai Samples containing de-
ber. An increase in humidity results in a decrease in tensile formable latices, respectively. The addition of rigid latices
stress and vice versa. We attribute these effects to absorptiorfFig. 11) further reduces the maximum stress-260 and



8 P. Wedin et al. / Journal of Colloid and Interface Science 272 (2004) 1-9

~1.03 MPa and the pore liquid has evaporated@8% and and CMC in the ternary coatings results in a stress history

~100% atomax for the low- and highginitial Samples, respec-  that appears to be somewhat additive reflecting contributions

tively. The contribution of the capillary-induced stress to the from both latex coalescence and CMC precipitation.

drying stress evolution is modest for the samples with low  The mostimportant feature of our work is the dramatic in-

initial solids loading and is negligible for the samples with crease that minor CMC additions cause on the drying stress

high initial solids loading. The evaporation rate is constant evolution, in terms of both maximum stress and residual

throughout the drying process and some stress relaxationstress. Since CMC is a common viscosifying aid in both

is observed beyond the point of maximum stress; the final paper and board coatings, such large drying stresses may

stress at 120 min is slightly lower than the maximum stress induce stress-related defects such as curling, cracking, and

value. delamination during manufacturing [25,26]. Based on our
We find that the residual stress of the ternary coatings observations and related work [12,24], it is likely that such

varies as a function of the relative humidity in a fashion effects would arise from the presence of other soluble or-

similar to those observed for the calcium carbonate—CMC ganic additives such as ethyl hydroxyethylcellulose (EHEC),

coatings in Fig. 9, suggesting that the stress induced by thestarch, and polyvinyl alcohol (PVA).

CMC addition dominates the response. The ternary coatings

contain slightly less CMC than the calcium carbonate—CMC

systems, resulting in a reduced maximum stress. The ab-Acknowledgments
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