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ABSTRACT 

The evolution, during laundering, of mechanical. chemical. and morphological prop· 

erties of cellulose fibers covered with a fluorocarbon resin is studied using a combination 

of low frequency mechanical spectroscopy (LFMS), x-ray photoelectron spectroscopy

(XPS). and atomic force microscopy (AFM). From this study of the roughness and surface 
composition of the film covering cellulose fibers, new explanations are proposed for the 
decrease in water and oil repellency with washing, and its partial recovery with subsequent 

heat treatment such as ironing. The observed phenomena involve de-wetting and re

wetting of the fluorinated polymer on the cellulose surfaces. inducing a modification of 
adhesion mechanisms between the fluorocarbon polymer and the cellulose fibers and the 

formation and/or destruction of fluorinated polymer bridges (matrix or ligand effect)

between the fibers. 

The performance and durability of modem fabric fin
ishes require improved laundry permanence of water and 

oil repellent finishes. This can be obtained by coating 

natural textiles with acrylic copolymers containing fluo
rine; indeed, these fluorocarbons not only confer appro

priate hydrophobic and oleophobic properties 16. 1 1  J. but 
also suitable affinities with cellulose for providing highly 

adhesive, unifonn, permanent coatings [25). As a conse
quence, fluorine-treated dothes can be subjected to more 
than thirty laundry cycles [6] without significant evolu

tion of waterproof or shrinkage resistance. Some re
searchers have documented, however, that water repel
lency decreases with washing and partiaUy recovers with 
ironing [I. 14, 27, 28). Such reversible effects are gen

erally explained by the rotation of fluoroalkyl groups into 
the polymer substrate to avoid the hydrophilic conditions 

during washing [28). In this paper, we propose an aher

native explanation: Based on massive de-wetting (re

spectively, wetting) of fluorinated resin at the fiber sur

face during washing (respectively. ironing). it involves a 

morphology change of the polymer/fiber interface. We 

assess this new interpretation using a combination of 

different techniques that permit a correlative evolution

ary study of microstructural, chemical. and mechanical

properties during laundering. In particular. we determine 

the mechanical properties of fluorinated resin-treated 

cotton for the first time using the techn�que of forced 

torsion low frequency mechanical spectroscopy (LFMS). 
Two original facts directly related to the wetting prop

erties of fluorocarbons on cellulose can be drawn from 

these new experiments. First, the measured stiffness of 

the textile gives some direct indication of the adhesion 

between the fibers and the fluorinated film because a 

strong adhesive coating increases the stiffness of each . 

fiber and thus the stiffness of the fabric. This point is true 

even if deriving the mechanical properties of textiles 
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from those of its fibers is a rather complicated problem 
(26). Second. stiffness also directly depends. in correla
tion with de-wetting. on the eventual formation of some 
polymer bridges between the cellulose fibers. Moreover. 
since textile stiffness has no reason to depend on the 
rotation of the ftuoroalkyl groups. the mechanical spec
troscopic experiments may be used to discriminate the 
respective contributions of the fluorocarbon rotation and 
the wetting/de-wetting mechanisms to modifications of 
water and oil repellency during laundering. In addition to 
this technique. we use x-ray photoelectron spectroscopy 
(XPS) to confirm our proposed interpretation by assessing 
the surface chemical properties. and atomic force micros
copy (AFM) to obtain information on the roughness of the 
polymer film deposited on the fibers. In particular. we 
compare XPS results with the features of a simple model 
proposed to calculate changes in the textile surface com
position due to de- and re-wetting mechanisms. 

Experimental 

MATERIALS 

Cotton fibers used as the substrate for the polymer 
coating (specific area of 270 m2/g) came from Crou
vezier. France. They mainly had a crystalline structure of 
cellulose I with high crystalline content and a small 
residue of cellulose II. 

The cationic latex dispersion (latex A) had polymer 
particles about 100 nm diameter of a ftuoroalkyl ethyl 
acrylate (50 - x mot. %) co-behenyl acrylate (50 - y 
mol. %) co-N-methylol acrylamide ( x + y < 20 mot. 
%). This blend composition was a compromise [4] for oil 
and water repellency (by means of the density of CF3 
terminal groups) and further bonding on cellulose fibers 
(by means of the density of OH terminal groups). Fluo
rine-containing acrylic copolymers were then synthe
sized by classical emulsion polymerization using acetone 
as the cosolvent. The copolymer so obtained had a dou
ble period comb-structure ( 17], alternating layers of side
ftuorinated chains containing an average number of 8 F 
atoms and side-hydrocarbonated chains with 18-22 C 
atoms. Another copolymer (latex B) with a higher glass 
transition temperature was synthesized using vinyl chlo
ride (30 mol %) as a co-monomer to replace part of the 
behenyl acrylate. For latices A and B. the solid content 
was fixed at 20%. 

Cotton fabrics were padded! with 6 and 15 water Ck- of 
fluorinated acrylic dispersions and squeezed to about 
90% wet pickup. Treated fabrics were then thermally 
dried and cured for 3 minutes at 150°C. 

INSTRUMENTATION 

Torsion mechanical spccrroscopy: Low frequency me
chanical analysis (LFMA) (8) was measured on a home
made high resolution apparatus (9. 29] specifically de
signed to study samples of low rigidity: it consists of a 
forced oscillation pendulum working in the temperature 
range of 100-500 Kand frequency range of 5 X 10-s to 
5 Hz. Since the maximum strain was less than 10-•. the 
viscoelastic behavior of the sample wa.<; linear (i.e.. in
dependent of the applied stress for all temperature ranges 
used for experiments). The storage (K') and the loss 
( K") of complex shear stiffness ( K*) and so internal
friction tan <!> = K" K' were measured as a function of
temperature at 0.3 and I Hz. These values were a good 

compromise between the time needed for ex.periments 
and elimination of resonance phenomena ( 131. In these 
conditions. resolution was better than tan <I>= 5 X 10-•, 
and apparatus contribution to rigidity could be neglected 
thanks to careful design. Sample dimensions were about 
5 mm long. 2 mm wide. and 200 µ.m thick.

The apparent complex rigidity K* does not provide
direct comparative information about the viscoelastic 
properties of the fabrics because of slight differences in 
the geometry of  the different samples. Considering that 
at high temperatures. the influence of the fluorinated 
resin on the measured stiffness is neglj.gible. stiffness 
values were then normalized to the same value at the 
highest temperature investigated. 200°C. This correction 
is consistent with that expected from the evaluation of 
the sample dimensions and is always less tham I�.

XPS analysis at the Atofina Research Center involved 
an ss1-sx 100 semi-hemispheric analyzer with 220 W Al
K0 radiation ( 1486.6 eV). All spectra were confirmed at 
the lnstitut de Recherche sur la Catalyse with a VG 
Scientific ESCA LAB 200 R using the same radiation at 240 
W. In both ca�s. the samples were 1.5 x I cm pieces of 
cotton voile fabric with a spot size on the sample of 400 
x IOOO µm2• Emerging photoelectrons were· analyzed
with the ss1-sx with detection at 35° and normal to the 
sheet surface with the VG apparatus. Spectra relative to 
Ci-. 01,. and F1, photoelectron peaks were measured at 
binding energies of around 285.0 ( 16). 583. an.d 688 eV, 
respectively. The resolution in energy for the carbon 
element was 1.2 e Y. After smoothing. backgrounds were 
removed by the Shirley routine 124). The total area of C1s 
and F1, peaks and satellites (areas C and F) allowed us to 
calculate the atomic C/F-ratio according to the formula 
(51 

C k1 area C 
F = f. area F • 

where k,. and k1 are the C and F sensitivity factors. 
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Sensitivity factors contain the photoemission cross 
sections as approximated from a Hartree-Slater atomic 
model (20). With the ss1-sx 100 semi-hemispheric ana
lyzer, these factors were corrected by a factor propor
tional to (£kin)0·2, which is the photoelectron kinetic
energy, while with the ESCA LAB 200 R, they were cor
rected by a factor proponional io (Ek;n)0·1. Attenuation
from the free electron mean path (21] and from the 
transfer function of the spectrometer [22) were then 
accounted for. As a consequence of all these approxima
tions, absolute uncertainties in XPS quantitative analysis 
are generally of the order of :t 10%. However, experi
mental reproducibility is better than ::t 3%, so that when
considering only comparisons between samples, the rel
evant uncertainties are less than :t 3%.

AFM (atomic force microscopy): All samples were 
imaged with an Autoprobe <;::P apparatus from Park Sci
entific Instrument. Samples were scanned in the tapping 
mode by an ultralever (ULNC-AUNM) tip with a constant 
force of about 2.1 N .m - 1 and a resonance frequency of
100 kHz. 

Fluorine content measurement: Au·orinated resin
treated fabrics were burnt under pure oxygen in a Schoc
niger flask. Liberated fluorine was absorbed in a solution 
of sodium hydroxide (0.1 N); the solution was then 
titrated using a fluoride selective electrode. 

Oil repel/ency: Oil resistance was measured according 
to the American Association of Textile Chemists and 
Colorists (AATCC) Test Method 118-1992. In this test, 
oily drops are deposited on a substrate, allowed to remain 
for 30 seconds, and removed by wicking or wiping with 
a paper tissue. The substrate is then observed for remain
ing signs of wetting. Eight different challenge liquids 
with different liquid tensions are numbered by a rating 
increasing from I in the case of vaseline, the easiest to
repel, to 8 in the case of n-heptane, the most difficult to 
repel (Table I). Oil repellency is reported as the maxi
mum rating of the liquid that does not wet the substrate. 
For detailed comparisons, multiple drops of each liquid 
are tested. In general, an oil repellency rating of 5 or 
higher is desirable. 

TABLE I. AATCC Test Method 1 18-1 992: definition 
of oil repellency rating. 

Oil repellcncy 
rating Test liquid "YL· mN/m 

8 
7 
6 
s 
4 
3 
2 
I 

n-heptane 
n-octane 
n-dccane 
n-dodecanc 
n-tetradecane 
n-hexadccanc 
35165 mix of n-hexadccanc/vascline 
Vaseline 

19.8 
21.4 
23.5 
24.7 
26.4 
27.3 
29.6 
31.5 

Water repel/ency: The water spray test follows 
AA TCC Test Method 22-1989. During the test. the sub
strate is held taut within a 15 cm diameter ring at a 45° 
angle, and 250 ml of water at a temperature of 23 � I °C 
are dropped onto the substrate from a distance of 15.2 
cm. The substrate is then tapped lightly to remove excess 
water and is rated by determining the pattern of surf ace 
wetting. A higher number indicates better water repel
lency and, in general. a rating of 80 or higher is desirable. 

· Results and Discussion

PHYSICAL INTERPRETATION OF THE EVOLUTION OF 

COMPLEX RIGIDITY WITH TEMPERATURE 

All relaxations. phase transitions. and chemical reac
tions provide some contribution to the temperature evo
lution of the complex rigidity K* of the fabrics: to be
precise, they generally involve peaks in the mechanical 
losses curves at the temperature where they take place. 
For the sake of clarity, heating scans will be noted 
K*(T i) and cooling experiments K*(T ! ) . Examples
of K" ( T i ) curves Figure lb for pure and coated cotton
fabrics show that the mechanical loss curves present two 
more or Jess pronounced major peaks. one at around 
-45°C and the other between 10 and 50°C. We have 
elucidated the physical origin of these peaks with help of 
additional experiments. 

f3 Relaxation of Amorphous Cellulose at -45°C 

The tan <I> peak at -45°C. which is present for each 
cotton fabric, coated or not. may be associated with the 
f3 relaxation of the amorphous cellulose ( 15). This con
clusion is supported by the fact that the observed relax
ation temperature corresponds to that relative to the 
standard state of cellulose under normal atmospheric 
conditions: indeed, T 13 is reported to vary in the range
-40 to -80°C when the H:?O content varies from 0 to 
6% [ 15). This f3 relaxation temperature shift with in
creasing pH20 is explained by the correlative increase of 
the mobility of the cellulose chains due to the plasticiz
ing effect of water ( 19). which prevents intermacromo
lecular H-bonds. To reinforce the conclusion that the 
peak at around -45°C may· be attributed to cellulose f3
relaxation, we studied two pure cottons with different 
water contents. We found a difference of about 10°C 
between the temperature of the f3 relaxation for, on lhe 
one hand. the cotton containing more humidity [dotted 
line in Figure 2a relative to the measure of K*( T ! ) 
under nitrogen of a pure cotton initially at ambient 
conditions] and for, on the other hand, the driest cotton 
[bold curve Figure 2a relative to the measure of K*(T j ) 
under vacuum of a pure cotton previously cooled under 
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F1GL'RE I. Normalized stiffness (a, and tan <I> Cb) of pure and 
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ical spectrometry e:itperiment a� a function of temperature during 
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ilre sludied before and after thennocuring for 3 minutes at I 50l>C. 

nitroge n J. Such a difference between the T 13 values is.
consistent with the difference in water content ( = I%)
expected for the two cellulose samples studied under 
vacuum and under nitrogen. 

Contributions to Peaks in rhe /0-50°C 
Temperarure RanRe 

Due to hydrogen bonds. cellulose fibers are water 
absorbent [I, 12, 23J. We thus attribute the second peak 
located between I 0 and 40°C in the mechanical losses 

curves. of pure cotton fabrics lo water removal (Figure 
2c). This result is confirmed by comparing the evolution 
of the complex rigidity of pure cotton fabrics during
heat ing up to I 00°C under vacuum and further cooling 
from 100°C to room temperature under vacuum: indeed. 
there is a comple te disappearan ce of the peak after all the 
water in the cotton has evaporated. Attributing the sec-
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and Cl of a pure cotton fabric�. In the a and b zones. f3 relaxation of pure 
cellulose is observed for cooling under nitrogen and fOf heating under 
vacuum. In !he c and d zone�. one experiment corresponds to heating 
under vacuum up to l00°C. Since the tan cl> peak al about 30"C i� 00(
observed during cooling under vacuum in \'iew c. this peak can be 
atUibuted to water evaporation. 

ond peak. to water removal from cellulose is also consis
tent with the fact that the position of such a peak does not 

depend on frequency. as it would in the case of any 
relaxation phenomenon. 

In the case of fluorinated resin-coated cotton. there is 
another sharp contribution near 50°C in the second peak 
of the tan <I> curves (Figure I). This contribution coin
cides with the melting transition (7) of the crystallite pan 
of the fluorinated polymer characterized by a wide tran
sition between a low mesomorphic-highly organized

phase and a high temperature one. Attributing the sharp 
part of the second peak to the melting transition of the
fluorinated resin is also confirmed by calorimetric mea
surements and further considerations about the evolution 
of the melting peak. amplitudes and positions with fre
quency. Indeed. for coated fabrics. the amplitude of the
sharp part of the peak decreases with frequency/. while 
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its temperature is not sensitive to f. which is effectively 
consistent with a phase transition me lei ng process r 18). 

EFFECT OF THE COATING ON FABRIC

MECHANICAL PROPERTIES 

The effect of coating on the complex rigidity K* of the 
fabrics can be evaluated by comparing the evolution of 
K' and K" with temperature on three different samples: 
a pure cotton sample, a polymer-coated cotton sample. 
and a polymer-coated then cured cotton sample (Figure 
I). The main result is that the apparent elastic and vis
coelastic properties of the fabrics are significantly mod
ified by the presence of the polymer coating: this is 
visible in Figure la  with a higher normalized stiffness K' 
in the case of the coated textiles. It is also noticeable in 
the low temperature range. Figure I b. where the mechan
ical losses Kn of the cotton fabrics correlatively diminish. 
This last point is consistent with the absence of relax
ation processes of the highly crystalline fluorinated resin 
at temperatures below the melting transition. 

Fiber-Resin Adhesion and Formation of Resin Bridges 

Between Fibers 

We propose two explanations for the increase of 
around 30% of the nonnalized stiffness of fabrics after 
coating and curing (figure 1 ). One is at the level of the 
cotton fiber, and the second is relative to the formation of 
resin bridges between the fibers. At the level of the fiber 

TrFr 
modeled by a cylinder with momentum I = 4 (R

being the radius of the cylinder). an additional perfectly 
adhesive shell of 0.5 µm on the surface increases the 
momentum of a fiber of I 0 µm by a factor of around 
20%. Great uncertainties remain. however. about the 
stiffness increase itself. since stiffness also contains the 
Young's modulus of the inner fiber and the outer coating. 
Assuming that the order of magnitude of the Young's 
modulus of the resin is equivalent to that of poly(tetra
fluoroethylene): ""'0.35 GPa (2. 4) and that of cellulose is 
about 20 GPa l4). the stiffness increase of each fiber due 
to the presence of the adhesive coating would be much 
less than 20%. As a consequence. the correlative stiff
ness increase of the fabric itself would also be much less 
than 20%. Since the experimental increase of stiffness is 
around 30%, another contribution rather than that arising 
from the individual increase of each fiber with a coating 
has then to be considered. The second explanation for the 
increase of K' is related to some ligmd effect (bridge 
formation) of the fluorinated resin [ 14) above the melting
temperature, and we will discuss that in detail below. 

Comparison of K' and K" of Coated Fabrics.
Cured or Not 

Even if the stiffness values of polymer coated cotton 
with and without curing are higher than in the case of
pure cotton (Figure la). the increased stiffness is more 
pronounced in the temperature range - 150 to 50°C 

when the fluorinated resin-treated cotton has been cured 
at I 50°C. This is consistent with the fact that both the 
latex particle interdiff usion providing resin cohesion and 
the cotton/resin adhesion are probably concomitant with 
polymer melting r 10) at 50°C. This temperature of 50°C 

then has to be overcome before the stiffness of the coated 
fabrics significantly increases. Just after bathing in the 
colloid and room temperature drying. about five or six 
layers of latex particles of about I 00 nm are deposited on 
the cotton, but with poor mechanical cohesion and weak 
adhesion to the fibers. That explains why there is only a 
slight increase in the stiffness after washing and drying 
(Figure la). In fact, after heating during a short time at 
I 50°C, the crystalline part <>f the latex particles melts and 
the consecutive resin viscosity drop enables resin spread
ing and adhesion with cellulose. 

The melting peaks between 50 and 70°C (Figure lb) 
are also more evident when the coated textile has been 
cured at a high temperature: this has to be related again 
to the increased adhesion of the polymer film with cel
lulose and to the formation of a polymer matrix between 
fibers. both phenomena enhancing the transmission of 
the torque applied to the polymer coating. For higher 
temperatures. there is no more difference in the tan <.12. • 

curves relative to pure or polymer-coated. cured or not, 
cotton fabrics. Indeed, above the crystallite melting tem
perature. the small rigidity of the fluorinated polymer 
implies that the mechanical torque is transmitted almost 
entirely by the cotton. so the polymer makes no signifi
cant contribution to dissipative phenomena. 

Confirming the /111erpreta1ion with AFM and MEB 

The evolution of fibers morphology with coating and 
curing is directly evident from AFM and MEB. As shown 
in the MEB micrograph of Figure 3a, the shape of the pure· 
cotton fibers is flat with a width of I 0 µ.m. The evolution: 
of the fit>er's morphology is followed in the AFM using a 
window of 4 X 4 µ.m. thus allowing the roughness 
characterization of each individual fiber. In Figures 3b 
and 4c, whereas the roughness of a pure cotton fiber is 
about 50 nm. that of an uncured polymer-coated cotton 
fiber increases up to = 300 nm. The latter value is con
sistent with the average thickness of the fluorocarbon 
film of about 500 nm. As shown in Figures 3c-d. the 
thickness heterogeneities are almost completely sup
pressed by curing. so that the roughness of the fiber after 
curing is approximately the same as for pure cotton. 

5



(d) 

FIGURE 3. AFM surface investigations of pure cotton <bl. MEB and AFM surface investigation� of fluorinated 
resin-coated cotton before curing (a and c). and AFM surface investigations of fluorinated resin-coaled cotton 
after curing (d). An increase in roughness is noticeable after polymer deposition on cotton fibers. This increae
is almost entirely removed by thennal treatment at I 50°C. 

EFFECT OF WASHING/IRONING 

Stiffness and Mechanical Losses of Washed and Ironed 

Coated Textiles 

In order to evaluate the influence of washing and 
ironing on the mechanical properties of coated fabrics. 
we measured the complex modulus of washed and ironed 
coated textiles and compared it with that for the textile 
after curing. Compared with the coated and cured textile. 
a noticeable decrease in the stiffness of the washed 
textile is shown in Figure 4. In accordance with many 
results in the literature (281. some recovering of cotton
stiffness occurs after ironing. This last resuh is perfectly 
true out of the - 100 to 0°C temperature range. whereas 
between -100 and 0°C. the stiffness values of both 
washed and ironed coated textiles are only ·equivalen1. 
However, we have already proved that the 13-relaxation 
of cellulose between - 100 and 0°C is very sensitive to
pH20: considering that the water partial pressure pH20 
is not fully controlled during the experiments, we may 
expect some K' uncertainties related to pH20 fluctua
tions of about 5% in the - I 00 to 0°C temperature range. 
Some relevant comparisons of samples with modulus 
values differing from 5-20% (which is the case for the 

washed and ironed coated textiles considered here) 
should then be relevant only below - I 00°C and above 
0°C: this corresponds effectively to the temperature 
range in which che stiffness of the ironed coated textile 
is, as expected. higher than that of lhe washed one 
(Figure 4a). The mechanicaJ loss amplitude �lative to 
the peak at 50°C undergoes similar variations: tan <I> 
decreases from 61 x 1 o- � to 45 x Io- 3 during washing
and shows some further recovery up to 55 x Io- 3 after 
ironing. 

De-wetting During Washing. Re-wetting 

During Ironing 

Variations in stiffness and tan ¢> induced by washing
and ironing can be explained by wettability consider
ations. During washing, lhe evolution of a cellulose/
resin/H20 system has to be considered. whereas it is a 
cellulose/resin/dry gas system during ironing. This cor
responds to conditions of - complete immersion of the 
textile in water during washing and a dry atmosphere 
during ironing. During washing, some resin de-wetting 
from cotton fibers can be justified by thermodynamic 
considerations: indeed. lhe resin/H20 interface energy is
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high due to the hydrophobic properties of CF.? and CF_, 
entities, whereas the cellulose/H.?O interface energy is 
low due to the hydrophilic character of cellulose. In 
accordance with these surf ace energies. we then expect 
during washing the rupture of the unifonn resin coating 
on the surface of the fibers and the concomitant appear
ance of cellulose at the textile surface in contact with 
water. De-wetting, which involves a diminution of the 
cellulose/resin adhesion. is then consistent with the stiff
ness decrease with washing. It is also consistent with the 
decrease of the second peak amplitude in the tan <I> 
curves. s�nce a smaller contribution of the melting tran
sition of the resin to the losses is expected when the 
adhesion between cellulose and resin is poor. During 
ironing, there is a complete melting of the coating which, 
due to the low resin viscosity at·high temperature. should 
evolve to the thermodynamically favored state. The resin/ 
dry gas interface has lower energy than the cellulose/dry 

gas one, which contains some polar atoms (oxygen). The 
more favored state of the cellulose/resin/dry gas system 
should then correspond to uniform spreading of the resin 
at the surface of the fibers. This increased adhesion 
between cellulose and resin is concomitant with the 
fonnation of resin bridges between the fibers. both phe
nomena explaining the stiffness and the tan <I> increases
observed after ironing . 

Relative Contributions of Fiber-Resin Adhesion and 
Resin Bridge Formation to Complex Aigi.dity 

De-wetting and re-wetting may appear as relatively 
small effects when they are evidenced by the previously 
described mechanical spectroscopic experiments. A pos
sible explanation for such small differences in K' and tan
<I> between textiles subjected to different treatments may
originate from the experimental procedure we followed. 
Indeed. each sample is prepared "ex-situ" before being 
studied inside the pendulum. It is then possible that some 
of the resin bridges created between the cotton fibers 
during ironing may be broken by further manipulations 
until mechanical measurements. That would explain in 
particular why the stiffness of the textile has been im
proved by a factor of only a few percent after ironing. 
This point is justified by reproducing .. in-.\·itu" the con
ditions of ironing (Figure 5 ). In this in-si111 ironing pro
cess. a polymer-coated cotton fabric. thermally cured and 
washed. is studied with LFMA during heating at ) °C/min
up to the usual ironing temperature (I 5()°C) and then
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F1Gvlu: 5. Evolution of stiffness as a function of tem�rature for two 
tluorinated treated i:ottons. One is rhennocured and washecJ: LFMA has 
been performed on this sample during heating under \'acuum at I °C/ 

min up to 150°C before cool ing under vacuum at the same rate. The 
other is 1herrnocured. wa,hed and ironed: LFMA has bl:en performed 
on this sample during heat ing under air at I 0C/min up to I 50°C. From 
these results. the quan ti tat ive inftuenl·e on stiffness of. on one hand. the 
formation of bridges between lilbers and. on the other hand. an im
proved polymerlcouon adhesion can bl: apprccia1ed. 
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during cooling at the same rate. In Figure 5. it appears

that a strong increase in stiffness of more than 100% is
effectively noticed after annealing at l 50°C when any
manipulation is carefully avoided. The main contribution 
to increased stiffness during ironing is then the fonnation 
of resin bridges between the fibers rather than the im
proved adhesion between the cotton and the fluorinated 
resin. This result is in good agreement with the previous 
evaluation of individual fiber stiffness increases after 
coating: much smaller than that measured experimentally 

on textiles, the coating related stiffness increase must be
attributed almost entirely to the formation of resin 
bridges between the cotton fibers. 

Confirming De- and Re-wetting Mechanisms bY MEB, 
AFM. and XPS 

We further studied the differences so evident. between 

the coated textiles before and after ironing with MEB and 
AFM experiments_ After three washings at 40°C. some 
minor fibrillation of cotton fibers was evident from MEB.
Compared with a coated textile after curing (Figure 6d) 
there was also a strong increase in roughness <Figure 6e) 
observed by AFM at a smaller scale. This increase is of the
order of magnitude of the polymer coating (-500 nm)
and can be attributed to a massive de-wetting of the 
fluorinated resin during washing. According to Figure 6f. 

FIGURE 6. MEB (left) and AFM <righl I investigations. Evolution of the morphology of the polymer<oa&cd 
fibers during washing and ironing: (a and dJ coated tell.tile after curing. (band e) polymer coaled lelltile after 
washing. (c and t) polymer coat� tell.tile after washing and ironing. 
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TABLE II. Surface O and F atomic contents obtained by XPS analysis of cured/washed/ironed Huorinated resin-1reated conon fabrics ob1ained 
wi1h latex A padded with a polymer contenl of 150 g/1. Comparison with volume a1omic con1en1s obtained by chen;iical method. 

Volume Huorine con1cn1 
(measured by chemical method) 

Surface Ollygen content 
(measured by XPS> 

Surface tluvrine contenl 
(measured by XPS) 

xF<unn� = (54 ::!: 5) 'kat. After c·uring 
After washing 

8600 := 800 ppm 
7500 :: 800 ppm 

x0<unn� = (5.5 :!: 0.05) �al. 
. t0'..a'hing = ( 1 1  :t 0.1 )  %at. 

Xo wa-h;,.� - Xowring = (5.5 :! Q.2) %iii. . 
Xp '"°""'"� = (48 :!: 5) /kat . 

Xf ''°'hong - .rf"urone -= (6 :!: I ) 'Kat. 

Ar1er ironing 7900 :!: 800 ppm x0"""'"� = 17.5 :!: 0.07) <ffat. 
Xoomnin� - .to'""-'hm� = (3.5 :!: 0.1) 'kat. 

x""""'"' = (52 ::!: 5) 'Kat. 
XFuonong - Xf'wa.hong = (4 :!:: I ) 9'ral. 

ironing a11ows this de-wetting to be almost completely 
removed (fiber roughness of about 50 nm is equivalent to
that observed before washing). whereas there is no effect 
on fibrillation during ironing (Figure 6c). Such observa
tions are in perfect accord with the conclusions drawn 
from LFMS experiments. 

The de-wetting sugg�sted by mechanical spectroscopy 
is also confirmed by XPS experiments. In the case of 
coated and cured fabrics. the contents of 0 and F mea
sured by such a surface technique are, respectively. 5.5 
:!: 0.3% and 54 :!: 3% atomic. whereas the volume 
fluorine content measured by a chemical technique is 
about 8600 :!: 800 ppm (Table II). In the hypothesis
where the fibers are uniformly coated by the resin, XPS 
analysis is almost fully consistent with 0 and F polymer
atomic content (5.5 and 44%) of external fluorinated 
chains. That means that the analysis depth of XPS is 
hardly less than the order of magnitude of a lateral chain 
(-C0--0--{CH2h-CKF17). Now. a comparison of the 
surface composition of differently treated textiles (Table 
II) shows a decrease in ftuorine content and an increase 
in oxygen during washing. In accord with previous re

sults in the literature. these modifications are almosl 
suppressed after ironing .. However. variations in the sur
face chemical com"JX>sicion obtained here are far less

important (25] than those found in the literature. This is 
explained by less washing efficiency, consisting here of 

TABLE Ill. Perfonnance of ftuorinatcd resin-coated cotton after heat 
treatment and washing obtained from latex A ( T"' = 50°C) and latex 
B (T .. = 80°CJ. 

· 

La!Cll A 
After annealing 
After washing 
After iro:ning 

Latex B 
After annealing 
After washing 
After ironing 

Water resistance. 
AATCC 22 Test 

(spray test) 
60 g/I 150 g/I 

100 100 
50 70 
70 90 

100 
90 

100 

Oil resistance. 
AATCC 1 1 8 Test 

60 g/I 

6 
5 
6 

6 
6 
6 

150 g/I 

6 
5 
6 

only three cycles instead of thirty (25). The evolution of 

surface fluorine content fluctuations after washing is 
generally attributed to the rotation of ftuoroalkyl groups 
into the polymer substrate lo decrease repulsive -CKF17/ 
water interactions. · 

From the combination of all these resu Its. we propose 
a more relevant interpretation for such chemical evolu
tion. Schematically illustrated in Figure 7. it is based on 

the massive de-wening occurring during washing. Since 
XPS provides surface information. the fluorinated poly
mer contribution to the XPS spectrum obviously decreases 
during washing, whereas that of cellulose increases in
opposite proportion. The cellulose does not contain flu
orine but oxygen in large amounts. Thus, during washing 
the measured surf ace F content is expecced to decrease. 
whereas that of 0 is expected to increase. corresponding 
effectively to the experimental results. S imilarly, F and 
0 contents measured by XPS respectively increase and 
decrease during ironing. In fact, F and 0 content varia
lions can be completely explained in the framework of a
simple quantitative surface analysis model. If one de
notes x as the ratio, 

N�ell�lcn•e 
X = (W"llul•>..: + N'"'i") 

where �eiiuiuse (Nre,in) is the number of cellulose (resin)

atoms analyzed by XPS. Such a ratio is related to lhe
proportion of the surface on which the cellulose is 
emerging: it would be equal only if the analysis depth
and the atomic density in cellulose and resin were the 
same. The ratio x can be obtained from the analyzed 0 or 
F contents. x0 and xf. according lo the following equa
tions: 

or 

In lhese equations, the 0 and F contents i n  cellulose and 
in resin. Xocellulo'e = 0.50. Xo ""in = 0.055. XFcellulose = 0. 
x/esin = 0.54, are determined from specific XPS experi-
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fJGURE 7. Schematic represen tation of the analyzed surface with XPS in the case of a unifonn polymer 
coating (left) and in the case of massive polymer de-wetting on the fiber.; surface Cright >. 

ments performed on pure cellulose and pure resin. From 
the XPS results of Table II. the x decrease during washing 
is equal to 12  ±: I % from 0 surf ace content variations 
and lo 11  ±: 3 % from F surface ones. Similarly. the x 
increase during ·ironing is equal to 8 :!: I or 8 :!: 3 'k by 
considering either 0 or F surface content variations. Note 
that. on the other hand, the rotation of the ffuoroalkyl 
groups should not account for the observed variations of 
the 0 atomic content during laundering. since pure rota
tions would not involve any 0 content change. The 
model based on de- and re-wetting is then fumly consis
tent with all the experimental XPS results, so the wetting 
mechanisms are certainly more relevant than those rela
tive to the rotation of ftuoroalkyl groups to explain the 
modification of coated textiles during washing and iron
ing. In rather good agreement with AFM observations. the 
proportion of cellulose surf ace submitted to de-coating 
during washing is then around 1 1 - 1 2%. and that under
going re-coating during ironing is about 8%. 

IMPROVING FABRIC BEHAVIOR DURING LAUNDERING 

From our interpretation of mechan·isms involved dur
ing washing and ironing, the behavior of fabrics during 
laundering could be improved by adapting some fluori
nated resin characteristics. The more obvious interpreta
tion is probably the increase in the polymer melting 
temperature above the washing temperature. The impact 
of such a solution is shown in Figure 8, which exhibits 
the temperature evolution of the complex. modulus of 
two fluorinated resin-coated cottons with melting tem
peratures of, respectively, 50°C (latex A) and 80°C (latex 
B): indeed, the higher remaining stiffness after washing 
of fabrics coated with latex B should indicate a better 
resistance to de-wetting. This indication is reinforced by 
an AFM comparison of cotton fabrics obtained from latex 
A (Figure 6) and lalex B (Figure 8), showing that the 
appearance of fabric roughness during washing and iron-

ing can be strongly decreased by coating with latex 8 
rather than with latex A. 

Finally. we evaluated the water and oil resistance of 
the fabrics after curing. washing. and ironing according 
to the AATCC 22 (water repellency) and AATCC- 118 
(oil repellency) tests for the two latices. All the values 
obtained in Table I l l  are consistent with previous results 
and justify the use of the chosen combination of tech
niques for discrimination of the phenomena involved 
during the successive fabrication and laundering. First. 
there is a decrease in the water and oil repellency rating 
during washing. The higher the ftuorinated polymer con
tent ( 150 g/I instead of 60 g/I). the higher the water 
repellency rating (70 instead of 50). which is explained 
by the larger remaining polymer-coated area of fibers 
after formation of polymer droplets during washing. The 
decreased water resistance rating during washing is also 
smaller for coating with latex B. which confirms a more 
difficult de-wetting of latex in the case of a high melting
temperature. For latex B. the oil. resistance rating is n()( 
even modified during washing. Finally. there is some 
recovery of both water and oil repellency properties 
during ironing. which is in perfect agreement with aJI our 
experimental techniques and interpretations. 

Conclusions 
We have investigated the effects of heat treatments 

and washing on the mechanical and chemical evolution 
of cotton fabrics �oated with fluorinated resin by means 
of a combination of mechanical ( LfMA), surface chemical 
(XPS). and microstructural (AFM) techniques. We propo� 
a new explanation for the limitation of textile durability 
to laundering: during washing. the ftuoroalkyl groups· 
rotation into the polymer substrate is noc as important as 
claimed in the literature. We show. on the contrary. that 
ii is the massive de-wetting of the polyn1er coating.
suggested by XPS, evidenced by LfMA, and directly ob-
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FIGURE 8. Stiffness (a) of two washed. fluorinated. resin-coated con on fabrics (with melling tempera1ures of 
50 and 80°C. respectively) as a function of temperature during heating up 10 160°C a1 1°C/min under air. AFM 
investigations .on a cotton padded with latex B. thennally cured and washed (b) then ironed (c).

served with AFM, which constitutes the major contribu
tion to the diminished repellency of washed fabrics. 

In this paper. the complementary interests of low 
frequency torsion mechanical spectrometry for studies of 
fluorinated coated cotton are evident. In particular, LFMA 

enables the relative contributions of the mechanisms 
involved in textile laundering evolution to be discrimi
nated: they are the fonnation of polymer bridges between 
the fibers and the cotton/polymer adhesion strength. It 
also appears from LFMA that a satisfying compromise 
between water- and oil-repellency and fabric drapability 
can be easily found. Finally, we conclude that textile 
durability may be increased in the most satisfying way 
by controlling the relative values of washing and resin 
melting temperatures. 
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