
Progress in Organic Coatings 160 (2021) 106502

Available online 22 September 2021
0300-9440/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Robustness of surfactant-laden latex films 
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A B S T R A C T   

Despite the growing popularity of latex inks in the inkjet printing industry, little is known about the influence of 
additives present in the ink mixtures on the robustness of the latex films. Here, we investigate the influence of a 
non-ionic surfactant, Dynol 607, on the abrasion robustness of a water-based latex film. For fixation temperature 
below the minimal film formation temperature (MFFT), we observe an improvement of robustness of the film 
with increasing surfactant concentration due to the improved film coalescence. However, for temperatures 
exceeding the MFFT, Dynol clearly has a negative impact on the abrasion robustness. Using AFM in the Peak-
Force tapping mode we have demonstrated that the surfactant forms ultra-thin surfactant layers at the top of the 
latex film. Force spectroscopy performed with the colloidal probes showed that these layers can increase the 
adhesion between the film and abrasive material leading to decreased abrasion robustness. However, other ef-
fects such as: macroscopic corrugation of the film or the surfactant layer between latex film and the substrate that 
may have influence on the mechanical performance of the film, were also identified. Our research showcases that 
mechanical robustness of latex films is affected by surfactant in various ways, which are poorly understood, even 
though surfactants are commonly used in latex ink formulations.   

1. Introduction 

Recently, latex inks established themselves in the inkjet printing 
industry as a popular alternative to UV-curable and hot-melt inks. Latex 
inks are more environmentally friendly and cheaper, owing to their high 
water content (up to 70%) and use of non- or mildly toxic co-solvents 
[1]. Unlike hot-melt inks, which solidify upon cooling on a medium 
[2], or UV-curable inks, which polymerize after irradiation with UV- 
light [3], latex inks solidify through film formation, which is based on 
the coalescence of polymeric latex particles [4–7]. Even the simplest 
latex ink mixture consists of water, co-solvents, surfactants, pigments 
and latex particles, which are polymeric spheres suspended in the liquid 
with a diameter of approximately 100 nm. Upon landing on the sub-
strate, water starts to evaporate and non-volatile liquids are partly 
absorbed by the substrate (i.e. paper). While liquids are being removed 
from the ink, latex particles are tightly squeezed together until they form 
a closely packed structure (stage 1 - Fig. 1) [4–7]. In case the polymer 
viscosity is sufficiently low, which can require elevated temperature, 
latex particles can deform and arrange in a dodecahedral structure (3D- 
honeycomb). The minimum temperature at which the film is able to 

obtain this dodecahedral structure is referred to as the minimum film 
formation temperature (MFFT) (see stage 2 - Fig. 1) [4–7]. In case that 
the latex is heated beyond its glass transition temperature Tg, mobility of 
the polymeric chains is enhanced and particle chains of neighbouring 
particles can cross the particle-particle boundary. In this way the poly-
mer chains from the latex particles cross the particle-particles boundary 
and a homogenous film can be obtained (stage 3 - Fig. 1) [4–7]. Note 
that non-volatile liquids and other substances present in the ink mixture, 
which might not be fully removed from the latex film, can significantly 
alter the film formation process. For instance, substances referred to as 
coalescence agents can diffuse into the latex particles, increasing the 
mobility of the polymeric chains and promoting coalescence [8,9]. On 
the other hand, large amounts of non-volatile substances present on the 
latex particles surface during the fixation process, can prevent them 
from getting into contact and effectively hinder the coalescence. 

In the context of inkjet printing, proper film formation is essential for 
the appearance of the final print and its mechanical resistance (often 
referred to as robustness), which allows it to withstand handling and 
transportation. Hence, testing film formation and the mechanical 
properties of the latex films is an essential part of the ink development 
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process and optimization of the printing process. Unfortunately, the 
small thickness of the latex films and their complex microstructure, 
which originates from numerous additions to the ink mixtures, makes 
examination challenging. Scanning electron microscopy (SEM) allows 
imaging of the surface or cross-sections of the films [10,11]. However, it 
does not provide direct information about the mechanical properties. 
Additionally, images obtained with SEM might be difficult to analyse 
due to the large amount of small features originating from the numerous 
additions present in the latex ink mixtures. A similar situation holds for 
topographical images obtained with atomic force microscopy (AFM) 
[12,13]. However, AFM can also be utilized as a force probe capable of 
measuring mechanical properties with a high spatial resolution [14,15]. 
On the other hand AFM suffers from a small field of view and a low 
scanning speed, when compared with SEM. Mechanical properties of the 
latex film can also be measured by nano-indentation [16,17], but, this 
requires significantly thicker films than those usually encountered in 
inkjet printing. Moreover, the results are substantially dependent on the 
surface corrugation due to the size of the probes [17]. 

All mentioned scientific methods have their respective drawbacks, 
and all of them are relatively expensive and time-consuming. Therefore, 
during the ink development process simple empirical tests are often used 
instead to examine the latex film robustness. These tests effectively 
mimic situations encountered by printed surfaces during handling and 
transportation. An example of such a test is the abrasion test, during 
which a piece of paper is mounted on a weight, and is rubbed over the 
printed latex film. Similar tests can be designed to assess film robustness 
to other types of mechanical damage, for instance: bending, scratching 

or adhesion to other surfaces (f.e. in a stack of printed paper sheets). The 
main drawback of these methods is that they do not allow the investi-
gation of the microstructure of the latex films and their performance. 
Furthermore, there is very little work in the literature linking the me-
chanical performance of thin latex films with their microstructure, 
especially for the complex multi-component systems [18]. 

To bridge this gap, we performed simple abrasion test on the latex 
films samples. Subsequently, we measured the same samples with AFM 
in an attempt to correlate the results obtained with both methods. In 
order to examine the influence of at least one type of addition present in 
the latex inks, we added a non-ionic surfactant to the latex mixtures. Our 
work revealed that the mechanical resistance for abrasion, even for this 
simple three component latex mixture, is not trivial and depends not 
only on the fixation temperature, but also on the surfactant 
concentration. 

This manuscript is organized as follows: first, sample preparation 
and experimental methods will be discussed in detail. Next, the exper-
imental results are presented starting with the abrasion test and then 
subsequently the AFM measurements obtained with different measure-
ment modes. In the final part we will quantitatively connect data from 
AFM to the abrasion test in order to disentangle in which way the fix-
ation parameters and the surfactant concentration influence mechanical 
properties of the latex films and their performance in the abrasion test. 

2. Experimental details 

2.1. Sample preparation 

NeoCryl A-639 (DSM N.V.) acrylic styrene latex was used for the 
preparation of all films. A-639 has a MFFT of 67 ◦ C as specified by the 
manufacturer and we measured the glass transition temperature (Tg) of 
60 ◦ C using DSC in aqueous solution. The original colloidal dispersion of 
latex has 45% solid content and the average particle diameter of 
approximately 100 nm. Colloidal dispersions used for film preparation 
had 10% solid content and varying concentration of surfactant - Dynol 
607 (0%; 0.4%; 0.6%; 0.8%; 1% or 1.2% of total dispersion weight). 
Dynol 607 (Evonik Industries AG) is a branched, non-ionic surfactant, 
which is used in the ink and paint industry as a wetting agent; its 
chemical structure is shown in Fig. 2A. At room temperature it is a 
viscous liquid, which is soluble in water. In the mixture containing 1.2% 
weight of Dynol we measured the Tg=40 ◦ C of A-639 latex. 
Figure presenting dependence of latex Tg on the concentration of Dynol 
can be found in the Supplementary Information. Note that the original 
latex mixture contains small amounts of another surfactant, which is a 
stabilizer for the colloidal dispersion. Unfortunately, we do not know 
what surfactant was used for that purpose. In our manuscript the term 
“surfactant” always refers to Dynol 607. 

The latex films were prepared by the rod-coating method. In this 
method, a small amount of liquid is placed on a substrate and is spread 
over it using a special rod with tiny grooves having a fixed size (K Hand 
Coater, RK PrintCoat Instruments Ltd). This results in the formation of a 
thin uniform film, which in our case is approximately 10μm thick in the 
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Fig. 1. Consecutive steps of the latex film formation process. Stage 0 - colloidal 
suspension of latex particles. Stage 1 - Closely packed latex particles. Capillary 
forces cause deformation of the particles (stage 1 to stage 2). Stage 2 - Particles 
deformed into a dodecahedral (3D honeycomb) structure. This stage is reached 
when T > MFFT. Stage 3 - Homogenous film, where particles are merged 
together into a uniform film. This stage occurs when T > Tg [4]. 
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Fig. 2. A) Molecular structure of Dynol 607. B) Schematic 
overview of the device used for the abrasion test. (1) Rail on 
which the holder (2) for the counter-weight (3) is supported. 
Because the holder is supported on the rail, it is possible to 
slide the holder on the rail without exerting any additional 
force on the counter-weight. The counter-weight is ended with 
a rubber part (black) and has a piece of paper (4) attached to 
its end. (5) is the latex film prepared on the substrate (6). The 
substrate is placed on a metal base (8) and is held in place by 
additional metal clamps with an opening (7).   
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liquid state, according to the rod specification. After spreading the 
colloidal dispersion of latex on the substrate, it is immediately trans-
ferred to the heating plate, which is equipped with small holes enabling 
vacuum suction and ensuring a good contact between the plate and the 
substrate. The heating plate was pre-heated to the desired fixation 
temperature (60 ◦ C, 75 ◦ C or 90 ◦ C) and the latex film was fixated for 
times varying between 5 s and 30 s. Thanks to the very small thickness of 
the film and good heat conduction of a metal plate, the evaporation 
process of water was completed within 5 s even at a fixation temperature 
of 60 ◦ C. A transparent polymeric printing medium - OHP020 Overhead 
film (Canon) was used as a substrate for the latex film preparation. A 
polymeric substrate was chosen instead of a paper to avoid absorption 
and swelling effects. The latex film samples were stored at a temperature 
of 21 ± 2 ◦ C. 

2.2. Abrasion test 

The abrasion test was performed with a special device, which sche-
matic is shown in Fig. 2B. It contains a metal base, and a metal plate with 
an opening, which clamps the substrate from the top and prevents the 
sample from moving during a measurement. Above is the rail, on which 
the holder for the counter-weight is mounted. The counter-weight is 
made of metal and is ended with a piece of rubber facing the tested 
surface. The mass of the counter-weight amounts to approximately 
460 g. Because the holder is mounted on the rail, it is possible to slide the 
counter-weight over the surface without pushing it downwards, which 
ensures a constant pressure exerted on the tested surface. In the begin-
ning of a measurement, a clean piece of paper (Canon black label 80 g/ 
m2) is attached to the working end of the counter-weight to act as an 
abrasive material. The counter-weight is placed in the holder and slid 10 
times over the film (back and forth) with a constant velocity. Subse-
quently, the latex film is inspected by an optical microscope (Leica M420 
with a Leica APo Zoom 1.6 lens). The optical images shown in this 

manuscript have dimensions of approximately 2.4 × 3.2 mm2. 

2.2.1. Data analysis 
The images obtained by optical microscopy are processed using a 

home-written Matlab script. First, the original RGB images are con-
verted to greyscale and a plane is subtracted from the greyscale images 
to remove shadow effects. In some cases, only the green channel of the 
RGB image is used instead of the full greyscale image, as it provides 
better contrast. Afterwards, the threshold value is adjusted based on the 
histogram of the greyscale image, and pixels below this threshold are 
counted as damaged area. It should be stressed that the latex films used 
in this work are very thin (≈1 − 2μm) and are almost completely 
transparent. Hence, optical contrast between them and the surrounding 
substrate is not very pronounced, as shown Fig. 3. Additionally, we 
noticed that the medium is covered with an additional coating that is 
often stripped away during the abrasion test together with the latex film 
(see Fig. 3C). As a result, a simple threshold analysis is not very precise, 
but it is sufficient to compare the results between the samples when 
measured in the same way. To improve the analysis, three separate spots 
from each sample are examined. 

2.3. Atomic force microscopy 

Atomic force microscopy (AFM) measurements were performed with 
a Dimension Icon AFM (Bruker). For surface imaging, the PeakForce 
tapping (PFT) mode was used. In this mode the tip performs approach 
and retraction motion typical for the force spectroscopy measurements 
at each point with a high frequency (typically 2 kHz) [19–21]. It enables 
precise control over the force exerted on the substrate and allows to 
obtain maps of mechanical properties simultaneous with topographical 
maps. Even though absolute values of mechanical properties are usually 
not as precise as in the case of standard, but much slower, force spec-
troscopy measurements, they allow identification of surface areas with 
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Fig. 3. Optical microscopy images of A) a clean substrate, B) an undamaged latex film, and C) the border region between substrate and the latex film damaged by the 
abrasion test. In panel C) parts of 1) the undamaged latex film and 2) the undamaged substrate are visible, as well as 3) the damaged latex film and 4) the 
damaged substrate. 
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varying properties. All PFT measurements were performed using NSC35 
probes (Mikromasch) with a typical tip radius of 8 nm and spring con-
stants in the range 5 − 20 N/m, depending on the cantilever. All AFM 
measurements were performed on flat areas of the films, which did not 
display significant corrugation (as inspected using optical camera of the 
AFM). The temperature during the measurements was 21 ± 2 ◦ C. The 
AFM measurements were performed between two days and three weeks 
after sample preparation. In the Supplementary Information we present 
AFM images of the same sample taken almost 9 months apart, which 
shows that the samples only undergo small changes within a period of 
several months. This ensures that we can compare results taken from 
samples within 3 weeks. 

2.3.1. Roughness calculations 
Topographical maps with dimensions of 5 × 5μm2 and containing 

256 × 256pixels2 were used for the roughness analysis, which was 
performed with a home-written Matlab script. In a first step, each line of 
the image was corrected by subtracting a linear fit to exclude height 
differences originating from the sample slope, such that the average 
height is zero. Subsequently, the height-height correlation function was 
calculated using equation [22–24]: 

g(r) =
〈
[h(x) − h(x − r) ]2

〉
(1)  

where h is the height of a point on the topographical map, x is the po-
sition of a point and r is the separation between points. Using Eq. (1) we 
obtain an average squared height difference between points g(r) 
depending on the separation between them. We calculate g(r) for r < L/ 
2, where L is the size of the image. The acquired data is fitted with the 
empirical equation [23,24]: 

g(r) = 2σ2

⎡

⎢
⎢
⎣1 − e

−

(

r
ξ

)2α ⎤

⎥
⎥
⎦ (2)  

where σ is the surface roughness parameter corresponding to the 
average long-range roughness, ξ is the correlation length parallel to the 
surface and α is the roughness exponent, also referred to as the Hurst 
parameter. It describes the relative change of height between points on 
small length scales [25]. Typically, g(r) swiftly increases with growing r 
followed by a saturation. The correlation length ξ indicates the value of 
r, at which g(r) starts to saturate. Therefore, it can be considered as the 
maximum length at which the correlations have spread out. Hence, for r 
> ξ height differences between points will no longer strongly depend on 
r. The long-range g(r) saturation value corresponds to approximately 
2σ2. An example of the height-height correlations obtained for rough 
and smooth samples along with a fit to Eq. (2) are shown in Fig. 4. 

2.3.2. Force spectroscopy 
In order to obtain more precise data about the mechanical properties 

of the latex films, force spectroscopy (FS) measurements were also 
performed [14]. They were taken in a grid of 8 × 8 measurements on a 
20 × 20μm2 area. In order to achieve better averaging and measure the 
mechanical properties of a film rather than these of a single particle, a 
colloidal AFM probe with a radius of approximately 3.5μm was used 
(CP-NCH-SiO-B-5, NanoAndMore GmbH), which is much larger than the 
size of a typical latex particle (≈100 nm). Cantilevers of these probes 
have a typical spring constant of 30 − 60 N/m. The spring constant was 
established using the thermal tuning method before each round of 
measurements and the deflection constant was calibrated on a sapphire 
crystal. At least three different locations were measured for each sample. 
We used a force setpoint of 1μN for all measurements and kept the 
cantilever velocity constant. The acquired data was processed using a 
Matlab script, which extracted values of adhesion, stiffness and defor-
mation for each measurement (see Fig. 5). The adhesion is defined as the 
minimal negative force recorded during the retraction motion of the 
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Fig. 4. Height-height correlations obtained from 5 × 5μm2 AFM topographical 
images of samples containing 1.2% in weight of Dynol 607, fixated for 30 s and 
at temperatures of A) 60 ◦ C and B) 90 ◦ C. Note that the sample fixated at 60 ◦ C 
displays much higher average height differences between points g and that g 
saturates for much smaller distances between points r, than for the sample 
fixated at 90 ◦ C. The average latex particle diameter is approximately 100 nm. 

Fig. 5. Example of a typical force spectroscopy measurement, indicating how 
adhesion, stiffness, indentation and deformation values are extracted from the 
curves. The blue line represents the approach and red line corresponds to 
retracting motion of the cantilever. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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cantilever. The stiffness was measured by performing a linear fit to the 
linear part (top 80% of data for the positive forces) of the receding 
motion of the cantilever. The adhesion and stiffness values are compa-
rable for different measurements, since the colloidal probes are large 
enough to ensure that the contact area for different probes is the same 
leading to reproducible results. Deformation is defined as the difference 
between position of the cantilever in the z-axis in the beginning of 

pressing (during the approach motion when F=0) and when the pressing 
cycle is finished (during the retraction motion when F=0). Indentation is 
the distance between position in the beginning of pressing and at the 
moment when maximum force setpoint is reached. 

3. Results 

3.1. Abrasion test 

Fig. 6 shows the damage of the latex film samples caused by the 
abrasion test. The alternative version of this plot in the form of a bar plot 
is presented in the Supplementary Information as Fig. S3. It is clear that 
the fixation temperature Tf of the latex films has a pronounced influence 
on the abrasion robustness. While almost all samples fixated at Tf=60 ◦ C 
have more than 40% of their surface scratched away, almost all samples 
with Tf=90 ◦ C are damaged by less than 20%. At the same time the 
fixation time tf has only a minor influence on the performance of the 
films in the abrasion test. Only for films fixated at Tf=75 ◦ C and with 
high surfactant concentration, the beneficial effect of increased tf on the 
abrasion robustness is visible. 

Dynol itself has a complex impact on the resistance to abrasion. For 
samples with Tf=60 ◦ C there is almost no influence until the surfactant 
concentration csurf reaches 1 − 1.2% at which samples with fixation 
times of 5 s and 10 s show a decrease in robustness. On the other hand 
for samples with tf=30 s the resistance to abrasion increases in the same 
csurf range. Films fixated at Tf=75 ◦ C also display a complex dependence 
on the surfactant concentration. For tf=5 s the abrasion resistance does 
not change significantly, while for tf=10 s it strongly increases when the 
Dynol concentration exceeds 0.6%. Films with tf=30 s show an 
improved performance in the abrasion test for csurf>0.4% compared 
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Fig. 6. Overview of the outcome of an optical analysis of the latex film areas 
with variable surfactant concentrations that were damaged during the abrasion 
test. Samples fixated for 5 s, 10 s and 30 s are marked with squares, diamonds 
and circles, respectively. Dashed and dotted lines serve as a guide to the eye. 
Error bars represent the standard deviation of results obtained at the three 
examined areas. 

Fig. 7. 5 × 5μm2 topographical AFM images of the latex films fixated for 30 s at temperatures of 60 ◦ C, 75 ◦ C and 90 ◦ C. Samples contain 0.4% weight fraction of 
Dynol 607. Note that images have different height scale bars. 
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with the sample containing no surfactant. Surprisingly, samples fixated 
at the highest temperature 90 ◦ C, display exactly the opposite trend 
with all films showing a decrease of the resistance to abrasion with 
increasing csurf. 

Clearly the resistance to abrasion displays an intricate dependence 
on all three examined parameters (Tf, tf and csurf). All three of these 
parameters can have a strong impact on the latex particles coalescence 
process, which may explain the results shown in Fig. 6. In order to 
confirm that in the next section AFM topographical maps will be used to 
assess the coalescence of the latex film samples. Afterwards, we will 
present the results of force spectroscopy measurements, which will give 
more insight about the mechanisms influencing the abrasion robustness 
of latex films. 

3.2. Surface topography and roughness 

In Fig. 7 AFM topographical images of three different latex films are 
shown. All films contain 0.4% weight fraction of Dynol 607 and were 
fixated for 30 s, but at different temperatures. In the image of the film 
fixated at Tf=60 ◦ C (Fig. 7A), single latex particles are clearly distin-
guishable with spaces between them. Already at Tf=75 ◦ C particles 
seem to be more clustered, but there are still large gaps present in the 
film. At Tf=90 ◦ C it is more difficult to distinguish individual particles 
and the film appears more coalesced. That is also apparent from the 
smaller range of the height scale-bar in Fig. 7C. 

We can interpret those results as a signature of the progressing latex 
particles coalescence with increasing fixation temperature, which is 
expected from the theory of the latex film formation process [26]. The 

MFFT of latex A639 is 67 ◦ C and Tg=60 ◦ C (in the solution as provided 
by producer), and therefore a transition between the configuration of 
closely packed non-deformed particles, observed for Tf=60 ◦ C, to 
deformed particles observed for Tf=90 ◦ C is within our experimental 
temperature range. Additionally, using DSC we measured that in the 
aqueous solution containing 1.2% of Dynol, A639 latex has a Tg=40 ◦ C 
(compared to Tg=60 ◦ C in aqueous solution), which confirms that it acts 
as coalescent agent. For all examined samples, the borders between the 
particles were distinguishable, even if they were significantly faded for 
some samples with Tf=90 ◦ C. Hence, we can conclude that stage 3 of 
latex film formation - a homogenous film (Fig. 1) was never achieved. 
However, the data sheet of A639 latex mentions that in order to achieve 
homogenous film formation it requires the addition of strong coalescent 
agents, such as butyl glycol or dibutyl phthalate, which were not present 
in our mixture. 

It is clear that the coalesced films exhibit smaller gaps between the 
particles and better ordering. Therefore, in an attempt to quantify the 
latex film coalescence, we performed a roughness analysis of the topo-
graphical images obtained with AFM. We utilized the height-height 
correlation (Eq. (1)) and extracted the roughness factor σ and the cor-
relation length ξ using Eq. (2) (see also Fig. 4). As shown in Fig. 8 (an 
alternative version in the form of a bar plot is presented in the Supple-
mentary Information as Fig. S4.), all samples with Tf=60 ◦ C have almost 
the same roughness and correlation length, indicating that the latex 
particles are not deformed into a dodecahedral structure. On the con-
trary, samples fixated at 90 ◦ C all display much lower σ and higher ξ 
indicating significantly increased particle deformation and film coales-
cence. Furthermore, increasing the concentration of the surfactant 
seems to improve the coalescence of the films. The σ and ξ parameters of 
samples with Tf=75 ◦ C start from values observed for the non-coalesced 
films for csurf ⩽ 0.4% and then start to move closer to values observed for 
the coalesced films (with Tf=90 ◦ C) as more Dynol is added. This pro-
vides more experimental evidence that Dynol 607 improves the coa-
lescence of latex films. It is further confirmed by the decrease of Tg of the 
latex from 60 ◦ C in the surfactant-free dispersion to 40 ◦ C in the 
dispersion containing 1.2% of Dynol. For Tf=75 ◦ C with csurf ⩽ 0.4% we 
observe a decrease of σ and increase of ξ for increasing fixation times. 
This indicates that in our system, where Tf is approximately 25 ◦ C 
higher than the Tg of the latex (in the dispersion), the typical particle 
deformation times are of the same order of magnitude as the fixation 
times used for the sample preparation. As mentioned previously, we did 
not observe the formation of a homogenous film for any sample (stage 3 - 
Fig. 1). Therefore, typical latex reptation times for our system are higher 
than sample preparation times, even for the highest Tf. Here, we will 
refer to samples as coalesced, if the roughness of the sample was suffi-
ciently low, which is defined as: σ<3 nm and ξ>100 nm. 

Despite the observed improvement in the coalescence, the abrasion 
resistance of samples with Tf=90 ◦ C clearly decreased with increasing 
surfactant concentration. To explain how enhanced coalescence can lead 
to the worsened abrasion robustness we turn our attention to the me-
chanical properties maps obtained using the AFM PFT-mode. 

3.3. Adhesion of latex surface 

Typical large scale topographical maps of films fixated at Tf=90 ◦ C 
for 30 s do not show significant differences between samples containing 
1.2% of Dynol and no surfactant at all (see Fig. 9A and C). It is only 
noticeable that the borders of latex particles are more faded in the image 
of the samples with addition of surfactant, which is in line with the re-
sults of the height-height correlation (Fig. 8). However, corresponding 
adhesion maps obtained using the PFT-mode reveal striking differences 
between surfaces of the two films (see Fig. 9B and D). While adhesion of 
films containing no surfactant displays almost no contrast, on the surface 
of samples with Dynol we observe islands with significantly lower 
adhesion than the surrounding surface. Smaller scale images (see Fig. 9E 
and F) reveal that small islands with lower adhesion are also commonly 
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present in the nodes of the borders between the particles. Although these 
small islands correspond to the nodes of the borders between particles in 
the topographical image, the large islands have no corresponding 
topographical features, as indicated by the dotted lines in Fig. 9E and F 
and the cross-sections extracted for both images shown in Fig. 9G. 

Fig. 10 shows representative examples of adhesion maps obtained for 
various samples. Enlarged version of the same Figure can be found in the 
Supplementary Information file (Fig. S5). The latex films, which were 
found to be non-coalesced according to data from Fig. 8 (with σ>3 nm 
and ξ<100 nm), display notably different types of adhesion maps than 
the coalesced ones and they were marked with a red background in 
Fig. 10. For instance for all films with Tf=60 ◦ C we observe significantly 
larger adhesion at the edges of the latex particles than at the centers. We 
attribute this contrast to the greater contact area between the tip and the 
latex particles, when the tip penetrates in the gaps between the particles. 
As coalescence progresses with increasing Tf and csurf, contrast between 
the edges and the centers starts to fade for samples with Tf=75 ◦ C and 
csurf=0.4 − 0.8%, and completely disappears for higher csurf and for 
Tf=90 ◦ C. As already introduced in Fig. 9, samples containing Dynol 
exhibit areas with significantly lower adhesion than the surrounding 
latex particles. We observe these islands for all samples containing the 
surfactant and where coalescence took place. Hence, we assume that the 
islands are composed of Dynol and are formed by pushing the surfactant 
out from the gaps in the latex film as the coalescence progresses. We 
attribute the low adhesion of surfactant stains to the low surface energy 
of the surfactant, which decreases the interactions between the AFM tip 
and the surface. Additional experiments revealed that the stains can be 
removed from the surface by a short rinse with deionized water. This 

confirms that stains are made of an easily removable, water soluble 
substance, as is expected with stains composed of Dynol. The results of 
the rinsing experiment are shown in the Supplementary Information. 

For all samples, we calculated the surface area of the islands (stains) 
with a low adhesion; results are summarized in Fig. 11 (a bar plot 
version can be found in the Supplementary Information - Fig. S7). It is 
clear that the total area of islands grows with increasing Dynol con-
centration, which provides more experimental evidence that the islands 
are thin surfactant remnants (stains) present on the surface. Most films 
having the same fixation parameters, but different csurf display similar 
areas covered by surfactant stains, except films with Tf=75 ◦ C for 
csurf<1.2%. This strongly indicates that the amount of surfactant present 
at the surface is linked mainly to its concentration. The lower amount of 
stains for films fixated at Tf=75 ◦ C and with csurf<1.2% is most likely 
linked to the insufficient film coalescence (according to Fig. 8), which 
means that Dynol is not be fully pushed towards the surface. 

3.4. Mechanical properties of the latex film on the microscale 

The abrasion test has demonstrated that the resistance to abrasion of 
the latex films decreases with the addition of Dynol (for Tf=90 ◦ C), 
despite the fact that the surfactant seems to improve film coalescence. At 
the same time we found that in the case of coalesced films, stains of 
surfactant appear on its surface. The surface coverage of Dynol islands 
also clearly increases for larger csurf. However, it remains unclear 
whether the decrease in the abrasion resistance is caused by the Dynol 
stains. In order to examine this we used the PFT-mode, which provides 
us not only with information about the adhesion of the surface, but also 

Fig. 9. A), C) 5 × 5μm2 AFM topographical images 
of the latex film fixated with Tf=90 ◦ C, tf=30 s, no 
surfactant addition A) and csurf=1.2% C). B) and D) 
are adhesion maps corresponding to the topograph-
ical images shown in panels A) and C). E) and F) are 
2 × 2μm2 topographical and adhesion maps, 
respectively, taken at the place marked with white 
dotted line in panels C) and D). Dashed lines in 
panels E) and F) indicate the location of islands 
exhibiting a lower adhesion than the surrounding 
surface. G) Cross-sections obtained at exactly the 
same location for images shown in panels E) and F), 
where they are marked with blue and red dashed 
lines, respectively. (For interpretation of the refer-
ences to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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other properties, such as indentation or stiffness. In Fig. 12 we can 
clearly observe that in the area where the surfactant stain (with the 
lower adhesion) is present, a higher indentation and a lower stiffness are 
measured. We observed the same results for any location where large 
Dynol stains are present. This indicates that the areas covered with 
Dynol are significantly softer and more deformable than the surround-
ings. Nonetheless, data obtained with the PFT-mode is only local, since 
the tip is much smaller than the size of a single latex particle (R ≈ 8 nm). 
Furthermore, in order to reduce tip damage as much as possible we used 
low force setpoints (typically 15 − 30 nN), which results in probing 
depths in range of a few nanometers. Such low probing depths lead to 
the extraction of unrealistic quantitative values of mechanical proper-
ties, especially for stiffness, which is extracted from the linear fit to data 
during retraction of the cantilever (see Fig. 12D). Furthermore, the data 
is not representative for the mechanical performance of the whole film, 

but rather for the properties of a first couple of nanometers of the 
surface. 

Force spectroscopy measurements with large colloidal probes (R ≈
3.5μm) were utilized to measure the collective behaviour of the latex 
film, rather than the local properties. There are several interesting 
trends that we observe in our results (see Fig. 13 and in a bar plot version 
in the Supplementary Information - Fig. S8.). First, the adhesion of the 
films clearly grows with increasing surfactant concentration. The 
adhesion is low for films that do not contain the surfactant or are not 
coalesced and therefore do not display surfactant stains (such as films 
fixated at Tf=75 ◦ C with csurf<0.8%). As such, there seems to be a direct 
relation between the presence and amount of Dynol stains on the surface 
and the adhesion of the latex film. This comes as a slight surprise since, 
when measured with the small probe, in the PFT-mode, the areas 
covered by the surfactant stains displayed a lower and not a higher 

Fig. 10. Representative examples of 5 × 5μm2 adhesion maps obtained for latex films fixated using different fixation parameters and surfactant concentrations. 
Following the data from Fig. 8, a red border was added to the images from samples where significant coalescence did not occur (with σ>3 nm and ξ<100 nm). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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adhesion than the surroundings. We attribute this difference to the huge 
difference in the sizes of the AFM probes. A small probe measures mainly 
atomic forces, due to the small contact area, low force setpoint and high 
measurement frequency. In case of a colloidal probe, the contact time 
and area are significantly larger, which possibly leads to the formation 
of capillary bridges between the viscous surfactant layer and the AFM 
tip. The formation of a capillary bridge makes it much harder for a tip to 
loose contact with the surface and leads to an increase of the adhesion. 

Deformation can be considered as a measure of how much a surface 
can be indented during a measurement cycle. However, it does not imply 
that the measured deformation is always fully plastic. A measurement 
cycle takes a limited amount of time (≈1 s) and hence it is possible that 

the measured deformation will still partly recover on a longer time scale. 
In Fig. 13B we see that the deformation is very small for all films fixated 
at Tf=90 ◦ C, but significantly higher for samples fixated at Tf=75 ◦ C, 
and drops only for the films, which have a high surfactant content. 
Therefore, the deformation closely matches the coalescence of the latex 
films, being consistently low for all coalesced films (σ<3 nm and 
ξ>100 nm), and higher for non-coalesced films. It is very likely that 
when non-coalesced films are pressed with a large probe, some particles 
move substantially with respect to each other and do not go back to their 
original position, even when the load is released. This does not occur for 
coalesced films, where the latex particles are connected and thus act as a 
continuous elastic layer. 

Stiffness, which is a measure of resistance of a surface to an applied 
force, displays the most intricate behaviour of all mechanical properties 
(see Fig. 13C). The stiffness is rather low and comparable for all samples 
with csurf ⩽ 0.4%, but for higher surfactant concentrations the latex films 
exhibits maxima in the stiffness for certain csurf values. These peaks 
occur for medium surfactant concentrations 0.6% ⩽ csurf ⩽ 1% for films 
fixated at 90 ◦ C for tf=10 s and 30 s for films with Tf=75 ◦ C and tf=30 s. 
The other films have the highest stiffness for csurf=1.2%. Hence, the peak 
seems to occur for medium csurf and higher Tf and longer tf. It is difficult 
to determine why the peak in stiffness is present. Nonetheless, it is 
important to keep in mind that the maximal indentation recorded with a 
force setpoint of 1μN was only 20 − 30 nm, even for the softest films. 
Therefore, the stiffness shown in Fig. 13C, should be interpreted as the 
property of only the top part of the film. Still the probing depth of these 
measurements is much larger than in case of the PFT-mode, for which 
the probing depth was only a few nanometers. The fact that the stiffness 
peaks occur only for samples with medium or high surfactant concen-
trations strongly suggest that they are linked to the presence of a sur-
factant in the film. It is probable that the differences in the stiffness are 
the result of variation in the surfactant distribution in the bulk of the 
film, which would explain the dependence on both Tf and tf. It was 
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Fig. 12. A) 2 × 2μm2 topographical map of the latex film fixated at Tf=90 ◦ C for tf=30 s and containing csurf=1.2%. B–D) Adhesion, indentation and stiffness maps 
obtained with the PFT-mode at the same location as topographical images shown in panel A). Dashed white lines indicate the shape of Dynol stains present on 
the surface. 
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demonstrated in the literature that during the particles coalescence 
process, the hydrophilic species get distributed in the latex film in a form 
of oblate spheroidal clusters or spheres, which can be tens of nanometers 
in size [27]. Unfortunately we did not have an access to measurement 
techniques such as small-angle neutron scattering, which could provide 
us with an information about the distribution of Dynol in the bulk of the 
film. 

4. Can AFM explain the results of the abrasion tests? 

In this section we will assess whether the AFM measurements can 
explain the performance of the latex film samples in the abrasion test. 
The abrasion resistance of the latex film samples was mainly dependent 
on film coalescence (see Fig. 6). For simple systems like ours, coales-
cence can be easily determined by using even basic AFM topographical 
images, as shown in Fig. 7. However, in more complex systems the 
assessment might be more difficult due to the presence of additional 
topographical features induced by various components of the ink (i.e. 
pigment particles). We have demonstrated that both the roughness 

analysis (Fig. 8) and measuring deformation utilizing AFM force spec-
troscopy with colloidal probes (Fig. 13B) provide a way to monitor the 
coalescence of latex particles. 

Latex film coalescence was not the only parameter that affects the 
abrasion resistance of the latex films. For the films fixated at the Tf=90 ◦

C we observed that the abrasion resistance decreases with increasing 
surfactant concentration. This comes as a surprise, since Dynol promotes 
the coalesce of latex particles. This promotion occurred for all coalesced 
latex films containing surfactant. On the surface of these films surfactant 
stains were observed. The area covered by these stains increases with 
increasing csurf. These areas exhibit lower adhesion than the surround-
ings as well as higher indentation and lower stiffness (Fig. 12), indi-
cating that the surfaces of the films with Dynol stains have non-uniform 
mechanical properties. However, we found no significant variation of 
deformation of the films with Tf=90 ◦ C. Also the stiffness measured with 
the colloidal probe displays peaks for a certain csurf or maxima for a 
highest measured csurf=1.2%, rather than a steadily monotonic behav-
iour observed for the robustness change (Fig. 6). Unexpectedly, when 
measured with a large colloidal probe in the force spectroscopy mode, 
we found that adhesion between the films and the tip increases with 
increasing csurf. We attribute this to the formation of capillary bridges 
between the tip and the viscous surfactant layer. This mechanism, may 
also explain the reduced abrasion resistance. When in contact with an 
abrasive material (paper in this case), Dynol stains, which are present on 
the surface, may stick more strongly to the abrasive material. This re-
sults in a higher pulling force that the abrasive material can exert on the 
film. 

However, that is not the only possible explanation for the decreasing 
performance in the abrasion test for increasing csurf (for samples with 
Tf=90 C◦). We identify three other mechanisms, which may influence 
the abrasion resistance and cannot be ruled out by the available 
experimental data: 

i) The non-uniform mechanical properties of the surface caused by 
the presence of the surfactant stains may create weak spots, which can 
decrease the performance in the abrasion test (Fig. 12). A similar 
mechanism was recently found to be responsible for the degradation of 
razor blades, although in this case the grains of metal having different 
crystallographic orientation were responsible [28]. Unfortunately, this 
cannot be reliably tested with the AFM force spectroscopy mode, which 
operates in a pressing mode and not in a scratching mode. Although in 
principle performing a scratching test with the AFM is possible, the 
contamination and damage of the probe occurring during so invasive 
measurements would make them difficult to compare. 

ii) Similar to the surfactant stains that we measured on top of the 
latex film surface (Fig. 10), Dynol may be pushed not only to the top, but 
also to the bottom of coalescing latex film. This could create a layer that 
reduces the adhesion between the film and the substrate, rendering the 
film more vulnerable to abrasion. Unfortunately, the extremely small 
thickness of the surfactant layer makes it very difficult to investigate the 
formation of layer at the bottom of the film with any experimental 
method. 

iii) We noticed that films containing Dynol (csurf ⩾ 0.4%) are not 
macroscopically flat. There are droplet-like spots occurring on their 
surface, which have shapes resembling half-spheres. They have the same 
composition as surrounding film, however they seem darker on the 
optical images due to their uneven topography. These spots occur partly 
in a square grid, matching the location of holes in the heating plate that 
provide vacuum suction. However, the spots are found also at other 
locations (see Fig. 14). In the places where holes in the heating plate are 
located the evaporation of water will be slower, hence the surfactant 
concentration will be lower than in the surroundings. As a result, a 
surface tension gradient will be generated, which may induce Mar-
angoni flows trying to move the liquid away from the spots. These liquid 
flows may lead to the formation of other uneven spots, in between holes, 
with non-uniform shapes. The high viscosity of the liquid and the short 
time scale of the film formation process (it lasts less than 5 s) will result 
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Fig. 13. A-C) Adhesion, deformation and stiffness values, respectively, ob-
tained by the force spectroscopy, using large colloidal probes (R ≈ 3.5μm). 
Measurements were performed in a grid of 8 × 8 points on an area of 20 ×
20μm2. Three separate places were measured for each sample and error bars 
represent the standard deviation. 
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in freezing of the blobs and a macroscopically corrugated surface. These 
corrugations may influence the abrasion test, especially as the amount of 
blobs will increases with the csurf. However, for samples fixated at 
Tf=60 ◦ C we see that the abrasion resistance is constant until csurf 
reaches 1%, even though the corrugation appears already at csurf=0.4%. 
Hence, the formation of droplet-like spots seem not to have a massive 
effect on the performance in the abrasion test, but its influence cannot be 
entirely excluded. 

5. Conclusions 

We demonstrated that in three-component latex mixtures (much 
simpler than real inks) abrasion resistance depends not only on the 
coalescence rate of the latex film, but also on the surfactant concentra-
tion. Dynol has a twofold effect on the abrasion resistance (i) positive for 
a fixation temperature lower or close to the MFFT of the latex, as it 
promotes film coalescence and (ii) negative for high fixation tempera-
tures, when the films coalesced without aid of the surfactant. AFM 
proved to be a useful tool to measure the degree of latex film coalescence 
either by performing a height-height correlation analysis of the topo-
graphical images or by measuring the deformation with colloidal probes 
in the force spectroscopy mode. Using AFM we identified two mecha-
nisms, which might be responsible for the negative influence of surfac-
tants on the abrasion resistance. We showed that Dynol forms thin layers 
on the coalesced films. These thin layers grow in size with increasing 
surfactant concentration. The areas covered by these surfactant stains 
have different mechanical properties than the surrounding area, and 
hence can act as weak spots during the abrasion test. Force spectroscopy 
measurements with the colloidal probe also revealed that the adhesion 
of samples with a large amount of Dynol stains was higher, which leads 
to stronger sticking to the abrasive material and higher pulling force 
during the abrasion test. Nonetheless, we could not exclude that the 
reduced abrasion robustness is the result of the formation of a surfactant 
layer at the bottom of the latex film making it easier to remove from the 
substrate. Furthermore, we cannot rule out the influence of macroscopic 
corrugation of the film induced by Marangoni flow in the evaporating 
latex mixture containing surfactant. 

To summarize, AFM proved to be the effective tool in examining the 
latex film structure as well as its mechanical properties. However, this 
technique is limited to probing only the topmost part of the film surface, 
which may be insufficient to identify all aspects of the mechanical 
performance on the macro-scale. Furthermore, various additions present 
in the ink mixtures can induce unique features influencing the robust-
ness of a print (i.e. surfactant stains). These features can influence the 

abrasion robustness in several different ways, for instance by affecting 
the coalescence process, introducing parts with non-uniform mechanical 
properties or areas covered with adhesive substance. As a result we have 
not been able to identify one single parameter with AFM that can be used 
to assess the abrasion resistance of the latex films. Nonetheless, obtained 
AFM measurements provided insight into the structure of the latex film 
and presence of surfactant stains, which would be difficult to obtain with 
other techniques. 

Even though our system was much simpler than the commercially 
used latex inks, we still observed many interesting phenomena. Hence, 
future research could focus on the impact of other common components 
of the latex inks (i.e. pigments) and their combinations on the latex film 
robustness. Furthermore, in our research non-adsorbing medium was 
used instead of paper in order to avoid additional effects related to paper 
swelling and liquid imbibition. Surely, investigating the effect of 
adsorbing medium on the abrasion resistance could be very relevant for 
practical applications. 
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[26] Eláas Pérez, Jacques Lang, Flattening of latex film surface: theory and experiments 
by atomic force microscopy, Macromolecules 320 (5) (1999) 1626–1636, 0. 

[27] I. Martín-Fabiani, D.K. Makepeace, P.G. Richardson, J. Lesage De La Haye, D. 
A. Venero, S.E. Rogers, F. D’Agosto, M. Lansalot, J.L. Keddie, In situ monitoring of 
latex film formation by small-angle neutron scattering: evolving distributions of 
hydrophilic stabilizers in drying colloidal films, Langmuir 350 (10) (2019) 
3822–3831, 0. 

[28] G. Roscioli, S.M. Taheri-Mousavi, C.C. Tasan, How hair deforms steel, Science 3690 
(6504) (2020) 689–694, 0. 
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