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In order to gain more insight on how mechanical properties of fibers are related to
properties of the paper, our work focusses on the transverse viscoelastic behavior of pulp fi-
bers at different relative humidity. Therefore, we developed a novel atomic force microscopy
based method to investigate nanoscale viscoelastic properties by combining contact mechan-
ics and viscoelastic models.

HCCJEJOBAHUE BSA3KOYIIPYTUX CBOMCTB BYMAKHBIX
BOJIOKOH B IIONEPEYHOM HAIIPABJIEHUU METOJOM ATOMHO-
CIJIOBOU MUKPOCKOIINHA

Jna nyuue2o noHuUMaHus céa3u mexcoy C80UCmeamu oymasu u MexaHuiecKUMy C80ui-
cmeamu 80J10KOH, Haula paboma chpoKycuposana Ha no8eOeHUuU NONEPEYHOU 6513K0YNPY2OCmu
B0JIOKOH YELNI0N03bl NPU PA3TUYHOU OMHOCUMENbHOU 8aaxcHocmu. Takum obpazom, mvl pas-
pabomanu HO8bIU Memoo, 6A3UPYIOWUUC HA AMOMHO-CULOBOL MUKPOCKONUU, O/ UCCNe00-
BAHUS 6A3KOYAPY2UX CBOUCME 8 HAHO MAcuimadax, nymem 00beOUHeHUs KOHMAKMHOU mexa-
HUKU U 813KOYNPY2UX Mooeell.

By probing a material with an atomic force microscopy (AFM) based
method in contact mode, it is possible to gain information of the material’s me-
chanical properties on the nanoscale since the force can be controlled precisely.
In the past, AFM based nanoindentation (AFM-NI) has already been successful-
ly employed to measure elastic and plastic properties of various kinds of cellu-
lose based materials, in water, in air, and in an environment with controlled hu-
midity [1-4].

In order to measure transverse viscoelastic (VE) properties of paper fibers,
an AFM based method combing contact mechanics with a VE material model is
used. Contact mechanics 1s necessary to transform the measured force and in-
dentation depth values from AFM-NI into stress and strain, which cannot be
measured directly in AFM and are needed by the VE model. The Johnson-
Kendall-Roberts [5] contact model was chosen as it allows to account for adhe-
sion forces.
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To describe the bulk behavior of VE materials at the continuum scale,
simple empiric VE models are often used. These consist of springs describing
the elastic behavior and dash pots describing the viscous behavior. The Standard
Linear Solid (SLS) model with 3 parameters is the simplest which can yield
meaningful results and describes real solid behavior. A generalized Maxwell
model of order 2 (GM2) was also applied and can be considered as SLS model
with a second branch with a spring and dashpot. Both models are sketched in
Fig. 1,a and 1,b.
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Fig. 1: Linear VE models to describe solids: a — Standard Linear Solid (SLS) model
with 3 parameters; b — Generalized Maxwell model of order 2 (GM2); ¢ — applied load
schedule

In Fig. 1c, the load schedule for the experimental procedure is presented
and shows a very simple repetition of loading to a certain force, holding and
subsequent unloading to zero force. However, to create a defined surface mor-
phology with as little roughness as possible a plastic deformation step with a
maximum applied force of 20 uN was added to the load schedule. Here, the ma-
terial 1s deformed plastically and a hole (Ringent in Fig. 2,a) with defined geome-
try and reduced roughness is created. In the sketch in Fig. 2,a, the contact of tip
and surface after the plastic deformation is illustrated. In Fig. 2,6, AFM topog-
raphy images of different investigated materials prove that the assumption of
a hole is valid.

In AFM measurement usually very sharp tips, ideally one atom, are used
to achieve the best possible resolution of the investigated surface. Here, AFM
probes are used that have a very large radius of about 300 nm and spherical
shape at the apex. This makes it possible to apply higher forces while keeping
the strain underneath the tip low.

As it 1s extremely important to check whether such a novel procedure
yields meaningful results, first a comprehensive verification has been carried
out. For this purpose, poly(methyl methacrylate) (PMMA) and polycarbonate
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25

(PC) were selected as test materials. These two materials are amorphous poly-
mers and should be mostly isotropic and homogeneous.

(a)

K Rindent

a b c
Fig. 2: a — Illustration of the contact between tip and surface after the plastic defor-
mation; b, ¢ — show 1x1 um? AFM topography images of plastically deformed regions;
b — PMMA surface (z-scale: 120 nm); ¢ — PC surface (z-scale: 100 nm)

The verification of our method with all approaches and results is present-
ed in detail in Ref. [6]. First, PMMA and PC were tested with tensile creep ex-
periments where the whole macroscopic sample was loaded. Additionally, the
PMMA and PC samples were investigated by classical nanoindentation. Here,
the loading was chosen very similar to that of the AFM method, just higher
forces were applied and an indenter with a larger radius was used (about 5 pm).
Evaluation of the data showed that all three methods yielded comparable results
and revealed the same trend. Especially, the nanoindentation results were well
comparable to the AFM results for the SLS as well as the GM2 model. Howev-
er, the influence of thermal drift and random noise to the measured AFM curves
lead to a large scattering in the viscosity parameters. The indentation depths on
PMMA and PC were around 20 nm - 30 nm, while noise during the measure-
ment can cause fluctuations of a few nm.

The effect mentioned above can be overcome by using larger defor-
mations. Therefore, a fully swollen viscose fiber in water, as presented in Fig. 3,
was measured. Here, the deformations were higher by a factor of 10, although
the applied forces were 5 times lower. Due to the larger indentation depth, the
influence of noise is much lower and as can be seen in Fig. 3b, the experimental
data is fitted very well with the GM2 model. The scattering in the viscous parts
was significantly reduced as it is presented in Table 1. The resulting sums of the
elastic parameters E, for both VE models were comparable to elastic moduli
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(E: ~ 50 MPa; recorded with a different tip) measured by AFM nanoindentation
on the same type of viscose fiber [3].
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Fig. 3. a — 5x5 um? topography image of a viscose fiber and a 1x1 um? zoom-in scan,

the blue circle indicates an indent; b — example fit for the GM2 model on a wet viscose
fiber

Table 1: Results for the evaluation of 28 measurements on a swollen viscose fiber for
the SLS and GM2 model

VEM model E./MPa E,/MPa E,/MPa E,/MPa n,/MPasn,/ MPas
86+19 26+1.2 - 11+26 25+ 11 -
85+19 1252 13+10 22169 71+15 17+14

With this successful verification, the method was finally applied to study
pulp fibers at different humidity. A scheme of the setup to control relative hu-
midity (RH) is shown in Fig. 4,a. Also, sample preparation of paper fibers is not
trivial, as can be seen in Fig. 4,b. Past experiments [4] proved that embedding
the fibers in nail polish works very well. The samples are unbleached and unre-
fined kraft pulp fibers consisting of a mixture of spruce and pine fibers. The fi-
ber length is about 3-5 mm and the diameter ranges from 20 to 30 um. An AFM
topography image of the surface of a paper fiber is presented in Fig. 4c. As can
be seen, the surface is very rough and dominated by wrinkles and fibrils. The
zoom-in scan in Fig. 4,c shows a plastically deformed area.
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Fig. 4: a — a schematical representation of the setup to control RH; &/ — illustration of
the sample preparation; ¢ — 5x5 pm? topography image of a paper fiber with a 1x1 um?
zoom-in scan, the blue circle indicates an indent

In Fig. 5, first results for a paper fiber measured at different RH (20, 30,
50 and 65 %) are presented. The results for the SLS model show (Fig. 5,a) that
the parameters describing elastic behavior decrease with higher RH and the scat-
tering is reduced. Especially E., which is also comparable to the elastic modulus
at infinitely slow loading, shows very little scattering at 65 % RH. Also, the re-
sults for the viscosity parameter of the SLS model which is presented in Fig. 5,b
with a logarithmic scale, show a similar trend. The viscosity as well as the scat-
tering decrease with higher RH. Here, the viscosity value drops by a factor of
2 from 20 % RH to 65 % RH.
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Fig. 5. a — Elastic moduli and b — (logarithmic scale) for the SL'S model for one paper
fiber at different RH; 30 measurements were obtained at each RH

In this work, it was demonstrated that it is possible to use an AFM based
method to extract nanoscale VE properties. As a very important part the method
was thoroughly tested with amorphous polymers and the results compared to es-
tablished methods like macroscopic tensile testing and conventional nanoinden-
tation. Also, first results of the transversal VE properties for a wet viscose fiber
and paper fibers at different RH evaluated with the SLS model look promising
and results for the GM2 model are being prepared. Now, it will be important to
get reliable statistics and to measure at higher RH and in the wet swollen state,
where the viscoelastic behavior should be even more pronounced.
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