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Hocaidxiceno nosepxnesy cmpyxmypy 3axuuienozo 6io nio-
POOKU nanepy iz NOUMUSHUMU | HE2ZAMUBHUMU B00SIHUMU 3HA-
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HAK08UMU 0151 0INAHOK 13 B00SAHUMU 3HAKAMU Ma Oe3.

Pesynvmamu eumiprosanns konmaxmuum npopiniomempom
danu 3mozy npocuioKyeamu KoOpeasuito Minec 3HAUEHHAMU
cepeonbozo apumemuunozo 6i0XuULeHHA NPodino ma Hasn6-
Hicmio 600saHUX 3HAKI6. 3HAMEHHA HAUlOiNLWOT 6ucomu npoi-
10 He 3anexcums 610 OLNANKU 6UMIPIOBAHHI, WO MOdce Oymu
n06’A3an0 i3 XAOMUUHUM POIMIUWEHHAM BOI0OKOH MA UACMUHOK
HanoséHI08aua Yy naneposii Maci, wo UCMynaroms Hao JIHIEI0
npoginio.

Ananiz 3nauenv cepeonvozo apupmemuuinozo 6i0OXULIEHHA
npodino, ompumarnozo mMemooom aAmoMHO-CUNOB0T MIKPOCKO-
nii noxasae, wio 011 OINAHOK 13 HE2AMUBHUMU BOOAHUMU 3HAKA-
MU 6OHO € GLALWMUM, HIdC ONA OLTIAHOK 13 NOZUMUCHUMU 800AHUMU
snaxamu. 3anexcruicmv HadiILWOT BUCOMuU nNPoPinio 6i0 dinanKu
BUMIPIOGAHHS He NPoCcTidKosyemvcs wimko. Ile mosce Gymu no-
8’a3ano 3 mum, wio po3mip posensnymoi oiaauxu (3000%3000 nm)
0XONTI0E JIUUE UACMUHY 80JIOKHA UeTI0N03U.

Pesyavmamu npoeedenozo awanizy noxazaaiu npuoam-
Hicmb 000X Memodie 01 ouinKu cneyuiunux xapaxmepuc-
MUK noeepxHi nanepy, w0 6UHAUAE Xapaxmep 63acmooii 0ano-
20 6udy nanepy i3 opyxapcokumu apoamu 6 npoueci Opyxy.
Memoo npoginomempii dae 3mozy eusnarumu napamempu npo-
Qinto nosepxii nanepy, chopmosan020 neHUM YUHOM, A MeNO0
amoMHO-CUN0680T MIKPOCKONii 00360J5€ ananizyeamu mopgo-
J102110 1020 KOMNOHEHMI8, W0 PO3MiweH HA NOBepXHi (80710KHA,
YacCmMuHKU HanosHoeaua, mowo) . Inpopmauis npo cmpyxmypui
sJacmueocmi nanepy 0ae 3mozy nPozHO3YEAMU AKICMb NOAiepa-
Qiunoeo siomeopenns, 3oxpema wimkicmo 6i0meopenns mom-
KUX 2iNbUOWHUX NIHIT HA 600SHUX 3HAKAX, WO € AKMYATbHUM,
ockinbku nonepeodcae 8i00paxysanis nouiepadiunoi npooyxuii
cneuianbHoz0 NPUIHAUeHH
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1. Introduction

One of the key factors for ensuring quality in high-qual-
ity printing of protected printed products is the manner in
which paper and ink manifest their physical and technical
properties.

Paper represents a complex structure consisting of in-
terlaced fibers, particles from the filler, and supporting
supplements. Structural properties of paper directly affect
the quality of printing reproduction, thereby largely deter-
mining the interaction with inks.

Most types of paper for intended for printing of docu-
ments of strict accountability and securities include water-
marks (WM) formed on a paper canvas in the process of its
production. The presence of watermarks leads to heteroge-

neity of the surface and volumetric characteristics of paper,
which can affect the optical density and color of the imprint,
clarity of reproduction of fine guilloche lines.

Given the heterogeneity of the paper canvas, it is a
relevant task to undertake a research aimed at identify-
ing the structural differences of its adjacent areas, which
would make it possible to predict the quality of printing
reproduction.

2. Literature review and problem statement

Studying the structural characteristics of paper using
different methods, as well as the impact of these character-
istics on printing quality, has been the focus of attention by




both experts in standardization [1, 2] and scientists [3] for a
long time.

WM is one of the most widely used protective elements
of securities, including bank notes [4—6], which is why many
researchers in their studies address general trends in the
development of paper with WM [4, 5], the durability of pa-
per [7, 8], the electrical-physical properties of paper [9, 10],
as well as the quality of printing reproduction on it [11, 12].

Works [13, 14] explored the depth of penetration of an
offset ink into the depth of paper with WM and its surface
structure, however, the study of the surface involved the
macro level only as it was based on results from a mechanical
profilometer.

Research [14] has been further advanced in [15] by
applying the actual results and by having established the
fractal geometry of the structure of paper with WM. Since
the work employed the results from the microlevel only, the
description of the surface requires a more detailed study at
higher resolution.

Work [16] reports results of research into paper surface
using different methods (optical microscope, laser profilome-
ter, scanning electron microscope, AFM). It was concluded
that all the applied methods are appropriate and make it
possible to analyze in more detail the surface of paper; the
study, however, did not address the paper with WM that has
certain special features.

Results from studying the surface of coated, uncoated
and laminated paper by the method of atomic force micros-
copy (AFM) are reported in [17]. It was established that
this method is suitable to control quality of paper surface
that is homogeneous in its nature. However, the paper with
WM, used to print securities, while having the same com-
position of areas with WM and outside them, differs in that
WM form due to the different density of fibrous composition
thereby creating significant heterogeneities. Thus, the issue
related to the possibility of studying the surface structure
of tamper-proof paper with WM by AFM method remains
unresolved.

In study [18], parameters for the roughness of paper
surface were determined by the Parker method and by using
AFM. Results from the reported methods were intercor-
related, which allowed the authors to argue about the possi-
bility of using AFM for operative control over the processes
of surface treatment of paper. However, it should be noted
that the Parker method implies measuring the air flow rate
between the surface of the paper and an analyzer [2], which
is why, when used for the areas of paper with WM and out-
side of them, the results would be averaged, thus questioning
the appropriateness of using AFM method for papers with
macro-irregularities of systematic order.

Work [19, 20] analyzed the influence of morphology of
the surface of several types of paper on the uniformity of
print by a digital technique. The authors used coated and un-
coated paper whose surface characteristics were investigated
by AFM method. The study has made it possible to correlate
data acquired by AFM and the uniformity of print, but the
paper with WM was not investigated, for which the unifor-
mity of print at adjacent areas is a relevant issue.

Study [21] applied AFM method to examine the to-
pography of paper’s surface (without surface coating, with
kaolinitic and calcium carbonate coating), as well as the
penetration and distribution of pigments in UV-ink by using
a confocal laser scanning microscope. The results obtained
by AFM showed that the surface of the paper covered with

a layer of kaolin is the most even; the size of pores at the
surface of layer of calcium carbonate is less than that for
kaolinitic; the size and depth of pores in the paper without
a coating are the biggest among the samples. However, this
work does not apply to tamper-proof types of paper with
WM for which the depth of ink penetration directly affects
the quality of color reproduction.

Therefore, it is a relevant task to study the surface of pa-
per with WM by using methods that would make it possible
to explore topography at the nanolevels. A promising method
for such a research is AFM.

3. The aim and objectives of the study

The aim of this study is to identify special features in
the structure of paper with WM, using methods with high
resolution, such as AFM, at different areas, on the front and
mesh side, which would make it possible to more accurately
describe the topographical structure of the surface of paper
with WM, and to use it for predicting print quality.

To achieve the set aim, the following tasks have been
solved:

—to define the structural parameters of the surface of
paper with watermarks using the methods of contact profi-
lometry and atomic-force microscopy;

— to perform the correlation of results obtained by apply-
ing different methods.

4. Materials and methods to study the structural
parameters of the surface of paper with watermarks

4. 1. The examined materials and the equipment used
To conduct an experimental study, we used tamper-proof
paper without a coating and optical bleaching with positive
and negative WMs (Fig. 1). Separate specifications that we
determined during earlier research [14] are given in Table 1.

Without WM

Negative WM

Positive WM

Fig. 1. Photograph of a sample of tamper-proof paper to

the light
Table 1
Technical characteristics of non-printed paper [14]
I;Igér(;f Parameters Values
1 Mass, g/m? 90
2 Color coordinates (L, a, b*) 92.58; -0.31; 5.31
Optical Area without WM 0.57
3 density to | Area with negative WM 0.50
thelight | Area with positive WM 0.64
) Area without WM 0.079
g | Thickness, o with negative WM 0.074
- Area with positive WM 0.088




The structural parameters of the surface of paper with
WM were determined by using the methods of contact pro-
filometry and AFM.

Measurement of the roughness of samples was carried
out using the profilometer MarSurf PS1. We applied a
probe with a needle radius of 2 pm, measuring effort is
0.7 mN, trace length was 4 mm. Morphology of the sam-
ples’ surfaces was studied by AFM method at the scanning
probe microscope FemtoScan Online using the software
FemtoScan Online.

4. 2. Procedure for determining the indicators for
samples’ properties

To estimate the profile of the surface irregularities, we
applied a profilometry method based on contact analysis
of the plot at the paper’s surface with a thin needle, which
makes it possible to obtain the dimensional parameters for
irregularities and the magnified image of the surface’s profile
[22]. The measurement of roughness was carried out at the
wire and felt sides of a sheet at areas with a water mark and
beyond.

To study the morphology of the sample’ surface using
AFM method, we performed scanning under a contact mode
in the air applying the cantilevers fpN10S. According to
specifications, typical radii of cantilevers’ curvature are less
than 10 nm. The scanning was conducted at the following
regions of the paper: region with a positive and a negative
watermark, region without a watermark. The analysis was
conducted at the felt and wire sides of the paper sheet.

The study was carried out at a temperature within
20-24 °C and a relative air humidity of around 50-56 %.

3. Results of studying the structure of paper with
watermarks

The results from measuring the parameters for roughness
of the paper’s surface, obtained by the method of contact
profilometry, are given in Table 2. We determined R, — the
arithmetic average of the profile’s deviation (the arithmetic
mean of absolute values for the profile’s deviations within the
range of a base length); R, — the height of the profile’s irreg-
ularities at 10 points (the sum of average absolute values for
heights of five largest protrusions and depths of five largest
profile’s hollows within the range of a base length); Ry —
the greatest height of the profile (a distance between the
line of profile’s protrusions and the line of profile’s hollows
within the range of a base length).

Fig. 2, 3 show profilograms that visualize the results of
measurements by a profilometer at different regions of the
paper with positive WM, with negative WM and beyond.
The processing of profilometer signals has made it possible
to derive the averaged parameter for roughness of the surface
at each examined regions of the paper. Averaged indicator
quantitatively characterizes the surface irregularities calcu-
lated for the trace length of 4 mm. The profilograms below
were built using the procedure reported in [14].

Based on the acquired data, we built dependence charts
of roughness parameters R, and Ry.x on the presence of
WM at different regions of paper from the felt and wire sides
(Fig. 4). By analyzing values for R,, we can conclude that for
the wire side this indicator is larger (for regions with negative
WM - 3.186 um, for regions with positive WM — 3.008 pm)

than that for the felt side (for regions with negative WM —
3.166 um, for regions with positive WM — 2.949 um). At
regions of negative WM, the profile deviation’s arithmetic
average is the largest, while the lowest — at positive WM,
due to the greater compaction of fibers at these regions and a
greater pressure of cantilevers.

Table 2

Parameters for surface roughness of paper samples,
obtained using the method of contact profilometry, pm

Wire side Felt side
Parameters ‘
for roughness Neg. No Pos. Neg. No Pos.
WM | WM | WM | WM | WM | WM
R, 17.450 | 17.380 | 16.760 | 17.890 | 16.820 | 17.010
R, 3.186 | 3.163 | 3.008 | 3.166 |3.0160 | 2.949
Rinax 20.380 | 21.440 | 19.880 | 22.080 | 20.010 | 21.220
Absomt‘j 0119 | 0.143 | 0.111 | 0.125 | 0.197 | 0.155
error 95 %
Relative | o200 | 4519 | 3674 | 3952 | 6.528 | 5.243
error, %
um
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Fig. 2. Profilograms of the wire side’s surface of paper
samples: a — region with a negative watermark; b — region
without a watermark; ¢ — region with a positive watermark

Value for the profile’s largest height does not depend
on measurement region that can be associated with the
chaotic arrangement of fibers and particles from the filler in
the paper bulk that protrudes above the profile line. When
comparing regions with negative and positive WM, one ob-
serves that value Ry, is larger at negative ones (a wire side
is 20.380 pm, a felt side is 20.080 um).

Mathematical expectation regarding R, and Ry is
shown in Fig. 4, 5.

We have established, based on the results from AFM
study, values for the arithmetic average irregularity R,, the
root-mean-square irregularity R, asymmetry parameters
Ry, and kurtosis measure Ry, (Table 3), we derived the
topography of the sample’s surface and the profiles of cross
regions (Table 4).
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Fig. 3. Profilograms of the felt side’s surface of paper
samples: a — region with a negative watermark; b — region
without a watermark; ¢ — region with a positive watermark

4,00 mm

\%7 —4—Wire side
~ T —B-Felt side
Negative WM Without WM Positive WM
a
*\ il
—&—Wire side
~@-Felt side
:

Negative WM Without WM Positive WM

b

Fig. 4. Roughness parameters for different regions of paper

at the felt and wire sides (method of contact profilometry):
a — value for the arithmetic mean deviation of the
profile (R,); b — value for the profile’s greatest height (Rnax)

Table 3
Roughness parameters for the surface of paper samples, obtained using AFM method, nm
Roughness Wire side Felt side
parameters Negative WM No WM Positive WM Negative WM No WM Positive WM

Rinax 108.501 85.231 161.403 90.572 100.104 87.561

Rq 18.261 9.630 15.721 18.484 9.692 9.034

R, 14.383 7.633 11.824 14.340 7.583 6.810

Rk -0.194 -0.231 -0.270 0.041 0.240 0.093

Riu 3.462 3.320 5.031 3.034 4.021 4.644

Table 4
Surface topography of the examined sample of paper at different regions
3D | 2D Profile
Felt side
1 2 3 4
i
R | "
R 5020 P
region with zz
negative WM 1l
it 500 1000 1500 2000 2500 nm
Line: 387 dX: 987.8 pm dy: 18.38 nm
region without ::
WM




Continuation of Table 4

[] Statistics:
Zmax: -264.5 am
Zmin: -352.4 nm
Rmax: 87.56 nm
Ret: 9.031 in .
Ra: 6.81 nm
Rsk: 0.09372 28,
Rku: 4.64
. . 21,
Region with D
positive WM 7
0.
L 500 1000 1500 2000 2500 nm
Line: 164 dX: 160.3 nm dY: 28.42 nm
[] Statistics:
Zmax: -198 nm
Zmin: «283.5
Rmax: 85.4% nm
Ra: 18.09 nm hin|
Ra: 1412 hm
Rsk: 0.07718 36
Rku: 3.081
27
region with neg- 14
ative WM :
0
500 1000 1500 2000 2500 nm
Line: 181 dX: 997.8 nm  dY: 13.59 om
[] Statistics:
Zmax: 71.5 nm
Zmin: -13.73 nm
Rmax: 85.23 nm
Ra: 9.631 mn m]
Ra: 1.628 nm
Rsk: -0.2278 40
Rku: 3.317
. . 30,
region without 2
WM 10
0]
500 1000 1500 2000 2500 nm
Line: 130 dX: 271.4nm  dY: 8.786 nm
[] Statistics:
Zmax: -192.6 am
Zmin: -354 nm
Rmax: 161.4 titr
Ry: 15.72 pm o]
Ra: 11.82 nm
Rsk: -0.2662
Rku: 5.03
region with
positive WM
0 500 000 1500 2000 2500 o’
Line: 113 dx: 181.1 nm d¥: 20.75 nm

Based on the results from AFM study (Table 3), we con-
structed diagrams that visualize the relationship between
the parameters of roughness R, and R,y and the examined
regions of paper at the felt and wire sides with positive WM,
negative WM, and beyond (Fig. 5).

The area of scanning for all investigated samples varied
from 9x9 pm? to 500x500 nm?. Surface roughness parame-
ters changed at a change in the size of the scanning frame.
Thus, for example, for the region without WM, the rough-
ness, depending on the area of the analysis, accepts the value
R,=7.58 nm for area (3x3 pm), and the value R,=12.6 nm for
area (9x9 pm). Such a dependence of roughness on the exam-
ined paper’s surface area is a predictable pattern of the relief
that has different scale elements in its structure. Gradually,
the surface roughness decreases in proportion to a decrease
in the examined area, until its value becomes a constant
magnitude. In a given case, a constant value for the surface

roughness was registered for all samples at a scanning area of
3x3 um?; a further decrease in the scanning area did not lead
to a change in the parameters for roughness.

Upon obtaining the results from a study that involved
both methods, they were statistically processed. We de-
termined the absolute error and a relative error in line
with a procedure given in [23, 24]: for contact profilome-
try, the values obtained are given in Table 2, for AFM,
the results were processed using the software FemtoScan
online [25].

By analyzing the value R,, we see that for regions with
negative WM it is larger (wire side — 14.383 nm, felt side —
14.340 nm) than that for positive WM (wire side — 11.824 nm,
felt side — 6.810 nm). No dependence of values R,y on the
measurement region was established. This could relate to
that the size of the examined region (3,000x3,000 nm) cov-
ers only part of the pulp fiber.
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Fig. 5. Roughness parameters for different regions of paper

at the felt and wire sides (AFM): a — value of the arithmetic

mean deviation of the profile (R,); b — value of the profile’s
greatest height (Rnax)

6. Discussion of results of studying
the structure of the surface of paper

with water marks 20,0

Following an analysis of the struc-
ture of tamper-proof paper one can

larger than that for positive. No dependence of the profile’s
largest height on a measurement region was established.
This may relate to that the size of the examined region
(3,000%3,000 nm) covers only part of the fiber in the pulp.

Based on the results obtained, we proposed a model of
the paper’s surface profile, which is a superposition to the
profile derived using a contact profilometer, or the profile
obtained using AFM (Fig. 6).

The combination of these methods will make it possible to
analyze the surface of paper at the level of micro- and nanome-
ters. A profilometry method yields realization of the profile of
the surface of paper formed in a certain way, while AFM — the
morphology of its components (fibers, fillers, etc.).

At present, using the results from measurements makes it
possible to draw a conclusion about quality of the paper canvas’s
surface and its suitability for printing using various printing
techniques, taking into consideration the presence of protective
elements — WM. In addition, the data obtained could be used
for entry control of materials at printing enterprises and to con-
trol quality of products in the pulp and paper industry.

The results reported here refine and complement earlier
studies [9, 13, 14] by employing different scales of assess-
ment. In further studies, it would be relevant to explore, by
using the developed methodology, quality of offset printing,
in particular, the reproduction of fine guilloche lines on
paper with different structural characteristics that would
make it possible to correlate the quality of reproduction and
the parameters for the structure of paper’s surface.

in

argue that both study methods are
appropriate for exploring the struc-
tural parameters of paper surface. The
data obtained by different methods are

combined via positioning and mea- -20,0
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surements at the defined region. The .
results from measurements by a con-
tact profilometer have made it possible

40)
30]
to trace a correlation between values 2l

of arithmetic mean deviation of the

profile and the presence of negative oo g0 HE0

and positive watermarks (Table 2 and
Fig. 2, 3). This occurs both when using
a contact profilometer and when ap-

Image obtained from AFM

2000 2500 nm 500 1000 1500 2000 2500 nm

Image acquired at a profilometer,
magnified to the scale of AFM

plying AFM. A value for the profile’s ™
largest height R.. does not depend 40
on a measurement region, which may &
relate to the chaotic arrangement of )
fibers and particles form the filler in o

paper bulk that protrude above the line
of the profile. The identified patterns
refine at the nano level the data report-
ed in studies [13—15, 17, 18], aimed at
a precise reproduction of the structural
parameters of paper in the nanometer
range by AFM method, the visualiza-
tion of its structure [11], determin-
ing the roughness indicators [14, 15].

It was established by analyzing the value of the arithme-
tic mean deviation of the profile, obtained by AFM method
(Table 3, 4), that for regions with negative water marks it is

500 1000 1500 2000 2500 nm

Combination of profiles obtained by AFM and

profilometric measurements

Fig. 6. Topography of sample’s surface at the level of micro- and nanometers
(wire side, region of positive watermark)

Since the methods applied in this study do not make
it possible to obtain intermediate data between nano- and
micrometers, then in the further studies, for a clear visu-
alization of its structure, we plan to involve intermediate



ranges of measurements, in particular, optical profilometry.
In addition, the experimental data obtained in this study on
the topography of the surface of non-printed tamper-proof
paper could be supplemented in the future with data on the
samples that are printed by offset technique, which would be
appropriate to use for determining the fractal parameters of
paper with WM.

7. Conclusions

1. The structural parameters of the surface of tam-
per-proof paper are different for regions with watermarks
and without them. By analyzing the roughness parameters,
obtained using a method of contact profilometry and AFM,
one can see a clear correlation between results. At regions
with negative WM the roughness parameters are the larg-

est (wire side — 3.186 um, 14.383 nm; felt side — 3.166 pm,
14.340 nm) and at regions with positive WM, they are the
lowest (wire side — 3.008 pum; 11.824 nm, felt side — 2.949 pm,
6.810 nm), due to the greater compaction of fibers at these
regions and a greater pressure of cantilevers.

2. Methods of contact profilometry and atomic-force
microscopy are suitable for the assessment of specific char-
acteristics of the surface of paper, thereby determining the
character of interaction between different areas of tam-
per-proof paper and printing inks. A profilometry method
yields realization about the profile of the surface of paper
formed in a certain way, while an atomic-force microscopy
method — about the morphology of its components (fiber,
fillers, etc.). Information about the structural properties of
paper makes it possible to predict the quality of imprints,
and therefore is relevant because it prevents flaws in printed
products for special purposes.
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Bunpooyeanns 3paskie epamnimie npoeoounocs 6uUCoOKuMu
memnepamypamu 200, 400, 600, 900 °C.

Bci npedcmasaeni epanimu noxasyiomov 3miny KoJIbopy A N A LY s I s 0 F

nogepxui npu memnepamypi 6io 200 °C i euwe. Iosedinkxa
epanimie 3 Hazpieannam 3ajexcumv 6i0 ix MiHepavHo20 CHANGE IN TH E
cKaa0Y, cCmMpyKmypu ma mexcmypu.
Hosepxni écix docnionux 3pasxie cmauu ceimuaiwe, 0esxi D ECO RATIV E
3pasku epamnimie empamuau Hacuuenicmv Koavopie. Ilpu
Haepieanni 3pasxie 0o 900 °C npupoonozo xamenio HadiLb- P RO P E RTI E s
we 3pocmanus komnonenmu L (300pasxcenns 3pasxie kamenio
ceimaimae) xoabopoeoi cucmemu CIELab 6idoynocs y 3pas- 0 F G RAN IT E s
xax epanimie Cardinal Grey ma Carpazi 8ionogiono na 42 ma
44 %. Haiimenwe 3pocmanus komnonenmu L npu naepieanni U N D E R T H E R M A L
3pasxie 00 900 °C sidoysaemovca y epanimax Grey Ukraine, L
6i0noeiono na 4 ma 8,5 %. EX PO s U R E
Bnaue memnepamypu na 3pasku 3 uepeoH0z0 zpauimy
6i3YaNbHO MEHUWL 6UPANCEHUIl, OCKINbKU AK C6idci, max i V. Korobiichuk
nazpimi, spasku maomo no0ionuii wepeonuil Koip. 3aeoaxu Doctor of Technical Sciences,
emicmy anamumy ma d)ﬂ_foopur.ny 3pasxu epanimy Flower Associate Professor*
of Ukraine naédysaromo pienomipnozo (])wﬂefnoeo-poofc.eeo- E-mail: korobiichykv@gmail.com
20 xonvopy npu memnepamypi 900 °C. B cipux epanimax V. Shlapak

npu Hazpieanui 3’A6AAI0MbCA NOUEPBOHIHHA, AKI NEPEBANCHO
CKOHUeHmposamni HABKONO CA00U MA THWMUX MiHepalie, AKi
oazami Fe. Ha 3enenomy epanimi Verde Oliva 3’aenstomo-
ca pyoi nasmu npu memnepamypi 200 °C. Ilpu nazpisanni 0o
900 °C pyoi nasmu 3aiimaroms 67 % naowi spasxa.

Hailoinvwy 3miny xoavopy ompumanu pawimu, 6 AKux
8i0oyeca pasosuil nepexio memnoxonipnux minepanie (6io-
mumy ma nipoxceny) 6 nonimoppui minepanu. Ile nadano
3pasxam epamnimisé CEIMJIuL020 KOJIbOPY, MaxK K MiHepaiu
SMIHUIU KOIP 3 HOPHO20 Ha Cipuil wu 0inuil. Biominkxu 6inozo
KOJlb0pYy HAO0A6 Keapy, 6 AKOMY NPpu HAZPIBAHHI 3 A6IIANUCS
0ini mikpompiwunu.

Homimui ecmemuuni nowro0xicenns no8epxHi 3pasxie npu-
PO0H020 KaMeHI0 NOYUHAOMbCA npu memnepamypax 6io 200
0o 400 °C. Taxum wumnom, 6020Hb 3 memnepamypamu Hux@cue
Ub020 NOPOZY MONCHA B8ANCAMU <«De3NEUHUM> 3 MOUKU 30DY
ecmemuuH020 NOWKOO0NHCEHHS, AKU0 6PAXYEAMU MINTbKU Koe-
Qiyienm naezpisy 602110 i GUKIOUUMU 30Y | 2a3U
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1. Introduction facing rocks. Taking into consideration their considerable
age, questions arise regarding their restoration [1]. There

Physical appearance of a natural facing stone is im-  are certain possible problems: deposits ceased to develop,
portant for its use as a facing material. People built a  or deposits develop other horizons. A color of natural stone
considerable number of architectural monuments using  may have different shades at different terraces in this case.




