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AHjaaTna

Ni — W kopsiTnachiHa HerizgenreH mupopocarThl JIEKTPONUTTI HMMIIYIBCTIK TOK PEXUMIHIE
HETI3[IENTCH AIIEKTPOXUMUSIIBIK JKaOYABIH HETi3Ti epeKmenikrepi 3epTrenni. 8,7 xone 9,5 pH eki amekrponut
naiinanansuiael. Tyaaepy 0.01 — 0.1 A / cM2 muama3oHBIHAA ©3TePeTiH TOK THIFBI3IBIFBIMEH KYPTi3UIAi XKoOHE
JKYMBIC THWKII (CaJbICTRIpManbl UMITYJIbCTIK y3akThiFbl) 20 — 100 % merinme e3repxi. berki kabaTThiH
mopdouoruscel, SEM, EDS xone XRD kemeriMeH Kantamanap/AblH 3JIEMEHTTIK JKoHE (pazaiblKk Kypambl
3epTTeNni. DKCIEePUMEHTTIK JKaFaail aHbIKTaNAbl, OYJ MAKCHUMaJIIbl TOK aFbIMBIHA JKOHE Ka0yarbl MaKCUMAaJIJIbI
W KypambiHa JKETYre MyMKIiHAIK Oepemi. MMMynbCTIK TOK pexuMi 6 MKM — HEH acTaM KaJbIHIBIFBIMCH
JKaPBIKTAPChI3 JKOFAPhI carajibl KanTaMallapbl anyFa MyMKIHAIK Oeperi.

Tyiiingi ce3mep: Ounapiblk KopsiTiiackl Ni — W; ChI3aTTapchi3 kaly; MMITYJIbCTIK TOK DJICKTPOJATAY;
aFbIMBIK IIBIFY; TUPOGOChaTThI 3JEKTPOIIUT.

AHHOTALUSA

H3y4eHbl OCHOBHBIE OCOOSHHOCTH JIEKTPOXMMHUYECKOTO OCaXICHHUS MOKPBITHI Ha OCHOBe cruiaBa Ni —
W B UMITyJIbCHOM TOKOBOM PEXHME C MCIOJb30BaHHEM nupodocdarTHoro siekTponuta. Mcrnonbp3oBanuch /iBa
anektponuta ¢ pH 8,7 u 9,5. OcaxxaeHne oCyImecTBISUIOCH C TUIOTHOCTBIO TOKA, M3MEHSIONIECS] B JUana3oHe
0,01 — 0,1 A/cm?, a cKBaXKHOCTb (OTHOCHTE/IBHAS JTHTENEHOCTD HMITYJIbCA) H3MEHsIAch B npeaenax 20 — 100%.
Mophooruio MoBepXHOCTH, 3JEMEHTHBIN U ()a30BbIli cOCTaB MOKPHITHH M3y4anu ¢ nomomsio SEM, EDS u
XRD. Bpum onpeneneHbl yCcaoBUs SKCIIEPUMEHTa, TO3BOJISIONINE JOCTHYh MAKCHMAJIBHOTO BBIXOJA 1O TOKY H
MaKCHMAaJIbHOTO coiepkaHusi W B IOKPBITHAX. YCTaHOBJICHO, YTO MMITYJIGCHBIH TOKOBBIH PEXHM MO3BOJISET
MOJTy4aTh BBICOKOKaYECTBEHHBIE IOKPHITHS 0€3 TPEIMH TONIIMHOK 0ojee 6 MKM.

KaroueBblie cioBa: OunHapHbeli crmraB Ni — W, mokpeiTHe 0€3 TpEIIMH; HMITYyJIbCHOE TOKOBOE
JNEKTPOOCAXKICHNE; BBIXOJ IO TOKY; TUPO(POChaTHBIN IIEKTPOIIHT.

Annotation

The main features of electrochemical deposition of the coatings based on Ni — W alloy in the pulse
current mode using pyrophosphate electrolyte was studied. Two electrolytes with pH of 8.7 and 9.5 were used.
The deposition was carried out with the current density varied in the range of 0.01 — 0.1 A.cm?, and the duty
cycle (the relative pulse duration) was changed within 20 — 100 %. The surface morphology, elemental and
phase composition of the coatings were studied by SEM, EDS and XRD. The experimental conditions allowing
to reach maximum of the Faradaic efficiency and W — content in the coatings are determined. It was found that
the pulse current mode enabled to fabricate high — quality coatings without cracks at a thickness greater than 6
pm.
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Introduction

Electrodeposited metal and alloy coatings are widely employed in order to increase
surface hardness, electroconductivity, wearability, corrosive and electroerosive resistance, to
provide necessary decorative properties, etc. Among them molybdenum and tungsten alloys
with metals of the iron group, in particular Ni — W alloys, are regarded as very promising
electrolytic coatings possessing high operating characteristics, especially electroerosive
resistance [1 — 3]. Microhardness of these alloys depends on the relative W — content and can
reach 4.5 — 7 GPa. After the heat treatment its value increases to 9 — 10 GPa.

Binary Ni — W coatings have prospects to become a good substitution for hard
chromium plating. As compare with Cr coatings, Ni — W coatings keep hardness at elevated
temperatures and exhibit higher corrosive and wear resistances [4, 5]. Besides, deposition of
Ni — W coatings is nontoxic and environmentally friendly process [6, 7], and it is less power —
consuming [8] as against Cr electroplating technology.

The field of application of Ni — W electrodeposited coatings is vast enough [9]. For
example, the proper corrosion resistance of these alloys has made their application possible as
hard coatings [10 — 19]. It is known [20 — 22] that Ni — W alloys exhibit catalytical activities
[20 — 22] and can be employed as catalysts for oxidation of exhaust gases of internal
combustion engines.

In electrical contacts, it is necessary to have effective barrier layers against corrosion
and diffusion. Because nanocrystalline Ni — W can improve the corrosion resistance,
minimize contact wear, and significantly reduce the formation of intermetallic compounds,
resulting from interlayer diffusion at interfaces, these alloys with 15.8 at. % of tungsten can
be considered as reasonably effective barriers for electronic/electrical contacts [23].

One of the main problem of electroplating technology is a high level of internal stresses
in the deposited coatings causing their damaging (cracks). Using water — based electrolytes
for Ni — W electroplating, one can observe significant hydrogen release resulting in the
distortion of coating structure due to its hydrogen saturation, which provokes stress cracking
of coatings. These cracks significantly influence on the operating characteristics of coatings,
particularly on their corrosion resistance [9]. To avoid crack development, different methods
are used like introduction of special additives to electrolytes, application of pulse current
mode, employing of third coprecipitating metal, and deposition under supergravitation
conditions [24].

In [24], an influence of the electrolytes with different ligands (citrate, glycine,
triethanolamine, and their combinations) as well as the regimes of electrochemical deposition
(DC and pulse mode with reverse current) on the level of internal stresses in Ni — W coatings
were studied. It was shown that in all cases an internal stress in the coatings increases with the
time passed from the beginning of deposition. To decrease internal stress, complex electrolyte
contained three abovementioned ligands in equal proportions was proposed to use. Pulse —
reverse current mode somewhat decreased such stresses but did not prevent their development
with the course of time. At the same time, an adding of 1,3,6 naphthalene trisulfonic acid and
insertion of chloride ions in electrolyte by means of partly replacing of nickel sulfite for its
chloride compound along with application of the pulse — reverse current mode significantly
reduce the probability of cracks development in coatings. However, in that case the coatings
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exhibit high surface roughness and rather low W — content (ca. 7 — 9 at. %), which limits their
range of application.

It was shown [25] that electrochemical deposition of Ni — W alloys from citrate
electrolyte under the conditions of high gravitation (within the range of 101 — 256 g) suppress
the cracks development. An effective removing of hydrogen bubbles off the coating surface
by means of increased the Archimedean force is considered as the main mechanism
responsible for an improving of the coatings quality.

Comparative study on electrochemical deposition of Ni — W alloys from citrate
electrolyte under DC and pulse current (PC) modes was carried out in [26]. It was revealed
that PC mode promotes an increase of W content as compared to DC mode, and significant
decrease of the surface roughness of coatings was achieved under the duration of cathode
pulse of 1 millisecond (at the ratio of cathode pulse duration to the pause as 1/10).

Well — proved citrate electrolytes on base of organic ligands glycine and
triethanolamine are widely employed for the fabrication of Ni — W coatings. However, their
use is not always possible due to the aggressive interaction of citrate and citric acid with
substrate materials.

The main disadvantages of these electrolytes are the following:

—  deterioration of the coatings adhesion due to the formation in electrolyte the
products of anodic oxidation of ligands ions;

—  presence in the coatings carbon — containing organic impurities, which can cause
carbon diffusion towards the surface of coatings;

- rather low stability of the electrolyte composition.

Among various electrolytes with inorganic ligands pyrophosphate electrolytes can be
employed for the production of coatings on base of refractory metals, including Ni — W
coatings. The main advantages of such electrolytes are their stability, an absence of anodic
oxidation of ligands ions, high scattering power, an ability to produce «smooth — faced»
coating (of low surface roughness), carbonless composition of electrolytes, and environmental
safety. However, the features of electrochemical deposition of Ni — W alloys from
pyrophosphate electrolytes are insufficiently investigated. For example, in [27, 28] the
deposition of these alloys in DC mode was studied but the presence of surface cracks in
coatings was revealed.

The present work purposes the studying electrochemical deposition of N — W binary
alloys by using pyrophosphate electrolytes in pulse current mode and, basing on the results of
this study, the revealing of main features of the fabrication of crack — free coatings.

Experimental

2.1. Plating bath chemistry

Binary N — W alloy was electrochemically deposited from pyrophosphate — ammonium
electrolyte [28] containing NiSO4-6H,0 (nickel sulfate hexahydrate) 0.2 M, Na,WQO, (sodium
tungstate) 0.2 M, K4P,0; (potassium pyrophosphate) 0.6 M, and (NH4),SO4 (ammonium
sulfate) 0.15 M. All these components are dissolved in bi — distilled water with resistivity of 1
MOhm.cm. Two electrolytes with different pH, namely, 8.7 and 9.5, were used. Such choice
is determined by the range of electrolyte stability (8.5 — 10.0) and by significantly difference
in the ligand content of electrolytes depending on pH value [28]. This value was adjusted by
means of adding H,SO,4 (0.1 M solution) and NaOH (0.1 M solution). Pyrophosphate ions
P,O,* form complex ions with Ni?* ions of Ni(P,0-),®" composition, and an addition of NH,"
ions significantly increases the Faradaic efficiency [27]. The volume in each experiment was
250 ml.

2.2. Operating conditions
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A usual two — electrode cell was used in our experiments. As substrates, oxygen — free
copper Cu — DHP plates by size of 1x2 cm? with a thickness of 1 mm were employed.
Substrates were polished by means of a felt circle without any abrasive and then were
degreased in the solution containing NaOH and Na,COs with concentration of 100 g-I"™* for
each component at the temperature of 70 °C. Before electrochemical deposition substrates
were immersed in 15 % solution of HCI for 30 s and then were washed in bi — distilled water.
As an anode, a platinum plate of a 4 cm? in square was used. The current density was ranged
within 0.01 — 0.1 A.cm ™, and both DC and PC modes were applied. The pulse repetition
period did not change and was 100 ms; the cathode pulse duration varied within 20 — 50 ms,
and the pause duration are chosen in the range of 50 — 80 ms. A potentiostat IPC Pro 3A by
Volta (Saint — Petersburg, Russian Federation) was employed to provide the electrical
currents during electrodeposition.

The electrolyte’s temperature in our experiments was 55 = 1 °C. It was provided by
means of a magnetic stirring with heating C — MAG HS 7 digital by IKA (USA) using the
feedback via a temperature sensor PT1000 by Thermometrics (USA). Stirring of the
electrolyte was not used.

2.3 Characterization techniques

Microstructural images were collected using a scanning electron microscope JSM —
6610LV by JEOL (Japan) equipped with an energy dispersive X — ray microanalyzer INCA X
— MAX by Oxford Instruments (England) allowed determining quantitative elemental
composition of the coatings. We used a 30 keV acceleration potential in our experiments. The
thickness of coatings was determined by means of cross — section microstructural
measurements on SEM images. Relative accuracy of these measurements was estimated
within the range of + 3.5 %. Phase composition of the coatings was studied by X — ray
diffractometer D8 Discover by Bruker (Germany) at the Research Center «Physics and
technology of micro — and nanostructures» by the Institute for Physics of Microstructures
Russian Academy of Science (Nizhny Novgorod, Russian Federation).

Results and discussion

During our experiments more than 150 coatings of different thickness using two
electrolytes with pH of 8.7 and 9.5 were produced and studied. The electrochemical
deposition was carried out in DC and PC modes for different current densities.

Below we consider the chemical reactions taking place in the course of Ni — W
deposition from pyrophosphate electrolyte [27, 28].

The nickel reduction occurs via three — stage reaction:

[Ni(P207):]% + OH™ — P,07* + [Ni(OH)(P207)2]* acs, (1.1)
[Ni(OH)(P207)2] aas + € — NiOHaas + P207", (1.2)
NiOHags + & — Ni’ + OH". (1.3)

At the first stage, complex pyrophosphate ion [Ni(P,07),]° interacts with hydroxide ion
OH™ which results in the formation of complex ion [Ni(OH)(P20-),]*". This ion is adsorbed
on the surface of the growing coating. At the second stage, it is reduced to NiOH, which in
turn is reduced to metallic nickel.
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In accordance with [28], coprecipitation of tungsten occurs via the chemical
reaction resulting in the formation of cluster heterometallic compound containing Ni — W
bond:

NiOHags + WO42 — [WO4(NiOH)]* ags - (2.1)
This compound is reduced by means of one of the reactions:

[WO4(NIOH)]* ags + € — [WO4(Ni)]* ags + OH, (2.2)
or

[WO4(NiOH)]? ags + € — [WO4(NiOH)]* aq . (2.3)

In the compounds formed, the W — O bond is very weak, and these compounds are
reduced to tungsten on the cathode:

[WO4(Ni)]* ags + 4H,0 + 66" — W° + 80OH . (2.4)

Representative scanning electron microscopy (SEM) images of Ni — W coatings
produced in DC mode with different current densities are presented in Fig. 1. Inserts in the
upper right corner in both panels of this figure show energy dispersive X — ray spectra (EDS).
The pH in both cases was 9.5, and a thickness of the coatings was ca. 6 um. On these figures,
one sees a rather dense net of microcracks on the surface resulting either due to hydrogen
embrittlement or from residual stresses [29, 30]. This net is formed in stochastic manner and
coincides with globule boundaries, but only for some fragments. Also, the number of cracks
and W — content increase with an increase in the current density. As mentioned in [1, 2, 28]
such coating of a thickness bigger than 5 um is practically impossible to prepare without
cracks using DC mode.
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Fig. 1 SEMimagesofNi — WcoatingsproducedinDCmodewithdifferentcurrentdensities, A-cm™
2:2) 102, b) 5x102.An insert in the upper right corner in both panels shows EDS spectra

3.1. An influence of the conditions of electrochemical deposition on the Faradaic
efficiency and W — content in the coatings

To study an influence of the cathode current density on the Faradaic efficiency (FE) and
W — content in coatings, we fabricated a set of the coatings under the conditions of constant
charge passed through electrolyte.
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The Faradaic efficiency was estimated in accordance with

Am/E i AM/E N
n=nw+ny =% ;”/W+W” ;"/”, @A)

where n is the component of the FE for W, #y; is the component of the FE for Ni, Ey is the
electrochemical equivalent for the six — valent W equal 0.318-10° g/C, Eyi is the
electrochemical equivalent for the bivalent Ni equal 0.304-10° g/C, Am is the mass of
coating (in g), wy is the relative mass content of W in alloy, wy; is the relative mass content of
Ni in alloy, g is the charge passed through electrolyte calculated as

q=[1()dt, (4)

where | is the working current, and t is the time of deposition.
Figs. 2 and 3 exhibit the dependencies of the Faradaic efficiency and W-content
measured in the different current modes for electrolytes with the pH of 8.7 and 9.5,

respectively. Relative accuracies of the FE and W — content measurements were + 2.5 % and
+ 1.5 %, respectively.
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For electrolyte with pH 8.7 in PC mode a decrease in the Faradic efficiency of 20 —
30 % was observed in comparison with DC mode (Fig. 2a). Within the current density of 0.02
— 0.1 A.cm? for both modes the monotonic rise of the FE values was revealed, but a decrease
of the duty cycle (the relative pulse duration) results in the decreasing of FE. Such
dependencies can be explained by the fact that for pH ranged from 8.5 to 9.5 the Faradaic
efficiency exhibits an increase with the increasing of pH value, and the current density rise
provokes the rise of the pH value in the near — cathode area. Contrariwise, a decrease of the
duty cycle reduces pH value of electrolyte at this area.

For both modes the weak dependence of W — content on the cathode current density was
observed (Fig. 2b). In comparison with DC mode, in the pulse current mode a certain increase
in W — content occurs in alloy. At the same time, a decrease of the duty cycle leads to an
increase in W — content, which can be explained by the restoration of the concentration of W
— containing ligand ions in the near — cathode layer due their diffusion during the pauses
between pulses.

An evident difference of the dependencies presented in Figs. 2 in the range of small
densities of the cathode current (0.01 — 0.02 A.cm?) as against the current range discussed
above indicates the transition to the other kinetics of electrochemical reactions occurred in
that range.

For electrolyte with pH of 9.5 the FE dependencies showed more complex character
(Fig. 3a). However, for both current modes they look similar: a decrease in the range of 0.01 —
0.02 A.cm2, then, a rise in the range of 0.02—0.05 A.cm 2, and, finally, again a decrease in the
range of 0.05 — 0.1 A.cm 2. Two contrary reasons can be responsible for the maximum in the
intermediate current range: on one hand, an increase of the current density results in a rise of
pH value in the near — cathode layer, which increased the FE, and, on the other hand, an
increase in the current density leads to the depletion of the near — cathode layer and to
decrease in the concentration of ligand metal ions in it, which in turn decreases the FE. The
use of PC mode for a given electrolyte leads to an increase in the Faradaic efficiency, and its
value also increases with the decreasing of the duty cycle. It can be explained by more
effective restoration of the concentration of ligand metal ions in the near — cathode area due to
diffusion occurring during the pauses between pulses.

For PC mode in the current density ranged within 0.03 — 0.1 A.cm™?, a higher W —
content in the coating is achieved as compared to DC mode (Fig. 3b). A decrease in the duty
cycle results in an increase of this content, and for the given experimental conditions
maximum W — content of 8.2 at.% is provided at the duty cycle of 20 % and the cathode
current density of 0.05 A.cm ™.

To compare the results obtained for electrolytes with pH 8.7 and 9.5, one can see that
lower pH value enables higher W — content in alloy, namely, 12 — 14.5 at. % as against 4.5 —
8.5 at.%, respectively. However, the FE of electrolyte with pH 9.5 is higher than in case of pH
8.7, in 2 — 3 times for the pulse current mode. For DC mode the more complex character of
the FE dependencies is revealed: in the range of 0.01 — 0.05 A.cm? the FE for pH 9.5
increases in 1.2 — 1.6 times, and, on the contrary, in the range of 0.08 — 0.1 A.cm™ it
decreases in 1.4 — 1.8 times.
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Fig. 3 Faradaicefficiency (a) and W — content (b) in Ni — W alloys versusthe
cathodecurrentdensityinDCandthe pulsecurrent modeswiththe differentdutycycles (50% and
80%). The pHofelectrolyteis9.5

3.2. An influence of the conditions of electrochemical deposition on the morphology and
microstructure of the coatings

Fig. 4 shows representative SEM images of N — W coatings made using electrolytes
with pH 8.7 (Fig. 4a) and pH 9.5 (Fig. 4b). In both cases the duty cycle was chosen to be
20 %, and the current density was 0.05 A.cm 2. The coatings possessed characteristic metallic
luster and good adhesion to the substrate. Surface microstructure of the coatings differs from
each other. The coating produced in electrolyte with pH 8.7 (Fig. 4a) exhibits smaller
numbers of separately located globules, the dimension of which is ranged within 0.5 — 3 um,
and in case of electrolyte with pH 9.5 (Fig. 4b) the globular structure is more pronounced.
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b)

Fig. 4 SEM images of Ni — Wcoatingsof a 5 um in thickness made usingPC mode in
electrolytes with different pH: a) 8.7, b) 9.5

An influence of the cathode current density on coating microstructure was studied for
the coating produced in electrolyte with pH 9.5 (Fig. 5). An increase of the current density
leads to an enlargement of the lateral dimensions of globules, from the values of 0.3 — 1.5 pm
at 0.01 Acm?to1—3 pum at 0.05 A.cm 2. At that, the number of globules slightly decreases.
With a great degree of probability, this is due to the local amplification of electric field and,
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correspondingly, the current density on the surface of globules, which ensures a rapid growth
of their dimensions [27]. It can be mentioned that noticeable growth of globule dimensions
ceases after the reaching the current density of 0.05 A.cm (Figs. 5c, d). For the coatings
produced in electrolyte with pH 8.7 such a regularity was not found. Also, the duty cycle does
not contribute in a great extent in the development of surface microstructures.

Fig. 5 SEM images of Ni — Wcoatingsof a 5 um in thickness made in electrolyte with pH 9.5
in PC mode with different current densities, A.cm2: a) 0.01, b) 0.02, c) 0.05, d) 0.1

To study phase composition and revealing of oxides and intermetallic inclusions in Ni —
W coatings, X — ray diffraction (XRD) analysis was carried out. The samples were prepared
in PC mode with the different current densities using electrolytes of pH 8.7 and 9.5. The lines
of Cu (from the substrate) and of the solid solution of W in Ni with f.c.c. lattice were
observed, which is an agreement with the data published in [28, 31]. The lines of the solid
solution were significantly broadened due to small dimensions of crystalline grains. Using
these data, an average size of the regions of coherent scattering of Ni — W phase was
estimated to be 8 — 10 nm for all the samples studied.
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X — ray diffraction patterns shown in Fig. 6 were obtained for the N — W coatings
produced in PC mode using electrolytes with pH 8.7 (the sample #94) and pH 9.5 (the sample
#96). The current density was 0.05 A.cm 2 for both samples. One can see that the lines
related to Ni — W phase are different for these samples, and the shift of the lines is greater for
those measured at bigger diffraction angles. In our opinion, this fact indicates the difference in
the lattice spacing and in Ni;_x—W)y composition too, both of which, as found above, depend
on pH of electrolyte. Also, no lines indicated the presence of the other crystalline phases
(oxides, nitrides, intermetals) were observed.
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Fig. 6 X —ray diffraction patterns obtained for N — W coatings produced in the pulse current
mode using electrolytes with pH 8.7 (the sample #94) and pH 9.5 (the sample #96). Thickness
of the coatings in both cases was 5 um

3.3. Preparation of crack — free coatings with maximum thickness

To study the preparation of crack — free coatings with maximum thickness, a set of
samples in identical experimental conditions with a stepwise increasing deposition time for
each subsequent sample was fabricated. The beginning of crack formation was determined
from SEM images. It was found that in the pulse current mode the thickness of crack — free
coatings is significantly (in a few times) bigger than in DC mode. Fig. 7 shows the maximum
coating thickness versus the duty cycle (the duty cycle of 100 % corresponds to DC mode).
The experiments were conducted with the constant current density of 0.05 A.cm™ for
electrolytes with pH 8.7 and 9.5, and the thickest crack — fee coating was obtained for
electrolyte with pH 9.5 at the duty cycle of 20 %. This result can be explained by lower
hydrogen content in the coating due to its effective removal off the coating surface during the
pauses between pulses.
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Fig. 7. The maximum thickness of crack — free coatings versus the duty cycle (the duty cycle
of 100% corresponds to DC mode). The current density was 0.05 A.cm 2

Conclusion

The conducted studies have shown that the crack — free coatings of binary Ni — W alloy
with a thickness more than 6.2 um can be deposited using pyrophosphate electrolyte in the
pulse current mode with duty cycle of up to 20 %. It was found that under the experimental
conditions determined in this work, it is possible to fabricate high — quality coatings with
rather homogenous and fine — crystalline structure (with the crystallites dimensions of 8 — 10
nm) without oxides, nitrides and intermetallic inclusions.

The following conclusions and recommendations on electrochemical deposition of
binary Ni — W alloy using pyrophosphate electrolyte are formulated in order:

1.  The greatest Faradaic efficiency is reached for electrolyte with maximum stable
pH value of 9.5 In that case, the optimal duty cycle is 20 %.

2.  The greatest W — content is reached for electrolyte with lower pH value of 8.7. At
that, the dependences of W — content on the current density and duty cycle are rather weak.

3. The surface morphology of coatings fabricated in electrolyte with pH 9.5 exhibits
developed globular structure. An increase in the current density from 0.01 A.cm™ to 0.05
A.cm“ leads to an increase in the dimensions of individual globules in the range from 0.3 —
1.5 ym to 1 — 3 um, which is accompanied by a certain decrease in their number.
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