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STUDY OF CHANGES IN MICROHARDNESS AND MASS
OF APREHEATED TUNGSTEN UNDER THE INFLUENCE
OF PULSED PLASMA

Abstract

The paper presents the results of an experimental investigation of changes in the microhardness and mass of a
preheated tungsten target, the primary candidate material for the first wall and divertor, subjected to a pulsed plasma
flow of approximately 0.2 ms duration. The experiments were conducted as a series of 13 pulses, each with an energy
density and power density of approximately 1.1 MJ/m? and 5.5 GW/m?, respectively. Microhardness was measured
using an HVS-1000B hardness tester; the target mass before and after plasma exposure was measured using a
CPA225D precision balance. It is shown that the microhardness of the tungsten target remains virtually unchanged
even at the maximum irradiation dose (up to 39 pulses), and the observed change is within the measurement error,
which indicates the structural stability of the surface layer. At the same time, an increase in the target mass (up to
31 mg) was recorded, probably caused by contamination and redeposition of the material of external structural
components. Energy-dispersive spectroscopy (EDS) analysis revealed Cu, Zn, Ni, and C lines in dust particles
redeposited on the target surface. The results indicate that these foreign components have a significant impact on
surface morphology and should be considered when interpreting tungsten damage mechanisms.

Key words: pulsed plasma accelerator, plasma flow, preheated tungsten target, microhardness, target mass,
elemental composition of the target.
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Introduction

Despite the large number of experimental studies conducted on simulation facilities and operating
tokamaks, the study of plasma interactions with materials has not lost its relevance and continues

to attract the attention of researchers due to the construction of experimental fusion reactors such as

388



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Tom 23, Ne 3, 2026

ITER and DEMO [1-5]. In the conditions of high-density, high-temperature fusion plasma, materials
in contact with plasma are expected to experience extreme plasma-thermal loads [6, 7]. According to
the technical characteristics of the ITER reactor, beryllium (Be) was selected as the metallic material
for the armor of the first wall due to its low atomic number Z [8]. However, in early 2025, ITER
reconsidered the use of beryllium due to potential risks associated with its toxicity and high erosive
properties [9]. The latest update to the technical solutions of the ITER project includes replacing the
beryllium wall with a tungsten one [10]. This solution meets the stringent requirements for materials
in contact with plasma. First, the material must have high strength and structural stability under
extreme operating conditions.

Tungsten is known to be the most refractory of metals; however, it is vulnerable to plasma
exposure. When plasma interacts with a tungsten target, a change in the surface properties is
observed, followed by a change in the target mass [11-13]. This may be due to structural changes
in the material. In this regard, a significant number of microstructural studies have been conducted
to understand the response of different types of tungsten to plasma and other types of irradiations
(e.g. laser, etc.). It was found that the average surface hardness of the initial target made of a heavy
tungsten alloy decreases at the initial level of the plasma beam power density (0.108 MW/m?). An
increase in power density by 1 MW/m? is accompanied by a linear increase in the average surface
hardness. In [14], it is shown that this effect is due to an increase in the density of dislocation lines. In
[15], the change in microhardness in tungsten monoblock samples was investigated as a function of
the heat flux penetration depth at a power density of 10 MW/m?. As follows from [15], no noticeable
changes were observed inside the tungsten before and after exposure to a heat flux (at a depth of
200 pm to 6.8 mm); however, a noticeable decrease in mechanical strength was observed near the
surface, manifested in a decrease in hardness. The results presented in [16] indicate an insignificant
decrease in the microhardness of the surface layer of a single-crystal tungsten sample (up to 15% after
irradiation with pulsed helium plasma flows using the Vikhr facility). According to the authors, this is
due to the formation of a crystallization texture in the surface layer. Analysis of these data allows us
to conclude that pure tungsten is characterized by structural instability in the plasma thermal impact
zone. This is reflected in the hardness of this material. Several studies [17-19] have examined in
detail the methods for increasing the hardness of tungsten materials in contact with plasma using
additives such as carbon, yttrium oxide, and some metals (Ni, Co, Cr) characterized by appropriate
ductility and high-temperature strength.

The paper presents the results of an experimental study of changes in the microhardness and
mass of a preheated tungsten target depending on the number of plasma pulses.

Materials and methods

A PW-7 pulsed plasma accelerator was used as a source of plasma flow for irradiating a preheated
tungsten target [20, 21]. The accelerator was equipped with coaxial copper electrodes separated by
an insulator [22]. A bank of capacitors with a total capacitance of 1.4 mF and charged to a voltage
of 5 kV was connected to an RVU-43 vacuum spark gap. A Rogowski coil was installed around the
current-carrying part of the plasma accelerator to measure the discharge current. The maximum value
of the discharge current reached approximately 100 kA. In the experiments under consideration, the
tungsten target was exposed to hydrogen plasma with the following parameters: electron temperature
T, =23-40 eV and charged particle concentration n_~ 10" cm™ [22, 23]. The plasma flow velocity in
the accelerator varied in the range of 10* — 3-10* m/s [24, 25].

A 1.5 x 1.5 cm?, 2 mm thick plate made of high-purity (99.96%) hot-rolled polycrystalline
tungsten was used as a target. The average grain size, determined from scanning electron microscope
(SEM) images, is approximately 2 um. The target was located 22 cm from the electrode system. The
surface of the tungsten plate was polished mechanically and electrochemically using abrasive paper
and a KOH solution. Irradiation was carried out in three series of 13 plasma pulses each, with a peak
energy density of 1.1 MJ/m? and a pulse duration of about 0.2 ms [20]. In this study, a tungsten sample
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was exposed to a relatively small number of pulses. This value was chosen taking into account the
aim of this study, which was to investigate the initiation stage of tungsten damage under the influence
of thermal loads similar to ELM discharges. A special holder with a preheating system was used to
position the tungsten plate inside the vacuum chamber [21]. The heating system included a thick
tantalum plate (40 um thick) heated by an electric current passing through conducting contacts. A
heat-resistant ceramic insulator was installed between the tantalum and tungsten plates. Before and
during plasma irradiation, the tungsten plate temperature was maintained at 823 K, ensuring conditions
above the ductile-to-brittle transition temperature. This temperature regime was maintained between
experimental series with a tolerance of +41 K. A type K (chromel-alumel) thermocouple was used for
temperature control. Before starting the operation, the vacuum chamber was evacuated to a pressure
of 10 Torr using a pre- and diffusion pump. The chamber was then filled with working gas. When a
control voltage pulse was applied between the main and the trigger electrodes of the spark gap, the
gas in the interelectrode gap ionized and accelerated toward the target. Plasma streams irradiated the
surface along their normal, as shown in Figure 1.

Ity — +— lantalum heater
L ki,
AbLOs~— 7
2
2
thermocouple || 7
2 plasma beam
?
2

I x_ lungsten target
nickel-plated bolt

Figure 1 — Schematic diagram of the
setup for plasma irradiation of a tungsten target [21]

The microhardness of the irradiated surface of the tungsten plate was measured by the Vickers
method using a Vickers hardness tester HVS-1000B. The measurement error along the indentation
diagonal was dd = +£0.2 pm. The microhardness measurement error was calculated taking into
account the spread of the measurement error along the diagonal indentation and determining using
the formula , which was no more than 1%. To measure the mass of the tungsten plate, a CPA225D
precision scale with an accuracy of dm = +0.01 mg was used. Energy-dispersive spectroscopy (EDS)
was used to determine the chemical composition of the tungsten plate.

Results and discussion

Under operating conditions in a fusion reactor, the materials of the first wall and divertor are
subjected to extreme plasma and thermal loads. Under these conditions, microhardness is a key
parameter determining the performance and durability of candidate materials, as it is directly related to
resistance to plastic deformation, erosion, cracking, and surface degradation. Microhardness changes
under repeated plasma pulses reflect the evolution of the material’s structure, including hardening,
recrystallization and defect accumulation. The dependence of tungsten target microhardness on the
number of plasma and thermal loads exposures is shown in Figure 2. Before and after irradiation,
10 microhardness measurements were performed in each case. Figure 2 shows the mean values and
corresponding standard deviations.

Before irradiation, the microhardness of the tungsten target was 514.8+5 HV, which corresponds
to a hardened state of the material compared to annealed tungsten. As shown in Figure 2, in all
three series of irradiation with different numbers of pulses (13, 26 and 39), the microhardness value
changes within the measurement error ( = 0.0027 — 0.0056 = 0.27-0.56 % (AHV, = HV - HV , =
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1.4 HV change towards increase, AHV, =HV —~HV, =0HV,AHV, =HV -HV_ =2.9 HV change
towards decrease) and does not indicate any significant changes in the mechanical properties of the
tungsten target.

540
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Microhardness [HV]
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Figure 2 — Microhardness values of a tungsten target
before and after irradiation

An analysis of the surface morphology using scanning electron microscopy has previously
shown [21] that exposure to pulsed plasma flows leads to the formation of cracks on the surface
of a tungsten target. This result indicates the localized internal residual stresses in the near-surface
layer. Despite this, no increase in microhardness was observed. The crack thickness was very
small—up to several hundred nanometers. This indicates insignificance of local stresses. Consequently,
stresses are likely effectively redistributed during target cooling and, thus, have no noticeable effect
on microhardness. It has previously been experimentally demonstrated [20, 21] that the crack size
on the surface of a tungsten target does not change significantly with increasing pulse number.
This effect was observed under controlled temperature conditions, such that the minimum initial

temperature of the backside of the tungsten target does not fall below a specified value, T .. This
result indicates that with increasing irradiation dose, residual stress between the irradiated layer
and the preheated part of the target do not tend to increase further but rather tend to relax. Thus, the
observed behavior qualitatively explains the experimental microhardness data. It should be noted
that the Vickers indentation size is several tens of micrometers (42—43 pum), while the observed crack
openings are significantly smaller. Consequently, the measured microhardness may be determined
primarily by the properties of the surrounding material, and the contribution of localized surface
defects may be insufficient to detect statistically significant changes.

The results of microhardness measurements were compared with the data presented in [14—
16]. In contrast to studies that reported changes in the microhardness of the subsurface layer of
tungsten after cyclic exposure to an electron beam and plasma, this study revealed no significant
changes in microhardness after repeated exposure. This is explained by the specific conditions under
which the tungsten studies were conducted. It should be noted that the temperature regime used in
our experimental conditions leads to a change in the response of tungsten to plasma exposure. The
observed discrepancies between the present results and the data from [14, 15] are also explained by
variations in the irradiation parameters. In [14], tungsten targets were continuously irradiated for
15 min, whereas in [15], tungsten monoblock mock-ups were irradiated with approximately 5000
cycles, each with a duration of 10 s followed by a 10 s cooling interval. The tests were conducted at
power densities of 1 and 10 MW/m?. It should be noted that the aim of [15] was distinct from that of
the present study. That study focused on tokamak operation in the long pulse mode, where the plasma
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exposure is very similar to the annealing process. In contrast, this study examines significantly
shorter pulses that produce thermal shock effects. Consequently, the present work revealed loss of
crystallinity and grain fragmentation, whereas in [15], the repeated heating and cooling cycles likely
contributed to reorganization of the microstructure, gradual coarsening of grains and, as a result, a
decrease in microhardness. Furthermore, cooling of the tungsten monoblocks is an inherent aspect
of the tokamak operating conditions and was probably one of the factors taken into account by the
authors [15]. In terms of the impact parameters, the study [16] is the closest to the present study;
it also reports a slight decrease in the microhardness of the tungsten surface layer (up to 15%).
The authors interpret this effect to radiation-thermal remelting of the surface layer and subsequent
directional solidification. During cooling, a crystalline texture is formed, oriented along the
temperature gradient, which is accompanied by microstructural rearrangement and partial relaxation
of accumulated defects.

Although a complete comparison of the results is impossible due to differences in the experimental
conditions, the data obtained indicate that the temperature regime implemented in this study,
as in [16], creates favorable conditions for the relaxation of defects and internal stresses. This is
consistent with the fact that at temperatures above the DBTT, the mechanical properties of tungsten
change significantly, which may contribute to the retention of microhardness after repeated exposure.

Exposure to pulsed plasma flows significantly affects the surface of the material being processed,
leading to changes in surface morphology. As shown in [26, 27], short plasma pulses can cause tungsten
melting, leading to ablation, accompanied by mass loss in the samples. The main contribution to this
process is erosion caused by the ejection of molten droplets and solid fragments of the material. The
dependence of the change in tungsten target mass on the number of plasma irradiations is shown in
Figure 3. The following pattern was observed: after 13, 26, and 39 pulses, a steady increase in target
mass was observed. After 39 pulses, the tungsten target mass increased by Am,, = +31 mg compared
to the initial value. Considering the measurement error of the electronic scale, this change can be
considered a reliable quantitative result. The observed mass increase may be due to the deposition of
erosion products and redeposition of material in the target’s near-surface layer, indicating a complex
balance between erosion and redeposition processes under pulsed plasma exposure.

8,5154 1
8,5153 ——U,;=4kV, p=40 mtor
8,5152 1
8,5151 4
8,5150 1 3lme
— 8,5149 4
8,5148 4
8,5147 1 —
T
8,5146 1
8,5145 1

8,5144I T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45

Number of plasma pulses

Figure 3 — Dependence of the mass of
a tungsten target on the number of plasma exposures

Accordingly, this can be explained by the fact that impurity transport and deposition of impurities
on the surface by the plasma flow, together with the above-mentioned processes, strongly influence
the observed behavior. Figure 4 shows an image of a target surface area after exposure to pulsed
plasma, obtained using a scanning electron microscope, as well as the results of energy-dispersive
spectroscopy (EDS) analysis of the localized area highlighted in the micrograph.
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Figure 4. a) SEM image of the surface of a tungsten target after 39 irradiations,
b) elemental composition of the area indicated in the SEM image

It should be mentioned that the analyzed area is situated near the sample holder, so this must
be taken into account when interpreting the elemental composition of the surface. On the irradiated
surface of the tungsten plate, numerous spheroidal formations are observed, having the morphology
of solidified drops of molten metal. The size of these particles in the analyzed region is approximately
4045 pm. The shape of these particles may indicate the following process: the material melted
during the discharge, was then transferred to the target surface, and solidified into droplets. The
obtained EDS spectrum of the analyzed local region containing these particles reveals intense Cu,
Zn, and Ni lines, as well as a weak C peak. The presence of copper, zinc and nickel indicates that
the observed droplets are associated not only with processes occurring within the tungsten target
itself, but also with the transfer of material from the components of the holder or other structural
elements of the experimental setup. Thus, the observed change in the mass of the tungsten plate is
likely due to local heating, melting and sputtering of materials, followed by the deposition of metallic
particles onto the tungsten surface during plasma exposure. However, the obtained results do not
allow us to unambiguously determine the origin of the detected particles, although they indicate the
possible involvement of additional sources of material in addition to the tungsten target. Although
plasma exposure typically results in surface erosion, in this case, the contribution of redeposited
material may partially offset or even exceed the mass of tungsten removed. This is particularly
likely for areas located close to the holder, where the probability of melted or evaporated structural
material particles depositing on the target surface is higher. The mass of deposited droplets can be
approximately estimated by assuming them are spherical particles. The average diameter of clearly
visible spherical droplets of molten metal is approximately 40-45 um. The mass of a single spherical
particle is estimated at 0.3-0.4 pg, given a metal density of approximately 8.5-8.9 g/cm?. These
particles are localized in significant quantities around the metal holder on both sides of the tungsten
target. As shown in Figure 4a, the particle density in the region under investigation is approximately
14.6 particles/mm?. The obtained estimate suggests that at such a particle density, their contribution
to the observed mass increase may be insufficient to explain the measured mass increase. It should
be noted that this estimate is approximate. In addition, the calculations were carried out assuming a
uniform distribution of particles over the sample surface.

Since energy-dispersive spectroscopy (EDS) analysis does not allow direct assessment of the
distribution of detected impurities across the entire surface of the tungsten plate, it is impossible
to quantify their contribution to the change in sample mass. Therefore, the presence of redeposited
particles is considered only as one possible factor in the observed mass increase. Furthermore, based
on the quantitative estimates obtained, it seems inappropriate to attribute the observed mass increase
solely to the deposition of the detected particles, as the mass increase may also be due to small
particles, redeposited layers of material, or the uneven distribution of redeposition products, which
are not accounted for in the local surface analysis. Thus, the SEM/EDS analysis results indicate the
presence of redeposited particles on the surface of the tungsten plate. In addition to erosive surface
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modifications, the contribution of material transfer from the experimental system components should
be considered. This must be taken into account when analyzing the mass balance of the tungsten
plate, as the mass increase after irradiation may be due not to changes in the tungsten itself, but to the
deposition of molten metal particles originating from the structural components.

As shown in a previous study [31], bubbles, craters, and remelting zones were observed on
the tungsten surface. Such defects may have a localized impact on the mechanical properties of the
material. It should be noted that microhardness measurements were not conducted directly in areas
exhibiting morphological features. A correlation between surface morphology and microhardness
cannot be ruled out. To confirm this, further research is needed, including a comparison of localized
microhardness measurements in the areas of the defects.

Conclusion

In this work, experimental studies were carried out on changes in the microhardness and mass
of a preheated tungsten target after exposure to plasma pulses with a duration of about 0.2 ms. To
obtain more complete information on changes in the initial properties (including microstructural
characteristics, etc.) of the irradiated target, experiments were conducted in several series with
different plasma doses, each series including 13 intense plasma pulses (approximately 5.5 GW/
m?). The experiments showed that microhardness remains virtually unchanged even at the highest
irradiation dose. After 39 pulses, a minor change in microhardness 2.9 HV is observed, consistent
with the measurement accuracy of the measuring instrument. Taking into account the above, the
results show that the structural stability of the surface layer of the preheated tungsten target is
maintained. At the same time, some data from our previous experimental work, such as the absence
of change in crack opening from pulse to pulse and the slight change in stresses in the near-surface
layer of the tungsten target (indicating relaxation), provide an explanation. When measuring the mass
of the tungsten target, an increase was detected; the mass increase after 39 pulses was 31 mg. The
obtained results demonstrate that erosion products from the experimental system components, as
well as carbon-containing impurities (including vacuum oil vapor), penetrated the tungsten surface
layer. This is confirmed by scanning electron microscopy (SEM) data, which revealed the presence of
dust-like particles, and energy-dispersive spectroscopic analysis (EDS), which revealed the presence
of Cu, Zn, Ni, and C impurities. Thus, the observed increase in the mass of the tungsten plate can be
explained by the redeposition of foreign material on the sample surface. When analyzing tungsten
surface damage caused by pulsed plasma, it is important to consider the presence of impurities in
the plasma flow. The origin of the detected impurities has not been definitively established; possible
sources include erosion products of experimental system components, residual gas components,
and carbonaceous contaminants. These may affect the condition of the surface layer of the tungsten
target. The presence of such impurities can lead to the formation of redeposited layers, changes in
the elemental and phase composition of the surface, and redistribution of heat and mass transfer
processes in the near-surface region. Therefore, the observed defects, including cracks, bubbles,
craters, and localized melting zones, cannot always be unambiguously attributed solely to plasma
thermal shock, as their formation can be further determined by the influence of impurity components
on gas accumulation, erosion, and structural degradation of the material. Thus, when interpreting
experimental results, the impurity composition of the plasma flow should be considered as one of the
significant factors influencing the mechanisms and degree of damage to tungsten.
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'ATIBIK TYpIIeTi YITTHIK HAHOTEXHOJIOTUSUIBIK 3epTXaHa, on-Papabu arbiHars! KazYV,
Anmars K., Kazakcran
[IpuncToH mna3ma ¢usukacel 3eprxanacel, [IpuHcron yausepcureri, [Ipuncros k., AKII

NMITYJBCTI IJNIABMAHBIH OCEPIHEH AJIZIBIH AJIA
KbI3ABbIPBIJIFAH BOJIb®PAMHBIH MUKPOKATTbIJbIFbI
MEH MACCACBIHBIH O3TEPYIH 3EPTTEY

Anjarna
Maxamama y3akTeiFsl mramMamer 0,2 Mc OOJaThIH MMITYJIBCTIK TIa3Ma aFBIHBIHBIH dCepiHeH OipiHIm KaOBIpFa
MCH JUBEPTOpPTa HeFiSFi KaHauaaT MaTepual 6OJ'IBIH TaObBUIATHIH AJIIBIH ajia KbI3JAbIPbIIFaH BOJ'[I)(bpaM HbICAHACBIHBIH
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KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Tom 23, Ne 3, 2026

MHUKPOKATTBIIBIFEI MEH MaCCaChIHbIH ©3TepyiH CHIATTANTBIH AKCIIEPUMEHTTIK 3epPTTey HOTHIKeNepl KeNTIpiIreH.
Toxipubernep FHEPrHs HKIHE KyaT THIFbI3AbIKTAphI itamaMeH 1,1 MJIx/m? sxoue 5,5 T'B1/M? 6onateid 13 umimyiibcreH
TYpaThIH cepusulapMeH KYprizingi. Mukpokartsuiblk HVS-1000B enmrerimn apKbUTbl aHBIKTaNIbI; HbICAHAHBIH
Maccachl Iia3MaislK ocepre neifin xoHe kerin CPA225D xoFapbl MONIIKTI Tapa3blHBIH KOMETIMEH OIIICH/II.
Bonpdpam HBICAHACBIHBIH MUKPOKATTBUIBIFEI COYJIEICHYIIH MaKCUMAIABI J03achiHAa na (39 mMITymbcke AeiiH)
alTapIBIKTall ©3repicci3 KanaThIiHBl JKoHE OalKaiaFaH e3repic eley KaTelliri meTiHae OOJaThIHBI KOPCETUITeH,
OyJ1 6eTKi KabaTThIH KYPBUIBIMBIK TYPAKThUIBIFBIH KopceTeli. ChIPTKbI KYPBUIBIM/IBIK 3JIEMEHTTEP MaTEepUaAIbIHBIH
JIaCTaHYbl MCH KalTa TYHIBIPYBIHAH TYBIHIAYbl MYMKIH HbICAHAa MaccachIHbIH (31 Mr-Fa JeiiH) YIFAlObl TipKEI/I.
OHeprusiaucnepcrsuiblk, criekTpockomnus (3/1C) Tannaysl HeICaHAHBIH OCTiHE KaliTa TYHABIPBUTFaH TO3aHIbI 06JI-
mekTepiaae Cu, Zn, Ni xone C CHAKTBI KapKBIHIBI CHI3BIKTAPIBIH OapblH aHBIKTAamel. HoTmkenep Oy Oerme
KOMIOHEHTTEP/IiH HBICAHAHBIH OETTiK MOP(}OIOTHUCHIHA alTapIIBIKTall ocep €TeTiHIH jKOHEe BOIb(PAMHBIH 3aKbIM-
JlaHy MeXaHU3MJEPiH TYCIHIIPY Ke3iH/e eCKepy KaKeT eKeHiH KopceTe/i.

TYﬁlH co3ep: I/IMl'IyJ'ILCTiK IIasMalibIK Y[[eTKiIlI, IJIa3MaJIbIK arblH, aJIAbIH ajla KbI3ABIPbUIFaH BOJ'II)(l)paM
HbICAHAChl, MUKPOKATTBUIBIK, HbICAHA MAaCCAChl, HbICAHAHbIH 9JIEMEHTTIK KYpaMBblI.
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"HanmoHanbpHasi HAHOTEXHOJIOTHUYECKas Jaboparopusi OTKpbiToro Tumna, KasHY um. anp-dapadw,
r. Anmatel, Kazaxcran
[TpuHcTOHCKAs TabopaTopus GU3HKH TUIa3MblL, [IpruHCTOHCKNI yHUBepcHTeT, T. [IpuncTon, CILIA

AHHOTALMA

B cratbe MMPEACTABJICHBI PE3YJIbTAThl OKCIICPUMEHTAIBHOTO UCCIICIOBAHUA U3MEHEHU N MUKPOTBEPAOCTH U
Macchl IPeBAPUTENILHO HATPETOH BOJIB(PaMOBOM MUIIIEHH, OCHOBHOT'O MaTepralla-KaHanuaaTa JAjist IepBOi CTEHKU
W AMBEPTOPA, MO/ BO3/ICHCTBUEM UMITYJILCHOTO TUIa3MEHHOTO MOTOKA C JUIMTEIILHOCTBIO TprOm3nTensHo 0,2 Mc.
DKCIIepUMEHTBI MPOBOMIINCH B BHJE CEPUU U3 13 UMITYIbcOB NpH TUIOTHOCTH 3Hepruu 1,1 MDx/M? ¥ IUIOTHOCTH
MOIIHOCTH 0K0JI0 5,5 I'B1/M2. MUKpPOTBEpIOCTh U3MEPSLIACh ¢ momoriibio TBepaomepa HVS-1000B; macca muiie-
HU JI0 ¥ TIOCJIe BO3ACUCTBHS IJIa3Mbl H3MEPSIach C MOMOIILIO Mpenu3noHHbIX BecoB CPA225D. TlokaszaHo, 4To
MHUKPOTBEPIOCTh BOJIB(PPAMOBON MHUILIEHN OCTAETCSI MPAKTHYSCKH HEM3MEHHOH Jlaske MPU MaKCUMAaIIbHOH 103¢e 00-
nyuyeHus (10 39 uMIynbCOB), a HabMOAaeMoe U3MEHEHHE HAXOIUTCS B TpejiesiaX MOTPEIIHOCTH U3MEPEHUs, UTO
CBHJICTEIILCTBYET O CTPYKTYPHOH CTAOMIIBHOCTH MOBEPXHOCTHOTO ciosi. [Ipn aToM 3aMKCHpOBaHO yBeIHMYCHUE
Maccel MumieHH (o 31 Mr), BeposSITHO, BBI3BAHHOE 3arps3HEHHEM M IOBTOPHBIM OCA&XICHHEM Marepualia
BHEITHUX KOHCTPYKTHBHBIX 2JIEMEHTOB. AHAJIN3 METOAOM SHEeprouciepconHoi criekrpockonuu (31C) BeIIBII
uHTeHcuBHBIE nonockl Cu, Zn, Ni u C B yacTuIax IbUIM, MOBTOPHO OCAXJCHHBIX HAa MOBEPXHOCTH MHIICHU.
Pe3yHBTaTBI IMOKa3bIBAIOT, YTO 3T MHOPOAHBIC KOMIIOHCHTHI OKa3bIBAIOT CYIIECTBEHHOC BIIMAHUC HA MOp(bOJ'[OFI/HO
MIOBEPXHOCTH U JIOJDKHBI YUUTBIBATHCS IIPU MHTEPIIPETAIMU MEXaHU3MOB MTOBPEXKICHHS BOIb()PAMOM.

KiroueBbie cioBa: HMHyJ’ILCHLIﬁ IUIa3MEHHBIN YCKOpUTECIIb, IUIa3MEHHBIN NOTOK, NPCABAPUTECIIBHO HArpETad
BOJIBCI)paMOBafI MHUIIEHb, MUKPOTBEPAOCTH, MacCa MUIIICHU, 3JIEMEHTHBIA COCTaB MHIIICHH.
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