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Sequential extraction procedures (SEP) have been widely used for the fractionation of trace

elements in soils according to their physicochemical mobility and bioaccessibility. Potassi-

um/sodium pyrophosphate in alkaline medium may be considered as the most appropriate ext-

racting reagent for the recovery of amorphous metal-organic complexes, which play a very im-

portant role in biological, physical, and chemical processes in soil. However, the selectivity of

pyrophosphate has been poorly studied. In the present work the ability of pyrophosphate to at-

tack mineral inorganic phases of environmental solids was assessed using dynamic extraction,

which allows one to minimize artifacts and mimic natural conditions. Samples of gabbro and

granite containing nearly no organic compounds were taken as example. The eluents applied

addressed exchangeable, specifically sorbed, bound to Mn oxides, and bound to metal-organic

complexes fractions extractable by 0.05 M Ca(NO3)2, 0.43 M CH3COOH, 0.1 M NH2OH · HCl,

and 0.1 M K4P2O7 at pH 11, respectively. As expected, pyrophosphate extraction leads to a

partial dissolution of elements bound to inorganic compounds. The recovery of aluminum,

iron, manganese, and rare earth elements by pyrophosphate is up to 4% of their total concent-

rations in samples. The results were discussed on the basis of coordination chemistry of pyrop-

hosphate complexes. In general, pyrophosphate extraction could be further regarded to be suf-

ficiently selective for the dissolution of metal-organic complexes while using SEP in environ-

mental analysis, soil science, and biogeochemistry. Nevertheless, in the interpretation of the

fractionation results, a partial dissolution of mineral inorganic phases should be taken into

consideration, especially for soils with low content of organic compounds.

Keywords: fractionation analysis; soils; metals; dynamic extraction; metal-organic complexes;

pyrophosphate.

Introduction

Fractionation of trace metals (TM) into opera-

tionally defined forms under the sequential action

of leachants (extracting reagents) with increasing

aggressiveness is a common approach in biogeoche-

mical studies for distinguishing various species of

TM according to their physico-chemical mobility

and bioaccessibility [1, 2]. The identification and

quantification of TM associated with different com-

ponents and phases of soil or sediments is defined

as “fractionation analysis” according to the IUPAC

recommendation [3].

Sequential extraction procedures (SEP) for TM

were first proposed in the late sixties [4]. Then, a

few dozens of different SEP have been developed

[5, 6]. There are a few schemes that have received

wide acceptance. One of the most “popular” four-

step protocols was introduced by Tessier et al. [7].

The European Commission through the BCR

(Community Bureau of Reference) Programme and

its successor (Standards, Measurements, and Test-

ing Programme, SM&T) designed a simplified three-

step SEP [8, 9] used for the certification of extract-

able metals in reference materials of lake sediment.

However, none of SEP can be considered to be ab-

solutely preferable.

With regard to the organic compounds in sedi-

ments and soils, they are mainly of complex macro-
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molecular material, e.g., humic and fulvic acids,

carbohydrates, and peptides. Under aerobic condi-

tions, the organic compounds can degrade resulting

in the release (mobilization) of bound TM [10].

Oxidising reagents such as sodium hypochlorite in

an alkaline medium [11, 12] and hydrogen peroxide

heated at 85°C [2], or strong complexing reagents

such as salts of ethylenediaminetetraacetic acid

(EDTA) [4, 13] have been used for the extraction of

TM bound to organic compounds. However, the

selectivity of these reagents to metal-organic com-

plexes of soils was found to be rather poor [10].

A “mild” reagent used for the extraction of metals

bound to organic compounds is potassium/sodium

pyrophosphate at pH 10 [12, 14, 15]. This reagent

is considered to be relatively selective to the easily

oxidisable organic fraction (i.e. metals bound to

humic and fulvic acids). However, the extraction

efficiency is low [16]. In order to increase the solu-

bility of organic soil components, a 0.1 mol/L

K4P2O7 + 0.1 mol/L KOH mixture has been recom-

mended instead of 0.1 mol/L K4P2O7 (pH 10) [4].

Potassium/sodium pyrophosphate in alkaline me-

dium was used not only in SEP [17] but also as a

single extractant for the separation of amorphous

metal oxide-organic complexes, in particular, hu-

mic and fulvic acids from soil [18, 19]. Fractions of

organic compounds were as well extracted sequen-

tially from the soils using water in the first step

and 0.1 M sodium pyrophosphate (pH = 10) in

the second one [20]. Nevertheless, the selectivity of

pyrophosphate extraction to metal-organic com-

plexes still remains debatable since the formation

of stable phosphate complex compounds may lead

to the partial leaching of metals from other mineral

phases of soil.

The aim of this work is to assess the selectivity

of using pyrophosphate extractants in SEP for the

separation of metal oxide-organic complexes. The

extraction is performed under dynamic (continu-

ous flow) conditions, which allow one to minimize

two main problems of batchwise SEP, namely (I)

the phase overlapping (the possibility of releasing

metals associated to different geological phases by

a single leaching agent), and (II) the metal read-

sorption phenomenon (TM released by one extract-

ant could associate with other undissolved solid

components or freshly exposed surfaces within the

time-scale of the extraction step) [10]. Certified ref-

erence materials of gabbro and granite, which con-

tain nearly no organic compounds, are used to

study the ability of pyrophosphate to attack min-

eral inorganic phases of environmental solids.

Experimental

Samples and reagents. Russian certified refer-

ence materials SG-3 (agpaitic granite) and SGD-2a

(essexite gabbro) with grain size less than 50 ìm

were under study. The samples were purchased

from the Institute of Geochemistry (Irkutsk, Sibe-

rian Branch of the Russian Academy of Sciences,

Russia).

All the reagents used were of analytical grade.

Calcium nitrate, acetic acid, hydroxylamine hydro-

chloride, potassium pyrophosphate, potassium hy-

droxide, nitric, perchloric, and hydrofluoric acids

were purchased from Merck (Germany). Leaching

solutions were prepared every month. Ultrapure

deionized water with resistivity 18.2 MÙ · cm (Mil-

lipore Simplicity) was used for the preparation of

solutions.

Dynamic leaching of elements using rotating

coiled column (RCC). The extraction and fraction-

ation of elements were performed on a planetary

centrifuge furnished with a vertical one-layer

coiled polytetrafluoroethylene (PTFE) column. The

device was fabricated in the Institute of Analytical

Instrumentation (St. Petersburg, Russia). During

the experimental protocol the spiral column rotates

around its axis and simultaneously revolves around

the central axis of the unit with the aid of a plane-

tary gear. The two axes are parallel. The planetary

centrifuge has a revolution radius R = 90 mm and

a rotation radius r = 50 mm. The â value (â = r/R)

is therefore 0.55. The separation column is made of

PTFE tube with an inner diameter of 1.6 mm and a

total inner capacity of 20 mL. The tube volume is

approximately 10 mL.

Before commencing the leaching procedure, the

spiral PTFE column was filled with water, after

that the solid sample (500 mg) was introduced into

the column (in the stationary mode) as a suspen-

sion in 5 mL of 0.05 M Ca(NO3)2. Then, extra 5 ml

of 0.05 M Ca(NO3)2 were added into the sample

test-tube and injected into the column. Then, while

the column was rotated (the rotation and revolu-

tion speeds were 600 rpm), extracting reagents

used as eluents were continuously fed to the col-

umn inlet (1.0 mL/min). The eluents applied ad-

dressed exchangeable, specifically sorbed, bound to

Mn oxides, and bound to metal-organic complexes

fractions extractable by 0.05 M Ca(NO3)2, 0.43 M

CH3COOH, 0.1 M NH2OH · HCl, and 0.1 M K4P2O7

at pH 11, respectively. The fractionation was

achieved by successive changing the eluents. Each

of first two reagents (calcium nitrate and acetic

acid) was pumped through the column during

120 min. Each other reagent was pumped during

60 min. Throughout the experiment, the solid

sample was retained inside the rotating column

by the centrifugal force. The collected sub-fractions

of effluent were directly analyzed by ICP-MS and

ICP-AES without filtration. After the extraction,

the solid residue was removed from the stopped

column by pumping water at a flow rate of
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30 mL/min. All the extractions were made in tri-

plicate.

Elemental analysis of extracts and residual

fractions. The elements in extracts were deter-

mined using an ICP-MS (X-7, Thermo Scientific,

USA). The measurements were made using the

standard parameters: a RF generator power of

1250 W; a PolyCon nebulizer; a plasma-forming

Ar flow rate of 12 L/min; an auxiliary Ar flow rate

of 0.9 L/min; an Ar flow rate into the nebulizer

of 0.9 L/min; an analyzed sample flow rate of

0.8 mL/min. The selected elements (Li, Na, Mg, Al,

P, S, K, Ca, V, Mn, Fe, Cu, Zn, Sr, and Ba) were also

determined by ICP-AES (iCAP 6500, Thermo Sci-

entific, USA). The measurements were made using

the standard parameters: a RF generator power of

1250 W; a PolyCon nebulizer; a plasma-forming Ar

flow rate of 13 L/min; an auxiliary Ar flow rate of

0.6 L/min; an Ar flow rate into the nebulizer of

0.8 L/min; an analyzed sample flow rate of

1.2 mL/min. For Li, V, Mn, Cu, Zn, Sr, and Ba,

which were determined both by ICP-AES and

ICP-MS, average values of contents were used.

It should be noted that the data for these elements

confirmed the accuracy of the results obtained by

both methods.

The elemental analysis of residual fractions

was performed using a certified procedure de-

scribed in detail earlier [21 – 23]. Samples were di-

gested in an open beaker using a combination of

perchloric, hydrofluoric, and nitric acids.

Results and discussion

Dynamic fractionation of trace elements. As

outlined in the introduction, the dynamic extrac-

tion is an attractive alternative to the conventional

batchwise SEP. Microcolumn extraction and RCC

extraction are regarded as the most promising

techniques [24]. Since planetary centrifuges

equipped with one-layer and multi-layer rotating

columns are extensively used in countercurrent

chromatography, they are fabricated and commer-

cially available in many countries.

The dynamic fractionation of trace elements

was performed according to the leaching procedure

proposed and tested in our previous works [25, 26].

The sequence of extractants was developed accord-

ing to studies [4, 27, 28] on the selectivity of leach-

ants to dissolved phases of soils and sediments.

0.05 M calcium nitrate was used as a prospective

reagent for the recovery of exchangeable (retained

by weak electrostatic interactions) fraction [4].
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TABLE 1. Concentrations of elements in essexite gabbro (Russian certified reference material SGD-2a), mg/kg (n = 3;

P = 0.95)

Element
Pyrophosphate

extractable fraction

Sum of residual and four

extractable fractions

Total concentration

(certified value)

Al 40 ± 5 (41.2 ± 2.8) · 103 (39.5 ± 1.6) · 103

Cr n.d.* 65 ± 5 58 ± 5

Mn 0.5 ± 0.1 (1.32 ± 0.35) · 103 (1.30 ± 0.08) · 103

Fe 72 ± 6 (36.2 ± 8.2) · 103 (39.6 ± 1.2) · 103

Co n.d. 40 ± 7 40 ± 4

Cu n.d. 50 ± 8 58 ± 5

La 0.43 ± 0.02 80 ± 10 82 ± 10

Ce 0.96 ± 0.08 145 ± 30 163 ± 20

Pr 0.14 ± 0.04 18 ± 5 20.7 ± 3.7

Nd 0.412 ± 0.007 77 ± 15 89 ± 11

Sm 0.06 ± 0.01 15 ± 4 17 ± 2

Eu 0.017 ± 0.001 2.8 ± 0.6 3.9 ± 0.5

Gd 0.035 ± 0.006 11 ± 3 11.5 ± 2.0

Tb 0.005 ± 0.001 1.4 ± 0.2 1.5 ± 0.2

Dy 0.020 ± 0.005 7.1 ± 0.2 6.2 ± 1

Ho 0.004 ± 0.001 1.16 ± 0.16 1.1 ± 0.2

Er 0.011 ± 0.002 3.1 ± 0.3 2.8 ± 0.6

Tm n.d. 0.36 ± 0.03 0.35

Yb 0.005 ± 0.001 2.4 ± 0.1 2.5 ± 0.3

Lu n.d. 0.32 ± 0.06 0.30 ± 0.05

* not determined.



Non-buffered acetic acid solutions (usually 0.1 –

0.43 M) are commonly applied to leach the acid sol-

uble fraction (carbonates, or other specifically ad-

sorbed species of trace elements for non-calcareous

samples) [5, 6]. The recommended concentration of

0.43 M [4] was used in the present work. A non-

acidified 0.1 M hydroxylamine solution at pH 3.6 as

an extracting reagent [27] was used for the selec-

tive dissolution of manganese oxides without a no-

table attack to iron oxides, organic compounds or

Al-containing mineral phases. The mixture 0.1 M

K4P2O7 + 0.1 M KOH (pH 11) was used to leach

metals bound to metal-organic complexes.

The most important results of the dynamic

extraction of trace and some major elements from

gabbro and granite samples are shown in Tables 1

and 2, correspondingly. As seen, the sum of extract-

able and residual fractions of trace and major ele-

ments and certified values of their total concentra-

tions are in good agreement. This confirms the ac-

curacy of the results obtained.

The distribution of elements between extract-

able and residual fractions in gabbro and granite

samples is clearly illustrated in the Figure. In ma-

jor cases the residual fraction of elements is the

most representative one, as it can be expected for

gabbro and granite. The exchangeable fraction of

gabbro sample contains nearly no extractable ele-

ments. At the same time notable amounts of major

elements (such as Al, Fe, Mn) and trace elements

(such as Cu, Cr, rare earth elements) were found in

acid soluble and easily reducible fractions. Pyro-

phosphate extractable fraction of gabbro sample is

also not free from Al, Fe, and REE. In the sample of

granite, trace and major elements are distributed

between all four extractable fractions. It should be

noted that the exchangeable fraction is character-

ized by relatively high concentrations of Al, Fe, Mn,

and REE. These elements were also found in acid

soluble, easily reducible, and pyrophosphate ex-

tractable fractions.

Pyrophosphate extractable fraction. For gabbro

sample, relative contents of elements in pyrophos-

phate extractable fraction are less than 1% (Fig-

ure). For granite samples, these values are higher

(up to 4% for rare earth elements and 13% for Cr).

This phenomenon needs a special consideration

and might be explained on the basis of coordination

chemistry of pyrophosphate complexes.

Pyrophosphate ion is the result of condensation

of two hydrophosphate units. The pi-bonding stabi-

lizes di- and polyphosphate species in solution

much more than analogous sulphates. The first

protonation constant of the pyrophosphate ion at
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TABLE 2. Concentrations of elements in agpaitic granite (Russian certified reference material SG-3), mg/kg (n = 3;

P = 0.95)

Element Pyrophosphate extractable fraction
Sum of residual and four

extractable fractions

Total concentration

(certified value)

Al 75 ± 10 (29.7 ± 3.5) · 103 (28.1 ± 0.2) · 103

Cr 5.1 ± 1.0 38.9 ± 8.3 31 ± 3

Mn 4.1 ± 0.8 (1.09 ± 0.05) · 103 930 ± 40

Fe 400 ± 90 (17.4 ± 2.4) · 103 (15.7 ± 0.2) · 103

Co n.d.* 0.84 ± 0.17 1.3 ± 0.3

Cu n.d. 15 ± 4 12 ± 1

La 0.66 ± 0.07 40 ± 3 45 ± 5

Ce 3.5 ± 0.7 87 ± 7 90 ± 10

Pr 0.38 ± 0.10 12.3 ± 0.6 —

Nd 1.7 ± 0.3 52 ± 3 50 ± 10

Sm 0.42 ± 0.07 11 ± 1 10 ± 1

Eu 0.0020 ± 0.0005 0.30 ± 0.03 0.4 ± 0.1

Gd 0.32 ± 0.06 10 ± 1 —

Tb 0.035 ± 0.005 1.7 ± 0.3 1.7 ± 0.3

Dy 0.17 ± 0.03 10 ± 1 10

Ho 0.025 ± 0.007 1.9 ± 0.2 —

Er 0.08 ± 0.01 6.4 ± 0.6 6

Tm 0.007 ± 0.001 0.92 ± 0.10 —

Yb 0.055 ± 0.012 6.7 ± 0.7 7 ± 1

Lu 0.007 ± 0.001 1.1 ± 0.1 0.9 ± 0.2

* not determined.



25°C is 2.29 · 107 M–1 in 1 M NaClO4 [29] and

3.39 · 107 M–1 in 1 M NaNO3 [30]. The rate of hyd-

rolysis reaction P O
2 7

2� + H2O = 2
4

HPO � increases

at low pH and under heating. The high metal ion

concentration prevents hydrolysis due to the com-

plex formation. The stability of metal complexes

with di- and polyphosphates increases in alkaline

media due to the deprotonation of anion [31]. Di-

phosphate ions form complexes with a large num-

ber of cations including alkali and alkaline earth

metals. The values of stability constants are, e.g.,

K1 = 12.6 M–1 for [NaP2O7]
3– and 1.6 · 103 M–1 for

[Pb(P2O7)2]
6– (25°C, 1 M NaNO3) [32]. It is well

known that pyro- and triphosphates of rare earth

elements dissolve in an excess of sodium pyrophos-

phate in both acidic and alkaline media. The lowest

solubility of LnPO4 occurs in neutral solution. The

addition of HP O
2 7

3� to a metal salt solution results

in the decrease of pH due to the liberation of free

H+ ions. Large excess of pyrophosphate is required

to dissolve the pyrophosphates of di- and trivalent

metals. The complexes that present in acidic solu-

tions generally contain two or three chelating pyro-

phosphate units [33]. The extraction of metals by

pyrophosphate increases in alkaline solution with

the excess of extraction agent.

Taking into consideration the coordination

chemistry of pyrophosphate complexes, it becomes

clear that apart from metal-organic complexes, py-

rophosphate in alkaline solution may also slightly

attack inorganic compounds of trace and major ele-

ments. As it is seen from the results obtained, the

partial dissolution of rare earth and other elements

bound to inorganic compounds (including oxyhydr-

oxides and aluminosilicates) is dependent on the

geochemical composition of minerals. For gabbro

sample, the recovery of REE, aluminum, iron, and

manganese is nearly negligible (less than 1% of

their total contents). For granite sample, the recov-

ery of trace REE may be up to 4%, whereas the re-

covery of major elements (iron, aluminum, and

manganese) is less than 2%. Chromium is an excep-

tion and its recovery in pyrophosphate extractable

fraction is more than 10%. A lower extractability of

elements from gabbro might be attributed to the

geochemical peculiarities of this mineral. It con-

sists primarily of plagioclase and pyroxene and may

be considered as an analogue of basalt. Highly crys-

talline structure of gabbro makes the elements

nearly unavailable for “mild” pyrophosphate ex-

traction. Granites, which contain primarily feld-

spar, quartz and biotite, are less crystalline and

may reflect to some extent the primary minerals

composition of acid soils in the context of the pres-

ent research, though in fact soils consists of a great

number of different minerals.

Conclusion

It may be concluded that potassium pyrophos-

phate in alkaline medium could be further re-

garded as a sufficiently selective extracting rea-

gent for the dissolution of metal-organic complexes

while using SEP for the speciation analysis of envi-

ronmental solids. Nevertheless, in the interpreta-

tion of the results obtained it should be always

taken into consideration that due to the formation

of stable pyrophosphate complexes, inorganic com-

pounds (including oxyhydroxides and aluminosili-

cates) might be also partially dissolved, that leads

to the mobilization of elements bound to mineral

phases of samples under investigation. For soils

with high content of organic compounds, the con-

tribution of dissolution of inorganic compounds by

pyrophosphate to the results of fractionation anal-

ysis may be negligible. However, if the content of

organic compounds in soil is low, this contribution

may be crucial. The conclusion made is of impor-

tance for the fractionation analysis of soil and sedi-

ments and its applications to soil science and

biogeochemistry.
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Äëÿ àòòåñòàöèè êàíäèäàòà â ñòàíäàðòíûå îáðàçöû ñîñòàâà õâîè ñîñíû ñèáèðñêîé (ÕÑÑ-1)

ðàçðàáîòàíû ìåòîäèêè àíàëèçà, âêëþ÷àþùèå ðàçëîæåíèå ðàñòèòåëüíûõ îáðàçöîâ äâóìÿ

ðàçíûìè ñïîñîáàìè (ñìåñüþ êèñëîò â ìèêðîâîëíîâîé ñèñòåìå MARS-5 è ñïëàâëåíèåì ñ ìå-

òàáîðàòîì ëèòèÿ) è îïðåäåëåíèå òðåáóåìûõ äëÿ àòòåñòàöèè ýëåìåíòîâ â ïîëó÷åííûõ ðàñ-

òâîðàõ ìåòîäàìè ìàññ-ñïåêòðîìåòðèè âûñîêîãî ðàçðåøåíèÿ è àòîìíî-ýìèññèîííîé ñïåê-

òðîìåòðèè ñ èíäóêòèâíî-ñâÿçàííîé ïëàçìîé (ÌÑ-ÈÑÏ è ÀÝÑ-ÈÑÏ). Èçìåðåíèÿ âûïîë-

íåíû ñ èñïîëüçîâàíèåì ìàññ-ñïåêòðîìåòðà ELEMENT â íèçêîì, ñðåäíåì è âûñîêîì ðàç-

ðåøåíèè è àòîìíî-ýìèññèîííîãî ñïåêòðîìåòðà IRIS Advantage ñ ïðèìåíåíèåì âíåøíèõ

ãðàäóèðîâîê â ñî÷åòàíèè ñ âíóòðåííèìè ñòàíäàðòàìè (In — ÌÑ-ÈÑÏ, Sc — AÝC-ÈÑÏ).

Âûïîëíåíèå èçìåðåíèé â ñðåäíåì è âûñîêîì ðàçðåøåíèè ìàññ-ñïåêòðîìåòðà ïîçâîëèëî

ðåøèòü ïðîáëåìó ñïåêòðàëüíûõ íàëîæåíèé ïðè àíàëèçå ðàñòèòåëüíûõ îáðàçöîâ ìåòîäîì

ÌÑ-ÈÑÏ. Ïðîäåìîíñòðèðîâàíà ñîãëàñîâàííîñòü ðåçóëüòàòîâ, ïîëó÷åííûõ äâóìÿ ìåòîäà-

ìè (ÌÑ-ÈÑÏ è ÀÝÑ-ÈÑÏ) ïðè àíàëèçå ðàñòâîðîâ, ïðèãîòîâëåííûõ ñ ïðèìåíåíèåì ðàçíûõ

ìåòîäèê õèìè÷åñêîé ïîäãîòîâêè. Ïðàâèëüíîñòü ìåòîäèê äîêàçàíà ñðàâíåíèåì ðåçóëüòàòîâ

àíàëèçà òðåõ ðàñòèòåëüíûõ ñòàíäàðòíûõ îáðàçöîâ — ËÁ-1 (ëèñò áåðåçû), Òð-1 (òðàâî-

ñìåñü) è ÝÊ-1 (ýëîäåÿ êàíàäñêàÿ) — ñ àòòåñòîâàííûìè/ðåêîìåíäîâàííûìè çíà÷åíèÿìè.

Êàíäèäàò â ñòàíäàðòíûå îáðàçöû ñîñòàâà ÕÑÑ-1 ïðîàíàëèçèðîâàí ñ ïðèìåíåíèåì ðàçðà-

áîòàííûõ ìåòîäèê, ïîëó÷åíû íîâûå äàííûå ïî 37 ýëåìåíòàì ìåòîäîì ÌÑ-ÈÑÏ, ðåçóëüòà-

òû îïðåäåëåíèÿ 17 èç íèõ ïîäòâåðæäåíû ìåòîäîì ÀÝÑ-ÈÑÏ, è åùå îäèí ýëåìåíò (B) îïðå-

äåëåí òîëüêî ìåòîäîì ÀÝÑ-ÈÑÏ. Îòíîñèòåëüíàÿ ïîãðåøíîñòü àíàëèçà íå ïðåâûøàåò 10 %

äëÿ áîëüøèíñòâà ýëåìåíòîâ. Ïîêàçàíî, ÷òî ñî÷åòàíèå äâóõ ìåòîäîâ àíàëèçà äëÿ àòòåñòà-

öèè íîâîãî îáðàçöà ïîçâîëÿåò ðàñøèðèòü íàáîð îïðåäåëÿåìûõ ýëåìåíòîâ è ñîêðàòèòü îá-

ùåå âðåìÿ àíàëèçà.

Êëþ÷åâûå ñëîâà: ìàññ-ñïåêòðîìåòðèÿ ñ èíäóêòèâíî-ñâÿçàííîé ïëàçìîé (ÌÑ-ÈÑÏ);

àòîìíî-ýìèññèîííàÿ ñïåêòðîìåòðèÿ ñ èíäóêòèâíî-ñâÿçàííîé ïëàçìîé (ÀÝÑ-ÈÑÏ); ïðîáî-

ïîäãîòîâêà îáðàçöîâ; ñòàíäàðòíûå îáðàçöû ðàñòåíèé.

ICP-MS AND ICP-AES ANALYSIS OF PLANT REFERENCE MATERIALS

� Irina V. Nikolaeva1, Anna A. Kravchenko1,2*, Stanislav V. Palessky1,

Sergey F. Nechepurenko1, Dina V. Semenova1

1 Sobolev Institute of Geology and Mineralogy Siberian Branch of the Russian Academy of Sciences, 3 Koptyug Av., 630090,

Novosibirsk, Russia; *e-mail: aakravchenko@igm.nsc.ru
2 Novosibirsk State University, 1 Pirogova st., 630090, Novosibirsk, Russia

Received February 20, 2019. Revised March 19, 2019. Accepted March 25, 2019.

Two methods — ICP-MS and ICP-AES are used for certification of the new reference material — needles

of Siberian pine (NSP-1). Techniques of the analysis include decomposition of plant samples in two differ-

ent ways: acid digestion in a microwave system MARS-5 and lithium metaborate fusion followed by

ICP-MS and ICP-AES analysis of the solutions. Simultaneous determinations of all the elements were car-

ried out in low, medium and high resolution using SF-mass-spectrometer ELEMENT and atomic-emission

spectrometer IRIS Advantage with external calibrations and internal standards (In — ICP-MS, Sc —
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ICP-AES). Middle and high resolutions of ICP mass spectrometer were used for interference corrections.

Data obtained by ICP-MS and ICP-AES with different decomposition techniques are in good agreement.

The ICP-MS and ICP-AES techniques have been validated by the analysis of three plant reference materi-

als: LB-1 (leaf of a birch), Tr-1 (grass mixture) and EK-1 (Canadian pondweed). These techniques were

used for the determination of 38 elements in the new reference material NSP-1. Relative standard devia-

tions for most of the determined elements were below 10%. Combination of ICP-MS and ICP-AES tech-

niques for certification of the new reference material makes it possible to expand the set of elements to be

determined and to reduce the total analysis time.

Keywords: inductively coupled plasma mass spectrometry (ICP-MS); inductively coupled plasma atomic

emission spectrometry (ICP-AES); sample preparation; plant reference materials.

Ââåäåíèå

Ñòàíäàðòíûå îáðàçöû çàíèìàþò êëþ÷åâîå

ìåñòî â õèìè÷åñêîì àíàëèçå ëþáûõ îáúåêòîâ, èã-

ðàÿ âñå áîëüøóþ ðîëü â îáåñïå÷åíèè äîñòîâåðíî-

ñòè èçìåðåíèé â ðàçëè÷íûõ æèçíåííî âàæíûõ

îáëàñòÿõ. Íåîáõîäèìîñòü ïðîâåäåíèÿ ýêîëîãè÷å-

ñêèõ èññëåäîâàíèé, íàïðàâëåííûõ íà îöåíêó ñî-

ñòîÿíèÿ îêðóæàþùåé ñðåäû è çäîðîâüÿ ÷åëîâåêà,

èññëåäîâàíèé ðàñòèòåëüíûõ êîìïîíåíòîâ ïèòà-

íèÿ ÷åëîâåêà, à òàêæå âîçðàñòàþùèé ñïðîñ íà ëå-

êàðñòâåííûå ñðåäñòâà ðàñòèòåëüíîãî ïðîèñõîæ-

äåíèÿ ïðè èñïîëüçîâàíèè íàäåæíîé ñèñòåìû èõ

ñòàíäàðòèçàöèè îáóñëàâëèâàþò àêòóàëüíîñòü

ñîçäàíèÿ ñòàíäàðòíûõ îáðàçöîâ ðàñòèòåëüíîãî

ñîñòàâà [1 – 3].

Íîâûå ñòàíäàðòíûå îáðàçöû íåîáõîäèìî àò-

òåñòîâàòü ïî ìàêñèìàëüíî øèðîêîìó íàáîðó ýëå-

ìåíòîâ, äëÿ ýòîé öåëè íàèáîëåå ýôôåêòèâíî ïðè-

ìåíåíèå âûñîêî÷óâñòâèòåëüíûõ ìåòîäîâ ìàññ-

ñïåêòðîìåòðèè ñ èíäóêòèâíî-ñâÿçàííîé ïëàçìîé

(ÌÑ-ÈÑÏ) è àòîìíî-ýìèññèîííîé ñïåêòðîìåòðèè

ñ èíäóêòèâíî-ñâÿçàííîé ïëàçìîé (ÀÝÑ-ÈÑÏ), êî-

òîðûå ïîçâîëÿþò â ðàìêàõ îäíîãî èçìåðåíèÿ îï-

ðåäåëÿòü áîëüøîå êîëè÷åñòâî ýëåìåíòîâ, êàê îñ-

íîâíûõ, òàê è ïðèìåñíûõ. Ïðè ýòîì ÌÑ-ÈÑÏ îò-

ëè÷àåòñÿ áîëåå íèçêèìè ïðåäåëàìè îáíàðóæåíèÿ

(äî 10–15 ã/ìë), à ÀÝÑ-ÈÑÏ ïîçâîëÿåò àíàëèçèðî-

âàòü ðàñòâîðû ñ îáùèì ñîäåðæàíèåì ñîëåé äî

10 % è õàðàêòåðèçóåòñÿ ñóùåñòâåííî áîëåå íèç-

êèì óðîâíåì «ïàìÿòè» ïðèáîðà [4 – 6].

Îñíîâíûì òðåáîâàíèåì ÌÑ-ÈÑÏ è

ÀÝÑ-ÈÑÏ àíàëèçà òâåðäûõ îáðàçöîâ ÿâëÿåòñÿ

ïîëíîå ïåðåâåäåíèå îïðåäåëÿåìûõ ýëåìåíòîâ

â ðàñòâîð, îáåñïå÷åíèå ñòàáèëüíîñòè ðàñòâîðà

è ìàêñèìàëüíîå ñíèæåíèå â íåì ñîäåðæàíèÿ ìàò-

ðè÷íûõ ýëåìåíòîâ [4, 5]. Äëÿ ðàçëîæåíèÿ ðàñòè-

òåëüíûõ îáðàçöîâ íàèáîëåå ýôôåêòèâíî ïðèìå-

íåíèå ñìåñè ìèíåðàëüíûõ êèñëîò (HNO3, HCl,

HF, HClO4) è H2O2 â ðàçëè÷íûõ ñî÷åòàíèÿõ, ÷àùå

âñåãî â àâòîêëàâàõ [7 – 20].

Èñïîëüçîâàíèå ïðè ïðîáîïîäãîòîâêå ðàñòè-

òåëüíûõ îáðàçöîâ òîëüêî HNO3 èëè â ñî÷åòàíèè

ñ H2O2 ïðåäïî÷òèòåëüíåå, òàê êàê ýòè ðåàêòèâû

íå âíîñÿò â ïëàçìó ýëåìåíòû, êðîìå óæå ñîäåð-

æàùèõñÿ â íåé, è, òàêèì îáðàçîì, ïîçâîëÿþò èç-

áåæàòü ïîÿâëåíèÿ äîïîëíèòåëüíûõ ñïåêòðàëü-

íûõ íàëîæåíèé ïðè ÌÑ-ÈÑÏ èçìåðåíèÿõ. Îäíà-

êî êèñëîòíîå ðàçëîæåíèå ñ HNO3 íå ïîçâîëÿåò

îïðåäåëÿòü â îáðàçöàõ êðåìíèé, ïîñêîëüêó íå

ïðîèñõîäèò åãî ïîëíîãî ïåðåâåäåíèÿ â ðàñòâîð

[17], à òàêæå íåêîòîðûå ñâÿçàííûå ñ íèì ýëåìåí-

òû [9, 11, 19].

Ïðè èñïîëüçîâàíèè ôòîðîâîäîðîäíîé êèñëî-

òû äëÿ ðàçëîæåíèÿ ñèëèêàòíîé îñíîâû áîëüøèí-

ñòâà ïðèðîäíûõ îáðàçöîâ ïðèõîäèòñÿ äîáàâëÿòü

ñòàäèè óïàðèâàíèÿ ðàñòâîðîâ äëÿ óäàëåíèÿ èç-

áûòêà ôòîðèä-èîíîâ, ñ íåèçáåæíîé ÷àñòè÷íîé îò-

ãîíêîé êðåìíèÿ â âèäå SiF4 è ðàñòâîðåíèåì îáðà-

çîâàâøèõñÿ íåðàñòâîðèìûõ ôòîðèäîâ â ñèëüíûõ

êèñëîòàõ. Äëÿ ñâÿçûâàíèÿ èçáûòêà ôòîðîâîäî-

ðîäíîé êèñëîòû ìîæíî òàêæå èñïîëüçîâàòü áîð-

íóþ êèñëîòó èëè ìèíèìèçèðîâàòü êîëè÷åñòâî

ôòîðîâîäîðîäíîé êèñëîòû ïðè ðàçëîæåíèè â öå-

ëÿõ ïðåäîòâðàùåíèÿ ñóùåñòâåííîãî îáðàçîâàíèÿ

íåðàñòâîðèìûõ ôòîðèäîâ è ðàçðóøåíèÿ ñòåêëÿí-

íûõ ÷àñòåé ðàñïûëèòåëüíîé ñèñòåìû ïðèáîðîâ

[9, 11, 19]. Òàêèì îáðàçîì, âûáîð ìåòîäèêè õèìè-

÷åñêîé ïîäãîòîâêè ðàñòèòåëüíûõ îáðàçöîâ çàâè-

ñèò êàê îò óðîâíÿ ñîäåðæàíèÿ è ôîðì íàõîæäå-

íèÿ â íèõ êðåìíèÿ, òàê è îò íàáîðà îïðåäåëÿå-

ìûõ ýëåìåíòîâ.

Öåëü íàñòîÿùåé ðàáîòû — âûáîð ìåòîäèêè

ðàçëîæåíèÿ è àíàëèçà ðàñòèòåëüíûõ îáðàçöîâ

ìåòîäàìè ÌÑ-ÈÑÏ è ÀÝÑ-ÈÑÏ è ïîëó÷åíèå íî-

âûõ äàííûõ ïî ñîñòàâó êàíäèäàòà â ñòàíäàðòíûå

îáðàçöû — õâîè ñîñíû ñèáèðñêîé (ÕÑÑ-1) â ðàì-

êàõ ìåæëàáîðàòîðíîãî ýêñïåðèìåíòà ïî àòòåñòà-

öèè íîâîãî ñòàíäàðòíîãî îáðàçöà.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Èññëåäóåìûå îáðàçöû. Îáúåêòàìè àíàëèçà

áûëè ñòàíäàðòíûå îáðàçöû ñîñòàâà ðàñòèòåëü-

íîãî ïðîèñõîæäåíèÿ: ËÁ-1 (ëèñò áåðåçû ÃÑÎ

8923–2007), Òð-1 (òðàâîñìåñü ÃÑÎ 8922–2007),

ÝÊ-1 (ýëîäåÿ êàíàäñêàÿ ÃÑÎ 8921–2007) è êàíäè-

äàò â ñòàíäàðòíûå îáðàçöû ÕÑÑ-1 (õâîÿ ñîñíû

ñèáèðñêîé). Óêàçàííûå ñòàíäàðòíûå îáðàçöû

ñîçäàíû â Èíñòèòóòå ãåîõèìèè èì. À. Ï. Âèíî-

ãðàäîâà ÑÎ ÐÀÍ ãðóïïîé îïòè÷åñêîãî ñïåêòðàëü-

íîãî àíàëèçà è ñòàíäàðòíûõ îáðàçöîâ (ðóêîâîäè-

òåëü ãðóïïû — ä.ò.í. È. Å. Âàñèëüåâà) è àòòåñòî-

âàíû ïî ðàçíîìó êîëè÷åñòâó ýëåìåíòîâ: ËÁ-1 àò-
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òåñòîâàí ïî 41 ýëåìåíòó è ïî 22 ýëåìåíòàì äàíû

îðèåíòèðîâî÷íûå çíà÷åíèÿ, Òð-1 — ïî 38 è 24,

ÝÊ-1 — ïî 34 è 29 ýëåìåíòàì ñîîòâåòñòâåííî

[21]. Âñå îáðàçöû ïðåäñòàâëÿþò ñîáîé ïîðîøêè,

ïîëó÷åííûå èç âûñóøåííûõ ðàñòåíèé, ñ ðàçìå-

ðàìè ÷àñòèö íå áîëåå 0,14 ìì.

Íàáîð îïðåäåëÿåìûõ â ðàáîòå ýëåìåíòîâ îáó-

ñëîâëåí òðåáîâàíèÿìè àòòåñòàöèè, âîçìîæíîñòÿ-

ìè èñïîëüçóåìûõ ìåòîäîâ àíàëèçà è ñîñòàâëÿåò

42 ýëåìåíòà (Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Ce,

Co, Cr, Cs, Cu, Fe, K, La, Li, Mg, Mn, Mo, Na, Nb,

Nd, Ni, P, Pb, Rb, S, Sb, Sc, Se, Si, Sn, Sr, Ti, V, W, Y,

Yb, Zn, Zr). Óðîâåíü ñîäåðæàíèÿ êðåìíèÿ â ñòàí-

äàðòíûõ îáðàçöàõ îòëè÷àåòñÿ äëÿ ðàçíûõ îáðàç-

öîâ è ñîñòàâëÿåò îò 4 (ËÁ-1) äî 1100 ìêã/ã (ÝÊ-1).

Õèìè÷åñêèå ðåàêòèâû è àïïàðàòóðà. Â ðà-

áîòå èñïîëüçîâàëè ñïåöèàëüíî î÷èùåííûå ðå-

àêòèâû: äåèîíèçîâàííóþ âîäó ñ óäåëüíûì ñî-

ïðîòèâëåíèåì áîëüøå 18,2 ÌÙ · ñì, î÷èùåííóþ

â ñèñòåìå MilliQ (Millipore, ÑØÀ); àçîòíóþ è

ñîëÿíóþ êèñëîòû êâàëèôèêàöèè îñ÷, ïåðåãíàí-

íûå äâàæäû ñ ïîìîùüþ óñòàíîâîê äëÿ ïåðåãîíêè

áåç êèïåíèÿ DuoPure (MileStone, Äàíèÿ) [22];

äâàæäû ïåðåãíàííóþ â àïïàðàòå Ìàòòèñîíà

ôòîðîâîäîðîäíóþ êèñëîòó (îñ÷). Ìåòàáîðàò ëè-

òèÿ (LiBO2) áûë ñèíòåçèðîâàí ñïåêàíèåì 20 %-

íîãî èçáûòêà êàðáîíàòà ëèòèÿ (Li2CO3, îñ÷) è

áîðíîé êèñëîòû (H3BO3, îñ÷) ïðè 500 °C â òå÷å-

íèå 3 ÷ â ïëàòèíîâîé ïîñóäå ñ ïîñëåäóþùèì ðàñ-

òèðàíèåì ñïåêà [23].

Äëÿ ðàçëîæåíèÿ îáðàçöîâ èñïîëüçîâàëè ìèê-

ðîâîëíîâóþ ñèñòåìó MARS-5 (CEM Corporation,

Matthews, North Carolina, ÑØÀ) è ìóôåëüíóþ

ïå÷ü Nabertherm (Ãåðìàíèÿ). Íàâåñêè âçâåøèâà-

ëè íà àíàëèòè÷åñêèõ âåñàõ Sartorius BP211D

(Ãåðìàíèÿ) ñ òî÷íîñòüþ äî ÷åòâåðòîãî çíàêà. Äëÿ

ðàçáàâëåíèÿ èñïîëüçîâàëè äîçàòîðû ïîñòîÿííîãî

îáúåìà.

Ìåòîäèêà õèìè÷åñêîé ïîäãîòîâêè. Äëÿ ïå-

ðåâåäåíèÿ îïðåäåëÿåìûõ ýëåìåíòîâ â ðàñòâîð èñ-

ïîëüçîâàëè äâå ìåòîäèêè. Ïðè êèñëîòíîì ðàçëî-

æåíèè (ìåòîäèêà 1) íàâåñêó îáðàçöà ~0,1 ã âçâå-

øèâàëè ïðÿìî â àâòîêëàâàõ, äîáàâëÿëè 10 ìë

«îáðàòíîé» öàðñêîé âîäêè è îñòàâëÿëè ïðè êîì-

íàòíîé òåìïåðàòóðå íà íî÷ü. Çàòåì äîáàâëÿëè

0,4 ìë êîíöåíòðèðîâàííîé HF, ïîìåùàëè â ìèê-

ðîâîëíîâóþ ñèñòåìó è ïðîâîäèëè ðàçëîæåíèå

ïðè 180 °C è ïðåäåëüíîì äàâëåíèè 16 àòì (âûõîä

íà ðåæèì — 20 ìèí, âûäåðæèâàíèå — 40 ìèí).

Ðàñòâîð óïàðèâàëè íà ïëèòêå, ïîëó÷åííûé ñóõîé

îñòàòîê ðàñòâîðÿëè â 10 ìë îáðàòíîé öàðñêîé

âîäêè ïðè óêàçàííûõ âûøå óñëîâèÿõ â MARS-5.

Ïî îêîí÷àíèè ïðîöåäóðû àâòîêëàâ îõëàæäàëè äî

êîìíàòíîé òåìïåðàòóðû, ïîëó÷åííûå ðàñòâîðû

êîëè÷åñòâåííî ïåðåíîñèëè â îäíîðàçîâûå ïîëè-

ïðîïèëåíîâûå ïðîáèðêè îáúåìîì 15 ìë.

Ïåðåä ñïëàâëåíèåì (ìåòîäèêà 2) íàâåñêó ïðî-

áû ~1 ã îçîëÿëè â ìóôåëüíîé ïå÷è ïðè òåìïåðà-

òóðå 600 °C â ïëàòèíîâûõ òèãëÿõ äëÿ èñêëþ÷åíèÿ

áóðíîãî âñêèïàíèÿ ïðè ñïëàâëåíèè, ïîñëå îõëàæ-

äåíèÿ äîáàâëÿëè ìåòàáîðàò ëèòèÿ è ñïëàâëÿëè

ïðè 1050 °C â ñîîòâåòñòâèè ñ ðàçðàáîòàííîé

ìåòîäèêîé, ïîäðîáíî îïèñàííîé â ðàáîòå [23].

Óêàçàííàÿ ìåòîäèêà, óñïåøíî ïðèìåíÿþùàÿñÿ

äëÿ ðàçëîæåíèÿ ãåîëîãè÷åñêèõ îáðàçöîâ, áûëà

èñïîëüçîâàíà â äàííîì ñëó÷àå äëÿ ïåðåâåäåíèÿ

â ðàñòâîð êðåìíèÿ, êîòîðûé òåðÿåòñÿ ïðè êèñ-

ëîòíîì ðàçëîæåíèè (ìåòîäèêà 1), à òàêæå òàêèõ

ýëåìåíòîâ, êàê íèîáèé è öèðêîíèé, ðåçóëüòàòû

îïðåäåëåíèÿ êîòîðûõ ïðè êèñëîòíîì ðàçëî-

æåíèè ìîãóò áûòü çàíèæåíû èç-çà ïîòåðü ïðè

ãèäðîëèçå.
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Òàáëèöà 1. Îïåðàöèîííûå ïàðàìåòðû è óñëîâèÿ ÌÑ-ÈÑÏ è ÀÝÑ-ÈÑÏ àíàëèçà

Ïàðàìåòð ÌÑ-ÈÑÏ ÀÝÑ-ÈÑÏ

Òèï ðàñïûëèòåëÿ Ïíåâìàòè÷åñêèé êîíöåíòðè÷åñêèé ðàñïûëèòåëü Ìàéíõàðäà

Ìîùíîñòü Â× ãåíåðàòîðà 1250 Âò 1150 Âò

Ïðîáîïîäàþùèé ãàçîâûé ïîòîê 0,9 – 1,2 ë/ìèí 0,5 ë/ìèí

Îõëàæäàþùèé ãàçîâûé ïîòîê 14 ë/ìèí 12 ë/ìèí

Äîïîëíèòåëüíûé ãàçîâûé ïîòîê 0,9 ë/ìèí 0,5 ë/ìèí

Ïàðàìåòð ÌÑ-ÈÑÏ

Äèàïàçîí ñêàíèðîâàíèÿ ìàññ Èíòåðâàë ìàññ 9 – 238 à.å.ì. â ðåæèìå «Ïðûæêè ïî ïèêàì»

Êîëè÷åñòâî ñêàíèðîâàíèé ìàññîâîãî äèàïàçîíà 8 (íèçêîå ðàçðåøåíèå) + 8 (ñðåäíåå ðàçðåøåíèå) +

+ 10 (âûñîêîå ðàçðåøåíèå)

Ðàçðåøåíèå 300 (íèçêîå), 4000 (ñðåäíåå), 8000 (âûñîêîå)

Ïàðàìåòð ÀÝÑ-ÈÑÏ

Ðåæèì íàáëþäåíèÿ ïëàçìû Ðàäèàëüíûé

Ðàçðåøåíèå 0,007 íì

Âðåìÿ èíòåãðèðîâàíèÿ ñèãíàëà 20 ñ (180 – 265 íì) + 10 ñ (266 – 800 íì)



Íåïîñðåäñòâåííî ïåðåä èçìåðåíèÿìè ðàñòâî-

ðû ïðîá äîïîëíèòåëüíî ðàçáàâëÿëè (èòîãîâûé

ôàêòîð ðàçáàâëåíèÿ ñîñòàâëÿåò 1000 äëÿ ìåòîäè-

êè 1 è 2500 äëÿ ìåòîäèêè 2 ïðè ÌÑ-ÈÑÏ èçìåðå-

íèÿõ; 250 äëÿ ìåòîäèê 1 è 2 ïðè ÀÝÑ-ÈÑÏ èçìå-

ðåíèÿõ). Â êà÷åñòâå âíóòðåííåãî ñòàíäàðòà áûëè

âûáðàíû In (1 ìêã/ë) äëÿ ÌÑ-ÈÑÏ èçìåðåíèé è

Sc (2 ìã/ë) äëÿ ÀÝÑ-ÈÑÏ èçìåðåíèé.

ÌÑ-ÈÑÏ è ÀÝÑ-ÈÑÏ èçìåðåíèÿ. Èçìåðåíèÿ

âûïîëíÿëè ñ èñïîëüçîâàíèåì ìàññ-ñïåêòðîìåòðà

âûñîêîãî ðàçðåøåíèÿ ELEMENT (Finnigan Mat,

Ãåðìàíèÿ) è àòîìíî-ýìèññèîííîãî ñïåêòðîìåòðà

IRIS Advantage (Intertech Corporation, ÑØÀ) â

ÖÊÏ Èíñòèòóòà ãåîëîãèè è ìèíåðàëîãèè ÑÎ

ÐÀÍ. Äëÿ ïîëó÷åíèÿ èíòåíñèâíîãî è õîðîøî âîñ-

ïðîèçâîäèìîãî ñèãíàëà ïðè ñîõðàíåíèè íèçêîãî

óðîâíÿ øóìà è ìèíèìàëüíîãî óðîâíÿ îáðàçîâà-

íèÿ îêñèäíûõ èîíîâ (ÌÑ-ÈÑÏ èçìåðåíèÿ) ïåðåä

èçìåðåíèÿìè ïðîâîäèëè íàñòðîéêó ïðèáîðîâ è

îïòèìèçàöèþ èíñòðóìåíòàëüíûõ ïàðàìåòðîâ,

êîòîðûå ïðèâåäåíû â òàáë. 1.

Äëÿ ÌÑ-ÈÑÏ àíàëèçà âûáðàíû íàèáîëåå

ðàñïðîñòðàíåííûå èçîòîïû, ñâîáîäíûå îò èçî-

áàðíûõ íàëîæåíèé. Ïðè íàëè÷èè íåñêîëüêèõ

èçîòîïîâ îïðåäåëåíèå âåëè ïî 2 – 3 èçîòîïàì äëÿ

ó÷åòà âîçìîæíûõ íàëîæåíèé. Ïðè ðàñ÷åòå êîí-

öåíòðàöèé èñïîëüçîâàëè óñðåäíåííûå çíà÷åíèÿ,

ïîëó÷åííûå ïî ðàçíûì èçîòîïàì. Â òàáë. 2 ïðè-

âåäåíû èçîòîïû ýëåìåíòîâ ñ íàèáîëåå ñóùå-

ñòâåííûìè íàëîæåíèÿìè, îáóñëîâëåííûìè ìî-

ëåêóëÿðíûìè è äâóõçàðÿäíûìè èîíàìè, ñî-

ñòîÿùèìè èç êîìïîíåíòîâ ïëàçìû è îñíîâíûõ

ýëåìåíòîâ àíàëèçèðóåìîãî ðàñòâîðà. Äëÿ îòäåëå-

íèÿ óêàçàííûõ íàëîæåíèé àíàëèòû íåîáõîäèìî

îïðåäåëÿòü â ñðåäíåì è âûñîêîì ðàçðåøåíèè.

Êàê ïîêàçàíî â ðàáîòå [24], îñòàëüíûå èçîòîïû

(9Be, 85Rb, 88Sr, 89Y, 95,97Mo, 90,91Zr, 93Nb, 107,109Ag,
111Cd, 118,119Sn, 121,123Sb, 133Cs, 137Ba, 139La, 140Ce,
146Nd, 172Yb, 182,183,184W, 206,207,208Pb, 209Bi) ìîæíî

îïðåäåëÿòü â íèçêîì ðàçðåøåíèè.

B è Li îïðåäåëÿëè òîëüêî ìåòîäîì ÀÝÑ-ÈÑÏ

ïîñëå êèñëîòíîãî ðàçëîæåíèÿ â ñâÿçè ñ ïðîÿâëå-

íèåì ñóùåñòâåííîãî «ýôôåêòà ïàìÿòè» ìàññ-

ñïåêòðîìåòðà ïðè îïðåäåëåíèè ýòèõ ýëåìåíòîâ

ïîñëå ÌÑ-ÈÑÏ àíàëèçà ðàñòâîðîâ ñ âûñîêèì ñî-

äåðæàíèåì ìåòàáîðàòà ëèòèÿ èç ïëàâà.

Äëÿ ÀÝÑ-ÈÑÏ àíàëèçà èñïîëüçîâàíû íàèáî-

ëåå èíòåíñèâíûå ëèíèè 39 ýëåìåíòîâ, ñâîáîäíûå

îò ñïåêòðàëüíûõ íàëîæåíèé (òàáë. 3). Äëÿ Cs è

Yb âûáðàòü òàêèå ëèíèè, íàõîäÿùèåñÿ â ðàáî÷åì

äèàïàçîíå ñïåêòðîìåòðà, íå óäàëîñü, à Sc ýòèì

ìåòîäîì íå îïðåäåëÿëè, òàê êàê îí áûë äîáàâëåí

â êà÷åñòâå âíóòðåííåãî ñòàíäàðòà.

Äëÿ ðàñ÷åòà êîíöåíòðàöèé ïðè ÀÝÑ-ÈÑÏ

àíàëèçå èñïîëüçîâàëè âíåøíþþ ãðàäóèðîâêó

ïî ìíîãîýëåìåíòíûì ðàñòâîðàì ÌÝÑ-1,2,3,4 è

ÌÝÑ-ÐÇÌ («ÑÊÀÒ», Ðîññèÿ).

Ïðè ÌÑ-ÈÑÏ àíàëèçå èñïîëüçîâàëè âíåø-

íþþ ãðàäóèðîâêó ïî ìíîãîýëåìåíòíûì ðàñòâî-

ðàì IV-ICPMS-71B, IV-STOCK-10, CMS-1-125ML

è IV-ICPMS-71A-125ML (Inorganic Ventures,

ÑØÀ).

Îáñóæäåíèå ðåçóëüòàòîâ

Ïðåäåëû îáíàðóæåíèÿ. Ïðåäåëû îáíàðóæå-

íèÿ îïðåäåëÿåìûõ ýëåìåíòîâ, ðàññ÷èòàííûå êàê

3ó âàðèàöèè êîíòðîëüíîãî îïûòà (n = 16), ïðè-

14 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2019. Òîì 85. ¹ 6

Òàáëèöà 2. Èçîòîïû îïðåäåëÿåìûõ ýëåìåíòîâ ñ îñíîâ-

íûìè ñïåêòðàëüíûìè íàëîæåíèÿìè

Èçîòîï
Ìàññîâàÿ äîëÿ

èçîòîïà ù, %

Îñíîâíûå

íàëîæåíèÿ

Íåîáõîäèìîå

ðàçðåøåíèå

23Na 100 7Li16O+ 1100 (MR)

24Mg 79 7Li17O+, 48Ca++,
48Ti++

2250 (MR)

27Al 100 11B16O+ 1200 (MR)

28Si 92,23 12C16O+, 14N14N+ 1580 (MR)

29Si 4,67 13C16O+, 12C17O+,
15N14N+

1250 (MR)

30Si 3,10 14N16O+, 12C18O+ 1250 (MR)

31P 100 15N16O+ 1500 (MR)

32S 95 16O16O+ 1850 (MR)

33S 0,75 16O17O+ 1500 (MR)

34S 4,2 16O18O+ 1350 (MR)

35As 100 35Cl40Ar+, 59Co16O+ 8500(HR)

39K 93,26 23Na16O+, 38ArH+ 6500 (HR)

42Ca 0,65 26Mg16O+, 24Mg18O+ 2200 (MR)

43Ca 0,14 27Al16O+ 2550 (MR)

44Ca 2,09 28Si16O+ 2800 (MR)

45Sc 100 29Si16O+, 27Al18O+ 3000 (MR)

47Ti 7,30 7Li40Ar+, 31P16O+ 2900 (MR)

49Ti 5,50 33S16O+ 2850 (MR)

51V 99,75 35Cl16O+, 11B40Ar+ 2600 (MR)

52Cr 83,79 12C40Ar+, 36Ar16O+ 2300 (MR)

53Cr 9,50 16O37Cl+, 13C40Ar+ 2700 (MR)

55Mn 100 39K16O+ 3000 (MR)

56Fe 91,72 40Ar16O+, 40Ca16O+ 2500 (MR)

57Fe 2,20 41K16O+, 39K18O+ 2700 (MR)

59Co 100 23Na36Ar+ 2500 (MR)

60Ni 26,10 44Ca16O+ 3100 (MR)

62Ni 3,59 46Ti16O+ 3250 (MR)

63Cu 69,17 23Na40Ar+, 47Ti16O+ 3800 (MR)

65Cu 30,83 49Ti16O+, 25Mg40Ar+ 3950 (MR)

66Zn 27,90 50Ti16O+, 50Cr16O+,
50V16O+

3960 (MR)

67Zn 4,10 27Al40Ar+, 51V16O+ 3980 (MR)

68Zn 18,80 28Si40Ar+, 52Cr16O+ 3990 (MR)

77Se 7,6 37Cl40Ar+, 61Ni16O+ 9000 (HR)



âåäåíû â òàáë. 4 äëÿ èñïîëüçîâàííûõ ìåòîäèê

õèìè÷åñêîé ïîäãîòîâêè è äâóõ ìåòîäîâ àíàëèçà

ïðè ïåðåñ÷åòå íà òâåðäûé îáðàçåö ñ ó÷åòîì ðàç-

áàâëåíèÿ è ìàññû íàâåñêè. Ïðåäåëû îáíàðóæå-

íèÿ ìåòîäîì ÌÑ-ÈÑÏ ñóùåñòâåííî íèæå, ÷åì

ÀÝÑ-ÈÑÏ, è ïîçâîëÿþò îïðåäåëÿòü áîëüøèíñòâî

òðåáóåìûõ ýëåìåíòîâ, çà èñêëþ÷åíèåì As, Be, Se

è â íåêîòîðûõ îáðàçöàõ — Sb, ïîñëå êèñëîòíîãî

ðàçëîæåíèÿ (ìåòîäèêà 1), à ïîñëå ñïëàâëåíèÿ

(ìåòîäèêà 2) ïðåäåëû îáíàðóæåíèÿ íåäîñòàòî÷íî

íèçêèå äëÿ îïðåäåëåíèÿ óêàçàííûõ ýëåìåíòîâ, à

òàêæå Ag è Bi.

Ðåçóëüòàòû ÌÑ-ÈÑÏ è ÀÝÑ-ÈÑÏ îïðåäåëå-

íèÿ ýëåìåíòîâ â ËÁ-1, Òð-1 è ÝÊ-1. Äëÿ ïðîâåð-

êè ïðàâèëüíîñòè ðàçðàáîòàííûõ ìåòîäèê âûïîë-

íåí ÌÑ-ÈÑÏ è ÀÝÑ-ÈÑÏ àíàëèç ñòàíäàðòíûõ

îáðàçöîâ ËÁ-1, Òð-1 è ÝÊ-1 ñ îïðåäåëåíèåì 39

ýëåìåíòîâ, èç ðàññìîòðåíèÿ áûëè èñêëþ÷åíû As,

Be è Se, äëÿ êîòîðûõ ïðåäåëû îáíàðóæåíèÿ íå-

äîñòàòî÷íî íèçêèå. Ïîñëå ñïëàâëåíèÿ íå îïðåäå-

ëÿëè B è Li, âõîäÿùèå â ñîñòàâ ïëàâà, à ïîñëå êè-

ñëîòíîãî ðàçëîæåíèÿ — Si, êîòîðûé óäàëÿëè â

âèäå SiF4 â ïðîöåññå ïðîáîïîäãîòîâêè.

Â îñíîâíîì êîíöåíòðàöèè áîëüøèíñòâà îïðå-

äåëÿåìûõ ýëåìåíòîâ, ïîëó÷åííûå ïîñëå ïðîâå-

äåííîé ðàçíûìè ñïîñîáàìè õèìè÷åñêîé ïîäãî-

òîâêè, ñîãëàñóþòñÿ â ïðåäåëàõ ïîãðåøíîñòè ìåæ-

äó ñîáîé è ñ àòòåñòîâàííûìè çíà÷åíèÿìè äëÿ

âñåõ ñòàíäàðòíûõ îáðàçöîâ (òàáë. 5 – 7). Ñòîèò

òàêæå îòìåòèòü ñîãëàñîâàííîñòü ðåçóëüòàòîâ ñ

äàííûìè, ïîëó÷åííûìè ìåòîäîì ÌÑ-ÈÑÏ ïîñëå

ìèêðîâîëíîâîãî êèñëîòíîãî ðàçëîæåíèÿ â ñìåñè

êèñëîò (äëÿ îáðàçöîâ Òð-1 è ÝÊ-1) [25], è ìåòî-

äîì ðåíòãåíîôëóîðåñöåíòíîãî àíàëèçà ñ èñïîëü-

çîâàíèåì ñèíõðîòðîííîãî èçëó÷åíèÿ (ÐÔÀ-ÑÈ),

íå òðåáóþùèì ïðåäâàðèòåëüíîãî ðàçëîæåíèÿ îá-

ðàçöîâ (äëÿ îáðàçöîâ ËÁ-1, Òð-1 è ÝÊ-1) [26].

Äëÿ íåêîòîðûõ ýëåìåíòîâ íàáëþäàåòñÿ ðàç-

ëè÷èå ðåçóëüòàòîâ îïðåäåëåíèÿ, ïîëó÷åííûõ ïðè

ðàçíûõ ñïîñîáàõ ïðîáîïîäãîòîâêè. Òàê, ðåçóëüòà-

òû îïðåäåëåíèÿ Rb è Cs çàíèæåíû äëÿ âñåõ òðåõ

îáðàçöîâ ïîñëå îçîëåíèÿ è ñïëàâëåíèÿ ïî ñðàâíå-

íèþ ñ ïîëó÷åííûìè ïîñëå êèñëîòíîãî ðàçëîæå-

íèÿ è àòòåñòîâàííûìè çíà÷åíèÿìè.

Ñ äðóãîé ñòîðîíû, ðåçóëüòàòû îïðåäåëåíèÿ

îëîâà ïîñëå êèñëîòíîãî ðàçëîæåíèÿ õàðàêòåðèçó-

þòñÿ áîëüøîé ïîãðåøíîñòüþ è çàíèæåíû îòíî-

ñèòåëüíî àòòåñòîâàííûõ çíà÷åíèé äëÿ ËÁ-1 è

Òð-1. Ïîëó÷åííûå ïîñëå ñïëàâëåíèÿ êîíöåíòðà-

öèè îëîâà õîðîøî ñîãëàñóþòñÿ ñ ïðèíÿòûìè çíà-

÷åíèÿìè äëÿ îáðàçöîâ ËÁ-1 è Òð-1, à äëÿ ÝÊ-1

îïðåäåëåííûå êîíöåíòðàöèè â ïðåäåëàõ ïîãðåø-

íîñòè ñõîäÿòñÿ ìåæäó ñîáîé è ñ äàííûìè ðàáîò

[25] è [21].

Äëÿ ñòàíäàðòíîãî îáðàçöà ÝÊ-1 îòìå÷åíî

åäèíè÷íîå íåñîîòâåòñòâèå ìåæäó ïîëó÷åííûìè

êîíöåíòðàöèÿìè èòòåðáèÿ è àòòåñòîâàííûì çíà-

÷åíèåì [21], íî ïðàâèëüíîñòü ïîëó÷åííûõ íàìè

ðåçóëüòàòîâ ïîäòâåðæäàåòñÿ äàííûìè ðàáîòû

[25].

Â ñâÿçè ñ íèçêèì óðîâíåì ñîäåðæàíèÿ â ðàñ-

òèòåëüíûõ îáðàçöàõ Ag è Bi äàííûå ïî ýòèì

ýëåìåíòàì äëÿ èçó÷àåìûõ ñòàíäàðòíûõ îáðàçöîâ

ïðàêòè÷åñêè îòñóòñòâóþò, ïðèâåäåíû òîëüêî

îðèåíòèðîâî÷íûå çíà÷åíèÿ êîíöåíòðàöèé â

ÝÊ-1. Ñ èñïîëüçîâàíèåì êèñëîòíîãî ðàçëîæåíèÿ

óäàëîñü îöåíèòü êîíöåíòðàöèè ýòèõ ýëåìåíòîâ,

êîòîðûå íàõîäÿòñÿ â õîðîøåì ñîãëàñèè ñ äàííû-

ìè ðàáîòû [25]. Êîíöåíòðàöèè Nb è W â îáðàçöå

ÝÊ-1, îòñóòñòâóþùèå ñðåäè àòòåñòîâàííûõ çíà-

÷åíèé, ïîëó÷åíû äëÿ Nb ïîñëå îáîèõ ñïîñîáîâ

ïðîáîïîäãîòîâêè è äëÿ W ïîñëå êèñëîòíîãî ðàç-

ëîæåíèÿ è òàêæå ïîäòâåðæäàþòñÿ ðåçóëüòàòàìè

ðàáîòû [25].
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Òàáëèöà 3. Àíàëèòè÷åñêèå ëèíèè ýëåìåíòîâ

Ýëåìåíò Ëèíèÿ (òèï ëèíèè) Ýëåìåíò Ëèíèÿ (òèï ëèíèè) Ýëåìåíò Ëèíèÿ (òèï ëèíèè) Ýëåìåíò Ëèíèÿ (òèï ëèíèè)

Ag 328,068 (I) Ce 413,380 (II) Mo 202,030 (II) Se 196,090 (I)

Al 308,215 (I) Ce 413,765 (II) Na 330,237 (I) Si 251,612 (I)

Al 396,152 (I) Co 228,616 (II) Na 589,592 (I) Sn 189,989 (II)

As 189,042 (I) Cr 205,552 (II) Nb 309,418 (II) Sr 421,552 (II)

As 193,759 (I) Cu 324,754 (I) Nd 401,225 (II) Ti 334,941 (II)

B 249,678 (I) Fe 217,809 (I) Nd 406,109 (II) V 292,464 (II)

B 249,773 (I) Fe 259,940 (II) Ni 231,604 (II) V 310,230 (II)

Ba 455,403 (II) Fe 371,994 (I) Ni 341,476 (I) W 239,709 (II)

Be 313,042 (II) K 766,490 (I) P 213,618 (I) Y 360,073 (II)

Bi 223,061 (II) La 408,672 (II) Pb 220,353 (II) Zn 206,200 (II)

Ca 317,933 (II) Li 670,784 (I) Rb 780,023 (I) Zn 213,856 (I)

Ca 318,128 (II) Mg 279,806 (II) S 180,731 (I) Zr 339,198 (II)

Cd 214,438 (II) Mg 285,213 (I) S 182,034 (I)

Cd 226,502 (II) Mn 257,610 (II) Sb 206,833 (I)



Êîíöåíòðàöèÿ ñóðüìû îïðåäåëåíà â äâóõ îá-

ðàçöàõ — ËÁ-1 è ÝÊ-1, à â ÒÐ-1 íàõîäèòñÿ íèæå

ïðåäåëà îáíàðóæåíèÿ.

Òàêèì îáðàçîì, ïóòåì ÌÑ-ÈÑÏ àíàëèçà ñòàí-

äàðòíûõ îáðàçöîâ ïîñëå êèñëîòíîãî ðàçëîæåíèÿ

áûëà ïîäòâåðæäåíà ïðàâèëüíîñòü îïðåäåëåíèÿ

35 ýëåìåíòîâ. Åùå äâà ýëåìåíòà áûëè îïðå-

äåëåíû òîëüêî ìåòîäîì ÀÝÑ-ÈÑÏ — B è Li. Ïðè

àíàëèçå îáðàçöîâ ïîñëå ñïëàâëåíèÿ â äîïîë-

íåíèå ê êèñëîòíîìó ðàçëîæåíèþ îïðåäåëåíû Si è

Sn, íî íå îïðåäåëåíû B è Li, âõîäÿùèå â ñîñòàâ

ïëàâà, à òàêæå Rb è Cs, äëÿ êîòîðûõ îòìå÷åíî

çàíèæåíèå êîíöåíòðàöèé â ðåçóëüòàòå ïðîáîïîä-

ãîòîâêè, è åùå ðÿä ýëåìåíòîâ, ñîäåðæàíèå êîòî-

ðûõ íàõîäèòñÿ íèæå ïðåäåëîâ îáíàðóæåíèÿ (ñì.

òàáë. 5 – 7).

Îòíîñèòåëüíûå ïîãðåøíîñòè ÌÑ-ÈÑÏ è

ÀÝÑ-ÈÑÏ îïðåäåëåíèÿ ñîñòàâëÿþò îò 1 äî 13 % è

íàõîäÿòñÿ ïðèìåðíî íà îäíîì óðîâíå êàê äëÿ

ðàçíûõ ìåòîäîâ àíàëèçà, òàê è äëÿ ðàçíûõ ñïîñî-

áîâ ïîäãîòîâêè ïðîá. Îòíîñèòåëüíûå ïîãðåø-

íîñòè áîëåå 10 % íàáëþäàþòñÿ äëÿ ýëåìåíòîâ,

ñîäåðæàíèÿ êîòîðûõ â ïðîáå áëèçêè ê ïðåäåëó

îáíàðóæåíèÿ, ÷òî ïîëíîñòüþ ñîîòâåòñòâóåò ëèòå-

ðàòóðíûì äàííûì [27, 28].

Ðåçóëüòàòû ÌÑ-ÈÑÏ è ÀÝÑ-ÈÑÏ îïðåäåëå-

íèÿ ýëåìåíòîâ â êàíäèäàòå â ñòàíäàðòíûå

îáðàçöû ÕÑÑ-1. Äëÿ ýëåìåíòíîãî àíàëèçà êàí-

äèäàòà â ñòàíäàðòíûå îáðàçöû ÕÑÑ-1 èñïîëüçî-

âàëè îáà âàðèàíòà ðàçëîæåíèÿ ñ îïðåäåëåíèåì

òåõ ýëåìåíòîâ, ïðàâèëüíîñòü èçìåðåíèé äëÿ êî-

òîðûõ áûëà ïîäòâåðæäåíà íà îñíîâå àíàëèçà

ñòàíäàðòíûõ îáðàçöîâ (òàáë. 8). Óðîâåíü ñîäåð-

æàíèÿ áîëüøèíñòâà îïðåäåëÿåìûõ ýëåìåíòîâ

â ÕÑÑ-1 îêàçàëñÿ ñóùåñòâåííî íèæå, ÷åì â èçó-

÷åííûõ ñòàíäàðòíûõ îáðàçöàõ ðàñòåíèé ÒÐ-1,

ËÁ-1 è ÝÊ-1. Ïîñëå êèñëîòíîãî ðàçëîæåíèÿ ìåòî-

äîì ÌÑ-ÈÑÏ îïðåäåëåíû 35 ýëåìåíòîâ, ðåçóëü-

òàòû îïðåäåëåíèÿ 16 èç íèõ ïîäòâåðæäåíû ìåòî-

äîì ÀÝÑ-ÈÑÏ, è åùå îäèí ýëåìåíò (B) îïðåäåëåí

òîëüêî ìåòîäîì ÀÝÑ-ÈÑÏ. Íå óäàëîñü îöåíèòü

êîíöåíòðàöèþ ëèòèÿ, ïîñêîëüêó â ýòîì îáðàçöå

îíà îêàçàëàñü íèæå ïðåäåëà îáíàðóæåíèÿ ìåòî-

äîì ÀÝÑ-ÈÑÏ.

Ïîñëå ñïëàâëåíèÿ ìåòîäîì ÌÑ-ÈÑÏ îïðåäå-

ëåíû òîëüêî 27 ýëåìåíòîâ, ðåçóëüòàòû îïðåäåëå-
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Òàáëèöà 4. Ïðåäåëû îáíàðóæåíèÿ ýëåìåíòîâ (ÏÎ, ìêã/ã) ìåòîäàìè ÌÑ-ÈÑÏ è ÀÝÑ-ÈÑÏ è äèàïàçîíû ñîäåðæàíèÿ ýëå-

ìåíòîâ â ñòàíäàðòíûõ îáðàçöàõ (ìêã/ã)

Ýëå-

ìåíò

ÌÑ-ÈÑÏ ÀÝÑ-ÈÑÏ
Äèàïàçîí

ñîäåðæàíèÿ

â ñòàíäàðòíûõ

îáðàçöàõ

Ýëå-

ìåíò

ÌÑ-ÈÑÏ ÀÝÑ-ÈÑÏ
Äèàïàçîí

ñîäåðæàíèÿ

â ñòàíäàðòíûõ

îáðàçöàõ

ÏÎ ÏÎ ÏÎ ÏÎ

Ìåòî-

äèêà 1

Ìåòî-

äèêà 2

Ìåòî-

äèêà 1

Ìåòî-

äèêà 2

Ìåòî-

äèêà 1

Ìåòî-

äèêà 2

Ìåòî-

äèêà 1

Ìåòî-

äèêà 2

Ag 0,004 0,03 0,2 0,3 0,017 (ÝÊ-1) Na 8 36 10 39 1,8 · 102 – 6,8 · 103

Al 3 1,2 · 102 2 1,1 · 102 (0,4 – 1,0) · 103 Nb 0,005 0,09 1 2 0,082 – 0,20

As 0,8 2 6 8 0,16 – 0,76 Nd 0,001 0,03 6 8 0,22 – 1,59

B í/î í/î 0,6 í/î 11 – 50 Ni 0,5 2 0,5 0,6 3,2 – 5,8

Ba 0,03 1 0,03 1 16 – 230 P 0,1 4 0,6 5 (1,5 – 2,4) · 103

Be 0,03 0,1 0,2 0,3 0,01 – 0,07 Pb 0,03 0,4 6 8 0,42 – 3,7

Bi 0,001 0,1 2 2 0,023 (ÝÊ-1) Rb 0,01 0,5 34 45 3,5 – 15,7

Ca 11 30 17 44 6,7 · 103 – 2,8 · 104 S 7 18 2 24 (1,0 – 3,4) · 103

Cd 0,003 0,02 0,2 0,3 0,05 – 0,16 Sb 0,04 0,06 10 13 0,019 – 0,08

Ce 0,001 0,06 4 5 0,5 – 3,4 Sc 0,002 0,04 í/î í/î 0,082 – 0,38

Co 0,005 0,06 0,4 0,5 0,2 – 1,5 Se 1,4 3,5 10 13 0,3 (ÝÊ-1)

Cr 0,05 0,2 0,3 0,3 4,3 – 5,5 Si 20 3 · 102 20 3 · 102 4,0 · 103 – 1,1 · 104

Cs 0,001 0,11 í/î í/î 0,058 – 0,108 Sn 0,05 0,1 6 8 0,09 – 0,19

Cu 0,1 2 0,3 2 6,3 – 11,2 Sr 0,04 0,3 0,03 0,3 28 – 174

Fe 5 10 4 7 7,3 · 102 – 2,6 · 103 Ti 0,2 2 0,2 2 33 – 77

K 16 69 16 76 7,1 · 103 – 3,2 · 104 V 0,05 0,11 0,6 0,8 0,61 – 3,8

La 0,002 0,06 4 6 0,26 – 2,05 W 0,02 0,08 14 18 0,08 – 0,30

Li í/î í/î 0,2 í/î 0,55 – 1,44 Y 0,005 0,04 2 2 0,16 – 1,3

Mg 2 3 0,6 2 (2,4 – 4,4) · 103 Yb 0,0009 0,01 í/î í/î 0,018 – 0,074

Mn 0,08 0,4 0,2 0,3 5,1 · 101 – 9,3 · 102 Zn 0,5 2 0,2 1 21 – 94

Mo 0,01 0,1 4 5 0,16 – 1,2 Zr 0,03 0,5 0,4 1,7 0,9 – 5,5

Ïðèìå÷àíèå. Ïîëóæèðíûì îáîçíà÷åíû èíñòðóìåíòàëüíûå ïðåäåëû îáíàðóæåíèÿ; í/î — íå îïðåäåëÿëè.



íèÿ 17 èç íèõ ïîäòâåðæäåíû ìåòîäîì ÀÝÑ-ÈÑÏ.

Êîíöåíòðàöèè îñòàëüíûõ ýëåìåíòîâ — Ag, Bi,

Cs, Nb, Pb, Sb, W, Yb è Zr — íàõîäÿòñÿ íèæå ïðå-

äåëà îáíàðóæåíèÿ. Â äîïîëíåíèå ê ðåçóëüòàòàì,

ïîëó÷åííûì ïîñëå êèñëîòíîãî ðàçëîæåíèÿ, îïðå-

äåëåíû äâà ýëåìåíòà: Si (ìåòîäàìè ÌÑ-ÈÑÏ è

ÀÝÑ-ÈÑÏ) è Sn (òîëüêî ìåòîäîì ÌÑ-ÈÑÏ).

Çíà÷èìîñòü ðàñõîæäåíèÿ êîíöåíòðàöèé,

ïîëó÷åííûõ äëÿ ÕÑÑ-1 ðàçíûìè ìåòîäàìè,

ïîñëå ðàçëîæåíèÿ îáðàçöîâ ïî ìåòîäèêå 1 (äëÿ
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Òàáëèöà 5. Ðåçóëüòàòû ÌÑ-ÈÑÏ è ÀÝÑ-ÈÑÏ îïðåäåëåíèÿ ýëåìåíòîâ â ñòàíäàðòíîì îáðàçöå ËÁ-1 (ìêã/ã) (P = 0,95)

Ýëå-

ìåíòû

C
ÌÑ-ÈÑÏ

± Ä,

ìåòîäèêà 1

(n = 5 – 7)

C
ÀÝÑ-ÈÑÏ

± Ä,

ìåòîäèêà 1

(n = 5 – 7)

C
ÌÑ-ÈÑÏ

± Ä,

ìåòîäèêà 2

(n = 5 – 7)

C
ÀÝÑ-ÈÑÏ

± Ä,

ìåòîäèêà 2

(n = 5 – 7)

C
àòò

± Ä [21] C
ëèò

(S) [26]

Ag 0,013 ± 0,006 <ÏÎ <ÏÎ <ÏÎ — —

Al (8,5 ± 0,2) · 102 (8,5 ± 0,3) · 102 (8,5 ± 0,2) · 102 (8,4 ± 0,3) · 102 (8,3 ± 0,1) · 102 —

B í/î 46 ± 2 í/î í/î — —

Ba (2,3 ± 0,2) · 102 (2,3 ± 0,2) · 102 (2,3 ± 0,1) · 102 (2,2 ± 0,1) · 102 (2,3 ± 0,2) · 102 —

Bi 0,020 ± 0,001 <ÏÎ <ÏÎ <ÏÎ — —

Ca (1,65 ± 0,04) · 104 (1,6 ± 0,1) · 104 (1,60 ± 0,06) · 104 (1,60 ± 0,07) · 104 (1,60 ± 0,09) · 104 1,7 % (0,3 %)

Cd 0,174 ± 0,009 <ÏÎ 0,18 ± 0,02 <ÏÎ 0,16 ± 0,03 —

Ce 1,58 ± 0,08 <ÏÎ 1,6 ± 0,1 <ÏÎ 1,5 ± 0,12 —

Co 0,85 ± 0,02 <ÏÎ 0,81 ± 0,01 <ÏÎ 0,79 ± 0,06 0,90 (0,06)

Cr 4,4 ± 0,4 5,0 ± 0,4 4,6 ± 0,2 5,0 ± 0,3 4,3 ± 0,7 8 (3)

Cs 0,090 ± 0,002 <ÏÎ <ÏÎ <ÏÎ 0,085 ± 0,008 —

Cu 7,8 ± 0,2 7,6 ± 0,3 7,3 ± 0,3 7,3 ± 0,3 7,3 ± 0,6 7 (2)

Fe (7,6 ± 0,4) · 102 (7,6 ± 0,5) · 102 (7,3 ± 0,3) · 102 (7,2 ± 0,5) · 102 (7,3 ± 0,7) · 102 0,081 % (0,006 %)

K (7,2 ± 0,1) · 103 (7,1 ± 0,1) · 103 (7,6 ± 0,4) · 103 (7,5 ± 0,3) · 103 (7,1 ± 0,4) · 103 0,75 % (0,01 %)

La 0,85 ± 0,04 <ÏÎ 0,82 ± 0,03 <ÏÎ 0,82 ± 0,09 —

Li í/î 0,77 ± 0,04 í/î í/î — —

Mg (4,5 ± 0,1) · 103 (4,4 ± 0,1) · 103 (4,3 ± 0,2) · 103 (4,3 ± 0,2) · 103 (4,4 ± 0,3) · 103 —

Mn (9,7 ± 0,5) · 102 (9,5 ± 0,4) · 102 (8,9 ± 0,3) · 102 (8,9 ± 0,4) · 102 (9,3 ± 0,7) · 102 980 (100)

Mo 0,15 ± 0,02 <ÏÎ 0,13 ± 0,05 <ÏÎ — —

Na (1,80 ± 0,04) · 102 (1,6 ± 0,1) · 102 (1,67 ± 0,09) · 102 (1,7 ± 0,1) · 102 (1,8 ± 0,3) · 102 —

Nb 0,20 ± 0,06 <ÏÎ 0,19 ± 0,07 <ÏÎ — —

Nd 0,75 ± 0,04 <ÏÎ 0,75 ± 0,05 <ÏÎ 0,69 ± 0,06 —

Ni 6,0 ± 0,2 6,0 ± 0,2 5,6 ± 0,3 6,0 ± 0,5 5,8 ± 0,8 —

P (1,55 ± 0,03) · 103 (1,5 ± 0,1) · 103 (1,52 ± 0,05) · 103 (1,5 ± 0,1) · 103 (1,54 ± 0,06) · 103 —

Pb 3,5 ± 0,1 <ÏÎ 3,2 ± 0,3 <ÏÎ 3,7 ± 0,5 —

Rb 14,0 ± 0,6 <ÏÎ 11,1 ± 0,4 <ÏÎ 13,7 ± 0,8 13,8 (0,5)

S (1,10 ± 0,04) · 103 (1,00 ± 0,05) · 103 (1,08 ± 0,06) · 103 (1,10 ± 0,07) · 103 (1,0 ± 0,2) · 103 —

Sb 0,061 ± 0,002 <ÏÎ 0,057 ± 0,008 <ÏÎ 0,057 ± 0,011 —

Sc 0,29 ± 0,01 <ÏÎ 0,30 ± 0,02 <ÏÎ 0,30 ± 0,04 —

Si í. î. í. î. (3,9 ± 0,1) · 103 (4,1 ± 0,1) · 103 (4,0 ± 0,7) · 103 —

Sn 0,05 ± 0,04 <ÏÎ 0,20 ± 0,03 <ÏÎ — —

Sr 74 ± 2 78 ± 1 76 ± 2 77 ± 2 72 ± 7 73 (3)

Ti 52 ± 1 57 ± 1 57 ± 3 55 ± 4 59 ± 12 62 (11)

V 1,90 ± 0,06 2,00 ± 0,07 1,88 ± 0,09 2,0 ± 0,1 2,1 ± 0,4 2,4 (0,5)

W 0,33 ± 0,03 <ÏÎ 0,35 ± 0,02 <ÏÎ 0,30 ± 0,03 —

Y 0,73 ± 0,02 <ÏÎ 0,70 ± 0,02 <ÏÎ 0,69 ± 0,06 0,75 (0,08)

Yb 0,080 ± 0,009 <ÏÎ 0,068 ± 0,003 <ÏÎ 0,074 ± 0,007 —

Zn 99 ± 1 96 ± 1 97 ± 3 97 ± 3 94 ± 15 99 (7)

Zr 2,4 ± 0,1 2,2 ± 0,2 2,4 ± 0,2 2,4 ± 0,1 — —

Ïðèìå÷àíèå. í/î — íå îïðåäåëÿëè; S — ñòàíäàðòíîå îòêëîíåíèå.
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êðåìíèÿ — ïî ìåòîäèêå 2), îöåíèâàëè ïî t-êðèòå-

ðèþ (òàáë. 9) [29]. Ðàññ÷èòàííûå çíà÷åíèÿ t-êðè-

òåðèÿ íå ïðåâûøàþò êðèòè÷åñêîãî çíà÷åíèÿ

(tòàáë = 2,26) íè äëÿ îäíîãî èç 17 ýëåìåíòîâ, ÷òî

ïîçâîëÿåò ñäåëàòü âûâîä î íåçíà÷èìîì ðàçëè÷èè

â ñðåäíèõ çíà÷åíèÿõ, ïîëó÷åííûõ ðàçíûìè ìåòî-

äàìè. Òàêèì îáðàçîì, èñïîëüçîâàíèå òîëüêî ìå-

òîäà ÀÝÑ-ÈÑÏ äëÿ îïðåäåëåíèÿ ýòèõ ýëåìåíòîâ

çíà÷èòåëüíî óïðîñòèò è óñêîðèò àíàëèç â öåëîì,

ïîñêîëüêó ïîçâîëèò ñîêðàòèòü äî ìèíèìóìà êî-

ëè÷åñòâî ýëåìåíòîâ, îïðåäåëÿåìûõ â ñðåäíåì è

âûñîêîì ðàçðåøåíèè ïðè ÌÑ-ÈÑÏ àíàëèçå.

Çàêëþ÷åíèå

Â ïðîöåññå ðàáîòû îïðîáîâàíû äâà ñïîñîáà

õèìè÷åñêîé ïîäãîòîâêè ðàñòèòåëüíûõ îáðàçöîâ,

äîïîëíÿþùèå äðóã äðóãà è îáåñïå÷èâàþùèå

ïåðåâåäåíèå â ðàñòâîð òðåáóåìûõ ýëåìåíòîâ.

Ïðîäåìîíñòðèðîâàíà ñîãëàñîâàííîñòü ðåçóëüòà-

òîâ èçìåðåíèé, ïîëó÷åííûõ ìåòîäàìè ÌÑ-ÈÑÏ

è ÀÝÑ-ÈÑÏ ñ èñïîëüçîâàíèåì ðàçíûõ ìåòîäèê

õèìè÷åñêîé ïîäãîòîâêè. Ïðàâèëüíîñòü ðåçóëüòà-

òîâ îïðåäåëåíèÿ ýëåìåíòîâ ïîäòâåðæäåíà ñðàâ-

íåíèåì ñ àòòåñòîâàííûìè çíà÷åíèÿìè äëÿ èññëå-

äîâàííûõ ñòàíäàðòíûõ îáðàçöîâ. Êàíäèäàò â

ñòàíäàðòíûå îáðàçöû ñîñòàâà ÕÑÑ-1 ïðîàíàëè-

çèðîâàí ìåòîäàìè ÌÑ-ÈÑÏ è ÀÝÑ-ÈÑÏ ïîñëå

ðàçëîæåíèÿ â ñîîòâåòñòâèè ñ äâóìÿ èñïîëüçîâàí-

íûìè ñïîñîáàìè ïðîáîïîäãîòîâêè, ïîëó÷åíû íî-

âûå äàííûå ïî 37 ýëåìåíòàì ìåòîäîì ÌÑ-ÈÑÏ,

ðåçóëüòàòû îïðåäåëåíèÿ 17 èç íèõ ïîäòâåðæäå-

íû ìåòîäîì ÀÝÑ-ÈÑÏ, è åùå îäèí ýëåìåíò (B)

îïðåäåëåí òîëüêî ìåòîäîì ÀÝÑ-ÈÑÏ. Ïîêàçàíî,

÷òî ñî÷åòàíèå äâóõ ìåòîäîâ àíàëèçà äëÿ îïðåäå-

ëåíèÿ ýëåìåíòíîãî ñîñòàâà îáðàçöîâ ïîçâîëÿåò

ðàñøèðèòü íàáîð îïðåäåëÿåìûõ ýëåìåíòîâ è ñî-

êðàòèòü îáùåå âðåìÿ àíàëèçà.
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Ïðè âûïîëíåíèè ñèëèêàòíîãî àíàëèçà ãåîëîãè÷åñêèõ ìàòåðèàëîâ ìåòîäîì àòîìíî-ýìèññè-

îííîé ñïåêòðîìåòðèè ñ èíäóêòèâíî-ñâÿçàííîé ïëàçìîé (ÀÝÑ-ÈÑÏ) âïåðâûå íà ïðàêòèêå

ðåàëèçîâàí ñïîñîá ãðàäóèðîâêè â îòíîñèòåëüíûõ êîíöåíòðàöèÿõ, êîòîðûé ðàíåå ïðèìå-

íÿëñÿ òîëüêî äëÿ àíàëèçà öâåòíûõ è ÷åðíûõ ìåòàëëîâ. Â ñëó÷àå ãåîëîãè÷åñêèõ ìàòåðèàëîâ

ïðè ðåàëèçàöèè ãðàäóèðîâêè â îòíîñèòåëüíûõ êîíöåíòðàöèÿõ íåîáõîäèìî ïðèíÿòü âî

âíèìàíèå è ðåøèòü ñëåäóþùèå ïðîáëåìû: íå âñå êîìïîíåíòû ïðîá îïðåäåëÿþòñÿ ìåòîäîì

ÀÝÑ-ÈÑÏ; ìàòðè÷íûå ýëåìåíòû ìîãóò ïðèñóòñòâîâàòü â ðàçíûõ ñòåïåíÿõ îêèñëåíèÿ. Ðàñ-

òâîðåíèå ÃÑÎ ñîñòàâà ðóä è ãåîëîãè÷åñêèõ ìàòåðèàëîâ ïðîâåäåíî â äâå ñòàäèè â àâòîêëà-

âàõ ïðè òåìïåðàòóðå 180 °C â ñèñòåìå HotBlock 200. Íà ïåðâîé ñòàäèè èñïîëüçîâàëè ñìåñü

HCl, HNO3 è HF, íà âòîðîé — äîáàâëÿëè 4 %-íûé ðàñòâîð H3BO3. Âûïîëíåíî ñðàâíåíèå

ïîâòîðÿåìîñòè è ïðîìåæóòî÷íîé ïðåöèçèîííîñòè ïðè èñïîëüçîâàíèè ãðàäóèðîâêè â îòíî-

ñèòåëüíûõ êîíöåíòðàöèÿõ, â àáñîëþòíûõ èíòåíñèâíîñòÿõ è ñ èíäèåì â êà÷åñòâå âíóòðåí-

íåãî ñòàíäàðòà ïðè îïðåäåëåíèè SiO2 (â äèàïàçîíå ñîäåðæàíèé 40 – 75 %), Al2O3, (5 – 20 %)

CaO (0,25 – 15 %), MgO (0,1 – 15 %), Fe2O3 (0,5 – 15 %), Na2O (0,5 – 10 %), K2O (0,5 – 5 %),

P2O5 (0,01 – 0,3 %), MnO (0,03 – 0,5 %), TiO2 (0,05 – 2 %). Ãðàäóèðîâêà â îòíîñèòåëüíûõ

êîíöåíòðàöèÿõ îáåñïå÷èâàåò ëó÷øèå ìåòðîëîãè÷åñêèå õàðàêòåðèñòèêè ïî ñðàâíåíèþ ñ

äðóãèìè âàðèàíòàìè ãðàäóèðîâêè ïðè àíàëèçå ãåîëîãè÷åñêèõ ìàòåðèàëîâ. Îñíîâíûå ïðè-

÷èíû òàêîãî óëó÷øåíèÿ: èñêëþ÷åíèå ïîãðåøíîñòè êàëèáðîâêè ìåðíîé ïîñóäû è ïîãðåø-

íîñòè âçâåøèâàíèÿ íàâåñîê àíàëèçèðóåìûõ ìàòåðèàëîâ èç ñóììàðíîé ïîãðåøíîñòè àíà-

ëèçà; èçìåðåíèå áîëüøèõ çíà÷åíèé èíòåíñèâíîñòåé ýëåìåíòà îñíîâû; áîëåå âûñîêàÿ òî÷-

íîñòü èçìåðåíèÿ îòíîøåíèÿ èíòåíñèâíîñòåé ïî ñðàâíåíèþ ñ èçìåðåíèåì àáñîëþòíûõ èí-

òåíñèâíîñòåé.

Êëþ÷åâûå ñëîâà: ãåîëîãè÷åñêèå ìàòåðèàëû; ãðàäóèðîâêà â îòíîñèòåëüíûõ êîíöåíòðà-

öèÿõ; ñèëèêàòíûé àíàëèç; ÀÝÑ-ÈÑÏ.
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A method of calibration in relative concentrations (concentration ratio) previously used only in analysis of

non-ferrous and ferrous metals was first implemented when performing silicate analysis of geological ma-

terials using atomic emission spectrometry with inductively coupled plasma (AES-ICP). Prior to apply the

Concentration Calibration Ratio to analysis of geological materials it is necessary to consider and address

the following problems: some of the components are not determined by ICP-AES, matrix elements may be

present in different oxidation states. Sample preparation of ores and geological materials was carried out

in autoclaves heated at 180°C using HotBlock 200 system. A mixture HCl/HNO
3
/HF was used at the first

step and then added with a 4% H
3
BO

3
solution. The repeatability and intermediate precision of determi-

nation when using Concentration Ratio Calibration, calibration without internal standard and Calibra-

tion with In as internal standard are compared for determination of SiO
2

(content 40 – 75%), Al
2
O

3

(5 – 20%), CaO (0.25 – 15%), MgO (0.1 – 15%), Fe
2
O

3
(0.5 – 15%), Na

2
O (0.5 – 10%), K

2
O (0.5 – 5%), P

2
O

5

(0.01 – 0.3%), MnO (0.03 – 0.5%), and TiO
2

(0.05 – 2%). The use of Concentration Ratio Calibration pro-

vides better metrological characteristics, repeatability and precision in analysis of geological materials

compared to other calibration procedures due to elimination of the calibration error of balances and volu-

metric flasks from total error of analysis; measuring the large intensities of the base element; and better

accuracy of measuring the intensity ratio compared to absolute intensity measurements.

Keywords: geological materials; concentration ratio calibration; silicate analysis; ICP-AES.

Ââåäåíèå

Ìåòîä àòîìíî-ýìèññèîííîé ñïåêòðîìåòðèè ñ

èíäóêòèâíî-ñâÿçàííîé ïëàçìîé (ÀÝÑ-ÈÑÏ) øè-

ðîêî èñïîëüçóåòñÿ äëÿ àíàëèçà ãåîëîãè÷åñêèõ ìà-

òåðèàëîâ [1 – 3]. Õîòÿ ñàì ìåòîä õàðàêòåðèçóåòñÿ

õîðîøåé ïîâòîðÿåìîñòüþ èçìåðåíèé (Sr — íå áî-

ëåå 0,5 – 1 % îòí.), ñóùåñòâóþùèå ìåòîäèêè àíà-

ëèçà ãåîëîãè÷åñêèõ ìàòåðèàëîâ ñ èñïîëüçîâàíè-

åì ÀÝÑ-ÈÑÏ èìåþò ìåòðîëîãè÷åñêèå õàðàêòåðè-

ñòèêè (ór íà óðîâíå 1 – 10 % îòí.) [4, 5], êîòîðûå

óñòóïàþò êëàññè÷åñêèì õèìè÷åñêèì ìåòîäàì

àíàëèçà. Ýòî ìîæåò áûòü ñâÿçàíî ñ íåýôôåêòèâ-

íûìè ñïîñîáàìè ïðîáîïîäãîòîâêè è ãðàäóèðîâêè,

èñïîëüçóåìûìè â ìåòîäèêàõ.

Ïåðñïåêòèâíûì íàïðàâëåíèåì ïîâûøåíèÿ

òî÷íîñòè ðåçóëüòàòîâ àíàëèçà ãåîëîãè÷åñêèõ ìà-

òåðèàëîâ ìåòîäîì ÀÝÑ-ÈÑÏ ÿâëÿåòñÿ ãðàäóè-

ðîâêà â îòíîñèòåëüíûõ êîíöåíòðàöèÿõ. Òàêîé

âàðèàíò ãðàäóèðîâêè èñïîëüçóåòñÿ ïðè àíàëèçå

öâåòíûõ è ÷åðíûõ ìåòàëëîâ [6, 7], êîãäà ìîæíî

óòâåðæäàòü, ÷òî:

Cîñí + C1 + C2 + ... + Cn = 100 %. (1)

Â ñëó÷àå ãåîëîãè÷åñêèõ ìàòåðèàëîâ ïðè ðåà-

ëèçàöèè ãðàäóèðîâêè â îòíîñèòåëüíûõ êîíöåí-

òðàöèÿõ íåîáõîäèìî ïðèíÿòü âî âíèìàíèå è ðå-

øèòü ñëåäóþùèå ïðîáëåìû: íå âñå êîìïîíåíòû

ïðîá îïðåäåëÿþòñÿ ìåòîäîì ÀÝÑ-ÈÑÏ; ìàòðè÷-

íûå ýëåìåíòû, êîòîðûå âíîñÿò áîëüøîé âêëàä â

ñóììó 100 %, ìîãóò ïðèñóòñòâîâàòü â ðàçíûõ ñòå-

ïåíÿõ îêèñëåíèÿ.

Öåëü äàííîé ðàáîòû — ðåàëèçàöèÿ ñïîñîáà

ãðàäóèðîâêè â îòíîñèòåëüíûõ êîíöåíòðàöèÿõ

ïðè àíàëèçå ãåîëîãè÷åñêèõ îáðàçöîâ ìåòîäîì

ÀÝÑ-ÈÑÏ è ñîïîñòàâëåíèå ìåòðîëîãè÷åñêèõ õà-

ðàêòåðèñòèê ðàçðàáîòàííîãî ñïîñîáà ãðàäóèðîâ-

êè ñ ãðàäóèðîâêîé â àáñîëþòíûõ èíòåíñèâíîñòÿõ

è ñ èñïîëüçîâàíèåì âíóòðåííåãî ñòàíäàðòà.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Â ðàáîòå èñïîëüçîâàëè ñïåêòðîìåòð iCAP

7400 Duo ïðîèçâîäñòâà Thermo Fisher Scientific

(ÑØÀ) ñ äâîéíûì íàáëþäåíèåì ïëàçìû è ïðî-

ãðàììíûì îáåñïå÷åíèåì iTEVA, êîòîðîå âêëþ÷à-

åò îïöèþ ãðàäóèðîâêè â îòíîñèòåëüíûõ êîí-

öåíòðàöèÿõ. Èçìåðåíèÿ ïðîâîäèëè, èñïîëüçóÿ è

àêñèàëüíûé — äëÿ îïðåäåëåíèÿ ïðèìåñíûõ êîì-

ïîíåíòîâ ñ ìàêñèìàëüíî âûñîêîé ÷óâñòâèòåëü-

íîñòüþ, è ðàäèàëüíûé îáçîð ïëàçìû — äëÿ äî-

ñòèæåíèÿ ìàêñèìàëüíîé òî÷íîñòè ïðè îïðåäåëå-

íèè ìàòðè÷íûõ êîìïîíåíòîâ ïî ëèíåéíûì ãðà-

äóèðîâî÷íûì ãðàôèêàì ñ âûñîêèì îòíîøåíèåì

ñèãíàë/øóì. Âûáðàííûå ëèíèè, ðàñïðåäåëåíèå

èõ ïî ãðóïïàì, îòíåñåíèå ê ëèíèÿì âíóòðåííåãî

ñòàíäàðòà ïðèâåäåíû â òàáë. 1.

Äëÿ íåñêîëüêèõ ìàòðè÷íûõ ýëåìåíòîâ èñ-

ïîëüçîâàëè ïî äâå ëèíèè è èõ ïåðåêëþ÷åíèå â

öåëÿõ ðàñøèðåíèÿ äèíàìè÷åñêîãî äèàïàçîíà ìå-

òîäèêè (òàáë. 2).

Ðàñòâîðåíèå îáðàçöîâ ïðîâîäèëè â ñèñòåìå

ïîäãîòîâêè ïðîá â çàêðûòûõ ïðîáèðêàõ è àâòî-
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êëàâàõ HotBlock 200 ïðîèçâîäñòâà Environmen-

tal Express (ÑØÀ). Äëÿ ãðàäóèðîâêè èñïîëüçîâà-

ëè êðåìíèé ÷èñòîòîé 99,999 % è ÃÑÎ ãîðíûõ ïî-

ðîä è ðóä: ÑÃÄ-2À è ÑÑâ-1 ïðîèçâîäñòâà ÃÅÎÕÈ

ÑÎ ÐÀÍ (ã. Èðêóòñê); ÑÎ-20 ïðîèçâîäñòâà ÎÀÎ

«ÇÑÈÖ» (ã. Íîâîêóçíåöê); ÑÍÑ-1 è ÄÂÒ ïðîèç-

âîäñòâà ÍÈÈ ïðèêëàäíîé ôèçèêè ÔÃÁÎÓ ÂÏÎ

«Èðêóòñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò»;

ÎÑÎ 48-85 ïðîèçâîäñòâà ÇÀÎ «Öåíòðãåîàíàëèò»

(ã. Êàðàãàíäà). Ýòè ñòàíäàðòíûå îáðàçöû â äîñ-

òàòî÷íî ïîëíîé ìåðå îòðàæàþò ñîäåðæàíèå îïðå-

äåëÿåìûõ êîìïîíåíòîâ â ðàçíîîáðàçíûõ ãåîëîãè-

÷åñêèõ ìàòåðèàëàõ è ïîçâîëÿþò ïîñòðîèòü ãðà-

äóèðîâî÷íûå çàâèñèìîñòè â äèàïàçîíàõ ñîäåðæà-

íèé, óêàçàííûõ â òàáë. 2.

Îáñóæäåíèå ðåçóëüòàòîâ

Ìû ðàçðàáîòàëè ñõåìó ïðèìåíåíèÿ ãðàäóè-

ðîâêè â îòíîñèòåëüíûõ êîíöåíòðàöèÿõ äëÿ ãåî-

ëîãè÷åñêèõ ìàòåðèàëîâ. Â ïåðâîì ïðèáëèæåíèè

ôîðìóëó (1) ñ ó÷åòîì ïîòåðü ïðè ïðîêàëèâàíèè

(ï.ï.ï.) ìîæíî ïåðåïèñàòü ñëåäóþùèì îáðàçîì:

C C C C
SiO Al O Fe O CaO

2 2 3 2 3

� � � ��

� �� � � � �C C
S ZrO

2

ï. ï. ï. 100%. (2)

Õîòÿ â äåéñòâèòåëüíîñòè ýëåìåíòû â èñõîä-

íûõ ïðîáàõ íàõîäÿòñÿ â ñîñòàâå ðàçíîîáðàçíûõ

ìèíåðàëîâ, ýòà ôîðìóëà ñïðàâåäëèâà, òàê êàê â

èòîãå áîëüøèíñòâî ìèíåðàëîâ ìîæíî çàïèñàòü â

âèäå îêñèäîâ. Çàïèñü ìàòðè÷íûõ ýëåìåíòîâ â

âèäå îêñèäîâ ÿâëÿåòñÿ òðàäèöèîííîé ïðè âûïîë-

íåíèè ñèëèêàòíîãî àíàëèçà ãåîëîãè÷åñêèõ ìàòå-

ðèàëîâ [2]. Â áîëüøèíñòâå ñâèäåòåëüñòâ íà ñòàí-

äàðòíûå îáðàçöû ìàòðè÷íûå ýëåìåíòû ãîðíûõ

ïîðîä óêàçàíû â âèäå îêñèäîâ: SiO2, Al2O3, CaO,

MgO, Fe2O3, Na2O, K2O, P2O5, MnO, TiO2. Â óðàâ-

íåíèå 2 ìû âêëþ÷èëè âñå ýëåìåíòû â âèäå îêñè-

äîâ, êðîìå ñåðû. Äîñòàòî÷íî ÷àñòî òàêèå ýëåìåí-

òû, êàê Ba, Sr, Zn, Zr, ïðèñóòñòâóþò â áîëüøèõ êî-

ëè÷åñòâàõ, ÷åì P, Mn, Ti. Äëÿ ñåðû áûëî ñäåëàíî

èñêëþ÷åíèå, òàê êàê îíà ìîæåò áûòü ñâÿçàíà ñ

äðóãèìè ýëåìåíòàìè íå òîëüêî ÷åðåç êèñëîðîä.

Åñëè â ôîðìóëå (2) ï.ï.ï. ïåðåíåñòè â ïðàâóþ

÷àñòü óðàâíåíèÿ è âñå ÷ëåíû óðàâíåíèÿ ðàçäå-

ëèòü íà ñîäåðæàíèå SiO2, ïîëó÷èòñÿ:

C

C

C

C

C

C C

Al O

SiO

Al O

SiO

ZrO

SiO S

2 3

2

2 3

2

2

2

ï. ï. ï.
� � � �

�

�

100%

iO
2

�1. (3)

Â ëåâîé ÷àñòè óðàâíåíèÿ (3) íàõîäÿòñÿ îòíî-

ñèòåëüíûå êîíöåíòðàöèè — îòíîøåíèÿ ñîäåðæà-

íèé êîìïîíåíòîâ ê ñîäåðæàíèþ ìàòðè÷íîãî êîì-

ïîíåíòà (â ñëó÷àå ñèëèêàòíûõ ìàòåðèàëîâ —

SiO2). Ñ èñïîëüçîâàíèåì ãðàäóèðîâî÷íûõ ðàñòâî-

ðîâ ìîæíî ïîñòðîèòü çàâèñèìîñòü, êîòîðàÿ äëÿ

êàæäîãî êîìïîíåíòà ñâÿçûâàåò îòíîñèòåëüíûå

èíòåíñèâíîñòè (ñîîòíîøåíèÿ èíòåíñèâíîñòåé

ëèíèé ýëåìåíòîâ è êðåìíèÿ) ñ îòíîñèòåëüíûìè

êîíöåíòðàöèÿìè (ñîîòíîøåíèÿìè ìàññîâûõ äî-

ëåé êîìïîíåíòîâ è îêñèäà êðåìíèÿ). Ïðèìåð
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Òàáëèöà 1. Ðàñïðåäåëåíèå âûáðàííûõ àíàëèòè÷åñêèõ ëèíèé ýëåìåíòîâ ïî ãðóïïàì

Ëèíèÿ âíóòðåííåãî ñòàíäàðòà,

íì, îáçîð ïëàçìû
Ëèíèè îïðåäåëÿåìûõ ýëåìåíòîâ, íì

Si I 212,412, àêñèàëüíûé

îáçîð ïëàçìû

Co II 228,616; Cr II 205,560; Mo II 202,030; Ni II 231,604; P I 213,618; S I 182,034; Pb II

220,353; Zn II 206,200

Si I 212,412, ðàäèàëüíûé

îáçîð ïëàçìû

Al I 237,312; Ba II 455,403; Be II 313,107; Ca II 317,933; Ca II 318,128; Fe II 271,441; Fe II

275,574; La II 333,749; Mg II 279,079; Mn II 257,610; Sr II 421,552; Ti II 337,280; V II

292,402; Y II 371,030; Zr II 339,198

Si I 390,552, ðàäèàëüíûé

îáçîð ïëàçìû

Al I 394,401; Cu I 324,754; K I 766,490; Li I 670,784; Na I 589,592; Na I 818,326; Mg I 285,213

Òàáëèöà 2. Äèàïàçîíû îïðåäåëÿåìûõ ñîäåðæàíèé ìàê-

ðîêîìïîíåíòîâ â ãåîëîãè÷åñêèõ îáðàçöàõ

Êîìïîíåíò
Àíàëèòè÷åñêàÿ

ëèíèÿ, íì

Äèàïàçîí îïðåäåëÿåìûõ

ñîäåðæàíèé êîìïîíåíòà, %

Al
2
O

3
394,401 0,02 – 16

237,312 15 – 30

Fe
2
O

3
275,574 0,01 – 12

271,441 10 – 40

MgO 285,213 0,01 – 3

279,079 1 – 15

CaO 317,933 0,01 – 15

318,128 12 – 30

Na
2
O 589,592 0,05 – 5

818,326 4 – 15

P
2
O

5
213,618* 0,001 – 0,075

213,618** 0,07 – 2

K
2
O 766,490 0,02 – 5

MnO 257,610 0,01 – 2

TiO
2

337,280 0,01 – 2

SiO
2

212,412 25 – 100

390,552

S 182,034 0,002 – 2

Ïðèìå÷àíèå. * — àêñèàëüíûé îáçîð ïëàçìû; ** — ðà-

äèàëüíûé îáçîð ïëàçìû.



òàêîé çàâèñèìîñòè (äëÿ Al2O3) ïðèâåäåí íà

ðèñóíêå.

Â ïðîöåññå àíàëèçà íåèçâåñòíûõ ïðîá ñïåê-

òðîìåòð èçìåðÿåò èíòåíñèâíîñòè ëèíèé ýëåìåí-

òîâ, êîìïüþòåð ïåðåñ÷èòûâàåò ýòè çíà÷åíèÿ â îò-

íîñèòåëüíûå èíòåíñèâíîñòè, êîòîðûå, èñõîäÿ èç

ãðàäóèðîâî÷íûõ ãðàôèêîâ, ïåðåñ÷èòûâàþò â îò-

íîñèòåëüíûå êîíöåíòðàöèè. Äàëåå ýòè îòíîñè-

òåëüíûå êîíöåíòðàöèè ïîäñòàâëÿþò â óðàâíåíèå

(1) è ñ ó÷åòîì èçìåðåííûõ íåçàâèñèìî ïîòåðü

ïðè ïðîêàëèâàíèè ðàññ÷èòûâàþò C
SiO2

. Ïîñëå

ýòîãî, èñõîäÿ èç îòíîñèòåëüíûõ êîíöåíòðàöèé,

ìîæíî ðàññ÷èòàòü ìàññîâûå äîëè êàæäîãî êîìïî-

íåíòà â àíàëèçèðóåìîì îáðàçöå.

Ïðè âûïîëíåíèè àíàëèçà îáðàçöîâ ñ ãðàäóè-

ðîâêîé â îòíîñèòåëüíûõ êîíöåíòðàöèÿõ íåîáõî-

äèìî ñîáëþäàòü ñëåäóþùèå ïðàâèëà:

îáåñïå÷èòü ïîëíûé ïåðåâîä êîìïîíåíòîâ â

ðàñòâîð è èñêëþ÷èòü èõ ïîòåðþ â âèäå ëåòó÷èõ

ñîåäèíåíèé;

îïðåäåëÿòü âñå êîìïîíåíòû, ñîäåðæàíèå êî-

òîðûõ â îáðàçöå ïðåâûøàåò 0,001 % ìàññ; ñóììà

ïðèìåñåé, ñîäåðæàíèå êîòîðûõ íàõîäèòñÿ íèæå

0,001 %, íå îêàçûâàåò âëèÿíèÿ íà ïîãðåøíîñòü

îïðåäåëåíèÿ ìàòðè÷íûõ êîìïîíåíòîâ;

èñïîëüçîâàòü ðåàêòèâû äîñòàòî÷íîé ñòåïåíè

÷èñòîòû, òàê êàê õîëîñòàÿ ïðîáà â ýòîì âàðèàíòå

âûïîëíåíèÿ àíàëèçà îòñóòñòâóåò.

Ïðè ïðèãîòîâëåíèè íóëåâîãî ðàñòâîðà äëÿ

ãðàäóèðîâêè â îòíîñèòåëüíûõ êîíöåíòðàöèÿõ íà-

âåñêó êðåìíèÿ ìàññîé 0,0935 ã ïîìåùàëè â àâòî-

êëàâ, äîáàâëÿëè 3 ñì3 âîäû, 1 ñì3 HNO3, 1,5 ñì3

HF. Àâòîêëàâû íàãðåâàëè â òå÷åíèå 30 ìèí â ñèñ-

òåìå HotBlock 200 ïðè òåìïåðàòóðå 180 °C. Ðàñ-

òâîð ïåðåíîñèëè â ïëàñòèêîâóþ ìåðíóþ êîëáó

îáúåìîì 100 ñì3, äîáàâëÿëè 16 ñì3 HCl, 10 ñì3

4 %-íîãî ðàñòâîðà H3BO3, äîâîäèëè îáúåì ðàñ-

òâîðà äî ìåòêè âîäîé è ïåðåìåøèâàëè.

Äëÿ ïðèãîòîâëåíèÿ îñòàëüíûõ ãðàäóèðîâî÷-

íûõ ðàñòâîðîâ íàâåñêè ÃÑÎ ãîðíûõ ïîðîä è ðóä,

óêàçàííûõ âûøå, ìàññîé 0,1 ã ïåðåâîäèëè â ðàñ-

òâîð â äâå ñòàäèè â àâòîêëàâàõ. Íà ïåðâîé ñòà-

äèè èñïîëüçîâàëè ñìåñü 8 ñì3 HCl, 0,3 ñì3 HNO3

è îò 0,3 äî 0,8 ñì3 HF. Êîëè÷åñòâî HF çàâèñèò îò

ñîäåðæàíèÿ SiO2. Ýêñïåðèìåíòû ïîêàçàëè, ÷òî

äëÿ ðàñòâîðåíèÿ ìàòåðèàëîâ, ñîäåðæàùèõ ìåíåå

30 % SiO2, äîñòàòî÷íî 0,3 ñì3 HF; äëÿ ðàñòâîðå-

íèÿ îáðàçöîâ, ñîäåðæàùèõ îò 30 äî 50 % SiO2 —

0,6 ñì3 HF, ïðè ñîäåðæàíèÿõ SiO2 áîëüøå 50 % —

0,8 ñì3 HF. Íà âòîðîé ñòàäèè ââîäèëè 5 ñì3

4 %-íîãî ðàñòâîðà H3BO3. Àâòîêëàâû íàãðåâàëè

â ñèñòåìå HotBlock 200 ïðè òåìïåðàòóðå 180 °C â

òå÷åíèå 60 ìèí íà ïåðâîé ñòàäèè è 15 ìèí — íà

âòîðîé ñòàäèè. Ïîëó÷åííûå ðàñòâîðû ïåðåíîñè-

ëè â ïîëèïðîïèëåíîâûå ïðîáèðêè, äîâîäèëè îáú-

åì äî ìåòêè 50 ñì3 âîäîé è ïåðåìåøèâàëè. Ðàñ-

òâîðû áûëè ïðîçðà÷íûìè áåç îñàäêà, ÷òî ñâèäå-

òåëüñòâóåò î ïîëíîì ðàñòâîðåíèè ÃÑÎ.

Ñ èñïîëüçîâàíèåì îäíèõ è òåõ æå ðàñòâîðîâ

áûëè ïîñòðîåíû ãðàäóèðîâî÷íûå ãðàôèêè: 1) â

îòíîñèòåëüíûõ êîíöåíòðàöèÿõ; 2) â àáñîëþòíûõ

èíòåíñèâíîñòÿõ; 3) ñ âíóòðåííèì ñòàíäàðòîì —

In, êîòîðûé äîáàâëÿëè âî âñå ðàñòâîðû â êîí-

öåíòðàöèè 10 ìêã/ñì3. Ïðè èñïîëüçîâàíèè In â

êà÷åñòâå âíóòðåííåãî ñòàíäàðòà ëèíèè Si I

212,402 íì è Si I 390,552 íì (ñì. òàáë. 1) áûëè çà-

ìåíåíû íà ëèíèè In II 230,606 íì è In I

325,609 íì. Êîýôôèöèåíòû êîððåëÿöèè âî âñåõ

ñëó÷àÿõ íå îòëè÷àþòñÿ äðóã îò äðóãà è èìåþò

çíà÷åíèÿ áîëåå 0,999, ÷òî ïîäòâåðæäàåò âûñîêîå

êà÷åñòâî àòòåñòàöèè ÃÑÎ ðàçëè÷íûõ ïðîèçâîäè-

òåëåé è ïîëíîå ðàñòâîðåíèå ìàòðè÷íûõ êîìïî-

íåíòîâ ñòàíäàðòíûõ îáðàçöîâ.

×òîáû îöåíèòü çíà÷åíèÿ ïîâòîðÿåìîñòè è

ïðîìåæóòî÷íîé ïðåöèçèîííîñòè, ïðîàíàëèçè-

ðîâàëè íåñêîëüêî ïàðòèé ãåîëîãè÷åñêèõ ïðîá.

Ðåçóëüòàòû ýòîãî ýêñïåðèìåíòà (òàáë. 3, 4) ïî-

êàçûâàþò, ÷òî ïðè ãðàäóèðîâêå ñ èñïîëüçîâàíè-

åì ÃÑÎ ãîðíûõ ïîðîä:

ìåòîä ÀÝÑ-ÈÑÏ îáåñïå÷èâàåò ïîâòîðÿåìîñòü

ðåçóëüòàòîâ îïðåäåëåíèÿ ìàòðè÷íûõ ýëåìåíòîâ

íà óðîâíå 1 % îòí., ÷òî ïðèìåðíî ñîâïàäàåò ñ ïî-

âòîðÿåìîñòüþ èçìåðåíèé âûõîäíûõ «÷èñòûõ»

ñèãíàëîâ ñïåêòðîìåòðà iCAP 7400 Duo, óêàçàí-

íîé â ìåòîäèêå ïîâåðêè;

èñïîëüçîâàíèå ãðàäóèðîâêè â îòíîñèòåëüíûõ

êîíöåíòðàöèÿõ îáåñïå÷èâàåò ëó÷øóþ ïîâòîðÿå-

ìîñòü è ïðîìåæóòî÷íóþ ïðåöèçèîííîñòü ïî ñðàâ-

íåíèþ ñ äðóãèìè âàðèàíòàìè ãðàäóèðîâêè;

ïðèìåíåíèå âíóòðåííåãî ñòàíäàðòà In â êîí-

öåíòðàöèè 10 ìêã/ñì3 ïðèâîäèò â îñíîâíîì

ê óõóäøåíèþ çíà÷åíèé ïîâòîðÿåìîñòè è ïðîìå-

æóòî÷íîé ïðåöèçèîííîñòè.

Óëó÷øåíèå ìåòðîëîãè÷åñêèõ õàðàêòåðèñòèê

ìåòîäà ÀÝÑ-ÈÑÏ ïðè àíàëèçå ãåîëîãè÷åñêèõ ìà-

òåðèàëîâ ñ èñïîëüçîâàíèåì ãðàäóèðîâêè â îòíî-

ñèòåëüíûõ êîíöåíòðàöèÿõ ìû ñâÿçûâàåì ñî ñëå-

äóþùèìè ôàêòîðàìè:

èç îáùåé ïîãðåøíîñòè àíàëèçà èñêëþ÷àþòñÿ

ïîãðåøíîñòè âçâåøèâàíèÿ îáðàçöà ìàññîé 0,1 ã
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0,02 0,06 0,1 0,14 0,18 0,22
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0,26 0,3 0,34 0,38
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íà àíàëèòè÷åñêèõ âåñàõ è äîâåäåíèÿ ðàñòâîðà äî

êîíå÷íîãî îáúåìà 50 ñì3, îòñóòñòâóþò äîçèðîâà-

íèå àëèêâîòíîé ÷àñòè ðàñòâîðà âíóòðåííåãî

ñòàíäàðòà è ñâÿçàííàÿ ñ ýòèì ïîãðåøíîñòü;

èíòåíñèâíîñòè ëèíèé âíóòðåííåãî ñòàíäàð-

òà — ýëåìåíòà îñíîâû — èìåþò âûñîêèå çíà÷å-

íèÿ è íå ïîäâåðæåíû ñïåêòðàëüíûì íàëîæåíèÿì

îò äðóãèõ ýëåìåíòîâ; êîíöåíòðàöèÿ êðåìíèÿ

(500 – 2000 ìêã/ñì3) â äåñÿòêè — ñîòíè ðàç ïðå-

âîñõîäèò êîíöåíòðàöèè âíóòðåííåãî ñòàíäàðòà

(1 – 25 ìêã/ñì3), êîòîðûå îáû÷íî ââîäÿò â àíàëè-

çèðóåìûå ðàñòâîðû;

îòíîøåíèÿ èíòåíñèâíîñòåé ëèíèé èçìåðÿþò-

ñÿ òî÷íåå, ÷åì àáñîëþòíûå çíà÷åíèÿ èíòåíñèâ-

íîñòåé, àíàëîãè÷íî òîìó, ÷òî äâóõëó÷åâûå ñïåê-

òðîìåòðû äåìîíñòðèðóþò áîëåå âûñîêóþ òî÷-

íîñòü èçìåðåíèé ïî îòíîøåíèþ ê îäíîëó÷åâûì.

Èñêëþ÷åíèåì èç îáùåé òåíäåíöèè óëó÷øå-

íèÿ ìåòðîëîãè÷åñêèõ õàðàêòåðèñòèê ìåòîäà àíà-

ëèçà îêàçàëñÿ ôîñôîð. Óõóäøåíèå ìåòðîëîãè÷å-

ñêèõ õàðàêòåðèñòèê ïðè îïðåäåëåíèè ôîñôîðà,

õîòÿ è ïðèåìëåìîå, òðåáóåò äîïîëíèòåëüíûõ èñ-

ñëåäîâàíèé.

Â òàáë. 5 ïðèâåäåíû ðåçóëüòàòû àíàëèçà

ÃÑÎ ãîðíûõ ïîðîä, íå ó÷àñòâîâàâøèõ â ïîñòðîå-

íèè ãðàäóèðîâî÷íûõ ãðàôèêîâ, îíè äåìîíñòðè-

ðóþò õîðîøåå ñîâïàäåíèå ñ àòòåñòîâàííûìè õà-

ðàêòåðèñòèêàìè.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðè àíàëèçå ãåîëîãè÷åñêèõ

ìàòåðèàëîâ ìåòîäîì ÀÝÑ-ÈÑÏ ãðàäóèðîâêà â îò-

íîñèòåëüíûõ êîíöåíòðàöèÿõ îáåñïå÷èâàåò ëó÷-

øèå ìåòðîëîãè÷åñêèå õàðàêòåðèñòèêè ïî ñðàâíå-

íèþ ñ äðóãèìè âàðèàíòàìè ãðàäóèðîâêè çà ñ÷åò

èñêëþ÷åíèÿ ïîãðåøíîñòè âçÿòèÿ íàâåñîê îáðàç-

öîâ è ïîãðåøíîñòè ìåðíîé ïîñóäû èç îáùåé ïî-

ãðåøíîñòè àíàëèçà, áîëåå òî÷íîãî èçìåðåíèÿ îò-

28 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2019. Òîì 85. ¹ 6

Òàáëèöà 3. Îòíîñèòåëüíîå ñòàíäàðòíîå îòêëîíåíèå ïî-

âòîðÿåìîñòè, % îòí. (n = 20)

Êîìïî-

íåíò

Äèàïàçîí

îïðåäåëÿåìûõ

ñîäåðæàíèé,

% ìàññîâàÿ

äîëÿ

Ñ ãðàäóèðî-

âî÷íûìè

ãðàôèêàìè

â àáñîëþò-

íûõ èíòåí-

ñèâíîñòÿõ

Ñ ãðàäóèðî-

âî÷íûìè

ãðàôèêàìè

ñ âíóòðåí-

íèì ñòàí-

äàðòîì In

Ñ ãðàäóèðî-

âî÷íûìè

ãðàôèêàìè â

îòíîñè-

òåëüíûõ

êîíöåí-

òðàöèÿõ

Al
2
O

3
5,0 – 20,0 1,4 1,7 1,3

CaO 0,25 – 15,00 1,2 1,6 1,1

Fe
2
O

3
0,50 – 15,00 1,4 1,6 0,5

K
2
O 0,50 – 5,00 2,8 2,2 0,7

MgO 0,10 – 15,00 1,3 2,2 0,5

MnO 0,030 – 0,500 1,5 2,1 1,0

Na
2
O 0,50 – 10,00 2,2 2,0 1,2

P
2
O

5
0,010 – 0,300 1,5 1,2 2,5

SiO
2

40,0 – 75,0 1,1 2,1 0,4

TiO
2

0,050 – 2,00 1,7 1,9 0,5

Òàáëèöà 4. Îòíîñèòåëüíîå ñòàíäàðòíîå îòêëîíåíèå

ïðîìåæóòî÷íîé ïðåöèçèîííîñòè, % îòí. (n = 10)

Êîìïî-

íåíò

Äèàïàçîí

îïðåäåëÿåìûõ

ñîäåðæàíèé,

% ìàññîâàÿ

äîëÿ

Ñ ãðàäóè-

ðîâî÷íûìè

ãðàôèêàìè

â àáñîëþò-

íûõ èíòåí-

ñèâíîñòÿõ

Ñ ãðàäóè-

ðîâî÷íûìè

ãðàôèêàìè

ñ âíóòðåí-

íèì ñòàí-

äàðòîì In

Ñ ãðàäóèðî-

âî÷íûìè

ãðàôèêàìè

â îòíîñè-

òåëüíûõ

êîíöåí-

òðàöèÿõ

Al
2
O

3
5,0 – 20,0 2,0 2,4 1,8

CaO 0,25 – 15,00 1,7 2,2 1,5

Fe
2
O

3
0,50 – 15,00 2,0 2,2 0,7

K
2
O 0,50 – 5,00 3,9 3,1 1,0

MgO 0,10 – 15,00 1,8 3,1 0,7

MnO 0,030 – 0,500 2,1 2,9 1,4

Na
2
O 0,50 – 10,00 3,1 2,8 1,7

P
2
O

5
0,010 – 0,300 2,1 1,7 3,5

SiO
2

40,0 – 75,0 1,5 2,9 0,6

TiO
2

0,050 – 2,00 2,4 2,7 0,7

Òàáëèöà 5. Ðåçóëüòàòû àíàëèçà ÃÑÎ ãîðíûõ ïîðîä, %

Êîìïîíåíò

ÑÒ-2À (ÃÑÎ 8671–2005) ÑÃ-3 (ÃÑÎ 3333–85)

Àòòåñòîâàíî C
àòò

± ä Íàéäåíî, Ñ ± Ä Àòòåñòîâàíî C
àòò

± ä Íàéäåíî, Ñ ± Ä

Al
2
O

3
14,63 ± 0,17 14,73 ± 0,50 10,64 ± 0,07 10,79 ± 0,36

CaO 10,42 ± 0,14 10,38 ± 0,31 0,32 ± 0,03 0,28 ± 0,01

Fe
2
O

3
14,62 ± 0,14 14,46 ± 0,20 4,60 ± 0,07 4,70 ± 0,06

K
2
O 0,46 ± 0,02 0,45 ± 0,01 4,64 ± 0,06 4,70 ± 0,09

MgO 7,51 ± 0,17 7,50 ± 0,10 0,10 ± 0,02 0,082 ± 0,001

MnO 0,21 ± 0,01 0,218 ± 0,006 0,120 ± 0,005 0,132 ± 0,004

Na
2
O 2,32 ± 0,09 2,41 ± 0,07 4,24 ± 0,05 4,32 ± 0,13

P
2
O

5
0,17 ± 0,01 0,17 ± 0,01 0,024 ± 0,003 0,022 ± 0,001

SiO
2

47,99 ± 0,19 47,52 ± 0,57 74,76 ± 0,15 74,23 ± 0,89

TiO
2

1,59 ± 0,05 1,57 ± 0,02 0,26 ± 0,01 0,284 ± 0,004



íîøåíèé èíòåíñèâíîñòåé ëèíèé îïðåäåëÿåìîãî

êîìïîíåíòà è îñíîâû.

Ìåòîä â ñî÷åòàíèè ñ ðàñòâîðåíèåì â íàãðå-

âàåìûõ àâòîêëàâàõ â ñèñòåìå HotBlock ìîæåò

áûòü òàêæå ïðèìåíåí äëÿ âûïîëíåíèÿ ñèëèêàò-

íîãî àíàëèçà çîëû óãëÿ è íåôòåïðîäóêòîâ.
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Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèé ñ èñïîëüçîâàíèåì äèëàòîìåòðîâ DIL 805A/D (TA

Instruments) è DIL 402C (Netzsch). Äèëàòîìåòðè÷åñêèé àíàëèç ïîçâîëÿåò íå òîëüêî îïðå-

äåëÿòü òåìïåðàòóðíûé êîýôôèöèåíò ëèíåéíîãî ðàñøèðåíèÿ è òåìïåðàòóðû ôàçîâûõ ïå-

ðåõîäîâ, îöåíèâàòü êèíåòèêó ïðåâðàùåíèé, íî òàêæå ìîäåëèðîâàòü ðåæèìû òåðìè÷åñêîé

îáðàáîòêè, âûÿâëÿòü ñ ïîìîùüþ âàêóóìíîãî òðàâëåíèÿ ðàçìåðû áûâøåãî àóñòåíèòíîãî

çåðíà, ñîâåðøåíñòâîâàòü òåõíîëîãèè òåðìè÷åñêîé è òåðìîìåõàíè÷åñêîé îáðàáîòîê ñòàëåé

è ñïëàâîâ. Äëÿ ñòàëåé ìàðòåíñèòíîãî è ìàðòåíñèòî-áåéíèòíîãî êëàññîâ (38ÕÌÀ,

38ÕÍ3ÌÔÀ, 20Õ3ÍÌÔÀ) ïðèâåäåíû ðåæèìû âàêóóìíîãî òðàâëåíèÿ â êàìåðå äèëàòîìåò-

ðà, îöåíåíî âëèÿíèå òåðìîäåôîðìàöèîííûõ ïàðàìåòðîâ íà ðàçìåð àóñòåíèòíîãî çåðíà, ïî-

êàçàíà ýôôåêòèâíîñòü ìåòîäà ïðè îïðåäåëåíèè ðàçìåðîâ çåðíà â ñðàâíåíèè ñ òðàäèöèîí-

íûìè ñïîñîáàìè òðàâëåíèÿ. Ïðè ìîäåëèðîâàíèè ðåæèìîâ òåðìè÷åñêîé îáðàáîòêè äèëàòî-

ìåòðè÷åñêèì ìåòîäîì èññëåäîâàëè òàêæå ìèêðîñòðóêòóðó íèêåëåâîãî ñïëàâà ÕÍ55ÌÂÖ

(×Ñ57). Ïîêàçàíû èçìåíåíèÿ ðàçìåðà è ìîðôîëîãèè çåðåííîé ñòðóêòóðû ìàòåðèàëà íà

ðàçíûõ ýòàïàõ åãî îáðàáîòêè. Ðåçóëüòàòû èññëåäîâàíèé èñïîëüçîâàëè äëÿ êîððåêòèðîâêè

äåéñòâóþùèõ ðåæèìîâ òåðìîîáðàáîòêè, ÷òî ïîçâîëèëî ïîëó÷èòü ðàâíîìåðíóþ ìåëêîçåð-

íèñòóþ ñòðóêòóðó. Êîìïëåêñíîå ïðèìåíåíèå äèëàòîìåòðè÷åñêîãî è ìåòàëëîãðàôè÷åñêîãî

àíàëèçîâ ïîñëå âàêóóìíîãî òðàâëåíèÿ ìàòåðèàëà ïîâûøàåò ýêîíîìè÷åñêóþ ýôôåêòèâ-

íîñòü ïîëó÷åíèÿ òðåáóåìîé ìèêðîñòðóêòóðû ñ ïîìîùüþ òåðìè÷åñêîé è òåðìîìåõàíè÷å-

ñêîé îáðàáîòîê çàãîòîâîê.

Êëþ÷åâûå ñëîâà: âàêóóìíîå òðàâëåíèå; äèëàòîìåòðèÿ; îêèñëåíèå; ìîäåëèðîâàíèå òåð-
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ùåíèÿ.
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We present the results obtained using the equipment available at the Center for collective use “Composi-

tion, structure, properties of structural and functional alloys” NRC “Kurchatov Institute” — CRISM

“Prometey”: DIL 805A/D (TA Instruments) and DIL 402C (Netzsch) dilatometers. Dilatometric analysis
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which provides determination of the temperature coefficient of linear expansion and the temperature of

phase transitions, as well as evaluation of the transformation kinetics, can also allow simulation of heat

treatment modes to identify the size of the former austenitic grain using vacuum etching and conduct the

research aimed at improving the technology of thermal and thermomechanical processing (TMO) of steels

and alloys. The experiments were carried out both in vacuum and in dynamic helium atmosphere. The

main methodological difficulties that we have faced with are described. For steels of martensite and

martensite-bainite class (38KhMA, 38KhN3MFA, 20Kh3NMFA) conditions of vacuum etching in the

chamber of the dilatometer are specified. The efficiency of the method for martensite-bainite steels in de-

termination of the grain size compared to traditional methods of etching is deminstrated. The effect of

thermodeformation parameters on the size of austenitic grain is estimated. When modeling the heat treat-

ment modes by the dilatometric method, the microstructure of KhN55MVTs nickel alloy was also ana-

lyzed. Changes in the size and morphology of the grain structure at different stages of heat treatment are

revealed. The obtained results were used to adjust the current modes of heat treatment and obtain a uni-

form fine-grained structure. The combined application of dilatometric and metallographic analyzes after

vacuum etching of the material decreases the production costs attributed to obtaining the desired

microstructure upon thermal and thermomechanical processing of the products and blanks.

Keywords: vacuum etching; dilatometry; oxidation; modeling of heat treatment; deformation-quenching

dilatometer; microstructure; phase transformations.

Ââåäåíèå

Ïðè òåðìè÷åñêîé îáðàáîòêå ìåòàëëîâ è ñïëà-

âîâ âàæíåéøèå ïàðàìåòðû, îïðåäåëÿþùèå ðå-

çóëüòàò, — ñêîðîñòü íàãðåâà è îõëàæäåíèÿ, òåì-

ïåðàòóðà, âðåìÿ èçîòåðìè÷åñêîé âûäåðæêè. Ïðî-

èñõîäÿùèå â ìàòåðèàëå ôàçîâûå ïðåâðàùåíèÿ

âëèÿþò íà âèä òåðìîîáðàáîòêè, êîíå÷íóþ ñòðóê-

òóðó è ôèçèêî-ìåõàíè÷åñêèå ñâîéñòâà ìåòàëëà.

Ïîëó÷åíèå ìèêðîñòðóêòóðû, îáåñïå÷èâà-

þùåé òðåáóåìûå ñâîéñòâà, â óñëîâèÿõ ïðîèçâîä-

ñòâà áåç ïðåäâàðèòåëüíûõ èññëåäîâàíèé, êàê

ïðàâèëî, ñâÿçàíî ñ ðèñêîì ïîëó÷åíèÿ áðàêà, êî-

òîðûé òîëüêî â îòäåëüíûõ ñëó÷àÿõ ìîæíî èñïðà-

âèòü äîïîëíèòåëüíîé òåðìîîáðàáîòêîé (÷àñòî òà-

êîé áðàê íåèñïðàâèì). Â ñâÿçè ñ ýòèì â íàñòîÿ-

ùåå âðåìÿ çàäà÷à ìîäåëèðîâàíèÿ ïðîöåññîâ ôà-

çîâûõ ïðåâðàùåíèé ñ ïðèìåíåíèåì ñîâðåìåííî-

ãî íàó÷íî-èññëåäîâàòåëüñêîãî îáîðóäîâàíèÿ âñå

áîëåå àêòóàëüíà.

Ïðè èçó÷åíèè êèíåòèêè ïðåâðàùåíèé â èñ-

ñëåäîâàòåëüñêîé è ïðîèçâîäñòâåííîé ïðàêòèêå

áîëüøîå ðàñïðîñòðàíåíèå ïîëó÷èë äèëàòîìåòðè-

÷åñêèé ìåòîä, îñíîâàííûé íà èçìåðåíèè óäëè-

íåíèÿ îáðàçöà â çàâèñèìîñòè îò òåìïåðàòóðû è

âðåìåíè è ïîçâîëÿþùèé èçáåæàòü áîëüøèõ âðå-

ìåííûõ è ýêîíîìè÷åñêèõ çàòðàò. Ìåòîä äàåò âîç-

ìîæíîñòü èññëåäîâàòü ôàçîâûå ïðåâðàùåíèÿ â

çàâèñèìîñòè îò èçìåíåíèé ìèêðîñòðóêòóðû â

ïðîöåññå ìîäåëèðîâàíèÿ òåðìîîáðàáîòêè. Îöåí-

êó ìèêðîñòðóêòóðû ïðè ýòîì ìîæíî ïðîâîäèòü,

èñïîëüçóÿ âàêóóìíîå òðàâëåíèå íåïîñðåäñòâåííî

â ïðîöåññå ýêñïåðèìåíòà. Îäíàêî â ýòîì ñëó÷àå

âàæíî ó÷èòûâàòü îñîáåííîñòè âàêóóìíîé äèëàòî-

ìåòðèè.

Öåëü ðàáîòû — èññëåäîâàíèå ìèêðîñòðóêòó-

ðû ñòàëåé ìàðòåíñèòíîãî è ìàðòåíñèòî-áåéíèò-

íîãî êëàññîâ è íèêåëåâûõ ñïëàâîâ ïðè ìîäåëèðî-

âàíèè ðåæèìîâ òåðìîîáðàáîòêè îáðàçöîâ äèëàòî-

ìåòðè÷åñêèì ìåòîäîì.

Ìåòîäèêà è îáîðóäîâàíèå

Äèëàòîìåòðè÷åñêèé àíàëèç ïîçâîëÿåò íå

òîëüêî îïðåäåëÿòü òåìïåðàòóðíûé êîýôôèöèåíò

ëèíåéíîãî ðàñøèðåíèÿ (ÒÊËÐ) è òåìïåðàòóðû

ôàçîâûõ ïåðåõîäîâ, îöåíèâàòü êèíåòèêó ïðåâðà-

ùåíèé, íî òàêæå ìîäåëèðîâàòü ðåæèìû òåðìè÷å-

ñêîé îáðàáîòêè, âûÿâëÿòü ðàçìåðû áûâøåãî

àóñòåíèòíîãî çåðíà, ñîâåðøåíñòâîâàòü òåõíîëî-

ãèè òåðìè÷åñêîé è òåðìîìåõàíè÷åñêîé îáðàáîòîê

(ÒÌÎ) ñòàëåé è ñïëàâîâ.

Èññëåäîâàëè îáðàçöû ñòàëåé ìàðòåíñèòíîãî

è ìàðòåíñèòíî-áåéíèòíîãî êëàññîâ (38ÕÌÀ,

38ÕÍ3ÌÔÀ, 20Õ3ÍÔÀ) è íèêåëåâîãî ñïëàâà

ÕÍ55ÌÂÖ (×Ñ57) öèëèíäðè÷åñêîé ôîðìû äèà-

ìåòðîì 5 è äëèíîé 10 ìì. Êèíåòèêó ôàçîâûõ

ïðåâðàùåíèé àíàëèçèðîâàëè ñ ïîìîùüþ âûñîêî-

ñêîðîñòíîãî çàêàëî÷íî-äåôîðìàöèîííîãî äèëàòî-

ìåòðà DIL 805A/D (TA Instruments) è äèëàòîìåò-

ðà DIL 402C (Netzsch), ìèêðîñòðóêòóðó — ñ ïîìî-

ùüþ îïòè÷åñêîãî èíâåðòèðîâàííîãî ìèêðîñêîïà

AxioObserverA1.m, îñíàùåííîãî ñèñòåìîé öèô-

ðîâîãî àíàëèçà èçîáðàæåíèé. Ðàçìåð çåðíà îïðå-

äåëÿëè â ñîîòâåòñòâèè ñ ÃÎÑÒ 5639 ïî ìåòîäó

ñåêóùèõ.

Ðåçóëüòàòû è îáñóæäåíèå

Âàêóóìíîå òðàâëåíèå. Â ìàðòåíñèòíûõ è

ìàðòåíñèòî-áåéíèòíûõ ñòàëÿõ äëÿ âûÿâëåíèÿ

ãðàíèö è, êàê ñëåäñòâèå, îïðåäåëåíèÿ ðàçìåðîâ

áûâøåãî àóñòåíèòíîãî çåðíà íåîáõîäèì ïîäáîð

ñîñòàâà òðàâèòåëÿ, åãî êîíöåíòðàöèè, ðåæèìîâ

òðàâëåíèÿ.

Õèìè÷åñêîå òðàâëåíèå íå âñåãäà ïîçâîëÿåò

êà÷åñòâåííî âûÿâèòü ãðàíèöû áûâøèõ àóñòå-

íèòíûõ çåðåí, ïîñêîëüêó ïîìèìî ñàìèõ ãðàíèö

âûòðàâëèâàåòñÿ òàêæå âíóòðåííÿÿ ñòðóêòóðà

îáðàçöîâ.
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Âàêóóìíîå òðàâëåíèå ïðåäïîëàãàåò ïîäãî-

òîâêó â ïðîäîëüíîì ñå÷åíèè îáðàçöà ìèêðî-

øëèôà, êîòîðûé çàòåì ïîìåùàåòñÿ â êàìåðó äè-

ëàòîìåòðà.

Íà ðèñ. 1 ïðèâåäåíà ñòðóêòóðà ñòàëè 38ÕÌÀ

(ÃÎÑÒ 4543) ïîñëå òðàâëåíèÿ. Âèäíî, ÷òî ãðàíè-

öû áûâøåãî àóñòåíèòíîãî çåðíà çíà÷èòåëüíî

ëó÷øå (ïî ñðàâíåíèþ ñ ðàñòâîðîì àçîòíîé êèñëî-

òû) âûÿâëÿþòñÿ â ðåàêòèâå Ìàðøàëëà [6], íî

ñàìà ïðîöåäóðà òðàâëåíèÿ áîëåå òðóäîåìêàÿ,

ïðîõîäèò ñ ìíîãî÷èñëåííûìè ïåðåøëèôîâêàìè.

Îáðàçåö ïðè ýòîì òðàâèòñÿ íåðàâíîìåðíî. Îòìå-

òèì, ÷òî â äàííîì ñëó÷àå íåâîçìîæåí ïîäñ÷åò

ðàçìåðà çåðíà ñ ïîìîùüþ ñèñòåì àâòîìàòè÷åñêî-

ãî àíàëèçà.

Âàêóóìíîå òðàâëåíèå îñóùåñòâëÿëè â êàìåðå

äèëàòîìåòðà DIL805A/D ñî ñïåöèàëüíûì òóðáî-

ìîëåêóëÿðíûì íàñîñîì (òåìïåðàòóðà — 910 °C,

âûäåðæêà — 250 ñ, ñêîðîñòü íàãðåâà è îõëàæäå-

íèÿ — 5 °C/ñ, âàêóóì — 10–6 ìáàð). Â îòëè÷èå îò

õèìè÷åñêîãî îíî äàåò âîçìîæíîñòü áûñòðî è êà-

÷åñòâåííî âûÿâèòü ãðàíèöû çåðåí, ïðè ýòîì

ïðàêòè÷åñêè íå âûòðàâëèâàÿ âíóòðèçåðåííóþ

ñòðóêòóðó. Â äàëüíåéøåì, èñïîëüçóÿ ïîëó÷åííûå

äàííûå, ìîæíî îïåðàòèâíî îöåíèâàòü ðàçìåð

çåðíà â ñîîòâåòñòâèè ñ ÃÎÑÒ 5639 êàê ìåòîäîì

ñðàâíåíèÿ ñî øêàëàìè, òàê è äðóãèìè ñïîñîáàìè,

âêëþ÷àÿ ìåòàëëîãðàôè÷åñêèå ìåòîäû àâòîìàòè-

çèðîâàííîãî àíàëèçà èçîáðàæåíèé ñ ïîñòðîåíèåì

ãèñòîãðàìì ðàñïðåäåëåíèÿ ðàçìåðîâ çåðåí.

Ïîìèìî âûÿâëåíèÿ ãðàíèö áûâøèõ àóñòå-

íèòíûõ çåðåí, ñ ïîìîùüþ âàêóóìíîãî òðàâëåíèÿ

îïðåäåëÿëè òåìïåðàòóðû ôàçîâûõ ïðåâðàùåíèé

ïðè íàãðåâå è îõëàæäåíèè. Ïîëó÷åííûå äèëàòî-

ìåòðè÷åñêèå êðèâûå ïðèâåäåíû íà ðèñ. 2.

Ìîäåëèðîâàíèå ðåæèìîâ òåðìîîáðàáîòêè.

Èñïîëüçóÿ ìåòîä äèëàòîìåòðè÷åñêîãî àíàëèçà,

îöåíèâàëè âëèÿíèå òåìïåðàòóðû íàãðåâà íà âå-

ëè÷èíó ðàçìåðà çåðíà ñïëàâà ÕÍ55ÌÂÖ (×Ñ57),

ïðèìåíÿåìîãî, íàïðèìåð, â âûñîêîòåìïåðàòóð-

íûõ ýíåðãåòè÷åñêèõ óñòàíîâêàõ ñ ãàçîâûì òåïëî-

íîñèòåëåì [7 – 9]. Ìîäåëèðîâàëè òàêæå ðåæèìû

òåðìîîáðàáîòêè îáðàçöà.

Íà ðèñ. 3 ïðåäñòàâëåíû ðåæèìû òåðìîîáðà-

áîòêè è ñîîòâåòñòâóþùèå ìèêðîñòðóêòóðû ñïëà-

âà íà êàæäîì ýòàïå. Âèäíî, ÷òî ïðè ïîâûøåíèè

òåìïåðàòóðû âûäåðæêè (ñ 1000 äî 1100 °C) ðàç-

ìåð àóñòåíèòíîãî çåðíà óâåëè÷èâàåòñÿ. Òàêèì

îáðàçîì, äàííûé ïîäõîä ïîçâîëÿåò ïðîñëåäèòü

èçìåíåíèå ðàçìåðà è ìîðôîëîãèè çåðåííîé

ñòðóêòóðû ñïëàâà ïðè ìîäåëèðîâàíèè òåðìè÷å-

ñêîé îáðàáîòêè.
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Ðèñ. 2. Äèëàòîìåòðè÷åñêèå êðèâûå ïðè ïðè íàãðåâå (à)

è îõëàæäåíèè (á) (ñòàëü 38ÕÌÀ)



Âëèÿíèå òåðìîäåôîðìàöèîííûõ ïàðàìåò-

ðîâ íà ðàçìåð àóñòåíèòíîãî çåðíà. Âàêóóìíîå

òðàâëåíèå èñïîëüçîâàëè äëÿ îöåíêè âëèÿíèÿ

òåðìîäåôîðìàöèîííûõ ïàðàìåòðîâ (îò íèõ çà-

âèñÿò óäàðíàÿ âÿçêîñòü è õëàäîñòîéêîñòü ñòàëåé

[10 – 12]) íà ðàçìåð àóñòåíèòíîãî çåðíà. Ïðîöåññ

ïîëó÷åíèÿ òðóáíîé çàãîòîâêè èç ñðåäíåóãëåðî-

äèñòîé âûñîêîïðî÷íîé ñòàëè ìàðêè 38ÕÍ3ÌÔÀ

ìîäåëèðîâàëè íà êîìïëåêñå GLEEBLE 3800 ñ

ðàçëè÷íîé òåìïåðàòóðîé îêîí÷àíèÿ äåôîðìà-

öèè [13].

Íà ðèñ. 4 ïðèâåäåíû ìèêðîñòðóêòóðû îáðàç-

öîâ ïîñëå òåðìîîáðàáîòêè è äåôîðìàöèè. Âèäíî,

÷òî ïðè îêîí÷àíèè äåôîðìàöèè â èíòåðâàëå

íèæíåãî ïîðîãà òåìïåðàòóð ðåêðèñòàëëèçàöèè

(920 °C, ñðåäíèé ðàçìåð àóñòåíèòíîãî çåðíà —
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Ðèñ. 4. Ìèêðîñòðóêòóðû îáðàçöîâ ñòàëè 38ÕÍ3ÌÔÀ ïîñëå çàâåðøåíèÿ äåôîðìàöèè ïðè 920 (à) è 980 °C (á)



11,9 ìêì) ñòðóêòóðà áîëåå ðàâíîìåðíàÿ ïî ñðàâ-

íåíèþ ñî ñëó÷àåì îêîí÷àíèÿ äåôîðìàöèè âû-

øå èíòåðâàëà òåìïåðàòóð ðåêðèñòàëëèçàöèè

(980 °C, ñðåäíèé ðàçìåð àóñòåíèòíîãî çåðíà —

16 ìêì).

Ïðè ðåæèìå îáðàáîòêè, èñêëþ÷àþùåì âëèÿ-

íèå íàãðåâà è âûäåðæêè â ïðîöåññå òðàâëåíèÿ íà

ðàçìåð çåðíà (èçìåëü÷åíèå ïðè íàãðåâå âûøå

êðèòè÷åñêîé òî÷êè Ac3 èëè ðîñò âî âðåìÿ èçîòåð-

ìè÷åñêîé âûäåðæêè), âûÿâëÿòü ãðàíèöû àóñòå-

íèòíûõ çåðåí âàêóóìíûì òðàâëåíèåì ìîæíî íå

òîëüêî íà ïðîìåæóòî÷íûõ ñòàäèÿõ, íî è ïîñëå

îêîí÷àòåëüíîé òåðìîîáðàáîòêè.

Íà ðèñ. 5 ïðåäñòàâëåíû ðåçóëüòàòû èññëå-

äîâàíèÿ àóñòåíèòíîãî çåðíà îáðàçöîâ ñòàëè

38ÕÍ3ÌÔÀ, ïðîèçâåäåííûõ ñ ïåðåãðåâîì è ïî

øòàòíîé òåõíîëîãèè. Â ïðîöåññå îêîí÷àòåëüíîé

òåðìîîáðàáîòêè (çàêàëêà è âûñîêèé îòïóñê) ïå-

ðåãðåòîãî îáðàçöà èçìåëü÷åíèå çåðíà àóñòåíèòà

íå çàôèêñèðîâàëè. Ýòî ïðèâåëî ê ñóùåñòâåííîìó

ñíèæåíèþ óäàðíîé âÿçêîñòè ìåòàëëà (íèæå äî-

ïóñòèìîãî óðîâíÿ) [13, 14].

Îñîáåííîñòè èñïûòàíèé â âàêóóìå è äèíà-

ìè÷åñêîé àòìîñôåðå ãåëèÿ. Îñíîâíàÿ òðóäíîñòü,

âîçíèêàþùàÿ ïðè èñïîëüçîâàíèè ìåòîäà, — íå-

îáõîäèìîñòü êîððåêòèðîâêè ðåæèìà âàêóóìíîãî

òðàâëåíèÿ â çàâèñèìîñòè îò ìàðêè ñòàëè (õèìè-

÷åñêîãî ñîñòàâà). Ýòî ñâÿçàíî ñ òåì, ÷òî äëÿ âûÿâ-

ëåíèÿ ãðàíèö àóñòåíèòíûõ çåðåí âûäåðæêó ïðî-

âîäÿò ïðè òåìïåðàòóðå âûøå êðèòè÷åñêîé òî÷êè

Ac3. Ýòî ìîæåò ïðèâåñòè ê èçìåíåíèþ ðàçìåðà

çåðíà è èñêàæåíèþ ðåçóëüòàòîâ, ïîñêîëüêó äëÿ

íåêîòîðûõ ìàðîê ñòàëè âûäåðæêà áóäåò îñóùå-

ñòâëÿòüñÿ â òåìïåðàòóðíîì äèàïàçîíå ðåêðèñòàë-

ëèçàöèè àóñòåíèòà. Ïîñëå äëèòåëüíûõ âûäåðæåê

íà ïîâåðõíîñòè ìèêðîøëèôà ìîãóò ïîÿâëÿòüñÿ

ÿìêè òðàâëåíèÿ, êîòîðûå íà èçîáðàæåíèè ìèêðî-

ñòðóêòóðû îòîáðàæàþòñÿ â âèäå ÷åðíûõ òî÷åê.

Ìîæåò ïðîèñõîäèòü è ñèëüíîå ðàñòðàâëèâàíèå

ãðàíèö çåðåí (ñì. ðèñ. 3).

Â ñëó÷àå èñïûòàíèé â äèíàìè÷åñêîé àòìî-

ñôåðå ãåëèÿ âîçìîæíî îêèñëåíèå ïîâåðõíîñòè îá-

ðàçöà, ïîñêîëüêó ïðè âûñîêîé ñêîðîñòè îõëàæäå-

íèÿ èñïîëüçóþò ãåëèé ïîíèæåííîé ÷èñòîòû

(ðèñ. 6).

Òåì íå ìåíåå ïðèìåíÿåìûé ïîäõîä äàåò âîç-

ìîæíîñòü êîëè÷åñòâåííîé îöåíêè ðàçìåðà çåðíà,

äàæå íåñìîòðÿ íà ïîÿâëåíèå îêñèäíîé ïëåíêè.

Èñïûòàíèÿ â äèíàìè÷åñêîé àòìîñôåðå ãåëèÿ

ïðîâîäèëè ñ èñïîëüçîâàíèåì äèëàòîìåòðà DIL

402C. Íà ðèñ. 7 ïðåäñòàâëåí îáðàçåö ñòàëè

20Õ3ÍÌÔÀ ïîñëå èñïûòàíèé ñ äëèòåëüíû-

ìè âûäåðæêàìè ïðè òåìïåðàòóðå 1000 °C. Âèä-

íî, ÷òî â ñëó÷àå ãåëèÿ (â îòëè÷èå îò âàêóóìà) íà

ïîâåðõíîñòè îáðàçöà îáðàçîâàëàñü îêñèäíàÿ

ïëåíêà.

Îêñèäíàÿ ïëåíêà â ïðîöåññå îõëàæäåíèÿ

ìîæåò òðåñêàòüñÿ, ÷òî ïðîÿâëÿåòñÿ â ðåçêèõ ñêà÷-
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à á

Ðèñ. 5. Ìèêðîñòðóêòóðû ïåðåãðåòîãî (íàãðåâ ïîä äåôîðìàöèþ 1250 – 1260 °C, ñðåäíèé ðàçìåð çåðíà — 23 ìêì) (à) è

øòàòíîãî (íàãðåâ ïîä äåôîðìàöèþ 1230 – 1240 °C, ñðåäíèé ðàçìåð çåðíà — 11,9 ìêì) (á) îáðàçöîâ ñòàëè 38ÕÍ3ÌÔÀ ïî-

ñëå îêîí÷àòåëüíîé òåðìîîáðàáîòêè

Ðèñ. 6. Îêñèäíàÿ ïëåíêà íà ïîâåðõíîñòè ìèêðîøëè-

ôà èç ñòàëè 38ÕÍ3ÌÔÀ ïîñëå âàêóóìíîãî òðàâëåíèÿ è

îõëàæäåíèÿ â àòìîñôåðå ãåëèÿ ïîíèæåííîé ÷èñòîòû



êàõ íà äèëàòîìåòðè÷åñêîé êðèâîé, íå ñâÿçàííûõ

ñ õàðàêòåðîì ïðåâðàùåíèÿ (òàê íàçûâàåìûå

øóìû) (ðèñ. 8).

Òàêèå îòêëîíåíèÿ îò ìîãóò áûòü îøèáî÷íî

ïðèíÿòû çà ôàçîâûå ïðåâðàùåíèÿ ïðè îõëàæäå-

íèè, ÷òî â èòîãå ïðèâåäåò ê ïîñòðîåíèþ íåâåð-

íûõ äèàãðàìì ïðåâðàùåíèÿ àóñòåíèòà è íàçíà-

÷åíèþ ðåæèìîâ òåðìîîáðàáîòêè, íå îáåñïå÷è-

âàþùèõ ïîëó÷åíèÿ çàäàííîãî êîìïëåêñà ñâîéñòâ.

Ïðè äëèòåëüíûõ âûñîêîòåìïåðàòóðíûõ äè-

ëàòîìåòðè÷åñêèõ èññëåäîâàíèÿõ â àòìîñôåðå ãå-

ëèÿ ìîæåò íàáëþäàòüñÿ ÷àñòè÷íîå îáåçóãëåðîæè-

âàíèå îáðàçöîâ, ÷òî íåãàòèâíî âëèÿåò íà ðåçóëü-

òàòû èñïûòàíèé.

Ìèêðîñòðóêòóðà îáðàçöà èç ñòàëè

20Õ3ÍÌÔÀ ñ îáåçóãëåðîæåííûì ñëîåì ïðèâå-

äåíà íà ðèñ. 9. Îáðàçåö ñíà÷àëà íàãðåâàëè äî

1200 °C (âûäåðæêà — 30 ìèí), çàòåì îõëàæäàëè

äî òåìïåðàòóðû èçîòåðìè÷åñêîé âûäåðæêè

650 °C (âûäåðæêà — 33 ÷). Âèäíî, ÷òî ïðè èçî-

òåðìè÷åñêîé âûäåðæêå áîëüøîé äëèòåëüíîñòè

îáðàçóåòñÿ îáåçóãëåðîæåííûé ñëîé. Ýòî íåîá-

õîäèìî ó÷èòûâàòü ïðè ìèêðîñòðóêòóðíûõ èññëå-

äîâàíèÿõ.

Çàêëþ÷åíèå

Ïîëó÷åííûå ðåçóëüòàòû ïîêàçàëè, ÷òî äèëà-

òîìåòðè÷åñêèå èññëåäîâàíèÿ ïîçâîëÿþò: îïðåäå-

ëÿòü òåìïåðàòóðû ôàçîâûõ ïåðåõîäîâ, îöåíè-

âàòü êèíåòèêó ïðåâðàùåíèé, ìîäåëèðîâàòü ðå-

æèìû òåðìè÷åñêîé îáðàáîòêè ñ äëèòåëüíûìè âû-

äåðæêàìè, âûÿâëÿòü ðàçìåðû áûâøåãî àóñòåíèò-

íîãî çåðíà ìåòîäàìè âàêóóìíîãî òðàâëåíèÿ.

Îäíàêî ïðè ýòîì ñëåäóåò ïðàâèëüíî âûáèðàòü

óñëîâèÿ ïðîâåäåíèÿ ýêñïåðèìåíòîâ äëÿ èñêëþ-

÷åíèÿ îøèáîê.

Ñ ïîìîùüþ äèëàòîìåòðîâ èññëåäîâàëè êèíå-

òèêó ôàçîâûõ ïðåâðàùåíèé è èçìåíåíèÿ ìèêðî-

ñòðóêòóðû ñòàëåé ìàðòåíñèòî-áåéíèòíîãî êëàññà

(20Õ3ÍÌÔÀ, 38ÕÍ3ÌÔÀ, 38ÕÌÀ) è íèêåëåâîãî

ñïëàâà ÕÍ55ÌÂÖ. Óñòàíîâèëè, ÷òî äëÿ ñòàëè

38ÕÌÀ âàêóóìíîå òðàâëåíèå ëó÷øå âûÿâëÿåò

ãðàíèöû áûâøåãî àóñòåíèòíîãî çåðíà, ÷åì õèìè-

÷åñêîå òðàâëåíèå â 4 %-íîì ñïèðòîâîì ðàñòâîðå

àçîòíîé êèñëîòû è ðåàêòèâå Ìàðøàëëà. Òåìïå-

ðàòóðû ôàçîâûõ ïðåâðàùåíèé ñîñòàâèëè, °C: ïðè

íàãðåâå — Ac1 = 731,6, Ac3 = 798,1, ïðè îõëàæ-

äåíèè — Ar3 = 292, Ar1 = 152. Äëÿ íèêåëåâî-
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Ðèñ. 8. Äèëàòîìåòðè÷åñêàÿ êðèâàÿ îáðàçöà ñòàëè

20Õ3ÍÌÔÀ (êðóæêàìè îòìå÷åíû îáëàñòè øóìîâ)

Ðèñ. 9. Ìèêðîñòðóêòóðà îáðàçöà èç ñòàëè ìàðêè 20Õ3ÍÌÔÀ ïîñëå íàãðåâà äî 1200 (âûäåðæêà — 0,5 ÷) è îõëàæäåíèÿ äî

650 °C (èçîòåðìè÷åñêàÿ âûäåðæêà — 33 ÷) ïðè ðàçëè÷íîì óâåëè÷åíèè

à á

Ðèñ. 7. Îáðàçåö ñòàëè 20Õ3ÍÌÔÀ ïîñëå èñïûòàíèé â

äèíàìè÷åñêîé àòìîñôåðå ãåëèÿ (à) è âàêóóìå (á)



ãî ñïëàâà óâåëè÷åíèå òåìïåðàòóðû âûäåðæêè

(ñ 1000 äî 1100 °C) âåäåò ê ñóùåñòâåííîìó âîçðàñ-

òàíèþ ðàçìåðà àóñòåíèòíîãî çåðíà. Ïðè ìîäåëè-

ðîâàíèè ïðîìûøëåííûõ ñõåì ãîðÿ÷åé ïëàñòè÷å-

ñêîé äåôîðìàöèè äëÿ ñòàëè 38ÕÍ3ÌÔÀ ïîëó-

÷èëè, ÷òî îêîí÷àíèå äåôîðìàöèè â èíòåðâàëå

íèæíåãî ïîðîãà òåìïåðàòóð ðåêðèñòàëëèçàöèè

ñïîñîáñòâóåò ôîðìèðîâàíèþ áîëåå äèñïåðñíîé è

ðàâíîìåðíîé ñòðóêòóðû, ÷åì â ñëó÷àå îêîí÷àíèÿ

äåôîðìàöèè âûøå èíòåðâàëà òåìïåðàòóð ðåêðè-

ñòàëëèçàöèè.

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ âûïîëíå-

íû íà îáîðóäîâàíèè Öåíòðà êîëëåêòèâíîãî ïî-

ëüçîâàíèÿ íàó÷íûì îáîðóäîâàíèåì «Ñîñòàâ,

ñòðóêòóðà è ñâîéñòâà êîíñòðóêöèîííûõ è

ôóíêöèîíàëüíûõ ìàòåðèàëîâ» ÍÈÖ «Êóð÷à-

òîâñêèé èíñòèòóò» — ÖÍÈÈ ÊÌ «Ïðîìåòåé»

ïðè ôèíàíñîâîé ïîääåðæêå Ìèíîáðíàóêè (ñî-

ãëàøåíèå ¹ 14.595.21.0004, óíèêàëüíûé èäåí-

òèôèêàòîð RFMEFI59517X0004).
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ïàðàìåòðàì, êàê ÷óâñòâèòåëüíîñòü è ïðîèçâîäèòåëüíîñòü êîíòðîëÿ, äîïóñòèìàÿ ýíåðãèÿ

èçëó÷åíèÿ (âëèÿåò íà ôîðìèðîâàíèå êîíòðàñòà ðàäèàöèîííîãî èçîáðàæåíèÿ) è ìèíèìàëü-

íîå ôîêóñíîå ðàññòîÿíèå (îïðåäåëÿåò ÷åòêîñòü ïîëó÷àåìîãî îïòè÷åñêîãî èçîáðàæåíèÿ).

Óñòàíîâèëè, ÷òî â ñèñòåìå ISO òðåáîâàíèÿ ïî ÷óâñòâèòåëüíîñòè âûøå. Ïðè ýòîì îíà îöå-

íèâàåòñÿ ñ èñïîëüçîâàíèåì ïðîâîëî÷íîãî èíäèêàòîðà, ðàçìåðû ýëåìåíòîâ êîòîðîãî ìåíü-

øå, ÷åì ðàçìåðû êàíàâîê êàíàâî÷íîãî ýòàëîíà ÷óâñòâèòåëüíîñòè, ðåãëàìåíòèðîâàííîãî

ÃÎÑÒ. Ïî âûáîðó ýíåðãèè èçëó÷åíèÿ â ñèñòåìå ÃÎÑÒ òðåáîâàíèÿ ñòðîæå, ÷åì ïî ISO. Ýòî

îáåñïå÷èâàåò ïîâûøåííóþ êîíòðàñòíîñòü ôîðìèðóåìîãî ðàäèàöèîííîãî èçîáðàæåíèÿ.

Ïðåîáðàçîâàíèå ðàäèàöèîííîãî èçîáðàæåíèÿ â îïòè÷åñêîå ïî ñèñòåìå ISO îñóùåñòâëÿåòñÿ

ñ èñïîëüçîâàíèåì ïëåíî÷íûõ ñèñòåì âûñîêîãî êëàññà îïòè÷åñêîé ïëîòíîñòè. Êàê ñëåäñò-

âèå, èçîáðàæåíèå ïðåîáðàçîâûâàåòñÿ â îáëàñòè áîëüøèõ ãðàäèåíòîâ. Ïî ÃÎÑÒ òðåáîâàíèå

ïî ïëåíî÷íûì ñèñòåìàì îòñóòñòâóåò, ïîñêîëüêó íà ðûíêå ïðåäñòàâëåíà îòå÷åñòâåííàÿ

ïëåíêà ëèøü îäíîãî êëàññà. Ïî ìèíèìàëüíî äîïóñòèìîìó ôîêóñíîìó ðàññòîÿíèþ òðåáîâà-

íèÿ ïî ðîññèéñêîìó ñòàíäàðòó âûøå, ÷òî äàåò âîçìîæíîñòü ïîëó÷àòü ëó÷øóþ, ÷åì ïî ISO,

÷åòêîñòü ðàäèîãðàôè÷åñêèõ ñíèìêîâ. Ïðîèçâîäèòåëüíîñòü êîíòðîëÿ ïî ÃÎÑÒ òàêæå ïðå-

âûøàåò àíàëîãè÷íûé ïîêàçàòåëü ïî ISO. Â èòîãå ìîæíî çàêëþ÷èòü, ÷òî íåñìîòðÿ íà ðÿä

îòëè÷èé, îáå ñèñòåìû ñòàíäàðòîâ ãàðàíòèðîâàííî ïîçâîëÿþò îáíàðóæèâàòü íåäîïóñòèìûå

äåôåêòû, îäíàêî êîíòðîëèðîâàòü ñâàðíûå ñîåäèíåíèÿ ñëåäóåò ñ èñïîëüçîâàíèåì âñåãî êîì-

ïëåêñà ïðèíÿòûõ íîðìàòèâîâ.

Êëþ÷åâûå ñëîâà: ðàäèîãðàôè÷åñêèé êîíòðîëü; ÷óâñòâèòåëüíîñòü; èíäèêàòîðû êà÷åñòâà

èçîáðàæåíèÿ; ýòàëîíû ÷óâñòâèòåëüíîñòè; ðàäèàöèîííûé è îïòè÷åñêèé êîíòðàñò; ãåîìåò-

ðè÷åñêàÿ íåðåçêîñòü.
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The results of comparative analysis of assessing modes, parameters and means of radiographic control of

welded joints of critical duty using the Russian (GOST) and international (ISO) standards are presented.

Comparison was carried out by the sensitivity of control, permissible radiation energy (affecting the for-

mation of the contrast of the radiation image), and minimum focal length (determining the sharpness of

the resulting optical image). Requirements of the ISO system for the sensitivity of control are higher, than

that of the State standard specification system. The sensitivity assessment in the ISO system is carried

out using the wire indicator, the dimensions of which are smaller than the dimensions of the grooves of the

groove sensitivity standard, regulated by GOST. However, the choice of the radiation energy in the system

requirements GOST is stricter than that in the ISO system. This provides enhanced contrast of the gener-

ated radiation image. The conversion of the radiation image into an optical one using the ISO system is

carried out using film systems of a high optical density. According to the ISO requirements transformation

of the radiation image to the optical one is to be carried out using film systems of the certain class. And, as

a result, transformation of the radiation image to the optical occurs in the field of high gradients. GOST

imposes no requirement to film systems, since there is the only one class of domestic film on the market.
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The requirements to the minimum allowable focal length (GOST) are higher compared to the ISO system,

which makes it possible to obtain better sharpness of radiographic images. Performance monitoring ac-

cording to GOST also exceeds that of ISO. As a result, we can conclude that the quality welded joints

should be monitored using the complete set of the accepted standards.

Keywords: radiographic control; sensitivity; image quality indicators; sensitivity standards; radiation

and optical contrast; geometrical haziness.

Ââåäåíèå

Áåçîïàñíîñòü ýêñïëóàòàöèè àâèàöèîííîé

òåõíèêè îïðåäåëÿåòñÿ îòñóòñòâèåì äåôåêòîâ â åå

óçëàõ è äåòàëÿõ [1, 2]. Ïîñêîëüêó íåâîçìîæíî

ñîçäàòü àáñîëþòíî áåçäåôåêòíóþ ïðîäóêöèþ,

îñîáî îòâåòñòâåííûå èçäåëèÿ ïîäâåðãàþò ïîëíî-

ìó êîíòðîëþ. Ïðè ýòîì, êàê ïðàâèëî, èñïîëüçóþò

íåðàçðóøàþùèå ìåòîäû, ñðåäè êîòîðûõ øèðîêî

ðàñïðîñòðàíåí ðåíòãåíîãðàôè÷åñêèé êîíòðîëü

[3, 4].

Âûÿâëÿåìîñòü äåôåêòîâ ðåíòãåíîãðàôè÷å-

ñêèì ìåòîäîì â áîëüøîé ñòåïåíè çàâèñèò îò ðå-

æèìîâ, ïàðàìåòðîâ è ïðèìåíÿåìûõ ñðåäñòâ êîí-

òðîëÿ. Âìåñòå ñ òåì ñóùåñòâóþùàÿ ñèñòåìà ñòàí-

äàðòîâ ïî ðàäèàöèîííûì ìåòîäàì íåðàçðóøà-

þùåãî êîíòðîëÿ (ÍÊ) â íàñòîÿùåå âðåìÿ òðåáóåò

äàëüíåéøåãî ñîâåðøåíñòâîâàíèÿ, â òîì ÷èñëå è

ïîòîìó, ÷òî ñóùåñòâåííî ïîâûñèëèñü òðåáîâàíèÿ

ê êà÷åñòâó âûïóñêàåìîé ïðîäóêöèè [5].

Ñåé÷àñ â Ðîññèè äåéñòâóåò ñèñòåìà ãîñóäàð-

ñòâåííûõ ñòàíäàðòîâ ïî ðàäèàöèîííîìó êîíòðî-

ëþ ñâàðíûõ ñîåäèíåíèé [7 – 9]. Ïðåäóñìîòðåíî

ââåäåíèå â äåéñòâèå ìåæäóíàðîäíîãî ñòàíäàðòà

ISO 17636-1–2017 [6].

Öåëü ðàáîòû — ñðàâíåíèå ðåãëàìåíòîâ ðà-

äèîãðàôè÷åñêîãî êîíòðîëÿ îòâåòñòâåííûõ èçäå-

ëèé (àâèàöèîííîé òåõíèêè, âêëþ÷àÿ óçëû è àãðå-

ãàòû àâèàöèîííûõ äâèãàòåëåé, è äð.) ïî ñèñòå-

ìàì ÃÎÑÒ è ISO.

Ñðàâíåíèå ðåæèìîâ, ïàðàìåòðîâ

è ñðåäñòâ êîíòðîëÿ

Êà÷åñòâî ðàäèîãðàôè÷åñêîãî êîíòðîëÿ çà-

âèñèò îò åãî ÷óâñòâèòåëüíîñòè — ìèíèìàëüíîãî

äåôåêòà, âèäèìîãî íà ñíèìêå. Ïî âåëè÷èíå äî-

ïóñòèìîãî äåôåêòà â ñèñòåìå ÃÎÑÒ ðåãëàìåíòè-

ðîâàíû òðè êëàññà ÷óâñòâèòåëüíîñòè. Êîíòðîëü

ïî 1-ìó êëàññó òðåáóåò íàèáîëüøåé ÷óâñòâèòåëü-

íîñòè è ðàñïðîñòðàíÿåòñÿ íà îáúåêòû îòâåò-

ñòâåííîãî íàçíà÷åíèÿ. Â ñèñòåìå ISO êà÷åñòâî

ðåãëàìåíòèðîâàíî äâóìÿ êëàññàìè: A è B (ïî

êëàññó B êîíòðîëèðóþò îñîáî îòâåòñòâåííûå èç-

äåëèÿ, âñå îñòàëüíûå — ïî êëàññó A). Äëÿ îöåíêè

÷óâñòâèòåëüíîñòè â ñèñòåìå ÃÎÑÒ èñïîëüçóþò

ýòàëîíû ÷óâñòâèòåëüíîñòè (Ý×), â ISO — èíäèêà-

òîðû êà÷åñòâà èçîáðàæåíèÿ (ÈÊÈ).

Äàëåå ñðàâíèòåëüíûé àíàëèç ðåæèìîâ, ïàðà-

ìåòðîâ è ñðåäñòâ êîíòðîëÿ îáúåêòîâ îòâåòñòâåí-

íîãî íàçíà÷åíèÿ ïðèâåäåí ïî 1-ìó êëàññó (ÃÎÑÒ)

è êëàññó B (ISO) ÷óâñòâèòåëüíîñòè.

Ñõåìà êîíòðîëÿ. Îñíîâíîé äîêóìåíò ïðè

ýêñïîíèðîâàíèè èçäåëèé — òåõíîëîãè÷åñêàÿ

êàðòà êîíòðîëÿ (ÒÊÊ). Åå ðàçðàáîòêó íà÷èíàþò ñ

âûáîðà ñõåìû êîíòðîëÿ — îòíîñèòåëüíîãî ðàñïî-

ëîæåíèÿ èñòî÷íèêà èçëó÷åíèÿ (ÈÈ), îáúåêòà

êîíòðîëÿ (ÎÊ), ðàäèîãðàôè÷åñêîé ïëåíêè è Ý×

(ÈÊÈ) [10].

Íà ðèñ. 1 ïðèâåäåíà ñõåìà êîíòðîëÿ ÎÊ èç

æåëåçà «÷åðåç îäíó ñòåíêó» (ÈÊÈ (Ý×) ðàñïîëî-

æåí ñî ñòîðîíû èñòî÷íèêà èçëó÷åíèÿ).

Äàííûå ïî ÷óâñòâèòåëüíîñòè êîíòðîëÿ ñîåäè-

íåíèé ïî ÃÎÑÒ è ISO ïðèâåäåíû â òàáë. 1.

Àíîäíîå íàïðÿæåíèå. Íà ðèñ. 2 ïðèâåäåíà

çàâèñèìîñòü àíîäíîãî íàïðÿæåíèÿ îò òîëùèíû

ÎÊ âäîëü îñè ïó÷êà èçëó÷åíèÿ. Âèäíî, ÷òî àíîä-

íîå íàïðÿæåíèå ïî ÃÎÑÒ çíà÷èòåëüíî íèæå.

Ýòî çíà÷èò, ÷òî ðàäèàöèîííîå èçîáðàæåíèå, ôîð-

ìèðóåìîå çà ÎÊ ïðè ýêñïîíèðîâàíèè, áóäåò

èìåòü áîëåå âûñîêèé ðàäèàöèîííûé êîíòðàñò Kð,

íàõîäÿùèéñÿ â ïðîïîðöèîíàëüíîé çàâèñèìîñòè

îò ëèíåéíîãî êîýôôèöèåíòà îñëàáëåíèÿ ì [11].

Â òàáë. 2 ïðèâåäåíû çíà÷åíèÿ ìFe â çàâèñèìîñòè

îò àíîäíîãî íàïðÿæåíèÿ äëÿ æåëåçíîãî ÎÊ òîë-

ùèíîé 3 – 20 ìì.

Âèäíî, ÷òî òðåáîâàíèÿ ïî ISO ïðèâîäÿò ê ïî-

òåðå ðàäèàöèîííîãî êîíòðàñòà.

Ôîêóñíîå ðàññòîÿíèå F (ðàññòîÿíèå îò èñòî÷-

íèêà äî ïðåîáðàçîâàòåëÿ — êàññåòû ñ ðàäèîãðà-

ôè÷åñêîé ïëåíêîé) (ñì. ðèñ. 1) îïðåäåëÿåò ãåî-
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Ðèñ. 1. Ñõåìà êîíòðîëÿ: 1 — ÈÈ; 2 — ðåíòãåíîâñêîå èç-

ëó÷åíèå; 3 — ÈÊÈ (Ý×); 4 — ÎÊ; 5 — êàññåòà ñ ðàäèîãðà-

ôè÷åñêîé ïëåíêîé (Ô — ôîêóñíîå ïÿòíî ÈÈ; F, f, a — ðàñ-

ñòîÿíèÿ ÈÈ – ïëåíêà, ÈÈ – ÎÊ è ÎÊ – ïëåíêà)



ìåòðè÷åñêóþ íåðåçêîñòü uã ðàäèàöèîííîãî èçî-

áðàæåíèÿ è ïðîèçâîäèòåëüíîñòü êîíòðîëÿ.

Äëÿ ïîëó÷àåìîãî èçîáðàæåíèÿ

u
a

F a

a

f
ã

Ô Ô
�

�

� .

Ïî ÃÎÑÒ ãåîìåòðè÷åñêàÿ íåðåçêîñòü íå

äîëæíà ïðåâûøàòü ïîëîâèíû ÷óâñòâèòåëüíîñòè

êîíòðîëÿ k. Ó÷èòûâàÿ, ÷òî ìèíèìàëüíîå ôîêóñ-

íîå ðàññòîÿíèå Fmin = fmin + a, ïðè uã = k/2

f
k

a
min

.�

2Ô

Ïî ISO fmin îïðåäåëÿåòñÿ ñîîòíîøåíèåì

fmin/Ô = 15a2/3 è íîìîãðàììîé (ðèñ. 3).

Â òàáë. 3 ïðèâåäåíû çíà÷åíèÿ fmin, ðàññ÷èòàí-

íûå äëÿ òîëùèí ÎÊ 5 – 20 ìì ïðè ýêñïîíèðîâà-

íèè ÈÈ ñ ôîêóñíûì ïÿòíîì Ô = 5,5 ìì.

Âèäíî, ÷òî ïî ÃÎÑÒ ìèíèìàëüíûå ôîêóñíûå

ðàññòîÿíèÿ âûøå, ÷åì ïî ISO, ñëåäîâàòåëüíî, ðà-

äèàöèîííîå èçîáðàæåíèå, ôîðìèðóåìîå ïðè ýêñ-

ïîíèðîâàíèè èçäåëèé ïî ÃÎÑÒ, áóäåò èìåòü

ìåíüøóþ ãåîìåòðè÷åñêóþ íåðåçêîñòü.

Ïðîèçâîäèòåëüíîñòü ýêñïîíèðîâàíèÿ. Ïîëå

êîíòðîëÿ — ïëîùàäü, êîòîðàÿ ïðè ýêñïîíèðîâà-

íèè ïîëó÷àåò îäèíàêîâóþ äîçó èçëó÷åíèÿ. Îíà

ñîîòâåòñòâóåò ïëîùàäè êðóãà äèàìåòðîì D =

= 2F/3 (ðèñ. 4).

ÎÊ äîëæåí ïîëíîñòüþ ðàñïîëàãàòüñÿ â ïîëå

êîíòðîëÿ. Åñëè ÎÊ ïðåâûøàåò ðàçìåðû ïîëÿ, òî

åãî ðàçáèâàþò íà ó÷àñòêè è ïðîâîäÿò èõ ïîñëåäî-

âàòåëüíîå ýêñïîíèðîâàíèå. ×åì áîëüøå ôîêóñ-

íîå ðàññòîÿíèå, òåì áîëüøå ðàçìåð ïîëÿ è ìåíü-

øå êîëè÷åñòâî ó÷àñòêîâ. Ïðè ýòîì

ïðîèçâîäèòåëüíîñòü êîíòðîëÿ âîçðàñòàåò, íå-

ñìîòðÿ íà òî, ÷òî ïðè áîëüøîì ôîêóñíîì ðàññòîÿ-

íèè ïðîäîëæèòåëüíîñòü ýêñïîíèðîâàíèÿ óâåëè-

÷èâàåòñÿ. Âðåìåííûå çàòðàòû íà êîíòðîëü ñêëà-

äûâàþòñÿ èç ñîáñòâåííî ïðîäîëæèòåëüíîñòè ýêñ-

ïîíèðîâàíèÿ týêñï, äëèòåëüíîñòè ïîäãîòîâêè ÎÊ ê

ýêñïîíèðîâàíèþ tïîäã è óñòàíîâêè åãî â ïîëîæå-

íèå ïðîñâå÷èâàíèÿ, à òàêæå óñòàíîâêè îãðàíè÷è-

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2019. Òîì 85. ¹ 6 39

Òàáëèöà 1. Àáñîëþòíàÿ ÷óâñòâèòåëüíîñòü, ïî ÃÎÑÒ è

ISO

Ðàäèàöèîííàÿ òîëùèíà

â ìåñòå óñòàíîâêè

Ý× (ÈÊÈ), ìì

Àáñîëþòíàÿ ÷óâñòâèòåëüíîñòü, ìì

ÃÎÑÒ ISO

Äî 1,5 0,1 0,05

1,5 – 2,5 0,1 0,063

2,5 – 4,0 0,1 0,08

4,0 – 6,0 0,1 0,10

6,0 – 8,0 0,2 0,125

8,0 – 12 0,2 0,16

12 – 20 0,3 0,20

20 – 30 0,4 0,25
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Ðèñ. 2. Çàâèñèìîñòü àíîäíîãî íàïðÿæåíèÿ îò òîëùèíû

ÎÊ âäîëü îñè ïó÷êà èçëó÷åíèÿ: 1 — ISO; 2 — ÃÎÑÒ
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Ðàññòîÿíèå

ÎÊ – ïëåíêà, ìì

Ðèñ. 3. Íîìîãðàììà äëÿ îïðåäåëåíèÿ f
min

äëÿ èçäåëèé

êëàññà Â (ISO)

Òàáëèöà 2. Çíà÷åíèÿ ëèíåéíîãî êîýôôèöèåíòà îñëàá-

ëåíèÿ ì
Fe

â çàâèñèìîñòè îò àíîäíîãî íàïðÿæåíèÿ

Òîëùè-

íà ÎÊ

èç æå-

ëåçà,

ìì

ÃÎÑÒ ISO

Ìèíèìàëüíîå

çíà÷åíèå

àíîäíîãî íà-

ïðÿæåíèÿ, êÂ

ì
Fe

, ñì–1

Ìèíèìàëüíîå

çíà÷åíèå

àíîäíîãî íà-

ïðÿæåíèÿ, êÂ

ì
Fe

, ñì–1

3 80 9,42 110 6,00

6 120 4,67 150 2,92

9 140 3,25 180 2,20

12 150 2,92 200 1,95

20 200 1,95 280 1,25



òåëüíûõ ìåòîê, çíàêîâ, Ý× (ÈÊÈ), êàññåòû ñ ðà-

äèîãðàôè÷åñêîé ïëåíêîé. Ïðè ðàñ÷åòå òðóäîåì-

êîñòè ïðèíÿòî ñ÷èòàòü, ÷òî tïîäã = (3 – 6)týêñï.

Ñðàâíåíèå ïðîèçâîäèòåëüíîñòè êîíòðîëÿ ïî

ÃÎÑÒ è ISO ïîêàçûâàåò, ÷òî â ïåðâîì ñëó÷àå îíà

âûøå.

Ïëåíî÷íûå ñèñòåìû. Ïëåíî÷íàÿ ñèñòåìà

(ÏÑ) ïî ISO ïðåäñòàâëåíà øåñòüþ êëàññàìè

(Ñ1 – Ñ6): îò âûñîêîé êîíòðàñòíîñòè (Ñ1) äî ïî-

âûøåííîé ÷óâñòâèòåëüíîñòè ê èçëó÷åíèþ (Ñ6).

Ñâîéñòâà ÏÑ îïðåäåëÿþòñÿ çàâèñèìîñòüþ îï-

òè÷åñêîé ïëîòíîñòè îò ëîãàðèôìà äîçû èçëó÷å-

íèÿ — õàðàêòåðèñòè÷åñêîé êðèâîé. Ïðè ýòîì ïî-

êàçàòåëü êîíòðàñòíîñòè ÏÑ (ãðàäèåíò g) — òàí-

ãåíñ óãëà íàêëîíà á õàðàêòåðèñòè÷åñêîé êðèâîé

ê îñè àáñöèññ ïðè çàäàííîé îïòè÷åñêîé ïëîòíî-

ñòè (ðèñ. 5). ×åì âûøå îïòè÷åñêàÿ ïëîòíîñòü, òåì

âûøå g.

Êîíòðàñò îïòè÷åñêîãî èçîáðàæåíèÿ Kî ñâÿçàí

ñ ãðàäèåíòîì ÏÑ g ñîîòíîøåíèåì [12]

Kî = Kðg,

ãäå Kð — êîíòðàñò ðàäèàöèîííîãî èçîáðàæåíèÿ.

Îòñþäà ñëåäóåò, ÷òî èçîáðàæåíèÿ íà ðåíò-

ãåíîãðàììàõ ñ ïîâûøåííîé îïòè÷åñêîé ïëîò-

íîñòüþ îáëàäàþò ëó÷øèì îïòè÷åñêèì êîí-

òðàñòîì, ïîñêîëüêó ãðàäèåíò ÏÑ g ðàñòåò ñ óâå-

ëè÷åíèåì îïòè÷åñêîé ïëîòíîñòè.

Ïî òðåáîâàíèÿì ISO îïòè÷åñêàÿ ïëîòíîñòü

ðàäèîãðàôè÷åñêèõ ñíèìêîâ äîëæíà ñîñòàâëÿòü

íå ìåíåå 2,3 Á. Ïîìèìî ýòîãî, ñòàíäàðò ðåãëà-

ìåíòèðóåò ïðè êîíòðîëå èñïîëüçîâàòü âûñîêî-

êîíòðàñòíûå ÏÑ êëàññîâ Ñ3 è Ñ4 (òàáë. 4) [13].

Ãðàäèåíò ÏÑ ñîñòàâëÿåò: g2,3(C3) = 5,22 è g2,3(C4) =

= 5,22.

ÃÎÑÒ íå ðåãëàìåíòèðóåò êëàññ ÏÑ. Ïðè êîí-

òðîëå âî âñåì äèàïàçîíå àíîäíûõ íàïðÿæåíèé

ïðèìåíÿþò ðàäèîãðàôè÷åñêóþ ïëåíêó ÐÒ5Ä, ñî-

îòâåòñòâóþùóþ êëàññó Ñ4 [14]. Ìèíèìàëüíàÿ äî-

ïóñòèìàÿ îïòè÷åñêàÿ ïëîòíîñòü ðåíòãåíîãðàìì

ñîñòàâëÿåò 1,5 Á, ãðàäèåíò ÏÑ g1,5(C4) = 3,63.

Òàêèì îáðàçîì, ïðè êîíòðîëå ïî ISO äëÿ

êëàññà Ñ3 êîíòðàñò îïòè÷åñêîãî èçîáðàæåíèÿ

âîçðàñòàåò â 1,46, à äëÿ Ñ4 — â 1,41 ðàçà.
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Ðèñ. 4. Ïîëå êîíòðîëÿ Ëîãàðèôì îòíîñèòåëüíîé äîçû èçëó÷åíèÿ
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Ðèñ. 5. Õàðàêòåðèñòè÷åñêàÿ êðèâàÿ ðàäèîãðàôè÷åñêîé

ïëåíêè

Òàáëèöà 3. Ìèíèìàëüíîå ðàññòîÿíèå ÈÈ — ÎÊ, ìì, ïî

ÃÎÑÒ è ISO

Òîëùèíà ÎÊ

èç æåëåçà, ìì
ÃÎÑÒ ISO

5 550 225

9 495 350

12 660 425

20 733 600

Òàáëèöà 4. ÏÑ, èñïîëüçóåìûå ïðè ðàäèîãðàôè÷åñêîì

êîíòðîëå ïî ISO

Íàïðÿæåíèå íà ðåíòãå-

íîâñêîé òðóáêå, êÂ

Òîëùèíà ÎÊ

èç æåëåçà, ìì
Êëàññ ÏÑ

Äî 100 Äî 1,0 Ñ3

100 – 150 1,0 – 6,5 Ñ3

150 – 250 6,5 – 18 Ñ4

Òàáëèöà 5. Ðàçìåðû ïðåäåëüíî äîïóñòèìûõ äåôåêòîâ

äëÿ ñâàðíûõ ñîåäèíåíèé

Òîëùèíà

ñâàðèâàå-

ìûõ ýëå-

ìåíòîâ, ìì

Äèàìåòð ïîðû

(âêëþ÷åíèÿ), ìì

Ñóììàðíàÿ äëèíà äå-

ôåêòîâ íà ëþáûå 100 ìì

ñâàðíîãî ñîåäèíåíèÿ, ìì

ÃÎÑÒ ISO ÃÎÑÒ ISO

Äî 3,0 0,2 �0,6 2,0 �3,0

3,0 – 5,0 0,3 0,6 – 1,0 3,0 �3,0

5,0 – 8,0 0,4 1,0 – 1,6 4,0 �3,0

8,0 – 11 0,5 1,6 – 2,2 5,0 �3,0

11 – 14 0,6 2,2 – 2,8 6,0 �3,0

14 – 20 0,8 2,8 – 4,0 8,0 �3,0

20 – 26 1,0 4,0 – 5,2 10,0 �3,0



Äîïóñòèìîñòü äåôåêòîâ. Â òàáë. 5 ïðèâåäå-

íû ðàçìåðû ïðåäåëüíî äîïóñòèìûõ äåôåêòîâ äëÿ

ñâàðíûõ ñîåäèíåíèé ïî ÃÎÑÒ è ISO [15].

Çàêëþ÷åíèå

Ïðîâåäåííûå èññëåäîâàíèÿ ïî ñðàâíåíèþ

ñèñòåì ñòàíäàðòîâ ÃÎÑÒ è ISO ïðè ðàäèîãðà-

ôè÷åñêîì ÍÊ ñâàðíûõ ñîåäèíåíèé îòâåòñòâåí-

íûõ èçäåëèé ïîêàçàëè, ÷òî íåñìîòðÿ íà ðÿä îòëè-

÷èé â âûáîðå ðåæèìîâ, ïàðàìåòðîâ è ñðåäñòâ

êîíòðîëÿ îáå ñèñòåìû áëèçêè è ãàðàíòèðóþò

îáíàðóæåíèå íåäîïóñòèìûõ äåôåêòîâ. Íåîáõî-

äèìî, îäíàêî, îòìåòèòü, ÷òî îñóùåñòâëÿòü ÍÊ

ñëåäóåò ñ ó÷åòîì âñåãî êîìïëåêñà ïðèíÿòûõ íîð-

ìàòèâíûõ äîêóìåíòîâ.
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Ïðåäñòàâëåíû ðåçóëüòàòû êîíòðîëÿ òîíêîñòåííûõ ñâàðíûõ ñîåäèíåíèé (âûñîêîòåìïåðà-

òóðíûõ óçëîâ ýïèòàêñèàëüíûõ óñòàíîâîê), ïîëó÷åííûõ ýëåêòðîííî-ëó÷åâîé ñâàðêîé, âèõ-

ðåòîêîâûì ìåòîäîì. Ãåðìåòè÷íîñòü ïîäîáíûõ äåòàëåé è óçëîâ êîíòðîëèðóþò âàêóóìíûì è

êîìïðåññèîííûì ìåòîäàìè òå÷åèñêàíèÿ, îñíîâàííûìè íà ïîâûøåíèè êîíöåíòðàöèè òåñ-

òîâîãî ãàçà ñ îäíîé ñòîðîíû òåñòèðóåìîé ïîâåðõíîñòè è îòáîðå åãî äëÿ ìàññ-ñïåêòðîìåòðè-

÷åñêîãî àíàëèçà — ñ äðóãîé ñòîðîíû. Ãåëèåâûå ìàññ-ñïåêòðîìåòðè÷åñêèå òå÷åèñêàòåëè â

íàñòîÿùåå âðåìÿ øèðîêî ðàñïðîñòðàíåíû â àýðîêîñìè÷åñêîé, ýëåêòðîííîé è õèìè÷åñêîé

îòðàñëÿõ ïðîìûøëåííîñòè, â ïðèáîðîñòðîåíèè è íàó÷íûõ èññëåäîâàíèÿõ. Âèõðåòîêîâûé

ìåòîä ïîçâîëÿåò èñïîëüçîâàòü äàííûé ïîäõîä äëÿ ñâîåâðåìåííîãî îáíàðóæåíèÿ äåôåêòîâ

è ïðåäîòâðàùåíèÿ ðèñêà àâàðèéíîãî èçíîñà òîíêîñòåííûõ ýëåìåíòîâ è äåòàëåé àýðîêîñ-

ìè÷åñêîãî è íåôòåãàçîõèìè÷åñêîãî îáîðóäîâàíèÿ, à òàêæå îáåñïå÷èâàåò âûñîêóþ ñêîðîñòü

ñêàíèðîâàíèÿ. Èññëåäîâàëè ñâàðíûå ñîåäèíåíèÿ òàíòàëîâûõ ýêðàíîâ òîëùèíîé 0,2 è

0,5 ìì ñ ïîìîùüþ äåôåêòîñêîïà ÂÅÊÒÎÐ-60Ä. Ïðèáîð äàåò âîçìîæíîñòü èñïîëüçîâàòü íà-

êëàäíûå èëè ïðîõîäíûå âèõðåòîêîâûå äèôôåðåíöèàëüíûå, òàíãåíöèàëüíûå è àáñîëþò-

íûå ïðåîáðàçîâàòåëè, ðàáîòàþùèå íà ÷àñòîòàõ îò 10 Ãö äî 20 ÌÃö, à òàêæå ðàçëè÷íûå äè-

íàìè÷åñêèå ïðåîáðàçîâàòåëè. Îí ïðåäíàçíà÷åí äëÿ êîíòðîëÿ ìåòàëëîïðîäóêöèè, óãëåïëà-

ñòèêîâ è êîìïîçèòîâ íà íàëè÷èå äåôåêòîâ (ïîâåðõíîñòíûõ è ïîäïîâåðõíîñòíûõ òðåùèí,

íàðóøåíèé ñïëîøíîñòè è îäíîðîäíîñòè ìàòåðèàëà). Îòîáðàæåíèå ñèãíàëà íà ýêðàíå äå-

ôåêòîñêîïà ïîëó÷àëè êàê â àìïëèòóäíî-âðåìåííîé, òàê è êîìïëåêñíîé ïëîñêîñòÿõ. Èñïî-

ëüçîâàëè äàò÷èêè ÏÂÄÒ-1000-2, ÏÂÄ-200-2,3 è VP160A45, ñ ïîìîùüþ êîòîðûõ çà îäèí

ïðîõîä âäîëü ñâàðíîãî ñîåäèíåíèÿ ìîæíî îáíàðóæèâàòü äåôåêòû ïî âñåé øèðèíå øâà è

îêîëîøîâíîé çîíû. Âûÿâèëè äåôåêò ñâàðíîãî ñîåäèíåíèÿ òàíòàëîâîãî ýêðàíà — íåïîëíîå

ïðîïëàâëåíèå (íåïðîâàð â êîðíå ñâàðíîãî øâà). Çàêëþ÷èëè, ÷òî âèõðåòîêîâûé äåôåêòî-

ñêîï ÂÅÊÒÎÐ-60Ä ìîæíî ñ óñïåõîì ïðèìåíÿòü äëÿ êîíòðîëÿ äåôåêòîâ òîíêîñòåííûõ ñâàð-

íûõ ñîåäèíåíèé.
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The results of testing thin-walled welded joints (high-temperature assemblies of epitaxial installations)

obtained by electron-beam welding using the eddy current method are presented. The tightness of those

parts and assemblies is controlled by vacuum and compression leak detection methods, based on increas-

ing the test gas concentration on the one side of the test surface and sampling it for mass spectrometric

analysis on the other side. Helium mass spectrometric leak detectors are now widely used in aerospace,

electronics and chemical industries, as well as in the instrument making industry and scientific research.

The eddy current method provides a high scanning speed and allows timely detection of the defects and

prevention of the risk of accidental wear of thin-walled elements and parts of aerospace and petrochemical

equipment. The goal of this work is to optimize the control of welded joints of thin (0.2 and 0.5 mm) tanta-

lum screen using a VEKTOR-60D detector and eddy current method. The device provides the use of over-

head or flow eddy current differential, tangential and absolute transducers operating at a frequency from

10 Hz to 20 MHz, as well as various dynamic transducers. The device is designed to control metal prod-

ucts, carbon plastics and composites for the presence of defects such as surface and subsurface cracks, dis-

continuities and homogeneity of materials. VEKTOR-60D allows one to get a simultaneous signal display

on the flaw detector screen both in the amplitude-time and complex planes. The used sensors

(PVDT-1000-2, PVD-200-2,3, and VP160A45) provided detection of the defects across the entire width of

the weld and heat-affected zone in one pass along the welded joint. The defect of the welded joint of the

tantalum screen was revealed as incomplete penetration (nonpenetration in the weld root) in accordance

with the classification of GOST R ISO 6520-1–2012. The results proved that a VEKTOR-60D eddy current

detector can be successfully used in monitoring defects in thin-walled welded joints.

Keywords: eddy current testing; flaw detection; epitaxial installation; welded joint; tantalum; flaw detec-

tor; non-destructive control.

Ââåäåíèå

Óñòàíîâêè ìîëåêóëÿðíî-ïó÷êîâîé ýïèòàêñèè

ïðèìåíÿþò äëÿ èçãîòîâëåíèÿ ýïèòàêñèàëüíûõ

ãåòåðîñòðóêòóð. Óñëîâèÿ âàêóóìà è òðåáîâàíèÿ ê

íèçêîìó óðîâíþ çàãðÿçíåíèÿ íàêëàäûâàþò îïðå-

äåëåííûå îãðàíè÷åíèÿ íà ìàòåðèàëû, ïðèìåíÿå-

ìûå äëÿ ïðîèçâîäñòâà ýëåìåíòîâ è óçëîâ êàìåðû

ýïèòàêñèàëüíûõ óñòàíîâîê. Ìàòåðèàëû äîëæíû

èìåòü íèçêîå äàâëåíèå ïàðà. Ïðè ýòîì íåâûñî-

êàÿ ñêîðîñòü èñïàðåíèÿ óìåíüøàåò êîíöåíòðà-

öèþ çàãðÿçíÿþùèõ âåùåñòâ. Íàãðåâ ïîäëîæêè

îñóùåñòâëÿåòñÿ èçëó÷åíèåì íàãðåâàòåëÿ, â êîí-

ñòðóêöèè êîòîðîãî èñïîëüçóþòñÿ òîíêîñòåííûå

òàíòàëîâûå ýêðàíû äëÿ óìåíüøåíèÿ èçëó÷åíèÿ

íà ñòåíêè êàìåðû (ìàêñèìàëüíàÿ òåìïåðàòóðà

íàãðåâà 1100 °C) [1].

Êàê èçâåñòíî, ïðè ñâàðêå âîçäåéñòâèå äàæå

íåáîëüøèõ êîëè÷åñòâ êèñëîðîäà, àçîòà, âîäîðîäà

è óãëåðîäà, îáðàçóþùèõ òâåðäûé ðàñòâîð âíåäðå-

íèÿ, çíà÷èòåëüíî âëèÿåò íå òîëüêî íà ñòðóêòóðó

è ìåõàíè÷åñêèå ñâîéñòâà, íî ãëàâíîå — íà ôîð-

ìèðîâàíèå äåôåêòîâ, îïðåäåëÿþùèõ èçíîñîñòîé-

êîñòü ñâàðíîãî ñîåäèíåíèÿ [2]. Ïîýòîìó ïðè èçãî-

òîâëåíèè òîíêîñòåííûõ ýëåìåíòîâ âûñîêîòåìïå-

ðàòóðíûõ óçëîâ êàìåðû ýïèòàêñèàëüíîé óñòàíîâ-

êè èç òàíòàëà äëÿ îáåñïå÷åíèÿ ãåðìåòè÷íîñòè,

èçíîñîñòîéêîñòè è ïðî÷íîñòè ñîåäèíåíèé òàê

âàæíû òåõíîëîãèÿ ñâàðêè è èñïîëüçóåìûå ìåòî-

äû íåðàçðóøàþùåãî êîíòðîëÿ.

Îáû÷íî ïðèìåíÿþò ýëåêòðîäóãîâóþ (â ñðåäå

èíåðòíûõ ãàçîâ) è ýëåêòðîííî-ëó÷åâóþ ñâàðêè.

Íàèáîëåå ýôôåêòèâíàÿ çàùèòà øâà îò àòìîñôåð-

íûõ ãàçîâ äîñòèãàåòñÿ ïðè ýëåêòðîííî-ëó÷åâîé

ñâàðêå â âàêóóìå (äàâëåíèå 10–5 – 10–4 ìì ðò. ñò.).

Ýòîò âèä ñâàðêè èñïîëüçóþò äëÿ ñîåäèíåíèÿ õè-

ìè÷åñêè àêòèâíûõ òóãîïëàâêèõ ìåòàëëîâ. Îí

òàêæå ïîçâîëÿåò ïîëó÷àòü óçêèå çîíû ðàñïëàâëå-

íèÿ è òåðìè÷åñêîãî âëèÿíèÿ è áëàãîäàðÿ ýòîìó

èçáåãàòü áîëüøèõ äåôîðìàöèé (øèðèíà øâà òàí-

òàëà â 3 – 5 ðàçà ìåíüøå, ÷åì ïðè äóãîâîé ñâàðêå

íåïëàâÿùèìñÿ ýëåêòðîäîì) [2, 10, 11].

Äåòàëè ïîä ñâàðêó ãîòîâÿò ñ îñîáîé òùàòåëü-

íîñòüþ. Ñîåäèíÿåìûå êðîìêè è ïðèëåãàþùèå ê

íèì îêîëîøîâíûå ó÷àñòêè î÷èùàþò îò çàãðÿçíå-

íèé è ïîäâåðãàþò òðàâëåíèþ â ñïåöèàëüíûõ ðå-

àêòèâàõ äëÿ óäàëåíèÿ ïîâåðõíîñòíûõ îêñèäíûõ

ïëåíîê è îáåçæèðèâàíèÿ.

Îñíîâíàÿ òðóäíîñòü ïðè ñâàðêå òîíêîñòåí-

íûõ èçäåëèé — ïðîæîãè. Ïðè÷èíû èõ ïîÿâëåíèÿ

÷àùå âñåãî — íåòî÷íîñòü ñáîðêè è êîðîáëåíèå

êðîìîê, âûçûâàþùåå ìåñòíîå óâåëè÷åíèå çàçî-

ðîâ è èçìåíåíèå òåïëîîòâîäà. Âåëè÷èíà êîðîáëå-

íèÿ çàâèñèò îò òîëùèíû ñâàðèâàåìîãî ìàòåðèà-

ëà, ðàññòîÿíèÿ ìåæäó ïðèæèìàìè è äð. Ïîýòîìó

ê ñáîðî÷íî-ñâàðî÷íîé îñíàñòêå ïðåäúÿâëÿþò îñî-

áûå òðåáîâàíèÿ [2, 11 – 13].

Ïîñëå ñâàðêè ñâàðíûå ñîåäèíåíèÿ, êàê ïðà-

âèëî, êîíòðîëèðóþò âèçóàëüíûì ñïîñîáîì

[2, 14]. Îäíàêî íàèáîëåå âûñîêîïðîèçâîäèòåëü-

íûé è òî÷íûé ñïîñîá, ïîçâîëÿþùèé âûÿâëÿòü

äåôåêòû â ïîâåðõíîñòíîì è ïðèïîâåðõíîñòíîì

ñëîÿõ, — âèõðåòîêîâûé ìåòîä êîíòðîëÿ [3 – 8].

Öåëü ðàáîòû — âûÿâëåíèå äåôåêòîâ è îïòè-

ìèçàöèÿ êîíòðîëÿ òîíêîñòåííûõ ñâàðíûõ ñîåäè-

íåíèé òàíòàëîâûõ ýêðàíîâ ñ èñïîëüçîâàíèåì

âèõðåòîêîâîãî ìåòîäà.
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Ìàòåðèàëû, ìåòîäû èññëåäîâàíèÿ,

ðåçóëüòàòû

Èññëåäîâàëè ñâàðíûå ñîåäèíåíèÿ òîíêî-

ëèñòîâîãî òàíòàëà ìàðêè ÒÂ× òîëùèíîé 0,2 è

0,5 ìì. Ñâàðêó çàùèòíûõ ýêðàíîâ èç òàíòàëà âû-

ïîëíÿëè ñ èñïîëüçîâàíèåì ïðèæèìíîãî ïðèñïî-

ñîáëåíèÿ êëàâèøíîãî òèïà (ðèñ. 1). Ïðèñïîñîáëå-

íèå îáåñïå÷èâàëî: 1) ïëîòíîå ïðèæàòèå ñâàðè-

âàåìûõ êðîìîê ê ïîäêëàäêå ñ ðàâíîìåðíûì ïî

âñåé äëèíå øâà óñèëèåì; 2) òî÷íóþ èõ ïîäãîíêó;

3) óìåíüøåíèå äåôîðìàöèè êðîìîê; 4) êîððåêò-

íîå ïåðåìåùåíèå èñòî÷íèêà âäîëü ñòûêà; 5) õî-

ðîøèé îáçîð çîíû ñâàðêè íà âñåì ïðîòÿæåíèè

øâà. Ðåæèìû ñâàðêè ïðèâåäåíû â òàáë. 1.

Ïîñêîëüêó ïîìèìî ïðîæîãîâ â ñâàðíûõ

ñîåäèíåíèÿõ ìîãóò íàáëþäàòüñÿ íåïðîâàðû,

òðåùèíû è ïîðèñòîñòü, îñóùåñòâëÿëè äîïîëíè-

òåëüíóþ î÷èñòêó è äåãàçàöèþ êðîìîê ñâàðíîãî

ñîåäèíåíèÿ ïðåäâàðèòåëüíûì ïðîõîäîì ðàñôî-

êóñèðîâàííûì ëó÷îì.

Äåôåêòû (òèïà ïîâåðõíîñòíûõ è ïîäïîâåðõ-

íîñòíûõ òðåùèí, íàðóøåíèé ñïëîøíîñòè è îäíî-

ðîäíîñòè ìàòåðèàëîâ) âûÿâëÿëè ñ ïîìîùüþ óíè-

âåðñàëüíîãî âèõðåòîêîâîãî äåôåêòîñêîïà ÂÅÊ-

ÒÎÐ-60Ä. Ïðèáîð ïîçâîëÿë èñïîëüçîâàòü êàê

íàêëàäíûå èëè ïðîõîäíûå âèõðåòîêîâûå äèôôå-

ðåíöèàëüíûå è àáñîëþòíûå ïðåîáðàçîâàòåëè, ðà-

áîòàþùèå íà ÷àñòîòàõ îò 10 Ãö äî 20 ÌÃö, òàê è

äèíàìè÷åñêèå (ðîòàöèîííûå). Ñèãíàë íà ýêðàíå

äåôåêòîñêîïà îòîáðàæàëñÿ îäíîâðåìåííî â àì-

ïëèòóäíî-âðåìåííîé è êîìïëåêñíîé ïëîñêîñòÿõ

(ðèñ. 2). Ñóùåñòâîâàëà òàêæå âîçìîæíîñòü îò-

äåëüíîãî óñèëåíèÿ ïî îñÿì X è Y.

Èñïîëüçîâàëè ïðåîáðàçîâàòåëè ÏÂÄÒ-1000-

2, ÏÂÄ-200-2,3, VP160A45 (òàáë. 2), êîòîðûå çà

îäèí ïðîõîä âäîëü ñâàðíîãî ñîåäèíåíèÿ äàâàëè

âîçîìîæíîñòü îáíàðóæèâàòü äåôåêòû ïî âñåé

øèðèíå øâà è îêîëîøîâíîé çîíû.

Øâû ñêàíèðîâàëè ñíàðóæè èëè ñ êîðíåâîé

ñòîðîíû — â çîíàõ íàèáîëåå îïàñíîãî äåôåêòà

(íåïðîâàðà êîðíÿ øâà). Äëÿ íàñòðîéêè è êàëèá-

ðîâêè äåôåêòîñêîïà èñïîëüçîâàëè ñòàíäàðòíûé

ýòàëîííûé îáðàçåö. Ïðè ñêàíèðîâàíèè âèõðåòî-

êîâûé ïðåîáðàçîâàòåëü ïåðåìåùàëè ñ ïîñòî-

ÿííîé ñêîðîñòüþ. Ñêàí ñâàðíîãî ñîåäèíåíèÿ è

îêîëîøîâíîé çîíû øèðèíîé îêîëî 10 ìì çàïè-
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1

2

3

Ðèñ. 1. Ïðèñïîñîáëåíèå êëàâèøíîãî òèïà (1) è òîíêî-

ñòåííûå çàùèòíûå òàíòàëîâûå ýêðàíû òîëùèíîé 0,2 (2)

è 0,5 ìì (3) ñî ñâàðíûìè ñîåäèíåíèÿìè, ïîëó÷åííûìè

ýëåêòðîííî-ëó÷åâîé ñâàðêîé

1

2

Ðèñ. 2. Îòîáðàæåíèå ñèãíàëà íà ýêðàíå äåôåêòîñêîïà â

êîìïëåêñíîé (1) è àìïëèòóäíî-âðåìåííîé (2) ïëîñêîñòÿõ

Òàáëèöà 1. Ðåæèìû ýëåêòðîííî-ëó÷åâîé ñâàðêè òîíêîëèñòîâîãî òàíòàëà

Òîëùèíà ìåòàëëà, ìì Äèàìåòð ýêðàíà, ìì Ñèëà òîêà ëó÷à, ìÀ Óñêîðÿþùåå íàïðÿæåíèå, êÂ Ñêîðîñòü ñâàðêè, ì/÷

0,2 30 – 100 10 – 12 20 Äî 30

0,5 30 – 100 24 – 28 20 30

Òàáëèöà 2. Ïðåîáðàçîâàòåëè äëÿ îäíîâðåìåííîãî âûÿâëåíèÿ ïðîäîëüíûõ è ïîïåðå÷íûõ òðåùèí

Ïðåîáðàçîâàòåëü Âèä ïðåîáðàçîâàòåëÿ
Äèàïàçîí

÷àñòîò, ÌÃö

ÏÂÄÒ-1000-2 Âèõðåòîêîâûé äèôôåðåíöèàëüíûé êàðàíäàøíîãî òèïà 0,1 – 2

ÏÂÄÒ-1000-2Ã Ã-îáðàçíûé âèõðåòîêîâûé äèôôåðåíöèàëüíûé êàðàíäàøíîãî òèïà 0,1 – 2

ÏÂÄ-200-2,3 Êàðàíäàøíîãî òèïà ñ äèôôåðåíöèàëüíûì âêëþ÷åíèåì êàòóøêè 0,2 – 0,5

VP160A45 Âèõðåòîêîâûé ïàðàìåòðè÷åñêèé ñ 45-ãðàäóñíûì íàêëîíîì íîñèêà ðàáî÷åé ÷àñòè 0,5 – 2



ñûâàëè ñ ïîìîùüþ ïðîãðàììíîãî îáåñïå÷åíèÿ

ïðèáîðà. ×àñòîòó è àìïëèòóäó ñèãíàëà îò ïðåîá-

ðàçîâàòåëåé ïîäáèðàëè òàê, ÷òîáû ïîëó÷èòü ìàê-

ñèìàëüíî êîíòðàñòíóþ êàðòèíó ïðîÿâëåíèÿ äå-

ôåêòà.

Íà ðèñ. 3 ïðåäñòàâëåí âèõðåòîêîâûé ñèãíàë

îò îáëàñòåé ñêàíèðîâàíèÿ ñâàðíîãî ñîåäèíåíèÿ,

ïîëó÷åííîãî ýëåêòðîííî-ëó÷åâîé ñâàðêîé, ñ äå-

ôåêòîì è áåç íåãî. Óñòàíîâèëè, ÷òî íàèáîëåå

îïòèìàëüíàÿ ÷àñòîòà èìïóëüñîâ ïðè ìàêñèìàëü-

íî êîíòðàñòíîì ïðîÿâëåíèè äåôåêòà ñîñòàâëÿåò

îêîëî 400 êÃö (ïðåîáðàçîâàòåëü ÏÂÄÒ-1000-2).

Çàêëþ÷åíèå

Ïðîâåäåííûå èññëåäîâàíèÿ ïîêàçàëè, ÷òî

äëÿ îöåíêè êà÷åñòâà ñâàðíûõ ñîåäèíåíèé òîíêî-

ñòåííûõ òàíòàëîâûõ ýêðàíîâ, ïîëó÷åííûõ ýëåê-

òðîííî-ëó÷åâîé ñâàðêîé, ïðèìåíèì âèõðåòîêî-

âûé êîíòðîëü äåôåêòîñêîïîì ÂÅÊÒÎÐ-60Ä ñ

òàíãåíöèàëüíûì âèõðåòîêîâûì ïðåîáðàçîâàòå-

ëåì. Îí îïòèìèçèðóåò è óïðîùàåò êîíòðîëü, ïî-

çâîëÿåò âûÿâëÿòü ãåîìåòðè÷åñêèå äåôåêòû òèïà

ïîðû è íåñïëîøíîñòè â ïîâåðõíîñòíîì ñëîå øâà,

à òàêæå íàèáîëåå îïàñíûé ñ ýêñïëóàòàöèîííîé

òî÷êè çðåíèÿ äåôåêò — íåïîëíîå ïðîïëàâëåíèå,

íåïðîâàð â êîðíå ñâàðíîãî øâà [10]. Äàííûé

ïîäõîä ìîæíî èñïîëüçîâàòü äëÿ ýêñïðåññ-

ñêàíèðîâàíèÿ ñâàðíûõ øâîâ òàíòàëà òîëùèíîé

0,2 – 0,5 ìì äëÿ ñâîåâðåìåííîãî îáíàðóæåíèÿ äå-

ôåêòîâ è ïðåäîòâðàùåíèÿ ðèñêà àâàðèéíîãî èç-

íîñà óçëîâ ýïèòàêñèàëüíûõ óñòàíîâîê.
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Áåçîïàñíîñòü è æèâó÷åñòü îáîðóäîâàíèÿ ðåãëàìåíòèðóþòñÿ ïðî÷íîñòíûìè õàðàêòåðèñòè-

êàìè åãî îòäåëüíûõ óçëîâ è ýëåìåíòîâ, â êîòîðûõ ìîãóò áûòü íà÷àëüíûå èëè ýêñïëóàòàöè-

îííûå äåôåêòû òèïà ïîâåðõíîñòíûõ ðàçíîîðèåíòèðîâàííûõ ïîëóýëëèïòè÷åñêèõ òðåùèí.

×èñëåííûå ìåòîäû ðàñ÷åòà ïîçâîëÿþò ïîëó÷èòü áîëüøèé îáúåì èíôîðìàöèè î íàïðÿæåí-

íî-äåôîðìèðîâàííîì ñîñòîÿíèè (ÍÄÑ) ýòèõ ýëåìåíòîâ ïî çàäàííûì àëãîðèòìàì ðàñ÷åòà

ñîîòâåòñòâóþùèõ ìîäåëåé ðàçðóøåíèÿ. Èçìåíåíèå âèäà ÍÄÑ âáëèçè êîíòóðà òðåùèí ïðè

ïåðåõîäå îò áîëåå ãëóáîêèõ òî÷åê ê ïîâåðõíîñòíûì çàâèñèò îò ñòåñíåíèÿ äåôîðìàöèé

âäîëü èõ ôðîíòà, ò.å. îò îáúåìíîñòè ÍÄÑ. Íà îñíîâå ýêñïåðèìåíòàëüíûõ ðåçóëüòàòîâ è

÷èñëåííûõ ðåøåíèé ïðîâåäåíà äèàãíîñòèêà ôîðìîèçìåíåíèÿ äåôåêòîâ òèïà ïîâåðõíîñò-

íûõ ðàçíîíàïðàâëåííûõ ïîëóýëëèïòè÷åñêèõ ìàëîöèêëîâûõ òðåùèí. Äàííûå êîíå÷íî-

ýëåìåíòíîãî ìîäåëèðîâàíèÿ ðåàëèçîâàíû íà îñíîâå ìàêðîñîâ ïðîãðàììíîãî êîìïëåêñà

ANSYS. Èññëåäîâàíà çàêîíîìåðíîñòü íàïðàâëåííîñòè ðàçâèòèÿ óïðóãîïëàñòè÷åñêîãî ðàç-

ðóøåíèÿ ïðè ìàëîöèêëîâîì íàãðóæåíèè. Èçëîæåííàÿ ìåòîäîëîãèÿ ïîäòâåðæäåíà ïàðà-

ìåòðè÷åñêèìè óðàâíåíèÿìè êèíåòèêè ôîðìîèçìåíåíèÿ èññëåäóåìûõ òðåùèí ïðè ôðàê-

òîãðàôè÷åñêîì àíàëèçå ïîâåðõíîñòåé èõ ðàçâèòèÿ. Ïî ðåçóëüòàòàì èñïûòàíèÿ îáðàçöîâ

ñ ïîëóýëëèïòè÷åñêèìè òðåùèíàìè ïðè ìàëîöèêëîâîì íàãðóæåíèè ïðèâåäåí àíàëèç ïàðà-

ìåòðîâ ìîðôîëîãèè ïîâåðõíîñòåé ðàçâèâøèõñÿ äåôåêòîâ. Ïðåäñòàâëåíû ðåçóëüòàòû èçìå-

ðåíèé ïîëåé èíòåíñèâíîñòåé óïðóãîïëàñòè÷åñêèõ äåôîðìàöèé â âåðøèíå òðåùèíû è ãåî-

ìåòðè÷åñêèõ õàðàêòåðèñòèê ðàçâèòèÿ ïîâåðõíîñòåé ðàçðóøåíèÿ. Àíàëèç äèíàìèêè ëîêà-

ëüíîãî íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ âáëèçè êîíòóðà ðàçíîîðèåíòèðîâàííûõ

äåôåêòîâ â äåòàëÿõ è êîíñòðóêöèÿõ îáîðóäîâàíèÿ ïîêàçàë õîðîøåå ñîîòâåòñòâèå ìåæäó ýê-

ñïåðèìåíòàëüíûìè ïàðàìåòðàìè ãåîìåòðèè ôîðì ðàçâèâàþùèõñÿ òðåùèí è õàðàêòå-

ðèñòèêàìè, ïîëó÷åííûìè ÷èñëåííûìè ìåòîäàìè ðåøåíèÿ. Ïðåäñòàâëåííûå ïàðàìåòðè-

÷åñêèå óðàâíåíèÿ óòî÷íÿþò õàðàêòåðèñòèêè íåëèíåéíîé ìåõàíèêè ðàçðóøåíèÿ, ïîçâîëÿ-

þùèå îöåíèâàòü è ïðîãíîçèðîâàòü æèâó÷åñòü è áåçîïàñíîñòü ðàáîòîñïîñîáíîñòè îòâåò-

ñòâåííîãî îáîðóäîâàíèÿ. Íà îñíîâå äåôîðìàöèîííûõ êðèòåðèåâ íåëèíåéíîé ìåõàíèêè

ðàçðóøåíèÿ ïîêàçàíà çàâèñèìîñòü ðàçâèòèÿ ðàçðóøåíèÿ îò îáúåìíîñòè íàïðÿæåííî-äå-

ôîðìèðîâàííîãî ñîñòîÿíèÿ, óêàçûâàþùàÿ íà íàïðàâëåííîñòü ãåîìåòðè÷åñêîãî ðàçâèòèÿ

ôîðìû ïîâåðõíîñòè ðàçðóøåíèÿ.

Êëþ÷åâûå ñëîâà: ïîâåðõíîñòíûå íàêëîííûå ïîëóýëëèïòè÷åñêèå òðåùèíû; óïðóãî-

ïëàñòè÷åñêèå äåôîðìàöèè è íàïðÿæåíèÿ; ìàëîöèêëîâîå ðàçðóøåíèå; îáúåìíîñòü íàïðÿ-

æåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ.
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Safety, survivability, and serviceability of the equipment are governed by the strength characteristics of

the separate units and elements which can contain initial or operational defects such as superficial differ-
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ently oriented semi-elliptical cracks. Numerical methods of calculation provide a large bulk of information

about the stress-strain state (SSS) of those elements proceeding from the given algorithms for calculating

the corresponding fracture models. Change in the type of the SSS near the crack contour when going from

the bulk to the surface depends on the constraint of deformations along their front, i.e., on the 3D charac-

ter of the SSS. Diagnostics of the form change of the defects (surface differently oriented semi-elliptic

low-cycle cracks) is carried out on the basis of experimental results and numerical solutions. The data of

the finite element modeling are implemented on the basis of macros of the ANSYS program complex. The

regularity of the directionality of developing the elastoplastic fracture under low-cycle loading is studied.

The proposed methodology is proved by the parametric equations of the kinetics of forming changes of the

cracks under study in the fractographic analysis of the surfaces of their development. The results of test-

ing samples with semi-elliptic cracks under low-cycle loading are used in analysis of the parameters of the

morphology of the surfaces of the developed defects. The results of measuring fields of elastoplastic defor-

mation intensity in the crack tip and geometrical characteristics of the fracture surface development are

presented. Analysis of the dynamics of the local stress-strain state near the contour of multi-oriented de-

fects in parts and structural units of the equipment showed a good agreement between the experimental

parameters of the geometry of developing cracks and characteristics obtained by numerical methods. The

presented parametric equations specify the characteristics of nonlinear fracture mechanics thus providing

reliable estimation and forecasting of survivability, and safety of serviceability of the critical equipment.

The deformation criteria of nonlinear fracture mechanics are used to demonstrate the dependence of frac-

ture development on the 3D character of the stress-strain state indicating to the directionality of the geo-

metric development of the fracture surface form.

Keywords: surface inclined semi-elliptical cracks; elastic-plastic deformations and stresses; low-cycle

fracture; 3D character of the stress-strain state.

Ââåäåíèå

Ðåñóðñ îáîðóäîâàíèÿ îïðåäåëÿåòñÿ ïðî÷íîñò-

íûìè õàðàêòåðèñòèêàìè åãî îòäåëüíûõ óçëîâ è

äåòàëåé ïðè íàëè÷èè â íèõ íà÷àëüíûõ èëè ýêñ-

ïëóàòàöèîííûõ äåôåêòîâ òèïà ïîâåðõíîñòíûõ

ðàçíîîðèåíòèðîâàííûõ ïîëóýëëèïòè÷åñêèõ òðå-

ùèí. Ìåòîäû íà îñíîâå ïðåäëîæåííûõ àëãîðèò-

ìîâ ðàñ÷åòà ñîîòâåòñòâóþùèõ ìîäåëåé ðàçðóøå-

íèÿ äàþò âîçìîæíîñòü ïîëó÷èòü áîëåå ïîëíóþ

èíôîðìàöèþ î ðåçóëüòàòàõ ðàñïðåäåëåíèÿ îáú-

åìíûõ ïîëåé óïðóãîïëàñòè÷åñêèõ íàïðÿæåíèé è

äåôîðìàöèé. Êèíåòèêà âèäà íàïðÿæåííî-äåôîð-

ìèðîâàííîãî ñîñòîÿíèÿ (ÍÄÑ) âáëèçè êîíòóðà

òðåùèí çàâèñèò îò ñòåñíåíèÿ äåôîðìàöèé âäîëü

èõ ôðîíòà, ò.å. îò îáúåìíîñòè ÍÄÑ.

Ñ ó÷åòîì ðàñ÷åòíî-ýêñïåðèìåíòàëüíûõ ðå-

çóëüòàòîâ è ÷èñëåííûõ ðåøåíèé ñõåìàòèçèðîâà-

íî ôîðìîèçìåíåíèå äåôåêòîâ òèïà ïîâåðõíîñò-

íûõ íàêëîííûõ ïîëóýëëèïòè÷åñêèõ ìàëîöèêëî-

âûõ òðåùèí. Ðåçóëüòàòû êîíå÷íî-ýëåìåíòíîãî

ìîäåëèðîâàíèÿ ïîëó÷åíû íà îñíîâå ìàêðîñîâ

ïðîãðàììíîãî êîìïëåêñà ANSYS. Ïðîâåäåíî ìî-

äåëèðîâàíèå çàêîíîìåðíîñòè íàïðàâëåíèÿ ðàç-

âèòèÿ óïðóãîïëàñòè÷åñêîãî ðàçðóøåíèÿ ïðè ìà-

ëîöèêëîâîì íàãðóæåíèè. Äàííàÿ ìåòîäîëîãèÿ

ïîäòâåðæäàåòñÿ ïàðàìåòðè÷åñêèìè óðàâíåíèÿìè

êèíåòèêè ôîðìîèçìåíåíèÿ èññëåäóåìûõ òðåùèí

ïðè ôðàêòîãðàôè÷åñêîì àíàëèçå ïîâåðõíîñòåé

èõ ðàçâèòèÿ. Äàí àíàëèç ïàðàìåòðîâ ìîðôîëî-

ãèè ïîâåðõíîñòåé ðàçâèâøèõñÿ äåôåêòîâ ïðè ìà-

ëîöèêëîâîì íàãðóæåíèè. Ðåçóëüòàòû ýêñïåðè-

ìåíòàëüíûõ èçìåðåíèé ïîëåé èíòåíñèâíîñòåé

óïðóãîïëàñòè÷åñêèõ äåôîðìàöèé â âåðøèíå òðå-

ùèíû è ãåîìåòðè÷åñêèõ õàðàêòåðèñòèê ðàçâèòèÿ

ïîâåðõíîñòåé ðàçðóøåíèÿ, à òàêæå äèíàìèêè ëî-

êàëüíîãî íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿ-

íèÿ âáëèçè êîíòóðà ðàçíîîðèåíòèðîâàííûõ äå-

ôåêòîâ â äåòàëÿõ è êîíñòðóêöèÿõ îáîðóäîâàíèÿ

ïîêàçàëè õîðîøåå ñîîòâåòñòâèå ñ ïàðàìåòðàìè,

íàéäåííûìè ÷èñëåííûìè ìåòîäàìè ðåøåíèÿ

[1 – 15]. Ïîëó÷åííûå ïàðàìåòðè÷åñêèå óðàâíå-

íèÿ óòî÷íÿþò õàðàêòåðèñòèêè íåëèíåéíîé ìåõà-

íèêè ðàçðóøåíèÿ, äàþò âîçìîæíîñòü îöåíèâàòü

è ïðîãíîçèðîâàòü æèâó÷åñòü è áåçîïàñíîñòü ðàáî-

òîñïîñîáíîñòè îòâåòñòâåííîãî îáîðóäîâàíèÿ. Íà

îñíîâå äåôîðìàöèîííûõ êðèòåðèåâ íåëèíåéíîé

ìåõàíèêè ðàçðóøåíèÿ ïîêàçàíà çàâèñèìîñòü ðàç-

íîíàïðàâëåííîñòè ðàçâèòèÿ ôîðìû ïîâåðõíîñòè

ðàçðóøåíèÿ èññëåäóåìûõ òðåùèí îò îáúåìíîñòè

íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ.

Öåëü ðàáîòû

Öåëü — èññëåäîâàíèå íà îñíîâå äåôîðìàöè-

îííûõ êðèòåðèåâ íåëèíåéíîé ìåõàíèêè ðàçðó-

øåíèÿ çàâèñèìîñòè ðàçâèòèÿ è íàïðàâëåíèÿ ïðî-

öåññà óïðóãîïëàñòè÷åñêîãî ðàçðóøåíèÿ îò îáúåì-

íîñòè íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ.

Ìåòîäû èññëåäîâàíèÿ

Â ðàáîòå èñïîëüçîâàíû êàê ðàñ÷åòíî-ýêñïåðè-

ìåíòàëüíûå ìåòîäû èññëåäîâàíèÿ êèíåòèêè ìà-

ëîöèêëîâûõ ïîâåðõíîñòíûõ ðàçíîîðèåíòèðîâàí-

íûõ ïîëóýëëèïòè÷åñêèõ òðåùèí, òàê è ÷èñëåí-

íûå ìåòîäû ðàñ÷åòà íà îñíîâå ïðîãðàììíîãî

êîìïëåêñà ANSYS ëîêàëüíûõ ïîëåé óïðóãîïëà-

ñòè÷åñêèõ äåôîðìàöèé è íàïðÿæåíèé ïî êîíòóðó

èññëåäóåìûõ òðåùèí.
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Ðåçóëüòàòû ðàáîòû, èõ îöåíêà,

ñîïîñòàâëåíèå ñ äàííûìè,

ïîëó÷åííûìè äðóãèìè ìåòîäàìè

Êàê èçâåñòíî, îïðåäåëÿþùåå óðàâíåíèå óïðó-

ãîïëàñòè÷åñêîé òåîðèè, ñâÿçûâàþùåå ïðèðàùå-

íèÿ òåíçîðà äåôîðìàöèé e
ij

p
è òåíçîðà íàïðÿæå-

íèé óij, èìååò âèä

de
f

hd f
ij

p

ij

�

�

�

�

	

, (1)

ãäå f — íåêîòîðàÿ ôóíêöèÿ íàãðóæåíèÿ; h —

ôóíêöèÿ óïðî÷íåíèÿ, çàâèñÿùàÿ îò ïëàñòè÷å-

ñêèõ äåôîðìàöèé è íàïðÿæåíèé, âåêòîðà íàãðó-

æåíèÿ è ïîâåðõíîñòè íàãðóæåíèÿ. Ïîëíîå ñîîò-

íîøåíèå ìåæäó íàïðÿæåíèÿìè è äåôîðìàöèÿìè

ìîæíî ïðåäñòàâèòü êàê

de
G

ds
f

hd f
ij ij

ij

� �

�

�

�

1

2 	

. (2)

Çàêîíîìåðíîñòè ðàçâèòèÿ è íàïðàâëåíèÿ

ïðîöåññà óïðóãîïëàñòè÷åñêîãî ðàçðóøåíèÿ ïðè

íàëè÷èè ìàëîöèêëîâûõ òðåùèí â ýëåìåíòàõ êîí-

ñòðóêöèé ÿâëÿþòñÿ ïðèîðèòåòíûìè ïðè îöåíè-

âàíèè èõ ýêñïëóàòàöèîííîãî ðåñóðñà.

Èññëåäîâàíèÿ ïðîâîäèëè íà òðóá÷àòûõ îá-

ðàçöàõ ñ âíóòðåííèì è âíåøíèì äèàìåòðàìè

D = 50 ìì è d = 30 ìì èç àóñòåíèòíîé êîððîçè-

îííî-ñòîéêîé ñòàëè òèïà 08Õ18Í9, ñõåìà êîòî-

ðûõ ïðèâåäåíà íà ðèñ. 1. Äëÿ ýòîé ñòàëè ïðåäåë

óïðóãîñòè óy = 107,6 ÌÏà, ïðåäåë òåêó÷åñòè óò =

= 195 ÌÏà, ïðåäåë ïðî÷íîñòè óâ = 632 ÌÏà,

ñîïðîòèâëåíèå ðàçðûâó â øåéêå Sk = 1261 ÌÏà,

îòíîñèòåëüíîå ñóæåíèå øk = 71,1 %, ìîäóëü

óïðóãîñòè E = 2,1 · 1011 ÌÏà.

Íàíåñåíèå èñõîäíûõ íàäðåçîâ è èñïûòàíèÿ

ïðîâîäèëè ñîãëàñíî ìåòîäèêå è êðèòåðèÿì ðàáîò

[1 – 9]. Íà ðèñ. 2 ïðèâåäåíà çàâèñèìîñòü [7] îòíî-

øåíèÿ ïîëóîñåé ïîäðàñòàþùèõ ïîâåðõíîñòåé

ðàçðóøåíèÿ îò îòíîñèòåëüíîé ãëóáèíû äåôåêòà,

ãäå a è b — áîëüøàÿ è ìàëàÿ ïîëóîñè ïîëóýëëèï-

òè÷åñêîé òðåùèíû; ax
* — ïðîåêöèÿ ïîëóîñè ðàñ-

÷åòíîé ïîâåðõíîñòè íà îñü OX; t — òîëùèíà

ñòåíêè îáðàçöà. Ïðè ñîîòâåòñòâóþùèõ íîìèíàëü-

íûõ îòíîñèòåëüíûõ íàïðÿæåíèÿõ öèêëà íàãðó-

æåíèÿ 	 n
= ón/óò (ón — íîìèíàëüíîå íàïðÿæåíèå

â ñå÷åíèè îáðàçöà) è óãëàõ íàêëîíà ðàñ÷åòíîé

ïîâåðõíîñòè â* íàáëþäàåòñÿ ïðèîðèòåòíûé ðîñò

ìàëîé ïîëóîñè ñ óâåëè÷åíèåì ãëóáèíû òðåùèíû.

Ôóíêöèîíàëüíîå èçìåíåíèå íà îñíîâå [7] îïèñà-

íî ýìïèðè÷åñêîé çàâèñèìîñòüþ

b
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ãäå óbi, óòi — ñîîòâåòñòâåííî ëîêàëüíûé ïðåäåë

ïðî÷íîñòè è òåêó÷åñòè ìàòåðèàëà â i-çîíå;

e e D I
fi c e� — îòíîñèòåëüíàÿ ðàçðóøàþùàÿ äå-

ôîðìàöèÿ â ëîêàëüíîé çîíå òðåùèíû; ec
— îòíî-

ñèòåëüíàÿ ðàçðóøàþùàÿ ìåñòíàÿ äåôîðìàöèÿ

äëÿ ãëàäêîãî îáðàçöà; De — êîýôôèöèåíò ñíèæå-

íèÿ ïðåäåëüíûõ ïëàñòè÷åñêèõ äåôîðìàöèé â

çîíå âåðøèíû òðåùèíû; I — êîýôôèöèåíò ïîâû-

øåíèÿ ïåðâîãî ãëàâíîãî íàïðÿæåíèÿ â çîíå âåð-

øèíû òðåùèíû çà ñ÷åò âîçíèêíîâåíèÿ îáúåìíî-

ãî íàïðÿæåííîãî ñîñòîÿíèÿ. Äëÿ ðàññìàòðèâàå-

ìîãî êëàññà ñòàëåé ïàðàìåòðû Ai (ïðè i = 1 – 6)

ïðèíèìàþò ñëåäóþùèå çíà÷åíèÿ: A1 = 1,61; A2 =

= 0,058; A3 = 0,647; A4 = 0,107; A5 = 0,852; A6 =

= 1,4 · 10–3. Äëÿ ïëîñêîãî íàïðÿæåííîãî ñîñòîÿ-

íèÿ ïëàñòèíû De = 0,610 è I = 1,10, à äëÿ ïëî-

ñêîé äåôîðìàöèè — De = 0,209 è I = 2,490. Ñïðà-

âåäëèâîñòü ôóíêöèè (2) ïîäòâåðæäàåòñÿ ôðàêòî-

ãðàôè÷åñêèì èññëåäîâàíèåì ìîðôîëîãèè ïîâåðõ-

íîñòè ðàçðóøåíèÿ [11].
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á

Ðèñ. 1. Ñõåìà òðóá÷àòîãî îáðàçöà ñ èñõîäíûìè íàäðåçà-

ìè (à) è èçîìåòðè÷åñêîå èçîáðàæåíèå ïîâåðõíîñòè òðå-

ùèíû, ïîäðîñøåé èç èñõîäíîãî ïîëóýëëèïòè÷åñêîãî íàä-

ðåçà ïðè â = ð/3 (á)

Ðèñ. 2. Ýêñïåðèìåíòàëüíûå òî÷êè è ðàñ÷åòíûå çàâèñè-

ìîñòè b/ax
* ïî óðàâíåíèþ (2) îò îòíîñèòåëüíîé ãëóáèíû

òðåùèíû äëÿ îáðàçöîâ ñòàëè 08Õ18Í9 c d/D = 0,6



Äëÿ óòî÷íåííîãî îáîñíîâàíèÿ ôîðìîèçìåíå-

íèÿ ïîâåðõíîñòè ðàçâèâàþùèõñÿ òðåùèí íà îñ-

íîâå ïðîãðàììíîãî êîìïëåêñà ANSYS [10] âû-

ïîëíåíû ÷èñëåííûå ðàñ÷åòû ÍÄÑ äëÿ òðåùèí

íîðìàëüíîãî îòðûâà, ðàçíîé ãëóáèíû è ãåîìåò-

ðèè. Ñõåìà ðàñ÷åòíîé êîíå÷íî-ýëåìåíòíîé ìîäå-

ëè ïðèâåäåíà íà ðèñ. 3.

Íà ðèñ. 4 ïðåäñòàâëåíî ðàñïðåäåëåíèå ëî-

êàëüíûõ îòíîñèòåëüíûõ óïðóãîïëàñòè÷åñêèõ äå-

ôîðìàöèé âäîëü êîíòóðà òðåùèíû íîðìàëüíîãî

îòðûâà â = ð/2 ïðè íîìèíàëüíîé íàãðóçêå öèêëà

	 n
= 1,3, ãäå e

i
= ei/eò — îòíîñèòåëüíàÿ èíòåí-

ñèâíîñòü óïðóãîïëàñòè÷åñêîé äåôîðìàöèè; ei —

èíòåíñèâíîñòü óïðóãîïëàñòè÷åñêîé äåôîðìàöèè;

eò — ïëàñòè÷åñêàÿ äåôîðìàöèÿ íà ïðåäåëå òåêó-

÷åñòè; ö — ýëëèïòè÷åñêèé óãîë.

Íà ðèñ. 5 ïîêàçàíî ðàñïðåäåëåíèå ëîêàëüíûõ

ïîëåé îòíîñèòåëüíûõ óïðóãîïëàñòè÷åñêèõ íà-

ïðÿæåíèé âáëèçè ñàìîé ãëóáîêîé òî÷êè òðåùèíû

ö = ð/2 ñ ñîîòíîøåíèåì ïîëóîñåé b ax/ * = 0,789 è

îòíîñèòåëüíîé ãëóáèíîé b/t = 0,45. Ïðè ýòîì

	
i

= ói/óò — îòíîñèòåëüíàÿ èíòåíñèâíîñòü óïðó-

ãîïëàñòè÷åñêèõ íàïðÿæåíèé; ói — èíòåíñèâíîñòü

óïðóãîïëàñòè÷åñêèõ íàïðÿæåíèé; 	
1

= ó1/óò,

	
2

= ó2/óò, 	
3

= ó3/óò — ãëàâíûå îòíîñèòåëüíûå

óïðóãîïëàñòè÷åñêèå íàïðÿæåíèÿ; ó1, ó2, ó3 —

ãëàâíûå íàïðÿæåíèÿ; r — ðàññòîÿíèå îò âåðøè-

íû òðåùèíû; ax
* — ðàñ÷åòíàÿ ïîëóîñü ýëëèïñà.

Íà ðèñ. 6 ïðèâåäåíû äëÿ ñðàâíåíèÿ ýêñïåðè-

ìåíòàëüíûå äàííûå è ðåçóëüòàò ÷èñëåííûõ ðàñ-

÷åòîâ ðàñïðåäåëåíèÿ ëîêàëüíûõ óïðóãîïëàñòè÷å-

ñêèõ äåôîðìàöèé âáëèçè ïîâåðõíîñòíîé òî÷êè

ïîëóýëëèïòè÷åñêîãî äåôåêòà ö = 0 ïðè â = ð/2.

Çàâèñèìîñòè îòíîñèòåëüíûõ èíòåíñèâíîñòåé

óïðóãîïëàñòè÷åñêèõ äåôîðìàöèé îò â, 	 n
è îáú-

åìíîñòè íîìèíàëüíîãî íàïðÿæåííî-äåôîðìè-

ðîâàííîãî ñîñòîÿíèÿ ïðè çàäàííûõ ãðàíè÷íûõ

óñëîâèÿõ îïèñûâàþòñÿ [7] ýìïèðè÷åñêèìè ôóíê-

öèÿìè
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ãäå ( ) ( ) ;
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e e
i b i

�
�� � 2

( ) ( ) ;
*

e e
i a i

�
�� 0

A = 1,18 –

�
�17 10 3, · .e

f
Äëÿ àóñòåíèòíûõ íåðæàâåþùèõ

öèêëè÷åñêè ñòàáèëüíûõ ñòàëåé êëàññà 08Õ18Í9:

f1 = � 0181, 	 m
– 0191 2, 	 m

+ 0 083 3, ;	 m
f2 = – 1,5 +

� 0 33, ;	 m
f3 = 3 645 0 29, ( ) ;,

	 m
� f4 = �

�1 319 0 156, ( ) .,
	 m

Ñîãëàñíî ðèñ. 4 è 6, ýêñïåðèìåíòàëüíûå ðåçóëü-

òàòû è ÷èñëåííûå ðåøåíèÿ õîðîøî ñîãëàñóþòñÿ.

Ôîðìîèçìåíåíèå ðàçâèâàþùèõñÿ ïîâåðõ-

íîñòåé ñóùåñòâåííî çàâèñèò îò íàïðÿæåííî-äå-

ôîðìèðîâàííîãî ñîñòîÿíèÿ â ñîîòâåòñòâóþùåì

ìèêðîîáúåìå ëîêàëüíîãî ðàçðóøåíèÿ. Íà îñíîâå

äåôîðìàöèîííûõ êðèòåðèåâ ðàçðóøåíèÿ [2 – 3]

÷èñëåííûìè ìåòîäàìè ðàñ÷åòà îïðåäåëÿëè îò-

íîñèòåëüíûå ðàçðóøàþùèå äåôîðìàöèè â ñîîò-
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Ðèñ. 3. Ðàñ÷åòíàÿ ñõåìà êîíå÷íî-ýëåìåíòíîé ìîäåëè ïî-

ëóýëëèïòè÷åñêîé ïîâåðõíîñòíîé òðåùèíû

Ðèñ. 4. Ðàñïðåäåëåíèå ëîêàëüíûõ îòíîñèòåëüíûõ óïðó-

ãîïëàñòè÷åñêèõ äåôîðìàöèé âäîëü êîíòóðà òðåùèíû íîð-

ìàëüíîãî îòðûâà â = ð/2 ïðè íàãðóçêå öèêëà 	n
= 1,3

Ðèñ. 5. Ðàñïðåäåëåíèå ëîêàëüíûõ ïîëåé îòíîñèòåëüíûõ

óïðóãîïëàñòè÷åñêèõ íàïðÿæåíèé äëÿ ñàìîé ãëóáîêîé òî÷-

êè òðåùèíû ö = ð/2 ñ ñîîòíîøåíèåì ïîëóîñåé b/ax
* =

= 0,789 è îòíîñèòåëüíîé ãëóáèíîé b/t = 0,45



âåòñòâóþùèõ çîíàõ êîíòóðà òðåùèíû e
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� , (5)
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— îòíîñèòåëüíàÿ ðàçðóøàþùàÿ

ìåñòíàÿ äåôîðìàöèÿ äëÿ ãëàäêîãî îáðàçöà, îïðå-

äåëÿåìàÿ ÷åðåç ñóæåíèå â øåéêå;

D ke d

i
�

	

	

3
ñð , 3
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1

2
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2
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1 1 1

1� � , 	 	 	
2 2 1

� , 	 	 	
3 3 1

� , kd = 1,2.

Ñ ó÷åòîì âûøåèçëîæåííîé èíôîðìàöèè íà

ðèñ. 7 ïîêàçàíà êèíåòèêà ôîðìîèçìåíåíèÿ ðàñ-

ñìàòðèâàåìîé òðåùèíû è ïðèâåäåíî èçìåíåíèå

îòíîøåíèÿ îòíîñèòåëüíîé ðàçðóøàþùåé äåôîð-

ìàöèè â ïîâåðõíîñòíîé òî÷êå êîíòóðà ( )e
f ��0

ê

îòíîñèòåëüíîé ðàçðóøàþùåé äåôîðìàöèè â ñà-

ìîé ãëóáîêîé òî÷êå ( ) ,
/

e
f � �� 2

ò.å.

~
/

( ) ( / )

e e e
f f f

�
� �� � �0 2

(7)

îò îòíîñèòåëüíîé ãëóáèíû òðåùèíû b/t (
~
e

f
— èç-

ìåíåíèå îòíîñèòåëüíîé ðàçðóøàþùåé äåôîðìà-

öèè â çîíå âåðøèí òðåùèíû).

Âûâîäû

Ïîëó÷åííûå ðåçóëüòàòû îáúÿñíÿþò ýêñïå-

ðèìåíòàëüíûå ôàêòû áîëüøåé ñêîðîñòè ðîñòà

òðåùèíû â íàïðàâëåíèè åå ìàëîé ïîëóîñè (ñì.

ðèñ. 2 è ðèñ. 7, à) è áîëüøåé èíòåíñèâíîñòè äå-

ôîðìàöèé âäîëü áîëüøîé ïîëóîñè ýëëèïñà â ñè-

ëó ñóùåñòâåííî áîëåå âûñîêîãî óðîâíÿ ðàç-

ðóøàþùåé äåôîðìàöèè â ïîâåðõíîñòíîé òî÷êå

òðåùèíû.

Êîìïëåêñ ìàòåìàòè÷åñêîãî ïðåäñòàâëåíèÿ

÷èñëåííûõ è ðàñ÷åòíî-ýêñïåðèìåíòàëüíûõ èñ-

ñëåäîâàíèé ïðè íåëèíåéíûõ óñëîâèÿõ íàãðóæå-

íèÿ ìîæåò ðàññìàòðèâàòüñÿ êàê áîëåå òî÷íîå ìî-

äåëèðîâàíèå êèíåòèêè ôîðìîèçìåíåíèÿ ãåîìåò-

ðèè ïîâåðõíîñòíûõ èñõîäíûõ ðàçíîîðèåíòèðî-

âàííûõ äåôåêòîâ è ðàçâèâàþùèõñÿ òðåùèí ñ

ó÷åòîì ëîêàëüíûõ õàðàêòåðèñòèê ÍÄÑ, êðèòåðè-

åâ íåëèíåéíîé ìåõàíèêè ðàçðóøåíèÿ. Íà åãî îñ-

íîâå ìîæíî óòî÷íÿòü ýêñïëóàòàöèîííûé ðåñóðñ,

ïðî÷íîñòü, æèâó÷åñòü è áåçîïàñíîñòü ðàáîòîñïî-

ñîáíîñòè îáîðóäîâàíèÿ.

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåð-

æêå ãðàíòà ÐÔÔÈ ¹ 18-08-00572-à.
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Ïðèâåäåíû ðåçóëüòàòû ïðèìåíåíèÿ ðàçðàáîòàííîé â ÈÌÀØ ÐÀÍ ìåòîäèêè ðàííåé äèà-

ãíîñòèêè ñêðûòîãî ïîâðåæäåíèÿ â àâèàöèîííîé ïàíåëè èç êîìïîçèòíîãî ìàòåðèàëà ïðè

ñòåíäîâûõ èñïûòàíèÿõ íà ðàñòÿæåíèå. Îöåíåíû âîçìîæíîñòè ðàçðàáîòàííîé ìåòîäèêè è

ïðîãðàììíîãî ïðîäóêòà äëÿ âûÿâëåíèÿ ïîâðåæäåíèÿ íà ðàííåé ñòàäèè íàãðóæåíèÿ ïàíå-

ëè â óñëîâèÿõ óïðóãîãî äåôîðìèðîâàíèÿ ìàòåðèàëà ñ ïðèìåíåíèåì õðóïêîãî òåíçîïîêðû-

òèÿ, òðåùèíû â êîòîðîì ðåãèñòðèðîâàëè ñèíõðîííî ñ ïðèìåíåíèåì âûñîêîñêîðîñòíîé âè-

äåîêàìåðû «Âèäåîñïðèíò» è àêóñòèêî-ýìèññèîííîé ñèñòåìû A-Line 32D. Â õîäå ýêñïåðè-

ìåíòà ïî âûÿâëåíèþ ïîäïîâåðõíîñòíîãî äåôåêòà (íàäðåçà ñðåäíåãî ñòðèíãåðà) â àâèàöè-

îííîé ïàíåëè ïðîòåñòèðîâàíà ðàçðàáîòàííàÿ â ÈÌÀØ êîíöåïöèÿ âûÿâëåíèÿ ïîâðåæäå-

íèé íà ðàííåé ñòàäèè íàãðóæåíèÿ â óñëîâèÿõ óïðóãîãî äåôîðìèðîâàíèÿ ìàòåðèàëà êîíñò-

ðóêöèè. Ïðè ýòîì òåñòèðîâàëè íå òîëüêî ìåòîäèêó, íî è ñïåöèàëüíî ðàçðàáîòàííîå äëÿ

êëàñòåðíîãî àíàëèçà è êëàññèôèêàöèè ðåãèñòðèðóåìûõ ëîêàöèîííûõ èìïóëüñîâ ïðîãðàì-

ìíîå îáåñïå÷åíèå (ÏÎ), à òàêæå îáîðóäîâàíèå è ÏÎ äëÿ ñèíõðîííîé çàïèñè ïîòîêîâ âèäåî-

èçîáðàæåíèé è ìàññèâîâ àêóñòèêî-ýìèññèîííûõ (ÀÝ) äàííûõ. Ñèíõðîííàÿ ðåãèñòðàöèÿ

ïîòîêîâ âèäåîèçîáðàæåíèé è èìïóëüñîâ ÀÝ ïîçâîëèëà òî÷íî êîíòðîëèðîâàòü ïðîöåññ òðå-

ùèíîîáðàçîâàíèÿ â òåíçîïîêðûòèè íà ýòàïàõ ýêñïåðèìåíòà, à ñòðóêòóðíî-ôåíîìåíîëîãè-

÷åñêèé ïîäõîä ïðè êëàññèôèêàöèè ðåãèñòðèðóåìûõ ìàññèâîâ äàííûõ ÀÝ — îòñëåæèâàòü

îñíîâíûå òðåíäû íàêîïëåíèÿ ïîâðåæäåíèé íà ðàçíûõ ñòðóêòóðíûõ óðîâíÿõ è èäåíòèôè-

öèðîâàòü èñòî÷íèêè èõ èçëó÷åíèÿ. Êîìïëåêñíîå èñïîëüçîâàíèå îêñèäíîãî òåíçîïîêðûòèÿ,

âûñîêîñêîðîñòíîé âèäåîñúåìêè, ñèíõðîíèçèðîâàííîé ñ ñèñòåìîé ÀÝ êîíòðîëÿ, äàëî âîç-

ìîæíîñòü â ïðîöåññå ìîíèòîðèíãà ñîñòîÿíèÿ àâèàöèîííîé ïàíåëè ïðè óðîâíå íàãðóçêè

P = 90 êÍ, ñîñòàâëÿþùåé ïðèìåðíî 12 % îò ïðåäåëüíîé, òî÷íî äèàãíîñòèðîâàòü îáëàñòü

ïîäïîâåðõíîñòíîãî äåôåêòà, âûÿâëÿòü ðàñïðåäåëåíèå íàèáîëüøèõ ãëàâíûõ äåôîðìàöèé â

îáëàñòè òðåùèíîîáðàçîâàíèÿ õðóïêîãî ïîêðûòèÿ, ïðîâîäèòü èõ êîëè÷åñòâåííóþ îöåíêó è

èäåíòèôèöèðîâàòü îñíîâíûå èñòî÷íèêè èçëó÷åíèÿ ÀÝ ñèãíàëîâ.

Êëþ÷åâûå ñëîâà: ðàííÿÿ äèàãíîñòèêà; ïîâðåæäåíèå; õðóïêîå òåíçîïîêðûòèå; àêóñòè÷å-

ñêàÿ ýìèññèÿ; âûñîêîñêîðîñòíàÿ âèäåîñúåìêà; êîìïîçèòíàÿ ïàíåëü.
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The results of using early damage diagnostics technique (developed in the Mechanical Engineering

Research Institute of the Russian Academy of Sciences (IMASH RAN) for detecting the latent damage

of an aviation panel made of composite material upon bench tensile tests are presented. We have assessed

the capabilities of the developed technique and software regarding damage detection at the early stage

of panel loading in conditions of elastic strain of the material using brittle strain-sensitive coating and si-

multaneous crack detection in the coating with a high-speed video camera “Video-print” and acoustic

emission system “A-Line 32D.” When revealing a subsurface defect (a notch of the middle stringer) of the

aviation panel, the general concept of damage detection at the early stage of loading in conditions of elastic
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behavior of the material was also tested in the course of the experiment, as well as the software specially

developed for cluster analysis and classification of detected location pulses along with the equipment and

software for simultaneous recording of video data flows and arrays of acoustic emission (AE) data. Syn-

chronous recording of video images and AE pulses ensured precise control of the cracking process in the

brittle strain-sensitive coating (tensocoating)at all stages of the experiment, whereas the use of struc-

tural-phenomenological approach kept track of the main trends in damage accumulation at different

structural levels and identify the sources of their origin when classifying recorded AE data arrays. The

combined use of oxide tensocoatings and high-speed video recording synchronized with the AE control

system, provide the possibility of definite determination of the subsurface defect, reveal the maximum

principal strains in the area of crack formation, quantify them and identify the main sources of AE signals

upon monitoring the state of the aviation panel under loading P = 90 kN, which is about 12% of the criti-

cal load.

Keywords: early diagnostics; damage; brittle strain-sensitive (tensosensitive) coating; acoustic emission;

high-speed video recording; composite panel.

Ââåäåíèå

Èñïîëüçîâàíèå òåíçîïîêðûòèé â êà÷åñòâå

ñðåäñòâà íåðàçðóøàþùåãî êîíòðîëÿ è äèàãíîñòè-

êè íà ðàííåé ñòàäèè íàãðóæåíèÿ â óñëîâèÿõ óï-

ðóãîãî äåôîðìèðîâàíèÿ êîíñòðóêöèé äëÿ âûÿâ-

ëåíèÿ ñêðûòûõ ëîêàëüíûõ äåôåêòîâ â ñòðóêòóðå

ìàòåðèàëà è îöåíêè ñòåïåíè åãî äåãðàäàöèè â

çîíå ïîâðåæäåíèÿ — íîâîå íàïðàâëåíèå â ðàçâè-

òèè ìåòîäà õðóïêèõ òåíçî÷óâñòâèòåëüíûõ ïî-

êðûòèé.

Ïî êàðòèíå ðàñïðîñòðàíåíèÿ òðåùèí â òåíçî-

ïîêðûòèè [1 – 3] ìîæíî îïåðàòèâíî è äîñòàòî÷íî

òî÷íî äèàãíîñòèðîâàòü íå òîëüêî âîçäåéñòâèå

êîíñòðóêòèâíî-òåõíîëîãè÷åñêèõ îñîáåííîñòåé íà

íàïðÿæåííî-äåôîðìèðîâàííîå ñîñòîÿíèå (ÍÄÑ)

â èññëåäóåìûõ ýëåìåíòàõ êîíñòðóêöèé, íî è âû-

ÿâëÿòü ñêðûòûå ëîêàëüíûå äåôåêòû è ïîâðåæäå-

íèÿ â ñòðóêòóðå ìàòåðèàëà.

Îñíîâíûìè ñïîñîáàìè êîíòðîëÿ è ðåãèñòðà-

öèè ðàñïðîñòðàíåíèÿ òðåùèí â õðóïêîì òåíçîïî-

êðûòèè äî íåäàâíåãî âðåìåíè áûëè âèçóàëüíîå

íàáëþäåíèå è ôîòîñúåìêà [1 – 3]. Ïîñêîëüêó âå-

ëè÷èíà ðàñêðûòèÿ òðåùèí â òåíçîïîêðûòèÿõ ñî-

ñòàâëÿåò ïðèìåðíî 2 – 3 ìêì, òî äëÿ èõ ðåãèñòðà-

öèè èñïîëüçóþò íàïðàâëåííûé ñâåò ïîä óãëîì

30 – 60° ê èññëåäóåìîé ïîâåðõíîñòè. Ðåãèñòðàöèÿ

êàðòèí òðåùèí â õðóïêèõ òåíçî÷óâñòâèòåëüíûõ

ïîêðûòèÿõ çàêëþ÷àåòñÿ â ôðàãìåíòíîì ôîòîãðà-

ôèðîâàíèè è çàðèñîâêå íà ïðåäâàðèòåëüíî ïîä-

ãîòîâëåííûå ýñêèçû ìåñò îáðàçîâàíèÿ òðåùèí â

èññëåäóåìîé êîíñòðóêöèè. Âèçóàëüíîå íàáëþäå-

íèå çà ðàñïðîñòðàíåíèåì òðåùèí â òåíçîïîêðû-

òèè â ïðîöåññå ýêñïåðèìåíòà ÷àñòî îêàçûâàåòñÿ

òåõíè÷åñêè ñëîæíîé ïðîöåäóðîé, à âðåìÿ, òðå-

áóåìîå äëÿ çàðèñîâêè êàðòèí òðåùèí íà ýòàïàõ

ýêñïåðèìåíòà, êàê ïðàâèëî, ïðåâûøàåò äëèòåëü-

íîñòü ñàìèõ èñïûòàíèé. Ïðè ýòîì òî÷íîñòü âîñ-

ïðîèçâåäåíèÿ êàðòèí òðåùèí íà ýñêèçàõ â çíà÷è-

òåëüíîé ñòåïåíè çàâèñèò îò ñïîñîáíîñòåé ýêñïå-

ðèìåíòàòîðà. Äëÿ óëó÷øåíèÿ âèäèìîñòè îáðà-

çîâàâøèõñÿ â òåíçîïîêðûòèè òðåùèí èñïîëüçó-

þò ïðîíèêàþùèå êðàñèòåëè è ýëåêòðîñòàòè÷åñêè

çàðÿæåííûå ÷àñòèöû ýïîêñèäíûõ ñìîë [1 – 4].

Îäíàêî ýòè ìåòîäû ïðèìåíèìû ëèøü íà ýòàïå

ïîñòîáðàáîòêè ðåçóëüòàòîâ èñïûòàíèé.

Òàêèì îáðàçîì, îãðàíè÷åíèÿ ïðèìåíåíèÿ ìå-

òîäà õðóïêèõ ïîêðûòèé îáóñëîâëåíû íåîáõîäè-

ìîñòüþ îïòèêî-âèçóàëüíîé ðåãèñòðàöèè ïðîöåñ-

ñà òðåùèíîîáðàçîâàíèÿ òåíçîïîêðûòèÿ, ñëîæ-

íîñòüþ âîñïðîèçâåäåíèÿ îáðàçóþùèõñÿ êàðòèí

òðåùèí íà íîñèòåëÿõ èíôîðìàöèè (çàðèñîâêà íà

ýñêèçàõ, ôîòî- è âèäåîñúåìêà â íàïðàâëåííîì

ñâåòå), à òàêæå ëîêàëüíîñòüþ ðàçìåùåíèÿ òåíçî-

ïîêðûòèé â òåõíîëîãè÷åñêè äîñòóïíûõ çîíàõ

êîíñòðóêöèè, â êîòîðûõ âîçìîæíà ôèêñàöèÿ îá-

ðàçîâàíèÿ òðåùèí. Óêàçàííûå ôàêòîðû â çíà÷è-

òåëüíîé ñòåïåíè îãðàíè÷èâàþò âîçìîæíîñòè

ïðèìåíåíèÿ ìåòîäà ïðè èññëåäîâàíèè ðàñïðåäå-

ëåíèÿ ïîëåé ãëàâíûõ íàïðÿæåíèé (äåôîðìàöèé),

âûÿâëåíèè ïîâðåæäåíèé è ñêðûòûõ ëîêàëüíûõ

äåôåêòîâ â êîíñòðóêöèÿõ. Ïîýòîìó âîçíèêàåò íå-

îáõîäèìîñòü â ðàçðàáîòêå è ïðèìåíåíèè èíûõ

ìåòîäîâ è ñðåäñòâ äëÿ äèñòàíöèîííîãî ìîíèòî-

ðèíãà è àâòîìàòèçàöèè ïðîöåññà ðåãèñòðàöèè

òðåùèí â õðóïêèõ òåíçîïîêðûòèÿõ [4 – 8].

Êîíöåïöèÿ ðàííåé äèàãíîñòèêè

äëÿ âûÿâëåíèÿ ïîâðåæäåíèé

â êîíñòðóêöèÿõ

Ïðîâåäåíû èññëåäîâàíèÿ è ðàçðàáîòàíà êîí-

öåïöèÿ êîìïëåêñíîãî èñïîëüçîâàíèÿ õðóïêèõ îê-

ñèäíûõ òåíçîèíäèêàòîðîâ, ñèñòåì âûñîêîñêîðî-

ñòíîé âèäåîñúåìêè è àêóñòèêî-ýìèññèîííîãî êîí-

òðîëÿ äëÿ äèàãíîñòèêè äåôåêòîâ â êîìïîçèòíûõ

ìàòåðèàëàõ. Õàðàêòåðíîé îñîáåííîñòüþ ïðåäëî-

æåííîé êîíöåïöèè ÿâëÿåòñÿ òî, ÷òî ïîëó÷àåìàÿ

èíôîðìàöèÿ î äåôîðìèðîâàíèè ìàòåðèàëà è ñòå-

ïåíè åãî äåãðàäàöèè ðåãèñòðèðóåòñÿ íà âñåõ

ñòðóêòóðíûõ óðîâíÿõ. Ñòðóêòóðíî-ôåíîìåíîëî-

ãè÷åñêèé ïîäõîä, èñïîëüçóåìûé äëÿ êëàññèôèêà-

öèè ðåãèñòðèðóåìûõ ïðè àêóñòèêî-ýìèññèîííîé

äèàãíîñòèêå ìàññèâîâ äàííûõ, ñïåöèàëüíî ðàç-

ðàáîòàííîå ïðîãðàììíîå îáåñïå÷åíèå (ÏÎ) äëÿ

âûäåëåíèÿ ñèãíàëîâ àêóñòè÷åñêîé ýìèññèè (ÀÝ),

âîçíèêàþùèõ ïðè îáðàçîâàíèè òðåùèí â õðóï-

êîì òåíçîïîêðûòèè, ñèíõðîíèçèðîâàííîå ñ âûñî-
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êîñêîðîñòíîé âèäåîñúåìêîé, ïîçâîëÿþò â ðåæèìå

ðåàëüíîãî âðåìåíè íà ðàííèõ ñòàäèÿõ íàãðó-

æåíèÿ â óñëîâèÿõ óïðóãîãî äåôîðìèðîâàíèÿ ìà-

òåðèàëà âûÿâëÿòü ëîêàëüíûå ïîâðåæäåíèÿ è äå-

ôåêòû â èññëåäóåìûõ ýëåìåíòàõ êîíñòðóêöèé.

Ðàçðàáîòàííàÿ ìåòîäèêà è ïðîãðàììíûé ïðî-

äóêò äëÿ êëàññèôèêàöèè ðåãèñòðèðóåìûõ ìàññè-

âîâ äàííûõ áàçèðóþòñÿ íà òîì ïîëîæåíèè, ÷òî

ñèãíàëû ÀÝ, ïîðîæäåííûå îäèíàêîâûìè ïî ïðè-

ðîäå èçëó÷åíèÿ èñòî÷íèêàìè àêóñòè÷åñêîé ýìèñ-

ñèè, ñõîæèå ïî ôîðìå è ñïåêòðó, ñ âûñîêîé äîëåé

âåðîÿòíîñòè èçëó÷àþòñÿ ïîäîáíûìè èñòî÷íèêà-

ìè, è íàïðîòèâ, ñèãíàëû, ôîðìà è ñïåêòð êîòî-

ðûõ ñóùåñòâåííî îòëè÷àþòñÿ, èçëó÷àþòñÿ ðàç-

ëè÷íûìè ïî ïðèðîäå èñòî÷íèêàìè ÀÝ.

Â îñíîâó àëãîðèòìà ðàçäåëåíèÿ ñèãíàëîâ ÀÝ

ïîëîæåí êëàñòåðíûé ïîäõîä, ïîçâîëÿþùèé ïðî-

âîäèòü êëàññèôèêàöèþ ýêñïåðèìåíòàëüíî óñòà-

íîâëåííûõ çíà÷åíèé êðèòåðèàëüíûõ ïàðàìåò-

ðîâ, õàðàêòåðèçóþùèõ îïðåäåëåííûå ÀÝ ñâîéñò-

âà ðåãèñòðèðóåìûõ èìïóëüñîâ. Ñèãíàëû, ñõîæèå

äðóã ñ äðóãîì ïî ðÿäó çàðàíåå âûáðàííûõ ïðè-

çíàêîâ, îòíîñÿò ê îäíîìó è òîìó æå êëàñòå-

ðó. Ïðè ýòîì îáúåêòîì êëàñòåðèçàöèè ÿâëÿþòñÿ

ñèãíàëû ÀÝ, à â êà÷åñòâå ìåðû èõ ñõîæåñòè èñ-

ïîëüçóþò óñòàíîâëåííûå ïðè òåñòèðîâàíèè ãðà-

íèöû êðèòåðèàëüíûõ ïàðàìåòðîâ (äåñêðèïòî-

ðîâ), â ïîëå êîòîðûõ ðåãèñòðèðóåìûå àêóñòè-

êî-ýìèññèîííîé ñèñòåìîé èìïóëüñû è ôîðìèðó-

þò êëàñòåðû, ñâîéñòâåííûå îïðåäåëåííûì èñ-

òî÷íèêàì èçëó÷åíèÿ ÀÝ.

Äëÿ êëàññèôèêàöèè è ðàçäåëåíèÿ ðåãèñòðè-

ðóåìûõ ÀÝ ñèñòåìîé ëîêàöèîííûõ èìïóëüñîâ íà

êëàñòåðû èñïîëüçîâàí àëãîðèòì ðàñïîçíàâàíèÿ

ñèãíàëîâ ïî ôîðìå çàòóõàþùåé âîëíû, áàçèðó-

þùèéñÿ íà òàêèõ ïàðàìåòðàõ, êàê ìàêñèìàëüíàÿ

àìïëèòóäà (um), êîëè÷åñòâî âûáðîñîâ (Nè), äëè-

òåëüíîñòü èìïóëüñà (tè). Â êà÷åñòâå êðèòåðèàëü-

íûõ ïàðàìåòðîâ, íàèáîëåå èíôîðìàòèâíûõ äëÿ

ðàçäåëåíèÿ ñèãíàëîâ ïî ôîðìå àêóñòè÷åñêîé âîë-

íû, âûáðàíû èäåíòèôèêàòîðû, õàðàêòåðèçó-

þùèå ñêîðîñòü çàòóõàíèÿ ñèãíàëà (um/Nè) è

óñðåäíåííóþ ÷àñòîòó åãî îñöèëëÿöèé (Nè/tè),

â ïîëå êîòîðûõ èìïóëüñû, ñîâïàäàþùèå ïî ôîð-

ìå çàòóõàþùåé âîëíû, ôîðìèðóþò ñâîéñòâåííûå

èì êëàñòåðû.

Êàê ïîêàçàëè ïðîâåäåííûå èññëåäîâàíèÿ

[5 – 10], ïðåäëîæåííûé êðèòåðèàëüíûé ïîäõîä

ïîçâîëÿåò âî âõîäíîì ïîòîêå äàííûõ âûÿâëÿòü

íàëè÷èå ðàçëè÷íûõ èñòî÷íèêîâ ÀÝ. Ïðè÷åì àíà-

ëèç ëîêàöèîííûõ èìïóëüñîâ âîçìîæåí íåïîñðåä-

ñòâåííî â ðåàëüíîì âðåìåíè è íå òðåáóåò ïðåäâà-

ðèòåëüíîé ôèëüòðàöèè äàííûõ.

Àêóñòèêî-ýìèññèîííûå ñâîéñòâà

îêñèäíûõ òåíçîèíäèêàòîðîâ

Â ïóáëèêàöèÿõ [5 – 8] ïîäðîáíî èçëîæåíû

ïðîâåäåííûå ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ

è îñíîâíûå àêóñòèêî-ýìèññèîííûå ñâîéñòâà

õðóïêèõ îêñèäíûõ òåíçîèíäèêàòîðîâ. Äëÿ èññëå-

äîâàíèÿ ÀÝ ñâîéñòâ îêñèäíûõ òåíçîèíäèêàòîðîâ

èñïîëüçîâàëè àëþìèíèåâóþ ôîëüãó òîëùèíîé

100 ìêì, êîòîðóþ íàêëåèâàëè íà ïîâåðõíîñòü

òåñòîâûõ îáðàçöîâ èç èíåðòíîãî ê ÀÝ ìàòåðèàëà:

îðãñòåêëà èëè ýïîêñèäíîé ñìîëû. Ýëåêòðîõèìè-

÷åñêîå àíîäèðîâàíèå àëþìèíèåâîé ôîëüãè ïðî-

âîäèëè ïî îòðàáîòàííûì òåõíîëîãè÷åñêèì ðåæè-

ìàì, ïîçâîëÿþùèì ïîëó÷àòü îêñèäíûå òåíçîïî-

êðûòèÿ ñ çàäàííûìè õàðàêòåðèñòèêàìè òåíçî-

÷óâñòâèòåëüíîñòè, â ÷àñòíîñòè, âåëè÷èíîé ïîðî-

ãîâîé äåôîðìàöèè å0 = 500 – 1000 ìêì/ì.

Ñ ïðèìåíåíèåì ðàçðàáîòàííîé ïðîãðàììû

êëàñòåðíîãî àíàëèçà äëÿ êëàññèôèêàöèè ðåãè-

ñòðèðóåìûõ ëîêàöèîííûõ èìïóëüñîâ ïðîâåäåíû

òåñòîâûå èñïûòàíèÿ ìíîãîñëîéíîé ñòðóêòóðû

òåíçîèíäèêàòîðà â ïðîöåññå åãî äåôîðìèðîâàíèÿ

è ðàçðóøåíèÿ [5 – 8]. Â ïîëå äåñêðèïòîðîâ um/Nè,

Nè/tè îïðåäåëåíû êëàñòåðû, ôîðìèðóåìûå ñèãíà-

ëàìè ÀÝ, âîçíèêàþùèìè ïðè ðàçðóøåíèè õðóï-

êîãî îêñèäíîãî ñëîÿ, àëþìèíèåâîé ôîëüãè è

êëååâîé ïðîñëîéêè. Àíàëèç êëàñòåðîâ, ôîðìè-

ðóåìûõ íà äèàãðàììàõ äåñêðèïòîðîâ èìïóëüñà-

ìè ÀÝ, âîçíèêàþùèìè â ðåçóëüòàòå îáðàçîâàíèÿ

òðåùèí â òåíçîïîêðûòèè, ïîêàçàë, ÷òî âåëè÷èíà

ïàðàìåòðà um/Nè çàâèñèò îò óðîâíÿ ïîðîãà äèñ-

êðèìèíàöèè ñèãíàëîâ (uth), òîëùèíû îêñèäíîé

ïëåíêè è ñêîðîñòè äåôîðìèðîâàíèÿ ïîäëîæêè

[5 – 10].

Äëÿ âûÿâëåíèÿ íà äèàãðàììå äåñêðèïòîðîâ

um/Nè – Nè/tè ãðàíèö êëàñòåðèçàöèè èìïóëüñîâ

ÀÝ, ãåíåðèðóåìûõ ïðè èñïûòàíèè îáðàçöîâ íà

êîíñîëüíûé èçãèá, ðåãèñòðèðîâàëè ñèãíàëû ÀÝ,

âîçíèêàþùèå ïðè îáðàçîâàíèè òðåùèí â õðóï-

êîì ñëîå òåíçîïîêðûòèÿ, â ïðîöåññå óïðóãîïëà-

ñòè÷åñêîãî äåôîðìèðîâàíèÿ è ðàçðûâà àëþìè-

íèåâîé ôîëüãè, ðàçðóøåíèÿ êëååâîãî ñëîÿ è îò-

ñëàèâàíèÿ ïîêðûòèÿ îò ïîäëîæêè. Íà äèàãðàììå

äåñêðèïòîðîâ um/Nè – Nè/tè, ïðèâåäåííîé íà

ðèñ. 1, âûäåëåíû êëàñòåðû ñèãíàëîâ ÀÝ, ãåíåðè-

ðóåìûå ðàçëè÷íûìè ñëîÿìè òåíçîèíäèêàòîðà è

çàðåãèñòðèðîâàííûå ïðè òåñòîâûõ èñïûòàíèÿõ

îêñèäíîãî ïîêðûòèÿ ñ âåëè÷èíîé ïîðîãîâîé äå-

ôîðìàöèè å0 = 600 ìêì/ì ïðè óðîâíå uth = 30 äÁ

â ïðîöåññå ïîâûøåíèÿ ðàñòÿãèâàþùåé äåôîðìà-

öèè â ïîäëîæêå äî ìîìåíòà åå ðàçðóøåíèÿ. Âèä-

íî, ÷òî îáëàñòü êëàñòåðà 1, îáðàçóåìîãî ñèãíàëà-

ìè, ðåãèñòðèðóåìûìè ïðè ðàçðóøåíèè õðóïêîãî

ñëîÿ òåíçîèíäèêàòîðà, ÷àñòè÷íî ïåðåêðûâàåòñÿ

êëàñòåðàìè 3 è 4, ôîðìèðóåìûìè ñèãíàëàìè,

âîçíèêàþùèìè ïðè ðàçðûâå àëþìèíèåâîé ôîëü-

ãè, ðàçðóøåíèè êëååâîãî ñëîÿ è îòñëàèâàíèè
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ôîëüãè îò ïîäëîæêè. Êëàñòåð 2, ôîðìèðóåìûé

ñèãíàëàìè, âîçíèêàþùèìè ïðè óïðóãîïëàñòè÷å-

ñêîì äåôîðìèðîâàíèè àëþìèíèåâîé ôîëüãè, ðàñ-

ïîëàãàåòñÿ çàìåòíî íèæå.

Íà ýòàïå ïîñòîáðàáîòêè ñèãíàëû êëàñòåðà 1 â

çîíàõ ïåðåêðûòèÿ ñ ñèãíàëàìè êëàñòåðîâ 3 è 4

âûäåëÿþò íà òðåõìåðíîì ãðàôèêå äåñêðèïòîðîâ.

Ïðè ýòîì â êà÷åñòâå òðåòüåãî äåñêðèïòîðà ìîæåò

áûòü èñïîëüçîâàí ïàðàìåòð âðåìåíè, íàãðóçêè

èëè äåôîðìàöèè. Òðåùèíû â õðóïêîì ñëîå îê-

ñèäíîé ïëåíêè âîçíèêàþò ïðè óðîâíÿõ äåôîðìà-

öèè å1 � å0 = 500 – 1500 ìêì/ì, â òî âðåìÿ êàê

ðàçðóøåíèå êëååâîãî ñëîÿ, îòñëàèâàíèå îò ïîä-

ëîæêè è ðàçðûâ àëþìèíèåâîé ôîëüãè ïðîèñõî-

äÿò ïðè çíà÷èòåëüíî áîëåå âûñîêèõ óðîâíÿõ äå-

ôîðìàöèè å1 = (3 – 30) · 103 ìêì/ì, êîãäà â õðóï-

êîì ñëîå òåíçîèíäèêàòîðà óæå èìååò ìåñòî âûñî-

êàÿ ïëîòíîñòü òðåùèí (Ø � 30 åä./ñì) è ïðîöåññ

îáðàçîâàíèÿ íîâûõ òðåùèí ïðàêòè÷åñêè ïðå-

êðàùàåòñÿ. Ïðè òàêèõ óðîâíÿõ äåôîðìàöèé ðå-

ãèñòðèðóåìàÿ àêòèâíîñòü ÀÝ ñîáûòèé ãåíåðè-

ðîâàíà ïðîöåññàìè ðàçðóøåíèÿ êëååâîãî ñëîÿ,

îòñëàèâàíèÿ ïîêðûòèÿ, óïðóãîïëàñòè÷åñêîãî äå-

ôîðìèðîâàíèÿ è ðàçðûâà àëþìèíèåâîé ôîëüãè.

Îáúåêò èññëåäîâàíèÿ

è ñðåäñòâà äèàãíîñòèêè

Íà ðèñ. 2, à ïðèâåäåí ýñêèç èññëåäóåìîé êîí-

ñòðóêöèè, ïðåäñòàâëÿþùåé ñîáîé ïàíåëü èç

ÏÊÌ ñ òðåìÿ ñòðèíãåðàìè, èçãîòîâëåííóþ èç

ìíîãîñëîéíîãî óãëåïëàñòèêà ïî òåõíîëîãèè èí-

ôóçèîííîé ïðîïèòêè ïðåôîðì, âûëîæåííûõ àâ-

òîìàòèçèðîâàííûì ñïîñîáîì óêëàäêè. Äëÿ ñîçäà-

íèÿ ïîäïîâåðõíîñòíîãî äåôåêòà â öåíòðå ïàíåëè
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Ðèñ. 1. Êëàñòåðû ñèãíàëîâ ÀÝ, ôîðìèðóþùèåñÿ â ïîëå

ïàðàìåòðîâ u
m

/N
è

– N
è
/t

è
ïðè u

th
= 30 äÁ â ðåçóëüòàòå îá-

ðàçîâàíèÿ òðåùèí â õðóïêîì ñëîå òåíçîèíäèêàòîðà ñ âå-

ëè÷èíîé ïîðîãîâîé äåôîðìàöèè å
0

= 600 ìêì/ì (1), óïðó-

ãîïëàñòè÷åñêîì äåôîðìèðîâàíèè àëþìèíèåâîé ôîëüãè

(2), åå ðàçðûâå (3), ðàçðóøåíèè êëååâîãî ñëîÿ è îòñëàèâà-

íèè ïîêðûòèÿ îò ïîäëîæêè (4)

à á

Ðèñ. 2. Êîíñòðóêöèÿ èññëåäóåìîé ïàíåëè ñ òðåìÿ ñòðèíãåðàìè (à) è åå âèä ïîñëå êðåïëåíèÿ îïðàâêè ñ íàêëååííûì

îêñèäíûì òåíçîïîêðûòèåì, óñòàíîâëåííûìè ïðåîáðàçîâàòåëÿìè è ïðåäóñèëèòåëÿìè ÀÝ â çàõâàòàõ íàãðóæàþùåé óñòà-

íîâêè MTS (á)



âûïîëíÿëè íàäðåç ñðåäíåãî ñòðèíãåðà äèñêîâîé

ôðåçîé òîëùèíîé 1 ìì íà ãëóáèíó 42 ìì. Ïðè èñ-

ïûòàíèÿõ ïàíåëè íà ðàñòÿæåíèå ñðåäñòâà íåðàç-

ðóøàþùåãî êîíòðîëÿ — îêñèäíûé òåíçîèíäèêà-

òîð è ïðåîáðàçîâàòåëè ÀÝ — óñòàíàâëèâàëè íà

ëèöåâîé ïîâåðõíîñòè ïàíåëè, êàê ïîêàçàíî íà

ðèñ. 2, á.

Äëÿ óñòàíîâêè ïàíåëè â çàõâàòàõ ðàçðûâíîé

ìàøèíû èçãîòàâëèâàëè ñïåöèàëüíóþ îïðàâêó èç

ñòàëè 20, ïðèæèìíûå íàêëàäêè êîòîðîé ñòÿãèâà-

ëè 28 áîëòîâûìè ñîåäèíåíèÿìè. Ïîñëå ïðåäâà-

ðèòåëüíîé çàòÿæêè íàêëàäîê îïðàâêè ïàíåëü

ïîñðåäñòâîì ñèëîâûõ øòèôòîâ (èç ñòàëè 40Õ)

äèàìåòðîì 40 ìì óñòàíàâëèâàëè â ïðîóøèíû

âåðíåé è íèæíåé òðàâåðñû íàãðóæàþùåãî ñòåí-

äà. Èñïûòàíèÿ ïàíåëè ïðîâîäèëè íà ýëåêòðî-

ãèäðàâëè÷åñêîé óñòàíîâêå MTS, ïîçâîëÿþùåé

ñîçäàâàòü ðàñòÿãèâàþùåå óñèëèå äî 500 êÍ êàê

â ðó÷íîì, òàê è àâòîìàòè÷åñêîì ðåæèìå íàãðóæå-

íèÿ ñ çàäàííîé ñêîðîñòüþ ïåðåìåùåíèÿ àêòèâ-

íîé òðàâåðñû.

Äëÿ èçãîòîâëåíèÿ îêñèäíîãî òåíçîèíäèêà-

òîðà èñïîëüçîâàëè àëþìèíèåâóþ ôîëüãó ìàðêè

À7 òîëùèíîé 100 ìêì. Îñíîâîé äëÿ èçãîòîâëå-

íèÿ àíîäà ïîñëóæèë ëèñò òåêñòîëèòà ðàçìåðîì

4 × 450 × 250 ìì, íà êîòîðîì ñ ïðèìåíåíèåì õè-

ìè÷åñêè ñòîéêîãî ëàêà è ïðîçðà÷íîãî ñêîò÷à çà-

êðåïëÿëè îêñèäèðóåìóþ ôîëüãó. Äëÿ ïîëó÷åíèÿ

íà ïîâåðõíîñòè àëþìèíèåâîé ôîëüãè õðóïêîãî

ñëîÿ îêñèäíîé ïëåíêè òîëùèíîé ïîðÿäêà 30 ìêì

ñ âåëè÷èíîé ïîðîãîâîé äåôîðìàöèè ïîðÿäêà

500 – 600 ìêì/ì àíîäèðîâàíèå ïðîâîäèëè â

15 %-íîì âîäíîì ðàñòâîðå ñåðíîé êèñëîòû â òå-

÷åíèå 40 ìèí ïðè ïëîòíîñòè òîêà 4 À/äì2 è òåì-

ïåðàòóðå ýëåêòðîëèòà 10 – 15 °C. Ïîñëå îêñèäè-

ðîâàíèÿ äëÿ óäàëåíèÿ ýëåêòðîëèòà àíîä ïðîìû-

âàëè â ïðîòî÷íîé âîäå è ïîìåùàëè â ñóøèëüíûé

øêàô. Äëÿ ïðåäîòâðàùåíèÿ îáðàçîâàíèÿ òðåùèí

â õðóïêîì ñëîå îêñèäíîé ïëåíêè îêñèäèðîâàí-

íóþ ôîëüãó ðàçðåçàëè âäîëü ãðàíèö ïîâåðõíî-

ñòè, íà êîòîðóþ ïåðåä îêñèäèðîâàíèåì íàíîñèëè

ïðîçðà÷íûé ñêîò÷. Ïîìèìî îêñèäèðîâàííîé

ôîëüãè, íàêëåèâàåìîé íà ïîâåðõíîñòü èññëå-

äóåìîé ïàíåëè, âûðåçàëè ïîëîñêè ðàçìåðàìè

150 × 20 ìì äëÿ îïðåäåëåíèÿ õàðàêòåðèñòèê òåí-

çî÷óâñòâèòåëüíîñòè õðóïêîãî òåíçîïîêðûòèÿ íà

òåñòîâûõ îáðàçöàõ. Îêñèäèðîâàííóþ ôîëüãó íà-

êëåèâàëè íà ïîâåðõíîñòè èññëåäóåìîé ïàíåëè è

òåñòîâûõ îáðàçöîâ ñ ïðèìåíåíèåì ýïîêñèäíîãî

êëåÿ õîëîäíîãî îòâåðæäåíèÿ ìàðêè ÝÄÏ.

Õàðàêòåðèñòèêè òåíçî÷óâñòâèòåëüíîñòè òåñ-

òèðîâàëè íà ïëîñêèõ áàëêàõ ðàçìåðîì 250 ×

× 23 × 6 ìì, âûðåçàííûõ èç ÏÊÌ, àíàëîãè÷íîãî

èññëåäóåìîé ïàíåëè. Òåñòîâûå îáðàçöû êîíñîëü-

íî çàêðåïëÿëè è íàãðóæàëè èçãèáàþùåé íàãðóç-

êîé. Ðåçóëüòàòû òåñòîâûõ èñïûòàíèé õàðàêòåðè-

ñòèê òåíçî÷óâñòâèòåëüíîñòè îêñèäíîãî òåíçîïî-

êðûòèÿ íà ïëîñêèõ áàëêàõ èç ÏÊÌ ïðåäñòàâëåíû

íà ðèñ. 3.

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ àêóñòè÷å-

ñêèõ ñâîéñòâ êîìïîçèòíûõ ïàíåëåé è îáðàçöîâ

ïðîâîäèëè íà îñíîâàíèè ñïåöèàëüíî ðàçðàáîòàí-

íûõ ìåòîäèê ñ èñïîëüçîâàíèåì ïüåçîýëåêòðè÷å-

ñêèõ ïðåîáðàçîâàòåëåé àêóñòè÷åñêîé ýìèññèè

(ÏÀÝ) R15-á, êîòîðûå ïîäêëþ÷àëè ê ìíîãîïàðà-

ìåòðè÷åñêîé ñèñòåìå ñáîðà è îáðàáîòêè ÀÝ èí-

ôîðìàöèè A-Line 32D. Èññëåäóåìóþ ïàíåëü êðå-

ïèëè â çàõâàòàõ ñòåíäà MTS, ïðîòÿãèâàëè áîë-

òîâûå ñîåäèíåíèÿ îïðàâêè è óñòàíàâëèâàëè

ïðåîáðàçîâàòåëè ÀÝ. Ðàáî÷óþ ïîâåðõíîñòü ïðå-

îáðàçîâàòåëåé R15-á ñìàçûâàëè òåõíè÷åñêèì âà-

çåëèíîì è ñ ïîìîùüþ ñòàëüíûõ ñòðóáöèí ÏÀÝ

êðåïèëè ê ïîâåðõíîñòè ïàíåëè. Äëÿ ïðîâåäåíèÿ

ïëàíàðíîé ëîêàöèè èñòî÷íèêîâ ñèãíàëîâ ïðåîá-

ðàçîâàòåëè ÀÝ ðàçìåùàëè â öåíòðàëüíîé çîíå

ïàíåëè ïî óãëàì îêñèäíîãî òåíçîèíäèêàòîðà ñèì-

ìåòðè÷íî îòíîñèòåëüíî öåíòðàëüíûõ îñåé. Ðàñ-

ñòîÿíèå ìåæäó áëèæàéøèìè ïðåîáðàçîâàòåëÿìè

ïî øèðèíå ïàíåëè ñîñòàâëÿëî 280 ìì, à ïî âûñî-

òå — 230 ìì.

Ïîñëå óñòàíîâêè ÏÀÝ è ïðåäóñèëèòåëåé ñèã-

íàëîâ ÏÀÝÔ-014 ñ ïðèìåíåíèåì èìèòàòîðà ÀÝ

èìïóëüñîâ Ñó-Íèëüñåíà îïðåäåëÿëè ñêîðîñòü

ðàñïðîñòðàíåíèÿ óëüòðàçâóêîâûõ âîëí â èññëå-

äóåìîé ïàíåëè è êîýôôèöèåíò çàòóõàíèÿ. Íà îñ-

íîâàíèè âûïîëíåííûõ çàìåðîâ àêóñòè÷åñêèõ

øóìîâ ïîðîã äèñêðèìèíàöèè ñèãíàëîâ ÀÝ áûë

óñòàíîâëåí íà óðîâíå 30 äÁ.

Äëÿ âèäåîðåãèñòðàöèè êàðòèí òðåùèí â

õðóïêîì òåíçîèíäèêàòîðå ïðè íàãðóæåíèè ïàíå-

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2019. Òîì 85. ¹ 6 57

Ðèñ. 3. Èçìåíåíèÿ ÷èñëåííîñòè òðåùèí (Ø) â îêñèäíîì

òåíçîèíäèêàòîðå â çàâèñèìîñòè îò îíîøåíèÿ óðîâíÿ äå-

ôîðìàöèè å
1

â ïîäëîæêå ê åå ïîðîãîâîìó çíà÷åíèþ å
0



ëè íà ñòåíäå MTS èñïîëüçîâàëè âûñîêîñêî-

ðîñòíóþ êàìåðó «Âèäåîñïðèíò», ðàáîòà êîòîðîé

áûëà ñèíõðîíèçèðîâàíà ñ àêóñòèêî-ýìèññèîííîé

ñèñòåìîé A-Line 32D, â ðåçóëüòàòå ÷åãî ïðîöåññ

ñúåìêè ïðîèñõîäèë òîëüêî â ìîìåíòû ðåãèñòðà-

öèè ñîáûòèé ÀÝ â çîíå òåíçîïîêðûòèÿ. Â õîäå

ýêñïåðèìåíòà âèäåîñúåìêó ïðîâîäèëè ñî ñêî-

ðîñòüþ 200 – 500 êàäðîâ â ñåêóíäó, ÷òî ïîçâîëèëî

ñ ïåðèîäè÷íîñòüþ 2 – 5 ìñ ðåãèñòðèðîâàòü êàäðû

ïðîöåññà ðàñïðîñòðàíåíèÿ òðåùèí â îêñèäíîì

òåíçîïîêðûòèè.

Èñïûòàíèÿ ïàíåëè íà ñòåíäå MTS

Èñïûòàíèÿ èññëåäóåìîé ïàíåëè ïðîâîäèëè â

ïÿòü ýòàïîâ íàãðóæåíèÿ ñ ïîâûøåíèåì óðîâíÿ

ìàêñèìàëüíîé íàãðóçêè ïðèìåðíî â 1,5 – 2 ðàçà

íà êàæäîì ïîñëåäóþùåì ýòàïå. Ïåðåä íàãðóæå-

íèåì ïàíåëè âûïîëíÿëè ïðîòÿæêó áîëòîâûõ ñî-

åäèíåíèé îïðàâêè. Ïðè ïîâûøåíèè ðàñòÿãèâàþ-

ùåãî óñèëèÿ äî çàäàííîãî óðîâíÿ ïàíåëü âûäåð-

æèâàëè â íàãðóæåííîì ñîñòîÿíèè íå ìåíåå 30 ñ

äî ïðåêðàùåíèÿ àêòèâíîé ðåãèñòðàöèè ñèãíàëîâ

ÀÝ, ïîñëå ÷åãî ðàçãðóæàëè.

Íà ïåðâîì ýòàïå ðàñòÿãèâàþùóþ íàãðóçêó

ïîâûøàëè äî 30 êÍ è âûäåðæèâàëè íà ýòîì

óðîâíå 400 ñ. Â òå÷åíèå ýòîãî âðåìåíè íàáëþäà-

ëàñü àêòèâíàÿ ðåãèñòðàöèÿ ñèãíàëîâ ÀÝ. Îáðàçî-

âàíèÿ òðåùèí è ëîêàöèè èñòî÷íèêîâ ÀÝ ñîáûòèé

â çîíå ðàñïîëîæåíèÿ îêñèäíîãî òåíçîèíäèêàòîðà

çàðåãèñòðèðîâàíî íå áûëî. Ëîêàöèþ èñòî÷íèêîâ

ÀÝ ñîáûòèé íàáëþäàëè âíå àíòåííîé ðåøåòêè: â

ìåñòàõ ðàñïîëîæåíèÿ áîëòîâûõ ñîåäèíåíèé, ñâÿ-

çûâàþùèõ ïàíåëü ñ íàêëàäêàìè îïðàâêè, è ñèëî-

âûõ øòèôòîâ, ïåðåäàþùèõ óñèëèå îò çàõâàòîâ

âåðõíåé è íèæíåé òðàâåðñû ñòåíäà íà èññëåäóå-

ìóþ êîíñòðóêöèþ.

Âñåãî áûëî çàðåãèñòðèðîâàíî 12 èñòî÷íèêîâ

èçëó÷åíèÿ ÀÝ. Ëîêàöèîííûå èìïóëüñû áûëè ãå-

íåðèðîâàíû ïðîöåññàìè òðåíèÿ â ðåçóëüòàòå

ïðîñêàëüçûâàíèÿ ïàíåëè â çàçîðàõ áîëòîâûõ ñî-

åäèíåíèé îïðàâêè ïðè ïîâûøåíèè íàãðóçêè è

ñìÿòèè êîìïîçèòíîãî ìàòåðèàëà â ìåñòàõ êîíòàê-

òà ñ ïîâåðõíîñòüþ áîëòîâ. Ìàêñèìàëüíàÿ àìïëè-

òóäà òàêèõ èìïóëüñîâ um = 80 äÁ, à èõ äëèòåëü-

íîñòü tè = 5000 ìêñ. Ïàðàìåòð, õàðàêòåðèçóþ-

ùèé ñêîðîñòü çàòóõàíèÿ àêóñòè÷åñêîé âîëíû äëÿ

èìïóëüñîâ òðåíèÿ, um/Nè = 5 – 25 ìêÂ/åä. ïðè

uth = 30 äÁ, à óñðåäíåííàÿ ÷àñòîòà îñöèëëÿöèé

Nè/tè = 30 – 70 êÃö.

Íà âòîðîì ýòàïå èñïûòàíèÿ ïàíåëè ìàêñè-

ìàëüíóþ íàãðóçêó ïîâûñèëè äî 70 êÍ è âûäåð-

æàëè íà ýòîì óðîâíå â òå÷åíèå 30 ñ. Îáðàçîâàíèÿ

òðåùèí â îêñèäíîì òåíçîèíäèêàòîðå íà ýòîîì

ýòàïå òàêæå íå çàôèêñèðîâàíî. Íà ðèñ. 4 ïðèâå-

äåíû ðåçóëüòàòû àêóñòèêî-ýìèññèîííîãî êîíòðî-

ëÿ ñîñòîÿíèÿ ïàíåëè íà ýòîì ýòàïå ýêñïåðèìåí-

òà. Êàê ñëåäóåò èç ðèñ. 4, à è á, çàðåãèñòðèðîâàíî

NÓ = 20 åä. èñòî÷íèêîâ ñèãíàëîâ: ïÿòü èñòî÷íè-

êîâ ÀÝ — â îáëàñòè òåíçîïîêðûòèÿ, â çîíå íàäðå-

çà öåíòðàëüíîãî ñòðèíãåðà ïàíåëè; 15 èñòî÷íè-

êîâ ÀÝ — âíå çîíû àíòåííîé ðåøåòêè ÏÀÝ, â

ìåñòàõ êðåïëåíèÿ íàêëàäîê îïðàâêè è ñèëîâûõ

øòèôòîâ. ÀÝ íàáëþäàëè ïðè ïîâûøåíèè óðîâíÿ

íàãðóçêè îò 50 äî 70 êÍ. Ïðè ýòîì ìàêñèìàëüíàÿ

àìïëèòóäà ðåãèñòðèðóåìûõ èìïóëüñîâ um �

� 90 äÁ, à èõ äëèòåëüíîñòü tè = 6000 ìêñ. Íà ãðà-

ôèêå äåñêðèïòîðîâ (ñì. ðèñ. 4, ã) îáðàçîâàëèñü

äâà ÿâíî âûðàæåííûõ êëàñòåðà: êëàñòåð À ñ ïà-

ðàìåòðàìè um/Nè = 5 – 25 ìêÂ/åä., Nè/tè = 10 –

70 êÃö è êëàñòåð Â ñ ïàðàìåòðàìè um/Nè = 15 –

50 ìêÂ/åä., Nè/tè = 75 – 150 êÃö. Êëàñòåð À ôîð-

ìèðîâàëè èìïóëüñû òðåíèÿ, âîçíèêàþùèå â ðå-

çóëüòàòå ïðîñêàëüçûâàíèÿ ïàíåëè â çàçîðàõ áîë-

òîâûõ ñîåäèíåíèé îïðàâêè ïðè ïîâûøåíèè íà-

ãðóçêè è ñìÿòèè êîìïîçèòíîãî ìàòåðèàëà â ìåñòå

êîíòàêòà ñ ïîâåðõíîñòüþ áîëòîâ. Èìïóëüñû êëà-

ñòåðà B, çàðåãèñòðèðîâàííûå â çîíå íàäðåçà öåí-

òðàëüíîãî ñòðèíãåðà, êàê ñëåäóåò èç ïðîâåäåí-

íûõ èññëåäîâàíèé [9 – 10], õàðàêòåðíû äëÿ ñèã-

íàëîâ ÀÝ, âîçíèêàþùèõ ïðè ðàçðóøåíèè õðóï-

êîé ñòðóêòóðû ìàòðèöû â ñëîÿõ ïàêåòà ÏÊÌ.

Ïðè÷åì íèæíþþ ÷àñòü êëàñòåðà B ñ óðîâíåì ïà-

ðàìåòðà um/Nè = 15 – 30 ìêÂ/åä. ïðè uth = 30 äÁ

ñôîðìèðîâàëè èìïóëüñû ÀÝ, ãåíåðèðóåìûå ïðè

îòñëàèâàíèè ñâÿçóþùåãî îò àðìèðóþùèõ âîëî-

êîí, çàðîæäåíèè è ðàçâèòèè òðåùèí â õðóïêîé

ñòðóêòóðå ìàòðèöû ÏÊÌ, à âåðõíþþ ÷àñòü ñ
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Ðèñ. 4. Ãðàôèêè êîîðäèíàòíîé ëîêàöèè èñòî÷íèêîâ ÀÝ

ñîáûòèé (à), íàêîïëåíèÿ ëîêàöèîííûõ èìïóëüñîâ (á),

ìàêñèìàëüíîé àìïëèòóäû ëîêàöèîííûõ èìïóëüñîâ (â) è

äèàãðàììû äåñêðèïòîðîâ (ã), ïîëó÷åííûå ïðè ÀÝ êîíòðî-

ëå ïàíåëè íà âòîðîì ýòàïå ýêñïåðèìåíòà ïðè ïîâûøåíèè

óðîâíÿ íàãðóçêè äî P = 70 êÍ



óðîâíåì ïàðàìåòðà um/Nè � 30 ìêÂ/åä. — èìïóëü-

ñû, âîçíèêàþùèå ïðè ðàçðûâå óãëåâîëîêíà.

Íà òðåòüåì ýòàïå èñïûòàíèé íàãðóçêó ïîâû-

ñèëè äî 130 êÍ, âûäåðæàëè íà ýòîì óðîâíå â òå-

÷åíèå 30 ñ, ïîñëå ÷åãî ïàíåëü ðàçãðóçèëè. Ïåð-

âûå òðåùèíû â õðóïêîì ïîêðûòèè (ðèñ. 5, à) çà-

ôèêñèðîâàëè ñ ïðèìåíåíèåì âûñîêîñêîðîñòíîé

âèäåîêàìåðû â ìîìåíò ðåãèñòðàöèè ÀÝ ñîáûòèé

â çîíå òåíçîèíäèêàòîðà ïðè ïîâûøåíèè óðîâíÿ

íàãðóçêè äî 90 êÍ.

Íà ðèñ. 5, á ïðåäñòàâëåíà êàðòèíà òðåùèí,

îáðàçîâàâøàÿñÿ â õðóïêîì òåíçîèíäèêàòîðå ïðè

ïîâûøåíèè íàãðóçêè äî ìàêñèìàëüíîãî íà ýòîì

ýòàïå óðîâíÿ P = 130 êÍ, çàôèêñèðîâàííàÿ ñ

ïðèìåíåíèåì âèäåîêàìåðû EOS 60D ôèðìû

Canon. Â öåíòðå òåíçîèíäèêàòîðà â ìåñòå íàäðå-

çà ñðåäíåãî ñòðèíãåðà îáðàçîâàëñÿ óçêèé ïó÷îê

òðåùèí. Â îñòàëüíîé ÷àñòè òåíçîèíäèêàòîðà òðå-

ùèíû áûëè ðàñïðåäåëåíû áîëåå ðàâíîìåðíî. Èõ

ïëîòíîñòü â ñðåäíåì ñîñòàâëÿëà 2 – 4 åä./ñì, ÷òî

ñîãëàñíî çàâèñèìîñòè Ø = f(å1/å0), ïðèâåäåííîé

íà ðèñ. 3, èìååò ìåñòî, êîãäà óðîâåíü íàèáîëü-

øèõ äåôîðìàöèé â ïîäëîæêå äîñòèãàåò ïîðîãîâî-

ãî óðîâíÿ å1 = å0 = 600 ìêì/ì. Â îáëàñòè íàäðåçà

ñòðèíãåðà ðàññòîÿíèå ìåæäó ñîñåäíèìè òðåùè-

íàìè ñîñòàâëÿëî ïîðÿäêà 1 ìì, ò.å. ìîæíî ïðè-

íÿòü óñëîâíóþ ïëîòíîñòü òðåùèí Ø = 10 åä./ñì,

ïðè êîòîðîé óðîâåíü ìàêñèìàëüíûõ äåôîðìàöèé

â ïîäëîæêå â ñîîòâåòñòâèè ñ çàâèñèìîñòüþ Ø =

= f(å1/å0) äîñòèãàåò å1 = 1,5å0 = 900 ìêì/ì.

Íà ðèñ. 6 ïðèâåäåíû ðåçóëüòàòû àêóñòèêî-

ýìèññèîííîãî êîíòðîëÿ ñîñòîÿíèÿ ïàíåëè íà

òðåòüåì ýòàïå èñïûòàíèÿ ïàíåëè.

Êàê ñëåäóåò èç ðèñ. 6, à, îñíîâíîé ìàññèâ èñ-

òî÷íèêîâ ÀÝ ñîñðåäîòî÷åí â îáëàñòè òåíçîèíäè-

êàòîðà, ãäå ëîêàöèîííûå èìïóëüñû ãåíåðèðîâà-

íû ïðîöåññàìè îáðàçîâàíèÿ òðåùèí â òåíçîèí-

äèêàòîðå è ðàçðóøåíèåì ìàòåðèàëà ïàíåëè â

ìåñòå íàäðåçà ñðåäíåãî ñòðèíãåðà. Â çîíå íàäðå-

çà ðåãèñòðèðîâàëè íàèáîëüøóþ ïëîòíîñòü ñèãíà-

ëîâ ÀÝ, â ãðàíèöàõ êîòîðûõ êîëè÷åñòâî èñòî÷íè-

êîâ ìîãëî äîñòèãàòü N = 6 – 10 åäèíèö. Íà îñ-

òàëüíîé ïîâåðõíîñòè òåíçîïîêðûòèÿ èñòî÷íèêè

ÀÝ ðàñïðåäåëÿëèñü áîëåå ðàâíîìåðíî. Âñåãî

áûëî çàðåãèñòðèðîâàíî NÓ = 163 èñòî÷íèêà ÀÝ,

èç êîòîðûõ òîëüêî 22 — âíå îáëàñòè òåíçîèíäè-

êàòîðà. Ëîêàöèîííûå èìïóëüñû ÀÝ, êàê âèäíî èç

ðèñ. 6, á, â, ðåãèñòðèðîâàëè â ïðîöåññå ðîñòà íà-

ãðóçêè îò 90 äî 130 êÍ. Ìàêñèìàëüíàÿ àìïëèòó-

äà ëîêàöèîííûõ èìïóëüñîâ um = 100 – 110 äÁ, à

èõ äëèòåëüíîñòü — 5000 – 6000 ìêñ. Ïðè ýòîì ïà-

ðàìåòð um/Nè (ñì. ðèñ. 6, ã) çíà÷èòåëüíîãî ìàññè-

âà èìïóëüñîâ íàõîäèëñÿ â èíòåðâàëå çíà÷åíèé

30 – 70 ìêÂ/åä., ÷òî õàðàêòåðíî äëÿ ñèãíàëîâ ÀÝ,

âîçíèêàþùèõ ïðè îáðàçîâàíèè òðåùèí â õðóï-
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Ðèñ. 5. Ïåðâûå òðåùèíû â îêñèäíîì òåíçîèíäèêàòîðå, çàðåãèñòðèðîâàííûå êàìåðîé «Âèäåîñïðèíò» ïðè ïîâûøåíèè

óðîâíÿ íàãðóçêè äî 90 êÍ (à) è êàðòèíà òðåùèí â òåíçîïîêðûòèè, çàôèêñèðîâàííàÿ âèäåîêàìåðîé EOS 60D ïðè ìàêñè-

ìàëüíîé íàãðóçêå P = 130 êÍ íà òðåòüåì ýòàïå èñïûòàíèÿ (á)

Ðèñ. 6. Ãðàôèêè êîîðäèíàòíîé ëîêàöèè èñòî÷íèêîâ ÀÝ

ñîáûòèé (à), íàêîïëåíèÿ ëîêàöèîííûõ èìïóëüñîâ (á),

ìàêñèìàëüíîé àìïëèòóäû ëîêàöèîííûõ èìïóëüñîâ (â) è

äèàãðàììà äåñêðèïòîðîâ (ã), ïîëó÷åííûå ïðè ÀÝ êîíòðî-

ëå ïàíåëè íà òðåòüåì ýòàïå èñïûòàíèé ïðè ïîâûøåíèè

óðîâíÿ ìàêñèìàëüíîé íàãðóçêè äî P = 130 êÍ



êîì ñëîå òåíçîèíäèêàòîðà ñ âåëè÷èíîé ïîðîãî-

âîé äåôîðìàöèè å0 = 600 ìêì/ì ïðè óðîâíå ïîðî-

ãà äèñêðèìèíàöèè uth = 30 äÁ [5 – 8].

Íà ãðàôèêå äåñêðèïòîðîâ (ñì. ðèñ. 6, ã) îáðà-

çîâàëèñü äâà ÿâíî âûðàæåííûõ êëàñòåðà: ëåâûé

êëàñòåð À ñ ïàðàìåòðàìè um/Nè = 5 – 25 ìêÂ/åä.,

Nè/tè = 10 – 70 êÃö, ôîðìèðóåìûé èìïóëüñàìè

ÀÝ, âîçíèêàþùèìè â ðåçóëüòàòå òðåíèÿ è ñìÿòèÿ

ÏÊÌ â áîëòîâûõ ñîåäèíåíèÿõ îïðàâêè, è ïðàâûé

êëàñòåð ñ ïàðàìåòðàìè um/Nè = 15 – 65 ìêÂ/åä.,

Nè/tè = 75 – 170 êÃö. Äëÿ âûäåëåíèÿ â ïîñëåäíåì

èìïóëüñîâ ÀÝ, âûçâàííûõ ðàçðóøåíèåì ñòðóêòó-

ðû ÏÊÌ â ìåñòå íàäðåçà öåíòðàëüíîãî ñòðèíãåðà

è ãåíåðèðóåìûõ îáðàçîâàíèåì òðåùèí â òåíçîïî-

êðûòèè, èñïîëüçîâàëè ðåçóëüòàòû, ïîëó÷åííûå

íà ïðåäûäóùåì ýòàïå èñïûòàíèé ïàíåëè (ñì.

ðèñ. 4, ã), à òàêæå äàííûå äèàãðàììû äåñêðèïòî-

ðîâ íà ðèñ. 1 äëÿ ãðàíèö êëàñòåðà 1, ôîðìèðó-

åìîãî ñèãíàëàìè, âîçíèêàþùèìè ïðè îáðàçî-

âàíèè òðåùèí â õðóïêîì ñëîå òåíçîèíäèêàòîðà

ñ âåëè÷èíîé ïîðîãîâîé äåôîðìàöèè å0 = 600

ìêì/ì ïðè óðîâíå ïîðîãà äèñêðèìèíàöèè uth =

= 30 äÁ.

Êàê ñëåäóåò èç ðèñ. 6, ã, êëàñòåð Â ñ ãðàíèöà-

ìè ïàðàìåòðîâ um/Nè = 15 – 50 ìêÂ/åä., Nè/tè =

= 75 – 150 êÃö, ôîðìèðóåìûé ñèãíàëàìè, ãåíå-

ðèðóåìûìè ïðè ðàçðóøåíèè ñòðóêòóðû ÏÊÌ,

ïðàêòè÷åñêè íàïîëîâèíó ïåðåêðûâàåò êëàñòåð

Ñ, îáðàçóåìûé èìïóëüñàìè, âîçíèêàþùèìè â ðå-

çóëüòàòå ðàçðóøåíèÿ õðóïêîãî ñëîÿ òåíçîïî-

êðûòèÿ, ñ ãðàíèöàìè ïàðàìåòðîâ um/Nè = 30 –

70 ìêÂ/åä., Nè/tè = 80 – 170 êÃö. Â çîíå ïåðåêðû-

òèÿ êëàñòåðîâ B è C ðàçäåëèòü ñèãíàëû, âîçíè-

êàþùèå ïðè ðàçðûâå óãëåâîëîêíà â ñòðóêòóðå

ïàêåòà ÏÊÌ è îáðàçîâàíèè òðåùèí â õðóïêîì

ñëîå òåíçîïîêðûòèÿ, â ðåæèìå ðåàëüíîãî âðåìå-

íè ïðàêòè÷åñêè íåâîçìîæíî. Ðåøåíèå ýòîé çàäà-

÷è òðåáóåò äîïîëíèòåëüíûõ èññëåäîâàíèé è íî-

âûõ ïîäõîäîâ, îñíîâàííûõ íà èçó÷åíèè ñïåê-

òðàëüíûõ õàðàêòåðèñòèê ñèãíàëîâ, ÷òî âîçìîæíî

òîëüêî íà ýòàïå ïîñòîáðàáîòêè ðåçóëüòàòîâ ÀÝ

äèàãíîñòèêè.

Íà ÷åòâåðòîì ýòàïå èñïûòàíèé íàãðóçêó

ïîâûñèëè äî 240 êÍ. Íàèáîëåå èíòåíñèâíîå îá-

ðàçîâàíèå òðåùèí â òåíçîïîêðûòèè ïðîèñõîäèëî

â ïåðèîä åå ïîâûøåíèÿ îò 150 äî 240 êÍ. Ïðè

âûõîäå íà ðåæèì ïîñòîÿííîé íàãðóçêè P =

= 240 ÌÏà íîâûå òðåùèíû ôèêñèðîâàëè ëèøü â

ïåðâûå ñåêóíäû âûäåðæêè, õîòÿ àêòèâíîñòü ñèã-

íàëîâ îñòàâàëàñü âûñîêîé â òå÷åíèå âñåé âû-

äåðæêè è íà÷àëà ñíèæàòüñÿ ëèøü ïðè ðàçãðóçêå

ïàíåëè. Âàæíî îòìåòèòü, ÷òî ïðè ïîâûøåíèè íà-

ãðóçêè îò 150 äî 240 êÍ ðîñò ÷èñëåííîñòè òðå-

ùèí â îáëàñòè íàäðåçà ñòðèíãåðà áûë íåçíà÷è-

òåëüíûì, à â ñîïðÿæåííûõ ñ êîíöåíòðàòîðîì çî-

íàõ, îòñòîÿùèõ íà ðàññòîÿíèè 3 – 5 ìì îò ìåñòà

íàäðåçà, òðåùèíû â òåíçîïîêðûòèè âîîáùå íå

íàáëþäàëèñü. Ýòè îáëàñòè ïàíåëè îêàçàëèñü ðàç-

ãðóæåííûìè, à â çîíàõ, îòñòîÿùèõ îò êîíöåíòðà-

òîðà íà 5 – 10 ìì, òðåùèíû â òåíçîèíäèêàòîðå

èçìåíÿëè ñâîþ íàïðàâëåííîñòü è îãèáàëè ìåñòî

ëîêàëüíîãî äåôåêòà.

Ðåçóëüòàòû àêóñòèêî-ýìèññèîííîãî êîíòðîëÿ

ñîñòîÿíèÿ ïàíåëè, çàðåãèñòðèðîâàííûå íà ÷åò-

âåðòîì ýòàïå èñïûòàíèé, ïðèâåäåíû íà ðèñ. 7.

Êîîðäèíàòû èñòî÷íèêîâ ÀÝ, ëîêàöèÿ êîòîðûõ

ïðîèñõîäèëà êàê â îáëàñòè ðàñïîëîæåíèÿ òåíçî-

èíäèêàòîðà, òàê è âíå åãî, ïîêàçàíû íà ðèñ. 7, à.

Îñîáåííî âûñîêàÿ êîíöåíòðàöèÿ èñòî÷íèêîâ ÀÝ

èìåëà ìåñòî â çîíå íàäðåçà ñðåäíåãî ñòðèíãåðà.

Ïîñêîëüêó ñóùåñòâåííîãî ïîâûøåíèÿ ïëîòíîñòè

òðåùèí â òåíçîïîêðûòèè íà ÷åòâåðòîì ýòàïå èñ-

ïûòàíèé ïàíåëè â ýòîé çîíå íå íàáëþäàëîñü, òî,

âåðîÿòíî, îñíîâíîé ìàññèâ ðåãèñòðèðóåìûõ ÀÝ

ñèãíàëîâ â çîíå êîíöåíòðàòîðà áûë âûçâàí ïðî-

öåññîì ðàçðóøåíèÿ ñòðóêòóðû ìàòðèöû â ñëîÿõ

ïàêåòà ÏÊÌ.

Âíå òåíçîèíäèêàòîðà ëîêàöèÿ èñòî÷íèêîâ ÀÝ

ïðîèñõîäèëà â îáëàñòè ñèëîâûõ øòèôòîâ ñòàëü-

íûõ íàêëàäîê, ñîåäèíÿþùèõ îïðàâêó ñ çàõâàòà-

ìè èñïûòàòåëüíîãî ñòåíäà. Êàê ñëåäóåò èç ãðà-

ôèêà íàêîïëåíèÿ ëîêàöèîííûõ èìïóëüñîâ (ñì.

ðèñ. 7, á), íà ÷åòâåðòîì ýòàïå èñïûòàíèé ïàíå-

ëè çàðåãèñòðèðîâàíî NÓ = 299 èñòî÷íèêîâ ÀÝ,

ëîêàöèÿ êîòîðûõ ïðîèñõîäèëà ïðè ïîâûøåíèè

íàãðóçêè ñâûøå 150 êÍ. Ïðè ýòîì ìàêñèìàëü-

íàÿ àìïëèòóäà âûñîêîýíåðãåòè÷åñêèõ èìïóëüñîâ
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Ðèñ. 7. Ãðàôèêè êîîðäèíàòíîé ëîêàöèè èñòî÷íèêîâ ÀÝ

ñîáûòèé (à), íàêîïëåíèÿ ëîêàöèîííûõ èìïóëüñîâ (á),

ìàêñèìàëüíîé àìïëèòóäû ëîêàöèîííûõ èìïóëüñîâ (â) è

äèàãðàììà äåñêðèïòîðîâ (ã), ïîëó÷åííûå íà ÷åòâåðòîì

ýòàïå ýêñïåðèìåíòà ïðè ïîâûøåíèè íàãðóçêè äî P =

= 240 êÍ



um = 100 – 110 äÁ, èõ äëèòåëüíîñòü ïðåâûøàëà

tè = 6000 ìêñ. Âåëè÷èíà ïàðàìåòðà um/Nè (ñì.

ðèñ. 7, ã) ñîñòàâëÿëà 60 – 85 ìêÂ/åä., ÷òî ñâîéñò-

âåííî èìïóëüñàì ÀÝ, âîçíèêàþùèì ïðè îáðàçî-

âàíèè òðåùèí â õðóïêîì ñëîå òåíçîèíäèêàòîðà

ïðè óðîâíå uth = 30 äÁ [5 – 8]. Îñíîâíîé ìàññèâ

ëîêàöèîííûõ èìïóëüñîâ, ðåãèñòðèðóåìûõ â ðå-

æèìå âûäåðæêè ïðè P = 240 êÍ, èìåë óðîâåíü

ïàðàìåòðà um/Nè, ìåíüøèé 30 ìêÂ/åä., ÷òî õàðàê-

òåðíî äëÿ ñèãíàëîâ, âîçíèêàþùèõ ïðè óïðóãî-

ïëàñòè÷åñêîì äåôîðìèðîâàíèè ìåòàëëîâ [9].

Íà äèàãðàììå äåñêðèïòîðîâ (ñì. ðèñ. 7, ã)

ìîæíî âûäåëèòü ÷åòûðå îñíîâíûõ êëàñòåðà.

Â äîïîëíåíèå ê êëàñòåðàì, ðàññìîòðåííûì íà

ïðåäûäóùåì ýòàïå èñïûòàíèÿ, ñôîðìèðîâàëñÿ

êëàñòåð D ñ ïàðàìåòðàìè um/Nè = 5 – 30 ìêÂ/åä.,

Nè/tè = 10 – 190 êÃö, êîòîðûé îáðàçîâàëè èì-

ïóëüñû, âîçíèêàþùèå â ïðîöåññå óïðóãîïëàñòè-

÷åñêîãî äåôîðìèðîâàíèÿ ñòàëüíûõ íàêëàäîê â

îáëàñòè ïðîóøèí îïðàâêè äëÿ ñèëîâûõ øòèôòîâ,

ïåðåäàþùèõ óñèëèå íà ïàíåëü.

Íà ïÿòîì ýòàïå èñïûòàíèé ïàíåëè ïðè ïîâû-

øåíèè íàãðóçêè ñâûøå 310 êÍ â ñòàëüíûõ íà-

êëàäêàõ îïðàâêè â îáëàñòè ñèëîâûõ øòèôòîâ

âîçíèêëè çîíû ïëàñòè÷åñêîãî äåôîðìèðîâàíèÿ,

â êîòîðûõ ïðè 350 êÍ òå÷åíèå ìàòåðèàëà ïðîõî-

äèëî óæå áåç ðîñòà ïðèëàãàåìîé íàãðóçêè. Ïîñëå

10-ñåêóíäíîé âûäåðæêè ïàíåëü ðàçãðóæàëè. Ïðè

ïîâòîðíîì ïîâûøåíèè íàãðóçêè äî P = 350 êÍ

ïðîèçîøåë îáðûâ îïðàâêè â çàõâàòå âåðõíåé

òðàâåðñû.

Â òåíçîèíäèêàòîðå íà ýòîì ýòàïå ðåãèñòðè-

ðîâàëè äîñòàòî÷íî ðàâíîìåðíóþ ïëîòíîñòü

òðåùèí, ñîñòàâëÿþùóþ â ñðåäíåì Ø = 24 –

28 åä./ñì. Â ñîîòâåòñòâèè ñ ãðàôè÷åñêîé çàâèñè-

ìîñòüþ Ø = f(å1/å0), ïðèâåäåííîé íà ðèñ. 3, ñðåä-

íèé óðîâåíü íàèáîëüøèõ ãëàâíûõ äåôîðìàöèé â

ìåñòå óñòàíîâêè òåíçîèíäèêàòîðà ìîã äîñòèãàòü

å1 = 3,0å0 = 1800 ìêì/ì. Â öåíòðàëüíîé ÷àñòè

òåíçîèíäèêàòîðà — â ìåñòå íàäðåçà ñòðèíãåðà —

ïëîòíîñòü òðåùèí íà ïÿòîì ýòàïå èñïûòàíèÿ ïà-

íåëè ïðàêòè÷åñêè íå ìåíÿëàñü â ïðîöåññå íàãðó-

æåíèÿ. Ýòî îáóñëîâëåíî òåì, ÷òî â ðåçóëüòàòå

áîëüøèõ ëîêàëüíûõ äåôîðìàöèé â çîíå äåôåêòà

ïðè ïîâûøåíèè íàãðóçêè ñâûøå 240 êÍ ïðî-

èçîøëî ðàçðóøåíèå êëååâîãî ñëîÿ è îòñëàèâàíèå

òåíçîèíäèêàòîðà îò ïîäëîæêè. Ïðè÷åì çîíà îò-

ñëàèâàíèÿ ïî ìåðå ðîñòà íàãðóçêè çàìåòíî ðàñ-

øèðÿëàñü è ïðè P = 350 êÍ ñîñòàâëÿëà óæå îêî-

ëî 25 – 30 ìì.

Ðåçóëüòàòû àêóñòèêî-ýìèññèîííîãî êîíòðîëÿ

ñîñòîÿíèÿ ïàíåëè, çàðåãèñòðèðîâàííûå íà ïÿòîì

ýòàïå èñïûòàíèé, ïðèâåäåíû íà ðèñ. 8. Êîîðäè-

íàòû èñòî÷íèêîâ ÀÝ ñîáûòèé, ëîêàöèÿ îñíîâíîãî

ìàññèâà êîòîðûõ íàáëþäàëàñü â öåíòðàëüíîé

çîíå òåíçîèíäèêàòîðà (â ìåñòå íàäðåçà ñòðèíãå-

ðà), à òàêæå â îáëàñòè ñèëîâûõ øòèôòîâ, ïîêàçà-

íû íà ðèñ. 8, à. Íà ïÿòîì ýòàïå èñïûòàíèé ïàíå-

ëè âñåãî áûëî çàðåãèñòðèðîâàíî 253 èñòî÷íèêà

ÀÝ ñîáûòèé (ñì. ðèñ. 8, á).

Ïðè ïåðâîì íàãðóæåíèè ïàíåëè çàìåòíóþ

àêòèâíîñòü ÀÝ ðåãèñòðèðîâàëè â òå÷åíèå âñåãî

ïåðèîäà ïîâûøåíèÿ íàãðóçêè — îò 240 äî

350 êÍ, ïðè ïîâòîðíîì íàãðóæåíèè — íàáëþäà-

ëè òîëüêî â ìîìåíò ðàçðóøåíèÿ ñòàëüíûõ íàêëà-

äîê âåðõíåé îïðàâêè è ïðè ñáðîñå íàãðóçêè. Ëî-

êàöèîííûå èìïóëüñû ÀÝ, ôèêñèðóåìûå íà ïÿòîì

ýòàïå èñïûòàíèÿ ïàíåëè è âûçâàííûå ïëàñòè÷å-

ñêèì äåôîðìèðîâàíèåì è ðàçðóøåíèåì ñòàëüíûõ

íàêëàäîê îïðàâêè, èìåëè óðîâåíü ìàêñèìàëüíîé

àìïëèòóäû um = 50 – 90 äÁ, äëèòåëüíîñòü tè =

= 10 – 25 ìñ è âåëè÷èíó ïàðàìåòðà um/Nè, íå ïðå-

âûøàþùóþ 30 ìêÂ/åä.

Íà äèàãðàììå äåñêðèïòîðîâ ã ìîæíî âûäå-

ëèòü ïÿòü îñíîâíûõ êëàñòåðîâ ñèãíàëîâ ÀÝ,

ñôîðìèðîâàâøèõñÿ íà çàêëþ÷èòåëüíîì ýòàïå èñ-

ïûòàíèÿ ïàíåëè. Ïîìèìî êëàñòåðîâ, ðåãèñòðè-

ðóåìûõ íà ïðåäûäóùèõ ýòàïàõ èñïûòàíèÿ, ïîÿ-

âèëñÿ êëàñòåð E ñ ïàðàìåòðàìè um/Nè = 30 –

70 ìêÂ/åä., Nè/tè = 40 – 90 êÃö. Åãî îáðàçîâàëè

ñèãíàëû ÀÝ, âîçíèêàþùèå ïðè ðàçðóøåíèè

êëååâîãî ñëîÿ, îòñëàèâàíèè îêñèäèðîâàííîé

ôîëüãè è åå âûïó÷èâàíèè ïðè ñáðîñå íàãðóçêè.

Ñèãíàëû ñ àíàëîãè÷íûìè ïàðàìåòðàìè ðåãèñò-

ðèðîâàëè â òåñòîâûõ èñïûòàíèÿõ òåíçîèíäèêàòî-

ðîâ íà îòðûâ (ñì. ðèñ. 1). Èìïóëüñû ÀÝ â ïåðèîä

ñíÿòèÿ íàãðóçêè (ñì. ðèñ. 8, â) õàðàêòåðíû äëÿ

çîí îòñëîèâøåãîñÿ òåíçîïîêðûòèÿ, êîãäà óñàäî÷-
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Ðèñ. 8. Ãðàôèêè êîîðäèíàòíîé ëîêàöèè èñòî÷íèêîâ ÀÝ

ñîáûòèé (à), íàêîïëåíèÿ ëîêàöèîííûõ èìïóëüñîâ (á),

ìàêñèìàëüíîé àìïëèòóäû ëîêàöèîííûõ èìïóëüñîâ (â) è

äèàãðàììà äåñêðèïòîðîâ (ã), ïîëó÷åííûå ïðè ÀÝ êîíòðî-

ëå ïàíåëè íà ïÿòîì ýòàïå ýêñïåðèìåíòà ïðè ïîâûøåíèè

íàãðóçêè äî P = 350 êÍ



íûå äåôîðìàöèè ïðè ñáðîñå íàãðóçêè âûçûâàþò

âûïó÷èâàíèå äåôîðìèðîâàííîé ôîëüãè â ìåñòå

ëîêàëüíîãî îòñëàèâàíèÿ òåíçîèíäèêàòîðà îò

ïîäëîæêè.

Ïàðàìåòðû îñíîâíûõ êëàñòåðîâ ñèãíàëîâ, ðå-

ãèñòðèðóåìûõ íà ýòàïå èñïûòàíèÿ ïàíåëè, ïðè-

âåäåíû â òàáëèöå.

Â õîäå ïðîâåäåííûõ èññëåäîâàíèé ïî âûÿâ-

ëåíèþ ïîäïîâåðõíîñòíîãî äåôåêòà — íàäðåçà

ñðåäíåãî ñòðèíãåðà â àâèàöèîííîé ïàíåëè ïðè åå

ñòåíäîâûõ èñïûòàíèÿõ íà ðàñòÿæåíèå — ïðîòåñ-

òèðîâàíà ðàçðàáîòàííàÿ â ÈÌÀØ ìåòîäèêà âû-

ÿâëåíèÿ ïîâðåæäåíèé íà ðàííåé ñòàäèè íàãðó-

æåíèÿ â óñëîâèÿõ óïðóãîãî äåôîðìèðîâàíèÿ ìà-

òåðèàëà êîíñòðóêöèè, îñíîâàííàÿ íà èñïîëüçîâà-

íèè îêñèäíîãî òåíçîïîêðûòèÿ. Äëÿ ðåãèñòðàöèè

òðåùèí â õðóïêîì ñëîå ýòîãî ïîêðûòèÿ ïðèìåíÿ-

ëè âûñîêîñêîðîñòíóþ âèäåîñúåìêó, ñèíõðîíèçè-

ðîâàííóþ ñ ÀÝ ñèñòåìîé äèàãíîñòèêè. Òåñòèðî-

âàëè íå òîëüêî ìåòîäèêó, íî è ñïåöèàëüíî ðàçðà-

áîòàííîå äëÿ êëàñòåðíîãî àíàëèçà è êëàññèôèêà-

öèè ðåãèñòðèðóåìûõ ëîêàöèîííûõ èìïóëüñîâ

ïðîãðàììíîå îáåñïå÷åíèå, à òàêæå îáîðóäîâàíèå

è ÏÎ äëÿ ñèíõðîííîé çàïèñè ïîòîêîâ âèäåîèçîá-

ðàæåíèé è ìàññèâîâ ÀÝ äàííûõ.

Ïðèâåäåì îñíîâíûå ðåçóëüòàòû, ñâèäåòåëüñò-

âóþùèå î íàó÷íîé íîâèçíå âûïîëíåííîé ðàáîòû.

1. Êîìïëåêñíîå èñïîëüçîâàíèå õðóïêèõ òåí-

çîèíäèêàòîðîâ è ñèñòåìû ÀÝ êîíòðîëÿ, ñèíõðî-

íèçèðîâàííîé ñ âûñîêîñêîðîñòíîé âèäåîñúåì-

êîé, äàåò âîçìîæíîñòü â õîäå ìîíèòîðèíãà â ðå-

æèìå ðåàëüíîãî âðåìåíè ðåøàòü ñëåäóþùèå çà-

äà÷è: âûÿâëÿòü â ïðîöåññå ðàííåãî íàãðóæåíèÿ

êîíñòðóêöèè â óñëîâèÿõ óïðóãîãî äåôîðìèðîâà-

íèÿ ìàòåðèàëà ñêðûòûå äåôåêòû è ïîâðåæäåíèÿ,

ïðîâîäèòü îöåíêó ìàêñèìàëüíûõ äåôîðìàöèé â

çîíàõ èõ ëîêàöèè è îïðåäåëÿòü ñòåïåíü îïàñíî-

ñòè ðàçâèâàþùèõñÿ ïîâðåæäåíèé.

2. Ñèíõðîííàÿ ðåãèñòðàöèÿ ïîòîêîâ âèäåî-

èçîáðàæåíèé è àêóñòèêî-ýìèññèîííûõ èìïóëüñîâ

ÀÝ ïîçâîëÿåò òî÷íî êîíòðîëèðîâàòü ïðîöåññ òðå-

ùèíîîáðàçîâàíèÿ â òåíçîïîêðûòèè íà ýòàïàõ

ýêñïåðèìåíòà, à ñòðóêòóðíî-ôåíîìåíîëîãè÷å-

ñêèé ïîäõîä ïðè êëàññèôèêàöèè ðåãèñòðèðóå-

ìûõ ìàññèâîâ äàííûõ ÀÝ — îòñëåæèâàòü â ðåæè-

ìå ðåàëüíîãî âðåìåíè íà ðàííåé ñòàäèè äåôîð-

ìèðîâàíèÿ ìàòåðèàëà îñíîâíûå ïîâðåæäåíèÿ íà

ðàçíûõ ñòðóêòóðíûõ óðîâíÿõ è èäåíòèôèöèðî-

âàòü èñòî÷íèêè èõ èçëó÷åíèÿ. Ðàçðàáîòàííàÿ

ïðîãðàììà ðàçäåëåíèÿ ñèãíàëîâ ÀÝ â ïîëå äåñê-

ðèïòîðîâ um/Nè, Nè/tè ïîêàçàëà ñâîþ ýôôåêòèâ-

íîñòü êàê â ýêñïåðèìåíòå ñ àâèàöèîííîé ïàíå-

ëüþ, òàê è ïðè òåñòîâûõ èñïûòàíèÿõ êîìïîçèò-

íûõ îáðàçöîâ íà ðàñòÿæåíèå, ñæàòèå, èçãèá,

ñäâèã [5 – 10].

3. Â ïðîöåññå ÀÝ ìîíèòîðèíãà íà ýòàïàõ íà-

ãðóæåíèÿ èññëåäóåìîé ïàíåëè â ïîëå ïàðàìåòðîâ

um/Nè, Nè/tè ôîðìèðîâàëèñü êëàñòåðû ñèãíàëîâ

ÀÝ, ãåíåðèðóåìûå ïðîöåññàìè òðåíèÿ, äåãðàäà-

öèåé ìíîãîñëîéíîãî ïàêåòà ÏÊÌ â çîíå íàäðåçà

ñòðèíãåðà, òðåùèíîîáðàçîâàíèåì îêñèäíîãî òåí-

çîïîêðûòèÿ, ðàçðóøåíèåì êëååâîãî ñëîÿ è ëî-

êàëüíûì îòñëàèâàíèåì îêñèäèðîâàííîé ôîëüãè

îò ïîäëîæêè, à òàêæå óïðóãîïëàñòè÷åñêèì äå-

ôîðìèðîâàíèåì è ðàçðóøåíèåì ñòàëüíûõ íàêëà-

äîê îïðàâêè â îáëàñòè ïðîóøèí ñèëîâûõ øòèô-

òîâ. Ïðè ýòîì îöåíèâàëè ÍÄÑ ïàíåëè, âûÿâëÿëè

ïîòåíöèàëüíî îïàñíûå äåôåêòû, ñëåäèëè çà èõ

ðàçâèòèåì, ïðîãíîçèðîâàëè óðîâåíü ðàçðóøàþ-

ùåé íàãðóçêè.
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Ñòàòüÿ ïîñâÿùåíà ïðîáëåìàì îáåñïå÷åíèÿ íàäåæíîñòè è áåçîïàñíîé ýêñïëóàòàöèè äëè-

òåëüíî ýêñïëóàòèðóþùèõñÿ îïàñíûõ ïðîìûøëåííûõ îáúåêòîâ, â ÷àñòíîñòè, ìàãèñòðàëü-

íûõ ãàçîïðîâîäîâ, ïîñëå 50 ëåò ýêñïëóàòàöèè. Öåëü — ðàçðàáîòêà ñïîñîáà îöåíêè îõðóï÷è-

âàíèÿ ìåòàëëà äëèòåëüíî ýêñïëóàòèðóåìûõ ìàãèñòðàëüíûõ ãàçîïðîâîäîâ ñ èñïîëüçîâàíè-

åì íåðàçðóøàþùåãî ìåòîäà. Äëÿ ðåøåíèÿ äàííîé çàäà÷è ïðîâåäåíû ýêñïåðèìåíòàëüíûå

èññëåäîâàíèÿ îáðàçöîâ èç òðóá ìàãèñòðàëüíîãî ãàçîïðîâîäà, íà îñíîâàíèè êîòîðûõ âûáðà-

íû ïàðàìåòðû, ÷óâñòâèòåëüíûå ê ïðîöåññàì ñòðóêòóðíîé äåãðàäàöèè. Îáîñíîâàíà ïðèìå-

íèìîñòü äàííûõ ïàðàìåòðîâ äëÿ îöåíêè ñòåïåíè äåãðàäàöèè. Îáîáùàÿ ðåçóëüòàòû ìåõà-

íè÷åñêèõ è àêóñòè÷åñêèõ èññëåäîâàíèé, óñòàíîâëåíà äîñòàòî÷íî óñòîé÷èâàÿ êîððåëÿöèîí-

íàÿ ñâÿçü ìåæäó îïðåäåëÿåìûìè õàðàêòåðèñòèêàìè. Íà îñíîâàíèè ýòîé êîððåëÿöèîííîé

çàâèñèìîñòè ðàçðàáîòàí ñïîñîá îöåíêè óäàðíîé âÿçêîñòè. Ýêñïåðèìåíòàëüíûì ïóòåì ïî-

ëó÷åíû ïðåäåëüíûå çíà÷åíèÿ èññëåäîâàííûõ ïàðàìåòðîâ, ïðè êîòîðûõ ýêñïëóàòàöèÿ êîí-

ñòðóêöèè ñòàíîâèòñÿ îïàñíîé. Ðàçðàáîòàíà áëîê-ñõåìà ìîíèòîðèíãà èçìåíåíèÿ óäàðíîé

âÿçêîñòè ñòàëè ìàãèñòðàëüíîãî ãàçîïðîâîäà ïðè äëèòåëüíîé ýêñïëóàòàöèè. Ýêñïåðèìåí-

òàëüíûå ðåçóëüòàòû è ðàçðàáîòàííûé ìåòîä îöåíêè ïðåäåëüíîãî ñîñòîÿíèÿ ìàòåðèàëà

ìàãèñòðàëüíîãî ãàçîïðîâîäà ïðèìåíåíû äëÿ òåõíè÷åñêîãî äèàãíîñòèðîâàíèÿ íåïðîåêòíûõ

ó÷àñòêîâ ìàãèñòðàëüíîãî ãàçîïðîâîäà Ìàñòàõ – Áåðãå – ßêóòñê, â ðåçóëüòàòå êîòîðîãî îöå-

íåíû ðåàëüíûå ýêñïëóàòàöèîííûå õàðàêòåðèñòèêè è ñîáðàíà áàçà äàííûõ èññëåäóåìûõ

ïîêàçàòåëåé äëÿ èõ äàëüíåéøåãî ìîíèòîðèíãà. Ïðåäëàãàåìûé ñïîñîá ïîçâîëèò ïîâûñèòü

îïåðàòèâíîñòü ñáîðà èíôîðìàöèè î êîíñòðóêòèâíîé íàäåæíîñòè, îöåíèòü â ïðîöåññå òåõ-

íè÷åñêîãî äèàãíîñòèðîâàíèÿ ñòåïåíü äåãðàäàöèè ìåòàëëà òðóáû áåç ïðîâåäåíèÿ ìåõàíè÷å-

ñêèõ èñïûòàíèé è èçãîòîâëåíèÿ îáðàçöîâ, ñíèçèòü ìàòåðèàëüíûå çàòðàòû íà ïðîâåäåíèå

ïëàíîâî-ïðåäóïðåäèòåëüíûõ ðåìîíòîâ òðóáîïðîâîäîâ.

Êëþ÷åâûå ñëîâà: óäàðíàÿ âÿçêîñòü; äåãðàäàöèÿ ìåòàëëà; ñêîðîñòü çâóêà; ïðåäåëüíîå

ñîñòîÿíèå; äëèòåëüíàÿ ýêñïëóàòàöèÿ; ìàãèñòðàëüíûé ãàçîïðîâîä.
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The problems of ensuring the reliability and safe operation of long-running hazardous industrial facilities,

in particular gas pipelines, after 50 years of operation are considered. The goal of the work is developing a

method for assessing metal embrittlement of long-running main gas pipelines (MG) using a non-destruc-

tive method for monitoring and improving operational reliability. Experimental studies of the samples of

the pipes of the main gas pipelines revealed the parameters most sensitive to the processes of structural

degradation. The applicability of those parameters to assessing the degree of degradation is substantiated.

Analysis of the results of mechanical and acoustic studies revealed correlation with an essentially large

value of the correlation coefficient. Based on this correlation, a method for assessing the toughness has

been developed. The experimentally obtained limit values of the studied characteristics at which the oper-

ation of the structure becomes dangerous are presented. A flowchart has been developed for monitoring

changes in the toughness of the gas pipeline steel after long-term operation. The experimental results and

developed method for estimating the limiting state of the gas pipeline material were used during technical
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diagnostics of non-project sections of the Mastach — Berge — Yakutsk gas pipeline to determine real oper-

ational characteristics and form a database of the studied indicators for their further monitoring. The pro-

posed method will improve the efficiency of accumulated information on the structural reliability and pro-

vide the possibility of assessing the degree of pipe metal degradation without conducting mechanical tests

and making samples in the process of technical diagnostics thus reducing the material costs for conducting

scheduled maintenance of the pipelines.

Keywords: impact toughness; metal degradation; sound velocity; limiting state; long-term operation; gas

pipeline.

Ââåäåíèå

Íà òåððèòîðèè ßêóòèè ñ 70-õ ãîäîâ ýêñïëóà-

òèðóåòñÿ ìàãèñòðàëüíûé ãàçîïðîâîä Òààñ-Òó-

ìóñ – Áåðãå – ßêóòñê, îáåñïå÷èâàþùèé ã. ßêóòñê

è áëèçëåæàùèå ðàéîíû ïðèðîäíûì ãàçîì. Äàí-

íûé ãàçîïðîâîä ÿâëÿåòñÿ óíèêàëüíîé ìåòàëëî-

êîíñòðóêöèåé, ïîñêîëüêó ïðîëîæåí è ýêñïëóà-

òèðóåòñÿ â ñëîæíûõ ãåîëîãè÷åñêèõ óñëîâèÿõ —

â ðàéîíàõ ðàñïðîñòðàíåíèÿ ìíîãîëåòíåìåðçëûõ

ãðóíòîâ è ïðè áîëüøèõ òåìïåðàòóðíûõ ïåðåïà-

äàõ. Ãàçîïðîâîä â òàêèõ óñëîâèÿõ ïîäâåðãàåòñÿ

âîçäåéñòâèþ äîïîëíèòåëüíûõ íåïðîåêòíûõ íà-

ãðóçîê [1], êîòîðûå íîñÿò ïåðèîäè÷åñêèé õàðàê-

òåð è ïðîÿâëÿþòñÿ â îñíîâíîì â çèìíèé îòðåçîê

âðåìåíè. Ïîä âëèÿíèåì ïåðå÷èñëåííûõ ôàêòî-

ðîâ è äëèòåëüíîãî ñðîêà ýêñïëóàòàöèè ãàçîïðî-

âîä â äàííîå âðåìÿ ñ÷èòàåòñÿ ïðàêòè÷åñêè èñ÷åð-

ïàâøèì ñâîé ðåñóðñ.

Ñ êàæäûì ãîäîì ïîòðåáëåíèå ãàçà óâåëè÷èâà-

åòñÿ, ÷òî òðåáóåò ðàáîòû òðóáîïðîâîäà íà ìàêñè-

ìàëüíî âîçìîæíîì äàâëåíèè, è ýêñïëóàòàöèÿ ãà-

çîïðîâîäà ñ èñ÷åðïàííûì ðåñóðñîì ïðè òàêîì

äàâëåíèè ïðåäñòàâëÿåò áîëüøóþ îïàñíîñòü —

âîçíèêàåò óãðîçà âîçíèêíîâåíèÿ õðóïêèõ ðàçðó-

øåíèé èç-çà ñòðóêòóðíîé äåãðàäàöèè ìåòàëëà

òðóáû, ñíèæàþùåé ñîïðîòèâëåíèå ðàñïðîñòðàíå-

íèþ òðåùèí. Â òàêèõ ñèòóàöèÿõ, êðîìå ðàñ÷åòîâ

ïî îöåíêå îñòàòî÷íîãî ðåñóðñà, íåîáõîäèìû ïå-

ðèîäè÷åñêèé ìîíèòîðèíã è ñáîð èíôîðìàöèè î

ðåàëüíîì ñîñòîÿíèè îáúåêòà ñ èñïîëüçîâàíèåì

ìåòîäîâ, ÷óâñòâèòåëüíûõ ê ñòðóêòóðíûì èçìåíå-

íèÿì. Íåñìîòðÿ íà äîñòàòî÷íóþ èçó÷åííîñòü

ïðîáëåìû îöåíêè íàäåæíîñòè, ðåñóðñà è äåãðàäà-

öèè ìàòåðèàëà [2 – 8] äëèòåëüíî ýêñïëóàòèðóå-

ìûõ êîíñòðóêöèé, àêòóàëüíîñòü äàííîé òåìû çà-

íèìàåò îäíî èç ïåðâûõ ìåñò ñðåäè çàäà÷ ïî îáåñ-

ïå÷åíèþ òåõíîãåííîé áåçîïàñíîñòè.

Öåëü äàííîé ðàáîòû — ðàçðàáîòêà ñïîñîáà

îöåíêè îõðóï÷èâàíèÿ ìåòàëëà äëèòåëüíî ýêñ-

ïëóàòèðóåìûõ ìàãèñòðàëüíûõ ãàçîïðîâîäîâ ñ èñ-

ïîëüçîâàíèåì íåðàçðóøàþùåãî ìåòîäà äëÿ ìî-

íèòîðèíãà è ïîâûøåíèÿ ýêñïëóàòàöèîííîé íà-

äåæíîñòè.

Ìàòåðèàëû è ìåòîäèêà ýêñïåðèìåíòà

Äëÿ âûïîëíåíèÿ ïîñòàâëåííîé öåëè áûëè

ïðîâåäåíû èñïûòàíèÿ íà óäàðíûé èçãèá îáðàç-

öîâ èç ñòàëåé ìàãèñòðàëüíîãî ãàçîïðîâîäà è

óëüòðàçâóêîâûå èññëåäîâàíèÿ. Âî âñåõ ýêñïåðè-

ìåíòàõ èñïîëüçîâàëè îáðàçöû èç òðóá 530 × 9 ìì

îäíîãî ïðîèçâîäèòåëÿ è îäíîãî òèïà ïðîêàòêè.

Ýòè òðóáû èçãîòàâëèâàëè èç íîðìàëèçîâàííîé

òðóáíîé ñòàëè 09Ã2Ñ (ïî äàííûì ñåðòèôèêàòà) â

1964 ã. ïî òåõíè÷åñêèì óñëîâèÿì ÂÒÓ ×ÌÒÓ-

ÓÊÐÍÈÒÈ 537-64 íà Æäàíîâñêîì ìåòàëëóðãè÷å-

ñêîì çàâîäå èì. Èëüè÷à. Ñòàëü èññëåäîâàëè â

ñëåäóþùèõ ñîñòîÿíèÿõ: 1) àâàðèéíûé çàïàñ (õðà-

íèâøèéñÿ â óñëîâèÿõ êîíñåðâàöèè áîëåå 50 ëåò);

2) ïîñëå ýêñïëóàòàöèè 50 ëåò; 3) ïîñëå ýêñïëóàòà-

öèè 50 ëåò ñ äîïîëíèòåëüíûì òåðìîäåôîðìàöè-

îííûì ñòàðåíèåì (äåôîðìàöèÿ 6 %, ïîñëåäóþ-

ùèé îòæèã ïðè 650 °C, îõëàæäåíèå ñ ïå÷üþ). Òåð-

ìîäåôîðìàöèîííîå ñòàðåíèå ïðîâîäèëè â öåëÿõ

èìèòàöèè äîñòèæåíèÿ ìàòåðèàëîì åãî ïðåäåëü-

íîãî ñîñòîÿíèÿ. Çà ïðåäåëüíîå ñîñòîÿíèå [9] ïðè-

íèìàåòñÿ çíà÷åíèå óäàðíîé âÿçêîñòè, êîòîðîå

ìåíüøå èëè ðàâíî íîðìàòèâíîé âåëè÷èíå, óêà-

çàííîé â òåõíè÷åñêèõ óñëîâèÿõ ïî èçãîòîâëåíèþ

òðóá äëÿ ìàãèñòðàëüíûõ ãàçîïðîâîäîâ, à òàêæå â

ñòðîèòåëüíûõ íîðìàõ è ïðàâèëàõ. Ýòî ñîñòîÿíèå

òàêæå ïîäòâåðæäàåòñÿ ðåçóëüòàòàìè âèçóàëüíîãî

îñìîòðà ïîâåðõíîñòè ðàçðóøåíèÿ, êîãäà â îáðàç-

öå îáíàðóæèâàåòñÿ 100 %-íûé êðèñòàëëè÷åñêèé

èçëîì.

Ñêîðîñòü çâóêà èçìåðÿëè ñ ïîìîùüþ ïðèáîðà

ÈÑÀÂ-1 ïðîèçâîäñòâà Èæåâñêîãî ãîñóäàðñòâåí-

íîãî òåõíè÷åñêîãî óíèâåðñèòåòà. Äàííûé ïðèáîð

ïîçâîëÿåò èçìåðÿòü ñêîðîñòè ïîâåðõíîñòíûõ

âîëí ñ ïîãðåøíîñòüþ äî 0,01 %. Äàò÷èêè ðàç-

äåëüíîãî òèïà, èçëó÷àòåëü è ïðèåìíèê çàêðåï-

ëåíû â îäíó áàçó ñ ïîñòîÿííûì ðàññòîÿíèåì

70,3 ìì, ÷àñòîòà óëüòðàçâóêà ~2,5 ÌÃö. Ïîäðîá-

íûå õàðàêòåðèñòèêè è ïðèíöèï ðàáîòû ïðèáîðà

èçëîæåíû â [10]. Èçìåðåíèÿ ïðîâîäèëè íà ñåã-

ìåíòàõ òðóá ðàçìåðàìè 200 × 250 × 9 ìì (âäîëü

îáðàçóþùåé òðóáû), øåðîõîâàòîñòü ïîâåðõíîñòè

Rz � 20.

Ïîñëå óëüòðàçâóêîâûõ èññëåäîâàíèé èç ýòèõ

æå ñåãìåíòîâ áûëè èçãîòîâëåíû îáðàçöû äëÿ èñ-

ïûòàíèé íà óäàðíûé èçãèá, êîòîðûå ïðîâîäèëè

ïðè 20 °C.
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Îñíîâíûå ðåçóëüòàòû è âûâîäû

Íà ðèñ. 1 ïðèâåäåíû çàâèñèìîñòü óäàðíîé

âÿçêîñòè KCV îáðàçöîâ â ðàçëè÷íûõ ñîñòîÿíèÿõ

îò òåìïåðàòóðû èñïûòàíèé (à) è ãðàôèê, ïîñòðî-

åííûé äëÿ ñëó÷àÿ èñïûòàíèé ïðè êîìíàòíîé

òåìïåðàòóðå (á). Âèäíî, ÷òî ïî ñðàâíåíèþ ñ KCV

àâàðèéíîãî çàïàñà óäàðíàÿ âÿçêîñòü ïàäàåò ïî-

ñëå ýêñïëóàòàöèè äî 25 % è ïîñëå äîïîëíèòåëü-

íîãî ñòàðåíèÿ áîëåå ÷åì äî 65 %. Íàáëþäàåòñÿ

áîëüøàÿ ÷óâñòâèòåëüíîñòü KCV ê èçìåíåíèþ

òåìïåðàòóðû è ïðîöåññàì ñòàðåíèÿ ïî ñðàâíå-

íèþ ñ ðåçóëüòàòàìè èñïûòàíèé íà îáðàçöàõ KCU

[11, 12].

Êàê è óäàðíàÿ âÿçêîñòü, òðåùèíîñòîéêîñòü

ÿâëÿåòñÿ îäíîé èç âàæíûõ õàðàêòåðèñòèê äëÿ

îöåíêè âëèÿíèÿ âðåìåíè ýêñïëóàòàöèè è ñâÿçàí-

íîãî ñ íèì èçìåíåíèÿ ìåõàíè÷åñêèõ õàðàêòåðè-

ñòèê ìåòàëëà. Äëÿ îïðåäåëåíèÿ õàðàêòåðèñòèê

òðåùèíîñòîéêîñòè èñïîëüçîâàëè ïðÿìîóãîëüíûå

êîìïàêòíûå îáðàçöû ñ êðàåâîé òðåùèíîé äëÿ èñ-

ïûòàíèé íà âíåöåíòðåííîå ðàñòÿæåíèå ïî ÃÎÑÒ

25.506–85. Èñïûòàíèÿ ïðîâîäèëèñü ïðè òåìïåðà-

òóðå +20 °C.

Äëÿ îöåíêè ñòåïåíè îõðóï÷èâàíèÿ ïðè äëè-

òåëüíîé ýêñïëóàòàöèè è äåôîðìàöèîííîãî ñòà-

ðåíèÿ áûëè ïðîâåäåíû ñðàâíåíèÿ çíà÷åíèé òðå-

ùèíîñòîéêîñòè ìàòåðèàëà òðóáû äî è ïîñëå ýêñ-

ïëóàòàöèè (ðèñ. 2). Çà çíà÷åíèå Kc â èñõîäíîì ñî-

ñòîÿíèè ìàòåðèàëà ìàãèñòðàëüíûõ ãàçîïðîâîäîâ

ïðèíèìàëè ðåçóëüòàòû, ïîëó÷åííûå À. Â. Ëûãëà-

åâûì è À. È. Ëåâèíûì â Èíñòèòóòå ôèçèêî-

òåõíè÷åñêèõ ïðîáëåì Ñåâåðà ÑÎ ÐÀÍ íà òîé æå

ìàðêå ñòàëè, êîòîðóþ èñïîëüçîâàëè ïîñëå 5 è 10

ëåò ýêñïëóàòàöèè [13].

Êàê è â ñëó÷àå ñ óäàðíîé âÿçêîñòüþ, íàáëþ-

äàëîñü ñóùåñòâåííîå ñíèæåíèå ñîïðîòèâëåíèÿ

ìàòåðèàëà õðóïêîìó ðàçðóøåíèþ.

Óëüòðàçâóêîâîå èññëåäîâàíèå òàêæå ïîêàçà-

ëî ñíèæåíèå ñêîðîñòè çâóêà ñ èçìåíåíèåì ñîñòîÿ-

íèé òðóáíîé ñòàëè (ðèñ. 3). Ìîæíî îòìåòèòü

êà÷åñòâåííîå ñõîäñòâî ðåçóëüòàòîâ èñïûòàíèé

íà óäàðíûé èçãèá è óëüòðàçâóêîâûõ èçìåðåíèé,

÷òî, åñòåñòâåííî, ñâÿçàíî ñ ÷óâñòâèòåëüíîñòüþ

ýòèõ õàðàêòåðèñòèê ê èçìåíåíèÿì ñòðóêòóðû ìà-

òåðèàëà â ïðîöåññå äëèòåëüíîé ýêñïëóàòàöèè.

Ñîâìåùàÿ ýêñïåðèìåíòàëüíûå ðåçóëüòàòû

óäàðíûõ è óëüòðàçâóêîâûõ èññëåäîâàíèé, ïî-

ñòðîèëè êîððåëÿöèîííóþ çàâèñèìîñòü KCV(v)

66 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2019. Òîì 85. ¹ 6

K
C

V
,

Ä
æ

/ñ
ì

2

K
C

V
,

Ä
æ

/ñ
ì

2

T, K Ñîñòîÿíèå ìåòàëëà

1

2

3

Ðèñ. 1. Çàâèñèìîñòü óäàðíîé âÿçêîñòè îò òåìïåðàòóðû (à) è ðàçëè÷íûõ ñîñòîÿíèé ìåòàëëà (á): 1 — ìåòàëë òðóáû èç àâà-

ðèéíîãî çàïàñà; 2 — ïîñëå ýêñïëóàòàöèè 50 ëåò; 3 — ïîñëå 50 ëåò ýêñïëóàòàöèè è äîïîëíèòåëüíîãî òåðìîäåôîðìàöèîííî-

ãî ñòàðåíèÿ
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Ñîñòîÿíèå ìàòåðèàëà

Ðèñ. 2. Òðåùèíîñòîéêîñòü ìàòåðèàëà òðóáû ÌÃ: 1 — èñ-

õîäíîå ñîñòîÿíèå; 2 — ïîñëå ýêñïëóàòàöèè 50 ëåò

v
,
ì

/ñ

Ñîñòîÿíèå ìàòåðèàëà

Ðèñ. 3. Ñêîðîñòü ðàñïðîñòðàíåíèÿ çâóêà â ñòàëè ÌÃ ïî-

ñëå ðàçëè÷íûõ ñîñòîÿíèé: 1 — ìåòàëë òðóáû èç àâàðèéíî-

ãî çàïàñà; 2 — ïîñëå ýêñïëóàòàöèè 50 ëåò; 3 — ïîñëå 50

ëåò ýêñïëóàòàöèè è äîïîëíèòåëüíîãî òåðìîäåôîðìàöèîí-

íîãî ñòàðåíèÿ



(ðèñ. 4). Îáëàñòÿì âûñîêèõ óäàðíîé âÿçêîñòè è

ñêîðîñòè çâóêà ñîîòâåòñòâóþò çíà÷åíèÿ, ïîëó÷åí-

íûå íà òðóáå àâàðèéíîãî çàïàñà, êîòîðàÿ èìååò

ðàâíîâåñíóþ ñòðóêòóðó. Îáëàñòÿì ñ íèçêèìè çíà-

÷åíèÿìè èññëåäóåìûõ âåëè÷èí (çàøòðèõîâàííàÿ

îáëàñòü) — ðåçóëüòàòû èññëåäîâàíèÿ îáðàçöîâ

òðóá ïîñëå ýêñïëóàòàöèè è äîïîëíèòåëüíîãî èñ-

êóññòâåííîãî ñòàðåíèÿ. Ðàçáðîñ çíà÷åíèé äàí-

íûõ âåëè÷èí, âåðîÿòíî, âûçâàí àíèçîòðîïèåé

ñòðóêòóðû ìàòåðèàëà.

Êàê âèäíî èç (ðèñ. 4), èìååò ìåñòî íå òîëüêî

ñîâïàäåíèå ìàêñèìóìîâ, íî è äîñòàòî÷íî õîðî-

øàÿ êîððåëÿöèÿ êðèâûõ. Ïîäîáèå êðèâûõ ñâî-

äèòñÿ ê ëèíåéíûì çàâèñèìîñòÿì KCV(v). Êîððå-

ëÿöèîííûå óðàâíåíèÿ, ïîëó÷åííûå ìåòîäîì íàè-

ìåíüøèõ êâàäðàòîâ, äëÿ ñëó÷àÿ ïîâåðõíîñòíîé

âîëíû èìåþò âèä

KCV = 1,12v – 3385,

êîýôôèöèåíò êîððåëÿöèè 0,97.

Íà îñíîâå ïîëó÷åííîé êîððåëÿöèîííîé çàâè-

ñèìîñòè ðàçðàáîòàíà ñõåìà ìîíèòîðèíãà èçìåíå-

íèÿ óäàðíîé âÿçêîñòè ñòàëåé ìàãèñòðàëüíîãî ãà-

çîïðîâîäà ïðè äëèòåëüíîé ýêñïëóàòàöèè (ðèñ. 5).

Ïåðèîäè÷åñêèé ìîíèòîðèíã ïîçâîëÿåò îöåíèâàòü

ðåàëüíîå ôèçè÷åñêîå ñîñòîÿíèå îáúåêòà, à òàêæå

ïðîãíîçèðîâàòü îñòàòî÷íûé ðåñóðñ è ñêîðîñòü òå-

÷åíèÿ ïðîöåññîâ ñòàðåíèÿ ìàòåðèàëà.

Â ìåñòàõ íàèáîëüøèõ íàïðÿæåíèé èçìåðÿëè

ñêîðîñòü çâóêà ïî ÷åòûðåì ñåêòîðàì è çàíîñèëè â

ïðîòîêîë èçìåðåíèé. Èñïîëüçóÿ êîððåëÿöèîí-

íóþ çàâèñèìîñòü, îöåíèâàëè óäàðíóþ âÿçêîñòü

ìàòåðèàëà â äàííûé ìîìåíò âðåìåíè. Ïðè ñëå-

äóþùåé äèàãíîñòèêå ïîâòîðíî ôèêñèðîâàëè çíà-

÷åíèÿ ñêîðîñòåé â ýòèõ æå òî÷êàõ è, ñðàâíèâàÿ ñ

ïåðâîíà÷àëüíûìè çíà÷åíèÿìè, ñóäèëè î ñîñòîÿ-

íèè ìàòåðèàëà òðóáû.

Äàííàÿ ìåòîäèêà àïðîáèðîâàíà ïðè ïðîâåäå-

íèè òåõíè÷åñêîãî ñîñòîÿíèÿ ìàãèñòðàëüíîãî ãà-

çîïðîâîäà â ðàìêàõ ÍÈÐ, ïîëó÷åíû çíà÷åíèÿ èñ-

ñëåäóåìûõ ïàðàìåòðîâ è ñîçäàíà áàçà äàííûõ

äëÿ èõ äàëüíåéøåãî ìîíèòîðèíãà. Ê íåäîñòàòêàì

äàííûõ èññëåäîâàíèé ìîæíî îòíåñòè òîò ôàêò,

÷òî èññëåäîâàíèÿ ïðîâîäèëè òîëüêî íà îäíîé

ìàðêå ñòàëè, ÷òî ñóæàåò îáëàñòü ïðèìåíåíèÿ

ïðåäëàãàåìîãî ñïîñîáà. Âûáîð ìàòåðèàëà äëÿ

ïðîâåäåíèÿ èññëåäîâàíèé ñêîðîñòè çâóêà èìååò

îäíî èç âàæíåéøèõ çíà÷åíèé, îò êîòîðîãî çàâè-

ñèò äîñòîâåðíîñòü ðåçóëüòàòîâ èçìåðåíèé. Áîëü-

øóþ ðîëü èãðàåò âèä ïðîêàòêè ñòàëåé. Äî 1970-õ

ãîäîâ ïðè ñòðîèòåëüñòâå ìàãèñòðàëüíûõ ãàçîïðî-

âîäîâ èñïîëüçîâàëè ãîðÿ÷åêàòàíûå è íîðìàëèçî-

âàííûå ñòàëè. Èç-çà àíèçîòðîïèè ñâîéñòâ ñòàëè

ðàçíîãî âèäà ïðîêàòà, âëèÿíèÿ âíóòðåííèõ ìèê-

ðîíàïðÿæåíèé ðàñïðîñòðàíåíèå çâóêîâûõ âîëí è

èõ ïîãëîùåíèå çåðíàìè, ìåæçåðåííûìè ãðàíè-

öàìè áóäóò èìåòü ñóùåñòâåííûå îòëè÷èÿ, êîòî-

ðûå ñîçäàþò òðóäíîñòè â îáíàðóæåíèè ðàçëè÷-

íûõ ýôôåêòîâ.

Â ñëó÷àå êîíêðåòíîãî ìàãèñòðàëüíîãî ãàçî-

ïðîâîäà òàêîé ïðîáëåìû íå âîçíèêàåò èç-çà èç-

âåñòíûõ äàííûõ î òðóáå ãàçîïðîâîäà, ïîëó÷åí-

íûõ â ðåçóëüòàòå çàðàíåå ïðîâåäåííûõ êàìå-

ðàëüíûõ ðàáîò. Äëÿ øèðîêîãî ïðèìåíåíèÿ ïðåä-

ëîæåííîãî ñïîñîáà â àðñåíàëå èññëåäîâàòåëÿ

äîëæíû áûòü êîððåëÿöèîííûå çàâèñèìîñòè èñ-

ñëåäóåìûõ ïàðàìåòðîâ äëÿ ìàðêè ñòàëè òðóáû

äèàãíîñòèðóåìîãî îáúåêòà.

Ïðåäëàãàåìûé ñïîñîá ïîçâîëèò ïîâûñèòü

îïåðàòèâíîñòü ñáîðà èíôîðìàöèè î êîíñòðóêòèâ-

íîé íàäåæíîñòè, îöåíèòü â ïðîöåññå òåõíè÷åñêî-

ãî äèàãíîñòèðîâàíèÿ ñòåïåíü äåãðàäàöèè ìåòàë-

ëà òðóáû áåç ïðîâåäåíèÿ ìåõàíè÷åñêèõ èñïûòà-

íèé è èçãîòîâëåíèÿ îáðàçöîâ, ñíèçèòü ìàòåðè-

àëüíûå çàòðàòû íà ïðîâåäåíèå ïëàíîâî-ïðåäó-

ïðåäèòåëüíûõ ðåìîíòîâ òðóáîïðîâîäîâ.
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Ðèñ. 4. Êîððåëÿöèîííàÿ çàâèñèìîñòü óäàðíîé âÿçêîñòè

è ñêîðîñòè çâóêà (çàøòðèõîâàíà îáëàñòü ïðåäåëüíûõ

çíà÷åíèé)

Ìîíèòîðèíã èçìåíåíèÿ

óäàðíîé âÿçêîñòè ñòàëè ÌÃ

Èçìåðåíèå ñêîðîñòè óëüòðàçâóêà ( ).

Ñîñòàâëåíèå áàçû äàííûõ

vçâ

Ïåðèîäè÷åñêîå èçìåðåíèå

â ïðîöåññå ýêñïëóàòàöèè

vçâ

Èñïîëüçîâàíèå êîððåëÿöèîííîé çàâèñèìîñòè ( )KCV vçâ

Àíàëèç èçìåíåíèÿ óäàðíîé âÿçêîñòè

Ðèñ. 5. Ñõåìà ìîíèòîðèíãà óäàðíîé âÿçêîñòè
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MESSAGE FROM THE BIPM AND BIML DIRECTORS

“THE SI — FUNDAMENTALLY BETTER”

The International System of Units (SI) is the

accepted set of units for all applications of mea-

surement worldwide. Although one of its aims is to

provide the basis for measurements that are stable

over long periods of time, it has always been a prac-

tical and dynamic system that has changed to ex-

ploit the latest scientific advances.

In November 2018, the General Conference

on Weights and Measures met in Versailles and

agreed one of the most significant sets of changes

to the SI since its inception in 1960. These were

to base it on our best understanding of the laws of

nature and to eliminate the link between the SI

and definitions based on physical artefacts. The

changes build on the results of research into new

measurement methods that use quantum phe-

nomena as the basis for standards that are funda-

mental.

These changes were agreed in November 2018

and come into force on May 20th 2019, a date cho-

sen because it is the anniversary of the signature of

the Metre Convention, celebrated by World Metrol-

ogy Day. Whilst the future impact of the changes

will be far reaching, great attention has been paid

to ensure that the new definitions will be compa-

tible with the current ones at the time the change

is implemented. The changes will not be noticeable

to any but the most demanding users, but, they do

mean that there may be changes in the way that

traceability is ultimately established. The global

work to harmonize the operation of instruments

used to make measurements will continue to en-

sure that trade, industry and consumers will not

notice any difference to the weights, lengths and

other measures they use.

The new definitions use “the rules of nature to

create the rules of measurement”, linking mea-

surements at the atomic and quantum scales to

those at the macroscopic level. They achieve a col-

lective ambition for the “metric system” which has

been to provide universality of access to the agreed

basis for worldwide measurements. They will pro-

vide the basis for future innovations in measure-

ments that will allow the definitions of the second,

the metre, the ampere and the kelvin to take ad-

vantage of atomic and quantum phenomena to

achieve levels of accuracy limited only by our ca-

pacity to observe them.

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2019. Òîì 85. ¹ 6 69

Martin Milton

Director of the BIPM

Anthony Donnellan

Director of the BIML



DOI: https://doi.org/10.26896/1028-6861-2019-85-6-70-80

ÃÎÑÓÄÀÐÑÒÂÅÍÍÀß ÏÅÐÂÈ×ÍÀß ÐÅÔÅÐÅÍÒÍÀß ÌÅÒÎÄÈÊÀ

ÈÇÌÅÐÅÍÈÉ ÌÀÑÑÎÂÎÉ ÄÎËÈ ÇÎËÛ Â ÏÈÙÅÂÛÕ ÏÐÎÄÓÊÒÀÕ

È ÏÐÎÄÎÂÎËÜÑÒÂÅÍÍÎÌ ÑÛÐÜÅ

� Ìàðèÿ Þðüåâíà Ìåäâåäåâñêèõ, Àííà Ñåðãååâíà Ñåðãååâà*,

Ìàðèÿ Ïàâëîâíà Êðàøåíèíèíà, Îëüãà Ñåðãååâíà Øîõèíà

Óðàëüñêèé íàó÷íî-èññëåäîâàòåëüñêèé èíñòèòóò ìåòðîëîãèè, Ðîññèÿ, 620075, ã. Åêàòåðèíáóðã, óë. Êðàñíîàðìåéñêàÿ, 4;

*e-mail: lab241@uniim.ru

Ñòàòüÿ ïîñòóïèëà 1 ìàðòà 2019 ã. Ïîñòóïèëà ïîñëå äîðàáîòêè 28 àïðåëÿ 2019 ã.

Ïðèíÿòà ê ïóáëèêàöèè 29 àïðåëÿ 2019 ã.

Ðàññìîòðåíà ïðîáëåìà îòñóòñòâèÿ ïðîñëåæèâàåìîñòè ðåçóëüòàòîâ èçìåðåíèé ñîäåðæàíèÿ

çîëû ê ãîñóäàðñòâåííûì ýòàëîíàì åäèíèö âåëè÷èí. Âûÿâëåíû îñîáåííîñòè â îáëàñòè

èçìåðåíèé ìàññîâîé äîëè çîëû â ïèùåâîé ïðîìûøëåííîñòè: çàâèñèìîñòü ðåçóëüòàòîâ

èçìåðåíèé îò óñëîâèé àíàëèçà, íåïîëíîòà èíôîðìàöèè î ðåæèìàõ èçìåðåíèé è ìåòðî-

ëîãè÷åñêèõ õàðàêòåðèñòèêàõ â ñòàíäàðòèçèðîâàííûõ ìåòîäèêàõ, îòñóòñòâèå ñòàíäàðòíûõ

îáðàçöîâ. Îïèñàíû ìåòîä èçìåðåíèé è îáîðóäîâàíèå äëÿ ðåàëèçàöèè ãîñóäàðñòâåííîé ïåð-

âè÷íîé ðåôåðåíòíîé ìåòîäèêè èçìåðåíèé (ÃÏÐÌÈ) ìàññîâîé äîëè çîëû â ïèùåâûõ ïðî-

äóêòàõ è ïðîäîâîëüñòâåííîì ñûðüå (çåðíå, çåðíîïðîäóêòàõ, êðàõìàëå, ñàõàðå, ìîëî÷íûõ,

íèçêîëàêòîçíûõ è áåçëàêòîçíûõ ïðîäóêòàõ, êîìáèêîðìàõ è êîðìîâûõ êîìïîíåíòàõ). Èçëî-

æåíà ïðîöåäóðà óñòàíîâëåíèÿ ìåòîäè÷åñêèõ ïàðàìåòðîâ (òåìïåðàòóðà, ïðîäîëæèòåëü-

íîñòü ñæèãàíèÿ, ìàññà íàâåñêè) â õîäå ðàçðàáîòêè ÃÏÐÌÈ ñ èñïîëüçîâàíèåì ñòåðåîñêîïè-

÷åñêîãî ïàíêðàòè÷åñêîãî ìèêðîñêîïà è òåðìîãðàâèìåòðè÷åñêîãî àíàëèçàòîðà ñ ìàññ-ñïåê-

òðîìåòðè÷åñêèì äåòåêòîðîì èç ñîñòàâà Ãîñóäàðñòâåííîãî ïåðâè÷íîãî ýòàëîíà åäèíèö ìàñ-

ñîâîé äîëè è ìàññîâîé (ìîëÿðíîé) êîíöåíòðàöèè âîäû â òâåðäûõ è æèäêèõ âåùåñòâàõ è

ìàòåðèàëàõ ÃÝÒ 173-2017. Îïèñàí àëãîðèòì îöåíêè íåîïðåäåëåííîñòåé èçìåðåíèé ìàññî-

âîé äîëè çîëû ñ óêàçàíèåì âûÿâëåííûõ èñòî÷íèêîâ íåîïðåäåëåííîñòè è èõ âêëàäà â ñóì-

ìàðíóþ íåîïðåäåëåííîñòü ðåçóëüòàòîâ èçìåðåíèé ñ ïðèâëå÷åíèåì ìíîãîôàêòîðíîãî ýêñ-

ïåðèìåíòà, ðåãðåññèîííîãî àíàëèçà è îäíîôàêòîðíîãî äèñïåðñèîííîãî àíàëèçà ANOVA.

Ïðèâåäåíû ìåòðîëîãè÷åñêèå õàðàêòåðèñòèêè, îáëàñòü ïðèìåíåíèÿ è íàçíà÷åíèå ÃÏÐÌÈ.

Ïðåäñòàâëåíû ðåçóëüòàòû ìåæëàáîðàòîðíûõ ñëè÷èòåëüíûõ èñïûòàíèé, ïîäòâåðæäàþùèå

ýêâèâàëåíòíîñòü ðàçðàáîòàííîé ÃÏÐÌÈ àíàëîãè÷íûì ìåòîäèêàì (ìåòîäàì), èñïîëüçó-

åìûì â ìåæäóíàðîäíîé àíàëèòè÷åñêîé ïðàêòèêå. Ïðîäåìîíñòðèðîâàíà ïðèìåíèìîñòü ðàç-

ðàáîòàííîé ÃÏÐÌÈ äëÿ îïðåäåëåíèÿ àòòåñòîâàííûõ çíà÷åíèé ìàññîâîé äîëè ñûðîé çîëû

ïðè èñïûòàíèÿõ ñòàíäàðòíûõ îáðàçöîâ ñîñòàâà êîìáèêîðìîâ.
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The lack of traceability of the results of ash content measurements to the state standards of measurement

units is considered. The problems of ash mass fraction measurement in food industry are revealed: de-

pendence of the measurement results on conditions of the analysis, incomplete information on the modes

of measurements and metrological characteristics in standardized methods, the absence of reference ma-

terials. We present information about the measurement method and equipment for implementation of the

State primary reference procedure (SPRP) for measuring the ash mass fraction in food and foodstuff
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(grain, grain products, starch, sugar, dairy products, low-lactose products, lactose-free products, com-

pound feeds and feed components) and describe the procedure of determining the methodological parame-

ters (temperature, duration of combustion, weight of sample) in the course of the SPRP development us-

ing a stereoscopic pancratic microscope and thermogravimetric analyzer with mass spectrometric detector

(implementing TGA-MS methods) included in the State primary measurement standard of mass fraction

and mass (molar) concentration of water in liquid and firm substances and materials GET 173 – 2017.

The described algorithm for estimating the uncertainty of the ash mass fraction measurements using

multifactor experiment, regression analysis and single-factor ANOVA provide information about the

sources of the uncertainty and their contributions to the total uncertainty of measurement results. The

metrological characteristics, scope and purpose of SPRP are presented. The results of interlaboratory

comparisons confirming the equivalence of the developed SPRP to similar measurement procedures

(methods) of foreign countries are presented. The applicability of the developed SPRP for determination

of the certified values of the mass fraction of crude ash to testing reference standards of compound feed

composition is demonstrated.

Keywords: primary reference measurement procedure; food products; alimentary raw materials; ash;

crude ash; ash content; thermogravimetric analysis; mass spectrometry; reference material.

Ââåäåíèå

Ñîäåðæàíèå çîëû — îäèí èç âàæíåéøèõ ïî-

êàçàòåëåé êà÷åñòâà ïèùåâûõ ïðîäóêòîâ è ïðîäî-

âîëüñòâåííîãî ñûðüÿ, õàðàêòåðèçóþùèé èõ ìè-

íåðàëüíóþ ïèòàòåëüíîñòü. Òðåáîâàíèÿ ê ñîäåð-

æàíèþ çîëû óñòàíîâëåíû â ñòàíäàðòàõ íà òåõíè-

÷åñêèå óñëîâèÿ äëÿ çåðíîâûõ è çåðíîáîáîâûõ

êóëüòóð, çåðíîïðîäóêòîâ, êîìáèêîðìîâ è êîðìî-

âûõ êîìïîíåíòîâ, êðàõìàëà, ñàõàðà. Äîïóñòèìûå

çíà÷åíèÿ ìàññîâîé äîëè çîëû â ìîëî÷íûõ, íèçêî-

ëàêòîçíûõ, áåçëàêòîçíûõ ïðîäóêòàõ äëÿ äåòñêîãî

ïèòàíèÿ ðåãëàìåíòèðîâàíû â Òåõíè÷åñêèõ ðåã-

ëàìåíòàõ Òàìîæåííîãî ñîþçà [1, 2].

Òåðìèíîì «çîëà» íàçûâàþò îñòàòîê ìèíå-

ðàëüíûõ âåùåñòâ â àíàëèçèðóåìîé ïðîáå ïîñëå

ñæèãàíèÿ âñåõ îðãàíè÷åñêèõ âåùåñòâ. Ñîäåðæà-

íèå çîëû îïðåäåëÿþò ãðàâèìåòðè÷åñêèì ìåòîäîì

ïóòåì íàãðåâà òèãëÿ ñ íàâåñêîé â ìóôåëüíîé

ïå÷è ïðè êîíòðîëèðóåìîé òåìïåðàòóðå. Ìàññî-

âóþ äîëþ çîëû ðàññ÷èòûâàþò ïî óáûëè ìàññû.

Îêîí÷àíèå ïðîöåññà îçîëåíèÿ, êàê ïðàâèëî, êîí-

òðîëèðóþò âèçóàëüíî (çîëà îäíîðîäíàÿ, öâåò áå-

ëî-ñåðûé, íåò îáóãëåííûõ, íåñãîðåâøèõ ÷àñòèö)

è ãðàâèìåòðè÷åñêè (ïî äîñòèæåíèè ïîñòîÿííîé

ìàññû).

Îäíàêî â ýòîì ñëó÷àå ðåçóëüòàòû îïðåäåëå-

íèÿ çîëû çàâèñÿò îò óñëîâèé àíàëèçà (òåìïåðàòó-

ðà, ïðîäîëæèòåëüíîñòü ñæèãàíèÿ, ìàññà íàâåñ-

êè), êîòîðûå äîëæíû áûòü ïîäîáðàíû ýêñïåðè-

ìåíòàëüíî äëÿ êàæäîãî ïðîäóêòà. Àíàëèç ëèòåðà-

òóðíûõ äàííûõ [3 – 8] ïîêàçûâàåò, ÷òî èç âñåõ

ôàêòîðîâ íàèáîëüøåå âëèÿíèå íà ïðîöåññ îçî-

ëåíèÿ îêàçûâàþò òåìïåðàòóðà è âðåìÿ îçîëåíèÿ.

Ñ îäíîé ñòîðîíû, íåäîñòàòî÷íî âûñîêàÿ òåìïåðà-

òóðà è ìàëîå âðåìÿ îçîëåíèÿ ìîãóò ïðèâåñòè ê

íåïîëíîìó ñãîðàíèþ âåùåñòâà [5], à ñ äðóãîé —

çíà÷èòåëüíîå ïîâûøåíèå òåìïåðàòóðû ìîæåò

ïðèâåñòè ê ðàçëîæåíèþ âåùåñòâ çîëüíîãî îñòàò-

êà, à óâåëè÷åíèå âðåìåíè — ê íåîïðàâäàííîìó

çàòÿãèâàíèþ è òàê ïðîäîëæèòåëüíîãî ïðîöåññà

îçîëåíèÿ. Íàïðèìåð, ñîãëàñíî ðàáîòå [3] âðåìÿ

îçîëåíèÿ â çàâèñèìîñòè îò àíàëèçèðóåìîãî ïðî-

äóêòà ìîæåò èçìåíÿòüñÿ îò 4 äî 18 ÷. Êðîìå òîãî,

õèìè÷åñêèé ñîñòàâ ïîëó÷àåìîé çîëû òàêæå ìåíÿ-

åòñÿ â çàâèñèìîñòè îò ðåæèìà îçîëåíèÿ è âèäà

èññëåäóåìîé ïðîáû. Ñëåäîâàòåëüíî, èçìåðåííûå

çíà÷åíèÿ ñîäåðæàíèÿ çîëû íå ìîãóò áûòü ïðîñëå-

æåíû ê ýòàëîíàì, âõîäÿùèì â îáîáùåííóþ ïîâå-

ðî÷íóþ ñõåìó, êîòîðàÿ õàðàêòåðèçóåò ñîñòàâ îð-

ãàíè÷åñêèõ è íåîðãàíè÷åñêèõ âåùåñòâ è ìàòåðèà-

ëîâ [9].

Äðóãîé ïðîáëåìîé â îáëàñòè îïðåäåëåíèÿ

çîëû ÿâëÿåòñÿ íåïîëíîòà èíôîðìàöèè î ðåæèìàõ

èçìåðåíèÿ, ïðèâåäåííûõ â ñòàíäàðòèçèðî-

âàííûõ ìåòîäèêàõ. Íàïðèìåð, â ÃÎÑÒ 10847 [10]

íà îïðåäåëåíèå çîëüíîñòè çåðíà ïðèâåäåíû

î÷åíü øèðîêèå äèàïàçîíû òåìïåðàòóð îáóãëè-

âàíèÿ (îò 400 äî 500 °C) è îçîëåíèÿ (îò 600 äî

900 °C), à òàêæå îòñóòñòâóåò èíôîðìàöèÿ î ïðî-

äîëæèòåëüíîñòè ñæèãàíèÿ. Òàêàÿ íåòî÷íîñòü

â óêàçàíèè óñëîâèé îçîëåíèÿ âåäåò ê íåóäîâëå-

òâîðèòåëüíîé ñîïîñòàâèìîñòè ðåçóëüòàòîâ îïðå-

äåëåíèÿ çîëüíîñòè çåðíà, ïîëó÷àåìûõ â ðàçíûõ

ëàáîðàòîðèÿõ. Ïîìèìî ýòîãî, â áîëüøèíñòâå

ñòàíäàðòîâ, ðåãëàìåíòèðóþùèõ îïðåäåëåíèå

çîëû, îòñóòñòâóþò ñâåäåíèÿ î òî÷íîñòè ïîëó÷àå-

ìûõ ðåçóëüòàòîâ èçìåðåíèé. Ìåòðîëîãè÷åñêèå

õàðàêòåðèñòèêè îïèñàííûõ ìåòîäîâ âêëþ÷àþò

òîëüêî ïðåäåë ïîâòîðÿåìîñòè (ñõîäèìîñòè), â

ðåäêèõ ñëó÷àÿõ äîïîëíèòåëüíî óêàçàí ïðåäåë

âîñïðîèçâîäèìîñòè. È, íàêîíåö, ñðåäè ñòàíäàðò-

íûõ îáðàçöîâ (ÑÎ) óòâåðæäåííûõ òèïîâ îòñóòñò-

âóþò ÑÎ ñîñòàâà ïèùåâûõ ïðîäóêòîâ, àòòåñòî-

âàííûå íà ñîäåðæàíèå çîëû. Ïîòðåáíîñòü ðàçðà-

áîòêè äàííûõ ÑÎ ïîñòîÿííî âîçðàñòàåò â ñâÿçè ñ

óâåëè÷åíèåì ÷èñëà ïðèìåíÿåìûõ òèïîâ ýêñ-

ïðåññíûõ àíàëèçàòîðîâ êà÷åñòâà ïèùåâûõ ïðî-

äóêòîâ, îñíîâàííûõ íà ñïåêòðîñêîïèè â áëèæíåé

èíôðàêðàñíîé îáëàñòè.

Òàêèì îáðàçîì, äëÿ îáåñïå÷åíèÿ ñîïîñòàâè-

ìîñòè ðåçóëüòàòîâ èçìåðåíèé ñîäåðæàíèÿ çîëû

ïðè àíàëèçå ïèùåâûõ ïðîäóêòîâ àêòóàëüíûì ÿâ-
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ëÿåòñÿ ñîçäàíèå ïåðâè÷íîé ðåôåðåíòíîé ìåòîäè-

êè èçìåðåíèé, ïîçâîëÿþùåé ïîëó÷àòü ðåçóëüòà-

òû èçìåðåíèé áåç èõ ïðîñëåæèâàåìîñòè [11].

Íàñòîÿùàÿ ñòàòüÿ ïîñâÿùåíà ðåçóëüòàòàì

ñîçäàíèÿ Ãîñóäàðñòâåííîé ïåðâè÷íîé ðåôåðåíò-

íîé ìåòîäèêè èçìåðåíèé (ÃÏÐÌÈ) ìàññîâîé

äîëè çîëû â ïèùåâûõ ïðîäóêòàõ è ïðîäîâîëü-

ñòâåííîì ñûðüå â õîäå âûïîëíåíèÿ Ôåäåðàëü-

íûì ãîñóäàðñòâåííûì óíèòàðíûì ïðåäïðèÿòèåì

«Óðàëüñêèé íàó÷íî-èññëåäîâàòåëüñêèé èíñòèòóò

ìåòðîëîãèè» (ÔÃÓÏ «ÓÍÈÈÌ») ìåðîïðèÿòèé â

ðàìêàõ ðåàëèçàöèè Ñòðàòåãèè îáåñïå÷åíèÿ åäèí-

ñòâà èçìåðåíèé â Ðîññèéñêîé Ôåäåðàöèè [12].

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Ìåòîä èçìåðåíèé è îáîðóäîâàíèå. ÃÏÐÌÈ

âêëþ÷àåò ïðîáîïîäãîòîâêó, îçîëåíèå íàâåñêè

àíàëèçèðóåìîé ïðîáû â óñëîâèÿõ, îïðåäåëÿåìûõ

ìåòîäèêîé èçìåðåíèé, è ïîñëåäóþùåå ãðàâèìåò-

ðè÷åñêîå èçìåðåíèå ìàññû ìèíåðàëüíîãî îñòàòêà

ïîñëå îçîëåíèÿ.

Ìàññîâóþ äîëþ çîëû, WA, %, â èñïûòóåìîé

ïðîáå âû÷èñëÿþò ïî ôîðìóëå

W
m m

m m
A

�

�

�

( ) ·
,

3 1

2 1

100
(1)

ãäå m1 — ìàññà òèãëÿ, ã; m2 — ìàññà òèãëÿ ñ íà-

âåñêîé ã; m3 — ìàññà òèãëÿ ñ çîëîé ïîñëå ñæèãà-

íèÿ íàâåñêè, ã.

Äëÿ òåðìîãðàâèìåòðè÷åñêîãî îïðåäåëåíèÿ

çîëû èñïîëüçîâàëè Ãîñóäàðñòâåííûé ýòàëîí åäè-

íèöû ìàññû 1-ãî ðàçðÿäà â äèàïàçîíå çíà÷åíèé

îò 0,01 äî 220 ã — ¹ 3.1.ZZC.0001.2012 — âåñû

ëàáîðàòîðíûå ýëåêòðîííûå LE 225 D (äèàïàçîí

èçìåðåíèé — 0,01 – 220 ã, ðàñøèðåííàÿ íåîïðå-

äåëåííîñòü âåñîâ U (k = 2) äî 50 ã âêë. —

0,00014 ã); ëàáîðàòîðíóþ ýëåêòðîïå÷ü ñîïðîòèâ-

ëåíèÿ SNOL 8.2/1100, ñíàáæåííóþ ñèñòåìîé âåí-

òèëÿöèè è âîçäóõîîòâîäà (äèàïàçîí çàäàíèÿ òåì-

ïåðàòóðû — 50 – 1100 °C, íåñòàáèëüíîñòü ïîääåð-

æàíèÿ — ±0,9 °C, íåðàâíîìåðíîñòü ïî îáúåìó —

±10 °C) è èíôðàêðàñíóþ ïå÷ü InKjel M (äèàïà-

çîí óñòàíîâêè òåìïåðàòóðû — 20 – 500 °C, íåðàâ-

íîìåðíîñòü ðàñïðåäåëåíèÿ òåìïåðàòóðû íàãðå-

âàòåëüíîãî áëîêà — ±0,5 °C, íåñòàáèëüíîñòü òåì-

ïåðàòóðû íàãðåâàòåëüíîãî áëîêà — ±1 °C).

Âñïîìîãàòåëüíîå îáîðóäîâàíèå äëÿ ïîäãîòîâ-

êè ïðîá âêëþ÷àåò ðàçìàëûâàþùåå óñòðîéñòâî,

íîæåâóþ ìåëüíèöó ñ îõëàæäåíèåì ðàáî÷åé êàìå-

ðû, ïîëóàâòîìàòè÷åñêèé âèáðàöèîííûé ñèòîâîé

øåéêåð ñ êîìïëåêòîì ñèò è äåëèòåëü ïðîá.

Êà÷åñòâî ïîëó÷àåìîé çîëû êîíòðîëèðîâà-

ëè âèçóàëüíî è ñ èñïîëüçîâàíèåì ñòåðåîñêîïè-

÷åñêîãî ïàíêðàòè÷åñêîãî ìèêðîñêîïà (ÌÑÏ-2,

âàðèàíò 3).

Ïîëíîòó ñæèãàíèÿ îðãàíè÷åñêèõ âåùåñòâ

ïðîâåðÿëè ñ èñïîëüçîâàíèåì ýòàëîííîé óñòàíîâ-

êè, âõîäÿùåé â ñîñòàâ Ãîñóäàðñòâåííîãî ïåðâè÷-

íîãî ýòàëîíà åäèíèö ìàññîâîé äîëè, ìàññîâîé

(ìîëÿðíîé) êîíöåíòðàöèè âîäû â òâåðäûõ è æèä-

êèõ âåùåñòâàõ è ìàòåðèàëàõ ÃÝÒ 173–2017, ìåòî-

äîì òåðìîãðàâèìåòðè÷åñêîãî àíàëèçà ñ ìàññ-

ñïåêòðîìåòðè÷åñêèì äåòåêòèðîâàíèåì (ÒÃÀ-ÌÑ).

Ñîñòàâ è ìåòðîëîãè÷åñêèå õàðàêòåðèñòèêè óñòà-

íîâêè ïîäðîáíî îïèñàíû â ðàáîòå [13].

Èññëåäîâàíèå ïðîâîäèëè â äèíàìè÷åñêîì ðå-

æèìå (ïðè íàãðåâàíèè ñ ïîñòîÿííîé ñêîðîñòüþ

5 °C/ìèí). Ñîñòàâ âûäåëÿþùèõñÿ èç çîëüíûõ îñ-

òàòêîâ ëåòó÷èõ ïðîäóêòîâ êîíòðîëèðîâàëè ñ ïî-

ìîùüþ ìàññ-äåòåêòîðà â ðåæèìå MID (Multiple

Ion Detection Mode) — ìîíèòîðèíãà âûáðàííûõ

èîíîâ — ðåãèñòðèðîâàëè çàâèñèìîñòü èîííîãî

òîêà îò òåìïåðàòóðû äëÿ âûáðàííûõ ìàññîâûõ

÷èñåë. Ïîñêîëüêó â ðåçóëüòàòå ñãîðàíèÿ îðãàíè-

÷åñêèõ âåùåñòâ â îñíîâíîì âûäåëÿþòñÿ óãëåêèñ-

ëûé ãàç è âîäà, áûëè âûáðàíû ñîîòíîøåíèÿ m/z

18 è 17 à.å.ì., ñîîòâåòñòâóþùèå îáðàçóþùèìñÿ

â ðåçóëüòàòå ôðàãìåíòàöèè ìîëåêóëàì âîäû, è

44 à.å.ì., ñîîòâåòñòâóþùèå ìîëåêóëàì óãëåêèñëî-

ãî ãàçà.

Ìàññîâóþ äîëþ âîäû â èññëåäóåìûõ ïðîäóê-

òàõ îïðåäåëÿëè ñ èñïîëüçîâàíèåì ýòàëîííîé

óñòàíîâêè âîçäóøíî-òåïëîâîé ñóøêè èç ñîñòàâà

Ãîñóäàðñòâåííîãî ïåðâè÷íîãî ýòàëîíà åäèíèö

ìàññîâîé äîëè è ìàññîâîé (ìîëÿðíîé) êîíöåíòðà-

öèè âîäû â òâåðäûõ è æèäêèõ âåùåñòâàõ è ìàòå-

ðèàëàõ ÃÝÒ 173-2017.

Îáñóæäåíèå ðåçóëüòàòîâ

Âûáîð òåìïåðàòóðû è âðåìåíè îçîëåíèÿ.

Äëÿ óñòàíîâëåíèÿ òåìïåðàòóðû è âðåìåíè îçî-

ëåíèÿ ðóêîâîäñòâîâàëèñü ñëåäóþùèìè êðèòå-

ðèÿìè:

îäíîðîäíîñòü ïîëó÷åííîé çîëû, äîñòèæåíèå

áåëî-ñåðîãî öâåòà, îòñóòñòâèå íåñãîðåâøèõ ÷àñ-

òèö (âèçóàëüíûé êîíòðîëü);

äîñòèæåíèå ïîñòîÿííîé ìàññû îçîëåííîãî îñ-

òàòêà (âçâåøèâàíèå);

ìèíèìàëüíûé ðàçáðîñ ðåçóëüòàòîâ èçìåðå-

íèé ìàññîâîé äîëè çîëû (ñðàâíåíèå ñðåäíåêâàä-

ðàòè÷åñêîãî îòêëîíåíèÿ);

ïîëíîòà ñæèãàíèÿ îðãàíè÷åñêèõ âåùåñòâ

(àíàëèç âûäåëÿþùèõñÿ ïðè îçîëåíèè âåùåñòâ).

Äàëåå ðàññìîòðåí ïðèìåð îïðåäåëåíèÿ òåì-

ïåðàòóðû è âðåìåíè îçîëåíèÿ äëÿ ïðîá ñóõîãî

ìîëîêà.

Íà ðèñ. 1 ïðèâåäåíû ôîòîãðàôèè òèãëåé ñ çî-

ëîé, ïîëó÷åííîé ïðè ñæèãàíèè ïðîá ñóõîãî ìîëî-

êà â òå÷åíèå 5 ÷ ïðè ðàçëè÷íûõ òåìïåðàòóðàõ.

Èç ðèñ. 1 âèäíî, ÷òî îñòàòêè, ïîëó÷åííûå ïðè

íàãðåâàíèè íà âîçäóõå â òå÷åíèå îäíîãî è òîãî

æå âðåìåíè, íî ïðè ðàçíûõ òåìïåðàòóðàõ, ñóùå-
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ñòâåííî îòëè÷àþòñÿ ìåæäó ñîáîé ïî ìîðôîëîãè-

÷åñêèì ïðèçíàêàì. Ïðè îçîëåíèè ïðè íèçêîé

òåìïåðàòóðå (200 °C) ïîëó÷àåìûé îñòàòîê ïðåä-

ñòàâëÿåò ñîáîé ñïåêøèéñÿ êîìîê ÷åðíîãî öâåòà

(ñì. ðèñ. 1, à), ÷òî ñâèäåòåëüñòâóåò î íåïîëíîì

ñãîðàíèè îðãàíè÷åñêèõ âåùåñòâ. Ïîñëå ñæèãàíèÿ

ïðè 450 °C ïîëó÷àåìûé îñòàòîê — ðûõëûé, èìå-

åò òåìíî-ñåðûé öâåò è âèçóàëüíî êàæåòñÿ îäíî-

ðîäíûì (ñì. ðèñ. 1, á). Îäíàêî ïðè èçó÷åíèè ïî-

ëó÷åííîãî îñòàòêà ñ ïîìîùüþ ìèêðîñêîïà

ÌÑÏ-2 ïðè 80-êðàòíîì óâåëè÷åíèè (ñâåò èñêóñ-

ñòâåííûé, îòðàæåííûé) áûëî óñòàíîâëåíî íàëè-

÷èå â ìàññå îñòàòêà ìíîæåñòâà îáóãëåííûõ è ïîë-

íîñòüþ íå ñãîðåâøèõ ÷àñòèö (ðèñ. 2, à). Çîëüíûé

îñòàòîê, ïîëó÷åííûé ïðè îçîëåíèè îáðàçöîâ ïðè

550 °C, èìååò ðûõëóþ ñòðóêòóðó è ñâåòëî-ñåðûé

öâåò (ñì. ðèñ. 1, â). Ïðè èçó÷åíèè ïîëó÷åííîãî

îñòàòêà ñ ïîìîùüþ ìèêðîñêîïà ÌÑÏ-2 ïðè òà-

êîì æå óâåëè÷åíèè â ìàññå îñòàòêà íåñãîðåâøèõ

÷àñòèö îáíàðóæåíî íå áûëî (ðèñ. 2, á).

Â ïðîöåññå îçîëåíèÿ ïðè 600 °C (ñì. ðèñ. 1, ã)

íà ïîâåðõíîñòè ïðîáû íàáëþäàåòñÿ îáðàçîâàíèå

òâåðäîé êîðî÷êè áåëîãî öâåòà, ïîä êîòîðîé íàõî-

äèòñÿ âåùåñòâî ÷åðíîãî öâåòà. Òàêàÿ êàðòèíà

ñâèäåòåëüñòâóåò î òîì, ÷òî íà ïîâåðõíîñòè ïðîáû

îáðàçîâàëñÿ îêñèäíûé ñëîé, êîòîðûé ïðåïÿò-
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Ðèñ. 1. Ôîòîãðàôèè òèãëåé ñ çîëîé ñóõîãî ìîëîêà, ïîëó÷åííîé ïîñëå ñæèãàíèÿ â òå÷åíèå 5 ÷ ïðè ðàçëè÷íûõ òåìïåðàòó-

ðàõ, °C: 200 (à); 450 (á); 550 (â); 600 (ã); 800 (ä)

Ðèñ. 2. Ôîòîãðàôèè â ïîëå çðåíèÿ ìèêðîñêîïà ÌÑÏ-2

(×80, ñâåò èñêóññòâåííûé, îòðàæåííûé) òèãëåé ñ çîëîé

ñóõîãî ìîëîêà, ïîëó÷åííîé ïîñëå ñæèãàíèÿ â òå÷åíèå 5 ÷

ïðè ðàçëè÷íûõ òåìïåðàòóðàõ, °C: 450 (à), 550 (á)



ñòâóåò ïðîíèêíîâåíèþ êèñëîðîäà âãëóáü ïðîáû,

÷òî îáóñëàâëèâàåò íåïîëíîå ñãîðàíèå îðãàíè÷å-

ñêèõ âåùåñòâ, à òàêæå ðàçëîæåíèå êàðáîíàòîâ è

ãèäðîêàðáîíàòîâ, ÷òî ïðèâîäèò ê çàâûøåííûì

ðåçóëüòàòàì èçìåðåíèé ìàññîâîé äîëè çîëû.

Ïðè äàëüíåéøåì ïîâûøåíèè òåìïåðàòóðû

ïðîäîëæàåòñÿ ïðîöåññ ðàçëîæåíèÿ íåîðãàíè÷å-

ñêèõ âåùåñòâ, ñîïðîâîæäàþùèéñÿ îáðàçîâàíèåì

îêñèäîâ. Ïîýòîìó îñòàòîê, ïîëó÷åííûé ïðè ñæè-

ãàíèè îáðàçöîâ ïðè 800 °C (ñì. ðèñ. 1, ä), ïðåä-

ñòàâëÿåò ñîáîé òâåðäîå áåëîå âåùåñòâî.

Äëÿ ïîäòâåðæäåíèÿ èëè îïðîâåðæåíèÿ ðå-

çóëüòàòîâ âèçóàëüíîãî êîíòðîëÿ ïîëíîòó ñæè-

ãàíèÿ îðãàíè÷åñêèõ âåùåñòâ â çîëüíûõ îñòàò-

êàõ, ïîëó÷åííûõ ðàíåå ïðè ðàçíûõ òåìïåðàòó-

ðàõ, ïðîâåðÿëè ñ ïîìîùüþ ýòàëîííîé óñòàíîâêè

ÒÃÀ-ÌÑ.

Â êà÷åñòâå ïðèìåðà íà ðèñ. 3 ïðèâåäåíû òè-

ïè÷íûå òåðìîãðàììû è çàâèñèìîñòè èîííîãî

òîêà äëÿ m/z = 44 à.å.ì., ïîëó÷åííûå ïðè àíàëè-

çå îáðàçöîâ çîëû ñóõîãî ìîëîêà (ïîñëå ñæèãàíèÿ

ïðè ðàçëè÷íûõ òåìïåðàòóðàõ â òå÷åíèå 5 ÷).

Èç ðèñ. 3 âèäíî, ÷òî íàèáîëüøåå èçìåíåíèå

ìàññû è âûäåëåíèå óãëåêèñëîãî ãàçà íàáëþäàþò-

ñÿ äëÿ çîëüíûõ îñòàòêîâ, ïîëó÷åííûõ ïðè ñæèãà-

íèè ïðîá ïðè 600 è 650 °C. Ïðè ýòîì âûäåëåíèå

óãëåêèñëîãî ãàçà ïðîèñõîäèò òðèæäû (ìàêñèìó-

ìû íà êðèâîé èîííîãî òîêà) — ïðè òåìïåðàòó-

ðàõ, áëèçêèõ ê 520, 610 è 705 °C (íà ðèñ. 3 îáîçíà-

÷åíû ïóíêòèðíîé ëèíèåé).

Òàêàÿ êàðòèíà õîðîøî ñîãëàñóåòñÿ ñ ðåçóëü-

òàòàìè, ïîëó÷åííûìè ðàíåå (ñì. ðèñ. 1, ã), è ñâè-

äåòåëüñòâóåò î òîì, ÷òî ïðè òåìïåðàòóðàõ âûøå

600 °C îêñèäíàÿ ïëåíêà, îáðàçóþùàÿñÿ íà ïî-

âåðõíîñòè îçîëÿåìîé ïðîáû, ïðåïÿòñòâóåò ïîëíî-

ìó ñãîðàíèþ îðãàíè÷åñêèõ âåùåñòâ â íåé. Â ðå-

çóëüòàòå ýòîãî ïðè ñæèãàíèè â äèíàìè÷åñêîì

ðåæèìå çîëüíîãî îñòàòêà, ïîëó÷åííîãî ïðè óêà-

çàííûõ óñëîâèÿõ, ïðè òåìïåðàòóðå îêîëî 520 °C

ïðîèñõîäèò âûäåëåíèå óãëåêèñëîãî ãàçà, îáóñëîâ-

ëåííîå îêèñëåíèåì îñòàâøèõñÿ â çîëüíîì îñòàò-

êå îðãàíè÷åñêèõ âåùåñòâ.

Âûäåëåíèå óãëåêèñëîãî ãàçà ïðè òåìïåðàòó-

ðå, áëèçêîé ê 520 °C, òàêæå ïðîèñõîäèò è ïðè

ñæèãàíèè â äèíàìè÷åñêîì ðåæèìå çîëüíîãî îñ-

òàòêà, ïîëó÷åííîãî ïðè 450 °C â òå÷åíèå 5 ÷, ÷òî

ñâèäåòåëüñòâóåò î íåïîëíîì ñãîðàíèè îðãàíè÷å-

ñêèõ âåùåñòâ â ïðîáå ïðè äàííûõ óñëîâèÿõ.

Îòñóòñòâèå óêàçàííûõ ïèêîâ ïðè ñæèãàíèè

îñòàòêîâ, ïîëó÷åííûõ ïðè 550 è 800 °C, ñâèäå-

òåëüñòâóåò îá îòñóòñòâèè îðãàíè÷åñêèõ êîìïî-

íåíòîâ â íèõ.

Èç ðèñ. 3 òàêæå âèäíî, ÷òî ïðè íàãðåâàíèè

âñåõ çîëüíûõ îñòàòêîâ, ïîëó÷åííûõ ïðè ñæèãà-

íèè ïðîá ïðè òåìïåðàòóðàõ 450, 550, 600 è

650 °C, â äèíàìè÷åñêîì ðåæèìå íàáëþäàåòñÿ âû-

äåëåíèå óãëåêèñëîãî ãàçà ïðè òåìïåðàòóðàõ,

áëèçêèõ ê 610 °C. Îäíàêî â ñîîòâåòñòâèè ñî çíà-

÷åíèÿìè èîííîãî òîêà äëÿ m/z = 17 è 18 à.å.ì.

âûäåëåíèå óãëåêèñëîãî ãàçà â äàííîì ñëó÷àå íå

ñîïðîâîæäàåòñÿ âûäåëåíèåì âîäû. Ýòî ñâèäå-

òåëüñòâóåò î òîì, ÷òî äàííûé ïðîöåññ íå ñâÿçàí

ñî ñãîðàíèåì îðãàíè÷åñêèõ êîìïîíåíòîâ ïðîáû, à

âûäåëåíèå óãëåêèñëîãî ãàçà, ñêîðåå âñåãî, îáó-

ñëîâëåíî ïðîöåññàìè, ïðîòåêàþùèìè â íåîðãà-

íè÷åñêîé ÷àñòè îñòàòêà, íàïðèìåð, ñ ðàçëîæåíè-

åì òåðìîíåñòàáèëüíûõ ñîëåé, òàêèõ êàê êàðáîíà-

òû, äî îêñèäîâ [14].

Âûäåëåíèå óãëåêèñëîãî ãàçà òàêæå íàáëþ-

äàåòñÿ ïðè íàãðåâàíèè çîëüíûõ îñòàòêîâ, ïî-

ëó÷åííûõ ïðè ñæèãàíèè ïðîá ïðè 600 è 650 °C,

â äèíàìè÷åñêîì ðåæèìå äî òåìïåðàòóð, áëèçêèõ
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Ðèñ. 3. Òèïè÷íûå òåðìîãðàììû, çàðåãèñòðèðîâàííûå â äèíàìè÷åñêîì ðåæèìå (ñî ñêîðîñòüþ íàãðåâà 5 °C/ìèí), è òåìïå-

ðàòóðíûå çàâèñèìîñòè èîííîãî òîêà äëÿ m/z = 44 à.å.ì., çàðåãèñòðèðîâàííûå â ðåæèìå MID, îáðàçöîâ çîëû ñóõîãî ìîëî-

êà, ïîëó÷åííîé ïîñëå ñæèãàíèÿ ïðè ðàçëè÷íûõ òåìïåðàòóðàõ â òå÷åíèå 5 ÷



ê 705 °C (ñì. ðèñ. 3). Ýòî ÿâëåíèå îáóñëîâëåíî

ïðîöåññàìè, ïðîòåêàþùèìè â íåîðãàíè÷åñêîé

÷àñòè îñòàòêîâ, è, âåðîÿòíî, ñâÿçàíî ñ îäíîâðå-

ìåííûì íàëè÷èåì â íèõ íåîðãàíè÷åñêèõ ñîëåé è

îêñèäîâ. Óñòàíîâëåíèå êîíêðåòíûõ ïðîöåññîâ,

ïðîòåêàþùèõ â íåîðãàíè÷åñêîé ÷àñòè îñòàòêîâ, è

ïðè÷èí, èõ âûçûâàþùèõ, íå âõîäèëî â çàäà÷ó íà-

ñòîÿùåãî èññëåäîâàíèÿ.

Íà îñíîâàíèè ïîëó÷åííûõ ðåçóëüòàòîâ â êà-

÷åñòâå òåìïåðàòóðû îçîëåíèÿ äëÿ ïðîá ñóõîãî ìî-

ëîêà áûëà âûáðàíà òåìïåðàòóðà 550 °C.

Ïîñëå âûáîðà òåìïåðàòóðû áûëè ïðîâåäåíû

ýêñïåðèìåíòû ïî âàðüèðîâàíèþ âðåìåíè îçîëå-

íèÿ. Â êà÷åñòâå ïðèìåðà íà ðèñ. 4 ïðåäñòàâëåíû

òåðìîãðàììû çîëüíîãî îñòàòêà ñóõîãî ìîëîêà, ïî-

ëó÷åííîãî ïóòåì ñæèãàíèÿ ïðîáû ïðè òåìïåðàòó-

ðå 550 °C â òå÷åíèå ðàçíîãî âðåìåíè.

Êàê âèäíî èç ðèñ. 4, íàèáîëüøàÿ ïîòåðÿ ìàñ-

ñû è âûäåëåíèå óãëåêèñëîãî ãàçà íàáëþäàþòñÿ

ïðè íàãðåâàíèè çîëüíîãî îñòàòêà, ïîëó÷åííîãî

ïðè ñæèãàíèè ïðîáû ñóõîãî ìîëîêà ïðè 550 °C â

òå÷åíèå îäíîãî ÷àñà. Ïðè ýòîì âûäåëåíèå óãëå-

êèñëîãî ãàçà ïðîèñõîäèò â äèàïàçîíå òåìïåðàòóð

îò 250 äî 550 °C è ñâÿçàíî ñî ñãîðàíèåì îðãàíè÷å-

ñêèõ êîìïîíåíòîâ ïðîáû, ÷òî ñâèäåòåëüñòâóåò î

åå íåïîëíîì îçîëåíèè. Âòîðîé ìàêñèìóì âûäåëå-

íèÿ óãëåêèñëîãî ãàçà íàáëþäàåòñÿ ïðè òåìïåðà-

òóðå, áëèçêîé ê 610 °C. Êàê óæå áûëî ïîêàçàíî

âûøå, ýòî íå ñâÿçàíî ñî ñãîðàíèåì îðãàíè÷åñêèõ

êîìïîíåíòîâ ïðîáû, à îáóñëîâëåíî ïðîöåññàìè,

ïðîòåêàþùèìè â íåîðãàíè÷åñêîé ÷àñòè îñòàòêà.

Ïðè íàãðåâàíèè çîëüíîãî îñòàòêà, ïîëó÷åí-

íîãî ïðè ñæèãàíèè ïðîá ñóõîãî ìîëîêà ïðè

550 °C â òå÷åíèå äâóõ è òðåõ ÷àñîâ, âûäåëåíèå

óãëåêèñëîãî ãàçà ïðîèñõîäèò äâàæäû. Ïåðâûé

ðàç — ïðè òåìïåðàòóðàõ, áëèçêèõ ê 520 °C, ÷òî

ñâÿçàíî ñî ñãîðàíèåì îðãàíè÷åñêèõ êîìïîíåíòîâ

ïðîáû. Êàê âèäíî èç ðèñ. 4, ýòè ïèêè ñóùåñòâåí-

íî ìåíüøå àíàëîãè÷íîãî ïèêà íà êðèâîé èîííîãî

òîêà, ïîëó÷åííîé äëÿ ïðîáû, îçîëÿåìîé â òå÷å-

íèå îäíîãî ÷àñà. Ýòî ñâèäåòåëüñòâóåò îá óìåíü-

øåíèè äîëè îðãàíè÷åñêèõ êîìïîíåíòîâ â ïðîáàõ,

îçîëÿåìûõ â òå÷åíèå äâóõ è òðåõ ÷àñîâ, ïî ñðàâ-

íåíèþ ñ ïðîáîé, îçîëÿåìîé â òå÷åíèå îäíîãî

÷àñà. Â òî æå âðåìÿ íàëè÷èå äàííûõ ïèêîâ íà

êðèâûõ èîííîãî òîêà ñâèäåòåëüñòâóåò î òîì, ÷òî

ïîëíîãî îçîëåíèÿ ïðîáû íè â òå÷åíèå äâóõ, íè â

òå÷åíèå òðåõ ÷àñîâ íå ïðîèñõîäèò.

Âòîðîé ìàêñèìóì âûäåëåíèÿ óãëåêèñëîãî

ãàçà, êàê è â ñëó÷àå ñ ïðîáîé, îçîëÿåìîé â òå÷å-

íèå îäíîãî ÷àñà, íàáëþäàåòñÿ ïðè òåìïåðàòóðå,

áëèçêîé ê 610 °C, è îáóñëîâëåí ïðîöåññàìè, ïðî-

òåêàþùèìè â íåîðãàíè÷åñêîé ÷àñòè îñòàòêà.

Òàêîé âèä êðèâûõ èîííîãî òîêà õîðîøî ñî-

ãëàñóåòñÿ ñ âèäîì àíàëîãè÷íûõ êðèâûõ, ïîëó÷åí-

íûõ äëÿ ïðîá, îçîëÿåìûõ â òå÷åíèå 5 ÷, íî ïðè

ìåíüøèõ òåìïåðàòóðàõ, íàïðèìåð ïðè òåìïåðà-

òóðå 450 °C (ñì. ðèñ. 3).

Â òî æå âðåìÿ èç ðèñ. 4 âèäíî, ÷òî ïðè íàãðå-

âàíèè çîëüíîãî îñòàòêà, ïîëó÷åííîãî ïðè îçîëå-

íèè ñóõîãî ìîëîêà â òå÷åíèå 5 ÷ ïðè òåìïåðàòóðå

550 °C, âûäåëåíèÿ óãëåêèñëîãî ãàçà, ñâÿçàííîãî

ñî ñæèãàíèåì îðãàíè÷åñêèõ êîìïîíåíòîâ, íå ïðî-

èñõîäèò (îòñóòñòâóåò ïèê íà êðèâîé èîííîãî òîêà

â äèàïàçîíå òåìïåðàòóð, áëèçêèõ ê 520 °C), ÷òî

ìîæåò ñâèäåòåëüñòâîâàòü îá îòñóòñòâèè îðãàíè-

÷åñêèõ êîìïîíåíòîâ â çîëüíîì îñòàòêå, ò.å. î ïîë-

íîì çàâåðøåíèè ïðîöåññà îçîëåíèÿ â òå÷åíèå 5 ÷

ïðè òåìïåðàòóðå 550 °C.
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Ðèñ. 4. Òèïè÷íûå òåðìîãðàììû, çàðåãèñòðèðîâàííûå â äèíàìè÷åñêîì ðåæèìå (ñî ñêîðîñòüþ íàãðåâà 5 °C/ìèí), è òåìïå-

ðàòóðíûå çàâèñèìîñòè èîííîãî òîêà äëÿ m/z = 44 à.å.ì., çàðåãèñòðèðîâàííûå â ðåæèìå MID, îáðàçöîâ çîëû ñóõîãî ìîëî-

êà, ïîëó÷åííîé ïóòåì ñæèãàíèÿ ïðè òåìïåðàòóðå 550 °C â òå÷åíèå ðàçíîãî âðåìåíè



Âûáîð ìàññû è âðåìåíè îõëàæäåíèÿ. Êðèòå-

ðèåì âûáîðà ìàññû íàâåñêè ÿâëÿëîñü äîñòèæå-

íèå ìèíèìàëüíîãî ðàçáðîñà (ñðåäíåêâàäðàòè÷å-

ñêîãî îòêëîíåíèÿ) ðåçóëüòàòîâ èçìåðåíèé ìàññî-

âîé äîëè çîëû. Ðåçóëüòàòû âàðüèðîâàíèÿ ìàññû

íàâåñêè ïðåäñòàâëåíû íà ðèñ. 5, âûáðàííîå çíà-

÷åíèå ìàññû íàâåñêè ïðè îçîëåíèè ïðîá ñóõîãî

ìîëîêà ñîñòàâëÿåò 2 ã.

Äëÿ ïîëó÷åíèÿ äîñòîâåðíûõ ðåçóëüòàòîâ

âçâåøèâàíèÿ íåîáõîäèìî îñòóäèòü òèãåëü ñ çî-

ëîé â ýêñèêàòîðå ñ îñóøàþùèì âåùåñòâîì äî

êîìíàòíîé òåìïåðàòóðû. Ýêñïåðèìåíòàëüíî âû-

áðàííîå âðåìÿ îõëàæäåíèÿ ñîñòàâèëî 90 ìèí.

Îöåíêà ïîêàçàòåëåé òî÷íîñòè ÃÏÐÌÈ.

Îöåíêó ïîêàçàòåëÿ ïðàâèëüíîñòè ÃÏÐÌÈ ïðî-

âîäè ïóòåì ïîñòðîåíèÿ ïîëíîãî áþäæåòà ñîñòàâ-

ëÿþùèõ ïîãðåøíîñòè (íåîïðåäåëåííîñòè) [15].

Èñòî÷íèêàìè ïîãðåøíîñòè (íåîïðåäåëåííîñòè),

íåïîñðåäñòâåííî âõîäÿùèìè â óðàâíåíèå èçìå-

ðåíèé (1), ÿâëÿþòñÿ íåîïðåäåëåííîñòü âçâåøèâà-

íèÿ ìàññû òèãëÿ — m1, ìàññû òèãëÿ ñ íàâåñêîé —

m2, ìàññû òèãëÿ ñ çîëîé — m3.

Äðóãèìè èñòî÷íèêàìè íåîïðåäåëåííîñòè, êî-

òîðûå íå âõîäÿò â óðàâíåíèå èçìåðåíèé, íî îêà-

çûâàþò âëèÿíèå íà ðåçóëüòàò èçìåðåíèé ìàññî-

âîé äîëè çîëû (ìåòîäè÷åñêèå ôàêòîðû), ÿâëÿþò-

ñÿ ìàññà íàâåñêè m, òåìïåðàòóðà îáóãëèâàíèÿ

Tîá, âðåìÿ îáóãëèâàíèÿ tîá, òåìïåðàòóðà îçîëåíèÿ

Tîç, âðåìÿ îçîëåíèÿ tîç, âðåìÿ îõëàæäåíèÿ ô. Ñìå-

ùåíèå, ñâÿçàííîå ñ ìåòîäè÷åñêèìè ïàðàìåòðàìè,

îöåíèâàëè ïóòåì ïðîâåäåíèÿ ìíîãîôàêòîðíîãî

ýêñïåðèìåíòà [16], ðåçóëüòàòû êîòîðîãî îáðàáà-

òûâàëè ñ ïîìîùüþ ðåãðåññèîííîãî àíàëèçà (ïà-

êåò àíàëèçà Microsoft Excel).

Ïîêàçàòåëè ïîâòîðÿåìîñòè è âíóòðèëàáîðà-

òîðíîé ïðåöèçèîííîñòè îöåíèâàëè â ñîîòâåòñò-

âèè ñ àëãîðèòìîì, ïðåäñòàâëåííûì â ðàçäåëå 5

ÐÌÃ 61 [17].

Äîïîëíèòåëüíî âûäåëÿëè òàêæå ñîñòàâëÿ-

þùèå ïîãðåøíîñòè, ñâÿçàííûå ñ íåîäíîðîä-

íîñòüþ ïðîáû è âëèÿíèåì îïåðàòîðà, êîòîðûå

îöåíèâàëè ìåòîäîì îäíîôàêòîðíîãî äèñïåðñèîí-

íîãî àíàëèçà ANOVA â ñîîòâåòñòâèè ñ àëãîðèò-

ìîì, ïðåäñòàâëåííûì â ñòàíäàðòå [18].

Òèïè÷íûå çíà÷åíèÿ âêëàäà ðàçëè÷íûõ èñòî÷-

íèêîâ â ñóììàðíóþ íåîïðåäåëåííîñòü ðåçóëüòà-

òîâ èçìåðåíèé ìàññîâîé äîëè çîëû ïðåäñòàâëåíû

íà ðèñ. 6 íà ïðèìåðå ïðîáû çåðíà ïøåíèöû.

Òî÷íîñòü ðåçóëüòàòîâ ïîâûøàåòñÿ çà ñ÷åò

ñíèæåíèÿ íåîïðåäåëåííîñòè èçìåðåíèÿ ìàññû

çîëû ïóòåì èñïîëüçîâàíèÿ âåñîâ ñ äèàïàçîíîì

èçìåðåíèé îò 0,01 äî 220 ã, ïðîøåäøèõ ïðåäâà-

ðèòåëüíóþ êàëèáðîâêó, âûáîðà ïàðàìåòðîâ èçìå-

ðåíèÿ (òåìïåðàòóðû è ïðîäîëæèòåëüíîñòè îáóã-

ëèâàíèÿ è îçîëåíèÿ, ìàññû íàâåñêè, âðåìåíè îõ-

ëàæäåíèÿ), à òàêæå òùàòåëüíîé ãîìîãåíèçàöèè

ïðîáû è ïðîâåäåíèÿ áîëüøîãî êîëè÷åñòâà ïàðàë-

ëåëüíûõ èçìåðåíèé.
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Ðèñ. 5. Çàâèñèìîñòü îòíîñèòåëüíîãî ñðåäíåêâàäðàòè÷å-

ñêîãî îòêëîíåíèÿ (ÎÑÊÎ) ðåçóëüòàòîâ èçìåðåíèÿ ìàññî-

âîé äîëè çîëû îò ìàññû íàâåñêè äëÿ ïðîá ñóõîãî ìîëîêà

Òàáëèöà 1. Äèàïàçîíû èçìåðåíèé, çíà÷åíèÿ ïîêàçàòåëåé òî÷íîñòè ðàçðàáîòàííîé ÃÏÐÌÈ

Îáðàçåö
Äèàïàçîí

èçìåðåíèé, %

Ãðàíèöû àáñîëþòíîé ïîãðåø-

íîñòè ïðè äîâåðèòåëüíîé

âåðîÿòíîñòè P = 0,95, %

Ðàñøèðåííàÿ íåîïðåäå-

ëåííîñòü ïðè êîýôôèöè-

åíòå îõâàòà k = 2, U, %

Çåðíî çåðíîâûõ è çåðíîáîáîâûõ

êóëüòóð, çåðíîïðîäóêòû

Îò 0,1 äî 10,0 âêë. ±0,02 0,02

Ñâ. 1,0 äî 10,0 âêë. ±0,03 0,03

Êðàõìàë Îò 0,05 äî 1,0 âêë. ±0,02 0,02

Ñâ. 1,0 äî 1,5 âêë. ±0,03 0,03

Ñàõàð Îò 0,003 äî 0,1 âêë. ±0,003 0,003

Ìîëî÷íûå ïðîäóêòû, â òîì ÷èñëå äëÿ

äåòñêîãî ïèòàíèÿ

Îò 0,1 äî 10 âêë. ±0,03 0,03

Íèçêîëàêòîçíûå, áåçëàêòîçíûå ïðîäóê-

òû, â òîì ÷èñëå äëÿ äåòñêîãî ïèòàíèÿ

Îò 0,1 äî 10 âêë. ±0,05 0,05

Êîìáèêîðìà è êîðìîâûå

êîìïîíåíòû

Îò 0,1 äî 1,0 âêë. ±0,02 0,02

Ñâ. 1,0 äî 10 âêë. ±0,03 0,03

Ñâ. 10 äî 20 âêë. ±0,1 0,1

Ñâ. 20 äî 40 âêë. ±0,3 0,3



Ìåòðîëîãè÷åñêèå õàðàêòåðèñòèêè ÃÏÐÌÈ

ìàññîâîé äîëè çîëû â ïèùåâûõ ïðîäóêòàõ è ïðî-

äîâîëüñòâåííîì ñûðüå ïðåäñòàâëåíû â òàáë. 1.

Àíàëèç äåéñòâóþùèõ íîðìàòèâíî-òåõíè÷å-

ñêèõ äîêóìåíòîâ â îáëàñòè èçìåðåíèé ñîäåðæà-

íèÿ çîëû ïîêàçàë (òàáë. 2), ÷òî ðàçðàáîòàííàÿ

ÃÏÐÌÈ îáëàäàåò çàïàñîì òî÷íîñòè ïî îòíîøå-

íèþ ê ñòàíäàðòèçîâàííûì ìåòîäèêàì èçìåðåíèé

â ñðåäíåì â ñîîòíîøåíèè îò 1:2 äî 1:3.

Ðàçðàáîòàííàÿ ÃÏÐÌÈ ñîäåðæèò äîêóìåíòè-

ðîâàííóþ ïðîöåäóðó êîíòðîëÿ òî÷íîñòè ðåçóëü-

òàòîâ èçìåðåíèé (âñåõ ñîñòàâëÿþùèõ íåîïðåäå-

ëåííîñòè èëè ïîãðåøíîñòè).

ÃÏÐÌÈ ïðåäíàçíà÷åíà äëÿ ïðîâåäåíèÿ âû-

ñîêîòî÷íûõ èçìåðåíèé ìàññîâîé äîëè çîëû,

îöåíêè ïðàâèëüíîñòè èçìåðåíèé, âûïîëíåííûõ ñ

èñïîëüçîâàíèåì äðóãèõ ìåòîäèê (ìåòîäîâ) èçìå-

ðåíèé, â òîì ÷èñëå ïðèìåíÿåìûõ ïðè ïîäòâåð-

æäåíèè ñîîòâåòñòâèÿ ïðîäóêöèè îáÿçàòåëüíûì

òðåáîâàíèÿì, êîòîðûå óñòàíîâëåíû â òåõíè÷å-

ñêèõ ðåãëàìåíòàõ Òàìîæåííîãî ñîþçà è Åâðàçèé-

ñêîãî ýêîíîìè÷åñêîãî ñîþçà, êàëèáðîâêè ñðåäñòâ

èçìåðåíèé è îïðåäåëåíèÿ õàðàêòåðèñòèê ñòàí-

äàðòíûõ îáðàçöîâ.

Ðåçóëüòàòû ìåæäóíàðîäíûõ ñëè÷åíèé. Ýêñ-

ïåðèìåíòàëüíîå ïîäòâåðæäåíèå ýêâèâàëåíòíî-

ñòè ðàçðàáîòàííîé ÃÏÐÌÈ àíàëîãè÷íûì ìåòî-

äèêàì (ìåòîäàì) èçìåðåíèé, èñïîëüçóåìûì â ìå-

æäóíàðîäíîé ïðàêòèêå, ïðîâåäåíî â õîäå ó÷àñòèÿ

ÔÃÓÏ «ÓÍÈÈÌ» â 2018 ã. â ðàóíäå ìåæëàáîðà-

òîðíûõ ñëè÷èòåëüíûõ èñïûòàíèé ïî îïðåäåëå-

íèþ ìàññîâîé äîëè çîëû â ñóõîì ìîëîêå (Profici-

ency Testing Study type B EPQS 738 Milk Pow-

der), îðãàíèçîâàííûõ MUVA Kempten GmbH

(Ãåðìàíèÿ). Â ðàóíäå ïðèíÿëà ó÷àñòèå 41 ëàáîðà-

òîðèÿ èç 14 ñòðàí. Äëÿ èçìåðåíèÿ ìàññîâîé äîëè

çîëû â ñóõîì ìîëîêå ëàáîðàòîðèè-ó÷àñòíèêè èñ-

ïîëüçîâàëè ìåòîä ñæèãàíèÿ â ìóôåëüíîé ïå÷è,

ñïåêòðîñêîïèþ â áëèæíåé èíôðàêðàñíîé îáëàñòè

è ÒÃÀ-àíàëèçàòîðû. Íà ðèñ. 7 ïðåäñòàâëåíû ðå-

çóëüòàòû îïðåäåëåíèÿ ñîäåðæàíèÿ çîëû â îáðàç-

öàõ ñóõîãî ìîëîêà.

ÔÃÓÏ «ÓÍÈÈÌ» ïðîäåìîíñòðèðîâàë óäîâ-

ëåòâîðèòåëüíûé ðåçóëüòàò ïî äâóì îáðàçöàì ñó-

õîãî ìîëîêà, ÷òî ñâèäåòåëüñòâóåò îá ýêâèâàëåíò-

íîñòè ðàçðàáîòàííîé ÃÏÐÌÈ àíàëîãè÷íûì ìå-

òîäèêàì (ìåòîäàì) èíîñòðàííûõ ãîñóäàðñòâ.

Ðàçðàáîòêà ñòàíäàðòíîãî îáðàçöà. Â 2018 –

2019 ãã. ÔÃÓÏ «ÓÍÈÈÌ» ðàçðàáîòàë íàáîð ñòàí-

äàðòíûõ îáðàçöîâ ñîñòàâà êîìáèêîðìîâ (ÊÊ-1 ÑÎ

ÓÍÈÈÌ) ÃÑÎ 11268–2019/ÃÑÎ 11270–2019.

Ìàòåðèàë ÑÎ ïðåäñòàâëÿåò ñîáîé êîìáèêîðì

â ðàññûïíîé, ãðàíóëèðîâàííîé ôîðìå èëè â âèäå

êðóïêè (òàáë. 3), ðàñôàñîâàííûé â äâîéíûå ãåð-

ìåòè÷íûå ïîëèýòèëåíîâûå èëè ìåòàëëèçèðîâàí-

íûå ïàêåòû; ìàññà ÑÎ ñîñòàâëÿåò îò 30 äî 100 ã â

çàâèñèìîñòè îò òðåáîâàíèé çàêàç÷èêà.

Â êà÷åñòâå àòòåñòîâàííîé õàðàêòåðèñòèêè,

êîëè÷åñòâåííî õàðàêòåðèçóþùåé ñîäåðæàíèå
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Òàáëèöà 2. Ïîêàçàòåëè òî÷íîñòè ìåòîäèê, ïðèìåíÿåìûõ â Ðîññèéñêîé Ôåäåðàöèè

Îáðàçåö
Äèàïàçîí èçìåðåíèé

ìàññîâîé äîëè çîëû, %

Ñòàíäàðòèçîâàííàÿ ìåòîäèêà

èçìåðåíèé (ÃÎÑÒ)

Ïîêàçàòåëè òî÷íîñòè

ÃÎÑÒ, ±Ä, %

Çåðíî çåðíîâûõ è çåðíîáîáî-

âûõ êóëüòóð, çåðíîïðîäóêòû

Îò 0,1 äî 10 âêë. ÃÎÑÒ ISO 2171–2016 0,05 – 0,06

ÃÎÑÒ Ð 51411–99 0,02 – 0,2

ÃÎÑÒ 10847–74 0,07

ÃÎÑÒ 26312.5–84 0,04

ÃÎÑÒ 27494–2016 0,04 – 0,05

Êðàõìàë Îò 0,05 äî 1,5 âêë. ÃÎÑÒ Ð 55800–2013 0,06

Ñàõàð Îò 0,003 äî 0,1 âêë. ÃÎÑÒ 12574–2016 0,005

Êîìáèêîðìà è êîðìîâûå

êîìïîíåíòû

Îò 0,1 äî 40,0 âêë. ÃÎÑÒ 26226–95 0,05 – 1,6

ÃÎÑÒ 32933–2014 0,1 – 0,6

ÃÎÑÒ 32041–2012 0,2 – 1,8

0 10 20 30 40 50

Ïðåöèçèîííîñòü

Âçâåøèâàíèå 1

Âçâåøèâàíèå 2

Âçâåøèâàíèå 3

Âëàæíîñòü

Ìàññà íàâåñêè

Òåìïåðàòóðà îáóãëèâàíèÿ

Âðåìÿ îáóãëèâàíèÿ

Òåìïåðàòóðà îçîëåíèÿ

Âðåìÿ îçîëåíèÿ

Âðåìÿ îõëàæäåíèÿ

Âêëàä èñòî÷íèêà â ñóììàðíóþ

íåîïðåäåëåíííîñòü, %

Ðèñ. 6. Òèïè÷íûå çíà÷åíèÿ âêëàäà îò ðàçëè÷íûõ èñòî÷-

íèêîâ â ñóììàðíóþ íåîïðåäåëåííîñòü (ïîãðåøíîñòü) ðå-

çóëüòàòîâ èçìåðåíèé ìàññîâîé äîëè çîëû (øòðèõîâûìè

ëèíèÿìè îáîçíà÷åí âêëàä, ñâÿçàííûé ñ íåîäíîðîäíîñòüþ

ïðîáû è âëèÿíèåì îïåðàòîðà)



çîëû, â ÑÎ ñîñòàâà êîìáèêîðìîâ ïðèíÿòà ìàññî-

âàÿ äîëÿ ñûðîé çîëû â ïåðåñ÷åòå íà àáñîëþòíî

ñóõîå âåùåñòâî. Èñïîëüçîâàíèå â ýòîì ñëó÷àå

òåðìèíà «ñûðàÿ çîëà» ñâÿçàíî ñ òåì, ÷òî â îñòàò-

êå, ïîëó÷åííîì ïðè ñæèãàíèè ïðîá êîìáèêîð-

ìîâ â ìóôåëüíîé ïå÷è, ïîìèìî íåîðãàíè÷åñêèõ

âåùåñòâ ñàìèõ êîðìîâ, ìîãóò ñîäåðæàòüñÿ ìèíå-

ðàëüíûå êîìïîíåíòû (ïî÷âà, ïåñîê è äð.), ðàíåå

âõîäèâøèå â ñîñòàâ êàê ïîñòîðîííèå ïðèìå-

ñè [19]. Ìåòðîëîãè÷åñêèå õàðàêòåðèñòèêè ÃÑÎ
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à
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Ðèñ. 7. Ðåçóëüòàòû ðàóíäà EPQS 738 Milk Powder (êîäîâûé íîìåð ÔÃÓÏ «ÓÍÈÈÌ» — 11): à — îáðàçåö 1; á — îáðàçåö 2

Òàáëèöà 3. Ìàòåðèàë ÃÑÎ 11268–2019/ÃÑÎ 11270–2019

Èíäåêñ ÑÎ Ìàòåðèàë ÑÎ ÍÄ íà ìàòåðèàë ÑÎ

ÊÊ-1-1 Êîìáèêîðì äëÿ ñåëüñêî-

õîçÿéñòâåííîé ïòèöû

ÃÎÑÒ Ð 51851–2001, ÃÎÑÒ Ð 51899–2009, ÃÎÑÒ 18221–2018

ÊÊ-1-2 Êîìáèêîðì äëÿ ñâèíåé ÃÎÑÒ Ð 51899–2009, ÃÎÑÒ Ð 52255–2004,

ÃÎÑÒ 34109–2017, ÃÎÑÒ Ð 51550–2000

ÊÊ-1-3 Êîìáèêîðì äëÿ êðóïíîãî ðîãàòîãî ñêîòà ÃÎÑÒ Ð 51899–2009, ÃÎÑÒ Ð 52254–2004, ÃÎÑÒ 9268–2015

Òàáëèöà 4. Ìåòðîëîãè÷åñêèå õàðàêòåðèñòèêè ÃÑÎ 11268–2019/ÃÑÎ 11270–2019

Àòòåñòóåìàÿ õàðàêòåðèñòèêà
Èíòåðâàë äîïóñêàåìûõ

àòòåñòîâàííûõ çíà÷åíèé ÑÎ, %

Ãðàíèöû äîïóñêàåìûõ çíà÷åíèé àáñîëþòíîé

ïîãðåøíîñòè àòòåñòîâàííîãî çíà÷åíèÿ (ïðè

P = 0,95), %

Ìàññîâàÿ äîëÿ âëàãè 7,0 – 18,0 ±0,2

Ìàññîâàÿ äîëÿ àçîòà * 1,60 – 4,80 ±0,05

Ìàññîâàÿ äîëÿ ñûðîãî ïðîòåèíà*,** 10,0 – 30,0 ±0,3

Ìàññîâàÿ äîëÿ ñûðîãî æèðà* 1,0 – 10,0 ±0,2

Ìàññîâàÿ äîëÿ ñûðîé çîëû* 1,0 – 10,0 ±0,05

10,0–20,0 ±0,1

* Çíà÷åíèÿ óêàçàíû â ïåðåñ÷åòå íà àáñîëþòíî ñóõîå âåùåñòâî.

** Êîýôôèöèåíò ïåðåñ÷åòà ìàññîâîé äîëè àçîòà â ìàññîâóþ äîëþ ñûðîãî ïðîòåèíà ñîñòàâëÿåò 6,25.



11268–2019/ÃÑÎ 11270–2019 ïðåäñòàâëåíû â

òàáë. 4.

Ïðîñëåæèâàåìîñòü àòòåñòîâàííûõ çíà÷åíèé

ìàññîâîé äîëè ñûðîé çîëû ê åäèíèöå âåëè÷èíû

«ìàññîâàÿ äîëÿ» îáåñïå÷èâàåòñÿ ñòðîãèì ñîáëþ-

äåíèåì ïðîöåäóðû èçìåðåíèé ïî ÃÏÐÌÈ ìàññî-

âîé äîëè çîëû â ïèùåâûõ ïðîäóêòàõ è ïðîäî-

âîëüñòâåííîì ñûðüå Ì.241.02/RA.RU.311866/

2018.

ÃÑÎ 11268–2019/ÃÑÎ 11270–2019 ïðåäíàçíà-

÷åíû äëÿ êàëèáðîâêè, ãðàäóèðîâêè ñðåäñòâ èçìå-

ðåíèé ìàññîâûõ äîëåé àçîòà (ñûðîãî ïðîòåèíà),

âëàãè, ñûðîãî æèðà è ñûðîé çîëû â êîìáèêîðìàõ,

àòòåñòàöèè ìåòîäèê èçìåðåíèé è êîíòðîëÿ òî÷-

íîñòè ðåçóëüòàòîâ èçìåðåíèé ìàññîâûõ äîëåé

àçîòà (ñûðîãî ïðîòåèíà), âëàãè, ñûðîãî æèðà è

ñûðîé çîëû â êîìáèêîðìàõ. ÑÎ ìîãóò ïðèìåíÿòü-

ñÿ äëÿ ïîâåðêè ñðåäñòâ èçìåðåíèé ñîñòàâà êîìáè-

êîðìîâ è äëÿ äðóãèõ âèäîâ ìåòðîëîãè÷åñêîãî

êîíòðîëÿ ïðè ñîîòâåòñòâèè ìåòðîëîãè÷åñêèõ õà-

ðàêòåðèñòèê ÑÎ òðåáîâàíèÿì ïðîöåäóð ìåòðîëî-

ãè÷åñêîãî êîíòðîëÿ, à òàêæå êîíòðîëÿ ìåòðîëîãè-

÷åñêèõ õàðàêòåðèñòèê ñðåäñòâ èçìåðåíèé ïðè èõ

èñïûòàíèÿõ, â òîì ÷èñëå â öåëÿõ óòâåðæäåíèÿ

òèïà.

Çàêëþ÷åíèå

1. Ðàçðàáîòàíà ÃÏÐÌÈ Ì.241.02/RA.RU.

311866/2018, ðåàëèçîâàííàÿ ñ èñïîëüçîâàíèåì

îäíîãî êîìïëåêòà îáîðóäîâàíèÿ è îáåñïå÷èâàþ-

ùàÿ íàèâûñøóþ â Ðîññèéñêîé Ôåäåðàöèè òî÷-

íîñòü ðåçóëüòàòîâ èçìåðåíèé ìàññîâîé äîëè

çîëû â ïèùåâûõ ïðîäóêòàõ è ïðîäîâîëüñòâåííîì

ñûðüå.

2. ÃÏÐÌÈ óòâåðæäåíà ïðèêàçîì Ôåäåðàëü-

íîãî àãåíòñòâà ïî òåõíè÷åñêîìó ðåãóëèðîâàíèþ

è ìåòðîëîãèè îò 21 äåêàáðÿ 2018 ã. ¹ 2710 ñ ïðè-

ñâîåíèåì åé ðåãèñòðàöèîííîãî íîìåðà ÔÐ.ÏÐ1.

31.2018.00002.

3. Ïðîäåìîíñòðèðîâàíà ýêâèâàëåíòíîñòü

ðàçðàáîòàííîé ÃÏÐÌÈ àíàëîãè÷íûì ìåòîäè-

êàì (ìåòîäàì), èñïîëüçóåìûì â ìåæäóíàðîäíîé

ïðàêòèêå.

4. Ïîêàçàíà ïðèìåíèìîñòü ðàçðàáîòàííîé

ÃÏÐÌÈ äëÿ îïðåäåëåíèÿ õàðàêòåðèñòèê ìàòðè÷-

íûõ ñòàíäàðòíûõ îáðàçöîâ.
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