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Analysis of biomarkers in wastewater is increasingly seen as an important tool for valuation

of health, nutrition and use of various substances by humans. Some biomarkers are used for

population estimates, since the actual values of population size in cities can differ significan-

tly from official counts, which inevitably leads to errors in assessing the impact of various

factors to people calculated per capita. 5-hydroxyindole-3-acetic acid (5-HIAA) is the main

metabolite of serotonin, which is excreted by urine and can be used as a biomarker for popu-

lation estimates. The determination of this metabolite is more preferred than the detection

of serotonin itself in terms of correctness of the results. A technique of extraction and subse-

quent quantitative determination of 5-HIAA in wastewater by high-performance liquid

chromatography in combination with tandem mass spectrometric detection was developed.

Poroshell Hilic column was used as a stationary phase which has an alternative selectivity

compared to traditional C18 columns. Developed procedure is characterized by low detecti-

on limits (0.2 ìg/liter) and good selectivity. The conditions for liquid-liquid extraction of

5-HIAA from wastewater were selected. This technique provides reliable estimation of the

concentration of 5-HIAA in wastewater.

Keywords: 5-hydroxyindole-3-acetic acid; biomarkers; high performance liquid chromatog-

raphy; mass spectrometry; wastewater; liquid-liquid extraction.

INTRODUCTION

Analysis of biomarkers in wastewater is in-

creasingly seen as an important tool for valuation

of health, nutrition and use of various substances

by humans. Biomarkers get into the wastewater by

excretion from human body with urine and feces.

Some biomarkers, for example, artificial sweeten-

ers, nicotine and its metabolites, caffeine, etc., are

used for population estimates since the actual val-

ues of population size in cities can differ signifi-

cantly from official counts, which inevitably leads

to errors in assessing the impact of various factors

to people calculated per capita [1, 2].

The results of the study completely depend on

the choice of biomarkers. Therefore, a potential

biomarker must satisfy the following criteria [3, 4]:

possibility of determination;

small affinity to solid particles in wastewater

and filtration systems (including filters during

sample preparation);

stability in wastewater during transportation

and storage and throughout the analysis;

constant excretion from the body;

concentration of biomarkers should be unam-

biguously correlated with the population size;

low dispersion and known amount of daily ex-

cretion of the biomarker per capita;

excretion of biomarker from the body should

not be influenced by such factors as weather, sea-

son, geographical location.

5-hydroxyindole-3-acetic acid (5-HIAA) is the

main metabolite of serotonin excreted by urine.
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The determination of this metabolite is more pre-

ferred than the detection of serotonin itself. Con-

tent of 5-hydroxyindole-3-acetic acid in the waste-

water decreases 3 times in 7 days at room tempera-

ture. However, when it is stored in a refrigera-

tor/freezer (+4/–20°C) or acidified to pH 2, the acid

is stable for two weeks [5].

Unfortunately, the specific level of 5-HIAA in

wastewater is not provided in literature. The level

of 5-hydroxyindole-3-acetic acid in the wastewater

of Valencia varies from 5.5 to 14.3 ìg/liter [2].

There are numerous methods for the determina-

tion of 5-HIAA in urine by HPLC-MS/MS. How-

ever, there are only two works in literature devoted

to the determination of this compound in waste-

water with detection limits up to 1 ìg/liter [2, 5].

Considering such low and varied concentration of

5-HIAA in wastewater, it is vital to develop a reli-

able and highly sensitive procedure for the deter-

mination of 5-HIAA by high performance liquid

chromatography coupled with tandem mass spec-

trometric detection.

EXPERIMENTAL

Reagents and Instruments. 5-hydroxyindole-

3-acetic acid (Sigma Aldrich, Switzerland, �98%),

methanol, acetonitrile, formic acid, ammonia (25%,

aq.), ammonium acetate, chloroform, hexane (all

Panreac, Spain, puriss.), methyl tert-butyl ether, di-

chloromethane, ethyl acetate (Component Reac-

tive, Russia, p.a.), acetic acid (Himmed, Russia,

puriss.), deionized water, wastewater samples.

LC-MS/MS analyses were carried out with Ulti-

mate 3000 (Dionex, USA) interfaced to TSQ

Endura triple-stage quadrupole mass spectrometer

(Thermo Scientific, USA) with electrospray ioniza-

tion. Data collection and interpretation of chroma-

tograms were performed by software Xcalibur

(Thermo Scientific, USA). The chromatography

was carried out using 4.6 mm × 250 mm Agilent Po-

roshell 120 HILIC (4 ìm). Single channel pipettes

with variable volume range 10 – 100 ìL, 20 –

200 ìL, 100 – 1000 ìL, 1000 – 5000 ìL (LABMATE,

Poland) were used for sampling aliquots (limit of

permissible relative error of measurement didn’t

exceed ±5%). Accurate weighing of the samples

was carried out on ExplorerPro scales (Ohaus Cor-

poration, USA) with the accuracy 0.0001 g. Centri-

fugation of the samples was performed using

CM-50 (Elmi, Latvia) and SIGMA 1-15P (Sigma,

Germany) centrifuges. For ultrasonic liquid-liquid

extraction and degasation of the mobile phase ul-

trasonic bath UZV-4.0 (PKF Sapphire, Russia) was

used. Rotary evaporator with automatic vacuum

station (Buchi, Switzerland) was used for the evap-

oration of organic solvents. pH of solutions was

measured by pH meter PB-11 (Sartorius AG, Ger-

many). Vacuum system and pump Buchi V-100

(Switzerland) were purposed for the solid-phase

extraction.

Pretreatment of wastewater samples. Working

solutions were prepared directly on the day of anal-

ysis by diluting aliquots of the stock solution with

deionized water. During preparation wastewater

samples were centrifuged for 5 min (15,000 rpm),

passed through “White ribbon” filter and ex-

tracted.

Liquid-liquid extraction (LLE). Following or-

ganic solvents were chosen for the study of LLE:

ethyl acetate, hexane, chloroform, dichlorome-

thane, tert-butyl methyl ether, hexane/diethyl ether

(50:50). Ethyl acetate was used as an organic phase

for LLE because of its reproducibility and the de-

gree of extraction.

LLE procedure: to decrease pH to 2.7 20 ìL

of formic acid was added to 2 mL of wastewater

sample contained in glass tube. Then 2 mL of ethyl

acetate was added. The solution was shaken over

10 min on multivortex and centrifuged for 2 min at

3000 rpm. 1.5 mL of organic phase was collected

and evaporated in concentrator until dryness. The

dry residue was dissolved in 200 ìL of mobile

phase, stirred for 10 min and centrifuged for 5 min

at 14000 rpm.

Conditions for LC-MS/MS. The column was

thermostated at 30°C. Injection volume was 20 ìL.

Isocratic elution with 0.1% formic acid/acetonitrile

(50:50) was used at a flow rate 0.7 mL/min. Mass

spectrometer parameters were selected using TSQ

Endura Tune software (Thermo Scientific, USA).

The mass spectrometer operated in the positive ion

mode using electrospray ionization. Voltage on cap-

illary was 4.0 kV, sheath gas flow was 12 liter/min,

the vaporizer temperature — 440°C, the ion trans-

fer tube temperature — 360°C. Collision cell volt-

age — 5 V, fragmentator voltage — 10 V. For the de-

termination of 5-HIAA in MRM mode the following

transitions were monitored: m/z 192 � m/z 146,

m/z 192 � m/z 117. The collision energy for the

first transition was set at 10 eV, for the second

one — 36 eV. The scanning time for one transition

was 200 msec.

RESULTS AND DISCUSSION

Significant amount of contaminants in waste-

water is sorbed by suspended fine particles. In this

regard, the right choice of conditions for the extrac-

tion of 5-hydroxyindole-3-acetic acid is an impor-

tant step of analysis.

Sorbents for solid-phase extraction. Extraction

recoveries are presented in Table 1. It can be seen
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that the highest extraction recovery was obtained

on Strata-X.

However, despite this sorbent had the best

among the studied values of the extraction recov-

ery of 5-HIAA from wastewater, the reproducibility

of the results was insufficient. On this basis, it was

concluded that probably liquid-liquid extraction

was preferred to be used.

Liquid-liquid extraction conditions. In this pa-

per a comparative experiment with various extrac-

tants, such as ethyl acetate, hexane, chloroform, di-

chloromethane, tert-butyl methyl ether, and mix-

ture of hexane/diethyl ether (50:50), for the extrac-

tion of standard solution of 5-HIAA with concen-

tration level 20 ìg/liter was carried out. During the

experiment various values of pH (2.7, 4.6, 6.5) were

tested for the best value of extraction recoveries

and reproducibility of extraction. The results are

shown in Table 2.

It was found that extraction recovery of

5-HIAA significantly depends on the pH of the so-

lutions and increases with decreasing of pH. The

maximum recovery (74%) was obtained using ethyl

acetate at pH 2.7.

Microemulsions (ME) are known as colloid sys-

tems potentially capable to extract compounds ef-

fectively [6]. The term “microemulsion” refers to

systems that are fundamentally different from con-

ventional macroemulsions. Typically, ME contain

four components: water, hydrocarbon (“oil”), col-

loid surfactant and non-micellizing surfactant, for

example, butyl alcohol. Microemulsion is a thermo-

dynamically stable dispersed system, which is

formed by “oil” and water and stabilized with the

help of surfactants and co-surfactants. In this case

any organic compound limitedly soluble in water

could be “oil.” Since the emergence of thermody-

namically stable phase is based on the principles of

self-organization of surfactants, microemulsion

phases are in many respects similar to other orga-

nized systems of surfactants, for example, micellar

solutions. Earlier we showed that when calcium

chloride was added to ME based on sodium dodecyl

sulfate (SDS), the system became thermodynami-

cally unstable and formed two immiscible phases:

“oil” and water [7]. Hydrophobic substances pass

into the oil phase after separation and thereby are

concentrated due to a solvent volume decrease (ap-
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Fig. 1. Overlay of chromatograms of 5-HIAA obtained using the following columns: 1 — Eclipse Plus C18 RRHD; 2 — Zorbax

Eclipse C18; 3 — Poroshell HILIC (injection volume 10 ìL; ñ
5-HIAA

= 2 ìg/mL; mobile phase: 0.1% formic acid: acetonitrile

(50:50); flow rate 0.3 mL/min; detection mode: total ion current (TIC), ESI)

Table 1. Extraction recovery of 5-HIAA (ñ = 20 ìg/liter)

from standard solution by solid-phase extraction using va-

rious cartridges (n = 3; P = 0.95)

pH Strata-X
Chromabond

C18

Chromabond

HR-P

AccuBOND

C18

2.7 0 41 ± 9 0 37 ± 2

4.6 63 ± 13 31 ± 10 5 ± 1 24 ± 3

6.3 50 ± 10 3 ± 2 0 0

Table 2. Extraction recovery of 5-HIAA (ñ = 20 ìg/liter)

from standard solution by LLE at various value of pH

(n = 3; P = 0.95)

Extractants

Standard solution

Water,

pH 6.5

Ammonium

acetate

buffer,

pH = 4.6

Formic

acid,

pH = 2.7

Ethyl acetate 26 ± 3 51 ± 4 74 ± 3

Hexane 2 ± 1 7 ± 2 9 ± 1

Chloroform 0 0 52 ± 4

Dichloromethane 3 ± 1 10 ± 2 16 ± 3

Tert-butyl methyl ether 63 ± 10 48 ± 4 73 ± 3

Hexane/diethyl ether (50:50) 10 ± 1 12 ± 2 15 ± 2



proximately by 10 times). When using the reverse

microemulsions “water-in-oil” after decomposition

of ME, the hydrophilic substances are concentrated

in the aqueous phase. We tested the reverse micro-

emulsion of 65% n-heptane, 6% SDS, 5% water,

23% n-butanol as an extractant. However, it was

found that extraction recovery and reproducibility

of the results were not high, and it was not used

throughout the further work.

Stationary phase. 5-HIAA is hydrophilic com-

pound (logP 1.28), therefore it is advisable to use a

stationary phase with polar endcapping, ensuring

good retention of nonpolar and high-polar com-

pounds. Stationary phases with various functional

groups were compared. Chromatograms are shown

in Fig. 1.

When C18 was used as a stationary phase,

asymmetry of the chromatographic peak was ob-

served. The maximum number of theoretical plates

(35200 ± 700 tp/m) was obtained using the Agilent

Poroshell 120 HILIC column. To reduce the analy-

sis time, the temperature of the column thermostat

was varied from 25 to 45°C. The thermostat tem-

perature was set to 30°C.

MRM parameters: collision energy and frag-

mentator. To find the optimal conditions for mass

spectrometric detection of 5-HIAA (1 ìg/mL) in di-

rect injection mode, a solution of 5-HIAA was

scanned in the total ion current mode from m/z 100

to 200.

The mass of the initial 5-HIAA ion equal to 192

was selected in terms of the most intense peak

(Fig. 2). The greatest sensitivity can be achieved by

using the MRM mode in the version of tandem

mass spectrometric detection. In Fig. 3, the mass

spectrum of product ions is given at the collision

energy of 50 eV.

For quantitative analysis the most intensive

MRM-transition is usually chosen. Also an addi-

tional transition with a second maximum value of

m/z is selected for confirmation. The following

MRM-transitions for determination of 5-HIAA

were chosen: m/z 192 � m/z 146, m/z 192 � m/z

117.

Intensity of the signal of a certain MRM-transi-

tion is strongly influenced by the collision energy

(CE). CE basically depends on the stability of the

precursor ion and the required degree of its frag-
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Fig. 2. Mass spectrum of 1 ìg/mL solution of 5-HIAA (detection mode: TIC in the range of m/z: 100 – 200)

I, c.u.

m z/

Fig. 3. Mass spectrum of product ions of 5-HIAA (CE = 50 eV; column: Poroshell 120 HILIC 250 × 4.6 mm × 4 ìm; injection

volume: 20 ìL; ñ
5-HIAA

= 1 ìg/mL; mobile phase: 0.1% formic acid: acetonitrile (50:50), flow rate 0.7 mL/min)



mentation. To select the values of CE at which the

maximum intensity is observed, the dependences of

signal intensity on CE were plotted (Fig. 4). The

collision energy 10 eV was selected for the transi-

tion m/z 192 � m/z 146 and 36 eV for m/z 192 �

� m/z 117.

The fragmentator voltage can have a signifi-

cant effect on the ionization yield of the sample and

accordingly, on the sensitivity of determination.

The dependence of the signal intensity of 5-HIAA

from the fragmentator voltage was plotted (Fig. 5).

To find the optimal fragmentation potential, the

intensities of the signals of MRM-transitions from

50 to 150 V with increments of 20 V were com-

pared. The optimum value of the fragmentator

voltage was found to be 90 V.

Linearity. To evaluate the metrological charac-

teristics of the proposed approach for the determi-

nation of 5-HIAA by HPLC-MS/MS under the se-

lected conditions, a calibration curve was plotted

for series of 8 test solutions with an acid concentra-

tion in the range from 0.5 to 100 ìg/liter.

The linear regression equation for the depend-

ence of the peak area on the concentration of

5-HIAA is: S = (720.9 ± 30.8)ci + (5607.3 ± 470.1),

r = 0.995, linear range — 0.5 – 100 ìg/liter.

The detection limit is 0.2 ìg/liter with a pre-

concentration in 7.5 times.

Precision. The precision of the procedure was

evaluated by determining the convergence of re-

sults by repeating the analysis on 6 samples by one

chemist on the same day in one equipment and de-

termining the interlaboratory precision when ana-

lyzing the same sample in the same laboratory,

with a complete repetition of the sample prepara-

tion procedure and measurement by another chem-

ist. Convergence was evaluated by calculating the

relative standard deviation (RSD) obtained from

sequential determinations performed by one chem-

ist on one day. The evaluation of interlaboratory

precision with the established confidence interval

was determined according to the F-test of Fisher

and the Student’s t-test. The results are shown in

Table 3.

It is shown that the technique has good conver-

gence (RSD less than 5%) and interlaboratory pre-

cision, in view of the fulfillment of all eligibility

criteria.

Solution stability. The stability of the model so-

lution at room temperature (25°C) was investi-

gated. The sample was analyzed immediately after

preparation, in 30 min, 60 min and further until

the difference with the initial measurement was

more than 5.0%. It was found that the solution is

stable for 24 hours.

Correctness. Correctness was assessed by the

method of additives. As a result, it is obtained that

the proposed method is correct.

Robustness. During the study of the robustness

of the method, it was found that the variation of

the chromatographic parameters: the composition

of the mobile phase (acetonitrile ±5%), column

temperature (±5°C), flow rate (±0.2 mL/min) have

no significant effect on the determined amount of
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Fig. 4. Dependence of the intensity of the transition signals

m/z 192 � m/z 146 (1), m/z 192 � m/z 117 (2) from the

values of collision energy

0

20

40

60

80

100

40 60 80 100 120 140

I, %

FR, V

Fig. 5. Dependence of intensity of the signal of 5-HIAA on

the fragmentator voltage for the selected MRM-transitions

Table 3. Interlaboratory precision of the determination of

5-HIAA by HPLC-MS/MS

N

S
5-HIAA

, c.u. (c
5-HIAA = 10

ìg/liter)

Chemist 1 Chemist 2

1 28946 28634

2 29783 28013

3 28696 28910

4 29168 28978

5 28934 29012

6 29465 28634

Average 28972 28697

SD 398.30 373.99

RSD, % 1.37 1.30

Calculated F-value 1.13

F-Table value (0.95, 5, 5) 5.05

Calculated Student’s t-value 2.10

Student’s t-table value (0.95, 10) 2.23



5-HIAA by HPLC-MS/MS. The relative deviation

does not exceed 10.0%.

Analysis of real objects. As an example of the

analysis of real objects, wastewater samples were

taken at three wastewater treatment plants in

Moscow region. The results of the determination

of 5-HIAA in wastewater samples are shown in

Table 4. Overlay of the obtained chromatograms in

the analysis of wastewater is shown in Fig. 6. Over-

lay of chromatograms of wastewater obtained by

HPLC-UV (ë = 275 nm) and HPLC-MS/MS is

shown in Fig. 7.

CONCLUSION

Procedure for a highly sensitive determination

of 5-hydroxyindole-3-acetic acid in wastewater by
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Fig. 6. Overlay of chromatograms of wastewater samples: 1 — #1; 2 — #2; 3 — #3 (column: Poroshell 120 HILIC

4.6 × 250 mm, 4 ìm); mobile phase: 0.1% formic acid/acetonitrile 50:50; flow rate 0.7 mL/min; column temperature 30°C; de-

tection in MRM mode with positive ESI; MRM-transitions are m/z 192 � m/z 146 (10 eV), 117 (36 eV); injection volume 20 ìL)

Table 4. The results of the determination of 5-HIAA by

HPLC-MS/MS in real objects (n = 3; P = 0.95)

Object Concentration, ìg/liter s
r
, %

Wastewater (#1) 7.9 ± 0.4 4

Wastewater (#2) 15.8 ± 1.1 6

Wastewater (#3) 18.1 ± 1.0 4

I, c.u.

I, c.u.

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5 5 5,5 6,56 7 t
R

, min

2

1

Fig. 7. Overlay of chromatograms of the wastewater sample #1: 1 — HPLC-UV (ë = 275 nm); 2 — HPLC-MS/MS (column:

Poroshell 120 HILIC 4.6 × 250 mm, 4 ìm; mobile phase: 0.1% formic acid/acetonitrile 50:50; flow rate 0.7 mL/min; column

temperature 30°C; injection volume 20 ìL)



high-performance liquid chromatography with tan-

dem mass spectrometric detection was developed.

The metrological characteristics of the determina-

tion of 5-HIAA by HPLC-MS/MS with preliminary

sample preparation by LLE are evaluated. Follow-

ing technique is characterized by low detection lim-

its (0.2 ìg/liter) and good reproducibility (sr = 4 –

6%). It is used for the determination of 5-HIAA in

wastewater collected at three wastewater treat-

ment plants in Moscow region. The content of

5-HIAA in wastewater was found to be from 8 to

18 ìg/liter.
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Ïðåäëîæåí ìåòîäè÷åñêèé ïîäõîä ê ñíèæåíèþ ïðåäåëà îáíàðóæåíèÿ óðàíà è òîðèÿ â àí-

òè÷íîì ñâèíöå, âêëþ÷àþùèé âûäåëåíèå ýëåìåíòîâ â ýêñòðàêöèîííîé ñèñòåìå íà îñíîâå

òåòðàôåíèëìåòèëåíäèôîñôèíäèîêñèäà è èõ ïîñëåäóþùåå ÌÑ-ÈÑÏ îïðåäåëåíèå.

Â óñëîâèÿõ ñòàòè÷åñêîé ýêñòðàêöèè èçó÷åíî âëèÿíèå âðåìåíè êîíòàêòà ôàç, êèñëîò-

íîñòè ñðåäû è êîíöåíòðàöèè ýêñòðàãåíòà íà èçâëå÷åíèå óðàíà è òîðèÿ èç àçîòíîêèñëûõ

ðàñòâîðîâ. Ïîêàçàíî, ÷òî ìàòðè÷íûé ýëåìåíò — ñâèíåö — íå èçâëåêàåòñÿ â èñïîëüçóå-

ìîé ýêñòðàêöèîííîé ñèñòåìå. Ïîëó÷åííûå ðåçóëüòàòû ïîçâîëèëè âûáðàòü è îïòèìèçè-

ðîâàòü óñëîâèÿ êîíöåíòðèðîâàíèÿ óðàíà è òîðèÿ è èõ ýëþèðîâàíèÿ âîäíûì ðàñòâîðîì

ýòèäðîíîâîé êèñëîòû â ðåæèìå æèäêîñòíîé õðîìàòîãðàôèè ñî ñâîáîäíîé íåïîäâèæíîé

ôàçîé. Óñòàíîâëåíî, ÷òî ñîäåðæàíèå óðàíà è òîðèÿ â îáðàçöå àíòè÷íîãî ñâèíöà, ïîäíÿ-

òîãî ñî äíà îêåàíà, íàõîäèòñÿ íà óðîâíå íèæå 10–10 % ìàññ.

Êëþ÷åâûå ñëîâà: ìàññ-ñïåêòðîìåòðèÿ ñ èíäóêòèâíî-ñâÿçàííîé ïëàçìîé; êîíöåíòðè-

ðîâàíèå; æèäêîñòíàÿ õðîìàòîãðàôèÿ ñî ñâîáîäíîé íåïîäâèæíîé ôàçîé; óðàí; òîðèé; àí-

òè÷íûé ñâèíåö.

ICP-MS DETERMINATION OF ULTRALOW CONTENTS OF URANIUM

AND THORIUM IN ANTIQUE LEAD AFTER THEIR ISOLATION

BY COUNTERCURRENT CHROMATOGRAPHY (LIQUID-CHROMATOGRAPHY

WITH A FREE STATIONARY PHASE)
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A methodical approach to reduction of the limit of uranium and thorium detection in antique lead is

proposed. The approach includes separation of the elements in the extraction system based on

tetraphenylmethylene diphosphine dioxide and their subsequent ICP-MS determination. The influ-

ence of phase contact time, medium acidity, concentration of the extractant on the extraction of ura-

nium and thorium from nitric acid solutions was studied under conditions of batch extraction. It is

shown that the matrix element (lead) is not recovered in the considered extraction system. We specified

and optimized conditions for concentration of uranium and thorium and their elution with an aqueous

solution of etidronic acid using countercurrent chromatography. The content of uranium and thorium

in the sample of antique lead raised from the ocean floor are less than 10–10 % wt.

Keywords: inductively coupled plasma mass-spectrometry; preconcentration; countercurrent chro-

matography; uranium; thorium; antique lead.
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Îäíîé èç âàæíåéøèõ çàäà÷ ÿäåðíîé ôèçèêè ÿâ-

ëÿåòñÿ èçó÷åíèå ñâîéñòâ íåéòðèíî. Èíôîðìàöèÿ

îá èõ ìàññå è âçàèìîïðåâðàùåíèÿõ ïîìîæåò ëó÷-

øå ïîíÿòü, êàê ñóáàòîìíûå ÷àñòèöû ïîâëèÿëè íà

ðàçâèòèå âñåëåííîé. Äëÿ ïðîâåäåíèÿ ýêñïåðè-

ìåíòîâ äåòåêòîðû äîëæíû áûòü ðàçìåùåíû ãëó-

áîêî ïîä çåìëåé è èçãîòîâëåíû èç âûñîêî÷èñòûõ

ìàòåðèàëîâ. Â ÷àñòíîñòè, çàùèòíûé êîæóõ äîë-

æåí ïðåäñòàâëÿòü ñîáîé ñâåðõ÷èñòûé ñâèíåö, ñî-

äåðæàíèå óðàíà è òîðèÿ â êîòîðîì íå ïðåâûøàëî

áû 10–10 % ìàññ. [1, 2]. Îäíàêî ñâèíåö, êîòîðûé

ïðîèçâåäåí â íàøå âðåìÿ, èìååò ôîí, îáóñëîâ-

ëåííûé ðàäèîàêòèâíûì 210Pb (T1/2 = 22,2 ãîäà) è

åãî äî÷åðíèìè èçîòîïàìè 210Bi è 210Po (T1/2 —

5,012 äíÿ è 138,376 äíÿ ñîîòâåòñòâåííî), âõîäÿ-

ùèìè â ñîñòàâ åñòåñòâåííîãî ðàäèîàêòèâíîãî

ðÿäà 238U – 226Ra è â äîñòàòî÷íî áîëüøèõ êîëè÷å-

ñòâàõ ïðèñóòñòâóþùèìè â ëþáîé ñâèíåöñîäåðæà-

ùåé ðóäå. Äëÿ óìåíüøåíèÿ ðàäèîàêòèâíîãî

ôîíà, îáóñëîâëåííîãî 210Pb, â 1000 ðàç íåîáõîäè-

ìî âûäåðæèâàòü ñâèíåö â òå÷åíèå áîëåå 10 ïå-

ðèîäîâ ïîëóðàñïàäà, ò.å. áîëåå 222 ëåò. Îäíèì èç

ïåðñïåêòèâíûõ èñòî÷íèêîâ òàêîãî âûäåðæàííîãî

ñâèíöà ÿâëÿåòñÿ àíòè÷íûé ñâèíåö, ïîëó÷åííûé

íà Ðèìñêèõ ðóäíèêàõ â Èñïàíèè è Àíãëèè áîëåå

2000 ëåò íàçàä è íàéäåííûé íà ìåñòàõ êîðàáëå-

êðóøåíèé.

Îïðåäåëåíèå óðàíà è òîðèÿ â àíòè÷íîì ñâèí-

öå òðåáóåò èñïîëüçîâàíèÿ íàèáîëåå ÷óâñòâèòåëü-

íûõ ìíîãîýëåìåíòíûõ ìåòîäîâ àíàëèçà. Ìåòîä

ìàññ-ñïåêòðîìåòðèè ñ èíäóêòèâíî-ñâÿçàííîé

ïëàçìîé (ÌÑ-ÈÑÏ) ïîçâîëÿåò îïðåäåëÿòü áîëü-

øèíñòâî ýëåìåíòîâ ñ ïðåäåëàìè îáíàðóæåíèÿ äî

ïã/ë. Ñóùåñòâåííîå îãðàíè÷åíèå ìåòîäà ñîñòîèò

â òîì, ÷òî ñîäåðæàíèå ìàòðè÷íûõ ýëåìåíòîâ â

àíàëèçèðóåìîì ðàñòâîðå íå äîëæíî ïðåâûøàòü

0,1 – 0,5 % â çàâèñèìîñòè îò àòîìíîãî íîìåðà è

ïîòåíöèàëà èîíèçàöèè [3]. Â ñâÿçè ñ ýòèì îãðà-

íè÷åíèåì, à òàêæå ñ íåîáõîäèìîñòüþ ïåðåâåäå-

íèÿ àíàëèçèðóåìîãî îáðàçöà â ðàñòâîð ðåàëüíûå

ïðåäåëû îáíàðóæåíèÿ ïðè àíàëèçå ðàçëè÷íûõ

ìàòåðèàëîâ îáû÷íî íå ïðåâûøàþò 10–8 % ìàññ.

Äëÿ ñíèæåíèÿ ïðåäåëà îáíàðóæåíèÿ ïðèìå-

íÿþò ñî÷åòàíèå ÌÑ-ÈÑÏ ñ òàêèìè ìåòîäàìè êîí-

öåíòðèðîâàíèÿ, êàê èîííûé îáìåí, ýêñòðàêöèÿ,

ôëîòàöèÿ, ñîðáöèÿ [4]. Ñ îäíîé ñòîðîíû, êîíöåí-

òðèðîâàíèå ïîçâîëÿåò ñóùåñòâåííî ñíèçèòü ïðå-

äåëû îáíàðóæåíèÿ, îäíàêî çà÷àñòóþ ýòî ïðèâî-

äèò ê âîçðàñòàíèþ âëèÿíèÿ îêðóæàþùåé ñðåäû,

÷èñòîòû èñïîëüçóåìûõ ðåàêòèâîâ, ëàáîðàòîðíîé

ïîñóäû è ò.ï. íà ïîëó÷àåìûå ðåçóëüòàòû, ÷òî íå-

ãàòèâíî ñêàçûâàåòñÿ íà èõ äîñòîâåðíîñòè. Çàìåò-

íî óâåëè÷èâàþòñÿ òàêæå òðóäîåìêîñòü è ïðîäîë-

æèòåëüíîñòü àíàëèçà. Ìîæíî ñóùåñòâåííî óëó÷-

øèòü ðåçóëüòàòû îïðåäåëåíèÿ ñ ïðèìåíåíèåì

êîíöåíòðèðîâàíèÿ ïðè åãî ïðîâåäåíèè â çàêðû-

òîé ñèñòåìå ñ èñïîëüçîâàíèåì ìèíèìàëüíîãî êî-

ëè÷åñòâà êàê ðåàãåíòîâ, òàê è ëàáîðàòîðíîé ïîñó-

äû. Ðàçäåëåíèå âåùåñòâ ìåòîäîì æèäêîñòíîé

õðîìàòîãðàôèè ñî ñâîáîäíîé íåïîäâèæíîé ôàçîé

(ÆÕÑÍÔ) îñíîâàíî íà èõ ðàñïðåäåëåíèè ìåæäó

äâóìÿ íåñìåøèâàþùèìèñÿ æèäêèìè ôàçàìè âî

âðàùàþùåéñÿ ñïèðàëüíîé êîëîíêå (ÂÑÊ). Òàêàÿ

êîëîíêà ïîçâîëÿåò óäåðæèâàòü â êà÷åñòâå íåïîä-

âèæíîé ôàçû îäíó èç ôàç ðàçëè÷íûõ äâóõôàç-

íûõ ñèñòåì çà ñ÷åò äåéñòâèÿ ñèëîâîãî ïîëÿ, âîç-

íèêàþùåãî ïðè âðàùåíèè êîëîíêè âîêðóã ñâîåé

îñè è åå îäíîâðåìåííîì îáðàùåíèè âîêðóã öåí-

òðàëüíîé îñè ïëàíåòàðíîé öåíòðèôóãè. Óñïåõ

ðàçäåëåíèÿ êîìïîíåíòîâ âî ìíîãîì îïðåäåëÿåòñÿ

âûáîðîì ñîñòàâà äâóõôàçíîé ñèñòåìû. Ïðè ðàç-

äåëåíèè ýëåìåíòîâ â êà÷åñòâå íåïîäâèæíîé

ôàçû èñïîëüçóþò ðàñòâîðû ýêñòðàêöèîííûõ ðåà-

ãåíòîâ â îðãàíè÷åñêèõ ðàñòâîðèòåëÿõ. Âîäíûå

ðàñòâîðû êîìïëåêñîîáðàçóþùèõ ðåàãåíòîâ, ìè-

íåðàëüíûõ ñîëåé è êèñëîò ñëóæàò ïîäâèæíîé ôà-

çîé. Âàðüèðîâàíèå îáúåìà àíàëèçèðóåìîé ïðîáû

(îò 0,1 ìë äî 1 ë è áîëåå) ïîçâîëÿåò äîñòè÷ü âûñî-

êèõ ôàêòîðîâ êîíöåíòðèðîâàíèÿ. Îñóùåñòâëå-

íèå ïðîöåññà ïðîáîïîäãîòîâêè â ÂÑÊ âûãëÿäèò

ïåðñïåêòèâíûì, òàê êàê êàïèëëÿðíàÿ êîëîíêà

èçãîòîâëåíà èç òåôëîíà — îäíîãî èç ñàìûõ ÷èñ-

òûõ èíåðòíûõ ìàòåðèàëîâ, èñïîëüçîâàíèå êîòî-

ðîãî ïðàêòè÷åñêè èñêëþ÷àåò äîïîëíèòåëüíîå çà-

ãðÿçíåíèå àíàëèçèðóåìîãî ðàñòâîðà [5, 6].

Â íàñòîÿùåé ðàáîòå ïîêàçàíî, ÷òî ñî÷åòàíèå

ÆÕÑÍÔ, ãäå ðàçäåëåíèå ïðîõîäèò â çàêðûòîé

ñèñòåìå, è îïðåäåëåíèÿ ïðèìåñíûõ ýëåìåíòîâ

ìåòîäîì ÌÑ-ÈÑÏ ïîçâîëÿåò äîñòè÷ü òðåáóåìîãî

óðîâíÿ îïðåäåëÿåìûõ ñîäåðæàíèé, êîòîðûé ñî-

ñòàâëÿåò ïîðÿäêà 10–10 % ìàññ.

Îáîðóäîâàíèå è ðåàêòèâû. Èçìåðåíèÿ ïðî-

âîäèëè ñ èñïîëüçîâàíèåì êâàäðóïîëüíîãî ìàññ-

ñïåêòðîìåòðà ñ èíäóêòèâíî-ñâÿçàííîé ïëàçìîé

Agilent 7900 (ßïîíèÿ). Óïðàâëåíèå ïðèáîðîì

îñóùåñòâëÿëîñü ñ ïîìîùüþ ïðîãðàììíîãî îáåñ-

ïå÷åíèÿ ICP-MS MassHunter 4.1. Õàðàêòåðèñòè-

êè ðàáîòû ïðèáîðà ïðèâåäåíû íèæå:

Ïàðàìåòðû Íàñòðîéêè

Ïëàçìà

Ìîùíîñòü ãåíåðàòîðà, Âò . . . . . . . . . . . . . 1550

Ñêîðîñòü ïëàçìîîáðàçóþùåãî

ïîòîêà àðãîíà, ë/ìèí . . . . . . . . . . . . . . 15

Ìàññ-ñïåêòðîìåòð

Ðàçðåøåíèå, ìàññ . . . . . . . . . . . . . . . . . . 0,8

Âàêóóì áåç ïëàçìû, òîðð . . . . . . . . . . . . 1 · 10–5

Âàêóóì ñ ïëàçìîé, òîðð . . . . . . . . . . . . . 1 · 10–4

Ïîäà÷à ïðîáû

Ñêîðîñòü àðãîíà-íîñèòåëÿ, ë/ìèí. . . . . . . 1,0 – 1,2

Ñêîðîñòü ïîäà÷è ïðîáû, ìë/ìèí . . . . . . . . . . 1,0

Ïàðàìåòðû èçìåðåíèÿ

×èñëî òî÷åê íà à.å.ì. . . . . . . . . . . . . . . . . . 3

×èñëî ïðîõîäîâ . . . . . . . . . . . . . . . . . . . 100

Îáùåå âðåìÿ èçìåðåíèÿ íà òî÷êå, ñ . . . . . . . . 0,1

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2018. Òîì 84. ¹ 4 13



Â äèíàìè÷åñêèõ óñëîâèÿõ êîíöåíòðèðîâàíèå

ïðîâîäèëè ìåòîäîì ÆÕÑÍÔ ñ èñïîëüçîâàíèåì

ïëàíåòàðíîé öåíòðèôóãè ñ âåðòèêàëüíî ðàñïîëî-

æåííîé êîëîíêîé (Èíñòèòóò àíàëèòè÷åñêîãî ïðè-

áîðîñòðîåíèÿ ÐÀÍ, Ðîññèÿ) â îäíîñëîéíîé ñïè-

ðàëåâèäíîé êîëîíêå (ðàäèóñ îáðàùåíèÿ R =

= 90 ìì, ðàäèóñ âðàùåíèÿ r = 50 ìì), ïðåäñòàâ-

ëÿþùåé ñîáîé òåôëîíîâóþ òðóáêó âíóòðåííåãî

äèàìåòðà 1,6 ìì. Ñêîðîñòü âðàùåíèÿ óçëà êîëîí-

êè ù áûëà ðàâíà åãî ñêîðîñòè îáðàùåíèÿ è ñî-

ñòàâëÿëà 500 ìèí–1. Ñêîðîñòü ïîòîêà ïîäâèæíîé

ôàçû ñîñòàâëÿëà 1 ìë/ìèí. Ïðèíöèïèàëüíàÿ ñõå-

ìà óñòàíîâêè ïðåäñòàâëåíà íà ðèñ. 1.

Äëÿ ïðîêà÷èâàíèÿ ðàñòâîðîâ ÷åðåç êîëîíêó

ïðèìåíÿëè ïåðèñòàëüòè÷åñêèé íàñîñ 120U/DV

Watson-Marlow (Âåëèêîáðèòàíèÿ).

Äåèîíèðîâàííóþ âîäó (18,2 ÌÙ/ñì) ïîëó÷àëè

ñ ïîìîùüþ óñòàíîâêè Millipore Simplicity (Milli-

pore, Ôðàíöèÿ).

Âçâåøèâàíèå îñóùåñòâëÿëè ñ ïîìîùüþ âåñîâ

ÑÀÐÒÎÃÎÑÌ ÌÂ210-À (Ðîññèÿ) ñ òî÷íîñòüþ

±0,01 ìã.

Â ðàáîòå èñïîëüçîâàëè äîçàòîðû ïåðåìåííûõ

îáúåìîâ: 100 – 1000 ìêë, 1 – 5 ìë (Thermo Scien-

tific, Ðîññèÿ), îäíîðàçîâûå íàêîíå÷íèêè (Thermo

Scientific, Ðîññèÿ) è ïîëèïðîïèëåíîâûå ïðîáèð-

êè îáúåìîì 15 è 50 ìë (Labcon, ÑØÀ).

Äëÿ ïðèãîòîâëåíèÿ ðàñòâîðîâ èñïîëüçîâàëè

êîíöåíòðèðîâàííóþ àçîòíóþ êèñëîòó (65 %) ìàð-

êè «suprapur» (Merck, Ãåðìàíèÿ) è ìíîãîýëå-

ìåíòíûé ñòàíäàðòíûé ðàñòâîð ICP-MS-68A-A

(High-Purity Standards, ÑØÀ), ñîäåðæàùèé

10 ìã/ë êàæäîãî èññëåäóåìîãî ýëåìåíòà.

Äëÿ ïðèãîòîâëåíèÿ íåïîäâèæíîé ôàçû ïðè-

ìåíÿëè õëîðîôîðì õ÷ (Õèìðåàêòèâ, Ðîññèÿ) è

òåòðàôåíèëìåòèëåíäèôîñôèíäèîêñèä, ñèíòåçè-

ðîâàííûé â Èíñòèòóòå ôèçèîëîãè÷åñêè àêòèâ-

íûõ âåùåñòâ ÐÀÍ. Äëÿ ïðèãîòîâëåíèÿ ïîäâèæ-

íîé ôàçû èñïîëüçîâàëè ìîíîãèäðàò ýòèäðîíîâîé

êèñëîòû (Fluka).

Êîíöåíòðèðîâàíèå è îïðåäåëåíèå óðàíà è

òîðèÿ. Ïåðâîíà÷àëüíî èçó÷èëè âîçìîæíîñòü

ïðÿìîãî èíñòðóìåíòàëüíîãî îïðåäåëåíèÿ ïðè-

ðîäíûõ ðàäèîàêòèâíûõ ýëåìåíòîâ â îáðàçöå àí-

òè÷íîãî ñâèíöà. Äëÿ ýòîãî àíòè÷íûé ñâèíåö

(50 ìã) ðàñòâîðÿëè â çàêðûòîé ñèñòåìå â 10 ìë

3 Ì HNO3. Ïåðåä èçìåðåíèåì äëÿ ñíèæåíèÿ

âëèÿíèÿ ìàòðèöû ñâèíöà ðàñòâîð ðàçáàâëÿëè â

25 ðàç àçîòíîé êèñëîòîé, êîíöåíòðàöèÿ êîòîðîé

â êîíå÷íîì ðàñòâîðå ñîñòàâëÿëà 1 ìîëü/ë.

Ïðåäåëû îáíàðóæåíèÿ (ÏÎ) ðàññ÷èòûâàëè

ñëåäóþùèì îáðàçîì: ÏÎ = Côîí + 3ó, ãäå Côîí —

êîíöåíòðàöèÿ ýëåìåíòà â ôîíîâîì ðàñòâîðå, ó —

ñòàíäàðòíîå îòêëîíåíèå ôîíîâîãî ñèãíàëà.

Ôîíîâûì ðàñòâîðîì ñëóæèëà 1 Ì HNO3. Ïî-

ëó÷åííûå íàìè ïðåäåëû îáíàðóæåíèÿ óðàíà è

òîðèÿ ñîñòàâèëè 5 · 10–7 è 2 · 10–8 % ìàññ. ñîîòâåò-

ñòâåííî. Ïðè ýòîì ñîäåðæàíèÿ óðàíà è òîðèÿ â

îáðàçöå áûëè íèæå ïðåäåëîâ îáíàðóæåíèÿ.

Äëÿ êîíöåíòðèðîâàíèÿ óðàíà è òîðèÿ ìåòî-

äîì ÆÕÑÍÔ â êà÷åñòâå íåïîäâèæíîé ôàçû èñ-

ïîëüçîâàëè ðàñòâîð òåòðàôåíèëìåòèëåíäè-

ôîñôèíäèîêñèäà (ÄÔÎ) â õëîðîôîðìå. Ïðåäâà-

ðèòåëüíî â óñëîâèÿõ ñòàòè÷åñêîé ýêñòðàêöèè

èçó÷èëè âëèÿíèå âðåìåíè êîíòàêòà ôàç, êèñëîò-

íîñòè ñðåäû, êîíöåíòðàöèè ðåàãåíòà è ñîïóò-

ñòâóþùèõ ýëåìåíòîâ íà êîýôôèöèåíòû ðàñïðå-

äåëåíèÿ óðàíà è òîðèÿ. Äëÿ ýòîãî ðàñòâîð ðåàãåí-

òà â õëîðîôîðìå ñîîòâåòñòâóþùåé êîíöåíòðàöèè

âñòðÿõèâàëè ñ ìîäåëüíûì ðàñòâîðîì èçó÷àåìûõ

ýëåìåíòîâ â àçîòíîé êèñëîòå. Âî âñåõ ýêñïå-

ðèìåíòàõ ìîäåëüíûé ðàñòâîð ñîäåðæàë ïî

100 ìêã/ë Pb, U è Th. Âðåìÿ êîíòàêòà ôàç âàðüè-

ðîâàëè îò 5 äî 30 ìèí. Áûëî ïîêàçàíî, ÷òî ïÿòè

ìèíóò äîñòàòî÷íî äëÿ óñòàíîâëåíèÿ ðàâíîâåñèÿ.

Êîíöåíòðàöèþ àçîòíîé êèñëîòû âàðüèðîâàëè îò

0,2 äî 3 ìîëü/ë ïðè êîíöåíòðàöèè ýêñòðàãåíòà

0,01 ìîëü/ë. Ïîêàçàíî, ÷òî îïòèìàëüíàÿ äëÿ èç-

âëå÷åíèÿ îáîèõ ýëåìåíòîâ êîíöåíòðàöèÿ àçîòíîé

êèñëîòû ñîñòàâëÿåò 1 ìîëü/ë (ðèñ. 2).

Êîíöåíòðàöèþ ýêñòðàãåíòà âàðüèðîâàëè â

äèàïàçîíå 0,0001 – 0,1 ìîëü/ë. Íà ðèñ. 3 ïðåä-

ñòàâëåíà çàâèñèìîñòü êîýôôèöèåíòîâ ðàñ-

ïðåäåëåíèÿ óðàíà è òîðèÿ îò êîíöåíòðàöèè

ÄÔÎ. Ïðè êîíöåíòðàöèè ýêñòðàãåíòà íèæå

0,005 ìîëü/ë óðàí íå èçâëåêàåòñÿ. Òîðèé íà÷èíà-

åò ýêñòðàãèðîâàòüñÿ ïðè êîíöåíòðàöèè ÄÔÎ

âûøå 0,001 ìîëü/ë. Êîíöåíòðàöèÿ ýêñòðàãåíòà,

ðàâíàÿ 0,01 ìîëü/ë, ÿâëÿåòñÿ äîñòàòî÷íîé äëÿ êî-

ëè÷åñòâåííîãî èçâëå÷åíèÿ óðàíà è òîðèÿ â ðåæè-

ìå ÆÕÑÍÔ, êîòîðàÿ ïî ñóòè ïðåäñòàâëÿåò ñîáîé

ìíîãîñòóïåí÷àòóþ ýêñòðàêöèþ.

Íàéäåííûå îïòèìàëüíûå óñëîâèÿ: êîíöåí-

òðàöèÿ ðåàãåíòà — 0,01 ìîëü/ë, êîíöåíòðàöèÿ

àçîòíîé êèñëîòû — 1 ìîëü/ë. Óñòàíîâëåíî, ÷òî

ñâèíåö â ýòèõ óñëîâèÿõ íå ýêñòðàãèðóåòñÿ.

Â óñëîâèÿõ äèíàìè÷åñêîé ýêñòðàêöèè ìåòî-

äîì ÆÕÑÍÔ êîëîíêó çàïîëíÿëè íåïîäâèæíîé

ôàçîé, çàòåì âî âðåìÿ âðàùåíèÿ íà åå âõîä ïîäà-

âàëè ïîäâèæíóþ ôàçó. Ïîñëå óñòàíîâëåíèÿ äè-
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Ðèñ. 1. Ñõåìà ïëàíåòàðíîé öåíòðèôóãè



íàìè÷åñêîãî ðàâíîâåñèÿ ââîäèëè ìîäåëüíûé ðàñ-

òâîð èëè ðàñòâîð àíòè÷íîãî ñâèíöà.

Â êà÷åñòâå íåïîäâèæíîé ôàçû èñïîëüçîâàëè

0,01 Ì ðàñòâîð ÄÔÎ â õëîðîôîðìå, à â êà÷åñòâå

ïîäâèæíîé — 1 Ì HNO3. Ïðè ýòîì óäåðæèâàíèå

â êîëîíêå ïîñòîÿííîãî îáúåìà íåïîäâèæíîé

ôàçû ïðè íåïðåðûâíîì ïðîêà÷èâàíèè ïîäâèæ-

íîé ôàçû ñîñòàâèëî 72 % îò îáùåãî îáúåìà êî-

ëîíêè. Â êà÷åñòâå ýëþåíòà ïðèìåíÿëè 0,01 Ì

ðàñòâîð ýòèäðîíîâîé êèñëîòû. Ïðè èñïîëüçîâà-

íèè ìîäåëüíûõ ðàñòâîðîâ ïîêàçàíî, ÷òî óðàí è

òîðèé êîëè÷åñòâåííî ðåýêñòðàãèðóþòñÿ ñ ïåðâîé

æå ôðàêöèåé ýëþåíòà îáúåìîì 5 ìë. Ñòåïåíü èç-

âëå÷åíèÿ îáîèõ ýëåìåíòîâ ñîñòàâëÿåò 99 %.

Àíòè÷íûé ñâèíåö (1 ã) ðàñòâîðÿëè â çàêðû-

òîé ñèñòåìå â 5 ìë 3 Ì HNO3. Ðàñòâîð äîâîäè-

ëè äî îáúåìà 50 ìë è êèñëîòíîñòè 1 Ì HNO3.

Íà ñòàäèè êîíöåíòðèðîâàíèÿ óðàíà è òîðèÿ ïî-

ëó÷åííûé ðàñòâîð ïðîêà÷èâàëè ÷åðåç êîëîíêó,

çàòåì íà âõîä êîëîíêè ïîäàâàëè ýëþåíò (20 ìë

ýòèäðîíîâîé êèñëîòû), à ðåýêñòðàêò ñîáèðàëè

ïî ôðàêöèÿì, îáúåì êîòîðûõ ñîñòàâëÿë 2 ìë.

Â êà÷åñòâå ôîíîâîãî ðàñòâîðà èñïîëüçîâàëè

0,01 Ì ýòèäðîíîâóþ êèñëîòó. Ïîëó÷åííûå ïðå-

äåëû îáíàðóæåíèÿ ñîñòàâèëè: äëÿ óðàíà —

8 · 10–10 % ìàññ., à äëÿ òîðèÿ — 7 · 10–10 % ìàññ.

Ñîäåðæàíèå óðàíà è òîðèÿ â êàæäîé èç ôðàêöèé

íå ïðåâûøàëî ïðåäåëîâ îáíàðóæåíèÿ.

Òàêèì îáðàçîì, ïðèìåíåíèå ìåòîäè÷åñêîãî

ïîäõîäà, îñíîâàííîãî íà âûäåëåíèè óðàíà è

òîðèÿ ìåòîäîì ÆÕÑÍÔ è èõ ïîñëåäóþùåì ÌÑ-

ÈÑÏ îïðåäåëåíèè, ïîçâîëèëî íà 2 – 3 ïîðÿäêà

âåëè÷èíû ñíèçèòü ïðåäåëû îáíàðóæåíèÿ (ïî

ñðàâíåíèþ ñ ïðÿìûì èíñòðóìåíòàëüíûì îïðåäå-

ëåíèåì) è äîñòè÷ü óðîâíÿ 10–10 % ìàññ. ïðè îïðå-

äåëåíèè ýòèõ ýëåìåíòîâ â îáðàçöå àíòè÷íîãî

ñâèíöà.

Àâòîðû áëàãîäàðÿò Â. Áàóëèíà èç Èíñòè-

òóòà ôèçèîëîãè÷åñêè àêòèâíûõ âåùåñòâ ÐÀÍ

çà ñèíòåç ýêñòðàãåíòà.
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Îïèñàíà ìåòîäèêà îïðåäåëåíèÿ àëþìèíèÿ, ãàôíèÿ, æåëåçà, èòòðèÿ, êàëüöèÿ, ìàãíèÿ è

òèòàíà â äèîêñèäå öèðêîíèÿ, ñòàáèëèçèðîâàííîì îêñèäîì èòòðèÿ, ìåòîäîì àòîì-

íî-ýìèññèîííîé ñïåêòðîìåòðèè ñ èíäóêòèâíî-ñâÿçàííîé ïëàçìîé (ÀÝÑ-ÈÑÏ). Èçó÷åíû

óñëîâèÿ ðàçëîæåíèÿ äâóõ ìîäèôèêàöèé àíàëèçèðóåìîãî ìàòåðèàëà — íåîáîææåííîãî è

ïîäâåðãíóòîãî ñòàáèëèçèðóþùåìó îáæèãó. Íàéäåíî, ÷òî íåîáîææåííûé äèîêñèä öèðêî-

íèÿ õîðîøî ðàñòâîðÿåòñÿ â ñåðíîé êèñëîòå, à ïåðåâåäåíèå â ðàñòâîð îáîææåííîãî îáðàç-

öà âîçìîæíî òîëüêî ïðè ñïëàâëåíèè ñ ïèðîñóëüôàòîì èëè áèôòîðèäîì êàëèÿ, îäíàêî

ïðèìåíåíèå ýòèõ ðåàãåíòîâ ïðèâîäèò ê âûñîêèì çíà÷åíèÿì ïîïðàâêè êîíòðîëüíîãî

îïûòà äëÿ ìèêðîïðèìåñåé (íà óðîâíå äåñÿòûõ è ñîòûõ äîëåé %). Â ñâÿçè ñ ýòèì èçó÷èëè

âîçìîæíîñòü ïåðåâåäåíèÿ îáîææåííîãî îáðàçöà â ðàñòâîð ñìåñüþ êèñëîò â óñëîâèÿõ

ìèêðîâîëíîâîãî ðàçëîæåíèÿ, âàðüèðóÿ êà÷åñòâåííûé è êîëè÷åñòâåííûé ñîñòàâ ñìåñè,

òåìïåðàòóðó ïðîâåäåíèÿ ðåàêöèè, âðåìÿ äîñòèæåíèÿ è ïîääåðæàíèÿ òðåáóåìîé òåì-

ïåðàòóðû. Óñòàíîâëåíî, ÷òî ðàçëîæåíèå â ñìåñè ôòîðîâîäîðîäíîé è ñåðíîé êèñëîò (2:1)

â ìèêðîâîëíîâîé ñèñòåìå ïðè ñòóïåí÷àòîì íàãðåâå ðåàêöèîííîé ñìåñè îáåñïå÷èâàåò êî-

ëè÷åñòâåííîå ðàñòâîðåíèå îáîææåííîãî îáðàçöà è äîñòàòî÷íî íèçêèå çíà÷åíèÿ ïîïðàâ-

êè êîíòðîëüíîãî îïûòà äëÿ ìèêðîïðèìåñåé. Àíàëèòè÷åñêèå ëèíèè âûáèðàëè ñ ó÷åòîì

èõ îòíîñèòåëüíîé èíòåíñèâíîñòè è âîçìîæíûõ ñïåêòðàëüíûõ íàëîæåíèé ëèíèé ìàò-

ðè÷íûõ ýëåìåíòîâ ïðè àíàëèçå ìîäåëüíûõ ðàñòâîðîâ, ñîäåðæàùèõ 1,3 ìã/ñì3 Zr,

0,2 ìã/ñì3 Y è îò 0,2 äî 20 ìêã/ñì3 ïðèìåñåé. Â ðåçóëüòàòå áûëè âûáðàíû ñëåäóþùèå

àíàëèòè÷åñêèå ëèíèè: Al II 167,079 íì è Al I 308,215 íì; Ca II 184,006 íì è 393,366 íì;

Fe II 238,204 íì; Mg II 279,553 íì, Ti II 334,941 íì, Y II 371,030 íì è Hf II 232,247 íì.

Ðàçðàáîòàííàÿ ìåòîäèêà àíàëèçà äèîêñèäà öèðêîíèÿ, ñòàáèëèçèðîâàííîãî îêñèäîì

èòòðèÿ, ìåòîäîì ÀÝÑ-ÈÑÏ ïîçâîëÿåò îäíîâðåìåííî îïðåäåëÿòü àëþìèíèé, æåëåçî,

ìàãíèé è òèòàí â äèàïàçîíå ñîäåðæàíèé 0,01 – 1,0 %, êàëüöèé — 0,02 – 1,0 %, ãàô-

íèé — 0,1 – 5,0 % è èòòðèé — 2,0 – 15 % ñ îòíîñèòåëüíûì ñòàíäàðòíûì îòêëîíåíèåì

6 – 30 % îòí. (Al, Fe, Mg, Ti, Ca), 2 – 7 % îòí. (Hg) è 2 – 4 % îòí. (Y). Ïðàâèëüíîñòü ìåòî-

äèêè ïîäòâåðæäåíà ìåòîäîì «ââåäåíî – íàéäåíî».

Êëþ÷åâûå ñëîâà: äèîêñèä öèðêîíèÿ, ñòàáèëèçèðîâàííûé îêñèäîì èòòðèÿ; ìèêðîâîë-

íîâàÿ ïðîáîïîäãîòîâêà; àòîìíî-ýìèññèîííàÿ ñïåêòðîìåòðèÿ ñ èíäóêòèâíî-ñâÿçàííîé

ïëàçìîé (ÀÝÑ-ÈÑÏ).

THE ANALYSIS OF ZIRCONIUM DIOXIDE STABILIZED WITH YTTRIUM OXIDE

BY ATOMIC-EMISSION SPECTROMETRY WITH INDUCTIVELY COUPLED PLASMA

� Irina Valentinovna Glinskaya, Anna Eduardovna Teselkina,

Tat’yana Yur’evna Alekseeva, and Roman Yur’evich Kuftyrev
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A method of aluminum, hafnium, iron, yttrium, calcium, magnesium, and titanium determination in

yttria-stabilized zirconia (YSZ) by inductively coupled plasma atomic emission spectrometry (ICP-

AES) is described. Conditions for the decomposition of two modifications of the analyzed material —

unburned and subjected to stabilizing firing — were studied. It was found that the unburnt zirconia

dissolves well in sulfuric acid, and the conversion to the solution of the burnt sample is possible only

with fusion with potassium pyrosulfate or potassium bifluoride, but using of these reagents leads to

high values of the control experiment correction for trace impurities (at the level of tenths and hun-

dredths of a percent). In this connection, we studied the possibility of acid dissolution of a burnt sample
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under microwave decomposition, varying the qualitative and quantitative composition of the acid mix-

ture, the reaction temperature, the time to reach and to maintain the required temperature. It was

found that the decomposition in the mixture of hydrofluoric and sulfuric acids (2:1) in the microwave

system with stepwise heating of the reaction mixture ensures quantitative dissolution of the burnt

sample and sufficiently low values of the control experiment correction for microimpurities. The ana-

lytical lines were chosen taking into account their relative intensity, possible spectral overlaps, and

the matrix effect in the analysis of model solutions containing 1.3 mg/cm3 Zr, 0.2 mg/cm3 Y and from

0.2 to 20 mg/cm3 impurities. As a result, the following analytical lines were chosen: Al II 167.079 nm

and Al I 308.215 nm; Ca II 184.006 nm and 393.366 nm; Fe II 238.204 nm; Mg II 279.553 nm, Ti II

334.941 nm, Y II 371.030 nm and Hf II 232.247 nm. The developed method for the analysis of yttria-

stabilized zirconia (YSZ) by the ICP-AES allows simultaneously determining aluminum, iron, magne-

sium and titanium in the range of 0.01 – 1.0%, calcium — 0.02 – 1.0%, hafnium — 0.1 – 5.0% and

yttrium — 2.0 – 15% with a % rel. (Y). The correctness of the method is confirmed by the standard ad-

dition technique.

Keywords: zirconium dioxide, stabilized by yttrium dioxide; microwave sample preparation; Induc-

tively coupled plasma atomic emission spectroscopy (ICP-AES).

Äèîêñèä öèðêîíèÿ, ñòàáèëèçèðîâàííûé îêñèäîì

èòòðèÿ, ïðèìåíÿþò ïðè ñîçäàíèè êîíñòðóêöè-

îííûõ ìàòåðèàëîâ, èíñòðóìåíòîâ äëÿ îáðàáîòêè

ìåòàëëîâ äàâëåíèåì, â êà÷åñòâå òåïëîçàùèòíûõ

ïîêðûòèé ïðè ïëàçìåííîì íàïûëåíèè â ïðî-

èçâîäñòâå äåòàëåé è óçëîâ ãàçîòóðáèííûõ äâè-

ãàòåëåé.

Ñîäåðæàíèå îêñèäà èòòðèÿ â ñòàáèëèçèðî-

âàííîì äèîêñèäå öèðêîíèÿ (îò 4 äî 17 %) ðåãëà-

ìåíòèðîâàíî â çàâèñèìîñòè îò îáëàñòè ïðèìå-

íåíèÿ, êðîìå òîãî, ëèìèòèðîâàíî ñîäåðæàíèå

îêñèäà ãàôíèÿ (îò 0,1 äî 6,0 %) è ïðèìåñíûõ ýëå-

ìåíòîâ — àëþìèíèÿ, æåëåçà, êàëüöèÿ, ìàãíèÿ è

òèòàíà (0,01 – 0,3 %) (ÒÓ 342–2000. Äèîêñèä öèð-

êîíèÿ äëÿ ïëàçìåííîãî íàïûëåíèÿ ïîêðûòèé;

ÒÓ 344 – 2000. Äèîêñèä öèðêîíèÿ, ñòàáèëèçèðî-

âàííûé îêñèäîì èòòðèÿ). Ñóùåñòâóþùèå ìåòî-

äèêè àíàëèçà ìàòåðèàëîâ íà îñíîâå äèîêñèäà

öèðêîíèÿ, â ÷àñòíîñòè, öèðêîíèéñîäåðæàùèõ

îãíåóïîðîâ, óñòàíàâëèâàþò êîìïëåêñîíîìåòðè-

÷åñêèå, ôîòîìåòðè÷åñêèå è àòîìíî-àáñîðáöèîí-

íûå ìåòîäû èíäèâèäóàëüíîãî îïðåäåëåíèÿ îêñè-

äîâ àëþìèíèÿ (îò 0,5 äî 30 %), æåëåçà (îò 0,01 äî

2,5 %), èòòðèÿ (îò 5,0 äî 25 %), êàëüöèÿ (îò 0,1 äî

35 %), ìàãíèÿ (îò 0,2 äî 10 %) è òèòàíà (îò 0,05 äî

3,0 %), ÷òî íå ïîçâîëÿåò îäíîâðåìåííî îïðå-

äåëÿòü äàííûå ïðèìåñè [1 – 6]. Êðîìå òîãî, ÷óâ-

ñòâèòåëüíîñòü äàííûõ ìåòîäèê íåäîñòàòî÷íà äëÿ

îïðåäåëåíèÿ ïðèìåñåé àëþìèíèÿ, êàëüöèÿ, ìàã-

íèÿ è òèòàíà íà òðåáóåìîì óðîâíå ñîäåðæàíèé —

îò 0,01 – 0,02 %. Ìåòîäèêà àòîìíî-ýìèññèîííîãî

àíàëèçà, îñíîâàííàÿ íà âîçáóæäåíèè ñïåêòðà â

êîíäåíñèðîâàííîé èñêðå èëè äóãå ïîñòîÿííîãî

èëè ïåðåìåííîãî òîêà è åãî ôîòîãðàôè÷åñêîé ðå-

ãèñòðàöèè [7], íå èñïîëüçóåò â ïîëíîé ìåðå âîç-

ìîæíîñòè ìíîãîýëåìåíòíîãî ñïåêòðàëüíîãî ìåòî-

äà àíàëèçà, òàê êàê ðàñïðîñòðàíÿåòñÿ òîëüêî íà

îäèí êîìïîíåíò — îêñèä ãàôíèÿ (îò 0,1 äî 3,0 %).

Â ðàáîòå [8] ïðåäñòàâëåíû ðåçóëüòàòû ðàçðàáîò-

êè ìåòîäèêè àòîìíî-ýìèññèîííîãî îïðåäåëåíèÿ

ìàãíèÿ è èòòðèÿ â ìàòåðèàëàõ íà îñíîâå äèîêñè-

äà öèðêîíèÿ ñ èñïîëüçîâàíèåì ìíîãîêàíàëüíîãî

àíàëèçàòîðà ýìèññèîííûõ ñïåêòðîâ. Äëÿ óñòðà-

íåíèÿ ìàòðè÷íîãî âëèÿíèÿ öèðêîíèÿ íà àíàëè-

òè÷åñêèå ñèãíàëû ïðèìåñåé ïðèìåíÿëè áóôåð-

íûå ñìåñè, ñîñòîÿùèå èç ãðàôèòîâîãî ïîðîøêà è

îêñèäîâ ìåòàëëîâ. Ïîêàçàíî, ÷òî ïðèìåñü ìàãíèÿ

íàèáîëåå äîñòîâåðíî îïðåäåëÿåòñÿ â ïðèñóòñòâèè

îêñèäà êàäìèÿ, à ïðèìåñü èòòðèÿ — â ïðèñóòñò-

âèè îêñèäà ñâèíöà. Ñëåäîâàòåëüíî, è â ýòîì ñëó-

÷àå ìåòîäèêè ÿâëÿþòñÿ îäíîýëåìåíòíûìè. Òà-

êèì îáðàçîì, ïðèìåíåíèå âûøåóêàçàííûõ ìåòî-

äîâ äåëàåò àíàëèç ìàòåðèàëîâ íà îñíîâå äèîêñè-

äà öèðêîíèÿ äëèòåëüíûì, òðóäîåìêèì è íå ïî-

çâîëÿåò îïðåäåëÿòü ìèêðîïðèìåñè íà òðåáóåìîì

óðîâíå.

Öåëü íàñòîÿùåé ðàáîòû — ðàçðàáîòêà ìåòî-

äèêè îäíîâðåìåííîãî îïðåäåëåíèÿ àëþìèíèÿ,

ãàôíèÿ æåëåçà, èòòðèÿ êàëüöèÿ, ìàãíèÿ è òèòàíà

â äèîêñèäå öèðêîíèÿ, ñòàáèëèçèðîâàííîì îêñè-

äîì èòòðèÿ. Íåîáõîäèìîñòü êîíòðîëÿ êà÷åñòâà

äàííîãî ìàòåðèàëà ïî ñîäåðæàíèþ íåñêîëüêèõ

ðåãëàìåíòèðóåìûõ ýëåìåíòîâ îïðåäåëèëà âûáîð

àòîìíî-ýìèññèîííîé ñïåêòðîìåòðèè ñ èíäóêòèâ-

íî-ñâÿçàííîé ïëàçìîé (ÀÝÑ-ÈÑÏ) êàê ìíîãîýëå-

ìåíòíîãî, ïðåöèçèîííîãî è íå òðåáóþùåãî íàëè-

÷èÿ àäåêâàòíûõ ñòàíäàðòíûõ îáðàçöîâ ìåòîäà

àíàëèçà.

Äëÿ àíàëèçà ìåòîäîì ÀÝÑ-ÈÑÏ àíàëèçè-

ðóåìûé îáúåêò íåîáõîäèìî ïåðåâåñòè â ðàñòâîð.

Îñíîâíîé êîìïîíåíò — äèîêñèä öèðêîíèÿ — íå

ðàñòâîðÿåòñÿ â áîëüøèíñòâå êèñëîò, êðîìå ñåð-

íîé, è äëÿ åãî ðàçëîæåíèÿ â îñíîâíîì ïðèìåíÿþò

ñïëàâëåíèå ñ ðàçëè÷íûìè ïëàâíÿìè [9]. Çàäà÷ó

ðàçëîæåíèÿ äèîêñèäà öèðêîíèÿ óñëîæíÿåò òî,

÷òî îí ìîæåò ñóùåñòâîâàòü â äâóõ ìîäèôèêà-

öèÿõ, ïåðåõîäÿùèõ îäíà â äðóãóþ â èíòåðâàëå

òåìïåðàòóð 1000 – 1200 °C. Â ðåçóëüòàòå ýòîãî

ïðîèñõîäèò ïåðåõîä îò ìîíîêëèííîé êðèñòàë-

ëè÷åñêîé ðåøåòêè ê êóáè÷åñêîé, õàðàêòåðèçóþ-

ùåéñÿ áîëåå âûñîêîé õèìè÷åñêîé óñòîé÷èâîñòüþ.

Ïîýòîìó â äàííîé ðàáîòå îñîáîå âíèìàíèå áûëî
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óäåëåíî ðàçðàáîòêå ñïîñîáà ðàçëîæåíèÿ, êîòî-

ðûé îáåñïå÷èë áû ïîëíîå ðàñòâîðåíèå ñòàáèëè-

çèðîâàííîãî äèîêñèäà öèðêîíèÿ è ìèíèìàëüíîå

çíà÷åíèå ïîïðàâêè êîíòðîëüíîãî îïûòà ïðè îï-

ðåäåëåíèè ïðèìåñíûõ ýëåìåíòîâ. Êðîìå òîãî,

äëÿ ïîñëåäóþùåãî àíàëèçà ìåòîäîì ÀÝÑ-ÈÑÏ

æåëàòåëüíî, ÷òîáû ñîäåðæàíèå ñîëåé â ðàñòâîðå

ïðîáû áûëî ìèíèìàëüíûì, è ýòî òàêæå ñëåäóåò

ó÷èòûâàòü ïðè âûáîðå ñïîñîáà ïåðåâåäåíèÿ àíà-

ëèçèðóåìîé ïðîáû â ðàñòâîð.

Â êà÷åñòâå îáúåêòîâ èññëåäîâàíèÿ âûáðàíû

äâà îáðàçöà äèîêñèäà öèðêîíèÿ, ñòàáèëèçèðîâàí-

íîãî îêñèäîì èòòðèÿ, ðàçëè÷íîé ìîäèôèêàöèè —

îáðàçåö ¹ 1 (íåîáîææåííûé) è îáðàçåö ¹ 2 (ïîä-

âåðãíóòûé ñòàáèëèçèðóþùåìó îáæèãó).

Â ðàáîòå èñïîëüçîâàëè ñåðíóþ, õëîðîâîäî-

ðîäíóþ (îñ÷) è ôòîðîâîäîðîäíóþ (õ÷) êèñëîòû;

ïèðîñóëüôàò êàëèÿ è áèôòîðèä êàëèÿ (÷).

Èçó÷àåìûå îáúåêòû àíàëèçèðîâàëè ñ èñïîëü-

çîâàíèåì ñïåêòðîìåòðà iCAP 6300 (Thermo Elec-

tron Corporaition, ÑØÀ) ñ ðàäèàëüíûì íàáëþäå-

íèåì ïëàçìû. Îïòèìèçèðîâàííàÿ êîíñòðóêöèÿ

ñïåêòðîìåòðà îáåñïå÷èâàåò îäíîâðåìåííîå èçìå-

ðåíèå èíòåíñèâíîñòè ëþáûõ àíàëèòè÷åñêèõ ëè-

íèé â äèàïàçîíå îò 166 äî 847 íì. Ïðèáîð îñíà-

ùåí ñîâðåìåííûì ïîëóïðîâîäíèêîâûì òâåðäî-

òåëüíûì äåòåêòîðîì ñ âûñîêèìè ÷óâñòâèòåëü-

íîñòüþ è ðàçðåøåíèåì (óñòðîéñòâî ñ èíæåêöèåé

çàðÿäà — CID) è ìîùíîé âûñîêîýôôåêòèâíîé

îïòè÷åñêîé ñèñòåìîé (îïòè÷åñêàÿ ñèñòåìà ýøåë-

ëå), êîòîðàÿ ïîçâîëÿåò èñïîëüçîâàòü áîëåå âûñî-

êèå ñïåêòðàëüíûå ïîðÿäêè, áëàãîäàðÿ ÷åìó ðàç-

ðåøåíèå íà äëèíå âîëíû 200 íì ñîñòàâëÿåò 7 ïì

ïðè ñîõðàíåíèè äîñòàòî÷íîé ñâåòîñèëû ïðèáîðà.

Ïàðàìåòðû ðàáîòû ñïåêòðîìåòðà: ìîùíîñòü ãå-

íåðàòîðà — 1200 Âò; ðàñïûëèòåëüíûé ïîòîê àð-

ãîíà — 0,7 ë/ìèí; ïëàçìîîáðàçóþùèé (îõëàæ-

äàþùèé) ïîòîê àðãîíà — 12 ë/ìèí; âñïîìîãà-

òåëüíûé ïîòîê àðãîíà — 0,5 ë/ìèí; âûñîòà íà-

áëþäåíèÿ ñïåêòðà — 12 ìì íàä âåðõíèì âèòêîì

èíäóêòîðà. Óïðàâëåíèå ñïåêòðîìåòðîì îñóùåñòâ-

ëÿåòñÿ êîìïüþòåðíîé ïðîãðàììîé ITEVA.

Âûáîð àíàëèòè÷åñêèõ ëèíèé îñóùåñòâëÿëè

ñ ó÷åòîì èõ îòíîñèòåëüíîé èíòåíñèâíîñòè è âîç-

ìîæíûõ ñïåêòðàëüíûõ íàëîæåíèé ëèíèé ìàò-

ðè÷íûõ ýëåìåíòîâ. Â ñîîòâåòñòâèè ñ òðåáîâàíèÿ-

ìè ê ÷èñòîòå ñòàáèëèçèðîâàííîãî äèîêñèäà öèð-

êîíèÿ ñîäåðæàíèå îêñèäîâ àëþìèíèÿ, æåëåçà,

êàëüöèÿ, ìàãíèÿ è òèòàíà íå äîëæíî ïðåâûøàòü

0,01 – 0,3 %. Îïðåäåëåíèå òàêèõ íèçêèõ ñîäåðæà-

íèé ìåòîäîì ÀÝÑ-ÈÑÏ âîçìîæíî òîëüêî ïðè íå-

áîëüøîì ðàçáàâëåíèè ïðîáû, ò.å. â ïðèñóòñòâèè

âûñîêèõ êîíöåíòðàöèé ìàòðè÷íûõ êîìïîíåíòîâ.

Äëÿ âûáîðà àíàëèòè÷åñêèõ ëèíèé è èçó÷åíèÿ

ìàòðè÷íîãî ýôôåêòà àíàëèçèðîâàëè ðàñòâîðû,

ñîäåðæàùèå 1,3 ìã/ñì3 öèðêîíèÿ è 0,2 ìã/ñì3 èò-

òðèÿ (÷òî ñîîòâåòñòâóåò 2 ìã/ñì3 ñòàáèëèçèðîâàí-

íîãî îêñèäà öèðêîíèÿ), áåç ïðèìåñíûõ ýëåìåíòîâ

è â ïðèñóòñòâèè îò 0,2 äî 20 ìêã/ñì3 ïðèìåñåé.

Äëÿ ïðèãîòîâëåíèÿ ìîäåëüíûõ ðàñòâîðîâ èñ-

ïîëüçîâàëè ñòàíäàðòíûå îáðàçöû ñîñòàâà ðàñòâî-

ðîâ ìàòðè÷íûõ è ïðèìåñíûõ ýëåìåíòîâ (ÃÑÎ).

Â ðåçóëüòàòå áûëè âûáðàíû ñëåäóþùèå àíàëè-

òè÷åñêèå ëèíèè, ñâîáîäíûå îò ñïåêòðàëüíûõ íà-

ëîæåíèé: Al II 167,079 íì è Al I 308,215 íì; Ca II

184,006 è 393,366 íì; Fe II 238,204 íì; Mg II

279,553 íì è Ti II 334,941 íì. Ýêñïåðèìåíòû

ïîêàçàëè, ÷òî â ïðèñóòñòâèè ìàêðîêîìïîíåíòîâ

ïðîèñõîäèò çíà÷èòåëüíîå ïîäàâëåíèå èíòåíñèâ-

íîñòåé àíàëèòè÷åñêèõ ëèíèé æåëåçà, ìàãíèÿ è

òèòàíà (äî 8 – 15 %), ïîýòîìó ãðàäóèðîâî÷íûå

ðàñòâîðû äëÿ îäíîâðåìåííîãî îïðåäåëåíèÿ àëþ-

ìèíèÿ, æåëåçà, êàëüöèÿ, ìàãíèÿ è òèòàíà ãîòî-

âèëè íà ôîíå 1,3 ìã/ñì3 öèðêîíèÿ è 0,2 ìã/ñì3

èòòðèÿ.

Îïðåäåëåíèå èòòðèÿ íà óðîâíå ïðîöåíòîâ è

ãàôíèÿ íà óðîâíå äåñÿòûõ äîëåé ïðîöåíòà â ñòà-

áèëèçèðîâàííîì äèîêñèäå öèðêîíèÿ âîçìîæíî

ïðè èñïîëüçîâàíèè áîëåå ðàçáàâëåííûõ ðàñòâî-

ðîâ. Ïî ðåçóëüòàòàì àíàëèçà ðàñòâîðà öèðêîíèÿ

ñ êîíöåíòðàöèåé 0,13 ìã/ñì3 è ðàñòâîðà, ñîäåð-

æàùåãî 0,13 ìã/ñì3 öèðêîíèÿ, 10 ìêã/ñì3 èòòðèÿ

è 2 ìêã/ñì3 ãàôíèÿ, áûëè âûáðàíû ëèíèè Y II

371,030 íì è Hf II 232,247 íì, ñâîáîäíûå êàê îò

ñïåêòðàëüíûõ íàëîæåíèé, òàê è îò ìàòðè÷íîãî

ýôôåêòà öèðêîíèÿ, ÷òî ïîçâîëèëî â äàëüíåéøåì

èñïîëüçîâàòü äëÿ ãðàäóèðîâêè ñïåêòðîìåòðà ÷èñ-

òûå ðàñòâîðû ýòèõ ýëåìåíòîâ. Ïðåäâàðèòåëüíî

áûëà èçó÷åíà âîçìîæíîñòü ðàñòâîðåíèÿ äèîêñèäà

öèðêîíèÿ, ñòàáèëèçèðîâàííîãî îêñèäîì èòòðèÿ,

â ñåðíîé êèñëîòå. Äëÿ ýòîãî ïîìåùàëè ïî 0,1 ã

èññëåäóåìûõ îáðàçöîâ â ñòåêëîóãëåðîäíûå òèãëè

è íàãðåâàëè ñ 2 – 3 ñì3 êîíöåíòðèðîâàííîé ñåð-

íîé êèñëîòû. Ýêñïåðèìåíòû ïîêàçàëè, ÷òî îáðà-

çåö ¹ 1 (íåîáîææåííûé) õîðîøî ðàñòâîðÿåòñÿ â

ñåðíîé êèñëîòå ïîñëå 1,5 – 2 ÷ íàãðåâàíèÿ, òîãäà

êàê îáðàçåö ¹ 2 (îáîææåííûé) ïðàêòè÷åñêè íå

ðàñòâîðÿåòñÿ è ÷åðåç 7 – 8 ÷, ïðè÷åì äàæå ïðè

äîáàâëåíèè ôòîðîâîäîðîäíîé êèñëîòû èëè áè-

ôòîðèäà êàëèÿ. Ïîýòîìó ïîñëåäóþùèå ýêñïåðè-

ìåíòû ïðîâîäèëè ñ îáðàçöîì ¹ 2.

Äëÿ ðàçëîæåíèÿ äèîêñèäà öèðêîíèÿ îáû÷íî

ïðèìåíÿþò ñïëàâëåíèå ñ ïèðîñóëüôàòîì èëè

áèôòîðèäîì êàëèÿ [9]. Â íàñòîÿùåé ðàáîòå ýòè

ðåàãåíòû áûëè èñïîëüçîâàíû äëÿ ðàçëîæåíèÿ

äèîêñèäà öèðêîíèÿ, ñòàáèëèçèðîâàííîãî îêñè-

äîì èòòðèÿ. Ñïëàâëåíèå ñ ïèðîñóëüôàòîì êàëèÿ

ïðîâîäèëè â òèãëÿõ èç êâàðöà ïðè 900° Ñ, ñ áè-

ôòîðèäîì êàëèÿ — â òèãëÿõ èç ñòåêëîóãëåðîäà

ïðè 650 °C èëè ïëàòèíû ïðè 800 °C. Íàâåñêó àíà-

ëèçèðóåìîé ïðîáû ìàññîé 0,1 ã ïîìåùàëè â òè-

ãåëü è ñìåøèâàëè ñ 2 ã ïëàâíÿ, äàëåå íàãðåâàëè â

ìóôåëüíîé ïå÷è äî òðåáóåìîé òåìïåðàòóðû è âû-

äåðæèâàëè ïðè ýòîé òåìïåðàòóðå â òå÷åíèå
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5 ìèí. Ïîñëå îõëàæäåíèÿ âûùåëà÷èâàëè ïëàâ

10 ñì3 õëîðîâîäîðîäíîé êèñëîòû, ðàçáàâëåííîé â

îáúåìíîì îòíîøåíèè 1:1 (ïðè ñïëàâëåíèè ñ ïè-

ðîñóëüôàòîì êàëèÿ), èëè 5 ñì3 ñåðíîé êèñëîòû,

ðàçáàâëåííîé â îáúåìíîì îòíîøåíèè 1:1 (ïðè

ñïëàâëåíèè ñ áèôòîðèäîì êàëèÿ), ïåðåâîäèëè

ðàñòâîð â ïîëèïðîïèëåíîâóþ êîëáó âìåñòè-

ìîñòüþ 50 ñì3 è äîâîäèëè åãî îáúåì äî ìåòêè

äåèîíèçîâàííîé âîäîé. Â ïîëó÷åííîì èñõîäíîì

ðàñòâîðå îïðåäåëÿëè ïðèìåñè àëþìèíèÿ, æåëåçà,

êàëüöèÿ, ìàãíèÿ è òèòàíà. Äëÿ îïðåäåëåíèÿ

èòòðèÿ è ãàôíèÿ èñõîäíûé ðàñòâîð ðàçáàâëÿëè

â 10 ðàç äåèîíèçîâàííîé âîäîé. Îäíîâðåìåííî ñ

ïðèãîòîâëåíèåì ðàñòâîðîâ àíàëèçèðóåìîé ïðîáû

ãîòîâèëè ðàñòâîðû êîíòðîëüíîãî îïûòà äëÿ ó÷å-

òà ñîäåðæàíèÿ îïðåäåëÿåìûõ ýëåìåíòîâ â ðåàê-

òèâàõ: âûïîëíÿëè âñå âûøåóêàçàííûå îïåðàöèè

áåç äîáàâëåíèÿ àíàëèçèðóåìîé ïðîáû. Ïîäãîòîâ-

ëåííûå òàêèì ñïîñîáîì ðàñòâîðû àíàëèçèðîâàëè

ñ èñïîëüçîâàíèåì ñïåêòðîìåòðà ïðè ïðèâåäåí-

íûõ âûøå óñëîâèÿõ, èçìåðÿÿ èíòåíñèâíîñòü âû-

áðàííûõ àíàëèòè÷åñêèõ ëèíèé.

Ýêñïåðèìåíòû ïîêàçàëè, ÷òî â ðåçóëüòàòå

ñïëàâëåíèÿ ïðîáà ïîëíîñòüþ ðàñòâîðÿåòñÿ êàê

ïðè èñïîëüçîâàíèè â êà÷åñòâå ïëàâíÿ ïèðîñóëü-

ôàòà êàëèÿ, òàê è áèôòîðèäà êàëèÿ. Îäíàêî ïðè-

ìåíåíèå ýòèõ ðåàãåíòîâ ïðèâîäèò ê âûñîêèì çíà-

÷åíèÿì ïîïðàâêè êîíòðîëüíîãî îïûòà äëÿ àëþ-

ìèíèÿ, æåëåçà, êàëüöèÿ, ìàãíèÿ è òèòàíà íà

óðîâíå äåñÿòûõ è ñîòûõ äîëåé %, ÷òî íå ïîçâî-

ëÿåò äîñòè÷ü òðåáóåìûõ íèæíèõ ãðàíèö îïðå-

äåëÿåìûõ ñîäåðæàíèé ýòèõ ýëåìåíòîâ. Òàêèì

îáðàçîì, ðàçëîæåíèå ñòàáèëèçèðîâàííîãî äèîê-

ñèäà öèðêîíèÿ ñïëàâëåíèåì ìîæíî ïðèìåíÿòü

òîëüêî äëÿ îïðåäåëåíèÿ â íåì èòòðèÿ è ãàôíèÿ.

Â öåëÿõ äîñòèæåíèÿ êîëè÷åñòâåííîãî ðàñòâî-

ðåíèÿ àíàëèçèðóåìîé ïðîáû è ñíèæåíèÿ ïîïðàâ-

êè êîíòðîëüíîãî îïûòà äëÿ ìèêðîïðèìåñåé áûëè

ïðîâåäåíû ýêñïåðèìåíòû ïî êèñëîòíîìó ðàñòâî-

ðåíèþ îáðàçöà ¹ 2, ïîäâåðãíóòîãî ñòàáèëèçè-

ðóþùåìó îáæèãó, â óñëîâèÿõ ìèêðîâîëíîâîãî

ðàçëîæåíèÿ. Äëÿ òàêîé ïðîáîïîäãîòîâêè èñïîëü-

çîâàëè ëàáîðàòîðíóþ ìèêðîâîëíîâóþ ñèñòåìó

MARS 6 (CEM Corporation, ÑØÀ) ñ äàò÷èêîì

êîíòðîëÿ òåìïåðàòóðû MTS-300 Plus è äàò÷èêîì

êîíòðîëÿ äàâëåíèÿ ESP-1500 Plus. Ðàçëîæåíèå

ïðîá ïðîâîäèëè â çàêðûòûõ ôòîðîïëàñòîâûõ

ñîñóäàõ EasyPrep Plus âìåñòèìîñòüþ 100 ñì3,

ðàññ÷èòàííûõ íà ìàêñèìàëüíóþ òåìïåðàòóðó

300 °C è ìàêñèìàëüíîå äàâëåíèå 54 àòì.

Ïðè ðàçðàáîòêå ìåòîäèêè ìèêðîâîëíîâîãî

âñêðûòèÿ äèîêñèäà öèðêîíèÿ, ñòàáèëèçèðîâàí-

íîãî îêñèäîì èòòðèÿ, âàðüèðîâàëè êà÷åñòâåííûé

è êîëè÷åñòâåííûé ñîñòàâ ñìåñè êèñëîò äëÿ ðàçëî-

æåíèÿ, òåìïåðàòóðó ïðîâåäåíèÿ ðåàêöèè, âðåìÿ

äîñòèæåíèÿ è ïîääåðæàíèÿ òðåáóåìîé òåìïåðà-

òóðû. Íàâåñêó àíàëèçèðóåìîé ïðîáû ìàññîé 0,1 ã

ïîìåùàëè íà äíî ñîñóäà EasyPrep Plus è ðàñòâî-

ðÿëè â óñëîâèÿõ ìèêðîâîëíîâîãî íàãðåâà ëèáî

ïðîâîäÿ ðàçëîæåíèå â íåñêîëüêî ýòàïîâ, ïîñëåäî-

âàòåëüíî íàãðåâàÿ ñíà÷àëà â ïðèñóòñòâèè ôòîðî-

âîäîðîäíîé êèñëîòû, çàòåì äîáàâëÿÿ ñåðíóþ è íà

ïîñëåäíåì ýòàïå — õëîðîâîäîðîäíóþ êèñëîòó,

ëèáî ñðàçó â ñìåñè êîíöåíòðèðîâàííûõ ôòîðî-

âîäîðîäíîé è ñåðíîé êèñëîò.

Íàèëó÷øèå ðåçóëüòàòû äîñòèãíóòû ïðè èñ-

ïîëüçîâàíèè 3 ñì3 ñìåñè ôòîðîâîäîðîäíîé è ñåð-

íîé êèñëîò (2:1) ïðè ñòóïåí÷àòîì íàãðåâå ðåàê-

öèîííîé ñìåñè ïî òåìïåðàòóðíîé ïðîãðàììå ðàç-

ëîæåíèÿ, óêàçàííîé â òàáë. 1.

Â ýòèõ óñëîâèÿõ ïðîèñõîäèò ðàçëîæåíèå àíà-

ëèçèðóåìîé ïðîáû ñ îáðàçîâàíèåì îñàäêà òðóä-

íîðàñòâîðèìûõ ôòîðèäîâ àëþìèíèÿ, èòòðèÿ,

êàëüöèÿ è ìàãíèÿ. Ïî îêîí÷àíèè ðàçëîæåíèÿ ñî-

ñóäû îõëàæäàëè äî êîìíàòíîé òåìïåðàòóðû, ðàñ-

òâîðû ñ îñàäêàìè êîëè÷åñòâåííî ïåðåíîñèëè â

òèãëè èç ñòåêëîóãëåðîäà 50 ñì3 õëîðîâîäîðîäíîé

êèñëîòû (1:99) è 20 ñì3 äåèîíèçîâàííîé âîäû.

Ñîäåðæèìîå òèãëåé íàãðåâàëè äî ïîëíîé îòãîíêè

ïàðîâ ôòîðîâîäîðîäíîé êèñëîòû è ïîÿâëåíèÿ ïà-

ðîâ ñåðíîé êèñëîòû, òàê êàê ïðèñóòñòâèå ôòî-

ðèä-èîíîâ íåæåëàòåëüíî ïðè ïîñëåäóþùåì ðàñ-

ïûëåíèè àíàëèçèðóåìûõ ðàñòâîðîâ â ïëàçìó

ñïåêòðîìåòðà. Äëÿ ïåðåâåäåíèÿ òðóäíîðàñòâîðè-

ìûõ ôòîðèäîâ àëþìèíèÿ, èòòðèÿ, êàëüöèÿ è ìàã-

íèÿ â ðàñòâîðèìûå õëîðèäû â òèãëè ïîñëå îõëà-

æäåíèÿ äîáàâëÿëè ïî 2 ñì3 êîíöåíòðèðîâàííîé

õëîðîâîäîðîäíîé êèñëîòû è íàãðåâàëè äî ïîëíî-

ãî ðàñòâîðåíèÿ îñàäêîâ. Ðàñòâîðû ïåðåíîñèëè â

ïîëèïðîïèëåíîâûå êîëáû âìåñòèìîñòüþ 50 ñì3,

äîâîäèëè îáúåì ðàñòâîðà äî ìåòêè äåèîíèçîâàí-

íîé âîäîé è ðàçáàâëÿëè â 10 ðàç õëîðîâîäîðîä-

íîé êèñëîòîé (1:19). Ïàðàëëåëüíî ïðîâîäèëè

êîíòðîëüíûå îïûòû äëÿ ó÷åòà ñîäåðæàíèÿ îïðå-

äåëÿåìûõ ýëåìåíòîâ â ðåàêòèâàõ.

Íåðàçáàâëåííûå (èñõîäíûå) ðàñòâîðû àíà-

ëèçèðîâàëè íà ñîäåðæàíèå àëþìèíèÿ, æå-

ëåçà, êàëüöèÿ, ìàãíèÿ è òèòàíà, èñïîëüçóÿ äëÿ

ãðàäóèðîâêè ñïåêòðîìåòðà ðàñòâîðû, ñîäåð-

æàùèå ïî 2,10 è 20 ìêã/ñì3 êàæäîãî îïðåäåëÿ-

åìîãî ýëåìåíòà â ïðèñóòñòâèè 1,3 ìã/ñì3 öèðêî-

íèÿ è 0,2 ìã/ñì3 èòòðèÿ. Â êà÷åñòâå «íóëåâîãî»

èñïîëüçîâàëè ðàñòâîð, ñîäåðæàùèé 1,3 ìã/ñì3

öèðêîíèÿ è 0,2 ìã/ñì3 èòòðèÿ áåç ïðèìåñíûõ ýëå-

ìåíòîâ. Â ðàçáàâëåííûõ ðàñòâîðàõ îïðåäåëÿëè

èòòðèé è ãàôíèé, èñïîëüçóÿ äëÿ ãðàäóèðîâêè,
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Òàáëèöà 1. Ïàðàìåòðû ìèêðîâîëíîâîãî ðàçëîæåíèÿ äè-

îêñèäà öèðêîíèÿ, ñòàáèëèçèðîâàííîãî îêñèäîì èòòðèÿ

Ñòàäèÿ
Òåìïåðàòóðà

ðàçëîæåíèÿ, °C

Âðåìÿ ïîäúåìà

òåìïåðàòóðû, ìèí

Âðåìÿ óäåðæàíèÿ

òåìïåðàòóðû, ìèí

1 150 15 20

2 220 15 40



ñîîòâåòñòâåííî, ÷èñòûå ðàñòâîðû èòòðèÿ ñ êîí-

öåíòðàöèåé 10, 20 è 30 ìêã/ñì3, ãàôíèÿ ñ êîíöåí-

òðàöèåé 1,5 è 10 ìêã/ñì3 è â êà÷åñòâå «íóëåâîãî

ðàñòâîðà» — õëîðîâîäîðîäíóþ êèñëîòó, ðàçáàâ-

ëåííóþ â îáúåìíîì îòíîøåíèè 1:19.

Ïðîâåäåííûå ýêñïåðèìåíòû ïîêàçàëè, ÷òî

îáðàáîòêà îáîææåííîãî äèîêñèäà öèðêîíèÿ, ñòà-

áèëèçèðîâàííîãî îêñèäîì èòòðèÿ, ñìåñüþ êèñëîò

ñ ïðèìåíåíèåì ìèêðîâîëíîâîãî íàãðåâà ïîçâîëÿ-

åò ïîëíîñòüþ ïåðåâåñòè àíàëèçèðóåìóþ ïðîáó â

ðàñòâîð. Ïðè ýòîì ñóùåñòâåííî ñíèçèëèñü çíà÷å-

íèÿ ïîïðàâêè êîíòðîëüíîãî îïûòà — äî òûñÿ÷-

íûõ äîëåé %, ÷òî ïîçâîëèëî äîñòè÷ü òðåáóåìûõ

íèæíèõ ãðàíèö îïðåäåëÿåìûõ ñîäåðæàíèé ìèê-

ðîïðèìåñåé: äëÿ àëþìèíèÿ, æåëåçà, ìàãíèÿ è òè-

òàíà — 0,01 % ìàññ., äëÿ êàëüöèÿ — 0,02 % ìàññ.

Íèæíèå ãðàíèöû îïðåäåëÿåìûõ ñîäåðæàíèé ðàñ-

ñ÷èòûâàëè ïî 6S-êðèòåðèþ, ãäå S — ñòàíäàðòíîå

îòêëîíåíèå ïîïðàâêè êîíòðîëüíîãî îïûòà.

Íà îñíîâàíèè ïðîâåäåííûõ èññëåäîâàíèé

áûëà ðàçðàáîòàíà ìåòîäèêà àòîìíî-ýìèññèîííî-

ãî ñ èíäóêòèâíî-ñâÿçàííîé ïëàçìîé àíàëèçà äè-

îêñèäà öèðêîíèÿ, ñòàáèëèçèðîâàííîãî îêñèäîì

èòòðèÿ, ïîçâîëÿþùàÿ îäíîâðåìåííî îïðåäåëÿòü

àëþìèíèé, æåëåçî, ìàãíèé è òèòàí â äèàïàçîíå

ñîäåðæàíèé 0,01 – 1,0 %, êàëüöèé — 0,02 – 1,0 %,

ãàôíèé — 0,1 – 5,0 % è èòòðèé — 2,0 – 15 %. Äèà-

ïàçîíû îïðåäåëÿåìûõ ñîäåðæàíèé ãàôíèÿ è èò-

òðèÿ ñîîòâåòñòâóþò òðåáîâàíèÿì òåõíè÷åñêèõ óñ-

ëîâèé íà ñòàáèëèçèðîâàííûé äèîêñèä öèðêîíèÿ.

Ïî ðàçðàáîòàííîé ìåòîäèêå áûëè ïðîàíàëèçèðî-

âàíû îáðàçöû íåîáîææåííîãî è îáîææåííîãî äè-

îêñèäà öèðêîíèÿ, ñòàáèëèçèðîâàííîãî îêñèäîì

èòòðèÿ. Ðåçóëüòàòû àíàëèçà ïðèâåäåíû â òàáë. 2.

Ïðàâèëüíîñòü ïîëó÷åííûõ ðåçóëüòàòîâ ïðî-

âåðÿëè ìåòîäîì «ââåäåíî – íàéäåíî». Ðåçóëüòà-

òû àíàëèçà ïðîá ñ äîáàâêàìè ïðåäñòàâëåíû â

òàáë. 3.

Çíà÷èìîñòü îöåíêè ñèñòåìàòè÷åñêîé ïîãðåø-

íîñòè ìåòîäèêè àíàëèçà ïðîâåðÿëè ïî t-êðèòå-

ðèþ ñîãëàñíî ÐÌÃ 61–2010 [10]. Óñòàíîâëåíî,

÷òî äëÿ âñåõ îïðåäåëÿåìûõ ýëåìåíòîâ îöåíêè ìà-

òåìàòè÷åñêîãî îæèäàíèÿ ñèñòåìàòè÷åñêîé ïî-

ãðåøíîñòè è íåçíà÷èìû íà ôîíå ñëó÷àéíîãî ðàç-

áðîñà, òàê êàê tðàñ÷ < tòàáë, ÷òî ñâèäåòåëüñòâóåò î

ïðàâèëüíîñòè ìåòîäèêè àíàëèçà.

Îòíîñèòåëüíîå ñòàíäàðòíîå îòêëîíåíèå ïðè

îïðåäåëåíèè ìèêðîïðèìåñåé àëþìèíèÿ, æåëåçà,

ìàãíèÿ, òèòàíà è êàëüöèÿ ñîñòàâëÿåò 6 –

30 % îòí., ãàôíèÿ — 2 – 8 % îòí. è èòòðèÿ — 2 –

4 % îòí.

Òàêèì îáðàçîì, â ðåçóëüòàòå èññëåäîâàíèé

áûëà ðåøåíà çàäà÷à ðàçëîæåíèÿ õèìè÷åñêè óñ-

òîé÷èâîãî äèîêñèäà öèðêîíèÿ, ñòàáèëèçèðîâàí-

íîãî îêñèäîì èòòðèÿ, íåçàâèñèìî îò åãî ìîäèôè-

êàöèè. Ïðåäëàãàåìûé ñïîñîá ðàçëîæåíèÿ îáåñïå-

÷èâàåò ïîëíîå ïåðåâåäåíèå ïðîáû â ðàñòâîð è

ìèíèìàëüíîå çíà÷åíèå ïîïðàâêè êîíòðîëüíîãî

îïûòà ïðè îïðåäåëåíèè ïðèìåñíûõ ýëåìåíòîâ.

Ïîñëåäóþùèé àíàëèç ðàñòâîðà ïðîáû ìåòîäîì

ÀÝÑ-ÈÑÏ ïîçâîëÿåò ïðîâîäèòü îäíîâðåìåííîå

îïðåäåëåíèå ìàêðî- è ìèêðîêîìïîíåíòîâ â àíà-

ëèçèðóåìîì ìàòåðèàëå, ÷òî ñóùåñòâåííî ñîêðà-

ùàåò âðåìÿ ïðîâåäåíèÿ àíàëèçà, à òàêæå ðàñõîä

ðåàêòèâîâ.
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Òàáëèöà 2. Ðåçóëüòàòû àíàëèçà äèîêñèäà öèðêîíèÿ, ñòàáèëèçèðîâàííîãî îêñèäîì èòòðèÿ (n = 10; P = 0,95)

Îáðàçåö

Ñîäåðæàíèå X � �, % ìàññ.

Al Ca Fe Hf Mg Ti Y

¹ 1 (äèîêñèä öèðêîíèÿ,

ñòàáèëèçèðîâàííûé îêñèäîì

èòòðèÿ, íåîáîææåííûé) 0,013 ± 0,006 <0,02 <0,01 1,54 ± 0,13 <0,01 <0,01 7,14 ± 0,36

¹ 2 (äèîêñèä öèðêîíèÿ,

ñòàáèëèçèðîâàííûé îêñèäîì

èòòðèÿ, îáîææåííûé) 0,010 ± 0,006 <0,02 <0,01 1,46 ± 0,13 <0,01 <0,01 7,45 ± 0,37

Òàáëèöà 3. Ðåçóëüòàòû ïðîâåðêè ïðàâèëüíîñòè àíàëèçà

äèîêñèäà öèðêîíèÿ, ñòàáèëèçèðîâàííîãî îêñèäîì èòòðèÿ,

ìåòîäîì «ââåäåíî – íàéäåíî» (n = 10; P = 0,95)

Îïðå-

äåëÿ-

åìûé

ýëåìåíò

Îáðàçåö ¹ 1

(íåîáîææåííûé)

Îáðàçåö ¹ 2,

(îáîææåííûé)

Ââåäåíî,

% ìàññ.

Íàéäåíî,

% ìàññ.

Ââåäåíî,

% ìàññ.

Íàéäåíî,

% ìàññ.

Al 0,10 0,098 ± 0,038 0,50 0,48 ± 0,07

0,02 0,021 ± 0,015 0,05 0,049 ± 0,018

Ca 0,10 0,099 ± 0,030 0,50 0,49 ± 0,07

0,01 0,019 ± 0,013 0,05 0,050 ± 0,020

Fe 0,10 0,10 ± 0,03 0,50 0,50 ± 0,06

0,02 0,020 ± 0,010 0,05 0,048 ± 0,017

Hf 2,0 1,95 ± 0,15 3,0 2,97 ± 0,18

3,0 3,02 ± 0,19 2,0 1,98 ± 0,15

Mg 0,10 0,10 ± 0,03 0,50 0,50 ± 0,06

0,02 0,018 ± 0,010 0,05 0,049 ± 0,018

Ti 0,10 0,099 ± 0,030 0,50 0,49 ± 0,07

0,02 0,019 ± 0,010 0,05 0,050 ± 0,017

Y 5,0 4,97 ± 0,52 7,0 6,97 ± 0,59

7,0 6,95 ± 0,56 5,0 4,98 ± 0,51
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Îïèñàíà óíèôèöèðîâàííàÿ ìåòîäèêà îïðåäåëåíèÿ ïðèìåñåé â ïëàòèíîðîäèåâûõ ñïëà-

âàõ ìåòîäîì àòîìíî-ýìèññèîííîé ñïåêòðîìåòðèè, ïîçâîëÿþùàÿ àíàëèçèðîâàòü ñïëàâû

íåãîñòèðîâàííûõ ìàðîê, äëÿ êîòîðûõ îòñóòñòâóþò ñòàíäàðòíûå îáðàçöû. Ïðåäëîæåí-

íàÿ ìåòîäèêà ïîçâîëÿåò îïðåäåëÿòü ïðèìåñè â ïëàòèíîðîäèåâûõ ñïëàâàõ, ñîäåðæàùèõ

îò 0,1 äî 35 % ìàññ. ðîäèÿ, áåç èñïîëüçîâàíèÿ àäåêâàòíûõ ñòàíäàðòíûõ îáðàçöîâ äëÿ

êàæäîãî êîíêðåòíîãî ñïëàâà. Äëÿ ïîñòðîåíèÿ ãðàäóèðîâî÷íûõ õàðàêòåðèñòèê èñïîëüçî-

âàëè àòòåñòîâàííûå ñòàíäàðòíûå îáðàçöû. Âûáðàíû óñëîâèÿ ïðîâåäåíèÿ àíàëèçà è

àíàëèòè÷åñêèå ëèíèè, ñâîáîäíûå îò ñïåêòðàëüíûõ íàëîæåíèé. Îöåíåíû ïîêàçàòåëè

òî÷íîñòè ðàçðàáîòàííîé ìåòîäèêè, êîòîðûå íå óñòóïàþò àíàëîãè÷íûì ïîêàçàòåëÿì ìå-

òîäèêè îïðåäåëåíèÿ ïðèìåñåé â ïëàòèíå è ñïëàâàõ ÏëÐä10 è ÏëÐä20 [1].

Êëþ÷åâûå ñëîâà: ïëàòèíîðîäèåâûå ñïëàâû; ìåòîäèêà; ïðèìåñè; àòîìíî-ýìèññèîííàÿ

ñïåêòðîìåòðèÿ ñ äóãîâûì âîçáóæäåíèåì.

A UNIFIED TECHNIQUE OF DETERMINING MASS FRACTIONS

OF THE IMPURITIES IN PLATINUM-RHODIUM ALLOYS

BY ATOMIC EMISSION SPECTROSCOPY (AES)
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A unified technique of AES determination of the impurities in platinum-rhodium alloys is presented. A

distinctive feature of the technique is the possibility for analysis of the alloys of the grades not deter-

mined by GOSTs, which are widely used in industry. Almost no standard samples (their development is

a long and expensive process) are available for such alloys. The technique provides determination of

the impurities in platinum-rhodium alloys with rhodium contents of 0.1% – 35 % wt. without using an

adequate standard sample for each particular alloy. The unified technique of AES determination of sil-

ver, gold, copper, iron, nickel, lead, palladium, antimony, tin, zinc and other in platinum-rhodium alloys

(containing up to 36% of rhodium) is thus developed. Certified standard samples were used to plot the

calibration curves. The accuracy indices of the developed unified technique are not inferior to those of

the procedures developed earlier for platinum and platinum – rhodium alloys.

Keywords: platinum-rhodium alloys; technique; impurity; atomic-emission spectroscopy.

Ìåòîä àòîìíî-ýìèññèîííîé ñïåêòðîìåòðèè ñ äó-

ãîâûì âîçáóæäåíèåì ñïåêòðà øèðîêî èñïîëüçó-

þò äëÿ îïðåäåëåíèÿ ìåòàëëîâ ïëàòèíîâîé ãðóï-

ïû [2]. Ýòîò ìåòîä äîñòàòî÷íî òî÷åí è ïîçâîëÿåò

áûñòðî ïîëó÷èòü ñâåäåíèÿ î ïðèìåñíîì ñîñòàâå

ìåòàëëà èëè ñïëàâà áåç ïðåäâàðèòåëüíîé ñëîæ-

íîé ïðîáîïîäãîòîâêè. Â îòëè÷èå îò àòîìíî-ýìèñ-

ñèîííîé ñïåêòðîìåòðèè ñ èíäóêòèâíî-ñâÿçàííîé

ïëàçìîé äóãîâîé âàðèàíò ìåòîäà îòíîñèòåëüíî

íåäîðîã è îáëàäàåò àïïàðàòóðíîé ïðîñòîòîé. Îí

îñíîâàí íà ïåðåâîäå íàâåñêè îáðàçöà â ãëîáóëó,

åå èñïàðåíèè è âîçáóæäåíèè àòîìîâ ðàçðÿäîì

äóãè ïîñòîÿííîãî òîêà. Ìåòîä àòîìíî-ýìèññèîí-

íîé ñïåêòðîìåòðèè ñ äóãîâûì âîçáóæäåíèåì

ñïåêòðà óòâåðæäåí â êà÷åñòâå ãîñóäàðñòâåííîãî

ñòàíäàðòà ïðè îïðåäåëåíèè ïðèìåñíîãî ñîñòàâà

ïëàòèíû [3].
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Ïëàòèíîðîäèåâûå ñïëàâû íàõîäÿò øèðîêîå

ïðèìåíåíèå â ñòåêëîïëàâèëüíîé è õèìè÷åñêîé

ïðîìûøëåííîñòè. Èñïîëüçóåìûå ñïëàâû ÷àñòî

ÿâëÿþòñÿ íåñòàíäàðòíûìè, èõ ñîñòàâ íå àíàëîãè-

÷åí óòâåðæäåííûì òèïàì ñòàíäàðòíûõ îáðàçöîâ,

÷òî çàòðóäíÿåò àíàëèòè÷åñêèé êîíòðîëü òàêèõ

ñïëàâîâ. Ñóùåñòâóþùèå íà ñåãîäíÿøíèé äåíü

êîìïëåêòû ñòàíäàðòíûõ îáðàçöîâ íå îõâàòûâàþò

ïîëíîñòüþ âåñü ñïåêòð àíàëèçèðóåìûõ ïëàòèíî-

ðîäèåâûõ ñïëàâîâ.

Â ðÿäå ðàáîò [4, 5] óæå ðàññìàòðèâàëñÿ âî-

ïðîñ ðàçðàáîòêè óíèôèöèðîâàííûõ ìåòîäèê äëÿ

îïðåäåëåíèÿ ïðèìåñåé â ñïëàâàõ, äëÿ êîòîðûõ íå

ñóùåñòâóåò àäåêâàòíûõ ñòàíäàðòíûõ îáðàçöîâ.

Àâòîðû ðàáîòû [4] ñðàâíèâàëè ãðàäóèðîâî÷íûå

õàðàêòåðèñòèêè, ïîëó÷åííûå ñ èñïîëüçîâàíèåì

ñòàíäàðòíûõ îáðàçöîâ è îáðàçöîâ äðóãîãî ñîñòà-

âà, ñïåöèàëüíî ïðèãîòîâëåííûõ ñïëàâëåíèåì.

Àâòîðàìè ðàáîòû [5] áûëà ïðåäïðèíÿòà ïîïûòêà

ïîñòðîåíèÿ ãðàäóèðîâî÷íûõ õàðàêòåðèñòèê ñ èñ-

ïîëüçîâàíèåì ðàçíûõ ïî îñíîâíîìó ñîñòàâó êîì-

ïëåêòîâ ñòàíäàðòíûõ îáðàçöîâ. Ýòè èññëåäî-

âàíèÿ ïîêàçàëè, ÷òî ïîëó÷åííûå ðåçóëüòàòû

íåëüçÿ ñ÷èòàòü óäîâëåòâîðèòåëüíûìè äëÿ âñåõ

îïðåäåëÿåìûõ ïðèìåñåé: â ïåðâîì ñëó÷àå ýòî

îáúÿñíÿåòñÿ, âåðîÿòíî, èçìåíåíèåì ïðèìåñíîãî

ñîñòàâà ñïëàâà â ïðîöåññå ïðèãîòîâëåíèÿ îáðàç-

öîâ, âî âòîðîì — íåâîçìîæíîñòüþ ïîëó÷åíèÿ

ëèíåéíûõ ãðàäóèðîâî÷íûõ õàðàêòåðèñòèê äëÿ

îïðåäåëåíèÿ íåêîòîðûõ ïðèìåñåé.

Â íàñòîÿùåé ðàáîòå èññëåäîâàëè âëèÿíèå èç-

ìåíåíèÿ îñíîâíîãî ñîñòàâà ïëàòèíîðîäèåâûõ

ñïëàâîâ íà îïðåäåëåíèå ïðèìåñåé. Öåëü èññëåäî-

âàíèÿ — ðàçðàáîòêà óíèôèöèðîâàííîé ìåòîäè-

êè, êîòîðàÿ ïîçâîëèëà áû îïðåäåëÿòü ïðèìåñíûå

êîìïîíåíòû â íåñòàíäàðòíûõ ïëàòèíîðîäèåâûõ

ñïëàâàõ.

Îáðàçöû äëÿ èññëåäîâàíèÿ ïîëó÷àëè ïóòåì

ïðîïîðöèîíàëüíîãî ñìåøèâàíèÿ àòòåñòîâàííûõ

ñòàíäàðòíûõ îáðàçöîâ è àôôèíèðîâàííûõ ïî-

ðîøêîâ ïëàòèíû è ðîäèÿ. Äëÿ ýòîãî íàâåñêè

ñòàíäàðòíûõ îáðàçöîâ è ïîðîøêîâ àôôèíèðî-

âàííûõ ìåòàëëîâ âçâåøèâàëè íà àíàëèòè÷åñêèõ

âåñàõ ñ òî÷íîñòüþ äî 0,00001 ã è ïîìåùàëè â êðà-

òåð íèæíåãî ýëåêòðîäà: íà äíî êðàòåðà — ïîðî-

øîê ìåòàëëà, à ñâåðõó — íàâåñêó ñòàíäàðòíîãî

îáðàçöà. Îáùàÿ ìàññà îáðàçöà äëÿ èññëåäîâàíèÿ

ñîñòàâëÿëà 0,1 ã. Â êà÷åñòâå ýëåêòðîäîâ èñïîëüçî-

âàëè ñïåêòðàëüíûå óãëè äèàìåòðîì 6 ìì, ðåêî-

ìåíäîâàííûå ÃÎÑÒ [3]. Íèæíèé ýëåêòðîä èìåë

ìèëëèìåòðîâîå óãëóáëåíèå â òîðöå, âåðõíèå

ýëåêòðîäû áûëè çàòî÷åíû íà ïîëóñôåðó èëè óñå-

÷åííûé êîíóñ. Â õîäå ïðåäîòæèãà â òå÷åíèå

1 – 2 ñ ïîðîøîê ìåòàëëà è ñòàíäàðòíûé îáðàçåö

ñïëàâëÿþòñÿ è ãîìîãåíèçèðóþòñÿ â êðàòåðå ýëåê-

òðîäà. Ýëåêòðîäîäåðæàòåëè î÷èùàëè ñïèðòîì îò

ïîâåðõíîñòíûõ çàãðÿçíåíèé ïåðåä àíàëèçîì êà-

æäîãî îáðàçöà.

Â ðàáîòå èñïîëüçîâàëè àòîìíî-ýìèññèîííûé

ñïåêòðîìåòð ÑÏÀÑ-01 [6] è äèôðàêöèîííûé

ñïåêòðîãðàô ÄÔÑ-8 ñ ÌÀÝÑ [7]. Èñòî÷íèêîì âîç-

áóæäåíèÿ ñïåêòðîâ ñëóæèë ãåíåðàòîð äóãè ïîñòî-

ÿííîãî èëè ïåðåìåííîãî òîêà ñ ñèëîé äî 15 À.

Øèðèíó ùåëè 0,015 ìì âûáèðàëè â ñîîòâåò-

ñòâèè ñ ðåêîìåíäàöèÿìè [3]. Âðåìÿ ýêñïîçèöèè

(40 – 65 ñ) çàäàâàëè ñ ó÷åòîì ñïåêòðîâ âûãîðàíèÿ

ïðèìåñåé â ñòàíäàðòíûõ îáðàçöàõ ñ íàèáîëüøèì

ñîäåðæàíèåì êàæäîé ïðèìåñè. Îïòèìàëüíîå çíà-

÷åíèå ñèëû òîêà äóãè áûëî îïðåäåëåíî ýêñïå-

ðèìåíòàëüíî ñ ó÷åòîì èíòåíñèâíîñòåé âûáðàí-

íûõ àíàëèòè÷åñêèõ ëèíèé è ñîñòàâëÿëî 6 – 10 À.

Ïðè ìåíüøèõ çíà÷åíèÿõ ñèëû òîêà íå ïðîèñõî-

äèò ïîëíîå âûãîðàíèå ïðèìåñåé, à ïðè áîëüøèõ

èíòåíñèâíîñòü íåêîòîðûõ àíàëèòè÷åñêèõ ëèíèé,

íàïðèìåð, Pd 340,46 íì, Mg 285,21 íì, ïåðåõî-

äèò â íàñûùåíèå.

Àíàëèòè÷åñêèå ëèíèè âûáèðàëè èñõîäÿ èç

òðåáîâàíèé îïòèìàëüíîé ÷óâñòâèòåëüíîñòè îïðå-

äåëåíèÿ è îòñóòñòâèÿ ñïåêòðàëüíûõ íàëîæåíèé,

îñîáåííî â ñëó÷àå ÷àñòî ïåðåêðûâàþùèõñÿ ëè-

íèé îñíîâû — ïëàòèíû è ðîäèÿ. Â òàáë. 1 ïðåä-

ñòàâëåíû âûáðàííûå ñïåêòðàëüíûå ëèíèè.

Çà ðåçóëüòàò àíàëèçà äëÿ ìåäè è èðèäèÿ ïðè-

íèìàëè ñðåäíåå àðèôìåòè÷åñêîå ðåçóëüòàòîâ îï-

ðåäåëåíèÿ ïî äâóì àíàëèòè÷åñêèì ëèíèÿì. Ðàç-

íûå ñîäåðæàíèÿ ïàëëàäèÿ îïðåäåëÿëè ïî ðàç-

íûì àíàëèòè÷åñêèì ëèíèÿì çà ñ÷åò èõ ðàçëè÷-

íîé ÷óâñòâèòåëüíîñòè: ïðè ñîäåðæàíèè Pd ñâû-

øå 0,02 % ìàññ. ïðåäïî÷òåíèå îòäàåòñÿ ëèíèè Pd

292,25 íì.

Äëÿ ïðîâåäåíèÿ èññëåäîâàíèÿ ãîòîâèëè ñìå-

ñè ÏëÐä2, ÏëÐä5, ÏëÐä7, ÏëÐä9, ÏëÐä14,
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Òàáëèöà 1. Äëèíû âîëí àíàëèòè÷åñêèõ ëèíèé

Îïðåäå-

ëÿåìûé

ýëåìåíò

Äëèíà âîëíû àíà-

ëèòè÷åñêîé ëèíèè,

íì/äëèíà âîëíû

ëèíèè ñðàâíå-

íèÿ (Pt), íì

Îïðåäå-

ëÿåìûé

ýëåìåíò

Äëèíà âîëíû àíà-

ëèòè÷åñêîé ëèíèè,

íì/äëèíà âîëíû

ëèíèè ñðàâíå-

íèÿ (Pt), íì

Ag 338,29/342,56 Mg 285,21/281,82

Al 208,22/273,84 Mn 279,48/288,81

As 234,99/240,01 Ni 303,79/310,09

Au 302,92/305,96 Pb 283,30/288,81

Bi 298,90/300,11 Pd 292,25/295,91

Ca 396,85/399,67 Pd 340,46/336,70

Cr 425,43/439,19 Ru 343,67/343,18

Cu 217,90/227,48 Ru 349,89/333,58

Cu 218,17/227,48 Sb 231,15/228,05

Fe 296,69/295,92 Si 288,16/227,48

Ir 292,48/294,47 Sn 286,33/238,68

Ir 322,08/326,84 Zn 206,20/206,75



ÏëÐä24, ÏëÐä30 è ÏëÐä36 ñ èñïîëüçîâàíèåì

ÃÑÎ ñîñòàâà ïëàòèíû 9058–2008 (êîìïëåêò Ïë1);

ÑÎÏ ñîñòàâà ñïëàâà ÏëÐä-10 (ñâèäåòåëüñòâî

¹ 707569-707573–97); ÃÑÎ ñîñòàâà ñïëàâà ïëàòè-

íîðîäèåâîãî òèïà ÏëÐä-20 8677 – 2005 (êîìïëåêò

ÏëÐä-20); àôôèíèðîâàííûõ ïîðîøêîâ Ïë (ìàð-

êà 99,98) è Ðä (ìàðêà 99,98) ñ ïàñïîðòàìè çàâîäà-

èçãîòîâèòåëÿ, â êîòîðûõ óêàçàíû ñîäåðæàíèÿ

ïðèìåñíûõ êîìïîíåíòîâ.

Íåîáõîäèìûå êîëè÷åñòâà âåùåñòâ, ïîìåùàå-

ìûõ â êðàòåð ýëåêòðîäà, ïðåäñòàâëåíû â òàáë. 2.

Ñîäåðæàíèÿ ïðèìåñíûõ êîìïîíåíòîâ â ïðè-

ãîòîâëåííûõ ñìåñÿõ ðàññ÷èòûâàëè ñ ó÷åòîì

ìåòðîëîãè÷åñêèõ õàðàêòåðèñòèê ñòàíäàðòíûõ

îáðàçöîâ è àôôèíèðîâàííûõ ïîðîøêîâ ïëàòèíû

è ðîäèÿ.

Äèàïàçîíû îïðåäåëÿåìûõ ñîäåðæàíèé âñåõ

ïðèìåñåé áûëè âûáðàíû â ñîîòâåòñòâèè ñ òðåáî-

âàíèÿìè ÃÎÑÒ Ð ÈÑÎ 5725–2002, ïðè ýòîì äëÿ

êàæäîãî äèàïàçîíà áûëî ïîëó÷åíî ïî 10 (L) ðåçóëü-

òàòîâ àíàëèçà, êîòîðûå ÿâëÿëèñü ñðåäíèì àðèô-

ìåòè÷åñêèì òðåõ (n) åäèíè÷íûõ îïðåäåëåíèé.

Ãðàäóèðîâî÷íûå ãðàôèêè äëÿ àíàëèçà ñïëà-

âîâ ñ ñîäåðæàíèåì ðîäèÿ îò 0,1 äî 5 % ìàññ.

âêëþ÷èòåëüíî áûëè ïîñòðîåíû ñ èñïîëüçîâàíèåì

ÃÑÎ Ïë, äëÿ àíàëèçà ñïëàâîâ, ñîäåðæàùèõ îò 5

äî 15 % ìàññ., — ñ èñïîëüçîâàíèåì ÑÎÏ ÏëÐä10,

à îò 15 äî 35 % ìàññ. — ÃÑÎ ÏëÐä20.

Ïîëó÷åííûå äàííûå ïîêàçàëè, ÷òî ìàññîâàÿ

äîëÿ ïðèìåñåé â ïðèãîòîâëåííûõ ñìåñÿõ ìîæåò

áûòü îïðåäåëåíà ïî ãðàäóèðîâî÷íûì õàðàêòåðè-

ñòèêàì, ïîñòðîåííûì ñ èñïîëüçîâàíèåì ñòàí-

äàðòíûõ îáðàçöîâ. Òàêàÿ çàêîíîìåðíîñòü íà-

áëþäàëàñü âî âñåì äèàïàçîíå îïðåäåëÿåìûõ ñî-

äåðæàíèé äëÿ âñåõ ïðèìåñåé, âõîäÿùèõ â ñîñòàâ

ýêñïåðèìåíòàëüíûõ ñìåñåé. Äèàïàçîíû îïðåäå-

ëÿåìûõ ñîäåðæàíèé ïðèìåñåé â ñïëàâàõ ñ ðàç-

ëè÷íûìè ñîäåðæàíèÿìè ðîäèÿ ïðåäñòàâëåíû â

òàáë. 3.
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Òàáëèöà 2. Ñîñòàâ ñìåñè, ïîìåùàåìîé â êðàòåð

ýëåêòðîäà

Ñìåñü
Ñòàíäàðòíûé

îáðàçåö (ÑÎ)

Ìàññà êîìïîíåíòîâ ñìåñè, ã

ÑÎ
Ïë (ìàðêà

99,98)

Ðä (ìàðêà

99,98)

ÏëÐä2 Ïë 0,098 — 0,002

ÏëÐä5 Ïë 0,095 — 0,005

ÏëÐä7 ÏëÐä10 0,07 0,03 —

ÏëÐä9 ÏëÐä10 0,09 0,01 —

ÏëÐä14 ÏëÐä10 0,0955 — 0,0045

ÏëÐä24 ÏëÐä20 0,095 — 0,005

ÏëÐä30 ÏëÐä20 0,087 — 0,013

ÏëÐä36 ÏëÐä20 0,08 — 0,02

Òàáëèöà 3. Äèàïàçîíû îïðåäåëÿåìûõ ñîäåðæàíèé ïðèìåñåé (% ìàññ.)

Îïðåäåëÿåìûé

ýëåìåíò

Èíòåðâàë ñîäåðæàíèÿ ðîäèÿ â èññëåäóåìûõ ñïëàâàõ, % ìàññ.

0,1 – 5 5 – 15 15 – 35

Ag 0,0003 – 0,0249 0,0010 – 0,0170 0,0010 – 0,0528

Al 0,0010 – 0,0316 0,0010 – 0,0310 0,0010 – 0,1000

As 0,0010 – 0,0245 — —

Au 0,0003 – 0,0421 0,0010 – 0,0990 0,0010 – 0,0990

Bi 0,0005 – 0,0400 — 0,0010 – 0,0098

Ca 0,0009 – 0,0393 — —

Cr 0,0005 – 0,0206 — —

Cu 0,0005 – 0,0590 0,0010 – 0,0230 0,0010 – 0,1000

Fe 0,0005 – 0,0282 0,0020 – 0,0880 0,0067 – 0,1280

Ir 0,0010 – 0,1560 0,0010 – 0,2000 0,0020 – 0,1900

Mg 0,0005 – 0,0181 0,0010 – 0,0290 0,0010 – 0,0137

Mn 0,0005 – 0,0290 0,0005 – 0,0090 0,0010 – 0,0102

Ni 0,0005 – 0,0492 0,0010 – 0,0470 0,0010 – 0,0400

Pb 0,0005 – 0,0183 0,0010 – 0,0300 0,0010 – 0,0280

Pd 0,0010 – 0,0740 0,0030 – 0,1500 0,0010 – 0,3510

Ru 0,0030 – 0,0610 0,0040 – 0,1500 0,0040 – 0,1930

Sb 0,0006 – 0,0258 0,0010 – 0,0320 0,0010 – 0,0153

Si 0,0005 – 0,0174 0,0010 – 0,0280 0,0010 – 0,0170

Sn 0,0005 – 0,0164 0,0010 – 0,0500 0,0010 – 0,0400

Zn 0,0005 – 0,0354 0,0010 – 0,0480 0,0010 – 0,0380



Ðåçóëüòàòû îïðåäåëåíèÿ ïðèìåñåé â íåêîòî-

ðûõ ñìåñÿõ ïðåäñòàâëåíû â òàáë. 4 íàðÿäó ñ ðàñ-

ñ÷èòàííûìè ñîäåðæàíèÿìè.

Óñòàíîâëåíî, ÷òî â âûáðàííîì äèàïàçîíå ñî-

äåðæàíèé ðîäèé ïðàêòè÷åñêè íå âëèÿåò íà îïðå-

äåëåíèå ïðèìåñåé. Ýòî, âåðîÿòíåå âñåãî, îáóñëîâ-

ëåíî òåì, ÷òî ñ èçìåíåíèåì ñîäåðæàíèÿ ðîäèÿ â

îáðàçöå òåìïåðàòóðà ïëàâëåíèÿ ïîñëåäíåãî ìå-

íÿåòñÿ íåçíà÷èòåëüíî. Òàêèì îáðàçîì, ñïëàâû,

ñîñòàâ êîòîðûõ ñîîòâåòñòâóåò óêàçàííîìó äèàïà-

çîíó, îêàçûâàþòñÿ â óñëîâèÿõ, áëèçêèõ ê òåì, ïðè

êîòîðûõ ñòðîÿòñÿ ãðàäóèðîâî÷íûå õàðàêòåðèñ-

òèêè ñ èñïîëüçîâàíèåì ñòàíäàðòíûõ îáðàçöîâ.

Â ýòîì ñëó÷àå òàêæå âîçìîæíî íèâåëèðîâàíèå

ìàòðè÷íûõ ýôôåêòîâ, îáû÷íî ñâÿçàííûõ ñ ïðî-

öåññîì ââîäà ïðîáû â ïëàçìó: ðàçëè÷èÿ ìåæäó

ìàòðèöàìè ñòàíäàðòíîãî è àíàëèçèðóåìîãî îáú-

åêòîâ íåâåëèêè è íå âëèÿþò íà ýôôåêòèâíîñòü

ââîäà ïðîáû.

Ïîëó÷åííûå ýêñïåðèìåíòàëüíûå äàííûå ïîç-

âîëèëè ðàçðàáîòàòü óíèôèöèðîâàííóþ ìåòîäèêó

îïðåäåëåíèÿ ïðèìåñåé â ïëàòèíîðîäèåâûõ ñïëà-

âàõ ìåòîäîì àòîìíî-ýìèññèîííîé ñïåêòðîìåòðèè

[10].

Äëÿ âñåõ ýëåìåíòîâ âî âñåì äèàïàçîíå îïðå-

äåëÿåìûõ ñîäåðæàíèé áûëè óñòàíîâëåíû ïîêàçà-

òåëè êà÷åñòâà ìåòîäèêè (Sr, SRë è Äëm) ñîãëàñíî

ÃÎÑÒ Ð ÈÑÎ 5725–2002 è ÐÌÃ 61–2010 [8, 9]

(òàáë. 5).

Áûëè óñòàíîâëåíû òàêæå ïîêàçàòåëè íîðìà-

òèâîâ êîíòðîëÿ ìåòîäèêè, ïðåäñòàâëåííûå â

òàáë. 6.

Ïîêàçàòåëè òî÷íîñòè ïðåäëîæåííîé óíèôè-

öèðîâàííîé ìåòîäèêè íå óñòóïàþò àíàëîãè÷íûì

ïîêàçàòåëÿì ìåòîäèêè îïðåäåëåíèÿ ïðèìåñåé â

ïëàòèíå è ïëàòèíîðîäèåâûõ ñïëàâàõ [1].

Òàêèì îáðàçîì, ýêñïåðèìåíòàëüíûì ïóòåì

áûëè óñòàíîâëåíû äèàïàçîíû ñîäåðæàíèÿ ðîäèÿ

â ïëàòèíîðîäèåâûõ ñïëàâàõ, â êîòîðûõ ñîäåðæà-

íèå ýòîãî êîìïîíåíòà ïðàêòè÷åñêè íå âëèÿåò íà

îïðåäåëåíèå ïðèìåñåé. Äëÿ ïîñòðîåíèÿ ãðàäóè-

ðîâî÷íûõ õàðàêòåðèñòèê áûëè âûáðàíû êîì-

ïëåêòû ñòàíäàðòíûõ îáðàçöîâ â óêàçàííûõ äèà-

ïàçîíàõ ñîäåðæàíèé. Ïîñòðîåííûå ãðàäóèðîâî÷-

íûå õàðàêòåðèñòèêè ìîæíî èñïîëüçîâàòü äëÿ

îïðåäåëåíèÿ ïðèìåñåé â ïëàòèíîðîäèåâûõ ñïëà-

âàõ ëþáîãî ñîñòàâà â ðàìêàõ óñòàíîâëåííûõ äèà-

ïàçîíîâ.

Íà îñíîâàíèè ïîëó÷åííûõ ýêñïåðèìåíòàëü-

íûõ äàííûõ ðàçðàáîòàíà óíèôèöèðîâàííàÿ ìå-

òîäèêà îïðåäåëåíèÿ ïðèìåñåé â ïëàòèíîðîäèå-

âûõ ñïëàâàõ ìåòîäîì àòîìíî-ýìèññèîííîé ñïåê-
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Òàáëèöà 4. Ðåçóëüòàòû îïðåäåëåíèÿ ïðèìåñåé â ïðèãîòîâëåííûõ ñìåñÿõ ÏëÐä5, ÏëÐä14 è ÏëÐä30 (L = 10, n = 3,

P = 0,95)

Îïðåäå-

ëÿåìûé

ýëåìåíò

Cìåñü ÏëÐä5 Cìåñü ÏëÐä14 Cìåñü ÏëÐä30

Ñîäåðæàíèå, % ìàññ. Ñîäåðæàíèå, % ìàññ. Ñîäåðæàíèå, % ìàññ.

Ðàññ÷èòàííîå Íàéäåííîå Ðàññ÷èòàííîå Íàéäåííîå Ðàññ÷èòàííîå Íàéäåííîå

Ag 0,0102 ± 0,0005 0,0107 ± 0,0013 0,0023 ± 0,0003 0,0024 ± 0,0004 0,0034 ± 0,0004 0,0030 ± 0,0005

Al 0,0039 ± 0,0001 0,0040 ± 0,0002 0,0069 ± 0,0008 0,0072 ± 0,0010 0,0122 ± 0,0009 0,0107 ± 0,0012

As 0,0232 ± 0,0013 0,0238 ± 0,0033 — — — —

Au 0,0010 ± 0,0001 0,0011 ± 0,0003 0,0085 ± 0,0009 0,0093 ± 0,0011 0,0270 ± 0,0026 0,0300 ± 0,0038

Bi 0,0099 ± 0,0006 0,0105 ± 0,0011 — — 0,0040 ± 0,0005 0,0040 ± 0,0006

Ca 0,0044 ± 0,0003 0,0040 ± 0,0004 — — 0,0393 ± 0,0040 0,0404 ± 0,0054

Cr 0,0020 ± 0,0001 0,0021 ± 0,0002 — — — —

Cu 0,0561 ± 0,0057 0,0575 ± 0,0089 0,0048 ± 0,0004 0,0049 ± 0,0006 0,0877 ± 0,0091 0,0915 ± 0,0123

Ir 0,0076 ± 0,0006 0,0074 ± 0,0009 0,0163 ± 0,0006 0,0170 ± 0,0007 0,1656 ± 0,0131 0,1543 ± 0,0176

Fe 0,0014 ± 0,0001 0,0013 ± 0,0002 0,0297 ± 0,0038 0,0307 ± 0,0047 0,1115 ± 0,0113 0,1016 ± 0,0145

Mg 0,0042 ± 0,0002 0,0041 ± 0,0003 0,0018 ± 0,0003 0,0022 ± 0,0005 0,0110 ± 0,0012 0,0094 ± 0,0015

Mn 0,0012 ± 0,0001 0,0012 ± 0,0002 0,0086 ± 0,0009 0,0095 ± 0,0014 0,0113 ± 0,0011 0,0101 ± 0,0014

Ni 0,0205 ± 0,0018 0,0225 ± 0,0031 0,0052 ± 0,0006 0,0049 ± 0,0008 0,0012 ± 0,0003 0,0013 ± 0,0004

Pb 0,0012 ± 0,0001 0,0012 ± 0,0002 0,0134 ± 0,0019 0,0113 ± 0,0034 0,0245 ± 0,0034 0,0218 ± 0,0042

Pd 0,0025 ± 0,0001 0,0023 ± 0,0003 0,1433 ± 0,0111 0,1535 ± 0,0162 0,3055 ± 0,0147 0,3025 ± 0,0256

Ru 0,0581 ± 0,0048 0,0585 ± 0,0068 0,0392 ± 0,0038 0,0401 ± 0,0045 0,0110 ± 0,0013 0,0111 ± 0,0024

Sb 0,00074 ± 0,00021 0,00076 ± 0,00025 0,0105 ± 0,0019 0,0101 ± 0,0022 0,0050 ± 0,0005 0,0048 ± 0,0008

Si 0,0033 ± 0,0005 0,0030 ± 0,0006 0,0106 ± 0,0019 0,0106 ± 0,0023 0,0149 ± 0,0018 0,0159 ± 0,0024

Sn 0,0261 ± 0,0011 0,0272 ± 0,0028 0,0026 ± 0,0003 0,0023 ± 0,0005 0,0349 ± 0,0026 0,0319 ± 0,0047

Zn 0,0336 ± 0,0013 0,0317 ± 0,0031 0,0172 ± 0,0019 0,0170 ± 0,0022 0,0030 ± 0,0003 0,0030 ± 0,0005



òðîìåòðèè ñ äóãîâûì âîçáóæäåíèåì ñïåêòðà,

êîòîðàÿ àòòåñòîâàíà ÔÃÓÏ «Óðàëüñêèé íàó÷-

íî-èññëåäîâàòåëüñêèé èíñòèòóò ìåòðîëîãèè» è

óñïåøíî ïðèìåíÿåòñÿ â Èñïûòàòåëüíîé ëàáîðà-

òîðèè ÀÎ «ÍÏÊ «Ñóïåðìåòàëë».

Ïîêàçàíî, ÷òî ïîêàçàòåëè òî÷íîñòè ðàçðàáî-

òàííîé óíèôèöèðîâàííîé ìåòîäèêè íå óñòóïàþò

àíàëîãè÷íûì ïîêàçàòåëÿì ìåòîäèêè îïðåäåëå-

íèÿ ïðèìåñåé â ïëàòèíå è ïëàòèíîðîäèåâûõ

ñïëàâàõ [1].
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Òàáëèöà 5. Ïîêàçàòåëè òî÷íîñòè ïðåäëîæåííîé ìåòîäèêè

Äèàïàçîí îïðåäåëÿåìûõ ñîäåð-

æàíèé ïðèìåñåé, % ìàññ.

Ïîêàçàòåëü ïîâòî-

ðÿåìîñòè, S
r, îòí

, %

Ïîêàçàòåëü âíóòðèëàá. ïðå-

öèçèîííîñòè, S
Rë, îòí

, %

Ïîêàçàòåëü ïðà-

âèëüíîñòè ±Ä
ñ
, %

Ïîêàçàòåëü

òî÷íîñòè ±Ä
ë
, %

0,0003 – 0,05 12 17 12 35

0,05 – 0,35 7 7 6 15

Ïðèìå÷àíèå. Äëÿ êàæäîãî óêàçàííîãî äèàïàçîíà ïðèâåäåíû ìàêñèìàëüíûå çíà÷åíèÿ ïîãðåøíîñòè èçìåðåíèé.

Òàáëèöà 6. Ïîêàçàòåëè íîðìàòèâîâ êîíòðîëÿ ïðåäëîæåííîé ìåòîäèêè (P = 0,95)

Äèàïàçîí îïðåäåëÿåìûõ ñîäåð-

æàíèé ïðèìåñåé, % ìàññ.

Ïðåäåë ïîâòîðÿåìîñòè

(ïðè n = 3), r
îòí

Êðèòè÷åñêèé äèàïàçîí

(ïðè n = 4) CR
0,95

(4)
îòí

Ïðåäåë âíóòðèëàáîðàòîðíîé

ïðåöèçèîííîñòè, R
ë, îòí

0,0003 – 0,05 40 43 47

0,05 – 0,35 23 25 19
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Ïðåäëîæåí ìåòîä àâòîìàòèçèðîâàííîé äèàãíîñòèêè ôóòåðîâêè êðèòè÷åñêîãî ôóòåðî-

âàííîãî îáîðóäîâàíèÿ, èñïîëüçóþùèé íåéðîííóþ ñåòü äëÿ ðàñïîçíàâàíèÿ òåðìîãðàìì

è êëàññèôèêàöèè çîí ïðîãàðà. Äàííûé ìåòîä ïîâûøàåò äîñòîâåðíîñòü è îïåðàòèâíîñòü

îïðåäåëåíèÿ çîí ïðîãàðà ôóòåðîâêè è ïîçâîëÿåò ïîëó÷èòü èõ êà÷åñòâåííóþ îöåíêó.

Ïðåäñòàâëåíû èíôîðìàöèîííûå ïðèçíàêè äëÿ àíàëèçà è ðàñïîçíàâàíèÿ çîí ïðîãàðà íà

èçîáðàæåíèè òåðìîãðàììû, ðåçóëüòàòû èñïîëüçîâàíèÿ íåéðîííûõ ñåòåé ñ ðàçëè÷íîé

êîíôèãóðàöèåé äëÿ ìèíèìèçàöèè îøèáêè êëàññèôèêàöèè óðîâíåé ïðîãàðà è îïðåäåëå-

íèÿ îïòèìàëüíîãî êîëè÷åñòâà ýïîõ îáó÷åíèÿ. Àâòîìàòèçèðîâàííàÿ ñèñòåìà òåõíè÷åñêîé

äèàãíîñòèêè êðèòè÷åñêîãî ôóòåðîâàííîãî îáîðóäîâàíèÿ, âêëþ÷àþùàÿ ðàçðàáîòàííîå

ïðîãðàììíîå îáåñïå÷åíèå äëÿ àíàëèçà è ðàñïîçíàâàíèÿ òåðìîãðàìì, àïðîáèðîâàíà íà

ìåòàëëóðãè÷åñêîì ïðîèçâîäñòâå. Ïðîâåäåíî ñðàâíåíèå ðåçóëüòàòîâ äèàãíîñòèêè ôóòå-

ðîâêè, ïîëó÷åííûõ ñ ïîìîùüþ ïðåäëàãàåìîãî ìåòîäà è ñ èñïîëüçîâàíèåì ñòàíäàðòíîé

(áàçîâîé) ñèñòåìû äèàãíîñòèêè.

Êëþ÷åâûå ñëîâà: àâòîìàòèçèðîâàííàÿ ñèñòåìà; äèàãíîñòèêà; êðèòè÷åñêîå ôóòåðî-

âàííîå îáîðóäîâàíèå; ïðîãðàììíîå îáåñïå÷åíèå; íåéðîííàÿ ñåòü.

THE USE OF A NEURAL NETWORK FOR IDENTIFICATION OF BURNOUT ZONES

IN DIAGNOSTICS OF THE LINING OF CRITICAL LINED EQUIPMENT

� Vitaliy A. Yemelyanov, Nataliya Yu. Yemelyanova
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Submitted August 4, 2017.

A method of automated diagnostics of critical lined equipment is improved using a neural network to

recognize the thermograms and classify the burnout zones. The proposed method provides an increase

in the reliability and promptness in determination of the lining burnout zones and their qualitative as-

sessment. The information signs used for analysis and recognition of the lining burnout zones on a

thermogram image are considered. The results of using neural networks with different configurations

to minimize the error of classifying the levels of the burnout and determining the optimal number of

the learning epochs are presented. The developed automated system for technical diagnostics of critical

lined equipment, including the software for analysis and recognition of the thermograms, was evalu-

ated and implemented at the enterprises of metallurgical production. Comparative analysis of the re-

sults obtained using the developed automated system and traditional system of diagnostics demon-

strated the advantages of the developed method.

Keywords: automation system; diagnostics; critical lined equipment; software; neural network.
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Â ïðîöåññå ïðîìûøëåííîãî ïðîèçâîäñòâà çà÷àñ-

òóþ ýêñïëóàòèðóþòñÿ òàê íàçûâàåìûå êðèòè÷å-

ñêèå ïðîèçâîäñòâåííûå îáúåêòû è îáîðóäîâàíèå.

Ïîñëåäñòâèÿ àâàðèé ñ èõ ó÷àñòèåì — ýòî, êàê

ïðàâèëî, îãðîìíûé ìàòåðèàëüíûé óùåðá, à â îò-

äåëüíûõ ñëó÷àÿõ — è ÷åëîâå÷åñêèå æåðòâû

[1 – 3]. Íà ìåòàëëóðãè÷åñêèõ è ìàøèíîñòðîè-

òåëüíûõ ïðåäïðèÿòèÿõ îäèí èç âèäîâ òàêîãî

îáîðóäîâàíèÿ — ôóòåðîâàííîå îáîðóäîâàíèå

(ñòàöèîíàðíûå è ïåðåäâèæíûå ìèêñåðû, ÷óãóíî-

âîçû, ñòàëåðàçëèâî÷íûå êîâøè è äð.). Äëÿ ïðå-

äîòâðàùåíèÿ àâàðèé è äîñòèæåíèÿ òåõíîãåííîé

áåçîïàñíîñòè íà ïðåäïðèÿòèÿõ ïîâûøàþò êîí-

òðîëü òåõíè÷åñêîãî ñîñòîÿíèÿ ôóòåðîâàííîãî

îáîðóäîâàíèÿ, ÷òî â ñâîþ î÷åðåäü òðåáóåò ðàçðà-

áîòêè íîâûõ è ñîâåðøåíñòâîâàíèÿ äåéñòâóþùèõ

òåõíè÷åñêèõ ñðåäñòâ äèàãíîñòèêè è èíôîðìàöè-

îííûõ òåõíîëîãèé.

Â íàñòîÿùåå âðåìÿ ïðèìåíÿþò ðàçëè÷íûå àâ-

òîìàòèçèðîâàííûå ñèñòåìû ìîíèòîðèíãà, äèàã-

íîñòèêè è óïðàâëåíèÿ êðèòè÷åñêèì îáîðóäîâàíè-

åì [4 – 6]. Îáëàäàÿ øèðîêèì ôóíêöèîíàëîì, îíè

òåì íå ìåíåå íå îáåñïå÷èâàþò äèàãíîñòèêó îáî-

ðóäîâàíèÿ â ðåæèìå ðåàëüíîãî âðåìåíè áåç âû-

âîäà åãî èç ýêñïëóàòàöèè [5 – 8]. Îòìåòèì, ÷òî

â ñîâðåìåííûõ àâòîìàòèçèðîâàííûõ ñèñòåìàõ íå

â ïîëíîé ìåðå ðåàëèçîâàíà âîçìîæíîñòü êîì-

ïëåêñíîé (êîëè÷åñòâåííîé è êà÷åñòâåííîé) îöåí-

êè ñîñòîÿíèÿ ôóòåðîâêè, íàçíà÷åíèå êîòîðîé —

çàùèòà îò äåéñòâèÿ âûñîêèõ (>1000 °C) òåìïåðà-

òóð. Ñëåäñòâèå ýòîãî — íèçêèé óðîâåíü îáúåê-

òèâíîñòè è êà÷åñòâà ïðèíÿòèÿ ðåøåíèé ïðè ýêñ-

ïëóàòàöèè îáîðóäîâàíèÿ. Êðîìå òîãî, ñóùåñòâó-

þùèå ñèñòåìû îðèåíòèðîâàíû íà êîíêðåòíîå

ïðîèçâîäñòâî, è èõ àäàïòàöèÿ íà äðóãîì ïðåä-

ïðèÿòèè òðåáóåò çíà÷èòåëüíûõ âðåìåííûõ è ôè-

íàíñîâûõ çàòðàò [9, 10].

Öåëü ðàáîòû — ðàçðàáîòêà àâòîìàòèçèðîâàí-

íîé ñèñòåìû äëÿ ïîâûøåíèÿ ýôôåêòèâíîñòè òåõ-

íè÷åñêîé äèàãíîñòèêè êðèòè÷åñêîãî ôóòåðîâàí-

íîãî îáîðóäîâàíèÿ.

Ïðè äèàãíîñòèêå ôóòåðîâàííîãî îáîðóäîâà-

íèÿ èçìåíåíèå ñîñòîÿíèÿ åãî ôóòåðîâêè ìîæíî

ôèêñèðîâàòü ïðè ïîìîùè òåïëîâîãî ìåòîäà êîí-

òðîëÿ èëè ëàçåðíûõ ñêàíåðîâ [11, 12]. Ïðè ýòîì

òåðìîãðàììû îáîðóäîâàíèÿ â äâóìåðíîì ïðî-

ñòðàíñòâå ïðåäñòàâëÿþò ñîáîé ïÿòíîîáðàçíûå

èçîáðàæåíèÿ ñî ñïåêòðàëüíûì ðàñïðåäåëåíèåì

öâåòîâ. Èíà÷å ãîâîðÿ, çàäà÷à èçó÷åíèÿ ñîñòîÿ-

íèÿ ôóòåðîâêè íà îñíîâå òåðìîãðàììû ñâîäèòñÿ

ê ðàñïîçíàâàíèþ äèíàìè÷åñêîé ïîñëåäîâàòåëü-

íîñòè ìíîãîöâåòíîãî èçîáðàæåíèÿ ñ ó÷åòîì òåï-

ëîôèçè÷åñêèõ ñâîéñòâ ìàòåðèàëîâ ôóòåðîâêè.

Ñóùåñòâóþùèå ìåòîäû [11, 12] ïîçâîëÿþò

îïðåäåëÿòü íàëè÷èå çîí ïðîãàðà â òîì èëè èíîì

ìåñòå ôóòåðîâêè, íî íå èõ õàðàêòåðèñòèêè (ãëó-

áèíû è ïëîùàäè).

Óñîâåðøåíñòâîâàííûé ìåòîä îöåíêè ôóòå-

ðîâêè âêëþ÷àåò ñëåäóþùèå îñíîâíûå ýòàïû:

1) ôîðìèðîâàíèå òåðìîãðàìì êðèòè÷åñêîãî

ôóòåðîâàííîãî îáîðóäîâàíèÿ;

2) ðàñïîçíàâàíèå èçîáðàæåíèÿ òåðìîãðàì-

ìû äëÿ âûÿâëåíèÿ çîí ïðîãàðà ôóòåðîâêè è èõ

îöåíêè;

3) ñîçäàíèå êàðòû ïîâðåæäåííûõ ó÷àñòêîâ

ôóòåðîâêè, ñ êëàññèôèêàöèåé óðîâíÿ ïðîãàðà.

Ñôîðìèðîâàííûå ïðè ïîìîùè òåïëîâèçîðîâ

èçîáðàæåíèÿ òåðìîãðàìì äèàãíîñòèðóåìîãî îáî-

ðóäîâàíèÿ îáðàáàòûâàëè ñ èñïîëüçîâàíèåì ìåòî-

äà àäàïòèâíîãî ïðåîáðàçîâàíèÿ ëîêàëüíîãî êîí-

òðàñòà è ôèëüòðà Ïðåâèòòà [12]. Ðåçóëüòàò îáðà-

áîòêè èçîáðàæåíèÿ òåðìîãðàììû ïðèâåäåí íà

ðèñ. 1.

Äàëåå îïðåäåëÿëè ïàðàìåòðû (èíôîðìàöèîí-

íûå ïðèçíàêè), ÷èñëåííî õàðàêòåðèçóþùèå çîíû

ïðîãàðà ôóòåðîâêè:

1) öåíòð ìàññû ôðàãìåíòà òåðìîãðàììû

(çîíû ïðîãàðà), êîîðäèíàòû êîòîðîãî

x x p pc i i

i

W

i

i

W

�

� �

� �

1 1

, y y p pc i i

i

H

i

i

H

�

� �

� �

1 1

, (1)

ãäå xi, yi, pi — êîîðäèíàòû è âåñ i-é ÷àñòèöû

ôðàãìåíòà òåðìîãðàììû;

2) ìàòðèöó ðàññòîÿíèé äî ãðàíèö íàéäåííîãî

ó÷àñòêà, çíà÷åíèÿ ýëåìåíòîâ êîòîðîé âû÷èñëÿëè

îòíîñèòåëüíî öåíòðà ìàññû ôðàãìåíòà òåðìî-

ãðàììû (øàã — 1 ãðàäóñ):

MD �

	




�

�

�

�

�md md

md md

md md

md md

0 89

90 179

180 269

270 359

�

�

�

�



�

�

�

�

; (2)

3) çíà÷åíèå öâåòà öåíòðà ìàññ ôðàãìåíòà

òåðìîãðàììû.

Îòìåòèì, ÷òî îïðåäåëÿåìûå ïàðàìåòðû áóäóò

èìåòü ðàçíûå ÷èñëîâûå çíà÷åíèÿ â ñëó÷àå ðàç-

ëè÷íîãî ôóòåðîâàííîãî îáîðóäîâàíèÿ. Ýòî îáúÿñ-

íÿåòñÿ îòëè÷èÿìè â òåïëîåìêîñòè è òåïëîïðî-

âîäíîñòè ìàòåðèàëîâ ôóòåðîâêè, à òàêæå åå òîë-

ùèíå è êîëè÷åñòâå ñëîåâ.
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à á

Ðèñ. 1. Ðåçóëüòàò îáðàáîòêè èçîáðàæåíèÿ òåðìîãðàììû

ñ âûäåëåíèåì ãðàíèö çîí ïðîãàðà ôóòåðîâêè ìåòîäîì

àäàïòèâíîãî ïðåîáðàçîâàíèÿ ëîêàëüíîãî êîíòðàñòà (à) è

ñ ïîìîùüþ ôèëüòðà Ïðåâèòà (á)



Ïàðàìåòðû çîíû ïðîãàðà (ôðàãìåíòà òåðìî-

ãðàììû) ïîñòóïàëè íà âõîä íåéðîííîé ñåòè,

ôóíêöèÿ êîòîðîé — êëàññèôèêàöèÿ óðîâíåé ïðî-

ãàðà ó÷àñòêîâ ôóòåðîâêè. Äëÿ ñîêðàùåíèÿ âðå-

ìåíè îáó÷åíèÿ íåéðîííîé ñåòè âõîäíóþ âûáîðêó

öåëåñîîáðàçíî óìåíüøèòü, ïîýòîìó íà âõîä ïîäà-

âàëè òîëüêî îòäåëüíûå çíà÷åíèÿ ìàòðèöû MD,

îïèñûâàþùèå ñëåäóþùèå óãëû îòíîñèòåëüíî

öåíòðà ôðàãìåíòà òåðìîãðàììû: 0, 30, 45, 60, 90,

120 è 180°.

Äëÿ êëàññèôèêàöèè óðîâíåé ïðîãàðà ôóòå-

ðîâêè ïðèìåíÿëè ìíîãîñëîéíóþ íåéðîííóþ ñåòü,

÷òî ïîçâîëÿëî îïðåäåëÿòü íå òîëüêî ôàêò íàëè-

÷èÿ çîí ïðîãàðà [12], íî è îöåíèòü ñîñòîÿíèå ôó-

òåðîâêè (ïëîùàäü è ãëóáèíó ïðîãàðà â ñîîòâåò-

ñòâèè ñ åãî óðîâíåì) (ðèñ. 2).

Îáó÷åíèå íåéðîííîé ñåòè ñ îïðåäåëåíèåì

âåêòîðîâ âåñîâûõ êîýôôèöèåíòîâ W(1), W(2) (ñì.

ðèñ. 2) îñóùåñòâëÿëè ïî àëãîðèòìó îáðàòíîãî

ðàñïðîñòðàíåíèÿ îøèáêè [13] (ñ âíåñåíèåì îðãà-

íèçàöèîííûõ èçìåíåíèé â ïðîöåññ îáó÷åíèÿ) â

äâà ýòàïà: íà ïåðâîì ýòàïå âûïîëíÿëè êëàññè÷å-

ñêîå îáó÷åíèå íåéðîííîé ñåòè íà ýòàëîííîé îáó-

÷àþùåé âûáîðêå; íà âòîðîì — îáó÷åíèå ñ èñ-

ïîëüçîâàíèåì òîëüêî ýêñïåðèìåíòàëüíûõ äàí-

íûõ. Êàê òîëüêî îøèáêà ïðè îáó÷åíèè íà

ýòàëîííûõ çíà÷åíèÿõ äîñòèãàëà ïðèåìëåìîãî

óðîâíÿ, íà÷èíàëîñü îáó÷åíèå íà ýêñïåðèìåíòàëü-

íûõ äàííûõ. Â ðåçóëüòàòå îøèáêà ðàñïîçíàâà-

íèÿ óìåíüøàëàñü è ñåòü ôóíêöèîíèðîâàëà ñ

áîëüøåé òî÷íîñòüþ.

Äëÿ ïåðâîãî ýòàïà îáó÷åíèÿ èñïîëüçîâàëè

480 ýòàëîííûõ èçîáðàæåíèé ôóòåðîâàííîãî îáî-

ðóäîâàíèÿ ðàçíîãî âèäà (ìèêñåðû, êîâøè, ÷óãó-

íîâîçû). Äëÿ âòîðîãî — 620 òåðìîãðàìì, ïîëó-

÷åííûõ ýêñïåðèìåíòàëüíûì ïóòåì. ×òîáû íåé-

ðîííàÿ ñåòü îáó÷àëàñü íå çàïîìèíàíèþ êîíêðåò-

íûõ îáðàçîâ, à ìîãëà ïðèìåíÿòü ñâîéñòâî îáîá-

ùåíèÿ, íàìåðåííî èñïîëüçîâàëè òåðìîãðàììû

èçîáðàæåíèé ýòàëîíîâ, èñêàæåííûõ øóìàìè.

Â êà÷åñòâå êîíòðîëüíîé è òåñòîâîé âûáîðîê

èñïîëüçîâàëè ïî 180 èçîáðàæåíèé òåðìîãðàìì

ñëåäóþùåãî ôóòåðîâàííîãî îáîðóäîâàíèÿ: ïåðå-

äâèæíûå (ÏÌ350) è ñòàöèîíàðíûå (ÌÑ1300)

ìèêñåðû; ÷óãóíîâîçû 100 ò; ñòàëü-êîâøè 50 ò.
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Óðîâåíü ïðîãàðà:

1-é óðîâåíü

2-é óðîâåíü

3-é óðîâåíü

4-é óðîâåíü

5-é óðîâåíü

W (1)

W (2)

Ðèñ. 2. Ñòðóêòóðà íåéðîííîé ñåòè äëÿ êëàññèôèêàöèè óðîâíåé ïðîãàðà ôóòåðîâêè

Òàáëèöà 1. Ðåçóëüòàòû ðàñïîçíàâàíèÿ èçîáðàæåíèé òåðìîãðàìì êðèòè÷åñêîãî ôóòåðîâàííîãî îáîðóäîâàíèÿ íåéðîí-

íûìè ñåòÿìè ñ ðàçíîé ñòðóêòóðîé

Êîíôèãóðàöèÿ ìíîãîñëîéíîé íåé-

ðîííîé ñåòè (IN-HIDDEN-OUT)

Îøèáêà

ðàñïîçíàâàíèÿ

Îïòèìàëüíîå êîëè÷åñòâî

ýïîõ îáó÷åíèÿ

Îáùåå êîëè÷åñòâî

òåðìîãðàìì

Êîëè÷åñòâî êîððåêòíî

ðàñïîçíàííûõ òåðìîãðàìì

150-50-5 0,743 440 590 545

150-70-5 1,004 630 590 537

150-30-5 0,351 280 590 562

200-50-5 0,288 650 590 577

200-70-5 0,385 590 590 566

200-30-5 0,486 600 590 549

250-50-5 0,398 660 590 563



Ñðåäíåêâàäðàòè÷åñêóþ îøèáêó (ÑÊÎ) ïðè

îöåíêå êà÷åñòâà êëàññèôèêàöèè çîí ïðîãàðà ôó-

òåðîâêè ñ ïîìîùüþ íåéðîííîé ñåòè ðàññ÷èòû-

âàëè ïî ôîðìóëå

E
n

y y k
i i

i

n

� �

�

�

1
2

1

( ( )) , (3)

ãäå E — îøèáêà êëàññèôèêàöèè óðîâíÿ ïðîãà-

ðà; yi è y (ki ) — çíà÷åíèÿ i-õ âûõîäîâ íåéðîí-

íîé ñåòè: ïðè ðàñïîçíàâàíèè òåðìîãðàìì è ýòà-

ëîííîãî âûõîäà.

Âñåãî ñîçäàëè è îáó÷èëè 16 íåéðîííûõ ñåòåé

ñ ðàçíîé ñòðóêòóðîé. Íàèëó÷øèå ðåçóëüòàòû ðàñ-

ïîçíàâàíèÿ èçîáðàæåíèé òåðìîãðàìì êðèòè÷å-

ñêîãî ôóòåðîâàííîãî îáîðóäîâàíèÿ íåéðîííûìè

ñåòÿìè ïðèâåäåíû â òàáë. 1 (IN-HIDDEN-OUT —

êîëè÷åñòâà âõîäíûõ íåéðîíîâ, íåéðîíîâ ñêðûòî-

ãî ñëîÿ è âûõîäíûõ íåéðîíîâ ñîîòâåòñòâåííî).

Îïòèìàëüíîå êîëè÷åñòâî ýïîõ îáó÷åíèÿ äëÿ

ñîçäàííûõ íåéðîííûõ ñåòåé îïðåäåëÿëè íà îñíî-

âàíèè çàâèñèìîñòåé îøèáîê îáó÷åíèÿ è ðàñïî-

çíàâàíèÿ îò êîëè÷åñòâà ýïîõ îáó÷åíèÿ (ðèñ. 3).

Â èòîãå ïðèìåíåíèå íåéðîííîé ñåòè ïîçâîëÿ-

ëî ðàñïîçíàâàòü óðîâåíü ïðîãàðà è òåì ñàìûì

îöåíèâàòü ñîñòîÿíèå ôóòåðîâêè, òàê êàê ïðîãàð

õàðàêòåðèçóåòñÿ ñîîòâåòñòâóþùèìè çíà÷åíèÿìè

åãî ïëîùàäè è ãëóáèíû.

Äàëåå ïîñòðîèëè êàðòû òåìïåðàòóð ïîâðåæ-

äåííûõ ó÷àñòêîâ ôóòåðîâêè, äëÿ ÷åãî íà îñíîâå

ðåçóëüòàòîâ îáðàáîòêè íåéðîííîé ñåòüþ èçî-

áðàæåíèÿ òåðìîãðàììû ôîðìèðîâàëè ìàòðèöó,

îòðàæàþùóþ ñîñòîÿíèå ó÷àñòêîâ ôóòåðîâêè îáî-

ðóäîâàíèÿ:
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2 2 0 0 5 5 0 0

2 5 4 0 5 5 0 0

2 0 0 0 2 3 0 0

5 3 4 0 3 3 0 0

5 5 0 5 0 4 0 0

�

�

�

�

�

�



�

�

�

�

�

�

. (4)

Êàæäûé ýëåìåíò ìàòðèöû — êîäèðîâàííîå

çíà÷åíèå òåìïåðàòóðíîãî ðåæèìà ó÷àñòêà ôóòå-

ðîâêè. Ïðè ýòîì íóëåâûå ýëåìåíòû õàðàêòåðèçó-

þò îòñóòñòâèå ïîâðåæäåíèé.

Èñïîëüçóÿ ìàòðèöó ñîñòîÿíèé ó÷àñòêîâ,

ñîçäàâàëè êàðòó ïîâðåæäåííûõ ó÷àñòêîâ ôóòå-

ðîâêè ïî ðàçðàáîòàííîìó àëãîðèòìó. Ñíà÷àëà

îïðåäåëÿëè ó÷àñòêè, íóæäàþùèåñÿ â ðåìîíòå,

ïîñëå ÷åãî ðåçóëüòàò çàíîñèëè â ìàòðèöó. Çàòåì

äëÿ èäåíòèôèöèðîâàííûõ ó÷àñòêîâ ôóíêöèåé

GetPixel âûáèðàëè ïàëèòðó öâåòîâ íà èñõîäíîì

èçîáðàæåíèè òåðìîãðàììû. Äëÿ êàæäîãî ó÷àñòêà

òåðìîãðàììû îïðåäåëÿëè ìàêñèìàëüíîå çíà÷å-

íèå öâåòà ïî èñïîëüçóåìîé öâåòîâîé ïàëèòðå.

Äàëåå ñîïîñòàâëÿëè öâåòà Color ñ òåìïåðàòóð-

íûì äèàïàçîíîì è ñòðîèëè ñåòêó ñ óêàçàíèåì

òåìïåðàòóð äëÿ êîíêðåòíûõ ó÷àñòêîâ ôóòåðîâêè

ïðè ïîìîùè ñòàíäàðòíûõ ãðàôè÷åñêèõ ñðåäñòâ.

Â ðåçóëüòàòå ïîëó÷àëè êàðòó ïîâðåæäåííûõ
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EL

EG

Ðèñ. 3. Çàâèñèìîñòè îøèáîê îáó÷åíèÿ E
L

è ðàñïîçíàâà-

íèÿ E
G

îò êîëè÷åñòâà ýïîõ îáó÷åíèÿ (äëÿ íåéðîííîé ñåòè

ñ êîíôèãóðàöèåé 200-50-5)

Ðèñ. 4. Êàðòà ïîâðåæäåííûõ ó÷àñòêîâ ôóòåðîâêè ñ êëàñ-

ñèôèêàöèåé óðîâíÿ ïðîãàðà

Ðèñ. 5. Ñòðóêòóðà àâòîìàòèçèðîâàííîé ñèñòåìû òåõíè-

÷åñêîé äèàãíîñòèêè êðèòè÷åñêîãî ôóòåðîâàííîãî îáîðó-

äîâàíèÿ



ó÷àñòêîâ ôóòåðîâêè ñ êëàññèôèêàöèåé óðîâíÿ

ïðîãàðà (ðèñ. 4).

Ñòðóêòóðà àâòîìàòèçèðîâàííîé ñèñòåìû òåõ-

íè÷åñêîé äèàãíîñòèêè êðèòè÷åñêîãî ôóòåðîâàí-

íîãî îáîðóäîâàíèÿ ïðåäñòàâëåíà íà ðèñ 5.

Ñáîð òåðìîãðàìì ñ ïîìîùüþ òåïëîâèçîðîâ

(â íàøåì ñëó÷àå FLIR GF 309), ïðåäíàçíà÷åííûõ

äëÿ ôîðìèðîâàíèÿ èçîáðàæåíèé òåðìîãðàìì ôó-

òåðîâàííîãî îáîðóäîâàíèÿ f(x, y), îñóùåñòâëÿåòñÿ

â ïóíêòå ìîíèòîðèíãà è äèàãíîñòèêè (ÏÌÄÔÎ).

Êîìïüþòåðíîå ïðîãðàììíîå îáåñïå÷åíèå (ÏÎ)

(ðèñ. 6) âêëþ÷àåò:

àíàëèçàòîð èçîáðàæåíèé òåðìîãðàìì — ïðî-

ãðàììíûé ìîäóëü äëÿ ðåàëèçàöèè èíòåëëåêòó-

àëüíûõ ìåòîäîâ è ìîäåëåé îáðàáîòêè èçîáðàæå-

íèé òåðìîãðàìì;

ñèñòåìó ïîääåðæêè ïðèíÿòèÿ ðåøåíèé

(ÑÏÏÐ) — ïðîãðàììó, îïåðèðóþùóþ çíàíèÿìè â

ïðîöåññå òåõíè÷åñêîé äèàãíîñòèêè ôóòåðîâàííî-

ãî îáîðóäîâàíèÿ (ïîääåðæèâàåò ðåøåíèÿ îòíîñè-

òåëüíî âûáîðà ðåæèìà ýêñïëóàòàöèè ôóòåðîâàí-

íîãî îáîðóäîâàíèÿ);

áàçó çíàíèé — õðàíèëèùå èíôîðìàöèè,

ñîäåðæàùåå ðåêîìåíäàöèè è/èëè çíàíèÿ, ïîëó-

÷åííûå â ðåçóëüòàòå òåõíè÷åñêîé äèàãíîñòèêè

îáîðóäîâàíèÿ. Â íåé õðàíÿòñÿ ïðàâèëà è ïîëó-

÷åííûå ýêñïåðèìåíòàëüíûì ïóòåì ôàêòû, îïè-

ñûâàþùèå ñâÿçü òåìïåðàòóðû âíåøíåé ïîâåðõ-

íîñòè ôóòåðîâàííîãî îáîðóäîâàíèÿ ñ óðîâíåì

ïðîãàðà ñ ó÷åòîì ìàòåðèàëîâ ôóòåðîâîê. Â ïðà-

âèëàõ è ôàêòàõ áàçû çíàíèé äëÿ èäåíòèôèêàöèè

çîí è óðîâíåé ïðîãàðà ó÷èòûâàþòñÿ ñëåäóþùèå

ïàðàìåòðû: ãåîìåòðè÷åñêèå ðàçìåðû ôóòåðîâàí-

íîãî îáîðóäîâàíèÿ êîíêðåòíîãî òèïà (êàê âíåø-

íèå (ïîñòîÿííûå) ðàçìåðû, òàê è âíóòðåííèå, ìå-

íÿþùèåñÿ â ðåçóëüòàòå âûãîðàíèÿ); òîëùèíà è

÷èñëî ñëîåâ ôóòåðîâêè; òåïëîôèçè÷åñêèå ñâîé-

ñòâà ìàòåðèàëîâ ôóòåðîâêè (òåïëîåìêîñòü, òåï-

ëîïðîâîäíîñòü);

áàçó äàííûõ (ÁÄ) — õðàíèëèùå, ñîäåðæàùåå

äàííûå îá îïåðàöèÿõ äèàãíîñòèêè ôóòåðîâàííî-

ãî îáîðóäîâàíèÿ ðàçíîãî òèïà.

Ôóíêöèÿ òåõíîëîãà — ñáîð è ââîä ïåðâè÷íûõ

äàííûõ â àâòîìàòèçèðîâàííóþ ñèñòåìó, ïîñëå

÷åãî ÏÎ îïðåäåëÿåò òåõíè÷åñêîå ñîñòîÿíèå ôóòå-

ðîâêè ïóòåì îáðàáîòêè èçîáðàæåíèé òåðìî-

ãðàìì, à òàêæå îñóùåñòâëÿåò ïîääåðæêó ïðèíÿ-

òèÿ ðåøåíèÿ î ðåæèìå ýêñïëóàòàöèè ôóòåðîâàí-

íîãî îáîðóäîâàíèÿ.

Ýôôåêòèâíîñòü àâòîìàòèçèðîâàííîé ñèñòå-

ìû ïî îáíàðóæåíèþ è îöåíêå çîí ïðîãàðà ïðîâå-

ðÿëè íà òîì æå ôóòåðîâàííîì îáîðóäîâàíèè: ñòà-

öèîíàðíîì (ÌÑ-1300) è ïåðåäâèæíîì (ÏÌ350)

ìèêñåðàõ, ÷óãóíîâîçå 100 ò è ñòàëü-êîâøå 50 ò.
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Ðèñ. 6. Ôðàãìåíò ïðîãðàììû ðàñïîçíàâàíèÿ òåðìî-

ãðàìì ðàçðàáîòàííîãî ÏÎ

à á

Ðèñ. 7. Òåðìîãðàììû ôóòåðîâàííîãî îáîðóäîâàíèÿ (ñ ó÷àñòêàìè ïðîãàðà ôóòåðîâêè):

à — ïåðåäâèæíîé ìèêñåð ÏÌ350; á — ñòàëü-êîâø 50 ò



Ïðèìåðû ðàñïîçíàâàíèÿ ñôîðìèðîâàííûõ ïðè

ïîìîùè òåïëîâèçîðîâ èçîáðàæåíèé òåðìîãðàìì

ïðèâåäåíû íà ðèñ. 7.

Ïðè ýêñïåðèìåíòàëüíîé îöåíêå ýôôåêòèâíî-

ñòè ðàçðàáîòàííîé ñèñòåìû ïî äèàãíîñòèêå êðè-

òè÷åñêîãî îáîðóäîâàíèÿ îïðåäåëÿëè ñëåäóþùèå

ïîêàçàòåëè òåõíè÷åñêîãî äèàãíîñòèðîâàíèÿ [14]:

1) äîñòîâåðíîñòü — ñòåïåíü ñîîòâåòñòâèÿ ðå-

çóëüòàòîâ äèàãíîñòèêè (êîíòðîëÿ) äåéñòâèòåëü-

íîìó òåõíè÷åñêîìó ñîñòîÿíèþ (ñîîòâåòñòâèå êî-

ëè÷åñòâà èäåíòèôèöèðîâàííûõ ó÷àñòêîâ ïðîãà-

ðà ôóòåðîâêè ïî èçîáðàæåíèþ òåðìîãðàììû ÷èñ-

ëó ðåàëüíûõ ó÷àñòêîâ ôóòåðîâêè ñ ïðîãàðîì,

ïîäòâåðæäåííûõ ýêñïåðèìåíòàëüíî). Ñòàòèñòè-

÷åñêóþ äîñòîâåðíîñòü îïðåäåëåíèÿ çîí ïðîãàðà

ïî èçîáðàæåíèþ òåðìîãðàììû âû÷èñëÿëè ïî

ôîðìóëå:

Ddp = N/NÓreal, (5)

ãäå N è NÓreal — êîëè÷åñòâà ðàñïîçíàííûõ çîí

ïðîãàðà ïî èçîáðàæåíèþ òåðìîãðàììû è ðåàëü-

íûõ ó÷àñòêîâ ñ ïðîãàðîì, ïîäòâåðæäåííûõ ýêñïå-

ðèìåíòàëüíî;

2) ïðîäîëæèòåëüíîñòü òåõíè÷åñêîé äèàã-

íîñòèêè (îïåðàòèâíîñòü) (îöåíèâàëè âðåìÿ äèàã-

íîñòèêè ñîñòîÿíèÿ ôóòåðîâêè â êîíêðåòíîé ïðî-

ãðàììíî-àïïàðàòíîé ðåàëèçàöèè àâòîìàòèçèðî-

âàííîé ñèñòåìû).

Ðåçóëüòàòû ðàñïîçíàâàíèÿ èçîáðàæåíèé òåð-

ìîãðàìì êðèòè÷åñêîãî ôóòåðîâàííîãî îáîðóäîâà-

íèÿ ñ îïðåäåëåíèåì áàçîâûõ ïîêàçàòåëåé ýôôåê-

òèâíîñòè äèàãíîñòèêè ïðåäñòàâëåíû â òàáë. 2.

Âèäíî, ÷òî ýôôåêòèâíîñòü äèàãíîñòèêè

àâòîìàòèçèðîâàííîé ñèñòåìû â ñðàâíåíèè ñî

ñòàíäàðòíîé âûøå (äîñòîâåðíîñòü è îïåðà-

òèâíîñòü îïðåäåëåíèÿ çîí ïðîãàðà ôóòåðîâêè

ïîâûøàþòñÿ).

Òàêèì îáðàçîì, ïðèìåíåíèå óñîâåðøåíñòâî-

âàííîãî ìåòîäà àâòîìàòèçèðîâàííîé äèàãíîñ-

òèêè ôóòåðîâêè êðèòè÷åñêîãî ôóòåðîâàííîãî

îáîðóäîâàíèÿ çà ñ÷åò èñïîëüçîâàíèÿ íåéðîííîé

ñåòè äëÿ ðàñïîçíàâàíèÿ òåðìîãðàìì ïîâûøàåò

äîñòîâåðíîñòü è îïåðàòèâíîñòü îïðåäåëåíèÿ çîí

ïðîãàðà ôóòåðîâêè. Ïîëó÷åííûé ýôôåêò äîñòè-

ãàåòñÿ àâòîìàòèçàöèåé ïðîöåññîâ îáðàáîòêè äàí-

íûõ è èñïîëüçîâàíèåì ìåòîäîâ èñêóññòâåííîãî

èíòåëëåêòà.
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Òàáëèöà 2. Ñðàâíèòåëüíûå ðåçóëüòàòû äèàãíîñòèêè ñîñòîÿíèÿ ôóòåðîâêè ñòàíäàðòíîé (áàçîâîé) è ïðåäëàãàåìîé àâòî-

ìàòèçèðîâàííîé ñèñòåìàìè

Ôóòåðîâàííîå îáîðóäîâàíèå

Ñèñòåìà äèàãíîñòèêè

Ñòàíäàðòíàÿ (áàçîâàÿ)

(îïðåäåëåíèå çîí

ïðîãàðà ïèðîìåòðàìè)

Ðàçðàáîòàííàÿ àâòîìàòèçèðîâàííàÿ

(îïðåäåëåíèå çîí ïðîãàðà íà îñíîâå

àíàëèçà èçîáðàæåíèé òåðìîãðàìì)

Ñòàòèñòè÷åñêàÿ

äîñòîâåðíîñòü

Îïåðàòèâíîñòü

(ñðåäí. çíà÷.), ìèí

Ñòàòèñòè÷åñêàÿ

äîñòîâåðíîñòü

Îïåðàòèâíîñòü

(ñðåäí. çíà÷.), ìèí

Ñòàöèîíàðíûé ìèêñåð ÌÑ-1300 0,90 62 0,93 25

Ïåðåäâèæíûå

ìèêñåðû

ÏÌ350

¹ 1 0,86 70 0,96 25

¹ 2 0,88 65 0,92 30

¹ 3 0,88 73 0,96 28

¹ 9 0,87 80 0,94 33

×óãóíîâîç 100 ò 0,85 30 0,97 15

Ñòàëü-êîâø 50 ò 0,89 27 0,96 13
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Ñîâðåìåííûå òðåáîâàíèÿ ê êà÷åñòâó ìàòåðèàëîâ òðåáóþò ñîâåðøåíñòâîâàíèÿ ñïîñîáîâ

êîíòðîëÿ è ðàçðàáîòêè ìåòîäîâ àíàëèçà ñîñòîÿíèÿ èõ ïîâåðõíîñòåé. Èìåòü êà÷åñòâåí-

íûå áåçäåôåêòíûå ïîâåðõíîñòè ìàòåðèàëîâ íà ïðîèçâîäñòâå î÷åíü âàæíî, òàê êàê

ìíîãèå èç íèõ èñïîëüçóþòñÿ äëÿ èçãîòîâëåíèÿ âûñîêîòî÷íûõ ïðèáîðîâ è óñòðîéñòâ.

Ãàçîðàçðÿäíàÿ âèçóàëèçàöèÿ äåôåêòîâ ïðè àòìîñôåðíîì äàâëåíèè çàêëþ÷àåòñÿ â ïîëó-

÷åíèè ÿðêèõ ïëàçìåííûõ îáðàçîâàíèé â íåïîñðåäñòâåííîé áëèçîñòè îò ïîâåðõíîñòè

îáúåêòà ñ äåôåêòîì íà ôîíå ñëàáîãî ñâå÷åíèÿ ïëàçìû âîçäóõà â ýëåêòðîìàãíèòíûõ

ïîëÿõ âûñîêîé íàïðÿæåííîñòè. Ïðåäñòàâëåíû ðåçóëüòàòû ïðèìåíåíèÿ ïëàçìåííûõ

òåõíîëîãèé äëÿ àíàëèçà ñîñòîÿíèÿ ïîâåðõíîñòè òâåðäûõ ìàòåðèàëîâ. Ðàçëè÷íîãî ðîäà

ïîâåðõíîñòíûå äåôåêòû âûÿâëÿëè ñ èñïîëüçîâàíèåì ñàìîñòîÿòåëüíîãî äèýëåêòðè÷å-

ñêîãî áàðüåðíîãî ðàçðÿäà (ÄÁÐ) ïðè àòìîñôåðíîì äàâëåíèè. Ïîñòðîåííàÿ íà îñíîâå

ïðåäëàãàåìîãî ñïîñîáà ýêñïðåññ-ìåòîäèêà ïîçâîëÿåò áûñòðî îòáðàêîâûâàòü äåôåêòíûå

ìàòåðèàëû èëè îáðàçöû ïåðåä èõ òåõíîëîãè÷åñêèì èñïîëüçîâàíèåì. Ðàçðàáîòàí êîì-

ïëåêñ äèàãíîñòè÷åñêèõ ñðåäñòâ è âñïîìîãàòåëüíîãî îáîðóäîâàíèÿ äëÿ âèçóàëüíîãî

îáíàðóæåíèÿ íà èññëåäóåìûõ îáúåêòàõ ìåõàíè÷åñêèõ äåôåêòîâ è îöåíêè êà÷åñòâà èñ-

õîäíîãî ñûðüÿ. Îñîáîå âíèìàíèå óäåëåíî ïîèñêó äåôåêòîâ êîíñòðóêöèîííûõ ýëåìåíòîâ

ïðîìûøëåííûõ óñòàíîâîê, êîíòðîëþ êà÷åñòâà ïîâåðõíîñòåé ïðîçðà÷íûõ è íåïðîçðà÷-

íûõ ìàòåðèàëîâ è îïðåäåëåíèþ ñòåïåíè óâëàæíåííîñòè âîëîêíèñòûõ ñòðóêòóð (íà ïðè-

ìåðå òêàíûõ ìàòåðèàëîâ).

Êëþ÷åâûå ñëîâà: ïëàçìà; äèýëåêòðè÷åñêèé áàðüåðíûé ðàçðÿä; äåôåêòû; âèçóàëèçà-

öèÿ; äèàãíîñòèêà; ñîñòîÿíèå ïîâåðõíîñòè; ìåòàëë; òêàíü.

USING OF THE DIELECTRIC BARRIER DISCHARGE FOR DETECTION

OF THE SURFACE DEFECTS OF MATERIALS

� Dmitry V. Sitanov, Sergey A. Pivovarenok

Ivanovo State University of Chemistry and Technology, g. Ivanovo, Russia; e-mail: sitanov@isuct.ru, sap@isuct.ru

Submitted August 17, 2017.

Modern requirements to the quality of materials entail the necessity of refining methods for their con-

trol and developing various procedures for analysis of the state of the surface with the goal of having

defect-free structures for high-precision instruments and devices. Gas-discharge visualization of the

defects at atmospheric pressure consists in obtaining bright plasma formations in the vicinity of the

surface with a defect against the background of a weak glow of the air plasma in electromagnetic fields

of high strength. The potentialities of plasma technologies regarding testing the surfaces of solid mate-

rials for various kinds of defects using a self-sustained dielectric barrier discharge (DBD) at atmo-

spheric pressure are considered. The developed rapid technique provides quick rejection of defective

materials or samples prior to their technological use. A set of diagnostic tools and auxiliary equipment

has been developed to visualize the mechanical defects of different origin and evaluate the quality of

raw materials. A number of important issues are considered when controlling the quality of high-grade

surfaces, transparent and opaque materials, including metal surfaces. The special attention is paid to

the search for defects in the structural elements of industrial equipment and determination of the de-

gree of moisture of fibrous structures, for example, woven materials.

Keywords: plasma; dielectric barrier discharge; defects; visualization; diagnostics; surface state;

metal; fabric.
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Ãàçîðàçðÿäíàÿ âèçóàëèçàöèÿ äåôåêòîâ ïðè àòìî-

ñôåðíîì äàâëåíèè çàêëþ÷àåòñÿ â ïîëó÷åíèè

ÿðêèõ ïëàçìåííûõ îáðàçîâàíèé â íåïîñðåäñòâåí-

íîé áëèçîñòè îò ïîâåðõíîñòè îáúåêòà ñ äåôåêòîì

íà ôîíå ñëàáîãî ñâå÷åíèÿ ïëàçìû âîçäóõà â ýëåê-

òðîìàãíèòíûõ ïîëÿõ âûñîêîé íàïðÿæåííîñòè

[1, 2]. Áàðüåðíûé ðàçðÿä â âîçäóõå ñîñòîèò èç

ìíîæåñòâà ìèêðîðàçðÿäîâ, çàïîëíÿþùèõ îáúåì

ìåæäó ýëåêòðîäàìè. Àíàëèç åãî ñïåêòðà ïîêà-

çûâàåò, ÷òî íàèáîëüøåé èíòåíñèâíîñòüþ îáëà-

äàþò ïîëîñû âòîðîé ïîëîæèòåëüíîé ñèñòåìû

àçîòà N2(C
3Ïu – B3Ïg), ðàñïîëîæåííûå â óëüòðà-

ôèîëåòîâîé îáëàñòè, è ïåðâîé îòðèöàòåëüíîé

ñèñòåìû ïîëîæèòåëüíîãî ìîëåêóëÿðíîãî èîíà

àçîòà N
2

2 2� � �
�( ),B Xu g� � ëåæàùåé â ñèíåé îáëàñ-

òè [3], ÷òî è îïðåäåëÿåò öâåò êàðòèíû âèçóàëèçà-

öèè äåôåêòîâ.

Ìèêðîèñêðîâîé ðàçðÿä ââèäó åãî ñëîæíîé

ñòðóêòóðû è íåîäíîðîäíîñòè ñâå÷åíèÿ çàòðóäíÿ-

åò ïðîöåññ êîíòðîëÿ äåôåêòîâ íà ïîâåðõíîñòÿõ

îáðàçöîâ. Êàðòèíà âèçóàëèçàöèè ïîëó÷àåòñÿ íå-

ñòàáèëüíîé âî âðåìåíè (â âèäå ïëàçìåííûõ ïóëü-

ñàöèé). Ïðè ìèíèìèçàöèè ðàññòîÿíèÿ ìåæäó

ýëåêòðîäàìè, à â ïðåäåëüíîì ñëó÷àå — ïðè íåïî-

ñðåäñòâåííîì êîíòàêòå âûñîêîâîëüòíîãî ýëåê-

òðîäà ñ îáðàçöîì ñâå÷åíèå ïëàçìû â îáëàñòè äå-

ôåêòîâ áóäåò áîëåå îäíîðîäíûì (â âèäå ñòàáèëü-

íîãî äèôôóçíîãî ñâå÷åíèÿ).

Îáû÷íî â ñïåêòðå áàðüåðíîãî ðàçðÿäà â âîç-

äóõå èçëó÷åíèå êèñëîðîäà íå ôèêñèðóåòñÿ â ÿâ-

íîì âèäå (â îñíîâíîì èç-çà åãî îòíîñèòåëüíî

ìàëîé èíòåíñèâíîñòè è âûñîêîé âåðîÿòíîñòè

ðàñõîäîâàíèÿ àòîìàðíîãî êèñëîðîäà ïðè åãî

âçàèìîäåéñòâèè ñ äðóãèìè ÷àñòèöàìè) [3]. Ãèä-

ðîêñèëüíûå ðàäèêàëû îáðàçóþòñÿ âî âòîðè÷íûõ

ðåàêöèÿõ. Ïðÿìîå èõ îáðàçîâàíèå çà ñ÷åò äèññî-

öèàöèè ïàðîâ âîäû íåâîçìîæíî, òàê êàê äëÿ îñó-

ùåñòâëåíèÿ òàêîãî ïðîöåññà ýíåðãèè ÓÔ-èçëó-

÷åíèÿ íåäîñòàòî÷íî, à ïðîöåññû ñ ó÷àñòèåì ýëåê-

òðîíîâ è (èëè) èîíîâ ìàëîâåðîÿòíû [4].

Â íåêîòîðûõ ñëó÷àÿõ â ðàçðÿäíîì ïðîìåæóò-

êå â âîçäóõå íàáëþäàþòñÿ ðàçëè÷íûå öâåòîâûå

îòòåíêè ñâå÷åíèÿ: êðàñíûå, æåëòûå, ëèëîâûå [5].

Èññëåäîâàíèÿ ïîêàçàëè, ÷òî öâåò ñâå÷åíèÿ ðàç-

ðÿäíîãî ïðîìåæóòêà â ïåðâóþ î÷åðåäü îáóñëîâ-

ëåí ìàòåðèàëîì ýëåêòðîäà (ñâîáîäíîãî îò äèýëåê-

òðèêà) è íàëè÷èåì íà åãî ïîâåðõíîñòè çàãðÿç-

íåíèé â âèäå ñëåäîâ ñîëåé ìåòàëëîâ (íàïðè-

ìåð, ñîëè íàòðèÿ äàþò æåëòûå î÷àãè ðàçðÿäíîãî

ñâå÷åíèÿ).

Â îáùåì ñëó÷àå íà ÷èñòûõ, ãëàäêèõ è áåç-

äåôåêòíûõ ïîâåðõíîñòÿõ, íåïîñðåäñòâåííî ïðè-

ìûêàþùèõ ê äèýëåêòðè÷åñêîìó áàðüåðó îäíîãî

èç ýëåêòðîäîâ, ïðè ìèíèìèçàöèè ðàññòîÿíèÿ äî

âòîðîãî ýëåêòðîäà áóäåò íàáëþäàòüñÿ ðàâíî-

ìåðíîå ãîëóáîå ñâå÷åíèå ïëàçìû, îáóñëîâëåííîå

âîçäóõîì.

Öåëü ðàáîòû — îïòèìèçàöèÿ ðåæèìîâ âîç-

áóæäåíèÿ ñàìîñòîÿòåëüíîãî äèýëåêòðè÷åñêîãî

áàðüåðíîãî ðàçðÿäà (ÄÁÐ) ïðè àòìîñôåðíîì äàâ-

ëåíèè äëÿ àíàëèçà ñîñòîÿíèÿ ïîâåðõíîñòè òâåð-

äûõ ìàòåðèàëîâ, âêëþ÷àÿ èññëåäîâàíèå îñîáåí-

íîñòåé ïëàçìåííîé âèçóàëèçàöèè äåôåêòîâ íà

ïîâåðõíîñòÿõ ìåòàëëè÷åñêèõ èçäåëèé, êîíñòðóê-

öèîííûõ ýëåìåíòîâ ïðîìûøëåííûõ óñòàíîâîê è

îöåíêó ñòåïåíè óâëàæíåííîñòè âîëîêíèñòûõ

ñòðóêòóð (íà ïðèìåðå òêàíûõ ìàòåðèàëîâ).

Èññëåäîâàëè òîíêèå øëèôîâàííûå ïëàñòè-

íû, êðèñòàëëû, ìåòàëëè÷åñêèå ñëèòêè, èìåþùèå

îäíó èëè íåñêîëüêî ïðîòÿæåííûõ ãëàäêèõ ïî-

âåðõíîñòåé, ñ ïîìîùüþ ðàçðÿäíîé ÿ÷åéêè, ðàáî-

òàþùåé ïðè àòìîñôåðíîì äàâëåíèè íà âîçäóõå è

ãåíåðèðóþùåé åìêîñòíûé ÄÁÐ îò âûñîêîâîëüò-

íîãî èìïóëüñíîãî èñòî÷íèêà ïèòàíèÿ (ðèñ. 1).

Â êà÷åñòâå äèýëåêòðè÷åñêîãî áàðüåðà èñïîëüçî-

âàëè ïëàñòèíó èç ìîëèáäåíîâîãî ñòåêëà ìàðêè

Ñ-49 òîëùèíîé 3 ìì, ðàñïîëàãàâøóþñÿ íà îäíîì

èç íåïîäâèæíûõ ýëåêòðîäîâ, ïîâòîðÿâøóþ åãî

ôîðìó è âûõîäèâøóþ íà 5 ìì çà åãî ïðåäåëû.

Ýòî ïîçâîëèëî èñêëþ÷èòü ýëåêòðè÷åñêèå äóãîâûå

ïðîáîè íà çàçåìëåííûé ýëåêòðîä â ñëó÷àå áîëü-

øèõ ðàçìåðîâ èññëåäóåìûõ îáðàçöîâ. Çàçåìëåí-

íûé ïëîñêèé ýëåêòðîä ñ äèýëåêòðè÷åñêèì áàðüå-

ðîì îäíîâðåìåííî ñëóæèë ñòîëèêîì äëÿ îáðàç-

öîâ. Íà âòîðîé âûñîêîâîëüòíûé ïîäâèæíûé

ýëåêòðîä ïîäàâàëè íàïðÿæåíèå îò èñòî÷íèêà ïè-

òàíèÿ, ðàáîòàþùåãî â ðåæèìå îáðàòíîãî èíäóê-

òèâíîãî âûáðîñà. Òàêîé èñòî÷íèê ïèòàíèÿ äîñòà-

òî÷íî ñòàáèëåí è íå òðåáóåò òî÷íîé íàñòðîéêè

êîëåáàòåëüíûõ êîíòóðîâ.

Êîíñòðóêöèÿ ðàçðÿäíîé ÿ÷åéêè ïðåäóñìàòðè-

âàëà ðàçëè÷íûå êîíôèãóðàöèè ñìåííûõ âûñîêî-

âîëüòíûõ ýëåêòðîäîâ: â âèäå äèñêà, ñåòêè èç òîí-

êîé ñòàëüíîé ïðîâîëîêè èëè ñòåðæíÿ, çàîñòðåí-

íîãî ñ îäíîé ñòîðîíû. Ýëåêòðîäû â âèäå äèñêîâ

(ñåòêè) ðåàëèçîâûâàëè ïëàíàðíóþ êîíôèãó-

ðàöèþ ÿ÷åéêè. Êðîìå òîãî, ñåòî÷íûé ýëåêòðîä

ïîçâîëÿë ëåãêî íàáëþäàòü îáúåêò èññëåäîâàíèÿ
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Ðèñ. 1. Ñõåìà óñòðîéñòâà ðàçðÿäíîé ÿ÷åéêè: 1 — îïòè÷å-

ñêè ïðîçðà÷íîå ñòåêëî; 2 — æèäêèé ýëåêòðîä; 3 — êîí-

òàêò æèäêîãî ýëåêòðîäà; 4 — êåðàìè÷åñêèé èçîëÿòîð; 5 —

êîðïóñ, âûïîëíåííûé èç ïîëèìåòèëìåòàêðèëàòà; 6 — îá-

ðàçåö (ìîíîêðèñòàëëè÷åñêàÿ ïîëóïðîâîäíèêîâàÿ ïëàñòè-

íà); 7 — âòîðîé ýëåêòðîä, âûïîëíåííûé èç øëèôîâàííî-

ãî ìåòàëëà; 8 — êîíòàêò âòîðîãî ýëåêòðîäà, çàçåìëÿþùèé

âûâîä



âî âðåìÿ ýêñïåðèìåíòà, çàõâàòûâàÿ çíà÷èòåëü-

íóþ ïëîùàäü, à ðàñïðåäåëåíèå ýëåêòðè÷åñêîãî

ïîëÿ ïî çîíå ñâå÷åíèÿ ðàçðÿäà áûëî áîëåå ðàâíî-

ìåðíûì.

Îäíàêî áîëüøóþ ýôôåêòèâíîñòü ïîêàçàëà

ñèñòåìà ñ çàîñòðåííûì ýëåêòðîäîì. Âî-ïåðâûõ,

èç-çà áîëüøèõ íàïðÿæåííîñòåé ýëåêòðè÷åñêèõ

ïîëåé, ñîñðåäîòî÷åííûõ â îêðåñòíîñòè ýëåêòðî-

äà, ÷òî ïðèâîäèëî ê áîëåå ÿðêîìó ñâå÷åíèþ ïëàç-

ìû âîçäóõà âáëèçè äåôåêòíûõ ñòðóêòóð. Âî-âòî-

ðûõ, òàêàÿ êîíñòðóêöèÿ îáåñïå÷èâàëà íàäåæíûé

òî÷å÷íûé êîíòàêò ñ îáúåêòîì, ìèíèìèçèðóÿ

íåöåëåâûå ïîòåðè ìîùíîñòè íà ïðîöåññû, ïðî-

òåêàþùèå â çàçîðå ðàçðÿäíîãî ïðîìåæóòêà.

Â-òðåòüèõ, â ñëó÷àå ñòåðæíåâîãî ýëåêòðîäà îáçîð

ïîâåðõíîñòè èññëåäóåìîãî îáúåêòà áûë ëó÷øå.

Íà ðèñ. 2 ïîêàçàíà âèçóàëèçàöèÿ òî÷å÷íûõ

äåôåêòîâ (ïðîêîëû è èíîðîäíûå âêëþ÷åíèÿ) íà

ïîâåðõíîñòè ìåäíîé ïëåíêè, íàíåñåííîé íà äè-

ýëåêòðè÷åñêîå îñíîâàíèå. Àíàëîãè÷íàÿ êàðòèíà

íàáëþäàåòñÿ è â ñëó÷àå òî÷å÷íûõ äåôåêòîâ íà

ïîëèðîâàííûõ êðåìíèåâûõ ïëàñòèíàõ [6].

Ïðè âûÿâëåíèè íà ïîâåðõíîñòÿõ êðóïíîãàáà-

ðèòíûõ äåòàëåé òðåùèí èëè ïðîêîëîâ ðàçðÿäíàÿ

ÿ÷åéêà îêàçàëàñü ìàëîýôôåêòèâíîé èëè âîâñå íå

ïðèìåíèìîé. Ïîýòîìó äëÿ èññëåäîâàíèÿ îáúåê-

òîâ ñëîæíîé ãåîìåòðè÷åñêîé ôîðìû ðàçðàáîòàëè

ñïåöèàëüíûé ýëåêòðîñòàòè÷åñêèé çîíä (ðèñ. 3),

ïðåäñòàâëÿþùèé ñîáîé êâàðöåâóþ òðóáêó ñ ðàñ-

ïîëîæåííûì âíóòðè ýëåêòðîäîì. Çîíä ïîäêëþ÷à-

ëè ê âûñîêîâîëüòíîìó èñòî÷íèêó ïèòàíèÿ. Ïðè

ýòîì ðàçðÿä âîçíèêàë â íåïîñðåäñòâåííîé áëèçî-

ñòè îò ïîâåðõíîñòè èññëåäóåìûõ îáðàçöîâ.

Ñ ôèçè÷åñêîé òî÷êè çðåíèÿ â ïðåäåëàõ ëþáî-

ãî òî÷å÷íîãî èëè ïðîòÿæåííîãî äåôåêòà (ïðîêî-

ëà, ñêîëà, äåôåêòà ñâàðíîãî øâà, çàìèíà ãëàäêîé

ïëåíêè) áóäåò íàáëþäàòüñÿ íåðàâíîìåðíîå ðàñ-

ïðåäåëåíèå ýëåêòðè÷åñêîãî ïîëÿ. ÄÁÐ, èñïîëü-

çóåìûé äëÿ ïëàçìåííîé âèçóàëèçàöèè äåôåêòîâ,

èìååò ñëåäóþùèå îñîáåííîñòè:

1) îáúåìíîå ñâå÷åíèå â ïðåäåëàõ ìåíüøåãî

ýëåêòðîäà, ÷òî ïîçâîëÿåò ïóòåì èçìåíåíèÿ ãåî-

ìåòðèè ýëåêòðîäà äåòàëüíî èçó÷àòü èíòåðåñóþ-

ùóþ ÷àñòü èññëåäóåìîé ïîâåðõíîñòè;

2) áîëåå ÿðêèå íà ôîíå ðàâíîìåðíîãî ãîëóáî-

ãî ñâå÷åíèÿ ïëàçìû âîçäóõà ïëàçìåííûå îáðàçî-

âàíèÿ, ïðèõîäÿùèåñÿ íà ó÷àñòêè ñ îòëè÷íûì ãðà-

äèåíòîì ýëåêòðîïðîâîäíîñòè;

3) ãëóáèíà âûÿâëÿåìûõ ýëåêòðè÷åñêèõ íåîä-

íîðîäíîñòåé çàâèñèò îò ÷àñòîòû ïåðåìåííîãî

ýëåêòðè÷åñêîãî ñèãíàëà íà ýëåêòðîäàõ ðàçðÿä-

íîé ñèñòåìû, ïîäàâàåìîãî îò èñòî÷íèêà ýëåêòðî-

ïèòàíèÿ.

Ñîâðåìåííûå òðåáîâàíèÿ ê êà÷åñòâó ìàòå-

ðèàëîâ òðåáóþò ñîâåðøåíñòâîâàíèÿ ìåòîäîâ èõ

êîíòðîëÿ è àíàëèçà ñîñòîÿíèÿ ïîâåðõíîñòåé.

Â ïðîìûøëåííîñòè èçâåñòíû è õîðîøî òåõíî-

ëîãè÷åñêè îñâîåíû ñëåäóþùèå ñïîñîáû äåôåêòî-

ñêîïèè: ìàãíèòíûå; âèõðåòîêîâûå; ðàäèîâîëíî-

âûå; ðàäèàöèîííûå.

Ìàãíèòíûé ìåòîä îñíîâàí íà òîì, ÷òî ïðè

ïðîõîæäåíèè ìàãíèòíûõ ñèëîâûõ ëèíèé ïî èñ-

ñëåäóåìîìó îáúåêòó â ìåñòàõ äåôåêòîâ âîçíèêà-

þò ïîëÿ ðàññåÿíèÿ. Åñëè íà ïîâåðõíîñòü ìåòàëëà

íàíåñòè ôåððîìàãíèòíûé ïîðîøîê, òî íàä ìå-

ñòîì ðàñïîëîæåíèÿ äåôåêòà îáðàçóþòñÿ ñêîïëå-

íèÿ ïîðîøêà â âèäå ïðàâèëüíî îðèåíòèðîâàííî-

ãî ìàãíèòíîãî ñïåêòðà.

Âèõðåòîêîâûé ñïîñîá êîíòðîëÿ áàçèðóåòñÿ íà

àíàëèçå âçàèìîäåéñòâèÿ âíåøíåãî ýëåêòðîìàã-

íèòíîãî ïîëÿ è ýëåêòðîìàãíèòíîãî ïîëÿ âèõðå-
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Ðèñ. 2. Âèçóàëèçàöèÿ òî÷å÷íûõ äåôåêòîâ â ÄÁÐ íà ïî-

âåðõíîñòè ìåäíîé ïëåíêè, íàíåñåííîé íà äèýëåêòðè-

÷åñêîå îñíîâàíèå (íàïðÿæåíèå íà ýëåêòðîäàõ ðàçðÿäíîé

ñèñòåìû U = 1 êÂ, ÷àñòîòà f = 3 êÃö)
Ðèñ. 3. Ýëåêòðîñòàòè÷åñêèé çîíä: 1 — êâàðöåâàÿ òðóáêà,

ïîêðûòàÿ ñëîåì èçîëÿöèè; 2 — ýëåêòðîä; 3 — âíóòðåííèé

ïðîâîäíèê; 4 — èçîëÿòîð; 5 — ïèòàþùèé ïðîâîä; 6 —

êëåììà äëÿ ïîäêëþ÷åíèÿ ê âûñîêîâîëüòíîìó èñòî÷íèêó

ïèòàíèÿ



âûõ òîêîâ, íàâîäèìûõ âîçáóæäàþùåé êàòóøêîé

â ýëåêòðîïðîâîäÿùåì îáúåêòå. Â êà÷åñòâå èñòî÷-

íèêà ÷àùå âñåãî èñïîëüçóþò èíäóêòèâíóþ êà-

òóøêó (îäíó èëè íåñêîëüêî), íàçûâàåìóþ âèõðå-

òîêîâûì ïðåîáðàçîâàòåëåì (ÂÒÏ). Ñèíóñîèäàëü-

íûé (èëè èìïóëüñíûé) òîê â êàòóøêàõ ÂÒÏ ñîç-

äàåò ýëåêòðîìàãíèòíîå ïîëå, êîòîðîå âîçáóæäàåò

âèõðåâûå òîêè â ýëåêòðîìàãíèòíîì îáúåêòå.

Ýëåêòðîìàãíèòíîå ïîëå âèõðåâûõ òîêîâ âîçäåé-

ñòâóåò íà êàòóøêè ïðåîáðàçîâàòåëÿ, íàâîäÿ â

íèõ ÝÄÑ èëè ìåíÿÿ èõ ïîëíîå ýëåêòðè÷åñêîå ñî-

ïðîòèâëåíèå. Ðåãèñòðèðóÿ íàïðÿæåíèå íà êà-

òóøêàõ èëè èõ ñîïðîòèâëåíèå, ïîëó÷àþò èíôîð-

ìàöèþ î ñâîéñòâàõ îáúåêòà è ïîëîæåíèè ïðåîá-

ðàçîâàòåëÿ. Îñîáåííîñòü âèõðåòîêîâîãî êîíòðîëÿ

â òîì, ÷òî åãî ìîæíî ïðîâîäèòü áåç êîíòàêòà ïðå-

îáðàçîâàòåëÿ è îáúåêòà. Èõ âçàèìîäåéñòâèå ïðî-

èñõîäèò íà ðàññòîÿíèè îò äîëåé ìèëëèìåòðà äî

íåñêîëüêèõ ìèëëèìåòðîâ. Ïîýòîìó ýòèìè ìåòî-

äàìè ìîæíî ïîëó÷àòü õîðîøèå ðåçóëüòàòû äàæå

ïðè âûñîêèõ ñêîðîñòÿõ äâèæåíèÿ îáúåêòîâ.

Ðàäèîâîëíîâûå ìåòîäû îñíîâàíû íà ðåãè-

ñòðàöèè è àíàëèçå èçìåíåíèÿ ïàðàìåòðîâ, êîòî-

ðûìè îáëàäàþò âçàèìîäåéñòâóþùèå ñ îáúåêòîì

êîíòðîëÿ ýëåêòðîìàãíèòíûå âîëíû ðàäèîäèà-

ïàçîíà (èõ äëèíà ñîñòàâëÿåò 0,01 – 1 ì). Äàííûå

ìåòîäû ïðèìåíÿþò â ñëó÷àå îáúåêòîâ, èçãîòîâ-

ëåííûõ èç ìàòåðèàëîâ, íå îñëàáëÿþùèõ ðàäèî-

âîëíû — äèýëåêòðèêîâ (êåðàìèêà), ïîëóïðî-

âîäíèêîâ, ìàãíèòîäèýëåêòðèêîâ è òîíêîñòåííûõ

îáúåêòîâ èç ìåòàëëà.

Ðàäèàöèîííûå ìåòîäû îñíîâàíû íà ðåãè-

ñòðàöèè âçàèìîäåéñòâóþùåãî ñ îáúåêòîì ïðîíè-

êàþùåãî èîíèçèðóþùåãî èçëó÷åíèÿ è åãî ïîñëå-

äóþùåì àíàëèçå. ×àùå âñåãî èñïîëüçóþò ãàììà-

è ðåíòãåíîâñêîå èçëó÷åíèÿ, ïîçâîëÿþùèå âû-

ÿâèòü áóëüøóþ ÷àñòü äåôåêòîâ (êàê âíóòðåííèõ,

òàê è ïîâåðõíîñòíûõ).

Ñàìûé çíà÷èìûé íåäîñòàòîê âñåõ ìåòîäîâ —

ñëîæíîñòü îáîðóäîâàíèÿ. Ïðåäëàãàåìûé ñïîñîá

ñ ïðèìåíåíèåì ÄÁÐ ïîçâîëÿåò ëåãêî è áûñòðî

îòáðàêîâûâàòü äåôåêòíûå ìàòåðèàëû èëè îáðàç-

öû ïåðåä èõ òåõíîëîãè÷åñêèì èñïîëüçîâàíèåì.

Ïðè ýòîì íàäåæíî ôèêñèðóþòñÿ ñàìûå ðàçíîîá-

ðàçíûå òèïû äåôåêòîâ — îò öàðàïèí íà ãëàäêèõ

ïîâåðõíîñòÿõ äî ïðîêîëîâ â äèýëåêòðè÷åñêîé

èçîëÿöèè, ãðóáûõ çàìèíîâ ïëåíîê è äåôåêòîâ â

ñâàðíûõ øâàõ.

×àñòî â êà÷åñòâå èçîëÿòîðîâ èëè êîíñòðóê-

öèîííûõ ýëåìåíòîâ ïðèáîðîâ èñïîëüçóþò ðàç-

ëè÷íûå ïîëèìåðíûå äèýëåêòðè÷åñêèå ïëåíêè,

ïîñòàâëÿåìûå â ðóëîíàõ. Íàèáîëåå ðàñïðîñòðà-

íåííûå äåôåêòû äëÿ íèõ — ðàññëîåíèÿ èëè çà-

ìèíû, îòñëåæèâàíèå êîòîðûõ, îñîáåííî ïðè êîí-

âåéåðíîì òèïå ïðîèçâîäñòâà, — òðóäîåìêàÿ çàäà-

÷à. Èñïîëüçóÿ ïëàçìåííóþ âèçóàëèçàöèþ, ìîæíî

àâòîìàòèçèðîâàòü ïîèñê íåêà÷åñòâåííûõ ó÷àñò-

êîâ ïëåíêè ñ ïîñëåäóþùåé êîððåêöèåé òåõíîëî-

ãè÷åñêîãî ïðîöåññà.

Óñòàíîâèëè, ÷òî çàìèíû è ðàññëîåíèÿ áóäóò

äàâàòü â ÄÁÐ îáøèðíûå î÷àãè ñâå÷åíèÿ (ðèñ. 4),

ôèêñèðóåìûå ñâåòî÷óâñòâèòåëüíûìè ýëåìåíòà-

ìè. Îäíàêî ïðè ýòîì ñëåäóåò ó÷èòûâàòü, ÷òî ïðè

îáðàáîòêå ïîëèìåðíûõ ìàòåðèàëîâ â ïëàçìå âå-

ëèêà âåðîÿòíîñòü èõ ïëàçìîõèìè÷åñêîé äåñòðóê-

öèè çà ñ÷åò òðàâëåíèÿ ïîâåðõíîñòè õèìè÷åñêè

àêòèâíûìè ÷àñòèöàìè, îáðàçóþùèìèñÿ â ðàçðÿ-

äå (àòîìàðíûé êèñëîðîä, ðàäèêàëû –OH) [7].

Êàê ïðàâèëî, òðàâëåíèå ïîëèìåðîâ èíåðöè-

îííî è äîñòèãàåò çíà÷èòåëüíûõ ñêîðîñòåé ëèøü

ñïóñòÿ íåêîòîðîå âðåìÿ, íåîáõîäèìîå äëÿ ôîðìè-

ðîâàíèÿ íà èõ ïîâåðõíîñòè óñëîâèé òåìïåðàòóð-

íîé íåñòàáèëüíîñòè. Ýòîãî âðåìåíè (ïîðÿäêà íå-

ñêîëüêèõ äåñÿòêîâ ñåêóíä) âïîëíå äîñòàòî÷íî äëÿ

èññëåäîâàíèÿ ïîëèìåðíîãî îáðàçöà íà íàëè÷èå

äåôåêòíûõ ó÷àñòêîâ. Âìåñòå ñ òåì, îïòèìàëüíî

ïîäáèðàÿ ïèòàþùåå íàïðÿæåíèå è åãî ÷àñòîòó,

ìîæíî ìàêñèìàëüíî ñíèçèòü ñêîðîñòü òðàâëåíèÿ

ïîëèìåðíîé ïëåíêè è îáåñïå÷èòü âûñîêóþ ÿð-

êîñòü ñâå÷åíèÿ äåôåêòíûõ îáëàñòåé.

Â õîäå ýêñïåðèìåíòîâ ñ ïîëèýòèëåíòåðåôòà-

ëàòîì ïàðàìåòðû ðàáîòû èñòî÷íèêà ïèòàíèÿ

âàðüèðîâàëè, ìåíÿÿ ÷àñòîòó ïåðåìåííîãî íàïðÿ-

æåíèÿ f è åãî àìïëèòóäíîå çíà÷åíèå U. Ïîëó÷è-

ëè, ÷òî íà ÷àñòîòå 50 Ãö â íåçàâèñèìîñòè îò U

ñâå÷åíèå äåôåêòîâ ïëîõî ðàçëè÷èìî, ìàëîêîí-

òðàñòíî è ïðàêòè÷åñêè íåïðèåìëåìî äëÿ àâòîìà-

òèçàöèè ïðîöåññà êîíòðîëÿ äåôåêòîâ ñ èñïîëüçî-

âàíèåì ôîòîìåòðè÷åñêîé ñèñòåìû ðåãèñòðàöèè
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Ðèñ. 4. Î÷àãîâîå ñâå÷åíèå äåôåêòíûõ îáëàñòåé íà ïëåí-

êå ëàâñàíà (ÏÝÒÔ) ïðè èõ âèçóàëèçàöèè â ÄÁÐ (íà-

ïðÿæåíèå íà ýëåêòðîäàõ ðàçðÿäíîé ñèñòåìû U = 3 êÂ,

÷àñòîòà f = 8 êÃö)



ñèãíàëà. Ñàìî ñâå÷åíèå ðàçðÿäà â îáëàñòè äå-

ôåêòîâ íåñòàáèëüíî âî âðåìåíè è ïðîÿâëÿåòñÿ

â âèäå ìåðöàþùèõ òî÷åê. Ñ ïîâûøåíèåì U

(f = 50 Ãö) íàáëþäàëè íåçíà÷èòåëüíîå óâåëè-

÷åíèå ÿðêîñòè ñâå÷åíèÿ, íî ïîÿâëÿþòñÿ «ëîæ-

íûå ñèãíàëû» îò çàìûêàþùèõ íà ïîâåðõíîñòè

äèýëåêòðèêà èñêðîâûõ ïðîáîåâ, êîëè÷åñòâî êî-

òîðûõ çàâèñåëî îò ñîîòíîøåíèÿ ïëîùàäåé ýëåê-

òðîäîâ.

Èñïîëüçîâàíèå ýëåêòðîäîâ ñîèçìåðèìûõ

ïëîùàäåé (êîàêñèàëüíàÿ ñèñòåìà, âíåøíåå ïè-

òàþùåå íàïðÿæåíèå îäíî è òî æå) ïîíèæàëî âå-

ðîÿòíîñòü èñêðîâûõ ïðîáîåâ íà ïîâåðõíîñòè èñ-

ñëåäóåìîãî îáðàçöà, íî ïðè ýòîì óìåíüøàëàñü

ÿðêîñòü êàðòèíû âèçóàëèçàöèè äåôåêòîâ. Äëÿ

óâåëè÷åíèÿ ÿðêîñòè ïîâûøàëè íàïðÿæåíèå èñ-

òî÷íèêà ïèòàíèÿ, ÷òî â ñâîþ î÷åðåäü îïÿòü ïðè-

âîäèëî ê èñêðîâûì ïðîáîÿì íà ïîâåðõíîñòè

ïëåíêè.

Òàêèì îáðàçîì, îïòèìàëüíàÿ âåëè÷èíà ïè-

òàþùåãî íàïðÿæåíèÿ äîëæíà âûáèðàòüñÿ ñ ó÷å-

òîì ãåîìåòðèè ýëåêòðîäîâ, ÿðêîñòè êàðòèíû âè-

çóàëèçàöèè è ïîÿâëåíèÿ íà ïîâåðõíîñòè îáðàçöà

èñêðîâûõ ïðîáîåâ.

Îêàçàëîñü, ÷òî áîëåå ïðàêòè÷íî óâåëè÷èâàòü

÷àñòîòó ïåðåìåííîãî íàïðÿæåíèÿ, ôèêñèðóÿ íà-

ïðÿæåíèå ïèòàíèÿ íà óðîâíå, îáåñïå÷èâàþùåì

ïðèåìëåìóþ ÿðêîñòü ñâå÷åíèÿ äåôåêòîâ ïðè ìè-

íèìàëüíîì êîëè÷åñòâå ìèêðîïðîáîåâ íà ïîâåðõ-

íîñòè ïëåíêè ïîëèìåðà.

Â ðåçóëüòàòå ïðîâåäåííûõ èññëåäîâàíèé

ïîëó÷èëè, ÷òî ïðè ÷àñòîòå f = 50 Ãö, íàïðÿ-

æåíèè ïèòàíèÿ U � 7 êÂ è ïëîùàäÿõ ýëåêòðî-

äîâ S = 90 ñì2 êàðòèíà âèçóàëèçàöèè äåôåêòîâ

óñòîé÷èâî ôèêñèðóåòñÿ ëèøü ïðè çàòåìíåíèè

îòíîñèòåëüíî åñòåñòâåííîãî îñâåùåíèÿ. Óâåëè-

÷åíèå ïëîùàäè çàçåìëåííîãî ýëåêòðîäà, ïîêðû-

òîãî ñëîåì äèýëåêòðèêà, íå ìåíÿåò õàðàêòåð ñâå-

÷åíèÿ îáðàçöà. Ïîâûøåíèå ïèòàþùåãî íàïðÿ-

æåíèÿ (áîëåå 7 êÂ) ïðèâîäèò ê èñêðîâûì ìèêðî-

ïðîáîÿì íà ïîâåðõíîñòè, à ïðè U > 10 êÂ íà-

áëþäàþòñÿ òåïëîâûå íåñòàáèëüíîñòè âïëîòü äî

äåñòðóêöèè ïîâåðõíîñòíîãî ñëîÿ ïîëèìåðà. Ñ ïî-

âûøåíèåì ÷àñòîòû õàðàêòåð ðàçðÿäà ìåíÿåòñÿ

ñ èñêðîâîãî íà äèôôóçíûé, ÷òî ñòàáèëèçèðóåò

êàðòèíó âèçóàëèçàöèè äåôåêòîâ (ðàâíîìåðíîå

ôîíîâîå ñâå÷åíèå ïëàçìû âîçäóõà ñ õîðîøî ðàç-

ëè÷èìûìè ïëàçìåííûìè îáðàçîâàíèÿìè â îáëàñ-

òè äåôåêòîâ). Óñòîé÷èâî ôîòîìåòðè÷åñêè êàðòè-

íà âèçóàëèçàöèè ôèêñèðóåòñÿ ïðè U = 3 êÂ è

f = 8 êÃö (ïëîùàäü ìåíüøåãî ýëåêòðîäà 90 ñì2).

Äàëüíåéøåå ïîâûøåíèå ÷àñòîòû íå äàåò óëó÷-

øåíèÿ êàðòèíû âèçóàëèçàöèè ïîâåðõíîñòíûõ

äåôåêòîâ, íî óñëîæíÿåò êîíñòðóêöèþ èñòî÷íèêà

ïèòàíèÿ [8].

Äàëåå èññëåäîâàëè ðàçëè÷íûå òèïû ýìàëèðî-

âàííîé ïðîâîëîêè è ïðîìûøëåííûõ êàáåëåé.

Ìåòîäèêà ïëàçìåííîé âèçóàëèçàöèè îêàçàëàñü

âåñüìà ýôôåêòèâíîé â îòíîøåíèè ïîäîáíûõ îá-

ðàçöîâ è ìîæåò ïðèìåíÿòüñÿ â ýíåðãåòèêå è òî÷-

íîì ìàøèíîñòðîåíèè ïðè àíàëèçå êà÷åñòâà òîêî-

âåäóùèõ ïðîâîäîâ ñ èçîëÿöèåé.

Íàðóøåíèå èçîëÿöèè ïðîâîäà ìîæíî ðàñ-

ñìàòðèâàòü êàê òî÷å÷íûé äåôåêò, äàþùèé â ÄÁÐ

ôàêåëüíîå ñâå÷åíèå. Íà ðèñ. 5 ïîêàçàíû ôàêåëü-

íûå ñâå÷åíèÿ íà ìåñòå ïðîáîÿ èçîëÿöèè ýìàëèðî-

âàííîãî ìåäíîãî ïðîâîäà.

Äëÿ ìèíèìèçàöèè ôîíîâîãî ñâå÷åíèÿ ïëàç-

ìû âîçäóõà âîêðóã àíàëèçèðóåìîãî îáúåêòà îäèí

èç ýëåêòðîäîâ â âèäå çàîñòðåííîãî ñòåðæíÿ íåïî-

ñðåäñòâåííî êàñàëñÿ èññëåäóåìîãî ïðîâîäà (íèæ-

íèé çàçåìëåííûé ýëåêòðîä ïî-ïðåæíåìó áûë ïî-

êðûò ñòåêëÿííûì áàðüåðîì). Ïîñêîëüêó äàæå

íåçíà÷èòåëüíûå äåñòðóêòèâíûå âîçäåéñòâèÿ ñî

ñòîðîíû ïëàçìû íà ýìàëü ìîãóò ïðèâåñòè ê åå

ðàçðóøåíèþ, íåîáõîäèì òùàòåëüíûé ïîäáîð ìè-

íèìàëüíî âîçìîæíîãî íàïðÿæåíèÿ ñ ó÷åòîì ãåî-

ìåòðèè ýëåêòðîäîâ è ÷àñòîòû äëÿ ìàêñèìàëüíîé

÷åòêîñòè ôàêåëüíûõ ñâå÷åíèé â îáëàñòè äå-

ôåêòîâ. Äëÿ ïðîâîäîâ ìàðîê ÏÝÂ-1 è ÏÝÂ-2

îïòèìàëüíûìè îêàçàëèñü U = 1 êÂ è f = 3 êÃö.

Äëÿ ïðîâîäîâ ñ áîëåå íàäåæíîé èçîëÿöèåé è,

ñîîòâåòñòâåííî, äðóãèìè äèýëåêòðè÷åñêèìè

ñâîéñòâàìè (íàïðèìåð, õëîðâèíèëîâàÿ èçîëÿ-

öèÿ) âîçìîæíî ïîâûøåíèå íàïðÿæåíèÿ äî 2,5 êÂ

ïðè ÷àñòîòå äî 10 êÃö.

Íà ðèñ. 6 ïîêàçàíû õàðàêòåðíûå ôàêåëüíûå

ñâå÷åíèÿ â îáëàñòè íàðóøåíèÿ èçîëÿöèè îäíî-

æèëüíîãî âûñîêîâîëüòíîãî êàáåëÿ. Êàê è ñëåäî-

âàëî îæèäàòü, íà îãîëåííûõ êîíöàõ (íà ó÷àñòêàõ

ñ ìàëûì ðàäèóñîì êðèâèçíû ìàòåðèàëà è íèçêèì

óäåëüíûì ñîïðîòèâëåíèåì) òàêæå âèäíû ÿâíûå

ôàêåëüíûå îáðàçîâàíèÿ, êîòîðûå ìîæíî èñïîëü-

çîâàòü äëÿ ïðåäâàðèòåëüíîé íàñòðîéêè îáîðóäî-

âàíèÿ. Îòìåòèì, ÷òî íà ïðîèçâîäñòâå äëÿ ïîèñêà

äåôåêòîâ òîêîâåäóùèõ êîíñòðóêöèé ìîæíî èñ-

ïîëüçîâàòü ýëåêòðîñòàòè÷åñêèé çîíä (ñì. ðèñ. 3).
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Ðèñ. 5. Âèçóàëèçàöèÿ äåôåêòîâ (â âèäå ôàêåëüíûõ ñâå-

÷åíèé) ìåäíîé ýìàëèðîâàííîé ïðîâîëîêè â ÄÁÐ (íàïðÿ-

æåíèå íà ýëåêòðîäàõ ðàçðÿäíîé ñèñòåìû U = 1 êÂ, ÷àñòî-

òà f = 3 êÃö)



Ìåòîäèêó âèçóàëèçàöèè äåôåêòîâ, ê äîñòîèí-

ñòâàì êîòîðîé ìîæíî îòíåñòè øèðîêèé ñïåêòð

ìàòåðèàëîâ èññëåäîâàíèÿ, îòíîñèòåëüíóþ ïðî-

ñòîòó îáîðóäîâàíèÿ è âîçìîæíîñòü êîíòðîëÿ êà-

÷åñòâà íå òîëüêî ëàáîðàòîðíûõ îáðàçöîâ èëè

ãëàäêèõ èçäåëèé ïðàâèëüíîé ãåîìåòðè÷åñêîé

ôîðìû, íî è óçëîâ ïðîìûøëåííûõ óñòàíîâîê,

ïðèìåíÿëè äëÿ ïîèñêà ñêâîçíûõ îòâåðñòèé âî

âíåøíåé îáøèâêå òåïëîîáìåííîãî îáîðóäîâàíèÿ

è íåêà÷åñòâåííûõ ó÷àñòêîâ ñâàðíûõ øâîâ.

Íà ðèñ. 7 ïðåäñòàâëåíà âèçóàëèçàöèÿ äåôåêòà

ñâàðíîãî øâà äâóõ ñòàëüíûõ ïëàñòèí — òðåùè-

íû, ïðàêòè÷åñêè íåçàìåòíîé íåâîîðóæåííûì

ãëàçîì ïðè áåãëîì îñìîòðå ñâàðíîãî ñîåäèíåíèÿ.

Äëÿ èññëåäîâàíèÿ äåòàëü çàçåìëÿëè, ðàçðÿä îò

ýëåêòðîñòàòè÷åñêîãî çîíäà â äåôåêòíóþ îáëàñòü

ðàñïðîñòðàíÿëñÿ â âèäå óçêîãî ïëàçìåííîãî ñíî-

ïà. Àíàëîãè÷íóþ êàðòèíó íàáëþäàëè ñî ñâàðíû-

ìè ñîåäèíåíèÿìè, èìåþùèìè ó÷àñòêè ïåðåæîãà,

ïîðû è øëàêîâûå âêëþ÷åíèÿ.

Àíàëèç îáðàçöîâ áîëüøèõ ðàçìåðîâ è ýëåìåí-

òîâ ïðîìûøëåííûõ óñòàíîâîê òðåáóåò ïîâûøåí-

íîãî íàïðÿæåíèÿ, ïîäàâàåìîãî íà ýëåêòðîäû ðàç-

ðÿäíîé ñèñòåìû, à äëÿ íàäåæíîé âèçóàëèçàöèè

äåôåêòîâ íåîáõîäèìî ìåíÿòü ÷àñòîòó ðàáîòû çà-

äàþùåãî ãåíåðàòîðà. Â íàøèõ ýêñïåðèìåíòàõ

ìàêñèìàëüíîå íàïðÿæåíèå ñîñòàâëÿëî 15 êÂ (ïðè

èññëåäîâàíèè öåëîñòíîñòè îáøèâêè òåïëîîáìåí-

íèêà), ÷òî ïîçâîëèëî çàõâàòûâàòü îáëàñòü äëÿ èñ-

ñëåäîâàíèÿ ïðèìåðíî â 100 ñì2 ïðè ðàäèóñå ðàáî-

÷åé ÷àñòè çîíäà 10 ìì. Ñàìè æå äåôåêòû èìåëè

ðàçìåðû îò 0,1 äî íåñêîëüêèõ ìèëëèìåòðîâ.

Ïðåäëàãàåìûé ïîäõîä ìîæíî èñïîëüçîâàòü

äëÿ êîíòðîëÿ êà÷åñòâà òêàíûõ ìàòåðèàëîâ èëè

ñûðüÿ äëÿ èõ èçãîòîâëåíèÿ (íàïðèìåð, ïðè îïðå-

äåëåíèè ñòåïåíè åñòåñòâåííîãî óâëàæíåíèÿ).

Èññëåäîâàëè õëîï÷àòîáóìàæíóþ òêàíü ñ äèà-

ãîíàëüíûì ïëåòåíèåì íèòåé (ñàðæà) (îáðàçåö äî

èññëåäîâàíèÿ õðàíèëñÿ â åñòåñòâåííûõ óñëîâèÿõ

è íå ïîäâåðãàëñÿ êàêèì-ëèáî âîçäåéñòâèÿì). Êàð-

òèíà ñâå÷åíèÿ â ÄÁÐ ïîêàçàíà íà ðèñ. 8. Äëÿ

ñðàâíåíèÿ èçó÷èëè õàðàêòåð ñâå÷åíèÿ ïåðåñó-

øåííîé òêàíè (îáðàçåö â òå÷åíèå ñóòîê íàõîäèë-

ñÿ â ñóøèëüíîì øêàôó è ïåðèîäè÷åñêè ïîäâåð-

ãàëñÿ âîçäåéñòâèþ óëüòðàôèîëåòîâîãî èçëó÷åíèÿ

îò ëàìïû ÄÐØ-250, âîëîêíà òêàíè ðàñòðåñêà-

ëèñü è ïî÷òè ïîëíîñòüþ ïîòåðÿëè åñòåñòâåííóþ

âëàãó). Óñòàíîâèëè, ÷òî òêàíü ñ åñòåñòâåííûì

óðîâíåì óâëàæíåíèÿ äàåò õîðîøî ðàçëè÷èìóþ

êàðòèíó ñâå÷åíèÿ âîëîêîí, ÷òî ìîæíî èñïîëüçî-

âàòü ïðè âûáîðå ðåæèìîâ ðàáîòû òêàöêîãî îáî-

ðóäîâàíèÿ. Íàëè÷èå ðàâíîìåðíîãî ñâå÷åíèÿ îá-

ðàçöà â ÄÁÐ ãîâîðèò î íàäëåæàùåì êà÷åñòâå ñû-

ðüÿ. Ïåðåñóøåííûå, à ñëåäîâàòåëüíî, è áîëåå

ëîìêèå âîëîêíà äàþò ïðè âèçóàëèçàöèè íåðàâíî-

ìåðíûé ôîí ñâå÷åíèÿ ñ ñóùåñòâåííî áîëåå íèç-

êîé èíòåíñèâíîñòüþ.
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Ðèñ. 6. ÄÁÐ âáëèçè âûñîêîâîëüòíîãî êàáåëÿ ñ äåôåêòà-

ìè: 1 — ôàêåë îò öåíòðàëüíîé æèëû; 2 — âèçóàëèçàöèÿ

ïðîêîëîâ â äèýëåêòðè÷åñêîé èçîëÿöèè; 3 — ñòåðæíåâîé

âûñîêîâîëüòíûé ýëåêòðîä (íàïðÿæåíèå íà ýëåêòðîäàõ

ðàçðÿäíîé ñèñòåìû U = 3 êÂ, ÷àñòîòà f = 10 êÃö)

Ðèñ. 7. Âèçóàëèçàöèÿ äåôåêòà ñâàðíîãî øâà â ÄÁÐ (íà-

ïðÿæåíèå íà ýëåêòðîñòàòè÷åñêîì çîíäå U = 8 êÂ, ÷àñòîòà

f = 5 êÃö)

à á

Ðèñ. 8. Âèçóàëèçàöèÿ â ÄÁÐ âîëîêîí òêàíè îáðàçöîâ ñ

åñòåñòâåííûì óâëàæíåíèåì (à) è ïåðåñóøåííîãî (á) (íà-

ïðÿæåíèå íà ýëåêòðîñòàòè÷åñêîì çîíäå U = 4 êÂ, ÷àñòîòà

f = 5 êÃö)



Òàêèì îáðàçîì, àïðîáèðîâàí íàäåæíûé ñïî-

ñîá âèçóàëèçàöèè ìåõàíè÷åñêèõ äåôåêòîâ íà

ïëîñêèõ è ôàñîííûõ ïîâåðõíîñòÿõ ðàçëè÷íûõ

ìàòåðèàëîâ, âêëþ÷àÿ êîíñòðóêöèîííûå ýëåìåí-

òû ïðîìûøëåííûõ óñòàíîâîê. Ïîêàçàíî, ÷òî îñ-

íîâàííóþ íà ïðåäëîæåííîì ñïîñîáå ýêñïðåññ-ìå-

òîäèêó ìîæíî èñïîëüçîâàòü äëÿ êîíòðîëÿ è îò-

áðàêîâêè îáðàçöîâ è ìàòåðèàëîâ, ïðèìåíÿåìûõ â

ïðîìûøëåííîñòè è òî÷íîì ìàøèíîñòðîåíèè.
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Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ ñòðóêòóðû è ñòðóêòóðíûõ ïðåâðàùåíèé â ïî-

âåðõíîñòíîì ñëîå îáðàçöîâ ñòåêëîóãëåðîäà (ÑÓ), ïîäâåðãíóòûõ òåðìè÷åñêîé îáðàáîòêå

(èíòåðâàë òåìïåðàòóð 1500 – 3000 °C) â èíåðòíîé ñðåäå. Òåðìè÷åñêàÿ îáðàáîòêà ïðè-

âîäèò ê ñòðóêòóðíûì ïðåâðàùåíèÿì, ìåíÿþùèì ñîîòíîøåíèå óãëåðîäà, ñîäåðæàíèå

ïðèìåñåé, ïîðèñòîñòü ÑÓ. Îáðàçöû èññëåäîâàëè ìåòîäîì ÈÊ-Ôóðüå ñïåêòðîñêîïèè ñ èñ-

ïîëüçîâàíèåì IR-Infinity SHIMADZU ñî ñòàíäàðòíîé ïðèñòàâêîé äèôôóçíîãî îòðàæå-

íèÿ. Âûÿâèëè íàëè÷èå àòîìîâ óãëåðîäà â ñîñòîÿíèÿõ ñ sp-, sp2- è sp3-ãèáðèäèçàöèåé,

ïðèñóòñòâèå àäñîðáèðîâàííûõ ãèäðîêñèëüíûõ, êàðáîíèëüíûõ ãðóïï è àòîìîâ âîäî-

ðîäà â àðîìàòè÷åñêèõ è àëèôàòè÷åñêèõ óãëåðîäíûõ ñòðóêòóðàõ. Ïðîâåäåí àíàëèç äè-

íàìèêè èçìåíåíèÿ ñîäåðæàíèÿ ýòèõ ñòðóêòóð ñ óâåëè÷åíèåì òåìïåðàòóðû òåðìîîáðà-

áîòêè. Ýëåêòðîííî-ìèêðîñêîïè÷åñêèå èññëåäîâàíèÿ, ïðîâåäåííûå íà ïðèáîðå JEOL

JSM-6490LV, ïîêàçàëè íàëè÷èå ìèêðîïîðèñòîñòè, ñëîèñòûõ ñòðóêòóðíûõ ôðàãìåíòîâ,

îòëè÷àþùèõñÿ îò ñòðîåíèÿ ÑÓ âíóòðè ïîð. Ïîëó÷åííûå äàííûå, ñîïîñòàâëåííûå ñ ðå-

çóëüòàòàìè èññëåäîâàíèé îáðàçöîâ ìåòîäîì ðåíòãåíîñòðóêòóðíîãî àíàëèçà, õîðîøî ñî-

ãëàñóþòñÿ ñ ñóùåñòâóþùèìè ïðåäñòàâëåíèÿìè î ñòðîåíèè è ñòðóêòóðíûõ ïðåâðàùå-

íèÿõ â ÑÓ.

Êëþ÷åâûå ñëîâà: ñòåêëîóãëåðîä; ÈÊ-Ôóðüå ñïåêòðîñêîïèÿ; äèôôóçíîå îòðàæåíèå;

ýëåêòðîííàÿ ðàñòðîâàÿ ìèêðîñêîïèÿ; ãèáðèäèçàöèÿ àòîìîâ óãëåðîäà; ñòðóêòóðà ïîâåðõ-

íîñòè.

STUDY OF THE STRUCTURE AND STRUCTURAL TRANSFORMATIONS

IN GLASSY CARBON USING IR-FOURIER SPECTROSCOPY (FTIR)
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We present the results of studying the structure and structural transformations in the surface layer of

glassy carbon (GC) samples after thermal treatment in a temperature range of 1500 – 3000°C in an in-

ert atmosphere. Heat treatment leads to structural transformations that change the ratio of hybridiza-

tion of carbon atoms, impurity content, and porosity. IR-Fourier spectroscopy study of the samples us-

ing IR-Infinity SHIMADZU with a standard diffuse reflection attachment revealed sp-, sp2-, and

sp3-hybridized carbon atoms present in GC samples, and adsorbed hydroxyl, carbonyl groups and hy-

drogen atoms in aromatic and aliphatic carbon structures. Change in the content of those structures

with an increase in the temperature of heat treatment of the samples is analyzed. Electron microscopy

carried out on the JEOL JSM-6490LV device revealed the presence of microporosity, layered structural

fragments that differ from the GC structure inside the pores. The obtained results compared with the

results of X-ray diffraction analysis of the samples match the available data regarding the structure

and structural transformations in GC.

Keywords: glassy carbon; FTIR spectroscopy; diffusion reflection; scanning electron microscopy; hy-

bridization of carbon atoms; surface structure.

Ïðè ñîçäàíèè êîíñòðóêöèé, ìàòåðèàëîâ è èçäå-

ëèé íà îñíîâå íàíîñòðóêòóðíûõ óãëåðîäñîäåð-

æàùèõ ìàòåðèàëîâ âàæíà äèàãíîñòèêà ñòðóêòóð-

íûõ äåôåêòîâ, ïðèìåñåé, ïîð, òåêñòóðû. Åå îñó-

ùåñòâëÿþò ìåòîäàìè ÈÊ-Ôóðüå ñïåêòðîñêîïèè

(FTIR) è ðàñòðîâîé ýëåêòðîííîé ìèêðîñêîïèè
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(ÐÝÌ), ðåíòãåíîñòðóêòóðíîãî àíàëèçà (ÐÑÀ) —

ïðÿìûìè, íåðàçðóøàþùèìè, âçàèìîäîïîëíÿþ-

ùèìè ñïîñîáàìè êîíòðîëÿ ñòðóêòóðû è ñòðóêòóð-

íûõ ïðåâðàùåíèé â êîíäåíñèðîâàííûõ ñðåäàõ

[1 – 3].

Â ÈÊ-ñïåêòðîñêîïèè èñïîëüçóåòñÿ ìåíåå æå-

ñòêîå ýíåðãåòè÷åñêîå âîçäåéñòâèå íà îáúåêò ïî

ñðàâíåíèþ ñ óëüòðàôèîëåòîâûì è ðåíòãåíîâñêèì

èçëó÷åíèåì. Ïðè ýòîì âûáîð íà÷àëüíûõ ïàðà-

ìåòðîâ (ïîëÿðèçàöèÿ èçëó÷åíèÿ, óãîë ïàäåíèÿ,

âíåøíÿÿ ñðåäà) äàåò âîçìîæíîñòü ìåíÿòü ãëóáè-

íó ïðîíèêíîâåíèÿ ëó÷à. Ïîýòîìó ìåòîä ïîçâîëÿ-

åò èññëåäîâàòü àòîìíî-ìîëåêóëÿðíîå ñòðîåíèå

îáúåêòà â ïðèïîâåðõíîñòíîì ñëîå è îáúåìå, ïîëó-

÷èòü êîëè÷åñòâåííóþ èíôîðìàöèþ î êîëåáàòåëü-

íîì ñïåêòðå êðèñòàëëîâ, äåôåêòàõ ñòðîåíèÿ, ïðè-

ìåñÿõ, äàííûå îá èíòåíñèâíîñòè ýëåêòðîííî-ôî-

íîííîãî âçàèìîäåéñòâèÿ. Ñîâìåñòíûì èñïîëüçî-

âàíèåì FTIR, ÐÝÌ è ÐÑÀ ìîæíî íå òîëüêî âèçó-

àëüíî èññëåäîâàòü ñòðóêòóðíûå îñîáåííîñòè â

ïðèïîâåðõíîñòíîì ñëîå óãëåðîäñîäåðæàùèõ îá-

ðàçöîâ, íî è îïðåäåëèòü ñòåïåíü ãèáðèäèçàöèè

àòîìîâ óãëåðîäà ïðè íàëè÷èè êàðáèíî- (sp-), ãðà-

ôèòî- (sp2-) è àëìàçîïîäîáíûõ (sp3-) ñòðóêòóð [4],

âûÿâèòü ìåñòà ëîêàëèçàöèè äåôåêòîâ.

Èçó÷åíèå ìèêðîñòðóêòóðû ïåðåõîäíûõ ôîðì

óãëåðîäà, ê êîòîðûì îòíîñèòñÿ ñòåêëîóãëåðîä

(ÑÓ), ôàçîâûõ ïðåâðàùåíèé â êîíäåíñèðîâàííîì

óãëåðîäå ïðè òåðìè÷åñêîé îáðàáîòêå ÑÓ — àêòó-

àëüíàÿ çàäà÷à ôèçè÷åñêîãî ìàòåðèàëîâåäåíèÿ.

Öåëü ðàáîòû — èññëåäîâàíèå ñòðóêòóðíûõ îñî-

áåííîñòåé è ïðåâðàùåíèé â ïðèïîâåðõíîñòíîì

ñëîå îáðàçöîâ ÑÓ, ïîäâåðãíóòûõ òåðìè÷åñêîé îá-

ðàáîòêå â èíåðòíîé ñðåäå, ìåòîäîì FTIR, ñîïîñ-

òàâëåíèå ðåçóëüòàòîâ ñ äàííûìè, ïîëó÷åííûìè

ìåòîäàìè ÐÝÌ è ÐÑÀ.

Ìåòîä ÈÊ-ñïåêòðîñêîïèè äèôôóçíîãî îòðà-

æåíèÿ (ÄÎ) àäàïòèðîâàëè äëÿ êîëè÷åñòâåííîãî

àíàëèçà ñòðóêòóðû è ñòðóêòóðíûõ ïðåâðàùåíèé

â îáðàçöàõ ÑÓ ïðè èõ òåðìè÷åñêîé îáðàáîòêå â

èíòåðâàëå 1500 – 3000 °C â èíåðòíîé ñðåäå. Ñ åãî

ïîìîùüþ èññëåäîâàëè êîëåáàòåëüíûé ñïåêòð ÑÓ,

äèíàìèêó ñòðóêòóðíûõ ïðåâðàùåíèé â îáðàçöàõ

ñ ðîñòîì òåìïåðàòóðû, îïðåäåëÿëè ïðèðîäó óãëå-

ðîäíûõ êâàçèìîëåêóëÿðíûõ ôðàãìåíòîâ, íà-

ëè÷èå è êîíöåíòðàöèþ ïðèìåñåé. Â êà÷åñòâå èñ-

õîäíîãî ìàòåðèàëà ïðè ïîëó÷åíèè îáðàçöîâ ÑÓ

ñ ìîíîòîííî ìåíÿþùåéñÿ ñòðóêòóðîé èñïîëüçî-

âàëè ôåíîëî-ôóðôóðîëî-ôîðìàëüäåãèäíóþ ñìî-

ëó, ïîäâåðãíóòóþ êàðáîíèçàöèè ïðè ìåäëåííîì

ïîäúåìå òåìïåðàòóðû äî ìàêñèìàëüíîãî çíà÷å-

íèÿ 1300 °C.

Ôîðìèðóåìàÿ íà ñòàäèè íèçêîòåìïåðàòóðíîé

êàðáîíèçàöèè (1000 – 1300 °C) [2] êðèñòàëëè÷å-

ñêàÿ ñòðóêòóðà îáðàçöîâ ñ ðîñòîì òåìïåðàòóðû

îáðàáîòêè â Ar-ñðåäå ìåíÿåòñÿ. Ñòðóêòóðíûå èñ-

ñëåäîâàíèÿ, ïðîâîäèìûå â îñíîâíîì ìåòîäîì

êîìáèíàöèîííîãî ðàññåÿíèÿ ñâåòà, ïîêàçûâàþò,

÷òî íà÷àëî ïðîöåññîâ îáðàçîâàíèÿ ñëîèñòûõ ñî-

åäèíåíèé àðîìàòè÷åñêîãî òèïà â ÑÓ îòíîñèòñÿ ê

òåìïåðàòóðíîìó èíòåðâàëó 1000 – 1500 °C [5, 6].

Ó÷èòûâàÿ ïîãëîùàòåëüíóþ ñïîñîáíîñòü îá-

ðàçöîâ ÑÓ, âûñîêèå çíà÷åíèÿ ïîêàçàòåëÿ ïðå-

ëîìëåíèÿ, õðóïêîñòü, íàëè÷èå ïîðèñòîñòè, ñïåê-

òðû ïîãëîùåíèÿ èññëåäîâàëè â ðåæèìå äèôôóç-

íîãî îòðàæåíèÿ. Îáðàçöû ãîòîâèëè â âèäå ïî-

ðîøêîâ, äëÿ ÷åãî èõ èçìåëü÷àëè äî ðàçìåðîâ ÷àñ-

òèö ìåíåå 10 ìêì (òàêèå ÷àñòèöû îòíîñèòåëüíî

ïðîçðà÷íû äëÿ ÈÊ-èçëó÷åíèÿ, äëèíà âîëíû êî-

òîðîãî â èññëåäóåìîì äèàïàçîíå ñîñòàâëÿëà îêî-

ëî 10 ìêì). Èçìåëü÷åíèå íå ìåíÿëî ìèêðîñòðóê-

òóðó, òàê êàê äàæå ó îáðàçöà ñ òåìïåðàòóðîé

îáðàáîòêè 3000 °C (ÑÓ-3000) ñîãëàñíî ðåíòãåíî-

ñòðóêòóðíûì äàííûì ðàçìåðû îáëàñòåé êîãå-

ðåíòíîãî ðàññåÿíèÿ íå ïðåâûøàëè 0,01 ìêì.

Â òàáë. 1 ïðèâåäåíû ðåçóëüòàòû èññëåäîâà-

íèé âëèÿíèÿ èçìåëü÷åíèÿ îáðàçöîâ êîíäåíñèðî-

âàííîãî ïîëèêðèñòàëëè÷åñêîãî óãëåðîäà íà ñòàí-

äàðòíîé ìåõàíè÷åñêîé øàðîâîé ìåëüíèöå áåç

õëîðèäà íàòðèÿ è ïðè åãî íàëè÷èè íà ðàçìåðû

ãðàôèòîïîäîáíûõ ôðàãìåíòîâ â ñòðóêòóðå.

Âèäíî, ÷òî äèñïåðãèðîâàíèå äî 10 ìèí ïðàê-

òè÷åñêè íå ìåíÿåò ðàçìåðû ìèêðîêðèñòàëëîâ îá-

ðàçöà (âäîëü (Lc) è ïåðïåíäèêóëÿðíî ãåêñàãî-

íàëüíîé c-îñè (La)) è ìåæïëîñêîñòíîå ðàññòîÿíèå

â ãðàôèòîïîäîáíûõ êðèñòàëëèòàõ (d002). Ïðè

äèñïåðãèðîâàíèè äî 3 ìèí ìîæíî ñ÷èòàòü, ÷òî

ïðîáîïîäãîòîâêà íå âëèÿåò íà ìèêðîñòðóêòóðó

èçó÷àåìûõ îáåêòîâ. Áîëåå äëèòåëüíîå èçìåëü-

÷åíèå (äî 30 ìèí) ïðèâîäèò ê óìåíüøåíèþ ñðåä-
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Òàáëèöà 1. Ïàðàìåòðû ìèêðîêðèñòàëëîâ îáðàçöîâ êîíäåíñèðîâàííîãî óãëåðîäà ïðè äèñïåðãèðîâàíèè ïðîáû â øàðî-

âîé ìåëüíèöå

Âðåìÿ èçìåëü÷åíèÿ, ìèí

Ñòðóêòóðíûå ïàðàìåòðû

L
a
, Å L

c
, Å L

a
/L

c
d

002
, Å

Èñõîäíûé îáðàçåö 400 ± 25 240 ± 18 1,67 3,40

3 400 ± 30 240 ± 20 1,67 3,40

10 396 ± 40 234 ± 14 1,69 3,40

10 (ñ NaÑl) 420 ± 25 220 ± 10 1,93 3,41

30 392 ± 40 148 ± 20 2,65 3,42



íåñòàòèñòè÷åñêèõ ðàçìåðîâ ãðàôèòîïîäîáíûõ

êðèñòàëëèòîâ ïðåèìóùåñòâåííî âäîëü c-îñè

(La/Lc = 2,65) è óâåëè÷åíèþ ìåæïëîñêîñòíîãî

ðàññòîÿíèÿ â ðåøåòêå ãðàôèòà.

Ìåòîäèêà ÄÎ ïîçâîëÿåò èçìåðÿòü ñïåêòðû

ïîãëîùåíèÿ ñèëüíî ïîãëîùàþùèõ ïîðîøêîâ

è ïëåíîê. Îáðàçöû ÑÓ äëÿ ñïåêòðîôîòîìåòðè÷å-

ñêèõ èññëåäîâàíèé ïîäãîòàâëèâàëè â âèäå äâóõ-

êîìïîíåíòíîé ñèñòåìû, â êîòîðîé îäíà êîìïî-

íåíòà — èçó÷àåìûé ñèëüíî ïîãëîùàþùèé, ñëàáî

ðàññåèâàþùèé èçëó÷åíèå ïîðîøîê ÑÓ, à âòî-

ðàÿ — ïðîçðà÷íûé äëÿ èçëó÷åíèÿ, íî õîðîøî

åãî ðàññåèâàþùèé ïîðîøîê òîé æå äèñïåðñíîñòè.

Â êà÷åñòâå ïîñëåäíåãî ïðèìåíÿëè ïðîçðà÷íûå â

øèðîêîé ÈÊ-îáëàñòè ñïåêòðà ñîëè ùåëî÷íûõ ìå-

òàëëîâ: LiF, NaCI, KBr, CaF2.

Èñïîëüçîâàíèå ùåëî÷íî-ãàëîèäíûõ ñîëåé â

êà÷åñòâå òâåðäîãî ðàçáàâèòåëÿ ïîçâîëèëî ïîëó-

÷èòü ñèãíàë, ðàññåÿííûé îáðàçöîì, äîñòàòî÷íî

âûñîêîé (îïòèìàëüíîé äëÿ èçìåðåíèÿ) èíòåíñèâ-

íîñòè. Ïðè ìàëûõ êîíöåíòðàöèÿõ ïîãëîùàþùåé

êîìïîíåíòû äèôôóçíàÿ ñòðóêòóðà ñâåòîâîãî

ïîëÿ âíóòðè ðàññåèâàþùåé ñðåäû ñîõðàíÿåòñÿ íà

âñåì ïóòè ñâåòîâîãî ïó÷êà â îáðàçöå è ýòàëîíå

ñðàâíåíèÿ. Ïðè ýòîì îïòè÷åñêè ïðîçðà÷íûå ñîëè

(ïîðîøêè) îáåñïå÷èâàþò ïðîíèêíîâåíèå çîí-

äèðóþùåãî ÈÊ-èçëó÷åíèÿ ÷åðåç ïîãëîùàþùèå

÷àñòèöû ÑÓ, íàõîäÿùèåñÿ â äèñïåðãèðîâàííîé

ïðîáå. Ñ ïîìîùüþ ýòàëîíà ñðàâíåíèÿ (÷èñòîãî

ïîðîøêà NaCl) èñêëþ÷àëè âëèÿíèå ðàññåèâàþ-

ùåé êîìïîíåíòû íà ñïåêòðû ÄÎ èññëåäóåìûõ

ïðîá è âûäåëÿëè ñïåêòðàëüíóþ çàâèñèìîñòü êî-

ýôôèöèåíòà ïîãëîùåíèÿ îáúåêòà.

Ïðè àíàëèçå ñïåêòðà ïîãëîùåíèÿ âåùåñòâà

ïî åãî ñïåêòðó ÄÎ íåîáõîäèìî çíàòü íå àáñîëþò-

íûå çíà÷åíèÿ ïîêàçàòåëÿ ïîãëîùåíèÿ (æ), à åãî

ñïåêòðàëüíûé õîä — ôîðìó êðèâîé ïîãëîùåíèÿ

(æ(í)). Äëÿ èññëåäîâàíèÿ ñïåêòðàëüíîé çàâèñè-

ìîñòè êîýôôèöèåíòà ïîãëîùåíèÿ èñïîëüçîâàëè

ôóíêöèþ Êóáåëêè – Ìóíêà [1]:

f R
R

R

k

s
( )

( )
,

�

�

�

�

�

�

1

2

2

(1)

ãäå R
�

— êîýôôèöèåíò äèôôóçíîãî îòðàæåíèÿ

èçëó÷åíèÿ îò áåñêîíå÷íî òîëñòîãî ñëîÿ, íå-

ïðîçðà÷íîãî äëÿ èçëó÷åíèÿ (ãëóáèííûé ðåæèì);

k è s — êîýôôèöèåíòû ïîãëîùåíèÿ è ðàññåÿíèÿ

ñâåòà ñëîåì åäèíè÷íîé òîëùèíû äèñïåðñíîé

ñèñòåìû.

Ôóíêöèÿ Êóáåëêè – Ìóíêà íàèáîëåå òî÷íî

îïèñûâàåò ñïåêòðàëüíûé õîä êîýôôèöèåíòà ïî-

ãëîùåíèÿ âåùåñòâà â øèðîêîì äèàïàçîíå çíà÷å-

íèé ïîêàçàòåëÿ ïîãëîùåíèÿ, êîíöåíòðàöèé, äèñ-

ïåðñíîñòè âåùåñòâ ïðè óñëîâèè àíàëèçà ïîëîñ â

ïðîçðà÷íîé äëÿ ðàçáàâëÿþùåé êîìïîíåíòû îá-

ëàñòè ñïåêòðà. Ïðè ðàññìîòðåíèè äèôôóçíî îò-

ðàæàþùåé ñðåäû êàê ñèñòåìû ïëîñêîïàðàëëåëü-

íûõ ïëàñòèí òîëùèíîé, ðàâíîé ñðåäíåìó äèà-

ìåòðó ðàññåèâàþùèõ ÷àñòèö, êîíñòàíòû k è s äëÿ

ñëàáî ðàññåèâàþùèõ ñðåä ìîæíî âûðàçèòü ÷åðåç

ïàðàìåòðû ðàññåèâàþùåé ñðåäû ñîîòíîøåíèÿìè

k
r

r
�

�

�

1

1

0

0

æ, s
r

r l
�

�

2

1

0

0
( )

, (2)

ãäå r0, æ, l — êîýôôèöèåíò íîðìàëüíîãî îòðàæå-

íèÿ, ïîêàçàòåëü ïîãëîùåíèÿ è ñðåäíèé ðàçìåð

÷àñòèö ðàññåèâàþùåé ñðåäû ñîîòâåòñòâåííî.

Åñëè ðàññåèâàþùàÿ ñðåäà ïðåäñòàâëÿåò ñîáîé

ñìåñü äâóõ êîìïîíåíò ñ êîíöåíòðàöèÿìè c1 è c2,

òî â ëèíåéíîì ïðèáëèæåíèè äëÿ êîýôôèöèåíòîâ

ïîãëîùåíèÿ è ðàññåÿíèÿ ìîæíî çàïèñàòü:

k = c1k1 + c2k2, s = c1s1 + c2s2, (3)

ãäå k1, s1, k2, s2 — êîýôôèöèåíòû ïîãëîùåíèÿ è

ðàññåÿíèÿ èñõîäíûõ êîìïîíåíò ïðè èõ åäèíè÷-

íîé êîíöåíòðàöèè.

Ïîñëå ïîäñòàíîâêè k è s â óðàâíåíèå (1) è

ïðè óñëîâèè, ÷òî ñðåäà 1 — ïîãëîùàþùàÿ, ñëàáî

ðàññåèâàþùàÿ (ïîðîøîê ÑÓ), à ñðåäà 2 — ïðî-

çðà÷íàÿ, ñèëüíî ðàññåèâàþùàÿ (ïîðîøîê NaCl),

ìîæíî ñ÷èòàòü, ÷òî â óðàâíåíèè (3) k1 � 0, k2 = 0.

Ó÷èòûâàÿ, ÷òî â íàøåì ñëó÷àå c1 � c2 (êîí-

öåíòðàöèÿ ÑÓ c1 � 1 – 3, à êîíöåíòðàöèÿ NaCl

c2 � 99 – 97 %), èìååì s1 � s2. Åñëè c = c1/c2 è

c1 � c2, ïðåíåáðåãàÿ ìàëûìè âåëè÷èíàìè, ïîëó-

÷àåì ôîðìóëó Êóáåëêè – Ìóíêà â âèäå:

f R
R
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ck

s
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1
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2
1

2

(4)

ò.å. â äèñïåðñíîé ïðîáå ôóíêöèÿ Êóáåëêè – Ìóí-

êà îïðåäåëÿåòñÿ êîíöåíòðàöèåé è ïîãëîùåíèåì

ïîãëîùàþùåé ñðåäû (c, k1) è ñâåòîðàññåèâàþùè-

ìè ñâîéñòâàìè èììåðñèîííîé ñðåäû (s2).

Ïîäñòàâëÿÿ k1 è s2 è ïðåíåáðåãàÿ r02 ââèäó

ìàëîñòè, îêîí÷àòåëüíî ïîëó÷àåì:
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1
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æl2c. (5)

Â ñïåêòðàõ îòðàæåíèÿ ÑÓ è NaCl [r01(í) è

r02(í)] îòñóòñòâóþò ñåëåêòèâíûå ïîëîñû ïîãëî-

ùåíèÿ, ïîýòîìó ìîæíî îæèäàòü ëèíåéíóþ çàâè-

ñèìîñòü ìåæäó ôóíêöèåé Êóáåëêè – Ìóíêà f(R
�
)

è êîíöåíòðàöèåé ïîãëîùàþùåãî âåùåñòâà c,

à òàêæå ïðîÿâëåíèÿ â ñïåêòðå f(R
�
) ñåëåêòèâíûõ

ïîëîñ ïîãëîùåíèÿ æ(í) èçó÷àåìîãî îáúåêòà (ÑÓ)

è çàâèñèìîñòè f(R
�
) îò äèñïåðñíîñòè èììåðñèîí-

íîé ðàññåèâàþùåé ñèñòåìû (l).

Ôîðìóëà (5) ïîëó÷åíà â ïðåäïîëîæåíèè, ÷òî

÷àñòèöû ïîãëîùàþùåãî âåùåñòâà íå àãðåãèðîâà-

íû è ðàñïðåäåëåíû â ïðîçðà÷íîé äèñïåðñíîé
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ñðåäå ïðîáû õàîòè÷åñêè, èçëó÷åíèå íà êàæäóþ

÷àñòèöó ïàäàåò è îòðàæàåòñÿ ïåðïåíäèêóëÿðíî

åå ïîâåðõíîñòè. Ýêñïåðèìåíòàëüíî ïîëó÷åííàÿ

êîíöåíòðàöèîííàÿ çàâèñèìîñòü êîýôôèöèåíòà

äèôôóçíîãî îòðàæåíèÿ è ôóíêöèè Êóáåëêè –

Ìóíêà ïîêàçàëà ñïðàâåäëèâîñòü ôîðìóëû (5) â

îáëàñòè êîíöåíòðàöèé 1 – 3 % (ðèñ. 1) è ïðèìå-

íèìîñòü åå äëÿ àíàëèçà ïîëîæåíèÿ è èíòåíñèâ-

íîñòè ñåëåêòèâíûõ ïîëîñ ïîãëîùåíèÿ â ñïåêòðàõ

ÄÎ â çàâèñèìîñòè îò êîíöåíòðàöèè ïîãëîùàþ-

ùåãî êîìïîíåíòà. Òàêèì îáðàçîì, ïðè íåèçìåí-

íûõ äèñïåðñíîñòè èçó÷àåìûõ îáúåêòîâ â âèäå ïî-

ðîøêîâ (l) è êîíöåíòðàöèè ïîãëîùàþùåãî êîì-

ïîíåíòà (c) â ñïåêòðå äèôôóçíîãî ðàññåÿíèÿ

ìîæíî íàáëþäàòü ïîëîñû ñåëåêòèâíîãî ïîãëîùå-

íèÿ ñèëüíî ïîãëîùàþùåãî âåùåñòâà (æ(í)) (â íà-

øåì ñëó÷àå — îáðàçöîâ ÑÓ).

Äëÿ ïîëó÷åíèÿ ÈÊ-ñïåêòðîâ ïîãëîùåíèÿ èñ-

ïîëüçîâàëè ÈÊ-Ôóðüå-ñïåêòðîôîòîìåòð Shimad-

zu ñî ñòàíäàðòíîé ïðèñòàâêîé íà äèôôóçíîå îò-

ðàæåíèå (ðèñ. 2).

Â òàáë. 2 ïðèâåäåíû çàðåãèñòðèðîâàííûå â

ÈÊ-Ôóðüå ñïåêòðàõ èäåíòèôèöèðîâàííûå ïîëî-

ñû ñåëåêòèâíîãî ïîãëîùåíèÿ, êîòîðûå ìîæíî îò-

íåñòè ê [1, 2, 6]: 1) âíóòðèïëîñêîñòíûì êîëåáàíè-

ÿì àòîìîâ óãëåðîäà â ãðàôèòîïîäîáíûõ ôðàãìåí-

òàõ ñ ïëîñêèìè è äåôîðìèðîâàííûìè ñåòêàìè

(îáëàñòè 1590 – 1620 è 1490 – 1510 ñì–1); 2) ïðî-

ÿâëåíèþ àëìàçîïîäîáíûõ ñâÿçåé â îáðàçöàõ ÑÓ

(îáëàñòü 1350 – 1370 ñì–1); 3) êîëåáàíèÿì àòîìîâ

óãëåðîäà â êàðáèíîïîäîáíûõ ñèñòåìàõ (îáëàñòü

1000 – 1120 ñì–1); 4) ïîëîñàì ñåëåêòèâíîãî ïî-

ãëîùåíèÿ, ñâÿçàííûì ñ àäñîðáèðîâàííûìè

àòîìàìè âîäîðîäà (1650 – 1750 ñì–1), êèñëîðîäà

(3600 ñì–1), ãèäðîêñèëüíûõ ãðóïï, êîíöåíòðàöèÿ

êîòîðûõ óìåíüøàëàñü ñ ðîñòîì òåìïåðàòóðû îá-

ðàáîòêè (îáëàñòü 3000 – 2850 ñì–1).

Ðåíòãåíîñòðóêòóðíûìè è ýëåêòðîííî-ìèêðî-

ñêîïè÷åñêèìè èññëåäîâàíèÿìè óñòàíîâèëè, ÷òî

àòîìû óãëåðîäà â îáðàçöàõ ÑÓ íàõîäÿòñÿ â ñòðóê-

òóðíî óïîðÿäî÷åííûõ (sp-, sp2-, sp3-) è íåóïîðÿäî-

÷åííûõ ñîñòîÿíèÿõ [1 – 3]. Ê óïîðÿäî÷åííûì

ñòðóêòóðàì îòíîñÿòñÿ ãðàôèòîïîäîáíûå ôðàã-

ìåíòû ñ ïëîñêèìè è äåôîðìèðîâàííûìè ãåêñàãî-

íàëüíûìè ïëîñêîñòÿìè, ôóëëåðåíî- è òóáóëåíî-

ïîäîáíûå êàðêàñíûå óãëåðîäíûå ôðàãìåíòû,

êàðáèíîïîäîáíûå öåïî÷êè, ñîñòîÿùèå èç àòîìîâ

óãëåðîäà, ê íåóïîðÿäî÷åííûì — êëàñòåðû, âêëþ-

÷àþùèå àòîìû óãëåðîäà âî âñåõ âîçìîæíûõ âè-

äàõ ãèáðèäèçàöèè, â òîì ÷èñëå ñ äðîáíîé ñòåïå-

íüþ ãèáðèäèçàöèè [2 – 4].

Ïîëó÷åííûå ðåçóëüòàòû (FTIR, ÐÝÌ, ÐÑÀ)

ñâèäåòåëüñòâóþò, ÷òî â ñëó÷àå äåôîðìèðîâàííûõ

ãðàôèòîïîäîáíûõ ñòðóêòóð ñ óâåëè÷åíèåì òåìïå-

ðàòóðû îáðàáîòêè èíòåíñèâíîñòü ïîëîñ ñåëåêòèâ-

íîãî ïîãëîùåíèÿ ïîâûøàåòñÿ. Ýòî ìîæíî îáúÿñ-

íèòü ðîñòîì ÷èñëà àòîìîâ óãëåðîäà, íàõîäÿùèõñÿ

â äåôîðìèðîâàííûõ ñëîèñòûõ ñòðóêòóðàõ ïî ïå-

ðèôåðèè êðèñòàëëà, ïîñêîëüêó ðàçìåðû ìèêðî-

êðèñòàëëîâ â îáðàçöàõ óâåëè÷èâàþòñÿ. Èíòåí-

ñèâíîñòü ïîëîñû ïîãëîùåíèÿ, ñîîòâåòñòâóþùåé

ïëîñêèì ãðàôèòîïîäîáíûì ñòðóêòóðàì (sp2-ãèá-

ðèäèçàöèÿ), ñ ðîñòîì òåìïåðàòóð îñòàåòñÿ ïðàê-

òè÷åñêè íåèçìåííîé, à â ñëó÷àå êàðáèíîïîäîá-
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Êîíöåíòðàöèÿ, %
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Ðèñ. 1. Êîíöåíòðàöèîííàÿ çàâèñèìîñòü ôóíêöèè Êóáåë-

êè – Ìóíêà f(R
�
) ïðè ë = 1500 ñì–1 äëÿ îáðàçöà ÑÓ ïðè

òåìïåðàòóðå îáðàáîòêè 2700 °C (1) è åå ëèíåéíàÿ ýêñòðà-

ïîëÿöèÿ (2)
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Ðèñ. 2. ÈÊ-Ôóðüå ñïåêòðû ïîãëîùåíèÿ îáðàçöîâ ÑÓ ïðè

òåìïåðàòóðàõ îáðàáîòêè 2000 (à), 2700 (á) è 3000 °C (â)



íûõ ñòðóêòóð (sp1-ãèáðèäèçàöèÿ) — ïîíèæàåòñÿ,

÷òî ãîâîðèò îá óìåíüøåíèè àòîìîâ óãëåðîäà â öå-

ïî÷å÷íûõ ñòðóêòóðàõ è ðîñòå óãëåðîäíûõ ñåòîê

çà ñ÷åò óãëåðîäà êàðáèíîâûõ öåïî÷åê è íåóïîðÿ-

äî÷åííûõ ñòðóêòóð.

×àñòîòû êîëåáàíèé êàðáîíèëüíûõ (C=O) è

ãèäðîêñèëüíûõ (–OH) ñâÿçåé ñ óâåëè÷åíèåì òåì-

ïåðàòóðû òåðìîîáðàáîòêè ïðàêòè÷åñêè íå ìåíÿ-

þòñÿ, à èíòåíñèâíîñòü íåçíà÷èòåëüíî ñíèæàåòñÿ,

÷òî ñâèäåòåëüñòâóåò îá óìåíüøåíèè â èññëåäóå-

ìûõ îáðàçöàõ êîíöåíòðàöèè êèñëîðîäà è ãèäðî-

êñèëüíûõ ãðóïï [2, 4, 5].

Äëÿ èññëåäîâàíèÿ ñòðóêòóðíûõ íåîäíîðîä-

íîñòåé ìåòîäîì ÐÝÌ èñïîëüçîâàëè ðàñòðîâûé

ýëåêòðîííûé ìèêðîñêîï JEOL JSM-6490LV

(íàïðÿæåíèå — 20 êÂ). Íà ðèñ. 3, à – â ïðåä-

ñòàâëåíà ñòðóêòóðà ïîâåðõíîñòè îáðàçöîâ ÑÓ íà

èçëîìå (òåìïåðàòóðà îáðàáîòêè 1500 °C), íà

ðèñ. 3, ã, ä — ñòðóêòóðà ïîâåðõíîñòè ñêîëîâ îá-

ðàçöîâ ÑÓ è ìîíîõðîìàòè÷åñêîãî ãðàôèòà (òåì-
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Òàáëèöà 2. Ïîëîñû ñåëåêòèâíîãî ïîãëîùåíèÿ îáðàçöîâ ÑÓ (ñì–1)

Òåìïåðàòóðà îáðàáîòêè, °C
Ñòðóêòóðíûå îáðàçîâàíèÿ

2000 2700 3000

2980 2980 2980 C–H
n
, àðîìàòè÷åñêèå

2945 2945 2945 C–H
n
, àëèôàòè÷åñêèå

2880 2880 2880 C–H
n
, àëèôàòè÷åñêèå

1760 1755 1765 C=O, êàðáîíèëüíûå

1615 1610 1595 sp2-ãèáðèäèçàöèÿ

1510 1505 1490 C=C, äåôîðìèðîâàííûå ãåêñàãîíàëüíûå ïëîñêîñòè

1410 1400 C–H

1370 1360 sp3-ãèáðèäèçàöèÿ

1305 1310 1270 D-ìîäà, äåôåêòû

1210 1210 1220 C–H

1160 1160 Íå èäåíòèôèöèðîâàíû

1120 1125 1125 sp-ãèáðèäèçàöèÿ

1015 1010 1005 sp-ãèáðèäèçàöèÿ

à á â

ã ä

Ðèñ. 3. Ñòðóêòóðà ïîâåðõíîñòè: à — ïëîñêèå ôðàãìåíòû ñòðóêòóðû (ðàçðåøåíèå — 5 ìêì, ×5000); á — ôðàãìåíòû â

âèäå «ñíåæèíîê» (êàðêàñíî-öåïî÷å÷íàÿ ñòðóêòóðà); â — ñòðóêòóðà âíóòðè ïîð (ðàçðåøåíèå — 10 ìêì, ×1000); ã — ñëî-

èñòûå ñòðóêòóðíûå ôðàãìåíòû (ðàçðåøåíèå — 5 ìêì, ×5000); ä — ìîíîõðîìàòè÷åñêèé ãðàôèò (ðàçðåøåíèå — 5 ìêì,

×5000)



ïåðàòóðà îáðàáîòêè 3000 °C). Âî âñåõ ñëó÷àÿõ

íàáëþäàëè ïîðû (10 – 100 ìêì), ïëîñêèå ñåòî÷-

íûå ñòðóêòóðû, êîíöåíòðàöèÿ êîòîðûõ âîçðàñòà-

ëà ñ ðîñòîì òåìïåðàòóðû. Âíóòðè ïîð ïðîñëåæè-

âàëèñü ñôåðîëèòîâûå ôðàãìåíòû ðàçìåðàìè

1 – 5 ìêì.

Âûÿâëåííûå ñòðóêòóðû ñèììåòðè÷íîé ôîð-

ìû â âèäå «ñíåæèíîê» (ñì. ðèñ. 3, á) ìîãóò ñîñòî-

ÿòü èç àòîìîâ óãëåðîäà, âêëþ÷åííûõ â ôóëëå-

ðåíî-òóáóëåíîâûå è êàðáèíîïîäîáíûå ôðàãìåí-

òû. Ïîäîáíûå îáðàçîâàíèÿ â äðóãèõ îáðàçöàõ ÑÓ

îòñóòñòâóþò, ÷òî ìîæåò ñâèäåòåëüñòâîâàòü îá èõ

òåðìè÷åñêîé íåñòàáèëüíîñòè è ðàñïàäå (ïðè òåì-

ïåðàòóðàõ áîëåå 1500 °C).

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

ïîâåðõíîñòè è ñêîëîâ îáðàçöîâ ÑÓ ñ ðàçëè÷íîé

ñòðóêòóðíîé óïîðÿäî÷åííîñòüþ ìåòîäîì ÈÊ-Ôó-

ðüå ñïåêòðîñêîïèè ñî ñòàíäàðòíîé ïðèñòàâêîé

äèôôóçíîãî îòðàæåíèÿ âûÿâèëè íàëè÷èå ó èçó-

÷àåìûõ îáúåêòîâ àòîìîâ óãëåðîäà ñ ðàçëè÷íîé

ãèáðèäèçàöèåé ýëåêòðîííûõ ñîñòîÿíèé, êàðêàñ-

íûõ óãëåðîäíûõ ñòðóêòóð, êàðáîíèëüíûõ è ãèä-

ðîêñèëüíûõ ãðóïï, àòîìîâ âîäîðîäà â àðîìà-

òè÷åñêèõ è àëèôàòè÷åñêèõ ôðàãìåíòàõ. Ïðè

ïîâûøåíèè òåìïåðàòóðû òåðìîîáðàáîòêè ñ 1500

äî 3000 °C êîíöåíòðàöèÿ ïðèìåñåé â îáðàçöàõ

íåçíà÷èòåëüíî óìåíüøàëàñü. Ïîëó÷åííûå ðå-

çóëüòàòû ñîïîñòàâèëè ñ äàííûìè ðåíòãåíîñòðóê-

òóðíîãî àíàëèçà è ðàñòðîâîé ýëåêòðîííîé ìèêðî-

ñêîïèè. Óñòàíîâèëè, ÷òî ñ ïîâûøåíèåì òåìïåðà-

òóðû îáðàáîòêè îáëàñòè êîãåðåíòíîãî ðàññåÿíèÿ,

ñîîòâåòñòâóþùèå ãðàôèòîïîäîáíîé êîìïîíåíòå,

ðàñòóò çà ñ÷åò êàðêàñíûõ è êàðáèíîïîäîáíûõ óã-

ëåðîäíûõ ñòðóêòóð è àòîìîâ óãëåðîäà â ñîñòàâå

íåóïîðÿäî÷åííîé ôàçû.
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Ðàññìîòðåíû ñîñòîÿíèå, ïðîáëåìû è ïåðñïåêòèâû ðàçâèòèÿ ñòàíäàðòíûõ, óíèôèöèðî-

âàííûõ è ñïåöèàëüíûõ ëàáîðàòîðíûõ, ñòåíäîâûõ è íàòóðíûõ èñïûòàíèé äëÿ îáîñíîâà-

íèÿ êîìïëåêñíûõ õàðàêòåðèñòèê ïðî÷íîñòè, äîëãîâå÷íîñòè, æèâó÷åñòè, õëàäîñòîéêîñòè,

íàäåæíîñòè è áåçîïàñíîñòè íåñóùèõ ýëåìåíòîâ òðóáîïðîâîäíîãî òðàíñïîðòà íåôòè è

íåôòåïðîäóêòîâ. Ýòè èñïûòàíèÿ óâÿçàíû ñî ñòàäèÿìè æèçíåííîãî öèêëà òðóáîïðîâî-

äîâ è îñíîâíûìè è ïîâåðî÷íûìè ìåòîäàìè ðàñ÷åòíî-ýêñïåðèìåíòàëüíîãî îïðåäåëåíèÿ

êðèòåðèàëüíûõ õàðàêòåðèñòèê òðóáíûõ ñòàëåé, òðóá è ìàãèñòðàëüíûõ òðóáîïðîâîäîâ ñ

ó÷åòîì îòå÷åñòâåííîãî è çàðóáåæíîãî îïûòîâ. Ïðè ñòàíäàðòíûõ èñïûòàíèÿõ íà ñòàòè-

÷åñêîå ðàñòÿæåíèå ýêñïåðèìåíòàëüíî ïîëó÷àåìûå áàçîâûå ìåõàíè÷åñêèå õàðàêòåðèñòè-

êè (ïðåäåëû òåêó÷åñòè è ïðî÷íîñòè, ìîäóëè óïðóãîñòè) âõîäÿò â îñíîâíûå ðàñ÷åòû ñòà-

òè÷åñêîé ïðî÷íîñòè âíîâü ïðîåêòèðóåìûõ è ôóíêöèîíèðóþùèõ òðóáîïðîâîäîâ. Ñòàí-

äàðòíûå èñïûòàíèÿ íà òâåðäîñòü è óäàðíóþ âÿçêîñòü èñïîëüçóþò äëÿ êîíòðîëÿ êà÷åñò-

âà òðóáíûõ ñòàëåé. Äëÿ ïîâåðî÷íûõ îöåíîê ñòàòè÷åñêîé ïðî÷íîñòè èç ðåçóëüòàòîâ ñòàí-

äàðòíûõ èñïûòàíèé íà ðàñòÿæåíèå ïîëó÷àþò äîïîëíèòåëüíóþ ðàñ÷åòíóþ èíôîðìàöèþ

ïî îöåíêàì ïëàñòè÷íîñòè è ñòåïåíè óïðî÷íåíèÿ ñòàëåé ïðè óïðóãîïëàñòè÷åñêîì äåôîð-

ìèðîâàíèè. Óíèôèöèðîâàííûå ëàáîðàòîðíûå èñïûòàíèÿ ïðåäíàçíà÷åíû äëÿ óòî÷íåí-

íîãî îïðåäåëåíèÿ ïðî÷íîñòè òðóáîïðîâîäîâ ñ ó÷åòîì ýôôåêòîâ îáúåìíîñòè íàïðÿæåí-

íîãî ñîñòîÿíèÿ, àáñîëþòíûõ ðàçìåðîâ ñå÷åíèé òðóáîïðîâîäîâ, ñêîðîñòè äåôîðìèðîâà-

íèÿ, àíèçîòðîïèè, õëàäîñòîéêîñòè, êîððîçèè è íàëè÷èÿ ñâàðíûõ ñîåäèíåíèé. Îñîáîå

ìåñòî â ëàáîðàòîðíûõ è ñòåíäîâûõ èñïûòàíèÿõ çàíèìàåò îöåíêà òðåùèíîñòîéêîñòè

òðóáíûõ ñòàëåé è òðóá ïî êðèòåðèÿì ëèíåéíîé è íåëèíåéíîé ìåõàíèêè ðàçðóøåíèÿ ñ

ó÷åòîì òåõíîëîãè÷åñêèõ è ýêñïëóàòàöèîííûõ äåôåêòîâ. Îòìå÷åí îïûò ïðîâåäåíèÿ óêà-

çàííûõ èñïûòàíèé, íàêîïëåííûé â ðîññèéñêîé ñèñòåìå ìàãèñòðàëüíîãî òðàíñïîðòà íå-

ôòè è íåôòåïðîäóêòîâ.
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Problematic issues of the current state and prospects of development of the standard, unified and spe-

cial laboratory, bench and full-scale tests are considered to substantiate complex characteristics of the

durability, survivability, cold resistance, reliability and safety of the elements of pipeline transport of oil

and oil products are considered. These tests are linked to the stages of the pipeline life and improve-

ment of the basic and verification methods of calculation and experimental determination of the

criterial characteristics of the pipe steels, pipes and main pipelines with allowance for domestic and for-

eign experience. In the field of standard tests for static stretching, the experimentally obtained charac-

teristics of the basic mechanical properties (yield strength and strength, elastic moduli) are included in

the basic calculations of the static strength of newly designed and functioning pipelines. Standard tests

for hardness and toughness are used to control the quality of pipe steels. The results of standard tensile

tests are used to provide additional computational information regarding the estimates of ductility and

degree of steel hardening upon elastoplastic deformation to get reliable verification estimates of the

static strength. Unified laboratory tests are intended to refine determination of the pipeline strength

taking into account the effects of 3D character of the stress state, absolute sizes of the pipeline cross

section, deformation rate, anisotropy, cold resistance, corrosion and existence of welded connections.

Assessment of the crack resistance of the pipe steel and pipes by criteria of linear and nonlinear frac-

ture mechanics with allowance for technological and operational defects takes a special place in labora-

tory and bench tests. An emphasis is made on the domestic experience gained in the Russian system of

testing the main pipelines for transportation of oil and oil products.

Keywords: pipeline transport; mechanical tests; tensile strength; ductility; stability; durability; cold

resistance; crack resistance; deformation; fracture; pipe steel; supporting members

Àêòóàëüíîñòü ïðîáëåì

ìåõàíè÷åñêèõ èñïûòàíèé

Â æèçíåîáåñïå÷åíèè ÷åëîâåêà, îáùåñòâà, ãî-

ñóäàðñòâà è ìèðîâîãî ñîîáùåñòâà âñåãäà âàæíîå

ìåñòî çàíèìàë òðóáîïðîâîäíûé òðàíñïîðò (ÒÒ)

æèäêîñòåé, ãàçîâ è ìíîãîôàçíûõ ñðåä, íà÷èíàÿ

ñ âîäîïðîâîäîâ äðåâíèõ âðåìåí è çàêàí÷èâàÿ

òðóáîïðîâîäíûì òðàíñïîðòîì âûñîêèõ è ñâåðõ-

âûñîêèõ ïàðàìåòðîâ â ýíåðãåòèêå (òåïëîâîé, ãèä-

ðàâëè÷åñêîé, àòîìíîé), ðàêåòíî-êîñìè÷åñêîé

òåõíèêå (æèäêîñòíûå ðàêåòíûå äâèãàòåëè, èí-

ôðàñòðóêòóðà êîñìîäðîìîâ). Ñî âòîðîé ïîëîâè-

íû XX â. è äî íàñòîÿùåãî âðåìåíè òðóáîïðîâîä-

íûé òðàíñïîðò íåôòè è íåôòåïðîäóêòîâ ÿâëÿåò-

ñÿ âàæíåéøåé ñîñòàâíîé ÷àñòüþ ìàãèñòðàëüíîãî

òðóáîïðîâîäíîãî òðàíñïîðòà (ÌÒÒ) æèäêèõ è

ãàçîîáðàçíûõ óãëåâîäîðîäîâ îò ìåñòà èõ äîáû÷è

äî êîíå÷íûõ ïîòðåáèòåëåé — íåôòåãàçîõèìè÷å-

ñêèõ ïðåäïðèÿòèé, ïðîìûøëåííûõ è ãðàæäàí-

ñêèõ êîìïëåêñîâ ïî ïðîèçâîäñòâó è èñïîëüçîâà-

íèþ òåïëà è ýëåêòðîýíåðãèè.

Ñîâðåìåííûé ìàãèñòðàëüíûé òðóáîïðîâîä-

íûé òðàíñïîðò íåôòè è íåôòåïðîäóêòîâ (ÌÒÒ

ÍÍÏ) íàøåé ñòðàíû âêëþ÷àåò â ñåáÿ ñëåäóþùèå

îñíîâíûå âèäû íåñóùèõ ýëåìåíòîâ [1 – 3]:

ëèíåéíóþ ÷àñòü îáùåé ïðîòÿæåííîñòüþ

78 òûñ. êì ñ äèàìåòðàìè òðóáîïðîâîäîâ îò 159 äî

1220 ìì è òîëùèíîé ñòåíêè îò 5 äî 40 ìì;

ñèñòåìó èç áîëåå ÷åì 850 ñòàëüíûõ õðàíèëèù

(ãîðèçîíòàëüíûõ è âåðòèêàëüíûõ ðåçåðâóàðîâ)

îáùåé åìêîñòüþ áîëåå 24 ìëí ì3 [3];

ñèñòåìó èç áîëåå ÷åì 500 íàñîñíûõ ïåðå-

êà÷èâàþùèõ ñòàíöèé ñ ðàáî÷èìè äàâëåíèÿìè äî

1000 ÌÏà;

ñèñòåìó àðìàòóð òðóáîïðîâîäîâ îáùèì êîëè-

÷åñòâîì îêîëî 38 000 åäèíèö (çàäâèæêè, êàìåðû

ïóñêà — ïðèåìà äëÿ ñíàðÿäîâ âíóòðèòðóáíîé

î÷èñòêè è äèàãíîñòèêè).

Îáùèé ãðóçîîáîðîò íåôòè è íåôòåïðîäóêòîâ

â ÌÒÒ äîñòèãàåò áîëåå 1200 ìëðä ò · êì/ãîä.

Äëÿ ÌÒÒ ÍÍÏ èñïîëüçîâàëè òðè ãðóïïû

ñòàëåé:

óãëåðîäèñòûå íåëåãèðîâàííûå ñòàëè (òèï I) ñ

ïðåäåëîì ïðî÷íîñòè 450 – 500 ÌÏà;

ìàëîóãëåðîäèñòûå íèçêîëåãèðîâàííûå ñòàëè

(òèï II) ñ ïðåäåëîì ïðî÷íîñòè 500 – 600 ÌÏà;

íèçêîëåãèðîâàííûå òåðìîóïðî÷íåííûå ñòàëè

(òèï III) ñ ïðåäåëîì ïðî÷íîñòè 600 – 800 ÌÏà.

Ìåòîäû ðàñ÷åòîâ

è ëàáîðàòîðíûõ èñïûòàíèé

Ñòàíäàðòíûå èñïûòàíèÿ è îñíîâíûå ðàñ-

÷åòû íà ñòàòè÷åñêóþ ïðî÷íîñòü. Â òå÷åíèå

áîëåå 80 ëåò øëî íåïðåðûâíîå ñîâåðøåíñòâîâà-

íèå ìåòîäîâ ðàñ÷åòîâ è ìåõàíè÷åñêèõ èñïûòàíèé

êîíñòðóêöèîííûõ ñòàëåé.
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Òàáëèöà 1. Ãðóïïû ìåõàíè÷åñêèõ èñïûòàíèé òðóáíûõ ñòàëåé è òðóá

¹ ï/ï Ïî íàçíà÷åíèþ Ïî óðîâíþ íîðìèðîâàíèÿ

1 Ëàáîðàòîðíûå íà îáðàçöàõ (ËÎ) Ñòàíäàðòíûå — ïî ïðèíÿòûì ñòàíäàðòàì (ÑÈÑ)

2 Ñòåíäîâûå íà ìîäåëÿõ (ÑÌ) Óíèôèöèðîâàííûå — ïî ðóêîâîäÿùèì äîêóìåíòàì (ÓÐÄ)

3 Íàòóðíûå íà òðóáàõ (ÍÒ) Ñïåöèàëüíûå — ïî ìåòîäè÷åñêèì óêàçàíèÿì (ÑÌÓ)



Ìåòîäû ìåõàíè÷åñêèõ èñïûòàíèé ïî èõ öåëå-

âîìó íàçíà÷åíèþ è óðîâíþ íîðìèðîâàíèÿ ìîæíî

ðàçäåëèòü íà ãðóïïû (òàáë. 1).

Ïîëó÷åííûå â ðåçóëüòàòå èñïûòàíèé õàðàê-

òåðèñòèêè ìåõàíè÷åñêèõ ñâîéñòâ èñïîëüçóþò â

äâóõ îñíîâíûõ âèäàõ ðàñ÷åòîâ òðóá è òðóáîïðîâî-

äîâ (òàáë. 2).

Ïðè ðàçâèòèè ìåòîäîâ ìåõàíè÷åñêèõ èñïûòà-

íèé, îñíîâíûõ è ïîâåðî÷íûõ ðàñ÷åòîâ ñóùåñò-

âåííîå âíèìàíèå óäåëÿëè (òàáë. 3) àíàëèçó ïðå-

äåëüíûõ ñîñòîÿíèé, à òàêæå ñâÿçàííûõ ñ íèìè

ãðóïï èñïûòàíèé (ñì. òàáë. 1) è âèäîâ ðàñ÷åòîâ

(ñì. òàáë. 2).

Íèæå îñíîâíîå âíèìàíèå óäåëåíî ñòàíäàðò-

íûì èñïûòàíèÿì (ÑÈÑ) ñ îïðåäåëåíèåì ðàñ÷åò-

íûõ õàðàêòåðèñòèê ìåõàíè÷åñêèõ ñâîéñòâ ïðè

ïðîâåäåíèè äåòåðìèíèðîâàííûõ îñíîâíûõ (ÎÐ)

è ïîâåðî÷íûõ (ÏÐ) ðàñ÷åòîâ íà ñòàòè÷åñêóþ

ïðî÷íîñòü. Ýòè ðàñ÷åòû íàïðàâëåíû íà íåäîïó-

ùåíèå îäíîêðàòíîãî ñòàòè÷åñêîãî ðàçðóøåíèÿ

(ÑÐ) òðóáîïðîâîäîâ, ÿâëÿþùåãîñÿ ïåðâûì ïðå-

äåëüíûì ñîñòîÿíèåì ïî îòå÷åñòâåííûì è çàðó-

áåæíûì íîðìàì ïðî÷íîñòè. Ê ýòîìó ïðåäåëüíîìó

ñîñòîÿíèþ â ïîñëåäóþùåì áûëè äîáàâëåíû äðó-

ãèå ðàñ÷åòíûå ïðåäåëüíûå ñîñòîÿíèÿ (ñì.

òàáë. 3): ðàñ÷åòû íà óñòîé÷èâîñòü (ÐÓ), ïëàñòè÷-

íîñòü (ÐÏ), öèêëè÷åñêóþ ïðî÷íîñòü (ÐÖÏ), æè-

âó÷åñòü (ÐÆ), õëàäîñòîéêîñòü (ÐÕ), êîððîçèîí-

íóþ ñòîéêîñòü (ÐÊ), íàäåæíîñòü (ÐÍ), áåçîïàñ-

íîñòü (ÐÁ).

Â ñîîòâåòñòâóþùèå âðåìåííûå ýòàïû (1 – 6)

ïðîèñõîäèëî ñîâåðøåíñòâîâàíèå ìåòîäîâ ðàñ÷å-

òîâ íåñóùèõ ýëåìåíòîâ ÒÒ, ÌÒÒ è ÌÒÒ ÍÍÏ

[1 – 3]: áîëåå óñòîé÷èâûìè áûëè îñíîâíûå àíà-

ëèòè÷åñêèå ðàñ÷åòû ïðî÷íîñòè, â ñîîòâåòñòâèè ñ

êîòîðûìè íîìèíàëüíûå àíàëèòè÷åñêèå (ïî ôîð-

ìóëàì ñîïðîòèâëåíèÿ ìàòåðèàëîâ è òåîðèè îáî-

ëî÷åê) êîëüöåâûå ýêñïëóàòàöèîííûå íàïðÿæå-

íèÿ � n
ý íå äîëæíû áûëè ïðåâûøàòü äîïóñòèìûõ

[ó], óñòàíàâëèâàåìûõ ïî îïàñíûì íàïðÿæåíèÿì

óîï èç ðåçóëüòàòîâ ñòàíäàðòíûõ èñïûòàíèé ëàáî-

ðàòîðíûõ îáðàçöîâ èç êîíñòðóêöèîííûõ ìàòå-

ðèàëîâ è çàïàñàì ïðî÷íîñòè nó:

� �

�

�

n F p D
n

ý
ï

îï
� �[ , , ] = [ó], (1)

ãäå p — äàâëåíèå (âíóòðåííåå èëè íàðóæíîå);

Fï — ôóíêöèîíàë ðàáî÷èõ ïàðàìåòðîâ; D, ä —

äèàìåòð è òîëùèíà ñòåíêè òðóáû.

Äî ñåðåäèíû XX âåêà çà îïàñíûå (óîï) ïðèíè-

ìàëè íàïðÿæåíèÿ íà ïðåäåëå ïðî÷íîñòè ìàòå-

ðèàëà òðóáû óâ, ïîçâîëÿâøèå èñêëþ÷èòü åå ñòà-

òè÷åñêîå ðàçðóøåíèå. Çàïàñ nó ïî ïðåäåëó ïðî÷-

íîñòè ñîñòàâëÿë òîãäà 2,6 – 3,2. Ðàñ÷åòû íà ïðî÷-

íîñòü äîïîëíÿëè ðàñ÷åòàìè íà ïîòåðþ ïðîäîëü-

íîé óñòîé÷èâîñòè (ïî ôîðìóëå Ýéëåðà) ïîä

äåéñòâèåì ïðîäîëüíîé ñèëû Nï:

�

�

ó
ý

ó ï

ê

ó

� �{ , , , }
min

F N E l J
n

= [ó]ó, (2)

ãäå E — ìîäóëü ïðîäîëüíîé óïðóãîñòè, îïðåäå-

ëÿåìûé ïðè ñòàíäàðòíûõ èñïûòàíèÿõ ëàáîðà-

òîðíûõ îáðàçöîâ; l — ïðèâåäåííàÿ äëèíà, çàâè-

ñÿùàÿ îò ôîðìû çàùåìëåíèÿ òðóáû â ãðóíòå èëè

ìåæäó îïîðàìè; Jmin — ìèíèìàëüíûé ìîìåíò

èíåðöèè ñå÷åíèÿ òðóáû; óê — êðèòè÷åñêèå íà-
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Òàáëèöà 2. Âèä è öåëè ðàñ÷åòîâ

¹ ï/ï Âèä ðàñ÷åòà Öåëü ðàñ÷åòà

1 Îñíîâíîé (ÎÐ) Âûáîð îñíîâíûõ ðàçìåðîâ òðóá è òðóáíûõ ñòàëåé ïî óñòàíîâëåííûì ðàñ÷åòíûì ñõåìàì

è ðàñ÷åòíûì ñëó÷àÿì

2 Ïîâåðî÷íûé (ÏÐ) Ïðîâåðêà îáîñíîâàííîñòè âûáîðà ñ ó÷åòîì êîíñòðóêöèîííûõ, òåõíîëîãè÷åñêèõ è ýêñ-

ïëóàòàöèîííûõ ôàêòîðîâ

Òàáëèöà 3. Ýòàïû ðàçâèòèÿ ìåòîäîâ ðàñ÷åòîâ, èñïûòàíèé è ðàñ÷åòíûõ ïðåäåëüíûõ ñîñòîÿíèé

Ýòàïû Ãîäû Ìåòîäû ðàñ÷åòîâ
Ðàñ÷åòíûå ïðå-

äåëüíûå ñîñòîÿíèÿ
Ìåòîäû èñïûòàíèé

1 1940 – 1950 Îñíîâíûå (àíàëèòè÷åñêèå) ÎÐ ÑÐ (ÑÈÑ, ËÎ)

2 1950 – 1970 Îñíîâíûå (àíàëèòè÷åñêèå) ÎÐ ÑÐ, ÐÓ (ÑÈÑ, ËÎ)

3 1970 – 1990 Îñíîâíûå (àíàëèòè÷åñêèå) ÎÐ

Ïîâåðî÷íûå (àíàëèòè÷åñêèå) ÏÐ

ÑÐ, ÐÓ, ÐÏ (ÑÈÑ, ËÎ), (ÑÌ, ÓÐÄ)

4 1990 – 2010 Îñíîâíûå (àíàëèòè÷åñêèå) ÎÐ

Ïîâåðî÷íûå (àíàëèòè÷åñêèå, ÷èñëîâûå) ÏÐ

ÑÐ, ÐÓ, ÐÏ,

ÐÖÏ, ÊÐ

(ÑÈÑ, ËÎ), (ÑÌ, ÓÐÄ)

5 2010 – 2020 Îñíîâíûå (àíàëèòè÷åñêèå) ÎÐ

Ïîâåðî÷íûå (àíàëèòè÷åñêèå, ÷èñëîâûå) ÏÐ

ÑÐ, ÐÓ, ÐÏ,

ÐÖÏ, ÐÆ, ÐÍ

(ÑÈÑ, ËÎ), (ÑÌ,

ÓÐÄ), (ÍÒ, ÑÌÓ)

6 2020 – 2030 Îñíîâíûå (àíàëèòè÷åñêèå, ÷èñëîâûå) ÎÐ

Ïîâåðî÷íûå (àíàëèòè÷åñêèå, ÷èñëîâûå) ÏÐ

ÑÐ, ÐÓ, ÐÏ, ÐÖÏ,

ÐÆ, ÐÍ, ÐÁ

(ÑÈÑ, ËÎ), (ÑÌ,

ÓÐÄ), (ÍÒ, ÑÌÓ)



ïðÿæåíèÿ ïðè ïîòåðå óñòîé÷èâîñòè; nó — çàïàñ

íà óñòîé÷èâîñòü.

Ïî ìåðå ñîâåðøåíñòâîâàíèÿ òðóáíûõ ñòàëåé

òèïîâ I – III (ïîâûøåíèå ñòåïåíè ëåãèðîâàíèÿ,

ââåäåíèå òåðìîîáðàáîòîê) ïðîèñõîäèëî íåïðå-

ðûâíîå ïîâûøåíèå ñòàíäàðòíûõ õàðàêòåðèñòèê

ìåõàíè÷åñêèõ ñâîéñòâ: ïðåäåëîâ ïðî÷íîñòè óâ;

ïðåäåëîâ òåêó÷åñòè óò (ôèçè÷åñêèé ïðåäåë òåêó-

÷åñòè) è ó0,2 (óñëîâíûé ïðåäåë òåêó÷åñòè). Äëÿ

ýòîãî â êîîðäèíàòàõ óñëîâíûõ íàïðÿæåíèé ó =

= P/F0 è óñëîâíûõ äåôîðìàöèé e = Äl/l0 ñòðîèëè

äèàãðàììû ðàñòÿæåíèÿ (ðèñ. 1). Ïðè ýòîì ñîîò-

íîøåíèå óò/óâ, êàê ïðàâèëî, ïîâûøàëîñü (îò 0,45

äî 0,9), à óïðî÷íåíèå ñòàëè â óïðóãîïëàñòè÷åñêîé

îáëàñòè ñíèæàëîñü. Äëÿ èñêëþ÷åíèÿ îáðàçîâà-

íèÿ íåäîïóñòèìûõ ïëàñòè÷åñêèõ äåôîðìàöèé â

òðóáàõ â êà÷åñòâå îïàñíîãî íàïðÿæåíèÿ óîï â âû-

ðàæåíèå (1) ââîäèëè ïðåäåë òåêó÷åñòè óò (èëè

ó0,2). Òîãäà îáîáùåííîå óñëîâèå íåäîïóñòèìîñòè

ñòàòè÷åñêîãî ðàçðóøåíèÿ èëè âîçíèêíîâåíèÿ

ïëàñòè÷åñêèõ äåôîðìàöèé ïðèíèìàëî ôîðìó
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[ ] min , , (3)

ãäå nâ, nò — çàïàñû ïî ïðåäåëàì ïðî÷íîñòè è òå-

êó÷åñòè ñîîòâåòñòâåííî.

Ïðè ýòîì äëÿ ñòàëåé òèïà I ðàñ÷åò ïðîâîäèëè

ïðåèìóùåñòâåííî ñ çàïàñîì nò, à äëÿ ñòàëåé òèïà

III — ñ çàïàñîì nâ. Äî íàñòîÿùåãî âðåìåíè ýòè

çàïàñû ïîñòåïåííî ñíèæàëèñü, îêàçûâàÿñü â ïðå-

äåëàõ nò = 1,2 – 1,5 è nâ = 1,8 – 2,5.

Îñíîâíûå ðàñ÷åòû ïî âûðàæåíèÿì (1) – (3)

ïîçâîëèëè:

îáîñíîâàííî íàçíà÷àòü ðàçìåðû òðóá D, ä, l

ïðè çàäàííûõ p, Nï (îñíîâíàÿ ïðÿìàÿ çàäà÷à);

âûáèðàòü ìàòåðèàë (óò, óâ) ïðè çàäàííûõ p,

D, ä, l (îñíîâíàÿ ïðÿìàÿ çàäà÷à);

ïðîâåðÿòü ïðî÷íîñòü ïðè çàäàííûõ p, ä, D, l,

óò, óâ (îáðàòíàÿ ïîâåðî÷íàÿ çàäà÷à).

Â ýòèõ ðàñ÷åòàõ áàçîâûìè õàðàêòåðèñòèêàìè

ìåõàíè÷åñêèõ ñâîéñòâ, îïðåäåëÿåìûõ ñòàíäàðò-

íûìè èñïûòàíèÿìè (ÑÈÑ) ëàáîðàòîðíûõ îáðàç-

öîâ (ËÎ), áûëè è îñòàþòñÿ (ñì. ðèñ. 1) E, óò, óâ

[1 – 10]. Âìåñòå ñ òåì ðåàëüíûå óñëîâèÿ ôóíê-

öèîíèðîâàíèÿ, ïîâðåæäåíèé è ðàçðóøåíèé ÌÒÒ

è ÌÒÒ ÍÍÏ â ÿâíîì âèäå íå áûëè îòðàæåíû

â ðàñ÷åòàõ ïî âûðàæåíèÿì (1) – (3). Â ñâÿçè ñ

ýòèì â 40 – 50-õ ãîäàõ XX â. È. À. Îäèíãîì [4] è

Í. Ñ. Ñòðåëåöêèì [5] ïðåäëîæåíû äâà íàïðàâëå-

íèÿ ñîâåðøåíñòâîâàíèÿ ìåòîäîâ ðàñ÷åòîâ:

îïðåäåëåíèå è íàçíà÷åíèå çàïàñîâ nó â (1) ÷å-

ðåç ââåäåíèå ñèñòåìû ïîïðàâî÷íûõ êîýôôèöèåí-

òîâ n1 ... nn ê èñõîäíîìó çàïàñó nó0:

nó = nó0(n1, n2, ..., nn); (4)

ïåðåõîä ê ðàñ÷åòó ïî ïðåäåëüíûì ñîñòîÿíèÿì

ñ ó÷åòîì îñíîâíûõ êîíñòðóêöèîííûõ, òåõíîëîãè-

÷åñêèõ è ýêñïëóàòàöèîííûõ ôàêòîðîâ

nó = kík1/m, (5)

ãäå m, kí è k1 — êîýôôèöèåíòû, ó÷èòûâàþùèå

óñëîâèÿ ðàáîòû, íàäåæíîñòü ïî íàçíà÷åíèþ è ìà-

òåðèàëó ñîîòâåòñòâåííî.

Âûðàæåíèÿ (4), (5) áàçèðîâàëèñü [1 – 3, 6 –

10] íà òåõ æå ñòàíäàðòíûõ õàðàêòåðèñòèêàõ ìå-

õàíè÷åñêèõ ñâîéñòâ, ÷òî è (1) – (3).

Ïðè ðåøåíèè îáðàòíûõ ïîâåðî÷íûõ çàäà÷ ñ

îïðåäåëåíèåì äîïóñòèìîãî ðàñ÷åòíîãî äàâëåíèÿ

íåîáõîäèìî îïðåäåëåíèå ôàêòè÷åñêèõ ìåõàíè÷å-

ñêèõ ñâîéñòâ íà çàäàííîé ñòàäèè ýêñïëóàòàöèè.

Â ýòîì ñëó÷àå øèðîêî èñïîëüçóþòñÿ êîððåëÿöè-

îííûå ñâÿçè ìåæäó ñòàíäàðòíûìè õàðàêòåðèñòè-

êàìè ïðî÷íîñòè (óâ, óò) è ñòàíäàðòíûìè õàðàêòå-

ðèñòèêàìè òâåðäîñòè ïî Áðèíåëëþ (ÍÂ) è Ðîê-

âåëëó (ÍR):

{óâ, óò} = Fí{HB, HR}. (6)

Â çàðóáåæíûõ íîðìàõ (ÑØÀ [6], ÅÑ [7] è äð.)

îñíîâíûå ðàñ÷åòû ïðî÷íîñòè âûïîëíÿþòñÿ ïî

(1) – (3) ïî õàðàêòåðèñòèêàì óâ è óò ñ ïåðåìåííû-

ìè äîïóñêàìè íà ïëàñòè÷åñêóþ äåôîðìàöèþ (0,2;

0,5; 1,0 %), à òàêæå ñ óòî÷íåíèåì è êàòåãîðèðîâà-

íèåì íîìèíàëüíûõ ðàñ÷åòíûõ íàïðÿæåíèé � n
ý .

Óíèôèöèðîâàííûå èñïûòàíèÿ è óòî÷íåí-

íûå ïîâåðî÷íûå ðàñ÷åòû íà ñòàòè÷åñêóþ ïðî÷-

íîñòü. Îäíèì èç âàæíåéøèõ ôàêòîðîâ, âëèÿþ-

ùèõ íà ñòàòè÷åñêóþ ïðî÷íîñòü ÌÒÒ ÍÍÏ, ÿâëÿ-

åòñÿ ìíîãîîñíîñòü íàãðóæåíèÿ òðóáîïðîâîäîâ

(ðèñ. 2). Â îáùåì ñëó÷àå â óòî÷íåííûõ ðàñ÷åòàõ

ïî íîìèíàëüíûì íàïðÿæåíèÿì � n
ý è � ó

ý â âûðà-

æåíèÿõ (1) – (3) â îïàñíîì ñå÷åíèè X è â íàèáî-

ëåå íàãðóæåííîé òî÷êå A òðóáû äåéñòâóþò: äàâ-

ëåíèå p(x); ïðîäîëüíûå ñèëû Nï(x); èçãèáàþùèå
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Ðèñ. 1. Òèïû äèàãðàìì ñòàòè÷åñêîãî ðàñòÿæåíèÿ ñòàí-

äàðòíûõ îáðàçöîâ ñ ðàáî÷åé äëèíîé l
0

è ñå÷åíèåì F
0



ìîìåíòû Mèy(x), Mèz(x); êðóòÿùèé ìîìåíò Mê(x);

ïåðåðåçûâàþùèå ñèëû Qy(x), Qz(x). Â òî÷êå A îíè

ñîçäàþò ñëåäóþùèå êîìïîíåíòû íàïðÿæåíèé:

êîëüöåâûå óê(x); îñåâûå ïðîäîëüíûå óî(x); ðàäè-

àëüíûå óð(x); êàñàòåëüíûå ô(x).

Íà îñíîâå àíàëèòè÷åñêèõ è ÷èñëåííûõ ìåòî-

äîâ òåîðèé óïðóãîñòè, ïëàñòè÷íîñòè è ïðî÷íîñòè

(I – IV òåîðèè) ïî ýòèì íàïðÿæåíèÿì ìîãóò áûòü

âû÷èñëåíû òðè êîìïîíåíòû ãëàâíûõ íàïðÿæå-

íèé — ó1(x), ó2(x), ó3(x), à ïî íèì — ýêâèâàëåíò-

íûå íàïðÿæåíèÿ óý(x), ââîäèìûå â âûðàæåíèÿ

(1) – (3):

óý(x) = Fý{ó1(x), ó2(x), ó3(x)} = �n
ý . (7)

Äëÿ îáîñíîâàíèÿ ïðèìåíèìîñòè (7) â óòî÷-

íåííûõ ðàñ÷åòàõ ñòàòè÷åñêîé ïðî÷íîñòè ïðîâî-

äÿò óíèôèöèðîâàííûå ëàáîðàòîðíûå èñïûòàíèÿ

òîíêîñòåííûõ òðóá÷àòûõ îáðàçöîâ (äèàìåòðàìè

D = 30 – 50 ìì è òîëùèíîé ñòåíêè ä = 0,5 –

2 ìì) ïðè èõ íàãðóæåíèè ðàçëè÷íûìè ñî÷åòà-

íèÿìè äàâëåíèé p(x), îñåâûõ ñèë P(x) = Nï(x) è

ìîìåíòîâ Mê(x) (ðèñ. 3). Ïî ðåçóëüòàòàì èñïûòà-

íèé ñòðîÿò äèàãðàììû äåôîðìèðîâàíèÿ â ýêâè-

âàëåíòíûõ íàïðÿæåíèÿõ óý è äåôîðìàöèÿõ eý:

{óý, eý} = Fý{óò, E, M, ì, m, (ó1, ó2, ó3)}, (8)

ãäå ì — êîýôôèöèåíò Ïóàññîíà; m — ïîêàçàòåëü

óïðî÷íåíèÿ â óïðóãîïëàñòè÷åñêîé îáëàñòè.

Ïðè ñòåïåííîé àïïðîêñèìàöèè äèàãðàììà

äåôîðìèðîâàíèÿ ïî ðèñ. 1 â êîîðäèíàòàõ ó – e

èëè óý — eý çàïèñûâàåòñÿ â ôîðìå

{ó, óý} = óò{e/eò, eý/eò}
m. (9)

Âåëè÷èíà m äëÿ òðóáíûõ ñòàëåé ñíèæàåòñÿ îò 0,2

äî 0,06 ïðè óâåëè÷åíèè óò îò 200 äî 750 ÌÏà.

Âûðàæåíèå (9) ñïðàâåäëèâî äëÿ ó è óý â ïðå-

äåëàõ îò óò äî óâ, ÷òî ïîçâîëÿåò óâÿçàòü îòå÷å-

ñòâåííûå è çàðóáåæíûå íîðìû îñíîâíûõ ðàñ÷å-

òîâ íà ñòàòè÷åñêóþ ïðî÷íîñòü. Îíî ñïðàâåäëèâî

äëÿ äèàãðàììû äåôîðìèðîâàíèÿ â èñòèííûõ íà-

ïðÿæåíèÿõ óè è äåôîðìàöèÿõ eè:

óè = P/Fè; eè = dl/lè, (10)

ãäå Fè è lè — èñòèííàÿ (òåêóùàÿ) ïëîùàäü ñå÷å-

íèÿ è èñòèííàÿ äëèíà ðàñòÿãèâàåìîãî îáðàçöà

ñîãëàñíî ðèñ. 1.

Ïðè äîñòèæåíèè ïðåäåëà ïðî÷íîñòè óâ â îá-

ðàçöå îáðàçóåòñÿ øåéêà. Ïðè ðàçðóøåíèè îáðàç-

öà óñëîâíîå íàïðÿæåíèå è óñëîâíàÿ äåôîðìàöèÿ

â êîíå÷íîé òî÷êå ñîñòàâÿò

óê = Pê/F0; äê = Älê/l0. (11)

Èñòèííîå ñîïðîòèâëåíèå ðàçðóøåíèþ â øåéêå

Sê = Pê/Fê. (12)
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Èíòåãðèðóÿ âûðàæåíèÿ (10), ïîëó÷èì èñòèí-

íóþ äåôîðìàöèþ ïðè ðàçðóøåíèè â øåéêå:

e
l

l

e

ê

è ê

d
ê

� �

�
�

0

1

1
ln

�

, (13)

ãäå øê — îòíîñèòåëüíîå ñóæåíèå â øåéêå.

Õàðàêòåðèñòèêè Sê, øê, eê ñëåäóåò ðàññìà-

òðèâàòü êàê óíèôèöèðîâàííûå ïî ñòàíäàðòíûì

èñïûòàíèÿì ëàáîðàòîðíûõ îáðàçöîâ ïðè ðàñ-

òÿæåíèè.

Ïîëàãàÿ, ÷òî âûðàæåíèå (9) îïèñûâàåò äèà-

ãðàììó äåôîðìèðîâàíèÿ ïî íàïðÿæåíèÿì îò óò

äî Sê è ïî äåôîðìàöèÿì îò eò äî eê, ìîæíî îïðåäå-

ëèòü ïîêàçàòåëü óïðî÷íåíèÿ m è óò ïî ñòàíäàðò-

íûì õàðàêòåðèñòèêàì ìåõàíè÷åñêèõ ñâîéñòâ:

m
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(14)

Äèôôåðåíöèðóÿ óðàâíåíèÿ êðèâîé ñòàòè÷åñêîãî

ðàñòÿæåíèÿ dó/de â óñëîâíûõ íàïðÿæåíèÿõ ó è

äåôîðìàöèÿõ e è ïîëàãàÿ dó/de = 0 ïðè íàïðÿæå-

íèÿõ ó = óâ, ìîæíî ïîëó÷èòü

m e� �

�

â

â

ln ,
1

1 �

(15)

ãäå eâ — èñòèííàÿ ðàâíîìåðíàÿ äåôîðìàöèÿ íà

ñòàäèè îáðàçîâàíèÿ øåéêè; øâ — îòíîñèòåëüíîå

ðàâíîìåðíîå ñóæåíèå.

Óíèôèöèðîâàííûå èñïûòàíèÿ äëÿ ïîâåðî÷-

íîé îöåíêè âëèÿíèÿ àíèçîòðîïèè ìåõàíè÷åñêèõ

ñâîéñòâ. Ñîâðåìåííûå òåõíîëîãèè èçãîòîâëåíèÿ

òðóá äëÿ ÌÒÒ ÍÍÏ èç ëèñòîâîãî ìåòàëëà, ïîëó-

÷åííîãî ïðîêàòêîé ñ ïîñëåäóþùèì åãî ôîðìîâà-

íèåì, ñîçäàþò îïðåäåëåííûé óðîâåíü àíèçîòðî-

ïèè (ñì. ðèñ. 2, 3):

âäîëü ïðîêàòêè — â íàïðàâëåíèè îñåâûõ íà-

ïðÿæåíèé ó0(x);

ïîïåðåê ïðîêàòêè — â íàïðàâëåíèè êîëüöå-

âûõ íàïðÿæåíèé óê(x);

â ðàäèàëüíîì íàïðàâëåíèè (ïî òîëùèíå ä) —

â íàïðàâëåíèè íàïðÿæåíèé óð(x).

Äëÿ îöåíêè àíèçîòðîïèè â íàïðàâëåíèÿõ

ó0(x), óê(x) ïðîâîäÿò ñòàòè÷åñêèå èñïûòàíèÿ

ñòàíäàðòíûõ îáðàçöîâ ñîãëàñíî ðèñ. 1. Ýòèõ èñ-

ïûòàíèé îêàçûâàåòñÿ äîñòàòî÷íî ñ ó÷åòîì òîãî,

÷òî â áîëüøèíñòâå ñëó÷àåâ óê(x) � {ó0(x), óê(x)}.

Äëÿ îöåíêè õàðàêòåðèñòèê ïðî÷íîñòè â íà-

ïðàâëåíèè òîëùèíû ä ñ ó÷åòîì åå ðàçìåðîâ ïðî-

âîäÿò äâà âèäà èñïûòàíèé:

íà ìàëûõ ëàáîðàòîðíûõ îáðàçöàõ ñòàíäàðò-

íûõ ôîðì ïðè ä > 20 ìì (ðèñ. 4, à);

íà ñïåöèàëüíûõ îáðàçöàõ â ôîðìå «ñòàêàí÷è-

êà» ïðè 8 � ä � 20 ìì (ðèñ. 4, á).

Äëÿ ëèíåéíîé ÷àñòè ÌÒÒ ÍÍÏ, èñïûòûâàþ-

ùèõ äåéñòâèå ïðåèìóùåñòâåííî âíóòðåííåãî

äàâëåíèÿ p(x) = P, ãëàâíûå è ýêâèâàëåíòíûå (ïî

ýíåðãåòè÷åñêîé òåîðèè ïðî÷íîñòè) íàïðÿæåíèÿ

äëÿ èçîòðîïíîãî ìàòåðèàëà ñîñòàâëÿþò:

� �

�
1

2
� �ê

pD
, � �

�
2 0

4
� �

pD
, ó3 = –p,

� � � � � �ý � � � � � �

1

2
1 1

1 2

2

2 3

2

3

2( ) ( ) ( ) , (16)

ãäå �
2

= ó2/ó1; �
3

= ó3/ó1.

Äëÿ àíèçîòðîïíîãî ìàòåðèàëà òðóáû

� �
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�
2 2
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ò

ò
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1
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a
�

ò

ò

, (17)

ãäå óò1, óò2, óò3 — ïðåäåëû òåêó÷åñòè ìàòåðèàëà

â êîëüöåâîì, ïðîäîëüíîì è ïîïåðå÷íîì íàïðàâ-

ëåíèÿõ.

Åñëè òðóáíàÿ ñòàëü îáëàäàåò âûðàæåííîé

àíèçîòðîïèåé (óò1/óò2 � 1,1 è óò1/óò3 � 4), òî ýêâè-

âàëåíòíûå íàïðÿæåíèÿ óý áóäóò íà 8 – 10 %

âûøå, ÷åì äëÿ èçîòðîïíîé ñòàëè.

Óíèôèöèðîâàííûå èñïûòàíèÿ äëÿ ïîâåðî÷-

íûõ ðàñ÷åòîâ ñòàòè÷åñêîé ïðî÷íîñòè ñ ó÷å-

òîì àáñîëþòíûõ ðàçìåðîâ. Â îñíîâíûõ ðàñ÷å-

òàõ íà ñòàòè÷åñêóþ ïðî÷íîñòü ïî âûðàæåíèÿì

(1) – (3) èñïîëüçóþò ìåõàíè÷åñêèå ñâîéñòâà ñòà-

ëåé, âçÿòûå èç ñîîòâåòñòâóþùèõ òåõíè÷åñêèõ

óñëîâèé è îïðåäåëÿåìûå ïî ñòàíäàðòíûì èñïû-

òàíèÿì îáðàçöîâ (ñì. ðèñ. 1) ñå÷åíèåì F0 = 10 –

80 ìì2 íà ðàñòÿæåíèå áåç ó÷åòà ìàñøòàáíîãî

ôàêòîðà.

Â òî æå âðåìÿ ðåàëüíûå òðóáîïðîâîäû â

îïàñíûõ ñå÷åíèÿõ èìåþò ïëîùàäü F = 12 · 103 –

56 · 103 ìì2, òîëùèíó ñòåíêè ä = 7 – 30 ìì è äëè-
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Ðèñ. 4. Ñõåìà óíèôèöèðîâàííûõ èñïûòàíèé äëÿ îöåí-

êè ñâîéñòâ óñèëèåì P â íàïðàâëåíèè òîëùèíû ä ñòåíêè:

à — öèëèíäðè÷åñêèé îáðàçåö; á — îáðàçåö â ôîðìå «ñòà-

êàí÷èêà»



íû òðóá l = 6 · 103 – 12 · 103 ìì. Óâåëè÷åíèå àáñî-

ëþòíûõ ðàçìåðîâ â ñèëó ïðîÿâëåíèÿ òåõíîëîãè-

÷åñêèõ ôàêòîðîâ èçãîòîâëåíèÿ ëèñòîâ è òðóá

ïðèâîäèò ê ñíèæåíèþ ìåõàíè÷åñêèõ ñâîéñòâ óò,

óâ [9, 11]:
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(18)

ãäå F0, ä0, l0, d0 — ðàçìåðû ðàáî÷åé ÷àñòè îáðàçöà

(ïëîùàäü, òîëùèíà, äëèíà, äèàìåòð); F, ä, l, d —

ðàçìåðû òðóáû; m0 — ïîêàçàòåëü ñòåïåíè, çàâè-

ñÿùèé îò õèìè÷åñêîãî ñîñòàâà òðóáíîé ñòàëè

(0,01 � m0 � 0,04).

Äëÿ îïðåäåëåíèÿ m0 â âûðàæåíèè (18) ïðîâî-

äÿò ëàáîðàòîðíûå èñïûòàíèÿ íà ðàñòÿæåíèå (ñî-

ãëàñíî ñõåìå íà ðèñ. 1) ñòàíäàðòíûõ öèëèíäðè÷å-

ñêèõ îáðàçöîâ äèàìåòðîì d0 = 2 – 10 ìì, ïëîñêèõ

îáðàçöîâ ñå÷åíèåì îò 6 äî 100 ìì2, à òàêæå ìî-

äåëüíûõ ïëîñêèõ îáðàçöîâ íàòóðàëüíûõ òîëùèí

ä = 7 – 30 ìì ñ øèðèíîé äî 10ä.

Óíèôèöèðîâàííûå èñïûòàíèÿ äëÿ ïîâåðî÷-

íûõ ðàñ÷åòîâ ïðè ñêîðîñòíîì íàãðóæåíèè. Ïðè

óñêîðåííîì íàãðóæåíèè ÌÒÒ ÍÍÏ, âîçíèêàþ-

ùåì â ñëó÷àå ãèäðàâëè÷åñêèõ óäàðîâ, çåìëåòðÿ-

ñåíèé, ãåîëîãè÷åñêèõ ñäâèãîâ, îïîëçíåé, áàçîâûå

õàðàêòåðèñòèêè ìåõàíè÷åñêèõ ñâîéñòâ — ïðåäå-

ëû òåêó÷åñòè óò, ïðåäåëû ïðî÷íîñòè óâ â âûðàæå-

íèÿõ (3), (9), (17), (18) âîçðàñòàþò, à ïîêàçàòåëü

óïðî÷íåíèÿ m â âûðàæåíèè (9) ñíèæàåòñÿ. Èñ-

ñëåäîâàíèÿ [9, 10] ïîêàçûâàþò, ÷òî õàðàêòå-

ðèñòèêè óò, óâ ñ óâåëè÷åíèåì ñêîðîñòè äåôîðìè-

ðîâàíèÿ ·e âîçðàñòàþò ïî ñòåïåííîìó çàêîíó
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, (19)

ãäå ô — âðåìÿ; óò0, óâ0 — ïðåäåëû òåêó÷åñòè è

ïðî÷íîñòè ïðè ñòàíäàðòíîé ñêîðîñòè äåôîðìèðî-

âàíèÿ ·e
0

(1 · 10–3
�

·e
0

� 5 · 10–3 1/ñ) ëàáîðàòîðíûõ

îáðàçöîâ ïî ñõåìå ðèñ. 1; �
ò · ,e

�
â ·e

— ïðåäåëû òå-

êó÷åñòè è ïðî÷íîñòè ïðè çàäàííîé ñêîðîñòè äå-

ôîðìèðîâàíèÿ ·e ( · · );e e,
0

áeò, áeâ — õàðàêòåðèñòè-

êè ìàòåðèàëà, çàâèñÿùèå â îñíîâíîì îò ïðåäåëà

òåêó÷åñòè (ñ ïîâûøåíèåì óò0 îò 250 äî 800 ÌÏà

âåëè÷èíà áeò ñíèæàåòñÿ îò 0,08 äî 0,02). Ñ óâåëè-

÷åíèåì ñêîðîñòè äåôîðìèðîâàíèÿ ·e ïðåäåë òåêó-

÷åñòè ðàñòåò áûñòðåå, ÷åì ïðåäåë ïðî÷íîñòè.

Õàðàêòåðèñòèêó me îïðåäåëÿþò ïðè óíèôè-

öèðîâàííûõ èñïûòàíèÿõ íà ðàñòÿæåíèå îáðàç-

öîâ, áëèçêèõ ê ñòàíäàðòíûì (ñì. ðèñ. 1), ñ ïîâû-

øåíèåì ñêîðîñòè äåôîðìèðîâàíèÿ ·e äî 100 –

101 1/ñ íà ýëåêòðîìåõàíè÷åñêèõ, ýëåêòðîãèäðàâ-

ëè÷åñêèõ, óäàðíûõ óñòàíîâêàõ ñ ðåãèñòðàöèåé

äèàãðàìì äåôîðìèðîâàíèÿ.

Óêàçàííûå âûøå óñëîâèÿ íàãðóæåíèÿ òðóáî-

ïðîâîäîâ ïðèâîäÿò òàêæå ê óâåëè÷åíèþ ýêñïëóà-

òàöèîííûõ âîçäåéñòâèé (p, Nï, Mè, Mê, Q) ñîãëàñ-

íî ñõåìå íà ðèñ. 2. Äëÿ òàêèõ óñëîâèé äîïóñêàåò-

ñÿ ñíèæåíèå (íà 5 – 10 %) çàïàñîâ ñòàòè÷åñêîé

ïðî÷íîñòè nó, nò, nâ â âûðàæåíèÿõ (1) è (3).

Óíèôèöèðîâàííûå òåìïåðàòóðíûå èñïû-

òàíèÿ äëÿ ïîâåðî÷íûõ ðàñ÷åòîâ íèçêîòåìïåðà-

òóðíîé ïðî÷íîñòè. ÌÒÒ ÍÍÏ ôóíêöèîíèðóþò

ïðè ðàçëè÷íûõ ýêñïëóàòàöèîííûõ òåìïåðà-

òóðàõ, ñîçäàþùèõ â íåñóùèõ ýëåìåíòàõ òåìïå-

ðàòóðíûå íàãðóçêè (ñì. ðèñ. 2) è íàïðÿæåíèÿ � n
ý

â âûðàæåíèÿõ (1) – (3) îò ðàçíîñòè òåìïåðàòóð

òðàíñïîðòèðóåìûõ æèäêîñòåé, ñòåíîê òðóáîïðî-

âîäîâ è îêðóæàþùåé ñðåäû. Èçìåíåíèå òåìïåðà-

òóðû ñòåíîê òðóáû ïðèâîäèò ê èçìåíåíèþ ñòàí-

äàðòíûõ õàðàêòåðèñòèê ìåõàíè÷åñêèõ ñâîéñòâ

òðóáíûõ ñòàëåé — óò, óâ, m, âõîäÿùèõ â ðàñ÷åò-

íûå âûðàæåíèÿ (2), (3), (9). Ïîñêîëüêó â ïîâåðî÷-

íûõ ðàñ÷åòàõ ïðî÷íîñòè ââîäÿòñÿ çàïàñû ïî êðè-

òè÷åñêèì òåìïåðàòóðàì õðóïêîñòè íà óðîâíå

[Ät] = 30 °C [8 – 10], òî äëÿ ïðîâåðêè ïðî÷íîñòè

ìèíèìàëüíàÿ è ìàêñèìàëüíàÿ ðàñ÷åòíûå òåìïå-

ðàòóðû, äëÿ êîòîðûõ äîëæíû îïðåäåëÿòüñÿ ìåõà-

íè÷åñêèå ñâîéñòâà, ñîñòàâëÿþò:

tmin = t
min

ý – [Ät], tmax = tmax
ý + [Ät], (20)

ãäå t
min

ý — ìèíèìàëüíàÿ òåìïåðàòóðà îêðóæà-

þùåé ñðåäû.

Äëÿ òðóáîïðîâîäîâ â Àðêòè÷åñêîé çîíå t
min

ý

ìîæåò áûòü íà óðîâíå ìèíóñ 60 °C, òîãäà tmin ïî

ôîðìóëå (20) ñîñòàâèò ìèíóñ 90 °C.

Ïðè òåìïåðàòóðå tmax
ý íà óðîâíå +50 °C

ìàêñèìàëüíàÿ òåìïåðàòóðà èñïûòàíèé tmax =

= +80 °C.

Ïóòåì óíèôèöèðîâàííûõ èñïûòàíèé íà ñòà-

òè÷åñêîå ðàñòÿæåíèå ëàáîðàòîðíûõ îáðàçöîâ â

ñîîòâåòñòâèè ñ ðèñ. 1 â òåðìî-êðèîêàìåðàõ ñ òåì-

ïåðàòóðàìè t îò ìèíóñ 90 äî +80 °C ïîëó÷àþò

äèàãðàììû äåôîðìèðîâàíèÿ è óñòàíàâëèâàþò

òåìïåðàòóðíûå çàâèñèìîñòè ýêñïîíåíöèàëüíîãî

òèïà [8]

� � � � - -ò â ò â ò ât t tF
T T
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, (21)

ãäå óòt, óò0, óât, óâ0 — ïðåäåëû òåêó÷åñòè è ïðî÷-

íîñòè ïðè çàäàííîé òåìïåðàòóðå t è êîìíàòíîé

òåìïåðàòóðå t0; ââ, ââ — ýêñïåðèìåíòàëüíî îïðå-

äåëÿåìûå õàðàêòåðèñòèêè òðóáíîé ñòàëè; T, T0 —

ñîîòâåòñòâóþùèå òåìïåðàòóðû â Ê (T = t + 273).

Ïàðàìåòð âò ñíèæàåòñÿ îò 130 äî 45 ïðè ïî-

âûøåíèè óò0 îò 250 ÌÏà äî 800 ÌÏà. Ïðè ýòîì

ââ < âò, ÷òî óêàçûâàåò íà ñíèæåíèå ïîêàçàòåëÿ

óïðî÷íåíèÿ m â âûðàæåíèÿõ (9), (14) è (15).
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Â ïîâåðî÷íûõ ðàñ÷åòàõ ñòàòè÷åñêîé òåìïå-

ðàòóðíîé ïðî÷íîñòè îïðåäåëÿþò çàïàñû ïðî÷-

íîñòè nò, nâ ïðè èçìåíåíèè òåìïåðàòóð îò ìèíóñ

90 äî +80 °C, êîòîðûå íå äîëæíû áûòü íèæå

ýòèõ çàïàñîâ ïðè îñíîâíîì ðàñ÷åòå ñòàòè÷åñêîé

ïðî÷íîñòè.

Åñëè îòìå÷åííûå âûøå óíèôèöèðîâàííûå

èñïûòàíèÿ äëÿ ïîâåðî÷íûõ ðàñ÷åòîâ íå ïðîâî-

äèòü, òî â ïåðâîì ïðèáëèæåíèè ìîæíî èñïîëüçî-

âàòü îáîáùåííûå çàâèñèìîñòè äëÿ ïàðàìåòðîâ

áeò è âò íà ðèñ. 5 [9].

Óíèôèöèðîâàííûå ëàáîðàòîðíûå èñïûòà-

íèÿ äëÿ ó÷åòà âðåìåííûõ è òåìïåðàòóðíî-âðå-

ìåííûõ ôàêòîðîâ â ðàñ÷åòàõ ïðî÷íîñòè. ÌÒÒ

ÍÍÏ ÿâëÿåòñÿ îáúåêòîì äëèòåëüíîãî ôóíê-

öèîíèðîâàíèÿ âî âðåìåíè ô. Âðåìåííîé ôàêòîð

â îñíîâíûå ðàñ÷åòû ïðî÷íîñòè â ÿâíîì âèäå íå

âõîäèò. Âðåìÿ ýêñïëóàòàöèè ôý òðóáîïðîâîäîâ

äîñòèãàåò 30 – 70 ëåò ïðè íàçíà÷åííîì ñðîêå

ñëóæáû 30 ëåò. Â íàøåé ñòðàíå è çà ðóáåæîì

ìíîãî÷èñëåííûå ýêñïåðèìåíòû íà ëàáîðàòîðíûõ

îáðàçöàõ, âûðåçàííûõ èç äëèòåëüíî ðàáîòàþùèõ

òðóá, ïîêàçàëè, ÷òî áàçîâûå ìåõàíè÷åñêèå õàðàê-

òåðèñòèêè îêàçûâàþòñÿ íå íèæå ñâîéñòâ òðóáíûõ

ñòàëåé ïî ÒÓ. Ïîýòîìó ñäåëàí âûâîä î íåçíà÷è-

òåëüíîì âëèÿíèè ïðîöåññîâ ñòàðåíèÿ è äåãðàäà-

öèè ñòàëåé íà áàçîâûå ìåõàíè÷åñêèå ñâîéñòâà.

Ýòî â çíà÷èòåëüíîé ñòåïåíè ñâÿçûâàåòñÿ ñ âûðåç-

êîé îáðàçöîâ èç öåíòðàëüíîé ÷àñòè ïî òîëùèíå

ñòåíêè ñ óäàëåíèåì íàèáîëåå ïîâðåæäåííûõ ïî-

âåðõíîñòíûõ ñëîåâ, à òàêæå ñ îãðàíè÷åííîñòüþ

ïðÿìûõ äàííûõ î ñâîéñòâàõ êîíêðåòíûõ òðóá â

èñõîäíîì è ïîâðåæäåííîì (äëèòåëüíîé ýêñïëóà-

òàöèåé) ñîñòîÿíèÿõ. Âìåñòå ñ òåì äàæå ïðè óêà-

çàííûõ âûøå òåìïåðàòóðàõ ýêñïëóàòàöèè (tý)

òðóáîïðîâîäîâ ñòðóêòóðíûå, äèôôóçèîííûå,

êîððîçèîííûå ïðîöåññû, îñîáåííî â ïîâåðõíîñò-

íûõ ñëîÿõ, ìîãóò ïðîõîäèòü (ðèñ. 6) ñ èçìåíåíèÿ-

ìè áàçîâûõ ìåõàíè÷åñêèõ ñâîéñòâ óò, óâ, øê

[3, 9, 10, 12, 13].

Â ïåðâîì ïðèáëèæåíèè â ïîâåðî÷íûõ ðàñ÷å-

òàõ íà ñòàòè÷åñêóþ ïðî÷íîñòü ìîæíî èñïîëüçî-

âàòü ñòåïåííûå çàâèñèìîñòè

{óòô, óâô, øêô} = Fô{(óò0, óâ0, øê0)( ) },) ) )

0

m

ãäå óòô, óâô, øêô, óò0, óâ0, øê0 — ïðåäåëû òåêó÷åñòè,

ïðî÷íîñòè è îòíîñèòåëüíîå ñóæåíèå äëÿ çàäàííî-

ãî âðåìåíè ô è âðåìåíè ô0 (ô0 = 0,02 – 0,12 ÷)

ñòàíäàðòíîãî èñïûòàíèÿ íà ðàñòÿæåíèå ñîîòâåò-

ñòâåííî; mô — õàðàêòåðèñòèêà òðóáíîé ñòàëè.

Âåëè÷èíû mô îïðåäåëÿþò ïðè óíèôèöèðî-

âàííûõ èñïûòàíèÿõ íà äëèòåëüíóþ (ô � ô0)

ïðî÷íîñòü (môò, môâ) è ïëàñòè÷íîñòü (môø).

Ïàðàìåòð môâ çàâèñèò îò òåìïåðàòóðû T (Ê):

môâ = mô0 exp (âóâT). (22)

Äëÿ òðóáíûõ ñòàëåé ïðè T = 273 Ê (t = 20 °C)

âåëè÷èíà môâ � 0,007, à môâ � 6 · 10–3. Ìåæäó ïà-

ðàìåòðàìè môò, môâ è mô0 åñòü çàâèñèìîñòè, áëèç-

êèå ê ëèíåéíûì.

Óíèôèöèðîâàííûå ëàáîðàòîðíûå êîððîçè-

îííûå èñïûòàíèÿ äëÿ îñíîâíûõ è ïîâåðî÷íûõ

ðàñ÷åòîâ. Â òðàäèöèîííûõ îñíîâíûõ ðàñ÷åòàõ

ÌÒÒ ÍÍÏ íà ñòàòè÷åñêóþ ïðî÷íîñòü ïî âûðàæå-

íèÿì (1) – (3) ðàâíîìåðíûå êîððîçèîííûå ïîâðå-

æäåíèÿ ó÷èòûâàëè ââåäåíèåì ïîïðàâêè Ää ê ðàñ-

÷åòíîé òîëùèíå ñòåíêè:

äê = ä – Ääê. (23)

Äëÿ 30-ëåòíåãî íàçíà÷åííîãî ñðîêà ñëóæáû

òðóá âåëè÷èíó Ääê íà ýòàïàõ 1 – 3 (ñì. òàáë. 3)

ïðèíèìàëè íà óðîâíå 1 – 3 ìì. Â äàëüíåéøåì

ñòàëè ïðîâîäèòü óíèôèöèðîâàííûå èñïûòàíèÿ

ñïåöèàëèçèðîâàííûõ íåíàãðóæåííûõ îáðàçöîâ

íà êîððîçèîííóþ ïîòåðþ ìåòàëëà è óìåíüøåíèå

òîëùèíû ñòåíêè Ääê ñ âðåìåííûìè âûäåðæêàìè

â êàìåðàõ ñ çàäàííîé êîððîçèîííîé ñðåäîé è îöå-

íèâàëàñü ñêîðîñòü êîððîçèè däê/dô [2, 3, 8, 10].

Âìåñòå ñ òåì èç îïûòîâ èçâåñòíî, ÷òî ïðîöåññû

êîððîçèè óñêîðÿþòñÿ, åñëè ìåòàëë òðóá íàõîäèò-

ñÿ â íàïðÿæåííîì ñîñòîÿíèè. Òîãäà ñêîðîñòü êîð-

ðîçèîííîãî ïîâðåæäåíèÿ îêàçûâàåòñÿ ñëîæíîé
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ôóíêöèåé âðåìåíè ô, íàïðÿæåíèé ó è èñõîäíûõ

ìåõàíè÷åñêèõ ñâîéñòâ (óò, óâ, øê):

däê/dô = Fê{óò, óâ, øê}ô, ó. (24)

Ñèñòåìàòè÷åñêèå äëèòåëüíûå èñïûòàíèÿ

òðóáíûõ ñòàëåé â íåéòðàëüíûõ è êîððîçèîííûõ

ñðåäàõ äëÿ óñòàíîâëåíèÿ êîëè÷åñòâåííûõ ïîêà-

çàòåëåé ïî ôîðìóëàì (21) è (24) ïîêà íå ïðîâîäè-

ëè, ÷òî îãðàíè÷èâàåò âîçìîæíîñòè ïðîâåäåíèÿ

ïîâåðî÷íûõ ðàñ÷åòîâ íà ïðî÷íîñòü.

Óíèôèöèðîâàííûå ëàáîðàòîðíûå èñïû-

òàíèÿ ñâàðíûõ ñîåäèíåíèé òðóá. Â ñèñòåìàõ

ÌÒÒ ÍÍÏ øèðîêî ïðèìåíÿþò çàâîäñêèå, ñòðîè-

òåëüíî-ìîíòàæíûå, ðåìîíòíî-âîññòàíîâèòåëü-

íûå ñâàðíûå ñîåäèíåíèÿ — ïðåèìóùåñòâåííî

ïðîäîëüíûå è êîëüöåâûå [2, 3, 8 – 12]. Ïðè ýòîì

êîíñòðóêòîðñêèå è òåõíîëîãè÷åñêèå ðåøåíèÿ íà-

ïðàâëåíû íà ïîëó÷åíèå è îáåñïå÷åíèå ðàâíî-

ïðî÷íîñòè ìåòàëëà ñâàðíûõ ñîåäèíåíèé è îñíîâ-

íîãî ìåòàëëà òðóá. Âìåñòå ñ òåì ïî ìåðå ðàñ-

øèðåíèÿ ïðèìåíåíèÿ òðóáíûõ íèçêîëåãèðîâàí-

íûõ ñòàëåé ïîâûøåííîé ïðî÷íîñòè ýòî òðåáîâà-

íèå ðàâíîïðî÷íîñòè íå óäàåòñÿ ñîáëþäàòü. Òîãäà

ïðîâîäÿò óíèôèöèðîâàííûå èñïûòàíèÿ ëàáî-

ðàòîðíûõ ñòàíäàðòíûõ (ñì. ðèñ. 1) è íåñòàí-

äàðòíûõ öèëèíäðè÷åñêèõ èëè ïëîñêèõ îáðàç-

öîâ (ðèñ. 7) äëÿ îïðåäåëåíèÿ áàçîâûõ ðàñ-

÷åòíûõ õàðàêòåðèñòèê ìåõàíè÷åñêèõ ñâîéñòâ

(E, ì, óò, óâ, øê, äê).

Íà îáðàçöàõ à (ñì. ðèñ. 7) óñòàíàâëèâàåòñÿ

çîíà ñ ìèíèìàëüíûìè ñâîéñòâàìè, íà îáðàçöàõ á

îïðåäåëÿþòñÿ ïðîäîëüíûå ñâîéñòâà ìåòàëëà

âäîëü øâà, íà êîðñåòíûõ îáðàçöàõ â ìîãóò îïðå-

äåëÿòüñÿ ëîêàëüíûå ñâîéñòâà çîíû òåðìè÷åñêîãî

âëèÿíèÿ, çîíû ñïëàâëåíèÿ è ìåòàëëà øâà (ïðè

ðàñïîëîæåíèè ìèíèìàëüíîãî ñå÷åíèÿ â ñîîòâåò-

ñòâóþùåé çîíå).

Ïî ðåçóëüòàòàì èñïûòàíèé â îñíîâíûå è ïî-

âåðî÷íûå ðàñ÷åòû ñòàòè÷åñêîé ïðî÷íîñòè íà

îñíîâå âûðàæåíèé (1) – (3) ââîäèòñÿ ïîïðàâêà öñ

ê äîïóñêàåìûì íàïðÿæåíèÿì

[ó]ñ = öñ[ó], (25)

ãäå [ó]ñ è [ó] — äîïóñêàåìûå íàïðÿæåíèÿ äëÿ

ñâàðíîãî ñîåäèíåíèÿ è îñíîâíîãî ìåòàëëà; âåëè-

÷èíà öñ óñòàíàâëèâàåòñÿ ïî ìèíèìóìó îòíîøå-

íèé ïðåäåëîâ òåêó÷åñòè óòñ è ïðî÷íîñòè óâñ íàè-

áîëåå ñëàáîé çîíû ñâàðíîãî øâà ê ïðåäåëàì òåêó-

÷åñòè óò è ïðî÷íîñòè óâ îñíîâíîãî ìàòåðèàëà:

öñ = min{óòñ/óò, óâñ/óâ}. (26)

Äëÿ ìàëîóãëåðîäèñòûõ è íèçêîëåãèðîâàííûõ

òðóáíûõ ñòàëåé â ðàñ÷åò ïî (3) è (26) ââîäÿò âå-

ëè÷èíó 0,8 � öñ � 1.

Ìîäåëüíûå ëàáîðàòîðíûå è ñòåíäîâûå

èñïûòàíèÿ äëÿ ïîâåðî÷íûõ ðàñ÷åòîâ

Äëÿ îáîñíîâàíèÿ ïðî÷íîñòè íåñóùèõ ýëåìåí-

òîâ ÌÒÒ ÍÍÏ íàðÿäó ñ ðàññìîòðåííûìè â ïðå-

äûäóùåì ðàçäåëå ëàáîðàòîðíûìè èñïûòàíèÿìè

ñòàíäàðòíûõ è óíèôèöèðîâàííûõ îáðàçöîâ

ïðîâîäÿò ëàáîðàòîðíûå è ñòåíäîâûå èñïûòàíèÿ

ìîäåëåé òðóá è ìîäåëüíûõ îáðàçöîâ â öåëÿõ âû-

ÿâëåíèÿ îïàñíûõ ðàñ÷åòíûõ ñõåì è ðàñ÷åòíûõ

ñëó÷àåâ.

Èñïûòàíèÿ ìîäåëåé òðóá ñî ñâàðíûìè øâà-

ìè. Â äîïîëíåíèå ê èñïûòàíèÿì òðóá÷àòûõ îá-

ðàçöîâ èç îñíîâíîãî ìàòåðèàëà (ñì. ðèñ. 3 è 7)

â ëàáîðàòîðíûõ óñëîâèÿõ íà ñòåíäàõ ïðîâîäÿò

èñïûòàíèÿ (ðèñ. 8) âíóòðåííèì äàâëåíèåì p ñïå-

öèàëüíûõ òðóá÷àòûõ îáðàçöîâ ñ íàòóðàëüíûìè

òîëùèíàìè ä, èìåþùèõ ïðîäîëüíûå (1) è ïîïå-

ðå÷íûå (2) ñâàðíûå øâû.
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Ðèñ. 8. Ñõåìà èñïûòàíèé ìîäåëüíûõ îáðàçöîâ òðóá

ñ ïðîäîëüíûìè (1) è ïîïåðå÷íûìè (2) ñâàðíûìè øâàìè



Òåíçîìåòðè÷åñêèå èçìåðåíèÿ äåôîðìàöèé â

çîíàõ øâîâ è îñíîâíîãî ìåòàëëà ïîçâîëÿþò óñòà-

íîâèòü ðàñ÷åòíûå õàðàêòåðèñòèêè óò, óâ, óòñ, óâñ,

öñ â âûðàæåíèÿõ (25) è (26).

Íà ìîäåëÿõ (ñì. ðèñ. 8) ïðîâîäÿò îöåíêó

âëèÿíèÿ íà ïðî÷íîñòü ïîòåíöèàëüíîé ýíåðãèè

óïðóãèõ äåôîðìàöèé Eó, íàêàïëèâàåìûõ â ñòåí-

êàõ ìîäåëè è â ðàáî÷åì òåëå. Äëÿ ýòîãî ìîäåëü

çàïîëíÿþò âîçäóõîì è æèäêîñòüþ, îáëàäàþùèìè

ðàçëè÷íûìè êîýôôèöèåíòàìè ñæèìàåìîñòè (îáú-

åìíîé óïðóãîñòè). Âàðèàöèè îòíîøåíèé îáúåìîâ

æèäêîñòè Væ è âîçäóõà Vâ â ïðåäåëàõ îò 1 äî 0 ìî-

ãóò ñíèçèòü ðàçðóøàþùåå äàâëåíèå íà 5 – 10 %.

Ïîýòîìó â óòî÷íåííûõ ïîâåðî÷íûõ ðàñ÷åòàõ ñòà-

òè÷åñêîé ïðî÷íîñòè äëÿ ðÿäà ðàñ÷åòíûõ ñëó÷àåâ

ïî àíàëîãèè ñ (25) ñëåäóåò ââîäèòü êîýôôèöèåíò

ñíèæåíèÿ öE äîïóñêàåìîãî íàïðÿæåíèÿ:

[ó]E = öE[ó]. (27)

Ïðè îòñóòñòâèè ïðÿìûõ ýêñïåðèìåíòàëüíûõ

äàííûõ ìîæíî ïðèíÿòü 0,9 � öE � 1.

Èñïûòàíèÿ ìîäåëüíûõ îáðàçöîâ ñ íàíåñåí-

íûìè ïîâðåæäåíèÿìè è äåôåêòàìè. Â ïðîöåññå

ñòðîèòåëüíûõ è ðåìîíòíî-âîññòàíîâèòåëüíûõ

ðàáîò íà ÌÒÒ ÍÍÏ ñîçäàþòñÿ îïàñíûå ïîâðåæ-

äåíèÿ — ðèñêè, âìÿòèíû, ãîôðû. Äëÿ èõ îöåíêè

ïðîâîäÿò ñïåöèàëüíûå èñïûòàíèÿ îáðàçöîâ, âû-

ðåçàííûõ èç ïîâðåæäåííûõ òðóá, à òàêæå îáðàç-

öîâ ñ èñêóññòâåííî íàíåñåííûìè àíàëîãè÷íûìè

ïîâðåæäåíèÿìè.

Íà ðèñ. 9 ïîêàçàí ðàñòÿãèâàåìûé îáðàçåö,

â ñðåäíåé ÷àñòè êîòîðîãî íà ñïåöèàëüíîé óñòà-

íîâêå íîæîì íàíîñèëè ðèñêè è âìÿòèíû [10].

Óâåëè÷åíèå ãëóáèíû ðèñîê äî 1,5 – 2 ìì è âìÿ-

òèí äî 7,5 ìì, à òàêæå ïîíèæåíèå òåìïåðàòóðû

èñïûòàíèé äî ìèíóñ 60 °C ïðèâîäèëè ê ñíèæå-

íèþ ðàçðóøàþùèõ íàïðÿæåíèé äî 0,25óâ, ÷òî

óêàçûâàëî íà íåïðèåìëåìîå ïàäåíèå çàïàñîâ

ïðî÷íîñòè nó â âûðàæåíèÿõ (1) è (3): nó < 1. Ýòî

ñâÿçûâàëè ñ ñóùåñòâåííûì èñ÷åðïàíèåì ëîêàëü-

íîé ïëàñòè÷íîñòè, ðîñòîì ðàñ÷åòíûõ íàïðÿæå-

íèé èç-çà ëîêàëüíîãî èçãèáà, óìåíüøåíèÿ òîë-

ùèíû ñå÷åíèÿ ää â ïîâðåæäåííîé çîíå è âîçíèê-

íîâåíèÿ âíåöåíòðåííîãî ðàñòÿæåíèÿ.

Ïî àíàëîãèè ñ âûðàæåíèÿìè (25) è (27) äëÿ

îöåíêè ñòàòè÷åñêîé ïðî÷íîñòè òðóá ñ äåôåêòàìè

ìîæíî çàïèñàòü

[ó]ä = öä[ó], (28)

ãäå öä — êîýôôèöèåíò ñíèæåíèÿ äîïóñêàåìûõ

íàïðÿæåíèé (0,25 � öä � 1).

Ñòåíäîâûå è íàòóðíûå èñïûòàíèÿ

òðóá íà ïðî÷íîñòü

Â ñîîòâåòñòâèè ñ îòå÷åñòâåííûìè è çàðóáåæ-

íûìè íîðìàìè ïðî÷íîñòè íà çàâîäàõ-èçãîòîâèòå-

ëÿõ òðóá ïðîâîäÿò [2, 3, 8, 10] óíèôèöèðîâàííûå

ñòåíäîâûå ãèäðîèñïûòàíèÿ ïðè äàâëåíèè pã,

ïðåâûøàþùåì ðàñ÷åòíîå ðàáî÷åå pð:

pã = kã pð, (29)

ãäå kã — êîýôôèöèåíò ïîâûøåíèÿ äàâëåíèÿ ïðè

ãèäðîèñïûòàíèÿõ (1,1 � kã � 1,5).

Ïðè ýòîì äëÿ ãèäðîèñïûòàíèé ââîäÿò îãðà-

íè÷åíèå íà êîëüöåâûå íàïðÿæåíèÿ óê(x) ñîãëàñ-

íî ðèñ. 2:

óê(x) � kóóò, (30)

ãäå kó — êîýôôèöèåíò ïîâûøåíèÿ íàïðÿæåíèé

ïðè ãèäðîèñïûòàíèÿõ (0,8 � kó � 0,9).

Ïî ìåðå ñîâåðøåíñòâîâàíèÿ òåõíîëîãèé

ïðîèçâîäñòâà òðóá äëÿ ÌÒÒ ÍÍÏ âûáîðî÷-

íûå çàâîäñêèå èñïûòàíèÿ òðóá ñòàëè çàìåíÿòü

ñïëîøíûìè.

Â ðÿäå ñëó÷àåâ ðåêîìåíäóåòñÿ ïðîâîäèòü îã-

ðàíè÷åííûå âûáîðî÷íûå èñïûòàíèÿ òðóá äî ðàç-

ðóøåíèÿ ñ îïðåäåëåíèåì êðèòè÷åñêèõ (ðàçðó-

øàþùèõ) äàâëåíèé pê è íàïðÿæåíèé óê. Ýòè æå

èñïûòàíèÿ ñ òåíçîìåòðèåé ïîçâîëÿþò ïðîâåðèòü

ñïðàâåäëèâîñòü âûðàæåíèé (16), (18), (21). Òàêèå

èñïûòàíèÿ ïðîâîäèëè ïî öåëîìó ðÿäó îòå÷åñò-

âåííûõ è çàðóáåæíûõ ïðîãðàìì [8, 10, 13, 14]

ïðè íàãðóæåíèè òðóá âíóòðåííèì äàâëåíèåì è

èçãèáàþùèìè ìîìåíòàìè (ïî ñõåìå íà ðèñ. 2).

Ñòåíäîâûå èñïûòàíèÿ ñ íàãðóæåíèåì òðóá

âíóòðåííèì äàâëåíèåì äî ðàçðóøåíèÿ ïðè ïîíè-

æåííûõ êëèìàòè÷åñêèõ òåìïåðàòóðàõ îñóùåñòâ-

ëÿëè â Èíñòèòóòå ôèçèêî-òåõíè÷åñêèõ ïðîáëåì

Ñåâåðà (ÈÔÒÏÑ ÑÎ ÐÀÍ) [15] ïðè íàãðóæåíèè

ìîäåëåé è íàòóðíûõ òðóá íåçàìåðçàþùèìè æèä-
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êîñòÿìè, à òàêæå çàìåðçàþùåé âîäîé, ñîçäàþùåé

äàâëåíèå ïðè çàìåðçàíèè.

Â ïîñëåäíèå äåñÿòèëåòèÿ XX â. è íà÷àëå

XXI â. îñîáîå âíèìàíèå ñòàëè óäåëÿòü çàêëþ÷è-

òåëüíûì ýòàïàì (4, 5 â òàáë. 4) ðàñ÷åòîâ è èñïû-

òàíèé íà ïðî÷íîñòü. Â íàøåé ñòðàíå è çà ðóáå-

æîì ïî ìåðå ðàçâèòèÿ ìåòîäîâ àíàëèòè÷åñêèõ è

÷èñëåííûõ îöåíîê íàïðÿæåííî-äåôîðìèðîâàí-

íûõ è ïðåäåëüíûõ ñîñòîÿíèé òðóáîïðîâîäîâ â èñ-

õîäíîì ñîñòîÿíèè è ïîñëå äëèòåëüíîé ýêñïëóàòà-

öèè èíòåíñèâíîå ðàçâèòèå ïîëó÷èëè äâà âèäà

íàèáîëåå ñëîæíûõ è äîðîãèõ, íî è íàèáîëåå èí-

ôîðìàòèâíûõ èñïûòàíèé íàòóðíûõ òðóá [2 – 10]:

ñòåíäîâûå èñïûòàíèÿ (â âåäóùèõ íàó÷íî-èñ-

ñëåäîâàòåëüñêèõ öåíòðàõ) òðóá çàâîäñêîãî èçãî-

òîâëåíèÿ è ôðàãìåíòîâ òðóá, âûðåçàííûõ èç ýêñ-

ïëóàòèðóåìûõ òðóáîïðîâîäîâ íà çàäàííîé ñòà-

äèè èõ æèçíåííîãî öèêëà èëè íà çàäàííîé ñòà-

äèè ðàçâèòèÿ äåôåêòîâ (äëèòåëüíûõ, ñòàòè÷å-

ñêèõ, öèêëè÷åñêèõ, êîððîçèîííûõ, ýðîçèîííûõ,

ñòðîèòåëüíî-ìîíòàæíûõ, ðåìîíòíûõ è äð.);

ïîëåâûå ãèäðî- ïíåâìîèñïûòàíèÿ ó÷àñòêîâ

òðóáîïðîâîäîâ è àðìàòóðû íà òðàññàõ ïðè ïóñêå

òðóáîïðîâîäîâ â ýêñïëóàòàöèþ èëè ïîñëå ïðîâå-

äåíèÿ êàïèòàëüíûõ ðåìîíòîâ.

Â ïðîãðàììû ýòèõ èñïûòàíèé âêëþ÷åíû

ïðÿìûå èëè êîñâåííûå ìåõàíè÷åñêèå èñïûòàíèÿ

ïî îïðåäåëåíèþ ðàñ÷åòíûõ õàðàêòåðèñòèê ìå-

õàíè÷åñêèõ ñâîéñòâ (óò, óâ, äê, øê). Ïðÿìûå èñïû-

òàíèÿ ïðåäóñìàòðèâàþò âûðåçêó ìåòàëëà òðóá

äëÿ îáðàçöîâ (ñì. ðèñ. 1, 4, 7). Ïðè êîñâåííîé

îöåíêå ìåõàíè÷åñêèõ ñâîéñòâ ïî âûðàæåíèþ (6)

ïðîâîäÿò èçìåðåíèå òâåðäîñòè HB, HR â çàäàí-

íûõ çîíàõ.

Ýòè èñïûòàíèÿ ñ èñïîëüçîâàíèåì ñèñòåìû

âûðàæåíèé (1) – (30) äàþò âîçìîæíîñòü â êîëè÷å-

ñòâåííîé ôîðìå îöåíèòü:

çàïàñû ñòàòè÷åñêîé ïðî÷íîñòè nó, nò, nâ â âû-

ðàæåíèÿõ (1) – (3);

êîýôôèöèåíòû kí, k1, m â âûðàæåíèè (5) äëÿ

çàïàñîâ ïðî÷íîñòè;

îñòàòî÷íóþ ïðî÷íîñòü � n
ý íà îñíîâå (3) ïî

ôàêòè÷åñêèì ðàçìåðàì D, ä è ôàêòè÷åñêèì ìåõà-

íè÷åñêèì ñâîéñòâàì ïðè nò = nâ = 1.

Ïî ýòèì æå äàííûì íàçíà÷àþò ïåðèîäè÷-

íîñòü è äàâëåíèÿ ãèäðîèñïûòàíèé òðóáîïðîâî-

äîâ íà çàäàííîé ñòàäèè ýêñïëóàòàöèè.

Ðåàëèçàöèÿ êîìïëåêñíûõ

ìåõàíè÷åñêèõ èñïûòàíèé

äëÿ îáåñïå÷åíèÿ ïðî÷íîñòè ÌÒÒ ÍÍÏ

Ñòàíäàðòíûå èñïûòàíèÿ òðóáíûõ ñòàëåé

äëÿ îñíîâíûõ ðàñ÷åòîâ ïðî÷íîñòè. Íà ïðîòÿæå-

íèè îêîëî òðåõ äåñÿòèëåòèé «Òðàíñíåôòü»,

ÂÍÈÈÑÒ, ÎÎÎ «ÍÈÈ Òðàíñíåôòü», ÀÎ «Òðàíñ-

íåôòü-Äèàñêàí» ñîâìåñòíî ñ àêàäåìè÷åñêèìè èí-

ñòèòóòàìè (ÈÌÅÒ ÐÀÍ, ÈÌÀØ ÐÀÍ), íàó÷íû-

ìè ëàáîðàòîðèÿìè ïðîèçâîäèòåëåé òðóá è òðóá-

íûõ ñòàëåé (×åëÿáèíñêèé ÒÏÇ, Âûêñóíñêèé ÌÇ,

Âîëæñêèé ÒÇ, Èæîðñêèé ÒÇ) ïðîâåëè àíàëèç

îêîëî 20 000 ëàáîðàòîðíûõ ñòàíäàðòíûõ èñïûòà-

íèé ïî îïðåäåëåíèþ áàçîâûõ ìåõàíè÷åñêèõ

ñâîéñòâ ñòàëåé äëÿ ÌÒÒ ÍÍÏ ÏÀÎ. Ïî ðåçóëü-

òàòàì ýòèõ èñïûòàíèé áûëè óñòàíîâëåíû (ñì.

òàáë. 1 – 3) îñíîâíûå íàïðàâëåíèÿ ñîâåðøåíñò-

âîâàíèÿ õèìè÷åñêîãî ñîñòàâà, òåõíîëîãèé ïîëó-

÷åíèÿ ëèñòîâûõ òðóáíûõ ñòàëåé è èçãîòîâëåíèÿ

òðóá ñ îïðåäåëåíèåì è íîðìèðîâàíèåì ðàñ÷åò-

íûõ õàðàêòåðèñòèê ñòàòè÷åñêîé ïðî÷íîñòè (óò,

óâ) è ïëàñòè÷íîñòè (äê, øê) ïðè íåïðåðûâíîì ïî-

âûøåíèè ðàáî÷åãî äàâëåíèÿ p â ÌÒÒ ÍÍÏ îò

200 äî 1200 ÌÏà, äèàìåòðîâ òðóá D îò 200 äî

1000 ìì, òîëùèí ñòåíîê ä îò 7 äî 30 ìì. Êðîìå

òîãî, áûëè ñôîðìèðîâàíû ïðèíöèïû èäåíòèôè-

êàöèè ñòàëåé äëèòåëüíî (áîëåå 40 – 50 ëåò) ýêñ-

ïëóàòèðóåìûõ òðóá, à òàêæå íàìå÷åíû ïóòè ïî-

âûøåíèÿ ïðî÷íîñòè òðóáîïðîâîäîâ â ïåðñïåêòè-

âå äî 2020 – 2030 ãã.

Ñòàíäàðòíûå è óíèôèöèðîâàííûå èñïûòà-

íèÿ ëàáîðàòîðíûõ îáðàçöîâ äëÿ ïîâåðî÷íûõ

ðàñ÷åòîâ. Óêàçàííûå âûøå îðãàíèçàöèè âûïîë-

íÿëè ñèñòåìàòè÷åñêèå èññëåäîâàíèÿ ýôôåêòîâ

ñòàðåíèÿ, äåãðàäàöèè, êîððîçèîííîé ñòîéêîñòè,

ñâàðêè, òåðìîîáðàáîòêè òðóáíûõ ñòàëåé â èñõîä-

íîì ñîñòîÿíèè è ïîñëå äëèòåëüíîé ýêñïëóàòàöèè.

Îáîáùåííûå ðåçóëüòàòû èñïûòàíèé è ðàñ÷åòíîé

îöåíêè äëÿ òðóáíîé ñòàëè 17Ã1Ñ ïîêàçàíû íà

ðèñ. 10.

Ñòåíäîâûå èñïûòàíèÿ íàòóðíûõ îáðàçöîâ

òðóá. Íà ñòåíäàõ ÏÀÎ «Òðàíñíåôòü» (ðèñ. 11)

áûëè ðåàëèçîâàíû ñëîæíûå ñõåìû íàãðóæåíèÿ

âíóòðåííèì äàâëåíèåì è èçãèáàþùèìè ìîìåíòà-

ìè (ñì. ñõåìó íà ðèñ. 2) ðåàëüíûõ òðóá è òðóáíûõ

ñòàëåé â èñõîäíîì ñîñòîÿíèè è ïîñëå äëèòåëüíîé

ýêñïëóàòàöèè [8, 11, 13 – 15]. Èñïûòûâàëè òðóáû

äëèíîé l = 5300 ì, äèàìåòðîì D = 1220 ìì è

òîëùèíîé ñòåíêè ä = 40 ìì ñ åñòåñòâåííûìè è

èñêóññòâåííûìè äåôåêòàìè ðàçëè÷íûõ ôîðì è

ðàçìåðîâ.

Â îáùåé ñëîæíîñòè áûëî èñïûòàíî îêîëî

1000 îáðàçöîâ òðóáíûõ ñåêöèé èç 36 ìàðîê îòå÷å-

ñòâåííûõ è çàðóáåæíûõ ñòàëåé. Ýòè èñïûòàíèÿ

ïîçâîëèëè îáîñíîâàííî — íà áàçå ðàñ÷åòîâ ïî

ôàêòè÷åñêèì äàííûì — îöåíèâàòü çàïàñû ïðî÷-

íîñòè òðóá nó, nò, nâ è âîçìîæíîñòè ïðîäîëæåíèÿ

ýêñïëóàòàöèè òðóáîïðîâîäîâ, ïðîâåäåíèÿ ðå-

ìîíòíûõ ðàáîò èëè ñíÿòèÿ ñ ýêñïëóàòàöèè [16].

Â áëèæàéøåé (äî 2020 ã.) è îòäàëåííîé (äî

2030 ã.) ïåðñïåêòèâàõ áóäåò ñîçäàí óíèêàëüíûé

èñïûòàòåëüíûé êîìïëåêñ ÎÎÎ «ÍÈÈ Òðàíñ-

íåôòü» äëÿ ïðîâåäåíèÿ èññëåäîâàòåëüñêèõ ðàñ-

÷åòíî-ýêñïåðèìåíòàëüíûõ ðàáîò ñ ó÷åòîì òàáëèö
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1 – 3, ðàñ÷åòíûõ ñõåì ïî ðèñóíêàì 1 – 11 è âûðà-

æåíèé (1) – (30).

Ìîæíî çàêëþ÷èòü, ÷òî â ðàñ÷åòíî-ýêñïåðè-

ìåíòàëüíîì îáîñíîâàíèè ïðî÷íîñòè íåñóùèõ

ýëåìåíòîâ ÌÒÒ ÍÍÏ ïåðñïåêòèâíûì ÿâëÿåòñÿ

èñïîëüçîâàíèå îñíîâíûõ è ïîâåðî÷íûõ ðàñ÷åòîâ

ïðî÷íîñòè.

Â îñíîâíûõ ðàñ÷åòàõ ïî ïðîñòûì àíàëèòè-

÷åñêèì ìåòîäàì òåîðèè òîíêîñòåííûõ îáîëî-

÷åê îáîñíîâûâàþò âûáîð ãëàâíûõ ðàçìåðîâ òðó-

áîïðîâîäîâ — äèàìåòðîâ D è òîëùèíû ñòåíêè ä

ïðè çàäàííîì ðàáî÷åì äàâëåíèè p, îáåñïå÷èâà-

þùåì òðåáóåìóþ ïðîèçâîäèòåëüíîñòü. Â ýòèõ

ðàñ÷åòàõ òðàäèöèîííî èñïîëüçóþò ñòàíäàðòíûå

õàðàêòåðèñòèêè ìåõàíè÷åñêèõ ñâîéñòâ — ìîäó-

ëè óïðóãîñòè E, ïðåäåëû òåêó÷åñòè óò è ïðî÷-

íîñòè óâ.

Â ïîâåðî÷íûõ ðàñ÷åòàõ ñòàòè÷åñêîé ïðî÷-

íîñòè ó÷èòûâàþò öåëûé ðÿä êîíñòðóêòîðñêî-òåõ-

íîëîãè÷åñêèõ è ýêñïëóàòàöèîííûõ ôàêòîðîâ —

îáúåìíîñòü íàïðÿæåííîãî ñîñòîÿíèÿ, àíèçîòðî-

ïèþ ñâîéñòâ, àáñîëþòíûå ðàçìåðû ñå÷åíèé, ñêî-

ðîñòü íàãðóæåíèÿ, òåìïåðàòóðó è âðåìÿ ýêñïëóà-

òàöèè, êîððîçèþ è íàëè÷èå ñâàðíûõ øâîâ.

Ðàáî÷èå õàðàêòåðèñòèêè ïðî÷íîñòè óò, óâ,

ïëàñòè÷íîñòè øê îïðåäåëÿþò ñòàíäàðòíûìè è

óíèôèöèðîâàííûìè èñïûòàíèÿìè.

Íàèáîëåå èíôîðìàòèâíóþ îöåíêó ïðî÷íîñòè

è äîñòîâåðíîå ïîäòâåðæäåíèå çàïàñîâ ïðî÷íîñòè

ïîëó÷àþò íà áàçå ìîäåëüíûõ ñòåíäîâûõ è íàòóð-

íûõ èñïûòàíèé òðóáîïðîâîäîâ ïîñëå èõ èçãîòîâ-

ëåíèÿ è íà çàäàííîé ñòàäèè ýêñïëóàòàöèè.

Â ñèñòåìå ÏÀÎ «Òðàíñíåôòü», ÎÎÎ «ÍÈÈ

Òðàíñíåôòü», ÀÎ «Òðàíñíåôòü-Äèàñêàí», âçàè-

ìîäåéñòâóþùåé ñ àêàäåìè÷åñêèìè è îòðàñëå-

âûìè èíñòèòóòàìè è âóçàìè, ñîâåðøåíñòâóåòñÿ

äåéñòâóþùàÿ è ôîðìèðóåòñÿ íîâàÿ íàó÷íî-ìåòî-

äè÷åñêàÿ áàçà êîìïëåêñíîãî îáåñïå÷åíèÿ è ïîâû-

øåíèÿ ïðî÷íîñòè, ðåñóðñà, õëàäîñòîéêîñòè, êîð-

58 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2018. Òîì 84. ¹ 4

Óäàðíàÿ âÿçêîñòü KCV

Ó
ä

à
ð
í

à
ÿ

â
ÿ
ç
ê
î

ñ
ò
ü

K
C

V
,
Ä

æ
/
ñ
ì

2

Î
ò
í

î
ñ
è

ò
å
ë
ü
í

î
å

ñ
ó
æ

å
í

è
å
,
%

Ñðîê ýêñïëóàòàöèè òðóáû, ãîäû
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ðîçèîííîé ñòîéêîñòè, íàäåæíîñòè, æèâó÷åñòè è

áåçîïàñíîñòè ÌÒÒ ÍÍÏ.

ËÈÒÅÐÀÒÓÐÀ

1. Áåçîïàñíîñòü Ðîññèè. Ïðàâîâûå, ñîöèàëüíî-ýêîíîìè÷åñêèå

è íàó÷íî-òåõíè÷åñêèå àñïåêòû. Ýíåðãåòè÷åñêàÿ áåçîïàñ-

íîñòü (Íåôòÿíîé êîìïëåêñ Ðîññèè). — Ì.: ÌÃÎÔ «Çíàíèå»,

2000. — 432 ñ.

2. Áåçîïàñíîñòü Ðîññèè. Áåçîïàñíîñòü òðóáîïðîâîäíîãî òðàíñ-

ïîðòà. — Ì.: ÌÃÎÔ «Çíàíèå», 2002. — 752 ñ.

3. Ìàçóð È. È., Èâàíöîâ Î. Ì. Áåçîïàñíîñòü òðóáîïðîâîäíûõ

ñèñòåì. — Ì.: ÈÖ «ÅËÈÌÀ», 2004. — 1104 ñ.

4. Îäèíã È. À. Äîïóñêàåìûå íàïðÿæåíèÿ â ìàøèíîñòðîåíèè è

öèêëè÷åñêàÿ ïðî÷íîñòü ìåòàëëîâ. — Ì.: Ìàøãèç, 1962. —

260 ñ.

5. Ñòðåëåöêèé Í. Ñ., Ãåíèåâ À. Í., Áåëåíÿ Å. È. è äð. Ìå-

òàëëè÷åñêèå êîíñòðóêöèè. — Ì.: Ñòðîéèçäàò, 1961. — 776 ñ.

6. API 579/ASME FFS-1 Ïðèñïîñîáëåííîñòü ê ýêñïëóàòàöèè.

Fitness For Service (Àìåðèêàíñêîå ñîîáùåñòâî èíæåíåðîâ-ìå-

õàíèêîâ, ASME, 2007).

7. DNV RP-F101 Êîððîäèðîâàííûå òðóáîïðîâîäû. Ïðàêòè÷å-

ñêèå ðåêîìåíäàöèè Recommended Practice. Corroded Pipeli-

nes (Det Norske Veritas, 2001).

8. Ðàäèîíîâà Ñ. Ã., Ëèñèí Þ. Â., Ìàõóòîâ Í. À. è äð. Íàó÷-

íî-òåõíè÷åñêèå, ñîöèàëüíî-ýêîíîìè÷åñêèå è ïðàâîâûå àñ-

ïåêòû íàäåæíîñòè òðàíñïîðòà íåôòè è íåôòåïðîäóêòîâ //

Íàóêà è òåõíîëîãèè òðóáîïðîâîäíîãî òðàíñïîðòà íåôòè è

íåôòåïðîäóêòîâ. 2016. ¹ 6. Ñ. 20 – 31.

9. Ìàõóòîâ Í. À. Ïðî÷íîñòü è áåçîïàñíîñòü: ôóíäàìåíòàëü-

íûå è ïðèêëàäíûå èññëåäîâàíèÿ. — Íîâîñèáèðñê: Íàóêà,

2008. — 528 ñ.

10. Ìàõóòîâ Í. À., Ïåðìÿêîâ Â. Í. Ðåñóðñ áåçîïàñíîé ýêñïëó-

àòàöèè ñîñóäîâ è òðóáîïðîâîäîâ. — Íîâîñèáèðñê: Íàóêà,

2005. — 516 ñ.

11. Ëèñèí Þ. Â., Íåãàíîâ Ä. À., Ìàõóòîâ Í. À., Çîðèí Í. Å.

Ó÷åò ìàñøòàáíîãî ýôôåêòà ïðè îáîñíîâàíèè ïðî÷íîñòè ìà-

ãèñòðàëüíûõ òðóáîïðîâîäîâ // Íåôòÿíîå õîçÿéñòâî. 2017.

¹ 6. Ñ. 112 – 116.

12. Ìàõóòîâ Í. À. Êîíñòðóêöèîííàÿ ïðî÷íîñòü, ðåñóðñ è òåõíî-

ãåííàÿ áåçîïàñíîñòü. Â 2-õ ÷àñòÿõ. — Íîâîñèáèðñê: Íàóêà,

2005. ×. 1. Êðèòåðèè ïðî÷íîñòè è ðåñóðñà. — 494 ñ.; ×. 2. Îáî-

ñíîâàíèå ðåñóðñà è áåçîïàñíîñòè. — 610 ñ.

13. Íåãàíîâ Ä. À., Ñòóäåíîâ Å. Ï., Ñêîðîäóìîâ Ñ. Â., Ñîëî-

âüåâ Â. À. Èññëåäîâàíèå êîíñòðóêöèé ãèäðàâëè÷åñêèõ ñòåí-

äîâ äëÿ èñïûòàíèé òðóáíîé ïðîäóêöèè // Íàóêà è òåõíîëîãèè

òðóáîïðîâîäíîãî òðàíñïîðòà íåôòè è íåôòåïðîäóêòîâ. 2017.

¹ 2. Ñ. 31 – 41.

14. Ëèñèí Þ. Â. Èññëåäîâàíèå ôèçèêî-õèìè÷åñêèõ ñâîéñòâ

ñòàëè äëèòåëüíî ýêñïëóàòèðóåìûõ òðóáîïðîâîäîâ: îöåíêà

ðåñóðñà áåçîïàñíîé ðàáîòû // Íàóêà è òåõíîëîãèè òðóáîïðî-

âîäíîãî òðàíñïîðòà íåôòè è íåôòåïðîäóêòîâ. 2015. ¹ 7.

Ñ. 18 – 28.

15. Ëàðèîíîâ Â. Ï. Ñâàðêà è ïðîáëåìû õðóïêîãî ðàçðóøå-

íèÿ. — Íîâîñèáèðñê: ÈÔÒÏÑ ÑÎ ÐÀÍ, 1998. — 596 ñ.

16. ÐÄ-23.040.00-ÊÒÍ-011–16. «Ìàãèñòðàëüíûé òðóáîïðî-

âîäíûé òðàíñïîðò íåôòè è íåôòåïðîäóêòîâ. Îïðåäåëåíèå

ïðî÷íîñòè è äîëãîâå÷íîñòè òðóá è ñâàðíûõ ñîåäèíåíèé ñ

äåôåêòàìè».

REFERENCES

1. Russia’s Security. Legal, socio-economic and scientific-technical

aspects. Energy security (Oil complex of Russia). — Moscow:

MGF “Znanie”, 2000. — 432 p. [in Russian].

2. Russia’s Security. The safety of pipeline transport. — Moscow:

MGF “Znanie”, 2002. — 752 p. [in Russian].

3. Mazur I. I., Ivantsov O. M. The safety of pipeline systems. –

M: IC “ELIM”, 2004. — 1104 p. [in Russian].

4. Oding I. A. Permissible stresses in engineering and cyclic

strength of metals. — Moscow: Mashgiz, 1962. — 260 p. [in

Russian].

5. Streletskiy N. S., Geniev A. N., Belenya E. I., et al. Metal

structures. — Moscow: Stroyizdat, — 776 p. [in Russian]

(1961).

6. API 579/ASME FFS-1 Fitness For Service (the American soci-

ety of mechanical engineers, ASME, 2007).

7. DNV RP-F101 Corroded pipelines. Practical guidance. Recom-

mended Practice (Det Norske Veritas, 2001).

8. Radionov S. G., Lisin Yu. V., Makhutov N. A., et al.

Scientific, technical, socio-economic and legal aspects of reli-

ability of transport of oil and oil products // Science and tech-

nology of pipeline transportation of oil and oil products. 2016.

Vol. 6. P. 20 – 31 [in Russian].

9. Makhutov N. A. Strength and safety: fundamental and ap-

plied research. — Novosibirsk: Nauka, 2008. — 528 p. [in Rus-

sian].

10. Makhutov N. A., Permyakov V. N. The resource of safe oper-

ation of vessels and pipelines. — Novosibirsk: Nauka, 2005. —

516 p. [in Russian].

11. Lisin Yu. V., Neganov D. A., Makhutov N. A., Zorin N. E.

The scale effect in the strength analysis of pipelines // Neft.

Khoz. 2017. N 6. P. 112 – 116. [in Russian].

12. Makhutov N. A. Structural strength, resource and

technogenic safety. In two parts. — Novosibirsk: Nauka, 2005.

Part 1. The Criteria of strength and resource, — 494 p.; Part 2:

The Rationale for resource and security. — 610 p. [in Russian].

13. Neganov D. A., Studenov E. P., Skorodumov S. V., So-

loviev V. A. The Study of structures hydraulic stands for test-

ing of pipe products // Nauka Tekhnol. Truboprov. Transp.

Nefti Nefteprod. 2017. N 2. P. 31 – 41 [in Russian].

14. Lisin Yu. V. Investigation of physicochemical properties of

steel for long-operated pipelines: assessment of the resource of

safe operation // Nauka Tekhnol. Truboprov. Transp. Nefti

Nefteprod. 2015. Vol. 7. P. 18 – 28 [in Russian].

15. Larionov V. P. Welding and problem of brittle fracture. —

Novosibirsk: EFTPS SO RAN, 1998. — 596 p. [in Russian].

16. RD-23.040.00-KTN-011–16. “Trunk pipeline transport of oil

and oil products. Determination of the strength and durability

of pipes and welded joints with defects” [in Russian].

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2018. Òîì 84. ¹ 4 59



DOI: 10.26896�1028-6861-2018-84-4-60-65 ÓÄÊ (UDC) 620.191.33:678.7

ÝÊÑÏÅÐÈÌÅÍÒÀËÜÍÎÅ ÈÑÑËÅÄÎÂÀÍÈÅ ÑÊÎÐÎÑÒÈ ÂÅÒÂËÅÍÈß

ÒÐÅÙÈÍÛ Â ÏÎËÈÌÅÐÀÕ

� Àíèñèé Àíèñèåâè÷ Àëåêñååâ, Êîíñòàíòèí Íèêîëàåâè÷ Áîëüøåâ,

Âàñèëèé Àëåêñååâè÷ Èâàíîâ, Àéòàëèíà Ñòåïàíîâíà Ñûðîìÿòíèêîâà,

Àëåêñàíäð Ìèõàéëîâè÷ Áîëüøàêîâ, Àëåêñàíäð Ñåìåíîâè÷ Àíäðååâ

Èíñòèòóò ôèçèêî-òåõíè÷åñêèõ ïðîáëåì Ñåâåðà èì. Â. Ï. Ëàðèîíîâà ÑÎ ÐÀÍ, ã. ßêóòñê, Ðîññèÿ;

e-mail: spinor03@gmail.com

Ñòàòüÿ ïîñòóïèëà 4 ìàÿ 2017 ã.

Îäíîé èç ìàëîèçó÷åííûõ ïðîáëåì ñîâðåìåííîé ìåõàíèêè è ôèçèêè ðàçðóøåíèÿ ÿâëÿ-

åòñÿ âåòâëåíèå òðåùèíû, êîòîðîå íàáëþäàåòñÿ â ìàòåðèàëàõ ðàçëè÷íîé ïðèðîäû. Äëÿ

åãî èññëåäîâàíèÿ âûïîëíåí àíàëèç êðèòåðèåâ è ìåõàíèçìîâ âåòâëåíèÿ òðåùèíû. Ðàñ-

ñìîòðåíû ðàáîòû ïî èññëåäîâàíèþ âåòâëåíèÿ òðåùèíû â ïîëèìåðàõ è ñòàëè, ôðàêòî-

ãðàôè÷åñêîìó èññëåäîâàíèþ ïîâåðõíîñòè ðàçðóøåíèÿ. Óñòàíîâëåíî, ÷òî òðåùèíà ïðè

âåòâëåíèè â õðóïêèõ ïëàñòèêàõ äîñòèãàåò ïðåäåëüíîé ñêîðîñòè ðàñïðîñòðàíåíèÿ

V* = 500 – 800 ì/ñ. Ïðîâåäåíû èñïûòàíèÿ íà ðàñòÿæåíèå ïëîñêèõ îáðàçöîâ èç ïîëèìå-

òèëìåòàêðèëàòà (ÏÌÌÀ) ïðè òåìïåðàòóðàõ +20 è –60 °C ñ èçìåðåíèåì ñêîðîñòè òðåùè-

íû ìåòîäîì ðàçðûâà òîêîïðîâîäÿùèõ ïîëîñ. Ñîçäàíà èçìåðèòåëüíàÿ óñòàíîâêà íà îñíî-

âå ïðåöèçèîííîãî ïðåîáðàçîâàòåëÿ ñèãíàëîâ òåðìîìåòðîâ ñîïðîòèâëåíèÿ è òåðìîïàð

«Òåðêîí», ñîåäèíåííîãî ñ êîìïüþòåðîì. Ïðîâåäåíû èçìåðåíèÿ ñêîðîñòè òðåùèíû ïðè

ïðÿìîëèíåéíîì ðàñïðîñòðàíåíèè òðåùèíû â çåðêàëüíîé, ìàòîâîé è ïåðüåâîé çîíàõ ïî-

âåðõíîñòè ðàçðóøåíèÿ ÏÌÌÀ; ïðè îäèíî÷íîì âåòâëåíèè òðåùèíû; ïðè ìíîæåñòâåí-

íîì âåòâëåíèè òðåùèí ñ ïàðàëëåëüíûì äâèæåíèåì ôðîíòà íåñêîëüêèõ òðåùèí. Ïðåä-

ëîæåíà ãèïîòåçà ôèçè÷åñêîãî ìåõàíèçìà âåòâëåíèÿ òðåùèíû.

Êëþ÷åâûå ñëîâà: òðåùèíà; âåòâëåíèå; ñêîðîñòü; ïîëèìåð; ñòàëü.

EXPERIMENTAL STUDY OF THE CRACK BRANCHING SPEED IN POLYMERS

� Anisiy A. Alexeev, Konstantin N. Bolshev, Vasiliy A. Ivanov,

Aytalina S. Syromyatnikova, Alexander M. Bolshakov, Alexander S. Andreev
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One of the little-studied problems of modern mechanics and the physics of fracture is the branching of

the crack, which is observed in materials of a different nature. For his research, an analysis of the crite-

ria and mechanisms for crack branching. The investigations of crack branching in polymers and steel,

fractographic investigation of the fracture surface are considered; criteria for crack branching as a dy-

namic stress intensity factor, crack speed. It is established that the crack at branching in brittle plastics

reaches the limiting propagation speed V* = 500 – 800 m/sec. Tensile tests of flat samples from

polymethylmethacrylate (PMMA) at temperatures of +20 and –60°C were carried out, with measure-

ment of crack speed by the method of rupture of conducting strips. A measuring device based on a pre-

cision converter of signals of resistance thermometers and thermocouples “TERCON”, connected to a

computer, was created. Measured crack speed for rectilinear crack propagation in the mirror, matte,

and feather zones of fracture surface of the PMMA; with single branching of the crack; with multiple

branching of cracks with parallel movement of the front of several cracks. A hypothesis is proposed for

the physical mechanism of fracture branching.

Keywords: crack; branching; velocity; polymer; steel.

Îäíà èç ìàëîèçó÷åííûõ ïðîáëåì ñîâðåìåííîé

ìåõàíèêè è ôèçèêè ðàçðóøåíèÿ òâåðäîãî òåëà —

âåòâëåíèå òðåùèíû, êîòîðîå íàáëþäàåòñÿ â òà-

êèõ êðèñòàëëè÷åñêèõ è àìîðôíûõ ìàòåðèàëàõ,

êàê ñòåêëî, ñòàëü, àëþìèíèé, ïîëèìåðû è ñêàëü-

íûå ïîðîäû.

Àíàëèç òåîðåòè÷åñêèõ è ýêñïåðèìåíòàëüíûõ

ðàáîò [1 – 10] ïî èññëåäîâàíèþ âåòâëåíèÿ òðå-

ùèí â ìàòåðèàëàõ ðàçëè÷íîé ïðèðîäû ïîêàçûâà-

åò, ÷òî ïàðàìåòðîì, êîíòðîëèðóþùèì ïåðåõîä

ïðîöåññà ïðÿìîëèíåéíîãî ðàñïðîñòðàíåíèÿ òðå-

ùèíû ê ðåæèìó âåòâëåíèÿ, ÿâëÿåòñÿ êðèòè÷å-
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ñêîå çíà÷åíèå ñêîðîñòè ðàñïðîñòðàíåíèÿ òðå-

ùèíû V* (ïðåäåëüíàÿ ñêîðîñòü), ïðè÷åì V* < VR

(VR — ñêîðîñòü âîëíû Ðýëåÿ), êîòîðîå çàâèñèò îò

ìàòåðèàëà. Ïî ðåçóëüòàòàì ýêñïåðèìåíòàëüíûõ

èññëåäîâàíèé óñòàíîâëåíî, ÷òî òðåùèíà ïðè

âåòâëåíèè â íîìèíàëüíî õðóïêèõ ìàòåðèàëàõ —

õðóïêèõ ïëàñòèêàõ äîñòèãàåò ïðåäåëüíîé ñêî-

ðîñòè ðàñïðîñòðàíåíèÿ V* = 500 – 800 ì/ñ [2, 4 –

9] (ðèñ. 1).

Ñóùåñòâóåò äâà ôóíäàìåíòàëüíî ðàçëè÷íûõ

ïîäõîäà äëÿ îáúÿñíåíèÿ ìåõàíèçìà âåòâëåíèÿ

òðåùèíû ïðè äîñòèæåíèè V*. Âåòâëåíèå òðåùè-

íû ñîãëàñíî ðàáîòàì [1, 3, 6, 7 – 9] ïðîèñõîäèò â

îñíîâíîì ïðè èíåðöèîííîé ïåðåñòðîéêå ïîëÿ íà-

ïðÿæåíèÿ è, ñëåäîâàòåëüíî, çàâèñèò îò äîñòèæå-

íèÿ òðåùèíîé îïðåäåëåííîé ñêîðîñòè, ñâÿçàííîé

ñ õàðàêòåðíûìè ñêîðîñòÿìè âîëí â ìàòåðèàëå.

Îäíàêî ýêñïåðèìåíòàëüíûå äàííûå ñâèäåòåëü-

ñòâóþò î òîì, ÷òî ìåæäó V* è õàðàêòåðíûìè ñêî-

ðîñòÿìè âîëí â ìàòåðèàëå êîððåëÿöèÿ îòñóòñòâó-

åò, V* ñèëüíî çàâèñèò îò ñîñòàâà ìàòåðèàëà, ýêñ-

ïåðèìåíòàëüíî èçìåðåííûå çíà÷åíèÿ V* çíà÷è-

òåëüíî íèæå ïîðîãà Yoffe [1].

Â ìîäåëÿõ àâòîðîâ ðàáîò [4, 5, 10], îñíîâàí-

íûõ íà ýâîëþöèè çîíû ïðîöåññà òðåùèíîîáðàçî-

âàíèÿ, âåòâëåíèå òðåùèíû ñâÿçàíî ñ èçìåíåíèåì

ïîâåäåíèÿ ìàòåðèàëà îêîëî âåðøèíû òðåùèíû

ïðè äîñòèæåíèè V*, êîòîðàÿ çàâèñèò îò ñâîéñòâ

ìàòåðèàëà â ïðåäåëàõ ðàññìàòðèâàåìîé çîíû.

Â ñîîòâåòñòâèè ñ ýòèìè ìîäåëÿìè âåòâëåíèå òðå-

ùèíû ïðîèñõîäèò â ðåçóëüòàòå âîëíîâîãî âçàè-

ìîäåéñòâèÿ ìåæäó ìèêðîâåòâÿìè è ìàãèñòðàëü-

íîé òðåùèíîé è ÿâëÿåòñÿ ïðîöåññîì, ñêîðåå âñå-

ãî, ñòîõàñòè÷íûì, òîãäà êàê ýêñïåðèìåíòàëüíî

íàáëþäàåòñÿ åãî äåòåðìèíèðîâàííîñòü.

Òàêèì îáðàçîì, â íàñòîÿùåå âðåìÿ ìîæíî

ñ÷èòàòü äî êîíöà íå óñòàíîâëåííûì ôèçè÷åñêèé

ìåõàíèçì ïåðåõîäà òðåùèíû îò ïðÿìîëèíåéíîãî

ðàñïðîñòðàíåíèÿ ê âåòâëåíèþ, îáúÿñíÿþùèé

ñóùåñòâîâàíèå ýêñïåðèìåíòàëüíî íàáëþäà-

þùåéñÿ ïðåäåëüíîé ñêîðîñòè ðàñïðîñòðàíåíèÿ

òðåùèíû V*. Ñëåäóåò îòìåòèòü, ÷òî âåòâëåíèå

òðåùèíû èçó÷àëîñü â îñíîâíîì íà ìîäåëüíûõ

ìàòåðèàëàõ — ïîëèìåòèëìåòàêðèëàòå, ýïîêñèä-

íîé ñìîëå, ïîëèýôèðíîé ñìîëå — Homalite-100

[2, 4 – 9, 12, 15]. Èç-çà òåõíè÷åñêèõ ñëîæíîñòåé â

ïîëó÷åíèè âåòâëåíèÿ òðåùèíû ïðè ðàçðóøåíèè

îáðàçöà â íåêîòîðûõ ðàáîòàõ èññëåäîâàëîñü âåòâ-

ëåíèå òðåùèíû â êîíñòðóêöèîííîì ìàòåðèàëå —

ñòàëè [3, 11, 13 – 15].

Êàê ïîêàçûâàåò ïðàêòèêà, êàòàñòðîôè÷åñêèå

àâàðèè êðóïíîãàáàðèòíûõ òîíêîñòåííûõ ìå-

òàëëîêîíñòðóêöèé (ãàçîíåôòåïðîâîäîâ áîëüøîãî

äèàìåòðà, ðåçåðâóàðîâ, ñîñóäîâ äàâëåíèÿ è äð.)

ïðîèñõîäÿò íå òîëüêî ïðè ïðîòÿæåííîì ðàñ-

ïðîñòðàíåíèè õðóïêîé èëè âÿçêîé òðåùèíû, íî

è ïðè åå âåòâëåíèè. Ïîñëåäíåå ïðèâîäèò ê îñêî-

ëî÷íîìó õàðàêòåðó ðàçðóøåíèÿ òåëà êîíñòðóê-

öèè è íàíîñèò íàèáîëüøèé ìàòåðèàëüíûé

óùåðá. Ïðèìåðîì òàêîãî âèäà ðàçðóøåíèÿ ÿâëÿ-

þòñÿ îñêîëî÷íûå ðàçðóøåíèÿ òðóáû ìàãèñòðàëü-

íîãî ãàçîïðîâîäà, âåðòèêàëüíîãî öèëèíäðè÷åñêî-

ãî ðåçåðâóàðà ïîñëå äëèòåëüíîé ýêñïëóàòàöèè,

êîãäà âîçíèêøàÿ îò óñòàëîñòíîãî äåôåêòà òðåùè-

íà ðàñïðîñòðàíèëàñü âäîëü òðóáîïðîâîäà è â

ñòåíêå ðåçåðâóàðà ñ ìíîãî÷èñëåííûìè âåòâëå-

íèÿìè [15].

Òàêèì îáðàçîì, ýêñïåðèìåíòàëüíîå èññëå-

äîâàíèå çàêîíîìåðíîñòåé ðàçðóøåíèÿ ïðè ðàñ-

ïðîñòðàíåíèè òðåùèí ñ âåòâëåíèåì â ìàòåðèà-

ëàõ ðàçëè÷íîé ïðèðîäû èìååò âàæíîå çíà÷åíèå

êàê â ôóíäàìåíòàëüíîì, òàê è ïðèêëàäíîì

àñïåêòàõ è ÿâëÿåòñÿ àêòóàëüíîé çàäà÷åé ðàçðà-

áîòêè ìåòîäîâ ïðîãíîçèðîâàíèÿ ïðî÷íîñòè è äîë-

ãîâå÷íîñòè òâåðäûõ òåë.

Äëÿ ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ ïå-

ðåõîäà îò ïðÿìîëèíåéíîãî ðàñïðîñòðàíåíèÿ

òðåùèíû ê ðåæèìó âåòâëåíèÿ ïðîâåäåíà ñåðèÿ

èñïûòàíèé íà ðàñòÿæåíèå ïëîñêèõ îáðàçöîâ

èç ïîëèìåòèëìåòàêðèëàòà (ÏÌÌÀ) ðàçìåðàìè

150 × 75 × 4 ìì ñ îäíèì áîêîâûì íàäðåçîì ãëóáè-

íîé 3 ìì íà óíèâåðñàëüíîé ðàçðûâíîé ìàøèíå

Instron. Îáðàçöû îõëàæäàëè àçîòîì äî òåìïåðà-

òóðû –60 °C â òåìïåðàòóðíîé êàìåðå ðàçðûâíîé

ìàøèíû. Ïðè äîñòèæåíèè çàäàííîé òåìïåðàòó-

ðû èõ íàãðóæàëè ñî ñêîðîñòüþ 1 ìì/ìèí äî ðàç-

ðóøåíèÿ. Âñåãî áûëî èñïûòàíî ïî ïÿòü îáðàçöîâ

ïðè òåìïåðàòóðàõ +20 è –60 °C.

Ñêîðîñòü ðàñïðîñòðàíåíèÿ òðåùèíû èçìå-

ðÿëè ìåòîäîì ðàçðûâà òîêîïðîâîäÿùèõ ïîëîñ,

ðåãèñòðèðóÿ âðåìÿ ðàçðûâà è åå ïðîäâèæåíèå îò

èíèöèèðóþùåãî äåôåêòà äî ðàçðóøåíèÿ îáðàçöà

(ðèñ. 2). Ïðèíöèï äåéñòâèÿ ìåòîäà ñîñòîèò â òîì,

÷òîáû êàæäîå ïîñëåäóþùåå ñîïðîòèâëåíèå, óñòà-

íîâëåííîå ïîñëåäîâàòåëüíî ñ òîêîïðîâîäÿùèìè

ëèíèÿìè, áûëî áîëüøå ïðåäûäóùåãî íà 10 Îì;
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Ñ. Â. Óâàðîâ [9]

È. Í. Áåäèé [7]

Î. Á. Íàéìàðê [8]

J. Fineberg [6]

K. Ravi-Chandar [4, 5]

Ñ. Â. Ñåðåíñåí [2]

Ðèñ. 1. Ýêñïåðèìåíòàëüíî èçìåðåííûå çíà÷åíèÿ ñêî-

ðîñòè ðàñïðîñòðàíåíèÿ òðåùèíû â õðóïêèõ ïëàñòèêàõ íà

ðàçëè÷íûõ ýòàïàõ



R1 = 10 Îì; R2 = 20 Îì, ..., RN = N · 10 Îì. Ïðè

âûïîëíåíèè ýòîãî óñëîâèÿ èçìåíåíèå íàïðÿæå-

íèÿ íà èçìåðÿåìîì ñîïðîòèâëåíèè ïðè ðàçðûâå

î÷åðåäíîé ëèíèè áóäåò ðàâíîìåðíûì, ÷òî ñóùå-

ñòâåííî óïðîñòèò åãî ðåãèñòðàöèþ ïðè äâèæåíèè

òðåùèíû è ïîñëåäóþùåì ðàçðûâå òîêîïðîâîäÿ-

ùèõ ëèíèé. Íà îáðàçåö ïîñòåïåííî ïîäàþò óâå-

ëè÷èâàþùóþñÿ íàãðóçêó. Ïîñëå íà÷àëà ðàçðóøå-

íèÿ ïî ìåðå ïðîäâèæåíèÿ òðåùèíû îò èíèöèè-

ðóþùåãî äåôåêòà òîêîïðîâîäÿùèå ëèíèè ðàçìû-

êàþòñÿ, óìåíüøàÿ îáùåå ñîïðîòèâëåíèå áàòàðåè.

Ïðè ýòîì íàïðÿæåíèå íà îáðàçöîâîì ñîïðî-

òèâëåíèè R0 èçìåíÿåòñÿ ñòóïåí÷àòî ñ øàãîì

0,3 Â; ïðè ïðîõîæäåíèè òðåùèíîé ïîñëåäíåé

òîêîïðîâîäÿùåé ëèíèè è ðàçìûêàíèè öåïè îíî

ïàäàåò ñ òðåõ äî íóëÿ âîëüò (ðèñ. 3). Ýòè èçìåíå-

íèÿ äîëæíà óëîâèòü áûñòðîäåéñòâóþùàÿ ïëàòà,

íàñòðîåííàÿ íà çàïèñü ñèãíàëà, ïðè êîëåáàíèè

íàïðÿæåíèÿ íà 0,12 Â. Ïîëó÷èâ ñòóïåí÷àòûé

ñèãíàë, ìû ìîæåì ñóäèòü î âðåìåíè ïðîõîæäå-

íèÿ òðåùèíîé î÷åðåäíîé ïîëîñû. Çíàÿ âðåìÿ è

ðàññòîÿíèå, ïîëó÷àåì ñêîðîñòü òðåùèíû íà äàí-

íîì ó÷àñòêå.

Ñîçäàíà èçìåðèòåëüíàÿ óñòàíîâêà íà îñíî-

âå ïðåöèçèîííîãî ïðåîáðàçîâàòåëÿ ñèãíàëîâ

òåðìîìåòðîâ ñîïðîòèâëåíèÿ è òåðìîïàð «Òåð-

êîí», ñîåäèíåííîãî ñ êîìïüþòåðîì ÷åðåç ïëàòó

Ëà-í10ì8-100 (ðèñ. 4). Â óñòàíîâêó âõîäÿò:

1) áûñòðîäåéñòâóþùàÿ ïëàòà ÀÖÏ äëÿ øè-

íû PCI Ëà-í10ì8-100 ïðîèçâîäñòâà ÇÀÎ «Ðóä-

íåâ-Øèëÿåâ», Ìîñêâà;

2) êàáåëüíûå òåðìîïàðû ÒÕÀ ïðîèçâîäñòâà

ÏÊ «Òåñåé», ã. Îáíèíñê;

3) òîêîïðîâîäÿùèé êëåé ÊÎÍÒÀÊÒÎË,

Ðîññèÿ;

4) áëîê ïèòàíèÿ DAZHENG PS-1302D, ÊÍÐ;

5) îáðàçöû èç ÏÌÌÀ;

6) óíèâåðñàëüíàÿ ðàçðûâíàÿ ìàøèíà Instron

1195, Àíãëèÿ (îõëàæäàþùèé àãåíò — æèäêèé

àçîò);

7) ïðåöèçèîííûé ïðåîáðàçîâàòåëü ñèãíàëîâ

òåðìîìåòðîâ ñîïðîòèâëåíèÿ è òåðìîïàð «Òåð-

êîí» ïðîèçâîäñòâà ÎÎÎ «Òåðìýêñ», ã. Òîìñê.

Íà îáðàçöå â ñðåäíåé ÷àñòè òîðöà íàíîñèëè

áîêîâîé íàäðåç ãëóáèíîé 3 è øèðèíîé 1,5 ìì

ôðåçåðíûì èíñòðóìåíòîì. Íà âåðõíþþ è íèæ-

íþþ ïîâåðõíîñòè îáðàçöà íàêëåèâàëè ìåäíûå

êîíòàêòíûå ïëîùàäêè, çàòåì íàíîñèëè ðåãèñòðè-

ðóþùèå ïîëîñû. Ê âåðõíåé ìåäíîé ïëîùàäêå

ïîäêëþ÷àëè èñòî÷íèê ïèòàíèÿ, ê íèæíåé êîí-

òàêòíîé ïëîùàäêå — èçìåðèòåëüíóþ ñõåìó, ñî-

ñòàâëåííóþ èç áàòàðåè ñîïðîòèâëåíèé íîìèíà-

ëîì îò 10 äî 60 Îì, êàæäîå èç êîòîðûõ ïîñëåäî-

âàòåëüíî óâåëè÷èâàëîñü íà 10 Îì. Â ñðåäíåé ÷àñ-

òè îáðàòíîé ñòîðîíû ïëàñòèíû ôèêñèðîâàëè

õðîìåëü-àëþìåëåâóþ òåðìîïàðó äëÿ ðåãèñòðà-

öèè òåìïåðàòóðû.

Â õîäå ðàçðàáîòêè ìåòîäèêè ýêñïåðèìåíòà

áûëè îïðîáîâàíû ñëåäóþùèå òîêîïðîâîäÿùèå

ðåãèñòðèðóþùèå ëèíèè:

1) ïîëîñû àëþìèíèåâîé ôîëüãè òîëùèíîé

0,01 ìì;

2) ïîëîñû èç ìåäíîé ôîëüãè òîëùèíîé

0,04 ìì;

3) îòðåçêè ìåäíîé ïðîâîëîêè äèàìåòðîì

0,15 ìì;

4) äîðîæêè èç òîêîïðîâîäÿùåãî êëåÿ.

Àëþìèíèåâàÿ ôîëüãà òîíêà, ëåãêî êëåèòñÿ íà

ïîâåðõíîñòü îáðàçöà. Îäíàêî ïàéêà àëþìèíèÿ

âîçìîæíà ëèøü ïðè ïðèìåíåíèè ñïåöèàëüíûõ

ñðåäñòâ è âûñîêîé òåìïåðàòóðå, ÷òî çàòðóäíÿåò

ýêñïåðèìåíò. Ìåäíàÿ ôîëüãà òîëùå, êëåèòñÿ

õóæå, íî ïðîùå ïàÿåòñÿ. Ïðè ýòîì ìåäü áîëåå

ïëàñòè÷íà, ÷åì ÏÌÌÀ, ïîýòîìó ïðè ðàçðóøåíèè

ðàñòÿãèâàåòñÿ è ðâåòñÿ ñ çàäåðæêîé. Àíàëîãè÷-

íûå íåäîñòàòêè âîçíèêàþò ïðè ïðèìåíåíèè ìåä-

íîé ïðîâîëîêè. Íàèëó÷øèé âàðèàíò — äîðîæêè

èç òîêîïðîâîäÿùåãî êëåÿ. Â çàñòûâøåì ñîñòîÿ-

íèè òîêîïðîâîäÿùèé êëåé îòëè÷àåòñÿ ìàëîé

ïëàñòè÷íîñòüþ è òîíêîñòüþ ñëîÿ. Ê íåäîñòàòêàì

òàêîé òåõíîëîãèè ìîæíî îòíåñòè âûñîêóþ ñòîè-

ìîñòü êëåÿ, à òàêæå åãî áîëüøîå óäåëüíîå ñîïðî-
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Ðèñ. 2. Ñõåìà îïðåäåëåíèÿ ñêîðîñòè òðåùèíû

U
,
Â

Âðåìÿ, ìñ

Ðèñ. 3. Èçìåíåíèÿ íàïðÿæåíèÿ ïðè äâèæåíèè òðåùèíû



òèâëåíèå (ñîïðîòèâëåíèå ïîëîñû äëèíîé 6 – 7 ñì

è øèðèíîé 3 ìì ñîñòàâëÿåò ïðèìåðíî 3 Îì).

Äëÿ ïðèìåðíîé îöåíêè îòíîñèòåëüíîé ïî-

ãðåøíîñòè èçìåðåíèÿ âðåìåíè äàííûì ìåòîäîì

âçÿòà ïîãðåøíîñòü îïðåäåëåíèÿ ïîëîâèíû âðå-

ìåííîãî èíòåðâàëà ðåãèñòðàöèè äàííûõ, à çà ïî-

ãðåøíîñòü îïðåäåëåíèÿ ðàññòîÿíèÿ — ïîëîâèíà

øèðèíû òîêîïðîâîäÿùåé ëèíèè:

dt = Ät/2 = 0,32 ìêñ, dx = Äx/2 = 1,5 ìì.

Ñðåäíåå âðåìÿ ïðîõîæäåíèÿ òðåùèíîé î÷å-

ðåäíîãî ó÷àñòêà îò ëèíèè äî ëèíèè t � 0,03 ìñ;

ñðåäíåå ðàññòîÿíèå, ïðîéäåííîå òðåùèíîé îò

ëèíèè äî ëèíèè, S � 13 ìì. Ñóììàðíàÿ ïîãðåø-

íîñòü èçìåðåíèé
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Îáðàáîòêó äàííûõ ïðîèçâîäèëè â ïðîãðàìì-

íîé ñðåäå Mathcad Express.

Ðåçóëüòàòû ýêñïåðèìåíòà. Ïðè +20 °C òðå-

ùèíà ðàñïðîñòðàíÿåòñÿ ïðÿìîëèíåéíî â ïëîñ-

êîñòè, ïåðïåíäèêóëÿðíîé íàïðàâëåíèþ ìàêñè-

ìàëüíûõ ðàñòÿãèâàþùèõ íàïðÿæåíèé; ðàç-

ðóøàþùèå íàïðÿæåíèÿ óð = 10 ÌÏà. Áûëî èñ-

ïûòàíî ïÿòü îáðàçöîâ, ïîëó÷åíî âåòâëåíèå

òðåùèíû íà îäíîì îáðàçöå. Íà ïîâåðõíîñòè ðàç-

ðóøåíèÿ îáðàçöîâ áåç âåòâëåíèÿ òðåùèíû îá-

íàðóæåíû çåðêàëüíàÿ è ìàòîâàÿ çîíû, êîòîðûå

ñîîòâåòñòâóþò ðåæèìó ñòàáèëüíîãî ïðÿìîëèíåé-
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Ðèñ. 4. Ñõåìà èçìåðèòåëüíîé óñòàíîâêè ñ èññëåäóåìûì îáðàçöîì

Ðèñ. 5. Îáðàçåö èç ÏÌÌÀ ñ ðåãèñòðèðóþùèìè ïîëîñà-

ìè äëÿ èçìåðåíèÿ ñêîðîñòè (ìíîæåñòâåííîå âåòâëåíèå

òðåùèíû)



íîãî ðàñïðîñòðàíåíèÿ îñíîâíîé òðåùèíû. Ó îá-

ðàçöà ñ âåòâëåíèåì òðåùèíû äîïîëíèòåëüíî

èìååòñÿ ïåðüåâàÿ çîíà, â êîòîðîé ïðîèñõîäèëî

âåòâëåíèå òðåùèíû. Èçìåðåíèÿ ñêîðîñòè òðåùè-

íû ïîêàçàëè ñëåäóþùåå: çåðêàëüíàÿ è ìàòîâàÿ

çîíû ñîîòâåòñòâóþò íåâûñîêèì çíà÷åíèÿì ñêî-

ðîñòè òðåùèíû — 144 – 373 ì/ñ, ïåðüåâàÿ çîíà —

418 – 454 ì/ñ; âåòâëåíèå òðåùèíû ïðîèçîøëî

ïðè ñêîðîñòè îêîëî 500 ì/ñ.

Ïðè –60 °C ðàçðóøåíèå ïðîèñõîäèò ïðè áîëåå

âûñîêèõ ðàçðóøàþùèõ íàïðÿæåíèÿõ óð = 20 –

30 ÌÏà, ïðè êîòîðûõ ïîëó÷åíî ìíîæåñòâåííîå

âåòâëåíèå òðåùèí. Âî âñåõ ïÿòè îáðàçöàõ òðåùè-

íà ðàñïðîñòðàíÿëàñü îò íàäðåçà ïðÿìîëèíåéíî

íà ðàññòîÿíèå 12 – 15 ìì äî òî÷êè âåòâëåíèÿ,

ïîñëå êîòîðîé ðàçðóøåíèå ïðîèñõîäèëî ïóòåì

ìíîæåñòâåííîãî âåòâëåíèÿ è ïàðàëëåëüíîãî äâè-

æåíèÿ ôðîíòà íåñêîëüêèõ òðåùèí (ðèñ. 5).

Íà ó÷àñòêå ïðÿìîëèíåéíîãî äâèæåíèÿ òðå-

ùèíû çåðêàëüíàÿ è ìàòîâàÿ çîíû èìåþò î÷åíü

ìàëåíüêèé ðàçìåð, äàëåå èäåò ïåðüåâàÿ çîíà, ïî-

ñëå êîòîðîé â øåðîõîâàòîé çîíå ïîâåðõíîñòè ðàç-

ðóøåíèÿ íàõîäèòñÿ òî÷êà ïåðâîíà÷àëüíîãî âåòâ-

ëåíèÿ òðåùèíû è ïîñëåäóþùèõ ìíîæåñòâåííûõ

âåòâëåíèé. Ìèêðîâåòâè, çàíèìàþùèå ÷àñòü òîë-

ùèíû îáðàçöà è èìåþùèå êëèíîâèäíóþ ôîðìó,

èìåþòñÿ äî è ïîñëå òî÷åê âåòâëåíèÿ îñíîâíîé

òðåùèíû, ìåõàíèçì îáðàçîâàíèÿ ìèêðîâåòâåé è

âåòâëåíèÿ ãëàâíîé òðåùèíû îäèíàêîâ.

Èçìåðåíèå ñêîðîñòè â çåðêàëüíîé, ìàòîâîé è

ïåðüåâîé çîíàõ íå óäàëîñü ïðîâåñòè èç-çà èõ ìà-

ëîé ïðîòÿæåííîñòè (0,5 – 1 ìì) ïî ñðàâíåíèþ ñ

ðàññòîÿíèåì ìåæäó òîêîïðîâîäÿùèìè ðåãèñòðè-

ðóþùèìè ïîëîñàìè (12 ìì). Ïåðâîíà÷àëüíîå

âåòâëåíèå òðåùèíû ïðîèçîøëî ïðè ñêîðîñòè

îêîëî 750 ì/ñ, à ïîñëåäóþùèå ìíîæåñòâåííûå

âåòâëåíèÿ ïðè ïàðàëëåëüíîì äâèæåíèè ôðîíòà

íåñêîëüêèõ òðåùèí — ïðè ñêîðîñòÿõ 750 –

920 ì/ñ. Áîëüøîé ðàçáðîñ èçìåðåííûõ ñêîðîñòåé

íà ýòàïå ìíîæåñòâåííîãî âåòâëåíèÿ îáúÿñíÿåòñÿ

òåì, ÷òî ïðè äâèæåíèè ôðîíòîâ ìíîæåñòâà òðå-

ùèí, äâèæóùèõñÿ ïîä ðàçëè÷íûìè óãëàìè ê ãî-

ðèçîíòó, ïóòü êàæäîé èç íèõ ðàçëè÷åí è íåâîç-

ìîæíî óñòàíîâèòü, êàêàÿ òðåùèíà ïåðâîé ïåðå-

ñåêëà êîíòðîëüíóþ ëèíèþ èçìåðåíèÿ ñêîðîñòè.

Ìíîæåñòâåííîå âåòâëåíèå ñ ïàðàëëåëüíûì

äâèæåíèåì ôðîíòîâ íåñêîëüêèõ òðåùèí (4 – 6

îñíîâíûõ òðåùèí áåç ó÷åòà ìèêðîâåòâåé) ïðè

ñêîðîñòè âåòâëåíèÿ òðåùèíû â äàííûõ ýêñïå-

ðèìåíòàõ 750 – 920 ì/ñ, ñîãëàñóþùåéñÿ ñ ëèòåðà-

òóðíûìè äàííûìè (500 – 800 ì/ñ) î âåòâëåíèè

îäèíî÷íîé òðåùèíû, ñëóæèò ïîäòâåðæäåíè-

åì òîìó, ÷òî èçáûòî÷íàÿ ýíåðãèÿ, ïîñòóïàþùàÿ

â âåðøèíó òðåùèíû, ðàñõîäóåòñÿ íà ñîçäàíèå

íîâûõ òðåùèí, à íå íà óâåëè÷åíèå ñêîðîñòè.

Äàííûå ðåçóëüòàòû ïîäòâåðæäàþò ïðåäëîæåí-

íóþ ðàíåå àâòîðàìè ãèïîòåçó ôèçè÷åñêîãî ìåõà-

íèçìà âåòâëåíèÿ òðåùèíû, ãäå äîñòèæåíèå êðè-

òè÷åñêîé ñêîðîñòè V* äëÿ âåòâëåíèÿ òðåùèíû ÿâ-

ëÿåòñÿ äîñòàòî÷íûì óñëîâèåì, à íåîáõîäèìûì

óñëîâèåì ÿâëÿåòñÿ ïðåâûøåíèå ïîòîêà ýíåðãèè,

ïîñòóïàþùåé â âåðøèíó äâèæóùåéñÿ òðåùèíû,

íàä ýíåðãèåé ñîïðîòèâëåíèÿ ìàòåðèàëà ðîñòó

îäèíî÷íîé òðåùèíû G*.

Ðàçðàáîòàííàÿ ìåòîäèêà ýêñïåðèìåíòàëüíîãî

îïðåäåëåíèÿ ñêîðîñòè ðàñïðîñòðàíåíèÿ, âåòâ-

ëåíèÿ òðåùèíû ïîêàçàëà íåïëîõèå ðåçóëüòàòû

íà ïîëèìåðíûõ ìàòåðèàëàõ è äîëæíà áûòü àäàï-

òèðîâàíà äëÿ èñïîëüçîâàíèÿ íà îáðàçöàõ (êîí-

ñòðóêöèÿõ) èç ñòàëè. Òðåáóåòñÿ òàêæå ðåøåíèå

äëÿ óñòðàíåíèÿ ýôôåêòà «äðåáåçãà» êîíòàêòîâ

ïðè ïðîõîæäåíèè òðåùèíû ÷åðåç òîêîïðîâî-

äÿùóþ ëèíèþ, ÷òî ïîçâîëèò ïîâûñèòü òî÷íîñòü

èçìåðåíèé.
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Ïðåäñòàâëåí ñïîñîá èçìåðåíèÿ êðóòÿùåãî ìîìåíòà ïðè íàãðóæåíèè ìàòåðèàëà ìåòîäîì

Ï. Áðèäæìåíà. Îí çàêëþ÷àåòñÿ â îñåâîì ñæàòèè ñ áîëüøîé ñèëîé èññëåäóåìîãî îáðàçöà

ìåæäó äâóìÿ ïóàíñîíàìè. Îäíîâðåìåííî íà ñæàòûé îáðàçåö äîïîëíèòåëüíî âîçäåéñòâó-

åò îäèí èç ïóàíñîíîâ, âðàùàþùèéñÿ îòíîñèòåëüíî äðóãîãî. Äàâëåíèå â òàêèõ ýêñïåðè-

ìåíòàõ ìîæåò äîñòèãàòü 5 ÃÏà è áîëåå. Ïîýòîìó ïóàíñîíû èçãîòàâëèâàþò èç çàêàëåí-

íîé ñòàëè èëè òâåðäîãî ñïëàâà. Ïðåäëîæåííîå óñòðîéñòâî ñîñòîèò èç óíèâåðñàëüíîãî

êîðïóñà, äâóõ ïóàíñîíîâ, ïðåîáðàçîâàòåëüíûõ ìîäóëåé, ïîëîãî öèëèíäðà è óïðóãîãî

òîíêîãî äèñêà. Óñòðîéñòâî ìîíòèðóþò íà óñòàíîâêå ñëîæíîãî íàãðóæåíèÿ, êîòîðàÿ èìå-

åò ïëóíæåðà âðàùåíèÿ è îñåâîãî ïåðåìåùåíèÿ. Ïóàíñîíû çàêðåïëåíû â êîðïóñàõ. Â çà-

âèñèìîñòè îò óñëîâèé ýêñïåðèìåíòà ìèíèìàëüíûé ðàáî÷èé äèàìåòð ïóàíñîíîâ (è ñîîò-

âåòñòâåííî èññëåäóåìîãî îáðàçöà) ñîñòàâëÿåò 5 ìì, à ìàêñèìàëüíûé — 15 ìì; â îñîáûõ

ñëó÷àÿõ îí ìîæåò áûòü áîëåå 15 ìì. Ìîìåíò êðó÷åíèÿ ïðè íàãðóæåíèè èññëåäóåìîãî îá-

ðàçöà â ýòîì óñòðîéñòâå èçìåðÿåòñÿ ïðåîáðàçîâàòåëüíûìè ìîäóëÿìè. Äëÿ ïîâûøåíèÿ

÷óâñòâèòåëüíîñòè ýòè ìîäóëè âûíåñåíû çà ãàáàðèòû óíèâåðñàëüíîãî êîðïóñà è ðàñïîëî-

æåíû íà áîëüøîì ðàññòîÿíèè îò îïîðíûõ ïîâåðõíîñòåé óñòðîéñòâà. Îðèãèíàëüíîå êîí-

ñòðóêòèâíîå èñïîëíåíèå ïðåîáðàçîâàòåëüíîãî ìîäóëÿ îáåñïå÷èâàåò íåèçìåííîñòü ïîëî-

æåíèÿ òî÷êè äåéñòâèÿ ñèëû îò âðàùåíèÿ ïóàíñîíà â ïëîñêîñòè, ïåðïåíäèêóëÿðíîé ê åå

îñè. Òàêàÿ îñîáåííîñòü ïðåîáðàçîâàòåëüíîãî ìîäóëÿ ïîçâîëÿåò åãî òåíçîìåòðè÷åñêèì

ðåçèñòîðàì äåôîðìèðîâàòüñÿ óïðóãèì ñæàòèåì òîëüêî îò ñèëû, âûçâàííîé âðàùåíèåì

ïóàíñîíà. Ãàðàíòèðîâàííîå èñêëþ÷åíèå íåæåëàòåëüíûõ ïîìåõ äàåò âîçìîæíîñòü êà÷å-

ñòâåííî èçìåðèòü ìîìåíò êðó÷åíèÿ. Ïðåäëàãàåìîå óñòðîéñòâî â ýêñòðåìàëüíûõ óñëîâè-

ÿõ îáåñïå÷èâàåò âûñîêóþ ÷óâñòâèòåëüíîñòü è òðåáóåìîå êà÷åñòâî èçìåðåíèÿ êðóòÿùåãî

ìîìåíòà.

Êëþ÷åâûå ñëîâà: âûñîêîå äàâëåíèå; ýêñòðåìàëüíîå âîçäåéñòâèå; ìîìåíò êðó÷åíèÿ;

ìåòîä Ï. Ó. Áðèäæìåíà; òåíçîìåòðèÿ; äåôîðìàöèÿ; ñæàòèå.
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A method for measuring the torque upon loading of the substance by the method of P. U. Bridgman is

presented. The method provides a strong axial compression of the substance between two punches. At

the same time, the compressed substance is additionally exposed to an external action resulted from ro-

tation of one plunger relative to another. The pressure in such experiments can reach 5 GPa or more.

The punches are made of hardened steel or hard alloy. The proposed device is a simple and holistic

mechanism. It consists of a universal shell, shell, two punches, converter modules, a hollow cylinder

and an elastic thin disc. The device is mounted on a unit of complex loading which has a plunger of ro-

tation and axial displacement. The punches are fixed in the shells. The working diameter of the

punches and, correspondingly, of the test sample, depending on the experimental conditions, ranges

from 5 to 15 mm. In special cases the diameter can be more than 15 mm. The torque of loaded sample

in this device is measured by transducing modules. To increase the sensitivity, the transducing mod-

ules are placed beyond the universal shell and are located far from the supporting surfaces of the de-

vice. The original design of the transducing module ensures the independence of the force point from

the rotation of the punch in the plane perpendicular to the force axis. This feature of the transducing

module provides deformation of tensometric resistors under the impact of elastic compression only

66 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2018. Òîì 84. ¹ 4



from the force resulted from the punch rotation. The guaranteed elimination of undesirable interfer-

ences allows a qualitative measuring of the torque. The proposed device provides high sensitivity under

extreme conditions and desired quality of torque measurements.

Keywords: high pressure, extreme impact, torque, method of P. W. Bridgman, strain gauge measure-

ments, deformation, compression.

Ìíîãîîáðàçèå õàðàêòåðà ïîâåäåíèÿ ìàòåðèàëà,

îáíàðóæåííîå ïðè ìåõàíè÷åñêîì âîçäåéñòâèè íà

íåãî â óñëîâèÿõ âûñîêîãî äàâëåíèÿ, ïî-ïðåæíåìó

âûçûâàåò èíòåðåñ ó÷åíûõ ê ïîäîáíûì èññëåäîâà-

íèÿì. Îäíèì èç ñïîñîáîâ òàêîãî âîçäåéñòâèÿ íà

îáðàçåö, âïåðâûå èñïîëüçîâàííûì Ïåðñè Óèëü-

ÿìñ Áðèäæìåíîì [1], ìîæíî ñ÷èòàòü åãî îñåâîå

ñæàòèå ñ î÷åíü áîëüøîé ñèëîé ìåæäó âðàùàþùè-

ìèñÿ îòíîñèòåëüíî äðóã äðóãà ïóàíñîíàìè âûñî-

êîãî äàâëåíèÿ. Äàâëåíèå â òàêèõ ýêñïåðèìåíòàõ

ìîæåò äîñòèãàòü 5 ÃÏà è áîëåå.

Âûñîêèå äàâëåíèÿ ïîëó÷àþò ñ ïîìîùüþ ïó-

àíñîíîâ èç çàêàëåííîé ñòàëè èëè òâåðäîãî ñïëà-

âà, êîòîðûå çàêðåïëÿþò â ñðåäíåì öèëèíäðå, íà-

êîâàëüíå è ïîðøíå âäîëü èõ îáùåé îñè. Ýòîò ñïî-

ñîá íåðåäêî èñïîëüçóþò èññëåäîâàòåëè [2 – 5] è â

íàó÷íûõ ïóáëèêàöèÿõ óïîìèíàþò åãî êàê ìåòîä

Ï. Ó. Áðèäæìåíà.

Ï. Ó. Áðèäæìåí èñïîëüçîâàë óñòðîéñòâî, ñî-

ñòîÿùåå èç òðåõ öèëèíäðîâ: ñðåäíèé öèëèíäð,

âðàùàþùèéñÿ âîêðóã ñâîåé îñè, ñæèìàëñÿ ìåæäó

íåïîäâèæíûì öèëèíäðîì — íàêîâàëüíåé è ïîä-

âèæíûì â îñåâîì íàïðàâëåíèè öèëèíäðîì —

ïîðøíåì. Òàêîå êîíñòðóêòèâíîå èñïîëíåíèå

óñòðîéñòâà ïîçâîëÿåò ïðîâîäèòü íà íåì ýêñïåðè-

ìåíòû, èñïîëüçóÿ ëèøü ïðîñòîé ïðåññ; ìåõàíèçì

äëÿ âðàùåíèÿ ñðåäíåãî öèëèíäðà ìîæåò áûòü óñ-

òàíîâëåí íåçàâèñèìî îò ïðåññà. Âàæíî, ÷òîáû âñå

òðè öèëèíäðà èìåëè îáùóþ îñü ñèììåòðèè, à èõ

ïîâåðõíîñòè êîíòàêòà ñ èññëåäóåìûì îáðàçöîì

áûëè ïåðïåíäèêóëÿðíû ýòîé îñè. Äëÿ ïðîâåäå-

íèÿ ýêñïåðèìåíòà îäíîâðåìåííî èñïîëüçîâàëè

äâà îáðàçöà â âèäå òîíêèõ äèñêîâ. Îäèí èç îáðàç-

öîâ óñòàíàâëèâàëè ìåæäó ïîðøíåì è ñðåäíèì

öèëèíäðîì, à âòîðîé — ìåæäó ñðåäíèì öèëèí-

äðîì è íàêîâàëüíåé.

Â óñòðîéñòâå Ï. Ó. Áðèäæìåíà äëÿ èñêëþ÷å-

íèÿ âîçìîæíîñòè âûòàëêèâàíèÿ ñðåäíåãî öèëèí-

äðà èç çîíû íàãðóæåíèÿ èñïîëüçîâàí ñïåöèàëü-

íûé ìåõàíèçì — óçåë òðåíèÿ. Îí óäåðæèâàåò

ñðåäíèé öèëèíäð íà íàêîâàëüíå è ïîðøíå, ñíè-

æàÿ âåëè÷èíû ïåðåêîñà è ñìåùåíèÿ îòíîñèòåëü-

íî åäèíîé îñè ñèììåòðèè.

Ï. Ó. Áðèäæìåí ñ ïîìîùüþ òàêîé óñòàíîâêè

èçó÷èë ìåõàíè÷åñêèå ñâîéñòâà ìíîãèõ ìåòàëëîâ

è ñäåëàë ïîëåçíûå âûâîäû. Ïîëó÷åííûå äàííûå

ñïîñîáñòâîâàëè äàëüíåéøèì èññëåäîâàíèÿì îñî-

áåííîñòåé ìåõàíè÷åñêîãî ïîâåäåíèÿ ðàçëè÷íûõ

ìåòàëëîâ è ñïëàâîâ. Äëÿ ýòîãî èñïîëüçóþò óñòà-

íîâêè êàê ñ äâóìÿ, òàê è ñ òðåìÿ ïóàíñîíàìè.

Â ðàáîòå [8] îïèñàíî óñòðîéñòâî ñ äâóìÿ ïóàí-

ñîíàìè äëÿ èçìåðåíèÿ ìîìåíòà êðó÷åíèÿ â ïðî-

öåññå íàãðóæåíèÿ ìàòåðèàëà ìåòîäîì Ï. Ó. Áðèä-

æìåíà. Êîíñòðóêöèÿ ýòîãî èçìåðèòåëüíîãî

óñòðîéñòâà òðåáóåò öåíòðèðóþùèõ êîëåö. Ê íå-

äîñòàòêàì óñòðîéñòâà ñëåäóåò îòíåñòè åãî ñóùå-

ñòâåííîå áèåíèå — äî 0,03 ìì, ñíèæåííóþ æåñò-

êîñòü êðåïëåíèÿ èçìåðèòåëüíûõ ýëåìåíòîâ, ïî-

âûøåííûå òðåáîâàíèÿ ê îáðàçöàì è èõ ðàçìåùå-

íèþ îòíîñèòåëüíî îñè âðàùåíèÿ ïóàíñîíîâ. Äëÿ

óñòðàíåíèÿ ñëó÷àéíûõ ïîãðåøíîñòåé êîíñòðóê-

öèè óñòðîéñòâà äîïîëíèòåëüíûå óïðóãèå ýëåìåí-

òû çàêðåïëÿþò íà åãî îïîðíûõ ïîâåðõíîñòÿõ.

Â íàñòîÿùåå âðåìÿ äëÿ ñèíòåçà íîâûõ ìàòå-

ðèàëîâ è èçó÷åíèÿ ìàòåðèàëîâ, îáëàäàþùèõ ñïå-

öèôè÷åñêèìè ñâîéñòâàìè, íåîáõîäèìà òåõíèêà,

îáëàäàþùàÿ âûñîêèìè ÷óâñòâèòåëüíîñòüþ è êà-

÷åñòâîì èçìåðåíèÿ.

Â äàííîé ðàáîòå îïèñàíî óñòðîéñòâî, îòâå-

÷àþùåå ýòèì òðåáîâàíèÿì. Îíî ðàçðàáîòàíî ñ

ó÷åòîì ãåîìåòðèè è ðàçìåðîâ ðàáî÷åãî ïðîñòðàí-

ñòâà óñòàíîâêè ñëîæíîãî íàãðóæåíèÿ (ÓÑÍ) [9].

ÓÑÍ îñíàùåíà ìåõàíèçìîì âðàùåíèÿ ïóàíñîíà,

ïîýòîìó â òå÷åíèå ìíîãèõ ëåò èñïîëüçóåòñÿ äëÿ

èññëåäîâàíèÿ ðàçëè÷íûõ ìàòåðèàëîâ ìåòîäîì

Ï. Ó. Áðèäæìåíà [6, 7].

Ïðåäëàãàåìîå óñòðîéñòâî ñîäåðæèò òîëüêî

äâà öèëèíäðà, ïîýòîìó äëÿ ïðîâåäåíèÿ ýêñïåðè-

ìåíòîâ ïðèìåíÿþò ëèøü îäíó ïàðó ïóàíñîíîâ.

Åãî îòëè÷èòåëüíûå îñîáåííîñòè: äàò÷èêè âûíå-

ñåíû çà ãàáàðèòû êîðïóñà è çàêðåïëåíû íà áîëü-

øîì ðàññòîÿíèè îò îïîðíûõ ïîâåðõíîñòåé

óñòðîéñòâà; îðèãèíàëüíîå êîíñòðóêòèâíîå èñïîë-

íåíèå ïðåîáðàçîâàòåëüíîãî ìîäóëÿ — èçìåðè-

òåëüíîãî äàò÷èêà. Óñòðîéñòâî (ðèñ. 1) ñîñòîèò èç

êîðïóñà 3 è óíèâåðñàëüíîãî êîðïóñà 14, ñîåäè-

íåííûõ ñ ïëóíæåðàìè 1 è 9 óñòàíîâêè ñëîæíîãî

íàãðóæåíèÿ [9] è çàôèêñèðîâàííûõ îò îêðóæíîãî

ñìåùåíèÿ îòíîñèòåëüíî ïëóíæåðîâ ñòîïîðàìè 2

è 11, ïóàíñîíîâ 15 è 16, ïðåîáðàçîâàòåëüíîãî ìî-

äóëÿ 6, ïîëîãî öèëèíäðà 12 è óïðóãîãî òîíêîãî

äèñêà 13.

Êîðïóñ 14 äîïîëíèòåëüíî çàôèêñèðîâàí îò

îñåâîãî ñìåùåíèÿ îòíîñèòåëüíî ïëóíæåðà 9 ñòî-

ïîðàìè 10. Êîíñòðóêöèÿ êîðïóñà 14 è ñïîñîá åãî

êðåïëåíèÿ èñêëþ÷àþò ïîÿâëåíèå íåæåëàòåëü-

íûõ áèåíèé â ïðîöåññå íàãðóæåíèÿ ìàòåðèàëîâ

ìåæäó ïóàíñîíàìè 15 è 16. Êîðïóñ 14 óñëîâíî

ìîæíî ðàçäåëèòü íà òðè ÷àñòè — A, B, C. ×àñòü A

âûïîëíÿåò ôóíêöèþ êðåïåæíîé äåòàëè. Ñ ïî-
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ìîùüþ íåå êîðïóñ 14 íåïîäâèæíî óñòàíàâëèâà-

åòñÿ íà ïëóíæåðå 9, êðîìå òîãî, íà ñàìîé ÷àñòè A

çàêðåïëåíû ðû÷àãè-êîíñîëè 8. Íåïîäâèæíûé

ïî îòíîøåíèþ ê ÷àñòÿì B è C ðû÷àã-êîíñîëü 8

íà ñâîáîäíîì êðàå èìååò äâóñòîðîííèå ïëîñêèå

ïîâåðõíîñòè ïàðàëëåëüíûå äðóã äðóãó è îñè

ðû÷àãà 8.

×àñòü B — ýëåìåíò, êîòîðûé â ïðîöåññå íà-

ãðóæåíèÿ îáðàçöà 4 äåôîðìèðóåòñÿ óïðóãî. Îíà

èìååò ôîðìó äëèííîãî öèëèíäðà: äëèíà L áîëü-

øå åãî íàðóæíîãî äèàìåòðà D1. Ê ïîâåðõíîñòè

ýòîãî öèëèíäðà ïðèêëååíû ÷óâñòâèòåëüíûå ïðå-

îáðàçîâàòåëè — òåíçîðåçèñòîðû 5 è 7, ðåàãèðóþ-

ùèå íà óïðóãèå äåôîðìàöèè.

Òåíçîðåçèñòîðû ÷àñòî ïðèìåíÿþò äëÿ èçìå-

ðåíèÿ ìåõàíè÷åñêèõ íàïðÿæåíèé è äåôîðìàöèé,

ïîñêîëüêó îíè îáëàäàþò ëèíåéíîé ôóíêöèåé

ïðåîáðàçîâàíèÿ, èìåþò ìàëûå ãàáàðèòû è ìàññó,

ïðîñòóþ êîíñòðóêöèþ [10, 11]. Èõ ñóùåñòâåííûì

íåäîñòàòêîì ÿâëÿåòñÿ íèçêàÿ ÷óâñòâèòåëüíîñòü.

×àñòü C êîðïóñà 14 è êîðïóñ 3 ïðåäñòàâëÿþò

ñîáîé êîðîòêèå ìàññèâíûå öèëèíäðû. Äëèíà öè-

ëèíäðà ìåíüøå èõ íàðóæíîãî äèàìåòðà â ñåìü

ðàç. Â öåíòðå, âäîëü îñè ýòèõ öèëèíäðîâ, èìåþò-

ñÿ óãëóáëåíèÿ äëÿ çàêðåïëåíèÿ â íèõ ïóàíñîíîâ

15 è 16 âûñîêîãî äàâëåíèÿ.

Ìîäóëü 6 çàêðåïëåí íà ïîëîì öèëèíäðå 12

(ñì. ðèñ. 1) è ÿâëÿåòñÿ èçìåðèòåëüíûì äàò÷èêîì

(ðèñ. 2), ïðåîáðàçóþùèì ìåõàíè÷åñêèå ïàðàìåò-

ðû íàãðóæåíèÿ â ýëåêòðè÷åñêèé ñèãíàë.

Îí ñîñòîèò èç êîðïóñà 17, óïðóãîãî ñòåðæíÿ

18 è òåíçîðåçèñòîðîâ 19. Ïîñëåäíèå ïðèêëååíû ê

ïîâåðõíîñòè ñòåðæíÿ 18 òàêèì îáðàçîì, ÷òîáû èõ

íèòè áûëè ïàðàëëåëüíû åãî îñè. Îäèí êîíåö óï-

ðóãîãî ñòåðæíÿ 18 íåïîäâèæíî çàêðåïëåí â êîð-

ïóñå 17, à äðóãîé — ñâîáîäåí è èìååò íà òîðöå

âûïóêëóþ ñôåðè÷åñêóþ ïîâåðõíîñòü.

Öèëèíäð 12 (ñì. ðèñ. 1) ñîåäèíåí ñ ÷àñòüþ Ñ

êîðïóñà 14 ÷åðåç òîíêèé äèñê 13, ÿâëÿþùèéñÿ

ïðóæèíîé, êîòîðàÿ ñ íè÷òîæíî ìàëîé ñèëîé ïî-

ñòîÿííî ïðèæèìàåò êîðïóñ 17 ê ðû÷àãó 8. Òî÷êà

K ÿâëÿåòñÿ ïðîåêöèåé ëèíèè êîíòàêòà êîðïóñà

17 è ðû÷àãà 8. Ðû÷àã 8 íåïîäâèæåí îòíîñèòåëüíî

ïëóíæåðà 9, ïîýòîìó è ïîëîæåíèå äàò÷èêà 6 ïðè

îñåâîì äâèæåíèè ïëóíæåðà 9 îñòàåòñÿ íåèçìåí-

íûì îòíîñèòåëüíî ðû÷àãà 8.

Äàò÷èê 6 óñòàíîâëåí íà öèëèíäðå 12 òàêèì

îáðàçîì, ÷òîáû óïðóãèå ñòåðæíè 18 áûëè ðàñïî-

ëîæåíû ïî îáå ñòîðîíû îò ðû÷àãà 8 (ñì. ðèñ. 2).

Îñü óïðóãîãî ñòåðæíÿ ïåðïåíäèêóëÿðíà ïëîñêîé

ïîâåðõíîñòè ðû÷àãà. Óïðóãèé ñòåðæåíü 18 è ðû-

÷àã 8 íàõîäÿòñÿ â ïîñòîÿííîì êîíòàêòå â òî÷êàõ

M è N. Â ïðîöåññå íàãðóæåíèÿ èññëåäóåìîãî îá-

ðàçöà ïîëîæåíèÿ M è N — òî÷åê ïðèëîæåíèÿ

ñèëû âðàùåíèÿ íà ïëîñêîé ïîâåðõíîñòè ðû÷àãà

8 — îñòàþòñÿ íåèçìåííûìè.

Èññëåäóåìûé îáðàçåö 4 ñæèìàåòñÿ ïóàíñîíà-

ìè 15 è 16. Äëÿ ýòîãî ïëóíæåð 9 ïåðåìåùàåòñÿ ê

ïëóíæåðó 1, â ðåçóëüòàòå ÷åãî â çîíå íàãðóæåíèÿ

âîçíèêàåò âûñîêîå äàâëåíèå. Òîãäà ïëóíæåð 1, à

òàêæå è ïóàíñîí 15 íà÷èíàþò âðàùàòüñÿ ïî õîäó

(ÙCW) èëè/è ïðîòèâ õîäà (ÙC.CW) ÷àñîâîé ñòðåëêè.

Âåëè÷èíà ñèëû, íåîáõîäèìàÿ äëÿ âðàùåíèÿ

ïëóíæåðà 1, çàâèñèò îò äàâëåíèÿ, ñâîéñòâ èññëå-

äóåìîãî ìàòåðèàëà è õàðàêòåðèñòèê êîíòàêòíûõ

ïîâåðõíîñòåé â çîíå íàãðóæåíèÿ.

Ìîìåíò îò ñèëû âðàùåíèÿ ïóàíñîíà 16 ïûòà-

åòñÿ ïîâåðíóòü êîðïóñ 14 è ïëóíæåð 9 â íàïðàâ-

ëåíèè âðàùåíèÿ ïëóíæåðà 1. Ñîãëàñíî êîíñòðóê-

öèè ÓÑÍ ïëóíæåð 9 ìîæåò ïåðåìåùàòüñÿ òîëüêî

â îñåâîì íàïðàâëåíèè, ïîýòîìó è ÷àñòü A êîðïóñà

14 íå ñîâåðøàåò íèêàêèõ äðóãèõ ïåðåìåùåíèé,

êðîìå îñåâîãî. Ïîýòîìó îò äåéñòâèÿ ìîìåíòà êðó-

÷åíèÿ ïóàíñîíà 16 ïîâîðà÷èâàåòñÿ íà íåêîòîðûé

óãîë ÷àñòü C, óïðóãî äåôîðìèðóÿ ÷àñòü B. Âåëè-
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Ðèñ. 1. Ñõåìà óñòðîéñòâà äëÿ èçìåðåíèÿ ñèëû âðàùåíèÿ

ïóàíñîíà 16

Ðèñ. 2. Ñõåìà èçìåðèòåëüíîãî äàò÷èêà — ïðåîáðàçîâà-

òåëüíîãî ìîäóëÿ: 8 è 14 — òî æå, ÷òî íà ðèñ. 1



÷èíà óãëà ïîâîðîòà ÷àñòè C çàâèñèò îò ãåîìåòðè-

÷åñêèõ ðàçìåðîâ, ôîðìû è ñâîéñòâ ìàòåðèàëà

÷àñòè B. Äëèíó L è íàðóæíûé äèàìåòð D1 ÷àñòè

B îïðåäåëÿþò ñ ó÷åòîì íåñóùåé ñïîñîáíîñòè,

óñòîé÷èâîñòè è íåîáõîäèìîñòè ïîëó÷åíèÿ êàê

ìîæíî áîëüøåé óïðóãîé äåôîðìàöèè ïðè ìåíü-

øèõ âåëè÷èíàõ ìîìåíòà ñèëû âðàùåíèÿ.

Ïðè ïîâîðîòå ÷àñòè C òîðåö óïðóãîãî ñòåðæ-

íÿ 18, çàêðåïëåííûé íà êîðïóñå 17 äàò÷èêà 6, íå-

èçáåæíî äâèæåòñÿ ê ñâîáîäíîìó òîðöó, óïåðòîìó

â ïëîñêóþ ïîâåðõíîñòü ðû÷àãà 8 â òî÷êàõ ñîïðè-

êîñíîâåíèÿ M è N. Â ðåçóëüòàòå òàêîãî äåéñòâèÿ

óïðóãèé ñòåðæåíü 18 ñæèìàåòñÿ. Ýòà óïðóãàÿ äå-

ôîðìàöèÿ ïðåîáðàçóåòñÿ òåíçîðåçèñòîðàìè 19 â

ýëåêòðè÷åñêèé ñèãíàë. Çíàê ñèãíàëà íå çàâèñèò

îò íàïðàâëåíèÿ âðàùåíèÿ ïóàíñîíà 16, ïîñêîëü-

êó óïðóãèå ñòåðæíè 18 âñåãäà èñïûòûâàþò òîëü-

êî îñåâîå ñæàòèå.

Ïðè ïîâîðîòå ÷àñòè Ñ âîêðóã îáùåé îñè óñò-

ðîéñòâà íà íåêîòîðûé óãîë íèòè òåíçîðåçèñòîðà

19 äåôîðìèðóþòñÿ áîëüøå, ÷åì íèòè òåíçîðåçè-

ñòîðà 5, òàê êàê D2 > D1. Ïîýòîìó ïðè èçìåðåíèè

ñèëû êðó÷åíèÿ ïóàíñîíà 16 ÷óâñòâèòåëüíîñòü

äàò÷èêà 6 âûøå, ÷åì äàò÷èêà 5, è êîíòðîëèðóåò-

ñÿ ñîîòíîøåíèåì D2 ê D1 è óãëîì ðàñïîëîæåíèÿ

òåíçîðåçèñòîðîâ 5 íà ïîâåðõíîñòè ÷àñòè B ê îá-

ùåé îñè óñòðîéñòâà. Èçìåðèòåëüíûå õàðàêòåðè-

ñòèêè äàò÷èêîâ 5 è äàò÷èêà, îïèñàííîãî â ðàáîòå

[8], ïî÷òè àíàëîãè÷íû.

Äèàìåòð D2 ìîæåò áûòü äîñòàòî÷íî áîëüøèì,

÷òîáû îáåñïå÷èòü òðåáóåìóþ ÷óâñòâèòåëüíîñòü

ïðè èçìåðåíèè ìîìåíòà ñèëû êðó÷åíèÿ ïóàí-

ñîíà 16. Òåîðåòè÷åñêè äàò÷èê 6 ìîæíî óñòà-

íîâèòü íà ñêîëü óãîäíî áîëüøîì óäàëåíèè îò îñè

óñòðîéñòâà.

Îáùàÿ âûñîòà óñòðîéñòâà ñîñòàâëÿåò 352 ìì,

íàðóæíûé äèàìåòð öèëèíäðà 12 — 400 ìì, ðàñ-

ñòîÿíèå D2 ìåæäó äàò÷èêàìè 6 — 810 ìì, ìàêñè-

ìàëüíûé äèàìåòð ðàáî÷åé ïîâåðõíîñòè ïóàíñî-

íîâ 15 è 16 — 15 ìì, à ìèíèìàëüíûé äèàìåòð —

5 ìì. Ïîýòîìó â çàâèñèìîñòè îò óñëîâèé ýêñïåðè-

ìåíòà äèàìåòð îáðàçöà íàõîäèòñÿ â èíòåðâàëå îò

5 äî 15 ìì. Â îñîáûõ ñëó÷àÿõ ìàêñèìàëüíûå äèà-

ìåòðû ðàáî÷åé ïîâåðõíîñòè ïóàíñîíîâ, à ñëåäî-

âàòåëüíî, è íàãðóæàåìîãî îáðàçöà ìîãóò áûòü

áîëüøå 15 ìì.

Èññëåäîâàíèÿ ïðîâîäèëè íà îáðàçöå èç ìåäè

ìàðêè ÌÂ. Ïåðåä íà÷àëîì âðàùåíèÿ ïóàíñîíà 16

îáðàçåö ñæèìàëè ïóàíñîíàìè 15 è 16 äàâëåíèåì

5 ÃÏà. Äàâëåíèå îöåíèâàëè êàê ñðåäíåå — äåëå-

íèåì óñèëèÿ ñæàòèÿ îáðàçöà ìåäè íà ïëîùàäü

êîíòàêòèðóåìîé ïîâåðõíîñòè. Ñðåäíåå íàïðÿæå-

íèå, êîòîðîå âîçíèêàåò â ìåäè ïðè ïîâîðîòå ïó-

àíñîíà 16 íà 1,3°, ðàâíî 0,47 ÃÏà. Åãî îöåíèâàëè

äåëåíèåì ìîìåíòà êðó÷åíèÿ íà ïëàñòè÷åñêèé ïî-

ëÿðíûé ìîìåíò ñîïðîòèâëåíèÿ âñåãî ïîïåðå÷íî-

ãî ñå÷åíèÿ îáðàçöà.

Çàâèñèìîñòè ìîìåíòà êðó÷åíèÿ ïóàíñîíà 16

Mêð îò óãëà åãî ïîâîðîòà Ù, èçìåðåííûå äàò÷èêà-

ìè 5 è 6, ïðåäñòàâëåíû íà ðèñ. 3 êðèâûìè 1 è 2

ñîîòâåòñòâåííî.

Êðèâàÿ 1, ïîëó÷åííàÿ äàò÷èêîì 5, íàõîäèòñÿ

íèæå êðèâîé 2, çàïèñàííîé ñ ïîìîùüþ äàò÷èêà

6. Çàïèñü êðèâûõ Mêð(Ù) ýòèìè äàò÷èêàìè îñó-

ùåñòâëÿëàñü îäíîâðåìåííî, ÷òî ñâèäåòåëüñòâóåò

î òîì, ÷òî ÷óâñòâèòåëüíîñòü äàò÷èêà 6 âûøå, ÷åì

äàò÷èêà 5, â 11,4 ðàçà.

Òàêèì îáðàçîì, îïèñàíî óñòðîéñòâî, îáëàäàþ-

ùåå âûñîêîé ÷óâñòâèòåëüíîñòüþ è îáåñïå÷èâàþ-

ùåå êà÷åñòâåííîå èçìåðåíèå ìîìåíòà êðó÷åíèÿ â

ïðîöåññå íàãðóæåíèÿ îáðàçöà ìåòîäîì Ï. Áðèä-

æìåíà. Äëÿ ìàòåðèàëîâ, íàõîäÿùèõñÿ â ýêñòðå-

ìàëüíûõ óñëîâèÿõ íàãðóæåíèÿ, âûñîêàÿ ÷óâñòâè-

òåëüíîñòü óñòðîéñòâà ÿâëÿåòñÿ çíà÷èìîé õàðàê-

òåðèñòèêîé, ïîçâîëÿþùåé ïðàâèëüíî îïðåäåëèòü

èõ ìåõàíè÷åñêèå ñâîéñòâà.
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The International System of Units (SI) is the ac-

cepted set of units for all applications of measure-

ment worldwide. Since it was first given the name

SI nearly 60 years ago, improvements have been

agreed to it whenever it has been possible to exploit

advances in measurement technologies to address

new requirements.

In November 2018, the General Conference on

Weights and Measures is expected to agree one of

the most significant changes to the SI which will

base it on a set of definitions each linked to the

laws of physics. This historic change towards using

the laws of nature in the definitions will eliminate

the final link between the SI and definitions based

on physical artefacts. Following the revisions, the

kilogram will be linked to the exact value of the

Planck constant rather than the International Pro-

totype of the Kilogram, as sanctioned by the 1st

CGPM in 1889.

For over 200 years, a collective ambition for the

“metric system” has been to provide universality of

access to the agreed basis for worldwide measure-

ments. The definitions expected to be agreed in No-

vember will be a further step towards this goal.

They are based on the results of research into new

measurement methods that have used quantum

phenomena as the basis for standards that are fun-

damental. Great attention has been paid to ensure

that these new definitions will be compatible with

the current ones at the time the change is imple-

mented. The changes will be unnoticeable to all but

the most demanding users.

Whilst providing the necessary level of continu-

ity for existing users, the changes have the advan-

tage of being able to embrace future improvements

in measurement methods to meet the needs of fu-

ture users because they are based firmly on the

laws of physics. The new definitions will use ‘the

rules of nature to create the rules of measurement’

linking measurements at the atomic and quantum

scales to those at the macroscopic level.

As science and technology progress, the de-

mands for measurements to underpin new prod-

ucts and services will increase. Metrology is a dy-

namic branch of science and the steps taken by the

BIPM and the wider metrology community to ad-

vance the SI in 2018 will underpin these require-

ments and meet these needs for many years to

come.



CONSTANT EVOLUTION OF THE INTERNATIONAL SYSTEM OF UNITS (SI)

The theme chosen for World Metrology Day 2018

is Constant evolution of the International System

of Units (SI). This evolution is a culmination of

many years of work by a large number of dedicated

metrologists to determine the best method of rede-

fining several of the base SI units. This revision

will not directly impact legal metrology, since users

will be able to obtain traceability to the revised SI

from the same sources used at present. However, it

does mean that there will be a change in the way

we define certain units of measurement and,

in some cases, how traceability may ultimately be

established.

The revised SI will be entirely based on con-

stants of nature. While this may seem to be a big

change, it has in fact already happened several

times in the recent past, when both the second

(1967/68) and the metre (1983) were redefined

from being based on the earth’s movement and size

to being based on atomic and electromagnetic con-

stants.

The significance in this case is that certain con-

cepts that were taught to most of us at school and

which were up to now almost carved in stone, may

now change. The platinum-iridium (Pt-Ir) proto-

type that is kept under three locks in a vault near

Paris, will go into partial retirement after 137

years of service.

Certainly this will mark the end of an era. The

SI started out as the MKS system with human

sized standards based on what at that time were

considered to be invariants of nature: the rotation

of the earth, its size, and a weight originally

derived from a certain amount of water (later

agreed on as a specific amount of Pt-Ir). Better

measurements proved over time that those

invariants were not in fact as invariant as previ-

ously thought; that fact, together with the techno-

logical advances applied to measurements that

have gradually allowed for much more accurate re-

alization of the units, are the main reasons for the

change. Now the last of those original standards

will be replaced by a definition based on a funda-

mental constant of nature.

Although ‘Le Grand K’ is the most famous of

the SI artifacts, changes will also happen in other

units. The kelvin will no longer depend on a prop-

erty of water, the ampere will not be based on a def-

inition that is very difficult to realize, and the mole

will change to a more practical definition. In ad-

dition, the revised definitions of the kilogram,

ampere, kelvin and mole will have no impact on

the definitions of the second, the metre and the

candela.

As stated earlier, we do not expect there to be

an impact on legal metrology, but it is a significant

change in the thinking and the methods of all of us

who have been working with these units for many

years.

We invite you to take a few minutes to review

the many documents available on the BIPM web-

site related to this topic. We also hope you enjoy

celebrating World Metrology Day with us again this

year and look forward to once again marking the

importance that metrology plays in the activities of

our daily life.
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� Âëàäèìèð Èëüè÷ Äâîðêèí
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Ðàññìîòðåíû ñîâðåìåííîå ñîñòîÿíèå è ïåðñïåêòèâû êîìïüþòåðèçàöèè ëàáîðàòîðèé.

Â ñèëó ýêñïîíåíöèàëüíîãî ðîñòà áûñòðîäåéñòâèÿ è îáúåìà ïàìÿòè êîìïüþòåðîâ, à òàê-

æå èõ óäåøåâëåíèÿ. Èõ èñïîëüçîâàíèå â ëàáîðàòîðèÿõ ñòàëî îáûäåííûì ÿâëåíèåì.

Ïîìèìî ïðîãðàìì îáùåãî íàçíà÷åíèÿ òèïà Word èëè Excel øèðîêî èñïîëüçóþòñÿ ñïå-

öèàëüíî ðàçðàáîòàííûå ïðîãðàììû. Îñíîâíûìè èõ âèäàìè ÿâëÿþòñÿ LIMS (Laboratory

Information Management System, ËÈÑ) è ñïåöèàëèçèðîâàííûå êîìïüþòåðíûå ïðîãðàì-

ìû. Êàæäàÿ LIMS ïðåäñòàâëÿåò ñîáîé åäèíóþ ïðîãðàììó. Ñïåöèàëèçèðîâàííûõ ïðî-

ãðàìì â ëàáîðàòîðèè ìîæåò áûòü íåñêîëüêî, è êàæäàÿ èç íèõ îðèåíòèðîâàíà íà îïðåäå-

ëåííûé âèä äåÿòåëüíîñòè («êîìïüþòåðèçàöèÿ áëîêàìè»); îíè èñïîëüçóþòñÿ ÷àùå èç-çà

ïðîñòîòû, óäîáñòâà è íèçêîé ñòîèìîñòè. Â Ðîññèè øèðå âñåãî ðàñïðîñòðàíåíû ñïåöèà-

ëèçèðîâàííûå ïðîãðàììû QControl è DControl. Âñå âèäû ïðîãðàìì ñòàíîâÿòñÿ áîëåå è

áîëåå äîñòóïíûìè. Êîìïüþòåðèçàöèÿ çàòðàãèâàåò è ìåòðîëîãè÷åñêèå àñïåêòû äåÿòåëü-

íîñòè ëàáîðàòîðèé. Ãðàìîòíî íàïèñàííàÿ ïðîãðàììà ïîçâîëÿåò ëàáîðàòîðèÿì èñïîëü-

çîâàòü ñîâðåìåííûå ïîäõîäû (âêëþ÷àÿ ñëîæíûå ñòàòèñòè÷åñêèå ðàñ÷åòû, âåäåíèå êîíò-

ðîëüíûõ êàðò è ò.ä.) ïî÷òè áåç çàòðàò âðåìåíè è íå èìåÿ â øòàòå êâàëèôèöèðîâàííûõ

ìåòðîëîãîâ è ñòàòèñòèêîâ. Ïî ðåçóëüòàòàì èçìåðåíèé ïðîãðàììà ðàññ÷èòûâàåò ðåçóëü-

òàòû àíàëèçà (âêëþ÷àÿ ãðàäóèðîâêó è ïðîâåðêó ïðèåìëåìîñòè), âûïîëíÿåò êîíòðîëü

ñòàáèëüíîñòè èçìåðåíèé, à òàêæå âàëèäàöèþ è âåðèôèêàöèþ ìåòîäèêè. Â îáîçðèìîì

áóäóùåì êîìïüþòåðèçàöèÿ îõâàòèò ïî÷òè âñå ëàáîðàòîðèè, ïðè÷åì áóäóò ïðåîáëàäàòü

ñïåöèàëèçèðîâàííûå ïðîãðàììû è ïðîñòûå LIMS. Øèðîêîå âíåäðåíèå ìåòðîëîãè÷å-

ñêèõ è ìíîãèõ äðóãèõ íîâàöèé áóäåò ïðîèñõîäèòü ÷åðåç èõ âêëþ÷åíèå â êîìïüþòåðíûå

ïðîãðàììû.

Êëþ÷åâûå ñëîâà: êîìïüþòåðèçàöèÿ ëàáîðàòîðèé; LIMS; ñïåöèàëèçèðîâàííûå êîìïü-

þòåðíûå ïðîãðàììû.

COMPUTERIZATION OF LABORATORIES.

CURRENT STATE AND METROLOGICAL ASPECTS

� Vladimir I. Dvorkin

A. V. Topchiev Institute of Petrochemical Synthesis of the RAS, Moscow, Russia; e-mail: dvorkin@ips.ac.ru

Submitted January 16, 2018.

Current state and prospects of computerization of laboratories are considered. An exponential growth

in the speed and storage space of computers, as well as their cheapening obey “Moore’s law.” The use of

computers in laboratories has become commonplace, the corresponding programs are being improved

and become more accessible. Programmers have ceased to think about computer speed and memory

savings. Operations are executed instantly, and laboratory information gained throughout many years

can be saved on a common hard disk. In addition to general-purpose programs such as Word or Excel a

number of the software of special duty are developed and widely used: LIMS (Laboratory Information

Management System) and special computer programs. Each LIMS is a consistent program. The labora-

tory may use several special programs, each of them being focused on a certain type of activity (“com-

puterization by blocks”). Those types of programs are used most often because of their simplicity, con-

venience and low cost. QControl and DControl programs are most common in Russia. All kinds of pro-

grams become more and more accessible. Computerization also touches the metrological aspects of the

laboratory activity. Correctly written program provides using modern approaches (including complex

statistical calculations, Shewhart charts, etc.) almost without special staff training. By entering the re-

sults of measurements into the computer and pressing the desired key, the lab technician performs

data processing (including calibration and acceptance testing) and control of the stability of measure-
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ments, and, if desired, validation and verification of the procedure. In the foreseeable future, computer-

ization will cover almost all laboratories, with specialized programs and simple LIMSs prevailing. The

widespread introduction of metrological and other innovations will occur through their incorporation

into computer programs.

Keywords: computerization of laboratories, LIMS, specialized software.

Êîìïüþòåðèçàöèÿ íàðÿäó ñ ðàçðàáîòêîé íîâûõ è

ñîâåðøåíñòâîâàíèåì èìåþùèõñÿ ìåòîäîâ èçìå-

ðåíèé ÿâëÿåòñÿ ìàãèñòðàëüíûì ïóòåì ðàçâèòèÿ

ëàáîðàòîðèé. Ñ ðàçâèòèåì ëàáîðàòîðíîãî äåëà,

âêëþ÷àÿ èçìåíåíèÿ â ìåòðîëîãè÷åñêèõ àñïåêòàõ

äåÿòåëüíîñòè ëàáîðàòîðèé, ìåíÿþòñÿ è íàïðàâ-

ëåíèÿ êîìïüþòåðèçàöèè êàê â àïïàðàòóðíîì åå

îôîðìëåíèè, òàê è â ïðîãðàììíîì îáåñïå÷åíèè.

Ðàíåå [1] íàìè áûëî îöåíåíî ñîñòîÿíèå â ýòîé

îáëàñòè íà 2008 ã. Íèæå ñäåëàíà ïîïûòêà ïðî-

àíàëèçèðîâàòü ñîâðåìåííóþ ñèòóàöèþ, à òàêæå

èçëîæåíà íàøà òî÷êà çðåíèÿ íà ïåðñïåêòèâû

ïðèìåíåíèÿ âû÷èñëèòåëüíîé òåõíèêè â àíàëè-

òè÷åñêèõ è èñïûòàòåëüíûõ ëàáîðàòîðèÿõ. Ïðè

ýòîì ìû áóäåì â îñíîâíîì ðàññìàòðèâàòü êîìïü-

þòåðíûå ïðîãðàììû, ïðåäíàçíà÷åííûå äëÿ ðå-

øåíèÿ îáùåëàáîðàòîðíûõ çàäà÷, è íå áóäåì êà-

ñàòüñÿ ñïåöèàëèçèðîâàííûõ ìåòðîëîãè÷åñêèõ ëà-

áîðàòîðèé (òàêèõ, êàê ëàáîðàòîðèè ìåòðîëîãè÷å-

ñêèõ ÍÈÈ).

Äëÿ êàêèõ öåëåé â ëàáîðàòîðèÿõ ìîãóò

ïðèìåíÿòüñÿ (è ïðèìåíÿþòñÿ)

êîìïüþòåðíûå ïðîãðàììû?

Èñõîäÿ èç ïðèðîäû ëàáîðàòîðíûõ èññëåäîâà-

íèé, à òàêæå ñ ó÷åòîì ñîâðåìåííûõ òðåáîâàíèé ê

îáåñïå÷åíèþ èõ êà÷åñòâà [2, 3] ìîæíî âûäåëèòü

îñíîâíûå âèäû ëàáîðàòîðíîé äåÿòåëüíîñòè, ïîä-

ëåæàùèå êîìïüþòåðèçàöèè:

óïðàâëåíèå ïðèáîðàìè è ïîëó÷åíèå ñèãíàëà

(àíàëèòè÷åñêîãî ñèãíàëà â õèìè÷åñêîì àíàëèçå);

ãðàäóèðîâêà ìåòîäèê èçìåðåíèé (ÌÈ);

ðàñ÷åò ðåçóëüòàòîâ èçìåðåíèé, âêëþ÷àÿ ïðî-

âåðêó èõ ïðèåìëåìîñòè;

îöåíêà ìåòðîëîãè÷åñêèõ õàðàêòåðèñòèê ìåòî-

äèê ïðè èõ ïîñòàíîâêå â ëàáîðàòîðèè («âåðèôè-

êàöèÿ»);

êîíòðîëü ñòàáèëüíîñòè ðåçóëüòàòîâ è äðóãèå

ñïîñîáû âíóòðèëàáîðàòîðíîãî êîíòðîëÿ;

ðåãèñòðàöèÿ ïîñòóïàþùèõ â ëàáîðàòîðèþ

ïðîá è îòñëåæèâàíèå èõ äâèæåíèÿ âíóòðè ëàáî-

ðàòîðèè;

ïîäãîòîâêà ïðîòîêîëîâ è ïåðåäà÷à èõ çàêàç-

÷èêàì èññëåäîâàíèé;

ó÷åò è õðàíåíèå äîêóìåíòîâ, èçìåíåíèé è äî-

ïîëíåíèé ê íèì, àðõèâíûõ êîïèé;

âåäåíèå ñïèñêîâ çàêàç÷èêîâ è ñóáïîäðÿä-

÷èêîâ;

ó÷åò ðåàêòèâîâ, ìàòåðèàëîâ è ñòàíäàðòíûõ

îáðàçöîâ;

ó÷åò è êîíòðîëü ñîñòîÿíèÿ îáîðóäîâàíèÿ

(ñðåäñòâ èçìåðåíèé, èñïûòàòåëüíîãî è âñïîìîãà-

òåëüíîãî îáîðóäîâàíèÿ), â òîì ÷èñëå ïîâåðêà

ñðåäñòâ èçìåðåíèé;

ó÷åò ñîòðóäíèêîâ è ñëåæåíèå çà ñâîåâðåìåí-

íîñòüþ ïîâûøåíèÿ èìè êâàëèôèêàöèè;

ðåãèñòðàöèÿ ïðåòåíçèé è êîððåêòèðóþùèõ

äåéñòâèé, ïëàíèðîâàíèå è êîíòðîëü ðåçóëüòàòîâ

âíóòðåííèõ ïðîâåðîê è àíàëèçà ñî ñòîðîíû ðóêî-

âîäñòâà;

õðàíåíèå è ïå÷àòü èíôîðìàöèè êàê äëÿ èñ-

ïîëüçîâàíèÿ â ñàìîé ëàáîðàòîðèè, òàê è äëÿ

âíåøíèõ îðãàíèçàöèé (íàïðèìåð, ïðè àêêðå-

äèòàöèè).

Êðîìå òîãî, èñïîëüçîâàíèå êîìïüþòåðîâ

âåñüìà ïîëåçíî ïðè ðàñ÷åòàõ, âûïîëíÿåìûõ ïðè

àòòåñòàöèè ìåòîäèê õèìè÷åñêîãî àíàëèçà (âà-

ëèäàöèè).

Ðàññìîòðèì ïåðå÷èñëåííûå çàäà÷è ñ ïîçèöèé

âîçìîæíîñòè è ïîëåçíîñòè èõ êîìïüþòåðèçàöèè.

Óïðàâëåíèå ïðèáîðàìè è ïîëó÷åíèå ñèãíà-

ëà — òðàäèöèîííàÿ ñôåðà ïðèìåíåíèÿ âû÷èñëè-

òåëüíîé òåõíèêè. Êîìïüþòåðèçàöèÿ ïðèáîðîâ,

âêëþ÷àþùàÿ â ñåáÿ óïðàâëåíèå ïðèáîðàìè, ðå-

ãèñòðàöèþ àíàëèòè÷åñêîãî ñèãíàëà (à òàêæå,

âî ìíîãèõ ñëó÷àÿõ, ðàñ÷åò ðåçóëüòàòîâ èçìåðå-

íèé) èíòåíñèâíî ðàçâèâàåòñÿ. Èñïîëüçóþòñÿ è

ñïåöèàëèçèðîâàííûå ÷èïû è êîìïüþòåðû, ÿâ-

ëÿþùèåñÿ íåîòúåìëåìîé ÷àñòüþ ïðèáîðîâ è óñò-

ðîéñòâ, è îáû÷íûå ïåðñîíàëüíûå êîìïüþòåðû.

Ìû íå áóäåì èõ ðàññìàòðèâàòü.

Ãðàäóèðîâêà ìåòîäèê âûïîëíåíèÿ èçìåðå-

íèé è ðàñ÷åò èõ ðåçóëüòàòîâ, âêëþ÷àÿ ïðîâåðêó

ïðèåìëåìîñòè, âî ìíîãèõ ñëó÷àÿõ êîìïüþòåðè-

çèðóþòñÿ âìåñòå ñ àíàëèòè÷åñêèì ïðèáîðîì (ñì.

âûøå). Îäíàêî â áîëüøèíñòâå ëàáîðàòîðèé ïðè-

ìåíÿþòñÿ (è áóäóò ïðèìåíÿòüñÿ â îáîçðèìîì áó-

äóùåì) ìåòîäèêè, â êîòîðûõ ïî ýêîíîìè÷åñêèì

èëè äðóãèì ïðè÷èíàì íå èñïîëüçóþòñÿ êîìïüþ-

òåðèçèðîâàííûå ïðèáîðû. Òàê îáñòîèò äåëî,

íàïðèìåð, ñ âîëþìåòðèåé. Âû÷èñëèòåëüíàÿ òåõ-

íèêà ïðè ýòîì íóæíà äëÿ óïðîùåíèÿ ðàáîòû,

îñîáåííî äëÿ ðåàëèçàöèè ðàçëè÷íûõ âàðèàíòîâ

èñïîëüçóåìîãî ïðè ãðàäóèðîâêå ìåòîäà íàèìåíü-

øèõ êâàäðàòîâ. À ïðè ïðîâåðêå ïðèåìëåìîñòè

ðåçóëüòàòîâ èçìåðåíèé [3] áåç êîìïüþòåðà íåîá-

õîäèìî äåðæàòü â ïàìÿòè èëè ðàññ÷èòûâàòü

ñòàíäàðòíîå îòêëîíåíèå ïîâòîðÿåìîñòè (ñõîäè-

ìîñòè) è ñâÿçàííûå ñ íèì âåëè÷èíû äëÿ ðàçíûõ
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ïîääèàïàçîíîâ îïðåäåëÿåìûõ êîíöåíòðàöèé èñ-

ïîëüçóåìûõ ìåòîäèê (ñì. íèæå).

Âåðèôèêàöèþ ÌÈ, êîíòðîëü èõ ñòàáèëü-

íîñòè [3] è äðóãèå âèäû âíóòðèëàáîðàòîðíîãî

êîíòðîëÿ [4] ïðàêòè÷åñêè íåâîçìîæíî âûïîë-

íÿòü áåç èñïîëüçîâàíèÿ êîìïüþòåðà â ðåæèìå ðå-

àëüíîãî âðåìåíè. Ïîìèìî äîñòàòî÷íî ñëîæíûõ

ñòàòèñòè÷åñêèõ ðàñ÷åòîâ, ïðè êîòîðûõ íåîáõîäè-

ìî èñïîëüçîâàòü òàáëè÷íûå çíà÷åíèÿ ñòàòèñòè-

÷åñêèõ ôóíêöèé è ïðèïèñàííûå õàðàêòåðèñòèêè

ÌÈ, íåîáõîäèìî âåñòè ìíîæåñòâî êîíòðîëüíûõ

êàðò, ïðè ýòîì îòñëåæèâàÿ ñîñòîÿíèå êàæäîé èç

íèõ è ïåðèîäè÷åñêè óòî÷íÿÿ êîíòðîëüíûå ïðåäå-

ëû [5]. Ïîïûòêè äåëàòü ýòî âðó÷íóþ (à êàðòû ðè-

ñîâàòü íà ìèëëèìåòðîâîé áóìàãå) ïî÷òè âñåãäà

çàêàí÷èâàþòñÿ íåóäà÷åé.

Ðåãèñòðàöèÿ ïîñòóïàþùèõ â ëàáîðàòîðèþ

ïðîá, èõ êîäèðîâàíèå, îòñëåæèâàíèå äâèæåíèÿ

ïðîáû â ëàáîðàòîðèè (îñîáåííî êîãäà äëÿ åå èñ-

ñëåäîâàíèÿ ïðèìåíÿþò ìíîãî ðàçíûõ ÌÈ), ïîä-

ãîòîâêà ïðîòîêîëîâ — íå ñëèøêîì ñëîæíûå

ïðîöåäóðû ïðè èõ âûïîëíåíèè âðó÷íóþ. Îäíàêî

ïðèìåíåíèå êîìïüþòåðîâ ïîçâîëÿåò ïîâûñèòü

íàäåæíîñòü ýòèõ îïåðàöèé (óìåíüøèòü ÷èñëî

îøèáîê, ïðîèñõîäÿùèõ íà ýòàïàõ ïîñòóïëåíèÿ

ïðîá â ëàáîðàòîðèþ è âûïèñêè ðåçóëüòàòîâ) è

äàåò îãðîìíûé âûèãðûø äëÿ èíòåíñèâíî ðàáî-

òàþùèõ ëàáîðàòîðèé.

Âåäåíèå ëàáîðàòîðíîé äîêóìåíòàöèè, ñâÿ-

çàííîé ñ ñèñòåìîé êà÷åñòâà ëàáîðàòîðèè, õðà-

íåíèå è ïå÷àòü ñîäåðæàùåéñÿ â íåé èíôîðìà-

öèè òàêæå ðåçêî óñëîæíÿþòñÿ ïðè óâåëè÷åíèè

ðàçìåðîâ ëàáîðàòîðèè. Â îòñóòñòâèå êîìïüþòå-

ðèçàöèè îñíîâíóþ ñëîæíîñòü ïðåäñòàâëÿåò íåîá-

õîäèìîñòü öåíòðàëèçîâàííîãî âåäåíèÿ áîëüøîãî

÷èñëà æóðíàëîâ ïðè äåöåíòðàëèçàöèè ìíîãèõ

ôóíêöèé (ðàáîòà ñ äîêóìåíòàìè, ó÷åò ðåàêòèâîâ

è ñòàíäàðòíûõ îáðàçöîâ, ïîâåðêà ïðèáîðîâ è

ò.ä.). Îòäåëüíàÿ ïðîáëåìà — êîíòðîëü ñâîåâðå-

ìåííîñòè äåéñòâèé ïî çàêóïêå ðåàêòèâîâ, ïîâåð-

êå ñðåäñòâ èçìåðåíèé, îáó÷åíèþ ñîòðóäíèêîâ è

ïð. Ïðè âûïîëíåíèè ñîâðåìåííûõ òðåáîâàíèé

[2, 6], îáÿçàòåëüíûõ äëÿ àêêðåäèòîâàííûõ ëàáî-

ðàòîðèé, îáúåì ýòîé äåÿòåëüíîñòè âîçðàñòàåò, è â

êðóïíûõ ëàáîðàòîðèÿõ â îòñóòñòâèå êîìïüþòåðè-

çàöèè äëÿ ýòîãî ïðèõîäèòñÿ âûäåëÿòü ñïåöèàëü-

íûõ ñîòðóäíèêîâ.

Òàêèì îáðàçîì, ïðàêòè÷åñêè âñå âèäû äåÿ-

òåëüíîñòè ñîâðåìåííîé ëàáîðàòîðèè ïîääàþòñÿ

êîìïüþòåðèçàöèè, è ìû âèäèì, ÷òî ïðîöåññ îñíà-

ùåíèÿ ëàáîðàòîðèé êîìïüþòåðíîé òåõíèêîé

èäåò âåñüìà àêòèâíî.

Êàêîâî ñîâðåìåííîå ñîñòîÿíèå

êîìïüþòåðèçàöèè ëàáîðàòîðèé?

Âàæíåéøèì ôàêòîðîì, îïðåäåëÿþùèì ñîâðå-

ìåííîå ïîëîæåíèå äåë â ýòîé îáëàñòè, ÿâëÿåòñÿ

ïðîäîëæàþùååñÿ äåéñòâèå «çàêîíà Ìóðà» — ýì-

ïèðè÷åñêîãî íàáëþäåíèÿ, ñîãëàñíî êîòîðîìó ÷èñ-

ëî òðàíçèñòîðîâ íà åäèíèöå ïëîùàäè êðåìíèå-

âîãî êðèñòàëëà óäâàèâàåòñÿ êàæäûå äâà ãîäà.

Èç-çà ýòîãî ïðîèñõîäèò ýêñïîíåíöèàëüíûé ðîñò

áûñòðîäåéñòâèÿ è îáúåìà ïàìÿòè êîìïüþòåðîâ

ñ îäíîâðåìåííûì èõ óäåøåâëåíèåì. Â ðåçóëüòà-

òå èñïîëüçîâàíèå êîìïüþòåðîâ â ëàáîðàòîðèÿõ

ñòàëî îáûäåííûì ÿâëåíèåì (ñòîèìîñòü îáû÷íîãî

êîìïüþòåðà ñîñòàâëÿåò íåñêîëüêî òûñÿ÷ ðóáëåé,

à ëàáîðàòîðíóþ ñåòü, îõâàòûâàþùóþ âñå ïîìå-

ùåíèÿ òèïè÷íîé ëàáîðàòîðèè, ìîæíî ïîñòðîèòü

çà 100 – 300 òûñ. ðóáëåé, ÷òî ñîîòâåòñòâóåò öåíå

ñðåäíåãî ñïåêòðîôîòîìåòðà).

Ñ äðóãîé ñòîðîíû, ïðîãðàììèñòû ïåðåñòàëè

äóìàòü î áûñòðîäåéñòâèè ïðîãðàìì è îá ýêîíî-

ìèè ïàìÿòè. Âñå îïåðàöèè (ðàñ÷åòû, ïîñòðîåíèå

èçîáðàæåíèé è ò.ä.) ñîâåðøàþòñÿ ìãíîâåííî,

à ëàáîðàòîðíàÿ èíôîðìàöèÿ çà ìíîãèå ãîäû ðà-

áîòû ëåãêî óìåùàåòñÿ íà îáû÷íîì æåñòêîì äèñ-

êå. Íà ïåðâûé ïëàí âûõîäÿò èñïîëüçóåìûå â ëà-

áîðàòîðèÿõ ïðîãðàììû, ïðàêòè÷åñêè ïîëíîñòüþ

îïðåäåëÿþùèå ñòîèìîñòü êîìïüþòåðèçàöèè.

Èñïîëüçóåìûå â ëàáîðàòîðèÿõ êîìïüþòåð-

íûå ïðîãðàììû îáùåãî íàçíà÷åíèÿ ìîæíî óñëîâ-

íî ðàçäåëèòü íà òðè ãðóïïû (ðèñ. 1):

LIMS (Laboratory Information Management

Systems)2 — ïðîãðàììíûå (èíîãäà — ïðîãðàìì-

íî-àïïàðàòíûå) êîìïëåêñû, êàæäûé èç êîòîðûõ

ïûòàåòñÿ îõâàòèòü âñå ñòîðîíû äåÿòåëüíîñòè

ëàáîðàòîðèè;

ñïåöèàëèçèðîâàííûå ïðîãðàììû, êàæäàÿ èç

êîòîðûõ ïðåäíàçíà÷åíà äëÿ ðåøåíèÿ òåõ èëè

èíûõ êîíêðåòíûõ çàäà÷ (êîìïüþòåðèçàöèÿ
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Ðèñ. 1. Êëàññèôèêàöèÿ ïðîãðàìì äëÿ êîìïüþòåðèçàöèè

ëàáîðàòîðèé

2 Â îòå÷åñòâåííîé ëèòåðàòóðå èñïîëüçóþòñÿ àááðåâèàòó-

ðû ËÈÑ (ëàáîðàòîðíûå èíôîðìàöèîííûå ñèñòåìû) è

ËÈÓÑ (ëàáîðàòîðíûå èíôîðìàöèîííî-óïðàâëÿþùèå

ñèñòåìû).



«áëîêàìè»)3. Ïîä áëîêàìè çäåñü ïîíèìàþòñÿ

âèäû äåÿòåëüíîñòè â ëàáîðàòîðèè: ðàáîòà ñ îá-

ðàçöàìè è ãåíåðàöèÿ ïðîòîêîëîâ, ïðîâåäåíèå èñ-

ñëåäîâàíèé, âåäåíèå äîêóìåíòàöèè è ò.ä.;

«îôèñíûå» ïðîãðàììû, íàçâàííûå íàìè òàê

ïîòîìó, ÷òî îíè ëèáî âõîäÿò â ñîñòàâ ïàêåòà

Microsoft Office (Microsoft Corporation, ÑØÀ),

íàèáîëåå ðàñïðîñòðàíåííîãî â Ðîññèè, ëèáî

àíàëîãè÷íû èì. Òàê, ïðîãðàììó Microsoft Word

÷àñòî èñïîëüçóþò ïðè ïîäãîòîâêå ïðîòîêîëîâ èñ-

ñëåäîâàíèé (ïðåäâàðèòåëüíî ñîçäàâ ñîîòâåò-

ñòâóþùèå øàáëîíû), íà îñíîâå ïðèëîæåíèé ê

Microsoft Excel ñîçäàþò ìèíè-ïðîãðàììó äëÿ âå-

äåíèÿ êîíòðîëüíûõ êàðò è ò.ä. Ðàññìîòðèì äîñòî-

èíñòâà è íåäîñòàòêè êàæäîãî êëàññà ïðîãðàìì.

LIMS. Îáùåå îïèñàíèå LIMS ïðèâåäåíî â

ñòàíäàðòå [7]. Íà ðûíêå ïðåäñòàâëåíî íåñêîëüêî

äåñÿòêîâ ïîäîáíûõ ïðîãðàìì. Â Ðîññèè èñïîëüçó-

þòñÿ êàê àäàïòèðîâàííûå çàðóáåæíûå LIMS, òàê

è ïðîãðàììû îòå÷åñòâåííîé ðàçðàáîòêè, ïðè÷åì

ïîÿâëÿþòñÿ âñå íîâûå, íî âñå îíè ïðåòåíäóþò íà

îõâàò âñåõ èëè áîëüøèíñòâà âûøåïåðå÷èñëåí-

íûõ âèäîâ ëàáîðàòîðíîé äåÿòåëüíîñòè. Ïîýòîìó

ïðè âçàèìîäåéñòâèè ðàçíûõ ÷àñòåé ïðîãðàììû

âîçíèêàåò îãðîìíîå ÷èñëî ñâÿçåé ìåæäó íèìè.

Âñå ýòî íå òîëüêî ïðèâîäèò ê î÷åíü ñëîæíûì ñèñ-

òåìàì, íî äàæå çàñòàâëÿåò èñïîëüçîâàòü ñïåöè-

àëüíóþ òåðìèíîëîãèþ, íå èñïîëüçóåìóþ îáû÷íî

â ëàáîðàòîðèÿõ [8]. Âñëåäñòâèå ýòîãî LIMS, íå-

ñîìíåííûì ïðåèìóùåñòâîì êîòîðûõ ÿâëÿåòñÿ

ïîëíàÿ èëè ïî÷òè ïîëíàÿ êîìïüþòåðèçàöèÿ äåÿ-

òåëüíîñòè ëàáîðàòîðèè, èìåþò ñóùåñòâåííûå

íåäîñòàòêè:

âûñîêàÿ íà÷àëüíàÿ ñòîèìîñòü ñèñòåìû (îò

2 ìëí ðóáëåé);

íåîáõîäèìîñòü ñåðüåçíîãî îáó÷åíèÿ ñîòðóä-

íèêîâ ëàáîðàòîðèè, òàê êàê îáû÷íîãî âëàäåíèÿ

êîìïüþòåðîì íà óðîâíå ïîëüçîâàòåëÿ äëÿ ðàáîòû

ñ ïðîãðàììîé íåäîñòàòî÷íî;

íåîáõîäèìîñòü ñóùåñòâåííîé ïåðåíàñòðîéêè

ïðîãðàììû ïðè èçìåíåíèÿõ â ðàáîòå ëàáîðàòî-

ðèè, íàïðèìåð, ïðè ðåîðãàíèçàöèè èëè ïîÿâëå-

íèè íîâûõ ìåòîäîâ èññëåäîâàíèé. Ïðè ýòîì íå-

îáõîäèìî ó÷àñòèå ñïåöèàëèñòîâ ôèðìû-ïðîèçâî-

äèòåëÿ, ÷òî âåäåò ê äîïîëíèòåëüíûì ðàñõîäàì.

Ïî ìíåíèþ ðàçðàáîò÷èêîâ LIMS, âûñîêèå çà-

òðàòû íà èõ óñòàíîâêó è ýêñïëóàòàöèþ ìîãóò

îêóïàòüñÿ (ñì., íàïðèìåð, [9]) çà ñ÷åò ñëåäóþùèõ

ôàêòîðîâ:

ñîêðàùåíèå ïåðñîíàëà çà ñ÷åò áîëåå ýôôåê-

òèâíîãî èñïîëüçîâàíèÿ îñòàâøèõñÿ ñîòðóäíèêîâ;

îïòèìèçàöèÿ èñïîëüçîâàíèÿ îáîðóäîâàíèÿ.

Êðîìå òîãî, ÷àñòî ïîëàãàþò, ÷òî ïðè èñïîëü-

çîâàíèè LIMS óìåíüøàåòñÿ êîëè÷åñòâî îøèáîê

ïðè ðåãèñòðàöèè äàííûõ.

Îäíàêî îæèäàåìîé ýêîíîìèè ïîñëå âíåäðå-

íèÿ LIMS íå ïðîèñõîäèò. Â ñòàáèëüíî ðàáîòàþ-

ùåé ëàáîðàòîðèè íå óäàåòñÿ ñîêðàòèòü øòàòû,

òàê êàê âñå è òàê áîëåå èëè ìåíåå çàãðóæåíû

(à èìåþùàÿñÿ ñïåöèàëèçàöèÿ èñïîëíèòåëåé íå

ïîçâîëÿåò ñâîáîäíî ïåðåáðàñûâàòü èõ ñ îäíîãî

âèäà èññëåäîâàíèé íà äðóãîé), à ýêñïëóàòàöèÿ

LIMS åùå è òðåáóåò ñïåöèàëüíîãî ïåðñîíàëà.

Äàæå åñëè â ðåçóëüòàòå âíåäðåíèÿ LIMS â î÷åíü

êðóïíûõ ëàáîðàòîðèÿõ è óäàåòñÿ ñîêðàòèòü ðÿäî-

âîãî ñîòðóäíèêà, ïðè ñóùåñòâóþùåì óðîâíå îï-

ëàòû òðóäà ýòî ïðàêòè÷åñêè íå âëèÿåò íà îêóïàå-

ìîñòü ñèñòåìû. Íå óäàåòñÿ è óìåíüøèòü êîëè÷å-

ñòâî ïðèáîðîâ — åñòü LIMS èëè íåò, èçìåðåíèÿ

âñå ðàâíî íàäî ïðîâîäèòü. Ýêñòðåííûå ñèòóàöèè

óñïåøíî ðàçðåøàþòñÿ îïûòíûìè ðóêîâîäèòåëÿ-

ìè áåç âñÿêèõ êîìïüþòåðîâ. Òàêàÿ ñèòóàöèÿ ñî-

õðàíèòñÿ è â îáîçðèìîì áóäóùåì.

Îòäåëüíî ðàññìîòðèì âîïðîñ îá îøèáêàõ ïðè

ðåãèñòðàöèè ðåçóëüòàòîâ èçìåðåíèé. Êîíå÷íî,

ïðè íåïîñðåäñòâåííîì ïîäêëþ÷åíèè âñåõ ïðèáî-

ðîâ ê LIMS ââîäèòü äàííûå âðó÷íóþ íå íàäî. Îä-

íàêî ýòî äîðîãî è íå âñåãäà âîçìîæíî. Êðîìå

òîãî, âî ìíîãèõ ñôåðàõ (íàïðèìåð, â ôàðìàêîëî-

ãè÷åñêèõ ëàáîðàòîðèÿõ) ôèêñàöèÿ ïåðâè÷íûõ ðå-

çóëüòàòîâ èçìåðåíèé íà áóìàãå ñ «æèâîé» ïîäïè-

ñüþ èñïîëíèòåëÿ îáÿçàòåëüíà. Ïîýòîìó ðåçóëüòà-

òû èçìåðåíèé ÷àùå âñåãî ââîäÿòñÿ ñ êëàâèàòóðû.

Êîëè÷åñòâî îøèáîê ïðè ðó÷íîì ââîäå íåâåëèêî,

è îíè â áîëüøèíñòâå ñëó÷àåâ âûÿâëÿþòñÿ ïðè

ïðîâåðêå ïðèåìëåìîñòè ðåçóëüòàòîâ èçìåðåíèé

ëèáî ïðè ïîäãîòîâêå ïðîòîêîëîâ. Òàêèì îáðàçîì,

âíåäðåíèå LIMS ìàëî âëèÿåò íà ÷èñëî òàêîãî

ðîäà îøèáîê.

Èç ñêàçàííîãî ïîíÿòíî, ÷òî âíåäðåíèå LIMS

îáû÷íî ýêîíîìè÷åñêè íåýôôåêòèâíî. Ïîýòîìó

ðåàëüíî èõ èñïîëüçóåò íåáîëüøîé ïðîöåíò ëàáî-

ðàòîðèé êðóïíûõ ïðåäïðèÿòèé, êîòîðûå è îïëà-

÷èâàþò èçäåðæêè.

Ñïðàâåäëèâîñòè ðàäè îòìåòèì, ÷òî â ïîñëåä-

íåå âðåìÿ íà ðûíêå ïîÿâèëèñü ïðîñòûå è íåäîðî-

ãèå LIMS (ñì. íèæå).

Ñïåöèàëèçèðîâàííûå ïðîãðàììû (êîìïüþ-

òåðèçàöèÿ «áëîêàìè») íàèáîëåå ðàñïðîñòðàíå-

íû. Ýòî ëèáî ñàìîñòîÿòåëüíûå ïðîãðàììû, ëèáî

«óñå÷åííûå» âàðèàíòû LIMS. Êàê óæå áûëî ñêà-

çàíî, ýòè ïðîãðàììû ïðåäíàçíà÷åíû äëÿ êîìïü-

þòåðèçàöèè ëèøü ÷àñòè ïåðå÷èñëåííûõ âûøå

âèäîâ äåÿòåëüíîñòè ëàáîðàòîðèé. Êîíå÷íî, ñóùå-

ñòâóþò ïðîñòûå ïðîãðàììû, ðåøàþùèå óçêèå çà-

äà÷è (íàïðèìåð, ðàñ÷åò ãðàäóèðîâî÷íîé õàðàêòå-

ðèñòèêè èëè âåäåíèå êîíòðîëüíûõ êàðò), íî îíè

ïîñòåïåííî èñ÷åçàþò. Ñîâðåìåííàÿ ñïåöèàëèçè-
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3 Èíîãäà ñïåöèàëèçèðîâàííûå ïðîãðàììû ýòîé ãðóïïû

íàçûâàþ òàêæå «mini-LIMS», ïðîãðàììàìè òèïà «Ëàáî-

ðàòîðíûé æóðíàë» è ò.ä.



ðîâàííàÿ êîìïüþòåðíàÿ ïðîãðàììà ðåøàåò êîì-

ïëåêñ çàäà÷.

Êàê æå óñòðîåíû ñîâðåìåííûå ñïåöèàëèçèðî-

âàííûå ïðîãðàììû?

Ñ ó÷åòîì ñïåöèôèêè ðàçíûõ âèäîâ äåÿòåëü-

íîñòè â ëàáîðàòîðèè, ïåðå÷èñëåííûõ âûøå, èõ

ìîæíî îáúåäèíèòü â ãðóïïû («áëîêè»), êàæäàÿ èç

êîòîðûõ «åñòåñòâåííî» êîìïüþòåðèçèðóåòñÿ â

ðàìêàõ îäíîé ïðîãðàììû (ðèñ. 2). Ïðè ýòîì âàæ-

íî óäîáñòâî èñïîëüçîâàíèÿ êàæäîé ïðîãðàììû, à

íå ïðîñòîòà åå íàïèñàíèÿ. Ñòîèìîñòü îòå÷åñòâåí-

íîé ïðîãðàììû ýòîãî êëàññà â íàñòîÿùåå âðåìÿ

ëåæèò â äèàïàçîíå 50 – 150 òûñ. ðóá. (äàííûå íà

êîíåö 2017 ã.). Ðàññìîòðèì ïðîãðàììû äëÿ êàæ-

äîãî áëîêà â îáùåì âèäå è íà ïðèìåðå íàèáîëåå

ðàñïðîñòðàíåííûõ â Ðîññèè ïðîãðàìì QControl

è DControl.

Áëîê ðàáîòû ñ ïðèáîðàìè íåò ñìûñëà äå-

òàëüíî îáñóæäàòü â äàííîé ñòàòüå, ïîñêîëüêó ñî-

îòâåòñòâóþùèå ïðîãðàììû ÿâëÿþòñÿ ñîñòàâíîé

÷àñòüþ ïðèáîðîâ (ñì. âûøå).

Áëîê çàäà÷ ðàñ÷åòà ðåçóëüòàòîâ è êîíòðî-

ëÿ êà÷åñòâà — ýòî â îñíîâíîì ðàáîòà ëàáîðàíòà.

Òàêèå çàäà÷è ðåøàþòñÿ â ïðîãðàììå QControl

[10]. Îñíîâîé åå ÿâëÿåòñÿ ýëåêòðîííûé ëàáî-

ðàòîðíûé æóðíàë (ðèñ. 3), â êîòîðûé ââîäÿòñÿ

ïåðâè÷íûå äàííûå (íàïðèìåð, àíàëèòè÷åñêèé

ñèãíàë ïðè õèìè÷åñêîì àíàëèçå). Ïðåäâàðèòåëü-

íî â ïðîãðàììó ââîäÿòñÿ âñå íóæíûå ñâåäåíèÿ

î ìåòîäèêàõ èçìåðåíèé: ñïîñîá ðàñ÷åòà îêîí÷à-

òåëüíî ïðèâîäèìîãî ðåçóëüòàòà, ñòàíäàðòíûå îò-

êëîíåíèÿ ïîâòîðÿåìîñòè (ñõîäèìîñòè) è âîñïðî-

èçâîäèìîñòè, ìåòîäû ïðîâåðêè ïðèåìëåìîñòè ðå-

çóëüòàòîâ è êîíòðîëÿ ñòàáèëüíîñòè è ò.ä. Ïðî-

ãðàììà àâòîìàòè÷åñêè ðàññ÷èòûâàåò ðåçóëüòàòû

èçìåðåíèé ïî ôîðìóëå ëèáî ïî ãðàäóèðîâî÷íîé

çàâèñèìîñòè, ïðîâîäèò ïðîâåðêó ïðèåìëåìîñòè è

ðàññ÷èòûâàåò îêîí÷àòåëüíî ïðèâîäèìûé ðåçóëü-

òàò ïî ÃÎÑÒ Ð ÈÑÎ 5725 – 2002, âûïîëíÿåò êîí-

òðîëü ñòàáèëüíîñòè èçìåðåíèé è ò.ä. Êðîìå òîãî,

ñ ïîìîùüþ ïðîãðàììû QControl ìîæíî ïðîâî-

äèòü è äðóãèå ðàñ÷åòû, íàïðèìåð, ïðè âàëèäàöèè

è âåðèôèêàöèè ÌÈ.

Çàäà÷è, ñâÿçàííûå ñ ðåãèñòðàöèåé ïîñòó-

ïàþùèõ â ëàáîðàòîðèþ ïðîá, îòñëåæèâàíèåì

èõ äâèæåíèÿ âíóòðè ëàáîðàòîðèè è ãåíåðàöèåé

ïðîòîêîëîâ, â áîëüøèíñòâå ëàáîðàòîðèé ðåøà-

þòñÿ îòäåëüíîé ãðóïïîé èëè, â ìàëåíüêèõ ëàáî-

ðàòîðèÿõ, ñïåöèàëüíî âûäåëåííûì ñîòðóäíèêîì.

Â ðàìêàõ èäåîëîãèè ñïåöèàëèçèðîâàííûõ ïðî-

ãðàìì äëÿ ýòèõ öåëåé èñïîëüçóåòñÿ îòäåëüíàÿ

ïðîãðàììà (áëîê) SControl, âçàèìîäåéñòâóþùàÿ

ñ ëàáîðàòîðíûì æóðíàëîì ïðîãðàììû QControl.

Âìåñòå îíè ïðåäñòàâëÿþò ñîáîé LIMS.

Îòìåòèì, ÷òî ïî öåíå è ïðîñòîòå èñïîëüçîâà-

íèÿ òàêàÿ LIMS çíà÷èòåëüíî ïðåâîñõîäèò êëàñ-

ñè÷åñêèå ïðîãðàììû.

Çàäà÷è, ñâÿçàííûå ñ âåäåíèåì (îáùå-)ëàáîðà-

òîðíîé äîêóìåíòàöèè, ðåøàþòñÿ ñ ïîìîùüþ

ïðîãðàììû DControl (Document Control). Ïî-

ñêîëüêó ýòè çàäà÷è â îñíîâíîì ñîîòâåòñòâóþò
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ÐÀÁÎÒÀ Ñ ÏÐÈÁÎÐÀÌÈ

ÐÀÑ×ÅÒ ÐÅÇÓËÜÒÀÒÎÂ È ÊÎÍÒÐÎËÜ ÊÀ×ÅÑÒÂÀ

(ðàáîòà ëàáîðàíòà)

ÂÅÄÅÍÈÅ ËÀÁÎÐÀÒÎÐÍÎÉ ÄÎÊÓÌÅÍÒÀÖÈÈ

ÐÅÃÈÑÒÐÀÖÈß ÏÐÎÁ È ÃÅÍÅÐÀÖÈß ÏÐÎÒÎÊÎËÎÂ

Óïðàâëåíèå àíàëèòè÷åñêèìè ïðèáîðàìè

è ïîëó÷åíèå àíàëèòè÷åñêîãî ñèãíàëà

Ãðàäóèðîâêà

Ðàñ÷åò ðåçóëüòàòîâ èçìåðåíèé

Ïðîâåðêà ïðèåìëåìîñòè ðåçóëüòàòîâ

Êîíòðîëü ñòàáèëüíîñòè ðåçóëüòàòîâ

Äðóãèå ñïîñîáû êîíòðîëÿ

Âàëèäàöèÿ è âåðèôèêàöèÿ ìåòîäèê

Ó÷åò è õðàíåíèå äîêóìåíòîâ

Âåäåíèå îáëàñòè àêêðåäèòàöèè

Âåäåíèå ñïèñêîâ çàêàç÷èêîâ è ñóáïîäðÿä÷èêîâ

Ó÷åò ðåàêòèâîâ, ìàòåðèàëîâ, ñòàíäàðòíûõ îáðàçöîâ

Ó÷åò è êîíòðîëü ñîñòîÿíèÿ îáîðóäîâàíèÿ

Ó÷åò ñîòðóäíèêîâ è èõ îáó÷åíèÿ

Ðåãèñòðàöèÿ ïðåòåíçèé è êîððåêòèðóþùèõ äåéñòâèé

Âíóòðåííèå ïðîâåðêè, àíàëèç ñî ñòîðîíû ðóêîâîäñòâà

Ïå÷àòü ñâåäåíèé (íàïðèìåð, ïðè àêêðåäèòàöèè)

è ò.ä.

Ðåãèñòðàöèÿ è îòñëåæèâàíèå ïðîá

Ãåíåðàöèÿ ïðîòîêîëîâ, ñòàòèñòèêà

Ðèñ. 2. Áëîêè ëàáîðàòîðíîé äåÿòåëüíîñòè (çàäà÷è, «åñòå-

ñòâåííî» ðåøàåìûå â ðàìêàõ îäíîé ñïåöèàëèçèðîâàííîé

ïðîãðàììû)

Ðèñ. 3. Ïðèíöèïèàëüíàÿ ñõåìà Ëàáîðàòîðíîãî æóðíàëà

ïðîãðàììû QControl



ÃÎÑÒ Ð ÈÑÎ/ÌÝÊ 17025 [1], ïðîãðàììà èìååò

íåñêîëüêî ðàçäåëîâ, êàæäûé èç êîòîðûõ ñîîòâåò-

ñòâóåò îäíîìó èç ðàçäåëîâ ýòîãî äîêóìåíòà. Ïðè

ýòîì ñ ïîìîùüþ ïðîãðàììû DControl óäàåòñÿ ðå-

øèòü ñëåäóþùèå îñíîâíûå çàäà÷è, ñâÿçàííûå ñ

äîêóìåíòàöèåé:

õðàíåíèå èíôîðìàöèè ïî âñåì ðàçäåëàì;

êîíòðîëü ñâîåâðåìåííîñòè çàêóïîê, ïîâå-

ðîê è ïðîôèëàêòèêè ñðåäñòâ èçìåðåíèé, çàêëþ-

÷åíèÿ äîãîâîðîâ, îáó÷åíèÿ ñîòðóäíèêîâ, ïðî-

âåðîê è ò.ä.;

ïå÷àòü ñâåäåíèé ïî âñåì ðàçäåëàì ïðîãðàì-

ìû è ñîîòâåòñòâóþùèå òðåáîâàíèÿ âûøåñòîÿùèõ

è êîíòðîëèðóþùèõ îðãàíèçàöèé è îðãàíîâ ïî àê-

êðåäèòàöèè è ò.ä.

Äðóãèìè ñëîâàìè, íà îñíîâå ïðîãðàììû

DControl ìîæíî ïîñòðîèòü ñèñòåìó óïðàâëåíèÿ

êà÷åñòâîì ëàáîðàòîðèè. Ïðè ýòîì ïðè íàëè÷èè

ëàáîðàòîðíîé ñåòè ðàáîòà ïî ðàçëè÷íûì âèäàì

ó÷åòà ëåãêî ðàñïðåäåëÿåòñÿ ñðåäè áîëüøèíñòâà

ñîòðóäíèêîâ ëàáîðàòîðèè, à çà ðóêîâîäñòâîì

îñòàþòñÿ îðãàíèçàöèîííî-êîíòðîëüíûå ôóíê-

öèè. Íàì íåèçâåñòíû äðóãèå ïðîãðàììû, ñïåöè-

àëüíî ïðåäíàçíà÷åííûå äëÿ ðåøåíèÿ ýòîãî áëîêà

çàäà÷.

«Îôèñíûå» ïðîãðàììû. Ýòî ïðîãðàììû

îáùåãî íàçíà÷åíèÿ. Êîíå÷íî, îíè èñïîëüçóþòñÿ

â ëàáîðàòîðèÿõ äëÿ ñîçäàíèÿ òåêñòîâ, îò÷åòíîñòè

è ò.ä., íî èõ ïðèìåíåíèå â çíà÷èòåëüíîé ñòåïåíè

îãðàíè÷åíî íàëè÷èåì ïðîãðàìì, ñïåöèàëüíî ðàç-

ðàáîòàííûõ äëÿ ëàáîðàòîðèé.

Êîìïüþòåðèçàöèÿ è ìåòðîëîãè÷åñêèå

àñïåêòû äåÿòåëüíîñòè ëàáîðàòîðèé

Êîíå÷íî, êîìïüþòåðèçàöèÿ çàòðàãèâàåò è

ìåòðîëîãè÷åñêèå àñïåêòû äåÿòåëüíîñòè ëàáîðà-

òîðèé. Ðàñ÷åò ðåçóëüòàòîâ (ãðàäóèðîâêà è ïðî-

âåðêà ïðèåìëåìîñòè ñ ïîëó÷åíèåì îêîí÷àòåëüíî

ïðèâîäèìîãî ðåçóëüòàòà), âàëèäàöèÿ è âåðèôè-

êàöèÿ ÌÈ, êîíòðîëü ñòàáèëüíîñòè è äðóãèå ñïî-

ñîáû êîíòðîëÿ êà÷åñòâà èçìåðåíèé íàìíîãî óï-

ðîùàþòñÿ ïðè èñïîëüçîâàíèè êîìïüþòåðíûõ

ïðîãðàìì. Ïðè ýòîì ïðîèñõîäèò êà÷åñòâåííûé

ñêà÷îê: ãðàìîòíî íàïèñàííàÿ ïðîãðàììà ïîçâî-

ëÿåò ëàáîðàòîðèÿì èñïîëüçîâàòü ñîâðåìåííûå

ïîäõîäû (âêëþ÷àÿ ñëîæíûå ñòàòèñòè÷åñêèå ðàñ-

÷åòû, âåäåíèå êîíòðîëüíûõ êàðò è ò.ä.) ïî÷òè áåç

çàòðàò âðåìåíè è íå èìåÿ â øòàòå êâàëèôèöèðî-

âàííûõ ìåòðîëîãîâ è ñòàòèñòèêîâ. Ââåäÿ â êîì-

ïüþòåð ðåçóëüòàòû èçìåðåíèé è íàæàâ íóæíóþ

êëàâèøó, ëàáîðàíò âûïîëíÿåò ðàñ÷åò ðåçóëüòà-

òîâ (âêëþ÷àÿ ãðàäóèðîâêó è ïðîâåðêó ïðèåì-

ëåìîñòè) è êîíòðîëü ñòàáèëüíîñòè èçìåðåíèé,

à ïðè æåëàíèè — âàëèäàöèþ è âåðèôèêàöèþ ìå-

òîäèêè. Êîìïüþòåðû òàêæå ïîçâîëÿþò óïðîñòèòü

ñëåæåíèå çà ñâîåâðåìåííîñòüþ ïîâåðêè ñðåäñòâ

èçìåðåíèé è èõ òåõíè÷åñêîãî îáñëóæèâàíèÿ

Ãðàäóèðîâêà. Êîìïüþòåðíûå ïðîãðàììû äàâ-

íî èñïîëüçóþòñÿ äëÿ ïîñòðîåíèÿ ãðàäóèðîâî÷íîé

õàðàêòåðèñòèêè. Îñíîâíûì ïðåèìóùåñòâîì ïðè

ýòîì ÿâëÿåòñÿ ñíèæåíèå òðóäîåìêîñòè âû÷èñëå-

íèé, îáúåì êîòîðûõ äîñòàòî÷íî âåëèê äàæå â

êëàññè÷åñêîì ëèíåéíîì ðåãðåññèîííîì àíàëèçå ñ

èñïîëüçîâàíèåì ÌÍÊ â âàðèàíòå Ãàóññà è ðåçêî

âîçðàñòàåò ïðè èñïîëüçîâàíèè âçâåøåííîãî

ÌÍÊ èëè ïðè íåëèíåéíîé ãðàäóèðîâêå. Èñïîëü-

çîâàíèå îïèñàííûõ âûøå ïðîãðàìì â ðóòèííîì

àíàëèçå ïîçâîëÿåò ëåãêî ñòðîèòü è èñïîëüçîâàòü

ïðàêòè÷åñêè ëþáóþ îïèñàííóþ â ìåòîäèêå ãðà-

äóèðîâî÷íóþ õàðàêòåðèñòèêó.

Ðàñ÷åò ðåçóëüòàòîâ èçìåðåíèé, âêëþ÷àÿ

ïðîâåðêó èõ ïðèåìëåìîñòè. Åñëè ìåòîäèêà ïðå-

äóñìàòðèâàåò îäíî èçìåðåíèå, òðóäîåìêîñòü ðàñ-

÷åòà ðåçóëüòàòîâ íåâåëèêà (õîòÿ è â ýòîì ñëó÷àå

èñïîëüçîâàíèå êîìïüþòåðîâ âåñüìà ïîëåçíî).

Îäíàêî âñå íàìíîãî óñëîæíÿåòñÿ, êîãäà ÌÈ ïðå-

äóñìàòðèâàåò äâà è áîëåå èçìåðåíèÿ äëÿ êàæäîé

ðóòèííîé ïðîáû: òàêîâî áîëüøèíñòâî ñîâðåìåí-

íûõ ìåòîäèê. Ñîâðåìåííûå ðåêîìåíäàöèè [3]

òðåáóþò â òàêèõ ñëó÷àÿõ ïðîâîäèòü ïðîâåðêó

ïðèåìëåìîñòè, ïîçâîëÿþùóþ èçáåæàòü âëèÿíèÿ

ãðóáûõ ïðîìàõîâ íà îêîí÷àòåëüíî ïðèâîäèìûé

ðåçóëüòàò. Ïðîöåäóðà ïðåäóñìàòðèâàåò íà ïåð-

âîì ýòàïå ñðàâíåíèå ðàçìàõà ïîëó÷åííîé äëÿ îá-

ðàçöà âûáîðêè (ðàçíîñòè íàèáîëüøåãî Xmax è

íàèìåíüøåãî Xmin ðåçóëüòàòîâ èçìåðåíèé) ñ ïðå-

äåëîì ñõîäèìîñòè ìåòîäèêè èçìåðåíèé:

Xmax – Xmin � CR0,95(n), (1)

ãäå n — îáúåì âûáîðêè (÷èñëî èçìåðåíèé),

CR0,95(n) = fnór , fn — «êîýôôèöèåíòû êðèòè÷å-

ñêîãî äèàïàçîíà» [2], ór — ñòàíäàðòíîå îòêëîíå-

íèå ïîâòîðÿåìîñòè (ñõîäèìîñòè) ìåòîäèêè (íîð-

ìàòèâ). Äëÿ äâóõ èçìåðåíèé (íàèáîëåå ÷àñòûé

ñëó÷àé) ýòî íåðàâåíñòâî èìååò âèä:

|X1 – X2| � r, (2)

ãäå r = CR0,95(2) = 2,77ór .

Â ñëó÷àå íåâûïîëíåíèÿ íåðàâåíñòâ (1, 2)

÷àùå âñåãî âûïîëíÿþòñÿ äîïîëíèòåëüíûå èçìå-

ðåíèÿ, ðàçìàõ ïîëó÷èâøåéñÿ âûáîðêè ñðàâíèâà-

åòñÿ ñ íîâûì CR0,95(n), è â çàâèñèìîñòè îò ðåçóëü-

òàòîâ ñðàâíåíèÿ çà îêîí÷àòåëüíî ïðèâîäèìûé

ðåçóëüòàò ïðèíèìàåòñÿ ëèáî ñðåäíåå, ëèáî ìå-

äèàíà âûáîðêè. Çàâèñèìîñòü ór (à ñëåäîâàòåëü-

íî, è r) îò èçìåðÿåìîé âåëè÷èíû ïî÷òè âñåãäà

èçâåñòíà (è ïðèâåäåíà â òåêñòå ìåòîäèêè). Â îòå-

÷åñòâåííîé ïðàêòèêå àáñîëþòíîå èëè îòíî-

ñèòåëüíîå ñòàíäàðòíîå îòêëîíåíèå ñõîäèìîñòè

çàäàåòñÿ âî âñåì äèàïàçîíå çíà÷åíèé èçìåðÿåìîé
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âåëè÷èíû, èëè â êàæäîì èç íåñêîëüêèõ ïîääèà-

ïàçîíîâ — ëèáî ïîñòîÿííûì, ëèáî â âèäå ôóíê-

öèè ór(X).

Îäíàêî ïðè ïðàêòè÷åñêîé ðåàëèçàöèè ýòèõ

àëãîðèòìîâ âîçíèêàåò ðÿä ïðîáëåì. Ëàáîðàíò

äîëæåí ïîìíèòü èëè èìåòü ïåðåä ãëàçàìè çíà-

÷åíèÿ CR0,95(n), ÷òî íåïðîñòî. Êðîìå òîãî, êîãäà

èçìåðåííûå çíà÷åíèÿ X îêàçûâàþòñÿ â ðàçíûõ

ïîääèàïàçîíàõ, íóæíû äîïîëíèòåëüíûå âû÷èñ-

ëåíèÿ [11]. Ïðàêòèêà ïîêàçûâàåò, ÷òî áåç êîìïü-

þòåðèçàöèè êîððåêòíàÿ ïðîâåðêà ïðèåìëåìîñòè

(à çíà÷èò, è ðàñ÷åò îêîí÷àòåëüíî ïðèâîäèìîãî

ðåçóëüòàòà èçìåðåíèé) íå âûïîëíÿåòñÿ, à ñ èñ-

ïîëüçîâàíèåì êîìïüþòåðíûõ ïðîãðàìì ïðîèñ-

õîäèò àâòîìàòè÷åñêè è ìãíîâåííî (õîòÿ, êîíå÷íî,

äîïîëíèòåëüíûå èçìåðåíèÿ ïðîâîäèòü ïðèõî-

äèòñÿ).

Îöåíêà ìåòðîëîãè÷åñêèõ õàðàêòåðèñòèê

ìåòîäèê ïðè èõ ïîñòàíîâêå â ëàáîðàòîðèè («âå-

ðèôèêàöèÿ» ìåòîäèê), òàê æå êàê èõ âàëèäàöèÿ

â õîäå àòòåñòàöèè ÌÈ, òðåáóþò ãðîìîçäêèõ âû-

÷èñëåíèé. Ýòè ïðîöåäóðû ëåãêî âûïîëíÿþòñÿ ñ

ïîìîùüþ êîìïüþòåðíûõ ïðîãðàìì, îñîáåííî âå-

ðèôèêàöèÿ â õîäå êîíòðîëÿ ñòàáèëüíîñòè [5].

Êîíòðîëü ñòàáèëüíîñòè èçìåðåíèé ñ âåäå-

íèåì êîíòðîëüíûõ êàðò ïðàêòè÷åñêè íåâîçìîæåí

áåç èñïîëüçîâàíèÿ êîìïüþòåðîâ. Íåóäà÷íûå

ïîïûòêè çàñòàâèòü ëàáîðàòîðèè äåëàòü ýòî ïðåä-

ïðèíèìàëèñü â ìåäèöèíå åùå â 1980-å ãîäû, îä-

íàêî ðåàëüíî âíåäðåíèå ýòîé ïðîöåäóðû ñòàëî

ïðîèñõîäèòü ëèøü ïî ìåðå ïîÿâëåíèÿ â ëàáîðà-

òîðèÿõ êîìïüþòåðíûõ ïðîãðàìì. Ïðè èõ èñïîëü-

çîâàíèè âñå ïðîèñõîäèò àâòîìàòè÷åñêè (õîòÿ,

êîíå÷íî, êîíòðîëüíûå ìàòåðèàëû èññëåäîâàòü

íàäî), è òîëüêî â ñëó÷àå ñáîåâ ðåøåíèå äîëæåí

ïðèíèìàòü áîëåå èëè ìåíåå êîìïåòåíòíûé ñî-

òðóäíèê. Äðóãèå ñïîñîáû âíóòðèëàáîðàòîðíîãî

êîíòðîëÿ [4] òàêæå ëåãêî ðåàëèçóþòñÿ ñ ïîìîùüþ

êîìïüþòåðíûõ ïðîãðàìì.

Ó÷åò è êîíòðîëü ñîñòîÿíèÿ ñðåäñòâ èçìåðå-

íèé çíà÷èòåëüíî îáëåã÷àåòñÿ ïðè âåäåíèè êîìïü-

þòåðíîãî ó÷åòà: ôàêòè÷åñêè èñ÷åçàþò ñèòóàöèè ñ

èñïîëüçîâàíèåì íå ïîâåðåííûõ ïî íåâíèìàòåëü-

íîñòè ñðåäñòâ èçìåðåíèé. Ïðè èñïîëüçîâàíèè

ñïåöèàëèçèðîâàííûõ ïðîãðàìì ýòî äåëàåòñÿ â

ïðîãðàììàõ äëÿ âåäåíèÿ äîêóìåíòàöèè, íàïðè-

ìåð, DControl [12].

Òàêèì îáðàçîì, ñëîæíûå ìåòðîëîãè÷åñêèå

ïðîöåäóðû ëåãêî è ïðîñòî ðåàëèçóþòñÿ â ðåàëü-

íûõ ëàáîðàòîðèÿõ ñ ïîìîùüþ ñîâðåìåííûõ êîì-

ïüþòåðíûõ ïðîãðàìì. Ïðè ýòîì îò òåõ, êòî èõ

âûïîëíÿåò, íå òðåáóåòñÿ ãëóáîêèõ çíàíèé ìåòðî-

ëîãèè è ìàòåìàòè÷åñêîé ñòàòèñòèêè: ñîîòâåò-

ñòâóþùèå àëãîðèòìû è íóæíûå ñâåäåíèÿ óæå çà-

ëîæåíû â êîìïüþòåð, è âñå ïðîèñõîäèò áîëåå

èëè ìåíåå àâòîìàòè÷åñêè. Êîíå÷íî, æåëàòåëüíî,

÷òîáû â êàæäîé ëàáîðàòîðèè áûë êòî-òî áîëåå

èëè ìåíåå êîìïåòåíòíûé â ýòîé îáëàñòè, íî íå

áîëåå òîãî.

Íå âñå âèäû ìåòðîëîãè÷åñêîé äåÿòåëüíîñòè

ëåãêî êîìïüþòåðèçèðîâàòü. Òàê, îöåíêà íåîïðå-

äåëåííîñòè ðåçóëüòàòîâ èçìåðåíèé ñ èñïîëüçîâà-

íèåì «áþäæåòà íåîïðåäåëåííîñòåé» ïëîõî ïîääà-

åòñÿ êîìïüþòåðèçàöèè. Ìû àíàëèçèðîâàëè òà-

êóþ âîçìîæíîñòü è ïðèøëè ê âûâîäó, ÷òî ðåàëü-

íî ìîæíî êîìïüþòåðèçèðîâàòü, äà è òî ÷àñòè÷íî,

ëèøü ñëîæåíèå ïîãðåøíîñòåé (ñòàíäàðòíûõ íå-

îïðåäåëåííîñòåé) è ðèñîâàíèå äèàãðàìì Èñèêà-

âû — ñàìûå ïðîñòûå ýòàïû òàêîé îöåíêè. Âñå îñ-

òàëüíîå — âûÿâëåíèå ýòàïîâ èçìåðåíèÿ, âíîñÿ-

ùèõ ñóùåñòâåííûé âêëàä â îáùóþ íåîïðåäåëåí-

íîñòü, è îöåíêè ýòîãî âêëàäà — êîìïüþòåðèçà-

öèè ïîääàåòñÿ ïëîõî. Çäåñü âñå îïðåäåëÿþò íå

ñëîæíûå ðàñ÷åòû è ðàáîòà ñ èçîáðàæåíèÿìè, à

çíàíèÿ è êâàëèôèêàöèÿ ñïåöèàëèñòà.

Ïîäâîäÿ èòîã, ìîæíî ñäåëàòü âûâîä, ÷òî â

îáîçðèìîì áóäóùåì êîìïüþòåðèçàöèÿ îõâàòèò

ïðàêòè÷åñêè âñå ëàáîðàòîðèè. Áóäóò ïðåîáëàäàòü

ñïåöèàëèçèðîâàííûå ïðîãðàììû è íåäîðîãèå

LIMS. Äîðîãèå ïðîãðàììû, êàê è ñåé÷àñ, áóäóò

èìåòü âåñüìà îãðàíè÷åííîå ïðèìåíåíèå.

Ïðè ýòîì âûñîêèå òðåáîâàíèÿ ê ìåòðîëîãè-

÷åñêîìó îáåñïå÷åíèþ âûïîëíÿåìûõ èçìåðåíèé

è âåäåíèþ ëàáîðàòîðíîé äîêóìåíòàöèè áóäóò âû-

ïîëíÿòüñÿ ëåãêî è ïðîñòî. Óçêèå ñïåöèàëèñòû

ïî ìåòðîëîãèè è îáåñïå÷åíèþ êà÷åñòâà áóäóò èñ-

÷åçàòü, à øèðîêîå âíåäðåíèå ìåòðîëîãè÷åñêèõ è

äðóãèõ íîâàöèé áóäåò ïðîèñõîäèòü ÷åðåç èõ

âêëþ÷åíèå â ðàñïðîñòðàíåííûå êîìïüþòåðíûå

ïðîãðàììû: âåäü èçâåñòíî, ÷òî ëåãêî îñâàèâàåòñÿ

òî, ÷òî ïðîñòî ñäåëàòü.
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