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BbICOKONPOUYHBIE CTAJIM AJISI DHEPTETUKU

BbICOKOITPOYHBIE CTAJIN JJIAA SHEPT'ETUKHN

Jletic Bpaﬁan H, 0.M.H., KOHCYIbMAHM
(Yopmunemon, Ozatio, CILIA)

bpaitan Jleiic siBisieTCst N3BECTHBIM CIICITUAIIMCTOM B 00J1aCTH OCOOCHHOCTEH pacipocTpa-
HEHMS TPEIIUH B TPyOONPOBOAAX U CIOCO0AX OLEHKU MaTepuaa NpoTUBOCTOATh TAKOMY Pa3-
pymrenuro. [TyOmuKkyempIii 0030p MOCBSIICH PEIICHNIO BEIICYTIOMIHYTOH Ipobiemsl. B padote
MIPEJICTaBIICH Hay9HO 0OOCHOBAHHBIM M CTPYKTYPHPOBAHHBIH ONBIT PELIEHHs IPOOIEMbI pac-

MPOCTPaHCHUS TPCIIUH B pr60np0130)1ax, TCOPCTUICCKUEC U3bICKaAHWS IMTOAKPCIUICHBI aHAJIM30M HOBOI'O O9KCIIEPUMEHTAJIb-
HOIro Mare€puajia, ImoJIy4€HHOTO B MUPEC 3a MOCJIICAHUEC T'OJbl B PA3JIMYHBIX CTpaHax, BKIOYas Poccuto.

VK 669.018.298.3

ARRESTING PROPAGATING SHEAR
IN PIPELINES

Brian N. Leis, Ph.D., Consultant, Inc. (bleis@columbus.rr.com)

(517 Poe Ave, Worthington, Ohio, 43085-3036, USA)

Abstract. The consequences of what has been termed running ductile fracture require that pipelines be designed to arrest propagation, and so avoid

major incidents due to this type of failure. Approaches to characterize pipeline response and their resistance to such failure to ensure arrest rely
on semi-empirical models developed in the mid-1970s. Continuing reliance on such semi-empirical models, which were calibrated using full-
scale tests done on segments of pipelines, persists because this failure process involves three interacting nonlinearities, and so is complex. These
nonlinearities include: 1) plastic flow and tearing instability, 2) soil-structure interaction, and 3) expansion wave response and decompression in
the pressurizing media. This paper first reviews the history and related developments that represent almost 40 years invested in fracture-based
approaches to quantify propagating shear in pipelines. Graphical evidence of the full-scale failure process and related phenomenology lead to an
alternative hypothesis to quantify this failure process that is based on plastic collapse rather than fracture. It is shown that the phenomenology
does not support a fracture-controlled process, and that instead the metrics of arrest should reflect the flow properties of the steel. Finally, aspects
of fracture-based approaches are related to the collapse-based concept as the basis to understand the success that at times has been achieved using
fracture-based approaches. Surrogates for CVN energy that has been used in the BTCM as a measure of fracture resistance are reevaluated as
functions of the flow response, which provides the basis to rationalize the historic successes on the fracture-based formulation. Finally, remaining

gaps and issues are addressed.

Keywords: propagating shear, fracture, arrest, arrestor, tough steel, Battelle two-curve model, through-wall collapse, plasticity, CVN, DWTT, steel, separa-

tions/splits, model development.

Introduction
to propagating fracture

The phenomenon historically termed running fracture
referred to the rapid axial propagation of a fracture along
a transmission pipeline pressurized with natural gas or
a super-cooled fluid. Ductile propagation occurs by the
axial extension of shear failure (propagating shear) that
continues until the decompression front formed in the
transported product in the wake of the expansion wave
caused by the rupture exceeds the speed of the propa-
gating shear. Arrest occurs because the pressure driving
this process falls below its critical value. The balance
between the decompression speed and the speeds of the
propagating shear is dependent on the fluid’s properties,
the line-pipe’s size and its resistance to failure, and the
backfill conditions.

Traits of propagating brittle fracture

The consequences of running fracture require that pipe-
lines be designed to avoid related incidents with a high le-
vel of certainty. This was a problem for the line pipe steels
of the 1960s and before because offered little resistance to
running fracture. In some cases, the steels made prior to the
late 1950s had a fracture appearance transition temperature
(FATT) well above the service temperature, which opened
to the potential for brittle long running fracture. Failed
pipes showed chevrons on flat through-wall fracture sur-
faces, and propagation occurred at very high speeds, well
above 500 meters/second (m/s). Multiple fracture paths
were common in some full-scale tests and in-service fail-
ures, because the energy available to drive fracture often far
exceeded the resistance of the steel under such conditions.
Brittle propagation tracked a sinusoidal shape that was as-
sociated with elastic stress waves triggered by fracture ini-
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tiation, which propagated at speeds comparable to the frac-
ture and directed its path(s).

Fig. 1 presents views typical of such cracking that have
been adapted for present purposes from archival records of
some early work done at Battelle. The traits of brittle propa-
gating fracture are typical of dynamic fracture evident in
steels studied in regard to Naval and other structures begin-
ning in the 1940s. Initiation gave rise to a crack that could
be seen in high-speed films of the process to extend axially
with a sharp crack-tip, consistent with linear-elastic frac-
ture mechanics (LEFM) concepts [e.g., see 1], which had
been emerging in the work of Irwin and others in the same
timeframe [e.g., 2]. Because the initiated fracture contin-
ues to propagate axially, the term “propagating fracture” is
physically descriptive of the phenomenology as evident in
the high-speed films. Brittle propagating fracture ran in the
line-pipe steels of the 1950s and before at speeds the order
of the acoustic velocity in the pressurizing media.

The fracture features in Fig. 1, a show little evidence
of through-wall thinning, while the brittle cleavage mecha-
nism that underlay this process required very little energy
to create new crack surface. On this basis, crack advance
occurred with very little energy being dissipated per unit
area of new surface being created. Fig. 1, b is typical of the
sinusoids observed, with the amplitude and period of the si-
nusoid being a function of the pipe diameter and thickness,
and other factors that controlled the process.

As the significance of fracture mode was understood,
steels were developed that were capable of much lower val-
ues of the FATT. Accordingly, the concern for brittle fracture
was managed by appropriate steel design and specifications.
With the expectation that such ductile steels would end con-
cern for running fracture, full-scale experiments were done
to confirm that expectation. But, as history demonstrates,
where test circumstances at hoop stresses typical of service
led to fracture speeds that outran the decompression front,

flat fracture & no thru-thickness flow

multiple crack paths

a

dynamic propagation remained a concern. The only diffe-
rence was that the mode of failure had shifted from brittle to
partially or fully ductile. Given that as Figurela shows little
dissipation occurred in regard to plastic flow local to the
fracture plane, arresting this failure process was difficult,
with very long fractures possible, some of which ran many
miles. Arrest in such cases was plausible only if a reduction
in the factors that drive this cracking occurred, due to a de-
creased hoop stress, or if pipe joints were encountered that
had a FATT below the test or service temperature, thereby
providing more dissipative properties.

Traits of propagating ductile fracture
or propagating shear

Fig. 2 shows the traits of ductile fracture propagation
developed in some of the early testing, which as for the
prior illustrations have been adapted from archival records
in regard to related work by the author. Fig. 2 develops in
parallel to the elements of Fig. 1, a. Fig. 2, a illustrates a
transitional situation wherein the steel’s response is partial-
ly ductile, whereas Fig. 2, b shows traits that were typical
of fully ductile response.

The transitional response presented in Fig. 2, a shows
flat fracture typical of brittle behavior at mid-wall, while
shear fracture is evident at the inside and outside surfaces
of the pipe. There is very little evidence of through-wall
thinning that reflects plastic flow very local to the fracture.
Such thinning is only evident over a distance less than one
wall-thickness from the plane of the failure. Fig. 2, b is
typical of the fully ductile response evident for convention-
al steels produced circa the mid to late 1960s. Although this
shows shear response across the full wall thickness, the ex-
tent of the through wall thinning in just marginally greater
than that evident for the transitional behavior. However, the
thinning is limited to about 10 % of the wall thickness and
this develops over a distance the order of twice the wall-

Fig. 1. Traits of brittle propagating fracture — full-scale testing circa 1960:
a — characteristics of the fracture process and path; b — post-test photograph of the fracture path indicating the scale the sinusoid in inches
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mixed | mixed

mixed flat/shear fracture &
very little thru-thickness thinning
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one or more crack paths
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one crack paths
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Fig. 2. Characteristics of the fracture process and path for transitional and ductile response:
a — transitional response circa the mid-1960s testing; b — fully ductile response circa the late 1960s testing

thickness from the plane of the failure. As such, even for
fully ductile response, the amount of energy dissipation due
to plastic flow local to the rupture plane is small, and as the
surface is rather featureless the energy required to create
new surface is relatively small per unit area created.

Early models characterizing propagating
shear failure

Even in the 1960s and early 1970s, a full-scale experi-
ment to quantify the response of the pipeline to possible
propagating shear failure was expensive. These experi-
ments also involved significant preparation time and even
then success was not guaranteed. Finally, the utility of the
outcomes of such tests were limited to the specific steel and
experimental parameters evaluated. While these aspects re-
main the same today as in the 1960s, the passage of time
has produced much better instrumentation, with high-rate
data capture, and computer-based data management, and
analyses. Even so, the high cost when weighed against the
limited generality of each full-scale test motivates the de-
velopment of models that capture the controlling factors to
determine if a given steel meets the requirements of a pro-
posed advanced pipeline design.

Rudimentary nonlinear fracture mechanics (NLFM)
technology [e.g., see 1] was emerging in the 1960s in paral-
lel with the view that propagating shear failure was an safe-
ty concern. Because the available technology then fell well
short of addressing the coupled nonlinearities evident in the
full-scale testing, it was expedient then to formulate an em-
pirically calibrated semi-analytic model. While NLFM has
come a long way since, the complexity of the physics and
mechanics means that even today the work on modeling
continues to rely on empirical calibration. In this context,
while current modeling work appears elegant, in most ways

it is no more fundamental in its formulation than the work
done at Battelle beginning in the 1970s.

The battelle two-curve model

Battelle [3] developed independent expressions for
the gas-decompression behavior and fracture resistance
that were coupled in a model through what was termed a
backfill coefficient, denoted herein as C,,.. The approach to
characterize decompression was analytic and based on the
Benedict-Webb-Rubin equation of state (EoS), as modified
by Starling [4, 5] (BWRS). This EOS covered a spectrum
of gas compositions through inclusion of binary interaction
coefficients for natural gas liquids up through C6, and also
the presence of CO,. This fundamentally sound formula-
tion proved viable for the gas compositions of interest then,
and remains quite robust today in dealing with the rich
(dense-phase) gas compositions of recent interest [e.g., 6].
The speed of the propagating shear failure was expressed
analytic functional form based on mechanics analysis for
plastic wave propagation. It became empirical through its
calibration in reference to both flow properties and frac-
ture resistance for the steels involved. These one-dimen-
sional expressions for the propagating shear speed and the
decompression speed and were then empirically coupled
through C,...

Determination of the toughness required for fracture ar-
rest came by identifying the toughness that caused these
two independent velocity expressions to become just tan-
gent. As the solution was done graphically, the two curves
representing each of the expressions involved, this model
became known as the Battelle Two-Curve Model (TCM).
This TCM became the standard by which the arrest tough-
ness was determined, and remains in use today by virtue
of its being the only simply practical model capable of ad-
dressing such situations.
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Because the Battelle TCM (BTCM) required an iterative
solution, and many of the situations of concern involved
single phase or nearly single-phase gases, the BTCM was
used parametrically to solve a matrix of cases under the
general assumption that the gas was lean and the pipeline
was backfilled with soil. The cases considered included:
outside diameters from 12 to 48 inches (305 to 1219 mm)
and wall thickness, #, >0.1 inch (2.54 mm); pressures
from 594 to 2200 psig (4092 to 15158 kPa) causing hoop
stresses from 64 to 80 % of the specified minimum yield
stress (SMYS) in the range from 50 to 80 ksi (345 to
551 MPa), and values of the acoustic velocity in the gas at
its initial pressure and temperature, V,, in range from 1200
to 1400 feet/second (ft/s) (366 to 427 m/s). The results of
this analysis matrix were then trended, and that outcome
evaluated at the average value of V, over the range con-
sidered (i.e., 1300 ft/s or ~397 m/s). The resulting equa-
tion, termed the Battelle simplified equation (SE) [7], was
given as:

C

Vi

C

v

am =1.08:1070; (R (US Units);

am =3.57-107 05 (Rn)"” (SI Units), M
in which R is the radius of the pipe; ¢ is as above the wall
thickness; o, denotes the hoop stress; and C, denotes the
Charpy Vee-notch (CVN) energy and C, an indicates that it
is the linearly scaled full-size equivalent (FSE) CVN energy.
This is one of many SEs, with many others including those
due to the American Iron and Steel Institute (AISI) [8] and
the British Steel Corporation (BSC) [9]. These two along
with the Battelle SE underlie the criteria historically listed
in various Codes and Regulations for use in assessing arrest
requirements.

Limitations and key assumptions inherent
in the BTCM

The BTCM and the Battelle SE (BSE) embed empirical
calibration for Grade 448 (X65) and below. The steels con-
sidered had toughness quantified by the FSE CVN energy
of 100 J or less, with the average being less than 35 ft-1b
(~47 J). Similar limitations on calibration data exist for
all SEs, which depend on the specifics of the database
that underlies their empirical calibration. The BTCM
also embeds limitations on scope that reflect the strength
and flow (strain hardening) response and toughness, for
both fracture initiation and fracture propagation. Frac-
ture initiation enters the BTCM through consideration
of the fracture arrest pressure, which carries back to
the log-secant-based NG-18 Equations [10]. Fracture
propagation for this formulation embeds parameters that
quantify both the deformation response and the fracture
resistance.

Two empirical calibrations central to the development
of the BTCM are illustrated in Fig. 3 and 4. Fig. 3 presents
the correlation developed to relate fracture resistance quan-
tified by CVN energy, presented on the x-axis, to the strain-
energy release rate in a pipe, denoted then as G, shown
on the y-axis. To provide consistent units between these
parameters, the CVN energy was presented as an energy
density per unit area (i.e., 12 CVN/4 , where 4 is the area
of the CVN specimen in inch?). The energy release rate G,
for the thin-walled pups tested was defined as K f / E, where
K denotes the crack-tip stress intensity factor driving frac-
ture, which was taken in the strip-yield form developed by
Hahn et al [11] viz.:

2
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Fig. 3. Correlation between the full-scale test value of G, and CVN resistance:
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where G was flow stress defined as the actual yield stress,
o, plus 10 ksi (69 MPa), 6, was as above the hoop stress,
and c denoted the half-crack length. In turn, these parame-
ters were used to quantify the fracture initiation and propa-
gation resistance, denoted then as R.

Fig. 4 presents the correlation developed to address the
effects of backfill and the correlation that was developed to
relate the propagating shear velocity to:

1) the flow properties of the steel quantified by G,

2) the steel’s resistance to fracture, R,

3) the dynamic (instantaneous) pressure on the decom-
pression front, P, the arrest pressure, P_,

4) the backfill coefficient, which was taken to be con-
stant, C,,., and

BF>
5) a fitting parameter, the exponent denoted “x”, viz.:

G |P

V, =Cpp %{Fi - 1} . 3)

In this equation, V. is the “fracture’ speed, while V,
was the speed of the plastic wave in the pipe steel running
in advance of the fracture, and the value of exponent was
empirically chosen, as was the constant, C,,.. Fig. 4 pres-
ents this correlation in terms of normalized pressure on the
y-axis, expressed as P,/P_, as a function normalized frac-
ture velocity on the x-axis expressed as V./(6/(C, /AV)O-S).

Consider first Fig. 3. Fig. 3, a presents the results from
Reference 10 that underlie the correlation used in the BTCM
between CVN energy density and the corresponding value
of G, quantified by the response of full-scale burst tests
on short pups. The values of G, shown were calculated
using the pretest length of the through-wall (TW) defect
that was cut into each pipe, which was then sealed against

0 0.1 0.2 03 04 0.5 0.6 0.7 0.8
Normalized Velocity

Fig. 4. Relationships between normalized pressure and normalized
fracture velocity:
- FS Test, 30-inch backfill; O — FS Test, no backfill;
1 — BTCM, no backfill; 2 — BTCM, 30-inch backfill;
3 — Lin Reg, no backfill; 4 — Lin Reg, 30-inch backfill

leaking. Two groups of data points and one set of trends
are shown. The small sample of tests involving TW defects
(TWD) that were chosen for this calibration are shown as
the “X” symbols, while data for two tests of higher-strength
(~X80) nickel-steels (specifically IN787) are shown as the
“+” symbols. The CVN plateau toughness (CVP) for these
steels ran from 15 to 75 ft-Ib (20 to 102 J) in grades from
X52 through EX100 (358 to 690 MPa), where the EX100
is a 1960s vintage experimental quenched and tempered
(Q&T) pipe that remains in service today, although at a
value of SMYS dictated by that for the much lower grade
pipe it was run with. Although the data showed high scatter
that went unresolved, and the best-fit linear slope for all of
the data was ~0.81, while that for the line pipe was only
0.18, these results were represented by a one-to-one rela-
tionship in the BTCM, and other related modeling.

The linear trends that lie near the lower margin in Fig. 3, a
relate CVP to K2/ E in terms of broadly published correla-
tions between CVN energy and results for LEFM fracture
mechanics laboratory-scale test geometries. The disparity
between the pipe data and those fracture-mechanics-based
correlations is large, which apparently traces to the finite
width of those geometries in contrast to the undefined but
very large effective width for the pipe. That the specimen-
scale correlations do not approach zero as CVN does means
they could not be simply scaled to account for the disparity
between full-scale and laboratory-scale results.

While the data in Fig. 3, a were considered adequate to
empirically calibrate the BTCM for lower-toughness steels,
it is clear from Fig. 3, b that the response at higher-tough-
ness cannot be represented by the linear correlation adopted
in the BTCM. Fig. 3, b roughly doubles the scales in part a)
of this figure, to permit inclusion of recent work by Tokyo
Gas (TG) [12] that extends the database to cover tough-
ness values that approach the levels more typical of modern
line pipe. It is clear from Fig. 3, b that use of linear correla-
tion in the BTCM is open to question beyond a FSE CVN
energy level of about 75 ft-1b (~100 J). The NG-18 Equa-
tions that are embedded in the BTCM are likewise limited
in their utility to that same energy level. It is apparent given
the scatter in Fig. 1, a that the one-to-one correlation can
overestimate the fracture resistance of the pipes that under-
lie this figure by almost a factor of two. Finally, in regard
to Fig. 3, b it is apparent that the one-to-one correlation can
overestimate fracture resistance to an extent that increases
as toughness increases. This tendency is consistent with the
‘Leis correction factor’ (LCF) for the BTCM [13], which
was based on instrumented CVN testing that showed the
relative fraction of the energy dissipated in crack propaga-
tion decreased nonlinearly as the toughness increased. As
noted elsewhere [14], these trends suggest a simple correc-
tion to the BTCM based on the trend in Fig. 3, b has the
same effect on predicted energy to arrest fracture as does
the LCF.

Five key assumptions were implicit in regard to Fig. 3.
First, it was tacitly assumed that fracture mechanics char-
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acterized the phenomenology associated with the failure
process that Fig. 2 indicates occurs by ductile shear failure,
which runs along the pipeline. Second, it was assumed that
the strip-yield model for K developed by Hahn et al [11]
adequately characterized the driving force for this shear
failure process. Third, it was assumed that K so quanti-
fied could be adequately represented in regard to the pretest
size of the patched TWDs cut into the pipes reported on in
Fig. 3. Fourth, it was assumed that the CVN sample and
the energy dissipated quantified adequately characterized
the resistance of pipe steel to the propagating ductile shear
failure evident in Fig. 2. Fifth, and last, it was assumed that
the trend in Fig. 3 could be adequately characterized by a
one-to-one relationship between G, = K, 2/E and the CVN
energy. Discussion in the next section returns to consider
several of these assumptions.

Consider next the results presented in Fig. 4, which dis-
criminates between the results from the full-scale testing
for soil backfill (“I0” symbols) and for no backfill (“O”
symbols), and shows the best-fit linear regression for these
data as dashed lines. This figure also shows the correlations
used in the BTCM to relate fracture velocity to pressure
for these datasets and determine the backfill coefficient,
denoted CBF. All else being equal, it is apparent that the
‘fracture’ velocity where backfill is present is much less
than when the testing is done either in an open trench or
above ground — because the data for the backfilled testing
lie well to the left in this figure, at lower velocities, than
do the results without backfill. Fig. 4 indicates that a high-
quality data fit is achieved when the exponent is as chosen
at 1/6 across the range of results for nominally 30-inch-
deep (762 mm) backfill. This follows from the observation
that the regression trend shown as the short dashed line vir-
tually overlays the solid line that derives from the form of
Equation 3 when the value of the exponent is taken at 1/6.
Simplicity in formulating the BTCM achieved by retaining
this value of the exponent for cases where backfill is absent
leads to the solid line shown through that dataset. While
that choice led to a functional form that passes through
or near much of that data, Fig. 4 indicates that this choice
falls well off the best-fit line through those points, which is
shown in this figure as the dash-dot line.

Several assumptions were also associated with the rela-
tionship developed in regard to Fig. 4. First was the funda-
mental assumption that the fracture process follows in the
wake of and can be quantified as a function of the speed
of a plastic zone that runs ahead of the propagating shear
failure. Second, it was assumed that the three-dimensional
(3-D) flow process in the propagating plastic zone could be
adequately characterized in a one-dimensional framework
by a flow stress and strain hardening exponent (i.e., impli-
citly typical tensile properties). Third it was assumed that
the resistance to propagating shear could be expressed rela-
tive to the plastic strain and the flow stress. Fourth it was
assumed that Equation 3 adequately characterized this set
of parameters. Finally, it was assumed that the two empiri-
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cally determined parameters in that context could be taken
as constant for a given set of backfill conditions, with the
exponent further taken to be the same regardless of the
backfill conditions. Discussion in the next section also re-
turns to consider several of these assumptions.

Implications and consequences of the
BTCM assumptions

In spite of the many above noted assumptions, and its
calibration being limited to steels in Grade 448 (X65) and
below that had C, ;) energy at 100 J or less, the BTCM
remains in use well beyond these limitations. This is be-
cause it is the only relatively simple and so practical basis
to assess arrest toughness available today. That being said,
it is instructive to assess the viability of the many assump-
tions, to better understand their implications in applications
of the BTCM to modern steels. More important practically,
because the scatter evident in regard to Fig. 3, a and 4 in-
dicates that predictions based on the BTCM will likewise
show scatter, it follows that improved predictions would re-
sult if the cause of the scatter was understood and could be
excised. Quantifying which assumptions drive the scatter
thus helps to identify where this effort has the potential to
improve arrest predictions within a fracture-based frame-
work.

This section uses the BTCM to predict the required ar-
rest toughness for the line pipe steels and pipe sizes typi-
cal of the era when the BTCM was being developed. Two
datasets are considered in this assessment of the BTCM.
The first involves the dataset that underlies the develop-
ment and empirical calibration of the BTCM [15]. Given
the many disposable parameters involved, and their use in
tuning the calibration, the BTCM should correctly calculate
the required toughness across that dataset. The second data-
set evaluated is that developed in work for the British Gas
Council (BGC) [16], which occurred over almost the same
period as the testing for the BTCM. Because the work for
the BGC involved steels and pipe sizes from the same era,
issues due to changes in such parameters over the decades
since the BTCM was formulated are eliminated as causes
for predictive disparity — if such is found.

Best-case scenario — the BTCM applied
to its calibration database

Fig. 5 presents the arrest toughness calculated using
the BTCM across the database that underlies its calibra-
tion [i.e., 15]. While such calculations are akin to predic-
tions, they are more correctly an assessment of the quality
of the curve-fits and the adequacy of the constants chosen
for the several disposable parameters. The x-axis in this fig-
ure is the FSE CVN energy associated with the pipe that
arrested the fracture, while the y-axis is the value calcu-
lated by the model. Fig. 5, a is specific to the BTCM, while
Fig. 5, b addresses the results for the BSE applied to the
same dataset. Correct results in this format involve arrest
results (open circles) that lie below the one-to-one line and
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Fig. 5. Calculated arrest toughness for the database that underlies the BTCM calibration:
a — BTCM calculations; b — BSE calculations; []— propagate; O — arrest

propagate results (open squares) that lie above it. While
incorrect results that lie on either side of the one-to-one
line indicate an issue, those cases where arrest is predicted
whereas propagation actually occurs are non-conservative
and so pose a significant practical concern, and so hereafter
are termed ‘critical errors’. Such critical errors are evident
as open circle symbols anywhere above the one-to-one line.

Given the several disposable parameters and the abili-
ty to tune the values for the constants in formulating the
BTCM, the vast majority of the arrest versus propagate
calculations are expected to be correct across its calibra-
tion database. Fig. 5, a, which presents the results of those
calculations confirms this: the results show good discrimi-
nation between pipes that arrest or propagate shear failure.
Likewise, because the BSE trends predictions based on the
BTCM, except for its assumption that the arrest velocity
for these tests could be reasonably represented by the aver-
age value of 1300 ft/s (397 m/s), good discrimination also
is expected for the BSE. Fig. 5, b confirms this, but it must
be emphasized that all data considered reflect single-phase
decompression response.

While the results in Fig. 5, a indicate that the disposab-
le parameters and their tuning affected good discrimina-
tion across the calibration database, they lead to one criti-
cal error where arrest is expected but propagation occurs,
while a second case falls just slightly on the error side of
the one-to-one line. While this corresponds to a critical er-
ror rate the order of a few percent, the several disposable
parameters and related tuning suggest that even one criti-
cal error is more than might be expected. Because the BSE
was derived by trending the BTCM for tests that involved
single-phase decompression, the results in Fig. 5, b for the
BSE are expected to be comparable to that for the BTCM.
This is indeed the case, as the critical error rate for the BSE

is identical to that determined for the BTCM. Given the ba-
sis for the BSE, this outcome suggests that at least for these
full scale tests the value of the arrest velocity for these tests
must be close to the value of 1300 ft/s (397 m/s) assumed
in regard to the BSE.

It follows from Fig. 5 that the BTCM and the BSE reaso-
nably characterize the propagating shear failure behavior
that occurred within their calibration database. Likewise, it
is apparent that the many assumptions appear viable — and
that the scatter that underlay some of the key assumptions
does not significantly impair the model’s ability to discrimi-
nate whether a pipe’s properties are capable of arrest versus
propagation.

Preditictive scenario — BTCM applied
to a contemporary database

Consider next the utility of the BTCM and the BSE to
predict the arrest toughness required in regard to data de-
veloped outside their calibration, but within the same class
of steels and pipe sizes typical of the era when the BTCM
was developed. To that end the BTCM and the BSE are
evaluated relative to predicted values of arrest toughness
versus that observed in related full-scale testing done in the
work associated with the BGC [16]. Fig. 6 presents these
results in the same format adopted for Fig. 5. The only key
difference is that the scales on the axis of the figures has
been reduced roughly by a factor of two, to accommodate
the relatively lower resistance of the steels involved.

The predictions evident in Fig. 6 are comparable to those
for the calibration database (Fig. 5) for the cases where the
pipe is capable of arresting the propagating shear failure,
all of which are correctly predicted, save for one critical
error. However, for this dataset that critical error (which is
highlighted by the dashed circle) is badly miscalled — as it
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falls far above the one-to-one line in comparison to that in
Fig. 5. While similar to the calibration dataset in regard to
the arrest results, these true predictions involve many mis-
calls for pipes where shear failure continued to propagate.
These pipes are evident in Fig. 6 as the many square sym-
bols that now fall well below the one-to-one line for both
the BTCM and the BSE.

In view of Fig. 6 it is apparent that when the BTCM
is used outside its calibration dataset more scatter is evi-
dent: six miscalled predictions now are evident out of 24,
leading to a rather high error rate of 25 %. Whether or not
this outcome is due to scatter, or to differences in the fit-
ting parameters that would better harmonize the combined
database, or if the relatively lower toughness steels con-
sidered in the BGC work involved fundamentally differ-
ent response is unclear. While one critical error occurred
as for the calibration database, five pipes were predicted
to propagate whereas arrest occurred. It follows that the
BTCM did not effectively discriminate between an arrest
versus a propagate pipe — which is its primary function.
In addition, the extent of disparity between the predicted
outcome and the actual response increased somewhat. The
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next section considers one major error source as a possible
explanation for this.

Assessing a major source of scatter

Detailed study of the underlying calibration database
suggests that the significant scatter evident in Fig. 3, a is
due to the assumption (or expectation) that the pretest notch
length was a viable estimate of the length at instability. The
extent of the error that can be ascribed to this assumption
can be inferred in regard to Fig. 7 (adapted from [14]),
which is a view local to a patched TWD in a thin-walled
pipe made of a 1964 vintage line-pipe steel. Many such
tests were done then [e.g., 10] as well as since involving
larger-diameter relatively thin-wall pipes, using notches
whose pretest lengths ranged from 0.1 < ¢?/Rt < 20.

The image in Fig. 7 reflects Test #18-8 on a 30-inch
(762 mm) diameter pipe, with 0.375 inch (9.53 mm) wall
made of grade X52 (358 MPa). This line pipe had an ac-
tual yield stress (AYS) of 60.6 ksi (418 MPa) and an ulti-
mate tensile stress (UTS) of 81.3 ksi (560 MPa), leading
to AYS/SMYS = 1.165 with Y/T=0.75, all of which are
typical of the late 1960s TWD database. The pretest length
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Fig. 6. Predicted arrest toughness for the BGC database:
a—BTCM predictions; b — BSE predictions; [J— propagate; O — arrest
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Fig. 7. View of a TWD seconds prior to instability (the inset indicates the pretest notch length)
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of this TWD, whose tips were cut with a jeweler’s saw,
was 3.3 inches (84 mm) for which ¢?/Rt 0.49. As such, this
TWD was rather short in comparison to the range of pretest
lengths that were evaluated. This defect was patched to seal
against leaks and pressurized until axial instability of the
TWD, which occurred at 1.07 P_ . The temperature for
this test was 26 °F (3.3 °C), which opens to the potential for
less ductile response, as it falls well below the shear-area
transition temperature (SATT). That being said, because
this pipe had a relatively high CVP energy at that tempera-
ture, collapse-controlled failure remained plausible.

Test 18-8 was captured on high-speed film through in-
stability, from which Fig. 7 and a sequence of like images
was obtained — with that shown made just seconds before
instability. Although the testing was done below the SATT,
it is apparent from Fig. 7 that significant subcritical tearing
developed prior to instability. Also note that the NG-18
Equations that figure prominently in aspects of the BTCM
incorporate bulging local to defects, which appears as an
important factor. While that could be the case for some
tests involving longer TWDs, it is apparent in Fig. 7 (and
many others like it) that the image remained in focus as is
apparent here up through instability. Given that bulging in-
volves deformations that locally distorts the pipe’s cylind-
rical shape, the image quality here implies that the pretest
focus remained viable.

It follows that little local bulging occurred, which opens
to question when the significant pucker often seen post-
test actually forms, and the extent to which bulging prior
to axial instability contributes to that posttest pucker. But,
more critically in regard to Fig. 3, which discounted pos-
sible growth through use of the pretest TWD length in cal-
culating G, Fig. 7 shows that significant differences can
develop between the calculated and actual values of G,
which lead to scatter

In light of the form of Equation 2, where the half-length
of the TWD contributes linearly to K, if the TWD in-
creased in half-length due to stable tearing prior to instabil-
ity, then the value of K increases proportionally, while the
value of G, on the y-axis of Fig. 3 increases as the square of
that increase in half-length. Fig. 8 trends these dependen-
cies as the basis to indicate the significant scatter that can
develop due to the assumption that the pretest notch dimen-
sions were a reasonable estimate of the circumstances at
instability. The y-axis in this figure is the ratio of final to
initial crack driving force while the x-axis is the amount of
stable tearing normalized relative to the initial TWD half-
crack length.

Fig. 8 indicates that where significant stable tearing is
possible, the error introduced by using the initial TWD half-
length in Fig. 3 can be several hundred percent. Critical in
this context is that the resistance of the steel to stable tearing
(quantified by CVN energy) and the initial notch depth cou-
ple nonlinearly to control the amount of tearing that occurs.
Thus, small initial defects in tougher steels can undergo
significant tearing, while longer initial defects in less tough

0
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Fig. 8. Ratio of final to initial crack driving force as a function of
normalized stable tearing:
1-K;2-G,

steel undergo virtually no stable tearing. In regard to the
TWD shown in Fig. 7, the final length (i.e., notch plus tear-
ing) increased from 3.3 inches (84 mm) to about 5.6 inches
(142 mm) prior to instability. Given this result, entering the
x-axis in Fig. 8 at a value of (5.6 — 3.3)/3.3 = 0.7 indicates
that for this test the value of G, increased due to stable tear-
ing by about 2.9 times.

It follows that the assumption that the pretest notch
length was a reasonable estimate of the circumstances at in-
stability by itself can lead to huge scatter in regard to Fig. 3.
In view of this, the disparities evident in regard to the ar-
rest toughness predictions in Fig. 6 versus that in Fig. 5 are
not surprising. It is plausible in this context that the choice
made to represent the results in Fig. 3 by a one-to one re-
lationship provides an average outcome between cases that
incurred significant stable tearing and those that did not.
Another factor is that Test 18-8 was among the shortest pre-
test TWD lengths considered, and involved a steel capable
of supporting significant stable tearing. This indicates that
the 2.9 fold increase noted in the value of G, tends to be a
near worst-case indicator of the potential error due to this
consideration. Finally, it is plausible that other assumptions
or choices in parameter values act to offset the effects of
this assumption. Regardless of which of these scenarios ap-
plies, it is clear that the value of G, can vary greatly leading
to scatter that can be expected in the use of the BTCM.

Toughness limitation for the BTCM
and its consequences

As noted earlier, the calibration of the BTCM was lim-
ited to steels in Grade 448 (X65) and below that had C, W
energy at 100 J or less. While it is usual to limit the use
of any model that is empirically calibrated to within the
bounds of the underlying database, because pipeline de-
sign is driven to more demanding applications there was
an almost immediate need to use the BTCM beyond such
bounds.
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Trends as toughness increased —
work in North America

The first practical test of the technology that underlies
the BTCM came in the context of full-scale tests that were
done in support of the Canadian Arctic Gas Study Limited
(CAGSL). CAGSL involved a natural gas pipeline running
from the North Slope of Alaska and the Mackenzie Delta,
into the Northwest Territories, and on to Southern Canada
and the United States. As the eventual design was not finali-
zed in 1972 as the initial test parameters were being con-
sidered, that plan considered 48-inch (1219 mm) diameter
line pipe produced in Grades 448 (X65) and 482 (X70) in
wall thicknesses corresponding to an 80 % design factor.
The plate rolled into test pipes involved both controlled-
rolled and Q&T steels. The target pressure was 1680 psig
(115.8 bar), which led to quite thick pipe. The target test
temperatures were from —14 to —32 °F (=26 to —36 °C) to
represent conditions considered relevant to the project.
Consideration was given to integral ‘fracture arrestors’ in
this set of tests. The second set of tests involved Grade 482
(X70) and was completed in 1975 under similar test con-
ditions, except that slightly rich gas containing a modest
amount of CO, was used. It follows that these tests were
much more demanding than the circumstances considered
for either the calibration database or the testing considered
in regard to the BGC. As such, the toughness required to af-
fect arrest for these tests was anticipated to run on average
well above that of the full-scale test experience that was
embedded in the calibration of the BTCM.

Although the initial testing was done in the early 1970s,
and preceded the complete formulation of the BTCM (which
was published in 1975), many of the key elements that un-
derlie the BTCM had been published prior to or in 1972,
in the context of the NG-18 Equations [e.g., 10, 11]. That
technology was used to design the tests with the expecta-
tion that the range of toughness levels evaluated would ar-
rest fracture at some level represented by the test pipes, yet
only one of the pipes considered led to arrest. It follows that
the technology that comprised the BTCM underestimated
the arrest toughness of most of the test pipes. [e.g., 17]
While many factors can conspire to produce this outcome,
including the type of steels and low temperatures conside-
red, the trend for the data was to underestimate the arrest
toughness at toughness levels well beyond those previously
experienced. In regard to Fig. 5 and 6, it is apparent that the
toughness evident there on average is the order of 50 ft-lb
or less, whereas the GAGSL test pipes had resistances often
double that, which in one case ran in excess of 200 ft-1b
(~270 )).

The next practical test for the BTCM came a few years
after the first, with the testing done from 1979 through 1981.
These full-scale tests were done in support of the Canadian
segment of the Alaska Highway Gas Pipe Line (AHGPL)
project, which was proposed to move natural gas south into
Western Canada and on into the US. Thus, many of the test
parameters targeted similar concerns as the CAGSL work,
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except that they were AHGPL project-specific. This tes-
ting was done at the Northern Alberta Burst Test Facility
(NABTF), with all testing done on Grade 482 (X70) line
pipe in diameters as large as 56-inch (1219 mm), for wall
thicknesses corresponding to an 80 % design factor. Target
test pressures were as high as 1261 psig (86.9 bar), while
the target test temperatures were from —6 up to 25 °F (=21
to —4 °C), being chosen to represent conditions considered
relevant to the project. This work, which was finished in
1981, considered a range of slightly rich compositions,
which in some cases contained a modest amount of CO,.
As for the CAGSL testing, these test conditions were much
more demanding than the circumstances considered for ei-
ther the calibration database or in the work for the BGC.
This testing was completed well after the BTCM was
formulated and published. The reporting indicates that this
technology was used to design the tests, which as noted
above leads to the expectation that fracture would arrest
well within the range of toughness levels used in the tests.
The report [18] concludes that “the model (BTCM) provid-
ed predictions of arrest toughness that lay at the lower end
of the observed range of arrest toughness” — so it follows
that the BTCM underestimated the arrest toughness for
many of the test pipes. As above, many factors can conspire
to produce this outcome. And, as above, the arrest pipes
had resistances often double that of the BTCM calibration
database, which in one case exceeded 148 ft-1b (~200 J).

Trends as toughness increased — work in Europe

While not then apparent to those working at the NABTF
to develop and analyze the data, a clear dependence of the
BTCM predictions on toughness was emerging from the re-
sults of extensive full-scale testing done in Europe in the late
1970s and on into the early 1980s. As reported in 1983 [19],
this work showed that the BTCM erred increasingly as the
toughness increased beyond about 75 ft-1b (~100 J).

As time passed, it became clear that not only the BCTM
and BSE results showed this trend, but that all SEs that had
emerged to quantify fracture arrest for single-phase gases
that were calibrated in reference to the CVN specimen
shared the same trend: all became increasingly non-con-
servative as the toughness increased beyond about 75 ft-1b
(~100J) [20]. Fig. 9 illustrates this non-conservative ‘bent-
over’ trend as the toughness required for arrest increases for
predictions made using the AISI SE [8]. This tendency to
underestimate required arrest toughness was evident for all
grades evaluated. The results shown cover 120 arrests and
138 propagates in grades from X52 through X100, diame-
ters from 24 to 56 inches (~406 to 1422 mm), wall thick-
ness from 0.31 to 1.0 inch (7.95 to 25.4 mm), FSE CVN
energies from 20 to 200 ft-1b (27 to 270 J), and pressures up
to more than 2300 psi (16000 kPa).

The pipeline industry responds
The pipeline industry responded to the emergence of
the trend to non-conservative predictions with two major
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Fig. 9. Predicted arrest toughness requirements using the AISI SE:
- propagate; O — arrest

thrusts. First, there was renewed interest in a better test
to characterize fracture resistance. This action appears to
represent the perceived inadequacy of the CVN Speci-
men as was evident in the consistent error made by all
arrest models calibrated to CVN energy. Second, the in-
dustry began research to develop an alternative approach
to characterize the crack driving force, as the basis to re-
place the BTCM with an ‘improved model’. In spite of re-
lated work [21] that indicated utility in the flow response
of the steel and its relationship to the stretch local to the
shear failure that is apparent in Fig. 2, the industry path
forward eventually settled on NLFM. That choice appar-
ently reflected the view that the significant developments
in NLFM in the period since the BTCM emerged offered
great promise, and the view that the phenomenology of
this propagating shear failure apparent in Fig. 2 and 7 was
fracture-controlled.

Alternate fracture-based models:
CTOA as a fracture metric

Shortly after the consistent non-conservative predictive
error for CVN-based models became evident, a major effort
was initiated to develop alternative technology. Work began
in the US to that end under the auspices of the PRCI in
1984 [22]. About the same time, a major effort with a com-
parable purpose had begun in Italy, with that work focused
at Societa NAzionale Metanodotti (SNAM) [23]. Collabo-
ration between those efforts eventually ensued that sought
to better characterize both the driving force for ‘running
fracture’ and its resistance using a consistent fracture metric
for both. The primary focus of that work was the evolu-
tion of crack-tip opening angle (CTOA) as a measure of the
driving force for fracture [24] as well as its resistance [25].

Related work continues today, although the work that be-
gan at SNAM has now shifted to Centro Sviluppo Mate-
riali (CSM).

Values of CTOA to arrest fracture based on those de-
velopments have from time to time been blind-predict-
ed, which provides a basis to assess its progress toward
a practically useful accurate predictor of arrest versus
propagate as a function of CTOA. One such blind predic-
tion well known to the author occurred in the context of
the Alliance Pipeline, circa the mid-1990s. This blind nu-
merical prediction, which came more than 10 years after
that work began, indicated arrest at a CTOA on the order
of 25° for this advanced-design pipeline [26]. This was
in stark contrast to the largest published experimentally
measured values of CTOA for then available steels that
were the order of just 10°. While the very high predicted
value of required CTOA in comparison to that for avail-
able steels was cause for pause, the full-scale testing went
forward. In contrast to the blind predictions, those tests
indicated arrest at value of CTOA that could be easily
achieved for then available steels. Surprisingly to some,
the CVN prediction based on the BTCM coupled with the
LCF predicted the arrest toughness within a few percent
— for all four arrests. These results led to reformulation of
the CTOA model and redefinition of CTOA and its mea-
surement practice. Thereafter, the required CTOA was
still higher that the value evident in the testing inferred
from CVN trending, but at about 12° [27] was much closer
to the actual arrest conditions based on trending of the
published CVN-CTOA results.

Related work by others involving CTOA has focused on
a much different practice to measure this parameter, which
after about five years of work appeared to hold promi-
se [28]. However, after some additional work this activi-
ty drew to a close without apparent success. Others have
sought to isolate crack propagation resistance in the context
of CTOA (and other fracture-based metrics), coupling that
effort with work related to testing practices to characte-
rize fracture resistance. Schemes to isolate crack propaga-
tion resistance have focused on: 1) the notch configuration
or its processing, 2) the back surface opposite the notch,
and 3) the related test practice or specimen geometry. This
work has likewise drawn to a close without success. Quite
possibly the reason for this is because their focus was the
energy dissipated only due to the creation of new fracture
surface in propagation, whereas flow-controlled deforma-
tion in the context of Reference 21 appears to dominate the
energy dissipated leading to the arrest of propagating shear
in a pipeline.

It follows that schemes to characterize shear propaga-
tion in a pipeline and the steel’s resistance to that process
have been attempted using fracture-based concepts since
the late 1960s. CTOA as a metric of fracture has been in
development now for a period of almost three decades — but
as yet a simple practical model CTOA-based model such as
the BTCM has not emerged.
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Other recent work: fracture control
for the alliance pipeline

Background

The proposed Alliance Pipeline design involved a novel
dense-phase compression and transport concept [29] that
would move the richest (dense-phase) gas yet considered
through a large (36inch / 914 mm) diameter pipeline
operating at 1740 psig (~120 bar). While Grade 551 (X80)
was considered early in the design process, eventually
Grade 482 (X70) was proposed working at 80 % design
factor, which was allowable and usual for cross-country
service in Canada. Given the issues evident in predicting
arrest toughness for the full-scale testing done prior to the
mid-1990s, developing the fracture control plan (FCP) for
any pipeline posed a problem if its design concept and ope-
rational parameters lay outside the scope of the available
full-scale testing. On this basis, the design pressure and
other aspects advanced-design Alliance Pipeline placed it
well outside the scope of that full-scale database. As such,
a means to address the just-noted issues was required if this
design was to go forward, which because that means was
unproven for those design conditions would need to be vali-
dated by successful full-scale testing.

Managing the effects of increasing toughness

Not surprisingly, the predicted arrest toughness for the
Alliance Pipeline based on the BTCM was above the 75 ft-1b
(~100J) limit beyond which Fig. 9 shows this model is
increasingly non-conservative. Because the other CVN-
based methods also showed this same tendency as had been
evident for the BTCM, and the use of CTOA had not yet
been proven by successful blind predictions of fracture ar-
rest, developing the FCP for this pipeline posed a major
challenge. Alternative schemes were sought by the Alliance
Consortia. Eventually, consideration given to an emerging
concept developed under IR&D funding at Battelle in the
early 1990s [13], which provided a physically sound basis
to offset the cause for the ‘bent-over’ trend seen in Fig. 9.

Differences in the inherent fracture resistance of a CVN
specimen were evaluated as the FSE CVN energy increased
from a low of 18 ft-1b (24 J) to a high of 260 ft-1b (352 J) in
steels from Gr B up to X80, which were produced from the
1960s into the early 1990s. Using results from instrumented
CVN testing, dissipation was separated into fracture initia-
tion, plastic deformation, and fracture resistance. Fig. 10
trends the shift in energy dissipation in the CVN specimen
for each of the initiation, plastic deformation, and propaga-
tion components.

The y-axis in Fig. 10 is the fraction of the energy dissi-
pated in the above-noted components as a function of total
energy dissipated in the test, which is shown on the x-axis.
These trends were normalized relative to the trend devel-
oped in testing up through 75 ft-1b (~100J), with a best-
fit function developed from that process that predicts the
shortfall in the BTCM predicted energy due to differences
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Fig. 10. Shift in CVN dissipation for the initiation, plastic deformation,
and propagation components as total energy increases:
1 —Trend D; 2 — Trend I; 3 — Trend P; O — propagate; O — deformation;
A — initiation

in the response of the CVN specimen as toughness increas-
es. Of significance in these trends is the observation that for
these steels the propagation component approaches zero at
about 250 ft-1b (~339J). In turn, this means that the CVN
test loses its utility in the context of its historic purpose in
the BTCM formulation at energy levels of that order, and
above.

Recognizing that the CVN test loses its utility in the
context of its historic purpose in the BTCM at energy levels
the order of 250 ft-1b (~339 J) and above, it follows that
one must question specifying steels relative to CVN testing
at high energy levels. It also follows that trends between
predicted and actual arrest energy levels that develop and
can be quantified functionally at lower energy levels are
likely to breakdown completely as they approach much less
exceed a FSE CVN energy level of 250 ft-1b (~339 J). The
results showed that the ratio of the initiation (plus deforma-
tion) energy to the propagation energy in a CVN specimen
was inherently different for high toughness steels as com-
pared to that for low toughness steels, and that the energy
dissipated in initiation increased with toughness, as did that
for plastic deformation. Based on these observations and the
energy dissipation principle, a correction was developed for
the BTCM as the basis to predict the CVN energy to arrest
shear propagation for the Alliance Pipeline. Over the course
of the Alliance Pipeline Certification Hearing [30] this cor-
rection became known as the ‘Leis correction factor’.

Outcomes using the leis correction factor
As evident in Fig. 11, when applied to predictions for
the same database considered in Fig. 9, the LCF effectively
offsets the non-conservative nature of the BTCM for the
higher toughness steels in that database. These data run to
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Fig. 11. Leis correction factor applied with the BTCM to the test results
in Fig. 9:
- propagate; O — arrest

quite high toughness levels (<270 J), all of which reflect
single-phase decompression. Given this outcome, blind pre-
dictions also were made for the planned full-scale testing to
validate this correction for use with the Alliance Pipeline
design and FCP. As noted earlier, and discussed in more de-
tail later, it was found that the corrected BTCM predictions
matched the observed arrest toughness within a few percent
of each other for each of four arrests, while CTOA as noted
above was not validated by that testing.

It follows that the LCF provided a rational approach to
extend the utility of the BTCM to much higher toughness
levels. However, as has been made clear in related work,
this correction is empirically calibrated for up to Grade 551
(X80), and toughness levels the order of ~225 ft-1b (~305 J),
but validated only for Grade 482 (X70) and below. Note too
that the LCF also reflects a range of steels whose flow and
fracture response both contributed to its successful use.

Recognizing the lesson discussed earlier in regard to us-
ing the BTCM beyond its empirical basis, the LCF does not
provide a general path forward — nor do any of the other
correction factors that followed in the wake of the LCF.
Rather, technology must be developed that addresses the
inadequacies of what is currently available as 1) the tough-
ness continues to increase, 2) the flow response shifts to
higher values of Y/T, and 3) the specimens used to quantify
resistance to propagating shear become less effective.

Challenge posed by high-toughness
high-strength grades

The economics of pipeline construction and operation
motivate the development of higher-strength grades, which
fall well above the empirical basis for the current fracture

arrest technology and require full-scale testing to assess the
viability of the steels considered for a given pipeline de-
sign. The development of microalloyed steel and the role
played by Niobium remains critical in keeping pipelines
cost competitive, while at the same time leading to steel
that is weldable, as well as strong and tough, and so ca-
pable of satisfying the requirements of strain-based design.
Gray [31] tracks the evolution of steel and makes clear the
benefits of Niobium in line-pipe applications. While the
benefits are understood, without a means to specify the
toughness required to arrest fracture, and to quantify what
level is required for a given pipeline, it will be difficult to
capitalize on those benefits without a complete understan-
ding of propagating shear, and a means to quantify that ar-
rest is certain in the event that such a failure initiates.

Realizing that advanced-design pipelines will require
high-toughness if they are to avoid the use of fracture arres-
tors, and that toughness continues to be quantified by CVN
energy, the steel industry has learned to produce steels that
seem designed to ‘stop the hammer’ in CVN testing. Such
steels are marketed today with toughness levels approach-
ing 500 ft-1b (678 J). In view of the trends in Fig. 10, one
must question the value of ‘arrest’ resistance approaching
or above 250 ft-1b (339 J). Further reason to question the
merits of toughness at such levels derives from Fig. 12.
Fig. 12 summarizes the results of full-scale testing done
by CSM [32] primarily in regard to Grade 551 (X80) and
Grade 689 (X100), with limited data also for Grade 827
(X120). The format of this figure is comparable to Fig. 9
and 11. Fig. 12, a is based on predictions by the BTCM
whereas Fig, 12, b presents BTCM predictions with the
LCF.

Fig. 12,a looks much like the BTCM predictions
shown earlier in Fig. 9, which as noted then included data
for grades up to EX100, all of which were produced with
practices used prior to ~1990. It shows the same bent-over
trend, which develops beyond about 100J (~75 ft-lb).
In view of the utility of the LCF evident in Fig. 11, it is con-
ceivable that the LCF can affect improved predictions as
well in regard to these data for higher-strength grades using
steels made with much different practices when compared
to that of the 1970s and before. However, as has been not-
ed in prior discussion, the dissipation response embedded
in the LCF as well as the flow response embedded in the
calibration of the BTCM differ from trends for that evident
with recent production. The effects of these differences are
apparent in the data presented in Fig. 13, which shows Y/T
as a function of SMYS in Fig. 12, @ and AYS in Fig. 12, b.
Results for AYS are included along with that for SMYS as
the ratio of AYS/SMYS also has been decreasing.

The BTCM was formulated by relating the ‘fracture’
speed to that of the plastic wave speed, where the latter is
proportional to the slope of stress-plastic strain curve. If the
trend through the results in Fig. 13, a is considered typical
and combined with related data for the strain to failure, then
that slope for the X70 grade steels is ~six times that for the
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Fig. 12. CSM database for X80 and X100 tests (data from Reference 32):
a — BTCM predictions for high-grade steels; » — BTCM-LCF predictions for high-grade steels; @ — X80 A — CSM Database;
O — X80 P — CSM Database; A — X100 A — 1** ECSC; A — X100 P — I** ECSC; ¢ — X100 A — 2™ ECSC; & — X100 P — 2" ECSC;
H - X100 A — 1%t Demopipe; +— X100 P — 1% Demopipe; [0 — X100 P — 2" Demopipe; x — X120 P — ExMob

SMYS, MPa
138 238 338 438 538 638 738
11 T T T T T T
e
-~ %
0.9 $ 3’
7
¥
& oor ° 73
>~ ’78 o
0.7 é
/
06 | %:
/7
0.5+ K
Best-fit trend a
04 1 1 1 1
20 40 60 80 100 120
SMYS, ksi

Actual yield stress, MPa

138 238 338 438 538 638 738
11 T T T T T T
L %
o &7, X
© 09F & o @
S &
g 0.8 r L /‘/‘.
5 o7 ¥ .
< 6
Q ||
=06+ 49'.
./ ‘
0.5 R4
./ Best-fit trend b
04 VA 1 1 1 1
20 40 60 80 100 120

Actual yield stress, ksi

Fig. 13. Trends in the flow properties represented by Y/7 with Grade (archival data):
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X100 steels. This difference indicates that 1) the BTCM is
likely to underestimate the required arrest resistance and
2) it is unlikely the BTCM coupled with the LCF will be as
effective in offsetting the ‘bent-over’ trend as evident for
Fig. 11 in predictions for data from the era that the BTCM
was formulated. Inspection of Fig. 12, b confirms this ex-
pectation: while some improvement is evident through the
use of the LCF, many results remain in error.

Close study of Fig. 12, b for cases involving high frac-
ture resistance indicates that the data for pipes that arrest
propagating shear becomes comingled with those that per-
mit continued propagation. In addition to being comingled,
such results span a significant range of CVN resistance —
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with failure effectively independent of CVN. Examples of
comingled data can be seen in the two sets of points circled
at about 250 J, while the results for the 1st ‘Demopipe’ test
that show propagation at more than 350 J (~260 ft-1b) il-
lustrate independence of CVN energy. This means that for
these types of steels the CVN energy no longer discrimi-
nates effectively between pipes that arrest versus pipes that
propagate shear failure — particularly at high resistance. In
view of this trend, one could assert that a toughness level
exists beyond which the failure process transitions from
fracture control to collapse control: beyond that level run-
ning ‘fracture’ is a propagating tensile instability rather
than an extending crack.
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Until we fully understand the factors that drive propa-
gating shear, we cannot logically develop the means to
quantify the factors that control its arrest, and establish
reliable measures of the steel’s resistance to such failure.
Full-scale testing provides a stopgap until that understand-
ing evolves, but such testing is expensive and of limited
general utility, as the result from a given test is specific to
the test parameters considered. It follows that a technology-
based relationship is needed if tough strong steels are to
be broadly marketed as the means to economically expand
access to environmentally friendly sources of energy like
natural gas.

While the LCF extended the utility of the BTCM for a
few years covering some higher-strength grades produced
in the new Millennium, in many ways the need to char-
acterize relationships between pipeline design parameters
and the arrest of propagating shear remains today much as
it has since the late 1960s. Formally dealing with the flow
and fracture behavior, the decompression behavior, and the
soil-structure or water-structure interaction that contribute
to the failure response requires quantifying complex inter-
acting nonlinearities. This has proven problematic without
recourse to semi-empirical approaches. Uncoupling these
three nonlinearities as a basis to numerically characterize
their effects independently, and to validate those outcomes
prior to reintegrating their coupled effects, is a daunting and
expensive process.

Uncoupling the nonlinearities in a fundamental way will
require expensive experiments that physically isolate each
of the nonlinear processes, which will likely require instru-
mented, well designed above-ground full-scale testing.
While such work could prove instructive, the fact remains
that attempts to use fracture-based methods to characterize
shear propagation in a pipeline and the steel’s resistance to
that process have been pursued since the late 1960s. More
advanced fracture-based concepts, such as CTOA, likewise
have been in development as metrics for fracture for a pe-
riod that now is almost three decades. In spite of the tens of
millions invested to date in theory and related experiments,
as yet a simple practical model, such as the BTCM, has not
emerged through work founded on fracture-based technolo-
gies.

Fracture has been an appealing basis to characterize
ductile propagating shear, and seemed logical as this failure
process emerged in the wake of brittle propagating fracture.
However, after 40 years in pursuit of a fracture-based ap-
proach without success in the form of a simple model like
the BTCM it seems reasonable to reassess the phenomenol-
ogy. The key question is — where to start?

The end of the article in the next issue.
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NPUOCTAHOBJIEHUE PACITPOCTPAHEHUA JE®OPMALUN
B MATUCTPAJIBHOM TPYBOIIPOBOJE

bpainan H. Jleiic, 0.m.H., KOHCYTbIMAHM
(bleis@columbus.rr.com)

(517, oe ctp., Yoprunrrow, mrar Oraiio, 43085-3036, CIIA)

Annomayua. J{si MPOSIBICHUS PACHPOCTPAHSIOMIEIOCS IIACTHYECKOrO

paspymieHus TpeOyercs, 4To0bl TPyOOIPOBOABI OBUIM CHPOEKTUPO-
BaHbl C YUETOM HEJIOMYIIEHHs pacrpocTpaHenus TpeiuH. IToaxons,
OIKCHIBAIOIINE IIOBEICHHE TPYyOOIPOBOAA, €T0 YCTOHUMBOCTD U Ta-
PaHTHPOBAHHYIO OCTAHOBKY B cilydae cOOeB B paboTe, OCHOBAHbI Ha
MOy IMIIUPUYECKHUX MOJIEIIX, OTYyYUBIINX CBOEC Pa3BUTUE B CEPEIH-
He 1970-x rooB. DTH MOJEH, KOTOpbIe KaauOpPOBaIUCh HA CErMEH-
Tax TpyOoIpoBona B IPOM3BOICTBCHHOM MaciuTabe (B HATypalbHYIO
BEJIMYUHY), UCTIONB3YIOTCA U ceiyac, U BKIIOYAIOT TPU HEIMHEHHbIe

XapaKTePUCTHKH: TTACTHYECKYIO 1e(h)OPMAIUIO U BUHTOBYIO HEYCTOM-
YHUBOCTb; BIMSHHE CTPYKTYpHI (COCTaBa) MOYB M YBEIMYEHHUE BOJIHO-
BOH 0T/1auy, a TaKoKe JIEKOMIIPECCUIO B HarHeTarouel cpeae. Paccma-
TpuBaercs Oosee yeMm 40-J1€THsA UCTOPUS pacueTa pacrpoCTpaHEeHUs
nedopmanuu B TpyOOIPOBO/IE, OCHOBAHHOTO HA TPEIIMHAX (MEXaHH-
4eCKOM pa3pylueHun). [ paguueckue cBUACTEILCTBA TOTHOMACIITAD-
HBIX cOOEB B Tporecce paboThl 00yCIOBHIN MOSBICHUE THUIIOTE3BI O
c00s1X, BO3HUKIIHNX B CBS3U U IUTACTUYECKUM Pa3pyLICHHEM.

Kniouesvie cnosa: pacnpoctpaHenue aedopManui, TPELUMHA, IPHOCTa-

HABIIMBATh, BS3Kasl CTallb, CTCNCHb IIACTHYHOCTH, CTajb, pasziesie-
HUsI/pacCIeTUIeHUs, pa3paboTKa MOJIEITH.

Cnucok aumepamypul cM. vlie.

IMony4ena 29 oktsa6ps 2014 1.
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KHMHETUKA NPONNUTKN HECHEYEHHOI'O KAPBUJITHOTI'O KAPKACA
KOPO3UOHHOCTOUKOM CTAJIBIO X18H10T

Typeeuu FO.I., 0.m.n., npoheccop kagpedpwr « Inepeemura u mexnonozus memanioe» (ygg@rambler.ru)

Kyprancknii rocyiapcTBeHHbIil YHHBEPCHTET
(640000, Poccus, Kypranckas odnacts, T. Kypras, yi. Toromns, 25)

Annomayus. YCTaHOBJICHA ONTHMANIbHAs NOPUCTOCTh KapOuaHoro kapkaca 44 — 52 %. MccnenoBana KMHETHKA TpoLiecca MPONUTKU HECIIEYCHHOTO
KapOuHOTO Kapkaca u3 kapouna turana cranpio X18H10T u skcniepuMeHTanbHO HalijieHa 3aBUCHMOCTh CKOPOCTH IIPOITUTKH OT PACCTOSIHUS OT
MOBEPXHOCTH KOHTAKTa CTalM ¢ KapOMIHBIM KapkacoM. [lomydeHa 3aBUCMMOCTh BPEMEHHU MPOIMTKU OT BBICOTHI MpeccoBKU. OmpereneHa 3aKoHo-
MEpHOCTb paclpesiefieHus 3epeH KapOuia TUTaHa MO BBICOTE IIPECCOBKM IOCIE NMPOMUTKU U MOKA3aHa €€ 3aBUCUMOCTb OT HEePeKpHCTAILIH3aIuH

KapOUIHBIX 3epeH Yepes3 )KUIKY da3y.

Knrouesvle cnosa: KMHETHKaA, Kap6H[[HLIﬁ Kapkac, nponuTkKa, CTajb, IIOPUCTOCTD, Pa3MEPhI 3CPCH.

OnuuM u3 3¢h(heKTUBHBIX CIIOCOOOB U3TOTOBJICHUS Jie-
taneit u3 kapounocranu TiC—X18H10T sBusiercs criocod
MPOMUTKU HECIEYEHHOT0 KapOUIHOTO KapKaca METOI0M
HAJIOXKEHUS CTATBHBIX OTXOIOB Ha KapOHIYIO TPECCOBKY
[1,2]. OnHO M3 MPEUMYMIECTB 3TOr0 CIOCO0a COCTOHUT B
TOM, YTO NPECCOBKA ITOCIIE MPOMUTKU MPAKTHICCKH IT0JI-
HOCTBIO COXPAHSET CBOM pa3Mephl. B CBsi3u ¢ 3THM n3yue-
HUE KUHETHUKHU MPOIUTKH HECIIEYEHHOTO KapOUITHOTO Kap-
Kaca MMEeT HE TOJBKO TEOPETHUECKOE, HO U MPAKTUICSCKOE
3HAYCHHE.

[TponuTKy OCYIIECTBISUIM KOHTAKTHBIM CIIOCOOOM TIy-
TEM YKJIQJIKH CTalld Ha TPECCOBKY KapOuja tutaHa. HeoO-
XO0AUMYIO0 Maccy CTaJu ISl MPOMUTKU PACCHUTBIBAIUN 10
YpaBHECHUIO

mCT = pVe’
100

[JIe m_ — Macca CTaju, Kr; p — IJIOTHOCTb, KI/M°; V — 06beM
usgenus, Mm>; 0 — mopuctocTs, %.

O0ObeM MpUMEHSIEMBIX JUIS MPOMUTKH OTXOJO0B HEpiKa-
Beromeil cranu npessiman Ha 10 — 20 % obseM mop Kap-
OMTHOTO KapKaca.

HarpeB nipeccoBOK AJIst MPOTUTKHU MIPOU3BOAMIIH B ITEUN
COIIPOTUBIIEHUS C TPAa(UTOBBIM HArpeBaTeiIeM B KOHTECHHE-
pax. KoHTeitHepbI H3rOTOBISIIN U3 HU3KOIIOPHCTOTO Tpadu-
Ta, 00eCIeunBaIoIero HeOOXOAMMY0 PABHOMEPHOCTbD pac-
TIpeIeICHUs TEMIIepaTyphl 10 BCEMy 00beMy KOHTeHHepa.
IIpu npoxryBKe TakOro KOHTEHHEpa OUUIIIEHHBIM apIrOHOM B
HEM IOJJIEP)KUBAIACH CIIETKA BOCCTAHOBHUTEIIFHAS aTMOC-
dbepa.

Juist ymoGcTBa pactoioKeHHsl TPECCOBOK B KOHTEHHEpe
MCTOJIb30BalK rpaduroBbie crakaH4duku. [IpemorBparie-
HUE OKHCIICHHsI 00paslloB B IEPHOJ HAarpeBa M OXJaXKIe-
HUSL OCYHICCTBJIAN 3allIUTHBIMU 3aCBhIIIKaMH. B kauectBe
3aCBITIOK KCITONIB30Balli CMeCh, cocTosmryio u3 90 — 95 %
mrHO3eMa (okcuaa amomuHust) u 5 — 10 % noporka rpa-

¢uta. Ilepen ynorpebiaeHueM cMech MPOCYIINBAIN U MIPO-
KaJIMBaIIH.

Ha nHO rpaduTOBOrO CTaKaHUMKA HACHIMAIH CIOH CMe-
CH TUIMHO3eMa C TpapuTOM TOJNIHHOM 5 — 10 MM, Ha KOTO-
Py mOMeIany KapOuaHy o IPECCOBKY, @ Ha Hee MPOMUTHI-
Baromuii croraB. O6a Mareprana TakKe 3aChIalld CMECHIO
mHOo3eMa ¢ rpaduroM. CTakaHYUKH ¢ 00pa3liaMu 3arpy-
JKalld B KOHTEMHEDP, KOTOPBIM 3aKPBIBAJICA KPBIIIKON U IMO-
MEIIAJICS] B HArPEBATEIbHYIO MEUb.

[TpenBapuTETHLHBIMA AKCIIEPUMEHTAMH OBLTO yCTAHOB-
JeHO, YTO TpH Temneparypax 1450 °C u Hmke KuAKoTe-
KydeCcTh CTaIM HEIOCTaTOYHAa M MEJKHE TOpHI HE 3arloj-
HSIOTCS paciuiaBoM. [Ipu TemmepaTypax MPONUTKHU BBIIIE
1490 °C Habmonaiaock pa3beqaHue KapOUIHOTO KapKaca B
BEpXHEH 4acTH MPecCOBKU. TakuM 00pa3oM, ONTHMATbHON
TEMITepaTypoi IPOIUTKHN KapOUIHOTO KapKaca, 00eCIieun-
Batomeit 100 % mponuTky, mpakTUYecKu 0e3 OCTaTO4YHON
nopuctocTH (octaroyHast nopucrocts 0 — 3,2 %), sBnsiercs
temneparypa 1460 = 10 °C. IIpu »Toii Temneparype nsyua-
Jach KHHETUKA MPOMHUTKU HECIICUSHHBIX KapOWIHBIX Kap-
KacoB Heprkaserolen craibio X 18HI0T.

[IpeccoBkn u3 kapOuja TUTaHa B (opMe MPHU3MBI Cce-
yeHueMm 16x16 MM u BeicoTON 20 MM MOIy4alu JBYXCTO-
POHHHM TIpeccoBaHueM. J{JIsI IKCIIEpUMEHTOB OTOMPAIHCH
00pasibl ¢ PABHOMEPHO PacIpeAeTICHHON MOPHUCTOCTBIO.
Ha Topen mpeccoBOK OMeIIain CTadbHbIE OTXOMIBI, 00pa3-
Lkl pa3Melali B KOHTEHHEPHI U 3arpy>Kajii B [1€4b COMPO-
TUBJICHUS ¢ aTMOCc(hepol OUMIIIeHHOro aproHa Ha 5, 8, 12 u
15 muH. Tlocne mponmuTKU 00pasibl OBICTPO OXJITAXKAAIU B
MacJie ¥ 3aMepsUTH BBICOTY MPOIUTAHHOTO CIIOS IIPECCOBKH.

MHorokparHble U3MEpPEHUs IPOIUTAHHBIX CJIOEB IIPeC-
COBOK KapOwu/1a TUTaHa MTOKA3aJd, 4TO POHT IPOIBHIKCHHS
JKUIAKOTO MCTaJlJIa HE SBJIACTCA CTPOTO rOpU30HTAJIbHBIM,
eciM nopuctocts npeccoBok meHee 40 %. B pa3nbix Tou-
KaX IMOBEPXHOCTH MPECCOBKU HAOMIOAATIACH 3HAYNTEIbHAS
pasHHIa MEXIy BBICOTOM MPOMUTKH, KOTOpas JOCTHTraia
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4 mM. BO3MOXXHO, 4TO MPU TaKOW MOPUCTOCTH YacTh IOP
MOJTyJaeTcs 3aKPBITO. BeienacTBie 3TOro moryduTs KOH-
KPETHBIC PE3yNbTaThl 10 KUHETHKE MPOMUTKH 00pa3LoB ¢
MOpUCTOCTRIO 37 + 3 % He ynanocs.

[Ipu nponuTke KapOUIHBIX MPECCOBOK C MOPUCTOCTHIO
44+1,8% n 52+2,2 % pa3Huua MexIy BBICOTOH MpoO-
INUTKYA MO MOMEPEYHOMY CEYEHHIO 00pa3IoB COCTaBISIA
1,0 — 1,5 mm. TTosTOMy Takast MOPUCTOCTH KapOUIHBIX Kap-
KacoB Obla MpUHATA 3a OITUMAJIbHYIO.

B cBs31 ¢ Tem, UTO IPECCOBKU KapOuaa TUTaHa C TOPH-
ctocTbio 44 + 1,8 % u 52 +2,2 % Mano omn4aguck Ipyr
OT JIpyTa, ISl MaTeMaTH4eCcKoi 00pabOTKK UCTIONIB30BAH
JaHHBIC MO KHUHETUKE MPOIUTKU Kap6I/IHHI>IX KapKacoB C
nopucTocThio 44 £ 1,8 %, KoTophIe IpUBEAEHHI B Ta0M. 1.

W3BecTHO, YTO AIMHA / IPOMUTAHHOTO CJIOS TIOPUCTOTO
o0pasiia CpaBHUTEIHHO OOIBIION TONIIMHBI OTIPEEISCTCS
10 YpaBHEHHUIO [3]

» [ ccos®r
2Kn )7

IJie G — MOBEPXHOCTHOE HATSDKEHUE CTanu; @ — KpaeBoi

YTOJ1 CMa4MBaHUs; 7 — CPEAHUHN painyc Kanuiuisipa; 1 — Bs3-

KOCTb JKUJAKOH cTany; K — KOHCTAaHTa, 3aBUCSIIAst OT MOIe-

pPEYHOTO CedeHus 00pasia; T — BpeMsl.

[Ipunumas o, ©, », K U 1 MOCTOSHHBIMU NIPU JAaHHOU
TeMIIepaType IS AaHHOH CHCTeMBI TONyYlM, YTO (PyHK-
nus [? = F(t) nmomkHa ObITh npsMonuHeitHoi. Kak cre-
ayeT U3 puc. |, mokazaTenu CKOPOCTH NPOHUKHOBEHUS
CTAJILHOTO PACIIaBa B MOPUCTYIO KapOUAHYIO MPECCOBKY,
MOJIyYEHHbIE 3KCIIEPUMEHTAJIbHBIM IIyT€M, JOCTATOYHO
XOpOIIO MOAYUHSIOTCS TaKOM 3aBHCUMOCTH. Maremaruue-
CKOif 00pabOoTKOI SKCIEPIMEHTAIBHBIX JAHHBIX ITOTYICHO
ClIelyIollee ypaBHEHNE, COOTBETCTBRYIOIIEE TpahuiecKoMy
BUAY (QyHKINH, TOKA3aHHOH Ha puc. 1:

12 = (13,08 + 0,3)1.

dl 6,5
CpenHsis CKOPOCTb MPOIUTKU COCTaBIISIET o = R
T

[Ipunumas /> = 131, paccynTano BpeMs MPOIUTKH He-
CIIEYEHHOTO KapOHMIHOTO KapKaca MOpUCTOCThIO 44 — 52 %

TaOnuna 1l
ITapamMeTpbl NIPONUTKHA KAPOMIHOIO KapKaca

nopucroctbio 0 =44 + 1,8 % cranapio X18H10T
npu 1460 = 10 °C

T, MHH [, MM 2, mm2
0 0 0
5 8,0 64,00
8 10,5 110,25
12 12,5 156,25
15 14,0 196,00
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cransio X18H10T B 3aBucuMoctu OT ero BbICOTHI /. [Ipn
[=3,5,8,10, 12, 15, 20 MM, BpeMsl IPONTUTKH COCTABIISIET
2,3,7,9,12, 18, 32 muH.

Takum oOpa3oM, mpu /< 12 MM pacueTHas CKO-

dl

pOCTb IPONUTKHU %E 1 mm/muH, mpu /=12 —20 mm

dl
— =0,75 MM/MUH.

dr

W3BecTHO, 4TO B3aUMOJICHCTBHE KapOUIOB CO CTaIbHOMN
CBSI3KOH B MEPHUOJI IPOMUTKU OKA3bIBACT PEIIAIOIICE BIHSI-
HUE Ha pa3Mep 3epeH KapOuaHoit ¢assl. [Ipomecch ykpyn-
HEHUsST KapOHMIHBIX 3ePEH MyTeM KOAJCCUEHIIMU COMpPHUKA-
CAIOIIUXCSI IPYT C JPYTOM YACTHII, CyCIICHIUPOBAHHEIX B
SKUJIKOCTH, ¥ UG PYy3UOHHOTO POCTA KapOUAOB Uepe3 KH/I-
KyI0 a3y 3aBUCST OT NMPONOIDKUTEIBHOCTH KOHTAKTa Kap-
6u10B ¢ pacmaBom. [Toatomy pocT 3epHa kapOuaHOI (ha3bl
MOYKHO 3HAYHUTEIFHO YMEHBIIUTb, €CITH IPOIECC IIPOMUTKA
OTPaHUYUTh MUHUMAJIBHO BO3MOXHBIM BpemeHeM. C 3Toi
TOYKH 3PEHUs IPENCTABIIET HHTEPEC MPOAHAIN3UPOBATH
COCTOsIHHE KapOWAHBIX 3€PEH U METAIIMYECKON CBS3KH B
3aBUCHMOCTH OT BPEMEHH HX KOHTAKTa MPH TEMIIepaType
IIPOIIUTKH.

Ha pwuc. 2 mnpencrabneHsl ¢Gotorpaduu  MHUKPOILIH-
(oB pa3HbIX 30H 00pa3na pasmMepom 16x16 MM U BBICOTOM
20 MM, IponuTaHHOTO Ha TyouHy 14 mwm. [TopuctocTs He-
CIieueHHOro KapouaHoro kapkaca 44 + 1,8 %. IIpogomxku-
TENFHOCTH NMPOTHUTKHU 15 MHH.

B Tabm. 2 gaH KOJIMYECTBEHHBIM aHAIU3 COCTOSHUS
CTPYKTYPHBIX COCTABJLIONINX KapOWIOCTATH HA pPa3IHd-
HBIX BEPTUKAJbHBIX cedeHUsAx oOpasma. Kak BuaHO U3
TabJ. 2, MO0 Mepe yBEIUYCHUS TIIyOWHBI IPOIUTKKH 00pa3-
[[a KOJIMYECTBO METAJUIMYECKON CBSI3KH YMCHBIIAETCS, a
cojiepkanne KapOugHOW (a3wl yBenmumBaercs. Eciu B
BEPXHUX 30HaX oOpasla colepkaHue KapOUIHOH (a3bl
cocraBmsier 51,3 -52,3%, a METaNIMYECKOM CBSI3KH
48,8 — 47,7 %, To B caMOil HI)KHEH, TPOMUTAHHOM CTaJIbIO

2 2
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Puc. 1. 3aBucuMOCTb IIyOHHBI IPOHUKHOBEHHUS PACILIaBa B IOPUCTYIO
IPECCOBKY KapOuaa Turana ot Bpemenu (0 = 44 + 1,8)

Fig. 1. The dependence of the depth of penetration of melt into the
porous compact of titanium carbide from time (6 = 44 + 1,8)
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Puc. 2. MuUKpoCTpyKTypBI pa3HbIX 30H 00pa3ua BeicoToi 20 MM, IIpOTH-
TaHHOTO Ha ITyOuHY 16 MM. PaccTosHue OT BepXHEro TopIa, MM:
a-0,0-4,6-8;2-12;0-15

Fig. 2. Microstructure of different zones of the sample with height of 20 mm,
impregnated for a depth of 16 mm. The distance from the upper end, mm:
a-0,6-4,6-8;2-12;0-15

X18HI10T 30He obpasma cojepxanue KapOUIHOW (asbl
71,2 %, a metammudeckoi cBs3ku 28,8 %.

UeMm jgajbliie pacroyiokeHa 30Ha o0pasiia OT TPaHMIIBI
MEPBOHAYAILHOTO KOHTAKTa KapOMIHOTO KapKaca CO CTaJIbIO,
TEeM MeJibde B Hell KapOWIHbIC 3epHA U CTATIbHBIC MPOCIION-
KH, TeM OOJIbIIIe €€ TBEPAOCTh [4].

Bce mpuBeseHHbIC NAaHHBIC CBUICTEIBCTBYIOT O TOM,
YTO KapOWJI TUTaHAa JOCTATOYHO OBICTPO PacTBOpPSETCS B
sxuakoit ctamu X18HI10T. Tlo Mepe mponuTKu cTajibHON
pacruiaB Bce OoJblie ¥ OOJIBIIE HACHIIIACTCS KapOumaaMu
TUTaHA, KOTOPbIC MOCJIe KPUCTAIUTU3AIMH CTaJIH CHOBA BbI-
JTISTIOTCAL.

C npyroil CTOpPOHBI, 4eM DIIyOXe MPOHUKAET paciliaB
B oOpasel u 4eM OOJbIIe MPOJAODKUTEIPHOCTh KOHTAKTa
CTaJILHOTO paciliaBa ¢ KapOWIHBIM KapKacoM, TeM 0OJIb-
1€ CTaJb HACBIIIACTCS KapOUaaMu THTaHA U TEM MCHBIIIE
OHa CIoCOOHA MX PAcTBOPATH B nanbHelmieM. [lo atum
MIpUYUHAM B HIDKHHX CJIOSX 00pasia 3epHa TYTOIUTaBKOH
($a3pl pacTBOPSAIOTCS Mayio, a MOCIEC KPUCTALIM3AIMUA B
9THX 30HAX BBINAJAIOT MEIKHE YaCTUIBI KapOUIOB THUTa-
Ha W3 CTAJIbHOH CBs3KW. Takum o00pa3oM, B HH)KHHX 30-
Hax oOpasua AudQy3uoHHBINH POCT KapOUIHBIX 3€PEH HE
HaOmromaeTcs, a X KOAJCCICHIUS TaKKe HEBEIMKA. JTO
MOXXHO OOBSCHUTH HEOOJNBIION MPOAOKATEIHLHOCTHIO
KOHTaKTUPOBaHUsI KAPOUTHBIX 3ePCH C HKHUKON CBSI3KOU.

ITo Mepe ABIDKEHHUS pacIuiaBa 1o KamusipaMm Kapona-
HOTO KapKaca, OH IEPEHOCHT 4acTh KapOHIOB M3 BEPXHUX
30H 00pa3ia B HWKHUE. YBEIHICHUE 00BEMHOTO COepIiKa-
HUSl KapOuTHOW a3kl K HU3Y 00pa3iia 3aKOHOMEPHO TpH-
BOJIUT K YBEJIIMYCHHUIO TBEPJOCTH 3THUX 30H (CM. Ta0II. 2).

Bb1600bl. YcTaHOBIIGHA ONTHMAajlbHAas MOPHUCTOCTh
KapounHoro kapkaca 44 — 52 %. MccrnenoBana KHHETHKA
mporecca MPOMUTKH HECTICYSHHOTO KapOMIHOTO KapKa-
ca u3 kapouna turana cransio X18HI0T u skcnepumen-
TaJbHO HalJeHA 3aBHUCHUMOCTb CKOPOCTH HPOMUTKH OT
PACCTOSIHUS OT MOBEPXHOCTH KOHTAKTa CTAJH C KapOw-
HbIM KapkacoM. [lomydeHa 3aBUCUMOCTh BPEMCHH IIPO-
IOUTKH OT BBICOTHI MpeccoBKU. OmpereneHa 3aKoHOMEp-
HOCTB pacIipe/ielIeHIs 3¢peH KapOuia THTaHa 10 BBICOTE
MIPECCOBKU MOCIC MPOMUTKH U MMOKA3aHAa €€ 3aBUCUMOCTD
OT MEPECKPHUCTAIN3AIUN KapOUIHBIX 3EPEH dYepe3 Kui-

Kyt ¢a3y.
BUBJIAOI PAOMYECKUI CIIUCOK

1. T'ypesuu IO.I. TeopeTnueckue u TEXHOJOTHUECKHUE OCHOBHI MOJY-
YEeHUS KaYeCTBEHHBIX M3JCIHI 13 KapOHI0CTaIN METOIOM ITPOIINT-

Tabununa 2
KosnuecTBeHHBII aHAIN3 CTPYKTYPHBIX cocTaBiasiionux kapouaoctaian TiC-X18H10T
Paccrosmue PasMep KapOMIHBIX 3€PEH, MKM Cpenmnii | Conepianne, % | Cpennmit
OT 30HBI ITopuc-
pasmep pasmep Teeprocth
KOHTaKTa 6 cramsas | cramenofi | TOST HRA
TiC—cram, | 1 -2 | 3-4|5-6|7-8|9-10 11— 12 | K@POHATEX | Ty ) ¢ %
M 3epeH, MKM IPOCIIOUKA | IPOCIOUKU
0 54,83 119,35 18,27 | 3,22 - 4,3 3,74 51,25 48,75 2,43 1,1 80,57+ 0,73
4 61,1413439| 3,82 | — 0,63 - 2,89 52,30 47,70 2,80 -
8 54,81139,13 | 12,00 - - - 3,13 52,81 47,19 2,75 -
12 62,20 122,88 | 8,15 | 16,30 | 2,17 - 3,05 61,87 38,12 1,90 1,2 | 83,00+0,38
14 81,80 119,20 | - - - - 2,40 71,25 28,75 1,50 -
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IMPREGNATION KINETICS OF UNSINTERED CARBIDE FRAME
BY CORROSION-RESISTANT STEEL 18Cr10NiTi

Gurevich Yu.G., Dr. Sci. (Eng.), Professor of the Chair
“Energy and Technology of Metals” (ygg@rambler.ru)

Kurgan State University (25, Gogolya str., Kurgan, Russia,
640000)

Abstract. The optimal porosity of carbide frame is 44 ... 52 %. The author
explored the kinetics of the process of impregnating of the green car-
bide frame of titanium carbide by steel 18Cr10NiTi and experimen-
tally found dependence of the rate of impregnation of the distance of
1 cm from the contact surface of the steel with carbide frame. The
dependence of the impregnation time from the pressing height was
found. The regularities of distribution of grains of titanium carbide
in pressing height after impregnation was determined and its depen-
dence on recrystallization of carbide grains through the liquid phase
was described.

Keywords: kinetics, carbide frame, impregnation, steel, porosity, grain

size.
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3AITAC ITPOYHOCTHU U DOPPEKTUBHOCTDb ®OPMOU3ZMEHEHUSA ITPOBOJIOKHA
B 3ABUCUMOCTHU OT YIJIA BOJIOYEHUSA

Iypoanoe I'H., k.m.n., doyenm (ggnbelorhome@rambler . ru)
Keneskoe O.C., 0.m.u., npogeccop xagedpwr « Conpomusnenue mamepuanosy

Inamoe C.H., 0.m.n., npogeccop, 3as. kagedpoii «Mawunbl u mexnonozuu 06pabomxu 0asieHuem

Tepenmues /1.B., k.m.n., doyenm xagedpvr «Mawunsl u mexrono2uu 06pabomxu 0asieHuem»

MarauToropckuii rocyiapctTBeHHblii Texuuueckuii yansepcuret uM. I. K. HocoBa
(455000, Poccus, . Marauroropcek, mp. Jlenuna, 38)

Annomayus. [puBeneHbI Pe3yIbTaThl pacueTa 0CEBOT0 HAPSHKCHMS, a0COIFOTHOTO 3armaca MPOYHOCTH, KO3 HINEHTA 3araca MPOYHOCTH TPOBOJIOKH 0
WN.JL. TlepnuHy U NPEIIOKEHHBIX KPHTEPHEB UL OLCHKH 3G (HEKTHBHOCTH (HOPMOUIMEHEHNUS IPH BOJIOYCHHUH KPYIIIOTO CILTONIHOTO npodus. [Ipu
ONTHMAIIBHOI BEINYHMHE yIIia BOJIOYCHHMS, KOTJIa MUHUMAJIFHOE 0CEBOC HAIPSDKCHIE, HAOMIOMAIOTCS MAKCHMAIbHBIC 3HAUCHNUSI TIOKa3aTenei 3amaca
MIPOYHOCTH U MPEATIOKEHHBIX KpUTepreB 3G (YeKTUBHOCTH (OPMOM3MEHEHUSL.

Knrouesvle cnosa: BOJIOYECHHUE, TPOBOJIOKA, OCCBOEC HAIIPSKEHUE, MTOSICOK BOJIOKH, YI'OJI BOJIOYCHUA OHTI/IMaJIbeIﬁ, 3amnac NpoYHOCTH, DKOHOMHUS SHEPIHH.

[Ipu npousBonCTBE IPOBOJIOKU MaJIOIO CEUEHUs IpHU-
MEHSAIOT HECKOJIBKO BOJIOYMJIBHBIX MEPEAEIOB, UTO Tpedy-
€T BBICOKHUX 3aTpPar JIEKTPOIHEPTUU. DHEPIUsl pacXoayeT-
Csl HE TOJBbKO Ha (HOPMOM3BMEHEHHUE UCXOJHOW 3ar0TOBKH
BOJIOUMJIBHOTO IIPOM3BOACTBA — KaTaHKU /10 TOTOBOTO pas-
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Mepa MPOBOJIOKH, HO U TPEOJIOJICHUE CHIIBI KOHTAKTHOTO
TpeHHs B pabodeM KaHajie BOJOKH, Ha OCYIICCTBICHHUE
CJIBUTA MeTaJlJla Ha BXOJI€ M BBIXOJIC OYara IiacTHYeCKOM
nedopManuu U ypaBHOBEIINBAHIE CHIIBI IIPOTHBOHATSIKE-
Hus [1 - 5].
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Ha BbIX0jie BOJIOKM MOJIHOE OCEBOE HAMPSIKEHHUE OIpe-
JIeTsIeTCs COCTaBIsroImmMHu [ 1, 3, 5]

Gz =0z +0z;, +0z + 0Oy, (1)

riae 6,, 6, — HPUPOCT OCEBOIO HAINpSKEHHsA B pabodem
KOHYCE U KaJIHOPYIOIIEM MOSCKE BOJIOKH COOTBETCTBEHHO;
Gy, Ocy — COCTABJISIOMME OT JCHCTBUS HANPSKCHHS TPO-
TUBOHATSDKEHUS] M OT JIONIOJHUTENBHOTO CABHWra MeTajia
Ha BXOJIE U BBIXOZE M3 pabovero KoHyca.

3aBUCUMOCTB MpPEJIENa TEKYIECTH METAILIA G, OT KO-

(UIMEHTa BBITSKKY [l OTIpENIENsITCS Kak [4, 5]

g =0’ @

e GSO’ GSk — Opeaeci TCKy4€CTr METaJlJIa Ha BXOJC U BbIXO-

Jie pabouero KoHyca BOJIOKH; k — k03 duimeHT ynpoune-
2

"o
— KOO DUIMEHT BBITSIKKH; 7, 1, — PATHYC

HMS; =] —
Ty
3arOTOBKH JI0 U 10cie AeopMaluyi. DMIMpuueckas Gpop-

Myia (2) Haubojee MOAXOAMT JJISi ONMUCAHHS W3MCHCHHSI
MIPOYHOCTH XOJIOMHOTSHYTOU YIJIEPOIUCTON MPOBOJIOKU U3
MaTeHTUPOBAHHOM 3aroToBKH [4, 5].

Pacuer OCHOBHOM COCTaB/ISIOIICH IOJHOIO OCEBOTO
HaTpsOKEHUST — IPUPOCTA OCEBOTO HAIPsHKEHUS B pabodyem
KOHYCE BOJIOKH BBITIOJHSIIN TI0 YPaBHEHHUIO [5]

G, :%(uk —1)(1 +fetga), 3)

rae f— Ko PUIUCHT TPEHHUS; 0. — YTOJl HaKJIOHa 00pa3yro-
mieii pabodyero koHyca K ocu BojoueHus. @opmyna (3)
IPU PacyeTe HANPSKEHUS G, YYMTHIBAET HHTEHCHBHOCTD
ne(opMaIMOHHOTO YITPOYHEHMSI M HEeNpepbIBHOE M3MEHe-
HUE TIpeena TeKydeCcTH BONb [UINHBI o4ara aehopMarin
COMIACHO 3aBUCUMOCTH (2) U U3 Hee BhITeKaeT (npu k = 0)
dbopmyina 3ubdens

0z =0glnp(l + fetga),

Os0 T Ok
2
B oyare nehopmaruy.
CocTaBsIoNIyI0 MOJHOTO HANPSKEHHUS G, PACCYUTHI-
BaJu 1o popmyie

Iie G = — CpeIHMIA MpeJieNT TEKy4eCTH MeTallia

“4)

[Ipu BBIIONHEHUU PACUYETOB OCHOBHOM COCTAaBIISIOIICH
G, TIOJIHOTO HANPsDKEHMs BOJIOYEHHs 1o popmyie (3) ue-
n1ecoo0pa3Ho MPUMEHSTh HOBOE ypaBHEHHE [6]

1= f(n*-1)

ktga ©)

024 =940

e qu — HaMNpsKCHUC MPOTUBOHATAXKCHUA.

Ilepen BxogoM KamuOPYIOMIETO MOSICKA OCEBOE Hamps-
JKEeHHE PaBHO G, =0, + Oz + 6.,

IIpupocT oceBoro HampsKEHUs B TOSACKE JIUHON L
onpenenuin mo Gopmysie [7]

Oy — O (&
Gy = 2fL% = ZGSka%. (6)
k k

®Dopmyna (6) yIuTHIBaET HANPSHKEHHOE COCTOSTHUE Me-
Tajja Ha BXOJE MOsCKa.

[TepBoe crmaraemoe B ypaBHeHHH (3) ompenemnsieT mpu-
POCT OCEBOTO HANPSKEHHs], UAYLIETO Ha IUIACTHYECKOE
(hopMOM3MEHEHHE 3arOTOBKH ¢ Y4eTOM JIe(hOPMAIIMOHHOTO
YIPOYHEHUS MeTallIa:

k
-1
Oz0 =00 3 P (7

OTHOCHUTENBHBIN TMPUPOCT OCEBOTO HAIPSDKEHHUS Ha
OCYIIECTBJICHHE W3MEHEHHs (OpPMBI MPOBOJIOYHOM 3aro-
TOBKH paBeH

c
_ %20
n=—. ®)

Gz

HazoBem oTHOLIEHHE 1 MOKa3aTesieM WM KPUTEpPUEM
appexTUBHOCTH (HOpMOU3MEHEHUs U KO3 UIIUESHTOM
nonieznoro aerictBus (KII) HampsbkeHU BOJOYEHUS IPU
(hopMOM3MEHEHNH 3aTOTOBKY B MPOX0/e BoJIoYeHUS. B pa-
6ore [8] mpenokeHo UCTI0Ib30BaTh BETUYUHY OTHOIIICHUS
ko3 dumenTa GakTHUECKOW BBHITSDKKH U K03 dunmenta
MaKCHMAIIbHO BO3MOKHOM BBITSDKKH (/L ) 1UIs Ompese-
nenust KITJI mporiecca Bojo4deHHs 3a POXOJ] BOJIOYCHUS.
B ypaBuenuu (8) KI1J] ouieHnBaeTcs OTHOLIEHUEM «I10JIE3-
HOTO0» MPHPAIIEHHS OCEBOTO HANPSHKEHHS G, (7) M TOJTHO-
IO HanpsuKeHUs 6, (1) Ha BBIXO/IE BOJIOKH.

BeImonHeH pacueT abCcoMOTHOTO 3amaca NPOYHOCTH Zap
u ko3 unmenta 3anaca npounoctu y no M.JL. Ilepnuny [2]
TI0 3HAYEHUSM MpPEJIENa TEKYUECTH Gg, M OCEBOTO HaIpPsIKe-
HHS G, Ha BBIXO/IE BOJIOKH U COOTBETCTBYIOIIMM yPaBHEHH-
M
O
G,

Zap=Ggy —G,; Y=

IIpunaATO, YTO HauaIbHBIN MPENEN TEKYYECTH 3ar0TOB-
ku 6, = 1000 MIla, koo punment ynpounenus k = 0,25 n
1,25. JlnameTp KaauOpyIOUIero Nosicka 2 MM, JJIHHA MOsIC-
ka 0 u 1 mm. Ha puc. 1 nmpuBeneHsl 3aBUCUMOCTH TIOJTHOTO
OCEBOTO HANPSHKEHUS G ,, A0COIFOTHOTO 3araca MPOYHOCTH
Zap, K0>(pPUIIICHTA 3amaca MPOYHOCTH Y U KPUTEPHUs -
(bextuBHOCTH (HOPMOMBMEHEHHS 1 OT yIiia o TpU KOd(-
(uruente BHITSDKKH 1,15, a Ha puc. 2 nipu ko3pdunmeHTe
BRITSDKKHU 1,35. Koaddurment tpenns 0,05 u 0,15, nanps-
»keHue nporuBoHaTspkenus 0 u 250 Mlla.

KpuBble s 0CEBOr0 HampsDKEHHS HMMEIOT 007acTh
MUHUMAJIBHBIX 3HAUCHWH, a I IIOKa3aTeliei 3amaca
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oz, 950 Zap, 600
MIla 6| Mla 2
680 - 850 - 700 520
560 - 750 600 - 440
440 650 - 500 360
320 550 400 280
1
200 L L L 450 300 200
0 5 10 15 20 0 0 0
Y 5 2,00 n 0,30
34 1,84 0,43 - 0,27
2,8 - 1,68 0,36 - 0,24 -
2,2 1,62 0,29 - 0,21
I 4
1,6 1,36 0,22 ,g"“"T'-':':.' 0,18 -
P 6
1 0 1 1 1 1 20 1 1 1 0 15 1 1 1 0 15 1 1 1

a, epao a, epao

a, 2pad a, 2pad

Puc. 1. 3aBUCHMOCTH MOJIHOTO OCEBOTO HANPSKEHHS G, A0CONIOTHOIO 3araca MPOYHOCTH Zap, KO3(pQHUIMEHTa 3anaca NPOYHOCTH Y U KPUTEPUS
3¢ pekTuBHOCTH (OPMOU3ZMEHEHHUS 1| OT yria o npu Kodddurmenre BoITsokkn 1,15:
a, 8, 0,0}0*0{1:0; 0,2, e,376q=250MHa; 1,2-f=0,053-6—-f=0,151-4—-k=0,255,6-k=125;1,3,5-L=0;2,4,6—-L=1,0umm

Fig. 1. The dependences of the total axial stress o, absolute safety margin Zap, safety factor y and n efficiency criterion of forming from the angle .
with reduction ratio 1.15:
a, 8, 0,m70q=0; 0,2, e,370q=250 MPa; 1,2—-f=0.053-6—f=0.151-4-k=025;5,6-k=125,1,3,5-L=0;2,4,6—L=1.0mm

MPOYHOCTH U (P (HEKTUBHOCTH POPMOM3MEHEHHS — MaKCH-
MaJIbHBIX 3Ha4deHUi. OONIacTH HKCTPEMANbHBIX 3HAUCHHUN
UCClelyeMbIX IOKa3aTeleil mpolecca BOJOYCHUS CMe-
IAIOTCS B CTOPOHY YBEIWYEHUS YIVIA 0. TPH MOBBIICHUN
KO3(Q(OUIMEHTOB BBITSKKH M TPEHHUS 1 YMEHBIICHUH Hall-
psDKEHUsST MPOTHBOHATSKEHUS (cM. puc. 1,2). B meHb-
miei cTeneHu BIMsSET Ha BEJIUYUHY ONTHUMAJIBHOTO YITa
BonoueHUsT ko3 dunment ynpouneHus. OcoOEHHOCTDH
9TOTO BIMSHUSA MOKazaHa B padore [9]. PaccrostHne mex-
[y napamu KpuBbIX [ U 3, 2 U 4 XapakTepus3yeT CTENEHb
U3MEHEHUS MapaMeTpa OT yBeIUdeHus Kod(p¢puuueHra
tperus ot 0,05 no 0,15 nmpu KodpPHUIHEHTE yIPOIHEHHS
0,25 mpu OTCYTCTBUU U HAJIMYMK KAJIUOPYIOIIEro Nosicka
COOTBETCTBEHHO. UeM MEHbIIE BeIWYMHA YITIa O, TEM B
OonblIell CTENEeHW M3MEHSETCs BEIMYMHA MapaMeTpoB
OT U3MeHeHHs Kodpuruenra TpeHus. Poct crenenn ne-
(bopMaIiy BEI3BIBAECT YBEIMYCHHE OCEBOTO HAIPSDKEHHUS
U KPUTEpUs 1| MIPHU CHIDKCHHUH TTOKa3aTeNel 3amaca mpod-
Hoctu. [loBbleHNe KOA(GPHUINEHTA TPEHHS BbI3BIBACT
YBEJIMYEHNE HANPIKEHUS G, M YMEHBIICHME 3HAYCHUH
Zap, y u 1. lIpoTuBOHATS)KEHUE YMEHBIIAET KPUTEPHI 1| U
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3arac NPOYHOCTHU U MOBBIIIAET OCEBOE HAMPSIKEHUE, 0CO-
OCHHO ITPM MCHBINNX 3HAYCHUAX KOI(PPHUINEHTOB TPEHUS
U BBITSDKKH. C pocToM KO3 HUIMEHTA yNPOYHEHHS OT
0,25 no 1,25 3HauUMTENHHO MOBBICHIIOCH OCEBOE HAIpsi-
JKEHNE, 0COOEHHO TIPU HAJIMYHH TOSICKa. JTO TOKa3bIBaeT
CpaBHEHUE PACIOJIOKEHUsI KpUBBIX 3 U 5 IPU OTCYTCTBUU
nosicka U 4 U 6 Npu HAJIWYUMU Nosicka U Koddduuurenrte
tperust 0,15. Yennenne nepopManinoHHOTO yIPOYHCHHUS
MIOYTH HE BBI3BAJIO U3MEHEHUs KPUTEPHUS 1| IPU OTCYTCT-
BHU TTOSICKA U IPOTUBOHATSKEHUS, TO3TOMY KPUBBIC 3 U 5
MOYTH CIIHIUCH IpH Koddduumente BoITsoKkH 1,15 u 1,35
(puc. 1, xc; 2, o). OqHAKO TIPU IEHCTBUHM MTPOTUBOHATSI-
JKEHMsI U OTCYTCTBMH I1OSICKA BEIMUYUHA 1] HECKOIBKO IO-
BBICHJIACh NPH YBEJINYCHUN KOA(PPUIMCHTA YIPOTHECHUS
(puc. 1, 3; 2, 3). IIpu Hanmuuuu mosicka poct KOAPPUIIH-
eHTa k BBI3BAJI CHIKCHHE KPUTEPHS 1 IPH OTCYTCTBHU U
JIeHCTBUM MPOTUBOHATSKEHHUSA, YTO MMOKA3bIBAIOT KPUBbIE
4u 6 (puc. 1, ac, 3; 2, gc, 3).

3aBUCUMOCTH U1l a0CONIOTHOIO 3amaca MPOYHOCTH U
Kod(uIMeHTa 3amaca MPOYHOCTH HPU HEKOTOPBIX COue-
TaHMAX 3HAYCHUI mapaMeTpoB JedopMaluu JaroT HEoJl-
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Puc. 2. 3aBUCHMOCTH MOJIHOTO OCEBOTO HAIPSKEHHUS G, A0COMOTHOTO 3araca IPOYHOCTH Zap, Ko3(pUIMEnTa 3arnaca NPOYHOCTH Y M KpUTEPHUs
3¢ peKTUBHOCTH (OPMOU3MEHEHHS 1] OT yria o mpu Ko3ddunrenrte BoITsHKKA 1,35:
a, 6, O,chfcq=0; 0,2, e,3fcq=250 Mlla; 1,2 -f=0,05,3-6—f=0,15,1—4—k=0,25;5,6—k=125,1,3,5-L=0;2,4,6—L=1,0Mm

Fig. 2. The dependences of the total axial stress o, absolute safety margin Zap, safety factor y and n efficiency criterion of forming from the angle a.
with reduction ratio 1.35:
a, 8, O,OfC*GqZO; 0,2, 6,370(1:250 MPa; 1,2-f=0.053-6—-f=0.151-4-k=025;5,6-k=125,1,3,5-L=0;2,4,6—L=1.0 mm

HO3Ha4yHble BbIBOAbL. Hampumep, npu o = 15° u orcyrcr-
BUHU NPOTUBOHATSDKEHMS kpuBast 5 (f=0,15;L =0; k=10)
Bhime kpuBoit / (f=0,05; L = 0; k = 1,25) Ha rpadukax
JUTSL 3aBUCUMOCTEH Zap OT 0, a Ha TpaduKax Y OT 0 BBIIIE
kpuBas / (puc. 1, 6, 0; 2, 8, 0). Takum 00pa3om, KpUTEPUH
Zap ¥ Y MAIOT Pa3HyIO OLCHKY YPOBHS 3araca MpOYHOCTH
IIpU 33/IaHHBIX 3HaUeHUsX creneHu nedopmauuu. [Ipu xo-
s dunmentax BuITsKKA 1,35 u Tperus 0,15 abcomroTHBIHI
3arac npo4HocTH Zap < 0, a koadhuuneHT 3amaca npovHo-
cti v <1, ecnu yron o < 3° (puc. 2, 6 — e, Kpubie 3 — 0).
B sToM cityuae Hapy1aeTcst yCTOHUYMBOCTh IpoLiecca BOJIO-
YCHUS 110 IPUYMHE TTOBBIIICHHON YaCTOTH OOPHIBOB TSHY-
LIero KOHLa MpoBoJiokH [2 — 5]. PaccrosHue B BepTUKAIb-
HOM HaIIpaBJIEHUM MEXIY IapaMu KpuBbIX [ u2; 3 u 4; 5
U 6 XapaKTepu3yeT CTENEeHb BIUSHUS MOSCKa HA BEIMYUHY
HCCIIeTyeMOTro MoKasaTess Ae(opManii MpoOBOIOKH.

Bennuunna npupocra HanpskeHus G, OOnblie mpu Koo -
¢ummente ynpouHenus 1,25 u ko3¢ ¢HUINEHTE BBITSHKKA
1,15 (puc. 3, a, 6). IlpoTuBOHAaTs>KEHUE CYLIECTBEHHO CHU-
3WJI0 IPHPOCT HAIPSKESHHS B TIOSICKE.

Hanpsikenue 6,, npu kodpduuuenre Tpenus 0,15
(xpuBas 2) 6onbie, yeM mpu f= 0,05 (xkpuBas /) BO BceM
UHTEpBaje U3MEeHEHHs yria o (puc. 3, a, 6), eciu k03hhu-
IIUEHT BBRITSOKKH 1,15. Oxgrako mpu p = 1,35 (puc. 3,8, 2) n
MaJIbIX 3HAYEHMSIX YIVIa O IPUPOCT HANPSIKEHUS B MOSICKE
oomnbme ipu £ = 0,05. bornee BhICOKHE pacyeTHBIC 3HAYCHHS
IPUPOCTAa OCEBOIO HANPSLKEHUS B MOSICKE MPU MEHbIIEM
KOd(PHUIIHNEHTE TPEHUSI HEBO3MO)KHBI TIPH HUCTIOIB30BAHUN
ypaBHeHuil [10], He yuUTHIBaIOIIKX, B OTIIMYME OT ypaBHe-
Hus (6), HANIPSDKEHHOE COCTOSIHME MPOBOJIOKH Ha BBIXOJIC
pabouero KOHyca BOJIOKH:

Ha puc. 3 nokazano BiIusiHHE KaJHMOPYIOLIEro MOsCKa P 2/Loy . 9)
o 72 — B
JUAMETPOM 2 MM U JJIMHOW | MM Ha MPHUPOCT B HEM OcCe- 7
BOTO HANPSIKEHUSA G ,, IpH KO3 unnente BITHKKH 1,15 1 211
c
1,35. Kpusble [y1s1 mpupocTa IjaHpH)KeHHH B MTOSICKE UMEIOT G,y = S (10)
MaKCUMYM IIpU ONTUMAaJIbHOW BEIMYMHE yIJIa BOJOYEHHUS. Tk
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Puc. 3. TlpupocT 0ceBoro HampsHKeHUs B KAIHOPYHOIeM
TIOSICKE B 3aBUCHMOCTH OT yIIa ¢ IPU KO3 PHUINCHTE BBITSHKKA
1,15 (a, 6) n 1,35 (s, 2):
o,= 250 MIla; I —f=0,05; k=0,25; 2 —f=0,15;
k=0253-f=0,15; k=125

a,6—6 =0;0,2—

q

Fig. 3. Increase in the sizing of the axial stress depending
on the girdle from the angle o with drawing ratio 1.15 (a, 6)
and 1.35 (s, 2):
a,6-0,= 0; 6, 276112250 MPa; 1 — f=0.05; k=0.25;2—f=0.15;
k=0.25;3-f=0.15k=1.25

W3 ypaBuenwii (9) u (10) cnemyer TOIbKO HEMPEPHIBHOE
YBEIMUYCHNE TPHPOCTA OCEBOTO HAIPSDKCHUS B TOSCKE C
HOBBIIICHUEM KO PUIIUEHTA TPEHUSI.

JomycTuM, 9TO 3aTpaThl JHEPTHH Ha TIOBBIIICHIE TPOY-
HOCTHBIX CBONCTB NPOBOJIOKH SIBIISIIOTCS OTPHULATEIBbHON
BEIMYMHON. DTO MOXKHO TPHUHSATH, HAIPHUMEp, TIPH BOJIO-
YCHUH MPOBOJIOKU HE HA TOTOBBIN pasmep, T. €. Ha IpoMe-
YKYTOUHOM TIepe/ielie TIPOBOJIOKH C IENTbI0 YMCHBIICHUS ¢
norepeyHoro cedenus. Torga B ypaBHeHuu (7) 3amagum
MAaITyI0 BEINIHHY KOA(QQHITMCHTa YIPOUHEHHS, HATIPUMED,
0,0001 (mpu HyneBoil BenuunHe KO3 QPUIIHEHTA yIPOUHE-
HUS HapyIIAeTCs YCIOBUE JJISI IPOBEACHUS BBIYHCIATEIh-
HOTO TPOIecca HAa KOMIBIOTEpax, TAK KaK IMPOUCXOIUT Jie-
JICHWE HyIs Ha Hyab). Ha puc. 4 mpencraBieHsl 3HAYCHHS
kpuTepus 3PpHEKTUBHOCTH HOPMOM3MEHEHHS 1|* OT YIVIa o
P HOBOM CIOcO0€ pacdera MpUpOCTa OCEBOTO HAIPsIKe-
HUSL G .

CpaBHEHHE COOTBETCTBYIOIINX 3aBUCUMOCTEH puc. 4 u
puc. 1, orc, 3; 2, orc, 3 TOKa3bIBAET MEHbIIIEE 3HAUYEHUE KPH-
Tepusi 1, YeM AaHAJTIOTMYHOTO KPUTEPHS 1), KOTOPBIH, B OTIIH-
4He OT MEPBOT0, IPUHUMACT «IIOJIE3HBIMMY» 3aTPaThl YHEP-
THH Ha MTOBBIIIEHUE TPOYHOCTH MPOBOJIOKH. HepaBeHCTBO
N <1 Gosee BBIPAKEHO TPH KOIDPUIMEHTE yIPOUHEHHS
1,25 (kpuBbIE 5 U 0).

[IpoBenena oreHka XxapakTepa BIMSHUS IJIHHbBI Kaunuo-
pyromiero mosicka auamerpom 2,0 MM Ha 3HAYEHUS Tpe-
JIOKEHHBIX KpuTepueB 1 ¥ M. Jlist 3TOro paccumrana
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Puc. 4. 3aBucumocts Kputepus 3GpPexTuBHOCTH POPMOU3MEHEHHS 1"
OT yIuia o ipu Koddduiente BuITSHKKH 1,15 (a, 6) u 1,35 (8, 2):
ae—o—Oﬁe c,=250 MIla; 7, 2 - f=0,05,3-6-f=0,15;
1-4- k 0,25;5,6— k—125135 L=0;2,4,6-L=1,0Mm

Fig. 4. Dependence of the efficiency criterion 0" of forming from the
angle o with reduction ratio 1.15 (a, 6) and 1.35 (s, 2):
a,6-0,=0;0,e—0,=250 MPa; 1,2 - f=0.05; 3-6-/=0.15;
I—4-k= 0.25;5,6— k—125135 L=0;2,4,6-L=1.0mm

Pa3HOCTb KPUTEPHEB N U 1" IIPU OTCYTCTBMU M HAIMYHU
rmosicka giauHou 1,0 MMm:

An=n(L)-n(L=0); An"=n"(L)-n"(L =0).

Paznoctu An 1 An" B 3aBHCHMOCTH OT YIJIa 0. TOKA3aHbI
Ha PHC. 5 MPH OTCYTCTBUY MPOTUBOHATSHKECHHS U HAIPSDKE-
Hun npotuBoHatTshxeHus 250 Mlla.

OrpunarenbHOe BIUSHUE MOSICKA HA KpUTEpHid dPdek-
TUBHOCTH (POPMOM3MEHCHUS BBINIE MIPU ONTHMAJIBHOH Be-
JTMYUHE yria BoodeHus. [Ipu 5ToM BeIHYHHA KPUTEPUS 1|
CHM3HMJIACHh B HECKOJIBLKO OONBIIEH Mepe, ueM Kputepus 1.
CHikeHne KpuTepueB 0ojiee 3aMeTHO Tipu Koddduimenre
ynpouHenus 1,25 (kpuas 3 Bbliie KpuBoi 2). 3HadeHus An
MeHblle npu Koddpdunuente BuITsKKU 1,35 (puc. 5, 8, 2),
gem mipu P = 1,15 (puc. 5, a, 0). IIpoTHBOHATSKEHNE CHU-
3UJI0 HETaTUBHOE JeHCTBHE mosicka Ha 3(QeKTuBHOCTDH
(opMOHM3MEHEHNS, YTO MTOKA3BIBACT MMAPHOE CPABHEHUE CO-
OTBETCTBYIOLIUX 3aBUCUMOCTEH a U 0, 6 U 2, 0 U e Ha PHC. 5.
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Puc. 5. BnusiHue KanuOpyroIero mosicka Ha BEJIMYHHY CHHKCHUSI
Kkputepus 3G dexTuBHOCTH HOPMOU3MEHEHUS 1 TIPH KOADuImeHTe
BBITSOKKHU 1,15 (a, 6) n 1,35 (6 — €) B 3aBUCUMOCTH OT yIJIa o
a,8,0—06 =0;0,2,e—0c =250Mlla; ] —f=0,05; k=0,25;
2-f=0,15k=0,25;3—-f=0,15,k=1,25

Fig. 5. The effect of the girdle on reduction magnitude of sizing criterion
n of efficiency of forming with drawing ratio 1.15 (a, 6) and 1.35 (6 — e)
in dependence from the angle o
a,8,0—0 =0;0,2,e— o, = 250 MPa; 1 — f=0.05; k= 0.25;
2—f=015k=025;3-f=0.15k=1.25

Buisoowi. Tlpu pacuere kpuTepust 1 Uil OLEHKH 3(¢-
(eKTUBHOCTH (OPMOUIMCHEHUSI SHEPrus, 3aTpaducHHas
Ha (OPMOM3MEHEHHE 3aTOTOBKH M MOBBIIIEHHUE MPOYHOCT-
HBIX CBOMCTB 00padarhiBaeMOro Marepuala, MpUHsTa Kak
HoJIe3Hasl, a 3aTparhl SHEPTUU HA NPEOJOJICHUE CUI KOH-
TaKTHOTO TPEHMS M MPOTUBOHATSHKEHHS, HAa CIBUTOBYIO Jie-
¢dopmaryro B ogare geopMallii U HA €T0 TPaHMIax — J10-
MOJTHUTEIBHBIMU U OecroNe3HbIMU. BTOpoii aHaIOrnYIHBIH
KpuTepHil N° K GECIONE3HBIM 3aTPaTaM HEPIUU OTHOCUT
TakXe paboTy CHIIBI BOJIOYCHHUS, HAYIIYIO HAa TOBBIIICHUE
MIPOYHOCTH IPOBOJIOKH. DTOT KpUTepuii MeHblue 1. O6a
KPUTEPHsS 1| M 1|* yBEJIUUHMBAIOTCA C POCTOM Kod(huimenta
BBITSDKKH U CHIDKEHHEM Kod(duIeHTa TpeHus, JJIUHbI Ka-
THOPYIONIETO MOsCKa M HAMPSHKECHUS POTHBOHATSKCHNS.
Bnnsune xoa¢uuIMeHTa ynpodyHeHHs Ha KPUTEpUH -

(bexTUBHOCTH (POPMOUZMEHEHUS] MEHEE 3HAYMMO, YEM KO-
3(h(GUIMEHTOB BBITSHKKH U TpeHUs. [ paduku 3aBUCUMOCTH
OCEBOT0 HAMPSKEHUsI, aOCOMIOTHOTO 3amaca MPOYHOCTH,
ko3 (duIMeHTa 3amaca MPOYHOCTH U KPUTEPHEB dPPek-
TUBHOCTH (JOPMOU3MEHEHHSI OT BEJIMUMHBI yIVIa ¢ TIOKa3a-
T YBEJIUYCHUE ONTHMAIIFHOTO yIJIa BOJIOYCHHUS C ITOBHIIIIE-
HUEM KOO(P(PHUIUCHTOB BBITSKKH M TPCHUS U CHUKEHHEM
HAIPSDKCHUS IPOTHBOHATSKCHUS BOIOYCHHUSL.

[Ipu onTHMaNBEHOM 3HAUEHUH YTJIa BOJIOUYEHHUSI O JOCTH-
raroTCsl MaKCHMAaITbHBIC 3HAYCHUS KpUTEpHeB dPPeKTHBHO-
ctu popMonsMeHeHus N 1 1", aBGCONOTHOTO 3amaca mpoy-
HOCTH Zap M KO3 PUIMEHTA 3armaca MPOYHOCTH Y, a TAKXKE
MaKCUMAaJIbHOE CHHKEHME KPUTEPHMEB 1) K 1" NIPH yBEJIHYE-
HUH JUTHHBI KaTHOPYIOIIETo Mosicka BONIOKH. Kpurepuit 1
Oosiee mpuemieM mpu oueHke 3(h(heKTUBHOCTH (HOPMOH3-
MEHEHUsI ITPH BOJOUYCHHHU TPOBOJIOKM Ha TOTOBEIA pa3Mep
C HOPMHUPOBAHHBIMH MMPOYHOCTHBIMH CBOWCTBAMH, a KpPH-
Tepuii " IPU aHAJIOTMYHOM OLEHKE IIpH 1e(GOPMUPOBAHNH
TOJIBKO C LIENbI0 YMEHBIIEHHS MONEPEUHOTO CEUCHHUS MPO-
BOJIOKU. [IpM MOCTpOCHWH MapuIpyTOB BOJOUEHHS Mepe-
JIeIbHOW 1 TOTOBOM MPOBOJIOKHU C LIETIBI0 CHUYKEHUS 3aTpar
BHEIITHEW SHEPTHU Ha €€ IUIacTHueckoe (popMon3MeHEHHE
CIIElyeT PEKOMEH/I0BATh MOKa3arenu N un’.
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MARGIN AND EFFICIENCY OF FORMING OF WIRE DEPENDING ON THE ANGLE OF DRAWING

Gur’yanov G.N., Cand. Sci. (Eng.), assist. Professor
(GGNbelorhome@rambler.ru)

Zhelezkov O.S., Dr. Sci. (Eng.), Professor of the Chair
“Strength of materials”

Platov S.I., Dr. Sci. (Eng.), Professor, Head of the Chair
“Machinery and metal forming technology”

Terent’ev D.V., Cand. Sci. (Eng.), Assist. Professor of the
Chair “Machinery and metal forming technology”

Magnitogorsk State Technical University named after G.I. Nosov
(38, Lenina ave., Magnitogorsk, 455000, Russia)

Abstract. Results of calculation of the axial stress, the absolute margin

of safety, safety I.L. Perlin factor for wire were determined and the
authors proposed criteria for evaluating the effectiveness of forming
at drawing round solid profile. At the optimum value of the angle of
drawing, when the axial stress is minimal, can be observed maximum
values of the safety factor and the proposed performance criteria of
forming.

Keywords: drawing, wire, axial stress, die parallel, optimum corner of

drawing, economy of energy, margin.
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Ceepo-KaBka3sckasi rocy1apcTBeHHasi TyMAHUTAPHO-TEXHOJOTHYECKAsT AKAIeMHSI
(369000, Poccus, T. Uepkecck, yi. CraBpornonbsckas, 36)

Annomayus. IlpencTaBieHbl pe3yibTaTbl TEOPETHUECKUX U 3KCIIEPUMEHTAIBHBIX HCCIICIOBAaHUI HOBOTO METO/Ia JIMCTOBOW IITAMIIOBKH, 00ECIIeUNBal0-
IIETO PeryIupyeMblii HarpeB 3aroTOBKH 110 331aHHOM TEMIIepaTypbl U oceayoiee ee 1e(hopMHUpOBaHUE ABYCTOPOHHMM BO3JEHCTBUEM ITPOIYKTOB
CropaHus ra3oBbIX cMecel. Jloka3aHa BO3MOXKHOCTb HarpeBa ITaMITyeMO 3ar0TOBKY HEMOCPECTBEHHO B IOJIOCTH MaTPHUIIbI 10 HHTEpBaJIa TEMIIC-
paryp ropsiueii o0padotku. [Ipu 3ToM Bpemst HarpeBa 3aroTOBKH COCTaBIISIET MeHee | ¢, a AaBlieHNe TOPoYeil ra30BOil CMECH B 3aBHCHMOCTH OT Ma-
TepHraia u TonuuHb 3arotoBku — 0,5 — 2,0 MIla. [Tomy4eHsl 3aBUCHMOCTH JJIs pacyeTa apaMeTpoB Mpolecca MTaMIIOBKH. DKCIIEPUMEHTAIbHBIE
MCCIIEI0BAHMS TTOKA3aJId, YTO MIPH JIAHHOM METOJIE 3@ CUET HarpeBa 3aroTOBKM CO3JAIOTCS OIaronpHsTHbIE YCIOBUS 171s ee nedopMupoBaHus. 910
obecrieynBaeT MTAMIIOBKY JeTallel CII0KHON (POPMBI 32 OIMH TEXHOJIOTMYECKHI IIePEXOJ1, NCTIONB3YS MIPU STOM CPABHUTEIBHO MPOCTYIO OCHACTKY,
YTO CYIIECTBEHHO CHM)KAeT CeOECTOMMOCTH LITAMITyeMbIX AeTaneld. brarogaps 5ToMy W HEBBICOKOH CTOMMOCTH HCIOJIB3YeMOro o00pya0BaHUs
JTAHHBIH METOJ] IITAaMIOBKH MOXKET HalTH 3()()eKTHBHOE MPUMEHEHHE B IPOMBIIIJICHHOM ITPOU3BOJICTBE.

Knrueewie crnosa: nictosas mITaMIiOBKa, ra3oBas HITaMIIOBKa, HarpeB JIUCTOBOM 3aroToBKH, yCTpOﬁCTBO JUISL JIMCTOBOM mITaMIIOBKH, ra3006pa3Ha$1 TOII-

JIMBHASI CMECh, MIACTHYHOCTH, TOpsidas 00paboTKa.

JlucroBas mTammnoBka o0ecrieYrMBaeT BBICOKOE KayecT-
BO TMOJYyYAaeMBIX JETaleil W Majblid pacxoJ Marepuana.
[TorTOMYy OHa MMPOKO HCHONB3YETCs AJIsi MPOU3BOJICTBA
JeTajiel MaluH U anmapaTtoB. [Ipy 3Tom mramMmnoBka ocy-
LIECTBIISIETCS B XOJIOJJHOM COCTOSTHUH JIUCTOBOM 3ar0TOBKH,
T. €. IPU TeMIEpaTrype OKpyxkaromeil cpenbl. [Ipu Takoin
TeMIIepaType MIACTUYHOCTh MHOTUX MaTepraioB HEBBICO-
ka. [ToaToMy mTammoBka JeTaied cloXHOH (GopMbl vare
BCETO MPOU3BOIUTCS 38 HECKOJIBKO TEXHOJIOTUYECKUX IIEpe-
XOJIOB, UCHOJIb3YS Ha KAXKAOM M3 HUX Pa3HYIO IITaMIIOBYIO
ocHacTKy. Hepenko Mexy STUMHU TEXHOJIOTHYECKUMU T1e-
peXoIaMu TIPOU3BOUTCS TAKKE TEPMOOOPaOOTKa 3ar0TOB-
KH. DTO 3HAUUTENBHO YIOPOXKAET MPOU3BOJICTBO JCTAJICH.

VYBenuueHrue MIacTUYHOCTH 3arOTOBKU MOXKHO oOecrie-
YHUTH MyTeM ee HarpeBa. OIHaKO JTUCTOBAs 3arOTOBKA ObICT-
PO OCTBIBAET M3-32 OOJBIIOH TUIOIMIAH €€ TIOBEPXHOCTH. DTO
OuUEHb 3aTPY/HSET OCYIIECTBICHNE JIMCTOBOM IITAMIIOBKHU B
ropsiueM COCTOSHUM 3arOTOBKU. TeM He MeHee, IpH LITaM-
MOBKE TPYAHOJAC(POPMHUPYEMBIX MaTEpPUATIOB B HEKOTOPBIX
CIIy4asiX UCIOJIB3YIOT HarpeB 3ar0TOBKHU ITyTEM JIUTUTEILHOTO
BO3JIEiCTBUS Ha Hee ropsiuero rasa [ 1, 2]. Harpes 3arotoBku
IIPOU3BOAT TAKXKE IPU MOMOLIH NIEKTPUUECKOTO TOKa He-
MOCPEJICTBEHHO B MOJOCTH IITAMIOBOM OCHACTKH. OIHAKO
9TU METOJbI HarpeBa 3ar0TOBKU YPE3MEPHO JOPOrOCTOSIIUE
Y HE HAIITH IIMPOKOTO MTPUMEHEHHUSL.

Lenprto TaHHOM pPabOTHI SBISETCS pa3pabOTKa HOBOTO
MeTo/Ia JTMCTOBOM IITAMIIOBKH, 00€CIEYNBAIOIETO KPATKOB-
PEMEHHBII HarpeB 3aroTOBKU A0 33JaHHOW TEMIEPATYPHI U
nocnenyoiee ee 1e(popMUpPOBaHUE, U 00OPYJOBAHUS JUIs
ee peanuzanuu. [[ns TOCTHIKEHUS 3TOM LIETW MOCTaBJICHBI
CJIeIyIOIINE 3a/1aqu: pa3paboTka HOBOrO METO/A IITAMIIOB-
KH; OLIEHKa BO3MOYKHOCTH HarpeBa 3TUM METOJIOM 3arOTOBKH

JI0 3a/laHHON TeMIIepaTypbl; pa3padoTka 00Opy/IOBaHUS U
IpaKTHYecKas apoOanust HOBOH TEXHOIOTHH IITAMITOBKH.
Jlnst pereHust 3TUX 3aa4 UCIOIb30BaHa ra30Bas LITaM-
moBKa [3], ocymiecTBisieMast 1moJ| ASWCTBUEM JaBICHHS ra3a
U peannsyeMasi Ipu MOMOIIY Pa3INYHBIX YCTpoiicTB [4, 5],
TIPUHIIAIT Pa0OTHI KOTOPBIX OCHOBAH Ha MOTPEOJICHUH SHEp-
MU TOPIOUMX Ta3oBbIX cMmecei. Ilpu ra3oBoil mrTaMmoBke
B TIporecce AeopManny 3aroTOBKa TakKe HarpeBaeTcs
MOl BO3JCHCTBUEM Tra3a U ee TEeMIEpaTypa MOBBIIIAETCS JI0
200 — 350 °C. OmHako 3TOro HE TIOCTATOYHO IS CYIIIECTBEH-
HOTO TOBBIIICHUS IIACTUYHOCTH 3arOTOBKH, B YAaCTHOCTU
CTAJIBHBIX 3aroToBOK. [lyst obecriedeHnst HarpeBa 3aroToB-
KU JI0 HHTEpBaJia TeMIIepaTyp ropsiueit o0paboTku HeoOXo-
JMMO HPEJOTBPATHTh KOHTAKT 3arOTOBKU C MOBEPXHOCTHIO
MaTpUIIbl B IEPUO e¢ Harpena. Mcxons U3 3TUX MpeInochl-
JIOK, aBTOpaMH pa3pabOTaH METOJ ra30BOH IITAMIIOBKH C
JIByXCTOPOHHMM HarpeBoM 3arotoBku. Ha puc. 1 mpencras-
JIEHO YCTPOMCTBO, PEaIM3yIOIIee 3TOT METOJ| IITaMIOBKU.
YCTpONUCTBO CONEPXKUT MaTpHlly / M Kamepy CropaHus 2,
KOTOpBIE CHAOXKEHBI CPEACTBAMHU IS TTOAAYH KOMIIOHEHTOB
ra3000pa3HOi TOIIMBHOM cMecH, ee 3aKUTaHus U BBIITyCKa
npoxykToB cropanus. llltammyemas 3arotoBka // ycranas-
JIMBAETCSI MEXKly MAaTPULIEH 1 KaMepoii CropaHus 1 3a’KUMa-
eTcsl KoNbLEBbIM nopiHeM /3. Uepes BIyCKHbIE KJIallaHbI
4 1 9 B KaMepy CTOpaHUs U B MOJOCTh MATPHILILI TOAAIOTCS
KOMIIOHEHTHI TOIUIMBHOW CMECH, HallpUMEp TOPIOYM ra3 u
CKaTbIi BO3yX. B MatpuIie u kamepe cropanus o0pasyercs
TOILUIMBHASI CMECh OJIMHAKOBOIO JABJIEHHUS, KOTOPAs MOKHU-
raercst ceedamMu 5 U 7. B pesynbrare cropaHus TOIUIMBHOI
CMECH JaBJIEHHE M TeMIIepaTypa B MaTpPULE U KaMepe Cro-
paHusi MHOTOKPATHO yBenuuuBaeTcs. IIpu 3Tom mox aByx-
CTOPOHHUM BO3JEHCTBUEM MPOAYKTOB CrOPAaHMs 3arOTOBKA
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Puc. 1. Cxema ycTpoiicTBa 1151 ra30BOM ITAMIIOBKH:
1 — marpuna; 2 — kamepa cropanusi; 3 — 0onTt; 4, § — BIlyCKHbIE Kilara-
HBI; 5, 7 — CBEUM 3a)KUTAHUS; 0, 9 — BBIMYCKHbIE KiIanaHsl; /() — raiika;
11 — 3arotoBka; /2 — nonocth; /3 — KOJIBLEBOH MOPIICHB; /4 — KaHa

Fig. 1. Scheme of the device for gas forming:
1 — matrix; 2 — combustion chamber; 3 — bolt; 4, § — intake valves;
5, 7— combustion candles; 6, 9 — exhaust valves; /0 — nut; // — the
workpiece; /2 — cavity; 13 — the annular piston; /4 — channel

WHTEHCHBHO HarpeBaercs. [Ipu JOCTHKEHUH 3aJaHHOTO HH-
TepBajia TeMIepaTyp OTKPHIBACTCS BBHITYCKHON KiamaH 8§ U
ra3 U3 MaTpuIlbl BeITycKaercs. /laBieHne B OJIOCTH MaTpu-
bl magaet. [Ipu 3TOM nox neiicTBreM JaBiIeHHs ra3a, HaXxo-
JSIIIETOCS B KaMepe CropaHusi, 3aroToBKa aedopmupyercs u
3aIIOJTHSET MOJIOCTh MaTpuilbl. [locie 3aBepiienus nmpoiecca
ITaMIIOBKU OTKPBIBAETCS BHITYCKHOW KJIATiaH 6 U Ta3 U3 Ka-
MepbI CTOPAHUS BHIITYCKACTCS.

Ha 06ase ypaBHEHHI TEIIIONPOBOIHOCTH, KOHBEKTHBHOTO
Tero00MeHa U TEIIOBOTro OanaHca [6] pOBEICHO HCCIIeIO-
BaHME HArpeBa 3aroTOBKH TPH JAHHOM METOJIE IITAMITOBKH.
[Tpu 3TOM yCTaHOBJIEHO, YTO BCIIC/ICTBUE BHICOKOH MHTEHCHB-
HOCTH Harpesa, TeMIieparypa o TOJIIIHMHE JTUCTOBOH 3ar0TOB-
KH CYILLECTBEHHO HE M3MEHSETCS, T. €. 10 BCEH ee TONLIMHE
TeMIieparypa IpuMepHO oJHaKoBas. Bpemsi, HeoOxommumoe
JUISL HarpeBa 3aroTOBKH 0 33J]aHHOW TEMIIEPATypPhl, MOXKET
OBITh OMPEIEIICHO IO CICAYIOIICH 3aBUCMOCTH [7]:

sp,c
T, =2a(f—3_3t) . (1)
r 3 )¢
TJIe § — TOJIIMHA 3aTOTOBKH; P, , C, — INIOTHOCTb U Y/eJIbHas
TEIJIOEMKOCTh MaTepuala 3aroTOBKH; £, — TEMIIEpaTypa 3a-
TOTOBKH; (£ — 1), — CPE/IHEE 3HAYEHUE TIEPENaa TEMIIEPa-
TYp MEXJIy ra30M U 3arOTOBKOM; 0 — K03 uimeHT Terio-
oraud. Pacyersl Mo 3TOMY YpaBHCHHUIO MMOKa3alH, YTO B
3aBHCHMOCTH OT MapaMeTPOB 3aroTOBKH UINTEIHHOCTD
npoiiecca HarpeBa cocrasisier 0,3 — 0,6 c. DToro Bpeme-
HU BIIOJTHE TOCTATOYHO /ISl HATPEBa 3arOTOBKH TOJIIIHOM
1 — 2 MM 10 UHTEpBaIa TeMIeparyp ropsueit 00paboTKu.
[TonoxxuTenbHBIE Pe3yNbTaThl TEOPETHUECKOTO aHaIN3a
IpoLIeCca HArPeBa 3arOTOBKH JTAJI OCHOBAHHKE JIJISI CO3AHHS
000pyIOBaHNS, PEATTH3YIONIETO JAHHBIA METO] IITaMITOBKH.
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brun MPOBEACHbI OKCIICPUMCHTAJIbHBIC HCCICA0BAHUSA
Tporecca HarpeBa IITaMITyeMOl 3aroToBkH [8], pe3ynbra-
ThI KOTOPBIX NPEJICTABICHBI HA PHC. 2, U3 KOTOPOTO CIeIy-
€T, YTO MHTEHCUBHBII HarpeB 3aroTOBKU IPOMCXOIUT INPU
qumrenbHocTH HarpeBa 1o 0,3 —0,5 c. Ilpu nanbHeliem
YBEJIMUEHUH BPEMEHHM HarpeBa CKOpPOCTb POCTa TeMIIepa-
TYpBI CYIIECTBEHHO CHWXKaeTcs. MCXoms U3 9TOTo, a Takke
YUUTBIBAsl, YTO B MPOLIECCE HArpeBa 3arOTOBKU CHHMYKAETCS
JTABIICHHE ra3a BCICACTBUE €ro OXJIaXKICHHS, BpeMsI Harpesa
cnemyet ycraHoButh B nipenenax 0,3 — 0,5 c. U3 puc. 2 Bua-
HO, YTO TEMIIepaTypa 3arOTOBKU CYIIECTBEHHO 3aBHCHUT OT
JIaBJICHUS TOIUTUBHON CMECH, C POCTOM JaBJIEHUS] UHTEHCHB-
HOCTb €€ HarpeBa yBCINYNBACTCA. B YaCTHOCTH, JaBJICHHUC
torunBHOU cMecH 0,7 MITa obecnieunBaeT HarpeB CTATLHON
3arotoBku TonmmHOM 1 MM mo 700 — 750 °C. VYBenuuenue
naBiieHnsT TOIUTMBHOW cMmecu 10 1 MIla mo3Bosisier 1OBBI-
cuThb TeMneparypy 3aroroBku 10 900 °C, 4To COOTBETCTBYET
MHTEPBAIy TeMIIepaTyp ropsiaeii o0padorku cramu. Cremyer
OTMETHUTb, YTO B ypaBHeHUH (1) BIUsIHUE aBICHHS Ta3a OT-
paxkaeTcst yepe3 KodQ(UIMEHT TeIIO0TIauH o, C YBEIHIe-
HHUEM JaBJICHHS BECJINYMHA O, IIOBBIIIACTCA.

Brrauciiennsie o ypaBHenuto (1) 3HaueHus: Temmepa-
TYPbI 3arOTOBKHU MPH PA3JIMYHBbIX 3HAYCHUAX BPEMCHU Ha-
rpeBa U JaBJIEHUs] TOIUIMBHOW CMECH YIOBJIETBOPUTEIILHO
COMIaCyIOTCs C DKCIICPUMCEHTAJIbHBIMU NAaHHBIMU, PACXO0XK-
JeHue ux He npesbimaer 12 — 15 %. IIpoBeneHHsle Teope-
TUYECKUE M DKCIIEPUMEHTANbHBIC MCCIEOBAHUS B LIEJIOM
MoKa3aJid, YTO MpPHU ONPEAETICHHOM COYETaHWU AABICHMS
TOIJIMBHOM CMECH M JJIUTEIBHOCTH HarpeBa MOXKHO obec-
MIEYUTh HArpeB IITaMIIyeMOH 3ar0OTOBKH /10 HHTEpBaJla TeM-
neparyp ropsdei o6padoTku.

Jns ompeneneHnss HEOOXOIMMON BEIMYMHBI JABICHHS
TOIUIMBHOW CMeCH OBIIO MPOBEJCHO UCCIIEOBaHUE MPOIIeC-
ca ne(opMUpPOBAHUST HArPETOW JIUCTOBOM 3arOTOBKH MOJ
Bo31eiicTBUeM rasa. IIpu 3ToM nomydyeHa 3aBUCUMOCTD JUIs
OTIpe/ICIICHNS BEIIMIMHBI JaBIICHUS TOIDIMBHOM CMECH, HE00-
XOJIMMOM JJIs1 OCYIIECTBIICHUS MPOLIEcca IITAMITOBKH [ 8],

t,°C
700
600 |- 2
500 -
400 +
300 | ;
200

100 -

0 o1 02 03 04 05 06 07 1,c

Puc. 2. VI3mMeHeHre BO BpEMEHH TeMIIepaTyphl CTAJIbHOM 3arOTOBKU
TONIIMHON | MM MpH pa3aMyHBIX JaBIEHHUIX TOINIMBHOU cmecH, MIla:
1-0,3;2-0,53-0,7

Fig. 2. Graphics of the variation in time of temperature of the steel billet
with thickness of 1 mm at different pressures of the fuel mixture, MPa:
1-03;2-0.5;3-0.7
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r1e § — TOJIIKMHA 3ar0TOBKHU; G, — MPEIEN TEKYy4YECTH Mare-
puasia 3arOTOBKHU MPHU TEMIEpaType IITaMIOBKH; A — CTe-
TICHb TTIOBBIIICHUSI JIaBJICHUSI B PE3YJIBTaTe CTOPAHHUS TOTLIUB-
HOU CMECH MPH TTOCTOSTHHOM 00BheME; 3 — CTETICHb CHUKECHUS
JIABJICHUS U3-3a OXJIQXKJCHHSI ra3a Mpu HarpeBe 3aroTOBKH;
R_. — MMHUMAQJIbHBIH PagdyC KPUBH3HBI (OpMOOOpasyro-
e 4acT MaTpHULIbI; VM — 00BbEM TIOJIOCTH MaTPHIIBI; VK —
00BEeM KaMepbl CTOpPaHusT; k — MmoKa3aresb auadarhl.

Jis mpoBepKM TOITYYEHHOM 3aBUCHUMOCTH, a TaKkXkKe
OIICHKH TEXHOJIOTHYCCKHUX BO3MOXKHOCTCH JAaHHOIO METOoIa
IITaMIIOBKY OBLIM TPOBEICHBI SKCIIEPUMEHTAJIBHBIC HCCIIe-
noBanus. [Ipu aTom mrammnoBain chepooOpasHble JTHUINA
pa3Hoi ITyOWHBI, TAHEIH COTOBON KOHCTPYKIIMU W TTaHEIN
CIUPATBLHBIX TETNIOOOMEHHUKOB, TIOKa3aHHBIC Ha pHC. 3 U 4.

JIHWIa mTamMrnoBaiy U3 CTaabHOW JINCTOBOM 3arOTOBKU
TOJIIIMHON | MM, UCMONIB3YsI TP ATOM HWJIMHIAPUYIECKYIO
Marpuiy auamerpom 400 mm. IIpu 3TOM Kamepy cropanus u
MaTpHILy TOCIEI0BATEeILHO HATIOIHSIIN TOTTTMBHON CMECHIO.
3areM OIHOBPEMEHHO TIOJDKUTANHM TOIJIMBHBIC CMECH B
obeux monoctsx, mnocie yero uepe3 0,5 —0,6 ¢ ocymiecTs-
JISUTA BBIITYCK TIPOJYKTOB CrOPaHUsl U3 TIOJIOCTH MaTPHIIBL
OKCIEpPUMEHTBI TTOKA3aJIM, YTO JIJISl IIITAMIIOBKH JIHUIIA W3
CTaJbLHOM 3aIrOTOBKHU TONIIMHOM 1 MM JIOCTaTOYHO JaBJICHHS
toruuBHOU cMecu 0,2 — 0,3 MIla B 3aBucHMOCTH OT TITyOu-
HBbI JTHHIIA. JTH 3HAYCHUS JIABJICHUS YIOBICTBOPUTEIBHO

Puc. 3. CdepoobpasHble JHUIA U TAHETb COTOBON KOHCTPYKIIHU

Fig. 3. The sphere-like bottom and honeycomb panel

COIIACYIOTCSI C BEIMYMHON JIaBJICHHUS, TOTy4YEHHOM 10 ypaB-
HEHHIO (2), UX pacxoxJeHue He npesblmaet 15 %.

[IITammnoBKy maHenell COTOBOM KOHCTPYKLIHMHU C pas-
MepoM stueek 90x90 MM MPOU3BOIMIIN U3 AFOMHUHHUEBOTO
JIUCTA TOJIIIMHON 2 MM, UCIIOJNIb3YS PEIETYaTyI0 MaTpUILy.
AHaJOrM4yHble KOHCTPYKIMU HCHOJIB3YIOTCS B aBHacTpoe-
HUU. VX M3rOTOBISIIOT (ppe3epoBaHUEM MM H30TEpPMHUUC-
ckoii opmoBkoit [9]. Tlpu mTaMIioBKke MaHeIeH COTOBOM
KOHCTPYKIMU HAIIOJHCHUEC KaMEpbl CrOpaHusl U MaTpHUIbL
TOIJIMBHOM CMECBIO U €€ 3a)KUT'aHHe OCYILECTBIISAIOCH TaK-
K€, KaK IpH MITaMIOBKE JHUII], HO BBIITYCK IIPOJAYKTOB CI'O-
panus u3 Marpuibsl nponsBoamwin yepes 0,3 — 0,4 ¢ mocie
3a)KMraHusl TOTUIMBHOM CMECH. DKCIEPHUMEHThI MOKa3aH,
uTo JaBieHue TormBHOM cmecu 0,3 — 0,4 MIla mocraTou-
HO JUIs TIOJYYEHHUs JAeTajeil XOpoIlero KayecTna.

B mnuiueBbIx NpOM3BOACTBAX HCIOIb3YIOTCS CIUpAJIb-
Hble TernooOMeHHUKH [10], B KOTOPBIX KaHaJ JUIs TeYEHHS
TEIDIOHOCHUTENSI UMeeT (opMy crimpani. B maHHOM ciydae
KaHal umen opmy crimpaiu Apxumena c marom 30 M, 4To
HanOoJIee PHEMIIEMO IS CO3IAHIS KOMITAKTHBIX CITHPAITh-
HBIX TerI000MeHHUKOB. [lITaMIIoBKY manenei co crnupaib-
HBIM KaHAJIOM IPOU3BOJAWIIM U3 aJIFOMUHUEBOIO JIMCTA TOJI-
muHoU 2 MM. [IITaMioBast OCHacTKa COCTOsIA U3 MaTpULIb
CO CIIUPAJILHBIM KaHAJIOM U IPH>KUMHOI'O KOJIbLA JUIs 3a)KHU-
Ma (hraH1ia 3aroToBKU. Bpemst HarpeBa 3aroToOBKH COCTaBIIs-
10 0,3 — 0,4 c. [IpoBefieHHBIE SKCIIEPUMEHTHI TTOKA3aJH, Y4TO
Npy JaBleHnH TormuBHOM cmecu 0,5 — 0,6 MIla obecrieun-
BAeTCs XOpOllee KayecTBO MOTy4aeMoil eTalu.

0060011351 U3TOKEHHOE, MOYKHO 3aKITIOUUTH CIIeyIolIee.
PazpaboTannblii METO/ Ta30BOM MITAMIIOBKH C JABYXCTOPOH-
HUM HarpeBOM 3aroTOBKH 00€CTIEUMBAET €€ HarpeB 70 3aaH-
HOH TeMIieparypsl U Mocieayomnee 1eGpopMUpOBaHIE, ITO
co3aaeT OJaronpHUsITHBIC YCIOBUS /sl IITAMIIOBKH JIeTale
crnoxHo# (opmel. [Ipu 3TOM MakcMManbHas TeMIIeparypa
3aroTOBKH 3aBUCHUT OT JABJIEHMs TOproueii ra3oBoil cMecH U
JUTUTEIFHOCTH HarpeBa 3aroToBKH. HeoOxoanmast Benndu-
Ha JIABJICHUS Ta30BOM CMECH B 3aBUCHMOCTH OT MaTepHala

Puc. 4. ITanens co cnupanbHBIM KaHAIOM

Fig. 4. Panel with the spiral channel
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U TONIIMHBI 3aroToBku coctaBmsieT 0,5 —2,0 MIla, ontu-
MajbHas BeIWUYMHA JHMTenbHOCTH HarpeBa — 0,3 —0,5c.
JlaHHbIi MeTO IITaMMOBKK 00JIa1aeT IIMPOKUMHU TEXHOJIO-
THYCCKAIMH BO3MOKHOCTSIMH M TIO3BOJISICT IITAMITOBATh JIC-
TaJIU CIOKHOM (DOPMBI 32 OMH TEXHOJIIOTMYECKUI Mepexof,
WCTIONB3YSl CPABHUTEIFHO TIPOCTYIO MITAMITOBYIO OCHACTKY,
YTO CYHIECTBEHHO CHWKAeT ceOECTOMMOCTh INTaMITyeMBIX
nerajieid. O0OpyIoBaHKE, OCYIIECTBISIOIIEE TAHHBIA METOJ]
IITAMIIOBKH, OTIIMYAETCS KOMIIAKTHOCTBIO, MaJION METalIo-
E€MKOCTBIO ¥ HEBBICOKOH CTOMMOCTBIO. briaromapst atum fnoc-
TOWHCTBAM JIAHHBIA METOJl IITAMIIOBKH MOXET HAWTH 3(¢-
(beKTHBHOE TIPUMECHEHHE B TIPOMBIIIICHHOM TPOU3BOJICTBE,
0COOEHHO B MEITKOCEPUIHOM U OTMIBITHOM TIPOU3BOICTBAX.
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DEVELOPMENT AND RESEARCH OF ANEW METHOD OF STAMPING
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Abstract. The article describes the results of theoretical and experimental stud-
ies of a new method of stamping with regulated heating of workpiece to a
predetermined temperature and its subsequent deformation by bilateral ex-
posure of combustion products of gas mixtures. The authors demonstrated
the possibility of heating the formed preform directly into the die cavity
until the hot working temperature range. At this time, heating of the billet
is less than 1 s, and the pressure of the combustible gas mixture depend-
ing on the material and thickness of the preform is 0.5 ... 2.0 MPa. The
dependences of the parameters are determined for the calculation of the
stamping process. Experimental studies have shown that this method by
heating the workpiece creates favorable conditions for its deformation. This
provides stamping parts with complex shapes in a single technological tran-
sition, using relatively simple die tooling, significantly reduces the cost of
the stamped parts. Due to this and the low cost of the used equipment, this
method of stamping can find effective application in industrial production.

Keywords: stamping, gas-forming, heating of the slab, device for stamping,

gaseous fuel mixture, plasticity, hot working.
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NCCIEAOBAHHUE TOYHOCTU BHYTPEHHEI'O IUAMETPA
IF'OPAYEKATAHBIX TPYHB I1PU PA3JTAYE
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Annomayus. B Hacrosiee BpeMst OHUM U3 BOCTPEOOBAHHBIX BHIOB METAJIONPOAYKIMH SIBISIIOTCS CTAJBHBIE TPYOBI KOHCTPYKIIMOHHOTO HA3HAYCHHSI.
BaxkHeHIIMMH UX XapaKTepUCTHUKAMHU SIBJISIOTCS TOYHOCTH PAa3MEPOB U UMCTOTA HOBEPXHOCTH, BLICOKHH YPOBEHb MEXaHUUECKHX CBOICTB U CiTyxke0-
HBIX XapakTepucTuk. Oco0oe BHUMaHKE y/IeIsIeTCsl TOUHOCTH BHYTPEHHETO KaHala TpyO, Tak Kak 9TOT MapameTp OpeeNseT SKCILTyaTallHoOHHY O
HAJIeKHOCTb U SKOHOMUUECKYI0 3 (HEeKTUBHOCTb UX NMpUMeHeHHs. OxHuM 13 Hanbonee YQPEKTUBHBIX CHOCOOO0B MOBBILIECHUS TOUHOCTH SIBJISETCS
pasmada TpyObl Ha ompaBke. J{ys MCCIeNOBaHMS TOYHOCTH TPYO 11eeco00pa3HO MCIONIB30BaTh MAKETHl KOHEUYHO-JIEMEHTHOTO MOJCTHPOBAHHSI.
X npuMeHeHue 103BOJINIIO MCCIIeIOBAaTh BHEKOHTAKTHYIO pa3/iady Ha BXOJE U BBIXOZE M3 ovara aeopMaliiu, HepaBHOMEPHOCTb JAedopMaliu 1
K03 PUIHEHT MOBBIIEHHs TOYHOCTH. OIpeIeNeHHe 3THX XapaKTePUCTHK SBJISAETCS BAYKHBIM YCIOBHEM IS Pa3padOTKH ONTUMAIILHBIX PEKUMOB
JedopManuy U KOHCTPYKLUH HHCTPYMEHTA JIJIsl TIOJTy4eHUsI 0COOOTOUHBIX TPYO MO BHYTPEHHEMY AHAMETDY.

Knwuesvie cnosa: ropsiuy€KaTaHbIC pr6bl, TOYHOCTb BHYTPEHHEI'O KaHaJla pr6, IToKa3arejb TOYHOCTH, pa3aadya pr6 Ha OIpaBKe.

CranbHble TPYOBI SIBISIOTCS OJTHUM M3 CaMBIX BOCTpE-
OOBaHHBIX BHIOB MeTayuronpokara. OHU HAILUIK IIHPOKOE
MPUMEHEHHE BO MHOTHUX OTPAClsAX MPOMBIIUICHHOCTH.
Hauboinee BaXHBIMU XapaKT€pPUCTUKAMH, ONpPENeIsIONH-
MH MX CPOK 3KCIUTyaTallid, HaJeKHOCTh U SKOHOMHYEC-
KyH0 3Q(QEeKTUBHOCTD, SIBISIIOTCS MEXaHHMUECKHE CBOICTBA,
YHUCTOTA TIOBEPXHOCTH U TOYHOCTH Pa3MEpPOB. XOJIOTHOC-
(bopMUpOBaHHBIE TPYOBI OTIIMYAIOTCS BEICOKOH TOYHOCTBIO
pa3MEpoOB U YUCTOTOM BHYTpPEHHEH MNOBEpXHOCTH. Tou-
HOCTb pa3MepoB M YUCTOTa BHYTPEHHEH MOBEPXHOCTH BO
MHOTOM OTIPENENSIFOT CPOK CITY>KOBI TpyO B TakuX OTpac-
T51X, KaK He(pTenoObIBatonIas u HeTernepepadaThIBaromast
MIPOMBINIICHHOCTh, ATOMHAsl JHEPreTHKa, XHMHYECKOEe
MalIMHOCTpoeHue U J1p. OHAKO MPUMEHEHHE XOJIOAHOIe-
(hopMHUpPOBaHHBIX TPYO HE BCErJa YKOHOMHUYECKHU IEIeco-
00pa3HO BBHIY WX BBICOKOH CTOMMOCTH. D((EeKTHBHBIM
CIocoOOM TMOBBICUTh TOYHOCTh BHYTPEHHETO JUaMeTpa
U KayecTBO BHYTPEHHEH MOBEPXHOCTH TIOpsYeKaTaHbIX
TpyO SBJISIETCS omeparys KaaunOpOBaHUsS CIIOCOOOM pas-
Jnayu TpyObl Ha ompaBke. Hampumep, B COOTBETCTBUU C
I'OCT P 52203-2004, napy>kHbIi1 AMaMETpP HACOCHO-KOM-
MPECCOPHOM TPyObI 73X5,5 MM MOXET OBbITh B JHANa3oHEe
ot 72,2 no 73,8 MM, a TOIIMHA CTEHKU — OT 4,8 710 5,9 MMm.
Takum 00pa3oM, BHYTPEHHHH TUAMETP TPYObI HAXOIHUTCS B
nuarna3one oT 60,4 1o 64,2 MMm. DTOT AWaIa3oH 3HAYCHHI
MOXHO YMEHBIIUTh, IPUMCHSSI KAIMOPOBKY BHYTPEHHETO
nuamerpa Tpy0. Kpome toro, crocobom pazgaum TpyObl
YMEHBIIAIOTCST BEJIMYMHBI IIEPOXOBATOCTHU: Ul Topsiue-
KaTaHeIX TpyO Ra =40 —50 MxmM; s X0mogHoAe(pOpMu-
poBaHHbIX Ra <0,5— 0,6 Mkm. [loBbIllIEeHHE TOYHOCTH
BHYTPEHHErO JMaMeTpa W YMEHBIICHUE IIEPOXOBATOCTH
MOBEPXHOCTH CIIOCOOCTBYIOT YMEHBIIEHUIO HHTEHCUBHOC-
TH KOPPO3MOHHBIX MPOIECCOB U 00pa3oBaHUIO achaibTo-

COJICBBIX OTJIOKCHHH W, COOTBETCTBEHHO, TOBBIIICHHIO
JIOJITOBEYHOCTH TPYO MpH J00bIYe HEDTH.

[Tpu pa3mave TpyOBbI Ha OMPABKE MPOUCXOJUT OIHOBpE-
MEHHOE YBEJIMYEHHE BHYTPEHHETo AMaMeTpa, U3MEHEHHE
TOJIIMHBI CTEHKH W JUIMHBI TPYOBI, a TaK)Ke YMEHBIIICHUE
LIEPOXOBATOCTH HA BHYTPEHHEH MOBEPXHOCTU. 3aKOHOMEP-
HOCTH UX U3MEHEHHS, a TAK)KE M3MCHEHUE CHUJIBI Pa3ayul B
3aBHCHMOCTH OT CIoco0a U PeKMMOB Ipoliecca SABISIOTCS
MIPEIMETOM UCCIICIOBAHHMS.

B GonpmmHcTBe padoT [1 — 5] OCHOBHOM MLENbIO 5IB-
JSUTOCh M3YYCHHE CHUIIOBBIX HArpy30K Ipolecca pas3jiadu.
OcobeHHOCTH (POPMOU3ZMEHEHHSI M TOYHOCTH TPYO IOCIe
pa3jadd MpakTHYeCKH He paccMmarpuBaiuch. C ydeTom
BBIILIEU3I0KEHHOT0 LEJIIMU JaHHOM paboThl SBISIIUCH HC-
CJIEJIOBaHUSI BHEOUArOBOW YIPYTO-IJIaCTUYECKO nedop-
MalM ¥ U3MEHEHMs AuaMeTpa BHYTPEHHEH MOBEPXHOCTH
TpyOBI B pe3ysbTaTe KannuOpoBaHus, oneHKa Y eKTHBHOC-
TH TIpolecca KaluOpoBaHMsI COCOOOM paslavd U paspa-
00TKa TEXHUYECKUX MPEJIOKEHUI MOBBIIICHUS TOYHOCTH
pa3MepoB TpyO IpH KaTHOpOBaHUH HA OIIPaBKeE.

B paboTte MeTooM KOHEYHO-JIEMEHTHOTO MOJEIHPO-
BaHusa (MKD-MoznenupoBanus) ¢ MOMOLIBbIO IIPOrPaMMHO-
ro xomiiekca Deform-3D wuccrnenoBano gopmonsmeHeHne
TpyOBI IpH pazgade, ONpeAeIeHbl IPaHULIbl 30HbI BHEKOH-
TaKTHOH IIacTHYecKoi Jedopmainy, JaHa OIEeHKa TOYHO-
ctu TpyO mocne pasmaunm. Ha pumc. 1, @ mpencraBieH odar
JedopMaruy JUis OJJHOTO M3 BAPUAHTOB YHCIICHHOTO pellie-
Hust MetooM MKD. ['panuiia Hauana rmiactiueckoi aedop-
Malliy OTpENeNisuiach M0 WHTEHCHBHOCTH IIIACTHYECKOM
nedopmanuu € — miacTHdeckas aedopmanus HacTyrnaeT
npu poctwkenun BennuuHbl 0,002. Yyactok, Ha KOTOpOM
HAYMHAJIOCh CY)K€HHE BHYTPEHHEIo Auamerpa TpyObl ObuI
MIPUHST KaK KOHEll BHEKOHTAKTHOTO YYacTKa pa3/iadu TPyObl.
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Puc. 1. Ouar nedopmanuu npu MKD-monenupoBanuu mnpoiiecca pasaadn (@) u cxema ouara gedopmanu (6)

Fig. 1. Deformation zone in the FEM simulation of the process of expansion (a) and scheme of the deformation zone (6)

Ha puc. 1, 6 m3o0paskena cxema ovara gedopmariyu, B COOT-
BETCTBHH C KOTOPOH MCCIICOBAINCH BETMYMHBI, XapaKTepH-
3yIOIIHE BHEKOHTAKTHYIO [UIACTHYECKYIO Ae(hOopMaIuio.
Pa3naga mpoucxXomuT 3a cUeT mepeMeIleHHs ONpaBKH,
COCAMHEHHOW C TSATOBBIM OPTAaHOM BOJIOYHMJIBHOTO CTaHA.
Ouar nedopmanny TpyOBI U paszgade COCTOMT M3 Hec-
KOJNBKHX XapaKTEpHBIX ydacTkoB (puc. 1, a): muHEHHOTO
ydacTKa HeMOCPEACTBEHHOTO KOHTaKTa TPYObl M KOHYCHOM
OTIPABKH, SIBIISIOIIETOCS T€OMETPUUECKUM Oouarom aedop-
Malyy JUIMHON [ W JIByX KPUBOJMHEHWHBIX Y4acTKOB Ha
BXOZIC M BBIXOJE, SIBIIAIONIMXCS 30HAMH BHEKOHTAKTHON
actuaeckor pedopmanuu. OOmias JyIMHA odara Iac-
THUYECKO neopmarnn paBHa / pascr - BETMUMHA YBETHYCHHS
BHYTPEHHETO JIMaMeTpa TPYyObl O SBISETCS XapaKTePUCTH-
KO BHEOUYAroBOHW IUIACTHYECKOW JieOopMalliu Ha BBIXOJE
n3 ouara ge()opMali, a BEIMYNHA YMEHBIICHH BHYTPEH-
HETO IMaMeTpa TPYObI # XapaKTepU3yeT YIPYTroe pasrpyske-
Hue TpyOsl. BHeouarosas ympyromnactudeckas negopma-
IUST XapaKTepH3yeTCsl CTCTICHbIO BHEKOHTAKTHOW pa3jadn

—d
TpyOBI Ha BXozie B ouar jgedopmanun Ag, = —H——=
TeoM
max - dOl'I
p
Ha BBIXOZIE Ag, = 7

omp
[Ipu pemennn 3aga4un pa3gadu TpyOBl B Ka4eCTBE MOJIC-

JM MaTepuasa TpyObl UCIOb30BaHa yIPYTro-IiacTudecKas
yIIpOYHsieMas cpefia, B KaueCTBe MaTepraia Obliia BEIOpaHa
ctanb AISI-1045 u3 6ubnuorexu marepuanos Deform-3D,
SIBILFOIIASsICST aHAJIOTOM cTai 45. Yo KOHyCHOCTH pado-
4eil 4acTy ONpaBKU NPHUHAT paBHBIM 12° a nuamerp Ka-
TUOPYIOIIe YacTh ONpPaBKU donp = 64 mMm. Buytpennuit
JMaMeTp TpyObl B UICXOTHOM COCTOSIHUM B 3aBUCUMOCTH OT
€e TOYHOCTH MOKET MMETh JI000€ 3HAauCHHE U3 JHAITa30-
Ha, ykazaHHoro B Tabmuie. KoadduueHt ToacTocTeHHo-
cTH TpyO muMen aBa 3HadeHus m = 1,15 u 1,2, tne m paBHa
OTHOIIIEHHUIO HAPY>KHOTO InaMeTpa K BHyTpeHHeMY. TpyOsI
pasznmaBaiuchk co creneHblo pazmaun €= 0,5 -5,0 %, tae

d_—d
Zom 780 1) 9%,

BHO
B kauectBe OLCHKMU COOTHOMICHUS JIUHBI I'€OMCTPHU-

4eckoro u (hakTUueckoro ouara aedopMali BbIOPAHO
otHomeHue [ /[ Ha puc. 2 npencrasnen rpaduk 3a-

reom’  akt”

eE=
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BUCUMOCTH OTHOWeHus [ /1 par OT CTETICHU PaA3/auu &,
U3 KOTOPOTO BUJHO, YTO MPH BCEX CTEMEHSIX IehOopMaIin
COXpaHsETCs HU3KOe 3Havenue [ /1 o (ot 0,07 mo 0,14),
U3 YEero CIEAYET, UYTO U 00CCIICUSHHST BBICOKOH TOYHOCTH
TpyO B mporecce pazgadn KpaiHe Ba)XXHO 00eCICUHBaTH
OCEBYIO CHMMETPHIO TPYOBI U OIIPABKH.

TouHOCTH KaMMOPOBAHHBIX TPYO 3aBUCHUT OT BEITUUNHBI
BHEKOHTAKTHOH Jedopmanuu Ha Beixone Ag,. Ha puc. 3
MIPUBENICHBI TPapUKN 3aBUCUMOCTH CTCIICHH BHEKOHTAKT-
HOH neopmannu Ha BXoz€e A€, 1 Ha BBIX0ZIE Ag| OT CTENEHH
pasnaun €. M3 rpadukoB BUIHO MOHOTOHHOE BO3PACTaHHUE
00eHx BENMYMH OT CTEIICHH pa3iadd, mpudyeM Uit Ooiee
TOHKOCTEHHBIX TpyO HaOmrofaercs Oolblias CTereHb BHE-
KOHTAKTHOU Je(hopMaIiii Ha BXOJE U BBIXOJIE.

B nanHoit paboTe TOUHOCTH BHYTPEHHETO AUaMeTpa Tpyo

O CHHUBAJIACh OTHOMICHUAMM:

omp
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cp0
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Pric. 2. 3aBUCHMOCTD OTHOIICHUS [UTHHBI TEOMETPHIECKOTO U (DaKTH-
yeckoro ouara aedopmanuu / /. OT CTENICHU pa3iadul IpH m:
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Fig. 2. The dependence of the ratio of the geometric and the actual

deformation zone with lengths / /I,  from an expansion ratio, m:
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rnocre paSI[a'—II/I p _ “’Bulmax _dBHllnil’l
1 — B
2d,
d —-d .
_ BHI max BHI min
rne dcpl - dBHlmin + 2

3HaueHHEe TUAMETpPa OTPABKU B BEIYHCIUTEIHFHOM JKC-
MepUMEHTe ObUIO IMOCTOSHHBIM (a’Onp =64 MM), a BHYT-
PCHHHUI auaMeTp TPyObl MMEJ 3HAUCHHE B JHMAIa30HE OT
60,8 1o 63,68 mm. Ilocne kanuOpoBaHus TPyOBl pazgayeit
Ha ONpaBKe TUAIa30H Cy)KaJCs, CICIOBATEIGHO IMOBHINIA-
J1ach TOYHOCTb BHYTPEHHETro JAuaMmerpa TpyO (cMm. Tabmu-
my). MccnenoBanue ObLIO BBIMONHEHO JIJISl TOKa3aTelei
cun Tpenus no 3uboento y = 0,05; 0,15; 0,25.

D¢ dexkTuBHOCTE KaTMOPOBAaHUS OICHUBAIACH HU3MEHE-
HUEM OTHOWIEHUSA p/p, . VICXONHbIE IAHHBIE U PE3YIBTAThI
M3MEHEHHS TOYHOCTH MPUBEIeHBI B Tadmuue st y = 0,15.

[lpu paszmage TpPyOBI ¢ MaJOW CTENCHBIO pa3gadn
€=0,5 % BHYTpeHHHI qUaMeTp TPYObI CTAT MEHBIIC THa-
MeTpa OIpPaBKH, a C POCTOM cTeneHu pasznadu € > 1,0 %,

d,,>d,,. Ha puc. 4 npusenes rpapux xosdouuuenta
TIOBBIIIEHHS] TOYHOCTH, U3 KOTOPOTO BHIHO, YTO B 00JIACTH
3HaueHHUH cremeHu pazgadn € =1—2 % 3¢QeKTUBHOCTD
KaJIMOpOBaHKs BHYTPEHHETO AMAaMeTpa TPyO MMeeT Hau-
OosipIllee 3HAUCHUE, a C POCTOM € A0 5 % 3(h(heKTUBHOCTH
cHmkaercs. C pocTOM MOKa3aTelst CHII TPEHHs OTHOIICHHE
D,/ P, CTAHOBHUTCS MEHBIIIE.

3HavyeHHe MOKa3aTesisi TOYHOCTH BHYTPEHHETO JaMe-
Tpa TpyO mocie KaauOpOBaHHUsSI MOXKHO ONPEEIUTh, SCIH
M3BECTHBI BEJTMYMHBI BHEOYAroBOH e(opMaIiy Ha BBIXO-
Jie O ¥ YMEHbIICHHUs BHYTPEHHEIO JIMaMeTpa B pe3yJbTare

d—u
Aoy + (80— 1)
Jaun € =0—2 % (cM. puc. 4) 3HaUCHUS BEJIMYUHBI BHEO-
4aroBoi gedopmary Ha BEIXOAE O M YIPYToH yCaakd u
conszmepuMmsl. [lpu yBenuueHnn creneHu pasmadu d¢pdex-
THBHOCTh KaJMOPOBAaHMS MajaeT, TaK KaKk BEINYMHA BHEO-
YaroBo# pasfadud O MPEBBIIIACT BEIMUYUHY YHIPYroH ycas-

pasrpysku u, Toraa p; = . IIpu crenenu pas-

Pe3y.]II>TaTl>I BBIYUCIUTECIBHOTO IKCIIEPUMEHTA

Ucxonubiid OtrocurenbHas | [Tokazarens pazopoca | CreneHb Koneunsrit HOK%aTue Ak pasdpoca Koaddunuent
. ., . 3HAYCHUM BHYTPEHHUX
BHYTPCHHUIA TOJIIHHA 3HAYCHUI BHYTPEHHHX | pa3laudl | BHYTPCHHUIL HOBBIIICHHS
uamerp d,, MM CTEHKHU m IUaMeTpoB TpyO p,, % | €, % | nuamerp d,, MM AMAMETPOB TPyG mocue TOYHOCTH p,/p
A 0 v ’ v KajnuOpoBaHus p, %o 01
63,68 1,15 0,5 63,98
0,25 0,03 8,06
63,68 1,2 0,5 63,96
63,36 1,15 1 64,05
0,5 0,055 9,09
63,36 1,2 1 63,98
62,72 1,15 2 64,14
1,01 0,11 9,18
62,72 12 2 64,11
62,08 1,15 3 64,27
1,52 0,21 7,24
62,08 1,2 3 64,23
61,44 1,15 4 64,73
2,04 0,57 3,57
61,44 12 4 64,62
60,8 1,15 5 65,07
2,56 0,83 3,08
60,8 1,2 5 64,9
£ 0,045 g 0,045
B 0,040 - L 0,040 -
S 0035+ S 0035+
S o QS &
§ 3 0,030 - § < 0,030 |
§ S 00251 1 § § 0,025 -
55 oo020f 2 % 0020+
< 4
T8 o015t 2 S5 o0015f
g 0,010 g 0,010
S 0005 ; S 0005
S | | | | S l | | |
0 0,01 0,02 0,03 0,04 0,05 0 0,01 0,02 0,03 0,04 0,05

Cmenens pazdadu, €

Cmenens pazoauu, €

Puc. 3. 3aBHCHMOCTb CTENCHEH BHEKOHTAKTHOM JedhopMalinu Ha BXoze (a) u BbIxozie (6) OT CTENCHU pa3iadu IpH m:
1-1,15;2-1,20

Fig. 3. The dependence of the degrees of non-contact deformation at the inlet () and outlet (6) from an expansion ratio, m:
1-1.15;2-1.20
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Puc. 4. Ko puUIMeHT OBBIIEHNS TOYHOCTH IIPU
1-0,05;2-0,15;3-0,25

Fig. 4. Accuracy increase ratio, :
1-0.05;2-0.15;3-0.25

K1 u. PasHuna MexIy 9THMH BeNMYHHAMH YBEIHINBACTCS
C POCTOM CTEINIEHU pa3Jayu €.

Taxum oOpasoM, pa3paboTaHa MeTOAWMKA HW3YYEHHS
TOYHOCTH BHYTPEHHETO IMaMeTpa TpyO IpW pasjade Ha
olpaBKe C ucnonb3oBaHueMm mnakera MKDO-monenuposa-
HUS 1 M3ydeHus: (popMoM3MeHeHns TpyOBl IIPH pasiade ¢
YUETOM YTPYyTO-IUIACTHYECKOH AedopMaIii BO BHEOUA-

TOBBIX 30HAX Ha BXOJ€ M Ha BBIXOJE oyara Jedopmalnu.
Pe3ynmpraThl KOMITBIOTEPHOTO MOICITHUPOBAHUS ITOKA3alIH,
YTO 3a CUCT BBCACHUSA OIlCpallu KaJII/I6pOBaHI/I$[ BO3MOXHO
YMEHBIIICHHE IHara3oHa pa3dpoca 3HAYCHUH BHYTPEHHHUX
JIUAMETPOB TopsUYeKaTaHbIX TPYyO Kak MMHUMYM B 3 pasa.
i ycnenrHoro TpOBEACHUS OIEpaluyl KaIHnOpOBaHISI
Ba)KHO 00€CIeYnBaTh OCEBYI0 CHMMETPHUIO TPYObI M OIpaB-
KM, a HauOoubmast 3((EeKTUBHOCTH Tpoliecca Kaarndposa-
HUSI BHYTPEHHETO AUaMeTpa TpyO JOCTUraeTcs IpU Majlon
CTEeNeHU pa3nadr B Auamaszone ot 1 1o 2 %.
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INVESTIGATION OF THE PRECISION OF THE INTERNAL CHANNEL
OF HOT-ROLLED PIPES DURING EXPANSION

Bogatov A.A., Dr.Sci. (Eng.), Professor, Head of the Chair
“Metal Forming”

Salikhyanov D.R., Postgraduate, Assistant
(salenhall@gmail.com)

Ural Federal University named after the first President of Russia
B.N. Yeltsin (19, Mira str., Ekaterinburg, 620002, Russia)

Abstract. At present, one of the highly demanded types of metal products is
steel pipe for constructional purposes. The most important characteris-
tics are its dimensional accuracy and surface finish, high level
of mechanical properties and operating characteristics. Particular at-
tention is paid to the precision of the internal channel of pipes, because
this parameter determines the reliability and cost-effectiveness of their
use. One of the most effective ways to increase the precision of the
internal channel is pipe expansion by a mandrel. To investigate the ac-
curacy of pipes a program of finite element simulation should be used.
This has allowed us to investigate the extrafocal expansion at the inlet
and outlet of the deformation zone, the inhomogeneity of deformation
and the increasing pipe accuracy. The evaluation of these character-
istics is an important factor for developing optimal conditions of de-
formation and tool design high-precision pipes in order to produce in
terms of their inner diameter.

Keywords: hot-rolled pipes, the precision of the internal channel in pipes,
accuracy criterion, pipe expansion by a mandrel.
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Annomayus. AxryansHoii 3anauei 111 OAO «Ypaibckas cTalby sBISIETCS ONpPEIeIeHUe PALMOHAIBLHON JUTMHBI TTOAEPKUBAIOIIEH CUCTEMBI Ha paMe
KPUCTAIIIM3aTOpa ISl TPEIOTBpPAIlCHUs] 00pa30BaHMs BBIMYKIOCTH Y3KHX IpaHell ciss00B ¢ pasmepamu morepedHoro cedenus 270x1200 mwm.
Jlns peruenus 9Toi 3a/1a4uy UCIOIb30BaHA METOIMKA, OCHOBAHHAs HA CPABHEHUM ITPOYHOCTH 3aTBEP/EBILEH KOPOUKH y3KOI ITPaHH 3arOTOBKHU B pa3-
JIMYHBIX TOYKAX JUTMHBI OTIMBAEMOTO CJIsI0a ¥ PACUETHOrO 3HAYSHHUs PACHMPAIOIIETO AAaBICHHS JKUAKOTO MeTalia Ha Kopouky. [IpounocTs 3arBep-
JeBILIEH KOPOUKH CI1si0a B yCIIOBUAX BO3MOXHOCTH IIIACTHYECKOH Ae(opMaliii 000I0UKH MOKET XapaKTEPH30BaThCs YCIOBHBIM MIPEIEIOM TEKyUe-
CTH pa3IMBaeMOM CTaIH. DKCIEPUMEHTAIBLHOE OMPEACTIeHUE YCIOBHOTO npeena Tekydectu tutoi cramu 091 2C, 15XCH/ u Ct3cn npoBeneHo Ha
BBICOKO-TeMIIepaTypHoii ycranoBke Zwick/Roell Z1600H B unrepsane temneparyp 900 — 1400 °C. BennunHna pacnuparomero AapieHust xKUIKOro
MeTaJljIa, BO3/IHCTBYIOIIETO Ha 3aTBEP/IEBILIYIO KOPOUKY ciisiba, paccunTaHna o pa3paboTaHHOH METOAMKE, TTO3BOJISIONICH YUUTBIBATH KOHKPETHBIC
ycinoBus pa3iauBku Uit paccMarpuBaemoir MHJI3. Tlpu cpaBHEHMH BEIMUMH KCIEPHUMEHTANIBHBIX M PACUETHBIX [APAMETPOB YCTAHOBIICHO, YTO
3aTBEpACBILAs KOPOUKa Y3KOi rpaH ciistda TonmuHoi 270 MM HaYHHACT BIJICPKHUBAThH PACITHPAIOIIEe IaBICHIE PACIiaBa Ha YIaJICHUHU OT 3epKalia
Merasia, paBHoM 1610 M. C yueToM BBICOTBI MeTalLIa B kpucTajuszarope (oxono 800 MM) JUIMHA NOAAEPKUBAIOLIEH CUCTEMBI y3KUX I'paHel 3a-
TOTOBKH J0JKHA COCTaBIAThH 8§10 MM. DTO BO3ZMOXKHO B TOM CITy4ae, €CIIM KOJTHYECTBO MOAACPIKUBAIOLINX POIUKOB AraMeTpoM 130 MM [1s1 Kaxk 1o
CTOPOHBI 3aTOTOBKH OyZ€T YBEIUUEHO € YEThIpEX J0 MATH. B pesyinbrare nccnenoBanuii onpeeneHa pauuoHalbHas NpOTsHKEHHOCTb HO/JepKUBa-
IOIIEH CHCTEMBI, PACIIOJIOKEHHOH Ha pamMe KPUCTAJUTM3aTopa, JUIsl IPEAOTBPAIeHHsT 00pa30BaHusl BBITYKIOCTH Y3KHX I'PaHel CIs100BOI 3ar0TOBKH
¢ pa3mepamu nonepegnoro cedenust 270x1200 mum B yenosusix OAO «Ypainbckas Cranby.

Knwueswie cnosa: HerepLIBHOJ’IHTOi’I CJ'IHG, Y3KHUC I'PaHu, BBIITYKJIOCTb, paMa KpUCTAJIN3aTOpa, OAACPIKUBaKOIasd CUCTEMa, pallMOHaJIbHas JJIMHA.

B OAO «VYpanbsckas Ctanb» cisiOoBasi HEIPEPHIBHOIH-
Tast 3arotoBka mupuHod 1200 MM u tomuHON 190 mnm
270 MM OTJIMBAETCS Ha OHOPYYbEBOM MalIMHE HENpPepbIB-
Horo muThs 3arotoBok (MHJI3) dupmer SMS Demag. Ma-
LIMHA KPUBOJIIMHEMHOIO THUIA C BEPTHUKAJIbHBIM YHaCTKOM
umeeT 0a30BbIi paguyc 10,5 M 1 METaTyprudecKyIo JIHHY
30,3 M. Ha BeIxozme u3 xpucramumsaropa Beicotoir 900 mm
crs160Bast 3aTOTOBKA CO BCEX CTOPOH HOAACPKUBACTCS PO-
JIMKaMM, 3aKPEIUICHHBIMU Ha paMe KpUCTAJUIN3aTopa U pac-
MOJIOKEHHBIMU B OJWH Dsill. 3HAYMTENbHAS YacTh CII0O0B
TonHON 270 MM, BBITATUBAEMBIX CO CPEHEH CKOPOCTHIO
0,9 M/MMH, ¥Mena BBITYKJIOCTh Y3KHX T'PaHCH BETHMUMHON
110 12 MM, B TO BpeMsi Kak Ha 3ar0TOBKax TOMIUHOMN 190 MM
IIPU CKOPOCTH BBITATHBAHUA 1,25 M/MUH 3TOT Ae(eKT OT-
cyTcTBOBall. B panee nmpoBeneHHBIX nccnenoBanusx [1 — 5]
YCTaHOBIIEHA TE€CHAas B3aUMOCBS3b MEXKIY BBITYKIOCTHIO
Y3KUX TpaHed cisiba W CTENCHBIO Pa3BUTHSA BHYTPECHHHX
Y TIOBEPXHOCTHBIX J1e(h)eKTOB KaK OTIIMTOW 3arOTOBKH, TaK
U [IPOKATAaHHOTO U3 HEro TOJICTOIO TOpsSYeKaTaHOIo JIUCTA.
B nanpheiimem mnopaepkuBaromias cUCTEMa Y3KHUX Ipa-
HEeH CIs100B ObLIa MOAEPHU3UPOBAHA ITyTEM YBEITHUCHHS
KOJIMYECTBA POJIUKOB Ul KaXKIAOH CTOPOHBI C OAHOTO J0
YeTbIpex. DTO IMO03BOJIMIO NMPUMEPHO BABOE YMEHBLIUTDH

BEJIMYMHY BBITYKIOCTH Y3KHUX IpaHeil cisi00BOH 3ar0TOBKA
TOJILKHOK 270 MM, HO HE IPUBEJIO K YCTPAHEHUIO JaHHOI'O
nedexra NoTHOCThI0. [103TOMY akTyanabHOHM 3ajadeid cra-
JI0 OTIpe/IeNICHUE PallMOHANBHOMN JUTHHBI MOAEP KUBAIOIICH
CUCTEMbI Ha paMe KpUCTaJIN3aTopa i PEeJOTBPALCHHS
00pa3oBaHus BBIMYKIOCTH Y3KHX IpaHel cisi00B ¢ pazme-
pamu nioniepednoro ceueHust 270x1200 mm.

Jlis pelieHus MOCTABICHHOM 3aJaydl HCHOJIb30BaHA
METOJMKa, OCHOBaHHAas Ha CPaBHEHUU IPOYHOCTH 3a-
TBEpAEBILEH KOPOUKH y3KOH I'paHU 3arOTOBKH B Pa3jIMy-
HBIX TOYKaX JJIMHBI OTIMBAEMOTO CIIsI0a M PacyeTHOTO
3HAYEHHUS PACIUPAIOLIETO JABICHUS XHJKOTO MeTayaa
Ha KOpouky [6]. B pe3ynprare Takoro cpaBHEHHS] MOKHO
ONPENENUTh TOUKY Ha TeXHoJornueckoM kanaine MHII3, B
KOTOpPOI BhILIEHa3BaHHbIE MapamMeTpbl Oyn1yT UMEThb OJU-
HaKoBble 3Ha4deHHsA. CienoBaTenbHO IS MPEJOTBpalle-
HUSL 00pa30BaHUs BEITYKIOCTH HA YYacTKEe OT BBIXOJA U3
KPUCTAJUIN3ATOPa A0 YCTAHOBIECHHON TOYKH HEOOXOIUMO
OCYLIECTBJIATh POJIMKOBYIO MOAIEPHKKY Y3KUX IPaHel OT-
JIMBaeMOU 3aTOTOBKH.

IIpouHocTh 3arBepueBLIell KOpOUYKU ciigiba B yCIIOBU-
X BO3MOXHOCTH IJIACTHUECKOM aedopmaryu 000I0UKH
(6e3 00pa3zoBaHUs TPEUIMH) MOXKET XapaKTepHU30BaThCs
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YCIJIOBHBIM TNPEAESIOM TEKy4eCTH pasiuBacMoi ctaiu. Be-
JMYMHA ATOTO MapameTpa 3aBUCUT KaK OT XMMHUYECKOIO
coCTaBa METa/lla, TaK M TEMIIEPaTyphl 3aTBEPAEBILEH KO-
POYKH ITOBEPXHOCTHOTO CJIOSI CIITOOBOM 3arOTOBKH, KOTO-
past TOJDKHA ONPEACTSITECS KaK CPETHSIS BETMUNHA MEXKTY
TEeMIepaTypoil TOBEPXHOCTH CIISIOOBOM 3arOTOBKU U TEM-
nepaTypoil NTMKBUAYC pas3nuBaeMol cranu. Ilouck 3Haue-
HUH YCJIOBHOTO IpeJiesia TeKyYeCTH MeTajula Pa3jInyHoro
XMMHYECKOTO COCTaBa MOXET OCYLICCTBIATHCS MO CIpa-
BOYHBIM JaHHBIM [7, 8]. OnHAaKO ATH JaHHBIE PEIKU U HE
BCErZa JOCTOBEPHBI M3-32 TPYAHOCTEH C OMpeneneHHEeM
MEXaHHYECKHUX CBOMCTB METajlla B BBICOKOTEMIIEPATYPHOI
obnactu. [lostomy B OAO «Ypanbckas CTanby IpOBEAECHO
CHelHMajJbHOe HCCIeIOBAaHUE MEXaHUYECKUX CBOMCTB Me-
TaJja MOBEPXHOCTHOTO CJIOS HETIPEPBIBHONNTOI cIs100BOM
3arotoBku [9, 10]. OOpasipl aUTO# cTamu Haubolee pac-
npoctpanennsix Mapok 09I2C, 15XCHJI u Cr3cn Bbipe-
3aJIUCh U3 Y3KUX TpaHel CIs00BBIX TEMILICTOB. MexaHu-
YecKue CBOicTBa MeTauia 36 00pas3IoB ONpeeNsIuch Ha
BBICOKOTeMIIeparypHoii ycranoBke Zwick/Roell Z1600H.
W3menenne 3HaueHUIl YCIOBHOTO Ipeena TeKy4ecTH Me-
Tajula pa3Horo COCTaBa 0] BIUSHUEM TeMIIepaTyphbl IIOKa-
3aHO Ha puc. 1.

[Ipu mpoBeneHUU pacyeToB AJsl BEpPXHEH YacTH JIYHKU
KHUJIKOTO MeTaljga HauOONBIIUI HHTEpeC MpPEACTaBIIsCT
MpOYHOCTh MeTama npu Temmeparype 1200 — 1400 °C.
3aBUCHUMOCTb YCJIOBHOTO MpeAena TEKyuecTH MeTana
(0, kIla) or Temneparypsi (¢, °C) B BbIIIEHA3BAHHOM JMa-
MAa30HC allMMPOKCUMHUPYETCs CICAYIOINMHA YPAaBHCHUSIMU:

Cranp VYpaBHeHue perpeccuu

0912C 6,=0,011705¢* - 35,433 ¢+ 27 737, (1)

I5XCHLl ©,=0,013685¢%—41,10¢+ 31 793; (2)

Cr3cn 6,=0,010205¢2 — 31,5837+ 25 227. 3)
6

= 15XCHJI

Venosnviii npeden mexyuecmu, MIla
w

0
900 1000 1100 1200 1300

1400

Temnepamypa memanaa, °C

Puc. 1. I3mMenenne ycaoBHOTO Ipeenia TEKy4eCTH JTUTOTO MeTalia
Pa3HOTO XUMHYECKOTO COCTaBa OT TEMIIEPaTyphl

Fig. 1. Changes in yield strength of cast metal with various chemical
composition from the temperature

40

BrIcokue 3HaYEHUS] KOPPEISIIUOHHOTO OTHOIIEHHS (00-
nee 0,95) cBHIETENBCTBYIOT O CTATUCTHYECKONW 3HAYUMO-
CTH IOJTYYCHHBIX 3aBUCUMOCTCH.

U3 puc. | BugHO, 9TO TIpU CaMOW BBICOKOHM TeMmIiepa-
Type ucnsitanuii 1400 °C npenen TeKy4ecTu cTalu Beex
Tpex MapoK NPUMEPHO OAMHAKOB. C NMOHMKEHUEM TeM-
neparypsl 40 900 °C pasznuuus B 3HAYEHUSAX YCIOBHOIO
mpejena TeKy4eCTH MeTajuia Bce Ooiee Bo3pacTarot. bo-
nee BbIcokas mpouHocTh ctanu 15XCHJI u 09T2C 06-
YCJIOBJIEHA HAJIMYUEM B MeETajllie JIETUPYIOLUIUX JIE€MEeH-
TOB. MeHbllyI0 IPOYHOCTh UMeeET cTaib CT3cI, 10IToMYy
onpeneseHre paluoHaIbHON MPOTSKEHHOCTH IOAJEp-
KHUBAIOIIEH CUCTEMBI Y3KHX TpaHel cnsba HeoOXoaumo
MIPOU3BOJUTH Il YCIOBUM OTJIMBKY JTaHHON MapKH yriie-
pOIMCTON cTaiu.

st oueHKHM AMHAMHMKHM YCJIOBHOIO Ipelena TeKyde-
CTH METaJula 3aTBEpJEBIICH KOPOUKU MO AJIHHE OTIUBA-
eMoro cisiba MOKHO HCIOJNB30BaTh IONYYCHHOE paHee
ypaBHeHue perpeccuu (3). Kak yxe orMmedanock paHee,
B OTOM YpaBHEHUHM TeMIlepaTypa MeTajula JOJDKHA Ha-
XOTUTBCS KaK CpelHee 3HAaUCHHE MEXIY TeMIlepaTypon
MMOBEPXHOCTH Y3KOH I'paHH CJISI00BOI 3aroTOBKH U TEM-
nepaTypoil JIMKBUIYC pas3nuBaeMoil cTanu. PacueTHble
3HaYeHMsl TemIieparypbl JiukBuayc ctanu Cr3cn usme-
Hs0TCa B uHTepBane 1515 — 1518 °C. Ilpu nossiuieHuu
TeMIlepaTypbl JIMKBHUIYC YBEJIWYMBAETCs TeMIeparypa
3aTBEpPJCBIICH KOPOUKM, YTO BBI3BIBAECT CHIDKEHHE €€
npouHoctu (cM. puc. 1). [Toatomy mist pacuera ObUIO BBI-
OpaHo HauOomblllee 3HAYCHUE TEMIEPATypbl JUKBUAYC,
paBroe 1518 °C. Temmneparypa NOBEpXHOCTH IEHTPA y3-
KOU rpaHu clsiOOBOM 3aroTOBKM OTPEEIIach COTIACHO
3aBUCUMOCTH, IOJYYEHHOH sMmupuueckuM nyteM. [l
9TOr0 B HIECTH TOYKaX TEXHOJOrnyeckoro kanaisa MHJI3
npu paznmuBke ctanu Ct3cn, 0912C u 15XCH/] necsitn
IIaBOK OBbLTO Mpou3BeeHo okoo 180 n3mepenuii Temme-
paTypsl MOBEPXHOCTH Y3KOH TpaHH CISI00BOW 3arOTOBKH
npu noMoinu remnosusopa FLIR T640. Yepennennslie no
IJIaBKaM pe3yJbTaThl U3MEPEHUM TemIepaTypbl MeTallia
IIPECTaBIEHBl HA pUC. 2.

VYpaBHeHUe perpeccuu (CM. pHC. 2), ONHCHIBAIOIIEE W3-
MEHEHHE TeMIIepaTypbl IOBEPXHOCTU B LEHTPE y3KOU Ipa-
HU cisi0a (¢ °C) mo jutMHe OTIIMTOM 3aroToBKH (I, MM)

1oB i°
HUMECT CJICAYIOIIUHN BU:

tioni = 196817701 1 = 0,964, 4)

[To ypaBuenusim (3) u (4) BOBMOXKHO TIOCTPOCHUE I'pa-
¢uKa M3MEHEHHSI YCIIOBHOTO TIpeeyia TeKy4eCTH 3aTBep-
JieBlIel Kopouku u3 cranu Cr3ci 1o AIMHE OTIMBAEMOIO
cisaba.

Kaxk yxe oTMeuanoch paHee, COIIaCHO pa3paboTaHHOM
METOJHMKE MPOYHOCTh KOPOYKH 3aTBEPACBIIEIO MeTailla
JO0JDKHA CpaBHUBATHCS C BHYTPECHHUM JJaBJICHUEM pacCIllaBa
Ha KOPOUKY. BemmuuHy pacmuparomero JaBieHusl KHUIKOTO
METajula, BO3JCHCTBYIOIIETO HA 3aTBEPACBIIYIO KOPOUKY
cis10a, MOXKHO OTIPENIEIHTD 10 (hopMyIie
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Puc. 2. I3menenue ycpenHeHHOH TeMIepaTypbl IOBEPXHOCTH y3KOH
rpaHy cs100B 1O JUIMHE OTIIMBAEMOM 3arOTOBKH

Fig. 2. Changes in the average surface temperature of the narrow side of
the slabs along the length of the cast billet

p)KV)K,-gai
R)acni :Wa (5)

rae Ppacrl — pacmuparomiee TaBIeHHIEe KIUIKOTO MeTaa Ha
3aTBEpAEBINYI0 KOPOUKY B IEHTPE Y3KOi rpaHu ciisida B i-i
MOMEHT BpemenH, KIla; p.— MIOTHOCTB KUIKOTO MeTal-
na, T/M; V, — 00beM JTyHKH XKHJKOIO METallla B i-ii MO-
MEHT BpCMCHI/I M3; g — yCKOpeHHe CBOOOIHOIO MaeHust, M/c%;
a;, b, — pa3smMepsbl JIyHKH JKUJKOTO METalla B MONEPEIHOM
CEUCHHH 1102 1O TOJIIIHE U ITUPUHE 3aTOTOBKH B i-i MO-
MEHT BpPEMEHH, M; §, — TOJIIMHA 3aTBEPEBLIEH KOPOUKH
cisi0a B i-ii MOMEHT BPEMEHH, M.

B ypaBuenuu (5) mpucyTcTByeT mapamerp, XapakTepH-
3YIOIIAN 00BEM JIYHKH KHJIKOTO METalia B TpeOyeMbIid MO-
MeHT BpeMeHH. C HEKOTOPBIM YITPOIICHUEM BEPXHSIS 4acTh
JYHKH JKUJIKOTO METaJUIa B CIII0¢ Ha BEPTHKAIHLHOM ydacT-
ke paccmarpuBaemoit MHJI3 MokeT OBbITH MIpeicTaBIeHA B
BHJIE IEPEBEPHYTON YCEUEHHOM YETHIPEXTPAHHON TUpaMu-
161, O0BbEeM Takol TreoMeTpuuecKol (PUrypbl HAXOIUTCS U3
ypaBHeHus [11]

= [ab + a +a)(b0+bi)+aibi], (6)

e A, — BBICOTA CTONOA JKMKOTO METaIa B i-ii MOMEHT
BPEMEHU, M; @ , b — pasMephl 3epKaja MeTaja Mo y3Kou
U IIUPOKON TPAaHAM KPUCTAIIM3aTOPA COOTBETCTBEHHO, M.

Pa3mepsl 3epkana Merajula B BEpXHEM 4acTu JIyHKU
AKUJKOTO MeTajla HeOOXOAUMO OIpENeNsiTh C yUYETOM Be-
JMYUHBI HEIOJHMBA PAcIiaBa M KOHYCHOCTH CTEHOK cOop-
HOTO KpUcTasumu3aropa cisiooBoir MHII3.

Hcnone3yemsle B ypaBHEHHAX (5) u (6) pa3Mepsl IyHKH
AKMJKOTO METalja B €e MONEePEUHOM CEUEHUH B TpeOyeMblii
MOMCHT BPEMEHH CIICIYET PACCUUTHIBATH 0 (hOpMyTaM

a=4,-2E; (7
b,=B,-2¢&, (8)

TIe Ai, Bl. — TOJIIMHA U IIUPUHA OTIIMBAEMOTro ciisi0a B i-i
MOMEHT BPEMEHH € YUE€TOM TEPMUYECKOIO KOHYCa 3ar0TOB-
KH, M.

TonmyHa KOpOUKH 3aTBEPAEBIIETO MeTalaa B HEOOXO-
JUMBII MOMEHT BPEMEHHU OIIPEIEIIAETCs U3 ypaBHeHus [12]

g =k, 107 ﬁ, 9)

w

e k, — ko3(puIMenT 3aTBepAEBaHus Pa3IMBaEMON CTa-
au, MM/MEE®>; W — CKOPOCTb BBITATUBAHUS CJI10a U3 KPHUC-
TaJIH3aToOPa, M/MHUH.

Benuunna xos(duumenTa 3arBepieBaHus CTalId 3aBU-
CUT OT XMMHUYECKOTO COCTaBa M BEIMUYMHBI TIeperpeBa Me-
TaJa B mpoMexxyTodnom kosiie MHJI3 nax Temneparypoii
JTUKBUIYC.

C ucnonb3oBaHueM ypaBHeHui (5) — (9) Oblin paccunra-
HBI 3HAYCHUS PACTIHPAIONICTO JABICHHS KHUJIKOTO METala
npu omuBKe ciisiba ceuenueM 190x1200 MM cO CKOPOCTBIO
BeITSITHBaHUsA 1,25 m/MuH m 3aroroBku 270x1200 mm co
ckopocThio 0,9 M/MuH n3 ctamu Ct3cn. Bennunna neperpe-
Ba MeTalula B MPOMEXKYTOYHOM KOBIIIE HAJ[ TEMIIEPaTypOi
mukBuayc (1518 °C) 6puia npunsara pasHoit 20 °C. B crnosax
KHJIKOTO MeTajlla OT 3epKajia B KPUCTAIUTM3AaTOPE IO BbI-
X0Jla U3 HEro BelIMYrHa MeperpeBa CHUXKAETCsl JIMHEHHO OT
IIPUHATON BEIMUYMHBI 10 HyJIs. B jTyHKe *uIKOro MeTasua ¢
IJIOTHOCTBIO 7,2 T/M3 HMKe KPUCTAIIN3aTOpa IEPETPEB Me-
Tasa oTcyTcTByeT. KoaddunuenT 3arsepaeBanus Meraia
(k,, MM/MUH") 3aBHCHT OT BEJMYHMHBI TIEPErpeBa MeTaia
(Atnep, °C) no cnenyromiei 3aBucumoctH [13]:

k,=25450,0475A1,

B pacuerax ucnonb30BaHbl JaHHBIE O HACTPOMKE KpHUC-
TaJUIN3aTOPa U POJMKOBBIX CEKLUU IPU OTIUBKE CISIO0BBIX
3arotoBok ceuenneM 190x1200 mm u 270x1200 mm.

PesynbraTsl pacyeToB mpencTaBieHbl Ha puc. 3. AHa-
TU3 JTAHHOTO PHUCYHKA ITOKA3bIBACT, YTO B CIII0C CEUCHUEM
190x1200 MM 3aTBepaeBIIasi 000J0UKa y3KOH TPaHU yiKe
Ha paccrosiHun 500 MM OT 3epkaia mMeraljga B KpUCTall-
JU3aTope CrocoOHa BBIAEPKUBATH BHYTPEHHEE J1aBIICHUE
pacruiaBa, T. €. TOTJA, KOTJa 3arOTOBKa HAXOIMTCS ellle
BHYTpPHU KpucTamnuzaropa. [loaTomy oOpazoBaHus BBITYK-
JIOCTH y3KHX I'paHedl OTIMBAEMON 3aroTOBKH TOJIIIMHOU
190 MM He ipoucxoaut. CoBceM MHAsi KapTUHA HAOJIOa-
eTCsl TIPU OTIIHMBKE CIisi0a ¢ pasMepaMu IOMEPEYHOTo Ce-
yeHus 270x1200 mm. B aTom cityuae 3aTBepaeBiias 060-
JI0YKa Y3KOH T'paHM 3arOoTOBKM HAYWHAET BBIJCPIKUBATH
pacnuparolee 1aBlieHue paciiaBa Ha 3HAYUTEIbHO 0O0JIb-
IeM yaJIeHuH oT 3epkaiia Metania — 1610 mm. C yuetom
TOTO0, YTO BBICOTA MeTaJljla B KPUCTAJUIN3aTOPE COCTABIIS-
et 800 MM (TIpH BeMWYMHE HEIOJMBA PACIUIaBa, paBHOU
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Puc. 3. VI3MeHeHHe TPOYHOCTH KOPOYKH U BHYTPEHHETO JIaBICHUS
pacmuiaBa Ha KOPOUKY Y3KOi IpaHH 10 JUIMHE CIII00B PA3HOTO CeUSHHs
n3 craimu Cr3crm:

1 — naBneHue paciuiaBa Ha KOPOuKy B cisioe ceuernem 270x1200 mm;
2 — naBJIeHUE pacIllaBa Ha KOpO4Ky B cisioe ceueHneM 190%1200 mm;
3 — yCIIOBHBIH Mpeien TeKy4ecTH KOpoukn u3 ctanu Ct3cn

Fig. 3. Changes in the strength of the crust and the internal pressure of
the melt on the crust along the length of the narrow side of slabs with
various cross sections of steel 3sp (Russian grade):

1 —pressure of the melt on the crust in the slab with cross-section of
270x1200 mm; 2 — pressure of the melt on the crust in the slab with
cross-section of 190x1200 mm; 3 — yield strength of steel crust

100 MM, B kpucTamusarop BbeIcoToil 900 MM), niIMHA
MOJAEPKUBAIOIIEH CHUCTEMbl Y3KMX TI'paHeld 3aroTOBKU
nowkHa ObITh paBHa 810 MM. CymiecTByromasi Ha pame
KPUCTAIIM3aTOpa CUCTEMA U3 YETBIPEX POJIMKOB olecIe-
YUBACT MONJEPKKY KaKIOM y3KOM IpaHU OTJIMBAEMOIO
cis6a Ha paccTostHUM 640 MM OT HHM3a KPUCTAJUIN3aTopa,
OJTHAKO 3TOT0 SBHO HemoctaTowHo. s sddexTuBHOIM
MOJAEPKKH y3KUX FpaHed Ha pamy NOJ KPUCTAJIN3aTo-
POM PEKOMEHIYeTCSl YyCTAaHOBHUTH C KaKIOH CTOPOHBI IO
JIOTIOJTHUTEIILHOMY POJIHKY auameTpoM 130 mMm.

Takum 00pa3om, B pe3ynbTaTe MPOBEACHHBIX pacye-
TOB M HKCIIEPUMEHTANIbHBIX HCCIEJOBAaHUU OIpenesneHa
pannoHaNbHas TMPOTSKCHHOCTh TOAACPKUBAIOIIEH CHC-
TEMBbI, PACHOJIOKEHHOW Ha paMe KpHCTaIM3aTopa, IUls
IPEIOTBPAIICHHUS 00pa30BaHUsI BRITYKIOCTH y3KHX I'paHel
CJI100BOM 3arOTOBKM € pa3MepaMH IOMNEPEUHOrO CEUCHUs
270x1200 MM B ycnoBusax OAO «VYpanbckas Craiby.
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Abstract. Urgent task for JSC “Ural Steel” is to determine the length of

a rational supporting system on the frame of the mold to prevent the
formation of bulges narrow edges of slabs with cross-sectional di-
mensions of 270x1200 mm. The technique is based on a comparison
of the strength of the hardened crust narrow workpiece edge at dif-
ferent points in the length of the cast slab and the calculated value
Expander pressure of liquid metal on the crust is used to solve this
problem. Peel strength of the hardened slab in the possibility of plastic
deformation of the shell may have yield strength of conventional cast
steel. Experimental determination of the yield strength of cast steel
grades 09G2S and 15SHSND was conducted on high-temperature set-
ting «Zwick / Roell Z1600H» in the temperature range 9001400 °C.
The value Expander pressure of liquid metal acting on the hardened
crust slab was designed by the developed technique, which allows
to take into account the specific conditions for the considered caster.
Comparing the experimental and calculated values of the parameters
established that the hardened crust of the narrow side of the slab thick-
ness of 270 mm starts to withstand bursting pressure melt away from
the metal mirror is equal to 1610 mm. With regard to the height of the
metal mold (800 mm) length of the narrow sides of the support pre-
form should be 810 mm. This can be possible if the number of support
rollers with a diameter of 130 mm for each side of the workpiece is in-
creased from four to five. The studies identified a rational extension of
the supporting system located on the frame of the mold to prevent the
formation of bulges narrow faces of slab blanks with cross-sectional
dimensions of 270x1200 mm in terms of “Ural Steel”.

Keywords: continuous cast slab, narrow face, bulge, support system, ra-
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tional length.
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Annomayus. IlpencraBieHbl pe3yabTaThl HCCIISJOBAHHS CBAPKH B3PHIBOM ITACTUH M3 PECCOPHO-TIPYKMHHOW CTaIM ¢ HEKOTOPBIMHU JIICTOBBIMH MeTaJlla-
mu. [IpuBeneHo 060cHOBaHNE BRIOPAHHBIX METALIOB M MX CBOMCTB. [l0Ka3aHbl pe3yIbTarhl MPOCTpEia MOMyYeHHBIX KOMITO3UINiL. JlaHBI peKOMeH-
JTALUH JUTS FCIIOJTb30BAHMS TTOJYUCHHBIX KOMITO3HIMI B Ka4€CTBE OPOHEIIEMEHTOB 1 BEIOOpA ITapaMeTpoB MpoIecca NX IMOTyYeHUsL.

Kniouesvie cnosa: cBapka B3pbIBOM, PECCOPHO-TIPYKHHHAS CTallb, ATIOMUHHMIT, Me/lb, THTAH, ITACTHHA, JIUCT, OPOHEKIUICT.

BpoHexuneTsl, U3rOTOBJIEHHBIE MO KJIACCy 3allUTHON
CTPYKTYpPBbI OpOHEOAek 16l 3 ¥ BbIlIe (10 KIacCUPUKAIH
rocynapctBenHoro crannapra [OCT P 50744-95. Bpone-
onexna. Knaccudukanus u oduipe TeXHUYeCKue Tpedo-
BaHUS), JOJDKHBI UMETh 3alllUTHBIE CTPYKTYPbI YHCTO Me-
TAITMYCCKHIE WM KOMOMHUPOBAHHBIC (M3 METAIUINICCKUX,
KepaMHYEeCKUX MJIM KOMIO3ULMOHHBIX 3JIEMEHTOB).

K Merammmaeckoit OpoHE OTHOCSATCSI BBHICOKOIIPOYHBIC
TUTAHOBBIE U aJIIOMUHUEBbIE CIUIABbI U COOCTBEHHO OpoHe-
Basi ctanb [1]. [Tocnenuss ucnonb3yercss Haubosee Mmupo-
KO, 4TO 00YCJIOBJICHO HE B ITOCIIEHIOI0 Ouepe/Ib (PaKToOpoM
CTOMMOCTH (JINCTOBOI MpOKaT M3 OPOHEBOI CTaIM JCIICB-
Jie aHaJIOTUYHOTO MPOKaTa U3 TUTAHOBBIX CIUIaBOB B 25 pas,
a MpOKaTa M3 BBICOKOIIPOYHBIX aJFOMHHHUEBBIX CIUIABOB B
5 pa3 [2]).

PaccMoTpuM 0cOOCHHOCTH IPOTHBOMYIBHOM OpOHEBOMH
ctanu (o kinaccuduxauuu [3], He Kacasichb MPOTHUBOCHA-
pSAHON cTaNbHON OpOHM), MPUYEM B acIeKTe Kiacca 3a-
LIUTHOM CTPYKTYpbl HAYMHAS C TPETHETO.

Bponesas cranps obecrieunBacT 3aluTy 10 IMATOro Kiac-
ca BmounTenbHo 1o kiaccupukammu [OCT P50744-95
OpU TONIIMHE IUTACTHHBI 10 6,5 MM (TOJIIUHBI OOJBIIE
6,5 MM HEPUMEHHUMBI U3-3a OTPAaHUYECHHS [0 Macce).

BbpoHeBasi cranb OTHOCHTCS K CpEIHEICTHPOBAHHOM
CPEIHEYIIIEPOIUCTON CTam MapTeHCUTHOro kmacca [1].
BakHbIM MOMEHTOM SIBIISICTCSI TO, YTO BBICOKASI IPOYHOCTH
9TUX CTajell JOCTHraeTcs 3aKajkoil Ha MapTEeHCHUT U IO-
CJIC/TYIONIIM HU3KUM OTITYyCKOM.

W3 OCHOBHBIX CEpUHHBIX MPOTUBOIYJIBHBIX OpOHE-
BBIX cTajeii HazoBeMm craib 44 (45XHMDA, BblIaBka
AJIEKTPOAYTOBBIM HIIM DJIEKTPOLLIAKOBBIM TIEPEIIaBOM),
44C, 96, CIIC-43 (45CXHMA, BbIIIIaBKa 3JICKTPOIYTO-
BbIM neperuiaBoM), L1-85, @-110. B pabore [1] nanbonee
TIOJTHO TIPHUBEICHBI HOMHHAJILHBIE CUCTEMBI JISTHPOBaHUS,
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CHOCOOBI MONYYCHUSI U MEXaHHMYCCKHE CBOMCTBA HEKOTO-
PBIX OpOHEBBIX cTaneil poccuiickoro u 3amagnoro (CLIA,
I'epmanus, @paHuys) Npou3BOACTBA.

Kak ykaspiBaercs B pabote [1], mpo4HOCTH 3THX OpO-
HeBbIX ctanel cocrasisier 1750 — 2300 MIla, TBepmocTh
50 — 58 HRC, ornocutensHoe ynnuHenue 8 — 12 %.

MexaHHUYeCKHEe CBOMCTBA ONHOW M3 Haubosee 3¢ dek-
TUBHBIX HpoTuBOnynsHBIX craneid CIIC-43 (45CXHMA)
B Jeranax TtommuHor 4,5 Mm: o = 1700 — 1950 Mlla,
o =10~ 13 %, TBepnocts 48 — 52 HRC [4].

OTMeTHM Takke, 4To cTanb 44, nmpuMeHsBHIasACAd B
OCHOBHOM JIJISl CPEJICTB MHIUBUIYAILHOTO OPOHUPOBAHHMS
1 3aKJIaJIHBIX JIeTanel OpOHETEeXHUKH, B PE3yJIbTaTe ee yco-
BEPILICHCTBOBAHMsI, 00CCIICYMBIIIETO BOBMOXXHOCTh €€ CBa-
pUBaHUA, TPUMEHSAETCS TAKXKe JJIS1 U3TOTOBJICHUS IPOTUBO-
CHapSTHOM JINCTOBOM OpoHH [3].

[IpouHocTh OPOHEBBIX cTajel, B CpaBHEHUH CO Cpel-
HEJICTUPOBAHHBIMU KOHCTPYKIIMOHHBIMH CTAJISIMH, OTIpEie-
JIieTCsl, TIIaBHBIM 00pa3oM, cofiepsKaHUeM B HUX yIIepo/a.

B pabore [4] yka3bIBaeTCs, YTO HpPUMCHSEMAs TBEp-
JIOCTb MIPOTUBONYJIbHOM OpOHEBOI CTajM JISKUT B JUara-
30He 430 — 550 HB unu 44 — 52 HRC. IlpeBbllieHue Bepx-
HEell IpaHullbl JUarna3oHa TBEPJOCTH B OPOHEBBIX CTaAX
MIPHUBEJICT K XPYIKOMY pa3pyIICHHUIO ITpu 00CTpeie: packo-
1y (CKBO3HBIM MPOTSYKEHHBIM TPEIIMHAM) WM OTKOMY (OT-
JICJICHUIO OCKOJIKOB OPOHHM C TBUIBHOM CTOPOHBI).

[IpoTuBonynbHas cTanbHas OpOHS BBIyCKaeTcs IO
CTICIMAITLHBIM TEXHUYECKUM YCIIOBHSIM B TOJIIMHAX OT
2,2 MM ropsaueil mpokatkoil [4]. TpeOyemble cBoiicTBa 10-
CTHTAIOTCSl 32 CUCT TCPMHUYCCKOM O0OpaOOTKH, BKIIOYAFO-
I 3aKaIKy ¥ HU3KUH OTITYCK.

Crnenyer OTMETUTh, 9TO 0030p JMTEPaTypHBIX HCTOY-
HUKOB 110 T€Me U pecypcoB ceTu HTepHET He mpHuHEeC
nHGPOPMAIIMK O KOHKPETHOM Marepuaje — CTalld JJIsl U3ro-
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TOBJICHUS CTANBHBIX OpoHenaHenei AJ1Y 14.05 TonmuHoi
3,8 (4,3) MM, IPUMEHSIBIIIUXCS B COBETCKUX OPOHEKHUIIETaX
cepun 6b5.

OnHUM 13 BO3MOXKHBIX ITyTEH MOBBILIEHUS ITyJIECTOM-
KOCTU SIBIISIETCSl CO3JaHHe OWMETAJUIMYECKOH OpoHH C
BHEITHUM clioeM Bbicokoi TBepmoctu (55— 60 HRC) un
BSA3KUM ThUIbHBIM cjioeM [1]. TlomyuuTs Takyro Oumerarn-
JIUYECKYI0 OpOHIO MOXKHO CBAapKOH B3PBIBOM, IMaKETHOMN
MIPOKATKOH 1 IpyTUMH CIIOCO0aMu.

Hcxons n3 BBILIEN3I0KEHHOTO, IPEACTABIISETCS palio-
HaJIbHBIM ITPOBECTHU UCCJIICAOBAHUS MTOJTYUCHU OMMeTAaJIIN-
YeCcKoi OPOHU M3 KOHCTPYKIIMOHHOM BBICOKOYTIICPOTUCTOM
CTaJu TOCJIe TePMOOOPadOTKH, MIIAKMPOBAHHOH B3PHIBOM
BA3KUM MaTepuajioM, TaKuM, HalpuMep, Kak MeAb WM
AJTFOMUHUI.

Lenb paboThI — SKCIIEPUMEHTAIBHOE 000CHOBAaHUE BO3-
MOXXHOCTU Ka4€CTBCHHOT'O IIJIAKUPOBAHUSA B3PBIBOM BbBICO-
KOYIJIEPOJUCTON KOHCTPYKLIMOHHON cTanu (Ha HpuMepe
ctanu 651°) HeKOTOPBIMH METAJUIAMH U CILUIABAMU C LIENbIO
pacuIMpeHns] HOMEHKIIATYPBI KOMITO3UINH ONMeTauinaec-
KoOii OpoHM (Ha OCHOBE OOBIYHBIX, HE CIICIIUANILHBIX CTaJeH
B Ka4€CTBE CJIOSI BBICOKOM TBEPIOCTH U HEKOTOPHIX LIBET-
HBIX METAJUIOB U CIUTABOB B KQUECTBE BSI3KOTO CIIOS).

Bbuto npeiokeHo UCoNb30BaTh B KaueCTBE Marepua-
J1a CcJ10s BBICOKOH TBepAocTH cranb 651. Ha npeanpusatusax
r. KpemeHnuyra a1 npou3BOACTBA YHPYTHUX 3JIEMEHTOB
HCIOJb3YIOTCSL rOpsiueKaTaHble MOoJochkl U3 ctanud 651 mo
I'OCT 14959-79. Tlpokar u3 peccopHO-TIPY>KHHHOHN yTIIe-
POIMCTOMN M JIETUPOBAHHOM cTanu. TeXHUUeCcKUe yCIOBHUS.

CopraMeHT ropsyeKaTaHOro IO0JIOCOBOIO IpoKaTa U3
9TOM CTaM U MpeAETIbHbIE OTKJIIOHEHHS TI0 pa3MepaM COOT-
BercTByeT TpeboBanusm ['OCT 103-76 (CT C3B 3900-82).
ITonoca craneHast ropsiuekaraHasi. CopTaMeHT.

Cranp 65T, Hemoporast ¥ JOCTaTO4YHO TEXHOJIOTUYHAS,
MPUMEHSETCS I IIPOU3BOJICTBA NIPYKUH, PECCOP U ApPY-
THX JeTasiei, K KOTOPBIM MPEABSIBIIOTCS TPEOOBAHHS T10-
BBIIIEHHOH M3HOCOCTOMKOCTH, M padoTratonimx 0e3 yaap-
HBIX Harpy3ok. biiaronapst BBICOKOMY MOAYJIO YIIPYTOCTH
9Ta CTaJIb IIPUMCHACTCA JIs1 U3TOTOBJICHUS KECTKUX (CI/IJ'IO-
BbIX) YIPYTUX 3JIEMEHTOB, B TOM YMCJI€ U CHJIOBBIX YIIPY-
T'HX 3JIEMEHTOB MprOOpOB [S].

Crnenyer OTMETUTb, YTO Ui M3TOTOBJIEHUS CEpIEYHU-
KOB MyIIb C MOBBIIICHHON MPOHHUKAIOUIEH CIIOCOOHOCTBHIO
(Iynu ¢ TEpMUYECKH YIIPOYHEHHBIM CEPISYHUKOM) IpUMe-
HseTcs OM3Kast o COCTaBy | cBoiicTBaM cranb 701 [4].

PeccopHo-npy’>KMHHBIE CTajJd C MOBBILIEHHBIM COIEP-
xanueM yriaepoaa (0,5 —0,7 %) ans mosydeHus: BBICOKUX
MIPEJeNIOB YIPYrocTH, BBIHOCIMBOCTH M pellaKCal[MOH-
HOW CTOMKOCTH TOJBEPTalOTCsS 3aKalKe M OTIYCKy IpH
420 — 520 °C. TIpu aTomM oOpa3yercss TPOOCTHUT, OTIHYAIO-
uiics CTaOMIIBHOM TUCITOKAIIMOHHON CTPYKTYPOH.

TBepaoCTh CTambHBIX TUIACTUH U3 cTaym 651 pa3zmepa-
MU 350%45%X6 MM B OTOXOKEHHOM COCTOSTHUM COCTaBIIsUIa
28 — 30 HRC, B 3akanennoM coctosauu — 50 — 55 HRC.

B kauecTBe MIAKUPOBKH HCIOIB30BANIUCH CICAYIOMINE
MeTaJlJIbl:

— amomunuil AJ10, mnactunsl pazMepom 350x135%6 mm,
otoxokeHHbIe (TBepaocTh 28 — 30 HRC);

— cTallb 3, IIACTUHBI pazMepoM 350x45%2 mm;

— cTaib 3, TacTuHbI pazmMepoM 350x45%1 mm;

—Meap M1, mimactunsl pazmepom 350x135%1,5 mwm;

—tutad BT22, mnactunsl pazmepom 234x135%3 MM.

OtMmeuaetes [2], 9To 11t OpOHETIIIACTHH HAIIIH IPHMe-
HEHHE TUTAHOBEIC ABYX(asHbIe o + -CIUIaBBI, TaKue Kak
BT14 (mpotuBoockonounas Oponsi), BT23 (npotuBomyib-
Hast OpOHS) ¥ APYTHE, UMEIOIIIE XOPOIIee COUCTaHnEe Me-
XaHUYECKUX U TEXHOJIOTMUECKUX CBOUCTB [6].

[ mmakupoBaHUsT B3PHIBOM HEOOXOIMMBI JIICTHI U3
THUTAHOBBIX CIIJIAaBOB.

B nanHOM citydae ObUT IpUMEHEH Ae(OpPMUPYEMBIi TH-
TaHoBbIN craB BT20 — niceBno-a-ciias (1o kiaccugpuka-
nmu [ 7], xumuaeckuii coctaB — o 'OCT 19807-91. Turan
U CIIJIaBbl TUTAHOBBIC AehopMUpyeMble. Mapku, MEXaHU-
yeckue cBoiictBa — 1o 'OCT 22178-76. JIuctsl U3 THTaHA
Y TUTAHOBBIX CIUIaBOB. TexHHueckue ycioswus). [Tpume-
HSUIMCh JIUCTHI B OTOXXKEHHOM U IPABJICHOM COCTOSIHUH, C
0OBIYHOW OTAETKON MOBEPXHOCTH.

BbI100p 1aHHOM MapKy TUTAHOBOTO CITJIaBa OCHOBBIBACTCS
Ha TOM, 4TO OJIM3KHUE M0 COCTABY H 110 CBOHCTBAM CILIaBbI UME-
10T crlemytonye orpanmyuenust: criaB BT 14, Beimyckaemblii B
BUJIC JIUCTOB, MPUMEHSIICS ISl IPOTUBOOCKOIOYHOI OpoHH,
YTO Cy)KaeT Juara3oH €ro WCIoNb30BaHus; cruaB BT23 —
JUISL TIPOTHBOITYJILHOM OPOHM B OCHOBHOM B BHJIE TIOKOBOK U
IITaMIIOBOK; TO k€ pUMeHeHne U Jyist criaBa BT22, o koro-
POM HET CBEJICHUIA, MPUMEHSIIICS JIU OH 15l OPOHEAIEMEHTOB.

B cpaBaennn co crmmaBom BT23, mpenmen mpodHocTH
criaBa BT20 ornnuaeTcs HE3HAYUTEIBHO, 8 OTHOCUTEIIb-
HOE YIJTMHEHHE HE OTanJaercs [6].

OTMeTHM TaKKE, YTO IpU COCAMHCHNUU TUTAHA CO CTa-
JbI0 NpPEANoJIaraeTcs HaJlu4yue TOHKOIO JIMCTa BaHaIus
MEXy HUMH [8].

Hcnonp3oBanmch ropsiaekaranbie JTMCTh! U3 ctam BCr3cn
no MmexrocynapcrseHHomy cranaapry ['OCT 19903-74.
[Ipokar nuctoBoii ropsiuexaranbiii. CopTamMeHT.

XUMUYECKH COCTaB CTall COOTBETCTBYEeT TpeOoBa-
HUsIM MexrocynaapctsenHoro cranmapra 'OCT 380-2005.
Craip yrieponucTasi 0ObBIKHOBEHHOTO KauecTBa. MapKu.

[TpuMeHsANUCh JIMCTBHI AIIOMUHUS (MEXIOCYIapCTBEH-
uplii crangapt I'OCT 21631-76. Jluctbl U3 ajtOMUHUS U
AJIOMUHHUEBBIX CIUIAaBOB. TeXHUUYECKHE YCIOBHS) MapKH
AJI0 (XMMHUYECKHI COCTaB — IO MEKTOCYAapCTBCHHOMY
crangapty ['OCT 4784-97. AnmtoMUHAI U CTUTaBBI allFOMU-
HHEBbIE AehopMupyeMble. MapKu) TOIIMHON 6 MM.

Hcnonb3oBanuch JIUCThl MeAU (MEXKIOCyIapCTBEHHbII
crangapt 'OCT 495-92. Jluctel u nonocel Mennble. Tex-
HUYECKHE YCIIOBHS) Mapku M1 (XUMUYECKHI COCTaB — 110
mexxrocyaapctBeHHoMy ctanaapty F'OCT 859-2001. Mens.
Mapxkn) TonmuHoO# 1,5 MM.

Jns monydeHus TpeOyeMbIX CKOPOCTEH JeTOHAIUn
B3pBIBYATOrO BEILECTBA IPHU CBAapKe B3PHIBOM LIMPOKO HC-
nonb3yeMbiid aMMOHHUT Ne 6)KB (unm ero ananor) HeoOXo-
JUMO CMELIUBaTh C UHEPTHBIMU HAIlOJHUTESIMH, TAKUMHU
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KaK aMMHa4Has CeIUTpa, KBaplEBbI MECOK, MoBapeHHas
COJIb, TaJbK.

B xauecTBe B3pbIBUATOTO BEIIECTBA AJIS TUIAKMPOBAHUS
B3pPBIBOM IPUMEHSJIACh MHOTOKPAaTHO IOKAa3aBINas CBOIO
3¢ (EKTUBHOCTh CBEXKEMPUTOTOBICHHAS CMECh aMMOHHUTA
Ne 6JKB (I'OCT 21984-76. Bemiecta B3pbIBUaThle MpPO-
MblIeHHBIe. AMMOHUT Ne 6JKB 1 amMMoHan BozmoycToii-
yuBble. TEXHUUYECKUE YCIOBHSI) C aMMHAYHOM CEIUTPOI
(F'OCT 2-85. Cenutpa aMmmuauHasi. TeXHU4YECKHE YCIOBHS)
B cOOTHOIIEHUH 1:1.

[Tocne ycTaHOBKM Ha METAJIIMUECKOE OCHOBAHUS (TLIH-
Ty) COOpaHHOW KOMIIO3HMIIMU C 00eCIeueHueM TpeOyeMBbIX
3a30pOB MEXKAY CJIOSIMH, Ha BEPXHEM JIUCTE KOMITO3UIIUN
yCTaHABIUBAJIN KOHTEHHEp MO 3aps B3PLIBYATOTO Be-
IeCTBa, BHICOTA OOPTOB KOTOPOTo ObLIa paBHa TpeOyeMoi
TOJIIMHE CJIOS 3apsiia.

TexHOIorusi MOATOTOBKA M pacueT PEeKHUMOB CBapKH
B3pPBIBOM ITPUHIMAJIHACH B COOTBETCTBUU C PEKOMEHIAIIHUS-
MU paboThI [9].

CBapkoii B3pbIBOM TTOJTyYCHBI CJICTYIOIIE KOMITO3HIINT
(puc. 1):

— cranb 651 oTtoxokeHHas, 2 IUIACTUHBI + IIACTHHA
Meap M1 tommmuoit 1,5 mm. [lnactunsl cramu 6517 cBapu-
JIUCH C MEIBIO;

— crtanp 651" oToxKeHHas, 3 IJIACTUHBI + IUIACTHHA
amomuauit AJI0 TommmHON 6 MM. Bee Tpu mimacTuHbI cra-
11 651" cBapuIIUCh ¢ aTFOMUHHUEM;

— MOJlyuyeHHass B MPEIbIAYIIEM IYHKTE KOMITO3UIIHS
CBapHUBAaJIaCh CO CTOPOHBI AMFOMHUHUS C TUTACTHHON CTaNH 3.
Bce Tpu mtacTUHBI CBApMIIMCH TI0 TOJILIMHE, IPUYEM OTOP-
BAJIO OJTHY TPEXCIOHHYIO IUTACTHHY;

— cranb 651 3akaneHHas, 3 MIACTUHBI + ITACTHHA aJI0-
MuHUE AJ10 TonMmHON 6 MM + TIacTHHA cTaiu 3 (Co cTo-
POHBI aTFOMHHUSA ). Bee T1acTHHBI CBapHITUCH 110 TOJIIMHE,

— YETBIPEXCIIOWHBIN «COHIBHY» THTaH + aTIOMHUHHUHA +
+ TuTad + TUTaH. Bce mmacTHHBI HAJEKHO CBAPHUIIUCH IO
TOJIIIIHE.

TexHonorudyeckuil mnepeiesn IONLY4YEHHBIX CBapKoOi
B3PBIBOM 3arOTOBOK OpPOHETUIACTHH IUIS TTONYYCHUST OKOH-
YaTeNbHON (POPMBI U TOIIIUHBI PEATIONIAraeT UX rOpIIyIo
MpoKaTKy. JlaHHast TEXHOJIOTHS MMoKa3aia CBOK d((PEKTHB-
HocTb [10] 1 BonHe mpuemiieMa it 00paboTKH 3ar0TOBOK
OpOHEIIaCTHH.

TexHonorusi ropsiuedl MpOKaTku OWMETAIJIOB HMMEEeT
CBOU OCOOCHHOCTH, OTIIMYAIONINE €€ OT MPOKATKA MOHO-
MeTaJIoB. B 4WacTHOCTH, pacyeT oOKaTuii Mo MpoxXoJam
TpeOyeT ydeTa OTIININS CBOMCTB COCTABIISIONINX KOMIIO3H-
o cioes. OTMETHM, YTO aBTOpaMHM pa3paboTaHa U Mmpo-
XOJIUT ampoOaIi0 METOJMKA pacuera pekuMa 00XaThil
IIpU ropsiueil MakeTHOH MpoKaTKe OMMeTaNIa «yrIepoiuc-
Tasi CTaNb + HEep)KaBEIOUIas CTaJby, MMO3BOIIIOMIAS 110 HC-
XOJHBIM JTaHHBIM (MCXOAHBIE TONIIUHA TIAKeTa M TOJIIIUHA
TUTAKAPYIOIIETO CJIOST B HEM, TOJIIMHA TOTOBOTO JIUCTA W
IUTAKUPYIOIIETO CJIOSl B HEM) Ha3HauaTh HEOOXOIUMOE KO-

Puc. 1. Kommo3ummu, monydeHHbIe CBAPKO B3PBIBOM:
a — 1acTuHBI ctanm 651, mIakupoBaHHbIE JIMCTOBOI MEJIbIO; 6 — IUTACTUHBI cTayU 651, MIIaKNpOBAaHHBIE JINCTOBBIM AIIOMHHUEM; 8 — JINCT AJTFOMH-
HUSL, IUIAKKPOBAHHOTO TUTAHOM (BHJI C OJHOI CTOPOHBI); & — JIUCT JIFOMUHUSI, IUTAKUPOBAHHOTO THTAHOM (BHJ C PYTOil CTOPOHBI)

Fig. 1. The compositions obtained by explosion welding:
a — plate of 65G steel clad with sheet copper; 6 — plate of 65G steel clad with sheet aluminum; ¢ — aluminum sheet, clad with titanium (view from
one side); ¢ — aluminum sheet clad with titanium (view from the other side)
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JIMYECTBO MIPOXOJ0B M OOXKATHUS 10 MPOXOJaM. AHAIIN3 Ieo-
METPUUECKUX TTAPaMETPOB TOPSUCH MPOKATKH, KaK TTOKa3a-
HO B pabore [11], apexTuBHO MPOBOAUTH (IIPU BBEACHUU
TOTIOJTHUTENHHBIX YCIOBUH H TSI CIIydast MPOKaTKU OmMe-
TAUTMYECKUX KOMIIO3UIMN) C TOMOIIBI0 CHCTEMBI TpeX-
MEpPHOTO TBEPAOTEIHFHOTO W ITOBEPXHOCTHOTO TTapaMeT-
puueckoro npoexktuposanust Autodesk Inventor.

PesynbraTsl mpocTpena MoTyuYeHHBIX CBAPKOH B3PHIBOM
KOMITO3UIIMH cieaytomiue (puc. 2):

— KOMITO3UIHs cTanb 651 (3aKkaika + OTITyCK, TBEpAOCTh
50 HRC) + amomunnit AJI0 + crans 3. [IpousBeneHo aBa
BBICTpena: ¢ paccrossHus 50 M BBICTpeNl MyJel Kamuopa
5,45 MM U ¢ paccTosHUS 25 M BBICTpeN Myneil kammbpa
7,62 MM €O CTaJBHBIM TEPMOYITPOUYHEHHBIM CEPIACTHUKOM.
O0e mynu yBsI3JIK B TeJle MIACTUHBI,

— xkommosunus Tutan BT20 + amromuanit AJ/[0 + turan
BT20 + turan BT20. IIpousBeneHo Tpu BbICTpena: ¢ pac-
crostaus 50 M BeICTpel myJieit kanuopa 5,45 MM, ¢ paccTosi-
HUSL 25 M BBICTpen Imyiel kanubpa 5,45 MM u ¢ paccTos-
HUsS 25 M BBICTpEN IyJel kanubpa 7,62 MM cO CTalbHBIM
TEPMOYIPOYHEHHBIM CepJieuHUKOM. Bee Tpu mynu yBs3nu
B TeJIe TUTACTHHBI.

Taxum 00pa3oM, KOMIO3UIUS cO CTanblo 651, maku-
pPOBaHHOW MeJbI0, 3aBeOMO Hed((EKTHBHA B Ka4eCTBE
OpOHEITEMEHTA BEICOKUX KJIACCOB 3AIIUTHI (BBIIIE BTOPO-
r0), @ KOMIIO3UIINK W3 3aKaJICHHOW W OTITyIIEHHOW CTain

651, mIakupoBaHHON ATIOMHHMEM M CTajbl0 3, BIIOJIHE
MpUeMJIEMBI IS dTHX Teneil. Takke mpHeMIeMbl KOM-
MO3UIUU W3 ANTIOMHUHHS, TUIAKUPOBAHHOTO THTAHOM, HO
CJICPYKUBAIONITUM (PAKTOPOM SIBIISIETCS BBICOKasI (B CpaBHE-
HUU C IPYTHMH MPUMEHIEMBbIMU METalIaMH) CTOMMOCTD
JHCTOBOTO THTAHA.

Bwi160owl. I1nactunel u3 ctamu 651 Kak B OTOXIKEHHOM,
TaK U B 3aKaJCHHOM COCTOSHUHU Ka4eCTBEHHO IUIAKUPYIOT-
Csl B3pBIBOM KakK MeJblo, TaK W aTFOMUHHUEM, TPUYEM pa3-
MepHI TIOTyYCHHBIX KOMITO3UIIHI ITO3BOJISIOT UCTIONB30BATh
WX B KauecTBe OPOHEDITIEMEHTOB.

B kauecTBe B3pHIBYATOTO BEINECTBA IS ITUIAKHPOBA-
HUS B3pBIBOM 3(P(PEKTHBHO MPUMEHEHHE CMECH aMMOHUTA
Ne 6)XB ¢ amMuayHoii cenuTpoil B cooTHomenuu 1:1.

Teeprocts 1o PoxBenny NOBEPXHOCTHOIO CJOS Me-
TAJJIOB TIOCIIE TIAKHPOBAHMS B3PHIBOM YBEIHYMIACH 3HA-
YUTENBHO: TakK, Meab crana TBepxke B 10 — 30 pas, cranb
651" 6e3 3akanku u ormycka — B 2,0 — 2,5 pasa, craip 650
nocre 3aKaiku u ornycka — B 1,5 — 1,6 pasa, crans 3 — B
2,0 — 2,7 paza.

Jist cozmaHust MPOTUBOMYIBHBIX 3aIIUTHBIX JEMEH-
TOB OpoHEOoNek bl (KJIAcC 3alllUTHON CTPYKTYphl Opo-
HEOJEKIbl JI0 MIECTOr0 BKIIIOYUTENHHO) 3()deKTHBHO
HCTIOJIH30BAHUE MTOTYUYCHHBIX CBAPKOH B3PHIBOM UETHIPEX-
CJIIOWHOM KOMITO3MILIMU W3 IMJIACTHUH TUTaHA U QJIOMHHHUS
(orpaHMUYeHUE IO CTOUMOCTH THTAHA), TPEXCIOMHON KOM-

Puc. 2. Komnosummn, nomy4eHHbIE CBapKOH B3PBIBOM, ITOCTIE MPOCTpPENa:
a — TIACTUHbI cTanu 651, MIaKupOBaHHbIE JIMCTOBBIM ATIOMUHHEM U CTANIbIO 3; O — JIMUCT aJIFOMHUHUSL, IIAKUPOBAHHOTO TUTAHOM

Fig. 2. The compositions obtained by explosion welding, after perforating:
a — plate of 65G steel clad with sheet aluminum and steel 3; 6 — aluminum sheet clad with titanium
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MO3UIMU U3 TBEPJOTO CTAIBHOTO cios (cTanb 651 mocie
3aKajKa ¥ OTIYCKa) M BS3KOTO CJIOS aJIIOMHHUS, yCUIICH-
HOT'O CJIOEM CTaJlu 3.
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OF NEW GENERATION ON THE BASIS OF LAYERED METAL COMPOSITION
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Abstract. The article presents the results of investigation of the explosion

welding of strips of spring steel with some sheet metals. The selection
of metals and their properties are grounded. The results of the shoot-
ing of the compositions are presented. Recommendations for use of
the compositions as armor elements and of selection of parameters of
process for their production are given.

Keywords: welding explosion, spring carbon steel, aluminum, copper, tita-

nium, strip, sheet, armour body.
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UCCJIEJIOBAHUE ITPOLIECCA OCECUMMETPUYHOM OCAJIKA
METOJAMU KOMIIBIOTEPHOI'O MOJAEJIMPOBAHUA

Anmowenxoe KO.M., 0.m.u., npogeccop
Taynex H.M., acnupanm (wert8608@mail.ru)

Crapoockonbckuii TexHosgornyeckuii HHCTUTYT, puanan HUTY «MHUCuC»
(309516, Poccusi, benropoackas 06, . Crapsiit Ockon, MuKpopaiioH MakapeHko, 1. 42)

Annomayua. Bo3Hnkaomee B pouecce 0CaaKku MHITHHAPHISCKHUX 3ar0TOBOK HAMPSIKEHHO-Ae()OPMALIIOHHOE COCTOSHIE OKa3bIBACT 3HAYHTEILHOE BO3-
neiicTBre Ha GOPMUPOBAHKE HEOOXOAUMBIX OTPEOUTEIBCKUX KAYECTB TOTOBBIX U3ICIHIL. 3HAYNTEIFHOC BINSHUAE HA HTOTOBOE PacIpe/e/IcHuE Je-
(bopmarmii 1 HarpsHKEHHIT 0Ka3bIBACT HCXOAHOE COOTHOIICHHE BBICOTHI H IHAMETPA 3arOTOBKU. B yCIOBHSIX peasbHON 0CafKy MPOU3BECTH aHATH3
COCTOSIHHSL METaJUIa 4acTO OBbIBAaET 3aTPYAHHUTENIBHO, a II04acC MPOCTO HECBO3MOKHO, OTHAKO COBPEMECHHBIEC CPEICTBA KOMIIBIOTEPHOTO MOZACINPO-
BAHHSI [03BOJISIIOT POHNKHYTh BIIyOb HCCIIELyeMOro mpoiecca. J{is mpoBepKy a[eKBaTHOCTH MOTy4aeMbIX JaHHbIX B cucteme Simufact Forming
OBLIO MPOU3BENIEHO MOJENMPOBAHUE OCAJIKH TPEX 00PA3LOB ¢ Pa3IMYHBIMU COOTHONIEHUSIMY BBICOTHI U iuameTpa (FH/ D, : 3,75;1,875; 1,25). Nanee
pe3yIbTaThl MOJEINPOBAHHS (HAMPSIKEHHO-Ae(hOPMALIMOHHOE COCTOSHUE, TEUCHHE METallla, PaclpeieleHne YHePrOCUIOBBIX TapaMeTpOB MPo-
1ecca) CPaBHUBAINCH C JAHHBIMHU PCAIbHBIX IIPOLECCOB, ONMMCAHHBIX B IUTEPATYPHBIX HCTOYHHKAX. [I0TydeHHBIC pe3yIbTaThl IO3BOJSIOT CACNATh
BBIBOJI O KaYECTBEHHOH CXOANMOCTH MPOU3BEACHHOTO MOETHPOBAHHMS C PEaTbHBIMHU IIPOLECCaMH. DTO JaeT BOSMOKHOCTb HCIIONB30BATh MOy YeH-
HYI0 METOMKY MOJCIMPOBAHUS U JaIbHEHIICro aHaIu3a IPOoLeccoB 00pabOTKH METAILIOB JaBICHHUEM.

Knrueevie cosa: KoBKa, 0CaKa MIIOCKUMU IJIUTAMU, pacnpenciicHue Ile(i)opMaLII/II\;I, Hal'IpFDKeHHO-I[C(bOpMaLII/IOHHOC COCTOAHUE, TCUCHUC MCTaJlJIa, MO-

JIeNTUpOBaHIe, METO/T KOHEUHBIX dleMeHToB, MKD.

Bosnukarommee B mporecce OCaAKH HaIpsDKEHHO-Ie-
(OpMaLMOHHOE COCTOSIHME 3arOTOBKH OKa3bIBAaeT 3HAYM-
TEJIbHOE BO3JCHCTBHE Ha (HOPMHUPOBAHHE HEOOXOIUMBIX
HOTpe6I/ITeJII)CKI/IX Ka4€CTB I'OTOBBIX I/I3ﬂ€ﬂldl71. B peajibHBIX
YCIIOBUSX aHAJHM3 COCTOSHHS METayla BO BPEeMs IpOTeKa-
HHS TIpoliecca 3aTpy/JHEH, a MMoa4ac sBJIsSeTCs IPOCTO He-
BO3MOKHBIM. OITHAaKO, C Pa3BUTHEM COBPEMEHHBIX CIIOCO-
00B M CHCTEM YHCIEHHOTO MoJeaupoBanus [1, 2], B pykax
HCCIIe0BATENIe OSIBUJICSA MOILHBIN U IOCTYITHBINA HHCTPY-
MEHTapuil, MO3BOJISIOMIUI MPOHUKATH BIIYOb MPOLIECCOB
BO BpPEMsI X HEMOCPEIACTBEHHO OCYIIECTBIICHNSI.

JIst IpOBEpKH aJIeKBaTHOCTH PE3YJIbTaTOB MOJEIHPO-
Banusi B CAIIP SolidWorks [3] ObutH co3aHBl TPU IIUIIMH-
JIpUYecKUX o0pasla co CIEIYIOUMMU COOTHOLICHUSMHU
H,/D,: 3,75, 1,875; 1,25 (D,/H,: 0,27; 0,53; 0,8).

Jlanee mocTpoeHHbIe MOJIENIH UMIIOPTHPOBAIINCH B CH-
cremy MmonenupoBanusi Simufact Forming. BcrpoenHas
0a3a TaHHBIX MaTEPUAJIOB HE COIEPKUT OOLUIMPHOTO COpTa-
MEHTa OTEYECTBEHHBIX MapOK CTaJIeH, MOITOMY IPH MOJIe-
JIMPOBAHUU 3aroTOBKam ObLTH IMPUCBOCHBI PCOJIOTUYCCKUEC
cBoricTBa ctann C45 (HeMeuKuil aHajor OTEeYeCTBEHHOU
ctanu 45), TeMneparypa 3aroTOBKH Ha MOMEHT Hadaja Jie-
(dopmanmu OblTa MPUHATA PABHOMEPHOH IO BCEMy ceue-
HUI0 U cocramisia 1200 °C. Jlnst omucaHust CHII TPEHUS,
BO3HHKAIOMINX MEXIy pabodrM WHCTPYMEHTOM H ITOKOB-
KOHM, HCTONBb30BaNCs 3ak0H AMoHTOHa-KysnoHa, xo3¢hdu-
uueHT TpeHus coctaBimsul 0,3. CkopocTh TepeMenieHus
BEpXHEH IUTUTHI OblJIa TOCTOSIHHOMN U cocTasisuia 50 Mm/c.
Hrorosas cremnenp nedopmanuy s BCeX TpeX o0pas3ioB
coctasisiia 83,3 %.

CorlacHO JIaHHBIM, TTOJYYSHHBIM B padoTax [4, 5], npu
OCaJIke BBICOKHX O0pa3lloB B HHUX 00pasyloTcs pasiud-
HBIC 30HBI pacIpeneieHus nedopmanuii, Toka3aHHEIC Ha

puc. 1. Tak, k paboueMy MHCTPYMEHTY MPUMBIKAIOT 30HBI
I — obnactu 3aTpyqHEHHOU Aedopmanuy, K HUIM IPUMBI-
KaIOT 30HBI JIOKAJIN30BAaHHOHM medopmanuu 2, B KOTOPBIX
I[CﬁCTByIOT MAaKCHUMAaJIbHBIC TaHI'CHIIUAJIbHBIC HAIIPSIKCHU L
moj1 yriom 45° k ocu o6pasia. Ha OOKOBBIX MOBEPXHOCTSIX
MOABJISKOTCA 30HBI 3, B KOTOPbIX BO3HUKAIOT pacCTATHBarO-
mye HaNpsDKCHUS (B TAaHHOM CITydae TaKHX 30H IBE W OHU
pacroyioKeHbl B BEpPXHEW M HW)KHEH 4acTAX 3aroTOBKH).
B 1ienTpe 3aroroBku o0Opasyercst 30Ha 4 ¢ paBHOMEPHBIM
pacmpezneneHrueM Hanbonee BRICOKMX 3HAUCHUH nedopma-
uu (puc. 1, a). B HawaneHO# cTagum mpoiecca mpoucxo-
JIUT «JIBOITHOE 00YK000Opa3oBaHUE», KOTOPOE UCUe3aeT MPU
MPOJOIDKEHUH Tporiecca. IIpi 3ToM IPOUCXOIUT CIUSHHE
JBYX 30H 3 B O/IHY, & TAK)KE [1EPEXO]] 30HBI 4 B [IOBEPXHOCT-
HBIX CIIOSIX METaJUla B 30HY 3, KOTOpas Temeph OCTaeTCs
€IMHCTBEHHOU KOJIbIIeBOI 30HOH (puc. 1, 6). lanee 30Ha 4
MIOJTHOCTBIO TIONIIONIAETCS 30HAMH 2, KOTOPBIE TIOCIIe 00be-
JUHEHUs: 00pa3yloT O0IIyI0, UMEIOIIYI0 KPecToOOpa3HyHo
dopmy (puc. 1, 8). [lpu nanpHelne ocanake HaOmMOIaET-
Csl pa3BUTHE 30H /, KOTOpPBIE 10 3TOTO HE MpeTepreBanu
3HAUUTEIBHBIX M3MCHEHUH: 3HAUCHUs NedopMaIiii B HAX
ObUTH TOPa3zo HUXKE, YeM B APYTUX 30HaX. B ¢uHanbHON
CTaJuy TIporecca 30HbI [ pasaenstorcs: Ha /', B KOTOpOH
3HaueHus JedopMalmii Tak U OCTAIOTCs KpailHe HeOob-
IIMMH, U OKpYXKarolnyro ee /” ¢ 0oyee BHICOKUMHU 3Haue-
HusiMU. Taxoke B 3Ty 007acTh YaCTUYHO MEPEMEIIAeTCs U
30Ha 3, y)ke uMmerorias 0ojiee BRICOKHE (110 CpaBHEHUIO ¢ /')
3Ha4yeHus aedopmanmii (puc. 1, 2).

OnucanHble 00/1aCTH HE HMEIOT PE3KO OUepUCHHBIX T'pa-
HUI[ U, B CBOIO OUEpEIb, XaPAKTEPU3YIOTCS HEpaBHOMEp-
HOCTBIO JieopMaIuy (30HAJIBHOW HEPAaBHOMEPHOCTHIO) [6].

PesynbraTsl KOMIOBIOTEPHPIO MOJEIHPOBAHMS IO pac-
Ipe/IeIEHII0O HHTEHCUBHOCTHU e OpMaIiii B CEUCHHUH 3a-
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Fig. 1. Form of zones in the volume of high cylindrical sample during upsetting

TOTOBKH MPHU OCAJKE MAJIO OTIUYAIOTCS OT JUTEPATyPHBIX
TaHHEBIX [4, 5].

PacnpeneneHre WHTEHCUBHOCTH HANPSDKEHHHA —PU
ocaJike TIepBoro oopasia moka3aHo Ha puc. 2.

B HavanpHBIX CTAMAX Tpolecca HAUOONBIINE 3HAYC-
HUSl HalpPSOKCHUW TPOSBISIIOTCS B 30HE KOHTAKTa ILTUT U
3arOTOBKH, 3TO BBI3BAHO KaK 00j€€ MHTEHCUBHBLIM OCTHI-
BaHHEM 3arOTOBKM BCJIEACTBHE TEIUIOOOMEHA, TaK M CH-
JIAMH TPEHUsI, MPEISITCTBYIONIMMHU TEUEHHIO TOBEPXHOCT-
HBIX CJIOEB METaJlla B PaJUaIbHOM HalpaBiIcHUHU. Takke
HaOJIIOAeTCs BOSHUKHOBEHHE OYAroB IIOBLIIIEHHEBIX 3HA-
YeHH B MeCTax 00pa30BaHUs O4aroB JedopMamuu IoJ

Mlla

50,0
47,5
45,0
42,5
40,0
37,5
35,0
32,5
30,0

Max 50,0
Min 30,0

2

30HaMM 3aTpyaHeHHOU nedopmanmu (puc. 2, a, 6). [pu
TaNbHEHIIeH 0caike TPOUCXOMUT CIUSHHUE 3TUX 0YaroB B
onuH (puc. 2, 8).

[Ipn manpHelnIeM mpoliecce MOTYyYECHHBIM OYar Io-
BBIIICHHBIX 3HAYeHUH TpHoOpeTaeT KpecTooOpa3Hylo
dbopMy, IpH 3TOM TaK)Ke YBEIHMUNBAIOTCS 00JIACTH C HaW-
OOJNBIIMMH HATIPSKCHUSMHU B 30HAX KOHTAKTa 3arOTOBKU
¢ ruutamu (puc. 2, e, 0). B ¢uHaie nmporecca BhIIIEYITO-
MSIHYTBIC 30HBI TPAKTUICCKHU COMPHUKACAIOTCS, IIPH ITOM B
OOKOBBIX OOJIacTAX HAOJIIOMAIOTCA HauOoIee HU3KUE 3Ha-
YyeHus HanpshkeHui (puc. 2, ). Hecmotps Ha Ooiiee BbI-
COKHE 3HAYCHHS MHTCHCHBHOCTH HANpPsDKEHUH B MecTax

0 e

Puc. 2. PactipeiesieHie MHTEHCHBHOCTH HAIIPsKEHUI TIPU 0CajiKe TIepBoro oopasmua, %:
a—25,0;6-36,2;6—50,0; 2—66,7; 0 — 75,0; e — 83,3

Fig. 2. Distribution of the effective stress at upsetting the first sample, %:
a—25.0;6-36.2;6—50.0;2—66.7,0—75.0; e — 83.3
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KOHTaKTa MeTaJula ¢ IUIMTaMH, MMEHHO B JIaHHBIX o0Jac-
TAX 00pa3yroTCs 30HBI 3aTpyaHeHHOU jaedopmanmu. [1o-
Jo0Has KapTHHA BO MHOTOM BbI3BaHa CHJIAMH KOHTaKTHO-
TO TPEHHS, KOTOPHIC 3aTPYAHSIOT TIepeMeIIeHIe MeTalIa
B pajiMaJIbHOM HaIpaBIICHHH.

Pacmipenenenre MHTEHCUBHOCTH HATPSDKEHHN BTOPOTO
o0pasiia, NoKa3aHHOe Ha pHUC. 3, TAKXKE OTIIMYAETCS OT JAaH-
HBIX TIepBoTO 0Opasna. Kak u npu pacnpenencaun nedop-
Maluii, HaboaeTcs U3Ha4YaIbHOE (POPMHUPOBAHKE TOIBKO
OJTHOTO OvYara TOBBIINICHHBIX 3HAYCHUH, PacCIIOI0KEHHOTO
B IEHTpaJIbHON obnactu (puc. 3, @). MakcUManbHbIE 3Ha-
YCHUS] HTHTCHCUBHOCTH HATIPSDKEHUH HAONIIONAIOTCS B BUZE
KOJIBIIEBOW 30HBI, PACIIOJIOKEHHOI B MecTax KOHTakTa ¢
rmutami [ 7]. Tlpu nanpHelniei ocajke 30Ha MOBBIIEHHBIX
3Ha4YEeHHUH B LIEHTPE TOCTEIIEHHO YBEIMYMBACTCS U NPHOO-
petaet kpectoobpaznyro dopmy (puc. 3, 6, 6). Kak u npu
ocajike TepBoro odpasia, IPOUCXOANUT YBEIUYECHHE 30H C
MaKCHMAJIbHBIMH 3HAYECHUSIMU HAINPSDKCHUH, pacIiooKeH-

Milla

50,0
47,5
45,0
42,5
40,0
37,5
35,0
32,5
30,0

Max 50,0
Min 30,0

2

HbIX Tof muuTamu. [Ipu ganpHele ocaake MPoOUCXOanUT
3aIMIOJTHEHUE KONBIICBBIX 30H MAaKCHMAJbHBIX 3HAUCHHU H
HM3MEHEHHE UX (OPMBI B KynonoobpasHyto. OnHOBpeMeH-
HO HA TPaHUIC TaHHBIX 30H (HA 3TUX MECTax 10 ITOTO
pacmonaraiuch 00acTH ¢ MUHUMAJIbHBIMU 3HAUYCHHUSIMU
WHTEHCUBHOCTH HANPSDKCHHUN) TOSBISIOTCS OONAacTH TI0-
BBILICHHBIX 3HAYCHHUU B BUJC MX MPOAODKCHHS, KOTOpPbIC
MIPEBBIIIAIOT BO3HUKABIIHE IO 3TOTO HANPSDKCHUS B IICHT-
panbHbIi 0bmacTu obpasua (puc. 3, 2). 3aTeM MPOUCXOAUT
CMBIKaHWE JaHHBIX 00IacTel U TOBBIIICHUE 3HAYCHUI WH-
TEHCUBHOCTH HalpspKeHui (puc. 3, 0, e).

PacnipeneneHre MHTEHCHBHOCTH HANpSDKEHUH —TpU
ocajike TpeThero obpasia mokasano Ha puc. 4. Kak BujHo,
YK€ NP CPABHUTEIHLHO HEOOJBIION AeOopMaIii B IICHT-
pasibHON o0macTh 00pasiia BO3HUKAET 0OJNACTH MOBBIIICH-
HBIX 3HAYCHUH, €€ MECTOIOJIOKCHHE COOTBETCTBYET Ha-
yany pacmpoctpanenus aedopmarmii. [Ipu sTom obnacTb
TaK)Ke UMEeT KpecTooOpasHyr (HopMy ¢ MaKCUMAaIbHBIMHU

|-

Puc. 3. Pacnipesenenne MHTEHCUBHOCTH HAIPSDKEHUH IIPU 0CaIKe BTOPOro odpasua, %o:
a—23,0,6-36,7,6—51,0;2—67,3;0—75,3; e — 83,3

Fig. 3. Distribution of the effective stress at upsetting the second sample, %:
a—23.0,6-36.7,6—51.0;2—67.3;0—75.3;¢—83.3

Mlla

50,0
47,5
45,0
42,5
40,0
37,5
35,0
32,5
30,0

Max 50,0
Min 30,0

Puc. 4. Pacnipenenenne HHTEHCHBHOCTH HANPSDKEHHUH MTPU OCajIke TpeThero obpasia, %o:
a—25,0;6-36,6;6—51,2;2—67,2;0—-753;e—83,3

Fig. 4. Distribution of the effective stress at upsetting the third sample, %:
a—250;6-36.6;6—51.2;-67.2;0-753;e—83.3
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SHA4YCHUAMU, PACHOJIOKCHHBIMU B KOJIBIIEBBIX OGHaCTﬂX B
MecCTax KOHTaKkTa C IDTHTaMH. HemocpencTBeHHO BHYTpH
KOJIbIEBBIX 30H, IIOA IINIMTaAMH, 06pa3y10T051 30HBI C MU-
HUMaJbHBIMH 3HAUCHUSIMU Harpspkenuil (puc. 4, a). Ilpn
JanbHEHIIel ocajke MaHHBIE OOJACTH 3aMETHO YMEHb-
IIAI0TCSI, OMHOBPEMEHHO YBEIHMUUBAIOTCSI OONACTH C MaK-
CHMAaJIbHBIMU 3HaYeHUSIMU (pHcC. 4, 6). [Ipu oTHOCHTENBHOMN
nedopmannu mopsaka 50 % KonblieBbIe 30HBI MTOJIHOCTHIO
3aIOIHSIOTCS U MO/ IUTUTaMHU 00Pa3yIOTCsl CIIJIOLTHBIE 30HbI
B BHUJIC CHUIFHO CIUTIOIICHHBIX B BEPTHKAILHOM HaIpaBlie-
HUM KymojoB. VX okpyxaioT obmactu ¢ Gojee HU3KHUMU
3HAUCHUSIMH CPaBHHUTEIFHO HEOONBIIOTO pa3Mepa, KOTO-
pbIe MEPeXOsiT B LEHTPAIbHYIO 001aCTh ¢ PAaBHOMEPHBIM
pacmipeneneHueM HampspbkeHU (puc. 4, 6). JlanpHeimas
0CaJika BbI3bIBACT PA3BUTUC NEPEXOJHBIX 30H U UX CIIUSIHUEC
B IIEHTPaJIbHO 00OmactH (puc. 4, 2, 0). [1pu sToM Harpsike-
HHUE B LIEHTPE MPOJOHKAET BO3PACTATh BIUIOTH J0 CaAMOTO
OKOHYaHUS TIPOIeCcca, HO CIMSHUS 30H C MAKCUMAaJIbHBIMU
HAMPsDKEHUSIMY, KaK y MPEAbIIYIIUX 00pa3IoB, He MPOUC-
xomut (puc. 4, e).

3aBUCUMOCTh U3MECHCHUS YACIBbHBIX yCI/IHI/Iﬁ OCaJKu OT
MEepEeMEILECHNS BEPXHEH MUIMTHI IT0Ka3aHa Ha pucC. 5.

Kak BumHO, mpu ocajike Bcex Tpex 00paslioB B HaYallb-
HOW CTaJM¥ Tpolecca MPUCYTCTBYET 3aMETHBIN «3y0 Te-
Ky4eCTH», 32 KOTOPBIM CIIEAYeT O0JIACTh C MOHMKEHHBIMHU
3HaueHWsIMH ycwinid. [Ipn 3ToM, 4eM MeHbIe COOTHOIIe-
Hue D/H ucxomHoro oOpasia, TeM CHIIbHEE TPOSIBISAETCS
MTOHIKEeHHE 3HaueHUH. [1oj00Hast KapTHHA TIOJTHOCTHIO CO-
r1acyeTcs ¢ BBIBOJAMHU, U3JI0KEHHBIMU B padoTe [4].

[lomydeHHble pe3ynbTaThl MO3BOISIOT CHENATh BBIBOI
0 KaueCTBEHHOH CXOAMMOCTH MPOU3BEIEHHOTO MOJEIIUPO-
BaHMS C JAaHHBIMU PEaJbHBIX IPOLECCOB. JTO MO3BOISICT
WCTIOJIB30BaTh MPEATOKESHHYIO METOJUKY MOJEIUPOBAHUS
IUTSL TATBHEHIIEero aHan3a IMPOIeccoB 00padOTKH MeTa-
JIOB JIaBJICHHEM.
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RESEARCH OF THE PROCESS OF AXISYMMETRIC UPSETTING BY COMPUTER SIMULATION

Antoshchenkov Yu.M., Dr. Sci. (Eng.), Professor
Taupek 1.M., Postgraduate (wert8608@mail.ru)

Stary Oskol Technological Institute of National University of Sci-
ence and Technology “MISiS” (42, Makarenko, Staryi Oskol, Bel-
gorod Region, 309516, Russia)

Abstract. Arising in the process of upsetting of cylindrical workpieces
stress-strain state has a significant effect on the necessary consumer
qualities of the finished products. Significant influence on the final
distribution of strain and stress has the original aspect ratio of height
and diameter of the workpiece. It is often difficult to analyze state of
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the metal in real conditions of upsetting, and sometimes it is impos-
sible, but modern metgods of computer simulation allow to penetrate
deep into researching process. To verify the adequacy of the data
obtained in the Simufact Forming the authors made modeling of up-
setting of three samples with different ratios of height and diameter
(Hy/D,: 3,75; 1,875; 1,25). Next, the simulation results (stress-strain
state, metal flow, distribution power parameters of the process) were
compared with the actual processes described in the literature. The
obtained results allow to make a conclusion about high qualitative
convergence of the produced simulation with real processes.

Keywords: forging, upsetting by flat dies, strain distribution, stress-strained

state, metal flow, simulation, finite element method, FEM.
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TEPMOJINHAMMUKA PACTBOPOB KUCJIOPOJIA B PACIIJIABAX
CUCTEM Fe-Ni, Fe—Co u Co—Ni"

JMaweeckuit B.A., 0.m.n., 3asedyrowuii nabopamopueii (vdashev@imet.ac.ru)

Anexcanopoe A.A., x.m.n., cmapwuii nayunwiii compyonux
Jleonmueg JI.U., axademux PAH, 2nasnviii nayunviii compyOHux

HuceTuTyT MeTa/uIyprun u MatepuasoBeaenusi uM. A.A. baiikoa PAH
(119991, Poccus, . MockBsa, Jlennnckuii p., 49)

Annomayus. [IpoBeqieH TepMOANHAMHYECKUH aHAIIM3 PacTBOPOB Kuciopoya B paciuiaBax cucreM Fe—Ni—O, Fe—Co—0, Co—Ni—O. Bnepsbie noiyue-
HBI COCTaB OKCHJTHOM (ha3bl M 3HAYCHUS PABHOBECHBIX KOHLICHTPALMIT KHCIIOPO/a B PacIiaBax STUX CHCTEM BO BCEM JIHANa30HE COCTABOB CILIABOB.
B cucremax Fe—Ni—O u Fe—Co—0O no Mepe yBenuyeHHs COCpIKaHus HUKENS M KoOaIbTa B paciuiaBax OKCHaHas (asa COIepHKUT, B OCHOBHOM,
FeO B 1ocTaTtoyHo MHPOKOM JHANa30He COACPKaHUI HUKEIsl 1 KoOabTa. TONBKO MpH MOJIBHO# 10JTe HUKEIs, OTM3KOH K eANHHUIIE, K MOJIBHOH J0J1e
kobanbra 6oneine 0,8 pesko Bospactaet conepskanne NiO u CoO coorBerctBenHO. B cucteme Co—Ni—O B okcuHoit dase cogepxutcs kak CoO,
tak 1 NiO Bo BceM auana3oHe coctaBoB criaBoB. B cuctemax Fe—Ni u Fe—Co nobaBku Hukenst U Kobalbra B paciuiaB IPUBOAAT K CHUKEHUIO
PacTBOPHUMOCTH KHCIOPO/Ia 3a CYET OCIIablICH s KaK HUKEJIEM, TaK U KOOAIETOM CBSA3ei KHCIOPO/ia B pacILIaBe M MOBBIICHHUS TEM CaMbIM €10 aKTHB-
HoctH. Jlanee, Mo Mepe yBeITMIEHHUsI COIepyKaHus HUKEIIS M KoOalIbTa, KOHLIEHTPALMS KUCIOPO/a B PacIuIaBe BO3pACTAeT CHayajIa MEJUICHHO, a 3aTeM
BechMa pe3ko. B cucreme Co—Ni 100aBKH HUKENIS K KOOAIBTY TIPUBOJIAT K TIOBBIIICHHIO PACTBOPHMOCTH KHCIIOPO/Ia BO BCEM JIHANa30He COCTABOB
CIJIABOB B CBSI3H C CYLIECTBEHHO OOJIBIIEH PACTBOPUMOCTBIO KUCIOPO/Ia B HUKEIE, YeM B KOOaIbTe.

Kniouesvle cnosa: JKEIJIE30, HUKCIIb, KO6aJII)T, Kuciaopon, TepMOHI/IHaMI/I‘-IeCKI/Iﬁ aHaJIn3, OKCUaHas cba3a, PacTBOPUMOCTD KHMCJIOPOJA.

JKenezo, koOanbT M HUKENb (TpHala *Kele3a) SBISFOT-
cs anemerTamu ogHoi rpynmsl (VIIIB) u naxonstcs B on-
HoM miepuosnie (IV) Ilepronndeckoil cucTtemMbl AIIEMEHTOB
.M. MenpneneeBa, onHako (u3MyYecKue W XUMUYECKUE
CBOHMCTBA 3THX AJIEMEHTOB BO MHOTOM Pa3IWYalOTCS, 3TO
KacaeTcsi M UX COCIAUHCHUI C IPYTUMH DIICMEHTaMHU.

Cmnassl Ha ocHoBe cucreM Fe—Ni, Fe—Co u Co—Ni
LIMPOKO UCIOJIB3YIOTCS B COBpeMeHHOM TexHuke. Cozaep-
JKAITAHCS B OTHX CIUIaBaX KUCIIOPOJ CHIDKACT MX CITyXKeO-
HbIe CBoiicTBa. M3ydeHue (U3UKO-XMMHUYCCKUX CBOHCTB
pacTBOPOB KMCIIOPO/IA B pacIIaBaX ATUX CHCTEM ITO3BOIUT
ONTHUMHU3UPOBATH IPOLECCH TONYYCHUSI ITUX CIUIABOB.
B nuTeparype OTCYTCTBYIOT MaHHBIE O COCTaBE OKCHI-
HOM (ha3bl, paBHOBECHOH co cruiaBamu cucteM Fe—Ni—O,
Fe—Co-0, Co—Ni—0O, u 0 pacTBOPUMOCTH KUCIIOPOJa B
paciuiaBax 3TUX CHCTEM B IIMPOKOM JTHANA30HE COMCpIKa-
HUAW KOMITOHEHTOB CIUIaBOB. TepMOAMHAMHYECKHUI aHATN3
Ha 0a3e JaHHBIX O PACTBOPAX KUCIOPO/A B KHUIKUX KeJe3e,
Hukesie u kobansre [1 —4] u o cucremax Fe—Ni, Fe—Co,
Co—Ni [5] mo3BoISIET ONIPEIETUTh COCTAB OKCUIHOM (hasbl
1 OIICHUTH PacTBOPHMOCTH KHCIIOpPOAA B pacluiaBax JaH-
HBIX CHUCTEM.

PacTBopHI KHCITOpOa B paciuraBaXx Ha OCHOBE JKele3a,
HUKEJIs U KoOaJlbTa CIeyeT pPACCMaTPUBATh KaK peallbHbIC,
00pa3oBaHUe KOTOPBIX CONPOBOXKIAETCS TEILIOBBIM 3P (eK-
TOM M U3MECHEHHEM YHTPOIMHUH. YPaBHECHUS, OMUCHIBAIOIIIEC
MTOBEACHNEC KOMIIOHEHTOB B PEAJBHBIX PACTBOpPAX, MOKHO

* PaGora BbinonHena npu GuHancoBoil moanepxke PO®U B pamkax
HayuHoro npoekra Ne 14-03-31682 mol_a.
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MOJIYYHUTh U3 YPABHEHUH JUTS MCATbHBIX PACTBOPOB ITyTeM
3aMCHBI KOHIICHTPAIM COOTBETCTBYIOIIUMH 3HAYCHUSIMU
akTuBHOCTEH (@ =7X, TMe Y — KOd((PUIIMEHT aKTUBHOC-
TH; X — MOJbHAs 10J1s1). YTOOBI y4ecTh B3aUMHOC BIIHSHUEC
KOMITOHEHTOB PAaCTBOpA Ha X TEPMOJANHAMHYCCKUE XapaK-
TEPUCTHKH, MOJB3YIOTCS alllapaToM MapaMeTpoB B3auMO-

Olnvy,
oX;
pa3IoKEeHUE COOTBETCTBYIOMICH W30BITOYHON TEPMOJMHA-
muyeckoit Qynkuun (AG,, AH,, AS)) B pan Teiinopa.
B GosnpmuHCTBE ciiydaeB TpeOyemMasi TOYHOCTD ITO3BOJISIET
OIpaHWYMBATHCS WICHAMH PsiJia HYJIEBOH M TIepBOH cTerie-

Olny; o j
X, =lny; + Zg/ X,

EUCTBUA 8{ = [6]. OcHOBYy MeTonma cocTaBisieT

Hu Iny, = Iny; + £

J
B ciydae pacruiaBoB jkelnesa, HUKeJs 1 KoOabra peax-

sl PABHOBECHUST METaILT — OKCHIHAS (a3a
MeO(x,B) = Me(x) + [O], (M) K(l) =a,=[0]f, (1)
MOXKET OBITH ITPEACTABIICHA KaK CyMMa PEaKIInii:

MeO(x,tB) = Me(x) + 1/20,(r); 2)

. YB(Me)M Me
1/20, (1) =[Oy, 4y s AG5y =RTIn| ————— |, (3)
% (Me) > B3 )
M, -100
TI€ Yo (ae) — KOIPOHUIMEHT aKTHBHOCTH KHMCIIOPOA B pac-
IIaBe Npu OECKOHEYHOM pa3z0OaBineHuu; M, — MOJEKyYJIp-
Has Macca. B kadecTBe CTAHIAPTHOTO COCTOSHHS JUIS
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KHCJIOPO/Ia, PACTBOPEHHOIO B pacruiaBe, BIOpaH obiana-
FOIIUI CBOMCTBaMHU WJICabHOTO pa30aBIIEHHOTO pacTBOpa
1 %-HbIii pacTBOP.

PacTBOpHMOCTh KHCIIOpOAA B JKHIKOM METAJUIE MOXKET
OBITh pacCYMTaHa M0 YPaBHEHHIO

o

1g[% O]y, =1gK ;) —1g fo =18 K () — €511y [%0 Olyre» (4)

e ey (Me) — TIAPAMETP B3aMUMOJIEHCTBHS TIEPBOTO TOPSI/IKA

TIPY BBIPA)KEHUH KOHIIEHTPAIINH KOMIIOHEHTOB B MAaCCOBBIX
MPOIICHTAX.

Bemnuuny [% O] B mnpaBoit uvactu ypaBHeHus (4)
MOXXHO  BBIDa3uTh 4epes orHomrenne K, /f,. Ilpu
[% O] — 0 f, — 1. B cBa3u ¢ manocteio Benmuunbl [% O]
MOXHO MpHATE K )/ f, =~ K ;. Takas 3aMeHa He BHOCHT 3a-
METHOM morpentHocTy B pacueTsl [4]. Toraa ypaBaenwue (4)
IpUMET BUJ

1g[% O], =1g K, Me) K- (4a)

[Tpu 1873 K okeup xenesaxunxuii T (FeO) = 1651 K[7],
a OKCHIbI HHUKeNIs 1 kobankTa TBepapie: 17 (NiO) = 2228 K [7],
T (CoO)=2088 K[7]. TemneparypHas 3aBUCHMOCTb
sHeprum ['mO0Oca peakiuii 0Opa3oBaHHUs OKCHJIOB Xele3a,
HUKECJIA U KO6aJ'II>Ta OIMMCBIBACTCS YPABHCHUAMU

AG(L’z)(FeO(K)) =239 987 —49,57T, Jl)/monsb [4];
Asz)(NiO(TB)) =253 929 —95,29T, Jlx/mons [4];

AG;,(CoO,,,) = 261 884 — 85,83T, [lc/mors [4].

J1J1s1 pacTBOPOB KHCIOPO/A B KUIKUX JKEJIe3e, HUKEIEe U
xobansre npu 1873 K v g = 0,0103 [1], yo s = 0,337 [2],
Yoico = 0,161 [3], uTO mMO3BONSET paccuyMTaTh SHEPTHIO
I'm60ca peakmuu (3), a 3arem sHepruro [mO60Oca U KoH-
ctanTy paBHoBecust peakiuu (1). Ipu 1873 K nmst xene-
3a AG =23 637 JI>x/MoI1b, ng1 —0,6599; nas HUKeEms
AG° = 7042 x/mons, 1gK o 0 1966; nns xobambTa

G =21271 I[)K/Monb ng —-0,5939. Ilpm 1873 K
eO o= 0,17 [1], eo Ny =0 [2] eo (o= 0 [3], a pactBopu-
MOCTh KHCJIOPOZIa, PacCUMTaHHAas 1Mo ypaBHeHuto (4), coc-
TasyseT: Bkenese [O], = 0,240 %, B nukene [O], = 0,636 %,
B xobanere [O]. = 0,255 %. Ilonyuennbie 3HaueHUs Xo-
POIIO COMIACYIOTCS C JUTEPATypHbIMU JaHHbIMU: [O]. =
=0,23 % [8, 9], [O]; = 0,64 % [8], [O], = 0,23 % [9].

Oxcunnas (aza Han pacmiaBamu cuctem Fe—Ni—O,
Fe—Co—0 u Co—Ni—O0 coaepxur FeO, NiO u CoO (nBa
U3 yKa3aHHBIX OKCHJIOB B 3aBHCHUMOCTH OT COCTaBa CILIa-
Ba). Peakmusi, onmckiBatomias paBHOBECHE METAIlI— OKCHII-
Has ¢asza

(Me,0) (, T8) + Me, (%) = (Me,0) (x, T8) + Me, (x), (5)

MOXeT OBITh NIPECTABICHA KaK CyMMa peaKIuit

Me,O(x, TB) = Me, (%) + 1/20,(r); (6)
Me, O (k, TB) = Me, (k) + 1/20, (T). (7

B mpuOnmkeHHH COBEPLICHHBIX PACTBOPOB AT OK-
CHJIHOM (ha3bl B ciydyae pacTBOPOB KHCIOpOJAa B pacruia-
Bax cucteM Fe—Ni, Fe—Co u Co—Ni MOXHO 3amucarb

_ X MeIOX Me, | Me,

(5)
X Me,O ‘XVMe1 YMel

ITockonbky XMelo +X, ,=1,T0

Me,O

K(S)XMel Y Me,
KX pte, Vote, + Xnse, ¥ vt

®)

XMEIO =

[Tpu pacuere sHeprun ['mb6ca peakiuu (5) yuuThiBa-
ercst sHeprusi [ m60ca peakuuii 0Opa3oBaHUSI COOTBETCT-
ByrOIuX okcuoB (cM. Bbimie). [Ipu 1873 K mist cuctemMsr

Fe—Ni AG(5 =71 692 JIxx/Moib, K =100,357; nns cuc-
TeMsl Fe—Co AG =-46018 Z[)K/Monb K =19,265; nns
cuctembl Co—Ni AG(‘;) =25674 I[)K/Monb 5= 0,1920.

CocraB okcugHOW (a3wl pacmiaBoB cuctem Fe—Ni,
Fe—Co u Co—Ni, paccuutanHblii 1mo ypaBHEHHIO (8),
npuBesicH B Ta0d. 1 — 3 u Ha puc. 1. Kak BUgHO U3 nipuBe-
JIEHHBIX JIaHHBIX, B cucreMe Fe—Ni—O B okcuaHol Qase
COJIEPIKUTCS, B OCHOBHOM, FeO, W TONBKO TIpH MOJBHON
JI0JIe HUKels, ONU3KON K CJMHUIIC, PE3KO BO3pPacTaeT Co-
nepxkanre NiO. DTO CBA3aHO C TEM, YTO XKeJIe30 MMeeT
CYIIECTBCHHO OOJIbIIEE CPOACTBO K KHCIOPOMY, YeM HH-
kenb. B cucteme Fe—Co—O B okcuumHoi (aze Takxke, B
OCHOBHOM, coziepkutcsi FeO, u TONbKO MPH MOJIbHOM J1071€
koOayibTa B pacruiaBe Oonbiire 0,8 B OKCHIHOM (haze pe3ko
Bo3pacTtaeT copepxkanue CoO. JTo, Kak U B Cllyyae CHCTe-
MBI Fe—Ni—O, cBsi3aHO ¢ TeM, YTO JKeJIe30 UMEET OOJbIIIEE
CPOJICTBO K KUCIOPO.Y, YeM KobansT. B cucteme Co—Ni—O
B OKCHIHOM (haze conmepkutcs kak CoO, tak u NiO, ojjHaKo

Ta6numa 1

CocraB okcuaHOH ()a3bl pacIIaBOB CHCTEMbI
Fe—Ni—O nmpu 1873 K

Xre Ve [5] X Vi [5] Xreo Xio
1,0 1,000 0 0,617 1,0000 0
0,9 0,996 0,1 0,675 0,9993 | 0,0007
0,8 0,992 0,2 0,692 0,9983 | 0,0017
0,7 0,990 0,3 0,697 0,9970 | 0,0030
0,6 0,978 0,4 0,712 0,9952 | 0,0048
0,5 0,941 0,5 0,745 0,9922 | 0,0078
0,4 0,858 0,6 0,802 0,9862 | 0,0138
0,3 0,726 0,7 0,877 0,9727 | 0,0273
0,2 0,581 0,8 0,945 0,9391 0,0609
0,1 0,454 0,9 0,987 0,8368 | 0,1632
0 0,355 1,0 1,000 0 1,0000
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Tabnuma 2

CocraB oxkcuiHoi a3l pacmiaBoB cucrembl Fe—Co—-O

Tabauma 3

Cocras okcHIHOM ()a3bl PACILIABOB CHCTEMbI
Co—Ni-O mpu 1873 K

npu 1873 K

Xpe Yr. [3] Xeo Yo 9] Xreo Xeoo
1,0 1,000 0 1,051 1,0000 0
0,9 0,996 0,1 1,136 0,9935 0,0065
0,8 0,987 0,2 1,199 0,9845 | 0,0155
0,7 0,979 0,3 1,230 0,9728 0,0272
0,6 0,981 0,4 1,226 0,9585 | 0,0415
0,5 1,035 0,5 1,151 0,9454 0,0546
0,4 1,095 0,6 1,097 0,9276 | 0,0724
0,3 1,183 0,7 1,051 0,9029 0,0971
0,2 1,282 0,8 1,024 0,8577 0,1423
0,1 1,416 0,9 1,006 0,7508 0,2492

0 1,590 1,0 1,000 0 1,0000

JUISL BCEX COCTABOB criaBoB MoJibHast 1ot CoO B OKCHUI-
HOU (pa3e OoIbIle MOJBHOM JOIU KOOalbTa B pacIliaBe, a
MonbHas nonisi NiO B okcumHOM (hase MeHbIEe MOJIBHOM
JIOJIM HUKEJISl B pacIuiaBe. JTO CBA3AaHO C TEM, YTO KOOAJIbT
XapakTepusyeTcs: OOJNBIINM CPOJCTBOM K KHCIOPOAY, YeM
HUKEITb.

Cponctso Fe, Ni n Co k Knucinopoxy MoXeT OBITh OXa-
pakTepu3zoBaHO Kak dHeprueil I['mbOca peakuum oOpa-
30BaHMS COOTBETCTBYIOIIHX OKCHUIOB (AGigs;(FeO) =
=-147 142 lx/mons [4]; AG g5 (NiO) =—75 451 /Mo [4];
AGi731(Co0) =-101 124 JTx/monb [4]), Tak 1 BeTUYUHOM
K02 GUINEHTa aKTUBHOCTH KHCIOPOAAa B JITUX pacIUia-
Bax Npu OECKOHEYHOM pasbaBineHuu (Yo, = 0,0103 [1];
Yomiy = 0,337 [2]; Yooy = 0,161 [3]); uem Benmumua vy,
OoJIbIIIe, TEM CPOICTBO MEHBIIIE.

Xeo Yeo [6] Xy i [6] Xeoo Xyio
1,0 1,0 0 1,0 1,0000 0
0,9 1,0 0,1 1,0 0,9791 0,0209
0,8 1,0 0,2 1,0 0,9541 0,0459
0,7 1,0 0,3 1,0 0,9238 0,0762
0,6 1,0 0,4 1,0 0,8863 0,1137
0,5 1,0 0,5 1,0 0,8386 | 0,1614
0,4 1,0 0,6 1,0 0,7760 | 0,2240
0,3 1,0 0,7 1,0 0,6902 | 0,3098
0,2 1,0 0,8 1,0 0,5651 0,4349
0,1 1,0 0,9 1,0 0,3661 0,6339
0 1,0 1,0 1,0 0 1,0000

Peaxums (1) s pacmnasos cuctemsl Me, —Me,

(MeIO)(xc, 8) = [Mey ] v, —sre, + [Olio4 (htey - 1ty
XMel’YMgl[O]fO

X Me,O

K = ©)

MOXeET OBITh MpeJNCTaBlIeHa Kak cymMa peaknui (6) u (10):
1720, (r) =[O o4 (v, - My >
(10)

YZD(ML)I —Me,) MML)] —Me,
M, -100

AG = RTIn

Jns pacriaBoB BceX CHUCTEM 3HAYEHHs MOJIEKYISPHOU
MAacCCHI CIIJIaBa PacCYUTAHBI IO ypaBHEHHIO [ 10]

1,0 1,0 1,0
a o 8
0,8 - ! 0,8 - 1 0,8 -
3
o 06} 2 06 2 06
< S Rf
2 3 2
£ 04 £ 04k < 04F
2
2
0,2 0,2 - 0,2
| 1 1 1 1 1 1
0 02 04 06 08 1,0 0 0 02 04 06 08 1,0
XN Xco XNi

Puc 1. 3aBucumocTs cocraBa OKCHIHOH (ha3bl, HaxoAsIIelHCs B paBHOBecHH ¢ paciuiaBamu cucteM Fe—Ni—O (a), Fe—Co—0 (6)
u Co—Ni—O (8), ot cocrasa crutasa pu 1873 K:

1 _XFeO’

;2-X,

nios 3 = Xeoo

Fig. 1. Composition of the oxide phase in equilibrium with (¢) Fe—Ni—0, (6) Fe—Co—0O and
(6) Co—Ni—O melts vs. alloy composition at 1873 K:

1 _XFeO’
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MMel+Mez MMe XMel + MMEZXME‘Z >

a koo dHULMENTA AKTUBHOCTH Y (116, + M, ) TIO YPaBHEHMIO [11]

Y] e stey) = Xnge lny;(Mel) + X, an;(Mez) +

+XMe]XMez [XMEZ(IHY;(ML) ) 1Il'y (Me)+ 8z(Me )) +

+ XMel (lnY;(Mel) B lnY;(Mez) + 8%;2"1 )):| '

Jiss pacTBOPOB KHCIOPOAa B JKUJKUX Keleze, HHU-
Kele W KoOaJbTe: Yo re = 0,0103 [1]; Yo =0,337[2];
Yo (o =0,161 [3] SO(FS =0,270 [12] SONI) 5 179 [12]
8o Feo = LI [1], 80(00) —4,1[3]; SO(Nl -14 [13]; 80 Co) ~
= 0 16 [3]. Paccuntannele 3HaueHus M, Me, + Me,? YO (Mo, + Mey >
sHeprus [ MO6Oca 1 KOHCTaHTa paBHOBeCI/IH peakuuu (9) st
cucreM Fe—Ni, Fe—Co u Co—Ni npuseziens! B Ta0i. 4 — 6.
PacTtBopuMoOcCTh  KHMCIIOpOZa B pacilaBax  CHCTEMBI
Me, —Me, moxeT OBbITh PACCUNTAHA 10 YPABHEHHUIO

1g[% Ol 1, = 18 K (o) + 18 X 10 = 18 Xy, —

18V~ eg(Mel —wte)[70 Olage, e, - (11)

Benmuuuny [% O] BnpaBoi '-IaCT XypaBHeHI/IS{ (11) moxxHO

BBIPA3UTh YepPEe3 OTHOLIEHUE M pu [% 0] — 0

Me, Y Me,JO
Jo — 1. B cBa3u ¢ ManocThio Benmuaubl [% O] MoxkHO npu-
K(9)XMe|O K(9)XM<10
HATh . Takas 3ameHa HE BHOCHUT
X Vot o XtV use

3aMETHOM TorpemHocTu B pacuersl [4]. Torma ypaBHe-
uue (11) mpumer Bux

12[% Ol e, =18 K 9)+ 18X 0 — 18X, —
Koy Xnweo

—Mey) :
X Me, YMel

(11a)

0
- IgYMeI = €0 (M

Pacmnaser cucreMm Fe—Ni, Fe—Co u Co—Ni 0au3ku K
UACabHBIM pacTBOpaM [5], 4TO MO3BOJSIET JUIA pacyeTa
B(G)J'II/I‘II/IHLI napaMeTpa B3auMOJICHCTBHUS 88( Me,—Me,) (@ 3TEM
€0 (Me,— Me,)) IPHHATE cooTHOLICHHE [10]

€0(Me,~Mey) = 88(Me])XMe] + 88(M62)XM62'

ITpu 1873 K eg re = 0,17 [1]; eO oy =0 [2]; eg(CO):O [3].
PaccunranHple 3HAYCHUS MapamMeTpa B3aHUMOICHCTBHS
eg( Me—Me,) A1 cucteM Fe—Ni n Fe—Co npusenetst B
Tabm. 4 u 5, B cinydae cucrembl Co—Ni mapamerp B3auMo-
JIeHCTBHS e8 (Me,—Me,) PABEH HYIIO JUISl BCEX COCTABOB CILIA-
BOB.

PaBHOBeCHBIE KOHIIEHTpAIlMM KHCIIOpOIa B CHCTe-
max Fe—Ni, Fe—Co u Co—Ni, paccuutaHHble MO ypaB-
Henuto (11a), nmpuBeaeHsl B Tabn. 4 — 6 u Ha puc. 2. Kak
BUJIHO W3 MPHUBEICHHBIX MaHHBIX, B cucteme Fe—Ni He-
OompIie 100aBKU HUKENS K jkeie3y (MOJIbHAs JOJisl HU-
kenst <0,15) He 0Ka3bIBAIOT 3aMETHOTO BIIMSIHUSI HA BEJIU-
YUHY PacTBOPUMOCTH KHCIIOPOJa B PACILIaBE B CBS3H CO
C1a0BbIM BIMSTHUEM HUKESI TIPH MAJIbIX €0 COACPKaAHUSIX
Ha aKTHBHOCTH KHCJIOpoJa B kenese (cM. Tadu. 4). Jlans-
Heife 100aBKM HHUKENs B paciuiaB (0 MOJBHON moiu
HuKkeds ~0,7) NPUBOIAT K CHHKCHHIO PACTBOPUMOCTH
KHCJIOPOJa 33 CYET OCIAOICHUsI HUKEIIEM CBsI3eH KUCIIO-
polla B pacruiaBe M IMOBBIMICHUS TEM CaMbIM €r0 aKTHB-
HOCTH (sngc) =0,270). Hdanee, mo mepe yBeJIUYEHHS CO-
JIEp>KaHUsT HUKEJIs, KOHIIEHTPAIIHsI KUCJIOPOa B paciijiaBe
BO3pacTacT CHadaja MEJJICHHO, a 3aTeM, MPH MOJbHOU
none Hukens >0,9, BecbMa pe3Ko B CBSI3U C 3HAYUTEIHHO
0osiee BBICOKOI pacTBOPUMOCTBIO KHCIOPOAa B HHKEJE,
yeM B xeinese. B cucreme Fe—Co no0aBxku kobOaiibTa K
JKeNe3y TakKe MPUBOAAT K 3aMETHOMY CHIDKECHHIO pac-
TBOPUMOCTH KHCJIOPOJa. DTO CBSI3aHO C TEM, YTO KOOAJIBT,
KaK M HUKEJIb, MOBBIIAET KOd()(HHUIIMEHT aKTUBHOCTH KHUC-

TaGnuna 4

PacTBopumocTh kuciopoaa B pacniiaBax cuctemsbl Fe—Ni mpu 1873 K

Ay My i YZ)(Fe—Ni) AGy, Jl/moms ng(9) e(())(Fe—Ni) [O], %
0 55,874 0,0103 23 637 —0,6599 —0,1700 0,240
0,1 56,133 0,0111 24 852 —0,6938 —0,1538 0,0240
0,2 56,420 0,0130 27 402 —0,7650 —0,1374 0,231
0,3 56,706 0,0164 31 144 —0,8695 -0,1208 0,205
0,4 56,992 0,0222 35936 —-1,0033 —0,1041 0,175
0,5 57,279 0,0319 41 634 -1,1624 —0,0872 0,149
0,6 57,565 0,0481 48 096 —1,3428 —-0,0701 0,133
0,7 57,851 0,0754 55180 —1,5406 —0,0528 0,131
0,8 58,137 0,1219 62 743 -1,7517 —0,0354 0,145
0,9 58,424 0,2014 70 642 -1,9722 -0,0178 0,198
1,0 58,710 0,3370 7042 -0,1966" 0 0,636

" Pacuer urs peaxuun NiO(tB) = Ni(x) + [O],

% (Ni)*

57



M3BECTUS BLICHINX YUYEBHBIX 3ABEAEHUN. UEPHAS METAJIYPTUA. 2015. Tom 58. Ne 1

Tabauma 5

PacTBopumocTh Kuc0poaa B paciiapax cucrembl Fe—Co npu 1873 K

Xeo Mg ¢, YOO(Fe—Co) AGy, Jx/moms 1gK o, eg(Fc—CO) (O], %

0 55,847 0,0103 23 637 -0,6599 -0,1700 0,240
0,1 56,156 0,0125 26 743 -0,7467 —-0,1539 0,213
0,2 56,464 0,0153 30 005 —0,8377 —-0,1375 0,192
0,3 56,773 0,0190 33 468 -0,9344 -0,1210 0,173
0,4 57,081 0,0240 37179 —-1,0380 —0,1043 0,155
0,5 57,390 0,0309 41 186 —-1,1497 —0,0874 0,133
0,6 57,699 0,0407 45535 ~1,2713 -0,0703 0,116
0,7 58,007 0,0548 50273 —-1,4036 —0,0530 0,102
0,8 58,316 0,0761 55446 —-1,5480 —0,0355 0,095
0,9 58,625 0,1088 61103 -1,7059 -0,0179 0,105
1,0 58,933 0,1610 21 271" -0,5939" 0 0,255

* Pacuer ms peakiun CoO(tB) = Co(x) + [O]

1% (Co)*

TabGnuma 6

PacTBopumocTh Kucjopoaa B pacmiaaBax cuctembl Co—Ni

npu 1873 K

X | Meoni [ Yoo ni| AGy, Tvoms | 1gK | [O], %

0 | 58933 | 0,161 21271 —-0,5939 | 0,255
0,1 | 58911 | 0,164 21593 -0,6028 | 0,272
0,2 | 58,889 | 0,170 22 077 -0,6164 | 0,289
0,3 | 58,866 | 0,177 22 731 -0,6345 | 0,307
0,4 | 58,844 | 0,187 23 562 -0,6578 | 0,324
0,5 | 58,822 | 0,199 24 579 -0,6862 | 0,346
0,6 | 58,799 | 0,216 25789 -0,7200 | 0,371
0,7 | 58,777 | 0,236 27 200 -0,7594 | 0,401
0,8 | 58,755 | 0,262 28 820 —0,8046 | 0,444
0,9 | 58,732 | 0,295 30 656 -0,8559 | 0,511
1,0 | 58,710 | 0,337 7042 -0,1966" | 0,636

" Pacuer jurs peakuun NiO(tB) = Ni(x) + [O],, i)

J0po/ia B JKeJe3e (SS?FC) =1,9), cHmKkas TeM CaMbIM €ro
pacTBOpuMOCTh. TOJBKO MO AOCTHKEHUH MOJIBHOW JIOJIH
kobanbTa B pacmiase ~0,8 KOHICHTpaIHs KUCIOpoaa Ha-
YHHAeT BO3pacTaTh CHadajla MEJJIEHHO, a 3aTeM Jl0CTa-
TOYHO OBICTPO. BO BceM Imama3oHe COCTaBOB CILIABOB
pacTBOpUMOCTbH KUCJIOpO/ia B paciuiaBax cuctemsl Fe—Co
HIWKE, YeM B paciuiaBax cucTteMbl Fe—Ni B CBsI3U ¢ TeM,
YTO PACTBOPUMOCTh KHCIOpO/a B KOOaabTe HUXKE, YEM B
uukene. B cucreme Co—Ni 100aBku HUKENS K KOOAJIBTy
MPUBOJST K MOBBIIIEHUIO PACTBOPUMOCTH KHUCIOPOZA BO
BCEM JMana3oHe COCTABOB CIJIABOB B CBA3U C CYLIECTBEH-
HO OOJbIIIel PACTBOPUMOCTBIO KUCIOPO/AA B HUKEIE, YeM
B KOOasbTe.

Ha kpuBbIX pacTBOPMMOCTH KHCJIOpOAa B pacIuia-
Bax cucteM Fe—Ni u Fe—Co HaOnromaercs MUHUMYM
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(cm. puc. 2). ITo mepe yBenwueHus: B paciuiaBax Ha OCHO-
BE JKeJie3a CollepKaHus HUKeNs U KoOanbra okcuHas (asa
HaJl paciulaBaMH COCTOWT MPAKTHYCCKH M3 OKCHIIA JKee3a
FeO B 10ocTaToOuHO MIMPOKOM JHMANa30HE COACPIKAHUI HU-
Kelsl 1 KoOaipTa. PacTBOpMMOCTh KHCIOpOaa B paciiiaBe
OMpPEJEISIeTCST €r0 aKTHBHOCTBIO, KOTOpAsl IIOBBIIIACT-
Csl TI0 MEpe YBEIMUYCHUS CONEPKaHUS HUKENs M KoOabTa
(cM. Tab1. 4 1 5), 4TO IPUBOJUT K CHIKEHUIO PACTBOPHMO-
CTH KHCIIoposia B paciuraBe. Kormga comepxanue HUKENS U
KO6aHI>Ta B pacCiutaBax CTAHOBUTBHCA 3HAYUTECIIbHBIM, TOrJa
OTIPEICISIIOMIM  (DAKTOPOM CTAHOBHTCSI PACTBOPHMOCTH
KHCJIOPOZIa B 3TUX dJieMeHTax. KOHIeHTpaIust KUCIopoa
HAYMHACT PACTH, MPOXOIsI Yepe3 MUHHMYyM. JKemeso sB-
JIACTCA PACKUCIUTECIIEM JJIsl dKUAKUX HUKCIISA U 1<06aana B
CBSI3U C OONMBIIMM CPOACTBOM K Kuciopoay. ConepskaHust
xenesa [% Fe]’, KOTOpbIM COOTBETCTBYIOT MHHHMAJbHbIC
KOHIICHTPAIH KHCIOPOAA, MOTYT OBITh OMpEAeICHBI IO
ypaBHEHUIO [14]

m

%R'=———
okl 2,3(mex +neg)

, (12)

rae m u n — kodpdunuentsl B hopmysre okcuna R O, .
B ciyuae oxcuna FeO ypaBHenue (12) npumer Bus

1

%Fel'=— ——— .
e S e

(12a)

Huxe npuBeieHBl paccUuTaHHBIE IO ypaBHeHHIO (12a)
3HAYEHHs COACPKAHUH Kele3a B TOUKaX MUHIMyMa H CO-
OTBETCTBYIOIINE UM MUHHMAJbHbIE KOHIIEHTPAIIUX KHUCIIO-
pona s paciuiaBoB cucteM Fe—Ni u Fe—Co:

Cucrema efe ofe [%Fe]  [%O],,
Fe-Ni  0,013[2] —0,029[2] 27,174 0,131
Fe-Co —0,0062[3] —0,019[3] 17,253 0,095
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Puc. 2. 3aBucuMoCTb pacTBOpUMOCTH KHciopoaa B paciuiasax cucteM Fe—Ni (a), Fe—Co (6) u Co—Ni () ot coctasa craBa npu 1873 K:
O-[O], 8, 91: O—[Oly; [8]; A-[O], [9]

Fig. 2. Oxygen solubilities in (¢) Fe—Ni, (6) Fe—Co and (¢) Co—Ni melts vs. alloy composition
at 1873 K:
O[Ol [8,9]; O~ [Oly; [8]; A—[O], [9]

B cirygae cuctembl Co—Ni Ha KpUBO# pacTBOPUMOCTH
KHCJIOpPO/Ia MUHUMYM He HaOmroaeTcs. DTo CBA3aHO C TeM,
9TO TIOCKOJIBKY B KOOaJbTe, HUKENE W paciulaBaX dTOH CH-
CTEMBI JTI000TO COCTaBa aKTUBHOCTH KHCIIOPO/AA paBHA €ro
KOHIICHTPAITHH (] o= 0; eg = 0; eg (Co-ni) = 0), KOHIIEHT-
panst KUCJIOpo/ia B pacilIaBe OIMPEIeIeTCs TOJIBKO COaep-
KaHueM KoOallbTa W HUKEJS M PACTBOPUMOCTBIO KHCIOPO-
Jla B HUX, a TAK)Ke COCTAaBOM OKCHUIHOH (ha3bl.

Takum 00pa3oM, TMPOBEICHHBINH TEPMOIUHAMHUYCCKUN
aHallM3 TIO3BOJIMJI BIIEPBBIE MOJIYYUTH COCTaB OKCHIHOM
(a3bl ¥ 3HAYCHUS PABHOBECHBIX KOHIICHTPAIMI KUCIOPOIa
B pactiaBax cuctem Fe—Ni, Fe—Co u Co—Ni Bo BceM ua-
Ma30HE COCTABOB CILIABOB.

Buieoowt. B cuctemax Fe—Ni—O u Fe—Co—O mo mepe
YBEIHMUCHUS COACPKAaHMS HUKEIS M KoOalbTa B pacIuiaBax
oKkcHHas (asza conepkut, B ocHoBHOM, FeO B pocrarou-
HO IITMPOKOM JHANa30He COACPKAHNI HUKES M KoOajbTa.
Tonpko MpHu MOJNBHOH J0Je HUKENs, ONMU3KON K eIUHMIIE,
¥ MOJIBHOH Jionie koOanmbra Oonbmie 0,8 pe3ko Bo3pacra-
et copepkanue NiO u CoO coorBercTBeHHO. B cucreme
Co—Ni—O B okcuanol (haze conepkutcs kak CoO, Tak u
NiO Bo BceM JuarnazoHe COCTaBOB CIJIABOB.

B cucreme Fe—Ni jo0aBku HHKENIS B paciiiaB
(1o monpHOM monu HuKeNsd ~0,7) IPUBOIAT K CHUKEHUIO
PacCTBOPUMOCTH KHCIOPO/Ia 33 CUET OcIalIeHusT HUKEIeM
CBsI3€M KHCJIOPO/a B paciuiaBe (sgim =0,270) u noBbI1Ie-
HUEM TeM CaMBIM €T0 aKTHBHOCTH. [lamee, mo Mepe yBe-
JIUYCHUS COICPIKAHUST HUKEIIs, KOHIICHTPAIHSI KUCIOPOIa
B pacIuiaBe BO3pacTaeT CHavdaia MEIUICHHO, a 3aTeM, MpH
MoJIbHOM HHKeds >0,9, BecbMa pe3Ko B CBSI3M C 3HAUU-
TEIHHO 0O0Jiee BBICOKOW PACTBOPHMOCTBIO KHCIOPOAa B
HUKeJIe, YeM B Kelese.

B cucreme Fe—Co n06aBku ko0anbsTa K xKelesy MpruBo-
JST K 3aMETHOMY CHHIKEHHIO PACTBOPUMOCTH KHCIOPOJIA.
DTO CBSI3aHO C TEM, UTO KOOAIET, KaK M HUKEIh, IOBHIIIACT

AKTMBHOCTB KMCJIOPOJIa B JKeJe3e (88‘(}3) =1,9), cHukas TeM
CaMBIM €TO paCTBOPUMOCTB. TOJIBKO MO TOCTH)KEHUN MOJIb-
HOUW Joiu KobOanbra B paciuiaBe ~0,8 KOHLIEHTpaUus Kuc-
JOpoJa HaYMHACT BO3pacTaTh CHadajla MEUICHHO, a 3aTeM
JIOCTaTO4HO OBICTPO.

B cucreme Co—Ni no0aBky HUKENsI K KOOAIbTy TpH-
BOJISIT K IOBBIIICHUIO PACTBOPUMOCTH KUCIOPOJa BO BCEM
JFarla30He COCTABOB CIUIABOB B CBSA3U C CYIIECTBCHHO
OouiblIell paCTBOPUMOCTBIO KHCIOPOJAa B HUKENE, YEM B
KOOaJbTe.
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THERMODYNAMICS OF OXYGEN SOLUTIONS IN THE Fe—Ni, Fe—Co AND Ni—Co MELTS

Dashevskii V.Ya., Dr. Sci. (Eng.), Head of the Laboratory
(vdashev@imet.ac.ru)

Aleksandrov A.A., Cand. Sci. (Eng.), Senior Researcher
Leont’ev L.I., RAS Academician, Chief Researcher

Institute of Metallurgy and Material Science named after Bai-
kov A.A., RAS (49, Leninskii ave., Moscow, 119991, Russia)

Abstract. Thermodynamic analysis of oxygen solutions in the Fe—Ni—O,

Fe—Co-0, Co—Ni—O melts was determined. Composition of the ox-
ide phase and the value of the equilibrium oxygen concentration in the
melt of those systems were first time obtained in a whole range of al-
loy compositions. In Fe—Ni—O and Fe—Co—O systems with increas-
ing content of nickel and cobalt in the melts the oxide phase contains
mainly FeO in a sufficiently wide range of content of nickel and cobalt.
Only when the mole fraction of nickel is close to unity and the mole
fraction of cobalt is more than 0.8, content of NiO and CoO increases
sharply. Oxide phase of Co—Ni—O system contains CoO and NiO in
the entire range of alloy compositions. In the Fe—Ni and Fe—Co sys-
tems nickel and cobalt additives in the melt lead to decreased solubil-
ity of oxygen due to the attenuation, both nickel and cobalt, oxygen
bonds in the melt and thus increases its activity. Further, by increasing
the content of nickel and cobalt, the oxygen concentration in the melt
increases slowly at first and then quite rapidly. In Co—Ni system nickel
additives to cobalt lead to increasing solubility of oxygen in the whole
range of alloy compositions due to a substantially greater solubility of
oxygen in nickel than in cobalt.

Keywords: iron, nickel, cobalt, oxygen, thermodynamic analysis, oxide

phase, solubility of oxygen.
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JUCITIOKAIIMOHHASA CTPYKTYPA U EE KOMIIOHEHTbBI
B CTAJIU MAPTEHCUTHOTI'O KJIACCA®

Ko3noe 3.B., 0. ¢.-u. 1., npogpeccop, 3a6. kagedpoii uzuxu (kozlov@tsuab. ru)

Ilonosa H.A., x.m.u., cmapuuii Hayunwlii compyOHux
Konesa H.A., 0. ¢p.-m.1., npogeccop

Tomckmii rocy1apcTBeHHBINH APXUTEKTYPHO-CTPOUTEIbHBIH YHHBEPCHTET

(634003, Poccusi, r. Tomek, m. ComnsiHast, 2)

Annomayusa. Ha 0CHOBaHHN 3IEKTPOHHO-MHUKPOCKOITHMYECKOTO MCCIEI0BAHMSA MOTy4YEHBl 3aKOHOMEPHOCTH HAKOIUICHHS AMCIOKAIuil pu GopMupoBa-
HMH JIUCIIOKALMOHHON CTPYKTYpBI Ae(opmupoBaHHoi MapTeHcuTHOH cranu 34XH3M®A. BeisiBiens! (hakTopbl, ONpeAesole HHTEeHCUBHOCTD
HaKOIUIeHHs Juciokaiuil. CkanapHas MIOTHOCT JUCTIOKAIMii pas/ielieHa Ha JBe KOMIIOHEHTHI: INIOTHOCTh F€OMETPUUECKH HEOOXOOUMBIX U ILIOT-
HOCTb CTaTHCTUYECKH 3aIaCeHHBIX Juciokanuii. Oco60e BHUMaHUE yAeIEHO FeOMETPUUECKH HEOOXOAUMBIM JUCIOKALMAM. YCTAaHOBJIEHO MX HAKO-
IeHue ¢ fAedopMarueil B pa3snHdHbIX CyOCTPYKTYPHBIX 00pa30BaHUAX CTaNH. BbIaeneHsl KpUTHIECKHE Pa3MephI 3ePeH, P KOTOPBIX U3MEHSIOTCS

3aKOHOMEPHOCTH HAKOIUJICHUS JIACTIOKAITUH.

Knrouesvie cnoga: nedpopmMupoBanHas MapTEHCHTHAs CTallb, pParMeHT, AMCIOKAIMOHHAs CyOCTPYKTYpa, CKalsipHast TNIOTHOCTh JMCIIOKAIHi, TeOMeTpH-
YECKH HEOOXOANMBIC M CTATHCTHISCKH 3aMaCeHHbBIC AUCIOKALNN, KPHTHIECKHIT pa3Mep 3epHa.

KoMImOHeHTBI THCIOKANMOHHON CTPYKTYphI. B Te-
YeHHe MHOTHUX JIET IUCIOKALIMOHHYIO CTPYKTYPY IPUHSATO
XapaKTepU30BaTh CKAISIPHOU INIOTHOCTBIO JUCIOKALMH p.
Pa3zButHe AMCIOKALIMOHHOM HAyKW IPUBENO K IOApa-
3[ICJICHUIO BEIMYHMHBI p HA Pa3lIM4HbIC MO (PU3HUECKOMY
CMBICITy KOMITOHEHTHI [1, 2]. HakoruieHHBIE B 00beMe Ma-
Tepuana JUCIOKallMK CHayajla UCIYCKalOTCA UX UCTOYHHU-
KaMHM, a IOTOM TOPMO3SITCSl B pe3yJibTaTe peakiuii ¢ apy-
TMMHU JUCJIOKanUsIMU. PasMHOXKXEHHE HUCIOKALUN U HX
peakuuu ABISAIOTCA ClydyallHbIMU npoueccamu. [loatomy
9Ta rpynmna HI/ICHOKaHI/II\;I Ha3bIBA€TCA CTATUCTUYCCKHU 3a-
nacennbiMu (C3J1), a ux mrornocts — p.. CraTtucruyec-
KU 3allaCCHHbIC AUCJIIOKALIUHU TOPMO3ATCS OTHOCUTECIIBHO
cinabbIMu OapbepaMu — JPYTUMHU JUCIOKausIMHU. B Tom
cilyyae, Korja B Marepuajie MpHUCyTCTBYIOT Ooiiee mpod-
Hble Oapbepbl — YaCTHUIBI BTOPHIX (a3 W TPAHUIIBI 3epEH,
MMEIOT MECTO TPaJMEHThI MIACTUYECKOW JedopMaiuu.
Ecnu takue rpagueHTsl MPUCYTCTBYIOT, TO JOIOJIHUTEb-
HO K IINIOTHOCTH ﬂl/ICHOKaHI/Iﬁ ps MPOUCXOAUT HAKOILIC-
HHUE reoMeTpuIecKku HeoOxonuMbix nuciokamuid (ITHJ) ¢
IJIOTHOCTBIO p; [1], Torna

pP=p, +Pg- (1)

Hannume reomerpuuecku HEOOXOMUMBIX JMCIOKALIUI
4acTo CBA3aHO C U3rMOOM KPUCTAJUTMICCKOM peIneTku [2].

CylecTByeT TakKe eCTECTBEHHOE IS TEOPUH JUCIIO-
Kaluil pa3feneHue AUCIOKAIMi Ha IMOJIOKHUTENbHO 3apsi-
JKEHHbIE (p, ) U OTpHLATENLHO 3apskeHHble (p_) [3]. Cymma
WX JaeT OONIYI0 CKAISPHYIO TUIOTHOCTH TUCITOKAIIAN:

pP=p, +p_, @)

" PaGoTa BBINMOJNHEHA B PaMKax roc. 3ananns Munobpuayku Poccun
Ne 3.295.2014/K.

a UX Pa3HOCTb — U30BITOYHYIO NIOTHOCTh JUCIIOKALUH P, :

Pe=p, +p_. 3)

M30bITOYHAsT TUIOTHOCTh AMCIOKAIUI HEOCPEICTBEH-
HO CBSi3aHa C KPUBHU3HON-KPYYEHUEM KPHUCTAJUIMYECKON
pewetku [4, 5]:

p =10 _X_ gy, 4)

rae b — BexTop broprepca; ¢ — yroy HakjoHa KpUCTaJlIO-

rpadu4ecKoil TNIOCKOCTH; /| — pacCTOsIHUE Ha TUIOCKOCTH;

a—(lp — rpaJUeHT KPUBU3HBI-KPYUEHUS KPUCTAIIIMYECKON pe-

IIETKH; ) — KPUBU3HA-KPYUCHHIE KPUCTAIUTMICCKON PeIIeT-
Ki; R — pagnyc u3rnda KpUCTaJuIMYeCKON PelIeTKH.

I'paguent nedpopmauuu, miaorHocts F'HJ u mior-
HOCTb U30BITOYHBIX AUCIOKAUUH. [TOTHOCT TeoMeTpH-
YECKH HEOOXOIMMBIX JNCIOKAUI MOKHO BBIPA3UTh Uepe3
panuyc n3rubda KpucTayuindeckoi pemetku R [6]:

P = (Rb)™. (5)

Ecnu cpaBuuth (4) 1 (5), TO O4EBUAHO, YTO

PG =P+ (6)

M30biTOYHAsT TUIOTHOCTH JHMCIOKALWN OKa3bIBaeTCs
PaBHOI TIOTHOCTH TEOMETPUICCKH HEOOXOMMMBIX IHC-
nokauuit. [locnennue mpeAcTaBiIsIOT COOON 3amaceHHbIE
IICTIOKAINHU, KOTOPBIe TPeOYIOTCS sl aKKOMOJAIINU KpPH-
BU3HBI KPHUCTAJUIMYECKON pEIIeTKH, BO3HUKAIOMIEH M3-3a
HEOJHOPOAHOCTH TUIACTHYECKOU nedopManuu, T.e. U3-3a
Hanuuus rpagueHta nedopmanuu [7]. M3rub xpucramiu-
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4eCKOi pereTky MOKHO NPECTaBIATh Kak B AMHUIAX P, ,
Tak u B equHUNax y [8 — 10].

Pa3zmep 3epHa M IUIOTHOCTHL TeOMETPHYECKH He00-
XOAUMBIX JIUCIOKAUMIA. J[71s1 omucaHust yHIpoYHEHHUs T0-
JMKPUCTAUTMYSCKOTO arperara ObUIM CJCJIaHbl IOMBITKH
CBSI3aTh IJIOTHOCTh FEOMETPUYCCKH HEOOXOAMMBIX JIUCIIO-
Kallui p . O CPeHUM pasmMepoM 3epHa d. B paborax [1, 2]
OBLIO MPENIIOKEHO, UTO

€

~abd’ @

PG

IJIe € — CTeTeHb Jeopmanmu. DTOH cxeMe yIOBIECTBOPSET
mozenb Konpana [11], rme oOmast TNIOTHOCTh AMCIIOKAITUI
p 00paTHO MPOTOPIHOHATBHA CPEAHEMY pa3Mepy 3epHa d-

€

R — 8
0,4bd ®

p

®opmynst (7) 1 (8) coBnagaloT ¢ TOYHOCTBIO 10 KOA-
(unuenTa, mosToMy p > p,; (MPEMEPHO HA MOPAIOK). ITO
03HAYACT, YTO MPH OOBIYHBIX Pa3Mepax 3epPeH, OTHOCSIIHX-
Cs K ME30YPOBHIO, p. > p... JlI1 HAaHO3epPEH COOTHOINEHHE
MOXET OBbITh 00paTHBIM. TeopeTudeckas oueHka Kod(hpu-
nMeHToB B ypaBHeHMsX (7) u (8) He sSBISAETCS CTPOTOH,
[03TOMY HEOOXOAMMO AajibHEHIlee pPacCMOTPEHHE ITOM
MPOOJIEMBI.

Haxonnenue qucaokanuii B 1e)OpMUPOBAHHBIX Ma-
Tepuanax. [IpoGiema HakoIICHHs JUCIOKANUK B nedop-
MHUPOBaHHBIX MaTepHajax IMO-IPEKHEMY OCTAETCS CIIOXK-
HOW W HEpemieHHOW. DTO YTBEpKIEHHUE OTHOCHUTCS KakK K
HCCIICIOBAHHIO YUCTHIX METAJJIOB U TBEPIBIX PACTBOPOB C
OTHOCHTEIHHO TPOCTHIMH IHCIOKAIIMOHHBIMH CYOCTpPYK-
TypaMH, TaK ¥ K MarepuaiaMm, UMCIONIIM CIOKHYIO CyO-
CTPYKTYpy. B 3THX MaTepmanax mepem WIM MpU IUIACTH-
Yyeckor AedopManuy MporcXoAsiT (a3oBbie MPEBPAIICHHS
[12, 13]. TunuYHBIM TPUMEPOM SIBISIFOTCS CYOCTPYKTYPBI,
(dopMupyronmMecs B MAPTEHCUTHBIX CTaJISIX, B KOTOPBIX Ha-
pAmy C 3epHAMH IPUCYTCTBYIOT TUCIOKAIIMOHHBIC STICHKH,
(bparMeHThl, MaKeThl U IUIACTUHBL. [10J00HBIE CTPYKTYPHI,
KOTJ[a OHY TPAaHHIBI PACIIOIOKEHBI BHYTPH JAPYTUX CyO-
CTPYKTYPHBIX 00pa30BaHUii, MOT'YT BO3HHKATh B XOJIE TIIa-
CTHUYECKOU JIe()OpPMaIIIU B YIIBTPaMENIKO3epHUCTHIX (YM?3)
MOJMKPHUCTAIIIAX, OCOOCHHO B YCJIOBHSX THHAMHYCCKOM
pEeKpHUCTaJUTM3AINH U TP IPYTUX mporeccax [14, 15].

B mukpoobnactu pazmepoB 3epeH d U (hparmMeHTOB
D, TpOSBIAIOTCS APyrHe 3aKOHOMEPHOCTH B HAKOIUIC-
HUM JUCIOKALUI MO CPaBHEHHIO C 3aKOHOMEPHOCTSIMHU B
Me30001aCTH pa3MepoB. DTO SBICHUE XapaKTEPHO KaK IS
YM3 HONMMKPHCTAILIOB, TaK W I Masbix (hparMeHTOB,
HaOmomaeMbIX B 1e()OPMHUPOBAHHBIX MAPTEHCUTHBIX CTa-
nsx [16 —20]. KonuyecTBeHHBIE UCCIIEAOBAHHUS METOAOM
MPOCBEUMBAIOIICH 3ICKTPOHHON MuKpockoruu (I1OM)
MO3BOJIWJIA YCTAHOBHUTH HEKOTOPHIC aHAUTHYCCKHUE 3aBU-
CHMOCTH CKaJISIPHOH IDIOTHOCTHU TUCIIOKAIHI p OT pa3Mepa
3epeH d u PparMeHToB D(pp. N3BecTHO, UTO COOTHOIICHUE
MEXIy pasMepaMi 3epeH, MUCIOKAIIMOHHBIX sSUeeK, (par-
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MEHTOB U TUIOTHOCTBIO JUCIIOKALUNA UTPAET BaXKHYIO POJIb
B TCOPHHU IHUCIOKAIMOHHBIX CyOCTPYKTYpP M B KOHIIETIIIHSIX
JTUCIIOKAIIMOHHOTO ynpouHenus [21, 22].

Lenbro HAcTOsIIIEH paOOTHI SIBJISIETCS SKCIIEPUMEHTAITb-
HOE M3Y4EHHE METOJOM IPOCBEUMBAIOIMICH TUPPAKIHOH-
HOH 2JIEKTPOHHOH MUKPOCKOIINY HAKOTUICHHS TIPH TIIaCTH-
YeCcKo# JeopMallii CKaJISIPHON TIIOTHOCTH TUCIIOKAIMN 1
€¢ KOMIIOHEHT B CTaJI MAPTEHCUTHOTO KJIacca.

Marepuan u Meroabl uccienoBanua. OObEKTOM
WCCIICIOBAHMS SIBISUIACH CTalb MAapTEHCHTHOTO KJIac-
ca 38XH3M®A. Cranp noasepranach JBOHMHON 3aKajke
(1050 °C, 5 u. + 840 °C, 3 4.), 3aTeM MPOBOAMIICS OTITYCK
(600 °C, 7,5 4). OOpasipl, U3rOTOBIECHHBIE U3 OTITYIEH-
HOU CTaiu, 1eOPMHUPOBAIHCH PACTSHKEHUEM TP KOMHAT-
HOW Temreparype J0 pa3lU4YHBIX cTeneHel aedopmaruu
B uHTepBasie 0 — 90 %. M3 medopMupoBaHHBIX 00pa3oB
Ha 3JEKTPOHCKPOBOM CTaHKE BBIPE3AINUCH IJIACTUHKH TOJI-
muHOH 0,2 MM, KOTOpBIE 3aTeM XHUMHYECKH YTOHSIIHCH
C TMOCHEAYIOUIeH DIeKTPONONIUPOBKOM /10 HEO0OXOAUMOM
TOJNIIMHBI TSI TIPOCMOTPa B IJIEKTPOHHOM MHKPOCKO-
ne. [IpuroroBnenHas TakuM o0pa3oMm (osibra M3ydaanch
Ha 3JIGKTPOHHOM MHKpockonie DM-125 K, cHaOkeHHOM
TOHMOMETPOM, IIPU YCKOpsIOIleM HampsbkeHuu 125 xB.
[To momyYeHHBIM PIEKTPOHHO-MUKPOCKOIIMYECKIM CHUM-
KaM TPOBOAMIACH HJICHTU(HUKALUS TUIOB CYOCTPYKTYp,
HaOJIFOJaeMBIX B UCCIIEAYyeMOl cTaimn. MeTomoM CeKyIe
U3MepsUIach CKasipHas INIOTHOCTh AUCIOKANUil Kak cpea-
HSS B 00ObEME Marepuana, TaK M B Pa3IUYHBIX COCTaBIIS-
IOMUX CYOCTPyKTyphl. Oco00e BHUMAHUE OBUIO YAENEHO
JUCTIOKAIIMOHHBIM (pparMeHTaM C Pa3IMIHBIM THIIOM Cy0-
CTPYKTYp B HUX. CTaTHCTHUECKYIO0 00pabOTKy pe3ynbTaToB
BBIMTOTHSIJIH TI0 HEMPEPBIBHBIM YYaCTKaM 00pa3IioB TLIOIa-
mp10 ~80 MKMZ, conepxkamux 500 — 1000 aucmoxanuoH-
HBIX ()parMEHTOB, HAOJIFOAEMBIX B CTAJIH.

B xone uccinenoBanus usMepsiin miaorHocts I'HJL u
C3/1. Crioco6 m3mepenus miotHocty ['HJI 6asupyercs Ha
ypaBHeHuH (6), T.e. Ha PaBEHCTBE P, U P, . TexHuka usme-
peHus p, NoAPOOHO oIMcaHa aBTopamMu B pabotax [4, 5, 9].
Benvuuna p, (niu p, ) M3MEPSAETCS 110 IEKTPOHHO-MHUKPO-
CKOIIMYECKIM H300pa)KeHUsIM C WCIIONB30BaHHEM H3TH0-
HbIX OSKCTHMHKIHWOHHBIX KOHTYPOB MW PACCHUTBIBACTCSA B
COOTBETCTBHUU C ypaBHEHHEM (4), UCIIONB3Ys TmapameTp
(aMIUTUTYy KPHUBHU3HBI-KPYUEHHsI KPUCTAJUIMYECKONH pe-
metku). [Tocne onpenenenus p u p, BETUIUHA P MOXKET
OBITH BBIYKCIIEHA U3 cooTHOeHus (1).

I'eomeTpuyeckn HeoOxoqumbIie qucaokanuu. Comnoc-
TaBJIeHHE NapaMeTPOB MUKPO- U Me30ypoBHs. Ha puc. |
TIPEJICTABIEHBI 3aBUCUMOCTH P, P M P OT pasmepa ¢par-
MEHTOB B Je(OPMHUPOBAHHOW CTaJd. DTH 3aBUCHUMOCTH
BEChbMa HHTEPECHBL. Bce TpH KOMITOHEHTHI IHCIIOKAITH-
OHHOH CTPYKTYpHI C YMEHbIIEHHEM pa3mepa (parMeHTOB
YMEHBIIAIOTCS. DKCTPAMOISAIUOHHBIC JIMHUM (CM. IyHK-
TUPHBIC JIMHUM Ha PUC. 1) yKa3pIBAlOT Ha KPUTHUCCKUI
pasmep (parMeHToB, paBHbIN npuMepHO 100 HM, TIpU KO-
TOPOM IIJIOTHOCTh JUCIIOKALMN CTAHOBUTCS PaBHON HYIIIO.
OTO O4YCHb BaXKHBIH PE3YNbTaT, CBUAETEIBCTBYIONIHNA 00
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Fig. 1. Dependences of p (1), p, (2) and p; (3) from the size of the
fragments D, in deformed martensitic steel 34KhN3MFA

MHTEHCUBHOM B3aUMOJICHCTBUY TUCIOKAIMH ¢ IpaHUIIAMU
¢parmenToB. CiienyeT OTMETUTB, UTO B 1e(hOPMHUPOBAHHON
CTaJIi IPUCYTCTBYIOT TPH THIA (PPArMEHTOB: Oe3HUCIOKa-
LIMOHHBIE, C XAOTUYECKOM IMCIOKALMOHHOM CTPYKTYpO
U C SYCHCTOW JUCIOKAIMOHHOW CyOCTpyKTypo# (puc. 2).
beimo ycranoBineno [16 —19], 4ro cTpykTypa Iucioka-
IIUOHHBIX (PparMEeHTOB B MAPTEHCUTHOHN CTald U MHUKPO-
3epHax YM3 MeTassIoB BO MHOIOM aHaJIOTHYHA. 3aBHUCH-
MOCTH IUTOTHOCTH JUCIIOKAIIMH OT pa3Mepa (pparMeHToB U
pa3Mepa MUKpO3epeH Takke aHajJoruyHbl. Kpuruueckue
pasMepsl 3epeH (cpeqHHue pa3Mepsl 3epeH, B OKPECTHOCTH
KOTOPBIX MPOUCXOIAT 3HAYUTENIbHbIE U3MEHEHUSI CBOICTB
MOMKPUCTAIITUYECKOro arperara [23]) u HaHO(ParMeHTOB
OKa3bIBaroTCs Onm3knmu. HecomHeHHO, pa3Mep (parMeH-
TOB, KaK M pa3Mep 3epeH MUKPOYPOBHS, JOIKEH 00ycIaB-
JIUBATh OJIMHAKOBOE ITOBE/IEHUE TApaMETPOB AUCIOKALMOH-
HOU CTPYKTyphl B HUX. BbI10 ycTaHoBieHO [24], uTo eciu
Ha MUKPOYPOBHE M3MEBICHUE pa3Mepa 3epHa IPUBOJUT K
YMEHBIICHUIO IUIOTHOCTH UCIOKANi, TO HA ME30yPOBHE
3P PEKT TPOTUBOMOIOKHEIHN: ¢ U3MEIBICHIEM 3epHa TUIOT-
HOCTH JUCIIOKAINH yBenuuuBaeTcs. Paznuynoe nosesieHue
IUIOTHOCTH JUCIOKALMK OT pa3Mepa 3epHa NPUHIUIHAIIb-
HO OTJIMYAaeT MUKPOYPOBEHB (WJIM HAaHOYPOBEHB) OT ME30-
ypoBHs. Ha B3] aBTOpPOB, Takoe pa3inuyue XapakTepusy-
€T KPUTHUYECKOE TTOBEICHNE AUCTOKAIIMOHHON CTPYKTYPHI B
MIOJIMKPUCTAIIIAX MUKPO- U ME30YPOBHSL.

Bennuuna mnotHoctu I'HJI, npexne Bcero, cBsizaHa ¢
TPETHUM KPHUTHIECKUM pa3MepoMm 3epHa dy' [16, 23]. Tlep-
BBIIi KpUTHYeCKHH pasmep 3epHa (d," =~ 10 —20 um) cBs-
3aH ¢ oOHyneHreM ko3 duimenta Xomia-Iletua. Bropoit
KpHTHYECKHiT pasmep 3epHa (d;" = 100 HM) COOTBETCTBYET

J1e(OPMUPOBAHHOMY COCTOSHUIO B  YJIBTPaMEIKO3EPHH-
CTOM IOJMKPUCTANINYECKOM arperare, Korna BHYTPH 3e-
PEH JAMCIOKAIUN MPAKTUYEeCKH OTCYTCTBYIOT [25]. Tperuit
KPUTHYECKHUIT pa3Mep 3epeH d;" CBSI3aH CO CMEHOM POJTH Ia-
paMeTpoB IHUCIOKALMOHHON CTpYKTYphl. Ecnu d > d;, 1o
B JMCJIOKAIIMOHHOM aHCcaMOJe MpeoOnagaloT CTaTHCTHUC-
CKH 3aIlaCeHHbIE JUCIOKALKMH € TIOTHOCTEIO p . X 60omb-
e, YeM IE€OMETPUYECKH HEOOXOIMMBIX MCIIOKALMHA P
(p, > p;)- Benmuuna d;” 6muska x 1000 vm. IIpoxoxaenue
gepes3 3ToT pazmep 3epeH (d < d;’) H3MeHsIeT IPOUCKOK/Ie-
HUe OOJIbIIeH YacTH AUCIOKAIUH, YCIOBUS SKPAHUPOBKH
JUCIIOKALMAMU KOHLIEHTPATOPOB HalpsDKEHUM, ypOBEHb
BHYTPEHHUX I10JIel HampshDKEHUH. B 3TUX yClIOBUSX ILIOT-
nocth ['HJ] cranoButrcs Oonbine miorHoctu C3/1, Tak 4To
PG~ Py

Kak nokasanu npoBeieHHbIe UCCIIeJ0BaHuUS, INIOTHOCTh
['HJL p . MOXKeT ObITh MHOTO MEHBILIE CKAIAPHOM ITIOTHOCTH
JUCITOKAIINI, @ MOXET OBITh C Hel conm3mepuma. B mepBom
ciayyae wiotHocTh C3/1 p. cocTaBisieT OCHOBHOM BKIIA[ B
JUCIIOKALIMOHHYIO CTPYKTYpY. DTO XapaKTepHO I MOJIU-
KPUCTAJIOB ME30yPOBHA. MUKpO- HJIU HAHOYPOBEHb OTJIH-
4yaeT 0T ME30YyPOBHS 3HAYMTEJIbHbIN BKJIAJ B P BEJIUYUHBI
p;- 3Menbaenune pasmepa 3epeH, GparMeHToB, sYEEK Be-
net K pocty motHoctd ['H/I. PocT mimoTHOCTH HaHOYaCTHIL
Takxke BeAeT K pocty miotHoctd 'H/I. Ecte ocHOBanus
TI0JIaraTh, YTO0 OTHOCHTELHO OOJbIIAs BEIMYMHA P — Xa-
paKTepHOE OTIMYHE MHUKPO- W HAHOMOIUKPUCTAIUIOB OT
MTOJIMKPUCTAJIIIOB ME30ypOBHs. TpeTuii KpUTHYECKHI pas3-
Mep 3epHa COOTBETCTBYET PaBEHCTBY OOEMX KOMIIOHEHT
JUCIIOKAIIMOHHOM CTPYKTYphI p_ = p .. Korna p > p,, 910
MOJIMKPUCTAIUIBI Me30ypoBHs. Korna p < p., To peanusy-
eTcsl ciiyyail MOJIMKPUCTAJUIOB MHUKPO- MJIM HAHOYPOBHS.
Ha puc. 3 npuBeneHsl cOOTBETCTBYIOIINE JaHHBIE, TIO3BO-
JIAIOIKME COTIOCTABUTD BEIMYHUHBI P, P U P; B IIUPOKOM UH-
TepBajie pa3MepoB 3epeH u (parmenTos. 13 puc. 3 BuaHO,
YTO TPETHM KPUTHUYECKUN pa3Mep 3epHa HaXOOUTCS B HH-
TepBase 5 — 10 mxM. Eciu d < d5°, T0 peraroniyo poib B
JIACITIOKalMOHHOM CTpyKType urparot I'H/I.

ITepexon 0T Me30ypOBHS K MUKPOYPOBHIO MPAKTHYECKU
BO BCEM HHTEpBAJIC Pa3MEpPOB 3¢peH U (PParMEHTOB MOXKET
OBITH TIpesicTaBiIeH ¢ ucnoab3oBanueM ['HJI. Kax BuaHo u3
JIAHHBIX, TPEICTABICHHBIX HA PHUC. 4, HA ME30YPOBHE P
cocrasisieT 10 — 20 % ot Benuuuns! p. [Ipu npubnmkeHun
K pa3mepy 3epHa 200 — 300 HM AMCITOKAIIMOHHAS CTPYKTY-
pa nosnHocteio peanusyercss IHJL (p= p;). ®opmupyercs
TpaJiieHTHAs IUCIIOKAIUOHHASI CTPYKTypa, oOecredeHHast
MOJISIMU HaNPSKEHUH OT TUCKIIMHAIUH, paCIIOIOKEHHBIX B
I'3 u TpolHBIX CTHIKaxX 3epeH [26].

3aBHCHMOCTh CKAJISIPHOM NJIOTHOCTH M CJIOKAIMI
oT pa3mepa (QparMeHTOB C CeT4YaToil JAUCJIOKAIMOH-
HOW CyOCTPYKTYpoOil B MapTeHCHMTHOH cTajau. Tumud-
Hasl KapTHHA (PParMeHTOB C CETYATOH IHCIOKAIIMOHHOU
CyOCTpYyKTypoii AepOpMUPOBAHHON CTaldM MpeCTaBleHa
Ha puc. 2, a. YeTkne COOTHOLIEHUS MEXIy IUIOTHOCTbHIO
JUCIIOKAIMKA ¥ pa3MepoM (parMEeHTOB yCTAHOBIIEHBI JJIs
(parMeHTOB C CeTYaTOH IHCIOKAIIMOHHOW CyOCTPYKTY-

63



M3BECTUS BLICHINX YUYEBHBIX 3ABEAEHUN. UEPHAS METAJIYPTUA. 2015. Tom 58. Ne 1

Puc. 2. DneKTpoHHO-MUKPOCKOIINYECKOE H300paskeHHE TPEX THIIOB ()parMEHTOB U UX CXEMBI B 1e(OpMUPOBAHHOIT
MapTeHcuTHO# ctamn 34XH3M®DA:
a, 6 — hparMeHThI C XaOTUUECKOM AMCIOKAMOHHOI CTPYKTYPOH; 8, 2 — C SIMEUCTOMN CYOCTPYKTYpOH; 0, e — Oe3ucnokannoHHble pparmeHTsr. Ha
CcXeMax yKazaHbl HAHOUACTHIIbI CIICHUAIbHBIX KapOH/IOB (@) U IeMEHTHTA (mm)

Fig. 2. Electron microscopic image of three types of fragments and their schemes in the deformed martensitic steel 34KhN3MFA:
a, 6 — fragments with chaotic dislocation structure; 8, 2 — with cellular substructure; 0, e — dislocation-free fragments. The diagrams are given for
nanoparticles of special carbide (@) and cementite (mm)

0 5 10 15 20 25 30 35 d, mxm 0 5 10 15 20 25 30 35 d, mxm

Puc. 3. Biusinue pasmepa 3epeH 1 (pparMeHToB d Ha BEJMYMHY PA3/IMYHBIX KOMIOHEHT JUCIIOKAIIMOHHOM CTPYKTYPBI p, P U P 11s IepopMUpoBaH-
HOI MaprencuTHOH ctamu 34XH3M®A. BeprukaibHbIM ITyHKTHPOM YKa3aH TPETUI KPUTHUECKUI pa3Mep 3epeH M IUCIOKAMOHHBIX ()parMeHTOB

Fig. 3. Effect of grain size d on the value of the various components of the dislocation structure p, p, and p,; for deformed martensitic steel
34KhN3MFA. Vertical dotted line shows third critical size of grain and dislocation fragments
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Fig. 4. The ratio of the density of geometrically necessary dislocations
p; to the scalar dislocation density p in a wide range of grain sizes.
Deformed martensitic steel 34KhN3MFA

poii (puc. 5). CxangpHast INIOTHOCTb JUCIIOKALIUK U pa3Mep
¢dbparmenToB D pp B CTAIIH CBA3BIBACT COOTHONICHHE

p=C'Dy,, ©)

rge C' — KOHCTaHTa. 3aBUCUMOCTD CKaJIIPHOU IUIOTHOCTH
IUCTIOKAIHI OT pa3Mepa (parMeHTOB OTIYIIECHHO nedop-
MUPOBaHHOM MapTEHCUTHOH CTalu NOAUYUHSIETCS TEM XKe
3aKOHOMEPHOCTSM, YTO ¥ 3aBUCUMOCTb CKaJIAPHOH MIIOTHO-
CTH AMCIOKaLUi 0T pazMepa 3epeH Y M3 4iCThIX METalIOB
Cu u Ni [19, 20]. Takoe momo0ue B MOBEICHUH CBHICTEIb-
CTBYET O HAJIMYUHM OCHOBOIOJAraroIIuX 3aBHCUMOCTEH,
CBS3BIBAIOIIMX CKAJISPHYIO IUIOTHOCTh TUCIIOKAMK C pas-
MEPOM 3epEeH WU (hParMeHTOB, B KOTOPBIX JUCIOKAIIMHU Ha-
KaIuIMBaIOTCs ¢ Aedopmanueii. M3 puc. 5 BUaHO, 94TO COOT-
HomeHue (9) crporo BeimonHseTcst. OJHOBPEMEHHO puC. 5
NEMOHCTPHUPYET KPUTHYCCKHU pasmep (parMeHTOB, IPH
KOTOPOM CKaJlsipHasi TUIOTHOCTH JMCJIOKAIlUii CTaHOBHUT-
cs paBHOH Hymo, p =0. DTOT KpUTHUECKUN pa3zmep Ou-
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Puc. 5. 3aBUCUMOCTB CKAJISIPHOI! TUIOTHOCTH ANUCIIOKAIMNA P OT CPEAHETO
pa3mepa pparmMeHToB <D, o © CeTYaTol JUCIOKALMOHHOM CTPYKTYPOM.
JledbopmupoBannast MmaprencutHast crainb 34XH3MODA

Fig. 5. Dependence of the scalar dislocation density p from the average

size of fragments <D,> with mesh dislocation structure.

Deformed martensitic steel 34KhN3MFA

30k k pasmepy Dy = 100 uMm. TeM cambiM yCTaHOBIEHO,
YTO BTOPOM KPUTHUECKUH pa3Mep 3epHa B MUKpOOOIacTH
OKAa3bIBACTCSI PAaBHBIM KPUTHUECKOMY pasMmepy (parmeH-
TOB B JUCJIOKAllMOHHON CTPYKTYyp€ MapTEHCUTHOU CTaju,
(opmupyromeiics mpu aepopmanuu. Ha B3misa aBTopos,
PABCHCTBO KPUTHYECKUX Pa3MEpPOB MHUKPO3EPECH U THCIIO-
KaI[MOHHBIX ()ParMEHTOB MOJHOCTHIO 00YCIOBICHO MOAO-
OreM MeXaHH3MOB B3aUMOJICHCTBHUS CKOMNB3SIINX JICIOKa-
Ui ¢ TpaHULIAMH MUKPO3EPEH U (pparMeHTOB.
3aBHCHMOCTH IJIOTHOCTH AMCJIOKALIMI OT pa3me-
pa (parMeHTOB C SIYEHCTOH JHMCJIOKALUOHHOIH CYyO-
cTpykrypoii. Ilpy Hamuuuu S4YEUCTON AUCIOKAIMOHHOMN
CYOCTPYKTYpBl KapTHHA 3aKOHOMEPHOCTEH HaKOIUICHUS
JUCITOKAaM B CTalu YCIOoKHSeTca. JluciokanmoHHas
AYEUCTast CyOCTPYKTYpa, BO3HHUKAIOIIAs BHYTPH (hparMeH-
TOB JIe(hOPMUPOBAHHON MAPTESHCUTHOW CTaJIH, IPEIICTaBIIC-
Ha Ha puc. 2, 6. B 3TOM ciyyae ¢ yMEHbLIEHHUEM pa3Mepa
(hparMeHTOB IJIOTHOCTh TUCIIOKAIMHA HEe yObIBaeT, a HA000-
poT pacteT. HecoMHEHHO, 3TO CBsA3aHO ¢ TeM (haKTOM, 4TO
CKOJTB3SIIIINE TUCTIOKAIIMH B3aNMOJICHCTBYIOT CO CTCHKaMU
SYEEK, HaXOAAIIUMUCS BHYTPH ()ParMEHTOB, UHAYCE, YEM C
IICTIOKAIMSIMH CETYaTOH ANCIOKAIMOHHOHN CYyOCTPYKTYPHI.
BapbepHoe TopMorkeHue [27] cTeHKaMu siueek siBsieTcst 60-
Jiee CHITbHBIM (DAaKTOPOM, M C YMEHBIIICHHEM pa3Mepa (par-
MEHTOB, COJCPIKAIIUX STUCHCTYIO CyOCTPYKTYpY, CKalIsIpHas
IUTOTHOCTh JHCIIOKanuii Bo3pactaeT. COOTBETCTBYIOUIHE
JaHHbIE MpencTaBieHsl Ha puc. 6. Kak BunHo, 30€Ch pea-
JM3YETCS] COOTHOIICHUE
p=ADy,, (10)
rme A — KoHcTaHTa. HecoMHEHHO, peanu3amnus COOTHO-
menust (10) cBsi3aHa C MHTEHCHUBHBIM B3aMMOJCHCTBHEM
IICTIOKAIIMK CO CTEHKAMH SUCCK, CONEPIKALIUXCS BHYTPH
(hparMeHTOB J1e()OPMHUPOBAHHON CTAIU. DTO MOATBEPIKIA-
10T TaHHbIC, IPUBEICHHBIC HAa pUC. 7. 31ech MpeICTaBICHA
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Puc. 6. 3aBECHMOCTb CKaISAPHOH IUIOTHOCTH AUCIOKAILUH P OT CPETHETO
pa3mepa pparmMenToB <D, o © SYEUCTON TUCIOKAIIMOHHON CTPYKTYpOH.
JledopmupoBannas maprencurtHas ctaip 34XH3IM®DA

Fig. 6. Dependence of the scalar dislocation density p of the average size
of fragments <D > with cellular dislocation structure.
Deformed martensitic steel 34KhN3MFA
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3aBHCUMOCTh IJIOTHOCTH JMUCIOKAIUI OT pazMepa sdeex
D;{q B HCCleayeMOH cTaiu. BUIHO, YTO B 3TOM Cily4ae BbI-
TIOJTHSIETCSL COOTHOILICHHE
p=4D,, (11)
rne A" — xoncranTta. CpaBHeHue puc. 6 U 7 MOKa3bIBaeT,
YTO 3aBUCHMOCTH IDIOTHOCTH ITUCIIOKAIMIA OT pa3Mepa siae-
ek Oosee cuiibHAsl, YeM OT pa3mepa (QparMeHToB (4’ > A).
DTO 03HAuaeT, UTO OCHOBHOU 3(dekT 3akmoyaercs B Oa-
PBEPHOM TOPMOKEHUHU CKONB3SIINX AUCIOKAIUI CTEHKaMU
sTYeeK. DKCTPATIOISINSI 3aBHCUMOCTH, MIPEACTABICHHON Ha
puc. 7, IOKa3bIBAET NMpeaeabHOe 3Hauenue p > 5-10' cm2.
Takast BEICOKast CKaNsipHas TUIOTHOCTh JUCIOKAIMH, OJIH3-
kast K p~ 10'2 cM2, CBUIETENLCTBYET O TOM, YTO TOPMO-
JKCHUE IHCIOKAIlNH CTEHKAMH HCIOKAIIMOHHBIX STYCEK
HCO6XOI[I/IMO OTHECTU K MaKCHUMaJIbHOMY TOPMOXCHUIO
CKOJIB3SIINX AUCIOKANNH B JUCIOKAIIMOHHON CTPYKTYpE.
Takum 00pa3om, Ha OCHOBE MPAMBIX SKCIIEPUMEHTAIb-
HBIX JaHHBIX, YCTAHOBJICHBI aHATUTHICCKHIE 3aBUCUMOCTH
CKaJISIPHOW TJIOTHOCTHU JIMCIIOKAIMA OT pa3mepa ¢parMeH-
TOB W siueeK B JIe(hOPMUPOBAHHON MApTEHCHTHOH CTaJIH.
OOHapyXeHO, YTO TUN JUCIOKAIIMOHHOW CTPYKTYphl BO
(hparMeHTax CTaJM pelraonM o0pa3oM ompeaesseT 3a-
BHUCHMOCTb CKJIIPHOW MJIOTHOCTHU JUCJIOKALUK OT UX pas3-
Mepa. Ecam BHyTpH (parMeHTOB NPUCYTCTBYET ceTdaTas
JUCITOKAIIMOHHAsL CYOCTPYKTYpa, TO CKalsgpHasi TUIOTHOCTb
IICTIOKAINi yOBIBacT ¢ YMEHBIICHHEM pa3Mepa (hparMeH-
ToB. HampoTuB, ecnu JUCIOKalMOHHAs CyOCTPYKTypa BO
(bparMeHTax sYencTasi, TO ¢ yMCHbIIICHHEM pa3mepa ¢par-
MEHTOB CKaJsIpHas MJIOTHOCTh Juciokanui pacrer. C u3-
MEJTFICHUEM pa3Mepa sieeK INTOTHOCTD TUCITOKAIIIHA TakKe
MHTEHCUBHO Bo3pacTaeT. Takoe moBereHHe 00YCIOBICHO
Pa3NMUYHBIMH  MEXaHU3MAMH TOPMOKEHHS CKONB3SIIHX
JIMCIIOKAllMA B CETYATOM W SIYEUCTON JMCIIOKAI[MOHHBIX
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Fig. 7. Dependence of the scalar dislocation density p of the size of the
cells in the deformed martensitic steel 34KhN3MFA
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CcyOCTpyKTypaxX. YCTaHOBJICHHbIE B pabOTe COOTHOIICHHS
MEKIY Pa3IHIHBIMH ITapaMeTpaMy JUCIOKAIIMOHHON Cy0-
CTPYKTYPBHI SIBIISIFOTCS. OCHOBOIOJIATAOIIMMH JIJIs AJIbHEeH-
[IeT0 Pa3BUTUS (U3HKH IHCIOKAIMOHHOTO YIIPOYHEHHS
TBeproro tena [27]. JucnokanmoHHas mapaaurma [24]
CYOCTPYKTYypHOTO YIPOYHEHHUS ITOTy4aeT B TAKUX COOTHO-
MICHHUAX, BO-NIEPBLIX, MPAMOC MOATBCPIKACHUEC BaAXKHOCTU
(U3UKY TUCITOKAIUH B YITPOUHEHUH MaTePHAaJIOB U, BO-BTO-
PBIX, PACKPBIBACT OCHOBOIONATAIOIIYIO POJIb CYOCTPYKTYp-
HBIX 00pa30BaHU B AUCIOKAIMOHHON KOHIETIINN (PH3UKA
YIPOYHEHHUS.

3aBHCHMOCTH P ¥ p OT cTenenu Jedpopmannu. Poin
TPaHull Pa3jJM4YHOro THNa. PaccMoTpuM poib CTPYKTYp-
HBIX COCTaBJISIIOILMX CTAJIM B ITOBEIEHUH CKAJISIPHOM MJIOT-
HOCTHU AUCJIOKAIIUHU P U €€ KOMIIOHCHT ps u pG B 3aBUCHUMOCTH
OT cTereHN AedopMaIiy. DTH Pe3yabTaThl TPEICTABICHBI
Ha puc. 8. [Ipu aHamu3e cyOCTPYKTYPHBIX JIEMEHTOB B CTa-
T YYUTHIBAIUCH TIaBHBIM 00pa3oM UX MOIEpEYHBIE pas-
Mepsl. M3 Tabmumbl XOpouo BUAHO, YTO B MIEPEUUCICHHOM
UHTEpBaJle CTPYKTYPHBIX 00pa30BaHUii OT 3epHa 10 SYEHKH
ux pasMep yObIBaeT Ha Tpu nopsaka. [Ipu sTom cpemnss
CKaJsipHasl IUIOTHOCTH JMCIIOKALUH HECKOJBKO BO3pacTa-
et (cm. puc. 8). 3HaUNTENIbHBIC U3MEHEHUS MTPOUCXOMAAT C
BKJI/IaMHU P U P . JlaHHBIE pUC. 8 CBUETENBCTBYIOT, 4TO €
U3MENBICHHEM pa3Mepa CyOCTPYKTYPHOTO 3JIEMEHTa KOM-
TIOHEHTa p_ yOBIBAET, a KOMIIOHEHTA P, BO3pacraet. Pac-
CMOTpEHHE TIOCTeIOBaTeIbHOCTeH puc. 8, a — puc. §, 0
MOKa3bIBAET, YTO C U3MEJIBYEHUEM CTPYKTYPHOI'O JJIEMEHTa
HECKOJIbKO BO3PAacTaeT CKAJSIpHast IIOTHOCTD JTUCIOKAIMH
P U 3HAYUTEILHO YBEIMIMBAETCS KOMIIOHEHTA P ;, KOTOPast
B UTOIC CTaHOBHTCA JAOoMUHHUpYowied Han p.. [lpu sTom
KOMIIOHEHTa P OCTAeTCsA 3HAYUTEIBHOU 10 €= 10 %, a
Py JabHEHIIEH JepopManu BKIad p, C U3MEIBYEHUEM
CTPYKTYPHOTO 2JIEMEHTa yMeHbIaeTcs. YeM GobIie mioT-
HOCTb OIIPEACIICHHOI'O TUIIA I'PAHUI], TEM OOJIBIIIE UX BKJI1aq
B P, U MEHBLIE B P..

MoxHo MpoCIeANTb OTHOCUTEIIbHYIO POJIb 3TUX BKJIA-
OB B 3aBHCHMOCTH OT JJIMHBI IpoOera TUCIOKarmid L
C YBCIMYCHUCM IIJIOTHOCTH TIpPaHUl], HOPCIATCTBYIOIUX
capury. JlinuHY mpoOera AUCIOKanuid L MOXHO OICHHUTD,
UCTIONB3Ysl JaHHBIE O pasMepe CTPYKTYPHOTO 3JIeMeHTa /
(cM. TabiHIly): C YMCHBIIEHHEM pa3Mepa CTPYKTYPHOTO
aNieMeHTa BelnMyuHa L yOBIBaeT, MOCKOJIIbKY OHa MOXKET

Cpennue pa3Mepbl CTPYKTYPHBIX 3JIEMEHTOB
B MCCJIEIOBAHHOM CTAJIHN

CTpyKTYpHBII 37IeMEHT Pasmep
3epHO 34 MxM
IInactuna 0,9%2,4 MKkm
ITaker peex 4x6 MKM
Peiika 0,2%6 MKM
®parmeHT ¢ ceTyatoil cyOoCcTpyKTypoit 92x640 aMm
®parmeHT ¢ stuerctoi cyocTpykryporr | 60%x370 Hm
Slueiika 30 um




MATEPUAJIOBENEHUE U HAHOTEXHOJIOTUHU

2,5

-2
oM

—15

P, Pg»> P, 10

Pc

pS

0 20 40 60 80

€, %

100 0 20

40 60 80

100 0 20 40 60 80

g, %

100

e, %

2,5

20

-2
s M

—15

P, Pg> Py 10

0 20 40 60 80

g, %

100 0 20 40 60 80

g, %

100

Puc. 8. 3aBucuMOCTH CpeHEN CKANAPHON TIOTHOCTH JIMCIIOKAIMI P U €€ KOMIIOHEHT P, U P OT CTENEHH JIeOPMAIUH JUIsS PA3HBIX CTPYKTYPHBIX
COCTAaBIISIIOLIMX Ae(OpMUPOBAHHOIT MapTeHcuTHOU cTanu 34XH3M®A:
a — 3epHO; 6 — MAPTCHCUTHBIH MAKET; 6 — IEPBUYHBIN (pparMeHT; ¢ — MapTEHCUTHAs pelika; 0 — BTOPUYHBIN (pparMeHT

Fig. 8. The dependence of the average scalar dislocation density p and its components p; and p, from the degree of deformation for different
structural components of the deformed martensitic steel 34KhN3MFA:
a — grain; 6 — martensitic package; 6 — primary fragment; ¢ — martensite lath; 0 — secondary fragment

MPEBHIIIATh 3TOT pa3mep He Oonee yeM B 3 — 5 pa3. Oc-
HOBHOM pe3yNIbTaT 37eCh 3aKJIKYACTCS B TOM, YTO YeM
MEHbLIE CTPYKTYpHOE 00pa3oBaHHE, B KOTOPOM TOPMO-
3UTCSI CIIBHT, M OJIHOBPEMEHHO MEHBIIE JJTMHA mpobera
JUCTIOKALUH L, TeM OOJIbIIE BKIIAJ P ; M MEHBIIE BKJIAM P, .
XOTs 9TOT pe3yJIbTaT SBISETCS MPEACKA3EMbIM, MOCKOIb-
KY P — INIOTHOCTh TEOMETPUYECKU HEOOXOUMBIX JTUCIIO-
KaIllid, OJTHAKO OH TIOJyYeH AKCIICPUMEHTAJIbHO BIICPBHIE.
Tem caMbIM yCTaHOBJIEHA 3aBUCUMOCTb IToTHOCTH ['HJI
0T pa3mepa 00JIaCTH, B KOTOPOM TOPMO3HUTCS CABHUT. DTOT
3P PEKT UMEET MEeCTO, HECMOTPSI Ha TO, YTO C YMEHBIIICHH-
€M pa3Mepa CTPYKTYPHOTO JIEMEHTa U3MEHSETCS THII €TO
IPaHUL, ¥ TOPMOXKEHHE TUCIOKALUN Ha TUX I'paHULAX
ociiabeBaer.

OTHoweHne p./p, M KPUTHYECKHH pasMep CTPYK-
TypHOTro 3j1emMenTa. OTHOIEHHE P /P, B 3aBUCUMOCTH OT
pa3Mmepa CTPYKTYPHOIO 3JIEMEHTa B HCCIEeIyeMOH cTaiu
rpencTasieHo Ha puc. 9. M3 Hero BUIHO, YTO OTHOIIIEHUE
P/P, B 3aBUCUHMOCTH OT pa3Mepa CTPYKTYyPHOTO SJIEMEH-

Ta [/ cocTouT U3 IBYX BeTBel. [lepBas BeTBb Mpu MaubIX /
KPYTO CXOIMT BHHM3, 3HAYE€HHs p./p HAa BTOPOH BETBH B
unTepsaie 3HaueHuit / = 100 um — 40 MKM MeAJIeHHO YObI-
BalOT. 3HAYMTENbHAS 3aBUCMMOCTb /P, OT [ IpoCTHpa-
ercsi B uHtepBaie 30 — 150 HM W 3akaH4MBaeTCs BONM3H
100 — 150 am. Tlocie sToro pasmepa 3aBUCUMOCTB P./p,
MOYTH ropu3oHTaNbHAsA. IlyHKTHpOM Ha puc. 9, a ykazaH
BTOPOH KPUTHYECKHH pa3Mep 3aMKHYTOTO CYOCTPYKTYp-
Horo obpaszoBanust — ~100 um. Kak yxe ormeuanock, oH
COOTBETCTBYET KpUTHYECKOMY pasmepy 3epHa 100 Hm B
YABTPAMEIKO3ePHUCTHIX nonukpucramiax [25]. Ilpu pas-
Mepe 3epeH d < 100 HM OHM CTAHOBATCS OE3/IUCITOKAIIIOH-
HbIMU. [Ipy 5TOM MIOTHOCTH JUCIOKALME P, CTAHOBUTCS
ycinoBHOUM BenuuuHOW. OHA OTpakaeT HaJIM4YWE IUCIIOKa-
IWH ¥ IMCKIMHALWK B IpaHUIaX 3€peH U AUCKIMHALNN B
TPOMHBIX CTHIKAX 3epeH [28].

Ha puc. 9, 6 npencrasneno nosenenue p,/p, npu 60ib-
MIAX pa3sMepax CTPYKTypHOTO 3IIEMEHTA, OTHOCSIIMXCS
Kk Mmesoobnactu. I[lpu /~10 MM p,=p U OTHOLIECHUE
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Puc. 9. OtHomenue p/p, VIst PasHBIX CTPYKTYPHBIX 3JIEMEHTOB JI€hOpMUPOBaHHOH MapTeHcuTHON cTann 34XH3M®DA:
a — st uaTepBaia pasmepoB 0 — 1000 HM, 6 — i naTepBana 0 — 40 MmxmM. Maciitab pUCyHKOB @ ¥ 6 TIO OCH pa3MEpOB OTIIMYACTCS B 5 pa3

Fig. 9. Ratio p/p, for different structural elements of the deformed martensitic steel 34KhN3MFA:
a — for a size range 0 — 1000 nm, 6 — for a size range 0 — 40 microns. Scale of patterns a and 6 differs for sizes axis 5 times

ps/p, = 1. OTO Tpermii KpuTHYECKUH pa3mep, OObIIE KO-
TOPOTO KOMIIOHEHTA P CTAHOBHUTCS OOJbIIE, YeM p ;. CooT-
HOIIEHUE P/p, < 1 ABNACTCS THNUYHBIM JUIS KOMIIOHEHT
JUCITOKAIIMOHHOHN CTPYKTYPBI B ME3000J1aCTH.

Bo1600wi. B HacTosieit paboTe npecTaBiICHbBI JaHHbIC
MPSIMBIX ~ DIIEKTPOHHO-MHUKPOCKOIIMUECKUX  H3MEPEHUH,
B KOTOPBIX ObLIa ompezelicHa o0Imas IUIOTHOCTh JIUCIIO-
kauuit p. C HCHONB30BaHUEM PE3YJIbTaTOB H3MEpPEHUs
KPUBU3HBI-KPYUYEHUSI KPUCTAIJIMUECKON PEIIeTKH ) oIpe-
JieJieHa TUIOTHOCTh T€OMETPUYECKH HEOOXOIUMBIX JIUCIIO-
Karuu Pg- I1;10THOCTE CTATUCTHYECKH 3allaCeHHBIX IHC-
JIOKAIMK ONPENETANach Kak p = p —p.. beuia nsmepena
BEJIMYMHA P ., 00YCIIOBIEHHAs TOPMOKEHUEM JTUCTOKAINN
Ha TPaHMIAX 3€PeH, MAPTEHCUTHBIX MaKeTOB, MApTEHCHUT-
HBIX peeK, IHUCIOKAMOHHBIX (PParMeHTOB M sS4YeeK. YcTa-
HOBJIEHO, YTO COOTHOIIEHHE P /P, 3aBUCUT OT BEJIUYMHBI
CTPYKTYPHOI'O 3JIEMEHTa, Ha IpaHUIaX KOTOPOrO TOPMO-
3utcst ¢Bur. C yMEHBIIEHUEM MOCIIEHETO p./p  BO3pac-
taeT. OmpeseneH KPUTHUECKUH pa3Mep CyOCTPyKTYypHOTO
2J1eMeHTa, paBHbI 100 HM, IpU NOCTUKEHUH KOTOPOTO 3a-
BHCUMOCTB P /P, PE3KO M3MEHSET CBOU XapakTep. Bakubim
sBIsieTCsl TOT (akT, yTo BennunHa 100 HM OIHOBPEMEHHO
COOTBETCTBYET pa3Mepy Oe3IHCIOKAlNOHHBIX 3epeH B Ha-
HOMarepHaJax.
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DISLOCATION STRUCTURE AND ITS COMPONENTS IN STEEL OF MARTENSITE CLASS

Kozlov E.V., Dr. Sci. (Phys.-math)., Professor, Head of the
Chair of Physics (kozlov@tsuab.ru)

Popova N.A., Cand. Sci. (Eng.), Senior Researcher
Koneva N.A., Dr. Sci. (Phys.-math)., Professor

Tomsk State University of Architecture and Building (TSUAB)
(2, Solyanaya sqr., Tomsk, 634003, Russia )

Abstract. The regularities of dislocation accumulation at forming disloca-

tion structure of deformed martensitic steel are established on the base
of electron microscopy. The factors determining an intensity of dislo-
cation accumulation are revealed. Scalar dislocation density is divided
into two components: density of geometrically necessary dislocations
and density of statistically stored dislocations. The specific attention
is given to geometrically necessary dislocations. Their accumulation
in different substructure formations of the deformed steel is revealed.
Critical grain sizes, when regularities of dislocation accumulation are
changed, are determined.

Keywords: deformed martensitic steel, fragment, dislocation substructure,

scalar dislocation density, geometrically necessary dislocations, sta-
tistically stored dislocations, critical grain size.
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K 80-JIETUIO CO JHS POYKIEHUS
JIEOIOJIBJA UTOPEBUYA JIEOHThEBA

1 nexadbps 2014 . ucnonamnocs 80 ner akagemuxy PAH
Jleonmonbny Mropesuuy JIeOHThEBY, KPYITHOMY YYEHOMY M
BUJHOMY OPIaHU3aTOPy POCCHMCKONW MeTaJlypruiecKoit
Hayku. JI.W. JleontseB poauics B Ceepanoscke. Ero nayu-
Hasi JIeATEJIbHOCTb B OCHOBHOM CBfizaHa C MHCTHTYyTOM
MeTauTypruu Ypansckoro otaeneHust PAH, xyma on Obut
HampasieH Ha paboTy B 1957 1. mociie OKOHYaHUs ¢ OTJIH-
YHEeM MeTaJUTyprudeckoro (akynprera YpajabCKOTO II0-
nuTexHuyeckoro yHusepcurera um. C.M. KupoBa u rme
MIPOIIEI IMyTh OT CTapIuero JadopanTa 1o aupexropa Muc-
tutyTa. [locne yxona ¢ nomkHOCTH Tupekropa MHcTuTyTa
B CBSI3H C BO3POCHIMM 00BEMOM padoT 10 YIIPaBICHHIO 3¢-
MeJIbHO-UMYILIECTBEHHBIM KoMIUIeKkcoM PAH, o6si3aHHOCTH
M0 PYKOBOJCTBY KOTOPHIM OBLTH Ha HETO BO3JIOKEHBI KaK
Ha wieHa [Ipesuguyma PAH, JIL.M. JleonTheB mpopoimka-
€T 3aHuMarbecsl HaydyHoll nesrenbHocThio B UMET VpO
PAH, B UMET um. A.A. baiikoBa PAH u B Hucturyte
npobiem xumudeckoil ¢pusuku. On aBrop 6omee 500 myo-
nmukanuii, 6 mMonorpaduii, 100 aBTOPCKUX CBHICTEIHCTB
Ha u300peTeHus: U nmareHToB. Ero Hay4yHasi 1esTeNbHOCTb
B OCHOBHOM CBsi3aHa € Pa3pabOTKOil (PU3HKO-XUMHUYECKUX
OCHOB KOMIUIEKCHOTO TIepeeia MOJMKOMIOHCHTHBIX P/,
CO3[JaHHMEM HayYHO-OOOCHOBAHHBIX OJKOJOTUYECKH 0Oe3-
OTIACHBIX TEXHOJOTHWH ux nepepadorku. Ilon ero pykoBos-
CTBOM DPa3pabOTaHbl U CMOJEJIMPOBaHbl BapUAHThl UHTEH-
CU(UKAITIH TPOLECCOB BOCCTAHOBICHHUS METAJUIOB ITyTEM
MIPEIBAPUTEIILHOTO HM3MEHEHUS! CTPYKTYPbl COECIUHEHUH,
KOMOMHAIIMU BoccTaHOBHTENEH U Jip. Oco00ro BHUMaHHUS
3aciyxuBaloT paspadoranusie JI.M. JleoHTheBbIM HeTpa-
JTUIHAOHHBIC CIIOCOOBI MMPOMETALTYPTHUSCKOTO Tepeaeia

KOMIUIEKCHBIX pya 0e3 00pa30BaHUs IITAKOBBIX PACI/IaBOB
C UCIIOJIb30BAHNEM IIPUHLIMIIA CEJIEKTUBHOIO BOCCTAHOBIIE-
HUS NP YMEPEHHBIX TEMIIeparypax U OTHOCUTEIbHO HU3-
KHX DHEpreTHYecKuX 3arparax. boJbiioi Bkiaj BHECEH B
TEOPHIO U MPAKTUKY MOATOTOBKHU >KEIE30PYIHOIO ChIPhS K
METaJIIIypru4eckoMy Iepeeny.

Hayunpie noctmxenuss JIL.M. JleoHTheBa OTMEUEHBI
locynapctBenHoi nipemueit PO B obmacTi Hayku w0 Tex-
HukH, aByms Ilpemusimu IlpaBurensctBa P®, Ilpemu-
et um. WL.II. bapnuna PAH. On narpaxnmen opaeHamu
«TpynoBoro KpacHoro 3namenu» u «llouera», a Takxe
Me/lajbl0 B O3HAMEHOBAHUE CTOJIETHSI CO JHS POXKICHMS
B.J. Jlenuna. Bmecre ¢ akanemukom H.A. BatonunsiM oH
CTOSITT y WCTOKOB 3apokiamiieiicss B MHcTuTyTe MHHOBA-
IUOHHOMW AearenbHOCTH. B 1998 . B ExarepunOypre Obu1
CO3/1aH MHHOBAIIMOHHO-TEXHOJIOTHYECKUI HEHTpP «AKaje-
MUYECKHil», HayuHOE PYKOBOACTBO KOTOPBIM BO3IVIABHI
JL.N. JleontheB. MM ObIT Takke OpraHu3oBaH «Ypalib-
cKkuil eHTp TpaHcdepa texnosoruit». Jleononsa Hrope-
BUY BeJCT OONBINYI0 PabOTy MO BOCHHTAHHIO HAayYHBIX
kagpoB: B 1987 — 1998 rr. — mpodeccop, 3aBemyromuii
kadenpoit YI'TY-VIIU, B TeueHue pspa yetT mpodeccop
KaeAphl AKCTPAKUUK W PEUUKIMHIA YEPHBIX METaJJIOB
HUTY «MUCuCy». Ilom ero pyKOBOACTBOM 3aIlUIICHBI
2 nokrtopcknx u 10 kampmpmarckux guccepranuid. OH —
nHUIMaTop co3aanus copmectHoro ¢ YI'TY-YIIN nayuno-
oOpasoBarenbHOro nentpa B pamkax OLIT « MaTerpanums».

B 1993 1. JI.W. JleontbeB ObL1 Ha3HaueH [lepBbiM 3ame-
CTUTEJIeM MUHUCTPAa MUHUCTEPCTBA HAYKU M TEXHUYECKOM
nonutukr PO (1993 — 1996 rr.). B 1996 — 1998 rT. OH —
ITepssiit 3amectutens npeacenareis YpO PAH no nayunoit
pabote. B Hacrosimee Bpems JI.U. JIeoHTheB — COBETHHUK
PAH, unen Ilpesunuyma HIIU PAH, unen 6iopo Otnene-
HUSI XUMHH 1 HayK 0 Matepuanax, [Ipencegarens Dkcnept-
HOTO COBETa MO NPUCYXIEHUIo npemuid IIpaBuTenscTBa
P® B obnactu metamnypruu, [lpenacenarens Haygroro co-
Beta PAH 1o meTamnypruu 1 MeTasIOBEACHHUIO, YJIeH pell-
KOJUIETHH psAJla aKaIeMUUECKUX U OTPACIIEBBIX KypPHAJIOB.

Penaknuonnast xomerusi xypHana «VI3BecTusi By30B.
Uepnast Metauryprus» cepaedno nosapasisier JI.U. Jleon-
ThEBA, HALLIETO MOCTOSHHOTO aBTOpa, C I0OMIIEeM U JKeJlaeT
€My 3/10pOBbSI 1 HOBBIX HAYYHBIX YCIIEXOB Ha Oyaro Hamen
CTpPaHBI.
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FOcdun 10.C., anasHblil pedakmop
VBanu E.A., 3amecmumenb 21a8H020 pedakmopa
[Moramnoga E.10., 3amecmumens 21agHo2o pedakmopa no pa3gumuio
Homuikas O.A., HayuHblll pedaKmop
Pacenens B.B., sepcmka, unnrocmpayuu
Ky3zHe1oB A.A., cucmemHblil aOMUHUCMPAmMop
Octporopckas I'.10., meHedxncep no pabome ¢ kaueHmamu

IMomoBa T.E., maadwuii pedakmop
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119049, . Mocksa, JIeHuHCKMH 11p-T, 4.
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