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ARRESTING PROPAGATING SHEAR IN PIPELINES
(Part 2. See no. 1, 2015 for part 1)

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

B. N. Leis, Consultant Inc.
(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.

Alternative concept to quantify propagating shear

Insight into the question of where to start follows
from several observations. First, in reference to the
CAGSL data it appears that issues with fracture-based
approaches became evident as toughness increased even
before the BTCM was published. Second, in comparing
the results in Fig. 5 and 6 (see no. 1, 2015) it is apparent
that issues with the BTCM also develop when predicting
the arrest requirements at CVN energy levels well within
its calibration database. Finally, beyond some thresh-
old CVN energy level failure under quasi-static condi-
tions is controlled by plastic collapse rather than frac-
ture [e.g., 1]: by analogy it is reasonable to expect that
the same occurs under dynamic conditions. Along with
the observation that collapse solutions are much sim-
pler than fracture analysis, the discussion to this point
indicates that it is best to consider the phenomenology
of propagating shear from the earliest records available.
Accordingly, archival records that included high-speed
films taken of the early full-scale experiments have been
gathered and evaluated, as have related data on the steels
used and the testing conditions.

The phenomenology of propagating shear
for 1960s line pipe steel
Segments of the film archive for key tests done in the
late 1960s and early 1970s were located and digitized

for purposes of other reporting while the author was em-
ployed by Battelle. Image-capture software was used to
extract images of incipient shear propagation from those
films and analyzed sequentially as the basis to character-
ize the phenomenology that underlay the BTCM.

The image introduced earlier as Fig. 7 (see no. 1,2015)
has been extracted as just outlined and is instructive for
present purposes. This image came from film of what be-
came known as a ‘West-Jefferson” (WJ) test. The process
used to initiate failure in this WJ test is comparable to that
used to initiate propagating shear in the early full-scale
tests. While this trigger event for full-scale propagating
shear tests has changed over time, the outcome of all such
tests regardless of how they are initiated is a propagating
shear failure. The only differences between a full-scale test
and a WJ test is that 1) a shorter length end-capped pup
is used, and it is not axially restrained by thrust-blocks as
is typical for most full-scale test setups. On this basis, the
phenomenology local to the shear process zone prior to
axial instability of the defect in Fig. 7 (see no. 1, 2015) is
comparable to the usual outcome in a full-scale propagat-
ing shear test. The resulting shear process zone translates
down the pipe as it forms in the wake of the propagating
plastic wave that is triggered by the rupture. Accordingly,
once the pipe ruptures there is little difference between
these process zones, aside from minor differences in the
dynamic nature of the stress-strain field in the full-scale
test. Such dynamic response could diminish the magni-
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tude of the stretch in the shear process zone relative to that
in the quasi-static situation prior to rupture in a WJ test.

The key feature of interest in Fig. 7 (see no. 1, 2015),
aside from the crack extension from 3.3 inches (84 mm)
in total length up to about 5.6 inches (142 mm) as dis-
cussed earlier, is the presence of the axial through-wall
(TW) thinning (strip-yield/necking) evident in the plane
of the defect. This view shows the damage state at this
TWD well prior to ‘instability’ in terms of axial growth, as
the length of TWD evident in this image extended still fur-
ther via stable tearing. This image is one of 100s captured
from the digitized films. Sequentially stepping through
these images from the start of the pressurization shows
that the initial TWD extends stably along the axis of the
pipe. This stable extension develops as a consequence
of TW (plastic) collapse (TWC), which as noted above
is evident as necking — which creates a strip-yield zone.
As the pressure rises, the incipient shear failure lengthens,
until axial instability ensues when the TWC zone reaches
its critical length. Once shear failure initiates, the shear
failure extends axially in the wake of this TWC zone,
which advances along the pipe in the wake of the propa-
gating plastic wave. For the WJ result illustrated in Fig. 7
(see no. 1, 2015), the total TWC zone length (i.e., notch
plus the stable tearing plus the TWC zone) increased up
to 10.6 inches (269 mm) prior to shear instability. This
critical length TWC zone then extended dynamically, via
shear, along the length of the test pipe or until the condi-
tions for arrest were satisfied. When needed, the energy to
sustain axial growth in these early tests came from a ‘gas
cap’ that filled a few percent of the pipe’s capacity.

The flow properties for the pipe used in Test 18-8
were typical of the NG-18 TWD database and much of
the line pipe then in service, as evident in the ratios of
AYS/SMYS=1.165 and Y/T=0.75. The CVN response for
this pipe steel is presented in Fig. 14, with part a being in
US units, while part b is in SI units. At the test tempera-
ture of 26 °F (3.3 °C) Fig. 14 indicates that the TWD in this
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pipe was operating well below its 85-percent CVN SATT
(~120 °F {48.9 °C}). However, because this pipe has a rela-
tively high CVP energy, in spite of being well below the
SATT, related analysis using the Pipe Axial Flaw Failure
Criterion [2] (PAFFC) at the resistance for the test tempera-
ture remains sufficient to ensure collapse controlled failure.
The tendency to fail via plastic collapse evident in Fig. 7
(see no. 1, 2015) thus is not a surprise.

Asequence ofimages like thatin Fig. 7 (see no. 1, 2015)
shows a TWC zone that developed to a critical length and
then became axially unstable, such that a propagating
shear failure ensued — even for this 1964 vintage line-pipe
steel operating well below its SATT. As such, failure oc-
curred by a plastic collapse mechanism, not a fracture-
controlled process. Significant in this context is that the
same phenomenology is evident for modern high-tough-
ness high-strength steels so long as collapse controls fail-
ure. This is evident in Fig. 15, reproduced from the work
of Prof. Alexandr Glebov [3], as presented at the ‘Fracture
Roundtable’ held in conjunction with the 2013 Micro-
alloyed Steels Symposium in Moscow.

Fig. 15 when compared to the image presented in
Fig. 7 (see no. 1,2015) shows the same tendency to
form a TWC zone in a large-diameter post-Millennial
Grade 551 (X80) pipe whose wall is more than an inch
(2.54 mm) thick. Because of the heavy wall, plane strain
develops for the case shown in Fig. 15 as compared
to plane stress for the thin-wall pipe shown in Fig. 7
(see no. 1, 2015). As discussed later in detail, this means
that the TWC zone in the heavy-wall pipe is much smaller
and so dissipates much less energy as compared to Fig. 7
(see no. 1, 2015) — were all else equal. In this context, the
TWC concept provides a bridge from the lower grades
and FSE CVN energies of the 1970s into the post-Millen-
nial scenario involving higher-strength grades and much
FSE CVN energy levels. This bridge appears relevant so
long as the governing mechanism is largely ductile and
leads to shear propagation.
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Fig. 14. FSE CVN transition curves for the pipe in Test 18-8:
a —US units; b — SI units

150



BbICOKONPOUYHBIE CTAJIM AJISI DHEPTETUKU

Fig. 15. TWC-controlled propagating shear evident in heavy-wall post-Millennial Grade 551 (X80) pipe

The just-discussed TWC zone continues to deepen and
lengthen as the pressure increases toward the limit pressure.
The pipe ruptures once this TWC zone reaches its critical
length and depth, and thereafter propagates in the wake of
the plastic wave that is triggered by rupture of the pipe.
Failure through the net ligament via unstable shear gives
rise to its axial propagation along the pipe. Conversely,
arrest occurs when the ligament remains stable, either be-
cause the steel has sufficient strain capacity to support the
imposed deformation, which can occur if sufficient dissipa-
tion has slowed the plastic wave speed, or the steel’s inhe-
rent strain capacity exceeds the imposed strain demand.

Because the TWC zone and unstable shear propagate in
the wake of the axial plastic wave, the speed of that wave
controls the maximum speed of the propagating shear,
which in turn is a function of the plastic dissipation that de-
velops as that wave propagates. That dissipation develops
in a 3-D strain field that grows in and ahead of the TWC
zone and around the pipe — spreading all the more as the
TWC zone slows until arrest occurs. Fig. 16 schematically
captures this TWC-controlled propagating shear failure
mechanism.

Implications of TWC-controlled propagating shear

In view of Fig. 7 (see no. 1, 2015) and the above dis-
cussion, propagating shear continues until the speed of the
decompression front exceeds the speed of the propagat-
ing shear instability, which depressurizes the pipe below
a critical level, leading to arrest. Propagating shear failure
occurs through plastic collapse, with the through-thickness
flow properties of the steel controlling the resistance to TW

Split propagating in the wake
of the collapse zone

shear. The in-plane properties affect the spread of plasticity,
which dissipates energy that slows the speed of the plas-
tic wave, and the speed of the TWC zone that grows in its
wake.

What has been considered a ‘crack’ in the context of
fracture mechanics thus is the separation due to failure in
the wake of the propagating shear process zone. Under this
concept, fracture parameters that relate to a ‘crack-tip’ pro-
cess zone do not control failure nor affect it in any way.
This is because the ‘crack’ forms in the wake of the TWC
shear process zone and is a consequence of the collapse-
controlled failure process, rather than a driver for the pro-
cess. Control is affected in the context of plastic collapse,
which in turn depends on the 3-D strength and flow prop-
erties of the steel. This TWC zone develops well ahead
of what is considered in a fracture mechanics setting “the
crack-tip field” — in which case crack-growth resistance is a
secondary consideration.

In contrast to TWC control, if the dissipation remote to
the crack-tip field diminishes because the inherent resis-
tance to strain for the steels involved decreases, then a tran-
sition to fracture control occurs — with transitional response
occurring between the limits of TWC and Fracture control.
In such cases, the resistance to crack advance is dictated by
the energy dissipated in creating new crack surface. In the
limit, this scenario tends to brittle fracture.

Where increasing “toughness” is a surrogate for increas-
ing through-wall strain capacity and resistance to TWC,
dissipation remote to the crack-tip field becomes dominant.
Thus, for TWC controlled propagation the usual fracture
parameters are not consequential, nor is an understanding

Propagating
collapse zone

Tip of the split that forms in the wake of tensile instability
that forms at the critical collapse-zone length and
propagates in the wake of that collapse zone

Leading edge of the
plastic zone running at
the plastic wave speed

Fig. 16. TWC-controlled propagating shear failure mechanism
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of their role essential to quantify propagating shear under
this alternative TWC view of the phenomenology'. This
observation opens to two critical questions. First, if frac-
ture does not control, how or why has a fracture-based for-
mulation like the BTCM proven successful in predicting
fracture arrest requirements — albeit with scatter and errors
that require correction factors? Second, if collapse controls,
what are the steps to formulate a first-order model, and
what parameters appear relevant in quantifying resistance
to propagating shear? These questions are considered next.

While issues with the fracture-based approach to quan-
tify propagating shear were apparent before the BTCM
was published in 1974 [4], and a sequence of images for
Test 18-8 similar to that in Fig. 7 (see no. 1, 2015) had been
published and discussed by Battelle authors [e.g., 5], the
view that fracture controlled the process was never ques-
tioned — at least in writing. Successfully resolving brittle
propagation in the late 1950s through use of fracture con-
cepts appears to have cemented fracture concepts as the
basis for their analysis of propagating shear. The absence
of a significant role of plasticity as was apparent for the
CVN data in Fig. 14 likely also was a factor. Against this
backdrop, it remains to address the first of the critical ques-
tions: how or why a fracture-based formulation like the
BTCM could prove successful in predicting ‘fracture-arrest
requirements’ if fracture did not control the process? There-
after the second critical question is addressed.

How/why has the BTCM successeded
if fracture does not control?

One plausible explanation for the continued ‘successful’
use of the BTCM is that its success was more perception that
reality, with predictive scatter and/or errors that required
correction factors invoked in support of this assertion. Fig. 5
and 6, as well as Fig. 9 and 11 (see no. 1, 2015), make clear
that scatter has been an issue from the outset. As the scat-
ter evident in laboratory CVN testing can contribute much
of the scatter evident in those figures, one might argue that
scatter masks potentially significant model errors, like that
discussed in regard to Fig. 8 (see no. 1, 2015). One could
equally argue that because of the scatter evident in any
laboratory fracture test, it is difficult to quantify the extent
to which the BTCM errs in predicting arrest toughness. On
this basis it is difficult to invoke scatter as a compelling
explanation for the success of the BTCM.

The need for correction factors to correctly predict ar-
rest toughness has been evident for the BTCM since the
mid-1970s. Successful predictions using the BTCM cou-
pled with the LCF might be viewed by some as proof of
the shortcomings evident for the BTCM. In contrast, others

! Clearly, a fully general NLFM formulation could be developed that
embeds this remote dissipation. However, as NLFM solutions are much
more complex than collapse solutions where nominal plasticity occurs,
and the energy dissipated within the usual view of the crack-tip field is
a small fraction of the total in such cases, the virtue of a collapse-based
approach becomes transparent.
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could view it as support for the use of fracture concepts,
because that correction is explicitly coupled to fracture-
based energy dissipation in a CVN test. Thus, as for scat-
ter, the need for correction factors must be discounted as
the explanation for how the fracture-based BTCM could be
perceived as successful since its introduction in the 1970s.

With the assertion of perceived success in the use of the
BTCM since the 1970s discounted, rational alternatives for
its continued use and apparent successes were sought. One
pragmatic view for its continued use lies in the absence of a
simple/practical alternative — but that does not address the
question of how a fracture-based model correctly predicts
if collapse controls shear propagation. A simple, answer for
its successful predictions follows directly in regard to Eq. 3
(seeno. 1,2015), and its related assumptions [4, 6 — 8].
This equation is central to the BTCM, as it quantifies ‘frac-
ture velocity’ — one of the ‘two curves’ in this two-curve
model. As noted in earlier discussion, Eq. 3 modifies the
plastic wave speed in regard to the flow properties of the
steel, and the steel’s resistance to propagating shear. If col-
lapse controls rather than fracture and ‘fracture velocity’
was correlated through Eq. 3 to CVN energy as a metric
of ‘fracture resistance’, then the CVN energy must be a
surrogate for flow properties that quantify the resistance to
plastic collapse.

Addressing how or why the BTCM could prove suc-
cessful thus can be established by demonstrating that the
CVN energy correlates with metrics of plastic collapse.
Fig. 17, a explores this possibility in regard to true-fracture
ductility, € while Fig. 17, b considers surrogacy relative
to true-fracture toughness, €0, approximated as g, UTS.

Fig. 17, a presents literature data as trended by Gray [9]
in the early 1980s. As the symbol key indicates, these results
cover a broad range of steel types and processing histories,
and include materials comparable to line pipe steels — all
on one plot. While the data are scattered, which reflects the
inclusion of a broad range of steels, the bounding trends on
linear scales indicate that true-fracture ductility, €, varies
with CVP in a manner consistent with a power-law or loga-
rithmic relationship.

The results Fig. 17, b involve data subsequently develo-
ped and trended by Leis [10], in the early 1990s. While that
work focused on the energy trending discussed earlier in
regard to Fig. 10 (see no. 1, 2015), it also assessed the in-
terdependence of the flow and fracture properties of line
pipe steels. Properties were developed for Grade 482 (X70)
and Grade 551 (X80) produced in heavier-wall sections in
the late 1980s and early 1990s, as well as a series of lower-
strength pipe grades that were produced back into the early
1960s. The results shown in Fig. 17, b indicate a clear loga-
rithmic dependence of true-fracture toughness, approxi-
mated as €,-UTS, on the CVP energy, and indicate that pro-
cessing can strongly affect that relationship. The anomalous
results developed for the case of X80 pipe that had been
produced from plate that had been controlled rolled but not
accelerated cooled.
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It follows in view of Fig. 17 that the CVN energy used
to represent the resistance to propagating shear in the
BTCM functions as a surrogate for flow properties in a
collapse-controlled model of propagating shear. In this con-
text, empirically calibrating what was considered to be a
‘fracture’ velocity relative to CVN energy is no different
than calibrating the speed of propagating shear relative to
the flow properties. Given that the phenomenology evident
in Fig. 7 (see no. 1, 2015) indicates collapse controls rather
than fracture, Fig. 17 indicates that the BTCM should suc-
ceed in correctly predicting ‘fracture’ arrest. Success in this
context is not fracture based, but collapse based. Not coin-
cidental in this context is the observation that the nonlin-
ear bent-over trend evident in Fig. 9 (see no. 1, 2015) for
the AISI model, which is characteristic for all CVN-based
‘arrest’” models [11], closely matches the same bent-over
trend evident for the flow properties in Fig. 17. The same
is true, although not illustrated here in regard to the trend
for the LCF as a function of CVN energy. Thus, success
for the BTCM in conjunction with the LCF is anticipated —
because the BTCM quantified arrest resistance using CVN
energy — which correlates with metrics of plastic collapse
(and strain-based design).

The observation that the BTCM coupled with LCF led
to successful arrest predictions for a wide range of data in
Fig. 11 (see no. 1, 2015) using CVN energy as the measure
of ‘fracture resistance’ suggests that the same conclusion
might be drawn if the drop-weight tear test (DWTT) had
been used in lieu of the CVN test. Fig. 18, which shows
DWTT energy as a function of the CVN energy, suggests
this is unlikely — as ‘fracture’ energy appears badly scat-
tered between these two test practices. Significant in this
context is the fact that the DWTT practice was developed
to indicate fracture mode, not fracture energy, whereas the

CVN practice had emerged many decades earlier and has
been standardized to quantify fracture resistance relative to
the observed shear area.

Which parameters quantify resistance
to propagating shear?

The answer to the first of the two critical questions posed
earlier, as just discussed, provides insight into the answer to
the second critical question: which parameters quantify the
resistance to propagating shear? Because plastic dissipation
acts to slow the TWC zone and the plastic wave speed, high
values of true-fracture toughness approximated as ¢.-UTS
provide a win-win combination to resist the TW collapse-
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controlled failure, and to dissipate energy as the means to
arrest propagating shear, as follows. Earlier discussion re-
garding Fig. 13 (see no. 1, 2015) also shows that Y/T, or
more specifically the strain-hardening exponent, is an im-
portant metric in discriminating response.

Delaying TWC is equivalent to reducing the speed of
propagating shear, which ultimately leads to its arrest.
Thus, parameters that relate directly to delaying TWC are
first-order metrics of the resistance to propagating shear.

The phenomenology and alternative TWC concept in-
dicate that collapse through-wall is delayed by the ability
to sustain circumferential strain, €,. The isochoric (con-
stant volume) requirement of plasticity theory [e.g., 12]
(viz, no plastic work is done by the spherical component of
the stress tensor) is critical in this context. That requirement
means that the amount of circumferential strain is limited if
deformation that occurs in the other orthogonal directions
is accommodated other than by plastic flow, the extent to
which depends on the local stress state. Thus, what have
been termed ‘splits’ or ‘laminations’ — which can accom-
modate the through-thickness thinning prior to TWC by
physical separations® rather than by homogeneous defor-
mation — act to limit € . As illustrated in Fig. 19, such splits
can be evident in fracture tests as well as mechanical prop-
erties tests. The images in Fig. 19, a and b are full-thickness
views of separations in different mid-1990s vintage X70

Fig. 19. Ductile separations in full-scale tests: different mid-1990s
X70 pipes; t = 0.560" (14.2 mm):
a —on a shear plane, in a full-scale test;
b — perspective view on a shear plane in test pipe

2 Separations, splits, laminations, as they have been called have
been cited as limiting fracture resistance in that literature for decades,
so this mechanics-based outcome provides a rationale that cross-cuts
both technologies.

154

pipes with 0.560 nominal wall thickness. The images in
Fig. 20, a and b are views of separations in different post-
millennial heavy-wall X70 pipes.

The larger the volume occupied by the separations, where
volume is integrated across the size (length and width) of
the splits and the number of splits formed, the smaller the
circumferential stretch — all else being equal. This limit in
circumferential strain reflects a mechanics-driven limita-
tion to flow, which applies in spite of the steel’s potential
capacity to sustain further hoop strain. Accordingly, a high
value of true-fracture ductility (uniform strain capacity)
in the through-thickness direction, €, is equal or possibly
more important in delaying TWC to slow propagating shear
than is a high value of true-fracture ductility (uniform strain
capacity) in the circumferential direction €, oIt follows that
eliminating splits is essential to propagating shear resis-
tance within a plastic-collapse framework. While not new
insight for those that develop steels, the practical benefits
that derive from eliminating or significantly reducing the
frequency and size of splits now can be quantified directly.

The ability to strain uniformly in the through-thickness
direction to develop a large value of ¢, provides time for
the spread of plasticity around and ahead of the shear pro-
cess zone — which affects dissipation and acts to slow the
TWC zone such that arrest can occur. The ability to sustain
uniform strain in the axial direction (i.e. sustain large ¢)) is
also important, as the length of this zone in contrast to that
forming circumferentially is large, which indicates that ¢,
also is important. The length of the plastic zone that forms
at the TWD in the wake of the plastic wave cannot become

Fig. 20. Illustrations of ductile separations in standard
properties test specimens:
a — on the failure plane in full-size CVN tests;
b — on the failure plane in tensile tests, 7= 0.750" (19 mm)
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large unless the strains in the other two orthogonal direc-
tions also become large — so the uniform strain capacity the
axial direction is secondary. However, because the length of
the axial plastic appears to be very large, even though the
longitudinal strain is small compared to the through thick-
ness and circumferential components, it can contribute sig-
nificantly to the dissipation that slows the TWC zone, such
that arrest can occur.

High values of the UTS work in complement to the
through thickness and circumferential strains, as increased
hoop stress capacity provides increased pressure capacity
prior to local shear instability — all else being equal. High
values of the UTS thus facilitate the role of high hoop and
through-thickness strain capacity to spread plasticity. It fol-
lows that a high value of true-fracture toughness approx-
imated as g, UTS is a win-win scenario where the focus
is energy dissipation — as this combination directly resists
collapse-controlled failure and so the arrest of propagating
shear — with due consideration of the directional depen-
dence of this metric. In regard to the UTS, its value rela-
tive to that of SMYS depends on the strain-hardening expo-
nent, n. Values of 7 that lead to a lower value of Y/ T reflect
increased strain hardening and promote increased stress
relative to the same total strain, such that more energy is
dissipated all else being equal. In this regard, a high value
of the exponent ‘n’ coupled with a high value of g, UTS is
an even better scenario.

Several aspects bear emphasis regarding the trend in
Fig. 17, b and its implications relative to collapse-cont-
rolled arrest of propagating shear. First, while a correlation
is clearly evident, there is scatter — with microalloying and
processing that can affect both separations and the inherent
directional strain capacity potential causes that must be un-
derstood. This is true both for the flow and fracture proper-
ties as measured in laboratory tests relative to Fig. 16, 18,
and 20, and for the full-scale testing. Second, the mechani-
cal properties that underlie Fig. 17, b reflect the quasi-static
transverse (T) round-bar uniaxial tension stress-strain re-
sponse, while fracture is represented by the transverse-long
(TL) CVP energy — each of which open to several related
aspects. Clearly round-bar uniaxial T response is not indica-
tive of the behavior in the other two orthogonal directions,
with significant differences possible depending on the steel
involved. This is particularly the case in the through-thick-
ness direction, which is a topic for later discussion. Like-
wise, round-bar response is not indicative of the full-thick-
ness response, not only in terms of the volume or location
of the steel it samples but also in regard to the orthogonal
response. The use of the full thickness tensile tests would
lead to higher through-thickness stress that could promote
separations®, which in a shear propagation context would

3 This is not to imply that only full-thickness strap specimens
are prone to separations, because they also form under the stressing
conditions in round bars — and will in any setting where the stress
perpendicular to the rolling direction exceeds the interfacial strength
of the local microstructure.

limit the thinning process and the spread of plasticity that
promotes dissipation leading to arrest.

A third aspect of concern is that the strain rate in the
usual tension test is orders of magnitude less than that in the
through-thickness or circumferential directions within the
shear process zone, which could act to localize or change
the mode of failure, and so alter the specific data that de-
velop from such testing. It is for this and related reasons —
like the role of splitting on the local mechanics that can
limit stretch — that attempts to develop correlations between
DWTT and CVN test results become scattered and so diffi-
cult to establish. Fourth, as the ability to sustain through-
thickness strain increases in association with certain pro-
cessing practices, the extent of stretch in the orthogonal
directions increases. While this 3-D aspect is not assessed
in the context of Fig. 17, b, it is critical to shear propaga-
tion as it promotes increased the in-plane stretch around
and ahead of the shear zone, which promotes dissipation
leading to arrest. Finally, in light of the results in Fig. 10
(see no. 1, 2015) and the plastic-collapse controlled phe-
nomenology evident in Fig. 7 (see no. 1, 2015) (and sche-
matically in Fig. 16), the CVN energy was an effective sur-
rogate for the flow response because it increasingly reflects
the role of plastic flow as the toughness increases. In light of
the scatter between CVN energy and pressed-notch DWTT
energy evident in Fig. 18, it is not clear that such would be
the case for DWTT energy. Using notch treatments to affect
reduced plasticity and initiation (or deformation) energy in
the DWTT diminishes the role of plasticity that otherwise
makes the CVN test a viable surrogate for collapse-control.
It follows that such notch treatments could not improve the
predictive outcome of the BTCM were it based initially on
DWTT results.

Stress state and wall thickness are key aspects

As noted above, stress state can influence the role played
by splits via the isochoric assumption, which is a direct in-
dication of the role of stress state. If fracture mechanics can
be taken as an analog for the circumstances that exist in
the wake of the propagating plastic wave and TWC zone,
then one can further infer that stress state will play a role in
the scale of the plastic field that contains the shear process
zone. An equally critical role for pipe wall thickness also
emerges in this context. Fracture mechanics texts generally
present images such as those shown in Fig. 21 as the basis
to illustrate the role of stress state. Because the concepts in
Fig. 21 are widely considered in textbooks, suffice it here to
simply highlight the important aspects.

First, plane stress develops under local conditions that
favor unconstrained flow, which occurs at the free sur-
faces and so favors thin-walled pipe applications. Plane
stress develops on shear planes that form symmetrically
at 45° through the thickness of the pipe wall, which gives
rise to axial through-wall thinning local to the TWD that
initiates propagating shear. In contrast, the other idealized
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Fig. 21. Schematic fracture perspective for the effect of stress-state

state termed plane strain develops under local conditions
that constrain flow, as occurs in thicker sections that limit
through-wall thinning. This promotes the formation of an
in-plane deformation fan that develops with axial symmetry
and promotes the formation of a hinge-like local response.
As such, plane strain favors heavier-walled pipe applica-
tions and gives rise to a symmetric deformation fan in the
plane of the pipe wall. As evident from the Mohr’s circle
analysis shown in Fig. 21, failure occurs at a much lower
shear stress in the context of plane strain.

To the extent that fracture serves as an analog, one can
infer that the areal size of the shear process zone that deve-
lops in the wake of the plastic wave and the TWC zone is,
in the simplest scenario, three times larger for plane stress
than for plane strain [13]. As such, one infers that where
plane stress controls the rate of dissipation is the order
of three times faster for plane stress than for plane strain
scenarios — all else being equal. Considering general cir-
cumstances the value of the maximum shear stress is much
reduced in plane strain from that in plane stress with such
Mohr’s circle analysis indicating that for plane stress be-
ing ~1.5 times that for plane strain [13]. One can also infer
in view of the Mohr’s circle analysis that lower strength
thinner wall pipes will arrest propagating shear faster than
would higher strength heavier wall pipes.

Given that the above results are relevant to present pur-
poses, the Mohr’s circle analysis leads to a factor on the
maximum stress the order of 1.5 for plane stress relative to
plane strain, and a factor of on the order of 3 on the scale
of the plastic zone. On such basis one can infer that the
coupled effects of stress state on the rate of dissipation is
significant. However, formal analysis is needed in a plastic
collapse context to adequately quantify this aspect. Until
such work is completed, the role of stress state will remain
uncertain — beyond its clear influence in the context of sepa-
rations.
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Test geometries

Dissipation in the pipe versus that
in current laboratory tests

As discussed in regard to the phenomenology and its
interpretation in terms of collapse controlled failure, dis-
sipation that slows the propagation speed of the TWC zone
occurs through 1) in-plane stretch and 2) through-wall col-
lapse in the thinner walled pipes. For thicker walled line
pipe, dissipation that slows the speed of the TWC zone in-
volves in-plane stretch but, as Fig. 21 indicates the cont-
ribution of the through-wall collapse component will be
diminished. Regardless of whether the wall is thin or thick,
the deformation local to the plastic wave front and the dissi-
pation in its wake in the TWC process zone leading to arrest
does not involve global bending. While it varies depending
on the test circumstances and the steel involved, the speed
of this plastic-wave front can be inferred from that of the
propagating shear that forms in its wake. On that basis the
speed of the TWC zone is on the order of 50 to 100 m/s
(~150 to 300 f/s) approaching arrest, such that the plastic
wave speed is at least that order, whereas its initial speed
depends on the test conditions.

The circumstances developed in the CVN and DWTT
specimens respectively used to quantify the resistance to
propagating shear and the mode of failure as ductile ver-
sus brittle are quite different from just outlined for the line
pipe. Each test practice leads to global bending developed
by impact loading on the face of the specimen opposite the
notch, which is cut or pressed into a beam subject to simple
bending (3-point loading). While their loading is similar,
their sizes differ, as do their proportions in regard to 1) span
length relative to beam depth and 2) notch depth relative to
the remaining ligament.

Viewed in elevation, the span, S, between load-reaction
points fora CVN specimen is 40 mm (1.56 inch) whereas its
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beam depth, d, is 10 mm (0.39 inch), while the notch depth,
denoted a, is 2 mm (0.79 inch). In contrast, the span bet-
ween load reaction points for a DWTT specimen is 254 mm
(10 inches) whereas the beam depth is ~76 mm (3.00 inch),
while the pressed-notch depth is ~0.5 mm (0.2 inch). On
this basis, the ratio of S/d for the CVN specimen is 4,
while the notch depth relative to the beam depth is 0.2. The
corresponding parameters for the DWTT lead to S/d = 3.33
and a relative notch depth of just 0.067. While in compari-
son to the CVN specimen the DWTT specimen creates the
impression of deep beam, which opens to unique considera-
tion of its shear distribution, for simple spans a deep beam
has §/d <'1.25 — so this is not a major concern for either
geometry. The remaining ligament (net depth) for the CVN
sample is just 8 mm (~0.32 inch) in contrast to ~71 mm
(2.8 inch) in the DWTT specimen — which is almost a fac-
tor of 10. This difference is significant if the desire is to
characterize crack morphology, but it is counterproductive
if the desire is to emphasize plastic deformation metrics in
regard to dissipated energy, as is the case where plastic col-
lapse controls propagating shear.

The global bending that develops in both specimens in-
duces a stretch zone across the notch, with lateral contrac-
tion developing through the thickness along the notch root,
and compression and thickening occurring at the back face
and support points. At lower toughness levels, including the
range considered in calibrating the BTCM, both tests lead
to crack initiation at the notch root, and a crack-tip “process
zone” that propagates through the remaining ligament of the
specimen. While less a concern at lower toughness levels,
as the toughness increased continued propagation through
that ligament at a high rate was conditional on 1) the excess
energy supplied in comparison to that dissipated in failing
the specimen, and 2) the existence of a small initial plastic
zone due to high-speed impact. In this context, the size*
of the plastic zone that formed below the notch and at the
loading points prior to ‘initiation’ differed depended on the
specimen geometry used, and the speed of the hammer at
contact, as well as the excess energy required to propagate
that plastic zone through the ligament. While hammer speed
is noted as relevant to the test outcome for both specimens,
the speed of the hammer in the laboratory test varies with
the setup but at best is typically 1/10th of that occurring for
propagating shear in full-scale testing.

Test geometries for collapse-controlled
propagating shear
The prior section has contrasted the line-pipe situation
to the geometries used historically, with the outcome clear
that alternative geometries are required to better capture the
phenomenology of propagating shear. This is so whether
you choose to persist with a ‘fracture view’ — but is essential

4 Because the yield stress varies with strain rate under dynamic
conditions, the ‘size’ of the zone depends on the rate, while the rela-
tive size varies with the grade of the steel, being relatively smaller in
theory as grade increases.

if the collapse controlled view is a compelling alternative to
the historic approach.

Realizing that the fracture view has been with us since
the 1960s, the need for alternative geometries has been a
priority development for some time. Early work tied to
CTOA opened the door to develop a unique test practice
more consistent with the field scenario. Although the op-
portunity was there, that work built on an adaptation of the
DWTT geometry — which possibly constrained its evolu-
tion into a simple concept like the BTCM. Alternate frac-
ture mechanics geometries such as the single edge-notch
tensile ‘SENT’ geometry have been explored, with varying
degrees of local bending developing depending on the
length between the grips and end fixity. While many frac-
ture-mechanics-based test geometries and loadings could
be adopted — any change from the historical approach that
develops without a correlating bridge to the past means that
hundreds of full-scale tests become useless in testing the
broad utility of the new test, or its ability to quantify resis-
tance. In modern parlance — this is a slippery slope — that
once on will be hard to return from.

The phenomenology and metrics of resistance discussed
to this point in regard to the alternative collapse-controlled
propagating shear perspective make clear that the his-
torically used practices must be abandoned. Different test
methods and geometries must be used to quantify collapse-
controlled resistance in terms of metrics like € /o UTS, and n,
all of which are directional. But, while different geometries
and test protocols and procedures are required, these are not
new concepts. There is a wealth of experience and a set of
basic standards on which to build. More critically, the ob-
servations made in regard to Fig. 17 suggest that it will be
possible to correlate those parameters to CVN energy — at
least in the context of a given class of steels. In that way, a
bridge can be built back to the historic full-scale test data-
base, with the collapse controlled predictive basis for arrest
made back-compatible. As such the transition to the col-
lapse controlled alternative technology has an already es-
tablished basis to judge its utility.

It will be necessary to quantify the full-thickness res-
ponse, in all three orthogonal directions. While this calls
for some adaptation of currently used practices and tech-
niques, again much exists to build on. And given such test
methods are already implemented in the mills, managing a
shift from fracture to collapse-controlled failure offers hope
for a smooth transition.

While resistance in terms of plastic flow parameters
should not pose issues, developing the test to ensure ductile
response will be more challenging. The geometry should
emulate the wake of a propagating TWC zone, where shear
instability initiates and propagates. Because the high speed
shear wave leads to high rate deformation in its wake,
which can reduce the size of the shear zone and promote
less-ductile response, this test must involve impact loading.
Because a reasonable length of propagating shear must be
simulated, the specimen must provide sufficient width for
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the shear to run — such as a wide-plate test that is oriented
axially rather than circumferentially. Symmetry is desi-
rable, as it has the potential to initially minimize bending,
and emphasize tension akin to the hoop tension that drives
the propagation.

Finally, there is a need to trigger the propagating shear
instability — which could be created and guided initially
through deep but diminishing side grooves that func-
tion until the shear instability is triggered through the full
thickness under the increasing impact loading and runs the
width of the sample. Thereafter, inspection of the fracture
features provides the basis to judge the fracture morphol-
ogy. Unlike current concerns with the DWTT practice due
to initially ductile response, which traces to concepts built
around much less tough steels, because the test targets col-
lapse controlled failure fully ductile response is expected.
Fig. 22 illustrates one test concept that satisfies this generic
test concept to validate in-pipe ductile response.

Clearly the outcome of this test practice is not as simple
or as quick and cheap to produce and compete in a mill as
was the DWTT. But, if steel-making and processing can be
codified for a given order, and the related process param-
eters controlled adequately, and recorded/evaluated on-line
in a digital framework, such testing could be done prior to
full production and periodically thereafter — leading to a
practical as well as technically viable mill practice.

Through-thickness properties

Prior discussion of the phenomenology and alternative
concept to quantify propagating shear in a pipeline as col-
lapse-controlled failure identified the true fracture ductility,
the strain-hardening exponent, and the UTS as parameters
to characterize resistance. The mechanics further indicate
that the through-thickness properties are critical in this
context. Given the strong properties-microstructure tie, it
is useful to consider the potentially strong dependence of
such properties on the steel chemistry and processing, as
follows.

Transition into shoulder suited
to slack grip & impact loading
|

1
thickness = nominally full wall
net width = ~10x thickness (NTS)

Fig. 22. One implementation of the generic test to validate failure mode
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While propagating shear and lamellar tearing have much
different consequences, they both depend on the properties
in the through-thickness (short-transverse, ST) direction.
The properties developed in that direction quantify the re-
sistance perpendicular to the plane that is affected by the
orientation created in the concast process and in the roll-
ing/finishing of the slabs. Depending on the temperatures
during rolling/finishing, those properties also reflect the ef-
fects of the mechanical work done. As such, any resulting
weakness on planes parallel to the surface of the product
are evident as poor through thickness strength and ductility.

Fig. 23, which was developed in regard to lamellar tear-
ing in structural Carbon Manganese (C—Mn) steels and
adapted from Reference 38, is useful as the basis for discus-
sion in this context. The x-axis in this figure is the true strain
to failure, which is the same as what earlier was termed true
fracture ductility. The y-axis is a metric of ductility termed
the ductility index (DI), which depends on the inclusion
density and their mean length [14]. The paper concludes
with the view that the inclusion distribution offers a metal-
lographic basis to establish mechanical properties.

The outcome of the paper and the trends in Fig. 23 are
not new. However, the existence of a threshold in the DI
is significant for present purposes, as is the fact that this
threshold develops at quite low values of €, with widely
scattered results above that threshold.

In contrast to the trend in Fig. 23, excluding Grades that
rely on less ductile microstructures, as for example X120,
modern higher strength steels have values of & in the axial
or circumferential direction that are the order of five times
larger than the bounding strain noted in the figure. This un-
derscores the need to broadly consider both the chemistry
and processing. While this is intuitive, its influence is now
crystal clear in the context of collapse control of propagat-
ing shear. Major gains in propagation resistance can be af-
fected in this regard.

2.5
°
oe ®0
o ® o .‘.
° e o° s
[ ] (]
.20 sws 8¢ o ] ¢
< _‘:'.p.p_c_ ______
£ ‘| ° DI Threshold
& |
b |
QO
S |
S sk fl *
.I
o !
® | Bounding strain
1.0 ' '
0 0.5 1.0 1.5

True strain to failure

Fig. 23. Apparent threshold in inclusion density and ductility
in the ST direction (adapted from [14]):
@ — data for three C—Mn steels [12]
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The observation that €f is increasing without correlation
to the DI above the DI threshold is relevant, as this implies
that the gain in €, develops for reasons other than reduced
inclusion content. Gray has held the view that the absence
of strong (100) texture is central to good through-thickness
properties in the context of propagating shear since the 70s
[e.g., 14]. Clearly the presence or absence of such texture
could explain much of the scatter for the data shown in
Fig. 23. This ill-characterized aspect is now the focus of
ongoing work, which in the context of the alternative TWC
characterization for propagating shear should bear fruit. In
addition work is needed to quantify dissipation as a func-
tion of the steel’s directional properties and their influence
on the speed of the TWC zone as a function of pressure
and other operational aspects. This too is the subject of just
initiated work. These are major gaps in the current under-
standing and so key points along the critical path to forma-
lize the TWC concept.

Implications concerninng inertial flap effects
and arrestors

Over the years inertial effects were fundamental to
analytical modeling of dynamic fracture as a route to quan-
tify arrest toughness. Given the high-rate of the circum-
ferential separation that forms in the wake of the TWC zone
coupled with the mass of the “flaps” that results in flatten-
ing what began as a cylinder it is easy to understand the
concern for this inertial driver for continued propagation
in a fracture-based approach. Credence for the role of the
flaps followed in the context of experiments that showed
restraining the flaps using a ring or a sleeve (i.e., a hoop)
around the pipe led to arrest of the ‘fracture’. Significantly,
successfully arresting ‘fracture’ in this context depended on
misfit or clearance between the pipe and the ‘fracture arres-
tor’ prior to the test — with close fit-up needed for propaga-
ting shear and a tight-wrap required for brittle propagation.
The length of the arrestor also was a consideration which
follows from the time lag of the arrestor to react the driving
force for propagation.

As support for fracture control of propagating shear de-
velops in regard to non-integral fracture arrestors in regard
to retrofit rings and/or sleeves, it is important to simply ra-
tionalize their apparent success in light of this alternative
collapse-controlled approach, as follows. Any hoop around
the pipe acts to restrain flap formation, depending on the
extent to which the flaps open. Loose-fitting arrestors will
contain flap formation, such that if fracture controlled then
the restraint of flap opening over some length would lim-
it the inertial feedback to the crack tip and lead to arrest.
However, it was found that the effectiveness of hoop ar-
restors required close to tight circumferential fit-up — from
zero to 2 % of the pipe’s radius (typically). On this basis, in
addition to restraining flap formation the arrestors also were
constraining the circumferential stretch, thereby reducing
the hoop strain.

Arrest occurs in the TWC zone when the steel can sus-
tain the imposed local 3-D stretch, such that the success
of hoop arrestors is anticipated within a plastic-collapse
controlled TWC zone. Significant in this context is the
observation that arresting brittle fracture required a tight
fit-up in such experiments whereas a somewhat looser
fit-up could be effective in the case of propagating shear.
Equally significant is the observation that the fracture
resistance quantified by CVN energy did not consistent-
ly correlate the arrest versus propagate results for such
hoop arrestors. Quite simply, arrest in a TWC context is
not characterized by the true fracture strain in just the
hoop direction: rather, the TWC approach depends on the
3-D dependence on strength and flow properties. Thus,
the surrogacy of CVN energy for true fracture toughness
evident in Fig. 17, b in a one-dimensional setting indi-
cates that CVN energy as historically measured in the
LT direction is an inadequate surrogate in regard to hoop
arrestors, and more generally.

The dependence of the TWC concept on the 3-D strength
and flow properties implies that the design of an ‘arrestor’
dealing with brittle fracture propagation involves different
concepts and success metrics as compared to when dealing
with propagating shear, as follows. As noted in the context
of Fig. 2 (see no. 1, 2015) the extent of plastic dissipation
associated with brittle fracture is minimal at the micro-scale
as well as at the macro-scale. Cleavage governs the forma-
tion of new fracture surface, which because this occurs at
relative low stress limits the extent of flow remote to the
fracture. The extent of the plastic flow and dissipation asso-
ciated with propagating shear depends on the 3-D strength
and flow properties. Where these properties support high
stretch in all three directions, the dissipation local to the
TWC zone is large, which opens to the spread of dissipa-
tion remote to this zone. In contrast, where the hoop and
TW strain capacity is limited either by properties or the
formation of splits, the dissipation local to the TWC zone
is limited, which limits the spread of dissipation remote to
this zone. On this basis it is possible to incur large hoop ex-
pansion, or virtually no hoop expansion, during propagat-
ing shear. Transitional states that mix brittle fracture with
ductile response, due for example to the effects of stress
state and wall thickness or 3-D differences in properties,
likewise open to a range of response in regard to hoop ex-
pansion, although such scenarios tend toward virtually no
hoop expansion.

On this basis, hoop-arrestor design for propagating
shear should quantify the hoop expansion based on likely
3-D strength and flow properties specific to the application
involved, and then limit hoop expansion to limit TWC. The
length of the arrestor in this context depends on the speed
of propagation, the time-lag inherent in the arrestor, and the
amount of expansion relative to the critical value for TWC.
Propagation in steels whose 3-D properties support signifi-
cant hoop expansion is logically much easier to arrest than
those that do not. In contrast, the design of arrestors for
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brittle fracture remains unchanged — as the TWC concept is
specific to ductile response.

Summary and conclusions

This paper first reviewed the historical background and
related developments that represent almost 40 years inves-
ted in fracture-based approaches to quantify propagating
shear in pipelines. Thereafter, using graphical evidence of
the full-scale failure process and related phenomenology an
alternative hypothesis was presented to quantify this pro-
cess based on a collapse-based view of this failure process.
Finally, aspects of the historical fracture-based approach
are related to the collapse-based concept as the basis to ra-
tionalize the success that at times has been achieved using
such approaches.
It was evident that the phenomenology did not sup-
port fracture-control, and that metrics for arrest resistance
should be based on the directional flow properties of the
steel. It was shown that CVN energy correlates well with
g, UTS, such that in a TWC view of propagating shear the
success of the Battelle two-curve model coupled reflects
CVN energy serving as a surrogate for key flow proper-
ties of the steel. Finally, remaining gaps and issues are
addressed. The role of texture and its process dependence
was identified in this context as was the need to quantify
dissipation as a function of the steel’s directional proper-
ties and their influence on the TWC zone and the plastic
wave speed as a function of pressure and other operational
aspects.
Many important conclusions were identified in the course
of this paper, with the more significant ones including:
— the phenomenology associated with ‘ductile propa-
gating fracture’ is that of propagating shear and is
controlled by plastic collapse in a TWC zone that
forms in the wake of a propagating plastic wave trig-
gered by rupture of the pipe —
apparent for X52 (but likely lower) up through
X80 (and likely higher), for CVN energy from
~20 ft-Ib (~27J) up to well above 200 ft-lb
(~2701J);

 the through-wall flow properties control failure,
as do the in-plane flow properties, which together
act to dissipate energy and so slow the TWC zone
until decompression offloads the hoop stress, and
arrest occurs;

— metrics of the resistance to propagating shear were
identified in the context of the .-UTS and n, all of
which are directionally dependent;

— the isochoric (constant volume) assumption of plas-
ticity theory provides a quantitative link between
reduced resistance to propagating shear and the exis-
tence and extent of splits (separations);

— simple established test practices exist that can be
adapted as mill-tests to quantify the resistance of
line-pipe steels to plastic-collapse controlled propa-
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gating shear, whereas some effort will be needed to
develop a mill-test practice to ensure the propagation
process will be ductile;

— CVN energy historically used as a metric for the

resistance to ‘ductile propagating fracture’ correlates
with metrics of plastic collapse and strain-based
failure, specifically as ef and € -UTS;

— success with use of the BTCM reflects its formula-

tion relative to the plastic wave speed and its em-
pirical calibration of that speed with CVN energy —
which correlates to collapse metrics;

— the correlation between CVN energy and ¢, UTS

suggests that a bridge can be built between a col-
lapse-controlled model of propagating shear and
the extensive full-scale test database that has been
largely based on CVN energy — as such the predic-
tive technology based on plastic collapse concepts
can be ‘back-compatible’;

— the occurrence of texture and other aspects with

metallurgy (which are tied to steel chemistry and
processing) is ill-characterized but is fundamental to
high resistance to propagating shear, which is a focus
of ongoing work;

— work is needed to quantify dissipation as a function

of the steel’s directional properties and their influ-
ence on the TWC zone and plastic wave speed as a
function of pressure and other operational aspects;
with related work soon to be initiated.
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NPUOCTAHOBJIEHME PACTIPOCTPAHEHUSA JE®OPMALIMHN
B MATUCTPAJIBHOM TPYBOIIPOBOJE

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

(517, Tloe ctp., YoprunrtoH, mrat Oraiio, 43085-3036, CLLIA)

Aunomauuﬂ. I[J'lﬂ TIPOSABJICHUSA PACIIPOCTPAHAIOLICIOCS IIACTUYCCKOIO

paspyiuenus Tpedyercs, 4ToObl TPYOOHPOBOABI OBLIM CHPOEKTHPO-
BaHBI C YUYETOM HEIOMYIICHHsI PACIPOCTpaHeHHs TpeuH. [1oax0/bl,
OMKCHIBAIOIINE TTOBEACHHE TPYOOIPOBOIA, €r0 YCTONYUBOCTD U Ta-
PaHTHPOBAHHYIO OCTAHOBKY B ciiydae cO0eB B paboTe, OCHOBAaHbI Ha
MOy MITHPUYECKHAX MOJIEIISIX, OTYINBIINX CBOC PA3BUTUE B CEPEIH-
He 1970-x romoB. DTH MOJIENH, KOTOpbIe KalMOpOBAINCh HA CErMEH-
Tax TPyOOIpPOBO/A B IPOM3BOACTBEHHOM MacmiTabe (B HATypalbHYHO
BEIIMYHHY), HCMOJIB3YIOTCSA U ceifuac, U BKIIIOYAIOT TPH HEMHEHHBIC

XapaKTePUCTUKHU: TUTACTUYECKYIO Ae(OPMAIIHIO i BUHTOBYIO HEYCTOM-
YHUBOCTH; BIHMSHUE CTPYKTYPBI (COCTABA) MOYB M YBEIHUYCHHUE BOJIHO-
BOM 0T/, a Takxke ACKOMIIPECCHIO B HarHeTarome cpene. Pacema-
TpuBaetcs 6onee yem 40-JeTHsSL HCTOPHS pacyeTa pacipoCcTpaHEeHUs
nedopmanuu B TpyOONpoBo/ie, OCHOBAHHOTO Ha TpelMHAX (MeXaHH-
4eCcKOM paspylueHun). [ padudeckue cBUICTENBCTBA MOJTHOMACIITAO-
HBIX c00EB B mporecce paboThl 0OYCIOBUIIN MOSBICHAE THIIOTE3BI O
cOO0sIX, BO3HHUKIIUX B CBSI3U U IUIACTHYCCKUM Pa3pyIICHHUEM.

Kniouesvie cnosa: pacnpocrpaHeHne aepopManiy, TPEIUHa, IPHOCTa-

HABIIMBATh, BSI3Kas CTallb, CTCNCHb IUIACTHYHOCTH, CTajlb, pa3jeie-
HUsI/pacieIUIeHus], pa3paboTKa MOJICIH.

Cnucox rumepamypul cM. gvle.

IMonyuena 29 okrsa0ps 2014 1.
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SJABUCUMOCTDb KOHHEHTPAIIUU OKCHUJIOB A30TA B YXOAALINX I'A3AX
OT CITIOCOBA ®OPMHPOBAHUA TOILJIMBO-BO3AYIIITHON CMECH

TI'epywvix C.H.\, k.m.n., dooyenm kapedpol « Texnonozus u obopydosanue

Memannypauueckozo npoussoocmeay (gertsyk@mail.ru)
Tykmapoe /I.B.%, unxcenep

I MockoBcKuii rocy1apcTBeHHbII MAIHHOCTPOUTEIbHbI YHUBEPCUTET
(107023, Poccusi, Mockaa, yi. b. Cem&noBckasi, . 38)
2000 «IIpuopurer»
(117420, Poccus, Mockaa, yi. [Ipodcorosnas, a. 57)

Annomayus. Ha 0cHOBE SMIIUPUYECKUX METOIMK PACCYMTAHBI KOHIICHTPALIMK AUOKCHA a30Ta B IBIMOBBIX ra3ax MpU CXKUTAaHWHU TOIUTHBA B FOPEIIKax C
pa3HbIME criocobamy (POPMHUPOBAHMS TOIIMBOBO3AYIIHON cMecH. [Toka3aHo, 4ToO MUHMMANbHAsl KOHLEHTPAUs OKCHIOB a30Ta B JIBIMOBBIX Ta3ax
oOpasyercst Py CXKUTAaHUH TOTLJIMBA B FOPEJIKaX C Pa30MKHYTHIMHU (DaKenaMu U BHEITHUM CMEILICHHEM MPH CKMT'aHUN HU3KOKAIOPUHHBIX BHJIOB TO-
rmBa. [Toorpes Bo3ayxa ropeHus B HECKOJIBKO pa3 yBEJIIMYMBACT KOHIIEHTPALMIO OKCHJIOB a30Ta B MpOoAyKTax ropenus. [lomydeHa skcTpemanbHas
3aBHCUMOCTb KOHI[CHTPALMK OKCHJIOB a30Ta B JIBIMOBBIX ra3ax OT BENHMYMHBI KO3 PHIHEHTA pacXoa BO3AyXa, KPUTHYECKOE 3HAYEHHE KOTOPOTO,
COOTBETCTBYIOIIIEE MAKCUMAJILHOW BEJIMYMHE KOHIIEHTpaIuu, cocrasser 1,16 — 1,17.

Kniouegsie cnosa: oxcniipl a30Ta, AIMOBBIE Ta3bl, TOPEIIKA, CIOCO0 CMEIIEHNs, OJ0TPEB BO3IyXa FOPEHNs, KO3QGUIMEHT pacXozia BO3ayXa, IKCTPpeMab-

Has 3aBUCUMOCTD.

Meramtypriuueckasl 1 MalIHHOCTPOUTENFHAST OTPACIN
MIPOMBILIIEHHOCTH SIBJIIOTCS OCHOBHBIMU MOTPEOUTENIMHU
TOIUTUBHBIX PECYPCOB H, BCICACTBUE 3TOTO, IIPOU3BOIANTE-
JsIMH OOJIBLIIOTO KOJMYECTBA 3arpsA3HSIOIIUX arMocdepy
BpEIHBIX BemecTB. [Ipy mpoeKTHpOBaHNH CHCTEM OTOILIC-
HUS Me4Yel ¥ KOTJIOB Ha/I0 YUUTBIBATH Psili GaKkTOpOB, Cpeau
KOTOPBIX BaKHYIO POJb UTpacT MpoOiieMa 3alIuThl OKpY-
JKarollel cpenbl OT BPEAHBIX BHIOPOCOB, COAEPKAIIUXCS B
MIPOIYKTaX TOPCHUS TBEPIOTO, KHUIKOTO U Ta3000pa3HOTOo
BHJIOB TOILJIMBA.

Kax n3BecTHO, Hanmbonee TOKCHIHBIC BEIECTBA, CONEP-
JKaluecs: B MPOAYKTaX CropaHus JII0OOro TOIUIMBA, 3TO
okcubl azota — NO (monookenn) u NO, (amokcun), Ko-
TOpBIE HAHOCAT yLIEpO HE TOJNBKO 3[0POBBIO JIOACH, HO U
okpy>xaromei npupoxae. Onenka (IIPOTHO3) BETUYHHBI UX
KOHLIEHTpAIlUM B MPOAYKTaX TOPEHHs] B 3aBUCHUMOCTH OT
MapaMeTPOB CKUTAHHS TOIUTHBA — OIWH W3 ITyTCH PEIICHIS
MpOOJIEMBbI 3aIUTHI OKPY’KAIOIIeH Cpe/ibl MpH BbIOOpE THMa
1 KOHCTPYKITMU HE TOJIBKO TOPEIOYHBIX YCTPOUCTB, HO U CH-
CTEMbl YTUJIM3ALUHU TeIUIa YXOSAIIUX MPOTYKTOB TOPEHHSL.

[IpakTHyecKH BCE HArpeBaTENbHBIC W TEPMUYCCKUC
Me4Yrd METAJUTypru4eckoil M MallMHOCTPOUTENBHOU OTpa-
CJIe TPOMBIIIJICHHOCTH OCHAIIEHBI CHCTEMOM peKyrmepa-
LMY TeIUIa YXOISAIIUX ra30B, YTO MPUBOJUT K CYIIECTBEH-
HOU SKOHOMHHM TOIUIMBA W, CJIEAOBATEIBHO, K CHIDKCHHIO
o0beMa 00pa3yrolIXcsi U BHIOpachIBa€MbIX B aTrMocdepy
MIPOIYKTOB ropeHnst. OHAKO MOBBIIICHUE TEMITEPATYPHI TO-
penust (IIpu MOJOrPeBe BO3LyXa TOPEHUS U /WK TOTUIMBA C
HU3KOM TEIUIOTOM CrOpaHus) Pe3KO YBEITUYHNBACT KOHIICHT-
paluio OKCHUAOB a30Ta B JIBIMOBBIX T'a3ax TeM B OoJbIeil
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CTCTICHH, YEeM BEIIIIC TEMIICPATypa MOI0TPEBa KOMIIOHCHTOB
TOPCHHS W YeM BBIIIIE TEIIOTa CrOpaHus TorwmBa. [1oaTo-
MY CHIDKEHHE PacXojia TOIIIMBA 3a CUCT YTIIN3AINH TCIlIa
JBIMOBBIX TA30B HE BCETrIa MPUBOIUT K CHUIKCHHIO Bajo-
BBIX BRIOPOCOB B aTMOC(hepy BpPEIHBIX BEIIECTB.

[Tpu mpOCKTHPOBAHUU HOBBIX MEYHBIX arperaroB U pe-
KOHCTPYKIIHH CTaPhIX 9aCTO MPUXOAUTCS CTAIKHBATHCS CO
B3aUMOIPOTUBOIOIOKHBIMA TPEOOBAHUSAMU: C OHON CTO-
POHBI, HEOOXOJMMO OO0ECIIEYHTh BBICOKYIO TEMIIEPaTypy
MICYHBIX TA30B (TEMIEpaTypy I€4u), YTO JOCTHIACTCs I0-
JIOTPEBOM KOMITOHEHTOB TOPEHHS M IPUBOANT K CHIYKCHHIO
VICTBHBIX 3aTpar TeIlla W TOIUINBA; C IPYrod — BBICOKAsI
TEMIIepaTypa TOPEHUs CTUMYIHPYET HHTCHCUBHOE 00pa3o-
BaHHE OKCHJIOB a30Ta.

KoHIeHTparust OKCHAOB a30Ta B YXOMSIIMX ra3ax B
OOJIBIION CTENEHH OMPENeNsAeTCsS OKHCICHUEM a30Ta BO3-
JyXa TOPEHUs, 0COOCHHO — TPH HCIIOIB30BaHIH TIOOTpe-
TOTO BO3/yXa, MOJABAEMOr0 B TOPEIOYHBIC YCTPOHCTBA.
[Tpu 5TOM ee BemTMUMHA MOKET BO3PACTATh B HECKOIBKO pa3
[0 CPABHEHUIO C HCIOJIIE30BAHUECM XOJOIHBIX TOILIMBA W
Bozayxa [1, 2].

Kak yxe yka3piBajoch [2], CylIeCTBYIOIIUE METOJUKH
OIICHKH (TIPOTHO3a) 00pa30BaHMs OKCHUJIOB a30Ta B YXOIs-
IIMX ra3ax, MOJyYCHHBIC Ha OCHOBE 0OpabOTKU JKCIEpH-
MCHTAIBHBIX JaHHBIX, BEChbMa CICIM(UIHBI W TIpEeIHA3-
HAYCHBI JJIsI CTPOTO OINPEICICHHBIX TEIUIOTEXHUYCCKUX
arperaroB. Hampumep, A1 KOTJIOB, OTAIUITMBACMBIX Mazy-
TOM WM yIJeM, MpHYeM OOBIYHO MapaMeTpaMu Ipe[yia-
TaeMBIX PACUCTHBIX 3aBHCHMOCTCH SBISIOTCS TaKWe Be-
JMYUHBI, KaK TEIUIOHAPSHKEHHOCTh TOIOYHOro o0beMa,
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MIPOU3BOAUTEIBHOCTb KOTJIA, XapAKTEPUCTUKU BHIPAOATHI-
BaeMOTO Tapa u Tp.
Z[JI?[ OLICHKWU BCJIWYUHBI KOHICHTPAIIUNU OKCUAOB a30Ta
B MIPOIYKTaX TOPEHHUS TOIUIMBA, MCIIOIH3YEMOTO B TOTLIH-
BOCJKHTAIOIUX YCTPOHCTBAaX IEUHBIX Aarperaros, OBLIM
PaccMOTpPEHBI IBE METOIUKH, C TOMOIIBI0 KOTOPBIX MOKHO
OLICHUTH CTCICHb «3arpA3HCHU» NbIMOBBIX I'a30B OKCHU A~
MU a30Ta IpU CKUTAHWH Ta3000pa3HOTO TOILTHBA B TOpe-
JIOYHBIX YCTPOMCTBAX Pa3IMUHbIX KOHCTPYKLUH C pa3HbIMU
criocobamMu  (hOPMHUPOBAHHS TOILTMBOBO3IYIIIHOM CMECH.
ITokazaHo, 4TO TP MPOUUX PABHBIX YCIOBUSIX 00 METO-
IUKH TalOT COTIOCTaBUMBIE PE3YIBTAThI, PACXOXKICHUE KO-
TOPBIX JJIs1 BBICOKOTEMIIEpATyPHBIX HaIPEBATENIBbHBIX IIeUei
TIPOKATHOTO MTPOU3BOJICTBA HAXOAMUTCS B Tipenenax 5 — 7 %,
HO JUTSI HU3KOTEMIIEPAaTypHBIX (TEPMHUYECKHX Ieueit), 0co-
OCHHO TIPU BBICOKOM IOIOTPEBE BO3AyXa, MOIABACMOTO B
TOPEJIKH, 9TO PACXOKICHUE CYIIECTBEHHO BBIIIE.
Metomnka OAO «CTamblpoeKT» NaeT BO3MOXKHOCTH
OPUEHTHPOBOYHOTO OMPENIEICHHUS OKCHIOB a30Ta B POILYK-
TaxX TOPSHHUS JKUIKOTO U ra3000pa3HOTO TOIUINBA, TIPHYEM
BUJ] TOIUIMBA, KOHCTPYKIIHS TOPENKU, TeMIeparypa Mojao-
rpeBa BO3IyXa TOPSHHS M TEMIIEpPaTypa MeUd yUNTHIBAIOT-
Csl TIOMPAaBOYHBIMU KOA(PPUIIMEHTAMH, BXOIAIIMMU B UTO-
TOBYIO (pOpPMYITy B KadeCTBE MHOXKHTENCH, UTO JENaeT ee
HCIO0JIb30BaHUE Upe3BblUaiiHoO JlerkuM. Kaxas rpymnna ra-
30TOPEJIOYHBIX YCTPOICTB OMPEAEsieTCs TaK Ha3bIBACMbIM
«0a30BBIM» 3HAUEHHEM, HaXOsAIMUMCcs B ipeaenax ot 100
(mmockoImIaMeHHble TOpenku) 10 350 Mr/m® (paguanuoH-
Hble TPyOB!). KOHIIEHTpanust OKCHI0OB a30Ta B yXOISIIUX
ra3ax 10 MpeIIOKeHHOMY COOTHOIICHHIO JTHHEHHO 3aBH-
CHUT OT MEPEYHUCIICHHBIX (HaKTOPOB.
Metonnka [3] TO3BONSET OICHHUTH «TEPMHUYECKHE)
OKCHJIBI, COJIepKaIlecs] B MPOIyKTaX TOPEHUs B 3aBUCH-
MOCTH OT TEIDIOTEXHUYECKUX XapaKTEPUCTUK paOOTHI IIPo-
MBIIIJIEHHBIX MEeYel U ra3oropeiaovyHblX ycTpoilcTB. B ka-
YeCTBE IMapaMeTPOB, XapaKTePH3YIOIINX TEIUIOBYIO padoTy
TNCYHN U BIIUAIOMNX HA KOHHCHTPAIWIO OKCHUI0B a30Ta B JIbI-
MOBBIX ra3ax, IPHHSATHL:
— KaJopUMeTpHuYecKas TeMIeparypa rOpeHHUsl TOILIH-
Ba IPU CTEXHOMETPHUECKUX COOTHOIICHHUSIX TOTUIU-
Ba U BO3AyXa FOPEHHS U MPU BHIOPAHHOM 3HAYCHUU
ko3 dunmenta pacxoma Bozmyxa (3TO TO3BOJSIET
MPOTHO3UPOBATH BCIIMYUHY OKCUAOB a30Ta IIPU I10-
JOTpeBe KOMITOHEHTOB TOPEHHS);

— TemIeparypa MeYH Uik 30Hbl TOPEHUS;

— yAelbHBIE 00BEMBI MPOMXYKTOB TOPSHHS TPU KO-
¢unuente pacxona Bo3nyxa n =1 u ero akruuec-
KOM 3HAYCHUH;

— KOHILIGHTpAaIUsl KUCIOpOoAa B OOpasyroIIuXxcs Mpo-
IyKTaX TOPCHUSI.

Kpome Toro, B pacuetnyro ¢opmyny BBeneHbl kod3hdu-
[UCHTHI, YYUTHIBAIOIINE ONTHICCKYIO IUIOTHOCTH MPOIYK-
TOB TOPEHUS U KOI(PUINEHT, XapaKTEPU3YIOIHi KOHCT-
PYKIHIO COXXHIATEIFHOTO YCTPOMCTBA, KOTOPHIH MO CYTH
YUUTBIBAET pa3iMyHble CIOCOOBI (HOPMUPOBAHUS TOTLIIMBO-
BO3IYILIHON CMECH.

I/ICHOHL3yﬂ 3T MCTOJHKU, 6])IJ'II/I BBITIOJIHCHBI PACHYECTHI,
TIO3BOJISTIOIINE OIICHUTH (IIPOTHO3UPOBATH) KOHIICHTPAIHIO
OKCHUJIOB a30Ta B AbIME IIPpU CXKUT'aHUU ra3006pa3H1)1x TOII-
JMB Pa3MTUYHON TEIUIOTHI CTOPAHUS B TOPENKAX C PasImd-
HBbIMHU CHOCO6aMI/I CMCUICHUS TOILJIMBA U BO3AyXa.

OCHOBHO# KITacCH(PUKAIIMOHHBIA TPHU3HAK TOPEIIOK —
Croco0 CMEIICHUs TOIUIMBA W BO3/ayXa (C MOJHBIM MPE/-
BapUTEIbHBIM CMEIICHHEM KOMIIOHEHTOB TOpPEHHS, C
BHEIIHUM CMEIIIEHUEM U C YAYYIIEHHBIM cMeleHueMm) [4],
KOTOPBIM OTIPEIEISCTCS MOATOTOBKA TOILIMBOBO3IYIIHON
cMecH, pasmep Qakena M, CIe0BaTeIbHO, OT KOTOPOTO 3a-
BHCHUT BEJIMYMHA KOA(PPHUIIMESHTA pacxojia Bo3ayxa, odecrie-
YUBAIOUICTO IMOJHOTY CropaHusl TOILIMBA. B cBs13u ¢ 3TUM
OBUTH BBITIONHEHBI pacdeThl MPOTHO3UPYEMON KOHIIEHTpa-
I[H OKCHJIOB a30Ta B MMPOIYKTaX TOPESHUS B TOPEIIKAX C pas-
JUYHBIMH crioco0amMu 00pa30BaHMs TOIUTMBOBO3IYITHOM
CMECH AJid OIPCACIICHUS THIla TOPEJIOK ¢ MUHHUMAJIbHBIM
00pazoBaHUEM OKCHJIOB a30Ta B YXOISIINX Ta3ax MpHU CO-
IMOCTaBUMBIX YCJIOBUAX.

Takoro poa pacueThl MO3BOJISTIOT OLICHUTHh TOKCHYHOCTh
MPOJYKTOB TOPSHUSI U PEIIUTh BOMPOC O HEOOXOMUMOCTU
JOTIOTHUTEIBHBIX MEp T10 CHIDKCHUIO KOHIICHTPALIUH OKCH-
JIOB a30Ta C ITOMOIIBIO PEHUPKYJISIIUYU IPOILYKTOB TOPEHHS
(4TO YCIOKHSACT KOHCTPYKIMIO TEUH), OPTaHU3aLlUH CTY-
MEHYATOTO CXKUTaHUs TOIUIMBA (TPeOyIOIIero ropesiok Ho-
BOTO ITOKOJICHUS, HAIIPAMED, CEPHU TOPEIOK C TOHIKCHHBIM
BBIOPOCOM OKCHJIIOB a30Ta, pazpaboranHbix OAO «Cranb-
MPOCKT») WM HEUTpaIN3aIlii OKCHIOB KaTaIUTHISCKIMU
WM XUMUYECKUMHU criocoOamu [5].

Ha pwuc. 1 mokazaHO H3MEHEHHE KOHIICHTpAIMU OK-
CHIIOB a30Ta B MPOJYKTaX TOPEHHS MPHUPOIHOIO Trasa
(O =35,5M]/Ix/M®) npu CKUTaHWH B DPa3id4YHBIX TH-
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Puc. 1. 3aBUCHMOCTb KOHLIEHTPALIUN OKCHIOB a30Ta B YXOMSAIINX razax
OT TeMIIePaTyphbl MEUH:
1 —ropenka ¢ pa3oMKHYThIM (akesnom (n = 1,05); 2 — ropenka «Tpyda B
Tpybe» (n = 1,1); 3 — nmwkexkunonHas ropenka (n = 1,02);
(1) — xonmozHbIi BO31yX, (2) — Bo3ayx ropenust mogorpet 10 350 °C

Fig. 1. The dependence of the nitrogen oxides concentration in smoke
gases from the furnace temperature:
1 — burner with open torch (n = 1,05); 2 — burner “tube in tube”
(n=1,1); 3 —injection burner (n = 1,02);
(1) — cool air, (2) — combustion air, preheated to 350 °C
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rax ropejok B 3aBUCUMOCTH OT TeMIeparypsl neud. Mu-
HUMaJIbHOE 3HAYE€HUE KOHIIEHTpalMU OKCHUIOB a30Ta — B
MPONYKTaX TOPEHUS NPU CXKUTAaHUU TOIIJIMBA B TOPEJIKAX C
pa3oMKHYTHIM (hakesioMm (rutocko-turamenHbie — [TII, pa-
nuanonusie — I'P u np.). B Hu3KkoTeMmnepaTypHbIX medax
(Tepmuueckux) mpu temneparype neuun ¢ <950 °C mpor-
HO3MpyeMO€ 3HAUCHHE OKCHJOB a30Ta HAXOAUTCS B Tpe-
nenax 55 — 70 mr/mM? mpu OTCYTCTBUM TOIOTPEBA BO3LyXa
rOpeHHst U TIPUMEPHO B 2,5 pasa Boire — 140 — 170 mr/v?
npu paboTe Ha IIOI0rpeToM Bo3myxe ropenus (¢, = 350 °C).
OTHOCHUTENHHO HHU3KUE 3HAYECHUS KOHIEHTpauu OKCHUIO0B
a30Ta OOBSICHSIOTCS TEM, YTO B CHIY OCOOCHHOCTEH KOH-
CTPYKLIUH TOPENOK MOJO0OHOTO THIA W MPO(UIS rOpesod-
HOTO KaMHsI B KOpPEHb (pakesa U3 IEYHOTO MPOCTPAHCTBA
MO/ICACHIBAIOTCSL OTPaOOTAaHHBIC HMPOAYKTHI TOPEHHS, II0-
HIDKAIOIINE TeMIeparypy ¢axesa, KOTopas, Kak U3BECTHO,
OKa3bIBAET PELIAIONICE BIMSHUE HA MpoIecc 00pa3oBaHUs
OKCHJIOB a30Ta.

B BbICOKOTEMIIEpPATYypHBIX MPOMBILIIEHHBIX IIE€UaX IIpU
temneparypax nedn ¢ = 1150 — 1300 °C nnanason mpor-
HO3UPYEMBIX 3HaUE€HU I KOHIIEHT ALK OKCHIOB a30Ta B IIPO-
JyKTax TOPEHHs 3THX Topesiok cocrapisger 80 — 120 mr/v?
(X0NIOAHBIN BO3AYX), @ MPU MOJOTPEBE BO3AYXa FOPEHUS —
230 — 290 mr/m? (Gonbinme mudpbl OTHOCATCS K OOJIEE BbI-
COKHM TeMIIepaTypaM Iedn).

Ot pacyeTl OBUIH  BBIIONHEHBI 10 METOAWKE
OAO «CranbmpoexT», KOTopas BKIIOYAeT B ce0S MMHU-
MaJbHOE 10 CPABHEHUIO C APYTUMH KOHCTPYKLHUSMHU rope-
10K 3HaueHue 0a3oBoit Bemmuunbl NO , pasHoit 100 mr/m?.

[Iporuoszupyemoe 3Hau€HHE KOHLEHTpALMHU OKCHIOB
a30Ta B MPOAYKTAaX TOPEHMs MPH HKCILTyaTallud TOPETOK
C BHCIIHHM CMCIICHHEM, HAIpAMEp, THIIA «Tpyda B Tpy-
0e», paboTaroIuX ¢ KOAPQHUIMEHTOM pacxofa BO3AyXa
n = 1,1, ne npesbimaer 200 Mr/mM® 11 TEPMUYECKUX TIEUEH
u 250 — 280 mr/M® 11 BBICOKOTEMIIEPATYPHBIX Harpesa-
TeJbHBIX arperaros. [Ipy nogorpese Bo3ayxa 3TH 3HaU€HUs
BO3pACTalOT HE MEHEee, UeM B TIOJITOPA — J[Ba pasa.

CymiecTBeHHO 00JIee BEICOKHE 3HAYCHISI KOHIICHTPAIIUU
OKCHJIOB a30Ta B ABIMOBBIX Ta3aX, 00pa3yOIUXCsl MPU IKC-
IJIyaTalliy TOPEJIOK MHXKEKIMOHHOIO TUMa, padoTaroux
B COOTHOLICHUAX CMCLICHUS TOIUIMBA U BO3JYyXa, ONM3KHX
K crexuoMmerpuyeckuM. OueBUAHO, YTO MPU MPOYUX paB-
HBIX YCJIOBHSAX TeMIlepaTypa TOpEHus, obecreunBaemas
ropejakamMu C TIOJIHbIM IPEJBapUTENIbHBIM CMEIIEHUEM
KOMIIOHCHTOB TOPC€HH, HAaUBbICIIAA IO CPAaBHCHUIO C I'0-
pesKaMu Apyrux KOHCTpykuuid. CrienoBaresibHO, B yXOHs-
KX ra3ax OyJeT camasi BHICOKAsl KOHIIEHTPALUsI OKCHJIOB
aszora. Ee BenmunHa npuMepHoO B [IOJATOPA pa3a NpEeBbILIAeT
AaHAJIOTUYHBbIC 3HAYCHUA KOHHCHTpaHHI’I B JBIMOBBIX Tra3ax
TOPEJIOK C BHEIITHUM CMeIlIeHrneM 1 B 3 — 3,5 pasa — st ro-
PEIIOK C Pa3OMKHYTHIM (pakesoM mpu paboTe Ha XOJIOJHOM
Bozayxe. [Ipu nmomorpese Bo3ayxa ropeHus, ocTymnaroe-
TO B TOPEIOYHOE yCTPOICTBO, PE3KO BO3pACTaeT TeMIepa-
Typa rOpeHUs1 M KOHLIEHTPALUs OKCUI0B a30Ta, KOTopasi B
2,5 — 3 pa3a npeBbIlIaeT aHAJOTMYHbIE 3HAUEHUS 110 CPaB-
HEHHIO C PabOTOi Ha XOJOTHOM BO3IAYyXE, NOCTHTasl 3Ha-
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uenui, paBHbix 900 — 950 Mr/M> mpu Temmeparypax mnedu
t >1250°C.

Takum 00pa3oM, HCHONb3yeMble METOIUKH OLIEHKU
KOHIIEHTPAl1 OKCHUIOB a30Ta B JBIMOBBIX Ia3ax coOIla-
CYIOTCS C M3BECTHOM TEHJECHLMEH IOBBIIIECHUS KOHLIEHT-
pauuu OKCUI0B a30Ta C POCTOM TEMIIEPaTypbl TOPEHUs (U1
TEMIIEPATyphl TIEUH) U YCIOBUSIMH TOPEHUS, OIM3KHMU K
CTEXMOMETPHUUYECKHM [5, 6].

Taknm 00pa3oM, ¢ TOUKH 3PEHUSI 3aINUTHI OKPYXKAIOIIEH
Cpesl OT BPeIHBIX BHIOPOCOB, HanOONEe MPEIITOYTHTEIh-
HBI TOPETIKH C PA30MKHYTBIM (haKeIOM U YaCTUUHBIM MPET-
BapUTENIBbHBIM CMEUIEHHEM TOIUIMBA M BO3AyXa (CpPEemHEro
CMEIIEHUsT), IPU paboTe KOTOPBIX KOHIIEHTPAIUs OKCHOB
a30Ta B yXO[SILUX ra3ax, Jaxe IPHU UCIOJIb30BAHUU MOMI0-
TPETOr0 BO3/yXd, HE MPEBBIMIACT MPEAEIbHO JOMYCTUMBIX
3HAYECHMH.

B psze cioydaeB B yXOMSIIMX ra3ax, 00pa3ylOMINXCS
IpU CXKUTAHUM TOILIMBA B TOpeKax 0e3 IpenBapUTeabHO-
TO CMEIIEHHS TOIUINBA U BO3/yXa, KOHIICHTPALUSI OKCUJIOB
a30Ta TOXkEe He MPEBBINIAET JOMYCTHUMbIX BETHYHH

Ha puc. 2 noxa3aHo IPOTHO3UPYEMOE 3HAYEHUE KOH-
LEHTPALUN OKCUIOB a30Ta B NPOJYKTaX TOPEHHs rope-
JIOK C BHEUIHUM CMEILICHHEM (THUMa «Tpyba B TpyOe»,
I[MNBC wu np.), paboTaronux Ha MOJOTPETOM BO3JyXe, B
3aBUCHMOCTHU OT KO3(PUIIHEHTA PAcX0/ia BO3AyXa MPU UC-
MO0JIb30BAHUU TOIUIUB PA3JIMYHON TEIUIOThI CTOPaHUs. DTH
TOpeJIKH, yCTOWuMBO padoratoume npu n>1,10— 1,15,
HIMPOKO MCIOb3YOTCS B KOHCTPYKLUSAX Hedel MeTayp-
MU U MalIMHOCTPOCHMS MPH HEOOXOAMMOCTH OpraHu3a-
un (haKeTBHOTO CKUTAHUS B CHIIy MX PAa JOCTOMHCTB
(IPOCTOTa KOHCTPYKIMHU, HEOOJNBIINE pa3Mephl, OTHOCH-
TeTbHAs JICTIIEBU3HA).
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Puc. 2. 3aBHCHMOCTb KOHIICHTPAL[MY OKCUJIOB a30Ta B yXOMSIINX ra3ax
ot ko3 dunmenTa pacxoaa Bozayxa (ropeika «tpyba B Tpyoe»):
I — npuponusiit raz OF = 35,5 Mx/M%; 2 — CMEIIaHHBIN JIOMEHHO-TIPHU-
pomnstii raz OF = 25,0 MJk/M?; 3 — CMEIIaHHBIN JOMEHHO-TPUPOAHBIN
raz OF = 12,5 MJx/m?

Fig. 2. The dependence of the nitrogen oxides concentration in smoke
gases from the excess air ratio (burner “pipe in pipe”):
1 — natural gas QF = 35.5 MJ/m?3; 2 — mixed blast furnace and
natural gas OF = 25.0 MJ/m?; 3 — mixed blast furnace and natural gas
o =125 MJ/m?
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Bce xpuBble UMEIOT 3KcTpeManbHblil xapakrep. C on-
HOWM CTOPOHBI, C YBEJIMYCHHEM KOI(PPUIMEHTA H30BITKA
BO3/lyXa B 30HY TOpPEHUs MOMagacT OoJblIee KOIUIEeCTBO
a30Ta, YTO CIOCOOCTBYET HWHTCHCHBHOMY OOpa30BaHHIO
OKCHJIOB a30Ta B yxopsmux razax. C Ipyroil CTOpOHSI,
BO3IyX pasz0amisieT 00pa3yromuecs: JbIMOBBIC Ta3bl, IMO-
HIDKAeT TEMIIepaTypy TOPEHUs U, CIeJ0BaTeNbHO, 00pa3o-
BaHME OKCHIIOB a30Ta 3aMEUISETCS, YTO, B CBOIO OYepEb,
NPUBOAUT K YMCHBIICHNIO UX KOHIICHTPAlIUN B MPOAYKTax
ropenus. JlnanazoH HaMOOJIBITNX 3HAYCHUH KOHIICHTPAIHH
OKCHJIOB a30Ta B JIbIMe (YXOHAILIMX Tra3ax) COOTBETCTBYET
3Ha4YeHUsAM Kod(hduimenTa pacxona Bozayxa n = 1,1 — 1,2,
Hanpumep, nuist ropenku, padoTaromei Ha IpUPOIHOM Trase
TIpH roiorpese Bo3ayxa ropernst 10 350 °C u ycTaHOBIICH-
HOU B Tepmuueckod meun (¢, = 900 °C) npornosupyemas
KOHIICHTpPAIMsI OKCHIIOB B JTOM JHMana30HEe 3HAYCHUH 7
cocrasisier 280 — 290 mMr/m. MakcuMaibHOE 3HaueHHE
koHuenTpauu (290 mr/m*) coorBerctByer n = 1,16 — 1,17.
HOJIy‘ICHHLIe pacueTHbIC JaHHBIC MOATBEPIKAAOTCS SKCIIC-
puMeHTanbHO [1] — KpuTHUECKOe (IKCTpeMallbHOE) 3Hade-
HHUE KOd(QUIEHTa pacxoda BO3AyXa, COOTBETCTBYIOIIEE
MaKCHMyMy 3HA49eHUs OKCHIOB a30Ta B yXOISIIMX Ta3zax
MIPU CXKUTAHUM TPUPOHOTO Ta3a, Yl U Ma3zyTa Mo JiaH-
HBIM aBTopa coctaBisier n=1,17. Bo Bcem amamaszone
W3MEHEHHS BEIMYMHBI KOX(PQHUIMEHTa pacxoja BO3AyXa
KOHIICHTpAIMSI OKCHIOB B IIBIME TEM OOJIBIIIE, YeM BBIIIE
TeMIepaTypa 30HbI TOpeHHsl (TemIeparypa Ie4H) U Terl-
JIOTa CTOPaHUs TOIUIMBA, MOCKOJNBKY TOIUIMBA C BBICOKOM
TEIUIOTON CcropaHusi 00ECIeYnBalOT HAUBBICIINI yPOBEHb
Temriepatyp ropeHus. [Ipu HCnonbp30BaHUH TOTUTHB C MEHB-
1iel TeIIOTON CrOpaHus IPOrHO3UPYEMbIE MAKCUMAaJIbHbIE
3HAYEHWS] OKCHIOB a30Ta COCTAaBIAIOT 260 — 265 mr/m>
(0P = 25,0 MJDx/M?) 1 210 mr/m* (OF = 12,5 MJDx/m?).

Ha puc. 3 npuBeneHa 3aBHCUMOCTh KOHIICHTPAIHH OK-
CHJIOB a30Ta B JIBIMOBBIX Ta3ax OT Kod(h(duImeHTa pacxo-
I1a BO3/IyXa MpH paboTe TOPEJIOK C BHEIIHUM CMENICHHEM
(«tpy6a B TpyOe»), paboTaromux Ha CMELIAHHOM JOMEH-
HO-NIPUPOJHOM Ta3e ¢ TEIUIOToi cropanus 12,5 MJIx/m3
B TCPMHUYCCKUX M HArpeBaTCJIbHBIX I€YaxX C MOAOTIPEBOM
Bozmayxa roperus 10 350 °C u Ha xomogHOM Bo3ayxe. Kak
YK€ YKa3bIBAJIOCh, BCE KPUBBIC HMMEIOT SKCTPEMaJbHBIH
XapakTep, TMOIOTPEB BO3MyXa FOPEHHs 10 MEHBIIEH Mepe
B 1,5 paza yBenuuMBaeT coepKaHUE OKCHUJIOB a30Ta B JIbl-
MOBBIX Ta3aX Ja)Ke MPU UCIIOIH30BAHUU TOTUIHBA C HH3KOH
TemnoToi cropanus. IIpu paboTe Ha XONOTHOM BO3AYyXE
OKCTPEMATBHBIN XapaKTep 3aBUCHMOCTEH BBIpaXKeH Cl1ado,
001acTh MAaKCUMAITbHBIX BEIMYMH KOHIIEHTPALUH OKCHIOB
a30Ta B IBIMOBBIX T'a3aX, MPUXOAAIIASCS Ha JUANa3oH 3Ha-
yenuit n = 1,1 — 1,2, craxeHa, s3KCTpeMalibHble 3HAUEHUS
HaxozaTes B mpenenax 210 —215 mr/m® (¢, = 1300 °C) n
HE MNPEBBINAIOT BeIUUuHbl 185 Mr/M® 11 HU3KOTEMITE-
patypHbIX TepMmuueckux neueid. Ilpm mogorpese Bo3my-
Xa ropeHust (tB =350 °C) KOHIIEHTpalUsi OKCHJIOB B JIbIME
YBEJIMUMBAETCSA BEChMA CYMIECTBEHHO: 10 350 Mr/m3 (BbI-
COKOTEMIIEpATypHBIE Tedn) U 10 280 Mr/M® (TepMUYecKHe
TICYH).
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Puc. 3. 3aBUCHMMOCTb KOHLIEHTPALIMU OKCHJIOB a30Ta B yXOISAIIMX ra3ax
oT ko3¢ dunuenTa pacxona Bo3nyxa (ropenka «Ipyda B TpyOe»), TOILIH-
BO — CMELIAHHBIN JOMEHHO-NPUPOAHBIHA a3 OF = 12,5 MTx/m>:

1 — Bo3ayx ropenus noporpet 10 350 °C; 2 — XOIOaHbIA BO3YX;

(1) — Temneparypa neun £, = 1300 °C; (2) — Temneparypa neuu £, = 900 °C

Fig. 3. Dependence of the nitrogen oxides concentration in smoke gases
from the excess air ratio (burner “pipe in pipe”), fuel — mixed blast
furnace end natural gas OF = 12.5 MJ/m*:

1 — combustion air, preheated to 350 °C; 2 — cold air; (/) — furnace
temperature 7,= 1300 °C; (2) — furnace temperature 1= 900 °C

Taknum 00pa3oM, BeIOMpasi CHCTEMY OTOIUICHHS Tedeit
W YTWIM3AIWU TeIjia MPOAYKTOB TOPEHHUS TOTUTMBA, HE0O-
XOIIMMO YYHUTBHIBATh IKOJIOTHYECKHE IMOCIEACTBUS peallu-
3yeMBIX MPOCKTHBIX PEIICHUN: TTOJ0TPEB BO3TyXa TOPCHUS
MIPUBOJIUT K 3HAUYNTEILHON SKOHOMUH TorunBa (12 — 15 %),
CHIDKACT Y/ICNBHBIC 3aTpaThl PHEPTHMU Ha TPOHU3BOICTBO
MPOMYKINH, HO, BMECTEC C TE€M, CYIIECTBEHHO IOBBINIACT
KOHIICHTPAIIHNIO OKCHJIOB a30Ta B JILIMOBBIX r'a3ax. BamoBbie
BBIOPOCHI 9TUX BEHIECTB MOTYT 3aMETHO MpPEBHIIIATh aHa-
JIOTHYHBIC 3HAUCHUSI TP PabOTE TOPEIIOK, YCTAHOBICHHBIX
B MeYax M KOTJaX, HE OCHAICHHBIX CHCTEMOH peKymepa-
IIUH TEIUTa YXOSIIUX Ta30B.
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DEPENDENCE OF NITROGEN OXIDES CONCENTRATION IN SMOKE GASES
FROM THE METHOD OF FORMING OF FUEL-AIR MIXTURE

Gertsyk S.I.', Cand. Sci. (Eng.), Assist. Professor of the
Chair “Technology and equipment of metallurgical produc-
tion” (gertsyk@mail.ru)
Tuktarov D.B.%, Engineer

I Moscow State University of Mechanical Engineering (38, B.
Semyonovskaya str., Moscow, 107023, Russia)
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Abstract. The concentration of nitrogen dioxide in the smoke gases

from the combustion of fuel in burners with different ways of
forming the fuel-air mixture was calculated with the use of em-
pirical procedures. It was shown, that a minimum concentration
of nitrogen oxides in smoke gases was at fuel burning in burners
with open torches and external mixing incineration calorie fuels.
The heating of the combustion air increased the concentration of
nitrogen oxides in the combustion products in several times. The
extreme dependence of the concentration of nitrogen oxides was
obtained in the smoke from the coefficient of the air flow, the
critical value of which corresponded to the maximum concentra-
tion—1.16 — 1.17.

Keywords: nitrogen oxides, smoke gases, burner, mixing method, heat-

ing of combustion air flow, rate of air, extreme dependence.
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CBsI3b MEXAHUYECKHUX CBOMCTB JIMTHIX U3JIEJIUI
N3 CTAJIM 40X24H12CJI C UX MUKPOCTPYKTYPOM U BA3KOCTBIO PACILJIABA
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Annomauusn. Iposeneno mertamorpaduyeckoe UCCIIeI0BAaHUE MUKPOCTPYKTYPBI JUThIX 00pasioB ctaimu 40X24H12CJI, otoOpaHHBIX OT KOJIOCHHKOB
00KMTOBBIX TEJIEKEK, XapAaKTEPU3YIOIINXCS PA3IMYHbIM YPOBHEM MEXaHMUECKHUX XapakTepucTuk. OOHApYKEHO, YTO MUKPOCTPYKTypa 00pasios,
JUISL KOTOPBIX XapaKTEPHO TOHKEHHOE 3HAYEHNE TPOUYHOCTH U IIACTHYHOCTH, COAEPKUT OOJIbIIIE HEMETAINUECKUX BKIIIOUCHHUH, a TaKKe G-(a3bl
10 TPaHHUIlAM ayCTEHUTHOTIO 3epHa. V3ydeHa BA3KOCTh JAaHHBIX 00pPA3IOB B JKUIKOM COCTOSHHHU. BS3KOCTb M3MEpsIM METOIOM 3aTyXaroluX Kpy-
THJIBHBIX KOJICOAHUI THIVIS C PACIIIABOM B PEXKUME HArpeBa 1 MOCIIeayIOIIEero OXJIaKAeH!s 00pa31oB B quanasone remueparyp ot 1500 xo 1720 °C.
Mo pesynbraram M3MEpeHUH CIEIaHO 3aKIIOUCHUE O CBSI3M MEXaHMYECKUX CBOMCTB JMTHIX 00pa3uos cramu 40X24H12CJI ¢ ocobeHHOCTIMU HX
MHKPOCTPYKTYPBbI, @ TAKKE XapaKTEPOM TEMIIEPATyPHBIX U BPEMEHHbIX 3aBUCUMOCTEH KUHEMATHUECKOH BS3KOCTH PACILIaBa.

Knrouesvte cnoga: ciutok, craiib, MUKPOCTPYKTYpa, MEXaHUUECKHE CBOMCTBA, PAcILIaB, BA3KOCTD, A1e(QEKTh, G-(aza.

W3BecTHBI pe3yasTaThl UCCIEJOBAHUS CBSI3U CTPYKTYpPbI
Y CBOMCTB TBEpPJbIX U KUIKUX CTAJIEH U CIIJIaBOB, KOTOpBIE
JIETT B OCHOBY pPa3pabOTKH HOBOTO CIOCO0Aa MOBBIIICHUSI
KauecTBa METALIONpoayKimu [1 —5]. Ananus temmneparyp-
HBIX 3aBHCUMOCTEIl CTPYKTYypHO-UyBCTBUTEIbHBIX CBOWCTB
KUJKUX CTaJlell U CIUIaBOB yKa3blBaeT Ha CYIIECTBOBAHUE
KPUTUYECKUX Temrieparyp 7", HarpeB BbIIIE KOTOPBIX TPH-
BOAUT K HEOOPATIMOMY U3MEHEHHUIO UX CTPOCHUS U YCIIOBHH
KpHCTAUIM3alMi MeTaiuia. 3HadyeHue 7~ 3aBUCHT OT COCTa-
Ba CIUIaBa, UCXOJHBIX MATEPHUAJIOB U yCIOBUM IIPOU3BOJCTBA
Ha KOHKPETHOM INpeNNpHUATHH. XapakTep TeMIlepaTypHBIX
U BPEMEHHBIX 3aBUCHUMOCTEM CTPYKTYPHO-4yBCTBUTEIIb-
HBIX CBOWCTB pacIuiaBa NpPH HAarpeBe CBUACTENLCTBYET 00
U3MEHEHHUU €r0 CTPYKTypHOro coctosHus. IIpoucxonsiue
W3MEHEHHsl CBA3aHbl C YMEHBLIEHHEM pa3MepoB MHKpO-
obrnacTeil pa3IMYHOrO XUMHUYECKOTO COCTaBa M YaCTUUHBIM
uxX pacnajioM. lucrepesuc TemmneparypHbIX 3aBHCHMOCTEH
CBOMCTB MJKOI0 MeTaJljla, [10JIy4EeHHbIX IIpY HarpeBe U OX-
TaXIICHUH, CBHICTEIBCTBYET O HEOOPAaTUMOCTH TPOIIECCOB,
[POMCXOMAIIKMX B paciuiase npu Harpese Boime 7. CTpyk-
TYpPHOE COCTOSIHHE PACIUIaBa OKa3bIBAET BIUSHUE HA ITPOLIECC
KPUCTAIUIN3ALUK: KPUCTAJUTH3AIMS U3 00Jiee PaBHOBECHOTO
COCTOSIHHS TIPOTEKaeT B OoJiee Y3KOM TeMITepaTypHOM HH-
TepBaJle, YTO CBA3aHO C YMEHBILEHUEM TEMIIEPATyPHOIO
WHTEpBaJIa BBIICIICHHS TIepBUYHON (a3bl. Harper pacruiaBa
Bbile 7" CyIECTBEHHO MOMUPUIMPYET CTPYKTYpPY JIMTOTO
MeTajla: YMEHbILAETCs] AEHAPUTHBIN napamerp, CHUKAeTCst

KOJITITYECTBO IBTEKTHIECKHUX KapOHUIOB, N3MEHSIETCS X MOp-
(hororus, Habmonaercsi 6ojiee OAHOPONHOE paclpesieieHue
CTPYKTYPHBIX COCTaBIISIONINX MO 00beMy cimTKa. Bpemen-
Hasl BBIJCPIKKA pacrjiaBa Mpy MOBLIIICHHBIX TEMIIEpATypax
TaKoKe BIIMSET HAa KOJIUYECTBO, Pa3Mephl U MOP(HOIOTHIO U3~
ObITOYHBIX (Da3. BeimnaBka OBICTPOPEXYIIMX CTallel ¢ HC-
TIOJTB30BaHKEeM TepMoBpeMeHHoM 00padoTtku (TBO) pacra-
Ba HE TOJILKO U3MEHSET CTPYKTYPY, HO U MOBLIIIAET TOPSUYIO
TUTACTHYHOCTH JIUTOTO METajlla B Iporecce Ie(opMariyu.
Viyurarorcs ciry>keOHble CBOMCTBA METaJlIa, TAK CTOMKOCTh
MHCTPYMEHTA IpU ToYeHuH Bo3pactaeT Ha 20 —40 %. [Ipu-
mernenre TBO pacmiaBa Ipyu NOIy4€HHUU JIMTBIX CTaJIbHBIX
M3IeTHI TTO3BONISIET CHOPMHUPOBATH ONTHMAITBHBIN KOMITIIEKC
CTPYKTYPBI U CITY>KEOHBIX XapaKTePUCTUK METAJIa — YBENHU-
YHUTH KOJIMIECTBO BTOPUIHOH Y'-(ha3bl, TOBBICHTE €€ TepPMO-
CTabWIBHOCTh, ONTHMHU3HPOBATE MOP(OIOrHI0 KapOHIOB,
TIOBBICHTH COBEPIICHCTBO KPHCTAJUTMIECKOH CTPYKTYpEI,
yBenuunTh Ha 30 — 50 % >xaporpoyHocTs Marepuana [3 —4].

C mpakTHueckol TOYKH 3PEHUS U3 BCEH COBOKYITHOCTH
pa60T, TIOCBALICHHBIX U3YUCHUIO CBA3U CTPOCHUS U CBOMCTB
TBEPIBIX M )KUIKAX METAJUTMUECKUX CIUIaBOB, HANOOJICe HH-
TEPECHBI TC HEMHOTOYMCIJICHHBIC NCCIICAOBAHNS, B KOTOPBIX
YCTaHABIUBACTCS CBS3b CTPYKTYPHOTO COCTOSTHHS pacIliaBa
¥ 0COOCHHOCTEH MUKPOCTPYKTYPBI 1 MEXaHUYIECKUX CBOWCTB
JMTOTO MeTayuia. Hampumep B pakTHKE MPOM3BOICTBA Kap-
Tepa (cruiaB AJl-4) m nByxTpyOHOro Kojekropa (CriaB
AJI-9) MOIMIHBIX AM3ENBHBIX JBHUTATENEH TIOKa3aHo [6], 94TO
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TBO pacmnasa AJI-4 conmpoBoXkaaeTCs MOBBIIIEHUEM I1Tac-
THYHOCTH OTIUBKHY B 10 — 15 pa3 nmpu omHOBpEMEHHOM pOC-
te mpouHoctd Ha 30—80 %. dns crmaBa AJI-9 addext
reperpeBa BbIPAKEH MEHee SPKO, OJHAKO U B 3TOM Cllyyae
OTMEUAETCsl CYIIECTBEHHOE MOBBIIICHUE TIACTUIHOCTH OT-
JIMBKY TIPU HEKOTOPOM CHIDKEHHH TIPOYHOCTH [6].

AKTyallbHBI BONPOC O CBSI3M MHUKPOCTPYKTYpPHI JIH-
ThiX 00pa3noB ctanm 40X24H12CJI, oroOpaHHBIX OT KO-
JOCHUKOB OOXHIOBBIX TEJIEKEK, XapaKTEPHU3YIOIIUXCS
pa3IMYHBIM YPOBHEM MEXaHMUYECKUX XapaKTEPUCTHUK, CO
CTPYKTYPHBIM COCTOSIHUEM HX PACIUIaBOB, 10 CHX IIOP
He obcyxmancs. HampuMep M3BeCTHO, YTO HaJHYUE He-
METAUTMYECKUX BKIIOUCHHUN B CTaJN BIHUSECT HA >KUAKO-
TEKy4eCTb paclljlaBa, IpPOLECcC KpUCTAUIM3alUY U MeXa-
HUYECKHE XapaKTEPUCTHKU TOTOBBIX CTAJIbHBIX M3JCTHUH,
OJJHAKO HE YCTAHOBJICHO 3aBUCHUMOCTH MEXaHHYECKHUX
CBOWCTB OTIIMBKHU OT CTPYKTYPHI JIUTOTO METAJIA, TO3TO-
My CYAMTb O IPUPOJE CBA3M MEXaHWYECKHUX XapaKTepH-
CTHK U CTPYKTYPBI TBEPAOTO U KUAKOTO METaJIIA 3aTPya-
HHUTEIBHO [3 — 4].

ABTOpPBI HacTOsIIEH pabOTHI MpENIAraloT MEePCHEKTHB-
HBII CIOCO0 YITydIIeHHS] KauecTBa H3/ICNUH KOJIOCHHKOB
OOXKMTOBBIX TENEKEK, W3TOTaBIUBAEMBIX METOJOM JIUThS
m3 cramm 40X24H12CJI — roMOreHu3MpyIONIyIo TemIiepa-
TYPHO-BPEMEHHYI0 00paboTKy pacmiasa [2]. DToT cmocod
MO3BOJISIET IMOJYYHUTh METAJUl ¢ MMHUMAJbHBIM KOJIHYECT-
BOM J€(EKTOB MUKPOCTPYKTYpbI U HE TpeOyeT BBICOKHX
ckopocreit oxmaxnaenusi [l —4]. Unes metoma ocHoBaHa
Ha TIPENOIOKECHIU O TOM, YTO HPH TEMIEpaTypax BBIIIE
TEMIIEPaTyphl JIMKBUAYC B METAJUINYECKON JKUIKOCTH B Te-
YEHHUE JUTUTEILHOTO BPEMEHH MOTYT CyIIECTBOBaTh MUKPO-
HEOJIHOPOAHOCTH, OTJMYHbIE 110 XUMHUYECKOMY COCTaBy OT
OKpY’KaloIero pacruiasa. st ux paspylieHus Hy>KHBI I1e-
PErpeBbI JKUAKOTO MeTalljia 10 ONPeesIEHHOM Ul KaX10ro
cocrasa Temrneparypst 7. Tlocie Takoro neperpesa paciias
HEOOpaTUMO TPHOIIKAETCS K COCTOSIHUIO HCTHHHOTO PacT-
BOPA, YTO CYIIECTBEHHO M3MEHSET YCIOBUS €T0 KPHCTALIU-
3aLUK. DKCIIEPUMEHTAIbHO YCTAHOBJIEHO, YTO pa3pylLIeHue
MHKPOHEOJHOPOIHO CTPYKTYPBI pacIIaBOB OOBIYHO COMPO-
BOXK/Ia€TCAd aHOMAJIMAMHU TEMIIEPAaTypHBIX 3aBUCHUMOCTEI
CBOMCTB METAJIIIMUECKON KHJIKOCTH, B YACTHOCTH BSI3KOCTH.

OOHapyKEHO pacXOKAECHUE TEMIEPATyPHBIX 3aBUCHMOCTEH
BSA3KOCTH pacIllaBa COOTBETCTBYIOILMM PEKMMaM HarpeBa
1 TOCIIENYIONIETO OXJaxaeHus obpasua. Temneparypy 77,
OTBEYAIONIYI0 HEOOPaTHMOMY HEPEXOAy paciuiaBa B TOMO-
TEHHOE COCTOSIHHUE, B 9TOM CIIydae ONpEesId MO0 Hadaly
BBICOKOTEMIIEPATYPHOIO COBIAIAIOILETO yYacTKa HOJIUTEPM
HarpeBa M OXJIAKACHUS. B BUCKO3MMETPUYIECKUX OINBITAX C
MHUKPOHEOJHOPOIHBIMI pacIUlaBaMi 3a(hUKCHPOBAH aHO-
MaJIbHO BBICOKHI pa30poc 3HAUCHMIT KHHEMATUIECKOH BsI3-
KOCTH, 3a4aCTyl0 HE MO3BOJISIOIINI KOPPEKTHO ONPENENIUTh
nannyto Besmunny. [lpu Harpese 10 7 ykazaHHbIH pazopoc
HEoOpaTuMO YMEHBIIAJCS O 3HAYECHHH, COOTBETCTBYIOIINX
CITy4aiHOM MOTPEIHOCTH U3MEPEHNH.

Pabora mocBsiIieHa HCCIIEIOBAHUIO CBSI3M MEXaHHUYe-
CKHUX CBOMCTB MUTHIX 00pa3nos ctamu 40X24H12CJI ¢ oco-
OCHHOCTSIMA WX MHKPOCTPYKTYPBHI, a TaKXKe XapaKTepOoM
TEMIEPaTyPHbIX U BPEMEHHBIX 3aBUCUMOCTEH KMHEMaTh-
YEeCKOI BA3KOCTH paciulaBa. ABTOPbI IPEJIaraloT Hay4qHo-
00OCHOBaHHBIN PEXUM TEMIIEPATyPHO-BPEMEHHONH 00pa-
OOTKH pacruiaBa, HallpaBJICHHBIN Ha YIyYIICHHE KauecTBa
KOJIOCHUKOB O0KMTOBBIX TEJEXKEK, UCTIOIb3YEMBIX B TOPHO-
000TaTUTENEHOM TIPOU3BOICTBE.

HccnenoBaHbl TeMIepaTypHble U BPEMEHHBIE 3a-
BUCHUMOCTH BSI3KOCTH V(f) 00pasioB J>KUAKOH CTau
40X24HI12CJI ¢ uenblo ONpeleseHus: TeMIIeparyp UX ro-
morenuzanuu 7. OGpasipl cTanu, OTOGPaHHBIE OT KOIOC-
HHUKOB O0XHTOBBIX TEIEKEK, XaPAKTCPU3YIOTCSI Pa3IUIHBIM
YPOBHEM MEXaHUYECKUX XapaKTEPUCTUK. XUMHYECKUI
cocra cranu 40X24H12CJI BkitodaeT yrepos (He Oomee
0,04 %), kpemnuii (0,5 — 1,5 %), nuxens (11 — 13 %), map-
ranen (0,3 — 0,8 %), xpom (22 — 26 %), hocdop (ue Oomnee
0,03 %) u cepy (ue 6omee 0,03 %).

B ycnoBusix OAO «YpanmaiizaBoa» TpaJuluOHHBIMU
METO/IaMH IIPOBE/IEHBl U3MEPEHHSI MEXaHUYECKUX CBOMCTB
o6pasnos cranu 40X24H12CJI, oToOpaHHBIX OT KOJIOCHH-
KOB OOKHTOBBIX TENEXKEK. Pe3ynasrarel m3MepeHuil mpen-
CTaBJIEHBI B TAOIHILIE.

W3ydeHne MHUKpPOCTPYKTYpPBI JHUTBIX OOpasloB TIPO-
BOJWJIM TPAIUIIMOHHBIMU METONAMHU KOJIMYECTBEHHOU H
KadecTBeHHOW Metaiutorpaduu [7—9]. iusg usydeHwus
MHUKPOCTPYKTYPBl MPUMEHSJIM ONTHYECKUH MHUKPOCKOI

Mexannueckue cBoiictBa o0pa3uos craiau 40X24H12CJI, oToOpaHHBIX OT KOJIOCHUKOB 00:KMIOBBIX TeJIesKeK

Hoep s cbpnon | S P IS IpOMSET | OMOGT | pper,
1 332 574 16 249
2 290 385 9,0 194
3 345 445 32 174
4 240 410 14,5 171
5 265 460 14,5 186
Ipenensr nomycka (FOCT 2176-77, 215-235 550-610 24-38
JIUTOE COCTOSIHUE)
[penens! nomycka (MPOU3BOJICTBEHHBIC) 250 500 10
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Neophot-32, nnst uneHTH(UKAINN CTPYKTYPHBIX COCTABISA-
rorux Mukpoteepaomep [IMT-3 (narpyska 50 r). s un-
JNEHTH(OUKALMHE HEMETAJUINYECKUX BKIIFOYEHHH, KOTOpBIE
MIPOCMAaTPUBAIIICE TOJIHKO Ha HETPABIEHBIX IUTHA(aX, WC-
nosnb3oBanu ['OCT 1778-70. MakpoTBepOCTh U3MEPSIIH
IO IBYM OTTI€YaTKaM Ha pudope «bprHenb) mpu Harpy3Ke
3000 kr mapukoM auamerpoM 10 mMm.

BSI3KOCTB V M3MeEpsUIN METOJIOM 3aTyXarolIuX KPyTHIb-
HBIX KOJICOaHWI THUIVIS C PacIljlaBOM B PeXHUME Harpepa M
MOCTIEAYIOMIEr0 OXJIAXKICHUST o0pas3la B JHama3oHe TeM-
neparyp ot 1550 o 1700 °C. M3mepenus TeMnepaTypHbIX
3aBUCHMOCTEH TIPOBOIIIN B PEKAME H30TCPMHUICCKUX
BbIIepkeK (He MeHee 30 MUH) CO CPaBHUTEIHHO MaJIbIMH
(10— 15 °C) crymeHYaTbIMU W3MEHEHUSMH TEMIIEPaTyphI.
Cucremaruveckas nmorpemHocts usMepenus v(7) cocras-
msma 3 %, a ciuydaiiHas, ompenensiomas pa3opoc ToYeK
B XOJI€ OJIHOTO OIIbITA, NMPU JAOBEPUTEIBHON BEPOSTHOCTH
p = 0,95, ne npespimaina 1,5 %. M3mepeHue BpeMeHHbIX 3a-
BUCHMOCTEH BS3KOCTH OCYIIECTBIISUINA B OT/IEJIBHBIX IKCIIe-
pumenTax. [Ipu kaxaoit Temneparype npoBomum 15 — 40
MOCJIE/IOBATENIbHBIX OTCYETOB. Temrieparypy MOJJIepiKH-

BaJIM HAa 33/IaHHOM YPOBHE ¢ TOYHOCTHIO | °C ¢ MOMOIIIBIO
BBICOKOTOYHOTO peryiaropa. [Ipu npoBeaennn nsmepeHui
PETrUCTpaIiio MapamMeTpoB KojeOaHW OCYIIeCTBIISIIN Ofl-
THYECKHUM CIIOCOOOM C TMOMOIIBIO CHUCTEMbI (DOTOPETHCT-
pauuu  KonmeOaHMH. DKCIEepUMEHTAJbHAs yCTaHOBKA,
METOIMKA N3MEPEHUI BPEMEHHBIX U TEMIIEPATYPHBIX 3aBHU-
CUMOCTEH KMHEMaTU4eCKOH BS3KOCTH pacIljlaBOB M 0Opa-
OOTKH DKCIIEPUMEHTANBHBIX JaHHBIX ITOAPOOHO OMHCAaHBI
B pabotax [10 — 12]. OOpa31pl 1yisi BUCKO3ZUMETPUIECKOTO
HCCIIeIOBaHMs OBITH OTOOPAHBI OT KOJIOCHUKOB O0XKHUTOBBIX
tenexek u3 crann 40X24H12CJI. Bo Bcex onbITax UCMONb-
3oBany THIH U3 BeO. OmbITel mpoBoamiam B atMocdepe
BBICOKOUHCTOTO Tenus noy aasiaenuem 10° IMa.

Pesymbratel  MeTammorpadudeckoro  MCCIEIOBaHMUS
MHUKpPOCTPYKTYypbl 0o0Opaszuos cramu 40X24H12CJI npen-
cTaBJeHbl Ha puc. | — 3.

B mMuxpocTpykType 00pasia 13 nepBoil mapTuu Habmo-
JaeTcst OOJBIIOE KOJMYECTBO MEJKUX KapOWIOB, MMEIOT
MECTO W HeMeTaJuIndeckue BKIroueHus. [Ipenmytect-
BEHHO 3TO OKCHKAapOOHHUTPHIB M KapOOHHTPHIBI B BUJEC
KPHUCTAJIOB MPABUIBHOU (POPMBI, OTUHOUYHBIC CYIb(HIBI

Puc. 1. MukpocTpyKTypa OTJIMBKH U3 TIEPBOIl MapTUH

Fig. 1. Microstructure of the cast from the first batch

Puc. 2.MukpocTpyKkTypa CIIMTKa U3 BTOPOH apTHu

Fig. 2. Microstructure of the cast from the second batch

169



M3BECTUS BBHICHINX YUYEBHBIX 3ABEAEHUN. UEPHAS METAJIYPTUA. 2015. Tom 58. Ne 3

IInenounoe exarouerue

Cynopuo

Puc. 3. MukpocTpyKkTypa ciIuTKa U3 4eTBEpPTO IMapTHH

Fig. 3. Microstructure of the cast from the fourth batch

oBasonoo0Hoi Mopdonorun u okcuasl (puc. 1). Muxpo-
TBEPAOCTh OCHOBBI cocTanisier 2295 MITa.

MHukpocTpyKTypa 00pa3loB W3 BTOPOH MapTum Xa-
pakTepusyercss OONBIIMM KOJIHYSCTBOM HEMETaJIIHYe-
CKMX BKIIOYeHUU. [IpenmyniecTBeHHO HabOIIONAOTCA
CKOIUICHHUSI MEJKAX OKCHJIOB, IUICHOYHBIC BKJIIOUCHHS,
OJIMHOUYHBIC CYNbGUAB U KapOOHUTpUABL. IlneHouHble
BKJIFOYEHUST MOT'YT ITPOBOIIMPOBATH 00pa30BaHUE TPEIIUH.
MHUKpOCTPYKTYpa MeTaula B OCHOBHOM COCTOHUT U3 ay-
creHuTa (y) ¢ mukporBepaocteio 2550 Mlla. Ilo rpanu-
[IaM 3€pEH ayCTCHUTA HAOIIOMAI0TCS BKIIOUCHHS G-(a3bl,
MEJIKOTUCTIEPCHOH (peppUTO-TIEPIUTHON CMECH C MUKPOT-
BeprocThio ~3462 MIla, a Takke qucHiepCcHble KapOubl
xpoma. Pacmag ¢eppura Ha Xpynkymo c-¢pa3y u deppu-
TO-TIEPIUTHYIO CMECh MOXKET yKa3bIBaTh HA 0COOCHHOCTH
OXJIKIEHMs ciuTKa. [t oOpasma w3 TpeThel mapTuu
COCTaB HEMETAJUIMYCCKUX BKIIIOUYCHUU U MHUKDPOCTPYKTY-
pa MOJTHOCTHIO MACHTHYHBI 00pa3Ily W3 BTOPOH MapTHH.
B MukpocTpykType obpasua u3 mATOi HMapTHH HapsIy C
yYacTKaMH pPAaclaBIIerocs (peppura IPUCYTCTBYET He-
O0NpII0E KOTMUYECTBO HEPACIHABIIETOCS BBHICOKOTEMIIEpa-
TypHOTO (hepputa. OTIHYNE MHKPOCTPYKTYpHI 00Opasia
13 4eTBEPTOM MapTUH B TOM, UYTO BCTPEUAIOTCS NE(EKTHI
YCaJI0YHOTO IPOUCXOKACHUS M MEKICHIPHUTHAS ITOPHUC-
TOCTh (puc. 3).

Takum 06pa3oM, MOKHO OTMETHTB, 4TO 00pasell u3 mnep-
BOU MapTHU UMEET MHUKPOCTPYKTYPY, OTIMYHYIO OT 00pa3-
OB OCTaJbHBIX maptuil. CTpykTypa oOpasna H3 MepBOi
MapTHH COCTOUT U3 MEpIUTa pa3HOH cTeneHu auddepeH-
OUanuy, KapOumaHo! a3kl M MEIKOAMCIEPCHBIX KapOHI0B
Xpoma.

CTpyKTypsl 00pa3loB OCTAIBHBIX MAPTHH ITOTHOCTHIO
UJCHTHYHBI, OHU COCTOSIT U3 3ePCH ayCTCHUTA, HE3HAUH-
TENFHOTO KOJHMYECTBA BBICOKOTEMIIEPATYPHOTO (eppuTa
U CTPYKTYp pacmaBuierocsi ¢geppura — Xpymkoil o-¢hazsl
u (eppHuTO-KapOUIHON CTPYKTYpBI, KOTOpask dKPaHHPYET
MOCJICAHION. [IPUCYTCTBYIOT MEJIKOIUCTIEPCHBIE KapOuIbl
xpoMa. OCHOBHOE OTIIMYHE HCCIEIYyEeMBIX JHTBIX 00pa3-
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IIOB — 9TO pa3Hble 00bEMHBIC JIOJIM pacnaBiierocs (heppu-
Ta, YTO MOXKET OINPEICNIATHCS KOJICOAHUSIMH XUMHUYECKO-
ro cocraBa aaxe B pamkax [OCT 2176-77. Paznuune B
00BEMHOI1 [l0JT1e BBIIEIEHHBIX (a3, ayCTCHUTA U paclaBIIIe-
rocsi heppuTa cKa3bIBaeTCs HA 3HAYCHUN MAKPOTBEPAOCTH
(cM. Tabnuiy). M3BecTHO, 4TO MPUCYTCTBHE HEMETAJTH-
YEeCKUX BKIIFOYCHUH TJICHOYHOTO TUTIA, & TaKXkKe G-(Pa3bl Mo
TpaHHIlaM ayCTEHUTHOTO 3€pHA SIBISIETCS 3HAYUTEIHHBIM
OXPYITYHBAIOIIUM (DAKTOPOM.

Pe3ynbrarhl  BUCKO3UMETPHUYECKOTO  HCCIIETOBAHUS
obpasnos xuakor cramu 40X24H12CJI, oTroOpaHHBIX OT
KOJIOCHUKOB OOXKHTOBBIX TEJICKEK, XapaKTEePHU3YIOIIUXCS
Pa3IMYHbIM YPOBHEM MEXaAHNYCCKUX XaPAKTCPUCTHUK, IIPEA-
craBieHbl Ha puc. 4. Jljisg Bcex UCcieIoBaHHBIX PACIIaBOB
00HaApY)KEHO TIePEOXITAKICHHE METAIUTMYECKON JKUIAKOCTH
Ha 20 — 80 °C. [lyis 00pa3IioB CTaJId U3 YETBEPTOU U MSITOH
MapTUi, UMEIOLIUX MMOHMKEHHBIN YPOBEHb MEXaHMUYECKHUX
CBOWMCTB, 3a()MKCHPOBAHO PACXOXKICHHUE MTOJUTEPM Harpena
u oxyaxaenus (rucrepesuc) — T+ = 1630 — 1670 °C. Jlns
BCex 00pasmoB mpu Temmeparype 1670 °C, kak B pe:KuMe
HarpeBa, Tak U B PEKUME OXJKJCHUA, 3a(DMKCUPOBAH
noBBIMeHHBIH (B mpenenax 20 — 10 %) pa3dpoc 3HaueHHA
KUHEMAaTH4YEeCKOM BSA3KOCTH. Pejlakcanyu 3HAYCHUN BS3-
KOCTH K OINPENEICHHOMY CpPEIHEMY 3HAUCHHUIO HEe HaOJo-
nmaetcs. OOpaiaeT BHUMaHHE TOT (DaKT, YTO CHUIKCHHUE
a0COJTFOTHBIX 3HAYCHHUU BS3KOCTH C POCTOM TEMIIepaTyphbl
pacriaBa st 00pas31oB mapTuid 2 — 5 (171 HUX XapaKTepHO
MOHMKEHHOE 3HAYCHHE MPOYHOCTH, CM. TaOJHILy) MPOHC-
XOIUT MHTEHCUBHee B 2 pa3a. Bce BbllenepeurcieHHbIE
(akThl CBUICTEIILCTBYIOT O BIMSHUU MEperpeBa paciiiaBa
Ha MHKPOHEOTHOPOAHOCTH HACJIEJCTBEHHOIO XapakKTe-
pa, BO3HUKAIOIIUE M3-32 MPHUCYTCTBUS HEMETaJUTMUECKHX
BKJIIOUCHUI TJIGHOYHOTO THUIA, a Takke o-(asbl u heppu-
TO-KapOWHOH CTPYKTYPbl B HCXOJAHOM CJIUTKE. ABTOPBI
cuntarot, urto s cramu 40X24H12CJI ue Bcerma rene-
c000pa3HO TOBBIIIATH TEMIIEPAaTypy HarpeBa paciiaBa
10 1670 — 1720 °C, T.e. IpUMEHSITH TOMOTCHU3UPYIOIILYIO
TEPMUYECKYI0 00pabOTKY METaNTMYEeCKON KUIAKOCTH, JIJIs
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Puc. 4. TemneparypHble 1 BpeMEHHbIE 3aBUCHMOCTH KHHEMaTHUECKOH Bsi3kocTH paciiaBoB ctanu 40X24H12CJI, oToOpaHHBIX OT KOJIOCHUKOB
OOJKHTOBBIX TEJIEKEK, XapaKTePU3YIOIINXCS PA3INYHBIM YPOBHEM MEXaHHYECKUX XapaKTePHUCTHK:

a, 6 —naptus 1; 6, 2 — maptus 2; 0, e — nmaprus 3; orc, 3 — naptus 4; u, k — naprus 5; O — Harpes; @ — oxiax/JeHue. BpeMeHHbIE 3aBUCHMOCTH KHHEMa-
THYECKOH BsI3KOCTH n3Mepensl ipu 7' = 1670 °C. Ctpenku yKka3pIBalOT 3HaYEHUE TEMIepaTyp JINKBHIYCa

Fig. 4. Temperature and time dependence of the kinematic viscosity of the molten steel GX40CrNiSi25-12 selected from the grate kiln trucks,
characterized by different levels of mechanical properties:
a, 6 —batch 1; 6, 2 — batch 2; 0, e — batch 3; o, 3 — batch 4; u, k — batch 5; O — heating; ® — cooling. Time dependence of the kinematic viscosity
measured at 7= 1670 ° C. The arrows indicate the value of the liquidus temperature
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KaxJ0MH mapTuu o0pasoB HEOOXOAUMO MPOBOAUTH MPE-
BapUTEIHHOEC BHCKO3HMETpPHUECKOe HccienoBanue. Craib
40X24H12CJI sBnsiercs AByX(pa3HOM CTaNBIO ayCTEHUTHO-
(bepputHOTO KIiacca. [1ogo00HbBIe cTaNM OTIINYAOTCS 3HAUH-
TEJIBHON HECTAOMIBHOCTBIO CBOMCTB — HEOOIbIIHE KOJIeOa-
HUS B COCTaBE BHYTPH MapOYHOTO COIEPIKAHUS DIEMEHTOB
OPUBOAAT K CyHICCTBCHHOMY M3MCHCHHUIO KOJIMYECTBEHHO-
TO COOTHOIICHUS Y M 0-(ha3 ¥, ClIeIoBaTEeIBHO, K PA3THIHIO
B CBOMCTBAX, B TOM YHCJIC U KUJKOU CTAJIH.

[omydgeHHBIE pPe3ynbTaThl MOYKHO KadeCTBEHHO HHTEp-
MPEeTUPOBaTh HAa OCHOBE MPEICTABICHUII O MHKpPOHEOM-
HOPOJTHOM CTPOEHUHM METAIMUECKUX paciiaBoB [3 —4].
CornacHo >THM NpeaACTaBJICHUAM, NPU IUIABJICHUHM MHO-
roda3Hoil ctanu He oOpasyercsi cpa3y e OIHOPOIHBIA Ha
aTOMHOM YpPOBHE PAcTBOP JICTUPYIOIIUX 3IEMEHTOB B Ke-
Je3e M B OINpENCICHHOM HHTEpBAIC TEMIIEPaTyp IMpPOAOI-
JKAET COXPAHAThCSI MUKPOHEOAHOPOIHOE cocTosiHME. B Toi
00JIaCTH COCTOSIHHH, TIe YKa3aHHAss MUKPOHEOJHOPOIHOCTD
MMeeT JO0CTaTOYHO KPYMHBIM MaciTad, OTMEYaroTcsi Hec-
TaOMITBHOCTh (PUKCHPYEMBIX 3HaueHHH Bsi3kocTH. Cyms 1Mo
BeTBIICHNIO KpuBbIX V(7) Tiepexo pacriiaBa B COCTOSHHE
HCTUHHOTO PacTBOPA IIPOUCXOHT JIUIIH BOIM3U TOUCK ITOTO
BeTBiIeHus. Temreparypy 7, OTBEYAIOILYIO MEPEXOLY pac-
IaBa B 60Jiee OHOPOITHOE COCTOSIHUE, ABTOPEI OTPEISITFIIH
[0 Havaly BBICOKOTEMIIEPATYPHOTO COBMA/AIOIIETO ydyacT-
Ka IOJIMTEPM HarpeBa M OXJaxkAaeHus. Ui *KUAKOM cTainu
40X24H12CJI T* = 1630 — 1670 °C (puc. 4). CoracHo pa-
oote [1], mocne neperpepa pacruiasa Beinie 7 npy HOCIETy-
IOIIEM OXJIAXICHUH MOTYT CYIIECTBEHHO H3MEHUTHCS YCIIO-
BUSI KPUCTAIDIM3AIMH METajlla ¥ BO3MOXKHO 3HAYUTEIHLHOEC
MOBBIIICHUE YPOBHSI CBOIMCTB JIUTOTO METAJLIA.

Buoi60o0si. 1IpoBeieHO BUCKO3UMETPUYIECKOE UCCIIE0BA-
HHE 00pa3noB xuakoil cramu 40X24H12CJI, oroOpaHHbIX
OT KOJIOCHHKOB OOKHTOBBIX TEJIEKEK, XapaKTEPU3YIOITHXCS
pa3IUYHBIM YPOBHEM MEXaHUYECKUX CBOMCTB. [To pe3ynb-
TaTaM M3MEPEHUH CHeTaHO 3aKIIOYCHHE O CBS3M MEXaHH-
YECKHMX CBOIMCTB JMTHIX 00pa3uoB ctamu 40X24H12CJI ¢
XapaKTepOM TeMITEpaTypHBIX U BPEMEHHBIX 3aBHCUMOCTEH
KMHEMAaTHYECKON BSI3KOCTH PacCILIaBa.

BrimonmHeHO MeTammorpaduuecKoe UCCIeNOBaHIE MH-
KpocTpyKTyphl o0pasuoB cranu 40X24H12CJI, otobpan-
HBIX OT KOJIOCHHKOB OOKMTOBBEIX Tenekek. OOHapyKeHO,
YTO MHUKPOCTPYKTypa 00pasloB, ISl KOTOPBIX XapakKTep-
HO TIOHM)KEHHOE 3HAYCHHE TPOYHOCTH ¥ IUIACTHYHOCTH,
COZIEPKUT OOJbIIC HEMETAIMYECKUX BKIroueHuil. Ilpe-
MMYIIECTBEHHO HAOIIOMAIOTCSI CKOIUICHUSI MEJKHX OKCH-
J0B, INICHOYHBIC BKJIIIOUCHUS, OAMHOYHBIC Cyﬂb(i)l/lﬂbl u
KapOOHUTPHJIBI, 110 TPAHHUIIAM 3E€PEH ayCTeHHUTa 3a(hUKCH-
pOBaHbI BBIACICHUS G-(ha3a U MEIKOH (eppUTO-NIepInT-
HOU cMecH. [IpucyTcTBHME HEMETATITMYECKUX BKIOUCHUN
IUICHOYHOTO THMA, a TaKXke O-(a3bl M0 IpaHUIAM ayCcTe-
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HUTHOTO 3€pHA ABJIACTCS 3HAYUTCIIbHBIM OXPYITIUBAIOIUM
¢daxropom. Teepnocts (HB) 00pa3ios, aisi KOTOPHIX Xa-
PAKTEPHO MOHUIKCHHOC 3HAYCHUC MPOYHOCTU U IJIaCTUY-
HOocTH, MeHbIIe Ha 30 %.

Jist 00pa3noB K3 ABYX MapTUH, MMEIOIIUX MOHUKEH-
HBI YPOBEHb MEXaHWYECKHX CBOWMCTB, 3a()MKCHUPOBAHO
pPacXoXACHHUE MOJMTEPM HarpeBa W OXJIaXKJeHUs (Tucre-
pesuc) — 77 =1630 - 1670 °C. [lna Bcex 06pasnos npu
teMueparype 1670 °C, kak B pesxuMe HarpeBa, Tak U B pe-
KFIME OXJIaXKIEeHU, 3a(UKCHPOBAH TOBEIIICHHEIH (B Ipe-
nenax 20 — 10 %) pa3bpoc 3HaYeHW KHHEMaTHYeCKOH
BSI3KOCTU. ABTOPBI CUMTAIOT, uTO Jyutsi ctanu 40X24H12CJI
HE Bcer/a 1eaecoo0pa3Ho MOBHIIATh TEMIIEpaTypy Harpe-
Ba paciuiaBa 10 7", T.e. IPUMEHATH TOMOTEHU3HUPYIOILYO
TEPMUYECKYI0 O0O0pabOTKYy METaNIMUYEeCKOH KHUJIKOCTH.
Jlnst kaxxoi mapTur 00pasoB HEOOXOJAMMO TPOBOIUTH
MpeBapuUTeIIbHOE BUCKO3UMETPHUUYECKOE HCCIEIOBaHUE,
tak Kak ctanb 40X24H12CJI otnuyaercs 3HAYUTENIbHON
HECTaOMJIBPHOCTBIO CBOWMCTB, B TOM YHCJI€ U B KHJKOM
COCTOSIHUH.
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CORRELATION OF MECHANICAL PROPERTIES OF INGOTS OF STEEL GX40CrNiSi25-12
WITH THEIR MICROSTRUCTURE AND MELT VISCOSITY

Konashkov V.V.', Cand. Sci. (Eng.), Senior Researcher of
“Research Center of Physics of Metallic Liquids of Institute
of Materials and Metallurgy”

Tsepelev V.S.1, Dr. Sci. (Eng.), Professor, Director of the Re-
search Center of Physics of metallic liquids of the Institute
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Belonosov A.V2, Postgraduate
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Abstract. Metallographic examination of the microstructure of ingots of

steel GX40CrNiSi25-12, which are characterized by different levels
of mechanical properties, was held. Samples were selected from the
grates of kiln carries. The microstructure of the samples, which are
characterized by a lower value of strength and ductility, contains more
non-metallic inclusions and o-phase. The authors studied the viscosity
of these samples in the liquid state. The viscosity of the liquid steel is
measured by means of damping torsional oscillations of a crucible with
melt in heating and subsequent cooling in the range of 1500 — 1720 °C.
According to the results of the experiments the correlation of mechani-
cal properties of cast samples of steel GX40CrNiSi25-12 was conclud-
ed with features of their microstructure and the kinematic viscosity of
the melt.

Keywords: ingot, steel, microstructure, mechanical properties, melts, vis-

cosity, defects, o-phase.
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(119049, Poccus, Mocksa, JlennHckuii np., 4)

Annomayus. B pabote [UIsl HOBBIICHHS CpOKa CIiyKObI KpucrammuzaropoB MHJI3 Ha ux 0TpabOTaHHBIX Y3KHX CTEHKaX M3 Mequ M1 u MeHOro cruiaBa
MH2,5KoKpX 0butn coznanbl inddy3noHHBIE CIION HAMTBUICHUEM aNFOMUHHUS TOJIIIHHON OKOIO 1,5 MM ¢ mocieayrommm An(Qy3noHHBIM OTXKUTOM
npu ¢ = 8000 °C B Teyerne 10 4 B OKUCIUTENBHOI cpezie. YCTaHOBIICHO, YTO Ha MOBEPXHOCTH Meau M 1Habnonaercs ynpodssiouii 1uddy3non-
HBIT ci10ii TonmuHol 10 1,5 MM, a crutaBa MH2,5KoKpX — 0,6 — 1,4 MM, 4To oObsicHsieTCst caepkuBaHUueM AU(dy3nOHHOTO Tpoliecca CoaepxKa-
IIMMHUCS B HEM JICTHPYIOIINMH 3JIEMEHTAaMH C MOCIJIEYIOIIeH TepMUIECKOi 00paboTKoil. B KauecTBe OCHOBHBIX IOKa3arenel paboTocrocoOHOCTH
(B Qy3MOHHOTO €105 UCTIONB30BANIN €0 TOJNIIMHY ¥ MUKPOTBEpOCTh. [1py npoBeieHn aHanu3a UCCIe0BaHHbIX 00Pa3IloB C MOKPBITUEM YCTa-
HOBJICHA I1€I6CO00PA3HOCTh HAHECCHNUS Ha pPab04ne Y3KUE CTCHKH KPHCTALTI3aTOpa aTFOMHUHIEBOTO Fa30TePMUYECKOTO TOKPBITHUS C ITOCIIELYOMEeH
TEPMUYECKON 00pabOTKO# B 3aLIUTHON CPe/ie 0 CKOPPEKTUPOBAHHBIM PEXUMaM U UCTIbITaHUE Kpuctamnsaropa Ha MHJI3 ¢ orieHKol cocTosTHUS
CTEHOK B HPOIIECCE IKCIUTyaTalli U N3MEHEHHS KaueCTBa PasIMBaeMOro MeTauia.

Knioueswie cnosa: xpucraumzarop MHJI3, y3kas CTeHKa, Ta30TePMHYCCKOE OKPEITUE, TEPMO0OPadoTKa, TU(Hy3HOHHBIH CIIOH.

W3BecTHO, 4TO MHOTHE JIeTalid OOOpYJOBaHUS MeTall-
JTyprHYECKOTO MPOM3BOACTBA (KPUCTAIUIN3ATOPHI, KOHBEP-
TepHBIC U AOMEHHBIC (YpMBI W T.J.) U3TOTABIUBAIOT U3
MEIH U €€ CIUIaBOB, KOTOPBIC MMEIOT BBICOKYIO JIEKTPO- U
TEIIONPOBOAHOCTH [1]. B TO e Bpemst Menb UMeeT HU3-
KYIO JKapOCTOMKOCTb U U3HOCOCTOUKOCTH [2]. OmbITHI T10-
Ka3ally, 4YTO OKCUJbI MEAU HE CONPOTUBIISIOTCS TEIJIOBBIM
yAapaM U pa3pyIIaloTcs IOCHIE MepBOH ke TEINIOCMEHBI, a
TaK)Ke OTCIAaNBAIOTCA IPU UCTIBITAHUN Ha TPEHHUE.

OnHUM U3 cIOCOOOB TMOBBIMICHHUS IKCIUTYaTAIMOHHBIX
CBOMCTB M3JCIHI U3 MEU SBISICTCS TepMoauddhy3noHHOE
HaCBIIIIEHNE TOBEPXHOCTH JIETUPYIOIUMU 31eMeHTaMH [3].
OpHUM U3 OCHOBHBIX 3JI€MEHTOB, UCIOJIb3YEeMbIX Ul Ha-
CBILIICHUS, SIBISICTCS ATFOMHHUN. AJUTHPOBaHUE MOXKHO
MIPOBOJUTH, HAIPUMEP, METOIOM HACBHIIIEHUS B IOPOLI-
KOBOHM cMmecH, cocrosdmei u3 50 % ajntoMUHUEBON IIyIpBI,
49 % Al,O, u 1 % NH,CI [4].

Wcnpiranue menu mapku M1 ¢ OKpBITHEM HA OKUCIIE-
aue nipu 850 °C Ha BO3myXe MOKa3ajo, 9To TepMOmUdpdy-
3MOHHOE QJINTHPOBAHUE SIBISICTCS MEPCICKTUBHON 3alllu-
TOW MEIH OT OKHCJICHHUs [5]. AJNMTHUpOBaHHBIC 0OpPAa3IIbI
OKHCIISIOTCS] 3HAUUTEIBHO MEIUICHHEE, OBICTPO HACTYyHacT
crabuimszauus mnpouecca. llo-BuauMoMy, MX OKHCIEHHE
IPOUCXOAUT TIO JoTapupMHIECKOd 3aBucumocT. Obpas-

" B pabore mpunumanu yuactue A.E. Kysmenos, E.C. Knumenko,
H.M. Kpukynos, A.A. Ileryxos, H.B. Auapocos
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(bl QJIMTUPOBAHHON MeIU MOCJe OKUCICHUSI UMEIOT IIJI0T-
HBIH ¥ IPOYHBIA OKCUIHBIN CJI0M, KOTOPBIN HE OTCIauBaeT-
Csl B YCJIOBHUSIX TEINIOCMEH.

Uro xacaeTcs M3HOCOCTOHKOCTH, TO Y aJTUTHPOBAHHBIX
00pasnoB U3 Meau oHa yBennuuBaeTcs B 1,3 paza [6].

Onnako MeTo TU(PPY3MOHHOTO HACHIIIECHHUS B IMOPOIII-
KOBBIX CMECSX SIBIISIETCS CPABHUTEJIBHO TPYAOEMKHUM H
oOmaaeT HU3KOW MPOU3BOIUTEIHHOCTHIO. B Hacrosiiee
BpeMs1 JUTS TOMydeHHsT TUPPY3UOHHBIX CIIOEB Ha JETAISX
METAJUTypPTUYECKOT0 000pYIOBaHHS MPUMEHSIETCS METOX
ra3oTepMUYECKOTO HalbUICHUs TOKPHITUH C TIOCTeIyoIei
TepMooOpadoTkoit [7]. CranmaptHoe 0OOpymOBaHHE IS
HaNbUICHUS TAaKUX TOKPBITUH ABISAETCA CPABHUTEIBHO KOM-
MAKTHBIM U JCHIEBBIM, HUYEM HE JIUMHUTUPYIOTCS Pa3Mephl
MOKPBIBAEMBIX JieTalieil 1 BO3MOJKHO HAIbLJICHHE JIOKAJIb-
HBIX ¥ OJIHOCTOPOHHMX NOKpbITUH [8]. TexHonornuyeckui
MIPOLECC HaNbUICHUs IO3BOJIAET TMOJNyYaTh TpeOyeMyro
MIPOM3BOIUTEIBHOCT HAHECCHUS MTOKPBITHS M XapaKTepH-
3yeTCsl OTHOCHUTEIHFHO HEOOIBIION TPYIOSMKOCTRIO [9].

B pesynsrare HanbUICHHS Ta30TePMUYCCKIX MOKPHITHI HA
Me[Ib 1 €€ CIUIaBbl ¥ IOCIeyIoIei TepMooOpadoTku 00pa3y-
ercst auddy3nonHbIi cnoit [10] ¢ %KapocTONKOCTBIO B H3HO-
COCTOMKOCTBIO, HE YCTYHAIOLUIMMH CBOICTBaM, MOJIyYEHHBIM
C WCTIONB30BaHUEM MeTofa AnGdy3HOHHOTO HACKHIIICHUS U3
TIOPOLLIKOB M HEOOXOAMMBIMH ISl ITOBBILIEHHS CPOKA CITYKOBI
000pyI0BaHNS METAJUTYPrHUECKOTO IPOM3BOICTBA.
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B Hacrosiiiee Bpems Ha psijie OTeYECTBEHHBIX 3aBOJIOB B
KaueCcTBE MaTEPUAIIOB IS U3TOTOBICHUS CTEHOK KPUCTAJ-
nu3atopoB MHIJI3 ucnons3ytor Mens Mapku M1, a Taxke
MeHo-HuKkeneBsiit crutaB MH2,5KoKpX. TToaromy st wrc-
CIIEZIOBAHUII UCIONB30BATM OTPAOOTAHHBIC Y3KUE CTEHKU
KPHUCTAILTH3aTOPOB U3 ITHX MaTepUAIIOB.

B pabore nuddy3noHHbIE CIOM cO31aBaIM Ha TOBEPX-
Hoctu Menu M1 u memnoro crmmaBa MH2,5KoKpX Harmbi-
JIEHUEM aJIIOMUHUS TOJNIMHON okoJio 1,5 MM ¢ mocienyto-
M g dy3noHEEIM oT)KUTOM TipH ¢ = 800 °C B TeueHme
10 4 B OKMCITUTENHHOH Cpejie.

beio ycraHoBneHo, 4TO Ha TOBepxHOCTH Memu M1
HabOnromaeTcs ynpouHstomuid 1udy3noHHBIA Cloi TOM-
uHOM n0 1,5 MM, a craa MH2,5KoKpX — tonmmmHON
0,6 — 1,4 MM, 4TO OOBSICHACTCS CHEpXKHUBAHHEM TUPPY-
3MOHHOTO IPOIIECCa CONEPIKAMTIMUCS B HEM JIETHPYIOIIUMHA
aneMeHTaMu. B mobom ciydae TonmuHa 1udQy3HOHHOTO
CJIOST HE TIPEBBIIIAET TONIIIHY HAITBUIIEMOTO TIOKPHBITHSI.

W3BectHO, uTO pecypc paboTel A y3HOHHOTO Clof,
CO37aBaEMOT0 HA MEIHBIX [CETAIX METaJUTyprHIecKOTO
000pyI0BaHuUs, ONpeNessieTcs, MPEekKIe BCEro, ero TONIIHU-
HOH. YBEJHMYEHWE TONIIMHBI HANBULIEMOTO ITOKPBITHS, a
TaKKe TIOBBILICHHE TEMIIEparypbl U BPEMEHH TepMOooOpa-
00TKHM, KaK TPaBUIIO, NMPHUBOAAT K YBEIUYCHHUIO TOJIIHHBI
muddysnonHoro cnost. OgHaKo yBeIMYEHHE TOJIIMHBI Ha-
MBUIIEMOTO TIOKPBITHST COIPOBOXKIACTCSI CHIDKCHHEM €T0
aJire3nu, a TOBBIIICHUE TeMIepaTypbl TepMOOOpabOTKU —
CHJIBHBIM OKHCIICHUEM TIOKPBITHS U HETTOKPHITHIX YIaCTKOB
MEJTHOM OCHOBBI. B CBSI3U ¢ 9TUM JJ1s YBETHUCHUSI TOJIIHHBI
TP Py3UOHHOTO ClTos TU(DPY3UOHHBIN OTIKHUT IIOKPBITHH Ha
MeEJIU IPOBOIMIIM B 3aUTHOH cpenie (95 % N, + 5 % H, unu
100 % H,) npu temneparypax 800 — 900 °C B Teuenue 10 u.

B pabore nccnenosanu oopasusl u3 mean Mlc anroMu-
HHUEBBIM MOKPHITHEM. MapkupoBka oOpasios: Ne 1 — 0e3
1 dy3MOHHOTO OTIKUTA, OCTANIbHBIE — TTocie Au(dy3uoH-
HOTO OTXHTa (CM. TabNuILy).

B pesynbrare uccienoBaHuil yCTaHOBJICHO, YTO:

— CYNIIECTBYIOT PEKUMBI TEpMOOOPaOOTKH, 00eCIeuH-
Barolue nony4yeHue auUQQy3HOHHOro CJos Ha I10-
BEPXHOCTH ME/IHBIX 00pa3IoB 0e3 S3BUH U pa3MbIBOB,
TONIIUHOM Oosee 4,0 MM U BBICOKOH TBEPIOCTH;

— YBEIWYCHHUE TOJIIIMHBI HABUIIEMOTO IMOKPBITHS H
MOBBIIICHHE TEMIIEpaTypbl TepMOOOPaOOTKH, Kak

MPABUIIO, TIPUBOAT K YBEIUYCHUIO TOJIIIMHBI TU(-
(hy3HMOHHOTO CIIOS;

— M3MEHEHHE 3aIuTHON cpentbl ¢ 95 % N, +5 % H,
na 100 % H, npakTuyecku He M3MEHAET TOILIUHY
T dYy3MOHHOTO CIIOS;

— MakcuMallbHasi ToNIIMHA U Y3HOHHOTO CIIOS
h;[.c. = 4,0 — 4,6 mm gocturaercs mpu ¢ = 900 °C u
hy;=2,5 mm;

— MHKpPOTBEPAOCTb UG Py3HOHHOTO cJIosi B 2 — 6 pa3
MPEBOCXOIUT MUKPOTBEPAOCTh MEAU U COCTABISCT
1140 — 3880 MIla nporus 460 — 590 MIla na men-
HOU OCHOBE.

Janee Ha MOBEPXHOCTH JBYX IMAp BBHIBEJACHHBIX W3
IKCIUTyaTallil Y3KUX CTEHOK KPHUCTAJUIM3aTOPOB OBLIO
HAHECCHO aJIOMHHUEBOC Ta30TePMHUYCCKOE IMOKPBITHE
TONMMIMHOMN okoJio 2,0 MM. OJiHa Tlapa mpoliia TepMoodpa-
0oTky B 3amutHOU cpene (95 % N, +5 % H,) npu tem-
neparype 800 °C B teuenue 10 4, a npyras B 3alIUTHOU
cpene (100 % H,) mpu temmeparype 900 °C B Teuenue
10 49 (cM. pUCYHOK).

B pesynbrare uccienoBaHuil 00pa3loB M3 CTEHKH
MepBOY mapbl TOMNIMHA TUPPY3HOHHOTO CJIOS COCTABHIIA
0,9 — 1,2 mm, a ero mukpotBepaocts — 1650 — 3250 Mlla.

CTeHKH KpUCTAIN3aTopa Hocjie TepMooOpabOTKH B 3allIUTHOI cpesie
(100 % H,) npu Temneparype 900 °C B Teuenune 10 4

Walls of the mold after heat treatment in a protective atmosphere
(100 % H,) at temperature of 900 °C for 10 hours

Binsinue TOJIIHBI A TIOMHHHEBOTO TIOKPBITHS, Pe:KAMa TepM00OpPadoTKH
Y 3aIIUTHOI cpelbl HA TOJILINHY U MUKPOTBepAOCTh G PYy3MOHHOTO CJ10sI

Homep obpasua | 7, MM t,°C/t,4 Cpena hy e, MM Muxpotsepocts, H, , Mlla

1 L1-1,5 - - - 310

2 1,0 800/10 95%N,+5%H, 0,7-0,9 1650 -3010
3 1,5 850/10 100 % H, 3,8—-4,0 1490 — 3880
4 1,0 900/10 95%N,+5%H, 23-24 1180 —-2100
5 1,0 900/10 100 % H, 2,6-3,0 1420 - 1510
6 1,5 900/10 100 % H, 3,3-4,0 1350 — 2750
7 2,5 900/10 95%N,+5%H, 4,0-4,6 1140 — 3330
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O,Z[HaKO TaxKou TOJIIHUHBI HEAOCTATOYHO AJId MEXaHHYC-
CKOM 00pabOTKKM MOBEPXHOCTH CTEHOK CO CTOPOHBI IO-
KPBITUA W TOJYYCHUS OCTATOYHBIX 3HAUCHUU TOJIIINH,
00eCTICYNBAIOIINX 3HAYUTEIBHOE YBEIMUCHHE X CPOKa
CITyXKOBI.

OcMOTp BTOpO# TAPBI CTEHOK MMOKA3aJl, YTO MX TEPMO-
00paboTka B 3aIUTHON cpene npu Temmneparype 900 °C u
BpEMEHH BBIIEPKKH 10 4 MPUBOAUT K KOPOOIECHUIO B pe-
3yNbTaTe JaHHOTO TPOIecca, KOTOPOe He YCTPaHseTCs Me-
XaHUYECKUM CIIOCOOO0M.

LenecooOpa3Ho HaHeceHHEe Ha paboune y3KHe CTEHKH
KPHUCTATH3aTOpa aTIOMHHHEBOTO T'a30TEPMHUUECKOTO II0-
KPBITHS ¢ MOCHEAyIommeil TepMudeckoii 06paboTkoil B 3a-
IIMTHOH cpefie IO CKOPPEKTHPOBAHHBIM PEKUMaM U UCTIBI-
TaHue Kpuctanausaropa Ha MHJI3 ¢ oneHkoil cocTosHUs
CTEHOK B TIPOIECCE IKCIUTyaTallni U M3MEHEHHUs KauecTBa
pazrBaeMoro Merauia.
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Gerasimova A.A., Cand. Sci. (Eng.), Assist. Professor, Aca-
demic Secretary of the Chair “ITO” (allochka@rambler.ru)
Radyuk A.G., Dr. Sci. (Eng.), Professor of the Chair “Tech-
nology and Equipment for Pipe Production”

Titlyanov A.E., Cand. Sci. (Eng.), Senior Researcher of the
Chair “Technology and Equipment for Pipe Production”

National University of Science and Technology “MISIS” (MISIS)
(4, Leninskii pr., Moscow, 119049, Russia)

Abstract. To increase the service life of molds of CCM, there were cre-
ated diffusion layers on their worked narrow sides of copper M1 and
copper alloy MN2.5KoKrKh by sputtering of aluminum layer about
1.5 mm with subsequent diffusion annealing at 7 = 800 °C during
10 hours in an oxidizing atmosphere. It was found that on the copper
surface of M1 it was observed hardening diffusion layer with thick-
ness up to 1.5 mm, and of alloy MN2.5KoKrKh — 0.6 to 1.4 mm, that
can be explained by the deterrence of diffusion process of contained
alloying elements at subsequent thermal treatment. As the main indi-
cators of the health of the diffusion layer authors used its thickness
and microhardness. During the analysis of the coated samples the
feasibility of the application working on the narrow wall of the mold
with aluminum thermal spray coating was established, followed by
heat treatment in a protective atmosphere adjusted modes. The au-
thors tested the mold of continuous casting machine with the assess-
ment of the condition of the walls in the process of operation and
changes in the quality of cast metal.

Keywords: mold, narrow wall, thermal spray coating, heat treatment, dif-

fusion layer.
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OB OIITUMAJIBHOM PEJKUME TEMIIEPATYPHO-BPEMEHHOMN OBPABOTKH
JKUJIKUX CTAJIEH 32T'1 M1 32I'2
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Ypanbckuii peepanbubiii ynuBepcuteT uMmeHu nepsoro Ipe3ngenta Poccun b.H. Enbuuna
(620002, Poccus, ExarepunOypr, yi1. Mupa, 1. 19)

Annomayus. IIpoBeicHO BUCKO3UMETPHYECKOE NCCIIEI0BAHNE KUAKNX cTaseid Mapok 32I'1 u 3212, oToOpaHHBIX OT TOTOBBIX TpyO HedTEra3oBOro cop-
TamenTa. [lomydeHsl TeMneparypHble U BpeMEHHbBIE 3aBUCUMOCTH KHHEMAaTUIECKON BSI3KOCTH kuAKkux craneit 3211 u 32I'2. Uzmepenue BsI3KoCTH
BBITIOJIHEHO METOJIOM 3aTyXAIONIMX KPYTHIBHBIX KOJICOAHUIT TUIJIS C PACIUIaBOM B PEKMME HarpeBa 1 MOCIIEIYIONIET0 OXJIaXAeHHs 00pa3IoB B IHa-
naszone Temreparyp ot 1450 mo 1810 °C. Pe3ynbrarsl BUCKO3UMETPUYECKOTO IKCIIEPHUMEHTA O0CYK/ICHBI B PAMKAaX COBPEMEHHBIX MPEICTABICHHUI
0 MHKPOHEOTHOPOHOM CTPOECHHU METAJUINYECKHX pacIuiaBoB. [1o pe3ynabraTraM n3MepeHnil KHHEMAaTHYeCKON BS3KOCTH CJICNIaHbl PEKOMEH IAllUH
00 ONTUMAJBEHOM PEKHME TEMITEpaTypHO-BpeMeHHO# 00padoTku xumkux craneit 32I'1 u 32I'2. [okaszano, uto st cranu 3212 enecoobpasto
TIOBBICHTH TEMIIEpaTypy Harpea paciuiaBa 10 1650 — 1670 °C, T. e. IpIMEHUTH TeMIIepaTypHO-BPEMEHHYI0 00paboTKy.

Kniouesvie cnosa: TpyObl He(Tera3oBoro COpTaMeHTa, CTallb, MUKPOCTPYKTYpPa, PACILIaB, BI3KOCTh, MUKPOHEOJHOPOIHOCTH, TEMIIEPAaTyPHO-BPEMEHHAs

00paboTKa pacruiaBa.

KoHCTpyKIIMOHHAsT ~KayeCTBEHHAs MapraHIIOBHCTAs
cranb Mapok 32I'l u 3212 npumensiercs JUisi U3rOTOBIIE-
HUS TpyO HeTera30BoOH MPOMBIIIICHHOCTH, & IMEHHO TSI
M3rOTOBJICHUSI OCCIIOBHBIX HACOCHO-KOMIIPECCOPHBIX H
00caHBIX TPYO HEPTSIHOTO COPTAMEHTA, TIOIBEPTAIOIITHXCSI
JKCIUTyaTalliy B Auana3one remmepatyp ot +50 no —10 °C.
Cranp 3212 conmepXUT KOMIIOHEHTHI B CIIEAYIOIIEM COOT-
Homenun, % (mo macce): yriepon 0,30 — 0,35; kpemHuit
0,17 —0,37; mapranen 1,20 —1,50; xpom He Oonee 0,30;
Hukenb He O0onee 0,20; mean He Oonee 0,30; cepa He Oolee
0,035; docdop He 6oee 0,035. DireMEHTHBIH COCTaB CTaH
32I'1 omnmuaercs conepikanueM maprania — 0,9 — 1,2 %.
VYriepon — OCHOBHOM XMMHYECKHH AJIEMEHT B CTajid, KO-
TOPBII OMPENENACT ¢ MPOYHOCTHBIC U IKCILTYyaTallHOHHBIC
xapakrepuctuku. Hwknuil npenen 0,42 % orpanuyen He-
00XOIUMOCTBIO MOJTY4EHHs TPEOyeMOro KOMILIEKCa Mpod-
HOCTHBIX CBOWCTB MeTaIla IIOCIE METaJLIyPrHYeCKOTO
nepeneNna npyu U3rOTOBJICHUH TOPSYCKATAHBIX OCCIIOBHBIX
Tpy0. Bepxumii npenen 0,54 % orpanndeH HEoOXOTUMO-
CThIO 00ECIICUCHHUsT BBICOKUX BS3KHX CBOMCTB. Maprauei
B mpeaenax 0,90 — 1,40 % obecneunBaeT Tpedyemoe coue-
TaHHE MPOYHOCTHBIX U BA3KHUX CBOWCTB 3a CUET yCHJICHHUSI
BIIMSTHUSI HIOOWS M MONMOAEHA HA YCTOWYNBOCTD ITEPEOX-
NaxaeHHoro aycrenuta. OHAKO 3Ta CTalb 00NIa1aeT Helo-
CTaTOYHO BBICOKUMH TTOKa3aTEeJIIMH IIPOYHOCTHBIX CBOHCTB
U XJa10CTOMKOCTH [1 — 2]. ABTOpBI Ipeyiaratot Ajs yayd-
IIICHUS Ka9eCTBA CTAJIN IPUMEHHUTE TEMIIEPaTypPHO-BPEMEH-
HYI0 00pabOTKy B JKHIIKOM COCTOSIHHU — FOMOTCHU3UPYIO-

NIYI0 TEPMUYECKYIO 00pabOTKY METaNTMYeCKOH KUIKOCTH
[3 —5]. OT0T coco0 MO3BOJSET MONYUYUTh METAIUT C MH-
HUMaJBHBIM KOIUYECTBOM JE(EKTOB M HE TpeOyeT BEHICO-
KHUX CKopocTeil oxnaxnaeHus [6]. Maes meroga ocHoBaHa
Ha TIPEIIONIOKEHIH O TOM, YTO IIPH TeMIIepaTypax BBIIIC
TeMIepaTypbl JUKBUAYC B METAIITNYECKON )KUKOCTH B Te-
YEeHHUE JUTUTEIFHOTO BPEMEHN MOTYT CYIIECTBOBAaTh MUKPO-
HEOJAHOPOIHOCTH, OTIMYHBIE MO0 XUMHUYECKOMY COCTaBy
OT OKpY’KaloIero pacruiara. [ ux pa3pymeHus Hy>KHBI
MeperpeBbl )KUIKOTO MeTalljia A0 ONpeAeTIeHHON s KaxK-
noro cocrasa temmeparypsl 7' . Ilocie Takoro neperpe-
Ba pacIiiaB HeoOpaTuMo MEePeXOAUT B COCTOSIHME MCTHH-
HOTO pacTBOpPa, YTO CYIIECTBCHHO M3MEHSET YCIIOBHS €TO
KPUCTAJUIM3ALUU. DKCIIEPUMEHTAIBHO YCTAHOBJIEHO, YTO
pa3pyIeHne MUKPOHEOTHOPOIHON CTPYKTYpPhI pacIiIaBOB
OOBIYHO COIPOBOXAAETCS AHOMAJIHMSIMHU TEeMIIePaTyPHBIX
3aBUCHMOCTEH CBOMCTB METAJIITNUECKOM KUIKOCTH, B 4aCT-
HOCTHU BsI3KOCTH. OOHApY)KEHO PaCXOXkICHUE TeMIeparyp-
HBIX 3aBHCHMOCTEH BSI3KOCTH pacIlIaBa COOTBETCTBYIOIIHM
peXrMaM HarpeBa M MoCcaeyoIero OXJaaxaeHus o0pasia.
Temneparypy 7', OTBEHAOILYI0 HEOOPATUMOMY TEPEXOLY
pacimiaBa B TOMOI'€HHOE COCTOSIHUE, B 9TOM cliydae ompe-
JeNSUTH TI0 Hadaly BBICOKOTEMIICPATYPHOTO COBMAJIAIO-
LIEr0 y4yacTKa MOJUTEepM HarpeBa W oxJaxiaeHus. B psuae
BHCKO3UMETPUIECKHAX OIBITOB C MHKPOHEOJHOPOIHBIMU
pacmiaBamu ObUT 3a(pUKCHPOBAH aHOMAJILHO BBICOKHUH pa3-
OpoC 3HAYCHUH KMHEMAaTW4YEeCKOH BS3KOCTH, 3a4acTyiO HE
MO3BOJISIIOIINN KOPPEKTHO OIpPENEeNUTh JaHHYIO BEIHYH-
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ny. [lpu narpese no ' zfxa?,aHHLIﬁ paszbpoc HeO6pa”£I/IMS)
YMEHbLIAJICS IO 3HAYeHUH, COOTBETCTBYIOLIUX CIy4yaiHOM
MOTPENTHOCTH U3MepeHuit [7 — 8].

Pabora mocsmeHa omnpenereHHI0 HaydHO O0O0OCHO-
BAaHHOTO pEXUMa TeMIlepaTypHO-BpEMEHHOH 00padoT-
ku pacraBoB craieit 3211 m 3212, mampaBineHHOTO Ha
yAy4llleHUe KadeCTBa HEMPEPHIBHOIUTOMN 3aTOTOBKH M, KaK
CIIC/ICTBHE, OCCIIOBHBIX TPYO HE(TETa30BOTO COpPTaMEH-
ta. MccnenoBanbl TeMiieparypHbie V() U BpeMeHHbIE V(T)
3aBUCHMOCTH BSI3KOCTH PacIlIaBOB 3TUX CTaJiell ¢ LeNbIo
OINPEJIENICHUs] TEMIIEPATYP UX TOMOrenusanuu 7 .

OOBEKTOM HCCIEIOBaHUS CITYKIIH OOpa3Ibl CTad
32I'1 u 3212, oToOpaHHbBIE OT OECHIOBHBIX TPYO HedTera-
30Boro copramenta B ycioBusix OAO «CuHapckuii TpyO-
HBIH 3aBOI.

Bs3kocTb v U3MepsUIM METOOM 3aTyXaIOLIUX KPYTHIIb-
HBIX KOJIeOaHM THUIJISA C PacIUIaBOM B PEKMME HarpeBa M
MOCJIEAYIOLIETO OXJIAXKIEHUsI 00pa3LoB B JUara3oHe TeM-
neparyp ot 1450 no 1810 °C. U3MepeHus temneparypHbIX
3aBUCUMOCTEH MPOBOJWIM B PEXKHUME H30TEPMHUUECKUX
BBIZIEpkeK (He MeHee 30 MMH) CO CPaBHUTEIBHO MalbIMU
(10 — 15 °C) crymeH4YaTbIMi W3MEHEHUSIMHA TEMIIEPaTyPBhI.
W3MepeHne BpEMEHHBIX 3aBUCHUMOCTEH BSI3KOCTU OCY-
LIECTBISUIM B OTHENbHBIX 3KcrepuMeHTax. [Ipu kaxmoit
Temneparype nposoxuwiu 15 —40 nocienoBarenbHbIX OT-
cueToB. Temrneparypy NoAepKUBAJIU Ha 3alaHHOM YPOBHE
¢ To4HOCTBIO 1 °C ¢ OMOILBIO BBICOKOTOUHOTO PEryJIsATO-
pa. Ilpu npoBeneHUM HW3MEPEHUN PErHCTpalMIO Mapame-
TPOB KOJECOAHMH OCYIIECTBISUIN ONTHYECKUM CIOCOOOM ¢
ITOMOIIBIO CHCTEMBI (DOTOPETHCTPAINH KOJIeOaH A, DKcIie-
pUMEHTalbHasl yCTAaHOBKA, METOIMKA U3MEPEHUI BpEeMEH-
HBIX M TEMIEepaTypHBIX 3aBUCHUMOCTEH KHHEMaTH4ecKoil
BSA3KOCTH PAcIjaBOB U 00paOOTKHU HKCIEPUMEHTATIbHBIX
JIAHHBIX TTOAPOOHO omucaHbl B pabdorax [9 — 11]. Bo Bcex
OTBITAaX HCIONIb30BaNu TUIIK U3 BeO. OnbIThl mpoBOIU-
Tu B atMocdepe BBICOKOUMCTOTO TeJHs IO TaBICHHUEM
105 IMa. Cucremarnyeckas MOTPENIHOCTh U3MepeHus V(f)
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Puc. 1. TemmeparypHast 3aBUCUMOCTD BSI3KOCTH
SKHAJIKOM cramu 32171 :
1 —narpes 5o 1810 °C; 2 — oxmaxaenune

Fig. 1. Experimental temperature dependences of the kinematic viscosity
of the liquid steel 32T'1:
1 —heating to 1810 °C, 2 — cooling
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cocrapnsina 3 %, a ciaydaiHas, ompenensomas paopoc
TOYEK B XOZ€ OTHOTO OIBITA, IIPH TOBEPUTEIEHON BEPOST-
HoctH p = 0,95 He npesbimana 1,5 %.

Pe3ynbraThl BUCKO3UMETPUIECKOTO UCCICIOBAHMS pac-
wiaBoB crajieid 32I'1 u 3202, oToOpaHHBIX OT OECIIOB-
HBIX TpyO He(TEra3oBoro cOpTaMeHTa, IMPEICTABICHBI
Ha puc. 1,2. Jlns Bcex HCCIEIOBAHHBIX pACIIABOB 00-
HapyKEHO IEPeOXTIaKACHINEe METAIUINIECKONH IKHUIKOCTH
Ha 100 — 110 °C. Hns ob6paszuos ctanu 3212 (¢ 6onpmmm
COIepKaHWEM Maprafna) 3apHUKCHPOBAHO PACXOXKIE-
HHE MOJMTEPM HArpeBa M OXJAXKJICHUS (THCTEPE3UC)—
T, = 1650 °C. [lns Bcex 00pa3loB, KaKk B PEKXUME Harpe-
Ba, TaK U B PEXKUME OXJIKJICHHUS, 3a(UKCHPOBAaH CKauOK
(B mpenenax 10 %) 3HaueHMM KHHEMAaTHYECKOM BA3KOCTH
(puc. 3). ObpaiaeT BHUMaHUE CIEIYIOIAs 0COOCHHOCTD:
penaKcarys BI3KOCTH K ONPEIeTICHHOMY CpeIHeMyY 3Haue-
HHIO KaK B Pe)KMME HarpeBa, Tak U B PEKUME OXJIKIACHHS
oOpasna. Bee BeimenepedncieHHbIe (HaKTHl CBHICTENBCT-
BYIOT O BJIMSHHMHU IeperpeBa paciuiaBa Ha MHUKPOHEOHO-
POIHOCTH HACIIEACTBEHHOTO XapaKTepa, MMEBIIHE MECTO B
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Puc. 2. TemneparypHas 3aBUCUMOCTD BSI3KOCTH
JKUJKOU cTamu 32172:
1 —mnarpes no 1810 °C; 2 — oxnaxaeHnue

Fig. 2. Experimental temperature dependences of the kinematic viscosity
of the liquid steel 321"2:
1 —heating to 1810 °C, 2 — cooling
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Puc. 3. BpeMeHHbIe 3aBUCUMOCTH BSI3KOCTH KMJKOHM cTamu 32172:
1 —mnarpes, T= 1600 °C; 2 — oxnaxzaenue, 7 = 1600 °C

Fig. 3. Experimental time dependences of the kinematic viscosity of the
liquid steel 3212:
1 —heating, 7= 1600 °C; 2 — cooling, 7= 1600 °C
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HCXOJTHOM CJIMTKE. ABTOPBI CUMTAIOT, UTO JJis1 cTanu 32172
1enecoo0pa3Ho MOBBICUTH TEMIIEpATypy HarpeBa pacruiaBa
10 1650 — 1670 °C, T. e. IpUMEHUTh TOMOTE€HU3UPYIOIIYIO
TEPMHUYECKYI0 00pabOTKY METaNTMIeCKOH KUIKOCTH.
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THE OPTIMAL METHOD OF TEMPERATURE-TIME PROCESSING OF LIQUID STEELS 32G1 AND 32G2
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Abstract. Measured the viscosity of liquid steels 32I'1 and 32I'2. Samples
taken from the pipe Naftogaz assortment. Measured temperature and
time dependences of the kinematic viscosity of the liquid steel 32I'1
and 32I'2. The viscosity of the liquid steel is measured by means of
damping torsional oscillations of a crucible with melt in heating and
subsequent cooling in the range 1450-1810°C. Results viscometric
experiment discussed in the framework of modern concepts of micro
heterogeneous structure of metallic melts. Recommendations optimal
regime of temperature-time processing of liquid steel 32G1 and 32G2
authors eventually made. It is shown that for steel 32G2 appropriate to
raise the temperature of heating the melt to 1650-1670 ° C, i.e. apply a
temperature-time processing.

Keywords: pipe Naftogaz assortimet, steel, microstructure, mechanical

properties, melts, viscosity, microinhomogeneity, temperature-time
processing of the melt.
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Annomayus. IlokazaHo onpenensoliee BIUSHUE IPUPOIHOTO PyA000pa30BaHUs HKEIE3HBIX Py HA MPOLECC CHEKaHHs U MPOYHOCTb O(IIOCOBAHHBIX
ariomeparoB. Kpucrauibl MarHeTHTa roMOreHHOTO CTPOCHHSI aKTHBHO TIEPEXO/SIT B paciuias, GopMUpYsI B arioMeparax HU3KOM OCHOBHOCTH CHJIH-
KaTHBIE CBS3KH PYIHBIX 3epeH. C pOCTOM OCHOBHOCTH CMEHA CHIIMKATHBIX CBSI30K Ha (DepPUTHBIE ONPEeNseTCs KOIHYECTBOM JKelle3a B PacIuiaBe 1
BBICOKUM OKHCJIUTEIbHBIM ITOTEHIHAIOM Ia30BOM (ha3bl. YyacTHe MarHeTUTa reTeporeHHOro CTPOEeHHs B IPOLleccax paciaBooOpa3oBaHus Orpa-
HuueHo. [Ipu criekaHuM aroMepaToB HU3KOE COZIEpIKaHHE XKelle3a B PACIUIABE PACIIUPSET 00IACTh KPUCTAIUIM3AIMH CHIIMKATHBIX CBS30K, CIBUTAs
Hauajo npouecca peppuTooOpa3oOBaHUs B CTOPOHY arIOMEpPaToB BHICOKOH OCHOBHOCTH.

Knwueswie cnosa: KEJIC30PpYAHBIC MECTOPOXKACHHS, TPUPOIHOC py;[006pa3OBaHI/Ie, KpuCTalJIbl MarHeTurta roMOr€éHHOTO U IreTeéporeHHOro CTpoCHUs,
armoMeparbl, OCHOBHOCTbB, CHJIMKATHBIEC 1 (beppI/ITHI)Ie CBA3KH, XOJIOAHAA MTPOIHOCTb.

IToBcemecTHOE TPOW3BOACTBO AIIOMEPATOB OCHOB-
HOCTH 1,2 3aKOHYMJIOCH C HA4ajOM HCIOJIb30BaHUs B J10-
MCHHOW IIHMXTE HapsAy C arioMepaTaMH SKeJIe30pYIHBIX
okarplieil. OCHOBHOCTb MPOMBIIIICHHBIX arjioMeparoB
Ka)XJIOTO M3 METALTYPIHYECKHX KOMOMHATOB IPHXOIUTCS
paccUuThIBaTh C YYETOM COCTaBa M KOJMYECTBA MOTPEOIIsi-
€MBIX OKAaTBIIIEH JUIs COXpaHeHHs TpeOyeMoil OCHOBHOCTH
JIOMEHHOI'0 IIJIaka. JTO SBUJIOCH NMPUYMHON IMOSIBICHUS
00nBIIOro Yncia paboT, MOCBAIICHHBIX YCTAHOBICHHIO 3a-
BHUCHUMOCTHU IPOYHOCTHBIX CBOMCTB arjioMeparoB OT OCHOB-
HOCTH. BBIJIO yCTaHOBIEHO, YTO JUIS Pa3IMYHBIX THUIIOB
JKEJIE3HBIX PYI U TEXHOJIOTHYECKUX YCIOBUHM UX CIIEKaHUs
MaJicHUe TPOYHOCTH arjoMepaToB IPOUCXOIUT B Y3KOM
WHTepBajie OCHOBHOCTH. [Ipu 3TOM B pe3ynbrarax mpoBe-
JICHHBIX HWCCJECOBAaHUN OTCYTCTBOBAJIO CIMHOC MHEHHE
0 MpUPOJIE, COCTABE U CBOICTBAX MHUHEPAJIOB-CBA30K, SIB-
JISFOIUXCST TPUYMHON pa3pylIeHus arioMeparoB. [Imomsr
MHOTOYHCIIEHHBIX paboT 00001IeHbl B TpeX MOHOrpadusix
[1 = 3]. ITo3e nosBUIICS PsiJ KHUT, KACAIOLIUXCSI pa3padboT-
KU TEOPETUUECKUX OCHOB MPOLECCOB (hOPMUPOBAHUS AJIT-
JIOMEpaToB ¢ MOAPOOHBIM M3JIOKEHNEM TEXHOJIOTHYECKHX
ycloBuil, 00ecrneunBarolMX MPOU3BOACTBO arloMEpaToB
BBICOKHMX METaJNIyprHYeCKUX CBOMCTB [4 — 6].

Ceiiuac, HECMOTpPS Ha 3TO, TPYJHOCTHU, CBA3aHHBIEC C
MIPOU3BOJCTBOM  BBICOKOO(IIIOCOBAHHBIX — arjIoOMEpaToB
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Ha METAJIyPTHYEeCKHUX KoMOMHarax OOOCTpPWINCH, IO-
CKOJIbKY HW3MEHUJIMUCh YCIIOBUSI IPOMU3BOJCTBA OKAThI-
niei, UCIOoNIb3yeMBIX B LIMXTE AOMEHHBIX neuell. B Poc-
CHUU TOPHO-000TraTUTENbHbIE MPEANPUATUS MEepeluid Ha
MPOU3BOACTBO OKATHIINIEH €CTECTBEHHOW OCHOBHOCTH
(CaO/Si0, = 0,05) ¥3 KOHLEHTPATOB Pya TPyAHOOOOra-
TUMBIX M TYTOTUIABKUX JKEJIE3UCTHIX KBapuUTOB. [1pobdie-
Ma IPOM3BOACTBA MPOYHBIX O(IIOCOBAHHBIX arlIOMEPaTOB
Ha KaXXJIOM METaJTyprHueCcKOM KOMOWHATe BHOBb CTaja
aKTyaJbHOM.

HccnenoBanus nocineqHUX JeT MoKa3aid, 4To JiBa Be-
OYLIMX METaJTypru4ecKuX KoMOuHaTa, MarHUTOropcKuit
(MMK) n Yepenoreukuit (UepMK), nponsBoasmux armo-
MepaThl U3 TeHETUYECKU OIMHAKOBBIX MAarHETUTOBBIX PYI U
ONMM3KKX TI0 COCTaBy IIMXTOBBIX MAaTEPUAIOB B MHTEPBAJC
ocHoBHocTH 0T 1,0 10 3,0, MMEIOT pa3auyHbIe MOKa3aTeIn
XOJIOHOM TpoyHOCTH ariiomepatos [7, 8]. M3BecTHO, 4TO
XOJIOJHAsI MPOYHOCTH CIIEYEHHOI0 arjioMepara BO MHOIOM
OTpeNeNsieTcss MUHEPAIbHBIM COCTaBOM U (DM3HMKO-MeXa-
HUYECKUMH CBOMCTBaMHU CBSI30K PYIHBIX 3€PEH OKYCKO-
BaHHOTO CHIPbS, & HAIIPABIICHUE PACINIaBOOOPA30BAHUS HA
CTaJuu KUIKO(A3HOTO CIIEKaHUsSI 3aBUCUT OT BaJICHTHOI'O
COCTOSIHUS KeJie3a B paciuiase [9].

B Hacrosmeii padore BrepBble 0c000€ BHUMaHUE yie-
JCHO MHKPOCTPYKTYPHBIM OCOOCHHOCTSIM KPHCTAJIOB
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MarHeTUTa >KeJI€3HbIX Py, UCIIOIb3yeMBbIX B InxTax MMK
n YepMK.

TeHeTHYecKHe 0COOEHHOCTH KeJIE3HbIX PYI

Arnommxra MMK cocrout U3 armopy ¥ KOHIEHTpa-
TOB 0CAJI0YHO-METAMOP(PHUECKHX JKEJIC3UCTHIX KBAPIUTOB
Muxaitiorckoro u JlebenmuHckoro mectopoxaeHuid Kyp-
CKOM MarHUTHOW aHOMaJIMM U MarMaTU4ecKUX pyja CKapHO-
Boro Turma Marauroropckoro u CokosoBcko-Cap0Oaiickoro
PYAOTIPOSIBIIEHHUS.

B arommxre UepMK HCIIONB3yIOTCS OJIEHETOPCKHE HKe-
JICBUCTBIC KBAPUUTBI U MarMaTU4€CKUC PYIAbl KOBI[OpCKOFO
MecTopokaeHus. OCHOBHBIM PYIHBIM MHUHEPAJIOM aro-
HXT 000MX KOMOMHATOB siBJsieTcst MarHeTuT Fe,O,. Takum
00pa3oM, KayKAbIi U3 ABYX METAILTYPrHIECKAX KOMOHHATOB
HpI/I6J'[I/I3I/ITeJII>HO B PaBHBIX KOJMYCCTBEHHBIX COOTHOILICHU-
SIX IIPOU3BOMT JKEJIE30PYIHbIE arlIoMepaThl U3 OAMHAKOBBIX
TCHETUYCCKUX THUIIOB MAarHe€TUTOBBIX PYyA: 0CaAA0YHO-METa-
MOp(QHUIECKNX M MarMaTHYecKuX. MarHeTHT HHUKOTIa He
orseuaer hopmyne Fe,0, (Fe’ Fe3 0,). Otnowenue FeO k
Fe,O, B HeM 0OBIMHO HECKOJILKO MEHBIIE €IMHUIIBI U SBJIs-
eTcs (pyHKIUeH TeMIepaTypsl 1 OKUCINTEIBHOTO TOTCHIU-
ayia Tra30BoM (asbl.

MeTofoM 3IEKTPOHHO-MUKPOCKOIIMYECKOTO AaHaIN3a
YCTaHOBJIEHO, YTO MAarHETUTHI XKEJIE30PYIHBIX MECTOPOXK-
JeHuil 0051a1al0T MPUHIUIINAIBHO PA3HBIMU THIIAMH TIPH-
poxuoro opyneHenwus [10, 11].

MarseTur pya >Kele3UCTbIX KBapLUTOB U MarMaTuiec-
KHMX PyI CKapHOBOI'O THIIAa MMEET FOMOI'€HHOE CTPOEHHE U
IO CBOEMY COCTaBy Onm30K k crexuomerpuu: 31,0 % FeO;
69,0 % Fe,O,. Tlo jmaHHBIM  PEHTIEHOCTIEKTPATBLHOTO
MMKPO30HIAUPOBAHMS, B PELIETKE KPUCTAIIIOB MarHeTHTa
PYI CKapHOBOTO THITA OOHAPYKEHBI IECATHIE U COTHIC TOIH
MIPOLIEHTOB NIEMEHTOB-TIpuMeceit Mg, Al u Mn, He Biusito-
MIUX Ha ero (PU3HKO-MEeXaHHMIECKHe CBOHCTBA.

Marnetur marmarnueckux pyn Kosmopckoro mecro-
POXKIEHUS UMEET TIE€TEPOr€HHOE CTPOEHHUE, IOCKOJIBbKY
SIBISIETCSL TIPOJYKTOM pacrajia TBEPABIX PAaCTBOPOB B pe-
3yJIBTaTe OCOOBIX MPUPOIAHBIX YCIOBHH CYIIECCTBOBAHUS H
OXJIQKICHUSI CaMOT0 MarMaTudeckoro odara. Kpucramisl
Maraeruta KoBIOpPCKOTO MECTOPOXKIEHHS HEOIMHAKOBBI
IO COCTaBy W IJid HUX XAPAKTCPHO MOBBIIMICHHOC COACP-
KaHMe MarHus. Marpuia KpucTajuloB MarHeTUTa siBJiseT-
cs1 MarHe3snoeppuToM, COAEPKaIUM B CBOEM COCTaBE J0
3,5-4,5% (1o macce) okcuia Maruus. 1aBHble 1eMeH-
ThI-TIPUMECHU aHmMHHHﬁ, TUTAaH U MarHuii B Kpucrtajiax
MarHeTHuTa HaXOIITCs B BHIC OTIACIBHBIX MUKpodas. M3o-
MOp(l)Haf[ NPpUMECH AJIIOMUHUS B MAaroeTUuTe NMPUCYTCTBYET
Kak camocrosaTenbHas (asza repuunut FeAl,O,, marnmii
B Buje wmnuHenn MgFe,O,, TuTan Kak ynbBONIIMHEND
TiFe,O,. Kaxmas u3 MUKpo(a3 HMEET TEMIIEPATypy ILIaB-
JICHUS, OTIIMYHYIO OT TEMIECPATYPhI IUIaBJICHUSA MarHeTUTa
crexuomerpuyeckoro cocrasa Fe,O, (1591 °C).

Wudopmanus o pasiudHOM THUIE HPUPOAHOTO PYIO-
00pa3oBaHUs KPUCTAJUIOB MAarHETHTA B arJIOIINXTaX Mar-

HUTOTOPCKUX U YEPENOBELIKUX arlIoOMEepPaToB MO3BOJISIET MO~
HOBOMY DPAacCMOTPETbh MEXaHU3M CIIEKaHUS arjloMeparoB
U, NIABHOE, OOBSCHUTh MPUYMHY PA3IUYHBIX MOKa3aTenaeh
XOJIOJHOM MPOYHOCTH B MHTEPBAJIE UX OJUHAKOBON OCHOB-
HOCTH.

C 5T0i1 11eJTbI0 OBUTH TIOBTOPHO M3Yy4EHBI 00PAa3IIbI arjio-
MEpPATOB, MOJYYCHHBIC U3 IMPOMBINIJICHHBIX arjIOIIUXT Ha
PYZOMCIIBITATENIbHBIX CTAHIMAX Ka)I0ro U3 KOMOMHATOB.
WccnenoBanusi ObUIM JIOTIONTHEHBI 3aMepaMU  PeallbHBIX
COCTAaBOB MMHEPAJIbHBIX CBA30K METOJIOM PEHTIE€HOCIIEKT-
paIbHOTO MMKPO30HAMPOBaHMA. MeTogom MmeccOayIpoB-
CKOH CIIEKTPOCKOIMHU OIpe/esieHa IBOJIOLMS JkKejle3a Mar-
HETUTa Ha PA3HBIX CTAAUAX (POPMHUPOBAHHS MUHEPATbHBIX
CBSI30K — HOCHUTEJIEH IPOYHOCTH arjIOMEPaToB.

B panee mpoBeieHHBIX padoTax MO U3Y4EHUIO MATHUTO-
TOPCKUX U YEPENOBEIKUX arlloMepaToB B UHTEPBaJle OCHOB-
Hoctu 1,0 — 3,0 Obuta mpociexeHa IBONIONHUSA MHUHEPAIb-
HOTO COCTaBa CBA30K U XOJIOIHON POYHOCTH ariioMeparoB.
B HacTosieM uccneoBaHuu A7l YyCTAaHOBJICHUS pealbHON
3aBUCHMOCTH XOJIOJHON MPOYHOCTH OT OCHOBHOCTH arvo-
MEpaToB C YUETOM OMpPEEISIOIEei POJIH JKelle3a MarHeTH-
Ta UX TTOKa3aTesi TpadyiaecKu COMOCTABICHEI C YBOMNIOIH-
€l MUHEPAJIbHbIX CBA30K — HOCUTEJIEH IPOYHOCTH FOTOBOM
MPOLYKIHH.

MexaHU3M ClIEKAHUSA MArHMTOropCKux arjiomMmeparon

MarHuToropckue anioMeparbl B IIMPOKOM HHTEpBaJie
OCHOBHOCTH UMEJNH PA3INYHBIN MUHEPAJIBHBIN COCTaB OC-
HOBHBIX PYAHBIX (Da3 M CBSI30K-HOCHUTEICH MX IMPOYHOCTH.
XHUMHUYECKHI COCTaB UCCIIETOBAaHHBIX arJIOMEPATOB IIPHBE-
ned B Ta0i. 1.

B cocraBe HU3KOO(ITIOCOBaHHBIX arlioMepPaTOB HOCUTE-
JISIMM TIPOYHOCTHU SIBJISIOTCS BBICOKOXKEJIE3UCTHIE OJIMBUHBI
CaFeSiO,, 00pa3oBaBIIMeCcs IPU OXJIAKIECHUM XKETE30CH-
JIMKaTHOTO paciulaBa, B COCTAaBE KOTOPOIO HalpaBiIeHUE
MUHEpaI000pa3oBaHusl ONpeAesseTcs JAByXBaJeHTHBIM
JKele30M. BbICOKOXKeNe3uCTbie OJIMBUHOBBIE CBSI3KU — IIPO-

Tabnuma 1

XHuMHYeCKHii COCTAB MATHHTOTOPCKUX aIJIOMePAaToB,
% (mo macce)”

Oé*;"o‘j‘;‘i’gz‘” Fe., | FeO Si0, Ca0
1,0 59,2 19,5 6,7 7.1
12 57,6 19,9 74 9,0
13 55,6 21,7 6.8 8.8
1,6 55,5 17,5 7.0 11,2
1.9 54,9 15,0 6,7 12,6
23 54,1 13,7 5,7 13,8
3.0 51,4 11,6 49 15,2

" Conepxanne Al,O, u MgO B cocraBe arnoMeparoB He
npesbimano 1,5 —2,0 % (o macce)
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JOYKT KPHCTAIM3ALUH KEIe30CHIINKATHOTO pacIjaBa Mpu
HU3KOM OKHCIIHTEIEHOM ITOTEHIIHAIE Ta30BOil a3kl B 30-
HaX TOPEHHs TBEPJOTO TOIUIMBA. B 3THUX ycnoBusX B cIie-
KaeMOM CJIO€ ariioMepaTa IPOUCXOIUT IIepepacipeieieHIe
Keneza MKy MarHeTUTOM (MPEUMYIIECTBEHHO MEJKOH
(pakIum) U CHIMKATHBIM PACIUIaBOM, O Y€M CBHICTEIbCT-
BYET PE3KOE CHIDKEHUE JKeJle3a MarHEeTUTA U CTOJIb JKe Pe3-
KO€ ero TMOBKIIIeHNE B paciuiase (puc. 1).

Hauano majgeHuss MPOYHOCTH arloMepaToB C POCTOM
OCHOBHOCTH CBSI3aHO C TIOSIBJICHHEM B CHJIMKATHOW CBSI3KE
HapsAIy C BBICOKOXKEIIE3UCTHIM OJIMBUHOM JIBYKaJIbIIHEBOTO
cunukara Ca,SiO,. [IpuurHON M3MEHEHHSI MUHEPATBLHOTO
COCTaBa CBSI3KH SIBIISICTCSl HaIM4YWe OOIIeH TpaHHIbI TO-
Jel kpuctamum3anud Mexay oiuBruHOM CaFeSiO , ¥ JIBY-
KanbueBbiM cukatom Ca,SiO, B TpoiiHON auarpamme
cocrostnust CaO—FeO—SiO, (puc. 2) [12].

Ocoboe MecTo mpu CIEKaHHM MAarHUTOTOPCKUX ario-
OIMXT 3aHAMaeT 00JacTh (OPMHPOBAHHS arJIOMeparoB
ocHOBHOCTHU 1,6. IIpu 3TOIl OCHOBHOCTH B aroMepanioH-
HBII pacIiaB IePEXOIUT MAKCHMATEHOE KOJTHIESCTBO JKelle-
32 MarHeTUTa W OJTHOBPEMEHHO MOBBIIIACTCS OKUCIUTEIb-
HBI TIOTEHIMAT Ta30BOi (haspl. PacraBooOpasyromum
KOMIIOHEHTOM BMECTO JIByXBaJCHTHOTO jKeje3a CTaHOBUT-
Csl TPEXBAJICHTHOE, KOTOPOE PE3KO MCHSET HalpaBICHHE
MHHEpaao00pa3oBaHus B pacruiase. JKene30CHIMKaTHBIN
paciuiaB U3 oONacTH COBMECTHOW KPHCTAJUIM3ALUU OJH-
BUHA W JBYKaJbIIMEBOTO CHIIMKATa, CYIIECTBYIOLICH Ha
TpaHHIe WX IOJIeH KPHCTAIUTH3AINH B JHarpaMMe COCTO-
sunsg CaO—-FeO-Si0,, nepememaercs B 061acTh Hu3-
KOTeMITEpaTypHOH TPOWHOW ABTEKTHKH IBYKAIBIIMCBEIHA
CUJIMKAT —reMaTuT — noiykanbuuessii pepput (CaFe,0,),
PAaCIONIOKEHHOM B Kee3HoMm yriny Fe,O; nnarpammer co-
crosnus CaO—Fe,0,-Si0, (puc. 3) [13].
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OT OCHOBHOCTH

Fig. 1. The dependence of the strength of agglomerates of “MMK” (/)
and the iron content in: magnetite (2); silicate and ferritic ligaments (3)
from the basicity
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B pesynbrate B ariomeparax MOSIBISIETCS CBSI3Ka pyIl-
HBIX 3€pPEH B BHIEC CTEKIO(A3bl ¢ TOHKOH ICHIPUTHOU
KOMITO3UIIMEH JIByKAJIBIUEBOTO CUJIMKATa M MOTYyKallb-
nueBoro Qeppura. [Ipeobnamaroniyie B 3BTEKTHKE 3epHA
JIBYKaJIbIIIEBOTO CHJIMKaTa B pe3yabraTe MOAU(UKAIIMOH-
Horo npespamenns Ca,SiO, p— y cTaHOBATCA PUINHOM
pa3pylieHus arsioMepaToB OCHOBHOCTH 1,6, OTMEUEHHOH B
pabotax [1 —3].

Pe3koe MoBBIIIEHHE TPOYHOCTH AITIOMEPATOB HAOIIOAA-
ercsl Ipu OCHOBHOCTH BhIe 1,6 (cM. puc. 1). Poct okwmc-

Sio,

Brrocur

Puc. 2 Jluarpamma cocrosuust CaO—FeO-SiO,

Fig. 2. The phase diagram of CaO-FeO-SiO,

Sio,

10

l
50 CaFe0,70 | \ 90 Fe,0,
CaFe,0, CaFe,0,
% e6ec

Puc. 3. Jlnarpamma coctosuus CaO—Fe,0,-SiO,

Fig. 3. The phase diagram of CaO—Fe,0,~-SiO,
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JUTENHHOTO MOTEHIIMAaa Ta30BO (a3bl B CIOE MIMXTH U
YBEIIMYCHUE OKCHJA KalbIHs B COCTaBE MKEIE30CHIIH-
KaTHOT'O paciijiaBa OpUBOAUT K 3aMCIICHUIO CUIIMKATHBIX
cBs130K (eppuTHbIMHE. [Iporiecc 0Opa3oBaHus PeppUTHBIX
(ha3 mMpoOUCXOAUT HA KOHTAKTE OKUCIISIONIETOCS C MOBEPX-
HOCTH KPHUCTAJUIOB MAarHETHTa C KEJIe30CHIMKATHBIM
pacmiaBoM. [Ipu yBenTuyeHUN OCHOBHOCTH BILIOTH /10 W3-
yueHHOH 3,0 B CBS3KaxX PYyAHBIX 3€PCH HAONIOAAETCS 10-
cTeneHHasi cMeHa coctaBa (peppHuTHBIX (pa3 OT BEICOKOKE-
JIE3UCTOr0 MoyKaibuuesoro ¢eppura (85,06 % Fe,O,;
14,04 % CaO) 10 BBICOKOKAIBIIUEBBIX: OJHOKAJIbIIUC-
Boro (74,01 % Fe,0,; 25,99 % Ca0) u nByKaibuueBoro
(58,74 % Fe,05; 41,26 % CaO) depputos [14].

[To manHBIM MeccOayIpOBCKOW CIEKTPOCKOIIMU U pe-
3yJabTaTaM PEHTTeHOCHEKTPaIbHOrO MUKPOAHaJ3a, B COC-
TaBe O(UIFOCOBAaHHBIX arfioMEpaToB IIPOIecC 00Pa30BaAHII
BBICOKOKAJIBIIUEBBIX (PEPPUTOB TMPOUCXOAUT INPH IOCTO-
STHHOM COJNIEpKaHUH JKelle3a MarHetura (cM. puc. 1, kpu-
Bas 2) M BO3PACTAIOIIEM KOJIMYECTBE OKCHUJIOB KaJbLIUS B
KeJIe30CHITMKATHOM paciiiaBe (cM. Tadi. 1).

Pe3y.HI>TaTbI HCCIICA0OBAaHNS MAarHUTOTOPCKUX arjioMepa-
TOB CBHIETEIHCTBYIOT O PEIIAfOIIeH pONIH JKeJie3a MarHeTHTa
B MIPOIIECCAaX 00pa30BaHMS CHIIMKATHBIX U (DePPUTHBIX CBSI-
30K. Kprcramisl MarHeTiTa TOMOT€HHOTO CTPOCHUS aKTHB-
HO TIEPEXOJIAT B JKENE30CUIIMKATHBINA paciiiaB, GopMHUpyYs B
aryiomMeparax HU3KOH OCHOBHOCTH CHJIMKATHBIC CBSI3KH PYI-
HBIX 3€PEeH, P BBICOKOW OCHOBHOCTH — (DeppPUTHBIE CBSI3KH.
C poCTOM OCHOBHOCTH CMEHA CHIIMKATHBIX CBSI30K Ha (ep-
PUTHBIC ONPEACIICTCA KOJIUYCCTBOM JKEJIC3a MArHETUTA B
YKEJIe30CUITMKATHOM pAcCIUIaBe M BBICOKUM OKHCIHTEIBHBIM
MOTEHIINAJIOM Tra30BOH (ha3bl B CJI0€ CIIEKAEMOM IIUXTHI.

CremoBarensHO, BBHICOKOE CONEpIKaHUE JKele3a B pac-
IJIaBe MPU OJHOBPEMEHHO BO3pacTaloUleM MaplUaTbHOM
TABJICHUH KHCIOPOAA B CIIOC OMPENEISIIOT HarpaBieHUE
MHHEPaI000pa30BaHusl CBSI30K — HOCUTENEH MPOYHOCTH
BBICOKOO(ITIOCOBAHHBIX arJIOMEPaTOB.

MexaHu3M ClieKaHus YEpPENMoOBECUKUX arjioMmeparoB

Pesynbrarel npeapymux padot [8] mo uccieqoBaHuio
YepernoBeIKNX O(QIOCOBAHHBIX arJIOMEPaTOB C Y4aCTHEM B
WX MIMXTE MarMaTHYECKUX JKEJIE3HBIX ariopyl U KOHIICHT-
paroB KoBIOpCKOro MECTOPOXKIECHHUS CBUACTENHCTBYIOT 00
WHOM, 10 CPABHEHHIO C MarHUTOTOPCKHMH arjioMepaTaMH,
3aBHCUMOCTH HMX XOJOJHOW MPOYHOCTH OT OCHOBHOCTH.
[Tpu OBTOPHOM W3YYEHHUH OOPA3IOB YEPEIOBEIKHUX aryio-
MepaToB 0co0oe BHHUMaHHE ObUIO YAETICHO TMOBEICHHIO
KPHUCTAJNIOB TETEPOreHHOT0 MArHETHTa B YCIOBHUSX KH/I-
ko(a3HOro criekaHusi arioMepaToB M, KaK CJIEICTBUE, €ro
BJIMSTHUIO Ha SBOJFOIIMIO MUHEPAJILHBIX CBA30K BO BCEM HH-
TepBaJie U3y4eHHON OCHOBHOCTH. Pe3ybTaThl XUMHUUECKOTO
aHaJTn3a YeperoBeIKUX arlioMepaToB MPUBEICHBI B TA0. 2.

[To aHanoruu ¢ MarHUTOrOPCKUMH arjioMepaTami, Io-
Ka3aTelid XOJIOMHOW MPOYHOCTH TpauuecKr COBMEIICHBI
C DBOJIIOIMEH Kelle3a MarHeTHTa U CBS30K PYAHBIX 3€peH

(puc. 4).

Tabnuma 2

XuMH4ecKkHii cocTaB YepenoBelKUX arjioMepaTos,
% (o macce)”

Og;%‘*g‘i’gzb’ Fe FeO | SiO, | CaO
1.0 60,9 13,5 49 51
13 59.2 1.5 49 6.4
14 59,6 12,5 47 6.3
1.7 58,9 12,1 45 76
1.9 58,1 1,7 45 8.5
23 55.8 113 48 1.1
27 54,6 10,9 47 12,6
2,9 543 118 47 134

* Conepxanne MgO = 3 % (110 Macce), AL O, =1 % (1o macce)

B uepenoBenkux ariomeparax HHU3KOH OCHOBHOCTHU
CBSI3KOH PYIHBIX 3€peH, KaK U B CIy4ae ¢ MAarHUTOTOPCKH-
MU ariioMepaTaMH, SIBJSICTCS] BRICOKOXKEIIC3UCTas CHITHKAT-
Has (asa onmuerHOBOro cocrapa CaFeSiO,. Ha moctpoe-
HUE OJIMBHHOBON (ha3bl U3 KEJIC30CHUIMKATHOTO pacIliaBa
pacxomyeTcs MPaKTHIeCKN BCe JKesle30 MarHeTura. B ocra-
TOYHOM pacriuiaBe ocraercs He Oonee 1,0 — 1,5 % xenesa
MarHeTuTa (cM. puc. 4). IIpu HU3KOM CoNlepKAHHUHU Keye3a
B CHJIHMKATHOM pAacCIUIaBe PacIuIaBOOOPa3yIONIMM KOMIIO-
HEHTOM CTAHOBHTCSI OKCHJ KAaJNBIUS M TIPH TTOBBIIICHUN
OCHOBHOCTH, BCIIEIl 33 BBICOKOXKEJIC3UCTHIMU CHIIMKATAMU
OJIMBHHOBOTO COCTAaBa, B CBS3KE arjiOMEparToB IOSBIISCT-

. 60 - - 70 =
,§§ 55 - -1 68 @
N% 50 ‘T‘ - 66 )
1 :
IRl 2 {64 3
83 ol 3
< = Sk e demmaban, N S
6§ 40 .. 62 éu
© ===t
35 - 60

Stx I

§8= 6

$Sis sr

IR 41

tm&% 3L

$§S8 3

QS=0 2

] 8 1+

8¢

D°° 0 1 1 1 1 1 1 1 1 1

1,0 1,2 1,4 1,6 1,8 20 2,2 24 2,6 2,8 3,0
Ocnosnocms, Ca0O/SiO,
Puc. 4. 3aBucumocts npounoctu ariomeparoB YepMK (/) u conep-

JKaHU JKeJle3a B COCTaBe: MarueTuTa (2); CHIIMKATHBIX U pepPUTHBIX
CBs130K (3) OT OCHOBHOCTH

Fig. 4. The dependence of the strength of agglomerates of “CHerMK”
(1) and the iron content in: magnetite (2); silicate and ferritic
ligaments (3) from the basicity
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Cci BLICOKOKaJIbHHCBLIﬁ CUJIMKAT — MCJIWINT, B KOTOPOM
JKEJIe30 TPHCYTCTBYET TOJIBKO B BUAE M30MOP(HON TpH-
MecH. MenuiuToBasi CBS3Ka YEPEMOBELKHX arlioMeparoB
MIPEACTABISCT COOON CIIOKHYIO IO COCTaBY MPOMEXKYTOU-
HyI0 a3y MexIy KOHCUHBIMHM YJICHAMH HIMPOKOTO Me-
JUINTOBOTO psijta: okepmanuT (Ca,MgSi,0,) — xenesuc-
it renennt (Ca,Fe’’SiAlO,) — menounoit remeHuT
(NaCaAlSi,0,) [15].

Aryomeparbl ¢ CHJIMKAaTHOW MEJMIMTOBOM CBSI3KOM
00pa3yoT HIMPOKYI 00J7acTh YCTOHYMBOW MPOYHOCTH.
CmeHa cocTaBa CHJIMKATHBIX CBSI30K, T. €. 3aME€Ha OJHOH
CHJTUKATHOH (pa3bl — BBICOKOYKEIIE3UCTHIX OJTMBHHOB IPYTON
CHJINKATHOMN CBSI3KOM — BBICOKOKAIBIIMEBON METUIIUTOBOM,
00TaIaI0IUX Pa3InIHBIMA (PU3UKO-XUMHIECKIMH U MeXa-
HUYECKUMH CBOMCTBAMH, TPOUCXOIUT B arjioMeparax ¢ He-
3HAYUTEIILHON TOTEPEH XOIOMHON MPOUYHOCTH (CM. puc. 4).
ArymomMepaTaMi Ha MEJWJIMTOBOM CBSI3KE 3aKaHUMBAETCS
IIMpOKasi 00MacTb (OPMUPOBAHUS CUITMKATHBIX HOCHUTEICH
XOJIOZIHOM MPOYHOCTH TOTOBOM MPOIYKLINH, U TOJIBKO C POC-
TOM OCHOBHOCTH BbITIe 2,0 B YEpPEMOBEIKUX arjioMeparax
MEHSIETCSI HalpaBlIeHHE MHUHEpanooO0pa3oBaHMs CBS30K,
KOIJIa BMECTO CHJIMKAaTOB HOCUTEISIMU UX IMPOYHOCTH CTa-
HOBATCS (heppuThl Kanblus. OJHAKO HEIOCTATOK jkKeies3a
B JKEJIe30CUJIMKaTHOM pAacIUIaBe 3aTOPMa)KUBAET MPOLECC
(heppuTooOpazoBaHus, KOTOPBIKA, B OTIMYHE OT MarHUTO-
TOPCKUX arjloMepaToB, HAYMHAETCS C IOSIBICHUS B CBS3KE
Cpa3zy JABYX BBICOKOKAJIBIIMEBBIX (DEPPUTOB: OTHOKAIb-
nuesoro (CaFe,0,) u nsykaneuumesoro (Ca,Fe,O,) mpu
OTCYTCTBUM B ariioMeparax o0JIacTH KPUCTAJUIU3alUU BbI-
COKOXKEJIE3UCTOrO nosykanbiuesoro deppura (CaFe,O,).

Poct xononHON NMpOYHOCTH YepEernoBELKUX arioMmepa-
TOB CBSI3aH C ITOSIBJICHUEM B X COCTaBe (DEPPHUTHBIX CBSI-
30K, KOTOpBIE MO0 CBOUM (DPU3MKO-MEXaHHMYECKUM TMoKa3are-
JISIM TIPEBOCXOIAT CUIIMKATHBIE.

Taknm 00pa3oM, MIMPOKUNA MHTEpPBaJ CyLIECTBOBAHUS
CWJIMKATHBIX CBSI30K B COCTaBE YEPEIOBELKIX alJIOMEPATOB
1 3aTOPMOXKEHHBIH Tpoliecc Havana GpeppuTooOpa3oBaHus
C OTCYTCTBUEM B CBA3KAaX BBICOKO)KEJIE3UCTOIO IOJyKallb-
LUEBOTO (peppuTa CBUACTENHCTBYET 00 OTPAHUYCHHOH BO3-
MOYKHOCTHU y4acTHsl KPUCTAJUIOB MarHeTUTa IeTeporeHHo-
rO CTPOCHHUs B Tporeccax GOpMUPOBAHUS YIPOUHSIOMINX
CBSI30K NP CIICKaHUH O(IIIOCOBAHHBIX arJIOMEPaToB.

Buoieoowt. Oxcunpl xesesa IBISIOTCS OQHUMU U3 OCHOB-
HBIX PAacIuIaBOOOPa3yIONINX KOMIIOHEHTOB YKEJIE30CHITH-
KaTHOTO PAcCIlIaBa, ONPEACISIONIEr0 COCTaB CBSI30K — HO-
CHTENEeH MPOYHOCTH O(IIOCOBAHHOTO arioMepaTa.

BriepBbie ycTaHOBJIEHO, YTO y4acTHE OKCHJIOB XkKele3a B
mporecce KUAKO(a3HOTO CHEKAHUS arlIOMEPaToOB 3aBHCHUT
OT MUKPOCTPYKTYPHBIX OCOOCHHOCTEW KpPUCTAJJIOB TPH-
POIHOrO MarHeTuTa.

MarseTuT roMOreHHOTO CTpOCHUA ()KeﬂeSI/ICTI)Ie KBapu-
ThI ¥ CKapHbl) aKTUBHO Y4acCTBYET B IPOLIECCaX CUIMKATO- U
(heppuTO0Opa3OBaHUS CBSI30K PYAHBIX 3€PEH arioMepaToB.
VY3Kkast 007aCTh CyIIECTBOBAHUS CHIIMKATHBIX CBS30K M IIIH-
pokasi — eppUTHBIX SBISIETCS CIIEACTBHEM BBICOKOTO COJEp-
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JKaHUSI OKCHUIOB JKeJIe3a B KEJIC30 CHITMKATHOM PACIIIaBe MPH
YCITIOBHH BO3PACTAIONIETO OKUCIHTEIHFHOTO MOTEHIIAIa Ta-
30BOI (ha3bl C POCTOM OCHOBHOCTH arjiOMEpaToB.

YdacTre MarHeTHTa TeTepOreHHOTO CTPOEHHS B TIPO-
I[[eccax paciIaBooOpa3zoBaHus orpanudeHo. Ipu cnekanun
arIoMepaToB HU3KOE COZACpKaHWE JKelie3a B HKEIE30CHITH-
KaTHOM pacCIUIaBe paclIMpsieT 00JacTh KPUCTAJUIN3AINU
CHITUKATHBIX CBS30K, CABHTas Havajo mporecca Gpeppuro-
o0Opa3oBaHus B aryiomepaTsl 00Jiee BHICOKO OCHOBHOCTH.

CymiecTByIONIHE B HACTOSIIIEE BPEMsT TEXHOIOTHICCKUE
OLIEHKH 000TaIIEHHOTO JKeJIe30PYAHOTO KOHIIEHTPATa TOJIb-
ko 1o Fe u SiO, n mo TepMUYECKHM CBOKMCTBAM PacILIaBo-
06pa3y10u11/1x KOMIIOHCHTOB HIMXTHI JOJIKHBI OBITH JOIIO0JI-
HEHBI MUKPOCTPYKTYPHBIMH OCOOCHHOCTSMH KPHCTAJIIOB
NpUPOAHOI0 MArHeTuTa, ONpPCACIAIOIMIMMU HAIPaBJICHUC
MHUHEPaJI000pa30BaHUs CBSI30K — HOCHTENCH MPOYHOCTH
TOTOBOU IIPOLYKIIMH.
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EFFECT OF NATURAL ORE FORMATION ON MINERAL COMPOSITION AND COLD STRENGTH
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Abstract. The article displays the determining influence of natural iron ore
mineralization on the sintering process and the strength of fluxed sin-
ter. Magnetite crystals with homogeneous structure actively move into
the melt, forming the silicate binder ore grains in agglomerates of low
basicity. With the growth of the basicity the change of silicate liga-
ments to ferrite ones can be determined by the amount of iron in the
melt and high oxidation potential of the gas phase. The participation
of magnetite of heterogeneous structure in processes of melt formation
was limited. During the sintering of agglomerates the low iron content
in the melt expanded the range of crystallization of silicate ligaments,
shifting the start of the process of ferrite formation toward to the ag-
glomerates of high basicity.

Keywords: iron ore deposits, natural ore formation, magnetite crystals of

homogeneous and heterogeneous structure, agglomerates, basicity,
silicate and ferrite ligaments, cold strength.
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Annomayusa. ViccneoBaHue OTHOCHTCS K 0OACTH MOATOTOBKH PYAHBIX M HEPYAHBIX KOMIIOHCHTOB LIMXTOBBIX MAaTCPHAIoB, a TAKKE TEXHOTCHHBIX OT-
XOJIOB, [UIsI IPOBE/ICHHUS TUPOMETAIUTYPrHYECKHX MPOLEeccoB. B paboTe mpeuiokeHo ycoBepIIeHCTBOBAHIE KOHCTPYKIIMK BAJIKOBOTO OpUKETHPY-
FOLIIETO Mpecca, MPEAHA3HAYCHHOTO ISl YIUIOTHEHHS CBIMYYHX MATePUAaIOB, HCIIONB3YyeMbIX B Ka4YECTBE ChIPhSI IS MUPOMETAIITYPIHICCKUX MPO-
neccoB. OJIMH U3 BaJKOB MPEUIAraeTCsl H3TOTABIMBATE C siMEHKaMHU, BTOPOW — € TIKOH MOBEPXHOCTBIO, YTO MO3BOJISIET PE3KO CHU3UThH PACXOIbl
Ha U3rOTOBJICHHE MHCTPYMEHTA. BBINOIHEHO (H3HUIECKOe MOASIMPOBAHKE TIPOLECCa ¢ HCIIONb30BAHUEM YCTAaHOBKH OPUTHHAIBHOW KOHCTPYKIUH
NP U3MEHEHUH KOHPUTYPALMH SUYECK B IBYX BAPHAHTAX: PaJAHaIbHON U TPEyroibHOM (opmbl. DH3nUECKOS MOJICTUPOBAHKE TI0KA3aJI0, YTO B IPE/I-
JlaraeMoii cxeme 11e1ecoo0pa3HO UCIIONB30BaTh SYCHKH pagHaibHOr0 NPOQGHIsL, YTO IPUBOAUT K JTOCTHKEHUIO OOJIBIINX 00BEMHBIX Je(opMariuit

CXKUMaeMOro Marepuasa.

Kniouesvie cnosa: Bankosoe OpukeTupoBaHue, 00beMHbIe AeopMaliy, pU3NIecKoe MOJEIUPOBAHNE, YILIOTHEHHE ChIITyUel cpejibl, popma sueek.

BpuketupoBanue sBisieTcs Hauboliee AeIeBbIM U KOM-
MAKTHBIM CIIOCOOOM OKYCKOBaHMS Pa3MTUYHBIX KYCKOBBIX U
MBUICBUIHBIX MarepuaiioB [1, 2]. Haubonee mpousBomu-
TENIBHBIM SIBIISICTCS CIIOCOO OPUKETHPOBAHUS HAa BAJIKOBBIX
npeccax [3]. CyiecTByroliee OnMcaHue OPUKETHPOBAHUS
OOBIYHO 3aTparuBacT BOMPOCHI ONPEACTICHUS YHEPTOCUIIO-
BBIX MApaMeTpoB Tporiecca [4, 5], HoO He KacaeTcsi BOIPO-
COB OIICHKH HAaNPsKEHHO-AC(OPMUPOBAHHOTO COCTOSHHUS
OpuKeTa, B TOM YHCIIE paclpeesieHus: 00beMHBIX nedop-
MaluH, OrpenessIoUMX IPOYHOCTHBIE CBOMCTBA.

BankoBblii OpHKETHPOBOYHBIN TPECC MPEICTaBISIET
c000l1 MPOKATHBIM CTaH 0CO00I KOHCTPYKIUH, OIHON U3
OCOOEHHOCTEH KOTOpPOro SIBJISETCS HaJMuMe Ha pabouux
BAJIKAX A4eeK. Suelku 3amonHA0TCs OPUKETUPYEMBIM Ma-
TepUajoM, IPU BPALIEHUU BAaJIKOB Marepuajl YIIOTHAETCS
C TOJIy4EeHHEM OPHKETOB.

B ommmume ot mpokatku nedopMaris ChITydel Cpemsl
OCYIIECTBISIETCS TUCKPETHO, KX IbIil OpuKeT hopmupyercs
TIPU TTIEPEMEHHOM JISHCTBHUU HANPSHKEHHUH, OIHAKO TpH (op-
MHUPOBAaHUM CIIEAYIOIIEr0 MO XOay aedopmaiuu OpHkeTa
cutyanust nopropsiercs. [Ipy MHOropsjHOM pacronoKeHUH
Ha BaJIKE [IPecca SIeeK Ha MPOLECC HAKIAAbIBACTCS BIUSIHUC
COCEIHUX SYEEK, a B3aMMHOE PACIHOJIOKEHUE PAAOB APYT
OTHOCHUTETIBHO Jpyra BIMSET Ha PaBHOMEPHOCTHb 3arpys-
KH npuBoja [6]. 3HauMMOe BIUSHHUE Ha TIOKa3aresid pado-
Thl OpPUKETHPYIOIIETO 000PYIOBAaHMS U HAa CBOWCTBA CaMUX
OpHUKEeTOB OKa3biBaeT ux (opma u pazmepbl. OObeMHEIC Jie-
(hopManuy MOPOIIKOBOH Cpe/Ibl MPU U3TOTOBICHUM OpHUKETa
CUMMeETpUYHOU (hopMbl orrcanbl B padote [7]. B nporuBo-
BEC 3TOMY MO>KHO BBICKA3aTh KOHLICTIIIHIO, B COOTBETCTBHH C
KOTOPOH OpHKET JOIHKEH NMETh HECUMMETPHIHYIO (hOpMY.

186

Llens paGoOTEI COCTOUT B 0OOCHOBAHMH HOBOTO TEXHH-
YECKOTO PELICHUS: MPUMEHEHHS HECHMMETPHYHON CXe-
MBI YIUIOTHEHHSI OpPUKETOB Ha BAJIKOBOM Ipecce M BEIOOp
BapuaHTa KOH(UTyparuy pabounx sucek.

HecnMMeTpraHOCTE cXeMbl (hOPMOU3MEHEHHS YIUIOT-
HSIEMOTO MaTepuana MOXET ObITh JBYX BHIOB: MO XOIY
YIDIOTHEHUS OpuKeTa (TIepeHuH 1 3aTHUH TOPIIBI) U B TO-
MepeyHoM cedueHnn Opukera. [IepBblif BapHaHT KoCTUTACT-
Csl IPUMEHEHUEM HECHMMETPUYHO BBIIOIHEHHBIX SUEEK.
Bropoii Bapuant oToOpaxkeH Ha pucC. /, a, TAE TMOKa3aHo,
YTO ChIMTy4asi cpeAa / pa3MeneHa MexX Iy BallkaMu 2, CHa0-
JKEHHBIMH siueiikamMu 3. Basku Bpaiatorcs B HallpaBJIeHUH,
0003HaUEHHOM YEPHBIMHU CTPEJIKaMH. 3a CUET YIUIOTHEHHUS
CBIMTy4el cpefpl ssueiikaMM Ha BBIXOZIE U3 ouara Jedopma-
I[IUH TIOTY4Yar0TCsl OPUKETHI 4 CHMMETPUYHOHN (POPMEL

Ha puc. /, 6 npaBblii BaJIOK 5 BBINOJIHEH C TIIAJKOH TO-
BEPXHOCTHIO, YTO ITO3BOJIAET MOITy4YaTh OPHKETH HECHMMET-
puuHOil popmel 6. Kaxkas U3 cxeM nMeeT JOCTOMHCTBA U
HEJIOCTaTKH.

* (Cxema C TIOJIy4eHHEM CHMMETPUYHOTO OpUKeTa 1o-
3BOJISICT BOBJICKAaTh B ouar jaedopmaru Oolibliiee
KOJIMYECTBO MaTepuaa, M03TOMY IIPOU3BOAUTENb-
HOCTb TaKOI'0 IIPOLIECCa OKAXKETCs BBILIE.

* BankoBble mpecchl C Takol CXeMoOil, B OTIIMYUE OT
MPOKATHBIX CTAaHOB, TPeOYIOT NMPUMEHEHUs Mexa-
HU3Ma COBMEIICHUS S[UCEK, B IPOTHUBHOM Cllydyae
HE y/aeTcsl MOJyYUTh OPHKET MPaBHIBHON (HOPMEL
Jlaxke HaCTpOEHHBIE MPECCHl MO Mepe padOoThl U3-
3a nedopmaryii 1 H3HOCAa MEXaHM3Ma COBMEIICHHMS
SYEEK MEePecTaroT MPOU3BOAUTE OPUKETHI MPABUIIb-
HOW (HhOpMBI.
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a

o

Puc. 1. CxemMa CHMMETPHUYHOTO BAJIKOBOTO MPECCOBAHMS (@) M HECUMMETPUYIHOTO BaJIKOBOTO TpeccoBanust (6):
1 — cpiyyas cpeza; 2 — BaJIOK ¢ siueiikamu; 3 — oOpasyromias SUeHKy; 4 — CAMMETPHYHBINA OpHKeT (YBEJIMUYCHO); 5 — IIaJIKUl BAJIOK;
6 — HECUMMETPUYHBIN OpUKET (yBETHYCHO)

Fig. 1. Scheme of symmetric roller pressing («) and unsymmetrical roller pressing (6):
1 — granular medium; 2 — roll with cells; 3 — forming of the cell; 4 — symmetrical briquette (increased); 5 — smooth roll;
6 — unsymmetrical briquette (increased)

*  CTOMMOCTb M3IOTOBJICHMsI BAaJKOB B HEMaJIOH CTe-
MEHU 3aBHCUT OT CTOMMOCTU H3IOTOBJIEHMS sYEeK,
700 BCTABOK, UX (hopMupYyIONHX. EcTecTBeHHO, UTO
U3rOTOBIICHUE OJHOTO U3 BAJIKOB C INIAJIKOM MOBEpX-
HOCTBIO PE3KO CHIUXKAET CTOMMOCTb UHCTPYMEHTA.

Takum 06pa3oM, MpUMEHEHNE BaJIKOBBIX IIpeccos, (op-
MYIOIIUX HECHMMETPUUYHBIC OPUKETHI, MOXKET OKa3aThCs
HSKOHOMHYECKH OIIPABIAAHHBIM.

MonenupoBanue mporecca yIIOTHEHUsT OpUKeTa ocy-
LIECTBIISUIM HA YCTAHOBKE, M300paskeHHOU Ha puc. 2. B 3a-
30p MEXIy CeKTopaMu /[, cHaO)KeHHBIMH BCTaBKaMH 2,
MOZAAeTCsl ChlITyunid Marepuall. [IpensTcTBueM Juis ero Bbl-
TEKaHHMS 3a MpeeNbl odara aeopMaIiy CIyXHUT MOBEPX-
HOCTb CTaHMHBI 3 U 3KpaH /2, 3aKPEIUICHHbIH IpU NOMOLIH
coeMHeHus /3 K cTaHuHE. Bparenue xonoBoro BuHTa 6 B
raiike 7 NpUBOJUT K IOCTYATEIbHOMY IIEPEMEIIECHHIO TPa-
BEpCHI § [IpY [IPEJOXPAHEHUU €€ OT BpAIllEHUs HaIllPaBJIAIo-
mumu 9. Ilepemenienue TpaBepcsl 8 BBI3BIBAET NIEpPEMELLE-
HUE TAr 4 U 5, KOTOpbIE IPUBOIAT BO BpallleHUe cexTopa /
Ha ocsx /0. YII0ByI0 HaCTPOUKY CEKTOPOB IIPOM3BOISAT C
IIOMOILBIO PYKOATOK //. BUHTEI /4 ynep>kUBatoT TArU 4 1 5.
IIpn BpameHnu CeKTOPOB / CTEHKH SYEHKH CONMKAIOTCS,
YILUIOTHSAA CBIIIy4Ui Marepuail. JTOT IPOLECC MOXKHO OT-
CIIeXKUBATh Yepe3 IPo3pauHblil 3kpaH /2. B onbiTax mpume-
HSJIM CEKTOpa ¢ PaJuyCcoM KpUBU3HBI 175 MM.

Monu¢uxaryeii ombITa SBISETCS WCIOIb30BAHHE HE
CBIMTy4eH cpefibl, a TIACTHUECKU AedopMupyeMoii, mpea-
CTaBUTENIEM KOTOPOH SIBIAETCS IIACTHIUH. DTOT IpUEM
BIIEpBEIe onucaH B padore [10]. OH 3akmouaercs B TOM,
YTO IUIACTUJIMH Pa3MEIIAeTcs CIOeM TONIMHOW 16 MM B
stTueiKax BbIIIE JIMHUU A—A, COETUHSIONEN OCU BpallleHUs
cexTopoB /. B 3a71aHHOI TOUKE CJ10S U3rOTABIMBAETCS OT-
Bepcrue quamerpoM 8,5 mm. Ilocne kaxnoro mara yrioBo-
ro NepEMENIECHUs], PABHOTO 5°, U3MEPSIOTCS TapaMeTpbl OT-
BepcTHs mocne aedopManuu. PaccunThiBaroTes MIOMAab
OTBEPCTHSA J10 IehopMaLUHK S, ¥ IIIOMIA/Ib OTBEPCTHS ITOCIIE

10\%\ \ \s

h | 1

Puc. 2. Cxema MOJETHPYIOILIEH YCTAaHOBKH:
1 — cexTopbl; 2 — BCTaBKH C KOHTYPOM sUeeK; 3 — CTaHWHA; 4, 5 — TATH;
6 — XOJI0BOM BHHT; 7 — raiika; § — TpaBepca; 9 — HarpaBJsIOIINe;
10— ocwu; 11 — pykositkn; /2 —3kpaH; /3 — coeuHenust; /4 — BUHT

Fig. 2. Scheme of the modeling device:
1 — sectors; 2 — insert with loop of cells; 3 — bed; 4, 5 — tractions;
6 — spindle; 7 — nut; 8 — traverse; 9 — guides; /0 — axis; // — handles;
12 — screen; 13 — connections; /4 — screw
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nedopmamuu S,. Tlocne n3MepeHuil MOBEPXHOCTH pasria-
JKUBAETCS, BOCCTAHABIUBACTCS] OTBEPCTHE, TIOBOPAUNBACT-
Csl CEKTOp Ha CJICAYIOIHUN yroi 5° ¥ UK U3MEPEHH MOB-
TopsieTcsi. B 0a30BEBIX OIBITaX IMHA STYCHKH [ COCTaBIISIIA
75 MM, TiyOuHa stueiiku i =20 MM (COOTHOIICHHE MEXTY
HUMH paBHO 3,75).

Bbun ncmonb30BaHbl [Ba BapuaHTa UCIOIHEHUS (op-
MOO0Opa3yroIeii TOBEPXHOCTH: PaTUAIBHOTO U TPEYTOTh-
Horo mpoduist. TpeyronbHbI Npohuinb B MPOMBIIIICH-
HOM HCITONTHCHHU IONydaeTcs IyTeM CBEPJICHUS H ITO
yACLICBISET TPOLECC H3TOTOBIEHUS sueek. Hammume
paamyca KpUBHU3HBI TIpU (popMUpOBaHHH pabodeld Imo-
BEPXHOCTHU MpPU M3TOTOBICHUU OOXOTUTCS TOPOXKE, HO B
MIPaKTHKE OPHKETHPOBAHISI MTO3BOJISECT CO3MATh OONBITHIA
00beM SIYCUKH, YTO IPUBOAMT K IMOBBIIICHUIO TPOU3BOTHU-
TEIBHOCTH.

BrimonHeHHOE B MaTepHaie OTBEPCTHE XapaKTepHU30Ba-
70 00BEM TTOPHI V,» Pa3MeIICHHOM B MEXKBAJIKOBOM TPOCT-
paHcTBE, B KOTOPOM (hOPMHPYETCS OIMH OpUKET 00beMOM
Vp. OO0BeM Mophl, OTHECEHHBIN K 00beMy OpHKeTa, OyneM
CUMTaTh XapaKTEPUCTUKOW mopucroctu: QO = Vq/Vb. Hna

ped

TUIOCKOU JiehopMaliii ATy Ke XapaKTEPUCTUKY MOXKHO 3a-
MMCaTh Yepe3 COOTHOLIEHUE COOTBETCTBYIOLIUX IIOIIAAEH:
0= Sq/ S,. I3Mepenus 0CyIIEeCTBIISIIA MOCIEI0BATENbHBIM
BBIITOJTHEHUEM OTBEPCTHH B 1e(hOpMHUPYyEMOM MaTepHae ¢
MIPUCBOCHUEM HOMEpa i, COOTBETCTBYIOIIETO OMpEJCNICH-
HBIM KOOpJAMHATaM pacmoyiokeHust orBepctus. MHuaekc j
(j=1, 2...6) cooTBETCTBOBAJ HOMEPY IIara npouecca, T. €.
IIOBOPOTY BaJIKa Ha Kaxble 5°.

Tornma u3MeHeHUe MOPUCTOCTH MPH PACCMOTPEHHUHU TIO-
CJIeJIOBaTEIILHBIX MIAroB Je(popManun AQij = AS,-j.

B nanbHeiiieM npou3BOAWIN OLEHKY M3MEHEHHUS IIO-
PHUCTOCTH HJIM IUIOTHOCTH MaTepHaja OTHOCUTEIbHOH 0e3-
pasMepHO BEIMYMHONW — MapaMeTpoM MPUPAIICHUS 00b-
eMHOU jaedopMaruu ASI.]./ S, = (S, Sl.j)/ S,. Pesymnbrarsl
N3MCEPCHUS ONBITHBIX 3HAYCHUU 3TOI'0 MOKa3aTeJis 10 IMpr-
BEJCHHOM BBIILIE METOAMKE U MPHU UCIOJIB30BAHUM SYEHKU
paauaIbHOTO MPOQUIIs MOKa3aHbl HA pUC. 3 B BUJE JIUHUHN
paBHOTO ypoBHS. BuaHO, 9TO HambOomblnee MpHpalIeHUe
IUIOTHOCTH OpUKETa HACTYIAaeT B MEPBOM M BTOPOI (hazax
moBopoTta Banka (puc. 3, a, 6), IpUYEM ATO YIIOTHEHHE
JIOKAJI30BaHO B BepxHel yactu. HaxkiioH nuHUI paBHOrO

e

Puc. 3. Pacnipenenenune npupaiieHuii 00beMHbIX AedopMariuii npu GOPMUPOBAHHN HECUMMETPHUYHOTO OpHKeTa 3 MOBEPXHOCTHIO SIYCHKN
paznansHOTo PO Ml 2 U TIIAJIKOTO BaJIKa / MPH TOCIIEIOBATEIBHOCTH d, 0, 6, 2, 0, e TIOBOPOTa BaJiKa ¢ maroM 5% A — 4 — I0JI0KeHHE JINHUHY,
COCMHSIOIICH [IEHTPhI BAJIKOB

Fig. 3. The distribution of volume strain increments in the formation of asymmetric briquette cell 3 by the radial profile 2 surface and a smooth roll /
at the sequence a, 0, 6, 2, 9, e of roll rotation in increments of 5°; 4 — 4 — position of the line connecting the centers of the rolls
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YPOBHSI CBUETEIBCTBYET O TOM, YTO HAUOOJNbIINE 00bEM-
HBIE AeopMaluy XapaKTEePHBI IS CIOCB, MPHIICKAIINX K
MOBEPXHOCTH TIAJIKOTO BaJIKa.

Pe3ynbraTsl MOEMPOBAHNUS YIDIOTHSIIOIMIETO ICHCTBHUS
BAJIKOB MPHU MCIONB30BAHUH SYCHKU TPEYTONBHOTO MPOGhH-
JIsl TIOKa3aHbl Ha puc. 4.

ComnocraBnenue Buja M30JdMHUK (puc. 3, 4) TOKa3bI-
BACT, YTO B CIy4ae NPHUMEHECHHUS SUCHKH TPEyTrOIHHOTO
npoduis TUHUA MEHEee HU30THYTHI, 0COOEHHO 3TO BHUJIHO
B (hase mporecca, H300paKeHHOTO Ha puc. 3, 2 u 4, 2. D10
CBUJICTETILCTBYET O TOM, UTO MPU MPUMEHEHHHU SYEEK Tpe-
YTOIBHOTO MPOMHUIIS TOCTUTACTCS OOJIee OMHOPOTHOE TTOJIE
mpupameHnii 00beMHBIX Aedopmanuii, mpu 3ToM OpUKeT
TOJDKCH XapaKTePH30BaThCs Ooiee OTHOPOTHBIM pacipe-
JICTICHUEM IIOTHOCTH.

Kak BugHO M3 muarpaMmebl, OOJBIINE 3HAYCHUS YIUIOT-
HEHHUS TONTyyaeT 30Ha OpUKeTa, PaclojOKCHHAs B BEPX-
HEH YacTH sYeHKU. DTO OOBSACHAETCS TEM, YTO Ha 3Ty
30HY JIEHCTBYET HAarHETAIOUIAas CTOPOHA MPO(UIS STUCHKH.
Onrmo3uTHas CTOPOHA SYCHKH CO3MAaeT MEHBIIHN d(PQPEeKT
YIJIOTHEHHUS], TaK KaK yCIOBUS 3aXBaTa 34€Ch OKa3bIBAIOTCS

ped

Xy>Ke, 4eM JUIsl HATHETAIOIeH CTOPOHBI sTUeiKu. JTOT (hakT
oTMedasicst B pabore [6] MPUMEHHUTEIBHO K siUCHKaM CHM-
METPUYIHOI'O UCIIOJIHCHUA.

Jlis cpaBHHTENBHOM OleHKH o0IIero apdexra yior-
HEHHUs B IByX BapUaHTax MMPOBEACHHUS MPOIIecca BHITOTHEH
pacuet 1o maram j (j =1, 2...6) cpeJHHUX MO0 00BEMY BBI-
0opku n npupatiennii geopmanuii mo Gpopmyse

s, ng S,

PesynbraTsl 3THX pacyeToB MPUBENEHBI Ha PUC. 5.

W3 puc. 5 cnenyer, 4T0 00beMHBIE JIehOPMAILIAH B TUCH-
K& TPEyroiabHOTO Mpo(uias MUMEIOT MEHBIINE 3HAYCHUS,
4eM B sTYCHKE PagHaiIbHOTO MPOQHISL, YTO OOBSICHSICTCS
0onbIIMM 00BEMOM 3aXBaThIBAEMOTO TEPBOHAYATIBHO Ma-
tepuana. COINOCTaBICHUE BEINYUH Aj = AS/./ S, mo xomy
mpoliecca MOKa3bIBaeT, YTO P YOBIBAHUH CaMoro (akropa
10 HOMEpaM HarpyXeHui, B IPOLEHTHOM OTHOILEHUH pa3-
HUIIA 3HaYCHUI JBYX BapHaHTOB BBIMOJHEHUS SYSHKH Ha-
pacraet: Ha mare 5 saeiika TPeyrolsHOTO MPOQIIII Co3/1a-

e

Puc. 4. Pacnipenenenue npupaiieHuii 00beMHBIX JedopManuii Ipu GopMUPOBAaHUH HECHMMETPHYHOTO OpHKeTa 3 MOBEPXHOCTHIO SIUCHKU
TpeyroJibHOro npoduiis 2 ¥ IIIaJAKOTro Bajka / MpH MOCIEI0BaTeIbHOCTH d, 0, 8, 2, 0, € IOBOPOTA BaJIKa ¢ marom 5°; 4 — 4 — MoJoXeHne JIMHUH,
COCNIMHSIONICH LIEHTPHI BAJIKOB

Fig. 4. The distribution of volume strain increments in the formation of asymmetric briquette cell 3 by the triangular profile 2 surface and a smooth
roll / at the sequence a, 6, 8, 2, 0, e of roll rotation in increments of 5°; 4 — 4 — position of the line connecting the centers of the rolls
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2 3 4 5 6

Howmep nazpyorcenus, j

Puc. 5. Cpennue 3Ha4eHus npUpalleHnii 00beMHbIX JehopManuii B
TEUECHHE LIECTH ITANOB HATPY)KCHUSI IS SIMCHKH PaJnaabHOTO TIPOQUIIs
() u tpeyroabroro npoduist ([])

Fig. 5. The average values of the increments of volume strain for 6
stages of loading for cell of radial ([) and triangular profiles ((J)

eT 3((GeKT YIUIOTHeHUSI IPUMEPHO B J[Ba pa3a MEHBILNUI,
geM sUeiika pagraibHOTo IpOduITs.

Crnemyer OTMETUTb, YTO HECUMMETPUYHBIE CXEMBbI Jie-
(dopMan  BPAIIAIOMIMMCS HMHCTPYMEHTOM  SIBIISTFOTCS
MIPEIMETOM MOCTOSHHBIX OOCYXXIEHHI M HOBBIX pa3pado-
TOK B 00JIACTH TIPOKATKM KakK CIUIOIIHBIX cpef [8], Tak u
MOPOLIKOBBIX MaTepuanoB [9, 10]. OTcyTcTBHE CHUMMETPUH
Harpy>KeHHsl TO3BOJISIET CO3JaTh JOTOJHHUTENBHBIN ypo-
BEHb KacaTeJbHBIX HANPSDKCHUH, YTO BBI3BIBACT CIIIE OTHH
JnedopMalii CIBUTA, TIO3BOJISIONIME Oo0Jiee WHTCHCHUBHO
VILIOTHATH ChHITy4YUE CPEIbI.

Buieoow. TlpennoxxeHo ycOBEpIICHCTBOBAHHE KOHCT-
PYKIHMH BaJIKOBOTO OpUKETHPYIOLIEro Mpecca: OAMH M3
BAJIKOB TPE/IAaraeTcsl BHIONHSITE C SYCHKaMH, BTOPOH —

C TNIAJIKOM MOBEPXHOCTHIO, YTO MO3BOJSET CHU3UTH PACcXo-
JIbI Ha W3TOTOBJICHWE WHCTPYMEHTA. BhIMoaHeHHOE Mojie-
JTUPOBAHKE TOKA3a]I0, YTO B ATOM ClIydae Lenecoo0pasHo
WCIIOJB30BaTh SYCHKH PajHalibHOrO MPOGUIIsl, YTO TPH-
BOJUT K JIOCTIDKEHHIO OOJNBIINX OOBEMHBIX AedopMariuii
C)KMMaeMOro Marepuala.
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PHYSICAL MODELING OF ROLL PRESSING AT ASYMMETRIC EFFECT
ON THE SEALING MATERIAL

Loginov Yu.N., Dr. Sci. (Eng.), Professor of the Chair “Met-
al Forming” (j .n.loginov@urfu.ru)

Babailov N.A., Cand. Sci. (Eng.), Assist. Professor of the
Chair “Metal Forming”

Pervukhina D.N., Postgraduate of the Chair “Metal For-
ming

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

Abstract. The study relates to the preparation of metallic and non-metal-
lic components of blended materials and industrial wastes, for pyro-
metallurgical processes. The design improvement for roll briquetting
press was proposed for compaction of granular materials used as raw
materials for pyrometallurgical processes. One of the rolls was in-
vited to perform with cells, and the second — with a smooth surface
that can dramatically reduce the cost of manufacturing the tool. The
authors have implemented physical modeling of the process using the
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installation of the original design when changing the configuration
of the cells in two versions: radial and triangular in shape. Physical
modeling has shown that in the proposed scheme of the implementa-
tion process it is advisable to use cell of radial profile, which leads
to the achievement of large volumetric deformations of compressible
material.

Keywords: roller briquetting, volumetric strain, physical modeling, com-

paction of granular media, the shape of the cells.
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AHAJIN3 KOHTAKTHBIX HAIIPSI)KEHUI B 30HE OUYATA
IJIACTUYECKOM JJE®@OPMAIIMA CO 3HAKOINEPEMEHHBIMHU
CUJIAMU TPEHUSA

bapanoe I'J1., 0.m.1., npogheccop xagpeopor «emanu mawuny (bargeleo@mail.ru)

Ypansckuii penepanbubiii ynusepeuteT uMenu nepsoro Ipe3naenta Poccun b. H. Enbnuna
(620002, Poccust, Exarepun6ypr, yi. Mupa, 19)

AHHDmalﬂlﬂ. C UCrob30BaHNUEM JIMHEHHOTO pacnpeieieHusl KaCaTeIbHbIX HaHpSDKeHPII:I B 30HE Ooyara IJIacCTUIeCKOU ,I[e(bOpMaI_II/II/I CO 3HAKOIIEPEMEH-
HBIMH CHUJIaMU TPCHUSA U YCIOBHUSA INIACTUYHOCTH Museca TMOJYYE€HBI 3aBUCUMOCTH I ONPEACIICHHSA HOPMAJIbHBIX HaHpﬂ)l(eHI/lﬁ Ha KOHTAaKTHOM
TIOBEPXHOCTH IIpU OCaaKe HpﬂMOyI‘OJILHOﬁ ¥ KJIMHOBHIHON TI0JIOCHI, @ TAKXKE IIPU IIPOKATKE I10JIOCHI. BeImnonHeHo comocTaBieHue TIOJIy4CHHBIX
PE3YIBTATOB C U3BECTHBIMU PCIICHUAMU. Hoxa3aH0, YTO UCIIOJIB30BAHNUC le/IGHI/I)KeHHOFO YCJI0BUSA IJIACTUYHOCTH, 3alTMCAHHOTO B TJIaBHBIX HAIPA-
KCHUSIX, IPUBOJAUT K CYHICCTBEHHOMY YMEHBIICHUIO PAaCYCTHBIX 3HAUCHUN TEXHOJIOTUIECKUX Harpysoxk.

Knrwouesvie cnosa: ocanxa v IIpOKaTrKa I10JIOChI, o4ar He(i)opMauHH, 30HA 3aCTOsl, KOHTAKTHBIC HAIIPSHKECHUSI, TEXHOJIOIMYCCKNUEC HAT'PY3KHU.

N3BecTHO, UTO HAa KOHTAKTHOM MOBEPXHOCTH Ovara je-
(hopMaIu Ipu ocaKke U MPOKATKE MOIOCH IMEEeTCsT HeNT-
paNbHOE CeYeHHE, B KOTOPOM MPOUCXOJANT U3MEHEHHE Ha-
npaBienust cun Tpenus [1 — 3]. Vi3MeHeHne BeIWUYWHBI U
HaIpaBJICHUS] CUJI TPEHUS IPOUCXOANUT HE CKAYKOOOPa3HO,
a B Ipezesax 30HbI, HA3bIBAEMOM 30HOHM 3acTos, IMPUHA
KOTOpPOH MpOINOpIHOHATIbHA CPEHEN TOJIIMHE MOJOCHl B
3TOH 30HE: L, = thp [1, 2]. KoapdpumumenT K npu ropsaeit
MpOKaTKe JeXUT B 1uanazone 0,5 — 2,0 u pacTeT B yKazaH-
HBIX Tpe/ieNax C yBeIHYCHHEM Kod(QuIeHTa TpeHus f.
[Ipu ocaake monockl B pabotax [1, 4] 3TOT KOAQPHIIHEHT
npuasaT K =2. B ciygae xopotkoro ouara aedopmanu,
IIMPHHA KOTOPOTO COM3MEpHMA € L, 30HA 3aCTOS MOXKET
3aHUMATh BCIO KOHTaKTHYIO TIOBEPXHOCTH O4ara nedopma-
1M, 1100 OONBIIYIO ee 4acTb. B 3TOM ciydae TexHOmo-
THYecKasl Harpy3ka Impoliecca B 3HAYUTEIFHON Mepe OymeT
OMPENENAThCA XapaKTepOM paclpeieeHUsT KOHTaKTHBIX
HarpsDKeHUW B 30HE 3acTos [S].

IIpn nocrarouHod AJIMHE NPSIMOYTOJIBHOM MOJIOCHI
aHaJIM3 HaNpPsDKEHUH B MpoLiecce ee 0CaaKU CBOAUTCS K
pelIeHno 3a1a4n Tuiockoi aedopmanuu. duddepennn-
aJbHbIE YPABHEHUS PAaBHOBECHUS B IPSIMOYTOJIbHON CUCTE-
Me KOOpJIUHAT UMEIOT BU/I:

9, @:0; (1a)
ox Oy

0

&4_&:0 (16)
oy Ox

YenoBue mIacTUYHOCTH IS UICAJIBHOTO YKECTKO-ILIaC-
TAYCCKOTO MaTrcpurajia:

)
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IJIe T — IPEEN TEKYYECTH TIPU YMCTOM CJIBUTE.

Tounsle pemieHusi cucreMbl ypaBHeHui (1) ¢ ycrmoBu-
eM (2) Uil yJacTKOB C TIEPEMCHHBIMU CHJIAMH TPCHHUS B
HACTOSILIIMI MOMEHT OTCYTCTBYIOT. IIpu ompeneneHun KoH-
TaKTHBIX HAaNPSHKEHUI B 30HE 3aCTOS MIMPOKO MIPUMEHSIETCS
UHKEHEPHbIH MeTo[ [1], CyTh KOTOPOTO 3aK/IFOUAETCsI B TOM,
9TO M3 JIBYX YPABHEHUH PaBHOBECHS PACCMATPUBAIOT TOIb-
Ko ypaBHeHue (1a). [lns ero pelieHus HCIOb3yOT JOIyILe-
HUE O JIMHEHHON 3aBUCHMOCTU KacaTeJIbHbIX HAIpPsKEHUM
T OT KOOP/MHAT X W } ¥ TPUONIKEHHOE YCIOBHE TUIACTHY-
HOCTH B TJIABHBIX HANPAKEHUAX O, — O, = 2T ObocHoBaH-
HOCTb JIOMYILEHUH O XapakTepe U3MEHEHHs KacaTelIbHbIX
HAIpPSDKEHUI M0 KOOPAMHATE X TOATBEP)KIACTCS SKCIICPH-
MEHTAJIBHO [1], MO KOOpIUHATE Y COIMIACYETCs C PELCHUEM
[TpasaTns, NOTyYCHHBIM JUIS y9acTKa ¢ TOCTOSHHBIMH CH-
JaMu TpeHus [6]. B HacTosiiiee BpeMsi OTCYTCTBYET OLICHKA
MOTPEIIHOCTH, BHOCUMOI B PEIICHNE MIIOCKON 3a1aun JUis
KOHTaKTHBIX HANpPsHKEHUH HUCIONB30BaHUEM MPHOIMKEHHO-
TO YCIIOBUSI ITACTUYHOCTH. Takas oleHKa 0COOCHHO BaskKHA
JUISL 30HBI 3aCTOf, B MpeJesax KOTOpOM Ha CPaBHHUTEIBHO
HEeOONBIION UTMHE KacaTeIbHbIC HAMPSHKCHUS MOTYT M3Me-
HAThCst 0T 0 110 7. [Ipu 5TOM CylIeCcTBEHHO H3MEHAETCS He
TOJILKO Pa3HOCTh HOPMAJIbHBIX HANpsuKeHud ot 2t 10 0 B
COOTBETCTBUM C YCJIOBUEM ILIACTUYHOCTH (2), HO U MPOM3-
BOJIHAsI OT 3TOH pasHOCTH OT () 10 OECKOHEUHOCTH.

Llenpro maHHOM PabOTHI ABISAETCS MOTYyYSHHE 3aMKHY-
TOro pemeHus ypaBHeHHs (la) COBMECTHO C YCIOBHEM
IUIACTUYHOCTU (2) A7l KOHTAKTHBIX HANpPsDKEHUH B 30HE
3aCTOSI M HAa 9TOM OCHOBE YTOUHCHHE 3aBUCHUMOCTEH IS
OIpe/ieJICHNs] TEXHOJIIOTHYECKUX HArpy3oK B Ipolieccax
OCaJIKU ¥ TPOKATKH TOJIOCHI M3 HICATBHOTO JKECTKO-TIAC-
TUYECKOT0 Marepuana.

Hagano koopIuHAT COBMECTHM C OCBI0 CHMMETPHH T0-
JI0CBL. 3aBUCUMOCTb KacaTeIbHbIX HANPSKEHUI OT KOOpAHU-
HAT X U y 3aIMIICM B BHJC
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X
e h — moyloBHHA TOJIIIHUHBI IOJIOCHL; Z, = % — OTHOCH-

TellbHbIE KOHTAKTHBIC KacaTelibHbIe HAPSDKSHUs, g — 3Ha-
YCHHE Z,_Ha TPAHUIIE 30HBI 3aCTOS NP X = KA.

Beenem crieayroiee 0003Ha4eHNE U1l OTHOCHUTENBHBIX
KOHTAKTHBIX HOPMAJIbHBIX HAIpSKEHUU: p = —Gy/ T, IIpU
y = h. B coorBercTBUU ¢ ypaBHeHHeM (1a) mponuddepeH-
LMPYEM T 110 y, BBIPA3UM G, Y€Pe3 G, U3 YCIOBUS ILIACTHY-
HOCTH (2) ¥ C y4eTOM MPHHSATBIX 0003HAYECHUH Tpu y = h
MOJIy4YHM T0CJIe TPeo0pa3oOBaHUl BBIpAKEHUE IS OTIpe/ie-
JICHUsI KOHTAKTHBIX HOPMAaJIbHBIX HAIPSKCHHUI:

5 0,5Kz;

i +C, 3)
q

p=2Jl-z

rie C, = p, — 21— ¢* +0,5Kq — npou3BobHAS TIOCTOSH-
Hasi, onpezensemMasl U3 CIelyIoIero ycloBUs Ha FpaHulle
30HBI 3aCTOS: p =p, Ipu X =x = Khuz_=gq.

[pousBonHast dp/dx ot Beipaskenus (3) obOpaimaercs B
HYyJIb Ha OCH CUMMeTpuu nosnockl ipu x = 0. B »T0# Touke
SMIOPbI OTHOCUTEJIbHBIE KOHTAKTHBIE HANPSKEHUS JOCTH-
rafoT MAaKCHMAJIbHOTO 3HAUCHMS:

P = Po +2(1-\1=¢7 )+ 0,5Kq. (4)

CpenHee KOHTAaKTHOC HOPMAJIbHOC HaIlPs)KCHHUE B 30HC
3aCTOA ONIPEACIACTCA CICAYIOINUM UHTETPAJIOM!

J-“ arcsmq 1_q2 +ﬁ+p0,
0 3

K

rae x = Kh.

IIpn ucnonb30BaHUN HPUONMKEHHOTO YCIOBHUS ILIac-
TUYHOCTH B IVIaBHBIX HAIPSDKEHUSIX MEPBBIN WiEH B BbIpa-
KeHuu (3) mponagaet. 3aBUCUMOCTD [UIs p B 5TOM CIly-
Yae MpeJCcTaBuM B BUIE: p .\ =p,+ 0,5Kq>.

W3 cpaBHeHUs TIOyYEHHBIX 3HAYEHUI p U p | CJIIE-
JIyeT, YTO pa3HULA MEXIYy HUMH PacTeT ¢ pocToM ¢ U K.
ITpunuMas B cooTBeTCTBUH ¢ pabdoroii [1] g = 1; K =2, no-
ayauM p o =po+3;p o =p, T 1 Py =Pyt 2,237. Tlpmn
I/ICHOJ’ILSOBaHI/II/I HpI/I6JII/I)KeHHOFO YCIIOBUS MJIACTHYHOCTH
Pt =Pyt 0,667. Takum oOpaszom, IS paccMaTpUBACMO-
ro BapuaHTa 3aMeHa TOYHOTO YCIOBHS IMJIACTUYHOCTH (2)
MpUOJIMKEHHBIM NPUBOIUT K YMEHBILICHUIO IMPUPALCHUS
MaKCHMAaJIbHOTO KOHTAaKTHOTO HANpPSDKEHHS B 30HE 3ac-
TOS B TPHU pa3a, a NPUPALLIEHUs CPEAHEr0 HAUpPsIKEHUS B
3,35 paza. O4eBuIHO, YTO HauOONblIee BIMSHUE Ha Be-
JIUYMHY TEXHOJIOTUYECKON Harpy3ku IpH OCalKe IMOJOCHI
OyZleT OKa3bIBaTh XapaKTEp pacClpeeSCHUs KOHTAKTHBIX
HaNpsOKEHUH B 30HE 3aCTOsI IIPU PaBEHCTBE LIMPUHBI I10-
Jocel L. B oaToM cityyae, IpUHUMast il pACCMOTPEHHOTO
BBILIE MIPUMEPA p, = 2, pa3uuhe B pe3ylbraraX pacuera

YCHIIUSL OCAJKU MPH UCIOJB30BAHUHM TOYHOTO M MPHOIH-
JKCHHOTO YCIIOBHH IUTACTHYHOCTH OIIEHUM KO3((HUIIHEH-
o K, = Pep _ Do+ 2,237 ’
Pyt Po+0, 667

PaccmorpuM 0coOEHHOCTH pacdeTa KOHTAKTHBIX Ha-
NPsDKEHUH B 30HE 3aCTOS MPH 0CaIKe KIMHOBUAHOM MO0~
cel. K 1011 ke 3a1a4e CBOAUTCS ClTydail MPOKATKH MOJI0CHI
C HE3HAYUTENIbHBIM YIIUPEHUEM MpPHU 3aMeHe AYI' KOH-
TaKTa MEX/Iy BaJIKAMH U IIOJIOCOM B 30HE 3aCTOSI XOPJOM.
g ynoOcTBa BBHIUMCIICHUH 3aMeHUM JlekapToBy cuctemy
KOOPAMHAT LWINHAPUYECKOH, B KOTOPOI ypaBHEHHE paB-
HoBecus (1a) mpuobperaeT BUA:

ot G.—GC
@+ﬂ+u=0, (5)
or  rog r

IJie O, — pajnaibHbIC HANPSKCHAS; G, — MCPHMOHALHBIC
HAPSAKCHNS, T, — KACaTEIbHbIC HATPSIKCHHUS.

YenoBue MmiIacTUYHOCTH (2) 3amuilieM B BUJAE CIEAYIO-
IETO BBIPKEHUS:

(6)

Hcnone3yeM TepMUHOJIOTHIO TIPOLIECCa MPOKATKU, CUH-
Tasi, YTO TOHKOMY KOHITy KJIIMHA COOTBETCTBYET y4YacTOK
OTIEPEKEHHUSI, TOJICTOMY KOHITY — Y4aCTOK OTCTaBaHus. BbI-
pasuM L, i /i gepes rpaHiIHbIC TOIIIMHBI TIOIOCH! B 30HE
3aCTOs:

L, =0,5(h, — hy)ctga; hy, =0,5(h, + ),
e h, u h, — HadanbHas (CO CTOPOHBI TOHKOTO KOHIA KIIH-
Ha) ¥ KOHEeYHas (CO CTOPOHBI TOJICTOTO KOHIIA KIIMHA) TOJI-
IIMHA TIOJIOCHI B 30HE 3aCTOsI; 0. — MOJIOBUHA YIJIa KIIMHOBOU
MIOJIOCTH.

[Moncrasum L, u hcp B opmyny L, = thp W OIPENEINM
nociie peoOpa3oBaHUI BBHITSDKKY B 30HE 3acTos (37€Ch H
Jlajiee yIIMpeHueM MoJIoChl TpeHedperaeM):

_ hy _I+Ktga
. —_—
h  1-Ktgo
ComnitacHo pabotam [6, 7] mpumeMm, 4TO KacaTellbHbIC Ha-
OPSDKSHUS] B 30HE 3aCTOs JIMHEHHO 3aBHCAT OT KOOPIUHAT
Qux:

=20 2@ by, )
o

e x = hx/ hl; hx — TEeKyIllasi TOJIIKMHA MOJIOCHl B 30HE 3ac-
TOST; @ U b — KO3 PHUIIMEHTHI, OTpeIeIIsIeMbIe 3HAYCHUSIMHU
KOHTAKTHBIX KacaTeJIbHbIX HAIPSHKCHU Ha TPAHMIIAX dTOU
30HBI.

OTHOCUTEIIbHBIE KOHTAKTHBIC KacaTelIbHbIE Harpshke-
HHUSI 0003HAYNM
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Yra — g py, (8)

e T, =1, IpH @ = 0.

[Ipumem, uto T, = gt npu h_ = h, u T = —qt_1pHU
h_ = h,. llpu HAIMYUU 30HBI TOPMOKEHHUS HA y4aCTKE OIe-
peKeHus ¢ = 1, mpu ee OTCYTCTBUM ¢ = fp, , TIE p, — OTHO-
CHUTENIbHOE KOHTAKTHOE JABICHUE HA I'PAHUIE 30H CKOJIb-
JKCHUS U 3acTos; f — K03 (DUIIMEHT TPCHUS Ha KOHTAKTHOM
nosepxHocTH. Ha ocHOBaHMM NPUHATHIX 0003HAUEHUH JUIs
OTIPEICTICHUS @ U b 3ammIIeM CUCTEeMY YpaBHEeHuii a — b =g
v a— A b= —q, pemas KoTopyo, HalAEM:

_2q
Ar—1

C

b= ; a=q+b.

Bripasum 613 ycnoBus miacTHIHOCTH (6), MOACTaBUM
B ypaBHenue (5) u, yuurtsiBas (7) u (8), BEIOIHAM Tpeod-
pa30BaHMUS:

0G — 72
P 0 0, NIZZ o2 %, (9)
T.0r or o

3aMEHHUM B 3TOM ypaBHEHHU IIEPEMCHHbIC F Ha X,
YUHUTBHIBAs UX JTUHCHHYIO 3aBUCMOCTb, IPUMEM 0003HA-
4eHus z = z,_ = sin®, 0, = —T,p ¥ 3aIHIIEeM I0CIe npeoo-
pa3oBaHUii:

p=dcosd—2ad + AMXTOX 4T
o

-1
x arctg atg0,50 -1 +C,
a* -1

(10)

rie C — Ipou3BOJIbHAS IOCTOSIHHAS, ONpeieTisiemMast U3 rpa-
HHUYHOIO YCIOBHUA p = p, npu x = 1.

Dmropa KOHTAaKTHBIX HOPMAaJIbHBIX HATPSIKCHUN B 30HE
3acTosi, MOCTPOeHHas 1o ypaBHeHuto (10), mmeeT Kymoio-
oOpaznyto gopmy (puc. 1), MAaKCUMyM 3MIOPBI P CMEIICH
OT HEUTPAIBHOTO CEYCHHS Ha PACCTOSHUE O B HAIpaBlie-
HUU TOJICTOTO KOHIA KIIMHA. MaKcHUMalbHOE MpHUpaIleHue
KOHTaKTHOTO HOPMAJIFHOTO HANPsDKEHHS B MPEeax 30HbI
3acTosl, 0003HAYEHHOE p =p  —p,, COOTBETCTBYET Ce-
YEHHIO MOJIOCHI, PACHONIOKEHHOMY Ha PACCTOSHHMH X, OT
Hayana 30HbI 3aCTOS C TOJMIMMHOW h = h x . Vcnonbsys
BbIpaXkeHHe (8), BBIPa3uM X, 4€PE3 KOHTAKTHBIE KACaTeb-
HBIC HAIIPSDKEHUS B pACCMATPUBAEMOM CEUCHUH, TPUHUMAS
obosnauenne @ =arcsinz,, x, =h,(a—sin®, )/b. Kon-
TaKTHBIC HAMPSDKEHHS B KOHIIE 30HBI 3aCTOsl (HA ydacTKe
OTCTaBaHUsI) OOINbINE, YeM B Havajc 30HBI HA BEIUYUHY
Ap=p,— p,.

Juddepentmpys (10) 1o x v mpUpaBHUBAS K HYIIO MPO-
W3BOJIHYIO, TIOJIYYMM TPAHCICHACHTHOE YPaBHEHHUE IS
onpeziesienus napamerpa @

a[cosCDm +(a—sinCDm)tg(Dm]+0,55inCDm =0. (11)
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p(Z k) Prmax

pm

P

Zk

Puc. 1. Dniopbl KOHTAKTHBIX KacaTeIbHbIX (Z, ) M HOPMAIBHBIX (p)
HAIPSDKCHUHN B 30HE 3aCTOS

Fig. 1. Curves of contact tangential (z,) and normal (p) stresses in the
stagnation zone

Bennuuny 8 BBIpa3suM depe3 TONIIMHY HEHTpPATbHOTO
ceyeHus h_:
= sin|(Dm|.

K
6:O,S(hm—hﬂ)ctgot:m (12)
q

[MpuHUMas I MaJNbIX O CICIYIOIIHE JOMYIICHUS:
sin® ~® , tga = q, MOTy4UM NPUOIMKEHHOE pelle-
nue ypapuenus (11): @, = -20/(1 + 2a0) n npeobpasy-
eM popmyiy (12) x 6onee ynoOHOMY JUIsl MPaKTHIECKOTO
MPUMCHCHHUS BHITY:

_ h,oK*
q(K +2q)

Kax cnemyer u3 puc. 2, B pacCCMOTPEHHOM JAHana3oHe
napametrpoB (K =1...2, a =0...10°) mpu ¢ = 1 Benuuuna
P,, MEHSETCSA B TIpeienax ot 2,5 10 4, yBEIMIUBasCh C PO-
croM K ¥ 0. YMEHBIICHUE ¢ MPUBOAUT K CHIKEHHUIO p
(puc. 3).

IMopsinox ompenenacHust Ap paccCMOTPUM AJIST BaXKHOTO
YaCcTHOTO CiIydas oyara JAe(OopMarni, WMEIONIETO 30HBI
TOpPMOXEHUS. B aTOM cityuae ¢ = 1 1 B Hauase 30HbI 3aCTOSI
sanumeM x = 1, @ = 0,5m; B KOHIIE 30HBI 3aCTOA — X = A,
® =-0,57. IloxcTaBmnsist TpaHUYHBIC 3HAYCHUS B (HOpPMYy-
ay (10), mocsenoBarenbHO ONPENEnM p,, P, H, BBITIOIHUB
peoOpa30BaHUsl, TOTYyUUM:

np=2nla—a? 1)+ 0% =2 (13)
o

C norpemrHocTh He 6onee 4 % npu o < 10° 3aBUCUMOCTh
(13) anmpokcumupyetcst BeipaskenneM Ap = K(m + 0,7K)a.
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Puc. 2. BnusHue yria o ¥ IUPUHBI 30HBI 3aCTOS HA MAaKCUMAaIIbHOE
MIpUpaIieHre HOPMAJIbHOTO KOHTAKTHOTO HANPSDKCHUS B ATOW 30HE:
KPHBBIE ¢ — @ TIOJIYYEHBI 110 NPEIIOKSHHOH METOAMKE I Pa3IMYHbIX
3HaueHn K (a —K=2;6—-K=1;6—K=0,5); kpuBas ¢ rnoixy4cHa
WHXEHEPHBIM MeTO/IoM Tipu K = 2

Fig. 2. The influence of the angle a and the width of the stagnation zone
at maximum normal contact voltage increment in this area:
curves a — ¢ were obtained by the proposed method for various values
of K(a—K=2;6-K=1;6—K=0,5); curve 2 was obtained by
engineering method with K =2

Kak nmokaspIBaroT pacuyersl, I3MEHEHHUE ¢ OKa3bIBACT HE3HA-
YUTEIILHOE BIMSIHUE HAa BETUUYHUHY Ap.

Jist cpaBHEHHS Pe3yabTaTOB, ITOTyYEHHBIX TIPEITIOKEH-
HBIM U WHXCHEPHBIM METOJaMH, TPEJCTaBUM pEIICHUE
ypaBHeHUs (5) IpU UCIIOIB30BAHUHU YCIOBHS TIACTHYHOC-
TH B IJIABHBIX HANPHKCHUAX M IPAHUYHOM YCIOBHH p = P,
1pHu X = 1 B CIEIyIOIEM BHIE:

p=(2+ﬁjlnx—m+pl.
o o

(14)

[Mpomuddepennmposar BeipakeHue (14) mo x u Haii-
I 3HAYEHHUE X, , IPH KOTOpOM dp/dx = 0, moacTaBum ero
B (14) u noxy4nM mocie npeodpa3oBaHUM:

P :(2+£j[ln(a+2oc) “mo-1]+2. (s
a a

CornocTaBieHne pe3ylbTaToB pacdyera p,, ipx K=2mnu
q = 1 o npeUIoKeHHOM MeTonuke (puc. 2, KpUBast a) U 10
dopmyie (15) (puc. 2, KpuBas ) MO3BOJHIO YCTAHOBUTH,
YTO WCIIOJIb30BaHUE MPHUOIMIKEHHOTO YCJIOBHS ILIACTUY-
HOCTH TIPUBOIUT K CHIXKEHUIO p B 2 — 3 pasa. bonbime
OTJIUYHSI COOTBETCTBYIOT MEHBIIMM yriam o. [IpuHumas
JJIMHY ovara JiepopMannu paBHOH L, v p, = 2, ONpenenu-
JIM, 9TO C POCTOM yIUIa ¢ Pa3JIMuue B pe3ysibTarax pacdera
YCHIIUSL OCAJIKU NP WCTIOIB30BAaHUM TOYHOTO W MPHOIH-
JKEHHOTO YCJIOBHH TUTACTHYHOCTH, OnpeiesieMoe Kodhhu-

0 | | |

1,0 1,1 1,2 1,3 X

Puc. 3. Bisinue mapamerpa g Ha (popMy SIIOPEI KOHTAKTHBIX HOPMaJlb-
HBIX HANpsDKeHUH B 30He 3actost npu K =2, o0 = 5° (uuphl y KPUBBIX
COOTBETCTBYIOT 3HAYCHUIO §)

Fig. 3. The influence of parameter ¢ on the shape of the curve of normal
contact stresses in the stagnation zone at K = 2, o = 5° (figures on the
curves correspond to the value of ¢)

uuentom K , ymenbinaercs. Tak npu o= 0 K = 1,59, npu
a=5°K =147

Bb1600b1. C ucnonb30BaHWEM JIMHEHHOTO pacripenese-
HUS KacaTeJIbHBIX HAMPSDKEHUH B 30HE 0Yara IriiacTHIeCKON
JedopMaliy co 3HAKOTIEPEMEHHBIMU CUJIAMH TPEHUS U yC-
JIOBUS ITACTHYHOCTH Mu3eca MoTyYeHbI 3aBUCUMOCTH IS
OTIPE/ICIICHUST HOPMAJIbHBIX HANPSDKEHUH HAa KOHTAKTHOW
TTOBEPXHOCTH TIPH OCAJKE MPSIMOYTOIHHOW M KIMHOBH/I-
HOM TIOJIOCHI, @ TAKXKE MPH MPOKATKE TMOJIOCHI. BBIMOIHEHO
COTIOCTABIICHNE TOTYYEHHBIX PE3yJIbTATOB C M3BECTHBHIMU
pemenusimu. [lokazaHo, YTO HMCIOJIB30BAHUE MPUOINKECH-
HOTO YCJIOBHSI TUTACTUYHOCTH, 3alIMCAHHOTO B TJIaBHBIX Ha-
NPSDKEHUSIX, MPUBOAUT K CYIIECTBEHHOMY YMEHBIICHHIO
pacUeTHBIX 3HAYCHUHN TEXHOIOTHIECKUX HArPy30K.

BUBJINOTPAGMYECKHUI CITUCOK

1.  Vakcos E. I1. UmxenepHas Teopust miacTHIHOCTH. —M.: Mammrus,
1959.-328 c.

2. lemuxoB A. U., Hukutun I. C., Poxotsan C. E. Teopust mpokarku.
—M.: Metamnyprus, 1980. —320 c.

3. IpymeB Al Teopus npokartku. —M.: MuHrepmeT WHKXUHUPHHT,
2001. - 280 c.

4. Manunun H. H. TexHonoruueckue 3a1a4u IIaCTUYHOCTHU U O3y~
yectu. —M.: Briciias mkona, 1979. — 119 c.

5. Tapbep D.A., KoxesnuxoBa M.A., Tapacos II.A. Pacuer ycunuit
Topsi9eil MPOKATKM TOHKHMX IOJIOC C YYETOM HaNpsKEHHO-aehop-
MHPOBAHHOTO COCTOSIHMS B 30HE MPUITHNAHUS odara aedopmarmu //
IIpomusBoxcTso mpoxkara. 2007. Ne 4. C. 7 — 15.

6.  VYakcos E.IL., /xoncon V., Kommoropos B.JI. u ap. Teopus miac-
THUeckux aedopmanuii MeramioB. —M.: Mamuroctpoenue, 1983.
- 598 c.

7.  bapanos I'JI. Bnusinue KOHTaKTHOTO TPEHMs HA HANPSDKEHHOE CO-
cTostHue nonockl pu Bosodenun // Cranb. 2014. Ne 6. C. 74 —78.

IMoctynuna 27 oxrsa6psa 2014 .

195



M3BECTUS BBHICHINX YUYEBHBIX 3ABEAEHUN. UEPHAS METAJIYPTUA. 2015. Tom 58. Ne 3

IzveEstiyaA VUZov. CHERNAYA METALLURGIYA = IZVESTIYA — FERROUS METALLURGY. 2015. VoL. 58. No. 3, pp. 192-196.

ANALYSIS OF THE CONTACT STRESSES IN THE ZONE OF PLASTIC DEFORMATION
WITH SIGN-VARIABLE FRICTION FORCES

Baranov G.L., Dr. Sci. (Eng.), Professor of the Chair “Ma-
chine parts” (bargeleo@mail.ru)

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

Abstract. The dependences for determination of normal tension on a con-

tact surface at a deposit of a rectangular and wedge-shaped strip and
during the strip rolling were carried out with the use of linear distribu-
tion of tangent tension in the zone of plastic deformation with sign-
variable friction forces and conditions of plasticity of Mises. Compari-
son of the received results was executed to the known decisions. It was
shown that the use of approximate condition of plasticity, which was
written down in the main tensions, led to essential reduction of the
calculated values of technological loadings.

Keywords: upsetting and strip rolling, deformation zone, area of stagnation,

1.

contact stresses, technological loadings.
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UCCJEIOBAHUE JE®OPMAIIMI B KOHIIEBBIX CJISIBAX
TP HEITPEPBIBHOM PA3JIMBKE CTAJIN

Jo3a A.B., accucmenm, cmapwuii npenodasamens kagedpvl « Teopemuueckas u npukiaoHas Mexanura»
Yuzapes B.B., 0.m.n., npogpeccop, 3as. kagedpoii «Memannypaus u mexnonoaus
€8apouH020 npouzeoocmeay (chigarewd@7@rambler.ru)

Paccoxun JI.A., acnupanm xagedpvr «Mexanuueckoe 06opydosanue 3a60006 YepHOLl MEMANTYPULLY
Hluwikun B.B., x.m.n., doyenm xagpeoput « Teopemuyeckasn u npukiaonas Mexamuray

IIpua3oBckuii rocyiapcTBeHHbIH TeXHHYECKU YHUBEPCUTET
(87500, Ykpanna, Mapuynoins, yi. YHUBEpCUTETCKas, 1. 7)

AHHOmalﬂl}l. HpI/I Ppas3jiMBKe CTaJIX HA MHJI3 ka4ecTBO BCEX 3arOTOBOK SIBIISCTCS TNIPAaKTHYECKU OJAMHAKOBBIM 3a CUYET CO3MAaHUsL CTaOMITBHBIX yCJ'IOBI/Iﬁ

HenpepbIBHOTO JnThsl. [Tocnennue (KOHIEBbIE) CII0BI UMEIOT Ae()eKT B BU/AE OTKIOHEHHS Pa3MEPOB MOMEPEYHOrO CEUSHHs OT 3aaHHBIX 3Hade-
HUH. DTO IPUBOANT K JOMOIHUTEIBHBIM [OTEPSM METa/LIa Ha MOCIEIYIOIMX METa/UTypIrHUeCKHX TepeielaX U YMEHbIIACT CTOUMOCTh TOBapPHOU
HPOAYKINK. B H3BECTHBIX HCCIEAOBAHMSX 1 MyOIHKALMAX PACCMATPUBACTCS TEXHOJIOTHS HEMPEPBIBHOTO JINThSI B YCTAHOBHBIILIMECS eprobL. Tle-
PEXOZHBIC NEPUOIBI U3YUCHBI MaJIo, TaK KaK B JJAHHOM CIy4ae OTCYTCTBYIOT IPOCTBIC M HAJIC)KHBIC METOIBI HCCIICIOBAHHS TCINIOOOMEHA CIIMTKA
¢ OKpyxaroleil cpenoit. B paGore paccMarpuBaioTCsi IPUYNUHBI BOSHUKHOBEHHS PA3HOIIMPHHHOCTH B KOHIIEBBIX HEIPEPBIBHOIHTBIX CTaIbHBIX
cis0ax. BBINOIHEHO YHCICHHOE MOJCIMPOBAHUE HANPSHKCHHO-IC(GOPMUPOBAHHOTO COCTOSIHHS CIIMTKA MOCIE ITOPE3KU €ro Ha MEPHBIC JUIMHBL.
PacueTsl IPOBOAHMIIKCE /UL 3aTOTOBOK M3 YITIEPOJMCTBIX MAPOK CTaId. YCTAHOBJICHO, YTO HECHMMETPUYHOE 110 JUIMHE 3arOTOBKH TEIIOBOE MOJIe
MOXKET BBI3bIBATH B HEll HaINpsKEHMS, MPEBBIIIAIONIME HANPSHKEHUS TeKyuecTd B auanaszoHe temmneparyp 800 — 900 °C. Oto o0ycnapnuBaer Bo3-
MOKHOCTB HOSIBIICHHUSI OCTATOYHBIX Ae(hOpMAIHii 1 OTKIOHEHHS IIHPHHBI 3aTOTOBKH OT HOMUHAIBHOTO 3HadeHHs. CpaBHEHHE PACYETHBIX H IKCIIe-
PUMEHTAJIBHBIX JaHHBIX IIOKa3bIBACT, YTO OTKJIOHCHHE Pa3MEPOB HONEPEYHOTO CCUCHHS CII00B IIPOMCXOIHT 110 CICIYIOLMM OCHOBHEIM IPHYMHAM:
PEKUM OXJIKICHHST XBOCTOBOW YaCTH CIMTKA HE SIBISETCS ONTUMANIBHBIM; CYLIECTBYET 3HAYUTENIbHBIH TIepertaj TeMIepaTyp Mo ATHHE KOHIEBON
3aroToBKH. J{JIsl YMCHBIICHHS Pa3HOIIMPUHHOCTH HEIPEPBHIBHOIUTBIX CTAIBHBIX CIII00B, OTIUTHIX B NEPUOJ OKOHYAHHS Pa3IUBKH, HEOOXOIUMO

YCOBEPUICHCTBOBAHUE TEXHOJIOTUH UX OXJIAXKICHUS.

Kniouessle cnoesa: HENPEPBIBHAA pa3IMBKa, CJ'I}I6I>I, BBICOKHAE TEMIIEPATYPbI, HAIPSIKECHU, He(bOpMaHI/II/I, TEOMETPUYECKUE pasMEPBI MOIIEPEYHOTO CE€Ye-

HUs, TEXHOJIOTHS HEIPEPBIBHOI'O JIMThA, MOACIIMPOBAHHUE.

TexHONOrusl MoNy4yeHus: CTAJIbHBIX CISI00B MpPU MO-
Momr MHJI3 nonpasymeBaer ctabuIIbHOE U MPAKTHYEC-
KM OJMHAKOBOE KaueCTBO BCeX CIIA00B, MOJIYyYEHHBIX U3
OJIHOTO HEIMPEPBIBHOTO CIUTKA. DTO OOBICHSACTCS TeM,
YTO MPHU HENPEPHIBHOM pa3iMBKe BCE IMOCIEI0BATEIbHO
pas3iinBa€MbIC MOPHUHN KUAKOI'O METallyla MPOXOAAT Ye-
pe3 OJIHU U Te K€ Y3JIbl 000pyJOBaHUS NMPU OJAMHAKOBBIX
ycaoBusAX. B To jke BpeMsi KOHIIEBbIE CIIS0BI (MTOCIETHUE
CIsI0BI B KQXKIIOW CEPHHU IUIABOK) MOTYT UMETh HEKOTO-
pBIe 1eeKTHI, HATPUMEDP, OTKIOHSHHUS OT 3aJaHHBIX pas3-
MEpOB NONEPEYHOTO CEUCHHUs, YTO BeIeT K 00pa30BaHUIO
OTCOPTHUPOBKH BO BTOpBIC COpPTa. DTO BIUSET HA CTOM-
MOCTb TOTOBOM MeTaJIonpoAyKuuu. Takue u3MeHeHUs
pa3sMepoB OOBACHSIOTCS CaMOW TEXHOJOTHEH Pa3iuBKHU
MOCIEAHUX MOPLUUN KUIKOTO MeTaya. [1aBHON npuyu-
HOW MCKa)XCHHS pa3MepoB IOMEPEYHOr0 CEUCHUs B 00-
[IeM CllyYae CYUTAIOT YMEHBIICHHE (eppOCTaTUYECKOTO
JIaBIICHUSI CTOJI0A KHUIKOTO MeTasia Ha (OPMUPYIOIU-
Csl CIUTOK, KOTOPBI HAaXOOUTCS B IBYX(a3HOM COCTOS-
Huu. M3-3a 3TOrO yMEHbIIAETCS BHYTPCHHEE JIaBJICHHC
OT XUJAKOH (pa3bl CIUTKAa Ha 3aTBEPACBINYIO KOPKY H
ycaJlouHbIe MPOIIECCHl MPOTEKalT 0e3 TopMokeHus. B
pe3ynbrare NnepBOHAualbHO 3aJlaHHbIE pa3Mephl Iole-

PEYHOTO CEYEHUsI MOTYT YMEHBIIATHCS, YTO TPUBOAUT K
OTIPEJIETIEHHON KOHYCHOCTHU Ciisi0a W CBA3aHO C JIOTIOJ-
HUTEJILHBIMU MOTEPSIMHU METajla Ha MOCIeAYIONIUX Te-
penenax. [TockobKy U3MEHEHUE pa3MEPOB MTOTIEPEUHOTO
CEUCHHMS CBS3aHO C HAIPSIKCHHBIM COCTOSHUEM HEIpe-
PBIBHOTO CIIUTKA, MCCIICJOBAHNUE HAINPSIKEHUN SBIISICTCS
BXHOM 3a7aueil I ONpeaesIeHHs CII0COO0B yMEHbIIIe-
HUS YKa3aHHBIX OTKJIOHCHUH.

Bomnpocam TeXHOIOTHY MONyYEHHUsI U Ka4eCTBa HETpe-
PBIBHOTO CJIIMTKA TOCBSIIEHO MHOTO paboT OTeueCTBEH-
HBIX 1 3apyO0eXHBIX UCCIIEI0OBATENEH, OJHAKO OCHOBHAS UX
4acTh yJeJsieT BHUMaHUE YCTaHOBUBIIMMCS PEXKUMaM He-
MIPEPBIBHOTO JIUTHSI, YTO HAIIO JIOTHYECKOE BOTUIOIICHUE
B Pa3JIMYHBIX BapUaHTaX NPOMBIIUICHHON TEXHOJOTHH
MIPOU3BOACTBA. ITO OOBIICHSICTCSI HE3HAYUTEITHLHOU YIIeIh-
HOM j101eii CIII00B, OTIMBACMbBIX B IIEPEXOHBIC TIEPUOIBI
pPa3JIMBKM U HEJOCTATOYHON H3yYEHHOCTBIO TEIIOBBIX
MPOIIECCOB, MPOTEKAONIMX MpU 3ToM. Ha cerogusurHuit
JIeHb (DaKTUYECKU OTCYTCTBYIOT AOCTATOYHO IMPOCTHIC H
HaJIeKHBIE METOIBI MCCIIEIOBAHUS TEIIOOOMEHA CIUTKA
C OXJIQXAIOMIEH Cpeloi B Iepexo/iHble nepuoinl. Kpome
TOr0, JOIOJIHUTEIbHBIC CIOKHOCTH Ha CTaAud MOICIHU-
pOBaHUS UHAMHYECKUX PEXKHMOB Pa3JTUBKH CBSI3aHBI C
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TEM, UTO JCHCTBUTENbHBIC KOA(PPUIINEHTHI TeIIonepeaa-
yu Ha pas3HbIx ydactkax MHJI3 B mepexoaHbie meprobl
IIOCTOAHHO U3MCHAIOTCA.

Lenp maHHOM pabOTHl — PACCMOTPEHUE MTPUYUH OTKJIIO-
HCHMI IMUPUHBI KOHIIEBBIX HCHPEPLIBHOJIUTBIX CTAJIbHBIX
CIII00B OT 33TaHHBIX Pa3MEPOB C IETBIO OMPEIEICHSI ITy-
Tell yMEeHbIIIEHHs JAHHOTO BH/A Jle(heKTa.

KauectBo M rapaHTHpoOBaHHBIE IIOKa3aTed I'OTOBOM
HOPOIYKIUH, B KOTOPBHIX 3aMHTEPECOBAHO KaKAOE MPEa-
MpUATHE, ONPENEIAIOTCS YCTAHOBIEHHOM TEXHOJIOTHEN
MIPOM3BOJICTBA U TPEOOBAHUAMU HOPMATHBHO-TEXHUYECKOI
JIOKyMeHTaIuu. B o0riieM ciryyae kauecTBO KOHEYHOH Mpo-
AYKIWU 3aBUCUT OT TOYHOCTH CO6JHOI[CHI/I$[ OCHOBHBIX TCX-
HOJIOTMYECKHX IOKa3aTesiel Ha KaxoM ydacTtke. K Takum
MOKA3aTeNIsIM OTHOCSTCS:

— COOTBETCTBHE KaXIOW MapKd CTalH TpeOyeMoMy

XMMUYECKOMY COCTAaBY;

— CcOOJNIOIeHNe TEMIePaTypPHOTO U CKOPOCTHOTO PEKH-
Ma pa3uBKY;

— JUIMTEJIbHOE COXPAaHEHUE TOYHOCTH HACTPONUKHU MO~
ACPIKUBAOIIUX CIWUTOK JJIEMCHTOB MNEPBUYHOTO U
BTOPUYHOI'O OXJIAXKICHHUS;

— coOmosieHne 3aIaHHBIX PEXKUMOB OXJIAXKICHUS U T. 1.

Jns OCHOBHOUM MaccChl pa3jiMBaeMbIX IUIABOK B IPO-
MBIIIICHHBIX YCIOBUSIX [1,2] ykasaHHble NOKa3aTenn
CTPOTO PErIaMEHTHPOBAHBI H, KaK IPABUIIO, COOIIONAIOT-
CcA. Hpnqu BO MHOTHUX CJIy4dasX JaHHBIC MOKA3aTCJIN MO-
IyT UMETh CYLIECTBEHHbIE pa3IMuus i1 MalIUH pa3HOil
KOHCTPYKIUH OaXXE€ B MNpeAcjiax OAHOI0 MPECANpPUATUA.
OT0 CBI3aHO € Pa3IMYUIMU IO KOMIUIEKTALUH U BPEMEHU
BBO/Ia B nielicTBue pasHbix MHJI3 unu paznudsabiM 00be-
MOM MOJCpPHHU3AIUN 000PYIOBaHUS, KOTOPOE TOCTOSHHO
COBEPLIEHCTBYETCA. B TO ke BpeMs MOMEHTY INepexol-
HBIX TIepuogoB padorst MHJI3 u, B yacTHOCTH, OKOHYA-
HUs Pa3IMBKU HENPEPBIBHOIO CIUTKA B TEXHOJIOIMUYECKOMI
JOKYMEHTALMHU YEJIEHO JOCTaTOYHO Majlo BHUMAHMSL, UTO
BBIHY’KJIAaCT OOCITYXKHBAIONIUI MepcoHan paboTaTh C HUC-
10JIb30BAHUEM CPEIHEB3BELICHHOI0 NOAX0Aa. DTO MOXKET
BBIPaXKaTbCsl, HAIIPUMED, B €AMHON TPAKTOBKE TEXHOJIOTHH
OKOHYAHMsI PA3JIMBKHU Ul MAIlUH Pa3jiM4HON KOHCTPYK-
v, HECMOTPA Ha TO, YTO HCO6XOI[I/IMO YUYUTBIBATh OaxKe
HEOONbITHE H3MEHEHHS B YCIOBHIX OXJIAXKICHUS CIIUTKA.
Tak, Hampumep, CyIIECTBYIOT pa3Hble WH)KEHEPHBIE Me-
TOIUKH pacueTa 3PQPEKTUBHOTO KO3 (UIIMEHTA TEIuIo-
OTAAYM JAJIST KPUCTAJIM3aTOPOB C KPYIIBIMU U IICJIEBbI-
MU KaHaJlaMH, B KOTOPBIX YYUTBIBAIOTCS CEUEHUE KaHaJa,
paccTosHuEe MEXAy KaHaJlaMH, KO3(PQPUINEHT TeIIonpo-
BOJIHOCTH MaTepuaja CTEHOK. DTH IMO0Ka3aTelIu Uil KpH-
CTAJJIM3aTOPOB pa3HbIX MAalIWH MOTYT UMETHb PA3JINYHbIC
3Hauenwus [3]. [Ipu aTOM pa3Hbie KPUCTAITN3ATOPBI MOTYT
MMETh PasIMYHOE TEIIOBOE CONPOTUBIEHUE R OT pabo-
Yyeil HOBEpXHOCTH CTEHKH 10 BOAbI, KOTOPOE OIpeessieT-
Cs BbIPAXXCHUCM
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rae O, — pacCTOSHME MEXKIy COCEIHHMH KaHaJIaMH;
A, — K0O()PUIHEHT TETIIONPOBOIHOCTH MaTEpHAa CTEHKH;
Oy — 3 PeKTUBHBIN K03(PUINEHT TEMIO0TAAYH, KOTOPBIH
3aBUCHT OT KOHCTPYKTHBHBIX Pa3MEpPOB U TONIIHHBI KapOo-
HATHBIX OTJIOKEHHH Ha CTEHKaX OXJIAXIAIOIIMX KaHaJOB,
BIIMSIIOIINX Ha TEPMHUYECKOE COIIPOTUBIICHHE.

Kpome Toro, TOIBKO M3MEHEHHE Ta30BOTO (BO3MYIIHO-
r0) 3a30pa MexIy pabodeil CTEHKOH KpHCTaJIM3aropa H
TapHUCAXKEM M3-32 H3MEHEHHs IIepOXOBAaTOCTU MOBEPX-
HOCTH TapHHUCaka MOKET OoJiee YeM BJIBOE MEHSTH 0o0IIee
TEPMHUECKOE CONMPOTHUBICHUE MEXKAY CIUTKOM U KPUCTa-
nu3aropoM [4]. DTo ABIsSETCS BaXHOW COCTABHOM YACTHIO
CO3JaHUS 3aJJaHHBIX YCIOBUIl (hOPMHUPOBAHUS KPUCTAIITH-
3yIOIIETOCS CIIUTKA, TeM 00JIee, 9TO pacueT pariHoHaIHLHOTO
npoduist pabounx CTEHOK MPOU3BOIAT /Uil MAKCUMATbHON
CKOPOCTHU pa3iMBKH. [Ipr 3TOM B THHAMHUYECKOM PEKHME
Pas3IMBKUA MJIOTHOCTb TEIIJIOBOI'O MOTOKaA q’ OT CJIMTKa K
CTCHKE B TOUKE z (KOOpIOMHATA OT YPOBHS MEHHCKA JKHI-
KOTO METaJIIa) B MOMEHT BPEMEHHU T SIBNIsICTCSA (DYHKIUCH z
U T, T. €. 3aBUCHT OT psilia TAPaMEeTPOB, YTO B OOIIIEM CITydae
OIIpe/IeIIAeTCS BEIPAXKEHHAMHU:

q'(z,1)=0, 0<z<AH(1);
Q'(Z,T)=q[r(z,r)], AH(t)<z<H,,

e AH(t) — ypOBEHb MEHUCKA JKUJIKOTO MeTaIa; H, — Bbl-
cota pabouell CTeHKH KPHCTAILTH3aToOpa.

IToaToMy ycCpeaHEHHBIH MOAXOA [yl YCIOBUM Hempe-
PBIBHOTO JINTHS Ha KOHKpeTHOW MHJI3 MoxkeT npuBoanuThH
K HeKeJlaTeJIbHbIM BapUaHTaM TEXHOJIOIMU OKOHYAHUS pas-
JIUBKH, YTO BBIPAXKAETCS B IOJYYEHUHU TOJHOU MPOAYKLUHU
(ToBapHBIX CISI00B) C OTKIIOHEHUSMHU B pa3Mepax rnormepeyd-
HOIo cedyeHus. B HEeKOTOpOM CMbICIIE MOYKHO TOBOPUTH O
TEXHOJIOTUYECKOM HaCJIEACTBEHHOCTU psAja I0CIEeJ0Ba-
TEJIbHBIX ONepaluii B CKBO3HOW METaJUTypru4ecKoi Tex-
HOJIOTUH, KOTOpasi B KOHEYHOM HTOI'€ MOXKET MPUBOIUTH K
MIOJTYYEHHIO TOTOBOH MPOIYKIIUH C TPEOYSMBIMHU ITOKa3aTe-
JISIMU WJIH C OTKJIOHEHUSIMU.

OnmHUM U3 OCHOBHBIX (PAKTOPOB TEXHOJIOTMYECKOW Ha-
CJIECTBEHHOCTH, KOTOPBII BIUSET HA BO3MOXKHOCTD I10SIB-
JICHUS Cpa3y HECKOJIBKHUX BUIOB Je(PEKTOB, MOYKHO CIUTATH
(opMupoBaHue HAMPSIKEHHOTO COCTOSIHUS CIIUTKA B YCIIO-
BUSAX OIHOBPEMEHHOI'O J€HCTBHUSA HECKOIbKUX MPOLIECCOB,
OCHOBHBIE M3 KOTOPbIX — 3aTBEPJECBAHUE CIMTKA H3HY-
TPU U CJIOXKHBIM TEIIOOTBOJ OT HApYXHOH MOBEPXHOCTH.
B npoMbINIEHHBIX YCIOBUSX TEXHOJOTHYECKUN Tporecc
HETIPEPBIBHOTO JIUTHSI TOCTPOCH TaKUM 00pa3oM, 4TOOHI B
TEUCHHE BCETO NHUKJIA Pa3luBKU 00a mpouecca MpOoXOHiIH
B COOTBETCTBUHM C 3aKOHOMEPHOCTSIMHM, 3aJI0KEHHBIMHU B
TEXHOJIOTHIO. JTO BBIPAYKAETCS B MOAJIEP)KAHUN 3aJaHHOU
TEMIIepPaTyphbl MOBEPXHOCTH CIIs10a U 00ECIEYCHUH CKBO3-
HOIO 3aTBEpJIEBaHMsl IIONEPEYHOIO CEUEHMs Ha 3aJaHHOM
y4acTKe MeTayuTypruueckoil mmuHbel pyubss MHII3. Tlpu
9TOM pacyeTHbIE 3aKOHOMEPHOCTU HApacTaHUS TOJIIMHBI
TBEPHO KOPKH CIUTKA W IOIACPKaHUs TPeOyeMou TeM-
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HepaTypsl €ro MOBEPXHOCTH JOKHBI 00ECIEeUNBATHCS 3a-
TAHHBIMH KOX((HUITMEHTAMH TETIOOTBOAA OT MTOBEPXHOC-
TH, YTO peau3yercsi COOmoneHneM TpeOyeMbIX PacxoioB
BOJBI M BO3AyXa M INPaBUILHON pabOTON OXJIa)KTAIOIINX
YCTPOICTB 30HBI BTOPUYHOTO OXJIaxaeHus [5 — 7). B ycra-
HOBHUBIIIEMCSI PeKHME pabOTHI KaKI0E CEUCHHE HEIPEPhIB-
HOTO CIIUTKA (POPMUPYETCS] B OHUX U TEX XK€ YCIOBHUSX 32
CYET IMOCJIEAOBATEIbHOIO MNPOXMKICHHUS OXJIaKIAOLINX
YCTpOICTB, pabOTAIOIUX C PA3TUYHON HHTCHCUBHOCTBHIO B
Ka)XJI0M 30HE, HO HEM3MEHSIEeMOM BO BpeMeHu. Jpyras kap-
THHA HAOJIIOAAETCS B IEPEXOTHBIC IEPHOIBI U, B YACTHOCTH,
TIPY OTJIMBKE KOHIIEBBIX CIsI00B. [Ipr OKOHYaHWH pa3IHBKH
CKOPOCTb JIUTbSI YMCHBIIAIOT JIA 3aXOJIa)KUBAHUSA «XBO-
CTa» CIIUTKa, IpUYeM KPUTEPHEM CIIy>KUT HE PacyeTHBIH
3apaHee MpelyCMOTPEHHBIN PEKUM, a ToJTydaeMoe Mo (ax-
Ty HaJeXKHOE 3aMOpa’kKMBaHHUE 3epKaja JKUAKOTO MeTrasia
B KpucTa/uMzatope. Ha mpakTuke Bpems 3aMOpa’KUBaHHS
3epKajia MeTajula MOXKET U3MEHATHCS B 3HAYUTEIIbHbIX Tpe-
Jcjax. 9T0 3aBUCHUT OT KOHKPETHBIX TEXHUYCCKUX IPUEMOB,
HCHOJIb3YEMBIX TEXHOJIOTHYECKUM NiepcoHasoM. IIpu atom
OXJIQXKJICHUE TIOCIIETHETO, KOHILIEBOTO cisi0a MPaKTUYEeCKU
MOXKET CHUJIbHO OTJIMYAThCS OT OXJIAXKIEHUS NPEAbLAYIINX
yacTel cnutka. @akTHYeCKH pa3InyHble YaCTH KOHIIEBOIO
cis10a MOTYT UMETh pa3HOE HalpsDKEHHOE cocTostHue. [lo-
CKOJIBKY J1e(hOpMAIHH OTPEENAIOTCS BO3HUKAIONINMU Ha-
MPSDKEHUSIMHY, HECUMMETPUYHOE HAIPSKEHHOE COCTOSHUE
B KOHLIEBOWM YaCTU CIUTKA IPHU 3aMOPaKMBAHUU KUAKOM
JYHKM MOXET CYILECTBEHHO BIIMATH HA OTKJIOHEHHE pa3-
MEpOB MOIMEPEYHOro ceueHus mnocieqanero cisba. Kpome
TOTO, B cHuTy HenpepwsiBHOCTH cnutka MHJI3 n gocrarou-
HO MaJIOl CKOPOCTH DPA3JIHBKH, HEOJMHAKOBBIC YCIIOBUS
OXJIAX/IEHUS] TOPLIOB CO3JAIOTCS NP Pa3pe3aHuu CIUTKa
Ha 4acTH MallMHaMH ra3oBoi pe3ku. Hampumep, rnpu cko-
poctu paznuBku 0,6 M/MUH, pa3HUIIA BO BPEMEHH MEKIY
BBINOJTHEHUEM TTOCIIAYIONINX PE30B OHOTO CIIUTKA MOXKET
cocTaBlATh Oojiee 15 muH (utst cistooB JummHON 10 M). [Tpu
9TOM MEPEAHUN Topel] ciisi0a HHTEHCUBHO OXJIAXKIaeTCs, B
TO BpeMsI KaK 3aIHUI B MOMEHT pe3KH, HA000POT, pazorpe-
BaeTcs OT INIAMEHH Ta30BOTO pe3aka. JTa pa3HUIA B TEM-
neparypax HPOTHBOIOJIOKHBIX TOPLOB JOKHA M3MEHSTh
HaTpsHKEHHOE COCTOsHME 3aroToBku. [Ipm Temmneparypax
CIIUTKA, COOTBETCTBYIOIINX MPEOBIBAHUIO €T0 B 30HE Ta30-
BOM PE3KH, METAJl HAXOAUTCSI B 0OJACTH yHPYTOMIacTH-
yeckux Jedopmanuii. [loaToMy HepaBHOMEPHBII pa3orpes
HETPEPHIBHOIUTON 3arOTOBKM MOXET BBI3BaTh OoJblee
pacuIMpeHne TeX yYacTKOB, KOTOPHIE COOTBETCTBYIOT 0O-
Jiee TOpSIUEMY CEUEHMIO CIUTKA. DTO MOXKET MPUBECTU K
OCTaTOYHBIM JAe(OpMAIMSIM TI0 MIMPHHE CIISI0a, MOCKOIb-
Ky OH HAaXOIUTCA B 0O0JAaCTH YNPYroIUIACTHYECKOIO CO-
crostHus. Jledopmarm ciusiba B ONEPEYHOM CEUECHHH OT
HECHMMETPHUYHOTO pPacIpeAeICHUs] TEMIIepaTyp MO €ro
JUTHHE OOBIYHO HE YYUTHIBAaIOTCS. Ha ceromHsmHuiA neHb
U3 HECKOJIBKUX (JAKTOPOB, BIUSIOMNX HA OCTATOUHYIO Jie-
¢dopmarmro cisiba Mo IUpPUHE, HE YCTaHOBJICHBI IIaBHBIC
(l)aKTOpI)I, a TaKKE CTCIICHb UX BIMAHUA HAa UCKAXCHUC I10-
MIEPEYHBIX Pa3MEPOB.

B cBs131 ¢ 3TUM ObLIO TPOBECHO YUCICHHOE MOJECITUPO-
BaHHUE HANpPsHKEHHO-Ae(OPMUPOBAHHOTO COCTOSIHUS CIIsI0a
HocJe TMOPE3KH €r0 Ha MEpHBIE UIMHBL. MoJenupoBaHue
TEMITePaTypHBIX TTOJICH 1 HAIIPSHKEHHOTO COCTOSHHUS CiIsi0a,
MOTy4aeMOT0 U3 HEMPEPHIBHO JIUTOTO CIUTKA, BBITOJIHS-
nock B pacuetHoi mporpamme ABAQUS c¢ ucnonp3oBanu-
€M METOJ]a KOHEUHBIX IEMEHTOB. B 0CHOBE MOJETH JEKUT
ypaBHEHHE TEIJIONPOBOJHOCTH C COOTBETCTBYIOIINMH Kpa-
€BBIMH YCIOBHSIMHU. B maHHON paboTe MCHonb30BaHa Me-
TOJMKA, pealn30BaHHAasl C MOMOLIbIO TPEXMEPHOU IIpOCT-
paHCTBEHHOU Monenu. PacueTsl npoBogwIn Ui YCJIOBUI
OIHOTO W3 METAJLTYPrHUSCKUX KOMOMHATOB C KPHBOIH-
Heiinot MHJI3, 30Ha BTOpUYHOIO OXJaKJEHUS KOTOPOH
BKJIFOYAaET POJIMKOBEIC CEKIMH U (POPCYHOUHOE BOIIOBO-
3AYIIHOE OXJNaxJeHHe. PacdyeTsl MpOBOAMINCH A Mps-
MOYTOJIbHBIX CIMTKOB C pa3Mepamu HOMNEPEYHOro CeYeHMs
250x1600 mm. MeTofuKka TEOPETHUECKOTO HCCIEA0BaHUS
3aKJII0YaJ1ach B CIIEIYIOILEM:
— HaxoxuTcd (PYyHKIHUsS, ONUCHIBAIONIAsl TEMIEparyp-
HOE T1oJI€ CIIs10a;

— ompezemnsiercss (YHKIUS, OMUCHIBAIOIAs MOJIE Tep-
MHUYECKHX HalpsHKEHUi;

— BBIYHCIISIETCS] aMIUTUTYAA YCJIOBHBIX TEPMOYIIPYTUX
HaIpsDKeHUH B MaTepuane cisoa;

— OIpEACTSIOTCS 3HAYCHUS TEPMOYIPYToMIacTHUCC-
KHX Jie(hopMaruu.

IIpu MonmenupoBaHUM TOBEACHHS CIUTKA OBLIO NPH-
HATO JIONYLIEHWE O PAaBHOMEPHOM pacIpelesIeHuH MeXa-
HHUYECKUX CBONCTB MaTepuana Io JUIMHe 3aroToBku. Ha
IIPOTUBONOJIMKHBIX I0 JJIMHE 3aroTOBKM TOpLax B Ka-
YeCTBE I'PAaHMYHBIX YCJIOBMH 3a/aBajlCh TEMIEpaTyphl C
pazaunei (nepenagom) 3HaueHuit ot 50 mo 300 °C. Ilpu
BBIITOJTHEHUH MOJICIUPOBAHUS MEPBOHAYATIBHO MOTydann
I0JIe pacIpeesieHus] TeMIIeparyp B HOMEPEUHOM CEUEHHH
(puc. 1) 1 O MOBEPXHOCTH HEMPEPLIBHOIUTON 3aTOTOBKU
(puc. 2). ITomyueHHbIe 3HAUCHUS OBUTH UCTIONB30BAHBI JIS
OMpeNeNIeHUs] HapsHKeHUH 1 iehopmanuii, BO3SHUKAIOIIUX
B 3arOTOBKE TP 3a/1aBa€MbIX TEMIEPaTypHBIX Iepenanax
(puc. 3, 4).

AHanM3 MOJYyYEHHBIX PE3yJbTaTOB IOKA3bIBAET, YTO B
cllyyae THepenanoB TEMIEpaTyp MO JUIMHE B OJHOM 3aro-
TOBKE OJIMH M3 TOPIIOB C OoJiee BBICOKOH TeMIepaTypoit
JOJDKCH MMETh OONbIIMii pasMep mo mupuHe. PazHuna B
NIMPUHE TOPIIOB OAHOTO ciissba ceueHueM 250x1600 mm
o 8000 MM U3 yIIEpOIUCTBIX MapOK CTaly IIPHU Ha-
muann riepenaaa temmeparyp 250 °C no [yinHe 3ar0TOBKH,
COINIACHO PACYETHON MOJENH, MOXKET nocTurare 10 mm.
YMeHbIIIeHHE NTepenana TeMIeparyp 1Mo JUIHHe cisida Ipu-
BOJIMT K CHIDKCHUIO PA3HUIIBI B IIUPUHE TOpLoB. Hampsixe-
HUS B METaJlJIe OT BO3HUKAIOLIErO TEIUIOBOIO PACLIMPEHUS
Ha OTACTBHBIX Y4aCTKaX MOTYT MPEBBIATh MPEIes TeKy-
yecTd. [lo pesynpraram sKCIEpUMEHTAIbHBIX HCCIIENO0Ba-
HU [8 — 10] HanpsoKEeHUsI TEUEHHUs YIIEPOJUCTBIX MapOK
cranu B nuanaszoHe temneparyp ot 800 mo 900 °C uzme-
HAIOTCSL OpueHTUpoBouHO OT 55 no 30 MIla. CornacHo
pe3yibTaraM, IOJIy4YeHHBIM IPU MOJEIMPOBAHUU, TEMIIE-
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Puc. 1. MonenupoBanue pacnpeneaeHus TEMIEPaTyp B IOIEPEIHOM CEYCHUH HENIPEPBIBHOIHUTOIO CTAIBHOTO CIs16a

Fig. 1. Modeling of the temperature distribution in the cross section of continuously casted steel slab
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Puc. 2. Pacnpenienienne temreparyp Ha MOBEPXHOCTH KOHIIEBOM 3arOTOBKH

Fig. 2. The temperature distribution on the surface of the final ingot
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Puc. 3. DKBUBaJIEHTHbBIC HarpsKE€HUs B KOHIIEBOM 3ar0TOBKE

Fig. 3. Equivalent stresses in final ingot



MATEPUAJIOBEAEHUE U HAHOTEXHOJIOTUHU

0,00

750,00

1500,00 3000,00 ek

2250,00

Puc. 4. Jlepopmaninu B KOHIIEBOH 3aroTOBKE TIPH HEPABHOMEPHOM I10 €€ JJIMHE Harpese

Fig. 4. Deformation in final ingot at heating, uneven by its length

paTypHbIe HANpPsDKEHUS B CII0aX MOTYT MPEBBIIIATH YKa-
3aHHBIC HAMPSHKCHUS TEUCHUS CTAIH, YTO OOYyCIaBINBACT
BO3MOXKHOCTb MOSIBIIEHHSI OCTaTOUHBIX nedopmaruii. 13-3a
3TOTO CYIIECTBYET IMOTEHIHMANbHAS OMACHOCTH BO3HHKHO-
BEHHS Pa3HOIIMPUHHOCTH B HEMIPEPHIBHOIUTHIX CTAIBHBIX
cistbax. YactuaHo maHHas mpobieMa MOXKeT ObITh peliie-
Ha B MHTEpBaje TeMIIepaTyp IUIACTHYECKUX Aedopmanuil
3a c4eT 0OeCHedeHHUs 3aTaHHBIX IO PacdeTy CKOpPOCTeH
OXJIaXICHUS 3arOTOBOK IOCIIE UX TIOPE3KU Ha MEPHbIE JJTU-
HEI [11].

B TO ke Bpems U3y4YCHHE MPAKTHUCCKUX JAHHBIX 10
akcrutyataru  cisiooBeix MHJI3 mokaspiBaer, 4to UIst
KOHIICBBIX CJISIO0OB (paKTHUECKOE OTKIOHCHUE Pa3MEpOB B
onHo# 3arotoBke mupuHoi 1900 — 2000 MM MOXeT goc-
turate 40 MM (OCHOBHOHM Juana3oH OTKIOHEHUH pa3me-
pos cocragisier 20 — 30 Mmm). Cis10b1 ¢ HOMUHAIBHOM TN~
punoit 1500 — 1600 MM UMEIOT OTKJIOHEHUSI pa3MepoOB IO
mpuHe He 6onee 30 mwm. [1pu 3TOM OTKIIOHEHHE pa3MepoB
(UIPUHEI CISI00B) U3MEHSETCS B 3HAYUTENBHBIX MPeeiax
B Pa3HBIX CEpPUSX Jake Ha OJHOW MAIIMHE. JTO CBSI3aHO C
PA3NIUUMSAME B PEKUMAX OXJIKICHUS MOCICTHUX METPOB
HETIPEPBIBHOINTHIX 3aTOTOBOK, KOTOPBIE OOYCIIOBICHBI Ue-
nosedyeckuM (hakropoM. CorocTaBieHre PacueTHBIX U IKC-
MIePUMEHTAIFHBIX JAHHBIX IIOKa3BIBACT, YTO MAKCHMAIEHOE
OTKJIOHEHHE MMpUHBL cisdba mmpuHoi 1500 — 1600 mm
cocrapisieT 30 MM. JIuib 9acTh 0CTaTOMHBIX AeGopMaIui
3aroToBKH (30 — 35 %) MOXKHO OOBSICHUTH HEPABHOMEPHBIM
HarpeBoM ee mo januHe. O4eBUAHO, 4TO Oojiee 3HAUMMBIM
(hakTOpPOM SIBIISIETCS PEXKUM OXJIXKIEHHS (POPMUPYIOIIETro-
CSI CIIUTKA B YCJIOBHSX U3MCHSIOMIETOCS (hePPOCTATHIECKO-
TO JABJICHUS IIPH OKOHYAHUU PO3JITHBKH.

TakuMm 00pa3oMm, 3a CUCT YCOBEPIICHCTBOBAHUS TEXHO-
JIOTUM HENpPEepbIBHOW pPa3NuBKU (0OecredeHus] MEHBLINX
3HAQUCHMH HepenangoB TeMIlepaTryp MO UTHHE Cis10a M Ol-
TUMH3ALUHN PeKUMa OXJIAXKICHUS KOHIICBOI YacTH Hempe-

PBIBHOTO CITUTKA) MOYKHO BIIUSATH HA YMEHBIIEHUE OTKIIOHE-
HUH TMONEPEYHBIX pa3MEPOB KOHIIEBBIX CIISIOOB.

Buieoowl. TemneparypHoe 1osie ciii00B, OTIUTHIX B I1e-
PEXOIHBIX PEXKMMAaX, MOXKET 3HAYUTEIHHO OTIUYATHCS OT
OCHOBHOTO TeJla HempepbIBHOTO ciuTKa. HecummerpuuHoe
pacnpezeneHie TeMIeparyp MPUBOAUT K BO3HUKHOBEHUIO
HanpsHKeHUH, KOTOphIe MOTYT BBI3BIBATH OCTaTOYHBIE Jie-
(hopmanuu.

Konuesble cisi0bl  MOIBEp)KEHBl HECHMMETPUYHBIM
TEIUIOBBIM Harpy3kaM Ha HECKOJIBKHMX y4acTKax I0 JUIHHE
MHJI3, ocHOBHBIE U3 KOTOPBIX — IIEPBbIE CEKIIUHN OXJIaXK1e-
HHUS 1 30HA MAIlIWH Ta30BOW PE3KH.

1 yMeHbIIeHUS OTKIOHEHUH B pa3Mepax MonepeyHo-
IO CEUSHUsI KOHIIEBBIX HENPEPHIBHOIMTHIX CTAIBHBIX CIIsi-
00B HEOOXOIMMO JOMOJHHUTEIBHOE YCOBEPILIEHCTBOBAHHE
TEXHOJIOTUH UX OXJIaKICHUS.
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Abstract. At casting of steel on CCM quality of all ingots is almost iden-

tical by creating stable conditions of continuous casting. The final
slabs have a defect in the form of the cross-sectional dimensions - the
deviation from the desired values. This leads to additional losses of
metal in subsequent metallurgical redistribution and reduces the cost
of commodity products. The prior studies and publications consider
continuous casting technology in the established periods. Transition
periods have been poorly studied because there are no simple and reli-
able methods of investigation of heat exchange of the ingot with the
environment during these periods. This article discusses the causes of
different widths of the final continuously casted steel slabs. The nu-
merical modeling of the stress-strain state of the ingot after cutting to
length it was made. Calculations were performed for ingots made of
carbon steel grades. It was established that the asymmetric in length
billet thermal field may cause it stress exceeding the yield stress in
the temperature range 800 —900 °C. This leads to the possibility of
residual strain and deflection width of the ingot from the nominal
value. Comparison of calculated and experimental data showed that
the deviation of the cross-sectional dimensions of slabs occurs for the
following reasons:

1. Cooling mode of the tail section of the ingot was not optimal.

2. There was a significant temperature gradient along the length of
the end of the ingot.
To reduce the different widths of continuously casted steel slabs dur-
ing the end of the casting it is necessary to improve their cooling
technology.

Keywords: continuous casting, slabs, high temperatures, stresses, deforma-

tions, geometrical dimensions of the cross section, process of con-
tinuous casting, computer simulation.
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Annomayun. B 1ensx u3ydeHUs: BO3MOXXHOCTH CHIDKEHHS 3aTpaT Ha SIIEKTPOIHEPTHIO U Opaka, a Tak )K€ YBEINYCHUS Ka4eCTBA BBITUIABISICMBIX CIIUT-
KOB IIPOBEJICHO MOCTPOCHUE MOJIEIH YIPABICHNs HANPSHKEHUEM BaKyyMHOM yroBoil meun. OnpeserneHa 1enb yrpaBiIeHus, KOTopas CBOAUTCS K
HOJUICPKAHUIO HHTErpalia Pa3HOCTH MEKIY 3aJaHHBIM M (DAKTHUYCCKUM HANpPSHKCHHEM B JIOMYCTUMBIX I'PAaHUIAX, HE TPEBBIMIAIONINX 3a1aHHOM
BEJIMYMHBI TEXHOJIOraMU. B ocHOBE IpeioxkeHHOM MOZIENHN YIpaBIeHUs HANIPsHKEHUEM BaKyyMHOH JTyroBOH TeuH JIeXaT ypaBHEHHs HalpsKCHH
IeYH, MEXKIICKTPOJHOTO MPOMEXKYTKA, IIEPEMEIICHNUS ITOKA-3IEKTPOIOICPIKATEIIS C AIEKTPOJOM, JIBUTATEIs TOCTOSIHHOTO TOKA M BEca Karlelb.
TpoBexnen ananu3 nporecca 00pazoBanus Karwu. [Ipeaioxen rpaduk U cuctema ypaBHEHHUH, ONUCHIBAIONINE TOATAITHBIN POCT 00pa30BaHMS KAILIH.

Kniouesvie cnosa: BakyyMHas Tyropas Iedb, yIpaBJIcHHE BaKyyMHBIM TyTOBBIM IIEPEIIIABOM, YIIPABJICHNUE HAIPSHKCHUEM, TIOCTPOCHHUE MOZIENH yIIpaBiie-
HYS HalpsDKEHUEM, YPAaBHEHHUS POCTa Karlelb, SICKTPOABUTaTeIb HOCTOSHHOTO TOKa, YPAaBHEHHUE MEXAICKTPOIHOTO POMEXKYTKA.

B nacrodmiee BpeMs B MeTaJIypruuecKoil HpOMBIILI-
JICHHOCTH MCHONb3yeTCs 0OIBIIOE KOTMUECTBO Pa3INIHBIX
BakyyMHBIX AyroBeix neuedd (BJIT), B KOTOpBIX pa3HBIMU
croco0aMy peann3oBaHO YIPABICHUE MPOIECCOM BAKYYyM-
HOTO JyrOBOI'O IeperiaBa.

BakyymHas nyroBas me4yb — dIEKTpUYEcCKas Medb JJis
IUIABKM METAJUIOB B BaKyyMe JHEprueil 3JIeKTpUuecKoi
nyru [1]. [leus mpumensieTcs 1715 nepersiaBa MeTasuia B Ba-
KyyMe JUIsl yAy4IeHUs] CBOMCTB U YUCTOTHI [10JIy4aeMOro B
mpoliecce meperiaBa cauTka. Ee cxema mpencTaBicHa Ha
puc. 1.

Ileub comep KUT ra3opas3psiHyI0 CHCTEMY, TI€ SJICKTPH-
yeckasl J[yra CyIeCTBYET Ha IOBEPXHOCTAX MeperuiaBis-
€MOro MeTajula U Ha nosydaemoM ciutke 2. ITpu nonage
MIOCTOSIHHOTO TOKa MEXIy 3JeKTPOJOM M KpUCTaJIu3a-
TOPOM BO3HMKACT »JIEKTpHUECKas Ayra. Beigenstomeecs
TEIUIO PACIUIABISIET MIEKTPOJ, KUJIKUNA METalll CTEKaeT B
KPHCTAIIN3aTOp 5, 00pasyst CIUTOK.

[lepemernieHne ITOKa € 3JIEKTPOAOM OCYLIECTBIIAET
ANIEKTPOIBUTATENb MocTosiHHOTO Toka (JII1T) uepes cucre-
My PEIyKTOPOB TaK, YTOOBI PACCTOSHUE MEXKIY JIEKTPO-
JIOM U CIIUTKOM (MEK3JIEKTPOIHBII IPOMEXKYTOK) COXPAHSI-
JIOCh MTOCTOSIHHBIM.

[Iupokoe pa3BUTHE ABTOMATH3ALMH TEXHOJIOTHYECKHX
IIPOLIECCOB B IOCIEIHUE IOJbl CBS3aHO HE TOJIBKO C MOSB-
JICHWEM HOBBIX CPEICTB BBIYHUCIUTEIHHON TEXHUKH, HO U
coBpeMeHHBIX MeTozioB yrpasienusi. Cucrembr ACYTII Ba-
KyYMHBIX JIyTOBBIX TIedeld ONHMPAIOTCS HA pa3luyHbIC Mapa-
METPBI, KOTOPBIE CIIELyeT KOHTPOJIMPOBATH B IIPOLIECCE BCETO

neperJiaBa. Takumu napameTpamu SBJISIOTCS: TOK, HalpsiKe-
HUE BHYTPH II€4YH, JaBJICHUE B BAKYYMHOU KaMmepe, Bec pac-
XOJyEMOI'0 3JIeKTpOoJia, HAIPsSKEHHOCTb MAarHUTHOIO IOJI,
YacTOTa Karelb, CKOpOCTh TeperiaBa U T. J. CyliecTByOT
paspaboTaHHble MareMaruueckue moaeau BJIIT [2 — 4].

B pabote [2] paccmaTpuBaeTcsi OCTPOCHHE MaTeMa-
TUYECKOM MOJeNM BaKyyMHOH IEeYd B LIEJIOM, MareMaru-
YECKOH perpecCMOHHONM MOJENIM HMOHU3alUU U TEIIOBOU
MOJIEJIM HAIUIaBJIIEMOrO CIHUTKA. MoJelnpoBaHue MOJI-
TBEPXKJAETCS DKCIEPUMEHTAMH, KOTOpPBIC MO3BOJIMIN TO-
JIyYUTh KAYECTBEHHYIO MareMarndeckyto monaenb B/IIT.

B pabote [3] mpuBOAMTCS AyroBasi cTajeriaBUIIbHAS
IeYhb MOCTOSHHOTO TOKAa C pa3paOOTaHHON CHCTEMOU pe-
TYJIMPOBAHMS TOKA, BKIIOYAIOLIEH MOJIENb DIIEKTPUUYECKON
nyru. B mporecce mccinenoBanns OBUIO yCTAaHOBICHO, YUTO
CUCTEeMa HEIMHEWHash ¥ MPHUBOJUT K HEOOXOAMMOCTH KOp-
pextupoBku Hactpoek ITH/[-perynsropa mnpu u3MeHEeHUU
BEJIMYUHBI 3a/1aHUs TOKa. UTOOBI yCTpaHWTh JaHHBINA He-
JIOCTATOK, MPeIJIoKeHa CUCTEMa C apaMeTpUiecKoi aaar-
Taluell, KOTopask OCYIIECTBISIET aBTOMATHYECKYI KOp-
PEKTHPOBKY KOA(PHUIIMCHTOB PETyJsITopa Mpyu H3MEHEHUH
BEJIMYUHBI 33/IaHUS TOKA.

B pabote [4] nocTpoeHa UMHATAIMOHHAS MOJIETH JTyTO-
BOM CTaleTIaBUIIBHOM Te4H, I7e JJIsi IPOBOJUMOCTH AYTH
npumensiercs: ypaBuenne Kaccu [5]. Tlomyuennast mojenb
COJICp’KHT JIBa KaHaja: Mo TOKYy U Mo HampspkeHuto. Cpas-
HEHHUE pe3yJIbTaToB MOJAEIM C pe3yJbTaraMu pPeajbHOro
00BEKTa MOKA3aJI0 PACXOXKACHUE B 3HAYCHHUAX, KOTOPOE HE
npesbicuiio 10,5 %.
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Puc. 1. Cxema 1yroBoii BaKyyMHOI JISKTPOIIEYH C KPHCTAJUIN3aTOPOM:
1 —anekTpn; 2 — CIUTOK; 3 — HANIPABJISIOIINE ITOKA; 4 — MEXaHHUECKUH IITOK; 5 — KPUCTAIN3ATOP; 6 — Ipy3; 7 — 9 — cucTemMa peayKTopoB;
10 — nentnas nepenava; // — moaucnact

Fig. 1. Diagram of the vacuum arc furnace with mold:
1 — electrode; 2 — bar; 3 — guide rod; 4 — mechanical rod; 5 — mold; 6 — weighting; 3 — guide rod; 6 — weighting; 7 — 9 — system of gearboxes;
10 — chain drive; /1 — burton

B Hacrosimield pabore NpemyioKeH METOJ YIPABICHUS
HanpsDKEHUEM, e paccMaTpuBaeTcs pasHOCTb 3aJaHHOTO
(u,) m paKTHIECKOTO (1, ) HANPSHKEHUS TIEYH.

Mogzenb npoliecca yrnpapieHHs HAPsDKEHUEM BaKyyM-
HOU JTyTOBOM IT€YN OCHOBBIBACTCS HA TTOACPKAaHUN HHTET-
pana paznoctu Au (B) B 10nyCTUMBIX TpaHHLIaX, HE MPEBBI-
MIAMOIMX 3a0aHHOM Benmmaunbl Au” (B).

Llenbio yrpassieHus sSBisieTcs noyuepxkanne Au < Au":

t
Au= j |, —u, ()| dt, T <1, (1)

1
T t-T

rne T — HUHTEPBAJI BPEMECHHN YCPCAHCHHUA 0HJH6KPI, c; t—Te-
Kyuiee Bpems, C.

Hanp;mceHHe II€Yu 3aBHCUT OT BCJIMYHMHBI MEXKDIIICKT-
POAHOTO MPOMEXKYTKA U IMaJACHUA KallCjib pacrjiaBa. Ounu
Ha KOpOTKHﬁ OTPE30K BPEMECHHN CHUKAIKOT COIPOTHUBIICHUE
MEKIJICKTPOAHOTO MPOMEKYTKA. HaHpﬂ)KeHI/Ie ey OIu-
CBhIBACTCA KaK
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u, (1) =i, R, (1); 2
Rn(t) :l(t)RMM - lK(t)(RMM _RK) +R3J1’ (3)

rae /(1) — BeIWYMHA MEXDIICKTPOJHOTO MPOMEKYTKa,
MM; [ — TOK II€YH (3HaY€HHE TOKa HA BHIOPAHHOM aHa-
Ma3oHe MCCIIeIOBAHUS IPUHUMAETCS MOCTOSHHBIM), A;
R (?) — compoTuBieHne meun (CONMPOTHBIECHUE DJIEK-
Tpoaa, 1yru, caurka), Om; R = — conporusieHue 1 Mm
NpOMexKyTKa Ayrd, OM/MM; R, — CONPOTHUBIIEHUE HJIEKT-
pona u cautka, OM; [ (¢) — QUIMHA Kalv pacIliaBieH-
HOI'O MeTaJljla, KOTOpas MOXKET ePEMKHYTh MEXIJIEKT-
POIHBIH MPOMEKYTOK, MM; R — conporusieHue | mMm
Kkarti, OM/MM.
VYpaBHEHHE MEKIIEKTPOIHOTO POMEKYTKA!

l<r>=So+S<t)—m;”—;’) %—% 0 =o(). ()
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e S, — pacCTOSHUE OT JIEKTPOJIA JIO IHA KPUCTAJIN3aTO-
pa Ha MOMEHT HadJalia meperiaBa, M; S(f) — mepemMenieHue
JNIEKTPOAA ¢ MOMEHTA Hadajia IeperiaBa, M; R — paanyc
CIIUTKA, M; 7, — PaJMyC dJIEKTPosIa (€CIM JIIEKTPO/ HE -
JMHIPUIECKUH, TO 7, ABNACTCH (DYHKUMEH JIMHBI DJIEKT-
pona [ (¢)), M; p — TUIOTHOCT BJIEKTPO/A, Kr/M>; m, (1) -
Macca CJIUTKa B TeKYIIHii MOMEHT BPEMEHH, K.

[epememnieHne MTOKA-3IEKTPONOACPIKATEIIS C HIEKTPO-
JIOM OIMCBIBAETCS] YPAaBHEHUEM

S=K,o, (5)
e K — k03 urmeHT nepeadn penykTopa, M; o(f) — cKo-
POCTB BpaIleHNs Bajla JBUTATEIS, Pajl/C.

VYpaBHeHUs ABUTATEINS TOCTOSIHHOTO TOKa [6]:

Jo=k,i +M, (6)
Li +ri +ko=u, (7

rae J — MpuBeNEHHBIH K Bajy JBHUrarelss MOMEHT WHEp-
MM MEXaHWUYECKON CHUCTEMBI (DJIEKTPO/a, MITOKA U TPY-
3a), KI'M2; k, — KOHCTPYKTHBHAs MOCTOSIHHAs JIBUTATEIL,
(xr-m?)/(c*A); k, — KOHCTPYKTHBHAs IOCTOSIHHAS JIBUTaTe-
s, B-c; i — TOK sAKOpst iBUraresis, A; 1, — CONPOTHBIICHHE
sxops asurarens, Om; L — WHIYKTUBHOCTL sKops, I'H;

M _— MOMEHT Harpy3KH, Kr-m%/c?.
H

1
I
1
1
1
1
I
1
Y
+

8,19, 11;71+51Jr

Puc. 2. I'paduk oOpazoBaHus Karum

Fig. 2. The graph of drop formation

t=10,0689 c t=0,1223 ¢ t=0,1524 ¢

t=10,1998 c

HampsixeHue sKOpHOH enu ABUTaTens GopMupyer-
Csl BBIIIPSIMUTEIIEM:

Eux + u, = kButb; (8)
Tyiig + 1ty = K o 6 9)
E=u, —ug, (10)

rae u, — 3aJaHHOE HaNpsDKCHHE IyroBou meuu, B;
u_— HanpsbkeHue meuu, B; Uy — CIIAKEHHOE 3Haue-
HUE HanpspKeHus, B; Tda — MOCTOSIHHAsA BPEMEHM CIia-
KUBAOWIETO GUIbTPa, ¢; k, — KO3GPUUHUEHT ycuneHus
BBLINPAMMTENS JABUraress, I'. — MOCTOSHHAs BPEMEHH
BbIIPAMUTEIIA, C.

ITycTh Karm BECOM m, aJjatoT pABHOMEPHO YEPE3 Bpe-

M5t T,, TOT/IA TIOJTy4aeM:

P

P —
m(t,) =Zmi, 7, :Zti’ p=1N.
i=0

i=1

(1)

Poct kamum mpoTekaer B MATh ITAIlOB, [IOKa3aH Ha
puc. 2, 3:

1) xamus oOpasyercs Ha MOBEPXHOCTH JIEKTPOA;

2) HOXKa KAl pacTeT CO CKOPOCTBIO V, B TEYEHHE
BPEMEHH O, ;

3) B MOMEHT BpEMEHHU L, 0, PBETCS HOKKA M Karuis
OTPBIBAETCA U JIETUT K CIIUTKY. B Teuenue Bpemenu o,
HOKa COKPAIIAETCs CO CKOPOCTBIO v, (v, > V,) 10 ee
MCUE3HOBEHHS (B MOMEHT BPEMEHU t, 7t 8, +9,);

4) Kamns JUIMHOM /_ JIETMT K CIUTKY B TEYEHHE BpE-
MEHH 0, (0, — BpEeMs MOJIETA KAalld OT MOMEHTA
KOHIIa BTSATHUBAaHUS HOXKH JIO MOMEHTa Kaca-
HUA CO CIMTKOM), TaK YTO OHa B MOMEHT BPEMEHU
t, ;8 +9,+ 8, kacaercs cimTKa (Ha MHTEpBAIIE
[tpf1 +90,, L, ot 0, +90,] nmuna h_ cymmupyer-
Cs C JUTMHOM yMeHBbINAIoMEHcs HOKKH HadyuHas
C MOMEHTa BPEMEHU tpfl + 8] + 82, Korja JJIMHAa
L= h):

5) Kamas BXOOUT B CJIMTOK B MOMEHT BpEMEHH
t, ;8 +3,+8; coCKOPOCTBIO v, B TCUCHHE Bpe-
MEHH J,.

YpaBHEHHE pOCTa JJIMHBI KalUld PacIIaBICHHOTO Me-

Taya:

HOJMCKA
HOXMCKA

HOXMCKA
Kanjs

KanjA

KanuA

t=10,2402 c t=0,2760 c

Puc. 3. Tlporecc oOpa3oBanus Kareins [7]

Fig. 3. The process of drops formation [7]
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vl(t—tp,l),

(oSS, 48, Ly =V

L, —v, (t— (1,4 +51)),
l, + 9, St<t,, +9,+90,;

Ly =v20y =h, v,8, =1L, —h; (12)
h

K

[ (1) =
1,1 +8 +8,<t<t,,+8 +06,+08;,v;=0;
he=vy (1= ()00 48, +8, +8,)),

1, +8+8,+0;SI<1, | +8 +8,+3;+d,;
v,0, =h,,

e £, | — MOMCHT Hadaja oOpa3oBaHus p-U Karu, C;
[ | —MaKkcuMaibHas JUIMHA KaIllld PacIUIaBIE€HHOrO Me-
Tajula, KOTOpas MOXET MEPEMKHYTh MEXIIEKTPOIHBII
MIPOMEKYTOK, M.

Buieoowt. Pazpaborana Mozenp mpouecca yrnpasie-
HUs BaKyyMHOH JyTroBOH meubio. BriBeneHO ypaBHEHHE
pocTa IJIMHBI KaIlulk pacllylaBIEeHHOIO MeTaJla.
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CREATING A MODEL OF VOLTAGE CONTROL IN VACUUM ARC FURNACE. REPORT 1
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Abstract. In order to explore the possibility of reducing energy costs and
defects, as well as to increase the quality of melted ingots, the authors
held the model of voltage control in vacuum arc furnace. The control
objective was determined, which is to maintain the integral of the
difference between the desired and the actual voltage in the range,
not exceeding the value predetermined by technologists. The basis
of the proposed model of voltage control in the vacuum arc furnace
was based on the voltage equations of: furnace, electrode gap, dis-
placement of rod-electrode to electrode, the DC motor and the drops
weight. The formation of droplets was analyzed. The schedule and
system of equations describing the gradual formation of droplets was
proposed.

Keywords: vacuum arc furnace, control of vacuum arc remelting, volt-

age control, construction of a model of voltage control, equations of
droplet growth, DC motor, the equation of the electrode gap.
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SKCIIEPUMEHTAJIBHOE N3YUYEHUE BJIIMSHUS IIOJIOI'O (TPYBYATOI'O)
IEKTPOJA HA XAPAKTEP TOPEHUS DJIEKTPUYECKOM IYI'U
B IYTOBOH CTAJIEILUIABWIBHON NEYU

Koorcyxoe A.A., k.m.n., doyenm, 3as. kageopoii «Memannypeus u memannogedenue» (koshuhov@yandex. ru)

Txauee A.C., acucmenm xagedpwl «Memanaypaus u memaniogedenue»
Menvnukoe E.H., acnupanm

Crapoockobekuii TexHoJorudeckuii HHCTUTYT, puiman HUTY MUCuC
(309516, Poccus, benropozckas o6., . Crapslit Ockoin, Mukpopaiion MakapeHko, 42)

Annomayus. PaccMOTpEHBI BOIPOCH, CBSI3aHHBIC C N3YYEHHUEM BIIHMSHHUS MOJIOTO (TPyO4aToOro) 3JIEKTpoja Ha XapakTep TOPEHUS IEKTPUUCCKON TyTH.
BeinonHens! 1abopaTopHbIe UCCIEA0OBAHUS 110 U3YYEHHIO BIMSHMS 1OJIOr0 (TpyO4aToro) aJeKTpoja Ha PEXUM TOPEHMS MIEKTpUYecKux ayr. B
XOJIE MCCIIEZ0BAHMII YCTAHOBJICHO, YTO HAUMEHBUINI YroJ OTKJIOHCHHUS 3JIEKTPHYECKOH JYyI'W OT OCH 3JIEKTpPOja JOCTHIACTCs NMPH OTHOMICHUH
d /D _=0,2. loayueHo perpecCHOHHOE YpaBHEHNUE, TIO3BOJISIOIIEE OLECHUTh YTOJl OTKIOHEHHUS JICKTPUUECKOM IyTH B 3aBUCHMOCTH OT JJHaMeTpa

OTB 91

OTBEPCTHS B 110JIOM (TpyOUaToM) NEKTPOJIE.

Knrouesvle cnoga: 1yrosast crajieluIaBUIIbHAS [1€4b, IEKTPUUYECKast yTa, MOJIbIH (TpyOUaThlil) S1EKTPO, Yrod OTKIOHEHHS.

B Hacrosiiee BpeMs OFHOW M3 aKTyaJlbHBIX 3ajad,
CTOSIIIUX IIepe]l OTEUECTBEHHON MeTajulypruei, sBisieT-
Csl CHHJKCHHE SHEPreTMYeCKHX 3aTpaT Ha IMPOU3BOACTBO
ctanu. Ha ocHOBe aHanm3a HayYHO-TEXHUYECKOW NHTepa-
Typsl [1, 2] ycTaHOBIIEHO, YTO OJHUM M3 MEPCHEKTUBHBIX
HaMpaBJICHUI CHUKEHUSI PHEPIrOEMKOCTHU BBIMIABKY CTAIH
B JIyTOBBIX cTaneraBmibHbIX nedax (JCII) ssusercs npu-
MEHEHHE MONbIX (TPyOUaThIX) 3IEKTPOIOB.

[lepBBIe nccneoBaHU B JAHHOM HAIIPaBICHUH OBLIH
BBINOJIHEHBI B Hauasne XX B., OONBIIMHCTBO U3 HUX OBUIH
HaMpaBJIEHbl HA PELICHHE BOIPOCOB, CBA3aHHBIX CO CTa-

=

AN

Owin3anueil pexxuMa ropeHust MeKTPUYECKUX AYyT U I0-
BBIICHUEM 3()()EKTUBHOCTH 3IEKTPUYECKOTO PEXKHMA
JCII. Ognako B Hay4yHOH JUTEparype HET TOYHBIX JIaH-
HBIX O BJIIMSHUM 2JIEKTPOAOB JaHHOM KOHCTPYKLIMU Ha pe-
JKUM TOpPEHMs NIEKTpUYeCKo ayru. B cBs3u ¢ 3TUM Ha
JJIEKTPOIIEUHOM YCTaHOBKE, IIPENCTaBICHHON Ha puc. 1,
OBLIIM BBIIOJIHEHB! UCCIIEIOBaHUS MO0 M3YUYEHHUIO pexUMa
TOpPEHMS DIEKTPUUECKON OYTd IIPU UCIIOJIB30BAHUH I10J10-
ro (Tpybuaroro) snekrpoma. B xone mpoBemeHus mccie-
JIOBaHUM Ha JJIEKTPONEYHOH YCTaHOBKE UCIIOJIb30BAIUCh
rpadUTHPOBAHHBIC DICKTPOIBI JABYX THIIOB: CIUIOIIHEIC

] OO

Puc. 1. Cxema sKcriepUMEHTAIBHOM 1a00PAaTOPHOH YCTAaHOBKH ISl U3YUYCHUS yIila OTKIIOHEHHS JICKTPUYECKON JTyTH:
1 — MexaHU3M TIepeMeIeHNUs AMEKTPoaa; 2 — rpaUToBas MIacTHHA; 3 — rpaQUTHPOBAHHBIN MEKTPOI;, 4 — AIEKTPUYECKas 1yra;
5 — 3aIIUTHBIN 3KpaH; 6 — BUJeOKaMepa

Fig. 1. The scheme of experimental laboratory installation for studying of deviation angle of electric arc:
1 — movement mechanism of electrode; 2 — graphite plate; 3 — the graphitized electrode; 4 — electric arc; 5 — screen; 6 — video camera
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u nonele (TpyOuartsie). HapyxHbI TuamMeTp 3JIeKTPOJOB
cocraisan D, =35 MMm. [luameTp OTBEPCTHH B I0JIOM
(TpyO4aTroM) 31eKTpoOJie BapbUPOBAJCA B COOTHOLICHUH
d,./D, or0,05 10 0,5. Di1eKTponHMTaHHE YCTAHOBKH OCY-
HIECTBIISIOCH OT TpaHchopMaTopa, MpPelCTaBISIOLIETO
co00I1 /1Ba COEAMHEHHBIX MOCJIEI0BATEIbHO BBIIPSMUTE-
Jisi ¢ HOMHHAJIBHOM MonHOCThIO P = 23,7 kBT. {15 Gonee
YCTOWYMBOIO TOPEHUsS SJIEKTPUUYECKON IYyru, ropsuieit
MeXIy rpapUTOBBIM U MOJOBBIM DJIEKTPOJIOM, M CO3TAHMS
yCIOBHI, ONW3KUX K PeajbHBIM, B IYTOBBIX CTajerna-
BUJIbHBIX T€Yax Ha MOAOBBIN 3JIEKTPOJ MOIKIAAbIBATAC
MeTaJTUeCcKas 3aT0TOBKA JJIsT 00pa30BaHMUs JKUAKOTO Me-
Tasa.

B xozme skcnepumeHTa Bejach BUJIEOChEMKA Yepe3 3a-
HIMTHBIA dKpaH. Pe3ynbraTsl BUJCOCHEMKH MOABEPTalUCh
nuppoBoit 00paboTKe ¢ momoinkio nporpammsl Blitz 3d.
CyTb 00paboOTKH 3aKito4aiach B pa30MEHUH MOTYyYEHHOTO
B XO/Ie KCIIEPUMEHTa BUAEO0 Ha KaJapbl C MOCIEAYIOLINM
MepeBOJOM KaJIpOB M3 IIBETHOIO CIEKTpa B Cepblil. 3aTreM
OTAENbHBIA KaJp MOJBEprajcs OLEHKE KaXJIOro IHKce-
751 TIO SIPKOCTH (ITMKCENTH C BBICOKOW SPKOCTBIO OIICHHBA-

JIMCh KaK JJIEKTpUYecKas Iyra, ¢ HU3KO#H — Kak CBOOOIHOE
MIPOCTPAHCTBO). AHAJIN3 MOJIYYEHHOTO B XO/1€ SKCIIEPUMEH-
Ta BHJEO (pUC.2) TO3BOJNMI YCTAaHOBUTH, YTO BEIUYHMHA
yIJIa OTKIIOHEHUS JICKTPUYECKOH IyrH OT OCH 3JIEKTPO-
12 ONpPENENETCs CooTHomenneM d /D, . B pesynbrare
00pabOTKH TIOJYYCHHBIX B XOJ€ JKCIIEPUMEHTA JaHHBIX
OblIa MOCTPOCHA 3aBUCUMOCTD YIJIa OTKJIOHCHUS DIICKTPH-
YECKOH JyrM OT COOTHOWeHus d /D, , IpeacTaBieHHas
Ha pHC. 3, aHAJIU3 KOTOPOT'0 MOKA3bIBACT, YTO HAMMEHBIITHIA
YTOJl OTKJIOHCHHUS JIEKTPUUCCKOW JYTH JOCTHTACTCS MPHU
d, /D, =02.Ilo pesynsraram CTaTUCTUYECKOH 0OpaboT-
KH TOJTyYCHHBIX JIAHHBIX ObLIa MOJYYeHa PerpecCHOHHAs
3aBUCHMOCTbD, TTO3BOJISIIONIAsT OLICHUTh BIUSHHUE JAUAMETPa
OTBEPCTHS B IEKTPOAC HAa BEIMYUHY YIVIa OTKIOHCHHS
IIEKTPUUYECKOM yTH:

2
-258,3 ory +42,56, R*=
D

21 91

o =502,6 0,951.(1)

Bb1600sb1. BrimonHeHB! 1a00paTOpHBIC HCCICIOBAHHUS
[0 W3YYEHHWIO BIHMSHHUA TOJOro (TpyOuaTroro) 3jieKTpoja

Puc. 2. ®otorpaduu 351eKTpUIECKOH JIyTH TIPU Pa3nu4HOM OTHOWEeHUU d_ /D, :

a—-0;6-0,056—-0,10;2—0,15;0-0,20; e -

0,25; o — 0,30; 3 - 0,35; u — 0,40; k — 0,45; 71— 0,50

Fig. 2. Photos of an electric arc at various relation of d_ /D :
a—0;6-0.05;6-0.10; 2—0.15; 0 — 0.20; e — 0.25; oc — 0.30; 3 — 0.35; u — 0.40; k — 0.45; 1 — 0.50
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d,../D

OTB a1

Puc. 3. 3aBUCHMOCTD yIi1a OTKJIOHEHHMS IEKTPUUECKOM IyTH OT JuaMe-
Tpa OTBEPCTHUS B AIEKTPOJIE

Fig. 3. Dependence of deviation angle of an electric arc from diameter
of the hole in electrode

Ha PEXUM TOpeHHs dJIeKTpUueckux Ayr. B xone mccieno-
BaHUI YCTAHOBJICHO, YTO HAUMEHBIIMH YIOJ OTKIOHEHHS
NEKTPUYECKOH YT OT OCH 3JIEKTPOJA JIOCTHIAeTCs TPH
orHomennn d_/D_=0,2. IlomydyeHO perpeccHoHHOE
OTB 31

ypaBHEHHE, MO3BOJIAIONIEE OLEHUTh YroJl OTKJIOHEHUS
ANEKTPUYECKOH IyTH B 3aBUCUMOCTHU OT JJHaMETpa OTBEpPC-
THUSI B TIOJIOM (TPyO4aTOM) 3MIEKTPOJE.
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EXPERIMENTAL STUDY OF THE INFLUENCE OF HOLLOW (TUBULAR) ELECTRODE
ON NATURE OF ELECTRIC ARC BURNING IN EAF

Kozhukhov A.A., Cand. Sci. (Eng.), Assist. Professor,
Head of the Chair “Metallurgy and Metallography”
(koshuhov@yandex.ru)

Tkachev A.S., Assistant of the Chair “Metallurgy and Met-
allography”

Mel’nikov E.N., Postgraduate

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

Abstract. The article considers the questions about influence of a hollow (tu-
bular) electrode on nature of electric arc burning. Laboratory researches
according these were executed. During researches it was established

that the smallest deviation angle of an electric arc from an axis of the
electrode was reached at relation d_ /D, = 0.2. The regression equation
allowing to estimate the deviation angle of electric arc depending on
diameter of hole in a hollow (tubular) electrode was obtained.

Keywords: electric arc, hollow (tubular) electrode, deviation angle.
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O®OPMUPOBAHUE CIIEHUAJIBHBIX I'PAHUIL B OHK-METAJIJIAX
MPU BOJIBIIINX CTENEHSX OJHOOCHOM JE®OPMAIIUHA®

benaesckux A.C., acnupanm xagpedpor « Tepmoobpabomxra u usuxa memanios»

Pycakoe I.M., k.¢p.-m.n., doyenm xapedpur « Tepmoobpabomra u usuka memaniogy»

Joobanoe M.JL., o.m.u., npoeccop xagedpwl « Tepmoobpabomxa u ¢usuxa memannioey (m.1.1lobanoveurfu.ru)

Ypaabckuii pegepanbublii ynuBepcuTeT uMeHu nepsoro [pe3uaenta Poccun b.H. Eabuuna
(620002, Poccus, Ekarepun0ypr, yin. Mupa, 1. 19)

Annomayus. Texctypa CHIBHO 1e()OPMUPOBAHHBIX METAJUIMYECKUX MOJINKPUCTAIUIOB TPEACTABISCTCS HAaOOPOM CTaOMIBHBIX OPHUEHTAIMH 3€peH, KO-
TOpPBIE COXPAHSIOTCS TPHU MOCIeAyIomel nedpopManiy (KOMIOHEHTBI TEKCTYpbl). Bo3MOXKHBINH HA0Op CTAOMIBHBIX OPUEHTHPOBOK OMPEALISIETCS
cummerpueit gepopmarmu. [1o 31oit mpuunHe cTabMIbHBIC OPHEHTUPOBKHU CBS3aHBI OIPE/IEICHHBIMI KPHCTAIOrpadMYeCKUMU COOTHOIICHUSIMH,
T.€. OHH MOTYT OBITh COBMEIIIEHbI HAOOPOM AUCKPETHBIX MOBOPOTOB. HEKOTOpbIE MOBOPOTHI M3 3TOT0 HAOOPA SBIISIOTCS OJM3KHMHU K CIIEIUATbHBIM
paszopuenrauusm. Texcrypa OLIK-meraiuia mocie 60ib110i 0HOOCHOI Hedopmaluu (IKCTPY3Hs) UCCIeI0BaHa OPUEHTALMOHHON MUKPOCKOIIHEH.
CrieninasbHbie rpaHuibl 233a, £19a, ¥27a, 39, £11 Habmoaanuch Mex1y HEKOTOPbIME Ae(hOpMUPOBaHHBIME 3epHamMu. OPUEHTHPOBKH 3THX 3€peH
COOTBETCTBOBAJI OCHOBHBIM KOMITOHEHTaM TEKCTYphI JieopManny. BeposTHOCTh BOSHUKHOBEHHMS CIICIUAIBHON PA30PUECHTALMN — CIEHAIBHOM
TPaHUIIbI OTMPECICHHOTO THUIIA B MIPe/IeIax JIOKAIbHOM 001acTH Oblila 00paTHO MPOMOPIHOHATIBHOM YTy TOBOPOTA BOKPYT 00miei ocu <110> kpu-

CTaJNTNYECKON PEIIETKHU COCCACTBYIOMIUX 3€PCH.

Knruesvie cnoesa: TCKCTYypa, 'paHULIbl 3€PEH, CIICHUAJIBHBIC I'PAHUILIbI, CIICIIUAJIbHBIC PAa30pUCHTALIUH, jleq)opmaum[, OKCTpPY3Hus, OpPUCHTALIlMOHHAA MU-

KpPOCKOIIHA.

BONBITMHCTBO KOHCTPYKIIMOHHBIX W (DYHKIIMOHATBHBIX
METAJNTMYECKUX MaTepuajoB HUCHOJIb3YeTCsl B BUAE IMOJIH-
KpuctamuioB. HeoThemiieMOl 4acThi0O MX CTPYKTYPHI SIB-
JISIFOTCSI BBICOKOYIJIOBBIE IPaHUIIbI 3€PEH, KOTOPBIE IPUHSTO
pa3nmeNnaTh Ha CIeNUaibHbIe (WK OMM3KHE K CHEIHallb-
HbIM) U oOuiero tuna. B paborax [1, 2] npeanonaraercs,
YTO MPOIECCHl PEKPHCTAITM3ALNH PEATH3YIOTCS PEHMY-
LIECTBEHHO 3a CYET JBM)KCHHUS CHEIMabHBIX (MM TOIY-
CIEIUATBHBIX ) TPAHUIL.

OObsicHEHHE PEKPHUCTATITM3AUOHHBIX MPOLECCOB C
HCTIONIF30BaHMEM 3BOJIOIMY (BO3HHKHOBEHHUE, TPAHCIIOP-
TUPOBKA, pacIleIUICHUE) CIEHaIbHbIX IPaHUI] MPEICTaB-
JSIETCSl BIOJIHE OMNPABIAHHBIM, MOCKONBKY TOJBKO JUISA
MOJOOHBIX IPAHUI] BOBMOXKHO ONMHMCAaHUE MX JIBWKECHHS Ha
YPOBHE CKOJBHKCHUSI M TIEPENON3aHusl JucIoKarmid. Tak-
JKe JBW)KEHHE CHelMabHBIX T'PaHMIl JOCTaTOYHO MPOCTO
00BsCHSET (HOPMHUPOBAHNE U PA3BUTHE JIOKATBHBIX TEKCTYP
B MOJIMKPHUCTAJUIMYECKUX MaTeprajax B Mporeccax CTpyK-
TypHBIX TIpeBpameHui [1, 2].

DOpMUPOBAHUIO CHENHMATIBHBIX IPAHUI] JOJKHO IMpe.-
[IECTBOBATh BO3HWKHOBECHHE CIICIHATBHBIX Pa3OpHCHTA-
LUH — B3aUMHBIX PACHOJIMKEHUI ABYX KPUCTAIIMUECKUX
PEIIETOK, COBMEIICHHBIX B OOIIEM Y3J€, MPH HEKOTOPHIX
JUCKPETHBIX TIOBOPOTAaxX KOTOPBIX BO3HHMKAET TpexXmep-
Has pelmieTKa COBMAAIONINX y310B. OTHOMEHNE 00HEMOB
JJIEMEHTAPHBIX SYEEK PEIIeTKH COBMAJAIOIIUX Y3JIO0B M
HCXOIHON PEIIeTKH XapaKTepPH3yeTCsl TapaMeTpoM Xn —

" Pa6oTa BBINOJIHEHA B PAMKax IIPOeKTHOM TeMbl MOuH P® (3ana-
uue Ne 11.1465.2014/K).
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00paTHOW MPOCTPAHCTBEHHOMN TUIOTHOCTHIO COBIAIAFOIIINX
Y3JIOB, TJIe 7 IPUHUMAET 3Ha4eHue 3, 5, 7, 9 u T. 1., T. €.
COBMAJACT KAXABIA TPETUH, IATHIN U T. 1. y3€J KPUCTAJUIH-
YEeCKHX PEIICTOK.

Kpucrannoreomerprueckuii aHanm3 MOKa3bIBAET, YTO
BO3HHMKHOBEHHUE CICIUATBHBIX PAa30PUEHTALUI BO3MOKHO
MEKIY KPUCTAIUINIECKUMH PEIICTKAMHU 3ePeH ITOJHKPHUC-
TaJJIOB, KOTOPbIC MPUOOPENN CTAOMIbHBIC OPUCHTUPOBKH
B pesyiprare OONBIIMX HarpaBlIeHHBIX JedopMmaruii (Bo-
JIOYEHHe, IKCTPY3usl, mpokarka). [lomoOHast cutyanus pea-
TU3yeTcsi ¢ OOJbIeH BEPOSATHOCTBIO, €CIH CTAOMIIbHBIE
OPUCHTHPOBKH (OCHOBHBIC KOMIIOHEHTBI TEKCTYPHI IOJIH-
KpHUCTaJlIa) UMEIOT OOIIYI0 KPUCTALIOrPpauIecKyo OCh,
COBIIQIAIONIYIO C HAMIPaBJICHHEM Jie(hOpMAITHH.

Metonom opueHTanuoHHOW Mukpockornuu (EBSD)
OBLIO HUCCIIEIOBAHO TEKCTYPHOE COCTOSHUE TPYOKH W3
HUOOWS, TONYYeHHOW METOIOM OJKCTPY3HH CO CTere-
Hbto nedopmanuu, npessimaromei 90 % (cM. pUCYHOK).
CtpykTypa TpyOKH COCTOsUIa M3 BBITIHYTHIX Ie(hOpMH-
POBaHHBIX 3€PCH, B LEJIOM XapaKTEPHU3YIOIIMXCS Halu-
YHUEeM aKCHaIIbHOW TekcTypbl <110> (cM. pUCYHOK, a, 0).
OpHaKo B Mpenenax JIOKAIbHBIX 00JIacTel TEKCTypa Mo-
KeT OBITh IpeJcTaBlicHa HaOOPOM pPAacCESHHBIX OpPHUCH-
tupoBok {001}<110>, {112}<110>, {111}<110>, mo-
BEPHYTHIX OTHOCHTEJIBHO JAPYT JIpyra BOKpyr ocu <110>
Ha auckpertnbie yobsl: 20,05, 26,53, 31,59, 38,94, 50,48,
T. €., COOTBETCTBEHHO, HAXOSIINXCS B CIICIIHATBHBIX Pa3-
opuenTanusax £33a, X19a, £27a, 29, X11 [3]. DTo xopo1io
ToATBepIKAaeTcsl monydeHHsIM Metonom EBSD wactot-
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Texcrypa HHOOHEBOH TPYOKH, M3TOTOBICHHOM SKCTPY3HEii:
@ — OPUCHTAIMOHHAS KapTa C BBIICICHUEM (UepHBIM) BCeX CrienuaibHbIX rpanui; 6 — [P {110}, momy4eHnas ¢ 061acTu, NPUBEICHHON Ha «a»;
6 — OTHOCHUTEJIbHAS 4acToTa (PMKCALMU CIILMAIbHBIX IPaHuLl pa3HbIX Tunos; HIT — nanpasinenue npeccoBanus

Texture of niobium tube produced by extrusion:
a — the orientation map of special boundaries (marked black); 6 — PPF {110}, obtained from the area shown on “a”;
6 — the relative frequency of fixation of special boundaries of different types; HII - direction of compression

HBIM pacCHpeAeICHUEM CICHUAIBHBIX I'PAaHUI (CM. pHCY-
HOK, 6). OueBMJIHO, YTO BEPOATHOCTb BO3HMKHOBEHMS
CIIENIMAIbHOM T'paHUIBl — CHEUHUATbHON pa3opHeHTAluU
OTIPENIEICHHOTO THUIA B TIpeaeiax JOKaIbHOH obmactu
OKa3bIBACTCS MPUOIU3UTEIHHO OOPATHO MPOTIOPIIHOHAITB-
HOH yTi1y moBopoTta BOKpyr ocu <110> kpucrammmaeckon
PCIIETKH COCEACTBYIONINX 3EPCH.

EcTecTBeHHO MPEAOIOKUTE, YTO MTOAOOHBIE 3aKOHO-
MEpPHOCTH (hOPMHUPOBAHUS CICHHATBHBIX pPa30pHECHTA-
WA W CIeNHaJbHBIX TPAHULl PEATH3YIOTCS U B IPYTUX
crutaBax ¢ OL[K-pemrerkoit, Bkiarouast peppuTHbIE TPYO-
HBIC CTaJH.
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THE SPECIAL GRAIN BOUNDARIES FORMATION
IN BCC METALS DURING STRONG UNIAXIAL DEFORMATION

Belyaevskikh A.S., Postgraduate of the Chair “Heat Treat-
ment and Physics of Metals”

Rusakov G.M., Cand. Sci. (Eng.), Assist. Professor of the
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B.N. Yeltsin (19, Mira str., Ekaterinburg, 620002, Russia)

Abstract. The texture of strongly deformed metal polycrystals was rep-
resented by a set of stable grain orientations, which were preserved
during the subsequent deformation (texture fibers). A possible set
of stable orientations was determined by the deformation symme-
try. For this reason, the stable orientations were bound by specific
crystallographic relations, i.e. they might be superimposed by a set
of discrete rotations. Some rotations in this set were close to spe-
cial misorientation. Texture of bce metal after strong uniaxial defor-
mation (extrusion) was investigated by the orientation microscopy
(EBSD). Special grain boundaries X33a, X19a, X27a, X9, £11 were
observed between some deformed grains. The orientations of these
grains formed the main of deformation texture fibers. The probability
of appearance of special misorientation — of a certain type of special

boundaries within a local area was inversely proportional to the angle
of rotation about the common axis <110> of the crystal lattice of
adjacent grains.
Keywords: texture, grain boundaries, special grain boundaries, special mis-
orientation deformation, extrusion, orientation microscopy.
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K BOITPOCY OIITUMU3ALIUU YITPABJIEHUSA HAI'PEBOM METAJIJIA
B HAI'PEBATEJIbHBIX TIEYAX MIEPHOAUYECKOI'O JJEMCTBUS
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buvikoe E.IL., cmyoenm (evgenii.bykov@mail.ru)

HBaHoBcKuii rocyiapcTBeHHbIH IJHepreTHYeCKUil yHHBEPCUTET
(153003, Poccus, MBanoBo, yi. PabdakoBckas, 1. 34)

Annomayus. PaccMaTpuBaroTCcs BOpochl HHYOPMAIIMOHHOTO U MaTemarndeckoro obecreuenus ACYTII HarpeBa MeTaia B HarpeBareIbHbIX MeYax
HEPHOIMIECKOTO ACHCTBHUSI C HCTIOIB30BAHIEM TEKyIIel HHMOPMALINK O CKOPOCTH POCTa CPETHEMACCOBOM TEMITEPATypPhI METAIIA U CKOPOCTH POCTa

OKaJIMHBI.

Knwueswvie cnosa: Harpes MeTajuia, ONTUMHU3aLKs YIIpaBJICHNS, KpI/ITepI/Iﬁ MHUHHMYMa, CpeAHEMACCOBas TEMIIEpaTypa MeTaljia, TOJIUHA OKaJIUHBI.

OnTuMu3alus ynpapjieHUs HArPEeBOM MeTajia B TeX-
HOJIOTUYECKOM CHUCTEME «HarpeBaTelIbHOE OTAEJICHUE
— MPOKATHBIM CTaH» MpeacTaBisieT coO0i MHOrOKpHTe-
pHAIBHYIO 33/1a4y BBIOOpa ONTHMAJIBHOTO YIpPaBIISIOIIE-
rO BO3JEHCTBUS Ha METaJlJl AJi1 U3MEHEHHs ero cpeaHe-
MacCOBOW TEMIEPATyphl OT TEMIIEPATYphl mocaaa f, 1o
3aJ[aHHOI 7 3a Bpems Harpepa I' NpH CYIIECTBYIOMHX
OTrpaHUYEHHUSX.

DOKOHOMMYECKUN KpPUTEPUH ONTUMAIILHOCTU YIIpaBiie-

HHS uMeeT Bux [1]:

T T
J= YJ(E[S, r],r)dHij VL(;) dt=min, (1)
0 0

TI€e Y,, ¥, — CTOMMOCTb 3aTpar Ha HarpeB 1 T merasa,
pyO/T; n — Y4UCIIO CITUTKOB B canke; M — macca CIHTKa, T,
F| — KONMYeCTBO OKAJIMHBI, 00Pa3yIONIEHCs Ha MOBEPXHO-
CTH CITUTKA B IIpoIlecce Harpesa, T/4; #(S, T) — TeMmeparypa
TIIOBEPXHOCTH CJIUTKA; V,(T) — pacXoJ TOIuIMBa, M/4.

Kak BunmHO n3 ypaBHeHus (1), 3ppeKTHBHOCTh yIpaB-
JICHUSI HarpEeBOM METaJula ONPEACISIETCS] COBOKYITHOCTBIO
KPUTEpHEB: BpeMEHEM HarpeBa 7, KOIUYECTBOM OKAJH-
HbI ', pacxonom Torusa V.

B pa3nu9HBIX TPOW3BOICTBEHHBIX CHTYAIUSX TEXHO-
JIOTUYECKON CHCTEMBI «HArpeBaTelbHOE OTACICHUE — MIPO-
KaTHBIA CTaH» KPUTEPUHU KauecTBa yIPaBICHUS HATPCBOM
MeTajla MOXHO CBECTH K TPEM THIaM:

— KpUTEpUil MUHIMyMa BpEeMEHH HarpeBa MeTalia

J:jdrzT; )

— KpHUTEpUIl MUHHUMYyMa OTKIIOHCHHS CPEIHEMACCOBOU
TeMIIepaTypbl OT 3aJ[aHHOM TeMIeparypbl 3a 3a/1aH-
HOE BpeMsi

212

J= [tj;ﬁ —t(r)]zdr; 3)

O —y

— KpHUTepuil MUHHUMyMa HHTETpaja oT (PyHKIHH CO-
CTOSIHUS METaJllla U YIIPABJIEHUs IIPY 3aJaHHOM Bpe-
MEHHU Harpesa

J

f({tssfz 1]+ K{As ~[1,0,(0) —rcpm)]}z) dv, (4)
0

rie K — BecoBoil kK0d(p(UIMEHT ydacTHsi COCTABISIONINX;
A, — 3aanHas paBHOMEPHOCTh Harpesa, K.

Bce npuBeneHHbIe KPUTEPUM KauecTBa YIPABICHUS B
9KOHOMHUYECKOM BBhIpaykeHHH UMetoT Byl kputepwsi (1). Tu-
MOBBIE 3aJ]a4Ml YIPABICHHUsS HArpeBOM MeTajula ¢ pa3jiny-
HBIMU KPUTEPUSMH KadecTBa (2) — (4) pelieHsbl ¢ UCI0Jb30-
BaHUEM IpUHLMIA MakcumymMa [1].

Maremarndeckoe obecnieueHne ACYTII narpeBa me-
Tajula BKIIOYAeT MOJEJIb HarpeBa MeTajula ¢ TpaHU4YHbI-
MH 1 HadaJbHBIMH YCJIOBHSIMH, MOJCIb POCTa OKAJIHHEI,
AJTOPUTMBbI PElIeHUs] YpaBHEHUs TEIUIONPOBOAHOCTH IIPH
rpannuHblx ycnosusx I u III poma, anropurmel pacuera
CpeJHEeMacCOBOI TeMIeparypbl MeTalljla, allfOPUTMBbI pac-
9eTa KOJIWYEeCTBA OKAJHMHBI, aJTOPUTMBI pacdeTa KyCOIHO-
HENPEPBHIBHOM ynpaBisiomen pynxkuun Vo (t).

Maremarndyeckoe 00eCTieYeHHEe MOXKHO CYIIECTBCHHO
YIPOCTUTH, €CJIM UCIOIb30BaTh HH(POPMAIUIO O TapaMeT-
pax TEKyIIero TEIUIOBOTO COCTOSHHS HAarpeBacMoro Me-
Tasa.

B pabote paccmaTpuBaroTCsi BOIIPOCH WH(POPMAIHOH-
Horo u maremarudeckoro odecneuenus ACYTII narpesa
MeTajula B HarpeBaTeIbHBIX IIeYaxX MePUOANICCKOTO JCHCT-
BHUS C HCIIOJB30BaHUEM TEKyIIed HHPOPMALUU O CKOPOCTH
pocTa CpeaHEeMacCOBOM TEeMIEPaTyphl METalIa ¥ CKOPOCTH
pocrta okanuusl [2, 3].
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I[aT‘II/IK napaMeTpoOB TCIJIOBOT'O COCTOSAHHSA BbLITIOJHCH
W3 METajula, HarpeBaeMoro B II€YH, U MPEICTABISICT cOO0M
(bU3HUECKYI0 MOJIETh MPOLEecca HAarpeBa: OH MOAEIHUPYET
MIPOLIECCHl BHEIIHETO U BHYTPEHHEro TeIioo0OMeHa U Co-
3[1aeT MEePBUYHYIO HH(OPMAIIHIO 110 CPEHEMACCOBOM TEM-
neparype MeTajljia U TOJNLIMHE OKaJIUHBI.

HHpopMannoHHO-BEIYUCINTEbHAS CUCTEMA PEaIn3y-
€T aJITOPUTMBbI BBIYUCIIEHUSI CKOPOCTH POCTa CPEIHEMACCO-
BOH TeMIIepaTypsl U CKOPOCTU POCTa OKaJIMHBL. BbixoqHast
uHpOpManUs HHPOPMAITHOHHO-U3MEPHUTEIEHON CHCTEMBI
SIBIISIETCSL BXOJHOW JUUIsl aJITOPUTMOB pacdyeTra KyCOUHO-
HENPEPBIBHOW yTpaBistonied (QyHKIMH, MOJy4YCSHHOH IO
NPUHLIMITY MaKCUMyMa.

Hcnosnp3oBanue Tekynield HHGOPMAIIAU TIO cCpeTHeMac-
COBOM TeMmmeparype MeTajlla U TOJIUHE OKATHHbBI 03BO-
JIS€T peajn30BaTh KBa3MONTUMAJIbHOE yNpaBlIeHUE B pas-
JIMYHBIX IMMPOU3BOACTBCHHBIX CUTYyaAllUAX HarpeBa MeTallia
¢ KpuTepueM kadecTna (2) — (4).

Bomnpoc pa3paboTku 3(h(h)eKTUBHBIX aITOPUTMOB YIIPAB-
JICHUS TI0 HH(POPMAITHX O CKOPOCTH POCTA CPEITHEMACCOBOI
TEMIIEPATYPBIL, T. €. I0 YCBOCHHOMY METAJUIOM TEINIOBOMY
MIOTOKY, TPEACTABIISICT OTACIBHYIO 3a71a9y U IOAPOOHO pac-
CMOTpeH B padorax [4 — 5].

O(PeKTHBHOCTD YNPABJIAIOIIEr0 BO3ACHCTBHA V. B
¢dopmupoBanuu kpurepus (1) onpenensercs JOKaIbHBIMUA
Otepn =
oV, oty

CH0)XHOCTh MHOTOKPUTEPUAJIBHOM 3a/aud  yIpaBile-
HUSI HATPEBOM MeTalia 00yCIIOBIEHa TPOTHBOPEINBOCTEIO
JIOKAJIBHBIX KPUTEPHUEB, 4TO TpeOyeT pa3paboTKu MOJEIH
CIpaBeUIMBOI0 KOMIIPOMHUCCA KPUTEPUEB U PAHKUPOBAHUS
MIPUOPUTETOB KPUTEPUEB B PA3IIMYHBIX IIPOU3BOACTBEHHBIX
CUTYyalLUsIX Harpesa Merajia. Moaenu cripaBeaaIuBoro KoMm-

Kpurepusimu K, =

IIPOMUCCA COOTBETCTBYET MHTErPAJIbHbII KPUTEPUiL, MOIY-
YCHHBIA MYJIBTUIUIMKATUBHBIM METOIOM CBEPTKH JIOKaJIb-
HBIX KpUTEpUEB K = HKI., rie K, — JIOKaJIbHbIC KPUTEPUH.

1

oF
Jotst 3amaun Harpesa metaimia K = 61_
cpm
[IpuHIMN CcripaBeTTMBOTO KOMITIPOMHKCCA PEAU3YeTCs
ABTOMATU3UPOBAHHON CHCTEMOHN YIpaBJIeHHUS CpeIHeMac-
COBOM TeMIIepaTypoil MeTajuia ¢ KOPPEKTUPYIOIUM BO3-
JefiCTBHEM OT IaT4YMKa CKOPOCTH POCTa OKAJIMHBI.
Bu16oowt. [IpumMenenue nperaraeMoro nHHOpMaIoH-
Horo u maremarudeckoro odecneuenuss ACYTII narpesa
MeTaJula B HarpeBaTeIbHBIX MeYax MeproInIecKoro encT-
BUS MO3BOJISIET YIYUYIIUTh Ka4eCTBO HAarpeBa Marepuana, a

TaK K€ IMMOBBICUTH DKOHOMHUYHOCTBH I1CYH.
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OPTIMIZING THE CONTROL OF METAL HEATING IN BATCH HEATING FURNACES
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Abstract. The paper describes the issues of informational and mathemati-
cal support of the control system of metal heating in batch heating
furnaces using the current information on the growth rate of average
temperature of the metal and the increasing rate of scale.
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OOPMHUPOBAHUE KOMITIO3UITMOHHOI'O BOPUJIHOI'O IIOKPBITUA
HA CTAJIM ITPU MAKPOAYTOBOM XUMHUKO-TEPMUYECKOMN OBPABOTKE
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Annomayus. T1oBbIlICHNE TIACTUYHOCTH CTANbHBIX U3JeMHH TT0ce AU (y3MOHHOrO OOPUPOBAHHUS TOCTUIHYTO C MOMOIIBIO (POPMHUPOBAHHS KOMIIO3H-
LMOHHOM I'eTEPOreHHON CTPYKTYPBI B IIOBEPXHOCTHOM clioe. BopupoBaHue 0CyIeCcTBIsIIN ¢ MOMOLIBI0 MUKPOIYTOBOTO Harpesa. Ha moBepxHocTh
U3Jeus U3 HU3KOYITICPOJUCTOM CTalM HAHOCWIIM 00Ma3Ky, COIEpIKallylo OOPHYIO KHCIIOTY, 3aT€M H3/eIUe TOrpy’Kaid B MOPOLIOK KaMEHHOTO
YIS ¥ HarpeBajd JNEKTPHYECKUM TOKOM. B pesynbrare 00paboTki 00pa30Bagoch KOMIO3ULIHOHHOE MOKPbITHE TONMIMHOM 0,2 MM, cocTosiIee
13 obnacteil BBICOKOMCIIEPCHOM IBTEKTOMIHOW cMecH ¢ MUKpoTBepaocThio 4500 — 4700 MIla u GopuHOW 3BTEKTHKH C MHKPOTBEPAOCTHIO
15,0 — 17,0 I'TTa. [Tox KOMITO3UIIMOHHBIM CIIOEM PACIIONIOKEHA HAYTIICPOXKEHHAS 30Ha C IBTEKTOUTHON CTPYKTYPOHd, IIEPEeXO/isIiias B HCXOAHYIO (ep-

PHUTO-TIEPIIUTHYIO CTPYKTYPY.

Kntouessle cnosa: noBepxXHOCTHOE YIIPOUHEHHE, XUMUKO-TepMIYecKasi 00paboTka, anddy3noHHOe OOprpoBaHKUE, MUKPOIYTOBOI HArpeB.

JuddysnonHoe OopupoBaHHE IMO3BOJISCT 3HAYUTEINb-
HO TOBBIIIATH TBEPAOCTh, M3HOCOCTOHKOCTh M KOPPO3U-
OHHYIO CTOMKOCTHh cTalbHbIX m3menuil [1]. Hemocrarkom
OOPUPOBAHHOTO CIIOS SIBISIETCS €T0 HU3KAs IIACTHYHOCTb,
MTOBBIIIICHAE KOTOPOH BO3MOXKHO 3a CUET (POPMHPOBAHHS
MMOBEPXHOCTHBIX CJIOEB, COCTOSIIMX W3 IBTCKTHUYCCKHX H
TICEBIOIBTEKTHUCCKUX KOMITO3UITHOHHBIX CTPYKTYP, BKITIO-
YAOIINX BBICOKOMUCIIEPCHBIC (a3bl Pa3IMIHON TBEPAOC-
™ [2].

B mHacrosimieii  paGore wuccieqoBaHa BO3MOXHOCTH
(hopMUpPOBaHHS KOMIIO3UIIMOHHOTO OOPHIHOTO TOKPHI-
THUSI TIPH MUKPOJYTOBOI XMMHUKO-TEPMHUUECKOI 00paboTKe
(MZIXTO), koTopasi BKIItOYaeT B ceOsl JIEKTPOHATPEB M3-
JeITHs, TOTPYKEHHOTO B KOHTCHHED C IOPOIIKOM KaMeH-
HOro yris [3]. YroybHBIM TOPOIIOK BBIMOJHSAET (DYyHKITHIO
ANIEKTPOIIPOBOJHON CPENbI B AIEKTPUUCSCKOM LIEMH UCTOY-
HUK ITUTAHUS — KOHTEHHEP — MOPOIIIKOBAs Cpeia — o0paserl,
a TaK)Ke SIBJSIETCS] HCTOYHUKOM aTOMAapHOTO yIiiepona mpu
MIXTO.

Ha noBepxHocTh 00pa3uoB u3 cranu 20 auam. 12 u qyu-
HOM 35 MM HaHOCHIIM TelIeo0pa3Hy 3JICKTPONPOBOIHYIO
o0OMasky, comepxantyto 6opuyro kuciaory H,BO,. Imybuna
MOTPYXEHUsI 00pa3IoB B YTOJIBHBIA MOPOIIOK COCTABIIS-
na 15 mm. IIpouecc MJIXTO npoBoauaM MpH MUTAOIIEM
Hanpspbkeanu 260 B u anexTpuyueckom Toke B menu 3 A B
TeueHue 3 MUH.

[Ipu HarpeBaHuu OOpPHOW KHCIOTHI IPOUCXOAUT 00pa-
30BaHME OOPHOTO aHTUIPHIA, KOTOPBIH 3aT€M BOCCTAHAB-
JIUBAETCSI IO AaTOMAPHOTO COCTOSHHS:

2H,BO, = B,0, + 3H,0;
B,O, +3C = 2B + 3CO.

214

CoBmecTtHas auddy3us aromapHoro Oopa W yrie-
poia MPOUCXOAMUT MPEUMYIIECTBEHHO MO IpaHUIaM 3e-
peH Onarogaps MpeBalMPYIOIICH POJIM 3epHOTPAHUYHOMN
muddysnn no cpaBHeHUI0 ¢ 00beMHOM. Takoit xapakrep
mupy3ud TPUBOANT K JOCTIIKEHUIO MPEACITbHBIX KOH-
HEeHTpalui Ha MeK(a3HBIX TpaHULAX U QOPMHUPOBAHUIO
B OTUX yYacTKaX JETKOIJIAaBKUX JBOMHBIX (3KeIe30 — O0op)
WM TPOUHBIX (3Kene30 — 60p — yriaepos1) 3BTEKTUK C TEM-
neparypamu obpaszoanus 1177 u 1100 °C coorBercT-
BEHHO.

O0Hapyx)eHo (HOpMUPOBAHHE KOMIIO3UIIMOHHOTO TIO-
KpbITUSL TOMIMHOKW 0,2 MM (CM. PHCYHOK), COCTOSILETO
u3 obOnactel BBICOKOAMCIIEPCHOW 3BTEKTOWIHON CMECH
¢ MukpotBepaocteio 4500 — 4700 MIla u GopuaHoil 3B-

MuKpocTpyKTypa MOBepXHOCTHOTO cinosi cranu 20 nociue nuddy3non-
HOTO HACBIIICHHs OOPOM M yIIIepOIOM

The microstructure of the surface layer of steel 20 (Russian grade) after
diffusion saturation of boron and carbon
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TEKTUKH C MHKpoTBepmocTbio 15,0 — 17,0 I'Tla (cBetible
YYacTKH OOpHPOBaHHOTO cIost). [1o7 KOMITO3HITMOHHBIM
CJI0€M PAcCIIOIOKEHA HAyIVIEPOXKEHHAsl 30Ha C HBIEKTOM[-
HOW CTPYKTYPOH, TIepexosias B UCXOIHYI0 (heppuTo-Tiep-
JIUTHYIO CTPYKTYDY.

Takum 00pa3oMm, MOTyYESHHBIH PEe3yNIbTaT CBUIACTEIBCT-
ByeT O BO3MOXKHOCTHU NpUMeHeHus TexHonaorun MJIXTO
UIT OPMHUPOBAHHS KOMITO3HIIMOHHOTO OOPHIHOTO CIOS
Ha II0BEPXHOCTHU CTAJIbHBIX U3/EJINN.
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FORMATION OF COMPOSITE BORIDE COATING ON STEEL
AT MICROARC THERMOCHEMICAL TREATMENT

Dombrovskii Yu.M., Dr. Sci. (Eng.), Professor
Stepanov M.S., Cand. Sci. (Eng.), Assist. Professor
(stepanovms@yandex.ru)

Don State Technical University (1, Gagarina sqr., Rostov-on-Don,
344010, Russia)

Abstract. Plasticity increase of steel products after diffusion boriding
was achieved by the formation of the composite heterogeneous
structures in the surface layer. Boriding was carried out by mi-
croarc heating. Coating was applied on the surface of the item of
low carbon steel containing boric acid. Then it was plunged into
coal powder and was heated by electric current. Composite coat-
ing with the depth of 0.2 mm was formed as a result of treatment.
It consists of the areas of eutectoid mixture with microhardness
of 4500 — 4700 MPa and boride eutectic with microhardness of
15.0 — 17.0 HPa. The carburized area with eutectoid structure was

formed under the composite layer. It passed to the original ferrite-
pearlite structure.

Keywords: surface hardening, thermochemical treatment, diffusion borid-
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ing, microarc heating.
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