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The durability of support rollers of continuous slab-casting machines has been evaluated by determining the
long-time ductility of steel as a function of the dimension of nonmetallic oxide-type inclusions contained in the
metal.
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Introduction. Support rollers of continuous slab-casting machines are operated under the extremely complex
conditions of high-temperature local heating, aggressive environment, and cyclic loads. Cyclic heat shifts on the exte-
rior surface of rotating rollers give rise to thermal stresses in their cross section, which leads us to classify support
rollers with the wide class of products subjected to time-periodic thermal loads in operation (rolls, hot dies, boiler
tubes, gas-turbine blading, and others). Evaluation of the durability of parts under thermocyclic nonisothermal loading
is a very difficult problem, which is due to the complexity of operating conditions of the products and to the absence
of direct methods of measuring the damageability of the product material under working conditions. In this connection,
they use semiempirical methods based on the generalization of experimental data on the propagation of damage in the
parts under study together with the results of determination of strains and stresses to evaluate the durability.

Existing Procedures of Evaluation of the Durability of Parts Under Cyclic Loads. In [1], the regularity
relating the number of cycles to the fracture (destruction) of steel samples N (taken as a measure of durability) to the
strain range in each cycle Δε

ΔεN
k
 = C , (1)

where k = 0.5 and C = 0.5 according to Coffin, was noted.
Figure 1 gives results of determination of the durability of steel samples for three structural grades of steel

with a variation of 20–500oC in the temperature [1].
Later [2–4], it was established that the parameter C reflects the ductile properties of a material and can be

expressed by the so-called ductility resource

C = 0.5 ln (1 ⁄ (1 − ψ)) . (2)

With a certain value of the strain range, it seems possible to evaluate the durability of a product by calculat-
ing the number of cycles to fracture according to formula (1). Figure 2 plots the dependence N = N(Δε) according to
the Coffin formula in the range of variation in the strains of 0.0001 to 0.005 (0.01 + 0.5%) and in the reduction of
area of 0.4 to 0.9.

Let us compare the plausibility of evaluations of the durability factor N from formula (1) and the results of
experimental investigations [5] during which the purity indices of 12Kh1MF heat-resistant steel in its melting by tra-
ditional methods (open-hearth melting, electric-arc melting) and electroslag remelting have been compared.

In steel melting in an electric-arc furnace, the metal was predeoxidized by 45% ferrosilicon, ferromanganese,
and aluminum (0.5 kg ⁄ ton). Furthermore, ferrovanadium was added to the furnace 15 min before the tapping and was
then additionally ladle-deoxidized by ferrosilicon and aluminum (1.0 kg ⁄ ton). The steel was bottom-poured into ingots
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weighing as much as 6.5 tons, which were subsequently rolled to a tubular billet of diameter 240 mm. A somewhat
different deoxidization method with identical plastic working of 6.5-ton ingots was used in open-hearth melting of metal.

The billets produced in this manner were remelted (with ANF-6 flux), on a bifiler-type electroslag-remelting
unit, into ingots weighing 4 tons which were subsequently rolled to a billet of diameter 240 mm. The tubular-billet
metal was tested for macrostructure, content of nonmetallic inclusions, and ductility indices. The observations showed
that the content of oxygen inclusions (corundum, aluminosilicates) in the electroslag-remelting unit was three to four
times lower than that in the metal of open-hearth and electric-arc melting.

Sulfide inclusions (MnS–FeS) in the remelted metal were very few in number. During the mechanical tests,
we obtained the following data on the reduction of area of steel for different melting methods: 0.625 for the open-
hearth steel, 0.687 for the electric-arc-melting steel, and 0.766 for the electroslag-remelted metal.

Calculations from formula (1) for the prescribed ε = 0.35% and the above values of the reduction of area led
us to the following values of the number of cycles of loading the products to destruction: N = 1.96⋅104 for the open-
hearth steel, N = 2.75⋅104 for the electric-arc steel, and N = 4.30⋅104 for the electroslag-remelted metal.

Thus, evaluation of the durability of products according to the Coffin formula makes it possible to infer that
increase in the degree of purity of the metal, as far as nonmetallic inclusions are concerned, due to the use of elec-
troslag remelting leads to an increase of 56% in the durability of the products compared to the metal of electric-arc
melting or an increase of 123% compared to the open-hearth metal. The validity of this trend is confirmed by the re-
sults of tests [5] of the ductile properties of metals by the method of hot twisting at elevated temperatures (1180,
1210, and 1240oC): an increase of three to four times in the number of twists of the samples of electroslag-remelted
metal compared to the samples of open-hearth and electric-arc steel has been recorded.

Fig. 2. Number of cycles to fracture vs. strain range and reduction of area of
steel ψ according to the Coffin formula [1]: 1) ψ = 0.4, 2) 0.5, 3) 0.6, 4) 0.7,
5) 0.8, and 6) 0.9.

Fig. 1. Strain range vs. number of cycles to the fracture of steel samples for
three values of the test temperature — 20oC (a), 300oC (b), and 500oC (c) —
according to the Coffin data [1]: 1) chromium-nickel steel; 2) chromium steel
(13% Cr); 3) chromium-molybdenum steel (points, experiment). Δε, %.
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At the same time, we cannot but note the limitedness of the Coffin formula containing just one index of me-
chanical properties of a metal (reduction of area). A repeated effort to generalize the Coffin formula by introducing
additional indices of mechanical properties of a metal — ultimate strength (Manson), fatigue limit (Landger), and long-
time ductility (Dul’nev) — has been made.

Below, we discuss the possibility of allowing for the dependence of the long-time ductility of steel on the di-
mension of oxide-type nonmetallic inclusions contained in the metal. The existence of such a dependence is confirmed
by numerous experiments, and it is of interest to establish the analytical correlation between the content of nonmetallic
inclusions in the metal and their dimension and the indices of ductility of the metal. The process of exhaustion of the
initial ductility resource with cyclic loading may be considered to be the characteristic of long-time ductility. Heat-re-
sistant steels stand out against the bulk of structural steels, as far as this index is concerned. Figure 3 plots, as an ex-
ample, the change in the reduction of area as a function of the number of loading cycles for 30KhGSA structural steel
and 15Kh1MF heat-resistant steel according to the data of [3]. Clearly, the capacity of a metal for exhausting the in-
itial ductility resource determines the durability of parts manufactured from it.

Analysis of the Influence of Nonmetallic Inclusions on the Durability of the Parts of Metallurgical
Equipment under Cyclic Heat and Mechanical Loads. It is proposed that the change in the reduction of area of a
material as a function of the number N of cyclic loadings be expressed by the formula

ψ = ψ0 exp [− A (N ⁄ N0)m
] , (3)

where N0 is the adopted basis of cyclic loadings and ψ0 is the initial value of the reduction of area.
The use of formula (3) is illustrated in Fig. 3 where the change in the parameter ψ as a function of the num-

ber of loadings is shown by the curves for the following prescribed empirical constants: A = 35 and m = 1 for
30KhGSA steel and A = 3500 and m = 4 for 15Kh1MF steel. It is noteworthy that the prescription of high values of
the index m determines the possibility of describing the process of change in the reduction of area of the material in
which the initial value ψ0 is retained for long, whereas the number of cycles to destruction of a product can be lim-
ited using the index A. Plots of the change in the reduction of area of steel are presented in Fig. 4; these plots char-
acterize the different rate of exhaustion of the ductility resource with variation of the index A within wide limits (1 to
3500). Clearly, the specific values of the index A are determined by the intensity of the processes of occurrence and
development of microchecks in a cyclically loaded material, which finally has an effect on the actual durability of
products. In turn the process of checking is directly related to the content of nonmetallic inclusions in the material of
the loaded products. In metallographic investigation of nonmetallic inclusions, it is common practice to register their
individual kinds (sulfides, oxides, and others) depending on the dimension and shape in points on the adopted scale of
the All-Union standard in individual zones of the investigated portions of the products.

Without claiming the generality, we restrict the discussion to prescription of the empirical coefficient A as a
function of the dimension of oxide inclusions (corundum, aluminosilicates, spinels) by the formulas

Fig. 3. Change in the long-time ductility as a function of the number of load-
ing cycles for 15Kh1MF heat-resistant steel (ψ0 = 0.72) (1) and 30KhGSA
steel ψ0 = 0.58) (2) from the data of [3]. ψ, %.
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The Coffin equation (1), with account for expressions (2)–(4), acquires the form
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The semiempirical formula (5) makes it possible to evaluate the durability of support rollers MNLZ of con-
tinuous slab-casting machines with the use of strain-range values established by a numerical method with the mathematical
model of the process of [6, 7]. Table 1 gives the average values of the range of principal strain Δε corresponding to
the stage of steady-state temperature and strain variations in a roller of diameter 270 mm for three values of the rate
of pulling of a billet (see Figs. 1 and 4, [7]) and the values of the number of cycles to destruction (Nk, N10, N50)
calculated from formulas (2) and (5) with the following prescribed initial data: ϕ0 = 0.72, A0 = 100, m = 4, dm = 300 μ,
and di = 10 and 50 μm.

Selection of the dimensions of nonmetallic inclusions in calculations from formula (5) is based on the follow-
ing considerations. The dimension of oxide-type inclusions registered in metallographic analysis is known to vary
within 10–150 μm. The trend in industrial practice is to reject a metal containing oxide-type inclusions of dimensions
above 50 μm; at the same time, it is assumed that inclusions of dimensions under 10 μm do not affect the quality of
the products. These observations enable us to limit the range of dimensions of oxide inclusions by taking their diame-
ter to be di = 10–50 μm in calculations.

The most substantial conclusion following from the data of the table is that, for the operating casting rate (1–
1.5 m ⁄ min), the reduction in the dimension of inclusions from 50 to 10 μm in the initial metal can increase the du-
rability of the rollers 2.7–2.8 times. This is in complete agreement with industrial experience demonstrating the
decisive role of the purity of the initial metal, as far as nonmetallic inclusions are concerned, in attaining the high du-
rability of products in operation under cyclic loading [8–11].

TABLE 1. Calculation Results

Parameter
V, m ⁄ min

Formulas
0.2 1.0 1.5

Δε⋅103 5.8 2.7 2.4 —

Nk 12,042 55,751 70,332 (2)

N10 11,710 27,130 28,833 (5)

N50 7334 10,355 10,711 (5)

Fig. 4. Plots of the approximation function for the long-time ductility of
15Kh1MF steel, when different A values are prescribed: 1) A = 1, 2) 100, and
3) 3500.
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The plots of Fig. 5 enable us to evaluate the possible increase in the durability of products in the range of
variation in the strains from 0.05 to 0.5%.

The above considerations form the basis of the technology of manufacture of support rollers by the elec-
troslag-casting method [12]. In accordance with the recommendations of [12], the "Uralmash" Production Association
has manufactured a trial batch of 380-mm support rollers for a continuous steel-slab-casting machine of the curvilinear
type of the Cherepovets Integrated Iron-and-Steel Works (CherIISWs). The total number of the trial rollers sent to the
CherIISWs was 52, including 23 rollers whose slabs were subjected to forging straining after melting and 29 rollers
manufactured from a cast electroslag-remelting metal. The rollers from the cast and strained electroslag-remelting metal
were arranged on the continuous slab-casting machine together with the regular rollers of the same cross section,
manufactured from an open-hearth-melting metal by the traditional technology of the "Uralmash" Production Associa-
tion. The results of industrial operation of the rollers during 25 months allowed the following conclusion. The rollers
manufactured from the open-hearth-melting metal operated 11 to 13 months, after which failed because of the strongly
developed fire checking and the presence of the main annular checks. The rollers manufactured from the electroslag-
remelted metal operated an average of 18 months, after which four rollers failed because of the fractures at the center
of the barrel and the cleavages on the roller surface. Of the remaining part of the trial rollers, seven were removed
from operation and stored because of the failure of the bearings with a satisfactory state of the barrel surface. Minor
defects in the form of a small fire checking were found on the remaining rollers manufactured from the electroslag-re-
melted metal after the operation during 21–25 months (3780–4500 heats). The general conclusion of the CherIISW
technical services based on the results of the inspection carried out is as follows: "The operating stability of 380-mm
continuous-casting-machine from cast electroslag-remelted metal exceeds 1.5–2.0 times the stability of rollers from the
strained open-hearth-melting metal."

The electroslag technology of manufacture of continuous-casting-machine rollers from heat-resistant steel of
high indices of long-time ductility is widely used at present at the Novolipetsk and Magnitogorsk Iron and Steel
Works.

Conclusions. We have proposed the procedure of determination of the durability (number of cycles to fracture)
of rollers of continuous casting machines under cyclic loads as a function of the dimensions of nonmetallic inclusions.

NOTATION

A, C, k, and m, empirical constants; A0, coefficient characterizing the shape of inclusions; di, dimension (di-
ameter) of inclusions of the ith group; dm, maximum dimension of inclusions; N, number of cycles to the fracture of
steel samples; N10 and N50, number of cycles of loading of a part to fracture in the case where the dimension of oxide
inclusions is equal to 10 and 50 μm respectively; si, fraction of the ith group of inclusions in the total ensemble of
inclusions; V, operating pouring rate, m ⁄ min; Δε, strain range in each cycle; %; ψ, reduction of area of the material’s
samples, determined during the standard mechanical static-loading tests, %. Subscripts: 0, initial; i, running value; m,
maximum.

Fig. 5. Number of cycles to fracture N vs. dimension of nonmetallic inclusions
di and total-strain range with the prescribed A0 = 100: 1) di = 10, 2) 30, and
3) 50 μm.

380



REFERENCES

1. L. F. Coffin, Cyclic deformations and fatigue of metals, in: G. V. Uzhik (Ed.), Fatigue and Endurance of Met-
als [Russian translation], IL, Moscow (1963), pp. 257–273.

2. R. A. Dul’nev and P. I. Kotov, Thermal Fatigue of Metals [in Russian], Mashinostroenie, Moscow (1980).
3. R. M. Shneiderovich, Strength under Static and Repeated-Static Loading [in Russian], Mashinostroenie, Mos-

cow (1968).
4. S. V. Serensen, V. P. Kogaev, and R. M. Shneiderovich (S. V. Serensen Ed.), Carrying Capacity and Calcula-

tion of the Strength of Machine Parts: Manual and Reference Book [in Russian], Mashinostroenie, Moscow
(1975).

5. V. M. Breus, S. V. Bobyleva, A. F. Kablukovskii, et al., Influence of electroslag remelting on the homogeneity
of a 12Kh1MF-steel tubular billet, Steel, No. 10, 909–911 (1972).

6. V. I. Timoshpol’skii, Yu. A. Samoilovich, and V. A. Goryainov, Thermal and and thermomechanical phenom-
ena in supporting rollers of continuous steel-casting machine. Pt. 1. Mathematical simulation, Vestsi Akad.
Navuk Belarusi, No. 3, 5–12 (2005).

7. V. I. Timoshpol’skii, Yu. A. Samoilovich, and V. A. Goryainov, Thermal and and thermomechanical phenom-
ena in supporting rollers of continuous steel-casting machine. Pt. 2. Estimation of the longevity of supporting
rollers, Vestsi Akad. Navuk Belarusi, No. 4, 13–18 (2005).

8. B. E. Paton and B. I. Medovar, Electroslag Metal [in Russian], Naukova Dumka, Kiev (1981).
9. A. V. Kuslitskii, Nonmetallic Inclusions and Fatigue of Metals [in Russian], Tekhnika, Kiev (1976).

10. A. V. Kuslitskii, D. V. Chaban, and A. A. Mikheev, Comparative influence of vacuum, electroslag, and elec-
tric-arc remeltings on the endurance of high-strength steels, Izv. Ross. Akad. Nauk, Metally, No. 1, 115–117
(1974).

11. I. A. Tamarina, I. N. Golikov, and A. V. Kuslitskii, Endurance of structural electrosteels in certain working
media after refining remeltings, in: Electrosteel Production [in Russian], Metallurgiya, Moscow (1975), Issue 3,
pp. 96–107.

12. V. A. Goryainov, L. V. Panfilova, V. N. Shuklin, et al., A technique of producing blanks of rollers of continu-
ous slab-casting machines using electroslag remelting, Author’s Certificate 2228961 (RU, C2), Publ. 20.05.2004,
Byull. No. 4.

381



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [594.000 792.000]
>> setpagedevice


