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Abstract. There is a need in machine-building industries nowadays to automate technologies, in particular, laser ones, to re-
move surface oxide layers — mill scale, rust — from steel products/pieces in order to improve the energy effectiveness of pro-
cessing. Herewith, a theoretical assessment method for the intensity of heating of the oxide layer and the phase transition in
it can be used to optimize laser cleaning (LC) of the steel surface. To realize this, it is possible to use some calculation
and modeling procedures that require, as a first step, the data collection and verification on the temperature-dependent proper-
ties of iron-containing condensed phases, as possible components contained, in particular, in scale, which is typically wide-
spread into various metal products. In this regard, the formation of database for characteristics of oxide scale components by
the way of selection of information on thermophysical (including optical) properties of the components mentioned and of steel
base, which are required for a reliable calculation of the thermal efficiency parameters of the technology for laser cleaning of
carbon steels, as well as such actively developed related technologies as laser cutting, drilling, coating remelting, etc., was
chosen as the task of our research. An analytical overview of published experimental data made it possible to systematize
information on a number of transport and other physical properties of iron-containing components at ambient pressure, inclu-
ding thermal conductivity (i) and diffusivity (a), density p, irradiation absorptance and integral emissivity in the temperature
range from T = 298 K to the melting temperatures of oxide and metal phases and above them. At the same time, a preliminary
thermochemical estimation shows (on the calculated data) the existence of such thermodynamically stable forms of the con-
densed phase in the heating spot of scale layers during its LC at the melting point and above it, as Fe;0,, FeO, and Fe, which
is consistent with known experimental data. Comparison of the values of a calculated by us (using the published values of «, p
and molar heat capacity and using extrapolation in the high-temperature region) for the types of scale components under con-
sideration with a set of experimental values of this parameter in current literature revealed the presence of differences for both
oxide and metal phases. These new values make it possible to fill in a gap in the temperature range 7 = 1600-1800 K that
existed in the data on the thermal diffusivity. The value of a = (0.83-0.92)-107° m%/s was also calculated for liquid iron oxide
for the T'= 1800 K, which was not measured experimentally, that, obviously, prevented modeling of not only laser surface
processing, melting and cleaning of steels, but also calculations in the field of metallurgical and other technologies, which are
characterized by the presence of iron oxide melts during heating.
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®opmupoBaHue 0a3bl JaHHBIX N0 PU3NYECKUM CBOICTBAM
KOMIIOHEHTOB OKCH/IHOW OKAJIMHBI JIJIS TEOPETHYECKOI OLeHKH
3¢ PeKTUBHOCTH JIA3€PHOM OYUCTKH YIJIEPOAUCTHIX CTAJIel

H POACTBCHHBIX TEXHOJOIruH
JIOKT. TexH. HayK, npod. O. I'. Iepoiino", kanxa. Texn. Hayk A. B. FopGynos?,

A. C. ﬂanxoncxnﬁ”, H. . .JIymco'), . A. HJnaKeBnq'), KaH/. XUM. HaYK, jou. B. A. FopﬁyHOBa'),
KaH/I. TeXH. HAYK, 1om. B. A. Kopain"

1)]Senopyccmm HAIIMOHAJIBHBIN TeXHUYeCKHi yHuBepcuTeT (MuHCK, Pecrrybnmka benapycs),
I TexHONOrHUeCKHit MHCTHTYT aspoHaBTukH (Can-XKose-nyc-Kammyc, bpasumus)

Pedepat. B HacTosimee BpeMsi B MAIIUHOCTPOUTENBHBIX MTPOM3BOACTBAX MMEETCS MOTPEOHOCTh B aBTOMATH3AIMH TEXHOJIO-
THii, B YaCTHOCTH JIa3CPHBIX, JJIsl YAAJICHUS OKCUIHBIX CJIOCB — OKAINHBI, PXKABYMHBI — CO CTAJBHBIX U3JCIUHN C IETbI0 YIIyd-
nreHust SHeprodhhekTUBHOCTH 00paboTKH. [Ipr 3TOM MOXKHO MCIOIB30BATh TCOPETHUYCCKYIO OIICHKY HHTCHCUBHOCTU HAarpeBa
OKCHJIHOTO CJ10s U (ha30BOTO Iepexoa B HEM UIs ONTUMH3aLUH JiasepHoi ounctku (JIO) moBepxHocTH cranu. Jlns Hee Tpe-
OyIOTCS CreIUaIbHbIH cOOp U Bepr(UKAIKS JAHHBIX 10 3aBHCAIIAM OT TEMIIEPATyphl CBOHCTBAM KEJIE30COCPIKAIINX KOH-
JCHCHPOBAHHBIX (ha3 KaK BO3ZMOXKHBIX KOMIIOHCHTOB, COJCPIKAIIMXCS, B YACTHOCTH, B OKAJIMHE, PACHPOCTPAHCHHOH B MeTa-
Jou3enusiX. B cBsI3M ¢ 9THM B KayecTBe 3a4a4yd JaHHOH paboThl ObUIO MPHUHATO (HOPMHUPOBAHUE 0a3bl JAHHBIX MO XapaKTe-
PHCTHKAaM KOMIIOHCHTOB OKCHHOW OKaJHMHBI IyTeM Mog0opa CBEACHUH MO (U3MYSCKHUM CBOMCTBAM €€ KOMIIOHEHTOB
W CTaJIbHOH OCHOBBI, TPEOYIOMIMXCS [T HAJEKHOTO OLCHUBAHMSA TEIUIOTEXHUUECKUX MapaMeTpoB dPPEKTUBHOCTH TEXHOJO-
THH JIa3epHON OYUCTKU YTIEPOAUCTHIX CTallCH, a Tak)Ke aKTUBHO BHEAPSEMBIX POACTBCHHBIX TEXHOJIOTHH — JIa3epHOI PE3KH,
CBEpJICHUS, OIUIABICHUS MOKPBHITHNA U Ap. AHATUTHYECKHHA 0030p OIMyONIMKOBAHHBIX dKCIIEPUMEHTAIBHBIX JaHHBIX TTO3BOJHII
CHUCTEMAaTU3UPOBATh CBEACHUS MO DALY NEPEHOCHBIX M JPYTHX CBOHCTB KENIE30COACPIKAIINX KOMIIOHEHTOB IpH atMocgep-
HOM JaBlieHHH B oOyactu ot 298 K no TemmepaTyp IDIaBICHUS METALIHYCCKAX W OKCHIHBIX (a3 M BbINIC HUX. [Ipu 3TOM
MpeBapUTEIbHAS PaCcUCTHAs TCPMOXHMHUYECKAs OICHKA IOKa3aja CYIICCTBOBAHUE TAKUX TEPMOIUHAMHUYCCKH CTAOMIBHBIX
KOHJICHCHPOBAHHBIX (a3 B IIATHE HarpeBa okanuHbl IpH ee JIO B Touke TuiaBieHus U Beiie, kak Fe;Oy4, FeO u Fe, uro corna-
CYeTCsl U C M3BECTHBIMH OINBITHBIMH NaHHBIMH. CpaBHEHHUE ONPENCIICHHBIX HaMHU (IO OIyOJIMKOBAHHBIM 3HAYCHHSM K, P
U TEIUIOEMKOCTH U C MPUMECHCHHEM SKCTPATIOJIAIUKA B BBICOKOTEMIICPATypHOI 00aCTH) 3HAYCHUI a I pacCMaTPHBACMBIX
BU/IOB KOMIIOHEHTOB OKaJIMHBI C HAOOPOM HMMEIOIIUXCS B COBPEMEHHOM JINTEpaType OMBITHBIX BEJIECYMH 3TOTO MapameTpa
BBISIBIJIO HAJIMYKE OTJIMYUM KaK Ul OKCHUIHBIX, TaK U MeTaiuinueckux (a3. HoBble 3HaueHHs 3amoMHAIOT npodern B 00aacTu
temneparyp 1600-1800 K, nmeBmuiicss K JaHHOMY MOMEHTY IO TEMIIEpaTypONPOBOJHOCTU. Takke HAMHU MOJYYEHO 3Haue-
ue a = (0,83-0,92) - 10°® m*/c anst pacriiaBa okcria AByXBaJIeHTHOrO XKelesa npu Temneparype T~ 1800 K, He onpeeisis-
meecs: paHee SKCIEPHUMEHTAIBHO, YTO MENIAO0 MPOBEACHUIO KOPPEKTHOT'O YHCICHHOTO MOJCIUPOBAHUS KaK Ja3epHBIX MPO-
LIECCOB TOBEPXHOCTHOH TEepMOOOPAaOOTKH, IUIABICHUS W OYHCTKH CTaJed, TaK M pacdeTaM B OOJIACTH METaJLTyprHYeCKHX
M MHBIX TEXHOJIOTHH, U KOTOPBIX XapaKTEPHO HAIMYUE 30H C JKEJIIC300KCHIHBIMH PACILUIABAMH B XOJIC HarpeBa.

KiroueBble cioBa: sia3epHasi 00paboTKa, yAalleHHe OKCHIHBIX CJIOEB, OKaJIWHa, CTajlb, OKCHJIBI JKeJie3a, IUIaBIeHUe, Hcrape-
HHE, TEOPETHYCCKas OLICHKA, (PU3NUECKHE CBOWCTBA, KOA(OUIMEHTHI TEIUIONPOBOJHOCTH M TEMIICPATYPOIPOBOIHOCTH, KO-
3¢ UIHUEHT TOTIONICHUS U3y YeHUS

Jst uutuposanus: GopmupoBanue 6a3bl JaHHBIX M0 (PU3MUECKUM CBOMCTBAM KOMIIOHEHTOB OKCHIHOM OKAJIMHBI JUIS TEO-
peTrdecKkoi oneHKH (G GEeKTHBHOCTH JIa3epHON OYHMCTKH YIIIEPOJUCTHIX CTaneil M poAacTBeHHBIX TexHonoruil / O. I'. JleBoii-
Ho [u np.] // Hayxa u mexnuxa. 2024. T. 23, Ne 3. C. 192-203. https://doi.org/10.21122/2227-1031-2024-23-3-192-203

Introduction and research objective

Laser removal of surface layers of rust and
scale (i. e. descaling), as a potentially highly effec-
tive and environmentally friendly method to clean
corroded metal surfaces, has been actively studied
in the last decade and is gradually being commer-
cialized in machinery industry, shipbuilding, mi-
ning and other industrial sectors [1-6]. It begins
to compete with mechanical methods traditional
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for metalworking for removing surface rust and
scale from metal, primarily steel, billets and
parts/products, including obtained by hot rolling,
forging, etc. However, so far the effectiveness of
a group of laser cleaning (LC) technologies is con-
sidered as dependent on the empirical skills of la-
ser equipment operators in recognizing changes
in the conditions for removing oxide contaminants
associated with unstable cleaning modes and
thermal defects of surfaces [1]. At the same time,
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factors influencing the mechanism of removal
of oxide layers and the quality of removal compli-
cate the monitoring and control of the process in
real time during LC operations, especially when
they use modern pulsed lasers with a high pulse
frequency and improved power [2]. In this regard,
experts note that there is currently a noticeable
need for automation of technologies for the treat-
ment of billets and products made of steels, in par-
ticular carbon ones, from contaminating layers —
scale and rust (which are oxide inhomogeneous
structures with significant porosity) — to prevent
excessive cleaning time, which can give the unde-
sirable effect of partial melting of the steel surface
substrate which was already cleaned of oxidic sub-
stance and, as a result, negatively affect the energy
consumption of the metalworking technological
process as a whole [1, 6].

To implement this, it is advisable to use pre-
liminary theoretical assessment (including calcula-
tion and modeling) of the intensity of melting and
ablation of the oxide layers during heating to find
optimal LC regimes of inhomogeneous crystalline
structures on surface of structural carbon steels
(SCSs). In this case, it is necessary to preliminary
form and verify databases/datasets on the proper-
ties of Fe-containing condensed phases, as pos-
sible components contained, in particular, in mill
scale and other scales that are widespread in in-
dustrial metal products and parts. A feature of
these properties is their variability with changes
in temperature, pressure, wavelength of laser ir-
radiation (LI) and some other parameters [1-6,
15-16, 22]. Taking into account the aforemen-
tioned, as objective for our study the formation of
data sets on the characteristics of the components
of oxide scale was chosen, with selecting and
comparing available information on thermophysi-
cal properties, including transport and optical
ones, for its components and steel substrate (at
atmospheric pressure, as typical for modern laser
processing technologies), required for theoretical
assessment and calculation of thermal parameters
of laser processes for carbon steels cleaning, as
well as for calculations of such commercialized
group of related technologies as laser cutting and
drilling of steels, remelting of sprayed iron-
containing coatings, etc. [1-6, 15-16].
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Brief characteristics of the analyzed
cleaning process for scale layers

and some thermochemical properties

of thermostable phases in the conditions
of typical oxidic scale

When analyzing and modeling processes for
removing (laser or other) layers of mill scale
and other scales from steel surface, it is advisable
to take into account the features of the layer mi-
crostructure. It is known that typical processing
scale that occurs on carbon steels (for example,
during industrial hot rolling of billets in contact
with air) contains up to three oxide sublayers with
a composition depending on the conditions of
scale formation, i. e. temperature conditions dur-
ing rolling, etc. [5, 7], and often oxide phases, as a
result of thermal diffusion, penetrate each other
with the formation of heterogeneous layers of
complex composition. In a simplified manner,
it is generally accepted that in the scale of a num-
ber of steels (including carbon steels with a total
iron content not lower than 97 wt.%, for which the
fraction of oxides of alloying elements can be ne-
glected) a sublayer of wiistite (FeO, often with
cation-deficit crystalline sublattice in the oxide
phase, that allows its composition to be more pre-
cisely written as Fe; ,O (x < 0.06)) is in a direct
contact with metal substrate surface. The next sub-
layer contains predominantly the spinel phase of
Fe;04 (including Fe(Il) and Fe(Ill) cations). The
scale may also contain a third — an outer sublayer
based on the hematite Fe,O; (with Fe" cations).
As has been found, scale formed on steel under
heating conditions at temperatures higher than 850 K
consists, as a rule, of the three indicated oxide
sublayers of varied thickness [7]. According
to some published data, the elemental composition
of typical oxidic scale on SCSs (which can be ap-
proximately considered as a simulator of heated
material in the LC-zone on the surface of non-
corrosion-resistant metal products/parts) can be
taken to approximately correspond to the brutto-
formula Fe;O4, although in its phase composi-
tion it can contain mixtures of Fe,0s, Fe;0,4, FeO
and Fe [5-6].

According to our preliminary thermochemical
estimation (using the thermodynamic approach
previously used for high-temperature reactive mix-
tures, including metal-containing ones [8, 9]),
as the thermodynamically stable forms of the con-
densed phase under laser heating conditions of
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typical scale (with a stoichiometry close to Fe;O,
oxide) at melting temperatures and above them
such substances were recognized as Fe;O4 (solid)
and FeO (liquid) oxides and metallic iron (in solid
and liquid forms). This is consistent with known
experimental data [5-7, 18-19, 21]. Tab. 1 sum-
marizes some data on the previously published
thermochemical properties of condensed compo-
nents of the scale, which are thermally stable (as
the results of our above-mentioned estimation
show) under the conditions of approximately cal-
culated reactive mixtures (oxidative and non-
oxidative types) based on the oxide scale when
heated to the temperatures of melting and boiling
points of the scale components.

Approximate energy balance and equations
of oxide layer heating Kkinetics

for theoretical assessment of cleaning
regimes with varied laser irradiation power.
Selection of data on the physical properties
of condensed (solid and liquid) components
of oxide scale, their comparison

Let us write the energy balance equation for
the steady process of laser descaling of a metal
surface, taking into account heat losses to secon-
dary heating processes (into solid and gaseous

media surrounding the heated layer of oxide mate-
rial, which is the target layer from the point of
view of processing) and using the expression for
the resulting total energy consumption for the
cleaning process under the influence of irradiation
as E,, (in units of J per 1 kg of heated material, i. e.
oxidic scale):

Ey=Qu+E(l—A)+ Our+ Ona=

— Qw + th*l + th*Z
Y] .

(M

In the equation (1), 4 is radiation absorptance
of LI by surface of the material, averaged over the
full temperature range of the LC-process. Energy
consumption @, (in J/kg) for heating of removed
scale layer from the initial temperature (~298 K)
to the final one (taken for technological reasons,
e.g. as the temperature of the point of complete
evaporation of the layer), i. e. energy consumption
only to the target process of scale layer heating —
can be approximately evaluated by expressions
that use the thermal effects of phase transitions
and the heat consumption for heating to the tem-
peratures before these transitions.

Table 1

Thermochemical properties of condensed components of scale (solid (s) and liquid (1)), which are thermodynamically
stable in conditions of different reactive mixtures based on scale when heated to the points of complete melting 7,
and boiling (evaporation) 7} of the components (with equilibrium composition); pressure P = 0.1 MPa

Type of thermochemical system

No Parameter Scale in oxidative Scale in non-oxidative
. . Steel*
medium medium
1 |Composition on Fe-containing
components (solid) near 7,,, K Fe;04 (s) Fe (s) Fe (s) + Fe;C (1) impurity
2 |Composition on Fe-containing
components (a priori liquid) near 7, K FeO (1) (or Fe,.,0) Fe (1) Fe (1) + Fe;C (1) impurity
3 |T,,K
1870 1809-1811 ~1808 [5] (1500 for Fe;C)
4 |Theoretical enthalpy of melting 0.5843 0.1754 ~0.1754 (and in MJ per kg of
(fusion) AH,, (1) [13], (in MJ per kg of Fe;04 — (in M1J per kg of Fe — steel): ~0.2473 (SCS) [13] —
MJ/(kg of scale) —0.5960) —0.2473) 0.270 () [74])
5 |T}, K (on published data) 3687 3133 3133

6 |Theoretical enthalpy of vaporization

AH, (+7)

3.24 MJ/kg of FCOA95O

6.34 — 6.367 MJ/kg of Fe 6.34 — 6.367 MJ/kg of Fe

* — unoxidized steel without scale; £ —in MJ per 1 kg of initial steel; ¢ — for structural carbon steel (SCS) of S235JR G2 grade
(EU standard, it contains 0.063 % C, 0.41 % Mn, 0.13 % Si, 0.34 % Ni, 0.10 % Mo, 98.68 % Fe) [74]; T — for Fe-containing sub-
stance, which is thermodynamically stable under the given conditions at its melting point (per kg of initial scale (assuming its simpli-
fied composition)); 1 — for Fe-containing substance, which is thermodynamically stable under given conditions at its boiling point
according to the reference data on evaporation of iron and its oxide (wiistite) [S9-61].
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Conductive heat losses into the surrounding
(quasi-cylindrical scale heating region) layers of
materials — scale and steel substrate — are charac-
terized by the following value:

Owr =flay, an, T, 1), 2

and the heat losses into the “cold” gas area sur-
rounding the scale heating zone via the convec-
tion-radiation mechanism is:

Onr=fa, g T,1), 3)

where aj, ay; are coefficients of thermal diffusivity
of materials in the solid state (for the scale and for
steel substrate, respectively); o — coefficient of
convective heat transfer from the scale heated sur-
face to the surrounding colder gas; & — integral
emissivity of the surface material, 7 — determining
temperature of the heated surface, ¢ — average
heating time of the LI-spot area (i. e. the full expo-
sure/duration of LI per the

The time spent for the heating, in particular, at
the stage of phase transition (melting) #,, can be
determined from approximate expressions that
were used, for example, in [15, 6] (this is kinetic
dependence for the minimum time value and one
more dependence, which includes theoretical en-
thalpy of melting AH,,). They contain such values
as Km, dm, A, and py, (i. €. is physical properties of
the scale material at the melting temperature 7,,):
thermal conductivity, thermal diffusivity, LI ab-
sorptance and density, respectively.

A quite reliable engineering estimation for the
intensity of heating under the conditions of laser
processing technology can be carried out on the
basis of simplified thermal model for regimes
with varied irradiation power, by analogy with one
previously used in calculations of systems for
electron beam and laser melting of inorganic mate-
rials [11, 12], as well as the methodology, tested to
model laser ablation of organic films [22]. In this
case, a standard solution for the problem of heat
diffusion in a semi-bounded body (i. . in the scale
in our case) with a second-type boundary condi-
tion (considered when modeling local heating
of solids [10—12]) can be applied, using some re-
vised thermophysical properties of iron oxides and
steel substrate, given below (Tab. 2).

In many practical cases (including laser and
electron beam processing of materials), the heat
flux to the surface of a semi-bounded solid can be
represented as a thin circular heat source with
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a uniform distribution of its intensity. In this case,
we can consider a non-stationary axisymmetric
problem of the influence of a continuous heat flow
with constant intensity ¢, uniformly distributed
within a circular region of radius R on the body
surface. For a boundary-value problem (with men-
tioned boundary condition) to determine the tem-
perature distribution 7(r, z, f) in a given type of
half-space with an unsteady heat field, where the
heating occurs from an external heat source con-
stant in time, the following standard statement
can be used [10, 11]:

aAT=T(r>0,z>0,t>0),
—«T, |,-0=qH@®H® - R),
1(r, z, 0) = T(e0, z, 1) = T(r, 0, 1) = T(0, z, £) = 0. (4)

The analytical solution of a two-dimensional
parabolic problem for a non-stationary tempera-
ture field in heated half-space (with boundary
condition of the second kind), suitable to simulate
some solid materials [10], has the following form:

Op, x, 1)=0.5 j (J10))[ (exp(—hx))erfex
0 (5)

: X dh
X (21_0,5 ™ j - (exp(—lx))erfc (F Py HT

This equation contains the following nomen-
clature: J, and J; are Bessel functions (of the real
argument) of zero and first order; erfc — comple-
mentary error function; A — dummy variable [10];
thermal Fourier number for heat diffusion process
Fo =t = (a't/R* [11]; a — coefficient of thermal
diffusivity of the material (oxide scale in our
case); t — time; R — radius of the heating zone
(i. e., the LI-spot on the heated surface); dimen-
sionless simplexes for the axial and radial coordi-
nates (i. e., depth z and radius » coordinates of the
laser beam spot on the surface) of the cylindrical
heating region in the material: x = z/R and p = r/R.

When solving an equation (5), one can find the
values of several basic values that characterize the
LC-process, including Fourier number for heat
diffusion t* and the corresponding heating time #*
required to melt the scale layer in the cylindrical
zone (under the LI-spot) to complete depth of the
layer, and the heat flux ¢* required for the melting.

As mentioned above, to perform this kind of
kinetic heating calculations, which make it possi-
ble to find the efficiency parameters of LC-pro-
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cess, data set on the properties of scale in various
forms, depending on temperature and other fac-
tors, used in (4), (5) equations, is needed. We car-
ried out a special review of published data on
the thermophysical properties (including some
transport and optical characteristics) of the phases,
which exist in the layers of the metal oxide scale
under consideration and at the boundary with
them, that necessary both for calculations in laser
cleaning technology and in related ones (e.g. cut-
ting, drilling etc.). The results of the review are
presented in Table 2.

A comparison of the values of the thermal dif-
fusivity coefficient a calculated by us (based on
the published values of x, p and ¢, , using extrapo-
lation to the high-temperature region) for the sev-
en types of scale components under consideration
with the experimental values of this parameter
available in modern literature (see rows 8 and 9 in
the Tab. 2) shows the presence of certain differ-
ences for both oxidic and metallic phases, reach-
ing for the solid phases such level as 50% and

even higher. This extrapolation procedure allows
us to fill the gap in the region 7= 1600-1800 K,
which currently exists in array of published data
on the thermal diffusivity a of iron-containing
phases. In addition, such new calculated range
of a as 0.83-10° to 0.92:10° m?*s was obtained
for liquid FeO at ~1800 K (i. e. averaged value
a = (0.875 + 0.045)-10°°), which was absent in
the literature, and this made it difficult until now
to carry out correct modeling not only for laser-
thermal processes, but for related metallurgical
ones in devices with zones of fused FeO, forma-
tion. It should be noted that, as we showed above,
according to a preliminary thermochemical esti-
mation, the thermodynamically stable forms
of condensed phase under laser heating conditions
of typical oxidic scale (with a stoichiometry close
in Fe : O ratio to the Fe;0, oxide) on carbon steels
at melting temperatures and above them include
only two oxides (Fe;O,4, FeO) and metallic iron,
which is consistent with known experimental data on
the Fe-O-system chemistry [7, 18-19, 21, 46, 48].

Table 2

Thermophysical properties of iron-containing components for calculation of heating kinetics and efficiency
parameters for laser cleaning of scale layers on carbon steel surface, given according to the published data [5, 13-58, 62-79]
and on our extrapolation of these data to high temperatures; pressure P = 0.1 MPa

Crystalline solids Liquid substances
No Properties Tron (Fe) Steel Hematite Magnetite | Wiistite Fe,. FeO melt /
Fe,0; Fe;0, 0 (x<0,06) iron melt
1 2 3 4 5 6 7 8
1 |Melting point 7,,, K 1809 [14, 44], 1808 [5] 1812 [13]— | 1870 [5,13] | 1642 [17]; «
(on published data) 1811 [13] | (Q345SCS #) 1838 [5] 1644 18, 19]
2 |Boiling point 73, K 2896 [13],
(on published data) 3133 [14] |3023 [5](Q345)] 2973 [5] 3273 [5] (3687 [20-21] «
3 |Boiling point 7., K (on calcu-
lated thermodynamic data for
systems with different gases) | 2460+ 3300 - - - 32003400 «—
4 |Thermal conducti- 78.48 [22] ~52.0 [5] 4.0 [5], Decrease Rise from |4.0 (it is extrapola-
vity k, W/(m-K) and 78.0 [24] | (Q345), 49.8 0.58 [58]; from 3.5 |[1.8t02.5(in| tion of author
(at 293 K); [15, 16] 3.3 (our extr. | to 1.7 (in the | the range of | of [27] to the T=
35.0 (our ex- | (AISI 1095), |of[24] datato| rangeof (300+1164 K) =1823 K)/
trapolation | 56.0 [80] (for the 7,, = 300676 K) | [41] (FeO); | 33.3+34.4 (at T=
(extr.) of [24]| low-carbon ~1810K) |[51],2.0[5]; |4.3 (our extr.|= 1818-1868 K) [49]
data to the steels); 3.0 (our extr. | of [24] data | and 37.0-38.0
T,,~ 1810 K);| 30.24 (for SCS of [24] data to| to the 7, = | (at~1830K)[81],
8.0 (for Fe;C) |at 1623 K) [70]; the 7, ~ ~1640K) | 39.1£2.5(at T=
[55, 56] 27.3 (at the ~ 1870 K) = 1794-2050K) [79],
range of from 40.0 to 60.0
1073-1473 K) (calculation for
and 37.5 the range of T
(at 7= 1073 K) from 2250 to
for SCS [29] ~3700 K) [83];
36.5 (for SCS)
[74,75]
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Continuation of the Table 2

1 2 3 4 5 6 7 8
5 |Density p, kg/m3 7874 7860 4900 [57] 5190 [51] 5850+ 6050 | ~4600 (extrapo-
(at293 K) [13]; | (at 300 K) [5] | and 5260 [58] | u 5000 [57] | [41] (300 K, | lation to 1773 K)
7500 (estima- |(for Q345 SCS)| (at 300 K); | (mpu 300 K); FeO); [28]; ~5079 (esti-
tion for 8-Fe | and [57] (for {4950 (our extr. 4850 (our extr.[5300 (our extr.| mation of [46]);
for the range | SCS with the | of[23] data | of [23]data | of [23] data |4520+ 3390 (at T
1644 K < T < |carbon fraction to the to the 7, = to the 7, = from 1650
< 1809 K) [46] |0f 0.08+0.17 %)| T,,= 1810K) | =1870 K); ~1640K); |to3400K)[71]/
for Fe;04 melt| 5587 (for FeO | 7015 (estimation
—4380+3715 |at T< 1644 K)| for 7> 1809 K)
(at T from [48] [46]; 7030
1870 to (T=1810K)
2900 K) [71] and ~5974
(T~=3000K) [63];
70236208 (for
the range 7=
=1810+3133K)
[71]
6  |Molar heat capa- 25.1 (for the 440+760 104.2 147.7 49.97 68.20 (at T=
city c,, J/(mol-K) o—8-phase J/(kg'K) (at 300 K); (at 300 K); |(at 7= 300 K);| = 1650-5000 K)
[13-14]) and | (for the range 145.8 200.8 (at 1800 64.03 for FeO [14]/
26.5 (for the |o0f293+873 K)| (at 1800 K) K)[14] |(at T=1600K) 46.02 (atT=
y-phase [14]) | and 650 [14] [14]  |=1809-3100K)
(at 300 K); (kg'K) [14]; 45.4+3.2 (at
42.6 and 39.0 |at 1473 K [29]; T'=1848-1992 K)
(at 1800 K for |~920 J/ (kg-K) [79] and 45.1+3
the a—8-phase |(at ~1800 K for (at 7,, = 1810 K)
and y-phase) |Q345 SCS) [5] [82]
[14]

7  |Molar 0.055845 ~0.055 0.159688 0.231533 0.071844 | 0.071844 (FeO);

mass W (on [14]), kg/mol (FeO); 0.06889 0.068886
(Feo0470 [42, | (Fego470 [42]) /
247) 0.055845
8 |Thermal diffusive- 23.0 (at 300 K) |at 300 K —19.0|at 293 K ~0.70|Decrease from| ~0,3 — 1.4 (at | —/6.0+6.5 (at
ty a (4), m%/s (*10% [43],22.06 |(AISI 1010 SCSjand at 1273 K- 1.1t0o 0.41 | ~300-500 K) | 1818-1900 K)
(at 293 K) [22] | with 0.1 % C) |~0.20 (sintered | (for the range | [53-54] (at [49]
[45] and samples with |of 300676 K)|  porosity
14,9+15,1 |20 % porosity)|[51]; at 293 K|of 42 % [54]));
(SCS [54, 57] ~0.3+0.42 | the rise from
with 0.17 % and at 1273 K| 0.371t00.58
carbon frac- —~0.40 (sin- | (in the range
tion) [57]; tered samples |0f 300-1164 K)
at300 K: 12.2, with 30 % [41] (FeO);
and at 1676 K: porosity) [54][~0.3 (1023 K)
6.02 (SCS [51]; ~0.48
with 0.135 % (300-870 K) —
carbon frac- Feg.010 [68]
tion) [50]

9 |Calculated (by us) thermal | at 7= 300 K: ~7.19 ~0.73 1.06 (at 300 K;{0.42 (at 300 K; 0.92+0.83
diffusivity a (#), m%/s 21.0-22.1;~6.12| (at~1800 K |(at 1800 K—on| ~0.713 (at ~0.873 (at ~1800 K for
(-10%), based on the given | (at ~1800 K on |for Q345 SCS) the 1800 K —on | (at 1600 K on FeO(1)) /

(in this Table) values the extrapo- extrapolation | the extrapo- | the extrapo- ~5.76 (at
of k, p and ¢,, presented lation data) data) lation data) | lation data) |~1810 K)+~6.9 (at]
in the references ~(1850-2000 K),
with use of values
of kand ¢,
from [79])
Hayka
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Continuation of the Table 2

1 2 3 4 5 6 7 8
10 |Absorptance (§) 4 at 0.36-0.363 [22];| 0.35(0)[5], | 0.60 (0)[5]; | 0.53 (¢)[5]; | 0.81[30,31] | For the oxide
wavelength of LI 0.31-0.38 | 0.46[15-16] | 0.69[30,32] | 0.80-0.83 melt — from
A =1064 nm (T=300K) |[(AISI 1095 1), [30, 33] 0.56+0.64 (at T=
(or 1053 nm [30] nd~0.32  [0.52 [30] (CR4 = 1840-1900 K)
(at 7= 300 K)) (T=1800K) | 1)and0.30 t0 0.66=0.71 (at
[65]; 0.39 (for | [34] (AISI T=2100-2300 K)
T=1800K) [63]] 1006 Tt); (and the drop
0.30-0.36 of 4 in the range
(7= 300 K) and of T>2300 K)
0.31-0.32 [76]/0.31 [62];
(I'=1270 K) ~0.45+0.49 [63]
for steel of
35NCD16
grade (§) [65];
0.35-0.38 (at
T~ 1809—
-3000 K) for
SCS [64]
11 |Absorptance (§) 4 at ~0.42 (T~ 300 K)[0.67 [30] (CR4| 0.97 [30, 32] | 0.83 [30,33]| 0.80[30,31] | —/0.48[62]
wavelength of LI and ~0.44 (T = steel)
A =527 nm [30] ~ 1800 K) [65]
(at T= 300 K)
12 |Reflectance (§) R at 0.637-0.64 [22];] 0.65[5],0.54 | 0.31[30,32] | 0.17-0,20 | 0.19[30,31] | for the oxide
wavelength of LI 0.69-0.62 [15, 16] (AISI [30, 33] melt — from
A =1064 nm (or 1053 nm| (7T=300K) 1095), 0.48 0.36+0.44
[30] (at T'= 300 K)) and ~0.68 (at T~ [30] (CR4) (at 1840-1900 K)
~1800 K) [65]; | and 0.70 [34] to 0.29+0.43
0.61 (at T~ | (AISI 1006); (at 2100-2300 K)
~1800 K) [63] | 0.64-0.70 [76] /
(T'=300 K) ~0.69 [62];
and 0.68-0.69 ~0.51+0.55 [63]
(T= 1270 K)
for the

35NCD16 steel
[65]; 0.65-0.62

(T~ 1809
3000 K) for
the SCS [64]
13 |Reflectance (§) R at wave- | ~0.58 (T'=~ 0.33[30] | 0.03[30,52] |0.17[30,33]| 0.20[30,31] | —/0.52[62]
length of LI ~300 K) (CR4)
A =527 nm [30] and ~0.56
(at T= 300 K) (T=1800K) [65]
14 |Integral emissivity (IE) € [0.35-0.36 (at 7'=| 0.35, 0.60 and |0.626 (at 300 K) ~0.61 ~0.61 IEatA=
=1672-1811 K)| 0.62 (at the [69]; (at 1050 K) | (at 1050 K) | = 600-1064 nm
[52] (for the values of 0.75-0.85 [37,38]; [37,38], |[for the oxide melt:
A=650nm); | T=348K, |(at850-1300K) 0.85-0.89 0.70 ~0.70 (at
0.61 (at 1050 K)| 1773 Kand | [37, 39]; rise |(at 773+1473 K|(at T=1000 K)| 7> 2000 K)
[37,38]; ~0.35 3133 K, respec-| from 0.57 | for ~(Fe;04+ [35] [73,77],/0.35
(at~300K) [78]| tively) [34] | to0.74 (for | +FeO)) (at 1810 K)
(for AISI 1006);| the range (36, 67] [37,40] and 0.314

(at T, = 1810 K)
[82]; normal
spectral emissive-

0.61 (at 1050 |of 1100-1400 K
K) [38]; ~0.45| for powder

(at T>1270 K | samples) [59]; ty — 0.3-0.44
for A = 0.75-0.87 (at 1810-1970 K)
=1000-1500 | (at 740 K) [47] (for the
nm for and 0.64-0.83 A =650 nm),
the SCS) [74] | (1220 K) — for 0.362 (at 1811 K
Hayka
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End of Table 2

1 2 3 4 5 6 7 8

for the A =
= 684 nm)
and 0.38 (2300 K
for the A =
= 684 nm) [52];
IE for A =
=650-850 nm
for the melt
of' S235 SCS (¥)
0.35+0.095
(at the range of
1810+2100 K) [72]

§ — as a rule, in the direction of irradiation normal to the surface; ¢ — values are given for materials assuming their near-zero po-|
rosity; ¢ — values of A-parameter in [5] are taken for the conditions of LI-absorption with a wavelength A = 1064 nm [26];
T — structural carbon steel (SCS) of AISI 1095 — composed of 98.4-98.8 % Fe, 0.3-0.5 % Mn and 0.9-1.03 % C (analogues in the
IRussian Federation (RF) and CIS — ¥8 and VY10 steels); 1 — AISI 1006 SCS — composed of 99.4-99.7 % Fe, 0.25-0.4 % Mn|
and 0.08 % C (analogue in the RF — 05km steel); § — CR4 SCS — composed of 99 % Fe, 0.6 % Mn and 0.1% C (analogue in the]
RF — 0810 steel); # — Q345 SCS (standard of China, it contains 0.21 % C, 0.96 % Mn, 0.12 % Si and up to 98.5 % Fe) — analogues
in the RF — 0912, 09I'2C, 10I'2B5; ¥ — low-alloyed structural steel of 35NCD16 grade (French standard, it contains up to 0.4 % C,
up to 0.6 % Mn, up to 0.4% Si, up to 2.0 % Cr, up to 4.2 % Ni, up to 0.6 % Mo) — analogue in the RF — 40X2H4MA grade;
i — S235 SCS (EU standard, it contains up to 0.20 % C, up to 1.40 % Mn and up to 98 % Fe; analogue in the RF is the steell

powder sam-
ples [66]

of Ct3cm grade).

CONCLUSIONS

1. In order to form the data sets on a number of
industrially significant characteristics of oxide
scale components, a detailed review and selection
of published experimental information were car-
ried out on the group of physical properties (in-
cluding transport and optical) of iron oxides and
steel base (at a pressure of 0.1 MPa), required for
theoretical assessment of thermal technical para-
meters of the efficiency of laser cleaning techno-
logy for carbon steels, as well as related technolo-
gies, using calculation methods. Information on
the properties of iron-containing components,
including density, coefficients of thermal conduc-
tivity and thermal diffusivity (@), optical absorp-
tance and emissivity in the temperature range
from 7 = 298 K to the melting points of oxide and
metal phases and above them, was systematized.
According to a preliminary estimation, Fe;Ou,
FeO, and metallic iron belong to the thermody-
namically stable condensed phases under condi-
tions of laser heating of a typical mill scale (with
integral stoichiometry close to Fe;O4 oxide)
at melting temperatures and above them, which is
consistent with empirical data.

2. Comparison of the values of the coeffi-
cient a for thermodynamically stable scale compo-
nents, which were calculated using currently known
values values of «, p and heat capacity and using
additional extrapolation of properties to the high-

200

temperature range, with a set of experimental va-
lues of this a parameter available in the literature
showed certain differences for both oxide and me-
tallic phases. These values make it possible to fill
in the existing gap in the 7= 1600-1800 K region
in the data set on thermal diffusivity of the phases.
A calculated value a = (0.83-0.92)-10° m*/s was
obtained for Fe(Il) oxide for temperature above
the melting boundary 7 = 1800 K, which was not
measured before, which limited the opportunities
not only for modeling surface laser heat treatment
and cleaning of steels, but also made it difficult to
calculate the kinetic data in the field of metallurgi-
cal and related processes and apparatuses in which
some zones exist with iron oxide melts during the
heating of steel, cast iron and their partial oxida-
tion products.
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