metals m\py

Article

Ab Initio Calculations on Elastic Properties of IF Steel
Matrix Phase at High Temperature Based on Lattice
Expansion Theory

Songyuan Ai 12, Mujun Long 1'%, Siyuan Zhang 12, Dengfu Chen "2, Zhihua Dong 3,
Peng Liu 1’2, Yanming Zhang > and Huamei Duan 12

1 State Key Laboratory of Coal Mine Disaster Dynamics & Control, College of Materials Science and

Engineering, Chongqing University, Chongqing 400044, China; ASY@cqu.edu.cn (S.A.);
zhangsiyuan@cqu.edu.cn (S.Z.); chendfu@cqu.edu.cn (D.C.); liupn@cqu.edu.cn (P.L.);
zhangyanming@cqu.edu.cn (Y.Z.); duanhuamei@cqu.edu.cn (H.D.)

Chonggqing Key Laboratory of Vanadium-Titanium Metallurgy and New Materials, Chongging University,
Chongqing 400044, China

Department of Materials Science and Engineering, KTH-Royal of Technology, 10044 Stockholm, SE, Sweden;
zhihuad@kth.se

*  Correspondence: longmujun@cqu.edu.cn; Tel.: +86-135-9431-8151

check for

Received: 13 January 2020; Accepted: 18 February 2020; Published: 21 February 2020 updates

Abstract: Elucidating the evolution law of the elastic properties of the matrix phase is of great
significance for the control of steel properties and quality during continuous casting and subsequent
heat treatment. In this paper, thermal expansion experiments and ab initio calculations are used to
study the elastic properties of the interstitial free (IF) steel matrix phase in different magnetic states
and crystal structures. The results show that the bulk modulus B and the tetragonal shear elastic
constant C” for the entire temperature range decrease with increasing temperature, but Cyy is the
opposite. While from paramagnetic (PM) to ferromagnetic (FM) state, C’'(C44) have changed ~188%
(~27%), B increases by ~55% during the crystal structure change (fcc—bcc). With the FM to PM state,
the Zener anisotropy parameter increases sharply, and Young’s modulus decreases significantly in the
[001] direction; the maximum difference is ~76 GPa. The evolution rate of average Young’s modulus in
single bec-phase FM (fcc-phase PM) range reaches ~5.5(~5.6) X 1072 GPa K~!. The research provides
an effective method for ab initio calculation of the elastic properties of interstitial free and ultra-low
carbon steels at high temperature, also furnishing a basis for the application of ab initio calculations
to the high temperature performance of steel materials.

Keywords: IF steel; ab initio; elastic properties; magnetic states; crystal structures

1. Introduction

Interstitial free (IF) steel provides a combination of deep drawability, formability, and weldability,
and hence has been widely used in the automobile industry in recent years [1-3]. As a type of ultralow
carbon ferritic steel in which the content of interstitial elements (C and N) is strictly controlled [4],
the properties of IF steel matrix phase make a fundamental contribution to the properties of the steel.
Experimentally, it is well known that the matrix phase of the body-centered cubic (bcc) structure at the
low temperature stage undergoes a phase transition to the face-centered cubic (fcc) structure at 1185 K
and then transitions to another bcc stage at 1667 K [5]. In addition to these structural transformations,
the magnetic transition of the matrix phase near Curie temperature (1043 K) is known to have an
impact on the metallurgy of steels [6].
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The elastic properties of high-temperature phases are of practical importance in the
high-temperature applications of steel, mainly because the manufacture of various grades of steel
undergoes heat treatments and/or mechanical treatments in the phase transition region [7]. Despite their
importance, experimental data on the elastic properties of matrix phase are very scarce. Only one study
reports the elastic properties of the high temperature at 1428 K, which is evaluated by the phonon
dispersion relationship obtained by Zarestky in neutron scattering experiments [8]. The situation
is similar for 8-Fe, for which there is only one set of data available [9]. Tsujino et al. used the
high temperature Birch-Murnaghan equation of state to obtain the temperature dependence of the
isothermal bulk modulus of y-Fe by extrapolating the data of compressibility measurements [10].

Ab initio calculation can provide the necessary information when experimental data are lacking
due to difficulties in high temperature measurement and sample preparation. Ab initio calculation
is particularly difficult at finite-temperature (T > 0 K), which is closely related to the complex
thermal-magnetic coupling effects in thermally excited states, lattice vibrations, and anharmonicity
effects at high temperatures. In a limited study, Vitos et al. [11-13] calculated the intrinsic properties
such as the stacking fault energy and elastic constant of austenitic stainless steel at ~500 K as a function
of temperature by simplifying the thermo-magnetic coupling in the system. Lu et al. [14,15] discussed
the evolution of fcc y-Fe and austenite fault energy with temperature based on the lattice thermal
expansion and volume-magnetic interaction as the main thermal effects. Ehteshami et al. [7] calculated
the thermophysical properties of Fe at 1000—~1800 K, but the calculation results seem to underestimate
the thermal expansion of the crystal lattice compared with the experimental data. In summary, ab initio
calculation at high temperature relies on a large number of computing resources, and the calculation
process is quite complicated. The volume expansion is an important temperature effect from lattice
anharmonicity [16]. Actually, the thermal lattice expansion is recognized as the main parameter
influencing the temperature [14]. Based on the thermal expansion effect of the lattice, the results of
static calculation can be extended to the entire high temperature range by the thermal expansion
curve, greatly simplifying the calculation process due to the avoidance of the complex coupling of
thermo-magnetic effects.

As the IF steel matrix phase is nearly completely free of solute interstitials, the calculation using
ab intio would be more realistic. In this paper, through the thermal expansion experiments of IF
steel and the static ab initio calculation of the matrix phase, the evolution relationship of the elastic
properties of the IF steel matrix phase with temperature is obtained. Then, the change of the matrix
phase elastic properties is discussed, due to the transition in magnetic state and crystal structure.
Moreover, the additional objective in current study provides a simplified and effective ab initio
calculation, as a computational technique to evaluate the evolution law of interstitial free and ultra-low
carbon steels at high temperatures.

2. Materials and Methods

2.1. Ab Initio Computational Methods

IF steel is nearly completely free of interstitial atoms, and the influence of carbon and other
elements are ignored in the calculation model. Only the properties of the matrix phase under different
magnetic states and crystal structures are considered. All calculations in this study are performed
using the exact muffin-tin orbitals (EMTO) method [17], in combination with the coherent potential
approximation (CPA) [18]. The EMTO-CPA approach can accurately trace energy change related to
lattice distortion in complex alloys [13], widely used in the phase stability, magnetic behavior and
mechanical performance of Fe-based alloys [19,20]. The Perdew—-Burke-Ernzerhof (PBE) exchange
correlation approximation [21] is used to obtain the charge density and total energy. Before theoretical
calculations, careful testing of convergence with respect to k points and the Brillouin zone integrations
are performed on 27 X 27 x 27 k-points mesh. The paramagnetic state is modeled with the disordered
local moment (DLM) approximation [22]. At high temperatures, the spin magnetic moment of
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electrons would fluctuate around its expected value, which affects the magnetic susceptibility and
Curie temperature of the system to a certain extent [16]. Current research usually takes 1043 K as the
temperature of the magnetic transition of iron [6,23], ignoring the effect of electron spin fluctuations on
the Curie temperature. Therefore, in order to simplify the calculations, all calculations are performed
on completely disordered solid solutions, considering static lattices and neglecting electronic and
magnetic thermal excitations.

The elastic constants describe the crystal’s response to relatively small external forces and provide
important information concerning the nature of the internal forces operating in the solids [24]. For cubic
lattices, there are three independent elastic constants, C11, C15, and Cy4. Elastic constants C1; and Cyp
can be derived from the bulk modulus B and the tetragonal shear modulus C’: B = (C11 + 2C13)/3 and
C" = (Cq1 — C12)/2. The bulk modulus B is obtained by fitting total energies as an exponential
Morse-type function [17]. According to the scheme proposed by Mehl [25], the set of primitive vectors
is transformed to obtain a uniform lattice distortion:

ai a1
ay, |=I+e)| a 1)
ay as

where a; and a; are the original and the new vectors, I is the 3 X 3 identity matrix, and ¢ is a strain
tensor matrix.

The orthorhombic distortion given by the following strain tensor is used to calculate the tetragonal
shear modulus C”:

1+6 0 0
(I+¢)= 0 1-6 0 ()
1
0 0 5
and the corresponding energy change is
AE(V) = 2VCr&? + O[64] (3)

The Cyy elastic constant is calculated using a monoclinic distortion:

16 0
I+e)=|0o 1 0 (4)
00 L

and the corresponding energy change is
AE(V) = 2VCy46% + O[6%] (5)

where the distortion parameter $ is set to be 0.00, 0.01, ... , 0.05, according to Mehl’s prescription [26].

The polycrystalline elastic modulus can be obtained by transforming the single elastic constants
with suitable averaging methods. Here, the Voigt—Reuss—Hill averaging method [27] is employed to
estimate the shear modulus:

_ (C11=Cip+3Cy) . 5(C11—C12)Cuy ~ Gy +Gp
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The Young’s modulus Y, Poisson ratio v, and the Zener anisotropy parameter Az can be calculated
from the following equations [17]:
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2.2. Materials and Experimental Procedures

The material, i.e., IF steel, used for the present study is collected from a commercial steel plant,
and the carbon composition of the casting slab is 25 ppm. The dilatometry experiments are initially
performed on a high-resolution dilatometer DIL402 (Netzsch, Germany). Cylindrical specimens for
dilatometry with a length of 25 mm and a diameter of 4 mm are machined, and then, the specimens are
polished and cleaned with the standard sample preparation method. As shown in Figure 1, all samples
are employed from a continuously casting slab 230 mm in thickness with the axes parallel to the casting
direction, and the sample locations are at around 10 mm below the surface and more than 100 mm
away from the narrow face.
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Figure 1. Schematic diagram of the position for samples.

Currently, the average cooling rate in the secondary cooling zone is less than 30 K/min during the
continuous casting [28,29]. Meanwhile, it can be found that the austenite decomposition temperatures
(Ars and Arq) are inversely proportional to the cooling rate, but the linear thermal expansion coefficient
of the single-phase region at different cooling rates does not seem to be significantly different according
to the published literatures [30,31]. Therefore, dilatometry experiments are performed with a cooling
rate of 5 K/min in this work to obtain an austenite decomposition temperature as accurate as possible
(close to the equilibrium). The detailed schematic of experimental procedures is illustrated as follows.
The dilatometric specimen is heated to 1473 K with a heating rate of 5 K/min; kept for 5 min at this
temperature to make the specimen temperature homogenize; and thereafter, cooled to 473 K with the
cooling rate of 5 K/min. In the whole experiment process, a stable argon gas flow of 100 mL/min is
maintained in the dilatometer chamber to prevent specimen oxidation.

3. Results and Discussion

3.1. Thermal Expansion and Phase Transition Behavior of IF Steel

Because of the lattice structure difference between austenite (face centered cubic, fcc) and
ferrite (body-centered cubic, bcc), austenite decomposition during continuous casting is generally
accompanied by a specific volume expansion due to the lattice structure change. Thus, a significant
dimensional change on the cooling dilation curve can be observed. The change in specimen length is
usually presented by a function of temperature. Based on the measured linear change curve during
continuous cooling, the linear thermal expansion coefficient (LTEC) of austenite decomposition can be
definitely obtained by Equation (8).

1 dLt

b= ®)

where  is the LTEC of steel, K™!; Lt and dLr are the length and the length change of the sample, mm;
dT is the corresponding temperature interval, K.

Figure 2 shows that the relative changes in the length of the IF steel sample and the thermal
expansion coefficient are a function of temperature. Cooling of the sample shows a decrease in the
specimen dimension until it reaches 1183 K. After that, there is an increase in dilation up to 1143 K,
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which is followed by a decrease in dilation again due to contraction of the specimen up to room
temperature. Thus, A,3 and A, for the present material are estimated to be 1183 K and 1143 K,
respectively. Moreover, the dilation curve shows clearly the linear thermal expansion characteristics in
the two temperature ranges where no phase transformation occurred. In the single austenite region,
the change of sample length linearly decreases with a constant slope around —2.30 x 10~ K~!. In the
region of austenite decomposition finish, the change of the sample length linearly decreases with a
constant slope around 1.54 x 107> K~!. The negative value reflects the contraction behavior of sample
during continuous cooling, whereas a positive value means expansion.
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Figure 2. Expansion curve and linear thermal expansion coefficient (LTEC) curve of sample at heating
rate of 5 K/min.

At the same time, the matrix phase undergoes a FM to PM transition near the Curie temperature
(1043 K). Therefore, during the continuous cooling process from 1473 K, the steel has gone through four
stages: (i) single fcc-phase PM region; (ii) coexistence fcc + bee phase PM region; (iii) single bcc-phase PM
region; and (iv) single bcc-phase FM region. Nevertheless, ab initio calculations of coexisting structures
are particularly difficult in computational materials science. Moreover, the coexistence region is limited
in the whole temperature range. Thus, single fcc-phase PM, becc-phase PM, and bec-phase FM three
different regions are considered in the subsequent calculations to simplify the calculation, respectively.

3.2. Calculation of Wigner—Seitz Radii w Based on Thermal Expansion

In the EMTO ab initio calculations, Wigner-Seitz radius w (bohr) is an important parameter, and the
atomic volume V4 canbe shownas V4 = 4nw? /3. Meanwhile, the expansion curve provides important
information such as atomic volume changes and critical temperatures due to phase transitions. As the
Figure 3 shows, pearlite is not observed in the microstructure due to ultra-low C content (0.0025%) in
the IF steel. Thus, the influence of cementite on average atomic volume is ignored in the calculation.

The atomic volume of austenite and ferrite can be theoretically obtained from the different lattice
structures as:

Vi = (a,) /4 )
Ve = (a2)°/2 (10)

where the coefficients 1/4 and 1/2 in the equations are related to the number of lattice atoms contained
in a unit cell of different lattice structures. a, and 4, are the lattice parameters of austenite and ferrite,
and they can be calculated by:

a, = a)(1+ B, (T - 300)) (11)

aq = aq(1+ Ba(T - 300)) (12)
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where f,,  are the linear thermal expansion coefficients of austenite and ferrite, which can be obtained
from the thermal expansion curve. Moreover, 4 is the lattice parameter of ferrite at room temperature,
taken to be that of pure iron (2% = 2.866 A); and ag"/ is the lattice parameter of austenite as a function of
the chemical composition of the austenite [32]:

a?, = (3.573 + 0.033C + 0.00095Mn — 0.0002Ni + 0.0006Cr + 0.0031Mo + 0.0018V) (13)

according to Equations (9)—(13), combined with thermal expansion experimental data, the Wigner—Seitz
radius w can be obtained as a function of temperature.

Figure 3. Microstructure of the IF steel after thermal experiment.

The result of Wigner-Seitz radii w based on dilatometry are plotted as functions of temperature in
Figure 4. It is worth noting that the results of Basinski et al. [33] and Acet et al. [34] according to the
lattice parameters of pure iron are also included for comparison. The test results are in good agreement
with the existing literature in the single bcc-phase and fcc-phase region, which should be related to the
small amount of alloying elements in the IF steel matrix phase. In particular, the calculated slopes of
temperature dependencies are similar to the experimental observations. Meanwhile, Wigner—Seitz
radius w (bohr) of single bcc-phase and fce-phase ranges are fitted (red dashed lines) as a function of
temperature, as shown in Equations (14) and (15):

Bec — phase - w(T) = 2.65513 + 4.03963 x 107°T (14)

Fec — phase : w(T) = 2.61340 4 6.61356 x 10™°T (15)
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Figure 4. Wigner—Seitz radius w of single bcc-phase and fcc-phase as a function of temperature.
Experimental data of lattice parameter measurements (open symbols) from References [33,34] are taken.
Solid symbols show the dilation test temperature dependencies of the Wigner—Seitz radius for single
bcc-phase and fec-phase, from left to right, and their linear regressions are plotted with red dashed lines.

3.3. Elastic Properties of IF Steel Matrix Phase

3.3.1. Magnetic Moment and Elastic Constants

Partially disordered ferromagnetic state with long-range magnetic order parameter (magnetization) m
is approximately a random alloy AI_yA; such that m =1 — 2y. In the completely ordered FM state, one has
m = 1. The disordered paramagnetic state with m = 0 reduces to the well-known disordered local moment
(DLM) state, which for pure Fe is represented by a random 1-"6851-"6(%'5 alloy of Fe atoms with spin up (T) and
spin down (|) orientations [35]. Figure 5 shows the variation of the matrix phase magnetic moment with
temperature in the different magnetic state and crystal structure; available experimental and calculated
data are plotted in the figure. The calculated value agrees with the experimental data from Reference [36]
in the single bcc-phase FM region, and the calculated slopes of temperature dependencies are similar to
those in the Reference [7]. Above the Curie temperature. The magnetic moment shows a downward trend
as the temperature rises, but the opposite evolution law appears in the single bec-phase FM, bec-phase
PM and fcc-phase PM region. The transition of magnetic state and crystal structure greatly affects the
magnetic moment; the values obtained in this work are reduced from 2.28~2.335 in single bcc-phase FM
to 1.81~1.96p in fcc-phase PM region. The magnetic moment has increased by ~10% and ~16% with the
transition of magnetic state (PM—FM) and crystal structure (fcc—bcc).

The mechanical strength of the material is the stress required to force deformation or fracture due
to the instability of the crystal lattice [37]. The two cubic shear elastic constants C’ and Cy4 describe
the ability of the crystal to resist orthorhombic and monoclinic deformation, respectively. The bulk
modulus B is used to assess the capacity to resist deformation under an applied pressure. As shown
in Figure 6, the elastic moduli obtained in this work are basically consistent with the results of other
calculations and experiments. Like the bulk modulus B obtained in published literature, the calculated
elastic moduli exhibit a normal softening behavior with increasing temperature. According to Figure 6,
the bulk modulus B decreases in a monotonic manner as the temperature increases, which indicates
that the ability of the matrix phase to resist compression decreases at high temperature. It is worth
noting that tetragonal shear elastic constant C’ also shows a similar evolution law (except that it is
stable around 17.90 GPa in the single bcc-phase PM region), which shows that the ability of the matrix
phase to resist orthorhombic deformation decreases with increasing temperature. C44 decreases almost
linearly in the three single phase ranges, and the evolution rate is ~2.1 X 1072, ~1. 8 X 1072, and ~3.5 x
1072 GPa K~! for single bec-phase FM, bee-phase PM, and fec-phase PM, respectively. Moreover, noting
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that the bulk modulus B is improved ~55% when the crystal structure is transitioned from fcc to bec; C’
and Cy4 have changed ~188% and ~27% with the transformation of magnetic state.
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Figure 5. Variation of magnetic moment p with temperature. The values of present results are plotted
as solid symbols connected with lines and the available data from Reference [36] are represented as
open symbols.

Crystal structure  hec-phase | bee-phase Jfec-phase _m " of bee FM Fe
Magnetic state FM PM rM —8—C" of bec PM Fe
—&—C" of fcc PM Fe
160 |2 C,, of bec FM Fe
~ ;\“\O\;Fl ¥—C,of bec PM Fe
a . ﬁﬁm‘i{m_—. b—C,, of fec PM Fe
9120 | > —&8—18 of bec FM Fe
= s —&—3B of bec PM Fe
= —*—8 of fec PM Fe
S v ¢ © o > C"of Ref. [38]
= *H_-*_W-* B C,,of Ref. [38]
s 80 [ :
5 SERRES > B of Ref. |38]
= ¥ C'of Ref. [39]
= K'\IM.\ C,, of Ref. |39]
a0l T ¥ 8 of Ref. |39]
@ C"of Ref, [40]
ﬁﬁﬁ > C, of Ref. [40]
T © ot Ar, $oe © B ofRef. [40]
0 1 1 1 \ Il 1 1 1
600 700 800 900 1000 1100 1200 1300 1400 1500 1600
Temperature(K)

Figure 6. Calculated temperature dependence of elastic moduli of bcc-phase FM, bec-phase PM,
and fcc-phase PM in comparison with published data of References [38-40].

3.3.2. Young’s modulus, Zener Anisotropy Parameter, and Poisson’s Ratio

The Young’s modulus Y and the Zener anisotropy parameter Az are the important characteristic
parameters for investigating the mechanical properties in the process of material deformation. Y reflects
the stiffness of crystals, where larger values indicate stiffer crystals. Az equals to 1 for an isotropic
crystal, while values smaller or greater than unity measure the degree of elastic anisotropy. The change
of the anisotropy parameter of matrix phase with temperature is further illustrated in Figure 7, where
the 3D characteristic surfaces and the 2D section (110) of the Young’s modulus are plotted. Ay is
rather weak in single bcc-phase FM range and simultaneously becomes strongly elastically anisotropic
in the paramagnetic phase above T¢; see Figure 7f. The high anisotropy values are mainly due to
softening of C” in the paramagnetic state of the matrix phase. This softening of the crystal lattice with
respect to tetragonal shear has important metallurgical implications, e.g., for the activation energy of
carbon diffusion in steel [39]. Figure 7a—e can further illustrate the effect of the transition of magnetic
state and crystal structure on elastic anisotropy. All structures exhibit anisotropy, especially under
high temperature paramagnetic conditions. As the Figure 7a,b,e shows, the degree of anisotropy
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of bec-phase FM is the smallest, and it increases significantly in bcc-phase PM with the magnetic
state change around T¢; the Young’s modulus change in the [001] direction is particularly significant.
At 1043 K, with the transition from FM to PM, the maximum difference between the Young’s modulus
in the [110] direction is ~76 GPa, a decrease of ~55%. Similarly, the minimum Young’s modulus in the
[001] direction is reduced from 173 GPa to 126 GPa. As (c), (d), and (e) show, the effect of the crystal
structure transition near A,3 is not significant, and the maximum changes in Young’s modulus in the
[110] and [001] directions are 14 GPa and 10 GPa, respectively. Meanwhile, as the temperature in the
bcc-phase PM region increases, the changes in Young’s modulus in the [110] and [001] directions are
smaller. Overall, the Young’s modulus of the matrix phase in the [001] direction is generally lower
than in the [110] direction.

(a) 1043K bcce-phase FM GPa (b) 1043K bce-phase PM GPa
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Figure 7. Calculated 3D characteristic surfaces (a-d) and the 2D section (110) of the Young’s modulus

as a function of crystallographic direction in IF steel matrix phase. The values on the color scale and on

the axes are in GPa. The Zener anisotropy parameter Ay is plotted against temperature for the matrix

phase, along with the available data (open symbols) from References [7,38—40]. (a) 1043 K bcc-phase
FM, (b) 1043 K bcc-phase PM, (c) 1083 K bee-phase PM, (d) 1083 K fcc-phase PM, (e) the 2D section
(110) of the Young’s modlus, (f) Az of matrix phase.
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In order to comprehensively evaluate the evolution law of the Young’s modulus Y and Poisson’s
ratio v of the matrix phase with temperature, the Hill average method is adopted, as shown in Figure 8.
Y (v) monotonically increases (decreases) with the temperature decrease in the single fcc-phase PM and
bec-phase FM regions at the evolution rates of ~5.5 x 1072 and ~5.6 x 1072 GPa K~! (~3.3 x 107 and
~2.9 x 107 K1) but is relatively stable in the bcc-phase PM region. Based on the above results, in the
single fcc-phase PM and bec-phase FM ranges, the ability of the matrix phase to return to original shape
when elastically deformed decreases rapidly with increasing temperature. In addition, the influence of
the transition of the magnetic state on Y seems to be obvious compared to the transition of the crystal
structure, and the opposite result appears in v. Meanwhile, the matrix phase in the high temperature
fcc-phase PM region shows brittleness characteristics according to the Pugh criterion [41], that the
materials prefer brittleness when v < 0.26.

220 0.40
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Figure 8. Relationship of average Young’s modulus and Poisson’s ratio of matrix phase with temperature
for different lattice and magnetic structures, along with the available data from References [40,42].

4. Conclusions

In this paper, combining the thermal expansion test of IF steel with EMTO ab initio calculation,
a simple calculation method of high temperature elastic properties is proposed instead of a complicated
self-consistent process. The evolution of the elastic properties of the matrix phase with temperature
under different magnetic states and crystal structures is analyzed. The conclusions are as follows:

The austenite decomposition temperature range of IF steel samples is 1183~1143 K. The LTEC
of the single-phase ferrite and austenite region is 1.54 x 107> K~! and -2.30 x 107> K7}, respectively.
Good agreement is found between the Wigner—Seitz radii w based on thermal expansion test of IF steel
and available experimental data. The linear regression for single bcc-phase ferrite is w(T) = 2.65513 +
4.03963 x 10 T and for single fcc-phase austenite is w(T) = 2.61340 + 6.61356 x 10™> T.

Over the entire temperature range, the bulk modulus B and the tetragonal shear elastic constant C’
exhibit a normal softening behavior with increasing temperature, while the ability to resist monoclinic
deformation tends to increase. The transition of the magnetic state has an important effect on the two
cubic shear elastic constants C” and Cyy; the bulk modulus B increases by ~55% with the transition from
fcc-phase to bec-phase; magnetic state and crystal structure contribute equivalent magnetic moments.

The Zener anisotropy parameter Az increases rapidly above the Curie temperature, and the
Young’s modulus decreases significantly in the [001] direction, a decrease of ~55%. The evolution rate
of average Young’s modulus (Poisson’s ratio) in single bcc-phase FM and fcc-phase PM range reaches
~5.5%x 1072 and ~5.6x1072 GPa K™! (~3.3x107° and ~2.9x107> K™!). The single fcc-phase PM range
has a Poisson’s ratio of less than 0.26, showing brittleness characteristics.
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