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Influence of magnetic field on phase transformation
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The schematic diagram of the principle component

in Tokamak in reduced activation steel
Reece, R. J. 1988
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Background

Z.X. Xia, C. Zhang * H. Lan, Z.Q. Liu, Z.G. Yang wmaterials Letters 65 (2011) 937-039
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The calculated variation of relative spontaneou®ependences of the magnetization on the chromium
magnetization of pure iron with relative temperatureconcentrationXin Fﬁ-x)chXC and Fe(l_X)Cr7Xc3

Choi J K et al. 2000 Konyaeva MA et al. 2009
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Fe-0.28C-3.0Mo alloy, isothermal heat treatment

Fe-0.28C-3.0Mo alloy, temperature heat treatment

2.25Cr-1.0Mo alloy, temperature heat treatment
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Carbides In steel
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Weiss molecular theory
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The all-electron FPLAPW method wa
used as embodied in the WIEN2K code. T
exchange-correlation potential was
calculated using the GGA via the scheme
Perdew-Burke-Ernzerhof 96 (PBE-GGA)
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The influence of the high magnetic field on the alloy carbiden

austenite-ferrite isothermal transformation of Fe-C-Mo alloy
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at 530-610

Magnetic Field promotes the precipitation of®/1
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Gibbs free energy

G (T,H) =G (T,0)-  BxdM

[

M
0

. % : %
A ( %(
9




Magnetic free energy
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The effect of magnetic field on carbide particle morpholc

Ferrite M C

The variation curve of the relative free energy change with thetast®



Measured concentration of substitutional solute atoms in the carbidigCof

Temp. 0T 12T
Fe (wt.%) Mo (wt.%) Fe (wt.%) Mo (wt.%)
Average | Standard Deviation Average Standard Average Standard Average Standard
(s) Deviation €) Deviation 6) Deviation €)
53C°C || 38.69 0.98 61.30 0.98 67.16 4.48 32.7 4.48
=l . 0
/ 3 J /0(
/
0T, Fe (wt.%)
/
38-45 (700 ~900 ) Ref. [Sato T, 196P
36.4-38.6 (727 A Ref.[Uhrenius B,197p
%( %
58.15 (874 A Ref. Woodyatt LR,1979]
8 %
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Measured concentration of substitutional solute atoms in the carbidigCof
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First principle calculation results The magnetic free energy change of Fe and Mo atoms

in different carbides MC (FeMo,C, FegMo,C).

The concentration of substitutional solute atoms Fe andritbe carbide
of (Fe,Mo)C was influenced by high magnetic field. The change of

concentration of substitutional solute atoms Fe and Mo vased b
their differences in magnetic moments.
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Magnetic field promotes the precipitation otEg

In conclusion|= = >
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The magnetic Gibbs free energy change

Y D Zhang et al. ISIJ International (2005)

Conclusion

-—->

The magnetic free energy change and the magneticemis
of the metastable carbides

Among the metastable phasdse,C, h-Fe,C, c-Fe,C,, and the

stable phase-Fe,C, c-Fe,C, has the highest moment, resulted|

the stability under high magnetic field through magnetmat
Therefore, the influence of the magnetic field on the Gibles |
energy ofc-Fe,C, is the most remarkable.
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The effect of the magnetic field on the carbide at 530
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The identification of MC carbide

The magnetic field promotes the precipitation gV

Conclusion |= = >
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Measured concentration of substitutional solute atoms in the carbigCodnd MC
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Measured concentration of substitutional solute atoms in the carbidigCof

- 3
3
3
Carbon extraction replicas specimen and Lattice constants of Fe6-xMoxC (where X is
the average EDS analysis of (Fe, D) the atomic concentration of Mo).

30



Measured concentration of substitutional solute atoms in the carbidigCof
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Regarding to the carbides of X4 and M,C, no obvious concentration change was detected
when 12-T magnetic field was applied. However, regarding darbide of MC, the
concentration of Fe atom was increased, whereas the cwoatient of Mo atom was

decreased when a 12-T magnetic was applied. -



The calculated Fe magnetic moment of carbide

The calculated magnetic moments per unit cell ftloenfirst principle calculation in MC, M;C and MC carbides
as a function of the number of electrons per afim. two arrows represent the experimentally meastia¢a.
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The magnetic Gibbs free energy change

The relative magnetic free energy change fgENFg 4o, 5.C), .
M,C (F& ;MO 7C), McC (F& 1M0, o,C and Fg Mo, o.C), The magnetic free energy change of Fe and Mo atoms

respectively.
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The effect of the magnetic field on alloy carbide at 700
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Morphology of alloy carbide tempered at 700 34



The effect of the magnetic field on the carbide at 700
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There was no pronounced effect of high magnetic field on|the
precipitation sequence of alloy carbides when specimense’[/ve

tempered at 706 C. Because they were changed into paramagnetic
phases at higher temperature.
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The influence of the high magnetic field on the alloy carbid

In tempering transformation of 2.25Cr-Mo alloy
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The identification of M;C, carbide

The morphology of M,C; carbide and the selected area electron diffraction
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The effect of the magnetic field on the carbide at 550
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The precipitation sequence
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M,.C; and M,C, particles
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The demagnetization factor
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Curie temperature

The Curie temperature in experiment of Fe-Cr alloy The Curie temperature in theory of Fe-Cr alloy
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M-T and magnetic Gibbs free energy
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The magnetization curve with the temperature The magnetic free energy change

aang  COncusion
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The effect of the magnetic field on the carbide at 700
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No influence‘ —_-—

|
Y T
C = —
H v
H=2 M|~
m l
|
I,%
v

There was no pronounced effect of high magnetic field on|the
precipitation sequence of alloy carbides when specimenserl/ve

tempered at 706 C. Because they were changed into paramaginetic
phases at higher temperature.
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The magnetic Gibbs free energy change determined the precipitation
behaviors of the . 3" . ,,53 (. 4 15
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There was no pronounced influence on the precipitation behaviors of
paramagnetic alloy carbides when specimens were tempered at high
temperature (700°C).
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Challenges

Further detailed descriptions of the influence of the magnetic field on
the phase transformation.

The systematic research on the multi-action considering to the
temperature and magnetic field.
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The ferrite grains and pearlite colonies alignment along the riadietd Schematic illustration of nucleation of ferr

Zhang YD et al. J Mag Mag Mater, 2004  at austenite grain junctions along the magnetic field direction

Zhang Y D et al. 2004

The schematic diagram of the prolate ellipsoid .The variation of.demagnetlzmg fac_tor )
with the aspect ratio k of a prolate ellipsoid



Fe-C-Mo alloy 2.25Cr-Mo alloy

Homogenization at 1250 for 2 days Melted in vacuum furnace

Austenitization a915  for 30mir Austenitization a915 for 1800 :

Tempering heat treatment
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Quenching in iced water
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The precipitation of M ;C resulted from the remarkable reduction of the
magnetic Gibbs free energy.

The substitutional solute atom concentration change in hig h magnetic field
was mainly attributed to the change of magnetic free energy r esulted from the
magnetization differences of Fe and Mo atoms in each alloy ca rbide.

Strong magnetic field had almost no influence on the morphol ogy of M (C
carbide. Mininum energy principle was used to calculate the magnetic field
morphology of carbide. The results show that the aspect rati 0 was

approximately equal to 1:1, which indicates that the morpho logy the M ,C
carbide is spherical. Actually, the Fe ;Mo;C was appeared to be equiaxed in
shape.
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The precipitation of the Fe:C, and M;C carbides were promoted by a 12-
T high magnetic field at low (200°C) and intermediate temperature (530°C),
respectively.

The magnetic Gibbs free energy change was not only related to the
magnetization but also the internal field induction of carbides. The reduction
In magnetic Gibbs free energy was responsible for the promotion of specific
carbides at low and intermediate temperature.

There was no visible change in the precipitation sequence of alloy
carbides when specimens were tempered at high temperature (700°C). This
IS because the alloy carbides were changed into paramagnetic phases.
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A 12-T high magnetic field promoted the precipitation and also increased the
concentration of Fe atom of M,,C, or M,C alloy carbide during martensitic
tempering at 200°C, which was attributed to the reduction of Gibbs free energy
caused by the high magnetic field.

The concentration of substitutional solute Fe atoms in the carbide of . ;"
M,;Cq and M-,C, was greatly influenced by a strong magnetic field. The higher
Fe atom content in the M,;C,; and M,C; carbide makes the magnetic moment
increased remarkably, which thus reduces the magnetic Gibbs free energy of
alloy carbides.

There was no pronounced influence on the precipitation sequence of alloy
carbides when specimens were tempered at high temperature (700°C).
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