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Influence of magnetic field on phase transformation
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The magnetic parameter of alloy carbide

o~
/o
p—
o

2
™

i

o
m

o
&

o
]

Spontaneous Magnetization, ¢ /o,

e
=}

0.2 0.4 0.6 08 1.0 1.2 1.4
Temperature, T/T,

o
o

(=]
=
|

-4 - Fe,y Cr, C,

X

—_
tn
|

—
=
|

Magnetization, puy/atom Fe
n
|

—
1

] | ] ] ] |
0 0.2 0.4 0.6 0.8 1.0

The calculated variation of relative spontaneous
magnetization of pure iron with relative temperature.

Choi JK et al. 2000

Dependences of the magnetization on the chromium
concentration x in Fey ., Crs,C and Fey;, CroxCy.
Konyaeva MA et a. 2009




The magnetic parameter of carbide
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Heat Treatment Equipment

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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Heat Treatment Equipment
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Foil and extraction Replicas (C or Au)




Carbides in sted

Magnetic field ?

Temperature ?

A magnetic field is usually considered to have a significant influence on ferromagnetic materials,

such as alloy carbides. But less attention has been paid to alloy carbide precipitation.
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Weiss molecular theory
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Theinfluence of the high magnetic field on the alloy carbidein

austenite-ferriteisother mal transfor mation of Fe-C-Mo alloy
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Different morphology of carbides
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Morphology of carbides at 530-610 °C

Magnetic Field promotesthe precipitation of M,C .



Magnetic Field promotes the precipitation of M.C
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Morphology and EDS analysis at 530, 570, 610 °C

(Without ) 12T magnetic field With a(12 T Jnagnetic field
Time 205 60 s 600 s 3600 s 0s 60s 600 s 3600 5
T}" pC FC'_),C FC'_),C Mgc M(,C M;,C M;,C Mﬁc M 6C
M,C M,C
M;C
Carbide Fe,C Fe,C (Fe, Mo),C (Fe, Mo),C (Fe, Mo)C (Fe, Mo)C (Fe, Mo);C (Fe, Mo);C

(Fe, Mo)-C (Fe, Mo),C

(Fe, Mo);C
Magnetic field promotes the M.C precipitation

Magnetic field has no influence on
€= the morphology of MC
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Gibbs free energy
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dependent on magnetic field and
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Magnetic free energy

Carbides can be magnetized to some extent in a high magnetic field
because Gibbs free energy is lowered in relation to their magnetization.

According to following equation, magnetic free energy change of carbide transformation can be expressed:

The corresponding energy

(magnetic free energy AG'V') rop S M stands for the magnetization

Induction of the applied magnetic field

|

}

the internal field induction
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The effect of magnetic field on carbide particle morphol ogy
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Measured concentration of substitutional solute atoms in the carbide of M,C

Temp. 0T 12T
Fe (wt.%) Mo (wt.%) Fe (wt.%) Mo (wt.%)
Average | Standard Deviation | Average Standard Average Standard Average Standard
(o) Deviation (0) Deviation (0) Deviation (0)
530°C || 38.69 0.98 61.30 0.98 67.16 I 4.48 32.78 4.48

EDS analysis

Higher than the composition
without the magnetic field

0T, Fe (wt.%)

38-45 (700°C~900°C)

Ref. [Sato T, 1962

36.4-38.6 (727°C)

Ref.[Uhrenius B,1975]

58.15 (874°C)

Ref. [Woodyatt LR,1979]
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Measured concentration of substitutional solute atoms in the carbide of M,C

Carbides Metal Magnetic 400 7] m Fe-AG M.C
moments(i; ) 4 Doy Mo-AG Yo 0
Mo 350
480 -0.0273 _
Mo -0.0933 300 -
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Cubic —
a=11.26A Fe 1.331 S 250 -
(32¢) g
-
C (60 0.00047 5 200 - )
Fe 1.864 < 150 4
(32¢)
Fe 1.815 100
FGSMOSC (16d) i
Cubic 50
=11.11A Mo ~
a (486) -0.0728 _
0.0108 0 -
C (16
169 N N
Fe2M04C FesMOSC
First principle calculation results The magnetic free energy change of Fe and Mo atoms

in different carbides M¢C (Fe,M0,C, Fe;M0;C).

The concentration of substitutional solute atoms Fe and Mo in the carbide

of (FeM0),C was influenced by high magnetic field. The change of
concentration of substitutional solute atoms Fe and Mo was caused by

their differences in magnetic moments.




The influence of the high magnetic field on the alloy

carbide in tempering transformation of Fe-C-Mo alloy
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Magnetic field promotes the precipitation of Fe:C,
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The magnetic Gibbs free energy change
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The magnetic free energy change and the magnetic moments

Among the metastable phasese-Fe,C, n-Fe,C, x-Fe;C,, and the
stable phase 0-Fe;C, x-Fe;C, has the highest moment, resulted in
Conclusion Il [= = = »|the stability under high magnetic field through magnetization.
Therefore, the influence of the magnetic field on the Gibbs free
energy of x-Fe;C, isthe most remarkable. 26




The effect of the magnetic field on the carbide at 530°C




The identification of M,C carbide

The magnetic field promotes the precipitation of M C

Conclusion

Without magnetic field

With a 12-T magnetic field

Time 600 5 2600 s

600 3600 s

Type MO, MC MO MaCT MO, MaC, Me D MRC, MaC, MO
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Measured concentration of substitutional solute atoms in the carbide of M,C and M,C

Element Wt% At%

Fe 13.83 21.62
Mo 86.17 78.38
Mo L
M,C
Mo L
FeK 1 1
st e s il = i oy T e
00 19 38 57 76 95 114 133 152 171
KeV
342
FeK [Element Wt % At %
353-
Fe 62.32 7397
Mo 37.68 26.03
266+ Mo L
8 M,C
c
S
3
176-
88 -
FeK Wil ks
. - :
375 800 1225 1650 2075  25.00
KeV
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Measured concentration of substitutional solute atomsin the carbide of M,C

At %
56.15
43.85

MoL

1

Element Wt %

Fe 42.71

Mo 5729

FeK
ul.h'!OK_nL.ﬂl . s et ol A
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n Mo L Element Wt% At%

408 Fe 6684 77.59

Mo 3316 2241

306 FeK
| g

204

102

Mo K

L

Crystal lattice (hm)

1.130 -

Kuo K 1953
1.125 4 u

1.120 -

1.115 -

1.110 - Giron G et al. 1995
) Bl - WA. C. Fraker et al. 1969

1.105 - Ettmeyer P et al. 1970 /

+/- This work, 600s

1.100 + This work, 3600s

I I I I I I
1.5 20 2.5 3.0 3.5 40
Mo atom concentration (at %) in FesxMozC carbide

KeV

0019 38 57 76 95 114 13.3 15.2

—
17.

Carbon extraction replicas specimen and
the average EDS analysis of (Fe, M0),C

L attice constants of Fe6-xMoxC (wherex is
the atomic concentration of Mo).
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Measured concentration of substitutional solute atoms in the carbide of M,C

MoC M4C MC
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—0— Mo(H=12T)

600 3600 600 3600 600 3600
Tempering time ()

Concentration of substitutional solute atom (wt%o)

Regarding to the carbides of M,C and M;C, no obvious concentration change was detected
when 12-T magnetic field was applied. However, regarding the carbide of MgC, the
concentration of Fe atom was increased, whereas the concentration of Mo atom was

decreased when a 12-T magnetic was applied. -



The calculated Fe magnetic moment of carbides

6 - Measured data in this work [l
Fey Mo, ;,C A \
H —M—MgC
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1 - Measured data in this work Measured data in this work
Fe, Moy 7,C Fey Mo, 5,C
04 A S = / &

Magnetic moments per unit cell (u,)
w

| | | | | | | | |

24 26 28 30 32 34 36 38 40 42 44

The number of electrons per atom, e/a

The cal culated magnetic moments per unit cell from the first principle calculation in M¢C, M;C and M,C carbides
as afunction of the number of electrons per atom. The two arrows represent the experimentally measured data.
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The magnetic Gibbs free energy change

The relative magnetic free energy change (.J/mol)
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The effect of the magnetic field on alloy carbide at 700°C

dich b 3
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Morphology of alloy carbide tempered at 700 °C 34



The effect of the magnetic field on the carbide at 700°C

Noinfluence| = = =>»

600 ¢ (0 Tand 12°T) 3600 (0 Tand 12°T)

M>C, MzC, MsC M->C, MzC, MgC
|
|
| Reason
\4
) Carbides Fﬁgc Fﬁgc FEgT\«“IUjC
Magnetic susceptibility  0.0048 0.0063  0.0199

I Conclusion
Y

There was no pronounced effect of high magnetic field on the
precipitation sequence of aloy carbides when specimens were

tempered at 700° 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 carbide

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

12 Tesla
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The precipitation sequence

Without a magnetic field

“With a 12-T magnetic field

Time G003 2600 3 GO0 3 2600 3
MEC, MSC Mgc, Mgc
T:':.FPE-' Mg':, Mjc ME[:, Mjc .N .N
(Fe, Cr, Mol C (Fe, Cr, Io)C
(Fe, Cr, Mo)aC | (Fe, Cr, Mo)aC
(Fe, Cr, WMoz C (Fe, Cr, WMoz C
Carbides | (Fe, Cr, Mo)zC | (Fe, Cr, Mo)sC
(Fe, Cr, o) Cq (Fe, Cr, MoiC4
(Fe, Cr, Mo)asCe (Fe, Cr, Mol Cs
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M,;C, and M-C, particles

Gold replicas
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First principle calculation

The number of electrons per atom, ¢/a
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Curie temperature
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M-T and magnetic Gibbs free energy
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The effect of the magnetic field on the carbide at 700°C
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The effect of the magnetic field on the carbide at 700°C

0T 12T
No influence| = = >» MaC, MsC M,C, MzC
T
P MCs, MasCy M7C3, MazCs
|
|
M I Reason
X==
H \ 4
B > Carbides Fe,C FesC FesCriC; FeqyfCrsC
H=——-M Magenetic susceptibility 0.0048 0.0063  0.0216 (0.0481
:uo |
| )
I Conclusion
A 4

There was no pronounced effect of high magnetic field on the
precipitation sequence of aloy carbides when specimens were

tempered at 700° C. Because they were changed into paramagnetic
phases at higher temperature.
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Conclusions

€ The magnetic Gibbs free energy change determined the precipitation
behaviors of the M.,C, M,,C, and M,C,. In essence, the higher Fe atom content in
carbides M,C, 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 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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Background

Magnetic field increase the nucleation rate,
facilitating more uniform grain distribution

Magnetic field changes the morphology

Magnetic field changes the Gibbs free energy
resulted in phase transformation

Gibbs free energy

Fe

Carbon content
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The ferrite grains and pearlite colonies alignment along the magnetic field
Zhang YD et a. JMag Mag Mater, 2004
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The schematic diagram of the prolate ellipsoid
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Heat Treatment Equipment

Fe-C-Mo alloy 2 25Cr-Mo aloy

Homogenization at 1250 °C for 2 days Melted in vacuum furnace

Austenitization at 915 °C for 30min SaSSIIZZon 20 L IOLLB00 S

| sothermal heat treatment Tempering heat treatment

\/

700°C, 530 °C, 200 °C

/

700°C, 590 °C, 570 °C, 530 °C
For 1000s, 3000s, 3600s

\

For 600s, 3600s

Quenching in iced water

51




€ The precipitation of MiC resulted from the remarkable reduction of the
magnetic Gibbs free energy.

€ The substitutional solute atom concentration change in high magnetic field
was mainly attributed to the change of magnetic free energy resulted from the
magnetization differences of Fe and Mo atoms in each alloy carbide.

€ Strong magnetic field had almost no influence on the morphology of M,C
carbide. Mininum energy principle was used to calculate the magnetic field
morphology of carbide. The results show that the aspect ratio was
approximately equal to 1:1, which indicates that the morphology the M,C
carbide is spherical. Actually, the Fe;Mo;C was appeared to be equiaxed in

shape.
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Summary Il

€ The precipitation of the Fe,C, and M4C 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 MC,
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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