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1. Introduction

This report documents the Python module, MAGNETS.py, which was developed
with the intention of modeling phase transformations under the influence of applied
magnetic fields. The main requirement for such a model is the effect of the applied
field on the free energy of the phase, which can generally be described by

H
AGmagnet X —Up fO M(Hr T, x)dH (1)

where H is the applied field, uo is the permeability of free space, and M is the
magnetization, which is a function of the field, temperature (7), and composition

(x).

Each phase will have a different magnetization, which, in addition to the factors
described in Eq. 1, will also be dependent on the processing history of the material.
Manipulation of the phase transformations through applied magnetic fields
leverages the magnetization differences between the phases, which will be
particularly distinct if the phases are in different magnetic states (e.g., one phase is
ferromagnetic and the other is paramagnetic). This has been observed
experimentally through the shift in the phase boundary for paramagnetic y-austenite
to ferromagnetic a-ferrite in pure Fe'™ and Fe-Ni* and Fe-Co’ binary alloys.
Additionally, the start temperature of the paramagnetic y-austenite to ferromagnetic
o-martensite was observed to shift under applied pulsed magnetic fields.® Even
when the phases are of the same magnetic state (e.g., all ferromagnetic), differences
in magnetization values can lead to reordering of the relative stability of phases, as
observed in the formation of unexpected carbides during magnetic annealing.”*8

To calculate the magnetization and subsequent change to the free energy as a result
of the applied magnetic field, the magnetic properties of the phase and alloy must
be determined—in particular, the magnetic moment (f) and the Curie temperature
(Tc) or Néel temperature (Tn). The current module focuses on
Fe-based alloys (e.g., steels), including a dictionary of magnetic properties for the
a-ferrite phase; however, the code is generalizable to other materials, as it is based
around these obtainable material magnetic parameters.

In pure Fe it is straightforward to describe the magnetic state of a phase (e.g., a-Fe
is ferromagnetic, with a transformation to paramagnetic at the Tc of 1043 K). In
alloys, the magnetic state of each phase will vary depending on the composition
and processing history. The magnetization will then vary by the phase,
composition, processing history, and applied magnetic field. The code must
account for the multiple possible magnetic states of the phases of interest.



1.1 Magnetic States

In general, magnetic properties of solids originate in the motion of electrons and in
permanent magnetic moments of the atoms and electrons. There are two principal
origins of the moments—one from the orbital motion of the electrons and the other
from the electron spin. Among various magnetic states, paramagnetism,
ferromagnetism, and antiferromagnetism are the states that are commonly found in
Fe-based alloys. They arise due to the presence of permanent atomic or electronic
magnetic moments.

Paramagnetism occurs when the magnetic moments are randomly oriented.
Paramagnetic materials become magnetized when a magnetic field is applied but
their magnetism vanishes upon removal of the applied magnetic field.

Ferromagnetism occurs when the magnetic moments are aligned in the same
direction. Ferromagnets will tend to stay magnetized to some extent after being
subjected to an applied magnetic field. Ferromagnetic materials possess a magnetic
moment even in the absence of the applied magnetic field. This magnetization is
called spontaneous magnetization. This magnetization is stable below the critical
temperature Tc. Above this temperature the regular order of magnetic moment no
longer exists (i.e., moments are randomly oriented). Then the ferromagnetic
materials behave as paramagnets with no ordering of magnetic moments.

Antiferromagnetism occurs when the adjacent magnetic moments are oppositely
directed and only one type of moment (same magnitude) is present so that the
moments completely cancel out and the net moment is zero. The magnetization of
antiferromagnetic materials is zero if there is no applied magnetic field. A small
magnetization results if a field is applied. Further, the magnetization is orientation-
dependent based on the location of the moments; the types of antiferromagnetism
describe the expected locations of the oriented moments based on the crystal
structure/sublattices. When heated, antiferromagnetic materials become
paramagnetic at a critical temperature (Tn).

Materials exhibiting paramagnetism, ferromagnetism, or antiferromagnetism are
also generally referred to as belonging to the respective magnetic states (i.e.,
paramagnetic, ferromagnetic, or antiferromagnetic states, respectively). The
following sections briefly describe the models/equations used to describe each of
these states.



1.1.1 Ferromagnetic State: Magnetization

Kuz’min developed a magnetic equation of state for the ferromagnetic state
(magnetic state below Tc) for the ferromagnetic elements (Gd, Ni, Co, and Fe).? It
is based on Landau theory relating magnetization to applied magnetic field and
temperature. In previous work!'® some of the authors of this report modified the
model to extend its application from pure elements to alloys. This extended model
can then predict the magnetization of Fe-based alloys as a function of alloy content,
temperature, and magnetic field. When compared with the results obtained using
the well-known model based on Weiss Molecular Field Theory (WMFT), our
modified model offered a significant improvement in terms of computational
efficiency, extent of alloy space covered (i.e., it is not limited to dilute alloys), and
accuracy compared with experimental data (Fig. 1). The expressions used in the
model follow the figure.
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Fig.1  Magnetization curves for pure iron calculated by WMFT (black dashed curve) and
Kuz’min-Landau (magenta solid curve) for 0 Tesla. Experimental measurements'! are blue
open circles. Under an applied field of 10 Tesla, experimental measurements are purple Xs'
and the Kuz’min-Landau magnetization curve is magenta dashed line.

The applied field, H, is related to the magnetization, M, through the reduced
magnetization, ¢ (M/Mo), the reduced temperature t (7/7c), and the material
specific fitting parameters ao, p, and «:

3
H = ayo |—=+ k0% + (1 — k)o* (2a)
1+p12
M
o= (2b)
T 2/3
T=T—C=(\/1—2u+p2u2—pu) (2¢)



_ 1. 2 ) — L]
U= [KO‘ +(1—-K)o " (2d)
Mo is the saturation magnetization (directly related to magnetic moment), and 7¢ is
the Curie temperature. Further details can be found in Murdoch et al.!”

1.1.2 Paramagnetic State: Susceptibility

1.1.2.1 Ferromagnetic Phase

As mentioned earlier, above the Curie temperature, ferromagnetic materials lose
the regular ordering of the magnetic moment and transform to the paramagnetic
state. The paramagnetic Curie temperature (6) is another concept that has been used
to describe the magnetic ordering temperature. It is found by fitting the measured
inverse susceptibility in the paramagnetic state using the Curie—Weiss law

x=rs (3)

where y is the susceptibility, C is the Curie constant, and 7 is the temperature. The
paramagnetic Curie temperature is usually higher than the Curie temperature. (For
example, Tc = 1043 K for pure a-Fe where § = 1078 K'?).

To model the magnetic behavior in the paramagnetic state, the following expression
has been employed using the Curie-Weiss parameters in the WMFT framework,'
where

2 .
_ NAV{.Balloy} G+1)
3kj

C 4

Therefore, the susceptibility is

_ NAV{ﬁalloy}Z (J+1)
- 3kj(T—6)

()

where N4y is Avogadro’s number, k is Boltzmann’s constant, j is the Weiss
molecular field theory parameter, which is 1 for paramagnetic materials, and f is
the magnetic moment of the alloy.

1.1.2.2 Antiferromagnetic Phase

For antiferromagnetic materials, the phase will also transform to the paramagnetic
state above the Tn. The susceptibility is described by a slightly different form:

_ Nav {Bauoy}”
T 3k (T-6) (6)



where the parameters are the same as those previously described.

Here, however, 6 can be considered as function of the Tn that is dependent on the
type of antiferromagnetism. This type is related to the crystal structure, as the
magnetic spins are considered relative to their potential locations on the
lattice/sublattices.

1.1.3 Antiferromagnetic State

The current version of the code does not consider the effect of magnetic field on
the antiferromagnetic state due to the complexities that arise from orientation
dependence and the fact that the Tn is often below room temperature and not a
traditionally viable processing space. There are, however, placeholder functions in
the code module for future work.

1.2 Magnetic Properties of Alloys

In the equations for the magnetic states, the material-specific magnetic properties
are the magnetic moment (f) and the magnetic transformation temperatures (7c, 7w,
6). For an alloy these can generally be described as a combination of the values for
the pure metals plus a series of interaction terms. In the CALculation of PHAse
Diagrams (CALPHAD) methodology, the following polynomial forms are used'*:

TcFe_X = T¢ Xpe + TCXXX + XpeXy Xizo @; * (Xpe — xx)i (7)
BFe™X = Broxpe + PxXx + XpeXy Yr—o bi + (Xpe — Xx)" (8)

where Eq. 7 for Tc could also be used for 7 or 6.

The terms xre and xx are the composition (in atomic fraction) of Fe and the alloying
element, X, respectively. (This equation can be extended to ternary and other multi-
component elements with the addition of their pure and interaction terms.) The
interaction coefficients, a; or bi, are determined by fits to experimental magnetic
property data and integration with the overall calculation of known phase
boundaries for the alloy system. Each system may have variable numbers of
coefficients, n, depending on what is required for a good fit. For example, an alloy
with a complex variation in magnetic property could require three coefficients,
whereas a simple linear relation could require no coefficients, just the pure value
endpoints. Figure 2 shows two such example systems for the variation in f§ as a
function of alloy content.?
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Fig.2  The change in magnetic moment as a function of alloy content with the experimental
measurements as points and the fits via Eq. 8 as dashed lines. The Fe-Ni system is an example
of the fit needing multiple coefficients to capture the behavior of the magnetic moment as a
function of Ni content, while the Fe-Mo system only needs one coefficient.

These coefficients are currently tabulated for many iron-based systems in literature
(e.g., Murdoch et al.'®) and/or in software databases. However, as will be discussed
in more detail in Section 1.3.1, these tabulated coefficients were often optimized as
part of the whole phase diagram calculation and may not be the best fit specifically
to the magnetic property data. Some systems where this occurs are Fe-Mn,'
Fe-Cr,'® and Fe-Co'®; for example, in the Fe-Co system, 1.35 us is used in the
CALPHAD database for the magnetic moment of pure Co despite experimental
observations of approximately 1.8 us.!¢

1.3 Free Energy of a Phase

The general approach to describing the total free energy of a phase under an applied
magnetic field is

hase _ int ext
GP - Gnon—mag + Gmag + Gmag

The nonmagnetic and internal magnetic terms are described by polynomial fits
using the CALPHAD method and are available in commercial software (e.g.,
Thermo-Calc, JMatPro), open-source (e.g., pycalphad) databases, and literature.

The contributions of an applied field on the free energy of a phase include the
following:



« The chemical/nonmagnetic term, Gpopn—mag, Will not change with applied
field.

« The internal magnetic energy term, G,i,?cfg, will be affected by an applied
field.

« The external magnetic energy term, an’ﬁfg, exists only in the presence of an
applied field.

In the following sections we describe the details of how G},’}Cfg and G,i’ffg are affected

under an applied magnetic field.

1.3.1 Internal Magnetic Energy

The internal magnetic energy term is related to the energy benefit to magnetic
ordering (i.e., the difference between ferromagnetic and paramagnetic states). It is
derived from the magnetic contribution to the heat capacity. The general form for
this term is a piecewise function with the split condition at the magnetic transition
temperature (either Curie or Néel). As this transition temperature can change under
applied field, the internal magnetic energy can also change. The change in Tc under
an applied magnetic field is fairly straightforward and can be calculated from the
inflection point on the magnetization curve, identified by the red star in Fig. 3. The
application of a magnetic field increases the Tc.

Kuz'min magnetization
2.5 I I I '

— —i [
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Magnetization [ug]

=
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0.0 ] ] ] ] ]
) 600 800 1000 1200 1400
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Fig.3  The magnetization of pure iron calculated using the Kuz’min equations under no

field (black curve) and under an applied field of 10 Tesla (blue curve). The new Tc under the
applied field is indicated by the red star at the inflection point of the magnetization curve.



That the internal magnetic energy changes under an applied field in a ferromagnetic
material is borne out by experimental observations of the heat capacity in Fe and
Ni.!”"1 Under an applied magnetic field, the heat capacity curves generally exhibit
a more diffuse peak and higher measured values at higher temperatures. In
particular, Gschneidner and Pecharsky'? calculated the magnetic entropy from their
experimental heat capacity measurements and found it to increase under an applied
field. Modeling of the heat capacity using spin-lattice dynamics showed similar
behavior.?

Unfortunately, there are no straightforward approaches to determining the influence
an applied field has on the Tn. Morrish?! states that an applied field will lower
the T, but this is based upon a scenario where the field is applied parallel to a
particular sublattice in a given crystal structure. Experimental studies show both
decreases and increases in Tn depending on the orientation of the field vis-a-vis the
sample.”»* Boersma et al. showed a decrease in the Néel (approximately
—0.2° K/Tesla) when the field was applied along the easy axis and an increase when
applied along the hard axes.?? Christian et al. showed a similar orientation trend.
Both studies showed about a 0.1°-0.2° change in the Tn per Tesla.”* Conversely,
the Tn in various orientations of single-crystal Cr was found to not vary at all
(£0.01°) in fields up to 10 Tesla?* or up to 16 Tesla (+£0.02°).%

In our approach, we would generally consider polycrystalline samples, where even
a strong textural component is not comparable to a single orientation crystal. As
such, even if there were a change to the T as a function of orientation, it would be
countered by the multiple grain orientations. Therefore, we elect to neglect any
change to the Tn with applied field.

In summary, we expect the internal magnetic free energy of a phase to change under
an applied field if it has a ferromagnetic state (i.e., the Tc will be affected), but not
if it has an antiferromagnetic state.

The specific equations for the internal energy terms are discussed in the following.
The most common model is the formulism by Inden—Hiller—Jarl (IHJ).2%%
However, note that it has known drawbacks with respect to alloys that contain
multiple magnetic states depending on composition range. A more recent model by
Xiong et al.?® addressed these concerns and is used in this code. We describe both
forms here and have functions for both, as it is necessary to switch from the IHJ to
Xiong form for some systems (e.g., Fe-Cr, which is ferromagnetic on the Fe-rich
end and antiferromagnetic on the Cr-rich end).



1.3.1.1 IHJ Model
The internal magnetic free energy of the IHJ model is described by

G = RT In(Bayg + 1) g(7) 9)

internal

where 1 is the same as defined previously, favg 1s the average magnetic moment,
and g(7) is

) ) <

_ Al1a0p 497 \p 135 600
g(T) - 1[7-5 =15 =25 (10)
[ I > 1
Al10 " 315 ' 1500
with 4 as a constant:
518 11692 (1
A=t s (;_ 1) (1)

and p is an empirically derived ratio of magnetic enthalpy due to short range order
relative to the total magnetic enthalpy, and is given by

_{ 0.4, for BCC (12)
~10.28, for FCC and HCP

which was originally determined via experimental data from pure Fe and pure Ni,
respectively.?®

In several systems, such as Fe-Cr, there is both a ferromagnetic and an
antiferromagnetic phase. The IHJ formulism applies a prefactor to the magnetic
property equations (Egs. 7 and 8) based on crystal structure (—1 for body-centered
cubic and -3 for face-centered cubic/hexagonal close-packed) to capture the
antiferromagnetic phase. This severely constrains the description for the Tn as a
function of composition to maintain a continuous function across the whole
composition range. This is depicted in Fig. 4A, where the Tn description is
obviously a poor fit for any of the antiferromagnetic state (purple points) besides
the endpoint. An improvement by Xiong et al.?® separates the descriptions for the
ferromagnetic and antiferromagnetic states (e.g., here the Tn and Tc (Fig. 4B).
However, the Xiong model does require the use of local magnetic moments, which
are scarce in the literature.
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(A) Example of issues with IHJ model in describing a material system with two

magnetic states (ferromagnetic and antiferromagnetic) by using only one descriptor for the
magnetic properties. (B) Xiong model fix for the issue by using two descriptors, one for each
magnetic state. (Figure adapted from Xiong et al.?®)

1.3.1.2 Xiong Model

Xiong et al.”® developed a revised magnetic model using a thermodynamic effective
magnetic moment, £*, to address the issues in alloys with both ferromagnetic and
antiferromagnetic phases. This effective magnetic moment is calculated as follows:

pr=ILB:+ D" -1 (13)
and then used in the free energy as follows:
Gintormai. = RTIn(B* + 1) g(D) (14)
where g(7) is refit:
g(T) - 3 9 15 2
-1 1
1-=0.38438376 — - 063570895 (: — 1) (S + —+ —+ )|, 0<r<1
D P P 6 135 600 1617
e P | t>1
pl21 " 630 ' 2975 ' 8232
(15)
where D is a constant:
D = 0.33471979 + 0.49649686 (% - 1) (16)
and p is also refit to
_ {0.37, for BCC (17)
~10.25, for FCC and HCP
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Note that the local moments for antiferromagnetic materials can be negative for a
portion of the composition range—the values used for Eq. 13 are the absolute value.

The existing CALPHAD database fits for the magnetic moment have been
optimized to fit the magnetic contribution to the specific heat rather than the
absolute measured values of the magnetic moment. Since these fits have been
optimized specifically in the context of the contribution to the internal free energy,

it is rational to continue to use these adjusted thermodynamic moments for the

description of how the internal free energy, G,i,ﬁfg, will change with an applied field.

However, in calculating the external free-energy contribution, G4, the existing

adjusted parameters should not be used, as we desire an accurate description of the
moment for use in the magnetization/susceptibility calculation.

Returning to the impact of an applied magnetic field, for either the IHJ or Xiong
model, the shift in Tc expected under an applied field will affect the reduced
temperature input, 7, and subsequently the internal magnetic energy.

1.3.2 External Magnetic Energy

The external term for the effect of an applied magnetic field on the free energy is
Gy = —Ho J,' M(H,T,x)dH (18)

where H is the applied field and M is the magnetization, which is a function of the
field, temperature (7), and composition (x), and uo is the permeability of free space.

For ferromagnetic states this is evaluated as
1
Gty = —tto (M + 2 My ) H (19)

where M is the zero-field magnetization and My is the field-induced
magnetization. The components of the magnetization are illustrated in Fig. 5.

11
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Fig.5  Visual representation of the integration of magnetization: the black curve is zero-
field magnetization (M), and the purple curve is magnetization under a magnetic field. At a
given temperature, the zero-field magnetization is indicated by a black X and the
magnetization under applied field indicated by a purple X. The field-induced magnetization
(Mp) is the difference between the two, indicated by red arrow.

For paramagnetic states Eq. 18 becomes
1
Grag = —Ho; XH? (20)

where y is the susceptibility calculated either via Eq. 5 or Eq. 6 depending on
whether the material has an antiferromagnetic state or not. Antiferromagnetic states
(below the Tn) are out of the scope of this work, being so depending on the crystal
structure of the phase and the orientation of the field, among other factors.

2. Python Code

2.1 Code Structure

The overall structure of the code is delineated in Fig. 6 and the code itself is in
Appendix A. The overarching function magnet energies() returns the free-energy
descriptions for all phases of interest by calling the phase-specific functions that
calculate the contributions to the free energy from the magnetic field and the
Thermo-Calc function, alpha gamma epsilon_energy(), for the nonmagnetic
components. To calculate the martensitic phase transformations, the summary free
energies are passed to transformation_gamma_alpha() for the y — a-martensite

12



transformation and transformation_gamma_epsilon() for the y — e-martensite

transformation.

» filepath

magnet_energies()

> our_magnet_prop,
» effective_magnet_prop,

Gph(_zse = vafzsy + Ggllgg

magnet_alpha()

¥ field

composition

temperaturearray

our_magnet_prop:
(T, )

a

YOV Y

magnet_gammay)
> field

composition
temperaturearray

YV Y

>
> composition

8 > temperaturearray
> our_magnet_prop:

(T, ot
> effective_mag;
(%0, pysatey)

+

Gnon—mag

alpha_gamma_epsilon_energy()*

v

composition

TRANSFORMATIONS

transformation_gamma_alpha()
results

3 » effective_magnet_prop: s

< field, (D%, ) > field
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» composition, » Name

*  stormvinter lathlll effective()
*  stormvinter platelV effective()

- > eflective_magnet_prop,
our_magnet_prop: i —magl
) o, myey) - I"_]“"“ " transformation_gamma_epsilon()
* alpha_gamma_epsilon_energy()*| > effective_magnet_prop ~ ilepat > results
+ magnet_alpha( T PRp—— ;e
« magnet_gamma() - com:msmon
. . > n=
* magnet_epsilon() magnet_epsilon() > sigma =10
field > grain size = 10 [um]

* SFE()

Phase

GPhase —

Magnetic State

ext
Gmag

External contribution

int
Gmag

magnet_alpha() - d ' !
- aramagnetic —> dG_para ' :
> field © P gnetie > ?fmpera?ure, Ty, i dG_INTERNAL _ferromagnet():
» composition 5 -T Moy field 1 » field, effective_magnet_prop, |

» temperaturearray § Curie Para)suscepﬁbﬂf 00 H temperature array i

» our_magnet_prop: & - i ! new_TC from_field() 1

alloy allo; . 1 !

T i) g ferromagnetic — landau() e gtau) :

> effective_magnet_prop: (2 > field, Ty maloy ! H

(T oy, m*alloy) # held, 177, m ! B

S : i

magnet_gammay) gt} paramagnetic —f> dGfcc_para() ' :

> field & J > field 5 :

> composition | E

> temperaturearray g | paramagnetic —»dG_AFM_paramagnetic()|; dG_INTERNAL_AFM() :

» our_magnet_prop: s » temperature, i > field, effective_magnet_prop, |

(T, ey 5 ] our_magnet_prop, field, ! temperature array 1
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=l [ antiferromagnetic> dG_AFM() ! :

agnet_epsilon() 7 : :

7 field g | paramagnetic —>dG_AFM_paramagnetic()|! dG_INTERNAL _AFM() :

’ composition s > temperature, | » field, effective_magnet_prop, i

8 : f‘zlp::gﬁii:& g - our_magnet_prop, field, H temperature array i
1 - — , y ; ibili H J7 '

(T, moler) % TNeel AFM_susceptibility() : g_tau() :

> effective_magnet_prop: . }antiferromagnetiv* dG_AFM() i E

(T Galloy, pyalloy)

Fig. 6  Diagram of code structure. Python functions are in italics. Inputs to the functions
are indicated by arrow bullet points. Subsidiary functions are regular bullet points.

Each phase (for steel: a, v, €) has its own summarizing function—magnet alpha(),
magnet_gamma(), and magnet_epsilon()—within which decisions are made about

how to calculate the contribution to the free energy associated with the applied

field. These are split between the contributions to the external energy, Gy, and to
the internal energy, G,i,?jg. At each temperature considered, the magnetic state of
the phase is determined (e.g., by comparison to the magnetic transition temperature
of the phase), and the function associated with that magnetic state is called to

calculate the free-energy change.
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These functions are all contained in the module: MAGNETS.py and called by the
various example scripts. The Python class steel class is in the module and used to
store all the necessary information about the alloy.

2.1.1 Steel Class

The steel class is initialized with a name for the alloy to be investigated, a dictionary
of the alloy composition, and the unit for the composition dictionary. The
composition dictionary has the elements as the keys and the amount as the value.
The values can either be in units of weight percent (wt%), weight fraction (wt),
atomic percent (at%), or atomic fraction (at). The class automatically converts the
initialized composition unit type to the other three unit types for ease of calculations
later. Generally, the magnetic calculations take in composition in atomic fraction,
while the thermodynamic calculations take in weight percent. The other attributes
of the class are in Table 1 and include dictionaries for the magnetic properties of
the alloy (mag_prop, effective_mag_prop, and calphad _mag prop), which will be
further discussed in Section 2.2, a dictionary for the free energy of phases (dG) to
be discussed in Section 2.3, and a dictionary for the martensite start temperatures
(Ms) to be discussed in Section 2.7.

Table 1 Attributes in class steel _class

Value

Attribute Type Format unit Example
Name String Name . ‘Fe _0.1C_5Nv’
comp WT percent Dictionary  {‘clement’: value} wt%? {*C’: 0.5, ‘Cr’: 12}
comp WT fraction wt
comp_ AT percent at%
comp AT fraction at
molar_mass Float Float g/mol 55.8
mag_prop Dictionary {‘phase’: {‘bec’:
‘m’: moment, m: U ‘m’: 2.1,
‘Tc’: Curie/Néel Tc: K ‘Tc’: 1037}
temperature}
effective_mag_prop Dictionary {‘phase’: {*bec’:
‘m’: moment, m: U ‘m’: 1.97,
‘Tc’: Curie/Néel Tc: K ‘Tc’: 1032}
temperature}
calphad mag prop Dictionary {‘phase’: {*bec’:
‘m’: moment, m: ug ‘m’: 2.22,
‘Tc’: Curie/Néel Tc: K ‘Tc’: 1043}
temperature}
dG Dictionary {‘phase’: J/mol  {‘bee’: [1000, ..., 60000],
[free energy array], “fce’: [2000, ..., 50000],
‘T [K]: K ‘T[K]:[1, ..., 1000] }

[temperature array]}
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Ms dictionary {‘type’: K {‘exp’: 437, ‘ab3’: 468}
temperature}
2 Composition can be passed into the class in any of the four options for units; the class converts the
passed in unit to the other three units.
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2.1.2 Global Variables and General Functions

Variables and functions in this section are utilized in several locations throughout
the code. The variables are delineated in Table 2 and include physical constants,
materials parameters, and conversion factors.

Table 2 Global variables in MAGNETS.py module
Variable Value Unit Description
mu0 47 le-7 Wb/(A m)  uy, Permeability
muB 9.274e-24 T I8, Bohr magneton
k 1.38e-23 J/K Boltzmann constant
Nav 6.02214076e23 /mol Avogadro’s number
R 8.314 J/(Kmol)  Gas constant
mm ‘Fe’:55.845, g/mol Molar mass
‘C’:12.0107,
‘Mn’:54.938,
teslaconvert 7.958e5 Tesla — Conversion factor for magnetic field units
A/m 1 [T]=10* [O¢] and —= [0e] = 1 [%]
cmg_to mkg 47 1e-3 cm’/g — Conversion factor for susceptibility units
m’/kg
magnetred (0.902, 0, 0.357) RGB Color values for plots,
alphacolor 0,0,1) for each by phase
gammacolor (0.2,0.6,0.4)
epsiloncolor (1,0,0)

Note: RGB = red—green—blue

find_nearest(array, value)
Purpose
« finds the nearest value in an array to a specified value
Parameters
« array: array of interest
« value: value to find in the array
Returns

« 1idx: index of array nearest to value

2.2 Functions for Alloy Properties

There are two main functions for calculating the change to the magnetic properties
as a function of alloy content:
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« alloy curie or_neel()
« alloy moment()

A third function, moment _effective(), is used in the process of generating the alloy
coefficients from local moments for the effective moment in Eq. 13. Two empirical
equations for Tx are included from Aristeidakis and Haidemenopoulos® in
functions as well.

Within each function are the dictionaries of coefficients to describe the change in
Tc, TN, or magnetic moment (here, f). The coefficients are in the form of Egs. 7
and 8 from Section 1.2 with the composition in atomic fraction.

The same coefficients for the Tc would be used for the paramagnetic Tc; however,
the value for pure Fe used would be 1078 or 1093 K'? for paramagnetic Tc instead
of 1043 K for Tc. We have two instantiations of the alloy descriptions, one for the
internal free energy (that may use adjusted/effective property values) and one for
the external free energy (which is the most accurate fit to the experimentally
observed property values). The Xiong internal energy model uses an effective
magnetic moment by definition. Therefore, there are separate dictionaries for the
effective property fits used for the internal energy calculation versus the property
fits for the external energy calculation.

The keys for the coefficient dictionaries are the following:

« phase
o element
= ith coefficient value
*  pureX TX , Ti, or By depending on the dictionary

As an example,
coef dict= {‘bec":{*Al’ : {0: -438, 1: 1720, ‘pureX’ : 0}, ‘C’:...}, ‘fcc’:...}

The coefficients in this version of the code are predominantly for the a-BCC phase
of Fe alloys, and the details of their calculation can be found in Murdoch et al.'?
Coefficients for the y and € phases are still in development and not included in this
version of the functions.

alloy_curie_or_neel(mol_comp_dict, phase = 'bec’, calc_type="EXT’,
temp_type='Curie’, feTc = 1043):
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Purpose

Calculate either Curie or Néel temperature as a function of alloy content
given coefficients for polynomial fit

Currently uses BINARY parameters only, no ternary or higher higher-order
interactions

Parameters

mol_comp _dict: dictionary of compositions in atomic fraction

phase: the phase of interest, used as the one of the keys in the coefficient
dictionary. The default is ‘bee.’

calc_type: chooses the coefficient dictionary to use
o ‘EXT’ for calculating external field magnetization/energy,
o ‘INT’ for calculating the internal magnetic free energy (effective).

o The defaultis ‘EXT.’

temp_type: magnetic transition temperature type Curie/Néel. The default is
‘Curie.’

feTc: Curie temperature of iron. can be changed if doing Néel or
paramagnetic Curie. The default is 1043.

Returns

alloy: Curie/Néel temperature at composition X

alloy_moment(mol_comp_dict, phase="bcc’, calc_type = 'EXT', mFe = 2.22):

Purpose:

Calculate AVG moment as a function of alloy content given coefficients for
polynomial fit

Currently uses BINARY parameters only, no ternary or higher higher-order
interactions

Parameters

mol _comp_dict: dictionary of composition in ATOMIC FRACTION

phase: the phase of interest, used as the one of the keys in the coefficient
dictionary. The default is ‘bee.’

calc_type: chooses the coefficient dictionary to use
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o ‘EXT’ for calculating external field magnetization/energy,
o ‘INT’ for calculating the internal magnetic free energy (effective).

o The default is ‘EXT.’
« mFe: moment of iron. The default is 2.22.
Returns
 alloy: the magnetic moment of the alloy in uB
neel_gamma_empirical(elemsAT):

Purpose:

« Empirical equation for Néel temperature of the GAMMA phase given
composition (Aristeidakis and Haidemenopoulos®).

Parameters
« elemsAT: dictionary of composition in atomic fraction
Returns

« Tn: Néel temperature in Kelvin

neel_epsilon_empirical(elemsAT):
Purpose:

« Empirical equation for Néel temperature of the EPSILON phase given
composition (Aristeidakis and Haidemenopoulos?®).

Parameters

. elemsAT: dictionary of composition in atomic fraction
Returns

« Tn: Néel temperature in Kelvin

These functions are used to build the magnetic property dictionaries associated with
the steel_class. The dictionaries in the class have the following format:

{‘phase’: {‘m’: value, ‘Tc’: value, ‘Tn’: value, ‘Neelfactor’: value} }

Units of the magnetic moment, m, are Bohr magneton, ps. The value for pure Fe
would be 2.22, as in 2.22 ps. The units of the magnetic transition temperature are
Kelvin. The required and optional magnetic property dictionary keys are in
Table 3.
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Table 3 Keys in magnetic property dictionaries

Key Property Units
m Magnetic moment 1B
Tc Curie temperature K
theta Paramagnetic Curie temperature K
Tn Néel temperature K
Neelfactor Ratio of 6 / Tx

An optional key is “Neelfactor,” which is the constant that describes the relationship
between the Tn and the transition temperature 6 in the susceptibility Eq. 6, as
described in Section 1.1.2.2. This factor is a function of crystal structure and
antiferromagnetic type. The key ‘theta’ is also optional as the paramagnetic Tc
would be preferred for use in calculating the paramagnetic susceptibility.

Note that many functions associated with the y and € phases will be making
decisions about the antiferromagnetic state based on whether the magnetic
coefficient dictionary contains the key ‘Tn’ for a Tn. Therefore, if the material does
not have a Tn, do not include it as a key with an empty value.

There are three magnetic property dictionaries contained in the steel class and used
in the various magnetic functions:

. mag prop: the values calculated by user for use in magnetization and
susceptibility calculations and the IHJ form of the internal magnetic energy

« effective_mag prop: the values calculated by user for use in Xiong internal
magnetic energy calculation

o calphad mag prop: the values contained in the CALPHAD database (e.g.,
Thermo-Calc TCFE10). These may be necessary to calculate the
replacement of the IHJ internal magnetic energy with the Xiong internal
magnetic energy depending on how the total free energies are assessed.

The mag_prop dictionary would be calculated using the ‘EXT’ calculation type in
the alloy property functions, and effective mag prop dictionary would be
calculated using the ‘INT’ calculation type.

2.3 Functions for Free Energy of a Phase

The overarching function magnetic_energies() calls the function to get the total free
energy of the phases from Thermo-Calc and the functions to calculate the magnetic
contribution to the free energy for each individual phase. If you are not using
Thermo-Calc you would omit this function and just call the functions for the
magnetic contribution of the individual phases directly.
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magnetic_energies(field, steel, path):
Purpose:
« Calculates contribution of magnetic field to free energy of alpha phase

o Uses: alpha gamma epsilon energy() — requires ThermoCalc
magnet alpha(), magnet gamma(), magnet epsilon()

Parameters
« field: applied magnetic field in Tesla

. steel: instance of the class that includes name, composition, and magnetic
properties

Returns
« Results: dataframe including free energies of alpha and gamma phases at

0T and {field} T, also exported to comma-separated value (CSV) file

2.3.1 CALPHAD Free-Energy Functions

These functions require Thermo-Calc and the TC-Python Application
Programming Interface (API) in their current format. In this function, the IHJ
internal energy is swapped for the Xiong internal energy, necessitating the use of
the effective_magnet prop dictionary.

alpha_gamma_epsilon_energy(steel, filepath, tmax = 1000, tmin = 0.1,
tstep =0.1)

Purpose:

« Function to get free energies of alpha (BCC_A2), gamma (FCC_Al), and
epsilon (HCP_A3) phases from Thermo-Calc

« Also returns the Tc and moment as a function of alloy content as defined by
the Thermo-Calc database coefficients (not the coefficients we have defined
using the alloy functions)

Parameters
« composition: dictionary of alloy in WEIGHT PERCENT
« name: name of the alloy for logfile and results file
Returns

 totalresult: dataframe of temperature (index), G(bcc), G(fcc)
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« thermocalc_magnet prop: dictionary of Curie temp and moment for the
phases

2.3.2 Calculations for the Individual Phases

The choice for what magnetic state a given phase is in is contained within the
magnet {phase}() functions, but the general decision-making tree is illustrated in
Fig. 6.

2.3.2.1 o Phase

The magnet _alpha() function returns a dataframe with temperature as the index and
the various columns of magnetic contributions; for the external contribution it is
one column where the values will be from the ferromagnetic description up until
Tc + 40 K and then paramagnetic description thereafter.

Within magnet alpha(), the temperature is checked against the Tc to determine
whether to use ferromagnetic or paramagnetic description. The Tc is calculated
from new TC from field(). The criteria, Tc + 40 K, is determined from
experimental observations in pure Fe (i.e., the Curie—Weiss form of the
paramagnetic description [Eq. 5] only begins to be valid at a certain point above
the Curie temperature®’). As an example, we see for pure Fe the magnetization
under an applied field of 10 Tesla with two experimental data points by Hao and
Ohtsuka' in Fig. 7; the solid red curve is the magnetization calculated by Kuz’min
ferromagnetic theory and the dashed curve is the magnetization by the Curie—Weiss
paramagnetic description. The asymptote for the magnetization for the
paramagnetic region under applied field is what we are avoiding with the Tc +
40 K criteria.

magnet_alpha(field, temperaturearray, steel, nofieldarray = np.linspace(1e-
5,1,100001), magarray = np.linspace(1e-5,1.01,100001)):
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Purpose:
« Calculates contribution of applied magnetic field to ALPHA phase

« Uses: landau() for ferromagnetic and dG para() if paramagnetic,
dG_INTERNAL ferromagnet() for both

Parameters

field: applied field in Tesla
« temperaturearray: array of temperature
. steel: instance of the steel class that includes the magnetic properties

. nofieldarray: array of reduced magnetization (sigma) to solve Landau
description for ferromagnet, no field

o The default is np.linspace(1e-5,1,100001).

« magarray: array of reduced magnetization (sigma) to solve Landau
description for ferromagnet, no field

o The default is np.linspace(1le-5,1.01,100001).
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Returns
« fieldresults_alpha: dataframe with index of temperature, columns of change

to free energy and magnetization due to applied field

2.3.2.2 vy Phase

The function magnet gamma() checks for a Tn in the magnetic properties of the
instance of the steel class. If it is present in steel class.mag_prop, it will treat the
phase as antiferromagnetic and use the associated functions; if not, it will use the
paramagnetic functions.

magnet_gammal(field, temperaturearray, steel):

Purpose:
« Calculates contribution of applied magnetic field to GAMMA phase
« Checks for antiferromagnetic phase

« Uses: dG INTERNAL ferromagnet() and dG_fcc para() if paramagnetic,

o dG INTERNAL AFM and dG_AFM paramagnetic() if
antiferromagnetic

Parameters

« field: magnetic field strength in Tesla

. temperaturearray: list of temperatures to do free energy calculation at

. steel: instance of the steel class that includes the magnetic properties
Returns

o fieldresults epsilon: dataframe with index of temperature, columns of

change to free energy due to applied field

2.3.2.3 € Phase

The function magnet_epsilon() checks for a Tn in the magnetic properties of the
instance of the steel class. If it is present in steel class.mag _prop, it will treat the
phase as antiferromagnetic and use the associated functions; if not, it will use the
paramagnetic functions.

magnet_epsilon(field, temperaturearray, steel):

Purpose:
« Calculates contribution of applied magnetic field to EPSILON phase
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« Checks for antiferromagnetic phase

« Uses: dG_INTERNAL ferromagnet() if paramagnetic,
dG _INTERNAL AFM and dG_AFM_paramagnetic() if antiferromagnetic

Parameters
 field: magnetic field strength in Tesla
. temperaturearray: list of temperatures to do free energy calculation at
. steel: instance of the steel class that includes the magnetic properties
Returns

o fieldresults epsilon: dataframe with index of temperature, columns of
change to free energy due to applied field

2.4 Functions for Internal Magnetic Energy Change

magnetic
internal

There are two main functions for calculating the term G as part of the phase

description:

« dG INTERNAL ferromagnet(): for phases with a ferromagnetic state,
which uses the Tc for the reduced temperature, 7z, and calculates the shift in
Tc under an applied field with the function new TC from_field().

o dG INTERNAL AFM): for phases with an antiferromagnetic state, which
uses the Tn for the reduced temperature, 7, and currently assumes no change
to the Tn under an applied field. As no change to the transition temperature
will result from an applied field, this calculation performed by this function
will currently result in a change of 0 J/mol to the internal energy. However,
in the future, texture effects may want to be accounted for, which could shift
the Tn under applied field in measurable ways.

The other functions used in calculating the internal magnetic energy refer to the
equations of Section 1.3.1 and the switch from the IHJ model to the Xiong model.
The function g internal swap() in particular calculates the difference in the
predicted internal magnetic energy by the IHJ model versus the Xiong model.

dG_INTERNAL_ ferromagnet(field, effective_magnet_prop,
temperature_array, structure = 'bcc’):

Purpose:

« Calculate internal magnetic energy in no field and field
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« Uses change in Curie temperature with applied field, new TC from_field()

. and functions g tau IHJ() and g tau xiong() for internal entropy
calculation

Parameters
« field: applied field in [Tesla]
« Tec: curie temperature of alloy in [K]
« m: magnetic moment of alloy in [uB], (e.g., 2.2 uB)

. temperature array: temperature list to iterate through, from dataframe of
free energy values in [K]

« structure = phase bce/fee/hep, needed for G functions
Returns

« dGinternal: list of difference between internal magnetic energy IN FIELD
and without in [J/mol]

Uses/Needs
« new TC from field()

e g tau xiong()

dG_INTERNAL _AFM(field, effective_magnet _prop, temperature_array,
structure = 'bcc'):

Purpose

« Calculate internal magnetic energy in no field and field

« and functions g_tau_xiong() for internal entropy calculation
Parameters

« Field: applied field in [Tesla]

« TN: Neel temperature of alloy in [K]

« m: magnetic moment of alloy in [uB], (e.g., 2.2 uB)

. temperature array: temperature list to iterate through, from dataframe of
free energy values in [K]

. structure = phase bce/fee/hep, needed for G functions
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Returns

« dGinternal: list of difference between internal magnetic energy IN FIELD
and without in [J/mol]

Uses / Needs
« g tau xiong()

g_internal_swap(temperature_array, thermocalc_magnet_prop,
effective_magnet_prop, structure = 'bcc'):

Purpose

« Function to replace the internal magnetic energy calculated in CALPHAD
using IHJ model

« with internal magnetic energy calculated via Xiong model
o Uses: g tau IHJ(), g tau xiong()
Parameters

. temperature array: temperature list to iterate through, from dataframe of
free energy values in [K]

. thermocalc magnet prop: dictionary of the magnetic properties from
CALPHAD database

. effective_magnet prop: dictionary of effective magnetic properties after the
Xiong model

« structure: crystal structure of the phase. The default is bec.
Returns

« GintIHJ: internal magnetic energy using the IHJ model

« Gint_xiong: internal magnetic energy using the Xiong model.
g _tau IHJ(tau, structure="'bcc'):
Purpose

« IHJ function for internal magnetic ordering

« G mag internal =R * T * np.log(beta + 1) * g tau
Parameters

 tau: temperature/Tc
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structure: used for structure factor, p; default is bee

Returns

gtau: value of IHJ function at that temperature

g_tau xiong(tau, structure="bcc'):

Purpose:

Xiong function for internal magnetic ordering
[https://doi.org/10.1016/j.calphad.2012.07.002]
G _mag_internal =R * T * np.log(beta* + 1) * g tau

Parameters

Raises

tau: reduced temperature, T/Tc or T/Tn

structure: crystal structure of the phase. The default is bec.

AttributeError: if incorrect structure/phase is entered

Returns

gtau: value of function g_tau.

2.5 Functions for External Magnetic Energy Change

2.5.1 Ferromagnetic State

There is no standalone function for the free-energy change when the phase is in the

ferromagnetic state, as it is more computationally efficient (given that the

magnetization must be numerically solved) to calculate all at once in the

magnet_alpha() function.

2.5.2 Paramagnetic State

The following functions describe the various possible paramagnetic states:

dG para(): paramagnetic state of a phase with a Tc (e.g., for calculations at
temperatures above the paramagnetic Tc)

dG _AFM paramagnetic(): paramagnetic state of a phase with a Tn (e.g.,
for calculations at temperatures above the Tn)

dG fcc_para(): paramagnetic y phase (e.g., does not have a
Tn/antiferromagnetic state). Currently using the susceptibility equation of
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pure Fe from Gao et al.'? Since the contribution in the phase/magnetic state
is very small compared to other possibilities, this function does not take a
variation as a function of alloy content.

Recall from Eq. 20 the external energy term in a paramagnetic state is

1
external — HZ
Gparamagnetic - E HoX

The final units for the free energy need to be in J/mol. The starting units of the
applied field input are Tesla, and the susceptibility, y, units from the
para_susceptibility() and AFM susceptibility() functions are cm?/g. The applied
field is converted from Tesla to A/m: 1[T] = 7.958 x 10° [%]

The units for the rest of the Eq. 20 follow, including incorporation of molar mass
(which is input as g/mol):

o[22 [ 2] et

woo [ [] = sex 0o [2] e

Sl el e
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dG_para(T, our_magnet_prop, molar_mass, magstrength, j = 1):

Purpose

« Calculates free energy of paramagnetic alpha (BCC) phase under applied
magnetic field

« Returns one value at one temperature point

« Parameters

« T: temperature

« our_magnet prop: dictionary of magnetic properties
« magstrength: applied field in Tesla

« j: WMFT parameter, = 1 for paramagnetic
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Returns
« dG: change in free energy from magnet in J/mol

dG_AFM_paramagnetic(T, our_magnet_prop, molar_mass,
magstrength, structure = 'bcc’):

Purpose:

« Calculates free energy of antiferromagnetic phase above Tn under applied
magnetic field

« Returns one value at one temperature point
Parameters

o T: temperature

. our magnet prop: dictionary of magnetic properties

« molar_mass: molar mass of alloy

. magstrength: field strength in Tesla

. structure: crystal structure of phase. The default is bcc.
Returns

« dG_afm: change in free energy from magnet in J/mol
dG_fcc_para(T, magstrength, molar_mass):
Purpose:

« Calculates free energy of paramagnetic fcc phase under applied magnetic
field

« No alloy change — this is pure Fe

« [Gao et al.'?; https://doi.org/10.1088/0022-3727/39/14/003]
Parameters

« T: temperature

« magstrength: applied field in Tesla

« molar mass: molar mass of alloy
Returns

« dGfcc: change in free energy from magnet in J/mol
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2.6 Functions for Magnetic States

2.6.1 Ferromagnetic State

The primary function for ferromagnetic calculations is /andau(), which calculates
the magnetization curve of an alloy. It is possible to solve the Kuz’min—Landau
equations for a single magnetization at a given temperature; however, it is far more
efficient to feed the Landau model a very finely spaced array of reduced
magnetizations (M/Mo will be from 0 to 1) and then locate the temperature of
interest in the solution array. Under an applied field, the magnetization array will
need to be slightly larger (e.g., 0 to 1.05), so functions that call landau(), such as
magnetization curves(), will generally have two arguments with default arrays for
field and no field cases.

As discussed in Section 1.3.1, the Tc of an alloy will increase under an applied
field. This is calculated via new TC from_field(), which uses the inflection point
of the magnetization curve to determine the new Tc under the given field.
landau(H, sig, Tc=1043, m0=2.22, p=0.25, k=0.18, a0=3.3)

Purpose:

« Calculate magnetization of an alloy using Kuz’min application of Landau’
Parameters

« H: applied field in Tesla

. sig: array of reduced magnetization (M/MO)

« Tc: Tc of the alloy in [K]. The default is 1043.

. m0: magnetic moment of the alloy in [us]. The default is 2.22.

« p: coefficient in model. The default is 0.25 (pure Fe).

« k: coefficient in model. The default is 0.18 (pure Fe).

« a0: coefficient in model. The default is 3.33 (pure Fe).
Returns

« [T, m]: array of temperature [K] and magnetization [us] values

magnetization_curves(TCalloy, malloy, field, magarray=np.linspace(1le-5, 1.01,
1001), nofieldarray=np.linspace(1le-5, 1.0, 1001)):

Purpose:
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« Calculates magnetization curves for no field and applied field for a given
alloy

Parameters
« TCalloy: Tc of the alloy
- malloy: magnetic moment of the alloy
« field: applied magnetic field in Tesla

. magarray: array of reduced magnetization values for field-induced
magnetization. The default is np.linspace(1e-5,1.01,1001).

. nofieldarray: array of reduced magnetization values for no field
magnetization. The default is np.linspace(le-5,1.01,1001).

Returns
. field magnetization: array of [T, M] under applied field
« nofield magnetization: array of [T, M] for zero field
new TC from_field(field, Tc, m0):
Purpose
. Function to calculate shift in Tc under applied field
Parameters
« field: applied field in [Tesla]
« Tc: Curie temperature of alloy in [K]
. m0: magnetic moment of alloy in [uB]
Returns

« newTC: Curie temperature under applied field in [K]

o landau(H, sig, Tc=1043, m0=2.22, X=0., p=0.25, k=0.18, a0=3.3)
2.6.2 Functions for Paramagnetic State

2.6.2.1 Susceptibility of Phase above Curie Temperature
The susceptibility is calculated with the function para_susceptibility(); us.
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The derivation of these equations is detailed in the following, including units’
conversions for reference.

Nav (j+1) {Bailoy}* ( 1000 ) ﬁ] (22)

X=Ho=y 35 k (T-6aUoyy \4nrx10-3) | g

where M is molar mass in [g/mol], N4r is Avogadro’s number, and j is the WMFT
parameter, which is 1 for paramagnetic materials.
para_susceptibility(T, malloy, thetaalloy, j = 1):
Purpose:
« Calculates paramagnetic susceptibility using alloy form of Curie—Weiss
« Murdoch et al. 2021a'°
Parameters
« T:temperature in Kelvin
« malloy: magnetic moment of the alloy in us
« thetaalloy: paramagnetic curie temperature of the alloy, in Kelvin
o j: WMFT parameter, = 1 for paramagnetic
Returns
. susceptibility: susceptibility at a given temperature [cm®/g]
The change to the free energy as a consequence of an applied field using this

susceptibility is the function dG para().

2.6.2.2 Susceptibility of Phase above Néel Temperature

_ Nay {ﬁalloy}z 1000 ﬁ
X = Mo -0 (4n><10—3) [ g (23)

where M is molar mass in [g/mol].
AFM_susceptibility(T, malloy, neel, neelfactor = -1):
Purpose:

« calculates susceptibility for antiferromagnetic phase
Parameters

o T:temperature in Kelvin
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. malloy: magnetic moment in muB
o neel: TN

« neelfactor: thetaAF is a function of the crystal structure and is neelfactor *
Néel. The default is —1.

Returns

. susceptibility: antiferromagnetic susceptibility at a temperature [cm?/g]

2.6.2.3 Susceptibility of Phase without Curie/Néel Temperature

For a paramagnetic material (e.g., the y phase in pure Fe'?):

Y (24)

_1.33x1071 [cm3
T+3451 g

gamma_susceptibility(T):
Purpose
« Calculates susceptibility of gamma phase using Gao'?
Parameters
« T:temperature in Kelvin
Returns
. susceptibility: susceptibility in cm”3/g

2.6.3 Functions for Antiferromagnetic State

At this time, we are not considering the effect of magnetic field on the
antiferromagnetic state of the y or € phase due to the complexities that arise from
orientation dependence and the fact that the Tn is often lower than room
temperature and not a traditionally viable processing space.

AFM():

Purpose:
Placeholder function if we ever want to describe below the Tn
Returns

« 0; in the future would return susceptibility at temperature
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2.7 Martensite Transformation Functions

There are two martensite transformations considered in this code, y — a-martensite
and y— € martensite. Each transformation has a parent function
transformation_gamma_alpha() or transformation_gamma_epsilon(),
respectively. Each transformation has a driving force; in the case of the y—a, this
driving force is calculated using the Stormvinter model*! with the coefficients
modified to account for the Xiong internal energy model instead of the original IHJ
model. For the y—e¢, the driving force model is based on the stacking fault energy
(SFE) as described in Lloyd et al.*? and Pisarik and Van Aken.>

2.7.1 y - a-martensite

transformation_gamma_alpha(results, field, composition, name):
Purpose

. calculate the alpha martensite start temperature under applied field
Parameters

. results: dataframe of results from free energy calculation

. field: applied field in Tesla

« composition: composition dictionary for alloy

. name: name of alloy (for plot title...)
Returns

. nomag Ms: martensite start temperature for 0 applied field

. fullmag Ms: martensite start temperature for applied field including both
internal and external contributions

« extmag Ms: martensite start temperature for applied field including
external contributions ONLY

stormvinter_lathlll_effective(composition):

Purpose:
« Driving force for alpha martensite lath using Stromvinter model*!

« Coefficients have been refit to account for effective thermodynamic
properties/Xiong internal energy model

Parameters
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. composition: dictionary of composition (in AT PERCENT)
Returns

« Driving force in J/mol
stormvinter_platelV _effective(composition):
Purpose:

« Driving force for alpha martensite plate using Stromvinter model

« Coefficients have been refit to account for effective thermodynamic
properties/Xiong internal energy model

Parameters
« composition: dictionary of composition (in AT PERCENT)
Returns

« Driving force in J/mol

2.7.2 y -> e-martensite

The e-martensite driving force can be estimated via the stacking fault energy (see
Lloyd et al.*? and Pisarik and Van Aken??). As the coefficient dictionary for the €
phase is not yet complete, this function is not currently included in the code module.

3. Examples

The example script, MAGNETS examples.ipynb, which is in Appendix B,
contains the following sections:
“Comparison of Susceptibility Fit to Data”
. “Example Magnetization Curve”

« “Free Energy Examples”

These are described in the following. A fourth example, that of the y — a-
martensite transformation, is described in Section 3.3 but does not have an
accompanying example script as it requires the Thermo-Calc software to run.

3.1 Magnetization Curve and Susceptibility of Some Alloys

The code section “Comparison of Susceptibility Fit to Data” compares the
susceptibility calculated by the empirical fits for the Fe-V system'? and the function
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para_susceptibility() to the measured susceptibility of Arajs et al.”* The results are

in Fig. 8, with the experimental measurements as points and the fit as lines. The fit
is quite good up to a fairly high amount of V content, and the expected trend of an
increase in inverse susceptibility with increasing alloy content is captured well.

Susceptibility of Fe-V [Arajs 1962]
! I I |
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it
O 142athV
b— &
O 194athV

— it

l 1 1 I
1OI 00 1200 1300 1400 1500 1600

Temperature [K]

Fig.8  Plot of predicted susceptibility for the paramagnetic state of Fe-V. Experimental
data as points from Arajs et al.>* and fit as lines from the para_susceptibility() function.

The code section “Example Magnetization Curve” shows the calculation of the
magnetization for the ferromagnetic state for no field and for an applied field of 20
Tesla using the function magnetization curves(). The curves are shown in Fig. 9.
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Fig.9  Example plot of magnetization curves at no field (navy) and an applied field of 20
Tesla (pink) using the magnetization_curves() function
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3.2 Free-Energy Curves

The code section “Free Energy Examples” sets up the magnetic property
dictionaries for a given example alloy and then calculates the change in free energy
under an applied field for the three phases. In this example, the y and € phases are
antiferromagnetic, and the energy change is calculated for the paramagnetic state.
The free-energy change for an example ferromagnetic state is in Fig. 10. The
example free-energy changes for the paramagnetic state are in Fig. 11.
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Fig. 10  Plot of free-energy change from an applied field of 10 Tesla for the ferromagnetic a

phase
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Fig. 11 Plot of free-energy change from an applied field of 10 Tesla for the paramagnetic

state of the antiferromagnetic y and € phases
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3.3 Martensite Transformation

Because an example of the martensite transformation calculation under an applied
field requires the Thermo-Calc Python API** we do not include a script example,
but an example output is shown in Fig. 12. This is the shift in the martensite start
(Ms) temperature for the lath and plate forms of martensite under an applied field
of 10 Tesla. The points are experimentally observed Ms for Fe-Mn alloys.’! The
Thermo-Calc database used is TCFE10.3

h». I — 0T LATH

e [ —— 0T PLATE
E'J 600 ‘-\ —— 10T LATH
—_ \ == 10T PLATE
=

= 400

| -

@

O

&=

& 200

D

=

Fig. 12 Plot of shift in Ms temperature for both lath and plate forms from no field to an
applied field of 10 Tesla for Fe-Mn alloys. Points are experimental observations from
Stormvinter,’! and lines are the predicted Ms values from the transformation_gamma_alpha()
function.

4. Conclusions and Future Work

The MAGNETS.py module enables calculation of the magnetization for
paramagnetic and ferromagnetic states of Fe-based alloys through the use of
empirical fit dictionaries and theoretical functions. The magnetization can then be
used to calculate the change to the free energy of a phase through another series of
functions, including contributions to both the internal free energy of the phase and
an additional term for the external field contribution. An example script highlights
the possible magnitude of changes to the free energy due to an applied field and
concludes with an example of those changes influencing the Ms temperature.
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A comprehensive dictionary for the a-ferrite phase in Fe-based alloys is included
with this module, while the dictionaries for the y and € phases are still in
development. Further, while the paramagnetic state of an antiferromagnet (e.g.,
above the Tn) is currently well described in the code, the antiferromagnetic state is
not.
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Appendix A. MAGNETS.py*

This appendix appears as a pdf attached to the report.
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Appendix B. MAGNETS_examples.ipynb*

This appendix appears as a pdf attached to the report.
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List of Symbols, Abbreviations, and Acronyms

at
at%
AFM
API
BCC
B

C
CALPHAD
Ch
Co
Cr
CSv
dG

FCC

Fe

Gd

HCP

IHJ

iron-based ferrite/BCC phase
atomic fraction

atomic percent

antiferromagnetic, antiferromagnetism
Application Programming Interface
body-centered cubic

magnetic moment

Curie constant

CALculation of PHAse Diagrams
chromium

cobalt

chromium

comma-separated value

free energy of phases

iron-based HCP phase
face-centered cubic

iron

gadolinium

applied field

hexagonal close-packed

iron-based austenite/FCC phase
Inden—Hillert—Jarl

Weiss molecular field theory parameter
Boltzmann’s constant

magnetization

46



Nav

RGB
SFE

Tc
In
WMFT
wt

wt%

saturation magnetization
field-induced magnetism
manganese

molybdenum

martensite start temperature
zero-field magnetism
Avogadro’s number

nickel

paramagnetic Curie temperature
red—green—blue

stacking fault energy

Tesla

temperature

Curie temperature

Néel temperature

Weiss Molecular Field Theory
weight fraction

weight percent

composition

vanadium
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# —%x— coding: utf-8 —*-

mwn

Created on Wed May 4 15:19:26 2022
@author: heather.a.murdoch

#%% import modules etc
import sys
import warnings

import pandas as pd

import matplotlib.pylab as plt

import numpy as np

from sympy import =

from tc_python import =

#%% Global Variables

# molar mass dictionary

s mm={’Fe’:55.845,"C’:12.0107,'Mn’" :54.938,"51’:28.085,’Cr’ :52,"'Ni’

:58.71,"Mo’ :95.95,’V’ :50.94,"Co’ :58.93,"Al" :26.982,"'W’ :183.84,
"Cu’ :63.55,’Nb":92.9,’Ti’:47.87,’B’:10.81,'N’":14.007};

s /7’ constants’ '’

mu0 = 4 * np.pi * le-7 # Wb/ (A m)
k = 1.38e-23 # J/K

muB = 9.274e-24 # J/T

Nav = 6.02214076e23 # /mol

R =28.314 # J / ( K mol)

"'’"conversion factors’’’

3 teslaconvert = 7.958 % 10%xx5 # conversion from Tesla to A/m
cmg_to_mkg = 4 x np.pi * le-3 # conversion between cm”3/g and m
~"3/kg

"’ formatting things’’’

# color of magnet man :)
magnetred = (0.902, 0, 0.357)
# color for the phases
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alphacolor = (0, 0, 1
gammacolor = (0.2, 0.6, 0.4)
epsiloncolor = (1, 0, 0)

#%% Steel Class for storing material information and results

class steel_class:

def __init__ (self, name, elements, comp_type) :
self.name =
self.dG {}

self.Ms = {}

name

# converting composition units

if comp_type == "wt%’:
self.comp_WT_percent = elements
self.comp WT_fraction = steel_class.

percent_to_fraction(elements)
self.comp_AT_fraction = steel_class.wt2at (elements)
self.comp_AT_percent = steel_class.fraction_to_percent

(steel_class.wt2at (elements))

elif comp_type == "at%’:
self.comp_WT_percent = steel class.at2wt (elements)
self.comp_WT_fraction = steel_class.

percent_to_fraction(steel_class.at2wt (elements))
self.comp_AT_fraction = steel_class.

percent_to_fraction (elements)

self.comp_AT percent = elements
elif comp_type == 'wt’:
self.comp_WT_percent = steel_class.fraction_to_percent
(elements)

self.comp_WT_fraction = elements

self.comp AT _fraction = steel_class.wt2at (steel_class.
fraction_to_percent (elements))

self.comp_AT_percent = steel_class.
fraction_to_percent (steel_class.wt2at (steel_class.

fraction_to_percent (elements)))

elif comp_type == "at’:
self.comp_WT_percent = steel class.at2wt (elements)
self.comp_WT_fraction = steel_class.at2wt (steel_class.

fraction_to_percent (elements))
self.comp_AT_fraction = elements

self.comp_AT_percent = steel_class.
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fraction_to_percent (elements)
else:

print (' Wrong type. Choose wt%, at%, wt, at’)

self.molar_mass = sum([self.comp_WT_fraction[elem]+mm[elem
] for elem in self.comp_WT_fraction.keys()]) + (l-sum(self.

comp_WT_fraction.values()))+mm[’'Fe’]

def wt2at (elemsWT) :

converts wt$% to atomic fraction

Parameters

elemsWT : dictionary of composition in weight %

Returns

;;;;;;;dict : dictionary of composition in atomic %
IR

presentelems = elemsWT.keys ()

wkFe = 100 — sum(elemsWT.values())

total = sum([elemsWT[key] / mm[key] for key in

presentelems]) + wFe / mm[’'Fe’]

atCompsdict={key : (elemsWT[key] / mm[key]) / total for

key in presentelems}

return atCompsdict

def percent_to_fraction (inputcomposition) :
new = {elem: inputcomposition[elem]/100 for elem in
inputcomposition.keys ()}

return new

def fraction_to_percent (inputcomposition) :
new = {elem: inputcomposition[elem]*100 for elem in
inputcomposition.keys ()}

return new

def at2wt (elemsAT) :
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117
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120

121

126

127

128

129

130

136

137

138

139

140

141

142

144

145

146

147

148

149

150

151

=
o\
o

nmnmwn

converts atomic PERCENT to weight PERCENT

Parameters

;1;;;%;7jidictionary of composition in atomic percent
Returns

;;;;;g;dict : dictionary of composition in weight percent

nmnmwn

presentelems=elemsAT.keys ()

atFe = 100 - sum(elemsAT.values())

total = sum([elemsAT[ei]rmm[ei] for ei in presentelems]) +

atFe * mm[’'Fe’]

wtCompsdict={ei:100 x (elemsAT[ei]*mm[ei])/total for ei in

presentelems}

def

def

def

def

def

return wtCompsdict

magnetic_properties (self, mag_prop_dict) :

self.mag_prop = mag_prop_dict

effective_magnetic_properties (self, mag_prop_dict):

self.effective_mag_prop = mag_prop_dict

calphad_magnetic_properties (self, mag_prop_dict) :

self.calphad_mag_prop = mag_prop_dict

add_dG (self, phase,array) :
self.dG.update ({phase:array})

add_Ms (self,Mstype,value) :
self.Ms.update ({Mstype:value})

General functions

find_nearest (array, value):
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154

155
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157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

finds the nearest value in an array to a specified wvalue

Parameters

array : array of interest

value : value to find in the array

Returns

idx : index of array nearest to value

array = np.asarray (array)

idx=np.where (abs (array-value) == (abs (array-value)) .min()) [0] [0]

return idx

#%% Alloy properties functions
77 FUNCTIONS TO CALCULATE CHANGE TO MAGNETIC PARAMETERS, they

include the coefficient dictionaries’’’

def alloy_curie_or_neel (mol_comp_dict, phase = ’"bcc’, calc_type=’

EXT’, temp_type=’'Curie’, feTc = 1043):

mmnn

calculate either Curie or Neel temperature as a function of
alloy content given coefficients for polynomial fit
currently uses BINARY parameters only, no ternary or higher

higher order interactions

Parameters

mol_comp_dict : dictionary of compositions in ATOMIC FRACTION

phase : the phase of interest, used as the one of the keys in

the coefficient dictionary. The default is ’'bcc’.

calc_type : chooses the coefficient dictionary to use

"EXT’ for calculating external field magnetization/energy,

"INT for calculating the internal magnetic free energy
effective) .

The default is ’'EXT'.
temp_type : Magnetic transition temperature type Curie/Neel.

The default is ’Curie’.

feTc : curie temperature of iron. Can be changed if doing Neel





188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

or paramagnetic Curie. The default is 1043.

alloy : curie/neel temperature at composition X

rrr

Dictionary of coefficients to describe the change in the Curie
temperature, Tc, as a function of alloy content
in the alpha (BCC) phase of Fe based alloys; BINARY

coefficient terms

T C"(Fe—X)=T_C"Fe x_Fe+T C"X x_X+x_Fe x_ X sum_(i=0)"n a_1i(x_Fe

-x_X)"1i

Alloy composition is in ATOMIC FRACTION

keys (level 1): phase
keys (level 2): element
keys (level 3):
i value: ith coefficient value
pureX value: Curie temperature of pure X
FeX_Tc_coef EXTERNAL = {
"bee’ |
"Al" : {0: -—-438,
1: 1720,
"pureX’ : 0},
rcr . {0: O,
"pureX’ : 1043},
"Co’ : {0: 371.843,
1: 585.209,
"pureX’ : 1450.},
"Cr’ : {0: 285.46,
1: 725.78,
"pureXx’ : 0},
"Cu” : {0: 746.047,
"purex’ : 0},
"Mn’ : {0: -138.662,
"pureX’ : 0},
Mo’ : {0: 738.803,





239

240

241

242

244

245

246

247

248

249

250

251

252

253

254

256

257

258

259

260

261

262

263

264

265

266

267

268

269

/N/

INiI

14 Sil

ITiI

’V’

/W/

s

v tee”

4 hcpf

"pureX’
{0: O,

"pureX’

{0 : 385.

"pureX’
{0: —-198
1: 949.
"pureX’
{0:
"pureX’
{0:
"pureX’
{0: 1368.

"pureX’

{1,
{1,

FeX Tc_coef_ INTERNAL =

"bcc’

4 Crl

IAlI

’Cul

VMnI

’Mol

{
905.
+299
159.
+91.
121.
+26.
"pureX’
{0: —-438
1: 1720
"pureX’
{0: 0,
"pureX’
{0: 371.
1: 585.
"pureX’
{0: 746.
"pureXx’
{0: 1022
1: -433
"pureX’
{0: 738.

g o w NP O

1438.

-1104.

0},

1043},
8,
456.},
.138,
151,
0},
86,
0},
93, 1:
0},
4,
0}

4659.55, 2: -1110.11,

{

46076050,
.69349¢6,
4229289,
13518045,
1801688,
42629225,
-311.5},

4

4

0},

1043},
843,
209,

1450.},
047,

0},
.29535898,
.69882941,
: =580},
803,





270 "pureXx’ : 0},

271 "N” : {0: O,

272 "pureX’ : 1043},

273 "Ni’” : {0 : 385.8,

274 "pureX’ : 456.},

275 'si’” : {0: -198.138,

276 1: 949.151,

277 "pureXx’ : 0},

278 "Ti’” : {0: 1438.86,

279 "pureXxX’ : 0},

280 v’ {0: -1104.93, 1: 4659.55, 2: -1110.11,
281 "pureXx’ : 0},

282 "w’ : {0: 1368.4,

283 "pureX’ : 0}

284 }I

285 "fcc’ : {},

286 "hep’ @ {1},

287 }

288

289 FeX_ TN_coef EXTERNAL = {}

290 FeX_TN_coef_ INTERNAL = {}

291

292 if temp_type == ’Curie’:

293 if calc_type == "EXT':

294 X_coef_dict = FeX_Tc_coef EXTERNAL

295 elif calc_type == "INT’:

296 X_coef_dict = FeX_Tc_coef INTERNAL

297 else:

298 print (' Wrong type. Choose either EXT or INT.’)
299 elif temp_type == ’"Neel’:

300 if calc_type == "EXT’:

301 X_coef_dict = FeX_ TN_coef EXTERNAL

302 elif calc_type == "INT’:

303 X_coef_dict = FeX TN_coef INTERNAL

304 else:

305 print (' Wrong type. Choose either EXT or INT.’)
306 else:

307 print ('Wrong transition temperature type. Choose either

Curie or Neel’)
308
309 mol_Fe = 1 - sum(mol_comp_dict.values())
310

311 contribute = {}





313

314

315

316

=
¥

23

326

327

329

330

331

333

334

335

336

337

338

339

340

342

343

344

345

for elem in mol_comp_dict.keys () :
molofX = mol_comp_dict[elem]
contribute[elem] = X_coef_dict [phase] [elem] ['pureX’] =*
molofX + \
molofX * (1 — molofX) =* \
sum ([X_coef_dict [phase] [elem] [coef] * (1 - 2 * molofX
) *xxcoef for coef in X _coef_dict[phase] [elem].keys () 1if coef !=

"pureX’])

alloy = feTc * mol_Fe + sum(contribute.values|())

return alloy

def alloy_moment (mol_comp_dict, phase=’'bcc’, calc_type = 'EXT’,

mFe = 2.22):

mmn

calculate AVG moment as a function of alloy content given
coefficients for polynomial fit

currently uses BINARY parameters only, no ternary or higher

higher order interactions

Parameters
mol_comp_dict : dictionary of composition in ATOMIC FRACTION
phase : the phase of interest, used as the one of the keys in
the coefficient dictionary. The default is "bcc’.
calc_type : chooses the coefficient dictionary to use
"EXT’ for calculating external field magnetization/energy,
"INT for calculating the internal magnetic free energy (
effective) .
The default is ’EXT’.

mFe : moment of iron. The default is 2.22

Returns

alloy : the magnetic moment of the alloy in uB

rrr

Dictionary of coefficients to describe the change in magnetic

moment, m, as a function of alloy content

10





346 in the alpha (BCC) phase of Fe based alloys; BINARY
coefficient terms

347

348 beta” (Fe-X)=beta_Fe x_Fetbeta_X x_X+x_Fe x_X sum_(i=0)"n b_i (
x_Fe-x_X)" i

349

350 Alloy composition is in ATOMIC FRACTION
351

352 keys (level 1): phase

353 keys (level 2): element

354 keys (level 3):

355 i value: ith coefficient value
356 pureX value: Curie temperature of pure X
357

358 e

359 #FOR USE WITH MAGNETIZATION (external energy term)
360 FeX m_coef EXTERNAL = ({

361 "bce’ @ {

362 "Al’ : {0: -0.5478,

363 "pureX’: 0},

364 rcr o {0: -2.969,

365 "pureXx’: 0},

366 "Co” : {0: 1.445,

367 1: 0.7871,

368 2: 0.1204,

369 3: -0.844¢0,

370 "pureX’: 1.8},

371 "Cr’” : {0: -0.5375,

372 "purex’: 0},

373 "Cu’ : {0: -0.441985,

374 "pureX’: 0},

375 "Mn’ : {0: 0.457938,

376 "pureXx’: 0},

377 Mo’ : {0: -0.434007,

378 "pureX’: 0},

379 N7 {0: O,

380 "purex’: 0},

381 'Ni” : {0 : 0.985758,

382 1 : 0.53062,

383 2 : 1.20625,

384 3 : 0.94825,

385 "pureX’: 0.52},

386 rsi’ : {0: -6.431,

11





387 1: 7.357,

388 "purex’: 0},
389 "Ti’ : {0: -1.18,

390 "purex’: 0},
391 v . {0: -2.39468,
392 1: 1.53796,

393 "purex’: 0},
304 "W’ : {0: -0.12828,
395 "pureX’: 0}

396 by

397

398 "fcc': {},

399

400 "hep’ @ {1},

401

402 }

403

404 #FOR USE WITH XIONG Internal energy term
405 FeX _m_coef INTERNAL = {

406 "bee’ |

407 rcr . {0: -5355.85099531,
408 1: 17719.04568266,
409 2: -19523.18328358,
410 3: 7169.79887302,
411 "pureX’ : 0},

412 "Cr’ : {0: —-1.303198042,
413 1: +1.305800373,
414 2: 1.082083970,
415 "pureX’ : 0.008},
416 "Mn’ : {0: 1.05259951,

417 1: -1.78974897,
418 2: 3.43440999,

419 3: -2.42602535,
420 "pureX’:0.27},

421 'Ni’” : {0 : 0.23476884,
422 1 : 0.4146162 ,
423 2 : 2.14545333,
424 3 : 2.60429239,
425 "pureX’ : 0.52}
426 by

427 "tee” 3 {},

428 "hep’ @ {1},

429 }

12





430

431

432

433

434

436

437

438

439

440

441

443

444

445

446

447

448

449

450

456

457

458

459

460

461

462

463

464

465

466

467

468

if calc_type == "EXT’:

X_coef_dict = FeX_m_coef EXTERNAL
elif calc_type == "INT’:

X_coef_dict = FeX_m_coef INTERNAL
else:

print (' Wrong type. Choose either EXT or INT.’)

mol_Fe = 1 - sum(mol_comp_dict.values())

contribute = {}
for elem in mol_comp_dict.keys () :
molofX = mol_comp_dict[elem]
contribute[elem] = X_coef_dict [phase] [elem] ['pureX’] =
molofX + \
molofX * (1 — molofX) =* \
sum([X_coef_dict [phase] [elem] [coef] * (1 - 2 * molofX
) xxcoef for coef in X_coef_dict [phase] [elem].keys () if coef !=

"pureX’])

alloy = mFe * mol_Fe + sum(contribute.values())

return alloy

> def moment_eff (mFe, mX, molX) :

Calculate effective moment [Xiong 2012] using local moments

for each element

Parameters
mFe : local moment of iron
mX : local moment of alloy element

X : composition of alloy element X IN ATOMIC FRACTION

Returns

meff : effective moment at composition X
mnn

xFe = (1 - molX)

#print (xFe)

13





469 meff = (mFe + 1)#*xxFe % (abs(mX) + 1)#*xmolX - 1

470 #np.prod ()

471 return meff

472

473 77’ Empirical Relationships for Neel temperature ’’’

474

475 def neel epsilon_empirical (elemsAT) :

o

477 Empirical equation for Neel temperature of the EPSILON phase
given composition

478 Aristeidakis 2020 https://doi.org/10.1016/7j.actamat
.2020.03.052

479

480 Parameters

2]

482 elemsAT : dictionary of composition in atomic fraction
483

484 Returns

485 mmm————

486 TN : Neel temperature in Kelvin

487

488 mwn

489 compCr = elemsAT[’'Cr’] if 'Cr’ in elemsAT.keys() else O
490 compMn = elemsAT[’'Mn’] if 'Mn’ in elemsAT.keys() else 0
491 compNi = elemsAT[’'Ni’] if 'Ni’ in elemsAT.keys() else 0
492

493 TN = 580%compMn + 633xcompNi + 369.7xcompCr

494

495 return TN

496

497 def neel_gamma_empirical (elemsAT) :
498 mmon
499 Empirical equation for Neel temperature of the GAMMA phase

given composition

500 Aristeidakis 2020 https://doi.org/10.1016/7j.actamat
.2020.03.052

501

502 Parameters

503 [

504 elemsAT : dictionary of composition in atomic fraction

505

506 Returns

507 ———————

14





508 TN : Neel temperature in Kelvin
509

510 nmnn

511 compAl = elemsAT[’Al’] if 'Al’ in elemsAT.keys() else 0

512 compC = elemsAT['C’] if ’C’ in elemsAT.keys () else 0

513 compCr = elemsAT[’'Cr’] if ’"Cr’ in elemsAT.keys () else 0

514 compMn = elemsAT['Mn’] if 'Mn’ in elemsAT.keys () else 0

515 compMo = elemsAT[’'Mo’] if "Mo’ in elemsAT.keys () else O

516 compNi = elemsAT[’'Ni’] if 'Ni’ in elemsAT.keys() else 0

517 compSi = elemsAT[’Si’] if ’Si’ in elemsAT.keys() else O

518

519 TN = -830.35 % compC + \

520 16228.644 % compMn — 5660.324* (compMn) xx2 —15583.508*np.
log (compMn+1) \

521 -787.447 x compAl \

522 -1254.734 * compSi \

523 -421.979 % compNi \

524 -249.461 * compCr \

525 -1325.711 * compMo \

526 +149.863

527

528 return TN

529

530 #%% FERROMAGNETISM

53 def landau(H, sig, Tc=1043, m0=2.22, p=0.25, k=0.18, a0=3.3):
mmnn
534 Calculate magnetization of an alloy wusing Kuz’min application

of Landau

535 [Kuz’min, Phys Rev B 77, 184431 (2008) ]

536

537 Parameters

58 00— 0 ——————

539 H : applied field in [T]

540 sig : reduced magnetization (M/MO)

541 Tc : Curie temperature of the alloy in [K]. The default is
1043.

542 m0 : magnetic moment of the alloy in [muB]. The default is
2.22.

543 p : coefficient in model. The default is 0.25. (pure Fe)

544 k : coefficient in model. The default is 0.18. (pure Fe)

545 a0 : coefficient in model. The default is 3.33. (pure Fe)

546

15





547

548

549

550

551

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

576

577

578

579

580

581

582

583

584

Returns

[T,

m] : Array of temperature [K] and magnetization [muB]

values

o+
Il

H/le2 #field given in T
0.5% (kxsigx+2. + (1l.-k)xsigx+x4. — (H/ (a0« (sig+le-1))))
((1 — 2%u + pxp*uxu) **x0.5 — pxu)**(2/3.)

return np.array([t*Tc, sigxm0])

def landau_func(sig, TCalloy, T, H=0, p=0.25, k=0.18, a0=3.33):

functional form to solve landau/kuz’min magnetization model

Parameters

sig

sigma, the reduced magnetization M/MO, SYMBOLIC

TCalloy : curie temperature of the alloy in [K]

T temperature in [K]

H applied magnetic field [in Tesla] The default is 0 (no
field) .

P coefficient in model. The default is 0.25. (pure Fe)

k coefficient in model. The default is 0.18. (pure Fe)
a0 coefficient in model. The default is 3.33. (pure Fe)
Returns

functional form for solving

H=H / le2 #field given in T convert to MOested for a0 units
to work
u= 0.5 % (k % sigx*x2. + (1. - k) » sigx*4. — ( H / (a0 = (

sig + le-1))))
return — ( T / TCalloy) + ((1 - 2xu + p*pxu*u)*+x0.5 — p=u)
*x* (2/3.)

def magnetization_curves (TCalloy, malloy, field,

magarray=np.linspace(le-5,1.01,1001),
nofieldarray=np.linspace(le-5,1.0,1001)):

16





585

586

587

588

589

590

591

592

593

594

595

596

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

def

Calculates magnetization curves for no field and applied field

for a given alloy

Parameters

TCalloy : Curie temperature of the alloy

malloy : magnetic moment of the alloy

field : applied magnetic field in [T]

magarray : Array of reduced magnetization values for field
induced magnetization. The default is np.linspace(le
-5,1.01,1001) .

nofieldarray : Arrao of reduced magnetization values for no
field magnetization. The default is np.linspace (le
-5,1.01,1001) .

Returns

field magnetization : array of [T, M] under applied field
nofield_magnetization : array of [T, M] for zero field

mmmn

field magnetization = landau(field, magarray, Tc=TCalloy, m0=
malloy)

field magnetization[np.isnan(field_magnetization)] = 0 # this

is for some numerical issues, could prob fix later but doesn’
t impact solve now
nofield_magnetization = landau (0, nofieldarray, Tc=TCalloy, mO

=malloy)

return field_magnetization, nofield_magnetization

new_TC_from field(field, Tc, mO) :

Function to calculate shift in curie temp under applied field

Parameters

field : applied field in [Teslal

Tc : curie temperature of alloy in [K]
mO : magnetic moment of alloy in [uB]
Returns
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631

632

633

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

#%%

def

newIC : curie temperature under applied field in [K]

Landau (H, sig, Tc=1043, m0=2.22, X=0., p=0.25, k=0.18, a0=3.3)

# method using inflection point
data = landau(field, np.linspace(le-5,1,100001), Tc=Tc, mO0=m0)

x_data = datal[0]

y_data = datall]

mask = (x_data > Tc)

gradient = np.gradient (y_data[mask], x_data[mask])

second = np.gradient (gradient, x_datal[mask])

idx = find_nearest (second, 0)

newTC = x_datal[idx]

return newTC

SUSCEPTIBILITY

para_susceptibility (T, malloy, thetaalloy, molar mass, Jj = 1):
wnn

calculates paramagnetic susceptibility using alloy form of
Curie-Weiss

[Murdoch et al 2021, https://doi.org/10.1007/s11661-021-06281—

X ]

Parameters
T : temperature in K
malloy : magnetic moment of the alloy in muB

thetaalloy : paramagnetic curie temperature of the alloy, in K

molar_mass : molar mass of the alloy in g/mol

J : weiss molecular field theory parameter, =1 for
paramagnetic

Returns

susceptibility : susceptibility at a given temperature in cm
/\3/g
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658

659

660

661

662

663

664

665

666 def AFM_susceptibility (T,

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

coefficient = mu0 » Nav / (molar_mass * k) «*

malloy * muB)*x2 * 1000 / cmg_to_mkg

susceptibility = ( coefficient /

return susceptibility

-1):

malloy,

neel,

((3+1)/(3%3)) * (

molar_mass,

(T - thetaalloy) )

neelfactor =

calculates susceptibility for antiferromagnetic phase

Parameters

T : temperature in K

malloy : magnetic moment in muB

neel : Neel temperature

neelfactor : thetaAF is a function of the crystal structure

and is neelfactor * Neel. The default is -1.

Returns

susceptibility : antiferromagnetic susceptibility at a

temperature in cm”3/g

coefficient= mu0  Nav / (3 x molar_mass * k)

*%2 * 1000 / cmg_to_mkg

thetaAF = neelfactor * neel

susceptibility = coefficient /

return susceptibility

600 def gamma_susceptibility (T) :

691

692

693

694

695

(T - thetaAF)

*

Calculates susceptibility of gamma phase using

Parameters

19

(malloy * muB)

[Gao 2006]





696 T : temperature in Kelvin

697

698 Returns

699 00 T

700 susceptibility : susceptibility in cm”3/g
701

702 e

703 susceptibility = ( 0.133 ) / ( T + 3451 )
704

705 return susceptibility

706
707

708

709

710 #%% ANTIFERROMAGNETISM
711

712 def AFM() :

713 e
714 Placeholder function if we ever want to describe below the

Neel temperature

715

716 Returns

717

718 0; in the future would return susceptibility at temperature
719

720 e

721

722 return 0

723 #%% EXTERNAL magnetic free energy

724

76 def dG_para (T,

727 our_magnet_prop,

728 molar_mass,

729 magstrength,

730 J=1):

731 e

732 calculates free energy of PARAMAGNETIC alpha (BCC) phase under
applied magnetic field

733 returns one value at one temperature point

734

735 Parameters

736 0 T —————
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737 T : temperature

738 our_magnet_prop : dictionary of magnetic properties

739 magstrength : applied field in Tesla

740 J : weiss molecular field theory parameter, =1 for
paramagnetic

741

742 Returns

743 000 T ————

744 dG : change in free energy from magnet in J/mol

745

746 re

747 if ’"theta’ in our_magnet_prop[’bcc’].keys () :

748 thetaalloy = our_magnet_prop[’bcc’ ][’ theta’]

749 elisier

750 thetaalloy = our_magnet_prop[’bcc’ ][’ Tc’]

751

752 malloy = our_magnet_prop[’bcc’ ][ 'm’]

753

754 magfield= magstrength x teslaconvert

755

756 susceptibility = para_susceptibility (T, malloy, thetaalloy,

molar_ mass)

757

758 dG = - 0.5 * muO » ( susceptibility ) * (magfield*=*2) =
molar_mass x cmg_to_mkg / 1000

759

760 return dG

761

762

763

764 def dG_AFM_paramagnetic (T,

765 our_magnet_prop,

766 molar_mass,

767 magstrength,

768 structure = ’'bcc’):

769 o

770 calculates free energy of Antiferromagnetic phase above Neel

temperature under applied magnetic field

771 returns one value at one temperature point
772

773 Parameters

74 T

775 T : temperature
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776 our_magnet_prop : dictionary of magnetic properties

777 molar_mass : molar mass of alloy

778 magstrength : field strength in Tesla

779 structure : crystal structure of phase The default is ’'bcc’.

780

781 Returns

782 T

783 dG_afm : change in free energy from magnet in J/mol

784

785 e

786

787

788 neel = our_magnet_propl[structure] ['Tn’]

789 malloy = our_magnet_prop[structure] ['m’]

790

791 if 'neelfactor’ in our_magnet_prop[structure] .keys () :

792 neelfactor = our_magnet_prop[structure] ["neelfactor’]

793 else:

794 neelfactor = -1

795

796 magfield = magstrength x teslaconvert

797

798 susceptibility = AFM_susceptibility (T, malloy, neel,
neelfactor)

799

800 dG_afm = - 0.5 » muO * ( susceptibility ) *» (magfieldxx*2) =

molar_mass * cmg_to_mkg / 1000
801
802 return dG_afm
803
so4 def dG_fcc_para (T, magstrength, molar_mass) :

805 rre

806 calculates free energy of PARAMAGNETIC fcc phase under applied
magnetic field

807 NO ALLOY CHANGE - this is pure Fe

808 [Gao 2006 https://doi.org/10.1088/0022-3727/39/14/003]

809

810 Parameters

81T T

812 T : temperature

813 magstrength : applied field in Tesla

814 molar_mass : molar mass of alloy

815
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816 Returns

817 —m—————

818 dGfcc : change in free energy from magnet in J/mol

819 e

820

821 magfield = magstrength % teslaconvert

822

823 # need to put molar mass in kg/mol

824 susceptibility = gamma_susceptibility (T) * (molar_mass / 1000)

* cmg_to_mkg
825
826 dGfcc = -0.5 * muO % ( susceptibility ) * (magfieldxx2)
827

828 return dGfcc

830
831
832 #%% INTERNAL magnetic free energy
333 def dG_INTERNAL_ferromagnet (field,

834 effective_magnet_prop,

835 temperature_array,

836 structure = 'bece’):

837 o

838 calculate internal magnetic energy in no field and field
839 uses change in curie temperature with applied field,

new_TC_from_ field()
840 and functions g_tau_TIHJ() and g_tau_xiong() for internal
entropy calculation

841

842 Parameters

843 T

844 field : applied field in [Teslal

845 Tc : curie temperature of alloy in [K]

846 m : magnetic moment of alloy in [uB], e.g. 2.2uB

847 temperature_array : temperature list to iterate through, from

dataframe of free energy values in [K]

848 structure = phase bcc/fcc/hcp, needed for G functions

849

850 Returns

81 T

852 dGinternal : list of difference between internal magnetic

energy IN FIELD and without [J/mol]

853
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854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

def

Uses / Needs

new_TC_from field()

g_tau_xiong ()

meff
Teff

effective_magnet_prop[structure] ['m’]

effective_magnet_prop[structure] [/ Tc’ ]

# internal magnetic energy NO FIELD using XIONG

Gint = [R * ti * np.log(meff + 1) * g_tau_xiong(ti / Teff,

structure) for ti in temperature_array]

# internal magnetic energy WITH FIELD using XIONG
newTc = new_TC_from_field(field, Teff, meff)

Gint_X = [R * ti % np.log(meff + 1) * g_tau_xiong(ti / newTc,

structure) for ti in temperature_array]

dGinternal = [Gint_X[i] - Gint[i] for i, val in enumerate (

Gint_X) ]

return dGinternal

dG_INTERNAL_AFM(field,
effective_magnet_prop,
temperature_array,
structure = 'bece’):

calculate internal magnetic energy in no field and field

and functions g_tau_xiong() for internal entropy calculation

Parameters

field : applied field in [Tesla]

TN : Neel temperature of alloy in [K]

m : magnetic moment of alloy in [uB], e.g. 2.2uB
temperature_array : temperature list to iterate through,
dataframe of free energy values in [K]

structure = phase bcc/fcc/hcp, needed for G functions

Returns
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893 dGinternal : list of difference between internal magnetic
energy IN FIELD and without in [J/mol]

894

895 Uses / Needs

8% @ T

897 g_tau_xiong/()

898

899 mwn

900

901 TN = effective_magnet_prop[structure] [/ Tn’]
902 m = effective_magnet_propl[structure] ['m’]
903

904 # internal magnetic energy NO FIELD

905 Gint = [R * ti * np.log(m + 1) * g_tau_xiong(ti / TN,

structure) for ti in temperature_array]

906

907 # internal magnetic energy WITH FIELD

908 # In a polycrystalline material it is unlikely the Neel
temperature will change

909 # this function is a placeholder in case we want to look at
orientation dependence later

910 newIN = TN

911

912 Gint_X = [R * ti % np.log(m + 1) » g_tau_xiong(ti / newTN,
structure) for ti in temperature_array]

913

914 dGinternal = [Gint_X[i] - Gint[i] for i, val in enumerate (
Gint_X) ]

915

916 return dGinternal

917

9

s def g_internal_swap (temperature_array,

919 thermocalc_magnet_prop,

920 effective_magnet_prop,

921 structure = "bcc’):

922 mmnn

923 Function to replace the internal magnetic energy calculated in

calphad using Inden-Hillert-Jarl model

924 with internal magnetic energy calculated via Xiong model
925 USES: g_tau_IHJ() , g_tau_xiong()

926

927 Parameters
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929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

temperature_array : temperature list to iterate through, from

dataframe of free energy values in [K]

thermocalc_magnet_prop : dictionary of the magnetic properties
from calphad database

effective_magnet_prop : dictionary of effective magnetic

properties after the Xiong model

structure : crystal structure of the phase. The default is ’
bcc’

Returns

GintIHJ : internal magnetic energy using the Inden-Hillert-

Jarl model

Gint_xiong : internal magnetic energy using the Xiong model.

R =8.314 # J / ( K mol)

meff = effective_magnet_prop[structure] ['m’ ]

if 'Tn’ in effective_magnet_prop.keys () :
Teff = effective_magnet_prop[structure] [/ Tn’ ]
else:
Teff

effective_magnet_prop[structure] [ Tc’ ]

m = thermocalc_magnet_prop[structure] ['m’ ]
#thermocalc calls the transition temperature Tc whether it is
Curie OR Neel

Tc = thermocalc_magnet_prop[structure] [/ Tc’]

GintIHJ = np.array([R » ti * np.log(m + 1) * g_tau_IHJ(ti / Tc

, structure) for ti in temperature_array])

Gint_xiong = np.array([R » ti * np.log(meff + 1) *x g_tau_xiong

(ti / Teff, structure) for ti in temperature_array])

return GintIHJ, Gint_xiong

def g_tau_IHJ(tau, structure='bcc’):

IHJ function for internal magnetic ordering

G_mag_internal = R * T *x np.log(beta + 1) = g_tau
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964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

Parameters

tau : temperature / TC

structure : used for structure factor, p; either BCC or not

gtau : value of IHJ function at that temperature

# check to make sure structure is correct

if structure.lower () in [’'bcc’,

# structure factor: 0.4

if structure.lower () ==
ptau = 0.4

else:

0.28

ptau

# coefficient

for BCC,

"loee” 3

"fcc’, "hcp']:

0.28 for FCC&HCP

A=518/1125 + 11692/15975x (1/ptau - 1)

# piecewise function above and below curie temperature

if tau < 1:

gtau=1-(1/RA) « (79/ (140xptau*tau) +(474/497 (1/ptau-1)) * (
tauxx3/6+tau*x*9/135+taux+x15/600))

else:

gtau=-1/Ax (1/10+taux*-5+1/315+taux*-15+1/1500+tau

**x—=25)

else:

raise AttributeError (' Incorrect phase name. Options are

bee/fecc/hep.’)

return gtau

def g_tau_xiong(tau, structure='bcc’):

XIONG function for internal magnetic ordering [https://doi.org
/10.1016/7j.calphad.2012.07.002]
G_mag_internal = R » T » np.log(betax + 1) * g_tau

Parameters
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1003 ~ —————————

1004 tau : reduced temperature, T / TC or T / TN

1005 structure : crystal structure of the phase The default is ’bcc
’

1006

1007 Raises

1008 —————=

1009 AttributeError: if incorrect structure/phase is entered

1010

1011 Returns

012 0 T

1013 gtau : value of function g_tau.

1014

1015 mwn

1016

1017

1018 # check to make sure structure is correct

1019 if structure.lower() in ["bcc’, "fcc’, 'hcp’]:

1020

1021 # structure factor: 0.37 for BCC, 0.25 for FCC&HCP

1022 if structure.lower () == ’"bcc’:

1023 ptau = 0.37

1024 else:

1025 ptau = 0.25

1026

1027 # coefficient

1028 D = 0.33471979 + 0.49649686« (1/ptau - 1)

1029

1030 # piecewise function above and below curie temperature

1031 if tau <= 1:

1032 gtau=1-(1/D) * (0.38438376/ (ptauxtau)+(0.63570895x (1/
ptau - 1)) *(taux*3 / 6 + taux*9 / 135 + tauxx15 / 600 + tau
*x21 / 1617))

1033 else:

1034 gtau=-1/Dx (1/21 * tau**-7 + 1/630 » taux*x-21 + 1/2975
* tauxx—-35 + 1/8232 x taux*-49)

1035

1036 else:

1037 raise AttributeError (' Incorrect phase name. Options are
bce/fcc/hep.’)

1038

1039 return gtau

1040
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1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

#%% Calphad free energy functions

def alpha_gamma_epsilon_energy (steel,

filepath,
tmax = 1000,
tmin = 0.1,
tstep = 0.1):
o
Function to get free energies of alpha (BCC_A2), gamma (FCC_Al
) and epsilon (HCP_A3) phases from Thermocalc
Also gets what thermocalc things are the curie temperature and

moment as a function of alloy content

Parameters
composition : dictionary of alloy in WEIGHT PERCENT

name : name of the alloy for logfile and results file

Returns
totalresult : dataframe of Temperature (index), G(bcc), G(fcc)
thermocalc_magnet_prop : dictionary of curie temp and moment

for the phases

composition = steel.comp_WT_percent

name = steel.name

logfilename = f’ {filepath}\\{name}_energies_logfile.txt’

filename = f’{filepath}\\{name}_energies.txt’

result_dict = {}

with TCPython (logging policy=LoggingPolicy.FILE,log_file=
logfilename) as start:

#start.disable_caching ()

system= (
start.select_database_and_elements (' TCFE10’, ['Fe’] +
list (composition.keys()))
.deselect_phase (ALL_PHASES)
.select_phase ("FCC_Al")
.select_phase (' BCC_A2")
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1079

1080

1081

1082

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

.select_phase (' HCP_A3’")
.get_system())

# was using to make sure that the phases in system were
truly just fcc/beccec/hep

#all _possible_phases = system.get_phases_in_system()

calculation = (
system
.with_property_diagram_calculation ()
.enable_step_separate_phases|()

.with_axis(CalculationAxis (ThermodynamicQuantity.

temperature ())
.set_min (tmin)
.set_max (tmax)
.with_axis_type (Linear () .set_max_step_size(
tstep)))

.set_condition(’'T’, np.mean([tmin, tmax]))

)
for element in composition.keys() :
calculation.set_condition(f’w({element})’, composition
[element] / 100)

results = calculation.calculate ()

groups = results.get_values_grouped_by_ quantity_of (

ThermodynamicQuantity.temperature (),

ThermodynamicQuantity.gibbs_energy_of_a_phase (ALL_PHASES))

tc_groups = results.get_values_grouped_by_gquantity_of (

ThermodynamicQuantity.temperature (), TC (%))

m_groups = results.get_values_grouped_by_quantity_of (

ThermodynamicQuantity.temperature (), BMAG (*) ")

for group in groups.values():

result_dict[f’G({group.label})’] = group.y
result_dict [f’T({group.label})’] = group.x

for tc_group in tc_groups.values():
result_dict[f’TC({tc_group.label})’] = tc_group.y
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1114

1115

1116

1117

1118

1119

1120

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

1138

1139

1140

1141

1142

1143

1144

1145

1146

1147

1148

1149

1150

1151

result_dict[f’T({tc_group.label})’] = tc_group.x
for m_group in m_groups.values() :
result_dict[f’m({m_group.label})’] = m_group.y

result_dict[f’T({m_group.label})’] = m_group.x

# Magnetic properties from the Thermo-Calc database

tc_bcc = result_dict[’TC(BCC_A2)"]1[-1]
tc_fcc = result_dict[’TC(FCC_Al)’']1[-1]
tc_hcp = result_dict[’TC(HCP_A3)’][-1]
m_bcc = result_dict['m(BCC_A2)"][-1]

=1
m_fcc = result_dict['m(FCC_Al)"]1[-1]
m_hcp = result_dict[’'m(HCP_A3)"][-1]
thermocalc_magnet_prop = {’bcc’: {’Tc’: tc_bcc, 'm’": m_bcc},
"fcec’: {'Tc’: tc_fcc, 'm’": m_fcc},
"hep’: {’Tc’: tc_hcp, 'm’: m_hcp}
}

# need difference between internal IHJ using thermocalc

database parameters and Xiong using our parameters

gIHJ, gXiong = g_internal_swap (result_dict[’T(BCC_A2)"],
thermocalc_magnet_prop,
steel.effective_mag_prop,
structure="bcc’ )

change_internal = —-gIHJ + gXiong

# format free energy results - sometimes the temperatures are
not the same for each phase,
# so making T index of dataframe so can concat properly and
get rid of mismatch issues
bccresult = pd.DataFrame.from_dict ({
"T" : result_dict[’'T(BCC_A2)"],
"G(BCC_A2)" : result_dict[’G(BCC_A2)"] + change_internal,
"G(BCC_A2) original’ : result_dict[’G(BCC_A2)"1})
bccresult.set_index ('T’, inplace=True)
bccresult = bccresult[~bccresult.index.duplicated (keep="first’

)]

if "fcc’ in steel.effective_mag_prop.keys() :
gIHJ_fcc, gXiong_fcc = g_internal_swap (result_dict[’T(
FCC_Al)'1,
thermocalc_magnet_prop,

steel.effective_mag_prop,
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1152

1153

1154

1155

1156

1157

1158

1159

1160

1161

1162

1163

1164

1165

1166

1167

1168

1169

1170

1171

1172

1173

1174

1175

1176

1177

1178

1179

1180

1181

1182

1183

1184

1185

1186

structure=’"fcc’ )
change_internal_ fcc = —-gIHJ_fcc + gXiong_ fcc

else:

change_internal_fcc = np.zeros (len(result_dict[’'T(FCC_ALl)”’

1))

fccresult = pd.DataFrame.from_dict ({

"T’ : result_dict[’T(FCC_Al)"],

"G(FCC_Al)’" : result_dict[’'G(FCC_Al)"] +
change_internal_fcc,

"G(FCC_Al) original’ : result_dict[’G(FCC_Al)’"1})

fccresult.set_index ('T’, inplace=True)

fccresult = fccresult[~fccresult.index.duplicated (keep=’'first’

)]

if "hcp’ in steel.effective_mag_prop.keys() :
gIHJ _hcp, gXiong_hcp = g_internal_swap (result_dict[’T(
HCP_A3)’],
thermocalc_magnet_prop,
steel.effective_mag_prop,
structure="hcp’ )
change_internal hcp = —-gIHJ hcp + gXiong_hcp

else:

change_internal hcp = np.zeros (len(result_dict[’T (HCP_A3)’

1))

hcpresult = pd.DataFrame.from_dict ({

"T’ : result_dict[’T(HCP_A3)'"],

"G(HCP_A3)’" : result_dict[’G(HCP_A3)"] +
change_internal_hcp,

"G (HCP_A3) original’ : result_dict[’G(HCP_A3)’1})

hcpresult.set_index ('T’, inplace=True)

hcpresult = hcpresult[~hcpresult.index.duplicated (keep='first’

)]
totalresult = pd.concat ([bccresult, fccresult, hcpresult],
axis = 1)

totalresult.dropna (inplace=True)

# this turns off the depreciation warning

warnings.filters.pop (0)

totalresult.to_csv (filename)
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1187

1188

1189

1190

1191

1192

1193

1194

1195

1196

1197

1198

1199

1200

1201

1202

1203

1204

1205

1206

1207

1208

1209

1210

1211

return totalresult, thermocalc_magnet_prop

def alpha_gamma_energy (steel,

filepath,
tmax = 1000,
tmin = 0.1,

tstep = 0.1):
mnn
Function to get free energies of alpha (BCC_A2), gamma (FCC_Al
) and epsilon (HCP_A3) phases from Thermocalc
Also gets what thermocalc things are the curie temperature and

moment as a function of alloy content

Parameters

composition : dictionary of alloy in WEIGHT PERCENT

name : name of the alloy for logfile and results file

Returns

totalresult : dataframe of Temperature (index), G(bcc), G(fcc)
thermocalc_magnet_prop : dictionary of curie temp and moment

for the phases

composition = steel.comp_WT_percent

name = steel.name

logfilename = f’ {filepath}\\{name}_energies_logfile.txt’

filename = f’{filepath}\\{name}_energies.txt’

result_dict = {}

with TCPython (logging_policy=LoggingPolicy.FILE,log_file=
logfilename) as start:

fstart.disable_caching ()

system= (
start.select_database_and_elements (' TCFE10’, ['Fe’] +
list (composition.keys()))
.deselect_phase (ALL_PHASES)
.select_phase ("FCC_Al")
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1225

1226

1227

1236

1237

1238

1240

1241

1242

1243

1244

1245

1246

1247

1248

1249

1250

1251

1252

1253

1254

1255

1256

1257

1258

1259

.select_phase (' BCC_A2")
.get_system())

# was using to make sure that the phases in system were
truly just fcc/beccec/hep

#all _possible_phases = system.get_phases_in_system()

calculation = (
system
.with_property_diagram_calculation ()
.enable_step_separate_phases|()

.with_axis(CalculationAxis (ThermodynamicQuantity.

temperature ())
.set_min (tmin)
.set_max (tmax)
.with_axis_type (Linear () .set_max_step_size(
tstep)))

.set_condition(’'T’, np.mean([tmin, tmax]))

)

for element in composition.keys() :
calculation.set_condition(f’w({element})’, composition
[element] / 100)

results = calculation.calculate ()

groups = results.get_values_grouped_by_ quantity_of (

ThermodynamicQuantity.temperature (),

ThermodynamicQuantity.gibbs_energy_of_a_phase (ALL_PHASES))

tc_groups = results.get_values_grouped_by_gquantity_of (

ThermodynamicQuantity.temperature (), TC (%))

m_groups = results.get_values_grouped_by_quantity_of (

ThermodynamicQuantity.temperature (), BMAG (*) ")

for group in groups.values():

result_dict[f’G({group.label})’] = group.y
result_dict [f’T({group.label})’] = group.x

for tc_group in tc_groups.values():
result_dict[f’TC({tc_group.label})’] = tc_group.y
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1260 result_dict[f’T({tc_group.label})’] = tc_group.x

1261

1262 for m_group in m_groups.values() :
1263 result_dict[f’m({m_group.label})’] = m_group.y
1264 result_dict[f’T({m_group.label})’] = m_group.x

1265

1266 # Magnetic properties from the Thermo-Calc database

1267 tc_bcc = result_dict[’TC(BCC_A2)’"][-1]

1268 tc_fcc = result_dict[’TC(FCC_Al)’']1[-1]

1269

1270 m_bcc = result_dict['m(BCC_A2)"][-1]

1271 m_fcc = result_dict['m(FCC_Al)"]1[-1]

1272

1273 thermocalc_magnet_prop = {’bcc’: {’Tc’: tc_bcc, 'm’": m_bcc},
1274 "fcec’: {'Tc’: tc_fcc, 'm": m_fcc}}
1275

1276 # need difference between internal IHJ using thermocalc

database parameters and Xiong using our parameters

1277 gIHJ, gXiong = g_internal_swap (result_dict[’T(BCC_A2)"],

1278 thermocalc_magnet_prop,

1279 steel.effective_mag_prop,

1280 structure='bcc’ )

1281 change_internal = —-gIHJ + gXiong

1282

1283 # format free energy results - sometimes the temperatures are

not the same for each phase,
1284 # so making T index of dataframe so can concat properly and

get rid of mismatch issues

1285 bccresult = pd.DataFrame.from dict ({

1286 "T’ : result_dict[’T(BCC_A2)"],

1287 "G(BCC_A2)" : result_dict[’G(BCC_A2)"] + change_internal,

1288 "G(BCC_A2) original’ : result_dict[’G(BCC_A2)"1})

1289 bccresult.set_index ('T’, inplace=True)

1290 bccresult = bccresult[~bccresult.index.duplicated (keep="first’
)]

1291

1292 if "fcc’ in steel.effective_mag_prop.keys () :

1293 gIHJ_fcc, gXiong_fcc = g_internal_ swap (result_dict [’ T (
FCC_Al)'1,

1294 thermocalc_magnet_prop,

1295 steel.effective_mag_prop,

1296 structure=’'fcc’ )

1297 change_internal_ fcc = —-gIHJ_fcc + gXiong_ fcc
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1298

1299

1300

1301

1302

1303

1304

1305

1306

1307

1308

1309

1310

1311

1312

1313

1314

1315

1316

1317
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else:

change_internal_ fcc = np.zeros (len(result_dict[’'T(FCC_ALl)"’

1))

fccresult = pd.DataFrame.from_dict ({
"T’ : result_dict[’T(FCC_Al)"],
"G(FCC_Al)" : result_dict[’'G(FCC_Al)"] +

change_internal_fcc,

"G(FCC_Al) original’ : result_dict[’G(FCC_ALl)’

fccresult.set_index ('T’, inplace=True)

1)

fccresult = fccresult[~fccresult.index.duplicated (keep='first’

)]

totalresult = pd.concat ([bccresult, fccresult], axis = 1)

totalresult.dropna (inplace=True)

# this turns off the depreciation warning

warnings.filters.pop (0)

totalresult.to_csv (filename)

return totalresult, thermocalc_magnet_prop

def specific_heat (composition, name, minT = 100, maxT
Tstep = 1):

mnn

= 1500,

calculates specific heat [J/g/K] from derivative of enthalpy w

.r.t. temperature
gets enthalpy from Thermo-Calc [J/mol] for alpha,

epsilon

Parameters

gamma,

composition : dictionary of composition WEIGHT PERCENT

name : name of alloy for file

minT : minimum temperature for calculation range.
is 100.
maxT : maximum temperature for calculation range.
is 1500.

The default

The default

Tstep : temperature step for calculation. The default is 1.
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1334 Returns

1335 ———————

1336 csv file with specific heat [J/g/K] and enthalpy [J/mol] for
alpha, gamma, epsilon

1337

o

1338

1339

1340 logfilename = f’ {name}_cp_logfile.txt’

1341 filename = f’ {name}_specific_heat.txt’

1342

1343 with TCPython (logging policy=LoggingPolicy.FILE,log_file=

logfilename) as start:

1344

1345 system = (
1346 start
1347 .select_database_and_elements (' TCFE10’, ['Fe’] +

list (composition.keys()))

1348 .deselect_phase (ALL_PHASES)

1349 .select_phase ("FCC_A1l")

1350 .select_phase ("BCC_A2")

1351 .select_phase (' HCP_A3’)

1352 .get_system())

1353

1354 calculation = (

1355 system

1356 .with_property_diagram_calculation ()

1357 .enable_step_separate_phases ()

1358 .with_axis(CalculationAxis (ThermodynamicQuantity.
temperature ())

1359 .set_min( minT )

1360 .set_max ( maxT )

1361 .with_axis_type (Linear () .set_max_step_size(

Tstep )))

1362 .set_condition('T’, (maxT - minT) / 2 )

1363 )

1364

1365 for element in composition.keys{() :

1366 calculation.set_condition(f’w({element})’,
composition[element] / 100)

1367

1368 results = calculation.calculate ()

1369
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1370 alphaHl results.get_values_of (ThermodynamicQuantity.
temperature (), HM(BCC_A2)")
1371 gammaH

temperature (), HM(FCC_ALl) ")

results.get_values_of (ThermodynamicQuantity.

1372 epsilonH = results.get_values_of (ThermodynamicQuantity.
temperature (), ' HM (HCP_A3) ")

1374 warnings.filters.pop (0)

1375

1376 alphaderiv = np.gradient (alphaH[1], alphaH[0])

1377 alphaderiv_in_g = [ hi / molar (wt2at (composition)) for hi in
alphaderiv ]

1378 gammaderiv = np.gradient (gammaH[1l], gammaH[O0])

1379 gammaderiv_in_g = [ hi / molar (wt2at (composition)) for hi in
gammaderiv ]

1380 epsilonderiv = np.gradient (epsilonH[1], epsilonH[O0])

1381 epsilonderiv_in_g = [ hi / molar (wt2at (composition)) for hi in
epsilonderiv ]

1382

1383 cp_dict = {’T’ : alphaH[O0],

1384 "alpha cp’ : alphaderiv_in_g,

1385 "gamma cp’ : gammaderiv_in_g,

1386 "epsilon cp’ : epsilonderiv_in_g,

1387 "alpha H’: alphaH[1l],

1388 "gamma H’: gammaH[1],

1389 "epsilon H’ : epsilonH[1]}

1390

1391 totalresult = pd.DataFrame.from dict (cp_dict)

1392 totalresult.to_csv (f’ {name}_specific_heat.csv’, index=False)

1393

1394 plt.plot (alphaH[0],alphaderiv_in_g, label=r’S$\alpha$ ’, color=
alphacolor)

1395 plt.plot (gammaH[0], gammaderiv_in_g, label=r’ $\gamma$ ’, color=
gammacolor)

1396 plt.plot (epsilonH[0],epsilonderiv_in_g, label=r’$\epsilon$ ',

color=epsiloncolor, ls = ’'dashed’)
1397 plt.xlabel (! Temperature [K]’)
1308 plt.ylabel (r’ Specific Heat [J$\ g~ {-1} K "{-1}$]")
1399 plt.title(f’ {name}’, fontsize = 20)
1400 plt.x1im (100, 1500)
1401 plt.ylim(0,1.5)
1402 plt.legend(fontsize = 16)
1403 plt.show ()
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return

#%% Magnetic Energy Functions

def magnetic_energies (field,

steel,
path) :
o
calculates contribution of magnetic field to free energy of
alpha phase
USES : alpha_gamma_epsilon_energy () - requires ThermoCalc

magnet_alpha (), magnet_gamma (), magnet_epsilon ()

Parameters
field : applied magnetic field in Tesla
steel : instance of the class which includes name, composition

, magnetic properties

Returns
RESULTS : dataframe including free energies of alpha and gamma
phases at 0T and {field}T, also exported to CSV file

# free energies of alpha , gamma, epsilon phases USES
THERMOCALC
testenergy, thermocalc_magnet_prop =

alpha_gamma_epsilon_energy (steel, path)

# get temperature index of free energy array

temperaturearray = testenergy.index.to_list ()

# at each temperature calculate the external and internal

contribution of applied field

fieldresults_alpha = magnet_alpha (field,
temperaturearray,
steel)
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1441

1442 fieldresults_gamma = magnet_gamma (field,

1443 temperaturearray,

1444 steel)

1445

1446 fieldresults_epsilon = magnet_epsilon(field,

1447 temperaturearray,
1448 steel)

1449

1450 RESULTS = pd.concat ([testenergy,

1451 fieldresults_alpha,

1452 fieldresults_gamma,

1453 fieldresults_epsilon

1454 1,

1455 axis=1)

1456

1457 filename = f’ {name}_{field}T_free_energies.csv’

1458 filename2 = f’ {name}_{field}T_thermocalc_parameters.csv’
1459

1460 RESULTS.to_csv (filename)

1461

1462 pd.DataFrame (thermocalc_magnet_prop, index=[0]).to_csv(

filename2, index=False)
1463
1464 return RESULTS
1465
1466

1467 def magnet_alpha (field,

1468 temperaturearray,

1469 steel,

1470 nofieldarray = np.linspace(le-5,1,100001),

1471 magarray = np.linspace(le-5,1.01,100001)) :

1472 o

1473 calculates contribution of applied magnetic field to ALPHA
phase

1474 uses: landau() for ferromagnetic and dG_para() if paramagnetic

, dG_INTERNAL_ferromagnet () for both
1475

1476

1477 Parameters

.

1479 field : applied field in [Tesla]

1480 temperaturearray : array of temperature
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steel : instance of the steel class that includes the magnetic
properties
nofieldarray : array of reduced magnetization (sigma) to solve
landau description for ferromagnet, no field

The default is np.linspace(le-5,1,100001).
magarray : array of reduced magnetization (sigma) to solve
landau description for ferromagnet, no field

The default is np.linspace(le-5,1.01,100001) .

Returns
fieldresults_alpha : dataframe with index of temperature,
columns of change to free energy and magnetization due to

applied field

malloy = steel.mag_prop[’bcc’ ][ 'm’]
TCalloy = steel.mag_prop[’'bcc’]["Tc’]

'’’external contribution’’’
bcc_add_external = np.zeros(len (temperaturearray))
sigma_nofield = np.zeros (len(temperaturearray))

sigma_field = np.zeros(len (temperaturearray))

field _magnetization = landau(field, magarray, Tc=TCalloy, m0=
malloy)

field magnetization[np.isnan(field magnetization)] = 0 # this
is for some numerical issues, could prob fix later but doesn’
t impact solve now

nofield_magnetization = landau (0, nofieldarray, Tc=TCalloy, mO

=malloy)

newIC = new_TC_from field(field, TCalloy, malloy)

# starting at high temperature so it will be easier to solve
for magnetization at low temp

# for ti, temp in reversed(list (enumerate (temperaturearray))) :

for ti, temp in enumerate (temperaturearray) :

# cutoff criteria between ferro and paramagnetic Tc + 40K
is from Arajs experimental observation
if temp < (newTC + 40):

# we are in the ferromagnetic region
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#spontaneous magnetization
idx = find_nearest (nofield_magnetization[0], temp)

sigma_nofield[ti] = nofield_magnetization[1l] [idx]

# field induced magnetization
fidx = find_nearest (field _magnetization[0], temp)

sigma_field[ti] = field_magnetization[1l] [fidx]

# calculating the actual energy change

spontaneous = malloy * sigma_nofield[ti]

Mfield = malloy * sigma_field[ti]

fieldinduced = Mfield - spontaneous

dG_Landau = - Nav * muB x ( spontaneous + 0.5 =
fieldinduced) * field

bcc_add_external[ti] = dG_Landau

else:
# we are in the paramagnetic region
#print (' paramagnet!’)
paramag = dG_para (temp, steel.mag_prop, steel.

molar_mass, field)

bcc_add_external [ti] = paramag
sigma_nofield[ti] = O
sigma_field[ti] = 0

"’7internal contribution’’’

# dGinternal returns difference between FIELD and NO FIELD
using Xiong

dGinternal = dG_INTERNAL_ferromagnet (field, steel.

effective_mag_prop, temperaturearray)

fieldresults_alpha = pd.DataFrame.from_dict (
{’T’ : temperaturearray,
f’dGinternal {field}T ALPHA’ : dGinternal,
f’dGexternal {field}T ALPHA’ : bcc_add_external,
"sigma 0T’ : sigma_nofield,
f’sigma {field}T’ : sigma_field})

fieldresults_alpha.set_index ('T’, inplace=True)

return fieldresults_alpha
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def magnet_gamma (field,

temperaturearray,

steel

) 8
o
calculates contribution of applied magnetic field to GAMMA
phase
checks for antiferromagnetic phase
uses: dG_INTERNAL_ferromagnet () and dG_fcc_para() if
paramagnetic,

dG_INTERNAL_AFM and dG_AFM_paramagnetic () if

antiferromagnetic

Parameters

field : magnetic field strength in Tesla

temperaturearray : list of temperatures to do free energy
calculation at

steel : instance of the steel class that includes the magnetic

properties

Returns
fieldresults_epsilon : dataframe with index of temperature,

columns of change to free energy due to applied field

# external contribution to field

fcc_add_external = []

# is the gamma phase for this composition antiferromagnetic?

# yes, antiferromagnetic
if "Tn’ in steel.mag_propl’fcc’].keys () :
#internal
fcc_add_internal = dG_INTERNAL_AFM(field,
steel.
effective_magnet_prop,
temperaturearray,

structure = ’fcc’)
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#external
for ti in temperaturearray:
# checks how close to Neel temp we are to avoid
anomalies
# +40K is cutoff based on experience with ferromagnet
calculations

if ti < (steel.mag_propl[’fcc’]['Tn’] + 40):

fcc_add_external.append (AFM () )

else:

fcc_add_external.append (dG_AFM paramagnetic (ti,

steel.
mag_prop,

steel.
molar_mass,

field,

structure
= "fcc’)

)

#no
else:

# internal contribution
fcc_add_internal = dG_INTERNAL_ferromagnet (field,
steel.

effective_magnet_prop,

temperaturearray,
structure = '/
fcec’)
# external contribution
for ti in temperaturearray:
fcc_add_external.append(dG_fcc_para(ti, field, steel.

molar_mass))

fieldresults_gamma = pd.DataFrame.from_dict (
{’"T" : temperaturearray,
f’dGinternal {field}T GAMMA’ : fcc_add_internal,
f’ dGexternal {field}T GAMMA'’ : fcc_add_externall)

fieldresults_gamma.set_index ('T’, inplace=True)
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return fieldresults_gamma

def magnet_epsilon(field,

temperaturearray,

steel

) 8
o
calculates contribution of applied magnetic field to EPSILON
phase
checks for antiferromagnet phase
uses: dG_INTERNAL_ ferromagnet () and dG_hcp_para() if
paramagnetic,

dG_INTERNAL_AFM and dG_AFM_paramagnetic () if

antiferromagnetic

Parameters

field : magnetic field strength in Tesla

temperaturearray : list of temperatures to do free energy
calculation at

steel : instance of the steel class that includes the magnetic

properties

Returns
fieldresults_epsilon : dataframe with index of temperature,

columns of change to free energy due to applied field

# external contribution to field

epsilon_add_external = []

# is the gamma phase for this composition antiferromagnetic?

#yes, antiferromagnetic
if "Tn’ in steel.mag_propl’fcc’].keys () :
# internal contribution
epsilon_add_internal = dG_INTERNAL_AFM(field,
steel.
effective_mag_prop,
temperaturearray,

structure="hcp’)
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# external contribution
for ti in temperaturearray:
# checks how close to Neel temp we are to avoid
anomalies
# +40K is cutoff based on experience with ferromagnet
calculations
if ti < (steel.mag_prop[’hcp’]['Tc’] + 40):
epsilon_add_external.append (AFM())

else:

epsilon_add_external.append (dG_AFM paramagnetic (ti

steel.
mag_prop,

steel.
molar_mass,

field,
structure = "hcp’)

)

# no
else:

# internal contribution
epsilon_add_internal = dG_INTERNAL_ferromagnet (field,
steel.

effective_mag_prop,

temperaturearray,
structure =
"hep')
# external contribution
for ti in temperaturearray:

epsilon_add_external.append (0)

fieldresults_epsilon = pd.DataFrame.from_dict (
{"T" : temperaturearray,
f’dGinternal {field}T EPSILON’ : epsilon_add_internal,
f’dGexternal {field}T EPSILON’ : epsilon_add_external})

fieldresults_epsilon.set_index('T’, inplace=True)

return fieldresults_epsilon
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o\

h

Martensite Transformation Functions
transformation_gamma_alpha (results,

field,

composition,

name="'") :
wun
calculate the alpha martensite start temperature under applied
field
AT PERCENT

Parameters

results : dataframe of results from free energy calculation
field : applied field in Tesla

composition : composition dictionary for alloy

name : name of alloy (for plot title...)

nomag_Ms : martensite start temperature for 0 applied field
fullmag Ms : martensite start temperature for applied field
including both internal and external contributions

extmag_Ms : martensite start temperature for applied field

including external contributions ONLY

temperature = results.index.to_list ()

dif = (results[’G(BCC_A2)’].to_numpy()) - results[’G(FCC_ALl)’
] .to_numpy ()

magnet_dif = ( results[’G(BCC_A2)’].to_numpy () + \
results|[f’dGexternal {field}T ALPHA’].to_numpy ()

+\
results[f’dGinternal {field}T ALPHA’].to_numpy ()

) =\

( results[’G(FCC_ALl)’"].to_numpy () + \

results[f’dGexternal {field}T GAMMA’].to_numpy ()
+\

results[f’dGinternal {field}T GAMMA’].to_numpy ()
)
magnet_dif_external = ( results[’G(BCC_A2)’].to_numpy () +
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results[f’dGexternal {field}T ALPHA’].to_numpy()) - \
( results[’G(FCC_ALl)’].to_numpy () +
results[f’dGexternal {field}T GAMMA'’].to_numpy ())

# martensite temperatures

solve_lath = dif - stormvinter_ lathIII_effective (temperature,
composition)
nomag_Ms3 = temperature[find_nearest (solve_lath,0)] - 273

fullmag_solve_lath = magnet_dif -

stormvinter_ lathIII_effective (temperature, composition)
fullmag Ms3 = temperature[find nearest (fullmag_solve_lath,0) ]
- 273

extmag_solve_lath = magnet_dif_external -

stormvinter_ lathIII_effective (temperature, composition)
extmag_Ms3 = temperature[find_nearest (extmag_solve_lath,0)] -
273

nomag_Ms4 = results.index.values[find nearest (dif,
stormvinter_platelIV_effective (composition))] - 273

fullmag Ms4 = results.index.values[find_nearest (magnet_dif,
stormvinter_platelIV_effective (composition))] - 273

extmag_Ms4 = results.index.values[find_nearest (
magnet_dif_external, stormvinter_platelIV_effective (composition
))] - 273

# plot magnet contributions to free energy

plt.plot (results.index.to_list (),
results[f’dGexternal {field}T ALPHA’],
color = magnetred,
label=f’ {field} T EXTERNAL’)

plt.plot (results.index.to_list (),
results[f’dGinternal {field}T ALPHA’],
label=f’ {field} T INTERNAL’,
color=magnetred, ls=’dashed’)

plt.xlabel (! Temperature [K]’)

plt.ylabel (r’ $\Delta$G MAGNET')

plt.title(f’ {name} ’ + r’S$\gamma \rightarrow \alpha$’)

plt.legend()

plt.show ()

# plot free energy difference
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plt.plot (results.index.to_list (),

dif,
color='purple’,
label = 70 T")

plt.plot (results.index.to_list (),

magnet_dif,

color=magnetred,

label = £’ {field} T full’,

ls = "dashed’)

plt.plot (results.index.to_list (),

magnet_dif_ external,

color=magnetred,
label = f’ {field} T external only’)

plt.xlabel (' Temperature

[K17)

plt.ylabel (r’ free energy $\gamma \rightarrow \alpha$ [J / mol]

")
plt.legend()
plt.ylim(-5000,2500)

plt.title(f’ {name} ’ + r’S$\gamma \rightarrow \alpha$’)

plt.show ()

return nomag_Ms3, fullmag_Ms3,

fullmag_Ms4, extmag_Ms4

def stormvinter_lathIII_effective (tempin,

extmag_Ms3, nomag_Ms4,

composition) :

driving force for alpha martensite LATH using Stromvinter

model

coefficients have been refit to account for effective

thermodynamic properties / Xiong internal energy model

Parameters

tempin : array of temperatures

composition : dictionary of composition (in AT PERCENT)
Returns

driving force in J/mol
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compCin = composition([’C’] / 100 1if ’'C’ in composition.keys ()
else O

compCrin = composition[’Cr’] / 100 if 'Cr’ in composition.
keys () else 0

compMnin = composition[’Mn’] / 100 if 'Mn’ in composition.
keys () else O

compNiin = composition[’/Ni’] / 100 1if ’'Ni’ in composition.

keys () else O

notemppart= 3640 - 253 \
-4315.946194 x compCin \
+1563.64 * compCrin \
+12741.943667 * (compMnin) \
-295.935349 % compNiin \
+ 408438.4 x compCin * compCrin / (1 - compCin)

temppart = np.array([-2.92 x t for t in tempin])

model = notemppart + temppart

return -model #returning negative ’'model’ as we are doing the

offset in driving force from TO

def stormvinter_platelIV_effective (composition) :

driving force for alpha martensite PLATE using Stromvinter
mode 1l
coefficients have been refit to account for effective

thermodynamic properties / Xiong internal energy model

Parameters

composition : dictionary of composition (in AT PERCENT)

Returns

driving force in J/mol

mmon
compCin = composition[’C’] / 100 if ’C’ in composition.keys ()

else 0

compCrin = composition[’Cr’] / 100 if ’'Cr’ in composition.
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keys () else O

compMnin = composition[’Mn’

keys () else O

compNiin = composition[’/Ni’

keys () else 0

model=2100 - 253 \
-10003.170403*compCin \
—-354.126961 * compCrin \
+12947.468035 * (compMnin)
-1197.795768xcompNiin \

] / 100

] / 100

if 'Mn’ in composition.

if 'Ni’ in composition.

+ —-74126.3855 * (compMnin) x*2 \

+818238.635228 x compCin * compCrin / (1 - compCin)

return -model #returning negative ’'model’ as we are doing the

offset in driving force from TO
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MAGNET_examples

August 15, 2022

1 Example of the steel_class usage
[9]: from MAGNETS import *

import numpy as np

import matplotlib.pylab as plt

# this 1s because the landau calculation may encounter some problems solving at
—~low temperatures
warnings.filterwarnings("ignore", category=RuntimeWarning)

Magnetization & Susceptibility

Comparison of Susceptibility Fit to Data

Data from Arajs 1962: https://doi.org/10.1063/1.1728727

[9]: # Data ripped from Figure 1 of Arajs 1962
FeV7p7 = np.array([(1198.1132075471698,
0.29598308668076156) , (1204.1166380789023,
.33826638477801274), (1213.550600343053,
.3805496828752646) , (1220.4116638078901,
.42283298097251576) , (1226.4150943396226,
.4482029598308669) , (1241.852487135506,
.5243128964059202) , (1273.5849056603774,
.6849894291754759) , (1283.0188679245282,
.7526427061310782) , (1312.1783876500856,
.9048625792811841), (1322.4699828473413,
.9640591966173361) , (1359.3481989708403,
.1754756871035938) , (1377.3584905660377,
.268498942917548) , (1395.368782161235,
.3615221987315014) , (1410.8061749571182,
.4545454545454548) , (1420.2401372212692,
.5137420718816068) , (1431.3893653516293,
.5813953488372097) , (1441.680960548885,
.6236786469344608) , (1472.5557461406515,

R P, P, R, R, R, O 00000 OO Oo





1.7928118393234675), (1493.1389365351629,

1.8942917547568714), (1500.8576329331045, 1.9534883720930232)])
FeV14p2 = np.array([(1156.156775907883, 0.18057750221434876),
(1169.2763507528787, 0.2528255093002656) ,
(1180.6173604960143, 0.301236492471213),
(1188.37023914969, 0.34339061116031866) ,
(1201.4986713906112, 0.40380513728963674),
(1215.1948627103632, 0.5056935341009741),
(1224.1452612931798, 0.5479610274579274),
(1251.555358724535, 0.7280708591674045) ,
(1267.0434012400353, 0.836046058458813),
(1273.5943312666077, 0.8840035429583701),
(1293.8414526129318, 1.0338494242692646) ,
(1320.0673162090345, 1.1960956598759962) ,
(1329.5987599645705, 1.2620868024800704),
(1339.134632418069, 1.3221612046058455),
(1347.4596988485387, 1.3998724534986713),
(1363.5642161204605, 1.484237378210806),
(1384.4233835252435, 1.616389725420726) ,
(1404.080602302923, 1.7543454384410984),
(1425.525243578388, 1.9043046944198405),
(1429.0956598759965, 1.9342285208148802),
(1455.3215234720992, 2.0964747564216117),
(1485.1045172719218, 2.3063950398582813),
(1498.8095659875999, 2.3964499557130203)])
FeV19p4 = np.array([(1142.3454384410984, 0.23252435783879521),
(1150.080602302923, 0.29834543844109795),
(1166.1674047829938, 0.4063773250664302),
(1178.688219663419, 0.47856864481842276),
(1200.7227635075287, 0.6404180690876875),
(1218.5969884853853, 0.7604534986713904),
(1234.6749335695306, 0.8803188662533215),
(1248.3711248892826, 0.9822072630646583),
(1255.5119574844996, 1.0420549158547385),
(1273.9672276350752, 1.1858139946855624),
(1281.112488928255, 1.2397449069973425),
(1301.364038972542, 1.3836740478299379),
(1320.422497785651, 1.521573073516386),
(1340.066430469442, 1.6772790079716562),
(1352.5606731620903, 1.7849707705934454),
(1375.1984056687334, 1.9409601417183344),
(1420.438441098317, 2.3002728077945083),
(1432.941541186891, 2.3961310894596988) ,
(1468.0735163861825, 2.659812223206377),
(1471.639503985828, 2.6956527900797163),
(1490.0992028343667, 2.833495128432241),
(1499.0318866253322, 2.899429583702392)])





[10]: v7 = steel_class('v7', {'V':7.7}, 'ath')
v7fit = [10*x-4 / para_susceptibility(T,
alloy_moment (v7.comp_AT_fraction),
alloy_curie_or_neel(v7.comp_AT_fraction,
feTc=1094),
v7.molar_mass)
for T in FeV7p7[:,0]]

v14 = steel_class('vi4', {'V':14.2}, 'at%')
v14fit = [10*x*-4 / para_susceptibility(T,
alloy_moment (v14.comp_AT_fraction),
alloy_curie_or_neel(v14.comp_AT_fraction,,
~feTc=1094),
v14 .molar_mass)
for T in FeV14p2[:,0]]

v19 = steel_class('v19', {'V':19.4}, 'at%"')
v19fit = [10%*-4 / para_susceptibility(T,
alloy_moment (v19.comp_AT_fraction),
alloy_curie_or_neel(v19.comp_AT_fraction,,
~feTc=1094),
v19.molar_mass)
for T in FeV19p4l[:,0]]

[11]: plt.title('Susceptibility of Fe-V [Arajs 1962]', fontsize=16)

plt.plot(FeV7p7[:,0], FeV7p7[:,1], 's', mec='cornflowerblue',
-mfc=(0,0,0,0),label="'7.7 at% V', markersize=6)

plt.plot(FeV7p7[:,0], v7fit, color='cornflowerblue', label='fit')

plt.plot(FeV14p2[:,0], FeV14p2[:,1], 's', mec='blue', mfc=(0,0,0,0),label="'14.2,
—at) V', markersize=6)

plt.plot(FeV14p2[:,0], v14fit, color='blue', label='fit')

plt.plot(FeV19p4[:,0], FeVi9p4[:,1], 's', mec='midnightblue',,
-mfc=(0,0,0,0),label="'19.4 at) V', markersize=6)

plt.plot(FeV1i9p4[:,0], v19fit, color='midnightblue', label='fit')

plt.xlabel(' Temperature [K]')

plt.x1im(1100,1600)

plt.ylabel(r'1/$\chi x 10~{-4}$ [g/$cm~3$]1"')

plt.ylim(0,4)

plt.legend()

plt.show()
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Example Magnetization Curve

[12]: field, nofield = magnetization_curves(1043, 2.2, 20)

plt
plt

.plot(nofield[0], nofield[1], label='0 T', color='navy')
.plot(field[0], field[1], label='20 T', color = 'mediumvioletred')
plt.
plt.
plt.
plt.
plt.
plt.

xlabel (' Temperature [K]')

x1im (300, 1500)
ylabel(r'Magnetization [$\mu_B$]')
v1im(0, 2.5)

legend ()

show ()

1600
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Free energy examples

[13]:  # <nitialize class with name and compostition
steel = steel_class('Blob', {'C' : 0.3, 'Cr':12, 'Ni':5}, 'wt%")

# calculate the magnetic properties of the alloy
our_magnet_prop = {'bcc':
{
'"Tc': alloy_curie_or_neel(steel.comp_AT_fraction),
'theta' : alloy_curie_or_neel(steel.comp_AT_fraction,
~feTc=1078), #paramagnetic curie temperature

'm': alloy_moment (steel.comp_AT_fraction),

e
BRCCRE
{
'"Tn': neel_gamma_empirical (steel.comp_AT_fraction),
'neelfactor': -1,
'm':2.6
by
'hep':
{
'"Tn': neel_epsilon_empirical(steel.comp_AT_fraction),
'neelfactor': -1,
'm':1.2





[14]:

[15]:

effective_magnet_prop = {'bcc':
{
'Tc': alloy_curie_or_neel(steel.comp_AT_fraction,,
—~calc_type='INT'),
'm': alloy_moment (steel.comp_AT_fraction,
—calc_type='INT"')

# add them to the class
steel.effective_magnetic_properties(effective_magnet_prop)
steel .magnetic_properties(our_magnet_prop)

temperature_array = np.arange(200, 850, 50) # in Kelwin
magstrength = 10 # <n Tesla

test_dG_gamma = [dG_AFM_paramagnetic(T, our_magnet_prop, steel.molar_mass,
—magstrength, structure = 'fcc')
for T in temperature_array]
test_dG_epsilon = [dG_AFM_paramagnetic(T, our_magnet_prop, steel.molar_mass,
—magstrength, structure = 'hcp')
for T in temperature_array]

plt.title(r'$\Delta$G AFM Paramagnetic State')

plt.plot(temperature_array, test_dG_gamma, color=gammacolor,,
—label=fr'{magstrength} T $\gamma$')

plt.plot(temperature_array, test_dG_epsilon, color=epsiloncolor,,
—label=fr'{magstrength} T $\epsilon$')

plt.x1im(200, 800)

plt.xlabel(' Temperature [K]')

plt.ylabel(r'$\Delta$G magnet [J/mol]"')

plt.legend()

plt.show()





AG AFM Paramagnetic State

-0.2 ///—'_

—0.4 -

-0.6

—0.8 1

-1.0

M5 magnet [Jimal]

~1.2 -
— 10Ty

—14 7 — 10Te

!
200 300 400 500 600 700 800
Temperature [K]

[17]: results = magnet_alpha(magstrength,
temperature_array,
steel)

plt.title(r'$\Delta$G of Ferromagnetic State')

plt.plot(temperature_array, results['dGexternal 10T ALPHA'], color=alphacolor,
~label=fr'{magstrength} T $\alpha$')

plt.x1im(200, 800)

plt.xlabel(' Temperature [K]')

plt.ylabel(r'$\Delta$G magnet [J/mol]"')

plt.legend()

plt.show()
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