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Significance Statement
Fe-Cr-Ni	alloys	are	one	of	the	most	studied	ternary	

alloy systems. In this work, the lack of experimental data 
for	the	Fe-Cr-Ni	ternary	thermodynamics	at	low	tempera-
tures was solved by theoretical modeling. The composi-
tional dependency of both magnetic transition temperature 
and magnetic moment was studied, which contributes to 
superalloy development.

Category: Computational Research
Keywords: Magnetic phase diagram, Fe-Cr-Ni, Fe-Cr, 
Fe-Ni

Peiyun Feng

Wei Xiong, Ph.D.

Abstract
The compositional dependency of both magnetic 

transition temperature and magnetic moment of binary 
Cr-Fe,	Fe-Ni,	and	Cr-Ni	alloys,	and	ternary	Fe-Cr-Ni	alloys	
was investigated using magnetic modeling. Previous work 
on	these	systems	were	mainly	based	on	the	Inden–Hil-
lert–Jarl	magnetic	model	and	Weiss	Factor	introduced	by	
Hertzman	and	Sundman.	In	this	work,	a	revised	model	
proposed	by	Xiong	was	applied	to	study	the	compositional	
dependency of both magnetic transition temperature and 
magnetic	moment,	which	reduced	artificial	parts	of	calcula-
tions. The reliability of the revised model was proved by the 
fact that calculated Curie temperature, Néel temperature, 
and magnetic moment of three binary systems all agree 
well with experimental data. The predicted variation trend 
of ternary magnetic properties was also supported by 
available experimental and theoretical calculation results. 
The	low-temperature	properties	prediction	can	be	ben-
efited	by	the	showing	the	improvement	of	description	of	
the magnetic phase diagrams. The improved simulation of 
thermodynamic properties is critical to steel and superalloy 
development. 

1. Introduction
The	Fe-Cr-Ni	alloy	is	one	of	the	frequently	used	and	

studied materials. Many industrial austenitic, ferritic, and 
martensitic steels are formed based on this alloy system 
[1].	Their	distinct	magnetic	and	mechanical	properties	
make them the promising candidate for structural and func-
tional materials. For example, 304 stainless steel with a 
significant	content	of	Fe,	Cr,	Ni	is	frequently	applied	in	light	
water	and	fast	breeder	reactors	[2].	However,	there	have	
been	limited	experimental	data	for	the	Fe-Cr-Ni	ternary	
thermodynamics at low temperatures due to slow kinetics, 
which	makes	the	equilibria	to	be	hard	to	reach	[1].	To	solve	
this problem, theoretical modeling such as ab initio calcu-
lations	[3]	is	usually	applied.	In	this	work,	the	compositional	
dependency of both magnetic transition temperature and 
magnetic moment was studied to understand the magnetic 
ordering contribution to the alloy thermodynamics of the 
Fe-Cr-Ni	ternary	alloys,	which	is	critical	to	steel	and	super-
alloy development.

The	Inden-Hillert-Jarl	(IHJ)	magnetic	model	was	
proposed	in	the	Calphad	annual	conference	in	1978	[4].	
This model was designed only for the ferromagnetic (FM) 
state. To evaluate the antiferromagnetic (AFM) state, 
Hertzman	and	Sundman	improved	the	model	by	introduc-
ing	the	so-called	Weiss	Factor	(-1	for	body-centered	cubic	
and	-3	for	face-centered	cubic)	[5].	This	model	applied	a	
single	Redlich-Kister	[6]	polynomial	to	fit	both	the	Curie	
temperature and Néel temperature. This has the advan-
tage	that	both	FM	and	AFM	were	fitted,	and	the	critical	
magnetic	transition	point	could	be	found	where	this	fitted	
curve passed zero. But large discrepancy between the 
fitted	curve	and	experimental	information	occurs	when	
using this model to demonstrate features of both FM and 
AFM	states	simultaneously.	Artificial	parts	of	fitting	curves	
will result from this model, thus leading to inaccurate 
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prediction.	Xiong	et	al.	[7]	improved	the	IHJ	model	by	using	
two	Redlich-Kister	polynomials	to	fit	the	Curie	and	Néel	
temperatures separately and this model was adopted in 
this work. Besides, the effective magnetic moment that 
presents the real magnetism distribution to reproduce 
the	heat	capacity	suggested	by	Xiong	et	al.	[7]	was	used.	
Local	magnetic	moment	of	atoms	can	be	used	to	calculate	
the	effective	magnetic	moment,	otherwise,	the	fitting	of	
heat capacity due to magnetism can generate a reason-
able value of the effective magnetic moment.

2. Thermodynamic Modeling
Experimental magnetic transition temperature and 

local	magnetic	moment	available	in	literature	[9-46]	were	
collected	for	ternary	Fe-Cr-Ni	and	binary	Cr-Fe,	Fe-Ni,	and	
Cr-Ni	alloys.	The	Redlich-Kister series expansions (Eqs. 
(1)-(2))	were	applied	to	fit	the	magnetic	properties	of	binary	
systems.
 (1)

 (2)

where xA and xB are compositions for element A and B, 
respectively. T(A) (T(B)) and β(A) (β(B)) are magnetic transi-
tion temperature and magnetic moment of pure element A 
(B).	a	and	b	are	the	constant	in	the	Redliche-Kister	polyno-
mial	term	used	to	fit	experimental	data.	In	this	work,	those	
parameters	are	fitted	by	Thermo-Calc.	It	is	noteworthy	that	
all magnetic properties for pure Fe, Cr and Ni were from 
values	published	in	the	SGTE	database	[7].

Based	on	Xiong’s	revised	model	[8],	the	endpoints	of	
each	fitted	polynomial	were	set	to	be	the	pure	element	
parameters, which are also called unary parameters. If the 
element is antiferromagnetic, the Curie temperature is 
negative, and the Néel temperature is positive, vice versa. 
Ternary	parameters	of	Fe-Cr-Ni	alloys	were	fitted	in	the	
same way by inputting both unary parameters of pure Fe, 
Cr,	and	Ni	and	binary	parameters	of	Cr-Fe,	Fe-Ni,	and	
Cr-Ni	alloys.	All	these	parameters	were	used	for	describing	
the compositional dependency of magnetic properties. The 
local magnetic moment of atoms was used to calculate the 
effective magnetic moment through Eq. (3):

 (3)

where β* is the effective magnetic moment, xi is the com-
position of element i and βi is the local magnetic moment of 
element i.

3. Results and Discussion

Figure 1: Magnetic moment (μB) at 298 K for the Fe-Cr-Ni alloys (a) of fcc 
phase and (b) of bcc phase. Symbols denote the experimental data [9-23].  
Red solid lines represent the effective magnetic moment calculated in this 
work using Xiong’s revised model.



27

Ingenium 2021

3. Results and Discussion

Figure 1: Magnetic moment (μB) at 298 K for the Fe-Cr-Ni alloys (a) of fcc 
phase and (b) of bcc phase. Symbols denote the experimental data [9-23].  
Red solid lines represent the effective magnetic moment calculated in this 
work using Xiong’s revised model.

Figure 2: Magnetic transition temperature for the Fe-Cr-Ni alloys (a) of fcc 
phase and (b) of bcc phase. Symbols denote the experimental data [24-46]. 
Red solid and dashed lines (no experimental data for certain systems) repre-
sent the Curie temperature calculated in this work using Xiong’s revised model, 
while blue solid lines represent the Néel temperature calculated in this work.

Figs.	1	and	2	shows	the	magnetic	property	curves	
of	binary	Cr-Fe,	Fe-Ni,	and	Cr-Ni	alloys	in	this	work.	The	
Curie and Néel temperatures were described by two 
separate	Redlich-Kister	polynomials.	If	both	fitted	Curie	
and	Neel	temperatures	curves	are	below	zero	at	specific	
composition, that indicates that the real magnetic transition 
temperature	is	zero	and	this	phase	is	non-magnetic.	As	
shown in Fig. 2, there is no cross point of Curie and Néel 
temperature curves above 0 K, which means that FM and 
ATM	states	would	not	co-exist	above	0	K.	Consequently,	

there	will	not	be	artificial	part	of	fitted	Néel	temperature	
curves by using this improved model. Comparing with ex-
perimental	data	points,	the	fitted	curves	in	both	Figs.	1	and	
2 demonstrate that the binaries could be described satis-
factorily by this improved model. As a result, the prediction 
of magnetic properties of binary systems requires high 
accuracy. For some systems Néel temperature parameters 
were	not	fitted	because	some	phases	in	certain	systems	
do	not	exhibit	AFM	state.	For	example,	bcc	Fe-Ni	binary	
system only shows FM state over its whole composition 
range.

Thermodynamics	in	low-temperature	range	is	of	vital	
importance to the magnetism of alloys and thus have 
significant	needs	in	various	applications.	The	reliability	
of the descriptions of unaries and binaries would directly 
influence	the	reliability	of	ternary	prediction.	By	extrapo-
lation	of	resulted	binary	properties	and	fitting	of	ternary	
experimental data, the compositional dependency of the 
magnetic transition temperature and magnetic moment for 
ternary	Fe-Cr-Ni	alloys	were	shown	by	heatmaps	in	the	
middle	triangle	of	Figs.	1	and	2.	Normalized	by	the	color	
bar, the variation of colors in the heatmaps demonstrates 
the general trend of Curie temperature, Néel temperature 
and	magnetic	moment	variation.	Figure	1(a)	shows	that	the	
effective magnetic moment decreases rapidly with increas-
ing Cr content in the fcc phase. This is because Cr does 
not exhibit large magnetic moment in fcc phase (magnetic 
moment	is	0	for	pure	Cr	in	fcc	phase).	Figure	1(b)	shows	
that	similar	trend	occurs	in	bcc	phase	of	Fe-Cr-Ni	alloys.	
The magnetic moment reaches maximum at the Fe rich 
side and decreases as Fe content decreases. For mag-
netic transition temperature shown in the heatmaps in Fig. 
2, a boundary could be seen where Curie temperature 
drops to below zero (from red to purple). This possibly 
demonstrates the composition range where FM transforms 
to	ATM.	In	conclusion,	these	figures	demonstrate	reason-
able	descriptions	of	magnetic	phase	diagrams	of	Fe-Cr-Ni	
alloys.

4. Summary
In	this	work,	a	revised	magnetic	model	[9]	was	applied	

to	calculate	the	magnetic	properties	of	ternary	Cr-Fe,	Fe-
Ni,	Cr-Ni,	and	Fe-Cr-Ni	alloys.	The	calculated	Curie	tem-
perature, Néel temperature, and magnetic moment of three 
binary systems all agree well with experimental data, which 
proves the reliability of the new magnetic model adopted 
in this work. Meanwhile, the extrapolation from the binary 
systems	to	the	Fe-Cr-Ni	system	can	satisfactorily	predict	
the same variation trend of magnetic properties suggest-
ed by available experimental and theoretical calculation 
results. This work can hopefully stress the importance of 
magnetic	models	for	the	further	development	of	the	CAL-
PHAD	method	and	draw	more	attention	to	the	improve-
ment of description of magnetic phase diagrams. 
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