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A New Set of Creq and Nieq Equations
for Predicting Solidification Modes
of Cast Austenitic Fe-Mn-Si-Cr-Ni
Shape Memory Alloys
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Solidification microstructures and solidification modes
in different austenitic Fe-Mn-Si-Cr-Ni shape memory
alloys were investigated. Based on these results, a new
set of Creq and Nieq equations (Creq = Cr+1.5Si;
Nieq = Ni+0.164Mn+22C) were developed. The
above results show that Mn is still an austenite former in
austenitic Fe-Mn-Si-Cr-Ni alloys containing above
12 wt pct Mn and 4 wt pct Si, but its effect is weaker
than that in austenitic stainless steels with lower Mn
content.
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Shape memory alloys (SMAs) have attracted atten-
tion owing to their shape memory effect (SME) and
superelasticity. Fe-Mn-Si-based SMAs exhibit lower
cost, better workability, and weldability as compared
with Ni-Ti-based and Cu-based SMAs. Thus, there have
been many studies on Fe-Mn-Si-based SMAs since Sato
and his co-workers discovered the SME behavior in Fe-
Mn-Si single crystals.[1–14] Unfortunately, the recovery
strain is only 2 to 3 pct in polycrystalline Fe-Mn-Si-
based SMAs prepared by conventional processing tech-
niques.[3–14] To improve the recovery strain, the pro-
cessed Fe-Mn-Si-based SMAs have to be subjected to
training,[4–6] thermo-mechanical treatment,[9–11] or aus-
forming.[8] However, the training is not only too
complicated to be performed for components with
complicated shapes, but also increases the production
cost. The thermo-mechanical treatment and ausforming
are essentially a training step. As a result, the processed
Fe-Mn-Si-based SMAs have not been used commer-
cially so far. Current research focuses mainly on
developing training-free Fe-Mn-Si-based SMAs.

Very recently, Wen et al.[12] developed a novel training-
free cast Fe-18Mn-5.5Si-9.5Cr-4Ni alloy which solidifies
primarily asdelta ferrite. Its recovery strain reaches 6.4 pct,

which is higher than that of the trained Fe-14Mn-5Si-8Cr-
4Ni alloy.[13]Manufacture of parts with this alloy system is
simple and less costly compared to Fe-Mn-Si-based alloy
systems which require the training. Moreover, it is easy to
cast components with complicated shapes. Therefore, this
alloy systemprovides a novelway for producing a training-
free Fe-Mn-Si-based alloy with the high recovery strain. In
addition, it can be expected that an even higher recovery
strain can be developed in cast Fe-Mn-Si-Cr-Ni SMAs
through optimization of alloy compositions, casting
parameters, and heat treatment techniques.
Fe-Mn-Si-Cr-Ni SMAs are a special kind of austenitic

stainless steels. There exist four types of solidification
mode in austenitic stainless steels, i.e., austenitic (A),
austenitic-ferritic (AF), ferritic-austenitic (FA), and
ferritic (F) modes. The four solidification modes are
determined according to solidification sequence, as
follows:[15,16]

A mod e : L Liquidð Þ ! Lþ c! c;

AF mod e : L! Lþ c! Lþ cþ d! cþ d;

FA mod e : L! Lþ d! Lþ dþ c! dþ c;

F mod e : L! Lþ d! d! dþ c:

Different solidification modes produce distinctive as-
cast microstructures, inevitably leading to different SME
behaviors. Obviously, it is of importance to investigate
the effect of solidification modes on solidification
microstructures and their resulting SME. However,
our previous work showed that four sets of Creq and
Nieq equations (Delong et al.[17] Hull,[18] Hammar and
Svensson[19,20] as well as WRC-1992[21] equations) and
Thermo-Calc software� are invalid to predict the
solidification modes of cast Fe-(13–27)Mn-5.5Si-8.5Cr-
5Ni SMAs.[22] Therefore, a new set of Creq and Nieq
equations has to be developed to predict the solidifica-
tion modes of cast Fe-Mn-Si-Cr-Ni SMAs. In the
present paper, we investigated solidification microstruc-
tures of cast Fe-(13–27)Mn-(4.5–6.5)Si-(7–9)Cr-(4–6)Ni
SMAs and determined their solidification modes accord-
ing to their microstructural features. Based on their
solidification modes, a new set of Creq and Nieq
equations was successfully developed.
Cast Fe-Mn-Si-Cr-Ni SMAs were prepared by the

method described in Reference[22]. Chemical composi-
tions of the cast Fe-Mn-Si-Cr-Ni SMAs are listed in
Table I. Solidification modes were determined using
optical metallography. F mode was determined by
ordinary optical micrographs etched using 1 g
C2H2O4+15 mL H2O2+1 mL HF+15 mL distilled
water (referred as Etchant 1). FA, AF, and A modes
were determined by a color metallographic technique
developed by Rajasekhar et al.[16] The etchant is
0.5 g K2S2O5+20.0 g NH4HF2+100 mL distilled
water (referred as Etchant 2). The skeletal structure
presenting in dendritic centers represents the FA mode,
while the mixture of cellular and dendritic structure
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represents the AF mode. The dendritic structure repre-
sents the A mode. For cast 13Mn-27Mn alloys listed in
Table I, we have determined their solidification modes
in our previous work.[22] In the present paper, we
investigated solidification microstructures of other cast
Fe-Mn-Si-Cr-Ni alloys listed in Table I, as illustrated in
Figure 1. In the ordinary optical micrographs, the
microstructures of 6.5Si, 4Ni, and 5Ni alloys are the
typical Widmanstätten morphology, whereas the micro-
structures of 4.5Si and 6Ni alloys are the dendritic
morphology. F mode results in the Widmanstätten

microstructure.[15,16] Therefore, the solidification mode
of 6.5Si, 4Ni, and 5Ni alloys is the F mode. However, we
cannot determine the solidification mode of 4.5Si and
6Ni alloys only according to their dendritic morphology.
In order to determine their solidification modes, we used
the color metallographic technique. The results showed
that in the color micrographs, the skeletal structure
(indicated by white arrows) presents in the dendritic
centers of 4.5Si and 6Ni alloys, indicating that their
solidification mode is the FA mode. In the research
completed so far, only F and FA modes of cast Fe-Mn-

Table I. Chemical Compositions and Solidification Modes of Cast Fe-Mn-Si-Cr-Ni SMAs

Cast Alloys

Chemical Compositions (wt pct)

Solidification ModesSi Cr Mn Ni C Fe

13Mn 5.83 9.06 12.50 4.87 0.012 bal. F
15Mn 5.78 8.85 14.72 4.76 0.013 bal. F
17Mn 5.45 7.37 16.42 5.07 0.008 bal. F
19Mn 5.70 8.91 18.54 4.45 0.008 bal. F
21Mn 5.65 8.95 20.98 4.72 0.006 bal. F
23Mn 5.62 8.97 22.82 5.03 0.007 bal. F/FA
25Mn 5.89 8.91 24.43 5.00 0.007 bal. FA
27Mn 5.63 8.84 26.15 5.41 0.008 bal. FA
4.5Si 4.44 9.08 18.42 5.06 0.008 bal. FA
6.5Si 6.24 8.94 19.71 4.93 0.009 bal. F
4Ni 5.35 8.98 19.69 4.04 0.008 bal. F
5Ni 5.73 9.10 19.64 5.12 0.008 bal. F
6Ni 5.47 8.64 20.51 5.92 0.009 bal. FA

Fig. 1—Optical micrographs of cast Fe-Mn-Si-Cr-Ni alloys. Ordinary optical micrographs etched by Etchant 1, color optical micrographs etched
by Etchant 2.
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Si-Cr-Ni SMAs were attained through adjusting the
chemical compositions, as seen in Table I.

For the purpose of developing a new set of Creq and
Nieq equations to predict the solidification modes of cast
Fe-Mn-Si-Cr-Ni SMAs, the first step was to analyze
why four sets of Creq and Nieq equations (Table II) are
invalid to predict their solidification modes. The WRC-
1992 equation does not consider the influence of Mn and
Si on the solidification behavior. Therefore, it cannot
predict the solidification modes of cast Fe-Mn-Si-Cr-Ni
SMAs. In the case of the Hull equation, Mn suppressed
the formation of austenite when it was above about
12.79 wt pct. However, our previous work showed that
Mn still promotes the formation of austenite when it is
above 12 wt pct.[22] The Delong et al. equation[17] is
derived from welding studies, and the equation attrib-
uted to Hammar and Svensson[19] was derived from
studies of small samples by thermal analysis. Generally,
the cooling rate of our cast Fe-Mn-Si-Cr-Ni SMAs is
between 0.6 and 60 K/min,[23] and is much lower than
that of weld metals which typically cool at a rate of
4000 K/min,[24] and is a magnitude similar to that of
thermal analysis experiments conducted by to Hammar
and Svensson, which was typically 20 K/min.[19] How-
ever, the Hammar and Svensson equation does not
correctly predict the solidification modes of cast Fe-Mn-
Si-Cr-Ni SMAs.[22] Note that the Mn and Si concentra-
tions are above 12 and 4 wt pct, respectively, in the cast
Fe-Mn-Si-Cr-Ni alloys while are below 2 and 0.8 wt pct,
respectively, in the thermal analysis samples investigated
by Hammar and Svensson. Furthermore, the Cr and Ni

concentrations in the thermal analysis samples are much
higher than that in the cast Fe-Mn-Si-Cr-Ni alloys.
Accordingly, the coefficient of Mn or Si in the Hammar
and Svensson equation is unsuitable for predicting the
solidification modes of cast Fe-Mn-Si-Cr-Ni alloys
because the Cr, Ni, Mn, and Si concentrations in the
cast Fe-Mn-Si-Cr-Ni alloys is much different from that
in the thermal analysis samples. Based on the above
analysis, a new set of Creq and Nieq equations would be
developed through revising the coefficient of Mn or Si in
the Hammar and Svensson equation.
Our previous study showed that the solidification

mode of 23Mn alloy is a mixture of F and FA modes
(Table I).[22] Therefore, the Creq/Nieq value of 23Mn
alloy is approximately the critical value, over which the
solidification mode changes from F to FA mode. In the
case of Hammar and Svensson equation, this critical
Creq/Nieq value is 1.95.

[20] Thus, when we only corrected
the coefficient of Mn element in Hammar and Svensson
equation, a revised coefficient for Mn was calculated to
be a value of 0.164, from the following Eq. [1].

Creq
Nieq
¼ 1�Crþ1:5�Si

1�NiþðCoefficient ofMnÞ�Mnþ22�C

¼ 1�8:97þ1:5�5:62

1�5:03þðCoefficient ofMnÞ�22:82þ22�0:007

¼1:95 ½1�

The first new set of Creq and Nieq equations was
developed as follows:

Table II. Four Sets of Creq and Nieq Equations Predicting Solidification Modes of Austenitic Stainless Steels

Names of Equation Creq= Nieq=

Delong et al.[17] Cr+1.5Si+Mo+0.5Nb Ni+0.5Mn+30C+30N
Hull[18] Cr+0.48Si+0.14Nb+2.2Ti Ni+0.11Mn-0.0086Mn2+24.5C+18.4N+0.44Cu
Hammar and Svensson[20] Cr+1.5Si+1.37Mo+2Nb+3Ti Ni+0.31Mn+22C+14.2N+Cu
WRC-1992[21] Cr+Mo+0.7Nb Ni+35C+20N+0.25Cu

Hammar and Svensson equation, A: Creq/Nieq<1.35; AF: 1.35<Creq/Nieq<1.50; FA 1.50<Creq/Nieq<1.95; F: Creq/Nieq<1.95[20]

Table III. Predicted Solidification Modes of Cast Fe-Mn-Si-Cr-Ni SMAs by New Two Sets of Creq and Nieq Equations

Cast
Alloys

Actual
Solidification Modes

First Set of Creq and
Nieq Equations

Second Set of Creq and
Nieq Equations

Creq/Nieq

Predicted
Solidification Modes Creq/Nieq

Predicted
Solidification Modes

13Mn F 2.48 F 2.73 F
15Mn F 2.35 F 2.52 F
17Mn F 1.96 F 2.12 F
19Mn F 2.28 F 2.32 F
21Mn F 2.10 F 2.11 F
23Mn F/FA 1.95 F/FA 1.95 F/FA
25Mn FA 1.94 FA 1.93 FA
27Mn FA 1.75 FA 1.74 FA
4.5Si FA 1.91 FA 1.91 FA
6.5Si F 2.19 F 2.27 F
4Ni F 2.28 F 2.24 F
5Ni F 2.08 F 2.14 F
6Ni FA 1.78 FA 1.86 FA
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Creq ¼ Crþ 1:5Si; Nieq ¼ Niþ 0:164Mn þ 22C:

Similarly, when we only corrected the coefficient of Si
element in Hammar and Svensson equation, a revised
coefficient for Si was calculated to be a value of 2.66,
from the following Eq. [2].

Creq
Nieq

¼ 1�CrþðCoefficientofMnÞ�Si

1�Niþ 0:31�Mnþ 22�C

¼ 1� 8:97þðCoefficientofSiÞ� 5:62

1� 5:03þ 0:31� 22:82þ 22� 0:007
¼ 1:95

½2�

The second new set of Creq and Nieq equations was
developed as follows:

Creq ¼ Crþ 2:66Si; Nieq ¼ Niþ 0:31Mnþ 22C:

For new two sets of Creq and Nieq equations, A, AF,
FA, and F modes correspond to the following range
of Creq/Nieq value, which is same as the Hammar
and Svensson equation:[20] A: Creq/Nieq<1.35; AF:
1.35<Creq/Nieq<1.50; FA: 1.50<Creq/Nieq<1.95; F:
Creq/Nieq>1.95.
Based on new two sets of Creq and Nieq equations,

Table III lists the predicted solidification modes of cast
Fe-(13–27)Mn-(4.5–6.5)Si-(7–9)Cr-(4–6)Ni SMAs. The
results showed that both are valid to predict the F and
FA modes of cast Fe-Mn-Si-Cr-Ni SMAs. To further
examine whether the two sets of Creq and Nieq equations
can predict the A and AF modes of cast Fe-Mn-Si-Cr-
Ni SMAs, we designed two cast Fe-Mn-Si-Cr-Ni SMAs.
The solidification modes of Alloys #1 and #2 are A and
AF, respectively, according to the first new set of Creq
and Nieq equations while they are AF and FA, respec-

Table IV. Designed Chemical Compositions and Predicted Solidification Modes of Two Cast Fe-Mn-Si-Cr-Ni SMAs by New Two

Sets of Creq and Nieq Equations

Cast
Alloys

Designed Chemical
Compositions (wt pct)

First Set of Creq and
Nieq Equations

Second Set of Creq and
Nieq Equations

Si Cr Mn Ni C Fe Creq/Nieq

Predicted
Solidification Modes Creq/Nieq

Predicted
Solidification Modes

#1 5.5 6.0 21.0 8.5 – bal. 1.19 A 1.37 AF
#2 5.5 6.5 21.0 6.5 – bal. 1.48 AF 1.62 FA

Fig. 2—Optical micrographs of cast Alloys #1 and #2. Ordinary optical micrographs etched by Etchant 1, color optical micrographs etched by
Etchant 2.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 45B, FEBRUARY 2014—9



tively, according to the second new set of Creq and Nieq
equations (Table IV). Figure 2 shows ordinary and
color optical micrographs of Alloys #1 and #2. In the
ordinary optical micrographs, the microstructures of
Alloys #1 and #2 are the dendritic morphology. More-
over, the dendritic structure of Alloy #1 is coarser than
that of Alloy #2. In the color micrographs, the micro-
structure of Alloy #1 is also the dendritic morphology,
but the microstructure of Alloy #2 is a mixture of
cellular and dendritic morphology (indicated by white
arrows). Accordingly, the solidification mode of Alloy
#1 is the A mode, and that of Alloy #2 the AF mode.
Table V gives the actual chemical compositions as well
as the predicted and actual solidification modes of the
two cast Fe-Mn-Si-Cr-Ni SMAs. This result shows that
the first new set of Creq and Nieq equations (Creq =
Cr+1.5Si; Nieq = Ni+0.164Mn+22C) is able to
predict the A and AF modes of the two cast Fe-Mn-
Si-Cr-Ni SMAs, while the second new set of Creq and
Nieq equations (Creq = Cr+2.66Si; Nieq = Ni+0.31
Mn+22C) does not correctly predict the solidification
modes.

In Creq and Nieq equations, the coefficients associated
with each element represent their ability to promote the
formation of austenite or ferrite. The larger the coeffi-
cients of elements, the stronger their effect. The coeffi-
cient for Mn is 0.31 in the Hammar and Svensson
equation,[20] but it reduces to 0.164 in our new set of
Creq and Nieq equations. Note that the Hammar and
Svensson equation was derived from the thermal ana-
lysis samples whose Mn concentrations were below
2 wt pct, while our new set of Creq and Nieq equations
was derived from the cast Fe-Mn-Si-Cr-Ni alloys whose
Mn concentrations were 12 to 27 wt pct. Accordingly,
the effect of Mn promoting the formation of austenite is
much stronger when its concentration is below 2 wt pct
than when its concentration is 12 to 27 wt pct. This
result indicates that the effect of Mn is nonlinear, and
thus the coefficient of Mn in Nieq equation is not a
constant. This is the reason why Hammar and Svensson
equation does not correctly predict the solidification
modes of cast Fe-Mn-Si-Cr-Ni SMAs.

In summary, the solidification microstructures in
different Fe-Mn-Si-Cr-Ni SMAs had been studied.
According to their distinctive solidification microstruc-
tures, their solidification modes were determined. Based
on these results, we developed a new set of Creq and Nieq
equations (Creq = Cr+1.5Si; Nieq = Ni+0.164
Mn+22C). This set of Creq and Nieq equations can
predict the solidification modes of cast Fe-Mn-Si-Cr-Ni

SMAs. The above results show that Mn is still an
austenite former. However, its effect is nonlinear and is
weaker in Fe-Mn-Si-Cr-Ni SMAs containing above
12 wt pct Mn and 4 wt pct Si than in austenitic stainless
steels with lower Mn concentration. The new set of Creq
and Nieq equations will lay the foundation for designing
cast Fe-Mn-Si-Cr-Ni alloys with different solidification
modes, investigating the effects of solidification modes
on the as-cast microstructure and SME.
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