Shap. Mem. Superelasticity
https://doi.org/10.1007/s40830-020-00273-3

ICFSMA 2019

=

Check for
updates

Systematic Trends of Transformation Temperatures and Crystal
Structure of Ni-Mn-Ga-Fe—Cu Alloys

Andrew Armstrong"? « Frans Nilsén” - Michal Rames” - Ross H. Colman® -

Petr Vertat’ - Tomas Kmje¢® - Ladislav Straka®
Oleg Heczko®

© ASM International 2020

Abstract Here we report a systematic research on effects
of Fe and Cu upon properties relevant for the magnetic
shape memory effect of Ni-Mn—Ga ferromagnetic shape
memory alloys. Fe and Cu were identified as elements with
potential synergism to increase the martensite transforma-
tion temperature of Ni-Mn—-Ga magnetic shape memory
(MSM) alloys. Eighteen Ni-Mn—Ga-Fe—Cu alloys with
different systematic trends in substituting the ternary ele-
ments with Cu and Fe have been investigated. We found a
method to describe the effectiveness of Ni, Mn, and Cu
upon raising the martensitic transformation temperature,
lowering the saturation magnetization, and varying the
Curie temperature. We find the martensite transformation
temperature most influenced by the Ni content, followed by
Mn, with a smaller effect of Cu. The saturation magneti-
zation decreases with similar coefficients for Mn and Cu
alloying. The Curie temperature monotonously decreases
with Mn, but not Cu. The 10M martensite structure is
stable for the composition Nige sMnos, xGars_x_yFes; sCuy
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with X and Y range of 0-5.7, and 0.8-3.0. Used in com-
bination with the fotal e/a, the elemental e/a-ratio gives
some insight into the complex behavior of quinary MSM
alloys and is a useful method of analyzing MSM alloys for
improved functional properties.

Introduction

Magnetic shape memory (MSM) alloys actuate in response
to magnetic fields [1]. They convert magnetic field energy
into large-strain (up to 12%) high-speed (~ 1-10 ms)
reversible deformation with work-output approximately
2.6 x 10* J/m?® [2]. MSM alloys can expand, contract, and
bend in response to magnetic fields [3—5]. The mechanical
degrees of freedom of axial strain and bending [6] allows
for complex motion, such as for small constrictions that
can be swept through the material in the case of MSM
micropumps [7, 8]. MSM alloys absorb energy in the
motion of their twin boundaries and can be used as dam-
pers [9, 10] and energy harvesters [11]. In short, MSM
alloys behave akin to metallic muscles activated by mag-
netic field, morphing to a variety of geometries, and can
operate down to cryogenic temperatures as low as 2 K [12].

Three martensite structures are stable in Ni-Mn-Ga
MSM alloys: five-layer modulated (10M); seven-layer
modulated (14M); and non-modulated (NM) [13-17]. The
10M phase exhibits very low twinning stress
(~ 0.1-1 MPa) [18], making it efficient for magnetic
actuation. The maximum operating temperature is, how-
ever, often the limiting factor for 10M actuators; aerospace
applications, for example require operation up to 373 K
[19]. Pagounis et al. [20] found the highest austenite start
temperature for 10M alloy (i.e., maximum operating
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temperature) which was 353 K in Nisg gMnyg 4Gayg g alloy.
In this study, we sought to increase the temperature of
martensitic transformation (7y;) of the 10M phase through
combined Fe and Cu alloying.

One can modify the operational temperature in Ni-Mn—
Ga MSM alloy by alloying, as the Ty is sensitive to ele-
mental composition [21, 22]. For ternary alloys, we esti-
mate the alloy crystal structure, the Ty, Curie temperature
(Tc), and saturation magnetization (Ms) based upon the
e/a-ratio [23]. The e/a-ratio describes the arithmetic aver-
age of the valence electrons surrounding each atom. Given
plethora of previous literature, it is well known that
increasing e/a increases Ty, but decreases Tc and Ms.
Predictions of the stable phase are based upon the e/a-ratio,
with 10M structure forming at e/a between 7.62 and 7.68,
14M forming between 7.68 and 7.72, and NM forming
above 7.72 [23-26]. However, the boundaries between
these structures are indistinct.

Effects of alloying Ni-Mn—Ga with Fe [19, 27-37], Cu
[19, 35, 37-50], Co [19, 29, 30, 37-40, 43, 49, 51-53], and
other transition elements [29, 37] have been subject of
study. Additions of these elements change crystal structure,
Tm, Tc, and M. Less explored is the combined effect of
alloying elements with potential synergism. Synergisti-
cally, Co and Cu, alloyed at 4% into Ni-Mn—-Ga allowed
for the first magnetically induced reorientation for non-
modulated MSM alloy: Co decreased tetragonality, while
Cu increased martensite Ty, [49], opening a new avenue in
the MSM field.

We hypothesized that a synergism exists for alloying Cu
and Fe combined into Ni-Mn-Ga for 10M phase. The
addition of iron increases T¢ [19, 40]. The addition of
copper increases Ty, but also may decrease T¢ [46]. We
sought alloys to look for synergism of Fe and Cu in 10M
phase to improve overall functional properties. While we
did not find a clear synergism between the elements, we
identified systematic trends between alloying elements and
thermal and structural properties that differ from the trends
of these elements in quaternary alloys (i.e., Ni-Mn-Ga-X,
where X is Fe or Cu). Ni-Mn—-Ga alloys with two addi-
tional elements have been challenging to understand, with
the fotal e/a not serving alone as a predictor of behavior.
We found a useful predictor to describe some systematic
trends, the elemental e/a, that when used in combination
with total e/a-ratio can help design of improved functional
property MSM alloys.
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Experimental
Alloy Design

We made eighteen Ni-Mn—-Ga-Fe—Cu alloys and varied
constituent elements around base system NisoMn,gGay,.
The alloy compositions (in at.%) are reported in Table 1.
The alloys were designed to sweep several design con-
straints predicted to be important: keeping Ni (Mn) near
50% (28.5%); altering the Fe to Cu ratio (Fe/Cu). We
swept a broad rotal e/a range, and additionally looked at
systems with Mn 25 at.%. The alloys approximately
follow:

Group  Ni 50%IMn 25%I|1-4% Fe and Cu at 1:1 Fe/Cu
1 reducing Ga

Group  Ni 48%IMn 28-31%IFe 0-5% + Cu 1%

2 reducing Ga, increasing Fe/Cu

Group  Ni46.5% + Fe 3% | Mn 25-29% + Cu 1%, 2%,
3 3% reducing Ga

Group  Ni49%IMn 27-29%|Fe 3% & Cu 1-3% reducing

4 Ga, high e/a

However, understanding exact group delineation is not
necessary to understand the subsequent analysis. The rea-
son for the grouping is mostly for discussion of the dif-
ferent preparation techniques applied for different groups.

Alloy Preparation and Measurements

Group 1 and 2 samples were prepared by arc melting pure
metals under 4 x 10~* mbar argon atmosphere with an
Edmund Biihler MAM-1 arc furnace in a water cooled-
copper crucible. Ingots were re-melted three times for
homogeneity. Group 1 samples were annealed in an alu-
mina crucible within a tube-furnace under argon gas flow at
1273 K for 72 h and ordered at 1073 K for 24 h, then left
in the furnace to cool slowly. This treatment resulted in 3%
Mn loss. Group 2 samples were annealed instead in argon-
backfilled quartz ampoules and experienced < 0.5% Mn
loss.

We prepared Groups 3 and 4 alloys differently. We
weighed elements into 2 ml alumina crucibles and sealed
them in argon-backfilled quartz ampoules. We melted
alloys in a box furnace (Classic) at 1443 K for 48 h, then
annealed and ordered following above alloying parameters.
We checked homogeneity of alloys 7, 15, and 17 by sec-
tioning the ingot into top, middle and bottom samples (A,
B, C) and measured elemental composition by X-ray flu-
orescent spectroscopy with an Eagle III EDAX pProbe
(XRF). The measurement error of the XRF was highest for
the manganese and gallium compositions which was £
0.5 at.%. The chemical segregation of Groups 3 and 4
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Table 1 Composition, magnetic, and thermal properties of alloys: alloy grouping, alloy labeling, chemical compositions, martensitic trans-
formation temperature Ty, Curie temperature 7, saturation magnetization Ms, fotal e/a, and observed structure at 7 = 250 K

Group Alloy Composition [at.%] Tu [K] Tc [K] 2.0 T Mg [AmZ/Kg] 10 K e/a Structure 250 K
Ni Mn Ga Fe Cu

1 50.4 24.8 21.7 1.4 1.7 347 369 58 7.73 NM

1 2 50.0 24.7 20.3 2.4 2.7 385 400 69 7.82 NM
3 49.2 23.7 18 4.3 4.7 523 372 74 7.99 NM
4 48.1 27.5 23.6 0 0.9 230 377 84 7.52 A

2 5 48.1 30.7 17.8 2.7 0.7 286 385 76 7.79 10M/A
6 47.4 30.9 16.0 4.9 0.8 336 385 69 7.86 14M
TA 46.4 24.9 24.6 32 0.9 162 388 90 7.48 A
7B 46.5 24.7 24.7 32 0.9 160 386 85 7.48 A
7C 46.2 24.9 24.8 33 0.9 159 387 86 7.46 A
8 46.3 26.8 22.8 32 0.8 223 380 83 7.54 A

46.2 29.1 20.6 33 0.9 290 369 73 7.54 10M

10 46.7 24.5 23.8 32 1.8 158 419 86 7.55 A

3 11 46.2 26.8 21.9 32 1.9 222 390 83 7.62 A
12 46.1 28.9 19.8 33 1.9 293 378 71 7.70 10M
13 46.2 24.8 22.7 33 3.0 182 417 78 7.63 A
14 46.0 26.9 20.8 32 3.0 247 388 73 7.70 10M/A
15A 47.0 28.3 18.3 33 3.0 323 375 63 7.83 14M
15B 46.9 28.1 18.8 33 3.0 344 373 60 7.81 14M
15C 46.8 28.1 18.7 3.1 33 342 374 59 7.82 14M
16 49.1 24.8 21.5 3.7 0.9 307 392 75 7.69 10M
17A 49.1 27.1 18.7 32 2.0 413 385 60 7.84 NM

4 17B 49.3 27.0 18.5 32 2.0 413 385 53 7.85 NM
17C 49.1 27.0 18.6 33 1.9 414 385 63 7.84 NM
18 49.3 29.1 15.5 33 2.8 564 277 36 8.0 NM

alloys was at most 0.3%. Given their relatively homoge-
nous nature, we just measured the center section of each
ingot for the rest of alloys in these groups. The small
variation in Mn concentration was within the typical range
reported for annealed Ni-Mn—Ga alloys [54].

Wire electric discharge machining (ZAP BP) was used
for sample cutting. The surfaces of all samples were ground
with progressively finer grit SiC papers to 4000 grit for
surface analysis to remove kerfs formed during discharge
cutting and brass contamination from cutting wire. We
determined crystal structures for the alloys with X-ray
diffraction (XRD) using a PANalytical X’Pert PRO with
Co and Cu tubes equipped with a cooling stage enabling
cooling to 250 K.

Saturation field (2.0 T) and low-field (0.01 T) magne-
tizations as a function of temperature were measured using
a vibrating sample magnetometer (Quantum Design PPMS)
with temperature rate 4 K/min. The Curie temperature was
determined from the inflection point of the low-field
magnetization. The Mg was obtained at 10 K from the

2.0 T magnetization. For alloys with T\; greater than T,
we used differential thermal analysis and differential
scanning calorimetry (DTA/DSC), measured using a
Setaram Setsys Evolution, in a helium gas flow with a
10 K/min ramp rate in the range 320-1140 K on heating
and cooling.

The martensitic transformation was identified from the
low-field magnetization data up to 400 K (i.e., for alloys
4-16), where we reported Ty; as the average of the
austenite and martensite start temperatures. Above 400 K,
the extended high temperature range of the DSC
calorimeter allowed better definition of NM structure
alloys (i.e., for alloys 1-3, 17 and 18). Here Ty; was the
average between centers of the endothermic and exother-
mic peak.

Precise comparison between DTA and PPMS measure-
ments is difficult, as differences arose from the placement
of the thermocouple in relation to sample, the sample size,
and the size of the sample chamber. These factors led to
slightly different lag between the measured sample
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temperatures vs. measured phenomena, as the heat-transfer
conditions were different. We removed this lag from PPMS
data by making the T¢ coincident on heating and cooling.
We also verified on the DSC data that the T extracted was
consistent on heating and cooling. However, in this case
the difference was about 5 K on heating and cooling.

Where Curie transitions were detected in both DSC and
low-field magnetization measurements (in case of Alloy
17), the extracted martensitic transformation temperature
agreed within 7 K, indicating good compatibility of the
techniques and fairly low error. This is similar to the dif-
ference of around 5 K as reported in previous work by
Chernenko et al. [55].

Element Contribution to e/a

For total e/a calculation, we used Ni, Mn, Ga, Fe, and Cu
valence electron contributions of 10, 7, 3, 8, 11 electrons,
respectively [50]. To find trends amid e/a data scatter, we
introduced a new parameter, the elemental e/a contribu-
tion. The parameter differs from the fotal e/a-ratio. The
elemental e/a contribution Xgemene compares the valence
electrons associated with an element constituent to the toral
e/a of the alloy, separating elemental character from the

E,

change in overall e/a: Xeiement = Mﬂg‘e"‘e"‘ ;where Felement

is atomic fraction of the element, Eqjement 18 the number of
the element’s valence electrons and the denominator is the
total number of valence electrons per formula unit, which
is just the total e/a

Consider 100 atoms of Ni,MnGa. Fifty atoms are Ni,
which each contribute 10 valence electrons (v.e.). Twenty-
five Mn atoms contribute each 7 v.e.; twenty-five Ga atoms
each contributes 3 v.e. In total, the one-hundred atoms have
750 total v.e., of which Ni, Mn, and Ga contribute 66.7%,
23.3%, and 10.0% to the total ela, i.e., Xn; = 0.667, Xyvn-
= 0233, XGa = 0.100. For Nis()MnggGazz, XNi = 0656,
Xy = 0.257, Xg, = 0.087.

Results

The XRD analysis indicated the presence of the common
martensite phases (NM, 14M and 10M) and cubic austenite
in samples (Table 1). A mixture of multiple phases was
detected for samples in the as-cast state, but after annealing
samples became largely single phase. All the samples were
highly textured polycrystals with (100) type reflections
distributed in a small range of Euler angles. Annealing did
not broaden the range. In alloys 7-18 larger grains were
detected based on distinct spots in the XRD pole fig-
ures (not shown). This difference can be ascribed to the
different manufacturing methods with different thermal
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gradients. For these alloys, the material appeared to be
oligo-crystalline rather than polycrystalline.

Results from the PPMS, DTA and XRD measurements
were compiled into Table 1. The melting temperature was
measured in alloys 1-3, 17, 18. The melting temperature
was between 1363 and 1384 K. The B2'-L2; ordering
temperature was between 973 and 1017 K.

Figure 1 shows the measured Ty, Tc, and Mg data from
Table 1, plotted against fotal e/a. Lines were drawn to
compare to the Chernenko [23] ternary system Ty, Tc, and
Ms, where the martensitic temperature was determined
using DSC [55]. The difference between the two methods
is, as previously stated in “Alloy Preparation and Mea-
surements” section as around 5-7 K, given sharp trans-
formation behavior.

Figure 2 shows T\ plotted against elemental contribu-
tion to e/a (Xy;) from Eq. 1. Here we note these trends:
alloys in the upper circled region had NM structure, while
alloys in the lower circled region had 10M/14M structure.
NM structure tended to form with increased Xy; and with
high fotal e/a. Modulated structures formed with decreased
Xni and lower total e/a. Alloys in Groups 1 and 4 were NM,
while Group 2 alloys fell in the lower ellipse region and
had modulated structure. The solid line indicates Ty
behavior for the Group 3 alloys which approximately fol-
lowed NigesMnys, xGass_x yFe; sCuy (i.e., Ni and Fe
add up to ~ 50 at.%) alloying, and is the system analyzed
further in Figs. 4, 5 and 6. Alloy 6 also fell along the solid
line, but had higher Ni concentration than Group 3 alloys,
and is not included in the Group 3 analysis. The red dashed
line indicates the Ty; versus Xp; for Ni-Mn-Ga, back-
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Fig. 1 Martensite transformation temperatures and Curie tempera-
tures Ty, Tc, and saturation magnetization Mg as functions of e/a in
Ni—-Mn—-Ga-Fe—Cu alloys and previously reported e/a trends (dashed
lines) for ternary alloys from [23]. Ty, T, and Mg values are plotted
as as blue circles, red triangles, and green squares, respectively. The
blue dashed line shows the ternary system 7Ty the red dashed line
shows the ternary system 7 (Color figure online)
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Fig. 2 Martensite transformation temperature as a function of Xy;.
Alloy labels are from Table 1. Alloys in the upper and lower ellipse
have the NM and modulated structures. The red dashed line indicates
Xni contribution of Ni-Mn—Ga calculated from [23]. The solid black
line marks alloys following NigesMnys, xGars_x_yFe; sCuy. We
compared alloys along the black line with alloys in the NM region,
which differ in Ni and Ga. The rate of increase between alloys is
marked with a dashed arrow

calculated from [23] in which Ni concentration is 50%
[23]. The back-calculated values were compared to data
from Sozinov et al. [21], which closely follow Ref.[23], but
do not indicate the inflection region reported by Chernenko
[23]. The dashed arrows indicate the systematic increase in
T\ with increasing Ni alloying discussed “Effect of nickel

2

on Ty;” section.
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Fig. 3 Martensitic transformation temperatures as a function of Xyy,.
Alloys above the solid line had the NM structure. Alloys within the
blue ellipse have modulated structure. The red dashed line indicates
Xmn contribution of Ni-Mn-Ga calculated from [23]. The black
dashed lines enclose a region where systematic trends are found and
further noted in Fig. 4

In Fig. 3 we plotted Ty as a function Xy, and also Ty
for Ni-Mn—Ga calculated from Chernenko [23]. The upper
solid line delineates NM from modulated structure. Alloys
with high Ni content (Group 1 and 4 alloys) had high T,
but were NM structure with increased Fe and Cu alloying.
Alloys with lower Ni content (Group 2 and 3 alloys) were
within the region marked by an ellipse and had modulated
structure. In these alloys, Ty increased with increasing Xy,
and maintained modulated structure up to Xy, ~ 0.29;
Xwmn above this was outside the scope of this study. The
dashed region marks Group 3 alloys which had close to
46.5 at.% Ni and 3.5 at.% Fe and were further analyzed in
Figs. 4, 5 and 6. Some Group 2 alloys fell within the
dashed region of Fig. 3, but had higher Ni than Group 3
alloys, and had properties in-between high Ni content
(Groups 1 and 4) and low Ni content (Group 3) alloys.

Figure 4 compares in detail 7y; of Group 3 alloys
against Xwy,. Tvm increased with Mn content following
contours marked in blue solid lines of constant Mn con-
centration. We identified contours of constant Cu concen-
tration and marked these as solid green lines. From the Mn
and Cu concentration contours, we isolated Mn and Cu
effects upon Ty from the overall convolution of the effects
of the other elements. We plotted also Ty against Xy,
calculated from [23] as the dashed red line to note the
location and slope of the ternary line vs that for the quinary
alloys.

Figure 5 compares Mg of Group 3 alloys against Xc,.
Alloys with similar X, were marked along solid green
lines of constant Cu concentration. Xc, was from
0.045-0.05, i.e., was quite small, which caused X, to align

28.5 at% Mn TM [Ché’menko]
350 a=\{5B !
15C /p
300- soathlu X =9
26.8 at% Mn -
= 250 \ =14 0.9 at%Cu
[
25 at% Mn =8

200

0at%

(extrapolated)
150

0.22 0.23 0.24 0.25 0.26 0.27 0.28
Manganese e/a contribution (X,

Fig. 4 Systematic trends in the NigssMnys,xGass, x yFessCu,
system lying within the area bound with a dashed line in Fig. 3.
Contours of constant Mn (Cu) concentration are marked with blue
(green) solid lines. The reference Xy, contribution retrieved from
Chernenko [23] is plotted in a red dashed line. A zero copper line
extrapolated from the data of this study is marked with a green dashed
line (Color figure online)
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Fig. 5 Saturation magnetization plotted against X¢, for the Niggs.
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constant Cu concentration. Dashed blue lines indicate contours of
constant Mn concentration (Color figure online)
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Fig. 6 Curie temperature plotted against X, for the NigsMnos, x.
Ga,s_x_yFe; sCuy system. Solid green (dashed blue) lines indicate
contours of constant Cu (Mn) concentration (Color figure online)

predominantly vertical irrespective of fotal e/a. The dashed
blue lines indicated Mg for Mn content of 25 at.% and
26.8 at.% and for higher Mn (28.1-29.1 at.%). We found
systematic contours which show the coefficient of
decreased Mg with increased Mn and Cu alloying.

In Fig. 6, we plotted for Group 3 alloys the Curie tem-
perature against Xc,. Alloys with common Cu concentra-
tion aligned in vertical contours and were marked as green
solid lines. The trend in Curie temperature for constant Mn
concentration was drawn in dashed blue lines.
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Discussion
Analysis of Total e/a

Compared to the ternary Ni-Mn-Ga system, the toral
ela diagram (Fig. 1) shows approximately 100 K scatter in
martensitic transformation temperatures for a given e/a.
The large scatter indicates that the fotal e/a-ratio is not
effective in predicting transformation temperatures for Ni—
Mn-Ga-Fe—Cu. The intersection line reported by Cher-
nenko [23] turns into a broad intersection range that
extends from rotal e/a ~ 7.72 to 7.88 (Fig. 1).

In ternary Ni-Mn—Ga alloys, increasing total e/a above
7.7 results successively in formation of the 14M and NM
structure [22]. In quaternary Ni-Mn—Ga alloys singularly
alloyed with either Cu or Fe the e/a for 10M structure have
been as high as 7.82 for alloy NisoMn,sGa,Cuy [56]. In
this study, the maximum fotal e/a found for 10M was in
Alloy 5, which had 7.79 with Ty = 286 K. The maximum
e/a found for 14M alloy was 7.83 in Alloy 15. In all cases,
transformation temperatures for Ni-Mn-Ga-Fe—-Cu are
less than those found for well-annealed ternary alloys,
despite having higher fotal e/a. Alloys on upper Ty spread
are near to Ni-Mn—Ga compositions (Alloy 4), they have
lower nickel and some iron, but little copper. Alloys on the
lower Ty band have high Cu, or high Mn and more sub-
stantial Fe or Cu, but these trends are neither obvious, nor
systematic.

Effect of Nickel on Ty

In Fig. 2 we look at nickel according to its elemental e/a.
Ni is second only to Cu in number of valence electrons, and
its elemental e/a contribution is large. In Fig. 2, outside of
the Group 3 alloys (bottom solid line), Ni appeared the
dominant factor in Ty;. Alloys with high Xy; and high rotal
e/a had NM structure.

To isolate the effect of Ni we compare alloys which vary
only by Ni and Ga. Alloy 7 and Alloy 16 have almost
equivalent composition, with varying Ni and Ga concen-
tration (Table 1). The coefficient of increasing Ty; by
increasing Ni content is 54 K/at.% Ni at Mn 25 at.%. The
coefficient from increasing Ni content between alloys 11
and 17 is 71 K/at.% Ni at Mn 27 at.%. The coefficient from
increasing Ni content between alloys 15 and 18 is masked
by the Mn increase, but if we assume a dependence of Ty
of 30 K/at.% Mn (found in subsequent “Mn effects on Ty
section), the coefficient due to the increase of Ni content is
94 K/at.% Ni at 28 at.%. The rates are noted upon Fig. 2 as
dashed arrows marking the transformation path.

Alloys with high Mn content have a larger Ni coefficient
of T\ increase, which causes transformation to 14M
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structure. Some results suggest Fe acts similarly as Ni, as
systematic trends were found for the combined Ni and Fe
adding to 50%, with slope parallel to that of the ternary
system reported by Chernenko [23], with Mn and Cu
varying.

Group 3 Alloys: Analysis of Manganese and Copper
on Ty

Alloys in Group 3 approximately follow NiygsMnys, x.
Ga,s_x_yFes sCuy alloying which is the system indicated
in Fig. 2 as the lower solid line and within Fig. 3 as the
dashed region. In this system with the fixed Ni and Fe
content, T varies systematically with Cu concentration
along contours of constant Mn concentration. Along the
blue contours, Ty, increases as Cu substitutes for Ga. Along
the green contours, Cu remains constant while Mn replaces
Ga.

Cu Effects on Ty,

Referring to Fig. 4 and comparing to Table 1, along the
constant 25% Mn concentration contour, alloys 7 and 13
vary by 2% Cu concentration and replaced Ga. The
increase of 2% Cu content causes an increase of 20 K in
Tv, with a coefficient of 10 K/at.% Cu. Along the 26.8%
Mn concentration contour, comparing Alloys 8 and 14, Ty
increases at 11 K/at.% Cu. Along the 28.5% Mn concen-
tration contour, comparing alloys 9 and 15, the Cu effect is
obscured by varying Mn content, but if we use a 30 K/at.%
Mn dependence (from subsequent section), we find the
corrected coefficient to be 9 K/at.% Cu. Thus, despite the
shift to the 14M structure, the T, coefficient remains the
same.

Comparing this quinary system to previous results of
quaternary alloys, Glavatskyy et al. [50] found 10M
structure in Nigg 4Mny3z 3Gass ¢Cuy 7 with Ty ~ 337 K.
Our closest alloy to this is Alloy 1, which is, however, NM
structure. Glavatskyy et al. found another 10M alloy at
Ni47.3Mn25_5Ga24_5Cu2.7 with TM ~ 335 K. The closest
composition was our Alloy 10, which likely has 10M
martensitic structure owing to low transforming tempera-
ture (158 K), but was austenitic within measurable range of
our XRD set-up.

Mn Effects on Ty

Applying the same method to Mn: if we compare alloys 7
and 8 from Table 1, which both lie on the 0.9% Cu con-
centration contour (Fig. 4) we find Mn increases Ty by
32 K/at.% Mn. We find that, between alloys 8 and 9, the
T\ increase is 30 K/at.% Mn. Between alloys 13 and 14,
the coefficient is 31 K/at.% Mn. Along the constant 28.5%

Mn concentration contour, replacing Ga with Cu shifts the
structure to 14M. Between alloys 14 and 15C, the coeffi-
cient increases to 79 K/at.% Mn. The increased coefficient
seems to be due to the phase transformation. The cause of
the structural transformation to 14M might be due to
specific Cu elemental effects, or from the extra rotal e/a
added by Cu, or both.

Comparison to Ternary System and Quaternary Systems

For Group 3 alloys we found Mn had a larger coefficient
than Cu with increased Ty, despite having a lower con-
centration of valence electrons (i.e., lower fotal e/a). The
coefficient is constant in the 10M region, but changes as
the material changes structure. Alloy T\, varies systemat-
ically with both Cu and Mn, but with three times greater
rate for Mn addition.

The Ni-Mn-Ga—-Fe—Cu T\, dependence upon Mn con-
centration is similar to that from Chernenko who found a
slope 37.5 K/at.% Mn in the 10M region [23]. Extrapo-
lating the contours of constant Mn concentration to zero Cu
concentration, Ty is decreased compared to the ternary
system, which might be attributed to adding Fe at Ni
expense. Replacing Ni with Fe, though, allows for
increased Mn content, which can lead to alloys with rea-
sonably high Ty (Alloy 9). The 10M structure was found in
alloys with high Mn with some Fe replacing Ni. This is also
seen in Guldbakke et al. [34] in Ni45A4Mn29.1Ga21.6Fe3_9
with Ty = 323 K.

Effect of Iron on Ty

Iron has a less clear impact on Ty;. When we compare
Alloys 5 and 6, which vary mostly in Fe and Ga content,
but also slightly in Ni content; the 2.2% Fe increases Ty; by
50 K for a coefficient of 23 K/at.% Fe. However, Ni con-
tent also decreased by 0.7%, which, assuming the middle
Ni rate of 71 K/at.% Ni, would indicate that increasing Fe
content actually increased T\ by 73 K/at.% Fe. This
number may be taken only perfunctorily, as the data set is
limited. In Fig. 4, by extrapolating Ty, to zero Cu, when Fe
replaces Ni, Ty decreased compared to the ternary system.
Obtained data suggest 10M structure may be found sys-
tematically when adding Fe at Ni expense.

Saturation Magnetization (Ms)

In Fig. 1, plotted against the total e/a-ratio, M decreases
generally, but not systematically with increasing e/a. In
Fig. 5, we plot Mg for Group 3 alloys against Xc,. The
alloys group into vertical contours of constant X¢,, with Mg
varying systematically according to Mn concentration. For
constant Cu concentration, Mg decreases with increasing
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Mn. Given a low Cu content, the number of participating
valence electrons would be small, such that just chemical
composition well approximates the elemental contribution.
Nonetheless, the data showed better fit to the electron-
weighted elemental e/a contribution.

Effects of Mn on Mg

Along the line of fixed 0.9% Cu concentration, comparing
alloys 7 and 9 with increasing Mn concentration, Mg
decreases at coefficient 2.8 (Am?/kg)/at.% Mn. Along the
line of fixed 3% Cu concentration, comparing alloys 13 and
15, increasing the Mn concentration decreases Mg by 5.1
(Am2/kg)/at.% Mn.

Effects of Cu on Mg

Given constant 25 at.% Mn concentration, comparing
alloys 7 and 13, the increase in Cu concentration decreases
Mg at 2.8 (Am?/kg)/at.% Cu. Comparing alloys 9 and 15
with high Mn concentration, the trend is less clear, as the
Mn concentration also increases slightly, but, after
removing the Mn dependence, we find that increasing Cu
concentration decreases Mg at 3.3 (Amzlkg)/at.% Cu.

Mn alloyed in excess of 25 at.% decreased Mg, which
can be ascribed to Mn atoms occupying Ga sites and
coupling anti-ferromagnetically to Mn on Mn sites, which
decreases the overall magnetic moment [57, 58]. Increasing
Cu content decreased Mg at slightly less than the Mn
coefficient, indicating that some Cu atoms occupy Mn
sites.

Curie Temperature

Plotting against X, Tc systematically decreases with Mn
concentration, but does not monotonously vary with the Cu
concentration. There is unexpectedly large change in T¢
between alloy 7 and alloy 10, which might indicate an
effect of low Cu, which we attribute to annealing uncer-
tainty or another unknown effect at low e/a. Between the
25% and 26.8% Mn concentration contours, the coefficient
was 3.7 K/at.% Mn from alloy 7 to alloy 8, and 14 K/at.%
Mn between alloys 13 and 14. The coefficient was less for
higher Mn concentrations: when comparing 26.8 at.% Mn
to 28.1-29.1 at.% Mn, the coefficient was 4.8 K/at.% Mn
between alloys 8 and 9, and 9.3 K/at.% Mn between alloys
14 and 15. With Ni, Fe, and Mn concentrations held con-
stant, increasing Cu concentration at Ga expense in some
cases actually increased T¢, as found when comparing
alloys 7 and 10. Adding Fe did not appear to increase T¢
temperatures substantially.

@ Springer

New Questions

This phenomenological study evaluated the impact of Cu
and Fe on the phase transformation temperatures and
structure of quinary Ni-Mn—Ga—Fe—Cu alloys. We found
that the elements Fe and Cu have different effects when
alloyed together than when alloyed individually in quinary
Ni-Mn—-Ga-X alloys. Researchers may employ density
functional theory calculations to understand such
differences.

Conclusions

With original intent to create a new, high temperature
MSM alloy, we realized a need for new methods to eval-
uate the broad range of experimental data. We developed a
method based on the individual contribution of each ele-
ment to the fotal e/a-ratio. Using this elemental e/a con-
tribution, we found coefficients which describe alloying of
Ni, Mn, and Cu upon Ty, Ms, and Tc. Our experiments
indicated that Ni has the largest Ty coefficient, followed by
Mn and Cu. Mn additions decreased saturation magneti-
zation at a similar coefficient as Cu alloying. Mn addition
systematically decreased the Curie temperature, while Cu
had unsystematic effect, even increasing the Curie tem-
perature in cases. Comparison of the slope of the Niggs.
Fe; s system to ternary system suggests that Fe might act
similarly to Ni in the quinary system. The 10M martensite
structure is stable for the composition NiggsMnys, x.
Gays_x_yFe; sCuy where X and Y range from 0.9 to 4 and
from 1 to 3. Using both the elemental and total e/a-ratios
gives some insight into the complex behavior of quinary
MSM alloys, which can be useful for a consideration of
MSM alloys with improved functional properties.
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