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Abstract: In order to improve the mechanical properties and phase transition temperature,
the influence of Gd doping on the microstructure, phase transition temperature and mechanical
properties of Co35Ni32Al33 alloy was investigated. The results show that the γ+β phase was observed
in the microstructure of the sample with less Gd doping and the γ phase+martensite was found
with more Gd content. The phase transition temperature apparently increases with Gd doping
and the phase transition temperature goes over room temperature when the Gd is 3 at.% or more.
With increasing Gd doping, more γ phase appears in the sample which results in decrease in hardness.
The compressive strength decreases from 2274 to 1630 MPa and the ductility increase from 4.2 to
12.9% with increasing Gd content.
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1. Introduction

Since the first observation of the magnetic field induced strain in Ni2MnGa by Ullakko [1],
the ferromagnetic shape memory alloys (FSMAs) have attracted a great attention as a kinds of
intelligent material for actuator and sensor. In past two decades, based on twin martensite
variants remigration, numerous FSMAs, such as Ni-Mn-Ga [2–4], Co-Ni-Al [5,6], Mn-Ni-Sn [7],
and Ni-Fe-Ga [8,9], achieved 8–10% giant stain. However, the actuator and sensor made of FSMAs did
not get a wide range of applications due to their low phase transition temperature and poor mechanical
properties [10].

In the FSMAs family, Co-Ni-Al alloy, as a potential material for actuators and sensors,
can overcome the low phase transition temperature and poor mechanical properties barriers
depending on their microstructures and wide range phase transition temperature [11]. In the
Co-Ni-Al ternary phase diagram, a wide composition range of dual-phases (γ phase+β phase
or γ phase+martensite) structure is obtained [6,12]. However, the microstructure of the β phase
(B2 body-centered cubic structure) and martensite (L10 tetragonal structure) is extremely brittle,
but the presence of the γ phase (A1 disordered face-centered cubic structure) can greatly improve
ductility of the alloy. Meanwhile, the phase transition temperature of Co-Ni-Al is sensitive to material
composition, especially magnetic elements [13–15]. In this case, the Co-Ni-Al alloy with excellent
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mechanical properties and high phase transition temperature can be achieved by microstructure and
magnetic elements modulation [6,16,17].

In previous studies, the martensite transformation process in Ti [18–20] and Fe [21] alloys had
been clear, but in Co-Ni-Al FSMAs, a low martensite transformation temperature has still restricted
its industrial applications. For another, doping magnetic rare elements in FSMAs, i.e., Dy [16,22],
Tb [23], Nd [24], or Gd [25,26], can significantly affect the microstructure variation and phase
transition temperature. Among those doping elements, the 3d electrons in rare earth Gd are
delocalized and exterior, escorting to promote the valence electron concentration (Re/a) and the
magnetic valence number (Zm) of alloys [25]. However, the effect of mechanical properties and
phase transition temperature with Gd doping in Co-Ni-Al alloy is still lacking. In order to improve
the mechanical properties and phase transition temperature, different amount of Gd was doped
in Co35Ni32Al33 FSMAs. Thus, the influence of Gd content on the microstructure, phase transition
temperature and mechanical properties of Co35Ni32Al33 alloy was aimed at in this work.

2. Materials and Methods

The alloy with a nominal composition of Co35Ni32Al33-xGdx (x = 0, 1, 3, 5) were prepared
using high purity cobalt, nickel, aluminum and gadolinium (>99.99 at.%) in melting furnace with
argon atmosphere. In order to ensure homogeneity, the sample was melted four times, then annealed
at 1473 K for 3 h and quenched into ice water.

In order to determine the multiple phases of sample, X-ray diffraction (XRD, Philips PW170,
Amsterdam, The Netherlands) using CuKα radiation source was employed in the range of 10~90◦

at room temperature (about 300 K). the martensitic transformation temperature of the sample
were analyzed by differential scanning calorimeter (DSC, STA449 F3, Netzsch, Selb, Germany)
with the cooling and heating rate of 5 K/min. The structure of martensitic phase was identified
using transmission electron microscopy (TEM, JOEL 2000EX, Tokyo, Japan) with selected area
electron diffraction (SAED) analysis. The sample for TEM test was thinned by twin jet
electro-polishing with a solution of 5% perchloric acid and 95% ethanol. The hardness of the
sample was measured using Vickers hardness tester with load of 20 N. The compression tests
with sample size 5 mm (length) × 3 mm width) × 3 mm (thickness) were performed on a CMT5105
(MTS, Shenzhen, China) electronic universal testing machine at the cross-head displacement speed of
0.05 mm/min. The volume fraction of γ phases was determined by means of the image analyzer.

3. Results

3.1. Effect of Martensite Transition on Ga Doping

3.1.1. Martensite Structure

As is well known, the magnetic field induced strain of MSMA depend on twin martensite
boundary migration, therefore, the martensite with twin structure plays a major role. Figure 1 shows
the XRD patterns of the sample with Gd doping at room temperature. It is clear, the major peaks of
the sample without Gd doping (x = 0) and the sample with a small amount of Gd doping (x = 1) are
identified to be B2 type austenite (β phase) and A1 type second phase (γ phase). The appearance of
austenite indicated that the Ms is below the room temperature. In contrast, the diffraction peaks of
the sample with further doping (x = 3 and 5) are correspond to L10 type martensite and A1 type γ

phase mixture. The lattice parameter of martensite is found to be a = 0.3819 nm, c = 0.3124 nm and
c/a = 0.8153 (x = 3) and a = 0.3817 nm, c = 0.3156 nm and c/a = 0.8268 (x = 5). The increasing of c/a value
indicates that the martensite unit cell increases when Gd is doped. Moreover, the diffracted intensity
of martensite becomes stronger with increasing Gd content from 3 at.% to 5 at.%. The appearance
of martensite in XRD patterns suggests that the sample with further doping (x = 3 and 5) undergoes
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martensitic transformation from B2 type austenite (β phase) to L10 type martensite at room temperature.
This result is in a good agreement with the DSC analysis.

Figure 1. The XRD patterns of the sample with Gd doping at room temperature.

In order to further confirms the structure of martensite, TEM micrographs and selected area
diffraction patterns (SADPs) of martensite of the sample with 3 at.% Gd doping (x = 3) in Figure 2
are analyzed. It can be seen that the morphology of martensite consists of uniform black and white
stripes alternatively and parallel to each other at approximately 45◦, indicating that the martensite
possesses a typical twin structure. Furthermore, the SADPs of martensite in Figure 2b along [001] zone
axis shows that the diffraction spots belong to the L10 twin structure with the (111) twinning plane.

Figure 2. Martensite structure in a TEM micrograph (a) and the corresponding selected area electron
diffraction patterns (b).

3.1.2. Martensitic Transformation Temperature on Gd Doping

Generally, the application temperature of MSMA (i.e., Co-Ni-Al series) based on twin martensite
boundary migration depends on the stable temperature of martensite. Therefore, it is necessary
to promote the martensitic transformation temperature and broaden the stable temperature range
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of martensite. The martensitic transformation temperature (including the martensitic transformation
start (Ms) or finish (Mf) temperature and the austenite transformation start (As) or finish (Af)
temperature) of samples with Gd doping between 200~400 K were analyzed using the DSC test
and the result is shown in Figure 3. From DSC curves (Figure 3a), only one endothermic and one
exothermic peak is observed during heating and cooling processes, which is a typical characteristic
of one-step phase transformation as temperature fluctuates. In Figure 3b, the phase transformation
temperature of the sample without Gd doping (x = 0) is found to be at room temperature (Ms = 231 K,
Mf = 209 K, As = 234 K and Af = 263 K). When a small amount of Gd is doped (x = 1), the phase
transformation temperature increases apparently, especially the Ms and Af increase amplitude by more
than 25 K (the Ms rises from 231 K to 257 K and the Af rises from 263 K to 296 K). Compared, the Mf
and As had slightly increase amplitude (about 20 K, the Mf rises from 209 K to 224 K and the As rises
from 234 K to 256 K). With increasing doping content (x = 3), the phase transformation temperature
shows a clear increasing tendency, e.g., Ms rises to 337 K, Mf rises to 299 K, As rises to 320 K, and Af
rises to 357 K. For further doping (x = 5), the tendency of phase transformation temperature increasing
gradually flattened, e.g., Ms, Mf, As and Af, rises to 373 K, 339 K, 355 K and 391 K, respectively.

Figure 3. DSC curves of samples with Gd doping (a) and the martensitic transformation temperature
of the sample with Gd doping (b).

3.1.3. Discussions on Martensite Transition with Ga Doping

It is clear that the martensitic transformation temperature of samples rapidly increases for x = 1
and 3, followed by slow increase when x = 5. In fact, the martensitic transformation temperature is
very sensitive to the change of the Re/a of MSMA and a linear increasing correlation between Re/a and
Ms can be analyzed using Equation (1) for other MSMA system [3]:

Ms/10,000 = −1.478 + 0.1933 × Re/a − 0.1643 × Zm (1)

where Ms is the martensitic transformation start temperature and Zm is the magnetic valence number of
the alloy. Figure 4 shows the relationship between Re/a and the martensitic transformation temperature
in the sample with Gd doping. Whereas, the Re/a value can be evaluated by Equation (2) [19]:

Re/a = ∑(Xi × Yi) (2)

where Xi is the atomic valence electron of element i and Yi is the proportion of element i. For alloys,
the atomic valence electron of Co, Ni, Al, and Gd is 9 (core+3d74s2), 10 (core+3d84s2), 3 (core+3s23p1),
and 10 (core+4 f75d16s2), respectively. From Figure 4, it is obvious that the relationship between
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Re/a and the Ms is non-linear. The new relationship between Re/a and Ms can be described using the
following Equation (3) [12]:

Ms = 0.2571 Re/a
2 + 0.1933 × Re/a + 0.1933 (3)

Clearly, the curve is divided into two parts based on different slope in Figure 4. Part 1: when the
Re/a value is below 7.55, the Ms shows a clear rising trend. Part 2: when the Re/a value is greater than
7.55, the increasing trend of Ms becomes slow. This nonlinear relationship between the Re/a and the Ms

is similar to the study of Rekik [7]. The reason for this phenomenon can be attributed to the size effect
of doping element. Due to great difference atomic radius between Al (0.182 nm) and Gd (0.254 nm),
the volume of the unit cell of sample increases when Gd substitutes Al (as XRD observations), therefore,
the relative position changes of the Brillouin zone boundary and Fermi surfaces occur, which results
in a slow down of the Ms increasing trend [6]. At the beginning of doping, a small amount of
Gd-substituted Al and the size effect is too weak to inhibit the Ms increase. However, with further
doping, the alloy displays a stronger size effect and inhibits the Ms increase clearly.

Figure 4. The relation between Re/a and Ms of the sample with Gd doping.

3.2. Effect of Ga Doping on Mechanical Properties

3.2.1. Effect of Ga Doping on Hardness

The HV2 (20 N as load) of the sample with Gd doping was shown in Figure 5. The Vickers
hardness shows an “snake”-like decreases trend with Gd doping, i.e., the Vickers hardness value is 396,
356, 265 and 253 when Gd doping content is 0 at.%, 1 at.%, 3 at.%, and 5 at.%, respectively. According to
the different decline trend, the hardness curves can be divided into three levels. (1) The first level:
the hardness represents a slow decreasing trend when x = 1; (2) the second level: the hardness displays
a rapid decreasing trend when x = 3; (3) the third level: the hardness shows a slow decreasing trend
again when x = 5.
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Figure 5. The Vickers hardness of the sample with Gd doping.

3.2.2. Effect of Ga Doping on Strength and Ductility

The stress-strain curves of the sample with Gd doping were obtained by compression tests and
the results are shown in Figure 6. From the stress-strain curves, it can be said that the sample without
Gd doping appears to have high yield strength (2274 MPa) and a worst ductility (4.2%). After a small
amount of Gd doping (x = 1), the yield strength of the sample slightly decreases from 2274 MPa
to 2012 MPa, however, the ductility improves from 4.2% to 8.7%. With more Gd doping (x = 3),
the yield strength further decreases to 1813 MPa and the ductility significantly improves to 10.4%.
When the content doping of Gd reaches 5 at.%, the yield strength of the sample decreases to 1630 MPa.
The ductility of the sample increases further to 12.9%. It is interesting to note that the strain of
sample with 3 and 5 at.% Gd doping shows a very slow growth and represents a platform in the
stress-strain curves.

Figure 6. The stress-strain curves of the sample with Gd doping by compression tests.
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3.2.3. Discussions on Mechanical Properties with Ga Doping

It is clear that the influences of Gd doping content on the mechanical properties (i.e., hardness,
strength and ductility) are significant. The hardness and strength of the sample appears “snake”-like
decreasing tendency, and the ductility appears “snake”-like increasing tendency with the Gd doping
content from 0 to 5 at.%. The reason can be ascribed in to two aspects. One is that the increasing
volume fraction of γ phases when Gd doping content is increased. As is well known, the γ phase is
a kind of soft phase in the Co-Ni-Al system due to their A1 type structure [5]. Figure 7 shows the
micro-hardness (load 10 N) of martensite and γ phase of the samples doped with 1 and 3 at.% Gd. It is
confirmed that the γ phase (428 HV) is softer than the β phase (632 HV) or martensite (715 HV). Figure 8
shows the volume fraction of γ phases with Gd doping. The volume fraction of γ phases increases
with increasing Gd content. Therefore, with increasing the volume fraction of γ phases in alloy,
the hardness and strength should be decreases, and the ductility should be increased. Another reason
is the stress-induced deformation of twin martensite. The stress-strain curve platforms in Figure 6
(x = 3) and (x = 5) (a large strain occurred in the sample with in a small range of stress variations)
indicate that the twin martensite in the sample was deformed by the stress during hardness and
compression test.

Figure 7. The micro-hardness of β phase (a), γ phase (b), and martensite (c) in the sample with 1 and
3 at.% Gd doping.

Figure 8. The volume fraction of γ phases with Gd doping.
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4. Conclusions

In order to improve the mechanical properties and phase transformation temperature, different
amount of Gd was doped in Co35Ni32Al33 FSMAs. The influence of Gd doping content on the
microstructure variation, phase transformation temperature and mechanical properties of Co35Ni32Al33

alloy was investigated. The main results are given below:

(1) The microstructure of the shows appeared typical dual-phase structure with Gd doping.
The sample with less Gd doping content (x = 0 or x = 1) exhibits γ phase and β phase.
Whereas, with the Gd doping of 3 and 5 at.%, the microstructure of the sample consists of
a γ phase and martensite structure.

(2) The martensitic transformation process of all samples exhibits one-step thermo-elastic
transformation and the martensitic transformation temperature increases apparently with
Gd doping. When the Gd content was 3 at.% or more, the phase transformation temperature
found to be above room temperature.

(3) The micro-harness test of the samples revealed that the γ phase is softer than the β phase
and martensite. With Gd doping, more γ phases appeared in the sample that results in the
decrease in hardness.

(4) The sample without Gd doping displays a high yield strength (2274 MPa) and a low ductility
of only 4.2%. With the Gd doping, the strength of the sample continuously decreased and the
ductility significantly improved. The best ductility of the sample achieved to be 12.9% at the Gd
doping content of 5 at.%.
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