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Abstract: The shape memory properties and microstructure of Feq; NiygCo17Aly1 5(Ti+Nb)y 5 (at.%)
cold-rolled alloys were studied at the first time using the values reported in constant stress thermal
cycling experiments in a three-point bending test. Thermo-magnetization curves of 97% cold-rolled
and solution-treated sample aged at 600 °C for 24, 48 and 72 h showed evidence of the martensitic
transformation, and the transformation temperatures increased their values from 24 to 72 h. The alloy
cold-rolled to 97% and then solution-treated at 1277 °C for 1 h showed that most grains were
aligned near <100> in the rolling direction in the recrystallization texture. The intensity of texture
was 13.54, and an average grain size was around 400 um. The sample aged at 600 °C for 48 h
showed fully recoverable strain up to 1.6% at 200 MPa stress level in the three-point bending
test. However, the experimental recoverable strain values were lower than the theoretical values,
possibly due to the small volume fraction of low angle grain boundary, the formation of brittle grain
boundary precipitates, and a grain boundary constraint lower than the expected intensity of texture
in the samples.

Keywords: shape memory alloys; FeNiCoAIlTiNb; microstructure; shape memory effect; marten-
sitic transformation

1. Introduction

Shape memory alloys (SMAs) are small materials with functional and intelligent
properties. SMAs exhibit two unique properties: (i) the shape memory effect, in which the
material can recover the deformation upon heating or magnetization, and (ii) superelasticity,
which is stress-induced during martensitic transformation, and the material can recover
the deformation after removing the load. Currently, nickel-titanium (NiTi) SMAs are the
most well-developed SMAs and are commonly used in industries including aerospace,
automotive, biomedical, robotics, actuators and sensors due to their high recoverable strain
in both tension and compression [1-3]. However, the materials used in NiTi SMAs have
a high cost and they have difficulty in cold rolling. These factors limit the applications
of large quantities of NiTi SMAs due to the cost of materials and processing issues [4].
Compared to NiTi alloys, iron-based SMAs are commercially attractive because they have
a low material cost and good machinability and workability. As a result, iron-based SMAs
have attracted attention and interest in the industry and academic fields.

The martensitic transformation (MT) of Fe-based SMAs is classified into three groups
based on their martensite and austenite structures: (1) face-centered cubic (FCC) (austenite)
to body-centered cubic (BCC) or body-centered tetragonal (BCT) (martensite). This trans-
formation system can be observed in an FeNi-based alloy system [5-10]. (2) The martensitic
transformation in FeMnSi SMAs are FCC-HCP [11,12]: FCC (austenite) to hexagonal
close-packed (HCP) (martensite). (3) The transformation system reported in FeMnAl [13],
FeMnGa [14,15] and FeMnAINi [16] SMAs is BCC (austenite) to FCC (martensite).
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In general, four distinct morphologies of martensite in iron-based SMAs can be ob-
served: lenticular, lath, butterfly and thin plate [1,17]. Lenticular martensite is formed in
FePt SMAs. In FeNi alloys, thin plate martensite forms at the lowest temperature, lenticular
martensite forms at intermediate temperatures and lath martensite forms at the highest
temperature [17]. The formation of lath martensite typically contains a high density of
internal dislocations due to accommodation distortion. Unlike the lath martensite, thin
plate types of martensite contain a high density of transformation twins. For butterfly
type of martensite, the substructure comprises a mixture of dislocations and twins [17].
Among four types of martensite morphology, only the thin plate martensite shows the
shape memory effect [1].

Most Fe-based SMAs, such as FeMnAl, FeNiCoTi, FeMnSi and FeMnGa SMAs, show
less than 1% recoverable strain of superelasticity [1,3,5,11,13]. Recently, two new Fe-based
SMAs systems were presented, with superelastic strains above 4% at room temperature.
The first system is Fey 95NipgCo17Al11 5Tan 5Bg 05 (at.%), which shows a 13.5% superelastic
strain [9], and in a similar system, FeNiCoAIXB (X: Ta, Nb, Ti) presents a 5% superelastic
strain in polycrystalline alloys [9,10,18,19], single crystals [20-24] and wire [25]. The second
system is Fey3 5Mn34Al15Niy 5 (at.%), and this system shows a 5% superelastic strain in
polycrystalline alloys [16,26,27], polycrystalline wires [28-30] and single crystals [31,32].
In FeNiCoAIXB (X: Ta, Nb, Ti) alloy systems, three conditions are required to achieve this
excellent superelastic property. (1) A strong texture is required in these alloys. If the texture
is random, it shows brittle behavior. In FeNiCoAlTaB and FeNiCoAlITiB alloys, the strong
texture is in the <100> orientation [8,10]. In FeNiCoAINDB alloys, the strong texture is in the
<110> orientation [9]. (2) A large grain size is required to decrease the grain boundary and
triple junction constraints during the superelastic tests. In FeNiCoAlTaB alloys, the average
grain size is around 400 um [8,33]. (3) The alloy is required to undergo aging heat treatment
to obtain L1, precipitates. The nano size precipitates not only strengthen the matrix but
also change the material from non-thermoelastic to thermoelastic transformation [8]. The
precipitate size is around 3 nm for the 600 °C-72 h sample [8].

Studies regarding the shape memory behavior of <100>-oriented Fe41NizgCoq7Aly1 5Tay 5
(at.%) single crystals have been carried out. Ma et al. [20] reported a 3.75% recoverable
strain in tension at the stress level of 50 MPa. The precipitate size was around 5 nm for a
600 °C-90 h sample. Czerny et al. [34,35] found that two stages of aging heat treatment
could improve the compressive properties. A FeNiCoAlTa single crystal underwent the
first stage of aging at 700 °C for 0.5 h and the second stage of aging at 700 °C for 3 h,
showing a 15% superelastic strain at —196 °C [35].

Tseng et al. [23] found that using Ti to replace Ta could reduce the aging heat treatment
times. A FeNiCoAlTi single crystal with <100> orientation aged at 600 °C for 4 h possessed
6% superelastic strain when the test temperature was at —80 °C. Chumlyakov et al. [36-38]
showed that adding Nb to this alloy could increase the hardness of the austenite matrix and
improve their superelastic properties. FeNiCoAINb single crystals with <100> orientation
in two-step aging (700 °C-0.5 h + 700 °C-3 h) demonstrated 7% superelastic strain in
tension and 13.5% in compression. The precipitates size ranged from 5 to 8 nm [38].

Poklonov et al. [39] reported <100>-oriented FeNiCoAlTiNb single crystals that under-
went a thermal cycling tensile test and obtained 2.2% recoverable strain at 50 MPa when
they were heat treated at 1277 °C for 10 h and subsequently aged at 600 °C for 4 h. However,
a large irrecoverable strain was observed when the applied stress was 100 MPa. The sample
fractured at a stress level of 150 MPa. Tseng et al. [40] investigated the microstructure
of FeNiCoAITiNDb alloy and found the homogeneous solution heat treatment condition
was 1277 °C for 24 h. Second phases were formed in the sample when the heat treatment
temperature was above 1300 °C.

In this study, Fe41 NiygCo17Al115(Ti+Nb), 5 (at.%) polycrystalline alloys that under-
went cold rolling were first investigated for their microstructure, texture, thermo- magneti-
zation and shape memory properties using the three-point bending test. In this paper, we
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discuss the aging effect on microstructure, transformation temperatures and shape memory
properties in the three-point bending test.

2. Materials and Methods

Iron, cobalt, nickel, aluminum, niobium and titanium (99.9 wt%) were used as raw
materials. Ingots with the nominal composition of Fe;NiysCo7Aly1 5(Ti+Nb), 5 (at.%) were
fabricated by vacuum induction melting (VIM). Wire electrical discharge machining (EDM)
was used to cut the bar to the desired block, the dimensions of which were 100 x 25 x 25 mm
(length, width and thickness). The block was used for the cold-rolling experiment.

As-received Fey1NipgCopyAly1 5(Ti+Nb), 5 (at.%) ingots were prepared using several
conditions of thermo-mechanical processing to obtain polycrystalline sheets. The process-
ing conditions are listed below:

(1) Solution heat treatment (SHT 1) at 1277 °C for 24 h (h), followed by water quench
(WQ). The first stage of solution heat treatment was used to homogenize the alloys;

(2) Cold rolling (CR) at room temperature with a reduction ratio of 97% to a thickness of
0.7 mm, and three-point bending samples were cut from the cold-rolled sheet;

(3) Solution heat treatment (SHT 2) at 1277 °C for 1h and water quenching;

(4) Aging or precipitation heat treatment (PHT) at 600 °C for 24, 48 and 72h to introduce
L1, precipitates and water quenching. For the sake of brevity, we refer to the alloys
aged at 600 °C for x hours as “600 °C-h".

The thermo-mechanical processing setup used in this study is summarized in Figure 1.

Thermo-mechanical Processing Steps used in this study

SHT 1 SHT 2
1277°C-24 h 1277°C-1 h
PHT
600°C-x h
CR X =24,48,72

Ingot waQ 97%  Sheet wa
thickness thickness wa
25 mm . A A A 0.76 mm |_

Figure 1. Illustration of the thermo-mechanical processes to obtain Fe4 NipgCoy7Al1 5(Ti+Nb), 5 (at.%)
alloy sheets. SHT 1, WQ, CR, SHT 2 and AHT indicate first stage of solution heat treatment, water
quenching, cold rolling, second stage of solution heat treatment and aging heat treatment, respectively.

The FeNiCoAITiND alloys were ground to 0.05 um and the surfaces were etched with
the solution, which was composed of 7% nitric acid and 93% ethanol. The observation of
microstructure was made using the Olympus digital optical microscope. Vickers micro-
hardness measurements were made using a microhardness tester FM-310. The samples
for the OM tests were (1) 97%CR + 1277 °C-1 h, (2) 97%CR + 1277 °C-1 h + 600 °C-24 h,
(8) 97%CR + 1277 °C-1 h + 600 °C—48 h and (4) 97%CR + 1277 °C-1 h + 600 °C-72 h.
Hardness values of measurement were made at room temperature.

A high-resolution X-ray diffractometer with Cu-Ko radiation (A = 0.1542 nm) was used
to obtain the crystal structures of 1277 °C-24 h, 97%CR and 97%CR after heat treatment at
1277 °C for 1 h samples. The as-received, 1277 °C-24 h, 97%CR and 97%CR samples after
heat treatment at 1277 °C for 1 h were cut out for texture measurement using a D5000 X-ray
diffraction device (Siemens, Aubrey, TX, USA). The FCC{111}, FCC{200}, and FCC{220}
pole figure data were selected to plot the orientation distribution functions (ODFs) [19].
The microstructure and texture of the cold-rolled specimens after being treated with
solution at 1277 °C for 1h were determined using electron backscatter diffraction (EBSD).
The etching solution used in preparing the sample surface was 10% HClO4 + 90% C,HsOH.
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The SEM images of fractured surfaces for the 600 °C—48 h sample after three-point bending
test were obtained using a JSM-7800F device (JEOL, Musashino, Akishima, Tokyo).

In order to find the martensitic transformation temperatures and the thermo- magne-
tization properties, the cold-rolled samples that were aged at 600 °C for 24, 48 and 72 h
were measured by using a superconducting quantum interference device (SQUID) under
fields of 0.05 and 7 Tesla. The cooling and heating rate was determined to be 5 K/min.
The magnetic results were used to determine the martensitic transformation temperatures
used to calculate the temperature hysteresis. The sample was first heated up to 110 °C
under a zero magnetic field, and then cooled down to —260 °C and heated up around to
110 °C under a constant magnetic field of 0.05 Tesla. After the 0.05 Tesla test, the magnetic
field was increased to 7 Tesla. The sample was cooled from 120 °C to —260 °C and heated
up to 120 °C again to complete one cycle. In thermo-magnetization curve, magnetiza-
tion was used to describe how a material responds to an applied magnetic field and one
magnetization (emu/g) corresponded to 1 Am?/kg.

The shape memory effects of FeNiCoAlTiNb samples were determined using the
three-point bending method with an ElectroForce 3230 (TA Instruments, New Castle, DE,
USA) equipped with a hot/cold chamber. The support span was 20 mm. Three-point
bending shape memory samples were cut from the cold-rolled sheet. The samples were
solution- treated at 1277 °C for 1 h and underwent aging heat treatment at 600 °C for
24,48 and 72 h. The samples were straight before the bending test. Figure 2 presents the
setup of the bending test. For this test, the sample was first loaded with a stress level of
50 MPa at room temperature and was then cooled and heated between —150 °C and room
temperature to complete one thermal cycle. This process was repeated for increasing stress
levels. A heating/cooling rate was selected as 5 K/min. When the sample completed one
thermal cycle, the applied stress level increased to 100 MPa and the next heating/cooling
cycle was carried out. The same procedure was applied using the stress levels of 150 and
200 MPa. The 600 °C—48 h sample failed when the applied stress level was 250 MPa. The
600 °C—72 h sample fractured during the 150 MPa applied stress level.

Figure 2. Setup for the bending test.

3. Results
3.1. Microstructure and Microhardness Results

Figure 3a—d show the microstructure of the FeNiCoAITiNb polycrystalline in different
thermo-mechanical processing conditions. Figure 3a shows the 97%CR sample after being
heat treated at 1277 °C for 1 h. The grain boundaries were clearly seen in this condition.
Figure 3b—d display the 97%CR sample after being treated with solution at 1277 °C for 1 h
and aging heat treatment at 600 °C for 24, 48 and 72 h. The microstructure results show
that leaf-like 3 phases accumulate in the grain boundary, especially in triple junctions.
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Increasing the aging times from 24 to 72 h, large number of 3 phases form in the aging
sample. The generation of 3 phases can also be observed in FeNiCoAIXB (X: Ta, Ti, Nb)
systems [8-10,12].

Figure 3. Microstructure of FeNiCoAITiNDb alloy in different thermo-mechanical processing condi-
tions: (a) 97%CR+1277 °C-1 h, (b) 97%CR+1277 °C-1 h + 600 °C-24 h, (c) 97%CR + 1277 °C-1 h +
600 °C—48 h and (d) 97%CR + 1277 °C-1h + 600 °C-72 h.

Table 1 shows the Vickers microhardness of the FeNiCoAlTiNb alloy in different
conditions of thermomechanical processing. The hardness value of the 97%CR sample is
around 430HV. After the solution heat treatment, the hardness is 260HV. For the aging
heat treatment condition, the microhardness values are 462 HV, 510 HV and 552 HV for
600 °C-24 h, 600 °C—48 h and 600 °C-72 h, respectively. The microhardness results of three
aging conditions are summarized in Figure 4. From the results, as the aging times increase,
the hardness values increase their values due to the formation of precipitation hardening.
In FeNiCoAlTa single crystal studies, the hardness values increased when the aging times
increased from 24 to 90 h at an aging temperature of 600 °C, which suggests precipitates
strengthen the austenite matrix [21].

600
| FeNiCoAITiNb Polycrystalline

500+

Microhardness(HV)

0 97%CR +1277°C-1 h + 600°C—=x h

0 20 40 60 80
Aging times (h)

Figure 4. Hardness results of FeNiCoAITiNb samples under different aging conditions.
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Table 1. Microhardness results of FeNiCoAITiNb alloy in different thermo-mechanical process-
ing conditions.

Thermo-Mechanical Processing Vickers Hardness (HV)
97%CR 430 £ 12
97%CR + 1277 °C-1h 260 £ 6.5
97%CR + 1277 °C-1h + 600 °C-24 h 462 +£5.5
97%CR + 1277 °C-1h + 600 °C+48 h 510 £5
97%CR + 1277 °C-1h + 600 °C-72 h 552+ 6

3.2. XRD Results

Figure 5 presents the XRD results for samples’ conditions: 1277 °C-24 h, 1277 °C-24 h
+ 97%CR and 1277 °C-24 h + 97%CR + 1277 °C-1 h. The XRD profile results show that
face-centered cubic (FCC) phases are found in three conditions. In the cold-rolled samples
after 1277 °C-1 h treatment, a strong peak intensity is observed in the (111) plane.

FeNiCoAITiNb Polycrystalline
(a) 1277°C-24 h

(b) 1277°C-24 h + 97%CR

(c) 1277°C—-24 h + 97%CR + 1277°C-1 h

FCC(111)

* Fcc(200)
(©) h " FCE(ZZO)

(b) J\

(a) 1
LR L L L R R R N N N N NN RN RN

20 30 40 50 60 70 80 9 100
2theta (deg.)

Intensity (arb. units)

Figure 5. XRD results of FeNiCoAITiNb samples under different processing conditions: 1277 °C—24 h,
1277 °C-24 h + 97%CR and 1277 °C-24 h + 97%CR + 1277 °C-1 h.

3.3. Magnetization Results

The transformation temperatures of the cold-rolled samples after being aged at 600 °C
for 24, 48 and 72 h were determined using the magnetic field test. After solution heat
treatment, the 97% cold-rolled sample does not show here, since martensitic transformation
is not observed in this condition. Figure 6a—f display the thermo-magnetization results of
FeNiCoAITiNb that underwent aging heat treatment at 600 °C for 24, 48 and 72 h under
the magnetic fields of 0.05 and 7 Tesla. The martensitic transformation temperatures of
the sample aged at 600 °C for 24, 48 and 72 h were determined using the magnetic field
results of 0.05 Tesla, as shown in Figure 6a,c,e. The tangent line method was used to
determine the transformation temperatures. From the result, the martensitic transforma-
tion temperatures of the 600 °C—24 h aging sample were: austenite finish temperature
(Af) = —103 °C, austenite start temperature (As) = —147 °C, martensite start temperature
(Ms) = —135 °C and martensite finish temperature (Mf) = —189 °C. The temperature hys-
teresis was defined as AT = | Af — Ms |, and was calculated to be 36 °C. For the 600 °C—48 h
aging sample, Af = —68 °C, As = —105 °C, Ms = —106 °C and martensite finish temper-
ature (Mf) = —154 °C. The temperature hysteresis was 30 °C. For the 600 °C-72 h aging
sample, Af = =53 °C, As = —100 °C, Ms = —90 °C, and martensite finish temperature
(Mf) = —134 °C. The temperature hysteresis was 37 °C. The transformation temperatures
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and temperature hysteresis of the FeNiCoAIXB (X: Ta, Nb, Ti) alloys and the FeNiCoAITiNb

alloy reported by the present authors [8-10] are summarized in Table 2.

20

1 FeNiCoAITiNb polycrystalline
] 97%CR +1277°C-1 h + 600°C-24 h

=
-
L

Magnetization (emu/g)
>
1

-
E-
|

12 Field Level: 0.05 Tesla
-2I40 -2l00 -1 IBO -1 |20 -I;O -4ID (lJ 4|0
Temperature (°C)
(a)
22

1 FeNiCoAITiNb polycrystalline
. 97%CR + 1277°C—1 h + 600°C—48 h

n
o
|

M;/ At

Magnetization (emu/g)
=
|

=y
[-2]
Lo

14 Field Level: 0.05 Tesla
—2;10 —260 -1 IGO —1|20 —éD —4|0 [I) 4‘0
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()
22

FeNiCoAITiNb polycrystalline
97%CR + 1277°C-1 h + 600°C-72 h

N
o
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14

Temperature (°C)

(e)

-240  -200 160  -120 -80 -40 0 40

Magnetization (emu/g) Magnetization (emu/g)

Magnetization (emu/g)

160 3 FeNiCoAITiNb polycrystalline
14 97%CR + 1277°C—1 h + 600°C-24 h
12
10
8
IE |
40_; M =-108°C
20-
0 , Field Level: 7 Tesla
L L L B L B B B L BN
-300 -200 -100 0 100
Temperature (°C)
(b)

FeNiCoAITiNb polycrystalline
97%CR + 1277°C-1 h + 600°C-48 h

100
Mg =-81°C
20
o Field Level: 7 Tesla
T T T T rrTTT T T T T T T T T T T
-300 -200 -100 0 100
Temperature (°C)
(d)
160 - n N
E FeNiCoAITiNb polycrystalline
140_' 97%CR + 1277°C-1 h + 600°C-72 h
120
1007:
80—2
60
404 M = -78°C |
20 :
-300 -200 -100 0 100
Temperature (°C)
®

Figure 6. Thermo-magnetization curves of FeNiCoAlTiNb aging sample. (a,b) 0.05 and 7 Tesla for 600 °C—24 h, (c,d) 7 Tesla

for 600 °C—48 h, (e,f) 0.05 and 7 Tesla for 600 °C—72 h.

Figure 6b,d,f present the magnetic results of the 7 Tesla experiments; the magnetization
of both aging conditions is 140 emu/g. The Ms can also be obtained using tangent line
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methods, and Ms was —108 °C, —81 °C and —78 °C in 600 °C-24 h, 600 °C—48 h and
600 °C-72 h conditions, respectively. The results show the transformation temperatures
move to higher temperatures as the aging times increase. A similar trend was reported in
FeNiCoAlTa single crystals [21].

Table 2. Transformation temperatures and temperature hysteresis of the present FeNiCoAITiNb alloy
in comparison with data for FeNiCoAIXB (X: Ta, Nb, Ti) alloys [8-10].

Alloys Transformation Temperature (°C)  Temperature Hysteresis (°C)
l(sgégiocgfgg Af=—62and Ms = —86 24
(Eggi(é‘f;é% Af= —63 and Ms = —98 35
ﬁgl(;gggfjgﬁf Af = —30 and Ms = —70 40
f;;g“fggfg Af= —4and Ms = —35 31
F(Zlggcgﬂiﬂﬁ}’ Af = 103 and Ms = —135 36
F(%écogigﬂﬁ)b Af= —68 and Ms = —106 32
FeNiCoAITiNb Af = —53 and Ms = —90 37

(600 °C-72 h)

3.4. EBSD and ODFs Results

The recrystallization texture of the 97% cold-rolled samples after undergoing solution
treatments at 1277 °C for 1 h was obtained using EBSD. Figure 7 shows a quasi-colored
orientation map of the 97% cold-rolled samples after solution treatment, where the color
indicates the crystal orientation presented in the stereographic triangle. In the figure, the
RD, TD and ND represent the rolling direction, transverse direction and normal direction,
respectively. From the results of orientation maps, the average grain size is around 402 pm.
In the FeNiCoAlTaB alloy, the average grain size is around 400 pm [8]. From the inverse
pole figure result, strong <001> orientation is observed in the rolling direction. The intensity
of texture is 13.64. The recrystallization texture of the present alloy is similar to the <100>
texture of the FeNiCoAlTaB and FeNiCoAlITiB alloy [8,10] but different from the <110>
texture of the Fe-Ni-Co-Al-Nb-B alloy [9].

8

MUD
13.64

S ) S ) S
g g e 8 2

0.00

Figure 7. Quasi-colored orientation maps of microstructure and inverse pole figures of the cold-rolled alloy after being
solution treated at 1277 °C for 1 h (RD: rolling direction, TD: transverse direction, ND: normal direction).
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Figure 8 shows ODFs (phi 2= 0°, 45°, and 60° sections) for the alloy with differ-
ent thermo-mechanical processing conditions. The texture of the as-received sample is
cubic {001}(100), Goss/brass (G/B) {110}(115) and brass ({110}(112). The sample after
solution treatment shows cubic {001}(100), rotated cube (Rt-C) {001}{110) and rotated Cu
(Rt-Cu) {112}(011) texture. The 97% cold-rolled sample shows Goss (G) {110}(001)) and
Goss/brass (G/B) {110}(115) textures. The cold-rolled sample that underwent 1277C-1h
heat treatment shows a Goss (G) {110}(001) texture. Therefore, cold-rolling deformation
and recrystallization at 1277 for 1h give rise to a preferred (100) recrystallized orientation.

Constant Phi2 = O

C°n\.5tar,“ Phi2 = 45 Constant Phi2 = 65 _Constant Phi2 = 0

Constant Phi2 = 45 Constant Ph|2 65
AN N\Y/ | \,

{

AU
((QVAIS

~7)

E I

100. 200 = 400l 600D 8.00® 1000® 100® 200W 400%™ 6009 8.00® 10.00 ®

(@) (b)

Constant Phi2 = 0

Constant Phi2 = 45 Constant Phi2 = 65

_Constant Phi2=0_ Constant Phi2 = 45

1.00® 200 W 400 ® GOOD 800® 1000® 100W 200%™ 400%™ 6008 800 ™ 1000-

() (d)

Figure 8. ODFs results of FeNiCoAITiND polycrystalline under different thermo-mechanical processing conditions: (a) as-
received, (b) 1277C-24 h, (c) 97%CR and (d) 97%CR + 1277 °C for 1 h.

3.5. Three-Point Bending Test Results

The results from the thermal cycling under the three-point bending test at different
stress levels are displayed in Figure 9. Figure 9a shows the thermal cycling results of sample
aged at 600 °C for 24 h. When the stress level is 100 MPa, the martensitic transformation
occurs at around —150 °C. The complete loop of phase transformation does not observe
because the transformation temperature is too low, and the device can only cool down to
—150 °C, and the stress level is not high enough to induce martensitic transformation to
higher temperature. The sample fails during the 200 MPa thermal cycle test. The early fail-
ure of thermal cycling specimens was probably caused by the variant-variant interactions
during transformation process. During the cooling process, the interaction between the
growing martensitic phase increases variant interaction and leads to fracture [20].

Figure 9b presents the thermal cycling results of the sample aged at 600 °C for 48 h. The
phase transformation was observed when the stress level was 50 MPa. The sample failed
when the stress level increased to 250 MPa. Transformation temperatures, recoverable
strain and temperature hysteresis values can be obtained through this test. The maximum
recoverable strain was around 1.6% at a stress level of 200 MPa. The transformation
temperatures (Af and Ms) are extracted in Figure 9b and plotted as a function of applied
stress, as shown in Figure 9c. From the results, when the applied stress levels increased,
the Af and Ms slightly increased their temperatures. The Ms was —110 °C at 50 MPa and
increased to —100 °C at 200 MPa. The Af was —70 °C at 50 MPa and increased to —56 °C at
200 MPa. In addition, the lines for each transformation temperature could be extrapolated
down to zero stress to determine the stress-free transformation temperatures. The Ms was
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—112 °C and Af was —74 °C, which were values close to the transformation temperatures
determined by the SQUID results.
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Figure 9. Shape memory effect of FeNiCoAITiNb 97% cold-rolled sample after being aged at 600 °C for x hours using
three-point bending test. (a) 600 °C-24 h aging sample, (b) 600 °C—48 h aging sample, (c) stress versus temperature phase
diagram for a 600 °C—48 h aging sample. The values for each transformation temperature are obtained from Figure 7b
results. (d) 600 °C-72 h aging sample.

Figure 9d displays the thermal cycling results of the sample aged at 600 °C for 72 h.
The maximum recoverable strain was 1.1%. The sample failed during the 150 MPa thermal
cycle test. The sample was brittle due to the formation of 3 phases at the grain boundaries.

4. Discussion

From the three-point bending test results, it is clear that the recoverable strain of
the 600 °C—48 h aged sample is smaller than the theoretical calculated values of FeNi-
CoAlTaB [8]. One possible reason for this is the smaller fraction of low angle grain bound-
ary (LAB). Figure 10 shows the grain boundary misorientation of the 97% cold-rolled alloy
after solution treatment at 1277 °C for 1 h. Based on the calculation, the fraction of LABs is
about 11%. The FeNiCoAXB (X: Ta, Nb, Ti) polycrystalline alloy systems are required to
undergo aging heat treatment to increase the strength of the austenite matrix and obtain
the nano size L1, precipitates [8-10,25]. Meanwhile, 3 phases (grain boundary precipitates)
are generated along the grain boundary, especially at the triple junction. 3 phases prefer to
form at high angle grain boundaries (HABs) due to higher energy [9,10]. From Figure 3c
results, it is seen that the (3 phases form at the grain boundaries. As the fraction of LABs
is 11% in the 97% cold-rolled sample after solution treatment at 1277 °C for 1 h, 3 phases
can be seen in the grain boundaries for the 600 °C—48 h sample. (3 phases deteriorate
ductility and shape memory properties. As a consequence, the recoverable strain of the
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shape memory effect is smaller than the theoretical calculated values. Although a small
number of 3 phases is formed in the 600 °C—24 sample, the transformation curve of the
shape memory effect is not observed even under the 2000 MPa stress level due to its lowest
transformation temperatures. For the 600 °C-72 sample, more 3 phases were generated in
this aging condition, as shown in Figure 3d. As a consequence, the sample failed during
the 150 MPa test.

0.07
| FeNICoAITiNb 1277C1H
0.06 I Correlated
| ——Random
0.05 1
> ]
2 004
S 004-
-
3 0034
=
P 0024
0.01 -
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0 10 20 30 40 50 60

Misorientation angle (°)

Figure 10. Grain boundary misorientation of the cold-rolled alloy after solution treatment.

Another possible reason for the significantly lower shape memory recoverable strain
observed in this study is related to the texture intensity of the <100> orientation in the
rolling direction. In this study, the texture intensity of the <100> component in the RD
direction is 13.64, as shown in Figure 7. The texture intensity of same component and
orientation in FeNiCoAlTaB is 25.4 [8]. The value of texture intensity in this sample is lower
than that in the FeNiCoAlTaB specimen. Texture development can improve the recoverable
strain of shape memory and superelasticity [8-10]. In iron-based SMAs, reducing the grain
constraint is crucial due to martensite variant selection. Based on the Bain distortion theory,
only three variants can assist the deformation, which is different from the NiTi SMAs, in
which twenty-four variants are able to assist deformation [1].

In iron-based SMAs, the theoretical transformation strains are 8.7%, 4.1% and 2.1%
in <100>, <110> and <111> orientations, respectively [8]. Based on the results in Figure 7,
Quasi-colored orientation maps in the rolling direction show that some grains are oriented
in the <110> and <111> direction. The large difference in the crystal orientation between
surrounding grains increases the grain constraint. When the applied stress level is increased,
the incompatibility between adjacent grains becomes intense and results in the deterioration
of ductility. Figure 11a presents SEM images of the fracture surface for the 600 °C—48 h
sample after three-point bending test. The fracture is along the grain boundary. Figure 11b
shows an SEM image of a cross section. The fracture surfaces of the sample are smooth.
The results suggest that the sample has a brittle intergranular fracture, and the fracture is
along a grain boundary.

The final possible reason for the smaller strain of this polycrystalline material is the
addition of boron. The volume fraction of LABs is 11% in the present alloy and 11% in
FeNiCoAINDB [9]. Since both alloys have a similar fraction of LABs, the aging condition for
the FeNiCoAINDB alloy is 600 °C for 96 h. A small amount of grain boundary precipitates
is observed in this aging condition. Since B element tends to lower the grain boundary
energy, this retards (3 phases’ growth in the FeNiCoAINDbB alloy. The recrystallization
texture of the FeNiCoAINDB alloy near <110> in the rolling direction is different from the
FeNiCoAlTaB [8,9] and present alloy.
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Figure 11. SEM images of 600 °C—48 h sample after three-point bending test. (a) Fracture surface of
sample and (b) cross section of fracture surface.

5. Conclusions
In summary, the microstructure, thermo-magnetization, and shape memory properties

of new cold-rolled FeNiCoAITiNb SMA samples were investigated for the first time. The

main conclusions can be listed as follows:

(1) The 3 phases were generated along the grain boundaries when the aging times were
48 and 72 h at 600 °C. The XRD results of cold-rolled samples after 1277 °C-1 h
showed a strong peak intensity in the (111) plane.

(2) The cold-rolled sample aged at 600 °C for 24, 48 and 72 h showed phase transfor-
mation under the magnetic field of 0.05 and 7 Tesla. As the aging durations were
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increased from 24 to 72 h, the martensitic transformation temperature shifted to a
higher temperature, which indicates the transformation temperatures increase with
an increase in the aging times.

(3) Recrystallization textures of near <100> orientation were developed using a com-
bination of cold rolling with a reduction ratio of 97% and subsequent annealing at
1277 °C for 1 h. The average grain size was around 400 um, and the intensity of
texture was 13.64.

(4) Shape memory behavior was not observed in the 600 °C—24 h sample at a 2000 MPa
stress level due to the fact that it possessed the lowest transformation temperature.
The shape memory properties in the 600 °C—48 h sample with a recoverable strain
of 1.6% at 200 MPa stress level were obtained using a three-point bending test. The
observed recoverable strain values were lower than the theoretical values, possibly
owing to the smaller fraction of low angle grain boundary, the formation of grain
boundary precipitates and grain boundary constraint due to a slightly lower than
expected intensity of texture in the samples. The thermal hysteresis was around 40 °C.
The recoverable strain in the 600 °C-72 h sample was 1.1% at 100 MPa. The sample
fractured at a stress level of 150 MPa due to the formation of a large amount of brittle
3 phases.
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