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a b s t r a c t

Effect of microalloying of boron (B) i.e., 0.02e0.15 wt% and the variation of composition of Al and Be from
11.3 to 11.9 wt% and 0.41e0.44 wt% respectively, has been investigated on the grain refinement and
shape memory properties of polycrystalline CueAleBe shape memory alloy. The tests have been carried
out for microstructure, morphology, phases, crystal structure, phase transformation temperatures and
shape recovery ratio. The investigation results in boron has strong impact on grain refinement with
minimal addition, followed by Al and Be. AlB2 acts as heterogeneous nucleation site in grain refinement
and it increases with increase in B and Al. Transformation temperatures increases with boron up to
0.08 wt% and then decreases, whereas increase in Al and Be decreases the temperatures. Doping and
increasing of boron up to 0.15 wt% exhibits complete shape recovery, whereas Be < 0.42 wt% and Al <
11.8 wt% exhibits poor recovery ratio.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Among family of shape memory alloys (SMA), CueAl-X (X ¼ Be,
Mn, Ni and Zn) shape memory alloys captivates researchers to
develop, investigate and analyse various methods to overcome the
key limitations i.e., brittleness [1,2], martensite stabilization [3,4],
thermal stability [5,6] and shape memory detoriation for the
practical applications. CueAl are chosen as an alternative to other
SMAs because of economical and ease of production. Among the
family of CueAl-X alloys, CueAleBe SMAs exhibits lower/inter-
mediate transformation temperatures, high pseudo elasticity and
better damping capacity suitable for civil and space structure ap-
plications, but restricted in real time because of intergranular fail-
ure (poor ductility) and short life (functional fatigue) related to
coarse grain size and high elastic anisotropy.

It is learned from the existing literature, that grain size can be
tailored by various factors viz. elemental composition [7], inocu-
lation using grain refiners [8], heat treatment [9] and quenching
media [10], and novel processing routes viz. powder metallurgy
[11], rapid solidification [12] and ECAP [13]. Inoculation by Boron
(B), Chromium (Cr), Zirconium (Zr) [14,15], rare earths (RRE)
Bala Narasimha), smm@nitk.
[16e18] and their composition has high influence on the grain size,
growth rate for the bulk alloys compared to other factors and
routes. It is also understood that varying elemental composition of
the matrix and inoculants not only refines the grains, also does
modification of phases, increases/decreases transformation tem-
peartures [19] affects martensitic transformation. Boron attracts
attention in grain refinement and plays as an effective grain refiner
for Cu [20], Mg [21], Al [22], Cu-Al [23] systems because of its ad-
vantages like small atomic radius i.e., which acts as an either sub-
stitutional or interstitial solid solution element, and de-embrittle
element which enhances the cohesive strength of grain boundaries
[24] and moreover, very small lattice disregistry. Boron combines
with other metals to formmetal borides such as AlB2, TiB2 and ZrB2
forms nucleation sites in enhancing grain refinement.

CueAl alloys can be effectively grain refined with minimal
addition i.e., 0.02e0.05 wt% of B with improved mechanical prop-
erties [25] due to the lower lattice disregistry. Lee [26] investigated
the addition of various borides to CueZneAl SMA and noticed good
grain refinement with the AlB2 compared to other. Dong [27,28]
studied shape memory capacity and life of CueAle Be alloy with
addition of 0.02 wt% of B, and noticed complete restoration, and
there is no discussion on grain size refinement and mechanism.
Sampath [29,30] and Aydogdu [31] observed good refinement with
decrease in SME and SE, with the addition of B to CueAleMn alloys.
Ping Zhang [13] studied the effect of 0.18 wt% of B in grain
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refinement of CueAleBe alloy under Equal Channel Angular
pressing (ECAP) route, noticed that reduction in grain size of 2 mm
with uniform distribution of precipitated phases after 8 passes. The
shape recovery ratio of fine-grained CueAleBeeB SMA was not
better than that of the as-cast alloy. Sampath [32] didn’t noticed
martensitic transformationwith the addition of 0.2 wt% of B, due to
the formation of bulky precipitates inhibits the formation of
martensite variants. Sutou [33,34] observed addition of B increases
the damping efficiency of CueAleMn alloys.

Based on literature survey, it is understood that addition of
boron more than 0.15 wt% leads to poor shape recovery and also
reveals dearth of experimentation on effect of variation in the
composition of elements on properties of CueAleBeeB alloys. This
drives us to investigate the effect of variation in wt% of alloying
elements and microalloying of boron i.e., 0.02 to 0.15 wt% on grain
refinement, phases, transformation tempeartures and shape re-
covery properties.
2. Materials and methods

2.1. Alloy and specimen preparation

In the present work, high purity i.e., >99.9% of Copper (Cu),
Aluminium (Al), Beryllium (Be) and Boron (B) was used for the
preparation of alloys. Initially, an inoculant viz. copper-boron
(CuB2) master alloy was prepared using vacuum arc remelting
machine (Make: Edmund Buhler GmbH, Model: AM/0.5) and cut
Fig. 1. Photograph of CuB2 inoculant.

Fig. 2. Energy dispersive sp
into small pieces as shown in Fig. 1, and the composition (EDS) is
shown in Fig. 2.

Table 1 presents the variations of elemental composition of Cu,
Al, Be, B in wt.%., and the alloys are designated as “BXY”, ‘X’ repre-
sents the type of alloy, ‘Y’ represents the wt.% of boron.
Y ¼ 1,2,3,4,5,6 for 0.02, 0.04,0.06,0.08,0.1 and 0.15 wt% of B,
respectively. Alloys were prepared using an induction melting
furnace under inert gas atmosphere. Casted alloys were heat
treated in muffle furnace at 850 �C for 4 h under argon gas atmo-
sphere for homogeneous mixture without oxidation, and then
cooled to room temperature. After homogenization, alloys were hot
rolled at 800 �C into a sheet of 0.5 mm thickness with intermediate
annealing for shape recovery studies. Alloy samples for micro-
structural, XRD and shape recovery studies were betatized at 850 �C
for 15 min and then directly quenched into water (RT) and hold for
10 min.
2.2. Characterization

Samples were polished and etched using FeCl3 solution for
microstructure and morphology studies using optical microscope
(Make: Zeiss, Model: Axiolab A1) and scanning electronmicroscope
(SEM, Make: JEOL, Model: JSM-6380LA) respectively, and the
elemental composition of the matrix and precipitates were deter-
mined using energy-dispersive X-ray spectroscopy (EDS, Make:
EDAX, Model: Element). Average grain size of the alloys were
calculated using ASTME 1382- semiautomatic and automatic image
analysis. XRD tests were performed on samples using X-ray
diffractometer (Make: Rigaku, Model: Miniflex 600) at room tem-
perature under CuKa1 radiation (l ¼ 1.54056 A�), 40 kV and 15 mA
from 2q ¼ 20�e90� at a scan rate of 2�/min. for the identification of
phases exist and its crystal structure. Phase transformation tem-
peratures of the quenched alloys were measured using power
compensated differential scanning calorimeter (DSC, Make: Perki-
nElmer, Model: 6000) with heating and cooling rate of 10�/min.
Shape recovery ratio (SRR) of the alloys weremeasured by the bend
test as illustrated in Fig. 3. The test procedure is as follows, the sheet
at full martensite state (�Mf) was bent around a mandrel and
unloaded viz. from A-A to A-B, this angle measured as qd. The
deformed sheet was heated above 10 �C of the austenite finish
temperature, and it tends to attain the original position with or
without residual strain, i.e., A-C or A-A, respectively, this angle
ectrum (EDS) of CuB2.



Table 1
Elemental composition of Cu, Al, Be, B shape memory alloys.

S. No Alloy Actual Composition (wt.%) B (wt.%)

Cu Al Be

Al, Be e constant, Boron - Increase
1. B11 87.64 11.90 0.44 0.02
2. B12 87.62 11.90 0.44 0.04
3. B13 87.6 11.90 0.44 0.06
4. B14 87.58 11.90 0.44 0.08
5. B15 87.56 11.90 0.44 0.10
6. B16 87.51 11.90 0.44 0.15
Be, B e constant, Aluminium - Increase
7. B21 87.67 11.90 0.41 0.02
8. B31 87.57 12.00 0.41 0.02

9. B44 87.89 11.60 0.45 0.08
10. B54 87.57 11.90 0.45 0.08
Al, B e constant, Beryllium - Increase
11. B62 88.17 11.37 0.42 0.04
12. B72 88.19 11.36 0.43 0.04

13. B21 87.68 11.90 0.41 0.02
14. B11 87.64 11.90 0.44 0.02
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measured as qr .
The shape recovery ratio computed using Eq. (1) [18].

h¼ qd � qr
qd

(1)

where qd - angle after deformation and qr - residual angle after
recovery.
3. Results and discussion

3.1. XRD e phase identification

Inoculation/varying elemental composition in the alloy causes
modification of grain size and formation of new phases. Thus, it is
necessary to investigate the mechanism behind the process. XRD
was employed to study the existence of phases in the alloys, and the
results are presented in Figs. 4e7. Red, blue, orange, green, black
and pink colored lines represent boron addition of 0.02, 0.04, 0.06,
0.08, 0.1 and 0.15 wt%, respectively. Diffractograms reveals various
Fig. 3. Ben
phases present in the alloys, and refinement of grain size confirmed
from their intensities, peak positions and FWHM.

Fig. 4 presents diffractogram of B1Yalloys. Diffractogram conveys
that betatized and quenched alloys are of complete martensite
phase of b’

1 (Cu3Al) and g’ (Cu6.11Al3.89), along with secondary
phases of AlB2 and AlB25Cu0.79. Secondary phases i.e., AlB2 and
AlB25Cu0.79 are of rich in boron and aluminium composition, and
the mechanism of formation of these phases are discussed in
deatiled in the section 3.2. The phases b’1, g

’, AlB2, AlB25Cu0.79 has of
monoclinic (M18R), rhombohedral, rhombohedral and tetragonal
structures, confirmed and indexed using ICDD 00-028-0005, 00-
019-0010, 03-065-3381 and 01-077-2461 respectively. B1Y series
indicates refinement of grain size with increase in boron confirms
from the decrease in intensities and increase in FWHM of the peaks
of M18R (P-3,4,6) and AlB2 (P-11). It is also observed that the in-
tensity of g’ martensite (P-9) increases with the increase in addition
of B.

Diffractograms of B21 and B31 (Fig. 5) discerns that the quenched
alloys are in a state of martensite along with a new phase “a2” (P-
10), confirmed and indexed using ICDD 00-028-0006. Phase “a2” is
of Cu4Al composition with cubic structure, forms around the tem-
perature between 350 and 200 �C [35], quenched from high tem-
perature b (Cu3Al) phase of the alloy. In this case, though the alloys
are rich in aluminium and rapidly quenched from 850 �C towater at
RT (30 �C), phase “a2” formation may be due to the very low
addition of Be i.e., 0.41 wt%, affects the cooling rate in the formation
of martensite. It is also observed increase in 0.1 wt% Al from B21 to
B31, affects the martensite fraction confirm from their intensities of
peaks.

Diffractogram of B44 and B54 depicted in Fig. 6, discerns that the
alloy B54 possess and exhibits additional two phases (peak 8, 12)
viz. Al3.89Cu6.11 and AlB25Cu0.9 are of g’ rhombohedral martensite
and boron rich secondary phase, compared to B44. The existence of
two phases attributed to increase in 0.3 wt% of Al forms themixture
of two variants of martensites b’

1 þ g’ [35,36] and the affinity to-
wards B forms boron rich AlB25Cu0.9 phase.

Diffractogram B62 and B72 (Fig. 7) reveals martensite M18R and
AlB2, without AlB25Cu0.9 and Al3.89Cu6.11 phases due to the very low
addition of B (0.02) and the minimum addition of Al compared to
former alloys.

From the diffractograms of all the alloys, the salient observations
are: a) Addition of B to the matrix forms AlB2 precipitates and along
with increase in Al forms AlB25Cu0.9 phases i.e., rich in in boron and
d test.



Fig. 4. X-ray diffractograms of B1Y alloys.
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aluminium. b) Increase in Al and Be increases the martensite frac-
tion. c) Addition of Be < 0.42wt% forms phase “a2” d)Micro alloying
of boron confined only to grain refinement, without any phase
formation/modification like Al and Be. e) The prime martensite
peak of all the alloys are (0 0 18) except in the series B21 and B31 (1 2
10), i.e., due to the lower addition of Be i.e.< 0.42 wt%. f) g’

martensite (Al3.89Cu6.11) and AleB rich phase (AlB25Cu0.9) forms
only above 11.8 wt% of Al, has higher affinity towards B forms these
phases/precipitates attributes to the difference in electronegativity.
Fig. 5. X-ray diffractogram
3.2. Microstructure and morphology

Varying elemental composition/heat treatment of alloys affects
the grain size and it is confirmed from the micrographs of the
betatized and quenched alloys as shown in Figs. 8e9 Microstruc-
tures of the quenched alloys exhibits complete lath martensite at
room temperature in the form of needles, and the grains were
refined to various sizes for the variation in the elemental compo-
sition. It is worth noting to be observed that the grain boundaries of
s of B21 and B31 alloys.



Fig. 6. X-ray diffractograms of B44 and B54 alloys.

G. Bala Narasimha, S.M. Murigendrappa / Journal of Alloys and Compounds 823 (2020) 153733 5
alloys are highly non-uniform/serrated and confirmed with the
existing literature [8,26,37,38]. Average grain size was calculated
using ASTM E �1382 by taking an average of 20 horizontal and 20
vertical line measurements, because of the irregularity in the
grains.

Fig. 8 depicts the microstructures of B1Y alloys, and observed
increase in boron exhibits improved refinement in grain size to
134.7, 89.03, 73.33, 68.58, 51.64 and 40.19 mm for B11, B12, B13, B14, B15
Fig. 7. X-ray diffractograms
and B16 respectively, with minimal addition of B.
Grain refinement mechanisms are as follows:

i. Heterogeneous nucleation e Based on XRD results, it is
observed that addition of B to the alloy forms fine AlB2
(aluminium diboride) phase/precipitates and dissolves in the
solid solution [26] confirmed from the SEM-EDS. AlB2 forms
due to the boron is a surface-active element and tends to
of B62 and B72 alloys.



Fig. 8. Microstructures of alloys; (a) B11 (b) B12, (c) B13, (d) B14, (e) B15 and (f) B16 e 50�
Fig. 9. Microstructures of alloys; (a) B21 (b) B31, (c) B44, (d) B54, (e) B62 and (f) B72 e 50�
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diffuse throughout the matrix at the high temperature and
segregates at the grain boundaries [20] after quenching to
room temperature due to its low solubility and very small
atomic radius. In Cu, B has solubility of 0.01 wt% [39] and in
Al it has no solubility forms Al þ AlB2 intermetallic particles
by a peritectic reaction [40,41] at room temperature. These
AlB2 particles/precipitates, acts as nucleant in refinement of
grains [21,23]. It is also observed from SEM-EDS studies, that
the accumulation of increased density of AlB2 particles at the
grain interfaces, inhibits the grain growth.

ii. Growth Restriction factor (GRF) - It is observed, that B has
strong impact on grain refinement with minimal addition as
shown in Fig. 8, due to its highest growth restriction factor
(GRF) in Cu [24] and Al [22,42] systems, followed by Be in Cu
[24]. High GRF (Q) in the alloy is due to the increase in
constitutional undercooling increases the driving force for
the nucleation at the solid/liquid interface, because of
rejection of B in the grains and accumulates at the boundary.

iii. Lattice disregistry: difference in the lattice misfit (disregistry)
was very small percentage, i.e., 12.59% and 33.0% between
the matrix and the nucleant viz. “Cu3Al � B00 and
“Cu3Al � AlB2”, respectively.

It is also important to present the factors for the formation of
serrated boundaries, i.e., these are formed due to the non-
homogeneous deposition of boron at the grain boundaries forms
increase density of borides “AlB2” at the interfaces of grains causes
lattice distortion [43] and strain differences [44]. Serrated grains
are observed in the Mg alloy systems doped with boron [45].

Fig. 9aed depicts the microstructure of B21, B31, B44 and B54 al-
loys, i.e., increase in Al and maintaining other elements constant. It
is observed that the reduction in grain size from B21 to B31 and B44
to B54 is 210.27 mme139.85 mm and 81.84 mme36.97 mm,
respectively. Improved grain refinement in both the series of alloys
are due to the increase in concentration of AlB2 particles creates
more nucleation sites, and it is confirmed from the diffractograms
(Figs. 5 and 6), i.e., increase in intensity of AlB2 (P-11) of B31 and B54
compared to B21 and B44. Fig. 9e and f depicts the microstructure of
alloys with increase in Be andmaintaining other elements constant,
and observed a reduction in grain size from 144.74 to 128.71 in B62
and B72 alloys, and from 210.27 to 134.7 in B21 and B11 alloys
(Figs. 9a and 8a), respectively. It is observed that increase in 0.1% of
Be doesn’t affect the grain size much and confirmed from XRD
(Fig. 7), whereas 0.3 wt% of Be exhibits improved refinement as
reported in the literature [46,47].

Morphology of grains, grain boundaries and the elemental
composition of the phases are captured using SEM-EDS as shown in
Fig. 10. Secondary electron images of B doped alloys reveals the
grain boundaries are serrated as discussed in the microstructure. It
is to be noticed that the B is in lower concentration in the centre of
the grain and it increases towards grain boundaries as shown in the
EDS spectrum of the alloys Figs (10a-d), due to the seggregation of B
while quenching as discussed in the grain refinement mechanism.
The distribution of Cu, Al and B in the alloy are captured using
elemental mapping as shown in Fig. 10e.
3.3. Phase transformation temperatures

Phase transformation temperatures of the prepared alloys are
useful in design and development of an actuator for application in
the requisite temperature. DSC was employed to determine trans-
formation tempeartures and the energy (enthalpies) required for
phase transformations as discussed in Section 2., and the recorded
DSC thermograms are presented with colored lines to differentiate
the wt.% of B and its effect on tempeartures as shown in Figs. 11e14.



Fig. 10. SEM images; (a) B11 (c) B16, EDS spectrum: (b) B11, (d) B16, Elemental mapping: (e) B16.

Fig. 11. Thermogram e B1Y alloys.

Fig. 12. Thermogram e B11, B21 and B31 alloys.
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The results are tabulated in Table 2 consists of tempeartures, en-
thalpies and hysteresis along with amount of differences in trans-
formation tempeartures and hysteresis with the variation of wt.% of
one element while keeping the remaining constant.

It is clearly understood from thermogram (Fig. 11), and Table 2.,
that increase in wt.% of B increases the transformation
temperatures slightly and its enthalpies up to 0.08 wt%, confirmed
with the rise and shift of curves (B11 � B41) away from the ordinate,
and above 0.08 wt% the transformation temperatures decreases can
be seen with the fall and shift of curves towards ordinate. The
variations in the transformation temperatures are due to variations
in the elemental composition of the matrix and precipitates. In-
crease in transformation temperatures are due to the increase in
concentration of insoluble particles i.e., B and AlB2 particles in the



Fig. 13. Thermogram e B44, B54 alloys.

Fig. 14. Thermogram e B62, B72 alloys.

Table 2
Transformation temperatures (�C), Enthalpies (J/g) and Hysteresis (�C).

S. No Alloy Mf Ms DHA/M

1. B11 14 30 �6.2521
2. B12 22 34 �7.9965
3. B13 23 35 �16.5425
4. B14 24 34 �25.4059
5. B15 11 23 �11.7513
6. B16 12 23 �9.2654
7. B21 45 65 �7.2031
8. B31 35 54 �9.4016

Diff 10 11 2.1985
9. B44 56 64 �6.232
10. B54 20 34 �5.8253

Diff 36 30 0.4067
11. B62 69 108 �5.9189
12. B72 62 88 �6.6619

Diff 7 20 0.743
13. B21 45 65 �7.2031
14. B11 14 30 �6.2521

Diff 31 35 0.951
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matrix requires additional energy for phase transformation, and
also increase in e/a ratio [31]. Increase in boron to 0.1 wt% and
0.15 wt% decreases transformation temperatures due to increased
density of AlB2 particles in the matrix depletes the Cu and Al, and
increase B changes e/a ratio lowers the transformation tempear-
tures [8]. Increase in wt.% of B increases the thermal hysteresis
irrespective of transformation tempeartures.

Thermogram B21 � B31 and B44 � B54 (Figs. 12 and 13) presents
that only increase in addition of Al, decreases the transformation
tempeartures [48] i.e., curves B21 falls to B31, and B44 to B54.shifts
towards ordinate. Increase in 0.1 wt% of Al from B21 to B31 reduces
Mf, Ms, As and Af by 10, 11, 12, 11 �C almost ~11 �C, without a change
in thermal hysteresis, whereas increase in 0.3 wt% of Al from re-
duces Mf, Ms, As and Af by 7, 20, 12, 18 �C with 3 �C reduction in
thermal hysteresis as shown in Table 2.

Thermogram B62, B72 (Fig. 14) and B21, B11 (Fig. 12) presents that
only increase in Be, keeping other elements constant decreases the
transformation temperatures. In the alloys B62 and B72, increase in
0.1 wt% of Be reduces Mf, Ms, As and Af by 36, 30, 36, 33 �C with
slight increase in 2 �C of thermal hysteresis and shifts the curve
towards ordinate, whereas in B21 and B11 alloys Mf, Ms, As and Af

reduces by 31, 35, 35, 35 �C, with fall and shift of curve towards
ordinate.
3.4. Shape memory effect/shape recovery ratio

The shape recovery ratio of the alloyswas calculated by the bend
test as per the procedure discussed in section 2 and the results are
presented in Fig. 15.

The results depicted in Fig. 15 conveys only B1X series and B54
alloys yields 100% recovery and the rest exhibits poor recovery
ratio. Complete recovery is due to complete formation of
martensite b’1 þ g’ because of higher wt.% of Be and Al increases the
martensite fraction. It is noticed that B21 and B31 yields 62.5% and
67.5% respectively, the poor recovery compared to the former alloys
is due to addition of lower amount of Be i.e., 0.41 wt% forms partial
a2 phase along with martensite and are not suitable for memory
applications, because of mixture of phases didn’t exhibit shape
recovery. but a slight increase in recovery i.e, 5% is noticed in B31
due to the 0.1% of increase in Al, increases martensite fraction. In
the alloys B44 and B54, it is understood that, though increase in
addition of 0.45wt% of Be, the poor recovery is due to the difference
of 0.3 wt% of Al decreases the martensite fraction. B62 and B72 yields
the lowest recovery ratio of the alloys i.e., 38% and 38.5% due to the
As Af DHM/A Hysteresis (Af e Ms)

35 50 6.8865 20
45 56 7.6268 22
46 58 12.3201 23
49 59 14.0765 25
39 48 11.3864 25
39 51 10.3261 28
70 85 7.9448 20
58 74 10.5234 20
12 11 2.5786 0
80 92 8.7203 28
44 59 7.3070 25
36 33 1.4133 - 3
101 127 7.3747 19
89 109 9.3347 21
12 18 1.96 þ2
70 85 7.9448 20
35 50 6.8865 20
35 35 1.0583 0



Fig. 15. Shape recovery ratio of alloys.
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very low addition of Al i.e., 11.3 wt%, decreases the martensite
fraction. B21 exhibits 100% recovery compared to B21 i.e., 62.5% due
to lower addition of Be i.e., 0.41 wt% Be. From the shape recovery
ratio studies, it is concluded that alloys more than 0.41 wt% of Be
and 11.8 wt% Al exhibits rapid and complete shape recovery suit-
able for actuator applications.

4. Conclusions

Effect of microalloying of B and the variation of composition of
Al and Be in the alloys has been investigated for the grain refine-
ment and shape memory properties of polycrystalline CueAleBe
shape memory. Addition of B forms AlB2 precipitates acts as
nucleant and an effective grain refiner with minimal addition, due
to the higher growth restriction factor and smaller lattice dis-
registry. Increase in B up to 0.08 wt% increases the transformation
tempeartures and then decreases, whereas increase in both Al and
Be decreases the transformation temperatures. Increase in addition
of Al (>11.9 wt%) forms martensite of b’1 þ g’ variants and boron
rich precipitates of AlB25Cu0.9. Addition of Be (<0.42 wt%) forms a2
phase, not suitable for memory applications. Alloys with more than
0.41 wt% of Be and 11.8 wt% Al exhibits rapid and complete shape
recovery suitable for actuator applications.
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