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In this work, the boriding of binary (Ni–Ti) and ternary (Ni–Ti–Cu) shape memory alloys was carried out in a
solid medium at 1173 K for 8 h using the powder pack method with Ekabor-Ni powders. Characterization of boride
layer formed on the surface of alloys was identified by optical microscopy and scanning electron microscopy. TiB2,
NiB2 and SiC phases in the boride layer of borided binary (Ni–Ti) and ternary (Ni–Ti–Cu) shape memory alloys
was confirmed by X-ray diffraction analysis. The microhardness and thickness of the boride layers were measured.
The obtained hardness values show a hardness anomaly due to porosity and structural defects with increase of Cu
content, while a decrease in the value of hardness moving from the boride layer to main structure was observed.
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1. Introduction

Various surface treatment methods aimed at improv-
ing wear resistance, corrosion and mechanical properties
are described in many recent works [1–4]. One of the
methods used to improve characteristics is boriding [5–
7]. In this method [2, 3, 7–10], boron atoms, because
of their relatively small radii can easily diffuse into the
substrate material to form hard boride layers. In the lit-
erature [11–14], it has been shown that the boride layer
thickness is influenced by alloying elements which can
modify the active boron flux by entering the iron boride
lattice. Corresponding to this, it has been shown that
the alloy elements such as C, Cr, and Mo appear to be
lower in the vicinity of the boride layer because of less
solubility. The deficiency of C, Cr, and Mo results in a
negative effect on the boride layer in terms of both thick-
ness and morphology [10, 15, 16]. On the other hand, C,
which is insoluble in iron borides, concentrates strongly
at the (boride layer/substrate) interface [17, 18].

Ti–Ni alloys exhibit good properties in strength, duc-
tility, resistance to corrosion and biocompatibility, which
are important for practical use, in addition to excellent
shape memory effect characteristics [4, 19, 20]. NiTiCu
alloys obtained by replacing a part of Ni and Ti atoms
by Cu in the equiatomic NiTi alloy have attracted wide
interest because of a variety of advantages in practical
use [4, 20, 21]. It has been shown that the addition of
Cu to Ni–Ti does not increase the transformation tem-
peratures, but it can rise the stability of the alloy during
temperature changes and mechanical loading [20]. In ad-
dition, Cu addition, as a ternary alloying element, results
in increased characteristic temperatures of the marten-
sitic transformation, when compared to a binary NiTi
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alloys [20]. Moreover, Cu causes good stability of charac-
teristic temperatures and good corrosion resistance, nar-
row transformation hysteresis and prevention of Ti3Ni4
precipitation [22, 23].

Recently, intensive effort has been put into adopting
the nonconventional production techniques such as pow-
der metallurgy, melt-spinning or twin roll casting for the
manufacture NiTi-based alloys [24]. In addition, a num-
ber of studies have previously been carried out involving
nanoindentation and microstructural characterization of
shape memory alloys, in both bulk [25, 26] and thin film
forms [27–29]. However, no investigation has yet been
reported on boriding of binary (Ni–Ti) and ternary (Ni–
Ti–Cu) shape memory alloys. In this study, the mor-
phology, boride layer thickness and hardness behaviour
of borided binary (Ni–Ti) and ternary (Ni–Ti–Cu) shape
memory alloys were studied.

2. Experimental method

Chemical composition of alloys for experiments is pre-
sented in Table I.

TABLE I

Chemical composition of used binary (Ni–Ti) and ternary
(Ni–Ti–Cu) shape memory alloys [wt.%].

Material Ni Ti Cu
A 59.36 40.64 –
B 64.39 26.40 9.20
C 53.07 30.36 16.56

The samples were cut to dimensions of 2×2×15 mm3.
Boriding of these samples was achieved in a solid medium
using the powder pack method with Ekabor-Ni powders
containing SiC as a diluent. The pack was heat treated
in an electrical resistance furnace for exposure time 8 h
at 1173 K under atmospheric pressure. The thickness
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of borides was measured by means of a digital thickness
measuring instrument attached to an optical microscope
(Nikon MA100). The boride layer thickness values given
in the results section are averages of at least 12 mea-
surements. The presence of borides on the surface of
the boronized alloys was determined by using the X-ray
diffractometer (Rigaku D-MAX 2200) with a CuKα radi-
ation of 0.15418 nm wavelength. Metallographic sections
were prepared to observe morphological details by the
use of optical and scanning electron microscopy (SEM,
JEOL5600LV). To determine the hardness of the alloys,
a Vickers microhardness tester with a load of 100 g and
dwell time 15 s was used. Many indentations were made
on each coating film under each experimental condition
to check the reproducibility of hardness data.

3. Results and discussion

The cross-sections of optical micrographs of the
boronizing of A, B and C shape memory alloys at 1173 K
for 8 h are shown in Fig. 1. As seen from the figure,
borides formed on the surface displayed a more diffuse
morphology compared to the sawtooth morphology com-
monly observed in A, B and C shape memory alloys.
Three distinct regions were identified on the surface of
A, B and C shape memory alloys: (i) borides, (ii) tran-
sition zone and (iii) matrix.

Fig. 1. SEM images of the cross-sections of shape
memory alloys A, B, C borided for 8 h at 1173 K.

Figure 1a shows that the boride layer in the A binary
shape memory alloy is wider compared to the ternary al-
loys and additionally contains precipitate phases. The
morphology of the boride layers became smoother with
increase of Cu content in the B and C ternary shape
memory alloys (Fig. 1b and c). Excessive grain growth
in the transition region was observed in all borided spec-
imens. Both thickness and length of teeth relative in
the boride layer and the boride layer thickness decrease

with increasing Cu content. Compared to the A shape
memory alloy, boron diffusion in B and C shape memory
alloys was more difficult because of significant migration
of Cu atoms into the matrix. As a result, the thickness
of boride layer formed surface of the ternary Ni–Ti–Cu
alloys is lower. The obtained thickness values were 138,
90, and 36 µm for A, B, and C shape memory alloys,
respectively (Table II). Conversely, it has been shown
that the Cu does not significantly affect the boride layer
thickness while Si as an alloying element in the substrate
considerably decreases boride layer thickness in borided
Fe–8Si [30] and Fe–8Cu [31] binary alloys.

TABLE II

Boride layer thickness and microhardness values of
borided binary (Ni–Ti) and ternary (Ni–Ti–Cu) shape
memory alloys.

Material Layer thickness [µm] Microhardness [HV0.1]
A 138 1819
B 90 2733
C 36 2282

On the other hand, the porosity was seen in the boride
layer of the samples. However, increase of Cu content
resulted in the increase of porosity in the boride layer
and transition layer. In addition to the porosity, light-
colored precipitates (regions) were detected in the tran-
sition layer, especially in the binary A shape memory
alloy. The amount and size of light-colored regions gen-
erally decreases with the amount of Cu (Fig. 1a–c). The
light-colored regions belong to isolated copper precipi-
tates, indicating that Cu does not dissolve in the boride
layer and it does not form a CuxBy phase (Fig. 2). The
same precipitates have been also obtained on borided Fe–
8Cu alloys [31], where it was shown that light gray region,
has high amounts of Cu and relatively less amounts of Fe.

Fig. 2. XRD pattern of B shape memory alloy borided
for 8 h at 1173 K.

Figure 3 shows the microhardness profile measured on
the cross-section of B shape memory alloy borided at
1173 K for 8 h under atmospheric pressure.

In this figure, it is possible to observe how the hardness
of borided samples changes from the boride layer to ma-
trix. It is also seen from Fig. 3 that the hardness of boride
layer is much higher than that of the matrix. The high
hardness of the surface is mainly a result of the presence
of hard phases in the boride layer, but is additionally due
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Fig. 3. View of Vickers indentations from the outer
layer to interior of the B shape memory alloy borided
shape memory alloy B, 1173 K for 8 h.

to solid solution hardening between Cu and boron atoms
in the matrix. Summarizing, after the boriding treatment
at 1173 K for 8 h, the surface hardness was increased by a
factor close to 6 in comparison with the matrix. In con-
trast, although hardness decreased with distance from
the surface in all three alloys, some anomalies were ob-
served in the measured hardness values. The obtained
hardness values were 1819, 2733 and 2282 HV0.1 for A,
B, and C shape memory alloys, respectively (Table II).
We think that the fluctuated hardness in the borided A,
B, and C shape memory alloys, hardness anomaly, may
be due to structural defects such as porosity and cracks
with boriding process. Although the study on the mi-
crostructure and hardness of borided binary (Ni–Ti) and
ternary (Ni–Ti–Cu) shape memory alloys is not to be
seen in literature, the obtained results are not compared
with results from the literature.

4. Conclusions

The results of the current study can be summarized as
follows:

• The microstructure of boride binary (Ni–Ti) and
ternary (Ni–Ti–Cu) shape memory alloys showed
three distinct regions: the boride layer, the transi-
tion zone, and the matrix. The prominent phases
formed in the surface layer of the boronized alloys
were TiB2 and NiB2 which were revealed by X-ray
diffraction analyses.

• The alloys showed somewhat inconsistent results
in terms of boriding behavior. The morphology
and overall appearance of the boride layer displayed
varying results with increasing Cu concentration. It
can be said that Cu addition to binary Ni–Ti shape
memory alloys, in substitution for Ni and Ti, can
significantly alter the microstructure morphology
of alloy.

• It was observed that the boride layer thickness de-
creased with increase of Cu content due to effects
of alloying elements.

• Some anomalies in the hardness of the boride layers
were observed, which were attributed to porosity
and structural defects.
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