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Abstract: Boriding of binary Ni–Ti shape memory alloys 
was carried out in a solid medium at 1273  K for 2, 4, 6, 
and 8 h using the powder pack method with proprietary 
Ekabor–Ni powders. Characterization of the boride layer 
formed on the surface of alloys was done by optical micros-
copy and scanning electron microscopy. The presence of 
boride, silicide, and borosilicide phases in the boride lay-
ers was confirmed by X-ray diffraction analysis. The thick-
ness and microhardness of the boride layers increased 
with increasing boriding time. Hardness profiles showed 
a rapid decrease in hardness moving from the boride layer 
to the main structure. The high hardness of the boride 
layer was attributed mainly to the formation of TiB2. A par-
abolic relationship was observed between layer thickness 
and boriding time, and the growth rate constant for the 
boriding treatment was calculated as 0.62 × 10−8 cm2 s−1.

Keywords: Boriding; Hardness Testing; Kinetics; Ni–Ti 
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1  Introduction
Important design considerations for engineering materi-
als include properties such as high yield strength, hard-
ness, corrosion, and wear resistance [1–4]. Widely used 
methods for improving these properties include surface 
modifications such as carburizing, boriding, and nitrid-
ing [5–7]. Boriding is a diffusional surface modification 
technique which involves the enrichment of the surface 
of a workpiece with boron by means of thermo-chemical 
treatment [1, 8, 9]. It is well known that the borided layer 
obtained has high hardness, good wear, and corrosion and 
oxidation resistance [10–12]. In many studies [13, 14] it has 

been indicated that the surface hardness of the resulting 
boride layer can exceed 2000 HV due to hard boride phases 
formed in the boride layer of steels. Previous studies have 
shown that the wear and corrosion behaviour of the steels 
can be improved by about 25 and 95 times, respectively, by 
the boriding treatment compared with untreated steel [15]. 
On the other hand, it has also been pointed out [16–18] 
that the thickness of a boride layer depends strongly on 
the boriding time, the boriding temperature, and the tech-
niques used, such as gas, plasma, liquid, and pack borid-
ing, as well as the chemical composition of the material to 
be borided.

Ni–Ti alloys with compositions near equiatomic con-
centration are well known for their shape memory charac-
teristics. Effects of alloying additions such as copper and 
hafnium on the transformation characteristics in these 
alloys have been extensively studied and documented 
[19–22]. For example, it has been shown that the addition 
of Cu as a ternary alloying element results in an increase 
in the characteristic temperatures of the martensitic trans-
formation, compared to binary Ni–Ti alloys [23]. In addi-
tion to their excellent shape memory characteristics, Ni–Ti 
alloys have been shown to display good combinations of 
other properties including strength, ductility, resistance to 
corrosion, and biocompatibility, which can be of consider-
able importance in a variety of engineering applications 
[24]. A number of studies have previously been carried out 
on microstructural characterization and mechanical prop-
erties of shape memory alloys, in both bulk [25, 26] and 
thin film forms [27–29]. However, there are currently very 
few studies regarding the boriding behaviour of binary 
Ni–Ti shape memory alloys. Therefore, the purpose of this 
work is to investigate the boriding behaviour of binary 
Ni–45.6 wt.% Ti shape memory alloys and to observe how 
the microstructure and mechanical properties of the alloy 
changes with boriding time. The results of the current 
study indicate that silicides and borosilicides can form 
alongside borides in the pack-boriding of Ni–Ti alloys of 
near-equiatomic concentration.

2  �Experimental Method
Binary Ni–45.6 wt.% Ti shape memory alloys used in this study were 
initially cut in the dimensions of 2 × 2 × 10 mm3. The boriding treat-
ments were carried out in a solid medium at 1273 K for 2, 4, 6, and 
8 h using the powder pack method with Ekabor–Ni powders (BorTech 
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GmbH, Hürth, Germany). The samples were packed with the powders 
in hermetically sealed stainless steel containers and borided using 
an electrical resistance furnace. The boriding pack was ensured to 
have sufficient thickness (at least 25 mm) all around the sample. Met-
allographic sections were prepared to observe microstructural details 
by optical and scanning electron microscopy (SEM) (JEOL 5600LV). 
The thickness of borides was measured by means of a digital thick-
ness measuring instrument attached to an optical microscope (Nikon 
MA100). The boride layer thickness values given in Section 3 are aver-
ages of at least 12 measurements. The presence of borides and other 
phases formed on the surface of the borided alloys was determined 
by using an X-ray diffractometer (Rigaku D-MAX 2200) with CuKα 
radiation of 0.15418 nm wavelength. To determine the hardness of the 
alloys, microhardness measurements were made on cross sections 
perpendicular to the borided surface by means of Vickers indenter 
with a load of 100 g and dwell time of 15 s. Before microhardness 
testing, a standard specimen was used for calibration. To ensure the 
reliability of the results, a minimum of five measurements were made 
at each depth to obtain an average hardness value.

3  �Results and Discussion
SEM cross-sectional examinations of borided binary 
Ni–45.6 wt.% Ti shape memory alloys surfaces shown in 
Figure 1 revealed that the boride layer exhibits a smooth, 
compact morphology. The boride layer thickness versus 
time plot for the borided specimens is shown in Figure 2. 
The thickness of the boride layers for the borided binary 
Ni–45.6 wt.% Ti shape memory alloys ranged from 32 to 
123 μm depending on boriding time.

The pack boriding of the binary Ni–45.6 wt.% Ti 
shape memory alloys using powder Ekabor–Ni powders 
led to the formation of a boride layer consisting mainly 
of titanium diboride (TiB2). In many studies it has been 

Figure 1: Cross-section views of binary Ni–45.6 wt.% Ti shape 
memory alloys borided for (a) 2, (b) 4, (c) 6, and (d) 8 h at 1273 K.

Figure 2: Boride layer thickness versus boriding time curve for the 
borided Ni–45.6 wt.% Ti shape memory alloys.

Figure 3: Diffraction patterns of binary Ni–45.6 wt.% Ti shape 
memory alloys borided for 2 and 8 h.

indicated that the conventional pack boriding process 
generally produces a dual layer consisting of TiB2 and tita-
nium monoboride (TiB) or a single layer of TiB depending 
on powder and/or alloy composition [30–32].

TiB2 is considered an excellent choice for reinforc-
ing titanium due to its high melting point, exceptional 
hardness, and high temperature oxidation resistance. It 
usually forms on the surface as a continuous monolithic 
layer with hardness of about 3400 HV. TiB on the other 
hand is known to form as long, pristine single-crystal 
whiskers underneath the TiB2 layer penetrating into the 
titanium matrix with hardness of about 1600 HV [33–38].

Figure 1 shows the layer formed on the surface of 
the Ni–45.6 wt.% Ti shape memory alloys which was 
composed mainly of the TiB2 phase. A very thin layer of 
whisker morphology was observed beneath the TiB2 layer 
in the specimens borided for 6–8 h, indicative of possible 
TiB formation. Spalling was not observed in the boride 
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layer yet some porosity was present, probably as a result 
of differences in molar volume between the Ni–Ti alloy 
substrate and the TiB2 phase.

X-ray diffraction (XRD) patterns for the Ni–Ti speci-
mens borided for 2 and 8 h are shown in Figure 3. Both of 
the patterns clearly show the presence of TiB2. However, 
the presence of TiB beneath the TiB2 could not be veri-
fied. It is likely that either the peaks for the TiB phase 
were overwhelmed by the presence of other phases or the 
X-ray penetration depth was too shallow to detect the very 
thin sublayer. Other phases detected on the surface of the 
borided specimens mainly included silicides and borosili-
cides of nickel. These phases formed due to the additional 
presence of SiC in the boriding powders, which is used 
as a diluent for the boriding source (B4C). These phases 
were identified as Ni2Si, NiSi, and Ni4.6Si2B. The NiSi phase 
was not detected in the specimen borided for 2 h. It is well 
known that silicidization of nickel often results in the 
coexistence of nickel silicides Ni2Si, NiSi, and Ni5Si2 [39–
44] and that the presence of boron in addition to silicon 
can also result in the occurrence of borosilicides such as 
Ni4.6Si2B, Ni4.29Si2B1.43, and Ni6Si2B [45–48].

Microhardness measurements were carried out from 
the surface to the interior on cross sections of the borided 
specimens. The microhardness profiles for all four Ni–45.6 
wt.% Ti shape memory alloys borided from 2 to 8 h at 1273 K 
are shown in Figure 4. A very high value of 1995 HV0.1 was 
measured in the cross section of the specimen borided for 
8 h, confirming the presence of the compact TiB2 layer. This 
value of hardness is similar yet somewhat lower than the 
values reported in other studies [33, 37], possibly due to 
porosity in the boride layer. The strong drop in hardness 
below the titanium boride layer corresponds to the results 
obtained by optical thickness measurements, indicating 

Figure 4: Hardness profiles for the borided Ni–45.6 wt.% Ti shape 
memory alloys.

that boron diffuses further only to a small depth below the 
interface.

Figure 4 also shows that the microhardness of the 
boride layer increases with increased boriding time due 
to the increased diffusion of boron. The hardness of the 
boride layer is much higher than that of the matrix for 
each boriding time. This is a consequence of the presence 
of hard TiB2 phases as determined by XRD analysis. The 
obtained microhardness results are in agreement with 
those reported by several authors [8, 37–40].

The growth kinetics of the boride layers is controlled 
by the diffusion of boron into the substrate. The time 
dependence of boride layer thickness follows a parabolic 
growth law [41–43], given by the equation

	 2d Kt= � (1)

where d is the depth of the boride layer (μm), t is the 
boriding time (s), and K is the growth rate constant that 
depends on the diffusing species (in this case boron) and 
the diffusion coefficient. In the present study, the obtained 
effective growth rate constant with respect to boriding 
temperature 1273 K is 0.62 × 10−8 cm2 s−1 for borided binary 
Ni–45.6 wt.% Ti shape memory alloys. Corresponding to 
this, the growth rate constants of pure Co [44], C15 carbon 
steel [45], and AISI H10 steel [46] have been obtained as 
2.83 × 10−8 cm2 s−1, 2.0 × 10−8 cm2 s−1, and 0.11 × 10−8 cm2 s−1, 
respectively, for pack boriding carried out at 1273 K.

4  �Conclusion
Boriding of binary Ni–45.6 wt.% Ti shape memory alloys 
was carried out with Ekabor–Ni powders for various dura-
tions at 1273 K. Based on the results, the following conclu-
sions can be drawn:

–– The boride layer exhibited a smooth, columnar mor-
phology and consisted mainly of TiB2. Traces of Ni2Si, 
NiSi, and Ni4.6Si2B were also detected from XRD pat-
terns. TiB formation beneath the TiB2 layer could not 
be verified.

–– Nickel silicides formed simultaneously within the 
boride layer as a result of reaction between the alloy 
and the SiC diluent in the boriding source.

–– A nearly parabolic relationship between layer thickness 
and boriding time was observed, and the depth of boride 
layer ranged from 32 to 123 μm. The growth rate constant 
for process was calculated as 0.62 × 10−8 cm2 s−1.

–– The surface hardness values of the borided alloys were 
higher than those of untreated ones, and hardness 
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increased with increasing boriding time for both the 
boride layer and the transition layer.
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