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Abstract

Nickel-titanium (NiTi) alloys, known for their shape memory effect and superelasticity, are distinguished by their 
shape recovery capabilities and corrosion resistance. In recent years, additive manufacturing (AM), especially selective 
laser melting (SLM), has gained prominence in the production of complex NiTi structures. This study employs instrumented 
ultramicrohardness testing to characterize the mechanical properties of these alloys, including Vickers hardness (HV), 
elastoplastic Vickers dynamic hardness (DHV-1), plastic Vickers dynamic hardness (DHV-2), and indentation modulus 
(Eit). The tests were conducted on NiTi samples produced by SLM, with a laser remelting procedure applied. The results 
indicate a decreasing trend in HV, DHV-1, and DHV-2 values with increasing energy density in SLM fabrication, suggesting 
greater formation of matrix phases (B2, B19’, and R) and a lower percentage of NixTiy intermetallic precipitates.
Keywords: Selective laser melting; Additive manufacturing; NiTi; Ultramicrohardness.

1 Introduction

Nickel-titanium alloys (NiTi), with a matrix associated 
with the equiatomic intermetallic composition, are widely 
used among metallic alloys that exhibit shape memory 
effect (SME) and superelasticity (SE), due to their excellent 
durability, shape recovery ability, and corrosion resistance [1]. 
Traditionally, the industrial process of manufacturing these 
alloys involves four basic steps: melting and casting, hot and 
cold working, forming/memory-shaping, and heat treatment. 
However, additive manufacturing (AM) has gained prominence 
for producing complex and porous NiTi structures. Various 
routes have been developed using AM techniques, enabling 
the production of NiTi with SME and SE [2].

In the past decade, metal additive manufacturing has 
advanced rapidly, becoming a revolutionary technology that 
transforms product design across various industrial sectors. 
Pioneering fields such as the biomedical and aerospace industries 
have demonstrated that components designed through AM 
offer significant performance improvements. However, there 
is less detailed information about the microstructure and 
mechanical properties of metals and alloys produced in this 

way. To fully explore the potential of metal AM, especially 
for structural parts, it is crucial to understand the anisotropy 
and microstructural and mechanical property heterogeneity 
that this process generally presents [3,4].

Selective laser melting (SLM) is an AM technique 
based on the melting of a pre-deposited powder bed layer 
by layer. Also known as an advanced form of selective 
laser sintering (SLS) when the energy density is not 
sufficient for melting. On the other hand, when this energy 
density is sufficient for melting, SLM allows the complete 
fusion of the metal powder, with distinct possibilities of 
densification levels, high mechanical strength, and strong 
texturization relative to the build direction. In SLM/SLS 
manufacturing, a CAD (Computer-Aided Design) model 
of the desired part is virtually divided into horizontal 
layers with thicknesses ranging from 30 to 100 µm [5-8]. 
During the process, a focused laser beam transmits the 
contour information of each layer to the metal powder 
bed, melting and solidifying, in the case of SLM, the 
material point by point as per the laser path. After scanning 
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2 Materials and methods

Ultramicrohardness tests were conducted on NiTi 
samples fabricated via SLM from elemental powders of Ni 
and HDH Ti, following the work of Gonçalves [17], which 
explored the laser remelting procedure. In the SLM process 
for most of the samples studied, two laser passes were 
applied to each layer, as observed in literature studies [18]: 
the first with lower energy to initiate the interaction and 
fusion between the particles, and the second with higher 
power to promote microstructural homogenization and layer 
uniformity. The SLM processes were carried out at Omnitek 
Tecnologia Ltda using an OmniSint-160 machine.

Additionally, as a control, a single-laser-scan per 
layer SLM processing condition was conducted with an 
energy density of 44 J/mm3, in the range corresponding to 
the best results obtained by Oliveira’s work [11], using the 
same elemental powders. Based on this, the synthesis of 
the processing parameters adopted is described in Table 1, 
noting that the digits before the “/” in energy density refer 
to the first scan per layer, and the second pair of digits refer 
to the second scan per layer.

The surfaces tested in the instrumented ultramicrohardness 
were those corresponding to the top of the 8 mm test specimens, 
i.e., the cross-section, which underwent metallographic 
preparation, with indentations concentrated in the central 
region.

The instrumented ultramicrohardness tester used was 
the Shimadzu DUH-211S, installed at the Institute of Exact 
Sciences at the Fluminense Federal University (ICEx-UFF), 
Volta Redonda - RJ, with a Vickers pyramidal indenter 
at a 136° angle. From preliminary tests, a load of 100 gf 
(980.665 mN) produced the most appropriate indentation 
dimension for diagonal measurement. The loading/unloading 
speed was 1.0 gf/s (70.0670 mN/s), which is the standard 
configuration of the equipment, without holding time at 
the maximum load. Five indentations were performed, 
distributed randomly.

The basic representation of the curve generated by 
the instrumented ultramicrohardness test, and the main 
measured points, are shown in Figure 1. The measurement 
of the instrumented indentation, among the various available 
test modes, comprises a cycle that encompasses the loading 
and unloading phases.

Among the key parameters are the maximum penetration 
depth (hmax), the maximum load (Fmax), and the final depth after 
unloading, designated as permanent indentation (hp), manifested 

a layer, the build platform is lowered by the thickness of 
the next layer and covered with powder. This scanning 
and recoating cycle repeats until all layers are processed. 
The part is attached to the build platform via support 
structures and can be removed from the machine after 
the process is complete [8-10].

Metal AM has the potential to revolutionize the design 
and construction of metal parts in the digital industrial age. 
In recent years, sales of additive systems for metals have 
increased significantly, and the technologies have matured 
for industrial applications. Consequently, research interest 
in this area has grown exponentially, especially in the last 
five years [5,8,10]. However, the additive manufacturing of 
NiTi alloy to achieve SME and SE is still under development, 
particularly concerning the use of elemental powder mixtures 
of nickel (Ni) and titanium (Ti). Previous studies have 
highlighted the practical difficulties in determining the 
parameters necessary to produce NiTi alloy from elemental 
HDH Ti (hydrogenated-dehydrogenated) and Ni obtained 
by oxidation and reduction reaction, in order to obtain a 
highly densified part, free of cracks and significant residual 
fractions of pure Ni and Ti in the microstructure. Moreover, 
the strong exothermic reaction due to the formation of NixTiy 
intermetallics, which occurs during AM with a laser, can 
disturb the melt pool, making it difficult to achieve the 
desired phases through SLM [11].

Instrumented ultramicrohardness equipment, with 
depth-sensing capabilities, is widely used to evaluate the 
hardness and Young’s modulus of materials.

The depth resolution of this technique enables 
the use of ultra-low loads. In this regard, it is possible to 
assess the dynamic hardness as a function of depth in thin 
coatings deposited by electrodeposition [12], as well as the 
microhardness and residual stress in mechanically treated 
surfaces by ball burnishing [13].

This technique also allows for the monitoring of 
the dynamic recrystallization phenomenon in elastocaloric 
alloys [14] and the development of thermomechanical 
treatments in NiTi alloys [15]. Current advancements in 
hardness testing instrumentation aim to provide three-
dimensional observation of mechanical properties [16].

This study aims to evaluate certain mechanical 
properties obtained through instrumented ultramicrohardness 
testing of NiTi alloy produced via additive manufacturing, 
using the SLM technique from a powder bed composed of 
a mixture of elemental Ni powders, obtained by oxidation 
and reduction reaction, and HDH Ti.

Table 1. Main parameters in the production of NiTi samples by SLM

Energy Density (J/mm3) Melting Laser Power (W) Remelting Laser Power (W) Scanning Speed (mm/s)
44* 120 - 1263

30/45 60 90 1100
33/50 60 90 1000
37/55 60 90 900

* single scan per layer.
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after complete load removal. The contact depth (hc) is also 
considered, which corresponds to the distance at which the 
indenter is in actual contact with the test surface, and the elastic 
recovery depth (hr), obtained by the intersection of the tangent 
line to the unloading curve starting from the maximum load.

For the determination of conventional Vickers hardness 
(HV), the calculation involves dividing the maximum 
applied load by the average of the two measured diagonals 
of the indentation. Using the force (F) in newtons and the 
diagonal average (d) in millimeters, a dimensional correction 
numerical constant is applied, as shown in Equation 1 [19].

( )
( )20,1891  

F N
HV

d mm
= 	 (1)

Dynamic elastoplastic Vickers hardness (DHV-1), 
Equation 2, associates the maximum load of the test with the 
ratio of the maximum indentation depth (hmax) multiplied by 
the numerical constant related to the indenter’s shape factor. 
Similarly, dynamic plastic Vickers hardness (DHV-2) can 
be obtained as a function of Fmax and the indentation depth 
related to perfect elastic recovery (hr), through Equation 3 [20].
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It is also possible to derive the elastic modulus from 
the relationship between force and depth during indentation. 
The indentation modulus (Eit) is graphically determined by the 
slope of the tangent line shown in Figure 1. Mathematically, 
it is expressed by Equation 4 [20].
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υ υ− −
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Where:
Eit – Indentation modulus
Er – Elastic modulus converted based on indentation contact
Ei – Elastic modulus of the indenter
νi – Poisson’s ratio of the indenter
νs – Poisson’s ratio of the sample

3 Results and discussion

Figure 2 presents the loading and unloading curves 
from the ultramicrohardness test with a maximum load 
of 98.066 mN (100 gf) for the four samples described 
in Table  1. In general, the curves exhibited similar 
characteristics for the five measurements taken at central 
region of the sample, as there was no significant variation 
in the positioning or behavior of the curves. However, the 
sample with 44 J/mm3 showed greater variability compared 
to the others. This observation considers both the dispersion 
in the positioning of the five curves and the slope of the 
loading and unloading curves, maximum indentation depth, 
and permanent indentation depth.

Figure 3 shows the results for dynamic elastoplastic 
Vickers hardness (DHV-1) and dynamic plastic Vickers hardness 
(DHV-2). Numerically, the average DHV-2 values were 
higher than DHV-1 in all test groups, as dynamic elastoplastic 
hardness considers the depth of the indentation associated 
with both elastic and plastic deformations. The maximum 
indentation depth (hmax), used to calculate DHV-1 according 
to Equation 2, is greater than the indentation depth related 
to perfect elastic recovery (hr), used to calculate DHV-2 in 
Equation 3.

This results in higher DHV-2 values compared to 
DHV-1 for the same measurement point in the instrumented 
ultramicrohardness test on a given sample.

The graph in Figure 4 presents the results of conventional 
Vickers hardness (HV) and the indentation modulus (Eit). 
At first glance, there is no significant difference in HV 
between the 30/45 and 33/50 J/mm3 samples when observing 
their average values. However, the 33/50 J/mm3 results 
show greater dispersion compared to 30/45 J/mm3 and 
the other samples (44 and 37/55 J/mm3). Additionally, the 
44 J/mm3 result lies in an intermediate range between the 
30/45 J/mm3 and 37/55 J/mm3 samples, including when 
observing the range of dispersion for both results.

Thus, when observing only the group of samples that 
underwent remelting, there is a tendency for hardness to 
decrease with increasing energy density, especially concerning 
the dynamic hardness values DHV-1 and DHV-2 (Figure 3) 
compared to HV (Figure 4).

Silva et. al. [14], in their study on the dynamic 
recrystallization of the Ti46Ni38Cu10Nb6 alloy, also observed 
high dispersion in the dynamic hardness and indentation 
modulus results. Rodrigues  et  al. [15] reported hardness 
values ranging from 200 to 300 HV in solution-treated NiTi 
samples. The higher values found in this work account for 

Figure 1. Representation of the applied load curve versus indentation 
depth of an instrumented ultramicrohardness test.
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residual stresses and microstructural heterogeneities, which 
are typical of SLM fabrication.

In Gonçalves’ study [17], X-ray diffraction and 
electron backscatter diffraction (EBSD) analysis in a scanning 
electron microscope with a field emission gun (FEG) 
were conducted on the samples in this study, highlighting 
non-equiatomic intermetallic phases (NixTiy) from the Ni-Ti 
system alongside the equiatomic NiTi intermetallic in its 
various structures (B2, B19’, and R phases), which were 
observed. In that study, it was evident that the presence 
of precipitates, particularly Ni3Ti (1071 HV), accounts for 
the hardness increase in the NiTi matrix, as this last phase 
in its austenitic B2 form has hardness around 275 HV, and 
in its martensitic B19’ form, it presents hardness values of 
approximately 112 HV, respectively. Meanwhile, the Ti-rich 
intermetallic phase, NiTi2, has a hardness of 163 HV [21,22]. 
On the other hand, the hardness and indentation modulus of 
the R phase are lower than those of the B2 phase, despite 
having similar elastic recovery when evaluating properties 
through instrumented hardness tests [23].

The lower hardness, in terms of HV, DHV-1, and 
DHV-2, and intermediate values with lower dispersion 
of Eit, compared to the other samples tested, found in the 
37/55 J/mm3 sample, is an indication of microstructural 

homogeneity in the cross-section relative to the build direction 
of the samples in disc format.

The indentation modulus is related to the elastic 
stiffness of the tested region, meaning the lower the 
value, the greater the elastic recovery capacity of the 
present phases. Likewise, greater recovery of shape/phase 

Figure 2. Applied load versus indentation depth curve for the samples: 44, 30/45, 33/50, and 37/55 J/mm3.

Figure 3. Results of dynamic elastoplastic Vickers hardness (DHV-1) 
and dynamic plastic Vickers hardness (DHV-2).
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transformation reversal in the case of B2 or R phases occurs 
when subjected to mechanical stress without dislocation 
movement. Although the Eit results are within the same 
range for the four samples, when considering the results 
in terms of their dispersion, the higher the power applied 
during the remelting pass (second scan), the lower the 
dispersion. It is noteworthy that Eit values near 100 GPa 
for the 37/55 J/mm3 sample and around 60-70 GPa for the 
33/55 J/mm3 sample are very close to the results observed 
by Domashenkov et al. [23] when analyzing the B2 and R 
phases, respectively.

Akbarpour et al. [21], for an alloy composed mainly 
of NiTi-B2 and Ni3Ti, with smaller amounts of NiTi-B19’ 
and NiTi2, achieved hardness of 750 HV, similar to that 
observed in this work. This justifies the high hardness values 
of the tested samples and the lower dispersion of indentation 
modulus results.

4 Conclusion

Based on the ultramicrohardness tests conducted, the 
loading and unloading curves showed similar patterns across 

the samples, except for the sample with 44 J/mm3, which 
demonstrated greater variation. The analysis of dynamic 
elastoplastic hardness (DHV-1) and dynamic plastic hardness 
(DHV-2) revealed that DHV-2 exhibited higher average values 
than DHV-1 in all tested groups. Additionally, the Vickers 
hardness (HV) and indentation modulus (Eit) showed a trend 
of decreasing hardness with increasing energy density in the 
samples that underwent remelting.

The mechanical behavior, in terms of increasing 
hardness in the NiTi matrix, was attributed to the presence 
of precipitates such as Ni3Ti, as the austenitic B2 and 
martensitic B19’ and R phases, associated with NiTi, have 
lower hardness values. The 37/55 J/mm3 sample stood out for 
its lower hardness and lower Eit dispersion, indicating greater 
microstructural homogeneity. The indentation modulus was 
related to the elastic stiffness of the tested regions, being 
lower for samples with greater elastic recovery capacity.

The analysis of the results suggests that variations in 
the energy density applied during fabrication significantly 
affect the mechanical properties of NiTi alloys. Optimizing 
these parameters is critical to improving the quality and 
performance of parts produced via additive manufacturing, 
particularly for applications requiring high strength and 
elastic recovery.
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