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Abstract: In this study, the effect of the addition of Hf on the oxidation behavior of NiTi alloy, which
was processed using additive manufacturing and casting, is studied. Thermogravimetric analyses
(TGA) were performed at the temperature of 500, 800, and 900 ◦C to assess the isothermal and
dynamic oxidation behavior of the Ni50.4Ti29.6Hf20 at.% alloys for 75 h in dry air. After oxidation,
X-ray diffraction, scanning electron microscopy, and energy-dispersive X-ray spectroscopy were
used to analyze the oxide scale formed on the surface of the samples during the high-temperature
oxidation. Two stages of oxidation were observed for the NiTiHf samples, an increasing oxidation
rate during the early stage of oxidation followed by a lower oxidation rate after approximately 10 h.
The isothermal oxidation curves were well matched with a logarithmic rate law in the initial stage
and then by parabolic rate law for the next stage. The formation of multi-layered oxide was observed
for NiTiHf, which consists of Ti oxide, Hf oxide, and NiTiO3. For the binary alloys, results show that
by increasing the temperature, the oxidation rate increased significantly and fitted with parabolic rate
law. Activation energy of 175.25 kJ/mol for additively manufactured (AM) NiTi and 60.634 kJ/mol for
AM NiTiHf was obtained.
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1. Introduction

NiTi is a shape memory alloy (SMA) with unique properties, such as biocompatibility, wear,
and corrosion resistance, low modulus of elasticity, and high actuation work output [1–4]. These
characteristics make NiTi useful for functional and smart structures in primary areas of biomedical
and aerospace applications. The working temperature of below 100 ◦C for NiTi limits its functionality
and application in the industries that need higher operational temperature. Hence, developing
high-temperature shape memory alloys (HTSMAs) has gained attention. Adding the third element
to NiTi is an approach for changing the transformation temperatures (TTs). Zr, Hf, Pd, and Au are
some of the candidates added to NiTi for altering the TTs and other thermomechanical behaviors.
Among all aforementioned alloys, NiTiHf has been shown to be both cost-effective and exhibit
better thermomechanical stability. In addition, the composition of NiTiHf is pivotally critical since
it can significantly affect the performance and functionality of the part [5–8]. Recently, with the
advancement in additive manufacturing (AM) technology, more complex geometries of NiTi-based
alloys are fabricated via methods such as selective laser melting (SLM). Moreover, the ability to tailor
the thermomechanical characteristics of SMAs is possible during AM [9–17].
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One of the well-established characteristics of alloys, when exposed to the atmosphere at various
temperatures, especially at high temperatures, is their reaction with oxygen and other gaseous species.
This exposure, in turn, will produce metal oxidation on the surface of the alloys, which will cause the
alloy to lose its mass to oxidation of the metals present. The oxidation formation also slows down
the process of diffusion and mass loss, which can control the permeability of the oxide layers [18,19].
The shape memory effect of HTSMAs usually happens at high temperatures up to 800 ◦C in some
cases. Likewise, additive manufacturing techniques also happen at elevated temperatures, which
causes the oxidation of the metal and affects the microstructure [20,21]. Therefore, the study of the
oxidation effect is of importance for the optimal performance of NiTi-based alloys. These topics have
been studied in other contexts. Chu et al. have worked on the oxidation kinetics of equiatomic NiTi
SMA. They observed multilayer oxide layers of an outer TiO2 layer, a thin inner TiN3 layer, and an
intermediate layer of a mixture of TiO2 and NiTi [22]. The activation energy of oxidation is another
important factor in studying oxidation mechanisms. Basically, activation energy shows the resistance
of the material to the oxidation. The activation energy of 226 kJ/mol in this study was obtained from
the Arrhenius equation. Firstov et al. investigated the effect of oxidation on NiTi alloys at two specific
temperatures of 300 and 800 ◦C. They found that there are two different oxidation behaviors below and
above 500 ◦C [23]. At higher temperatures, the oxidation kinetics of these alloys obeys the parabolic
law, while at a lower temperature, it seems to be well fitted with the linear law. The research on the
effect of the addition of the third element on the oxidation kinetics of NiTi has been limited. Lin et al.
have studied the influence of Cu addition on the oxidation behavior of TiNi SMAs at 700–1000 ◦C
temperature intervals [24]. The oxidation kinetics of Ti50Ni40Cu10 was well followed by the parabolic
rate law at 700–925 ◦C. An improvement of the oxidation resistance was observed with the addition of
Cu when compared to Ti50.8Ni49.2. However, when compared to Ti50Ni50 the performance is subpar.
The activation energy was calculated to be 180 226 kJ/mol, which was higher than that of Ti50.8Ni49.2 but
lower than that of Ti50Ni50. Smialek et al. investigated the effect of Pt addition on the high-temperature
oxidation of NiTi alloy at the temperature range of 500–900 ◦C for 100 h, then compared their results
with the NiTi alloy [25,26]. It was found that the mass gain of the binary alloy was twice higher than
that of the ternary alloy, which resulted in better oxidation resistance of NiTiPt alloy. The oxidation
rate of NiTi was measured to be four times greater than that of NiTiPt alloy, which proved that the Pt
addition improved the oxidation resistance of NiTi alloys at high temperatures. The activation energy
for both alloys for isothermal oxidation was mostly the same ~250 kJ/mol. Kim et al. [27] studied the
oxidation kinetics of Ti–49Ni–12Hf. They reported that the addition of Hf improved the oxidation
resistance of NiTi alloy. In the initial stage of oxidation, the oxidation behavior obeyed a parabolic
rate law which is followed by a linear law. Five different oxide layers were observed: an outer TiO2

layer, a mixed oxide layer of TiO2 and NiTiO3, a mixture of (Ti, Hf) oxides, and an Ni-rich layer which
formed beneath a Hf-rich layer. The existence of the Hf-rich oxide layer formed beneath the outer
oxide layer played a significant role in this improvement.

To date, there is no study on the oxidation kinetics of additively manufactured NiTi and NiTiHf.
In this work, for the first time, we have evaluated the oxidation kinetics of additively manufactured
(AM) NiTi and NiTiHf alloys and compared them with conventionally (CON) made Ni-rich NiTiHf.
We have assessed the effects of the oxidation on the characteristics under different exposure conditions.
To this end, AM NiTi and NiTiHf were exposed to different temperature environments to measure
the oxidization against the conventionally fabricated parts. Based on the results and observations,
the activation energy and the mechanism of oxidation are discussed. The results of this study are
instrumental in estimating the service life of high-temperature actuators and components made of
these functional alloys.
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2. Materials and Methods

2.1. Material Preparation

To produce powder from annealed Ni50.8Ti49.2 (at.%) and as-cast Ni50.4Ti29.6Hf20 (at.%) ingots, an
electrode induction-melting gas atomization (EIGA) technique using TLS Technik GmbH (Bitterfield,
Germany) was utilized. Atomization with the inert gas EIGA technique can produce a spherical
powder that has low impurity content. In this study, a particle size distribution of 25–75 and 15–63 µm
were used for NiTi and NiTiHf powder, respectively, to ensure followability and layer resolution [28,29].
An SLM machine (Phenix Systems PXM, [3D Systems], Rock Hill, SC, USA) equipped with a 300W
Ytterbium fiber laser, was employed in this study to fabricate Ni50.8Ti49.2 and Ni50.4Ti29.6Hf20 parts.
To minimize the level of impurity in the fabricated parts, during fabrication the oxygen level of the
chamber was held at 800 ppm. 4 × 4 × 10 mm3 coupons, which were fabricated directly on a NiTi
substrate, were removed from the base plate using electrical discharge machining (EDM). The SLM
processing parameters for fabricating NiTi and NiTiHf parts are shown in Table 1. Conventionally
fabricated Ni50.8Ti49.2 and Ni50.4Ti29.6Hf20 samples were cut from the initial ingot and were used for
comparison. These ingots were from the same pool that were atomized to make the powder for
the SLM fabricated samples. Samples of 40–200 mg were cut and polished from the coupons for
thermogravimetric analysis (TGA) measurements. Samples were then ultrasonically cleaned in acetone
and dried before the oxidation tests.

Table 1. The processing parameters employed during selective laser melting (SLM) fabrication.

Material Laser Power (P, W) Scanning Speed (v, mm/s) Hatch Spacing (h µm) Layer Thickness (t µm) Energy Input (E J
mm3 )

AM NiTi 250 1250 80 30 83.3
AM NiTiHf 150 200 80 30 313

2.2. Oxidation Test and Characterization Methods

Material oxidation was carried out with a combination of TGA and SDT-Q600 (TA Instruments,
New Castle, DE, USA) instrumentation. First, dynamic oxidation tests were performed from room
temperature up to 900 ◦C in order to observe the oxidation start temperatures of AM and conventional
NiTiHf and NiTi parts. During these tests, the mass changes of the samples were measured when
subjected to the condition of the continual increase in temperature at a constant heating rate of
10 ◦C/min in air. Next, the isothermal oxidation tests were conducted by maintaining the sample at a
constant temperature for a period during which change in mass was recorded. Samples were heated
up to the temperatures of 500, 800, and 900 ◦C in inert nitrogen gas. When the desired temperatures
were reached, samples were then oxidized in the air with a flow of 50 mL/min for 75 h for both AM
and conventional NiTiHf alloys. The oxidation process continued for 28 h for the binary alloys. For
each sample, the mass was constantly measured and recorded over time, and finally, the samples
were cooled to room temperature. X-ray diffraction (XRD, Rigaku, Austin, TX, USA) was used to
study the oxide phases formed during the isothermal oxidation via a Bruker D8 X-ray diffractometer
with Cu-Kα radiation fixed with a diffracted beam monochromatic. Then, samples were mounted in
epoxy and polished for microscopy analysis. The final characterization of the specimen after oxidation
was performed using a scanning electron microscope (SEM, Thermo Scientific, Waltham, MA, USA)
equipped with energy dispersive spectroscopy (EDS).

3. Results and Discussion

3.1. Oxidation Kinetics

Figure 1 displays the dynamic curves of all the samples with and without Hf addition as the
oxidation test was performed from room temperature to 900 ◦C. The results show the development of
different oxidation behaviors based on the temperature evolution. Based on the graphs, the oxidation
rate is very slow and almost the same for all of the specimens at temperatures lower than 500 ◦C.
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Figure 1. Dynamic thermogravimetric analysis (TGA) measurement of AM and CON NiTi and NiTiHf
from 22 to 900 ◦C in air flow.

AM NiTiHf begins to oxidize at the lower temperature with respect to others. So that, for
both NiTiHf alloys, the oxidation significantly initiates above 500 ◦C, while the oxidation initiation
temperature for NiTi alloys is more than 600 ◦C.

Figure 2 illustrates the oxidation kinetic of AM and CON NiTiHf alloys at different temperatures.
The results show that the oxidation rate increased by increasing the temperature. The mass gains for
both samples at 500 ◦C were the same and about less than 1mg/cm2. This indicates that oxidation was
not significant at this temperature. At 800 and 900 ◦C, CON NiTiHf experienced a rapid mass gain
against AM NiTiHf, which shows a higher rate of oxidation for CON alloys. For AM samples, the rate
of the oxidation at 500 and 800 ◦C was rather low, while increasing the temperature to 900 ◦C increased
it significantly. This also is evident from the optical images in Figure 2b, which shows the oxidized
cross sections for the mentioned samples. Based on the observation, for both AM and CON Hf alloys,
the kinetics curves are divided into two stages: the initial stage and steady-state stage.

The isothermal oxidation results of AM and CON NiTi alloys are shown in Figure 3. AM NiTi
alloys gained more mass than CON alloys, which shows the higher oxidation resistance of CON NiTi
alloys. At 500 ◦C, the mass gain is near zero for both NiTi alloys, which confirms the dynamic TGA
results. For AM samples at 500 and 800 ◦C, the mass gain is rather low, but it increases very fast when
it reaches 900 ◦C. Contrary to NiTiHf alloys, NiTi alloys show a single stage of oxidation, and no initial
stage is seen for these alloys.

As is shown in Figures 2 and 3, it can be observed that the mass gain of the AM NiTiHf at 500, 800,
and 900 ◦C is higher than that of AM NiTi alloys, which suggests that the addition of Hf decreases the
oxidation resistance of the alloy.

Particular kinetic laws are applied to determine the fluctuation of oxidation rates over time. These
values are used to determine an average oxidation rate [30]. The parabolic rate law (Equation (1)) and
logarithmic rate law (Equation (2)) are used to analyze the oxidation rate of alloys:(∆W

A

)2
= Kpt (1)

(∆W
A

)
= Log KLt (2)

where ∆W is the mass gain (mg), K is the oxidation constants, A is the unit of the surface area (cm2)
of the sample, and t (s) is the time of the oxidation. Kp can be obtained from the slope of the linear

regression line fitted on a
(

∆W
A

)2
versus time plot. The oxidation rate constants and their related
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correlation coefficient (R) values have been obtained from the linear regression of isothermal oxidation
measurement found in Table 2. It is obtained that the oxidation kinetics of both AM and CON NiTi
alloys is highly well fitted with the parabolic rate law with a high correlation coefficient of 0.99, while
the results for NiTiHf alloys are different. The oxidation kinetics of AM and CON NiTiHf depend on
both the time and temperature of oxidation. During the early stage of oxidation (the initial stage),
the mass gain curves obey the logarithmic rate law, but after a few hours (the steady-state stage),
they follow a parabolic rate law (Figure 2). Due to the small portion of the initial stage in comparison
with the steady-state, the KL is negligible, and only Kp is reported.Materials 2020, 13, x FOR PEER REVIEW 5 of 15 
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Figure 2. (a) Thermogravimetric curves of isothermal oxidation of AM (dash line) and CON (solid line)
NiTiHf alloy at 500, 800, and 900 ◦C; (b) Oxidized AM NiTiHf alloys at 500, 800, and 900 ◦C.

The activation energy (Ea) obtained from Arrhenius’s equation [31] is a measure of the sensitivity
of the oxidation to temperature:

kr = A e−Ea/RT (3)

where kr is the rate constant, A is a pre-exponential factor, Ea is the activation energy, R is the gas
constant, and T is the temperature.

Figure 4 displays the Arrhenius plot of the oxidation rate constant for all alloys. The activation
energy (Ea) is found to be 60.634 kJ/mol for AM NiTiHf, 91.454 kJ/mol for CON NiTiHf, 175.25 kJ/mol
for AM NiTi, and 146.16 kJ/mol for CON NiTi. It can be derived that the addition of Hf decreased the
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activation energy. The amounts of activation energy confirm the dynamic oxidation result so that the
earlier oxidation happened in the alloys with the lower activation energy.Materials 2020, 13, x FOR PEER REVIEW 6 of 15 
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Figure 3. Thermogravimetric curves of isothermal oxidation of AM (dash line) and CON (solid line)
NiTi alloy at 500, 800, and 900 ◦C.

Table 2. Calculated parabolic rate constants for AM and CON NiTiHf and AM NiTi. Kp unit is(
mg2cm−4h−1

)
.

Alloys Constants Temperature (◦C)

Kp
(
mg2 cm−4 h−1

)
R

500 700 800 900

AM NiTiHf
Kp 0.0208 0.0162 0.0305 1.739
R 0.99 0.99 0.99 0.99

CON NiTiHf
Kp 0.0210 2.702 0.9 3.07
R 0.99 0.99 0.99 0.99

AM NiTi
Kp 0.000089 0.0341 0.0632 1.5
R 0.99 0.99 0.99 0.99

CON NiTi
Kp 0.000067 0.0144 0.0529 0.1339
R 0.99 0.99 0.99 0.99
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3.2. Microstructure Characterization

In the previous section, the oxidation behavior of additively and conventionally manufactured
NiTi and NiTiHf alloys was investigated. It was shown that AM and CON NiTi have a single-stage
oxidation behavior, while NiTiHf alloys show two-stage oxidation kinetics for both fabrication methods.
Moreover, it was discussed that the NiTiHf ternary alloy has less oxidation resistance with respect to
NiTi binary alloy. In this section, the possible reasons behind each behavior shown earlier are discussed
through the microstructural characterizations.

3.2.1. Microstructural Characterization of NiTiHf Scale

The SEM and EDS mappings for the AM NiTiHf sample tested at 900 and 800 ◦C are shown in
Figure 5. In general, outward diffusion of Ti/Hf and inward diffusion of Ni content can be seen using
X-ray mapping. Ti cations that have a smaller size than Hf cations can diffuse outward easily [32].
For both samples at 800 and 900 ◦C, based on the EDS results, the outer layer can be related to the
NiTiO3/TiO2 phase. Lower Gibbs free energy of NiTiO3 and TiO2, when compared with other Ni/Ti
oxides, can explain the oxidation formation of the first layer [33,34]. The next layer shows a Ni depleted
layer containing TiO2 and HfO2 oxides. After the Ti/Hf oxide layer, a high concentration Hf content
layer, a Hf-rich layer, with a needle-like structure can be seen at both temperatures. By passing the
Hf-rich layer, a Ni-rich segment with around 70 at.% of Ni content can be seen for AM NiTiHf at
800 ◦C, while at 900 ◦C, an interlayer of Ti/Hf oxide has been formed between Hf-rich and Ni-rich
layers. The significantly higher oxidation rate of AM NiTiHf at 900 ◦C in comparison with 800 ◦C can,
therefore, be explained by the role of the Hf-rich layer. At 900 ◦C, the thickness of the Hf-rich layer is
about 50% of the total width of the oxide film, while this layer thickness is around 25% for 800 ◦C. It
can, therefore, be seen that the Hf-rich layer plays a vital role in the weight gain and oxidation kinetic
behavior of the parts. The Hf-rich oxide layer could also play a role as a barrier for Ti cation and
can block the outward diffusion of Ti in the oxide scale. The layer does not, however, stop oxygen
diffusion [31,35]. Gradually, the Hf-rich layer becomes the main mechanism of oxidation for AM
NiTiHf. As shown in the SEM images, long cracks have been formed along with the oxide layers.
These cracks can explain the change of the oxidation kinetic law from logarithmic to parabolic for the
AM NiTiHf samples (Figure 2). The sudden change in the oxidation behavior indicates that the crack
formation is not the result of the shrinkage that happened during the cooling stage.

As shown in Figure 6, there are also some microcracks and micropores formed in the Hf-rich
oxide layer. The microcrack formation is a result of the brittleness of the HfO2 phase [27]. The small
pores, which are highlighted by arrows in Figure 6b, can be explained by the Kirkendall effect [36,37].
The different diffusion speed of Hf, Ni, and O element results in the formation of the vacant areas and
porosities inside the material. It is worth noting that these microcracks and pores facilitate the entrance
of oxygen, which can cause more mass gain in the NiTiHf samples in comparison to the NiTi samples.

SEM morphology and EDS mappings analysis of CON NiTiHf 800 and 900 ◦C samples are
shown in Figure 7. The overall scale morphology is almost identical for both the AM and CON
manufacturing process. Like AM samples, due to the higher oxidation temperature, the amount of
inward diffusion of the Ni cation for the sample at 900 ◦C is more than the sample that was tested
at 800 ◦C. However, CON NiTiHf samples showed lower oxidation resistance in comparison to AM
NiTiHf samples. The surface roughness could be a possible source of difference between AM and
CON samples. The higher surface roughness of the as-fabricated AM samples with respect to the
conventionally fabricated parts could increase the surface area in contact with oxygen and result in
a higher oxidation rate. However, in this study, difference in the surface roughness is not the case,
since all the samples (AM and CON) were polished entirely before performing the TGA tests. Grain
size could be another possible explanation for the different oxidation behavior of the AM and CON
samples. Based on the study by Li et al. [38], samples with more extended grain boundaries have lower
oxidation resistance in comparison to samples with shorter grain sizes. In this study, CON samples
are as-cast without any post-treatment, which results in a large grain size in comparison with AM
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samples, which have a small grain size due to the high cooling rate. Moreover, during the fabrication
of AM parts due to the high energy density of the laser, Ni evaporation could occur. Different alloy
compositions could be a possible source of variation in the oxidation rate of AM and CON NiTiHf. In a
previous study by our team [28], it was shown that for samples fabricated with high energy density, Ni
evaporation results in composition change to Ti-rich alloys. As a result, CON and AM parts do not
have the same composition, which could be another explanation of the different oxidation kinetics of
these samples, which needs further investigation.
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Figure 5. SEM image and X-ray mapping of the cross section of oxidation scale. (a,c) AM NiTiHf at
800 ◦C; (b,d) AM NiTiHf at 900 ◦C.
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Figure 7. SEM image and X-ray mapping of the cross section of oxidation scale. (a,c) AM NiTiHf at
800 ◦C; (b,d) AM NiTiHf at 900 ◦C.

To confirm the EDS result, parallel-beam geometry XRD with a low angle of the incidence
was performed for AM and CON NiTiHf alloys at 800 ◦C (Figure 8). For both alloys, the TiO2

rutile and NiTiO3 are the main phases of the scale surfaces. The XRD analysis confirms the
microstructural characterizations.
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3.2.2. Microstructural Characterization of NiTi Scale

As discussed in Section 3.1, the oxidation kinetics of AM and CON NiTi follow the single-stage
parabolic law. To show the microstructure of the oxide scale for the AM NiTi part at 900 ◦C, SEM, X-ray
mapping, and XRD of the oxide cross section are presented in Figure 9. The SEM shows a dense oxide
layer adhered properly to the parts. The X-ray mapping suggests a Ti oxide layer at the outer surface
with a thickness of 75 µm on average. The SEM results are also confirmed by the low-angle parallel
beam XRD pattern showing the TiO2 rutile phase at the outermost layer with a very small portion
of NiTiO3 phase. Similar to the NiTiHf cases, the reason for TiO2 oxide formation can be explained
based on Gibbs free energy [39]. The X-ray mapping shows the outward diffusion of Ti to react with
oxygen atoms migrate inward through the part. However, the Ti diffusion is faster than the oxygen
toward the TiO2 rutile layer [40]. Thus, the rutile grows outward, while Ni diffuses inward and forms
a Ni-rich layer beneath the rutile oxide. The exothermic nature of oxide formation leads to increasing
the thickness of the oxide layer by increasing the temperature or time, and therefore, as time passes,
the oxide layer adds up. The parabolic kinetic law of NiTi oxidation behavior can be explained by
the barrier effect of rutile on Ti outward migration. Ti diffusion through the rutile layer is inversely
proportional to the rutile thickness so that by increasing the oxide thickness, the speed of Ti diffusion
drops. The void formation inside the rutile layer closing the Ni-rich interface might be the result of
the rutile crystals growing in different directions. The dominant direction of the rutile growth at the
initial stage is outward, but as the oxide layer increases, the rutile crystals tend to grow in the lateral
direction. As a result, the different growth rate and direction between the rutile crystals creates micro
voids, mostly near the Ni-rich interface. There are also some voids in the Ti-deplete region, which
are encircled (Figure 9a). As discussed before regarding the difference between the diffusion rate of
rutile and oxygen atoms, the Kirkendall effect happens in matter with a higher diffusion rate [41,42].
The other defect happening during the oxidation process is a long crack forming along the TiO2 and
Ti-deplete interface. We believe that this crack happened during the cooling stage and not during the
oxidation process. The brittleness of the TiO2 oxide layer and different thermal expansion of the two
layers causes crack formation in the cooling stage. The oxidation kinetics of parabolic law with no
deviation during the process confirms no cracking happened during the heating.

For NiTi alloys, the AM process decreases the oxidation resistance of the alloy compared to
the conventionally fabricated NiTi samples. As discussed earlier, the high temperature of the SLM
process resulting in Ni loss during fabrication makes the alloy richer in Ti. It is well reported that the
richer Ti is, the more oxidation happens [22,27,43,44]. As reported in our previous works [28,45–48]
different SLM process parameters or post processing result in different compositions, microstructures,
and thermomechanical behaviors of the as-fabricated NiTi alloys. Such a variation in composition
and microstructure of as-fabricated alloys can differently affect the oxidation resistance. For example,
there is some literature on the effect of porosity on oxidation behavior; however, we did not take this
into account since the measured density was more than 98% and the samples were polished before the
TGA test, and it was expected that all the pores were removed on the surface of both AM and CON
samples. As a result, in our case, porosity could not possibly be considered as an effective factor in
the oxidation behavior. However, it has been shown in the literature that the open porosity on the
surface formed during SLM fabrication, or in case of insufficient polishing, can play a role as a canal
for the oxidation entrance and can increase the mass gain of the parts due to the increase of exposed
surface [49,50].
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Figure 9. (a) SEM micrographs of cross sections of AM NiTi alloy at 900 ◦C, (b) XRD patterns performed
on the surface of the oxidized AM NiTi at 900 ◦C, (c) X-ray mapping of the cross section of the oxide
layer of AM NiTi.

4. Conclusions

The high-temperature oxidation behavior of additively and conventionally fabricated
Ni50.4Ti29.6Hf20 and Ni50.8Ti were investigated. The dynamic TGA results showed that oxidation starts
above 500 ◦C for both alloys. NiTiHf alloys in both manufacturing methods showed lower activation
energy in comparison with NiTi alloys. The AM process caused lower activation energy for NiTi alloys,
while this trend is the opposite for NiTiHf. Both AM and CON NiTiHf alloys followed the logarithmic
law at the initial stage of isothermal oxidation kinetics followed by the parabolic law, which shows a
higher oxidation rate at the beginning of oxidation for NiTiHf alloys. On the other hand, the oxidation
kinetics of NiTi alloys showed a single stage of parabolic behavior. For both NiTi and NiTiHf, as the
oxidation temperature increased, the oxidation rate followed in trend. NiTi alloys also showed higher
oxidation resistance in comparison with NiTiHf alloys. The microstructure characterization, including
XRD, SEM, and EDS analysis confirmed different oxidation layer morphology for AM and CON
NiTiHf. For AM NiTiHf alloys, it was shown that Hf-rich layer formation plays a significant role
in oxidation kinetics. In addition, it was discussed that crack formation upon the heating stage of
oxidation caused the two-stage oxidation behavior for NiTiHf. For AM NiTi, the oxidation layer
consisted of a compact TiO2 layer, which confirmed the single-stage oxidation kinetics. It was shown
that the additive manufacturing process increased the oxidation resistance of NiTiHf alloy, while
this trend is the opposite for NiTi alloy. The different sets of AM process parameters including laser
power, scanning speed, and hatch spacing can result in various microstructures and compositions.
The significant difference between the energy densities employed for fabricating NiTi (83.3 J

mm3 ) and

NiTiHf (313 J
mm3 ) could be a source of the different trends in the oxidation behavior of both alloys.

However, understanding the effect of the AM process parameters on the oxidation behavior needs
further investigation. To understand the effect of the AM process on the oxidation behavior of NiTi(Hf)



Materials 2020, 13, 2104 12 of 14

alloys, AM parts with various sets of process parameters and a wide range of energy density need to
be characterized. Moreover, further studies on isothermal oxidation with short durations are needed
to understand the mechanism of transition from the initial stage to steady-state for NiTiHf alloy.
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