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NiTi-based quaternary alloys are used in a variety of mechanical components, such as bearings, actuators, and
dampers, owing to their good hardenability, wear resistance, and corrosion resistance. Additionally, one of the
most notable characteristics of NiTi-based alloys is their shape memory effect and pseudoelastic properties.
Connecting the macroscopic processing parameters employed in the design of new intermetallic alloys to the
nanoscale structural characteristics dictating their behavior is crucial for improving their mechanical properties
and expanding the spectrum of potential applications. In this work, an arc melted NisoTiz;Hf25Al4 (at%) alloy
was solution treated at 1050 °C followed by quenching and aging at 600 °C to investigate the effect of aging time
on the microstructure and mechanical properties. Two types of nano-sized precipitates were observed and
determined as face-centered orthorhombic H-phase (TiHf)Ni and L2; Heusler precipitates NipTiAl. The
morphology and orientation of the H-phase were investigated using scanning and transmission electron micro-
scopy (SEM and TEM), elucidating the coarsening kinetics and strengthening contribution of that phase to the
intermetallic mechanical behavior. Following coarsening, the presence of Heusler nanoprecipitates was detected
under overaged conditions through TEM imaging and nanobeam electron diffraction patterns. A peak hardness
condition of 756 HV was achieved after 70 h of aging, indicating that the co-precipitation of H-phase and Heusler
precipitates through a well-designed aging treatment can lead to optimal mechanical performance, thus elevating
the alloy’s potential as a viable material for industrial applications.

1. Introduction through the introduction of highly coherent precipitates that generate

less localized strain during phase transformation [10-12].

NiTi-based metallic alloys are required to exhibit superior thermo-
mechanical behavior to fully leverage their functional properties,
thereby expanding their applications across diverse areas [1-3]. Aero-
space, automotive, and oil and gas industries require properties such as
hardness, strength, toughness, and work output, which can be greatly
improved by precipitate strengthening [4-6]. As strengthening increases
the stress required for the onset of plastic deformation, it is beneficial for
shape recovery in shape memory alloys (SMAs) [7]. However, intro-
ducing a non-transforming second phase within a shape memory matrix
can lead to strain localization and ultimately plastic deformation, thus
reducing the material’s overall performance [8,9]. This can be mitigated

* Corresponding author.

There is significant interest in investigating the effect of ternary and
quaternary element additions [13-20] for improved SMA performance.
For example, in the development of high-temperature SMAs, Hf and Zr
additions have been explored [21-23]. However, NiTiZr alloys produce
undesirable Laves phases after aging, causing embrittlement [24]. The
literature shows that the addition of more than 3 % of Hf, substituting Ti
in a NiggTis; (all compositions will be reported in at%) alloy, increases
the martensitic transformation temperature, reaching a peak trans-
formation temperature of 622 °C in the 30 % Hf alloy [25]. Moreover,
NiTiHf system can be age-hardened in the temperature range of 400 —
650 °C to precipitate the orthorhombic lenticular-shaped precipitate
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known as the H-phase (or Han-phase) with the nominal composition of
(Tio.cHfo.4)Ni [6,26]. Previous studies argue that the precipitation of the
H-phase in a NiTiHf alloy enhances both strength and superelastic be-
haviors [27,28]. Despite the significant impact of the H-phase on the
properties of NiTi-based SMAs, a comprehensive understanding of its
structure remains limited.

The addition of Al in the NiTi system has been reported to result in
controlled precipitation of nanoscale coherent Ni;TiAl precipitates from
a supersaturated B2 NiTi-based matrix [12,19,29]. This precipitate is
known as the Heusler phase and adopts an L2; crystal structure [30,31].
The coherent precipitation of the Heusler phase has been found to
significantly increase the compressive strength by an order of magnitude
in a Nisg 7Tig0.0Alg 4 alloy [32], demonstrating the precipitates’ capa-
bility to strengthen the alloy. However, the addition of Al is also asso-
ciated with lowering the martensitic transformation temperature in
equiatomic NiTi alloy [33]. Additionally, the ductility of
Nisg.7Ti40.0Alg 4 alloys at room temperature decreases with increasing Al
content [32].

Taking advantages of Al and Hf additions into the NiTi system, Jung
et al. [29] conducted one of the initial studies on incorporating Hf into
NiTiAl alloys. They found that addition of 5 at% Hf, substituting Ti, to a
NisoTigsAls alloy resulted in precipitation of uniformly distributed
Heusler phase after aging at 600°C. The Heusler precipitate was found to
have slow coarsening rates, which was attributed to Hf partitioning to
the Heusler phase, lowering the lattice misfit between the precipitate
and the matrix [29]. While Jung et al.’s study served as an important
starting point, the investigation into precipitate coarsening kinetics was
limited to a single temperature condition and a single composition of
NisoTi4oAlsHfs. More recently, Hsu et al. [34] studied microstructural
characteristics and properties of a wider composition range with a
higher Hf concentration (20 at%). A series of compositions were inves-
tigated in order to systematically characterize the effect of small Al
additions (0-5 at% Al) to NisgTi(z0.x)Hf20Alx alloys. The solubility limit
of Al in the B2 NigsgTiggHfpo matrix at 600 °C was experimentally
determined to be 3 at%. Additionally, it was found that Al additions of
> 3 at% to NisoTi(z0-x)Hf20Alx led to the formation of Heusler phase on
aging at 600 °C for 100 h. An increased concentration of Hf resulted in
co-precipitation of the H-phase and Heusler phase precipitates, which
was not observed by Jung et al. [29].

Therefore, it was surmised that Al and Hf additions to NiTi-based
alloys will result in co-precipitation of both the Heusler and H-phase
and achieve desirable strengthening while, under certain conditions,
maintaining the transformation temperature within the range of
29-328 °C [34]. However, there are very limited studies on the micro-
structural evolution of the NiTiHfAl system upon aging. Therefore,
characterizing the structural properties of this alloy could elucidate the
effects of alloy design parameters on the formation of nanoscale
coherent  precipitates and  ultimately  establish  reliable
process-structure-property relationships. Thus, the purpose of this study
is to investigate the evolution of the microstructure and Vicker’s hard-
ness in NisTiz Hf25Al4 as a function of aging time at 600 °C.

2. Experimental
2.1. Alloy fabrication, processing and characterization

NisoTig Hf55A14 buttons were cast by arc melting 99.5 wt% Ni,
99.99 wt% Ti, 99.9 wt% Al, and 97.82 wt% Hf raw materials (Alfa
Aesar) in an argon atmosphere. Samples were cast into 8 g and 70 g
buttons on a water-cooled copper hearth and flipped six times between
melts to ensure homogeneity.

The as-cast buttons were sealed in VakPak65 stainless steel bags for
heat treatments. All samples were solution treated (ST) at 1050 °C for
100 h followed by oil-quenching, resulting in a homogenous matrix with
a few interdendritic Hf-rich particles (Hf content > 98 wt%), which
remain undissolved after homogenization. Solution-treated material was
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then sectioned using a low-speed diamond saw and encapsulated in the
evacuated quartz tubes (<4 x1072 Torr). Aging heat treatments were
performed for 100 h at 600, 700 and 800 °C followed by oil-quenching.
Additionally, samples were aged at 600 °C for 31, 70, and 1000 h. Heat
treatments were selected based on previous literature [15,35-39] as
well as Hsu et al. [34] study aiming for the co-precipitation of H-phase
and Heusler. For the rest of this discussion, samples will be designated as
ST/(Aging Temperature)/(Aging Time). For instance, the alloy
ST/600 °C/100 h has been solution heat treated followed by aging at
600 °C for 100 h.

All of the samples were mounted in epoxy, ground down with 1200
grit SiC paper, and polished with alumina suspension (3 and 1 pm)
followed by a 0.05 pm colloidal silica suspension. Hardness testing was
performed on polished flat samples in a Tukon1102 Vickers hardness
tester with a 1 kgf load and 10 seconds dwell time, following ASTM E92
[40]. Each data point is an average of seven measurements and the
standard deviation represents 95 % standard error of the mean.

Powder x-ray diffraction (XRD) was performed to identify crystal
structure using a Panalytical XPert Powder instrument with CuKa radi-
ation in a 26 range from 20 to 125 degrees and a step size of 0.008
degrees. All the samples were powdered using mortar and pestle. The
XRD peaks were identified using PANalytical X'Pert HighScore Plus
(v3.0) and cross-referenced against the database from Joint Committee
on Powder Diffraction Standards.

For the microstructure characterization, SEM (TESCAN MIRA 3) was
employed for precipitates identification and size measurement. Back-
scattered electron (BSE) mode was selected for SEM imaging to achieve
composition-dependent image contrast. The samples for the SEM im-
aging were prepared using the same procedures as for the hardness
measurement.

For high resolution observations and crystal structure determination,
Transmission electron microscopy (TEM) imaging was conducted on a
JEOL 2010F operating at an accelerating voltage of 200 kV. Samples for
the TEM study were prepared by standard techniques [41] using a FEI
Helios Nanolab 600 Dual Beam focused ion beam (FIB)-SEM. Selected
area electron diffraction (SAED) patterns were collected for precise
crystal structure determination of the precipitates. TEM with
energy-dispersive X-ray spectroscopy (EDS) was employed for the
elemental analysis while dark-field TEM imaging was performed to
determine the size and morphology of the precipitates. High-angle
annular dark-field (HAADF) imaging in STEM was performed on an
aberration corrected Themis Z operated at an acceleration voltage of
200 kV with a convergence semi-angle of 25 mrad. To minimize the
effect of scan distortions and sample drift during HAADF-STEM imaging,
20 images were sequentially recorded, rigidly aligned with a cross cor-
relation method, and then averaged. In Themis, nanobeam electron
diffraction pattern (NBED), with diameter condensed to 1.6 nm, was
used for structural information on nanosized precipitates.

The SEM and TEM images were analyzed using the measurement tool
available in Image J software [42] — an open-source platform renowned
for its scientific image analysis capability, for the determination of
precipitates dimensions and distribution within the samples. At least 20
different precipitates for each sample were measured and each reported
value in this work represents an average of these measurements. The
aspect ratio was calculated as length/width. The precipitates were iso-
lated by employing a black and white contrast method, and the pro-
jected area fraction was subsequently calculated from two-dimenstional
images. For the microstructure characterization, SEM images were
selected due to their wider field of view and improved statistical rep-
resentation of the entire material. In case where SEM imaging was not
practical due to a limited spatial resolution, HAADF-TEM images were
used for the measurement of microstructure characteristics.

2.2. Precipitate coarsening behavior

The coarsening coefficient (k) for the H-phase precipitate at 600 °C
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was calculated from experimental precipitate size measurements using
the classical Lifshitz-Slyozov-Wagner (LSW) coarsening theory of Ost-
wald ripening equation [43-45]:

rl—ry =kt €h)

where r; is the average radius of the particle at time t, rp is the initial
average radius of the precipitates, and k is the coarsening coefficient. In
the present study involving non-spherical particles, the average radius
‘r’ is derived from a volume-equivalent-ellipse.

2.3. Precipitation strengthening contribution prediction

The precipitation strengthening is attributed to the interaction be-
tween precipitates and dislocations through various mechanisms such as
shearing, looping, or a combination of two mechanisms. The dominant
strengthening mechanism depends on the precipitate size, morphology,
and crystal structure. The contribution of the precipitation hardening
mechanisms to the increase in strength of the aged alloys can be esti-
mated by classical strengthening theories.

For instance, the precipitate order strengthening acts as the domi-
nant strengthening mechanism when the dislocations interact with the
anti-phase boundary and cut through a precipitate [46,47]:

AGorg = <%> ( g ) )

where y is the antiphase boundary (APB) energy (0.5 J/mm) of (111)
slip planes in the B2 NiTi [48], b is the magnitude of the Burger’s vector
in + <001 > (b=0.15) [49], f is the volume fraction of the precipitate
that was estimated using the area fraction of the precipitate according to
the high-resolution TEM (HRTEM) and BSE/SEM images, and T is the
temperature.

When a dislocation bows between two precipitates, the increase in
alloy strength is described as the Orowan strengthening mechanism:

Gb

Acos = T 3
where G is the shear modulus of the austenitic NiTi as 80 GPa [50], L is
the interparticle spacing estimated based on Torronen‘s equation [51]:

Nar V2 _p

L:ﬁ(h+r

(€3]
where f is a measure of the randomness of particle distribution (assumed
as Torronen to be a constant = 1.23), Ny is the number of particles per
unit area (obtained from HRTEM images), r is the equivalent radius for
non-spherical precipitate in this study, and h is the foil thickness which
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was measured equal to 50 nm (thickness of the TEM lamella extracted
and measured by FIB-SEM).

3. Results
3.1. Effect of aging temperature and time on mechanical properties

Fig. 1(a) shows the effect of aging temperature on microhardness via
isochronal aging treatment performed for 100 h. The hardness of the
solution-treated alloy is 572 + 12 HV. After 100 h of aging at 600 °C,
the hardness increases to 722 4+ 12 HV, an increase of ~25 % over the
solution-treated alloy. After 100 h of aging at 700 °C and 800 °C, a
decrease in hardness compared to solution-treated alloys is observed,
reaching values as low as 467 + 12 HV.

Since the highest hardness value of 722 + 12 HV is obtained upon
aging at 600 °C, this condition has been chosen for subsequent investi-
gation. Fig. 1(b) shows the effect of isothermal aging time on hardness at
600 °C. Peak hardness of 756 + 5 HV is achieved on aging for 70 h, an
increase of approximately 30 % over the solution-treated samples. On
further aging at 600 °C up to 1000 h, the hardness of the alloy slightly
decreases to 672 + 18 HV, a drop of approximately 11 % from peak
hardness.

3.2. Microstructural characterization

XRD was conducted on the ST sample and samples aged for 31, 70,
100, and 1000 h at 600 °C, revealing the presence of the following
phases: B2 austenite, B19” martensite, TisNi-type phase, NiyTiAl Heus-
ler, and H-phase, as seen in Fig. 2. The matrix was identified as primarily
B2 austenite. TisNi-type peaks are observed in the samples aged from
70 h to 1000 h, as it is a commonly occurring phase in most NiTi-based
alloys [52,53]. The diffraction peaks associated with the H-phase were
indexed according to the literature [15,54]. A Heusler phase peak was
detected in the XRD spectra of the overaged sample (1000 h) of
NisoTig1Hf25Al4 alloy, likely due to its increased size and volume frac-
tion under that specific aging condition.

Fig. 3 shows a BSE/SEM image of the ST/600 °C/70 h sample
exhibiting the highest hardness value. The image shows numerous
uniformly distributed elongated precipitates with a higher intensity,
indicating that they are enriched in heavy element, i.e., Hf. These pre-
cipitates have an average length of 45 + 6 nm and a width of 18 4+ 3 nm.
The longer axis of these precipitates is notably aligned orthogonally,
indicating at least two preferential precipitation orientations. Hf-rich
precipitates with a similar lenticular morphology and size (40-80 nm
in length and 20-40 nm in width after being aged for 100 h at 600 °C)
have been identified as the H-phase precipitates in Nisg 1Tiz4.9Hfo5 [13,
14,22,26,44]. H-phase precipitates in the alloy studied in this work are
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Fig. 1. Vickers micro hardness as a function of (a) aging temperature on sample for 100 h and (b) aging time for an aging temperature at 600 °C.
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Fig. 2. XRD spectra of ST/600 °C/31 h, ST/600 °C/70h, ST/600 °C/100 h,
ST/600 °C/1000 h samples.

Fig. 3. SEM backscatter electron mode image of sample ST/600 °C/70 h at
peak hardness showing the lenticular H-phase precipitates marked with
red arrows.

confirmed by the TEM analysis which will be further discussed.

TEM studies were conducted to obtain crystal structure information
of the phases formed in this alloy after ST and various aging times at
600 °C (31, 70, 100, 1000 h). Fig. 4(a) shows the SAED pattern of the ST
sample recorded along the [011] zone axis and the primary reflections,
depicted by yellow circles are consistent with the B2 matrix. Fig. 4(b)
shows the diffraction pattern of the ST/600 °C/31 h sample recorded
along the [011] zone axis. The reflections marked with yellow circles are
consistent with the B2 matrix while those reflections, labeled with red
arrows, correspond to the H-phase precipitates [14,26]. The diffraction
spots marked with blue arrows are consistent with the Heusler phase
precipitates [12,29,34], still, these reflections arise from both H-phase
and Heusler along the same zone axis [26]. According to the literature
[29], Heusler phase has been previously investigated using electron
diffraction along the [011] or [112] zone axis. However, the high tilting
angle makes it challenging to have access to the [112] zone axis for the
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same sample location. Therefore, the identification of Heusler phase via
SAED in the presence of H-phase along [112] was not conducted in this
work. Additionally, after aging for 31 h, the Heusler phase precipitates
were found to be closely-spaced and in early stages of ordering [34]. To
the authors’ knowledge, due to the difficult in detecting Heusler phase
via TEM at such early aging time at 600 °C, no other study on a similar
alloy has been able to resolve that precipitate phase. Hsu et al. [34] used
atom probe tomography (APT) which eliminates the projection effect by
reconstructing element distribution in three dimensions. Later, Jung
etal. [12] studied more coarsened precipitates obtained after aging up to
1000 h at a composition that did not engender interference from any
other precipitate. Therefore, due to the higher likelihood of identifying
distinct phases, the SAED patterns with longer aging time, 100 h, are
presented in Fig. 4(c) and (d). Due to their specificities, TEM results for
samples aged for 70 h and 1000 h will be detailed further.

Fig. 4(c) and (d) show the SAED patterns of the ST/600 °C/100 h
along [011] and [001] projections with respect to the B2 matrix,
respectively. The pattern is indexed with respect to the B2 matrix as
indicated by the yellow markings. The blue arrows in Fig. 4(b) and (c)
highlight reflections that are consistent with the L2; NisTiAl Heusler
phase [12]. The characteristic H-phase reflections in Fig. 4 are indicated
by the red arrows [13,26,55].

Fig. 5(a) shows a HAADF-STEM image of the ST/600 C/70 h sample
along the [031],[010], zone axes, where the subscripts represent the H-
phase and B2 structure, respectively. Lenticular precipitates were
observed with their length ranging in the 40-50 nm. These precipitates
show two preferential growth directions along [100]z, and [001]g,
Shown in Fig. 5(b) is a magnified atomic-resolution HAADF-STEM
image of the yellow boxed region in Fig. 5(a), demonstrating the co-
herency between the precipitate and matrix. Note that as the intensity of
HAADF-STEM images is sensitive to atomic number (Z), the heavy Hf
atoms (Z = 72) appear brighter than the light Ni and Ti atoms (Z = 28
and 22, respectively). Thus, the bright regions in Fig. 5(b) represent the
H-phase precipitate. The fast Fourier transformation (FFT) of this region
in Fig. 5(c) confirms the previously described preferential precipitate
growth directions ([100]gz and [001]gz) The lenticular oblate
morphology of the H-phase precipitates and their orientation relation
with the matrix are consistent with the observations reported in the
literature [6,14,26,34,55]. The Heusler precipitates are known to be
spherical or cuboidal in morphology and to be smaller than 10 nm in
NisoTip Hf25A14 after being aged for 100 h at 600 °C [11,13]. In the
HAADF-STEM images, no Heusler precipitates were observed. This is
partially because HAADF-STEM imaging is not very sensitive to small
amounts of light element atoms such as Al (Z = 13) when they are
present with heavier elements. Several large H-phase precipitates were
found in the sample which were considered nucleated during aging [56].

The length, aspect ratio and interspacing evolution of the H-phase
precipitate at steps of 31, 70, 100 and 1000 hwere summarized in
Table 1, measured from SEM images. H-phase precipitates with an
average length of 33 + 4 nm and an interspacing of 21 nm were found in
the sample after 31 h of aging. After 70 h of aging, there is a significant
increase in the precipitate length increases to 45 + 6 nm, in addition to
an increase in the interparticle spacing to 27 nm. As the alloy undergoes
extended aging, up to 100 h and 1000 h, the precipitate length increases
to 55+ 3nm and 114 + 11 nm respectively, as well as interparticle
spacing increases from 29 + 7-36 + 10 nm, presenting the same aspect
ratio. The equivalent spherical radius of the H-phase precipitate was
obtained using the conversion of the ellipsoid.

Shown in Fig. 6 is a dark-field TEM image of sample ST/600 C/70 h,
that exhibits peak hardness, revealing precipitates of varying contrast
with lenticular and spherical/cuboidal morphology. Opposingly to the
lenticular precipitates, previously determined as H-phase in this work,
Heusler precipitates were found to be spherical at similar aging condi-
tions and coarsen to cuboidal precipitates [34]. Therefore, it is expected
that the spherical/cuboidal shaped precipitates observed in Fig. 6 are
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ST/600°C/100h

- - -

110.

Fig. 4. SAED patterns from the: (a) ST alloy; (b) ST/600 °C/31 h alloy; (c) and (d) relate to ST/600 °C/100 h alloy. Respective zone axis is indicated in each SAED
pattern. B2 matrix reflections are labeled with yellow circles, H-phase reflections are indicated by red arrows and Heusler phase reflections are indicated by
blue arrows.

o 3 (400)H(oo1)§2

200 nm nm. 10 nm!
—— 1

Fig. 5. HAADF-STEM images of (a) the ST/600 °C/70 h sample showing H-phase precipitates labeled with red arrows; (b) a magnified region from the yellow box in
(a) showing the coherent interface between the H-phase precipitate and the B2 matrix. HAADF-STEM imaging is sensitive to atomic numbers causing the Hf-rich
precipitates to appear brighter than the matrix. Analysis on (c) the corresponding fast Fourier transform (FFT) of the area in (b) confirms the orientation re-
lationships of [0317;;[010]5,

Heusler precipitates. We note that two overlapping precipitates can be tomography reconstruction in Hsu et al.’s study [34] where it is possible
observed as a diffuse halo around a bright contrast precipitate. The to resolve individual Heusler phase precipitates in the three dimensional
projection effect is highlighted when observing the atom probe reconstruction. Therefore, in centered dark-field images in Fig. 6,
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Table 1

Journal of Alloys and Compounds 1010 (2025) 178088

Average particle length, aspect ratio, and interparticle spacing of the H-phase, measured from SEM images. Average particle radius of the Heusler phase in the
Ni50Ti21Hf25A14 alloy, which underwent solution heat treated at 1050 °C for 100 h and aged at 600 °C for different times. The measurements for Heusler precipitates

were obtained from high resolution TEM images.

Heusler

Interparticle Spacing (nm) Volume fraction (%) Particle radius (nm)

H-phase
Sample Particle Length (nm) Aspect Ratio Equivalent Spherical Radius (nm)
ST/600 °C/31 h 33+4 2.4+0.4 18+ 4
ST/600 °C/70 h 45+ 6 2.5+ 0.6 24+3
ST/600 °C/100 h 55+ 3 3.0+£0.2 26+1
ST/600 °C/1000 h 114+ 11 3.1+0.6 36+ 4

21+7 16 £2 -
27 +£8 22 +£2 10+1
29+7 25+3 -
36 + 10 26+1 28+ 4

Fig. 6. Centered dark-field TEM image of ST/600 °C/70 h obtained using the
(111) reflection. Bright spherical/cuboidal precipitates represent the Heusler
phase and are labeled with blue arrows.

obtained using the (111) matrix reflection, precipitates which are
spherical/cuboidal and have a bright contrast without a halo are
accounted and measured for particle size (labeled with blue arrows).
This resulted in an average radius of 10 + 1 nm (Table 1), measured
from high resolution TEM images, a size range that is consistent with
that observed in other studies [12,34].

Fig. 7(a) shows the HAADF-STEM image of NisoTiz;Hfs5Al4 alloy
with the extended aging condition, i.e., ST/600 °C/1000 h. The atomic-
number sensitive image contrast reveals two distinct regions with high
and low image intensities: (i) bright, lenticular shaped H-phase and (ii)
dark, Al enriched area. Shown in Fig. 7(b) and (c) are the corresponding
EDS elemental maps of Al and Hf, indicating the potential locations of
the spherical/ellipsoidal Heusler precipitates and the H-phase pre-
cipitates. This result shows that extended aging leads to a change in

morphology of Al-containing Heusler phase precipitates from cuboidal/
spherical to spherical/ellipsoidal with the precipitation’s average size
being 28 + 4 nm (Table 1). Area fraction was estimated from the 2D
projections of the HAADF-STEM images for the overaged sample ST/
600 °C/1000 h, and Heusler represents approximately 2.2 %, whereas
H-phase corresponds to more than 55 % in area.

Fig. 8(a) and (b) show the HAADF-STEM images of the ST/600 °C/
1000 h sample, where (b) shows the magnified image from the yellow
box in (a), revealing two precipitates identified as H-phase (TiHf)Ni and
L2; Heusler precipitates NisTiAl. Fig. 8(c) displays a NBED pattern
collected in the dark image-intensity region, showing the Heusler phase
reflections (labeled with yellow) along the [110] projection. Note that
the electron beam used for NBED acquisition is condensed down to a
diameter of 1.6 nm (full width at half maximum), allowing for isolating
diffraction signal from targeted locations. In this case, the beam was
positioned right at the Al-rich Heusler region. Fig. 8(d) and (e) are EDS
maps of Al and Hf in yellow and green, respectively, evidencing the Al-
rich Heusler phase and the Hf-rich H-phase.

4. Discussion
4.1. Microstructural evolution

NigoTio Hf25Al4 alloy reached its peak hardness following a 70 h
aging process at 600 °C. Under this condition, the alloy has H-phase and
Heusler precipitates with dimensions of 45 + 6 nm (length) and 10 + 2
(diameter) nm, respectively (Table 1). The size evolution of H-phase was
traced as a function of aging time. The size of Heusler precipitates
observed in this work is similar to that observed by Hsu et al. using atom
probe tomography [34].

In the peak aged alloy (ST/600°C/70h), most precipitate
strengthening contribution is expected from both H-phase and Heusler
precipitates combined. The length of interspacing spacing of H-phase
precipitates increase from 45 + 6 nm and 27 + 8 nm (aging 70 h) to

Fig. 7. (a) HAADF-STEM image the ST/600 °C/1000 h sample with two different precipitates labeled with green and yellow arrows; (b) EDS map showing Al-rich
areas in yellow, indicating potential sites of Ni,TiAl precipitates in (a); (c) EDS map showing Hf-rich areas in green, corresponding to the lenticular H-phase pre-

cipitates in (a).
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Heusler

Fig. 8. (a) HAADF-STEM image the ST/600 °C/1000 h sample; (b) a magnified region from the red box in (a) showing the interface between two precipitates
identified as H-phase (TiHf)Ni and L2; Heusler precipitates Ni,TiAl. The zone axis for the H-phase in (b) is [010]. In (c) a NBED taken from the [110] zone axis,
showing the Heusler phase reflections (labeled in yellow). (d) and (e) are EDS maps of Al and Hf in yellow and green, respectively.

114 + 11 nm and 36 + 10 nm, respectively, after aging for 1000 h
(Table 1). This increase in precipitate size and interparticle spacing,
along with an increase in hardness up to 70 h followed by a sharp drop in
hardness upon aging beyond 70 h, indicates onset of over aging after
70 h.

Regarding the Heusler precipitates evolution, we observe the in-
crease in radius from 10 + 1 nm after 70 h of aging to 28 + 4 nm after
1000 h of aging (Table 1), as well as a slight change in morphology, from
a cuboidal/spherical to a spherical/ellipsoidal. The area fraction of the
Heusler phase in the overaged condition (ST/600 °C/1000 h) was esti-
mated to be approximately 2.2 %. Based on the pseudo-ternary diagram
provided by Hsu et al. [34] for the same system aged at 600 °C for 100 h,
by applying the lever rule, calculations predict a volume fraction of
around 4 % of Heusler in the B2 matrix for a shorter aging time. This
discrepancy could arise various factors, including the limited sampling
areas examined in TEM, which may result in an uneven distribution of
Heusler precipitates. However, due to the inability to observe the
Heusler phase in broader areas using SEM, the measurements were
performed using the HAADF-STEM images.

Using the experimentally obtained H-phase precipitate size
(Table 1), the coarsening kinetics of the spherical-equivalent H-phase at
600 °C was investigated. The precipitate radius evolution of (r} —r3) asa
function of the aging time is plotted in Fig. 9 according to Eq. 1, using
the classical LSW theory.

A two-stage coarsening behavior can be observed in the plot. The
plotted results suggest a slope change in the linear fitting at between
70 h to 100 h, when coarsening rate decelerates. According to the LSW
theory, the slope of the fitting line is the coarsening coefficient (k) of the
H-phase. Thus, it is possible to estimate the two-stage coarsening co-
efficients, k; and ks, to be 4.9 x 10~2 nm®/s up to approximately 70 h of
aging, and 0.9 x 1072 nm®/s for longer aging times. The literature review
[57-59] highlights that the coarsening kinetics of the primary
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Fig. 9. LSW analysis of the size evolution of the H-phase particles measured by
the TEM, as a function of aging time up to 1000 h at 600 °C. A two-stage
coarsening rate can be observed. The coarsening coefficients k; and ky were
determined by the slope of the fitting curves. R-square value is over 0.98,
showing a good linear fitting.

precipitate can be affected by the precipitation of a secondary phase.
Therefore, a two-stage coarsening behavior may occur in multi-element
alloy systems. That is in consonance with the findings of the present
work, where Heusler phase was observed in the alloy aged for 70 h and
longer. It indicates that the coarsening behavior of H-phase was affected
by the presence of Heusler in the alloy’s mucrostructure, resulting in a
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significantly lower coarsening coefficient.

The experimental coarsening coefficient of H-phase in the NiTiHfAl
system aged for 70 h and up at 600 °C is similar to that calculated for y*’
in INCONEL 718™ alloy (1.1 x 102 nm®/s at 700 °C) [60] and is a few
orders of magnitude smaller than the coarsening rate coefficient of y’ in
some Ni-based superalloys, such as NIMONIC 115 (4.9 x 102 nm®/s at
750 °C) [61] in a similar temperature range.

Since the size evolution of Heusler phase precipitates could not be
traced at each aging step, the kinetics of the Heusler phase in
NisoTig1 Al4Hfo5 could not be determined in this study. However,
Heusler phase is known to follow coarsening kinetics at 600 °C in a
NisoTi4oAlsHfs alloy [12], which resonates with the precipitate sizes
measured using dark-field TEM (ST/600 °C/70 h) and HAADF-STEM
(ST/600 °C/1000 h). Jung et al. [12] found that the Heusler phase
might quickly reach the coarsening stage after nucleation in the
NisoTisoAlsHfs alloy. This observation is reasonable according to the
measured hardness change shown in Fig. 1(b) in this study, which shows
single peak hardness with two kinds of precipitates contributing to
strengthening.

For this alloy, aging more than 70 h leads to the Heusler phase being
smaller in size compared to H-phase. This result is consistent with the
findings reported by Hsu et al. [34].

4.2. Mechanical behavior

While several hardening mechanisms may be acting concomitantly
in this multicomponent system, the contribution of the co-precipitation
of the H-phase and Heusler phase likely dominate. The contribution of
H-phase to the strength increase (Ac) of the alloy was estimated as a
function of equivalent precipitate radius, according to Eqs. 2 and 3, at
each aging step. This contribution is plotted in Fig. 10, where the blue
line is related to the order strengthening mechanism and the green line is
related to the Orowan strengthening mechanism.

The measured microhardness was converted into strength using a 3:1
conversion to be compared with the prediction values [62]. Fig. 10
shows data points (black squares) related to the experimentally
measured strength change values (Ac) compared to the ST sample, taken
as reference (red circle).

According to the predictions plotted in Fig. 10, the dominant
strengthening mechanism will change from order strengthening to

T T T T T
600 -
“© 400+ E
o
=3
e}
<
200 -
—Mm— Measured strength
04 Order strengthening of H-phase precipitate i
ST Orowan strengthening of H-phase precipitate
T T T T T
0 10 20 30 40

Equivalent particle radius (nm)

Fig. 10. Predicted order (blue line) and Orowan (green line) strengthening
contribution of H-phase precipitate at aging steps of ST/600 °C/31h, ST/
600 °C/70 h, ST/600 °C/100h and ST/600 °C/1000 h. The corresponding
experimentally measured strength increase (Ac) is plotted in black squares.
Sample ST (reference value) is marked with red circle.
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Orowan, when the equivalent precipitate radius grows larger than
~25 nm. Thus, the H-phase contribution to the alloy strengthening can
be inferred as order strengthening at steps of 31 and 70 h (blue line),
then switched to Orowan strengthening at steps of 100 h and after
(green line).

A significant additional increment in the experimental data (black
squares) compared to the predictive models (blue and green lines) can
be observed. The difference between the experimental data points (black
squares) and predictive curves (blue and green lines) refers to the
additional contribution of other strengthening mechanisms, whereas the
predictions accounted for the H-phase precipitate contribution singu-
larly. It can be inferred that it is related to the contribution from the
nanoscale coherent Heusler phase precipitation strengthening. There-
fore, the strength increase (Ac) in the NisoTiz Al4Hfys5 alloy after aging
should be a result of the combined contribution from both H-phase and
Heusler precipitates, achieving a peak hardness after 70 h of aging.

This assumption was supported by the observation that the H-phase
precipitates are coherent with the matrix in the ST/600°C/70 h sample
(Fig. 5). The order strengthening usually occur when the precipitate is
coherent or semi-coherent [63]. With the absence of the Heusler pre-
cipitate size evolution at each step, the strengthening contribution from
the Heusler precipitate could not be calculated. However, it is possible to
observe the difference between the measured strength increase plotted
in Fig. 10 (black squares) and the predicted strength (green and blue
lines), theoretically calculated using Eqs. 2 and 3 accounting only for the
H-phase contribution.

It is worth noting that the blue line, that accounts for the order
strenghtening contribution from H-phase, aligns well with experimental
data up until 31 h of aging. Analouglously, at the early stages of aging,
Hsu et al. claimed that the Heusler precipitates were closely-spaced and
in early stages of ordering [34].

Upon aging above 31 h the Heusler phase seems plays a significant
role in the strength increase contribution to the system. The difference
between the experimental peak hardness condition (ST/600 °C/70 h)
and the predicted curve intersection is of approximately 150 MPa.
Furthermore, the contribution of Heusler is reduced upon aging for
100 h and 1000 h, but still noteworthy.

Aging for 70 h produces an optimal combination of Heusler particle
size and H-phase, and it is possible to assume that the increase is due to
the theoretical particle shearing model for Heusler phase, with a 10 nm
diameter. Bender and Olson [64] studied the strengthening effect of
Heusler precipitates in a NiTiZrAl alloy. They predicted both shear and
Orowan strengthening mechanisms for Heusler, and found out an
optimal particle diameter of 3.1 nm after aging for 10 h at 600 °C.
Therefore, it is reasonable to infer that the predominant strengthening
mechanism provided by the Heusler precipitates is order strengthening
at steps of 31 h and 70 h, then switched to Orowan strengthening upon
aging for 100 h and above. Nevertheless, further investigation is needed.

The Vickers hardness of the ST/600 °C/70 h alloy shows that this
quaternary system is promising for high-strength and high-hardness
applications. In order to provide a context to the hardness measure-
ments, Fig. 11 shows hardness values for various alloys. The peak
hardness of NisoTiz; Hf25A14 alloy aged for 70 h at 600 °C, 756 + 5HV, is
higher than several NiTi-based alloys, in grey [10,13-17,39,54,65]. The
55Ni-37Ti-8Al alloy, studied by Chen et al. [35], presented superior
hardness value (820 HV) after aging at 400°C for 3 h. The authors [35]
atributed this result to the refinement of the primary strengthening
phase Ni4Tis and the precipitation of Ni,TiAl phase owed to the 8 at% of
Al addition. Jung et al. [29] previously investigated a 50Ni-45Ti-5Al
aged alloy and also identified the presence of Heusler Ni,;TiAl phase,
even though they didn’t assess alloy’s hardness.

5. Conclusions

The present work focused on the effects of aging heat treatments on
the microstructure and mechanical properties of the quaternary
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Fig. 11. Vickers hardness of NiysTiz; Hf25Al;  (present study, red) in the peak
hardness condition (ST/600 °C/70 h), compared with other NiTi-based alloys
(dark gray).

NiTiHfAl system. Conclusions are summarized below:

1. Precipitation of nanoscale coherent L2; Heusler phase and face-
centered orthorhombic H-phase was observed in the NisoTipH-
fosAly alloy aged at 600 °C. Two preferential growth orientations of
H-phase precipitates were indicated along [-100]p2 and [0,1]g2. The
precipitate size and number density of H-phase precipitates were
reported at each aging step.

2. Heusler nanoprecipitates were characterized after 1000 h of over
aging, evidencing a slight morphology change from cuboidal/
spherical to spherical/ellipsoidal, and the particles’ average dimen-
sion increase from 10 + 1 nm, after 70 h of aging, to 28 + 4 nm,
after 1000 h of aging.

3. The peak hardness condition of 756 + 5 HV was achieved after so-
lution treatment at 1050 °C for 100 h followed by aging at 600 °C for
70 h. This is a promising result for high strength and high wear
resistance applications, such as bearing, actuators and other tribo-
logical parts.

4. The coarsening kinetics of the primary H-phase precipitates was
affected by the precipitation of Heusler phase above 70 h of aging at
600 °C. A two-stage coarsening behavior was observed, whereas the
coarsening coefficients k; (up to 70 h of aging) and ky (above 70 h of
aging) of the H-phase phase could be estimated as 4.8 x 10~2 nm>/s
and 0.9 x 1072 nm>/s, respectively.

5. There is a combined strengthening effect accounted for both pre-
cipitates after aging the NisgTipHf25Al,4 alloy: H-phase and Heusler.
From the difference between the experimentally measured increase
in strength and the calculated theoretical strengthening accounting
for the H-phase contribution only, Heusler plays a significant role
specially in the peak hardness condition (ST/600 °C/70 h).
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