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a b s t r a c t 

High temperature shape memory alloys of the Ni-Ti-Hf system are potential candidates for aerospace applications 
where powder bed additive manufacturing technologies are being increasingly used. In this work, a Ti-rich NiTiHf 
high temperature shape memory alloy powder was processed by laser powder bed fusion. The standard heat 
treatment of 550 0 C for 3 hours was imposed to promote H-phase precipitation. At room temperature, the material 
has a dual-phase microstructure composed of martensite, the matrix, and H-phase, as a strengthening precipitate. 
High energy synchrotron X-ray diffraction is used to evaluate, in-situ, the elastic behaviour of the fabricated 
part. The deformation anisotropy of several (h k l) families of planes of both phases is evidenced. No major 
texture changes were observed upon macroscopic elastic loading. We illustrate the potential of using high energy 
synchrotron X-ray diffraction for detailed analyses of minority phases in additively manufactured components. 
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The poor machinability of NiTi-based shape memory alloys usually
equires advanced manufacturing techniques to create complex shaped
eometries. Among the available technologies for such, fusion-based
rocesses, namely welding and additive manufacturing, are widely used
 1 , 2 ]. Although additive manufacturing of shape memory alloys is pri-
arily devoted to (near)equiatomic NiTi [ 3–5 ], recent works have

hown the viability to obtain parts based on the Ni-Ti-Hf system [ 6 ].
mong the several additive manufacturing technologies available for
rocessing metallic materials, laser powder bed fusion is the most em-
loyed. Here, three-dimensional structures can be fabricated in a layer-
y-layer fashion using a laser as the heat source. Given the reduced di-
ension of the heat source, laser powder bed fusion additive manufac-

uring is known for its high geometrical accuracy, suitable to fabricate
omponents with higher feature resolution, and tighter dimensional ac-
uracy for multiple industries including, but not limited, to biomedical
nd aerospace. 
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High temperature shape memory alloys based on the Ni-Ti-X sys-
ems (with X potentially being Hf, Zr, or Au, among others) are poten-
ial candidates for advanced engineering applications, especially in the
erospace field, as in shape morphing structures. These alloys, unlike
onventional (near)equiatomic NiTi alloys, show transformation tem-
eratures well above 100 ºC. Ni-Ti-X alloys with X = Hf are currently
he most used high temperature alloys given their superior mechanical
roperties and stability when appropriate thermomechanical processing
s employed. Despite the unique capabilities of NiTiHf alloys, the weak
achinability of these materials, similar to NiTi, is the major roadblock

o developing components with complex shapes. Recently, motivated
y the issue associated with machinability, the authors have conducted
esearch on developing the laser powder bed fusion technique for pro-
essing high temperature NiTiHf shape memory alloys [ 7 ]. 

The thermomechanical behaviour of NiTi-based shape memory al-
oys is greatly dependent on its microstructure characteristics, i.e., their
table phases and volume fraction, which arise from thermomechanical
rocessing. Three major phases are typically reported for NiTiHf high-
21 
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Fig. 1. a) Setup used for the in-situ X-ray diffraction measurements during 
macroscopic elastic loading; b) Debbye-Scherrer diffraction rings and definition 
of the azimuthal angles in the laboratorial reference frame. 

Fig. 2. X-ray diffraction pattern of the NiTiHf sample after double step heat 
treatment of 950ºC/3hour + 550ºC/3hour. 

Fig. 3. 2D Rietveld refinement plot prior to any imposed load. 
emperature shape memory alloys: B2 austenite (BCC), B19’ martensite
monoclinic), and orthorhombic H-phase. While B2 and B19’ phases
re intrinsic to NiTi-based shape memory alloys, as their high and low-
emperature phases, respectively, H-phase acts as a strengthening pre-
ipitate for NiTiHf (and NiTiZr) alloys and is developed as the result
f proper heat treatments. In other words, H-phase precipitation is an
esirable phase to increase the thermal stability and shape memory re-
overy [ 8 ]. The most used heat treatment process for NiTiHf (or NiTiZr)
igh temperature shape memory alloys consists of a 3-hour heating at
50 ºC followed by an air cooling, which generates fine, nanometric,
late-like H-phase precipitates [ 9–11 ]. Although, using neutrons and
ynchrotron X-ray diffraction, the in-situ mechanical behaviour of B2
ustenite and B19’ martensite have been previously studied [ 12–16 ], the
ehaviour of H-phase requires additional research. Prior in-situ studies
ave shown that during thermomechanical loading, the austenite phase
ends to deform in an isotropic way, whereas the monoclinic B19’ is
ighly anisotropic. This can be related to the crystal structures of each
hase: austenite has a body-centred cubic structure, while martensite
as a low symmetry monoclinic crystal structure [ 13 ]. 

So far, very little is known about the in-situ mechanical response dur-
ng thermomechanical loading of H-phase. Several constraints exist that
ay justify the little knowledge on this topic. In-situ deformation tech-
iques to probe the deformation response of distinct phases primarily
onsist of diffraction-based methods. However, the typical volume frac-
ion of the H-phase after optimum heat treatment conditions is around 7
o 8 % [ 17 ]. The low volume fraction of this phase renders low-intensity
eaks in those diffraction-based techniques. Moreover, when tested be-
ow the stability domain of austenite, the presence of the low symme-
ry B19’ phase translates into multiple and broad diffraction peaks that
ften hinder those corresponding to H-phase. In addition, when using
onventional laboratorial X-ray sources, the background noise of the
easurement impacts the clear observation of these low-intensity peaks.
ne way to overcome these challenges is using high-energy synchrotron
-ray diffraction. The high signal-to-noise ratio allows to clearly identify
inor phases, which coupled to the high photon flux and high energy,

nables performing measurements with very small (dozens of microns
r less) beam sizes in short periods of time (few seconds or less per
nalysed spot, depending on the material and its thickness). Another
mportant feature associated with transmission-based synchrotron X-ray
iffraction is the ability to characterise the microstructure evolution as a
unction of the orientation of the sample to the photon beam and detec-
or plane. Implementing this technique during in-situ analysis allows to
robe the evolution of different phases when a given thermomechanical
ondition is imposed. 

In this work, the elastic deformation of a Ti-rich NiTiHf high tem-
erature shape memory alloy fabricated by laser powder bed fusion
nd post-processed by heat-treatment to promote the precipitation of
-phase is studied in-situ using high energy synchrotron X-ray diffrac-

ion. The anisotropic deformation of both martensite and H-phase is
etermined and discussed. 

xperimental procedure 

The Ni 49.8 Ti 30.2 Hf 20 (at. %) high temperature shape memory alloy
as fabricated by laser powder bed fusion additive manufacturing as de-

cribed previously [ 6 ]. Samples for in-situ compression tests were fab-
icated with a diameter of 3 mm and a height of 5 mm. To remove
he surface roughness of the as-built samples, fine sandpaper was used
o smooth the material surface. The as-built samples are fully marten-
itic at room temperature with no traces of H-phase precipitates given
he relatively low transformation kinetics associated with this phase. To
romote H-phase precipitation, the as-built samples were consecutively
eat treated at 950 and 550 ºC for 3 hours at each temperature. The
rst heat treatment (950 ºC / 3 hours) aims to erase the non-equilibrium
olidification microstructure of the fabricated parts, which inhibits the
omogenous formation of H-phase. The second heat treatment at 550 ºC
2 
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Table 1 

Correspondence between the 2D images 
captured during in-situ mechanical test- 
ing and the corresponding macroscopic 
stress/strain values. 

Image # Stress [MPa] Strain [%] 

1 0 0 
2 100 1 
3 220 2 
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Table 2 

Lattice parameters of martensite and H-phase before mechanical load- 
ing. 

Phase a [nm] b [nm] c [nm] 𝛼 [ 0 ] 𝛽 [ 0 ] 𝛾 [ 0 ] 

Martensite 4.9061 4.0913 3.0648 90 103.718 90 
H-phase 12.449 8.7145 25.806 90 90 90 
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or 3 hours targets the H-phase precipitation, which is known to improve
he mechanical stability of these alloys [ 18 ]. 

Synchrotron X-ray diffraction experiments were performed at the
07B High Energy Materials Science beamline of the Helmholtz-
entrum Hereon at DESY. A 2D Perkin Elmer fast detector was used.
alibration of the experimental setup (sample-to-detector distance) and

nstrumental resolution function due to the optical and instrumental lay-
ut of the beamline was performed using standard LaB 6 powder. The
avelength used for these experiments was 0.14235 Å, while the cali-
rated sample-to-detector distance was of 1396 mm. The setup used for
he synchrotron X-ray diffraction measurements is schematically shown
n Figure 1 a. Due to the large absorptivity of the alloy induced by the
ignificant presence of Hf, the exposure time for each 2D image was of
0 seconds, which is still significantly lower than when using neutron
ources. In-situ compression testing, within the elastic behaviour region
as performed at room temperature. Three 2D images were taken at
ifferent stress/strain levels as detailed in Table 1 . After the acquisition
f the 2D images, the raw data was treated using a combination of Fit2D
 19 , 20 ], GSAS-II [ 21 ], Jade9 and MAUD [ 22 ]. 

The lattice strain (in units of microstrain) for selected (h k l) planes,
 hkl , was determined using Equation (1) : 

 hkl = 

𝑑 𝑥 − 𝑑 0 
𝑑 0 

(
𝑥 10 6 

)
(1)

here d x corresponds to the d-spacing of a specific (h k l) family at a
iven stress/strain level and d 0 corresponds to the d-spacing of the same
h k l) family in the stress-free condition. For reference, the lattice strain
efore loading is assumed to be 0, since d x = d 0 in this case. 

The macroscopic compressive load was applied normal to the inci-
ent X-ray beam (refer to Figure 1 a). Therefore, induced anisotropic
lastic deformation in the sample is manifested as distortion of the
ebye-Scherrer rings into ellipses. Therefore, to observe the directional

train anisotropy, lattice strains during macroscopic elastic loading for
elected (h k l) family planes of martensite and H-phase were calcu-
ated from different diffraction patterns obtained by integration of the
iffraction image in 10º azimuthal steps. 

Considering the laboratory reference (refer to Fig. 1 b), the 𝜑 = 90
nd 270º azimuthal angles are aligned with the compression direction,
hereas the 𝜑 = 0 and 180º azimuthal angles are perpendicular to the

oading direction. 

esults and discussion 

tarting microstructure 

Previous characterization of the microstructure of the material used
n this work has been performed by the authors in [ 6 , 23 ], thus we re-
rain to discuss it here and attention is paid to the unique in-situ X-ray
iffraction measurements performed. 

The X-ray diffraction pattern after full azimuthal integration of the
irgin heat-treated NiTiHf sample is depicted in Fig. 2 . Martensite and H-
hase are indexed in the diffraction pattern and no evidence of austenite
s observed. Hf-based oxides can be assigned to the non-indexed diffrac-
ion peaks and these occur owing to the extremely high affinity of Hf
3 
ith oxygen during laser processing [ 18 ]. Rietveld refinement was per-
ormed (refer to Fig. 3 ) to determine the volume fractions of martensite
nd H-phase that are 92 and 8 %, respectively. The volume fractions
btained in this work are in good agreement with other studies on high-
emperature shape memory alloys where the 550 ºC / 3-hour heat treat-
ent was used to promote H-phase precipitation [ 17 ]. For reference,

he stress-free lattice parameters of both martensite and H-phase deter-
ined by Rietveld refinement are reported in Table 2 . 

hase- and crystal orientation-dependent mechanical behaviour 

In this work, four martensite and two H-phase diffraction peaks were
elected to evaluate the lattice strain evolution as a function of the ap-
lied stress. The selected (h k l) planes for martensite are (1 0 0), (-1 0
), (0 2 0) and (1 1 1), while the (0 2 10) and (0 4 0) planes are the
elected ones for H-phase. The reason for this selection is related to the
act that these peaks are either isolated and/or have high intensity for
ost azimuthal angles, which prevents any misidentification upon the
se of the peak fitting procedure. 

The lattice strain evolution as a function of the azimuthal angle
nd imposed stress for the selected martensite and H-phase diffraction
eaks is shown in Fig. 4 . For the sake of comparison, the polar plots in
ig. 4 have the same scale. As it will be shown and discussed later, the
echanical responses do not show similar behaviour for different fam-

lies of planes of both martensite and H-phase in the elastic region. For
hat reason, Figs. 5 and 6 illustrate similar polar plots focusing only on
he analysed (h k l) planes of martensite and H-phase, respectively. 

Considering the analysed martensite diffraction planes, all peaks
how a similar behaviour except for the (-1 0 1) plane. Upon the com-
ressive loading, a negative strain is generated along the loading direc-
ion (corresponding to the azimuthal angles of 90 and 270 º), whereas in
he traverse direction (at 0 and 180 º) a positive strain develops due to
he Poisson effect. This phenomenon was also observed in other studies
nalysing the mechanical behaviour of the low-temperature martensitic
hase during in-situ measurements on NiTi shape memory alloys [ 24 ].
or the (-1 0 1) martensite peak (refer to Figs. 4 b and 5 ) a completely
istinct behaviour occurs in a way that a positive (tensile) strain is pref-
rentially developed along the 90 to 270 º azimuthal angles, while a neg-
tive (compressive) strain forms in the remaining two quadrants. This
s most likely related to the orientation-dependency that arises from the
exture inherited from the parent austenite phase that determines the
eformation behaviour of martensite in shape memory alloys [ 25 ]. 

The most striking observation is the high anisotropy in the mechan-
cal response of both martensite and H-phase upon loading within the
lastic region. For martensite, this can be linked to the low symmetry of
he monoclinic phase [ 13 ]. As for the orthorhombic H-phase, this is re-
ated to the preferential orientation at which H-phase precipitates form
n the parent (austenite) phase. Moreover, the existence of a composite-
ike structure composed of martensite and H-phase may require the de-
ormation of both phases in an anisotropic way to accommodate: i) their
attice mismatch [ 26 ]; ii) their different mechanical response under a
iven external load as a result of their distinct mechanical behaviour. 

Previous work by Benafan et al. [ 13 ] showed that for a similar NiTiHf
igh temperature shape memory alloy tested within the macroscopic
lastic domain, the B2 cubic austenite showed no evidence of anisotropic
ehaviour for any specific (azimuthal) direction. As for martensite, the
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Fig. 4. Polar plots relating the lattice strain 
evolution over the azimuthal angle for the (1 
0 0), (-1 0 1), (0 2 0) and (1 1 1), marten- 
site peaks as well as (0 2 10) and (0 4 0) H- 
phase planes, for externally applied compres- 
sion stresses of 0, 100 and 220 MPa. The stress- 
free condition (0 MPa) corresponds to the d- 
spacing reference from which the lattice strain 
was calculated. Note that for the H-phase (0 
4 0) plane, the lattice strain range (set from - 
3000 to 3000 here) falls outside the minimum 

lattice strain obtained along the compression 
direction ( ≈- 5500). A complete view of the 
lattice strain evolution as a function of the az- 
imuthal angle for this plane is further detailed 
in Fig. 6 b). 

Fig. 5. Polar plots relating the lattice strain 
evolution dependence with the azimuthal angle 
for (1 0 0), (-1 0 1), (0 2 0) and (1 1 1) marten- 
site peaks for applied compression stresses of: 
a) 100 MPa; b) 200 MPa. 

4 
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Fig. 6. Polar plots relating the lattice strain 
evolution dependence with the azimuthal an- 
gle for (0 2 10) and (0 4 0) H-phase peaks for 
applied compression stresses of: a) 100 MPa; b) 
200 MPa. 

Fig. 7. Contour plot detailing the evolution of 
the diffracted intensity of martensite peak M (1 
0 0) as a function of the azimuthal and diffrac- 
tion angle under different loading conditions: a 
and b) before loading; c and d) 100MPa; e and 
f) 220MPa. 

5 
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Fig. 8. Contour plot detailing the evolution of 
the diffracted intensity of martensite peaks M 

(-1 1 1) and M (1 0 1) as a function of the az- 
imuthal and diffraction angle under different 
loading conditions: a and b) before loading; c 
and d) 100MPa; e and f) 200MPa. 
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ork of Benafan et al. [ 13 ] reported an anisotropic behaviour similar
o the present study. Though both works have used almost similar load-
ng scenarios (100 and 220 MPa here and 100, 200, and 300 MPa in
13] , the anisotropy in martensite is more significant in the present
ork compared to Benafan’s et al. work. This can be attributed to the
ifferent manufacturing processes used to obtain the materials in both
orks. In [13] , extruded rods with a 550 ºC/3-hour heat-treatment for
-phase precipitation were used, while here the material was processed
y laser powder bed fusion technique followed by a 950 ºC/3-hour +
50 ºC/3-hour heat-treatment schedule. As a result, some typical mi-
rostructure features from both manufacturing routes can slightly mod-
fy the micromechanical response of the existing phases. In particular,
he extruded and heat-treated rods had an average grain size of approx-
mately 25 μm, which is lower than the average grain size of ≈ 50 μm
n the present additively manufactured samples [ 6 ]. Moreover, texture
ffects arising from the additive manufacturing process can also play
 role in its micromechanical behaviour. In fact, during laser powder
ed fusion, a highly textured microstructure is developed because of
he steep solidification conditions. Though a two-step heat treatment
as imposed to reset the material’s microstructure, it is possible that
6 
ome remaining texture induced by the laser powder bed fusion process
till influences the mechanical response of the alloy. 

Further qualitative assessment of the evolution of the material tex-
ure during macroscopic elastic loading is further evidenced in the con-
our plots of Figs. 7–10 (a, c, and e). Here, for each analysed loading
ondition (0, 100, and 220 MPa) the peak intensity and corresponding
iffraction angle of selected (h k l) planes are detailed in cartesian co-
rdinates to better illustrate the dependence of the peak position (shifts
n the diffraction angle) over the azimuthal angle. To further evidence
hese changes, especially for low-intensity diffraction peaks, each of the
ontour plots is combined with the actual position of the corresponding
iffraction peak along the azimuthal angle (refer to Figs. 7–10 b, d and
). Indeed, changes of diffraction peak intensities with the azimuthal
ngle 𝜑 indicate the presence of preferred orientation. There are no
hanges with increasing macroscopic stress, which confirms purely elas-
ic deformation mode. It is further observed (see for example Figs. 8 and
0 a) that some high intensity regions are located at apparently random
zimuthal angles. This is related to the relatively large grain size of the
nalysed sample: when this/these grain/s is/are in diffraction condition
or a certain azimuthal angle a very high intensity is captured. The evo-
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Fig. 9. Contour plot detailing the evolution of 
the diffracted intensity of H-phase peaks H (0 
2 10) and H (0 4 0) as a function of the az- 
imuthal and diffraction angle under different 
loading conditions: a and b) before loading; c 
and d) 100 MPa; e and f) 220 MPa. 
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ution of the peak positions detailed in Figs. 7 to 10 b) further evidences
hat certain planes are more prone to be strained during macroscopic
lastic deformation. For example, while the M (1 0 0) and M (1 0 1)
eaks almost do not shift at 100 and 220 MPa (refer to Figs. 7 and
 b), a more evident peak shift is observed for the H (0 2 10), H (0 4
) and M (0 2 0) planes (refer to Figs. 9 and 10 b). Furthermore, the
zimuthal dependence with macroscopic deformation is also seen to be
lane-dependent as evidence for the M (-1 1 1), which presents the high-
st relative variation (along multiple consecutive azimuthal angles) as
etailed in Fig. 8 b). 

onclusions 

The micromechanical elastic behaviour of a NiTiHf high temperature
hape memory alloy obtained by laser powder bed fusion was evaluated
sing synchrotron radiation for the first time. At room temperature and
fter a two-step heat treatment, the material showed a dual phase mi-
rostructure composed by martensite and H-phase. During macroscopic
lastic loading an anisotropic deformation behaviour was observed for
ll analysed planes, although the (-1 0 1) martensite plane presented the
owest anisotropy. 
7 
This work also evidences for the first time the micromechanical be-
aviour of H-phase in high temperature shape memory alloys. It is ob-
erved that H-phase is highly compliant, at least for the analysed planes
onsidered. 

Future work will focus on the deformation mechanisms during
acroscopic plastic deformation of these laser powder bed fusion al-

oys. 
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Fig. 10. Contour plot detailing the evolution 
of the diffracted intensity of martensite peaks 
M (0 2 0) and M (1 1 1) as a function of the 
azimuthal and diffraction angle under different 
loading conditions: a) before loading; b) 100 
MPa; c) 200 MPa. 
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