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ARTICLE INFO ABSTRACT

Article history:

Precipitate hardening is the most easiest and effective way to enhance strain recovery properties in
NiTiHf high-temperature shape memory alloys. This paper discusses the precipitation, coarsening and
age hardening of H-phase precipitates in NisqTisoHfyo alloy during isothermal aging at temperatures be-
tween 450 °C and 650 °C for time to 75 h. The H-phase mean size and volume fraction were deter-
mined using transmission electron microscopy. Precipitation kinetics was analyzed using the Johnson-
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stants of H-phase precipitation have been determined using a modified coarsening rate equation for non-
dilute solutions. Critical size of H-phase precipitates for breaking down the precipitate/matrix interface
coherency was estimated through a combination of age hardening and precipitate size evolution data.
Moreover, time-temperature-hardness diagram was constructed from the precipitation and coarsening ki-

netics and age hardening of H-phase precipitates in NisgTisoHf,o alloy.
© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

High-temperature shape memory alloys (HTSMAs) have at-
tracted much attention due to their potential applications in au-
tomotive, aerospace, nuclear and other engineering fields [1,2].
Among all the reported HTSMAs, NiTiHf alloys have been regarded
as one of the most promising candidates for practical applica-
tions in the temperature range up to 300 °C due to their control-
lable martensitic transformation (MT) temperature, shape recovery
properties and lower cost compared with NiTiX (X=Pt, Pd, Au) al-
loys [1-4]. Most of the functional properties of shape memory al-
loys (SMAs) are related to the reversible thermoelastic MT.

Now the aged NiTiHf alloys have demonstrated good ther-
mal cycle stability [5-7], perfect superelastic behavior [5,8,9],
high work output [10,11] and good one- [5,8,12] and two-way
[13] shape memory through precipitation hardening. For exam-
ple, stable two-way shape memory behavior with actuation strain
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of 3.2% was achieved in the aged Niso3Tig7Hf,o alloy even after
1600-2000 cycles [7,13]. Moreover, high-temperature superelastic-
ity with fully recovered strain of 4% in tension and compression
was achieved in aged Nisg3Tiyg 7Hfyg alloy due to the formation of
nano-scale (~20 nm) precipitates [5,9].

Precipitation hardening remains one of the most effective ways
in the development of ultrahigh-strength alloys. In Ni-Ti-Hf sys-
tem, nano-scale precipitates of H-phase (or H-precipitate) can be
formed in B2 matrix in alloys with Ni contents slightly exceed-
ing 50 at% during aging [3,4]. However, H-phase was initially
found and identified (orthorhombic, space group (F222)) in aged
Nigg 5Tizg5sHf 5 alloy by Han et al. [14]. Later, Yang et al. [15] con-
firmed that and proposed an atomic structure model for H-phase
by ab initio calculations, which contains 192 atoms in the con-
ventional unit cell. MT temperatures are very sensitive to pre-
cipitation [12,16,17]. Short duration low-temperature aging leads
to the formation of dense distribution of small precipitates with
limited interparticle spacing, which in turn made martensite nu-
cleation more difficult and decreased transformation temperatures
(TTs). After longer-duration aging at low-temperature or elevated-
temperature aging, the volume fraction of precipitate increases as
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well as depletion of Ni in the alloy matrix, which results in an in-
crease in TT with aging time [12]. Precipitation leads to a change
in the chemical composition of the matrix. For example, the com-
position of the matrix for Nisg3Tiyg7Hfg alloy aged at 600 °C for
815 h determined by atom probe tomography method was esti-
mated to be 49.8 at.% of Ni, 31.2 at.% of Ti and 19.0 at.% of Hf [15].
Recently, Yu et al. [18] investigated H-phase precipitation in NiTiHf
alloy and its effect on MT by phase field simulation method and
found that the concentration fields of Ni and Hf and inhomoge-
neous stress around an H-phase precipitate are responsible for the
changes in TTs at short and long aging durations, respectively.

Despite the fact that a large number of works have been de-
voted to precipitation hardening in NiTiHf alloys, the clear quan-
titative relationships between the H-phase parameters (size and
volume fraction) and strength level are still lacking. It should be
noted that the quantification of precipitation hardening is a chal-
lenging subject as it demands the combined knowledge of precip-
itation strengthening mechanism and growth and coarsening ki-
netics. Santamarta et al. [19] gave a scattered estimate of H-phase
particle sizes after different heat treatments for different compo-
sitions of NiTiHf alloys. It was also concluded that increasing Ni
content of the alloy causes a faster growth of the precipitate and
for a fixed Ni content, coarsening of the precipitate is faster when
Hf content is increased [19]. Recently, Prasher et al. [20] studied
the growth and coarsening kinetics of H-phase in Nisg3Tizg7Hf9
alloy by small-angle neutron scattering method and reported that
Ni diffusion governs the growth of the H-phase, while the coarsen-
ing process is controlled by Hf diffusion. The activation energies for
the growth and coarsening were estimated to be 196 and 233 kJ
mol~1, respectively [20].

Classical one-peak precipitate hardening behavior was reported
for Ni50_3Ti34.7Hf15 and Ni50_3T129.7Hf20 alloys [16,17] Such behavior
was reasonablly explained within the precipitate cutting and the
Orowan mechanisms [16,17]. The peak of strength corresponds to
the transition from the cutting to the Orowan mechanism. Unfor-
tunately, the correlation between H-phase precipitate parameters
in NiTiHf alloys and strengthening mechanisms is still unknown.

In order to fulfill the above-mentioned gap, the present study
focuses on the quantification of H-phase parameters on precipi-
tation hardening behavior and MT temperatures in a NisgTizgHf5q
(at.%) alloy subjected to isothermal aging at a temperature range
between 450 and 650 °C. This composition was not chosen by
chance. Such composition guarantees the preservation of high MT
temperatures during various heat treatments. To determine the
evolution of H-precipitate size, volume fraction and morphology
with aging, TEM investigations were performed. Precipitation hard-
ening behavior was estimated by microhardness measurements.
The precipitation kinetics was analyzed using the Johnson-Mehl-
Avrami-Kolmogorov (JMAK) equation. Coarsening rate constant val-
ues were calculated as a function of temperature utilizing the
modified Lifshitz-Slyozov-Wagner (LSW) based coarsening model.
The activation energy for precipitation and coarsening was calcu-
lated. The range of critical sizes in which the hardening mecha-
nisms change each other was determined as a function of tem-
perature. Finally, based on the precipitation and coarsening kinet-
ics and precipitate hardening behavior, time-temperature-hardness
(TTH) diagram was calculated for the present alloy to map the ef-
fect of aging time and temperature on the resulting strength.

2. Experimental methods

The alloy with a nominal composition of NisgTizoHf5o (at.%)
was prepared by arc-melting using high purity titanium, nickel
and hafnium in a water-cooled copper crucible under an argon at-
mosphere. Before the melting of the ingot, a pure Ti button was
melted and used as an oxygen-getter. The ingot was re-melted
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eight times, being flipped over after each melting step to ensure
homogeneity in composition. After melting, the ingot was sealed
in a quartz tube under vacuum and homogenized at 900 °C for 6 h
and solution-treated by water-quenching.

The samples with a thickness of approximately 1 mm were pre-
pared by electro-spark cutting method from the solution-treated
ingot. The surface of samples was grinded to remove cutting
marks. In order to investigate the precipitation and coarsening ki-
netics of the H-phase, samples were aged at temperatures between
450 and 650 °C with a duration from 0.1 to 75 h. Aging longer than
1 h was carried out in the evacuated quartz tubes to avoid oxida-
tion. Shorter aging was performed in pre-heated Al,03 crucibles to
ensure that the specimens reached the target temperature quickly.
After aging, the samples were water-quenched.

The transformation temperatures of the solution-treated and
aged samples were measured using a Perkin Elmer diamond dif-
ferential scanning calorimeter with a heating and cooling rate of
20 °C/min under a nitrogen atmosphere. Each sample was ther-
mally cycled between 80 and 320 °C.

Transmission electron microscopy (TEM) observations were
conducted using a Talos 200FX G2 electron microscope operated
at 200 kV with a double-tilt stage. The foils for TEM observation
were prepared by mechanical grinding to a thickness of 50 pm,
followed by low-temperature ion-milling.

Samples for microhardness testing were first mechanically pol-
ished till mirror surface and after that subjected to measurement
in an HVS-1000 Vickers microhardness tester. In order to avoid the
indentation size effect [21], the load on the indenter was chosen
to be 200 g with a loading time of 10 s. At least 20 points were
measured and the average value was taken as the microhardness.

The Image] software was used to determine the size parameters
(length and width) of H-phase precipitates directly from bright-
field TEM images. Near 150 precipitates were measured to deter-
mine the mean size. The H-precipitate volume fraction was mea-
sured using the line-intercept method applied to STEM-HAADF mi-
crographs [22]. The volume fraction reported in this paper is the
mean values of twenty independent measurements in randomly
chosen areas of each investigated sample. Statistical processing of
all the results was carried out using Statgraphics Centurion XV
software.

3. Results and discussion
3.1. Age hardening behavior

The evolution of microhardness as a function of aging time for
NisgTizgHf,o alloy aged at 450, 550, and 650 °C is shown in Fig. 1.
The lowest microhardness value of 3.69 + 0.06 GPa was recorded
for the solution-treated sample. A similar hardness value was pre-
viously reported for the alloys with similar compositions [16,23].
In general, a continuous increase of microhardness occurs until the
peak value is achieved during aging. The peaks of microhardness
at 4.40 + 0.10, 4.92 + 0.03 and 4.94 + 0.03 GPa after aging for
0.5 h at 650 °C, 10 h at 550 °C and 50 h at 450 °C, respectively,
are clearly seen. Further aging resulted in a continuous decrease
in microhardness. The results are similar with the hardening be-
havior of Ni-rich composition for NiTiHf and NiTiZr alloys aged at
550 °C [6,16,24], except the peak value of microhardness appear at
different aging time due to the difference in Ni content.

It is commonly accepted that a typical one-peak precipitate
hardening behavior consists of two stages: before and after the
peak of hardness. On the first stage, the resistance of a precipitate
against dislocation cutting results in a microhardness increase. On
the second stage, a dislocation is forced to loop around the precip-
itate rather than cutting through. As a rule, the precipitates on the
first stage are coherent with the matrix of alloy while on the sec-
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Fig. 1. Evolution of microhardness as a function of aging time for the NisoTisoHf>g
alloy aged at 450, 550, and 650 °C.

ond stage the coherence is broken down; the boundaries between
particle and matrix are incoherent.

3.2. Microstructure characterization of precipitates during aging

No precipitates were observed in the solution-treated sam-
ples (Fig. S1 in the Supplementary Information). In this paper,
we mainly focused on the evolution of the H-phase precipitate
with aging at different temperatures for NisgTizgHf, alloy. The
evolution of martensite phase structure during precipitate aging
can be found in Ref [19]. A series of TEM images of the aged
NisgTizgHfy alloy is shown in Fig. 2. Even short-term aging of
6 min at 650 °C is sufficient for precipitation, which agrees well
with the microhardness (Fig. 1). The microhardness value increased
by ~0.25 GPa compared with the solution-treated state. The long
and short axes of spindle-shaped precipitates are clearly distin-
guishable. Two types of structural manifestation of these precip-
itates can be found. The first type is the uniformly distributed
particles into martensitic matrix shown in Fig. 2(a). The second
type is mainly a sequential accumulation of particles in the form
of “chains” inside the martensitic variants along the inner twins
(Fig. 2(b)). Such an arrangement of particles may indicate a sig-
nificant role of structural defects in their nucleation, in particu-
lar, twin dislocations. The precipitates were estimated to have a
size with a length of 16.1 + 0.7 nm and a width of 7.4 + 0.4 nm.
(Fig. 2(d)).

An increase in the duration of aging up to 30 min leads, first
of all, to an increase in the precipitate size up to 42.2 + 2.2 nm
and 20.3 £ 1.1 nm for length and width, respectively (Fig. 2(c)).
Nevertheless, the regions with a uniform distribution and with a
“chain” sequence of particles were preserved, although the length
of the "chains" decreased (Fig. 2(c)). A further increase in the aging
duration up to 1 h leads to an almost completely homogeneous
distribution of particles in the volume of the material as shown in
Fig. 2(e).

Homogenous and “chain” distribution of precipitate can also be
found at lower aging temperature of 450 °C for 3 h as shown in
Fig. 2(f) and (g), respectively. However, the length of “chains” is
much smaller than that at higher aging temperatures. By aging at
450 °C for 10 h, the precipitate distribution in martensitic matrix
becomes totally homogeneous (Fig. 2(j)). Additionally, it should be
mentioned that decreasing aging temperature leads to a significant
decrease in the precipitate size and their growth rate. For example,
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after aging at 450 °C for 3 and 10 h, the size of precipitates is
3.4 4+ 0.1 nm and 3.8 &+ 0.1 nm in length and 6.2 + 0.3 nm and
9.0 + 0.4 nm in width (Fig. 2(i) and (1)), respectively.

The SAED pattern of the sample aged at 450 °C for 10 h is
shown in Fig. 2(k). The pattern taken along the [100] zone axes
of B19’ phase with a common plane of (011) type I twins can be
clearly identified. Additional reflections corresponding to the H-
phase can be found. Fundamental patterns and '4{210} satellites
marked with green triangles and arrows, respectively, are shown
on the inset in Fig. 2(k). Similar diffraction patterns were previ-
ously reported for Ni-rich NiTiZr and NiTiHf based alloys with H-
phase precipitates into B19’ martensitic matrix [19,25].

3.3. Precipitation kinetics of the H-phase

Fig. 3(a-c) shows STEM-HAADF images of NisgTizgHf,q alloy af-
ter various aging treatments. It is seen that precipitates enriched
in Ni and/or Hf due to their brighter contrast than the matrix
in STEM-HAADF mode, which is suitable for volume fraction de-
termination. For example, the volume fraction of 4.25% 4 0.40%,
7.80% + 1.65% and 15.97% + 1.01% was calculated for the samples
aged at 650 °C for 15 min, at 550 °C for 3 h and at 650 °C for
50 h, respectively. The volume fraction was determined by the line-
intercept method [22] in 20 randomly chosen areas.

The change in surface area fraction of the H-phase in
NisoTizgHf,o alloy with aging time and temperature is shown in
Fig. 3(d). It is found that aging at the selected temperatures leads
to an increase in the H-phase surface area fraction in the alloy ma-
trix to a certain steady-state value, e.g. 16.2% + 1.1% at 450 °C,
12.1% + 0.9% at 550 °C and 6.1% + 0.5% at 650 °C. The shape
of the curves resembles a sigmoidal function. Fig. 3(e) shows the
measured surface area fractions of the H-phase as a function of
temperature after reaching thermodynamic equilibrium at 450, 550
and 650 °C. The equilibrium fraction of the H-phase decreases
as the aging temperature increases. Extrapolation of experimental
data allows us to estimate the critical temperature above which
the H-phase will not be formed. Thus, the solvus temperature for
the studied alloy is estimated to be ~730 °C.

It is well known that the Johnson-Mehl-Avrami-Kolmogorov
(JMAK) equation is most often used to describe the isothermal pre-
cipitation kinetics of transformation upon nucleation and growth
[26]:

ft = fequil[4l - exp(,kt")] (1)

where f; is the surface area fraction of the H-phase after aging time
t, fequir is surface area fraction after reaching thermodynamic equi-
librium state, k is a rate constant and n is the index that describes
the nucleation mechanisms [26].

In order to determine n and k values, In(In(1/(1-f)) is plotted
against In(t) in Fig. 4(a) for temperatures of 450 to 650 °C. The
slope of the resulting lines is the Avrami exponent n, while k can
be calculated from the intercept. Plot lines were fitted using the
least squared method. It is seen that the experimental data can be
well described by a straight line with a high correlation coefficient
of R2. This means that the ]MAK theory can be applied to describe
the kinetics of H-phase precipitation in NiTiHf alloy.

The evolution of n parameter as a function of temperature is
shown in Fig. 4(b). It is seen that in the studied temperature range,
the n parameter decreases from 0.769 + 0.075 to 0.505 + 0.029
with an increase in the aging temperature from 450 to 650 °C.
The slight change in the n parameter indicates that the mechanism
of H-phase nucleation in the matrix of NisqTizgHf,y alloy does not
significantly change in the temperature range 450-650 °C. Low val-
ues of n near % means that the precipitates of H-phase are gen-
erated on dislocations [26], which is in good agreement with the
results of microstructure (Fig. 2).
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Fig. 2. A series of TEM images of NisoTisoHf alloy aged at different regimes and the corresponding precipitate size distribution histograms. Bright-field TEM of samples
aged at 650 °C for 6 min (a, b), 30 min (c) and 1 h (e). Bright-field TEM of samples aged at 450 °C for 3 h (f, g) and 10 h (j). SAED pattern taken from 10 h aged sample at
450 °C with reflects of H-phase (k). (d, h, i, 1) The corresponding precipitate size distribution histograms.

Assuming that the precipitation of the H-phase is a thermally
activated process, which can be described by an Arrhenius type of
equation, the temperature dependence of k can be written as:

k= koexp(—%)

where kj is rate constant, R is the universal gas constant (8.31 ]
mol~! K-1), T is the absolute temperature (in Kelvin) and Q is
the apparent activation energy for precipitation. Activation energy
can be estimated from the slope of Arrhenius plot in In(k) ver-
sus 1000/T coordinates shown in Fig. 5. For the present alloy,
this value is calculated to be 98 + 12 k] mol~!. Prasher et al.
[20] previously estimated the activation energy for H-phase growth
in Nisg3Tizg7Hfyo alloy to be 196 k] mol~! and proposed that
Ni-diffusion governed the H-precipitate growth. This looks quite
doubtful since the difference in the concentrations of Ni in the al-
loy matrix and in the particle of H-phase is not large [15,16].

The calculated activation energy for precipitation is significantly
lower compared to the diffusion activation energy for Ni (143 k]
mol~1) and Ti (205 k] mol~!) in B2 phase of NiTi alloy [27]. It is
well known that the diffusion in B2 compounds occurs mainly by
the vacancy mechanism, which allows not to violate the long range
order of a system [28]. Baturin and Lotkov [29], using positrons an-
nihilation method, determined the energy of vacancy formation on

(2)
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the Ti sublattice in NisgTisy alloy as equal to 94 k] mol~!. Later,
Kulkova et al. [30] theoretically calculated that the formation of
antisite defects is also energetically beneficial in NiTi alloys. The
formation energy of titanium antisite defect in the nickel sublattice
was calculated to be 93 k] mol~! [31]. Santamarta et al. [19] noted
that H-phase precipitates faster as the Ni content of alloy increases.
The shift away from the stoichiometric composition towards an in-
crease in the Ni content in NiTiHf matrix should lead to an in-
crease in the density of point defects on the Ti/Hf sublattice. This
is caused by the need to preserve the long-range order in B2 phase.
It can be assumed that the formation of the H-phase occurs as fol-
lows. Vacancies on the titanium sublattice are dominated in the
solution-treated state in the studied alloy because of the Ni com-
position (slightly more than 50 at.%). During aging, Ni atoms oc-
cupy positions in Ti sublattice because it is energetically beneficial
[30] and does not require large energy costs. The formation energy
of Ni antisite defect in Ti sublattice is 44 k] mol~! [31]. In this
case, the formation of Ti antisite defects on Ni sublattice will be a
limiting process leading to the formation of H-phase.

Any way, it is obvious that defects play a key role in the nucle-
ation of H-phase in NiTiHf alloy. The small value of the activation
energy and “chain” sequence of H-particle along the inner twins of
martensitic variants on the earlier stages of precipitation (Fig. 2(b)
and (g)) supports such assumption.
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3.4. Time-temperature-transformation (TTT) diagram

The TTT diagram was constructed for H-phase formation in Ni-
TiHf alloy by combining Eqgs. (1) and (2) to obtain the following
relationship:

In(100 — f)

—_— 3
—koexp(— ) ®)

The results are plotted in Fig. 6(a). As conventionally defined,
the beginning of transformation corresponds to f = 1% of trans-
formed fractions, while 50% and 99% correspond to the middle and
the end of the transformation, respectively.! In the studied temper-
ature range, the H-phase precipitation kinetics are strongly temper-
ature dependent and faster at high temperatures. At 650 °C, precip-
itation begins in ~0.1 s while at 450 °C a longer time (~1.5 min) is
required. The precipitation kinetics of the H-phase between solvus
temperature and 650 °C were not investigated.

In order to obtain more practically useful results, Eq. (3) and
data from Fig. 3(e) were combined to compute a TTT diagram for
the volume fraction of H-phase, as shown in Fig. 6(b). Such a TTT
diagram can be used to determine the shortest time required to
form a given volume fraction of H-phase. For example, volume
fractions of 5% and 15% can be formed within ~35 min and ~31.5 h
at 650 °C and 450 °C, respectively.

3.5. Coarsening kinetics of the H-phase

As above-mentioned, the shape of H-phase precipitate in
NisoTizgHf,o alloy shows a spindle-like shape. The evolution of av-
erage length (long axis) and width (short axis) of precipitate dur-
ing aging at 450, 550 and 650 °C is shown in Fig. 7(a). Several im-
portant observations can be drawn from the analysis of data shown
in the figure. First of all, aging temperature significantly affects the
particle size: the higher the aging temperature, the larger the par-
ticle size. For example, during aging for 10 h, the average length of
H-phase particles reaches ~160, ~30 and ~9 nm at 650, 550 and
450 °C, respectively. Secondly, the H-phase particles grow much
more intensively in length than in width, which is probably due
to a decrease in the elastic strain energy of the system.

1 In this case, we are talking about the relative volume fractions with respect to
the thermodynamic equilibrium fraction of the H-phase at a given temperature T,
i.e. 0.01, 0.5 and 0.99 of fequi-
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Table 1
Calculated temporal exponent and LSW rate constant.

Temperature, °C ~ Temporal exponent, n~! Rate constant K;, m3s~!

450 0.281 + 0.004 4.7¢10731
550 0.297 + 0.052 2.1010%°
650 0.295 + 0.031 1.294010-%7

Usually, a precipitate coarsening for dilute systems is described
in the framework of the classical Lifshitz-Slyozov-Wagner (LSW)
model [32,33]. The LSW model is based on the evaporation of so-
lute atoms from the shrinking particles and its condensation on
the growing particles. The exponent of coarsening roughly deter-
mines the coarsening mechanism. In the case of LSW model, it is
expected to be 3. Since the LSW model considers spherical parti-
cles, all calculations will be carried out for the radius equivalent
size r. In order to determine the operative mechanism of coars-
ening of H-phase precipitates in NisgTi3gHf,g alloy, a plot of In(r)
vs. In(t) for the studied aging temperatures is shown in Fig. 7(b).
The slope of the curves gives the inverse of the temporal expo-
nent values of 0.295 + 0.031 at 650 °C, 0.297 £ 0.052 at 550 °C
and 0.281 + 0.004 at 450 °C (Table 1). These values are close to
the predicted value of 0.33 by the LSW model. It means that the
coarsening process is limited by solute diffusion through NiTiHf
matrix. It should be noted that at early stage, growth and coars-
ening processes occur simultaneously. In order to eliminate the ef-
fect of growing process, all calculations for coarsening kinetics are
carried out after H-phase reached equilibrium volume fraction.

In the case of matrix diffusion-limited coarsening, the temporal
evolution of average precipitate size can be expressed as follow:

3 3=I<r't (4)

r°—rg

where r is the mean radius equivalent size of precipitate at time ¢,
o is the mean radius equivalent size at the aging time, t = 0 and
K; is coarsening rate constant. The mean radius equivalent size of
precipitate for different aging durations at the selected tempera-
tures have been plotted on a graph of r3 — r(3) vs. aging time (t)
as shown in Fig. 7(b). The calculated coarsening rate constant val-
ues (K) are 0.00047 nm3/s at 450 °C, 0.021 nm3/s at 550 °C and
1.294 nm3/s at 650 °C. Thus with an increase in aging tempera-
ture of 100 °C, the coarsening rate appears to increase nearly 50
times. The temporal exponent and coarsening rate constant values
of precipitate size evolution are summarized in Table 1.

For the diffusion-controlled coarsening processes, the slowest
diffusing elements in NiTiHf alloy will limit the coarsening rate.
The modified LSW model based coarsening rate constant value (K)
can be given as [34]:

2
k. — 8TCVaD

9 RT (5)
where I' is the interfacial free energy of the particle-matrix inter-
face, D is the diffusion coefficient of the solute atoms in the ma-
trix. Ce is the concentration of solute atoms in equilibrium with a
particle of infinite radius, R is the Boltzmann constant, T is the ag-
ing temperature, Vy, is the molar volume of the precipitate, and g
is the ratio between width and length of precipitate. The diffusion
coefficient D can be expressed as:

_QCoars)
—_— 6
RT (6)
where Dj is the pre-exponential factor and Qcg,s i the activa-
tion energy for the diffusion or in our case for coarsening of
precipitates in the alloy. Substituting the expression of D from
Egs. (6) into (5) gives the following relationship:

_ 8 I‘CeVr%DO *QCoars
k=5 exl’( RT )

D= Doexp<

(7)
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Fig. 7. (a) Temporal evolution of average length and width of H-precipitate of NiTiHf alloy during isothermal aging at 450, 550 and 650 °C. (b) Plots of In(r) vs. In(t) for
isothermal aging temperatures giving temporal growth exponent of H-precipitates, which corresponds to classical LSW growth exponent. (c) Plots showing linear fit of radius
equivalent size of H-phase precipitate (r* in nm?) vs. aging time (t) during isothermal aging at 450, 550 and 650 °C along with respective LSW rate constant. .

The expression for the determination of activation energy can
be rewritten as follows:

KT
In| —
T'C.V2D,

The slope of the plot between In(K;T) vs 1000/T, as shown in
Fig. 8, gives the activation energy value of 225 + 22 k] mol~!. It
is quite difficult to answer unequivocally by the diffusion of which
element the coarsening of the H-phase precipitates in the studied
alloy is limited, since currently there is no work on diffusion in
triple NiTiHf alloys. However, some comparisons can still be made
based on the available diffusion data for binary NiTi alloy. Although
in this case caution should be exercised because the high content
of Hf atoms can affect the diffusion parameters. For example, in

Q.Coars
R ®)

i| = constant —
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Ref. [35], using the low-frequency internal friction method was an-
alytically determined that the diffusion activation enthalpy of Ni
atoms in B2 phase is 137 k] mol~! and 176 k] mol~! for NisogTizg4
and Nisg 3Tipg 7215 alloys, respectively.

Given that the H-phase is enriched in Hf and depleted in Ti
compared to the matrix, diffusion of these elements may control
the growth of the H-phase. Low activation energy of Ni diffusion
in B2 phase of NiTi alloy also supports such assumption. The acti-
vation enthalpy for Ti diffusion in B2 phase of NisqgTisg 4 alloy was
estimated to be 205 k] mol~! [27]. Moreover, the activation energy
of self-diffusion in B-Ti is 251.2 k] mol~! [36]. From another hand,
the same value of activation energy (251.2 k] mol~1) was found for
Hf diffusion in Ti between 550 and 750 °C as well as that for Hf
diffusion in Ni in the temperature range of 750-1150 °C [36].
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Recently, Prasher et al. [20] estimated the activation energy for
the coarsening of H-phase in Nisg3Tiyg7Hf,g alloy as 233 k] mol~1.
They believe that Hf diffusion remained the rate-controlling step
for coarsening process. Several reasons also support such an as-
sumption. First of all, Ni diffusion in NiTiHf based alloys can be
excluded due to the lower activation energy compared to that for
Ti. Secondly, the atom size of Hf (ry; ~0.159 nm) [37] is bigger than
Ti (r; ~0.147 nm) atoms, and hence atoms of Hf can slow diffusion
as well. Finally, Santamarta et al. [19] noted that coarsening rate of
H-phase increases with increasing Hf content in NiTiHf alloys. For
the above-mentioned reasons, it is reasonable to assume that Hf
diffusion is a limiting factor in the coarsening of H-phase particles
for NiTiHf alloys.

3.6. Breaking down the coherency between H-phase/matrix interface

It is well known that the formation of the H-phase leads to
an increase in the strength properties of Ni-rich NiTiHf alloys. As
shown in Fig. 1, during continuous aging, the strength first in-
creases and then begins to decrease. It is generally accepted that
this behavior is due to a change in the interaction mechanism of
dislocations with precipitates. The increase in strength is associ-
ated with an increase in the volume fraction of closely spaced pre-
cipitates which are cut by moving dislocations (Friedel effect [38]).
Overaging leads to coarsening of particles and an increase in in-
terparticle space, which allows dislocations to bend around them
and as a result the strength decreases (Orowan mechanism [39]).
Nevertheless, it should be noted that even in the case of overaging,
the strength of the alloy is higher than that in the solution-treated
state. The Orowan mechanism assumes that the precipitate/matrix
interface is incoherent. Thus, the transition from one mechanism to
another is due to the achievement by the particles of some critical
size, at which coherence is disturbed.

The combination of experimental data (Figs. 1 and 7) allows us
to establish the H-phase size at which the changes in the precip-
itation hardening mechanisms occur in NisgTizgHf,q alloy. In this
case, as a criterion for size, we propose to use the length of the
H-phase, because it is the length that increases more intensively
with aging. The critical size is chosen at a peak of microhardness
upon age hardening. The evolution of the H-phase critical size as
a function of aging temperature in NisgTizgHf5 alloy is shown in
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Fig. 9. Evolution of critical size of H-phase precipitates as a function of tempera-
ture.

Fig. 9. It is clearly seen that the critical size increases from ~15 nm
at 450 °C to ~42 nm at 650 °C.

In order to shed more light on the evolution of the H-phase
critical size during changing the precipitation hardening mech-
anisms with temperature. HRTEM observation was carried out.
Fig. 10(a) and (c) shows HRTEM images of H-precipitate and
martensitic matrix in NiTiHf alloy after aging at 650 °C for 30 min
and 1 h, respectively. The enlarged HRTEM images of the interface
between the H-precipitate and martensitic matrix in the sample
aged at 650 °C for 30 min are shown in Fig. 10(b). Good continu-
ity of the atomic planes across the interface can be clearly distin-
guished, together with a small tilt of these planes at the interface.
Lines parallel to these atomic planes show the tilt angle. However,
there are also areas (marked by ellipses) with large distortion of
the atomic planes. The tilt of atomic planes across the precipi-
tate/matrix interface was also observed by Santamarta et al. [19] in
the furnace cooled Nis, TiygHf,q alloy. They proposed that the pre-
cipitates conserve their original orientation during the MT but the
surrounding matrix experiences the shear strain accompanying the
transformation, causing the atomic plane tilt. Yu et al. [18] de-
termined that elastic stress-strain fields appear around coherent
H-phase precipitate in B2 phase of Nisg3Tipg7Hfpo alloy by phase
field simulation. It also should be kept in mind that B2—B19’ MT
in NiTiHf alloys accompanied with increases in volume, which can
serve as an additional source of stresses [40]. It is obvious that in
the example considered on Fig. 10(a) and (b), the martensitic shear
leads not only to a small tilt in the atomic planes, but also to their
partial distortion. Probably, the distortion of atomic planes allows
accommodating the stresses caused by volume changes upon MT.
However, the presence of even partial coherency does not lead to
a decrease in strength in the studied alloy, which is in good agree-
ment with microhardness data.

An increase in the duration of aging up to 1 h at 650 °C leads
to a violation of the continuity of the atomic planes across the
precipitate/matrix interface, as shown in Fig. 10(d). Moreover, a
small transition layer can be clearly distinguished at the inter-
face between the H-phase and the matrix. In shown case precipi-
tate/matrix interface looks more like semi-coherent than totally in-
coherent, which is confirmed with the decreasing of microhardness
to 418 £+ 0.08 GPa. Apparently, there are several ways to disrupt
the coherency between the precipitate and the matrix in the stud-
ied alloy. In the first case, the coherence breakdown occurs dur-
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Fig. 10. HRTEM images and corresponding FFT patterns of NiTiHf alloy after 30 min (a, b) and 1 h (c, d) at 650 °C.

ing aging in the austenitic region. The precipitate reaches a critical
size, which leads to the appearance of large elastic stresses at the
precipitate/matrix interface. Relaxation of these stresses results in
a breakdown of coherency. In the second case, the loss of coher-
ence can be caused by a martensitic shear strain, which leads to
the tilt of martensitic variants relative to the originally oriented
(coherent with the B2 phase) precipitate of H-phase.

A possible reason for the increase in the critical size of H-phase
particles upon changing the mechanisms of precipitation harden-
ing with an increase in aging temperature is the abnormal behav-
ior of elastic constants of B2 phase in a wide range of tempera-
tures. This anomaly lies in the fact that in the temperature range
of MT, the modulus of elasticity drops sharply and increases with
increasing temperature in the austenitic state. Such an anomaly is
caused by pre-transition phenomena that facilitate lattice invari-
ant shear upon MT. For example, the elastic modulus of the B2
phase in Nis; Tigg alloy increases to a temperature of ~530 °C [41].
An increase in the elastic modulus indicates an increase in inter-
atomic bonds, which probably provides elastic accommodation of
the stress fields surrounding the particles of H-phase. The increase
of elastic modulus with temperature is beneficial for maintaining
coherence between precipitate/matrix interfaces during precipitate
coarsening even at high temperatures. Abnormal behavior of elas-
tic constants of B2 phase was also found in NiTiHf-based alloys
[42,43].

3.7. Time-temperature-hardness (TTH) diagram

Conventional precipitation curves are not always convenient for
achieving the maximum strength of the alloy by optimizing aging
treatment. For NiTiHf HTSMA, it is especially important since the
strength is correlated with strain recovery properties [3,5]. Thus,
Shercliff and Ashby [44,45] proposed to use TTH diagram, where
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the axes are aging temperature and time while the contours are
lines of constant hardness (or yield strength).

Fig. 1 shows that NisqTizgHfo alloy exhibits classical one-peak
precipitation hardening behavior. The fine coherent precipitates of
H-phase in the alloy impede dislocation movement by forcing dis-
locations to either cut through the precipitates or go around them.
For the cutting mechanism, the contribution of shearable precipi-
tates to the strength of the alloy can be represented by [44]:

AHV¢y = Ccutfto'sra5 (9)

where AHV¢y is gain in hardness (defined as difference between
hardness in solution-treated and aged states) due to cutting mech-
anism and Cyt is a constant. In order to determine Ccy, AHV is
plotted against f05r% in Fig. 11(a) for temperatures from 450 to
650 °C. Experimental data were fitted using least squares method
from which the slope C.,c was obtained for different temperatures.
The insert in Fig. 11(a) shows the Cy coefficient as a function of
temperature. The C.y coefficient decreases from ~0.076 to ~0.042
with an increasing aging temperature from 450 to 650 °C.

As the precipitate grows, the coherence between the precipitate
and matrix is broken down and dislocation can no longer cut pre-
cipitates. In this case, bypassing mechanism can be rewritten in a
form [44]:

0.5

AHV, = c,,ftT (10)

where AHV), is gain in hardness due to bypassing mechanism and
Gy is a constant. Correlation between f2-°/r and AHV), is shown in
Fig. 11(b). The G, coefficient increases from ~5 to ~15 with an in-
creasing aging temperature from 450 to 650 °C (inset in Fig. 11(b)).

Precipitate cutting and bypassing are alternative processes. The
contribution of precipitation to the strength from the cutting and
bypassing precipitates can be defined as:

CcutftO.S r045’

e
CbT, > T~ Lo

T <Teg~ L

AHV = { (11)
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Fig. 12. (a) Data from the present study for NisoTi3gHfyo alloy compared with the model of Eq. (11). (b) TTH diagrams of aged NisoTizoHf,o alloy.

The volume fraction (f;) and size (equivalent r) parameters can
be taken from Sections 3.3 and 3.5, respectively. In this calculation,
as a critical size (r¢r), we propose to use the lower limit of the
range of H-phase sizes at which changes in the precipitate harden-
ing mechanisms occur in NisgTizgHf,o alloy (defined in Section 3.6,
Fig. 12).

Fig. 12(a) shows the calculated gain in hardness (AHV) in com-
parison with experimental data for NisgTizgHf,q alloy aged at var-
ious temperatures. The agreement between calculated and exper-
imental data is good enough. Using the same approach, TTH dia-
gram of the studied alloy is plotted in Fig. 12(b) as a function of
aging treatment. The peak of hardness on the TTH diagram is a
ridge which rises as the temperature falls and the duration of ag-
ing increases. Obviously, such behavior of the ridge of strength is
due to an increase in the equilibrium volume fraction of H-phase
in the matrix of NisgTizoHf3palloy.

3.8. Influence of H-phase precipitates on transformation temperature

MT peak temperatures (Mp) were determined from the DSC
curves shown in Fig. S2 and were summarized in Fig. 13(a). At the
aging temperatures of 550 and 650 °C, Mp temperature continu-
ously increased. Transformation temperature corresponding to ag-
ing at 550 °C increases more intensively than that at 650 °C. At a
lower aging temperature of 450 °C, Mp deceased from ~195 °C for
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the solution-treated state to ~185 °C for 1 h aging. After that trans-
formation temperatures continuously increased with increasing ag-
ing time. A similar dependence of transformation temperatures on
aging time was previously reported for the aged Nisg3Tizq7Hfi5
[12] and Ni50'3Ti29'7Hf20 [5] alloys.

The continuous increase in MT temperature at high-
temperature aging or long-duration aging at lower temperatures is
due to the dominance of the so-called "chemical” (or “composi-
tional”) effect caused by the formation of the H-phase [12,18]. It is
commonly accepted that the essence of the effect is the depletion
of Ni in the Ni-rich B2 matrix. Yu et al. [18] confirmed by phase
fields simulation that the concentration of Ni and Hf in B2 matrix
of Nisg3Tiyg7Hfyg alloy around the precipitate is inhomogeneous
and keeps changing during aging until reaches the equilibrium
state. The decrease in MT temperature during low-temperature
aging is due to the dominance of the “mechanical” effect asso-
ciated with H-phase precipitation. The essence of the effect is
the presence of a high volume fraction of nanoscale precipitates,
with very limited interparticle spacing, which creates elastic stress
fields that prevent the development of martensitic shear strain
[12].

In present work, the “mechanical” effect does not affect the Mp
of the samples aged at 550 and 650 °C. This is possibly due to
the “mechanical” effect being very short in time because precip-
itate size grows very fast, which is in good agreement with the
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experimental result on the coarsening rate of H-phase precipitates
described in the previous Section 3.5. The role of volume fraction
and size of H-phase on My temperature and the corresponding ef-
fects can be drawn for the samples aged at 450 °C. Fig. 13(b) and
(c) shows the effect of the volume fraction and the size of H-phase
on AM, (difference between the solution-treated and aged sam-
ples), respectively. When aging at 450 °C, the transition from “me-
chanical” to “chemical” effect of H-phase particles influence on M,
temperature occurs when the particle reaches a size of ~6 nm (in
length of precipitate) and volume fraction of ~6%. Nevertheless,
the “chemical” effect dominates even at a small volume fraction of
~3% for the case of 650 °C aging. Apparently, the precipitate size
is the determining factor in the competition between these two ef-
fects.

4. Conclusions

(1) Aging at a temperature range of 450-650 °C leads to the H-
phase precipitation in NisoTizgHf,g alloy. Two different mi-
crostructures are identified at all aging temperatures: one is the
homogeneously distributed H-phase precipitates; and another
one is the chain-like H-phase precipitates distributed mostly
along the inner twins. The latter disappears with increasing ag-
ing duration.

NisgTizgHfyg alloy shows the classical one-peak precipitation

hardening behavior. The H-phase solvus temperature is deter-

mined to be ~730 °C by extrapolating the equilibrium volume
fraction.

(3) The precipitation of the H-phase during aging follows the
Johnson-Mehl-Avrami-Kolmogorov equation. The temperature
dependence of the precipitation kinetics can be well described
by an Arrhenius type of law with an activation energy of
98 + 12 k] mol~!, which is in good agreement with the lit-
erature value for the formation energy of Ti antisite defects on
Ni sublattice. Such a small value indicates the significant role of
vacancies in precipitation.

(4) A TTT diagram for H-phase precipitation was constructed for
NisgTizoHfyo alloy aged at temperatures between 450 and
650 °C.

(5) The temporal exponents of average H-phase size for
NisgTizgHfypalloy aged at 450, 550 and 650 °C are close to
the values predicted by Lifshitz-Slyozov-Wagner model, sug-
gesting matrix diffusion is the coarsening rate limiting step.
The activation energy for H-precipitates coarsening is esti-
mated to be 225 + 25 k] mol~!. The coarsening of H-phase is
controlled by the Hf diffusion in NiTiHf alloy matrix.

(6) The critical size of H-phase responsible for breaking down
the coherency between matrix and precipitate is deter-
mined. The critical size increases with increasing aging tem-
perature, presumably due to anomalies of the elastic con-

2

—

stants behavior of the B2 matrix caused by pre-transition
phenomena.

(7) By combining the precipitation and coarsening kinetics with
the age hardening behavior of H-phase precipitates, TTH di-
agram for NisgTizgHf,g alloy is constructed for a temperature
range of 450-650 °C and duration up to 100 h.
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