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A B S T R A C T

The time-dependent plastic deformation behavior of the Ti-rich Ti–Ni–Cu–Pd alloy in solution-treated and aged 
states was systematically investigated through spherical nanoindentation creep experiments. The indentation 
creep results reveal that appreciable creep deformation occurs in both solution-treated and aged states even at 
room temperature, whereas the creep deformation in the aged state is significantly less pronounced than that in 
the solution-treated state. The dominant creep mechanisms in the two states are discussed on the basis of the 
obtained values of the creep stress exponent, n, and the corresponding activation volumes.

1. Introduction

Shape memory alloys (SMAs) are functional metallic materials 
capable of producing large recoverable deformation through reversible 
martensitic transformation, enabling integrated actuation and sensing 
without complex mechanical systems [1,2]. Among them, Ti–Ni-based 
alloys are the most widely used commercial SMAs owing to their 
excellent recoverability and mechanical reliability. However, conven
tional Ti–Ni alloys usually exhibit a relatively large transformation 
hysteresis of approximately 25-40 ◦C, which limits their actuation 
sensitivity, response speed, and energy efficiency. Moreover, functional 
degradation during repeated thermal or mechanical cycling, including 
transformation temperature shifts, residual strain accumulation, and 
reduced cyclic stability, remains a major obstacle to their long-term 
application [3–5]. The geometrically nonlinear theory of martensite 
(GNLTM) suggests that low-hysteresis transformation can be achieved 
by bringing the middle eigenvalue λ2 close to unity [6]. Following this 
criterion, our previous work designed off-stoichiometric Ti–Ni–Cu–Pd 
alloys through Pd-mediated lattice-parameter tuning, leading to 
ultra-narrow hysteresis, transformation-temperature variation below 
1 ◦C after 5000 thermal cycles, and suppressed defect accumulation 

during cycling [7–9]. The resulting defect-resistant transformation 
further enabled reproducible temperature memory behavior and stable 
shape recovery with narrow stress-assisted hysteresis under external 
loading [10,11].

Although Ti–Ni–Cu–Pd alloys have shown ultra-narrow trans
formation hysteresis and excellent cyclic stability, these advantages 
mainly reflect their transformation reversibility under thermal or cyclic 
loading conditions. For practical SMA actuators, however, long-term 
dimensional stability also depends on the resistance to time-dependent 
deformation under sustained or localized mechanical loading, since 
structural and functional fatigue remain critical factors limiting the 
service life of SMA components [12,13]. During service, bias stress, 
contact stress, clamping, or mechanical constraint may induce creep-like 
deformation at room temperature, leading to residual deformation 
accumulation and reduced actuation precision [14]. Therefore, the 
room-temperature time-dependent deformation behavior of 
Ti–Ni–Cu–Pd alloys needs to be further clarified. A comparison between 
the solution-treated and aged states provides an effective way to 
examine how aging-modulated microstructures influence this deforma
tion behavior, because aging-induced precipitation and internal micro
structural changes have been shown to strongly affect the functional 
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stability of TiNiPdCu-based alloys [15,16]. The solution-treated alloy 
represents a relatively weakly strengthened matrix, whereas aging 
treatment may induce solute redistribution, defect rearrangement, pre
cipitation strengthening, and internal stress fields. These microstruc
tural changes are expected to affect the local deformation resistance and 
the accumulation of unrecovered displacement during sustained 
loading. Thus, investigating the creep response of solution-treated and 
aged Ti-rich Ti–Ni–Cu–Pd alloys is important for evaluating whether 
aging treatment can enhance their resistance to room-temperature 
time-dependent deformation. Nanoindentation creep testing is particu
larly suitable for this Pd-containing alloy system. Our previous work has 
demonstrated that spherical nanoindentation is capable of probing the 
local transformation-related mechanical response of Ti–Ni-based SMAs, 
particularly the superelastic deformation behavior under localized 
contact loading [17,18]. Building on this methodological basis, nano
indentation creep testing provides a further opportunity to evaluate the 
time-dependent deformation stability of Ti-rich Ti–Ni–Cu–Pd alloys 
under sustained local stress. On the one hand, nanoindentation probes 
the creep response under a highly localized contact stress field, which is 
relevant to the local contact, clamping, and constraint conditions 
experienced by SMA components in service. On the other hand, it re
quires only a small material volume, which is advantageous for 
Ti–Ni–Cu–Pd alloys because Pd-containing SMA systems involve 
expensive noble-metal additions, making large-sized specimens costly to 
prepare [19]. By monitoring the penetration-depth evolution during the 
constant-load holding stage, nanoindentation enables sensitive evalua
tion of room-temperature creep displacement, creep strain-rate evolu
tion, and local deformation stability; in this context, a spherical indenter 
is more suitable than a Berkovich indenter [20–26]. Accordingly, this 

study investigates the spherical nanoindentation creep behavior of 
solution-treated and aged Ti-rich Ti–Ni–Cu–Pd alloys to clarify the effect 
of aging on local time-dependent deformation and room-temperature 
creep resistance.

2. Experimental procedures

A Ti-rich Ti50⋅5Ni33⋅5Cu11⋅5Pd4.5 alloy (at.%) was used in this study. 
Two material states were prepared for comparison: the solution-treated 
state and the aged state. The solution-treated samples were produced by 
annealing at 950 ◦C for 2 h, and the aged samples were subsequently 
obtained by aging the solution-treated specimens at 500 ◦C for 1 h. As 
reported in our previous work [27], the aged specimen contains fine, 
uniformly dispersed nanoscale precipitates with characteristic sizes of 
approximately 5-20 nm. These precipitates were identified as a Ti2Cu-
type phase with a tetragonal C11b structure, with an estimated volume 
fraction of approximately 7-10 vol%. Room-temperature nano
indentation creep tests were carried out using a Nanoindenter XP system 
(KLA) equipped with a spherical diamond tip. The effective indenter 
radius was 34.9 μm, as calibrated from Hertzian analysis of reference 
indentations performed on fused quartz. Prior to testing, all specimen 
surfaces were carefully vibration-polished using 0.02 μm colloidal silica 
suspension to minimize surface-roughness effects. During each inden
tation test, the load was increased to a prescribed maximum load, Pmax, 
at a constant loading rate of 0.5 mNs− 1. The load was then maintained at 
Pmax for 1000 s to record the time-dependent displacement response, 
followed by complete unloading. For each material condition, more than 
ten independent indents were performed to ensure the reproducibility of 
the measured creep response.

Fig. 1. Representative load–displacement curves recorded during spherical indentation creep experiments in (a) the solution-treated state and (b) the aged state.

Fig. 2. (A) Schematic illustration of the deformation mechanism and recovery behavior after 3% deformation [27] of the solution-treated Ti–Ni–Cu–Pd alloy in the 
martensitic state. (b) Dependence of creep displacement on strain at the onset of creep in the solution-treated and aged states.
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3. Results and discussion

Representative load–displacement responses obtained from spherical 
indentation creep tests are provided in Fig. 1. For comparison, the curves 
corresponding to the solution-treated condition and the aged sample are 
displayed separately, revealing the influence of aging treatment on the 
indentation response. For both conditions, as the peak load increased 
gradually from 10 to 200 mN, the maximum penetration depth 
increased markedly, indicating an enlarged stressed volume beneath the 
spherical indenter and a progressively enhanced degree of local defor
mation. At each peak load, the indentation depth continued to increase 
during the constant-load holding segment, demonstrating a pronounced 
time-dependent deformation behavior at room temperature. At rela
tively low loads, the increase in indentation depth during holding sug
gests that creep deformation can occur even when the local deformation 
has not yet developed into macroscopic yielding. Since the alloy is in the 
martensitic state at the testing temperature, the holding-induced 
displacement increase should not be simply attributed to ordinary 
elastic hysteresis or viscoelastic-like response.

To further clarify the physical deformation processes that may 
correspond to the above-mentioned displacement increase during the 
holding stage, Fig. 2a presents a schematic illustration of the deforma
tion mechanism of the solution-treated Ti–Ni–Cu–Pd alloy in the 
martensitic state, together with its recovery behavior after deformation 
to 3% [27]. The deformation result provides a necessary 
deformation-path reference for the subsequent analysis of the nano
indentation creep mechanism. As shown in Fig. 2a, at the initial loading 
stage, the alloy mainly undergoes elastic deformation of the martensitic 
matrix, and the stress increases approximately linearly with strain. With 
further increasing strain, the slope of the curve decreases, indicating that 
the deformation enters a stage dominated by martensite detwinning. 
During this stage, the applied stress drives the growth of favorably ori
ented martensite variants, accompanied by twin-boundary migration, 
thereby producing a large recoverable deformation. When the strain 
continues to increase, simple martensite detwinning gradually tends to 
become saturated, and further deformation needs to be accommodated 
by continued detwinning, stress-assisted B19→B19’ 
martensite-to-martensite transformation, and local dislocation slip. 
Unlike NiTi-based SMAs with an initial B19’ martensitic structure, the 
alloy investigated in this study mainly consists of B19 martensite in the 
unloaded state. Therefore, in addition to driving martensite variant 
rearrangement and detwinning, the applied stress may also induce the 
B19→B19’ martensite-to-martensite transformation [28], whereas the 
deformation of the former usually does not involve such a B19→B19’ 
transformation process. At this stage, the deformation process is no 

longer completely governed by reversible interface motion, but may also 
be accompanied by local irreversible plastic deformation. The inset in 
Fig. 2a shows that, after the solution-treated sample was deformed to 
3%, it could not fully recover to its initial state even after unloading and 
subsequent heating, indicating that an incompletely recoverable defor
mation component had already been introduced at this strain level. This 
result suggests that, in the deformation range of approximately 3% and 
above, martensite detwinning are insufficient to fully accommodate the 
applied deformation, and B19→B19’ transformation-interface migration 
and local dislocation slip begin to participate in the deformation process. 
Therefore, in the subsequent nanoindentation creep analysis, the 
displacement increases during the holding stage within the indentation 
strain range of 3%–5% should not be simply interpreted as elastic hys
teresis or a single interface-motion process, but rather as the combined 
result of continued martensitic interface migration, local transformation 
accommodation, and irreversible plastic deformation.

The variation in creep displacement with the strain at the onset of 
creep is summarized in Fig. 2b. The total creep displacement, hcreep, is 
defined as the maximum value of h–h0 at 1000 s, where the subscript 
0 denotes the onset of creep in the following discussion. For spherical 
indentation, the indentation strain, εi, is commonly expressed as 0.2a/ 
Ri, where a represents the radius of the contact area and Ri denotes the 
spherical indenter radius [29]. It can be observed that, for both condi
tions, the creep displacement increases with increasing initial indenta
tion strain. This indicates that a higher indentation strain enhances the 
local stress concentration and martensitic structural adjustment beneath 
the indenter, thereby promoting further interface migration and irre
versible deformation during the holding stage. In the lower strain range, 
the difference in creep displacement between the solution-treated and 
aged samples is relatively small, suggesting that the deformation 
beneath the indenter is mainly accommodated by the elastic response of 
martensite and initial variant rearrangement, while the suppressing ef
fect of precipitates on creep displacement is not yet pronounced. When 
the indentation strain increases to approximately 3%–5%, the creep 
displacement of the aged sample becomes markedly lower than that of 
the solution-treated sample, indicating that fine dispersed precipitates 
[27] exert a stronger inhibitory effect on martensite detwinning, the B19 
→ B19’ transformation, and local dislocation slip under higher strain 
conditions.

To further characterize the time-dependent deformation behavior, 
the evolution of strain rate during the holding stage was analyzed, as 
shown in Fig. 3. The corresponding creep strain–time curves are 
included in the insets, allowing the creep response of the solution- 
treated and aged samples to be compared over the holding period. To 
quantitatively evaluate the indentation creep response, the indentation 

Fig. 3. Representative evolution of strain rate with holding time, with the inset showing creep strain as a function of holding time; (a) the solution-treated state and 
(b) the aged state.
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creep strain, εcreep, was determined from the variation in contact radius 
during the load-holding stage. For spherical indentation, it can be 
expressed as 

εcreep = εi − (εi)0 =
0.2(a − a0)

R
(1) 

where a0 and a denote the contact radii at the beginning of creep and at a 
given holding time, respectively, and R is the radius of the spherical 
indenter. According to the geometrical relationship for spherical con
tact, the contact radius was approximated by [30] 

a=
(
2hR − h2)1/2

(2) 

In the present analysis, the experimentally recorded indentation depth, 
h, was adopted for this calculation instead of the exact contact depth, hc, 
in order to simplify the treatment. The calculated εcreep values for the 
solution-treated and aged samples are presented as a function of holding 
time, thold, in the insets of Fig. 3. The resulting εcreep–thold curves display 
a typical decelerating creep feature at the early stage, followed by a 
region with a much lower and nearly stabilized creep rate, resembling 
the transient-to-steady-state transition commonly observed in conven
tional high-temperature creep tests. To obtain the indentation strain 
rate, ε̇i, the εcreep–thold data were fitted using Garofalo's empirical creep 
equation, which was originally formulated for uniaxial creep 
deformation: 

εi − (εi)0 = εcreep = α(1 − e− rthold ) + ωthold (3) 

where α, ω, and r are fitting parameters associated with the creep 
response. By differentiating Eq. (3) with respect to thold, the time- 
dependent indentation strain rate can be obtained as 

ε̇i = αre− rthold + ω (4) 

Using the empirical correlation between the uniaxial creep strain 
rate and the indentation strain rate, namely ε̇u ∼ 0.01ε̇i [31], the evo
lution of ε̇u with holding time was further derived for both the 
solution-treated and aged samples, as shown in the main panels of Fig. 3. 
The gradual decrease in strain rate and its subsequent tendency toward 
an approximately constant value indicate that a quasi-steady-state creep 
stage can be reached during spherical indentation creep testing. For both 
conditions, the creep strain rate decreases rapidly during the initial stage 
of holding and then gradually approaches a relatively stable 
quasi-steady-state regime. This behavior suggests that a pronounced 
transient stress-relaxation process occurs beneath the indenter at the 
beginning of the holding segment, during which a large number of 
mobile martensite twin boundaries and variant interfaces rapidly adjust 
under the applied contact stress. With increasing holding time, the 

number of readily movable interfaces gradually decreases and the local 
structure tends to stabilize; consequently, the creep strain rate decreases 
and enters a quasi-steady-state stage. The continuous increase in creep 
strain with holding time, as shown in the insets, further confirms that 
martensitic Ti–Ni–Cu–Pd alloys exhibits significant time-dependent 
deformation at room temperature. A comparison between the 
solution-treated and aged conditions shows that the aged sample 
generally exhibits a lower creep strain rate than the solution-treated 
sample under the same load, together with a smaller accumulation of 
creep strain. This indicates that aging-induced precipitates not only 
reduce the total creep displacement during the holding stage, but also 
decrease the rate of creep deformation. This can be attributed to the 
pinning effect of the precipitates and their surrounding elastic stress 
fields on martensite twin boundaries, variant interfaces, and B19/B19’ 
transformation interfaces, which changes interface migration from a 
relatively free propagation process into a more constrained pin
ning–depinning process. Meanwhile, at higher indentation strains, the 
precipitates can also hinder local dislocation slip, thereby reducing the 
development rate of local irreversible deformation.

Identifying the rate-controlling creep mechanism is important for 
interpreting the room-temperature indentation creep response of 
Ti–Ni–Cu–Pd alloys. The creep stress exponent, n, is commonly used as a 
mechanistic indicator and can be defined as 

n=
∂ln ε̇ss

∂ln σ (5) 

where ε̇ss is the steady-state creep strain rate and σ represents the applied 
stress. In general, n ≈ 1 is usually associated with diffusion-controlled 
creep, including Nabarro–Herring creep controlled by lattice diffusion 
and Coble creep controlled by grain-boundary diffusion. A value of n ≈

2 is often related to grain-boundary sliding, whereas higher values, 
typically in the range of n = 3–8, are commonly taken as evidence of 
dislocation-mediated creep [32,33]. In the present work, the creep stress 
exponent was extracted from the spherical indentation creep results 
using the relationship 

n=
∂ln ε̇QSS

∂ln σ (6) 

where ε̇QSS denotes the quasi-steady-state creep strain rate. The value of 
ε̇QSS was taken at thold = 1000 s. Meanwhile, the corresponding stress 
was estimated from the indentation hardness measured at the same 
holding time according to Tabor's empirical relation,

σ ∼ H
C (7)where C is the constraint factor, which is generally taken to 

be approximately 3 for metallic materials [29]. It should be noted that 
the local stress beneath the indenter is not strictly constant during a 
constant-load indentation creep test, because the contact area and 

Fig. 4. (A) Quasi-steady-state creep strain rate as a function of stress, where the slope yields the creep stress exponent n. (b) Stress dependence of the logarithmic 
creep strain rate for estimating the activation volume V*.
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indentation depth continue to evolve with holding time. Therefore, the 
stress estimated at thold = 1000 s was used here as an effective stress for 
comparing the quasi-steady-state creep response. The quasi-steady-state 
creep strain rate was then plotted as a function of applied stress, as 
presented in Fig. 4. By linearly fitting the average data points in the 
double-logarithmic ε̇QSS–σ plots, the corresponding creep stress expo
nents were obtained from the slopes. For the solution-treated and aged 
samples, the n values were approximately 1.23 and 1.34, respectively. 
Both values are close to 1 and are much lower than the high stress ex
ponents typically associated with dislocation-slip- or 
dislocation-climb-controlled creep. Therefore, the room-temperature 
nanoindentation creep of this alloy at indentation strains of 3%–5% 
should not be simply attributed to conventional dislocation-controlled 
power-law creep. A more reasonable interpretation is that the 
rate-controlling process during the holding stage is mainly governed by 
martensitic interface motion, including martensite variant rearrange
ment, detwinning, twin-boundary migration, and localized 
stress-assisted B19→B19’ transformation. It is worth noting that the n 
value of the aged sample is slightly higher than that of the 
solution-treated sample. This change indicates that the creep strain rate 
becomes somewhat more sensitive to stress after aging, but it does not 
necessarily imply a fundamental change in the creep mechanism. Since 
the n value of the aged sample remains close to 1, the dominant mech
anism is still considered to be a martensitic-interface-controlled defor
mation process with relatively low stress sensitivity. The slight increase 
in n can be attributed to the pinning effect of fine dispersed precipitates 
on martensite twin boundaries and transformation interfaces. Compared 
with the more readily activated interface migration in the 
solution-treated state, further detwinning and B19/B19’ interface 
propagation in the aged state require a higher local contact stress as the 
driving force, resulting in a slightly higher apparent stress exponent.

Additional information on the rate-controlling process can be ob
tained by evaluating the apparent activation volume, V*, which is 
expressed as 

V* =
̅̅̅
3

√
kT

(
∂ln ε̇QSS

∂σ

)

(8) 

where k is Boltzmann's constant and T is the absolute temperature. The 
activation volume is often used to characterize the characteristic volume 
involved in thermally activated deformation. Previous studies have 
shown that V* can differ greatly depending on the dominant rate- 
limiting mechanism [34]. For example, dislocation glide in fcc metals 
generally corresponds to relatively large activation volumes, typically 
on the order of ∼ 100b3–1000b3, whereas diffusion-controlled processes 
through the lattice or along grain boundaries usually give much smaller 
values, approaching the order of ∼ b3 [35,36]. In the present work, V* 

was estimated from the stress dependence of the logarithmic creep strain 
rate, as shown in Fig. 4b. The Burgers vector, b, used for normalization 
was estimated to be 2.879 × 10− 10 m for the solution-treated sample and 
2.824 × 10− 10 m for the aged sample. These values were then used to 
express the calculated activation volumes in units of b3, allowing a more 
direct comparison with typical rate-controlling deformation mecha
nisms. For the solution-treated and aged samples, the V* values were 
approximately 2.1b3 and 2.2b3, respectively. Both values are very small, 
indicating that the elementary activation events controlling 
room-temperature indentation creep are highly localized. If creep were 
governed by long-range dislocation glide, dislocation climb, or the 
unlocking of large-scale dislocation entanglements, a much larger 
cooperative deformation volume would generally be expected. In 
contrast, the activation volume of approximately 2b3 obtained in this 
study is closer to localized interfacial rearrangement events involving 
only a few atomic volumes. Therefore, the V* results further support a 
martensitic-interface-controlled mechanism, in which creep is mainly 
governed by localized twin-boundary migration, martensite 

variant-interface propagation, and short-range motion of B19/B19’ 
transformation interfaces. The slight increase in V* from 2.1b3 in the 
solution-treated sample to 2.2b3 in the aged sample suggests that the 
precipitates slightly increase the cooperative volume required for local 
thermally activated events. This variation is consistent with the slight 
increase in n, indicating that aging-induced precipitates enhance the 
resistance to interface migration and localized transformation. Howev
er, the difference between the two values is very small, and V* remains 
at a low level of approximately 2b3. This suggests that aging treatment 
does not change the creep mechanism into a conventional 
dislocation-controlled process. Instead, it gives rise to a 
precipitate-modulated martensitic-interface-controlled creep 
mechanism.

Because the stress exponent n and activation volume V* are 
regression-derived parameters obtained from the relationships between 
stress and quasi-steady-state creep strain rate at multiple load levels, 
rather than quantities measured directly from an individual indentation, 
a stratified nonparametric bootstrap procedure was used to quantify 
their fitting uncertainties. For each material condition, the independent 
indentation measurements were resampled with replacement within 
each load level. The mean stress and mean quasi-steady-state creep 
strain rate at each load level were then recalculated, and n and V* were 
refitted. This procedure was repeated 10,000 times. To maintain con
sistency with the original regression analysis, the original fit values re
ported in Fig. 4 were retained as the parameter point estimates: n = 1.23 
and 1.34 for the solution-treated and aged conditions, respectively, and 
V* = 2.1 and 2.2 b3, respectively. The bootstrap distributions were 
centered on these original regression estimates so that resampling was 
used only to quantify uncertainty. The parameters are reported as the 
original fit estimate ± bootstrap standard deviation, together with 
percentile-based 95% confidence intervals. Statistical significance was 
assessed using a two-sided bootstrap test based on the distribution of the 
aged-minus-solution-treated differences. The corresponding statistical 
results are summarized in Table 1.

The stress exponents were 1.23 ± 0.15 for the solution-treated 
specimen and 1.34 ± 0.58 for the aged specimen, with corresponding 
95% confidence intervals of 0.965–1.557 and 0.406–2.047, respectively. 
Although n increased slightly from 1.23 to 1.34 after aging, the differ
ence was not statistically significant (p = 0.854). The 95% confidence 
interval for the aged-minus-solution-treated difference was 
− 1.064–1.284 and included zero. The corresponding activation volumes 
were 2.10 ± 0.26 b3 and 2.20 ± 0.99 b3, with 95% confidence intervals 
of 1.637–2.654 b3 and 0.925–2.980 b3, respectively. The increase in V* 
from 2.1 to 2.2 b3 was also not statistically significant (p = 0.922). The 
95% confidence interval for the difference was − 1.906–2.106 b3 and 
likewise included zero. These statistical results show that aging produces 
only slight numerical increases in n and V*, neither of which reaches 
statistical significance at the 0.05 level. More importantly, n remains 
within the same low-stress-exponent regime for both conditions, while 
V* remains on the scale of only a few b3. The results therefore support 
the conclusion that aging does not alter the dominant time-dependent 
deformation mechanism, but instead modulates the resistance to the 

Table 1 
Statistical results for the stress exponent n and activation volume V* of the 
solution-treated and aged specimens.

Parameter Solution-treated Aged 95% CI of 
difference

p- 
value

n 1.23 ± 0.15 (95% 
CI: 0.965–1.557)

1.34 ± 0.58 (95% 
CI: 0.406–2.047)

− 1.064–1.284 0.854

V* (b3) 2.10 ± 0.26 b3 

(95% CI: 
1.637–2.654 b3)

2.20 ± 0.99 b3 

(95% CI: 
0.925–2.980 b3)

− 1.906–2.106 
b3

0.922

Note: Data are reported as the original fit estimate ± bootstrap standard devi
ation; CI denotes the 95% confidence interval.
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existing interface-mediated process through the pinning effects of finely 
dispersed precipitates and their associated local stress fields.

Based on the above results, a room-temperature indentation creep 
mechanism model can be established, as schematically illustrated in 
Fig. 5. For the solution-treated alloy, the region beneath the indenter 
consists of a relatively clean martensitic matrix, where martensite 
variant rearrangement, detwinning, and local dislocation-mediated 
plasticity can occur more readily. Consequently, during the holding 
stage, the indentation depth continues to increase, resulting in a larger 
creep displacement and a greater irreversible indentation displacement. 
For the aged alloy, fine dispersed precipitates are uniformly distributed 
within the martensitic matrix, accompanied by localized internal stress 
fields around them. These precipitates and their associated internal 
stress fields can hinder martensite variant rearrangement, suppress 
detwinning/reorientation processes, and pin the B19→B19’ trans
formation interfaces as well as local dislocation-mediated plastic 
deformation. As a result, the aged sample exhibits a smaller creep 
displacement, a lower quasi-steady-state creep strain rate, and slightly 
higher apparent stress exponent and activation volume under the same 
indentation strain or contact stress. Overall, aging treatment effectively 
improves the room-temperature indentation creep resistance of the 
Ti–Ni–Cu–Pd alloy through the interaction between fine dispersed pre
cipitates and the martensitic matrix.

4. Conclusion

Spherical nanoindentation creep experiments demonstrate that the 
Ti-rich Ti–Ni–Cu–Pd alloy exhibits appreciable time-dependent plastic 
deformation in both solution-treated and aged states even at room 
temperature. However, the aged state exhibits significantly reduced 

creep deformation compared with the solution-treated state, indicating 
that the introduction of fine, dispersed precipitates effectively enhances 
the creep resistance of the alloy. Furthermore, analysis based on the 
creep stress exponent, n, and the corresponding activation volumes 
suggests that the dominant creep mechanisms are associated with 
localized martensitic interfacial motion rather than conventional 
dislocation-controlled power-law creep. The time-dependent deforma
tion is mainly accommodated by martensite variant rearrangement, 
detwinning/reorientation, and local B19/B19’ transformation-interface 
migration, with limited dislocation slip at higher indentation strains. In 
the aged alloy, fine dispersed precipitates and their associated internal 
stress fields impede these interfacial processes and restrict local 
dislocation-mediated plasticity, leading to enhanced room-temperature 
indentation creep resistance. These findings provide useful insight into 
the room-temperature time-dependent deformation behavior of the Ti- 
rich Ti–Ni–Cu–Pd alloy and highlight the important role of aging 
treatment in improving its deformation resistance.
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