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ABSTRACT

The fabrication of porous NiTi Shape Memory Alloy (SMA) from elemental Ni and Ti powders using Hot
Isostatic Press (HIP) is presented in this work. Porous NiTi alloys with diﬀerent porosity levels and diﬀerent
mechanical properties are obtained and analyzed. Their behavior under compressive mechanical loading is
modeled using a micromechanical averaging model. The model treats the porous NiTi alloy as a two-phase
composite: dense SMA matrix and pores. The behavior of the fully dense SMA matrix is modeled using a
thermomechanical model with internal state variables. The development of transformation and plastic strains
during the martensitic phase transformation is taken into account. The results from the model are compared
with the experimental data.
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1. INTRODUCTION
Shape Memory Alloys (SMAs) are metallic alloys which can recover permanent strains when they are heated
above a certain temperature. The key characteristic of all SMAs is the occurrence of a martensitic phase transformation. The martensitic transformation is a shear-dominant diﬀusionless solid-state phase transformation
occurring by nucleation and growth of the martensitic phase from a parent austenitic phase.
Due to their unique properties, SMAs have attracted great interest in various ﬁelds of applications ranging
from aerospace1, 2 and naval3 to surgical instruments4 and medical implants and ﬁxtures.5, 6 The SMAs have
been used in coupling devices,7 as actuators in a wide range of applications8 as well as in medicine and dentistry.9
These applications have mostly beneﬁted from the ability of the inherent shape recovery characteristics of SMAs.
In addition to the shape memory and pseudoelasticity eﬀects that SMAs possess, there is also the promise of
using SMAs in making high-eﬃciency damping devices that are superior to those made of conventional materials,
partially due to their hysteretic response.
Driven by biomedical applications, recent emphasis has been given to porous SMAs. The possibility of producing SMAs in porous form opens new ﬁelds of application, including reduced weight and increased biocompatibility. Perhaps the most successful application of porous SMAs to this date is their use as bone implants.10–12
One of the main reasons for such a success is the biocompatibility of the NiTi alloys used in the above cited
works. In addition, the porous structure of the alloys allows ingrowth of the tissue into the implant.
In the last several years since the fabrication techniques for porous SMAs have been established, additional
applications have also been considered. The potential applications of porous SMAs will utilize their ability to
carry signiﬁcant loads. Beyond the energy absorption capability of dense SMA materials, porous SMAs oﬀer
the possibility of higher speciﬁc damping capacity under dynamic loading conditions. One of the applications,
which utilizes the energy absorption capabilities of the porous SMAs, is the development of eﬀective dampers and
shock absorbing devices. It has been demonstrated that a signiﬁcant part of the impact energy is absorbed.13
The reason for such high energy absorption is the sequence of forward and reverse phase transformations in the
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SMA matrix. In addition to the inherent energy dissipation capabilities of the SMA matrix, it is envisioned
that the pores will facilitate additional absorption of the impact energy due to wave scattering.
Another advantage of the porous SMAs over their fully dense counterparts is the possibility to fabricate them
with gradient porosity. This porosity gradient oﬀers enormous advantage in applications involving impedance
matching at connecting joints and across interfaces between materials with dissimilar mechanical properties.
The use of such porous SMA connecting elements will prevent failure due to wave reﬂections at the interfaces,
while at the same time providing the connecting joint with energy absorption capabilities. Also, currently of
great interest is the use of porous SMAs in various vibration isolation devices. It is envisioned that such devices
will ﬁnd applications in various ﬁelds ranging from isolation of machines and equipment to isolation of payloads
during launch of space vehicles. To increase the energy absorption capabilities a second phase, which would ﬁll
the pores, can be added. It should be noted that these latest developments are still being actively researched
and have not yet been used in commercial applications.
Diﬀerent fabrication techniques for producing porous SMAs have been established. While some of the works
focus on fabrication of porous SMAs by injecting a gas into a melt,14 most of the research work on fabrication
of porous SMAs has focused on using powder metallurgy techniques.15–21 Diﬀerent fabrication techniques
for producing porous SMAs from elemental powders have been used. Some of the diﬃculties that may be
encountered with the use of elemental powders include contamination from oxides and the formation of other
intermetallic phases. On the other hand, producing pre-alloyed NiTi powder requires processing techniques
which are both diﬃcult and expensive due to the hardness of the alloy.
Techniques that are currently being used to produce porous NiTi from elemental powders include selfpropagating high-temperature synthesis, conventional sintering, and sintering at elevated pressures via a Hot
Isostatic Press (HIP). Some advantages of sintering at elevated pressure include shorter heating times than
conventional sintering and the ability to produce near net shape objects that require less time to machine. The
current work uses porous NiTi fabricated using the HIPping technique.20 Two diﬀerent porous NiTi alloys
were obtained: at lower fabrication temperature (900C) a porous material with smaller pore sizes is obtained,
while for higher temperature (950C) the sizes of the pores are signiﬁcantly larger.
In previous works the behavior of porous SMAs under compressive mechanical loading has been modeled
using an incremental formulation of the Mori-Tanaka method.22–24 The porous material has been modeled as a
composite with fully dense SMA matrix and pores. The behavior of the SMA matrix have been modeled using
the constitutive model presented by Lagoudas et al.25 In the current work the constitutive model for the dense
SMA matrix is modiﬁed to take into account the development of plastic strains during the martensitic phase
transformation.
The remainder of the paper is organized as follows: the next section is separated into two parts; ﬁrst, the
fabrication process for HIPped porous SMAs will be brieﬂy described, then characterization of the material is
presented as experimental results including micrographs, calorimetric measurements, and quasi-static testing
under compressive loads. Section 3 describes the modeling of porous NiTi SMA with subsections on the
micromechanical modeling, constitutive modeling of the dense SMA matrix and the evaluation of the material
parameters. Modeling results are presented in Section 4. Finally, conclusions are made in Section 5.

2. MECHANICAL PROPERTIES OF POROUS SMAS FABRICATED VIA A HOT
ISOSTATIC PRESS
2.1. Fabrication of Porous NiTi SMA
Porous NiTi specimens were fabricated from elemental Ni and Ti powders using HIPping technique in the Active
Materials Laboratory at Texas A&M University.20 Using two slightly diﬀerent processing cycles, two diﬀerent
porous NiTi alloys were produced. The ﬁrst alloy was fabricated at a temperature of 900C and is characterized
by its small pore size (on the order of 25 µm). The fabrication temperature for the second alloy was 950C
and the sizes of its pores are signiﬁcantly larger (pores as large as 1 mm are observed). A detailed analysis
of the composition of the two alloys was performed by Lagoudas and Vandygriﬀ26 using Energy-Dispersive
X-ray Spectrometry (EDS) and further using Wave-Dispersive X-ray Spectrometry (WDS). The analysis has

revealed evidence of multiple intermetallic phases present in both large and small pore alloys. The greater
part of the material for large pore alloys was identiﬁed as equiatomic NiTi. However, the material contains
numerous needle-like structures having a width of approximately one-half micron. These needle-like structures
were too small to be analyzed without interference from the surrounding medium. By analyzing some of the
larger intersections of needle phases however, it is presumed by a slight increase in the percentage of Ni that
the needle phases are Ni rich phases. For the small pore alloy ﬁve diﬀerent phases, i.e., NiTi, Ni2 Ti, NiTi3 and
elemental Ni and Ti were identiﬁed. The apparent reason for the presence of relatively large intermetallic phase
regions in the small pore alloy is the lower fabrication temperature, which leads to incomplete diﬀusion of the
elemental powders.
The porosity of the specimens was measured by taking micrographs and estimating the ratio of the area
occupied by the pores to the total area at diﬀerent cross-sections. The estimate of the porosity was also veriﬁed
by comparing the density of the porous NiTi material with the theoretical density of fully dense NiTi. The
porosity of the small pore alloy is estimated to be equal to 50% while the porosity of the large pore alloy is
equal to 42%. Micrographs of typical specimens for both small and large pore alloys are shown in Figure 1.
The dark areas on the micrographs, shown in Figure 1 represent the pores, while the lighter areas are occupied
by NiTi.
50 mm
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Figure 1: Microphotograph of porous NiTi specimens: (a) small pore specimen; (b) large pore specimen.

The porous NiTi specimens were further analyzed using diﬀerential calorimetry techniques. The DSC test
curves for both small and large pore alloys are shown in Figure 2. The upper curves seen in Figure 2 represent
the normalized heat ﬂow into the specimen during heating and the lower curves represent the heat ﬂow out
of the specimen upon cooling. The tests indicate solid-solid phase transformation at approximately 44C and
42C for the small and large pore alloys during heating (martensite-to-austenite) and −12C and 20C during
cooling (austenite-to-martensite) for the small and large pore specimens, respectively. Therefore, depending on
whether the specimen was previously heated or cooled, either martensite or austenite crystalline structure can
be present at room temperature (22C). The cooling curves for both alloys show evidence of a dual peak that
is indicative of an R-phase.

2.2. Mechanical Properties of HIPped Porous NiTi
Next, the HIPped porous NiTi specimens were mechanically tested under quasi-static compressive loads. For
testing, the fabricated porous NiTi specimens were machined to cylindrical shapes with a nominal diameter of
13 mm and a length of 35 mm. After the fabrication of the porous specimens they have not been subjected to
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Figure 2: DSC results for porous NiTi: (a) small pore alloy; (b) large pore alloy.

any further processing such as marforming27 or ausforming. Load from a hydraulic MTS load frame was applied
through two compression plates. An extensometer was used to take the strain measurements during testing. A
resistance heated chamber was used to elevate the temperature of the test section to 60C, slightly above the
austenite ﬁnish temperature for both the small and large pore specimens (refer to Figure 2). The specimens
were tested using a cyclic loading-unloading pattern by loading quasi-statically up to a stress and strain level
and then unloading to zero stress. For each subsequent cycle, the stress and/or strain were increased with
respect to the previous level. The resulting stress-strain response for a typical small pore specimen, tested at a
temperature of 60C is shown in Figure 3a and shows pseudoelastic strain recovery of approximately 1.5% upon
unloading. However, full strain recovery is not observed even after heating of the specimen, which is due to
plastic strain development in the SMA matrix. The value of the residual plastic strains is approximately 0.9%.
The typical stress-strain response for a large pore specimen also tested at 60C is shown in Figure 3b. The
results for the second specimen show pseudoelastic strain recovery of approximately 1.6% and residual strain of
2.8% and are qualitatively similar to the result for the small pore specimen. However, certain distinctions are
observed from Figures 3a and 3b. The initial tangent stiﬀness of the austenite and martensite are diﬀerent in
the two specimens. The stiﬀness of the austenite in the large pore specimen is approximately twice as large as
that of the small pore specimen austenite. This diﬀerence in the stiﬀness may be partially due to incomplete
diﬀusion of the powders in the small pore specimen and the resulting partial adherence of the powder particles.
The diﬀerence in the pore volume fraction of the two types of specimens also contributes to the diﬀerence in
the stiﬀness. Thus, while the maximum reached strain level for the two specimens is similar, the stress levels
diﬀer signiﬁcantly.
There are several possible reasons for the large amount of plastic strain observed during mechanical loading.
Initially, since the material has not undergone any thermomechanical loading, the plastic strains develop simultaneously with the transformation strain during martensitic phase transformation. It is a collective result of the
accommodation of diﬀerent martensitic variants during the phase transformation. Due to the misﬁt between the
austenite-martensite interfaces signiﬁcant distortion is created. In addition, in a polycrystalline SMA diﬀerent
grains transform in a diﬀerent manner. This causes additional distortion and movement of the grain boundaries.
Another source of the plastic strain is the irregular pore shape in the porous SMA. These irregularities create
stress concentrations which lead to additional development of plastic strains. These phenomena act in concert
and the ﬁnal result is an observable macroscopic plastic strain. Some other likely reasons for the unrecoverable
inelastic strains can be attributed to the fabrication diﬃculties associated with powder metallurgy techniques,
including the presence of other various intermetallic phases due to incomplete diﬀusion, as described in Section 2.1. These other phases phases embrittle the material, causing the porous material to form microcracks
and result in unrecoverable deformation at relatively low strains.
When a large pore specimen is loaded to strain levels beyond 5% it starts to fail by forming microcracks,
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Figure 3: Stress-strain response of porous NiTi tested at 60C: (a) small pore alloy; (b) large pore alloy.

which was evident by the cracking and popping noises during loading. This failure is identiﬁed on the stressstrain curve by the decrease of the stress as the strain is increased (Figure 3b). On the other hand the small
pore specimens failed catastrophically, forming large cracks that propagated throughout the entire specimen,
causing the specimen to break into multiple fragments.

3. MODELING OF POROUS SMAS
3.1. Micromechanical Model for Porous SMAs
In this section the mechanical behavior of porous NiTi is modeled using micromechanical averaging model
developed by Entchev and Lagoudas.24 The model treats the porous SMA as a composite material with an
SMA matrix and pores as second phase. Only the ﬁnal expressions of the model are presented here, while
the details of the derivation of the model can be found in the cited references. The porous SMA composite is
characterized by its eﬀective elastic stiﬀness L, eﬀective tangent stiﬀness T and eﬀective stress Σ, strain E and
inelastic strain Ein . The following expressions for the overall elastic stiﬀness, tangent stiﬀness and the evolution
of the overall inelastic strain have been derived by Entchev and Lagoudas24 :
L = cm Lm Ael,m ,
T = cm Tm Am .

(1)
(2)

Ėin = (I − (Ael,m )−1 Am ) : Ė + (Ael,m )−1 : ε̇in,m + Ṁ m : σ m m − Ṁ : Σ.

(3)

where Ael,m is the average elastic matrix strain concentration factor, Am is the average instantaneous matrix
strain concentration factor; Lm , Mm , Tm and εin,m are the matrix elastic stiﬀness, elastic compliance, tangent
stiﬀness and transformation strain, respectively. cm is the volume fraction of the matrix phase, which is given
in terms of the porosity cp by cm = 1 − cp . The average of the term ε̇in,m + Ṁ m : σ m in the above equation
is taken over the matrix phase. Note that the elastic strain concentration factors must me calculated assuming
elastic behavior of the phases. The above derived equations can easily be generalized for the case of a composite
with any number of phases. The concentration factors Ael,m and Am are evaluated using the Mori-Tanaka
method and the shape of the pores. A spherical pore shape is used in the numerical calculations in this work.

3.2. Constitutive Model for Fully Dense SMA
The dense SMA matrix constitutive model used in this work is a three-dimensional thermomechanical constitutive model for SMAs which is able to take into account the simultaneous development of transformation

and plastic strains during martensitic phase transformation. The model is an extension of the one-dimensional
model presented by Bo and Lagoudas28–31 to three dimensions.
The constitutive model for the dense SMA matrix is brieﬂy summarized here for the case of isothermal
loading. The total strain εm is given by
εm = Mm : σ m + εt,m + εp,m .

(4)

The evolution equations for the transformation strain εt,m and the plastic strain εp,m are given by
˙
ε̇t,m = Λξ,
ε̇

p,m

(5)

= Λ ζ̇ ,
p d

where ξ is the martensitic volume fraction and Λ and Λp are deﬁned as


3 cur σ eff,m
H
ξ˙ > 0,
eff,m
2
σ̄
Λ=
εt,m
max
ξ˙ < 0,
ξ
 max
 d  eff,m 
 3 C p exp − ζ p σ eff,m , ξ˙ > 0,
2 1
σ̄
C
p
2

Λ =
t,m
 C p exp − ζ dp εtmax ,
ξ˙ < 0,
1
ε̄
C
2

(6)

(7)

(8)

max

cur

The quantity H
appearing in the above equation is deﬁned to be the maximum current transformation strain
and is a function of the applied stress. It is a measure of the degree of “detwinning” of the martensitic variants.
The quantity ζ d is the accumulated detwinned martensitic volume fraction and is given by
t
ζ =
d

0

H cur ˙
|ξ(τ )|dτ,
H

(9)

where H is the limiting value of H cur for large values of the applied stress.
The eﬀective stress σ eﬀ,m is deﬁned in terms of the applied stress σ m and the back stress αm as
σ eﬀ,m = σ m + αm .
The transformation function Φ is deﬁned as



Φ=

π − Y, ξ˙ > 0,
−π − Y, ξ˙ < 0.

(10)

(11)

In the above equation π is the thermodynamic force conjugate to ξ and is given by
π=

1 m
∂εt,m
σ : ∆Mm : σ m + σ eﬀ,m :
+ η m + ρ∆s0 (T − M 0s ) + Y.
2
∂ξ

(12)

The back stress αm and is given by the following polynomial function:
αm = −

εt
ε̄t

Nb

Dib (H cur ξ)(i) ,

(13)

i=1

where N b is the degree of the polynomial and Dib are the coeﬃcients associated with the back stress. The drag
stress η m is given by the following expression:
1

η = −D1d [− ln(1 − ξ)] m1 + D2d ξ,
where D1d , D2d and m1 are parameters governing the evolution of the drag stress.

(14)

The evolution of the martensitic volume fraction ξ is constrained by the Kuhn–Tucker conditions
ξ˙ ≥ 0,
ξ˙ ≤ 0,

Φ ≤ 0,
Φ ≤ 0,

Φξ˙ = 0,
Φξ˙ = 0.

(15)

Thus the response of the dense SMA matrix is fully characterized by the system of algebraic and diﬀerential
equations (4)–(6) which is constrained by equation (15). The constitutive models for the dense and porous SMA
have been implemented using the User-Material (UMAT) subroutine capabilities of the ﬁnite element package
ABAQUS.

3.3. Estimation of the Material Parameters
Using the experimental data presented in Section 2 the material parameters for both types of porous NiTi
alloy are estimated in this section. First, the estimation of the parameters for the small pore NiTi alloy is
presented. Care must be exercised when taking into account the porosity. Initially, the material parameters
for a transformation cycle without plastic strains are estimated. To accomplish this, the residual plastic strain
after each increment is subtracted from the total strain. Thus, only the elastic/phase transformation response
is obtained. The material parameters are estimated for a transformation loop which is the envelope of the
experimental results.
To proceed with the estimation of the material properties, it is assumed that the SMA matrix is isotropic
with Poisson’s ratio ν A = ν M = 0.33. Next, the Young’s elastic moduli of austenite and martensite are
evaluated by solving the inverse Mori–Tanaka problem for the porous material and using the experimental
data. The value of the eﬀective Young’s modulus of the porous austenite is measured using the slope at the
beginning of the loading and the corresponding value of the Young’s modulus for the austenitic matrix is
evaluated from the inverse Mori–Tanaka method to be E A = 19.7 GPa. Similarly, the value of the eﬀective
Young’s modulus of the porous martensite is obtained using the unloading slope of the last loading cycle, which
results in E M = 19.0 GPa. The martensitic start temperature M 0s is determined from the calorimetric test
data, shown in Figure 2. The cooling curve in Figure 2 shows evidence of a dual peak that is indicative of an
R-phase. The second peak was used to obtain the value of the martensitic start temperatures M 0s = 269.5 K.
The experimental stress-strain curves for porous NiTi diﬀer from the stress-strain response for fully dense
NiTi alloy. Namely, it is expected that after initial hardening the pseudoelastic stress-strain curve reaches
a plateau with subsequent hardening after the phase transformation is complete. However, the stress-strain
response shown in Figure 3a reaches a plateau without exhibiting the second hardening. In addition, the
value of the recovered transformation strain is smaller than expected for a NiTi alloy. Therefore, this result
suggests that the material does not undergo full austenite-to-martensite phase transformation. Thus, the value
of the maximum transformation strain cannot be accurately obtained using the available experimental data.
To overcome this diﬃculty, a value of the maximum transformation strain H = 3% which is typical for NiTi
has been used in this work. Then, it follows that the maximum value of the martensitic volume fraction ξ
reached during the stress loading is approximately equal to 0.5. The rest of the material parameters include
the hardening parameters as well as the parameter describing the temperature inﬂuence on the onset of the
transformation. These parameters are also obtained from the experimental data, shown in Figure 3. Once the
parameters for a single transformation cycle are determined, the parameters connected with the development
of the plastic strains are obtained. The experimental data is also utilized in the estimation of these parameters.
The material parameters for the large pore porous NiTi alloys are estimated following the same procedure.
Only the data before the occurring of the microcracking (see Figure 3b) is used to estimate the material
parameters. The Young’s elastic modulus for the austenite and the martensite are estimated to be E A =
42.0 GPa and E M = 32.0 GPa, respectively. The martensitic start temperature M 0s is estimated to be equal
to 293.0 K.

4. RESULTS AND DISCUSSIONS
The comparison of the compressive stress-strain response for the small pore NiTi alloy simulated by the model
with the experimental data is shown in Figure 4. The material properties obtained in the previous section have
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Figure 4. Stress-strain response of a small pore porous
NiTi SMA bar — comparison between the experimental
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been used during the numerical calculations. Overall, very good agreement between the results is obtained.
Several observations are made from Figure 4. First, the eﬀective Young’s moduli for both austenite and martensite are correctly reproduced by the model, since their values have been used for the model calibration. The
slope of the stress-strain curve during the transformation is in good agreement with the experimental data. The
behavior of the material during minor loops is correctly predicted by the model.
Next, the comparison of the plastic strain predicted by the model with the plastic strain developed during
the testing of the material is presented. The evolution of plastic strain in the direction of the loading E p is
presented as a function of the accumulated detwinned martensitic volume fraction ζ d , which is proportional to
the number of loading cycles. The comparison of the model simulation with the experimental data is shown in
Figure 5. It can be concluded that by proper calibration of the material parameters the model is capable of
correctly simulating the experimental results.
Similar results have been calculated for the large pore porous NiTi alloy. The loading cycles before microcracking were predicted by the model. The comparison of the numerical results with the experimental
stress-strain data is shown in Figure 6. It can be seen that the results of the numerical simulations are in
good agreement with the experimental data. The plot of the plastic strain versus the accumulated detwinned
martensitic volume fraction is shown in Figure 7.
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5. CONCLUSIONS
Porous NiTi alloys with diﬀerent properties and levels of porosity have been fabricated from elemental Ni and
Ti powders using powder metallurgy techniques. The alloys were analyzed and mechanically tested under
compressive load. The testing results have shown that the porous NiTi exhibits pseudoelastic behavior. In
addition, the development of plastic strain has also been observed.
The behavior of the porous SMAs has been modeled using micromechanical averaging techniques. The
behavior of the dense SMA matrix has been accounted for using a thermomechanical constitutive model with
internal variables. The model for the SMA matrix accounts not only for the development of transformation
strains but also for simultaneous development of plastic strains during phase transformation.
The material parameters for the porous NiTi alloys have been estimated using the experimental data. The
mechanical behavior of the porous NiTi under compressive loading has been simulated using the developed
model. It has been concluded that the model is capable of simulating the experimental data by calibrating the
material parameters.
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