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Abstract
Ni-Ti-foams were made using evaporative types of space holders such as ammonium bicarbonate (ABC) with a

wide range of porosities (55 to 89%) through powder metallurgy techniques. The green compacted pellets, after
evaporation of NH,(HCO3),were sintered at 1100°C for 2 hrs. The XRD and EDX analysis confirms that there is
no residual space holder. The extent of openness of cell walls increases with increase in porosity. The
compressive stress-strain behavior of these foams varies with the relative density. The peak stress and energy
absorption of these foam increases with relative density following power law and linear relationships
respectively, and the densification strain decreases with relative density following a linear relationship.
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Introduction

A rare combination of properties, including high strength under static and dynamic loading conditions,
reasonably good ductility, fracture toughness, moderate stiffness, excellent corrosion resistance, and good shape
memory effect, are displayed by NiTi (Nitinol) alloy, which has a nearly equiatomic composition of Ni and Ti
[1-3]. Due to these special qualities, this alloy can be regarded as a multifunctional material and is utilized in
the following fields: (i) materials with high energy absorption and damping [1-3], (ii) actuators and sensors [4],
and (iii) bio-implants [5-7]. This alloy outperforms Ti and other alloys due to its shape memory effect, low
stiffness, and bioinertness [5-7]. This alloy is useful for actuators and sensors due to its shape recovery
capabilities as a function of temperature and load [1-4]. Since the deformation stress, modulus, and heat
transmission ability of foams change with the porosity percentage, altering the porosities within the materials
might alter the biocompatibility as well as the shape recovery rate [8—10]. These foams' superior qualities make
them suitable for use in bone implants. By altering its porosity, the bone implant's strength and modulus can be
changed [10-12]. The size and location of the pores in the foam can be adjusted to influence the architecture of
the bone implant [13]. In a similar vein, altering the foam's cell size and openness can regulate heat transfer. As
a result, one can carefully modify the pore's size, openness, and volume fraction to suit the implant's needs.
Given the aforementioned, a lot of effort is being put into creating Ni-Ti foams and describing their mechanical
and architectural characteristics [10-13, 14-21]. Making Ni-Ti foam via the melt technique is challenging
because of the metal's high air reactivity, liquid Ni-Ti's high reactivity to commonly employed crucible
materials, and its high melting temperature (1339°C) [10-13]. According to the published literature, Ni-Ti foams
can be produced using a variety of powder metallurgy-based techniques. These procedures are mainly divided
into (i) partial powder sintering [14], (ii) complete densification of Ni-Ti powder (cold and hot compaction),
followed by the expansion of trapped gas during densification [11-13], (iii) sintering with spark plasma [22],
(iv] sintering and then removing the space holder after densifying the space holder and Ni-Ti powder mixture
[10,13,16,23,24], and (v) combustion sintering (Self propagating High temperature Synthesis, or SHS) [19,21].
The methods of gas expansion, spark plasma sintering, and partial powder sintering are not appropriate for
obtaining controlled cell size and a high degree of porosity. When the SHS approach is used to create Ni-Ti
foams, the reported cell sizes are not consistent [19, 21]. The restrictions of other processes can be solved by
using the space holder technique. In Ni-Ti foam, the size, shape, distribution, and volume percentage of porosity
can be carefully controlled by adjusting the size, shape, distribution and space holder volume fraction [16, 23,
24]. Numerous researchers have employed the SHS technique to create Ni-Ti foam, however they have
discovered that this method has a high degree of inhomogeneous cell size distribution and produces a significant
number of intermetallics. Various metallic foams have been made using various types of space holders.
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However, NaF and NaCl have been employed as space holders mainly for the production of Ni-Ti foams [10,
13, 24. 25]. Because of their high melting points, which enable the hot compacting of Ni-Ti and NaF/NaCl
JZU NATURAL %(O:\I)V%Iéircrr%ixes at high temperatures, where partial sintering would occur, NaF and NaCl were chosen. Howel/SerS,N NO :1671-6841
hot isostatic pressing or hot compaction raises the price and improves the product expense. There have been
very few attempts to create very porous Ni-Ti foam with NH4(HCO3) acting as a space holder, but [23]. The
Ni-Ti foam's highly uneven cell size distribution was caused by the large range of NH4(HCO3) particle sizes
(200-500 pum) used in its production. It is crucial to use space holders with a limited size range in order to
ensure uniform cell size. Rare earth metals like Nb have been used in pre-alloyed Ni-Ti powder for liquid stage
sintering at lower temperatures in an attempt to create Ni-Ti foam. Additionally, a portion of the cell wall pores
in the extremely porous Ni-Ti foam have been closed to improve its strength and modulus [24]. Likewise, Cu
was used with Ni-Ti powder to reduce the temperature during liquid phase sintering and to increase modulus
and strength [26]. NH4(HCO3) was used as a space holder in certain situations to create Ti-foams [27]. Its
ability to evaporate at very low temperatures (between 100 and 150 oC) without reacting with base materials
like Ni or Ti is one of its advantages. When the temperature is right, this porous compact can be sintered. Avoid
sintering at temperatures close to liquids and over extended periods of time in order to manage cell size
shrinkage. There were no systematic investigations conducted to evaluate the porosity and cell size distribution
of the Ni-Ti foam at different NH4(HCO3) particle volume and size fractions. By employing NH4(HCO3) as a
space holder in different amounts, the current study seeks to evaluate the porosity fraction and micro-
architectural features of Ni-Ti foams before characterizing these foams in terms of their microstructure and
mechanical attributes. The synthesised Ni-Ti foams' elastic recovery strain has also been studied in relation to
their porosity fraction and degree of deformation.

2. Experimental Procedure

21 Material Preparation

Pure 99.0% pre-alloyed equiatomic Ni-Ti powder (50:50) from NANOSHEL, U.S.A., was utilized as the parent
material. Particles of Ni-Ti powder ranged in size from 1 to 10 ym on average. Ammonium bicarbonate
NH4(HCO3) particles with a cubical form and an average size of 285+10um have been employed as space
holders. Alfa Aesar, U.K., provided the NH4(HCO3) particles. Cold-compacted pallets were given green
strength using a Poly Vinyl Alcohol (PVA) solution, an organic binder (5 Wt% PV A and 95 Wt% water). Figure
1(a) and Figure 1(b) display the size distribution of NH4(HCO?3) and Ni-Ti powders, respectively.
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Fig. 1: Size distribution of (a) ammonium bi-carbonate powder and (b) Ni-Ti powder

2.2 Foam Production

Ni-Ti powder (50-80%) and NH4 (HCO3) powder were mixed in different proportions as a space holder. An
organic binder made of PVA solution was added to this mixture. The powder mixture was cold compressed at
200 MPa in a cylindrical die with a diameter of 15 mm in a 40-ton hydraulic press.

To get the appropriate porosities, several concentrations of Ni-Ti powder and NH4(HCO3) were used. The
amount of Ni-Ti powder and NH4(HCO3) was calculated using the following relationship:

% _ pss(1-Vsp) (1)

Wsp (Psp*Vsp)

where Wss stands for Ni-Ti weight, Wsp for NH4(HCO3) weight, pg, for Ni-Ti powder density, pg,for space
holder density, and Vsp for space holder volume fraction. Despite the fact that NH4(HCO3) melts at 41.9°C, the
cold compacts were heated to 200°C for four hours to ensure that all space-holding particles were eliminated. To
completely remove the organic binder, or PVA, these pellets were dried and then heated to 400-500 degrees

Celsius for two hours.

. These samples were therefore sintered for two hours at 11,00° C under 10* mbar of vacuum. Fig. 2(a) shows
the flowchart for creating Ni-Ti foam. Fig. 2(b) displays samples of sintered foam.
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Fig. 2: (a) Flow sheet diagram for making Ni-Ti foam and (b) Sintered Ni-Ti foam samples

2.3 Microstructural Characterization

Scanning electron microscopy (SEM) (JEOL: Model: 5600) was used to examine the microstructure of Ni-Ti
foams, and an energy dispersive X-ray analyzer (Model IE Synergy 250) was utilized to ascertain the chemical
composition of the ingredients. Cell size and cell wall thickness were measured using SEM micrographs. To
measure the cell size and cell wall thickness, about 100 cells were randomly selected.

Pre-alloyed powder and sintered foams were subjected to X-ray diffraction analysis using an X-ray
diffractometer (Bruker-D8 model with Cuo radiation). To determine the phases present in the cell wall, the
diffraction patterns were recorded at a scan rate of 0.010 min™' while operating at 30 kV and 40 mA.

24 Compression Test

At CSIR-AMPRI Bhopal, cylindrical samples of sintered Ni-Ti foam (15 mm in diameter and 10 mm in height)
were subjected to compression tests at room temperature with different strain rates (0.001, 0.01, 0.1, and 1.0 /s)
using the Universal Testing Machine (Instron model no.8801). The stress-strain curves of several foam samples
were recorded. The plateau stress, densification strain, and energy absorption were determined using the
compressive stress-strain plot and conventional methods [27]. The loading and unloading cycles of selected
foam samples at room temperature are performed using the same UTM.

3. Results and Discussions
3.1 Materials and Microstructures

The microstructures of Ni-Ti foams with varying porosities are shown in Figure 3. Figure 3(a) depicts the
microstructure of Ni-Ti foam with a relative density of 0.38. It has been observed that each cell's pores range in
size from 226 to 224 pum and have a somewhat oval shape. The average thickness of the cell wall is 95 + 10 um.
Figure 3(b) depicts the microstructure of Ni-Ti foam with a relative density of 0.31. It also reveals that the cells
are elliptical in shape and have an average size of roughly 227 + 15 um. Figs. 3(c) and 3(d) show the
microstructure of Ni-Ti foam with relative densities of 0.25 and 0.21, respectively.

With average diameters of 234 + 15 um and 229 + 15 um, respectively, the cells in both microstructures are
likewise demonstrated to have a somewhat elliptical shape. It is observed that the cell widths are almost
independent of the relative density.

But as the relative density decreases, the cell wall's thickness also decreases. This is due to the fact that the size
of NH4(HCO3), which is used as a space holder, and the sintering temperature (1100°C) remained consistent for
all varieties of Ni-Ti foam. In this study, the average size of NH4(HCO3) was 235 £ 10 um. The foam samples
under study had cell diameters ranging from 225 to 234 um.
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This indicates that just a small amount of shrinking (5 to 10%) has occurred when compared to the cell size for
green compacts (~240 um + 15 pm). For foam samples, the difference between the volume fraction of NHy
JZU NATURAL $G¢EECEd the total volume of compact is somewhat greater than the overall relative density, or [1-vol. perd&ﬁN NO :1671-6841
of NH4 (HCO3)]. This is due to the substantial amount of micro-porosity (between 15% and 20%) present in the
cell walls. The connections between neighbouring cells and the micro-porosities in the cell wall are depicted in
Fig. 3(e).

AMPRI

(d) pra =0.22 (e) micro-porosity

Fig. 3: Microstructures (a)  pra =0.38 (b) pra =0.31 (¢) pra =0.25 (d) pra =0.22 (e) higher magnification
micrograph showing microporosities in cell wall

3.2 EDX and XRD analysis

The EDX studies of the foam samples for different relative densities are shown in Figure 4. The bulk of the Ni-
Ti foam is found to consist of Ni and Ti, with traces of additional elements. The majority of the other elements
are oxygen due to the oxidation of Ni-Ti at high temperatures. Other components may become trapped during
processing, such as compaction, sintering, polishing, etc. It is evident from Figure 4 that EDX patterns are
almost independent of the relative density of the foam.
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Microporosity and other impurities may affect these foams' deformation response. The XRD patterns of the
sintered Ni-Ti foams and the Ni-Ti powder mix are shown in Figures 5(a) and 5(b), respectively. It is clear from
these figures. These materials are mostly composed of Ni-Ti, with trace quantities of Nis3Ti and Ni and Ti
oxides. These foams, which are made of Ni and Ti, may exhibit pseudo elastic recovery due to the shape
memory effect.
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It is important to note that the stress-strain curves displayed strain hardening behavior at rd between 0.31 and
0.34. However, there is no indication of strain hardening at lower rd. The main cause of this is increased
porosity at low rd, which lessens strain during hardening. In this instance, we took into account the peak stress
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or yield stress in place of the plateau stress. To investigate the impact of these factors on the strength of such

foams, these stresses are displayed as a function of strain rate and relative density. Furthermore, it has been
Sf%own ‘t:l:lat permanent yielding has been seen for the majority of foam samples beyond 0.1 strain. The strain
which the stress grows stiffly with additional strain after reaching the valley region is known as the densification
strain. The area under the stress-strain curves, taking into account strain up to 0.5, is used to compute the energy
absorption of these foams.

3.3 Compressive stress-strain behaviour

Figure 6 shows the compressive stress-strain diagram of Ni-Ti foams of different relative densities at fixed
strain rate 0.01/s. From this figure it is clear that the relative density (rd) affects the type of stress-strain curve.
The stress —strain diagram of Ni-Ti foam at 0.01 strain rate with different relative densities shows three distinct
regions: (i) a linear region, (ii) a plateau region, and (iii) a densification region.

When foam had a higher relative density, the stress rose gradually until it reached the densification stage, at
which point it rapidly dropped to a minimum. The stress remained constant until the densification area after
reaching a high value and slightly decreasing at intermediate rd [0.21 < rd < 0.38].

This may be due to the fact that these three relative density regimes have different deformation mechanisms.
Cell wall shearing is the main cause of the cell wall's brittle nature at higher rd. At lower rd, the cell wall
displays ductile activity through some kind of bending and softening. The middle range exhibits both ductile and
brittle characteristics. The stress-strain curves showed strain hardening behavior at rd between 0.31 and 0.38,
which is significant. At lower rd, there is no sign of strain hardening, nevertheless.
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Fig 6: Compressive stress-strain diagram of different relative density at S.R.=0.01m/s

3.4 Plateau Stress

The Plateau stress op; as a function of relative density for Ni-Ti foam with different relative density
with ABC is shown in figure 7. From figure it is clear that plateau stress increases with increase in
relative density. It is noted that the op; follows power law relationship with relative density like reported
for other foams in literature [34-41]. The co-efficient and exponent of the power law relations as
shown in equation

Opy = 28275X6478 ... (ii)
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Fig 7: Plateau Stress Vs relative density at S.R.=0.01m/s

3.4 Densification strain

The Densification strain ¢, as a function of relative density for Ni-Ti foam with different relative density

with ABC is shown in figure 8. From figure it is clear that ¢; decreases with increase in relative

density. is noted that the ¢; follows linear relationship with relative density like reported for other

foams in literature [34-41]. The co-efficient and exponent of the linear relation as shown in equation

eq =-0.4467x + 0.6495
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Fig 8: Densification Strain Vs relative density at S.R.=0.01m/s

4. Conclusions

The

(i) Ammonium-bicarbonate NH4(HCO3) can be used as a space holder in powder metallurgy to produce Ni-Ti

foam.

VOL 57 : ISSUE 5 - 2026

present

investigation yields

the

following

findings:

SSN NO :1671-6841

Page NO :53



(ii) Cell sizes and relative densities are almost constant. Nevertheless, the cell wall's thickness decreases along
with the relative density. The cells, which range from 5 to 10%, are smaller than the space holder.

JZU NATURAL SCIENCE ISSN NO :1671-6841

(iii) According to a power law and a linear relationship, respectively, the plateau stress and energy absorption
increase as relative density increases. The densification strain decreases and shows a linear connection as the
relative density increases. A correlation between strain rate and relative density as well as the plateau stress,
energy absorption, and densification strain is formed by the empirical relationships found within the designated
range.

(iv) Research that has been published indicates that Ni-Ti foams are more sensitive to strain rate than Al and Ti
foams. This is due to the Ni-Ti matrix's increased sensitivity to  strain rate.
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