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This research seeks to create tube-based aluminum foam using friction stir tube deposition (FSTD) process.
In this process, AA6063 consumable rods, pre-filled with a mixture of titanium hydride and aluminum
powder, are deposited into a hollow mild steel tube using a conventional vertical milling machine. The
results indicate that consumable rods with 12 pre-drilled holes ensure a more uniform distribution of the
foaming agent. Furthermore, the study shows that increasing the tool�s rotational speed and the weight
percentage of titanium hydride results in larger pore sizes and greater porosity. Specifically, for the same
TiH2 composition and rpm levels, the 12-hole filling strategy enhances porosity by 42.62 and 10.12%
compared to the 8-hole and 10-hole methods. The optimal process parameters for developing aluminum
foam are identified as using consumable rods with 12 holes containing 60% TiH2 and a rotational speed of
1400 rpm.

Keywords aluminum precursor, foam, frictions stir tube
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1. Introduction

Advanced steels (Ref 1), light metals such as magnesium
and aluminum and their alloys (Ref 2) and cellular structures
such as metal foams (Ref 3, 4) and polymer materials are
integral to creating lightweight designs. Yet, individual mate-
rials alone cannot address challenges related to lightweight
materials such as strength, wear resistance, and corrosion. Thus,
the use of combination of materials has significantly increased.
However, integrating components made from different materi-
als presents a significant challenge and is a key factor in multi-
material design. Mechanical and adhesive bonding are the most
popular and cost-effective connection methods for development
of multi-material system (Ref 5, 6). Another method of
sandwiching aluminum foam within aluminum tubes are
effectively used to create robust, lightweight components used
in automobiles to improve their safety and fuel efficiency (Ref
7). Typically, sandwich tubes filled with aluminum foam are
produced by inserting aluminum foam into aluminum tubes
(Ref 8-10). Research conducted by Toksoy et al. demonstrates
that when foam is bonded to the tubes using adhesives, the
sandwich tubes exhibit superior energy absorption capacity
(Ref 11). However, these adhesives pose significant environ-
mental challenges by reducing the recyclability of the material.

To overcome this issue, the researchers applied friction stir
extrusion (FSE) to as-cast LM13 aluminum alloy, to produce
tubes with better microstructural modification and stronger
metal bonding between the aluminum tube and foam as
reported by Mahyar Talebi et al. (Ref 12). Similarly, Bonaccorsi
and co-workers demonstrated in situ development of an
aluminum foam-filled steel tube with metal bonding between
foam and tube (Ref 13). In this process, aluminum foam is
produced using precursor development technique, where a
blowing agent powder is evenly distributed in the matrix and
placed in the tube which is further heated to induce foam.
However, it has been observed that to achieve strong metallic
bonding between the foam and the tube, it is essential to either
promote the breakdown of the surface oxide or ensure a non-
oxidizing environment during the foaming process (Ref 14-16).
To overcome this issue, Hangai et al. innovatively coated the
inner wall of a metal tube with a foamable precursor using the
friction stir-back extrusion (FSBE) technique. Subsequently,
they heat-treated the coated tube to produce an aluminum foam-
filled metal tube (Ref 17, 18). In this process, the precursor,
which is prepared beforehand, is bonded to the metallic tube by
FSBE before the heat treatment phase to ensure proper foaming
(Ref 19). However, this technique results in an extended lead
time due to the sequential placement of the precursor and
further processing. So, developing an alternative method to
create precursors directly within the tube is crucial and thus, in
this study, an innovative approach to fabricate foamable
precursor-filled steel tubes is introduced. This technique
involves fabrication of precursor by depositing an aluminum
rod containing a foamable mixture into the steel tube using the
friction stir tube deposition (FSTD) technique. This technique
significantly reduces lead time and material wastage during
sample extraction. Subsequent heat treatment of the fabricated
precursor facilitates foam development. This method not only
shortens lead time but also ensures proper particle distribution
within the precursor. As this represents a novel approach to
foam development, the effect of various process parameters has
been investigated rigorously by using Taguchi L18 approach.
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2. Experimentation

2.1 Materials

In this research, a foamable precursor is developed and
further heat-treated for development of aluminum foam. For
development of precursor, a mild steel hollow tube with an
inner and outer diameter of 26 and 30 mm, respectively, was
selected. An aluminum rod of AA6063 alloy with 25 mm
diameter and 100 mm in length was selected for deposition. In
this rod, the foamable mixtures were filled in the holes that
were drilled on the face of rod with a twist drill. A schematic
diagram of the consumable rod with drilled holes is shown in
Fig. 1(a). The original pictures of the consumable rods after the
preparation of holes are shown in Fig. 1(b), (c), and (d). For
making a foamable mixture, blowing and stabilizing agents
were mixed together in different proportions. The titanium
hydrate (TiH2) was selected as a blowing agent with a mesh
size of 325 with 98% purity. The AA6061 powder was selected
as a stabilizing agent that has almost same composition as the
consumable rod. The purpose of using AA6061 powder is to
make a homogeneous mixture of aluminum and titanium
hydride during deposition. The titanium hydride and aluminum
powders were appropriately mixed in 50-50 (%) and 60-40 (%)
weight proportions to form a foamable mixture, as depicted in
Table 1. Three different numbers of holes, i.e., 8, 10 and 12,
were selected and drilled on the periphery of the consumable
rod. The diameter of these holes is selected in such a way that
the total area covered by holes is almost constant and thus the
amount of foamable mixture is equal for each consumable rod.
The positions of holes were selected in such a way that it covers
maximum possible surface area during deposition. The other
input variables and their range utilized in this experiment are
presented in Table 2. These parameters and their range were
selected based on prior trial experiment and available machine
parameters. The range of parameters that provides defect free
precursor in visual inspection was selected. The foamable
mixture filling was accomplished in stages to ensure tight filling
of the mixture throughout length of the holes without any gap.
The ends of the holes are then sealed with an aluminum foil to
stop the loose particle of mixture to come out from holes during
first engagement of deposition rod to the stud.

2.2 Precursor Development

The precursors were then developed by depositing rotating
aluminum rod filled with foamable mixture in the steel tube by
friction stir tube deposition process. Figure 2(a) shows the
schematics of FSTD process for development of precursor and
Fig. 2(b) shows the original foamable mixture filled tube. To
insure homogeneous pressing of the foamable mixture during
deposition, a 0� tilt of the machine�s vertical axis was used. To
explore the impact of multiple variables (process parameters)
on the quality of developed foam, a thorough experimental
design of Taguchi L18 orthogonal array is being used for design
of experiments. Table 3 displays the set of parameters that have
been used in precursor development.

For a clear observation of material deposition in the tube,
careful machining has been done of filled tube to revel the
deposited material as shown in Fig. 3(a). This figure clearly
shows that deposited material is properly filled in the tube up to
its depth. But, it is also observe that, at some locations, defect is
also there. These defects were formed due to insufficient

stirring or less plasticity of the depositing material (Ref 20, 21).
For a more clear view of material condition during deposition,
the cross section at interface of tube and deposited mixture is
observed in the optical microscopy. Figure 3(b) shows the
interface of mild steel tube and deposited aluminum. It is
clearly observed from this image that the aluminum and mild
steel are attached together. This is common phenominon in case
of processing of aluminum with a steel tool in FSP. This is
because during deposition pressure is sufficiently high on the
plasticize material to forged it in the steel tube despite of large
difference in melting point along with lower solubility of both
the materials. For more clear examination and assess the
consistency of foamable mixture during deposition, at least
three specimens are taken from each tube to carry out
mechanical examination for experimental design. The speci-
mens are extracted from the top, middle, and bottom sections of
the deposited tube as shown in Fig. 4.

2.3 Heat Treatment

The developed precursor is heat-treated above the decom-
position temperature of titanium hydride in an electric furnace
to produce foam, as shown in Fig. 5(a). During this process, the
samples are kept in a furnace at 670 �C for 10 min. As a result,
titanium hydride decomposes and releases hydrogen gas. This
gas causes the aluminum material to stretch. Since the
aluminum matrix becomes soft and semi-solid during heat
treatment, it expands. The stretched aluminum matrix traps the
hydrogen gas, forming bubbles and leading to the expansion of
the sample. The resulting bubbly sample, shown in Fig. 5(c), is
referred as foam. The sample is then immediately removed
from the furnace and cooled in fresh water at room temperature.
Figure 5(d) displays a cross-sectional view of the bubbled
structure.

2.4 Sample Extraction

The samples were prepared for testing by cutting them with
a precision cutter and smoothing them with emery paper. For
metallurgical observations, the samples are first polished with
abrasive sheets of various grit sizes and then etched with a
modified Keller�s reagent. This reagent consists of 5 mL of
nitric acid, 3 mL of hydrochloric acid, 2 mL of hydrofluoric
acid, and 190 mL of distilled water. After etching, the
macrostructure and microstructure of the deposited precursor
were observed using optical microscopy. The macrostructural
examination of the deposited material reveals the distribution of
the foamable mixture. A K-type thermocouple, capable of
measuring temperatures up to 800 �C, and an Extech (SDL200)
data acquisition system are employed to monitor the temper-
ature during the precursor�s deposition. The distribution and
size of pores in the developed foam are calculated using
‘‘Image J’’ software.

3. Results and Discussion

3.1 Macrostructure

The macrostructure of the deposited precursors was exam-
ined to assess the overall behavior of material flow in the
deposited region. Most macrographs exhibited an onion-ring
pattern of material flow, clearly visible in the deposited zone
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(DZ) through optical microscopy, as shown in Fig. 6(a), (b), (c),
(d), (e), (f), (g), (h), and (i). The results indicate that significant
stirring occurred during deposition, causing the material to
undergo dynamic recrystallization. This stirring ensured the
proper distribution of the foaming mixture within the deposited
material. However, in some areas of the deposited samples,
clusters of mixtures were observed. These clusters were
particularly prevalent in cases with fewer holes and lower
speeds, likely due to insufficient stirring during precursor
development.

Figure 6(a), (b), and (c) illustrates the macrostructure of the
deposition zone with an 8-hole profile rod at various speeds.
The clustering of foaming agent particles is clearly visible at all
rotational speeds, with fewer particles in certain locations. This
occurs because the 8-hole profile covers a smaller area for
mixture distribution, resulting in a limited quantity of mixture
particles in localized regions. However, as the speed of the
rotating rod increases from 900 to 1400 rpm, the clustering of
the mixture decreases, as shown in Fig. 6(b) and (c).
Additionally, increasing the number of holes from 8 to 10 in
the consumable rod significantly enhances the dispersion of the
mixture, covering a larger distribution area during deposition,
as illustrated in Fig. 6(d), (e), and (f).

The 10-hole rod demonstrates superior performance com-
pared to the 8-hole rod at all rotational speeds. However,
clustering of foaming particles is observed at a lower speed
(800 rpm), as depicted in Fig. 6(d). This observation suggests

that at lower speeds, the matrix material solidifies rapidly,
causing the distribution of foaming particles to become fixed in
specific positions, resulting in particle clustering. On the other
hand, the 12-hole rod achieves a more homogeneous mixture
compared to lower-hole profile rods, as illustrated in Fig. 6(g),
(h), and (i). A more uniform distribution ensures the formation
of more spherical pores. Due to this homogeneous mixing of
foaming agents, the 10-hole and 12-hole rod profiles are
expected to deliver more consistent results, as evidenced by the
microstructure of the deposited samples. At high temperatures,
the material undergoes significant plastic deformation, leading
to the creation of refined, near-equivalent-shaped recrystallized
grains.

3.2 Microstructure

The microstructure of the deposited material was thoroughly
examined at various locations from top to bottom. Figure 7(a)
presents a cross-sectional view of the deposited tube sample,

Fig. 1 (a) Schematic diagram of the consumable rod, (b-d) Original images of the rod after drill

Table 1 Powder composition

Sr. No. Composition, wt.% Notation

1 TiH2 (50%) + Al 6061(50%) A
2 TiH2 (60%) + Al 6061(40%) B
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highlighting the areas where microstructural examinations were
performed. The microstructure at the top zone of the deposited
material, depicted in Fig. 7(b), reveals low segregation of the
foaming mixture along with minimal material flow patterns. In
this zone, a recrystallized grain structure is evident, showing a
mix of grains varying in size.

Figure 7(c) illustrates the material flow pattern in the middle
region of the deposited sample. A thermocouple, discussed in
the next section, is attached at this location to measure the
temperature, which ranges from 450-510 �C during deposition.
This temperature is sufficient to promote post-deposition grain
growth, resulting in larger grains compared to those reported in
the friction stir-deposited zone in the published literature (Ref
22). As Fig. 7(d) shows, clustering of the foamable mixture is
observed at the bottom of the sample, which may be due to
insufficient plastic deformation of the material at the initial
point of contact.

The distribution of the mixture is also affected by the rpm of
the rotating rod. As rpm increases, a uniform distribution of
foamable mixture increases, which may happen because the
severity of deformation increases with increasing rpm during
deposition. This phenomenon is observed in Fig. 8(a), which
shows the clustering of the mixture at some locations in
deposited samples at a lower rotation speed of 900 rpm. As the
rotation speed increases from 900 to 1120 rpm, the clustering
of foamable particles decreases, as shown in Fig. 8(b). The
clustering of these particles further decreases with an increase
in rpm from 1120 to 1400 rpm (Fig. 8c).

The SEM analysis of deposited material was also been
conducted to see the distribution of particles and changes in
microstructure in the deposited material. Figure 9 shows the
SEM images of the deposited material. Figure 9(a) shows the

clustering of foaming mixtures in the deposited material. This
clustering is observed in a random pattern in the deposited
material, possibly due to the deformation of material and plastic
flow during deposition. The fine grain structure is also observed
in the deposited zone (Fig. 9b), which shows recrystallization
due to the plastic deformation of the material during deposition.

3.3 Temperature Profile

The rise in temperature during the deposition process was
also recorded during the experiments. This rise in temperature
in the deposition zone (DZ) results from friction and plastic
deformation. This temperature causes the plastically deformed
deposition rod to attach to the stud at the tube�s end. Then layer
by layer, deformation and bonding occur until the whole rod is
deposited into the tube. A K-type thermocouple is employed to
monitor the temperature of the deposition zone, as shown in
Fig. 10. Figure 11(a), (b), (c), (d), (e), (f), (g), (h), and (i)
illustrates the recorded temperature at the midpoint of the tube

Table 2 Factors and their levels

S. No. Factors Levels L1 L2 L3

1 Composition, wt.% 2 A B
2 Number of holes 3 8 10 12
3 Rotational speed, rpm 3 900 1120 1400

Fig. 2 Consumable rod deposition (a) Sectional view and (b) Original deposited material tube

Table 3 Experimental design

Sr. No. Composition Number of holes Rotational speed, rpm

1 A 8 900
2 A 8 1120
3 A 8 1400
4 A 10 900
5 A 10 1120
6 A 10 1400
7 A 12 900
8 A 12 1120
9 A 12 1400
10 B 8 900
11 B 8 1120
12 B 8 1400
13 B 10 900
14 B 10 1120
15 B 10 1400
16 B 12 900
17 B 12 1120
18 B 12 1400
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for various rpm and hole numbers. A heating curve is shown by
the graph�s upward slope, and a cooling curve is indicated by
the graph�s downward slope. The frictional heat produced
between the rod and substrate is used to compute the
temperature history of the deposition process. Even though
all rod profiles cover the same area for deposition during
stirring, the material�s plastic deformation varied because of the
number of holes and stirring speed. The temperature generated
is 444.6 �C at 800 rpm, while it is 513 �C and 469.2 �C at
1400 and 1120 rpm, respectively, during the friction stir tube
deposition process, as illustrated in Fig. 11(a), (b), and (c).
Similarly, the 10- and 12-hole profiles also achieved temper-
atures in the 450 to 513 �C range at different rotating speeds,
just like the 8-hole rod. The temperature ranges between these
friction stir tube deposition samples are very similar but the
highest temperature is recorded at 1400 rpm which is 513 �C as
shown in Fig. 11(i). This means that at higher speeds, the
severity of plastic deformation increases during deposition (Ref
23, 24). This phenomenon is observed in all samples irrespec-
tive of number of holes. Thus, it is clear that the increasing
number of holes in the rod does not influence heat generation
during the friction stir tube deposition process, and only speed
is the influencing parameter for temperature.

3.4 Developed Foam

The precursor developed by this technique is further heat-
treated in a furnace for the development of foam. Figure 12(a),
(b), (c), (d), (e), (f), (g), (h), and (i) displays foam samples
produced with various drilled holes and rotating speeds (rpm).
The scan images indicate the location of the pores on the foam
sample�s surface. A developed foam sample that has been
deposited by an 8-hole rod at various speeds is shown in
Fig. 12(a), (b), and (c). A bigger hole in the developed foam is
observed in Fig. 12(a) and highlighted by a red circle,
indicating the foaming mixture clustered at a particular location
on a lower speed level. This occurs because, during stirring, the
foamable mixture is deposited in large quantities at particular
locations and is not spared adequately in the deposition zone.
The clustering decreases as the rotating speed rises, as
illustrated in Fig. 12(b) and (c). This may be due to more
stirring and increased frictional heat, maintaining the proper

distribution of material and adequate temperature in the
deposited zone promotes smooth stirring of material (Ref 23).
As demonstrated in Fig. 12(d), (e), and (f), better results in
material distribution are obtained by increasing the number of
holes in the rod from 8 to 10. However, clustering of the
mixture was also observed in scan images taken at a lower rpm,
similar to the 8-hole rod configuration as shown in Fig. 12(d).
The 10-hole rod produces a homogeneous mixture at greater
speeds (1120 and 1400 rpm) in comparison to lower speeds. It
has a more uniform distribution of foaming material and less
particle clustering compared to 8-hole rod since it covers a
broader area for distribution (Ref 23). The pores are also evenly
distributed throughout the foam samples and cover a large
surface area. Similar to this, the results at the 12-hole rod are
better since less particle clustering is seen at lower speeds, as
seen in Fig. 12(g). The reason for this is that a rod with 12 holes
has a larger distribution area than one with 8 or 10 holes.
Similarly, at greater speed levels, a finer and uniform distribu-
tion of the mixture is obtained, as seen in Fig. 12(h) and (i).
Defects in the developed foam started to appear when more
than 12 holes were drilled in the consumable rod because the

Fig. 3 (a) Deposited materials with defects (b) interface of deposited material and mild steel tube

Fig. 4 Extraction of the samples
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Fig. 5 (a) Schematic diagram of sample heating in furnace, (b) expanded foam sample and (c) expanded foam sectional view

Fig. 6 Material flow pattern for 8-hole profile rods at (a) @ 900 rpm (b) @ 1120 rpm and (c) @ 1400 rpm, 10-hole profile rod at (d) @ 900
rpm, (e) @ 1120 rpm and (f) 1400 rpm and 12-hole profile rod at (g) @ 900, (h) @ 1120 rpm and (i) @ 1400 rpm during friction stir tube
deposition process
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rod had a greater amount of the foamable mixture than the
matrix. This causes small pores to merge to form large pores,
reducing the foam quality.

3.5 Pore Development

Pore development is examined by the composition of the
powder and the number of holes. The average pore size falls as
the number of holes on the rod�s perimeter increases. The pore
size is 3.93 mm at a 60% composition of the blowing agent and
2.85 mm at a 50% composition. The cross section of foam
developed with an 8-hole profile with varying blowing agent
content is shown in Fig. 13(a). The findings show considerably
more particle clustering and very little blowing dispersion in
the 8-hole profile rod. This is because the foaming particles in
an 8-hole profile cover less surface area during deposition,
which leads to incorrect blowing agent distribution and the
production of large holes after heating. Due to the reduced
amount of foaming agent in the mixture at 50% composition,
pore size decreases. As the number of holes in the rod increases
from 8 to 10, as shown in Fig. 13(b), there are some
improvements in pore size observed in the developed foam.

This is due to the uniform mixing of powders at more holes in
the rod, which covers more area for the distribution of blowing
agent and less clustering of the particles as compared to the 8-
hole profile. The average pore size at the 10-hole profile is
found to be 1.86 mm at 60% and 1.56 mm at 50% composition
of TiH2. A similar type of result is also seen in the 12-hole
profile rod, as shown in Fig. 13(c). By increasing the number of
holes from 10 to 12, a more uniform mixing of the blowing
agent is obtained which reduces the size of pores. In
comparison to 8 and 10-hole profiles, the pore size in the 12-
hole profile is 1.57 mm at 60% and 1.49 mm at 50% of
titanium hydride composition.

The pore distribution was measured based on the compo-
sition, number of holes, and rotation speed (rpm). The pore size
results presented here are the average values of three samples
taken from different locations of the foamed sample. It was
found that pore size increases with the weight percentage of
titanium hydride. The results also reveal that the 12-hole
consumable rod, across all compositions, produces a smaller
pore size compared to other hole configurations. Increasing the
tool�s rotational speed, results in smaller pore diameters for
both compositions, as clearly illustrated in Fig. 14(a). The

Fig. 7 (a) Deposited precursor sectioned view and Microstructure at (b) top, (c) middle and (d) bottom zone position
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interaction graph in Fig. 14(b) shows that, pore size decreases
continuously as the number of holes increases, regardless of
varying composition and rotating speed. This is because a
greater number of holes allow the foamable mixture to be

deposited over a larger area during deposition, leading to a
more uniform distribution of titanium hydride particles. A
similar pattern is observed with rotational speed (rpm) con-
cerning composition and the number of holes, as evident in

Fig. 8 Microstructure at (a) 800 rpm, (b) 1120 rpm and (c) 1400 rpm

Fig. 9 SEM images (a) clustering of foaming mixture (b) recrystallized grains in deposited material

Fig. 10 Thermocouple machine setup and sectional view
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Fig. 14(c). This is due to the material being continually
deformed at higher speeds, which enables the foaming powder
to mix more thoroughly and evenly into the matrix.

The variation in porosity is illustrated in Fig. 15(a), (b), and
(c), which consider composition, number of holes, and rotation
speed as variable factors. The number of holes and the rotating
speed (rpm), both connected to composition, impact the foam�s
porosity, as shown in Fig. 15(a). The results indicate that the
developed foam becomes more porous as the rotational speed
and the number of holes increase. Additionally, composition
‘‘B’’ exhibits a higher porosity percentage than composition
‘‘A.’’ The 12-hole consumable rod provides greater porosity
than the 8- and 10-hole configurations in all scenarios, as
depicted in Fig. 15(b). Figure 15(c) shows similar outcomes,
where increasing rotational speed leads to increased porosity
due to enhanced stirring in the deposited zone, resulting in a
homogeneous distribution of foaming agents throughout the
structure.

The results reveal that higher TiH2 composition and rpm
result in improved porosity. At 1400 rpm, the 12-hole filling
technique achieves a maximum porosity of 87%, while the 8-
and 10-hole filling techniques reach porosity levels of 79 and

61%, respectively. This demonstrates that foam with a higher
porosity percentage, specifically using the 12-hole technique,
contains a greater percentage of pores due to the uniform
distribution of foaming agents throughout the structure.

3.6 Compression Test

Compression tests were conducted to evaluate the compres-
sive behavior and energy absorption capacity of foams. Several
variables, including pore size, porosity, alloy composition, and
the composition of the foaming agent within the foam structure,
significantly impact the compression behavior of aluminum
foams (Ref 25). To analyze the effects of these different
parameters on foam developed by the friction stir tube
deposition technique, samples produced under various condi-
tions were selected for the compression test. To determine the
force absorption capacity in different directions, samples with
approximately 50% porosity were tested in two separate
orientations at a constant strain rate of 1 mm/sec. Figure 16
illustrates the deformation pattern of the sample during the
compression test in a flat position (in the XY plane, as depicted
in Fig. 3). The stress-strain curves of the samples, along with

Fig. 11 Temperature generation during friction stir tube deposition process for 8-hole profile rod at (a) @ 900 rpm, (b) @ 1120 rpm and (c) @
1400 rpm, 10-hole profile rod at (d) @ 900 rpm, (e) @ 1120 rpm and (f) @ 1400 rpm and 12-hole profile rods at (g) @ 900 rpm (h) 1120 rpm
and (i) 1400 rpm
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their deformation at various stages from 0 to 80%, are shown in
Fig. 16(a), (b), (c), (d), and (e) under the flat position. The
compression test images display three phases of deformation
(Ref 26). Initially, due to the preliminary stress that the
structure must withstand, deformation begins slowly. In this
first stage, stress increases with strain due to the initial strength
of the foam.

Afterward, the foam begins to deform more significantly
with only a minor increase in stress. This happens because the
stress exceeds the capacity of the foam cell walls, causing them
to deform. This stage is known as the second stage or constant
deformation zone, where strain increases with little correspond-
ing increase in stress. Figure 16(b) and (c) illustrates this

second phase of the compression tests. As shown in the stress–
strain graph in Fig. 16(e), the second region displays a steady
deformation range, referred to as the plateau zone. This plateau
stress is crucial for characterizing the foam�s energy absorption
behavior and is an essential factor in the foam�s compression
performance. After 65 to 70 percent deformation, the third
phase of densification begins, marked by a rise in stress with
increasing strain. Figure 17(a), (b), and (c) depicts the
compression behavior of samples created with 8, 10, and 12
holes, respectively. The findings indicate that as the number of
holes in the consumable rod increases, the porosity raises,
causing the sample�s plateau range to extend.

Fig. 12 Developed foam samples at various rotating speed for 8-hole profile rod at (a) @ 900 rpm, (b) @ 1120 rpm and (c) @ 1400 rpm, 10-
hole profile rod at (d) @ 900 rpm (e) @ 1120 rpm and (f) @ 1400 rpm and 12-hole profile rod at (g) @ 900 rpm, (h) @ 1120 rpm and (i) @
1400 rpm
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Similarly, the deformation behavior and stress-strain graphs
from the compression test for the standing position (in the XZ
plane, as shown in Fig. 3) of the developed foam are illustrated
in Fig. 18(a), (b), (c), (d), and (e). Figure 18(a) depicts the
initial position of the sample, while Fig. 18(b), (c), and (d)
show the deformation from 30 to 80% of the sample. These
figures clearly demonstrate that deformation begins at the
sample�s contact point and extends to the machine�s head,
highlighted in the red circle in Fig. 18(b). In this position, the
stress-strain graph indicates less force absorption capacity and a
longer strain zone compared to samples in a flat position (XY

plane). To gain a clearer understanding of the compression test
parameters, the effect of porosity on deformation behavior was
also examined in this direction. The compression behavior of
samples with 8, 10, and 12 holes is shown in Fig. 19(a), (b),
and (c). These data reveal that as the number of holes in a
consumable rod increases, porosity increases, thereby enhanc-
ing the sample�s deformation range. The plateau zones, which
can be used to calculate the foam�s deformation range, are
crucial for determining the developed foam�s force-absorbing
capacity (Ref 24).

Fig. 13 Titanium hydride composition effect on pore size (a) 8-hole, (b) 10-hole, (c) 12-hole profile rods at 50 and 60% Composition

Fig. 14 Pore size interaction plot between (a) composition, (b) holes and (c) rpm
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The foam developed with 12 holes demonstrates a signif-
icant plateau zone, characterized by constant material defor-
mation. Compared to foams with 8 or 10 holes, the plateau zone
is more extensive in those with 12 holes. This difference arises
from the distribution, size, and thickness of the walls between

the pores, which influence the plateau zone�s nature. Initially,
the plateau stress increases to a peak and then declines as the
number of pores increases, due to the need for an optimal wall
thickness for greater deformation. This study also reveals that
as wall thickness increases and the number of pores decreases,

Fig. 15 Porosity % interaction plot between (a) composition, (b) holes and (c) rpm

Fig. 16 Deformation of the foam in % during compression in flat position; (a) 0%, (b) 10%, (c) 50%, (d) 80% and (e) stress-strain graph
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as seen in foams with 8 holes, deformation correlates with
increased stress and strain. The plateau zone remains uniform in
foams with 10 and 12 holes, owing to correct pore distribution

and reduced wall thickness. Nonetheless, slight variations in the
length of plateau stress and the initial deformation stage occur
due to differences in pore structures among the samples.

Fig. 17 The stress-strain diagram of developed sample in flat position with (a) 8 (b) 10 and (c) 12 holes with 1400 rpm and 60% titanium
hydrate composition

Fig. 18 Deformation of the foam in % during compression in standing position; (a) 0%, (b) 30%, (c) 50%, (d) 80% and (e) stress-strain graph

Fig. 19 The stress–strain diagram of developed sample in standing position with (a) 8, (b) 10 and (c) 12 holes with 1400 rpm and 60%
titanium hydrate composition
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The deformation pattern in two different orientations is
different, which shows an anisotropic behavior of developed
foam. This anisotropic behavior depends on the failure
mechanism of the walls of the porous structure. Figure 20
shows the schematic failure mechanisms in the different
orientations of developed porous samples. Figure 20(a) shows
the failure mechanism in flat conditions (XY plane). In this
mechanism, the deformation takes place from a large surface,
and thus, the sample initially shows a sharp increase in stress in
the first stage of deformation, while this increased stress is
reduced in the second stage, where the walls of the foam
material start deforming. However, this phenomenon is not seen
in the sample in a standing position. Figure 20(b) shows the
deformation mechanism in the sample in a standing position
(XZ plane). The deformation in this position starts at the contact
point of the moving crosshead and sample. Here, the contact is
line contact, whereas, in the flat sample, the contact is area
contact. Thus, due to line contact, very little force is required to
deform the sample, and thus, a large strain with a very small
increase in stress is observed in this position. This phenomenon
is shown in Fig. 20(b) in red circle. This deformation continues
until the deformation reaches a sufficient contact area between
the crosshead and sample, and after that, stress increases
sharply with strain.

4. Conclusions

Efficient foam is made using the friction stir tube deposition
method. Initially, the deposition method is used to put the
foamable precursor in the tube. Later, the precursor is heated to

create the foam. The foam produced is then studied for its
mechanical properties and metallurgical characteristics. The
results obtained lead to the following conclusions.

• The clustering of particles was observed in the deposited
material with fewer holes and at lower rpm.

• The uniform distribution of foaming powder is obtained
with 10- and 12-hole profile rods, as observed by
microstructural analysis of material flow. The grain refine-
ment is also observed with a higher value of the rotational
speed of the consumable rod.

• A 60% decrease in pore size is obtained when the holes
in the consumable rod increase from 8 to 12.

• The 8-hole configuration rod does not show a proper pla-
teau zone in any orientation.

• A 55% increase in the plateau zone in the flat position is
observed with an increase in holes from 10 to 12, whereas
in the vertical position, this increase is only 28%.
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