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Abstract

Metal foams are a unique material that is gaining attraction in various industries due to
their multifunctional features. This work focuses on understanding the tribological behavior of
aluminum-based close-cell metal foams where Zn is added as reinforcement in different weight
percentages (0, 0.5, and 1 wt.%). Dry sliding wear tests are performed at varying loads (5,
10, 15, and 20 N) and sliding distances (1000, 2000, 3000, and 4000 m). During the tests,
two limiting conditions are considered: the sliding speed of the rotating disc and its track
diameter, which are set at 2.5 ms~! and 10 cm, respectively. The result reveals that specific
wear rate (SWR) is a function of porosity, which increases with an increase in porosity. It was
discovered that wear occurs when asperities of varying hardness come into contact at lower
stress levels. However, at greater load values, the mechanism shifts from abrasion to plastic

flow and delamination.
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1. Introduction

Cellular materials already exist in nature, impart-
ing different structural and functional applications;
some materials developed are wood, bones, etc. The
development of synthetic cellular foams starts with
producing polymeric foams, which are very popular
worldwide. With increasing interest, metals and alloys
are also converted into foams to find suitability in var-
ious structural and functional applications [1-4]. Met-
als and alloys with controlled porosity are used in vari-
ous fields depending upon their porosity. Metal foams
with closed-cell structures are helpful for structural
applications, while open-cell metal foams are valuable
for functional applications. Lightweight materials with
good strength are beneficial in the automotive, naval,
and aerospace industries. Using other properties, they
also want to make heat exchangers, silencers, fire stop-
pers, filters, bulletproof jackets, heat radiators, struc-
tured templates and supports, electrode muffling de-
vices, etc. [5-8].

Ayoub Mirzaei et al. [9] used CaCOj3 as a blow-
ing agent and calcium granules as a thickening agent
to produce Al metal foam. The best values for Ca
and CaCOj are 1.5 and 1 wt.%, respectively. Tong Shi
et al. [10] produced 6063 aluminum alloy and pure
aluminum foam through the melt route method. The
materials were tested for microstructural and com-
pression behavior. They concluded that 6063 Al al-
loy foam possesses higher compression strength than
pure Al metal foam. M. Heldari Ghaleh [11] developed
A356 close-cell Al foam without a stabilizing agent.
The results reveal that it is possible to produce alu-
minum metal foam without a stabilizing agent with co-
equal physical and mechanical properties. D. Yang et
al. [12] prepared ex-situ aluminum cellular structure-
filled tubes. The samples were tested for quasi-static
compression and energy absorption behavior, and it
was reported that the filling ratio and positioning of
the cellular structure inside the tube play a crucial role
in tailoring the foam’s compression and energy absorp-
tion behavior. G. Timac et al. [13] prepared Ni-718
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super alloy foam through the space holder technique.
In this technique, carbamide space holders were used
to produce foam. The investigation was based on de-
termining the effect of space holder particles on the
density and porosity of the samples. The results show
that porosity increases with the percentage of a space
holder. E. Linul et al. [14] investigated the mechani-
cal behavior of metal foams at a higher temperature.
The study shows that as temperature goes up, com-
pressive stress and energy absorption go down, but
the plateau region gets longer. J. Kovacik et al. [15]
prepared close-cell Zn foam through the powder met-
allurgy method with porosity ranging from 78 to 91 %.
The deformation behavior of Zn foam was similar to
that of Al foam, but there was a significant decrement
in the compression strength of Zn foam at a similar
density. Aluminum metal foam has gained enormous
interest among researchers trying to improve the me-
chanical properties of foams by different means. One
way to improve the mechanical properties is by adding
reinforcing particles inside the melt during manufac-
turing. Xia et al. [16] added Mn particles to the melt
to improve mechanical and physical properties. Ankur
Bisht et al. [17] added Zn and Mg particles in varying
percentages to obtain better physical and mechanical
properties. Plenty of work has been reported on en-
hancing mechanical properties, so it is good to observe
another dimension of metal foams. Amit Vishwakarma
[18] added cenosphere to LM13 aluminum alloy and in-
vestigated it for dry sliding wear behavior. It was ob-
served that the size of the cenosphere affects the wear
behavior of the material. As cenosphere size decreases,
wear resistance increases. The study shows that the
abrasive mechanism is a dominating factor. V. Man-
akeri et al. [19] checked the wear behavior of magne-
sium/glass micro-balloon incorporated syntactic foam
in dry sliding conditions. It was found that abrasion
and oxidation were the prominent mechanisms behind
wear. S. Kumar and O. P. Pandey [20] prepared close-
cell metal foam of LM-13 alloy through the melt route
method. The samples were tested on pin-on-disc ap-
paratus at room temperature. In the study, the load
varied from 9.8 to 29.4 N under dry sliding wear con-
ditions. The study concludes that the wear rate de-
pends upon the cell size and cell wall thickness of the
foam. H. Sharifi et al. [21] prepared an open-cell metal
foam with Al-Mg/Al,O3 and Al-Mg/Al;03-SiC. Us-
ing a pin-on-disc machine, wear tests were done. The
results showed that material wear depends on their
PPI (pores per inch), cell size, density, and the load
put on them.

Furthermore, different authors investigated and as-
sessed the friction and wear properties of pure alu-
minum and its alloys. The friction and wear behavior
of pure Al and Al 6061 with surface porosity was in-
vestigated by A. Sinha et al. [22]. The samples were
tested under low load conditions (1.5, 2, 2.5, 3, 4, and

5 N) at 600 rpm. For pure Al and Al 6061, the wear
rate increases with increasing porosity as the load in-
creases, and a similar pattern was found with increas-
ing sliding distance. With the inclusion of graphite
and SiC particles, Parmeshwar P. Ritapure et al. [23]
developed an Al-25Zn alloy-based hybrid composite.
An essential facet for wear was applied load, followed
by sliding speed.

In recent decades, numerous works have been re-
ported on the wear study of composite material, pure
metals, alloys, open-cell metal foam, etc. Since close
cell, metal foam engenders the place as a structural
material due to its fascinating property. It has become
necessary to understand the wear behavior of Al-based
close metal foam to find practicality in lightweight
structures where sliding wear plays a significant role.
This research aims to understand better the dry slid-
ing wear behavior of aluminum metal foam reinforced
with Zn at weight percentages of 0, 0.5, and 1 %.

2. Experimental procedure
2.1. Material and method

In this study, pure aluminum ingots were taken as
parent metal, Ca granules (2 wt.%) were taken as a
thickening agent, and CaCO3 (1wt.%) as a blowing
agent to prepare metal foam through the melt route
method. Pure zinc has been taken as reinforcement
in this study. The materials for the experiments were
purchased from Gayatri Industries, Roorkee, Uttarak-
hand, India. Samples were prepared in a pit furnace
equipped with stirring arrangements.

Figure 1 represents the fabrication procedure of
metal foam. In the process, initially, aluminum metal
was melted in a graphite crucible at about 660°C. Af-
terward, the thickening agent was added to the melt
and mixed homogeneously with the help of a stirrer
at about 300 rpm. The next step was the addition of
Zn particles, followed by adding CaCQOj3 as a blowing
agent. During this step, the temperature was main-
tained at 680 £ 10°C, and the melt was stirred at 500
rpm.

The mixture was stirred thoroughly for about
5min and then left for foaming. Later, the crucible
was removed and placed in an open atmosphere to
cool in still air. The detailed composition and desig-
nation are given in Table 1.

3. Characterization

3.1. Physical characterization

The samples were covered with a light polymer film
to prevent them from water penetration. Archimedes’
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Fig. 1. Schematic diagram representing fabrication of foam.

Table 1. Detailed composition and designation of pre-
pared samples

Designation  Density  Porosity Average pore size
(gem™) (%) (mm)
Foam-A 0.67 75 2-4
Foam-B 0.7692 71 2-5
Foam-C 0.3946 85 1-3

principle was used for measuring the density of pre-
pared samples. The porosity of foams in percentage
was calculated by the given formula:

Percentage of porosity = m, (1)

Pal

where p represents density in gcm™3. The fabricated
metallic foam samples’ macrostructure evaluation was
carried out using a digital camera of the good pixel.
The photos were taken of specimens to check the pore
size, irregularity of pores, and distribution of pores.
The size of pores was determined theoretically by the
given formula:

D =1/0.616, (2)
where D represents the average diameter of pores
(mm), and L represents the average chord length of
pores (mm).

3.2. Wear characterization

The samples were tested on a pin-on-disc sliding
wear apparatus (Ducom Pin-on-Disc rig) under dry

conditions at room temperature as per ASTM G99.
The samples were cut into 8 x 8 x 35 mm? cuboids for
wear tests. The samples were tested on a 10 cm track
diameter of stainless steel disc, rotating at a constant
sliding speed of 2.5 ms~!. The varying parameters for
the study are load (5, 10, 15, and 20 N) and distance
(1000, 2000, 3000, and 4000 m). All the samples were
weighed before and after testing in the digital weighing
machine with 0.1 mg precision. The specific wear rate
(SWR) for the specimens was calculated by the given
formula:

SWR = M2

BT 3)

where SWR is the specific wear rate in (mm?N~!
m~!), m; and my are initial and final masses (g), p
is the density (gcm™—32), [ is the sliding distance (m),
and fy, is the load applied (N).

The samples were carefully cleaned with distilled
water and then left for drying inside the room. To
understand the mechanism behind wear SEM, images

of samples were obtained through scanning electron
microscopy (SEM, ZEISS EVO-18).

4. Results and discussion
4.1. Morphology of produced foams

Figure 2a illustrates the optical image of Foam-A.
In most of the area, the pores appear almost equal
in size, but there are also some large pores. The av-
erage size of pores varies between 2—4 mm. Figure 3a
represents the SEM image of Foam-A in which some
large pores can be depicted clearly. Figure 2b shows
a cross-section image of Foam-B, which has the high-
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Fig. 3. SEM image of (a) Foam-A and (b) Foam-B.

est irregularity and non-uniformity in pore formation.
The non-uniformity can also be seen in the Foam-B
SEM image, which is represented in Fig. 3b. These are
the consequences of unstable bubble formation. As the
plateau border thickness reduces, the borders cannot
bear the pressure obtained inside the bubbles, which
finally breaks the cell wall, and the bubble enlarges.
To prevent bubble enlargement inside the foam, the
thickening agent plays a significant role in averting

Table 2. Designation and physical characterization of
the foams

Composition (wt.%)

Designation
Al Zn
Foam-A 100 0
Foam-B 99.5 0.5
Foam-C 99 1

the conversion, coalescence, and coarsening process in
bubble formation [8]. The size of the pores ranges from
2 to 5mm. In Fig. 2c, the pores are distributed uni-
formly and are of uniform size. Albeit some of the large
pores are visible, the pores still look regular, thor-
oughly developed, and uniform. Figures 4a—c illustrate
the EDX, SEM image, and composition distribution of
Foam-C. The figures show that zinc is uniformly dis-
tributed throughout the matrix at a concentration of
almost 1 wt.%. The average pore size varies between 1
to 3 mm. Foam-C has a density of about 0.394 gcm =3
and a relative density of about 15 %, indicating that
the foam expands significantly. The summary of the
physical properties of the foams is tabulated in Ta-
ble 2.

4.2. Sliding wear properties

4.2.1. Based on constant sliding distance
(2000 m)

The samples were tested at a sliding distance of
2000 m, with all other variables held constant. The
load varied from 5 to 20 N in this study. The graph in
Fig. ba shows that the specific wear rate (SWR) in-
creases for all samples with an increase in load. This is
because mechanical locking between the samples and
tool increases with an increase in load, which increases
the material removal rate.
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Fig. 4. (a) EDX, (b) SEM image, and (c) composition distribution of Foam-C.
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Fig. 5. (a) SWR vs. load curve for constant sliding distance condition (2000 m) and (b) SWR vs. distance curve for constant
load condition (15 N).

It is worth noting that with the escalation in the ing at morphology and porosity, it is discovered that
percentage of Zn particles in the metallic foam, the porosity is maximum for Foam-C and minimum for
SWR of the samples increases, which is contradic- Foam-B, which helps understand the inconsistent be-

tory behavior as reported in previous studies. Look- havior. Moreover, Foam-C has the highest porosity,
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and porosity adversely affects the wear resistance [24].
4.2.2. Based on constant load (15 N)

Figure 5b shows the relation between varying slid-
ing distances (1000, 2000, 3000, and 4000 m) and SWR
at constant load conditions. For this study, the value
of the load is taken at 15N. The curve shows the
increment in SWR for foam samples before 2000 m
and then shows a small steady region where SWR al-
most becomes constant, and afterward, it falls steeply.
The increasing state can be defined as the transi-
tion stage and the constant state as the steady stage.
A significant weight loss is observed at the start of
sliding, which decreases after the steady-state value.
This term of significant weight loss is known as Run-
in and is found in all machines. At the start, it is
observed that there are some already deformed as-
perities or some material build-up edge on the wear
track that forms wear particles. As original asperi-
ties form and separate, a smooth wear track in the
soft material will be observed in the sliding direction.
During this period, some subsurface voids begin to
form. As the sliding progresses, the subsurface voids
reach up-to-critical length, and shearing on the surface
starts, leading to the beginning of the catastrophic
wear regime [11]. After achieving a steady state, the
SWR of all prepared foams decreases. According to
Sasada et al. [25, 26], oxidation of both surfaces oc-
curs after the particles are transferred from the oppo-
site contacting surfaces, which helps to minimize the
wear rate.

4.3. Effect of porosity on sliding wear

Figure 6a shows the relationship between SWR and
foam porosity under a constant load of 15 N and vary-
ing sliding distances. The trend can be observed that
at 2000 m, all the foams show the highest SWR and
decreases afterward for subsequent distances. SWR vs.
porosity is depicted in Fig. 6b at a constant distance
of 2000 m and under varying load conditions. It can be
observed that SWR increases with load for all the sam-
ples. Gui et al. [27] represented the pores as a source
of cracks initiated by an applied force. High porosity
leads to low strength and a high wear rate. Foam-C
has the highest porosity as well as the highest SWR,
validating prior research.

Foam-A shows the lowest SWR among all the
foams, with higher porosity than Foam-B. The ex-
perimental findings contradict previous research that
indicates SWR increases as porosity increases. Even
though Foam-A and Foam-B have similar porosities,
Foam-B’s sliding wear resistance experiences a rise,
probably due to irregularity and non-uniformity in
pore formation. Deshpande and Lin [28] suggested a
similar pattern that depending on the pore geometry
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Fig. 6. (a) SWR vs. porosity of Al/Zn foam at a varying

distance and constant load of 15 N. (b) SWR vs. porosity of

Al/Zn foam at varying load and constant sliding distance
of 2000 m.

and distribution, wear resistance can vary, giving au-
thentication towards experimental findings. It is con-
cluded from empirical results that the value of SWR
in foams is affected by porosity and cell wall geometric
properties.

4.4. Mechanism of wear

The foam with the highest SWR is being stud-
ied to understand the mechanism behind foam wear.
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Fig. 7. SEM image of (a) Foam-C at 5N, (b) Foam-C at

The study uses Foam-C with varying load conditions
and a constant sliding distance of 2000 m. Figure 7a
depicts an SEM image of Foam-C with an extended
sliding track at 5N and 2000 m. The patches found
are not too deep due to the low applied load of 5 N.
Under normal contact force, the hard asperities pen-
etrate the softer surface as wear initiates. As slid-
ing progresses, a tangential motion removes the softer
material by micro-plowing, micro-cutting, and micro-
cracking [27]. Consequently, the worn surface is rep-
resented as grooves and rough scratches. These are
the combined effects of two-body abrasive wear. Re-
searchers [21, 22] reported a similar wear mechanism
at lower load conditions.

The study of Foam-C at 10 N load and 2000 m in
Fig. 6b shows plastic deformation and the elimina-
tion of grooves: as the load increases, normal contact
force on the surface increases. The surface can be clas-
sified into two parts based on the distance from the
slider: the surface and the subsurface. The surface is
the closest to the slider, while the subsurface is the
farthest. The dislocations at the surface will start pil-

10N, (c) Foam-C at 15 N, and (d) Foam-C at 20 N.

ing up as the sliding progresses, so it will be unable
to perform any cold work, resulting in the growth of
fatigue cracks and, after that, joining, leading towards
significant plastic deformation [21, 29]. As a result, the
formation of dislocations in the material, leading to
plastic deformation, points towards delamination the-
ory. Figure 7b also shows some debris particles, which
can be loose or embedded in the soft matrix, but with
an increase in applied load, they can crush and form
a film between contacting surfaces [30].

More rupture is observed in Fig. 7c at 15N load
and 2000m representing plastic deformation. The
grooves deformed plastically and had become almost
smooth with an increase in load. Due to the increased
load, plastic deformation and intermetallic adhesion
occurred, creating cold weld junctions between the
contacting surfaces. As the sliding continues, tearing
occurs within the surface, resulting in a plate-like mor-
phology, and adhesion wear is depicted in this way.
The part with fewer connections with the slider still
represents flat lines, indicating that abrasion is also
prominent in this area.



56 A. Bisht et al. / Kovove Mater. 61 2023 49-57

Figure 7d shows the SEM image at 20 N load and
2000 m, with deeper grooves, surface rupture, and
plastic deformations. Since the load, in this case, is
20 N, deeper grooves are visible, and material is piled
up mainly from the material’s surface. Rough hills can
also be seen around the contact area, which occur due
to the plastic flow of the material. Plastic deformation
in the surface indicates severe wear due to high shear-
ing forces and metal softening due to temperature rise
[31]. So, the dominating factor, in this case, is plastic
flow and delamination.

5. Conclusions

Through the melt route method, aluminum metal
foams containing Zn (0, 0.5, and 1wt.%) as an al-
loying element were successfully fabricated. The sam-
ples were analyzed for dry sliding wear behavior on
the pin-on-disc equipment. For experimental findings,
load and distance were varied while sliding speed and
track diameter were constrained. The vital research
findings are summarized below:

— SWR increases with an increase in load for all
the samples at constant sliding distance conditions.

— SWR is highest at 2000m for all the cases of
foams at constant load conditions.

— SWR is minimum for Foam-A and maximum for
Foam-C for constant load and distance conditions.

— With the addition of Zn in the melt, SWR in-
creases. SWR depends upon the porosity as well as on
the cell wall geometry. It can be concluded that SWR
strongly depends upon the cell wall properties rather
than the addition of reinforcing elements.

— At lower load conditions, the wear mechanism is
abrasion which occurs due to contact with asperities
of different hardness.

— The mechanism transfers from abrasion to plastic
flow and delamination at higher load conditions.
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