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ABSTRACT

Metal foams are lightweight materials with unique physical and mechanical properties,
including high specific strength, stiffness, and energy absorption capacity. These materials are
becoming increasingly popular because they can be used in a variety of applications, including
crash boxes in the automotive industry, chassis pillars, and structural elements in the aerospace
industry, artificial bone and implants in the biomedical industry, and structural elements in the
ship and construction industries. Metal foams could be made up of aluminium, titanium, nickel,
and several other materials. Ultimately, what kind of material the metal foam should be made
up of depends on the field of application. Nowadays aluminium composite foam materials are
being used more frequently. This is due to its low density. It is also resistant to corrosion and a
low melting point. In this study, the effect of surface porosity ratios of aluminium composite
foam material on adhesive bond strength has been examined. The surface porosity ratios of
aluminium composite foam materials were examined, and the specimens were divided into five
groups based on their surface porosity ratios: those less than 40%, those between 40% and 50%,
those between 50% and 60%, those between 60% and 70%, and those greater than 70%.
Aluminium composite foam materials with various surface porosity ratios were assembled using
the single lap joint method with aluminium blocks by using epoxy adhesive. The bonding
strength was then evaluated under a compressive shear load using a modified procedure based
on ASTM D905-08. The results indicate that aluminium composite foams with a surface
porosity ratio between 40% and 50% tend to exhibit relatively higher adhesive strength
compared to other porosity ranges. Aluminium composite foams with a surface porosity ratio
exceeding 60% tend to exhibit lower adhesion strength compared to those with lower porosity
ratios.

Keywords: Aluminium composite foams, Bonding strength, Adhesively bonded, Surface
porosity ratio, Epoxy-based adhesive.
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1 INTRODUCTION

Humans have sought solutions to their issues from the very beginning of existence by
utilizing diverse structures and materials available in nature. Today's engineering issues are
primarily solved by being inspired by the structures and materials found in nature. For instance,
the great energy absorption capacity, rigidity, and low specific gravity of the porous structure
found in bones, trees, and corals are particularly remarkable [1-4]. Metal foam materials have

been developed for engineering applications, taking inspiration from these forms of nature.

Metal foams are lightweight materials with unique physical and mechanical properties,
including high specific strength, stiffness, and energy absorption capacity [5]. Metal foams
could be used in a variety of applications, ranging from mechanical to thermal ones, due to their

superior strength /weight ratios [6].

Beneficial physical and mechanical properties are combined in metal foams, such as
high toughness and a very low specific gravity, or high gas permeability and a high thermal
conductivity. The unique combination of properties is the main potential of cellular metals. For
a single requirement, other materials often provide better solutions. However, when several
properties are needed at the same time, such as sound absorption and thermal stability, metal

foams show clear advantages [7].

One of the unique advantages of foams is that their mechanical properties can be
controlled by adjusting pore size, density, geometry, and material. Foam structures exist in
different types, including open-cell foams (allowing matter to pass through interconnected
pores), partially open foams, and closed-cell foams (with isolated pores filled with gas) [8].
Metal foams are produced through various methods, including melt foaming and powder
metallurgy techniques [9]. The mechanical properties of metal foams and other cellular metal
structures are directly related to the properties of the matrix material. The mechanical properties
mostly depend on density, although the strength of the cell structure, cell roundness, diameter
distribution, and fraction of solid contained in cell meshes, edges, and cell surfaces all influence
quality [5, 6]. These materials retain beneficial properties of their base metals while offering

improved characteristics like thermal insulation and recyclability [10].

These materials are becoming increasingly popular because they can be used in a variety
of applications, including crash boxes in the automotive industry, chassis pillars, and structural
elements in the aerospace industry, artificial bone and implants in the biomedical industry, and

structural elements in the ship and construction industries. Metal foams could be made up of
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aluminium, titanium, nickel, and several other materials. Ultimately, what kind of material the

metal foam should be made up of depends on the field of application [1, 6].

Aluminium foam is the most commonly used metallic foam nowadays. This is due to its
low density. It is also resistant to corrosion and a low melting point. [11]. Aluminium composite
foams are advanced materials made by incorporating reinforcing particles (such as ceramics,
fly ash, or hollow spheres) or layers (like steel or polymers) into an aluminium foam matrix.
This structure results in a material that is both lightweight and strong, with a cellular (porous)
architecture that provides unique mechanical and functional properties. These foams can be
produced using various methods, including stir casting, pressure infiltration, and additive
manufacturing, and may be further enhanced by combining with other materials to form

sandwich or hybrid composites [12-18].

Replacing costly honeycomb structures with foamed aluminium sheets or metal foam
sandwich panels in aerospace applications may result in improved performance at a lower cost.
The other most important advantage is the isotropy of the properties of such metal foam panels.
It can also help maintain the integrity of the main structure during a fire [1, 19]. Aluminium
composite foams can be applied in the automotive industry [20], construction [21], defense and

safety sectors [15, 16, 22], industrial machinery production [23], and electromagnetic shielding.

Without secondary processing techniques such as forming, surface finishing, or
bonding, a new material cannot be used industrially. Mass production of components is
impossible until proper bonding technologies are developed, and if metal foams are to be
utilized for engineering structures, methods of bonding them to other materials must be

developed [24-26].

As cellular metals have a similar structure to wood, the same bonding and bolting
techniques used for wooden components can also be used to join cellular metals. Welding and
brazing, commonly used for joining metal parts, can also be applied to the assembly of cellular
metals. When joining metal foams with mechanical fasteners, the bonding strength is primarily
depending on the density and pore size of the foam, strength increases as the foam has a solid

surface layer [6, 24, 25].

Bonding has been identified as an appropriate joining technology for aluminium foams
[27]. Metallic foams could be bonded with any adhesive recommended for bonding cell wall
metals. Aluminium foams could also be bonded with any type of adhesive used to bond

aluminium. Joins could be made quickly, easily, and flexibly. One of the primary benefits of
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bonding with adhesive is the efficient transfer of applied forces. The strength of this type of
bonding is generally higher than the strength of the basic foam structure. Even common epoxy
adhesives create bonds that are stronger than most foams. Adhesive bonding is an economical
and mechanically effective method, provided the other design requirements are met. Adhesive
bonding is recommended for the preparation of permanent joints due to its simplicity and
flexibility [6, 24-26]. However, the use of adhesive may be impossible in some metal foam
bonding applications. The use of adhesives in the joints used to integration metal foams into

heat exchangers, for example, results in an undesirable high thermal resistance [28].

Adhesively bonded aluminium foam composites exhibit high bending stiffness,
strength, and excellent damping properties, making them suitable for automotive and structural
applications [29-31]. The addition of fiber reinforcements (e.g., glass or carbon fiber) and
optimized adhesive selection (such as methacrylate or epoxy) further improves mechanical

performance and damage tolerance [29, 30, 32].

Metal foam components must be joined to other parts, and adhesive bonding is a suitable
method. In high-density foams, failure occurs in the adhesive layer, while in low-density foams
it usually occurs within the foam. Bond strength increases with density. At low densities,
adhesive joints are stronger than screwed joints, whereas at high densities their performance is

comparable [33].

Metal foams can be joined using adhesives applied to the base metals, and the adhesive
joints are often stronger than the foam itself. However, disadvantages include low thermal
stability, mismatch in thermal expansion, and the formation of thermal or electrical insulation
barriers. If these factors are not critical for design, epoxy-based adhesives provide a simple and
effective solution. A common example is the bonding of face sheets to foam cores in sandwich

panels [6].

Olurin et al. (2000) investigated various joining techniques under monotonic and cyclic
tension—compression loads, modeling the effects of fastener geometry on damage behavior.
Four types of mechanical fasteners—wood screws, nails, threaded inserts, and studs—were
evaluated, either applied directly to the foam or inserted into pre-drilled holes reinforced with
epoxy. The findings showed that epoxy-reinforced joints were consistently stronger than the
foam itself, with failures occurring away from the joint. Cyclic loading reduced maximum load
capacity to as low as 35% of the static value, yet epoxy joints maintained superior performance

under all conditions. The study concluded that foams can be joined by adhesives, mechanical
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fasteners, or welding, and that adhesives are both economical and mechanically effective when
compatible with design requirements. Overall, properly selected joining methods provide

sufficient strength, while poor designs may fail under relatively low loads.

Adhesive bonding is a suitable joining technique for metal foams, independent of the
presence of a solid surface such as a coating or face sheet. When no solid surface is available,
the bonding area in contact with the surface is reduced. However, the viscosity of the adhesive
is low enough to penetration the pores. The loss of surface area can be compensated by an

additional form-fit mechanism [24].

Chung et al. (2008) applied nitrogen plasma treatment to enhance the adhesion strength
between aluminium foam and aluminium sheets. Three specimen types were prepared:
foam/aluminium, foam/plasma-treated aluminium, and plasma-treated foam/aluminium. Al
5052 sheets (1 and 5 mm) and aluminium foam (5 mm, 0.4-0.5 g/cm?) were bonded with epoxy
using a secondary joining process. Bending and shear tests were conducted, with shear tests
following ASTM D906-95. Plasma treatment of aluminium sheets increased bending strength
by 13% and shear strength by 30%. In contrast, plasma treatment of the foam did not improve
strength but increased sheet hydrophilicity by forming functional groups. The improved
adhesion of sheet interfaces was attributed to stronger bonding due to this hydrophilicity. The
study concluded that plasma treatment is more effective on aluminium sheets than on foams,

and that cell size must be considered when assessing the mechanical behavior of foams.

In joining metallic foams, both material properties and joint weight must be considered.
Methods such as screws, bolts, rivets, welding, and brazing increase joint mass. Adhesive
bonding, by contrast, enables weight optimization due to low density and easy processing.
Epoxy adhesives are most common, offering high adhesion and strength. However, determining
the required amount of adhesive remains a challenge. Joint strength is related to stiffness, and
the thinnest possible adhesive layer is preferred. In addition, wetting the pore edges with

adhesive, rather than applying only to the surface, is recommended [35].

Timari et al. (2018) examined the use of aluminium foam as a supporting element in
motorcycle frames. Tensile and three-point bending tests were conducted on bonded specimens.
Al 6061 foam with a density of 0.6 g/cm? and two adhesives (Loctite 9466 and Terokal 5055)
were used. Different joint profiles were tested, and a maximum tensile strength of 8.87 MPa
was achieved. Since fracture occurred outside the bonding surface, the adhesive joints proved

stronger than the foam itself. The authors noted that the main challenge is wider market
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adoption, requiring further testing and cheaper joining solutions. They suggested repeating the

experiments with lower-cost adhesives for more economical applications.

Yan et al. (2018) investigated the effect of epoxy resin fluidity on the mechanical
properties of aluminium foam sandwiches. Resin fluidity was modified by adding different
amounts of alcohol and acetone. Single-lap shear tests showed that these additives increased
resin fluidity but reduced bonding strength. Three-point bending tests revealed that higher
fluidity decreased strength but enhanced energy absorption. The authors emphasized that higher

shear strength requires full resin penetration into the foam cells to enable a locking mechanism.

Nowacki and Sajek (2019) compared welding, brazing, and adhesive bonding in AlSi-
SiC composite foams with 75-85% porosity. Tensile tests showed that arc welding caused
thermal deformation of thin cell walls, leading to foam collapse. Brazing was hindered by the
porous surface, but was suitable for high-temperature applications. Adhesive bonding provided
minimal filler penetration, low thermal effects, and high tensile-compressive strength, making
it the most favorable method. However, due to temperature limits, adhesives are recommended

mainly for lightweight structures below 100 °C.

The adhesive bonding strength is affected by the size and number of pores on the surface
of aluminium composite foams. Adhesive applied to the aluminium composite foam surface
flows into these pores and increases the strength of the adhesion bond in accordance with the
mechanical interlocking theory. However, in some low-viscosity adhesives, the adhesive filled

into the pores either does not cure or cures too slowly, reducing bonding strength.

Investigating the usability of aluminium composite foams with adhesive joints and
determining the usage limits of these connections are both highly attractive scientific topics.
Within this scope, examining the influence of surface pore ratio on the bonding behavior of

aluminium composite foams in adhesive joints is considered essential.

In this study, aluminium composite foams with varying surface porosity ratios were
bonded to aluminium blocks using the single lap joint method and an epoxy adhesive. The joint
strength was evaluated under compressive shear loading using a modified procedure based on
ASTM D905-08. The tests revealed the influence of surface porosity ratio on both joint strength
and failure modes. This research contributes to a better understanding of the applicability of

aluminium composite foams in various industrial applications.

In the literature, there are only a limited number of studies that investigate the adhesive

bond strength of aluminum composite foams and determine their surface porosity ratios.
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However, no study has specifically examined the effect of surface porosity ratio on adhesive
bond strength. The key distinction of the present study from previous research is its focus on
evaluating how the surface porosity ratio of bonded surfaces in aluminum composite foams

influences their adhesive bond strength.

2 MATERIAL AND METHOD

2.1 Properties of Material

In the adhesive joints, aluminium composite foams are bonded to solid aluminium
blocks to evaluate their joint performance. The aluminium composite foam materials used in
the experiments were produced directly using the semi-solid stirring method [39]. AIMg3 (EN
AW 5754) aluminium alloy as matrix material, SiCp powders as reinforcement material, and

TiH> powders as foaming agent were used for metal foam production (Table 1).

The surface morphology of all specimens used in the analyses was imaged using a
Samsung S9+ smartphone camera, positioned at a fixed working distance of 10 cm and aligned
perpendicularly (90°) to the specimen surface. Image capture was performed under automatic
exposure and focus settings. The porosity of the surfaces to which the aluminium composite
foams would be bonded was determined using the ImageJ image processing program [40].
According to the measured surface porosity, the specimen surfaces of the aluminum composite
foams were categorized into five distinct groups, each labeled with a surface porosity ratio
(SPR) code: below 40% (SPR40), 40-50% (SPR40-50), 50-60% (SPR50-60), 60-70% (SPR60-
70), and above 70% (SPR70).

Table 1. Mechanical properties of aluminium composite foam [39].

Compressive Strength  Shear Modulus Density

Material (MPa) (MPa) (g/em’)
EN AW 5754/SiCp (vol.%20) Foam 25-30 5-7 0.5

Aluminium alloy AIMg18Si0.8CuMn (EN AW 6013) was used as the block material for
the experiments' metal foam bonding. The mechanical properties of 6013 aluminium alloy are

given in Table 2.

Table 2. Mechanical properties of AIMg1Si0.8CuMn (EN AW 6013) [40].

Mechanical properties Value
Yield Strength 250 MPa
Tensile Strength 330 MPa
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2.2 Adhesive Selection

The experiments conducted as part of this study used Akfix brand E340 type general
fast epoxy adhesive (Product code: EA012, Akkim Yap1 Kimyasallar1 industry and Trade inc.,
Istanbul/Tiirkiye). It is a two-component (resin and hardener), epoxy-based adhesive that can
be mixed and then cured at room temperature. At 23 °C, the full cure takes around 24 hours and

has fine gap-filling ability. Table 3 contains the product details provided by the manufacturer.

Table 3. Akfix E340 product feature.

TECHNICAL DATA
Product Information
Feature E340 Resin E340 Hardener Mixture
Color Transparent Pale yellow Pale yellow
Density@?25 °C(gr/cm?) 1,16 1,13 1,15
Viscosity@?25 °C (cps)  12.000-13.000 10.000-11.000
Set Time@?23 °C(min.) - - 4-5
Mix Ratio
Component By weight By volume
Resin - 1
Hardener - 1
VOC Content (%) 0 (by weight) (Resin and Hardener)
Application Temperature (°C) 5-25
Full Cure Time@?23 °C (hr.) 24
Service Temperature (°C) -23 to +60
Hardness Shore D 80+£2 (after 7 days)

2.3 Preparation of Specimens

Specimens with dimensions (10x12.5 mm) (Figure 1) were taken out to determine the

strength of adhesive bonds in accordance with the modified ASTM D905-08 standard [41].

10

10 10 |

Figure 1. The dimensions of the bonded surfaces and the specimen (dimensions in mm).
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The specimen surfaces were cleaned with acetone (industrial grade and 99.9% purity)
prior to the adhesive process to remove mold-release oil, metal chips, and coolant liquid. In
order to improve the adhesion strength, the surfaces of aluminium specimens were roughened
with silicon carbide sandpaper with the P400 number, as stated in the adhesive technical
catalog. An acetone bath has been used to clean the metal and sandpaper particles that formed
on the surfaces during the roughening process. Before bonding, the bonding surfaces of
aluminium and aluminium composite foam specimens were cleaned with Loctite brand SF 7063
cleanser to get rid of contaminants (dust, moisture, oil from hands, sweat, etc.) that could
weaken the adhesive. All of the prepared specimens were bonded in an indoor environment at
a temperature range of 22—24 °C. The adhesive was applied to the surfaces within a maximum
of three minutes after the resin and hardener were thoroughly mixed. Care was taken to ensure
that the surfaces were fully wetted. After the adhesive is applied on the surfaces, the surfaces
are combined pressing. A uniform adhesive thickness (0.05—0.1 mm) was maintained across all

sample surfaces, and an identical bonding procedure was followed for all specimens.

In order for the adhesive to dry and reach its maximum strength, all adhered specimens
were cured for 24 hours at 22 °C (ambient temperature) in accordance with the adhesive

technical catalog.

2.4 Shear Tests

A specially developed and manufactured shear test apparatus constructed of surface-
hardened steel material was used to conduct shear tests in accordance with the modified ASTM
D905-08 standard (Figure 2b). Stable Micro Systems Texture Analyser (Model: Ta.Hd.plus,
Stable Micro Systems, Godalming/United Kingdom) test equipment was used for the testing
(Figure 2a).

All studies were conducted at an ambient temperature of 23°C and cross-head speed of
1.8 mm/min. Cutting force (N), displacement (mm), and test time (s) measurements were
obtained from the device during the shear tests. Shear strength was calculated as the ratio of the
applied force to the bonding area. Owing to slight dimensional deviations among specimens
caused by the cutting process, the actual bonded surface area was measured individually for

each sample to ensure accurate determination of maximum shear strength.
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Table 4. Shear strength results obtained from compressive shear tests conducted according

a)
Figure 2. Compressive shear test; a) test equipment, b) a specially developed and
manufactured shear test apparatus.

to the modified ASTM D905-08 standard.

Experiment Su.rface . Bonding Maximum  Shear  Average Shear
Number Porosity Ratio Surface Area Shear Strength Strength
(%) (mm?) Load (N) (MPa) (MPa)
SPR40-1 37.57 129.00 161.61 1.25
SPR40-2 39.29 122.55 146.60 1.20
SPR40-3 36.96 124.00 269.54 2.17 2.16+0.9355
SPR40-4 38.76 124.00 361.04 291
SPR40-5 37.00 125.00 405.96 3.25
SPR40-50-1 46.44 122.50 259.34 2.12
SPR40-50-2 44.78 126.50 303.26 2.40
SPR40-50-3 4531 128.50 505.63 3.93 3.02+0.9431
SPR40-50-4 45.45 129.00 321.92 2.49
SPR40-50-5 44.50 124.00 513.59 4.14
SPR50-60-1 54.75 123.52 391.54 3.17
SPR50-60-2 56.93 128.50 337.05 2.62
SPR50-60-3 56.37 121.39 421.09 3.47 2.65+0.7880
SPR50-60-4 55.34 125.00 176.81 1.41
SPR50-60-5 54.55 123.50 321.74 2.60
SPR60-70-1 67.34 118.75 134.96 1.14
SPR60-70-2 65.76 120.61 350.26 2.90
SPR60-70-3 68.75 123.84 158.22 1.28 2.07+0.8364
SPR60-70-4 63.10 125.00 356.59 2.85
SPR60-70-5 63.37 129.00 281.80 2.18
SPR70-1 70.35 129.00 381.06 2.95
SPR70-2 71.80 125.77 315.70 2.51
SPR70-3 71.51 128.00 227.76 1.78 1.96+0.7499
SPR70-4 78.46 128.00 154.96 1.21
SPR70-5 70.57 126.00 170.53 1.35
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3 RESULTS AND DISCUSSION

To investigate the effect of varying surface porosity on adhesive strength in aluminium
composite foam materials, specimens were divided into five groups based on surface porosity
ranges: less than 40% (SPR40), 40-50% (SPR40-50), 50-60% (SPR50-60), 60-70% (SPR60-
70), and greater than 70% (SPR70), and 5 specimens were tested in each group. The specimens
obtained by bonding aluminium blocks and aluminium composite foam surfaces with varying
surface porosity ratios were subjected to a shear test under compression force. With the help of
the obtained values, force (N) - displacement (mm) curves were obtained for all specimens
tested. Following the shear tests, the adhesive surfaces of the bonded specimens were

photographed, and the surface damages were evaluated.

3.1 Evaluation of the Effect of Surface Porosity on Adhesion Strength

Figure 3 shows the shear force (N) - displacement (mm) curves that were obtained after
the shear test was conducted on the bonding specimens. When the curves are examined, it
becomes clear that as the surface porosity ratio increases, so does the joint's flexibility. Although
the specimens gave their maximum shear strength at around the same displacement, as the
surface porosity increased, the joint required more displacement and time to completely failure.
They have been able to support the load for longer periods of time at values lower than the

ultimate shear strength before the connections fail as the surface porosity increases.
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Figure 3. Comparison of force and displacement according to % porosity of specimen
surfaces a) <%40, b) %40-50, c) %50-60, d) %60-70, e) >%70.
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The aluminium composite foams with a surface porosity ratio between 40% and 50%
attained the highest adhesive strength following the shear test applied to specimens obtained by
bonding aluminium blocks and aluminium composite foam surfaces with varying surface
porosity ratios (Figure 4). The epoxy adhesive employed in the bonding process exhibits a
medium viscosity of approximately 11,500 cps, making it suitable for filling surface voids and
irregularities, which facilitates mechanical interlocking. According to Darcy’s law, the flow rate
under applied pressure is inversely proportional to viscosity (Q o< AP/ n). Hence, either lower
viscosity or higher pressure improves the adhesive’s fluidity and its capacity to fill gaps [42].
This enables the adhesive to penetrate pores, indentations, and irregular features of the surface,
where it becomes mechanically “locked,” thereby enhancing bond strength. Such interlocking
is particularly advantageous on rough or porous surfaces. However, this mechanism alone does

not fully explain adhesion, as strong bonding can also occur on smooth surfaces [43].

Analysis of samples with surface porosities of 50-60% (SPR50-60), 60—70% (SPR60-
70), and above 70% (SPR70) revealed a decline in adhesion strength as porosity increased
(Table 4). This reduction is primarily attributed to thinner cell walls, which limit the available
bonding area, and to incomplete curing of the adhesive within large pores under ambient
conditions. Consequently, mechanical interlocking may not have fully developed, or, if
developed, the adhesive may not have achieved its full strength. For aluminium composite
foams with porosities exceeding 70%, shear testing showed that the thin walls fractured,
indicating that bond strength was governed by the structural integrity of these walls (Figure 9).
Previous studies on closed-cell aluminium foams similarly report that increased porosity and
reduced density—resulting in thinner cell walls—Ilead to decreased compressive strength and

diminished energy absorption capacity [44].

When the average adhesion strength of aluminium composite foams with a surface
porosity below 40% (SPR40) and between 40-50% (SPR40-50) was examined, it was found
that the samples with 40-50% porosity exhibited higher average adhesion strength compared
to those with less than 40% porosity. In fact, the cell walls in contact with the adhesive are
thicker in samples with porosity below 40%. However, the pores available for the adhesive to
fill are relatively small. In contrast, the surface pores in samples with 40-50% porosity are
larger, thereby increasing the likelihood of mechanical interlocking. When all samples are
considered, the higher adhesion strength of the 40—50% porosity group can be attributed to two
factors: (1) thicker cell walls compared to samples with 50-60%, 60—-70%, and above 70%

porosity, which enhances material strength, and (ii) higher mechanical interlocking compared
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to samples with porosity below 40%. Therefore, it is suggested that in samples with 40-50%
porosity, bonding is achieved at an optimal level through the combined contribution of surface

adhesion and mechanical interlocking.
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Figure 4. Bond strengths of specimen surfaces according to % porosity ratios.

3.2 Assessment of the Effect of Surface Porosity Ratio on the Occurring
Bonding Damage
Figures 5-9 illustrate the specimen surfaces after shear testing for aluminium composite

foam and aluminium block specimens with varying surface porosity ratios. When these are

examined:

When the bonded surfaces of the specimens (SPR40) with surface porosity ratios less
than 40% were examined (Figure 5), the bonding damage was mainly in the form of adhesion
damage and low cohesion damage. The adhesive generally remained on the aluminium
composite foam surface, although bonding damage developed between it and the bonded

surface.
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SPR40-1

SPR40-3

SPR40-4

SPR40-5

Figure 5. Bonding Surfaces of Aluminium Block and Specimens with Surface Porosity
<40% (SPR40) after Shear Test.

Bonding damage occurred in the form of adhesion and cohesion damage when the
bonded surfaces of the specimen (SPR40-50) with a surface porosity of 40 to 50% were
examined (Figure 6). The adhesive is clearly visible on both surfaces, and bonding damage

occurred between adhesive and the bonded surface.
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SPR40-50-3

SPR40-50-4

SPR40-50-5

Figure 6. Bonding Surfaces of Aluminium Block and Specimens with Surface Porosity
Ratio 40-50% (SPR40-50) after Shear Test.

As shown in Figure 7, the bonded surfaces of the specimens with 50-60% surface
porosity (SPR50-60) exhibited a combination of adhesive and cohesive failures, indicating
mixed-mode bonding damage. In some specimens, adhesion damage as well as cohesion
damage occurred at close levels. The adhesive is clearly visible on both surfaces, and there is
bonding damage between the adhesive and the bonded surface. It has detached more from the

adhesive surface, particularly in the enlarging pores.
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SPR50-60-2

~ SPR50-60-3

SPR50-60-4

SPR50-60-5

Figure 7. Bonding Surfaces of Aluminium Block and Specimens with Surface Porosity
Ratio 50-60% (SPR50-60) after Shear Test.

When the bonded surfaces of the specimens (SPR60-70) with surface porosity ratios
ranging from 60 to 70% were examined (Figure 8), the bonding damage was mostly in the form
of cohesion damage. In some specimens, bonding damage occurred as adhesion damage.
Bonding damage occurred at the interface between the adhesive and the bonded surface, with

adhesive residue visible on both surfaces.
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SPR60-70-4

SPR60-70-5

Figure 8. Bonding Surfaces of Aluminium Block and Specimens with Surface Porosity
Ratio 60-70% (SPR60-70) after Shear Test.

Bonding damage occurred in the form of adhesion, cohesion, and cohesive material
damage when the bonded surfaces were examined (Figure 9) on specimens with a surface

porosity of more than 70% (SPR70).
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SPR70-1

SPR70-2

SPR70-3

SPR70-4

SPR70-5

Figure 9. Bonding Surfaces of Aluminium Block and Specimens with Surface Porosity
Ratio >70% (SPR70) after Shear Test.

The consistent presence of adhesive residue on both bonded surfaces across all
specimens indicates effective adhesion, suggesting that the selected adhesive, surface abrasion

technique, and applied surface treatments adequately promoted interfacial bonding.

Adhesion strength decreased with increasing porosity ratio and pore size on the bonded
surfaces. This reduction is attributed to the diminished rigid aluminium regions on the surface

of the aluminium foam material, which correlates with the increased surface porosity. As
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observed in Figure 14 for the SPR60-70-2 specimen, the adhesive lacked substrate contact in
the majority of pores, leading to detachment from the surface during the shear test and
consequently reducing the adhesive bond strength. Nevertheless, the adhesive remained bonded

to the rigid cell walls.

Examination of the surfaces resulting from the shear test on specimens with a surface
porosity ratio exceeding 70% reveals that some portions of the metal foam material detached
from the cell wall structure and remained adhered to the aluminium surface (Figure 9 - SPR70-
3/4). As a consequence, the increase of the surface porosity ratio, in addition to the adhesive,
played a role in the carrying of the maximum shear force. Pore diameters increase in general as
the surface pore ratio increases. The cell walls of aluminium composite foams become thinner
as the pore diameter increases, and their strength decreases. Cell walls with reduced strength
break during the shear test. The bonding strength in this instance is determined by the material's
cell wall rather than by the adhesive. The greater the cell wall strength, the greater the bonding
strength [6, 45]. The adhesive strength formed between the surfaces of the two specimens is
greater than the material's strength because the detachment occurs within the structure of the

material rather than at the adhesion interface.

On surfaces with surface porosity ratios of 40%, 40-50%, and 50-60%, similar bonding
damages and close adhesion strengths were obtained. Specimens with surface porosities of 60-
70% and >70% showed similar bonding damage. The bonding strength starts to decrease when
the surface porosity ratio reaches 60% or higher. This is owing to a decrease in adhesive forces
that provide bonding strength and mechanical interlocking, as well as a weakening of material

strength due to thinning of material cell walls.

4 CONCLUSION AND SUGGESTIONS

In our previous study, the surface porosity, average pore diameter, and pore count of
aluminium composite foams were determined using the open-source image processing program
Imagel. In this study, the effect of the surface porosity ratio of aluminium composite foams

bonded with aluminium blocks on the bond strength was investigated.

This study investigated the bonding performance of aluminium composite foams with
varying surface porosity ratios, joined to aluminium blocks using a single lap joint configuration

and an epoxy-based adhesive. Joint strength was evaluated under compressive shear loading
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using a modified procedure based on ASTM D905-08. The results of these tests are presented

below.

e [t has been discovered that adhesive bonding is an applicable method for connecting
aluminium metal foams and aluminium blocks.

e [t has been noticed that when the general epoxy adhesives suggested in the literature
are used to join aluminium metal foams, the bonding connection occurs but only weak
bonding strengths are obtained.

e The results indicate that aluminium composite foams with a surface porosity ratio
between 40% and 50% tend to exhibit relatively higher adhesive strength compared to

other porosity ranges.

¢ Aluminium composite foams with surface porosity ratios under 60% tend to exhibit

greater bonding strength relative to those with higher porosity levels.

e As the strength of the aluminium composite foam material increases, material damage
within the joint is expected to be eliminated, leading to an improvement in the bonding

strength.

Future research may focus on evaluating the adhesive bond strength of aluminium
composite metal foams with varying porosity levels. The performance of different adhesive
types, such as cyanoacrylate, methyl methacrylate, and acrylic, could be assessed, as well as
the influence of adhesives with different viscosities—particularly those with high viscosity and
limited gap-filling ability—on bond strength. Such investigations are anticipated to provide
valuable insights and contribute to the literature, thereby supporting the industrial utilization of

aluminium composite metal foams.
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