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Metal foams stand out in sectors such as the automotive industry, aerospace, and defense industries
due to their very low densities and high energy absorption properties. Despite their highly porous
structure, metal foams possess high strength, low thermal conductivity, and high energy absorption
capacity. This article provides general information about closed-cell Al-based metallic foam
materials produced using powder metallurgy (PM) methods. It also provides general information
about the production of metallic foam-reinforced integrated armor materials. / Metal kdpiikler, ¢ok
diisiik yogunluklart ve yiiksek enerji emme ozellikleri nedeniyle otomotiv endiistrisi, havacilik ve
savunma endiistrileri gibi sektorlerde one ¢ikmaktadir. Yiiksek gozenekli yapilarina ragmen, metal
kopiikler yiiksek mukavemet, diisiik 1s1 iletkenligi ve yiiksek enerji emme kapasitesine sahiptir. Bu
makale, toz metalurjisi (PM) yontemleri kullanilarak iiretilen kapal hiicreli Al bazli metalik képiik
malzemeler hakkinda genel bilgiler sunmaktadir. Ayrica, metalik kopiik takviyeli entegre zirh
malzemelerinin tiretimi hakkinda genel bilgiler de vermektedir.

Figure A: The porous structure of metallic foam / Sekil A: Metalik kopiigiin gozenekli yapisi
Highlights (Onemli noktalar)

Information is provided on the properties of porous structures and very low-density metallic foams,
different production methods, and application areas/ Gozenekli yapilarin ve ¢ok diisiik yogunluklu
metalik kopiiklerin ozellikleri, farkly tiretim yéntemleri ve uygulama alanlar hakkinda bilgi
verilmektedir.

Aim (Amag): Despite being relatively new, metallic foams have found widespread application. This
,4secti0n introduces the different production methods of metallic foams and the resulting properties./

Oldukga yeni bir malzeme olmasina ragmen, metalik képiikler yaygin olarak kullanilmaktadwr. Bu

béliimde, metalik kdpiiklerin farkl tiretim yontemleri ve ortaya ¢rkan ozellikleri tanitilmaktadr.

Originality (Ozgiinliik): The study presents both an extensive literature review and original
experimental results. / Calisma hem genig bir literatiir taramasini hem de orijinal deney sonuglarmnt
sunmaktadir.

Results (Bulgular): The article presents foam structures obtained using different production
methods. / The article presents foam structures obtained using different production methods.

Conclusion (Sonug): This article provides extensive information on the production of foam
materials with different ceramic reinforcements or without reinforcement, and their general
applications../ Al esasl kdpiik malzemenin farkl seramik takviyeli veya takviyesiz olarak iiretimi
ve genel kullanim alanlari ile ilgili genis bilgiler sunmaktadir.
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kopiikle?] oldukca hafif ve gozenekli yapiya sahip malzemelerdir. Bu malzemeler, ¢ok diisiik
uklar1 ve yiiksek enerji emme Ozellikleriyle otomotiv endiistrisi basta olmak iizere
havacilik ve savunma sanayi gibi alanlarda 6ne ¢ikmaktadir. Metalik kdpiikler olduk¢a gézenekli
apilarina ragmen yliksek mukavemet, diisiik 1s1 iletkenligi ve yiliksek enerji emme kapasitesine
sahiptir. Metalik kopiiklerin mekanik o6zellikleri, gozeneklerin sekline, boyutuna ve ylizey
alanina, tiiretim sirasinda yapiya eklenen takviye elemanlarinin &zelliklerine ve matris
malzemesiyle etkilesimlerine bagli olarak degisiklik gosterir. Kopiik malzemeler, hafiflikleri ve
enerji emme Ozellikleri nedeniyle ara¢ tasarimcilari igin 6zellikle cazip hale gelmistir. Aracin
birgok farkli alaninda kullanilmalarima ragmen, o&zellikle g¢arpisma durumunda aragta
giiclendirilmis Zirh olusabilecek hasarin en aza indirilmesi ve yolcularin en az zarar gérmesi hedeflenmektedir.
malzemeleri. Ayrica, enerji ve gevrenin onemli oldugu giiniimiizde, ara¢ agirliginin azaltilmasi yakit tiikketimini
azaltacak ve verimliligi artirarak ¢evreye verilen zarari en aza indirecektir. Bu makalede, toz
metalurjisi (TM) yontemiyle iiretilen kapali hiicreli Al esasli metalik koplik malzemeler hakkinda
genel bilgiler verildikten sonra, takviyeli ve takviyesiz kopiik tiretimi, sandvig kopiik iiretimi,
kiiresel kopiik iiretimi ve metalik kdpiik dolgulu profil diretimi gibi 6zel iiretim yontemleri
hakkinda kapsamli bilgi verilmektedir. Ayrica, ¢ok yeni bir uygulama olan metalik kopiik
takviyeli integral zirh malzemesinin iiretimi ve diger uygulamalar hakkinda genel bilgiler
verilmektedir.

AnahtayKe
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1. INTRODUCTION (GIRIS)

Metallic foams with a highly porous and lightweight
structure are considered as new engineering
materials and have been developed primarily for the
aerospace and defense industries and the
automotive industry. Traditional solid metals are
limited in achieving simultaneous weight reduction
and high mechanical performance, which has driven
significant research and industrial interest in
metallic foams. These ultra-light materials exhibit
unique mechanical properties due to their low
density and toughness as well as high compressive
strength, hardness, high sound and heat insulation
properties, vibration damping and high impact
energy absorption properties [1-15]. Due to the
above-mentioned properties, many different studies
have been conducted on these materials and they
have found the opportunity to be used in many
different areas.

Metallic foams are generally produced as open and
closed pores [2, 16-24]. Photographs showing the
structures of open and closed pore metallic foams
are given in Figure 1 and Figure 2, respectively.
Figure 3 shows the triple cell wall connection in@
closed—pore foam structure. By controlling the PByé
size and shape in foam materials, it is possrble 0
control many properties, especially me
properties [25-30]. There are quite detail
on the control of cell size and shape of
structure during production, as
properties, especially mechanical p
36]. In addition to the enviro

undoubtedly Al foams and studies on them have
been continuing for a long time both scientifically
and industrially [4, 6, 24, 37-40]. Although there are
different production methods, the ability to produce
close to the final shape with the PM method and to
control the cell structure at the same time provides
a great advantage. In addition, these materials have
been wused in many different engineering
applications due to their weldability, drilling,
bending and machinability advantages. [41-50].
Among these areas, the automotive and aviation
industries, where low density is particularly
important, undoubtedly come first [ 19, 51-53].

among metallic foams dg
properties [6, 54-56],
that almost all metals

foam materials [56]. Their high
ure resistance and preservation of structure

In many materials, weight reduction and good
mechanical  properties can be  achieved
simultaneously with minor changes or treatments

[3- 5] Therefore, composite foams reinforced with

ore structure of Al
foam material with open pore

structure. (Ag¢ik gozenek yapisina sahip
Al kopiik malzemesinin gézenek yapisi)
yapisl.)

Figure 2. Pore structure of Al
foam material with closed pore

structure. (Kapali gézenek yapisina
sahip Al kopiik malzemesinin gozenek

Figure 3. SEM image of the foam
structure consisting of thin and
homogeneous cell walls in %2
Si3Ns reinforced Al-based foam
material. (%2 Si3N4 takviyeli Al esash
kopiik malzemesinde ince ve homojen

hiicre duvarlarindan  olusan  kdpiik
yapisinin SEM goriintiisii.)

high temperature resistance of metallic foams and
their ability to maintain their structure and
properties at these temperatures are important. The
most popular among metallic foams are

various reinforcement elements are preferred where
high strength is required. Fine ceramic powders are
added as reinforcement elements to ensure stability
during the foam production phase with PM.
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Examples of commonly used reinforcement
materials are SiC, A1203, TiB2, B4C or Si3N4.[67-
76]. These ceramic particles increase the viscosity
of the melt, make the flow more difficult and reduce
the downward drainage of the liquid by pore
growth, resulting in a more homogeneous pore
structure [77, 78]. The homogeneous pore structure
causes many properties specific to metallic foams,
especially mechanical properties, to be exhibited
homogeneously throughout the material. The
particles added as reinforcement elements adhere to
the gas-liquid interface during the foaming process
and reduce the pressure differences between the
plateau boundary and the pore walls by modifying
the slope of the foam walls [79-81].

Although studies on open and closed pore metallic
foams are being conducted, closed pore metallic
foams are more popular because they exhibit higher
mechanical properties. [48, 70, 82-90]. The
development of foam technology has highlighted
the need for a more scientific understanding of foam
stability, and detailed studies have been and
continue to be conducted at many universities and
research institutes. [1, 91, 92]. Studies show that in
addition to pore morphology, the amount, size anl
purity of the reinforcement elements added to
structure are effective on the stability af
mechanical properties of the foam material

ed according to
their productio others are named

according to the

structure, shape, size and foam density [3, 25, 32,
105]. It has been reported that the density and pore
size of the foam material also depend on the amount,
type, size, foaming temperature and duration of the
foaming agent [27, 106]. Studies have shown that
the matrix and reinforcement element powder size
and the foaming agent particle size also affect the
pore structure and pore size. It is important that the
properties of the foaming agent used are compatible
with the matrix material. The most important of
these properties are the melting temperature of the
matrix material and the decomposition temperature

of the foaming agent. The most commonly used
foaming agent in Al foam production is TiH2, but
ZrH2 and CaCO3 are also used. Foaming agents
such as CaH2, MgCo3, CaS0O4, FeSO4, PbCO3,
PbO, Na3N are also used at certain temperatures
and pressures, although not very intensively [99,
106-109]. This review provide a comprehensive
investigation into the production methods, types,
properties, and application areas of metallic foams,
with a particular focus on aluminum-based foams
produced via the Powder Metallurgy (PM) method.

2. STANDARD POWDE

PRODUCTION METHOD
METAL URETIM YONTEMI)
°

d provides a cost-effective and
yay for producing closed-cell metallic

al performance, making it a cornerstone in

both jacademic research and industrial applications.

In the production of Al foam, the process begins
with mixing the starting powders (such as foaming
agent, Al powder and/or reinforcement element) as
shown in Figure 4. The green strength is imparted
to the mixed powders by cold pressing process.
[116]. The powder block, which is still in its raw
density, is then hot extruded or hot rolled, taking
into account the dimensions of the material to be
produced [38, 87, 103, 117-119]. In case of hot
pressing of powder, foaming agent and reinforcing
element, a preform is obtained which can be foamed
directly without any additional process such as
rolling or extrusion. This process has been widely
used by Gazi University PM team recently [1, 118,
120]. Thus, as shown in Figure 5, compressed and
foamable preform samples with a homogeneous
structure consisting of the reinforcement element,
foaming agent, and base metal are produced [110,
121].

However, in the case of cold pressing, after the
rolling process, cracks occur at the edges of the
preform materials. In order to prevent gases from
escaping from the cracks and pores formed at the
edges and near-edge areas during the subsequent
foaming process, these areas are cut before the
foaming process. Many literature sources indicate
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that Al foam alloys are generally foamed with TiH»
[122]. As a result of heating TiH,, which is used as
a foaming agent for Al and its alloys and is
homogeneously distributed in the structure, to
around the melting point, expansion is observed in
the material with the gas released by the separation
of titanium and hydrogen (hydrogen gas is
released), and closed-pore foam is formed [87, 117,
123-125]. Hydrogen release in TiH; starts at about

126]. This temperature is well below the melting
point of commercial Al alloys. Optimization of
process parameters such as temperature, holding
time, and foaming agent content is essential for
achieving uniform pore distribution and avoiding
collapse. Keeping the material at the foaming
temperature for a long time causes the foam
structure to collapse, the main structure to deform
and some pores to merge and enlarge [56].

450°C and continues at higher temperatures [25,

Al powder

@ AlL,O; powder
-
/g~ - i P —_—

Foaming agent

Foaming

Mixing

Compacting

appropriate  parameters, a
distributed pore structure with the desired

sing low amounts of
sity and fine porous foam

agent, low density, coarser
gore wall foam structure is obtained

Figure 6 and Figure 7 show the foam structures of a
series of materials reinforced with 5% AlOs
produced at different times and temperatures using
different amounts of foaming agent. As can be seen
in the figure, while finer and more homogeneous
foam structure is obtained at low amounts of
foaming agent or low foaming temperature, foams
with coarser porous structure and thin pore walls are
obtained with the increase in the amount of foaming
agent or foaming temperature [95, 97].

(Black) | *

Figure 5. Appearance of homogeneously dispersed
phases formed by milling and subsequently pressing
the Al-based metallic foam material in a three-

dimensional turbola for 45 minutes [110]. (Al bazh
metalik kopiik malzemenin frezelenmesi ve ardindan fig¢
boyutlu bir turbola icinde 45 dakika boyunca preslenmesiyle
olusan homojen olarak dagilmis fazlarin goriiniimii.)

In addition, as seen in Figure 7.c and Figure 7.d,
keeping the foaming time longer than necessary or
increasing the amount of foaming agent will first
cause the foam structure to grow and then collapse
and the structure to deteriorate. Partial foam wall
melting in the material occurs due to high foaming
temperature, long-term foaming process or use of
high amount of foaming agent. If any or all of these
are excessive, the foam structure is doomed to grow
by merging or collapse. Figure 8 shows the foam
structure consisting of thin cell walls and the next
stage of cell wall coalescence and collapse.
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To prevent collapse, the prepared foamable preform
material must be checked frequently during the
foaming process, the foam sample must be carefully
monitored during the foaming stage, and it must be
removed from the furnace before collapse begins.
Figure 9 shows a furnace specifically designed and
manufactured by the Gazi University Powder
Metallurgy team for foam material production,

featuring a movable base plate, a fan for uniform
heat distribution, and an inspection window for
monitoring foaming stages. Figure 10 shows some
examples of metallic foam produced using the PM
method at the Department of Metallurgical and
Materials Engineering, Faculty of Technology, Gazi
University.

| = )
___2U nhih

Figure 6. Pore structures depending on the TiH2
amount in samples foamed at 670°C from Alumix
231 powder 5% AI203. a) 0.5% TiH2 b) 1 % TiHa,
c) 1.5 % TiH, and d) 2% TiH2[97, 128]. (%5 A1203
iceren Alumix 231 tozundan 670°C'de kopiirtiilen

numunelerde TiH2 miktarma bagl olarak gézenek yapilar1 @
9%0,5 TiHz, b) %1 TiHa, ¢) %1,5 TiH: ve d) %2 TiH.) @

—_—

\}fsgr&es depending on the TiH»
produced at 710°C from
containing 5% Al>Os. a) 0.5
1.5 TiH> d) 2% TiH,). Figures

ctures, respectively, while Figure
he beginning of collapse in the pores, and
¢ d shows complete degradation of the pore
ture [97, 128]. (%5 AI203 igeren Alumix 231
ozlarindan 710°C'de iiretilen numunelerde TiH2 miktarina
bagli olarak gézenek yapilari. a) 0.5 TiHz, b) %1 TiHz, ¢) 1.5
TiHz d) %2 TiHz). Sekil a ve b'de sirasiyla ince ve iri gézenek
yapilarina sahip ideal kopiik yapilart gosterilirken, Sekil ¢
gozeneklerde ¢okmenin baglangicini, Sekil d ise gdzenek
yapisinin tamamen bozulmasini gostermektedir.)

B My

Figure 8. The macrostructure image on the left shows the general pore structure

- o maties

and thin, uniform wall thicknesses, while the image on the right shows partial
foam wall melting due to high foaming temperature, long foaming time, or high
concentration of foaming agent. Prolonged exposure to high temperatures caused
the foam to collapse. The melted wall regions are indicated by arrows in the

image. (Soldaki makro yapi goriintiisii, genel gdzenek yapisini ve ince, diizgiin duvar
kalmliklarin1 gosterirken, sagdaki goriintii, yiiksek kdpiirme sicakligi, uzun kdpiirme siiresi veya
yiiksek konsantrasyonda kopiirtiicii madde nedeniyle kismi kdpiik duvar erimesini gostermektedir.
Koptigiin yiiksek sicakliklara uzun siire maruz kalmak kopiigiin ¢okmesine neden oldu. Ergimis
duvar bolgeleri goriintiideki oklarla belirtilmistir.)

X
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ve takviyesiz Al kopiik numunelerine ait 6rnekler.)

Figure 11 and Figure 12 show the effects o
different temperatures and differeng foami

(TiH) ratios on the linear expansion
Al foam containing 5 % Al
11, in samples produced fr
Cu, 0.5% Mg, 14% S#
AI203, expansion
observed at 650, 67
addition of 0.5%Ni
owing agent, the highest
690 oC with 460%. The

observed, cfose to the value obtained at 1%. These
results indicate that more than 1% foaming agent
does not contribute to foaming at these
temperatures. When the graph is evaluated in
general, while samples with acceptable density
values (less than 0.8 g/cm3) were obtained at all
temperatures tested in all samples containing 1%
and above TiH2, this value could only be achieved
in the sample foamed at 710 oC using low frother
(0.5% TiH2).

bir firim
ontrol

As seen in Figure 12, the highest density in the
tested sample was obtained in samples containing
0.5% TiH2 at a foaming temperature of 650 °C,
while the lowest density was obtained in the sample
containing 2% TiH2 at a foaming temperature of
690 °C. From these results, it can be said that the
increase in the foaming temperature and the
foaming agent cause a decrease in density. Since the
increase TiH;ratio will cause more gas release in the
sample at foaming temperature, the structure will be
more porous and the sample will have lower
density. The reason for the decrease in the density
of the sample due to the increase in foaming
temperature and foaming agent amount is the
thinning of the pore walls, the merging in the pores
and the formation of large gas voids [111, 112].

Figure 13 shows macrostructure images obtained
during compression tests on Al foam. Foam metal
exhibits uniform strength, as expected, during
compression testing. This is one of the important
properties of materials. Although the wall thickness
of the foam material is not uniform throughout,
crushing occurs almost uniformly throughout the
compression test. Figure 14 shows the initiation and
progression of a crack in the material in a transverse
repture strength test. Although such porous
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structures are successful in compression and shock
absorption, they cannot show the same strength in
tensile tests and transverse repture strength tests due
to the notch effect of the porous structure and
surface defects they contain. As can be seen in the
figure, due to a defect located on the surface of the
foam material or just below the surface, these areas
act as crack initiation with the tension applied to the
sample and eventually fracture is occurs with the
progression of the crack. If the surface of the
material contains no obvious defects in the non-
foaming region, known as the shell, and the pores
within the structure are homogeneous, the material
will exhibit uniform bending behavior without
fracturing or separating, as seen in Figure 15. Figure
shows the pore structure of two different foam
materials deformed at 656°C and a cross-sectional deformasyon nedeniyle k
view showing the deformation patterns in the pore  bozulmasr) \

Figure 13. Gradual display of
material due to defo i
compression test.

structures. In Al foam materials with a uniform
surface shell structure, more uniform deformation is
observed during bending, and no cracking or

fracture occurs [48, 83].
500

—=—650°C
—+—670°C
#9014 6g0°C
) —v—710°C
S0
<
e
2
S 350
B
®
z 300 4
£
250 4
200 T T T T .
00 05 10 15 20 25 Figure 14. In transverse rupture strength test, crack
Amaunt of foaming agent (TiH,) initiation, propagation and fracture stages of the

specimen due to a small defect in the material. (Enine
kopma dayanimi deneyindeki, malzemedeki kiiciik bir
kusurdan dolayr numunede catlak baslangici, yayilmas: ve
kirtlma asamalart)

—=— 650 °C
—e— 670 °C
1.0 —4—690°C
——T710°C
§os-
=)
2
€ 06-
[m]
04
02 , | , _ (a)
0.0 0.5 1.0 15 2.0 25

Amaunt of foaming agent (TiH.,) Figure 15. Change in the macrostructure after free
Figure 12 Effect of different foaming temperature defortpation of Al (AIMglSi0.6TiH20.8) foam
and amount of foaming agent (TiH») on the density =~ material at 656 °C. [48, 83]. (Al (AIMgl1Si0.6TiH20.8)

of Al foam (Farkli képiikleme sicakhigi ve kopiikleme ~KOPik malzemesinin 656°C’de serbest deformasyonundan
maddesi (TiHz) miktarinin Al kopiigiin yogunlugu iizerindeki ~ S0 makro yapisindaki degisim.)

etkisi) [97, 128].



Tiirker / GU J Sci, Part C, 13(X): XX-XX (2025)

3. POWDER METAL ALUMINIUM FOAM TYPES
(TOZ METAL ALUMINYUM KOPUK TURLER(T)

3.1 Al Foam Sandwich (Al Képiik Sandvig)

Sandwich foams, which are a newer method
compared to the classical foam material production
method, can also be produced with the PM method.
In sandwich foam production, the two surfaces of
the foam material are bonded with non-foaming
sheet metals using different methods. This process
varies according to the type of foam and the
production method. Sandwich foam production is
basically done in two ways in terms of bonding
mechanisms: natural bonding (in-situ bonding) and
artificial bonding (ex-situ bonding) [129-132]. The
main difference here is whether the bond forms
simultaneously with foaming or after the foaming
process is completed. Natural bonding generally
provides stronger and more uniform mechanical
properties compared to artificial bonding.

In the production of sandwich foam with the natural
bonding method, while the foam is being formed,
the sandwich structure is also being formed. In thes
widely used method, the foamable preform matel

is heated together with the non-foaming sheet metal

inner material. For this, materials such as stainless
steel and Ti can be used on Al foam surfaces, while
pure Al sheet metals can be used on the surfaces of
foamable Al materials with a low melting point
containing 12% Si. This method, developed at the
Fraunhofer Institute in 1992 [133] is quite easy to
apply compared to other methods. On the other
hand, the surface of the preform material ready to
be foamed is coated with plates by applying
methods such as rolling and pressing [134]. After
this process, the foamable preform (metal alloy)

forms the main layer in the inner part, while the
plate (usually Al, Ti or stainless steel) placed on two
surfaces forms a triple layer required for the
sandwich structure. If necessary, the coated sample
is subjected to pre-shaping before foaming. As a
final process, the sample is foamed by taking into
account temperature and time. Precise control of
these parameters is critical because prolonged
foaming or high temperatures may cause pore
collapse and poor surface bonding. As a result, a
metallic bond is formed between the Al alloy foam
and the plate. This dense bonding
maximum force transmission
composite components [].’52

e figure, the
material and a
non-foaming
Because‘)?o

Figure 16. Sectional view of Al sandwich foam.
While it is seen that the material with a higher
melting point than the melting point of the foam
material on both surfaces of the structure is perfectly
bonded to the foam by diffusion during production,
the main foam structure is present in the inner parts
[1]. (Al sandvig képiigiin kesit gériiniimii. Yapimn her iki
ylizeyindeki koplik malzemesinin erime noktasindan daha
yiiksek erime noktasina sahip malzemenin, iiretim sirasinda
difiizyon yoluyla kopiige miikemmel bir sekilde baglandigi
goriilse de, esas kopiik yapisi i¢ kisimlarda mevcuttur.)

Another way to produce sandwich foam is to
provide the desired sheet material to be formed to
the surface of the previously produced foam
material by various means. In this method, also
known as artificial bonding, the surface sheets are
bonded to the foam by various methods after the
foaming process. The reason why this method is
called artificial bonding is that the surface sheets are
bonded to the foam by various methods after the
foaming process. Bonding using various adhesives
or bonding with soldering are some of the joining
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techniques frequently used in this method. It is a
very common method due to both its ease of
production and its variety. [129, 130, 138]. While
this approach simplifies manufacturing, it usually
results in weaker interfacial strength compared to
natural bonding. Additionally, the adhesive layers
may limit the thermal stability of the final
component. It is quite difficult to produce sandwich
foam with artificial bonding [42, 114]. Even more
complex shaped samples are impossible to produce
artificially. However, with the natural bonding
method, it is possible to obtain products in the
desired shapes by shaping the sample before or after
foaming. Al sandwich panels are the most suitable
foam method for automotive body structure due to
their high hardness in surface layers and significant
weight reduction [2]. This makes them particularly
valuable in crash-prone areas such as door panels
and structural reinforcements, where lightweight
energy absorption is essential. Especially preferred
in environments requiring high external surface
resistance is stainless steel-Al-stainless steel, also
known as SAS (stainless steel - aluminum - stainless
steel) sandwich structures provide advantages in
places where high impact resistance is required and
in cases where the use of fastening elements. ®
required [35, 47, 139].

3.2. Spherical Al Foam Production (Kifesel A
Kopiik Uretimi)

Spherical foams, also known as
Pore Morphology), are a new foa
method developed at Frou

anc

which foaming oc
shapes is wly du

tmation of spherical
o surface tension forces,

due to surfaCe tension [18, 125, 140-144]. Then, the
foam materials are coated with an adhesive
polymeric material and placed in a mold with the
desired geometry [145]. It is usually activated at
medium temperature (100-200°C), cured and used
by removing from the mold at room temperature.
Spherical shaped foams are less prone to defects
such as non-uniform pore structures, which are
usually encountered in larger Al foams due to liquid
drainage during the foaming process [24, 146].
Because each particle foams individually, the

process is more controlled and reduces density
variations that are typical in bulk foam production.

Spherical foams are generally produced with a
diameter of 6-15 mm and are placed inside profiles
and pipes, as well as between two or more sheet
metal sheets, bonded with a suitable adhesive to
form a composite structure and have high resistance
to compressive stress [142, 147-149]. Although not
using molds in their production provides an
advantage, it is a problem that large-sized spherical
foams cannot be completely sphégical in their
production. Gravity-induced flatteni
large particles, but using su i

during production in
flattening and deviati

the desired spherical foam
shows profile structures filled
diameters using foam materials

ds prepared by the Powder Metallurgy Group of
University to ensure perfect sphericity. This
PDe of spherical metal foams are used especially in
the profiles of the front sides of vehicles or for
energy absorption in the event of a collision in
environments subject to compression [31, 55, 70,
143, 150-154]. Thanks to their composite material
layers, components that increase thermal
conductivity, impact energy absorption, advanced
pore morphologies, vibration damping and complex
internal void filling capabilities, spherical foams
can be used in various applications to reinforce
hollow structural parts. These materials can offer
effective solutions in a wide range of industries,
especially by providing resistance to local wall
buckling [155, 156].

Spherical foam materials can be reinforced with
various ceramic materials as in other classical
production methods. In the experimental studies, it
was observed that up to 8% reinforcement element
did not have a negative effect on foamability in the
production of SiC reinforced spherical foam, and
even when a high amount of foaming agent (e.g.
2%) was used, adding more reinforcement element
prevented foaming [97]. Figure 18 shows the
foamability of Al foam reinforced with various
amounts of SiC up to 20% depending on the amount
of reinforcement element.
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As seen in the figure, if there is more than 8% SiC,
sufficient foaming cannot be achieved and samples
far from sphericity are obtained. As seen in the
cross-sectional structure of the reinforced Al foam
material in Figure 19, while a regular cell structure
is observed in foam materials containing up to 4%
SiC, deterioration in the cell structures of materials
containing more reinforcement elements s
noticeable. Similarly, it has been reported that
sufficient foaming cannot be observed in materials
containing 8% and more SiC reinforcement
elements and that homogeneous foaming cannot be
achieved [56].

spherical foam production (a), foam
produced with different diameters (b), a
profile structures filled with spheri

malzemeler (b) ve kiiresel kopii

SiC particles t
linear expansion.

nderstood from the
ure images, SiC particles

car expansion when they are
fore, researchers recommend a

this experimental study, it was reported that the
most suitable result was obtained in samples with
4% SiC addition [56]. In another study on the effect
of particle addition on foaming and material
properties, contrary to the above results, there are
also findings that the reinforcement element
increases the compressive strength up to 8% and
10% [71, 84, 94].

X

Figure 18. The effect of adding up to 20% SiC
particles to pure Al powders on spherical foam
formation. While the highest linear expansion is
observed in the unreinforced sample, the deviation
from sphericity and the increase in foaming
difficulty are notable as the SiC content increases in

samples with a reinforcement ratio
[1, 56]. (Saf Al tozlarma %20'ye kada
eklemenin kiiresel kopiik olusumu i i
dogrusal genlesme takviyes®
takviye orani %8'den fazI® olan

ater than 8%
WC partikiili

iiksek
lemlenirken,
SiC igerigi
rlugundaki artis

cure 19. Sectional views of Al-based foam
materials containing different proportions of SiC

particles [1, 56]. (Farkli oranlarda SiC parcaciklari igeren
Al bazli kopiik malzemelerinin kesit goriiniimleri.)
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Figure 20. Effect of SiC particles added to pure Al
powder on (a) density and (b) linear expansion [56,

97]. (Saf Al tozuna eklenen SiC pargaciklarmin (a) yogunluk
ve (b) dogrusal genlesme {izerindeki etkisi.)
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In foam production, the inability to achieve low
density or sufficient linear expansion with both
AFM and classical PM methods poses a problem.
The reason for this is the inadequacy of the
deformation applied to the material before foaming
or the inability to prevent the gas trapped in the
deformed preform samples from moving away from
the pores or cracks during the foaming process.
Another problem encountered in foam production is
the collapse of the foam material caused by the gas
trapped in the molten metal remaining in the
structure for a long time and then leaving the
structure. Collapse is usually caused by high
foaming temperature, long foaming duration or
excessive amounts of foaming agent. All three
situations cause the pore structure to change,
deteriorate and increase the density with the start of
collapse in the foamed material.

Figure 21 shows the porosity rate in samples
deformed at different rates and subjected to foaming
at 690°C for different durations. In this study, where
the optimum foaming time was specified as 3.5
minutes, high foaming rates and homogeneous pore
structure (70-80% porosity) were obtained in
samples deformed by 50% and 70%, while much
lower pore rate (such as 30%) and inhomogen63

pore distribution were detected in the materfal

study, collapse in foams and deterioratio
structure were detected in times longer
minutes.

Figure 22. shows the linear e

s subjected to
0 °C after 3.5
is rate decreased

sample was around 250%. The
e samples foamed for 3.5 minutes
after being feformed at different speeds is given in
Figure 23. While sufficient foaming was not
observed in the samples deformed by 10%, a fairly
regular spherical structure was formed in the
samples deformed by 30% and 50%. When the
deformation rate increased to 70%, regular foaming
was observed first, and then rapid collapse occurred.
The sandwich structure obtained from spherical Al
foam in two sheet metals is seen in Figure 24. The
behavior of spherical foams with a diameter of 10
mm under various pressure test conditions is shown
in Figure 25. As seen in Figure 25, collapses during

compression testing are generally caused by a defect
located on the surface of the spherical foam material
or just below the surface. Figure 24 shows an AFM
foam material produced as a sphere and then
arranged into a sandwich. When the appropriate
binder is used, no separation is observed in the
spherical foams, even at high deformation rates. As
seen in Figure 25, materials deformed by 50% and
70% and foamed for 3.5 minutes have high
volumetric porosity and a homogeneous pore
structure, while less deformed materials (such as
30% and 10%) are not fully foamed, and have low
porosity, as can be seen from the Qugss-sectional

images.
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Figure 21. Sectional views of spherical foams

ed after 3.5 minutes when the porosity ratio and
optimum foam structure were obtained in samples
subjected to foaming process at 690 °C for different

durations [140]. (690 °C sicaklikta farkli siirelerde
kopiirtme iglemine tabi tutulan numunelerde gozeneklilik orani
ve optimum kopiik yapisi elde edildiginde 3,5 dakika sonra
olusan kiiresel kdpiiklerin kesit goriiniimleri.)
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Figure 22. Linear expansion rates of 50% deformed
samples at various foaming temperatures [140].

(Cesitli  koplirme sicakliklarinda %50 deforme olmus
numunelerin dogrusal genlesme oranlari.)
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Figure 23. The appearance of the samples foamed
for 3.5 min after being deformed at various rates

[140]. (Numunelerin gesitli hizlarda deforme edildikten sonra
3,5 dakika kopiirdiigii gozlendi.)

Figure 24. Sandwich spherical foam consisting of
Al spherical foams placed between two sheet metal

plates [140]. (iki sac levha arasina yerlestirilmis Al kiiresel
kopiiklerden olusan sandvig kiiresel kopiik.)

kopiik malzemesinin basing testi sirasindaki defo
kuvvet-yer degistirme egrileri.)

3.3. Al Foam Filled Profile Production
Dolgulu Profil Uretimi)

Although designed for ene reduce
injuries and ensure thg safety \Qf drivers and
passengers in the evegt o icle, & cident, these
materials have found 2 wide vagiety of applications.

By reinforcing o0 hollow pipes and

profiles  with methods, significant
advantagg ided in terms of impact
abso Mmas#i gnificant increase in weight
[6, be method widely used in the

oam-filled profiles, the preform
to be foamed is placed in a hollow
mold or profile and expands when heated and takes
the shape of the mold in which it is placed. This
process ensures that the foam fully adheres to the
inner walls of the profile, improving load transfer
and preventing premature buckling. The parts
produced as a result of this process look like a
closed profile or pipe when viewed from the
outside, but their internal structure is quite porous
[123, 158]. The strength of these materials is also
quite high [7, 144, 159]. Pipes and profiles filled
with metallic foam show interesting shape and

D=10mm, 0,89g cm*

D=8mm, 0,71gem™ \

D=6mm, 0,64gcm™

asyon dwgumu veffarkli caplardaki kiiresel sekilli aliiminyum kopiiklerin

deformation characteristics during buckling. When
used as a filling material inside the pipe or profile,
the total energy absorbed is greater than the sum of
the energy absorbed by the foam and the pipe
separately. Studies [7, 160-162] show that foam-
filled profiles provide 25-32% more strength than
empty profiles [161] Figure 26 shows foamed Al-
based foam materials in various profiles [99].

Figure 26. Al-based foam materials produced at
Gazi University in various profile and pipe

materials and their cross-sectional views [1]. (Gazi
Universitesi'nde cesitli profil ve boru malzemelerden iiretilen
Al esasli kopiik malzemeler ve kesit goriintimleri.)
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4. AREAS OF USE (KULLANIM ALANLARI)

Nowadays, due to the increasing need for high
strength and lightweight materials, interest in the
use of metallic foams as structural and functional
materials has increased. Due to their properties such
as vibration, sound and energy damping [42]
intensive studies on their use continue in these and
similar areas, especially in the automotive sector, as
they are suitable for special requirements such as

rail  transportation  systems,  shipbuilding,
lightweight constructions, aircraft and space
industry, biomedical industry, engine

manufacturing industry [6, 8, 109, 152, 163-166].
The application of metallic foams is not limited to
aviation and automobile industry, but is also
suitable for large bridges, roofs and other high
potential applications in power plants, electrical
industry and chemical industry, architecture and
design field, where electromagnetic protection,
structural damping, flame resistance and decorative
surface structure are required [2, 104] In addition, it
has found use in large machines thanks to its noise
and vibration damping capacity.

In the automobile industry, where metallic foams
are most commonly used, the use of foam materth
in many different parts continues to increase. It|is

167, 168]. In addition, studies are be
on sandwich Al and Mg matesg
material of automobiles.
housings in electric veh4

fals [169] [170].
ples of various
materials. Because foam
al conductivity, they are

materials. Since foam materials have low thermal
conductivity, it is thought that they can have a
longer life compared to other materials used. In
addition, if metallic foam materials are used in the
engine compartment, it is expected to cause fewer
problems since heat transfer occurs with high
convection due to porosity [171].

material in Ferrari [
malzemesi olarak O

iers [135], pots production [129]
1)J7] and rocket parts [8]. In addition,
in the production of heat exchangers,
pports, filters, bio- It is used in a wide

support plates [42]. They are used in a wide variety
of applications, including heat exchangers, catalyst
supports, filters, biomedical implants, silencers,
bearings, sound and heat barriers, and internal
armor support plates [32]. Al foam sandwich panels
are widely used in the production of many products
where lightness is important. It is used in the Ariane
5 Rocket as a two-cone shaped structure [8, 12].
This cone-shaped honeycomb structure has replaced
high-cost and hard-to-obtain materials with Al foam
sandwich panels. Thus, it both reduces weight and
makes its use easier [172].

A-A kesiti

Kesit alani

Numuneler Geometri

Figure 28. Al foam and honeycomb structure in MMC structure used for energy absorption in railway

vehicles. Foams are placed within the profile for energy absorption purposes [165, 176]. (Demiryolu tasitlarmda
enerji soniimleme amacl kullanilan MMC yapida Al kopiik ve bal petegi yapisi. Al kopiikler profil icerisine enerji soniimleme
amagcl yerlestirilmistir.)

X
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4.1 Integral Armor Material (Integral Zirh Malzemesi)

By utilizing the energy absorption feature of
metallic foams, armored vehicles are covered with
armor plates against the explosion effect they are
exposed to. Although sufficient armoring is done
and protection is provided in the vehicles, it is aimed
for the personnel to receive the least damage from
the shock effect at the moment of explosion. For this
reason, as seen in Figure 31.a, B4C reinforced Al
foam was placed inside the polymer-based
composite armor plates used today and its use as a
===z = il composite armor material was in
' main purpose here is to minimize th

Figure 29. Foam reinforced sandwich structure

N . during the explosion. For was
used for sound and vibration damping in a 6 m long £ Plos] ) .
. . , , planned to use reinfogee oth high
machine [177]. (6 m uzunlugundaki makinede ses ve . . .
strength and sufficient on properties,

titresim soniimlemesi icin kopiik takviyeli sandvig yapi.)

and Al-based metalli
25x1.5 cm foam
ese properties were

s/ However, with the PM team at Gazi
ity, these problems were overcome and

In oyder to evaluate the armor performance, blast
s were performed with 6, 8 and 10 kg TNT in the
experimental setup (Figure 32) prepared from this
large-sized foam sample according to the NATO
Stanag standard, and it was observed that the
samples containing B4C reinforced Al foam in the
armor provided the desired level of protection as a
result of the blasting. Figure 32 shows the pictures
taken at certain stages during the flashing, and
Figure 33 shows the condition of the armor plate
before and after the blasting.

Figlire 30. Use of metallic foam to Protect drivers
and passengers in areas of vehigle c

be exposed to impact. [1, 1
kalma olasiligi bulunan bo
korunmasi amaciyla metalj

Polymer based armor material

»

Figure 31. B4C reinforced Al foam plate with dimensions of 25x25x1.5 cm placed between polymer-based
composite armor plates for energy absorption (a), section view of the Al foam reinforced armor plate
developed for armored vehicles against explosion effects (b) and general view of the armor (¢) [1, 33, 179].
(Polimer esasli kompozit zirh plakalar1 arasina yerlestirilen, enerji emilimi saglayan 25x25x1,5 cm boyutlarindaki B4C takviyeli
Al kopiik levha (a), zirhli araglar i¢in patlama etkilerine kars gelistirilen Al kopiik takviyeli zirh levhasinin kesit goriiniimii (b) ve
zirhin genel goriiniimii (c))
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Figure 32. Blast test setup (a), prepared according to
and images of certain durations of the explosiong

testi diizenegi (TNT okla gosterilmistir) ve patlamanin belirlf siirelerineNait

Stanag standardina gore hazirlanmis patlama
fintiiler.)

Before
test

After
test

front

baf:k i

dit1
nb

plakasinda 1 bir hasar olmadig1 goriilmektedir.)

5. CONCLUSIONS (SONUCLAR)

In this study, information is given about different
production methods of Al foams with PM methods
and the areas where these materials can be used are
focused. It is seen that Al foams provide advantages
in various industries such as automotive, aircraft
manufacturing, construction and defense thanks to
their excellent impact and high energy absorption
capacity and lightweight structure. In addition,

of the armor plate before and after the explosion test. From the condition of the armor

en that there was no significant damage to the armor plate after the explosion [1, 34].
tindep» once ve sonra zirh plakasinin durumu. Zirh plakalarinin durumuna bakildiginda, patlamadan sonra zirh

research on foam formation parameters and
production techniques of the material have been
determined as important factors affecting the
mechanical and physical properties of the foam
structure. Within the framework of this information,
it is seen that it is possible to produce foams with
fine pore structure and high mechanical properties,
as well as foams with coarser pore structure, low
density but good insulation.



Tiirker / GU J Sci, Part C, 13(X): XX-XX (2025)

In addition to the above properties, it has been
determined that the sandwich structure formed by
placing the reinforced Al-based composite foams
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