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Abstract

Aluminum foam sandwich (AFS) is an innovative sandwich material for designing lighter products
and has many advantages such as high stiffness and high mechanical-energy absorption capacity.
Although AFS is ready for series production, the number of use cases is low. A survey was carried out
in order to identify the obstacles in the application of aluminum foam sandwich. This paper presents
the results of the survey, derives the demand for a support method for designing with aluminum foam
sandwich and shows various support options to simplify the application of the material.

Keywords: lightweight design, design for x (DfX), design methods, design guidelines, aluminum
foam sandwich

1. Introduction and motivation

Realizing lightweight designs is a major challenge for which the various materials and construction
methods are highly significant. One great potential for lightweight design lies in the use of sandwich
materials (Beichelt, 2005), in particular aluminum foam sandwich (AFS), which consists of
aluminum alloys in the face sheets and in the core (Banhart et al., 2017). The core consists of a
porous foam structure, which is created by heating the raw material (Seeliger, 2011). Due to its
manufacturing process, there is a metallic bond between the face sheets and the core. This bond
does not require any adhesives and as a structure consisting of only one material, it has a high
recycling quality (Seeliger, 2011). Further advantages of aluminum foam sandwich are its high
bending stiffness at low density, good damping behavior and energy absorption properties
(Sviridov, 2011). AFS components are therefore used in mechanical, plant and automotive
engineering (Banhart et al., 2017), for example in battery boxes for electric vehicles (Schmerler et
al., 2017; Havel, 2019; Hommel et al., 2019). Due to the high mechanical energy absorption of the
aluminum foam, AFS is also suitable for use in crash-relevant components (Banhart et al., 2017).
Aluminum foam sandwich is available on the market (Seeliger, 2011) and is regarded as an
innovative material with a great potential for application due to its diverse properties and possible
applications (Binz et al., 2018; Sviridov, 2011).

To understand the needs of customers, identify obstacles to the application of aluminum foam
sandwich and therefore increase the use of the material, a survey was conducted. This paper presents
the results of the empirical survey on the use of aluminum foam sandwich from an industrial
perspective.
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2. Problem and goal

Although aluminum foam sandwich has several advantages and many possible fields of application,
the material is infrequently used in industry (Florek et al., 2014; Banhart et al., 2017), meaning that
the number of industrial applications is below the potential of the material as confirmed by its various
manufacturers. The reasons for obstacles to the application of AFS are not sufficiently known.

One possible reason for the low level of application is that design engineers have to face various
challenges when designing with AFS. For example, these challenges result from a lack of known
material parameters, and also from a lack of knowledge concerning the machining and joining
possibilities of the material (Hommel et al., 2019).

To examine the demand for design support in industrial environments, a survey was conducted, the
main objectives of which were to gain a better understanding of the obstacles to designing with
aluminum foam sandwich and to identify the desired types of support. The main research questions of
this article are therefore as follows:

1. What are the difficulties when using aluminum foam sandwich and what are the challenges in
designing with aluminum foam sandwich?

2. s support necessary for designing with aluminum foam sandwich?

3. How can the design with aluminum foam sandwich panels be supported (methodologically)?

3. Structure of this paper

In the following section, the “aluminum foam sandwich” material is described and the manufacturing
and processing methods are presented. By presenting some of the material’s advantages, different
potential applications are highlighted. In addition, a survey on known obstacles to the application of
metal foam is presented. Section 5 explains the structure of the survey by presenting individual blocks
of questions and characterizes the respondents. The results of the survey are presented in Section 6
through various diagrams. In Section 7, the results are discussed. The article concludes with a
summary of the results and provides an outlook for further activities.

4, State of the art

This section presents the state of the art concerning the manufacturing, benefits and applications of
aluminum foam sandwich. At the end of this section, already known obstacles to the use of AFS are
mentioned.

4.1. Manufacturing

There are many different methods for manufacturing metal foam (Banhart, 2018). The two main families
for closed-cell foams are the powder metallurgy technique (Baumeister, 1990) and the melting
metallurgy technique (Akiyama et al., 1987). Aluminum foam produced through the powder metallurgy
technique has better mechanical properties than aluminum foam produced with the melting route, such as
compressive strength. Therefore, aluminum foam sandwich made via the powder metallurgy route is
more recommended for industrial applications than the other process (Orov¢ik et al., 2016).

In the powder metallurgy technique, aluminum powder and a foaming agent (usually titanium hydride
TiH) are mixed and compressed. By heating the aluminum foam above the melting temperature, the
hydrogen gases out and the foam structure is formed. There are two common methods for the
production of aluminum foam sandwich within the powder metallurgy route, the so-called AFS
technology (Banhart and Seeliger, 2012; Baumeister et al., 1994) and the AAS technology (Schuller et
al., 2017; Hohlfeld et al., 2018), which are presented in Figure 1.

In both cases, the aluminum foam is initially mixed with a blowing agent and compacted to produce a
foamable core material. With the AFS technology, a container is formed from two face sheets of
aluminum and the foamable core layer. This composite is rolled and can then be cut to size or formed.
In the final step, the three-layered composite is heated and the foaming process begins (Seeliger,
2004). One advantage of this stable process is the possibility of fast heat input into the aluminum core
due to the material bonding. However, one disadvantage is the high production effort caused by the
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complex rolling of foamable composites, meaning that this process is only economical for large
batches (Hannemann et al., 2018; Schuller et al., 2017).
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Figure 1. Manufacturing processes of aluminum foam sandwich: a) AFS technology, b) AAS
technology, according to Sviridov (2011), Hohlfeld et al. (2018) and Hommel et al. (2019)

There is also the possibility of manufacturing aluminum foam sandwiches without rolling (Schuller et
al., 2017). In this method, the core material is extruded and cut into several sheets. These sheets are
placed between two face sheets, which are positioned at a certain distance. Finally, the foamable
aluminum material between the two aluminum face sheets is foamed to form a sandwich (Hohlfeld et
al., 2018). In addition to dispensing with rolling, another advantage is that the extrusion of the
foamable material is simple (Hannemann et al., 2018). A particular disadvantage of this method is that
the upper face sheet only comes into contact with the foam shortly before the end of the foaming
process and that there is thus only a short time to build a strong connection (Hohlfeld et al., 2018).

As the panel-shaped material can be further processed using conventional sheet-metal processing
methods, three-dimensional structures can be produced through cutting (sawing, milling, laser beam
cutting) and joining (welding, gluing, screwing, riveting). Forming before or after foaming is possible,
as is the foaming of different profiles. These opportunities afford the designer significant design
freedom and allow the formation of complex shapes. (Garcia-Moreno, 2016; Hommel et al., 2019;
Metalfoam, 2016)

4.2. Benefits and applications

Aluminum foam sandwich differs from other sandwich materials, such as honeycomb sandwiches,
because the layers do not have to be glued. Aluminum foam sandwich is therefore more heat-resistant,
more weldable, fully recyclable and has better durability (Banhart et al., 2017). In addition to its high
stiffness and low density, aluminum foam sandwich has other positive properties such as good energy
absorption, increased mechanical damping and good sound-insulation properties (Sviridov, 2011). As
aluminum foam sandwich effectively absorbs kinetic energy through deformation, it is suitable for
applications where crash protection is required (Banhart et al., 1998; Havel, 2019; Nosko et al., 2010).
Other applications like for example a sliding bed of a milling machine, a support of a working
platform for a mobile crane vehicle, or a rocket in the aeronautical industry are shown in Garcia-
Moreno (2016).
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4.3. Obstacles

Although there are many potential applications and some prototypes have been tested, the material is
still rarely used in series production. Despite the aforementioned advantages, metallic foams are used
less than honeycomb structures or polymer foams (Schiler, 2016). One reason for the lack of series
application is the cost of the material (Florek et al., 2014). A further disadvantage is anisotropy and a
large dispersion of the mechanical properties due to the inhomogeneities in the structure. These
production-related disadvantages result in a low industrial acceptance (Nosko et al., 2010).

However, these are not the only obstacles. Hipke and Wunderlich (2000) conducted a survey on the
obstacles to the use of metal foam, in which 121 respondents took part. The results of this survey are
shown in Figure 2. Employees from the fields of research and development, design and calculation
were interviewed. The main obstacles to the use of metal foam are the lack of technical parameters,
the lack of reference applications, the cost and the availability of the material. The high cost and the
low availability will improve with increasing acceptance, while action is required for the other
obstacles. (Hipke and Wunderlich, 2000; Hipke, 2002)

Obstacles to the use of metal foam

Lack of technical parameters
Lack of reference applications

Cost
Availability
Technical parameters not sufficient
Others
Lack of support from superiors -
0% 10 % 20 % 30 % 40 % 50 %

Figure 2. Obstacles to the use of metal foam according to Hipke and Wunderlich (2000)

Since this survey is already twenty years old, a question remains concerning the nature of the situation
today. This paper therefore analyzes the current obstacles to the use of AFS and introduces possible
ways to address these.

5. Structure of the survey and description of the respondents

This section explains the structure of the survey conducted by the authors, which deals with the use
and possible applications of aluminum foam sandwich from an industrial perspective. The various
guestion blocks of the survey are also mentioned and the respondents are characterized.

The survey on the use of aluminum foam sandwich was conducted online and was available between
June and September 2019. The invitation to the survey was sent both to previous and potential future
users of the material. The mailing list included various industrial companies of different sizes. In
addition, the online link was passed on to interested trade visitors at a composite fair. A total of 571
invitations to the survey were distributed. In the invitation text and at the beginning of the survey, AFS
was briefly presented to the participants by summarizing the most important properties and
information of the material. This ensured that the participants focused on the correct material.

All questions in the survey were written exclusively in German to prevent misunderstandings during
translation; therefore, all respondents were from German-speaking countries. The participants of the
survey responded voluntarily. In order not to draw any conclusions about the test persons and not to have
any influence on the answers, the survey was conducted anonymously and questions about gender and
age were not given.

The survey included 36 questions in total, which were divided into three main sections as presented in
Table 1. The questions examined various aspects such as awareness and reasons for using AFS, as
well as obstacles to its use and the need for support in designing with AFS. The questions were
presented as single-choice, multiple-choice or free-text. In all of the following diagrams on the single-
choice questions, the sum of the individual values may deviate from 100 percent due to rounding. In
addition, the response options that were not ticked are not included in the diagrams.
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Table 1. Survey design

Section Content Number of questions

1 | Demographics and Industry affiliation, work focus, company size 8
experience

2 | Lightweight design Importance of lightweight design, importance and use 7
and material usage of different materials

Areas of interest

3a | Awareness and Awareness of the material and significance compared 4
importance to other materials

3b | Use of aluminum Consideration in material selection, applications, 10
foam sandwich potentials, conflicts, challenges, obstacles

3c | Requirements and Requirements that would ensure increased application, | 5
lack of information lacking information, lacking knowledge

3d | Concluding questions | Further notes, other comments, offers, interest in future | 2
and final notes contribution

Sixty-five persons participated in the survey. The work experience and the company size of the
participants are evenly distributed, as can be seen in Figure 3: From small companies to large
corporations, all groups are represented. The participants came from various industries with different
work areas. The largest number of replies came from companies in the automotive sector (51 %) and
mechanical engineering (37 %), with all other common sectors represented.

How long have you been working How many employees work for your
(in years)? n =65 company worldwide? n==65

0tol 8 % lto9 3%
Above 1t0 3 20 % 589[ tozjg 8 o 17 %
(0] (0}
AAbeVGS 3 tolg 250 to 999 6 %
ove 5 to 1,000 to 9,999 20 %

Above 10 to 20 10,000 to 49,999 28 %
Above 20 2>6 % 50,000 or more 189%
0% 10% 20% 30% 0% 10% 20% 30%
Which industry does your company belong to? (Multiple answers possible)  n =65

Automotive 51 %
Mechanical engineering

Machine components

9%

Others 9%
Research institute 9%
Service provider/consulting 8%
Garden- and landscape-maintenance machines 8 %
Construction and building-services engineering 5%
Machine tools 5%

2%
2% -
0% 10% 20% 30% 40% 50% 60%

Figure 3. Work experience (top left), company size (top right) and industry affiliation (bottom)
of the participants

Tool and fixture construction
Other machinery

The main work focus is on research and development (65 %), construction (43 %) and project
management (15 %) and participants correspond to various hierarchy levels within the respective
company. Employees right up to management took part in the survey. The majority of respondents
(55 %) were employees without management or leadership responsibility.
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Figure 4 lists the lightweight materials most commonly used by the respondents of the survey. While
almost all participants use aluminum, aluminum foam sandwich is currently only used by 18 %.
Aluminum foam without face sheets is only used by 6 %. Compared with other materials, especially
other sandwich materials such as honeycomb sandwich, less widespread industrial application is
discernible.

Which lightweight materials/constructions do you use? (Multiple answers possible) n = 65
Aluminum 97 %

High-strength steels

Glass fiber reinforced plastic
Carbon fiber reinforced plastic
Plastic

Magnesium

Titanium

Honeycomb sandwich
Aluminum foam sandwich
Honeycombs

Wood

Aluminum foam

25%

22 %

18 %

17 %

12 %

6 % |

0% 10% 20% 30% 40% 50 % 60 % 70 % 80 % 90 % 100 %

Figure 4. Use of various materials by participants

6. Findings

In this section, the main results of the survey concerning the application of aluminum foam sandwich
are presented. Firstly, participants were asked if they knew of AFS before the survey, or whether it
was the first time that they had heard of it. Figure 5 shows that half of the participants (51 %) were
very familiar with the material, while 38 % had at least heard of it. Only 9 % did not know of the
material before the survey.

Did you know of the material “aluminum foam sandwich” before this survey? n =65

Yes, | am very familiar with the material 51 %
Yes, I’ve heard of it, but I don’t know any characteristics
No, | was totally unfamiliar with the material 9%
No information possible 2% -

0% 10% 20% 30 % 40% 50 % 60 %
Figure 5. Familiarity of the participants with aluminum foam sandwich

In total, 89 % said that they knew of the material, although only around half of all respondents (49 %)
included AFS in their material selection at all. 42 % answered that the use of the material was not
being considered at all. Only about a quarter (26 %) of the respondents used AFS in current or
previous projects, while 69 % did not use the material. These results are shown in Figure 6.

Does your company consider AFS as a possible Has AFS been used in your previous
material in the development process? n =65 projects/products? n =65
Yes 49 % Yes 26 %
No 42 % No 69 %
No information possible 9 % - No information possible @ 5 % -
0% 20% 40% 60% 0% 40 % 80 %

Figure 6. Consideration of aluminum foam sandwich in material selection (left) and previous
usage of aluminum foam sandwich (right)
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The question therefore remains concerning why most of the participants have never used the material
before or even considered it when selecting materials for construction. To answer this, respondents
were asked in a free-text question about the reasons for the material not being considered, nor ever
used. They often remarked that they were not fully familiar with the material or had a lack of
experience with it. In addition, many participants were not aware of any applications, so they did not
know where the material could be used most appropriately. The cost is another aspect that is seen as
critical, as well as the lack of design knowledge. It is mentioned that the introduction of force into the
sandwich is difficult and the possibilities of joining technology are unknown. Furthermore, the
material characteristics are insufficient, unknown or have an excessive dispersion. Therefore, the
material maps are of inadequate quality, which leads to insufficient simulation results.

After the participants were generally asked about the reasons for not considering the material, they
were asked in a further question about the obstacles they see with the use of aluminum foam
sandwich. These two aspects were deliberately asked separately in order to gain the best possible
understanding of the current situation. To answer the question about the obstacles, they had a
number of choices from which they could choose. The results are shown in Figure 7. The most
frequent answer, which 58 % of the respondents gave, was the high cost of the material. Roughly
every second respondent (51 %) also stated that they perceive the lack of design knowledge of the
material to be an obstacle. Lack of reference applications (40 %), unknown material (32 %) and
insufficient (29 %) or lacking (25 %) technical parameters were further answers. These answers also
coincide with the free-text question mentioned above and are therefore a good indication that
nothing has been omitted.

What do you see as obstacles to the use of AFS? (Multiple answers possible) n=65

High cost 58 %
Lack of design knowledge for the material
Lack of reference applications
Material is unfamiliar
Technical parameters are not sufficient
Lack of technical parameters
Low availability of the material
Others
Previous negative experiences with it
Lack of support from superiors
No information possible

51 %
40 %

32%
29 %
25%

17 %

11 %

8%

8%

3%

0% 10% 20% 30% 40% 50% 60% 70%

Figure 7. Obstacles to the use of aluminum foam sandwich

After having asked about obstacles to the use of AFS, the last part of the survey concerned the
requirement for a support method for designing with AFS. As such, one of the key questions was
whether design engineers needed help when designing with AFS. The survey shows that 32 out of 65
respondents (49 %) need support. 18 participants (28 %) responded that they did not need support,
while 15 participants (23 %) could not answer this question. The result is shown in Figure 8.

Do you need support in designing with aluminum foam sandwich? n==65
Yes 49 %
No 28 %
No information possible 23 % -
0% 10 % 20 % 30 % 40 % 50 % 60 %

Figure 8. Need for support in designing with aluminum foam sandwich

DESIGN METHODS 933

https://doi.org/10.1017/dsd.2020.13 Published online by Cambridge University Press


https://doi.org/10.1017/dsd.2020.13

Looking only at the results of those participants who are currently using or have used AFS, the
following result is obtained. 17 participants have used the material in previous projects, while six of
them need support. This means that 35 % of these experts still need help in designing with aluminum
foam sandwich. Only half (53 %, 9 people) of those who already use the material do not require any
further support. Two participants could not provide any information.

In a further free-text question, users were specifically asked which information was missing and how
designing with aluminum foam sandwich could be simplified. The most frequently given responses were:

o Design catalogue, design guidelines, design specifications, manual as a use guide, design for
manufacturability

Overview of processing options

Suitable joining techniques for various requirements with advantages and disadvantages
Reference applications

Overview of the potentials of the use of the material, suitable fields of application,
methodology for optimal use

e Calculation specifications, calculation norms, qualified strength calculation

e Simulation, topology, material maps

The first point (design catalogue, design guidelines etc.) was mentioned by more than half of the
participants.

When asked whether a document or platform with the appropriate material properties and design notes
could be a support method for designing with AFS, 82 % answered with “Yes” (68 %) or “Rather yes”
(14 %), as shown in Figure 9 on the left. Only one participant (2 %) indicated that such a document
would have no benefit for him. A similar distribution can be seen in the answers to the question of
whether the participants in the survey would use such a document or platform. Here, 57 % were in
favor of clear use, while 14 % were likely to use it and 18 % ticked “Maybe” as their answer (Figure 9
on the right side).

Could a document or platform with
material notes, design guidelines,

manufacturing parameters etc. be a Would you use such a document
support for designing with AFS? n =65 or platform? n =65
Yes 68 % Yes 57 %
Rather yes 14 % Rather yes 14 %
Maybe 9% Maybe 18 %
Ratherno | 0 % Ratherno @ 5%
No I 2% No | 2%
No information possible 8 % > No information possible @ 5% -
0% 40 % 80 % 0% 40 % 80 %

Figure 9. Requirement (left) and future use (right) of a document or platform for designing with
aluminum foam sandwich

7. Discussion

In this section, the obtained results will be discussed. A survey was previously conducted to better
understand the obstacles and the requirements for designing with aluminum foam sandwich. With the
answers from the 65 participants of the survey, clear needs and a lack of knowledge can be identified.
However, it should also be noted that these 65 respondents do not represent a holistic view of the
industry.

The presented results show that most respondents are familiar with the material. Nevertheless, only
about half of the participants consider AFS when selecting materials. In the end, only 18 % of the
participants currently use aluminum foam sandwich, with various reasons for this low use. The main
obstacles to the use of AFS are presented in this paper: high cost, lack of design knowledge and
missing reference applications.
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Similar obstacles to the use of metal foam, which were identified in a survey 20 years ago, are
presented in the state of the art of this paper. By comparing these two surveys, the cost is still one of
the main obstacles to the use of metal foam or aluminum foam sandwich, respectively. The lack of
reference applications is also mentioned today with the same frequency as in the survey of Hipke and
Wunderlich (2000).

One gratifying aspect is that the technical parameters and the availability of the material have
improved, although the insufficient technical parameters and the lack of these parameters still
contribute significantly to the fact that the use of the material today is still so low.

One issue that was not considered in the survey by Hipke and Wunderlich (2000) is the lack of design
knowledge with the material. Besides the cost aspect, this lack of knowledge is most often described
as an obstacle. The price will decrease with increasing acceptance and use of the material. However,
the lack of design knowledge suggests a need for research. More than half of the participants in this
survey criticize this lack of knowledge when designing with aluminum foam sandwich. From a
methodological point of view, the lack of design knowledge and for example the lack of reference
applications can be improved upon.

The evaluation of the free-text questions identifies a demand for methodological support. The
participants suggested a design catalogue or design guideline several times as a possible support
method. In addition to paper-based documents, further options also include an online platform with
design recommendations and joining options or an online tool for calculation.

There are many ideas and opportunities for support, and the content and form for the most profitable
support method needs to be elaborated. The result of the survey and the knowledge gained from this
paper can be used to expand the research work in order to develop such support for designing with
aluminum foam sandwich.

8. Conclusion and outlook

A survey in an industrial environment was carried out to identify the obstacles to the use of aluminum
foam sandwich. The material is known and is ready for series production. Due to obstacles such as
high costs and a lack of design knowledge or reference applications, designers do not use aluminum
foam sandwich in the design process as much as they might.

The results of the survey and the discussion in this paper have shown that there is a need for design
support. For example, the respondents mentioned several times that design guidelines or re-
commendations for practice would be desirable. In addition, an overview of reference applications and
machining possibilities as well as information on joining techniques can minimize the obstacles and
increase use.

This paper revealed the need for further efforts to make better use of the material. In the future, it will
be necessary to investigate the content and form that optimal support might take. Initial approaches
have already been discussed in this paper.

Development will take place on how to elaborate the optimal support for designing with aluminum
foam sandwich with assistance from practical experts and manufacturers of the material. After
developing such a design support method, it will need to be evaluated in practice.
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