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Abstract

Legislative demands force the automotive industry to reduce greenhouse gas (GHG)
emissions. At the same time, crashworthiness must not be compromised. A ve-
hicle’s GHG emissions, such as carbon dioxide, is dependent on its fuel consump-
tion. Lowering the vehicle weight, reducing fuel consumption, will therefor reduce
emissions. Thus, high performance lightweight materials and structures are on
demand. Several methods for achieving high-performance lightweight components
are available. One of the most successful approaches has been replacing mild
steels with press-hardened steels, e.g. ultra high strength steels (UHSS). In the
press-hardening process, a low-alloyed boron steel blank is austenitized followed
by simultaneously forming and cooling. By controlling cooling rates, a martensitic
microstructure can be obtained, resulting in components with superior properties
compared to mild steels. Other methods of achieving lightweight components in-
clude the usage of sandwich structures where stiff skins are bonded to a low-density
core. In the present thesis, several types of sandwich structures are studied both
numerically and experimentally. A UHSS sandwich with a bidirectionlly corru-
gated core, intended for stiffness application, is manufactured and evaluated in
three-point bending. Finite element models are utilized to recreate the three-point
bend test. A large amount of finite elements are required for precise discretization
of the core. The number of finite elements are reduced by replacing the sandwich
with an homogeneous, equivalent model with input data obtained from analyzing
representative volume elements (RVEs) of the core, subjected to periodic and ho-
mogeneous boundary conditions. Good agreement is found between experiments
and finite element models. A UHSS sandwich with a partly perforated core is
evaluated numerically for energy absorption applications. Several hole configu-
rations for the core are evaluated with respect to specific energy absorption. A
fracture criterion is utilized for the sandwich skins. Computational time is re-
duced by homogenization of the core using a stress-resultant based constitutive
model. It is found that the sandwich concept allows for an increase in specific
energy absorption and that the computational time can be reduced while still be-
ing able to predict energy absorption. An experimental methodology is developed
for mechanical characterization of micro-sandwich materials. Tools are developed
for loading the micro-sandwich in out-of-plane tension and shear, where digital
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image correlation is used for measuring displacements fields and fracture of the
micro-sandwich core. Statistical methods are adopted for analyzing the variation
in the mechanical properties of the micro-sandwich from which statistical means
may be obtained. The experimental data is used as input for constitutive models,
simulating the micro-sandwich material subjected to peeling, using a T-peel test.
The numerical models are validated against experiments, found to agree within
one standard deviation, suggesting that the experimental methodology produces
robust data.
The present work has thus presented methods, further increasing the usability

of UHSS with regard to lightweighting, and explored how such components may be
simulated numerically with adequate accuracy and reasonable computation time.
Furthermore, the present thesis contributes by presenting methods for character-
izing micro-sandwich materials, including statistical methods for analyzing scatter
in mechanical properties, and how such sandwich materials may be modeled, tak-
ing elasto-plasticity and damage into account. These results opens up possibilities
for further development and optimization of lightweight constructions.
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Chapter 1

Introduction

This is the introductory chapter of the thesis, aimed at providing the reader with
the objective and background of this work, as well as a context, in terms of how
the thesis relates to industrial needs and the present state of the art.

1.1 Aim, objective and research questions

The thesis is focused on the development, experimental characterization and mod-
eling of sandwich materials. Lightweight components are on demand from the
automotive industry, and the aim of the present thesis is to contribute knowledge
regarding lightweighting, using sandwich structures, allowing weight reduction of
components used in, e.g., the automotive industry. The objective is to develop new
lightweight sandwich structures based on fully hardened boron steel, i.e. ultra high
strength steel (UHSS), for stiffness and energy absorption applications. A second
objective is to develop models that can mimic the sandwich material, balancing
accuracy and computational time. A third objective is to develop and improve
experimental methods for mechanical characterization of micro-sandwich cores,
providing input data for numerical simulations, allowing modeling of such materi-
als. Thus, two research questions may be formulated: ”How can UHSS be utilized
to further expand its use for lightweight applications regarding both structural
stiffness and energy absorption and how should such components be modeled, bal-
ancing validity and computational cost?” and ”How can micro-sandwich cores be
experimentally characterized and modeled balancing accuracy and computational
time?”.
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4 Introduction

Figure 1.1: The 17 global goals set by the United Nations in Agenda 2030 for
sustainable development [1].

1.2 Industrial background and motivation

Reduction of green house gas (GHG) emissions, e.g. C02, is an increasing global
priority. This has lead to international frameworks, such as UN’s 2030 Agenda,
where international common sustainable development goals are set, see Figure 1.1,
which may lead to national and international legislative measures. For automotive
manufacturers this means having to comply with governmental goals to improve
fuel efficiency, reducing GHG emissions. Thus, legislation regarding GHG emis-
sions and passenger safety are two major forces driving the development of the
automotive industry.

A number of areas can be considered for improving fuel consumption, including
aerodynamic drag, drivetrain and transmission losses, rolling resistance, and vehi-
cle weight [2]. Reduction of vehicle weight has been considered as one of the most
important areas for improving fuel economy [3]. Several studies have shown that a
10 % decrease in weight corresponds to approximately a 5 to 7 % improvement of
fuel efficiency [4, 5]. In addition to improve fuel efficiency, the benefits of achieving
lighter vehicles include several secondary weight saving effects, such as less rigid
suspensions, lighter engines, and downsized brakes [2]. The result is a demand for
new, financially and environmentally sustainable, lightweight materials and struc-
tures to be used for vehicle bodies. In the following, a background will be given,
dealing with materials and lightweighting within the automotive industry.
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1.2.1 Automotive materials and lightweighting

The vehicle composition, with regard to materials, has evolved over the past five
decades. In the 1970’s close to 80 % of the vehicle mass consisted of steel and
by 2020 it is approximated at levels just above 50 %, in favor of other materials
such as plastics and rubbers [6–8]. This is illustrated in Figure 1.2. Despite the
introduction of plastics and rubbers, the average weight of passenger cars has still
increased over time due to customer demands, see Figure 1.3. Even though the
steel content has decreased, it still makes up over half of the vehicle mass, divided
into several steel grades with varying temperature histories, microstructures and
mechanical properties. The high content of steel in modern vehicles motivates the
need for further development of the material’s properties, making weight reduction
(i.e. lightweighting) possible. The most successful method for lightweighting has
been the replacement of mild steels with press-hardened high strength steels [9].
The enhanced properties of the press-hardened components facilitate reduction of
gauge thickness, thus reducing weight. For additional weight reduction, steel must
be further improved or replaced with new materials. A possible substitution is
replacing steel with aluminium. Due to its density, aluminum offers equal perfor-
mance to that of steel at an increased gauge thickness, while still yielding weight
reductions up to 50 % [2]. Due to the properties of aluminum, several automotive
manufacturers have increased their use of aluminum in order achieve weight reduc-
tions [10]. Even greater weight reduction potential is offered by fiber reinforced
polymers (FRP). FRPs typically consist of multiple layers, often referred to as
plies or laminae, joined together to form a laminate. Each layer consists of fibers
embedded in a matrix, allowing designers to tailor properties according to their
need by specifying orientation and material of the fibers. Fibers exist with a wide
range of mechanical properties and may have elastic moduli exceeding that of steel
with up to five times, see e.g. coal tar pitch-based carbon fibers [11]. The usage is,
however, restricted by costly manufacturing processes. With more cost-effective
manufacturing processes, prices will go down and usage increase.

A further method to achieve cost-effective manufacturing and development pro-
cesses, is the implementation of virtual methods, e.g. finite element analysis
(FEA). The benefits of adopting FEA are manifold and include reduced devel-
opment time, freedom regarding analysis of various design configurations and pa-
rameters, and topological optimization. Thus, by incorporating virtual testing and
development, costly and time consuming experimental work can be minimized, re-
ducing the overall cost of product development. This trend defines the automotive
industry and an illustrative example is the development of the second generation
Volvo XC90, which was mainly developed using virtual methods, with no complete
car prototype built during the development phase [12].

Sandwich structures, a special form of laminated composites, provide an effec-
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Figure 1.2: Evolution of material content in vehicles [14, 15].

tive way to drastically increase bending stiffness without significantly increasing
weight, due to the so-called sandwich effect. Despite favorable properties, sand-
wich materials are seldom used for automotive applications [13]. The automotive
industry’s willingness to adopt new materials is governed by aspects such as costs,
performance and the ability to model structures numerically with reasonable com-
putational time and accuracy. Furthermore, the structure should be formable,
avoiding costly manufacturing techniques, and preferably weldable, to ease inte-
gration into the automated production chain [13]. Lastly, the sandwich must be
adequately thin to replace components, such as bonnets, roofs or floor elements.
These demands have been driving forces for the development of thin sandwich
materials, i.e. micro-sandwiches.
A major challenge when lightweighting is producing functional components at

a reasonable cost. Thus, component performance regarding in-service loads, e.g.
crashworthiness and passenger safety, must be balanced against cost of production
and the possibility to numerically model such components for them to be viable
candidates for replacing current configurations.
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Figure 1.3: Evolution of light-duty vehicle mass with data according to Mayyas
et al. [16].

1.2.2 Press-hardening

Due to the success of the press-hardening method with regard to lightweigthing,
this section will go further into its history and the process steps involved. In the
1970’s, the method of press-hardening was invented by Lule̊a University of Tech-
nology (LTU) and NJA (now SSAB), and industrialized by Plannja HardTech (now
Gestamp HardTech). During the process a blank is heated in a furnace, causing it
to austenitize, transferred to a forming die, where the blank is simultaneous formed
and quenched, see Figure 1.4. Due to the elevated temperature, formability in-
creased, allowing manufacturing of complex geometries. By controlling cooling
rates during forming, a mainly martensitic microstructure may be obtained. The
result is a component with high shape accuracy, very high yield and ultimate ten-
sile strength. If a spatial variation of cooling rates are adopted, components with
varying microstructures and mechanical properties, denoted tailored properties,
are possible [17]. Combining fully hardened steel with zones of reduced strength
and improved ductility, have proven beneficial for crashworthiness of certain com-
ponents. In conclusion, the press-hardening process is an economical method for
creating advanced, high-performance steels for components of complex geometries,
where high demand is placed on shape accuracy, motivating its growth within the
automotive industry [18]. Today, development of advanced high strength steels
and UHSS continue, see e.g. [19–22], driven by emission regulations regarding C02
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as well as legislative requirements for passenger safety, to achieve further weight-
reduction without compromising passenger safety.

Figure 1.4: An illustration of the process steps involved for press hardening of steel
blanks.

1.2.3 Sandwich materials - manufacturing and industrial
applications

There exists a vast selection of sandwich cores, due to the possibility of varying
both the virgin material, on which the core is based, as well as its geometrical
or topological layout. One of the most frequently used pattern is the honeycomb
structure [23]. Honeycomb patterns are commonly manufactured using either an
expansion or corrugation process [24, 25]. After the sandwich core has been man-
ufactured it is joined to the skins.
A fundamental demand placed on sandwich materials is that no delamination

occurs during its service life. Three principal techniques for joining skins and core
are thermal joining (welding or brazing), suitable for metal sandwich materials,
adhesive bonds, and mechanical joining (e.g. riveting) [26]. The choice of man-
ufacturing method is strongly influenced by the material on which the sandwich
constituents are based. A common manufacturing process, suitable for industrial
use is the roll-bonding process, allowing continuous production of sandwich sheets
with constant and reproducible manufacturing conditions [27]. Additionally, a
critical procedure is the joining of the sandwich to global structures. As for the
joining of skins and core, the method adopted for integrating the sandwich into
structures will be governed by the material of the sandwich.
Sandwich materials have been adopted by several sectors, including aerospace

and automotive applications. Sandwich or laminate materials developed and used
in the aerospace industry include the ARALL (aramid fiber reinforced aluminium)
[28], GLARE (glass fiber reinforced aluminium) [29], and CARALL (carbon fiber
reinforced aluminium) [30], used for stiffness applications in panels, doors and
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the fuselage of aircrafts. Other common sandwich structures are those based on
honeycomb cores, used for stiffness applications, e.g., aircraft parts such as rud-
ders and flaps where skins are typically based on composite laminates, e.g. Nomex,
fiberglass, or aluminum [31]. Layered materials typically used in the automotive in-
dustry are the metal/polymer/metal sandwich structures due to their formability,
bending stiffness and acoustic damping [32, 33]. Suitable automotive components
to be based on sandwich materials are roofs, bonnets, oil pans and floor parts.
Examples of such sandwiches are Hylite [34], used in the Audi A2 [33], as well as
Bondal [35] and Litecor [36].

1.3 Scientific background

The thesis is focused on the development, modeling and experimental characteri-
zation of sandwich materials intended for lightweight applications. In this context,
the term sandwich refers to a structural element, a special form of a laminated
composite, consisting of three main parts: two stiff, strong face plates separated
by a thick, lightweight core. In the following, a scientific background is presented,
dealing with development of lightweight materials, their performance and how to
numerically represent and experimentally characterize such materials.

1.3.1 Composite materials

As indicated by the name, a composite material consists of two or more con-
stituents, composed on a macroscopic scale, forming a new heterogeneous material
with new properties. The constituents of the composite can be identified by ocular
inspection, as opposed to when materials are mixed on the microscopic level, e.g.
alloying of metals, resulting in a homogeneous material on the macroscopic level.
By careful design of the composite material, the best properties of each constituent
can be utilized, generating an enhanced material [37–39]. A composite material
may be defined as

Definition. ”A macroscopic combination of two or more distinct materials into
one with the intent of suppressing undesirable properties of the constituent mate-
rials in favour of desirable properties” Zenkert and Battley [39].

History contains several references to the use of composite materials. For ex-
ample, the Israelites used straw to strengthen mud bricks, the ancient Egyptians
utilized plywood after realizing the benefits of arranging layers of wood for im-
proved strength, and during the medieval time swords and armor were constructed
with layers of different metals [37]. The modern era of composites began during
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the first half of the 1900’s with the invention of plastics and glass fiber [38]. Re-
inforcing plastics using glass fibers allowed for strong and lightweight structures,
marked the beginning of the Fiber Reinforced Polymers (FRP) industry. The FRP
industry has continued to develop and is still evolving to this day, often due to
the need for new lightweight materials for military applications, but also driven
by requirements related to renewable energy sources, e.g. turbine blades.
Composite materials can typically be divided into several sub-categories: fiber

reinforced composites, particulate composites, and laminar composites. Sandwich
structures falls under the last category.

1.3.2 Sandwich materials

The benefit of using two co-operating materials, separated by a distance, for im-
proving stiffness has been known since the early 1800’s and is often referred to
as the sandwich effect [40, 41]. During the the first world war, commercial use
of sandwich panels began, introduced into small airplanes. With the development
of structural adhesives during the 1930’s, bonded sandwich composites were made
possible. During the second world war, mass production of sandwich materials
was possible for the first time, allowing for manufacturing of the Mosquito aircraft
[40].
Development of the sandwich constituents, core and skins, have continued up

until the present day. Early sandwich panels had their face materials made out of
plywood and wood pulp fibers, with cores based on cork, balsa wood or cellulose
acetate [41]. Further development has resulted in an expanse of available materials
for sandwich structures, including both homogeneous and heterogeneous materials.
While the face material may consist of a single layer of metal, see the work by
Pietrek and Horst [42], laminated or woven composite materials are also utilized,
see e.g. the work by Xiaomin et al. [43] and Navarro et al. [44], respectively. There
is a range of available core types, ranging from honeycomb, foams and cellular cores
to truss designs, web-reinforced cores, and corrugated cores [45].
Historically, sandwich panels have mainly been used for stiffness applications,

e.g. packaging [46] and in the aerospace and shipbuilding industries [47]. In
recent years, several studies have investigated the energy absorption potential and
crashworthiness of sandwich structures. Thus, the literature contains a myriad of
suggested combinations of cores and skins for energy absorption applications. A
selection of these studies, with various core types, is presented in the following.
Foam, based on a variety of bulk materials, has been investigated for energy

absorption applications by several authors, typically for blast mitigation. Jing
and Zhao [48] adopted finite element models for studying dynamic response, blast
resistance and energy absorption of sandwich structures with aluminum skins and
layered gradient aluminum foam cores. Validity of the models was ensured by com-
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parison to the literature. Utilizing layered graded cores were found to be beneficial
with respect to energy absorption. Further studies on aluminum sandwiches with
foam cores were conducted by Huo et al. [49]. The sandwich panels and the in-
dividual constituents, were experimentally studied for low velocity impacts, using
impactors of various geometries. Numerical models, calibrated using the experi-
ments, were adopted studying the properties of layered cores. It was found that the
sandwich structures outperforms its constituents and that layered cores improves
energy absorption. Reyes and Børvik [50] conducted an experimental study on the
energy absorption potential of polymeric foams in a sandwich structure. It was
shown that sandwich structures, using low density foam, are suitable for energy ab-
sorption applications for low velocity impacts, whereas intermediate density foams
should be utilized for increased velocities.

Energy absorption of honeycomb cores has been studied by several authors. In
the work by Dai et al. [51], sandwich panels with honeycomb cores, were studied
experimentally, subjected to single and repeated impacts. In particular, energy
absorption and residual compressive properties were studied. Finite element mod-
els were used to recreate the experimental response with good agreement. Tan
et al. [52] conducted a numerical study of graded reentrant honeycomb structures
of various arrangements. Two novel reentrant honeycomb structures were investi-
gated with cell walls consisting of hexagon and equilaterial triangle substructures.
Significant increase in specific energy absorption was achieved by the novel hon-
eycombs cores suggested by the authors. Guo et al. [53] studied paper composites
consisting of honeycomb cores and sandwich skins with a corrugated core. The
panels were evaluated experimentally with focus on energy absorption. It was con-
cluded that the suggested sandwich structures are suitable for protective packaging
due to their cushioning energy absorption.

Corrugated sandwich cores have been investigated by several authors. Rong
et al. [54] studied how the core geometry affected properties such as energy ab-
sorption during high and low energy impacts. Arc-shaped, sinusoidal, rectangular,
trapezoidal and triangular core geometries were used. Performance was evaluated
using the finite element method, validated against experiments. It was found that
for low energy impact, the geometry had significant impact on energy absorption,
with the sinusoidal and arc-shaped cores exhibiting the lowest energy absorption.
Farrokhabadi et al. [55] also studied core geometry effects with the addition of us-
ing layered sandwiches based on epoxy resin and glass fibers. Three point bending
was utilized for evaluating the sandwiches experimentally and numerically. The
results are consistent with those of Rong et al. [54], where the rectangular cores
absorb the most energy. In the work by Deng and Liu [56], energy absorption of
aluminum sandwich tubes with corrugated cores were studied. The core geometry
was obtained by multi objective optimization and evaluated using finite element
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models and experiments. It was found that utilizing the sandwich concept lowered
the peak force while increasing the specific energy absorption. Zhang et al. [57]
studied the out-of-plane compressive properties of layered, graded sandwiches with
additively manufactured corrugated cores based on nylon. The introduced gradient
design of the core was found to beneficial with regard to energy absorption.
Recently, due to demands associated with the automotive industry, micro-sandwich

materials have received increasing attention [13, 58, 59]. Typically, micro-sandwich
materials utilize a polymeric, homogeneous core and metal skins [36, 60]. Due to
the ductility, micro sandwich materials are suitable for forming operations, includ-
ing stamping and drawing, shown for the micro sandwich material Hylite [61–64].
Additional micro-sandwich materials available in the literature are Thyssenkrup’s
Bondal, see the work by Kami et al. [35], and Litecor, see the work by Tanco
et al. [36]. Other variations of micro sandwich structure are also available in the
literature, including variants based on fibrous cores, where millions of fibers are
bonded to the skins using an adhesive [65, 66]. A conclusion drawn based on what
has been found in the available literature, is that there is a lack of knowledge
regarding the mechanical properties of micro-sandwich material, and in particular
their cores. This is also concluded in the works by Kim et al. [61] and Pimentel
et al. [67], motivating the development of experimental methods for characterizing
said materials.

1.3.3 Modeling of composites and sandwich structures

Most materials exhibit heterogeneous properties at some scale. Understanding how
the heterogeneities affect the overall mechanical properties may be a difficult chal-
lenge as it requires knowledge regarding the topology, distribution and mechanical
properties of the constituents and their relative interaction. Thus, in most cases,
at some level an assumption of homogenization is necessary, especially if the ma-
terial is to be used in larger structures. Homogenization, a form of up scaling, is
where the knowledge of the micro scale is used to derive equivalent (or effective)
properties for the macroscopic level, replacing the heterogeneous material with an
energetically equivalent homogeneous material. The macroscopic response of the
heterogeneous material is obtained either by experimental, analytical or numerical
methods.
A common situation where experimental methods are used for deriving equiv-

alent properties is tensile testing of steels, using traditional dog-bone geometries.
See for instance the work by Golling et al. [68], where several homogenization
schemes are evaluated and compared against experiments, for determining the
uniaxial stress-strain response of steels with various microstructures. Experimen-
tal characterization, based on a large number of representative material samples,
is costly and time consuming, especially if great variation is found in the material.
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Thus, analytical and numerical methods can be complementary methods for eval-
uating homogenized material properties, as long as the properties distribution of
the constituents are known.

In the works by Kress and Winkler [69], Xia et al. [70], Ye et al. [71], Marek and
Garbowski [72], and Park et al. [73] corrugated sandwich cores have been studied
using analytical methods. The main focus lies in deriving analytical expressions
for the constituents of the ABD-matrix found in classical laminate plate theory
(CLPT) [37]. With the ABD-matrix determined, numerical modeling of the sand-
wich is possible, using a single layer of finite shell elements and an anisotropic ma-
terial model. However, such analytical methods for determining the ABD-matrix
are typically limited to the regime of small rotations and strains. If material- and
geometrical non-linearities are to be considered, numerical solutions schemes are
typically required for determining the ABD-matrix with its constituents prescribed
as functions of strain, see e.g. [74–76].

The finite element method is a powerful tool for detailed numerical studies of
microstructures at the micro scale, so-called direct numerical simulations (DNS).
However, analyzing heterogeneous materials using DNS may lead to computation-
ally expensive problems if larger structures are to be analyzed at the macro scale,
due to the required number of finite elements to resolve the micro structure. Sev-
eral approaches have been presented for addressing these problems [77–79], such
as multiscale methods. In the present context, multiscale methods refers to any
method where two (or more) scales are utilized for analyzing a heterogeneous
material or structure. Multiscale methods allow studying the evolution of the mi-
crostructure for finite strains, taking both geometrical and material non-linearities
into account. Typically, a representative volume element (RVE), representative
for the microstructure, is analyzed and subjected to admissible boundary condi-
tions, solving the RVE boundary value problem (BVP). The effective stress-strain
response is obtained by volume averaging the local stress-strain tensors over the
volume of the RVE. For online multiscale methods, the RVE BVP is continuously
solved for each integration point of the homogenized FE model, providing the re-
sponse of the RVE for each time step and iteration. This can turn out to be costly
with regard to computational time, and additional methods have been suggested
for addressing this issue, such as in the work by Liu et al. [80]. In offline multiscale
methods [74, 81, 82], the RVE BVP is solved for a set of loading conditions from
which the macroscopic response is obtained. The response can thus be fed into
a constitutive model, allowing efficient macroscopic simulations, using an ener-
getically equivalent homogeneous model [83]. The main difference between offline
and online methods is at which time the RVE BVP is solved. In both cases the
macroscopic strain and stress tensors must be found.

For the situations where only the macro (or global) response of the composite is
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of interest, simple laminate theories, such as the classical laminate theory (CLT)
[37] and first order shear deformation theory (FSDT), produce adequate results for
thin laminates. For situations where higher accuracy is necessary, methods such as
equivalent single layer (ESL) and layer-wise (LW) theories have been developed [41,
45, 84–89]. In ESL theories [45, 89], the composite plate is considered to consist
of a single layer of a homogeneous, anisotropic material. Thus, the response of
the composite is only modeled in a macroscopic sense. Consequently, through-the-
thickness displacements, strains and stresses are based on global approximations
and are not treated individually for each layer. FSDT and CLT are classified as
ESL theories, but are of limited use for thicker sandwich materials with varying
stiffness through the thickness. Higher order polynomials may be adopted for
better predicting the transverse response. In LW methods (also denoted discrete
layer methods), the composite is divided into discrete layers along the thickness
direction. Piecewise approximations may be applied for quantities through the
thickness, allowing for continuous transverse stress. Since each layer is treated
individually, with appropriate boundary conditions at the interfaces, the number
of unknowns is dependent on the number of layers. In general, the kinematic
description adopted in LW theories is more correct, as compared to ESL theories,
but more costly with regard to computational time.

1.3.4 Experimental methods

There are several experimental methods for evaluating performance of sandwich
structures, standardized by organizations such as the American Society for Testing
and Materials (ASTM). Utilizing standardized methods is beneficial since it allows
researchers and engineers to compare materials at equivalent conditions. Due to
the skins of the sandwich being thin, a plane stress assumption is typically adopted
and thus the in-plane properties are of particular interest, determined a priori
using in-plane tensile tests, whereas the out-of-plane properties can be negligible.
Determination of skin properties in a sandwich configuration is possible using
standardized testing, see e.g. ASTM Internationial [90]. The core is generally
much thicker than the skins, resulting in a three dimensional stress state. The
in-plane loading of the sandwich is handled by the skins whereas out-of-plane
shear and transverse compression is mainly taken by the core. Standardized test
methods for measuring shear stiffness of sandwich cores are provided by the ASTM,
see e.g. [91, 92], whereas compressive stiffness can be determined according to [93].
Mentioned standardized tests, or variations, are typically adopted in the literature,
see e.g. [94, 95].
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1.4 Scope and delimitation

Lightweight components are on demand from the automotive industry to meet
requirements regarding greenhouse gas emissions. Thus, the main concern and
scope of the present thesis is the development, experimental characterization and
numerical modeling of sandwich materials for lightweight applications. Initially,
the work is focused on investigating how ultra high strength steel (UHSS) can
be utilized in sandwich configurations for stiffness and energy absorption applica-
tions, to further increase the area of use for high performance steel. In Paper A,
the stiffness applications were delimited to the linear elastic regime of small defor-
mations, disregarding damage and delamination. These delimitation parameters
were set since the intended application was for structural stiffness and permanent
deformation and damage are not to occur during service life. For the numerical
investigation of energy absorption in Paper B, damage is delimited to skin frac-
ture. Delamination or core failure is not studied since the damage model had been
calibrated for shell elements, limiting its use to the skins. In the experimental work
of Paper C, characterization of micro-sandwich cores is delimited to quasi-static
loading conditions, i.e. strain rate dependency is not a concern of the paper. Core
fracture was studied using digital image correlation with a single camera system,
limiting the studiable area to a single edge of the micro-sandwich specimens. In
Paper D, modeling of the micro-sandwich material is performed, using constitu-
tive models calibrated against the experimental work of Paper C and validated
using numerical and experimental T-peel tests. The T-peel tests are delimited to
quasi-static strain rates, due to the loading conditions for which the input data of
the constitutive models are obtained. Regarding modeling of the micro sandwich
material, no distinction is made between delamination and core failure. Further-
more, transverse tension and compression are assumed to be equal in the numerical
model, due to the limits of the constitutive model used.
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Chapter 2

Modeling and experimental
methods

In Chapter 1, an introduction to the thesis was provided by giving a scientific and
industrial background. In the present chapter, numerical models and experimental
procedures, relevant of the present work are presented. Regarding numerical mod-
eling, the most relevant parts include selecting a representative volume element
and solving the boundary value problem from which homogenized, equivalent ma-
terial properties are obtained, as well as the modelling of damage and fracture. In
terms of the experimental work of this thesis, two purposes are served: developing
methods for experimental characterization of micro sandwich cores and evaluating
and validating numerical models.

2.1 Numerical modeling

The finite element method (FEM) has been used throughout this work for studying
performance of sandwich materials. In Paper A and B, detailed finite element
models, with precise geometrical representation of the sandwich cores, were used
in combination with an equivalent homogeneous medium (EHM) approach. Input
data for the EHM approach was obtained by analyzing representative volume
elements (RVE), subjected to periodic boundary conditions (PBCs). From the
RVE boundary value problem (BVP), homogenized stress and strain tensors were
obtained, generating input data for the equivalent, constitutive models. In Paper
D, the fibrous core of a micro-sandwich material was modeled using a continuous
approach, based on solid finite elements, and a discrete approach, using finite beam
elements. In this section, the key elements for the numerical work of Paper A, B
and D are presented.

17
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2.1.1 Representative volume elements

An RVE is often described as a sub-region of the material volume to be homoge-
nized, being large enough to contain all relevant information required to describe
the material at large, while still offering reasonable computational time, see e.g.
[96–98]. For random micro structures, the RVE cannot be defined by ocular in-
spection and has to be sought using numerical methods, increasing the size and
varying the spatial position of the volume element, until its response is indepen-
dent of position and further size increase [99, 100]. For periodic structures, the
RVE is explicitly defined by the unit cell making up the repeating geometry. A
quadrilateral RVE in two-dimensional space, consists of two pairs of periodic sides,
see Figure 2.1. In the figure, points such as P0, with the same relative position
in every unit cell is referred to as periodic points. The relative distance between
periodic points in the initial configuration, is referred to as periodicity vectors or
cell base vectors, written as

Di = Yp,i − Yp0,i (2.1)

where i = 1, 2 for 2D. If the RVE is deformed, periodicity is maintained in neigh-
bouring cells, in accordance with the hypothesis of local periodicity [101]. This
indicates that the same transformations occur in neighbouring cells. Thus, the
periodicity vector, d, in the current configuration is obtained as

di = yp,i − yp0,i = Di + ui (2.2)

where ui = (up,i − up0,i) is the displacement vector corresponding to the periodic
points. From the periodicity vectors, the homogeneous deformation gradient, Fij,
may be derived by first taking the partial derivative ∂di

∂Dj
as

∂di
∂Dj

=
∂(yp,i − yp0,i)

∂(Yp,j − Yp0,j)
. (2.3)

If the macroscopic and microscopic scales are assumed to be separated, the period-
icity vectors approach zero and the partial derivative of Equation (2.3) approach
the homogenized deformation gradient, F , according to

lim
Di→0

[
∂di
∂Dj

]
= lim

Di→0

∂(yp,i − yp0,i)

∂(Yp,j − Yp0,j)
= lim

Di→0

∂xi

∂Xj

= Fij. (2.4)

2.1.2 Homogenized stress and strain tensors

By volume averaging the physical properties of interest over the RVE, equivalent
properties for the material may be derived [82, 101, 102]. For example, the equiv-
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Figure 2.1: Periodicity vectors of a representative volume element. D and d cor-
respond to the initial and current configurations, respectively.

alent stress, σ̄ij, and strain ϵ̄ij, tensors may be obtained according to Equations
(2.5) and (2.6)

⟨σij⟩ =
1

Ω

∫
Ω

σijdΩ = σ̄ij (2.5)

⟨ϵij⟩ =
1

Ω

∫
Ω

ϵijdΩ = ϵ̄ij (2.6)

where Ω is the volume of the RVE. By subjecting the RVE to six linearly in-
dependent load cases, the equivalent elastic tensor, D̄ijkl, may be derived using
Equations (2.5) and (2.6), relating equivalent stresses and strains according to

σ̄ij = D̄ijklϵ̄kl. (2.7)

For practical purposes, Equation (2.5) would be solved by numerical integration,
and expressed as

σ̄ij =
1

Ω

N∑
k=1

σk
ijΩk (2.8)

where the equivalent stress tensor is summed over all Gauss integration points, k,
with corresponding volumes, Ωk. If the displacement boundary conditions of the
RVE BVP are applied through external nodes, i.e. nodes that are not a part of the
RVE mesh, the process of evaluating the homogenized stress and strain tensors are
greatly simplified, see e.g. Barulich et al. [82] and Liu et al. [102]. From the control
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nodes, the force due to the deformation is obtained and the first Piola-Kirchhoff
stress tensor, Pij is obtained. Since the deformation state is known, the equivalent
deformation gradient, Fij, can be determined and the equivalent Cauchy stress
tensor obtained as

σ̄ij = J−1PikFjk (2.9)

where J is the Jacobian. The Green-Lagrange strain tensor is obtained as

Eij =
1

2
(FkiFkj − δij) (2.10)

2.1.3 Boundary conditions

A fundamental question regards what type of boundary conditions (BCs) to apply
on the RVE for solving the RVE boundary value problem. A requirement is that
the boundary conditions fulfill the Hill-Mandel macro-homogeneity condition [78]

σ̄ij ϵ̄ij = ⟨σij⟩⟨ϵij⟩ (2.11)

stating the energy equivalence between the macro- and microscale. Several authors
have suggested methods, providing upper and/or lower bounds on the homogenized
or equivalent elastic tensor, D̄ijkl, of Equation (2.7), necessary for approximating
the response of a homogenized structure being deformed. Two classical bounds
are the Voigt and Reuss bounds, which will be presented in further detail in this
section. This is followed by a description of periodic boundary conditions, applied
in this work, including a motivating example.

Voigt and Reuss bounds

Two classical methods, providing an upper and lower bound for the homogenized
elastic tensor and fulfilling Equation (2.11), are the Voigt and Reuss approach
[78, 103, 104]. The Voigt approximation assumes a uniform strain on the RVE
volume, i.e. ϵij = ϵ̄ij, leading to the following approximation of the equivalent
elastic stiffness tensor, Dijkl:

σ̄ij = D̄ijklϵ̄kl =
1

Ω

∫
Ω

σijdΩ =
1

Ω

∫
Ω

DijklϵkldΩ =
1

Ω

∫
Ω

Dijklϵ̄kldΩ

=
ϵ̄kl
Ω

∫
Ω

DijkldΩ −→ D̄ijkl =
1

Ω

∫
Ω

DijkldΩ = DV
ijkl.

(2.12)

Thus, using the Voigt approximation the elastic stiffness tensor is obtained as
the volume average. Using a similar procedure, the Reuss approximation for the
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compliance tensor, Cijkl, can be derived. A uniform stress field is assumed for the
RVE volume, i.e. σij = σ̄ij, leading to

ϵ̄ij = C̄ijklσ̄kl =
1

Ω

∫
Ω

ϵijdΩ =
1

Ω

∫
Ω

CijklσkldΩ =
1

Ω

∫
Ω

Cijklσ̄kldΩ

=
σ̄kl

Ω

∫
Ω

CijkldΩ −→ C̄ijkl =
1

Ω

∫
Ω

CijkldΩ.

(2.13)

Using the Reuss approximation, the elastic compliance tensor is obtained as the
volume average. Next it is shown that the Voigt and Reuss assumptions, are
in fact upper and lower bounds on the elastic tensor, starting with the Voigt
approximation. The strain tensor may be split into a constant strain field, ϵ̄ij, and
a fluctuating part, ϵ′ij, according to

ϵij = ϵ̄ij + ϵ′ij. (2.14)

Assuming the elastic tensor is positive definite, the following is obtained, see e.g.
Bayuk et al. [104]

0 ≤ 1

Ω

∫
Ω

ϵ′ijDijklϵ
′
kldΩ (2.15)

The right hand side of Equation (2.15) is rewritten and expanded, using Equations
(2.5), (2.6) and (2.14), resulting in the following

1

Ω

∫
Ω

(ϵij − ϵ̄ij)Dijkl(ϵkl − ϵ̄kl)dΩ

1

Ω

∫
Ω

[ϵijDijklϵkl − ϵijDijklϵ̄kl − ϵ̄ijDijklϵkl + ϵ̄ijDijklϵ̄kl] dΩ

1

Ω

∫
Ω

[ϵijDijklϵkl − 2ϵ̄ijDijklϵkl + ϵ̄ijDijklϵ̄kl] dΩ

1

Ω

∫
Ω

[ϵijσij − 2ϵ̄ijσij + ϵ̄ijDijklϵ̄kl] dΩ

ϵ̄ijσ̄ij − 2ϵ̄ijσ̄ij + ϵ̄ij
1

Ω

∫
Ω

DijkldΩϵ̄kl = ϵ̄ijσ̄ij − 2ϵ̄ijσ̄ij + ϵ̄ijD
V
ijklϵ̄kl

0 ≤ ϵ̄ij
(
DV

ijkl − D̄ijkl

)
ϵ̄kl

(2.16)

The inequality indicates that the Voigt approach results in an upper bound for the
equivalent elastic tensor, Dijkl. In similar manner, it can be shown that the Reuss
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approach results in a lower bound. The result is thus, that the equivalent elastic
tensor is bounded according to Equation (2.17)

D̄R
ijkl ≤ D̄ijkl ≤ D̄V

ijkl. (2.17)

Periodic boundary conditions

Additional boundary conditions, satisfying Equation (2.11), include linear dis-
placements and constant traction BCs, also referred to as homogeneous BCs, as
well as periodic BCs [78, 105, 106]. Whereas the Voigt and Reuss conditions as-
sumed a homogeneous distribution of stress and strain throughout the RVE, linear
displacement and traction boundary conditions are only applied on the boundary
of the RVE. Adopting these BCs generally lead to a more narrow bound on the
elastic tensor, and adopting PBC ends up somewhere in between. Several authors
have discussed the benefits of using PBCs, including maintained periodicity and
requiring a smaller RVE size for obtaining converged, equivalent properties, as
compared to homogeneous boundary conditions [97, 107–110]. In Paper A and B,
PBCs were presented and imposed for solving the RVE boundary value problem.
A more detailed description, including an illustrative example, is given here. In
Figure 2.2, a one-dimensional bar is presented, consisting of two phases of differ-
ent stiffness. By adding a translational constraint and applying a force at the left
and right end, respectively, gives rise to a periodic displacement as seen in the
figure. Due to the periodic nature of the displacement, u(x), it can be split into
its average, ū(x), and a fluctuating part, u(x)′

u(x) = ū+ u′(x). (2.18)

By studying a unit cell, consisting of two phases, it can be found from Figure
2.2, that the fluctuations on opposite sides of the unit cell are identical. Sides with
normals in the positive and negative x-direction are denoted with a ”+” and ”-”
sign, respectively. The following is obtained for a unit cell

u(x) = ū(+) + u′(x)− (ū(−) + u′(x)) = ū(+) − ū(−). (2.19)

For a 2- or 3-dimensional RVE, this indicates that opposite faces must be con-
nected for periodicity to be maintained. This is typically written as [78, 97, 102,
108, 110, 111]

u
j(+)
i − u

j(−)
i = ϵ̄ik∆xj

k = (Fik − δik)∆xj
k (2.20)

where indices i and j correspond to degree of freedom and direction of node pair,
and Fij and δij are the deformation gradient and Kronecker delta, respectively.
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Figure 2.2: A 1D bar consisting of two phases, arranged periodically. The bar is
subjected to an applied tensile load at the right end. The corresponding displace-
ment is presented and split into its average and fluctuating part.

To illustrate the difference between periodic and homogeneous boundary condi-
tions, consider a periodic structure consisting of the unit cell presented in Figure
2.3a. In this example, the unit cell consists of an aluminum matrix with steel
inclusions. Elasto-plastic constitutive models are defined for both phases. For
simplicity, a perfect bonding is assumed between steel and aluminum. By solving
the RVE BVP, the equivalent material properties can be obtained. The example is
for illustrative purposes, thus the RVE is only subjected to an equivalent uniaxial
stress state, using both PBCs and homogeneous displacement BCs (HDBC). For
each type of BC, the number of unit cells is increased in all directions until the
stress-strain response converges, in accordance with Figures 2.3b and 2.3c where
RVEs consist of 8 and 64 unit cells are presented. The loading response for PBC
is expected to be independent of the number of unit cells, which is confirmed by
the stress-strain response in Figure 2.4. In the figure, it can also be seen that
as the size of the RVE is increased, the response produced by HDBC approaches
the response of PBC. In Figure 2.5, the deformed RVEs are presented. A peri-
odic stress field is obtained for the RVEs subjected to PBC which is not true for
HDBC. Perhaps the most notable difference is how the boundary surfaces behave.
For HDBC, boundaries remain plane and periodicity is not necessarily fulfilled.
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(a) (b)

(c) (d)

Figure 2.3: RVEs consisting of an increasing number of unit cells are presented in
the figure. In a) the RVE consists of a single unit cell whereas b), c) and d) consist
of 8, 64 and 512 unit cells, respectively.
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Figure 2.4: The equivalent true stress-strain response, obtained using PBC and
homogeneous BC, is compared for RVEs containing varying numbers of unit cells.
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(a)

(b)

(c)

(d)

Figure 2.5: The von Mises stress is presented for RVEs subjected an equivalent
state of uniaxial stress, using PBCs in a) and b) whereas homogeneous BC are
used in c) and d). A notable difference between the types of BCs is how the
boundaries do not remain plane under PBCs, due to maintained periodicity. For
the homogeneous displacement BC, the boundaries are plane and periodicity is
not necessarily maintained.
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2.1.4 Constitutive models

A constitutive model is a mathematical description, relating stresses and strains of
a material as it undergoes deformation. The strain a material exhibits is commonly
differentiated into elastic, recoverable strains, and plastic, unrecoverable strains.
The onset of plasticity is generally governed by a yield stress, i.e. a threshold,
after which the response is determined by the yield surface and the flow rule of
the constitutive model.
In Paper A and B, anisotropic resultant based constitutive models were utilized

for numerical modeling of equivalent, homogeneous sandwich cores. The constitu-
tive models were based on the ABD-matrix, derived in the classical laminate theory
for plane stress, decoupling in-plane forces and out-of-plane bending, according to:

A11 A12 A16 B11 B12 B16

A12 A22 A26 B12 B22 B26

A16 A26 A66 B11 B11 B66

B11 B12 B16 D11 D12 D16

B12 B22 B26 D12 D22 D26

B16 B26 B66 D16 D26 D66




ϵ11
ϵ22
γ12
κ11

κ22

κ12

 =


N11

N22

N12

M11

M22

M12

 . (2.21)

Of particular interest are the terms A16 and A26, coupling shearing and exten-
sion, B11, B12, and B22, coupling bending and extension, B16 and B26, coupling
extension and twisting, B66, coupling shearing and twisting, as well as D16 and
D26, coupling bending and twisting. Equation (2.21) is often rewritten on a more
compact form, according to [

A B
B D

] [
ϵ
κ

]
=

[
N
M

]
. (2.22)

Decoupling in-plane and out-of-plane response is necessary for structures exhibit-
ing great differences in their elastic constants, i.e. Young’s modulus, with regard
to tension and bending. In Paper B, the out-of-plane shear stiffness terms were
also included, see Equation (2.23), and the non-linear response of the core was
modeled, prescribing the stress-resultants, N and M , as functions of strains and
curvatures, respectively, obtained by subjecting representative volume elements to
periodic boundary conditions, see Section 2.1.3.[

Q1

Q2

]
=

[
G23 0
0 G31

] [
γ23
γ31

]
(2.23)

In Paper D, an anisotropic elasto-plastic constitutive model was used for mod-
eling the core of a micro-sandwich material. The anisotropic stiffness tensor, Cijkl,
was prescribed and plasticity was governed by Hill’s yield criteria,
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f (σ) ≡F (σ22 − σ33)
2 +G (σ11 − σ33)

2 +H (σ11 − σ22)
2

+ 2Lσ2
23 + 2Mσ2

13 + 2Nσ2
12

, (2.24)

as well as a uniaxial hardening curve. In Equation (2.24), F,G,H,L,M and N ,
are material constants, governing the anisotropic yield behavior. Damage was
accounted for by including a stress state dependent damage model, i.e. GISSMO
[112]. Input data for the constitutive- and damage model was derived from the
experimental work of Paper C.

2.2 Experimental methods

The experimental methods adopted in the present thesis include three-point bend-
ing, transverse tensile and compression tests, as well as out-of-plane shearing, and
off-axis loading. Digital image correlation (DIC) is used for strain field measure-
ments.

2.2.1 Characterization of sandwich materials

In Paper A, three-point bending was used to evaluate flexural stiffness of ultra-
high strength steel sandwich panels with a bidirectionally corrugated core, see
Figure 2.6. In Paper C, a method to determine the mechanical properties of
a micro-sandwich core was developed, using the tools of Figure 2.7. The tools
correspond to transverse tension, out-of-plane shear, as well as 30°and 60°off-axis
loading. Test specimens of the micro-sandwich material were attached to the
tools which where then mounted in the loading machine. By applying a random
speckle pattern on the specimens, displacement fields were obtained, using digital
image correlation, which which the fracture mode of the core was characterized.
In Paper D, an experimental T-peel test was used to evaluate the peeling force of
the micro-sandwich material of Paper C. In Figure 2.8, the experimental setup and
dimension of the T-peel test is presented. The obtained experimental data was
used as a validation case for the numerical models of Paper D. All experimental
work was conducted under quasi-static conditions.

2.2.2 Digital image correlation

Digital image correlation is an optical method for measuring two and three-dimensional
full field displacements and strains on test specimen surfaces. In the present work,
DIC was used in Paper C to evaluate strains and fracture of micro-sandwich spec-
imens subjected to out-of-plane loading. A random speckle pattern is applied on
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Figure 2.6: Experimental setup for three point bending of a sandwich panel.

(a) (b) (c) (d)

Figure 2.7: Tools used for mechanical characterization of the micro sandwich core
in Paper C.

the specimen, see Figure 2.9a, and a series of digital images are recorded during
deformation. If deformation occurs between two images, the in-plane deformation
can be computed, see Figures 2.9b and 2.9c, by sub-dividing the images which are
then cross correlated and the area of over lap between the two configurations is
maximized [113–115]. DIC is commonly used for full field measurements of test
specimens within solid mechanics. The method has been adopted by several au-
thors, studying deformation of various tensile specimens at necking and fracture
[116–119].
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(a)

(b)

Figure 2.8: a) Experimental setup for the T-peel test used in Paper D. b) Dimen-
sions of the T-peel test, given in millimeters.
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(a)

(b) (c)

Figure 2.9: A speckle pattern applied to the micro-sandwich specimen is presented
in a) with strain fields, before and after fracture, presented in b) and c), respec-
tively.
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Chapter 3

Summary of appended papers

3.1 Paper A

In Paper A, an ultra-high strength steel (UHSS) sandwich is developed, manufac-
tured and evaluated experimentally and numerically. The skins consist of plane
UHSS sheets, whereas the UHSS core is bidirectionally corrugated. Skins and core
are joined by laser welding and evaluated in three-point bending. The three-point
bend test of the UHSS sandwich is recreated using finite element models. Due
to corrugations of the core, precise discretization requires a large amount of fi-
nite element, which is addressed by replacing the precisely discretized core with
a homogeneous equivalent material. The homogenized core is able to recreate the
response of the experiment as well as the response of the precisely discretized nu-
merical model. The paper shows the possibility of increasing the area of use of
UHSS. By utilizing sandwich structures, specific properties, such as stiffness per
unit mass, may be further increased. It is further shown that such sandwich panels
may be modeled efficiently by utilizing so-called homogenization.

3.2 Paper B

In Paper B, a UHSS sandwich concept is investigated numerically for energy ab-
sorption. Skins and core consist of UHSS, where sections of the core has been
perforated, reducing its weight. To improve predictability of the numerical mod-
els of the study, a stress-state dependent damage model is included for the skins.
Several perforation patterns are studied by varying hole distribution and hole di-
ameter. Additionally, it is investigated how the ratio between the layer thickness
affects the energy absorption properties. To reduce computational time, the partly

33
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perforated core is replaced with a homogeneous, equivalent material. Input data
for the equivalent core is obtained by subjecting representative volume elements of
the core to periodic boundary conditions from which the homogenized stress-strain
data is obtained. Due to the difference in elastic constants with regard to in-plane
loading and bending, a stress-resultant based formulation is adopted, decoupling
in-plane loading and bending. It is found that the studied UHSS sandwich concept
allows for an increase in specific energy absorption, as compared to solid sheets
of equivalent weight. It is also found to be beneficial, with regard to energy ab-
sorption, to distribute the mass away from the neutral layer. Furthermore, the
homogenized model is found to reduce computational time while still being able to
predict force-displacement with adequate accuracy. It is shown in the paper that
UHSS sandwich materials may utilized for improving specific energy absorption.

3.3 Paper C

In Paper C, an experimental methodology for characterizing the out-of-plane prop-
erties of micro-sandwich cores is presented. In the paper, fixtures are developed
for determining the out-of-plane properties of micro-sandwich cores, i.e. transverse
tension/compression and out-of-plane shear, as well as off-axis loading, combining
both shear and tension. The micro-sandwich specimens are joined to the fixtures
by an adhesive which are mounted in the loading machine, where digital image
correlation (DIC) is used for evaluating the fracture of the core. The suggested
experimental methodology is applied to the micro-sandwich HybrixTM, which is
found to produce repeatable results. Due to the variation of obtained in the testing,
statistical methods are adopted for analyzing the obtained experimental data.

3.4 Paper D

In Paper D, the mean of the experimental data, obtained in Paper C, is used to
calibrate an anisotropic constitutive routine and a stress-state dependent damage
model. Validation of the calibrated models is carried out using a T-peel test. The
responses of the experimental T-peel tests, i.e. the peeling force, exhibit similar
variations as what was observed in Paper C. Thus, statistical methods are adopted
to analyze the experimental data from which, e.g., the mean peeling force is ob-
tained. The numerical models underpredict the peeling force with approximately
10 %, but is still within one standard deviation of the the experimental mean
peeling force. This may indicate that the computed stress-strain curves of Paper
C, used as input data in Paper D, are too conservative due to using a too large
effective area when computing the stress response. Thus, it is shown in the paper,
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that commercially available numerical models are possible to use for modeling the
mechanical behavior of the micro-sandwich.
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Chapter 4

Discussion

Legislation incentivise a reduction of greenhouse gas (GHG) emissions of the ve-
hicle industry. A reduction of GHG emissions can partly be achieved by introduc-
ing high-performance, lightweight componentsinto the vehicle structure, lowering
the vehicle weight and reducing emissions. At least two major challenges arise
when lightweighting. Firstly, costs associated with producing advanced, complex
lightweight materials and components, and secondly the possibility to numerically
model the materials, preferably, in an efficient manner. Numerical simulations,
using constitutive models of materials, are dependent on accurate material data
for the simulations to produce accurate results. Thus, robust experimental pro-
cedures are a foundation on which the numerical simulations rest. This thesis
aims to contribute to the knowledge and understanding of sandwich materials and
methods of lightweighting through the development, mechanical characterization
and numerical modeling of lightweight sandwich materials. In particular, as stated
in the research questions of Section 1.1, this thesis is focused on the development
of sandwich structures, based on ultra-high strength steel, for lightweight appli-
cations as well as the development of methods for mechanical characterization of
micro-sandwich materials. Lastly, this work also investigates how such materials
may be modeled and simulated, balancing validity and numerical cost.
In the present thesis it is shown that ultra high strength steel (UHSS) sandwich

panels with a bidirectionally corrugated core can be manufactured in a continuous
manner and used for stiffness applications at a reduced weight compared to solid
steel, see Paper A. Due to the sinusoidal geometry of the core, the contact area
with the skins is limited, which may cause high stress concentrations in the welds,
joining skins and core. This issue limits the fatigue properties of the sandwich and
may be addressed by altering the geometry of the core by flattening the peaks,
increasing the area of contact with the skins, i.e. the weldable area. It is found
numerically that this geometrical change does not significantly change the mechan-
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ical properties of the core, and the bending stiffness of the panel is maintained.
This is not surprising since the skins are the major contributors to the bending
stiffness which should be approximately maintained as long as the height of the
core is unchanged. Thus, the fatigue properties of the studied UHSS sandwich may
be improved without loss of performance. Furthermore it is shown that this type
of sandwich may be modeled with reasonable computational time and accuracy,
using so-called homogenization. Input data for the homogenized core is obtained
from representative volume elements (RVEs) under periodic boundary conditions
(PBCs). However, it was shown that the response of the RVE is approximately
equal for both PBCs and homogeneous boundary conditions. The Paper was de-
limited to the study of small deformations. Therefore, the experimental work nor
the developed models includes damage or non-linearities which necessarily should
be studied further.

The study of lightweight applications for UHSS sandwich structures continu-
ous in Paper B, where a sandwich with a partly perforated core is investigated
numerically for energy absorption applications, using hat-profile geometries. To
improve the predictability of the numerical models, a stress-state dependent dam-
age modeled is used to predict failure of the skins. The numerical study includes
several versions of the sandwich, varying parameters such as hole distribution,
total sandwich thickness, and thickness distributions between the layers. From
the numerical results it was found that specific energy absorption can be greatly
increased using the suggested UHSS sandwich concept. Furthermore, it was found
to be beneficial, not only for the stiffness, but for the energy absorption as well, to
distribute the mass away from the neutral layer. It was also found that the Young’s
modulus associated with out-of-plane bending and in-plane tension, respectively,
differed for the perforated sections. Thus, bending and in-plane loading had to be
decoupled using a resultant-based constitutive model for replacing the perforated
sections with a homogeneous, equivalent material. The homogenized model was
found to produce force-displacement response in agreement with the detailed finite
element models, whereas fracture was not in agreement. The lack of agreement
with regard to fracture is not surprising and may be explained by the much higher
strain and stress concentrations observed in the detailed models, due to the pres-
ence of the perforations. In the homogenized core, the concentrations are averaged
over a greater volume, reducing the risk of triggering the damage model. The nu-
merical models do not account for delamination, which is a fundamental failure
mode of laminated materials and should be included for enhanced predictability.
Furthermore, no experimental validation has been carried out on the sandwich,
and manufacturing, in particular joining of skins and core, may prove challenging.

The implications of Paper A and B are that the weight-saving potential of UHSS
may be further increased by utilizing sandwich structures and that such structures
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may be modeled efficiently using homogenization, making it feasibly to include
such materials in larger structures.
In Papers C and D, the thesis focuses on development of experimental and nu-

merical methods for characterization and modeling of micro-sandwich materials.
The methodology developed in Paper C, was adopted for characterizing the me-
chanical properties of the core for a micro-sandwich material. Variations were
observed for all measured parameters, e.g. Young’s and shear moduli, with the
largest value being greater than the smallest by a factor of approximately two.
A similar scatter was observed in the T-peel tests of Paper D. Thus, it must be
assumed that a large portion of the scatter is due to the core material itself (ad-
hesives and fibers) and not necessarily the methodology suggested in Paper C.
The variation may be due to variations in fiber density and fiber orientation of
the core. Numerical T-peel tests are simulated in Paper D, which are found to
under predict the force required to separate skins and core. This may indicate
that the input data, derived from the experimental data of Paper C, slightly dis-
credits the mechanical properties of the micro-sandwich cores. An explanation for
the discreditation may be edge effects arising from the water-jet cutting used for
manufacturing the micro-sandwich specimens of Paper C. Damaged caused by the
cutting process may reduce the effective area, and thus the stress. Reducing length
and width of the specimens in Paper C by for example 1 mm reduces the effective
area by 9 %, which is significant. The variation of thickness over the specimens
may also influence the effective area. Thus, it is of interest to carry out testing
on larger specimens, since the edge effects will have less contribution for larger
specimens. Furthermore, larger specimens is also assumed to be less sensitive to
variations in fiber density. To thoroughly study what happens inside of the micro-
sandwich core, three-dimensional scanning techniques could be used, providing
detailed information regarding the inner response of the core. The experimental
methodology suggested in Paper C, may be a stepping stone for future development
of characterization methods of micro-sandwich materials, from which standardized
tests may be derived. Furthermore, it has been shown that commercially available
methods may be used to numerically simulate the behavior of micro-sandwich ma-
terials, allowing for numerical development and optimization of micro-sandwich
structures. Further development and validation, using additional load cases, may
be necessary to get a full numerical description of the micro-sandwich material.
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Chapter 5

Conclusions

This thesis aimed to develop ultra-high strength steel (UHSS) sandwich structures
to further expand the use of UHSS for lightweight applications and to investigate
how such materials may be modeled efficiently, balancing validity and computa-
tional cost. Furthermore, the thesis aimed at developing methods for mechanical
characterization of micro-sandwich materials and investigate how such materials
may be modeled. In Paper A and B, it was suggested how the area of use for UHSS
may be increased by utilizing the benefits of sandwich structures for applications
including structural stiffness and energy absorption. Paper C and D, focused on
developing methods for experimental characterization of mechanical properties for
micro-sandwich materials, as well as models for modeling such materials. Based
on the objectives and research questions formulated in Section 1.1, the following
main conclusions are drawn:

� Sandwich structures provide a means to enhance specific properties, i.e. stiff-
ness and energy absorption per unit mass, of ultra-high strength steel, suit-
able for lightweight applications. This is demonstrated in Paper A and B.

� Precise discretization of the sandwich cores is computationally expensive and
may be addressed by so-called homogenization, replacing the core with a
homogeneous, equivalent material. The properties of the equivalent material
are derived by solving the representative volume element boundary value
problem, using periodic boundary conditions. This is demonstrated in Paper
A and B.

� It is necessary to adopt constitutive models accounting for differences in
elastic constants for tension and bending to accurately model the cores of
Paper A and B.
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� The methodology developed for characterizing the out-of-plane properties
of micro-sandwich structures provides a tool for studying micro-sandwich
materials, generating input for constitutive models and validation. This is
presented in Paper C.

� Due to the variation in mechanical properties observed in Paper C, it is
concluded that statistical methods are necessary for analyzing mechanical
properties of the micro-sandwich.

� High-fidelity numerical models should probably include the variation, using
the statistical data derived in Paper C, as opposed to using statistical means,
as was done in Paper D.

� The commercially available anisotropic constitutive model, together with
the damage model, used in Paper D, provides a tool for accurately modeling
micro-sandwich materials subjected to the T-peel test.

� The present thesis contributes by suggesting methods for lightweighting and
how advanced sandwich materials may be experimentally characterized and
modeled.



Chapter 6

Outlook

Several delimitation parameters have been necessary to implement in the present
thesis outlined in Section 1.4. Further studies regarding the sandwich structures
developed in Paper A and B would include investigating delamination and fracture
properties of skins and core. For Paper A, fatigue testing would be of interest as
well as including imperfections, introduced during manufacturing, into the finite
element models, using scanned geometries. Regarding the sandwich structures of
Paper B, experimental validation, using varying impact velocities, is a natural step
forward, requiring manufacturing techniques ensuring bonding strength between
core and skins.
The experimental work in Paper C may be expanded to include strain rate

dependencies of the core material. Using a two-camera system would allow bet-
ter evaluation of crack propagation and fracture of the core’s surface. Further
refinements of the experimental characterization of fibrous micro-sandwich cores
may be possible using 3D X-ray microtomography, from which 3D high-resolution
images of the core may be obtained during loading. Thus, the effective area dur-
ing loading may be obtained and internal fracture studied. A further possibility
is using the 3D X-ray microtomography data to generate detailed finite element
models of a sub-region of the micro-sandwich, including all constituents: skins,
adhesives and fibers. By studying the mechanical properties of such a volume el-
ement, investigating its dependency on size, a representative volume element may
be determined. The aim would thus be to reduce the necessary number of physical
experiments in favor of numerical simulations from which mechanical properties
are derived. Hence, the core and adhesive could be modeled separately in contrast
to the approach of Paper D.
Furthermore, it would be of interest to investigate the potential in the self-

consistent clustering analysis method suggested by Liu et al. [80] for simulating
fibrous micro-sandwich materials as those of Paper C and D.

43



44 Outlook



References
[1] United Nations. Communications materials – United Nations Sustainable

Development.

[2] S. Simplay and S. Haywood. Architecting next generation Lightweight Ve-
hicles. Tech. rep. 2016.

[3] X. Cui, H. Zhang, S. Wang, L. Zhang, and J. Ko. Design of lightweight
multi-material automotive bodies using new material performance indices
of thin-walled beams for the material selection with crashworthiness con-
sideration. Materials and Design 32.2 (Feb. 2011), pp. 815–821.

[4] L.W. Cheah. “Cars on a Diet: The Material and Energy Impacts of Pas-
senger Vehicle Weight Reduction in the U.S”. PhD thesis. Massachusetts
Institute of Technology, 2010.

[5] A. Isenstadt, J. German, P. Bubna, M. Wiseman, U. Venkatakrishnan, L.
Abbasov, P. Guillen, N. Moroz, D. Richman, and G. Kolwich. Lightweight-
ing technology development and trends in U.S. passenger vehicles. Interna-
tional Council for Clean Transportation (2016), p. 24.

[6] M.-P. Todor and I. Kiss. Systematic approach on materials selection in
the automotive industry for making vehicles lighter, safer and more fuel-
efficient. Tech. rep. 4. 2016, pp. 2466–4847.

[7] A. Bouzouita. “Elaboration of polylactide-based materials for automotive
application : study of structure-process-properties interactions”. PhD the-
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