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ABSTRACT
This article examines amorphous glass-based foams as lightweight core materials for crash-resistant structures 
that offer tailorable energy absorption capabilities. Hollow glass microspheres (HGMs) of different densities 
are layered using dry powder printing (DPP), an additive manufacturing process, and subsequently sintered to 
consolidate these microspheres into a cellular foam structure. The tailoring of energy absorption is achieved 
in these foams by layering hollow microspheres with different densities and different thickness ratios of the 
layers. The mechanical response to quasi-static uniaxial compression of the bilayer foams is also investigated. 
Bilayer samples exhibit a distinctive two-step stress-strain profile that includes first and second plateau stress, 
as opposed to a single constant density which does not. The strain at which the second plateau occurs can 
be tailored by adjusting the thickness ratio of the two layers. The resulting stress-strain profiles demonstrate 
tailorable energy absorption. Tailorability is found to be more significant if the density values of each layer 
differ greatly. For comparison, bilayer samples are fabricated using epoxy at the interface instead of the co-
sintering process. Epoxy-bonded samples show a different mechanical response from the co-sintered sample 
with a different stress-strain profile. Designing the bilayer foams enables tailoring of the stress-strain profile, so 
that energy-absorption requirements can be met for a specific impact condition. The implementation of these 
materials for energy absorption, crashworthiness, and buoyancy applications will be discussed.
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1. INTRODUCTION
Foams also known as cellular solids are currently 
used in various applications, including crash-
worthiness applications, from occupant 
protection systems in automobiles or aircraft 
to electronic packaging[1,2,3], armor[4,5,6], load-
bearing structures[7,8], buoyancy[2,9,10], and thermal 
insulation[11,12,13,14], noise insulation[15,16,17], and 
catalytic processes[18,19]. Foams are used widely 
for energy absorption because foams undergo 
large strain deformation at relatively constant 
stress. Energy absorption occurs through 
compression of microcellular structures under 
large strain, making foams suitable for use in 
automotive bumpers, personal protective gear, 
and armor for shock wave attenuation and impact 
energy dissipation[20,3,21,22,23,24]. Since the primary 
contribution to the energy absorption capacity of 
the foams comes from the specific strength of the 
bulk material and its densification strain, materials 
with high specific strength are desired to develop 
cellular solids with superior energy absorption 
capacity. Research performed by Wiest et al., 
identified silicate glasses as the potential material 
candidates with their much higher specific strength 
in comparison to that of steels, bulk metallic glasses 
(BMGs), titanium, and aluminum alloys[25,26]. The 
achievement of making foams with glass material 
has been realized using hollow glass microspheres 
(HGMs). They are commonly used in syntactic 
foam, which is a polymeric matrix filled with hollow 
microspheres[27,28,29]. Recently, glass materials have 
been used to form cellular structures by sintering 

Figure 1. Hollow glass microspheres in foams have applications to buoyancy, armor, and occupant protection domains.

hollow glass spheres together[25,30,31,26,32,33]. This 
method does not require the use of binding agents 
or blowing agents and can be used to fabricate 
both open- and closed-cell foams. Various types 
of feedstock materials are commercially available, 
and the mechanical properties of glass foams can 
be related to the mechanical properties of the 
feedstock. Unlike syntactic foam, the glass foam 
manufacturing process usually does not require 
matrix resin or other chemical additives[34,35,36]. 
Glass foam is a homogeneous system, so that glass 
foam can achieve thermal stability up to 600°C, 
which usually cannot be achieved with syntactic 
foam due to polymeric binders or matrices. 
Consequently, the adequate heat resistance of 
the glass material could serve as an advantageous 
factor for applications utilized in high-temperature 
environments.

Glass foam manufacturing will impact 
various commercial sectors, each with unique 
considerations (Figure 1). Low-density, high-
strength glass foam holds potential in the market 
for buoyancy in submersible vehicles. The growing 
trend for smaller autonomous underwater vehicles 
(AUVs) and micro-unmanned underwater vehicles 
(UUVs) underscores the importance of buoyancy 
materials[37]. Combining glass foam with lightweight 
armoring materials could lead to lighter armor with 
an increased ballistic rating[38]. In the automobile 
industry, where safety regulations continually 
evolve, the lightweight foam could reinforce vehicle 
frames and improve occupant safety in collisions[39]. 
Furthermore, filling empty spaces with innovative 
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foam could tailor the crush rate of vehicle zones, 
significantly reducing the acceleration pulse felt 
by occupants without adding significant weight. 
This reduction in vehicle weight could lead to 
increased fuel efficiency. Furthermore, glass foam 
could be used in prototype bicycle and motorcycle 
helmets, replacing traditional foam materials. 
While maintaining the outer shell and soft inner 
materials, glass foam would offer enhanced 
energy absorption capabilities. The majority 
of applications focus on the energy-absorbing 
capabilities of glass foam.

Recently, research into tailorable energy 
absorption has been undertaken to enhance the 
capabilities of glass foam. The advancement of 
crashworthiness applications, spanning from 
occupant protection systems in automobiles or 
aircrafts to electronic packaging, could greatly 
benefit from a material system with tailorable 
energy absorption. Such a system would gradually 
increase the stroking load, thus reducing the 
acceleration and peak stress encountered[1,3,2]. 
For instance, adaptable passenger seats could be 
engineered for passengers with varying weights, 
effectively absorbing transmitted stress through 
an energy-absorbing layer tailored for occupant 
weight[40]. Multiple research studies have shown 
that graded cellular structures allow for gradual 
collapse, resulting in enhanced energy absorption, 
which is advantageous for shielding payloads from 
dynamic loads[41,42,43]. Graded porous structures 
and syntactic foams are typically manufactured 
by either bonding multiple layers or introducing 
blowing agents. More recently, sintered glass 
foam with density gradients has demonstrated 
progressive structural collapse during crushing, 
illustrating its energy absorption tailorability[30,44]. 
These studies showcased the potential tailorability 
of glass foam by creating a bilayer structure, which 
effectively regulates the shape of stress-strain 
curves to some extent.

In our lab, a dry powder printing (DPP) system 
was developed in order to manufacture a layered 
structure, enabling the fabrication of bilayer foam 
samples with precise control over layer thickness 

and ensuring a consistent uniform interface 
between the layers. This system successfully 
achieved a consistent printing rate and uniform 
spatial printing. The bilayer structures are produced 
by printing two types of spheres with different 
densities, and the resulting powder compacts are 
sintered in a furnace (Figure 2). Consequently, 
incorporating different densities in a bilayer 
sample allowed for the adjustment of the stress-
strain curve. This adjustment was achieved by 
sequentially compressing the lower-density layer 
followed by the higher-density layer. As depicted 
in the Figure 2, the stress-strain characteristics 
of uniform (black) and bilayer foams (red) are 
qualitatively illustrated. The thickness ratio 
between the low and high-density foam layers could 
be varied to represent a tailored loading profile. 
Three configurations of thickness ratios between 
layers were utilized. The sintered bilayer foam 
exhibited a sequential collapse of its constituent 
layers, resulting in a step-like progression in the 
stress-strain profile. Furthermore, the onset strain 
for the second plateau stress could be controlled by 
adjusting the thickness ratio of the layers.

This paper will discuss the utilization of hollow 
glass spheres within highly porous glass foam, the 
development of dry powder printing technology, 
and the exploration of its tailorable energy 
absorption properties. 

2. DRY POWDER PRINTING
Conventional methods of fabricating gradient foam 
structures often involve gluing together multiple 
foam layers, which can lead to high peak stress at the 
interface. Conversely, multi- layered glass foams can 
be sintered simultaneously (co-sintering), resulting 
in a smoother density transition at the interface. 
This interface facilitates a gradual energy absorption 
through sequential collapse, reducing peak stress 
during impact. To achieve this layered structure, a 
dry powder printing (DPP) system was developed 
(Figure 3). This system enables the fabrication 
of bilayer foams with precise control over layer 
thickness and ensures a uniform interface between 
the two layers.

Figure 2. (a) Schematic of the co-sintering process used to produce multilayer cellular foam using hollow spheres 
of different densities in each layer. b) Qualitative depiction of the stress–strain characteristics of uniform (black)and 
bilayer foams (red). The dashed red curves represent the tailored load vs. stroke profile obtained for different layer 
thicknesses.
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Various powder delivery systems have been 
developed, with acoustics and ultrasonication 
being popular methods for controlling powder 
dispensing[45,46,47,48]. While many approaches utilize 
tapered pipette-type nozzles for patterning with 
controlled lateral resolution, our application 
necessitates the use of a cylinder with multiple 
nozzles because tapered nozzles cannot effectively 
print powder around the edge of the mold, which 
lead to non-uniform powder distribution as HGMs 
were not printed evenly across the entire surface. 
As a result, the nozzle of our DPP system was 
specifically engineered to fulfill this requirement, 
featuring a diameter of 10 mm and equipped with 
15 small holes, each measuring 1 mm in diameter, 
to accurately dispense HGMs.

To address this, a motor-driven vibratory 
method with low frequency was chosen. The 
powder flow needs to be controlled to stop printing 
once a layer is complete. Vibration may also be 
used to increase the free volume in a powder 
and allow a static powder to flow. Vibration is 
also known to increase the packing efficiency of 
granular materials[49]. In addition, a wide particle 
size distribution of the HGMs aids in efficient 
packing. After the optimized vibrational amplitude 
and frequency are determined, it is employed 
to regulate both the initiation and cessation of 
powder flow, as well as to modulate the flow rate. 
Consequently, it has the characteristics of both 
a proportioning valve, regulating the flow rate, 
and an on/off valve, controlling the initiation and 
cessation of flow.

A consistent printing rate and uniform 
spatial printing were achieved by modifying a 
commercially available 3D printer to implement 
the DPP system (Figures 3 & 4). The extruding 
system was replaced with a custom dry powder 
dispensing nozzle equipped with small holes for 
dispensing HGMs. Two DC vibrational motors 
were attached to the nozzle to control actuation via 
Arduino and actuation was controlled by adjusting 
pulse width modulation (PWM). Optimization 
of powder printing parameters, such as feeding 
rate, infill rate, infill pattern, and layer height, was 
conducted. Testing revealed that a PWM value of at 
least 20 is required to dispense spheres effectively.  

3. OPTIMIZATION OF GLASS FOAM 
SINTERING
Sintering process optimization is critical 
to achieving high energy absorption while 
maintaining a low foam density. Figure 5 illustrates 
an instance of the optimization process. Foam 
samples are formed from HGMs consolidated 
above the glass transition temperature (T

g
). These 

spheres come in contact with adjacent spheres 
when compacted. When the consolidated spheres 
are raised above their T

g
, they begin to soften 

and flow in a viscous manner, leading to bonding 
between adjacent spheres. The energy absorption 
of the resulting glass foams, which is the area under 
the stress-strain curve, is maximized by choosing 
a feedstock material with high specific strength. 
Also, a wide variety of HGMs are readily available 
with different cell sizes, densities, and strengths, 

Figure 3. Scheme of the experimental setup for dry powder printing (DPP) and sintering process.

Figure 4. (a) DPP set up (b) image of dry printing process (c) dry printed HGMs into letter UMD.
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providing a means to uniquely tailor the mechanical behavior 
of the cellular structure. Therefore, the density, strength, and 
stiffness of glass foams can be tailored within feasible ranges to 
meet the requirements of a particular application.

The effects of sintering temperature and duration on the 
microstructural evolution and resulting energy absorption 
capacity of glass foam can be optimized as a feedback process. 
Scanning electron microscope (SEM) observation reveals how 
thermally induced consolidation evolves between microspheres 
for different processing parameters, such as the sintering 
temperature and duration. SEM observation in conjunction with 
uniaxial compression tests enables a more accurate determination 
of the processing conditions possible.

3.1 Process Optimization
An example of process optimization is summarized in Figure 6. 
Various samples were generated across a spectrum of sintering 
temperatures ranging from 760 to 860°C, and their resultant 
microstructures were observed using SEM. The micrograph 
depicts the persistence of the spherical shape of glass spheres, 
alongside localized densification at the cell walls of these 
spheres starting at 760°C. Due to the considerable dispersion 
in sphere diameters, there’s an opportunity to arrange smaller 
spheres within the gaps of larger ones, such as octahedral and 
tetrahedral interstices, thereby enhancing packing 
density. With an increase in sintering temperature, 
the microstructure manifests enhanced local 
consolidation through bonding between adjacent 
glass spheres. Initially, the microstructure 
predominantly exhibits a closed-cell configuration 
until it reaches 800°C. Beyond this temperature, 
significant deformation occurs, accompanied by 
the emergence of open voids as spheres continue 
to consolidate. At 840°C, as spheres undergo 
consolidation, the struts thicken and interconnect 
more prominently. Subsequently, at temperatures 
exceeding 840°C, larger open voids become 
apparent, exemplified in the 860°C sample. The 
presence of cracks larger than 1 µm correlates with 
decreased fracture strength. Identifying open voids 
exceeding 20 µm in length in foams consolidated 
above 840°C indicates a potential risk of brittle 
fracture under low-stress conditions.

Quasi-static compression measurements, 
coupled with SEM analysis, determined the  optimal 
processing conditions. By controlling sintering 
temperatures and duration, the microstructure of 
glass foams can be effectively consolidated, leading 

to a maximum energy absorption capacity of approximately 5 
MJ/m3 (Figure 6). Results indicate that bonding at 810–840°C for 
30 minutes optimizes foam consolidation, yielding the highest 
energy-absorbing properties. Other processing parameters like 
ramp rate, cooling rate, and annealing temperature are also 
crucial, particularly for larger sample sizes, as temperature 
gradients across larger samples can significantly impact results.  

3.2 Deformation-Mechanism Map
Optimization of process parameters leads to specific energy 
absorption performance of a glass foam material, which will 
be presented as a deformation-mechanism map. When a foam 
undergoes compression, it initially experiences linear-elastic 
deformation, followed by plastic collapse. Eventually, the 
cells collapse completely, causing a rapid increase in stress as 
the opposing cell walls are pressed together. It is practical to 
represent the dominance of each deformation phase through 
a map featuring axes of normalized compressive stress and 
compressive strain. The mechanical properties of glass foams 
can vary depending on their density, which can be controlled by 
selecting appropriate feedstock materials. Therefore, the relative 
density of foam samples is utilized to construct a deformation 
map. This visualization in Figure 7 illustrates the domains in 
which each mechanism is dominant. When a foam is compressed, 
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Figure 5. Conceptual figure of glass foam process optimization.

Figure 6. (Left) SEM micrograph of hollow glass microspheres (HGM) and wall 
thickness of HGMs. Photograph of a sintered 4-inch diameter glass foam. (Right) SEM 
micrographs of the glass foam microstructures for different temperatures and total 
energy calculated from compression testing as a function of sintering temperature.
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it first deforms in a linear-elastic way. The boundary of the linear-
elastic field (green line) is obtained from
				  
				    [1]

σ
y
 is the yield strength of cell-wall material and E

S 
is the 

Young’s modulus of cell-wall material. The equation was 
obtained from the equations related to linear elasticity and 
plastic collapse[50]. When building this map, it was assumed 
that σ

y
/E

S
 =0.01. Adjacent to the linear-elastic field lies the 

field of plastic collapse. With brittle glass foams, progressive 
crushing can again lead to a plateau, ending when the 
material is completely crushed. Densification begins when 
the cell walls come in contact and is complete when the 
relative density reaches 1. The field boundary (green line) 
defining the onset of densification is determined by the 
arguments leading to the following equation[50].

				  

		        			   [2] 

Overlaying the fields are stress-strain curves representing 
foams with initial relative densities ranging from 0.08 to 0.19. 
The diagram delineates the domains of behavior for three 
defor- mations across the range of densities. These curves 
exhibit a linear elastic phase followed by a plateau indicative of 
plastic collapse and lastly, densification regime.  As illustrated 
in the diagram, the field boundary diverges from the onset of 
densification, with the empirical line (depicted as a dotted line) 
offering a more realistic depiction compared to the calculated 
boundary. This empirical line was established at approximately 
twice the compressive stress level. The discrepancy arises due 
to the utilization of Equation (2), which is intended for rigid 
plastic foam materials with significantly lower Young's modulus, 
despite the glass material having a Young's modulus of around 
60 GPa. Consequently, this leads to lower normalized stress 

values, providing an explanation for the deviation observed in 
the densification field boundary.

4. TAILORABLE ENERGY ABSORPTION
Applications focused on crashworthiness, such as safety 
systems for occupants in vehicles or aircraft, stand to gain 
significant advantages from materials capable of adjustable 
energy absorption. This capability allows for a gradual increase 
in stroking load, thereby diminishing acceleration and peak 
stress levels encountered during impact. For example, lighter 
passengers in seats designed for heavier passengers may face 
stress beyond safety limits, while heavier occupants in seats 
designed for lighter individuals may experience excessive stress 
due to inadequate energy absorption. Such impacts often cause 
bodily harm, including damage to the intervertebral disc, leading 
to prolonged reductions in quality of life[51,52]. Passenger seats, 
with an energy absorber tailored for a specific occupant weight, 
can handle various weights efficiently.

Functionally graded foam utilizes a density gradient to 
enhance energy absorption at various stress levels. Research 
has shown that adjusting the density gradient can tailor the 
profiles and amplitudes of stress waves, thus improving energy 
absorption and reducing damage[41,53,54,55,56]. The mechanical 
response of a functionally graded foam sample can be tailored 
by changing the local density or selecting different cell materials. 
Typically, layers of varying densities are adhered together with 
glue to create a structure with graded density.

4.1 Layered Foam Structures
The DPP system, coupled with an optimized glass foam 
fabrication process, facilitates the creation of multilayered foam 
structures to fine-tune their stress vs. strain profile and energy 
absorption capability. The potential tailorability of glass foam by 
sequential compression of a bilayer structure is shown in figure 
8. This data demonstrates that it is feasible to tailor compressive 
stress–strain curves within certain levels. This tailoring of the 

Figure 7. A deformation-mechanism map is developed for uniform glass foams. Each foam possesses relative densities of 0.08 through 0.19. In the 
map, a heavy green line delineates the field boundary, while dotted line indicates empirical boundaries.
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energy absorption (the area under the stress-strain curve) was 
achieved for bilayer foam samples fabricated through sintering 
and subjected to quasi-static uniaxial compressive load. 

The stress–strain profiles of bilayer foams with different 
thickness ratios of layer 1/layer 2, along with uniform foams of 
layer 1 and layer 2, are depicted in Figure 8. In this context, layer 
1 represents low-density foam, while layer 2 represents high-
density foam. Each bilayer foam curve displays a characteristic 
two-step stress–strain profile due to the sequential collapse 
of the two layers. The low-density layer 1 compresses first 
for all cases, reaching a plateau stress slightly below 0.5 MPa. 
This plateau stress persists during the plastic collapse of the 
microstructure of layer 1. The transition to the second plateau, 
marked by compression of the high-density layer 2, varies with 
the layer thickness ratio, with thinner layer 1 ending the first 
plateau earlier (curve (b)) compared to thicker layer 1 (curve (d)). 
The transition slope also changes with the thickness ratio, with 
curve (b) exhibiting a steeper transition and curve (d) the least 
steep. The onset of densification and the transition to the slope 
can be adjusted according to the thickness of the layer, offering 
potential injury reduction opportunities. Second plateau stress 
persists during the plastic collapse of the microstructure of layer 
2. The images in Figure 8 illustrate the bilayer glass foam, with 
a specific focus on sample (c), during uniaxial compression 
testing. Compression of the bilayer foam began from its upper 
layer (layer 1), followed by significant spalling of the side walls in 
the lateral direction at a strain of 0.5. At a strain of 0.8, the bottom 
layer (layer 2) is fully compressed. 

4.2 Deformation-Mechanism Map for Bilayers
The deformation map for the bilayer system is depicted in 
Figure 9. As compression initiates, all foams exhibit linear elastic 
deformation initially, followed by plastic collapse, culminating 
in the densification phase. These three distinct domains are 
delineated for all bilayer samples, represented by green lines. The 
boundary of the linear-elastic field is determined from Equation 
[1]. The boundary between plastic collapse and densification 
is determined from Equation [2]. The stress-strain curve of 
the bilayer foam displays a two-step profile, attributed to the 
sequential collapse of its layers. Consequently, an additional 
boundary can be incorporated for the second layer, positioning 
the boundaries of the bilayer samples between those of the two 
uniform foams. The equation mentioned above underwent 
modification to construct the map for the bilayer systems. Since 
the materials used in all foam samples are identical, a value of 
0.01 was used for σ/E

S
 to delineate the boundaries. The equation 

was adjusted to accommodate the shift to the second peak 
stress. As illustrated in the figure, the red dotted lines represent 
boundaries for each bilayer foam, indicating the first plateau 
field attributed to the plastic collapse of the first layer, followed 
by the phase of the second linear elasticity of the bilayer system. 
The densification line in the figure also deviates from the onset 
of densification, and thus an empirical boundary is included on 
the diagram. 
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Figure 8. (Left) A schematic drawing of the DPP process alongside stress-strain curves for foam samples with varying ratios of layer thickness. 
(right) Images of compression testing of sintered bilayer foam. The numbers in the inset are strain.
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4.3 Bilayer Interface
A key feature of bilayer structures is the interface, which 
experiences enhancements when utilizing the DPP system to 
achieve precise density control in the powder compact, and 
subsequent co-sintering process. Figure 10 depicts compression 
tests on epoxy-bonded samples, exhibiting a distinctly different 
behavior from their sintered counterparts. Three different density 
foams were configured to create bilayered structures. Layer 1 has 
the lowest density, layer 2 has a middle density, and layer 3 has the 
highest density. The tests were carried out on bilayer structures 
consisting of layer 1 and layer 3, as well as layer 2 and layer 3. 
The epoxy-bonded foam in Figure 10 (a) presents a 75% modulus 
increase for layer 1/layer 3, with stress-strain curves similar to 

Figure 9. A deformation-mechanism map is developed for bilayer glass foams exhibiting various ratios of layer thickness. Each layer possesses 
relative densities of 0.08 and 0.17, respectively. In the map, a heavy green line delineates the field boundary, while dotted line indicates empirical 
boundaries.

Figure 10. (a) Stress–strain curves of sintered bilayer foam of layer 1/layer 3 (red line), and epoxy-bonded bilayer foam (black line). (b) Stress–strain 
curves of sintered bilayer foam of layer 2/layer 3 (red line), and epoxy-bonded bilayer foam (black line).

sintered foams up to a strain of approximately 0.35. As the second 
layer (layer 3) undergoes compression, the stress peaks at 1.7 
MPa for the sintered foam, but the epoxy-bonded foam exhibits a 
higher stress overshoot (2.3 MPa) compared to the sintered foam. 
This difference in stress transition could impact injury outcomes, 
with smoother transitions preferred. Densification starts around 
0.68 strain for both types. In the layer 2/layer 3 system (Figure 
10(b)), the epoxy-bonded foam does not display a two-step 
stress-strain profile; instead, it exhibits uniform compression 
behavior similar to uniform foams. The density contrast between 
layers significantly influences the compressive behavior. When 
the density difference between layer 2 and layer 3 is small, the 
bilayer structure behaves akin to a uniform sample. Conversely, 
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the sintered foam still demonstrates a two-step stress-strain 
profile, thereby enabling tailorable energy absorption. Sintering 
bilayer foams produces glass foam samples with precise control 
of density. Even finer density control could be achieved by 
employing multiple layers in conjunction with dry powder 
printing, enabling further tailoring of the stress vs strain profile. 

5. CONCLUSION
High-strength and low-density glass foams can be produced by 
sintering hollow glass microspheres. Crashworthiness, buoyancy, 
and load-bearing structural applications can benefit from glass 
foams. We demonstrated that both monolithic (single density) 
and functionally graded (layerwise density tailoring) glass foam 
can be fabricated using a dry powder printing (DPP) system, 
where the axial density profile can be precisely controlled by 
printing HGMs with different densities. The implementation of a 
sintered bilayer can reduce the stress induced under quasi-static 
crush as compared to glued bilayers, because of the improved 
consolidation and uniformity of the interface in sintered foams.

Implementing multilayer foam structures by increasing the 
number of layers, as well as the corresponding layerwise density, 
in future work, may enable finer tailorability of the stress-strain 
profile, and a smoother increase in stress to be achieved for a 
particular impact requirement.
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