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Abstract: Using metallic glasses as base materials, Amorphous Metal Honeycombs 

(AMHs) with a teardrop cellular geometry were manufactured. A new analytical model 

was proposed to predict the relative density and axial compressive strength of teardrop 

celled AMHs. Using this, an optimum theoretical density at which axial compressive 

strength of AMHs exceed theoretical strengths of aluminum honeycombs were predicted. 

Results from experimental testing of AMHs in the density range of 0.3 Mg/m3 to 0.6 Mg/m3 

validate the proposed analytical model.  AMH with a density of 0.6 Mg/m3 and cell size of 

1.1 mm showed a higher axial compressive strength compared to aluminum honeycombs.  

The proposed model also shows that a higher maximum yield stress is achievable by 

improving inter-cellular bonding. A successful welding method has been demonstrated to 

join amorphous Fe45Ni45Mo7B3 ribbons at a higher cooling rate.  XRD studies on welded 

samples from this method do not show crystallization.  Ribbons remained amorphous 

before and after the weld.  By improving the cooling rate of the weld, crystallization was 

avoided maintaining the strength of the weld.  Using a method similar to peening, 

significant curvatures were observed in amorphous Fe45Ni45Mo7B3 ribbons.  While the 

prediction of a tempering state would imply a residual compressive surface stress upon 

layer removal, peening of amorphous ribbons showed an opposite response.  The 

amorphous phase of peened ribbons remained, as evident from XRD data. SEM 

micrographs show distorted ribbon edges and an average thickness reduction of 10% after 

peening also confirmed by X-ray transmission measurements.  Young’s modulus and yield 

strength measured from bulk tension testing of the in-plane direction did not show a 

significant change as a result of peening. 
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CHAPTER I 

INTRODUCTION 

1.1   Motivation 

Honeycombs are cellular structures typically used as core materials in sandwich panels.  

Excellent mechanical and thermal properties have enabled their use in aerospace, ballistic 

protection, packaging and other similar applications.  A high volume of honeycombs in 

sandwich panels are used in aerospace structures.  In addition to wing structures and 

radomes, about 300 m2 of honeycombs are used in floor panels on a commercial aircraft1.  

In a sandwich construction, the top and bottom face skins are separated by a light weight 

honeycomb core.  This separation by the core increases buckling and bending resistance of 

the panel.  It is important to maximize axial compressive strength of the core, to support 

structural loads.  Compressive strength also enhances other properties such as bending, 

shear, and mechanical energy absorption.  In a structural loading scenario, face sheets carry 

bending stresses and core carries shear stresses.  There are applications, where axial 

compressive properties of honeycomb are as critical as shear properties.  

                                                 
1U.S. Patent No. 20090072086, Smith, L., Y. S. Wang, et al. “Aircraft Floor and Interior Panels Using Edge Coated Honeycomb.” HexCel Corporation. 
(2009). 
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Especially, strength-to-weight ratio also known as specific strength is important for weight-

sensitive applications.  Both metallic and non-metallic base materials have been used in 

manufacturing honeycombs.  Aluminum alloys, steel, resin coated paper, and Polyproplene 

are some examples.  Ceramics have also been used in honeycomb form for catalytic 

convertors.  In aircraft manufacturing, Aluminum and Nomex2  are the most commonly 

used honeycombs.  Their high specific strengths and varying range of manufacturable 

densities enabled their many uses.  Hexagonal (the most common cell shape) honeycombs 

have anisotropic mechanical properties; that is different properties in the in-plane and out-

of-plane directions. They are most effective when loaded in the out-of-plane (axial) 

direction.  They are typically manufactured using expansion and corrugation methods in 

which materials are plastically deformed to form hexagonal cells.  Inter-cellular bonding 

is achieved using adhesives or welding.  Mechanical properties of base material and 

cellular geometry determine a honeycomb’s structural performance. Stronger and stiffer 

base materials yield better performing honeycombs.  Formability, practically achievable 

cell sizes and cell wall thicknesses are all critical in determining deformation mechanisms. 

First discovered in 1960 [1], Amorphous alloys in the form of ribbons and wires were 

manufactured using rapid solidification processes at very high cooling rates of 104 - 106 

K/s, restricting their sizes at least in one dimension.  Amorphous metals (also known as 

Metallic Glasses- MGs) are non-crystalline materials.  Their atomic structure is 

characterized by disorder and free volume, without crystal defects such as dislocations and 

grain boundaries.  They have high Yield Strengths (up to 5 GPa [2]) and  Young’s modulus 

(up to 195 GPa [3]).  The absence of grain boundaries also aids in corrosion resistance and 

                                                 
2 Nomex is a meta-aramid material, registered trademark of DuPont Inc. 
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magnetic susceptibility.  Early applications have been developed in drill bit coatings, 

magnetic sensors [4, 5], and transformer cores [6, 7].  Their magnetic and structural 

properties are controlled by alloy composition and thermo magnetic treatments.  Recently, 

Bulk Metallic Glasses (BMGs) processed at lower cooling rates have been considered for 

structural applications because of their unique mechanical properties in bulk form.  But, 

near-zero ductility in tension and limited plasticity in compression are considered their 

“Achilles heel” [8].  Recent work [8-11] has aimed at improving plasticity and toughness 

of MGs, also through the development of amorphous cellular solids [12].  Processing and 

characterization of Zr- and Pd- amorphous metal foams using different approaches have 

been studied and reported in literature [13-16].  Palladium based foams (Pd43Ni10Cu27P20) 

have been produced using thermoplastic foaming to 86% porosity and are capable of 

yielding at a high plastic strength of 250-600 MPa [15].  These were tested under a 

microgravity environment and considered for NASA space applications [17, 18].  Their 

behavior and underlying deformation physics have been studied  [15, 19].  Realizing their 

application as a high mechanical energy storing material, micro-trusses using amorphous 

alloys have also been developed [20-22].   

Control of porosity influences mechanical properties of cellular structures.  Existing 

analytical models support this and show that for the same density of solid base material, 

honeycombs are 16 times stronger than foams [23].  For cellular materials designed for 

high strength, it is advantageous to make Amorphous Metal Honeycombs (AMH).  High 

Yield strengths and Young’s modulus of MGs makes them favorable candidates for use as 

honeycomb base materials.  Their high elastic limit and corrosion resistance, allow them 

to compete even with Polymer Matrix Composites such as CFRPs and GFRPs.  With 
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superior properties, AMH can be realized as a replacement of other heavier materials, 

opening up material options for a design engineer in weight reduction and performance 

enhancement in packaging, aerospace, ballistics and similar applications.  For example, 

application of an early version of AMH in a Body Armor against a 7.62 mm rifle round has 

already shown improvements in ballistic performance[24].  Using suitable processing 

methods, AMH can be tailored to obtain a specific strength.  

 
Figure 1  Density vs Yield Strength for high specific strength materials [25] compared to the highest specific 

strength aluminum honeycombs [26] , recently developed BMG honeycombs [27] and a ceramic nano-lattice 

[28]. Line represents theoretical prediction [23] and symbols are experimental data. 

1.2   Research Gap 

There is a need for lighter high strength materials for many applications.  One 

solution is AMH.  However, presently no method exists that is compatible with practical 

manufacturing methods.  Thus, the need to design and develop scalable manufacturing 

methods for making honeycombs using MGs in tailored densities exists.  Recent efforts 

have shown the possibility of high strength in Zr-, Pt- based BMG honeycombs [27] and 

Ti-N nano-lattices [28], but on a lab scale with significant limitations on scalability.  MGs 
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show little to no plasticity.  Deformation in MGs takes place as an on-set of shear bands, 

which act as defects.  This limits honeycomb cell shapes.  For example, the hexagonal cell 

shape has six plastic hinges in a given cell.  MGs have high elastic limits; 2% (compared 

to 0.5% in crystalline materials).  About 1% strain is required to form each hinge using 

MG precursors of 29 µm thickness. Because of this, the expansion method cannot be used 

in manufacture as it would cause the honeycomb to spring back.  Shear bands are expected 

in hinges in each corner of a hexagonal cell. These shear bands act as defects potentially 

weakening the honeycomb across the cellular network, also making any method that 

involves corrugation undesirable for MGs.  For these reasons, the common processes in 

manufacturing Aluminum and Nomex honeycombs cannot be used to produce AMH from 

precursor foils.  

Recently, a new bottom-up manufacturing method was developed for AMH with a 

“teardrop” cell shape [24].  Amorphous Fe45Ni45Mo7B3 foils of 29 µm thickness were used 

in making honeycombs with a density of 0.3 Mg/m3 up to a cross-section of 304 x 304 mm 

[29].  In this method, MG foils were folded and bonded using an adhesive to form cells.  

Designed for high compressive strength and energy absorption applications, AMH using 

different lab scale methods were manufactured and tested for mechanical properties in the 

axial direction.  Results showed a significant difference in mechanical properties compared 

to accepted analytical models [23] for hexagonal honeycombs.  
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Figure 2  Lines represent theoretical predictions [23] for a hexagonal cell, symbols are experimental data, 

Experimental data for Aluminum honeycombs [30] , Amorphous Fe45Ni45Mo7B3 honeycombs [24, 31], error bars 

for AMH from std. dev. (No. of samples – 4) 

This was mainly because 

1. The prediction of specific strength was based on hexagonal cell and not “teardrop”.  

Analytical models exist for hexagonal, circular, square and rectangular cells.  A 

model for relative density and compression strength for a “teardrop” cell had not 

been developed. 

2. Defects including bonding mismatch and cell wall misalignment from early 

prototypes affected mechanical properties.  Defects have shown to influence 

honeycomb mechanical properties upto 40% [32].  

Aluminum being the most widely used high specific strength metallic honeycomb, was 

considered the baseline for comparison.  This comparison (Figure 2) shows a theoretical 

density at which AMH can exceed the specific strength of Aluminum Honeycombs.  Due 
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to the reasons listed above, experimental values were well short of predictions.  A more 

accurate model was required to predict an optimum design density beyond which AMH 

can have a higher specific strength than Aluminum honeycombs.  A relative density model 

for a “teardrop” cell shape is required to predict resulting honeycomb densities.  To predict 

axial specific strength, deformation mechanisms in the “out-of-plane” direction need to be 

modeled.  In honeycomb compression, the ratio of wall thickness-to-cell size, the “t/l” ratio 

is a critical cell geometric parameter.  Limited availability of MG ribbon thicknesses lead 

to targeting cell size “l” for a constant “t” to change honeycomb density.  In designing a 

high specific strength honeycomb, a strong inter-cellular bond and minimal non-functional 

mass are critical.  This makes welding an attractive bonding option, however avoiding 

cracks, crystallization and achieving a successful weld by retaining an amorphous structure 

in the ribbons are challenges.  Other techniques that allow formation of a teardrop cell 

shape using thin foils are useful, as long as they help reduce the weight, and keep the 

manufacturing process efficient.  Presented later, the use of residual stress in making 

“teardrop” shapes using amorphous Fe45Ni45Mo7B3 is a working example. 

1.3   Objective 

The ultimate goal of this work is to demonstrate Amorphous Metal Honeycombs 

of a higher specific strength compared to Aluminum honeycombs in the out-of-plane 

direction.  Amorphous Fe45Ni45Mo7B3 precursors of 29 µm thickness were used in this 

study.  Proposed processing methods include adhesive joining, welding, and a method 

similar to shot peening.  
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 This dissertation is presented in 3 chapters.  Each chapter provides a background 

of literature, materials and methods used in experimentation, discussion of results, and 

conclusions.  Chapter 2 presents a closed form analytical solution for predicting the density 

and axial compressive strength of a “teardrop” celled honeycomb in the out-of-plane (X3) 

direction.  The proposed model was validated using experimental results from mechanical 

testing of amorphous Fe45Ni45Mo7B3 honeycombs using different honeycomb densities.  A 

higher modulus amorphous metal (Nanosteel) was also tested and compared to validate the 

proposed model. Existing analytical models for hexagonal honeycombs, data published in 

scientific literature, and industry data sheets for Aluminum and Nomex honeycombs are 

compared and contrasted.  Limitations of the model are also discussed. 

While the bottom-up manufacturing approach [33] has several advantages, such as 

forming variable densities, minimizing stress concentrations, and weight savings from 

efficient design; it also presents a set of challenges.  A critical one is mass addition from 

adhesive.  Measurements from early AMH samples [29, 33] have shown up to 40% mass 

addition from adhesives.  Inter-cellular bonding stabilizes the honeycomb cellular network 

and helps resist loading.  Stronger inter-cellular bonding improves honeycomb 

performance both in shear and compression [34].  Minimizing mass from adhesive is 

critical also to improve specific strengths.  A possible better option is to eliminate adhesives 

and weld inter-cellular nodes.  Welding can also increase the honeycomb’s functional 

service temperature.  Typically corrugated stainless steel and Inconel alloy honeycombs 

are welded or brazed for high temperature applications up to 740 °C (1300 F).  Welding 

amorphous metals has been considered in other applications.  Particularly to overcome size 

constraints in BMGs.  Welding has been a challenge due to MG’s small window of time to 
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crystallization.  In order to study welding as a viable inter-cellular bonding method in 

AMH, welding feasibility of amorphous metals and their influence on their microstructure 

needs investigation.  Chapter 3 presents investigations on welding feasibility of 

Amorphous Metal Ribbons (AMR).  A modified welding method and their influence on 

microstructure and inter-cellular bonding strength is presented. 

In an attempt to reduce adhesives that add mass and welding that add cost and 

complexity, a new method of manufacturing AMH was envisioned from a lab discovery.  

When amorphous ribbons were shot peened, sizeable ribbon curvatures were observed.  

Responses were seen to change with peening conditions.  The curvature was significant 

enough to resemble a “teardrop”, cell shape of interest in this study.  Due to the need for 

rapid quenching, residual stresses have been expected in amorphous metals.  While 

prediction of a tempering state would imply a residual compressive surface stress, this 

peening method shows an opposite response.  Significant curvature obtained using the shot 

peening method suggests a change in the residual stress state. Chapter 4 presents the 

studies on shot peening and residual stresses in Fe45Ni45Mo7B3 ribbons.  The influence of 

peening on ribbon mechanical properties are also discussed.  
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CHAPTER II 

ANALYTICAL MODELING OF AMORPHOUS METAL HONEYCOMBS 

2.1   Background 

The first accepted analytical model that predicts crushing behavior of a honeycomb 

with hexagonal cells, in the axial direction was presented by McFarland in 1963.  

Wierzbicki’s correction to this model was published in 1983.  Gibson and Ashby analyzed 

mechanical behavior of hexagonal honeycombs in the in-plane (X1 and X2) and out-of-

plane (X3) directions [35, 36].  

 

Figure 3  Hexagonal celled honeycombs, showing in-plane (X1 and X2) and out-of-plane (X3) directions [23]. 

From existing models it is clear that, in all types of thin walled structures, 

compressive strength depends on cell wall thickness and cell size [37].  
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Compressive behavior of honeycombs under axial loading are well explained in earlier 

work [38, 39].  Buckling behavior of honeycomb unit cells with a range of geometries, 

their density, and specific peak stress have been reported [40].  

 Influences of defects and imperfections have shown to reduce the strength and 

modulus of honeycomb up to 40% [40-43].  Several empirical formulae predicting peak 

and  plateau stress in quasi-static and dynamic loading conditions have been reported [44, 

45].  Crush behavior of square celled thin walled structures have also been studied 

theoretically and numerically analyzed [46].   

Out-of-plane properties of honeycombs with square, rectangle, and triangular cells have 

been studied elsewhere [47].  Earlier work presented the critical load of failure for 

hexagonal cellular structures [48].  Some corrections for bending and extensional 

deformation for this model was later proposed [49].  Following this, several studies were 

conducted on the deformation behavior of hexagonal cell structures in axial loading (X3) 

direction [36, 50].  Empirical equations predict the compressive strength, (σel
*)3, due to 

elastic buckling and due to plastic buckling (σpl
*)3 in the out-of-plane, X3, direction for 

different cell shapes [32, 37, 47, 51-53].  These all provide a rich background and examples 

of how new cell types can be studied. 

2.2   Specific Aims 

(1) Develop an analytical model to predict the relative density and compressive strength 

(σ3
*) of a “teardrop” celled honeycomb. 

(2) Predict and demonstrate an optimal design density beyond which the axial specific 

strength of AMH exceeds hexagonal celled Aluminum honeycombs. 
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(3) Experimentally validate the proposed model from experimental testing of AMH. 

2.3   Proposed Model 

2.3.1   Relative density 

The properties of a honeycomb have their highest level of dependence on relative density—

ratio of honeycomb density and density of solid material.  For all honeycombs, the cell 

edge length l is greater than wall thickness t (l>>t).  Relative density may be represented 

in the form,  








=
l

t
C

Sρ
ρ*

 
(1)  

where t is cell wall thickness, l is cell size, and C is numerical constant that is dependent 

on details of cell shape [23].  An image of an amorphous Fe45Ni45Mo7B3 honeycomb cells 

with a “teardrop” cellular shape taken using Micro Computed Tomography is shown in 

Figure 4.  Also shown is the unit cell divided into triangles and semi-circles. 

 

Figure 4  (Left) Axial slice of a "Teardrop" cell from X-ray Computed Tomography (scale-10 mm); (middle) 

row of teardrop lattice broken into fundamental shapes of triangles and semi-circles; (right) one “teardrop” unit 

cell. 

Relative density is the ratio of cell wall area to solid area in a unit cell. 
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For a “teardrop” unit cell, “r” is cell size (cell size in a hexagonal cell is denoted by “l”) 

and “t” is cell wall thickness, “a” is edge length of triangle given by 22 rh + ; by 

approximating h~3r (based on measurements of first samples), the relative density for a 

“teardrop” unit cell can be written as  

222 26

2*

rrr

rtatrt

s ++
++=

π
ππ

ρ
ρ

 (2)  








=
r

t
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13.1
*

ρ
ρ

 (3)  

2.3.2   Compressive Strength (σel
*) 

Strength capabilities of cellular solids are governed by semi-empirical relationships 

of type 

n

SS

C
X 








=

ρ
ρσ **

 (4)  

where Xs is the property of solid cell wall material, C and n are constants dependent on cell 

shape and deformation mechanism.  When loaded in the out-of-plane direction, possible 

failure mechanisms of adhesively bonded honeycombs can be  

(1) Elastic/Plastic buckling of cell walls leading to non-linear behavior. 

(2) De-bonding of cell walls. 

(3) Fracture. 
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Figure 5  (left) Hexagonal cell showing cell wall buckling [54]; (Right) Reconstructed Computed Tomography 3-

D perspective of “teardrop” cells. 
 

A re-constructed CT image of teardrop cells showing the in-plane (X1 and X2) and out-of-

plane (X3) directions is shown in Figure 5. In the out-of-plane (X3) direction, post buckling 

stress is considered the “failure stress” of honeycomb, since separation of the walls at 

adhesive joints is seemingly inevitable when deformation of the honeycomb is large [36].  

 

Figure 6  Load carried by each section of unit cell. 

Load carried by each divided area of a teardrop unit cell is shown in Figure 6.  For uniform 

compression of cell walls, each wall is considered to carry an equal amount of compressive 

stress, σ3, while the global stress is denoted σ*3.   

Load carried by the unit cell is given by  
2*

310 rσ  

Equating force equilibrium one gets 

)52.6()10( 3
2*

3 rtrtrtr ππσσ ++=  
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This implies that compressive stress in the cell wall is inversely proportional to the relative 

density of honeycomb.  Based on earlier assumptions, elastic buckling stress (σcr) can be 

evaluated using Euler’s buckling formula for a plate per unit width [55] given by 

( )
2

2

2

112









−
=

b

tKE

S

S
Cr υ

πσ  (6)  

Where υS is Poisson’s ratio of solid material, K is the buckling coefficient, t is the wall 

thickness and b is the unloaded edge length.   

K is a function of cell edge conditions and the ratio of length of lateral edge (unloaded) and 

b, the loaded edge length [56]. 

Now substituting the value of σcr in σ3 we get  
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From which, the analytical model for axial compression strength of AMH is given by: 
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where σ*
3 is the axial compression strength of honeycomb in the out-of-plane (X3) 

direction.  r is the teardrop cell size of honeycomb.   

“K “, the buckling coefficient is determined by edge conditions of neighboring cell walls.  

Buckling of each cell wall in a honeycomb is considered similar to buckling of straight 

columns based on Euler’s formula. The value of “K” is estimated by assuming cell edge 

conditions.  Each individual cell wall is restricted by neighboring cell walls on their edges 
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and stabilizing face sheets (for a sandwich panel, and in compression between platens) on 

the top and bottom.  If all edges are assumed clamped, then one gets the upper bound of 

compressive stress.  If all edges are assumed simply supported, then one gets the lower 

bound of compressive stress.  In reality, the strength of neighboring cell walls are stronger 

than that provided by simply supported edges.  “K”  is assumed to lie between these two 

extreme conditions for adhesively bonded honeycombs [36].  The buckling co-efficient (K) 

for the various end conditions is presented in Figure 7.  

 

Figure 7  Buckling Co-efficient for different boundary conditions [56]. 

 

For Aluminum honeycombs, an upper bound of K=5.73 has been proposed based 

on formulae from Roark and Young.  Also, K=3.29 has been termed a “realistic value” in 

Ashby’s paper on out-of-plane properties of honeycombs, assuming simply supported 
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edges on all cell edges [36].  This is applicable for honeycomb heights that are at least 3 

times the cell size (h > 3l).  Based on the results from experimental testing of AMH, K=2.5 

was obtained.  Experimental results described in Table 1 show this.  Respective optimum 

design densities for AMH (using amorphous Fe45Ni45Mo7B3 alloy) to exceed Aluminum 

honeycombs are presented in Figure 8.  

 

Figure 8  The optimum density of AMH to exceed compressive strength of Aluminum honeycombs based on 

Ashby’s model for three different buckling coefficients in the proposed model.  The three dotted arrows show 

points where minimum densities for different “K” values would exceed the strength of Aluminum honeycombs. 

2.4   Processing Methods in Amorphous Metal Honeycombs 

In earlier work [29, 33], amorphous Fe45Ni45Mo7B3 honeycombs were 

manufactured using a Winding method by folding the ribbon onto itself, using the high 

elastic strain of Fe45Ni45Mo7B3 ribbons.  Cells were fixed using adhesive.  First samples 

had a cell size of 3 mm, a 29 μm cell wall thickness, and 97% porosity.  Another method 

(pin method) was also devised to improve the uniformity of cells and space [57]. 
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Figure 9  Amorphous Fe45Ni45Mo7B3 sample with “teardrop” unit cells. 

Both, the winding method (Appendix-I) and the improved version [58], had 

limitations on achieving smaller cell sizes.  They induced cell wall misalignments and 

bonding mismatch with cell irregularity (Figure 9).  Similar imperfections have shown to 

reduce strength and modulus of a honeycomb by up to 40% [29, 32].  The proposed model 

predicts an AMH 1.1 mm cell size to exceed the theoretical specific strength of Aluminum 

honeycombs.  A comb method (Appendix-II), capable of manufacturing this cell size, was 

developed3.  The high elastic limit of amorphous Fe45Ni45Mo7B3 ribbon allows weaving it 

around a range of curvatures. The Comb method involved a pin fixture to form cells.  A 

fixture built to attach and remove pins of 1.1 mm diameter was developed, to weave the 

ribbon in a sinusoidal fashion.  A notched clamping fixture with cut sections matching the 

lateral external profile of an AMH row was used to secure each row.  Alignment and cell 

size are controlled through these steps.  Pins are then pushed out of the fixture and 

stabilizing combs inserted along the central longitudinal plane. This secures individual cell 

joints in the row.  Individual rows are then stacked and bonded using an adhesive to form 

AMH. A step-wise procedure is presented in Appendix  II   Manufacturing AMH with a 

cell size of 1.2 mm using the Weave and Comb method. 

                                                 
3 In collaboration with MetCel LLC., Tulsa, OK and Concurrent Design Inc., Austin, TX. 
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Figure 10  AMH prototype of Cell size 1.1 mm; first prototype with 4 rows  

Other methods such as bonding ribbon reinforcements on the teardrop row were 

also tested to make AMH with tailored cell sizes with minimized defects.  Based on 

strength, density, and ease of application; different adhesives were tested for use in inter-

cellular and inter-row bonding of AMH.  

 

Figure 11  Nanosteel honeycomb with “teardrop” cells with 1.2 mm cell size. 

A higher modulus Nanosteel alloy with “teardrop” cells of size 1.2 mm is also shown in 

Figure 11.  Using Nanosteel ribbons of width 5.73 mm and 35µm thickness different 

densities were manufactured by using reinforcements and tested for their axial mechanical 

properties. 

2.5   Experimental testing and Validation 

Compression testing in the out-of-plane direction was performed using a hydraulic-driven 

Instron universal testing machine.  Sample sizes and compression rates were chosen based 
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on American Society for Testing and Materials, ASTM 4 methods.  For comparison, 

Stainless steel 304 honeycombs, with teardrop cells using a similar manufacturing method 

and hexagonal aluminum honeycombs with a closely matching density were tested.  

Figure 12 shows stress-strain curves.  The difference in compressive strength of AMH and 

Aluminum 5052 honeycomb is denoted by Δσ.   

 

Honeycomb material Cell shape Density 

(Mg/m3) 

Specific Strength 

(KNm/Kg) 

Amorphous Fe45Ni45Mo7B3 Teardrop 0.6 150 

Aluminum 5056 Hexagon 0.4 122 

Stainless Steel 304 Teardrop 0.7 27 

 

Figure 12  AMH with a 1.1 mm cell size under out-of-plane compression 

                                                 
4 ASTM C365/C365M-11a “Standard Test Method for Flat-wise Compressive Properties of Sandwich Cores” 
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AMH, in a density range of 0.3 Mg/m3 to 0.6 Mg/m3 were manufactured using different 

adhesives and forming methods, then tested for compression behavior.  Experimental 

results are plotted with the proposed analytical model, compared with Ashby’s plastic 

yielding model for aluminum honeycombs, and published data from industry data sheets 

[26] in Figure 13. 

 
Figure 13  Specific Strength chart showing the highest specific strength honeycombs plotted with theoretical 

predictions. Lines represent theoretical predictions and symbols are experimental data. Note: Insets “A” refers 

to a reinforced hexagonal cell (R2), “B” refers to staggered reinforced hexagonal cell (R2S), and “C” refers to 

standard hexagonal cell from industry datasheets. 

2.6   Discussion  

 It is evident from Figure 13, that the specific strength of Aluminum honeycombs 

(specific strength is density normalized axial compression strength), follows Ashby’s 

plastic yielding model and not an elastic buckling model. 
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For in-plane compression (X1 and X2), this has been explained as a function of a critical t/l 

ratio where t is honeycomb wall thickness, l is to cell size.  The critical t/l ratio at which 

elastic buckling precedes plastic yielding  is a function of σys/E shown by Ashby [23] as  

S

YS

crit El

t σ
3=








 

 

The σys/E value for many crystalline metals is on the order of 10-3.  For example, elastic 

buckling can occur in aluminum honeycombs for densities lower than 0.04 Mg/m3.   So 

low, that it prevents elastic buckling in practical honeycomb structures.  (σys/E is 0.005 for 

Al 5056).  However amorphous metals have a relatively higher σys/E ratio, by an order of 

magnitude, allowing elastic buckling to be easily achievable in practical densities.  Recent 

work [27] on the characterization of BMG honeycombs has shown the influence of t/l on 

resulting strength in the in-plane directions for demonstrated densities of 0.9 – 3.4 Mg/m3.  

Honeycombs are strongest in the out-of-plane direction, as compared to the in-plane 

directions.  With amorphous metals having greater σys than Es compared to crystalline 

alloys of Aluminum and Steel, taking advantage of their high yield strength is optimum.   

In the out-of-plane direction (X3), assume each honeycomb cell wall to be a column with 

boundary conditions defined by neighboring cell walls.  The ratio of wall thickness and 

honeycomb (t/h) defines the deformation mechanism.  That is, whether the cell wall 

behaves like a long, intermediate, or a short column.  Long columns fail structurally with 

buckling failure, while short columns fail materially with yielding failure.  

Respective critical failure loads are  
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Long column 
2

2

L

IE Sπ  (8) 

Short column Acrσ  (9) 

Where ES is Young’s modulus of solid material, I is moment of inertia, L is length of the 

column, σcr is critical stress, and A cross-sectional area.  

The moment of inertia I, of a honeycomb cell wall is given by lt3/12,   L denotes h which is 

honeycomb height, and A is given by lt.  Substituting these values and equating the critical 

stress shown in equations (4) and (5) gives 

s

cr

crit Eh

t σ
09.1≤








 (10) 

Equation (10) shows the critical ratio of honeycomb cell wall thickness to honeycomb 

height, beyond which elastic buckling precedes plastic yielding.  For amorphous 

Fe45Ni45Mo7B3, with a thickness of 0.029 mm, plastic yielding can happen at a honeycomb 

height of 0.2 mm.  For other materials, validity of equation (10) depends on the 

abovementioned postulations, intrinsic material behavior (elastic or elastic-plastic), and 

proportionality limits.  

Using the proposed analytical model equation (7), optimum theoretical densities of 

AMH were predicted for different K values.  A cell size of 1.1 mm was targeted.  AMH 

samples were produced with 6 different densities and tested for their compressive 
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mechanical response to validate the model.  Their densities, type of adhesive used and 

measured compressive strength are shown in Table 1.   

Table 1  Measured compressive strength of AMH 

Adhesive 
ρ*/ρS Density 

(Mg/m3) 

Compressive 

Strength (Mpa) 

Specific Strength 

(KNm/Kg) 

Mfg. method 

(Section 2.4) 

Hot melt 0.037 0.29 4.60 15.70 Winding 
DP 110 0.042 0.33 13.60 41.34 Pin 
DP 420 0.070 0.55 49.03 88.67 Pin 
DP 420 0.056 0.44 36.60 83.18 Pin 
Nolax 0.070 0.55 57.30 104.18 Comb 
Nolax 0.059 0.47 45.55 97.96 Comb 

3M  3109 0.076 0.60 90.11 150.18 Comb 
 

 
Figure 14  Buckling coefficient estimated from proposed model. Y-axis is plotted as a function of Ashby’s 

proposed “K” value (K=3.29) for adhesively bonded honeycombs.  

The buckling coefficient (K) was estimated for each adhesive listed in Table 1 from the 

proposed model. “K” as a function of adhesive is plotted in Figure 14. The type of adhesive 

had an influence on measured density, and resulting compressive strength.  Modified epoxy 

from 3M (trade name: 3M 3109), gave the best compressive strength.  
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Defects had an influence on the quality of AMH and measured experimental values. 

AMH samples had occasional cell wall misalignments in the range of 10o and bonding 

mismatches (example shown in Figure 9). This induces an artificial affine shear component 

in deformation during axial compression. Therefore, not all honeycomb rows were loaded 

perpendicular to the cell axis.  Adhesive bond strength between rows were limited, which 

lead to de-bonding as load was applied (Figure 15).  

 

Figure 15  Pictures of AMH teardrop samples of cell size 1.1 mm before and after axial compression (top),  

Hexagonal Aluminum honeycombs after compression; note the retained shape of the hexagon after compression, 

showing strong inter-cellular bonding [3].  

Measured densities of AMH samples and compression results indicate the influence of 

adhesives on honeycomb behavior.  This suggests a need for stronger inter-cellular bonding 

between the cells.  The buckling co-efficient “K” is a function of cell edge conditions, 

inter-cellular bonding strengths and inter-row bonding between neighboring rows.  

Double-walled hexagons have better inter-cellular bonding compared to these teardrop 

cellular structures.  As would be expected, hexagons have a more closely packed structure 

with a higher relative density. 
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The proposed model and experimental AMH results are plotted in Figure 16, along 

with the highest specific strength aluminum honeycombs, BMG honeycombs, ceramic 

nano lattices, and a few conventional high specific strength materials for reference. 

 

Figure 16  Yield Strength of AMH and Nanosteel honeycombs compared to other high specific strength 

materials. Lines represent theoretical predictions and symbols are experimental data. 

This result further validates the analytical model.  Data for compressive strength of 

hexagonal aluminum honeycombs follows Ashby’s plastic yielding model and not an 

elastic buckling model, up to a maximum of 60 MPa.  Until now, this was the highest 

specific strength honeycomb.  With high σy/E values, and a l/t ratio greater than a critical 

value, elastic buckling is possible in compression of amorphous honeycomb walls.  New 

honeycombs made using Amorphous Fe45Ni45Mo7B3 and Nanosteel ribbons that for the 

first time exceeds this limit are shown in this work.  This shows new high specific strengths 

are possible for thin walled metallic honeycombs using amorphous metals.   

A theoretical transition between a maximum specific strength with aluminum honeycombs 

to a higher maximum for amorphous metal honeycombs is also suggested by the models.  
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This transition has occurred before reaching the predicted density.  This has to do with 

several factors including inter-cellular bonding strength and adhesive mass.  Wall 

thicknesses, base material plasticity, and plastic hinges limit the theoretical strength of 

aluminum honeycombs.  Processing methods restrict achievable densities.  For higher 

densities, some options include modifying the cell structure with the use of cell dividing 

sheets, called reinforcements, as indicated by data point “A” in Figure 13.  But this does 

not typically provide as much benefit for out-of-plane compression as the more difficult 

option of simply reducing the hexagonal cell size.  Reducing adhesive mass and improving 

inter-cellular bonding strengths are important to achieve the potential of honeycombs, 

including AMH.   

 2.7   Chapter Summary 

A new analytical model was proposed to predict relative density and axial compressive 

strength of honeycombs with a “teardrop” cell shape.  An optimum theoretical density at 

which axial compression strengths of Amorphous Fe45Ni45Mo7B3 honeycombs exceed 

theoretical strengths of aluminum honeycombs was predicted.  AMHs using two different 

alloys were manufactured using a new approach.  AMH densities of 0.3 Mg/m3 to 0.6 

Mg/m3 were demonstrated.  Results from experimental testing of axial compression 

strengths of AMH validated the proposed analytical model.  AMH with a density of 0.6 

Mg/m3 with a cell size of 1.1 mm showed a higher axial compressive strength compared to 

aluminum honeycombs published in literature.  The proposed model also shows that a 

higher maximum yield stress is achievable by improving inter-cellular bonding.  Higher 

σys/Es alloys allow manufacture of honeycombs that can elastically buckle in a realistic t/l 

ratio.  Other amorphous alloys, with higher Young’s moduli are beneficial as they could 
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enable honeycombs with higher axial compressive properties.  Defects and imperfections 

in AMH samples, affected the resulting maximum strengths.  The buckling coefficient 

plays a crucial role in achievable honeycomb strengths.  Improving the buckling coefficient 

by improving inter-cellular bonding and reduction of nonfunctional structural mass such 

as excess adhesives, helps improve specific strengths.  This provides the motivation for 

Chapter 3. 
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CHAPTER III 

INTER-CELLULAR BONDING IN AMORPHOUS METAL HONEYCOMBS 

3.1.   Introduction 

Inter-cellular bonding affects the axial compressive strength of AMH.  With limited 

bonding area and lack of plastic deformation, a significant force is required to create a 

“teardrop” cell. A force is also required to hold the individual rows together to form the 

honeycomb network. These forces can also be looked at in terms of residual stresses.  

 

Figure 17  Differentiation of two cellular geometries. Note the difference in bonding areas and absence of plastic 

hinges in the teardrop structure. 

Residual stresses at the nodes, (teardrop cell) shown in Figure 17, can potentially maintain 

the cell position, meaning little to no bonding is required.  Adhesives or welding could 

provide the force necessary to hold the cell shape.  Stresses at the inter-row nodes are not 

only compressive, but also acts as a shear force tending to open the teardrop cell.  These 

stresses are important in maintaining the cell shape and cell closing force.
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The force required to maintain a teardrop cell is a function of adhesive, bonding area, cell 

size, and material plasticity.  Teardrop cell shapes for honeycombs, discussed in the 

previous section, are formed by folding the ribbon on to itself.  High stresses (2 GPa) and 

elastic limits (2%) in amorphous ribbons, require significant bonding force to form a 

teardrop cell. 

In a teardrop shape, the high elastic limit of amorphous ribbons allows for storing energy 

in the form of residual stress and remains elastic up to a stress limit.  Beyond this limit, 

plastic deformation occurs as an onset of shear bands.  This is not the case for honeycombs 

with crystalline base materials.  Their order of magnitude lower elastic limit and their 

extensive tolerance for plastic deformation enable the formation of a hexagonal structure 

where no force is required to suppress elastic relaxation.  

Welding has been used in inter-cellular joining of Aluminum and Steel 

honeycombs.  For materials with grain boundaries, methods like resistance spot welding 

have been successful allowing re-solidification and grain-growth, both in the bond and heat 

affected zones.  Amorphous metals do not have grain boundaries, and with a limited 

cooling window (time to crystallization), rapid cooling methods are necessary to weld and 

maintain an amorphous state.  While different welding methods have been demonstrated 

for BMGs with lower critical cooling rates, successful welding of MGs without 

crystallization has been a challenge.  

3.2   Background on Welding of Metallic Glasses 

Amorphous Metal Ribbons (AMR) are produced using slip casting at a critical cooling 

rate of 10-5 to 10-6 K/s.  A limitation of amorphous alloys is their tendency to crystallize on 
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heating.  Based on this, joining methods for amorphous alloys can be grouped into two 

categories [59] depending on crystallization temperature.   

(1) Bonding methods under conditions lower than their crystallization temperature; typical 

examples include adhesive bonding, brazing or soldering, cold pressure welding, 

explosive welding, and ultrasonic welding.   

(2) Other methods involving temperatures greater than their crystallization temperature 

and at short time intervals; examples include resistance welding, electron beam 

welding, and laser beam welding.   

Welding amorphous alloys is a non-equilibrium process of reheating and cooling a 

disordered microstructure with small solidification shrinkage.  Cooling an amorphous alloy 

is a non-equilibrium process leading to Coring.  Coring is the formation of higher melting 

temperature elements in external layers.  It is important to suppress grain growth that causes 

cracking, while also avoiding deviation from the glass forming composition.  The 

amorphous state of the weld interface needs to be retained for a successful bond.  When 

the interface temperature is less than Tg (Glass Transition temperature), the presence of a 

surface oxide film often prevents bonding.  Subsequently, when temperature is equal to or 

exceeds Tg, there is a super cooled liquid state; where surface oxides either need to be 

broken or prevented from oxidation to form successful bonds.  Surface contact can be 

created at an atomic scale through fresh surfaces to form an amorphous weld [60].  Other 

welding work [61-63] has shown evidence that crystallization during welding deteriorates 

properties with cracks formed due to surface oxidation.  
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Research on achieving higher length-scales of BMGs has attracted interest on welding.  

Pulse-current, Friction [60, 64, 65], and Electron beam welding techniques [66-69] have 

been reported to work on BMG-BMG and BMG-crystalline material combinations.  Other 

welding studies reveal that Zr based and Pd based bulk glassy alloys can be joined together 

by the use of Joule heating.  Work [63] on Zr-based metallic glass showed that high power 

laser welding was suitable for joining amorphous Zr-based BMG with no crystallization 

around the heat affected zone (HAZ).  In other studies on amorphous foils, Capacitor 

discharge welding has been reported to successfully weld Co- and Fe- based amorphous 

foils with no measurable oxides or crystallization [70].  A Ni-based glassy alloy was 

reported weldable using electron beam welding with no crystallization [71].  Ultrasonic 

welding and explosive welding have proven to work on Fe40Ni40P14B6 amorphous foils 

[72]. 

Laser welding has been most successful in welding metallic glasses, because of the 

relatively smaller melting volume of base material involved [73, 74].  Successful welding 

has been reported for Ni53Nb20Ti10Zr8Co6Cu3 metallic glass foil of 25 μm thickness using 

high power fiber laser welding [75].  The same work also indicates that weld rate affects 

crystallinity.  High quality welds have been demonstrated on (CoFe)70(MoSiB)3 foils using 

Nd:YAG laser welding, but limited to a narrow window of voltage, pulse duration, and 

focus position [59].  Fe- and Co-based thin amorphous ribbons were tested for weldability 

using spot welding [61].  Results from welding Fe40Ni40Mo4B16 showed embrittlement of 

spot welded regions, and crystallization which caused deterioration in joint strength.  

Results from this work indicate that spot weld-ability of AMR largely depends on foil 
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chemistry.  These all provide a background of how welding of metallic glasses have been 

investigated both in ribbon and bulk form. 

This chapter investigates inter-cellular bonding strength in amorphous Fe45Ni45Mo7B3 

honeycombs.  Two joining methods are evaluated, adhesive bonding and welding.  Using 

experimental testing and analytical models, the required minimum adhesive and weld force 

to form a teardrop cell as function of cell size is predicted.  Success and challenges of both 

joining methods are compared. 

3.3   Materials and Methods 

Amorphous Fe45Ni45Mo7B3 ribbons of 8 mm width and 29 µm thicknesses were 

selected for this study.  Different adhesives were chosen for lap joint shear strength testing 

(Table 2).  

Table 2  Adhesives selected for Lap joint shear testing 

Adhesive type Trade name Form Manufacturer 

Modified epoxy amine DP 110 Two part paste 3M 

Epoxy amine DP 420 Two part paste 3M 

Polyurethene Gorilla glue Two part paste Gorilla Glue company 

Epoxy amine DP 125 Two part paste 3M 

Modified amine 1838-L B/A Two part paste 3M 

Modified epoxy AF 3109 2U Film adhesive 3M 

Modified epoxy AF 163 2U Film adhesive 3M 

Cyanoacrylate A 31 Film adhesive Nolax adhesives 

Hot melt 271 Thermally activated Adhesive Technologies Inc. 

Aerosol 78 Spray on 3M 
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Adhesives were chosen based on compatibility with production method of AMH, adhesive 

handling time, curing time, viscosity, cost, and ease of applicability.  Samples for lap joint 

shear strength were prepared using each adhesive.   

 

 

 

Figure 18  Schematic of a lap joint on ribbon, not drawn to scale: Inset shows a Fe45Ni45Mo7B3 ribbon. 

Two sets of samples, one in the as received condition and the other surface roughened 

(using 380 grit sandpaper) were prepared.  The ASTM5 was referenced in selecting sample 

conditions and extension rate.  Lap joint bonding areas were measured before testing.  Lap 

joints were allowed to cure and tensile shear strength was measured6.   

The adhesive force required to form a teardrop cell was calculated experimentally by 

measuring the force required to bend an amorphous ribbon.  Amorphous Fe45Ni45Mo7B3 

                                                 
5 ASTM D 1002, “Standard Test Method for Apparent Shear Strength of Single Lap-Joint Adhesively Bonded 
Metal Specimens by Tension Loading (metal-metal).” 
6 Using a 5967 Instron, Universal Testing Machine. 
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ribbon of known length was subjected to a bending test between compression platens6.  An 

extension rate of 0.5 mm/min was used.  The force required to close the cell was recorded.  

The distance between the compression platens was used to calculate cell sizes (2r = 

“teardrop” cell size in the proposed model).  

 

Figure 19  Schematic of the cell closing experiment. 

Welding of amorphous Fe45Ni45Mo7B3 ribbons, was performed under two conditions –  

1. Resistance spot welding and laser welding (Table 3) 

Table 3  Welding conditions 

Type/place of welding Miyachi Unitek (Set A) EWI (Set B) 

Resistance Welding 
Weld Force 

(N) 

Hold time 

(ms) 
Weld Force (N) 

Hold time 

(ms) 

13.3 – 17.8 150 62 30 

Fiber Laser Welding 

Spot size 

(mm) 

Power 

(KW) 
Type 

Spot size 

(mm) 

Power 

(KW) 

0.3 0.2 
Pulse 

0.006 sec 
pulse 

0.06 

Cont. 0.009 0.06 

 

In laser welding, only the top side of the weld was exposed to an argon atmosphere.  

Laser welding was done using a 600 W fiber laser at 10% power and a rate of 285 

mm/sec.   

Amorphous Fe45Ni45Mo7B3 

ribbon of known length under 
bending

Ribbon bonded to 
the platen
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2. Modified resistance welding using a chilled bath:  A modified welding set-up that 

improves the cooling rate of weld was also developed7.   

 

Figure 20  (a) Modified weld-test set-up with a chilled bath and a spot welded lap joint sample with 2 spot welds 

across the width.  (b) Schematic showing front (left) and side (right) view of the lap joint samples; Figure not 

drawn to scale. 

Welding was performed in a chilled liquid bath (containing methanol + dry ice) providing 

a cooling rate at least twice that of water to prevent crystallization.  This is necessary to 

avoid crystallization induced embrittlement [61].  Weld spots were measured as 400 μm 

using a laser positioning scale.  Temperature in the bath was maintained at -40 to -60 °C. 

Samples were soaked in chilled bath for 5 seconds prior to welding and submerged in the 

bath during welding.  Three weld forces 22 N (5 lb), 44 N (10 lb), and 66 N (15 lb) were 

                                                 
7 Welding was performed by MetCel LLC in collaboration with Edison Welding Institute (EWI) in 
Columbus, Ohio. A Miyachi HF-27 controller, with a Miyachi MH 80-A weld head, using RWMA class 2 
copper electrodes was used. 
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tested.  Two spot welds per sample were made on a 8 mm wide sample.  10% of the total 

current from the weld system was used in these three welding conditions.   

Table 4  Welding conditions and parameters 

Weld Condition Force (N) Time (ms) Current (kA) 

1 22 3 0.6 

2 44 6 0.6 

3 66 10 0.6 

 
Based on results from mechanical tension testing of lap joints with two spots, welding 

condition 1 with a force of 22N and a time of 22 ms was chosen for further evaluation.  

Under this condition, multiple spots were welded across the ribbon width and lap joint 

samples prepared similarly.  Aluminum tabs were bonded on ribbon ends to enable them 

to grip on Instron fixtures during tension testing. 

 

Figure 21  Image of 5 multiple spot-welded samples, prepared for lap joint tests (right), dashed line showing the 

alignment of weld spots (right). 
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Table 5  Weld area calculations 

Weld area calculations 

Weld spot diameter 
400 μm 

0.40 mm 

Area of each  spot 0.13 mm2 

No. of spots on each sample 6 

Total area of weld per sample 0.75 mm2 

 

Microscopic observations were made before subjecting samples to destructive testing.  X-

Ray Diffraction, XRD8 was performed on untreated and welded samples using Cu-Kα 

radiation at tube parameters of 40kV/40mA.  The detector distance to the center of 

diffraction was kept at 30 cm, which covers approximately an area of 20° in 2θ and 20° in 

χ with 0.02° resolution.  A motorized five axis X, Y, Z (translation), χ (tilt), φ (rotation) 

stage was used to move the measurement spot to the instrument center within a 12.5 µm 

position accuracy.  Sample positioning was controlled by a video-laser positioning system 

before each exposure to ensure diffraction patterns came from welded regions of the 

ribbon.   

3.4   Results 

The adhesive force recorded during the amorphous Fe45Ni45Mo7B3 ribbon bending test 

was plotted with the “teardrop” cell size calculated from platen displacement.  Using the 

                                                 
8 Using a Bruker D8 Discover XRD2 micro-diffractometer equipped with a General Area Diffraction 
Detection System (GADDS) and Hi-Star 2D area detector.   
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resulting ribbon curvature, an inter-cellular bonding force can be estimated from a bending 

formula given by 

 

(8) 

E is Young’s modulus of the material, I (moment of inertia, the resistance to bending), R 

is the radius of curvature, and d is the teardrop cell dimension. 

 

Figure 22  Adhesive force required to from a teardrop cellular structure using an amorphous Fe45Ni45Mo7B3 

ribbon of width 8 mm and thickness 0.029 mm. 

Axial strength calculated using the proposed model (Equation 10) is plotted along the 

secondary y-axis in Figure 22.  Tensile shear strength of each adhesive was calculated by 

normalizing their failure loads with respective bonding areas.  The required minimum 

bonding area to form a 1.2 mm cell size was calculated and shown in Figure 23.   
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Figure 23  Results from lap-joint shear strength of adhesives on amorphous Fe45Ni45Mo7B3 ribbons.  The 

secondary y-axis shows the minimum bonding area required for a teardrop cell size of 1.2 mm.  Error bars from 

standard experimental error. 

From mechanical tension testing, the modified spot welded samples show a 15X 

improvement in lap joint strength compared to adhesive bonding.  Results from condition 

1 (Table 4) showed slightly higher lap joint strength values compared to conditions 2 and 

3.  Due to force and the weld time involved, condition 1 was chosen.  XRD results show 

no sign of crystallization around the welded spots.  Use of a chilled bath helped improve 

the cooling rate to prevent crystallization.  The effect of multiple spot welds on mechanical 

strength and crystallization of the lap joint were also studied.  6 spot welds were made on 

8 mm wide ribbons, and a similar testing procedure was followed to measure lap joint shear 

strength. 
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Table 6  Samples S1- had a broken weld nugget on one of the 6 spot welds; Sample S4 had lap joint 

misalignment on the tension axis. 

Sample 
Strength 

(MPa) 

S1 8.21 

S2 31.26 
S3 31.43 
S4 23.93 

S5 40.35 

Average 27.04 

 

Figure 24  Comparison of lap joint strength from adhesive bonding and welding. Error bars from standard 

deviation. for modified welding and standard experimental error for adhesives. 

3.5   Discussion 

Comparing experimental ribbon compression results and the bending model (Figure 

22), at a cell size of about 2 mm, there is a deviation from elastic behavior.  This indicates 

the initiation of shear bands.  Shear bands, provide additional force required to hold smaller 

cell sizes, which can be seen from the reduction in slope beyond the 2 mm cell size (Figure 

22).  Shear bands were apparent in AMH at smaller cell sizes.  Their effects on ribbon 

mechanical properties are briefly discussed in the next chapter.  
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In comparing different adhesive types, epoxies had better adhesion to the amorphous 

Fe45Ni45Mo7B3 substrate.  Aerosol based spray had the least strength. The influence of 

surface treatment (roughing using a sand paper) was not clearly observed. Amorphous 

ribbons manufactured using the slip casting exhibit different surface characteristics on the 

two surfaces.  Their manufacturing involves a high cooling rate of 106 K/s.  The ribbon’s 

reflective, smoother side is the surface in contact with the copper disc, while the other side 

has a darker matte finish.  Earlier work on the measurement of surface roughness indicates 

that the mean roughness is higher for matte side than for reflective side [59].  Bonding 

surfaces were noted for each of the tested samples, but there was no clear trend for 

influence of surface roughness on resulting lap joint strength.  These results reveal adhesion 

properties on a comparative scale.  Handling time, cost and adhesive viscosity could help 

in selection of the most suitable adhesive.  This is a challenge at smaller cell sizes, due to 

the significant adhesive force required to hold the cell in shape.  Manufacturing limitations 

for smaller cell sizes can also be overcome by using ribbon reinforcements between cellular 

rows of the honeycomb.  A reinforced design is already used in industry for a crystalline 

base materials such as aluminum [30].  

1. Resistance spot welding and laser welding - Crystallization was observed in ribbon 

samples using resistance and laser welding, seen from XRD results.  In addition to a slower 

cooling rate (in resistance welding), surface melting and re-solidification govern 

crystallization.  Nuggets of weld spots fractured off the welded sample while handling. 

XRD measurements on the weld nugget and Heat Affected (HAZ) on the ribbon matched, 

substantiating deterioration in joint strength due to crystallization. A high cooling rate is 

preferred to maintain an amorphous weld, and avoid crystallization. With laser welding 
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techniques, a cooling rate of 105 Ks-1 is common during re-solidification of melted metals, 

which is close to the rapid cooling rate of the weld to accommodate solidification 

shrinkage, without crystallization.  However, crystallization of many materials under laser 

melting has been reported [71, 76-78]. 

 

Figure 25  (a) Resistance spot welding of amorphous ribbons between copper electrodes, (b) Welded spots (4) 

across the 8mm ribbon width, (c) Matte side of the amorphous Fe45Ni45Mo7B3 ribbon, (d) Matte side of the 

amorphous Fe45Ni45Mo7B3 ribbon,  (e) Top side of the laser weld. 

Amorphous structures do not coherently diffract X-rays, while ordered atomic planes of 

even small crystal grains cause diffraction.  This is easily detected by a 2D detector as a 

ring.  Larger grains show spots.  

 

 

Figure 26  XRD spots as evidence of crystallization from the 13.3 N/150 ms resistance welded specimen. 

Figure 26 shows diffraction frames from a resistance welded (13.3 N/150 ms) sample 

showing isolated spots reflected from single crystal grains.  The number of observed spots 
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depend on beam size, detector area, and the number of crystal grains in the irradiation 

volume.  In practice, only a few grains in an irradiated volume may orient properly to 

satisfy Bragg’s law and diffract.  Observations of these spots reveal crystallization of 

amorphous material at and around the weld due to heat and consequent cooling at an 

insufficient rate.  These spots are observed only in the Heat Affected Zone (HAZ) around 

welded spots and not elsewhere on the ribbon. 

 

Figure 27  XRD results for resistance and laser welded amorphous Fe45Ni45Mo7B3 ribbons. 

In contrast to welding results discussed so far, resistance welded samples under a 62 N 

force and a 30 ms hold time and the laser welded samples using a 0.06 KW power laser on 

a 0.009 mm spot size did not reveal signs of crystallization.  XRD plots indicate no sharp 

peaks revealing a retained amorphous state.  Resistance welded, pulsed laser weld and 

continuous laser weld samples showed no crystallization.  When tested for their tensile lap 

joint shear strength, they showed a brittle failure compared to adhesives.  Failure loads of 

resistance welds were 3.4 N for 4 spots, and the highest strength for a laser welded sample 

was 52.8 N for a 2.4mm2 area.  Laser welded lap joints exhibited the highest strength of 22 

MPa in tension.  However, welded samples failed in a brittle fashion upon bending.  
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Micrographs of laser welded regions of sample set-A are presented in Figure 28.  In the 

pulsed laser welded sample shown in Figure 28 (f), there was thermal ablation.  This 

process occurs as a result of surface vaporization caused by a localized increase in 

temperature.  Smaller thermal diffusivities lead to efficient ablations.  Thermal diffusivities 

of amorphous materials are on the order of 0.2 cm2s-1 [79].  In pulsed laser welding, a long 

(6 ms) pulse duration was used, making thermal ablation unlikely [77].  However visible 

material removal features from micrographs remained suggestive. 

 

Figure 28  Microscopic observations: (f) pulsed laser weld across the amorphous Fe45Ni45Mo7B3 ribbon, (g) 

Continuous laser weld on the ribbon-ribbon interface. 

Continuous wave laser welded samples show a straight line, which can be treated as a laser 

irradiated track which also failed in a brittle fashion.  Their tensile lap joint shear strength 

was measured at 52.8 N; there were signs of embrittlement.  Embrittlement effects have 

been postulated to occur due to structural relaxation involving short-range order 

accompanied by a reduced quenched-in free volume [80, 81].  A visible “ripple-like” 

formation was observed away from the laser irradiated line.   
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Table 7  Welding conditions and results 

Type of welding Condition Result from XRD 

Laser welding 0.3 KW, 0.3 mm spot size crystallized 

Resistance welding 13.3 N, 150 ms hold time crystallized 

Resistance welding 62.8 N, 30 ms hold time amorphous 

Laser welding 0.06 KW, 0.009 mm spot size amorphous 

 

2. Modified resistance welding using a chilled bath- Amorphous Fe45Ni45Mo7B3 ribbons 

were successfully welded using a modified cooling method.  Increased cooling rate helped 

prevent crystallization and retain an amorphous weld.  XRD results are shown for the two 

spot welds in the lap joint samples tested using condition 1: 22 N force, 3 ms, 0.6 kA.  

Samples A, B, C, D, and E refer to each of the 5 lap joint welded samples with two spot 

welds.  
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Figure 29  Plots from XRD measurements on welded amorphous Fe45Ni45Mo7B3 ribbons (with 2 spots). Unit for 

2 thetha shown in x-axis is degrees. 

Due to manual operation involved in welding individual spots, there were weld 

misalignments in some samples.  This led to a bending moment while the sample was in 

tension, sometimes leading to pre-mature failure of one spot before another.  Similar to 

samples with 2-spot welds, multiple spot weld samples had misalignment of weld spots 

across the weld axis.  A similar failure pattern was observed.  Reported values refer to the 

load recorded for failure of the first spot.  Five samples were tested for lap joint strength.  
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Microscopic observations from sample S1 shows loss of material on one of the welded 

spots.  

 

Figure 30  Microscopic observations of the multiple-spot welded samples, showing HAZ (left), loss of material in 

sample S1 and micro cracks that extend to the neighboring weld). 

Also, HAZ was evident, showing micro-cracks emanating from welds.  HAZ did not affect 

neighboring spot welds.  In sample S4, a significant misalignment was seen on the tension 

testing axis caused by lap joint misalignment of ribbons during welding.  This affected the 

apparent lap-joint strength as see in the results (Table 6). 

From mechanical testing results, it is evident that welded amorphous Fe45Ni45Mo7B3 

ribbons has a significantly higher lap joint shear strength compared to adhesives.  Care is 

needed to align weld spots and achieve a constant cooling rate for all spots to maintain 

consistency.   

3.6   Chapter Summary 

For amorphous Fe45Ni45Mo7B3 ribbons, a minimum adhesive force to form a teardrop cell 

shape was calculated from experimental testing.  It is shown to scale with the axial strength 

of the honeycomb, as cell size decreases.  The force calculated from an elastic bending 

model validated the experimental trend and indicates that at a cell size of 2 mm, shear 

bands start.  A successful welding method has been demonstrated to join amorphous 
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Fe45Ni45Mo7B3 ribbons.  XRD studies on welded samples from the preferred method do 

not show signs of crystallization.  Ribbons remained amorphous before and after the weld.  

By improving the cooling rate of the weld, crystallization has been avoided, maintaining 

the strength of the weld.  Results from lap joint shear strength tests of modified spot welds 

show a 15 X improvement compared to adhesives.  Increasing the number of spot welds 

does not affect weld strength to a limit of six weld spots across an 8 mm wide ribbon.   

Methods proposed here provide a successful welding approach for joining metallic glasses 

without crystallization.  Limited data on welding MG ribbons was found in the literature.  

Much attention has been on joining BMGs using laser welding, as an attempt to increase 

their length scales.  Previous work on spot welding of Fe- based glassy ribbons, have shown 

crystallization from the slow cooling time, resulting in embrittlement of joints [61].  While 

modified spot welding showed a higher lap joint strength, weld alignment, cost, complexity 

of set-up and operation to use welding in manufacturing honeycombs with a “teardrop” 

cell shape should be considered.  For structural applications involving inter-cellular joining 

of amorphous metal honeycombs, it is unfavorable to have a brittle bond between the cells.   

The following chapter discusses an unusual method of forming teardrop cells by 

manipulation of residual stresses in amorphous ribbons.  
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CHAPTER IV 

RESIDUAL STRESS FROM PEENING OF METALLIC GLASS 

4.1   Introduction 

In a 2011 lab discovery, a significant curvature was observed in amorphous 

Fe45Ni45Mo7B3 ribbon (50.4 mm wide, 29 µm thick) when exposed about 3 seconds to a 

stream of glass beads at 0.5 MPa (75 Psi) pressure.  Upon varying pressure and time, it was 

found that a radius of curvature of approximately 1.5 mm can be achieved.  This results in 

a local “teardrop” like shape in the ribbon.  Custom fixtures and templates were designed 

and developed to use this process to manufacture “teardrop” celled honeycombs.   

 

Figure 31  Custom machined masking templates (left), 50.8 mm wide amorphous Fe45Ni45Mo7B3 precursor held 

in masking templates.
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Glass beads were blasted through windows of a masking template that exposed 

Fe45Ni45Mo7B3 alloy Amorphous Metal Ribbon (AMR) precursor.  After removal from the 

template, the ribbon elastically curled toward the center to form multiple teardrop cells.   

 

Figure 32  Photos of AMH precursor before and after processing. 

Processed ribbons were stacked on one another to demonstrate a honeycomb with 

“teardrop” cells.  Figure 32 show pictures of processed ribbons.  

Residual stresses are expected in the manufacture of amorphous metal ribbons due to rapid 

solidification.  Ribbon thickness also plays a role, so it is not clear how much of a stress 

gradient is quenched-in.  Residual stresses result from surface chilling causing temperature 

gradients as the ribbon cools through glass transition [82, 83].  Two processes are used in 

manufacturing amorphous metal ribbons.   

(1) Chilled Block Melt Spinning (CBMS), where a jet of liquid metal is ejected from a 

circular nozzle several mm away from the spinning wheel. Amorphous ribbons of width 

1-20 mm are manufactured using CBMS. 

(2) Planar Flow Casting (PFC), where rectangular nozzles with a smaller gap is used [83]. 

Widths of 50-200 mm are manufactured using PFC.   

In both processes, non-uniform temperature distribution along ribbon thickness is predicted 

to cause high compressive residual stresses (σ < 0) near the surface facing cooling drum 
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and tensile residual stresses (σ > 0) on the free surface [84].  In manufacturing amorphous 

ribbons, due to nozzle distance, orientation, shape, and platen temperature, different 

quenched-in stress anisotropy and surface tension can be expected.  These process variables 

influence atomic structure and physical properties [85, 86].  Quenched-in stresses depend 

on macroscopic and microscopic length scales.  Surface or bulk defects on ribbons from 

different processes may also vary for the same reason.  This is also evident from in-

homogeneities of rapid quenching demonstrated using experimental procedures [87].  As 

a result, sizeable curvatures have been demonstrated with concavity towards the free 

surface.  This is due to different solidification time taken by each successive layer in the 

ribbon.  Homogeneous models have been developed to predict the curvature in as-quenched 

ribbons.  Major curvatures have been postulated to result also from early solidification of 

edges due to a high cooling rate that adds compressive stresses in narrow ribbons using 

CBMS.  Wider ribbons manufactured using PFC maintains the ribbon flat, owing to the 

weight of the puddle [88].  Measuring and understanding the magnitude and direction of 

these residual stresses is crucial in explaining their response to certain subsequent 

processing treatments.  With an interest in increasing the general plasticity of Bulk Metallic 

Glasses (BMGs), shot peening as a surface treatment process has been studied [8, 89-92].  

In certain BMG alloys, peening has been used to induce useful residual stresses to improve 

plasticity and fatigue limits. 

This chapter investigates the response of amorphous Fe45Ni45Mo7B3 ribbons to shot 

peening using glass particles.  Significant curvatures were observed as a result of peening.  

XRD measurements on peened ribbons were compared to untreated ribbons.  Change in 
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curvatures and thicknesses were measured.  Young’s modulus and strength were measured 

and reported before and after peening.  

4.2   Background 

Thermal residual stresses are expected in metallic glasses due to the high cooling rates 

(106 K/s) required in their production to retain a liquid like atomic structure.  Analytical 

models have been developed to predict residual stresses in Bulk Metallic Glasses (BMGs, 

a length scale of 1 cm or more) using an instant freezing model, supported by results from 

layer removal methods [82].  A major drawback of metallic glass is its near zero ductility 

in tension due to shear localization [8].  To improve plasticity and prevent catastrophic 

failure, the introduction of a second phase has been studied in processing BMG based 

composites [93-97].  For Bulk Metallic Glasses (BMGs), their visco-elastic nature, poor 

thermal conductivity and high freezing rates lead to compressive residual stresses on the 

surface and tensile stress in the interior.  Substantial surface residual stresses (up to 900 

MPa) have been shown also through analytical and Finite Element models [98].  Residual 

stresses have been considered detrimental in metallic glasses for several reasons including:  

the degradation of magnetic properties [99], interference with measurements of hardness 

[8], and altering fracture toughness [100].  However, introducing compressive residual 

stress in BMGs using indentation [101] and shot peening [8] were approaches sought for 

improving plasticity.  Peening of a Zr -based BMG (Vitreloy 1) has shown a decrease in 

surface hardness, which was also correlated to the compressive residual stresses on the 

surface.  A convex curvature was reported on a peened surface of a BMG plate [8].  In 

DSC measurements on peened Pd-based BMG, the thermal relaxation spectrum shifted to 

a lower temperature, suggesting that peening increases atomic mobility [90].  Studies on 
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peened Zr-based metallic glass plates [89] show maximum sub-surface compressive 

stresses close to the uniaxial yield stress of an un-deformed BMG.  A change in bond 

orientation ordering is also observed due to plastic flow.  Similar studies have indicated 

that the flexion on a shot peened surface and microstructural deformation increased with 

peening time or pressure.  Interestingly, increasing shot-peening time or pressure did not 

increase residual stresses [91].  Compressive residual stresses have also shown to increase 

the fatigue cycles for crack initiation. [91].  There was no evidence of crystallization 

induced by peening found in literature.  Characterizing the magnitude and depth of residual 

stresses and understanding their impact on mechanical properties is critical.  Substrate 

curvatures have been used in measuring residual stresses in BMGs as a result of shot 

peening [8] also in tempered soda alumina silicate glasses [102].  A comparison of 

measured compressive residual stresses using different treatments and methods have been 

summarized in literature [89].  As a result of plastic deformation from peening, metallic 

glasses have also shown to change their atomic structure [89].  Bond orientation ordering 

and relaxation of  glassy structure have been attributed to enhanced atomic mobility [90].  

Other studies have attributed structural relaxation to cyclic elastic loading [103].  

Measuring density is a direct method to show a change in free volume as a result of peening, 

but smaller processing-induced changes affect the measurement [104, 105].  Measurement 

and comparison of elastic moduli have also been suggested to understand changes in free 

volume [106]. 

4.3   Experimental Methods 

Amorphous Fe45Ni45Mo7B3 ribbons of 29 μm thickness and 50.8 mm width were used 

in this study.  Owing to surface chilling in the manufacture of the ribbon, ribbon surfaces 
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textures were different.  Reflective on one side and matte on the other.  Ribbon samples 

were peened on both sides under two conditions. 

1. Condition 1 – Shot peened by holding them between Stainless Steel 316 templates, 

similar to the set-up in Figure 31. 

 

Figure 33  Peening using templates. 

2. Condition 2 – Shot peened by holding them on plates made of 50.8 mm wide 

Aluminum 2024, secured on a stainless steel base plate.   

 

Figure 34  Peening with all of ribbon area exposed.  

Condition 1 was used to observe multiple curvatures and demonstrate repeating 

teardrop shapes.  Condition 2 was used to evaluate the effect of peening when all of the 

ribbon area is exposed.  The reflective side was treated first in both conditions followed by 

the matte side.  Peening was performed in an enclosure9 equipped with a reclaimer and a 

                                                 
9 Zero INEX 3048R 

Shot peened areas 

Aluminum plate
Stainless Steel 316 
plate

Tapes holding down 
the ribbon

Abrasive treated 
area 

Amorphous 
Fe45Ni45Mo7B3 ribbon
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dust bag.  Glass beads of type BT-8 were used as impact media (0.15-0.2 mm in diameter).  

Several pressures were used from a 114±10 mm nozzle distance.  Because a significant 

ribbon curvature was observed for a pressure of 0.5 MPa (75 psi), this pressure was 

considered for further study.  Untreated and peened ribbons were etched using a 3% Nital 

solution to observe curvature changes.  X-ray diffraction (XRD) measurements were 

conducted on ribbons before and after peening.  X-ray diffraction10 was performed with 

Cu-Kα radiation at tube parameters of 40kV/40mA.  Detector distance to the center of 

diffraction was kept at 30 cm, which covers approximately an area of 20° in 2θ and 20° in 

χ with 0.02° resolution.  A motorized five axis (X, Y, Z (translation), χ (tilt), φ (rotation)) 

stage was used to move the measurement spot to instrument center within a 12.5 µm 

position accuracy.  Sample positioning was controlled by a video-laser positioning system 

before each exposure to ensure diffraction patterns come from the peened region.  Samples 

for tension testing were prepared from peened ribbons of 8 mm width, peened using 

Condition 1.  Samples using Condition 2 were prepared from ribbons of 50.4 mm width.  

Four samples were prepared for bulk tension tests, shearing them from a 50.4 mm wide 

ribbon, with each sample of width 12.5 mm.  Tension tests were performed using a 

hydraulic driven Instron UTM using ASTM11.  Aluminum tabs were glued to ribbon test 

specimen ends to avoid slipping from the Instron grips.  Applied strain was computed using 

a Laser Extensometer12 and a data-logger suitable for recording compliance free strain 

measurements.  Micrographs of the ribbon surface and thickness were taken using a field 

                                                 
10 Bruker D8 Discover XRD2 micro-diffractometer equipped with the General Area Diffraction Detection 
System (GADDS) and Hi-Star 2D area detector. 
11 ASTM E345 - 93(2008) “Standard Test Methods of Tension Testing of Metallic Foil” 
12 Model LE-05. 
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emission scanning electron microscope (FESEM)13 equipped with a back scatter detector 

and EDAX system.  The mass of ribbons to a 0.1 mg accuracy was measured before and 

after peening. 

 

Figure 35  Tension testing sample, with peened region (using condition 1) 

4.4   Results  

Condition 1 

 

Figure 36  Picture of ribbon in template before peening (top), top view pictures of peened ribbons after removal 

of templates. 

Condition 2 

                                                 
13 Hitachi S4800-high resolution. 
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Figure 37  Pictures of ribbon before and after peening (top), top and side view pictures of peened ribbons after 

removal of tapes holding the ribbon to templates. 

Upon removing boundary clamps from the template after peening, significant 

curvatures were observed.  Changes in surface texture were also observed. Data from XRD 

measurements for untreated and peened conditions were collected.  There were no signs of 

crystallization observed when comparing results from untreated and peened ribbons for the 

reflective side.  XRD elastic strains can be calculated using Bragg’s equation given by  

θλ sin2d=  (11) 

i

if

d

dd −
=ε

 

(12) 

λ is the wavelength of the Cu-Kα X-ray source (1.5Å), d the average lattice spacing, θ the 

diffracting angle, ε strain. 
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Figure 38  Schematic of sample set-up in diffractometer and resulting diffraction pattern. 

 

Figure 39  Picture of XRD set-up. 

1D XRD data with 2θ (degrees) in the x-axis and intensity (arbitrary units) in the y-axis 

were plotted for treated and peened ribbons. Shown in Figure 40. 
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Figure 40  1D XRD data for untreated and peened ribbons.  Some erroneous signal error from the detector 

limits the value of this data, but the concept remains useful. 

In a 1D XRD pattern for typical crystalline materials, sharp peaks appear for a given 

diffraction angle θ which is related to d-spacing using Bragg’s law.  Amorphous metals do 

not coherently diffract x-rays. But, their 1D pattern as seen in Figure 40, show amorphous 

humps at certain 2θ angles, which can be related to average atomic spacing.  When a 

significant shift in the center of the amorphous hump is expected, the corresponding change 

in average atomic spacing could be related to XRD elastic strains in the measured direction.   

To estimate the average peak center of an amorphous hump, a Gaussian function of the 

form:  
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where xc is the peak center was used. An example of a Gaussian fit to the individual 

amorphous humps is shown in Figure 41. This shows a shift in x-center.   
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Figure 41  XRD peak pattern for untreated and peened samples. Gaussian peak fits ( black, red and yellow thin 

lines) shown for each theta range. 

Results from tension testing of peened ribbons (Using condition 1) with different areas of 

peening were compared to untreated ribbons.  Yield strength and the Young’s modulus 

were calculated from the resulting stress-strain data.  

 

Figure 42  Yield Strength of untreated and peened ribbons. Error bars from Std. dev. (n = 5, 3, 3) 
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Figure 43  Young’s modulus of untreated and peened ribbons. Error bars from Std. dev. (n = 5, 3, 3) 

 

 

Figure 44  Comparison of Young's modulus measured from tension testing under different conditions. Error 

bars from std. dev (n = 5, 5, 3, 3, 3) 
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a tendency to warp because of the curvatures caused by peening.  Some samples sheared 

near the grips, with failure initiating from to the micro-cracks seen on ribbon edges. 

 

Figure 45  Picture of peened ribbon under tension. Condition 1 (left) and Condition 2 (right) 

The mass of each ribbon sample was measured before and after peening. Results showed 

no difference for a ±0.1 mg measurement resolution.  Thickness measurements from SEM 

micrographs show distortion on ribbon edges and a 10-17% reduction in edge thicknesses 

between treated and peened ribbons.  This was confirmed by thickness measurements using 

X-ray µ-Computed tomography techniques.  Note that the reported strength and Young’s 

modulus values were calculated using the original thickness of 29 µm.  With a 10% 

reduction in thickness, there were no significant differences seen on Young’s modulus 

measurements.  
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Figure 46  SEM micrographs of untreated (left) and peened (right) amorphous Fe45Ni45Mo7B3 ribbons; Note the 

reduction of thickness after impact, and the distorted edges. (Condition 1) 

 

Figure 47  SEM micrographs showing damage area and cracks after peening 

SEM micrographs on peened ribbon surface show regions of micro-cracks on the impacted 

surface (Figure 47).  XRD measurements on peened ribbons show no signs of 

crystallization.  This behavior is consistent with shot peened BMGs [90].  The formation 

of significant curvature upon impact is interesting.  Ribbons manufactured both using 

CBMS and PFC have shown residual stresses from rapid quenching [83, 84, 87].  External 

processing such as peening, changes residual stress states on the ribbon, also changing 

ribbon curvature.  As opposed to chemical etching, that would relieve compressive residual 

stress, peening imparts compressive residual stresses on ribbon surface.  Stress states on 

free surfaces, contact surfaces, and ribbon edges also contribute to the observed curvatures.   

4.5   Discussion 

As in crystalline metals, peening induces residual stress in amorphous metals. Early 

work on peening BMGs have shown this and reported residual stresses up to 1800 MPa 

[89].  Change in curvature has also been shown in attempts to improve BMG plasticity [8, 

92].  Prior work on metallic glass shot peening has been reported on metallic glasses in the 

bulk form (length scales of 1 cm or more) and not as ribbons.  In this work, sizeable 
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curvatures are reported for different peening conditions for metallic glass ribbons of 29 µm 

thickness.  

A drop in diffracted intensity was observed from 1D XRD data (Intensity Vs 2θ) of 

peened ribbons when compared to untreated ribbons.  This can be partially attributed to 

change in surface roughness caused by peening, also obvious in SEM images.  Data also 

shows that the ribbons remained amorphous before and after peening.  This is consistent 

with earlier work on BMGs.  Measuring a shift in amorphous humps is a potential method 

for estimating XRD elastic strains in amorphous ribbons.  XRD elastic constants are needed 

to estimate the magnitude of residual stresses.  The magnitude of displacement (Δ2θ), peak 

fit, and sample errors should be carefully considered when using them with to calculate 

XRD elastic strains. 

In metallic glasses, local shear band transformation requires free volume to allow atomic 

mobility [107].  Deformation is associated with bond arrangement.  Elastic deformation is 

associated with bond length changes.  Other work [107] using XRD on amorphous metals 

show bonding rearrangements in elastic and plastic deformation where bond exchange 

initiated deformation, while the total number of bonds remained unchanged.  Bond 

orientation anisotropy has been reported as a result of local bond deformation measured in 

a mechanical creep study of metallic glasses [108].  Tempering of conventional glasses 

hinder crack imitation at the surface around an impact zone and have shown to increase 

bending strength [8].  BMGs benefit from compressive residual stresses for increasing both 

plasticity [8, 89] and fatigue limits [91].  MGs (this work) may also benefit from residual 

stresses.  Atoms prefer to move when there is free volume, therefore a change in bond 

length and a change in free-volume can be related to density and elastic modulus, both of 
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which are material properties.  The in-plane elastic modulus measured from bulk tension 

testing of peened and untreated amorphous Fe45Ni45Mo7B3 ribbons did not show a 

significant difference.   A t-distribution was used in determining the statistical significance 

of mechanical testing results for a 95% confidence level.  A 10- 17% reduction in ribbon 

thickness, measured from scanning electron micrographs was also seen on the curvature as 

a result of processing.  This change in ribbon thickness could be accompanied by a change 

in ribbon length and width, to accommodate the energy from peening and conserve volume.  

However, bond length and free volume can also reduce as the thickness decreases.   If most 

of the change in atomic arrangement was in the out of plane direction, perpendicular to 

peening.  Anisotropic strains would result from peening.  

Chemical etching of both untreated and peened amorphous Fe45Ni45Mo7B3 ribbons did 

not show a change in curvature, suggesting the peening causes the ribbon to attain a new 

equilibrium state.  The magnitude of induced residual stresses could be calculated using 

XRD elastic constants for amorphous Fe45Ni45Mo7B3 ribbons.  This requires stressing the 

ribbons a known amount and measuring the change in atomic spacing.  This is part of 

ongoing work.    

4.6   Chapter Summary 

Significant curvatures were observed in amorphous Fe45Ni45Mo7B3 ribbons as a result 

of peening.  While the prediction of a tempering state would imply a residual compressive 

surface stress upon layer removal, peening of amorphous ribbons showed an opposite 

response.  The amorphous phase of peened ribbons on the reflective side remained, as 

evident from XRD data.  Scanning electron micrographs show distorted ribbon edges and 
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thickness reduction of up to 17% from peening.  Young’s modulus and yield strength 

measured from bulk tension testing of the in-plane direction did not show a significant 

change. 
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CONCLUSIONS 

In processing amorphous metals as honeycombs, the teardrop cellular structure is ideal 

to handle the high elastic limit (>2%).  Similarly, the typically thin walls (t<0.03 mm) lends 

the honeycomb to a low t/l ratio, promoting elastic buckling as the dominant deformation 

mechanism in honeycomb cell walls.  Using the newly proposed analytical model for 

teardrop celled honeycombs, an optimum MH design density exceeding the axial 

compressive strength of aluminum honeycombs was determined.  Results from 

experimental testing honeycombs of multiple densities and from two amorphous alloys 

with different Young’s moduli validated the model.  As predicted, an unprecedented axial 

strength of 90 MPa for an AMH density of 0.6 Mg/m3 was demonstrated.  Using a higher 

modulus amorphous metal, even higher axial compressive strength was achievable at lower 

densities.   

The model also suggests that improved inter-cellular bonding helps increase achievable 

strengths for a given density.  Results here suggest such an improvement is possible using 

welding.  In welding amorphous ribbons, a high cooling rate is important to retain the 

glassy state.  Resistance spot welding of amorphous Fe-Ni based amorphous ribbons in a 

methanol and ice bath helped retain an amorphous state and achieve a successful weld.  

Measured strength using lap joint testing showed a 15 X improvement compared to 

adhesively bonded lap joints. 
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Shot Peening of amorphous Fe-Ni based ribbons resulted in significant ribbon 

curvatures.  By manipulating the residual stress in the amorphous ribbon, a structure that 

resembles a teardrop cell shape was demonstrated.  Peening causes a local change in atomic 

spacing in the amorphous metal.  X-ray elastic constants are necessary to quantify the 

magnitude of residual stresses.  Results from uniaxial tension testing of peened ribbons 

show no significant change in Young’s modulus.  A change in thickness was measured 

using scanning electron micrographs, and confirmed by X-ray transmission measurements.  

With no effect on Young’s modulus, peening is a viable process for manufacture of 

amorphous metal honeycombs.  Achievable curvatures, lack of adhesive mass, and the cost 

of welding makes peening a logical process to consider in AMH manufacture.  In a 

sandwich panel, using honeycomb as a core material, some force could be provided by the 

face sheets bonded on the top and bottom of the core.  However, for applications involving 

compression of AMH, inter-cellular and inter-row joining forces should be significant to 

resist the buckling loads under compression.  
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CHAPTER V 

CLOSING REMARKS AND FURTURE WORK 

 

Experimental results validate the proposed analytical model for the axial compressive 

strength of amorphous Fe45Ni45Mo7B3 honeycombs with a teardrop cellular structure.  

Adhesively bonded AMH with a density of 0.6 g/cc shows a unprecedented axial 

compressive strength compared to existing honeycombs in open literature.  A theoretical 

transition between a maximum specific strength with aluminum honeycombs to a higher 

maximum for amorphous metal honeycombs is also suggested by the models.  However, 

this transition has occurred even before reaching the predicted density.  This has to do with 

several factors including the bonding between cells and the mass of the adhesive required.   

The analytical model for axial compressive strength proposed in this work shows a 

dependence on the Young’s modulus of the base material.  Other amorphous alloys with 

higher Young’s moduli motivates engineering honeycombs using other amorphous alloys 

[15, 27, 109].  
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Table 8  Comparison of predicted and measured compression strength. Predictions based on analytical models 

for hexagonal [23] and teardrop cells[33] . 

Honeycomb type Cell shape Density (Mg/m3) 
Compression Strength (MPa) 

Predicted Measured 

Amorphous Fe45Ni45Mo7B3 Teardrop 0.6 100 90.1 

Aluminum 5056 Hexagon 0.4 60.3 50.4 

Nanosteel Teardrop 0.5 130.5 69 

Amorphous 

Fe53Cr15Mo14Er1C15B6 
Teardrop 0.4 245 - 

 

AMH performance can be further maximized by taking advantage of their high yield 

strengths.  Alloys, such as Fe61Mn10Cr4Mo6Er1C15B6 and Fe53Cr15Mo14Er1C15B6 [3] are 

candidate honeycomb materials provided they can be processed as ribbons.  Enabling 

plastic yield, taking advantage of the very high yield strengths in amorphous metals, by 

engineering a critical t/l ratio can only expand its potential.   

The success of welding shown in this work on amorphous Fe45Ni45Mo7B3 furthers the 

achievable specific strength, by reducing adhesive.  The high corrosion resistances in 

amorphous alloys are an added advantage, which are advantageous to AMH compared to 

existing honeycombs.  Conventional honeycombs cannot bridge the mass penalty gap 

due to inherent restrictions.  For example, welding cannot be used in Nomex honeycombs.  

Although Aluminum honeycombs can be welded, the base material will have to be treated 

with corrosion resistant coatings in order to resist severe environments.  This leads to mass 

addition that does not contribute to the axial strength of the honeycomb.  Since the need 

for adhesive is removed or can be reduced, AMH can now be considered for high 

temperature environments as well. 

The response of shot peening has been of interest for the resulting curvatures.  Future 

work can be in using paired distribution functions (PDF), to predict a change in the nearest 
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neighbor distance.  The absence of crystallinity and long range order in amorphous metals 

has restricted the use of conventional characterization methods.  The curvature response of 

metallic glass to peening needs further understanding.  Besides, the characterization of 

residual stresses in peened metallic glass, the direction and magnitude of the stresses is of 

interest.  There may be a 2D stress state.  Most of the bond length changes as a result of 

peening may be out-of-plane, which can be measured using a transmission method only 

possible at a synchrotron source. Other unusual methods including laser processing [110] 

and ball rolling has shown to impart similar curvatures in amorphous metal ribbons, 

expanding possibilities of discovering behavior of amorphous metals. 
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APPENDICES 

Appendix  I   Manufacturing AMH using folding method. 
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Appendix  II   Manufacturing AMH with a cell size of 1.2 mm using the Weave and 

Comb method 

Step 1: Select a weaving pin plate with holes equal to that of cell size and pins of similar 
diameter. 

 

Step 2: Amorphous foils of required length wound around pins and completed woven foil 
held in a “teardrop” shape supported by pins. 

 

Step 3: Clamping fixture holding the woven teardrop row on the outside. 
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Step 4: Stabilizing combs inserted in the foil stick to hold cells in shape for clamping 
fixture to be released.  

 

Step 5: Both ends of foils stick stabilized using combs on both sides. 

 

Step 6: Stabilized foil sticks stacked and ready for bonding cycle. Completed sample 
post-curing is shown in Figure 10. 
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