ABSTRACT

CHACKO, ZUBIN. ThermaemechanicaPerformance of Composite Metal FoafWnder the
directionof Dr. Afsaneh Rabigi

Steel steel composite metal foams GCMFs) are emerging as multifunctional
materials for applications requiring lightweight structure, high energy absorption, and thermal
resistance under extreme environments. This dissertation delivers a comprelneesiigaition
of their thermemechanical and thermal transport behavior through a combined experimental and
computational approach spanning compression, fatigue, and conductivity analyses across
temperatures up tb000°C

Thermaemechanical evaluation under quagatic compression reveals thatSSCMFs
maintain substantial structural integrity and energy absorption capacityo0p G with
degradation accelerating beyond this point due to thermal softening, oxidation, and plastic
buckling. At800°C more thar80%o f t he f oamds energy absorptior
expansion becomes severe. Microstructural analysis via SEM identifies void formation along
grain boundaries and extensive oxidation as key degradagohanisms.

Elastic modulus, plateau strength, and energy absorption efficiency are examined across
temperatures ranging fro@8°Cto 800°C A consistent threeegion stregsstrain responge
elastic, plateau, and densificatiims observed. A porositpased correction factoK¢ =) 0. 6
aligns closely with tt.h=) dhabbagadcsratpdconvessioacfeom por os
engineering to true stress. Finite element simulations in ABAQUS, incorporating a crushable
foam plasticity model and temperatidependent propges, reproduce the compressive
response with discrepancies belé%. These simulations confirm key assumptions such as

constant Poissonds r at i-icforneed modelireg foE-8@MVFeesignh e u s e



Under cyclic compression S CMFs exhibit strongly temperatudependent fatigue
behavior. A400°C fatigue life peaks, with specimens enduring dv8million cycles at60%
of plateau strength due to dynamic strain aging (DSA), which delays failure through dislocation
pinning. At600°C the fatigue life decreases sharply due to oxidatidauced embrittlement,
thermal softening, and dynamic recovery. Strain evolution follows a distinctstage pattern:
gradual accumulation, stable deformation, amdden collapse. Serrated flow behagior
particularly prominent a400°Cand600°Q is linked to DSA and matriporositycollapse.
SEM observations reveal microstructural porosity rearrangement and twinning at high
temperatures, suggesting a transition in deformation mechanisms fredosiipated at room
temperature to cyclic hardening and oxidatémsisted fracture ateslated temperatures.

Thermal transport analysis, combining computational modeling with laser flash (LF)
experiments, reveals that the thermal conductivityi@& SMFs is approximately six times lower
than that of bulk 316L stainless steel, while thermal diffusivity is redhgdthlf. A 3D steady
state conduction model in ANSYS Fluent accurately reproduces effective thermal conductivity
across300/ 1000°G with only 2i 6% deviation from experimental valug3revious experimental
evaluationsvalidate the computational predictions with uncertainty leve&&f#a These results
underscore the thermal insulation potential o5 £MFs in hightemperature environments.

Together, the findings provide an integrated understanding of the performance limits,
degradation mechanisms, and multifunctional capabiliti&®CMFs. This work establishes
Si S CMFs as promising candidates $tructures exposed tbhermally and mechanically
demandingenvironmentsuch as crash energy absorbers, thermal barriers, and protective

enclosures for hazardous material transport. The combined experhv@miaditational



methodology offers a robust foundation for the predictive design and deployn&8t@fFs

in nextgeneratiorstructures/systems exposedetdremeenvironment.



© Copyright 2@5 by Zubin Chacko

All Rights Reserved



ThermaemechanicaPerformance of Composite Metal Foam

by
Zubin Chacko

A dissertation submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

Mechanical Engineering

Raleigh, North Carolina
2025

APPROVED BY.

Dr. Afsaneh Rabiei Dr. Gracious Ngaé
Committee Chair

Dr. Jong Eun Ryu Dr. Cheryl Xu

Dr. Gregory Lucier



DEDICATION

To Godabove for his guidance and grace,

And to family beside me, for their constant love and support



BIOGRAPHY

Zubin Chacko was born in Chandigarh, India. He earned a B.Tech. in Marine
Engineering from the Indian Maritime University, Chennai, in 2013. From 2013 to 2021, he
worked as a Marine Engineer at Maersk Line A/S in Copenhagen, Denmark, where he gained
handson experience in planned and corrective maintenance of advanced maritime iressels.
2021, he began a Master of Science in Mechanical Engineering at North Carolina State
University and transitioned to the dirdotPh.D. track in 2022. His doctoral resdaoenters on
the thermemechanical performance of composite metal foams at elevated temperatures. He has
published three peeeviewed articles in journals including Advanced Engineering Materials,
Journal of Thermal Analysis and Calorimetry, and JourhMaterials Science, with a fourth
under review. He has also presented at international conferences such as MetFoam 2023 and
TMS 2025.Upon completing his Ph.D., Chacko plans to pursue an industry career focused on

advanced materiateanufacturing andhamacterization.



ACKNOWLEDGMENTS

First and foremost, | would like to express my sincere gratitude to my advisor, Dr.
Afsaneh Rabigifor herinvaluable guidance, patience, and encouragement throughout the course
of this researcher expertise and mentorship have been fundamental to both my academic and
personal growth.

| am also thankful to my dissertation committee men@b&s Cheryl Xu Dr. Gracious
Ngaile Dr. Jong Eun Ryu, and Dr. Gregory Ludefor their thoughtful feedback and
constructive suggestions. Special thanks go to my colleagues and lab mateésdvettineed
Materials Research LaborataayNorth Carolina State Universityvhose support and
camaraderie made the challenging moments more manageable.

| gratefully acknowledge the financial support providedhsyDepartmendf
Transportation (DOT) Pipeline and Hazardous Materials Safety Administration (PHifslar
projectnumberPH95720-0075, withoutwhich this work would not have been possible.

| would like to express my sincere gratitude to the Constructed Facilities Laboratory
(CFL) for providing the technical support necessary to retrofit the universal testing machine
(UTM) with a thermal chamber, which was essential for the-teghperature testing conducted
in this work | am also thankful to Johnathan McEntire for providing hasrdsraining on the
operation and control systems of the UTM.

| would like to acknowledge Emad Tawadrdashis machining expertise in preparing
the compression platerSpecial thanks tAmos Tuckerfor training me on workshop
equipmens used for postnanufacturing material processing.

On a personal note, | am deeply thankful to my parents, whose unwavering love and

sacrifices have supported me throughout this journey. To my Atfie)ya, and her familyfor



\

thar patience, understanding, and encouragement during the most demanding phases of this
work. And to my sister, for her constant belief in me.

Finally, | thank all those who, in ways big and small, helped me reach this milestone.



Vi
TABLE OF CONTENTS

LIST OF TABLES . ... eeeer et emee e e e e smmn e e e e e rnn e Xi

LIST OF FIGURES. ...t e e e e e e e rnmme e e e e e e Xiii
CHAPTER 1: INtrOQUCTION. ..ottt ettt mem e e emme e 1
I I = = x| 0] 1 o S 1
1.2 Overview of EXIiSting RESEArCh.........oooiiiiiiiii e 2
G I 1Y (o111 VZ= Ui (o] o TSRS TTTPOPPPPP 4
1.4 Objectives Of the DISSEITatiON..........ccuuuuiiiiiiiireeiiiiiiiie e e e e e e aeeeeeead 4.
1.5 Scope and MethOdOIOGY..........coeveuuriiiiiire et eeremr e e e e e e e e e e e e e e e eaeeee s 5
1.6 DiSSErtatioN SIIUCIULE.......ciiiiiiiiiee e e eeem ettt e rmmee s e e e s e e emmme e e e 6
CHAPTER 2: LItErature REVIEW........uuuiiiiiiiiiiiiiii ettt e e e ammmr e e e e e e e e e a s nees 7
2.1 Metal FOAIMS .....coiiiiiiiiiiee e enesnssenneeeeeeeeeeeee
2.1.0 OVEIVIEW. ...ttt eeeea bbbttt e e et e e e e e s seetesseee et eeeeeaeeeeeeeessammneeeeeeeeenneennnnni]
2.1.2 ClaSSIfICALION. ...ttt eeei et re e e e e e e et e e e s e 7
2.1.3 Principal Fabrication ROULES..............uuuiiiiiiieeriiiiic e ereese e e e 11
2.1.4 Mechanical and Thermal BENaVIQL.............cc.uuiiiiiiecciiiiiiecee e 19
2.1.5 APPHCALIONS. ...coeieiieeeeee e ene e e 23
2.1.6 ChAllENGES ... ..o e e e e e et e e e e e as 26
2.2 Composite Metal FORIML.........oooiiiiiiiiieeee e e e eeeee s 28

2.2, OV VIBW. et et e ettt e e et e et e et e e e e e e e e e e e e e mme e e an e enaens 28



Vii

2.2.2 FabriCation ROULES. .......coiiiiiiiiiiiii ettt e e eeee e 31
2.2.3 Mechanical BENAVIOL.............uuiiiiiiieee e 34
2.2.4 Thermal BENAVIQI.........oooiiiiiii e e 47
2.2.5 Computational STUAIES..........oooiiiiiie e eeee e e e e e e e e e 52
2.3 Metal Foams Under Elevated TEMPEratULES...........uueeiriiiiieaeiieieiirieeeeeeeee e e e e e e e 58
2.3.1 Compressive Strength and ModUulUS.............oooviiiiiiccri i 58
2.3.2 Anisotropy and Loading Dir€Ction.........ccceeeiiiieeeiiiieeeicie e eeeeeeeeeeeeeeeene e 61
2.3.3 Strain Rate and Temperature InteractiQn...............ccceiviceeeeeevviiiiiiiiniee e e eeeeeens 62
2.3.4 Energy Absorption EffiCIENCY..........coooiiiiiiieeee e 64
2.3.5 DensifiCation STraiN..........ccouiiiiiiiiiii e 66
2.3.6 Failure Mechanisms and Microstructural ASPECES..........uevvieiiiiccccriiiiiieeeenn 68
2.3.7 Microstructural Evolution and-fitu Deformation Monitoring...................oovvene. 71
2.3.8 Composite Tube and Panel Structures at Elevated Temperatures.................. 72
2.3.9 Blue Oxide Film and Stiffening Phenomena in Steel Foams................cccccceee. 72
2.3.10 Strain Rat@ emperature SYNEIGY..........uuuuuuuurerreeiirerirerereeeeeeeeeeeaeeeeesamameeeeeeeess 73
2.3.11 Fatigue BENAVIQL........ccoiiiiiiiieeiiei et 73
2.3.12 Computational Extraction of Thermal Properties in Metal Foams................. 75
2.4 Stainless Steel at Elevated TemMPEratUreS..........covvvvviiiieeeiie e 79
2.4.1 Yield Strength and Tensile Strength............cooi i 80

2.4.2 DUCHHITY ...cee ettt e ettt e e e e e ees e e e e e e e e e e eeeas 81



2.4.3 Creep RESISTANCE. ......ccvviiiiiiii e e e errer e e e e e e e e e e e e e e aneereeeeas 83
2.4.4 Fatigue PerfOrmManCe........cciiiii ittt eeeee e e e e e 83
2.4.5 Microstructural EVOIULION...........ooooiiiiiiiiii e 84
2.4.6 DYNAMIC SErain AQING......cooiiiiiiiiiiiitteeea bbb e e e s eeensss e e e e e e e e e e e aaaeeeaaean 87
2.4.7 HighTemperature Degradation PathWaysS...........cccccviiiiieemiiieeeee 88
2.4.8 Modeling and Thermomechanical TeStNG............uuiiiiiiiiecciiiiciee e 89
CHAPTER 3: Materials and Fabrication................coooommiiiiiieecee e 90
3.1 RAW MALEIIAIS . ...ee e ettt eee ettt emm e e e e e et e e e emmme e e r e eeas 90
3.2 Fabrication of & CMF Panels..........cooooiiiiiiiiiiiee e 92
3.3 SPECIMEN EXITACTION. ...ttt ieeeiii ettt e e e e eeer e e et e e e e e e e e e e e e e s s s rmmneeeeeens 93
3.3.1 COmMPreSSION SPECIMEIN.....ciiiiiiieeeeieee e ieeei e e e e ee e e e e e mmme e e e e e eeeerenn s 93
3.3.2 Microstructural SPECIMEIL........ciiiei i i i e e ieeee e eeee e a5
CHAPTER 4: Experimental and Computational Methods.................covvieeeeiiiiiiiiiiiiiiinn, 96
4.1 Mechanical CharaCterizatiQrl...............uuueeieiiieeeiiiiiieiee e e e e e e e e e 96
4.1.1 HighTemperature Compression Test System Design...........cccceecveeeeeeiineennne 96
4.1.2 Testing Protocols at Ambient and Elevated Temperatures............c.eeeveeeennns 104
4.1.3 Experimental Data ANalYSIS........ccuuiiieiiiiiiiicceiie e e e e et e e 109

4.2 Microstructural CharacterizatiQn.............c.uuvvirririeeeiiiiiiiiee e ererr e 114
4.3 Computational MethOodS.........coouuiiiiiii e aeees 116

4.3.1 Thermal Conductivity Modeling in ANSYS Fluent............cccccvviiiieemniininnnnee. 118



4.3.2 Isothermal Quasitatic Compression Modeling in ABAQUS.

CHAPTER 5: ReSUIES aNd DISCUSSIONS. ... .cunieeeeee et eemm e e e e e 133

5.1.1 Mechanical Response Under Elevated Temperature Compression.............. 134
5.1.2 Microstructural Evolution at Elevated Temperatures

5.2 Evaluating elastic modulus and energy absorption efficiency of composite metal foam

using computational and experimental approaches...........cccccvvveeei e, 145
5.2.1 QuasiStatic Compression Behavior at Elevated Temperatures...................... 145
5.2.2 Fractography and Failure MechanisSms...............oooooiiemni i 151

5.2.3 Elastic Modul us and..PRoi.s.s.a.nods..1Bati o D
5.2.4 Finite Element Modeling and Validation................ooooiicccee e 158
5.2.5 Discussion and IMpPliCAtIONS...........uiiiiiie e eeeer e 162

5.3 Performance of Composite Metal Foams Under Cyclic Loading at Elevated Temperatures

................................................................................................................................... 164
5.3.1 Fatigue Response ACross TeMPEratULES......ccoeeeeeeeeeerieeeiieiee e e e e e eeeeeeeeeeeeaees 164
5.3.2 Deformation and Microstructural EvolutiQn................ooevviieerece i 171
5.3.3 Mechanisms Governing Fatigue Behavior.............cccccoiiieeciiiiie 174

5.4 A computational and experimental approach to evaluate thermal conductivity and

diffusivity of steel composite metal foam...............oovviiiiiiccii s 176

5.4.1 Microstructural CharacterizatiQn............ooeeeeiie i 177



5.4.2 Thermal Conductivity from Computational Modeling...............ccceeeevveeeeceeennnn. 178
5.4.3 GCH Experimental Technique: Analysis and Limitations......................oeeee.... 181
5.4.4 Theoretical Modeling of Effective Thermal ConductiVity..............ccccoeeevieeenen. 183
5.4.5 Comparison of All Techniques and Validation.................ccccuumemrniiiiiiinnnnnnne. 186

CHAPTER 6: Conclusions

CHAPTER 7 FUTUIE WOTK . e et 193



Xi
LIST OF TABLES

Table 21 Thermal properties ofiS$ CMFs at elevated temperatures [8]....................48

Table 22 Average CTE valuesfoiS CMFs wi th 2 mm and .8 mm ho

Table 31 Chemical composition (wt.%) of 2 mm stainless steel hollow spheres and 316L
StaiNIess Steel POWAEN...........vueiiiii e ereer e 92

Table 41Material properties of the alumina ceramic rods used in the compression platens

(data provided by Stanford Advanced Materials).............ccceeeevivieeeeeeennn. 99
Table 42 Thermal properties of 316L and 304L stainless steels [97].................... 123
Table 43 Thermal properties of copper [98,99].........ccoeeiiiiiiiiiiiee e 124
Table 44 Thermal properties of air [L0Q]..........ccoevmiiiiiiiiiire e 124

Table 45 Estimated combined standard uncertainties associated with the analytical thermal
conductivity of the matrixX [39].........uuuiiiiiiiiii e, 127
Table 46 Input parameters used in the uncertainty analysis of the Fluent model.[3Z8
Table 51 Nominal strain boundaries defining the elastic and plateau (densification) phases
of Steel CMF across various testing temperatures.[94]..........ccceeeenn... 150
Table 52 The elastic modulus ofS CMF determined through loadingnloading
compression tests conducted at various temperatures.[94]................. 156
Table 53 Experimental parameters and fatigue life 68 £ MF specimens tested under
compressioncompression cyclic loading at various temperatures and
normalized maximum stress leve&n{{Si) [109]......coooiiiiiiiiiiiiiiiiiee 170
Table 54 Thermal conductivity results obtained from the computational model are
compared with experimental measurements conducted using the GCH

techniqgue fortheis CMF composed of 2 .mm.18ol | ow



Xii
Table 55 Theoretical and laser flash thermal conductivity values [8,39] ofitBeCBF
with 2 mm holl ow .s.p.her.es..ar.e..colBfpared.

Table 56 Calculated combined standard uncertainties for the thermal conductivit$ of S

CMF from the computational model [39]............coovriiriiiiiicc i, 189



Xiii
LIST OF FIGURES
Figure X1 Crosssection of steel composite foam produced with 2 mm steel spheres
embedded in @ Steel MALIIX...........vvviiieiiii e 1
Figure 21 Nickelbased opeell foam. Inset: micrograph of the edges of some of the
NOHOW SEIULS [22]...eeeiieie ettt 8.
Figure 22 Typical cell structure of closezkll metal foam [24]..........ccoovvriviriiiiiiiineeee. 9
Figure 23 Different configurations of MMSFs: (a) simple MMSF, (b) hybrid MMSFs
reinforced with two grades of hollow spheres, (c) hybrid MMSFs containing

bimodal ceramic hollow spheres, and (d) MMSFs reinforced with

unidirectional AbOs fiDEIrS [25].....uiiieiiiiiiiiiee e eeee 10
Figure 24 The CYMAT process for manufacturing stabilized aluminum faam......... 12
Figure 25 ALPORAS manufacturing process [24]........ccoeeeeiiiiiiiiieeeie e, 13
Figure 26 Gasar production using the Shapovalov method [27]................oovvriieeee.... 14

Figure 27 Schematic illustrating foam fabrication via the blowing agent method in the PM

PrOCESS [29].. it e et ee e e e ———— 15
Figure 28 A schematic of the space holder method with metal powders.[29]......... 15
Figure 29 A CVD process to create opeall nickel foam [31]...........cccooviiiiiiiiiiiieeee.... 16

Figure 210 Manufacturing process steps for titanium alloy sandwich panels featuring
highly porous closegell cores [26].........cccovviiiiiiiiiiiiime e 18

Figure 211 Quasistatic compressive test results of clasetl aluminum foams with
varying porosities: (a) strésstrain curve, and (b) energy absorptistnain
CUNVES [23]- ittt eeeee e errer e e e e e e e e e e e ennnaas 19

Figure 212 Compressive mechanical properties of epahMFs [32].........cccvvvvvnnnnnnnen. 20



Xiv
Figure 213 Displacement and displacement slope plotted against the number of cycles, with
the dashed line marking failure in opeell A332 Al alloy foams [34]........ 21
Figure 214 Schematic representation of the compressive fatigue behavior of acitised
F =1 [0V (o= U o T 1< S 22
Figure 215 Applications of cellular metals are categorized based on the required degree of

pore openness and the functional versus structural nature of the application

Figure 216 Digital images showing crosgctions of: (a) ALPORAS aluminum foam, (b)

holl ow steel sphere foam (without matr
spheres in a steel matrix, and (d) cas
aluminum MAtriX [B8]...cceeeeiiiiiiiiiiiee e ree e e e e e 34

Figure 217 Engineering strekstrain curves for (a)iS CMFs and (b) AlS CMFs with
varying sphere diameters under gessitic compression [4]...............ue.e. 35
Figure21 8 Nor mal i zed maa vesusmumber of eysles to failuredN
for (a) PM and (b) cast CMFS. [18].....cccccoeeeiiiiiiiiiiiieeee e 37
Figure 219 (a) Flexural yield strength vs. compressive yield strength; (b) maximum
bending strength vs. compressive plateau strength.[3]...................ceee. 38
Figure 220 Streskstrain curves of (a)i$S CMFs and (b) AlS CMFs under quasitatic
and dynamic [0ading [4]-........ooeeeriiiiiiii i 39
Figure 221 Ballistic impact results: (A) front face with projectile stoppage; (B) back face
showing sphere compression in CMF [45]........ccoooiiiiiiiiiieee e 42
Figure 222 Compressive strasstrain behavior of cast AES foam with periodic unloading

cycles (inset highlights the elastic portion of the curve).[2].................... 44



XV

Figure 223 Backscattered SEM imagesof8f CMFs: (A) 3.7 mm spher e
intermetallic; ( B)phaseitiernmetallictapeh[®4f..46s wi t h
Figure 224 Specific heat capacity of CMFs measured via laser flash and DSC, compared to
316L Stainless StEEI [42]......cooeeeeeiiiiiiii v errn s 49
Figure225 Comparison of the emissivity values ¢
analytical approach with those previously measured experimentally. [431
Figure 226 a) Smokeview visualization of the jet fire domain, b) Side view showing jet
burner plate spacing, c) Mesh discretization in FDS [17]....................... 53
Figure 227 (a) COMSOL geometry for fulicale torch fire test, (b) Mesh configuration for
thermal SIMUlation [L7]......cooeeiiiie e b4
Figure 228 Deformation sequence of & CMF at engineering strains of A) 0%, B) 16.3%,
C) 32.5%, D) 45.5%, E) 47.5%, and F) 52%; G) digleside comparison
before and after compression [A7].........coooiviiiiiiiiie e 56
Figure 229 Centersection FEAviews of a)iS CMF wi t h 2 mm spheres
stainless steel exposed to an 800°C flame.[1].........ccccovvviiiiceeeeeinnnnnns 57
Figure 230 Engineering stressrain curves at different temperatures of a) copper foam
[49], b) Al-alloy foams [48], and c¢) aluminum syntactic foams [50]........! 60
Figure 231 Influence of anisotropy on the compressive behavior of aluminum metallic
foams across different testing temperatures [55]...........ccccoeeiiiiiiceeiinnnnd 62

Figure 232 Change in plateau stress with temperature under different strain rate conditions

Figure 233 Energy absorption of expanded perlite metallic syntactic foawhSP) and

expanded glass metallic syntactic foamNISF) [58].........cccviiiiiiiiiiiiniiandd 65



XVi

Figure 234 Energy absorption efficiency vs. strain curves at elevated temperatures for
aluminum matrix syntactic foams with different alumina hollow sphere
diameters: (a ¢) 50 0( fOm,1 0o0d0) i (Cim), Iasao..(op% [ 57 ] .
Figure 235 Plateau end strain (or densification strain) of zinc syntactic foams.[58].67
Figure 236 Variation in densification strain of an aluminum syntactic foam at different
temperatures as a function of relative density for different t/D ratios (t
=particle thickness and D=diameter of particle) [97]..........cccceeeiiiirrienns 68
Figure 237 Deformation progression of aluminum metallic foams at room temperature
based on the loading direction [60]............ceiiiiiiiii i e 70
Figure 238 Streskstrain hysteresis loops of brass sponge subjected to fully reversed cyclic
loading (R=i1)understrarc ont r ol | ed cond..t.i.aBdds at 2
Figure 239 (a) Metal foam area and (b) pore area, with an inset displaying the mesh
structure of a 1.0..p.p.i...f.oam.sampl¥7e [ 76]
Figure 240 lllustrative diagram of fractalkeleton models [70}................cccoeveeeeeeee... 78
Figure 241 Temperaturglependent variations in ultimate tensile strength and yield strength
of 316LN stainless steel (Rp0.2: yield strength and Rm: ultimate tensile
SIrENGLN) [B3] i e e e e aeead 80
Figure 242 SEM fracture surface images displaying a predominant mixed fracture mode at
intermediate temperatures, characterized by shear features and ductile dimples.
The speci mens were tested at (a) 623 K
(450(AL)873 K (600 AC), and (e) 973 K

O 1-15) OO 82



XVii
Figure 243 SEM images of tensile fracture surfaces of 316LN stainless steel tested at (a)
200 AC and (.b)...8.0.0...AC...[.83 ] . 83
Figure24 4 SEM i mages of fractured samples test e
750 AC. (d) TEM images along with sele
for the speci men..t.es.t.ed....a.t....7.5.0...86C [ 90]
Figure 245 (a) Surface slip bands with oxidation and (b) oxidatioluced intergranular
cracking observed during 9@inute tension dwell tests on 316L(N) stainless
S (=T B = 7 OSSR 86
Figure 246 Portions of loaicelongation curves illustrating various serration patterns in

316L(N) stainless steel at strain rate

Figure 247 Brightfield TEM images showing dislocation structures near the fracture zones
of samples tested at (a) 20 AC,.8(b) 35
Figure 31 Digital image of 2nm stainless steel hollow spheres that were utilized in the
fabrication 0f SS CMF ..o 91
Figure 32 Image of SSCMF cuboidal specimen sectioned from a 12 in. x 12in. x 2 in.
PANEI [94]. i a e ————— 94
Figure 33 SS CMF sample for isitu microstructural analysis.............ccccoevvvvivieee.... 95
Figure 41Simulated results of the hybrid compression platen: (a) axial deformation and (b)
von Mises stress distribution under peak compressive load (evaluated at room
TEMPEIALUIE)... it e e e e e et e e e e e e e aas smaes 98
Figure 42 Eigenvalue buckling analysis of the hybrid compression system showing

acceptable load multipliers and no risk of instability...................c.c.vuceei. 98



Xviii

Figure 43 Trial setup showing an alumina ceramic platen sHiittéd into a counterbored

310 stainless Steel rQd.............evviiiiiiiiieeeie e 100
Figure 44 Final engineering drawing of the custom htgmperature furnace developed

with Mellen Company (UnitS: INCNES)..........cccovviiiiiiiiiieeee e, 101
Figure 45 Image of the fabricated furnace used for Hig/imperature compression testing of

SI'S CMF SPECIMENS.....uuuiiiiiieeeeeeeeeeeiieeei e e e e e e e e e e e e e et eeeeeaessmnmeeseeeeeeeernnnne 102
Figure 46 Top compression platen assembly featuring active water cooling and argon gas

[OTU Lo [T Te JRST=] (0 o U PPUSUPOPPR 103
Figure 47 The quasstatic compression setup at room temperature featured a stationary top

platen and a movable bottom platen that advanced upward during testing.

Grease was applied to minimize frictional effects that could influence the data.

A springloaded external caliper equipped with an LVDT was used to measure

lateral expansion accurately [94]-.........uuueiiiiiiii i 105
Figure 48 The schematic illustrates the thermal expansion gap (dH) introduced between the

CMF specimen and alumina platens to avoidgommpression during heating.

Values of o®@H were cal cul at-degendenda@TEd on

Figure 49 The compressive response of CMF can be divided into three distinct regions:
linear elastic, plateau, and densification. The schematic annotations on the plot
illustrate tangents to the strésiain curve, which assist in determining key
performance parameters of the material [94]...........ccooiiiiiiiieeen e, 111

Figure 410 (a) Schematic representation and nominal dimensions of the specimens

prepared for irsitu SEM microstructural analysis at elevated temperatures; (b)



XiX
The integrated heating and loading stage within the SEM, shown with the
sample mounted for analysis; and (c) A clapeview of the loaded sample,
highlighting the specific region examined using SEM and EDS at elevated
temperatures. The molybdenum shieldhe heating stage, positioned directly
beneath the sample, is not visible in this image; a thin platinum foil (also not
visible) is placed between the sample and the shield to ensure uniform thermal
(o0 ] 7= T A 72 0 | PP 115
Figure 411 a) The geometrical parameters of thar® sphere designated asSSCMF are
utilized in the ANSYS Fluent computational framework, and b) a eross
sectional representation of the model is illustrated. The air (depicted in blue) is
located within he cavities of the hollow stainlesteel spheres that are
integrated within the 316L stainless steel matrix (illustrated in green)..[lR5).
Figure 412 a) A schematic representation of the guaicmdparativdongitudinal heat
flow methodology [1], b) a detailed depiction of the experimental apparatus
[1], and c) a schematic illustration of theSSCMF framework employed for

computational thermal condtivity assessments utilizing the GCH technique

Figure 413 a) Applied boundary conditions for thern sphere 55 CMF model,
replicating the GCH experimental setup. A quastection of the full assembly
was modeled for simulation purposes. b) Positions of planes inserted into the
computational domaiat thermocouple locations to track the average static

temperature during steadyate heat transfer [39)].........cccevvviiiiiiiiiceennn. 122



XX

Figure 414 Quarter symmetry mesh of thertn § S CMF domain used in the ABAQUS
Explicit simulation, showing the structured C3D8R mesh and boundary
conditions applied for uniaxial quastatic compression [94]................... 132

Figure 51 Deformation progression and corresponding compressivei siress response
ofthe $S CMF at 2.5.. . AC. .[.4.0 e, 135

Figure 52 Stressstrain curves of theiS CMF at different testing temperatures reveal a
progressive decline in mechanical performance with increasing temperature.
Whil e the overall curve profile remain
noticeablee ducti on in strength begins at 40/
700 AC and 800 Adighlightechby arrow lernecge inthed i o n s
stresgstrain response, suggesting the onset of shear banding and localized
collapse, although these fluctuations amminimal [40]......................... 136

Figure 53 Images of samples after compression testing at various temperatures.[4®].

Figure 54 Key parameters of the CMF across different testing temperatures: (a) Plateau
stress, (b) Densification stress and strain, which indicate the end of the plateau
region and reflect the dlepnmmddsspaEnher gy a
the CMF exhibitdulk metatlike behavior, (c) Energy absorption capacity up
to the densification strain [40]............ooovmiriiiiiic e 138

Figure 55 SEM micrograph showingthecresse ct i onal structure of a
hollow steel spheres embedded in a 316L stainless steel matrix.[40]..140

Figure 56 (a) Sphere wall regions at 400°C, 600°C, 700°C, and 800°C; (b) Corresponding
matrix regions at the same temperatures; (c) Interface between hollow sphere

and matrix across the temperature range. Oxide formation becomes visible by



XXi

600°C, with the emergence of flaky white deposits attributed 10Cr
Structural integrity is generally preserved through 600°C. At 700°C and 800°C,
surface roughening, grain boundary development, and initial void formations
are observed, particularly along the interfaces [40).............cccovvervveeeen. 141
Figure 57 (a) Sphere wall region showing fine grain boundary development; (b) Matrix
region exhibiting earhstage grain coarsening; (c) Sphienatrix interface
with signs of oxidation cracking and interfacial surface degradation. These
features represettie initial onset of microstructural instability and correlate
with mechanical performance degradation above 600°C.[4Q].............. 142
Figure 58 (a) Sphere wall showing darker, thicker grain boundaries andikeaaid
formations; (b) Matrix region with pronounced voids and enhanced inter
particle necking; (c) Sphdrmatrix interface exhibiting advanced degradation,
including oxide detchment and voiding at the interface. These microstructural

changes indicate a significant loss of structural cohesion at high temperatures

Figure 59 Stressstrain responses of theSSCMF under quasstatic compression at
different temperatures, illustrating a decline in mechanical performance as
temperature riSES [94].......uuuuiiiee e 146

Figure 510 The plateau strength and energy absorption capacity of the CMF decrease as the
testing temperature iNCreases [94)-........covviiiiiiiieeee e 147

Figure 511 Sideview images of Steel CMF specimens after compression testing at various

tEMPEratures [94]......oovvnii e errer e 148



XXii

Figure 512 (a) SEM image of the cut surface of the CMF, revealing hollow metal spheres
embedded within the porous metallic matrix. (b) Clapeof the interface
between a hollow sphere and the matrix, highlighting the contrast in porosity.
(c) Section othe outer wall of a CMF sample compressed at room
temperature, showing fractured sphere walls (red arrows) protruding from the
surrounding matrix. (d) Dimples observed at fracture sites on the matrix
powder particles (green arrows), indicative of ducaiéfe. (e) Compressed
hollow spheres exhibiting dimples (green arrows) on the fractured sphere walls,
further confirming ductile fracture behavior [94]..........coovvrrriiiiiinnenen. 152

Figure 513 (a) and (d) display sections of the outer wall of CMF samples fully compressed
at 400 AC and 600 AC, respectively, sh
protruding from the surrounding matrix. (g) and (j) depict the inner regions of
CMF rear the sample edge, where the outer wall has degraded and peeled off at
700 AC and 800 AC. (b), (e), (h), and
surfaces of matrix powder particles (g
and 800 AC, ,()easdnipsbawidim@es fgreen @rrows) on the
fractured sphere walls, indicating duc
700 AcC. (i) and (1) further reveal dim
walls at 700 AC and 80 lesAyellow arowsl) mpani e
suggesting oxidatioassisted ductile fracture at elevated temperatures]94].

Figure 514 Engineering strekstrain behavior of Steel CMF under compressive loading
with unloading intervals at: (a) 23°C, (b) 400°C, (c) 600°C, (d) 700°C, and (e)

210 0 5ol (=3 PO 156



Xxiii
Figure515 At room temperature (23 AC), the axi e
compressive loading is compared with the corresponding measured lateral
EXPANSION [D4]-. it e e e e e e e e e e aeeer e s e e e e e e e e e e e e e eeaaaaae 158
Figure 516 Streskstrain responses of theSSCMF obtained from the computational model
at (a) 23 AC, (b) 400 AC, and (c) 600
experimental results. The inset images illustrate the final deformed
configuration of the CMFta65% axial strain [94]............ooovvvrviiiivnniiceeen.. 160
Figure 517 The total internal energy (IE) and kinetic energy (KE) of the computational
model s at (a) 23 AC, (.b)..4.0.0..ACpl and (
Figure 518 Strain versus number of cyclésN) for SS CMF specimens under
compressioncompression fatigue at a) 23°C, b) 400°C, and c) 600°C. [109].
165
Figure 519 Strailic y ¢ Ii N regpthse ofiSs CMF at elevated temperatures, highlighting
serrated behavior. a) Overlay@3% and70% of S, curves a#00°C adapted
from Figure 518b; b) Zoomin at70%of S, showing prominent serration; c)
Zoomin at60% of Sy, showing moderate serration; d) Overlayp6$0and
60%of Sy curves ab 0 0, adafted from Figure-58c; e) Zoorkin at60% of
S, showing serrations during Stage I; f) Zoamat 50% of S, showing
serrations during early and rlife [109]............cccooviiiiiiiiiiiieee e, 167
Figure 520 a) Overlaidd N curves ab0%of S, for 23°C, 400°G and600°C The
specimen tested 400°Cexhibits the longest plateau and highest fatigue

endurance. b) Overlaid N curves a70%of S, for all three temperatures. The



XXiV

specimen aB00°Cfails rapidly, while400°Cmaintains superior cyclic life

Figure 521 Cycles to failureNr)as a function of normalized maximum stresgss{Sfor S'S
CMF specimens tested 28°C, 400°C and600°C Endurance limit behavior is
evident ab0% of S, for 400°Cand50% of S, for 600°C[109].................. 169
Figure 522 Optical images ofiS CMF specimens after cyclic testing: (a) 23°C, 1.6
million cycles, showing uniform axial shortening without localized damage; (b)
same specimen after 3.8 million cycles, 9.5% accumulated strain, with no
collapse bands; (&)00°C, 1.37 million cycles, terminated in Stage II,
exhibiting golderbrown surface oxidation; (d) 600°C, 1.25 million cycles, also
terminated in Stage Il, showing blue and dark oxide regions indicating thicker
OXIdation [L09].......cooiiiiiieeei e e a e 171
Figure 523 SEM crosssections of BS CMF specimens before and after cyclic
compression. (a) ARbricated specimen showing uniformly distributed hollow
spheres and residual microporosity in the matrix (inset); (b}fBbgtie
specimen tested 88°Cunder60% of S, to ~20%strain, showing matrix
sphere detachment and porosity reduction (insets); (c)f&agie specimen
tested ab00°Cunder identical conditions, with enhanced mésphere
separation and further porosity reduction. Insets marked (i) highlight matrix
detachment from compressed spheres [1Q9]..........cccooeiiiiiiieeriiiiennen. 172
Figure 524 SEM image of compressed hollow sphere from 600°C specimen. Axial
flattening, matrix detachment at poles, internal slip lines, and fracture initiation

near equator visible [L10Q]........cooiiiiiiii e 173



XXV

Figure 525 Etched SEM micrographs of S CMF specimens: (a) sphere wall at 23°C
showing welldefined grains without twinning; (b) matrix at 23°C with faint
grain boundaries and no twinning; (c) sphere wall at 600°C showing occasional
twinning (inset: twinboundaries); (d) matrix at 600°C exhibiting dense
twinning throughout (inset: intersecting twins within grains) [109]........ 174
Figure 526 Zoomed rii N Elrves for 8S CMF specimens &0% of Sy, highlighting
Stage i1l transitions: smooth strain evolution2@°C, serrated profiles at
400°Cand600°Cindicate dynamic strain aging (DSA) at elevated
temperatures [109].......ccooiiiiiiiieeee e 175
Figure 527 SEM images of theiS§ CMF sampl e containing 2 mm
stainless steel spheres embedded within a 316L stainless steel matrix, (b)
effective sintering and bonding between the matrix and the sphere surfaces, (c)
porosity located withintte sphere walls, and (d) matrix porosity originating
from the powder metallurgy fabrication process [39]...........cccceeeiiiinee. 177
Figure 528 Specific thermal conductivities of-@m sphere) & CMF by the

computational model, GCH, and LF techniques [39]...........ccccvvvvvuuueeee. 187



CHAPTER 1: INTRODUCTION

1.1 Background

Composite Metal Foams (CMFs) are an advanced class of lightweight cellular metals,
characterized by uniformly distributed, closesll architecture. Typically, CMFs comprise
hollow metallic spheres, predominantly fabricated from stainless steel, embeittdadcaw
continuous metallic matrix. This engineered composite structure yields exceptionally low density
while maintaining significant fractions of the mechanical strength and stiffness inherent to
monolithic metalsFigure 1-1 illustrates a representative siesteel ($S) CMF, highlighting the

uniformity of embedded spheres within the matrix.

Figure 1-1 Crosssection of steel composite foam produced with 2 mm steel spheres embedded in

a steel matrix.



2

The synergy between lightweight architecture, high compressive strength, controlled
energy absorption, and markedly reduced thermal conductivity has positioned CMFs as prime
candidates for aerospace, automotive, defense, and nuclear applications. $edtwse
materials are often required to simultaneously manage structural loads, impact events, and
extreme thermal conditions. Notably, the presence of porosity within CMFs significantly disrupts
heat conduction pathways, reducing effective thermal cdivitydo approximately ondifth
that of the bulk 316L stainless steel from which they are defiMed

Steel steel CMFs are predominantly manufactured through powder metallurgy (PM)
processes, resulting in higjuality interfacial bonding between the matrix and embedded
spheres, uniform pore structures, and enhanced corrosion resistance. Existing |jsvaides
comprehensive insights into their mechanical response undersfatsj dynamic, and ballistic
loading at ambient conditions, alongside preliminary thermal property assessments up to
approximatelylO0C°C [17 9].

Despite these advancements, +walld deployment often exposes CNbased
components to complex theramaechanical environments, characterized by simultaneous
elevated temperatures and cyclic mechanical loads. Understanding how such combined
conditions infuence structural integrity, fatigue life, and microstructural stability is crucial for

ensuring safe and reliable lotgrm performance.

1.2 Overview of Existing Research

Fabrication methods for CMFs primarily include PM and gravity casting. PM techniques
are predominantly used for producing steedel CMFs, or other CMFs composed of similar
sphere and matrix materials, as they offer consistent $phatex bonding, contlled porosity,

and reduced densif$0,11] In contrast, gravity casting is typically employed for fabricating
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CMFs with dissimilar materiafs such as aluminummatrix CMF$® though this approach often
results in interfacial variability due to the complexities of infiltratjip®, 13]

Mechanical propertiesof CMFs under quasstatic conditions typically exhibit a
characteristic stresstrain response: elastic deformation, a prolonged plateau region dominated
by progressive sphere collapse, and final densification. Both compressive strength and energy
absorpion directly correlate with the mechanical properties and relative proportions of matrix
and embedded sphelf@s7,14] Strong interfacial bonds between spheres and matrix
significantly delay structural failure under bending and shear loading condBijons

Underdynamic andballistic loading, CMFs display marked stranmate sensitivity, with
substantial enhancements in yield and plateau strengths observed duriraténigplit
Hopkinson Pressure Bar (SHPB) testiagh]. Moreover, multilayered CMF armor
configurations have demonstrated impressive ballistic performance, markedly reducing projectile
penetration and badiace deformation through efficient energy dissipation mechanins

Thermally, CMFs significantly outperform monolithic metals in insulating capabilities
due to their low effective thermal conductivityhich arises from the combined effects of
internal porosityair-filled voids, and disrupted heat conduction pathways across thé aietal
interfaces and between the hollow spheres and njajriXhese structural features greatly
hinder thermal transport, making CMFs excellent thermal insulators compared to their solid
metal counterpas9,15 17].

Fatigue performance studies indicate superior cyclic loading resistance afssés|
CMFs compared to aluminwased alternatives, attributed primarily to robust spmeagrix
interfaceqd18]. Nevertheless, fatigue behaviors at elevated temperatures, including associated

microstructural evolution mechanisms, remain urelgriored.



1.3 Motivation

Numerous practical applications, including fire protection systems, thermal insulation
panels for turbines, exhaust shielding in automotive sectors, and nuclear containment structures,
expose materials to concurrent cyclic mechanical loading and elegatpdratures. Existing
CMF literature predominantly focuses on isolated mechanical or thermal loading conditions,
thereby limiting predictive capabilities under realistic operational scenarios.

There exists a critical need for comprehensive experimental and computational studies
explicitly targeting the combined thersmoechanical response of CMFs. Detailed understanding
of degradation mechanismscluding oxidationinduced embrittlement, graimoundary void
formation, and interfacial degradatios essential for accurate lifgycle assessments and
improved reliability.

Addressing these critical scientific and engineering gaps motivates the comprehensive
approach adopted in this dissertation, which integrates thermal conductivity modeling up to
1000°C, hightemperature mechanical characterization, evaluation of fatichevioe under

elevated temperatures, anadapth microstructural analysis

1.4 Objectives of the Dissertation

The primary objective of this research is to elucidate the themsahanical performance
and degradation pathways of stestéel composite metal foams under realistic operational
conditions. Specific objectives include:

I.  Model thermal conductivity. Develop and validate a computational finiglume model
to predict effective thermal conductivity of S CMFs across temperatures ranging from

ambient to 1000°C
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. Quantify high t e mpExpedanentallecharaotenperelassicsmodulus,

yield stress, plateau stress, and energy absorption undesstatescompression at

temperatures of 23°C, 400°C, 600°C, 700°C, and 800°C

lll.  Assess fatigue lifeDetermine the cyclic fatigue life, deformation mechanisms, and strain

evolution under compressibcompression loading at 400°C and 600°C

IV.  Characterize microstructural degradation. Identify and analyze fatigu@duced
damage mechanisms such as grain boundary voiding, oxidation processes, aiid sphere
matrix interface degradation through advanced microscopy techniques, including

Scanning Electron Microscopy (SEM) and Energy Disperspac®oscopy (EDS)

1.5 Scope and Methodology

This dissertation specifically examines the themmechanical behavior of powder
metallurgyproduced steébteel CMFs, with both spheres and matrix fabricated from 316L
stainless steel. Alternative material configurations, such as aluminum matrix composifen
cell architectures, fall beyond the scope of this research

The choice of 316L stainless steel as the primary material system is based on its superior
corrosion resistance, microstructural stability, and robust mechanical properties at elevated
temperatures. Furthermore, the compatibility between spheres andimatirposition
minimizes thermal expansion mismatches and interfacial stresses, essential for accurate
characterization and modeling

Experimental investigations involve higémperature uniaxial compression and
isothermal fatigue tests, complemented by computational thermal conductivity modeling using

finite-volume approaches. Pdsttigue microstructural analyses leverage SEM and EDS t
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identify damage initiation and progression mechanisms at the microscale. Literature data support

theinterpretation and validation of computational models

1.6 Dissertation Structure

The dissertation is structured irgevenchapters, systematically presenting the research
from foundational knowledge through experimental analyses, computational modeling,
discussions, and concluding insights

.  CHAPTER 1lIntroduction
II. CHAPTER 2.Literature Review
lll.  CHAPTER 3:Materials andrabrication
IV. CHAPTER 4:Experimental an€ComputationaMethods
V. CHAPTER 5:Results and Discussions
VI. CHAPTER 6:Conclusions

VII. CHAPTER 7:FutureWork



CHAPTER 2: LITERATURE REVIEW

2.1 Metal Foams

2.1.10verview

Metal foams (MFs) are a class of cellular metals in which a continuous metallic matrix
encloses aigh-volumefraction of gadilled pores or hollow inclusions, resulting in ultralow
density while largely preserving the intrinsic mechanical and thermal properties of the parent
metal alloy[19,20] Depending on the processing method and application requirements, their
porosity typically ranges from 60% to 90%, si
porosity) and highly porous sponrgjei ke met als (0O90%) in the broad
solids[19,20] The unique combination of lightweight architecture and rriéalbehavior
grants MFs exceptional potential for applications in energy absorption, thermal management,
impact mitigation, and structural insulation across the automotive, aerospace, and defens

sectors.
2.1.2Classification

Metal foams (MFs) are generally classified based on cell morphalegyyhether the
pores are open, closed, or partially conneciead the chemistry of the metallic matrix. These
two parameters primarily dictate functional characteristics such as permeability, mechanical
integrity, and thermal response.

Open-cell MFs consist of a fully interconnected thrdanensional network of pores. The
residual metallic ligaments form a lightweight skeleton capable of modeshézaihg, while
the open porosity enables high fluid permeability and an extensive internal surfadéhasea

attributes make opecell MFs well suited for applications in heat exchangers, catalytic supports,
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filtration systems, and biomedical scaffo[d9]. Due to their architecture, mechanical properties
such as stiffness and plateau stress follow established femecaling relationships with

relative density21]. Figure 2-1 shows an example of a nickehsed opeicell MF.

. %

Schaumpr.

Figure 2-1 Nickelbased opertell foam. Inset: micrograph of the edges of some of the hollow

struts[22].

Closedcell foams by contrast, feature discrete, gaght pores enclosed by thin metallic
membranes. These enclosed cell faces enhance compressive strength and plateau stress, while the
entrapped gas reduces thermal conductivity and improves energy absorption. Alelmasdm
closedcell MFs are extensively used in crashworthy structures-f#astant panels, and
thermal insulation corg23]. Their compressive behavior typically progresses through the

classic elastigplateati densification stages, but the plateau region tends to be longer and flatter
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than in opercell counterparts due to deformation being dominated by face bending rather than

ligament bucklingFigure 2-2 illustratesa representative closeell MF structure.

Figure 2-2 Typical cell structure of closeckell metal foanj24].

Hybrid or partially open -cell MFs fall between these two categories. In such foams,
partial rupture of cell walls during processing results in a mixed architecture that offers
intermediate permeability and mechanical performance. These hybrid structures are under active

investigation fose in vibration damping, acoustic liners, and multifunctional fi[tE9%
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A specialized class of MFs is theetal matrix syntactic foam (MMSF). These are
produced by embedding prefabricated hollow spldemsamic, metallic, or cenospheres from
fly ashd within a metallic matrix. The resulting ordered, closedl structure enables precise
control of relative density through the volume fractionhaf inclusions. MMSFs provide
outstanding specific stiffness and energy absorption at minimal weight, making them attractive
for impact and blastresistant components. Some MMSFs alsoliporate bimodal spheres or
unidirectional fibers to further tailor mechanical performa2€g. Figure 2-3 illustrates several

configurations of MMSFs.

- eod
-A 4

Av'

Figure 2-3 Different configurations of MMSFs: (a) simple MMSF, (b) hybrid MMSFs reinforced
with two grades of hollow spheres, (c) hybrid MMSFs containing bimodal ceramic hollow

spheres, and (d) MMSFs reinforced with unidirectionaDAfibers[25].
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Lastly, MFs can also be distinguished by matrix material: aluminum, magnesium,
titanium, stainless steel, nickel, and various all@&ysminum -basedMFs are dominant in
lightweight structural and thermal applications due to their low cost and ease of processing.
Magnesium MFsoffer electromagnetic shielding and bioresorbable propeftiEsium and
stainless steel MFare preferred in higkemperature and biomedical applications for their
excellent corrosion resistance and strength retertimkel-basedandFei Cr alloy MFs are
often used in chemically aggressive or catalytic environments, including solid oxide fuel cells

and reformers.
2.1.3Principal Fabrication Routes

MF processing techniques are broadly categorized into four major families: liquid
metallurgy, powder metallurgy (PM), vapor deposition, and ssihde routes. Each method
imposes unique thermodynamic and kinetic constraints on pore nucleation, growth, and
stabilization, which wultimately | eave a chara
connectivity, and defect population.
I.  Liquid -metallurgy routes. These methods begin with a fully or partially molten
alloy and introduce porosity through gas injection, decomposition of a blowing
agent, or precipitation of dissolved gas during solidification.
a) Direct gas injection (CYMAT/HYDRO). A rotary or vibrating lance injects
nitrogen (N ), argon ( Ar ) ,-thickenedawithrd® i nt o
15 vol.% SiC or AIOs particles. The particles stabilize the foam by increasing
melt viscosity and reducing drainage. Bubbles coalesce near the free surface and
freeze into slabs with millimetescale, predominantly closed cells. Insufficient

stabilizer content leads to largemeven pores or celfall tears; excess loading
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results in dense, brittl ¢26)(FHgesre24dny o) f oa

shows the CYMAT production route.

Solidifying
the liquid

Transferring
the molten Injecting gas
material to to form
the foaming liquid foam
box

Melting the
desired

foam 1nto
desired
shape

aluminum
211(0)%

Figure 2-4 The CYMAT process for manufacturing stabilized aluminum.foam

b) Blowing-agent foaming (ALPORAS).TiH> powders stirred into a Ctaeated Al
melt decompose above ~600 AC, releasing
within a mold. Calciurrbased oxides thicken the melt and delay drainage. If
viscosity falls too early, elongated and aamform cells may deveb.
ALPORAS is known for achieving high porosity (~90%) wéthelatively
uniform closeekcell structurg23]. Figure 2-5 illustrates the ALPORAS batch

casting process.
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1.5 wt% Ca, Pure Al 1.6 wt% TiH,

@»IIIK 1 L

680°C 680°C
Thickening Foaming Cooling Foamed block  Slicing

Figure 2-5 ALPORAS manufacturing procd24l].

C) Gasars/lotus foamsHydrogen gas is dissolved into Cu, Al, or Ti melts
under high pressurei(50 atm) and then directionally solidified. As hydrogen
precipitates out, it forrm@ mim) galeang ctyh
thermal gradient. This produces opamded, anigoopic cells with minimal
transverse connectividyideal for uniaxial fluid transpd26]. Figure 2-6
illustrates one Gasar production method using the Shapovalov technique.
Liquid-metallurgy routes often suffer from density gradients due to gravitational drainage
during foaming. This typically results in thinner upper cell walls and dnéayy porosity
profile. Mechanical stirring or oscillating gagectionscan reduce average cell size but rarely

eliminate this gradient.
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Figure 2-6 Gasarproductionusingthe Shapovalov methd@7].

[I.  Powdermetallurgy (PM) routes. PM methods produce MFs by compacting
metal powders with either a blowing agent or a removable space holder, followed
by heating.

a) Powder-compact melt foaming (Fraunhofer process)Precursor compacts
composed of Al and TiH are densified t
above the solidus. Decomposition of Piggenerates hydrogen gas, forming
equiaxed closed cellsi(® mm diameter). Poor densification results in early gas
escape, producing uneven pore sizes and possible internal cri@édirfggure

2-7 presents a schematic of this method.
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Mix powders
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Figure 2-7 Schematic illustrating foam fabrication via the blowing agent method in the PM

procesq29].

b) Spaceholder sintering. Space holders like NaCl, carbamide, CaC&d

PMMA are mixed with metal powders and compacted. After sintering, the space
holders are removed by leaching or thermal decomposition, leaving behind pores.
The morphology of the pores reflects the template: angular salts create faceted
pores, while sperical carbamide yields more isotropic, natvin polyhedra.
Residual connections between incompletely removed particles may result in
microporosity within the struf80]. Figure 2-8 shows the schematic of this

process.

(},{“;!':-i Space holder
o\ > particles
e L

T d

] L ]
. .
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B 003 O —
1l —_— . * w |::] . : :
Metal % f © Binder or : :
pawder ¥ Remowval of spaceholder E E
— — (T= T5|n1E'rir‘|g] - : : > m
- L]
- -
- ]
Mix metal powder, space Cold press Sintering Metal foam

holdar and hinder { salvent

Removal of spaceholder
{salvent)

Figure 2-8 A schematic of the space holder method with metal po2@rs
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PM routes are particularly effective at producing uniform, monodisperse pores (0.3
mm) with porosities exceeding 85%. However, due to gas entrapment and incomplete sintering,
cell walls may contain small shrinkage caviti
[ll. Vapor-deposition routes In these methods, an opeall polymer template is
coated with a metéal typically Ni, Ti, or C® using chemical vapor deposition
(CVD) or physical vapor deposition. The polymer is then pyrolyzed, leaving a
metal replica with ~98% porosity and hollow ligangent
Cell morphology directly mirrors the template (typicallyi®2nm pore size).
These MFs offer excellent permeability and large surface area, making them ideal
for heat exchangers, fuel cells, and catalytic reactors. However, the resulting
structures exhibirelatively low compressive strength due to their-thailed,
hollow architectureFigure 2-9 demonstrates the INCO CVD process for Ni

based opewell MFs.

Open cell
-|T[ polymer foam

(] 4 ﬂlﬂ

2l

f Heater Heater Vacuum pump
NiCos
Nickel vapor deposition Burnout polymer Sintering

Figure 2-9 A CVDprocess to create opeasell nickel foan{31].

IV.  Solid-state routes These fabrication routes generate porosity without entering

the melt phase. Methods include hot isostatic pressing (HIP) afhgaiged
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powder compacts, sintering of piabricated hollow spheres (used in MMSFs),
and diffusion bonding of wire meshes.
In the HIP gas expansianethod, metal powders (e.g., Ti or Fe) are compacted
under high pressure whil e-H®Pammdalmgati ng di
0.6 Tm causes the trapped gas t®& expand
300 Om). The r esul tmodes polMsitg (IFOYoybutbavd | y e x
crackfree, oxidefree struts and high structural integrig6].
Solid-state methods avoid drainage and coalescence, enabling tight control over pore
morphology. These routes are favored for structural MFs with high specific stiffness but are
limited in applications requiring high permeabiliBigure 2-10 outlines the Boeing process for

fabricating titanium alloy sandwich panels with porous MF cq&&.
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ENTRAPPED GAS EXPANSION

Process Steps
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Figure 2-10 Manufacturing process steps for titanium alloy sandwich panels featuring highly

porous closegtell cores[26].
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2.1.4Mechanical and Thermal Behavior

Among various MF architectures, closeell MFs exhibit the highest compressive
strength due to their intact cell membranes, which distribute the applied load across a continuous

network of walls. For example, aluminum (Al) foams fabricated via melt faatyically reach

plateau stressesof 50 MPa at r el ati ve de-celbdounterpastsohear 0.

similar density achieve only about half that lezdrying capacity21]. This superior strength,
combined with progressive deformation in the plateau region, underpins the high energy
absorption of closedell MFs, making them ideal as crasbx fillers in automotive and defense
applications. Experimental studies have showntti@area under the strésgain curvé
representing energy absorptibimcreases faster than linearly with relative density, reaching
val ues up 2indlfoaBs@esiyhed-fon protective applicatioRgjure 2-11 and

Figure 2-12illustrate the compressive behavior of closaad opercell MFs, respectively.
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Figure 2-11 Quaststatic compressive test results of closet aluminum foams with varying

porosities: (a) stregstrain curve, and (b) energy absorptiatrain curveq23].
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Figure 2-12 Compressive mechanical properties of opelt MFs[32].

While opencell MFs are mechanically weaker under compression, they offer advantages
in terms of recoverability, lower weight, and superior permeability, which are often desirable in
dynamic and multifunctional applications.

Fatigue behavior at room temperature reflects similar architectural trends.
Comprehensive studies covering nearly a century of data indicate thatelpbts generally
exhibit reduced fatigue life compared to closetl analogues. This is attributedltzalized
stress concentrations and progressive damage accumulation in the slender ligament network.
However, cyclic life in opertell MFs can be significantly improved through ppsicessing

strategies such as heat treatment, alloying, or surface natidificwhich enhance ligament
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strength and delay crack initiati¢®3]. The fatigueresponses of both architectures are shown in
Figure 2-13andFigure 2-14.
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Figure 2-13 Displacement and displacement slope plotted ag#estumber of cycles, with the

dashed line marking failure in opeell A332 Al alloy foamg34].

Thermal behavior in MFs is equally governed by pore topology. In closiédiFs, the
sealed cavities interrupt solid conduction paths and trap stagnant gas, which significantly reduces
effective thermal conductivity. For instance, 4Bnse nickel (Ni) foas exhibit conductivities
as | ow dKk'd appraximately 1% of the bulk Ni valj21]. In contrast, opewcell MFs
facilitate better soligphase conduction through the continuous ligament framework. More
importantly, their interconnected pore channels allow for forced convection, enhancing heat
transfer coefficients by orders of magnitudeisTinakes opeiell MFs well suited for use in
compact heat exchangers, catalytic substrates, and electronic cooling systems, where both

surface area and convective flow are crit[@8l].



22

Densification
0.7 |

Strain At Load Maximum, €,

- E(-2%)

Figure 2-14 Schematic representation thie compressive fatigue behavior of a closed Al

alloy foam[35].
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2.1.5Applications
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Figure 2-15 Applications of cellular metalare categorized based on the required degree of

pore openness and the functional versus structural nature of the applif2ion

Thanks to their ultralow density, mechanical resilience, tunable thermal performance, and
high internal surface area, MFs are being integrated into a wide array of engineering
applications. Their functional versatility stems from the ability to tailor pavgohology, size,
and connectivity to meet the demands of structural, thermal, acoustic, and electrochemical
environmentsFigure 2-15 categorizes MF applications based on pore openness and whether the
dominant role is structural or functionf22].

I.  Structural and civil engineering. Closedcell Al and steel MFs are widely used

as core materials in lightweight sandwich panels for flooring systems, blast
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resistant facades, and bridge decks. The foam core contributes stiffness and
specific energy absorption without excessive mass. Notably, nickel (Ni) MFs have
also been adopted in buildingtegrated heating systems and kaige liners for
deicing or paswe thermal control in largscale civil structure21,36]

Automotive safety and lightweighting Closedcell Al MFs are extensively
deployed in crashox fillers, bumpers, Aillars, and pedestrian impact

structures. Compared to hollow aluminum extrusions, MF inserts can double the
energy absorbed under comparable weight constraints. These materials a
routinely optimized through finite element crash simulations angéalle impact
testing. Emerging concepts include dengjitgded foams and hybrid lattideam
cores, currently evaluated for use in electric viehlattery housings, where they
offer both thermal insulation and impact mitigation during thermal runaway
scenario$36].

Aerospace anddefense Foanmicore sandwich structures have been flight
gualified in aerospace systems such as vibratamping fairings and adapter
cones (e.g., Ariane 5), enabling mass savings of several hundred kilograms per
launch. Titanium (Ti) and stainlesseel MFs are posed for satellite brackets,
cryogenic tank supports, and bsttike resistant leading edges. These structures
combine impact resistance with lightweight strength, critical for both military and
commercial aerospace platforfi38,36]

Thermal management and heat exchang®pencell MFs, particularly those
made of Ni or copper (Cu), are prized for their large surfacetarealume ratio

and high gas permeability. They are utilized in compact heat exchangers, solar
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thermal collectors, and alreater cores. In prototype systems, Ni foam strips have
demonstrated solar energy absorption efficiencies up to 90%. Current research
focuses on optimizing pore topology and ligament thickness to enhanee heat
transfer coefficiets for nextgeneration electronics cooling and energy harvesting
devicegq21,36]

V. Energy storageand electrochemical deviceHighly porous Ni MFs (7090%
porosity) serve as current collectors and electrode scaffolds in alkaline batteries,
supercapacitors, and fuel cells. Their open architecture allows for short diffusion
paths, high active material loading, and mechanical rabast More recently,
ul t ral i gh tcmf)Ere beifgetpbredror lithiudon and metalair
batteries, where they act both as electrical conductors and mechanical supports,
often replacing heavier grid structuif@8].

VI.  Acoustics, noise control, and flame arrester©Opencell Cu and Ni MFs are
effective in silencing industrial gas flows, acting as acoustic diffusers and
mufflers in pneumatic systems and exhaust lines. Their permeability allows them
to dissipate turbulent pressure waves without compromising flow. idddlity,
their nonflammable structure makes them ideal for flame arresters capable of
quenching hydrocarbon fl ames sglg.pagatin

VII.  Biomedical implants and tissue engineeringOpencell Ti and stainlessteel
MFs are being developed for orthopedic scaffolds, dental implants, and bone
substitutes. These MFs offer elastic moduli that closely match cortical borie (~10
30 GPa), minimizing stress tysstppotd di ng. T

vascularization and bone ingrowth, essential for {targy implant stability.
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However, broader clinical adoption still faces challenges, particularly in terms of
cost, biocompatibility validation, and reproducibility of microstrucfia®.

Research continues to move toward functionally graded MFs and additively
manufactured (AM) lattices, which integrate multiple rélesechanical support, thermal
management, acoustic damping, and electromagnetic shi@lditga single multifunctional
core.These advanced architectures are frequently cited in recent reviews as key enablers for

nextgeneration aerospace, automotive, and energy storage sy3&ms
2.1.6Challenges

Despite their uniqgue combination of low density, multifunctionality, and structural
potential, MFs still face several significant challenges that limit their widespread adoption.

Cost and scalability remain the foremost barriers. Ligaitte foaming is economically
viable mainly for aluminum (Al) due to its relatively low melting point and availability of-cost
effective stabilizers. Attempts to extend this approach to magnesigy tiMnium (Ti), or steel
often fail to scale beyond prototype stages, primarily because melt stabilization becomes
increasingly difficult and expensive. These higklting-point alloys demand greater thermal
input, specialized containment, and precisetml of surface chemistry to avoid embrittlement,
all of which inflate feedstock and processing c313.

Powder metallurgy (PM) and additive manufacturing (AM) roditeshile offering
excellent control over pore size and uniforrditgepend on fine metal powders or capital
intensive equipment. As a result, their volume throughput is limited, and unit costs remain
several times higher than those for conventional metal castings or ext{@sipns

Even when higher costs are accepted, process repeatability remains problematic. Reviews

emphasize that current foaming methods often fail to deliver the precise, predictable properties
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demanded by design engineers. Small deviations in melt viscosity, blagémy content, or

furnace temperature can lead to uncontrolled variations in porosity, wall thickness, and density
gradient® factors that directly influence mechanical properties tkmpressive strength and
energy absorptidt9]. This inherent variability forces designers to adopt large safety factors,
which counteracthe weightsaving benefits of MFs.

The lack of comprehensive property databases and standardized testing protocols further
complicates qualification for critical applications. Unlike weditablished metallic systems, MFs
suffer from a data deficit, especially under multiaxial loading, btgdin rates, or thermal
cycling. International test standards for metallic foams are still under development, making
certification of MFbased componerdsparticularly in aerospace, automotive, and defense
sector§ challenging and timeonsuming19,30]

Postprocessing and joining also introduce technical hurdles. Conventional methods like
bending, deep drawing, or riveting can easily crush the fragile cell walls. Similarly, arc welding
may collapse pores or create hatiected zones with degraded medbahproperties. While
advanced techniques such as laser forming, friction stir welding, andE@Iveoffer better
control, they require narrow parameter windows and often drive up both processing time and
cost[37].

Finally, several critical structuieroperty relationships remain insufficiently understood.
Key questions persist regarding optimal wall thickness for buckling resistance, the quantitative
effect of cell anisotropy on fatigue life, and how pore geometuples with thermal
conductivity, acoustic attenuation, or energy absorption. Current experimental data in these areas
are often sparse or contradictory, hampering robust material models and design optimization

[19].
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Overcoming these challengesy reducing costs, enhancing process control, improving
postprocessing compatibility, and deepening strudtoreperty understandidgis essential to
transition MFs from promising laboratory materials to mainstream structutahahifunctional

components in nexgeneration engineering systems.

2.2 Composite Metal Foam

2.2.10verview

Composite Metal Foams (CMFs) form a distinct subclass of metal foams (MFs),
characterized by their highly controlled, closasl architecture, in which prefabricated hollow
metallic spheres are embedded within a metallic mdfrx38]. This contrasts sharply with
conventional stochastic MFs, which are formed by random gas entrapment ehglozce
techniques, leading to irregular cell shapes, nonuniform wall thicknesses, and heterogeneous
mechanical properties.

The hollow spheres used in CMFs are typically fabricated frorclanvon steel or
stainless steel, with diameters ranging frain mm6 tnom and wal |l thi cknesse
0.1 mm3 anfhd,12(14] These spheres are sintereffering tight control over shell
geometry and microstructure.

CMFs are typically manufactured using either powder metallurgy (PNasimg
processes, resulting in two widely studied configurations:

I.  Similar Material s (Steel Steel CMFor Si'S CMF): Both the matrix and the
hollow spheres are made of steel. This configuration is typically fabricated using
PM techniques involving compaction and sintering, ensuring good interfacial

bonding and uniform microstructyre
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[I.  Dissimilar Material s (Aluminum i Steel CMF or Ali S CMF): The matrix is

made of aluminum, while the hollow spheres are composed of steel. This type of
CMF is commonly produced through molten aluminum infiltration into a pre
packed bed of hollow steel sphef&$,12], though interfacial compatibility can

be more challenging due to the dissimilar materials.

These architectures generally yield relative densities between 3036%ndlepending
on the volume fraction of spheres, matrix densification, and interfacial bonding achieved during
processing10].

Unlike stochastic metal foams, CMFs exhibit high mechanical uniformity due to the
periodic arrangement of hollow spheres, which minimizes local stress concentrations and
facilitates uniform load transfer throughout the strucfar@8]. In addition to this geometric
advantage, the metallic matrix plays a critical structural role by enveloping the hollow spheres
and filling the interstitial gaps, thereby imparting strength and stability to the overall material
[39,40] It stabilizes the thiwalled spheres and provides continuous reinforcement, effectively
strengthening both the cell walls and the entire foam struf88r89] The matrix also
contributes to crack blunting and reduces premature buckling under mechanical loading,
enhancing both strength and energy absorp@8h Moreover, when the matrix and spheres are
composed of the same material, strong interfacial bonding is achieved, preventing debonding and
minimizing interfacial defectg38,39] However, occasional formation of air pockets at the
spherématrix interface has also been repoftetd]. The matrixmaterial,whether aluminum
(e.q., A356 alloy) or stainless steel (e.g., 3168 influence the presence of intermetallic

phases and mechanical behavior, depending on composition and sphirg si2¢ Together,
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the periodic packing of spheres and the structural contributions of the matrix result in more
predictable failure modes, which are essential for structural and crashworthy applications.

CMFs provide fully continuous metallic bonding between the matrix and sphere surfaces,
resulting in enhanced energy absorption, impact resistance, anetéirdant performandé].
Moreover, CMFs maintain their structural integrity without relying on the geometrical intricacies
or sharp nodes that often govern failure in lattice structures.

At ambient conditions, CMFexhibit markedly enhanced mechanical performance over
conventional metal foams due to their engineered cellular architecture and the presence of a
metallic matrix surrounding uniformly distributed hollow sphe&<sS CMFs fabricated vieM
demonstrate high compressive strength and stiffness, largely attributed to improved interfacial
bonding and the mechanical continuity between the matrix and sphgfeSxperimental
evaluations using cyclic loadinhgnloading tests have confirmed their relatively high elastic
modulus and excellent structural integrity under compressive [@hdehese materials also
exhibit superior energy absorption capacity due to their high plateau strength and extended
densification strain, making them wsllited for applications requiring impact resistaficq. In
contrastAlT S CMFs produced by gravity casting display lower stiffness due to the aluminum
matrix but still achieve substantial energy absorption when optimized for sphere packing and
intermetallic layer formatiofiL2]. The interplay between microstructural features and processing
conditions significantly influences the mechanical behavior of CMFs, enabling tailored
performance characteristics that surpass those of many traditional meta[Tpams

CMFs exhibit distinct thermal characteristics that make themsuékd for applications
involving thermal insulation, fire resistance, and heat shielding. Their thermal behavior is

governed by the interplay between the metallic matrix and the hollowespintusions. In BS
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CMFs, the specific heat is influenced by the composition and distribution of the matrix and
spheres anllas been consistently validated through both differential scanning calorimetry and
laser flash techniqud,42]. The thermal conductivity of CMFs is significantly lower than that
of solid metals due to the presence of enclosed air voids and the disruption of continuous heat
conduction pathways. This insulating behavior remains relatively stable across a broad
temper&ure range, which is advantageous for applications exposed to sustained or fluctuating
thermal load$1]. Another important thermal parameter is surface emissivity, which governs
radiative heat transfer. The emissivity of CMFs is influenced by surface roughness, sphere
curvature, and material oxidation. Studies show that the matrix regions generally eglhibit hi
emissivity than the sphere interiors, and that curvature reduces the effective radiating surface
area. These effects have been validated through combined experimental and numerical
investigationg42]. The coefficient of thermal expansion (CTE) of CMFs has also been studied
extensively, showing stable behavior across temperatures and good agreement with predictive
models. Compared to conventional metal foams and solid metals, CMFs offer enhanced
dimensimal stability under thermal cycling, attributed to their composite architecture and
controlled porosity1].

Overall, the sphers-matrix topology of CMFs imparts a uniqgue combination of
mechanical robustness, thermal resilience, and multifunctionality, positioning them as an
advanced class of MFs for demanding applications where weight reduction, energyiadigsipa

andin extremeenvironment survivability are simultaneously required.
2.2.2Fabrication Routes

CMFs are typically fabricated via two primary processing methods: powder metallurgy

(PM) and casting. Both techniques rely on the assembly of prefabricated hollow metallic spheres,
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densely packed to form a skeletal framework, with the interstitial spaces subsequendly filled
either through powder compaction or molten metal infiltraiido form a continuous, closed
cell structure.
I.  Powder Metallurgy (PM) Processing In PM-based fabrication, hollow spheres
are mixed with fine metal powder and compacted into a dense preform. This
green compact is then sintered at elevated temperatures, promotinstatiaid
bonding between the matrix powder and the surface of the sphere
For stedlsteel CMFs (BS CMFs), both the matrix and spheres are typically
made fromsimilar materials such dsw-carbon steel or 316L stainless steel. For
example, stainless steel spheres (~2 mm
densely packed and surrounded by 316L powder. The compact is sintered in a
vacuum or reducing atmosphere at temperatures betl@®hl 250 AC, whi ct
facilitates diffusion bonding without significant grain coarsening or oxidation
[4,43].
PM processing enables precise control of relative density, typically in the 32% to
40% range, and produces CMFs with high microstructural uniformity, low
porosity, and strong metallurgical bonding between matrix and sgi€xé4]
Il.  Casting Processing (Gravity Casting)Gravity casting is the dominant method
for producingCMF from dissimilar sphere and matrix material such as
aluminum steel CMFs (AlS CMFs). In this process, steel hollow spheres are
packed into a ceramic or metallic mold, which is preheated to avoid thermal shock

and premature solidification upon contact with the molten matrix.
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An aluminum alloy such as A356 is melted and poured under gravity or light
pressure into the sphepacked mold. The liquid infiltrates the voids between
spheres and solidifies, embedding the spheres within the rfirix3]
Preheating temperatures inthe range of 7000 AC are typically
full infiltration while minimizing intermetallic phase formation at the steel
aluminum interfacg13]. Resulting AT S CMFs typically exhibit relative densities
between 40% and 45& aluminum influenced by sphere packing density and
infiltration quality[10].
Spherd Matrix Bonding Mechanisms. The bonding between spheres and matrix
depends strongly on the fabrication method:
I.  In PM-processed CMFs, sintering facilitates sddtdte diffusion at the sphére
matrix interface, leading to robust metallurgical bonds that enhance both
mechanical strength and thermal stabilit¥].
II.  Incast CMFs, bonding occurs primarily through mechanical interlocking and
extensiventerfacial diffusionleading to intermetallics formatioiowever,
excessive formation of Al intermetallics at the interface can reduce ductility
and increase brittleness. This can be mitigated by optimizing pouring temperature,
preheat conditions, and cooling raf&3].
Figure 2-16 presents crossectional views comparing conventional metal foams with

both sintered and cast CMF architectures, highlighting the morphological differences



Figure 2-16 Digital images showing crossections of: (a) ALPORAS aluminum foam,hdljow

steelspherefoam (without matrix) (c¢c) sintered CMF with 4. mm st

and (d) cast CMF with 4. mm [38}.eel spheres

2.2.3Mechanical Behavior

Composite Metal Foams (CMFs) exhibit a broad spectrum of mechanical responses
owing to their engineered architecture of hollow metallic spheres embeddetetallic matrix.
This combination enables superior performance across-giadisi, cyclic, dynamic, and ballistic
loading regimes. The consistent sphere packing, strong interfacial bonding, and tunable relative
density allow CMFs to outperform many stastic MFs and even traditional bulk metals in
several key metrics. This section outlines the ppiacmechanical behaviors of CMFs.
l.  QuaskStatic Compressive BehaviorCMFs exhibit the characteristic elastic

plateaui densification response common to cellular metals, but with significantly
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elevated strength and energy absorption, enabled by the mechanical constraint of
hollow spheres within a continuous matrix. For exampl&§ SMFs processed

via PM with 2 mm spheres (0.1 mm wall t
~1301 40 MP a ohathedensgynf%teel[18]. In comparison, AlS CMFs
fabricated by stelsphereembeddedtinfalundnum matrim

demonstrate plateau stressesofi&40 MPa, depending on cast
and infiltration qualityat about half density of aluminufh2]. Figure 2-17 shows

representative streisstrain curve®f CMF under quasstaticloading
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Figure 2-17 Engineering stregstrain curves for (a) iISS CMFs and (b) AIS CMFs with varying

sphere diameters under quasatic compressiof#] .

Densification typically initiates at ~60% compressive strain, resulting in energy
absorption capacities opto8 0 rivEJthis is abouten times greater thaheir
parent material with much higher dend®y 34].This enhanced performance is

not solely attributed to the hollow spheres but also to the metallic matrix that
surrounds and supports them. The matrix fills the interstitial spaces between the

spheres, providing continuous load paths and contributing strihetural
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stability of the foam during deformation. It plays a critical role in reinforcing the
thin sphere walls, suppressing premature buckling, and ensuring effective load
transfer under compressi@@8]. Additionally, the matrix inhibits localized
collapse by distributing stresses more uniformly, which, in conjunction with the
periodic packing of spheres, helps prevent the formation of collapse bands and
promotes homogeneous deformatiblotably, sphere sizeid mm) has
influence on plateau stress when wall thickness and interfacial bonding remain
constan{38].

Cyclical Loading and Fatigue.CMFs under compressiboompression fatigue
exhibit three deformation stagegradual strain accumulatioStagel), long
guastistable cycling $tagell), and rapid densification to failur&tagelll) d but
without the abrupt strain jumps typical of stochastic foanS. SMFs endure > 1

x 10 cycles at 50 % of their plateau str¢58% ofli, = 68MP3, with life
decreasing to ~f@ycles at 65 %, (88.4 MPa[18]. Cast Ai S CMFs show a
comparable endurance limit 6f4  gandisurvive ~1.4 x f&yclesat which

point only 5% cumulative strain is record&8]. The S-N curveof CMFs at

different applied relative maximum stresses is illustratdelgare 2-18.
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Fatigue damage mechanisms differ by processing routé& SICBIFSs, strong
metallurgical bonding and matched chemistaesphereandmatrix prevent their
debonding, so life is governed by porosity in the sintered meatkixspherefl 8].

In AlT S foams, brittle FeAlT Si intermetallic at the interfacdg matrix and
spherepromotedocal debondingnitiating crackg18]. Nonetheless, both CMF
systems outperform conventional aluminum foams, which succumb to cellapse
band formation at far lower cyclic stres$a8].

lll.  Flexural and Shear Behavior.The flexural response of CMFs has been
systematically investigated througpdint bending testf8]. Both S S and Al S
CMFs were tested, using specimens produced via PM and casting routes,
respectively. These tests were designed to assess failure modes, maximum
flexural strength, and stiffness while monitoring acoustic emission (AE) signals to
capture lhe onset of damage and its progresdtogure 2-19 effectively

compares the flexural stréssrain behavior of bothis and Ai S CMFs.
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Figure 2-19 (a) Flexural yield strength vs. compressive yield strength; (b) maximum bending

strength vs. compressive plateau strerj@ih

PM-processediSS CMFs showed a ductile flexural response, with failure

primarily governed by the propagation of preexisting microporosities in the

matrix and spheresThese samples maintained integrity even after full deflection,

with digital imaging and SEM fractography confirming ductile rupture and strong

spherématrix bonding. In contrast, castiAd CMFs displayed a more brittle

fracture mode. AE analysis and SE&Vealed that failure was initiated at the

spherématrix interfaces, where FAIT Si intermdallic acted as preferential crack

paths. The sharp AE bursts corresponded to intermetallic cracking, and SEM

images confirmed cleavagdgpe features localized around these brjitiase$3].

The ultimate flexural strength observed across both CMF types reached as high as

86 MPa, with $S CMF samples typically exhibiting higher pegeld ductility.

The flexural modulus values extracted from the linear regions of th load

deflection curves were consistent with values obtained from monotonic
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compression tests on larger samples, validating the use of thin flexural specimens
for bulk mechanical property estimatifs].

High Strain Rate Behavior. The highstrainrate mechanical behavior of CMFs
has been extensively evaluated using Split Hopkinson Pressure Bar (SHPB)
experiments to replicate conditions relevant to impact, crash, and blast
applications. The results reveal a distinct rate sensifieitipoth S S and AT S
CMFs, patrticularly at nominal compressive strains below Bg%Compared to
guaststatic loading, dynamic compression significantly enhances yield strength
(by up to 80%) and plateau stress (by up to 60%) in both CMF types, leading to
higher energy absorption capacities. These effects are most pronoun¢c&d in S
CMFs, whose strairratedependent parent matrix (316L stainless steel) amplifies
this sensitivity relative to the more rdtesensitive aluminum matrix in AB

CMFs[4]. High-strainratesensitivitybehavior of CMF is shown iRigure 2-20.
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Figure 2-20 Stressgstrain curves of (a)i$ CMFs and (b) AIS CMFs under quastatic and

dynamic loading4] .
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Dynamic strengthening is attributed primarily to the pressurization of entrapped
air within the hollow sphereand strain rate hardening of both the matrix and
spheresMicro-inertia effects and plastic shock wave propagation were evaluated
but found to play minor roles under the strain rates tested (+3000s?) [4].

Notably, the deformation remains homogeneous across CMF specimens even at
these high strain rates, with no evidence of premature collapse[dands

The effect of sphere size is marginal in gtgaticloadingconditions but

becomes more influential under dynamic loading. Larger spheres store and release
more internal air upon collapse, which can momentarily elevate internal stress and
increase peak load resistajdp Additionally, both solid and hollow cylindrical
geometries showed similatrainrate sensitivity, suggesting geometric effects are
secondary to microstructural contributions at these strain[dtes

Energy absorption improvements under dynamic loading were quantified using
the area under the stréstrain curves. Foris CMFs with 2 mm spheres, energy
absorption increased from 57.1 M (quasistatic) to 76.0 Min3 at a strain

rate of 372845 an enhancement of over 33%j. Ali S CMFs showed a smaller

but still significant increase, from 41MJ m to 43.4MJ m™3 at similar strain

rates[4].

Ballistic Performance.Si S CMFshave demonstrated exceptional potential as
structural energy absorbers in advanced ballistic armor systems. Their unique
cellular architectur@ comprising hollow steel spheres embedded in a ductile
stainless steel mat@xenables progressive densificatiotmasrrate-sensitive

strengthening, and distributed impact energy dissipation undeshegd
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loading. These properties have been extensively validated through both
experimental testing and computatioraddeling.

In a foundational studj6] SI S CMFs were used as intermediate backing layers
in hybrid armor panels with boron carbide;(B ceramic strike plates, tested
against NIJ Type 1l (7.62x51 mm M80) and Type IV (7.62x63 mm M2 AP)
ballistic threats. All panels successfully arrested projectiles in both sargle
multi-hit scenarios. Posmpact examinations revealed that the cecafinaint

layer underwent radial cracking and material erosion, while the CMF back layer
dissipated the remaining kinetic energy through progressive compactiua of
spheres and matrix plasticity. This is showirigure 2-21 which depicts front

and back views of a panel following impact, highlighting the crater formation at
the strike face and uniform densification in the foam layer

Energybased analysis estimated that the CMF absorbet080 of the

projectile's kinetic energy, while the rest was distributed across the ceramic and
optional aluminum/Kevlar backplat§s]. Notably, the energy absorption of CMF
increased with impact velocity, demonstrating a threefold enhancement in
volumetric energy di s<' dupt® straiwate stifenings p e e d s
and internal air cushioning effedty.

Extending to largealiber threats, a subsequent st{#l] tested CMFceramié
aluminum sandwich panels against 12.7x99 mm (.50 caliber) ball and-armor
piercing (AP) rounds. The CMF cores maintained structural integrity and
effectively halted the majority of projectiles, with kinetic energy absorption by the

foammeasured between 6B9%.
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Efibedded bullet.

Compressedifoam

Figure 2-21 Ballistic impact results: A) front face with projectile stoppage; B) back face

showing sphereompressionn CMF [45].

The systems achieved a mass efficiency ratio (MER) of ~2.1 compared to
traditional rolled homogeneous armor (RHA), offering significant weight
reductiong44]. Finite element simulations using ANSYS/AUTODYN

reproduced the key experimental findings. Lagrangian solvers were employed to
simulate material erosion, projectile deformation, and CMF densification,
confirming that the foam layer was primarily resporssilor stress absorption and
projectile deceleration. Although some delamination at high velocities was noted
experimentally, the simulations closely matched impact dynamics and validated
the material model assumptiofsg}].

In a recent study on blast and fragmentation resis{@8¢eS'S CMF panels
©9516. 75 mm3thimk;sRheres) were tested a

incendiary (HEI) rounds producing supersonic blast waves and metal fragments.
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The CMFs effectively arrested small, medium, and large fragments (up to

~ 1 5 2 &) with minimal deformatiorf46]. Energy dissipation occurred through
localized sphere crushing and matrix plasticity, with damage confined to compact
zones. Thicker panels consistently arrested more fragments with deeper
embedment.

Finite element simulations using the IMPETUS Afea Solver, incorporating the

Baii Wierzbicki fracture model, showed thatSCMFs outperformed

conventional 50831116 aluminum armor of equivalent areal denpl§]. CMFs
exhibited | ower backface deformation,
more efficient stress wave dissipation, confirming their superior performance
under coupled blast and fragment loadg].

Elastic Modulus and Stiffness.The elastic behavior of CMFs has been
characterized using experimental compression testing, analytical scaling laws, and
finite element modeling. These investigations have revealed that the modulus of
elasticity of CMFs falls within a broad range, depegdin factors such as

material system, processing technigue, and loading regime.

Experimental loadinigunloading compression tests ori 86 CMFs (seeFigure

2-22) processed via casting showed elastic moduli between 10 and 12 GPa during
initial unloading cycles, which are considered more reliable due to localized
plasticity during initial loading. Allow carbon steel (AILC) CMFs exhibited

slightly lower modulus valkes around 7i8.6 GPa. These differences are

primarily attributed to the varying mechanical properties of the embedded spheres

rather than the matrix alloy itsedf well as the intermetallieg their interfacg2].
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Figure 2-22 Compressive strekstrain behavior of cast ABS foam with periodic unloading

cycles (inset highlights the elastic portion of the cuf2¢)

Finite element simulations replicated the microstructure using idealized body
centered cubic (BCC) arrangements of spheres and incorporated both matrix and
interfacial intermetallic layers. These models predicted elastic modulus values of

8.6 GPa for AILC and 10.3 GPa for ASS foams, closely matching
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experimental results. Additionally, the use of analytical scaling laws provided
upper and lower bounds of approximately 30 GPa and 3.4 GPa, respectively, for
the same AlIS CMF system, confirming the consistency across metl2pds

The composite structure of CMFs contributes to these modulus values through a
combination of hollow sphere elasticity (~2 GPa), matrix stiffness (~60 GPa for
Al), and the presence of stiff intermetallic layers (~114 GPa) formed at the
spherématrix interface. Using the rule of mixtures, the upjberund modulus for

Al SS CMFs was calculated to be 29.5 GPa, while the inverse rule of mixtures
yielded a lower bound of 3.4 GPa. This bracketing highlights the contribution of
both microstructural geometry and m#&éphase propertigg].

Local Hardness and Interface Behavior The microstructural anspbherematrix
interfacial behavior of CMFs plays a key role in governing their local mechanical
performance. Specifically, the hardness distribution between the sphere walls,
matrix, and interfacial intermetallic phases determines localized resistance to
deformation, cack initiation, and fatigue.

Microhardness measurements performedid® SMFs processed VRM

revealed that the hollow steel spheres consistently exhibited hardness values
approximately 40 Vickers units higher than the matrix. This disparity is primarily
attributed to greater porosity within the matrix material. These differences in local
hardnesgan lead to strain localization in the matrix and impact the overall yield
behavior of the foarfiL0].

In AlT S CMFs produced by casting, a wide variety of intermetallic compounds

were identified at the sphémaatrix interface, including BAI-Si, FeALSi, and
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FexsAleoSits. Vi ¢ khendress values for these phases varied significantly
depending on morphology and composition. Pitaped intermetallic phases
close to the sphere surface exhibited values as high as 736 HV, while the
surrounding aluminum matrix recorded much lower ggloear 45 HV[12]. The
gradient in hardness across this interface is a direct result of elemental diffusion
from the steel spheres (Fe, Cr, Ni, Mn) into the aluminum matrix and vice versa
(Al, Si).

Furthermore, the formation of eutectoid bratikke intermetallics in CMFs
processed with 4.0 mm spheres was associated with elevated carbon content and
increased surface roughness, both of which enhance interdiffusion and
intermetallic formation. These dmchlike intermetallics, observed in
backscattered SEM images, showed distinctivase structures with varying
FeCrNi and Si content, reflecting compositional heterogeneity and mechanical
anisotropy at the interfag&4]. Figure 2-23 presents SEM micrographs of these

interfacial zones.

interface

Figure 2-23 Backscattered SEM imagesof8] CMFs: A) 3. 7. mm spheres

ntermetallic; B)-phaseintermetalliclpydidd]r es wi t h

t

W (
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2.2.4Thermal Behavior

Thethermal behavior of Composite Metal Foams (CMFs) has been extensively studied to
assess their performance under elevated temperatures, fire exposure, and thermally extreme
environments. Owing to their hybrid structireomprising hollow metallic spheréfied with
air andembedded within a solid metallic ma#ixCMFs exhibit thermal properties distinct from
those of their monolithic parent alloys. This section outlines the key thermal characteristics of
CMFs, including thermal conductivity, diffusivity, sgfic heat, expansion, and emissivity.

I.  Thermal Conductivity and Thermal Diffusivity. The effective thermal
conductivity of steélsteel CMFs (BS CMFs) is substantially lower than that of
bulk 316L stainless steel, primarily due to the entrapped air in the hollow spheres
and micreporosity within the matrix. Experimental data show thatrttagr
conductivityin$S CMFs increases f mokKtaarpomr oxi mat
t emper at umlK?!at b©000BC, wher¥as bulk 316L stainless steel ranges
from 13. 4n!Kbove?tBe s@neWmpeuae interval8]. This
reduction is attributed to the disruption of continuous conductive pathways by
voids and interfaces within the composite structure.
Thermal diffusivity exhibits similar trends. Measured values i@ SMFs
i ncrease 4staotm r2o.03m mnme mmpre slattlg00°€, t o 3. 8
remaining roughly half those of bulk 316L stainless steel across all test conditions
[8]. These findings demonstrate th&aSSCMFs offer significantly improved
thermal insulation capabilities, which are crucial for-fiesistant and thermally
protective applicationf8]. Table 2-1 summarizes the thermal conductivity and

diffusivity values for $S CMFs across a range of temperatures



Table2-1 Thermal properties ofiS CMFs at elevated temperatuf8s.

Thermal Diffusivity | Thermal Conductivity
Temper at
(mm? st [Wm?1K]

26 2.317 N 2.920 N
196 2.573 N 3.570 N
398 2.880 N 4.230 N
598 3.203 N 4.96 N (
699 3.373 N 5.35 N
823 3.653 N 5.92 N
896 3.707 N 6.14 N
996 3.773 K 6.39 N

In contrast, aluminuirsteel CMFs (AlS CMFs), due to the inherently high

thermal conductivity of the Al matrix, exhibit higher effective thermal

conductivity valuesr angi ng
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f WonhK13a080Gt5@0°CBLR However,

these are still substantially lower than bulk Al, owing to the thermal impedance

introduced by embedded steel spheres and ybjds

Specific Heat Capacity.The specific heat capacity gof S S CMFs follows the

same general temperature trend as bulk 316L stainless steel but shows a modest

i ncrease

at higher

temper at uglklsat

Val

room t emper aglklatel000°6[8,42]0Thetskight @nhancement in

Cy is attributed to minor compositional variations, particularly elevated carbon

levels in the hollow spheres and potential matrix heterogengitis

ues
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Measurements were conducted using both differential scanning calorimetry
(DSC) and laser flash analysis, with both techniques yielding results within ~5%
of each other, indicating good repeatability and measurement robustness across
the full temperature rge up to 1200°¢42]. Figure 2-24 compares Cp trends

for CMFs and bulk stainless steel
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Figure 2-24 Specific heat capacity of CMFs measured via laser flash and DSC, compared to

316L stainless ste@?2].

Coefficient of Thermal Expansion (CTE).The coefficient of thermal expansion
(CTE)for§S CMFs | ies withinCtthoe 1r9andfel olf0 16
between 100°C and 1000°C. These values are slightly lower than those of

monolithic 316L stainless steel, due to the damping effects of the hollow sphere

architecture and internal poros[8]. However the difference remains within
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~10% across the full temperature range, ensuring compatibility in thermal cycling
scenarios.

Il nterestingly, the sphere diameter (2 m
influence the CTE, provided the wadl-diameter ratio is preserved. This confirms

that geometric scaling of the hollow spheres has a negligible effect on bulk

thermal expansion betwiar, further supporting the structural scalability of CMFs

Table 2-2 lists measured CTE values S CMFwith different sphere sizes.

Table2-2 Average CTE values foiS CMFs wi t h 2. mm an8ji. 4. mm ho

Average CTE (x 109 | Average CTE (x 10)
Temper at
[2-mm sphere] [4-mm sphere]

100 16. 45 N 17.05 N
200 16.74 N 16.77 N
300 16.81 N 16.83 N
400 16.95 N 17.13 N
500 17.38 N 17.37 N
600 17.86 N 17.86 N
700 18.38 N 18.49 N
800 18.68 N 19.07 N
900 18.82 N 20.07 N
1000 19.00 N 21.18 N

IV.  Thermal Emissivity. The thermal emissivity of CMFs is influenced by their

surface morphology, curvature of the hollow spheres, and local microstructure.
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For § S CMFs, matrix emissivity ranges from ~0.60 at room temperature to ~0.22
at 200°C, while the hollow spheres exhibit higher emissivity valuasging

from ~0.78 at 50°C to ~0.56 at 250[42]. These differences are primarily

attributed to curvaturdriven surface effects and differential oxidation.

Due to the complex surface geometry, direct emissivity measurement is
challenging. To address this, analytical models have been developed that
incorporate both curvature and roughness to predict hemispherical emissivity
more accurately. These models canfthat CMFs can significantly slow heat
transmission during fire exposure, owing to their reduced radiative heat transfer.
Figure 2-25 demonstrates th@bustness of themissivity reported experimenial

analytical approach.
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Figure2-25Compari son of the emissivitwusingtad ues det
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These combined thermal characterigiigscludingvery low thermakonductivity,
reducedhermaldiffusivity, stablethermalexpansion behavior, and hitjfrermalemissivity
controb position CMFs as highly effective materials for applications demanding both structural
strength and thermal protection. Their performance under sustained heat flux and transient fire
conditions makes them ideal candidates for aerospaaétion, blast/fire walls, and

multifunctional heat management systems.
2.2.5Computational Studies

Computational modeling has played a critical role in characterizing the thermal response
and mechanical deformation behavior of Composite Metal Foams (CMFs). These studies
complement experimental investigations, enabling parametric design and predssssnaent
of CMF-based systems under applicati@tevant conditions. Current efforts span a range of
domains, from fire simulations and heat conduction modeling to-tiefgemation mechanical
response under static and dynamic loads.

Thermal performance modeling has primarily focusedidh SMFs subjected to
extreme fire environments, such@ml fire[9,15] andtorch fire[16,17]exposure scenarios. In
one approach, Fire Dynamics Simulator (FDS) was employed to simulate jet flame exposure,
replicating flame temperatures exceeding 1200°C and flow velocities consistent with industry
fire test standard4d.6]. These simulations yielded detailed throdlgickness temperature
gradients and provided estimates for minimum CMF panel thicknesses required to meet thermal
protection thresholdd.7]. Figure 2-26 presents the computational setup for the $aliletorch
fire test.

To overcome the inherent ca@nensional heat transfer limitations of FDS, three

dimensional finite element (FE) models were developed using COMSOL Multiphysics. These
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models incorporated temperatudependent thermal conductivity, specific heat capacity, and
density for both matrix and hollow sphere materials, enabling a more accurate representation of
lateral heat conduction within CMFs under fstlale heating conddns.Figure 2-27 illustrates

the COMSOL geometry and mesh used in these simuldti@hs

(a)

Steel Calibration Plate
= - Heat transfer solution for material
Ceramic Insulation board s from fire solved by

COMSOL Multiphysics

Fire Dynamics is solved by FDS

(c)

Mesh divisions

Figure 2-26 (a) Smokeview visualization of the jet fire domém,Side view showing jet

burnefi plate spacing, c) Mesh discretization in F(13].
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(a) Carbon Steel Plate

Ceramic Insulation Board

Figure 2-27 (a) COMSOLgeometryfor full-scale torch fire testb) Mesh configuration for

thermal simulatiorj17].

Beyond thermal response, finite element modeling has also been used to replicate the
compressive deformation behavior 6fSSCMFs under quasitatic loadind47]. In these
simulations, detailed threimensional geometries were created to explicitly represent hollow
sphere arrays, matrix regions, and entrapped internal gas. Hollow spheres were modeled using
the JohnsoinCook plasticity law, while the matrix was regented using the DeshpanBieck
foam model to capture nonlinear plasticity typical of cellular metals. To account for pressure
buildup during sphere collapse, Smooth Particle Hydrodynamics (SPH) elements were included

to simulate gdssolid interaction$47].
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These models accurately reproduced experimental is$tesis responses, capturing the
full progression from elastic behavior to plateau formation and final densification. Deviations in
predicted plateau stresses were within 5% of experimental values8Qgtoompressive strain,
validating the robustness of the model formulaf®r]. Figure 2-28illustrates the simulated
deformation of an'SS CMF under increasing strain.

In addition threedimensional heat transfer simulations have been developed to evaluate
heat conduction within CMF panels exposed to high heat flux environments, such as those
encountered during nuclear cask fire exposure. These models utilized idealizexrbtehd
cubic (BCC) packing arrangements to represent the internal CMF architecture. Materiél inputs
including temperaturdependent thermal conductivity and specific Beaere drawn from
experimental data. Radiation and convection within hollow rigsh&ere neglected due to the
relatively small sphere diameters and low internal gas mfitjon

Results from these simulations closely matched experimentally measured temperature
profiles under full flame engulfment conditions, further confirming the thermal insulation
capabilities of CMFsFigure 2-29 shows the simulation output fof S CMF and monolithic
304L stainless stéfl].

While existing studies have successfully modeled thermal and mechanical behavior
independently, there is a notable lack of coupled themachanical simulations that incorporate
concurrent mechanical loading and elevated temperature exposure. Key pheswchess
temperatura@ependent material softening, oxidatioduced degradation, and potential creep
fatigue interactions remain largely unexplored in current computational literature. Addressing

these gaps is essential to simulate-veadld service conitions, especially for applications in ralil
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tank cars, nuclear containers, and defense systems, where CMFs are exposed to combined

loading and thermal even38].

Figure 2-28 Deformation sequence of S CMF at engineering strains of A) 0%, B) 16.3%, C)
32.5%, D) 45.5%, E) 47.5%, and F) 52%; G) skeside comparison before and after

compressiofd7].
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a) S-S CMF b) 304L SS

5 min

6 min

7 min

Figure 2-29 Centersection FEAviewsofayS CMF wi t h 2. mm spheres an

steel exposed to an 800°C flafig.
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2.3 Metal FoamsUnder Elevated Temperatures

The thermemechanical response of metal foams (MFs) under elevated temperature
environments is of considerable relevance for applications in energy, transportation, and thermal
protection systems. High temperatures affect the mechanical integrity, deéormatles,
energy absorption capability, and thermal stability of MFs by inducing matrix softening, altering
cell wall behavior, and modifying failure pathways. This section examines how these behaviors
manifest across a range of MF systemsluding clogd-cell, opencell, and syntactic foams

while drawing on comparative data and validated simulations

2.3.1Compressive Strength and Modulus

Elevated temperatures cause substantial reductions in both compressive strength and
elastic modulus in MFs due to progressive matrix softening and the loss of structural stability in
the cell walls. In closedell Al-alloy foams, the compressive yield sigéh decreases from 6.87
MPa at 25°C to 2.62 MPa at 450°C, while the elastic modulus declines from 246 MPa to 100
MPa over the same temperature raj@@d. Similar behavior is reported for closedll Cu
foams, where plateau stress drops from ~25 MPa to ~10 MPa between room temperature and
500°C, and initial compressive modulus reduces from 1462 MPa to 26¢48Pa

Syntactic foams composed of Al matrices and ceramic fillers also demonstrate a
consistent reduction in plateau stress with increasing temperature, mainly governed by the
thermal degradation of matrix strend8®]. However, steebased foams behave differently.
Powder metallurgy (PM) steel foams such as Distaloy AB and Astaloy Mo exhibit non
monotonic temperature dependence, with compressive strength increasing up to 400°C due to

dynamic agéhardening, followed by $tening above that temperatgel]. Similar behavior is
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observed in expanded metal mesh (EM#&inforced composite metallic foams, which retain
substantial compressive strength up to 350°C before softening donjs#jtes

Closedcell AlSi foams also demonstrate progressive strength reduction with increasing
temperature from 25°C to 580%utexhibit marked strainate sensitivity under dynamic
compression, which helps partially offset thermal weakef&fy

Foamfilled tubes (FFTs) subjected to axial or lateral loading also exhibit diminished
mechanical properties at high temperatures. For instance, axial compressiaitoadxminum
FFTs at 300°C results in significant reductions in plateau and derisifi¢atces, although
FFTs still outperform empty tubes due to the synergistic interaction between foanbaftd].

Across all systems, these reductions correlate with established scaling laws, which
predict foam strength as a function of the parent metal's yield strength at constant relative
density.Figure 2-30displays representative strésgain curves for various MFs, illustrating

these degradation trends
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2.3.2Anisotropy and Loading Direction

Due to the noruniform geometry and directional packing of cells, MFs display inherent
anisotropy in mechanical response, which becomes more prominent under thermal exposure.
Higher compressive strength and modulus are observed when loading is appligetth@lon
foaming direction (Zaxis), attributed to the preferential alignment of cleselll structures in
this direction[55]. At elevated temperatures, anisotropic deformation intendifeesnpression
in off-axis directions (X and Y) initiates early buckling and collapse, while tigection
maintains higher plateau stress and delayed densification.

Anisotropy is further highlighted in reinforced CMFs and FFTs. Lateral compression in
FFTs, for example, results in lower energy absorption and more premature failure than axial
compression, particularly at high temperatures such as 300°C and[a#®6} Figure 2-31

highlights this directional dependence inralloy foams tested across a range of temperatures.
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Figure 2-31 Influence of anisotropy on the compressive behaviatuwhinummetallic foams

across different testing temperatufés].

2.3.3Strain Rate and Temperature Interaction

The combined influence of strain rate and temperature introduces nonlinearities in the
deformation behavior of MFs. In Al syntactic foams, a critical strain rate exists (<b223.60

150°C), below which increasing strain rate leads to reduced plateau stress due to interfacial
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debonding and hollow particle cracking. Beyond this point, plateau stress increases with strain
rate as matrbdominated plasticity takes ovig0]. At higher temperatures (e.g., 200°C), this
critical point shifts to ~0.1-5due to further softening of the matrix.

Closedcell Al foams demonstrate strong stragiie sensitivity at both room and elevated
temperatures. For example, compressive strength increases from 20.6 MPaitol87.3
MPa at 500$ at 25°C, and from 3.0 MPa to 10.5 MPa at 560°C. Dynamic increase factors
(DIF) rise with temperature, indicating growing rate sensitivity as matrix softening amplifies
deformation resistandé3].

In Cu foams, the temperature effect domindtesmpressive strength reduces markedly
with increasing temperature, whereas strain rate sensitivity remains negligible undetatiasi
conditions[49]. Figure 2-32 presents these trends in syntactic foam systems under varying

thermal and strain rate regimes
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2.3.4Energy Absorption Efficiency

The energy absorption efficiency of MFs under elevated temperature depends on the
thermal degradation of cell walls, filler behavior, and mapacticle interactions. In Al syntactic
foams, efficiencies up to 75.8% were retained at 250°C for samplesn@ogta00 um hollow
alumina particles at 0.86 relative dengy]. Elevated temperatures slightly enhance efficiency
due to a flatter plateau region, which allows for extended plastic deformation before
densification.

Higher t/D ratios and smaller particle sizes delay the onset of densification and promote
stable energy absorptiolm Zn syntactic foams with expanded perlite and expanded glass fillers,
energy absorption decreased linearly up to 300°C, followed by a minor rise nead 350°C
coinciding with microstructural transitions in the ZA27 mafE8]. Closedcell Cu and Al foams
exhibit declining energy absorption with temperature, but graded structures or ceramic
reinforcements mitigate this degradation to some extent.

Reinforcedcompositemetallic foamsretain superior energy absorption capacity across
elevated temperatures compared to unreinforced foams. For example, stegdinfested AlSi
foams retain high absorption up to 350°C, with only moderate losses relative to room
temperature, while unreiofced foams show sharp degradation beyond 2P G9]

Figure 2-33 andFigure 2-34 present comparative data on syntactic foams with varying

architectures and reinforcement types.
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Figure 2-33 Energy absorption of expanded perlite metallic syntactic foatd $F) and

expanded glass metallic syntactic foamNISF)[58].
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2.3.5Densification Strain

Temperature elevation reduces the densification strain of MFs due to decreased matrix
ductility and premature failure of the cell structure. In Al syntactic foams, densification strain
dropped from 0.57 to 0.52 as temperature rose from room temperab@° @, particularly in
samples with high hollow particle fractiof/7]. For Zn syntactic foams, the reduction in
densification strain was sharp between 25°C and 100°C, followed by stabilization at higher

temperatures due to recrystallization effects and dtctitittle transitiond58].
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Closedcell Cu foams showed a decline from 0.29 to 0.14 as temperature increased to
500°C, while Al foams exhibited similar behavior beyond 200°C due to cell wall rupture.
Reinforced CMFs and FFTs exhibit delayed densification under thermal exposure due to
metallurgical bonding and stiff reinforcement effg&8,59]

Figure 2-35andFigure 2-36illustrate these temperatudependent trends across foam

systems.
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Figure 2-35Plateau end strain (or densification strain) of zinc syntactic fo@dis
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Figure 2-36 Variation in densification straif an aluminum syntactic foaat different
temperaturess a function of relative density for different t/D ratifis=particle thickness and

D=diameter of particle]57].

2.3.6Failure Mechanisms and Microstructural Aspects

A complex interplay of cell wall stability, microstructural defects, filler interactions, and
thermal softening effects governs the failure mechanisms of metal foams under elevated
temperature compressiofcross both closedell and syntactic architectures, elevated

temperatures progressively modify the dominant deformation and failure modes, shifting from
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brittle fracture at low temperatures to ductile collapse and localized plastic flow at higher
temperatures.

At low temperatures, the deformation of clogsedl foams is often initiated by the
presence of microstructural defects such as intracellular cavities, thin cell walls, and local
variations in cell size and orientation. Elliptical cell morphology, frequetitserved in cast
aluminum alloy foams, contributes significantly to directional sensitivity during collapse. When
the major axis of elliptical cells aligns parallel to the applied load, higher compressive strengths
are achieved due to more stable laamsfer pathways, whereas perpendicular orientations
promote early buckling and localized failure initiati@eeFigure 2-37) [60].

With increasing temperature, a gradual transition from brittle fracture to ductile collapse
is consistently observed. In closeéll aluminum foams, deformation transitions from initial cell
wall bending and localized brittle failure at low temperatureadoe uniform plastic collapse at
elevated temperatures, as matrix softening facilitates-Ergie cell wall bending without
immediate ruptur§60,61] A similar behavior is observed in syntactic aluminum matrix foams,
where the brittle cracking of the hollow particles dominates at lower temperatures, while at
elevated temperatures, progressive crushing and matrix flow enable delayed dendifi¢ation

In zinc-based syntactic foams reinforced with SiC particles, the incorporation of ceramic
fillers introduces additional complexities into the failure mechanisms. While SiC particles
enhance cell wall strength by impeding dislocation movement, their peeaksacelevates
brittleness and local stress concentration under compressive loading. At lower temperatures,
foam failure initiates via brittle fracture along the particiatrix interface and by particle

fracture itself. As temperature increases, howawetrix softening reduces stress gradients
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around the particles, promoting a transition towards berdiimginated deformation and higher

compaction ability without catastrophic shear faili@2)].

DirectionY Direction X

Direction Z

® Circular cells ® Elliptical cells perpendicular to LD
® Elliptical cells parallel to LD Elliptical cells inclined to LD

Figure 2-37 Deformation progression @luminum metallic foamat room temperature based

on the loading directiof60].
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In Al/SiCp composite foams, increasing the SiC contesults in thicker, more stable
cell walls that resist early collaps®jen under elevated temperatures. At temperatures up to
400°C, samples containing higher SiC volume fractions exhibit delayed densification and more
uniform load redistribution as cell walls undergo progressive bending rather than abrupt fracture.
The renforcing effect of SiC particles maintains elevated plateau stresses and energy absorption
capacities at temperatures where unreinforced foams exhibit significant degrf@Htion
However, at sufficiently high temperatures, even these reinforced structures exhibit homogenized
deformation and gradual compaction, driven by matrix flow and the softening of the metallic
matrix surrounding the SiC network.

Across all systems, microstructural observations confirm that defect sites such as micro
pores, thin walls, and local variations in filler distribution serve as primary initiation sites for
localized collapse bands and early failure zones, particularggitive onset of compression
[60i 62]. These initial defects amplify under thermal softening, promoting localized yielding that
coalesces into broader collapse mechanisms governing the full deformation response at high

strains.

2.3.7Microstructural Evolution and In -Situ Deformation Monitoring

Recent advancements ingitu imaging and digital volume correlation (DVC) techniques
have enabled direct observation of microstructural evolution in metal foams at elevated
temperatures. Highesolution synchrotron Xay microtomography reveals that undeial
compression at 300°C, closedll Al foams exhibit localized pore collapse, ligament bending,
and bilinear porositystrain relationships, with critical transitions near 30% sf{ig®&h These

phenomena correspond to deformation localization and volumetric collapse in foam cores.
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Temperaturenduced changes in pore topology and morphology affect effective thermal
conductivity and load transfer pathways.

Co mp | e meQTstadreyfurther confirm mesostructwtependent behavior, where
pore elongation and anisotropic growth intensify with rising temperatures. In Al foams with
different cell geometries, the deformation mode shifts from uniform compredsioona

temperature to celvall shearing and collapse bands ati3mD°C[64].
2.3.8Composite Tube and Panel Structures at Elevated Temperatures

Metal foams are increasingly employed as cores or fillers in composite structures exposed
to heat. Axial and lateral compression tests on foifled tubes (FFTs) reveal mode transitions
from diamond to concertina deformation as temperature rises, withllqverformance superior
to empty tube$s5]. ALPORASHilled tubes exhibit lower densification stresses but enhanced
energy absorption under higémperature loading due to stabilizing friction and constraint
effects[66].

Thermal effects exacerbate anisotropy in tube structures: lateral compression induces
early buckling and localized collapse bands, while axial loading allows more distributed
deformation. These interactions are vital in aerospace and automotive energggbsbere

directionality of impact and temperature variability are both critical.
2.3.9Blue Oxide Film and Stiffening Phenomena in Steel Foams

In certain steebased foams, such as l@aNoy FeCr systems, exposure to temperatures
near 300°C leads to the formation of thin blue oxide films that increase local stiffness and
strengtl® a phenomenon known as "blue oxide stiffenif@y]. This effect temporarily
counteracts matrix softening and results in a modest increase in compressive modulus. However,

above ~400°C, further oxidation and diffusion cause embrittlemerd daedine in mechanical
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performance. This transient reinforcement mechanism is particularly important in assessing

thermal fatigue and creep resistance in CMFs used in exhaust systems or thermal shields.

2.3.10Strain Ratei Temperature Synergy

High-strainratetesting (e.g., SHPB) of aluminum foams across elevated temperatures
reveals that plateau stress can increase up to 30% compared istgtasialues, even at 300°C
[68]. This strainrate sensitivity is attributed to rapid collapse inhibition and inertia stabilization
of foam cells. However, beyond certain thermal thresholds (e.g., >400°C), matrix softening
overcomes rate hardening, reducing energy absorption efficiency.

Empirical models fitted to experimental data (paper 6.pdf) show that dynamic increase
factors (DIF) for plateau stress are HAorear with both strain rate and temperature, peaking at
intermediate thermal regimes where plasticity dominates over brittleness

These synergistic effects must be accounted for in design models of metal foams
subjected to dynamic thermadechanical loading, such as crash events durhegiry or high

speed impact under heat.

2.3.11Fatigue Behavior

The fatigue performance of metal foams under elevated temperature conditions has
received limited attention itine literature despite its critical relevance to hitgmperature
structural applications. Among the few existing studies, experimental investigations ecetipen
metal sponges composed of AlSi7Mg and brass alloys have provided valuable insight into their
cyclic behavor under both isothermal and thermomechanical condif@®is

Under isothermal cyclic loading at room temperature, stestolled fatigue tests
revealed an initial period of cyclic hardening, followed by significant cyclic softening. This

softening was predominantly associated with progressive fracture of tisérgtd) resulting in a
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gradual loss of stiffness, particularly in the tensile half of the hysteresis loops. While

compressive stiffness remained relatively stable during early cycles, it showed signs of
degradation near failure. At edrsedwstalrtentdolldde mper a
tests exhibited a rapid transition from yield strength reduction and initial hardening to extensive

cyclic softening, driven by continuous cracking and plastic deformation of the Biguise
2-38presentsstresst r ain hysteresis | oops unddrom fully r
the study[69]. The observed decrease in tensile stiffness and the asymmetry in mechanical

response highlighted the onset of temperaasssted fatigue damage mechanisms.

1,0

- number of cycles N =
0,8 - 2

0'5: 100
04-
02-
0,0 -
-0'2:
P

g 496

\

stress [MPa]

-0.6 4

-0'8_
1,0 — —

strain [%)]
Figure 2-38 Stresgstrain hysteresis loops of brass sponge subjected to fully reversed cyclic

loading (R=i1l)understraic ont rol |l ed co[®x.iti ons at 25
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Thermomechanical fatigue (TMF) conditions introduced additional complexity due to
temperaturestrain phasing. In iphase TMF loading where peak tensile strain coincides with
peak temperatuéea significant compressive mean strissgeveloped due to thermal softening
in the tensile regime. Conversely, in -@itphase TMF loading, the combination of high tensile
strain and low temperature resulted in tensile mean stresses, higher plastic strain amplitudes, and
more severe fatigue degiaion. The cumulativplastic strain and mean stress effects under
these conditions were particularly detrimental, reducing fatigue life and accelerating the
coalescence of stHgvel cracks.

Overall, the fatigue damage in metal foams at elevated temperatures is dominated by
localized strut fracture, stiffness degradation, and cyclic plasticity. The microstructural evolution
under thermal and mechanical cycling suggests that both pHasensand material ductility
play decisive roles in controlling fatigue resistance. These findings underscore the need for
advanced damage models capable of capturingstreli level degradation under coupled

thermomechanical loading environmef@s].
2.3.12Computational Extraction of Thermal Properties in Metal Foams

Metal foams exhibit complex internal structures characterized by stochastic pore
distributions and varying cell morphologies, which make analytical approaches challenging for
precisely estimatingheir thermal properties. Therefore, numerical methods have emerged as
essential tools for accuratedgsessinghe effective thermal conductivity and diffusivity of these
materials.

Finite Element Method (FEM) is extensively utilized for analyzing heat transfer within
metal foams. This approach discretizes the complex foam structure into finite elements, solving

heat conduction equations numerically. FEM analyses have revealed depesdé effective
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thermal conductivity on structural parameters, including porosity, pore size, and anisotropy. For
example, detailed FEM studies demonstrated that thermal conductivity decreases with increasing
porosity due to reduced solghase continuity and enhancedrthal radiation in higkporosity
foams[70i 73].

The Lattice Monte Carlo (LMC) method is another numerical technique particularly
suited for stochastic simulations of thermal conduction in metal foams. LMC is advantageous for
capturing random pore morphologies accurately, and its effectiveness haslxsged against
experimental data and classical analytic predictions, particularly for aluminum féémns

Computational Fluid Dynamics (CFD), combined witkra§ microtomography, has been
utilized effectively to investigate convective heat transfer phenomena within metal (&sens
Figure 2-39). CFD simulations offer detailed insights into the dependence of convective heat
transfer on structural parameters such as pore size distribution and linear porosity gradients
[75,76]

The ThreeDimensional Thermal Fin (TTF) theory represents an innovative approach for
modeling thermal conductivity in foams by conceptualizing the foam structure as a network of
interconnected thermal fins. Compared to traditional FEM, TTF significartlyces
computational complexity while maintaining accurate predictions of effective thermal
conductivity, proving particularly beneficial for heat exchanger de$ij#is

The FractaiSkeleton Model leverages fractal geometry integrated with FEM to model
heat transfer in foams with very high porogggeFigure 2-40). Notably, this method has
highlighted the increasing significance of thermal radiation in foams with smaller cell wall
thicknesses and higher porosity levels, thus emphasizing the multifaceted nature of heat transport

in these materialg’0].
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Figure 2-39 (a) Metal foam area and (b) pore area, with an inset displaying the mesh structure

of a 10. pp[76].f oam sampl e
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Menger sponge
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Figure 2-40 lllustrative diagram of fractakkeleton modelg0].

Lattice Boltzmann Method (LBM) has been successfully applied to-opkmetal
foams, offering efficient handling of complex geometries and direct simulation of conductive
heat transfer. Comparisons between LBM and FEM have shown strong agreementjragpnfirm
the robustness of LBM in predicting the thermal behavior of intricate foam strugt8tes

Geometric modeling approaches, such as cubic lattice and tetrakaidecahedres&l unit
models, provide simplified but effective representations of foam structures. These models
facilitate quick approximations of thermal conductivity based on key parani&eporosity
and specific surface area, significantly streamlining the evaluation process for practical
engineering applicatior{g9].

Numerical studies have consistently identified critical factors influencing the thermal

properties of metal foams, including porosity, relative density, cell size, pore distribution, and
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anisotropy. Particularly, anisotropic structures exhibit distinct directional dependence of thermal
conductivity, effectively captured by generalized analytical models aligned with numerical
simulationg80].

Metal foams embedded with phase change materials (PCMs) have demonstrated
significant potential in thermal energy storage and management applications, notably in battery
thermal management systefB84]. Numerical simulations have provided valuable insights into
the optimization of pore structures, porosity gradients, and void distributions to enhance
temperature uniformity and thermal storage efficiejgdy82]

In conclusion, numerical methods, including FEM, LMC, CFD, TTF, fractal modeling,
and LBM, have advanced the understanding and prediction of thermal conductivity and
diffusivity in metal foams substantially. These methods, validated against experintefitajdi
continue to serve as indispensable tools for optimizing metal foam structures for diverse thermal

management applications.

2.4 Stainless Steel at Elevated Temperatures

316L stainless steel (SS) is widely utilized in htgmperature structural environments
such as nuclear systems, aerospace components, and thermal enclosures due to its combination
of corrosion resistance, mechanical robustness, and microstructuratystibilevatee
temperature performance is governed by a series of interrelated degradation phenomena,
including matrix softening, precipitation, oxidation, and tidependent damage processes such
as creep and fatigue. These phenomena impact a wide edngechanical properties, including
yield strength (YS), ultimate tensile strength (UTS), ductility, creep life, fatigue resistance, and

deformation mechanisms.
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2.4.1Yield Strength and Tensile Strength

The strength of 316L SS deteriorates with rising temperature due to thermally activated
processes such as dynamic recovery and recrystallization. As shéiguia 2-41, both YS and

UTS exhibit a consistent decline with increasiegperatures
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Figure 2-41 Temperaturedependent variations in ultimate tensile strength and yield strength of

316LN stainless steel ¢ yield strength and Rm: ultimate tensile stren¢@3) .

Beyond 600 AC, the drop becomes more prono

nearly converge, indicating diminished strain hardening capacity and the onset of diffusion
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assisted mechanisri3]. This behavior is observed in both conventionally wrought and LEPBF
manufactured 316L, although the latter often exhibits more rapid strength degradation due to its

fine microstructure, residual stresses, and sub grain cellular str{g&Alire
2.4.2Ductility

Ductility in 316L SS exhibits a nemonotonic trend with temperature. Initially high at
ambient temperature, it decreases inthé 8000 AC range due to dynamic
where interactions between mobile dislocations and diffusing solutes|gncéabon and
nitrogen) result in serrated flow and strain localizafg$86] Scanning electron microscopy
(SEM) analyses reveal mixadode fracture surfaces with localized shear and ductile dimples in
this rangefigure2-42) . Beyond 800 AC, ductility increase
recrystallization and grain boundary migration, which accommodate strain more uniformly

(Figure 2-43) [83].



Figure 2-42 SEM fracture surface images displaying a predominant mixed fracture mode at
intermediate temperatures, characterized by shear features and ductile dimples. The specimens
were tested at (a) 623. K (350. AC), 60b) A6y 3. K

and (e) 973. K (700. AC) “g'fBfler a strain

r



Figure 2-43SEM i mages of tensile fracture surfaces

and (b)s3so00. AC

2.4.3Creep Resistance

Creep in 316L is strongly dependent on microstructural fadtakidinggrain size,
grain boundary character, and precipitate distribution. Conventionally wrought material exhibits
relatively longer creep life due to stable grain structures, while LPBF variants display reduced
creep life due to fine grains, residual streekii, and higher boundary area susceptible to void
formation[84]. Creep failure often initiates along grain boundaries populated with precipitates,
particularly Mb3Ce carbides, which weaken cohesion and promote intergranular fracture. The
accelerated creep degradation in LPBF material is primarily due to limited resistance to cavity

nucleation and faster creep strain accumulation in the secondary&thge

2.4.4Fatigue Performance

Fatigue resistance of 316L SS under Higimperature loading is degraded by DSA,
oxidation, and creefatigue interaction (CFI). DSA contributes to elevated cyclic stress but
accelerates crack initiation due to embrittled slip bd&dk At elevated temperatures, oxidation
at the surface and grain boundaries promotes intergranular crack propagation, especially during

hold periods. When creep and fatigue act simultaneously, surface roughenmgaraoid
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coalescence are accelerated, significantly reducing fatigy8&feNotably, DSAinduced
hardening treatments have shown promise in delaying damage accumulation under cyclic

loading by reducing cyclic softening and increasing fatigue crack initiatiof8fie
2.4.5Microstructural Evolution

The microstructural evolution of 316L SS under elevated temperature directly governs its
thermomechanical response
. Grain Growth. Gr ai n coarsening is |imited bel o\
significant beyond 80 0suldg@inmtatien, whith r ecr y s
reduce strength by lowering boundary hardening effg&3$.

Il.  Carbide Precipitation: M23Cs carbides precipitate along grain boundaries
predominantly between500 00 AC. These can temporaril
material but ultimately embrittle the grain boundaries, serving as crack initiation
sites during creep or fatigseeFigure2-44) [90].

lll.  Phase Instability: At extended exposures to O750 A
intermetallic G, 6, and d phasfiestedhas be
zones. These phases degrade fracture toughness and elongation by introducing
hard, brittle inclusion§0].

IV.  Oxidation: At prolonged hightemperature exposures, oxidation penetrates grain
boundaries, causing void formation, carbide oxidation, and intergranular
decohesion. These effects exacerbate embrittlement and fatigue crack gemvth (

Figure2-45) [87].



Figure2-44SEM i mages of fractured samples tested a
TEM images along with selected area diffraction patterns (SADP) for the specimen tested at

75 0.J9¢.C
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Figure 2-45 (a) Surface slip bands with oxidation and (b) oxidatieduced intergranular

cracking observed during 9@inute tension dwell tests on 316L(N) stainless §£3&¢l
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2.4.6Dynamic Strain Aging

DSA is prominent between356 0 0 AC, char act er iPorediildiy ser r
Chateliereffect), ductility minima, and strain rate sensitivity transitions. It arises tinem
pinning of dislocations by diffusing solutes like C and N. As showkignre 2-46, distinct
serration types (A, B, C) emerge based on the strain rate, affecting both monotonic and cyclic
behavior[85,90] DSA delays dislocation recovery and enhances localized deformation,
facilitating fatigue crack nucleation. Transmission electron microscopy (TEM) studies reveal a

transition from planar dislocation arrays at low temperatures to dislocation cell formadion a

subgrainst ructures above 700 AC, indichRBguieng dynam
2-47) [90].
a) Type 316L(N) SS b) Type 316L(N) SS
€-3.16x10°s™ 523 K €-3.16x10*s"

Load
Load

Elongation Elongation

Figure 2-46 Portions of loadelongation curves illustrating various serration patterns in

316L(N) stainless steel at strairn85r ates of
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Figure 2-47 Bright-field TEM images showing dislocation structures near the fracture zones of

samples tested at (a) 20. AC[90].(b) 350. AC,

2.4.7High-Temperature Degradation Pathways

The degradation of 316L SS in service is often the result of concurrent and synergistic
effects:
I.  Creep-fatigue interaction (CFI): Under cyclic thermal and mechanical loading,
accelerated crack growth and premature failure are frequently observed.
ll.  Oxidation-assisted damage At O650 AC, oxidation at
premature failure through crack tip blunting and intergranular cracking.
lll.  Residual stress effects in AM alloysLPBF 316L is especially prone to early

damage due to high residual stress and rapid microstructural instg3si|8g]
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2.4.8Modeling and Thermomechanical Testing

The thermomechanical response of 316L has been modeled using constitutive
formulations such as the modified Zefilirmstrong model, which accounts for temperature,
strain rate, and microstructural softening. These models are calibrated using hotcdieesle,
and stresselaxation experiments and successfully capture flow behavior over a broad range of
service condition§d4]. Validation studies on both conventional and LP@Bricated 316L
highlight the role of processing route and resultant microstructure in defining strength, ductility,

and thermal stability.
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CHAPTER 3: MATERIALS AND FABRICATION

3.1 Raw Materials

The fabrication of the stdedteel composite metal foaf8-S CMF panels employed two
primary raw materials: hollow stainlesteel spheres to generate the foam structure, and 316L
stainless steel powder to serve as the solid matrix phase. Both constituents were selected for their
mechanical integrity at elevated temgeres and compatibility with the powder metallurgy
(PM) fabrication method.

The hollow steel spheres were manufactured by Hollomet GmbH (Dresden, Germany)
via a proprietary powder metallurgy techniq@#]. The spheres had a nominal outer diameter of
2.0 mm, an average wall thickness of 100 Om,
8%, ensuring structural uniformity across the foam voluifiee chemical composition of the
spheres was consistent wBh6L stainless steadxcept forits higher carbon content,
appr oxi ma twecarponRgured 31 shewstheimageof 2 mm st ainl ess st
spheres employed in the fabrication e8&MF.

The matrix material was a gasomized 316L stainless steel powder, supplied by North
American H°gan@s High Alloys LLC. The powder
size distribution of approximatelyi132% mekdbaw

The chemical composition of the hollow spheres and the matrix powder has been

summarized iMable 3-1.
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Figure 3-1 Digital image of2-mm stainless steel hollow sphetleat wereutilized in the

fabrication of SSCMF.
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Table 3-1 Chemical composition (wt.%) of 2 mm stainless steel hollow spheres and 316L

stainless steel powder

Material C Mn Si Cr Ni Mo Fe
2 mm Hollow SS
0.68] 0.13| 0.82 16.11 11.53 2.34 Balance
Spheres
16.0G 10.0G6 2.00
316L SS Powder 0.03] 2.00]| 1.00 Balance
18.00 14.00 3.00

3.2 Fabrication of S-S CMF Panels

The SS CMF panels were produced using a powder metallurgy approach, following a
fabrication protocol established in prior studiesl patentfl0,11,92] A custom 304 stainless
steel mold was fabricated with internal dimensions of 1 i® in. x 2 in. (30.5 cmx 30.5 cmx
5.1 cm), allowing the production of largeale composite foam panels suitable for subsequent
sectioning and testin@eforeuse, the mold cavity was cleaned and coated with a boron nitride
mold release to prevent adhesion during sintering.

To initiate the fabrication, the hollow spheres were introduced into the mold and
subjected to vibration packing to achieve a derselom loose configuration with a typical
packing density of ~59%. Vibration was carried out using a shaker system operatie?l @t 154 z
for 30 minutes. Once the spheres were packed, the 316L stainless steel powder was added
incrementally, with further vitation applied to ensure full infiltration of the powder into the
interstitial spaces between spheres.

Following packing, the mold was sealed and transferred to a vacuum hot press. Although

no external pressure was applied during sintering, the cap of the mold was held in place by the
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hydraulic ram, and thermal expansion of the spheres provided internal compaction pressure on
the powder matrix.
A duplex sintering cycle was applied to optimize irgarticle bonding and mechanical
performance of the composite. The cycle consisted of the following steps:
. Heating a't ol ®5MC A@i, n fninltésoaked by a 30
. Further heatlitmg 12t0 01 A @iGewdak m a 45
. Cool i ng a'tbacktd amhiént temperature
The first soak step at 850 AC promoted oXi
hight emper ature soak at 1200 AC enhanced densif
After completion of the sintering cycle, the furnace was allowed to cool naturally under
vacuum to avoid oxidation. Once t hrelecasegardt em c o

the mold was removed.

3.3 SpecimenExtraction

3.3.1Compression Specimen

Following the successful sintering of the-SSIF panels, individual specimens were
sectioned from the bulk panels for subsequent mechanical and thermal testimgpanel was
machined using precision cutting techniques to extract samples of uniform geometry and internal
structure.

Sectioningwas performed using a Buehler Isomet 4000 linear precision saw equipped
with a diamond wafering blade, which enabled sectioning with minimal mechanical vibration
and thermal distortion. The nominal dimensions of the cuboidal test specimensiweréd in.
x1.5in (25.4mm x25.4mm x38.1 mn). These dimensions were selected to ensure that each

spatial direction contained at least ten hollow spheres, which is critical to minimize boundary
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effects and ensure that the mechanical response reflects bulk b¢b&@8} A representative

specimercan be seen iRigure 3-2.

Figure 3-2 Image of S&CMF cuboidal specimen sectioned from ari2x12in. x 2 in. panel

[94].

The overall nominal density of the cuboidal compression specimens, calculated from
mass and volume, was approximately 3@, corresponding to a roctemperature porosity

of approximately 59.7% + 0.8%. This value is consistent with the target packing density of the
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hollow spheres (~59%11] and confirms minimal deformation or collapse during the sintering

process.
3.3.2Microstructural Specimen

In addition to mechanical testing specimens, thin sectionsSO)C®IF were extracted
from the fabricated panels for microstructural characterization. Two types of samples were
prepared depending on the imaging condition: room temperature (RT) SEM imadimgs#u
high-temperature SEM imaging.

For RT SEM analysis, slices were sectioned parallel to the face ofSHeNsF cuboidal
specimens used for compression testing. This orientation allowed direct correlation between
mechanical deformation and microstructural features observed on the saiadepkpee. The
slices were cut using a diamond wafering blade to minimize mechanical damage and maintain
surface integrity.

For insitu SEM analysis at elevated temperatures, Xthaok rectangular slices of CMF
were cut directly from the sintered panels. The typical dimensions of these samples were 20 mm
x 5 mmx 1 mm, suitable for mounting onto thesitu heating stage within the SE8eeFigure
3-3). This thickness provided sufficient mechanical stability while enabling uniform thermal
conduction and allowing clear observation of surface microstructural features under high

resolution SEM.

Figure 3-3 S-S CMF sample for usitu microstructural analysis.
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CHAPTER 4: EXPERIMENTAL AND

COMPUTATIONAL METHODS

4.1 Mechanical Characterization

4.1.1High-Temperature Compression Test System Design

To evaluate the mechanical performance of steél composite metal foami(& CMF)
at elevated temperatures, a custom fieghperature compression test system was developed.

The system was designed to functi ongtheat t emper
mechanical and thermal integrity of the universal testing machine (UTM). All experiments were
conductedusingasenloy dr aul ic MTS 810 UTM equipped with
supported both quastatic and cyclic loading protocols.

A primary design constraint was the 65 AC
load frame and internal electronics. Direct heat conduction from the heated specimen to the grips
could risk damaging the load celliotroducingthermal drift, thereby compromising force
measurements. Moreover, conventional metallic compression platens were unsuitable for high
temperature testing, as most metals tend to soften or deform at elevated temperatures, potentially
resulting in uneven lahtransfer or test failex.

To overcome these limitations, higlirity alumina ceramic was selected for use as
compression platens. Alumina offers excellent compressive strength at high temperatures, low
thermal expansion, and dimensional stability. However, its brittleness podkethgbs for

mechanical interfacing. Direct gripping using serrated UTM jaws was avoided due to the risk of

fracture from localized stress concentrations.
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Each ceramic platen was therefore shifitted into a counterbored 310 stainless steel
rod, which served as a mechanical adapter. 310 stainless steel was selected fer its high
temperature strength and oxidation resistance. To assemble the hybrid stet@inless steel
rods were heated to approximately 550 AC in
into the counterbores. Upon cooling, the stainless steel contracted around the alumina, forming a
tight, concentric mechanical bond.

Finite element simulations were conducted using ANSYS Mechanical and Thermal to
evaluate the mechanical performance of the hybrid platen design. Simulations examined axial
deformation, von Mises stress distribution, and buckling resistance under the masxpected
compressive loads. Conservative assumptions were made by applyinteroperature
mechanical properties to introduce an inherent safety margin.

Figure 4-1 presents the simulated deformation field and equivalent von Mises stress
distribution in the ceramienetal assembly under peak loading. A separate eigerbakesl

buckling analysis confirmed the absence of lateral instability, as shawigure 4-2.
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Figure 4-1 Simulated results of the hybrid compression platen: (a) axial deformation and (b) von

Mises stress distribution under peak compressive load (evaluated at room temperature)
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Figure 4-2 Eigenvalue buckling analysis of the hybrid compression system showing acceptable

load multipliers and no risk of instability
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Following validation of the design, the components were fabricated:pligty alumina
ceramic rods were sourced from Stanford Advanced Materials. The measured material properties
are provided inrable 4-1.
Table4-1 Material properties of the alumina ceramic rods used in the compression platens (data

provided by Stanford Advanced Materials).

Property Magnitude
Density 3.8gcm3
Hardness 9.0 (Mohs scale

FIl exur al str{( 340.0 MPa

Compressive s 2210.0 MPa

CTE frotwm8028 7.6x106 -1 (

Stainless steel rods were machined with precision counterbores to match the outer
diameter of the ceramic rods. The sh#fitking process was performed as described, and each
assembly was allowed to air cool, ensuring uniform radial contraction and nwdhacking.

An image of one of the trial assemblies using a spare alumina rod is shBigare 4-3.
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Figure 4-3 Trial setup showing an alumina ceramic platen shifittied into a counterbored 310

stainless steel rad

To thermally isolate the UTM grips from the heated test zone, a copper cooling coil was
wrapped around the exposed portion of the stainless steel rod extending outside the furnace. Tap
water was circulated through the coil to actively remove heat andaimasatfe temperatures
near the load frame.

A custom furnace was designed and fabricated in collaboration with Mellen Company,
tailored to the geometric and thermal constraints of the test setup. Key design features:included

l.  Vertical passthrough portdo accommodate the cerarngetal platen assembdie
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II.  Internal hot zondimensions matched to the length of the ceramic, rods
lll.  Argon gas compatibility for oxidation control
IV. Integrated feedthroughs for thermocouples and gas lines
Iterative design consultations were held with Mellen to finalize the configuration. The
resulting engineering drawing and fabricated system are shokigure 4-4 andFigure 4-5,

respectively.

4X (.36 THRY|

‘ 1300 {
!—- 1438

Figure 4-4 Final engineering drawing of the custom hitggmperature furnace developed with

Mellen Company (units: inches)

The temperature was monitored usindgyikie thermocouples placed near the specimen.
The furnace featured a Pitased controller capable of executing precise ranghold thermal
profiles.Beforetesting, a burnout sequence was performed to eliminate moisture and
contaminants. Multiple dryun cycles were conducted to confirm temperature uniformity across
the hot zone.

A swing-arm support structure was fabricated at the Construction Facilities Laboratory at
NCSU to enable precise furnace alignment. This assembly allowed translation and rotation in all

three principal directions, ensuring accurate positioning relatitreetoompression axis.
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Figure 4-5 Image of the fabricated furnace used for higmperature compression testing of S

S CMF specimens

To prevent oxidation during higlemperature testing, the furnace chamber was
continuously flooded with higpurity argon gas, introduced from the top to displace ambient air
downward. The argon stream was routed through the same copper coil used gy, @tloliving
it to preheabefore entering the furnace. This reduced thermal gradients and minimized the risk
of thermal shock.

An illustrationof the top compression platen with the cooling and argon purging
assembly is shown iRigure 4-6 .(Note: the ceramic rod is not visible as it would be positioned

inside the furnace during operatipn




















































































































































































































































































