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ABSTRACT 

ROLE OF STRUCTURAL HIERARCHY IN MULTISCALE MATERIAL SYSTEMS 

Siavash Sattar 

Old Dominion University, 2022 

Director: Dr. Oleksandr G. Kravchenko 

 

Multiscale material systems derive their effective mechanical properties through a 

hierarchical organization of their structural elements and components. The hierarchy of a material 

is related to its effective properties, material processing, and composition. The hierarchy can be 

defined as an identifiable structural component with a specific size scale, such as the individual 

fibers collimated into platelets arranged randomly and producing a complex composite system or 

the lamellar structure in freeze-casted ceramic with the variation of in-plane orientation. In this 

study, the role of the structural hierarchy on the effective mechanical response and failure behavior 

of three complex material systems was studied, (i) long discontinuous glass fiber reinforced Nylon 

composite, (ii) prepreg platelet molded composite (PPMC), and (iii) freeze-casted porous alumina 

ceramic. Progressive failure analysis (PFA) was used to study the damage propagation up to 

ultimate failure. The developed computational models provided an understanding of how the 

material's morphology defines the variability of effective mechanical properties (modulus and 

strength) and the failure behavior.



iii 

 

 

 

 

 

 

 

 

Copyright, 2022, by Siavash Sattar, All Rights Reserved. 

 



iv 

 

To: 

My father, Mohammadjavad 

In loving memory 

  



v 

 

ACKNOWLEDGMENTS 

        I would like to thank my academic advisor, Dr. Oleksandr G. Kravchenko, for the opportunity 

to work on several research projects, for his guidance and support in all stages of my career at Old 

Dominion University, and for his vision and attitude that shaped my critical thinking and guided 

me to become a better researcher. I am thankful to my committee members, Dr. Gene Hou, Dr. 

Miltos Kotinis, Dr. Vukica Jovanovic, and Dr. Diego Pedrazzoli, for being on my panel, their 

support, and their helpful comments on my research. A special thanks to Dr. Sergey Kravchenko 

for the knowledge and expertise he shared with me, insightful discussions, and valuable comments 

on my work. My sincere thanks to our industrial partner, Johns Manville Co., specifically their 

R&D team that supported a part of the present research work. I wanted to thank all staff, 

colleagues, and friends, specifically in the Mechanical and Aerospace Engineering Department at 

Old Dominion University, that supported and helped me during my academic career. Finally, my 

deepest gratitude to my mother, Badry, and my brother, Siamak, for their constant support during 

my life and work. 

 

 

 

  



vi 

 

TABLE OF CONTENTS 

               Page 

LIST OF TABLES ......................................................................................................................... xi 

LIST OF FIGURES ....................................................................................................................... xi 

Chapter 

1 INTRODUCTION ....................................................................................................................... 1 

1.1 LONG DISCONTINUOUS FIBER REINFORCED COMPOSITES ............................. 2 

1.2 FREEZE-CASTED ALUMINA CERAMIC ................................................................... 8 

1.3 SCOPE OF WORK ........................................................................................................ 12 

2 COMPUTATIONAL MODELING ........................................................................................... 18 

2.1 MODELING PROCEDURE FOR PROGRESSIVE FAILURE ANALYSIS OF 

ORGANOSHEET ..................................................................................................................... 18 

2.2 MODELING PROCEDURE FOR PROGRESSIVE FAILURE ANALYSIS OF    

PPMC ........................................................................................................................................ 26 

2.3 MULTISCALE MODELING OF FREEZE CASTED CERAMIC ............................... 33 

3 EXPERIMENTAL PROCEDURE AND METHOD ................................................................ 40 

3.1 EXPERIMENTAL CHARACTERIZATION OF ORGANOSHEET ........................... 40 

3.2 EXPERIMENTAL CHARACTERIZATION AND METHOD FOR PPMC ............... 49 

3.3 PROCESSING AND EXPERIMENTAL PROCEDURE FOR FREEZE CASTED 

CERAMIC ................................................................................................................................ 52 

 



vii 

 

    Page 

4 MATERIAL CHARACTERIZATION OF ORGANOSHEET ................................................. 57 

4.1 DSC THERMAL ANALYSIS ....................................................................................... 57 

4.2 MECHANICAL BEHAVIOR OF PA6 ......................................................................... 58 

4.3 CHARACTERIZATION OF BUNDLE MESOSTRUCTURE AND EFFECTIVE 

MECHANICAL PROPERTIES ............................................................................................... 61 

5 EFFECT OF THE FIBER BUNDLE ORIENTATION AND SPECIMEN SIZE ON THE 

MECHANICAL BEHAVIOR OF LDFC ..................................................................................... 65 

5.1 COMPARISON OF EXPERIMENTAL AND NUMERICAL MODELING 

PREDICTION ........................................................................................................................... 65 

5.2 ANALYSIS OF DAMAGE STATES IN ORGANOSHEET UNDER TENSILE AND 

THREE-POINT LOADING ..................................................................................................... 68 

6 EFFECT OF NOTCH SENSITIVITY IN LDFC ...................................................................... 75 

6.1 COMPARISON OF EXPERIMENT AND MODELING PREDICTION .................... 75 

6.2 ANALYSIS OF DAMAGE BEHAVIOR IN OHT LDFC USING EXPERIMENTAL 

AND VIRTUAL TEST     RESULTS ...................................................................................... 76 

6.3 EVALUATION OF OHT STRENGTH USING ANALYTICAL STRESS BASED 

MODELS .................................................................................................................................. 85 

7 EFFECT OF MOLD FLOW ON THE MECHANICAL PROPERTIES OF LDFC ................. 87 

 

 



viii 

 

    Page 

8 EFFECT OF PLATELET SIZE ON FLEXURAL BEHAVIOR OF LDFC ............................. 93 

8.1 COMPARISON OF EXPERIMENTAL AND MODELING PREDICTION ............... 93 

8.2 ANALYSIS OF DAMAGE STATES IN PPMC ........................................................... 96 

8.3 CHARACTERIZATION OF LOCAL PLATELET ORIENTATION AND  

STIFFNESS .............................................................................................................................. 99 

9 ROLE OF THE MORPHOLOGY IN FREEZE-CASTED CERAMIC ON THE 

COMPRESSIVE BEHAVIOR ................................................................................................... 103 

9.1 EFFECT OF OFF-AXIS COMPRESSIVE LOADING ON THE MECHANICAL 

PROPERTIES ......................................................................................................................... 103 

9.2 EFFECTIVE STRESS-STRAIN CURVES FROM MICROMECHANICAL 

ANALYSIS ............................................................................................................................. 106 

9.3 OFF-AXIS MODULUS AND STRENGTH PREDICTION WITH EFFECTIVE 

MISALIGNMENT ANGLE ................................................................................................... 108 

9.4 ROLL OF LOCAL ORIENTATION OF THE LAMELLAR STRUCTURE ON THE 

MECHANICAL PROPERTIES AND THE FAILURE BEHAVIOR ................................... 112 

10 CONCLUSION ...................................................................................................................... 119 

11 FUTURE WORK ................................................................................................................... 122 

REFERENCES ........................................................................................................................... 123 

    

 



ix 

 

 Page 

APPENDICES ............................................................................................................................ 130 

A. ANALYTICAL MODEL FOR STRENGTH PREDICTION ........................................... 130 

B. MATERIAL CONSTANTS OF IM7/88552 UNIDIRECTIONAL CARBON-EPOXY 

PREPREG ............................................................................................................................... 133 

VITA ........................................................................................................................................... 134 

  



x 

 

LIST OF TABLES 

Table                Page 

1 Matrial properties ....................................................................................................................... 35 

2 Mechanical properties of organosheet ....................................................................................... 45 

3 Material’s constants used for finite element modeling of neat PA6 and matrix pockets in 

organosheet ............................................................................................................................. 60 

4 Measured micro- and mesostructural characteristics of organosheet ........................................ 63 

5 Homogenized stiffness and strength properties for bundles ...................................................... 64 

6 Stress concentration factor for the finite and the infinite plate of organosheet ......................... 86 

7 Average unnotched and corrected-notched strength data and the corresponding parameter λ .. 86 

 

  



xi 

 

LIST OF FIGURES 

Figure                Page 

1 Organosheet before (a) and after (b) compression molding process; cross-section micrograph of 

an organosheet .......................................................................................................................... 4 

2 Prepreg platelet molded composite (PPMC) system ................................................................... 6 

3 (a) Schematic of ice-template ceramic foam, showing principal composite directions (b) 

Micrographs showing agglomerations of parallel lamellar walls; s and t represent wall 

thickness and wall spacing, respectively ................................................................................ 10 

4 (a) Generated organosheet morphology (b) Overlapping and orientation a few bundles in 

voxelized representation (c) Stress components on a voxel (d) Deformed state for 3-point 

bending analysis (e) RVE of organosheet for tensile virtual testing ...................................... 21 

5 Generated organosheet morphology with 2mm hole diameter .................................................. 22 

6 (a) A virtual coupon with prepreg platelet mesostructure (b) Schematic of the overlapping of 

the platelets with cohesive element (c) fiber direction vectors in the global coordinate system 

(d) stress components on a platelet and cohesive element (e) Deformed state of 3-point 

bending model ......................................................................................................................... 28 

7 Virtual PPMC specimens cut from a plaque .............................................................................. 29 

8 Considered layers within a virtual PPMC specimen.................................................................. 32 

9 (a) Developed micromechanical model based on honeycomb structural analogy; s and t 

represent thickness of the walls and distance between them, respectively (b) Developed RVE 

for micromechanical analysis 12º off-axis angle .................................................................... 37 

 

 



xii 

 

Page 

10 (a) Schematic of orientations for a fiber (b) elliptical cross-section of fiber (c) fiber diameter 

distribution within a selected bundle (d) An example of ellipse fitting on the identified bundle

................................................................................................................................................. 43 

11 DIC image for tensile test (a) and three-point bending with 70 mm span (b) ......................... 47 

12 Notched tensile coupons on tensile test set-up ........................................................................ 48 

13 (a) Center charge of mold (b) Schematic of partial mold coverage ......................................... 49 

14 Three-point bending setup for a PPMC sample with 90 mm span .......................................... 52 

15 (a) Schematic of ice-template ceramic foam, showing principal composite directions (b) 

Micrographs showing agglomerations of parallel lamellar walls; s and t represent wall 

thickness and wall spacing, respectively ................................................................................ 55 

16 (a) Schematic of compression off-axis loading at an angle θ between the loading direction and 

the direction of crystal growth (the foam principal “1”-direction) (b) experimental set-up for 

compression test ...................................................................................................................... 56 

17 DSC melting behavior for pure PA6 and organosheet............................................................. 58 

18 (a) DIC image for PA6 tensile testing at maximum stress (b) Equivalent plastic strain and (c) 

damage variable in PA6 tensile modeling at maximum stress (d) True stress strain curve of 

PA6 tensile test compared with modeling .............................................................................. 60 

19 (a) Cropped binary image of the identified bundle (b) Distribution of fiber orientations in a 

selected bundle (c) Distribution of bundle orientations (d) A schematic of ellipse fitting on a 

bundle (e) Distribution of the bundle major diagonals (f) Distribution of the bundle minor 

diagonals ................................................................................................................................. 62 

 



xiii 

 

Page 

20 (a) Tensile stress strain behavior of the experiment and RVE modeling (b) Flexural stress 

strain behavior of the experiment and modeling with 50mm span, and (c) 30mm span ........ 66 

21 Comparison of experiment and modeling results of (a) tensile modulus and (b) tensile strength 

(c) flexural modulus and (d) flexural strength ........................................................................ 68 

22 Characteristics of the fractured organosheet under three-point loading .................................. 69 

23 Cumulative frequency of the damage variable in the fiber direction in three-point bending at 

DPZ and (b) RVE tensile simulations (c) Pattern of the damage variable in three-point 

bending at DPZ and (d) RVE tensile simulations ................................................................... 71 

24 (a) Cumulative frequency of the damage variable transverse to the fiber direction in three-

point bending at DPZ and (b) RVE tensile simulations (c) Pattern of the damage variable in 

three-point bending at DPZ and (d) RVE tensile simulations ................................................ 71 

25 (a) Cumulative frequency of the damage variable through the thickness in three-point bending 

at DPZ and (b) RVE tensile simulations (c) Pattern of the damage variable in three-point 

bending at DPZ and (d) RVE simulations .............................................................................. 72 

26 (a) Cumulative frequency of the damage variable in PA6 pockets in three-point bending at 

DPZ and (b) RVE tensile simulations (c) Pattern of the damage variable in three-point 

bending at DPZ and (d) RVE tensile simulations ................................................................... 73 

27 (a) Cumulative frequency of the plastic strain in PA6 pockets in three-point bending at DPZ 

and (b) RVE tensile simulations (c) Pattern of the plastic strain distribution in three-point 

bending at DPZ and (d) RVE tensile simulations ................................................................... 74 

28 (a) Notched tensile stress strain behavior of the experiments and simulations (b) Comparison 

of notched strength measured from experiments and simulations .......................................... 76 



xiv 

 

Page 

29 Failed tensile notched coupons ................................................................................................ 78 

30 (a) Pattern of the damage variables in OHT simulations (b) Strain distribution pattern of the 

notched coupons at failure ...................................................................................................... 79 

31 (a) Strain distribution and (b) strain plot along the hole circumference at elastic region for 

OHT testing ............................................................................................................................. 80 

32 (a) Strain distribution and (b) strain plot along the hole circumference at elastic region for 

OHT testing ............................................................................................................................. 81 

33 Cumulative frequency of the damage variable (a) in the fiber direction (b) transverse to the 

fiber direction (c) through the thickness, and (d) in PA6 pockets in OHT simulations ......... 83 

34 Fraction of the damaged elements at failure ............................................................................ 83 

35 (a) Distribution of the plastic strain in OHT simulations (b) Cumulative frequency of the 

plastic strain in PA6 pockets OHT simulations ...................................................................... 84 

36 Fraction of the damaged elements with respect to the strain in 2mm (a) and 6mm (b) OHT 

simulation ................................................................................................................................ 84 

37 (a) Determination of the parameters m and C (b) MPS and PSC models calibrated through 

simulation and experimental results compared to the OHT strengths .................................... 87 

38 (a) Image analysis for fiber bundle orientation state (b) flow effect on fiber alignment ......... 88 

39 (a) Cross-section micrograph of organosheet and (b) Molded organosheet (40% coverage) (c) 

failed specimen ....................................................................................................................... 89 

40 (a) Image analysis to measure bundle thickness (b) Mold flow effect on bundle thickness ... 91 

41 Comparison of tensile modulus and strength of organosheet processed through full and partial 

mold coverage ......................................................................................................................... 92 



xv 

 

Page 

42 Flexural stress strain behavior of the experiment and modeling of the PPMCs with (a) 1” (b) 

½”, and (c) ¼” prepreg platelet length .................................................................................... 93 

43 Variability of effective flexural modulus and strength in a stochastic PPMC made of (a) 1”, 

(b) ½”, and (c) ¼” platelet length in simulations and experiments ........................................ 96 

44 (a) DIC image of PPMC three point bending test at maximum stress (b) Identified DPZ (c) 

Distribution of the damage variables in three-point bending simulations of PPMCs with 1”, 

½”, and ¼” prepreg platelet length ......................................................................................... 97 

45 (a) Cumulative frequency of the damage variables at DPZ in three-point bending simulations 

of PPMCs (b) Variability of a11 of virtual PPMC coupons with respect to the predicted 

strength .................................................................................................................................... 99 

46 (a) Cross-section micrographs of PPMCs (b) distribution of the through thickness a11 within 

the virtual coupons with prescribed platelet length (c) a11distribution through the thickness 

along the A-A line ................................................................................................................. 100 

47 Variation of a11 and B11  and the distribution of matrix damage variable within the virtual 

PPMC specimens at DPZ ...................................................................................................... 102 

48 (a) DIC images for 0° loading at 0.7% strain (b) DIC image for 0° loading at failure 

propagation (c) DIC images for 15° loading at 0.4% strain (d) DIC image for 15° loading at 

failure propagation (e) DIC images for 15° loading at 0.2% strain (f) DIC image .............. 105 

49 Stress strain curve for 0º, 15º and 90º compressive loading tests .......................................... 106 

50 Effective compressive strength response of ice-templated alumina computed for RVE analysis 

under different off-axes loading ............................................................................................ 107 

 



xvi 

 

Page 

51 Stress strain curve for 0º and 5º off-axis compressive loading analysis used 250 MPa 

compressive strength of material, and for the longitudinal off-axis compressive loading test 

a-1) RVE elastic state for 0° compressive loading a-2) a-2) RVE elastic state for 55° off-axis 

compressive loading a-3) RVE deformed state for 0° off-axis compressive loading a-4) RVE  

deformed state for 5° off-axis compressive loading ............................................................. 108 

52 Effective compressive modulus of ice-templated alumina computed for RVE analysis, 

orthotropic model and experiment with respect to the off-axis angle .................................. 110 

53 Compressive strength of ice-templated alumina computed from RVE analysis and 

compression experiments considering effective off-axis angle ............................................ 112 

54 Distribution of local orientation of the lamellar structure ..................................................... 113 

55 Comparison between stress strain curve for 0º, 15º and 90 º compressive loading of 

homogenized model and experiments ................................................................................... 114 

56 Compressive modulus and strength calculated from the homogenized model and measured 

from the experiments ............................................................................................................ 114 

57 (a) Pattern of the damage variables in homogenized model (b) failed specimens under off-axis 

compressive loading.............................................................................................................. 115 

58 Strain distribution and on the surface of the sample at elastic region for (a) in-situ and (b) 

virtual testing ........................................................................................................................ 116 

59 Strain distribution and on the surface of the sample at failure region for (a) in-situ and (b) 

virtual testing ........................................................................................................................ 117 

60 Fraction of damaged elements in (a) longitudinal and (b) transverse direction with respect to 

the strain in simulation .......................................................................................................... 118



1 

 

1 INTRODUCTION 

Hierarchy, as a Greek word, means the rule of a high priest and describes the ranking of 

items-and organizational principles in nature. The word “hierarchy” was not related to the material 

system historically, but many materials system derives their functions using the hierarchy of the 

structural elements [1], [2]. Advanced material such as composites has a complex system with a 

network of components organized in a regular or random orientation, permitting the development 

of emergent behavior at macroscopic scales. The material properties depend on the material 

structure, which in turn depends on the manufacturing process. Material scientists are looking to 

understand how the processing history of the material affects the structure and, as a result, the 

material response. Understanding the manufacturing structure-property relationship is essential to 

predict the effective mechanical response and failure behavior of the material. The constituent 

material elements, their orientation, the interaction between different structural levels, and the 

processing history are the major determinants of the material structure and its effective properties. 

A structural level can be defined as the identifiable structural components with a specific size 

scale. e.g., the platelets constituted of the collimated fibers can be stacked in a regular or stochastic 

orientation and form long discontinuous fiber reinforced composites (LDFCs) [3]. Freeze-casted 

ceramic contains highly aligned lamellar walls with varying in-plane orientations[4], [5]. In this 

chapter, two types of multiscale material systems are introduced: (i) LDFCs and (ii) freeze-casted 

porous ceramic. The processing of the material and the internal structure on micro and mesoscale 

were presented. Finally, the scope of the work on understanding the processing structure-property 

relationships of the considered materials is explained. 
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1.1 Long discontinuous fiber reinforced composites 

Discontinuous fiber reinforced composites are becoming common among the aerospace and 

automotive industry, particularly for complex geometries, produced by compression molding, due 

to improved formability of the material [6]. High production rates with low cost are significant 

advantages of short and long discontinuous fiber reinforced composites when compared with 

continuous fiber composites. The mechanical properties of discontinuous fiber composites 

strongly depend on the material mesostructure such as fiber length, arrangement and orientation 

[7]. Short discontinuous fiber composites typically do not provide sufficient reinforcement for 

structural applications. The use of short fiber systems (fiber length below 100-200 µm) results in 

relatively low level of stiffness and strength in composites due to the limited fiber-volume fraction, 

in the range of 10–30%, and flow induced anisotropic properties [8]. Therefore, long fiber 

thermoset and thermoplastic composites (fiber length in the range of 5-30 mm) can be used to 

provide the required mechanical properties for structural applications, while allowing for increased 

formability. Compression molding is a high-volume manufacturing process, suitable for long 

discontinuous fibers dispersed in a matrix. The matrix can be either a thermoset or thermoplastic 

resin in the form of prepreg platelet molding compound (PPMC), sheet molding compound (SMC) 

or bulk molding compound (BMC) [9]. The present study considered two LDFC materials: (i) a 

novel long discontinuous glass fiber reinforced nylon composite called organosheet (ii) Prepreg 

platelet molding compound (PPMC). The organosheet was produced in a continuous process 

through the impregnation of glass fiber reinforcement consisting of 1” long fibers with low 

viscosity caprolactam monomer, followed by the in situ anionic polymerization of caprolactam to 

form the thermoplastic PA-6 matrix [10]. The organosheet can allow pseudo-random 2D or 

preferred orientation of long discontinuous fibers, while preserving a uniform fiber length (1”). 

This material system and manufacturing process allow for high fiber loading providing structural 
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grade mechanical properties, while offering ease of production of complex geometries [10]. The 

low viscosity of caprolactam leads to a thorough resin impregnation of long discontinuous fibers 

bundles. This manufacturing process produces high fiber loading with weight fraction higher than 

50% and low void content. The in-situ polymerization results in a high molecular weight of PA6 

matrix which allows for good mechanical properties. The meso-scale morphology of the glass fiber 

is preserved during the impregnation process resulting in regions with high fiber collimation, and 

PA6 pockets surrounding them. As a result, the formation of bundles during the manufacturing 

stage produces a complex morphological arrangement in the meso- and micro-structure of the 

material. The resulting organosheet composites with the thickness of 1.5mm (Figure 1-a) were 

viewed as a system, consisting of bundles, which are represented by impregnated fibers with high 

fiber volume fraction, and PA6 matrix pockets (Figure 1-c). Neat PA6 polymer processed by 

anionic polymerization of caprolactam was used for mechanical characterization to determine the 

matrix constituent properties in the organosheet.  
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Figure 1 Organosheet before (a) and after (b) compression molding process; cross-section 

micrograph of an organosheet  

 

PPMC is a material system processed by compression molding of unidirectional prepreg 

platelets to achieve a discontinuous composite system with a heterogeneous mesoscale 

morphology, controlled fiber length, and 50–60% fiber volume fraction (FVF) [11]–[13]. PPMC 

are fabricated by cutting the prepreg into platelets with a prescribed length then compression 

molding the platelets into a required geometry (Figure 2) [8]. The collimated fibers of the same 

length within a platelet and the compression molding of the platelets results in enhanced 

mechanical properties and sufficient formability of PPMCs compared to the composites processed 

with sheet molding compound (SMC) or bulk molding compound (BMC) with 10-30% FVF [14], 

[15]. PPMCs are suitable for the automotive industry due to its high manufacturability in terms of 

production rates and molding of components with complex geometry, which along with the 
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structural grade mechanical properties meet the design requirements [11]. In hierarchical 

composite systems, the internal structure can be presented on different scales, where the larger 

structural length scale of the material defines the effective mechanical response [17], [18]. PPMC 

as a hierarchical composite system can be presented in two levels of length scale: (i) a micro-scale 

where individual fibers are distinguishable in a platelet, and (ii) a meso-scale, which includes the 

stochastic platelets distribution [19]. The stress transfer between the interacting platelets at the 

mesoscale defines the mechanical response of PPMCs. The interactions between platelets 

determine the progressive damage and macroscopic properties of PPMC components. The 

mesoscale morphology of PPMCs is characterized by the dimension of platelets, platelet 

orientation and overlapping between the platelets, all of which are affected by the number of 

platelets within the component [13].  The orientation state of PPMC describes how the platelets 

are oriented and is an important morphology descriptor in the PPMC mechanical variability [20]. 

The orientation distribution of the platelets can be stochastic with irregular or deterministic with 

regular arrangement [19]. A stochastic distribution of PPMC is achieved when the orientation of 

the platelets results from the uncontrolled arrangement of PPMC in the mold.  
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Figure 2 Prepreg platelet molded composite (PPMC) system 

 

The morphology of the organosheet resembles the platelets in PPMC material systems, 

however, the organosheet morphology presents significant differences. The bundles are separated 

by the PA6 rich pockets, which are formed throughout the in-situ polymerization process. The 

effective mechanical properties of organosheet composite systems depend on the material 

hierarchical mesostructure, which depends on the local properties of each constituent phase and 

its volume fraction, and the corresponding fiber orientation [21]. The organosheet similar to the 

PPMC composite presents two levels of hierarchical structural length scale: (i) the micro-scale, 

which is defined by the individual fibers dispersed in the polymeric matrix, and (ii) the meso-scale, 

which includes bundles with defined global orientation distribution. 

Understanding the internal structure-property relationships in LDFCs requires connecting 

the fiber volume fraction, geometry of the bundle/platelet and its orientation with the effective 

mechanical properties under various loading conditions [22]. The local fiber arrangement and its 

orientation vary throughout the volume of LDFCs, as a result LDFCs typically show a mixed 
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failure mode including the fiber splitting, matrix failure, debonding, and shear crippling [20], [23]. 

The aspect of the damage propagation, the failure mode, depends on the constituent mechanical 

properties, fiber length and its distribution. Damage in the LDFC occurs where local meso-scale 

stress concentrations yield the possible failure sites. Therefore, the local structural orientations and 

dimensions of fibers have a major role in the failure mechanisms[24]. Various authors studied the 

effect of the sample size and the platelet geometry on the failure mode in tension in PPMCs [3], 

[25]. The failure mechanism in PPMCs depends on: (i) the platelet effective properties, including 

platelet-to-platelet interfacial properties, (ii) ratio between platelet length to its thickness, defined 

as aspect ratio, (iii) platelets orientation distribution, and (iv) overlap lengths of platelets. Higher 

platelet ratio promotes fiber failure and results in increased mechanical properties [3], [26], [27].  

The mechanical behavior of organosheet, similarly to PPMC, is determined by the bundle 

aspect ratio, effective properties of the bundles, and surrounding PA6 pockets. The PA6 matrix of 

organosheet is distinctively ductile material compared to brittle epoxy based and some engineering 

thermoplastics in PPMC. The ductile behavior of the matrix phase in the bundle and the 

surrounding matrix pockets underscore the need for the additional analysis into the role of PA6 

mechanical behavior on the resulting properties of organosheet. The dominant failure mode in 

organosheet was found to be failure in PA6 pockets, which behave as a ductile material owing to 

the large plasticity in the semi-crystalline nylon [22], [28]. Therefore, the mesostructure of 

organosheet with the bundle geometry surrounded by PA6 pockets governs the stress transfer and 

failure mechanism within the material.  

Computational analysis of the structure-property relationship in LDFCs allows one to 

virtually study the control parameters in the mesoscale and address the effects of material variables 

on the effective properties and failure behavior [29]. Selezneva et al. [30] developed a model to 
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predict strength of PPMCs considering local mesostructure effects, strand failure and disbonding. 

Feraboli et al. [31] proposed a stochastic laminate analogy for the discontinuous carbon/epoxy 

composite based on the experimental observation and Classical Laminated Plate Theory (CLPT), 

to account for modulus variability. An evident limitation of that modeling is that it cannot account 

for the 3D stress transfer between the platelets and was not capable to capture platelet length or 

thickness effects on the strength. Harper et al. [32] developed a PPMC model of using an embedded 

element approach with explicitly modeled platelets, wherein the complex mesoscale features such 

as orientation distributions and platelet overlap were incorporated into a computational model. 

Kravchenko et al. [33] performed a parametric FEA analysis for randomly oriented PPMC to study 

the effect of the orientation and the aspect ratio of the platelets on the effective tensile stiffness 

and strength by employing a Continuum damage mechanics (CDM) and a cohesive interfacial 

behavior to simulate the propagation of the damage in platelets. The results showed the high 

dependency of the effective mechanical properties and failure mechanism on the platelet aspect 

ratio and orientation distribution of platelets.  

1.2 Freeze-casted alumina ceramic 

Freeze-casted cellular materials are lightweight, exhibit high heat resistance and strength as 

a result of their anisotropic morphology stemming from the manufacturing process [4]. Ice-

templated ceramic typically contains highly aligned lamellar walls with varying in-plane 

orientations (Figure 3). Therefore, ice-templated materials can be potentially used in ceramic 

filters, insulations, as well as in bone scaffolds and tooth fillers. [4], [5]. The freeze-casting is a 

net-shape, versatile processing technique that is used to produce porous ceramics and can be 

applied to various material systems [34], [35]. Freeze-casting consists of three general steps: 

freezing a liquid suspension followed by the sublimation and sintering to densify the ice-templated 
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scaffolds [36]. The density and porosity of the processed material depends on the powder loading, 

composition and stability of the slurry [34]. Ice-templating process allows, to a great extent, control 

the morphology to control the processing steps and, as a result, produce engineering material with 

targeted moduli and strength. In the last decade multiple researchers studied the mechanical 

properties of templated ceramics. Deville [37] evaluated the effect of particle size on the 

solidification behavior of the suspension during the directional freezing by X-ray radiography and 

tomography experiments. The results indicate that the smaller particle sizes show more nucleation 

of ice crystals with larger surface area during freeze casting. Furthermore, nucleation and growth 

of ice crystals can be processed at a higher temperature for smaller particles. Ghosh et al. [38] 

processed ice-templated alumina scaffolds with different particle sizes and evaluated the effects of 

the particle size on the properties of the alumina scaffolds with respect to the solids loading and 

freezing front velocity. Deville et al. [36] investigated the effect of freezing rate of ceramic slurry, 

sublimation and sintering condition in processing ice-templated material on the structural 

properties of the material. In their study, the control of the lamellar wall distribution was obtained 

through the freezing rate of the ceramic slurry. Weaver et al. [39] applied two different freezing 

rates, using water-based polymer solutions and various volume fractions of solid loading to study 

structure-processing correlations in freeze-cast metal-based scaffolds. Sajgalik [40] processed 

𝑆𝑖3𝑁4 sintered ceramics, containing 𝑌2𝑂3 and 𝐴𝑙2𝑂3 as sintering additive, to study the effect of 

the 𝑆𝑖3𝑁4  grains size with the same amount and ratio of additives on the microstructure of the 

material and the fracture toughness. The results showed that fracture toughness and microstructure 

was governed by the volume fraction of β-𝑆𝑖3𝑁4 grains and higher volume fraction displayed the 

higher fracture toughness. The existing experimental and material characterization knowledgebase 
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for processing ice-templated ceramic provides insight on how the solids loading, the composition 

of slurry, and freezing condition affect the porous microstructure and porosity.  

 

 

Figure 3 (a) Schematic of ice-template ceramic foam, showing principal composite directions (b) 

Micrographs showing agglomerations of parallel lamellar walls; s and t represent wall thickness 

and wall spacing, respectively 

 

The mechanical properties of freeze-casted material are governed by their porous 

anisotropic micro-structure. However, currently the understanding of the fundamental mechanics 

describing the microstructure-property relationships is missing in the field. Andrews et al. [41] 

explained the general deformation mechanics of the cellular solids using dominant deformation 

mode of the structural elements comprising the cellular solid, e.g. uniaxial deformation or bending 

of the cellular struts. Furthermore, Gibson et al. [42] developed analytical models to describe the 

failure modes for cellular solids under multiaxial loads by considering the plastic deformation and 

brittle fracture of cellular material. More recently, Seuba et al. [43] suggested that the compressive 

behavior of ice-templated material is better described by the honeycomb analytical model 

proposed by Gibson et al. and Ashby et al. [42], [44], in comparison with the open cell and close 

cell models. Other research groups pointed out this similarity in the microstructure of the ice-
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templated foams and honeycomb structures[45], [46]. Such an analogy is based on the 

microstructure of ice-templated materials that exhibit variation of lamellar wall in-plane 

orientation, which is typical to honeycomb structure.  

Novel fabrication methods for processing porous templated ceramics with controlled 

microstructural orientation have been proposed in recent years. Nelson et al. [47] fabricated porous 

𝐹𝑒3𝑂4 scaffolds by a freeze casting: the fabricated porous scaffolds aligned uniformly under the 

magnetic field direction. Ferrand et al. [48] presented a method to fabricate the dense alumina 

ceramic with the deliberate periodic grain orientation by combining magnetic stirring assisted slip 

casting (MASC) and templated grain growth (TGG). They processed alumina ceramics with highly 

aligned grains by TGG and to control the orientation of the anisotropic local particles by MASC. 

Minas et al. [49] combined 3D-printing, the direct ink writing method, and particle-stabilized foam 

templating to process alumina scaffold with homogeneous porous structure.  Overall, the 

microstructure of ice-templated foams has a significant effect on the resulting mechanical 

properties. Zhang et al. [50] extracted the 3-D structure and the composition of the cordierite–

mullite–alumina ceramic foam by conducting X-ray CT scan and SEM, which informed finite-

element modeling and found that the induced damages in ceramic foam with fewer cells generate 

more quickly once the stress exceeded the flexural strength compared with a foam with more cells 

and similar relative density. Seuba et al. [51] used Weibull analysis to measure the mechanical 

behavior of ice-templated material under compression. Depending on the pore volume fraction 

they observed catastrophic or progressive brittle failure. Furthermore, their results show high 

dependency of the type of failure on lamellar wall thickness.  

However, in order to establish a quantitative model to explicitly describe the processing-

structure-property relationships in ice-templated cellular solids requires the computational micro-



12 

 

mechanical models that can incorporate complex morphology observed, while providing a 

valuable tool for understanding the general trends in processing-structure-property relationships. 

Lamellar ceramic walls have micron size thickness, resulting in significantly different mechanical 

properties than bulk ceramic. Feilden et al. [51] applied the micro 3-point bending test to measure 

the flexural strength and elastic modulus of microscopic alumina platelets. The 3-point bending 

load-displacement response measured by Fielden et al. was used to calculate stiffness of a single 

lamellar wall and was used for developing the present micromechanical model. Another important 

morphological attribute of the anisotropic ice-templated foams is the misalignment of the lamellar 

walls that develops during the ice crystal growth [36], [52]–[54]. Furthermore, the loading 

conditions applied to ice-templated foams or composites are not expected to coincide with the 

unidirectional lamellar structure, therefore, it is important to characterize the off-axis compressive 

behavior of these materials. Different research groups investigated the effect of off-axis loading in 

various composite materials [55], however, a few studies exist for the freeze-casted ceramics [56]. 

1.3 Scope of work 

This dissertation focuses on computational models that quantify the structure-property 

relationships in three hierarchical material systems: 

1. A novel long discontinuous glass fiber nylon composite (organosheet) 

2. Prepreg platelet molded composites 

3. Freeze-casted alumina ceramic 

The statistical microscopy characterization and the material's micro and meso-orientation 

were used to establish the computational model. The heterogeneity of the hierarchical material 

system affects the complex path of damage propagation and the material's mechanical properties. 

The progressive failure analysis (PFA) was used to simulate the damage behavior and how the 
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material morphology affected the failure modes. This dissertation is implemented to study the 

effect of morphological features on the mechanical response of the hierarchical materials under 

static loading. 

1.3.1 Analysis of processing structure-property relationships in organosheet 

A computational model was developed to simulate and explain the variability of the 

effective tensile and flexural properties (modulus and strength) in LDFC made of 1” glass fiber 

reinforced PA6, processed by in-situ polymerization. The statistical microscopy characterization 

of fiber and bundle orientation distribution within the organosheet was presented and used for 

establishing computational model. A sequential adsorption probabilistic approach was used to 

generate the complex geometrical arrangement and distribution of the bundles within the PA6 

pockets [57]. A continuum damage mechanism was used for simulating the orthotropic bundle 

damage behavior, while PA6 pockets were modeled as an isotropic material with elastoplastic 

behavior and the ductile damage mechanism. The analysis of the degree of crystallinity, using 

differential scanning calorimetry (DSC), was used on organosheet and neat PA6 to ensure 

correspondence between the tested neat PA6 and PA6 phase in organosheet. Standard tensile test 

was conducted on the pure PA6 to measure the mechanical properties, which were then used in 

progressive failure analysis (PFA) simulation of organosheet. The tensile and flexural properties 

of long fiber thermoplastic organosheet were tested to validate the simulations and analyze the size 

effect on the flexural mechanical responses. The failure behavior was explained through the 

combination of the different failure modes based on the span length effect under flexural loading 

and the effect of bundle orientation in both flexural and tensile loading conditions.  

The effect of geometric discontinuity in open hole tension (OHT) for LDFC has been 

shown to be on the same order as the length scale of internal mesostructure [54]. Therefore, OHT 
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LDFC coupons may fail either in the vicinity or away from the notches depending on the dominant 

stress concentrations, which can reside either in the local morphology or in the geometrical 

discontinuity. To simulate the variability of the OHT strength and failure behavior in LDFC made 

of 25.4mm (1”) glass fiber reinforced organosheet a computational model was presented. The 

computational framework was used to study the notch sensitivity and stochastic variation in OHT 

strength. The modeling results were validated with experimental OHT testing. The point stress 

criterion (PSC) and modified point stress criterion (MPSC) analytical models were calibrated 

through the simulation and experimental results to predict the notch sensitivity of the organosheet 

and showed close correlation with each other.  

The mesostructure of the organosheet develops during processing when the orientation and 

arrangement of bundles result from the anisotropic flow of the molding compound. The orientation 

distribution of bundles has a crucial role in affecting the mechanical properties. The orientation 

state depends on the processing conditions, such as flow arising during the molding. To study the 

effect of the molding process condition on the mechanical properties, the full and partial mold 

coverage was compression molded. Tensile specimens were cut from both full and partial coverage 

molded panels in the flow direction and tested to compare the effective properties of the composite. 

1.3.2 Analysis of structure-property relationships in PPMCs 

Increasing platelet aspect ratio in PPMC under uniform tensile loading is known to result 

in changes in failure mode: from platelet debonding to fiber failure, resulting in an increase of both 

modulus and strength [3]. The main objective of this work was to simulate and explain the 

variability of effective flexural modulus and strength of a stochastic PPMC and study the effect of 

the prepreg platelet length on flexural mechanical properties and failure modes. The PFA of PPMC 

included the continuum damage mechanism, and a cohesive interfacial behavior was used to 
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simulate and explain the variability of effective flexural modulus and strength of a stochastic 

PPMC and study the effect of the prepreg platelet length on flexural mechanical properties and 

failure modes. To study the effect of the platelet length and the number of platelets (platelet count) 

on the flexural behavior of PPMC, various platelet lengths, namely ¼”, ½” and 1” of the prepreg, 

were considered with the sample thickness of 2.5mm. Experimental studies showed competing 

contributions of the platelet aspect ratio and platelet count on the mechanical flexural behavior. 

PFA of virtual PPMC samples allowed to study the changes in the failure modes interactions under 

flexural loading and determine the dominant failure modes, including platelet debonding and 

transverse matrix failure. To study the non-uniformity in platelet local orientation, two modeling 

approaches to generate the stochastic PPMC morphology in the virtual samples based on the 

assigned global fiber orientation distribution (FOD) were used, namely, (i) generating individual 

coupons and (ii) generating a virtual plaque that was then used to create various coupons. The 

proposed methodology for PFA is supported by the experimental observations and can be used to 

investigate the structure-property relationship in PPMCs.  

1.3.3 Multiscale modeling of freeze-casted ceramic from micromechanical to homogenization 

The computational modeling of the compressive behavior in freeze-casted ceramic was 

studied to predict the effective structural properties of ice-templated ceramic under off-axis 

loading. The microstructural modeling of the freeze-casted ceramic was developed using two 

methods: (i) A novel representative volume element (RVE) model was developed based on the 

microstructure of ice-templated materials (ii) A macroscale computational model was developed 

using the homogenized approach. The proposed RVE model incorporates a smaller number of 

required input parameters and allows for trade-off material analysis and parametric studies of how 

material properties and local microstructure affects mechanical behavior. Honeycomb structural 
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analogy was used in formulation of the computational micro-mechanical RVE model due to the 

similar morphology exhibited in ice-templated porous ceramic. A periodic geometry with idealized 

lamellar wall orientation was proposed for the RVE model. The periodic boundary conditions were 

applied to RVE to model bulk mechanical behavior. The smeared cracking model was used to 

determine the material's stiffness and compressive strength response. Micromechanical analysis of 

RVE was used to predict all material constants and as the input parameter of homogenized 

modeling. In the second method (homogenized modeling on the macroscale), the transversely 

isotropic stress-stress relationship is used based on the material planes of symmetry. A normal 

distribution defines a spatially varying field over elements calculated through the measured 

distribution of the material’s local orientation of the lamellar structure. To evaluate the progressive 

damage of the material, continuum damage mechanics were used for the model with two damage 

variables: (i) in the direction of the lamellar structure and (ii) transverse direction to the lamellar 

structure.  

Furthermore, off-axis compression testing of ice-templated alumina was done to obtain the 

effective properties of the material using digital image correlation (DIC). The effective 

misalignment angle is quantified by DIC and used for better correlation with the modeling 

prediction. The RVE analysis was proposed as a micromechanical framework to determine the 

effective properties of ice-templated ceramic, which can be modeled with the orthotropic 

homogenized constitutive model. The results show that proposed computational micromechanics-

based tool can predict the experimentally measured behavior of the ice-templated alumina under 

off-axis compression. However, local effects such as the distribution of local orientation in 

lamellar structure should be reflected in the homogenized model. The proposed RVE is effective 

for homogenization purposes to determine effective properties for structural analysis. The 
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combination of microscale RVE and macroscale homogenized modeling allows parametric studies 

to determine morphological parameters' role in compressive behavior.   
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2 COMPUTATIONAL MODELING   

A complex mesostructure of hierarchical material provides an internal redundancy 

resulting in the redistribution of the load path to undamaged regions and damage progression with 

alternative paths during loading [58]. The degradation of the properties in the hierarchical material 

system is attributed to the alternative damage progression paths during loading. The heterogeneous 

material system typically shows the local damage before reaching the ultimate failure in which the 

material system cannot support the increase in stress components. PFA is a tool to study the failure 

behavior of a complex material that works based on computational damage mechanics. The local 

damage in PFA does not have to be correlated with ultimate failure. Therefore, the degradation of 

material properties is the primary concern in computational damage modeling. The stress-strain 

relationships can be established through the constitutive model that should represent the 

mechanical behavior of the material [59]. There are several approaches deriving the constitutive 

model of a complex material system, such as micromechanics, homogenization, and multiscale 

modeling. This chapter describes the computational modeling of three considered hierarchal 

material systems to predict the variability of the material properties and the failure behavior. 

2.1 Modeling procedure for progressive failure analysis of organosheet 

Computational mesoscale models of LDFCs allow characterizing the mechanical response 

of the material and the failure behavior in relation to the structural properties. This section 

describes the computational modeling of stochastic mesostructure of organosheet coupon using 

the continuum damage mechanics to predict the variability of tensile and flexural modulus and 

strength of the organosheet as well as the failure modes. 



19 

 

2.1.1 Mesostructure generation for organosheet virtual specimen 

The mesostructure of the model including bundles with transversely isotropic elastic 

behavior and isotropic matrix pockets was generated using Digimat-FE (e-Xstream Engineering). 

The bundles were generated and oriented sequentially, requiring bundle volume fraction, 

dimensions, global orientation, and the specimen sizes as inputs (bundle orientation is defined by 

the bundle fiber direction). Then, the matrix pockets within the voxel mesh were generated in 

between the dispersed bundles in the requested volume of the morphology. The bundle volume 

fraction in the model was measured through a microscopy analysis discussed in Section 3-2. A 

virtual specimen of organosheet is modeled as a continuum in (𝑥1, 𝑥2, 𝑥3) space with sub-domains 

assigned local coordinate systems (1,2,3) to represent individual bundles, which creates the 

defined boundaries and local stiffness discontinuities between bundles that control the local 

mesoscale composite mechanics. The numerical reconstruction of stochastic features of 

organosheet mesostructure is implemented via the sequential adsorption algorithm and is based on 

sampling from the probability space, which is achieved by considering the uncertainty in bundles 

locations and orientations. The stochastic structural arrangement and orientation of individual 

bundles are approximated by generating their center points and bundle direction angles according 

to the uniform probability distribution function. Figure 4-a shows the generated organosheet, 

where the white and black region represents the distribution of bundle and matrix pockets, 

respectively. Bundles are created on a voxel mesh by grouping voxels into bundle-shaped sets and 

prescribing the local material coordinate systems to these sets. The orientation state and 

overlapping of a few bundles are shown in Figure 4-b and the subdomains occupied by individual 

bundles are shown in different colors. The corresponding local material coordinate systems for 

two overlapping bundles are shown in Figure 4-b as (1𝑘, 2𝑘) and (1𝑚, 2𝑚) where 1 and 2 directions 
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are the local bundle fiber direction and transverse direction, respectively. The bundles are built up 

in the 𝑥3-direction for a globally uniform planar orientation state, so the bundle normal vector (3-

direction) is oriented along the global 𝑥3-axis. The oriented individual bundles developed local 

stiffness discontinuities within the organosheet. The bundles were oriented according to the global 

orientation distribution function (ODF) [60]. The bundle width and thickness in the model were 

measured through the ellipse-fitting on the bundle cross-section within the micrograph of the 

organosheet (section 3.2). The resulting voxelized morphology of the organosheet generated by 

Digimat FE is imported into ABAQUS/Standard (Implicit), where each voxel becomes an eight-

node brick C3D8 finite element, and material model and loading conditions are applied. Figure 4-

c represents a schematic for the idealized stress components on a voxel. The voxel element in-

plane dimensions were 1 × 0.5 mm and thickness of 0.04 mm. The length, width, and thickness 

of the generated organosheet sample was 80 × 25 × 2.4 𝑚𝑚 for three-point bending. The tensile 

modeling was performed in a periodic RVE which allows for simulation of the bulk material 

behavior using periodic displacement boundary conditions to conduct progressive failure, non-

linear analysis due to local material softening. Figure 4-d and 5e show the configuration of the 

three-point bending model for the span of 70mm and the RVE tensile test, respectively, and 

60 × 25 × 1 𝑚𝑚 for tensile modeling with the total element number of 75000 for tensile and 

240000 for three-point bending simulations. Based on the constructed organosheet, a three-point 

bending test was implemented in ABAQUS with different span lengths of 30, 50, and 70mm.  
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Figure 4 (a) Generated organosheet morphology (b) Overlapping and orientation a few bundles 

in voxelized representation (c) Stress components on a voxel (d) Deformed state for 3-point 

bending analysis (e) RVE of organosheet for tensile virtual testing 

 

To develop the OHT morphology, a finite element mesh representing a domain with a circular 

center notch with a prescribed radius was generated (Figure 5). Three sizes of the radius, 1mm, 

2mm, and 3 mm, were considered for the finite element model of virtual OH organosheet coupons, 

and three coupons were generated for each size of the circular hole to predict the variability of the 

strength within the organosheet. Based on the constructed organosheet, a tensile test was 

implemented in ABAQUS/Standard (Implicit) with an eight-node solid brick C3D8 finite element. 

The length, width, and thickness of the generated sample was 127×25×2.4 mm. The tensile 

modeling was performed in a full-size coupon with progressive failure scheme.  
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Figure 5 Generated organosheet morphology with 2mm hole diameter 

 

2.1.2 Constitutive behavior and damage model for PA6 –glass fiber bundles 

The individual bundles a in meso-scaled computational model considered as a transversely 

isotropic homogenized material. The homogenized constitutive stiffness properties of the bundle 

were calculated by analytical micromechanics using a self-consistent field model based on the 

average fiber volume fraction in the bundles and the parent E-glass and pure PA6 material 

properties [58]. Anisotropic strengths of bundles in principal directions were calculated using an 

analytical micromechanical bridging model developed by Huang [59] [35], [36. The nonlinear 

response of composite is caused by plastic deformation of the matrix material. The bridging model 

takes into account the effect of matrix plasticity on the failure mode of composites and is used to 

predict the inelastic and failure behavior of polymer composite materials [61]. In this method, 

strengths of the fibrous composites are calculated based on the constituent properties and fiber 

volume fraction. The fibers are supposed to be elastic until rupture and the matrix is assumed as a 

bilinear elastic–plastic material. The principal strength of the PA6/glass fiber bundles were 

calculated based on the relationships included in Appendix A following [62], [63].  
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A user material (UMAT) FORTRAN subroutine [13] for Abaqus standard implicit was 

employed to simulate the damage initiation and propagation in fiber direction, transverse to the 

fiber direction and in the through thickness direction. The bundle in-plane damage implies the 

stiffness degradation in the orthotropic homogenized material due to the in-plane stresses. Out of 

plane damage index shows the degradation of the material stiffness through the thickness direction 

and attributed to the delamination damage that develops between the individual bundles. The 

bundles assumed as an orthotropic homogenized material following constitutive relationship in 

(Equation 1).   
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 (Equation 1) 

𝐶𝑖𝑗 is the damaged stiffness matrix depending on the undamaged stiffness components (𝐶𝑖𝑗
0 ) and 

damage variables in principle directions (𝑑i). The damage stiffness components were defined by 

(Equation 2).  
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(Equation 2) 

(Equation 3-5) show the damage initiation criteria to predict the failure initiation, when the 

corresponding criterion reaches one. 

𝒇𝟏 = √
𝜺𝟏𝟏
𝟐

𝜺𝟏𝟏
𝒇,𝒕
𝜺𝟏𝟏
𝒇,𝒄
+ 𝜺𝟏𝟏 × (

𝟏

𝜺𝟏𝟏
𝒇,𝒕
−

𝟏

𝜺𝟏𝟏
𝒇,𝒄
) 

 (Equation 3) 



24 

 

𝒇𝟐 = √
𝜺𝟐𝟐
𝟐

𝜺𝟐𝟐
𝒇,𝒕
𝜺𝟐𝟐
𝒇,𝒄
+ 𝜺𝟐𝟐 × (

𝟏

𝜺𝟐𝟐
𝒇,𝒕
−

𝟏

𝜺𝟐𝟐
𝒇,𝒄
) + (

𝜺𝟏𝟐

𝜺𝟏𝟐
𝒇
)𝟐 

(Equation 4) 

𝒇𝟑 = √(
𝝈𝟑𝟑
𝑭𝟑𝒛

)𝟐 + (
𝝈𝟏𝟑
𝑭𝒔𝒛

)𝟐 + (
𝝈𝟐𝟑
𝑭𝒔𝒛

)𝟐 

(Equation 5) 

where  휀ii
𝑓,𝑡

 and 휀ii
𝑓,𝑐

, (i=1, 2), are the failure strains in the in-plane principal directions in tension 

and compression, respectively; 휀12
𝑓

, is the in-plane failure strain in shear; 𝐹3𝑧, is the peel (through 

thickness tensile) strength and; 𝐹𝑠𝑧, is out of plane shear strength.  

The failure strains were calculated by (Equation 6-7).  
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where, 𝐹ii
𝑡,𝑐

 is the corresponding strength in principal directions.  

The in-plane damage variables (𝑑1 and 𝑑2), evolves from 0 to 1, where 0 represents the 

undamaged material and 1 corresponds the failure state (Equation 8).  
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(Equation 8) 

𝒅𝟑 = {
𝟎, 𝒇𝟑 < 𝟏

𝟎. 𝟗𝟓, 𝒇𝟑 ≥ 𝟏
 (Equation 9) 

where, 𝑙∗ is the characteristic element length associated to the material, and 𝐺𝑓
𝑓
 is the fracture 

energy in the fiber direction. Through thickness damage variable (𝑑3) is considered by a limiting 

factor of 0.95 when the damage initiation criterion through the thickness is equal or greater than 

one (Equation 9) [64]. 
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2.1.3 Constitutive damage model for matrix pockets   

Ductile damage approach was applied to predict the damage evolution in PA6 pockets. The 

model assumed that the equivalent plastic strain, 휀𝑝𝑙, at the onset of damage in PA6 pockets is a 

function of stress triaxiality, and strain rate. The stress triaxiality is defined by (Equation 10) [65]. 

𝜼 = −𝒑/𝒒 (Equation 10) 

where 𝑝 is the pressure stress, and 𝑞 is the Mises equivalent stress. The stiffness degradation of the 

material is defined through the dissipation of the fracture energy, adopted by the (Equation 11 [65], 

[66]. 

𝑮𝒇
𝒎 = ∫ 𝒍∗�̅�𝒅�̅�𝒑𝒍

�̅�𝒇
𝒑𝒍

�̅�𝟎
𝒑𝒍

= ∫ �̅�𝒅�̅�𝒑𝒍
�̅�𝒇
𝒑𝒍

𝟎

 

(Equation 11) 

 

where, 휀0̅
𝑝𝑙

 and 휀�̅�
𝑝𝑙

 are the equivalent plastic strain at the onset of the damage and failure, 

respectively, and �̅�𝑝𝑙 is the equivalent plastic displacement. The evolution of the damage variable 

is calculated in a linear and exponential form. (Equation 12) defines the damage evolution in the 

linear form where the damage index and equivalent plastic displacement has the linear relation. 

The exponential damage variable is computed by (Equation 13). 

𝒅𝒍 =
∫ �̅�𝒅�̅�𝒑𝒍
�̅�𝒑𝒍

𝟎

𝑮𝒇
 

(Equation 12) 

𝒅𝒆𝒙𝒑 = 𝟏 − 𝐞𝐱𝐩 (−∫
�̅�𝒅�̅�𝒑𝒍

𝑮𝒇
𝒎

�̅�𝒑𝒍

𝟎

) 
(Equation 13) 

where 𝜎𝑦, is the effective stress and �̅�𝑝𝑙, is the equivalent plastic displacement, calculated by 

(Equation 14). The damage index evolves from 0 to 1, where 0 represents the undamaged material 

and 1 corresponds to the failure state.  
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�̅�𝒇
𝒑𝒍
= 𝒍∗(�̅�𝒇

𝒑𝒍
− �̅�𝟎

𝒑𝒍
) (Equation 14) 

To generate the complex geometrical arrangement and distribution of the bundles/platelets within 

the PPMC and organosheet, a sequential adsorption probabilistic approach was used [57].  

2.2 Modeling procedure for progressive failure analysis of PPMC 

A 3D finite element computational model with the damage mechanism approach was used 

to simulate the three-point bending test using Abaqus implicit and predict the flexural modulus 

and strength of the PPMCs as well as the associated failure modes. The mesostructure of virtual 

PPMC is generated in DIGIMAT FE including 100% of platelet volume fraction using Monte-

Carlo simulations [57]. The probabilistic simulation results (strength and modulus), as well as, 

experimentally measured mechanical properties, were assumed to follow normal distribution. Both 

distributions were compared for statistical significance using analysis of variance by the two-

sample t-test. The following sections outlined the mesostructure generation of the virtual 

specimens and the damage mechanism used in the model.  

2.2.1 Mesostructure generation for PPMC virtual specimen  

The stochastic structural arrangement of platelets is calculated through the sequential 

adsorption algorithm and in a random placement the center of the platelets sequentially. The 

orientation probability distribution of platelets was extracted from the requested 2nd order 

orientation tensor (OT). PPMC coupon in Figure 6-a was shown as a misaligned individual platelet 

(shown in different colors) with 1” prepreg platelet mesostructure and the total element number of 

24000. The platelets were generated within the voxel mesh by generating voxels into a platelet and 

assigning the local orientation vector (Figure 6-b-c). 𝑝𝑘 in Figure 6-c indicated the vector of k-th 

platelet fiber direction. Virtual stochastic PPMC was modeled in the global coordinate system of 

(𝑥1, 𝑥2, 𝑥3) space with assigned local coordinate system of every platelet (1𝑖 , 2𝑖 , 3𝑖) to represent 
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stacked misaligned platelets. Platelets were sequentially placed within the voxel mesh and the 

voxels within a platelet boundary were identified with orientation of belonging platelet. Figure 6-

b shows two platelets along with their local material coordinate systems where “1” is the local 

platelet fiber direction and “2” is the local transverse direction. Figure 6-d shows a schematic of a 

platelet orientation vector in the global coordinate system. The platelet fiber orientation vector and 

global 𝑥1𝑥2-plane are coplanar in the 2D random platelet distribution (φ=90°) and 𝜃  defines the 

misaligned angle of platelet with respect to global 𝑥1direction. The discrete form of OT for N 

platelets with the 2D random orientation is given by (Equation 15). 

𝑨𝒊𝒋 =
𝟏

𝑵
∑[

(𝒑𝟏𝒑𝟏)𝒌 (𝒑𝟏𝒑𝟐)𝒌
(𝒑𝟏𝒑𝟐)𝒌 (𝒑𝟐𝒑𝟐)𝒌

]

𝑵

𝒌=𝟏

 

  (Equation 15) 

The first component of the OT (𝑎11 =
1
𝐾⁄ ∑ cos2𝜃𝑘

𝐾
𝑘=1 ) is representative of the platelet 

degree of alignment in the global 𝑥1 direction. The scattered distribution of the platelets within a 

PPMC coupon results in the non-uniform orientation of local platelet orientation within the volume 

of PPMC specimen.  The 2D-random OT is attributed to  𝑎11 = 0.5 to sampling random numbers 

from the orientation distribution function.  

Platelets were modeled as 3D elements (C3D8). Figure 6-b-c shows overlapping platelets 

including a cohesive interface and the schematic for the idealized stress components. The cohesive 

elements were placed at the platelet interface to define the normal and shear interactions between 

the neighboring platelets. The FVF of the platelets is equal to that of the prepreg tape and was 

included in the model by using characterized material properties[67]. Two approaches were used 

to generate the virtual morphology of the specimens, namely, (i) individual virtual coupons 

generated with the 2D random platelet orientation in a full-size flexural test specimen 

(127 × 25 × 2.4𝑚𝑚), and (ii) virtually cut coupons from a generated 5”×5” plaque with the 
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random platelet orientation (Figure 7). The latter option allowed us to consider the actual molded 

plaque geometry, which was used to prepare physical PPMC samples. The two approaches for 

generating PPMC samples were considered to study the effect of the sample size and the finite 

number of platelets in the volume of specimen on the predicted flexural mechanical properties. 

After generation of the virtual specimens, the model is imported into Abaqus to apply three-point 

bending with boundary conditions and constitutive models for the platelets and their interfaces 

[68]. Figure 7-e shows a deformed state of the 3-point bending model of a PPMC sample with 1” 

prepreg platelet length. 

 

 

 

Figure 6 (a) A virtual coupon with prepreg platelet mesostructure (b) Schematic of the 

overlapping of the platelets with cohesive element (c) fiber direction vectors in the global 

coordinate system (d) stress components on a platelet and cohesive element (e) Deformed state 

of 3-point bending model 
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Figure 7 Virtual PPMC specimens cut from a plaque 

 

2.2.2 Constitutive damage model for PPMCs 

A stiffness reduction scheme is used to describe the damaged response of the platelets using 

user subroutine UMAT [69]. The individual platelets in meso-scaled computational model 

considered as a homogeneous orthotropic material with the properties of the parent unidirectional 

prepreg in which in-plane and out-of-plane damage is the result of the triaxial state of stress 

(Equation 1). The damaged stiffness matrix (𝐶𝑖𝑗) depends on the virgin (undamaged) stiffness 

components (𝐶𝑖𝑗
0) and the state of the damage variables in the fiber direction (𝑑1) and transverse 

to the fiber direction (𝑑2) (Equation 2). The failure initiation criterion is predicted by applying the 

damage initiation functions f
1 
and f

2 
for damage variable 𝑑1 and 𝑑2, respectively (Equation 3). The 

damage variable 𝑑1 and 𝑑2 are computed by (Equation 8), where the damage variable evolves from 

0 to 1.  

The CDM with orthotropic damage for platelets combined with a cohesive zone modeling 

(CZM) at the interfaces between platelets to capture debonding using a traction separation law. 
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(Equation 16) shows the constitutive equation law of traction separation where interlaminar 

𝜎𝑖𝑗  stress, 𝛿𝑗 is the relative separations between the elements, d is the damage variable, and 𝑘𝑖
0 =

1 × 106𝑀𝑃𝑎 𝑚𝑚⁄  is the initial stiffness [70].  

{

𝝈𝟏𝟑
𝝈𝟐𝟑
𝝈𝟑𝟑

} =[
(𝟏 − 𝒅)𝒌𝟏

𝟎

𝟎
𝟎

 
𝟎

(𝟏 − 𝒅)𝒌𝟐
𝟎

𝟎

 
𝟎
𝟎

(𝟏 − 𝒅)𝒌𝟑
𝟎
] {

𝜹𝟏
𝜹𝟐
𝜹𝟑

} 

 

(Equation 16) 

The failure initiation criterion of the disbanding between the platelets are given by 

(Equation 17) where 𝑁𝑚𝑎𝑥 = 50𝑀𝑃𝑎 and 𝑆𝑚𝑎𝑥 = 𝑇𝑚𝑎𝑥 = 80𝑀𝑃𝑎 are the cohesive strength.  

(
𝝈𝟑𝟑
𝑵𝒎𝒂𝒙

)𝟐 + (
𝝈𝟏𝟑
𝑺𝒎𝒂𝒙

)𝟐 + (
𝝈𝟐𝟑
𝑻𝒎𝒂𝒙

)𝟐 = 𝟏 
(Equation 17) 

The propagation of the debonding is defined by a linear fracture mechanism of power law 

through (Equation 18) [71]. 

𝑮𝑰
𝑮𝑰𝑪

+
𝑮𝑰𝑰
𝑮𝑰𝑰𝑪

+
𝑮𝑰𝑰𝑰
𝑮𝑰𝑰𝑰𝑪

= 𝟏 
(Equation 18) 

where 𝐺𝐼 , 𝐺𝐼𝐼 , 𝐺𝐼𝐼𝐼 are the work done by the tractions and their corresponding displacements in the 

normal and shear directions, and 𝐺𝐼𝐶 , 𝐺𝐼𝐼𝐶 , 𝐺𝐼𝐼𝐼𝐶 are the critical strain energy release rates 

corresponding to the fracture mode. The moduli and strength properties of the orthotropic platelets 

of IM7/8552 prepreg tape included in Appendix B following Ref. [72], [73]. 

2.2.3 Local coupling stiffness analysis  

Classical lamination theory (CLT) was applied to study the variation of the local coupling 

stiffness within a PPMC coupon. CLT makes it possible to analyze coupling effects and predict 

strains, displacements, and curvatures that develop in a composite laminate as it is mechanically 

and thermally loaded based on the layer thickness and orientation [74]. Figure 8 represents the 
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cross-section view of 12 considered layers through the thickness of the virtual PPMC specimen 

with the thickness of a voxel (𝑡𝑣) and 50 voxels in width for each layer. The stiffness matrix in the 

material coordinate system was calculated through (Equation 19).  

𝑸 = [
𝑸𝟏𝟏 𝑸𝟏𝟐 𝟎
𝑸𝟏𝟐 𝑸𝟐𝟐 𝟎
𝟎 𝟎 𝑸𝟑𝟑

] 
(Equation 19) 

𝑸𝟏𝟏 =
𝑬𝟏

𝟏−𝝂𝟏𝟐𝝂𝟐𝟏
, 𝑸𝟏𝟐 =

𝝂𝟐𝟏𝑬𝟐

𝟏−𝝂𝟏𝟐𝝂𝟐𝟏
, 𝑸𝟐𝟐 =

𝑬𝟐

𝟏−𝝂𝟏𝟐𝝂𝟐𝟏
, 𝑸𝟑𝟑 = 𝑮𝟏𝟐  

where 𝐸1 and 𝐸2 are the elastic moduli of the unidirectional prepreg IM7/8552 in the fiber and 

transverse directions, respectively, 𝐺12 is the in-plane shear modulus, and 𝜈12 and 𝜈21 are the in-

plane major Poisson’s ratio. The transformed stiffness matrix (�̅�), in the global coordinate system, 

is calculated through (Equation 20). 

�̅� = 𝑻−𝟏𝑸[
𝟏 𝟎 𝟎
𝟎 𝟏 𝟎
𝟎 𝟎 𝟐

]𝑻 [
𝟏 𝟎 𝟎
𝟎 𝟏 𝟎
𝟎 𝟎 𝟎. 𝟓

] 
(Equation 20) 

𝑻 = [
𝒄𝟐 𝒔𝟐 𝟐𝒔𝒄
𝒔𝟐 𝒄𝟐 −𝟐𝒔𝒄
−𝒔𝒄 𝒄𝒔 𝒄𝟐 − 𝒔𝟐

] 
 

where 𝑐 and 𝑠 are the cosine and sine of the average angle ( 𝜃) of the voxels within a layer which 

is the angle between the fiber orientation vector of voxels with respect to the global 𝑥1 direction. 

The formulation of laminate stiffness matrix is written as (Equation 21) where N is the directional 

forces and M is the moments applied to a layer, and the deformations are combined from the 

strains (휀)  and curvatures (𝜅).  

{
𝑵
𝑴
} = [

𝑨 𝑩
𝑩 𝑫

] {
𝑵
𝑴
} (Equation 21) 

The laminate stiffness matrix consists of the three sub matrices 𝐴, 𝐵, and 𝐷 with the size 

of 3×3. 𝐴 represents the extensional stiffness matrix, 𝐵 the coupling stiffness, and 𝐷 corresponds 
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to the bending stiffness matrix. To study the variability of the flexural stiffness of PPMC in the 

span direction of the virtual coupon, the 𝐵11 was calculated along the length of the coupon (x1 

direction). 𝐵11 component represents coupling between the normal strain due to bending, 𝜺𝟏𝟏, and 

the bending moment itself. (Equation 22) was used to calculate 𝐵11 of every 12 considered platelet 

layers along the length of the specimen where  𝑧𝑘 and 𝑧𝑘−1 were the location of the top and bottom 

of each equivalent layer with reference to the mid-surface.  

𝑩𝟏𝟏 =
𝟏

𝟐
∑�̅�𝟏𝟏

𝒌 (𝒛𝒌
𝟐 − 𝒛𝒌−𝟏

𝟐 )

𝟏𝟐

𝒌=𝟏

 

(Equation 22) 

 

 

 

 

Figure 8 Considered layers within a virtual PPMC specimen 
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2.3 Multiscale modeling of freeze casted ceramic 

For materials with a hierarchical microstructure, the multiscale homogenization procedure 

can be used for parametric studies to determine the role of morphological parameters on the 

effective properties [75]. Two approaches were used to develop the multiscale homogenization 

models for the compressive behavior of freeze-casted ceramic with the lamellar structure: (i) The 

RVE was developed based on the honeycomb analogy of lamellar walls considering the 

morphology of the material to predict the effective mechanical properties of the ice-templated 

ceramics under off-axis compressive loading (ii) A macroscale homogenized model was developed 

to predict the effective compressive properties (modulus as well as strength) and was used to 

understand the failure behavior of the freeze-casted ceramic. The continuum damage modeling 

was employed to describe failure modes in the longitudinal and transverse directions. 

2.3.1 Micromechanical modeling of compressive behavior in freeze-casted ceramic 

A novel computational micromechanical framework was proposed based on the developed 

representative volume element (RVE), which incorporates experimentally observed morphology 

of ice-templated alumina foam. The corresponding mechanical properties of the solid phase, 

required for the micromechanical analysis, were determined based on the following consideration. 

The elastic modulus of the alumina phase used was based on the load-displacement measurements 

of the single microscopic alumina platelet subjected to 3-point bending based on study by Feildin 

et al. [76], which measured modulus of 40GPa. The use of this material stiffness measured 

microscopically under bending in present work is attributed to lamellar walls undergoing bending 

under off-axis loading. Furthermore, the length scale of the lamellar wall thickness is similar to 

the single microscopic platelet. While single crystal shows some anisotropy in the elastic modulus, 

the mechanical properties of polycrystalline lamellar walls were assumed to be isotropic. The 
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strength of these polycrystalline walls is governed by the grain boundaries, rather than a single 

crystal, which are not easily extractable from a macroscopic sample. Therefore, three different 

values for material compressive strength were considered: 250MPa, 500MPa and 1GPa and were 

used for model calibration with the experimental results. These strength values are less than the 

typical values reported for single crystal of alumina oxide (2GPa [76], [77]), therefore, providing 

an appropriate range of strength for polycrystalline ice-templated lamellar walls.  

To model the possible cracking under tensile conditions due to bending in the walls, the 

smeared cracking approach was used to describe the stress strain response of ice-templated 

alumina using the existing constitutive model in ABAQUS finite element software [78]. Smeared 

cracking approach provides a general capability for modeling brittle material subjected to the 

monotonic strain consisting of hardening yield surface in compression mode and a failure envelope 

for tensile mode. The failure envelope called crack detection surface characterized by the ultimate 

displacement calculated by (Equation 23), where 𝑢0 is the ultimate displacement, 𝐺𝑓 is the fracture 

energy per unit area and 𝜎𝑢 is the ultimate stress [68]. The material properties describing the elastic 

and smeared cracking behavior are shown in Table 1. Failure ratios Table 1 was specified to define 

the shape of the failure surface.  

𝒖𝟎 = 𝟐𝑮𝒇/𝝈𝒖 (Equation 23) 
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Table 1 Matrial properties 

Property Value 

Young’s modulus 40 GPa 

Poisson ratio 0.21 

Compressive strength 250; 500; 1000 

MPa 

Ultimate displacement for traction-separation behavior 0.98 µm 

Ratio of the ultimate biaxial compressive stress to the ultimate 

uniaxial compressive stress [68] 

1.16 

Absolute value of the ratio between the uniaxial tensile stress at 

failure to the ultimate uniaxial compressive stress [68] 

0.1 

Ratio between the principal component of plastic strain at 

ultimate stress in biaxial compression to the plastic strain at 

ultimate stress in uniaxial compression [68] 

1.28 

Ratio between the tensile principal stress value at cracking in 

plane 

stress, when the other principal stresses reach its maximum 

value in compression, and the tensile cracking stress under 

uniaxial tension [68] 

0.4 

 

 

In the present study, the considered relative density for the model was equal to 21%, which 

matches the manufactured samples discussed in Section 2. Relative density in the RVE model 

depends on the lamellar wall thickness and wall spacing, which were selected based on the 

morphological observations of the equivalent alumina material composition from Ref. [38]. 

Specifically, lamellar wall thickness was 5.5 mm and the wall spacing was 23.3 mm. The hexagon 

cell size was chosen to be 130 mm, which allows for up to 9 lamellar walls in each hexagonal cell 

of the model making it more representative for the higher scale homogenization. During the 

unidirectional freeze casting of an aqueous ceramic suspension, ice crystals nucleate in the 

direction of the temperature gradient. Therefore, the freeze casted material develops parallel 

(lamellar) wall microstructure in the direction of freezing, 𝑥1 (Figure 9). The lamellar walls exhibit 

various orientations of lamellar walls in  𝑥2 − 𝑥3 plane, which is perpendicular to the freezing 



36 

 

front direction. Based on this morphology, a honeycomb structural analogy was applied to develop 

the RVE of ice-templated ceramic (Figure 9-a) with the uniaxial direction of lamellar walls, 𝑥1, 

and idealized in-plane wall orientation with 0𝑜, 45𝑜, 90𝑜and periodic geometry. Figure 9-b shows 

the off-axis RVE developed for ice-templated alumina with 12º off-axis angle. The proposed RVE 

was discretized using 3D solid finite elements. 

In order to predict the bulk properties of the macroscale cellular solid, the periodic 

displacement boundary conditions were applied to the RVE model [79] to ensure that the opposite 

faces of the RVE have consistent deformation during the analysis. Periodic boundary conditions 

were enforced by pairing the nodes on the opposite faces of RVE and implemented using the 

displacement-based (Equation 24). 

𝒖𝟏(𝟎, 𝒙𝟐, 𝒙𝟑) − 𝒖𝟏(𝑳𝟏, 𝒙𝟐, 𝒙𝟑) = 𝑼𝟏 (Equation 24) 

𝒖𝟐(𝒙𝟏, 𝟎, 𝒙𝟑) − 𝒖𝟐(𝒙𝟏, 𝑳𝟐, 𝒙𝟑) = 𝑼𝟐 (Equation 25) 

𝒖𝟑(𝒙𝟏, 𝒙𝟐, 𝟎) − 𝒖𝟑(𝒙𝟏, 𝒙𝟐, 𝑳𝟑) = 𝑼𝟑 (Equation 26) 

where 𝑢𝑖 is the corresponding nodal displacement on the face of RVE, 𝑈1, 𝑈2 and 𝑈3 are the 

prescribed value for displacement in 𝑥1, 𝑥2 and 𝑥3 direction, which are applied to RVE, 𝐿1, 𝐿2 and 

𝐿3 are the corresponding dimensions of the RVE, as shown in Figure 9. 

The homogenized stress (𝜎𝑖) and strain (휀𝑖) obtained from the RVE analysis are calculated 

using the following equations: 

𝜺𝒊 =
𝑼𝒊
𝑳𝒊

 
(Equation 27) 

𝝈𝒊 =
𝑹𝒊
𝑨𝒊

 
(Equation 28) 
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where 𝑈𝑖 is the corresponding displacement, 𝐿𝑖 is the length of the RVE in a given coordinate 

direction, 𝑅𝑖 is the reaction force acting on RVE as a result of applied displacement boundary 

condition, and 𝐴𝑖 are the area of RVE faces. 

 

 

 

Figure 9 (a) Developed micromechanical model based on honeycomb structural analogy; s and t 

represent thickness of the walls and distance between them, respectively (b) Developed RVE for 

micromechanical analysis 12º off-axis angle 

 

 The developed RVE has three planes of symmetry, that is described by homogenized 

orthotropic constitutive stress-strain relationship. Therefore, the effective stress-strain behavior for 

homogenized orthotropic material can be used to describe ice-templated material system and is 

given by (Equation 29).  
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𝝉𝟔}
 
 

 
 

 (Equation 29) 

2.3.2 Homogenized modeling of compressive behavior in freeze-casted ceramic 

A macroscale homogenized model was developed to predict the effective compressive 

properties and was used to understand the failure behavior of the freeze-casted ceramic. The 

transversely isotropic stress-stress relationship is used based on the material planes of symmetry. 

Micromechanical analysis of RVE was used to predict material constants and as the input 

parameter of homogenized modeling. Normal distribution was defined as a spatially varying field 

over elements calculated through the measured distribution of the local orientation in the lamellar 

structure and implemented through the discrete field approach. Consecutive equations for 

coordinate transformations were used to define the discrete field orientation for the material. 

Freeze casted ceramic has the hierarchical structure with specific pore volume affecting the 

material’s mechanical properties and failure behavior. A random distribution of elements with 

specific volume fraction was defined as the porous element. The volume fraction and material 

properties of the porous elements were defined through the model's calibration. The continuum 

damage modeling was employed to describe failure modes in the longitudinal and transverse 

directions. 



39 

 

A user material (UMAT) FORTRAN subroutine for Abaqus standard implicit was 

employed to simulate the damage initiation and propagation in the longitudinal and transverse 

directions. The longitudinal damage implies the stiffness degradation in the anisotropic 

homogenized material due to the in-plane stresses. The transverse damage index shows the 

degradation of the material stiffness transverse to the loading direction. The material was assumed 

as a transversely isotropic material following the constitutive relationship in  (Equation 1).   

(Equation 30) shows the damage initiation criteria to predict the failure initiation in the 

loading direction when the corresponding criterion reaches one. Hill yield criterion was used to 

define the damage initiation to predict the failure initiation in transverse to the direction (Equation 

31). 

𝒇𝟏 = √
𝝈𝟏𝟏
𝟐

𝝈𝟏𝟏
𝒇,𝒕
𝝈𝟏𝟏
𝒇,𝒄
+ 𝝈𝟏𝟏 × (

𝟏

𝝈𝟏𝟏
𝒇,𝒕
−

𝟏

𝝈𝟏𝟏
𝒇,𝒄
) 

(Equation 30) 

 

𝒇𝟐 = √(
𝟏

𝝈𝟐𝟐
𝒇,𝒄𝟐

−
𝟏

𝟐𝝈𝟏𝟏
𝒇,𝒄𝟐

)(𝝈𝟐𝟐 − 𝝈𝟑𝟑)𝟐 +
𝟏

𝝈𝟐𝟑
𝒇 𝟐 𝝈𝟐𝟑

𝟐  
(Equation 31) 

where  𝜎ii
𝑓,𝑡

 and 𝜎ii
𝑓,𝑐

 are the failure stresses in the principal directions in tension and compression, 

respectively. The damage variables (𝑑1 and 𝑑2), evolves from 0 to 1, where 0 represents the 

undamaged material and 1 corresponds to the failure state (Equation 32).  

𝒅𝒊 = 𝟏 −
𝝈𝐢𝐢
𝒇

𝑪𝐢𝐢𝒇𝐢
𝐞𝐱𝐩(

𝝈𝐢𝐢
𝒇
(𝝈𝐢𝐢

𝒇
/𝑪𝐢𝐢 − 𝒇𝐢)𝒍

∗

𝑮𝒇
𝒇

) , 𝒊 = 𝟏, 𝟐 

(Equation 32) 

where, 𝑙∗ is the characteristic element length associated to the material, and 𝐺𝑓
𝑓
 is the fracture 

energy in the lamellar direction.   
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3 EXPERIMENTAL PROCEDURE AND METHOD 

3.1 Experimental characterization of organosheet 

This section describes the experimental test procedures used to characterize the 

morphology and mechanical response of the organosheet. DSC was employed to quantify the 

degree of crystallinity in the organosheet and was used to compare it with pure PA6. Microscopic 

analysis was used to characterize the volume fractions of fibers, the distribution of bundle 

alignment, and bundle cross-sectional dimensions. The tensile and three-point bending tests were 

used to study the effective mechanical response of the organosheet material. Notch sensitivity 

analysis was performed using the notched tensile testing. The tensile properties of LDFC with the 

flow-induced orientation state were studied experimentally.  

3.1.1 DSC characterization  

DSC is a thermo-analytical technique used to measure the change of the difference in the 

heat flow rate to the sample, subjected to a controlled temperature program [80]. In DSC method, 

the test sample and reference pan are heated and cooled under the identical condition to measure 

the difference in the amount of heat absorbed or released between the sample and the reference as 

a function of temperature [81] [82], [83]. DSC analysis was conducted with a heating rate of 

10oC/min from isothermal up to 250oC. Nitrogen atmosphere with a flow rate of 50mL/min was 

used. Degree of crystallinity of the organosheet material was measured using the corresponding 

endothermic peak during melting, which corresponds to the amount of crystalline phase in PA-6 

matrix.   

3.1.2 Microscopy analysis 

Fiber orientation state, bundle orientation state and associated volume fractions were 

measured with high-resolution microscopy analysis. The global fiber volume fraction (𝐹𝑉𝐹𝑔𝑙𝑜𝑏) 
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in the organosheet was computed based on binarization of a polished cross-sectional image (Figure 

1-c). The original micrograph contained 8-bit grayscale images with 256 different intensity levels. 

Using ImageJ software, each micrograph was binarized with an adaptive threshold and 256 levels 

were reduced to 2 levels of black and white color scheme referred to the matrix and fiber region, 

respectively. In the adaptive binarization method, the brightness of the background and the 

saturation of the black areas along the line was adjusted to find optimal binarization parameters 

for each separate line fragment. The high-resolution micrographs with visible and recognizable 

fiber boundaries were used in this study for adaptive binarization and the threshold was selected 

to ensure accurate representation of the fiber boundaries while choosing the threshold intensity 

during FOD measurements. The known weight fraction of glass fiber was used to ensure the correct 

volume fraction was determined by image analysis. 

The fiber volume fraction within a single bundle is an important variable governing the 

effective (homogenized) properties of the composite. Therefore, the fiber volume fraction in 

bundles was measured by identifying the individual bundles and computing the corresponding 

FVF in each bundle case. Bundle volume fraction can be calculated from (Equation 33).  

𝑭𝑽𝑭𝒈𝒍𝒐𝒃 = 𝑭𝑽𝑭𝒃𝒖𝒏𝒅𝒍𝒆 × 𝑩𝑽𝑭      (Equation 33) 

where 𝐹𝑉𝐹𝑔𝑙𝑜𝑏al is the FVF in the entire micrographs, 𝐹𝑉𝐹𝑏𝑢𝑛𝑑𝑙𝑒 is the FVF in the bundles and 

𝐵𝑉𝐹 is the bundle volume fraction. 

The planar fiber orientation was assumed, leading to the spatial orientation of fibers in each 

bundle to be defined as the 2nd order symmetric 2 × 2 tensor (Equation 34) calculated as the 

dyadic product of fiber orientation vectors 𝑝𝑖 (Equation 35). The orientation vector was calculated 

based on angle 𝜓𝑖 between the plane’s normal and the cylinder’s longitudinal axis of the fiber 
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shown in Figure 10-a. The angle of 𝜓𝑖 was calculated by (Equation 37), where 𝑙𝑖 and ℎ𝑖, shown in 

Figure 10-b, are the major and minor diameter of the ellipse shape fiber, respectively. Figure 10-c 

shows the distribution of fiber diameters within the selected bundle in the range of 10-16µm, 

indicating that over two-thirds of fiber diameters were distributed in the range of 12 to 14 µm. 

(Equation 38) was used to calculate the individual selected bundle orientation by taking the 

average over the calculated fibers orientation in the bundle, where n is the number of the fibers 

within the bundle [84]–[86]. 

𝑨𝒊𝒋_𝒇𝒊𝒃𝒆𝒓 = [
𝒂𝟏𝟏 𝒂𝟏𝟐
𝒂𝟐𝟏 𝒂𝟐𝟐

]  (Equation 34) 

𝒂𝒊𝒋 = 𝒑𝒊𝒑𝒋  (Equation 35) 

𝒑𝒊 = [

          
𝒄𝒐𝒔𝝍𝒊

𝒔𝒊𝒏𝝍𝒊

] 
 (Equation 36) 

𝝍𝒊 = 𝐚𝐜𝐨𝐬 (𝒉𝒊/𝒍𝒊)  (Equation 37) 

𝑨𝒊𝒋_𝒃𝒖𝒏𝒅𝒍𝒆 =
∑ 𝑨𝒊𝒋𝒏

𝒏
 

 (Equation 38) 

In order to calculate the global bundle orientation tensor in the organosheet, (Equation 39) 

was applied using the area weighting factor, where k is the number of the recognized bundles 

within the micrograph and 𝑤𝑘 is the area weighing factor of the selected bundle, calculated by 

(Equation 40). Ellipse fitting on the recognized labeled bundle was performed by Ellipse Fit 

software [87] to measure the area of the bundles, and the major and minor diagonals, shown in 

Figure 10-d for a single bundle, where 𝑘′𝑖 and ℎ′𝑖  is the measured major and minor diagonals, 

respectively. Measured major and minor diagonals values in the plane of cut were corrected using 

the average of fibers angle in the bundle. 
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𝑨𝒊𝒋 =
∑ 𝒘𝒌𝑨′𝒊𝒋

𝒌
𝒌

∑ 𝒘𝒌𝒌
 

 (Equation 39) 

𝒘𝒊 = 𝑨𝒊 × 𝒄𝒐𝒔 (𝝍𝒊
′)  (Equation 40) 

where  𝐴𝑖 is the elliptical cross-sectional bundle area in the plane of the cut, and 𝜓𝑖
′ is the average 

of fibers angle in the bundle. 

 

 

Figure 10 (a) Schematic of orientations for a fiber (b) elliptical cross-section of fiber (c) fiber 

diameter distribution within a selected bundle (d) An example of ellipse fitting on the identified 

bundle 

 

3.1.3 Failure criteria of notched composite 

Using composites in structural components necessitates drilling holes to join structural 

parts that leads to stress concentrations, resulting in reduced strength and localized failure of the 

material [88]. Since stress distribution scales with the hole size, the stress concentration around 
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the hole is believed to control the fracture behavior in composite laminates. Whitney and Nuismer 

[15-16]  developed a criterion to account for OHT notch strength sensitivity by considering the 

stress gradients near geometrical notch discontinuities as a point stress criterion (PSC). They 

assumed that failure of the notched composite laminate occurs when the stress, 𝜎𝑥, at a certain 

distance,𝑑0 , ahead of the notch with the specific radius, R, reaches the unnotched strength. PSC 

expressed in (Equation 41).   

𝝈𝒙(𝑹 + 𝒅𝟎, 𝟎) = 𝝈𝟎  (Equation 41) 

The notch strength, 𝜎𝑁, can be calculated by using PSC equation in relation with 

longitudinal stress at the crack tip (Equation 42) ) [91], [92]. 

𝝈𝑵
𝝈𝟎

=
𝟐

𝟐 + 𝝀𝟐 + 𝟑𝝀𝟒 − (𝑲∞ − 𝟑)(𝟓𝝀𝟔 − 𝟕𝝀𝟖)
 

(Equation 42) 

𝝀 = 𝑹/(𝑹 + 𝒅𝟎) (Equation 43) 

where 𝜎0 is the unnotched strength; 𝐾∞ is the stress concentration factor of an infinite plate with 

circular hole, which can be calculated with the effective engineering constants of material in 

principle directions (Equation 44) [29-30]. To calculate the 𝐾∞ of organosheet material, the 

measured engineering constants were used (Table 2). 

𝑲∞ = 𝟏 + √𝟐(√𝑬𝟏 𝑬𝟐⁄ − 𝝂𝟏𝟐 +
𝑬𝟏
𝟐𝑮𝟏𝟐

) 

(Equation 44) 
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Table 2 Mechanical properties of organosheet 

Material property Numerical value 

Longitudinal modulus,  𝑬𝟏(G𝑷𝒂) 9 

Transverse modulus, 𝑬𝟐 (G𝑷𝒂) 6.86 

Shear modulus, 𝑮𝟏𝟐 (𝑮𝑷𝒂) 1.97 

Poisson’s ratios,𝝂𝟏𝟐 0.34 

 

To improve the accuracy of notched strength sensitivity model, Pipes et al. [18], [22-23] 

assumed that the characteristic distance is a power function of the hole radius (Equation 45). 

Modified point stress criterion, MPSC, model requires an exponential parameter to the PSC and 

as a result the parameter λ derives from (Equation 46). 

𝒅𝟎 = (𝑹 𝑹𝟎⁄ )𝒎/𝑪 (Equation 45) 

𝝀 = 𝟏/(𝟏 + 𝑹𝒎−𝟏𝑪−𝟏) (Equation 46) 

 

where 𝑅0 is a reference radius and chosen as 1mm, m is an exponential parameter of characteristic 

length change, C is the notch sensitivity factor. The analytical strength model is restricted to a 

plate with an infinite width-to-hole diameter ratio. Therefore, the notch strength model in OHT 

sample requires a correction factor for the stress concentration factor, 𝐾, due to 
𝐾

𝐾∞
> 1 to account 

for the finite width of the coupon (Equation 47).   

𝝈𝑵(∞) = 𝝈𝑵(𝒘)
𝑲

𝑲∞
 

(Equation 47) 
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𝑲

𝑲∞
=
𝟐 + (𝟏 − 𝒅/𝒘)𝟑

𝟑(𝟏 − 𝒅/𝒘)
 

(Equation 48) 

where 𝜎𝑁(𝑤) is the experimental strength of a plate with a specific width (w), 𝜎𝑁(∞) is the 

corresponding strength of an infinite plate, and K is the stress concentration factor with finite width 

derived from (Equation 48) [16], [27-28]. 

3.1.4 Tensile and three-point bend testing 

The  flexural and tensile tests were performed to analyze the impact of the variability of the 

mesostructure in organosheet on the flexural and tensile behavior. The tensile specimens were 

fabricated in accordance with ASTM D3039. Compression molding was performed using two 

layers of organosheets, cut by a high-performance waterjet cutter, in a stainless-steel mold. The 

depth of the mold was 25.4 mm with no cavity in between the top and bottom part parts. The 

surfaces of the mold were coated with high-temperature release wax before inserting the two layers 

of organosheet in the mold to prevent the damage of the molded sample during extraction of the 

sample from the mold. Hot press was used for melting and consolidation process. The temperature 

of the press was increased to 230ºC and 5-ton load was applied on the 10×10 inch panel for 15min. 

Then, the heating power was turned off and the mold remained under the pressure. The panel was 

cooled down at room temperature. The thickness of the fabricated samples was 2.5 mm. Specimens 

with dimensions of 127×25 mm were cut by a water jet machine. The end tabs were bonded on 

both ends of the tensile specimen. The specimens were tested under tension and three-point 

bending with 20, 30, 50, and 70mm loading span using the MTS test machine with a 10kN load 

cell. Digital image correlation (DIC) was used to measure the strain distribution around the hole 

and to measure the average strain using a virtual extensometer in the loading direction on the 

surface of the coupons during the experiment. DIC method is based on capturing images of the 

surface pattern on the sample during the test. White random, scattered white pattern was spray-
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painted on the black surface of the samples to aid in computing and visualizing the strain 

deformation. ARAMIS GOM Correlate software was used to analyze strain components. The far 

field applied stress was calculated from the force measured with the load cell by dividing the 

applied force by the gross cross-sectional area of the coupons. The effective stress was calculated 

from the force cell in the MTS machine, force divided by cross section area for tensile stress and 

flexural stress was calculated by (Equation 49). The average tensile strain was measured by DIC 

in the loading direction on the front face of the specimen for tensile tests and the effective flexural 

strain was calculated with (Equation 50).  

𝝈 =
𝟑𝑭𝑳

𝟐𝒃𝒕𝟐
 

(Equation 49) 

𝜺 =
𝟔𝒕𝑫

𝑳𝟐
 

(Equation 50) 

where, F is the applied load, L is the span length, b is the width of the specimen, t is the thickness 

and D is the deflection. 

 

 

Figure 11 DIC image for tensile test (a) and three-point bending with 70 mm span (b) 
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3.1.5 Notched tensile testing  

Three sizes of the OH center-located notch of 2mm, 4mm, and 6mm in diameter was drilled 

in the coupons. PA6 matrix is a ductile polymer, thus allowing to avoid any damage around the 

circumference of the notch. Three panels were processed, and five coupons were fabricated for 

every batch of notched samples with prescribed notched size. The tensile strength of notched and 

unnotched coupons was measured using the MTS test machine with a 10kN load cell. Digital image 

correlation (DIC) was used to measure the strain distribution around the hole and to measure the 

average strain using a virtual extensometer in the loading direction on the surface of the coupons 

during the experiment. Figure 12 shows the tensile test set up for notched and unnotched coupons 

captured with DIC camera. The far field applied stress was calculated from the force measured 

with the load cell by dividing the applied force by the gross cross-sectional area of the coupons.  

 

 

Figure 12 Notched tensile coupons on tensile test set-up 

 

3.1.6 Tensile testing of organosheet processed by partial mold coverage   

Four plaques were compression molded with 40%, 50%, 60%, and 80% center mold 

coverage. The compression direction was in 𝑥3, and the mold cavity restricted flow in the 𝑥2-
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direction. The material flows in 𝑥1-direction under compression molding resulting in the 

preferential fiber alignment in the flow direction (Figure 13). In order to have a consistent thickness 

of the molded organosheet, the number of the organosheet layers used for molding depends on the 

mold coverage. Two layers of orgabosheet were used for full coverage and four for 40%.  Tensile 

specimens were cut from the molded organosheet in the 𝑥1 direction. Five coupons were fabricated 

for every mold flow condition. The loading direction in tensile testing was along the 𝑥1. DIC was 

used to measure the strain distribution during the experiment.  

 

 

 

Figure 13 (a) Center charge of mold (b) Schematic of partial mold coverage 

 

3.2 Experimental characterization and method for PPMC 

The PPMC material system used for this study was a unidirectional Hexcel carbon fiber 

thermoset prepreg tape (IM7/8552). Three groups of coupons were fabricated with platelet length 

of 1/4", 1/2”, and 1” to study the effect of the platelet length on the distribution of the effective 

flexural properties of stochastic PPMC. The platelet width (𝑤𝑝) and thickness (𝑙𝑝) were 6.35 and 
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0.13 mm, respectively. The thickness and width of the fabricated coupons were 25 and 2.4 mm, 

respectively.  In the following sections, the microscopy analysis to calculate the platelet orientation 

state and the mechanical test procedure are described. 

3.2.1 Fiber orientation measurement using microscopy analysis  

The stochastic mesostructure of PPMCs is achieved by a random arrangement of the 

platelets in the mold following by an anisotropic flow of heterogeneous compound, results in a 

relocation and reorientation of the platelets [13]. A microscopy analysis was used to measure the 

platelet orientation state in PPMCs with specified platelet length. Since the planar fiber orientation 

was assumed, the spatial orientation of fibers in each platelet was defined as the 2nd order 

symmetric tensor  calculated as the dyadic product of the fiber orientation vector 𝑝𝑖 (Equation 31) 

based on the angle 𝜓𝑖 between the plane’s normal and the cylinder’s longitudinal axis of the fiber. 

The angle of 𝜓𝑖 is calculated by (Equation 37), where 𝑙𝑖 and ℎ𝑖 are the major and minor diameter 

of the ellipse shape fiber, respectively. (Equation 38) was used to calculate the individual platelet 

orientation by taking the average over the calculated fibers orientation in the platelet, where 𝑛 is 

the number of the fibers within the platelet. The global platelet orientation was measured by taking 

the average over the calculated individual platelet orientations (Equation 51) where 𝑛𝑝 is the 

number of the platelets [84], [100]. 

𝑨𝒊𝒋_𝑮𝒍𝒐𝒃𝒂𝒍 =
∑ 𝑨𝒊𝒋_𝒑𝒍𝒂𝒕𝒆𝒍𝒆𝒕𝒏

𝒏𝒑
 

(Equation 51) 

3.2.2 Three-point bend testing of  PPMC 

The flexural tests were performed to analyze the impact of the platelet length within the 

PPMC on the flexural properties (strength and modulus). Compression molding was performed 

using scattered prepreg platelets with prescribed length in a 127𝑚𝑚 × 127𝑚𝑚 stainless-steel 
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mold. Hot press was used for cure and consolidation process. The mold was preheated at 108 C 

for 35 minutes in the oven. Then, the load of 15 MPa was applied on the mold under the press for 

30 minutes followed by raising the temperature to 180 °C and the mold was remained under 

pressure for 2 hours. Then, the heating power was turned off and the mold was cooled down to 

room temperature. Specimens with dimensions of 127 mm × 25 mm were cut by a water jet 

machine. 5 specimens were fabricated for every group of PPMC coupons with prescribed length 

of 1”, ½”, and ¼”. The specimens were tested under three-point bending with using the MTS test 

machine with a 10kN load cell. Digital image correlation (DIC) was used to evaluate the strain 

distribution field on the surface of the specimens by capturing images of the surface pattern during 

the test. The black and white speckle pattern was spray-painted on the surface of the samples to 

aid in computing and visualizing the strain deformation. ARAMIS GOM Correlate software was 

used to analyze strain distribution. Figure 14 shows three-point bending setup with 90 mm span 

for a PPMC sample captured with DIC camera. The effective flexural modulus and strength of 

stochastic PPMC coupons were measured in a displacement-control three-point bend tests with the 

span of 90mm with crosshead rate of 2 mm. Flexural stress and strain stress were calculated 

through (Equation 49) and (Equation 50), respectively.  
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Figure 14 Three-point bending setup for a PPMC sample with 90 mm span 

 

3.3 Processing and experimental procedure for freeze casted ceramic 

Ice-templated porous alumina produced from  𝐴𝑙3𝑂3 powder with equiaxed morphology and 

the particle size of 0.3µm with the surface area of 8𝑚2/𝑔 (APA-0.5, Sasol, Tuscon, AZ). The 

samples were provided by Laboratory for Extreme and Energy Materials at Old Dominion 

University and followed the fabrication procedure described in detail in Ref. [38], [101]. Deionized 

water was used as the solvent and 0.5wt% of ammonium polymethacrylate anionic was added to 

the slurry. After preparing the slurry, zirconia balls (𝑍𝑟𝑂2) in 5mm diameter used to stir the slurry 

magnetically for 24 hours in order to disperse alumina in the solvent. Then, 5 wt% of poly-(2-

ethyl-2-oxazoline) was added to the slurry and stirred for an hour. After separation of the zirconium 

balls, the suspension was de-aired for 30 minutes. The ceramic suspension was prepared with 15 

vol% of solid loading. The aqueous particulate suspension was solidified under a unidirectional 

temperature gradient applying a custom-made device for unidirectional freeze casting of 𝐴𝐿2𝑂3. 

The suspension placed inside an insulated Teflon cylinder on a steel plate with a thickness of 5mm, 
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filled with liquid nitrogen and a gap adjusted between the suspension and liquid nitrogen. A 

thermocouple measures the temperature gradient during the freezing process. During the freezing, 

the ceramic particles entrapped within the ice crystals or ejected resulting in microstructure with 

the anisotropic lamellar pore morphology [5], [38]. The rate of freezing front velocity was shown 

to be an important feature for controlling the morphology of the porous structure [38]. The 

estimated freezing front velocity is13.6 𝑚/𝑠c: calculated by dividing the frozen sample height 

with the time required to complete the solidification [38]. Afterward, samples were sublimated in 

a freeze-dryer (Freeze Dryer 2.5L, Labconco, Kansas City, MO) at the low pressure of 0.014 mbar 

and −50°𝐶 for 96 hours. Finally, samples were sintered at the temperature of 450ºC for 4 hours 

and the rate of 3°C/min, and then were heated to 1550ºC and held for 4 hours and the rate of 

5°C/min in a furnace (KSL-1700X, MTI Corporation, Richmond, CA). Finally, samples were 

cooled to the room temperature at a rate of 5 °C/min.  

The samples for mechanical testing were extracted from the central part of the fabricated 

piece with dimensions 6 × 6 × 6 𝑚𝑚3 in order to ensure the uniform relative density. Relative 

density, as the microstructural characterization, was calculated based on sintered density of 

samples and the bulk density of alumina powder using (Equation 52). 

𝝆𝒓 =
𝝆

𝝆𝒃
=
𝒎𝑽−𝟏

𝝆𝒃
 (Equation 52) 

 𝜌𝑟 is the relative density, 𝜌 is the sintered density of the samples, 𝜌𝑏  is the bulk density 

of ice-templated alumina, m is the mass of the sample, and 𝑽 is the volume of the sample. In this 

study, samples are produced with 21% of relative density.  
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3.3.1 Sample fabrication and testing 

Ice-templated alumina exhibits varying lamellar wall orientation in the plane transverse to 

ice growth direction shown in Figure 15. The ice-templated scaffolds can be subjected to off-axis 

compressive loading with respect to the ice-crystal growth direction. Figure 16-a shows a 

schematic for off-axis compressive loading of alumina with respect to the principal material 

coordinate system, 1-2. The orientation of the off-axis loading is defined by angle . In order to 

study the compressive behavior of the ice-templated alumina under different off-axis loading, 

samples were cut with different orientation relative to the ice growth. During the freeze casting, 

ice crystals nucleate and grow from the bottom to the top of the suspension in the direction of the 

temperature gradient. The processed sintered samples had diameter and height of 19 mm and 45 

mm, respectively  [38], [101]. The bottom of the samples had isotropic dense layers of the particles 

with no directional structure, because of the super cooling ahead of the freezing front [36]. 

Furthermore, decreasing the freezing front velocity from the bottom to the top of the slurry during 

the freeze casting can cause significant changes in the microstructure to an isotropic cellular 

structure and eventually a lamellar dendritic morphology [36], [102]. Therefore, the specimens 

were cut from the homogeneous lamellar section, located in the middle of the freeze cast samples 

at 19.5 mm and 25.5 mm from the bottom plane [38]. Diamond cutting system was used to cut the 

final sample cubes in 6 × 6 × 6 𝑚𝑚3. The samples were cut in three different direction, 

longitudinal, perpendicular orientations and with 15° relative to the ice growth direction.  

A compression test was carried out using the MTS test machine with a 10kN load cell and 

1min/mm rate of crosshead. In all tests the load was recorded and used to calculate the 

homogenized stress carried by the cellular solid. Compressive strain is captured simultaneously by 

3D DIC system and used for determining stress-strain profiles.  
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Figure 15 (a) Schematic of ice-template ceramic foam, showing principal composite directions 

(b) Micrographs showing agglomerations of parallel lamellar walls; s and t represent wall 

thickness and wall spacing, respectively 

 

The 3D DIC strain measurement system was used for measuring strain on the surface of 

the sample. A black pattern was spray painted on the surface of the sample to create the random 

pattern in order to conduct the correlation of the undeformed and deformed patterns. The analysis 

of strain components was conducted by ARAMIS GOM correlate software. Figure 16-b shows the 

speckle pattern on the sample, providing a surface recognized by DIC to measure the surface 

deformation during the test.   

 



56 

 

 

Figure 16 (a) Schematic of compression off-axis loading at an angle θ between the loading 

direction and the direction of crystal growth (the foam principal “1”-direction) (b) experimental 

set-up for compression test 
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4 MATERIAL CHARACTERIZATION OF ORGANOSHEET  

This chapter discusses the calculation of the degree of crystallinity in the organosheet to 

evaluate the effect of in-situ polymerization on the crystallinity of the PA6 in the organosheet 

compared with that of the pure PA6. Then, the effective properties and the plasticity of the pure 

PA6 were measured through the standard tensile testing. An elastic-plastic finite element model 

was applied for PA-6 tensile test to calibrate the material constitutive model using the test data. 

Finally, the measured fiber bundle orientation and dimension using the microscopy analysis was 

explained and the calculated homogenized properties of the bundles was discussed. The 

characterization results were used to generate the morphologies of the virtual organosheet models 

and adopt the mechanical properties for the modeling.  

4.1 DSC thermal analysis  

The presence of the fiber reinforcements in the organosheet and the in-situ polymerization 

process may affect the nucleation and growth of crystalline phase in PA6. The degree of 

crystallinity was defined by (Equation 53) considering a baseline from the onset of melting to the 

crystalline phase and calculating the enthalpy of fusion from the area under this endotherm [103]. 

𝜒 =
Δ𝐻𝑚

(1 −𝑊𝑓)Δ𝐻100
 (Equation 53) 

where 𝜒, is the degree of crystallinity, 𝑊𝑓 =0.55 is the global weight fraction of the reinforcement 

in the organosheet, ΔHm is the crystallization enthalpy of the organosheet, and ΔH100 (135 J/g) is 

the melting enthalpy of 100 % crystalline PA6 [104]. Cooling during crystallization process 

influences the degree of crystallinity and composition of crystal structure in nylon [105]. DSC 

profiles of pure nylon and organosheet were compared and showed similar peak melting 

temperatures, 219.67C for nylon and 219.14C for organosheet, Figure 17. Furthermore, the 
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endothermic behavior, which is indicative of crystalline phase composition due to processing, 

showed similar profile for nylon and organosheet. 

The average measured crystallization enthalpy of the organosheet for two samples was 29.2 

J/g, and for pure PA6 was 72 J/g. The results show the average degree of crystallinity of 0.48 in 

the organosheet which is close to that of the pure PA6 (0.53). Therefore, mechanical properties of 

pure PA6, which was tested in the subsequent section, were used to derive the effective properties 

of the glass fiber-PA6 bundles and to represent the mechanical behavior of PA6 rich pockets in 

the organosheet. 

 

 

Figure 17 DSC melting behavior for pure PA6 and organosheet 

 

4.2 Mechanical behavior of PA6 

The standard tensile test method, ASTM D638-16 Type1, was used to measure the 

mechanical properties of the PA6 and define the elastic-plastic behavior of the material. The DIC 

system was used to measure the strain on the surface of the sample during the experiment. The 
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results show high ductile capability in pure PA6 material, and the plastic behavior of the material 

is described by its yield point and post-yield hardening [106]. 

An elastic-plastic finite element model was developed for PA6 tensile test with continuum 

ductile damage mechanism to calibrate the material model from the test data. The plasticity of the 

material was defined through the true yield stress as a function of true plastic strain, measured 

from tensile test. Figure 18-a shows the strain pattern on the sample at the maximum stress, where 

the strain distribution shows uniform strain distribution across the gauge length. Figure 18-b-c 

shows the pattern of the damage variable and equivalent plastic strain in the PA6 tensile model, 

respectively, at the maximum stress, where the higher damage variable and plastic strain occur in 

the middle of the specimen. Figure 18-d shows close correlation between the true stress-strain 

behavior from tensile testing compared with the modeling prediction. The mean and standard 

deviation for tensile modulus and true maximum stress from the test results were 1.85±0.06 GPa 

and 87±4.5 MPa, respectively. The correlation between the transverse and longitudinal tensile 

strain showed the Poisson’s ratio of 0.43. The elasto-plastic and damage properties were obtained 

by calibration of the constitutive model described in 2.1.3 using experimental tensile testing of 

neat PA6 and are shown in Table 3. There properties were subsequently used for modeling the 

chanical behavior of PA6 rich pockets in the organosheet model. Furthermore, the neat PA6 

properties were used as inputs in calculating engineering constants for the homogenized properties 

of bundles and the corresponding principal strengths, as shown in Appendix A.  
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Figure 18 (a) DIC image for PA6 tensile testing at maximum stress (b) Equivalent plastic strain 

and (c) damage variable in PA6 tensile modeling at maximum stress (d) True stress strain curve 

of PA6 tensile test compared with modeling 

 

Table 3 Material’s constants used for finite element modeling of neat PA6 and matrix pockets in 

organosheet 

Property Value 

Yield stress (MPa), 𝝈𝒀
𝒎 30 

Ultimate trues stress (MPa), 𝝈𝒖
𝒎 87 

Young’s modulus (GPa), 𝑬𝒎 1.85 

Poisson ratio, 𝝂𝒎 0.43 

Fracture plastic strain, �̅�𝒇
𝒑𝒍

 0.48 

Stress triaxiality, 𝜼 0.33 

Displacement at failure (mm), �̅�𝒇
𝒑𝒍

 0.14 
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4.3 Characterization of bundle mesostructure and effective mechanical properties  

The fiber orientations within a bundle were calculated by using (Equation 34). Figure 19-

a shows a selected bundle containing 191 individual fibers with the average fiber orientation 

distribution of 61° (Figure 19-b). The overall bundle orientation was calculated by taking the 

average over the calculated fibers orientation in the bundle using (Equation 38) (3.1.2). Figure 19-

c shows that the bundle orientation distribution from organosheet micrograph varied between 20°- 

75°. Over half of all the bundles were oriented in the range of 25° - 45° and the overall average 

angle of the bundles was 41°. The global, bundle orientation components, fiber volume fraction, 

fiber volume fraction within the bundles, and the bundle volume fraction in organosheet were 

measured using the microscopy analysis, as discussed in Section 3.1.2, and results are presented 

in Table 4.  

The orientation state of the organosheet on the meso-scale was generated based on the 

measured bundle orientation tensor, calculated by (Equation 39). The first component of the bundle 

orientation tensor (𝑎11) is representative the bundle degree of alignments in x1 direction. The 

measurement of 𝑎11 in different regions of the organosheet shows the average and standard 

deviation of 0.54 ± 0.03. The average of the other components of bundle orientation tensor, 𝑎22 

and 𝑎12, are indicated in Table 4. The major and minor diagonal of the bundles were measured by 

the ellipse fitting on the cross-section of the bundles within the micrograph of an organosheet. The 

mean and standard deviation of major and minor diagonals were measured as 786±228µm 

(coefficient of variance: 29.08) and 76±12µm, respectively. Table 4 shows the characterized 

microstructural characteristics of the fiber volume content and bundle geometry within the 

organosheet measured by microstructural image processing on the 2-D cross-section micrograph.  
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Figure 19 (a) Cropped binary image of the identified bundle (b) Distribution of fiber orientations 

in a selected bundle (c) Distribution of bundle orientations (d) A schematic of ellipse fitting on a 

bundle (e) Distribution of the bundle major diagonals (f) Distribution of the bundle minor 

diagonals 
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Table 4 Measured micro- and mesostructural characteristics of organosheet 

Property Value 

Global FVF 0.34 

FVF in bundles (Ave.±Std Dev.) 0.68±0.03 

Bundle volume fraction 0.55 

𝑎11 (Ave.±Std Dev.) 0.54±0.03 

𝑎22 (Ave.±Std Dev.) 0.46±0.03 

𝑎12 (Ave.±Std Dev.) 0.39±0.01 

Major diagonal of bundles (Ave.±Std Dev.) 786±228µm 

Minor diagonal of bundles (Ave.±Std Dev.)         76±12µm 

 

 

Based on the measured micro- and meso-scale parameters of the organosheet, the following 

morphologies of the virtual organosheet models were generated with the 𝑎11 of 0.54, 0.58, and 

0.62 to study the effect of the bundle orientation on the mechanical properties of the material. 

Since the finite element voxel thickness was 40 µm,  it resulted on average between 2-3 elements 

through the thickness of each bundle. To further estimate the average bundle thickness generated 

in the organosheet, the cross-section of the simulated morphology (Figure 4-a) was used to 

measure the average and standard deviation of the bundle thickness, which was found to be 89 ±

20µm and close to the average of the measured minor diagonal of the bundles in organosheet. For 

every global bundle alignment, three different sample configurations were generated and analyzed 

using tensile and three-point bending simulations. Table 5 shows the calculated effective material 

properties of the bundles based on the measured 68% FVF in the bundles (Table 4). The 

corresponding principal moduli and strengths were calculated using micro-mechanical model (see 

Appendix A) using the elasto-plastic matrix behavior. The calculated homogenized properties of 

the bundles were used to represent the organosheet on the meso-scale.   
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Table 5 Homogenized stiffness and strength properties for bundles 

Material property Numerical value 

Longitudinal modulus,  𝑬𝟏𝟏(𝑴𝑷𝒂) 59234 

Transverse modulus, 𝑬𝟐𝟐, 𝑬𝟑𝟑(𝑴𝑷𝒂) 9571 

Shear modulus, 𝑮𝟏𝟐, 𝑮𝟏𝟑(𝑴𝑷𝒂) 3002 

Shear modulus, 𝑮𝟐𝟑(𝑴𝑷𝒂) 3300 

Poisson’s ratios,𝝂𝟏𝟐, 𝝂𝟏𝟑 0.29 

Poisson’s ratios,𝝂𝟐𝟑 0.45 

Longitudinal tensile strength,𝑭𝟏𝟏
𝒕 (𝑴𝑷𝒂) 1967 

Longitudinal compressive strength,𝑭𝟏𝟏
𝒄 (𝑴𝑷𝒂) 800 

Transverse tensile strength,𝑭𝟐𝟐
𝒕 (𝑴𝑷𝒂) 145 

Transverse compressive strength,𝑭𝟐𝟐
𝒄 ( (𝑴𝑷𝒂) 145 

Peel strength,𝑭𝟑𝒛(𝑴𝑷𝒂) 145 

Transverse shear strength,𝑭𝑺𝒛 (𝑴𝑷𝒂) 146 
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5 EFFECT OF THE FIBER BUNDLE ORIENTATION AND SPECIMEN SIZE ON 

THE MECHANICAL BEHAVIOR OF LDFC 

Modeling of the organosheet at the meso-scale level allows simulating the effective 

mechanical response and failure behavior of the material. The effect of the bundle degree of 

alignment in the organosheet on the tensile and flexural strength and modulus of the material were 

studied. Furthermore, the impact of the span length on the flexural response and failure behavior 

were analyzed.  

5.1 Comparison of experimental and numerical modeling prediction  

The effective tensile and flexural modulus and strength of the organosheet were measured 

through the experiments and compared with the simulation results. Figure 20 shows the 

comparison between the stress-strain response from the tensile and three-point bending tests with 

the simulation results. The initial linear global response of the stress-strain behavior in the RVE-

based tensile and three-point bending simulations agreed closely with the experimental results. 

The progressive failure, non-linear, behavior in tensile simulation did not have the same brittle-

like behavior observed in the experiments, while the strength value was in the experimentally 

observed range. The flexural simulation and experimental results showed similar gradual decrease 

once maximum stress was reached.  
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Figure 20 (a) Tensile stress strain behavior of the experiment and RVE modeling (b) Flexural 

stress strain behavior of the experiment and modeling with 50mm span, and (c) 30mm span 

 

Figure 21 a and b show the range of the modulus and strength from experiments compared 

with RVE simulation results for tensile loading. The variation of the effective tensile modulus and 

strength results from the variability of the local structural orientation of the bundles due to the 

discontinuous fiber reinforcement morphology. The tensile modulus and strength from RVE 

modeling agreed closely with experiment results. The average tensile modulus and strength from 

the simulations for the morphology with the average 𝑎11 of 0.54 was 8.9±0.65GPa and 

158.4±0.3MPa, respectively. With increased alignment, the average tensile modulus and strength 

improved from 9.1±0.15GPa to 9.9±0.11GPa and from 157.3±12.5 MPa to 167.7±3.4 MPa, 
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respectively, for the increased 𝑎11 from 0.58 to 0.62. Figure 21-c and d show the flexural modulus 

and strength variation with respect to span-to-thickness ratio from experiment and modeling 

results. The flexural modulus from modeling results for the morphology with the average 𝑎11 of 

0.54 and 0.58 agreed with the test results of three-point bending with a span ratio of 11 to 26. The 

modeling results show that the increased 𝑎11 from 0.58 to 0.62 leads to improvement of 12% and 

14% of the overall flexural modulus and strength, respectively. The initial increase of the average 

flexural modulus by increasing the span ratio can be related to the effect of shear deformation in 

anisotropic long fiber composites in case of the shorter beam. The experimental results 

demonstrated a more pronounced effect in the increase of the flexural modulus with span, than in 

the simulation. This initial increase of the modulus with span is similar to the behavior observed 

in continuous fiber composites, which is governed by the diminishing role of the intralaminar shear 

deformation in the laminates [107]. A similar effect develops in the composites as span increased 

up to the double nominal fiber length (about 2” span for 1” nominal fiber length). With the span-

to-thickness ratio increasing above 25, the modulus showed the gradual decrease to a plateau-like 

behavior. The drop in the flexural modulus is explained by the discontinuous fiber morphology 

governed by the fiber orientation state, which is described with orientation tensor.  

The average flexural strength showed a gradual decrease and plateau like behavior from 

408MPa to 389MPa (from experiments) by increasing the span ratio from 8 to 11, following the 

decline to 202 MPa by increasing the span ratio to 26. The flexural strength from the modeling 

predictions was in the range of the experimental values for the aspect ratio of 8 to 18 and followed 

a moderate decline to reach a plateau-like behavior at the span ratio exceeding 18, which was not 

as pronounced as in the experimental results. The decline of flexural strength is explained in the 

next section by the combination of the various damage modes present in the organosheet. 
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Figure 21 Comparison of experiment and modeling results of (a) tensile modulus and (b) tensile 

strength (c) flexural modulus and (d) flexural strength 

 

5.2 Analysis of damage states in organosheet under tensile and three-point loading   

Failure in the organosheet is the result of the evolution and interactions of the various 

damage events including fiber/matrix failure, bundle delamination, matrix failure and cracking in 

PA6 pockets (Figure 22). Consequently, the damage behavior in organosheet is dispersed 

throughout the volume of composite and is characterized by the simultaneous damage onset and 

propagation at various locations. This behavior is due to complex hierarchical mesostructure, 

which promotes multiple origins of failure due intrinsic structural redundancy and ability for load 

redistribution within the material once one of the failure modes develops. To predict the evolution 



69 

 

of the complex damage behavior in organosheet the continuum damage mechanics was employed 

as discussed in 2.1. 

 

 

Figure 22 Characteristics of the fractured organosheet under three-point loading 

 

Figure 23-26 shows the cumulative relative frequency of the damage variables. The 

patterns of the damage index in the fiber direction, transverse to the fiber direction, and through 

the thickness of the bundles are shown at the maximum stress for RVE-based tensile and three-

point bending simulations with varying span lengths. For 3-point bending simulations, the 

cumulative relative frequency of damage variables (Figure 23) was calculated in damage process 

zone (DMZ) by considering the damaged elements as a fraction of total number of the elements. 

The damage was confined to the region of 7.5 mm around the top roller for all simulations, which 

was identified as the DPZ (Figure 23). To determine the cumulative relative frequency of damage 

modes in RVE-based tensile simulation (Figure 24) the entire volume of RVE was used. Therefore, 
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the cumulative distribution provides a measurement of the damaged elements volume fraction and 

was used to compare the different failure modes in tensile and 3-point bending simulations.  

The cumulative relative frequency of fiber damage variable in tensile simulation showed 

higher volume fraction (2.9%) compared to the 3-point bending modeling (in the range of 0.5% 

and 0.65%). Under tensile loading, the damage variable transverse to the fiber direction occurred 

in a larger zone compared with the fiber damage. Increasing the span from 20mm to 70mm lead 

to an increase in the matrix damage variable in bundles from 13% to 27%, while the RVE-based 

tensile modeling showed the higher value (81%). Taken together, these results indicate that the 

predicted decrease in 3-point bending strength with the span-to-thickness ratio from 8 to 25, 

including lower values for tensile strength, followed the trend of increased matrix damage, as the 

average strength decreased from 450 MPa to 375MPa in 3-point bending for the morphology with 

the 𝑎11 of 0.62. 

The cumulative relative frequency of the damage variable through the thickness (Figure 

25) corresponds to the bundle delamination also shows the higher volume fraction in RVE tensile 

simulation (6.1%) compared to the 3-point bending simulations (in the range of 0.5% and 1%).  
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Figure 23 Cumulative frequency of the damage variable in the fiber direction in three-point 

bending at DPZ and (b) RVE tensile simulations (c) Pattern of the damage variable in three-point 

bending at DPZ and (d) RVE tensile simulations 

 

 

Figure 24 (a) Cumulative frequency of the damage variable transverse to the fiber direction in 

three-point bending at DPZ and (b) RVE tensile simulations (c) Pattern of the damage variable in 

three-point bending at DPZ and (d) RVE tensile simulations 
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Figure 25 (a) Cumulative frequency of the damage variable through the thickness in three-point 

bending at DPZ and (b) RVE tensile simulations (c) Pattern of the damage variable in three-point 

bending at DPZ and (d) RVE simulations 

 

Figure 26-28 show the cumulative relative frequency and the pattern of the damage variable 

and plasticity in the PA6 pockets at the maximum stress for flexural simulations and RVE tensile 

modeling. Increasing the span from 20mm to 70mm lead to an increase in the volume fraction of 

damaged elements in the PA6 pockets from 13% to 27%. The maximum cumulative relative 

frequency of PA6 pocket damage in RVE tensile simulation was 27%, close to that of 3-point 

bending with the longer span (70mm). Figure 26 shows the cumulative relative frequency of 

equivalent plastic strain in PA6 pockets. The volume fraction of elements with developed plastic 

strain increased from 5.2% to 12.4% by increasing the span length from 20mm to 70mm, as well 

as the magnitude of the maximum equivalent plastic strain increased from 0.25 to 0.55, 

respectively. The RVE tensile simulation shows the higher volume fraction of elements with 

developed equivalent plastic strain in PA6 pockets (44.9%) compared with the 3-point bending 
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modeling, while the magnitude of maximum equivalent plastic strain is about 0.4. It is important 

to point out that the level of plastic strain above 0.20 was found to associate with failure in PA6, 

as shown by the elastic-plastic damage modeling of PA6 (see Figure 18).  

 

 

Figure 26 (a) Cumulative frequency of the damage variable in PA6 pockets in three-point 

bending at DPZ and (b) RVE tensile simulations (c) Pattern of the damage variable in three-point 

bending at DPZ and (d) RVE tensile simulations 
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Figure 27 (a) Cumulative frequency of the plastic strain in PA6 pockets in three-point bending at 

DPZ and (b) RVE tensile simulations (c) Pattern of the plastic strain distribution in three-point 

bending at DPZ and (d) RVE tensile simulations 
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6 EFFECT OF NOTCH SENSITIVITY IN LDFC 

6.1 Comparison of experiment and modeling prediction 

The notched strength of the organosheet were measured through the experiments and 

compared with the simulation results. Figure 28-a shows a comparison between the stress-strain 

curves from the tensile tests and the simulation results. The initial linear-elastic response of the 

stress-strain behavior in the simulations agreed with the experimental results following with the 

non-linear progressive failure. Figure 28-b shows the range of the notched tensile strength from 

experiments compared with simulation data. The variation of the notched tensile strength results 

from the local damage propagation around the notch, reflecting the loss of stress carrying capacity. 

The average notched tensile strength and corresponding standard deviation of specimens with 

2mm hole diameter is 180±13 MPa and in the range of unnotched coupons (172±9 MPa). 

Heterogeneous mesostructure of organosheet may provide for more critical stress concentration 

compared to the geometric stress concentration from the notch of 2mm diameter. Therefore, the 

smaller notch (2mm hole diameter) does not appear to influence the strength. Increasing the notch 

diameter to 4mm and 6mm leads to a decrease in the average strength to 157±11 MPa and 132±10 

MPa, respectively, due to the increased geometric stress concentration that scales with the hole 

size. The interesting behavior was observed in terms of plateau response of the OHT samples. 

While unnotched sample exhibited very brittle behavior, it was OHT sample that showed 

significant amounts of the plastic deformation prior to reaching complete failure. This behavior 

was observed for all of the hole diameters, and was captured in the modeling of OHT coupons, 

even though it was more pronounced in the experiments. Such behavior, especially for OHT is 

desired from the design point of view, as it allows for a more damage tolerant response, by 
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avoiding the brittle catastrophic failure. The role of plasticity in resin rich pockets was used to 

explain this behavior, as will be discussed in the results section using PFA simulation results. 

 

 

Figure 28 (a) Notched tensile stress strain behavior of the experiments and simulations (b) 

Comparison of notched strength measured from experiments and simulations 

 

6.2 Analysis of damage behavior in OHT LDFC using experimental and virtual test 

results 

Failure in the organosheet is the result of the propagation and interactions of the complex 

damage variables including fiber/matrix failure, bundle through thickness failure (e.g. 

delamination), matrix failure and cracking in PA6 pockets. Failure of the notched specimens was 

associated with the separation in two pieces by a macro-crack near the hole.  Figure 29 shows the 
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failure mode of fiber failure and PA6 pockets cracking observed around the hole of the failed 

specimens. Figure 30-a shows the patterns of the in-plane and through thickness damage variables 

within the bundles and the propagated damage in the PA6 pocket at the maximum stress of OHT 

simulations. The simulation results showed that the dominant failure modes were the transverse 

failure in the bundles and the failure in PA6 pockets. Figure 30-b shows the strain distribution 

pattern on the surface of OHT coupons at the failure captured by the DIC system. The damage 

sites in organosheet with 2mm OH diameter is dispersed throughout the volume of coupons with 

localized damage around the notch and alternative damage sites at various locations, which form 

due to variation in fiber orientation distribution (FOD). The localized strain distribution pattern in 

loading direction (𝑥1) was attributed to the damage propagation zone, which shows competing 

regions of damage process around and away from the notch. The heterogenous morphology of the 

organosheet promotes the redistribution of stresses over the undamaged regions until the material 

gradually accumulates enough critical damage to lose the load carrying capacity. As a result of the 

sample strength with 2mm diameter notches in organosheet did not result in the reduced strength. 

It is interesting to note, that even though this effect did not result in uncontrolled location of the 

failure surface: the failure still occurred through the hole of the sample. This result is interesting 

and was attributed to well controlled FOD throughout the composite and due to small bundle 

dimensions (about 790µm in width and 76µm in thickness). Furthermore, nylon plasticity is 

believed to play an important role in this notch insensitive behavior and it will be discussed in the 

subsequent section based on the simulation results. Increasing the notch diameter to 4mm and 6mm 

provided for increased geometric stress concentration, which leads to the damage zone located in 

the vicinity of notch. With increase in the hole diameter (from 2mm to 4 mm and 6mm), the higher 

local strains are occurring around the region of the hole (Figure 30). The PFA results in Figure 30 
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illustrate the localization of the damage to the region around the notch as the hole diameter 

increases.  

Figure 31 and 32 shows the strain distribution around the 4mm and 6mm OHT simulation 

at the linear elastic region and the strain plot on the hole circumference and away of the hole for 

in-situ and virtual tensile testing. The modeling results follow the similar trend observed 

experimentally, where the strain concentration reaches maximum values at 0o and 180o locations 

on the hole circumference, and the strain concentration rapidly declines away from the hole.  

 

 

Figure 29 Failed tensile notched coupons 
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Figure 30 (a) Pattern of the damage variables in OHT simulations (b) Strain distribution pattern 

of the notched coupons at failure 
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Figure 31 (a) Strain distribution and (b) strain plot along the hole circumference at elastic region 

for OHT testing 
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Figure 32 (a) Strain distribution and (b) strain plot along the hole circumference at elastic region 

for OHT testing 

 

To better understand the completing failure modes, Figure 33 shows the cumulative relative 

frequency of the damage variables at the maximum stress for OHT simulations. Furthermore, 

Figure 34 shows the maximum fraction of the damage elements at the failure for the OHT 

simulations. The cumulative relative frequency of damage variables was calculated through the 

entire volume of virtual specimen by considering the damaged elements as a fraction of total 

number of the elements. Therefore, the cumulative distribution provides a measurement of the 

damaged elements volume fraction and was used to determine what failure modes were most 

present volumetrically during the virtual test. The maximum cumulative relative frequency of 

damage variable for 1mm and 2mm hole diameter was at the same level of 95% for PA6 pocket 

and 42% for transverse to fiber direction damage as the dominant damage modes. Increasing the 
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notch size from 2mm to 10mm lead to a decrease in the volume fraction of damaged elements of 

59% for PA6 pocket and 11% for transverse to fiber direction. OHT simulation with smaller holes 

shows the higher fraction of the accumulated damage variables (Figure 33 and Figure 34). This 

implies more arrested damage evolution and redistribution of load paths to undamaged elements 

during loading of coupons with smaller notches.  

Figure 35 show the cumulative relative frequency and the distribution of equivalent plastic 

strain in the PA6 pockets at the maximum stress for OHT modeling. The volume fraction of 

elements with developed plastic strain was decreased from 37% to 24% by increasing the hole 

diameter from 1mm to 10mm, while the maximum equivalent plastic strain was increased from 

0.45 to 0.7. Figure 36 shows the fraction of fully damaged elements (𝑑𝑖 = 1) with respect to the 

strain value in 2mm and 6 mm OHT simulations. Increasing the fraction of the damaged elements 

from the strain of 1.5% to the failure specifically with the higher damage fraction of PA6 can be 

attributed to the plastic behavior of the material observed in the stress strain curves (Figure 28-a). 

The simulation results confirm the hypothesis that plasticity was a contributing factor to the notch 

insensitivity below 2mm hole size, which was observed experimentally, as well as the increased 

ductility in OHT stress-strain response. 
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Figure 33 Cumulative frequency of the damage variable (a) in the fiber direction (b) transverse to 

the fiber direction (c) through the thickness, and (d) in PA6 pockets in OHT simulations 

 

 

Figure 34 Fraction of the damaged elements at failure 
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Figure 35 (a) Distribution of the plastic strain in OHT simulations (b) Cumulative frequency of 

the plastic strain in PA6 pockets OHT simulations 

 

 

Figure 36 Fraction of the damaged elements with respect to the strain in 2mm (a) and 6mm (b) 

OHT simulation 
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6.3 Evaluation of OHT strength using analytical stress based models 

To determine the OHT material response, which is independent of the sample width, the 

notched strength measured from experiments and predicted from PFA simulations were used for 

the analytical PSC and MPSC models. The finite size correction factor was applied to the strength 

results using (Equation 46). The correcting factor is defined as the ratio between the stress 

concentration factor of a finite, 𝐾, and the infinite plate, 𝐾∞, which were calculated by (Equation 

44), respectively, and are listed in Table 6. The parameter λ was derived from (Equation 42) using 

Newton-Raphson’s method.  

 

 shows the corrected notched strength data and corresponding λ values driven through the 

experiment and simulation results. Parameter m and C were calculated through the least square 

method by plotting −𝑙𝑜𝑔 (
1

𝜆
− 1) vs. log R according to (Equation 45) (Figure 37-a). Figure 37-b 

shows the theoretical curve of  
𝜎𝑁

𝜎0⁄  based on PSC and MPSC method calibrated through the 

experiment and simulation results as a function of hole dimeter. The predicted MPSC curves 

calibrated through the experiment and simulation results were in close agreement and fitted within 

the range of the OHT strength. This implies that the notched strength for any hole size can be 

predicted using these analytical models calibrated through the PFA results based on generated 

virtual digital twin morphologies of OHT organosheet. The results show that 
𝜎𝑁

𝜎0⁄  is lower than 

0.95 for the specimen with the hole diameter less than 2mm which means the tensile strength is 

nearly insensitive to this hole size diameter.  
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Table 6 Stress concentration factor for the finite and the infinite plate of organosheet  

Property Value 

𝑲∞ 3.49 

K(w/d=0.09) 3.52 

K(w/d=0.17) 3.61 

K(w/d=0.27) 3.80 

 

 

Table 7 Average unnotched and corrected-notched strength data and the corresponding 

parameter λ 

R(mm) Ave. 𝝈𝑵(𝑴𝑷𝒂) 
(Experiment) 

λ 

(Experiment) 
Ave. 𝝈𝑵(MPa) 

(Simulation) 

λ 

(Simulation) 

0 168.6 ± 6.4 (𝜎0) - 162.3 (𝜎0) - 

1 179.1 ± 11.7 0.13 169.1±9.4 0.13 

2 163 ± 11.4 0.24 145.5±5.4 0.34 

3 143.5 ± 11.1 0.45 131.9±7.1 0.42 

4 - - 114.8 0.53 

5 - - 98.8 0.60 
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Figure 37 (a) Determination of the parameters m and C (b) MPS and PSC models calibrated 

through simulation and experimental results compared to the OHT strengths 

7 EFFECT OF MOLD FLOW ON THE MECHANICAL PROPERTIES OF LDFC 

Figure 38 shows the effect of the mold coverage on the bundle alignment (𝑎11). Fiber 

bundle orientation was measured through the image microscopy analysis and image processing of 

the cross-section micrograph of the organosheet. The measured 𝑎11 for full coverage molded 

organosheet shows the average of 0.59. Decreasing the mold coverage to 50% results in more 

aligned bundles (𝑎11 = 0.66), while 40% mold coverage shows a more random bundle orientation 

(𝑎11 = 0.58). This reduced bundle alignment for 40% mold coverage is due to the material 

overflow for the lower mold coverage. Figure 39 shows the cross-section micrographs of the 

sample processed through 40% mold coverage at the center of the specimen and away from the 

center. The center location of 40% mold coverage of the organosheet shows more alignment of the 

bundles, while the alignment decreases as moving away from the center. The reduced alignment 
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of the bundles at the edge of the specimen is due to the higher interaction between the flow and 

mold boundary.  

 

 

Figure 38 (a) Image analysis for fiber bundle orientation state (b) flow effect on fiber alignment 
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Figure 39 (a) Cross-section micrograph of organosheet and (b) Molded organosheet (40% 

coverage) (c) failed specimen 

Figure 40 shows the effect of the mold coverage on the bundle thickness. Bundle thickness 

was measured through the image optical microscopy and ellipse fitting method on the bundles of 

the cross-section micrograph of the organosheet (Figure 40). The average bundle thickness of the 

full coverage molded organosheet is 73µm and decreasing the mold coverage to 40% results in the 

reduced bundle thickness of 0.0063 µm. The flow in a partially mold coverage leads to the 

elongation of the fiber bundles during molding and reduced thickness of the bundles. Figure 41 

shows the measured tensile modulus and strength from the specimen processed by full and partial 

mold coverage. The average tensile modules gradually increase from 9.6GPa to 14.9GPa for the 

specimens by full mold coverage and 50% coverage mold, respectively, followed by a gentle 

decrease to 13.9GPa for the 40% mold coverage. The average tensile strength shows an increasing 

trend from 162MPa to 254MPa for the full and 60% mold coverage, followed by a moderate 

decrease to 210 MPa for 50% mold coverage and a sharp drop to 70MPa for 40% mold coverage. 

Increasing the modulus and strength for the partial coverage of mold to 60% is due to the increased 
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global fiber bundle alignment in the direction of the flow as well as the reduced bundle aspect ratio 

(bundle length to thickness) because of the fiber bundle elongation. Increased tensile strength and 

modulus for the partial coverage molded organosheet can also result from the orientation 

development that occurred in Nylon 6 phase due to the flow effect during molding. The drawing 

of Nylon 6 under the elevated temperature improves the mechanical properties due to the reduction 

of amorphous fraction in the material and the increased crystallinity [108].  
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Figure 40 (a) Image analysis to measure bundle thickness (b) Mold flow effect on bundle 

thickness 
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Figure 41 Comparison of tensile modulus and strength of organosheet processed through full and 

partial mold coverage 
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8 EFFECT OF PLATELET SIZE ON FLEXURAL BEHAVIOR OF LDFC 

8.1 Comparison of experimental and modeling prediction   

The effective flexural modulus and strength of the PPMCs were measured through the 

experiments and compared with the simulation results. Figure 42 shows an example of predicted 

macroscopic stress–strain curves related to the virtual coupons with prepreg length of 1”, ½”, and 

¼” compared to the stress-strain response from the three-point bending tests. The initial linear 

flexural stress-strain response is followed by initiation of damage and progressive degradation, 

resulting in non-linear stress-strain behavior before the ultimate strength was reached. A similar 

gradual decrease of stress was observed in both simulations and experiments after reaching the 

maximum stress.   

 

 

Figure 42 Flexural stress strain behavior of the experiment and modeling of the PPMCs with (a) 

1” (b) ½”, and (c) ¼” prepreg platelet length 

 

Platelet length is a key parameter in PPMCs to affect the mechanical properties of the 

material. Figure 42 summarizes the results of predicted effective flexural modulus and strength of 

PPMCs with platelet length of 1”, 1/2”, and 1/4" compared with the experiments. As discussed 

previously, two approaches were considered to generate the virtual PPMC coupons with the 2D 
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random orientation. Approach 1 generated individual coupons with the full size of specimen, while 

Approach 2 generated a virtual 5”×5” plaque that was then used to create 5 coupons by partitioning 

them from the plate (Figure 7). In each approach the assigned global fiber orientation distribution 

was 2D random. The goal of using two approaches was to understand if the accurate representation 

of the PPMC mechanical variability is affected by the finite dimensions of the plaque and the 

sample, when considering the platelet size. Validation of results of two simulation approaches was 

performed by comparing the experimental and simulation mechanical property distributions by the 

two-sample t-test, wherein the null hypothesis stated that there is no difference between the 

distributions. The two-sample test is used to determine if the two samples population means are 

equal at the certain significance level. The difference between the sample distribution is 

statistically significant if the probability of the phenomenon (p-value) is less than 5% [109]. 

The variation of the flexural modulus and strength, shown in Figure 43, results from the 

variability of the local structural platelet orientation and the non-symmetric distribution of local 

material properties. The results indicate that PPMCs with longer platelet length (1”) shows similar 

flexural strength and modulus compared with PPMCs of ½” prepreg platelet length. Experimental 

flexural strength and modulus was even marginally higher by 9.5% and 16% respectively, when 

comparing 1” PPMC and ½” PPMC samples. Fewer number of platelets in a 1” PPMC specimen 

leads to a more non-uniform local platelet orientation when compared to ½” PPMC that results in 

the same level of effective flexural modulus and strength, even through the aspect ratio is doubled 

in 1” PPMC samples. The analysis of FOD variation is presented in the following section. Further 

reducing the platelet length from 1/2” to ¼” in PPMCs results in significantly decreasing the 

flexural modulus and strength by 38% and 23%, respectively, due to the reduced stress sharing 

between platelets. This result shows that both platelet aspect ratio (ratio between length and 
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thickness) and non-uniformity in fiber orientation distribution (FOD) are affecting the effective 

flexural mechanical behavior. The simulation results agreed with the test results and showed a 

decreasing trend of average flexural strength and modulus with reducing the platelet length from 

1” to ¼”.  

A statistical analysis was performed to analyze the effect of modeling approach to generate  

virtual PPMC morphology (Approach 1 and 2 as introduced previously). The p-value of the two-

sample t-test between the predicted flexural strength and modulus obtained from simulations and 

the flexural strength and modulus measured from the experiments are greater than 0.05. Therefore, 

the null hypothesis was not rejected, and two sample distributions are not significantly different at 

95% confidence interval, implying that the simulation results for both approaches can be 

considered reliable. This result indicates that to predict flexural behavior of thin 2D random 

PPMCs plates (2-3 mm plate thickness and 15-20 platelets through the thickness) it is possible to 

generate individual coupons, as well as use random distribution to create individual PPMC 

samples. 
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Figure 43 Variability of effective flexural modulus and strength in a stochastic PPMC made of 

(a) 1”, (b) ½”, and (c) ¼” platelet length in simulations and experiments 

 

8.2 Analysis of damage states in PPMC 

The heterogenous mesostructure of PPMC with random orientation of platelets form 

multiple simultaneous damage sites and provide alternative damage progression paths during the 

three-point bending test. A primary damage path under three-point bending was observed away 

from the bending line, indicating the role of non-uniform FOD on damage initiation and 

propagation along the different locations. The location of damage site varied from one sample to 

another and was affected by platelet length. Figure 44-a shows a strain field on the surface of 1” 

and ½” PPMC specimens at the failure with localized strain away from the center location. The 

strain concentration in 𝑥1 direction is due to the damage propagation. It can be observed that 1” 
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sample had a more concentrated damage localization, whereas ½” sample showed more spread out 

damage. Figure 44-c shows the complex pattern of failure modes at the ultimate strength of virtual 

three-point bending tests at DPZ confined to the region of 40mm around the middle roller. The 

local dissimilar FOD state in a stochastic mesostructure lead to the localized material softening 

and the damage propagation before ultimate strength was reached. The distribution of the damage 

variables in DPZ shows multiple local failures in the matrix direction and through the thickness 

attributed to the debonding of the platelets.  

 

 

Figure 44 (a) DIC image of PPMC three point bending test at maximum stress (b) Identified DPZ 

(c) Distribution of the damage variables in three-point bending simulations of PPMCs with 1”, 

½”, and ¼” prepreg platelet length 

 

Figure 45 compares the cumulative relative frequency of the damage variables in DPZ at 

the maximum stress for the weakest and strongest virtual coupons in every group of PPMC 
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samples. The cumulative relative frequency of damage variables was calculated by considering the 

damaged elements as a fraction of total number of elements. Stronger samples with the prescribed 

platelet length show higher accumulated damage variable compared to the weaker ones. Fiber 

damage in coupons with ¼” 𝑙𝑝 shows the lower accumulated variable in fiber direction due to the 

shorter platelet length, while the transverse and through thickness damage variables were about 

the same level for all specimens with prescribed 𝑙𝑝.  

Figure 45-b shows the average degree of alignment of 𝑎11 and the coefficient of variance 

(CV) of virtual PPMC in DPZ with respect to the predicted strength value. A linear regression fit 

was used to see the correlation between the average 𝑎11, �̅�11, and the strength. The results show 

that the higher �̅�11 leads to the improved strength of material. The higher difference between CV 

of �̅�11 for the PPMC coupons with longer platelets (1”) implies less uniform orientation of platelets 

and higher statistical dissimilarities between the mesostructure of the coupons. Strength values 

vary from one coupon to another due to inherent morphological dissimilarities.  
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Figure 45 (a) Cumulative frequency of the damage variables at DPZ in three-point bending 

simulations of PPMCs (b) Variability of �̅�11 of virtual PPMC coupons with respect to the 

predicted strength 

 

8.3 Characterization of local platelet orientation and stiffness 

The increased platelet length in the same size coupon with stochastic meso-morphology 

decreases the platelet count and provides for enhanced local dissimilarity in platelet orientation 

and loss of heterogeneity along the length of an individual coupon. This implies how the platelet 

size changes the orientation state and morphology of the entire system. Fewer platelets in a 

stochastic system implies fewer possible orientation states, which increases the probability of very 

different local orientation states to occur, both within a coupon and between several different 

coupons. Figure 46-a shows three cross-sectional images captured at a random location of polished 

samples fabricated with 1”, ½”, and ¼”𝑙𝑝. The local platelet orientation state of PPMCs were 

measured for polished specimens. 𝑎11 , shown in Figure 46, is representative the platelet degree 

of alignments for each cross-sectional image. PPMC with smaller platelet length shows more 

random 2D local platelet orientation (𝑎11 = 0.48) compared with PPMCs with longer platelet 
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length. Figure 46-b shows the 𝑎11 distribution over the virtual PPMC specimens with prescribed 

platelet length, calculated from the fiber orientation vectors in each voxel stack through the plate 

thickness. This represents the variability of local through-thickness 𝑎11 within a virtual coupon. 

The local through-thickness 𝑎11 was calculated along the A-A line (shown in Figure 46-b) for 

virtual specimen with 1” and ¼” 𝑙𝑝 and shows a more uniform distribution for the virtual specimen 

with smaller 𝑙𝑝 (1/4”) (Figure 46-c). 

 

 

Figure 46 (a) Cross-section micrographs of PPMCs (b) distribution of the through thickness 

a11 within the virtual coupons with prescribed platelet length (c) a11distribution through the 

thickness along the A-A line 

 

Figure 47 shows the variability of 𝑎11 (degree of alignment) and 𝐵11 (1st component of 

stiffness B matrix) within the stronger and weaker virtual coupons with a prescribed platelet length 
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along the DPZ with the distribution of the matrix damage variable at the ultimate strength. The 

scattered pattern of damage with the higher cumulative variable in stronger coupons (Figure 47) 

implies the more arrested damage propagation and redistribution of load path during loading due 

to the PPMC redundancy structural system resulting in the delay in ultimate failure. 𝑎11 shows 

more uniform state within the specimen with smaller platelet length (1/4” and ½”) compared with 

longer platelets (1”). The variability of 𝐵11 along the DPZ shown in Figure 47  indicated the 

sensitivity of the local stiffness to the stochastic platelet orientation and geometry.  
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Figure 47 Variation of 𝑎11 and 𝐵11  and the distribution of matrix damage variable within the 

virtual PPMC specimens at DPZ 

  



103 

 

9 ROLE OF THE MORPHOLOGY IN FREEZE-CASTED CERAMIC ON THE 

COMPRESSIVE BEHAVIOR 

9.1 Effect of off-axis compressive loading on the mechanical properties 

The deformation of on samples’ surface was calculated using DIC. The strain field was 

computed based on the corresponding displacement in the facets [110], the size of the facets was 

set to 19-pixels. The average value of the strain was calculated inside of the area between the 

compression platens and used to plot the stress-strain profile under compressive loading. Figure 

48 shows the surface pattern of strain on the samples before the failure and at the propagation of 

failure for longitudinal, transverse and 15º off-axis compressive loading. Specifically, during the 

longitudinal loading (0o sample) the strain localization takes place in the narrow strips of the 

material that begin to develop in the elastic regime. These strain localization patterns can be 

attributed to the internal load paths that originate inside of the material due to the porosity and 

voids at the intersection of the lamellar crystals and porous grains, as well as the intrinsic 

misalignment of the lamellar walls. Other sources for strain localization can include material 

defects, such as pores, or variations in local relative density. Once the strain localization originates 

in the material it results in the stress concentration, which leads to local material failure. The 

average orientation of these load paths was found to be 2.8° relative to the loading axis in four 

compressive tests under 0° angle. Figure 48-a shows the orientation of this load path for 0o 

experiment. This indicates the effective misalignment angle of the lamellar ice-templated alumina 

for the 0o sample configuration. For a 15° off-axis loading, the strain localization occurs along the 

line oriented at 17° relative to the loading axis (Figure 48-c). Consequently, the effective 

misalignment angle increases the overall off-axis loading angle by about 2°. The average of 

effective misalignment angle for 15° off-axis loading tests was 2.6º. The mechanical response of 
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sample for 15° off-axis loading is characterized by substantial amount of the shear deformation, 

which results in progressive failure of the sample during the increased loading. Figure 48-e shows 

the strain in loading direction localization pattern relative to the direction perpendicular to the 

loading axis in a 90º loading test. The effective misalignment angle for this transverse sample 

configuration was equal to 1.8°. The transverse loading (90º sample) was characterized by 

extensive progressive crushing that occurs near the platens. The stress-strain curves corresponding 

to compressive loading of 0º, 15º and 90º ice-templated samples are shown in Figure 49 with 

corresponding principal strain distribution obtained by DIC analysis. In addition, the stress-strain 

diagram shows the strain distribution field at the initiation of failure and during the failure 

propagation. The mechanical behavior for the samples is governed by linear response followed by 

progressive crushing, as evident from the stress-strain curve. Once crushing initiated and 

propagated DIC could not track the strain evolution, so applied crosshead displacement was used 

to calculate the strain in the sample. The modulus and strength of longitudinal compressive test (0º 

sample) was significantly higher than 15º and 90º samples, and the strength and modulus in 

transverse loading (90º sample) was significantly lower, as one would expect based on the 

transverse orientation of the ice growth with respect to the loading direction. It should be pointed 

out, that interpretation of stress-strain measurements beyond the onset of failure in the material is 

complicated, due to the inability of the DIC software to track the large regions. At the same time, 

the present DIC analysis shows that the progressive crushing of the material was taking place over 

the increased homogenized stress levels, while the local values of strain in the material remained 

relatively small. Once crushing occurred during the plateau regime, DIC could not be used to track 

the strain evolution due to the loss of spackle pattern. Therefore, strain in plateau regime for all 

the samples was calculated based on the crosshead displacement. The present experimental results 
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were used to establish the correlation between micro-mechanical deformation of lamellar walls, 

predicted from the computational micromechanics, and the homogenized bulk response of the 

material. 

 

 

Figure 48 (a) DIC images for 0° loading at 0.7% strain (b) DIC image for 0° loading at failure 

propagation (c) DIC images for 15° loading at 0.4% strain (d) DIC image for 15° loading at 

failure propagation (e) DIC images for 15° loading at 0.2% strain (f) DIC image 
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Figure 49 Stress strain curve for 0º, 15º and 90º compressive loading tests 

 

9.2 Effective stress-strain curves from micromechanical analysis 

In order to quantify the compressive stiffness and strength response of ice-templated 

alumina under off-axis loading, the micromechanical RVE analysis with smeared cracking 

approach, described in the previous section, was used. Different compressive loading cases were 

considered with material compressive strengths of 250MPa, 500MPa and 1GPa, as explained in 

Section 2.3. The homogenized compressive stress and strain response were calculated using 

Equations 6 and 7. Figure 50 shows the effect of the bulk strength on the compressive strength of 

the porous alumina with different loading angles, namely, 0°, 5°, 12 and 90°, using 250 MPa 

compressive bulk strength. The parametric study considered material compressive strength of 250 

MPa, 500 MPa and 1 GPa. These values were selected from the consideration of the flexural 

strength of macroscopic alumina [76] and the strength of a single crystal [77]. From the of micro-

mechanical analysis, it is evident that 250 MPa provides more reasonable predictions of strength 

compared with experimental results. The use of lower strength for the lamellar walls can be 
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explained by the polycrystalline nature of the lamellar walls in ice-templated ceramic. The 

parametric analysis shows a steep decline of compressive strength with increasing loading angle 

from 0° to 90°. As the bulk strength increases the role of wall misalignment or off-axis loading 

causes more significant reduction in strength of ice-templated material.  

 

 

Figure 50 Effective compressive strength response of ice-templated alumina computed for RVE 

analysis under different off-axes loading 

 

Figure 51 shows the stress-strain curve for the 0o and 5° compressive loading analysis using 

250 MPa compressive strength and compared with the compression testing in ice crystal growth 

direction, with 4.5° measured misaligned angle. The initial elastic deformation of the model 

involves axial compression of the lamellar walls, and the slope for the linear part of the stress-

strain. The compressive strength for the experimental test under longitudinal compressive loading 

(44 MPa) agreed relatively close with the 5° RVE analysis, as well.  
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Figure 51 Stress strain curve for 0º and 5º off-axis compressive loading analysis used 250 MPa 

compressive strength of material, and for the longitudinal off-axis compressive loading test a-1) 

RVE elastic state for 0° compressive loading a-2) a-2) RVE elastic state for 55° off-axis 

compressive loading a-3) RVE deformed state for 0° off-axis compressive loading a-4) RVE  

deformed state for 5° off-axis compressive loading 

 

9.3 Off-axis modulus and strength prediction with effective misalignment angle 

To characterize the modulus of ice-templated alumina subjected to off-axis loading, 

orthotropic material model was used. (Equation 54) provided the relation for the off-axis modulus 

of orthotropic material using engineering moduli in principal material directions of the material 

[111]. 
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𝟏

𝑬𝒙𝟏
=
𝐜𝐨𝐬𝟐 𝜽

𝑬𝟏
(𝐜𝐨𝐬𝟐 𝜽 − 𝒏𝟐𝝂𝟏𝟐) +

𝐬𝐢𝐧𝟐 𝜽

𝑬𝟐
(𝐬𝐢𝐧𝟐 𝜽 −𝒎𝟐𝝂𝟐𝟏)

+
𝐜𝐨𝐬𝟐 𝜽 𝐬𝐢𝐧𝟐 𝜽

𝑮𝟏𝟐
 

(Equation 54) 

𝐸𝑥1 is the off-axis modulus,  𝐸1 and 𝐸2 are the elastic longitudinal and transverse moduli, 8.7GPa 

and 1GPa, respectively, computed from the 0o and 90o RVE analysis; 𝐺12 = 0.7 GPa  is the shear 

moduli in 1-2 plane calculated from shear loading RVE model, subjected to the shear loading; 

𝜈12 = 0.21 is the Poisson ratio associated with loading in principal direction 1 and strain in 

principal direction 2 , 𝜈21 is the Poisson ratio associated with loading in principal direction 2 and 

strain in direction 1, and 𝜃 is the off-axis loading angle. The ratio of the lateral strain to the axial 

strain for longitudinal compressive load analysis in linear elastic part represented 𝜈12 and 𝜐21  is 

calculated by (Equation 55).  

𝝊𝟐𝟏 =
𝑬𝟐
𝑬𝟏
𝝊𝟏𝟐 

(Equation 55) 

The off-axis modulus was calculated from the discrete RVE analyses with 5°,12°, 15°, as 

well as using (Equation 9). Calculation of modulus using RVE analysis and with using orthotropic 

constitutive relationship shows that orthotropic model provides a good match indicating 

appropriate anisotropic homogenization model for the material.  

Figure 52 shows the comparison between the off-axis experimental modulus and modulus 

values calculated using present RVE modeling. To account for the intrinsic misalignment angles 

of the lamellar walls developed during the freeze casting, the results of the DIC analysis during 

compressive testing were used. Specifically, the strain localization load paths were used to include 

the misalignment angle, which was discussed in the previous section. The variation of the off-axis 

modulus taking into account the measured effective misalignment angle for longitudinal, 
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transverse and 15º off-axis compressive loading tests are shown in Figure 52 and compared closely 

with the predicted off-axis modulus from RVE analysis.   

The experimental and modeling prediction data are following the steep decline of the off-

axis modulus at around 15o. The modeling prediction of 0o, taking into account the effective 

misalignment angles in the range of 1.5° and 4.5° determined from DIC, showed higher values 

than the experimental data. This effect can be attributed to the material defects and distribution of 

the actual misalignment angles in the physical sample, as opposed to the micro-mechanical model 

used herein, which used a single off-axis angle. The RVE analysis for 90° loading also showed 

good agreement with the transverse compressive tests, which had the average of 88.8° of the 

effective off-axis angle.  

 

Figure 52 Effective compressive modulus of ice-templated alumina computed for RVE analysis, 

orthotropic model and experiment with respect to the off-axis angle 

 

Figure 53 shows a comparison between the strength from RVE analysis, using 250 MPa 

compressive bulk strength, and off-axis compressive tests with respect to the effective off-axis 
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angle. The effective off-axis angle was determined using the measured misalignment angle 

captured by DIC. The theoretical curve was calculated based on Tsai-Hill homogenized failure 

theory assuming 2D state of stress and using results of RVE analysis for compressive strength in 

0o and 90o, as well as shear strength of 8.5 MPa. (Equation 56) shows the modified Tsai-Hill 

criterion, where the coefficients 𝑓𝑖𝑖 are fourth order strength tensors calculated by (Equation 57) 

[58]. The uniaxial compressive strength (0º), 𝜎1𝑢, compressive transverse (90º) strength, 𝜎2𝑢, and 

in-plane shear loading, 𝜏6𝑢, define the failure surface given by (Equation 11). The comparison 

between the average experimental results and modeling predictions reveals that for 0o loading (55 

MPa and 37.5 MPa for RVE analysis and experimental average, respectively) is the highest, while 

is the most accurate for the transverse compressive loading (8 MPa and 7.5 MPa for RVE analysis 

and experimental average, respectively). This result can be explained by the presence of the 

material defects, such as pores, and local misalignment in the physical samples that results in larger 

discrepancy for 0º sample. Furthermore, the compressive strength for effective off-axis loading 

angle in the range of 2° and 4.5° is between 30 MPa and 47 MPa, agreed with the strength from 

the RVE analysis for 5º (51 MPa) off-axis loading.  

𝒇𝟏𝟏𝝈𝟏
𝟐 + 𝒇𝟐𝟐𝝈𝟐

𝟐 + 𝒇𝟔𝟔𝝉𝟔
𝟐 − 𝒇𝟏𝟏𝝈𝟏𝝈𝟐 = 𝟏 (Equation 56) 

𝒇𝟏𝟏 =
𝟏

𝝈𝟏𝒖
𝟐

 
(Equation 57) 

𝒇𝟐𝟐 =
𝟏

𝝈𝟐𝒖
𝟐

 
(Equation 58) 

𝒇𝟔𝟔 =
𝟏

𝝉𝟔𝒖
𝟐

 
(Equation 59) 
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Figure 53 Compressive strength of ice-templated alumina computed from RVE analysis and 

compression experiments considering effective off-axis angle 

9.4 Role of local orientation of the lamellar structure on the mechanical properties and 

the failure behavior  

Figure 54 shows the lamellar structure's local orientation in a freeze-casted ceramics 

micrograph. The local orientation of lamellar structure results in the local changes in stiffness. The 

distribution of the local orientation in lamellar structure was measured through microscopy 

analysis and image processing using ImageJ software. The measured standard deviation of local 

orientation in lamellar structure was ±3.3⁰ (Figure 54). A normal distribution defines a spatially 

varying field over elements with the two parameters of mean and standard deviation. The mean of 

the normal distribution was considered as the compressive loading angle. In this study, three cases 

of compressive loading angle were considered, 0⁰, 15⁰, and 90⁰.  Figure 55 shows a comparison 

between the stress-strain curves from the compressive tests and the simulation results with the 

initial linear-elastic response of the stress-strain behavior, followed by the non-linear progressive 

failure. Figure 57 shows the range of the compressive strength and modulus from experiments 

compared with simulation data. The variation of the compressive strength and modulus results 
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from the local structural orientation within the morphology of the material. The compressive 

modulus and strength from homogenized modeling agreed with the experiment results. The 

average compressive modulus and strength from the simulations for the 0 degree compressive 

loading were 8±0.3GPa and 37±3MPa, respectively. With increased compressive loading angle to 

90⁰, the average compressive modulus and strength dropped to 1.1±0.01GPa and 6.9±0.01 MPa, 

respectively.  

 

Figure 54 Distribution of local orientation of the lamellar structure 
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Figure 55 Comparison between stress strain curve for 0º, 15º and 90 º compressive loading of 

homogenized model and experiments 

 

Figure 56 Compressive modulus and strength calculated from the homogenized model and 

measured from the experiments 

 

Figure 57 shows the patterns of the longitudinal and transverse damage variables within 

the material at the maximum stress of simulations and the failed specimens under off-axis loading. 

The simulation results showed that the dominant failure modes were the longitudinal failure, while 
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increasing the compressive loading to 90⁰ resulted in the shifted failure mode to the transverse 

failure. The shear deformation due to the 15⁰ compressive loading was observed in both simulation 

and experiment.  

 

Figure 57 (a) Pattern of the damage variables in homogenized model (b) failed specimens under 

off-axis compressive loading 

 

Figure 58 and Figure 59 show the longitudinal and transverse strain distribution on the 

surface of the virtual and in-situ specimen at the linear elastic region and the failure, respectively. 

The strain field in longitudinal and transverse directions for both simulation and experiments have 

gradients due to local changes in the orientation of the material structure. The strain localization 
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observed as the narrow strips at the failure specifically for the 0-degree compressive loading can 

be attributed to the internal load paths that originate inside of the material due to the porosity at 

the intersection of the lamellar structure and porous grains, as well as the intrinsic local and global 

orientation of the lamellar structure. This unique behavior was observed in the simulation 

specifically for the longitudinal strain of 0-degree compressive loading.  

 

 

Figure 58 Strain distribution and on the surface of the sample at elastic region for (a) in-situ and 

(b) virtual testing 
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Figure 59 Strain distribution and on the surface of the sample at failure region for (a) in-situ and 

(b) virtual testing 

 

Figure 60 shows the fraction of damaged elements (𝑑𝑖> 0) in the longitudinal and 

transverse direction with respect to the strain value in 0⁰, 15⁰, and 90⁰ compressive loading 

simulations. The damage initiated from the strain of 0.5%, where the non-linear behavior of the 

material was observed in the stress-strain curves. The fraction of the damage elements in either 

longitudinal or transverse direction reached one immediately after damage initiation.   This implies 

the progressive local damage before reaching the ultimate strength, and the cumulative damage 

evolves to the macrocracks. 
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Figure 60 Fraction of damaged elements in (a) longitudinal and (b) transverse direction with 

respect to the strain in simulation 
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10 CONCLUSION  

Various computational models were developed to study the effect of the morphology in 

hierarchical material, including two types of LDFCs, PPMC and organosheet, and freeze-casted 

alumina ceramic, on the mechanical properties and failure behavior. The computational modeling 

was established based on the independent material characterizations and micro-mechanical 

homogenization. The developed models for LDFCs included the geometrical arrangement of 

bundle/platelets. Statistical microscopy analysis was performed to characterize the fiber and 

bundle orientation and volume fraction and used to generate stochastic morphology. The 

computational models for freeze-casted ceramics were developed through the 3-D micro-

mechanical RVE model based on the honeycomb analogy and the macroscale homogenized model 

consisting of the distribution of the local lamellar orientation. Damage mechanisms were used to 

model damage's evolution in the structure of the materials. The modeling predictions for the 

mechanical properties of the material were in good agreement with the experimental results. 

1. The simulation results of the organosheet provided a quantitative measure of the 

improvement in the mechanical properties for the increased bundle alignment 

when 𝑎11 varied from 0.58 to 0.62. The variability in modulus and strength for 

tensile and flexural loading was correlated with the stochastic bundle distribution 

in the organosheet. The experiment and modeling results reveal high dependency 

of the effective flexural modulus and strength on the span length. The simulation 

results for both flexural and tensile modeling showed that the dominant failure 

modes were failure in PA6 pockets and the transverse failure in the bundles. 

2. The notched strength of organosheet with the diameter of 2mm was at the range 

of the unnotched coupons (175 MPa), while increasing the hole diameter from 
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2mm to 6mm resulted in a decrease from 178 MPa to 132 MPa. The notch 

insensitivity of the 2mm OHT specimens was attributed to the increased plasticity 

in the matrix and more homogeneous FOD in organosheet. The results showed 

that increasing the hole diameter leads to lower accumulated damage variables in 

OHT simulation along with the intensive local damage in the vicinity of the hole. 

The notched strength predicted from PFA simulations and measured from 

experiments were used to calibrate the analytical PSC and MPSC models to 

predict the notch sensitivity of the organosheet. The analytical curves fitted 

through the simulation and experiment results were nearly identical. The results 

show that the strength of OHT specimen with hole diameter lower than 2mm is 

not sensitive to the notch discontinuity. 

3. Experimental studies showed improved average flexural strength and modulus 

for the PPMCs with ½” platelet length compared with the PPMCs with 1” and ¼” 

platelet length. The variability of effective flexural properties caused by the 

variability of stochastic mesostructure was demonstrated by experiment and 

simulation results. The simulation results showed that the dominant failure modes 

were the debonding between the platelets and the transverse failure in the 

platelets. The failure mechanism varied from one coupon to another due to the 

local morphological dissimilarities. 

4. Compressive strength and modulus from compressive tests showed a decreasing 

trend with increasing effective off-axis angle, which was captured by the RVE 

and homogenized modeling prediction. Overall, the comparison of mechanical 

responses in the computational models and compressive tests show that the 
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proposed homogenized and RVE model can predict the mechanical properties of 

freeze-casted porous ceramic subjected to off-axis loading.  

The developed multi-scale progressive failure modeling for the hierarchical materials can 

be used for predicting mechanical behavior and associated uncertainty in material response as a 

function of the material morphology and constituent mechanical properties. From an academic 

point of view, there is a lot of value in developing a multi-scale progressive failure model in order 

to predict the mechanical behavior and associated uncertainty.  From an industrial point of view, 

there is a lot of value related to product development and technology development.  The model 

will suggest the optimal material’s morphology to maximize properties and performance. 
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11 FUTURE WORK 

The constitutive damage modeling can simulate the fatigue and impact characterization of 

LDFC. Such a model can be useful in predicting the variability of the damage propagation in DCB 

samples. Future work can be focused on studying the mechanical properties and failure behavior 

in woven fabric polymer composites. Woven composite has a deterministic microstructure, but the 

pattern and orientation of the fibers play a vital role in the material's mechanical response. The 

notch sensitivity can be studied in the polymer composite with woven architecture. Such work is 

necessary to understand the size and location of the notch in woven composite on the material's 

failure behavior. Another essential subject to study can be constitutive modeling of the flow-

oriented LDFC under tension, calibrated with current experimental results. The proposed subjects 

for future work are itemized in the following:  

1. Develop the morphology of woven fabric polymer composites to analyze the effect of the 

reinforcement architecture on the mechanical behavior of the material.  

2. Notch sensitivity analysis on the woven fabric polymer composites.   

3. Study the impact and compression after impact (CAI) characterization in long 

discontinuous fiber polymer composite. 

4. Develop a progressive failure modeling to analyze the impact and fatigue behavior of long 

discontinuous fiber reinforced polymer composites.  

5. Develop a progressive failure modeling of flow-oriented long discontinuous fiber polymer 

composite to study the role of processing on the mechanical response of material.   
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APPENDICES 

Appendix A Analytical Model for Strength Prediction 

In the bridging micromechanical model, the ultimate strength of the composite was 

defined by the overall applied stress when one of the maximum normal stress of the constituent 

materials attained its ultimate value. The ultimate longitudinal, 𝜎11
𝑢 , and transverse tensile 

strength, 𝜎22
𝑢 , and in-plane shear strength, 𝜎12

𝑢 , were calculated by Equations A1, A2, and A3, 

respectively. 
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where 𝜎𝑌  and 𝜎𝑢 denotes yield stress and ultimate tensile strength of the material (fiber or matrix), 

respectively. Suffix “m” and “f” refers to the matrix and fiber. In Equations A1, A2, and A3, 𝛼𝑒𝑖 

and 𝛼𝑝𝑖 are calculated by Equations A4 – A15.  
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(AI-15) 

where, 𝐸, 𝐺, and 𝐸𝑇 are Young’s modulus, shear modulus, and hardening modulus (slope of the 

uniaxial stress-strain curve in the plastic region) of the material, respectively. Equations A1, A2, 

and A3 were used to calculate the principal strength of the PA6/glass fiber bundles in organosheet. 
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The constitutive properties of E-glass fiber and PA6 used in the bridging model are shown in Table 

A1. The PA6 properties are measured through a uniaxial tensile test discussed in section 5-2. Em, 

σY
m, and σu

m was indicated in Table 3.  

Table AI 1 Constituent properties 

Property Value 

𝑬𝒇(GPa) 85 

𝑮𝒇(GPa) 35 

𝑮𝒎(MPa) 651 

𝝈𝒖
𝒇
(GPa) 3 

𝑬𝑻
𝒎(𝐌𝐏𝐚) 100 
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Appendix B Material Constants of IM7/88552 Unidirectional Carbon-Epoxy Prepreg 

 

Material property Numerical value 

Longitudinal modulus,  𝑬𝟏𝟏(𝑴𝑷𝒂) 165000 

Transverse modulus, 𝑬𝟐𝟐, 𝑬𝟑𝟑(𝑴𝑷𝒂) 8960 

Shear modulus, 𝑮𝟏𝟐, 𝑮𝟏𝟑(𝑴𝑷𝒂) 4690 

Shear modulus, 𝑮𝟐𝟑(𝑴𝑷𝒂) 3400 

Poisson’s ratios,𝝂𝟏𝟐, 𝝂𝟏𝟑 0.32 

Poisson’s ratios,𝝂𝟐𝟑 0.45 

Longitudinal tensile strength,𝑭𝟏𝟏
𝒕 (𝑴𝑷𝒂) 2705 

Longitudinal compressive strength,𝑭𝟏𝟏
𝒄 (𝑴𝑷𝒂) 1689 

Transverse tensile strength,𝑭𝟐𝟐
𝒕 (𝑴𝑷𝒂) 64 

Transverse compressive strength,𝑭𝟐𝟐
𝒄 ( (𝑴𝑷𝒂) 288 

Fracture energy, 𝑮𝟏(𝒌𝑱/𝒎𝟐) 12 

Fracture energy, 𝑮𝟐 (𝒌𝑱/𝒎
𝟐) 1 
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