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ABSTRACT 

Additive manufacturing is the technology of making objects directly from a computer 

aided design model by adding a layer of material at a time in contrast to conventional 

subtractive manufacturing methods which involve removing material to reach the 

desired shape. One of the most popular additive manufacturing techniques (3D 

printing) is fused deposition modelling (FDM), which is based on adding melted 

material layer by layer.  

The material characterization of 3D printed structures to obtain parameters such 

as strength and stiffness is a time consuming and costly process which can be 

simplified by the testing of the fundamental units, which are the extruded strands.  

Towards this, single strands and multiple extruded filaments with/without overlap 

of PLA material with different gage lengths are tested for axial tensile modulus, 

ultimate strength and failure strain. A probabilistic strength prediction model is 

developed wherein the 2-parameter Weibull distribution is used to determine the 

probability of failure of extruded strand material at a particular stress.  

To enable prediction of strength of 3D printed parts as a function of porosity, a 

material strength model is developed for 3D printed PLA materials subjected to 

quasi-static loading. 

Various failure criteria are considered to predict the strength of 3D printed PLA 

for combined loads. By using the mechanical properties from quasi-static tensile and 

compression specimens printed at various orientations (0o, 30o, 45o, 60o, 90o) and the 

failure envelope curves for PLA is obtained. To generate failure surfaces MATLAB 

code is used in this study. 

For designing components exposed to extreme loading situations, it is essential to 

characterize the high strain rate response of 3D printed (fused deposition modelling) 

materials. In this study, uniaxial quasi-static and dynamic compressive tests were 

carried out at various strain rates (10-2 s-1 and 200 s-1 to 1800 s-1) for 3D printed PLA. 

Strain rate dependent compressive response of Polylactide acid (PLA) disk 

specimens 3D printed at 0o, 45o and 90o orientations was obtained using the Split 

Hopkinson bar technique. The results show that the compressive strength increases 

with corresponding strain rates for 0o and 45o print orientations. PLA printed at 0o 
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has higher compressive strength compared to 45o and 90o orientations under quasi-

static as well as high strain rate loading. Toughness was observed to increase with 

strain rate in all three orientations. A simple modification to the Johnson-Cook model 

is then proposed, which accounts for the effects of print orientation, porosity and 

strain softening behaviour. 

The dynamic mechanical analysis (DMA) is conducted for 3D printed PLA 

specimens, produced in different orientations i.e., 0°, 30o, 45° and 90° to determine 

the viscoelastic properties such as elastic (storage) modulus, loss (viscous) modulus, 

and tan delta as a function of frequency and temperature. 
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CHAPTER 1  

INTRODUCTION 

1 Background to the study 

Additive Manufacturing (AM) or 3D printing is broadly used for several applications in 

architecture, bio-medicine, aerospace, defence, semi-conductor, construction, and 

automotive engineering(Gibson, Kvan, and Ming 2002; Ngo et al. 2018; Sun et al. 2004; 

Campbell and Gibson 2012). It enables the creation of complex 3D physical models by 

layer wise deposition of extruded filaments through a layered process using Computer 

Aided Design (CAD) data. The ISO/ASTM 52900:2015 (ISO 17296-2 2015)standard 

classifies all AM processes into seven major categories: directed energy deposition 

(DED), vat photopolymerization (VP), powder bed fusion (PBF), binder jetting (BJ), 

material jetting (MJ), sheet lamination (SL), and material extrusion (ME). However, the 

current classification of AM is broadly in terms of raw materials being used: solid, liquid 

on powder based and is reported to be inconsistent due to the use of different materials at 

the same time in some AM processes (Altıparmak and Xiao 2021).  

Many polymers like Polylactide (PLA), Acrylonitrile butadiene styrene (ABS), 

Polyetheretherketone (PEEK) and Polycarbonate (PC) filaments are commonly used for 

AM using solid filaments or wires (Hoskins, Dearn, and Kukureka 2018). Plastics have 

many advantages such as lower cost and easy formability for various complex designs 

using 3D printing (Dizon et al. 2018a). Of these, polylactide (PLA) is a biodegradable 

material which is considered in the current study due to its ubiquity, biodegradability and 

sustainability (Gross and Kalra 2002; Ayrilmis 2018a; Jašo et al. 2015).  

Several studies have been conducted by researchers to characterize the mechanical 

properties of 3D printed materials such as PLA (Polylactic acid), ABS (Acrylonitrile 

Butadiene Styrene), PEEK (Poly ether ether ketone) and PC (Polycarbonate) etc (Clark 

et al. 2017; Chacón et al. 2017; Cantrell et al. 2017; Hoskins, Dearn, and Kukureka 2018). 

Among 3D printed materials available, PLA is a biodegradable polymer with excellent 

mechanical properties (Y. Wang et al. 2020; Gross and Kalra 2002; Raj, Muthukumaran, 

and Jayakrishna 2018; Si et al. 2018b). Due to its many favourable characteristics, PLA 

is used in packaging and biomedical applications such as controlled release of 

chemicals/drugs, prosthetic devices, bone screws or scaffolding for tissue engineering  (Si 

https://www.tandfonline.com/keyword/Polyetheretherketone+%5C%28PEEK%5C%29
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et al. 2018a; Beheshtizadeh et al. 2020; Olewnik-Kruszkowska, Nowaczyk, and Kadac 

2017). Therefore, it is important to investigate and understand the mechanical properties 

and behaviour of PLA under various loading conditions.  

The influence of parameters such as infill percentage, raster orientations, infill 

density, printing speed, nozzle temperature, bed temperature and variations of layer 

thickness on properties of 3D printed PLA compressive strength, tensile strength and 

impact or flexural strength has also been studied previously (Dizon et al. 2018b; Popescu et 

al. 2018).  

Mechanical properties of 3D printed materials exhibit intrinsic dependence on the 

orientation of the deposition as well as inhomogeneity and anisotropic characteristics of 

the fused material. Extruded filaments are fundamental building blocks and principal 

load-carrying components of 3D printed materials. The characteristics of extruded 

filaments significantly influence the effective meso-mechanical and damage 

characteristics of the fabricated parts, knowledge of which is essential for mechanical 

analysis of 3D printed parts. The 3D printer builds components by extruding a semi-

molten filament through a heated nozzle in a pattern onto a heated bed. Upon cooling, the 

deposited material solidifies and bonds with the surrounding extruded filament material, 

thus creating a 3D component.  

3D printed objects may be subjected to dynamic loading in many applications due to 

impact or shock loading. During extreme loading scenarios, such as bird impact on 

aerospace structures and automotive accidents, the safety-related material parts are 

expected to absorb energy while exposed to extremely high strain rates and temperatures. 

Therefore, it is critical to characterize the mechanical behaviour of 3D printed 

components subjected to high strain rates of loading.  The Split Hopkinson Pressure Bar 

Technique (SHPB) is widely used for investigating material behaviour at high strain rates.  

Strain rates in the range between 10 s-1 to 104 s-1 can be achieved using this technique. 
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1.1 Aim and Objectives 

1.1.1 Aim: 

Development of rate dependent constitutive model for 3D Printed PLA material. 

1.1.2 Objectives: 

i. Characterization of mechanical properties and prediction of strength of single 

strands and multiple strands without overlap and multiple strands with overlap 

extruded form filaments during 3D printing. 

ii. Application of available simple material constitutive models for predicting 

strength of 3D printed tension specimens. 

iii. Developing analytical methodology for predicting the effect of overlapping on the 

strength of 3D printed PLA tension specimens. 

iv. Characterization of mechanical properties of tensile specimens (i.e., dog-bone 

specimen) of orientation 0°, 30°, 45°, 60° and 90°. 

v. Characterization of mechanical properties of compressive specimen (i.e., prism 

specimen) of orientation 0°, 30°, 45°, 60° and 90°. 

vi. Development of a failure criteria as applicable to 3D printed PLA. 

vii. Characterization of high strain rate behaviour of 3D printed PLA. 

viii. Dynamic mechanical analysis for determining visco-elastic properties of 3D 

printed PLA.  

1.2 Scope and limitations of the present investigation 

An analytical model based on reduction in mechanical properties due to porosity, and 

accounting for overlapping of strands, has been developed, and compared with analytical 

based micro-mechanical models of 3D printed meso-structure. The effects of temperature, 

filament diameter and length on high strain rate response have not been included in the 

present study.  

1. Specimen types:  

a. 3D printed single extruded filaments  
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b. Multiple extruded filaments with overlap 

c. Multiple extruded filaments without overlap 

d. Tensile specimens (0°, 30°, 45°, 60° and 90° orientations).  

e. Compressive specimens (0°, 30°, 45°, 60° and 90° orientations).  

f. Three point-bending (0°, 30o, 45° and 90° orientations). 

2. Experiments:  

a. Tensile testing- Strands (ASTM D3379-75)  

b. Quasi static Testing of Components - Tensile (Dog-bone, ASTM D638) 

and compressive testing (Prism, ASTM D695).  

c. High strain rate (SHPB) testing - Disk specimens. 

d. Dynamic mechanical testing – 3 point bending (Rectangular, 

ASTMD5023-07).  

3. Failure criteria: Tsai-Hill, Tsai-Wu, Hoffman, Rankine and Tresca. 

4. Rate Dependent Model: Modification of JC model to account for print 

orientation and porosity. 

5. DMA analysis: Results are presented for temperature scanning up to 70oC for 

along with two types of tests are conducted on the specimens- i) Varying 

temperature and frequencies, ii) Varying frequency. Test one is temperature 

scanning with multi–frequency (1Hz, 3Hz, and 5Hz), and test two is conducted at 

ambient temperature with a frequency range from 1-200 Hz. 

 

1.3 Thesis Organization 

The thesis is organized as follows: 

Chapter 1 of the thesis focuses on the background and the necessity of the study, 

introduction to Additive manufacturing and coming up with problem statement. The 

chapter also defines aim, objectives, scope and significance of the current study. 

Chapter 2 of the thesis reviews the literature on Additive manufacturing, PLA material 

characterization, biodegradability of PLA, reliability, porosity, failure criteria, high – 
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strain rate characterization and dynamic mechanical analysis. The literature gaps are then 

summarized. 

Chapter 3 of the thesis details the research methodology used in the study. In this chapter 

the systematic procedure used for achieving the desired objectives is discussed. Based on 

this, the research questions and methodology are developed. The current study is 

categorized in five phases. All the five phases of the project are discussed under 

subsequent chapters. 

Chapter 4 of the thesis details the tensile experiments on 3D printed single strands and 

Weibull analysis for strength prediction. 

Chapter 5 of the thesis deals with the analytical procedures for prediction of strength and 

stiffness are then developed. 

Chapter 6 of the thesis investigates failure criteria of 3D printed PLA. 

Chapter 7 of the thesis investigates high strain rate characterization of 3D printed PLA. 

Chapter 8 of the thesis presents results of dynamic mechanical analysis of 3D printed 

PLA. 
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CHAPTER 2  

LITERATURE REVIEW 

2 Introduction 

In the present chapter, extensive research conducted in the field of 3D printing is 

summarized. This section presents a report on the development of failure criteria, high 

strain rate characterization using SHPB and DMA. 

2.1 Review of Literature on 3D printing 

John Ryan C. Dizona et.al., (2018), discussed various methods of additive manufacturing 

(AM) and its technologies were described. Various mechanical testing methods of ASTM 

and ISO for 3D printed polymers were discussed. Experimental investigations for various 

AM methods for different materials were performed with a special focus on properties at 

low temperatures (Dizon et al. 2018a). 

L.G. Blok et.al., (2018), Planted carbon fibres into a thermoplastic matrix to improve its 

strength and stiffness. 3D printing of short and long fibre of carbon was characterized. It 

was concluded that the mechanical properties of continuous fibre showed better results 

compared to unidirectional epoxy matrix composites. It was observed that continuous 

fibres have diminished design freedom due to their brittle nature, while short microfibres 

showed better printing capabilities. However, the increase in mechanical properties due 

to short microfibres was marginal (Blok et al. 2018).  

Wenzheng Wu et.al., (2015), studied the effect of layer thickness and raster orientation on 

the strength of 3D printed PEEK. Mechanical properties of PEEK specimen for various 

layer thicknesses, print orientations were investigated and compared to that of ABS 

specimen. It was observed that the PEEK specimen of 300µm layer thickness with 0o 

print orientation produced the best results. This study concluded that the strength 

characteristics of PEEK were superior to that of ABS (Wu et al. 2015). 

Todd Letcher et.al., (2014), examined the strength and fatigue characteristics of 3D 

printed PLA for various print orientations (0°, 45° & 90°). In the case of tensile strength, 

45° print orientation showed to favourable results while 0° specimen produced better 

flexure strength. Fatigue testing result was inconclusive. It was observed that filament 
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strength and strength of 3d printed materials was almost the same (Letcher and Waytashek 

2014). 

Daniel Farbman et.al., (2016), looked at 3D-printed test specimens with printing 

parameters such as infill percentage & geometry (hexagonal, rectilinear), loading 

parameters such as orientation and strain rate were evaluated. Experimental results were 

then compared with finite element models. It was observed that the hexagonal pattern 

infill generated favourable mechanical properties, whereas finite element analysis showed 

lower deformation for rectilinear geometries. This inconsistency may be due to stress 

concentration in experimental samples (Farbman and McCoy 2016). 

Prasanna Kumar Ilankeeran, et.al., (2012), elaborated on the importance of mechanical 

and damage properties of fibres used in composites. They studied mechanical properties 

such as axial tensile modulus, ultimate strength and strain at failure of carbon and glass 

single fibre. ASTM D3379-75 standard was followed for the aforementioned tests. It was 

observed that carbon single fibre produced high strength properties where glass fibre had 

high failure strain. Statical analysis was performed results on numerous experimental 

specimens (Ilankeeran, Mohite, and Kamle 2012). 

Y. Song, et.al., (2017), investigated mechanical properties of specimens cut from fully 

dense PLA blocks having unidirectional filaments were studied. It was observed that the 

plastic behaviour of the material was orthotropic and showed tension-compression 

asymmetry. When the material was loaded in a longitudinal direction it exhibited higher 

stiffness. The results were then compared to that of injection-moulded homogenous PLA, 

which showed that 3D printed specimens promised better results. Voids can be reduced 

by opting for better printing parameters such as temperature and speed of extrusion. Both 

injection-moulded and 3D printed PLA produces a similar elastic response. It was 

observed that the specimen showed brittle behaviour when tested out-of-plane (Song et 

al. 2017). 

Heechang Kim, et.al., (2017), investigated, the tensile strength of 3D printed PLA & ABS 

for various experiment variables are studied. The results of the single-material specimen 

were compared with dual-material printed specimens to assess their structural 

effectiveness. In the case of a single material experiment longitudinal with a 100% infill 
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ratio showed favourable results. Voids and overlap at the boundary of two materials is 

observed while fabricating the dual-material specimen (Kim et al. 2017). 

Vladimir E. Kuznetsov, et.al., (2018), assessed specimens printed using different nozzle 

diameters and for various layer heights were assessed. It was observed that for a given 

layer height, strength was more for higher nozzle diameters. Strength decreased when 

layer height increases. To estimate the strength of 3D printed samples a new method was 

proposed. To avoid critical direction, tubular samples were checked for flexural strength. 

SEM analysis was conducted to detect the reason for failure in the specimen (Kuznetsov 

et al. 2018). 

Anoop Kumar Sood, et.al., (2010), investigated the effect of process parameters like layer 

thickness, raster orientation, angle & width and air gap on the mechanical properties of 

3D printed materials is studied. To reduce the experimental runs CCD was used. The 

relation between response and process parameters was obtained using empirical models. 

The models were validated by the variance of analysis using ANOVA. The optimal 

parameter setting for each response was obtained using response surface plots. For 

maximizing responses simultaneously, the desirability function was used (Sood, Ohdar, 

and Mahapatra 2010). 

L. Li and Q. Sun, et.al., (2002), determined the constitutive models of 3D printed ABS 

theoretical and experimental analyses. As part of theoretical calculation, void density was 

studied. Microscopic analysis was performed to determine void density, for the 

longitudinal and transverse directions of the fibre. If the negative gap was low voids 

appeared at equal intervals. When the negative gap increased, dimension accuracy and 

surface quality decreased. Stiffness properties for various print parameters such as 

deposition densities and orientations were assessed. To determine the elastic constants 

(Young's and shear modulus) a set of equations was proposed. The analytical results were 

compared with experimental results (L. Li et al. 2002). 

Céline Bellehumeur, et.al., (2004), investigated bond formation between filaments of 3D 

printed ABS. Under the process of 3D printing semi-molten adhesive bond developed. 

To assess the bond formation between filaments, sintering experiments were done at 

constant and ramped temperatures. Qualitative prediction was made based on 

experimental results to determine the degree of bonding. Better cooling conditions may 
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have a good effect on the final part manufactured using FDM process (Bellehumeur et al. 

2004). 

Lalit Singh Mehta, et.al., (2017), looked at the compressive strength of cylindrical 

specimens made of 3D-printed PLA with a nozzle size of 0.25mm. Cylindrical samples 

were modelled in solid works software and ultimaker was used as a 3D printing machine. 

Cura was used as a slicer engine for ultimaker. As fill density increases, the compressive 

strength of the specimen also increases (Mehta, Pillai, and Mehta 2017) . 

Ahn et.al., (2002), used Fused Deposition Modelling (FDM) 1650 for characterizing ABS 

parts (P400) properties, because studying ABS parts properties is very essential to 

understand FDM parts mechanical behaviour. The effect of various parameters of ABS 

plastic such as raster orientation, air gap, bead width, colour, temperature on tensile 

strengths and comprehensive strengths was studied using the design of experimental 

analysis (Ahn et.al., 2002). From their experimental analysis, it was found that air gap 

and raster orientation exercise a profound effects on tensile strength while Bead width, 

model temperature and colour have minimal effects. From the comparative analysis of 

tensile and comprehensive strengths in terms of raster direction, it was found that 

comprehensive strength has relatively higher strength than tensile strength. Hence, the 

authors have recommended build rules to improve the strength and quality of FDM 

parts(Ahn et al. 2002). 

Barbero et.al., (2000), has studied the mechanical behaviour of composite materials 

through Statistical analysis (Barbero et.al., 2000). In this study the authors have used two-

parameter Weibull statistic static method for analysis of strength properties of on the basis 

of sample size (PA & PB) and estimation method. A total of 30 samples were used for 3 

point bending test and from their experiments they have concluded that the probability of 

strength of A base material was 694, 745 and 749. The probability of PA base material is 

99.9%, 99.7% and 99.7%. Similarly, the probability of estimation method for B base 

material strength was 834, 853 and 857. Whereas, the probability of PB is 97.2%, 95.6% 

and 95.1% (Barbero, Fernández-Sáez, and Navarro, n.d.). 

Ghosh et.al., (1999), developed a computer program for estimating the samples 

mechanical strength by using two-parameter Weibull distribution. Two methods, such as 

linear regression and maximum-likelihood estimator methods, were employed to study 

http://et.al/
http://et.al/
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Weibull modulus and scale parameters (Ghosh et.al., 1999). In addition, order statistics 

were employed for estimation of the cumulative distribution function. The computer 

program code is verified by taking into account of 2 published data sets, one data set of 

drought data and one data set carrying information of carbide insects. The estimation 

results from the computer program were compared with the published graphical results. 

Finally, from their computer code analysis, they have concluded that the estimated 

datasets were in agreement with the original data (Ghosh, n.d.). 

AI selmy et.al., (2013), analysed experimental results statistically using two-parameter 

Weibull distribution function. The experimental results which looked at tensile strength, 

tensile strain at failure and young’s modulus showed these were scattered with Weibull 

distribution. Also, they studied failure probabilities. From the curve fitting concept, the 

authors concluded that the predicted and experimental results were in agreement with 

each other. Hence, they concluded that Weibull distribution can be used as one of the 

versatile functions to study the mechanical strength of composite materials (Selmy, Azab, 

and El-Baky 2014b).  

Baojiang et.al., (2012), has studied the aeronautical engineering composite materials 

tensile strength by using Weibull distribution. Abnormal data, estimate parameters and 

assumed distribution were studied by using Maximum normed residual (MNR) test, 

graphical methods and Kolmogorov test respectively (Baojiang et.al., 2012). From the 

comparative analysis of predicted and measured values, it was observed that there was 

only slightly deviation accounting for 0.24%. Hence, the authors have concluded that 

Weibull distribution can be employed to study the tensile strength of composite materials 

(Du et al. 2012b). 

Joffe et.al., (2009), tested single filaments and bundles of Cordenka 700 Super fibres by 

using three parameter Weibull distribution due to non-linear behaviour of fibres. These 

fibres are of great importance because they have application as reinforcement in polymer 

composites. The strength of the bundle fibres was studied by using microwave drying for 

50oC 24 hours and then the samples were immediately tested. It was clear that drying of 

the fibre resulted in increase of strength and reduction of single fibre properties. They 

have also reported that the bundle of fibres will prevent failure but stress is a limiting 

factor. They further concluded that the properties of the fibres are highly non-linear 

exhibiting visco-elastic behaviour (Joffe, Andersons, and Spārniņš, n.d.). 
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2.2 Review of Literature on Failure criteria 

NT Mascia et.al., (2013), studied the failure criteria for orthotropic material such as Hill, 

Tsai-Hill, Tsai-Wu, Hoffman and Norris for wood species such as pinus elliotti and 

goupia glabra. Tensile and compressive strength were tested along the x-axis and y-axis 

and shear tests were conducted. Theoretical failure criterion was compared with 

experimental results using Mathematica software. The first (tension - tension), second 

(tension - compression), third (compression - compression) and fourth quadrant 

(compression - tension) strength values have taken. They concluded Hoffman criterion 

shown best result for strength evaluation (Mascia and Simoni 2013). 

JM Cabrero et.al., (2012), developed failure theory for composite materials. This 

researcher applied the same failure theory for orthotropic material i.e., wood. The 

specimen orientations such as 0o, 7.5o, 15o, 30o and 45o were collected from literature 

(Eberhard Steiner, 2002) for uniaxial and multiaxial (transversal and longitudinal tension) 

testing. The results were analysed with Failure theories such as linear and quadratic 

criteria – Quadratic, Vonmises, Tsai-Hill, Norris and Tensor derived criteria has applied 

for wood material. It was concluded that biaxial stress state is best to predict failure 

(Cabrero et al. 2012). 

M Koca et.al., (2014), investigated failure behaviour of fibre-reinforced composites (for 

0°, 5°, 15°, 30°, 45°, 60°, 75°, and 90° fibre angles) using Four-Point bending test is 

investigated. Tsai-Wu, maximum stress, maximum strain, Hashin, Tsai-Hill, Hoffman 

and quadric surfaces failure theories were studied for fibre-reinforced composites. And 

also, analytical modelling classical lamination theory (CLT) and numerical modelling 

using finite element method (FEM) were compared with experimental behaviour of 

materials (Nur Koç et al. 2014).  

N Nyambeni et.al., (2018), Under thermomechanical loading and failure criteria for 

laminated composite structure. The stacking sequences (90o; 0o; 45o; -45o;90o; 90o; -45o; 

45o; 0o; 90o) of graphite/epoxy lamina were restricted to ten layers. Mathematical 

modelling was used based on classical lamination theory, Failure theories were employed 

to test Tsai-Hill, Tsai-Wu & Hoffman criteria while numerical computations were done 

using MATLAB code. Failure occurs for a value less than 1 which indicates the structure 

will not fail or if the value is greater than 1, the structure will collapse. It was also 
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concluded that (graphite/epoxy) structure is safer compared to other materials (Nyambeni 

and Mabuza 2018).  

2.3 Review of Literature on High strain rate characterization 

Y.C Lin et.al., (2010), studied the effect of alloy steel characteristics like flow stress, strain 

rate and forming temperature using Johnson-Cook (JC) model, Zerilli-Armstrong (ZA) 

and combined JC-ZA model has been developed based on experimental results. 

Cylindrical specimens were made 10 mm in diameter and 12 mm in height. Compression 

tests were performed with three different strain rates 1 s-1, 10 s-1 & 50 s-1 and with a 

temperature range of 850 – 1150oC.  In the JC model, the difference in testing strain rate 

and reference strain rate increases, and the prediction accuracy decreases. Also, as the 

difference in testing temperature and reference temperature increases, the error in 

predictions increases. It results in a modified JC-ZA model, which provides more accurate 

results of flow stress compared to JC and ZA models (Lin and Chen 2010b). 

F. Gomes et.al., (2019), compared quasi-static and dynamic tests conducted for Split 

Hopkinson pressure bars (SHPB) for compressive behaviour of pinus pinaster Ait along 

radial (0o) and tangential (90o) axes. Both quasi-static and dynamic tests were performed 

for the digital image correlation technique to determine in-plane strain fields across the 

region of interest of specimen. Compression tests were performed on rectangular 

prismatic specimens along the radial and tangential directions coupled with digital image 

correlation. In case of radial and tangential directions for both quasi-static to dynamic 

tests, the modulus of elasticity, yield stress increases & poisson’s ratio were found to 

reduce (Gomes, Xavier, and Koerber 2019). 

Xin Li et.al., (2016), used carbon fibre with epoxy resin for two types of fabric warp-

knitted and plain weave, to test quasi-static and dynamic strain rates. The compressive 

and tensile tests were performed to study the effect of strain rate. The laminate sequence 

for carbon fibre was [-45o/0o/45o/90o]. It shows that the average quasi-static tensile 

strength of the warp-knitted fabric is higher than plain weave carbon fabric. As the strain 

rate increases, the dynamic tensile strength also increases for both warp-knitted and plain 

weave carbon fibre. In the case of dynamic compressive tests, warp-knitted fabric shows 

a weaker strain rate effect than plain weave (X. Li et al. 2016).  
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2.4 Review of Literature on Dynamic Mechanical Analysis 

(DMA) 

K. Arunprasath et.al., (2022), studied the viscoelastic behaviour of 3D printed polymers 

using Dynamic mechanical analysis (DMA) technique. The properties of DMA for 3D 

printed ABS and PLA with tension mode for temperature (-10 to 120 oC), absorbing, 

storage and dissipating behaviour of specimens were studied. In case of energy storing 

capacity, it was concluded that, ABS at 90oC and PLA at 48oC were the maximum 

temperature. Higher energy dissipation in the form of heat was seen for ABS from 110oC 

and for PLA from 58oC, which was proof of poor energy dissipation. Degree of 

crystallinity of PLA decreases at 55o C whereas it increases up to 95oC for ABS 

(Arunprasath et al. 2021).  

Shuheng Wang et.al., (2020), derived AM of PLA mechanical properties for tensile and 

dynamic mechanical properties based on parameters such as printing orientation, layer 

thickness of 0.1mm and 0.2 mm, infill rate and nozzle temperature. In the case of tensile 

mechanical properties of print orientation, the bonding strength between 0o - 90o depends 

on interlayer and intralayer fractures. The increase in layer height causes an increase in 

interlayer air gaps. Therefore, it results in the bonding strength being reduced. As fill rate 

increases, the elastic modulus, tensile strength and elongation at break increase. 

Mechanical properties will be better only when 210oC – 215oC nozzle temperature occurs 

(S. Wang et al. 2020). 

2.5 Literature gap 

After a thorough literature review, it was observed that: 

• There exists little data on reliability characteristics of 3D printed PLA materials. 

Previous studies on tensile mechanical behaviour of 3D printed PLA have 

primarily focused on variation in strength based on build orientation. To the 

authors knowledge, no study exists on the probabilistic strength characterization 

of 3D printed strands.  

• Further, to the author’s knowledge, there is a lack of data on the effects of length 

scaling on strength characteristics of extruded filaments in the literature.  
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• There is lack of published literature on failure criteria suitable for 3D printed 

polymer materials. 

• There is lack of published research on high strain rate response of 3D printed PLA. 

• Studies of visco-elastic response of 3D printed materials are also scarce. 

  



  

34 
 

CHAPTER 3  

METHODOLOGY 

3 Introduction 

In this chapter the procedures employed in this study are systematically discussed. In the 

current work both experimental and analytical methods are used. The study was 

conducted in 5 phases: 

Phase - 1 of the project work deals with experimental investigation of single 

extruded filaments long with/without overlap followed by Weibull statistical analysis. 

Phase - 2 of the project studies the effect of porosity as well as overlap between 

adjacent strands, on the strength and modulus of the material. 

Phase - 3 of the project presents results of experimental investigation of 3D printed 

PLA of tensile and compressive strengths based on ASTM standards followed by failure 

criteria determination.  

Phase - 4 of the project presents the characterization of rate dependent compressive 

mechanical behaviour of 3D printed PLA printed at 0o, 45o & 90o orientations. High strain 

rate (SHPB) tests are conducted at ambient temperature to characterize dynamic response. 

A simple empirical flow stress model based on modification of Johnson-Cook model is  

proposed in this study, which accounts for the effects of print orientation, porosity and 

strain softening behaviour in PLA.  

Phase - 5 of the project presents the dynamic mechanical analysis (DMA)  

conducted for 3D printed PLA specimens, produced in different orientations i.e., 0°, 30o, 

45° and 90° to determine the viscoelastic properties such as elastic (storage) modulus, 

loss (viscous) modulus, and tan delta as a function of frequency and temperature. 
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3.1 Detailed phases of the research work: 

 

 

Figure 3.1: Overview of research work 

3.1.1 Phase-I 

Experimental characterization of mechanical properties of the individual 

strands of 3D printed PLA material. 

Phase-1 of the research consists of: 

i. Uniaxial tensile test on Single Extruded Filaments (SEF). 

ii. Uniaxial tensile test on Multiple Extruded Filaments Without Overlap 

(MEFWNO) specimen. 

iii. Uniaxial tensile test on Multiple Extruded Filaments With Overlap 

(MEFWO) specimen.  
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Figure 3.2: Overview of Phase-I 

3.1.2 Phase-II 

Based on the results of phase-I, micromechanical behavior is analyzed in phase-II. The 

effect of different overlapping lengths on the strength of 3D printed specimens, was 

looked at elliptical shape strands used. Porosity parameter is used to study the variation 

of strength with overlapping length and without overlapping length. The effect of porosity 

on strength and stiffness models are studied. 

Tension Test 

Material selection 

PLA 

Experimental Investigation 

3D Printed Strand 

Single Extruded Filaments 

(SEF)  

(5cm, 10cm and 15cm gauge 

length) 

Multiple Extruded Filaments 
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Specimen (5cm, 10cm and 

15cm gauge length) 

Multiple Extruded Filaments 

With Overlap (MEFWO) 

Specimen (5cm, 10cm and 

15cm gauge length) 

Results 

Stress-Strain behaviour, Energy 

absorption, Weibull Analysis. 
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Figure 3.3: Overview of Phase-II 

3.1.3 Phase-III 

Phase-III developed failure criteria of 3D printed PLA specimens at 0o, 30o, 45o, 60o & 

90o orientations based on quasi-static compression and tensile results. In this phase, 

failure criteria is considered to predict the strength at combined loads. Using the 

mechanical properties and the equations of each failure criterion, the failure envelope 

surface for 3D printed PLA is achieved. 

3.1.4 Phase-IV 

This phase-IV focuses on characterizing the rate dependent compressive mechanical 

behaviour of 3D printed PLA printed at 0o, 45o and 90o orientations, which is considered 

in this study due to its ubiquity, biodegradability and sustainability. Quasi static 

compression tests are conducted on specimens with 100% infill, which enables 

quantification of the effect of print orientation on strength properties. High strain rate 

(SHPB) tests are conducted at ambient temperature to characterize dynamic response. A 

simple empirical flow stress model was proposed in this study, which accounts for the 

effects of print orientation, porosity and strain softening behaviour in PLA.  

3.1.5 Phase-V 

Phase-V aims to characterize the dynamic mechanical analysis of 3D printed PLA at 0o, 

30o, 45o and 90o orientations is to determine viscoelastic properties such as elastic 
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(storage) modulus, loss (viscous) modulus and tan delta as a function of frequency, 

temperature are significant transitions in the thermomechanical behaviour. A rectangular 

specimen, was chosen for the present study to study its visco-elastic behaviour. The 

reference standard for the determination of the dynamic mechanical properties of plastic 

materials is “ASTM D5023-07 Standard Test Method Plastics: Dynamics Mechanical 

Properties: In Flexure (Three-Point Bending)”.   
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CHAPTER 4  

MECHANICAL RELIABILITY OF EXTRUDED 

FILAMENTS 

4 Mechanical Reliability of Extruded Filaments (Phase-I) 

This chapter is concerned with the preparation and testing of extruded filament specimens 

with and without overlap, followed by Weibull statistical analysis of experimentally 

generated strength data for various extruded filament lengths. A probabilistic strength 

prediction model for different extruded filament lengths (5 cm, 10 cm and 15 cm) is 

presented, which takes into account the effects of extruded filament overlap. 

4.1 Experimental Methodology 

4.1.1 Preparation of specimens 

In phase-I, specimens consisting of single extruded filaments (SEF), multiple extruded 

filaments (10 nos.) without overlap (MEFWNO) and multiple extruded filaments (10 

nos.) with overlap (MEFWO) are printed in ULTIMAKER2+(R) (3D Printer) using 

spooled filament with an average diameter of 2.85 mm. A nozzle of diameter 0.4 mm 

printed the “extruded filaments” onto a hot bed, to create specimens of SEF, MEFWNO 

and MEFWO by fused deposition of Polylactic acid (PLA) as shown in Fig. 4.1 (a-c). 

Filaments are extruded as a raft on the bed which is in raft mode and printed using in g-

code format from Cura software. The raft parameters are described in Table 4.1. The 

specimens are prepared by cutting from the longest filament that could be extruded on the 

bed.  For fused filaments with overlap, the diameter is obtained from measurement of 

microscopic images using ImageJ software. For individual fused filaments without 

overlap, the diameter is measured at 5 locations using digital Vernier callipers.  
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Table 4.1: Extruded filament Raft parameters 

Parameter Ultimaker2+ PLA 

value for 

MEFWNO 

Ultimaker2+ PLA 

value for 

MEFWO 

Air gap (mm) 0.0 0.0 

Extrusion width (mm) 0.35 0.35 

Nozzle size (mm) 0.4 0.4 

Filament color White White 

Infill Density (%) 100 100 

Printing Temperature (°C) 200 200 

Build plate temperature (°C) 60 60 

Print speed (mm/s) 50 50 

Travel speed (mm/s) 120 120 

PLA Spool Diameter (mm) 2.85 2.85 

Raft base width (mm) 0.4 0.4 

Raft base line width (mm) 0.4 0.4 

Raft base line spacing (mm) 0.0 0.1 

 

 

 

 

 

 

 

 

 

 

(a) 

 

 
(b) 
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(c) 

 

Figure 4.1: (a) SEF specimen (b) MEFWNO specimen and (c) MEFWO specimen. 

The extruded filaments are observed to show variation in diameter (apart from several 

other defects) as shown in Fig.4.2, which may affect the mechanical characteristics of 3D 

printed components (Fig.4.3). The average surface roughness (Fig.4.5) Ra is the 

arithmetic mean of the absolute values of the profile deviations from the mean line and is 

by far the most commonly used parameter in surface finish measurement. Ra is 0.67μm 

for MEFWO (Fig.4.4). Mean peak to-valley height (Rz) can be calculated from the peak-

to-valley values of five equal lengths (Ayrilmis 2018b). 

 

Figure 4.2: Diameter variation of SEF specimens. 
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Figure 4.3: Microscopic image of MEFWO with varying voids. 

 

Figure 4.4: Surface Roughness for MEFWO. 

 

Figure 4.5: Graph of Surface roughnes for MEFWO. 

 



  

43 
 

4.1.2 Testing of specimens 

Tensile testing of SEF, MEFWNO and MEFWO specimens is performed using a 

Universal Testing Machine (UTM) of capacity 100kN. All the specimens are tested at 

room temperature (±280C) with a load cell of 5kN and displacement rate of 0.5mm/min 

until the failure of the specimen. Extruded filaments of three different overall lengths 15 

cm, 20cm and 25 cm, (including the grip length of 5 cm on top and bottom for holding 

the extruded filaments in grips) are tested. Hence, the gauge length of the specimens are 

5 cm, 10 cm and 15 cm respectively. The diameter of PLA extruded filaments is measured 

at five points along the length of each specimen using Digital Vernier Callipers/ Optical 

Microscope instruments. Paper tabs are attached to specimens as shown in Fig.4.6 in order 

to avoid failure at or within the grips according to ASTM D3379-75 procedure 

(Ilankeeran, Mohite, and Kamle 2012; “Standard Test Method for Tensile Strength and 

Young’s Modulus for High-Modulus Single-Filament Materials 1,” n.d.). 

 

(a) 
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(b) 

 

 

 

 

 

 

 

(c)  

Figure 4.6: (a) SEF before and after testing, (b) Microscope image of C/S of 

MEFWO specimen and (c) Microscope image of C/S of SEF specimen. 

 

4.2 Reliability analysis 

The two-parameter Weibull distribution, typically used in fracture strength studies, is 

used for reliability analysis in this study. The distribution is given in Equation (4.1) below 

(Selmy, Azab, and El-Baky 2014a): 

F (x; 𝜂, β) =1 − exp⁡(−(
𝑥

𝜂
)
𝛽

 (4.1) 

The determination of x-values, corresponding to a predefined failure probability 

enables estimation of reliability of structural and mechanical components. In the Weibull 

distribution, F (x; 𝜂, β), is the probability that the fracture strength is less than or equal to 

‘x’. From the expression: F (x; 𝜂, β) + R (x; 𝜂, β) = 1, reliability R (x; 𝜂, β), which is the 

probability that the fracture strength is 'x' or greater than 'x', is given by:  

R (x; 𝜂, β) =exp⁡(− (
𝑥

η,
)
β

) (4.2) 

𝜂≥ 0; β ≥ 0 
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The scale parameter ‘𝜂’ and shape parameter ‘β’ of Weibull distribution function 

F (x; 𝜂, β) can be obtained from the experiments. The methods usually employed in the 

estimation of these parameters are - linear regression, method of maximum likelihood, 

and method of moments (Du et al. 2012a). The commonly used linear regression enables 

parameter estimation in the present work. 

4.2.1 Linear regression 

A linear regression model in the form (Y = mX + c) is obtained by rearranging Eq. (4.2) 

into: 1- F (x; 𝜂, β) =⁡exp⁡(−(
𝑥

η,
)
β

) and taking logarithms twice on both sides, as shown 

below: 

ln (𝑙𝑛 [
1

1 − F⁡(𝑥; ⁡η, β)⁡
]) = 𝑐𝑙𝑛(𝑥) − 𝑐𝑙𝑛(𝜂) (4.3) 

F (x; 𝜂, β) is estimated from experimental strength values by arranging ‘n’ observations 

in ascending order of magnitude, where xi denotes the ith smallest observation (i=1 

corresponds to the smallest and i= n corresponds to the largest). Then the median rank of 

xi, which is a good estimator of F (xi; 𝜂, β) is: 

F̂(𝑥𝑖; η, β) =
i − 0.3

𝑛 + 0.4
 (4.4) 

The estimates for ‘𝜂’ and ‘β’ are obtained by linear regression of (X, Y) 

=(𝑙𝑛(𝑥), 𝑙𝑛 (𝑙𝑛 [
1

1−F⁡(𝑥;⁡η,β)⁡
])) for the model in Eq. (4.3). The curve generated by Xi and 

Yi, is the Weibull Probability Plot (WPP) of the material. If the regression curve is a 

straight line, i.e., the correlation coefficient of Xi and Yi is close to 1, the material strength 

distribution can be described using the two-parameter Weibull distribution (Joffe, 

Andersons, and Sparniņš 2009). The tensile strength and tensile failure strain (%) result 

obtained from the experiments are shown in Table 4.2 in next section. 

In order to determine 𝜂 and β, the values given in Table 4.3 and 4.4 are arranged 

in ascending order and (X, Y) values are computed. Then linear regression model between 

the (X, Y) values, are obtained for different specimens having lengths of (5 cm, 10 cm and 

15 cm) respectively. 

The slope of the line which gives shape parameter ‘𝜂’ and value of ‘β’ is 

determined from the intersection point of the regression line and Y-axis, in⁡𝑏 = 𝑒
−(

𝑌

𝛽
)
. 
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Shape parameter (Weibull modulus) ‘β’, indicates the shape of the distribution. The value 

of shape parameter β < 1.0 implies a decreasing failure rate. Similarly, β = 0 indicates 

constant failure, and β > 1.0 implies an increasing failure rate. The scale parameter ‘𝜂’, 

indicates the spread in the distribution of data as well as peak amplitude and is related to 

mean fracture stress (Barbero, Fernández-Sáez, and Navarro, n.d.).  

4.3 Results and Discussion 

4.3.1 Uniaxial tensile behavior 

4.3.2 Uniaxial tensile response of SEF 

The stress vs strain curves of uniaxial tensile test on 3D printed SEF, MEFWO and 

MEFWNO specimens of each length 5 cm, 10 cm and 15 cm are shown in Fig. 4.7 

respectively.  

 

Figure 4.7: Stress vs Strain (avg.) for SEF, MEFWO and MEFWNO having 5 cm, 10 

cm,15 cm gauge length. 

As shown in Fig.4.7, it is observed from the uniaxial tensile tests that single strand 

specimens of 5 cm specimens demonstrate 3% and 4% higher strength than 10 cm and 15 

cm specimens respectively. 5 cm specimens have additional strain at failure of 93% and 

148% more than 10 cm and 15 cm specimens respectively. 5 cm specimens have 

additional toughness of 85% and 157% compared to 10 cm and 15 cm specimens 
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respectively. However, 15 cm specimens show greater increase in Young's Modulus of 

13% and 4% when compared to 5 cm and 10 cm specimens respectively.  

4.3.3 Uniaxial tensile response of MEFWNO 

The stress vs strain curves of uniaxial tensile test on 3D printed MEFWNO specimens of 

length 5 cm, 10 cm and 15 cm are shown in Fig.4.7 respectively. The post-peak stress-

strain curve for MEFWNO specimens is a stepped curve because extruded filaments 

fracture one by one due to global redistribution of stresses between the individual 

extruded filaments. In Fig.4.7, 10 cm long MEFWNO specimens have more tensile 

strength of 9% and 27%, which is more compared to 5 cm and 15 cm long specimens 

respectively. The 5 cm long specimens have more strain at a failure of 140% and 154% 

compared to 10 cm and 15 cm specimens respectively. 5 cm long specimens have better 

toughness of 160% and 207% compared to 10 cm and 15 cm specimens respectively. 

However, 10 cm specimens have better value of Young's modulus of 26% and 21% 

compared to 5 cm and 15 cm length of specimens respectively.  

Table 4.2: Averaged load-displacement and stress-strain response of extruded 

filaments (SEF, MEFWNO & MEFWO) of 5 cm, 10 cm and 15 cm length. 

Sample 

Ultima

te 

Load 

(N) 

Displace

ment 

(mm) 

Ultimate 

tensile 

Stress 

(MPa) 

Strain 

@ 

UTS 

% 

Stress 

@ 

failure 

(MPa) 

Strain 

@ 

failure 

% 

Toughness 

(M.J.m-3) 

Young's 

modulus, 

E (MPa) 

SEF5 cm 5.93 2.87 44.77 1.90 33.00 5.93 1.85 2.95 

SEF10 cm 5.28 3.09 43.53 1.81 39.84 3.08 1.00 3.19 

SEF15 cm 5.42 3.64 43.00 1.56 39.56 2.39 0.72 3.32 

MEFWNO 5 cm 60.59 3.85 49.60 2.44 25.73 7.73 2.76 2.80 

MEFWNO 10 cm 57.53 3.13 54.12 1.81 30.75 3.23 1.06 3.53 

MEFWNO 15 cm 52.28 4.60 42.74 1.84 27.20 3.05 0.90 2.92 

MEFWO5 cm 64.37 3.62 70.74 2.42 57.65 7.16 3.41 3.79 

MEFWO 10 cm 66.77 3.94 73.38 2.10 65.30 4.00 2.17 4.46 

MEFWO 15 cm 56.12 4.35 61.80 1.91 56.70 3.11 1.50 4.07 
 

Relatively greater variation is observed in the stress-strain curves of SEF 

specimens having 5 cm gauge length compared to SEF specimens of 10 cm and 15 cm 

gauge lengths. This can be attributed to several factors- i) variation of strand diameter 

along the length, ii) presence of defects within the volume of the extruded filament. 
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4.3.4 Uniaxial tensile response of MEFWO 

The stress vs strain curves of uniaxial tensile test on 3D printed multiple extruded 

filaments with overlap (MEFWO) specimens of length 5 cm, 10 cm and 15 cm are shown 

in Fig.4.7 respectively. In Fig.4.7, it is observed from the uniaxial tensile test on MEFWO 

specimens that 10 cm long specimens have an additional tensile strength of 4% and 19% 

compared to 5 cm and 15 cm long MEFWO specimens respectively. The 5 cm specimens 

have greater strain at failure of 79% and 130% compared to 10 cm and 15 cm specimens 

respectively. The 5cm long specimens have additional toughness of 57% and 127% when 

compared to 10cm and 15 cm specimens respectively. However, 10 cm specimens show 

additional increase in Young's modulus of 18% and 10% when compared to 5 cm and 15 

cm specimens respectively. In the case of MEFWO specimens, the post-peak stress-strain 

curve is smoother because of local to global stress redistribution which causes the 

extruded filaments to fail simultaneously once critical stress is achieved. 

(a) (b) 

(c) (d) 

Figure 4.8: Comparison of mechanical properties of  MEFWNO and  MEFWO 

specimens (error bar shows the standard deviation). 

The MEFWO specimens have more tensile strength than MEFWNO with an increase of 

43%, 36% and 45% for 5 cm, 10 cm and 15 cm gauge length respectively, as shown in 
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Fig.4.8. The multiple extruded filaments (10 nos.) with overlap (MEFWO) specimens 

display more toughness than multiple extruded filaments (10 nos.) without overlap 

(MEFWNO) specimens with an increase of 24%, 105% and 67% for 5 cm, 10 cm and 15 

cm gauge lengths respectively. MEFWO specimen has lower strain at failure at 5 cm of 

8% compared with MEFWNO. For 10 cm and15 cm, MEFWO has more strain at failure 

than MEFWNO with an increase of 24% and 2% respectively. MEFWO specimens has 

higher Young’s modulus than MEFWNO with an increase of 35%, 26% and 39% for 5 

cm, 10 cm and 15 cm gauge length. 

 It is observed that the variation in diameter along the length significantly impacts 

the mechanical properties of extruded filaments and is the source of scatter in strengths. 

Although a parameter study on the effect of diameter of the fused extruded filament or 

layer thickness on mechanical characteristics is not conducted in this study, it is expected 

that there might exist an optimal diameter of fused filament, which would satisfy the 

conflicting criteria of low porosity and high strength vs economical amount of material. 

4.4 Weibull Analysis 

The trends of tensile strength and tensile failure strain for different specimens are 

shown in Figs. 4.9-4.13. The values of R2, related equations, shape parameter (𝜂) and 

scale parameter (β) of Weibull distribution function have been calculated for tensile 

strength (Figs. 4.9-4.11) and tensile failure strain (%) (Figs. 4.12 - 4.13) from linear 

regression equations and their values are listed in Tables 4.3 and 4.4 respectively. 

The slope of the line for SEF specimens of 5 cm length in Fig.4.9 is 4.99 (i.e., β 

= 4.99) and b values are computed to be 𝜂 = 48.71, using the point of line intersects the 

at Y-axis (-19.376) at⁡𝑏 = 𝑒
−(

𝑌

𝛽
)
. Therefore, β= 4.99 indicates that there is a higher 

probability that the material will fracture with every unit of increase in stress. The values 

of 𝜂 and β obtained are listed in Table 4.3 and 4.4. The plot of R (x; 𝜂, β) is shown in Figs 

(4.15 and 4.16). Fig. (4.15) shows the reliability curve of tensile strength and Fig. (4.16) 

shows the reliability curve of tensile strain at failure for different specimens having 

different lengths.  

The reliability curve for SEF specimens in Fig.4.15 shows that fracture strength 

values which are roughly less than or equal to 19 MPa, 25 MPa & 31 MPa (for 5 cm, 10 

cm and 15 cm specimens respectively) provide high reliability (0.95). Here, a reliability 
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level of 0.95 is considered for analysis. When these values are substituted in R (x; 𝜂, β) 

in Eq (4.2) and solved for x, the fracture strengths of 26.8 MPa, 31.40 MPa and 34.61 

MPa (for 5 cm, 10 cm, and 15 cm specimens respectively) are obtained. In other words, 

this material will fail with 0.95 probability for 26.8 MPa, 31.40 MPa and 34.61 MPa (for 

5 cm, 10 cm and 15 cm specimens respectively) or more. 

 

Figure 4.9: Tensile strength data for SEF specimens of different lengths 5 cm, 10 

cm and 15 cm. 

 

 

Figure 4.10: Tensile strength data for MEFWNO specimens of different lengths 5 

cm, 10 cm and 15 cm. 
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Figure 4.11: Tensile strength data for MEFWO specimens of different lengths 5 

cm, 10 cm and 15 cm. 

 

Figure 4.12: Tensile strain at failure (%) data for SEF specimens of different 

lengths 5 cm, 10 cm and 15 cm. 
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Figure 4.13: Tensile strain at failure (%) data for MEFWNO specimens of  

different lengths 5 cm, 10 cm and 15 cm. 

 

 

Figure 4.14: Tensile strain at failure (%) data for MEFWO specimens of different 

lengths 5 cm, 10 cm and 15 cm. 
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Figure 4.15: Reliability curve of Tensile Strength for SEF, MEFWNO & MEFWO 

Specimens having length 5 cm, 10 cm and 15 cm. 

 

 

Figure 4.16: Reliability curve of Tensile Strain at failure (%) for SEF, MEFWNO 

& MEFWO Specimens having length 5 cm, 10 cm and 15 cm. 
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Table 4.3: Values of Weibull parameters of Tensile Strength. 

Weibull Parameters 5 cm length 10 cm length 15 cm length 

SEF Specimens 

R2 0.948 0.763 0.962 

Related Equation y = 4.9862x - 

19.376 

y = 7.7474x - 

29.697 

y = 11.515x - 

43.781 

Scale parameter ‘𝜂’ 48.71 46.21 44.79 

Shape Parameter ‘β’ 4.99 7.75 11.52 

MEFWNO Specimens 

R2 0.981 0.811 0.955 

Related Equation y= 6.7112x -

26.646 

y = 4.7378x - 

19.343 

y = 7.5004x - 

28.608 

Scale parameter ‘𝜂’ 53.00 59.31 45.35 

Shape Parameter ‘β’ 6.71 4.74 7.50 

MEFWO Specimens 

R2 0.97 0.75 0.95 

Related Equation y = 9.3638x – 

40.346 

y = 13.87x – 60.05 y = 20.23x – 84.1 

Scale parameter ‘𝜂’ 

Shape Parameter ‘β’ 

74.48 

9.36 

75.91 

13.87 

63.89 

20.23 

Table 4.4: Values of Weibull parameters of Strain at Failure. 
 
Weibull Parameters 5 cm length 10 cm length 15 cm length 

SEF Specimens 

R2 0.912 0.91 0.890 

Related Equation y = 1.9211x - 

3.7134 

y = 2.5713x - 

3.2332 

y = 3.6255x - 

3.5394 

Scale parameter ‘𝜂’ 6.91 3.52 2.69 

Shape Parameter ‘β’ 1.92 2.57 3.63 

MEFWNO Specimens 

R2 0.972 0.80 0.9392 

Related Equation y = 2.7681x – 

5.9926 

y = 2.4563 – 

3.2134 

y = 10.794x – 

12.484 

Scale parameter ‘𝜂’ 8.17 3.70 10.79 

Shape Parameter ‘β’ 2.77 2.46 3.18 

MEFWO Specimens 

R2 0.802 0.903 0.948 

Related Equation y = 1.8169x - 

3.8292 

y = 4.1984x - 

6.1577 

y = 3.3857x - 

3.9926 

Scale parameter ‘𝜂’ 8.23 4.33 3.25 

Shape Parameter ‘β’ 1.82 4.20 3.39 
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Conversely, let R (x; 𝜂, β) =0.368, then, consider SEF specimens of 5 cm length 

(Fig.4.15) and let x=𝜂, therefore R (48.71; 48.71, 4.99) = exp⁡(− (
𝑥

𝜂
)
𝑐

)= 0.368, that is 

36.8% of the tested specimens have a fracture strength of at least 48.71 MPa. For 

specimen with a length of 10 cm (𝜂=46.21 and β=7.75), let x=𝜂, therefore R (46.21; 46.21, 

7.75) = 0.37, that is 37% of the specimens are estimated to show a fracture strength of 

equal to or greater than 46.21 MPa.  

4.5 Conclusions 

The tensile tests of 3D printed PLA extruded single extruded filaments (SEF), 

Multiple extruded filaments with no overlap (MEFWNO) and Multiple extruded 

filaments with overlap (MEFWO) are conducted to obtain Young’s modulus, ultimate 

strength, strain at failure and toughness for various gauge lengths. Reliability analysis for 

tensile failure is conducted while considering the effect of different lengths of deposited 

PLA filaments as well as the effect of overlap of extruded filaments. 

Characteristics such as failure strength and strain to failure are governed by the 

number of defects per unit volume of the material: hence the observed size effect observed 

at higher volume (length) specimens having, in general, lower predicted strength and 

strain at failure; which is consistent with Weibull statistical fracture theory. It is observed 

that overlapping of the extruded filaments typically results in higher strain at failure, 

higher toughness and higher Young’s modulus compared to non-overlapped extruded 

filaments of the same length. 

 It is assumed that during tensile loading of MEFWO specimens, the overlap zones 

act in a manner similar to the matrix in a fibre reinforced composite, wherein a shear 

transfer mechanism occurs in which a high shear stress is generated in the overlap region 

around any fracture (in a filament).This enables bridging of stress over the discontinuity, 

leading to local stress re-distribution, until the shear stress exceeds the capacity of the 

overlap zone and global stress redistribution between overlapped extruded filaments 

occurs, until eventual global failure. Hence, the post-peak stress-strain curve is smoother 

because of a transition from local to global stress redistribution mechanism, which causes 

all the extruded filaments to achieve similar stresses and fail almost simultaneously once 

critical stress is achieved. In the case of MEFWNO specimens, there cannot exist a similar 

local stress redistribution mechanism. The extruded filaments fracture one by one due to 
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global redistribution of stresses between the individual extruded filaments, which leads 

to post peak softening prior to failure compared with SEF. 

Weibull analysis presented in this study enables determination of probabilistic 

values of ultimate strength of fused deposited extruded filaments, as well as reliability 

indices to enable further high-fidelity FEA modelling towards determination of micro-

mechanics based constitutive relationship for 3D printed polymer materials.  
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CHAPTER 5  

ANALYTICAL MODELING OF STRENGTH 

5 Analytical modeling of strength (Phase – II) 

The material strength and modulus properties are modelled using reduction factors 

derived from mechanics of materials-based analysis, which take into account the effect 

of porosity as well as overlap between adjacent strands, on the strength and modulus of 

the material.   

5.1 Analytical prediction of Strength and Stiffness of 0o & 90o 

tension specimens 

FDM 3D printers form layers by depositing lines of PLA. This process means that layers 

are not bonded together as strongly as the strands (filament extrusion) themselves; there 

are voids between the strands and it’s possible that layers may not fully adhere to one 

another (there are air gaps between strands). ‘Air Gap’ is defined as the distance between 

adjacent extruded fibres. For example, if adjacent fibres of width 0.4 mm are deposited 

with 0.36 mm axis to axis distance, the air gap is -0.04 mm is present (i.e., overlapping 

of 0.04 mm). Setting a negative air gap (overlapping) in this manner will increase the 

transverse and intralaminar shear strength of the printed part, as air gap directly alters the 

bond area between adjacent fibres. 

As seen in Fig.5.1, the bond area gives an effective cross-sectional area for 

transverse loading. As all transverse load must be transferred through the bond area, this 

region is the ‘weakest link’ for transverse loading. Mechanical performance under these 

loading modes is therefore directly dependent on the overlapping length. Fig.5.2 shows 

the decrease in transverse bond area with decreasing overlapping length.  

 

Figure 5.1: Showing void region and overlapping between strands 
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Figure 5.2: Illustration of the change in bond area (shown by red areas) with 

decreasing overlapping length as shown from (a) to (c) (Ziemian, Sharma, and 

Ziemian, n.d.) 

3D printed prismatic specimens are cut at the middle sections to observe the shape, 

size and spacing between the strands in printed tensile specimen part. Once the part is cut, 

sandpaper is used to rub the particles deposited during cutting and then the specimen is 

observed under optical microscope.  It is observed that the tension specimens consisted 

of elliptical sections (Fig.5.3) when a portion of the specimen is observed under optical 

microscope, and this due to compression of layers during 3D printing. 

 

  

Figure 5.3: Cross section of 3D printed part observed under optical microscope (left) 

and binary form of it in ImageJ analyzer (right). 

Hence for studying the effect of different overlapping lengths on the strength of 

3D printed specimens, elliptical shaped of strands is used. Porosity parameter is used to 

study the variation of strength with the overlapping length. Porosity or void fraction is 

a measure of the void (i.e., “empty") spaces in a material, and is a fraction of the volume 

of voids over the total volume. It ranges between 0 and 1, or as a percentage between 0 

and 100%. Strictly speaking, some tests measure the "accessible void", i.e., the total 
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amount of void space accessible from the surface. There are many ways to test porosity 

in a substance or part, such as industrial CT scanning, optical microscopy etc. In our study 

an optical method (i.e., determining the area of the material versus the area of the pores 

visible under the microscope) is considered to evaluate the amount of porosity. The 

"areal" and "volumetric" porosities are equal for porous media with random structure 

according to (“Copyright_1992_Porous-Media,” n.d.).  

The image obtained from optical microscope is then loaded into ‘Image J’ analysis 

software. Image obtained from optical microscopy is converted to binary form, in which 

black pixels correspond to air voids and white pixels correspond to PLA strands (Fig.5.3 

(right)). An ‘ImageJ measure’ is then taken of a representative sample of voids, which 

counts the black pixels to find the total void area. This void area divided by the sample 

area gives the void density or porosity. As the 3D printed material has a regular pore 

distribution per unit thickness (Fig.5.3), this value is assumed to be approximately the 

same as volumetric porosity. In the case of 90o specimens consisting of two layers, the 

porosity is extracted from two layers in the prismatic specimen.  

Area of voids  = 4.10 x 105µm3 

Area of Surface = 2.49 x 106 µm3 

Hence porosity = 
𝐴𝑟𝑒𝑎⁡𝑜𝑓⁡𝑣𝑜𝑖𝑑𝑠

𝑇𝑜𝑡𝑎𝑙⁡𝐴𝑟𝑒𝑎
 = 0.164 

In this study the porosity in both 0o and 90o material specimens is assumed to be 0.164. 

 

5.1.1  Without Overlapping 

Consider a volume element of unit length as shown in Fig.5.4 (b). Let a and b be the 

dimensions of elliptical strands. In this study, rectangular configuration of strands is used 

in deriving the equation of porosity and during actual 3D printing, strands are laid in this 

type of configuration. The values of a and b is assumed to be such that the ratio of (a/b) 

equals 0.6. The deviation of strand cross section from circular to elliptical occurs due to 

the compression of layers during 3D printing (Fig.5.4 (a)). Since the printer from which 

specimens are printed has a nozzle of dia. 0.4mm (which is taken as ‘a’), the value of ‘b’ 

obtained to maintain the ratio is 0.67.  

Area of rectangle (A)    = 4a x 4b 

Area of Strands   = 4πab 
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Hence, Area of voids (Av)  = 4ab (4-π) 

Porosity    =  
Vv

V
 =  

4ab⁡(4−π)

16ab
 = 0.2145  

 

 

(a) 

 

(b) 

Figure 5.4: (a) Deviation of strand cross section from circular to elliptical due to 

compression during printing (Butadiene Styrene 2007) (b) Volume element of unit 

length with horizontal & vertical overlapping  

5.1.2  With Overlapping 

In Fig.5.4 (b), let a and b be the dimensions of each strand and ‘αa’& ‘βb’ (α & β are 

vertical and horizontal overlapping coefficients) be the overlapping length in vertical & 

horizontal direction respectively. 

Area of rectangle (A)    = (4a- αa) x (4b-βb) 

Area of Strands   = 4πab 

Hence, Area of voids (Av)  = ab [(4-α) (4-β)-4π)] 

            Porosity                                    =  
Av

A
 =  

[(4−α)(4−β)]−4π

(4−α)⁡⁡(4−β)
   (5.1)  

For different combinations of α & β, values of porosity is presented in Table 5.1. 

Table 5.1: Values of porosity for different overlapping coefficient α & β. 

         α          

β 

0 0.1 0.2 0.3 0.4 0.45 

0 0.215 0.194 0.173 0.151 0.127 0.115 

0.1 0.194 0.174 0.152 0.129 0.105 0.092 
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0.2 0.173 0.152 0.130 0.106 0.081 0.068 

0.3 0.151 0.129 0.106 0.082 0.057 0.043 

0.4 0.127 0.105 0.081 0.057 0.030 0.017 

0.45 0.115 0.092 0.068 0.043 0.017 0.003 

 

Figure 5.5: Variation in porosity due to both vertical and horizontal overlap 

In this study only horizontal overlap is presented (Fig.5.6), due to limitations 

during comparison with TexGen software, which allows only horizontal overlapping. 

Fig.5.7 shows the variation of porosity as a function of horizontal overlapping coefficient 

(β) for (α=0).  

 

Figure 5.6: Volume element of unit length with horizontal overlapping only 
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Table 5.2: Values of Porosity for different vertical overlap coefficient (α=0) and 

different horizontal overlapping coefficient (β) 

 

 

Figure 5.7: Analytical prediction of variation of porosity with respect to horizontal 

overlapping coefficient (β)  

5.2 Strength Models proposed by different Researchers 

Various researchers have studied the effect of porosity on the tensile strength 

(Ryshkewitch, n.d.; Li Li and Aubertin 2003). Equations proposed by them relating 

a 

(mm) 

b 

(mm) 
a/b β 

Vol. of 

strands 

(mm^3) 

Total vol. 

of voids 

(mm^3) 

Volume of 

rectangle  

(mm^3) 

Porosity 

0.4 0.67 0.60 0 3.351 0.916 4.267 0.215 

0.4 0.67 0.60 0.1 3.351 0.809 4.160 0.194 

0.4 0.67 0.60 0.2 3.351 0.702 4.054 0.173 

0.4 0.67 0.60 0.3 3.351 0.596 3.947 0.151 

0.4 0.67 0.60 0.4 3.351 0.489 3.840 0.127 

0.4 0.67 0.60 0.45 3.351 0.436 3.787 0.115 

0.4 0.67 0.60 0.6 3.351 0.276 3.627 0.076 

0.4 0.67 0.60 0.67 3.351 0.201 3.552 0.057 
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strength and porosity are presented below and are compared with the experimental 

strength vs porosity values. It is assumed that the 3D printed 0o and 90o tension specimens 

have the same porosity of 0.164. The experimental strength ratio of 3D printed 0o and 90o 

tension specimen are 0.46 & 0.10 respectively compared to solid injection moulded 

specimens. 

5.2.1 Power Law Equation  

One of the first expressions proposed to measure σun dependency is due to Bal’shin 

(1949), who used the following power law for determining uniaxial tensile strength: 

𝝈𝒕𝒏 = 𝝈𝒕𝒐(𝟏 − 𝒏)𝒎 (5.2)  

Where, ‘σtn’ is the uniaxial tensile strength of the material with a porosity ‘n’, ‘σto’ is a 

parameter representing the (calculated) strength of a similar nonporous material (i.e., for 

n=0), and ‘m’ is an empirical constant. The value of ‘m’ is found to be between 3 (metals) 

to 6 (ceramics). In the present work, σto = 64.835 MPa, m = 4 for 0o and 9 for 90o 3D 

printed tension specimen. 

Table 5.3:Ratio of σtn /σto according to Power Law Equation 

n 
(σtn/σto) Ratio for 

0o tension specimen 

(σtn/σto) Ratio for  

90o tension specimen 

0 1.00 1 

0.057 0.79 0.59 

0.076 0.73 0.49 

0.115 0.61 0.33 

0.127 0.58 0.29 

0.151 0.52 0.23 

0.173 0.47 0.18 

0.194 0.42 0.14 

0.215 0.38 0.11 

5.2.2 Ryshkewitch and Duckworth Equation (1953) 

Instead of using  power law equation for representing the nonlinearity of σu–n relationship, 

an exponential function is employed (Ryshkewitch, n.d.). The basic equation, as a result 

of the work of Ryshkewitch et.al., (1953), can be written as: 
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𝜎𝑢𝑛 = 𝜎𝑢𝑜𝑒
−𝑏𝑛 (5.3)  

Where, ‘σuo’ is the (calculated) strength of non-porous material (i.e., n = 0) and 

‘b’ is an empirical constant whose value ranges from 3 to 7. The formula is applicable for 

both compression and tension. In the present work, strength vs porosity for tensile tests 

is necessary hence, (σuo = σto and σun = σtn). In present work, σto = 64.835 MPa, b = 4.5 

for 0o and 10 for 90o 3D printed tension specimen are used. 

Table 5.4:Ratio of σtn /σto as per Ryshkewitch and Duckworth Equation (1953) 

Porosity (n) 
(σtn/σto) Ratio for 0o 

tension specimen 

(σtn/σto) Ratio for 90o 

tension specimen 

0 1.00 1.00  

0.057 0.77 0.57 

0.076 0.71 0.47 

0.115 0.60 0.32 

0.127 0.56 0.28 

0.151 0.51 0.22 

0.173 0.46 0.18 

0.194 0.42 0.14 

0.215 0.38 0.12 

 

5.2.3 Li Li and Michel Aubertin Equation  

Li Li et.al., (Li Li and Aubertin 2003) proposed an equation for determining the relation 

between tensile strength and porosity which incorporates a generalized form of power 

law and Ryshkewitch et.al., (1953) law in it. The following equation is proposed by the 

author:  

𝝈𝒕𝒏 = 𝝈𝒕𝒐 (𝟏 − 𝒔𝒊𝒏 (
𝝅

𝟐

𝒏

𝒏𝒄𝒕
)
𝒙𝟏
)  (5.4)  

Where, ‘σtn’ is the uniaxial tensile strength of the material with a porosity ‘n’ and 

‘nct’ is critical porosity (max. porosity). In present work, σto = 64.835 MPa, x = 4 for 0o 

and 1.5 for 90o 3D printed tension specimen are used. 
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Table 5.5: Ratio of σtn /σto as per Li Li and Michel Aubertin Equation 

Porosity 

(n) 
n/nct 

(σtn/σto) Ratio for 

0o tension 

specimen 

(σtn/σto) Ratio for 

90o tension 

specimen 

0 0.00 1.00 1.00 

0.057 0.27 0.97 0.74 

0.076 0.35 0.92 0.62 

0.115 0.53 0.69 0.36 

0.127 0.59 0.59 0.28 

0.151 0.70 0.37 0.16 

0.173 0.80 0.17 0.07 

0.194 0.90 0.05 0.02 

0.215 1.00 0.00 0.00 

 

 

(a) 
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(b) 

Figure 5.8: Comparison of experimental strength ratio [(a) for 0o& (b) for 90o] with 

analytical porosity-based equations 

Observations: 

The following observations emerge from the above graphs: 

• For 0o tension specimen (Fig. 5.8 (a)), the Power law equation with empirical 

constant m=4, and Ryshkewitch and Duckworth (1953) equation with empirical 

constant b=4.5 predict well in comparison with experimental values. However the 

equation developed by Li Li and Michel Aubertin (2003) with x=4, over predicts 

the strength for a certain range and then suddenly under predicts the strength vs 

porosity values for other ranges. 

• For 90o tension specimen (Fig. 5.8 (b)), the Power law equation with empirical 

constant m=9, Ryshkewitch and Duckworth (1953) equation with empirical 

constant b=10 as well as Li Li and Michel Aubertin with x=1.5, provide good 

agreement with experimental values.  

5.3 Stiffness Models proposed by different Researchers 

It is interesting to compare the experimental results with predictions of various 

micromechanical schemes for a porosity of 0.164. For this, we use(Cramer and 

Sevostianov 2009) non-interaction approximation, differential scheme and Mori-Tanaka 

scheme. According to these schemes, effective Young’s modulus is expressed as follows: 
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a) Rule of Mixture: To use this rule, matrix is considered to be composed of air 

voids while strands are considered as fibers.  

E= Ef Vf + EmVm                                                            (5.4) 

Where, ‘Ef’ is taken as modulus of solid specimen (2290.8 MPa [30]) and ‘Em’ is taken 

as modulus of air (0 MPa). ‘Vf’ denotes volume fraction of fibres w.r.t solid specimen 

and ‘Vm’ is volume fraction of air voids. For different values of ‘β’ Vf  & Vm are calculated 

and accordingly the value of ‘E’. Then the ratio of calculated ‘E’ to ‘Eo’ (‘E’ of solid 

specimens) is compared with different porosity based elastic modulus equations  

mentioned below. 

b) Non-interaction approximation: 

𝐸∗ =⁡
𝐸0

1 + 3𝑝
 

(5.5)  

c) Differential scheme: 

𝐸∗ =⁡𝐸0(1 − 𝑝)3 (5.6)  

d) Mori-Tanaka scheme: 

𝐸∗ =⁡
𝐸0(1 − 𝑝)

1 + 2𝑝
 

(5.7) 

Where,  E0 = Elastic modulus for solid material, p = Porosity & E*= Elastic modulus for 

porous material. The value of Eo = 2290.8 MPa (Kumar et al. 2017) is used and ‘E*’ are 

calculated for different porosity values as shown in Table 5.6. 

Table 5.6: Ratio of (E*/Eo) obtained from different formulas (Cramer and Sevostianov 

2009) 

Porosity 

(n) 

E/Eo for 

(Rule of 

mixture) 

E*/Eo for (Non-

interaction 

approximation) 

E*/Eo for 

(Differential 

scheme) 

E*/Eo for 

(Mori–

Tanaka 

scheme) 

E*/Eo for  

(Particulate 

Dispersion) 

0.215 0.79 0.61 0.48 0.55 0.96 

0.194 0.81 0.63 0.52 0.58 0.97 

0.173 0.83 0.66 0.57 0.61 0.97 

0.151 0.85 0.69 0.61 0.65 0.98 

0.127 0.87 0.72 0.66 0.70 0.99 

0.115 0.88 0.74 0.69 0.72 0.99 

0.076 0.92 0.81 0.79 0.80 0.99 

0.057 0.94 0.90 0.84 0.85 0.99 

0 1.00 1.00 1.00 1.00 1.00 
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Figure 5.9: Comparison of experimental elastic modulus with analytical porosity-

based equations (Cramer and Sevostianov 2009) 

It is observed from the above graph that Differential scheme and Mori-Tanaka scheme 

closely predicted experimental values, but rule of mixture and particulate dispersion 

stiffness models failed to match experimental results.  

5.4 Conclusions 

From analytical strength prediction models, based on reduction in mechanical properties 

due to porosity, proposed by different researchers, it is observed that: 

• For 0o tension specimen, the Power law equation with empirical constant m=4; 

and Ryshkewitch and Duckworth (1953) with empirical constant b=4.5; are in fine 

agreement with experimental values. But Li Li and Michel Aubertin with x=4, 

over predicts the strength for certain range and then suddenly under predicts the 

strength vs porosity values for other ranges. 

• For 90o tension specimen, Power law equation with empirical constant m=9; 

Ryshkewitch and Duckworth (1953) with empirical constant b=10 and Li Li & 

Michel Aubertin with x=1.5 provide good comparison with experimental values.  

• From analytical stiffness predictions models, Differential scheme and Mori-

Tanaka scheme predicted the experimental values with <15% difference, but the 

rule of mixture and particulate dispersion stiffness models had >50% difference 

compared to experimental results.  
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CHAPTER 6  

ANALYSIS OF FAILURE CRITERIA APPLICABLE TO 

PLA  

6 Analysis of failure criteria applicable to PLA (Phase -III) 

Phase-III developed failure criteria of 3D printed PLA specimens at 0o, 30o, 45o, 60o & 

90o orientations based on quasi-static of compression and tensile results. Various failure 

criteria are considered to predict the strength at combined loads. By using the mechanical 

properties and the equations of each failure criterion, the failure envelope curves for PLA 

is achieved. To generate failure criteria MATLAB code is used in this study. 

6.1 Static test on 3D Printed PLA Prism specimens 

The compressive properties of PLA specimens in different orientations (i.e., 0°, 30°, 45°, 

60°, and 90°), produced with the FDM technique implemented in an Ultimaker2+ 3D 

printer. The reference standard for the determination of compressive properties of plastic 

materials is “ASTM D-695 – 02a Standard Test Method for Compressive Properties of 

Rigid Plastics” (ASTM D695 2010). In the case of isotropic materials, at least five 

specimens must be tested. For this reason, ten specimens were employed in the present 

test. When compressive strength is desired, the specimens must have the form of a right 

cylinder or prism where the length is twice its principal width or diameter. A rectangular 

specimen suitable for compressive testing has been chosen for the study of static 

compression behaviour (Brischetto et al. 2017). 

6.1.1 Materials and specimen fabrication (Prism specimens) 

The materials tested in this study used poly-lactic acid (PLA) to produce samples in an 

Ultimaker2+ 3D-printer. The specimens and select dimensions for specimen types are 

shown in Figure 6.1. The prism specimen is first created in Creo, exported in stereo 

lithography (STL) format, and then imported into each 3D printer’s respective slicer 

software to create the G-code used to print each specimen type. 

The layer height, extrusion width, air gap (the space between the bead of material), 

printing temperature (the temperature of the air around the part and the bed temperature), 

build plate temperature, nozzle size (width of the hole through which the material is 
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extruded), and colour, print speed, and infill density are all held constant values. The 

entire list of constant or default values used during this study is shown in Table 6.1. Like 

tensile specimens, for investigation of the properties of prism specimens, the orientations 

selected are 0°, 30°, 45°, 60°, and 90°.The specimens are printed in the 0°, 45° and 90° 

orientation angles as shown in Figure 6.1. Ten identical specimens are printed for each 

orientation and the results for all ten tests averaged to find the properties in each direction. 

 

Figure 6.1: Schematic representation of the ASTM D695-02a prism specimen 

geometry with relevant dimensions in mm. Prism specimen for compression testing 

with dimensions and orientations. 

 

6.1.2 Experimental set-up for compressive testing of prism specimens 

The compression testing of prism specimens is done on a Universal testing machine 

(UTM) of capacity 30KN (Fig.6.2). Before starting the experiment, it is compulsory to 

measure the width and thickness of each specimen to the nearest 0.01 mm, at several 

points along its length and record the mean value. The length of each specimen must be 

also measured. All dimensions are measured using digital vernier calliper. All the 

specimens are tested at room temperature with a load cell of 10kN and displacement rate 

of 1 mm/min, till failure of the specimen. The program noted the load applied and the 

corresponding displacement by measuring the distance moved by the crossheads. The 

compressive strength results obtained from the experiments are shown in Table 6.2 in 

next section. 
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(a)                                                                (b) 

Figure 6.2: (a) UTM of 30kN capacity used for compressive testing, (b) Experimental 

set-up for compression testing. 

 

6.2 Static test on 3D Printed PLA Dogbone specimens 

The materials tested in this study is poly-lactic acid (PLA) which are used to produce 

samples in an Ultimaker2+ 3D-printer. The specimen geometries followed specifications 

outlined in ASTM D-638 for Type V tensile specimens (“Standard Test Method for 

Tensile Properties of Plastics 1,” n.d.). The specimens and select dimensions for specimen 

types are shown in Fig.6.3. The specimen is printed at a thickness of 2 mm (0.0787 in). 

The tensile specimen is first created in Creo, exported in stereo lithography (STL) format, 

and then imported into each 3D printer’s respective slicer software to create the G-code 

used to print each specimen type in different orientations of 0°, 30°, 45°, 60°, and 90°. 

Figure 6.3: Schematic representation of the ASTM D638 Type V tensile specimen 

geometry with relevant dimensions in mm 
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6.2.1 Materials and specimen fabrication (Dogbone specimens) 

The specimens printed on the Ultimaker2+ used a default slice height of 0.1 mm (0.004 

in.) and extrusion width (the width of each layer of deposited material, also known as the 

road width) of 0.35 mm (0.016 in). The layer height, extrusion width, air gap (the space 

between the bead of material), printing temperature (the temperature of the air around the 

part and the bed temperature), build plate temperature, nozzle size (width of the hole 

through which the material is extruded), and colour, print speed, and infill density are all 

kept constant values. The entire list of constant or default values used during this study is 

shown in Table 6.1. Like compressive specimens, for investigation of the properties of 

dogbone specimens, the orientation angles selected are 0°, 45° and 90° directions as 

shown in Fig. 6.4. Ten identical specimens are printed for each orientation and the results 

for all ten tests averaged to find the properties in each direction. 

 

 Figure 6.4: Different printing orientations for Dog-Bone specimen 

Table 6.1: Constant 3D-printing process settings for the Ultimaker2+ printer 

Parameter 
Ultimaker2+ 

PLA value 

Air gap (mm) 0.0 

Layer height (mm) 0.1 

Extrusion width (mm) 0.35 

Nozzle size (mm) 0.4 
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Filament color White 

Infill Density (%) 100 

Wall thickness (mm) 0.1 

Printing Temperature (°C) 200 

Build plate temperature (°C) 60 

Print speed (mm/s) 50 

 

6.2.2 Experimental set-up for tensile testing of Dogbone specimens 

The tensile testing of dog-bone specimens is done on Universal testing machine (UTM) 

of capacity 100kN, according to ASTM D 638-14 “Standard Test Method for Tensile 

Properties of Plastics” (“Standard Test Method for Tensile Properties of Plastics 1,” n.d.). 

Before the commencement of the test, all dimensions of specimens are measured at three 

different locations using vernier calliper and the mean value is taken.  All the specimens 

are tested at room temperature with a load cell of 5kN and displacement rate of 1 mm/min, 

till failure of the specimen. The program noted the load applied and the corresponding 

displacement by measuring the distance moved by the crossheads. For tensile testing the 

average stress in the specimen, at any given load, is determined by dividing the load by 

the cross-sectional area. The strain is determined by dividing crosshead displacement by 

gauge length. 

 

Figure 6.5: Experimental set-up for tensile testing 
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6.3 Results and Discussions 

6.3.1 Quasi-static compression behavior of prism specimen 

The stress vs stress curves of quasi static compressive tests on 3D printed prism 

specimens each orientations 0°, 30°, 45°, 60°, and 90° of 12.7 mm * 12.7 mm * 25.4 mm 

are shown in Figure 6.6 respectively. 

 

Figure 6.6: Average compressive experimental response for 3D printed specimens of 

0o, 30o, 45o, 60o & 90o orientations 

Table 6.2: Average value of crushing load, compressive strength and Young's 

modulus of 0o, 30o, 45o, 60o & 90o 3D printed prism specimens 

Specimen 

orientation 

Crushing Load  

(kN) 

Compressive Strength 

(MPa) 

Young's Modulus, E 

(MPa) 

0o 11.41 70.19 1112.6 

30o 8.92 53.97 624.23 

45o  4.57 28.39 713.25 

60o  5.57 33.79 679.30 

90o 7.49 46.17 1032.55 
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Figure 6.7: Average value of (a) crushing load, (b) compressive strength and (c) 

young’s modulus of 0o, 30o, 45o, 60o & 90o 3D printed prism specimens and error bar 

shows the standard deviation 

It is observed from the uniaxial compression test on prism specimen, that 0o orientation 

specimen have higher compressive strength (70.19 MPa), and crushing load (11.41 kN) 

while 45o orientation specimen have lower compressive strength (28.39 MPa), and 

crushing load (4.57 kN). 0o orientation specimen have higher compressive modulus 

(1112.6 MPa) while 30o orientation specimen have lower compressive modulus (624.23 

MPa) 
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Figure 6.8: Compressive Specimens for 0o, 30o, 45o, 60o & 90o
 after failure 

Failure mode of compressive specimen can be clearly observed by looking at the final 

shape of specimen after testing it (Fig.6.8). 

The 0o specimens fail due to buckling of strand and weak bond between strands because 

stress is applied along each layer of specimen. The strength of 0o specimen is very high 

because individual strands can take load and the effect of bonding can be minimized. 
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The 90o orientation specimens are found to fail from excessive deformation. The 90o 

specimen after testing can be seen in Fig.6.8. This specimen shows force which is directly 

perpendicular to the printed layers. This allows it to have high strength since there is no 

interaction between shear or buckling forces and the weak interlayer bonds. 

For specimen with 45° orientation angle, strand is deposited at 45° to the loading direction 

and failure takes place along with strand deposition through strand-to-strand bonding 

(Fig.6.8) which is relatively weaker than the individual strand. 45° specimens fail in 

shear. At the time of testing of 45° specimen at initial stage, cracks propagate and then 

reorientation of fibre take place and then again it bears the load. 

For specimen with 30° and 60o orientation angles, the strands are deposited at 30° and 60o 

to the loading direction and failure takes place along with strand deposition through 

strand-to-strand bonding (Fig.6.8) which is relatively weaker than the individual strand. 

30o and 60o specimens fail due to buckling and shear. 

6.3.2 Quasi-static tensile behavior of dogbone specimen 

The stress vs stress curves of quasi static tensile tests on 3D printed dogbone specimens 

each orientations of 0°, 30°, 45°, 60°, and 90° are shown in Figure 6.9 respectively. 

 

Figure 6.9: Average tensile experimental response for 3D printed specimens of 0o, 

30o, 45o, 60o & 90o orientations. 
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Table 6.3: Average value of ultimate tensile strength, strain @ failure, toughness and 

Young's modulus. 

Specimen 

Type 

Ultimate 

Tensile 

Strength (MPa) 

Strain @ 

failure (%) 

Toughness 

(M.J.m-3) 

Young’s 

Modulus (MPa) 

0o 28.86 6.22 0.754 720.4 

30o 30.85 5.85 1.122 712.6 

45o  18.11 6.41 0.535 558.1 

60o  30.11 7.96 1.667 716 

90o  18.96 3.81 0.242 587.3 

 

 

  

  

Figure 6.10: Results obtained from tensile test of dog-bone specimen and error bar 

shows the standard deviation 

Observations from tensile test 

It is observed from the uniaxial tensile test on dog-bone specimen of 0o, 30o and 60o 

orientation that they have similar ultimate tensile strength (30 MPa). This is 70% and 

62.71% greater than at 45o and 90o orientation angles respectively. 0o, 30o and 60o 

orientation angles have similar Young's modulus (720 MPa) which is 29% and 22.66% 

greater than at 45o and 90o orientation angles respectively. The strain at failure (7.96%) 
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and toughness (1.667 M.J.m-3) of 60o orientation is greater compared to the other 

orientations (0o, 30o, 45o, 60o and 90o). 

From Fig.6.11 at 0° orientation angle, all the strands are deposited parallel to the loading 

direction. Due to the parallel deposition of strands, each individual strand takes the load 

and the effect of bonding between strands can be minimized. The failure of the specimen 

takes place due to individual pulling and necking of each individual strand as a function 

of tensile loading. 

For specimens with 90° orientation angle, force is exerted perpendicular to the direction 

of strand deposition with the result that strand-to-strand bonding becomes the resistance 

mechanism. The strength in 90° layer depends on the bonding between adjacent strands, 

which is always weaker than the strength of strand. As the strength of the strand-to-strand 

bonding is lower than the strength of the individual strand, it results in bond failure at 

lower stresses and hence lower tensile strength. 

For specimens with 30° orientation angle, strand is deposited at 30° to the loading 

direction and failure took place along with strand deposition through strand-to-strand 

bonding, which is relatively weaker than the individual strand.  

For specimens with 60° orientation angle, strand is deposited 60° to the loading direction, 

and again failure occurred along with strand deposition. The failure took through the 

strand bonding, which is relatively weaker. 

For specimens with 45° orientation angle, strand is deposited at 45° to loading direction 

and failure took place along strand deposition though bonding between adjacent strands. 

Bonding between strands showed relatively lower strength which results in poor strength. 

From the tensile experiments, higher tensile strength has been obtained at 0° orientation 

angle, while lower strength has been observed at 90°orientation angle.  

In unidirectional strand angle, failure takes place along with strand deposition through 

strand bonding except for 0° strand angle.  
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Figure 6.11: Tensile Specimens for 0o, 30o, 45o, 60o & 90o
 after failure 
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6.3.3 Analytical modelling of failure criteria for 3D printed PLA 

Various failure criteria applicable to composite materials are evaluated for applicability 

in predicting failure in 3D printed PLA material. The experimental data obtained from 

tensile and compressive experiments as detailed in section 6.3.1 and 6.3.2 is fitted to 

various failure models (Table 6.4) as detailed in Table 6.6 and shown in Fig. 6.12-6.15. 

Table 6.4: Various failure criteria suitable for composites (Mascia and Simoni 2013)  

 

Hoffman criterion 

 

⁡⁡
𝜎1
2

𝑓𝑡1. 𝑓𝑐1
+

𝜎2
2

𝑓𝑡2. 𝑓𝑐2
−

𝜎1𝜎2
𝑓𝑡1. 𝑓𝑐1

+
𝜏12
2

𝑓𝑣4
2 ⁡+

𝑓𝑐1 −⁡𝑓𝑡1
𝑓𝑡1. 𝑓𝑐1

⁡𝜎1 +
𝑓𝑐2 −⁡𝑓𝑡2
𝑓𝑡2. 𝑓𝑐2

⁡𝜎2 = 1 

 

 

 

Tsai – Wu criterion 

⁡
𝜎1
2

𝑓𝑡1. 𝑓𝑐1
+

𝜎2
2

𝑓𝑡2. 𝑓𝑐2
−

𝜎1𝜎2

√
1

𝑓𝑡1. 𝑓𝑐1
⁡√

1
𝑓𝑡2. 𝑓𝑐2

+
𝜏12
2

𝑓𝑣4
2 ⁡+

𝑓𝑐1 −⁡𝑓𝑡1
𝑓𝑡1. 𝑓𝑐1

⁡𝜎1

+
𝑓𝑐2 −⁡𝑓𝑡2
𝑓𝑡2. 𝑓𝑐2

⁡𝜎2 = 1 

 

 

 

 

 

 

 

 

Norris criterion 

  Norris criterion equations for each quadrant. 

 

Quadrant 1 (𝜎1 ≥ 0, 𝜎2 ≥ 0) 

𝜎1
2

𝑓𝑡1
2 +⁡

𝜎2
2

𝑓𝑡2
2 −

𝜎1. 𝜎2
𝑓𝑡1. 𝑓𝑡2

+
𝜏12
2

𝑓𝑣
2 = 1 

 

Quadrant 2 (𝜎1 ≤ 0, 𝜎2 ≥ 0) 

𝜎1
2

𝑓𝑐1
2 +⁡

𝜎2
2

𝑓𝑡2
2 −

𝜎1. 𝜎2
𝑓𝑐1. 𝑓𝑡2

+
𝜏12
2

𝑓𝑣
2 = 1 

 

Quadrant 3 (𝜎1 ≤ 0, 𝜎2 ≤ 0) 

𝜎1
2

𝑓𝑐1
2 +⁡

𝜎2
2

𝑓𝑐2
2 −

𝜎1. 𝜎2
𝑓𝑐1. 𝑓𝑐2

+
𝜏12
2

𝑓𝑣
2 = 1 

 

Quadrant 4 (𝜎1 ≥ 0, 𝜎2 ⁡≤ 0) 

𝜎1
2

𝑓𝑡1
2 ⁡+⁡

𝜎2
2

𝑓𝑐2
2 −

𝜎1. 𝜎2
𝑓𝑡1. 𝑓𝑐2

+
𝜏12
2

𝑓𝑣
2 = 1 

 
 

  

 

 

 

 

Tsai – Hill criterion 

  Tsai - Hill criterion equations for each quadrant. 

 

Quadrant 1 (𝜎1 ≥ 0, 𝜎2 ≥ 0) 

𝜎1
2

𝑓𝑡1
2 +⁡

𝜎2
2

𝑓𝑡2
2 − (

𝜎1. 𝜎2

𝑓𝑡1
2 ) +

𝜏12
2

𝑓𝑣4
2 = 1 

 

Quadrant 2 (𝜎1 ≤ 0, 𝜎2 ≥ 0) 

𝜎1
2

𝑓𝑐1
2 +⁡

𝜎2
2

𝑓𝑡2
2 − (

𝜎1. 𝜎2

𝑓𝑐1
2 ) +

𝜏12
2

𝑓𝑣4
2 = 1 

 

Quadrant 3 (𝜎1 ≤ 0, 𝜎2 ≤ 0) 

𝜎1
2

𝑓𝑐1
2 +⁡

𝜎2
2

𝑓𝑐2
2 − (

𝜎1. 𝜎2

𝑓𝑐1
2 ) +

𝜏12
2

𝑓𝑣4
2 = 1 

 

Quadrant 4 (𝜎1 ≥ 0, 𝜎2 ⁡≤ 0) 

𝜎1
2

𝑓𝑡1
2 +⁡

𝜎2
2

𝑓𝑐2
2 − (

𝜎1. 𝜎2

𝑓𝑡1
2 ) +

𝜏12
2

𝑓𝑣4
2 = 1 
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Table 6.5 Values of mechanical properties of 3D printed PLA 

Properties  
Values (MPa) 

Max Mean S.D. 

𝑓𝑡1- Tensile strength along direction 1  33.164 28.86 3.3 

𝑓𝑡2- Tensile strength along direction 2 24.48 20.81 2.64 

𝑓𝑐1- Compressive strength along direction 1 71.14 66.97 6.61 

𝑓𝑐2- Compressive strength along direction 2 54.812 53.80 0.68 

𝑓𝑣4- Shear strength in 1–2 plane 12.493 10.05 2.07 

 

Table 6.6: Calculations for failure criteria of 3D printed PLA 

 

Hoffman criterion 

 

⁡⁡
σ1
2

1932.759 
+

σ2
2

1119.879  
−

σ1σ2
1932.759 

+
τ12
2

101.122  
+ 0.020 σ1 + 0.029 σ2 = 1 

 

 

Tsai – Wu criterion 

 

⁡⁡⁡⁡⁡
𝜎1
2

1932.759 
+

𝜎2
2

1119.879 
−

𝜎1𝜎2
1502.832 

+
𝜏12
2

101.122 
+ 0.020 𝜎1 + 0.029 𝜎2 = 1 

 

 

 

 

 

 

Norris criterion 

⁡⁡⁡⁡⁡⁡⁡ 

⁡⁡⁡⁡⁡⁡
𝜎1
2

832.842 
+

𝜎2
2

433.159 
−

𝜎1𝜎2
600.6

+
𝜏12
2

101.122 
= 1 

 

⁡⁡⁡⁡⁡
𝜎1
2

4485.316
+

𝜎2
2

433.159 
−

𝜎1𝜎2
1393.864 

+
𝜏12
2

101.122
= 1 

 

⁡⁡⁡⁡⁡
𝜎1
2

4485.316 
+

𝜎2
2

2895.308  
−

𝜎1𝜎2
3603.66

+
𝜏12
2

101.122
= 1 

 

⁡⁡⁡⁡⁡⁡
𝜎1
2

832.842
+

𝜎2
2

2895.308 
−

𝜎1𝜎2
1552.847

+
𝜏12
2

101.122
= 1 

 

  

 

 

 

 

Tsai – Hill criterion 

⁡⁡⁡⁡⁡⁡ 

⁡⁡⁡⁡⁡⁡
σ1
2

832.842 
+

σ2
2

433.159 
−

σ1σ2
832.842

+
τ12
2

101.122 
= 1 

 

⁡⁡⁡⁡⁡⁡
σ1
2

4485.316 
+

σ2
2

433.159 
−

σ1σ2
4485.316

+
τ12
2

101.122 
= 1 

 

⁡⁡⁡⁡⁡⁡⁡
𝜎1
2

4485.316
+

𝜎2
2

2895.3O8 
−

𝜎1𝜎2
4484.316

+
𝜏12
2

101.122
= 1 

 

⁡⁡⁡⁡⁡⁡⁡
𝜎1
2

832.842
+

𝜎2
2

2895.308
−

𝜎1𝜎2
832.842

+
𝜏12
2

101.122
= 1 
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Figure 6.12: Average 2D failure criteria for 3D printed PLA (τ12 = 0) 

 

Figure 6.13: Average 2D failure criteria for 3D printed PLA (σ2 = 0) 
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Figure 6.14: Average 2D failure criteria for 3D printed PLA (σ1 = 0) 
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Figure 6.15: Average 3D failure surface for 3D printed PLA (a) Tsai-Hill (b) Tsai-

Wu (c) Hoffman (d) Norris criterion 

6.4 Discussion & Conclusions 

Tsai-Wu predicts highest bi-axial compressive strength (Quadrant – III), Norris predicts 

highest bi-axial tensile strength (Quadrant -I). Also, Tsai – Wu and Hoffman showed 

identical predictions in I, II and IV Quadrants. Tsai – Hill overlaps with Hoffman in 

quadrant – II and with Tresca in quadrant IV. Average experimental strength value for 

quadrant IV coincides with Rankine and in quadrant II it coincides with Norris. It is found 

that among the various models considered in this study, the Norris criteria fits the 

experimental data most closely in majority of the quadrants and is recommended as most 

suitable for 3D Printed PLA from amongst the failure criteria considered in this study. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 
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CHAPTER 7  

DYNAMIC CHARACTERIZATION OF ADDITIVELY 

MANUFACTURED POLYLACTIC ACID (PLA) 

7 Dynamic characterization of AM Polylactic acid (PLA) 

(Phase – IV) 

This chapter presents the characterization of rate dependent compressive mechanical 

behaviour of 3D printed PLA printed at 0o, 45o & 90o orientations. Quasi static 

compression tests are conducted on specimens with 100% infill, which enables 

quantification of the effect of print orientation on strength properties. High strain rate 

(SHPB) tests are conducted at ambient temperature to characterize dynamic response. A 

simple empirical flow stress model is proposed in this study, which accounts for the 

effects of print orientation, porosity and strain softening behaviour in PLA.  

7.1 Materials and specimen fabrication 

The material tested in this study is polylactic acid (PLA), which is used to produce 

samples in an Ultimaker2+ 3D-printer, by Fused Deposition Modelling (FDM). PLA disk 

specimens suitable for SHPB testing, are produced with the FDM technique, in three 

orientations (0o, 45o and 90o) with respect to the axis of compressive loading, at 100% 

infill ratio. The print infill orientations for each of the three specimen types are shown in 

Fig.7.1 (a-c). For 3D printing, CAD models of disk specimens are created using CREO 

software, which is exported in stereolithography (STL) format, into the 3D printer. CURA 

software automatically created the G-code used to print each specimen type (Fig.7.1). 

Three specimen types each of print orientation are printed at 100% infill density at 

ambient room temperature. The print settings are detailed in Table 7.1. 
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(a) 0o 

 

(b) 45o 

 

(c) 90o 

 

 Figure 7.1 (a-c): FDM model of 0o, 45o and 90o cylindrical specimens.  

In general, for high strain rate testing, disk shaped specimens with a diameter 

of 80% of SHPB bar diameter and having an aspect ratio of 2:1 (diameter = 16 mm and 

thickness = 8 mm) are used, as shown in Fig.7.2. 

 

Figure 7.2: FDM disk specimen of diameter = 16 mm and thickness = 8 mm 

Table 7.1: FDM process settings for the Ultimaker2+ printer 

Parameter Setting 

Air gap (mm) 0.0 

Layer height (mm) 0.1 

Infill distance (mm) 0.35 

Nozzle size (mm) 0.4 

Filament color White 

Infill density (%) 100 

Top/Bottom thickness (mm) 

Wall thickness (mm) 

1 

0.1 

Build plate temperature (°C) 60 

Printing temperature (°C) 200 

Print speed (mm/s) 

Travel speed (mm/s) 

50 

120 
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7.2 Quasi-static Compressive Testing 

The dimensions of all specimens are measured to the nearest 0.01 mm at several points 

and mean value is recorded. The compression testing of cylindrical specimens is 

conducted in a universal testing machine (UTM) with a maximum capacity of 100 kN. 

All specimens are tested under compression at room temperature with a 10 kN load cell 

and a displacement rate of 1 mm/min until failure of the specimen.  

7.3 High Strain Rate Response Characterization  

The Split Hopkinson Pressure Bar (SHPB) is a device for experimentally determining the 

mechanical response of materials at high strain rates ranging from 10 s-1 to 104 s-1. The 

material behaviour such as yield stress and ultimate strength, changes with the strain rates, 

depending on the viscoelastic nature of the material.  

The SHPB apparatus consists of a striker, an incident (input) and a transmission 

(output) bar (Fig.7.3). The instrumentation system comprises of strain gauges, 

Wheatstone bridge circuit, strain gauge, amplifier, oscilloscope, and velocity sensor, 

which enable measurement of various strain pulses. The sample is sandwiched between 

two bars (Fig.7.4). When the striker impacts the incident bar, a compressive stress pulse 

travels through the bar. When the wave propagates into the specimen, a portion of the 

wave is reflected, and the remainder is transmitted. These wave trains are detected and 

post-processed to obtain the stress-strain relationship for the material sandwiched 

between the rods.  

For establishing the dynamic stress-strain relationship of material tested in SHPB, 

several assumptions are made such as- the incident and transmitted bars should always 

remain elastic, stress wave propagation in the bar is 1D, the specimen undergoes 

homogeneous and isotropic deformation across a uniform cross section. 
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Figure 7.0.3: SHPB testing equipment at IIT Hyderabad 

By appropriately integrating the time history of the three waves, one can predict 

the stress-strain response of the sample material. The dynamic stress and strain (Eqn.7.1 

& 7.2) can be acquired from the incident, reflected and transmitted strain pulse as shown 

below (Hosur et al. 2001):  

𝜎𝑠 = 𝐸
𝐴

𝐴𝑆
𝜀𝑡 = 𝐾1𝜀𝑡                      (7.1) 

𝜀𝑠 =
−2𝐶0

𝐿
𝜀𝑟 = 𝐾2𝜀𝑟                           (7.2) 

Where 𝜎𝑠 &⁡𝜀𝑠⁡is the stress, strain in the specimen and 𝜀𝑖 , 𝜀𝑟⁡&⁡𝜀𝑡 are strains in the 

incident, reflected and transmitted bar respectively (Fig.7.4). K1 and K2 are the stress and 

strain rate multiplying factors. 

 

Figure 7.4: Sample sandwiched between transmitted and incident bar. 
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7.4 Results and Discussion 

7.4.1 Quasi-static compression test 

Quasi-static compressive specimens are tested at a strain rate of 1 mm/min under 

displacement control. Results of (average of three specimens) quasi-static compression 

test on 3D Printed PLA cylindrical specimens with orientations of 0o, 45o and 90o are 

given in Table 7.2 respectively. The average stress- strain response of three samples for 

each type of specimen is shown in Fig.7.5. 

 

Figure 7.5: Average quasi-static compressive response for 3D printed for 0o, 45oand 

90o orientations. 

 Table 7.2: Average value of crushing load, compressive strength and Young's 

modulus of 0o, 45o and 90o 3D printed disk specimen. 

Orientation Crushing load 

(kN) 

 

Compressive 

strength (MPa) 

Young’s 

modulus, E 

(MPa) 

Toughness 

(M.J.m-3) 

 Avg Stdev Avg Stdev Avg Var Avg Stdev 

0o 13 3.146 67 16.288 1303 262.337 53 15.302 

45o 8 0.589 42 3.083 700 55.227 40 4.861 

90o 11 0.3 54 1.49 650 57.867 29 0.588 

 

It is seen from the uniaxial compression tests on disk specimens (Table 7.2), that 0o 

orientation specimens had higher compressive strength (67 MPa), and crushing load (13 

kN) compared to 90o orientation specimens (compressive strength - 54 MPa, crushing 



  

91 
 

load - 11 kN), which in turn showed higher compressive strength, compared to 45o 

orientation specimens (compressive strength - 42 MPa, crushing load - 8 kN). It is 

observed from the quasi-static testing (Fig.7.6 - a, b) that 0o specimens demonstrated 60% 

and 24% higher compressive strength compared to 45o and 90o specimens respectively. 

The 0o orientation specimens exhibited higher Young’s modulus (1303 MPa) 

compared to both 45o orientation specimens (700 MPa) and 90o orientation specimens 

(650 MPa), which showed similar values. The Young’s Modulus of 0o specimens is 

observed to be 86% and 100% higher than 45o and 90o specimens respectively (Fig.7.6 - 

c). 

The 0o orientation specimens exhibited higher toughness (53 M.J.m-3) compared to 

90o orientation specimens (29 M.J.m-3), and 45o orientation specimens (40 M.J.m-3) (Fig. 

6- d). The toughness of 0o specimens is observed to be 32.5% and 82.7% higher than that 

of 45o and 90o specimens respectively.  

Experiments showed that 0o orientation specimens exhibited higher standard 

deviation compared to 90o orientation specimens and 45o orientation specimens for all the 

mechanical properties considered in this study (Table 7.2). This may be an indicator that 

failure mechanism in 0o orientation specimens depends on factors which are more 

sensitive to manufacturing and testing conditions than 90o and 45o orientation specimens. 

 Thus, the overall effect of orientation on the mechanical properties and energy 

absorption capability of the PLA material is significant. 

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

Figure 7.6: Average value of quasi static (a) compressive strength crushing load, (b) 

crushing load, (c) Young’s modulus and (d) toughness for 0o, 45o and 90o 3D printed 

disk specimens. 

7.5 High strain rate response 

Three samples each of specimen orientation (0o, 45o and 90o) are tested for three 

different strain rates. The average results of high strain rate compression SHPB test on 

3D Printed PLA disk specimens with   print orientations of 0o
, 45o and 90o are presented 

in Table 7.3. The strain rates of dynamic compressive test ranged between 200 s-1 to 

1800 s-1 for different print orientations. The average stress – strain curves for all 

specimens computed from Eqns. 7.1 & 7.2, are shown in Fig.7.7.  

It is seen from SHPB tests that there is significant effect of orientation on the peak 

strength (Fig.7.7). Within orientations, the largest variation in peak stress is seen in the 

specimens with 0o orientation and least variation is observed in the peak stress of 

specimens with 45o orientation. The maximum compressive strength of 123 MPa is 

achieved in 0o orientation at a strain rate of 1106/s and the least compressive strength of 

56 MPa is achieved in 45o orientation at a strain rate of 626/s.  
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Table 7.3: Average high strain rate data for 0o, 45o and 90o 3D printed disk specimens. 

Orientation Diameter 

(mm) 

Thickness 

(mm) 

Velocity 

of 

striker 

bar 

(m/s) 

Mean 

strain 

rate 

(s-1) 

Peak 

stress 

(MPa) 

Strain 

corresponding 

to peak stress 

(MPa) 

0o 

15.92 8.08 9.81 200.00 105.61 0.04 

15.92 8.08 14.93 771.33 118.56 0.05 

15.93 8.08 19.46 1106.53 123.10 0.07 

 

45o 

15.87 8.03 9.63 626.61 55.95 0.04 

15.87 8.02 15.37 1334.36 59.25 0.04 

15.90 8.06 18.88 1749.47 63.66 0.05 

 

90o 

16.10 8.09 9.36 200.00 90.82 0.07 

15.75 7.96 15.25 1222.1 64.41 0.05 

16.23 8.06 19.11 1127.9 117.70 0.09 

 

 

Figure 7.7: Average high strain rate experimental response for 3D printed specimens 

of 0o, 45oand 90o orientations  

At low strain rates of loading (~200/s), rate dependent increase on the strength of the 

material is observed (Fig.7.7). However, at low rates, the loading is not sufficient to reach 

the failure stress of the specimen and hence elastic unloading is observed in 0o and 90o 
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orientations. This is because the striker is not sufficiently long, causing the applied total 

strain to be low. 

At moderate strain rates (~600/s to 1300/s) the strength increase due to rate effects is 

significantly apparent for all print orientations (0o, 45o and 90o). Softening behaviour 

indicated failure in the material. This behaviour is distinct from the compressive 

behaviour observed in the quasi-static loading regime (10-3/s). The material showed 

transition from typical polymer or foam like behaviour with a plateau and subsequent 

densification under quasi-static loading to a quasi-brittle behaviour with post-peak 

softening under high strain rate loading (Fig. 7.5 & 7.7). This may be due to complex 

interactions between the effects of porous mesoscale structure, shear failure at interface 

of the fused filaments (as indicated by the relatively lower compressive strength response 

of the 45o oriented PLA), as well as eventual localized buckling failure of filaments. 

             

           Figure 7.8: Average value high strain rate response of toughness for 0o, 45o and 

90o 3D printed disk specimens. 

Fig.7.8 shows the average toughness vs strain rates for different orientations at various 

strain rates for 3D printed PLA. The raster/print orientation had significant effects on 

static as well as high strain rate responses. In the case of high strain rate response, a higher 

peak stress and lower strain at breaking failure is seen, compared to the corresponding 

quasi-static response. Therefore, high strain material response exhibited lower toughness 

compared to the corresponding static response. In general, for increasing strain rate, 

corresponding increase in toughness occurs at 0o, 45o & 90o orientations. 
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7.6 Modified Johnson-Cook Model for 3D printed PLA disk 

specimens 

To describe the flow stress (strength) of 3D printed PLA under dynamic loading, an 

appropriate constitutive model is required. Several constitutive models have been 

presented in the literature to characterize flow stresses, and these models may be generally 

classified as empirical, physical, and artificial neural network based. To characterize the 

flow response of various materials, empirical (e.g., Johnson–Cook model) and physically-

based (e.g., Mechanical- threshold Stress model) constitutive equations are used (Lin and 

Chen 2010a). The Johnson–Cook (JC) model is an empirical model that has been 

successfully applied to describe and forecast material flow behaviour of a wide range of 

materials for various deformation ranges, strain rates, and temperatures (Tan et al. 2015).  

The Johnson-Cook (JC) model is assumed to characterize the inelastic behaviour of 

the studied polymer (PLA). This material model is well suited for modelling the response 

of viscoplastic materials at high strain rate loading. It is commonly employed in adiabatic 

transient dynamic analysis. To predict the flow behaviour of materials, it is used as it is 

simple in form and little effort is needed to estimate the material constants. The JC model 

considers isotropic hardening in which the flow stress takes the following form (Dorogoy 

and Rittel 2009) :                    

 𝜎=(𝐴 + 𝐵(𝜀𝑝)𝑛) (1 + 𝐶𝑙𝑛 (
𝜀̇𝑝

𝜀̇0
)) (1 − 𝑇𝑚)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡                    (7.3) 

In the above equation, 𝜀𝑝 is the equivalent plastic strain & A, B, C, n and m are 

material parameters to be specified. "ln" represents natural logarithm. In equation (7.3), 

T is a dimensionless parameter representing the current temperature, Tm & Tr being the 

melting temperature and the reference temperature respectively and A represents yield 

stress σy at temperatures under Tr. C and 𝜀0̇ are measured generally at or below the 

reference temperature. Reference strain rate 𝜀0̇= 1.  

The value of A is determined from the quasi-static yield stress at reference strain 

rate using experimental quasi-static stress-strain data. The JC parameters B, n and C are 

computed using GRG nonlinear (Excel®) solver for curve fitting (Table 7.4). 
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Table 7.4: JC parameters determined for various orientations of 3D printed PLA. 

Print orientation A (MPa) B (MPa) n C 

0o 67 -78.392 0.091 0.669 

 

45o 42.01 -55.670 

 

0.176 

 

0.170 

 

90o 54.77 -65.293 

 

0.161 

 

0.585 

 

 

 
(a) 

 
(b) 
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(c)  

Figure 7.9: (a), (b) & (c) Compression plastic true stress-strain curves at various strain 

rates between experiment and JC curve fit data. 

The strain softening quasi-brittle behaviour in the high strain rate loading regime is 

adequately captured by fitting the JC model to experimental data obtained for various 

orientations (Fig.7.9 - a,b,c).  

Several effects are required to be combined within a porosity-based strength evolution 

(flow stress) model, for additively manufactured PLA material, in order to capture the 

observed strain softening and rate dependent response: 

i. Size of filament (s): Scale effects, porosity and the reliability of the filaments 

depend on the diameter and length of the filaments (Priyanka et al. 2021).  

ii. Print orientation (ϴ) – orientation with respect to loading axis 

iii. Print density (ρ)- Overlap between filaments (Priyanka et al. 2021). 

iv. Strain rate (𝜺̇) dependence  

v. Temperature dependence -Ambient temperature, manufacturing temperatures 

 

Li Li and Michel Aubertin (Li Li and Aubertin 2003) proposed an equation for 

determining the relation between strength and porosity (Fig. 7.10) which incorporates a 

generalized form of power law as well as the Ryshkewitch & Duckworth (1953) 

(Ryshkewitch, n.d.) law in it: 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝜎𝑡𝑛 = 𝜎0 (1 − 𝑠𝑖𝑛 (
𝜋

2

𝑛

𝑛𝑐𝑡
)
𝑥1
)                                                            (7.4) 

Where, ‘σtn’ is the material’s uniaxial tensile strength with a porosity ‘n’ and ‘nct’ is 

critical porosity (max. porosity), where x = 4 for 0o. 
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Figure 7.10: Effect of porosity on strength. 

For prediction of the effect of orientation on strength, a simple quadratic 

relationship is proposed, based on curve-fitting to the experimental data obtained from 

static compressive testing detailed previously in Fig.7.6, this may be adequate for 

predicting compressive strength at various print orientations (Fig. 7.11):  

𝜎𝑜𝑟 =⁡ (𝜎0 + 𝑎𝑥 + 𝑏𝑥2)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡                                (7.5) 

 

Figure 7.11: Effect of print orientation on the compressive strength of PLA disk 

specimens  

While print orientation and porosity might be correlated to a certain extent in 3D 

printed materials, their effects are treated independently in the proposed model (Eqns. 

7.4,7.5 & Fig. 7.10,7.11) prior to combination (Fig. 7.12). The effects of temperature, 



  

99 
 

filament diameter and length on high strain rate response are not included in the present 

study. 

 

Figure 7.12:  Combined effect of print orientation and porosity on the static 

compressive strength 

Hence, a simple modification of the Johnson-cook model is proposed, which 

accounts for the aforementioned factors, i.e., print orientation and porosity (Fig. 7.12) as 

well as strain rate effects (Eqn. 3) in additively manufactured materials:  

𝜎 = (𝜎0 + 𝑎𝑥 + 𝑏𝑥2)⁡(1 − 𝑠𝑖𝑛(
𝜋

2

𝑛

𝑛𝑐𝑡
)
𝑥
)(𝐴+ 𝐵(𝜀𝑝)𝑛) (1 + 𝐶 𝑙𝑛 (

𝜀̇𝑝

𝜀̇
0

)) (1 − 𝑇̂
𝑚
)              (7.7) 

In the above modified JC equation, the effects of print orientation and porosity are 

included as pre-multiplicative factors (Eqn. 7.7). The values of these two factors, which 

may correspond to various unique print orientations and porosities, are multiplied with 

baseline JC equation corresponding to 0o print orientation (orientation factor = 1.0) and 

100% infill density (porosity factor = 1.0) of the additively manufactured material. This 

simple relationship enables response prediction for various print orientations, based on 

the modification of 0o (baseline) response data. 
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(a) 

 

(b) 

 

(c) 
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(d) 

 
(e) 

 
(f) 
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(g) 

 

Figure 7.13 (a-g): Combined effect of print orientation and porosity on the high strain 

rate response. 

The JC model, with baseline parameters determined from SHPB experiments for 

the PLA material printed at 0o orientation and 100% infill, is multiplied by the strength 

modification factors which account for orientation and porosity, as detailed in equation 

7. Figures 7.13 (a-g) shows comparison between- i) SHPB experimental data for each 

orientation, ii) prediction by JC model fitted to experimental data of each orientation and 

iii) predictions for various porosities by modified JC model (baseline 0o orientation and 

100% infill JC model, which is multiplied by factors for orientation and infill density).  

The results indicate that for 100% infill, the experimental responses for 45o 

orientation and 90o orientation lie between the corresponding JC models fitted to 

experiments and modified JC models. In case of 45o orientation, the JC model 

corresponding to experimental data of 45o orientation is lower bound and the modified 

JC model is upper bound for various strain rates. In the case of 90o orientation, the JC 

model corresponding to experimental data of 90o orientation is upper bound and the 

modified JC model is lower bound.  

The dynamic strength increase factors for various print orientations of PLA are 

extracted from SHPB experimental results detailed in Figure 14. For strain rates of the 

order of 102-103/sec, strength increase factors of: 2.0-2.15 for 0o orientation; 1.3 to 1.5 

for 45o orientation; and 1.4 - 2.5 for 90o orientation, are indicated. A greater sensitivity to 

strain rate is observed in the case of 90o orientations as compared to 0o and 45o 

orientations. 
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Figure 7.14: Dynamic strength increase factors for various print orientations of PLA.  

7.7 Conclusion 

High strain rate response of 3D printed PLA has been characterized for 0o, 45o and 90o 

print orientations and is found to be significantly more brittle compared to the 

corresponding quasi-static response.  The mechanical response of PLA is observed in the 

transition from typical polymer/foam type hardening and densification behaviour in the 

quasi-static loading regime to quasi-brittle and strain softening behaviour in the high 

strain rate loading regime. In this study, the dynamic increase factors for various 

orientations of PLA are reported and strain rate sensitivity is quantified. A simple 

modification of the JC model is proposed for predicting the strain rate based on flow 

stress of 3D printed PLA, which includes the decoupled effects of strain softening, print 

orientation and porosity. The model under predicts the strength for 45o orientation and 

over predicts the same for 90o oriented PLA. While the relatively low strength PLA is 

used as a model material in this study, the methodology developed in this study can be 

adopted for high strain rate response characterization of other viscoelastic/viscoplastic 

AM materials with superior engineering properties suitable for aerospace, automotive and 

defence applications.    
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CHAPTER 8  

Dynamic Mechanical Analysis of Additively 

Manufactured Polylactide (PLA) 

8 Dynamic mechanical analysis of AM Polylactic acid (PLA) 

(Phase – V) 

To characterize the dynamic mechanical analysis of 3D printed PLA at 0o, 30o, 45o and 

90o orientations is to determine viscoelastic properties such as elastic (storage) modulus, 

loss (viscous) modulus and tan delta as a function of frequency, temperature are 

significant transitions in visco-elastic behaviour.  

8.1 DMA test on 3D Printed PLA Rectangular specimens 

The dynamic mechanical analysis (DMA) is conducted for 3D printed PLA specimens, 

produced in different orientations (i.e., 0°, 30o, 45° and 90°) with the FDM technique 

implemented on an Ultimaker2+ 3D printer. The reference standard for the determination 

of the dynamic mechanical properties of plastic materials is “ASTM D5023-07 Standard 

Test Method Plastics: Dynamics Mechanical Properties: In Flexure (Three-Point 

Bending)” (“Designation: D5023 − 07 StandardTest Method for Plastics: Dynamic 

Mechanical Properties: In Flexure (Three-Point Bending) 1,” n.d.).   

The purpose of DMA is to determine the viscoelastic properties such as elastic 

(storage) modulus, loss (viscous) modulus, and tan delta as a function of frequency and 

temperature, which are indicative of significant transitions in the thermomechanical 

behaviour of polymers. The principle of time-temperature equivalence; i.e, the 

mechanical response at low temperature is equivalent to a response at short times and the 

response at high temperature is equivalent to response at long times Ferry (1980). As the 

frequency is increased, the time allowed for molecular motion in a given cycle decreases. 

Thus, the frequency may be regarded as inverse time, consistent with the units of the 

frequency. Rather than performing a DMA scan in temperature at a constant frequency, 

a DMA scan can be performed in frequency at a constant temperature.  

A rectangular specimen suitable for the flexural mode of testing has been chosen 

for the study of visco-elastic behaviour. 
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8.1.1 Materials and specimen fabrication 

In this study, poly-lactic acid (PLA) is used to produce samples in an Ultimaker2+ 3D 

printer. The specimens and dimensions for specimen types are shown in Fig.8.1. The 

rectangular specimen is first created in Creo, exported in stereolithography (STL) format, 

and then imported into each 3D printer’s respective slicer (Cura) software to create the 

G-code used to print each specimen type. 

The layer height, extrusion width, air gap (the space between the bead of material), 

printing temperature (the temperature of the air around the part and the bed temperature), 

build plate temperature, nozzle size (width of the hole through which the material is 

extruded), and colour, print speed, and infill density are all held to constant values. The 

entire list of constant or default values used during this study is shown in Table 8.1. Like 

tensile specimens, for investigation of properties of prism specimens, the orientation 

selected are 0°, 30o, 45° and 90°. The specimens are printed in the 0°, 30o, 45° and 90° 

directions as shown in Fig.8.1. Four identical specimens are printed for each orientation 

and the results for all four tests are averaged to find the properties in each direction. 

 

 

 

 

0o orientation 

 

 

 

 

45o orientation 

 

 

 

 

90o orientation 

Figure 8.1: Schematic representation of the ASTM D5023-07 rectangular specimen 

geometry with relevant dimensions in mm. Rectangular specimen for DMA testing 

with dimensions and orientations. 
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Table 8.1: Constant 3D-printing process settings for the Ultimaker2+ printer 

 

 

 

 

 

 

 

 

 

 

8.1.2 Testing machine and experimental set-up 

The Dynamic mechanical properties of rectangular samples are 64mm x13mm x 3mm 

tested under 3-point bending mode (Fig.8.2) in the Metravib, DMA25 equipment (Table 

8.2). Before starting the experiment, the dimensions of each specimen are measured to 

the nearest 0.01 mm at several points along its length using a digital vernier caliper and 

the mean value is recorded. Two types of tests are conducted on the specimens- i) Varying 

temperature and frequencies, ii) Varying frequency. Test one is temperature scanning 

with multi–frequency (1Hz, 3Hz, and 5Hz), and test two is conducted at ambient 

temperature with a frequency range from 1-200 Hz. Both tests are performed under a 

static force of 3N and a dynamic force of 1N (optimized by trial and error method).  

The frequency, temperature, corresponding tan delta, storage modulus and loss 

modulus are acquired, computed and stored automatically. The DMA results obtained 

from the experiments are shown in Fig. 8.3 in the next section. 

 

Parameter 
Ultimaker2+ 

PLA value 

Air gap (mm) 0.0 

Layer height (mm) 0.1 

Extrusion width (mm) 0.35 

Nozzle size (mm) 0.4 

Filament color White 

Infill Density (%) 100 

Wall thickness (mm) 0.1 

Printing Temperature (°C) 200 

Build plate temperature (°C) 60 

Print speed (mm/s) 50 
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Figure 8.2: Experimental set-up for DMA testing 

Table 8.2: Specifications of DMA equipment Metravib, DMA25 

DMA 25 

Temperature -150/500 OC 

Frequency DC-200Hz 

Dynamic 
Peak Force 25N 

Peak Displacement 3 mm 

Static 
Force 25N 

Displacement 6 mm 

 

8.2 Dynamic Mechanical Properties: In Flexure (Three-Point 

Bending) 

Dynamic mechanical analysis is crucial for determining the dynamic parameters of 

polymers under cyclic external forces. Dynamic parameters such as storage modulus E’, 

loss modulus E” and loss factor tanδ are temperature dependent and have the following 

relationship: 
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tanδ = ⁡
𝐸"

𝐸′
 

(8.1) 

 The storage modulus E’ refers to the elastic behaviour which relates to solid-like 

nature of PLA, and loss modulus E” to the viscous behaviour which relates to liquid-like 

behaviour. The elastic moduli, loss moduli, and tan delta of the PLA material are 

measured. The specimen rests on one support which has dynamic action and is loaded at 

two points at l/3 distance on either side of the specimen. The upper part of the fixture is 

in static action. 

8.3 Results and Discussion 

Test 1: Temperature scanning with multi-frequency 

A 0o-oriented 3D printed PLA specimen is considered for analyzing the behavior of 

polymer subjected to temperature screening with multi-frequency (1Hz, 3Hz, and 5Hz). 

From Fig.8.3, it is observed that the glass transition stage of PLA is at 62 oC. The storage 

modulus (E’) decreases with increase in frequency. Two identical specimens are printed 

for each orientation and the results for all ten tests averaged to find the properties in each 

direction. 

 

(a) 
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(b) 

 

(c) 

Figure 8.3: Temperature scanning vs (a) storage modulus, (b) tan delta, (c) loss 

modulus of 3D printed PLA for 0° orientations. 

Test 2: Frequency scanning with ambient temperature 

The frequency vs tan delta, storage modulus, and loss modulus results of DMA test on 

3D printed rectangular specimens of each 64 mm x 13 mm x 3 mm are respectively shown 

in Fig. 8.4. Four identical specimens are printed for each orientation and the results for 

all ten tests averaged to find the properties in each direction. 
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(a) 

 

(b) 

 

(c) 

Figure 8.4: Frequency vs (a) storage modulus, (b) tan delta, (c) loss modulus of 3D 

printed PLA for 0°, 30o, 45°, and 90° orientations. 
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Test 2 shows that storage modulus decreases with increasing frequency when the 

temperature is ambient (Fig. 8.4a). This trend is consistent with the observations in Test-

1. 

8.4 Discussion & Conclusions: 

Several DMA studies, have been conducted by researchers mostly in temperature 

scanning mode, on solid (cast) ABS and PLA specimens. The results of these studies 

indicate that solid (cast) ABS and PLA follow the typical trends established for most 

polymers. In general, the storage modulus (E’) of polymers typically increases with 

frequency (Pramanik and Mantena 2011; Coppola et al. 2018).  

However, to the author’s knowledge, there is a dearth of published literature on 

DMA testing of 3D printed materials. DMA testing of 3D printed ABS and PLA with 

temperature scanning was conducted (Pramanik and Mantena 2011; Coppola et al. 2018). 

Their study confirmed that 3D-printed ABS behaves similar to solid (cast) polymer 

specimens. 

In this study, the storage modulus (E’) for 3D printed PLA specimens of various 

print orientations, is tested in the range of 0.4 GPa to 2.2 GPa for the frequency interval 

of 1Hz – 200Hz. It is observed that with the increase in frequency, storage modulus (E’) 

of PLA tends to decrease and the loss modulus (E’’) increases, which is contrary to 

behavior typically seen in solid (cast) polymers (Fig. 8.4a). The same trend is also 

observed in the independently conducted temperature scanning (ambient to 70oC) with 

varying frequencies (1Hz, 3Hz, and 5Hz), wherein the higher frequency (5Hz) indicates 

lower modulus (Fig. 8.3a). However, the overall trend of variation of E’ with respect to 

temperature is observed to be the same as typically seen in the literature. 

An independent study on UHMWPE polymer using the same equipment and 

procedures shows the trends consistent with established literature (Fig 8.5a). This lends 

confidence on the equipment and testing procedure. 
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Figure 0.1: UHMWPE: Storage modulus vs (a) Frequency scanning (b) Temperature 

scanning  

It is hypothesized that the reverse trend observed at higher frequencies in the E’ vs 

frequency scan might be due to mesoscale effects such as porosity, and flow of material 

at interfaces between strands, leading to reduction of internal shear resistance, which, in 

solid specimens usually occurs at low frequencies. Although further detailed study of this 

phenomena is warranted, it is beyond the scope of the current work. 
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Future work:  

1. The data obtained from reliability study of filaments can be further used for 

analytical and numerical material constitutive modelling of 3D printed Poly lactic 

Acid (PLA) parts which can then be directly related to any structural shape with 

various deposition orientations and layups.  

2. Ab-initio modelling of failure criteria from high fidelity micro and meso structure 

based representative volume elements (RVE) using XFEM. This model simulates 

fracture at the overlapping interfaces between the individual strands. The material 

damage is simulated using the damage plasticity option along with X-FEM based 

displacement-initiated fracture. This will enable prediction of stiffness and 

strength of 3D printed parts as a function of porosity based on micromechanics 

and RVE based material constitutive model for 3D printed PLA materials 

subjected to quasi-static tensile loading. 

3. The effects of temperature, filament diameter and length on high strain rate 

response can be studied.  

4. Conduct DMA for solid cast and 3D printed PLA specimens, produced in different 

orientations (i.e., 0°, 30o, 45° and 90°). The principle of time-temperature 

equivalence can be applied to analyze high strain rate behavior. Develop visco-

elastic lumped parameter models that can explain the anomalous mechanical 

response at high frequencies.  
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APPENDIX-A 

Matlab code for failure criteria 

 

Xdata=[28.85 0 -18.10 -66.97 0 28.05];  

Ydata=[0 20.81 18.10 0 -53.80 -28.05];  

plot(Xdata,Ydata,'X','color','r','LineWidth',1) 

hold on 

plot([-66.97 28.86 28.86 -66.97 -66.97],[20.81 20.81 -53.80 -53.80 

20.81],'m','LineWidth',2) %(Max stress) 

plot([0 28.86 28.86 0 -66.97 -66.97 0],[20.81 20.81 0 -53.80 -53.80 0 

20.81],'--','color','b','LineWidth',2) %(Tresca) 

grid on 

hold on 

f1=@(x,y,z) x.^2/1932.759 + y.^2/1119.879 - (x.*y)/1502.832+ 

z.^2/101.1219+(x)/50.71062+(y)/33.94025-1; 

fimplicit3(f1,[-200 200 -200 200 -200 

200],'edgeColor','r','FaceAlpha',.1,'LineStyle',':') %(Tsai-Wu) 

hold on 

f1=@(x,y,z) x.^2/1932.759 + y.^2/1119.879 - (x.*y)/1502.832+ 

z.^2/101.1219+(x)/50.71062+(y)/33.94025-1; 

fimplicit3(f1,[-200 200 -200 200 -200 

200],'edgeColor','r','FaceAlpha',.01,'LineStyle',':') %(Tsai-Wu) 

hold on 

f1=@(x,y,z) x.^2/832.8419 + y.^2/433.1589 - (x.*y)/832.8419+ 

z.^2/101.1219 -1; 

f2=@(x,y,z) x.^2/4485.316 + y.^2/433.1589 - (x.*y)/4484.316+ 

z.^2/101.1219 -1; 

f3=@(x,y,z) x.^2/4485.316 + y.^2/2895.308 - (x.*y)/4484.316+ 

z.^2/101.1219 -1; 

f4=@(x,y,z) x.^2/832.8419 + y.^2/2895.308 - (x.*y)/832.8419+ 

z.^2/101.1219 -1; 

fimplicit3(f1,[0 100 0 100 -100 

100],'edgeColor','b','FaceAlpha',.1,'LineStyle','-.') %(Tsai-Hill) 

hold on 

fimplicit3(f2,[-100 0 0 100 -100 

100],'edgeColor','b','FaceAlpha',.1,'LineStyle','-.') %(Tsai-Hill) 

hold on 

fimplicit3(f3,[-100 0 -100 0 -100 

100],'edgeColor','b','FaceAlpha',.1,'LineStyle','-.') %(Tsai-Hill) 
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hold on 

fimplicit3(f4,[0 100 -100 0 -100 

100],'edgeColor','b','FaceAlpha',.1,'LineStyle','-.') %(Tsai-Hill) 

hold on 

f1=@(x,y,z) x.^2/1932.759 + y.^2/1119.879 - (x.*y)/1932.759+ 

z.^2/101.1219+(x)/50.71062+(y)/33.94025-1; 

fimplicit3(f1,[-100 100 -100 100 -100 

100],'edgeColor','k','FaceAlpha',.01,'LineStyle','---') %(Hoffman) 

hold on 

f1=@(x,y,z) x.^2/832.842 + y.^2/433.1589 - (x.*y)/1201.25+ 

z.^2/101.1219 -1; 

f2=@(x,y,z) x.^2/4485.316 + y.^2/433.1589 - (x.*y)/1393.864+ 

z.^2/101.1219 -1; 

f3=@(x,y,z) x.^2/4485.316 + y.^2/2895.308 - (x.*y)/3603.66+ 

z.^2/101.1219 -1; 

f4=@(x,y,z) x.^2/832.8419 + y.^2/2895.308 - (x.*y)/1552.847+ 

z.^2/101.1219 -1; 

fimplicit3(f1,[0 200 0 200 -200 

200],'edgeColor','m','FaceAlpha',.9,'LineStyle','---') %(Norris) 

hold on 

fimplicit3(f2,[-200 0 0 200 -200 

200],'edgeColor','m','FaceAlpha',.9,'LineStyle','---') %(Norris) 

hold on 

fimplicit3(f3,[-200 0 -200 0 -200 

200],'edgeColor','m','FaceAlpha',.9,'LineStyle','---') %(Norris) 

hold on 

fimplicit3(f4,[0 200 -200 0 -200 

200],'edgeColor','m','FaceAlpha',.9,'LineStyle','---') %(Norris) 

hold on 

plot([-140 40], [0 0],'k','LineWidth',1.5) 

plot([0 0], [-100 40],'k','LineWidth',1.5) 

legend('Average','Hoffman','Tsai-Wu','Norris','Rankine','Tresca') 

text (-130,-80,"Tsai-Wu",'color','r','LineWidth',1.5) 

%text (-75,-68,"Hoffman",'color','k','LineWidth',1.5) 

text (20,-57,"Rankine",'color','m','LineWidth',1.5) 

text (20,-20,"Tresca",'color','b','LineWidth',1.5) 

 


