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Summary   
 

 

Additive manufacturing, more commonly known as 3D printing, is a technology that has 

developed rapidly as a niche within the field of discrete manufacturing. It provides an avenue 

to manufacture unique products of high added value that rely on customization and nearly 

endless design flexibility. We see examples being progressively introduced in several industries 

like automotive, aerospace, art and medical. Nevertheless, despite successes with materials 

like metals, ceramics and living materials, a mismatch in product quality and expectations has 

been restrictive in the mass adoption of thermoplastics in 3D printing. 

Fused deposition modeling (FDM) is by far the most popular 3D printing technology for 

thermoplastics due to ease of operation, low cost and availability of a variety of materials. It is 

an extrusion-based technique in which thermoplastics are molten at elevated temperatures and 

deposited, i.e., welded with high spatial control to form layer-by-layer the desired product. In 

comparison to other successful construction materials such as metals, polymer molecules are 

based on long arrays of covalently bound monomeric building blocks. The consequential 

entanglements between polymer molecules are the origin of the praised mechanical properties 

accessible via mild melt-based processing conditions, but tremendously reduce the timescales 

of filament fusion, molecular mixing and crystallization. The aim of this thesis is to generate a 

fundamental understanding of the physical processes underlying weld formation, assisting in 

optimum inter-layer mechanical properties in additive manufacturing. Tailoring the molecular 

design of polymers enables the alignment of timescales of molecular and structural processes 

with those of this additive manufacturing technology. 

To realize stable, durable and high product performance of fused deposition modeled parts, the 

effect of molecular design parameters and process specific heat fluctuations on structure and 

morphology is studied in Chapter 2. By selection of poly(lactides) with systematic variations in 

molar mass and L-enantiomeric purity, molecular and crystallization dynamics are controlled 

and correlated to (i) print resolution, (ii) mechanically effective bonding via macroscopic fusion 

and successive molecular diffusion, and (iii) thermodynamic stability. Macroscopic fusion during 

melt deposition is governed by molecular dynamics of solidification and is positively affected by 

low print speed and low molar mass. However, low molar mass and high L-enantiomeric purity 

induce melt crystallization during deposition, limiting interfacial molecular diffusion. By 

increasing molar mass, crystallization during melt deposition suppresses, facilitating interfacial 

molecular diffusion that promotes the formation of mechanically effective interfaces. 

Additionally, structure evolution primarily occurs via cold crystallization in successive annealing 
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cycles. Layer-by-layer deposition induces spatial variations in crystallinity and thus 

thermodynamic instability. These findings highlight that optimum macroscopic mechanics and 

geometrical stability of fused deposition modeled poly(lactide) parts are compromised and 

require judicious timing of crystallization and molecular diffusion. 

To promote molecular diffusion and/or crystallization at fused deposition modeled weld 

interfaces, the addition of chemically identical low molar mass fractions to high molar mass 

PLLA is discussed in Chapter 3. The enantiomeric composition of the low molecular weight 

fraction is either random (PDLLA) or opposite, promoting molecular diffusion or stereocomplex 

nucleation respectively. By employing torsional dynamic mechanical analysis, calorimetry and 

rheology, it is seen that the low molecular weight additives of random L and D enantiomeric 

composition promote molecular diffusion across the weld interfaces. Nevertheless, the low 

amount of new entanglements formed upon interfacial mixing and incomplete crystallization 

induce poor interfacial stiffening and reduced thermodynamic stability. Poly(lactide) 

stereocomplex enriched interfaces promote crystallization during interfacial mixing, but the 

hindered diffusion restricted by crystallization at the interface limits molecular mixing and thus 

the extent of mechanical stiffening. Ultimately, combining melt plasticization and increased 

crystallization rate by stereocomplex based additives distinctly increases weld stiffness and 

provides thermodynamic/geometrical stability. 

In Chapter 4, a novel route to improve the interlayer weld stiffness is proposed by the timing 

and spatial direction of poly(lactide) stereocrystallization across fused deposition modeled 

interfaces. Stereocrystallization in poly(lactides) occurs upon molecular mixing of 

enantiomerically opposite polymers in the melt state. The resulting stereocrystals possess a 

melting temperature of approximately 50 to 60°C higher than the so-called homocrystals. Per 

definition, stereocrystals involve two enantiomerically opposite poly(lactide) chains and are 

hypothesized to physio-mechanically interlock the weld interfaces. Fundamental insight in the 

kinetics and spatial evolution of interfacial stereocrystallization is studied by rheometry and 

synchrotron wide angle X-ray diffraction tomography. By alternating deposition of 

enantiomerically opposite poly(lactides) via a twin nozzle setup, the concept of interfacial 

stereocrystallization is demonstrated in fused deposition modeling. The printed samples are 

morphologically and thermomechanically studied by polarized optical microscopy, FTIR 

microscopy and dynamic mechanical analysis. FTIR microscopy reveals that interfacial diffusion 

of polymers during fused deposition modeling occurs. The net local heat dosage, which depends 

on print speed, governs the length-scales of stereocomplexation and thus mechanical 

reinforcement. Interfacial stereocomplexation of poly(lactides) in FDM leads to a distinct 40% 

increase in stiffness and nucleation of bulk filaments, aiding in thermodynamic and geometrical 

stability. 
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Chapter 5 addresses the effect of temperature and relative molar masses in interfacial 

stereocomplexation of heterogeneous poly(lactide) melts. Rheometry, differential scanning 

calorimetry and FTIR imaging reveal that a transition from high to low stereocrystallization rate 

is dictated by a critical network density that impedes diffusion and crystal growth. If the initial 

relative viscosity is low (affected by temperature and relative molar mass), the time to reach 

the critical network density is high as a higher number of stereocrystals per chain is demanded 

in critical network formation. Consequently, the length-scales of stereocrystallization and 

ultimate mechanical stiffening are high. The relationship reverses in case of a relatively high 

initial viscosity. The fundamental understanding of the timescales of interfacial diffusion, 

successive stereocrystallization and nucleation of homocrystallization upon further cooling, 

assists in the technical realization of mechanically reinforced polymer-polymer interfaces. 

In Chapter 6, the future perspectives of this research are explored for the manufacturing and 

biomedical applications. In the context of biomedical applications, a potential area of future 

research for tissue engineering is presented whereby spatially directed stiffness in FDM parts is 

introduced to direct preferential stem cell differentiation in tissue regeneration.  
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Chapter 1 
 

Introduction 
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“3D printing will change the world” was the title of a Harvard business review back in 2013, 

which in my opinion aptly captures the hype and enthusiasm surrounding this technology 1. 3D 

printing has been identified as "a rare example of a single technology that has become truly 

disruptive by itself" and as one of the five emerging technology trends that are believed to 

significantly affect businesses worldwide 2.  When one hears the words “3D printing” or 

“Additive Manufacturing” (AM), it inherently sounds futuristic. However, the technique is not 

new and has been around since 1984, when the first stereolithographic 3D printer was produced. 

For a long time, it was primarily applied for prototyping. Conversely, the last decade has seen 

the rapid development of numerous 3D printing technologies that have found applications in 

industries like aerospace, construction, prototyping and biomechanical 3–5.  

3D printing is associated with novel features such as less material wastage, ease to produce 

complicated geometries, and flexibility in product designs 3,5–7. This makes 3D printing not only 

more flexible than conventional formative molding or casting processes but also economically 

favourable in scenarios where high financial and time expenditure necessary for the production 

of molds and tools in formative manufacturing exceeds the usually higher production costs per 

part in 3D printing 2,8. In recent years, the overall market situation has been characterized by 

significant growth in the industry. Revenues from services and products have grown, and 

worldwide numbers surpassed the value of 5 billion USD in 2015 (as seen in Figure 1.1(a)) 5,9.  It 

is also evident from Figure 1.1(a) that a substantial portion of the growth in the industry has 

taken place since 2010. This sudden upturn is due to the expiration of the original patents on 

additive manufacturing, which has given manufacturers the ability to develop new 3D printing 

devices and technologies. The global 3D printing market was valued at USD 8.08 billion in 2017. 

With the current growth rate, viz 25.5% annually, the market is projected to reach USD 49.74 

billion by 2025 6. In addition, scientific and technological impact is also steadily increasing, as 

seen in Figure 1.1(b) which shows the trend tracing the yearly number of scientific publications 

using the term “additive manufacturing” and “3D printing”. Here again, post-2010, a sharp 

increase in research interest in the field is witnessed.  
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Figure 1.1: (a) Worldwide revenues from 3D printed products and services between 1995 and 2015( 
reproduced from ref  5); (b) The research interest in 3D printing and additive manufacturing, as indicated 
by the number of publications per annum between 2000 and 2019 (data from Web of Science as of 
31/01/2020).  

 

Principal, techniques and materials  

The American Society for Testing and Materials (ASTM) defines additive manufacturing as “the 

process of joining materials to make objects from 3D model data, layer upon layer, as opposed 

to subtractive manufacturing methodologies, such as traditional machining” 3,5,10. It enables the 

production of customized parts without the need for molds or machining, typical in conventional 

formative and subtractive fabrication. All 3D printing technologies are characterized by layer-

by-layer deposition of material distinguished by the principal of material deposition. In 2009, 

the ASTM International Committee F42 on Additive Manufacturing Technology defined several 

terms to distinguish and classify additive manufacturing technologies based on their processing 

principal 3–5,7,11. In total, six categories were identified. An overview of these categories defined 

by the production principle, the technologies associated, and materials used are provided in 

Table 1.1.  
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Table 1.1: Categorized 3D printing or additive manufacturing categories with their production 
principal, associated printing technologies and materials utilized. 

Category Production 
principal  

3D printing 
technologies 

Materials 

Material extrusion  Material is 
selectively 
dispensed 
through a nozzle 

• Fused deposition 
modeling (FDM) 

• 3D dispensing  

• Polymers: ABS, 
Polycarbonate, 
Poly(lactide) 
(PLA), 
Polypropylene 
(PP), 
Polyetheretherke
tone (PEEK), 
Thermoplastic 
polyurethanes 
(TPU), 
Polyamide  

• Concrete  
Material jetting Droplets of 

material are 
selectively 
deposited 

• Polyjet printing 
• Aerosol jet 

printing 

• Polymers: 
Acrylics, 
Acrylates, 
Epoxides  

Powder fusion Thermal energy is 
used to fuse 
regions of a 
powder bed 

• Selective laser 
sintering (SLS) 

• Selective laser 
melting (SLM) 

• Electron beam 
melting  

• Polymers: 
Polyamide, 
Polystyrene (PS), 
PEEK, TPU, PP 

Sheet Lamination Products are 
created by 
bonding of sheets 

• Laminated object 
manufacturing 

• Metals: 
Aluminum alloys, 
stainless steel, 
Titanium  

Vat 
photopolymerizati
on 

Liquid 
photopolymer in 
a vat is 
selectively cured 
by light-activated 
polymerization 

• Multiphoton 
polymerization 

• Direct light 
processing (DLP) 

• Stereolithography  

• Polymers: 
Acrylics, 
Acrylates, 
Epoxides 

Direct energy 
deposition 

Thermal energy 
like laser or 
plasma arc are 
used to fuse 
materials by 
melting as they 
are being 
deposited 

• Direct energy 
deposition (DED) 

• Metals: 
Aluminum alloys, 
stainless steel, 
Titanium, Silver, 
Nickel alloys, 
Stainless steel  

 

 

 

 

  1 
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Apart from highlighting the broad range of printing technologies available, Table 1.1 further 

illustrates the plethora of materials used. The variety in material selection facilitates the 

realization of application-related functionalities and is thus often assigned as a key driver in 

adoption by several industries. The materials used can be coarsely classified into four classes 
3,12,13:  

• Polymers are considered as the most common materials of use in 3D printing technologies. 

This class of construction material can be used in the form of filaments in FDM, as powders 

in the powder-bed methods like SLS, or as resins in stereolithography. Thermoplastic 

polymers such as acrylonitrile-butadiene-styrene copolymers (ABS), polyamide (PA), 

polycarbonate (PC) and poly(lactide) (PLA) 3,12, and thermoset powders like polystyrene, 

polyamides and photopolymer resins, are the most common types of polymers for 3D printing 

based on vat polymerization  3,5,12.  

• Metals are mainly employed in the form of powders. Here, SLS, SLM and DED are the main 

methods of 3D printing that are all based on the fusion of powders by melting or sintering 

using a laser or electron beam 14–16.  

• Ceramics have gained popularity as they allow the tailored design of materials with a high 

strength to weight ratio 3. Ceramics are mainly 3D printed in the form of powders or ink. 

Powders are sintered using a laser, or fused via an auxiliary adhesive 17–19. On the other hand, 

ink-jet printing is used to print suspensions of ceramic particles followed by post-treatment 
20,21.  

• Concrete is the most used man-made construction material, which is exploited in 

construction and infrastructure projects worldwide. The intake of 3D printing by the 

construction industry has been slow, but evident advantages such as mass-customization, no 

required formwork and automation exist. Extrusion is the main method for the 3D printing 

of concrete 22–24. 

Challenges for 3D printing  

Although 3D printing technologies have made significant strides over the past 25 years, mass 

adoption is still distant. Technical challenges relating to materials, processes, and applications 

remain. Although each technology poses specific challenges, some challenges are fundamental 

to all technologies. Firstly, despite 3D printing processes facilitate much faster product 

development by reducing the time necessary for design validations and enabling the production 

of products/prototypes already at early stages in development, the build time of products is 

slow in comparison to mass production technologies such as injection molding 25–27. Another 

major concern is the spatial resolution along the build direction. Insufficient resolution can 

dramatically influence the quality and functionality of an object 3,5,28. Due to the layer-by-layer 

approach of manufacturing, dimensional inaccuracy is inherently expected. To achieve a smooth 
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surface finish, post-processing techniques like coating, solvent treatment, sanding, or milling 

are often required. A lot of efforts have been invested in the improvement of the spatial 

resolution of 3D printing parts. Lastly, as 3D printing enters the area of manufacturing of parts, 

the functionality of these parts is expected to match or surpass the performance of products 

fabricated using subtractive and formative technologies. Despite numerous research activities, 

products produced by 3D printing are often inferior with respect to mechanical properties 

achieved in formative or subtractive manufacturing 12,29–32. Depending on the specific process 

employed, this mechanical inferiority is often material and/or process dependent. Additionally, 

due to the layered production process, the mechanical properties of parts tend to be anisotropic 

and the layer interfaces being weak regions face potential residual stresses 3,29,33.  

It is worth noting that build speed and spatial resolution are highly process dependent. On the 

contrary, the mechanical properties of printed parts are not only influenced by the production 

process but also by material behaviour. Efforts made earlier to enhance the mechanical 

properties, especially in the build direction, relied primarily on the optimization of processing 

parameters. As the consequential improvement in mechanical properties is limited, tailoring 

material properties is gaining attention, especially for polymers. In the forthcoming section, the 

specific material and process-related challenges are highlighted for FDM process of 

thermoplastic polymers and is the primary focus of this thesis.  

Process and material specific challenges for FDM 

Amongst the numerous 3D printing technologies, FDM of thermoplastics is the most popular. The 

popularity is attributed to low-cost equipment, variability in material selection, and easy 

operation. FDM comprises the 3D extrusion of thermoplastic polymers, which are conventionally 

mechanically fed as thin filaments from a spool into the extrusion print head. Some variants of 

the FDM technology like 3D bioplotting and the Arburg plastic freeforming exist and do not need 

material to be fed as filaments but can be administered as granulate or powder instead  34,35. 

During processing, the extruder is heated to a polymer specific process temperature. The 

temperature is above the melting temperature for semi-crystalline polymers or well above the 

glass temperature for amorphous polymers. The extruded material is deposited on a substrate, 

and the geometry is frozen by the solidification of the extruded material. Subsequent layer-by-

layer deposition of material results in part buildup.  

Despite the popularity and evident advantages, FDM possesses a series of drawbacks. Parts suffer 

from the same key challenges as other printing technologies, but the surface finish and 

mechanical properties are particularly poor. The diameter of deposited molten filaments in 

conventional FDM printers is typically above 100 micrometers, setting the minimum layer height 

equally. Layer heights in FDM are higher than those encountered in other printing technologies 

  1 



- 10 - 
 

like SLS, DLP and SLS 36,37. Additionally, in comparison to conventional formative melt processing 

techniques like injection molding, inferior mechanical properties, especially in the build 

direction, are observed 29,31,38–43. The origin of the poor mechanical performance originates from 

the long nature of macromolecules, in which large numbers of monomeric units are covalently 

connected and their behaviour during the fluctuating processing conditions of FDM.  

The macroscopic mechanical integrity depends on the mechanical functionality of the formed 

interlayer welds at the interface of freshly deposited and previously deposited layers. In the 

context of FDM, this relates to the degree of entangling of polymer chains at and across the 

interface 44–47 29,31. The entangling of polymer chains is influenced by numerous factors. Firstly, 

if in FDM parts molecular diffusion across interfaces of adjacently positioned filaments is 

inadequate, macroscopic failure under mechanical stress will be governed by failing interfaces 

that lack randomization and entangling of polymer chains. The origin of this problem is 

associated with the high molar mass and the entangled nature of polymers that restrict 

translational molecular motion. Secondly, during processing, more local conformational 

rearrangements can occur that for example lead to crystallization. Crystallization is preferred 

from a thermo-mechanical perspective, but under FDM conditions can induce new problems like 

residual stresses and volumetric contraction that in turn entails geometrical distortions referred 

to as warping (Chapter 2) 48–50. Lastly, it is important to note that molecular diffusion, entangling 

and consequential bonding of the interfaces are thermally driven and are governed by processing 

parameters like the temperature of the molten extrudate, ambient air conditions, speed of 

deposition, printing strategy, etc. 51–54.  

To summarize, the weld formation in FDM is a complex process that is dictated by 

macromolecular dynamics and to facilitate mass adoption as reliable production technology 

necessitates an in-depth study of molecular diffusion and crystallization under FDM specific 

timescales of heat administration and dissipation. As previously stated, studies to improve weld 

mechanics by the optimization of processing conditions have been pursued with marginal effects 
51–54. Material related modifications have been mainly focused on the addition of extrinsic 

reinforcing agents that in most cases influence the intrinsic but not inter-layer weld mechanics. 

Common examples of extrinsic reinforcement agents include short fibers55,56, long fibers57,58  and 

nanoparticles 59–61.  

Aim of this thesis  

The aim of this thesis is to generate a fundamental understanding of the physical processes 

underlying weld formation in FDM at molecular length-scales assisting in the realization of 

optimum inter-layer mechanical properties. For this, the primary molecular design of polymeric 

materials needs to be tailored based on the alignment of timescales of molecular dynamics, the 
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resulting structure evolution and FDM specific processing conditions. Based on the generated 

knowledge, the thesis assists in the development of novel strategies to enhance inter-layer 

interfacial weld mechanics by controlling the degree of chain entanglement and /or 

(co)crystallization at weld interfaces without the addition of extrinsic reinforcing agents. 

 

Outline of this thesis   

• In Chapter 2, the effect of molecular design parameters and FDM specific heat fluctuations 

on the consequential structure and morphology evolution is studied by selecting 

poly(lactide) as a model polymer.  

• In Chapter 3, tailoring of molecular diffusion and /or crystallization at weld interfaces is 

studied by the selective addition of low molar mass fractions and nucleating stereocomplex 

crystals of poly(lactides).  

• In Chapter 4, the improvement in interfacial weld stiffness is studied by the timing and 

spatially controlling poly(lactide) stereocrystallization as mechanical anchors across FDM 

interfaces. 

 

• In Chapter 5, the mechanism, kinetics and timescales of interfacial poly(lactide) 

stereocomplexation introduced in Chapter 4 are studied for heterogenous melts consisting 

of distinct PLLA and PDLA domains by systematic variations in (a) relative molar mass of the 

mixing PLLA-PDLA phases and (b) crystallization temperature. Furthermore, the concept of 

interfacial stereocomplexation is explored for other melt-based 3D printing techniques like 

Selective Laser Sintering (SLS).  

 
• In Chapter 6, the valorization addendum of this thesis is presented. Here, future 

perspectives augmenting from this research are explored in the context of the industrial 

manufacturing of mechanically integral and functional parts. Additionally, based on the 

findings in Chapter 2, a method to produce spatially directed stiffness gradients in FDM parts 

is introduced that raises expectations in the field of regenerative tissue engineering by 

surface stiffness directed stem cell differentiation.   

  

  1 
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Chapter 2 
 

Correlating molecular and crystallization 
dynamics to macroscopic fusion and 
thermodynamic stability in fused 
deposition modeling; a model study on 
poly(lactides) 
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ABSTRACT 
To define molecular parameters for fused deposition modeling of mechanically integral 

poly(lactide) parts, the effect of intrinsic local heat fluctuations on morphology and structure 

evolution is studied. Macroscopic fusion during melt deposition is governed by molecular 

dynamics of solidification and positively affected by low print speed, low molar mass. However, 

low molar mass and high L-enantiomeric purity induce melt crystallization during deposition, 

limiting interfacial molecular diffusion. By increasing molar mass, crystallization during melt 

deposition is suppressed, establishing interfacial molecular diffusion and mechanically effective 

interfaces. Further structure evolution via cold crystallization is timed in successive annealing 

cycles. Adding more layers entails a progressive decrease (i) in heat transfer to the build plate 

and (ii) number of annealing cycles per layer, inducing variations in crystallinity and thus 

thermodynamic instability. Consequently, macroscopic mechanics and geometrical stability of 

fused deposition modeled poly(lactides) are compromised by judiciously timed crystallization 

and process design. 
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2.1 INTRODUCTION 
 

In FDM, the material is shaped in its melt or liquid state, after which the geometry is preserved 

upon solidification. The deposited filaments assemble into layers and successively into complete 

parts while solidifying. During solidification from the melt/cooling, decreased thermal motion 

is paralleled by increased inter- and intramolecular interactions, leading to a gradual decrease 

in specific volume and thus contraction and shrinkage on a macroscopic scale 1-2. If the 

elementary constituents are sufficiently regular in nature, these thermodynamic processes 

result in crystallization that is generally accompanied by abrupt and additional volumetric 

contraction. Thermoplastics differ from other construction materials, such as metals.  

Covalently connecting the elementary elements into long macromolecules slows down molecular 

motion and the dynamics of conformational re-arrangements required for macroscopic fusion, 

molecular diffusion and crystallization.  

Crystallization in polymers is often favoured mechanically, especially from a thermomechanical 

perspective, but its time-scales need to be considered as volumetric contraction, i.e., 

shrinkage, is largely affected by the kinetics of molecular freezing upon approaching the glass 

transition temperature, and thus cooling rate 2-5.  If crystallization proceeds beyond the moment 

of deposition on earlier deposited material, successive shrinkage will lead to immediate 

macroscopic deformation. This process is referred to as warping and is a common problem 

observed in FDM 6-7. If on top of that the polymer is cooled close to or below the glass transition 

temperature, crystallization may be incomplete, leading to a thermodynamically unstable state. 

Not reaching its thermodynamically favoured state, means that the lowest specific volume is 

neither reached, and the printed object is prone to volumetric and thus geometrical changes 

over longer periods. The phenomenon also exists for non-crystallizable polymers if the formation 

of the energetically most favourable packing is arrested early 8. In conventional polymer 

processing techniques such as injection molding, the differences in specific volume between 

liquid and crystalline state are minimized by the use of pressure 4. Since such an option is missing 

in FDM, thermodynamic instabilities and density fluctuations are often observed in final parts.  

The high molar mass of thermoplastics including their entangled nature restricts macroscopic 

fusion and successive molecular diffusion across interfaces 9-11. To optimally exploit the intrinsic 

mechanical response of polymers on a product level, macroscopically imposed stress needs to 

be transferred to structural and molecular length-scales. If in FDM printed parts molecular 

diffusion across interfaces of adjacent filaments is inadequate, macroscopic failure under 

mechanical stress will be governed by failing interfaces that lack randomization and entangling 

of polymer chains 9, 12-13. Molecular diffusion and eventual bonding are driven by the thermal 

energy of the extruded material and hence the temperature management of the process. The 
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thermal history of interfaces varies throughout the object as the successive deposition of heated 

material induces initial fast cooling and successive heating 12, 14-16. The complex temperature 

management is hence of utmost importance to crystallization and bonding and is unique, but 

scarcely explored.  

To ultimately realize stable, durable, and high product performance, we study the effect of 

molecular design parameters on the timescales of crystallization and molecular dynamics 

diffusion from a morphological, structural, thermodynamic, and mechanical perspective. 

Controlled variation in molecular diffusion and crystallization dynamics within the technical 

time-scales of FDM is perfectly accessible by selecting poly(lactides) (PLA) as its rate of 

crystallization (i) coincides with the accessible cooling rates 17, and (ii) can be influenced by 

enantiomeric purity of the monomers 18-20; strain rates during flow 21-22; the addition of 

nucleating agents 23-27; and molecular weight. In this work, we focus on enantiomeric purity and 

molecular weight. 

2.2 MATERIALS AND METHODS  

2.2.1 Poly(lactides) and printing methodologies 

Three commercially available poly(lactide) grades were provided by Corbion Purac and included 

two PLAs of 245 and 148 kg/mol with L-enantiomeric purity of 99.5 % and one PLA of 245 kg/mol 

with L-enantiomeric purity of 96 %. Sample coding is in analogy to the molecular parameters, 

translating into PLA245_99, PLA148_99, and PLA245_96. Note that the molar masses have been 

determined by GPC and thus are relative against PMMA standards.  

Bars with a uni-directional 0° deposition strategy and single perimeter were fabricated using an 

Arburg Freeformer and consisted of 7 layers, being 20 mm in length, 5 mm in width, and 2.5 

mm in height as illustrated in Figure 2.1. From a pressurized melt reservoir stringed droplets 

are deposited through a nozzle with a high frequency piezo actuator. Sample bars were printed 

under universally optimized conditions that comprise a nozzle temperature of 200 °C and print 

speeds of 20 and 50 mm/s. The ambient (chamber) temperature was set to 70 °C; just above 

the glass transition temperature of poly(lactides) to promote potential interfacial bonding and 

sufficiently low to prevent flow or collapse of the entire geometry during printing.  

  2 
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Figure 2.1: Schematic of sample geometry and deposition strategy that is identical in each layer.  

2.2.2 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was performed on a Philips XL30 system operated at a 

voltage of 15kV. The samples were taped on a sample holder using conductive carbon tape and 

a thin gold coating was applied through sputter-coating process.  

2.2.3 Micro-computed X-ray tomography 

The internal morphology of the printed parts was observed by micro-computed tomography 

(micro-CT) using an X-ray CT scanner (Bruker Skyscan 1272). Micro CT was performed using 40 

kV, 240 µA, and 1500 ms exposure time. Three repetitive images were taken at each slice for 

averaging and noise reduction. The voxel size was set at 4µm and each image generated had 

4032 x 2688 pixels. The images were processed using NRecon reconstruction software and the 

geometry was constructed after noise reduction. A section of the constructed 3D geometry (0.35 

mmx3.5mmx2mm), within planes 1 and 2 (see Figure 2.1) was created using CTVox and CTan. 

The void fraction was calculated for the inlay only after colour transformation, excluding 

perimeter effects.   

2.2.4 Temperature recording 

Temperature profiles were recorded below the first deposited layer using a 0.15 mm K type 

thermocouple embedded in the base plate of the printer. The thermocouple was placed in the 

middle of the bottom layer. High accuracy in data acquisition was guaranteed by a DataQ DI718 

data acquisition system read-out system with 1 kHz sampling frequency.   

2.2.5 Structural analysis  

Crystal phase composition and crystallinity of individual layers were determined via 2D wide-

angle X-ray diffraction using a SAXSLAB’s Ganesha instrument equipped with a divergence source 

producing X-ray photons with a wavelength of 1.54 A˚. The beam center and θ range were 
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calibrated using the diffraction peaks of silver behenate. Conversion of 2D into 1D data was 

carried out with Saxsgui V2.13.01 using an automated beam stop mask. Crystallinity was 

quantified by azimuthal integration of the 2D diffraction patterns. 

2.2.6 Thermal analysis 

Differential Scanning Calorimetry (DSC) was performed on sections of printed objects using a TA 

instruments Q 2000 DSC. With ± 5 % accuracy, 5 mg of sample was cut and sealed in aluminum 

pans. Under nitrogen atmosphere, the samples were exposed to a heating cycle ranging from 30 

to 200 ºC employing a rate of 10ºC/min and an isothermal period of 3 minutes at the temperature 

limits.  

The onset and crystallization half-times for isothermal melt or cold crystallization experiments 

were supported by fitting Avrami equations for primary crystallization, Figure A1 of Appendix 

A, and set to 5 and 50% of the full crystallization time respectively. The crystallinity, 𝑋!, was 

calculated by equation 1 where the difference between the melting enthalpy including potential 

exothermic crystal transitions, ∆𝐻", and the cold crystallization enthalpy ∆𝐻!!, relative to the 

enthalpy of a theoretically 100% crystalline polymer, ∆𝐻#$ being 93 J/g 28.    

𝑋! =
∆&!'∆&""

∆&#$
∙ 100         (1) 

2.2.7 Dynamic Mechanical characterization 

To test the bonding mechanically, dynamic mechanical testing under torsion was carried out in 

an Anton Paar rheometer MCR 302. The strain was set at 0.1 %, the frequency at 1 Hz and the 

storage modulus (G’) was recorded in a temperature range from 40 and 120 °C and a heating 

rate of 5 °C/min.  

2.3 RESULTS AND DISCUSSION 

2.3.1 Print resolution and macroscopic fusion 

From a technical perspective, fused deposition modeling offers access and freedom in the 

creation of conventionally non-accessible geometries. However, to realize the resolution 

described in computer-aided designs, control of the solidification rate is essential. Print 

resolution and apparent macroscopic fusion were inspected on the exterior by scanning electron 

microscopy. Figure2.2(a) shows the side view (yz plane) of a PLA148_99 bar printed at a speed 

of 50 mm/s. All seven layers, consisting of fused droplet “filaments” are clearly visible. As the 

build height increases the print resolution decreases progressively, tentatively assigned to 

excessive flow and thus insufficiently fast solidification. On the contrary, the interface between 

  2 
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adjacent droplets tends to fade as the layer number increases. Adequate macroscopic fusion 

and successive bonding via molecular diffusion in and between layers is essential in transferring 

for example, macroscopic stress to structural and molecular length-scales. The increased degree 

of apparent macroscopic fusion is clearly witnessed by comparing the xy planes of layer 7 (top) 

and 1 (bottom) in Figure 2.2(b) and (c). The well-recognized print strategy in Figure 2.2(c) 

moreover suggests that the high print resolution of layer 1 is at the expense of macroscopic 

filament fusion.  

The influence of molar mass and L-enantiomeric purity on the macroscopic fusion of the bottom 

xy surfaces at 20 mm/s are highlighted in Figure 2.2(d-f). The complete overview is given in 

Figure A2 of Appendix A. In general, it is observed that the interfaces between adjacent 

filaments slightly fade at lower print speed. The presence of interfaces in the bottom planes of 

the PLAs with 99.5 % L-enantiomeric purity (Figures 2.2(d) and (e)) and the absence of distinct 

interfaces in the bottom layer of the PLA with reduced L-enantiomeric purity (Figure2.2(f)) 

suggest that fusion in the first layer is less dependent on molar mass, but largely affected by 

enantiomeric purity. Assessing apparent macroscopic fusion on the exterior of printed bars may 

be biased by a discrepancy in the set and real layer thickness, smoothing the top surfaces by 

the nozzle. Hence a study on the internal morphology is demanded. 

By means of micro-computed X-ray tomography absorption fluctuations, for example, caused by 

voids and/or poorly fused interfaces, create phase shifts that can be mapped. Printed bars were 

analyzed in terms of void fraction, interfaces and homogeneity; all intrinsically correlated to 

solidification rate and apparent macroscopic fusion, Figure 2.3. The internal void fractions listed 

in Table 2.1 were calculated by excluding the perimeter effects (Table A1 of Appendix A). At a 

print speed of 50 mm/s a reduction in molar mass from 245 to 148 kg/mol induces a reduction 

in void fraction (from 0.48 to 0.16%) and void size as expected from a lower molar mass grade. 

Above Tg, time-scales of macroscopic fusion decrease as molar mass decrease 29. Lowering the 

L-enantiomeric purity from 99.5 to 96 % results in an even distribution of small voids throughout 

the volume, despite the overall void fraction remains identical, 0.48 %. Upon reducing the print 

speed to 20 mm/s the void fractions are identically affected by the variations in molecular 

parameters. However, whereas the void fraction of the low molar mass sample remains identical 

upon lowering the print speed, the void fraction of both poly(lactides) with the identically high 

molar mass decreases to about 0.31%. This may be explained by the increased time to part 

completion and thus annealing. The internal morphology analysis evidently demonstrates that 

low molar mass poly(lactides) promote internal apparent macroscopic fusion. Furthermore, the 

even distribution of voids across the z-direction discards the smoothing of the top surfaces by 

compressive forces of the print head.  
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Figure 2.2: Scanning electron micrographs demonstrating solidification, print resolution and fusion of 
the (a) yz and (b) xy top and (c) xy bottom surfaces of a PLA148_99 printed bar at 50 mm/s. Figures (d-
f) represent the xy bottom surfaces of PLA245_99, PLA148_99 and PLA245_96 printed at 20 mm/s. 

  

Table 2.1: Molecular parameters, void fraction and macroscopic torsional stiffness at 40°C for 20 and 
50 mm/s print speed. The torsional storage modulus was normalized by the void fraction. 

 

Sample Print 

speed 

[mm/s 

] 

Void fraction 

[%] 

Torsional storage modulus [GPa] 

as printed G’ normalized  GN’ 

PLA245_99 50 0.48 1.22 [±0.027] 1.24 

PLA245_96 50 0.49 0.83 [±0.035] 0.87 

PLA148_99 50 0.16 1.05 [±0.035] 1.07 

PLA245_99 20 0.31 1.24 [±0.050] 1.29 

PLA245_96 20 0.32 0.97 [±0.062] 0.98 

PLA148_99 20 0.15 0.98 [±0.028] 1.02 

 

To realize mechanically functional interfaces, macroscopic fusion needs to be complemented 

by molecular diffusion across interfaces. The macroscopic torsional stiffness at 40°C, i.e., below 

the glass transition temperature, was determined by DMTA and is included in Table 2.1. The 

decreased void fractions and thus apparent macroscopic fusion upon reduced print speed 

supports a general trend in increased torsional modulus as witnessed for the high molar mass 

grades and especially PLA245_96 where the storage modulus increases from 0.87 to 0.98 GPa. 

500 µm 

500 µm 

  2 
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Though, a comparison of the absolute values raises a question. Why is the torsional modulus of 

the low molar mass samples (PLA148) low, despite its increased apparent macroscopic fusion 

and expected increase in molecular diffusion? The mechanical integrity of the bond depends on 

the number of chain segments that diffuse across the interface via double random walk, the 

established interpenetration depth, and state of re-entanglement as modeled by Mcllroy and 

Olmsted for the amorphous polymer polycarbonate 30-31. Resolving a one-dimensional heat 

equation in the z-direction demonstrated that the layer-air interface of the first deposited layer 

cools much faster than the layer-layer interface created by the deposition of any successive 

layer, partly explaining the poor macroscopic fusion of the bottom layers as detected by SEM. 

From modeling, it was concluded that although the mutual interpenetration depth, i.e., the 

bond thickness, is in the order of the polymer size (Rg) its mechanical strength suffers from low 

entanglement density. In the case of a semi-crystalline polymer like polylactide, crystallization 

in the bond region may compensate for the lack of entanglements but arrests molecular diffusion 

at the same time. It is evident that the timing of these temperature-dependent processes 

demands a more detailed understanding of the dynamic temperature management of FDM as 

discussed next. 

 

Figure 2.3: Micro-CT reconstructed cross-sectional volumes (x, z >> y) depicting the influence of molar 
mass, L-enantiomeric purity and print speed on void distribution with 4 µm resolution. 
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2.3.2 Heat management and crystallization   

An ultrathin thermocouple was embedded in the build plate to record the temperature profile 

experienced by the first layer during printing. The temperature profiles recorded while printing 

seven layers of PLA245_99 at 20 and 50 mm/s are depicted in Figure 2.4(a). Each time the 

thermocouple passes the nozzle, whether it arises due to depositing a new filament within or 

on top of a layer, a sharp increase and decrease of temperature is observed. The deposition of 

a filament in an “additive layer” leads to the highest increase in temperature, but the absolute 

values of the peak maxima decrease as a function of build height. Moreover, two important 

trends are observed while comparing the profiles of the different print speeds. Focusing on the 

peak maxima and minima it is concluded that upon fast printing, i.e., 50 mm/s, the 

thermocouple quickly passes the nozzle transferring heat in a relatively short period of time, 

limiting the maximum temperature rise. Next, due to the high print speed, the thermocouple 

quickly returns to the nozzle to additively build a new layer, limiting complete heat dissipation 

as the increase in temperature minima over time suggests. Such a gradual increase in average 

product temperature promotes excessive flow by effectively reducing the cooling and thus 

solidification rate. Polymers are good insulators, meaning that the thermal conductivity is low 

and the heat capacity, especially above Tg is high 32. As both parameters are influenced by the 

degree of crystallinity, a correlation between thermal heat management and structure evolution 

is discussed.  

 

Figure 2.4: (a) Temperature profiles of printing PLA245_99 recorded at 50 and 20 mm/s print speed at 
the center of the bottom layer; (b) overlaid by the isothermal crystallization onset (dotted lines) and 
half-times (solid lines) of the poly(lactides). Note that under the quiescent conditions, neither melt nor 
cold crystallization of PLA245_96 occurs within the plotted time-scale.  
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The crystallization onset and half-times for the different PLAs as a function of temperature have 

been overlaid with the temperature profiles in Figure 2.4(b). In general, upon cooling the 

crystallization rate of polymers initially increases exponentially, governed by the 

thermodynamic driving force, but gradually arrests as molecular diffusion diminishes upon 

approaching the glass transition temperature (here 57°C). The trend is conventionally visualized 

by plotting the crystallization half time as a function of the isothermal crystallization 

temperature. However, taking the low crystallization rates of poly(lactides) and temperature 

profiles into account, the crystallization curves in Figure 2.4(b) are composed of melt 

crystallization (upper; green-red) and cold crystallization upon reheating (lower; brown-blue). 

It was reported by Saeidlou et al. 18 that an increase in molar mass and D-enantiomeric content 

both induce reduced crystallization rates. In Figure 2.4(b), the intersection of the temperature 

profiles with the crystallization curves suggests that melt crystallization during initial deposition 

only occurs for the low molar mass grade PLA148_99. Since the crystallization half-time curve 

(solid green) does not intersect the 50 mm/s temperature profile despite its highest 

crystallization rate, the initial crystallinity of PLA148_99 after deposition is likely to be low. For 

the higher molar mass grade with equal enantiomeric purity, immediate melt crystallization is 

further minimized. The deposition of a fresh additive layer is expected to induce cold 

crystallization, of which the rate is significantly higher. To validate the use of Figure 2.4(b) in 

understanding the heat management and layer-specific crystallization, and the effect on inter- 

and intra-layer bonding via molecular diffusion, detailed structural information such as 

crystallinity and heat capacity on local length-scales is discussed by layer-specific WAXD and 

DSC.  

To isolate individual layers from a complete three-dimensional sample, the two print units of 

the printer were optimally exploited. Whereas one unit was filled with the respective PLA, the 

other unit comprised poly(vinyl-alcohol), PVA, as support material. Since PVA is water soluble 

and can be printed under identical processing conditions, individual PLA layers can be readily 

isolated after printing without altering the thermal history, as seen in Figure 2.5. Figure 2.6 

shows the two-dimensional WAXD patterns of layers 1, 4 and 7 for a selection of samples. The 

intensity of the broad amorphous halo relative to the intensity of the crystal induced sharp 

circumferential diffraction signals directly visualizes the crystalline or amorphous nature of the 

specific layer. However, the discussion proceeds on the absolute crystallinities, calculated by 

means of the WAXD and DSC methods described in the materials and methods section.  
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Figure 2.5: Temperature profiles of PLA248_99 printed at 20 mm/s printed with (black) and without 
(red) support material. The exchange of nozzles while switching from PLA to PVA and vice versa, causes 
a small time shift in the temperature profile.  

 

Despite some variations in absolute crystallinity, the WAXD (Figure 2.6) and DSC (Table 2.2) 

reveal identical trends. It is evident that within the time-temperature window representing the 

adopted printing strategy, the poly(lactide)with high enantiomeric purity and low crystallization 

rate does not crystallize within the time-scales of printing. For the polymer with the highest 

crystallization rate, PLA148_99, a slow printing, i.e., 20 mm/s, results in higher crystallinity in 

all layers. Information on crystallization upon cooling from melt deposition is derived from 

layers 7 as no successive annealing cycles are imposed on these layers. This causes the 

crystallinity of the layers 7 to be relatively low with respect to the other layers 33-34. For 

example, the crystallinities via WAXD are 18 and 1.3 % for 20 and 50 mm/s respectively, 

coinciding with the tentative interpretation of the intersections in Figure 2.4(b). The 

intersections of the PLA148_99 melt crystallization curves with the first temperature peak 

indicate that after deposition crystallization has progressed at 20 mm/s and that only a small 

fraction of crystal entities seems present at 50 mm/s. The higher increase in the minimum build 

temperature (induced at high print speed) seems to barely influence the final crystallinity of a 

freshly deposited layer. So, it is the effective time that the heated nozzle resides at a particular 

location that promotes crystallinity at low print speed. 
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Figure 2.6: 2D WAXD patterns revealing crystallinity (top right numbers) and structural differences 
between layers induced by print speed, molecular mass and L-enantiomeric purity.  
 

The degree of crystal perfection, indicated by the d-spacing of the 100/200 diffraction signal, 

depends on the crystallization temperature (Figure 2.7) and is used to provide more information 

on the moment of crystallization.  A low d-spacing, close to the value of the defected a’phase 

0.537 nm, reveals that crystallization occurs below 100°C predominantly 35-37. Crystallization 

induces an increase in complex viscosity as depicted in Figure A3 of Appendix A, enhancing the 

solidification rate but limiting molecular diffusion. As the void fraction was the lowest for the 

low molar mass grades, macroscopic fusion is mainly governed by the intrinsically low melt 

viscosity prior to crystallization. Despite the crystalline nature and low void fraction, the 

torsional modulus of low molar mass samples is low in comparison to the less or non-crystalline 

samples (Table 2.1). Perego et al. 38 reported that the contribution of crystallinity to the 

elasticity and flexural modulus outweighs molar mass effects. Thus, even the smallest fraction 

of crystals hinder molecular diffusion across the filament interfaces, limiting macroscopic stress 

transfer. The presence of crystals also influences the heat capacity and thermal conductivity of 

a polymeric material, especially above the glass transition temperature. The change in heat 

capacity before and after glass transition temperature is given in Table 2.2 to quantify relative 

changes in heat capacity. Though the crystallinity of layers 7 for PLA148_99 is different, the 

change in heat capacity ΔCp barely differs. Note that the difference in crystallinity detected by 
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DSC is smaller than by WAXD. An increase in heat conductivity as expected with increased 

crystallinity and initially observed at 20 mm/s, may support thermal conduction and thus a 

smaller increase in peak minima, Figure 2.4(a). Consequently, the temperature profiles of the 

three grades with varying crystallization rates are compared in Figure 2.8. It is evident that the 

temperature minima after cycle 1 and 2 differ and besides scale with the observed crystallinities 

of the layers 1. The temperature minimum is the lowest for the PLA148_99 that possesses the 

highest crystallinity, suggesting that crystallinity promotes heat dissipation via conduction to 

the base plate in the initial layers.  As the two profiles after layer 3 match closely the effect of 

crystallization and consequent changes in heat capacity and thermal conductivity have barely 

any effect on the observed internal heat management. 

 

 

Figure 2.7: Layer specific crystallinity and crystal perfection in the low molar mass grade PLA148_99 
printed at 20 and 50 mm/s print speed where the d-spacing of the 110/200 diffraction signal is indicative 
for the degree of perfection. 

 

As the printing proceeds by adding new filaments from the melt in successive layers, the 

previously deposited layers reheat inducing cold crystallization as detected by the high 

crystallinities of PLA148_99 in layer 1 and 4. The crystallinity is the highest in the middle layers 

(4) that likely arises due to increased product temperature at the moment of creating the 

particular layer. Striking is the high degree of crystal perfection of layer 4 created at a speed 

of 20 mm/s. The d-spacing is close to the value of the pure a phase, 0.528. Crystal perfection 

of the defected packing of the crystalline helical stems by heat (the a’ to a transition 35-37) is 

exothermic and observed in DSC just before melting, i.e., above 150°C (Figure 2.9). It is more 

likely that the high crystal perfection originates in relatively high crystallization temperatures, 

typically above 100°C. Crystallization below 100 °C induces a’ crystals, while above 120 °C 
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mainly perfect a crystals are observed and between 100 and 120°C both crystals phases co-exist 
35-36. It is indeed witnessed from the temperature profiles that reheating by depositing a new 

layer rarely increases the temperature above 100°C at 50 mm/s. At 20 mm/s, annealing 

temperatures do reach temperatures above 100°C and even 120°C. Additionally, also the 

annealing time increases as the nozzle resides for a longer period at a specific location.  

 

Figure 2.8: Temperature profiles of a PLA245_96, PLA148_99, and PLA245_99 at a print speed 50 mm/s.  

 

 

Figure 2.9: Layer specific DSC thermograms revealing spatial variations in crystallinity, heat capacity 
and thermodynamic stability at (a) 20 and (b) 50 mm/s. The effect of crystallinity on the heat capacity 
while printing is apparent from the baseline in the range between the glass transition and cold 
crystallization and quantified by DCp across the glass transition temperature.  
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Upon increasing molar mass and preserving the high enantiomeric purity (PLA245_99), the 

absolute values of crystallinity decrease due to the inherently low crystallization rate. Despite 

the additively increasing product temperature, layer 7 is barely or non-crystalline, 

demonstrating that crystallization, for example, in layer 4 advances via successive annealing 

cycles. Remarkable for the PLA245_99 is that the crystallinity of the layer 1 remains low despite 

the successive temperature profile. Due to the massive build plate, the diffusion of heat in layer 

1 (below which the thermocouple is placed) is more effective than in successive layers. At the 

time layer 4 is deposited the increased product temperature and less efficient heat dissipation 

reduce the cooling rate and increase the effective annealing time and thus the final crystallinity 

as the temperature peaks. Though the overall crystallinity of the PLA245_99 samples is relatively 

low, the increased macroscopic torsional storage modulus is the highest. Crystallization starting 

from the annealing cycles onwards is beneficial to the formation of mechanically more 

functional interfaces via molecular diffusion before crystallization.  

Incomplete crystallization of polymers results in thermodynamic instability. From the DSC 

(Figure 2.9) and DMTA curves (Figure 2.10) it is evident that cold crystallization occurs unevenly 

throughout all samples upon heating above the glass transition. Even the samples of 

poly(lactides) with a reduced L-enantiomeric purity of 96% (PLA245_96) crystallize eventually, 

leading to layer-specific volumetric contractions, geometric instability, interfacial stress 

accumulation and reduced mechanical performance from temperatures close to the glass 

transition temperature range onwards. Below the glass transition temperature, the timescales 

and extent of structural rearrangements are however low but inevitable. 

 

Table 2.2: Molecular and process parameters affecting layer specific crystallinity, crystal phase 
composition and change in heat capacity. 

 
Sample Print 

speed 
[mm/s ] 

Crystallinity 
[%] 

WAXD 

Layer 
crystallinity [%] 

DSC 

Change in heat 
capacity [J/g°C]  

1 4 7 1 4 7 1 4 7 

PLA245_99 50 0 2 0 6 12 4 0.6 0.5 0.6 

PLA245_96 50 0 0 0 0 0 0 0.6 0.6 0.6 

PLA148_99 50 31 48 1.3 32 52 12 0.5 0.4 0.5 

PLA245_99 20 1.7 22 0 2.5 33 0 0.7 0.5 0.7 

PLA245_96 20 0 0 0 0 0 0 0.6 0.6 0.6 

PLA148_99 20 40 55 18 33 56 20 0.6 0.4 0.6 
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Figure 2.10: Torsional storage moduli (GN’) normalized to void fraction as a function temperature. The 
samples printed at 50 mm/s are represented by dashed lines.  

 

2.4 CONCLUSIONS 

By means of poly(lactides) with systematic variations in molar mass and L-enantiomeric purity, 

molecular and crystallization dynamics were correlated to (i) print resolution, (ii) mechanically 

effective bonding via macroscopic fusion and successive molecular diffusion, and (iii) 

thermodynamic stability. Heat fluctuations intrinsic to fused deposition modeling were recorded 

at two distinctly different print speeds. Each time a specific xy position traverses in the vicinity 

of the print head the temperature peaks with respect to the set ambient temperature just above 

the glass transition. Upon increasing the print speed, the time for effective heat dissipation 

decreases, increasing the minimum temperature of the object relatively fast. As the average 

product temperature increases, preservation of print resolution as the number of layers in the 

z-direction increases is progressively challenged by excessive flow and insufficiently fast 

solidification. For poly(lactides), macroscopic fusion is defined during melt deposition, 

promoted by low molar mass and not yet influenced by crystallization. Once the print resolution 

is established, only the fast crystallizing poly(lactides) with high enantiomeric purity and low 

molar mass partially crystallize during melt deposition. Upon crystallization, molecular diffusion 

across inter- and intra-layer interfaces arrests immediately, limiting macroscopic stiffness, 

albeit the high ultimate crystallinity that arises due to cold crystallization in successive 

annealing cycles. A reduction in the crystallization rate by increasing molar mass and/or 

decreasing L-enantiomeric purity suppresses crystallization during melt deposition, rendering 

time for molecular diffusion and mechanically functional interfaces before cold crystallization 

in successive annealing sets in.      
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By reducing the print speed, the heat flow provided by the print head and polymer melt induce 

local annealing at relatively high temperatures and long timescales, through which 

crystallization predominantly progresses. As the number of additively deposited layers 

increases, the heat dissipation via the build plate decreases due to the high heat capacity and 

poor thermal conductivity of the polymer. This effect causes temperatures and timescales of 

annealing to increase in successively added layers, visualizing an increase in the crystallinity of 

the central layers. However, since the last layers close to part completion are intrinsically 

exposed to less annealing cycles, the crystallinity lowers progressively. Above the glass 

transition temperature, cold crystallization induces volumetric changes, geometrical distortion 

and stress accumulation in all poly(lactides), even for the grade with low L-enantiomeric purity 

that does not crystallize within the time-scales of printing. Below the glass transition 

temperature, the structural inhomogeneity and thermodynamic instability make fused 

deposition modeled PLA parts prone to structural changes, though the timescales and effect on 

geometrical distortion and interfacial stress accumulation are relatively low. Independent of 

the application temperature, macroscopic mechanics and geometrical stability of fused 

deposition modeled poly(lactides) remain to be compromised. Molar mass and L-enantiomeric 

purity of poly(lactides) aligned with low print speeds are the tools to time crystallization in 

successive annealing cycles permitting interfacial molecular diffusion.   
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Chapter 3 
 

 

Promotion of molecular diffusion and/or 
crystallization in fused deposition modeled 
poly(lactide) welds  
 

 

 

 

This chapter is based on the following publication: 
 
Srinivas, V.; van Hooy-Corstjens, C. S. J.; Rastogi, S.; Harings, J. A. W., Promotion of molecular 
diffusion and/or crystallization in fused deposition modeled poly(lactide) welds. Polymer. 
2020,202, 348–355, 122637. 
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ABSTRACT  
Fused deposition modeled parts of polymeric origin exhibit inferior interlayer mechanical 

properties. To enhance interfacial weld stiffness, poly(lactide) blends containing low molecular 

weight polymers of chemically identical but enantiomerically different nature are explored. The 

enantiomeric composition of the low molecular weight fraction is either random or opposite, 

promoting molecular diffusion or stereocomplex nucleation respectively. The structure-

property relationship of the interfaces is studied by means of torsional stiffness, calorimetry, 

and rheology. Fully miscible, non-crystallizable low molecular weight additives of random L and 

D enantiomeric composition reduce melt viscosity and crystallization rate, cooperatively 

promoting molecular fusion across the weld interfaces. Nevertheless, the low amount of new 

entanglements upon interfacial mixing and incomplete crystallization induce poor interfacial 

stiffening and thermodynamic stability. Poly(lactide) stereocomplex enriched interface 

promotes crystallization during interfacial mixing. Chains across weld interfaces may be 

mechanically anchored in crystals, but the hindered diffusion limits molecular mixing and thus 

the extent of mechanical stiffening. Ultimately, combining melt plasticization and increased 

crystallization rate by stereocomplex based additives distinctly increases weld stiffness and 

thermodynamics/geometrical stability of fused deposition modeled poly(lactides). 

 

 



- 38 - 
 

3.1 INTRODUCTION  
 

As highlighted in the previous chapters, the mismatch between intrinsic mechanical properties 

and those achieved via fused deposition modeling, which are expressed in each spatial direction 

differently, is hindered by limited molecular mixing and entangling at and across weld interfaces 
1-5. The ensemble of covalently bonded long polymer molecules forms a physical network via 

entanglements, which are the origin of the praised intrinsic mechanical properties that positions 

polymers uniquely among other construction materials such as metals. However, the long nature 

of polymer molecules imposes restrictions in welding processes at the macroscopic length scale 

due to suppressed molecular diffusion that demands cooperative motion triggered by Brownian 

motion at the segmental scale. Molecular diffusion depends on the number of entanglements 

per chain, i.e., molar mass, and the chemistry specific conformational motion that severely 

changes upon (i) shear-induced chain deformation and (ii) rapid cooling of the shaped melt 

towards the glass transition temperature 1. However, in the solid-state of a semi-crystalline 

polymer, the entrapment of polymer chains in multiple crystals is desired from a thermo-

mechanical perspective. However, it hinders molecular diffusion at the interface and induces 

heterogeneity in density. Retrospectively, misaligned time-scales of the deposition of the 

adjacent layers during printing, driven by temperature dependent crystallization rates of 

polymer molecules complexes molecular diffusion between the adjacent layers and is 

considered to be one of the main causes for the inferior mechanical performance of FDM parts 
6,7.  

For example, if the crystallization rate of a polymer is high, like in the case of isotactic 

polypropylene, molecular diffusion between adjacent layers will be suppressed and will 

influence chain reptation followed by crystallization at the interface. Moreover, imbalanced 

time-scales and moments of crystallization at the interface, in the bulk and previously deposited 

positions will cause shrinkage due to crystallization leading to warpage and evolution of 

undesired interfacial stresses 8. On the other hand, if the crystallization rate is considerably low 

like encompassed in poly(lactides), molecular diffusion at the interface of the adjacent layers 

is promoted. But incomplete, often layer-specific crystallization results into secondary 

crystallization and so thermodynamic, mechanical and geometrical instability over time 6,9. In 

general, melt shaping and crystallization dynamics depend on (i) process parameters like 

imposed cooling rates10 and relaxation times of the deformed chain influenced by the applied 

strain rate during flow 11, (ii) additives like nucleating agents 12–14, and (iii) molecular weight 15 

and molecular architecture 16,17.  

To overcome the imposed fundamental challenges, researchers have developed strategies to 

improve the weld interfaces of FDM printed parts. In terms of process parameters, deposition 
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strategy 18,19, filament to filament air gap20, layer height21, and bed temperature18 have been 

coupled with the mechanical improvement of weld interfaces. Despite considerable efforts, 

these strategies improve the mechanical properties only to a limited extent. Meanwhile, other 

researchers studied the problem from the perspective of materials design. Sweeney et al. 4 

developed a  concept for welding FDM thermoplastic interfaces using intense localized post-

heating of carbon nanotubes (CNTs) enriched filament surfaces by microwave irradiation. The 

promoted local chain mobility, driven by local heating, lead to an improvement in fracture 

strength up to 275% in the z-direction (perpendicular to the direction of the layer deposition). 

Meng et al. 22 utilized inorganic fillers such as calcium carbonate (CaCO3), montmorillonite 

(MMT), multiwalled carbon nanotubes (MWCNTs), and silica (SiO2) in an Acrylonitrile-Butadiene-

Styrene (ABS) polymer matrix reporting improvement in mechanical strength and reduction in 

mechanical anisotropy. Recently, Levenhagen and Dadmun showed that the anisotropy of FDM 

printed PLA parts can be reduced by the addition of low molecular weight additives of 

chemically identical chains that assist in the formation of entanglements at the filament 

interfaces23.  The presence of a low molecular weight (LMW) additive to create a bimodal blend 

can improve inter-filament adhesion. It was hypothesized that LMW species diffuse more readily 

across the filament interfaces. The driving force behind this hypothesis is attributed to the ease 

in relaxation of the low molecular weight constrained chains that (i) tend to migrate to filament 

surfaces in extrusion imposed flow profiles 24,25, and (ii) successive low diffusion times between 

the layers.  Subsequently, in a follow-up publication, Levenhagen and Dadmun introduced LMW 

additives with star type architectures (3-arm and 4-arm) to the bulk material and compared the 

mechanical properties and structural intra-layer anisotropy 26. Although these efforts have aided 

to the current understanding of printed structure-property relationships, the outcome was 

specific to the geometry of the object and chosen print strategy. To design polymers for FDM, 

the reversible translation of intrinsic and mechanical properties is only accessible by decoupling 

the effect of material and processing parameters from geometry.      

In this study, we investigate the influence of chemically identical LMW fractions on improving 

the interlayer weld mechanics of fused deposition modeled PLAs specifically. Besides surface 

enrichment in LMW entities by flow-induced fractionation, the addition of LMW additives that 

sufficiently fast relax from the imposed shear rates may be considered beneficial for interlayer 

chain diffusion. By mapping the heat management during FDM, the influence of material and 

process parameters can be interpreted independently from shape. PLA has proven to be an ideal 

model as deficiencies in the alignment of diffusion, crystallization and cooling/heating rates are 

expressed in fused deposition modeled part mechanics 6. Besides, by means of the enantiomeric 

composition of the high, but particularly low molar mass PLAs, molecular diffusion and/or 

crystallization can be selectively promoted.   
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3.2 MATERIALS AND METHODS 

3.2.1 Materials 

A commercial poly(L-lactide) (PLLA) grade with weight average molecular weight (Mw) 245 

kg/mol and an enantiomeric purity greater than 99% served as bulk material. To promote 

molecular diffusion, one series of low molar mass additives is required to be non-crystallizable 

and well miscible with the bulk material. For these reasons, poly (DL-lactide)s of 25 and 70 

kg/mol in weight average molecular weight served as diffusion promoting LMW additives. 

Sample notation is analogous to enantiomeric composition and molar mass, translating to L245, 

DL25 and DL70. Note that the molar masses were determined by Gel Permeation 

Chromatography (GPC), relative to Poly(MethylMethAcrylate) (PMMA) 100kg/mol standards in 

HFIP solvent. 

PLA is known to have two enantiomeric forms called poly(L-lactide)  (PLLA) and poly(D-Lactide) 

(PDLA). Upon mixing, an interesting phenomenon occurs. PLLA and PDLA chains co-crystallize, 

packing as 31 helices in a crystal structure referred to as a stereocomplex (SC) 27–29. PLA 

stereocomplex is distinguished from PLLA or PDLA homocrystals by a 50⁰C higher melting point. 

To promote the crystallization rate of L245 we use the nucleation effect of SC crystals 30–32. The 

nucleating effect of the stereocomplex is most efficient when it is formed well before PLLA 

crystallization upon cooling 33. Hence, it was decided to prepare SC crystals separately before 

blending instead of in-situ during blending. SC crystals were prepared by melt mixing and 

extruding PLLA (Mw = 140 kg/mol) and PDLA (Mw = 100 kg/mol) in a 50:50 (w/w) ratio at 240°C 

for 2 minutes. The extruded material contains a high percentage of SC crystals as proven by 

Differential Scanning Calorimetry (DSC), Figure 3.1. All poly(lactides) were kindly provided by 

Corbion Purac, The Netherlands. 
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Figure 3.1: DSC thermograms illustrating the formation of SC crystals prepared by melt mixing. The 
melting enthalpy of homocrystals (5J/g) represents the fraction of PLLA/PDLA chains that do not 
participate in stereocomplex formation and melting enthalpy of SC crystals (58J/g) indicates the fraction 
of SC crystals formed. Assuming a value of 146 J/g for the melting enthalpy of 100% crystalline PLA in 
stereocomplex form, the extruded material contains approximately 40% SC crystals.  

3.2.2 Preparation of blends  

All materials were dried under vacuum before use. Samples were prepared by mixing different 

percentages in a DSM Explore twin-screw micro-extruder with a barrel size of 5 ml. The samples 

were processed at 180°C for 2 min and 100 rpm under constant nitrogen flow. Afterwards, the 

extruded material was shredded into pellets that were subsequently utilized for printing. The 

blends evaluated in this study can be divided into 4 series. In L245-DL25 and L245-DL70 blends, 

low molar mass DL25 or DL70 was added in multiple concentrations to the high molar mass L245. 

L245-SC represents the class of blends prepared in which SC crystals were added to L245. L245-

DL70-SC blends consist of L245 in combination with both DL70 and SC crystals. The concentration 

range of the low molar mass additives (DL25 and DL70) and SC crystals was based on the 

printability at 180°C, stressing the effects of low molar mass additives while keeping the heat 

management constant. A printability window was empirically determined based on coupling 

machine limits to the zero-shear viscosity as evaluated by rheometry measurements.  

3.2.3 Fused deposition modeling of samples 

Upstanding bars with a uni-directional 0° deposition strategy were fabricated using an Arburg 

Freeformer. The sample geometry is illustrated in Figure B1 of Appendix B. Via a pressurized 

melt reservoir, stringed droplets were deposited through a nozzle with a high frequency piezo 

actuator. All sample bars were printed under optimized printing conditions that comprise a 

nozzle temperature of 180°C, an ambient air temperature of 70°C and a print speed of 20 mm/s. 

An ambient temperature of 70°C was chosen as it is above the glass transition temperature 
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(thereby promoting interfacial bonding) and sufficiently low to prevent the flow or collapse of 

the entire geometry during printing.   

3.2.4 Thermal behaviour of blends  

Differential Scanning Calorimetry (DSC) was used to validate ideal mixing and identify changes 

in crystallization behaviour of the blends. DSC of the blends was performed using a TA 

instruments Q2000 DSC, weighing 5 mg of material with ± 5% accuracy in hermetically sealed 

aluminum pans. Samples were heated from 25 to 200°C at a rate of 10°C/min and held for 3 

minutes isothermally before successively cooling to 25°C at a rate of 10°C/min. Additionally, 

isothermal (melt and cold) crystallization experiments were performed to calculate the onset 

times of crystallization. For melt crystallization, samples were cooled from 200°C to the desired 

isothermal crystallization temperature at a cooling rate of 30°C/min and kept isothermally for 

1 hour. For cold crystallization, amorphous samples, which were prepared by melt quenching, 

were heated to the desired crystallization temperature at 30°C/min and kept isothermally for 

1 hour.  

3.2.5 Rheology studies for blends  

Melt rheology of the prepared blends was studied using a TA Instruments DHR1 rheometer 

operating in parallel plate geometry under nitrogen atmosphere. The plate diameter was 25 mm 

and the gap size was set to 0.8 mm. Oscillatory frequency sweep tests were carried out at 180 °C 

employing a constant shear strain of  0.5% and a frequency range of 1-100 rad/s. 180 °C was 

chosen as at this temperature all samples were printable.  

3.2.6 Crystalline morphology of printed samples  

To understand the crystalline morphology, samples were cut into parts with a width of 3 mm 

from the top end of the sample. By cutting at the central region of the parts along the z-axis 

with a Leica EM UC7 ultra-microtome, thin slices of 2.5 µm thickness were obtained. Polarization 

Optical Micrographs (POM) of the slices were taken between cross-polarizers using an Olympus 

BX53 microscope equipped with an Olympus DP26 camera.  

3.2.7 Mapping thermal history of printed samples  

Temperature profiles were recorded below the first deposited layer using a 0.15 mm K type 

thermocouple embedded in the base plate of the printer. The thermocouple was placed in the 

middle of the bottom layer. High accuracy in data acquisition was guaranteed by a DataQ DI718 

data acquisition system read-out system with 1 kHz sampling frequency.   
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3.2.8 Mechanical Characterization  

To test the bonding mechanically, dynamic mechanical testing under torsion was carried out in 

an Anton Paar MCR 302 rheometer. The strain was set at 0.1 %, the frequency at 1 Hz and the 

storage modulus (G’) was recorded in a temperature range from 40°C to 120°C using a heating 

rate of 5°C/min.  

3.3 RESULTS AND DISCUSSION  

3.3.1 Printability and selection of blends 

To study the effect of the different LMW additives on structure evolution and consequential 

interlayer weld stiffness, a single melt nozzle temperature is preferred. Using rheometry, the 

nozzle temperature was empirically linked to the zero-shear viscosity of L245 (Figure B2 of 

Appendix B) that enabled us to determine a printability window. Any composition possessing a 

zero-shear viscosity above 5000 Pa.s is found to be too viscous for extrusion. Any composition 

characterized by a zero-shear viscosity below 500 Pa.s, could not be printed due to uncontrolled 

fluctuations in volume flow rate and consequential loss in print resolution.  

 

Figure 3.2: Analysis of (a) molar mass distributions and (b) the rheological response of L245 based blends 
in which different LMW poly(lactides) with variations in enantiomeric composition and molar mass are 
added. The blends are based on 5 or 10 wt-% stereocomplex (SC) based LMW additives or 10 to 40 wt-% 
of non-crystallizable PDLLA of 25 g/mol (DL25).   

 

The influence of the LMW additives on the printability of the thus prepared blends, of which the 

GPC traces are given in Figure 3.2(a), was linked to molecular composition by means of 

frequency sweep at 180°C, Figure 3.2(b). Upon increasing the fraction of LMW non-crystallizable 

additive, clearly expressed by the presence of shoulder at 40 kDa for the L245-DL25 samples in 

Figure 3.2(a), the complex viscosity decreases. In fact, for LMW DL25 fractions higher than 20 

NOT PRINTABLE 

NOT PRINTABLE 

PRINTABLE 

(b)

1 10 100
101

102

103

104

105

106
 L245
 L245-SC-90/10
 L245-SC-95/05
 L245-DL25-90/10
 L245-DL25-80/20
 L245-DL25-70/30
 L245-DL25-60/40

C
om

pl
ex

 v
is

co
ci

ty
 (P

a.
s)

w (rad/s)

103 104 105 106 107 108
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

W
(lo

g(
M

))

Molar mass(Da)

 L245
 L245-SC-90/10
 L245-SC-95/05
 L245-DL25-90/10
 L245-DL25-80/20
 L245-DL25-70/30
 L245-DL25-60/40

(a)

  3 



- 44 - 
 

wt-% the zero-shear viscosity falls below the lower printability limit that was defined at 500 

Pa.s. Since the reduction in viscosity is the highest for the lowest molecular weight DL additive, 

the highest fraction of LMW DL additive was set at 20 wt-%. Since the melt temperature at the 

nozzle was fixed at 180ºC, to ensure constant heat management stressing the effect of blend 

composition on final structure and weld mechanics, the LMW stereocrystals do not melt. As a 

consequence, the complex and zero-shear viscosity at 180ºC increases as their weight fraction 

increases, as observed for the L245-SC samples in Figure 3.2(b). With the addition of 10 wt-% 

stereocomplex based LMW the viscosity surpasses the upper printability limit of 5000 Pa.s, 

restricting the fraction of stereocomplex based LMW additives to 1 and 5 wt-%. The selected 

blend compositions for the study, of which the GPC traces are given in Figure B3 of Appendix B, 

are systematically listed and coded in Table 3.1. It is to be noted that for L245-D70-SC blends, 

the DL70 concentration was set to 19 and 15 wt-% respectively, to have sufficiently high weight 

fractions of LMW species. To be effective, the stereocomplex-based LMW additives must be 

dispersed homogeneously throughout the L245 matrix after blending. Polarized optical 

microscopy of the L245-SC blends heated above the melting temperature of the L245 PLA matrix 

(200ºC) (see Figure 3.3) proofs the homogeneous distribution of micron-sized stereocrystal based 

domains.  

 

Figure 3.3: Polarized optical micrograph of L245-DL70-SC-15/05 at 200ºC, illustrating the homogenous 
distribution of micron-sized PLA stereocrystals.  

 

Table 3.1: Composition of the studied blends in wt-%. 

Series  Coding L245 

(wt%) 

DL25 

(wt-%) 

DL70 

(wt-%)  

SC (wt-

%) 

 L245-DL25 

L245-DL25-95/05 95 05 - - 
L245-DL25-90/10 90 10 - - 
L245-DL25-85/15 85 15 - - 
L245-DL25-80/20 80 20 - - 

L245-DL70 L245-DL70-95/05 95 - 05 - 
L245-DL70-90/10 90 - 10 - 
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L245-DL70-85/15 85 - 15 - 
L245-DL70-80/20 80 - 20 - 

L245-SC L245-SC-99/01 99 - - 01 
L245-SC-95/05 95 - - 05 

L245-DL70-SC L245-DL70-SC-19/01 80 - 19 01 
L245-DL70-SC-15/05 80 - 15 05 

 

3.3.2 Thermal behaviour of blends  

To validate ideal mixing and its potential effect on L245 crystallization, the thermal behaviour 

of the prepared blends was studied by differential scanning calorimetry (DSC). Figure 3.4 shows 

the DSC curves obtained on cooling from the melt at 10°C/min. The L245 blends show typical 

semi-crystalline transitions for PLLA: melt crystallization (Tc) and glass transition temperature 

(Tg) that are given as a function of LMW PDLLA fraction in Figure 3.5(a). At a heating rate of 

10ºC/min, the glass transition of the LMW PDLLAs is 38ºC and substantially lower than PLAs high 

in enantiomeric purity. Like most PLAs, L245 possesses a glass transition temperature of 64ºC. 

Albeit different compositions, all blends exhibit a single Tg that shifts to lower temperatures 

with increasing weight fraction w neatly following the Fox equation 1/Tg = (w1/Tg1)+(w2/Tg2), 

indicating melt miscibility of PLLA and PDLLA. The exact glass transition and crystallization 

temperatures are given in Table B1 of Appendix B.  

Like the glass transition temperature (Tg), the crystallization temperature (Tc) of both DL25 and 

DL70 L245 blends decreases gradually upon increasing PDLLA fraction. Up to 10 wt-% of PDLLA 

additives, the normalized crystallization enthalpy upon cooling with 10ºC/min remains identical, 

namely 16-17 J/g (Figure 3.5(b)). However, above a PDLLA weight percentage of 10 wt-%, the 

normalized crystallization enthalpy, and thus L245 crystallinity, lowers significantly. As the 

exothermic peak broadens and extends towards the glass transition region, it is evident that the 

addition of LMW PDLLA chains retard crystallization. Here, it is important to specify the 

enantiomeric composition of the LMW poly(lactide) additives as enantiomerically pure LMW PLA 

additives that are identical to the matrix are known to promote crystallization 34, but would be 

on the expense of molecular diffusion in weld formation. Even though blends with 20 wt-% PDLLA 

(L245-DL70-80/20 and L245-DL25-80/20) barely crystallize at a cooling rate of 10⁰C/min, the 

addition of 1 wt-% stereocomplex based LMW additives (L245-DL70-SC-19/01) leads to a distinct 

increase in both crystallization temperature and normalized crystallization enthalpy. Upon an 

increase in stereocomplex percentage to 5 wt-% (L245-DL70-SC-15/05), an increase in both Tc 

and ∆Hmc is observed.  Interestingly, on comparing blends containing SC crystals with and 

without the presence of DL70 (Figure 3.4(c) and (d)), it can be seen that the nucleation 

efficiency of SC crystals is higher in the presence of  LMW PDLLA fraction (DL70). For instance, 

the same faction of SC crystal, PL245-SC-99/01 exhibits a lower Tc and ∆Hmc than PL245-DL70-

  3 
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19/01. The high normalized enthalpy of the stereocrystal enriched samples also indicates that 

none of the L245 samples without stereocrystals crystallize to their maximum extent.  

In the context of FDM, these results indicate that the retardation in crystallization, caused by 

the addition of LMW PDLLA fraction, promotes molecular diffusion across the weld interfaces 

but may induce geometrical instability. The addition of SC crystals accelerates the 

crystallization of the PLLA matrix, but whether actual improvement in weld stiffness is realized 

depends on (i) the viscosity of the matrix, (ii) process dependent heat management and (iii) 

crystallization rate – the topic of the subsequent sections.  

 

 
 

Figure 3.4: DSC thermograms based on cooling from 200⁰C at 10⁰C/min for (a) L245-DL25, (b) L245-DL70 
and (c) L245-DL70-SC and (d) L245-SC bends.  
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Figure 3.5: (a) Glass transition temperature (Tg) and crystallization temperature (Tc) plotted as a 
function of PDLLA fraction and (b) normalized crystallization enthalpy plotted as a function of PDLLA 
fraction for the studied blends. L245 represents the PLLA phase, L245-DL25 represents the blends 
containing DL25 as LMW fraction, L245-DL70 represents the blends containing DL70 as LMW fraction and 
L245-DL70-SC represents the blends containing DL70 and SC crystals.  

 

3.3.3 Melt rheology of blends  

To obtain mechanically robust interfaces, diffusion, mixing and entangling of chains across the 

weld interface is important. At the interface of layers, the weld is subjected to localized 

melting, where the interpenetration of chains occurs 1,2. Melt rheology provides insights into the 

diffusivity of chains. Figure 3.6 depicts the complex viscosity of the blends as a function of 

angular frequency. Figure 3.6(a) and (b) show that an increase in LMW PDLLA fraction leads to 

a decrease in the complex viscosity that can be explained by the decrease in effective molar 

mass of the blend. Due to the macromolecular and chemically identical nature of the additives, 

the observed plasticization effect is predominantly effective in the melt state. Conventional 

plasticizers, on the contrary, are mostly low in molar mass and lower the glass transition 

substantially, often below or close to room temperature altering the mechanical properties like 

stiffness and yield stress in operation 35–40. In this study, the selection of non-crystallizable LMW 

poly(lactides) lowers the complex viscosity to facilitate processing and welding while the glass 

transition temperature is reasonably retained. 

In Figure 3.6(c) the effect of adding SC based LMW additives on the complex viscosity of L245 

matrix can be seen. As SC crystals melt at a higher temperature than the PLLA 

homocrystals16,28,41 (~ 170°C for PLLA and ~230°C for SC crystals), the SC based additive exists 

as semi-crystalline domains that are dispersed throughout the molten matrix at 180°C (Figure 

3.3) and increase the complex viscosity. However, 1 wt-% L245-SC-99/01 influences the complex 

viscosity and flow behaviour only slightly. On increasing the concentration to 5 wt-% (L245-SC-
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95/05), the zero-shear complex viscosity increases by 28% with respect to L245 reaching the 

upper zero-shear viscosity limit. Although the intended nucleation may be beneficial in 

achieving spatial homogenization of crystallinity and thermodynamic/geometrical stability, flow 

behaviour and mechanically effective weld formation are likely hindered. To compensate, an 

additional class of blends was formulated combining the enhanced nucleation efficiency of SC 

based LMW additives with plasticization of the non-crystallizable LMW PDLLA additives, referred 

to as L245-DL70-SC. As in the non-plasticized case, the addition of 1 wt-% SC based LMW additive 

only slightly affects the complex viscosity and thus the flow behaviour. For 5 wt-% of SC based 

LMW additives, the complex viscosity increases by 200% with respect to the plasticized L245-

DL70-80/20 blend at 180°C. 

 

Figure 3.6: Complex viscosity plotted as a function of radial frequency for PDDLA (DL) plasticized (a) 
L245-DL25, (b) L245-DL70 PLA blends, and stereocrystal (SC) enriched (c) L245-SC and (d) L245-DL70-SC 
blends.  
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How the induced changes in flow and crystallization behaviour affect chain diffusion and re-

entangling across weld interfaces depends on several factors. Firstly, as the entanglement 

molecular weight of PLLA is typically reported to be 4 kg/mol 44– ideally – single chains of DL 25 

and DL70 can only engage in form 5 and 16 entanglements respectively. Secondly, as seen in 

Figure 3.6(a) and (b) the viscosity scales inversely with the fraction of DL25 or DL70. Thus, under 

the same processing history, higher low molecular weight fractions should promote more 

interpenetration of chains at the interface. Thirdly, the effect of the additives on the onset of 

PLA L245 matrix crystallization and chain diffusion needs to be considered in the context of the 

complex heat management in FDM printing that is discussed in the next section.     

3.3.4 Heat management and crystallization in FDM 

An ultrathin thermocouple was embedded in the build plate to record the temperature of the 

first layer during the entire printing process. The temperature profile imposed on the first layer 

for a print speed of 20 mm/s is depicted in Figure 3.7(a) and (b). Each time the nozzle passes 

over the thermocouple, a sharp increase in temperature is seen. Moreover, interesting trends 

are observed based on the peak maxima and minima as a function of time. Firstly, the highest 

increase in temperature (first peak maximum) is seen for the first layer and decreases on the 

deposition of subsequent layers. After approximately 75 seconds, the peaks are no longer 

observable and the temperature gradually reduces to the set ambient temperature of 70°C. 

Secondly, under these print conditions, the peak minima increase initially to temperatures well 

above 70°C, meaning that not all administered heat is dissipated to the surroundings. The 

generated temperature profiles are overlaid by the crystallization onset times (t0) for isothermal 

melt crystallization (MC) and cold crystallization (CC) at different temperatures. The onset 

times have been derived from isothermal measurements at different crystallization 

temperatures and is embedded in Appendix B, Figure B4. To understand how molecular diffusion 

and crystallization proceed towards part completion in FDM, the distinction between melt and 

cold crystallization is pivotal. This methodological alignment of FDM specific heat management 

and crystallization rates have proven to be effective in understanding the accessible time-scales 

for molecular diffusion and completion of crystallization 3. If due to printing speed and 

geometrical design (which are collectively represented by the heating profiles), crystallization 

in melt deposition is (partly) suppressed by approaching the glass transition temperature, the 

poly(lactides) will “cold crystallize” upon reheating by an additively deposited melt.3  

In line with the results of section 3.1, both the addition and increasing molar mass of the non-

crystallizable LMW PDLLA the onset time of melt and cold crystallization and thus the time for 

molecular diffusion in weld formation increase, Figure 3.5(a). Furthermore, the intersection of 

the temperature profile with the crystallization curves suggests that melt crystallization during 

initial deposition (the first sharp temperature decline starting at 140°C) does not occur for any 
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of the blends studied. As the rate of cold crystallization is faster, crystallization is expected to 

proceed primarily via cold crystallization. Nevertheless, the addition of the PDLLA of 70 kg/mol 

reduces the crystallization rate to such an extent that crystallization during printing may not 

occur at all.   

 

Figure3.7: Temperature profile measured at the center of the bottom layer at a print speed of 20 mm/s 
overlaid by the isothermal crystallization onset times for melt crystallization (solid) and cold 
crystallization (dotted) for (a) PLLA/PDLLA (DL) blends with 20 wt-% PDLLA of either 25 or 70 kg/mol, 
and (b) stereocomplex enriched PLLA-PDLLA-SC blends (DL-SC and SC) against pure and a PDLLA 
plasticized PLLA 245 (L245 and L245-DL70 respectively).  

 

In Figure 3.7(b) the crystallization onset times (t0) for isothermal melt crystallization (MC) and 

cold crystallization (CC) have also been overlaid with the specific temperature profile for blends 

containing the stereocomplex based additives crystals with and without LMW DL70. As expected, 

a drastic reduction in the onset time of melt and cold crystallization is observed. Intersection 
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of the temperature profile with the melt and cold crystallization curves (solid/dashed red and 

green lines) suggests that crystallization during initial deposition occurs. Based on the findings 

of the previous chapter 3, upon crystallization, molecular diffusion across layer interfaces 

arrests for PLA. However, the presence of (i) a mobile non-crystallizable phase witnessed by the 

reduced complex viscosity and (ii) sufficient reheating and melting of a previously deposited 

layer in the L245-DL70-SC samples, may improve interfacial diffusion despite the enhanced 

crystallization rate. To recall, in the previous section, we found that even though SC crystals 

are present up to 5 wt-%, the zero-shear viscosity at 180°C is lower than that of L245 at the 

same temperature. Additionally, the presence of SC crystals will also promote the crystallization 

of the PLLA. How potential diffusion, entangling and crystallization of the LMW modified PLA 

L245 blends influences interfacial bonding is elucidated into the forthcoming section, where the 

interfacial stiffness of printed parts is evaluated. 

3.3.5 Interfacial Mechanical properties of 3D printed parts   

In the absence of crystals, the mechanical integrity of FDM weld interfaces is determined by the 

number of entanglements per chain formed upon interfacial diffusion1,23,43. Additionally, it has 

been shown that the presence of crystals specifically directed at the interface by alternating 

deposition of enantiomerically opposite poly(lactides), significantly enhances the interfacial 

stiffness and thermo-mechanical performance 9. Torsional oscillatory DMA in a temperature 

range from 40°C to 120ºC, specifically transferring the stress to the interface, was conducted 

to study the effect of LMW PDLLA induced melt plasticization and nucleation of stereocomplex 

based additives on weld mechanics, Figure 3.8. For the plasticized PLA245-DL25 and PLA245-

DL70 series, only the samples containing 20 wt-% LMW fraction are depicted as they exhibit the 

lowest crystallization rate. Above the glass transition, the reference material L245 shows a 

considerable drop and successive increase in storage modulus around 90°C due to cold 

crystallization, indicating low crystallinity after printing. For blends containing PDLLA LMW 

fractions (L245-DL25-80/20 and L245-DL70-80/20), the drop in storage modulus is even larger, 

meaning that the crystallinity attained after printing is lower than the reference L245. In fact, 

upon increasing molar mass of the non-crystallizable PDLLA fraction, the initial crystallinity 

progressively lowers as predicted by the intersections of the temperature profile and isothermal 

crystallization curves, Figure 3.7. Also, the plasticization effect of the LMW PDLLAs is evident 

and follows the Fox equation as observed by DSC.  On the contrary, in blends containing SC 

crystals (L245-SC-99/01 and L245-DL70-SC-19/01) no reorganization is seen above the glass 

transition temperature proving that the addition of 1 wt-% SC based LMW additive is sufficient 

to achieve maximum crystallinity and thus a thermodynamically and thus geometrically stable 

state. The above results are corroborated by polarized optical micrographs that are embedded 

in Figure B5 of Appendix B.  

  3 
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In Figure 3.9(a), the storage modulus (G’) at 40⁰C is plotted as a function of PDLLA fraction 

(DL25 or DL70) for compression molded and fused deposition modeled samples. The storage 

modulus of the compression molded samples represents the intrinsic bulk stiffness of the various 

blends. The samples were prepared in a mold of 20x5x1 mm3 in dimension and operating at 

180⁰C, from where the samples were quenched in acetone of -80ºC to ensure a fully amorphous 

state. For all compression molded samples containing LMW PDLLA additives (L245-DL70 and 

L245-DL25 blends), the storage modulus is only slightly negatively affected by the addition of 

LMW species. This is expected as the effective molecular weight of these blends is well above 

the entanglement molecular weight of PLA. It has been observed that once a critical number of 

entanglements have been achieved, an increase in stiffness with molecular weight is limited 

and a plateau is reached 15,44.  

 

 

Figure 3.8: Torsional storage modulus G’ plotted as a function of temperature for L245, plasticized 
L245-DL70-80/20 and L245-DL25-80/20 possessing both 20 wt-% of LMW PDLLA (DL), and stereocomplex 
(SC) enriched L245-DL70-SC-19/01 and L245-SC-99/01 blends. 

 

However, under FDM conditions, trends are observed on varying the PDLLA concentration and 

molecular weight (Figure 3.9(a)). For the L245-DL25 blends, the modulus remains constant for 

concentrations up to 15 wt-% and is slightly lower than the modulus of the reference material 

(L245). Above 15 wt-% of DL70 a sharp decrease in modulus is observed. The blend containing 

20 wt-% of DL25 has a modulus of almost 40% lower than the printed reference sample. Even 

though DL25 provides the highest diffusivity, it has no positive impact on the interfacial 

stiffness, which is likely due to the lack of a new mechanically functional entanglement network 

across the interface. Note that the molecular weight of DL25 is only about 6 times the molecular 

weight between entanglements for PLLA. At a very high concentration of DL25 the sharp 
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decrease in modulus, which is disproportionally larger than in the case of the molded samples, 

furthermore, suggests a high fraction of low molecular weight chains at the interface due to 

flow-induced fractionation.  

 

Figure 3.9: Torsional storage modulus at 40°C for (a) plasticized blends containing low Mw PDLLA (DL25 
or DL70) and (b) blends containing stereocomplex (SC) with (L245-DL-SC) or without plasticizing DL70 
(L245- SC blends). In (a) and (b) the dotted lines represent the bulk stiffness measured on compression 
molded DL25 and DL70 respectively. 

 

Interestingly, a different trend is observed for the increasing weight fraction of L245-DL70 in 

the blends. Within the studied range of LMW additives, the modulus of the compression molded 

samples is not affected. For the FDM samples, concentrations up to 10 wt-% enhance the storage 

modulus from 0.546 GPa to 0.632 GPa, corresponding to a roughly 15% increase in stiffness. At 

concentrations above 10 wt-%, the gain in properties due to the presence of DL70 chains 

diminishes and is likely caused by the excess of DL70 chains at the interface. It appears that it 

is vitally important that molecular weight and concentration are balanced to achieve any 

mechanical stiffening.  It should also be noted that under these printing conditions, the 
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influence of PLLA crystallization on the interface stiffness can be neglected. All FDM samples 

based on L245-DL25 and L245-DL70 blends are highly amorphous, as proven by Figure 3.8. 

In Figure 3.9(b) the storage modulus of compression molded and FDM printed samples are 

plotted upon increasing weight fraction of SC based LMW additives for L245-SC and L245-DL70-

SC blends. To recall, the presence of stereocrystals entails molded and FDM samples that are 

fully crystalline in nature. On the one hand, crystallization can be beneficial to increase the 

stiffness, but as the crystallization already begins before the deposition of a new additive layer, 

Figure 3.7(b), the crystalline phase of the previous layer at the interface must melt to facilitate 

molecular diffusion.    

For L245-SC blends prepared via compression molding, the stiffness slightly increases on 

increasing the fraction of SC based LMW additives in the blend. The effect can be attributed to 

the presence of solid SC crystals 27,45. For samples prepared via FDM, it is observed that for 1 

wt-% SC based LMW additives, the stiffness is higher than the reference material by almost 15% 

clearly indicating that crystals contribute to the realized stiffness. Here, crystals provide 

reinforcement, even though diffusion would be hindered. For blends with higher concentrations 

of SC based LMW additives, the hindrance to diffusion becomes more prominent, likely 

explaining the decrease in stiffness while the crystallinity for all samples is equally high. In fact, 

for the blend with 5 wt-% SC based LMW additive, the storage modulus is lower than that of the 

reference material L245. Another blend with 3 wt-% SC based LMW additives was prepared, but 

already at this concentration a decline in stiffness is observed. The progressive increase in 

crystallization rate upon increasing the fraction of SC based LMW additives, Figure 3.5(b), 

clearly hinders interlayer diffusion and mechanical reinforcement of the weld interface but 

secures thermodynamic and geometrical stability. 

Since the LMW PDLLA additives cannot crystallize, they may provide sufficient diffusion to the 

SC nucleated bends. In Figure 3.9(b) the interfacial stiffness of L245-DL70-SC blends is given 

with increasing fraction of SC based LMW additives. Like observed before, the presence of 

stereocrystals causes an increase in the stiffness of the compression molded samples. Under 

FDM conditions, the blend containing 1 wt-% SC based LMW additive (L245-DL70-SC-19/01) shows 

a substantial 28% increase in stiffness as compared to the reference material. In comparison, 

the corresponding blend without the non-crystallizable DL70 (L245-SC-99/01) shows only an 

improvement of 15%, as discussed earlier. Upon increasing the fraction of SC crystals the 

stiffness decreases, which can be attributed to the SC induced (i) increased overall 

crystallization rate (Figure 3.5(b)) and/or (ii) increased melt viscosity (Figure 3.6(c)) that both 

restrict diffusion of chains across the weld interfaces.   
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3.4 CONCLUSIONS 
 

To mechanically improve fused deposition modeled weld interfaces, the influence of 

enantiomeric composition and relative weight fractions of multimodal poly(lactide) blends on 

molecular diffusion and crystallization in weld formation has been systematically and selectively 

studied independently from shape. Based on the judicious selection of the enantiomeric 

composition of particularly the low molar mass fraction(s), interfacial molecular diffusion 

and/or co-crystallization of polylactide chains physically anchoring chains across the interface 

are promoted.  

Albeit possessing the identical chemistry, the random enantiomeric composition of low molar 

mass  PDLLA additives slightly lowers the glass transition temperature of the resulting blend. 

The trend in the glass transition temperature follows the Fox equation, implying full miscibility. 

It is particularly the complex viscosity of the melt that decreases substantially and, that in 

combination with reduced crystallization rate, enables molecular diffusion at weld interfaces. 

The low amount of entanglements per low molar mass chains leads to poor interfacial stiffening. 

However, if the molar mass of the non-crystallizable low molar mass PDLLA additive increases, 

the crystallization rate is reduced to such an extent that ultimate completion of crystallization 

and thus geometrical stability will not be realized. While the intrinsic torsional stiffness of the 

blends barely changes with the addition of non-crystallizable low molar mass fractions, the weld 

stiffness of fused deposition modeled parts lowers with too high concentrations of non-

crystallizable PDLLA. Only for a reasonably high molar mass and low weight fractions of the non-

crystallizable molar mass, a 15% stiffening of the weld interface is observed.       

The need for interfacial co-crystallization where chains of successively deposited strands are 

physically anchored by individual crystals is evident from a mechanical perspective. However, 

the addition of solely stereocomplex based low molar mass additives results in well-dispersed 

semi-crystalline domains that increase the crystallization rate to the moment of melt 

deposition. Thereby, challenging printability, interfacial molecular diffusion and mechanical 

reinforcement of the weld interface but securing complete crystallization and thermodynamic 

stability.  

On combining both additives by selecting the higher molar mass non-crystallizable low molecular 

weight PDLLA, the zero-shear viscosity of the melt reduces considerably although the 

crystallization rate of the blends remains high due to the stereocomplex nucleation and 

complete crystallization throughout the entire fused deposition modeled object is observed. 

The plasticization effect of the non-crystallizable low molar mass PDLLA promotes molecular 

diffusion and mixing in weld formation, albeit the presence of nucleating stereocrystals. The 

engagement of polymer chains originating from both sides of the interface in a semi-crystalline 

  3 
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network upon weld formation distinctly increases ultimate weld stiffness and 

thermodynamic/geometrical stability of fused deposition modeled poly(lactide) blends.  
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Chapter 4 
 

Interfacial stereocomplexation to 
strengthen fused deposition modeled 
poly(lactide) welds 
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ABSTRACT  

The inter-layer stiffness of fused deposition modeled (FDM) parts is significantly impaired by 

the slow diffusion and re-entangling of polymer chains across filament interfacial welds in the 

build direction. To mechanically reinforce FDM interfaces, a novel approach based on timing 

and spatial direction of stereocomplexation across weld interfaces is introduced via alternating 

deposition of enantiomerically opposite poly(lactides). Fundamental insight in the kinetics and 

spatial distribution of homo- and stereocrystallization at FDM interfaces was successfully 

reconstructed in 2 and 3 dimensions by micrometer resolved Fourier transform infrared 

microscopy and synchrotron wide angle X-ray diffraction tomography. The rate of isothermal 

stereocomplexation and consequential interfacial stiffening increases with decreased absolute 

and relative molar masses. The spatial distribution of stereocrystals is governed by the relative 

molar masses and the extent of inter-diffusion, not only under isothermal but also non-

isothermal FDM conditions. The net local heat dosage, which depends on print speed, governs 

the length-scales of stereocomplexation and thus mechanical reinforcement. Interfacial 

stereocomplexation of poly(lactides) in FDM leads to a distinct 40% increase in stiffness and 

nucleation of bulk filaments, aiding in thermodynamic and geometrical stability. 
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4.1 INTRODUCTION  
 
In recent years, in an effort to create mechanically more robust printed objects, extensive 

research has been carried out on the influence of FDM process conditions on the mechanical 

properties, particularly focusing at layer interfaces. Some of these conditions/parameters 

include deposition strategy 11,12, filament to filament air gap 13, layer height, and bed 

temperature 11. Yet, these strategies improve the mechanical properties only to a certain extent 

and the necessity for more improvement prevails. Meanwhile, other researchers studied the 

problem from the perspective of materials design, adding additives into thermoplastic matrix 

that have yielded improvements.  The effect of embedding short glass and carbon fibers in 

Acrylonitrile Butadiene Styrene (ABS) polymers was studied in terms of 

processability, microstructure and mechanical performance by Zhong et al.14.   Wang et al. 

added thermally expandable microspheres into the matrix polymer and combined FDM process 

with thermal post-treatment to improve tensile strength. Sweeney et al. 15 developed a  concept 

for welding FDM thermoplastic interfaces using intense localized heating of carbon nanotubes 

(CNTs)  by microwave irradiation. The CNTs were spatially localized at the interface by using a 

modified nozzle setup. They reported improvements in fracture strength by up to 275%. It is 

interesting to note that some of these studies report improvements in mechanical performance 

along filament direction and not along the build (z) direction. In addition, the improvements 

are attributed to the addition of a reinforcing phase or modifications during processing. Here, 

reinforcement of the weld interfaces is extrinsic in nature. 

For poly(lactides) or PLA, one answer to improving the mechanical performance of the weld 

interface without the addition of extrinsic reinforcing phases may lie in controlling the spatial 

control of crystallization, particularly around the weld interface. Therefore, it is beneficial to 

look into the crystallization behaviour of PLA. Three isomeric forms of PLA exist according to 

the composition of enantiomers, i.e., poly (L-lactide) (PLLA), poly (D-lactide) (PDLA) and poly 

(DL-lactide) (PDLLA). Polymers of predominantly L or D enantiomers can crystallize depending 

on the degree of purity. Polymers with low enantiomeric purity are typically amorphous. Three 

crystal unit cells have been reported and the structure adopted is a direct result of the 

crystallization conditions 24–26. These comprise the orthorhombic α phase with 103 helical chain 

conformation, a trigonal β and orthorhombic γ forms both marked by 31 helical chain 

conformation. Additionally, blending PLLA and PDLA results in stereocomplex or racemic 

crystallite formation. The packing density and thus spatial proximity of enantiomerically 

opposite chains increases, leading to energetically stronger intermolecular forces 27–29.  

Stereocrystals possess a melting temperature of 220 - 230 °C, which is 50 °C higher than that 

of PLLA or PDLA homocrystals (170 - 180 °C). They also possess better mechanical properties, 

hydrolytic and thermal degradation-resistance, and gas barrier properties 28,29. Today, several 
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routes exist to produce stereocrystals with solution casting and melt blending being the most 

common. Other routes such as solid state drawing 30, compression 31 and repeated casting 32 

have also been developed. However, all these methods lead to stereocrystals that are 

distributed evenly in the polymer matrix, possibly with preferred spatial orientation, but not 

with preferred directed spatial distribution.  

In this chapter, a novel route for the preparation and spatially directing of stereocomplex 

crystals across weld interfaces and consequent mechanical strengthening of FDM parts is 

proposed. Previously, a similar methodology, introducing interfacial stereocomplexation in 

multi-melt multi-injection molding with improved impact toughness and tensile strength, was 

studied by Chen et al. 33.  Fundamental insight in the correlation of twin nozzle FDM heat 

management with the kinetics of interfacial PLA stereocomplexation and consequential 

mechanical reinforcement is gained by combining polarized optical microscopy, rheometry, 

differential scanning calorimetry, spatially resolved Fourier transform infrared spectroscopy, 

synchrotron wide angle X-ray diffraction computed tomography, and dynamic mechanical 

thermal analysis.  

4.2 MATERIALS AND METHODS 

4.2.1 Poly(lactides)  

Three commercial poly(L-lactide) (PLLA) grades with weight average molar masses (Mw) of 148, 

190 and 245 kg/mol, and a poly(D-lactide) (PDLA) grade of 100kg/mol weight average molar 

mass were provided by Corbion Purac. All grades have purity in excess of 99%. Sample coding is 

in analogy to the molar mass, translating into PLLA148, PLLA190 and PLLA245 and PDLA100. 

Details of molecular weights and polydispersity (PDI) are provided in Table 4.1.  

Table 4.1: Number average molecular weight (Mn), weight average molecular weight (Mw) and 
Polydispersity (PDI) for PLLA and PDLA grades* 

Material  Mn (kg/mol) Mw (kg/mol) PDI  

PLLA245  117 245  2.1 

PLLA190 90.5 190 2.1 

PLLA148 72 148 2.05 

PDLA100 47.5 100 2.1 

 

*Determined by Gel Permeation Chromatography (GPC) using HFIP as the eluent and relative to 
Poly(MethylMethAcrylate) (PMMA) 100000g/mol standards. 
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4.2.2 Kinetics and stiffness of stereocomplex formation at melt interface 

Stereocomplex formation at the interface of a PLLA- PDLA layer in the melt state was probed 

via rheometry. The materials were compression molded into discs of 25 mm diameter and 250 

µm thickness using a mold temperature of 200 °C. The samples were slowly cooled in order to 

attain maximum crystallinity. Thereafter, one PLLA and one PDLA disc were stacked, pre-

compacted at low temperature and placed in a 25 mm diameter parallel plate geometry of a TA 

instruments DHR 1 rheometer. The system was heated at a rate of 10 °C/min from room 

temperature to 200 °C and then kept isothermal for 1 hour, while employing an oscillatory shear 

of 0.1% and a frequency of 1 rad/sec. 

A temperature of 200 °C was chosen for the isothermal measurement. The temperature must 

be well above the melting temperature range of PLA homocrystals (upto180°C as confirmed by 

Figure 4.1) but below the melting temperature of the PLA stereocrystals, typically in the range 

of 220 - 230 °C. During the isothermal measurement, the storage modulus (G’) was measured 

as a function of time. A similar approach was adopted by Saeidlou et al. to investigate the 

kinetics of stereocomplex formation under isothermal conditions for melt blended PLLA and 

PDLA 34. 

 

Figure 4.1: DSC thermograms for PLLA245, PLLA190, PLLA148 and PDLA100 on heating at 
10°C/min from room temperature to 200°C.  

 

After the measurement, the sample was cooled down to room temperature and extracted for 

Wide Angle X ray Diffraction Computed Tomography (WAXDCT) measurements at the materials 

chemistry and materials engineering Beamline ID15A of the European Synchrotron Radiation 

Facility (ESRF), located in Grenoble, France. The incident beam had an energy of 65.351 keV, 

focused with lenses to an area of ~ 20 x 50 µm2 (V x H). Measurements were carried out with a 
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resolution of 20 x 100 x 100 µm3 (V x H x H). 46 Layers were measured vertically, and 91 x 101 

projections were taken in the plane in order to cover the entire sample and have a background 

in all dimensions for proper scaling. Count time was 50 ms/projection with 2D data collected 

up to a range of 5 Ả-1 with the Pilatus CdTe 2M detector. 2D patterns were corrected for 

geometry, detector distortion, response, and transparency. Furthermore, the 1D patterns were 

outiler-filtered and azimuthally integrated with a locally modified version of  PyFAI 35. The 

tomographic construction was made by performing filtered back-projection point by point on 

the sonograms of each layer constructed from the 3800 projections. After rearrangement, the 

result is a 3D matrix for each layer of the sample, with each (x,y) voxel containing a 

reconstructed diffraction pattern from that voxel. These diffraction patterns can be analyzed 

to give spatially resolved crystal information about the sample in 3D. After background 

subtraction, the diffraction patterns were integrated over the homo- and stereocrystal peaks to 

generate tomographic reconstructs that reveal their 3D spatial phase distribution. Note that as 

the two phases have essentially identical density, it impossible to obtain a map from absorption 

or even phase-contrast tomography. 

4.2.3 Sample preparation via FDM 

Upstanding bars with a uni-directional 0° deposition strategy were fabricated using an Arburg 

Freeformer. Sample geometry is illustrated in Figure 4.2. The parts consisted of alternating 

layers of PLLA and PDLA, for which the two nozzles were used in conjunction during the printing. 

Via a pressurized melt reservoir, stringed droplets were deposited through a nozzle with a high 

frequency piezo actuator. Sample bars were printed under optimized printing conditions that 

comprise a nozzle temperature of 200 °C and an ambient air temperature of 70 °C. Additionally, 

as the cooling conditions influence the interlayer diffusion and potentially subsequent 

stereocomplex formation, three print speeds were chosen to range from low to high: 10, 20 and 

50 mm/s.  

 

Figure 4.2: Schematic of sample geometry. 
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4.2.4 Characterization techniques for FDM samples 

To test the interlayer bonding mechanically, dynamic mechanical testing under torsion was 

carried out in an Anton Paar MCR 702 rheometer. The strain was set at 0.1 %, the frequency at 

1 Hz, and the storage modulus (G’) was recorded in a temperature range from 30 and 120 °C 

using a heating rate of 5 °C/min. To understand the crystalline morphology across the layers, 

samples were cut into parts with a width of 3 mm from the top end of the sample. By cutting 

at the central region of the parts along the z-axis with a Leica EM UC7 ultra-microtome, thin 

slices of 2.5 µm thickness were obtained. Polarization Optical Micrographs (POM) of the slices 

were taken between cross-polarizers on an Olympus BX53 microscope mounted with an Olympus 

DP26 camera. Fourier Transform Infrared (FTIR) spectra were recorded in transmission mode on 

a Perkin Elmer Spotlight 400 FT(N)IR microscope. An aperture of 3 x 150 µm2, which was 

longitudinally positioned parallel to the interface, was used for spatially scanning the interfacial 

region, accumulating 256 spectra in the range of 4000 to 650 cm−1 with 1 cm-1 spectral 

resolution.  

4.3 RESULTS AND DISCUSSION  

4.3.1 Isothermal interfacial stereocomplexation 

The mechanical response of stereocomplex formation at the interface of molten PLLA and PDLA 

was observed utilizing oscillatory shear rheometry at 200°C. To follow the evolution of the 

storage modulus G’ as a function of time the frequency was set at 1 rad/s, representing zero-

shear viscosity conditions for PLAs, Figure 4.3. Under these conditions, the behaviour as 

recorded by rheometry is not biased by shear. For all measurements, layer 1 is PDLA100 and 

layer 2 is made of PLLA with varying molar mass to influence molecular diffusion across the 

interface that precedes stereocrystallization. Figure 4.4 depicts the storage modulus G’ of the 

molten enantiomerically opposite PLAs as a function of time at 200°C. After 1 hour, all samples 

show an increase in G’. Taking the melting temperatures of stereocrystals (220 - 230 °C) into 

account, the increase in G’ is likely due to the formation of a physical network in which the 

stereocrystals cooperatively provide resistance against shear deformation. To confirm that the 

observed increase in G’ is due to the formation of stereocrystals, the same experiment is carried 

out by replacing PDLA100 with a PLLA grade with the same molar mass, named as  PLLA100. The 

trends are given in open symbols in Figure 4.4 and confirm that the increase in G’ in the absence 

of stereocrystals is negligible. 

Though typical profiles for polymer crystallization over time are recognized, distinct differences 

for the different combinations of relative molar masses (or molar mass ratios) are observed in 

Figure 4.4. For the largest relative molar mass, i.e. PLLA245-PDLA100, the onset of 

crystallization is observed at about 400 seconds after which the storage modulus increases. 
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Although the increase in storage modulus diminishes, not reaching a plateau indicates that 

stereocrystallization still occurs at the end of the experiment. For the lower relative molar 

mass, i.e. PLLA190-PDLA100 and PLLA148-PDLA100, stereocrystals are already being formed at 

the start of the isothermal measurement, time t0. In fact, G’ of the PLLA148-PDLA100 

combination is higher than for PLLA 190-PDLA100 at t0, which indicates that the extent of 

interfacial stereocrystallization at t0  is the highest for the lowest relative molar mass. It is 

known that the overall crystallization rate of PLAs, in particularly this molar mass range, is 

affected by molar mass 16,36,37. However, the process of stereocrystallization under these specific 

conditions does not classify as traditional crystal growth of polymers in bulk, where a polymer 

chain is reeled into the crystal growth front 38.  

 

Figure 4.3: Complex viscosity (a) and storage modulus (b) of PLLA245, PLLA190 and PLLA148 plotted as 
a function of angular frequency. 

 

The dynamics of interfacial stereocomplexation as registered by rheometry depend on 

molecular diffusion of one stereo-specific PLA into the other and vice-versa – the process that 

precedes crystallization. The diffusivity (D) of polymers is inversely related to the molar mass 

(M) by D µ M-2 as described by the reptation theorem 39. As the molar mass of the PDLA is equal 

in all three experiments, the increasing molar mass of PLLAs seems to govern the rate of 

stereocrystallization. Moreover, as time progresses and the rate of stereocomplex formation 

decreases, the highest interfacial stiffness is observed for PLLA245-PDLA100. It is likely that due 

to the higher molar mass of PLLA245 the physical network formed is denser and mechanically 

more resilient. Similar results were reported by Wei et al. 40, who reported that stereocrystals 

in highly asymmetric PLLA-PDLA blends stiffen the PLLA melt due to a physical cross-linking 

effect. Albeit the fact that the highest ultimate G’ is witnessed for the highest relative molar 
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mass, missing the starting of G’ of the lower relative molar mass samples hinders insight in the 

absolute stiffening of the interface.    

 

Figure 4.4: Storage Modulus (G’) at 1 rad/s of two pre-compacted molten PLA disks with opposite (closed 
symbols) and identical  (open symbols) enantiomeric composition as a function of time to probe the 
kinetics of interfacial stereo complexation upon change in relative molar mass at 200 ⁰C.  

 

Further insight into the spatial distribution of stereocrystals in the cooled rheometry discs is 

provided via synchrotron Wide Angle X-ray Diffraction Computed Tomography (WAXDCT). The 

tomographic reconstruction of the diffraction patterns, presented in Figure 4.5, is based on the 

(110)/(200) and (110) diffraction signals of the homo and stereocrystals respectively as 

highlighted in Figure 4.5(a). Note that cooling of the rheometry discs at the end of the 

experiment induces additional homocrystallization. The primary crystalline phase is associated 

with PLLA and PDLA homocrystals with different diffraction peaks at q values of 1.17 and 1.34 

A-1.  The second crystalline phase is of the stereocrystals and is represented by diffraction signals 

at q values of 0.84 and 1.48 A-1.  
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Figure 4.5: Tomographic reconstruction of a PLLA148-PDLA100 rheometry disk based on wide angle X-
ray diffraction, visualizing the spatial distribution of α homo- and stereocrystals. The reconstruction is 
based on the integration of the (110)/(200) and (110) diffraction signals of the homo- and stereocrystals, 
as indicated in (a), respectively. Layer (z) averaged integrated diffraction patterns as a function of the 
z-axis are plotted in (b), whereas the spatial distribution in 3D is given in (d). The averaged population 
of homo- and stereocrystals as a function of sample thickness is depicted by the intensity of the 
(110)/(200) and (110) as a function of z respectively, (c). (Red = high intensity, Blue = low intensity). 
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Tomographic reconstructions revealing the 3D spatial distribution of stereo- and homocrystals 

in different x-y planes across the sample thickness (z) are shown in Figure 4.5(d) and 

complimented by averaged integrated diffraction patterns as a function of sample thickness in 

Figure 4.5(b). The intensity of the representative stereo- and homocrystal diffraction peak, and 

thus their proportional fractions, are plotted in Figure 4.5(c). The initial z-value of the interface 

is at 250 µm, but it is evident that the presence of stereocrystals concentrated in the z-region 

from about 80 to 330 µm with a distinctly higher fraction on the initial PLLA side of the interface. 

Within the timescales of the experiment, it is predominantly the relatively low molar mass PDLA 

that diffuses into the PLLAs, featuring lower diffusivity and higher zero-shear viscosity with 

increasing molar mass. Hence, by means of the different relative molar mass of the 

enantiomerically opposite PLAs the spatial size and mechanical significance of the interface in 

FDM can be tailored. Figure 4.5(c) also reveals that upon cooling the sample with 10 °C/min 

homocrystallization is observed for the PDLA100, typically above a z-value above 330 µm. 

Descending through the sample, i.e. reducing z, the fraction of homocrystals tends to increase 

initially before it decreases. The comparison of the tomographic intensity plots of the homo- 

and stereocrystals in the z-range of 160 to 320 µm reveals that the plots are mirror images. 

Stereocrystallization thus occurs in spatially small areas where, upon cooling, no 

homocrystallization occurs. This explains the decreased fraction of PDLA100 homocrystals in the 

mixing zone. Due to the increased molar mass, no or marginal homocrystallization of the 

PLLA148 is observed at low z-values. However, upon increasing the z-value, the fraction of 

homocrystals increases that taking the increased enthalpy of stereocrystals into account 28,29,36, 

is unlikely to originate in homocrystallization of PDLA100. Instead, stereocrystals formed at 200 

°C seem to promote homocrystallization of PLLA148 upon cooling at 10 °C/min via enhanced 

nucleation 18 40. The relatively low homocrystallization rates of the pure enantiomerically 

opposite PLAs and successive nucleation effects of the stereocrystals seem ideal to solve the 

compromise between interfacial bonding and complete crystallization securing thermodynamic 

stability in FDM 16. It must be kept in mind that translating this concept to FDM imposes 

additional challenges. FDM processes involve complicated sequential heating and cooling steps 

that induce re-melting, cold and melt crystallization, and annealing. The timescale for 

interfacial diffusion and successive stereocrystallization in FDM is limited. Mcllory et al. 41 

predicted inter-diffusion between layers to occur over length-scales matching the radius of 

gyration. In the next section, a translation of the proposed concept to the non-isothermal 

conditions of a twin headed FDM process will be elaborated.  
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4.3.2 Non-isothermal interfacial stereocomplexation in FDM printing  

The effect of interfacial stereocomplexation on (interfacial) structure evolution and stiffness in 

FDM was studied via alternating deposition of PLLA and PDLA layers. Since the highest rate of 

stereocrystallization under isothermal conditions was observed for the lowest relative molar 

mass, all parts were printed using the combination PLLA148-PDLA100. Furthermore, local heat 

dosage to direct the extent of molecular diffusivity across the interface was varied by three 

different print speeds, namely 10, 20 and 50 mm/s. By means of an ultra-microtome, thin slices 

of the core of the sample were cut parallel to the build (z) direction. Figure 4.6 displays the 

crossed polarized optical micrographs. 

 

 

Figure 4.6: Polarized optical micrographs of printed interfaces with left PLLA and right PDLA layers at 
the print speeds (a) 10 mm/s, (b) 20mm/s and (c) 50mm/s. 

 

For all print speeds, the interface is clearly recognizable as the homocrystals of PLLA and PDLA 

on either side of the interface differ in size due to the different crystallization dynamics 16,36. 

Whereas the bulk filament of the PDLA shows high crystallinity at all printing speeds, the 

molecular mass induced relatively low crystallization rate of PLLA148 suppresses high 

crystallinity at a print speed of 50 mm/s. From our previous studies, it is known that despite 

less efficient heat dissipation at high print speeds, the average annealing temperature and time 

upon deposition of new layers decreases. This, in turn, promotes incomplete crystallization and 

thus thermodynamic and geometrical instability 16. 
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Figure 4.7: Spatially resolved FTIR spectra recorded at (red), left from (black) and right from (blue) the 
interface as depicted in figure (a). The effect of print speed, being (b) 10 mm/s, (c) 20 mm/s, and (d) 
50 mm/s, on the structure at and on either side of the interface is highlighted by the spectral changes.  

 

The optical micrograph of Figure 4.6(c) moreover reveals an anisotropic crystallization layer 

that extends from the interface into the PLLA bulk. Are these stereo- or homocrystals? And in 

the case of homocrystals, are they cold crystallized upon reheating or nucleated from homo 

PDLA or stereocrystals at the interface? To answer these questions spatially resolved FTIR 

spectra were recorded on both semi-crystalline sides of, and at the interface using an aperture 

of 3 x 150 µm2 that was longitudinally aligned parallel to the interface as seen in Figure 4.7. 

The PLA chain conformation in the stereocrystals results in a unique vibrational band at 908 cm-

1 42,43. The band at 921 cm-1, present in all three regions, is assigned to the coupling of C-C 

backbone stretching with the CH3 rocking mode and is representative of the 103 helical chain 

conformation of α homocrystals 42. To verify the band assignment for the selected PLLA and 

PDLA grades FTIR spectra of samples purely consisting of stereo- or homocrystals were recorded 

as a reference and embedded in Figure C1 of Appendix C. The FTIR spectra reveal that like in 

the ultimate rheometry discs the mixing zone consists of local regions of either stereo- or 

homocrystallites. The ratio of 908 and 921 cm-1 peaks serves as a relative measure of the amount 

of stereocrystals at the interface that decreases with increased print speed. At a speed of 50 
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mm/s the vibrational band at 908 cm-1 is not observed, which suggests the absence or a non-

detectable amount of stereocrystals. It is the net total spatial heat dosage at the moment of 

melt deposition that defines the length-scales of interfacial molecular diffusion, and thus 

stereocrystallization. At high print speed, the heated nozzle only slightly reheats a filament 

from a previously deposited layer, limiting molecular diffusion and mechanically resilient weld 

formation. Depending on the crystallization rate, reheating by a newly deposited layer may 

induce cold crystallization. If the melting temperature upon reheating is not reached, molecular 

diffusion and interfacial stereocomplexation will be hindered even more. The layer of 

anisotropically grown crystals in the PLLA phase printed at a speed of 50 mm/s consists of α 

homocrystals. Remarkably, such a nucleated layer of anisotropic PLLA crystals in spatial 

proximity of the interface is barely observed at lower print speeds though the net local heat 

dosage and so the potential for stereocrystallization increases. Since the 908:921 cm-1 ratio 

increases with decreasing print speed and the stereocrystal representative 908 cm-1 band is 

absent at a print speed of 50 mm/s, the PLLA homocrystals likely transcrystallized directly from 

the semi-crystalline PDLA front. These findings are in correspondence to the work of Wen et al. 

who reported that in transcrystallization of PLAs the 31 helical chain conformation of 

stereocomplexed chains possess an epitaxial mismatch to the 103 helical chain conformation 

adopted in α homocrystals 44. Although transcrystallization occurs from stereocomplex as well 

as from orthorhombic α crystal interfaces, the nucleation efficiency of stereocrystals is 

relatively low. The effect of interfacial stereocrystallization and/or PDLA induced 

transcrystallization on the mechanical reinforcement of the weld-interface was studied by 

means of torsional Dynamic Mechanical Analysis (DMA). 

4.3.3 Mechanical properties of 3D printed parts 

The crystalline morphology plays an important role in the thermomechanical performance of a 

semi-crystalline polymer. The PLLA-PDLA structural morphology created by the twin print setup 

consists of mainly of homocrystals and small regions of stereocrystals across the weld interfaces. 

In torsional oscillatory DMA, stresses are specifically transferred to the x-y planes of the FDM 

parts and thus the weld regions. Three sample categories are defined. Category (A) comprises 

annealed injection molded PLA bars with maximum crystallinity, representing the intrinsic bulk 

stiffness of the PLAs. Categories (B) and (C) are marked by FDM samples with and without 

stereocomplexation respectively. Although printed under identical conditions, the samples of 

category (B) were based on alternating PLLA148 and PDLA100 layers, while samples of category 

(C) are made of PLLA148 or PDLA100 layers only. The DMA results of all samples are given in 

Figure 4.8. Only the samples printed at 50 mm/s show a slight recovery/increase of the storage 

modulus due to cold crystallization above Tg (except PDLA100). This means that  with the 

exception of the 50 mm/s printed samples, all samples have attained maximum crystallinity.  
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Analyzing the storage modulus of the printed samples below Tg, the effect of increased net local 

heat dosage on mechanical stiffening of the weld interfaces via enhanced diffusivity is evident 

(Figure 4.9). On comparing samples printed without stereocomplexation (PLLA148 and PDLA100 

in Category C), lowering the molar mass leads to slight increase in storage modulus at all print 

speeds due to higher diffusivity and consequently higher interpenetration depth at the 

interface.More importantly, independent of the print speed printing alternating layers of 

enantiomerically opposite PLAs leads to an increase in storage modulus of approximately 40%. 

From these results can be concluded that both interfacial stereocrystallization, as well as direct 

transcrystallization from the first homocrystallizing front, induce substantial reinforcement of 

fused deposition modeled parts in the z-direction.   
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Figure 4.9: Storage modulus at 40⁰C for categories A, B and C. Category A represents bulk stiffness of 
the materials obtained via injection molding. Category B and C represent interlayer stiffness obtained 
via FDM with and without the presence of stereocomplexation respectively.  

 

4.4 CONCLUSIONS  
 

Stereocomplexation can be spatially directed to melt interfaces of enantiomerically opposite 

polymers. Following the evolution of the storage modulus upon isothermal stereocomplexation 

of poly(L-lactide) and poly(D-lactide) across melt interfaces between the melting temperatures 

of the homo- and stereocrystals, reveals that the rate of interfacial stereocomplexation depends 

on the absolute and relative molar masses. A low relative molar mass results in a high rate of 

interfacial stereocomplexation, but relatively low ultimate storage modulus and thus interfacial 

stiffening. In contrast, the decreased diffusivity for high relative molar masses induces slow 

stereocomplexation, but a stiff final physical network. By means of micro-focus wide angle X-

ray diffraction computed tomography the 3D spatial distribution of stereocrystals across the 

interface can be reconstructed. Inter-diffusion of predominantly the low molar mass into the 

high molar mass phase stiffens the interface and promotes homocrystallization upon cooling. 

Thus, by a judicious selection of absolute and relative molar masses of two enantiomerically 

opposite poly(lactides), the length-scales and mechanical reinforcement of stereocomplexed 

interfaces can be tailored.  

Interfacial stereocomplex formation across fused deposition modeled weld interfaces was 

realized by depositing alternating layers of poly(D-lactide) and poly(L-lactides) using a twin 

nozzle setup and relative low molar masses. The extent and mechanical significance of 

interfacial stereocomplexation under the complex non-isothermal conditions depends on the 
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print speed and the net local heat dosage. Low print speeds result in a higher concentration of 

stereocrystals as sufficient heat ensures (i) conservation of the melt state of a freshly deposited 

filament, (ii) reheating a previously deposited filament into its melt, and (iii) sufficient time for 

molecular diffusion to occur across the interface. All three are prerequisites to interfacial 

stereocomplexation during fused deposition modeling. Contrary, high print speeds suppress 

stereocomplexation and, dependent on relative molar mass, may promote strong interfacial 

transcrystallization of poly(L-lactides) if the crystallization rate of poly(D-lactide) if cooling is 

sufficiently high. The interfacial nucleation effect induced by the poly(lactide) stereocrystals is 

less due to the epitaxial mismatch of stereo- and homocrystals. Nucleation of the bulk filaments 

after stereocomplexation induces stiffening and aids in the thermodynamic and geometrical 

stability of fused deposition modeled products. In conclusion, interfacial stereocomplexation 

and transcrystallization of enantiomerically opposite poly(lactides) is a simple and effective way 

to induce a substantial 40% increase in stiffness without the aid of extrinsic reinforcing 

components.  
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ABSTRACT 

 To understand the realization of effective stress transfer at polymer-polymer interfaces by the 

concept of interfacial stereocrystallization, the effect of temperature and molar mass ratio are 

studied in heterogeneous poly(lactide) melt-states. Whereas the stereocrystallization rate is 

dictated by supercooling and relative viscosities, the length-scales depend on the formation of 

stereocrystalline domains connected via amorphous regions resulting in network formation, 

gelation. Upon gelation, further crystallization is impeded, which is supported by rheometry, 

DSC and FTIR imaging. When the initial relative viscosity between the PLA fractions is low, the 

time to reach critical network density is high. Retrospectively, the length-scales of 

stereocrystallization and ultimate mechanical stiffening are strongly influenced by the chosen 

temperature and molar mass ratio of the PLA fractions. This fundamental understanding of the 

time- and length-scales of interfacial diffusion, successive stereocrystallization, and nucleation 

of homocrystals upon further cooling, assists in the technical realization of mechanically 

reinforced polymer-polymer interfaces. 
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5.1 INTRODUCTION  
 

Interfacial crystallization has attracted attention in the past decades, especially in the field of 

polymer composites. It has opened a promising pathway to enhance interfacial adhesion and 

consequential stress transfer between a polymeric matrix and filler, translating to enhanced 

mechanical properties. Studies on interfacial crystallization have revealed the existence of 

several semi-crystalline morphologies such as trans crystals and hybrid shish-kebab structures 

for various polymer-filler systems1–5. Here the filler typically provides a nucleating surface that 

promotes crystallization of the respective polymer matrix. Examples of interfacial 

crystallization have also been reported in homocomposites, i.e. composites that consist of 

chemically identical but physically distinct phases separated by an interface. Leong et al. 

reported an increased interfacial adhesion between polypropylene film and polypropylene 

matrix when tuning the processing conditions 2. Qaun et al. observed the presence of interfacial 

transcrystals in all-polyethylene fiber homocomposites 1. Ishida et al. also observed transcrystals 

in ultrahigh-modulus polyethylene fiber-reinforced polyethylene composites 6. In all cases, the 

formed interfacial semi-crystalline morphology was decisive in the improvement of interfacial 

adhesion. 

In recent years, the growing need for “green” composites has directed attention to substitutes 

for traditional plastics as these materials are environmentally compatible without sacrificing 

performance. In this regard, poly(lactide) (PLA) is seen as a promising candidate for composite 

materials. PLA-based composites have been reported with different fillers, of which some even 

induce interfacial transcrystallization at the filler matrix interface 7–10. 

In efforts to produce superior composites, some studies have utilized the stereocomplexation 

phenomena found in PLAs, which was first reported in the 1980s by Ikada et al. 11. They observed 

the presence of a unique crystal phase that was formed by the interaction of enantiomerically 

opposite poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA). To recall, the blending of PLLA and 

PDLA results in stereocomplex or racemic crystallite formation, resulting in a melting 

temperature of nearly 230°C, approximately 50°C higher to the homocrystals of PLLA or PDLA.  

The difference in melting temperature provides a route to prepare PLA based materials with 

enhanced performance including mechanical strength, thermal stability and hydrolytic 

resistance 12,13.  

Habibi et al. were the first to utilize stereocomplex crystals at filler matrix interfaces by grafting 

PDLA on cellulose nanocrystals (CNC) creating nanohybrid structures 14.  Once blended in a PLLA 

matrix, it resulted in the co-crystallization of grafted PDLA chains and unbounded PLLA chains 

in the matrix to produce interfacial stereocomplex crystals. Recently, Ma et. al. utilized a 

similar concept of PDLA chains grafted on MWCNTs and dispersed in PLLA matrix to produce 
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conductive nanocomposites 15.  Examples of interfacial stereocomplexation can also be found 

for PLA homocomposites. For example, Arias et al. reported that stereocomplex crystals could 

be produced at the interface of PLLA matrix and PLA particles consisting of chains with 

sufficiently long D-lactide units 16. These particles were produced by spray droplet atomization 

and dispersed in the poly(lactide) matrix by melt extrusion. Their results indicated that the 

interaction between matrix-filler increased due to interfacial stereocomplex crystals that 

translated to increased stiffness and tensile strength. Additionally, stereocomplex crystals were 

also used to induce the formation of interfacial transcrystal morphology  as demonstrated by 

Wen et al. and Weng et al. in PLLA-stereocomplex fiber composites 17,18. Here, high nucleation 

efficiency of stereocomplex fibers results in the development of continuous transcrystalline 

PLLA α crystals on their surface. 

The concept of interfacial stereocomplexation has also been adapted to some processing 

techniques. Chen et al. utilized a multi melt injection molding (M3IM) system to produce an 

interfacial stereocomplex band by inter-penetrating PLLA and PDLA melts 19. Akagi et al. used 

layer by layer stepwise deposition of PLLA and PDLA by inkjet printing to produce stereo crystals 

on a substrate 20. Recently, we utilized a twin nozzle Fused Deposition Modelling (FDM) system 

to produce interfacial stereo crystals by alternating deposition of PLLA and PDLA melts 21. The 

results showed significant improvement in interfacial stiffening and nucleation of homocrystals 

in the spatial vicinity of the stereocomplexed interface. Additionally, fundamental insights into 

the rate and spatial distribution of interfacial stereocomplexation in a single macroscopic melt 

interface, under isothermal conditions, were derived via rheometry and synchrotron wide-angle 

X-ray diffraction tomography. Depending on the respective processing strategies summarized 

above, both the time- and length-scales of interfacial stereo crystallization varied distinctly; 

from seconds to hours and from nano- to a few hundreds of micrometer length-scales. 

In this study, the understanding of interfacial stereocomplexation in heterogeneous PLLA and 

PDLA melt interfaces is expanded by questioning: what is the effect of (a) the molar mass ratio 

of the enantiomerically opposite poly(L-lactide) and poly(D-lactide), and (b) temperature on 

the interfacial diffusion and stereocrystallization kinetics? Homogeneously solid state mixed 

powders of PLLA and PDLA with a 200 to 250 µm size distribution were (pre)compacted and 

studied under isothermal conditions to monitor interfacial stereocomplexation. While 

rheometry and differential scanning calorimetry provided insight in the kinetics of interfacial 

stereocomplexation, polarized optical microscopy and spatially resolved FTIR imaging revealed 

morphological evolution. Ultimately, the viability of interfacial stereocomplexation for a 

powder-based additive manufacturing approach like Selective Laser Sintering (SLS) is explored. 

  5 
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5.2 MATERIALS AND METHODS 

5.2.1 Materials 

The polymeric materials used in this study are poly(L-lactide) and poly(D-lactide) with 

enantiomeric purities above 99% and kindly provided by Corbion Purac. The molar mass  

characteristics based on gel permeation chromatography using HFIP as eluent and PMMA 

100000g/mol standards are summarized in Table 5.1. 

Table 5.1: Number average molecular weight (Mn), weight average molecular weight (Mw) and 
Polydispersity (PDI) for different PLLA and PDLA grades used in the study. 

 
PLA Mn (kg/mol) Mw (kg/mol) PDI 
PLLA229 107 229 2.10 
PLLA170 82 170 2.07 
PLLA140 66 140 2.12 
PDLA90 48 90 1.80 

5.2.2 Preparation of blends  

All materials were dried at 70°C under vacuum prior to use. The PLLA and PDLA grades were 

ground into powders cryogenically using a Fritsch Pulviresette 14. The powder fraction in the 

range of 200-250µm was sieved out and used for further sample preparation. A mixture of PDLA 

and PLLA in a weight ratio of 1/1 was prepared by tumble mixing of the powders at room 

temperature. From this mixture, discs of 12 mm diameter and 1.5 mm thickness were 

compression molded at 160⁰C for 10 min and a pressure of 10 bars. A temperature of 160°C 

matches the onset temperature of melting, Figure 5.1, and prevents interfacial pre-mixing and 

stereocrystallization, while sufficiently compacting the powder particles to minimize the 

presence of voids as supported by Scanning Electron Microscopy, Figure 5.2, particularly once 

being loaded and molten in the rheometer. Compaction at temperatures above 160⁰C induces 

interfacial pre-mixing of the PLLA and PDLA chains and consequential formation of 

stereocomplex crystals or stereocrystals, as seen in Figure 5.3. Table 5.2 summarizes the studied 

samples, sample codes and corresponding molar mass ratio.  
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Figure 5.1: DSC thermograms of the poly(lactide) powders prepared by cryogenic grinding. Samples were 
heated to 200⁰C at a rate of 10⁰C/min under nitrogen atmosphere. 

 

                                    

Figure 5.2: SEM micrographs of sample discs prepared by compression molding of PLLAL140 and PDLA90 
powders at (a) 150⁰C, (b) 160⁰C and (c) 170⁰C, all at 10 bars of pressure. The SEM micrographs reveal 
that as the compaction temperature increases, the internal void fraction decreases, but simultaneously 
increases the chance of premixing at the powder interfaces due to melting. Figure (d) shows the cross-
section of a sample disc that was precompacted at 160°C and 10 bars after being further compacted in 
the rheometer using a force of 3N before the isothermal measurement, demonstrating the absence of 
voids during the rheological measurements.  
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Figure 5.3: DSC thermograms of PLLA140-PDLA90 sample discs prepared by compression molding at 
different temperatures. The discs were successively heated in DSC to 250⁰C at a heating rate of 
10⁰C/min, probing molecular mixing and sterecomplexation during sample preparation. No endothermic 
melting peak for stereocomplex crystals formation (represented by an endotherm at approximately 
220°C) could be detected, up to 170⁰C. The disc molded at 180⁰C shows stereocomplexation as clearly 
witnessed by an endotherm at 220⁰C. From these findings and the resultant ease in compaction at 160°C, 
this temperature was chosen for further studies. 

 

Table 5.2: Sample coding based on blend compositions and correlated molar mass ratio utilized in the 
study. 

 
Sample code PLLA (wt %) PDLA (wt%) molar mass ratio 

L229-D90 50 50 2.6 
L170-D90 50 50 1.9 
L140-D90 50 50 1.6 

5.2.3 Isothermal crystallization  

Interfacial crystallization in the prepared blends was investigated via Differential Scanning 

Calorimetry (DSC) and rheometry. DSC was performed using a TA instruments Q 2000 DSC. With 

± 5% accuracy, 5 mg of sample was sealed in aluminum pans and heated at a rate of 10°C/min 

from room temperature to the targeted stereocrystallization temperature above the melting 

point of the homopolymers and held isothermally. After the completion of the isothermal event, 

the sample was heated at 30°C/min to 250°C to melt the stereocrystals that had formed. From 

this step, the melting enthalpy of the stereocrystals (∆Hm) was calculated, directly indicative 

of the amount of stereocrystals produced during the isothermal step.  

Dynamic melt rheological measurements were performed on the compression molded discs using 

an Anton Paar MCR 302 rheometer with parallel plate geometry. A plate diameter of 12 mm was 

used. The samples were heated to 170⁰C at a rate of 10°C/min. A normal force of 3N was applied 

during this step to remove potential voids as supported by SEM, (Figure 5.2(d)). After this step, 
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the sample was heated to the desired crystallization temperature at 30°C/min without the 

application of a normal force. On reaching the targeted stereocrystallization temperature, the 

sample was kept isothermally for 60 minutes. After this step, the sample was cooled to room 

temperature, at a cooling rate of 10°C/min. The discs were retrieved and used for further 

analysis.   

5.2.4 Analysis of the crystalline morphology  

To study the crystalline morphology generated during the rheometry experiments, thin slices of 

2.5 µm were cut from the discs using a Leica EM UC7 ultra-microtome. Polarized Optical 

Micrographs (POM) of the slices were taken between cross-polarizers on an Olympus BX53 

microscope mounted with an Olympus DP26 camera.  Fourier Transform InfraRed (FTIR) imaging 

of the identical sample slices were recorded in transmission mode on a Perkin Elmer Spotlight 

400 FT(N)IR microscope. Absorbance imaging was performed on a 350mm x 350mm area with a 

pixel size of 6.25 µm, accumulating 16 scans in a spectral range of 1000 – 800 cm−1 and 2 cm-1 

spectral resolution.  

5.2.5 Selective Laser Sintering  

Interfacial stereocomplexation under non-isothermal Selective Laser Sintering (SLS) conditions 

was evaluated by preparing a single layer using homogeneously solid state blended powders of 

an average size of 100 µm. Printing was performed on a Sharebot Snowwhite SLS printer 

employing a bed temperature of 160°C to suppress homocrystallization after laser-induced 

melting, a laser spot of 0.1 mm, 4000 mm/s laser speed and a laser power of 5.67 W. The 

geometry of the single layer was based on a tensile test geometry of ISO 6892. 

5.3 RESULTS AND DISCUSSION  

5.3.1 Interfacial stereocomplexation as a function of molar mass ratio  

The stereocomplex formation at the interface of molten PLLA and PDLA was investigated by 

oscillatory shear rheometry at 200°C. In Figure 5.4(a) the evolution of the storage modulus (G’), 

which represents the mechanical stiffening due to stereocrystallization 19, is followed at 200°C 

as a function of time for different molar mass ratios. To support that the increase in G’ is 

associated with the formation of stereocrystals, additional samples were produced in which the 

PDLA fraction (D90) was replaced by a PLLA of the same molar mass (L90). These blends are 

referred to as PLLA-PLLA blends and are represented by dashed lines in Figure 5.4(a). As 

anticipated no increase in G’ after one hour is observed for the PLLA-PLLA reference samples.   

From Figure 5.4(a) it is evident that at the beginning of the measurement stereocrystals are 

already present in the melt as the G’ for all samples with stereocrystals (PLLA-PDLA blends) is 

  5 
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higher than the corresponding blends without stereocrystals (PLLA-PLLA blends). In fact, G′ of 

the L140−D90 combination is higher than for L170 –D90 and L229-D90 combination at t0, which 

indicates that the extent of interfacial stereocomplexation at t0 is the highest for the lowest 

molar mass ratio. The build-up in G’ increases faster at the beginning of the experiment than 

in the later stages. A two-stage process, driven by chain dynamics, was also reported in the 

diffusion and consequential mixing of polymer chains in poly(styrene)-poly(styrene) “weld” 

interfaces by Bousmina et al. 22. Due to the identical nature of the polymers studied in the 

polystyrene blends with the absence of interfacial stereocrystallization, the increase in G’ as a 

function of time was attributed to chain dynamics. To recall, different time regimes in the 

modulus build-up was assigned as follows. In the first stage, G’ increases proportionally to 𝑡(/*, 

correlating to Rouse motion, whereas in the second stage reptation causes G’ to increase 

proportionally to 𝑡( +⁄ . However, since Rouse motion occurs in the order of seconds and at 

angstrom to nanometer length-scales, it cannot be accounted for the progressive increase in G’ 

over time-scales of minutes as observed in Figure 5.4(a) for the PLLA-PDLA blends. In Figure 

5.4(a), where stereocomplexation is a dominant factor the changes in the storage modulus are 

likely to be dominated by crystals formation in the melt. Also, polymer crystallization proceeds 

via a two-stage process as extensively reported by Zachmann and Stuart, introducing a 

distinction between primary (main) and secondary (subsequent) crystallization 23. In this theory, 

the transition from high to low crystallization rate is assigned to an initial fast crystal growth 

that is concluded at the moment of impingement of crystallites/spherulites. Successive 

crystallization (secondary) proceeds via spacefilling, via thickening of the crystals, growth of 

new lamellae (stacks), and crystal refinement facilitated by the remaining amorphous regions 

within the spherulites. To analyze the time dependent behavior for interfacial 

stereocrystallization in more detail, fits were added to both stages of the measurement as 

illustrated in Figure 5.4(b). These fits obey the exponential relation 𝐺- = 𝐺′$𝑒'./; where G’0 is 

the storage modulus at t0 and B is the rate coefficient that describes the rate of change of G’.  

For these fits, the rate constant at the beginning of the experiment (B1) and in the latter part 

of the experiment (B2) were calculated for all blends and are shown in Figure 5.4(c). 
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Figure 5.4: Increase in storage modulus as a function of time under the isothermal condition in the 
linear viscoelastic regime. (a) Storage modulus (G′) at 1 rad/s of precompacted molten disk made with 
opposite (symbols) and opposite (dashed) enantiomeric compositions as a function of time to probe the 
kinetics of interfacial stereo complexation upon varying molar mass ratio at 200 °C; (b) exponential fits 
for the beginning and the latter part of the isothermal measurement illustrating rate constant B1 and 
B2 for L140-D90 blend ;(c) Rate constant B1 and B2 plotted as a function of molar mass ratio. The letters 
and numbers of sample encoding represent the enantiomer and molar mass of the mixed powders 
respectively.  

 

For interfacial stereocomplexation to occur molecular mixing and thus diffusion of one 

stereospecific PLA into the other and vice versa is necessary prior to crystallization. The 

diffusivity (D) of polymers in the melt is inversely related to the molar mass (M) by D ∝ M−2 as 

described by the reptation theory 24. Since in this experiment the PDLA fraction remains the 

same for all blends, the effective molar mass of the blend increases with the molar mass ratio. 

Hence, it is expected that the sample with the lowest molar mass ratio shows the highest rate 

of stereocomplexation. This hypothesis can be proven by following B1 as a function of molar 

mass ratio (Figure 5.4(c)). Indeed, B1 decreases with an increase in the molar mass ratio. The 

effective stiffening of the interface by stereocomplexation, as depicted by the absolute G’ 
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against the G’ of the PLLA-PLLA reference blends (DG’), is inversely related to the molar mass 

ratio. Interestingly, the rate of stereocomplexation at the later stages of the experiment 

appears to be independent of the molar mass ratio, as seen by the rate constants B2. It is likely 

that upon stereocomplexation a barrier to interfacial diffusion is progressively formed as time 

progresses, making the rate of stereocomplexation independent of molar mass ratio. Moreover, 

it is to be noted that the onset times for reduction in the rates of stereocomplexation increase 

with increasing molar mass ratio, which fits the hypothesis that the formation of a diffusion 

barrier is related to the progressive formation of stereocrystals. Since DG’ is proportional to the 

fraction of stereocrystals, the extent of diffusion seems to be dependent on molar mass ratio 

and is set prior to the formation of the diffusion barrier. This trend is further investigated by 

morphological studies reported below.   

After cooling within the rheometer, the rheologically investigated samples were microtomed 

into 2.5 µm thick slices and were studied by Polarized Optical Microscopy (POM). The optical 

micrographs are given in Figure 5.5. At first glance, the micrographs reveal that all samples 

typically contain two types of domains, one domain marked by birefringent larger crystals and 

the other constituting of less birefringent smaller crystals. For poly(lactides) in the studied 

molar mass regime, the homocrystallization rate is largely molar mass dependent, inducing 

increased crystallite sizes with increasing molar mass 25. Consequently, large crystallites 

represent the PLLA phase while small crystallites mark the PDLA phase. Additionally, the dark 

areas separating the two domains are likely to be the interfacial area separating the 

enantiomerically opposite phases. Are stereocrystals detectable, and if so, what is their spatial 

distribution? To answer these questions, FTIR absorbance images are constructed via FTIR 

imaging of the optically identified sample area. It is known that the PLA chain conformation in 

stereocrystals results in a distinctive vibrational band at 908 cm-1   26,27. The band at 921 cm−1  is 

assigned to the coupling of C−C backbone stretching with the CH3 rocking mode and is 

representative of the 103 helical chain conformation of α homocrystals that occur in both PLLA 

and PDLA 26,28. Based on these distinctive vibrational modes, the regions containing the 

characteristic 908 cm-1 band of stereocrystals have been highlighted in the FTIR absorbance 

images. The highlighted regions perfectly match the dark interface between the two bright 

spherulitic domains observed in POM, spatially localizing the stereocrystals. The dark regions in 

the absorbance images are marked by the characteristic peak of the homocrystals only, enabling 

determination of the length-scales or bandwidth of interfacial stereocomplexation.  
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Figure 5.5: Interfacial crystalline morphology obtained after cooling from the isothermal rheometry 
measurement at 200⁰C observed in (a) polarized optical microscopy (POM) and (b) corresponding FTIR 
absorbance images highlighting the structural composition of the interfaces produced. Note that the 
scale bars for POM and FTIR imaging are identical. The absorbance spectra of region 1 (at the interface) 
and region 2 (aside the interface) are plotted in (c). The presence of stereocrystals is confirmed by the 
characteristic 908 cm-1 band in region 1 (black spectra) and not in region 2 (red spectra).  

 

In Figure 5.6(a) the ratio of stereo- to homocrystals based on peak height, A908/A921, is plotted 

across the bandwidth of the interfacial region for the different molar mass ratios. To 

characterize the directionality of diffusion caused by the higher diffusivity of the lower molar 

mass PDLA, the A908/A921 ratio is determined by crossing the interface from the pure PLLA 

(negative bandwidth values) to PDLA zones (positive bandwidth values). Consequently, an 

asymmetry in the spatial distribution of stereocrystals may exist, but it is cancelled out by 

fitting a Gaussian curve to the points as a guide to the eye. The bandwidth is a direct indicator 

of the length-scales of diffusion that decreases from 30.0 ± 1.7 to 18.6 ± 1.7 to 12.3 ± 1.8 µm 
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with the increase in molar mass ratio; though the thermodynamic driving force for 

stereocrystallization (DG) is likely to be independent of the molar mass. Thus, the cause of the 

bandwidth dependence on the molar mass ratio may be attributed to the kinetics involved in 

chain diffusion, which is likely to arise from relative variations in viscosity, determining the 

bandwidth and relative population of stereo- and homocrystals within. The height of the 

Gaussian curve attributes to the relative amount of stereocrystals at the interface, as indicated 

by the absorbance ratio 908/921 in Figure 5.6(a). In Figure 5.6(b) the melting enthalpy of the 

stereocrystals (∆Hm), representing the total amount of stereocrystals independent of the spatial 

distribution, is plotted as a function of molar mass ratio. Normalization of the melting enthalpy 

to the bandwidth results in an average amount of stereocrystals per unit width, being 4.7, 5.1 

and 5.1 with increasing relative molar mass. This implies that the total amount of stereocrystals 

formed depends only slightly on the length-scale of molecular diffusion and mixing, and thus 

indeed relative molar mass induced viscosity variations and ultimately diffusivity.  

 

Figure 5.6: (a) The averaged absorbance ratio of the stereo- and homocrystal bands (908 cm-1/921 cm-

1), directionally measured from the PLLA (w<0) to the PDLA (w>0) across the average bandwidth w for 
varied molar mass ratios; (b) The enthalpy of melting of interfacial stereocrystals formed during 
isothermal crystallization at 200⁰C plotted as a function of molar mass ratio. 

 

The A908/A921 distribution curve, Figure 5.6(a), shows that for the L140-D90 combination the 

ratio of stereo- to homocrystals in the center of the bandwidth is greater than one, indicating 

that the majority of the PLLA and PDLA chains are involved in stereocomplex formation. Though 

for the L170-D90 blend the A908/A921 ratio decreases, still more stereo- than homocrystals are 

present. However, for the L229-D90 blend, which has the highest difference in molar mass 

between the PLLA and PDLA fraction, more homocrystals than stereocrystals are observed. 
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Previous studies on melt blended PLLA/PDLA racemic compositions have shown that molar mass 

has a profound impact on the stereocomplexation process 29,30. As the molar mass ratio of PLLA 

and PDLA increases, the degree of stereocomplexation decreases significantly, and 

homocrystallization becomes predominant. But, if stereocrystallization is promoted by low 

molar mass and the thermodynamic driving force for crystallization is identical for all molar 

mass ratios, why does the overall mechanical stiffening DG’ (G’PDLA-PLLA – G’PLLA-PLLA), Figure 

5.4(a), decreases with an increase in the molar mass ratio? How chains in the sample with the 

lowest molar mass and highest stereocrystallization rate diffuse across the largest length-scale? 

A direct correlation to interfacial stereocrystallization may not be valid as it depends on the 

degree of mixing of the enantiomerically opposite chains at the interface. In fact, since both 

stereo-and homocrystals are present in the center of the bandwidth (Figure 5.6(a)) and DG’ is 

smallest for the highest molar mass ratio (L229-D90), crystallites acting as a physical barrier for 

chain diffusion cannot be the primary cause for the change in the rate of modulus build-up. To 

understand the cause of the change in the rate of the modulus build-up, the role of complex 

viscosity on the modulus build-up is investigated.  

Like the time-resolved variation in G’ upon interfacial stereocrystallization, the complex 

viscosity at 200ºC is plotted as a function of time for the three molar mass ratios, Figure 5.7. 

Figure 5.7, similar to Figure 5.4(a), shows two distinct slopes. The onset time for the change in 

slope (deflection) increases with increasing molar mass ratio. However, the complex viscosity 

seems to be in the same order of magnitude at the deflection point, suggesting that at a critical 

complex viscosity the network formation arising with the stereocomplexation (similar to 

gelation) occurs. Due to the initially lower complex viscosity for the lowest molar mass ratio 

that originates in fewer entanglements per chain in the PLLA phase, more crystals are needed 

for gelation. Realizing that 𝐺- = 012
〈4"〉

, where Mc is the molar mass between physical crosslinks 

(being here stereocrystals mainly), the relatively large amount of crystals per chain being 

formed in the low molar mass ratio sample increases DG’ to a larger extent in comparison to 

the higher molar mass ratios. Stereocrystals have been reported to act as rheology modifiers 

enhancing the melt strength of PLA, even if present in small concentrations. For example, 

Saeidlou et al. showed that the addition of only 3 wt-% PDLA in a PLLA rich melt induces a 

remarkable increase in viscosity and elasticity due to the formation of stereocrystals 31. Wei et 

al. demonstrated the stereocrystals formation in the melt of PLLA-PDLA having a very high molar 

mass ratio that results in the network formation, which is reported as a transition from the 

liquid-like to solid-like viscoelastic behaviour 32. Thus, with the stereocomplexation, resulting 

in a network formation at the interface, further chain diffusion independent of the molar mass 

will be impeded. This is apparent from the B2 independence of the molar mass ratio, Figure 

5.4(c).   

  5 
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Figure 5.7: Complex viscosity at 1 rad/s of precompacted molten disk made with opposite (dots) and 
identical (dashed) enantiomeric compositions as a function of time to probe the kinetics of interfacial 
stereo complexation upon varying molar mass ratio at 200 °C. The letters and numbers of the sample 
codes represent the enantiomer and molar mass of the combined powders respectively. 

 

To follow the development of interfacial stereocrystallization from a thermodynamic and 

structural perspective, the buildup in G’ for the L140-D90 combination, Figure 5.4(a) is 

complemented by DSC and FTIR imaging at different moments in time. In Figure 5.8(a) the 

enthalpy of melting (∆Hm) for stereocomplex crystals created by keeping the L140-D90 sample 

at 200°C (where the homocrystals formation could be avoided) for various isothermal 

crystallization times is plotted. The resulting curve is identical to the trend observed in 

rheometry strengthening the assignment of the trend in storage modulus and complex viscosity 

to interfacial stereocomplexation. Up to 10 minutes, ∆Hm increases rapidly to 6 J/g after which 

the rate of stereocrystallization lowers. Also, the growth of the stereocomplexation band by 

FTIR imaging features two rate constants, Figure 5.8(b), and demonstrates that the length-scale 

of stereocomplexation, i.e. the bandwidth, is primarily defined in the initial stages by diffusion 

as the primary mechanism of molecular mixing across the interfaces. The FTIR images used for 

the calculation of bandwidth are separately provided in Figure D1 of Appendix D. 
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Figure 5.8: (a) Enthalpy of melting of stereocrystals created by isothermal crystallization at 200°C (ΔHm) 
as a function of crystallization time in DSC. (b) The bandwidth of stereocrystals as determined by FTIR 
imaging at 0, 10, 30, and 60 minutes.  

 

5.3.2 Interfacial stereocomplexation as a function of crystallization temperature  

So far, the effect of molar mass ratio or relative molar mass and thus relative viscosity on the 

time- and length-scales of interfacial stereocrystallization at constant temperature has been 

discussed. In this section, the influence of temperature on the time- and length-scales of 

isothermal interfacial stereocrystallization is studied for one specific molar mass ratio, L140-

D90. Similar to crystallization, in general, the crystallization rate is anticipated to be strongly 

dependent on the supercooling, where the equilibrium melting temperature of PLA 

stereocrystals is reported to be as high as 279°C33–35. However, experimentally the melting 

temperature of stereocomplex is typically in the range of 230 to 240°C.  

Stereocrystallization in melt extruded and compacted powder (solid-state) L140-D90 samples 

(1:1 wt. ratio) is studied at a defined supercooling in the temperature range of 190 to 220ºC by 

DSC. The melt extruded blend of L140-D90 is prepared on a DSM Explore twin-screw co-rotating 

micro-extruder operating at 240°C, 50 rpm and 1 minute of mixing time. In this blend, the 

respective polymers are homogeneously mixed in a 1:1 wt. ratio, providing a comparative 

example for investigating stereocrystallization. The DSC protocol for both blends, depicted in 

Figure 5.9(a), is defined by (1) heating of the sample to 250°C at 10°C/min erasing the thermal 

history and ensuring the melting of all crystals, (2) isothermal at 250°C for 1 minute, (3) cooling 

to the desired crystallization temperature (Tc) at 30°C/min, (4) an isothermal period for 60 

minutes, and (5) heating to 250°C with 30°C/min to melt the stereocrystals formed, (6) 

isothermal at 250°C for 1 minute and (7) cooling down to 30°C with 10°C/min. The DSC results 

are presented in Figure 5.9(b), where the enthalpy of melting (∆Hm) for stereocrystals (step 5) 
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is plotted as a function of crystallization temperature (Tc). Here, ∆Hm is an indicator of the 

crystallinity attained after one hour.  

It is commonly known that the nucleation rate (J) in polymer crystallization increases 

exponentially with increasing degree of supercooling, following the equation 36: 

 J = Ck(r6) 4−
∆7"(:%)
<=

6
( *⁄

e'>∗ <=⁄         (1) 

in which:  C is a prefactor reflecting the geometry of the nucleus,       

 k(r6) is the frequency of arriving repeat units at the critical nucleus,           

 ∆G"(r6) is the curvature of ∆G at r6, and                            

 F∗ is the nucleation barrier to the formation of a critical nucleus with F∗~(∆T)'*,      

where ∆T		is the supercooling.  

The crystal growth rate, and so the crystallization rate, of semi-crystalline polymers increases 

initially at low supercooling but decreases while approaching the glass transition temperature 

upon cooling further. For the melt extruded blend, Figure 5.9(b), no stereocrystallization is 

observed on annealing at 220°C. While during annealing at 210°C the enthalpy of melting is 

found to be 10 J/g, a further reduction in annealing temperature to 200 and 190°C increases 

the melting enthalpy significantly to 97 and 83J/g, respectively. The decrease in melting 

enthalpy on lowering the annealing temperature to 190°C is attributed to the increase in the 

kinetic barrier for stereocomplexation, despite the higher supercooling. For the solid state 

powder compacted sample, the absolute values of the enthalpy are significantly lower as 

stereocrystallization only occurs at the interface. At 220 and 210°C, the enthalpy of melting is 

5 and 15 J/g respectively, indicating the presence of a small amount of stereocrystals. At these 

low supercoolings, the enthalpic contribution for melting is very similar to the melt blended 

samples. However, a remarkable distinction in the melting enthalpy is observed in the samples 

(melt blended and solid state blended powders), at the higher supercoolings, Figure 5.9(b). The 

distinction in the enthalpy contribution is associated with the requirement of chain diffusion 

beyond the interface in the compacted powders. These observations further strengthen that 

network formation arises with stereocomplexation at the interface. The effect of 

stereocrystallization on interfacial network formation is investigated by rheometry and 

discussed in the following paragraph.  
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Figure 5.9: (a) Illustration of DSC protocol followed to measure isothermal crystallization for 60 min at 
different crystallization temperatures (Tc) showing all steps followed (1-7. ); (b)  Enthalpy of melting 
after a 60 minutes isothermal crystallization as a function of temperature for melt blending (extrusion) 
and (b) solid state blended of PLLA140 and PDLA90 (1:1 wt. ratio). 

 

The rheological response of the melt with the progress of the isothermal stereocrystallization 

was followed as a function of time, in the linear viscoelastic regime, in a temperature range 

from 160 to 220°C. The minimum temperature of 160°C was chosen above the onset 

crystallization temperatures of the homocrystals of PLLA140 and PDLA90, as recorded on cooling 

from the melt at 10°C/min. The recorded onset crystallization temperatures for PLLA140 and 

PDLA90 are 117 and 112°C, respectively (Figure D2 of Appendix D). To prevent degradation the 

maximum temperature for rheological studies, under isothermal conditions was set to 220°C. 

The samples that were investigated at or below 190°C were heated to 200°C prior to the start 

of the isothermal experiment with the aim to erase the thermal history of the compacted 

powders of PLLA140-PDLA90. After the isothermal crystallization for 60 minutes, the samples in 

the rheometer were cooled to room temperature and were investigated further for thermal and 

structural analysis using DSC, POM and FTIR imaging. 
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Figure 5.10: a) Storage modulus (G′) at 1 rad/s of precompacted molten disk made with opposite (dots) 
and identical (dashed) enantiomeric compositions as a function of time to probe the kinetics of 
interfacial stereocomplexation upon varying crystallization temperature; (b)  Rate constant B1 and B2 
plotted as a function of crystallization temperature;(c) Complex viscosity of precompacted molten 
sample discs composed of PLLA140 and PDLA90 as a function of time at 1 rad/s and different 
temperatures. 
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In Figure 5.10(a), the storage modulus G’ of precompacted discs of the L140-D90 blend is plotted 

as a function of time in the temperature range of 190 to 220°C. For all crystallization 

temperatures, an initial high rate of G’ buildup is followed by a reduced rate as observed 

previously. Again, the rate constant B1 and B2 for the two distinctive regimes are calculated 

and presented as a function of temperature in Figure 5.10(b). The rate constant B2 decreases 

slightly with the decrease in temperature, which is assigned to a cooling induced increase in 

viscosity and decreased chain diffusivity in the established network. Due to the relatively slow 

temperature ramp from 200 to 220°C, prior to the start of the experiment, the first 

measurement point of the 220°C curve is omitted in the calculation of B1. Upon decreasing from 

220 to 190°C, the rate constant B1 initially increases and remains constant from 200°C onwards, 

confirming a balance between chain diffusivity and crystallization rate both as a function of 

temperature. At 220°C chain diffusivity is high, but the degree of supercooling as a driving force 

for crystallization is low, which is witnessed by the lower rate constant B1. It is worth noting 

that divergence is seen between the rheology (Figure 5.10) and DSC (Figure 5.9(b)). This could 

be a result of the different requirements in measuring modulus (network formation) against the 

enthalpy required for the melting of the crystals. Additionally, the high ultimate stiffening 

despite the slow initial stereocomplexation rate at 220°C may have been promoted by early 

stereocrystallization while heating to the ultimate measurement temperature in the rheometer. 

The isothermal rheometry measurements in the temperature range of 190 to 220°C, the 

crystalline morphology was investigated via POM and FTIR imaging. The results are illustrated 

in Figure 5.11. From the FTIR absorbance images (Figure 5.11(b)) made at different 

crystallization temperatures, the width of the stereocomplexation band (bandwidth) can be 

seen in Figure 5.12. Upon increasing the isothermal crystallization temperatures, the bandwidth 

and the stereo- to homocrystal ratio increase steadily until 210°C. As the initial complex 

viscosity lowers with increasing temperature, more stereocrystals can be formed before 

reaching a critical network density (deflection). From 210 to 220°C, no increase in bandwidth 

is observed. This further proves that the low complex viscosity, high diffusivity and 

simultaneously reduced stereocomplexation rate at 220°C leads to a large bandwidth. 

 

  5 
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Figure 5.11: Interfacial crystalline morphology obtained after isothermal measurement at different 
temperatures via rheometry observed via (a) polarized optical microscopy (POM) and (b) corresponding 
FTIR absorbance image highlighting the interface produced. Note that the scale bars for POM and FTIR 
imaging are identical. (c) The absorbance spectra are plotted in region 1 (at the interface) and region 2 
(aside the interface). The presence of stereocrystals is confirmed by the occurrence of characteristic 
908 cm-1 band in region 1 and not in region 2.  
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Figure 5.12:  Bandwidth of stereocrystals calculated from FTIR imaging plotted as a function of 
crystallization temperature. 

 

 

 Figure 5.13: Storage modulus (G′) at 1 rad/s of precompacted molten disk made with opposite (dots) 
and identical (dashed) enantiomeric compositions as a function of time to probe the kinetics of 
interfacial stereo complexation upon varying crystallization temperature. 

 

Lowering the temperature to the range of 180 to 160°C, Figure 5.13, reveals that the initial 

stage of stereocrystallization cannot be fully studied. However, it is worth mentioning that after 

20 minutes at 160°C a distinct increase in the storage modulus G’ is observed. Being well above 

the conventional homocrystallization temperature 25,37,38, the effect is attributed to 

stereocrystal induced homocrystallization. The combination of interfacial stiffening and 

-40 -30 -20 -10 0 10 20 30 40

0

1

2

3

4
 220⁰C
 210⁰C
 200⁰C
 190⁰C

90
8/

92
1

Bandwidth (µm)

0 10 20 30 40 50 60
100

101

102

103

104

105

106

107

 160°C
 170°C
 180°C
 190°C
 200°C
 210°C
 220°C

St
or

ag
e 

m
od

ul
us

 (M
Pa

)

Time (min)

  5 



- 102 - 
 

successive nucleation is favorable in additive manufacturing technologies, aiding to mechanical 

reinforcement of weld regions and thermodynamic/geometrical stability that both limit the 

large scale adoption 21. Here, the applicability in Selective Laser Sintering (SLS) is demonstrated.  

5.3.3 Stereocomplexation in selective laser sintering (SLS) 

SLS relies on the spatially controlled coalescence of powder particles via the use of a high-

intensity laser. The process takes place at elevated temperature, usually at a value close to the 

melting point, with a laser source sintering a layer of material by melting the powder interfaces. 

After the creation of a sintered layer, a layer of fresh powder is deposited on top and the process 

repeats until the part is completed 39–42. The quality of sintering and the resulting mechanical 

properties are highly dependent on process parameters such as bed temperature, laser intensity 

or power, laser speed, and powder characteristics such as bulk density, powder flowability, 

particle shape, and particle size distribution. Evidently, the SLS process is non-isothermal in 

nature.  

For this study, a 1:1 wt. ratio L140-D90 and L140-L90 blend with an average particle size of 

100µm was prepared. Both blends were sintered into single layers, as described in the materials 

and methods section. To assess whether interfacial stereocrystallization occurs under SLS 

conditions, the amount of stereocrystals in single layer part was evaluated by DSC. 5 mg of 

sample was heated from 30 to 250°C at a heating rate of 30°C/min to prevent additional 

stereocrystallization upon heating. Figure 5.14 illustrates the respective DSC thermograms. No 

melting of stereocrystals is observed in the L140-L90 blend above 200°C as expected. However, 

for the L140-D90 blend, a small melting transition with an enthalpy of melting (ΔHm) of 2.7 J/g 

is clearly observed. In comparison to the reported enthalpies in Figure 5.8(a) and Figure 5.9(b) 

after one hour, the observed enthalpy after laser sintering is low, but cannot be attributed to 

limited interfacial diffusion solely. It is to be noted that in selective laser sintering only the 

surface of the polymer particles is molten. Additionally, must be pointed out that the amount 

of stereocomplex crystals seen in SLS is not much lower than those seen under isothermal 

conditions (200°C) when the time the timescales of part (layer) buildup in SLS (~5 min) is 

compared to the same isothermal time, viz, 2.7 J/g and 3J/g. This confirms that interfacial 

stereocrystallization takes place under the set non-isothermal SLS conditions. Thus, the concept 

will be of importance to additive manufacturing technologies based on thermoplastics.  
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Figure 5.14: Normalized heat flow plotted as a function of temperature for samples prepared by 
selective laser sintering (SLS) 

 

5.4 CONCLUSIONS  

The kinetics and length-scales of isothermal interfacial stereocomplexation in heterogeneous 

poly(lactide) melts was studied by varying temperature and molar mass ratio of enantiomerically 

opposite poly(L-lactide) and poly(D-lactide) solid state pre-compacted samples where the molar 

mass of poly(D-lactide) was constant and the lowest overall. At 200°C, which is well above the 

melting temperature of the homopolymeric poly(D-lactide) or poly(L-lactide) crystals and below 

the melting temperature of their stereocrystals, the stereocrystallization rate is inversely 

proportional to molar mass ratio as proven by the increase in storage modulus in rheometry. 

Interfacial stereocrystallization proceeds via two successive stages where the low molar mass 

poly(D-lactide) primarily diffuses into the higher molar mass poly(L-lactide) domains following 

reptation. After an initial steep increase in storage modulus, where the rate is molar mass 

dependent, a transition occurs to a state where the stereocomplexation rate is low and the 

continuation of stereocrystallization is independent of molar mass. The relative population of 

stereo- to homocrystals spatially derived by FTIR imaging, reveals that the transition from high 

to low stereocrystallization rate is not dictated by the physical presence of crystals at the 

interface, but a critical complex viscosity and network density in which chain motion impedes 

significantly. The cooperative effect of entanglements and stereocrystals excludes the effect of 

molar mass in the second stage of stereocrystallization. Stereocrystals require per definition 

multiple polymer chains that like entanglements act as physical crosslinks increasing 

cooperatively the storage modulus and complex viscosity of the heterogeneous melt. In the case 

of the lowest molar mass ratio, the number of entanglements per chain is the lowest, demanding 
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the highest number of stereocrystals to reach the critical network density and facilitating the 

largest length-scales of interfacial stereocomplexation and ultimate mechanical stiffening. 

The effect of temperature on interfacial stereocrystallization was studied for the lowest molar 

mass ratio marked by the highest interfacial diffusion rate, diffusion length-scales, total amount 

of stereocrystals and mechanical stiffening. The evolution of interfacial stereocrystallization by 

recording the melting enthalpy of stereocrystals in Differential Scanning Calorimetry 

compliments the rheometry studies. In comparison to homogenously mixed melts of two 

enantiomerically opposite poly(lactides), the rate of interfacial stereocrystallization in 

heterogeneous melts is initially high. Initial diffusivity and reeling in of chain segments towards 

crystal growth fronts of the low molar poly(D-lactide) is not or partially affected by the network 

density of the high molar mass poly(L-lactide). With variations in isothermal temperature, 

interfacial diffusion and successive stereocrystallization are no longer only dependent on 

relative viscosity, but also the thermodynamic driving force for crystallization, i.e. the degree 

of supercooling that both increase with a decrease in temperature. The length-scales of 

interfacial stereocrystallization and ultimate mechanical stiffening are based on a delicate 

balance of complex viscosity and the rate of stereocrystallization. At low supercooling, 

relatively low complex viscosity and stereocrystallization rate entail large timescales for 

reaching a critical network density and large ultimate diffusion paths and interfacial stiffening. 

As the isothermal temperature decreases, the degree of supercooling, the stereocrystallization 

rate and initial relative viscosities increase, reducing diffusivity, the timescales for critical 

network formation, and ultimate interfacial stiffening. At lower temperatures, but still above 

the conventional isothermal crystallization temperature of enantiomerically pure poly(lactides), 

stereocrystal induced poly(lactide) homocrystallization was observed. The judicious selection 

of relative molar masses and temperature creates a scenario in which (i) low individual 

homocrystallization rates that enable interfacial diffusion, (ii) successive high 

stereocrystallization rate and (iii) ultimate nucleation of homocrystals render technical 

advances in strengthening polymer-polymer interfaces during non-isothermal processing in for 

example additive manufacturing techniques like selective laser sintering.    
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Chapter 6 
 

Valorization; translation of the know-how 
for the development of products for 
manufacturing and biomedical industry  
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6.1 TECHNOLOGICAL IMPACT IN THE MANUFACTURING INDUSTRY  
 
In this thesis, the problem of inferior inter-layer weld mechanics observed in additively 

manufactured thermoplastic parts, specifically realized by FDM, is addressed. In Chapter 2, the 

importance of misaligned timescales of intermolecular diffusion and crystallization is 

highlighted by systematic variations in molecular parameters using poly(lactides). The 

subsequent chapters demonstrate the enhancement of inter-layer weld stiffness by controlling 

molecular diffusion and /or crystallization. In Chapter 3, the addition of chemically identical 

low molar mass fractions and nucleating poly(lactide) stereocomplex crystals provide melt 

plasticization and increased crystallization rate, leading to an increase in weld stiffness and 

geometrical stability. A more effective route to simultaneously increase weld stiffness and 

enhance geometrical stability is provided and investigated in Chapter 4. The innovative 

fabrication strategy relies on weld reinforcement via spatially targeting stereocomplexation 

across layer interfaces. This is achieved by alternating deposition of enantiomerically opposite 

poly(lactides). Furthermore, the kinetics, spatial distribution and length scales of interfacial 

stereocrystallization under isothermal and non-isothermal conditions are addressed in detail in 

Chapters 4 and 5.  

Poly(lactides) have been and are today still the primary class of thermoplastic used in FDM  and 

has been successfully adopted in manufacturing industries to make functional prototypes, rapid 

tooling, and customized parts1–4. In many applications, the intrinsic mechanical properties are 

expected and desired. However, due to the slow molecular dynamics and morphological changes 

of the semi-crystalline polymer with time, a mismatch in the anticipated and the experimentally 

realized mechanical properties exists. The routes of blending low molar mass additives and 

interfacial stereocomplexation presented in this thesis are a unique and effective way to 

enhance inter-layer mechanical stiffness. Moreover, for the incorporation of these concepts in 

the 3D printing industry, no major modifications are required in existing FDM printing setups. 

To utilize low molar mass additives, the blends can be fed in the form of filaments or granules 

(feedstock for FDM printers). Achieving interfacial stereocomplexation in FDM requires a twin 

nozzle setup, which is embedded in most FDM printers today. However, it is important to note 

that in all printers a second nozzle is typically provided for deposition of a support material, 

which aids in the formation of complex geometries. The support material is typically water-

soluble and is removed after printing of the object. Therefore, the printing of complicated 

geometries in combination with interfacial stereocomplexation demands the use of multi-

material FDM printers having more than two nozzles. 

As highlighted in Chapter 5, interfacial stereocomplexation has great potential in Selective Laser 

Sintering (SLS), where the interfacial area is much greater than in FDM. Future research and 
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development on interfacial stereocrystallization in SLS is required, which shall focus on process 

optimization and evaluation of mechanical properties. It is also worth noting that 

stereocomplexation phenomena is not limited to poly(lactides). Complementary configurations 

that under specific conditions lead to stereocrystallization have been reported for various 

polymer systems such as aliphatic polyesters, aliphatic polycarbonates, polyimides, 

polyketones, and poly(methyl methacrylate)5–8. Consequently, interfacial stereocomplexation 

to mechanically reinforce polymer-polymer interfaces by effective stress transfer is applicable 

to other polymeric materials, expanding the diversity in mechanical properties, and certainly 

not limited to additive manufacturing. Composites comprise a class of materials in which a 

dispersed discontinuous phase adds functionality to the continuous matrix phase. Mechanical 

reinforcement of the dispersed phase to the continuous phase is always a challenging step in 

perceiving the ultimate properties of a composite. Thus, the interfacial stress transfer is often 

challenged but can be secured via the concept of interfacial stereocrystallization.   

Apart from applications in the manufacturing industry, Poly(lactides) are commonly used in 

biomedical applications as it uniquely combines biodegradability, biocompatibility, and 

thermoplastic facile processability 9,10. The use of poly(lactide) is not solely based on its 

biodegradability nor because it is made from renewable resources. It is being used because in 

comparison to competitively classified polymers as it performs very well and provides excellent 

properties at a low price 11. Via FDM technology, poly(lactide) in the biomedical industry is 

primarily utilized in the fabrication of bioresorbable implants and porous scaffolds for tissue 

regeneration. In the forthcoming section, the fundamental knowledge originating from this 

thesis is exploited by the introduction of an innovative fabricate route of porous scaffolds for 

tissue engineering with enhanced biomedical functionality.   

6.2 TECHNOLOGICAL IMPACT IN TISSUE ENGINEERING  

6.2.1 Introduction  

Evolution has provided nature with myriads of exquisitely engineered load-bearing constructs. 

To facilitate energetically optimized operations, the functional endurance of natural load-

bearing materials is based on porous, fibrillar and anisotropically reinforced composite 

structures fulfilling the requirement of being lightweight. The closest example is the building 

block of our skeleton. Bone encompasses a class of materials mainly consisting of mineralized 

collagen fibrils. To fulfill the requirement of mechanical support, uniquely spatially organized 

multi-sized pores are desired 12. Due to the presence of bone marrow, bone is a vascularized 

tissue that besides collagen contains various structural proteins. To render smoothness, i.e. low 

friction, transfer of loads in the cooperative functioning of the skeleton, the end of bones – 

known as the osteochondral interface - are made of cartilage, a special connective tissue (as 
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seen in Figure 6.1). Whereas bone is vascularized, cartilage is not, leading to a low regeneration 

potential after damage 13,14. Damage of this cartilage may lead to osteoarthritis, which is a 

chronic, progressive and degenerative disease that not only affects the elderly but also sportive 

younger athletes with joints that are excessively stressed 15. Studies of the United Nations 

predict that by 2050 about 130 million people will suffer from osteoarthritis 16. 

Besides initial pain medication, the treatment of, for example, knee cartilage lesions and 

symptoms are challenged by its avascular nature. Consequently, cartilage possesses low healing 

capacity that ultimately invokes joint replacement and even total knee arthroplasty 17,18. The 

performance of the currently used knee prostheses is unideal since its life-time is (i) limited to 

10-15 years, demands revision surgeries, and (ii), if it is mechanically overdesigned, weakens 

the resulting cooperative mechanical functionality. In terms of mechanical overdesign in re-

instigating anisotropic bone mechanics, it is remarkable to realize that most implants today, 

also the ones that are temporary and bio-resorbable in origin and are mechanically isotropically 

designed. Such a mismatch in mechanical design has adverse effects on the functioning of the 

regenerated or repaired tissue.  

Biofabrication to direct tissue regeneration of the defected osteochondral tissue seems most 

promising. Here, cells are seeded and are grown on an either in-vitro or in-vivo geometrically 

shaped scaffold that slowly degrades. Timing of degradation, and thus fading of the 

functionalities like shape and mechanics, must be aligned with the timescales of growth and 

self-functioning of the tissue. Due to ease and flexibility in shaping, thermoplastic polymers are 

preferred as a scaffold material. FDM is often used to geometrically reproduce the defected 

tissue by constructing scaffolds. An empirically derived rule of thumb for the best regeneration 

is accomplished using materials, here scaffolds, that mimic the functionalities of the native 

tissue as close as possible 19. Known functionalities are surface roughness, surface chemistry, 

porosity, surface – and macroscopic mechanics, often non-isotopically distributed in the native 

gradient tissue 20–24. Each parameter influences cell attachment, proliferation, and 

differentiation.  

 

 
Figure 6.1: Fixation of regenerative tissue using a mechanically isotropic screw (left) and deeper insight 
in the mechanical gradient of the osteochondral tissue (right), processed from Di Luca et al. 24.   
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The effect of gradient porosity on the differentiation of human mesenchymal stromal cells 

(hMSCs) was studied by Di Luca et al. 25. In the study, 3D printed scaffolds of poly(ethylene oxide 

terephthalate)/ poly(butylene terephthalate) (PEOT/PBT) with gradient porosity, homogenous 

surface chemistry and surface mechanics were used. Along a gradient in descending pore size, 

a gradual increase in chondrogenic markers and compaction of the formed extracellular matrix 

were observed. To reach ultimate control in hMSCs differentiation lineage, attempts are made 

to complement gradient porosity by gradient surface mechanics– a concept proven for the 

regeneration of soft tissue 26. The existence of such a stiffness – cell differentiation relationship 

for stiff tissue regeneration is yet a matter of debate and requires investigation. Two approaches 

to introduce spatial gradient (surface) mechanics are based on (i) either discrete mechanical 

transitions or, (ii) continuous transition/gradient in mechanics 24,27. Practically, both approaches 

are based on variations in materials and consequently materials chemistry, inducing an 

additional effect in terms of biological response and cell attachment 28. On top of that, multi-

material scaffolds with discrete mechanical transitions are prone to macroscopically fail once 

cooperatively mechanically stressed. 

To optimize the targeted functionality of regenerated tissue (here the osteochondral tissue), it 

may be beneficial to preserve homogenous surface chemistry for cell attachment and introduce 

natural gradients in macro-mechanics via a single component FDM printed system. The stiffness 

of a single bioresorbable polymer can be spatially controlled by directing the degree of 

crystallinity in three-dimensional space. The gradient structures developed can be used as 

directly implantable bioresorbable support structures and scaffolds in regenerative tissue 

engineering. To achieve and direct crystallinity gradients, the observations made in Chapter 2 

are recalled. Thermally induced structural heterogeneities along the build direction can evolve 

in parts printed with PLA due to the low crystallizing rate of PLA. In addition, to achieve a 

gradient structure, it is also important that (a) the range of stiffness closely mimics the stiffness 

range of osteochondral interfaces and, (b) the parameters that influence cell differentiation 

such as surface chemistry and porosity are not altered. In the following section, the fabrication 

of stiffness gradients by controlled variations in crystallinity via FDM printing is explored. The 

achievable gradients in stiffness are demonstrated by employing DMA and mechanical 

indentation studies.  

6.2.2 Materials and methods  

6.2.2.1    Material selection  

A biomedical PLLA grade with an enantiomeric purity above 99% and an inherent viscosity of 

1.8dl/g was provided by Corbion Purac (Gorinchem, The Netherlands). Since the glass transition 

temperature (Tg) of this material is 58°C, the material stays above its Tg at body temperature 
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(~37°C), rendering only slight variations in crystallinity induced stiffness. The optimum design 

of a scaffold dictates a high gradient in stiffness, as it is reported that the osteochondral 

interface comprises of a stiff subchondral bone and significantly softer mineralized cartilage. 

Here, the stiffness can vary within a range of 100 to above 1000  MPa 24,25,29,30. To achieve 

stiffness variation in this order of magnitude, the Tg of PLLA needs to be reduced significantly, 

so that stiffness variations due to crystallinity are more expressive and fit the targeted range in 

stiffness. However, the Tg cannot be much below body temperature, as it will lead to cold 

crystallization overtime, erasing the structural variations and inducing undesired dimension 

instability. To reduce the Tg, vitamin E (α-tocopherol) was used as a plasticizer. This selection 

was based on the fact that Vitamin E is (a) biocompatible and potentially bioactive 31,  and (b) 

relatively hydrophobic 32,33, reducing the probability of leeching out and causing an uncontrolled 

increase in  Tg over time. A series of PLLA-Vitamin E blends were produced by solution mixing 

PLLA and Vitamin E in chloroform for 1 hour under continuous stirring. The mixture was then 

poured into a petri dish and chloroform was allowed to evaporate at ambient temperature. 

Subsequently, the Tg of the blend was determined by Differential Scanning Calorimetry (DSC), 

by heating the sample from 0 to 200°C at a heating rate of 10°C/min. In Figure 6.2, the Tg of 

PLLA is followed as a function of vitamin E concentration by weight in the mixture.  It is apparent 

that the Tg decreases with the increasing wt-% of vitamin E. The addition of 18 wt-% of vitamin 

E resulted in a Tg close to 37°C and was used for further studies. From here onwards, in this 

chapter, this blend will be referred to as PLLA-V18.  

 

Figure 6.2: Glass transition temperature (Tg) of PLLA plotted as a function of the concentration of 
vitamin E measured by weight. 
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6.2.2.2    Scaffold design  

For scaffold fabrication, a PLLA-V18 filament with a mean diameter of 2.85 mm was prepared 

by melt extrusion at 190°C using a 3Devo single screw extruder. Thereafter, scaffolds were 

fabricated using an Ultimaker 2+ filament printer operating at a melt temperature of 190°C and 

a build plate temperature of 60°C. The sample having 18 layers, with a layer height of 0.4 mm, 

an infill of 50%, a 0/90° deposition strategy was printed. The dimensions of the scaffold were 

set to 20x20 x7.2 mm3 as illustrated in Figure 6.3.  To attain a crystallinity gradient along the 

build direction, where the bottom layer would have the highest crystallinity, the printing speed 

was set such that the time taken to attain maximum crystallinity was within the time taken to 

construct the part. Based on the isothermal crystallization measurement at 60°C of PLLA-V18, 

the time taken to achieve maximum crystallinity in the bottom layer was estimated. It is also 

important to note that in the current printing setup, a heated bottom plate controls the ambient 

air temperature. Due to the absence of a heated chamber, the ambient temperature decreases 

a function of build height and is not constant. This may further aid in achieving a crystallinity 

gradient, provided heat is sufficiently dissipated during deposition. To confirm this temperature 

profiling of the bottom layer was also performed.  

                                                

Figure 6.3: Schematic of sample geometry. 

6.2.2.3    Temperature recording 

To understand and control the evolution of a gradient in crystallinity along the build direction, 

the temperature history of the first deposited layer was mapped with varying time intervals 

between the deposition of successive layers. Temperature profiles were recorded using a 0.15 

mm K type thermocouple embedded in the base plate of the printer. The thermocouple was 

placed in the middle of the bottom layer. High accuracy in data acquisition was guaranteed by 

a DataQ DI718 data acquisition read-out system with 1 kHz sampling frequency.  

6.2.2.4    Structural analysis in scaffold 

The crystallinity of individual layers was determined via 2D wide-angle X-ray diffraction using a 

SAXSLAB’s Ganesha instrument equipped with a divergence source producing X-ray photons with 
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a wavelength of 1.54 A˚. The beam center and θ range were calibrated using the diffraction 

peaks of silver behenate. Conversion of 2D into 1D data was carried out with Saxsgui V2.13.01 

using an automated beam stop mask. 

6.2.2.5    Isothermal crystallization behaviour of PLLA-V18 

Differential Scanning Calorimetry (DSC) was used to study the crystallization behaviour of the 

PLLA-V18 blend. For the study, an amorphous sample was prepared by melting the solution 

blended sample between two silicon wafers at 200°C and subsequently quenching in a dry ice – 

acetone mixture of -78°C. DSC was performed using a TA instruments Q2000 by weighing 5mg 

of sample with ±5% accuracy in an aluminium pan that was sealed hermetically. The sample was 

heated at a rate of 30°C/min to a temperature of 60°C and kept isothermally for one hour to 

ensure (cold) crystallization. The relative crystallinity (Xt) is plotted as a function of time in 

Figure 6.4. It is observed that maximum crystallinity (Xt = 1) is achieved within approximately 8 

minutes.  

 

Figure 6.4: Relative crystallinity (Xt) plotted a function of time for isothermal crystallization of PLLA-
V18 performed at 60°C. 
 

6.2.2.6    Mechanical characterization  

The elastic modulus (E’) was evaluated by dynamic mechanical testing in tension mode using a 

Mettler Toledo DMA 1. The deformation was set to 5µm and at a frequency of 1 Hz. The storage 

modulus (E’) was recorded in a temperature range from 25 to100 °C using a heating rate of 5 

°C/min. The shear modulus (G’) was measured by dynamic mechanical testing in torsion mode 

using an Anton Parr MCR 302 at a strain of 0.01% and a frequency of 1Hz. 

To evaluate the surface stiffness, indentation studies were performed on a NanoIndenter XP 

(MTS Systems, USA). Experiments were performed in controlled displacement mode using 3µm 

displacement and a 2 mm cylindrical flat-ended indenter. During the measurement, the force 

0 2 4 6 8
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

X t

Time (min)

  6 



- 116 - 
 

as a function of displacement was recorded during the loading and unloading cycle. A total of 

five measurements were performed on various locations on the sample.  

6.2.3 Results and discussion  

6.2.3.1    Stiffness gradient 

To confirm the hypothesis that the chosen plasticized PLLA system (PLLA-V18) can provide a 

significant gradient in stiffness, the mechanical properties were investigated in the amorphous 

and crystalline state. Films of solution blended PLLA-V18 (section 6.2.2.5) were heated to 190°C 

between two silicon wafers and kept isothermally for 2 minutes to erase the thermal history. 

Thereafter, samples were quenched in acetone to circumvent crystallization and achieve an 

amorphous state (Xt = 0). In order to achieve samples with maximum crystallinity (Xt = 1), the 

prepared amorphous samples were crystallized under isothermal conditions in a preheated oven 

at 60°C for 8 min, based on Figure 6.4. The thermo-mechanical properties of films with Xt = 0 

and Xt = 1 were evaluated by DMTA under tension and torsion modes, to provide the E’ and G’, 

Figure 6.5 (a) and (b) respectively. As typically seen in thermoplastics, upon heating the glass 

transition induces a drop in storage modulus E’ for both Xt = 1 and 0, Figure 6.5(a). Since polymer 

crystals contribute to network formation, the decrease in E’ is more pronounced in the 

amorphous sample (Xt = 0). Xt = 1 shows a higher stiffness compared to Xt = 0 in the entire 

measured temperature range. Additionally, upon heating Xt = 0 to higher temperatures, the 

decrease in E’ is followed by an increase. The increase in E’ is assigned to cold crystallization 

above the glass transition temperature 34. On the contrary, in the case of the Xt = 1 sample, no 

cold crystallization is observed, confirming that the maximum crystallinity was attained. In 

Figure 6.5(b) the G’ is plotted as a function of temperature and exactly matches the trends 

observed in E’, Figure 6.5(a).  

At room temperature, the increase in stiffness pertaining to crystallization is 21% (512 MPa to 

620 MPa). At body temperature (~37°C), the increase in stiffness is more pronounced, namely 

106% (243 MPa to 500 MPa). Retrospectively, the approach of reducing Tg close to 37°C confirms 

substantial variations in stiffness with variations in crystallinity. However, it must be noted that 

the bulk properties are measured via DMTA and may not always represent stiffness at the 

surface. In the context of tissue engineering, it is important to study the surface properties as 

cell response relies on their adhesion to a substrate 20–24. Therefore, the local surface stiffness 

was investigated by indentation methods. In Figure 6.5(c), the force was recorded as a function 

of displacement during the loading and unloading cycles. The measurements were performed at 

two temperatures: 23°C and 37°C.   
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Figure 6.5: The dynamic (a) elastic modulus (E’) and (b) shear modulus (G’) of PLLA-V18 plotted for Xt 
= 0 and Xt = 1 as a function of temperature, recorded by means of DMTA; (c) Indentation derived force-
displacement diagrams of films with Xt = 0 and Xt = 1 relative crystallinity to evaluate the effect of 
crystallinity on surface stiffness. Xt = 0 represents an amorphous substrate, while Xt = 1 represents a 
substrate with maximum crystallinity. Tests were performed at 23°C and 37°C respectively.  

 

Table 6.1: Contact stiffness(S) and maximum force (Fmax) for samples with Xt = 0 and Xt = 1 recorded by 
indentation at 23°C and 37°C. 

Sample Temperature (°C) Contact Stiffness S (N/m) Fmax (mN) 

Xt = 0 
23 10 x 104 66 

37 1.4 x 104 13 

Xt = 1 
23 13 x 104 82 

37 4.3 x 104 47 
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From Figure 6.5(c), the maximum force during the measurement (Fmax) and contact stiffness (S) 

were registered and reported in Table 6.1. For the calculation of S, the method used by Pharr 

et. al. was used. Here, the initial slope of the unloading curve represents S 35. The results at 

23°C and 37°C reveal that both S and Fmax increase with crystallinity as expected.  The effect is 

amplified at 37°C, as seen by a 207% increase in S and a 261% increase in Fmax. The above results 

confirm that (a) substantial variation in surface stiffness can be achieved for the selected 

material composition, and (b) the range of stiffness is within the range observed in the 

osteochondral interface 24,25,29,30. In the next section, the knowledge is transferred into the 

making of a “gradient scaffold” via FDM.  

6.2.3.2    Printing gradient scaffold 

To demonstrate control in the realization of a spatial gradient in crystallinity in a porous 3D 

printed scaffold, i.e. under non-isothermal conditions, the thermal profile during printing was 

first evaluated. Based on the observations in Chapter 2, it is likely that crystallization will 

proceed via cold crystallization during annealing cycles 34. In this way, the bottom layer 

experiences most annealing cycles and is expected to have the highest crystallinity. To ensure 

that the bottom layer attains maximum crystallinity, the printing speed was set to 50 mm/s, as 

it resulted in a printing time of approximately 8 minutes, comparable to the time required to 

reach maximum crystallinity (Xt = 1), Figure 6.4.  

Furthermore, it is crucial to note that in this scenario, the heat buildup within the specimen 

must be avoided. The temperature profile recorded is depicted in Figure 6.6. Typically, 

completion of a layer is marked by the immediate deposition of the next layer (no break/pause), 

which is represented by the measurement “0-sec break”. Despite the porous structure, the 

dissipation of heat after the deposition of each layer did not complete. In fact, the temperature 

minima remain above 60°C. To manage the temperature more accurately during printing, 

additional time for more effective heat dissipation was provided by the introduction of breaks 

of 10 or 15 sec after deposition of each layer. As observed in Figure 6.6, the incorporation of 

breaks reduced the peak minima to values just above the set build temperature of 60°C, 

confirming effective heat dissipation. Following this strategy, it is likely that the local heat 

administered via the melt extrudate can be used to control spatial variations in (cold) 

crystallization. 
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Figure 6.6: Temperature profiles of printing scaffolds from PLLA-V18 recorded at the center of the 
bottom layer at 50mm/s printing speed with breaks of 0, 10 and 15 seconds after each layer deposition. 

 

The sample prepared by employing a break of 10 sec after the deposition of each layer was 

characterized in further detail. The spatial gradient in stiffness in the sample was evaluated by 

means of WAXD of the bottom (layer 1), middle (layer 9) and top (layer 18) layers after isolation.  

The 2D WAXD patterns for layers 1, 9 and 18 are shown in Figure 6.7. The intensity of the broad 

amorphous halo relative to the intensity of the crystal-induced sharp circumferential diffraction 

signals enables the calculation of layer-specific crystallinity.  Based on the azimuthal integration 

of the 2D WAXD patterns, the crystallinity was evaluated. The results confirm that under the 

adopted printing protocol a clear gradient in crystallinity along the build direction exists as 

layers 1, 9 and 18 possess a crystallinity of 52%, 44%, and 0% respectively.    

                              
 

Figure 6.7: 2D WAXD patterns of layer1, 9 and 18 revealing the crystallinity gradient achieved.  
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6.2.4    Conclusions  

A novel route to introduce “continuous stiffness gradients” in a single component (and single 

chemistry) FDM printed scaffolds by spatial control of crystallinity is demonstrated. The method 

enables the design of scaffold-based regenerative strategies for the osteochondral interface by 

mimicking its characteristic stiffness gradient.  

As a next step, the question of whether these stiffness gradients alter human mesenchymal 

stromal cell differentiation is to be answered. A few points need to be taken into consideration. 

A cautious approach is required not to misinterpret the outcome of such a study. Other 

parameters, like surface roughness, are reported to potentially influence stem cell 

differentiation as well 23. Therefore, the effect of crystallinity induced surface stiffness and 

surface roughness on stem cell differentiation must be studied independently. 
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Appendix A 
 

 

 

 
Figure A1: Experimental data (in black) and corresponding Avrami fits (in red) for isothermal 
crystallization of (a) PLA245_99 and (b) PLA148_99. Note that the fits are representative of the primary 
crystallization process. After the crystallization half-time deviations of the Avrami fits become apparent 
and are caused by secondary crystallization effects.  

 
Table A1: Void fraction calculated with and without perimeter. 

 

 

 

 

 

 

 

Sample Speed 
[mm/s]  

Void fraction 
with perimeter 

[%] 

Void fraction 
without 

perimeter [%] 

PLA245_99 
20 2.82 0.31 
50 1.40 0.48 

PLA245_96 20 1.20 0.32 
50 4.82 0.49 

PLA148_99 
20 3.86 0.15 
50 1.50 0.16 
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Figure A2: Scanning electron micrographs of the xy top (upper) and xy bottom (down) surfaces of for 
PLA245_99 (a, d), PLA_148_99 (b, e) and PLA245_96 (c, f) visualizing the effect of molar mass, L-
enantiomeric purity and print speed, which is 20 mm/s for the left and 50 mm/s for the right images. 
The scale bar is representative to all images. 

 

Figure A3: Influence of crystallization, isothermal at 120 °C, on complex viscosity of poly(lactides) 
(PLA148_99, PLA245_99 and PLA245_96). 
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Appendix B  

 

Figure B1: Schematic of sample geometry. 

 

 

Figure B2: Complex viscosity plotted as a function of angular frequency (ω) for L245 at different 
temperatures to determine printability window. 
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Figure B3: Molecular weight distributions of (a) L245-DL25, (b) L245-DL70, (c) L245-DL70-SC and L245-
SC blends. 
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Figure B4: Development of relative crystallinity (represented by Percentage Area) as a function of time 
for different crystallization temperatures for L245, L245-DL25-80/20, L245-DL70-80/20, L245-DL70-SC-
19/01 and L245-DL70-SC-15/05. (a), (b) and (c) represent melt crystallization and (d), (e) and (f) 
represent cold crystallization.  
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Figure B5: Polarized optical micrographs of printed samples for (a) L245, (b) L245-DL25-80/20, (c) L245-
DL70-80/20, (d) L245-DL70-SC-19/01, (e) L245-DL70-SC-15/05, (f) L245-SC-99/01 and (g) L245-SC-95/05 
depicting the crystalline morphology. 

 

Table B1: Glass transition (Tg), crystallization temperature (Tc) and crystallization enthalpy (∆Hmc) for 
blends studied. 

Blend Tg (⁰C) Tc (⁰C) ∆Hcm (J/g) 

L245 64 97 17 
L245-DL25-80/20 56 88 6.25 
L245-DL25-85/15 58 93 7.64 
L245-DL25-90/10 59 95 16.5 
L245-DL25-95/05 62 96 16.7 
L245-DL70-80/20 56.5 86.5 5 
L245-DL70-85/15 58 89 7 
L245-DL70-90/10 60 92.5 16.2 
L245-DL70-95/05 62 95.5 16.5 

L245-DL70-SC-19/01 59 123 50 
L245-DL70-SC-15/05 60 129 52.5 

L245-SC-99/01 64 17 46 
L245-SC-95/05 64 125 48 
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Appendix C  
 

 

Figure C1: FTIR spectra and corresponding second derivative for PLLA148 and PDLA100 crystallized at 
80⁰C, 100⁰C, 120⁰C and pure stereocrystals. Samples crystallized at 80⁰C, 100⁰C, 120⁰C represent 
homocrystals and were produced by keeping a fully amorphous sample at the respective annealing 
temperature for 1 hour. On the other hand, stereocrystals were produced by keeping a 50:50 blend of 
PLLA148 and PDLA100 at 200⁰C for 15 minutes, after which the sample was quenched. 
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Appendix D  
 

 

Figure D1: FTIR absorbance images highlighting the structural composition of the interfaces produced 
for samples of L140-D90 crystallized at 200⁰C for 0, 10, 20 and 30 minutes respectively. The blue regions 
highlight the areas where interfacial stereocrystals are formed. The black regions highlight the regions 
dominated by homocrystals.  

 
 Figure D2: DSC thermograms of PLLA140 (black) and PDLA90 (green) on cooling from 200⁰C at a rate of 
10⁰C/min, revealing the onset temperature of melt crystallization.  
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