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Abstract 

In recent decades, the production of polymeric parts using fused deposition modelling (FDM) 

has gained significant attention in the field, owing to its design flexibility, low cost, and time-

efficient prototyping capabilities. Nevertheless, the inherently as-built limitation constrains the 

performance and challenges the broader applications. To address these limitations, the post-

heat treatment or annealing has long been applied as one the critical post processing techniques 

for enhancing the materials properties and its performance. Despite the beneficial effects of the 

post-heat treatment on the mechanical strength, its effect on the long-term tribological 

performance with the involvement of complex structures are limited. While it is often assumed 

that improvements in mechanical properties lead to enhanced tribological performance, 

tribological properties are not intrinsic material properties. Instead, they are instead dependent 

strongly on the specific system and operating conditions in which a material or structure has to 

function. Among the tribological studies, the friction-induced vibration (FIV) is a critical issue, 

causing unwanted noise, wear, and potential system failure. Although the proposed active or 

passive controls can mitigate FIV, they inevitably increase the complexity in the design and 

implementation of the whole system. The re-entrant auxetic structure was employed in this 

study as the solution, characterized by Negative Poisson’s ratio (NPR). Notably, the 

performance of AM-fabricated parts remains highly sensitive to the external environmental 

stimuli, particularly temperature.  

Therefore, this thesis systemically investigated the effects of post-heat treatment on the 

dimensional accuracy, mechanical performance and tribological performance of FDM-printed 

polymers and polymers composites incorporating with complex structures under 

environmental temperature conditions. This work of great importance as it demonstrates the 

post-heat treatment is an effective method for tailoring and optimizing the mechanical 

behaviour of printed polymers while also emphasizing the necessity of systematically 

evaluating its influence on the tribological performance of printed engineering parts subjected 

to different sliding conditions and thermally demanding conditions.  

This thesis started from comprehensive exploration on the effects of post-heat treatment on the 

mechanical performance by measuring the tensile and compressive strength of the FDM-

printed neat PLA and PEEK. It was found that the heat-treated specimen had a higher mean 

absolute deviation (MAD) at 0.263 mm compared to the standard one with 0.141 mm. Detailed 

dimensional measurements further revealed shrinkage of the samples due to the crystallization-
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induced volumetric shrinkage and relief of the residual stress. For the mechanical performance, 

both polymeric samples exhibited enhanced mechanical properties by increasing their elastic 

modulus and yield strength due to increased degree of crystallinity and enhanced interlayer 

bonding. Nevertheless, the post-heat treatment induced the reduction in ductility of PLA but 

enhanced ductility of PEEK.  

The investigation to the effects of the proposed post-heat treatment on the tribological 

performance of 3D-printed PLA and PEEK structures was made afterwards. The focus was on 

investigating the friction-induced vibration (FIV) behaviour of embedding re-entrant auxetic 

structures on the wear model of 3D-printed PLA under dry sliding wear process. It was found 

that during the sliding wear process, the friction-induced vibration was effectively suppressed 

with the embedded re-entrant auxetic structures thanks to exceptional energy absorption 

behaviour. Further, this effect is more pronounced at the larger re-entrant internal angle, in this 

case the 60 degrees, owing to a more negative value of NPR in the horizontal direction. Also, 

the presence of re-entrant auxetic structure led to a more stable coefficient of friction (CoF) 

pattern within a lower CoF range, and the wear loss of the re-entrant wear model was reduced 

by avoiding the surface fatigue wears thanks to the energy absorption and vibration insulation 

capacities. The SEM revealed a wear mechanism transition from adhesive wear to mild 

abrasion with the increased of re-entrant auxetic angles from 20 degrees to 60 degrees. This is 

likely attributed to the reduction in frictional heating from the experimental results. Building 

upon the understanding of the wear mechanism of AM-fabricated filaments incorporating with 

the complex structures in controlling FIV within tribological applications, the post-heat 

treatment was applied to the neat PLA and high-performance polymer PEEK structures to 

further understand its effects on the time-dependent tribological performance of materials, 

particular with complex structures. The result revealed that the increased stiffness enabled the 

re-entrant structures to more effectively reduce FIV during the sliding process of specimens. 

However, heat treatment produced contrasting effects on the wear performance of the two 

polymers. The specific wear rate of the heat-treated PLA sample with the re-entrant structure 

increased from 2.36 × 10−5  𝑚𝑚3 (𝑁 · 𝑚⁄ ) to 4.5 × 10−4  𝑚𝑚3 (𝑁 · 𝑚⁄ ), while it decreased for the 

PEEK sample from 3.18 × 10−6  𝑚𝑚3 (𝑁 · 𝑚⁄ )  to 6.2 × 10−7  𝑚𝑚3 (𝑁 · 𝑚⁄ ) . Microscopic 

observations revealed that this difference was due to the variations in the brittleness of the 

treated materials, which influenced wear debris formation and the formation of the transfer film 

on the steel counterface.  
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Meanwhile, a limitation lies within the abovementioned work, which is the significant 

deformation required of energy absorption due to the auxeticity. Given the inherently low 

strength of neat PLA, only relatively low loads could be applied to ensure the auxetic structure 

deformed within elastic range. To overcome this constrain and consider the research trend of 

carbon fibre reinforced polymers (CFPRs) with complex structure designs, this study was 

extended to investigate the structural design and material selection using high-performance 

CFRPs composites under different loading conditions. It was found that the FDM-printed 

CFPRs re-entrant wear model still succeeds to suppress the FIV and associated noise in the 

polymer-steel sliding pair conditions. Also, such an effect became more noticeable with the 

higher degree of internal re-entrant angles. Nevertheless, the finite element analysis (FEA) 

demonstrated that the usage of a larger re-entrant angle creates higher stress concentrations 

within the structure, especially at the nodes and joints, which increasing the risk of premature 

failure. For the wear resistance, the microscopy analysis showed that severe fibre damages 

were greatly prevented with the re-entrant auxetic structures, leading to the significant decrease 

in the specific wear rate.  

Finally, this study was extended to investigate environmental temperature effects, given the 

sensitivity of AM-fabricated parts performance to the external environmental stimuli and its 

importance for the long-term service life in the engineering applications, thereby enabling 

further optimization for thermally demanding conditions. Variable testing environmental 

regimes were applied based on the glass transition temperature (Tg) determined from DMA 

results of the neat PLA and neat PEEK. It was found that the FDM-printed PLA and PEEK 

structures was functional to suppress the friction-induced vibration, even when approaching 

their glass transition temperatures. However, operating near the glass transition temperature 

introduced a sudden increase in the specific wear rate for both polymers. This likely to 

attributed to the observed surface morphology on SEM and changed viscoelastic behaviour. 

This thesis systematically investigated the effects of the post-heat treatment on the dimensional 

accuracy, mechanical performance of 3D printed neat PLA and PEEK, as well as the subsequent 

tribological performance of the developed self-tunning absorber (re-entrant auxetic wear model) 

under elevated temperature conditions. Furthermore, the coupled roles of structural design and 

material selection was evaluated with the utilization of CFRPs under various loading conditions. 

Overall, the outcome of this thesis contributed to enable and further optimize the AM-

fabricated parts with post heat treatment for engineering applications, particularly in the 

tribological applications operating under thermally demanding conditions.  
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Chapter 1 Introduction 

1.1 Background 

Over the past decades, there have been a rapid development and advancement in additive 

manufacturing, which enables the creation of the complex functional 3D component by 

building materials layer by layer in a wide range of advanced materials selections, such as 

polymers and metals [1], [2]. In particular, the production of polymeric parts using fused 

deposition modelling (FDM) has gained significant field, owing to its design flexibility, lost 

cost, and time-efficient prototyping capabilities [3].  

The most common polymers used in FDM technology include acrylonitrile butadiene styrene 

(ABS), polylactic acid (PLA), and polycarbonates (PC), etc [4], [5], [6]. Among these, PLA 

filament stands out as the most widely used material in 3D printing due to its low cost, ease of 

processing, biodegradability, and biocompatibility [6]. These attributes make PLA attractive 

for a variety of applications, particularly in the biomedical field [7]. Nevertheless, PLA exhibits 

limitations that restrict its broader engineering applications, such as low toughness and poor 

heat resistance [6]. To address these limitations, the carbon fibre reinforced polymer 

composites (CFRPs) and high-performance polymers (HPPs) were employed. Over the past 

decades, the utilization of AM-fabricated CFRPs has emerged to meet industrial demands and 

applications [8], [9], [10], not only due to their inherently outstanding mechanical properties 

and lightweight characteristics, but also to their ease of manufacturing processes [11]. Among 

the studies, the sliding friction and wear behaviour of 3D-printed CFRPs are critical not only 

for the tribological studies but also for ensuring the long-term service life of the engineering 

applications [12]. Nevertheless, the research on the design of 3D-printed CFRPs, especially 

with respect to the structural design for enhancing the wear resistance remains limited [12], 

[13]. For HPPs, the processing of high-performance polymers (HPPs), such as polyimide (PI), 

polyetherimide (PEI), and polyether ether ketone (PEEK), through 3D printing has attracted 

significant attention recently [14], [15], [16], [17], [18]. In particular, PEEK has been 

extensively studied due to its out-standing physicochemical properties, including excellent heat 

resistance, mechanical strength, corrosion resistance, biocompatibility [19], [20], [21], [22], 

and high wear resistance [23]. These qualities make PEEK an ideal material for a wide range 

of applications, such as aerospace, medical, and tribological systems [24], [25], [26], [27]. 

Although the intrinsic inherent advantages of PEEK facilities the applications in various 

engineering field, the existing fabrication challenges in FDM [15] and the research gap in the 
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understanding of the tribological performance of the AM-fabricated HPPs impede the further 

development [28], [29]. Additionally, the neat PEEK continued to suffer from severe wear and 

shown insufficient tribological behaviour under the dry sliding conditions, which significantly 

challenged the long-term services life of the AM-fabricated PEEK component [30], [31], [32].  

Meanwhile, the inherently as-built limitation of FDM method, such as the reduction in strength 

and the degradation of the material properties constrains the performance and challenges the 

broader applications [33]. Extensive research is conducted to enhance the performance of the 

FDM printed component. Among these, the post heat treatment or annealing has been applied 

as one the critical post processing techniques for enhancing the mechanical properties and its 

performance [34]. Despite the beneficial effects of the post-heat treatment on the mechanical 

strength, its effect on the long-term tribological performance with the involvement of complex 

structures are limited [35], [36]. While it is often assumed that improvements in mechanical 

properties lead to enhanced tribological performance, tribological properties are not intrinsic 

material properties. Instead, they are instead dependent strongly on the specific system and 

operating conditions in which a material or structure has to function. 

Among the tribological studies, friction-induced vibration (FIV) is common and critical issue. 

FIV occurs when the frictional forces cause the mechanical oscillation in the system during the 

sliding wear process, and this oscillation poses the significant challenges in the mechanical 

system, resulting in the unwanted noise, wear and potential system failure [37]. Mitigating and 

controlling the FIV is vital for improving the reliability and longevity of the machinery and 

thus minimizing the downtime and operational costs. Although, extensive analytical and 

experimental research has been conducted to develop the control methods based on the 

precedent analysis of mechanisms [38], [39], [40], [41], [42], the proposed control system 

inevitably introduced extra complexity and cost of the mechanical system.  

To address this challenge and limitation, the re-entrant auxetic structures (metamaterials) were 

employed due to the unique characteristics of Negative Poisson’s ratio (NPR). The 

development of re-entrant auxetic structures was constrained by the challenges associated with 

manufacturing such complex geometry structures back then, until the recent development the 

additive manufacturing techniques [43], [44]. Taking the advantages of energy absorption 

ability [45], [46] and vibration ability [47], the re-entrant auxetic structures are in favourable 

in various engineering applications, particularly in the exploration of the band gap 

characteristics to isolate the vibration and sound [48], [49], [50]. Nevertheless, the existed 
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limitations of re-entrant auxetic structures included as-built printed defects, the dimension 

distortion and surface quality in selective lasering melting (SLS) with metals [51], or the 

balance between the stiffness and auxetic behaviour of applications [52] challenges the further 

development. Further, to the best of our knowledge, the auxetic materials/structures have not 

been directly used in tribological applications. The main challenges not only lied of the friction-

based metamaterials potentially suffering from wear [53] but also the larger deformation from 

auxetic behaviour required for energy absorption [54], [55], [56].  

Finally, the performance of AM-fabricated parts is highly sensitive to the external 

environmental stimuli or the external operating conditions, in particular under the influence of 

temperature, which significantly challenges the performance outcomes of the consistency and 

reliability in the applications [57], [58]. Although, the literature has reported the critical 

influence of environmental temperature in the thermal properties and mechanical performance 

[59], [60], as well as the wear behaviour of the 3D-printed components [61], [62], the effects 

of environmental temperature on the tribological performance of HPPs embedded in the 

complex structures remains unexplored [63], [64], [65].  

Overall, in view of the overlapping research gaps of the FDM-printed parts with post heat 

treatment in the tribological context incorporating with functional complex structures, as well 

as the critical issue needs to control the friction-induced vibration (FIV), the objectives of this 

study were defined. 
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1.2 Objective of study 

The main objective of this research thesis is to systematically investigate the effects of the post-

heat treatment on the dimensional accuracy and mechanical performance of 3D-printed neat 

PLA and PEEK, as well as the subsequential tribological performance embedded in the re-

entrant auxetic structures under elevated environmental temperature conditions. Meanwhile, 

the effect of CFRPs on the tribological behaviour of the developed self-tunning absorber under 

loading conditions was systematically studied. Collectively, the outcome of this research thesis 

contributed to enable and further optimize the AM-fabricated components through post-

processing techniques to explore and enhance the functional performance and extending the 

application in the thermally demanding operations. The specific objectives to achieve these 

aims are systematically outlined as follows: 

1. Explore and characterize the effect of proposed post-heat treatment on the dimensional 

accuracy and mechanical performance of FDM-printed neat PLA and PEEK.  

2. Investigate the subsequential post-heat treatment on the tribological performance of the 

3D-printed PLA and PEEK, but included the effect of the complex structure design, i.e., 

the re-entrant auxetic structures. 

3. Examine and establish the structural design and advanced material selection of the 

developed self-tunning absorber (the complex structure design embedded to the wear 

model to reduce the friction-induced vibration) fabricated using carbon fibre reinforced 

PLA composites under diverse operational environments. 

4. Evaluate and analyse the effect of environmental temperature on the tribological 

performance of the 3D-printed neat PLA and PEEK structures. 
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1.3 Additive manufacturing of polymers and polymer composites 

1.3.1 Development of additive manufacturing techniques 

Over the past decade, there have been rapid advancements in additive manufacturing, which 

enable the creation of complex 3D components by adding material layer by layer, using a wide 

range of engineering materials such as polymers, metals, ceramics, and concrete [1], [2]. 

Distinct additive manufacturing techniques were developed, such as the Fused deposition 

modelling (FDM), Digital lighting processing (DLP), Selective laser sintering (SLS), Electron 

beam melting (EBM) and so on [66]. According to the ASTM standard, the additive 

manufacturing techniques were categorized with vat photopolymerization (VP), powder bed 

fusion (PBF), material jetting (MJ), and material extrusion (ME) [67]. Each technique offers 

distinct advantages in polymer filaments fabrication according to the unique working 

characteristics, enabling a broader choice of the technique based on the applications and 

targeted properties of the polymer and polymer composites [68].  

Vat photopolymerization (VP) selected the liquid photosensitive polymers (liquid resins) in a 

vat to fabricate the 3D model design using radiation, the Ultraviolet (UV) light and visible light. 

Taking the advantages of light-curing process, VP technique provides high printing accuracy 

and resolution, which can be reached to micrometre scale. With the invention of the 

stereolithography (SLA) technology, the usage of light curing process has been applied to 

various manufacturing and application fields and further evolved into techniques, such as the 

digital lighting process (DLP), continuous liquid interface production (CLIP), and Two-photon 

polymerization (TPP). Nevertheless, although the targeted characteristics of high printing 

accuracy and resolution offered by VP technique, the inherently limitations such as the limited 

choice of material only with photopolymer resins, the inferior mechanical and thermal 

performance, and limited vat scales deserved a thorough consideration [69].  

Powder bed fusion (PBF) selected the powdered materials to fuse through various ignition 

sources to fabricate the complex three-dimensional design layer-by-layer. With the 

development of the PBF techniques, four subsets were developed: electron beam melting 

(EBM), multi-jet fusion (MJF), selective laser sintering (SLS), and direct metal laser sintering 

(DMLS) [70]. Taking the advantage of no requirements with support structures, larger varieties 

of powdered materials selections and design freedom, PBF technique offered broaden 

applications in multiple fields, such as aerospace, biomedical, and automotive manufacturing. 

Nevertheless, the core of PBF technique lies in the carefully control of the processing strategies 
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to maintain the appropriate printing environments and parameters for the targeted mechanical 

properties, whereas conducting the necessary post-processing to achieve the desired surface 

finish [71]. In addition, the low cost-efficiency and slow production rates compared with other 

techniques required attention [72].  

Material jetting (MJ) fabricated the three-dimensional design in which the photopolymer 

(liquid droplets) was selectively jetted onto the building platform and cured typically with UV 

lights layer-by-layer. Taking the advantage of this unique manufacturing approach, the MJ 

technique offered a thin layer thickness in micrometres scale for printing the quality-demanded 

parts and targeted properties of low surface roughness texture. Nevertheless, the limitation of 

the low mechanical and thermal performance was shared with VP technique due to the 

inherently material nature of liquid photopolymer [73]. In addition, the long-term aging and 

the exposure to the lights and humid environment facilitated the mechanical degradation, 

thereby influencing the durability of the cured parts [74]. Overall, although the availability of 

the printing scale in micrometres and targeted low surface roughness texture was predominant, 

the MJ technique of the selectively liquid photopolymer droplets in advanced application still 

existed numerous technology challenges, such as the limited selection of high-performance 

material for MJ technique and the critical need to further enhance the printing process, etc [75].   

Material extrusion (ME) fabricated the target objects layer-by-layer by melting and extruding 

the thermoplastic polymer filaments through the printing nozzle. The ME technique is the most 

common and widely used additive manufacturing technique at the current stage and can be 

categorized into two methods: direct ink writing (DIW), and fused deposition modelling (FDM) 

or fused filament fabrication (FFF) [76]. The DIW technique printed the design model layer-

by-layer by melting and extruding the rheological materials through the nozzle. Taking the 

advantages of cost-effective and wide selection of the materials, the DIW technique gained 

increasing research interests. Although limitation of the printing accuracy and stability poses 

the challenge of the development of DIW techniques, the introduced method such as machine 

vision and real-time monitoring had improved the printing the quality of the print [76], [77]. 

The FDM technique fabricated the three-dimensional model layer-by-layer by melting and 

extruding the polymer filaments on the build platform through the printing nozzle and solidifies 

upon cooling. The production of the production of polymeric parts using fused deposition 

modelling (FDM) has gained significant attention in the field, owing to its design flexibility, 

low cost, and time-efficient prototyping capabilities [3], [78]. Nevertheless, the limitations of 

the FDM method, such as the reduction in strength and the degradation of the material 



7 

 

properties constrain the prevailing industrial applications [33], [79]. Extensive research is 

conducted to enhance the performance of the FDM printed component [80], such as the 

optimization of the printing parameters [81], conducting the heat treatment [82], establish a 

design-compensation approach by performing a virtual pre-processing with the model [83], 

and so on. As reported by literature, the optimization of the printing settings indeed improved 

the mechanical strength, but certain issues remained regarding the interlayer bonding of the 3D 

printed parts, internal residual stress [34].  

1.3.2 Advanced Material: additive manufactured polymers and polymer composites 

Thanks to the emerging and developing additive manufacturing, increasing attention has been 

directly towards the advanced 3D printed polymers and polymer composites owing to 

intrinsically advanced material properties, ease of fabrication, customized reinforced schemes, 

and compatible to multiple fields [76], [84], [85]. The specific material selection for the 

discussed additive manufacturing techniques depends on the application needs of the desired 

properties. In this research thesis, the main focus was on the selected thermoplastic filament of 

polymer and polymer composites fabricated with FDM technique, namely polylactic acid 

(PLA), carbon fibre reinforced polylactic acid (CF-PLA), and polyether ether ketone (PEEK). 

Polylactic acid (PLA) 

The most common polymers used in FDM technique include acrylonitrile butadiene styrene 

(ABS), polylactic acid (PLA), and polycarbonates (PC), etc. [4], [5]. Among these, PLA 

filament stands out as the most widely used material in 3D printing due to its low cost, ease of 

processing, biodegradability, and biocompatibility [6].  

Polylactic acid (H-[OCHCH3CO]n-OH) is a renewable thermoplastic polymer matrix and an 

aliphatic polyester made from lactic acid [86]. Thanks to the development of the additive 

manufacturing and a broader recognition of the sustainable material, a significant amount 

research trend raised to 3D printing PLA since 2015 [87]. Taking the advantages of good 

compatibility [88], [89] and ease of processing in a low melting point [90], low cost [91], the 

3D printed PLA has been applied in multiple fields, such as medical [92], aeronautical [93] , 

and so on. For instance, DeStefano et al. [94] provided a comprehensive review of the important 

role of PLA in contemporary medical field owing to its compatibility and tuneable mechanical 

properties. Their review highlighted the great potential of integrating the PLA with the additive 

manufacturing in the field of customized regenerative medicine.  
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Despite the inherently limitations in material properties compared to other polymers in FDM 

applications, such as lack of flexibility and potential wrapping due to high thermal expansion 

coefficients, these limitations can be addressed at certain stage with the incorporation of fillers 

and modifications of the printing parameters [87]. For instance, Raj et al. [95] reviewed the 

case studies of 3D printed PLA in the engineering applications in accordance with the 

optimization of the printing parameters. In particular, tailoring the factors such as the infill 

density, layer height or printing orientation could essentially alternate the tensile strength and 

stiffness of the material in order to meet the specific energy requirements. Their case studies 

provided a guidance for optimizing the 3D printed PLA based structures to the potential 

engineering applications. Olam et al. [96] investigated the mechanical behaviour of the 

proposed PLA/TiO2/Hydroxyapatite composites filaments in FDM through experimental tests. 

The result revealed that adding the fillers of TiO2 and Hydroxyapatite indeed improved the 

stiffness, hardness and surface profile compared to the neat PLA. Their findings demonstrated 

that the utilization of PLA composites materials extended it potential with biomedical 

applications. Rodríguez-Reyna et al. [97] investigated the effects of the controlled heat 

treatment on the mechanical performance of 3D printed PLA and ABS FDM parts. The results 

revealed that the proposed treatment temperature and duration improved the mechanical 

strength and rigidity of PLA, while enhancing the toughness of the ABS owing to the increased 

degree of crystallinity and interlayer diffusion. Their findings demonstrated that the utilization 

of post-heat treatment is an approach to improve the structural integrity and mechanical 

properties of the materials for the engineering applications. Taşcıoğlu et al. [98] investigated 

the influence of critical printing parameters on the surface roughness and dimensional accuracy 

of the 3D printed PLA parts, while considering different post treatment methods, such as 

chemical smoothing and thermal treatment to further enhance the properties. The results 

revealed that integrating the optimized settings of the lower layer height with the proposed 

printing temperature and extrusion speed with the thermal treatment can improve the finished 

surface profile and the dimensional accuracy. Their findings demonstrated the achievement of 

integrating the printing parameters with the post treatment to enhance the surface profile and 

mechanical strength for purpose of a high quality and precision printed PLA part.  

The abovementioned work demonstrated the feasibility and functionality of different strategies 

to enhance the mechanical properties and overall performance of the 3D printed PLA in order 

to broaden the applications. Also, experimental research and the comprehensive critical 

reviews established the decent understanding of the key mechanisms of the PLA performance 
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under diverse operating conditions. Building upon these, in this research thesis, the 3D printed 

Polylactic acid was selected as the initial filament material. 

Further, despite the potential printing defects of the FDM PLA parts, utilization of the natural 

fibre reinforced PLA composites could address these issues [99] and broad the wider range of 

the applications [100]. Therefore, the selection of neat PLA at the first sight set the fundamental 

tone to the subsequent research comparison with the carbon fibre reinforced PLA composites 

(CF-PLA).  

Carbon fibre reinforced polylactic acid (CF-PLA) 

Carbon fibre reinforced polymers are composed of the carbon fibre to the load-bearing to the 

original polymer matrix which provides the stability against the environmental degradation 

[101]. Among the categories of the reinforced carbon fibre, the discontinuous or short fibres 

are widely applied [11]. Taking the advantages of lightweight and outstanding mechanical 

properties [102], in the last decade, the additively manufactured CFRPs have emerged to fulfil 

the industrial demand for the fabrication of end-user parts without the need for multiple 

manufacturing process or specialized moulding tools [8], [9], [10]. For instance, Zhang et al. 

[103] investigated the syncretical effects of the 3D printed fibre orientation with the topology 

optimization of the printing path on the mechanical strength of the carbon reinforced polymer 

composites in additive manufacturing. The result revealed that the optimised fibre orientation, 

aligning with principal stress direction achieved a higher strength to 305% and stiffness to 256% 

compared to the conventional path. Their findings provided a practical route to fabricate the 

carbon fibre reinforced polymer composites in a lightweight and enhanced loading bearing 

capacity in order to replace the metal parts. Lu et al. [104] investigated the impact behaviour 

of the reinforced concrete beam and carbon fibre reinforced concrete beam, while capturing 

the deformation process and strain evolution with the digital image correlation (DIC) method. 

The result revealed that the carbon fibre reinforced concrete beam had an enhanced stiffness, 

vibration damping ability, and a delayed crack initiation compared to the simply reinforced 

concrete beam. Their findings demonstrated integrating the carbon fibre reinforcement with 

the advanced optical measurements provided a practical route to investigate the dynamic 

response to support the structural design in applications. Harnden et al. [105] investigated the 

effects of the multifunctional structure carbon fibre composites system on the piezoelectric-

based energy harvesting in additive manufacturing. The result revealed that the proposed 

carbon reinforced multifunctional structure were able to harvest the energy through mechanical 
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deformation, while holding a remarkable stiffness and strength. Their findings demonstrated 

the utility of the CRRPs multifunctional structure significantly enhance the system efficiency 

and reliability under different operating conditions.  

The abovementioned work demonstrated the application of the CFRPs, and as reported by 

literature, a significant research interest also focused on the test of the tensile and flexural 

properties of the additive manufacturing CFRPs [106]. Meanwhile, the sliding friction and 

wear behaviour of the 3D printed CFRPs are critical for the tribological study and applications 

[12]. For instance, Man et al. [107] investigated the effects of fibre orientation, volume fraction 

and friction contact interfacial quality on the friction and wear behaviours of the 3D printed 

carbon fibre reinforced PA6 composites. The result revealed that although the friction 

behaviour strong affected by the fibre orientation, the utilization of CFRPs significantly 

enhanced the wear resistance and reduced wear loss. This is likely to be attributed to the 

stabilized load transfer and the suppressed polymer deformation. Lin et al. [108] investigated 

the effect of the incorporation of nano-silica coating on the friction and wear performance of 

the 3D printed CFRPs PEEK. The result revealed that the utilization of the nano-silica coating 

improved the wear and friction performance owing to the promotion of the denser 

microstructure in accordance with the nano-silica dispersion and interfacial compatibility.  

Nevertheless, despite these advancements, research on the design of printed CFRPs, especially 

with respect to structure design for improved wear resistance, remains limited [12], [13]. 

Therefore, more studies need to be conducted regarding the wear behaviour of the additive 

manufacturing CFRPs involved with the complex structure design. This research gap also 

matches the aim of later Chapters of developing high tribological performance FDM-printed 

engineering structures using CFRPs based on our previous work [109].  

Polyether ether ketone (PEEK) 

As discussed with the selection of neat PLA and associated CF-PLA set the fundamental tone 

in this research thesis. The attention must now be paid to high-performance polymers (HPPs), 

such as polyimide (PI), polyetherimide (PEI), and polyether ether ketone (PEEK) in order to 

meeting the demands of high-end engineering applications [14], [15], [16], [17], [18]. In this 

research thesis, polyether ether ketone (PEEK) emerges as the critical next step due to its out-

standing physicochemical properties, including excellent heat resistance, mechanical strength, 

corrosion resistance, biocompatibility [19], [20], [21], [22], and high resistance to wear [23]. 

Thanks to the emerging and rapid development of the additive manufacturing, PEEK nowadays 
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can be processed and printed into complex geometries that were implausible for the 

conventional manufacturing [2], [110]. For instance, Etchegaray-Bello et al. [111] investigated 

the effects of fibre reinforced PEEK and polyphenylene sulfide (PPS) composites on the 

thermal running behaviour and the residual mechanical performance of the battery enclosure 

applications in the electron vehicle. The result revealed that the reinforced PEEK composites 

had an excellent thermal stability and ability to retain the original material properties compared 

to the PPS composites confirmed by the microscopic results on the matrix damage and crack. 

Their findings demonstrated the utilization of the high-performance polymer composites to 

ensure the safety and structural integrity of battery enclosures. Overall, these qualities make 

PEEK an ideal material for a wide range of applications, such as aerospace, medical, and 

tribological systems [24], [25], [26], [27].  

However, the fabrication of PEEK via fused deposition modelling (FDM) or fused filament 

fabrication (FFF) presents several challenges. For instance, due to the relatively high printing 

temperature required, thermal residual stress can accumulate, leading to distortion and 

interlayer delamination [15]. Consequently, 3D-printed PEEK parts often exhibit inferior 

mechanical properties compared to conventionally injection-molded PEEK, primarily due to 

printing-induced defects such as weak interlayer bonding, distortion, and delamination [16], 

[17]. To address these limitations, extensive research has focused on optimizing FDM process 

parameters for PEEK [16], [17]. Wang et al. [17] employed finite element analysis (FEA) to 

simulate the melting behaviour and fluidity of PEEK to identify suitable printing parameters 

for achieving adequate surface quality and enhanced mechanical performance. Their study 

concluded that a higher nozzle temperature of 440 °C and a reduced layer thickness of 0.1 mm 

improved part density, reduced internal defects, and strengthened interlayer and infill bonding. 

Tafaoli-Masoule et al. [16] applied a Taguchi design of experiments (DoE) approach to 

systematically investigate the influence of FDM parameters such as nozzle temperature, bed 

temperature, print speed, and layer thickness on the tensile strength and elongation at break of 

printed materials. Rosa-Sainz et al. [112] studied and tested the utilization of PEEK, focusing 

on the experimental formability as the customized cranio-maxillofacial prosthesis. The result 

revealed that under the optimized processing conditions, the thermoformed patient-specialized 

shape from printed PEEK sheet exhibited an excellent thermoforming ability and the ability to 

maintain the dimensional accuracy. Their findings demonstrated a practical guideline to the 

design of biocompatible customized medical prosthesis in 3D printed PEEK. Feng et al. [113] 

investigated the utilization of the machine learning (ML) techniques to optimize the printing 



12 

 

parameters setting of the PEEK in FDM method. The result revealed that the comprehensive 

training on the effects of multiple critical printing parameters enables the proposed machine 

learning algorithm to effectively identify the appropriate printing parameters to achieve 

enhanced material performance. Their findings demonstrated that the potential of the 

employment of the machine learning algorithm to overcome the printing defects and challenge 

on the neat PEEK in FDM method. Nevertheless, despite the discussed advantages of PEEK, 

fully overcoming the intrinsic defects associated with the FDM processing of HPPs remains 

challenging. The high melting temperatures of HPPs, combined with natural cooling and 

thermal gradients during printing, inevitably compromise the degree of crystalline perfection 

in printed parts, thereby adversely affecting their mechanical properties. As a result, post-

processing treatments have become a necessary step to enhance the structural integrity and 

overall performance of printed polymer components [114].  

Further, as reported by literature, many researchers focused not only on the medical field as the 

biomaterial-based implant [115] but also develop and test the matrix composite to meet the 

demands of various applications [116]. However, the friction and wear behaviour of 3D 

manufactured PEEK displayed as a critical role to the current applications, and a research gap 

existed in between [28], [29]. For instance, Reddy et al. [28] investigated the wear behaviour 

of 3D printed based on the found issue of significant damage to both teeth and implant during 

mastication caused by wear and friction in order to develop a lost cost implant oral solution. 

Abhay et al. [117] investigated the wear resistance, colour stability, and the displacement 

resistance of the 3D printed PEEK crown compared to the zirconia crown through in the 

analytics-based mastication and accelerated aging. Hintze et al. [118] provided a 

comprehensive assessment of the friction and wear behaviour of neat PEEK and its associated 

composites under both dry and lubricated sliding conditions. The results revealed that the neat 

PEEK exhibited moderate wear resistance and the incorporation of different fillers enhanced 

the wear resistance. In addition, the sliding with lubricants further stabilized the frictional 

behaviour and protected from the surface damage compared to the dry sliding conditions. Their 

finding addressed an existing gap in the understanding of the tribological performance of the 

high-performance polymers in additive manufacturing.  

Although the above discussion underscored the importance of the wear and tribological 

properties of PEEK, the neat PEEK continued to suffer with severe wear and exhibited 

insufficient tribological behaviour under the dry sliding, which challenge the durability and 

service life of the PEEK component despite their intrinsic inherent advantages [30], [31], [32]. 
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Among the strategies to address this challenge, a new pathway with a multifunctional complex 

structure design to improve the tribological behaviour of PEEK overcome the tribological 

limitations of the monolithic PEEK [119].  

1.4 Post-processing strategies for additively manufactured polymers and 

polymer composites 

1.4.1 Post-processing strategies 

The emerging and rapid development of the additive manufacturing has expanded the frontier 

of the material science and instigated a revolution in the manufacturing industry as discussed 

in the Chapter 1.1. Within this fundamental shift, the post-processing strategies act as a critical 

role in transforming the fabricated raw engineering components into the industry-level 

standards by addressing the inherently limitations of additive manufacturing techniques  [120]. 

Up to now, various post-treatment methods have been developed to improve the performance 

of FDM-printed components [121]. For instance, Li et al. [122] investigated the chemical 

treatment, such as the hot vapor chemical smoothing, on the surface roughness of the printed 

PLA parts. The result was promising, showing a significant reduction in surface roughness of 

the 3D-printed PLA components through the optimized Taguchi L16 experimental design. 

Pricci et al. [123] studied the experimentally validated digital twin of the ironing process in 

extrusion-based additive manufacturing. The result demonstrated that the optimized ironing 

parameters can remarkably enhance tensile strength. In particular, the combination of ironing 

temperature, pressure, and speed improved the ultimate tensile strength by improving the layer 

bonding and reducing surface defects. Moradi et al. [124] investigated the effect of the 

utilization of CO2 laser beam cutting as a post-processing technique on the dimensional 

accuracy and edge quality of the FDM-printed PLA parts. The results demonstrated that the 

optimized laser parameters can significantly improve dimensional accuracy by reducing the 

kerf width and taper and producing high-quality cuts.  

In general, the common post-processing techniques can be summarized into eight categories: 

cleaning, support structure removal, surface finishing, ultrasonic finishing, surface coating, hot 

isostatic pressing (HIP), and heat treatment [120].  

Cleaning 

Cleaning is a crucial and fundamental post-processing strategies to remove the residual 

particles or any unnecessary parts after the print. According to Kantaros et al. [120], the 

available tool include brushing, air blowing, precision water jetting, etc. Their quantitative 
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assessment on different tools revealed that approximately 85% of the unnecessary parts could 

be effectively removed with a fundamental brushing and air blowing. Further, the usage of the 

prevision water jetting improves the efficiency up to 98%. Nevertheless, this post-processing 

strategies could potentially distorted the fabricated parts during cleaning, particularly in the 

complex design.  

Support structure removal 

The support structure removal is another crucial and essential post-processing strategies to 

remove the temporary support generated during the printing process to support the overhang 

of the target three-dimensional design. This technique encompasses wide methods from the 

manual removing with different tools to the advanced water jetting or dissolved with chemical 

solution, depending on the selected AM techniques and materials [75], [120]. However, this 

technique shared a similar limitation of potentially damage the part during removing process 

as the cleaning strategies discussed above.  

Surface Finishing 

The surface finishing technique offers a critical approach to refine the surface texture by 

removing microscopic irregularities as-built surfaces and enabling polishing for the target 

characteristic from raw AM fabricated parts [125]. The methodologies could be generally 

categorized with mechanical approaches and the chemical treatments. For mechanical methods, 

the technique, such as grinding and sanding, was applied to refine the surface texture. On the 

other hand, the chemical treatment served the same propose as the mechanical one but focused 

on the solvent or dissolution [120]. The broad genres of surface finishing post-processing 

techniques enabled the flexibility in achieving the required characteristics of the AM fabricated 

parts based on the selected materials and working conditions. Meanwhile, the improved surface 

texture significantly affected the performance of the printed parts with the fatigue resistance 

and tribological performance. Nevertheless, the limitation of excessive polishing potentially 

resulted in the detrimental effect on the surface. Also, the difficult in achieving actual 

practicality across different product scales in the industry-level requirement still challenges the 

development of the surface finishing techniques [125].  

Meanwhile, electropolishing was one of existing important surface finishing techniques, which 

typically applies to the AM fabricated metal parts and components. This technique emersed the 

printed model in the electrolyte solution while applying the electron current to target smooth 

surface finish by removing the irregularities observed in the microscopy [126]. For instance, 
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Beamud-González et al. [127] quantified improvement of the surface roughness of the AISI 

316L stainless steel after applying the electropolishing. The results demonstrated that the 

surface roughness significantly reduced to 0.035 µm from the raw fabricated condition between 

0.5 to 0.8 µm under the appropriate processing parameters. The electropolishing has the 

advantages in the flexible employment to versatile metal materials, such as titanium and 

stainless steel. Nevertheless, the limitations of uniformly emerging of the printed part and 

controlling of the dissolution rate still challenge the development of this technique [128].  

Ultrasonic finishing 

Ultrasonic finishing, including ultrasonic cleaning and ultrasonic cavitation, utilizes the 

ultrasonic vibrations to improve and polish the surface of the AM fabricated three-dimensional 

designs. The ultrasonic finishing generated the microscopic cavitation bubbles with ultrasound 

and imploded at the emersed fabricated part to remove the attached contaminations. For 

instance, Tan et al. [129] introduced the surface modification technique of ultrasonic finishing 

to improve the surface quality of PBF fabricated Inconel 625 part. The results showed that the 

surface roughness significantly reduced 45% due to the elimination of the certain amount of 

the melted powdered materials attached to the as-built surface. This technique has the 

advantages of cost-efficiency, high dimensional accuracy with less material removal, and 

compatible with the complex structures. However, the limitations of the difficulty in 

visualization of the process and highly dependent on the characteristics of the abrasive particles 

still challenge the current development of the technique [130].  

Surface Coating 

The surface coating technique served as an important functional-driven post-processing 

strategy to the AM fabricated components, particularly aiming to the improvement of 

properties of wear resistance and corrosion resistance and compensation for the inherently 

printing defects. Taking the advantages of meeting the wear and corrosion resistance and great 

potential to support high-temperature process, the surface coating technique has been applied 

in applications [125]. For instance, Rezanejad et al. [131] investigated the effect of FDM-

printed PLA coating on the wear behaviour of the AM60 magnesium alloy. The results showed 

that with the coating of the FDM-printed PLA layer, the coefficient of friction and wear rate 

was significantly reduced due to the reduction in the delamination and adhesion mechanisms 

observed in the uncoating sample under microscopic analysis. Nevertheless, the surface coating 
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technique also faced challenges, including the limited coating conformity with complex 

structures, insufficient adherence and bonding between coating interfaces, and time-consuming. 

Hot isostatic pressing (HIP) 

The HIP technique typically applies the AM fabricated metal parts by exposing with high 

temperature and pressure gas simultaneously to enhance the structural integrity and mechanical 

properties by addressing the existing voids of the part during the print [132]. For instance, 

Lopez et al. [133] investigated the effects of HIP post-processing technique on the mechanical 

performance of the EBM fabricated Ti6242 alloy. The results showed that the tensile strength 

and fatigue resistance of the sample was improved due to the reduction in the internal porosity 

and defected during the printing process. Taking the advantages of effectively improving the 

critical inherently printing void issue and displayed flexibility with abundant metal materials, 

the HIP technique has been applied to multiple fields, such as aeronautical and medical. 

Nevertheless, the challenge of high cost, time-consuming and size constraints need to be 

addressed in the future state [120], [134].  

1.4.2 Post-heat treatment 

Among the various post-processing techniques discussed, post-heat treatment (or annealing) 

has emerged as one of the most important methods for improving the mechanical properties of 

printed parts [34], [135]. The post-heat treatment utilized the temperature changes to expand 

and activate the movement of the polymer molecular chain, facilitating the recrystallization of 

crystalline and semi-crystalline polymers [136], [137]. In addition, while relieving the residual 

stress during the heat treatment process, the interlayer bonding was improved to minimize the 

internal FDM 3D printed defects [138], [139], [140]. For instance, Yang et al. [136] 

investigated the effects of different thermal processing conditions during the 3D printing on 

the degree of crystallinity and mechanical performance of neat PEEK. Their finding revealed 

that the optimization of the ambient temperature, nozzle temperature and post-heat treatment 

methods increased the degree of crystallinity, leading to the enhanced material strength and 

stiffness, as opposed to the reduced mechanical integrity due to the insufficient heat exposure. 

Kumar et al. [141] studied the overall effect of the infill density and annealing on the 

mechanical performance of the selected filament. The results demonstrated that the higher infill 

density particular at 100% with the post heat treatment (annealing) enhanced the tensile 

strength and stiffness of the material owing to the improved interlayer bonding and interlaying 

diffusion, and the overall performance can be further improved with the usage of high-
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performance polymer and polymer composites. Zhen et al. [142] investigated the augmentation 

effect of the 3D printing parameters and annealing conditions on the microstructure and 

mechanical performance of the printed PEEK. Their finding revealed that integrated the 

experimental pre-treatment printing settings with the annealing or the post-heat treatment 

improved the tensile strength, ductility and overall structural integrity. The mechanism behind 

this enhancement is the enhanced crystallinity developed during the heat treatment. which 

improved the interlayer adhesion, relived the residual stresses, and increased density of the 

crystal-phase. Dong et al. [143] examined the effect of post processing annealing on the 3D 

printed nanofiber reinforced PLA. Their findings highlighted the effect of the post-heat 

treatment on further enhancing the mechanical performance, the flexural strength and stiffness, 

thanks to the higher degree of crystallinity and reduced internal printing defects building upon 

the improved mechanical performance achieved through adding the nanofibers to the PLA.  

Despite the beneficial effects of post-heat treatment on mechanical performance, its impact on 

the time-dependent tribological performance of materials, particularly in complex structures, 

remains limited [35], [36]. While it is often assumed that improvements in mechanical 

properties lead to enhanced tribological performance, tribological properties are not intrinsic 

material properties and instead depend strongly on the specific system and operating conditions 

in which a material or structure functions.  

1.5 Additive manufactured re-entrant auxetic for friction-induced vibration 

control under environmental temperature conditions  

Taking advantages of the discussion with additive manufacturing of polymer materials and 

associated post-processing strategies in previous Chapter 1.1 and Chapter 1.2, the AM 

fabrication of complex structures enhanced with selection post-processing methods in 

applications raised significant interests over the past decade [144]. Among these complex 

structural categories, the re-entrant auxetic structure (lattice structure/metamaterials) had 

emerged as a promising design due to its unique characteristics of Negative Poisson’s ratio 

(NPR).   

1.5.1 Re-entrant auxetic structures 

Re-entrant auxetic structures belonging to the metamaterials [145] were first reported in 1987 

[146]. However, it has not been widely investigated used for engineering applications back 

then due to the challenges in manufacturing such complex geometry structures, as seen in Fig 

1.1. 
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Fig 1.1 Examples of 2D and 3D Re-entrant Structure [146] 

Thanks to the development of the additive manufacturing, the research interests of this 

Negative Poisson’s ratio metamaterials have raised significantly in the last decade [43], [44], 

[147]. For instance, Yan et al. [148] investigated the performance of the stretchable strain 

sensor with amplified NPR effect employed with continuous fibre reinforced re-entrant auxetic 

structure in DIW. The results showed that amplified NPR enhanced the flexibility and 

sensitivity of the senor to a large-deformation response. Their findings demonstrated that the 

practical approach of utilization re-entrant auxetic structure in the sensor application. Gao et 

al. [149] investigated the mechanical behaviour of a large deformation auxetic double-V 

microstructures through the proposed geometrically nonlinear analytical model. The result 

demonstrated that the characteristics of ligament angle and thickness of the ligament and cell 

heights contributed to the change in Negative Poisson’s ratio of auxetic microstructures. Their 

findings established a framework that connect geometric design to the auxetic behaviour, 

expanding the potential of the application. Zhang et al. [150] investigated the implementation 

of the proposed hydrogel meta structures using Direct Ink Writing (DIW). The result revealed 

that the printed meta structures had promising mechanical properties printing at the room 

temperature without sacrificial supports. Their finding highlighted the approach to 

manufacturing the mechanical resilient and biocompatible meta-structures, expanding the 

potential in biomedical applications. 

In general, the re-entrant auxetic structures with the excellent acoustic properties [151], energy 

absorption ability [45], [46], [152], and vibration absorption ability [47], [153] are favourable 

in advanced engineering and industrial applications, such as in the field of aerospace, 

biomedicine, and sports. For instance, Wang et al. [154] introduced an innovative three-

dimensional re-entrant auxetic structure design derived from 2D hexagonal cell validated by 

both FEA and experiments to improve the aircraft crashworthiness. The results showed that the 

application of the introduced 3D re-entrant auxetic design significantly improve the energy 
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efficiency compared to the traditional design of fuselage, thereby enhancing the aircraft 

crashworthiness. Munyensanga et al. [155] systematically investigated the mechanical 

response of the AM fabricated novel stent in the concept of the metamaterials tested both 

numerical simulation and experimental based. The result revealed that the response of the yield 

strength and maximum energy absorption of the designed stent could be controlled within a 

range. Their findings highlighted the tailoring of the tessellated unit cells allowed to control 

the effective elastic modulus and energy absorption ability of the stent, which offering a 

strategy to the design of the stent structures in general. Krishnan et al. [156] investigated the 

effect of embedded auxetic structure metamaterial in the sports helmet on the crash safety, 

specifically the impact energy absorption ability. The results revealed that having the auxetic 

structure embedded absorbed a high-level of impact energy and thus reduced the transmitted 

forces compared with the design without the structure. Also, tailored the design in a more 

negative value of Poisson’s ratio, the energy absorption capacity was further enhanced from 

50J to 165J.    

Further, many researchers have also explored the band gap characteristics of the Negative 

Poisson’s ratio structures focusing on the structural design or the material selection to achieve 

the vibration and sound isolation by creating the ability of blocking the acoustic wave and 

shifting the frequency into a lower range [48], [49], [50], [157], [158]. For instance, Pan et al. 

[159] investigated the design and modelling of re-entrant based structures to achieve the desired 

Negative Poisson’s ratio for the purpose of vibration isolation. The result revealed that the 

vibration isolation effect was more pronounced when the Negative Poisson’s ratio of the design 

model became more negative. Their findings highlighted the potential of using the re-entrant 

based design as the adaptable lightweight engineering vibration control foundations. Qin et al. 

[160] explored the topology optimization design of the Negative Poisson’s ratio metamaterials 

(NPRM) for the vibration reduction performance in terms of proposed the functional element 

topology optimization (FETO) method. The result demonstrated that the new design on 

controlling the vibration is promising, showing at least 12% improvement compared to the 

traditional design. Their findings highlighted the utility of Negative Poisson’s ratio 

metamaterials (NPRM) as the tuneable platform for the design of advanced lightweight 

structures in the application of vibration control.  

Meanwhile, the limitations existed in the re-entrant auxetic structure continues to challenge the 

development of the applications, including the as-built printing defects as micro-cracking, 

dimension distortion and rough surface quality specifically in the selective lasering melting 
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(SLM) process with metal material [51], or the balance between the stiffness and the auxetic 

behaviour to the applications [52]. Notably, to the best of our knowledge, the auxetic 

materials/structures have not been directly used in tribological applications. The main 

challenges not only lied of the friction-based metamaterials potentially suffering from wear [53] 

but also the larger deformation from auxetic behaviour required for energy absorption [54], 

[55], [56]. Thus, it is important to ensure the structure will not undergo significant plastic 

deformation or failure along the sliding and investigate the wear performance of the design 

structure.  

1.5.2 Friction-induced vibrations 

Friction-induced vibration is a common issue that occurs when frictional forces cause 

mechanical oscillation in systems during the sliding wear process, and this oscillation can cause 

highly undesirable noise and wear to the tribological system [37]. Among the study on the 

material tribological performance, the friction-induced vibration is particularly important, as it 

poses a significant challenge in the mechanical system, often resulting in unwanted noises, 

wear and potential system failures [37]. Reducing such vibrations is vital for improving the 

reliability and longevity of machinery and thus minimizing downtime and operational costs. 

To date, extensive analytical and experimental research has been conducted to understand the 

mechanisms behind FIV, as well as its tribological effects under different contact conditions 

[8], [161]. For instance, Askari et al. [162] studied the effects of FIV on maximum contact 

pressure and moment of artificial hip implants. Their findings revealed that FIV induces an 

oscillating behaviour in the system dynamics, which may greatly affect implants’ performance 

by altering the lubricating regions and elasticity of contact surfaces. Zhou et al. [163] 

investigated FIV in water-lubricated rubber bearings during shutdown, attributing the 

instability to stick-slip behaviour at the shaft interface. This effect is further influenced by 

material properties and dynamic changes in friction, temperature, and load. Lin et al. [164] 

investigated the effect of surface roughness variations on the friction-induced vibration and 

associated noises of the marine stern tube bearings using the proposed three-degree-of-freedom 

model coupling model. The result revealed that the change in surface roughness could trigger 

the self-excited vibrations and noises even operating under the smooth-stable sliding conditions. 

Their findings highlighted the crucial need for considering the realistic surface morphology in 

the bearing design to the strategy of reducing the FIV.  

Above studies underscored the complexity and significance of FIV in tribo-systems. In 

response, both passive and active vibration control strategies have been developed to control 
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or mitigate FIV [38]. For instance, Chatterjee et al. [39] designed dynamic vibration absorbers 

to reduce the friction-induced vibration. They provided a framework specifically to the 

engineering design of dynamic vibration absorbers for the tribological system considering 

multiple factors, such as the frequency tuning, mass ratio, and damping efficiency. Nath et al. 

[40] explored the utility of the tangential acceleration feedback controlled to mitigate the 

vibration, which specially measures and responses to the tangential motion at the contact 

interface. Their findings demonstrated that the designed approach offers a fast and reliable 

means to control the friction-induced vibrations compared to the general passive control 

methods. Das et al. [41] applied a time-delayed feedback method, which involves the delay in 

the control signal based on the system’s past states to suppress the friction-induced vibrations. 

This work revealed that the proposed method is practically and efficiently as the active control 

method to be used in the condition of sliding contacts and the belt-driven system. Chomette et 

al. [42] studied compared the linear and nonlinear control methods to suppress the self-excited 

vibrations (friction-induced vibrations and noises) in the dry sliding. They found that while the 

linear control method by adding a control vector had the advantages of easier implementation 

and effective on the reduction of the mild friction-induced vibration and noises, it falls short in 

handling the more complex conditions, such as the bifurcations and chaotic responses.  

The abovementioned work demonstrated the feasibility and functionally of the active and 

passive control methods to the condition of controlling the friction-induced vibration and 

associated noises while simultaneously improves the tribological performance at certain stages. 

Nevertheless, the proposed control system inevitably introduces the extra complexity and cost 

of the mechanical system. To address this challenge and limitation, extensive analytic and 

experimental research were conducted on the optimization of the complex structural design 

that intrinsically vibration isolation advanced. In particular, the re-entrant auxetic structures, in 

which owns the unique Negative Poisson’s Ratio properties, behaving as the lateral shrinkage 

upon axial compression [165] offered a potential solution.  

1.5.3 Influence of the environmental temperature on the performance of additive 

manufactured structures 

With the discussion of the development of the additive manufacturing techniques and advanced 

material selections, the inherently AM technique-induced defects were inevitable at the current 

stage but could be improved depending on the optimization of the printing parameters and 

selection of post-processing strategies. Nevertheless, the performance of the AM-fabricated 

parts remains highly sensitive to the external environmental stimuli or the working conditions, 
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in particular under the influence of temperature, which poeses the significant challenges in the 

performance outcome of consistency and reliability in the applications across multiple fields 

[57], [58]. For instance, O’Conner et al. [166] investigated the effect of low-pressure 

processing conditions on the structural integrity and mechanical properties of ME-fabricated 

polymers. The results revealed that the polymer samples exhibited increased density but a 

decrease in porosity and showed the enhanced ultimate tensile strength under low-pressure 

printing conditions. These behaviours were likely attributed to the reduction in the porosity and 

heat loss at the polymer surface. Their findings highlighted that the sensitivity of AM-

fabricated parts performance to the environmental conditions. Hou at al. [167] investigated the 

effect of moisture absorption on mechanical performance of the AM-fabricated short carbon 

reinforced polyamide (SFRP) with varied microstructures. The results revealed that the 

absorbed moisture by SFRP remarkably impacts the tensile and shear strength and the 

deterioration of the sample became irreversible due to the permanent damage at the layer 

interfaces. Kaptan et al. [168] investigated the effect of the chemical resistance of a broad 

category of FDM-printed material filaments performance immersed in different liquid 

chemicals. The result revealed that the FDM-printed PP maintained most of the mechanical 

properties after exposure to the chemicals, whereas the filament such as PLA experienced a 

severe mechanical degradation in the solvents like acetone. Their finding highlights the 

sensitivity of AM-fabricated parts to the exposure of chemical. 

Among these influential factors, the temperature or environmental temperature exerts a critical 

influence, as reported by literature. For instance, Chen et al. [59] investigated the dynamic 

compressive performance and failure mechanisms of the temperature-dependent AM-

fabricated CoCrFeMnNi high-entropy alloy (HEA) parts. The results showed that the elevated 

temperature leads to the remarkably reductions in the flow stress and dynamic strength with 

the corresponding transition of the failure modes from localized sheer-dominated fracture to 

the more uniformly ductile deformation. Their findings demonstrated the critical role of 

environmental temperature on the performance of mechanical properties of AM-fabricated 

parts in engineering applications. Wen et al. [60] investigated the time-dependent thermal and 

mechanical properties of AM-fabricated (SLM) Ti600 alloy. The results revealed that the 

thermal conductivity and thermal expansion improved with elevated temperatures, whereas the 

mechanical properties of elastic modulus and tensile strength significantly decreased above the 

temperature at 550°C due to phase coarsening and decomposition. Das et al. [169] critically 

assessed the current development and remaining challenges of in high temperature AM-
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fabricated engineering thermoplastic polymers. Their findings highlighted the temperature 

effects leads to the inconsistent structure processing properties and emphasized the needs the 

improvement with different methodologies to achieve the reliable mechanical performance of 

AM fabricated parts in high temperature conditions.  

Above studies underscored the significance of the effect of environmental temperatures in the 

thermal properties and mechanical performance of the AM-fabricated components. Further, the 

environmental temperature also significantly influences the wear behaviour. For instance, 

Joshy et al. [61] systematically investigated the wear behaviour of AM-fabricated (PBF) 

Ti6Al4V under the elevated environmental conditions from 28°C to 600°C and variable sliding 

speeds. The result revealed that the wear loss significantly increased with altered friction 

behaviour above 400°C, whereas the dominant wear mechanism at the lower temperature was 

abrasive and delamination wear modes. Their findings highlighted the sensitivity of 

tribological performance of AM-fabricated parts under the environmental temperature 

conditions. Tripathy et al. [62] comprehensively investigated the fretting wear behaviour of 

AM-fabricated (PBF) Inconel 625 superalloy compared with wrought counterpart under the 

elevated temperature conditions, i.e., at room temperature, 350°C, and 700°C. The result 

revealed that all samples friction coefficient decreases but the wear volume increases with the 

increased temperature. Also, the AM fabricated sample exhibited a higher wear at room 

temperature and a reduction in wear with the elevated temperature due to oxidation. Their 

findings demonstrated that the environmental temperature had a remarkable influence on the 

wear behaviour of AM-fabricated alloy. Kurdi et al. [63] investigated the sliding wear and 

friction behaviour of high-performance polymer and polymer composites across wide range 

elevated temperature conditions. The results revealed that friction coefficient and wear 

resistance was significantly affected due to the changes in the material deformation mode and 

interfacial contact conditions with elevated temperature. Also, the development of the transfer 

films and the transition from brittle to ductile deformation shown on the polymer matrix is 

primarily temperature dependent. Their findings highlighted the critical influence of 

environmental temperature to the tribological performance of AM-fabricated high-

performance materials. 

Overall, the environmental temperature significantly affects the performance of AM parts, 

including the material stiffness, thermal expansion, and interfacial frictional wear behaviour. 

Nevertheless, its effect on the tribological performance of high-performance polymers 
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embedded with complex structures remains unexplored [63], [64], [65]. In the engineering 

applications, the long-term tribological properties are the key indicators to largely determine 

the service life of the components. Hence, the thermal exposure facilitated the degradation of 

the surface and structural integrity of the AM-fabricated functional-design complex structures, 

thereby compromising the effectiveness in FIV controls. Therefore, systematically 

investigation on the tribological performance under thermal conditions of AM-fabricated 

complex structures in high performance polymers is vital to enable and further optimize the 

AM-fabricated components for thermally demanding environments.  
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1.6 Thesis outline 

Following this chapter, Chapter 2 introduces the material and methods to achieve the proposed 

objectives of this research thesis, including the sample preparation and design of the re-entrant 

auxetic structures, post-heat treatment settings, characterization of the mechanical behaviour, 

friction and wear test setups, and the related microscopy analysis. 

Chapter 3 investigates the effect of proposed post-heat treatment on the dimensional accuracy 

and mechanical properties of 3D-printed neat PLA and PEEK. The dimensional accuracy of 

the sample before and after the heat-treatment was measured and compared with introduced 

mean absolute deviation (MAD). Also, the influence of the post-heat treatment on the yield 

strength and compressive strength of the FDM-printed specimens were measured and 

compared.  

Chapter 4 investigates the effect of proposed post-heat treatments on the tribological 

performance of the 3D printed neat PLA and PEEK structures. For the first time, the effect of 

the re-entrant auxetic structure on the tribological performance of polymer-metal sliding 

system were systematically studied in order to develop a new self-tunning absorber for FIV 

control. Then, the subsequential effect of post-heat treatment on the tribological behaviour of 

the printed samples in PLA and PEEK with and without structures were comprehensively 

investigated.  

Chapter 5 investigates the effects of reducing the FIV and wear with FDM-fabricated CFPRs 

embedded in the re-entrant auxetic structures. The role of CFRPs with complex structure design 

on the tribological performance under applied loading conditions were studied.  

Chapter 6 investigates the effect of environmental temperature on the tribological performance 

of 3D-printed neat PLA and PEEK structures. The coefficient of friction and wear resistance 

of selected material filaments incorporating complex structure designs under elevated 

temperature conditions approaching to their respective own glass transition temperature (Tg) 

were systemically investigated.  

Chapter 7 summarizes the overall research findings from the present work, following with the 

suggestions to the future research work. 

And the cited references are listed in the Reference sections.  
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Chapter 2 Material and Methods 

2.1 Sample Preparation & Design of Re-entrant Auxetic Sample 

All samples were fabricated by FDM method. Three different filament materials were selected 

in this research thesis: neat polylactic acid (PLA) manufactured by eSUN, Shenzhen Esun 

Industrial Co., Ltd., Shenzhen, China, carbon fibre reinforced polylactic acid (CF-PLA) with 

milled carbon fibre in a weight fraction of 10% manufactured by Proto-Pasta, Vancouver, WA, 

USA, and KetaSpire neat polyether ether ketone (PEEK) MS NT1 made by Solvay, Brussels, 

Belgium. The printer used for printing the neat PLA and CF-PLA are UPBox, manufactured by 

Tiertime, Beijing, China and Prusa CORE ONE, manufactured by Prusa Research, a.s., Prague, 

Czech Republic (EU). The neat PEEK was printed with FUNMAT HT made by INTAMSYS, 

Technology Co., Ltd., Shanghai, China. The diameter of all filaments is 1.75 mm. The printing 

parameters of three filaments are listed in Table 2.1 below, which are based on our previous 

study, the recommendation guidelines from manufacturer [109], [170], and the preliminary test 

to optimize the interlayer bonding and mechanical properties of the printed materials [171], 

[172].  

Table 2.1 Printing parameters of filaments 

Filament Nozzle Temperature (°C) Bed Temperature 

(°C) 

Chamber Temperature (°C) 

Neat PLA 210 60 

 

Room 

CF-PLA 220 

Neat PEEK 400 145 90 

All wear models were printed in a solid infill with the selection of printing parameters with 

different orientations. The printing direction of wear model was controlled along the structure 

direction to maximize the loading bearing capacity of the auxetic structure [173]. Fill angle of 

90 degrees was settled for the tensile and compression test specimen.  

In this research thesis, the typical complex structure, re-entrant auxetic structure (lattice 

structure/metamaterials) was selected due to its unique characteristics of Negative Poisson’s 

ratio (NPR), leading to great potentials in applications. In particular, the energy absorption 

ability and vibration isolation capacity was targeted properties to address the critical challenge 

of the friction-induced vibration (FIV) under environmental temperature conditions in the 

tribological applications. 
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Fig 2.1 demonstrated the design of a single re-entrant unit cell and the associated wear models. 

As shown in Fig 2.1(a), four parameters are contained in the design of one unit cell: length of 

re-entrant vertical strut (ℎ), length of re-entrant inclined strut (𝑙), thickness of the strut cross-

section (𝑡), and re-entrant angle between the vertical and inclined struts (θ) [174], [175]. In 

this study, to avoid the influence of other parameters on the negative Poisson’s ratios, only the 

re-entrant angle θ has been changed in this design while others are fixed, as listed in Table 2.2. 

Here, 𝛽 is defined as the length ratio of h/l. 

Table 2.2 Geometry dimension of re-entrant unit design in different angles. 

θ (°) 𝛽 (mm/mm) t (mm) 

20 2.5 1.5 

30 

45 

60 

 

The choice of the auxetic design was decided based on the considerations of the work of 

literature and findings in our previous studies [176], [177], [178], [179], [180]. Such a truss 

based complex structure is well-aligned for the fabrication using FDM with the selection of 

filaments. Fig 2.1(b) illustrates the design of re-entrant auxetic wear model constructed from 

the assembly of single re-entrant unit cell shown in Fig 2.1(a). Two main components are 

composed in the model: the design of upper re-entrant auxetic section for the purpose of 

vibration reduction, and the lower round plate section for the wear against the steel counterparts. 

For comparison, a solid benchmark wear model was created by replacing the re-entrant 

structure with a solid rectangular block of identical external dimensions as depicted in Fig 

2.1(c).  
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Fig 2.1 Schematics: (a) re-entrant auxetic unit, (b) wear test re-entrant auxetic model, (c) 

wear test solid benchmark. 

 

Fig 2.2 The compression test’s re-entrant auxetic structure: (a) schematic, and (b) the actual 

specimen for experimental setup 

The Poisson’s ratio of each sample was obtained using the εaxial and εtrans as follows: 

 𝜈 =  − 
𝜀𝑡𝑟𝑎𝑛𝑠

𝜀𝑎𝑥𝑖𝑎𝑙
 (1) 

As the increment of re-entrant auxetic angel θ, the νxy and νyx show different trends that when 

along the x-direction, νxy becomes more negative, on the contrary; νyx is closer to 0 [174], [175]. 

To test and validate the trend of the design in this study, compression tests and FEA simulations 

were carried out. The compression tests were conducted using Instron 5567 Universal Testing 

Machines. Fig 2.2(a) and Fig 2.2(b) show the geometry design of specimens and test setup, 

respectively. During tests, the compression displacement was set to 0.1 mm/sec, and the total 

testing time of each sample was set to 60 sec. The test was conducted under room temperature. 

The vertical displacement of the sample was recorded directly from the machine. There was 

also a camera placed in front of the testing sample to capture the in-situ deformation behaviour 

of the specimen throughout the compression test every 200ms. Fig 2.3 shows the setup of the 

FEA model under compressing loadings. Fig 2.3(a) shows the simulation of having a 

compression load from the lower cylinder along the y-axis, and Fig 2.3(b) shows the simulation 

of having a compression force on the re-entrant vertical struts along the x-axis. The upper rod 

in both FEA analysis was fixed.  
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Fig 2.3 FEA test setup: (a) along y-direction, (b) along x-direction 

The CAD model was imported into the commercial Finite Element (FE) software 

Abaqus/Standard for analysis. The model was meshed using linear tetrahedral elements (C3D4 

type). A convergence test determined an optimal element size of 0.2 mm. In total, the mesh 

comprised 320,202 elements and approximately 1,561,422 degrees of freedom. The top 

cylinder was kinematically constrained, while a displacement-controlled load was applied to 

the bottom surface. A mesh convergence study was performed using four progressively refined 

meshes. The results (peak stress) showed minimal variation (<3%) between the intermediate 

and finest mesh (0.2 mm element size), indicating that further refinement had negligible impact 

on the outcomes. This confirms that the simulation results are not mesh-dependent and serves 

as a form of model verification. The material properties of PLA, obtained from existing 

literature [181] and consideration of the material datasheet provided by the manufacturing, 

were defined as follows: Young's modulus of 1.973 GPa and Poisson's ratio of 0.35. Fig 2.4 

shows the stress/strain distribution within the re-entrant structure under compression and shear 

loads, respectively. With the strain of information, Poisson’s ratios of the structures can be 

determined. The results were summarized in Table 2.3. 
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Fig 2.4 The stress distribution of re-entrant auxetic structure: (a1) Re-20 with compressive 

load, (a2) Re-20 with shear load, (b1) Re-60 with compressive load, (b2) Re-60 with shear 

load. 

Table 2.3 Re-entrant auxetic structure’s Poisson’s ratio in angles along y- and x- directions  

Re-entrant Auxetic Angles νyx νxy 

20° -0.621 -0.324 

30° -0.459 -0.544 

45° -0.397 -0.808 

60° -0.331 -1.341 

2.2 Post-heat Treatment Settings 

In this research thesis, annealing or post-heat treatment was selected as a cost-efficient post-

treatment method that does not require the high capital investment or expensive consumables 

associated with other techniques. More importantly, compared with post-processing methods 

such as chemical smoothing, annealing was shown to improve the overall material properties 

of the entire volume of the printed part rather than being limited to surface refinement. 

The post-heat treatment was conducted in a furnace, named Nabertherm TR60 oven 

manufactured by Nabertherm GmbH, Lilienthal, Germany. The specific treatment temperature 

and duration of neat PLA and PEEK was summarized in Table 2.4. The duration and 

temperature of the specific post-heat for PLA and PEEK was decided in accordance with the 

thermal properties. For PLA, a single step heat treatment above the glass transition temperature 

(Tg) was utilized to relieve the residual stress and enhance the crystallinity following 

established approaches in the literature [182], while considering a relatively low melting 

temperature typically around 170–180 °C. For PEEK, which has a significantly higher Tg at 
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143°C and melting temperature at 343°C, a multi-stage heat treatment was applied based on 

prior studies and manufacturing guidelines [136], [142], [182], [183], [184]. This approach was 

intended to optimize crystallization and mechanical properties by gradually relieving residual 

stresses and enhancing material crystallinity. In addition, the incremental temperature increases 

from 200°C to 220°C helped to control stress relaxation and avoid potential thermal shock 

associated with rapid temperature elevation. 

Table 2.4 Post-heat treatment settings of PLA and PEEK 

Sample Temperature and Duration 

Neat PLA 1. Increase from room temperature to 95°C at a rate of 65°C/h 

2. Holding 95°C for 1 h 

3. Cool down to room temperature 

Neat PEEK 1. Increase from room temperature to 120°C at a rate of 60°C/h 

2. Holding 120°C for 2 h 

3. Increase from 120°C to 200°C at a rate of 80°C/h 

4. Holding 200°C for 30 min 

5. Increase from 200°C to 220°C at a rate of 60°C/h 

6. Holding 220°C for 3 h 

7. Cool down to room temperature 

 

2.3 Characterisation of Mechanical Behaviour 

2.3.1 Tensile and Compression Test  

The mechanical properties of tensile strength were examined using the Instron 3366 Universal 

Testing machine following the ISO 527-1 standard [185] at the test speed of 50 mm/min. The 

compressive strength of samples was evaluated by the Instron 5567 Universal Testing machine, 

following the standard of ASTM D695 [186] at a rate of 1.3 mm/min. Fig 2.5(a) and 2.5(b) 

shows the design and printed specimens for tensile and compression tests, respectively. For the 

tensile and compression test, two sets of specimens with and without post-heat treatment were 

tested and the associated error bars were shown in the corresponding figures. The material 

specifications of the selected neat PLA and neat PEEK based on the manufacturer's guidelines 

and datasheets were shown in Table 2.5. 
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Fig 2.5 Schematic: (a) tensile test specimen and (b) compression test specimen. Dimensions 

are indicated on the figure in millimeters (mm) 

Table 2.5 Material Specifications 

 PLA PEEK 

Tensile strength (MPa) 53.34 95 

Compressive strength (MPa) — 118 

Flexural strength (MPa) 74 150 

Glass transition temperature (°C) — 150 

Melting temperature (°C) — 340 

Melt flow index 5（190℃/2.16kg） 3 (400 °C, 2 16 kg g/10 min) 

Density (g/cm³) 1.23 1.30 

Poisson’s ratio 0.35 0.37 
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2.3.2 Dynamic Mechanical Analysis 

Dynamic mechanical analysis (DMA) was performed on Discovery DMA 850, manufactured 

by TA Instruments, New Castle, DE, USA, to determine the glass transition temperature (Tg) 

of neat PLA and neat PEEK. The sample was one-side clamped and tested under the amplitude 

of 20 μm with the 1.0 Hz of frequency. The sample was in a rectangular shape with the 

dimensions of 32 mm in length, 6 mm in width, and 2 mm in thickness. The test was performed 

in a temperature sweep mode. The temperature was ramped from 35°C to 80°C for neat PLA 

and 35°C to 250°C for neat PEEK. The same ramp rate at 3.0°C/min applied to both filaments. 

The Tg was determined in accordance with tan δ peak. Two sets of tested samples were 

fabricated in the materials of neat PLA and neat PEEK. 

2.3.3 Differential Scanning Calorimetry  

Differential Scanning Calorimetry (DSC) was conducted on DSC 2500, manufactured by TA 

Instruments, New Castle, DE, USA, to measure the degree of crystallinity of the untreated and 

heat-treated PEEK based on the equation:  

 
𝑋𝑐 =

∆𝐻𝑚

∆𝐻𝑚
0 × 100% 

 

(2) 

Whereas ∆𝐻𝑚 is the enthalpy of melting obtained by the heat flow curve after the baseline 

correction, and ∆𝐻𝑚
0  is the enthalpy of fully crystalline PEEK, which is 130 J/g [187].  

The sample mass was controlled within the range of 5 mg to 10 mg to ensure the sufficient 

signal-to-noise ratio while minimizing the thermal lagging. Two sets of the tested PEEK 

samples before and after the heat treatment were prepared for DSC analysis. The temperature 

setting and duration of the standard PEEK and the heat-treated PEEK (PEEK-HT) are identical 

as shown in Table 2.6 below. 

Table 2.6 DSC setting for PEEK and PEEK-HT  

Sample Temperature and Duration 

PEEK & PEEK-HT 1. Holding room temperature at 20°C for 1 min 

2. Increase from 20°C to 380°C in ramp 10°C/min 

3. Holding 380°C for 1 min 

4. Decrease from 380°C to 20°C in ramp 5°C/min 

5, Holding room temperature at 20°C for 1 min 
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2.4 Friction and Wear Tests 

As shown in Fig 2.6, the friction and wear tests were conducted at room temperature using a 

pin-on-disk configuration with a commercial tribometer NANOVEA-MT/60/NI (Nanovea, 

Irvine, CA, USA). The steel counterpart was a stainless-steel disk (SKF Gothenburg, Sweden; 

model LS2542) with an internal diameter of 25 mm and an external diameter of 42 mm. The 

steel counterpart had a hardness of approximately 910 HV and a surface roughness of about 

220 nm. The risk rotation speed was constant at 120 rpm. The sampling rate was 0.2 Hz, 

indicating one friction and LVDT data point was captured every five seconds. The testing time 

of wear models in different filament materials was 600/900 minutes. The applied normal load 

for PLA was 5N, CF-PLA ranging from 5N to 25N, and PEEK at 25N.  

The surface area of the wear model was 158.37 𝑚𝑚2. The specific wear rate (SWR) of the 

specimen was calculated based on the mass loss during the test in the equation of [188]: 

 
𝑆𝑊𝑅 =

∆𝑚

𝜌 ∙ 𝐹𝑁 ∙ 𝐿
 

 

(3) 

Where ∆𝑚 denotes the mass loss, 𝜌 is the material density, 𝐹𝑁 is the normal force, and 𝐿 is the 

sliding distance. 

 

 

Fig 2.6 Schematic of pin-on-disk wear test machine and setup 

To measure friction-induced vibration in the vertical direction, a linear variable differential 

transformer (LVDT) sensor was mounted on the wear testing machine to track vertical 

displacement of the sample during the test, as also shown in Fig 2.6. Fig 2.7(a) presents a 
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representative curve showing height variation as a function of sliding time. The curve 

represents the wear re-entrant auxetic model at a 60-degree angle, printed with PLA. Since 

material wear leads to a decrease in sample height, the displacement data generally increases 

over time. The slope of this curve indicates the time-dependent wear rate, wt = Δh/t where as 

Δh refers to height loss and t denote time.  To analyse vibrations separately from wear, the 

absolute value of the immediate displacement change, |Δyi| (see Figure 2.7a), was used to 

determine the vibration amplitude. It is assumed that, over very short time intervals, wear is 

negligible; therefore, fluctuations in displacement during these intervals primarily reflect the 

system’s vibration behaviour. 

The average vibration amplitude is calculated using the following expression: 

𝐴𝑉 =
∑ |∆𝑦𝑖|𝑛

𝑖=1

𝑛−1
=

∑ |(𝑦𝑖+1−𝑦𝑖)|𝑛
𝑖=1

𝑛−1
        (4) 

where y represents the displacement measured between the LVDT sensor and the sample.  
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Fig 2.7 Vibration amplitude (a) LVDT results; a linear trend line (the "dotted line linear 

fitting") has been applied to data points and the slope of this fitted line then quantifies the rate 

of wear height loss per unit of time; (b) derived vibration amplitude curve for PLA-HT (heat 

treated) solid bench-mark (Solid PLA-HT) and PLA with the embedded re-entrant auxetic 

structure (Re60 PLA-HT) at the load of 5 N. 

Based on this approach, the corresponding vibration amplitude curve derived from Fig 2.7(a) 

is shown in Fig 2.7(b), which indicates an average vibration amplitude  of 0.00111 mm. For 

comparison, the average vibration amplitude of the solid benchmark is also given in Fig 2.7(b), 

with a value of vibration amplitude equal to 0.00279 mm. To further evaluate the vibration 

absorption performance of the re-entrant auxetic structures, the relative Absorbed Vibration 
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Percentage (AVP) with respect to the solid benchmark was introduced and calculated as 

Equation (5): 

 
𝐴𝑉𝑃 =

𝑆𝑜𝑙𝑖𝑑𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 − 𝑅𝑒𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑚𝑝𝑙𝑡𝑖𝑢𝑑𝑒

𝑆𝑜𝑙𝑖𝑑𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒
 × 100% 

(5) 

Thus, for the results shown in Figure 2.7, the AVP is determined to be 60.2% for the PLA 

specimen with the embedded re-entrant auxetic structure. This approach allows for the 

quantitative analysis of FIV in the presence of the re-entrant structures under the specified 

sliding conditions. 

2.5 Microscopy Analysis 

After the wear tests, the surface morphology of the worn samples was examined using a 

Phenom XL Desktop SEM (Thermo Scientific, Waltham, MA, USA). The scanned image 

provided detailed characteristics of the carbon fibre condition, fibre-matrix interface, wear 

tracks and the wear debris morphology on the worn surfaces of the sample corresponding to 

the changes of applied loads. The SEM equipment also enables to conduct Energy-dispersive 

X-ray spectroscopy (EDS) analysis to examine the elemental composition of the selected 

regions. The surface roughness analysis of the worn specimens and metal disk rings was 

examined with Olympus LEXT 5000 – 3D laser confocal (Olympus Corporation, Hachioji, 

Tokyo, Japan). An Asylum Jupiter XR Material atomic force microscopy (AFM; Asylum 

Research, Santa Barbara, CA, USA) was used to investigate the detailed surface morphology 

of the steel counterpart at a nanoscale. The surface profile combining the confocal and AFM 

measurements demonstrated the surface with minor but distributed asperities in order to acquire 

the fine scale (microscale and nanoscale) roughness corresponding to the sample’s surface 

morphology.  
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Chapter 3 Effects of post-heat treatment on the dimensional 

accuracy and mechanical properties of 3D printed PLA & PEEK 

In this Chapter, post-heat treatment was applied to investigate the effects on the dimensional 

accuracy and mechanical properties of 3D-printed polymer components. As discussed above, 

the post-heat treatment employed the controlled thermal exposures to activate and enhance the 

movement of the polymer chain, thus facilitating the recrystallization of crystalline and semi-

crystalline polymers [136], [137]. In parallel, the residual stress was relieved during this post 

processing, leading to improvement of interlayer boding and mitigate the internal FDM-printed 

defects [138], [139], [140]. In accordance with the distinct thermal dynamic properties of 

different polymers, such as glass transition temperatures and kinetics of crystallization, specific 

material-depended post-heat treatment strategies are necessary to the FDM fabrications. 

Therefore, two polymers, i.e., polylactic acid (PLA) and polyether ether ketone (PEEK), were 

used as base materials. The selection of PLA and PEEK represented the typically thermoplastic 

thermal and mechanical features, which enabled the comparative assessment of the effect of 

post-heat treatment across the range from commonly-used to high performance polymers. The 

investigations on the dimensional accuracy and mechanical properties after the heat treatment 

were to ensure the targeted material strength achieved while controlling the dimensions within 

the tolerances.  

The result revealed that the post-heat treatment induced systematic shrinkage of the printed 

specimen, while simultaneously effectively enhanced the mechanical properties of both 

materials by increasing their elastic modulus and yield strength. Specifically, the heat-treated 

sample had an increased mean absolute deviation (MAD) from 0.141 mm to 0.263 mm, 

indicating the increased dimensional deviations and highlighting the necessity for controlling 

the warpage induced by thermal shrinkage, particularly in the long-thin specimen. Further, the 

tensile and compressive strengths of heat-treated PLA increased from 44.14 MPa to 47.66 MPa 

and from 68 MPa to 82 MPa, respectively. A similar trend was observed for heat-treated PEEK, 

with tensile strength increasing from 75.53 MPa to 84.91 MPa and compressive strength from 

106 MPa to 123 MPa. However, the post-heat treatment also reduced the ductility of PLA while 

enhancing the ductility of PEEK.   
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3.1 Heat-treatment effects on the dimensional accuracy of printed polymers 

The dimensional accuracy of the tensile PEEK specimen was measured as shown in Fig 2.5 

before and after the proposed heat treatment demonstrated in Table 2.4. In particular, the overall 

length, width, and the thickness of each printed specimen was measured with vernier calliper. 

Further, multiple locations were selected on each specimen, and the dimension deviation (Dev.) 

in millimetres from the CAD design was quantified through 3D scanning. The minus sign “−” 

indicates the printed specimen is smaller than the design value. The results were summarized 

in Table 3.1 and Fig 3.1 below. 

Table 3.1 Measured printed dimensions of specimen before and after heat treatment 

Sample Length (mm) Width (mm) Thickness (mm) 

Sample before heat treatment 149.35 4.11 20.30 

Sample after heat treatment 148.82 4.09 19.47 
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Fig 3.1 Dimension deviation (Dev.): (a) sample before heat treatment, (b) sample after heat 

treatment 

As shown in Fig 3.1(b), the specimen after heat-treatment had more distributions of the 

negative Dev. (dimension deviation) compared with the standard specimen. To remove the sign 

bias and directly quantify the dimensional accuracy of the printed specimens, the MAD (mean 

absolute deviation) was introduced and calculated as follows,  

 
𝑀𝐴𝐷 =

1

𝑛
∑|∆𝐷𝑖|

𝑛

𝑖=1

 

 

(6) 

Where ∆𝐷𝑖 = 𝐷𝑖 - ∆𝐷𝐶𝐴𝐷 is the dimensional deviation at location i. In this case, the ∆𝐷𝑖 is the 

numbers shown Dev. Value in Fig 3.1. 𝑛 is the number of measurement points. 

The statistical evaluation of the dimensional accuracy revealed that the heat-treated PEEK 

specimen had an increased mean absolute deviation at 0.263 mm compared to the standard 

PEEK specimen with 0.141 mm, indicating a systematically shrinking of the sample due to the 

post-heat treatment [189]. Although the post-heat treatment resulted in a higher dimensional 

deviation, the observed Dev. shown in Fig 3.1(b) were uniformly directional, i.e. a 
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predominantly distribution of negative signs. This observation was consistent with the negative 

strain dimensional changes with the thermally treated printed polymers, which was associated 

with the crystallization-induced volumetric shrinkage and relieve of the residual stress [189], 

[190], [191]. This highlighted the necessity of implementing the control methods to control the 

negative strain dimensional changes, particularly in the long-thin designs to avoid the adverse 

impact on the subsequent mechanical properties, for instance by placing a lid above the sample 

during the post-heat treatment. The finding demonstrated that the post-heat treatment or 

annealing induced a systematic shrinkage due to the increased degree of crystallinity and 

thermal stress relaxation, which should be accounted and controlled during the post-processing 

the FDM-printed parts, particularly in the elongated-thin design.  

3.2 Heat-treatment effects on mechanical properties of printed polymers 

3.2.1 Thermal-mechanical properties of printed polymers 

DMA tests were conducted twice for both PLA and PEEK, with the dimensions in millimeters 

of each test specimen indicated in the upper right corner shown in Fig 3.2. Fig 3.2(a) presents 

the DMA results, illustrating the viscoelastic transition behaviour of PLA filaments as the 

temperature increases. The loss modulus exhibits a distinct peak, indicating maximum energy 

dissipation at the glass transition temperature (Tg), which corresponds to the tan δ peak at 

approximately 61.91°C. Concurrently, the storage modulus shows a pronounced decline near 

Tg due to the onset of large-scale molecular chain mobility.  

In contrast, PEEK illustrated a different viscoelastic behaviour shown in Fig 3.2(b). The storage 

modulus decreased more gradually with the increased of temperature, indicating excellent 

thermal stability. The loss modulus of PEEK occurred at a significantly higher temperature Tg 

of 151.16°C with a broader and less pronounced transition as PLA presented in Fig 3.2(a), 

indicating a more restricted molecular chain mobility.  

Overall, these differences in viscoelastic behaviour and results are consistent with values 

reported in the literature [192], [193] and provide guidance for selecting the post-heat-treatment 

temperatures provided in Table 2.4. 
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Fig 3.2 DMA Result: (a) PLA, (b) PEEK 

3.2.2 Effects of Post-Heat treatment 

Fig 3.3 compares the mechanical properties of the printed PLA samples before and after post-

heat treatment. After baking at 95°C for 1 h, the strength increased by approximately 10%. For 

both treated and untreated samples, the printed specimens exhibited higher compressive 

strength than tensile strength, which can be attributed to void defects introduced during the 

printing process. Accordingly, the representative tensile stress–strain curves of PLA are shown 

in Fig 3.4. It is observed that the elongation at break decreased after heat treatment, indicating 

reduced ductility, as demonstrated in Fig 3.4. This observation is consistent with previous 

studies, which indicated the heat-treatment of FDM-printed PLA influences the degree of 

crystallinity and layer bonding situation [194]. The process enhances the chain mobility of the 

amorphous regions, facilitating the crystallization process, lamellar thickening and promoting 
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the interlayer diffusion. As a result, the collectively effects contribute to the enhancement in 

the tensile strength and material stiffness [182]. However, these studies also highlighted the 

trade-off between the balance. The excessive crystallization can disrupt the uniformity of the 

amorphous phase and introduced the microstructural heterogeneities, which resulted in the 

stress concentration sites and decreased ductility [194]. This explains the results observed in 

Fig 3.4. 

For PEEK, the mechanical strength was also enhanced after post-heat treatment, as shown in 

Fig 3.5. The characteristic tensile stress–strain curves of the untreated and heat-treated PEEK 

materials are presented in Fig 3.6. It was observed that ductility increased following heat 

treatment. In general, improvements in mechanical properties such as strength and modulus 

can be attributed to an increased degree of crystallinity and enhanced interlayer bonding [136], 

[195], [196]. However, the effect of heat treatment on the ductility of PEEK is more complex. 

As reported by Yang et al. [136], the ductility of printed PEEK initially decreased as 

crystallinity increased from 16% to 18%, but subsequently increased with further increases in 

crystallinity from 19% to 21%. 

 

Fig 3.3 Yield strength and compressive strength of PLA with and without post-heat treatment 
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Fig 3.4 Stress-strain curve of neat PLA with and without post heat treatment 

To quantify the crystallinity of the printed PEEK materials, DSC tests were conducted, and the 

results are summarized in Fig 3.7. Using Eq. (2), the degree of crystallinity of standard PEEK 

was calculated to be 21.8%, which increased to 24.0% after post-heat treatment, as listed in 

Table 2.4. These results are consistent with the findings reported by Yang et al. [136], i.e. 

ductility increases with crystallinity when crystallinity is higher than 19%. Nevertheless, it 

should be noted that, in addition to crystallinity, other factors such as residual stress, internal 

defects, and structural distortion induced by heat treatment may also influence the elongation 

at break of printed PEEK. In particular, high residual stresses can be introduced during the 

printing process due to the relatively high processing temperature. Annealing can effectively 

relieve these residual stresses, which, together with increased crystallinity and improved 

interlayer bonding, may account for the observed enhancement in ductility of the printed PEEK 

materials. 
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Fig 3.5 Yield strength and compressive strength of PEEK with and without post-heat 

treatment 

 

Fig 3.6 Stress-strain curve of neat PEEK with and without post heat treatment 
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Fig 3.7 The DSC result of PEEK with and without post-heat treatment. 

3.3 Conclusions 

This chapter investigated the effects of the post-heat treatment on the dimensional accuracy 

and mechanical properties of FDM-printed PLA and PEEK materials. In particular, the 

dimensional deviation and mechanical performance of printed specimens were comparatively 

evaluated. The following conclusions can be drawn:  

1. The proposed heat treatment resulted in an increased MAD from 0.141 mm to 0.263 

mm, leading to the systematic shrinkage of the printed specimen due to the increased 

degree of crystallinity and relieve of internal stress. It is necessary to account for this 

change and implement the control methods particularly for the elongated-thin design.  

2. The proposed heat treatment resulted in higher degrees of crystallinity and, 

consequently, improved strength for both printed materials. For PLA, heat treatment in-

creased the tensile strength from 44.14 MPa to 47.66 MPa, while the compressive 

strength improved from 68 MPa to 82 MPa. A similar trend was observed for heat-

treated PEEK, with tensile strength increasing from 75.53 MPa to 84.91 MPa and com-

pressive strength improving from 106 MPa to 123 MPa. Nevertheless, post-heat 

treatment reduced the ductility of PLA while enhancing the ductility of PEEK. 
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Chapter 4 Effects of post-heat treatment on tribological properties 

of 3D printed PLA & PEEK structures 

In previous chapter, experimental studies have been systematically conducted on the 

investigation of the effects of post-heat treatment on the dimensional accuracy and mechanical 

properties of the FDM-printed neat PLA and neat PEEK. It can be seen that post-heat treatment 

induced the systematically shrinkage of the printed samples, while simultaneously effectively 

enhanced the mechanical performance of the printed polymers by increasing their elastic 

modulus and yield strength. Nevertheless, the impact of post-heat treatment on the time-

dependent tribological performance of materials, particularly in complex structures remain 

limited [35], [36]. While it is often assumed that improvements in mechanical properties lead 

to enhanced tribological performance, tribological properties are not intrinsic material 

properties and instead depend strongly on the specific system and operating conditions in which 

a material or structure functions. 

Therefore, in this Chapter, the effects of re-entrant auxetic structure’s on friction-induced 

vibrational behaviour of 3D-printed PLA samples was systematically investigated at first. We 

explored the use of re-entrant auxetic structures via 3D printing as novel self-tuning absorbers 

for mitigating friction-induced vibrations (FIV) [109]. The study demonstrated the potential of 

the re-entrant structure in suppressing FIV of neat PLA sliding against steel counterparts. How-

ever, stress concentrations and printing defects in the printed structures can compromise energy 

absorption efficiency and load-bearing capacity. Building upon this and aforementioned 

research limits, for the first time, post-heat treatment is applied to complex tribological 

components incorporating embedded re-entrant auxetic structures fabricated with FDM. 

Annealing was selected as a cost-efficient post-treatment method that does not require the high 

capital investment or expensive consumables associated with other techniques. More 

importantly, compared with post-processing methods such as chemical smoothing, annealing 

was shown to improve the overall material properties of the entire volume of the printed part 

rather than being limited to surface refinement. The influence of the proposed heat treatment 

on the tribological properties of the printed base materials and structures was systematically 

investigated. This work contributes to the advancement of heat treatment processes for 

thermoplastics, offering guidance for their application in a wide range of tribological 

applications and leveraging the capabilities of modern additive manufacturing techniques [197]. 
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4.1 Determine the Poisson’s Ratios of Printed Re-entrant Structures 

To validate the simulation results shown in Table 2.3, Poisson’s ratio of the printed re-entrant 

structures was also measured under compression tests. Fig 4.1 shows the deformation response 

of one re-entrant structure under the compression test. The analysis of Digital Image 

Correlation (DIC) and Tracking system was used to trace the deformation changes in the 

horizontal (x) direction of the structure by measuring the displacement of a pair of points e.g., 

points 3 and 4 [198]. The overall deformation in structure is determined by the average values 

extracted from multiple pairs of points. The selection of points at different locations was 

decided by considering the effects of material variability and model complexity of the re-

entrant structure [199]. Thus, the strains of the tested structure in axial and transverse directions, 

i.e. on εaxial and εtrans can be determined. Accordingly, Poisson’s ratio can be calculated 

according to Eq. (1). Fig 4.2 summarizes Poisson’s Ratios of the printed re-entrant structures 

as a function of the auxetic angle θ. The simulation results were also given in the figure for the 

comparison. A good agreement between the simulation and experimental was observed, which 

as the increment of angle θ, the value of νyx becomes less negative. While the simulation values 

exhibit slightly higher estimations, this can be explained by imperfections in the printed 

specimen. More deformation occurs in the horizontal direction due to the buckling deflection 

in the vertical struts, whereas such deflection was neglected in the simulation model with the 

ideal geometric structures used. 
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Fig 4.1 Deformation responses of the compression test of re-entrant auxetic structure in 30-

degrees along y-direction: (a) under relaxing condition; (b) with deformation strain reaching 

~ 80% maximum elastic strain and (c) fully yielding 

 

Fig 4.2 The experimental and simulation results of re-entrant auxetic Poisson’s ratio along y-

direction 

4.2 Coefficient of Friction Results and Friction-induced Vibration Analysis 

4.2.1 Coefficient of Friction Results 

Fig 4.3 compares the typical friction processes of printed specimens with and without the 

induced re-entrant structures shown. It can be seen that CoF slightly increased at the initial 

sliding process within ~ 300 minutes, which can be explained by the increased real contact area 

due to the wear loss at roughness asperities. After that, the friction process for the sample 

without re-entrant structure showed large fluctuations, whereas a rather stable CoF pattern was 

achieved by the specimen with the re-entrant structure having an auxetic angle of 60o. Further, 

the average CoF at the steady stage was also reduced with the presence of re-entrant structures. 

Fig 4.4 summarizes the average CoF of all the printed specimens. Here, the average CoF was 

calculated after running for 300 minutes when each sample reaches its steady state. It can be 

seen that the lower friction was achieved by the re-entrant structure with larger auxetic angles, 

i.e. more negative Poisson’s ratios in the sliding direction (cf. Table 2.3). 
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Fig 4.3 CoF of re-entrant auxetic 60 degrees and the solid benchmark 

 

Fig 4.4 Average CoF of re-entrant auxetic structures and the solid benchmark 

4.2.2 The effects of Re-entrant structures on the friction-induced Vibration 

As can be seen in Fig 4.3, significant fluctuations in CoF were observed, which are often 

associated with vibrations in the sliding system [200], [201]. In this paper, the vibration 

amplitude is calculated using the displacement of sliding samples in the vertical direction, 

according to Eq. (4). Fig 4.5 compares the vibration behaviour of the sliding samples with and 
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without re-entrant structures. It was noticed that with the re-entrant structure, the friction-

induced vibration is significantly suppressed. Auxetic 60 degrees exhibits the highest AVP of 

absorbing friction-induced vibration at 57.73% compared to other samples according to Eq. (5), 

thanks to the vibration absorption capability of the re-entrant structures [159], [160]. Table 4.1 

compares the friction-induced vibration behaviour of all the samples. It is interesting to note 

that the friction-induced vibration is more effectively reduced by the re-entrant structures 

having higher auxetic angles i.e. a more negative value of NPR in the horizontal direction (cf. 

Table 2.3). This agrees with the conclusion drawn by Pan et al. [159] that more negative 

Poisson’s ratio provides better vibration isolation ability. 

 

Fig 4.5 Vibration amplitude: (a) solid benchmark and re-entrant auxetic 60 degrees, (b) 

detailed solid benchmark, (c) detailed re-entrant auxetic 60 degrees 

Table 4.1 Vibration amplitude values of re-entrant auxetic structures and the solid benchmark  

Sample Vibration Amplitude (mm/min) 

Solid Benchmark 0.0291 

Re-20 0.0160 

Re-30 0.0149 

Re-45 0.0142 

Re-60 0.0123 
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4.3 Wear Properties - Specific Wear Rate (SWR) and Scanning Electron 

Microscopy (SEM) Results  

4.3.1 Wear Results 

Fig 4.6 compares the wear results of the specimens with and without the re-entrant structures. 

It is interesting to note that the wear resistance of the specimens was effectively improved with 

the embedded re-entrant structures. The lowest wear rate was achieved by the specimen with 

the most negative Poisson’s Ratio in sliding direction, i.e. the re-entrant auxetic angles of 60 

degrees. To further understand the underlying wear mechanisms induced by re-entrant 

structures, the worn surfaces are examined by using both optical and electronic microscopies 

which will be discussed in the following section. 

 

Fig 4.6 Specific wear rate of re-entrant auxetic structures and the solid benchmark 

4.3.2 SEM - Wear Features and Surface Roughness 

Fig 4.7 compares the SEM images of the worn surfaces of specimens with and without the 

embedded re-entrant structures. As shown in Fig 4.7(a) and (b), for the worn surfaces of the 

specimen without re-entrant structures, there are continuous grooves along the sliding direction, 

indicating the severe abrasive wear caused by the surface asperities on the hard steel.  Also, 

there are numerous micro-cracks against the friction direction. As shown in Figs 4.3 and 4.5, 

there were severe friction oscillations and vibrations during the sliding process. In this case, 
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surface fatigue takes place as the production of force alternating compression-tension stresses, 

associated with the formation of micro-cracks on worn surfaces [202], [203], as shown in Fig 

4.7(a). This may also explain the relative high wear loss of the specimens without re-entrant 

structures.  

With the presence of re-entrant structure, the friction oscillations and induced vibration have 

been effectively reduced (cf. Fig 4.5). Accordingly, no observable cracks were noticed on worn 

surfaces (Fig 4.7 c and d), resulting in the reduction in wear rate for the specimens. Material 

transfer was also noticed on the worn surface (see Fig 4.7c) for the re-entrant structure, which 

has an angle of 20o, indicating the adhesive wear process. This can be explained by the 

relatively higher contact temperature due to continuous contact with less vibrations in the 

vertical direction compared to the specimen without re-entrant structures. Thus, the polymeric 

wear debris can easily deform due to thermal softening effects. As a result, the polymeric wear 

debris is likely to form the transfer films on the metal counterpart and sometimes back-transfer 

to the worn surface polymer specimen, as shown in Fig 4.7(c) [204], [205].  

With a further increase in the re-entrant angles (e.g. 60o), the CoF decreases (Fig 4.4), leading 

to less frictional heating and lower contact temperature. Consequently, the governing wear 

mechanisms changed from adhesion to mild abrasion. As shown in Fig 4.7(d), uniform, light 

grooves were observed on the worn surface with much less attached back-transferred debris. 

Thanks to the vibration absorption with re-entrant structure, there are no noticeable surface 

cracks.  
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Fig 4.7 SEM of sample’s contact surface: (a) (b) solid benchmark, (c) Re-20, (d) Re-60 

Meanwhile, the EDS measurement was carried out as shown in Fig 4.8. The unmarked peak 

shown in each sample’s spectrum is the element of Au which is used for the coating of SEM 

specimens. In general, owing to much higher surface energy of steel materials than that of 

polymers, the material transfer will take place dominantly from polymer to steel. Only a very 

small amount of steel elements can be seen on the worn surfaces polymeric specimens. In 

particular, the attached debris shows much higher Fe elements, suggesting it was transferred 

back from counterpart surface as shown in Fig 4.9. Normally, high friction force and more 

intensive friction-induced vibration would favor wear debris to be back transferred on polymer 

samples. As a result, the solid benchmark also has the higher weight concentration of 

transferred Fe at 2.1%. Meanwhile, the re-entrant auxetic 20 degrees and 60 degrees have the 

much lower weight concentration of the transferred Fe at 0.4% and 0.5%, as seen in Fig 4.8(b) 

and (c) respectively. 
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Fig 4.8 EDS result of worn surface: (a) solid benchmark, (b) re-entrant auxetic 20 degrees, (c) 

re-entrant auxetic 60 degrees 

 

Fig 4.9 EDS result of wear debris on worn surface: (a) solid benchmark, (b) re-entrant auxetic 

20 degrees 
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It is well known that contact temperature between sliding pairs can increase due to frictional 

heating which can significantly affect the wear mechanisms involved in the contact region. In 

general, the temperature is proportional to the frictional heating power intensity, qf, which is 

defined as  qf = μpv [W/m2s]. Here, μ is friction coefficient, p is normal pressure and v is sliding 

velocity [206], [207]. However, it is practically difficult to measure the transient contact 

temperature at the contact spots. Hence, the bulk temperature of counterparts is often measured, 

though it would be significantly lower than the contact temperature at contact spots, namely 

flash temperature [208], [209], [210]. To confirm the relation between the contact temperature 

and friction, Fig 4.10 shows the elevated temperature of specimen, ∆T as function of frictional 

heating power intensity, qf. It can be seen that the temperature of all re-entrant auxetic samples 

increases linearly corresponds to the increase frictional heating power intensity. It was also 

noticed that for the solid benchmark, the temperature increase was less severe compared with 

that predicted by the trendline generated from the data for re-entrant structures (cf. Fig 4.10). 

This can be explained by the more intense friction-induced vibrations for solid benchmark 

specimens which lead to less increased temperature due to the less contact time between contact 

spots in the real contact region during friction process.  

 

Fig 4.10 Plot of frictional heating power intensity and elevated temperature ∆T of re-entrant 

auxetic structures, compared with the solid benchmark specimen 

As mentioned before, the real contact temperature at contact spot can be much higher than the 

bulk temperature of the counterparts. In general, there is a proportional relationship between 
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two temperatures, i.e. higher bulk temperature indicates higher contact temperatures. Further, 

higher frictional heating is also supported by SEM observations. As seen in Fig 4.11(a), a clear 

thermal softening wear feature shown in the worn surface of re-entrant auxetic 20 degrees, 

corresponding to the higher bulk temperature shown in Fig 4.10 above. This thermal feature 

disappeared in the later re-entrant degrees as seen through Fig 4.11(b) to (d). As aforementioned, 

with an increase in the re-entrant angles (e.g. 60°), the CoF gradually decreases, leading to less 

frictional heating and lower contact temperature. Consequently, the governing wear 

mechanisms changed from adhesion to mild abrasion which is correspondingly shown in Fig 

4.11 that no clear groove observed in re-entrant auxetic 30 degrees, and the formation of groove 

becomes deeper and more distributed as the angle increases from 45 degrees to 60 degrees. 

 

Fig 4.11 SEM of sample’s contact surface: (a) Re-20, (b) Re-30, (c) Re-45, (d) Re-60 

Fig 4.12 compares the surface profile images of the worn surface of different specimens. The 

values of the measured surface roughness, Ra were summarized in Table 4.2. As shown in the 

figures, the solid specimens show the more severe surface damage/deformation with the highest 

surface roughness. With the re-entrant auxetic structures, the surface roughness was greatly 

decreased without severe surface damage. With the increase re-entrant angles, the surface 

roughness gradually increased due to the transition from adhesion to mild abrasion wear. 
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However, with 20 degrees, the highest surface roughness was observed because of the large 

back-transferred wear debris attached to worn surfaces. 

 

Fig 4.12 Worn surface of re-entrant auxetic structure: (a) solid benchmark, (b) Re-20, (c) Re-

60 

Table 4.2 Surface roughness of re-entrant auxetic structures and the solid benchmark  

Samples Ra (µm) 

Solid Benchmark 0.722 ± 0.073 

Re-20 0.191 ± 0.013 

Re-30 0.095 ± 0.008 

Re-45 0.109 ± 0.014 

Re-60 0.139 ± 0.019 

 

4.4. Heat treatment effects on friction and wear behaviour 

4.4.1 Friction and wear behaviour of printed PLA 

Fig 4.13 compares the typical friction responses of the printed PLA samples before and after 

heat treatment. All tests were conducted under an applied normal load of 5 N and a constant 

disk rotation speed of 120 rpm. For the untreated sample shown in Fig 4.13(a), the coefficient 

of friction (CoF) exhibited a slight increase during the initial stage, up to approximately 200 

min. This behaviour is likely associated with an increase in the real contact area and contact 
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temperature resulting from frictional heating. Beyond this stage, significant fluctuations in the 

CoF were observed. After post-heat treatment, the solid benchmark sample showed an early 

and abrupt increase in CoF, with pronounced fluctuations initiating at approximately 48 min, 

as seen Fig 4.13(b). As sliding continued, these oscillations became dominant, and the test was 

terminated at 687 min when the CoF exceeded the upper threshold limit. The severe CoF 

fluctuations can be attributed to the increased stiffness and brittleness of PLA after post-heat 

treatment. This behaviour hinders the formation of a stable and uniform transfer film on the 

steel counterpart, thereby leading to increase CoF fluctuations during sliding [211].  

 

Fig 4.13 Coefficient of friction of PLA samples with (Re60) and without re-entrant (solid) 

structure tested under 5N: (a) before and (b) after heat treatment 
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The pronounced fluctuations in friction shown above are generally associated with vibrations, 

the FIV (friction-induced vibrations) in the sliding system [200], [201]. In this paper, the 

vibration amplitude was calculated in Eq.4 and Fig 2.7 using the captured the vertical 

displacement of sliding samples with LVDT sensor. Fig 4.14 illustrates the effects of post-heat 

treatment on the FIV behaviour of the printed materials. It is evident that samples with 

embedded re-entrant structures, both heat-treated and untreated, exhibited significantly 

reduced FIV compared with the solid benchmark sample. To quantitatively evaluate the 

vibration absorption performance and assess the effect of post-heat treatment on FIV, the 

relative absorbed vibration percentage (AVP) with respect to the solid benchmark sample was 

calculated based on Equation (5) above. 

 

Fig 4.14 Vibration amplitude of PLA samples with (Re60) and without re-entrant (solid) 

structure tested under 5N: (a) before and (b) after heat treatment. 
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Fig 4.15 presents the AVP results for both PLA and heat-treated PLA (PLA-HT). It can be seen 

that FIV was effectively mitigated by the embedded re-entrant auxetic structures due to their 

inherent vibration absorption capabilities [159], [160]. Furthermore, the heat-treated re-entrant 

wear model exhibited a more pronounced vibration absorption capacity, reaching 65.30%. 

While post-heat treatment enhances the mechanical performance of PLA, the associated 

increase in the degree of crystallinity partially transforms the amorphous regions into 

crystalline lamellae, leading to higher stiffness and increased structural rigidity [212]. This 

improvement in stiffness enhances the energy absorption capability of the re-entrant structures 

[179], [213], thereby contributing to the observed reduction in FIV [109]. 

 

Fig 4.15 AVP of PLA samples with the re-entrant structures before (PLA) and after heat-

treated PLA (PLA-HT). 
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Fig 4.16 The effects of post-heat treatment on printed PLA samples before and after heat-

treatment tested under 5N 

Fig 4.16 summarizes the specific wear rate (SWR) of the printed PLA samples. For all heat-

treated wear specimens, the SWR generally increased. Notably, for samples with embedded re-

entrant structures, the SWR increased significantly after the heat treatment, from 

0.0000236 𝑚𝑚3 (𝑁 · 𝑚⁄ )  to 0.0004500  𝑚𝑚3 (𝑁 · 𝑚)⁄  . This substantial increase in wear is also 

evidenced by the markedly greater amount of wear debris distributed around the steel 

counterpart after testing, as shown in Fig 4.17. 

 

Fig 4.17 Smearing wear debris on the disk after the test of the heat-treated sample printed in 

PLA: (a) solid-benchmark, (b) re-entrant wear model 
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4.4.2 Friction and wear behaviour of printed PEEK 

Fig 4.18 compares the typical friction responses of the printed PEEK wear model with and 

without post-heat treatment. All tests were carried out under the applied load of 25N in a total 

testing time of 600 min. As seen in Fig 4.18(a), the CoF slightly increased during the running-

in stage, which lasted approximately 200 min. This behaviour is similar to that observed for 

PLA. Owing to the excellent mechanical properties and high wear resistance of PEEK, the 

untreated solid benchmark sample did not exhibit significant oscillations as those observed for 

PLA during the later stages of sliding. After post-heat treatment, the running-in stage was 

shortened to approximately 50 min, as shown in Fig 4.18(b). This behaviour is likely due to the 

increased degree of crystallinity [214] and ductility of the material, which promotes faster 

formation of a stable transfer film [215]. Improved surface integrity and reduced interfacial 

shear consequently enhance the stability of the CoF. Moreover, samples with embedded re-

entrant structures exhibited reduced CoF under both heat-treated and untreated conditions.  

Fig 4.19 presents the vibration amplitude of the PEEK wear models before and after heat 

treatment. Owing to the superior mechanical properties of PEEK, the solid benchmark sample 

exhibited relatively low FIV, with a vibration amplitude of 0.00136 mm. In contrast, the sample 

with embedded re-entrant auxetic structures further suppressed FIV, reducing the amplitude to 

0.00109 mm. This behaviour is consistent with the results observed for heat-treated PLA, as 

discussed above, and aligns with the conclusions reported in our previous study [109]. 
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Fig 4.18 Coefficient of friction of PEEK samples with (Re60) and without re-entrant (solid) 

structure tested under 25N: (a) before and (b) after heat treatment 
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Fig 4.19 Vibration amplitude of PEEK samples with (Re60) and without re-entrant (solid) 

structure tested under 25N: (a) before and (b) after heat treatment 

The post-heat treatment had the detrimental effect on the PLA wear sample shown in Fig 4.16, 

but the PEEK sample exhibited the opposite trend. As seen in Fig 4.20, the SWR of heat-treated 

wear models generally decreases. Notably, the re-entrant wear model exhibited a greater 

reduction from 0.00000318 𝑚𝑚3 (𝑁 · 𝑚⁄ )  to 0.00000062  𝑚𝑚3 (𝑁 · 𝑚)⁄  . To further understand 

the underlying wear mechanism of this opposite SWR result in PLA and PEEK induced by the 

post-heat treatment, the worn surfaces were further examined by SEM and EDS and discussed 

in the following section. 
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Fig 4.20 The effects of post-heat treatment on printed PEEK samples before and after heat-

treatment tested under 25N 

4.5 Discussions  

Fig 4.21 presents the SEM images of the worn surfaces of printed PLA before and after post-

heat treatment. As seen in Fig 4.21(a), numerous micro-cracks are observed on the worn surface 

of PLA sample without re-entrant structures. As indicated in Fig 4.13(a) and 4.14(a), severe 

friction oscillations and vibrations occurred during the sliding process of the sample. The 

conditions likely resulted in surface fatigue due to alternating compressive and tensile stresses, 

which consequently promoted the formation of micro-cracks on the worn surface [202], [203]. 

With the embedded re-entrant structure, however, both friction oscillations and FIV were 

effectively mitigated (cf. Fig 4.13(a)). As a result, no observable cracks were detected on the 

worn surface, as shown in Fig 4.21(c). Instead, grooves aligned along the sliding direction were 

visible, indicating a mild abrasive wear process. Consequently, the wear rate was significantly 

reduced, as demonstrated in Fig 4.16. 

After the post-heat treatment, the increased brittleness of the material promoted the formation 

of powder-shaped debris during the wear process, as shown in Fig 4.17. For the solid specimen, 

severe FIV occurred, as illustrated in Fig 4.13(b). In this case, the intensive FIV in the vertical 
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direction repeatedly impacted the loosened wear debris, resulting in compacted debris on the 

worn surface, as shown in Fig 4.21(b). The compacted debris may have acted as a cushion, 

reducing surface cracks on the worn surface. With the embedded re-entrant structures, FIV was 

effectively reduced. Consequently, larger-sized particulate wear debris were observed on the 

worn surface, as shown in Fig 4.21(d). These larger debris particles likely acted as a three-body 

abrasion medium, contributing to increased wear loss of the sample. As a result, the highest 

wear loss was observed for the sample with the embedded re-entrant structures. 

The SEM and EDS analyses were performed on the steel counterpart sliding against the heat-

treated PLA samples. The results indicate that no effective transfer film was formed on the 

steel counterpart, which explains the high wear loss observed in the heat-treated samples. The 

elemental composition of the small, isolated dark regions on the steel counterpart showed an 

increase in carbon content, confirming the presence of polymeric debris. The carbon content in 

these regions increased to 19.40 wt.% compared to the mostly bare steel, which had a carbon 

content of 1.90 wt.%, as shown in Fig 4.22. For the heat-treated PLA sample with the re-entrant 

structure, the EDS results revealed a similar trend in carbon content on the steel counterpart. 

The darker regions containing polymer debris exhibited an increase in carbon content to 16.70 

wt.% compared to the bare steel-dominated regions, which had a carbon content of 1.80 wt.%, 

as shown in Fig 4.23. 
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Fig 4.21 SEM images of the worn surfaces of the PLA sample tested at 5 N: (a) solid 

benchmark sample before heat treatment, (b) solid benchmark sample after heat treatment, (c) 

with a re-entrant structure before heat treatment, and (d) with a re-entrant structure after heat 

treatment. 

 

Fig 4.22 EDS result of the steel counterpart tested against the heat-treated PLA solid 

benchmark sample tested under 5 N: (a) isolated dark regions, (b) mostly bare steel regions 

 

Fig 4.23 EDS result of the steel counterpart tested against the heat-treated PLA sample with a 

re-entrant structure under 5 N: (a) isolated dark regions, (b) mostly bare steel regions 
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For PEEK material, owing to its favourable mechanical property profile, all PEEK samples 

exhibited reduced CoF fluctuations and FIV. The worn surface condition of the solid 

benchmark was smoother, displaying uniform grooves along the sliding direction, as shown in 

Fig 4.24(a). This indicates a mild abrasion wear mechanism. With the incorporation of the 

embedded re-entrant structure, the CoF further decreased with even lower FIV, and the worn 

surface became smoother as seen in Fig 4.24(b). This improvement was accompanied by a 

reduction in SWR shown in Fig 4.20 above.  

 

Fig 4.24 SEM images of the worn surfaces of the PEEK sample tested at 25 N: (a) solid 

benchmark sample before heat treatment, (b) with a re-entrant structure before heat treatment, 

(c) solid benchmark sample after heat treatment, and (d) with a re-entrant structure after heat 

treatment. 

After heat treatment, the strength and ductility of the material further improved, resulting in a 

smoother worn surface, as shown in Fig 4.24(c) and Fig 4.24(d). In general, with increased 

ductility, the polymer tends to undergo plastic deformation rather than brittle fracture, which 

typically facilitates the formation of a stable protective transfer film [216]. SEM and EDS 

analyses confirmed that a greater number of patched transfer film layers were observed on the 

steel counterpart. As shown in Fig 4.25, the dark regions exhibited significantly higher carbon 
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content, reaching up to 38.65 wt.%, along with a notable reduction in Fe content to 54.72%, 

compared to the steel-dominated regions with the Fe content of 96.40 wt.%. The higher carbon 

content of the polymer patches on the steel, nearly twice that of PLA, indicates the formation 

of a comparatively thicker and more effective transfer film. Notably, unlike the extensive 

distribution of wear debris observed on the heat-treated re-entrant wear model printed in PLA 

(Fig 4.21(d)), no grooves or wear debris were detected on the worn surface of the re-entrant 

wear model made of PEEK after heat treatment, as shown in Fig 4.24(d). This is likely due to 

the increased both strength and ductility. The higher carbon content of up to 40.16 wt.% 

observed in the darker regions from the EDS analysis demonstrated in Fig 4.26 suggests the 

formation of an effective transfer film compared to the heat-treated solid benchmark. 

Furthermore, both heat-treated wear samples displayed slightly brighter regions occupying a 

notable portion of the scanned area, as seen in Fig 4.24(c) and Fig 4.24(d). These regions 

correspond to dense lamellar structures with a high load-bearing capacity [217]. As a result, 

the heat-treated sample with embedded re-entrant structures exhibited the highest wear 

resistance. 

 

Fig 4.25 EDS result of the steel counterpart against the heat-treated PEEK solid benchmark 

sample tested under 25 N: (a) dark regions, (b) steel-dominated regions 
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Fig 4.26 EDS result of the steel counterpart tested against the heat-treated PEEK sample with 

a re-entrant structure tested under 25 N: (a) dark regions, (b) steel-dominated regions 

4.6 Conclusions 

In this Chapter, a series of specimens with the embedded re-entrant auxetic structures were 

prepared by using 3D printing technology. The effects of post-heat treatment on the tribological 

properties of PLA and PEEK materials and structures fabricated using FDM technology. In 

particular, the tribological performance of printed specimens with and without embedded re-

entrant auxetic structures was comparatively evaluated. The following conclusions can be 

drawn:  

(1) During the sliding process, the friction-induced vibration can be effectively 

suppressed with the embedded re-entrant structure thanks to its exceptional energy 

absorption behaviour. Further, the effect is more noticeable with the re-entrant 

structures having higher auxetic angles i.e. a more negative value of NPR in the 

horizontal direction.  

(2) Having the re-entrant structure leads to a more stable CoF pattern with a lower 

average CoF value. Further, the wear loss of the specimen reduced by avoiding 

severe fatigue wear. It is also noted that changing the re-entrant auxetic structure 

angles from 20 degrees to 60 degrees, the dominance wear mechanism shows the 

transition from adhesive wear to mild abrasion due to the reduction in frictional 

heating. 
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(3) Under all testing conditions, the embedded re-entrant auxetic structures contributed 

to a lower coefficient of friction (CoF) and reduced friction-induced vibration (FIV) 

owing to their high energy absorption capacity. The results indicate that post-heat 

treatment can deteriorate the CoF behavior of solid benchmark PLA specimens, as 

evidenced by the earlier onset and increased intensity of CoF fluctuations. In 

contrast, specimens incorporating re-entrant auxetic structures exhibited a 

comparatively more stable CoF after heat treatment. Furthermore, the enhanced 

stiffness of the embedded re-entrant structures resulting from post-heat treatment 

led to a more pronounced mitigation of FIV in the printed specimens. 

(4) Post-heat treatment exhibited contrasting effects on the specific wear rate (SWR) 

of the two printed materials. For PLA, the treatment increased material brittleness, 

leading to a higher SWR. Specifically, after post-heat treatment, the SWR of the 

solid benchmark PLA increased from 1.5×10-4  𝑚𝑚3 (𝑁 · 𝑚⁄ )  to 2.74×10-4 

 𝑚𝑚3 (𝑁 · 𝑚⁄ ). For specimens incorporating re-entrant structures, the wear rate was 

generally reduced compared with solid ones, due to the mitigation of friction-

induced vibrations (FIV). Nevertheless, post-heat treatment also resulted in an 

increase in SWR of PLA samples with the re-entrant structure from 2.36×10-5 

 𝑚𝑚3 (𝑁 · 𝑚⁄ )  to 4.5×10-4  𝑚𝑚3 (𝑁 · 𝑚⁄ ). This behavior is attributed to the increased 

brittleness of heat-treated PLA, which promoted the formation of powder-like wear 

debris and, consequently, higher wear loss despite the improved strength. In contrast, 

for PEEK, post-heat treatment enhanced both strength and ductility, leading to a 

significant improvement in wear resistance. Specifically, the SWR of the solid 

benchmark PEEK decreased from 6.2×10-6  𝑚𝑚3 (𝑁 · 𝑚⁄ )  to 1.74×10-6  𝑚𝑚3 (𝑁 · 𝑚⁄ )  

after heat treatment. Similarly, the re-entrant structured specimens exhibited a 

reduction in SWR from 3.18×10-6  𝑚𝑚3 (𝑁 · 𝑚⁄ ) to 6.2×10-7  𝑚𝑚3 (𝑁 · 𝑚⁄ ). 

Finally, it is worth noting that this chapter focuses on the distinctive effects of post-heat 

treatment on the tribological properties of different polymers, namely PLA and PEEK. The 

annealing process was selected as a commonly used and cost-efficient post-processing 

technique for 3D-printed parts. Nevertheless, as summarized in the literature review, other 

post-treatment methods, such as chemical smoothing [122] and the ironing process [123], 

are also available. Future work will be carried out to further explore additional effective 

treatment methods to achieve improved tribological properties under different sliding 

conditions. In particular, the combination of multiple treatment methods may allow further 
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tailoring and optimization of the property profiles of 3D-printed polymer components for 

different engineering applications.     
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Chapter 5 Reducing Friction-induced Vibration and Wear of 

Carbon Fiber Reinforced PLA Composites with the Re-entrant 

Auxetic Structure using 3D Printing Technology 

Q1 Journal Tribology International. Current Status: Submission 

In the previous chapters, the effect of post-heat treatment on the tribological performance of 

the FDM-printed PLA and PEEK structures has been systematically investigated. It can be seen 

that the heat-treatment influenced the wear behaviour of the printed structure in a much more 

complex way, displaying a contrasting effect of the specific wear rate of PLA and PEEK.  

Meanwhile, as discussed in Chapter 1 Introduction, despite the rapid development of the 

additive manufacturing and the corresponding demonstrated application of CFRPs, the 

research on the design of additive manufactured CFRPs, especially with respect to the 

structural design for enhancing wear resistance in tribological applications remains limited [12], 

[13]. Therefore, further studies need to be conducted to systematically investigate the wear 

behaviour of the AM-fabricated CFRPs involved with the complex structural design.  

In this Chapter, re-entrant auxetic structures were employed to reduce friction-induced 

vibration (FIV) and thus the wear loss of carbon fiber reinforced PLA (CF-PLA) composites 

against metal counterparts. Both numerical and experimental studies showed that with the 

increase in re-entrant angles, the negative Poisson ratio of the re-entrant structures becomes 

greater, leading to more pronounced effects on vibration insulation. As a result, with the 

embedded entrant structures, the friction-induced vibration and noise of polymer-metal sliding 

pairs could be effectively migrated, associated with the reduction in wear loss of polymeric 

specimen. For instance, the specific wear rate of CF-PLA having the auxetic structure with the 

re-entrant angle of 60o was 1.75 x 10-5 mm3/N*m, which almost an order magnitude lower than 

that of the specimen without the re-entrant structure. Microscopy analysis revealed that severe 

damage of fibres was greatly prevented with the re-entrant structures, thanks to their energy 

absorption and vibration insulation capacities. This led to the gradual removal process of fibres 

even under high loading conditions, contributing to the enhanced loading-carry capacity of the 

composite.  
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5.1 Finite Element Analysis of Re-entrant Structures 

5.1.1 Design of Re-entrant Structures 

Re-entrant structures were first designed in SolidWorks (SolidWorks Corp., USA). The 

structures with different negative Poisson’s ratio was achieved by varying re-entrant angles 

without changing other key geometry parameters. In particular, as shown in Fig 5.1, each lattice 

structure consisted of a 2 × 3 array of unit cells with varying re-entrant angles of 20°, 30°, 45°, 

and 60°. The CAD models were subsequently imported into Abaqus/Standard (ABAQUS Inc., 

Providence, RI, USA) for finite element analysis (FEA). Within Abaqus, the models were 

discretised using a structured meshing strategy to ensure adequate resolution of the re-entrant 

features while maintaining computational efficiency. A mesh convergence study was 

performed, resulting in an average of 320,202 elements and approximately 1,561,422 degrees 

of freedom per model. The top cylindrical surface was kinematically constrained, and a 

displacement-controlled load of 1 mm (upward) was applied to the bottom surface. Fig 5.1(b) 

shows the stress/strain distribution within the re-entrant structure under compression loads. 

With the strain of information, Poisson’s ratios of the structures along x- direction can be 

determined as -0.324, -0.544, -0.808 and -1.341, for the re-entrant angles of 20o, 30o, 45o and 

60o respectively. 

                              

Fig 5.1 FEA test setup: (a) compressive load along y-direction, (b) the resultant stress/strain 

distribution of re-entrant auxetic structure. 



76 

 

5.1.2 Energy Absorption of Re-entrant Structures 

To evaluate the structure’s energy absorption capacity, energy absorption (EA) is defined as 

the integral of force with respect to displacement in equation below: 

 
𝐸𝐴 = ∫ 𝐹𝑑(𝛿)

𝛿𝑚𝑎𝑥

0

 
(7) 

where 𝐹 is the reaction force of the structure, 𝛿 is the applied vertical displacement, 𝛿𝑚𝑎𝑥 is 

the peak displacement.  

Two materials considered and simulated in later discussion of peak stress and energy 

absorption was: polylactic acid (PLA) and carbon fiber (CF)-reinforced PLA. The material 

properties, obtained from our previous studies and works of literature shown in Chapter 2.1 

[109], [181], were defined by Young’s modulus (E, GPa) and Poisson’s ratio (ν) as follows: 

for PLA, 1.973 and 0.35; for CF-reinforced PLA, 3.946 and 0.35. As shown in Fig 5.2, PLA 

exhibited a moderate increase from 20° to 30°, after which the values remained relatively stable 

between 30° and 60°. By contrast, CF-PLA structures consistently absorbed more energy, 

increasing from roughly 13 mJ at 20° to about 23 mJ at 60°. Notably, with the improved 

mechanical properties, CF-PLA showed much higher energy absorption capacity than that of 

neat PLA. Further, energy absorption in CF-PLA increased more linearly with re-entrant angle 

compared to PLA. The results also agree with the conclusion drawn by Pan et al. [159] i.e. 

more negative Poisson’s ratio provides better vibration isolation ability. 

 

Fig 5.2 Peak von Mises (VM) stress (left Y axis) and Energy absorption (right Y axis) for re-

entrant structures with various re-entrant angles, including 20°, 30°, 45°, and 60° 
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Under the same applied compression displacement (1mm), the peak stresses re-entrant lattice 

structures with different re-entrant angles (20°, 30°, 45°, and 60°) for both PLA and CF-

reinforced PLA materials were also compared in the figure. Representative von Mises stress 

distributions for each design are also presented. While the stress pattens varied with changes 

in geometry due to different re-entrant angles, no significant differences were observed under 

the effect the carbon fibre composites compared to neat polymers. As shown in Fig 5.2, the 

peak stresses in both PLA and CF-PLA increased from 20° to 60°. Therefore, although a larger 

re-entrant angle enhances energy absorption, it also subjects the auxetic structure to higher 

stress concentrations particularly at nodes or joints, increasing the likelihood of premature 

failure.  

5.2 Friction and Wear Results 

5.2.1 Reducing FIV with the Re-entrant Structures 

Fig 5.3 compares the typical friction responses of printed polymeric specimens with (cf. Figure 

2.1b) and without (cf. Figure 2.1c) induced re-entrant structures. All tests were carried out 

under a normal load of 5 N for neat PLA and CF-PLA. The coefficient of friction (CoF) was 

observed to increase slightly during the initial sliding stage (up to ~200 minutes), likely due to 

the enlargement of the real contact area caused by wear of surface asperities. Beyond this stage, 

the specimen without a re-entrant structure exhibited significant fluctuations in CoF. Notably, 

the CF-PLA solid benchmark showed a sudden increase in CoF at approximately 34 minutes, 

accompanied by continuous, intense FIV and severe noise, as illustrated in the inset of Fig 

5.3(b). As sliding progressed, these oscillations became dominant and ultimately exceeded the 

stabilized CoF threshold, resulting in premature test termination after only 37 minutes. This 

phenomenon is likely attributable to the increased structural stiffness introduced by carbon 

fiber reinforcement, which elevates the natural frequency of the transfer path and, in turn, 

amplifies vibration and noise [218]. In contrast, the specimen with a 60° auxetic angle 

maintained a relatively stable friction profile. Most importantly, the severe friction-induced 

vibrations and associated unbearable noise observed in the solid benchmark were completely 

eliminated. 
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Fig 5.3 Coefficient of friction of solid benchmark and re-entrant auxetic 60 degrees: (a) in 

neat PLA at 5N, (b) in CF-PLA at 5N 

 

Fig 5.4 Vibration amplitude of solid benchmark and re-entrant auxetic 60 degrees: (a) in neat 

PLA-5N, (b) in CF-PLA at 5N 

The pronounced fluctuations in friction, evident in Fig 5.3, are commonly associated with 

vibrations, i.e., FIV in the sliding system [200], [201]. In this study, vibration amplitude was 

quantified by measuring the vertical displacement of sliding samples, as described in Eq. (4) 

and Fig 2.7. Accordingly, Fig 5.4 compares the vibration behaviour of specimens with and 

without re-entrant structures. It is clear that the incorporation of re-entrant geometry could 

significantly suppress FIV.  

Fig 5.5 presents the AVP values for both neat PLA and CF-PLA as a function of re-entrant 

angle. It can be seen that the incorporation of re-entrant auxetic structures reduced FIV by 

approximately 45 – 62%, confirming that about half of the vibration was effectively mitigated 

due to the vibration absorption capability of these structures [159], [160]. Moreover, AVP 

increased with the larger re-entrant angle of 60o, and CF-PLA exhibited a more pronounced 

absorption capacity compared with neat PLA. These findings are consistent with the simulation 

results (see Fig 5.2), which indicate that FIV is more effectively suppressed using re-entrant 

structures with higher auxetic angles—corresponding to more negative Poisson’s ratios in 

stiffer materials such as CF-PLA. 
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Fig 5.5 AVP of re-entrant auxetic structures in PLA and CF-PLA at 5 N 

5.2.2 Enhancement Effects of Re-entrant Structures on the Wear Behaviour of CF-PLA 

Fig 5.6 illustrates the effects of re-entrant structures on friction and wear performance of 

polymeric specimens tested under 5 N. The CoF was determined by the average value during 

the steady stage. It is evident that the lower friction was achieved with the re-entrant structure, 

compared that obtained with solid one. Further, the CoF tends to decrease with the auxetic 

angles. Correspondingly, the wear resistance of the specimens was also effectively improved 

with the embedded re-entrant structures. The lowest wear rate was achieved by the CF-PLA 

with the large auxetic angles of 60o. However, it is important to note that the large deformation 

required for energy absorption through auxeticity also subjects the structure to higher stress 

concentrations, particularly at nodes or joints, thereby increasing the risk of premature failure. 

In fact, with the further increase of load up to 10 N, premature failure in a re-entrant structure 

made of neat PLA took place, as shown in Fig 5.7(a). 
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Fig 5.6 The effects of re-entrant structures on (a) CoF and (b) SWR of neat PLA and CF-PLA 

at 5N 

 

Fig 5.7 Premature failure in re-entrant structure for neat (a) PLA under 10 N and (b) CF-PLA 

under 25 N 
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With the incorporation of CF fillers, the load-bearing capacity of CF-PLA was greatly enhanced, 

allowing the structure to perform under significantly higher loading conditions. Fig 5.8 

summarizes the friction and wear behaviour across loads ranging from 10 to 20 N. It is clear 

that VA is generally decreased with the increase re-entrant angles. Correspondingly, the friction 

coefficient and wear rate decrease within each own applied normal loads. Nevertheless, with 

further increases in load to 25N, the re-entrant structure with a 60° angle failed first (cf. Figure 

5.7b), owing to the higher stress concentration effects shown in Fig 5.2. Therefore, although 

larger re-entrant angles improve energy absorption capacity, they compromise load-bearing 

capacity. Hence, selecting an appropriate re-entrant angle is critical and should be guided by 

the specific design requirements of different tribological applications. 

To further understand the underlying wear mechanisms induced by re-entrant structures, the 

worn surfaces are examined by using both optical and electronic microscopies which will be 

discussed in the following section.  
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Fig 5.8 Effects of Re-entrant angles under different loads on the (a) CoF, (b) SWR, and (c) 

VA 

5.3 Wear Modelling of CF-PLA with Re-entrant Structures 

Fig 5.9 presents SEM images comparing the worn surfaces of CF-PLA specimens with and 

without embedded REAS structures under loads of 5 N and 10 N. As shown in Fig 5.9(a) and 

5.9(c), the samples without re-entrant structures exhibited more severe fibre breakage, 
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primarily due to the intense oscillating impact forces. Additionally, a greater amount of wear 

debris was observed, especially at the higher load. As a result, serious fiber removal happened 

at higher loading conditions, leaving large grooves on the worn surfaces. In contrast, the 

specimens embedded with REAS showed milder abrasive wear, characterized by continuous 

grooves and significantly smoother worn surfaces. Severe fibre breakage was effectively 

mitigated, with fibre thinning emerging as the dominant wear feature—suggesting a more 

gradual fibre removal process. It is well established that the wear performance of fibre-

reinforced polymers is largely governed by the manner in which fibres are removed from the 

composite matrix [219]. During wear, the fibres bear the majority of the load. Therefore, to 

maximize the reinforcing effect of short fibres, it is crucial that they are removed gradually 

rather than fractured abruptly. Thus, the re-entrant structure's ability to absorb energy played a 

key role in reducing fibre impact vibrations (FIV), thereby minimizing cyclic impact damage. 

This is likely a major contributing factor to the lower wear rate observed in CF-PLA specimens 

containing the re-entrant structures. 

Fig 5.9 SEM of the contact surface of solid benchmark and re-entrant auxetic structures in 

CF-PLA: (a) solid benchmark-5N, (b) Re60-5N, (c) solid benchmark-10N, (d), Re60-10N 
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Fig 5.10 SEM of the contact surface of re-entrant auxetic 20 degrees under the applied 

normal load: (a) 10N, (b) 15N, (c) 20N 

 

Fig 5.11 EDS result of re-entrant auxetic 20 degrees in CF-PLA under 20N: (a) wear debris, 

(b) worn surface 

To further investigate the tribological effects of the selected re-entrant angles, Fig 5.10 and Fig 

5.12 compare the worn surfaces of CF-PLA specimens with re-entrant structures at angles of 
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20° and 60°, subjected to different loads. As previously discussed, the reduction in fibre impact 

vibrations (FIV) increases with the re-entrant angle, due to enhanced energy absorption 

capacity. This led to distinct surface wear patterns for the two re-entrant configurations. As 

shown in Fig 5.10, with increasing load, smearing of wear debris and fibre debonding were 

observed. When the load reached 20 N, as seen in Fig 5.10(c), noticeable fibre breakage 

occurred, accompanied by larger wear debris adhered to the worn surface. EDS analysis 

revealed that the attached debris contained significantly higher iron (Fe) content (~4%), which 

was considerably higher than in other areas of the worn surface (Figure 5.11). In general, in 

polymer-steel sliding pairs, material transfer predominantly occurs from the polymer to the 

steel, due to the higher surface energy of the steel. Therefore, only minimal Fe content is 

typically found on the worn surface of the polymer specimen. The higher Fe content in the 

attached debris suggests that some material has been transferred back from the metal 

counterface. 

 

Fig 5.12 SEM of the contact surface of re-entrant auxetic 60 degrees under the applied 

normal load: (a) 10N, (b) 15N, (c) 20N 
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Fig 5.13 EDS result of re-entrant auxetic 60 degrees in CF-PLA under 15N: (a) worn surface, 

(b) “white” debris 

For the re-entrant auxetic structure with a 60° angle, at relatively low loads, the CF-PLA 

samples exhibited similar dominant wear characteristics to those at 20°, but with fewer grooves 

and less wear debris accumulation. This was attributed to the more stable vibrations induced in 

the fibres (Figure 5.12a). As the load increased to 20 N, the worn surfaces remained smooth, 

with fibre thinning becoming the predominant wear feature. Bright white regions were 

observed near the fibres, particularly under higher loads. EDS analysis revealed extremely high 

iron (Fe) content in these areas, exceeding 40% (cf. Figure 5.13), which is two orders of 

magnitude higher than in other regions of the worn surfaces. It is proposed that during the wear 

process, the harder fibres protrude from the polymer matrix and become fully exposed to the 

steel counterface. In this scenario, the fibres bear most of the load, undergoing thinning and 

breakage. Simultaneously, the fibres scratch the steel surface, leaving metal debris in the 

contact regions. To validate this proposed mechanism, the surface profiles of the steel 

counterfaces were further examined using both a laser profilometer and high-resolution AFM 

and results are shown in Fig 5.14.   
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Fig 5.14 Worn surface of metal disk ring to the re-entrant auxetic structure in CF-PLA under 

20N: (a) metal disk ring of Re20, (b) AFM metal disk ring of Re20, (c) metal disk ring of 

Re60, (d) AFM metal disk ring of Re60 

It was observed that the metal disk ring in contact with the CF-PLA specimen featuring the re-

entrant auxetic structure at 60° exhibited a much lower surface roughness (0.281 µm) compared 

to the steel ring in contact with the specimen at 20° (0.402 µm). High-resolution AFM images 

revealed that the surface of the steel ring was smoother, with fewer high, steep roughness peaks. 

This can be attributed to the proposed scratching or polishing effects of the fibres during wear. 

Based on these observations, a wear model for CF-PLA with re-entrant structures was proposed 

and illustrated in Fig 5.15. At higher re-entrant angles, FIV was more effectively suppressed. 

In this case, the continuous sliding contact between the fibres and the steel resulted in a mild 

abrasion process, leading to fibre thinning and a polishing effect on the steel surface. However, 

at lower re-entrant angles (or no re-entrant structures), with higher FIV, more fibre damage 

occurred due to oscillation impacts from the hard asperities, while the surface of the steel 

counterpart showed minimal modification. The resultant fibre debris could further increase the 

wear loss by introducing three-body abrasive wear. It is important to note that friction 

oscillation is closely linked to FIV (see Figure 5.3). In general, larger FIVs correspond to higher 

friction fluctuations, which progressively exacerbate surface damage, particularly in the form 

of fatigue and fretting. As a result, more polymeric wear debris would be generated in the 

interface region. Under the shear and oscillation conditions, material transfer occurred between 

the contact pairs, with back-transfer from the steel counterface to the polymer surface. 
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Fig 5.15 Schematic illustration of the contact mode for the sliding wear of carbon fibre with 

the steel counterpart. During the wear process, the carbon fibre in CFRPs undergo the main 

load but different levels of vibration. In this case, the higher vibration of re-entrant auxetic 20 

degrees (colour of blue, cf Fig 5.8c) intensified the fibre metal interactions, promoting the 

fibre damage and metal transfer. Whereas the stable contact of 60 degrees (colour of red, cf 

Fig 5.8c) in a lower vibration promotes the gradual fibre thinning and localized metal 

accumulation 

5.4 Conclusions 

This chapter studies the use of embedded re-entrant auxetic structures to improve the 

tribological performance of CF-PLA composite through 3D printing technology. In particular, 

the effects of the re-entrant auxetic structure on FIV and wear properties of CF-PLA against 

steel counterparts were investigated under different loading conditions. The following 

conclusions can be drawn: 

(1) The embedded re-entrant auxetic structure effectively reduces friction-induced 

vibration (FIV) and associated noise in polymer-steel sliding pairs. This effect is 

more pronounced when larger auxetic angles are used, as they produce more 

negative Poisson's ratios and, consequently, higher energy absorption capacity. 

However, these larger angles also create higher stress concentrations within the re-

entrant structures, especially at nodes and joints, increasing the risk of premature 
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failure. Therefore, selecting the appropriate auxetic structure requires careful 

consideration of both its energy absorption capabilities and load-bearing capacity, 

tailored to the specific application requirements.  

(2) The wear mode of vibration driven dynamic contact region was built based on 

microscopy observations. In general, higher FIV levels intensify fiber-metal 

interactions, exacerbating surface damage and fiber removal, which reduces load-

bearing capacity. However, by incorporating re-entrant structures—particularly 

those with higher auxetic degrees that more effectively suppress FIV—stable, 

continuous sliding contact between the fiber and steel is achieved. This results in a 

mild abrasion process, leading to fiber thinning and a polishing effect. 

This research demonstrates an innovative approach for designing high-performance 

engineering components, combining advanced material selection, functional structural design, 

and lightweight features for diverse operational environments, all facilitated by additive 

manufacturing technology. 
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Chapter 6 Effects of environmental temperatures on tribological 

performance of 3D-printed PLA & PEEK structures 

In the previous Chapter, the effect of usage of carbon fibre reinforced PLA composites with 

complex structures on reducing the friction-induced vibration and wear was systematically 

investigated. As noted in Chapter 1 Introduction, the works of literature indicates a growing 

research interest on investigating the thermal behaviour and environmental performance of the 

FDM-printed parts under the influenced of temperature effects [220], [221]. Such 

investigations are critical for ensuring the long-term service life of the FDM-fabricated parts 

in the engineering applications of aerospace, medical, automotive, and microelectronics 

operating at elevated temperatures [169], [222]. Further, the temperature has a major influence 

on the wear behaviour, and its effect on the tribological performance of high-performance 

polymers needs to be further explored, particular with the involvement of complex structure 

design [63], [64], [223]. Therefore, building upon previous chapters, the effects of the 

environmental temperatures to the tribological performance of 3D-printed PLA and PEEK 

structures were systematically investigated in this Chapter.  

Neat polylactic acid (PLA) and polyether ether ketone (PEEK) was employed, and the re-

entrant auxetic structures were embedded into the printed wear model to suppress the friction-

induced vibrations. The experimental results showed that integrating the re-entrant wear model 

with high-performance polymers ensure the functionality at elevated temperatures. However, 

the environmental temperatures had complex effects on the wear performance of the two 

polymers. The specific wear rate of PLA generally increased from 0.0000236  𝑚𝑚3 (𝑁 · 𝑚⁄ ) at 

room temperature to 0.000472  𝑚𝑚3 (𝑁 · 𝑚⁄ )  operating at 60°C, whereas it had an initial 

decreased from 0.00000318  𝑚𝑚3 (𝑁 · 𝑚⁄ )  at room temperature to 0.00000292  𝑚𝑚3 (𝑁 · 𝑚⁄ ) 

operating at 90°C, but a sudden rise to 0.0000135  𝑚𝑚3 (𝑁 · 𝑚⁄ )  at higher environmental 

temperatures at 110°C for PEEK. The SEM revealed that this difference was attributed to the 

glass transition state and viscoelastic behaviour in accordance with the change of loss modulus, 

Tan(delta), and storage modulus at different temperatures. This finding demonstrated that an 

essential guidance for the designing high-performance engineering components by integrating 

temperature-responsive advanced material selection with functional structural design and 

lightweight features dedicated to the service life at different temperature regimes, all facilitated 

by additive manufacturing technology.    
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6.1 Test Settings 

As seen in Fig 6.1, a heating oven was placed to enclose the wear model, fixtures, steel 

counterparts, fixtures, and the rotation platform, thereby enabling controlled elevation and 

stabilization of the testing environmental temperature. All wear models were tested below or 

near the Tg (glass transition temperature) of neat PLA and PEEK, as identified in Fig 3.2 above. 

 

Fig 6.1 Schematic of pin-on-disk wear test machine and setup with heating oven 

Table 6.1 presents the material selection, applied normal loads, and the testing environmental 

temperature of the pin-on-disk wear test. All wear models were tested below or near the Tg 

(glass transition temperature) of neat PLA and PEEK, as identified in Fig 3.2. As Tg marks the 

transition state from a rigid glassy to a softer viscoelastic state, it significant influences the 

material modulus and mechanical stability, and promoting the plastic deformation and adhesive 

wear. Consequently, the friction and wear behaviour were strongly influenced by temperature 

approaching Tg. The selection of applied normal loads of 5N for PLA and 25N for PEEK was 

followed by the established testing conditions of PLA and PEEK structures in Chapter 4, 

allowing direct comparison of the influence of the external environmental temperature. The 

test duration was settled 270 mins. The variation of the test duration may observe due to the 

temperature stabilization requirements of heat oven at different targeted temperatures. 

Nevertheless, the sliding duration in all testes was sufficient to reach steady-state wear 

conditions, ensuring the comparability of the tribological results. 
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Table 6.1 Test Setup 

No. of tests Material Applied Normal Load (N) Testing Temperature (°C) 

1 
 Neat PLA 5N 

 

40 

2 60 

3 

 

Neat PEEK 

40 

4 

25N 

Room 

5 40 

6 60 

7 90 

8 110 

6.2 Effects of environmental temperature on wear behaviour of the wear 

mode in PLA 

Fig 6.2 compares the typical friction responses of the printed re-entrant auxetic wear model in 

PLA under different testing temperatures. All tests were carried out under the applied load at 

5N and a constant disk rotation speed of 120 rpm. For the re-entrant wear model tested at both 

room temperature and elevated to 40°C, the CoF was observed slightly increased at the initial 

stage, likely due to the enlarged real contact area by the wear of surface asperities, as seen in 

Fig 6.2(a). Nevertheless, the increased CoF has been shortened from 200 min at room 

temperature to approximately 72 min with the increase of the environmental temperature to 

40°C. Similarly, a slight increase in CoF at the initial stage was also observed but the duration 

of this period was further reduced to approximately 30 min when the environmental 

temperature was further increased to 60°C, as shown in Fig 6.2(b). Notably, the re-entrant wear 

model in 40°C and 60°C shared a similar CoF pattern, but more intensive CoF oscillation 

beyond 150 min observed in the condition of 60°C as illustrated in Fig 6.2(c). This phenomenon 

is likely to be associated with thermo-softening and the glass transition of neat PLA due to the 

testing temperature near its glass transition temperature, which fundamentally changes the 

nature of the contact interface compared to the room temperature, leads to more CoF fluctuation 

during sliding [223], [224].   
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Fig 6.2 Coefficient of friction of re-entrant wear model in PLA under 5N: (a) room 

temperature and 40°C, (b) room temperature and 60°C, (c) 40°C and 60°C 

The pronounced fluctuations in friction shown above are generally associated with vibrations, 

the FIV (friction-induced vibrations) in the sliding system [200], [201]. In this paper, the 

vibration amplitude was calculated in Eq.4 and Fig 2.7 using the captured the vertical 

displacement of sliding samples with LVDT sensor. Fig 6.3 compares the friction-induced 

vibration result of the re-entrant wear model influenced by the variable environmental 

temperature. It is clear that the re-entrant wear model under room temperature suppressed the 

FIV more effectively compared to higher temperatures, corresponding to the vibration 

amplitude in 0.00102 mm under room temperature, 0.00178 mm in 40°C, and 0.00206 mm in 

60°C. The highest vibration amplitude at the 60°C was consistent with the observed stronger 

CoF fluctuations beyond 150 min at the same temperature, as shown in Fig 6.2(c). This 

behaviour is likely due to the thermomechanical responses of the printed PLA operating near 

its glass transition temperature, which the enhanced viscoelastic deformation and the 

mechanical instability promoted the pronounced interfacial friction fluctuations and the 

friction-induced vibration [225].  
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Fig 6.3 Vibration amplitude of re-entrant wear model in PLA under 5N: (a) room temperature 

and 40°C, (b) room temperature and 60°C, (c) 40°C and 60°C 

Fig 6.4 demonstrates the SWR (specific wear rate) of the re-entrant wear models influenced by 

different environmental temperatures. As seen in Fig 6.4, the SWR of re-entrant wear models 

generally increased. Notably, the SWR in the test condition of 60°C had a significant increase 

from 0.0000236 𝑚𝑚3 (𝑁 · 𝑚⁄ ) to 0.000472  𝑚𝑚3 (𝑁 · 𝑚)⁄ .  

 

Fig 6.4 The effect of environmental temperature on re-entrant wear model in PLA at 5N 
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6.3 Effects of environmental temperature on wear behaviour of the wear 

mode in PEEK 

Fig 6.5 compares the typical friction responses of the printed PEEK wear model tested under 

multiple environmental conditions. All tests were carried out under the applied load of 25N and 

the same disk rotation speed as the PLA sample. As seen in Fig 6.5(a), the coefficient of friction 

of re-entrant wear model tested at room temperature was slightly increased at the running-in 

stage which shared the similar reason of PLA due to the enlarged real contact area by the wear 

of the surface asperities. This period has been slightly reduced to approximately 160 min when 

the environmental temperature slightly increased to 40°C. Notably, a further increasing the 

environmental temperature led to different CoF patterns. Under the influence of environmental 

temperature at 90°C, the CoF displayed an initial reduction trend and a subsequently increased 

trend beyond 68 min until reaching the steady state at 240 min as seen in Fig 6.5(b). More 

interestingly, at 110°C, the slightly increased of CoF at the initial running-in stage extended to 

approximately 250 min as shown in Fig 6.5(c).   

Fig 6.6 presents the vibration amplitude of re-entrant wear model under different environmental 

conditions printed in PEEK. As seen through Fig 6.6(a) to Fig 6.6(c), no substantial differences 

observed on the vibration amplitude at different temperatures, indicating that integrating the 

developed re-entrant wear model with the high-performance polymer was able to maintain 

functionality under a high operating temperature environment. In addition, it is worth to note 

that the vibration amplitude was slightly increased from 0.00109 mm to 0.00140 mm when the 

testing environmental temperature elevated to 110°C. This behaviour is likely due to the 

thermomechanical responses of neat PEEK, which the partial softening of the material 

increases the viscoelastic behaviours and reduction of the inherently damping capacity, leading 

to the more pronounced friction-induced vibration [226], [227].  
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Fig 6.5 Coefficient of friction of re-entrant wear model in PEEK under 25N: (a) room 

temperature and 40°C, (b) room temperature and 90°C, (c) room temperature and 110°C 
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Fig 6.6 Vibration amplitude of re-entrant wear model in PEEK under 25N: (a) room 

temperature and 40°C, (b) room temperature and 90°C, (c) room temperature and 110°C 

Operating with the elevated temperature, specifically near the glass transition temperature, had 

the detrimental effect on the wear model made in PLA, as shown in Fig 6.4. However, the 

PEEK sample exhibited a more complex trend. As seen in Fig 6.7, the specific wear rate of the 

re-entrant wear model was generally decreased below 90°C whereas a sudden escalation at 

110°C, where the SWR of the re-entrant wear model increased from 0.00000318 𝑚𝑚3 (𝑁 · 𝑚⁄ ) 
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at room temperature to 0.0000135  𝑚𝑚3 (𝑁 · 𝑚)⁄  at 110°C. To further understand the underlying 

mechanism of this interesting SWR result shown in PLA and PEEK influenced by the 

environmental temperature, the worn surfaces were examined using SEM, as discussed in the 

following section.  

 

Fig 6.7 The effect of environmental temperature re-entrant wear model in PEEK at 25N 

6.4 Wear features of the effect of environmental temperature on PLA and 

PEEK with re-entrant structures 

Fig 6.8 presents the SEM images of the worn surfaces of the printed PLA under different 

environmental temperatures. As seen in Fig 6.8(a), with the stabilized CoF (cf Fig 4.13a) and 

suppressed FIV (cf Fig 4.14a) at room temperature, only uniform light grooves without 

observation of clear cracks shown on the worn surface of the re-entrant wear model. With the 

operating environmental temperature increased to 40°C, clear evidence of thermo-softening 

features with light grooves and a slightly increased distribution of the wear debris was observed 

on the worn surface. The increased loss modulus and Tan(delta) and decreased storage modulus 

shown in Fig 3.2(a) indicates the PLA had a transition from a glassy and rigid state to a softer 

state. This glass transition facilitates the plastic deformation and adhesive wear, thereby 

promotes the formation of the thermo-softening wear features [228]. With a temperature 
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elevation to 60°C, more distribution of wear debris and cracks were observed on the worn 

surface. Operating near the glass transition temperature, the PLA reached a highly viscoelastic 

state where the increased loss modulus nearly equals to the decreased storage modulus, leading 

to the reduction of the surface stiffness and maximum softening [229]. Consequently, the 

material breaks off easily sliding against the steel counterpart due to the intensified CoF 

oscillation (cf Fig 6.2b) and vertical impact on the contract surface from more pronounced 

friction-induced vibration (cf Fig 6.3b), leading to the production of more wear debris. Further, 

the repeated sliding on the softer polymer surface results in the formation of cracks [230].  

 

Fig 6.8 SEM of the contact surface re-entrant wear model in PLA at 5N: (a) room 

temperature, (b) 40°C, (c) 60°C 

For comparison, thanks to inherently exceptional mechanical thermal stability of neat PEEK, 

only light grooves with no clear thermal softening wear features observed on the worn surface 

of re-entrant wear model at room temperature and 40°C, as shown in Fig 6.9(a) and Fig 6.9(b). 

With the increased of environmental temperatures to 90°C, uniform light grooves, a slight 

increased distribution of wear debris and a clear micro-ploughing feature was observed on the 

worn surface, as see in Fig 6.9(c). Although the decreased loss modulus and Tan(delta) reflected 

the reduced mechanical energy dissipation ability as heat, but the storage modulus remains 
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unchanged, indicating the elastic stiffness of the PEEK remain largely unaffected, as illustrated 

in Fig 3.2(b) [231]. In this case, the combination leads to the increased local stress at the counter 

interface, promoting the micro-ploughing sliding against the steel counterpart. Nevertheless, 

the unaffected stiffness ensures the resistance to an abrupt material removal. Further, at 90°C, 

the slight softening of the contract surface of polymer promotes a more extensive and adherent 

protective transfer film against wear [232]. Upon a further increased in temperature to 110°C, 

closer to the glass transition temperature, the SEM revealed wider and deeper grooves with a 

distribution of wear debris, as depicted in Fig 6.9(d). Notably, a distinct wear debris adhered 

on the steel counterpart after the test as seen in Fig 6.10(a). With a further reduction on the loss 

modulus and Tan(delta), the material became ductile, and the steel asperities were easier to 

penetrate and displace the softer PEEK material, leading to the formation of deep grooves. 

Meanwhile, the soften PEEK adhered on the steel counterpart forming a transfer film. This 

formation changes the local contact from polymer-metal to polymer-polymer, results in more 

localized heat and facilitated the accumulated the wear debris.  

 

Fig 6.9 SEM of the contact surface re-entrant wear model in PEEK at 25N: (a) room 

temperature, (b) 40°C, (c) 90°C, (d) 110°C 
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Fig 6.10 Attached wear debris of re-entrant wear model at 25N in PEEK at 110°C: (a) Image 

on steel counterpart, (b) SEM adhered on the polymer counterface 

6.5 Conclusions 

This paper applied the effects of the environmental temperature to PLA and PEEK materials 

and structures fabricated with FDM method. The effects of environmental temperature on the 

tribological performance of the printed re-entrant wear models was compared. The following 

conclusions can be drawn: 

(1) Under all testing conditions, the friction-induced vibration can be effectively 

suppressed with the embedded re-entrant auxetic structures due to their high energy 

absorption and vibration damping ability. With the elevated environmental 

temperatures, the thermomechanical responses of the materials lead to a more 

pronounced FIV of printed specimens.  

(2) The environmental temperature had complex effects on the specific wear rate (SWR) 

of the materials. Operating near the glass transition temperature of the polymer 

influenced the wear behaviour of the printed samples, leading to a significant increase 

in the specific wear rate. In PLA, the specific wear rate had a generally increasing trend 

with temperature 0.0000236  𝑚𝑚3 (𝑁 · 𝑚⁄ )  at room temperature to 0.000472 

 𝑚𝑚3 (𝑁 · 𝑚⁄ ) operating at 60°C. In contrast, for PEEK, the specific wear rate exhibited 

an initial decreased trend from 0.00000318  𝑚𝑚3 (𝑁 · 𝑚⁄ )  at room temperature to 

0.00000292  𝑚𝑚3 (𝑁 · 𝑚⁄ )  operating at 90°C, but a sudden rise to 0.0000135 

 𝑚𝑚3 (𝑁 · 𝑚⁄ )  at higher environmental temperatures at 110°C. The SEM reveals that 

glass transition state and viscoelastic behaviour in accordance with the change of loss 

modulus, Tan(delta), and storage modulus at different temperatures contribute to 

different worn surface conditions.  
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Chapter 7 Conclusions and Outlook 

7.1 Conclusions 

In the present research, a series of testing specimens manufactured from neat polylactic acid 

(PLA), carbon fibre reinforced polylactic acid (CF-PLA), and polyether ether ketone (PEEK) 

were fabricated with FDM method. The post-heat treatment was subsequently applied. A 

systemically investigation was conducted initially to evaluate effects of post-heat treatment on 

the dimensional accuracy and mechanical properties on the 3D-printed PLA and PEEK, as well 

as the tribological performance incorporating with complex structures design. Meanwhile, the 

factors of material selections and structure design with the utilization of CFRPs were 

investigated to address the identified limitation. Furthermore, the influence of external 

environmental stimuli, specifically the environmental temperature, on the complex structure 

design performance was evaluated and compared. The summary of key findings and 

conclusions of the thesis work are drawn as follows.  

The sample after the heat treatment exhibited a higher result of introduced mean absolute 

deviation (MAD), indicating the fact of the systematically shrinkage of the heat-treated sample 

which is primarily attributed to the increased degree of crystallization and relief of internal 

stress. Meanwhile, the proposed heat treatment resulted in a higher degree of crystallinity and, 

consequently, improved strength for both printed materials. For PLA, the tensile strength was 

enhanced from 44.14 MPa to 47.66 MPa, as well as the compressive strength improved from 

68 MPa to 82 MPa. A similar trend was observed in heat-treated PEEK. The tensile strength 

increased from 75.53 MPa to 84.91 MPa and the compressive strength enhanced from 106 MPa 

to 123 MPa. Nevertheless, the post-heat treatment reduced the ductility of PLA while 

enhancing the ductility of PEEK, which in turn affected their tribological performance 

subsequently.  

The exploration to on the 3D-printed PLA embedded with complex structures in tribological 

applications was studied initially in order to build the understanding of the wear mechanism 

for the later comparison between heat-treated PLA and PEEK structures. In the study, for the 

first time made attempts to use auxetic materials as a new self-tunning absorber for friction 

vibration control. The results showed that tailoring the re-entrant angles to achieve the desired 

value of negative Poisson’s ratio, the specimen exhibited less vibration with a lower average 

CoF during the sliding wear process. As a result, the wear resistance of the wear model 

embedded with re-entrant auxetic structures was clearly improved. The SEM revealed that the 
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surface fatigue wear was effectively prevented with the employment of the re-entrant auxetic 

structures owing to their energy absorption and vibration isolation capabilities. Following the 

successful exploration of AM-fabricated parts incorporating with complex structures for 

tribological applications, the effects of post-heat treatment on the printed PLA and PEEK 

structures were studied and compared. The results revealed that the improved material stiffness 

enabled the re-entrant auxetic structure to reduce the friction-induced vibration (FIV) more 

effectively. However, the heat treatment resulted in the contrasting effects on the wear 

resistance of two polymers. The specific wear rate of the heat-treated PLA sample with the re-

entrant structure increased from 2.36 × 10−5  𝑚𝑚3 (𝑁 · 𝑚⁄ ) to 4.5 × 10−4  𝑚𝑚3 (𝑁 · 𝑚⁄ ), while it 

decreased for the PEEK sample from 3.18 × 10−6  𝑚𝑚3 (𝑁 · 𝑚⁄ ) to 6.2 × 10−7  𝑚𝑚3 (𝑁 · 𝑚⁄ ). The 

microscopic observation revealed that the change in brittleness, the reduction and improvement 

in ductility of two polymers after heat treatment, influenced the formation of wear debris and 

the development of transfer films on the steel counterpart.  

Building upon these findings, it was clear that the post-heat treatment enhanced the material 

strength while simultaneously influencing the dimensional accuracy and inducing complex 

tribological performance on the FDM-fabricated polymers structures. However, a limitation 

emerged during the study, which the advantageous energy absorption due to the auxeticity 

required a significant structural deformation. Given the inherently low strength of PLA, only a 

relatively low load 5N applied to ensure the auxetic structure deformed within the elastic range. 

In contrast, the utilization of PEEK enabled a remarkable increase in the applied load, up to 

25N. To overcome this constraint and broad the application with a wide range of material 

selections, the structural design and material selection in the employment of high-performance 

carbon fibre reinforced composites (CFRPs) under different loading conditions was 

systematically investigated. The results revealed that incorporating the complex structure 

designs with CFRPs effectively reduced the friction-induced vibration and associated noise in 

high loadings in polymer-steel sliding pairs, explained by the proposed wear model of the 

vibration driven dynamic contact region built from SEM observations. Nevertheless, selecting 

the appropriate auxetic structures to the specific application requirements takes a careful 

consideration of the balance between the stress concentration effects and the advanced 

performance capabilities. 

Further, considering the high sensitivity of the AM-fabricated parts to the external 

environmental stimuli, particularly the environmental temperature factor and its importance for 

ensuring long-term service life in the engineering applications, the influence of environmental 
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temperature on the FDM-printed PLA and PEEK structures was systematically investigated. 

The environmental temperature regimes were determined in accordance with measured glass 

transition temperature of the selected polymers from the DMA test. The result revealed that 

integrating the complex structure designs with high-performance polymer effectively 

suppressed the FIV at elevated environmental temperatures. Notably, the effect of the 

thermomechanical responses of the materials requires to be considered, as it can lead to a more 

pronounced FIV of printed specimens. Nevertheless, the environmental temperatures had 

complex effects on the specific wear rate of the materials, particularly operating near the glass 

transition temperature. The PLA exhibited a generally increased trend, whereas the PEEK had 

a decreased trend at first but a sudden rise at higher temperatures. This behaviour is likely 

attributed to the glass transition state and viscoelastic behaviour in accordance with the change 

of loss modulus, Tan(delta), and storage modulus at different temperatures based on the 

microscopy observations. 

7.2 Outlook 

In the present research, new insights into the utilization of post-heat treatment for tailoring and 

optimizing the mechanical behaviour of printed polymers while also emphasizing the necessity 

of systemically evaluating its influence on the tribological performance of AM-fabricated 

engineering parts subjected to different sliding conditions and thermally demanding 

environments have been achieved. Nevertheless, certain points can be further studied to deepen 

the understanding of the achieved main objectives illustrated in Chapter 1.4. Such efforts will 

further expand the applicability of AM-fabricated parts enhanced with post-processing 

techniques across different applications fields.  

The post-heat treatment was selected as a widely used and cost-effective post-processing 

techniques for AM-fabricated parts. As summarized in the literature review in Chapter 1.2, 

other post-processing techniques, such as the chemical treatment, surface coating are also 

available. Therefore, one of the future works will be carried out to further explore the effects 

of additional post-processing techniques on the dimensional accuracy, mechanical properties 

and tribological performance of the 3D-printed polymer structures. In particular, the 

combination of multiple treatments method may allow further tailoring and optimization of the 

discussed properties for variable engineering application.  

Further, in this research thesis, the effects of external environmental temperature on the AM-

fabricated polymer structures performance were systematically investigated. As reported by 
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literature in Chapter 1.3.3, other external stimuli, such as pressure and humidity also influenced 

the performance. Therefore, one of the future works will be carried out to further explore the 

effects of additional external stimuli on the discussed properties of 3D-printed polymer 

structures. In addition, the comparison group of the FDM-printed polymer structures after the 

proposed heat treatment could be made to compare the effects of environmental temperature to 

the heat-treated samples.  

Meanwhile, the present research was performed in dry sliding conditions, and the research 

trend of the advanced polymer and polymer composites are widely utilized in tribological 

applications with lubricants and coating films. The friction and wear response and mechanisms 

differ from variable operating conditions. For instance, under the water lubricants, the 

formation of fluid film reduces the contact area and eliminates the adhesive junctions and 

facilitates the frictional heat dissipation. Also, coating the film on the counter interface 

introduced a protective interfacial layer to diminish the asperities contact and suppress the 

material-removal along with the sliding. Applying either of the condition could influence the 

tribological performance of the AM-fabricated material structures.  

Finally, at the current stage, the FIV was captured using the LVDT sensor in the time-domain, 

which proved to be feasible and effective approach. As reported by literature, having the 

frequency domain analysis based on the FFT could help to identify and isolate the specific 

sources of FIV, such as the specific wear mechanism, noises caused by test rig itself.  

Overall, further research could focus on integrating the material selections with functional 

complex structural design and utilization of post-processing techniques to further enhancing 

the mechanical behaviours of the AM-fabricated polymer parts while also emphasizing the 

long-term effects, particularly the tribological performance under external environmental 

stimuli, and to achieve the desire properties and broaden the applications of next generation 

AM-fabricated parts.  
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