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ABSTRACT 

3D printed parts are widely used to fabricate polymeric structures in industrial 

applications. The continuous use of these components in practical applications make them 

prone to fracture due to crack propagation. Extensive research articles and reviews have 

been published to introduce the phenomenon and significance of crack propagation 

behaviour of polymeric structures. However, when these are reviewed with a critical eye, 

it has been found that a comprehensive effort is still required to compile all these previous 

research with an emphasis on thermo-mechanical couple loads. During the presented 

critical review effort, it has been found that the existing research and their conclusions 

are limited in expressing the true crack growth phenomenon for real applications. 

Therefore, this review concludes that the analytical and empirical study about the crack 

growth behaviour of polymers under the time-dependent coupled loading conditions can 

be a novel contribution in the academic domain. 
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1 Introduction 

The manufacturing industry uses a variety of materials to fabricate parts and structures. 

From the wooden structure of the building to the metal crankshaft of the engine, one can 

observe the development of numerous types of materials throughout history. Most of the 

prominent materials are made of either wood, ceramics, metals or polymers [1]. Out of 

these prominent ones, the use of polymers increases immensely in the past few decades. 

Polymers become a high-quality choice suitable for structural applications because of the 

low cost and lightweight features such as wind blades and aircraft wings [2][3].  

Different manufacturing processes for polymeric structures have developed in order to 

satisfy the increasing industrial demand. These processes include different types of 

moulding (such as injection, rotation and blow), extrusion, vacuum forming, polymer 

casting and 3D printing. These can further categorise into two types: Conventional 

Manufacturing and Additive Manufacturing (AM). Conventional Manufacturing parts 

have been widely used in mass production industries. However, compared with it, the 

rapid development in AM has attracted more attention from academia and industry [4]. 

Primarily, 3D printing AM gives lots of advantages, including customisation freedom, 

cost-effectiveness and less waste production. So it has been applied to fabricate polymeric 

components and structures for the applications used in aerospace, automotive, medical 

and biomechanical sectors [3] [5] [6]. Due to its specific advantage to create highly 

customised plastic part designs or prototypes, the medical industries apply it to create 

prosthetics and implants. 

No matter how the structures are fabricated, they work under the complex and harsh 

working environment such as the pressure sensors and sensor pads, as shown in Figure 1-



1 [2] [7]. These polymeric structures may experience various damages due to fatigue, 

corrosion, impact and puncture [8]. Although the research has also observed possibilities 

of damages due to chemical and environmental conditions [9], most of the past research 

focused on cracks and damages, which were primarily due to mechanical loads [8]. They 

described the mechanics about how cracks initiate and propagate in real applications 

under the mechanical loads. However, because the coupled thermo-mechanical load is 

more common in an actual working environment, understanding the crack propagation 

behaviour for such loading conditions is more significant [10]. The previously published 

work mostly considered time-independent or quasi-static load conditions while 

characterising crack behaviour [11]. 

In contrast, the fracture theory also suggests that the load range and frequency could lead 

to a different crack propagation phenomenon. The modelling of the relationship between 

these load conditions and crack propagation is helpful to predict the structural potential 

failure. The load history can be used to calculate the real-time crack state thereby estimate 

fatigue life and avoid the final failure. Therefore, it is essential to understand the crack 

growth behaviour for polymeric structures under dynamic loads to predict and prevent 

their fracture. 

 

Figure 1-1 Several 3D printed polymers  applications (a) Piezoresistive sensors (b) 

Capacitive sensors (c) Sensor pads (scale bar 5 mm) [7] (d) Wind-lens turbine [2] 



In contrast to the conventional manufactured polymeric structures, crack propagation in 

3D printing polymeric structures is more complicated. Because there are significant 

differences in microstructure due to these two manufacturing methods. Apart from load 

range and frequency, a variety of 3D printing parameters may affect the rupturing of the 

parts. The relationship between these parameters and potential crack growth properties is 

significant to understand the evolution of damage in printed parts.  

Extensive research articles and reviews have explained the phenomenon and significance 

of crack growth behaviour of polymeric structures. However, when reviewing these 

studies critically, a comprehensive effort is still required to emphasise the effect of 

thermo-mechanical couple loads on crack propagation. Therefore, the presented review 

compiles all these previous research and considers the influence of thermo-mechanical 

loads on crack growth. It has been found that the actual crack growth phenomenon for 

real applications is different from the previous research and their conclusions. Therefore, 

an analytical and empirical study about the crack propagation of polymeric structures 

under the dynamic thermo-mechanical loads can be a novel contribution in the fracture 

area. 

A brief overview of the main polymers applied in conventional manufacturing and 3D 

printing will be described next. Because as the raw material of the structure, their 

mechanical properties will potentially affect the crack propagation in polymeric 

structures.  

 



2 Major Polymers Used in Industries 

Most polymers described in this review are plastic materials. They are widely used in 

industries due to their excellent plasticity, which means they can be moulded or shaped 

easily. Generally, plastics also have other excellent properties such as high strength-to-

weight ratio, low thermal conductivity and low electrical conductivity. These benefits 

allow plastics to be used in various industries [12]. These plastics can be divided between 

thermoplastics and thermosets polymers. Specifically, thermoplastic polymers are 

introduced below because the review focuses on 3D printing polymers. Table 2-1 lists the 

main commercially employed polymers and their properties. 

Fundamentals about crack growth will be described next. These fundamentals are the 

cornerstones of advanced research. Authors believe that a review of current advances in 

fracture of materials is incomplete without discussing them in brief.  

3 Fundamentals of Crack Growth in a Structure 

Crack propagation starts soon after the crack birth at microscale under the influence of 

the applied load. Significant cyclic loads lead this crack to macroscale in the form of 

visible damage [13]. These repetitive loads generate various stress conditions surrounding 

the crack tip, which promote cracks propagate up to failure. Therefore, it is significant to 

understand the relation between the crack tip’s stress and the fatigue crack growth (FCG) 

rate. Published research theoretically correlated these two parameters and demonstrated 

their interdependencies with different material properties and load conditions [14]. Brief 

details about these parameters are provided below. 



Materials Chemical Structure Tensile Modulus 
(MPa) 

Flexural Modulus 
(MPa) 

Acrylonitrile butadiene styrene (ABS) 

buta-1,3-diene;prop-2-enenitrile;styrene  

2027 2096 

Polyvinyl chloride (PVC) 

poly(1-chloroethylene) 
 

2834 3316 

Polypropylene(PP) 

Poly(1-methylethylene)  

- 1551 

High-density polyethylene (HDPE) 

 

- 1379 

Polyether ether ketone (PEEK) 

poly(oxy-1,4-phenyene-oxy-1, 4-phenyene)  

3378 4068 

Polycarbonate (PC) 

4-[2-(4-hydroxyphenyl)propan-2-yl]phenol  

2379 2379 

Polyethylene terephthalate (PET) 

Poly(ethyl benzene-1,4-dicarboxylate)  

2758 2758 

Nylon 66 

Poly[imino(1,6-dioxohexamethylene) iminohexamethylene]  

3241 2827 

Table 2-1 Main Polymers structures and mechanical properties



3.1 Stress Condition at Crack Tip  

In 1898, Kirsch proposed the linear elastic solution for stress conditions surrounding a 

hole in an infinite plate [15], as shown in Equation 3-1 to 3-3. The hole has radius 𝑟, and 

the polar coordinates are 𝑟 and 𝜃. Where 𝜎∞ is uniaxial tension stress, 𝜎𝑟𝑟 and 𝜎𝜃𝜃 are 

the stresses along the radial and circumferential directions and 𝜏𝑟𝜃 is the shear stress. 

𝜎𝑟𝑟 = 𝜎∞2 [1 − (𝑎𝑟)2] + 𝜎∞2 [1 − 4 (𝑎𝑟)2 + 3 (𝑎𝑟)4] cos(2𝜃) 
(3-1) 

𝜎𝜃𝜃 = 𝜎∞2 [1 + (𝑎𝑟)2] − 𝜎∞2 [1 + 3 (𝑎𝑟)4] cos(2𝜃) 
(3-2) 

𝜏𝑟𝜃 = − 𝜎∞2 [1 + 2 (𝑎𝑟)2 − 3 (𝑎𝑟)4] sin(2𝜃) 
(3-3) 

The above equations can only provide stresses available on a circular hole and limit the 

application on any other crack geometry. Later in 1913, Inglis proposed the solution for 

the stress field surrounding an ellipse and overcame the geometry-based limitation. It was 

the crucial next step during the development of linear elastic fracture mechanics (LEFM) 

theory [16]. Similar to Kirsch's solution for the circular hole, Inglis used an infinite 

isotropic plate in uniaxial tension for his model. However, due to elliptical geometry, his 

model applied to an infinite number of different scenarios by changing the values of major 

and minor axes. His solution proposed that the maximum stress 𝜎𝑚𝑎𝑥 is 𝜎∞ (1 + 2 𝑎𝑏). 

Where 𝑎 and 𝑏 were the half width and heigrht of ellipse, respectively. 

In 1939, Westergaard developed the exact solution for the stress surrounding the crack 

plane. It had two advantages over Inglis's solution. Firstly, Westergaard's solution 

provided stresses on general crack geometry and not on an ellipse. Secondly, the stresses 



can be obtained in rectangular coordinates that were easy to understand as compared to 

the elliptical ones. The stress expression at any locations around the crack tip is shown in 

Equation 3-4, 

𝑍(𝓏) = 𝜎∞√1 − (𝑎𝓏)2 (3-4) 

Where 𝑍(𝓏) is the complex numbers for the stress solution at any point, 𝜎∞ is the static 

stress applied on the structure, 𝑎 is the crack length, 𝓏 equals 𝓍 + 𝑖𝑦 as the position of 

the point [17]. A Taylor series expansion of equation 2-4 was essential to calculate the 

stress around the crack through dividing it into its real and imaginary parts. The imaginary 

part made the solution complex to understand the stress state surrounding a crack. Irwin 

resolved this complexity and proposed the definition of stress intensity factor (SIF) 𝐾 as 

a near-crack-tip approximation in 1957. He greatly simplified Westergaard's result to an 

approximate solution in the area closely near the crack tip, as shown in Equation 3-5 to 

3-7 [18]. 

𝜎𝑥𝑥 = 𝜎∞√𝜋𝑎√2𝜋𝑟 cos 𝜃2 (1 − sin 𝜃2 sin 3𝜃2 ) 
(3-5) 

𝜎𝑦𝑦 = 𝜎∞√𝜋𝑎√2𝜋𝑟 cos 𝜃2 (1 + sin 𝜃2 sin 3𝜃2 ) 

(3-6) 

𝜏𝑥𝑦 = 𝜎∞√𝜋𝑎√2𝜋𝑟 cos 𝜃2 sin 𝜃2 cos 3𝜃2  

(3-7) 

Where 𝜎𝑥𝑥 and 𝜎𝑦𝑦 are the stresses along with two axis directions, 𝜏𝑥𝑦 is the shear stress, 𝑟 /𝜃  are polar coordinates of the location near the tip. Irwin replaced 𝓏 = 𝓍 + 𝑖𝑦  in 

Westergaard’s solution by  𝓏 = a + 𝑟𝑒𝑖𝜃 . Then Irwin simplified the equation in the 



following algebraic calculation based on the inequality 𝑟 ≪ 𝑎. He also applied the polar 

coordinates to simplify the calculation by Euler's identity rather than the Taylor series 

expansion. These simplifications led to the final stress was calculated accurately only near 

the crack tip, as shown in Figure 3-1. 

 

Figure 3-1 Stress modelling near crack tip [19] 

There are the same expression 𝜎∞√𝜋𝑎 in Equation 3-5 to 3-7. The expression of 𝜎∞ and 𝑎 fully represents the stress condition around the crack tip. Irwin recognised this as SIF 

firstly, which causes the different crack initiate and propagate as the various stress state 

at a crack tip [20].  

3.2 Modelling of Stress Condition and Crack Propagation 

A large amount of research used above approximate stress solutions at crack tip to 

develop the analytical relations about crack growth. Most of them aimed to link the stress 



condition to the crack growth rate. Irwin’s research was used by Paris, Gomez and 

Anderson to introduce the idea that the FCG rate was strongly dependent on the SIF. The 

reason was due to the maximum SIF 𝐾𝑚𝑎𝑥 and SIF range ∆𝐾 give both the intensity and 

variation of loading and geometry [21]. They proposed the famous Paris’ Law as an 

empirical crack growth rate equation (Equation 3-8). It showed the relationships between 

the SIF range and subcritical FCG in a specific fatigue life stage [22]. 

𝑑𝑎𝑑𝑁 = 𝐶(Δ𝐾)𝑚 
(3-8) 

Where 
𝑑𝑎𝑑𝑁  is the FCG rate, 𝐶 / 𝑚  are parameters determined by the materials, 

environmental conditions and stress ratio, and Δ𝐾 is the range of the SIF during the 

fatigue cycle. SIF in Equation 2-8 is defined as a parameter based on the static loads. The 

range of SIF cannot represent the dynamic loads. Radon further simplified this 

relationship, as shown in Equation 3-9, 

𝑑𝑎𝑑𝑁 = 𝐹∅𝛼 
(3-9) 

where ∅ is a function about the SIF. 𝐹 and 𝛼 are two coefficients. Radon also pointed out 

that the crack propagation characteristics cannot be reflected by a single analytical da/dN 

"law" appropriately. The formula can only partially represent regression values of the data 

derived from a huge amount of tests due to the influence of the experimental environment. 

Essentially, this crack growth rate model is based on semi-analytical methods, so the 

coefficients 𝐹  and 𝛼  are dependent on experimental setup [23]. Despite all the 

limitations, which we have discussed above, much research has used this formulation for 

estimating the crack growth in polymers. 



4 Crack Propagation of Polymeric Structures under 

Mechanical Loads 

Irwin and Paris’s results were commonly applied to investigate the crack growth in 

polymeric structures [24][25]. Odahara performed the FCG test of a wind-lens blade 

manufactured with Dicyclopentadiene material. The relationship between FCG rate and  ∆𝐾 was obtained as the format of Paris Law, as shown in Equation 4-1 and Figure 4-1 

[2]. 

 

Figure 4-1 da/dN - ∆K relation of Dicyclopentadiene material (replotted) (1 mm initial 

crack depth, 1.1 to 1.5 ∆K range, 4.5MPa stress amplitude, 5.5MPa average stress, stress 

ratio R = 0.1 and 2Hz cycle frequency) [2] 𝑑𝑎𝑑𝑁 = 1.48 × 10−8∆𝐾5.79 
(4-1) 

Suyitno and Lazuardi analysed how the load ratio R can affect the FCG rate in ultrahigh 

molecular weight polyethene (UHMWPE). They carried out experiments with compact 

tension (CT) specimens. The experimental results showed that higher load ratio R 



increased the fatigue crack propagation resistance, which resulted in the lower FCG rate, 

as shown in Figure 4-2. [26] 

 

Figure 4-2 Effect of load ratio on fatigue crack behaviour of PE (replotted)  (fully tensile 

cyclic loading with a constant amplitude of 630N and a constant loading frequency of 10 

Hz) [26] 

Li et al. carried out several related studies about the crack propagation in plastic alloys. 

They experimentally investigated the mixed-mode fracture toughness for polycarbonate 

(PC) and Acrylonitrile Butadiene Styrene (ABS) alloy [27]. In another research, Fang, Li 

and Wang [28] compared the FCG rate in PC and PC/ABS alloy experimentally. A 3Hz 

cyclic tensile load with 0.1 load ratio was applied to a compact tension specimen. The 

test data demonstrated that PC/ABS alloy had a higher crack growth resistance than PC 



at the same SIF range. The crack growth rate in PC specimen was three times that of 

PC/ABS alloy because of the larger plastic zone near the crack tip in PC/ABS alloy 

compared with PC. The research also formulated the Paris’ Law for PC/ABS alloy under 

3Hz fatigue load (Eq.4-2), 

𝑑𝑎𝑑𝑁 = 9.5587 × 10−5(𝛥𝐾)2.88381 
(4-2) 

However, in another research, they formulated another Paris Law (Equation 4-3) for the 

FCG rate of PC/ABS alloy with 3Hz loads on account of the overload effects [29]. 

𝑑𝑎𝑑𝑁 = 1.166 × 10−4(𝛥𝐾)2.77 
(4-3) 

The above empirical equations explain that the application of Paris law has to consider 

many parameters, including loading conditions. Its applicability is not as extensive as the 

analytical models.  

Apart from crack propagation, effects of some other crack properties are also investigated 

by using the Paris Law. Okayasu et al. investigated the crack growth characteristics of a 

recycled short carbon fibre reinforced plastic (rCFRP) from linear elastic fracture 

mechanics (LEFM) formulations [30]. The work on effort proposed that the Paris Law 

relations for polymer, especially in slow growth rate regimes, were affected by severe 

crack closure. Same observations were reported for other polymeric materials (Polyvinyl 

chloride (PVC), Poly(methyl methacrylate) (PMMA) and Polyamide (PA)) [31]. Mazidi, 

Aghjeh and Abbasi used LEFM to investigated fracture properties of ABS. They 

evaluated the influence of crack scale and rubber amount to the microscopic failures and 

estimated macroscopic crack propagation behaviour of the specimens as given in 

Equation 4-4 [32][33].  



𝑑𝑎𝑑𝑁 = 1.48 × 10−8∆𝐾5.79 
(4-4) 

Few amounts of research used a numerical approach to estimate crack growth. Lack of 

representative numerical models for crack growth in polymers causes difficulties in crack 

propagation prediction even under controlled stress conditions. Critical phenomenon such 

as crack closure and plastic zone influences the crack growth with a too complicated mode, 

which means it is challenging to develop a perfect numerical model even with some 

appropriate assumptions [34–36]. Ding et al. [37] developed a numerical method to 

estimate the FCG rate for polymers. They assumed that the crack propagation is related 

to the ‘dissipated energy in the plastic zone’ surrounding the crack tip. They formulated 

the FCG rate as shown in Equation 4-5. 

𝑑𝑎𝑑𝑁 = 𝑑𝑊𝑝/𝑑𝑁(𝑑𝑊𝑝/𝑑𝑎)𝑐𝑟 
(4-5) 

Where 𝑑𝑊𝑝/𝑑𝑁 is ‘the accumulation rate of plastically dissipated energy, determined 

from numerical model’. (𝑑𝑊𝑝/𝑑𝑎)𝑐𝑟 is ‘the critical value of plastically dissipated energy 

required per incremental increase in crack length’, as a material property and represented 

Paris Law with a practical or physical meaning rather than an empirical model. The value 

of (𝑑𝑊𝑝/𝑑𝑎)𝑐𝑟 was determined through the experiment with the Equation 4-6, 

(𝑑𝑊𝑝/𝑑𝑎)𝑐𝑟 = (𝑑𝑊𝑝/𝑑𝑁)𝑠𝑖𝑚(𝑑𝑎/𝑑𝑁)𝑒𝑥𝑝  
(4-6) 

They simulated the crack growth rate for PC, Polystyrene (PS) and Nylon 66 under 

different loading frequencies and estimated the parameters of Paris law well in agreement 

with experimental results [37]. Above research all modelled the crack propagation in 



polymers according to Paris Law. However, a large amount of research just carried out 

the experimental work and explained the crack propagation in real polymeric applications 

without taking help from Paris law. A description of a few prominent investigations is 

provided below [38][39]. 

Some research focused on the application of Polyether ether ketone (PEEK) polymer [40–

42]. Koike et al. investigated the failure mechanism of polymeric bearings made with 

PEEK in an underwater environment. They conducted the rolling contact fatigue test for 

studying and observing the crack propagation on the inner ring of the bearing, as shown 

in Figure 4-3. There were mainly three types of cracks, semi-circular, surface and 

subsurface cracks. The observation showed that the main surface and subsurface cracks 

propagation directions were the same as the bearing rolling. The rolling aluminium balls 

applied the shear stress and then led to the main subsurface cracks propagation from the 

artificial notch. As for the semi-circular cracks, the tensile stress resulted in it on the 

raceway surface, as shown in Figure 4-4 [43].  

Similarly, some research also focused on the rolling fatigue crack propagation in polymer 

bearings [44–48]. Shi, Kida and Kashima observed the surface crack of polyphenylene 

sulphide (PPS) polymer thrust bearings under water. The flaking from the defects 

occurred on the track surface (Figure 4-5). This observation indicated that the propagation 

and connections of the surface cracks caused flaking and final failure of the bearing 

[49][50]. 



 

Figure 4-3 RCF test machine scheme [43] 

 

Figure 4-4 Two different crack types and associated growth directions: (a) subsurface 

cracks, (b) semi-circular cracks[43]  

 

Figure 4-5 Crack observation in cross-section of top race track [49] 



5 Crack Propagation of Polymers under Thermo-mechanical 

Loads 

The polymeric structures in practical applications are worked under more complex load 

conditions [2]. A coupled thermo-mechanical load condition is usually observed in 

critical applications which significantly affects the crack propagation in polymers quite 

differently as compared to the single load condition, as discussed in Section 4 [7]. Couple 

loads such as cyclic strain with relatively high-temperature values allow a crack to 

propagate but makes its behaviour more dependent on properties like damping, 

viscoelasticity and thermal conductivity [11]. An increase in temperature decreases the 

structural stiffness. The specimen deforms, and deflection occurs due to the stiff ness loss. 

These mechanical properties change affects the fracture roughness and then change the 

FCG behaviour when applied the mechanical loads.  

Section 5 reviews the efforts related to crack propagation in polymers under different 

temperature conditions, different load frequencies and combination of temperature and 

mechanical loads.  Moreover, some other influence parameters such as the overloaded 

condition and geometry of polymeric structures are also described. 

5.1 Temperature Effect on Crack Propagation 

Many investigations proposed that FCG rate can be affected by environmental 

temperature [51–58]. Different polymeric materials have been tested on a range of 

temperatures, as shown in Table 5-1. The testing temperatures in most of the cases were 

set below 100°C because of the lower polymeric glass transition temperatures. 



Waller et al. [59] investigated the crack onset strain (COS) for brittle coatings on polymer 

substrates with the consideration of temperature influence. The research proposed that the 

temperature significantly influenced the crack growth behaviour of the structure with 

tensile loads. However, various types of material played a more critical role in actual 

failure performance. The experiments showed that higher temperature decreased the COS 

below the glass transition temperature. However, it is more critical for the substrate 

softening effects and associated shrinkage behaviour over the glass transition 

temperature, which increased the COS at an elevated temperature. 

Similarly, Zhang et al. tested the fracture behaviour for a glass fibre-reinforced polymeric 

joint. The research proposed that the temperature cannot influence the crack initiation 

loads when it was lower than the material glass transition temperature. However, another 

different conclusion is that lower temperature accelerated the FCG rate. The reason for it 

was that higher temperature increased the critical strain energy release rate required in 

crack initiation and growth process [60]. 

Luo et al. proposed that temperature affected the crack growth behaviour in rubber 

polymer with the influence of the structural tear energy. They proposed the prediction 

model for FCG rate based on the critical tear energy, as shown in Figure 5-1. [61] The 

model showed that higher temperature promoted the crack propagation in rubber. 

Martin and Gerberich investigated the FCG properties of PC with the consideration of 

environmental temperature. FCG behaviours were tested between a temperature range 

100 - 373 K. Then it was further evaluated to build an empirical model according to 

fracture toughness. The model’s parameters are shown in Table 5-2



Table 5-1 FCG test for polymers under different temperatures 

Testing Method Material Temperature Range Authors/Year of study 

Tension FCG Test PC -173°C to 127°C Martin and Gerberich (1976) 

Tension FCG Test PS -60°C to 60°C Mai and Williams (1979) 

Tension – Relax FCG Test Polypropylene (PP) -20°C to 20°C Iwamoto, Jinen and Suzuki (1988) 

Tension FCG Test PEEK 39°C to 100°C Brillhart and Botsis (1992) 

Tension FCG Test ABS -50°C to 80°C Kim, Wang and Abdullah (1994) 

Tension FCG Test Chlorinated polyvinyl chloride (CPVC) -10°C to 70°C Irfan-ul-Haq and Merah  (2003) 

Tension FCG Test CPVC -10°C to 70°C Merah, Irfan-Ul-Haq and Khan (2004) 



 

Figure 5-1 Modelling results of FCG rate at temperatures above 23 °C [61] 

Table 5-2 Paris law parameters for PC [62] 

Temperature (°C) α (mm/cycle) 𝑚 

-172 5.2*10-6 6.5 

-150 1.9*10-6 8.4 

-125 1.6*10-6 10.0 

-100 1.8*10-5 7.2 

-75 8.8*10-6 9.8 

-50 2.9*10-5 10.7 

-21 2.5*10-5 8.6 

0 9.4*10-6 7.5 

25 2.7*10-4 3.9 

40 2.4*10-4 3.2 

50 1.1*10-4 4.1 

100 1.4*10-3 1.2 

PC was least tough at 223 K rather than 100 K. 223 K seems to be the transition point. 

Fatigue crack resistance increased with an increase in temperature more than 223 K. 



Below 223 K, fatigue crack resistance increased with decreasing temperature, as shown 

in Figure 5-2 [62]. 

 

Figure 5-2 Fracture toughness variation with the temperature for PC (replotted) (run at 1 

Hz in sinusoidal oscillation) [62] 

Mai and Williams (1979) conducted fatigue tests on PS notched specimens at different 

mean stress conditions with a temperature range between -60 and 60 °C. Specimens were 

tested dipped in detergent and corn oil. The experimental results were plotted in Figure 

5-3. The research calculated the Paris law parameters with these SIF range-FCG rate 

curve. They also investigated the effects of the environmental temperature and load range. 

The empirical parameter values in Paris law, as shown with Table 5-3, showed wide 

ranges of the parameters A and m. So it was challenging to give physical meanings to 

their values [62]. 

 



Table 5-3 Paris law parameters for PS [63] 

𝑇 (°C) 𝑙𝑜𝑔10 𝐴 𝑚 𝑑𝑎/𝑑𝑁 

 (𝜇𝑚/cycle) 

60 0.91 3.1 0.3 to 20 

40 0.76 3.7 0.2 to 10 

30 0.74 3.8 0.1 to 10 

20 0.39 4.3 0.1 to 7 

0 0.07 3.6 0.1 to 2 

-20 -0.26 2.6 0.1 to 1 

-60 0.48 7.4 0.01 to 0.2 

 

Figure 5-3 Influence of temperature and R Ratio to da/dN (replotted)(150mm*50mm SEN 
specimen with 9 mm initial crack depth, 0.15Hz test frequency) [63] 

Kim and Mai (1993) investigated how temperature affected the FCG in an un-plasticised 

polyvinyl chloride (uPVC) pipe-grade polymer during the temperature ranges from -30 



to 60 °C. They proposed that it is appropriate to use the Arrhenius relationship between 

FCG rate da/dN, and temperature T to model the FCG process with the independence of 

the SIF range ∆𝐾. This developed model is shown in Equation 5-1, 

𝑑𝑎𝑑𝑁 = 𝐵𝑒𝑥𝑝 [−(∆𝐻𝑡ℎ − 𝛾𝑙𝑜𝑔∆𝐾)𝑅𝑇 ] 
(5-1) 

Where 𝐵 is a constant, ∆𝐻𝑡ℎ is ‘the thermal activation energy independent of mechanical 

work’ and 𝛾𝑙𝑜𝑔∆𝐾  is a ‘SIF biased term’. They proposed that different activation 

energies corresponded to two specific crack propagation processes. Shear mechanism 

played a significant role under low temperature. However, multiple crazing mainly led to 

the final fatigue failure when the temperature was high [64]. 

Furthermore, Kim, Wang and Abdullah (1994) studied the crack propagation in a 

commercial ABS with the temperature ranges -50°C - 80°C. They utilised the above 

Equation 4-1 to calculate the constants in Paris law and then carried out the comparison 

with the experimental values. The data are shown in Figure 5-4. They pointed out that the 

FCG rate increased more rapidly at temperatures from 19 °C to 80 °C than from -50 °C 

to 19 °C due to two modes of crack growth under these different temperature ranges [65].  

Lugo et al. experimentally investigated the structure-property relationships of ABS for 

crack propagation and extended the microstructure-based fatigue model from metal to 

ABS with appropriate parameter identification. They mentioned that the generated heat 

increased the surface temperature during fatigue tests, as Figure 5-5 showed. Also, the 

reasons for it were the stretch and ordering of polymer chains[66].  



 

Figure 5-4 Effect of temperature to da/dN of ABS (replotted) (70mm*120mm SEN 
specimen, 5Hz loading frequency, stress ratio R=0.1)[65] 

 

Figure 5-5 Self-heating effect in the test at 1 Hz and 10 Hz at corresponding strain 
amplitudes. (replotted) [66] 



Kuronuma et al. [67] presented the characterisation for crack propagation of the carbon 

nanotube (CNT)-based polymer applied with cyclic loads through a semi numerical semi-

experimental approach. They performed the FCG test using cracked CNT/PC composites 

plate samples under room temperature/77 K, respectively. The experimental data were 

represented by FCG rates da/dN with a similar Paris law form relationship (Equation 5-

2), 

𝑑𝑎𝑑𝑁 = 𝐶(∆𝐽)𝑚 
(5-2) 

Where C and m are constant terms fitted according to the experimental data plot. J-

integral (strain energy release rate) range ∆𝐽  was determined by two-dimensional 

elastoplastic finite element analysis. da/dN curve is shown in Figure 5-6.  

 

Figure 5-6 da/dN of PC at room temperature and 77K (replotted) (load ratio R=0.1, 3Hz 

load frequency) ( [67] 



The crack growth relationships for a neat PC and a multi-walled nanotube /PC composite 

at room temperature were determined, as shown in Equation 5-3: 

{ 𝑑𝑎𝑑𝑁 = 1.26 × 10−15(∆𝐽)2.52    (𝑃𝐶)𝑑𝑎𝑑𝑁 = 6.38 × 10−15(∆𝐽)2.23    (𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒) 

(5-3) 

The Paris law relationships for the 77 K data were estimated, as shown in Equation 5-4: 

{ 𝑑𝑎𝑑𝑁 = 3.22 × 10−20(∆𝐽)4.06    (𝑃𝐶)𝑑𝑎𝑑𝑁 = 4.73 × 10−21(∆𝐽)4.35    (𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒) 

(5-4) 

Merah et al. investigated the crack growth in the weld zone of a CPVC pipe fitting with 

the consideration of temperature effect. They observed that the crack initiated on the knit 

line at one of the inner corners of the ring specimen. Following the initiation period, the 

crack grows first, in the axial (longitudinal) direction. As for the radial direction, small 

cracks were observed to initiate along the weld line before the main crack tip. These small 

cracks form in the craze zone that has lighter (whitened) colour. They also evaluated the 

influence of temperature on FCG behaviours, as shown by Figure 5-7. Craze zone 

surrounding the crack tip was longer at higher temperatures. Fewer secondary small 

cracks have been observed to initiate ahead and around the main crack tip for both 50°C 

and 70°C when compared with room temperature. It explained that the FCG resistance 

decreased under higher temperature. [68] 

Some other research also investigated the heat generated from the craze zone during crack 

propagation [69–72]. Estevez et al. analysed the mode I crack of glassy polymers with 

the temperature influence. Their research proposed that the visco-plastic shear yielding 

and crazing generated the heat. It increased the temperature and affected the toughness of 



the material. Crazing was considered as the primary heat source, so the thermal effect due 

to high loading rates needs to be considered in future experiments.[73] 

Chen and Liu also investigated the heat generation in the near-tip zone due to the crack 

growth for a PC film. They applied the thermal imaging infrared camera to record the 

temperature change in the moving crack tip, as shown in Figure 5-8. The experimental 

results indicated that the higher FCG rate increased the temperature at the crack tip. It 

might be a potential reason for the higher FCG rate in the specimen under high 

environmental temperature. [74] 

 

Figure 5-7 Temperature influence on FCG in CPVC fitting weld zone (replotted) [68] 

 



 

Figure 5-8 Contour map for the thermal distributions close to crack tip [74] 

5.2 Effects of Frequency of Applied Load on Crack Propagation 

Apart from the temperature influence, the load frequency also affects the FCG rate in 

polymers. A large amount of research investigated the relationship between them, as 

shown in Table 5-4.  

Hertzberg, Manson and Skibo evaluated the frequency of applied load influence on the 

FCG rate of various polymers between a range from 0.1 to 100 Hz. They proposed that 

the FCG rate declined and fatigue resistance remarkably increased with higher load 

frequency for PMMA, PS and PVC. On the other hand, PC, poly bisphenol-A sulfone 

(PSF), Nylon-66, and polyvinylidene fluoride (PVF2) exhibited a slight increase in FCG 

rate with an increase in test frequency [75–77]. The reason for it was due to the different 

Young’s Modulus-frequency sensitivity for different polymers.



Table 5-4 FCG Previous research for Polymers with Different Load Frequencies 

Testing Method Material Specimen Geometry Frequency 
Range (Hz) 

Authors/Year of study 

Tension FCG Test PMMA/PVC/PS/PC/Nylon 66 SEN Specimen 0.1 to 100 Hertzberg, Manson and 
Skibo (1975) 

Tension FCG Test PC & Nylon 66 SEN Specimen 0.3 to 10 (Manson et al., 1975) 

Tension-Compression FCG 
Test 

Poly Propene (PP) & Polybutylene 
terephthalate (PBT) 

Dog Bone 0.063 to 20 Radon and Culver 
(1975) 

Tension FCG Test Nylon 66 CT Specimen 1 to 50 Hahn et al. (1982) 

Tension FCG Test PMMA SEN Specimen 0.1 to 10 Chou and Sun (1983) 

Tension & Compression 
FCG Test 

high-density polyethylene (HDPE) Centrally cracked 
tension (CCT) 

specimen 

0 to 8 Dumpleton and 
Bucknall (1987) 

Tension FCG Test Nylon CT Specimen 0.1 to 5 WYZGOSKI, NOVAK 
and SIMON (1990) 

Tension & Compression 
FCG Test 

HDPE CT Specimen 0.01 to 1 Parsons et al. (2000) 

Tension FCG Test & 
Tension-Compression FCG 

Test 

PP Composite & PA Composite Dog Bone 0.125 to 20 Eftekhari and Fatemi 
(2016) 

Tension Fatigue Test PEEK Dog Bone 0.25 to 2 Shrestha et al.  (2016) 



Williams (1977) investigated the relationship between the FCG rate and the loading 

frequency based on semi-analytical methods. In their research, frequency effects in the 

crack growth were deduced from the viscoelastic mechanical properties of polymeric 

materials. Young’s Modulus of polymers is time-dependent since the material is visco-

elastic.  Substituting the time-dependent E into the expression of SIF with the crack 

opening displacement (COD), they proposed potential relationships, as shown in 

Equation 5-5,  

𝑑𝑎𝑑𝑁 ∝ 𝑓𝑛 
(5-5) 

Where 𝑓 is the load frequency, and 𝑛 is the coefficient. With this relationship, research 

modelled the FCG rate for PMMA, as shown in Equation 5-6. 

𝑑𝑎𝑑𝑁 ∝ 𝑓−0.43𝐾𝑚𝑒𝑎𝑛2.13∆𝐾2.39 
(5-6) 

The relationship fitted well by regression analysis with the experimental results [78]. 

Besides, some other research also carried out the experimental tests to investigate the 

frequency effect [79–87]. Ford et al. investigated the FCG mechanisms in PC 

polyurethane (PU), which is a potential material for the orthopaedic joint replacement 

application, with respect to frequency effects. The research observed that primary crack 

propagated along the two-dimension plane when load frequency was 2 or 5 Hz without 

strong crack deflection. However, 10 Hz load frequency led to a large deflection in the 

crack tip, and specimens occurred multiple crack fronts [88][89]. 

Hartwig and Knaak proposed an interesting explanation about the frequency influence on 

the FCG rate in polymers. They conducted the fatigue test at 77K. This low temperature 



eliminated the viscoelastic influence, so the load history and frequency did not affect 

mechanical deformations. However, tensile-compression loads still showed a significant 

dependency on frequency. The phenomenon may be caused by the thermal stresses 

resulted from self-heating of the samples [90]. 

5.3 Effects of Temperature and Frequency combination on Crack 

Growth 

Numerous researchers [91–94] investigated the dual influence of temperature and the 

frequency of applied load to FCG of structural polymers. Generally, the FCG rate 

increases at the higher temperature, but decreases under higher frequency load.  

Radon and Culver [95,96] investigated the crack propagation in PMMA and PC under 

different temperatures from -60 to 21 °C at 0.1 to 100 Hz load frequency range. They 

concluded that the FCG rate was positively related to environmental temperature but had 

a negative correlation with load frequency in the evaluated range. The FCG rates 

increased distinctly when the temperature rose from -60 °C to 27 °C. This increasing 

percentage was up to 60% and 90% for PC and PMMA, respectively. The effect of load 

frequency on crack propagation was extremely slow at higher values of frequency and 

reduced by one order of magnitude when increasing load frequency from 5 to 100 Hz. 

Cheng et al. conducted experiments to evaluate the FCG in PMMA. They investigated 

how temperature and cyclic frequency affected FCG rate. The test was carried out with 

the frequencies of 1/10/50/100 Hz under the environmental temperature range between -

30 °C and 100 °C. Compared with Radon and Culver’s research, one exception was 

reported that the FCG rate increased with frequency increase at high temperature. The 



reason for the exception was that hysteretic heating at a higher temperature area softened 

the material and led to larger chain mobility, which accelerating the FCG rate[97].  

Kim and Wang [98] investigated the effect of temperature and load frequency on FCG 

rate. They developed an FCG rate model for estimating the function between FCG rate, 

temperature and frequency, as shown in Equation 5-7, 

𝑑𝑎𝑑𝑁 = 𝑓−𝑛𝑚𝐶𝑒−∆𝐻𝑡ℎ−𝛾𝑙𝑜𝑔∆𝐾𝑅𝑇  
(5-7) 

Equation 4-7 represents the coupled influences of frequency and temperature on the FCG 

rate. They validated the Equation 4-7 on un-plasticised polyvinyl chloride (uPVC) and 

calculated the FCG rate under various temperatures and frequencies.  

Moreover, they [99] modelled temperature and load frequency influence on crack growth 

in ABS empirically. The FCG tests were conducted at 10°C to 70°C temperature range 

with 0.01 to 10 Hz frequency. Results are shown in Table 5-5 and Figure 5-9. They 

indicated that higher frequency reduced FCG rates at all temperature ranges. Although 

either temperature or frequency can affect the crack propagation, the influence of 

frequency on FCG rate in 10 °C did not appear to be as critical as at elevated temperature. 

Table 5-5 Paris law parameters A and m of ABS (da/dN in μm/cycle, ∆K in MPa√m) [99] 

Frequency (Hz) Temperature (°C) 𝐴 𝑚 

0.01 50 2.301 2.94 

 

0.1 

30 0.934 3.13 

50 1.583 2.79 

70 2.280 2.79 

 

1 

30 0.552 3.05 

50 0.990 3.06 



70 1.422 3.01 

 

10 

30 0.390 3.14 

50 0.598 3.07 

70 0.890 2.98 

Apart from the external environmental temperature, some research also mentioned the 

temperature change due to high-frequency vibration might also affect the crack growth 

rate [100]. Qi et al. tested the crack propagation in HDPE, which was used in the 

automotive industry, with the different loading frequencies. Their research showed that 

temperature increased in the test. Higher loading frequency led to more significant 

temperature change, as shown in Figure 5-10. This increased temperature also affected 

the crack growth rate in HDPE. This research pointed out that the experimental tests for 

crack growth in polymers had to consider the non-independent interaction between the 

load frequency and temperature. [101] 

 

Figure 5-9 FCG rates of ABS at different frequencies and temperatures (replotted) [99] 



 

Figure 5-10 Frequency effect on the temperature of the specimen under the same stresses 

during whole fatigue life [101] 

5.4 Critical Observations about Crack Propagation under Thermo-

mechanical Loads 

Most research concluded that higher temperature and lower load frequency increased the 

FCG rate. The micro molecular behaviour of polymers, including chain repetition and 

disentanglement, are easier and more frequent at higher temperatures [98]. This chain 

slippage (Shown in Figure 5-11) is proposed to be the primary molecular motion that 

causes fatigue failure of the polymer. Therefore, a higher temperature reduced fatigue 

resistance. It is considered as the reason for the higher FCG rate at elevated temperature. 



 

Figure 5-11 Chain slippage in thermoplastic polymers 

On the contrary, higher load frequency leads to the stiffer physical state of polymeric 

structures. It lowers the trend of chain slippage. So FCG rate decreases when applied 

higher frequency load.  

The above research all focused on the cyclic mechanical/thermo-mechanical loads and 

proposed some conclusions. However, their loads' conditions were all static/quasi-static. 

The investigation under dynamic loads is still missing. This dynamic load condition 

means the stress amplitude, environmental temperature and load frequency are time-

dependent. The research effort needs further study focusing on these time-variable 

conditions. 

6 Other Factors Affecting Crack Propagation 

Apart from the temperature and load frequency, some other parameters may also 

influence the rate of crack growth [102–106]. As discussed above, Fang, Wang and Li 

researched the effect of overloading condition to FCG rate [29]. Similarly, Zhang et al. 

[107] investigated how compressive loads changed the stress condition at the crack tip 

and how it affected the FCG rate. Compared with the standard tensile test, the crack 

growth in the compression-tensile test was more complicated. They proposed that 



maximum stress intensity and compressive stress determined these local crack tip 

parameters. They presented the modified crack growth model with this conclusion, shown 

in Equation 6-1. 𝐶 , 𝛼 , 𝛽  and 𝛾  are material constants. 𝜎𝑚𝑎𝑥𝑐𝑜𝑚  is maximum applied 

compressive stress, 𝜎𝑦𝑠 is material’s yield stress. 

𝑑𝑎𝑑𝑁 = 𝐶 [1 − 𝛾 (𝜎𝑚𝑎𝑥𝑐𝑜𝑚𝜎𝑦𝑠 )]𝛽 (𝐾𝑚𝑎𝑥)2(𝛼+𝛽+1) (6-1) 

On the other hand, polymeric structural properties can also affect the crack growth rate. 

Baker, Hastings and Pruitt experimentally investigated the effect of morphology, 

sterilisation, ageing and temperature in the polymer manufacturing process on the crack 

propagation behaviour of UHMWPE [108]. Shah et al. evaluated the effect of the 

structural geometry on crack initiation and growth in polymers [109–111]. The research 

cut a non-standard specimen from the polyethene (PE) pipe and compared it with the 

standard CT specimen. Test results demonstrated that crack propagation behaviour in the 

non-standard specimen, which conserved the pipe geometry could be well replicated 

using the standard compact tension specimen. Pruitt and Bailey evaluated the influence 

of manufacturing methods on the FCG rate of UHMWPE [112]. They considered two 

methods: compression moulding and ram extrusion. They concluded that the parts with a 

notch direction parallel to the extrusion had lower fatigue threshold.  

The above-described reviews are focused on conventional fabricated polymeric 

structures. The mechanics of crack propagation becomes more complicated if these 

structures are developed by using additive manufacturing such as 3D printing because 

different manufacturing methods cause different micro-structures. Several parameters can 



influence the crack growth rate in printed polymers. Therefore, the next section will 

discuss the crack propagation in printed polymeric structures. 

7 Crack Propagation of 3D printed Polymers 

A very few studies related to the crack growth under the mechanical loads are reported 

for printed polymeric structures. Authors have found no comprehensive research 

emphasised the crack propagation, especially in fused deposition (FD) based printed 

polymers under thermo-mechanical loads. Most of the available literature discussed the 

fatigue test of FD polymers with an emphasis on printing parameters and their influence 

on fatigue life. Therefore, Authors have reviewed the studies related to fatigue life and 

the influence of printing parameters on it. 

7.1 Effect of 3D Parameters to Mechanical Behaviours of FDM 

Polymer 

Mechanical properties of the structure have the relationship to the FCG rate at the 

microstructure scale [11]. The printing parameters directly affect the microstructural 

characteristics and thus change the mechanical properties in 3D printed polymers, and 

hence these parameters also influence the crack growth rate. Therefore, Comprehensive 

literature in the past has discussed the influence of  3D printing parameters on mechanical 

behaviours of polymeric materials, such as Young’s Modulus and tensile strength [113–

120]. These researchers investigated the relation between printing parameters and static 

mechanical properties. They optimised the parameters to improve structural Tensile 

Modulus, thereby increase the fracture toughness of FDM polymers. 



Popescu et al. presented the comprehensive and systematic review of how FDM process 

parameters affect the mechanical behaviours of structures. Most past studies focused on 

ABS, PLA and PEEK material [121]. 

Rodriguez, Thomas and Renaud determined the mechanical behaviours of FD ABS 

plastic material through experimental study. The test results showed that the modulus of 

FD-ABS specimen was reduced by 11% to 37%, and the strength is reduced by 22% to 

57% compared with ABS filament. The reason for it was ‘the existing voids and loss of 

molecular orientation due to FD extrusion’ [122]. Moreover, they proposed the analytical 

model for the mechanical behaviours of the resulting parts fabricated with ABS material. 

They proposed that the anisotropy of the structure affected the stiffness and strength. The 

research employed the mechanics of material and homogenisation approaches, 

respectively to build the constitutive model and then predict properties of unidirectional 

FD-ABS materials. However, the model tended to over-predict the modulus than the 

actual data. Because the mechanical properties of ABS thermoplastic changed during the 

FDM process. [123]. 

Bellini and Güçeri proposed a method [124] to calculate the stiffness matrix for a 

component fabricated with FDM technique. ABS specimens were experimentally tested 

in their study. There were nine independent constants in the proposed semi-analytical 

model. It is essential to identify them to define the mechanical properties of an orthotropic 

part. Experimental tests were carried out for the identification. So six different specimens 

with different orientations were tested. The research proposed the mechanical properties 

of the final components were considerably related to two crucial modelling phases: the 

printing directions and path [125]. Figure 7-1 showed two modes of building path. 



 

Figure 7-1 Different building path [125] 

Schirmeister et al. modified several FDM parameters including nozzle and support 

platform temperature, nozzle diameter, extrusion rate and support platform material for 

improving not only the comprehensive mechanical behaviours but also the surface quality 

of HDPE. They proposed that either nozzle diameter or printing speed is related to the 

surface quality without affecting mechanical behaviours due to the outstanding fusion of 

the polymer filament [126]. 

7.2 Effect of 3D Parameters to Crack Propagation of FD Printed 

Polymer 

Although research in Section 6.1 has shown that various 3D printing parameters lead to 

different mechanical properties. However, only a handful amount of investigations have 

discussed the relationships between these parameters and crack propagation. Zhang et al. 

[127] evaluated the creep-fatigue behaviours of ABS specimens through experiments. 

They systematically characterised the modulus of FDM ABS specimens with specifically 

considering building orientation. Results showed that the 0° building orientation had the 

most excellent mechanical behaviours. Young’s modulus was improved to 1.81 GPa 

while ultimate strength reached 224 MPa.  



Ali heidari et al. [128] applied the fracture mechanics to characterise the fracture 

toughness of FDM ABS specimens with the consideration of nozzle and support plate 

temperatures. A numerical model determined the J-integral as a measure of the fracture 

toughness. Their results showed that both higher nozzle and plate temperature led to the 

larger actual fracture surface area and improved the fracture toughness.  

Isaac and Tippur [129] applied the quasi-static and impact fracture tests for FDM ABS 

specimens with the specific interest to the role of two different print architectures 

orientations. The test results showed that crack propagated and grew along the printing 

orientations.  Rabbi and Chalivendra [130] did similar work. They carried out the impact 

test to evaluate the time-dependent fracture of an AM ABS specimen with the 

consideration of building orientations. Specimens were printed horizontally or vertically. 

It meant that the printing layer was parallel or perpendicular to the initiated crack, 

respectively. There were also two raster orientations, ±45° and 0/90°. With the test data, 

accurate fracture initiation load was determined and derived the dynamic crack initiation 

resistance. They concluded that dynamic crack initiation resistance was improved by 

138% for a vertical printed specimen compared with horizontal printed one with 0/90° 

raster orientation. They also presented a dynamic SIF Equation 7-1, which is suitable for 

all linear elastic specimens if their crack initiation times are long enough. 

𝐾𝐼𝐷 = 𝐹(𝑡)𝐵√𝐻 𝑓 (𝑎𝐻) 
(7-1) 

Where F(t) is the applied load, while B, H and a are the specimen width, height, and pre-

crack length, respectively.  



The above research developed the relation between printing orientations and fracture 

resistance. However, some other research had different conclusions. One research 

proposed that 0° raster orientation has the highest fracture toughness. However, another 

research pointed out that the printing orientation, which is perpendicular to the pre-crack, 

can increase the fracture toughness because of the anisotropic mechanical properties of 

polymeric materials. 

7.3 Effect of 3D Parameters to Fatigue Life of FDM Polymer 

Few numbers of research focused on the FCG rate of 3D printed polymers as shown in 

Section 5.2. However, comprehensive research is available on how 3D printing 

parameters affect the fatigue behaviour. This section provides a critical review of the 

previous efforts investigating the relation between the 3D printing parameters and fatigue 

life of the polymeric structure, as shown in Table 7-1. 

Jap et al. investigated the fatigue strength for dog-bone specimens of FDM ABS using 

the cyclic tensile test. They listed the potential factors in Figure 7-2 that may affect fatigue 

strength and proposed that raster orientation was a critical parameter related to the tensile 

strength. Because ‘the strength of the bonds between adjacent raster and layers’ 

significantly influenced the mechanical behaviours of the components manufactured by 

FDM at the micro-molecular level. The structural density also had a strong effect on its 

mechanical behaviours, while voids in components critically reduced the eff ective cross-

section area where were taken the stress [131]. 

 



Table 7-1 Research about the Effect of 3D Printing Parameters to Fatigue Life 

Test Method Material 3D Printing 
Parameters 

Authors/Year of study Key Findings 

Tension Fatigue ABS Build Orientation Ziemian, Sharma and 
Ziemian (2012) 

The ±45° fiber orientation provided the 
longest fatigue life 

Tension – Zero 
Fatigue 

ABS Build Orientation Lee and Huang (2013) The vertical 45° printing orientation had the 
best ultimate stress 

Tension Fatigue Polylactic acid 
(PLA) 

Build Orientation Afrose et al. (2014) X-build orientation had the highest tensile 
stress 

Tension-
Compression 

Fatigue 

PLA Build Orientation Letcher and 
Waytashek (2014) 

90° raster orientation had the worst fatigue 
life 

Tension Fatigue ABS Build Orientation Ziemian, Okwara and 
Ziemian (2015) 

Both 0°and +45°/-45° raster orientations 
had better fatigue life 

Tension Fatigue PLA Build Orientation Afrose et al. (2015) 45° build orientation showed the highest 
fatigue life 

Tension Fatigue ABS Build Orientation Ziemian, Ziemian and 
Haile (2016) 

0° fiber orientation had the best fatigue life 

Tension Fatigue Ultem 9085 Build Orientation Fischer and Schöppner 
(2017) 

Z build orientation had the best fatigue life 



Bending Fracture ABS Crack-tip/laminae 
Orientations 

Hart and Wetzel 
(2017) 

90° laminae orientation had the highest 
fracture toughness 

Rotation Fatigue PLA Layer Height 

Fill Density 

Extruder Diameter  

Printing Speed 

Jerez-Mesa et al. 
(2017) 

Gomez-gras et al. 
(2018) 

75% infill, 0.5 mm nozzle diameter, 0.3 mm 
layer height provided optimal resistance to 

fatigue 

Tension – Zero 
Fatigue 

Polycarbonate 
urethane (PCUs) 

Printing Speeds 

Extrusion 
Multipliers 

Miller et al. (2017) Increased PCU hard segment content leads 
to higher fatigue life 

Tension Fatigue PCUs Printed 
Architecture 

Miller et al. (2017) Solid architecture had the best fatigue life 

Tension Fatigue ABS Build Orientation 

Extruder 
Temperature 

Printing Speed 

Layer Height 

Abbott et al. (2018) XY building orientation provided the 
highest tensile strength 

Increasing print speed decreased the tensile 
strength 

The increasing temperature increased tensile 
strength 

Compact Tension PLA Build Orientation Arbeiter et al. (2018) Three orientations were almost identical 

Flexural Fatigue PC Build Orientation Puigoriol-forcada et al. 
(2018) 

YZ orientation provided the longest fatigue 
life 

 



 

Figure 7-2 Influence parameters to fatigue strength [131] 

Imeri et al. [132] investigated the fatigue performance of fibre-reinforced AM nylon 

structures through tensile tests. They analysed how fibre orientations, infill types, and 

fibre materials (carbon fibre, Kevlar and Fiberglass) affected the fatigue life. They 

concluded that the configurations including “isotropic” infill carbon fibre provided the 

specimen with the highest fracture resistance. Rybachuk et al. [133] researched the 

anisotropic mechanical behaviours of FDM ABS specimens. They also evaluated the 

influence of infill orientations on the modulus/strength of structure under tensile and 

compression loads. They pointed out that infill orientation aligning to the vertical axis 

gave the specimen the best mechanical properties compared with other configurations. 

The reason for it was that the direction of the infill layers was perpendicular to the applied 

load. It allowed layers to unravel individually when applied the load. Suresh et al. 

modelled the relations between the build orientations and fatigue life. They used 

Veroclear polymer components with an inherent anisotropy by controlling the printing 

build orientation parameter. They performed tensile and tensile-tensile fatigue cycle tests 

to evaluate the difference between parallel and perpendicular building orientations. The 



results showed that parallel building orientation provided higher strength and longer 

fatigue life, as shown in Figure 7-3. The reason for this is because the crack direction and 

applied stress in the parallel printed specimen can accelerate the FCG rate more compared 

with the perpendicular printed specimen. Perpendicular printed specimens showed the 

crack branching and fibre pull out, which led to the slower crack propagation. [134] 

 

Figure 7-3 Fatigue life of the structures with different build orientation (L1: parallel 

oriented; L2: perpendicular orientation) [134] 

Afrose et al. [135] analysed the relations between the structural building orientations and 

fatigue life of FDM PLA specimen. The dog-bone parts were fabricated with the 

consideration of three (0°, 90° and 45°) different building orientations and tested under 

50 to 80 % nominal values of cyclic ultimate tensile stress. They concluded that the 

specimen with 0° build orientation had the highest tensile stress and 45° build orientation 

had the longest fatigue life.  



8 Conclusion 

Comprehensive reviews are reported with a focus on research efforts for crack 

propagation of polymers under thermo-mechanical loads. During the review, the paper 

summarised that higher temperature and slower load frequency could increase the FCG 

rates in most of the polymeric structures. However, there are still some research gaps and 

potential research topics. 

Most research efforts have ignored a fundamental problem with SIF. SIF is a parameter 

based on static stress derivation, so it is suitable as a criterion to judge the fracture of the 

structure under static failure stress. However, most studies used the maximum and 

minimum value difference in cyclic stress to represent the continuous state of stress 

change in the cycle. The SIF range ∆𝐾 applied in Paris Law even though loads were 

varied with time.  Realistically, the loads are even far from being cyclic in real load 

conditions, i.e. dynamic and/or stochastic. It is essential for overcoming this problem to 

convert the dynamic stress to cyclic condition if one has to use SIF in future research. 

However, the conversion from the dynamic load history to a cyclic load sequence also 

significantly modifies the real load impact. This conversion affects the calculation of the 

FCG rate and concludes that the existing formulation is far from accurate due to their 

quasi-static remote stress assumption. Therefore, the future work can focus on a real time 

derivative crack growth equation rather than Paris Law for accurate calculations.  

A large amount of research proposes the empirical relations between the FCG rate and 

stresses for some polymers. However, future work still needs an analytical investigation 

that can truly represent the crack growth behaviour of polymers under thermo-mechanical 

loads. A few efforts reported their empirical findings of the crack growth rate under 



different values of temperature on a range of frequency of the applied load. However, 

they all have tested the structures under tension. Therefore, future research can consider 

experimental conditions under bending loads, which is also a very common and practical 

working condition. 

There is a considerable research gap about the crack growth in FD printed polymers even 

though FDM is developed rapidly. Existing research on these polymers are mostly 

empirical. It evaluated the mechanical performance of FD printed polymer under quasi-

static loads and concluded the factors which can affect mechanical properties. So future 

research can carry out various fatigue test to analyse how 3D printing parameters can 

affect the fatigue life of printed polymeric structures. Furthermore, no one has provided 

a comprehensive discussion to introduce the exact crack propagation or growth in such 

structures. No one has reported the work about the influence of the parameters on the 

FCG rate in printed polymers.  In the future, comprehensive research will be required to 

investigate the effects of coupled thermo-mechanical loads on crack propagation in 3D 

printing polymeric structures.  
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Figure 4-3 RCF test machine scheme [42] 

 



 

Figure 4-4 Two different crack types and associated growth directions: (a) subsurface cracks, 
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Figure 5-1 Modelling results of FCG rate at temperatures above 23 °C [60] 
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Figure 5-3 Influence of temperature and R Ratio to da/dN (replotted) [62] 
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Figure 5-5 Self-heating effect in the test (replotted) [65] 
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Figure 5-7 Temperature influence on FCG in CPVC fitting (replotted) [67] 

 



 

Figure 5-8 Contour map for the thermal distributions close to crack tip [73] 

 



 

Figure 5-9 FCG rates of ABS at different frequencies and temperatures (replotted) [98] 

 



 

Figure 5-10 Frequency effect on the temperature of specimen under same stresses during whole 
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Figure 5-11 Chain slippage in thermoplastic polymers 

 



 

Figure 7-1 Different building path [124] 
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Figure 7-3 Fatigue life of the structures with different build orientation (L1: parallel oriented; 

L2: perpendicular orientation) [133] 
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 High temperature and low frequency boost the fatigue crack growth of most polymers 

 Chain slippage is easier and more frequent in polymers at high temperature  

 High loading frequency causes the stiffer physical state of polymers 

 Analytical crack growth model for polymers under thermo-mechanical loads is a gap 

 Effect of 3D printing parameters on crack growth in polymers needs further research 
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