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A B S T R A C T   

A study was conducted to compare the pure fatigue and fretting fatigue properties of AM60 
magnesium alloys, with and without 3D-printed PLA coatings. The PLA coating layers led to an 
increase in the fatigue lifetime in both pure and fretting conditions. They delayed the crack 
initiation time compared to uncoated samples, thereby increasing fatigue lifetime. Additionally, 
in the case of fretting fatigue, PLA coating caused the fretting pads to reach the magnesium alloy 
later, which also contributed to the longer lifetime of coated samples, compared to uncoated 
specimens. Using field emission scanning electron microscopy, all specimens exhibited the brittle 
fracture behavior, with the presence of both cleavage and quasi-cleavage marks. By the frac
tography, it was found that the number of cracks in coated samples decreased in both pure and 
fretting fatigue conditions. Remarkably, PLA coating during fretting fatigue resulted in a signif
icant enhancement of the fretting fatigue lifetime, within 56%–2182 %.   

1. Introduction 

One of the key areas of mechanics is the classification of mechanical failure processes in structures. One of the most intricate failure 
mechanisms that result from the interaction of wear and fatigue is fretting fatigue. The fretting phenomenon refers to the relative 
tangential movement between two objects in contact when subjected to vibration loads or changing forces [1–3]. In certain parts, the 
process of fretting fatigue damage is regarded as substantial harm, and even though this subject has been researched for over a century, 
more research is still needed to understand the behavior and principles of fretting fatigue mechanisms [4,5]. 

The usage of magnesium alloys in numerous components has increased in recent decades due to their unique mechanical prop
erties; among these parts are vehicle parts and implants used in the human body [6,7]. Magnesium has a density and Young modulus 
that are similar to bone, unlike commonly used metallic implants [8,9], This similarity may help to reduce stress-shielding effects. A 
significant factor is that there is no need for a subsequent surgical procedure to eliminate the metal bone plates as magnesium can be 
gradually dissolved, assimilated, metabolized, or expelled [10]. 

Magnesium alloys have limited potential for future use because they deteriorate quickly in the body and fluids, and if left untreated, 
they cannot maintain their mechanical performance until the tissue has sufficiently healed [11]. Surface modification methods such as 
electrochemical deposition [12], conversion coatings [13], laser surface alloying [14], alkaline treatment [15], micro-arc oxidation 
[16,17], and sol-gel coatings [18] have all been proposed. Another type of coating that has been used on magnesium alloys is PLA 
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coating on this alloy, which some researchers [6,19,20] have used in their research. Several biodegradable polymers, including 
Polycaprolactone (PCL), Polylactic glycolic acid (PGA), and Polylactic acid (PLA) have been approved for utilization in clinical settings 
for humans. These polymers are utilized in small load-bearing bone implants and cardiovascular therapies [21]. Biodegradable 
polymers, on the other hand, can provide corrosion protection as well as additional capabilities such as medication transport and the 
capacity to be functionalized with organic biomolecules [22]. 

Magnesium alloys are also widely used in the transportation industry, particularly in cars and trucks, due to their advantages in 
lightweight design, which can significantly improve fuel efficiency and reduce vehicle emissions. However, in magnesium alloys, high 
sensitivity to corrosive environments limits their use in automotive applications. One of the most efficient and cost-effective strategies 
to prevent corrosion in magnesium alloys is surface coating [7]. One of the commonly used magnesium alloys in various industries is 
AM60 [23,24]. The sentences that follow provide an overview of the literature on mechanical characteristics, fretting fatigue, and 
fatigue of magnesium alloys. 

Chen et al. [25] conducted a study on the formation of small fatigue cracks in a magnesium alloy (AM60) and examined the impact 
of thermomechanical processing and subsequent heat treatment on its behavior. The study analyzed the impact of stress intensity 
factors on the growth rates of cracks in materials with different microstructures and yield stresses, subjected to varying processing 
conditions. Fracture surface analysis suggests that the mechanism of fatigue crack propagation may have included transgranular and 
intergranular cracking. It was essential to understand the importance of porosity and other material flaws in influencing the behavior 
of fatigue crack initiation and propagation. Further research revealed that the large casting pores in cast magnesium alloys were the 
most likely locations for crack initiation [26,27], whereas wrought magnesium alloys showed both subsurface and surface fatigue 
crack initiations [28]. It was discovered that the stress intensity component was connected to the fatigue crack growth process. For cast 
magnesium alloys, fatigue fractures spread primarily through dendrite cells at low-stress intensity factors and across interdendritic 
zones at high-stress intensity factors [26,29]. Others have demonstrated that the beginning and spread of fatigue cracks were 
significantly accelerated by the sample exposure to water vapor [27,30]. The behavior of fatigue crack propagation for cracks in the 
physically microscopic fracture regime under diverse processing and mechanical loading circumstances has not yet been fully 
described. 

Sadeler and Atasoy [31] conducted a study to investigate the effect of contact pad hardness on the fretting fatigue performance of 
AZ61 magnesium alloy. Vickers hardness levels 83.3 and 55.3 for the contact material were prepared. The study revealed that there 
was a decrease in the strength of fretting fatigue as the hardness increased. The tangential amplitude did not change with varying 
hardness, but there was an increase in the relative slip amplitude as the hardness level went up. It is believed that when hardness 
increases, the local tangential stress at the contact end increases, which in turn lowers the fretting fatigue strength. Magnesium alloys 
as a biodegradable material had their electrochemical properties thoroughly evaluated by Olugbade et al. [32]. Numerous studies have 
been conducted regarding the corrosion processes and corrosion fatigue in magnesium alloys that have undergone surface modifi
cation. In their study of the magnesium alloy AM50A, Pirvulescu et al. [33] discovered that the material fatigue lifetime was affected 
by the size of the test piece, as larger pieces resulted in a greater volume of flaws. Eisenmeier et al. [34] conducted a study on the cyclic 
behavior of the magnesium alloy AZ91 at 25 ◦C and 130 ◦C. Their fatigue test results showed a strong correlation with both the 
Manson-Coffin and Basquin models. It has been demonstrated that the surface holes serve as the origin of the cracks. Li et al. [35] 
conducted a study on how the fatigue behavior of the AZ61 magnesium alloy is affected by the amplitude of strain. Their findings 
demonstrated that the shear crack will be considerable if the strain range is more than 0.5 %. Fewer cracks will be seen when the strain 
range is less than 0.5 %, though. Magnesium alloys AZ91 and AM60 were the subjects of research by Rettberg et al. [36] into the 
low-cycle fatigue behavior and the impact of heat treatment. 

According to the findings, AM60 alloy has a greater fatigue lifetime at larger strain amplitudes because of its better ductility. 
Magnesium alloy is used both in implants used in the human body and in most industries, including automobile manufacturing. 

Most researchers have investigated the improvement of its corrosion properties with surface treatment methods, but in this article, 
the effect of PLA coating (PLA printed by Fused Deposition Modeling 3D printer) on AM 60 magnesium alloy and its effect on pure 
fatigue and fretting fatigue has been investigated. The sample fracture behaviors were analyzed through the utilization of field 
emission scanning electron microscopy (FESEM). It is worth mentioning that the adhesion test of PLA on magnesium alloy has been 
studied in previous research [37]. The adhesion strength of PLA printed on AM60 magnesium alloy was measured by the epoxy glue, 
4.29 ± 0.71 MPa. 

2. Materials and experiments 

The aim of this study was to examine the fatigue characteristics of the AM60 alloy, specifically focusing on fretting fatigue and pure 
fatigue. Additionally, the potential influence of a PLA coating was taken into account. It was determined that the alloy consisted of 
5.90 % aluminum by weight, 0.37 % manganese by weight, 0.11 % zinc by weight, and the remaining composition was magnesium. 
This composition was compared to that of the AM60A alloy specified in the ASTM-B94 standard [23,24]. 

The PLA coating was applied using an additive manufacturing 3D printer under specific conditions. The FDM (fused deposition 
modeling) 3D printer creates an object by utilizing a computer to deposit molten material in a predetermined path, layer by layer. This 
type of printer utilizes filaments made of polymers as its raw materials. To improve the print quality, the nozzle temperature of the 
device was adjusted to 245 ◦C and the bed temperature was set to 60 ◦C. The samples had a density of 100 % in their initial and final 
layers, while the inner part had a density of 50 % with a square pattern. The device perimeter speed was set to 50 mm/s, while the 
infilling speed inside the part was 60 mm/s. These parameters were chosen based on the information available in the literature [38]. 
The nozzle diameter used was 0.4 mm, and each layer was 50 μm thick. It is worth mentioning that in the end, the thickness of the 
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applied PLA layer was 0.4 mm. The microstructure of a material directly influences its strength. Therefore, investigating the micro
structure of the fractured surface is crucial to understanding the fracture behavior and failure mode [39]. In a parallel study [37] with 
this research, the fractured interface of the tensile samples was analyzed after the tensile test. Also, the mechanical properties of PLA 
have been discussed and examined in detail in that research. It is worth mentioning that the microstructure of PLA coating is shown in 
Fig. 1. 

To conduct the pure fatigue tests, the Santam Company (SFT-600) was utilized along with a two-point completely reversed rotary 
bending loading test apparatus with Rσ = − 1. The ISO-1143 standard was used as a reference for testing. A load frequency of 6000 rpm 
(100 Hz) was used, similar to the power rating of a car engine [40,41]. The maximum limit for fatigue lifetime testing was set at one 
million loading cycles [42]. Experimental reproducibility was also checked by testing at least three fatigue samples for each stress 
level. To establish the S–N curve, fatigue tests were carried out at five different stress levels ranging from around 60 MPa–140 MPa, 
plotting the stress amplitude against the fatigue lifetime. Fig. 2 displays the actual image of the standard sample along with its ge
ometry, with and without PLA coating. 

A fretting module was designed and produced for the purpose of conducting fretting fatigue tests. This module allows fretting 
fatigue conditions to be applied to the standard specimen. The force bar was attached to the pads in the fretting module. The module 
was then further secured with two screws on the fatigue device. Fig. 3 displays the fretting module installed in the fatigue testing 
machine, along with the geometry of the fretting pad. This study used fretting This study employed fretting pads made of ductile cast 
iron piston rings to replicate a fretting loading scenario on the piston alloy. The overall geometry of the fretting module, contact type, 
and fretting fatigue loading align with the research [43]. To prepare for the fretting fatigue test, a device based on sampling from the 
ASTM 2789-10 standard and other references [43–45] was devised and manufactured [46], which enables the application of fretting 
contact force to the sample. In this module, the fretting pads are linked to the force rod, which applies force to the test sample via a 
spring. The force delivered to the test sample in this study is 10 N, which is obtained based on the force applied to the piston ring [47, 
48]. The samples were subjected to fractography examination using FESEM. 

3. Results and discussion 

3.1. Pure and fretting fatigue lifetime with and without PLA 

The figures of the microstructure and XRD pattern, as well as the discussion of its results, were discussed in detail in the previous 
study [49], but it should be noted briefly that, in addition to the Mg element, the microstructure contained an intermetallic phase 
composed of Al–Mn (Al6Mn) and Mg–Al (Mg17Al12). 

In the bending fatigue machine, stress is applied to the standard test sample by placing weights with particular values in the 
embedding spots. The fatigue device manufacturer was given users instructions on how to compute and convert the applied weight (N) 
to tension (Pa), using the equation σ = Mc

I . A simulation in the Abaqus program revealed that this instruction is precise enough for 
uncoated samples. Because the thickness of the PLA coating is insignificant in comparison to the AM60 magnesium alloy sample, and 
PLA has much weaker mechanical properties than the AM60 magnesium alloy, the thickness of the coating can be ignored when 
calculating stress for the coated samples; this assumption was confirmed by simulation in Abaqus software. In this approach, the 
sample with cover (taking into account the thickness of the cover) was simulated in Abaqus software and loaded. Table 1 shows the 
stress values derived using the σ = Mc

I formula in the center of the conventional fatigue test sample, as well as the stress produced from 
the simulation for the samples with and without coatings. 

Fig. 4 depicts mesh sensitivity graphs for uncoated and coated samples. According to Figs. 4 and 0.5 is an appropriate mesh size. It is 
worth noting that the element types were standard, 3D, and linear, and the mesh type was hex. 

Furthermore, surface-to-surface interaction and a sleeve-master connection were employed to form a PLA coating on the AM60 
magnesium alloy sample. Other researchers [50] have also employed surface-to-surface interaction in Abaqus software to achieve 
adhesive bonding of polymer to metal. Other researchers [51,52] have employed surface-to-surface interaction to form adhesive 
bonds. 

Fig. 1. The microstructure of PLA coating.  
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Fig. 5 depicts the stress-lifetime (S–N) diagram of standard fatigue test samples with and without coating under pure fatigue 
conditions (PF). In this diagram, the stress applied to the middle of the test sample with and without coating was calculated once using 
the fatigue device instructions (without considering the thickness of the coating) and then, simulated again in Abaqus software, taking 
the coating thickness into account. Fig. 5 shows that the coating thickness can be ignored when calculating the stress applied to the 
sample. Figs. 6 and 7 provide an example of stress calculation using simulation in Abaqus; both stress calculations result in stress levels 
of 80 MPa for uncoated and PLA-coated materials, respectively. Fig. 6 (containing the uncoated sample) shows the stress level 

Fig. 2. The Sample for fretting fatigue and pure fatigue testing (a): with PLA, (b): without PLA, and (c): the geometry.  

Fig. 3. The machine of rotary bending fatigue testing with the fretting module and geometry of the fretting pad.  
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estimated using an Abaqus simulation. This stress level is shown in Fig. 5 with hollow circles at the stress level of 80 MPa, but due to the 
close proximity of the stress level, it was calculated with the simulation and the stress level calculated by the σ = Mc

I formula (at the 
stress level of 80 MPa), the two points of the filled and empty red color almost coincide with each other. Fig. 7 also depicts the results of 
determining the 80 MPa stress level of PLA-coated samples using simulation in the Abaqus software. This stress level is depicted in 
Fig. 5 by blue empty squares. The elastic modulus for both materials was determined using a tensile test, and the Poisson coefficients 
for AM60 alloy and printed PLA were chosen from Refs. [53,54], respectively. These mechanical parameters are reported in Table 2. 

According to the explanation, the thickness of the PLA coating will no longer be considered when calculating stress. Fig. 8 compares 
the stress-lifetime (S–N) curves of AM60 magnesium alloy with and without PLA coating under fretting fatigue (FF) and pure fatigue 

Table 1 
Stress values calculated according to the instructions of the manufacturer of the fatigue device and simulated with Abaqus.  

The stress, calculated in 
the middle of the test 
sample without PLA 

coating with (σ =
mc
i

) 

formula 
(MPa) 

Calculated stress, in the 
middle of the test sample 
without PLA coating by 
simulation (MPa) 

Calculated stress in the 
middle of the test sample 
with PLA coating by 
simulation in Abaqus 
(MPa) 

The difference percentage of 
the stress, calculated with the 

(σ =
mc
I

) formula and 

simulation for the uncoated 
sample 
(%) 

The difference percentage of the 

stress, calculated with the (σ =
mc
I

) 

formula for the uncoated sample and 
the stress value obtained from the 
simulation for the sample with PLA 
coating 
(%) 

80.40 80.32 78.97 0.09 1.70 
100.20 100.00 98.39 0.19 1.80 
120.40 118.30 116.30 1.70 3.30 
140.40 137.20 135.00 2.20 3.80  

Fig. 4. Mesh sensitivity graphs for uncoated and coated sample.  

Fig. 5. The S–N diagram of the standard fatigue test samples with and without coating, under pure fatigue conditions (PF), calculated 
and simulated. 
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(PF) conditions. The data is given in five different ways: (a) for all data; (b) for average data of PF-AM60 and FF-AM60; (c) for average 
data of PF-AM60 and PF-AM60-PLA; (d) for average data of PF-AM60 and FF-AM60-PLA; and (e) for average data of PF-AM60-PLA and 
FF-AM60. It is crucial to note that the results of the pure fatigue condition (without PLA) were similar to those of Chen et al. [25]. 

According to the findings shown in Fig. 8(a), both with and without PLA coating, the fretting fatigue condition resulted in a lower 
fatigue lifetime than the pure fatigue condition. The PLA-coated samples outlasted the uncoated ones in both fretting and pure fatigue 
situations. Fig. 8(b)–8(e) provide further information. For comparison, stress values of 120 and 80 MPa were chosen as the greatest and 
lowest, respectively. 

Under fretting fatigue conditions, the fatigue lifetime without PLA was shown to decrease by 44.8 % and 91 % at the low-cycle 
fatigue regime (120 MPa) and high-cycle fatigue regime (80 MPa), respectively, as compared to the pure fatigue condition without 
PLA, as shown in Fig. 8(b). According to a study done by Peng et al. [55], the combination of cyclical bending stress and local contact 
stress may be more beneficial for the initiation and propagation of micro-cracks than simple bending fatigue. As a result, the fatigue 
limit and lifetime have decreased. As bending stress increases, the difference in lifetime between pure fatigue and fretting fatigue 
gradually diminishes. The bending stress approaches the material yield stress, resulting in this consequence. Local plastic deformation 
and stress concentration in microstructures promote micro-crack initiation and propagation, which reduces the impact of fretting. At 
stress levels of 120 MPa and 80 MPa, the fatigue lifetime under pure fatigue conditions with PLA increased by 205 % and 1183.7 %, 
respectively, when compared to pure fatigue conditions without PLA, as shown in Fig. 8(c). Fig. 8(d) shows that under fretting fatigue 
conditions, the fatigue lifetime increased by 26.0 % at the highest stress level of 120 MPa and decreased by 85.8 % at the lowest stress 
level of 80 MPa, compared to the pure fatigue condition without PLA. 

The results depicted in Fig. 8(e) indicate that when subjected to fretting fatigue conditions, the fatigue lifetime of PLA decreased by 
58.6 % and 88.9 % at the highest stress level (120 MPa) and the lowest stress level (80 MPa), respectively, as compared to pure fatigue 
conditions with PLA. Fig. 8(b) indicates that the reduction in fretting fatigue lifetime compared to pure fatigue lifetime (without PLA) 
was greater in the high-cycle fatigue range (at the lowest stress level) than in the low-cycle fatigue range (at the highest stress level). 
Additionally, Fig. 8(c) reveals that the addition of the coating resulted in a greater increase in pure fatigue lifetime at higher stress 
levels (low-cycle mode) than at lower stress levels (high-cycle mode). 

It is also important that both the coated and uncoated samples exhibited an epsilon-shaped graph in the fretting fatigue tests. 
Notably, other researchers in previous studies have observed the epsilon-shaped behavior seen in the S–N curve of aluminum alloys 
under bending fretting fatigue loading. Fig. 8 shows the unusual shape of the fretting fatigue S–N diagram. Specifically, Peng et al. [55] 
and Parast and Azadi [56] found that the S–N curve of aluminum alloys subjected to bending fretting fatigue loading exhibited an 
epsilon-shaped behavior. The study concluded that increasing stress levels generally led to a decrease in fretting fatigue lifetime, 
except when stress levels were below 120 MPa, where an increase in stress levels improved fretting fatigue lifetime. Previous research 
by Peng et al. [55,57,58] has also noted three forms of fretting fatigue under bending loads, similar to the findings of this study. 

The stress level can cause the groups to divide into three regimes: the slip regime (SR), the mixed fretting regime (MFR), and the 
partial slip regime (PSR). The different regimes are illustrated as "Stage 1," "Stage 2," and "Stage 3″ in Fig. 8(b), (d), and 8(e). It is worth 
mentioning that Huang et al. [59] divided the fretting fatigue diagram into the three mentioned parts and introduced the second region 
as a safer region for designers since the stress value in this region was far from the yield stress of the material compared to the first 

Fig. 6. Stress simulation in Abaqus software for uncoated sample.  
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region. Even though cracks were initially detected at the highest wear rate in the slip regime (SR), the micro-cracks did not propagate 
during the nucleation phase and were eliminated, resulting in a slight increase in the fretting fatigue lifetime, which was an unexpected 
trend according to previous research by Parast and Azadi [56] and Peng et al. [57,58]. In order to identify the material properties, 
curve fitting was utilized in Fig. 8. The relationship between stress amplitude and fatigue lifetime can be expressed as follows [40,49]: 

σa = σ′
f

(
2Nf

)b (1)  

Nf represents the fatigue lifetime, while σa represents the stress amplitude, and σ′
f represents the fatigue strength coefficient. The 

fatigue strength exponent is denoted by b. To determine R2 (the coefficient of determination) for all experimental data for both fretting 
fatigue and pure fatigue conditions (with and without PLA coating), regression analysis was conducted as shown in Fig. 8, and Table 3 
displays the findings. 

Fig. 7. Stress simulation in Abaqus software for coated sample.  

Table 2 
Mechanical properties used in the Abaqus software based on references [53,54].  

Material Elastic modulus (GPa) Poisson ratio (− ) 

AM60 43.0 ± 2.6 0.35 
PLA 3.7 ± 0.1 0.36  
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According to some researchers, an R2 value greater than 90 % is considered acceptable for pure fatigue conditions [60]. The R2 

value for the fretting fatigue data is below 90 % due to the epsilon trend exhibited by the fretting fatigue condition. Table 4 presents the 
high-cycle fatigue properties of the AM60 magnesium alloy under both fretting and pure fatigue conditions. According to the 

Fig. 8. The stress-lifetime (S–N) curves of AM60 magnesium alloy (coated and uncoated with PLA) under pure fatigue (PF) and fretting fatigue (FF) 
conditions ((a): for all data, (b): for average data (PF-AM60 and FF-AM60), (c): for average data (PF-AM60 and PF-AM60-PLA), (d): for average data 
(PF-AM60 and FF-AM60-PLA), and (e): for average data (PF-AM60-PLA and FF-AM60-PLA). 
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information presented in Table 4, the coated samples subjected to pure fatigue testing demonstrated higher values of the fatigue 
strength coefficient (σ΄f ) and the fatigue strength exponent (b) compared to samples tested under other conditions. In pure fatigue 
conditions, the use of PLA coating resulted in a 154.64 % increase in the fatigue strength coefficient (σ΄f ) and a 39.73 % increase in the 
fatigue strength exponent (b) compared to uncoated samples, based on average data. Furthermore, in fretting fatigue conditions, the 
use of PLA coating led to a 2.05 % increase in the fatigue strength coefficient (σ΄f ) and a 3.15 % decrease in the fatigue strength 
exponent (b) compared to uncoated samples, based on average data. 

3.2. Fracture analysis 

FESEM was used to analyze the fracture surface of AM60 and characterize its failure characteristics. Specimens with and without 
PLA coating were chosen for testing under fretting and pure fatigue conditions at 80 MPa and 120 MPa stress to determine failure 
values. The results for 80 MPa are shown in Fig. 9(a): Pure fatigue without PLA coating, Fig. 9(b): Pure fatigue with PLA coating, Fig. 9 
(c): Fretting fatigue without PLA coating, and Fig. 9(d): Fretting fatigue with PLA coating, while the results for 120 MPa are shown in 
Fig. 9(e): Pure fatigue without PLA coating, Fig. 9(f): Pure fatigue with PLA coating, Fig. 9(g): Fretting fatigue without PLA coating, 
and Fig. 9(h): Fretting fatigue with PLA coating. 

The fatigue failure in hexagonally close-packed (HCP) metals, such as titanium alloys [61] and magnesium alloys [62,63], often 
results in the observation of faceted morphologies in fractography. The occurrence of faceted morphologies can be attributed to 
quasi-cleavage fracture that takes place along the appropriate crystal planes. Another crucial observation in Fig. 9(c), (d), 9(g), and 9 
(h) is the presence of the fretting area. This area was more extensive in the specimen with an 80 MPa stress level. In contrast, it was 
relatively small in the specimen with a 120 MPa stress level, indicating that the fatigue phenomenon was the primary cause of failure, 
rather than fretting fatigue. This point was also mentioned in the previous research [49]. Fig. 9(a), (b), 9(e), and 9(f) show fracture 
surfaces with high magnification, which include both samples with and without PLA coating. In Fig. 9(b) and (f), which are related to 
the samples with PLA coating and at the stress level of 80 and 120 MPa, respectively; PLA layers and parts of it that have separated from 
the AM60 magnesium alloy have been made, it can be seen and also the casting defect and the created cracks are also clear in these 
pictures. In the samples without PLA coating and under pure fatigue, as shown in Fig. 9(a) and (e), cracks starting from the surface of 
the sample (near the edge) or approximately in the middle of the sample can be seen, as well. Besides, casting defects were also 
observed. Fatigue cracks can generally initiate at stress concentration sites such as the defects created during manufacturing (e.g., 
shrinkage voids, pores, and inclusions formed during casting, or surface defects, such as notches, and corners that develop during 
machining) [64,65]. More details are mentioned in Figs. 10–13 and with images with higher magnifications. 

The images in Figs. 10–13 depict a fracture surface with flat cleavage planes featuring striation-like patterns. The rough areas 
indicate where the crack has grown, and the surfaces appear randomly oriented and serrated. Similar characteristics were observed in 
high-cycle fatigue analysis of a fracture surface in a cast AM60 alloy [26]. One research [26] found that on flat cleavage planes with 
striation-like patterns, transgranular crack growth occurred through dendrite cells, whereas intergranular crack growth occurred 
through interdendritic arms containing β-Mg17Al12 particles, which resulted in rough regions with randomly oriented serrated sur
faces. When the stress intensity component, which is responsible for crack growth, increased and caused the transition from the former 
crack development mechanism to the latter, there was a change in the brightness of the fracture surfaces. The question of whether the β 
particles were debonded or caused premature fracture was used as an explanation for whether the driving force was sufficient [13,40]. 
According to a study by Hashemi et al. [66], the majority of facets on the specimen fracture surface were found to be intergranular. The 
presence of intergranular facets significantly reduces the rate of crack propagation. This phenomenon can be attributed to the 
increased tortuosity caused by the crack path and the deviation of the crack from the maximum stress plane. 

In the absence of any flaws in the cast microstructure, the stress concentrators for initiating fatigue cracks are the slip markings 

Table 3 
The R2 values for all data and average data in varying conditions.  

Condition Pure fatigue without coating 
(%) 

Fretting fatigue without coating 
(%) 

Pure fatigue with PLA coating 
(%) 

Fretting fatigue with PLA coating 
(%) 

R2 (all data) 93 68 98 80 
R2 (average 

data) 
94 80 99 81  

Table 4 
The fatigue properties of AM60 alloys.  

Condition Using all experimental data Using averaged values 

σ′
f (MPa) b (− ) σ′

f (MPa) b (− ) 

Pure fatigue without PLA coating 506.92 − 0.137 589.97 − 0.151 
Fretting fatigue without PLA coating 705.00 − 0.189 711.55 − 0.190 
Pure fatigue with PLA coating 1444.60 − 0.208 1502.30 − 0.211 
Fretting fatigue with PLA coating 712.73 − 0.182 726.14 − 0.184  
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(SMs) that indicate the localization of cyclic plastic deformation in the solid solution regions. This is highlighted in Refs. [34,67]. 
According to the research by Dimitrov et al. [68], the initiation of possible fatigue cracks is at the interface between the Mg17Al12 phase 
particles and the solid solution matrix. In the high-cycle fatigue regime (stress level 120 MPa), the initiation of fatigue cracks on the 
fractured particles of Mg17Al12 was the main mechanism responsible for the specimen failure. The intensity of the formation and 
evolution of SMs leading to crack initiation is mainly dependent on the applied stress amplitude [69]. The relief that was created led to 
the concentration of intense stress in the SMs, which in turn resulted in the initiation of fatigue cracks. Since most of the energy for 
plastic deformation was released through the formation of the SMs, the cracks initiated at the interfaces between brittle intermetallic 
particles and the solid solution. In certain instances, the cracks were observed to propagate from the fractured particles into the solid 
solution [69]. However in the low-cycle fatigue regime (at a stress level of 80 MPa), only a few instances of SMs formation were 
observed. However, the initiation of cracks on SMs was accompanied by the propagation of cracks formed in the intermetallic particles 
[70–72]. This phenomenon was not typically observed at higher testing stress amplitudes. Figs. 11 and 13 provide evidence of wear 

Fig. 9. The fracture surface at the stress level of 80 MPa under (a) pure fatigue without PLA coating, (b) pure fatigue with PLA coating, (c) fretting 
fatigue without PLA coating, and (d) fretting fatigue with PLA coating condition and the fracture surface at the stress level of 120 MPa under (e) 
pure fatigue without PLA coating, (f) pure fatigue with PLA coating, (g) fretting fatigue without PLA coating, and (h) fretting fatigue with PLA 
coating condition 
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and the impact of fretting near the contact edge with the pads. This particular type of failure surface related to fretting fatigue con
ditions was also reported by Sadeler and Atasoy [31]. The initiation angle of the fretting fatigue crack propagation in Fig. 9(c), (d), 9 
(g), and 9(h) was observed to be between 35 and 50◦. This angle is consistent with the results obtained by Peng et al. [57,73], who 
found that the fretting fatigue crack initiation angle is about 30◦ towards the surface. In this study, as the loading conditions were 
bending, the surface of the sample experienced the highest stress. Therefore, most of the fatigue cracks are initiated near the surface. 
This finding is consistent with the findings of Nascimento et al. [74], Oliya et al. [42], and Song et al. [75]. Moreover, the region near 
the contact surface is also susceptible to fretting fatigue cracks formation, as contact stresses experience their highest local values in 
this area, owing to stress concentration. As per the literature [56], wear fatigue loading conditions result in stress concentration 
leading to faster crack propagation and quicker formation of fractures, which ultimately causes a shorter fretting fatigue lifetime. Wear 
fatigue crack growth is primarily caused by the wedge effect, where the entry of wear debris into small cracks accelerates the prop
agation of cracks, as stated in Ref. [56]. If the debris oxidizes due to friction heating and becomes potentially abrasive, it will increase 
the likelihood of the crack initiation [76]. The total wear in the fretting fatigue condition is the sum of delamination, abrasion, 
oxidation, and adhesion [77]. 

Fig. 9(c) and (d) show visible wear damage on the edge of the sample. Figs. 10–13 exhibit the presence of porosity resulting from 

Fig. 9. (continued). 
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casting defects in some cases. These defects can cause a decrease in fatigue lifetime and serve as a region for the onset of cracks. 
Previous studies have also identified casting defects as the main cause of fatigue crack initiation and specimen failure in most cases [34, 
78–80]. By comparing the fatigue fracture surface of the fretting fatigue and pure fatigue, it was observed that the effects of cleavage 
increased in the fatigue fracture surface of the fretting fatigue, which indicates the brittleness of the fracture [81]. By observing the 
shapes of the fracture surface related to fretting fatigue, it was found that wear damage is applied to the surface of the sample and some 
areas near the edge of the surface are severely damaged and deformed [82,83]. In relation to the fracture surface of fretting fatigue 
samples according to Peng et al. [73], the contact normal stress level mostly controls the crack formation and initial crack growth 

Fig. 10. The surface fracture under PF conditions with a stress level of 80 MPa.  

Fig. 11. The surface fracture under FF conditions with a stress level of 80 MPa.  
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angle, but the crack growth is controlled by the stress level. Fig. 13 shows the surface of the worn in a clear manner. Besides, Fig. 13 
illustrates the mechanism of delamination wear. The separation of material as a result of fractures that occur perpendicular to the 
direction of sliding is the hallmark of the delamination wear mechanism. Since the majority of magnesium alloys have limited cold 
ductility, even at modest loads, the worn surface significantly hardens. The continual deformation of the material embrittles its surface 
and is the cause of perpendicular fissures to the sliding direction, which release sheet-like pieces of the worn material, even with alloys 
with higher ductility, such as the AM60B studied in another work [84]. 

In coated samples, under the fretting fatigue condition test, the PLA layer was destroyed due to wear and could not be imaged to 
present the fracture surface, but in the coated sample under pure fatigue test (Fig. 12), the PLA layer connected to AM60 magnesium 

Fig. 12. The surface fracture under PF conditions with a stress level of 80 MPa (with PLA coating).  

Fig. 13. The surface fracture under FF conditions with a stress level of 80 MPa (with PLA coating).  
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alloy in Some areas are clear, also delamination between PLA and AM60 magnesium alloy is evident in these figures. All of the samples 
exhibit brittle fracture behavior, with the presence of both cleavage and quasi-cleavage being observed. 

Table 5 displays the quantity and size of microcracks of coated and uncoated samples with PLA, in fretting fatigue and pure fatigue 
circumstances. Findings in Table 5 reveal that the mean length of cracks is greater at higher stress levels in both testing conditions 
(pure fatigue and fretting fatigue) and coated and uncoated samples, than at lower stress levels. It is worth noting that the fatigue 
lifetime (with and without coating) at the high-stress level is lower than the fatigue lifetime at the low-stress level. PLA coating caused 
the number of cracks to decrease by 35.55 and 61.53 %, respectively, in pure fatigue test conditions at both low and high-stress levels, 
which is one of the reasons for increasing the lifetime of coated samples. In the condition of fretting fatigue, in both low and high-stress 
levels, PLA coating reduced the number of cracks by 51.65 % and 40 %, respectively. 

The fracture surfaces of the material were investigated utilizing EDX map analysis. Fig. 14 shows the EDX analysis of a fretting 
fatigue test sample with PLA coating at a stress level of 80 MPa. Fig. 14 clearly depicts the presence of both magnesium and inter
metallic phases on the fracture surfaces of all samples. In Fig. 14, the hues orange, purple, and blue represent the elements Mg, Al, and 
Mn, respectively. 

Based on the findings of Horstemyer et al. [26] and as shown in Fig. 14, intermetallic phases have been identified as potential sites 
for microcrack initiation. Specifically, microcracks tend to form near intermetallic deposits, with the Mg–Al intermetallics being the 
most significant, followed by Al–Mn intermetallics, eventually leading to the final failure. Microcracks were observed to initiate from 
the Mg17Al12 intermetallic phase in the magnesium matrix, as shown in Fig. 14. According to Mokhtarishirazabad et al. [85], the 
presence of the Mg17Al12 phase can lead to a reduction in strength, especially at elevated temperatures. 

4. Conclusions 

This article provides the fretting fatigue and pure fatigue properties of AM60 magnesium alloy (cast), including its performance 
both with and without a PLA coating that was 3D-printed and a summary of results could be mentioned as follows,  

• The fretting fatigue lifetime of uncoated samples was observed to decrease by 44.8 % and 91 % at the maximum stress level (120 
MPa) and the lowest stress level (80 MPa), respectively, compared to the pure fatigue condition.  

• Fretting fatigue caused a reduction in the lifetime of coated samples under the lowest stress (80 MPa) and maximum stress (120 
MPa) by 56 % and 88 %, respectively, when compared to conditions of pure fatigue.  

• When subjected to fretting fatigue conditions, the material properties of uncoated samples exhibited an increase in both the fatigue 
strength coefficient and exponent, as observed in both the averaged and all experimental data. The fatigue strength coefficient (σ΄f ) 
was found to improve fretting fatigue loading by approximately 39 % when compared to pure fatigue. Furthermore, the absolute 
value of the fatigue strength exponent (b) was observed to increase by 37.9 % in comparison to pure fatigue.  

• In the pure fatigue test, the PLA coating resulted in a significant increase in material properties such as fatigue strength coefficient 
and exponent. The increase was 184.97 % and 51.82 % (using all data results) and 154.64 % and 39.73 % (using the average data 
results), respectively.  

• The S–N diagram for fretting fatigue exhibits an epsilon-shaped curve. It has been observed that the lifetime of fretting fatigue 
decreases as the stress level is increased, except when the stress level is below 120 MPa.  

• Under the fretting fatigue test, PLA coating increased the fatigue strength exponent by 1.09 % (using the results of all data) and 
2.05 % (using the average results of the data). While the fatigue strength coefficient decreased by 3.70 % (using the results of all 
data) and 3.15 % (using the average data results).  

• The AM60 magnesium alloy exhibited brittle fracture characteristics, possibly attributed to the existence of cleavage and quasi- 
cleavage traits on the fracture surface of the specimens.  

• The lifetime of AM60 can be extended by using PLA coating. This coating has been found to reduce cracks by 35.55 % and 61.53 % 
in pure fatigue tests under low and high stress levels respectively. Additionally, fretting fatigue tests have shown a decrease in 
cracks of 51.65 % and 40 % under low and high stress levels respectively as a result of the application of PLA coating. 

Data availability statement 

The raw data that support the findings of this research are available based on a reasonable request from the corresponding author. 
In general, these experimental data are not publicly available due to some restrictions. 

Table 5 
The length and the number of micro-cracks based on 2000X FESEM images (in the crack propagation region).  

Stress level Pure fatigue without coating Fretting fatigue without coating Pure fatigue with PLA coating Fretting fatigue with PLA coating 

Number Length (μm) Number Length (μm) Number Length (μm) Number Length (μm) 

80 
MPa 

45 4.96 ± 2.95 15 17.83 ± 22.36 29 7.97 ± 0.40 10 10.25 ± 4.37 

120 
MPa 

39 7.41 ± 4.20 11 23.18 ± 17.72 15 13.70 ± 8.82 9 15.61 ± 4.76  
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[69] S. Fintová, L. Trško, Z. Chlup, F. Pastorek, D. Kajánek, L. Kunz, Fatigue crack initiation change of cast AZ91 magnesium alloy from low to very high cycle fatigue 
region, Materials 14 (2021) 6245. 
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