Fracture-based prediction of high-cycle fatigue lifetime in heat-treated AZ91/AZE911 magnesium alloys using striations spacing and Paris crack growth rate
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Abstract 
The fractographic analysis of the fracture surface is one solution to determine the kind of failures and predict the fatigue lifetime and resistance of mechanical components under cyclic loading. In the present research, the fracture behavior of the AZ91 magnesium alloy, under stress-controlled high-cycle fatigue loading, was analyzed based on the fatigue striations on the fracture surface. At first, equations and relations were extracted with the Paris crack growth law and the space of the fatigue striations. Then, striation spacing was measured by the experimental results of the high-cycle fatigue (HCF) testing for heat-treated Mg-Al-Zn alloys, containing and non-containing rare earth elements. Finally, constants of the Paris law were calculated and calibrated. Results showed that rare earth elements addition decreased the space between the striations, and subsequently, the fatigue resistance of the AZ91 alloy increased. The reasons are extreme grain size reduction by heat-treating and formation of new Al11RE3 phase by rare earth elements addition. The obtained results of the predicted fatigue lifetime, in comparison to the experimental ones, the scatter band of ±1.5X demonstrated the accuracy of the recommended model by a mean error of 33%.
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1. Introduction 
Magnesium alloys are the future and green engineering alloys and are widely used in the automotive and aerospace industries [1, 2]. A large volume of magnesium alloys applications in the mentioned industries related to excellent mechanical performance like lightweight, top strength/hardness to weight ratio, good casting, machining, heat-treatable capability, high damping, and good biocompatibility properties [3-6].
In the following literature review, some models, relationships, and laws that some researchers have used to predict and guess the fatigue and mechanical properties of AZ91 alloy under the influence of rare earth element addition, heat-treating, FSP, nano-particles addition, and other processes. Kohler et al. [7] investigated the effect of crack length on the fatigue limit of AZ91 and AM50 alloys. They proposed the function of fatigue limit distribution using the Paris crack growth rate law, the Kitagawa-Takashi diagram, S-N data, and EI Haddad and Topper methods. They reported that with the simultaneous increase in cavities size and applied stress levels, the crack length decreased, which resulted in the fatigue limit improvement. Ishihara et al. [8] evaluated the fatigue lifetime of AZ91 alloy, which was affected by the size of casting defects using Monte-Carlo simulation at a constant stress level. By using this simulation, they predicted that by increasing casting defects size, the scatter band of the fatigue lifetime increased. Bag et al. [9] investigated the effect of solution and ageing treatments on the fatigue behavior of AZ91+10%SiC alloy. Their results showed that ageing treatment had a more significant impact on the crack growth rate reduction and capability of tolerating higher stress levels at the same strain rate than solution treatment. Uematsu et al. [10] evaluated the effect of FSP and T5 heat treatment on the fatigue behavior of AZ91 alloy. They revealed that the FSP had a more substantial effect on improving the fatigue limit (from 50 to 85 MPa) and improving fatigue crack propagation resistance compared to T5 heat treatment. Kobayashi et al. [11] compared the effect of solution (T4), natural ageing (T6a), and artificial ageing (T6b) on the fracture mechanism of AZ91 alloy. Their obtained results demonstrated that solution (T4) significantly reduced the fatigue crack growth rate, and the T6a and T6b ageing treatments increased the crack growth velocity and subsequently decreased the fatigue lifetime. Venkateswaran et al. [12] characterized the growth behavior of cracks in AZ91-T6 alloy using the Paris law crack growth. According to their results, the delay and acceleration in the formation of crack length (short or long) depended more on the distance between the striations (crack growth rate) than the applied stress levels.
In one research, Yang and Liu [13] investigated the effect of adding 1% Cerium on the high-cycle fatigue properties of AZ91 alloy. Their results depicted that after adding 1% Cerium, the fatigue limit in 107 cycles increased at least 30%, and at the same crack growth rates, the stress intensity factor range (∆K) increased from 2-4.5 to 3-6 MPa√m. In addition, the crack growth path has become more fatigue serrated and facet striations. In another research, Yang and Li [14] characterized the effects of adding 0.5%, 1%, and 1.5% Neodymium on the endurance limit of AZ91 alloy using the Up-To-Down Load method. They indicated that 1% Neodymium addition had the most significant effect on improving endurance limit (85 MPa). On the other hand, the fatigue steps (with short intervals or small size) were created due to the crack propagation and the intersection of them along the facet striations. Xu et al. [15] presented the effect of adding 1% rare earth element in mischmetal state (1% MM) on the fatigue lifetime and hardness of AZ91 alloy. They concluded that after adding 1% MM, the fatigue lifetime increased by controlling the number and size of casting defects. 
Zhang et al. [16] used the Manson-Coffin law, the Basquin equation, and the MSF lifetime models for predicting the low-cycle fatigue (LCF) and high-cycle fatigue (HCF) lifetime of AZ91-T6 and NZ30K04-T6 alloys. The MSF lifetime models and their factors were also employed to estimate the HCF lives of both alloys. Mokhtari et al. [17] analyzed the addition of 1% rare earth element effects on the high-cycle fatigue properties of AZ91 alloy. They illustrated that the fatigue limit in 106 cycles increased from 65 to 105 MPa (62% increase), and the resistance to crack growth rate increased due to the formation of the Al11RE3 phase. Olyia et al. [18] claimed that heat-treating improved the fatigue resistance and the fatigue limit of AZ91 and AZE911 magnesium alloys by 14% to 60% due to the microstructural changes. In addition, the aggregation of fine striations in the surface fracture of AZE911-T6 alloy was less than that in AZ91-T6 alloy.
As it can be seen from the introduction, no researcher has almost directly worked on the estimation of the HCF lifetime for AZ91 and AZE911 magnesium alloys by using measuring the striation distance or space. The Paris crack growth law under the simultaneous effects of 1% rare earth element addition (1% RE) and different heat-treating, which is an innovation of the present study.



2. Materials, Models, and Tests
2.1. Producing materials
One cast Mg-Al-Zn alloy (AZ91) has been tested to analyze the HCF lifetime and fatigue resistance. First of all, the AZ91 alloy has been melted by the controlled atmosphere of "Carbon-dioxide gas+1% Hydro-Flouro-Carbon-134a" at 720 °C in a resistor furnace. Then, some rare earth elements (RE), including 67% Cerium, 23% Lanthanum, 7% Praseodymium, and 2% Neodymium, were added to the melt. The melt was kept at 720 °C-0.5 hours, stirred then for 60 seconds employing a steel bar, and preheated in a bottom-filled steel mold (at 200 °C). The new magnesium alloy is named AZE911. Table 1 displays the chemical combinations of the materials.

Table 1. The chemical combinations (in wt.%) of studied alloys
	Alloys
	Al
	Zn
	Mn
	Fe
	Ni
	Cu
	Pr
	Nd
	Ce
	La
	Mg

	AZ91
	9.43
	0.93
	0.19
	-
	-
	-
	-
	-
	-
	-
	Balance

	AZE911
	8.84
	0.81
	0.14
	0.09
	0.001
	0.001
	0.07
	0.02
	0.64
	0.33
	Balance



2.2. Heat-treating
The heat-treating of AZ91 and AZE911 alloys, including time and temperature of the solution and ageing treatments, and cooling type, in an ATE1100L horizontal tubular furnace from ATRA Company, is given in Table 2. The solution and ageing treatments were done in a tubular furnace under a controlled atmosphere of CO2 gas to protect the alloys against surface oxidation/melting, as shown in Figure 1. At first, solution treatment was carried out at 5 hours-415 °C. Then, eight ageing treatments were performed at 1, 3, 5, and 7 hours at 215 °C and also 160, 185, 200, and 230 °C for 1 hour, for both AZ91 and AZE911 alloys [18]. Among these eight ageing treatments, ageing treatment at 3 hours-215 °C and ageing treatment at 5 hours-215 °C had the highest effect on the hardness improvement (for HCF behavior enhancing) of AZ91 and AZE911 alloys, respectively, in comparison to other ageing treatments [18]. Therefore, these two ageing treatments were applied to machined specimens.
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Figure 1. Image of tubular furnace [18]

Table 2. The heat-treating condition of AZ91 and AZE911 alloys
	Alloys
	Solution treatments
	Cooling type
	Ageing treatments

	AZ91-T6
	5 hours at 415 °C
	in air
	3 hours at 215 °C

	AZE911-T6
	
	
	5 hours at 215 °C



2.3. Hardness test
The hardness test was performed using the Brinell manner and ASTM E10-14 standard by a steel ball indenter with a diameter and loading of 0.1 cm and 1500 kg, respectively, repeated up to 4 times. The used hardness tester was a universal hardness machine mark UV1 from KOOPA Company. 

2.4. Microstructure analysis
TO metallographic analysis, samples etched in acetic glycol solution (20 mL ethanoic/acetic acid (C2H4O2), 1-milliliter nitric acid (HNO3), 60-milliliter ethylene glycol (C2H6O2), and 20-milliliter distilled water [17]. The specimen microstructure was analyzed by optical microscope (OM), HM-LUX model from Leitz Company. 

2.5. High-cycle fatigue (HCF) testing
HCF tests were performed on the specimens of heat-treated AZ91 and AZE911 alloys with a rotational bending fatigue testing device, model STF-600 from SANTAM Company [18]. Fatigue samples were machined in a dumbbell/cylindrical form according to the ISO-1143 standard, as shown in Figure 2. All applied stress levels and HCF test conditions are given in Table 3. 
[image: ]
Figure 2. The specimen geometry (in mm) for fatigue testing

Table 3. The Applied loading (in MPa) on the materials.
	Alloys
	Stress Levels (MPa)
	Stress Ratio (R)
	Mean Stress (MPa)
	Frequency (Hz)
	Test Temperature (°C)

	AZ91-T6
	115, 125, 135, and 145
	-1
	0
	120
	25

	AZE911-T6
	155, 165, 175, and 185
	
	
	
	



2.6. Modeling by Paris law
At first, the feasible states of the fatigue crack initiation, propagation, the final fracture, and especially the fatigue striations in the surface fracture of samples were observed under the field emission scanning electron microscopy (FE-SEM). The goal was to observe the fatigue striations in the micro-scale (less than 10 µm) surface of the fatigue-tested alloys. Therefore, the samples were gold coated by a DSR1 Sputter Coater machine. After employing the FE-SEM, model VEGA3 from TESCAN Company to see the fatigue striations clearly, through the ImageJ software, the space between the fatigue striations was measured.
The stress intensity amplitude can be found in Equation 1 [19].
	
	(1)


∆σ refers to the difference between the Max and Min stresses and a refers to the half of the crack length. The Paris law represents the relation between the stress intensity factor amplitude (∆K) and the crack growth rate (da/dN), as shown in Equation 2. In addition, m and C are the constants of the Paris law [19], and the crack growth rate is the same as the space between the fatigue striations.
	
	 (2)


The striation spacing (SS) value is put in the modified Paris law, by Equation 3 [19], with a geometric correction parameter of KG.
	
	 (3)


In addition, the striations space during the HCF cycles could be the same as the crack length (the difference between final and initial crack lengths). The initial crack length in current research is considered zero. The geometric correction parameter (KG) is up to the geometry and the structure of the specimen [19].
The striations spacing has been measured on the surface fracture of the alloy failure, with their average striations spacing considered for computations. In Equation 4, σ, y, ȳ, and N show the standard deviation, the space between the fatigue striations, the average distance between the striations, and the number of measurements in one stress level, respectively [19].
	
	 (4)


Equation 5 refers to the logarithmic state of the Paris crack growth law; it is equal to Equation 6, which shows the global form of a typical linear equation.
	
	 (5)

	
	 (6)


In Equations 5 and 6, m and C are X0 and 10Y0, respectively. Furthermore, Equation 2 expanded and then integrated. Therefore, the HCF lifetime of the alloys is found through Equations 7 and 8.
	
	 (7)

	
	 (8)


Based on Equation 1, the relevant error percentage of the experimental lifetime (Nf,exp) and the predicted lifetime (Nf,pred) were obtained.
	
	 (9)


Table 4 shows the signs and descriptions of the performed processes on the alloys. 

Table 4. Explanations for fatigue test samples in this research
	Explanations
	Abbreviations

	Magnesium-Aluminum-Zinc alloy
	AZ91

	Magnesium-Aluminum-Zinc alloy, reinforced with 1% rare earth elements addition
	AZE911

	Magnesium-Aluminum-Zinc alloy, aged at 215 °C for 3 hours
	AZ91-T6

	Magnesium-Aluminum-Zinc alloy, reinforced with 1% rare earth elements addition, aged at 215 °C for 5 hours
	AZE911-T6



3. Results and Discussion
Figure 3 reveals the effects of different ageing treatments on the microstructure of AZ91 and AZE911 alloys. Heat-treating had three significant impacts on the microstructure of the AZ91 alloy, including reducing grain size, increasing density and number of grain boundaries, and, most importantly, the transmuting of continuous or discontinuous precipitations to the blade or needle-shaped precipitations on the alpha matrix (Figures 3i and 3l). 
The heat-treating process decreased the grain size of AZ91 and AZE911 alloys from 300 to 130 μm and from 230 to 90 μm, respectively. The grain size was measured by ImageJ software. Therefore, a tremendous increment was found in the number of grain and grain boundaries, which was the most influential factor in improving the fatigue resistance and fatigue limit [13-15]. 
Other significant changes include the more hardened grains and grains boundaries becoming more prominent. Transmuting continuous or discontinuous precipitations to needle-shaped precipitations has been the most important cause of increased hardness [20]. After heat-treating, some parts of the continuous or discontinuous precipitations have remained unchanged (Figures 3g and 3j), in which case it transferred to the neighborhood or adjacent to the grain boundaries [20]. 
Regarding the effect of adding 1% rare earth elements on the microstructure, the addition of 1% RE has had three significant effects on AZ91 alloy. First, the formation of the new phase, Al11RE3, which resulted in the lack of aluminum atoms; second, the dissolving of the aluminum-rich secondary α phase in Mg-matrix; and third, reduced the grain size from 300 to 230 μm (using ImageJ software). This creates a new phase of Al11RE3 and is usually a thin and blade-shaped phase. Similarly, Feng et al. [21] reported the formation of the Al4Ce phase after 1% lanthanum addition, and Tie et al. [22] said the formation of a phase (Al3La) by 1% cerium addition to AZ91 alloy (in the microstructure). In comparison, Cia et al. [23] claimed the formation of a spherical or polygonal phase (Al2Y) under the addition of 1% yttrium. It was the main reason for delaying the peak hardness of AZ91 alloy, from 3 to 5 hours at an ageing temperature of 215 °C. 
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Figure 3. The optical microstructure of AZ91 alloy in (a) 50 µm, (b) 20 µm, (c) 10 µm scale, AZE911 alloy in (d) 50 µm, (e) 20 µm, (f) 10 µm scale, AZ91-T6 alloy in (g) 50 µm, (h) 20 µm, (i) 10 µm scale, and AZE911-T6 alloy in (j) 50 µm, (k) 20 µm, (l) 10 µm scale

According to Figure 4, the effect of heat-treating on hardness improvement was much more significant than adding 1% rare earth elements, which is due to the more potent heat-treating effects on the precipitations in the microstructure than the addition of 1% rare earth elements. The addition of 1% rare earth elements improved the hardness of AZ91 alloy from 59 to 67 Brinell (only 12 %). In comparison, the heat-treating has increased AZ91 and AZE911 alloys from 59 to 93 Brinell (57.62 % improvement) and from 67 to 98.5 Brinell (49.21 % improvement), respectively. 

[image: ]
Figure 4. The hardness of AZ91 and AZE911 alloys after and before the heat-treating

Table 5 displays the fatigue test data performed in the HCF regime on the standard samples. Generally, increasing each stress level in the same fatigue lifetime is known as fatigue resistance. Increasing the stress level (as the applied loading) caused the fatigue resistance and fatigue lifetime to decrease [13-15, 24]. According to the experimental results, using the heat-treating and rare earth element addition, the specimens lived to/about the same fatigue lifetime (the fatigue lifetime before applying the heat-treating and rare earth element addition) but in higher stress levels. For example, an AZ91-T6 lived at a stress level of 134.6 MPa, up to 24000 cycles, while after adding 1% RE and applying a more efficient and different heat-treating (ageing at 215 °C for 5 hours), at a much higher stress level, 185.7 MPa, worked until the same fatigue lifetime (23600 ~ 24000 cycles). In other words, fatigue resistance has improved by 38%, as shown in Table 5. 
Fatigue resistance points to the tolerated stress level, which caused the machined specimens to break and did not mean a fatigue limit. The main reasons for this improvement were a reduction in grain size (consequently an increment in the number of grains and grain boundaries) and an increase in the micro-hardness of the Alpha and Beta (Mg17Al12) phases. The reduction in grain size has caused the crack tip to collide with a much larger number of grains and the grain boundaries [13-15]. Because of these successive collisions of the crack tip, the crack movement speed becomes slower because each of the grains and grain boundaries is considered a kind of barrier. Of course, the grains are barriers that are more substantial because their micro-hardness has improved, and the cracks cannot easily cut them. In addition, the increase in grain boundaries density was present as a more robust complete barrier against the crack movement path. On the other hand, the stress intensity at the crack tip was distributed among more micro-hardened grains, which reduced the stress concentration in each grain [7-13]. Some cracks with different sizes and modes, micro-cracks, and crack branches in the surface fracture of AZ91-T6 and AZE911-T6 alloys are shown in Figures 5a and 5b, respectively. Bag et al. [9] claimed that the high fatigue cracks growth resistance was because of the more dividing of the crack paths from the highest stress planes to some crack branches in AZ91D-T6 alloy that reduced the stress concentration at the tip of the cracks and subsequently, fewer cracks growth velocity. 
The addition of 1% RE has had some important effects on AZ91 alloy. First, the formation of new phase Al11RE3 is one reason for fatigue resistance improvement by delaying the peak of hardness and crack growth. According to Table 5, fatigue resistance had a low increment of very little (for example, from 144.7 to 176 MPa at 6100 ~ 5400 cycles) or a high increment (for instance, from 114.5 to 165.5 MPa at 26100 ~ 25200 cycles) after heat-treating and the 1% RE addition.
Equation 10 can calculate fatigue resistance improvement (FRI) as follows,
	
	 (10)


The reason for this in current research is that adding 1% RE did not affect the number and size of casting defects and only created more distribution between these defects. In other words, adding 1% RE makes more distance between cast defects, which prevented to formation of continuous growth of long-narrow cracks in a chain from one cast defect to another (marked by E in Figure 6) [17]. At the same time, heat-treating did not affect the cast defects. You et al. [24] concluded that 1% Ce addition increased the distance between the cast defects (better distribution) and decreased the number and size of cast defects. 
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Figure 5. The cracks with different sizes and modes in the surface fracture of (a) AZ91-T6 alloy at 125 MPa-3.8×105 cycles and (b) AZE911-T6 alloy at 175 MPa-5×105 cycles




Table 5. The HCF tests result under the entirely reverse loading
	Alloys
	Max Stress (MPa)
	Experimental lifetime (cycle)
	Fatigue resistance improvement (%)

	AZE911-T6
	165.5
	67100
	14.3

	AZ91-T6
	144.7
	65000
	

	AZE911-T6
	165.5
	26100
	44.5

	AZ91-T6
	114.5
	25200
	

	AZE911-T6
	176.3
	6100
	21.8

	AZ91-T6
	144.7
	5400
	

	AZE911-T6
	185.7
	23600
	37.9

	AZ91-T6
	134.6
	24000
	



Heat-treating does not seem to affect the number, size, and shape of fatigue striations and only the distance between them. As a result, heat-treating had a direct effect on the distribution of fatigue striations, whether on facets (the area marked by A in Figure 6 and stretched in Figure 6b), on Mg-matrix (the areas marked by B and F in Figures 6 and stretched in Figure 6c), or under the tear-ridges (the area marked by D in Figure 6 and stretched in Figure 6d).
The effect of heat-treating on fine fatigue striations size has been much better than typical fatigue striations. The prominent facets show that the cracks prefer to propagate in a trans-granular state by intersecting from the middle of the grains. The serrated striations in Figure 7b show retention (close) and typical cyclic crack growth (opening) during cyclic plastic deformation. By comparing Figures 6 and 7, the accumulation of coarse and prominent fatigue striations in AZ91-T6 alloy has been much higher than in AZE911-T6 alloy. Li et al. [3] observed that after the ageing treatment, the crack growth region is composed mainly of small facets and serrated fatigue striations inside the grains in the surface fracture of AZ91D-T6 alloy.
According to Figures 6 and 7, for AZ91-T6 and AZE911-T6 alloys, the crack growth region in the fracture surface had some serrated striations and flat and smooth facets. Facets consisting of the fine striations were the typical mark of the HCF fracture surface. The number/amount of facets and serrated striations in AZ91-T6 alloy were much more than in AZE911-T6 alloy as shown and compared in Figures 6 and 7. In addition, less number/amount of facets and fine fatigue striations in AZE911-T6 alloy offer a rate discontinuity where fracture propagation could delay in response to a sudden change in enlargement of principal stress of the crack tip. After adding 1% RE, fatigue striations become much more visible at the fracture surface, and the fine striations are monotonous, continuous, in the same direction, and parallel on a facet. 
Facet sizes seem to be the same size as the grains. The area marked by D in Figure 7c and stretched in Figure 7d indicates a large and small crack between two striations of fatigue. It is evident that a longer crack is created between two fatigue striations with a more distance and a short crack between two fatigue striations with less space. In other words, the crack length was dependent on the distance between the fatigue striations.
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Figure 6. The fine striations (a) in the different conditions, fine striations on the (b) facetted, (c) on the Mg-matrix, and (d) under the tear-ridges in the surface fracture of AZ91-T6 alloy at 125 MPa-3.8×105 cycles
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Figure 7. (a) Cast defects and facetted striations, (b) serrated striations and Al11RE3 phase, and the existence of cracks between striations in the surface fracture of AZE911-T6 alloy at 175 MPa-5×105 cycles

Yang and Li [14], after adding 1% Nd, and Xu et al. [15], after adding 1% MM, observed that in the fatigue crack growth area, the fatigue crack path converted to some faceted and serrated striations. The prominent facets are in the order of the grain size in AZ91D alloy, while more minor marks show a serrated (jagged) fracture structure.
The heat-treating had two significant effects on AZ91-T6 and AZE911-T6 alloys. The first effect was an enhancement in the ductility and fracture toughness because of the volume fraction and shape factor of the particles of the eutectic Beta (Mg17Al12) phase. The second effect was an enhancement in yield strength by finding many fine needle-shaped precipitations of the Beta (Mg17Al12) phase. 
The first and second effects were due to the solution treatment and ageing treatment, respectively. Azadi et al. [19] revealed that the distance between the fatigue striations of the cylinder head aluminum alloy increased due to applying heat-treating, resulting in increased LCF lifetime. Xu et al. [15] observed that after 1% MM addition, the twin boundaries or steps formed the facetted external on the fracture surface. 
The applied high-stress levels (especially for AZE911-T6 alloy) caused the alloys to deform inside grooves oriented parallel to the HCF fracture propagating direction (Figures 8-11). The deformed precipitations created the deformed tracks. In one research, Yang and Li [14] illustrated that finding the fatigue steps was because of the propagating of the fatigue cracks and intersection along with the various facets. The existence of the striations demonstrated that the fatigue crack propagation of AZ91D+1%Nd alloy grew up slowly. 
In another research, You et al. [24] claimed that no conspicuous fatigue striations have been seen on the fatigue crack propagation areas in the fracture surface of AZ91D alloy. After 1%Ce addition, the striations were parallel and continuous in AZ91D+1%Ce alloy. There is an agreement between the researchers [13-15, 24] that the apparent striations found in the fracture surface of AZ91D alloy contain 1% rare earth elements addition (such as 1% MM, 1% RE, 1% Ce, and 1% Nd). 
In FE-SEM images, including fatigue striations, in Figures 8-11, the distance of fatigue striations was measured using the ImageJ software. It is placed in Table 6 along with the average and standard deviation. For example, two samples whose distance between fatigue striations is measured are shown in Figure 10. The short space between the fatigue striations indicates the initiation of cracks. In addition, the short and high space between the fatigue striations causes the formation of a new crack sooner and later, respectively [15-17]. 
Fatigue striations can be both large [17, 19] and narrow [29-32] in appearance up to the number of worked cycles. The differences and similarities of the fatigue striations by comparing the Figures 8-11 in the surface fracture of AZ91-T6 and AZE911-T6 alloys are as follows,
· The distances between fatigue striations of AZ91-T6 alloy were more than AZE911-T6 alloy.
· The number/amount of fatigue striations in AZE911-T6 samples was more than AZ91-T6 alloy.
· Fatigue striations in AZ91-T6 alloy had more curvature and disconnections due to frequent and successive collisions with grains and grains boundaries.
· The fracture surface of AZ91-T6 alloys had more indentations between each fatigue striation compared to AZE911-T6 alloys.
· Fatigue striations in AZ91-T6 alloy looked bigger and coarser compared to AZE911-T6 alloy.
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	Figure 8. The fatigue striations of AZE911-T6 alloy at 165.5 MPa-67100 cycles
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Figure 9. The fatigue striations of AZ91-T6 alloy at 114.5 MPa-25200 cycles
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Figure 10. The fatigue striations of AZE911-T6 alloy at 176.0 MPa-6100 cycles
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Figure 11. The fatigue striations of AZ91-T6 alloy at 144.7 MPa-5400 cycles

Table 6 includes the space of fatigue striations measured by the ImageJ software with the average value, the number of measurements, FE-SEM image scales, and standard deviation at different stress levels. The changes in the distance between fatigue striations have caused changes in fatigue lifetime [19]. In addition, adding 1% RE reduced significantly the distance between fatigue striations in the same fatigue lifetime. For example, after 1% RE addition, striations spacing has decreased from 3.335 to 2.011 μm (65% reduction) at 26100 ~ 25400 cycles, according to Table 6. In general, it concluded that the space between the fatigue striations was not dependent on the changes in the level of stress applied in the HCF tests [16-19, 25-28]. 



Table 6. The conditions of the results for striations on the fracture surface
	Alloys
	Stress (MPa)
	Experimental lifetime (cycle)
	Number of measurements (times)
	Image scale (µm)
	Average 
striation spacing (µm)
	The standard deviation of striation spacing (µm)

	AZE911-T6
	165.5
	67100
	4
	5
	2.186
	±0.401

	AZ91-T6
	144.7
	65000
	3
	
	4.732
	±0.819

	AZE911-T6
	165.5
	26100
	3
	5
	2.011
	±0.160

	AZ91-T6
	114.5
	25200
	3
	
	3.334
	±0.199

	AZE911-T6
	176.3
	6100
	4
	2
	1.324
	±0.150

	AZ91-T6
	144.7
	5400
	3
	
	2.620
	±0.200

	AZE911-T6
	185.7
	23600
	7
	2
	1.597
	±0.407

	AZ91-T6
	134.6
	24000
	4
	
	3.335
	±0.505



Equation 5 and the diagrams in Figures 12a and 12b found the constants of the Paris crack growth law (C and m) and the correction factor (KG). The Paris law includes the crack growth rate-stress intensity factor up to the applied stress levels and the striation spacing. Hence, by different data points at some fatigue lifetime, the Paris law was utilized for AZ91-T6 and AZE911-T6 alloys.
Figures 12a and 12b show the crack propagation rate-stress intensity factor diagrams in a logarithmic scale for AZ91-T6 and AZE911-T6 alloys, respectively. It said before, the crack growth rate (da/dN) is the same striation spacing (SS). However, the stress intensity factor obtained from the crack length in Equation 1 and the stress range in Table 5. The crack length is calculated as follows,
	
	 (11)


Based on the obtained results in the diagram of Figures 12a and 12b, the determination coefficient of all data of AZ91-T6 and AZE911-T6 alloys was more than 90%. The R2 value of both alloys was entirely appropriate in the HCF test and materials modeling. This tendency shows a complete reasonable accuracy of the offered model in current research. 
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Figure 12. The fatigue crack growth rate-stress intensity factor curve of (a) AZ91-T6 alloy and (b) AZE911-T6 alloy

The scatter band of HCF data of the predicted lifetime (Nf,pred) and the experimental lifetime (Nf,exp) are displayed in Figure 13. The expected HCF lifetime of the alloys obtained from Equation 7 and curve fitting by the Paris law is given in Figures 12a and 12b. Bag et al. [9] found that ageing and solution treatments increased the stress intensity factor (ΔK) of AZ91+10% SiCp alloy from 2.2 to 2.8 and 3.0 MPa √m, respectively. 
In addition, Yang and Liu [13] observed that within the same range of the crack growth rate (da/dN = 105-106 mm/cycle), the stress intensity factor of AZ91 alloy after the addition of 1% Ce increased from 2-4 to 3-6 MPa √m range. By comparing Figures 12a and 12b, the crack growth rate (da/dN) range of AZ91-T6 and AZE911-T6 alloys are 0.4-0.7 and 0.1-0.4 m/cycle, respectively. In other words, ageing at 5 hours at 215 °C and 1% RE addition decreased the crack growth rate (da/dN) range of AZ91 alloy by about 75%, increasing the fatigue resistance (Table 5). Uematsu et al. [10] understood that T5/FSP process decreased the crack growth rate and consequently increased the fatigue limit of AZ91 alloy significantly.
As shown in Figure 13, the scatter band of ±2.7X and ±1.5X of the experimental-predicted lifetimes encompassed all AZ91-T6 samples data and AZE911-T6 samples data, respectively. The scatter band of ±2.7X and ±1.5X refer to an unsuitable and suitable data dispersion for AZ91-T6 and AZE911-T6 alloys, respectively. The relevant error of the experimental-predicted lifetime, employing the model presented according to the striation impacts in the AZ91-T6 and AZE911-T6 surface fracture, is given in Table 7. Therefore, the Min and Max relevant errors for AZ91-T6 alloy were 73.2% and 162%, respectively. In addition, Min and Maxʼs relevant errors for AZE911-T6 alloy were 13.2% and 58.6%, respectively. The Max value (58.6%) as the relevant error was not appropriate but acceptable for modeling in the HCF regime that usually a scatter band was excited for estimated lifetimes of a material. At first glance, the values ​​of 73.2% and 162 as the Min and Max relevant errors (respectively) and ±2.7X as the scatter band of AZ91-T6 alloy may seem too much. In comparison, Farrahi et al. [42] reported the relevant error value of the experimental-estimated fatigue lifetimes of 18% to 270% with various models and ±2.65X for the LCF scatter band of the cylinder head aluminum alloy. Azadi et al. [19] reported the relevant error of the experimental-predicted LCF lifetimes as 0.8% to 31.5% using the Paris crack growth Law. All AZE911-T6 data points have been encompassed by the scatter band of ±1.5X in Figure 13, which showed an authentic offered model. However, it looks that the model provided according to the striation impacts on the fracture surface in AZE911-T6 alloy can be reliable and accurate. Therefore, it is utilized to predict the HCF lifetime of mechanical components and parts. The purpose of the scatter band was to possess a particular trend in the alloy performance. The goal was not to cover all AZ91-T6 data and AZE911-T6 data within one scatter. Azadi et al. [19] have performed similar research for A356.0-T6 alloy, under LCF tests, by a fracture mechanics approach, by measuring the striation spacing of samples. They calculated a geometrical correction parameter (KG) to enhance the relevant error and then modified the constants of the Paris law (m and C). They performed their research for eight standard samples at four different stress levels and three test temperatures (25, 200, and 250 °C). The mean error was reported as 15% [19]. Despite the same test samples, the error percentage was more than in the current research. 
The principle of superior relevant errors would be the quiddity of the LCF/HCF test, which usually has a scatter band for each applied stress level. The type of casting, such as vacuum, stirred, sand, and squeezed has a direct effect on the scatter band. During casting, the porosities are produced as a disposed site of crack initiation [34-36]. Because of this reason, AZE911-T6 alloy has a much narrower scatter band (±1.5X) and lower mean relevant error (24%) than AZ91-T6 alloy due to its high distribution of cast defects under the influences of 1% RE addition. Hence, the high number of LCF/HCF tests and the scatter band will be high authentic for the material. As a result, the higher numbers of LCF/HCF experiments improve the modeling accuracy. However, the performed calibration between experimental data and the offered model can reduce the relevant errors. In addition, material constants can be obtained using a regression method according to the experimental data for minimizing error parameters [19, 37, and 38]. For more analysis, increasing the number of LCF/HCF tests can expect higher accuracy. Furthermore, the offered method/model can be utilized to analyze the failure of mechanical parts to predict the fatigue lifetime as the component behavior when each striation distance refers to the crack in one single cycle of loading and unloading [39-41]. 
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Figure 13. The scatter band plot of HCF predicted-experimental lifetimes of AZE911-T6 and AZ91-T6 alloys
Table 7. The predicted lifetime versus experimental lifetimes
	Alloys
	Temperature (°C)
	Stress (MPa)
	Experimental
lifetime (cycle)
	Predicted lifetime (cycle)
	Relevant Error (%)

	AZE911-T6
	25
	165.5
	67100
	75993
	13.2

	AZ91-T6
	25
	144.7
	65000
	112604
	73.2

	AZE911-T6
	25
	165.5
	26000
	36994
	42.2

	AZ91-T6
	25
	114.5
	25200
	54758
	117.2

	AZE911-T6
	25
	176.3
	6100
	9675
	58.6

	AZ91-T6
	25
	144.7
	5400
	14151
	162.1

	AZE911-T6
	25
	185.7
	23600
	27457
	16.3

	AZ91-T6
	25
	134.6
	24000
	47664
	98.6



Farrahi et al. [42] presented a model to predict the LCF and thermo-mechanical fatigue (TMF) lifetime of cylinder head Al-Si-Mg alloy according to the plastic strain energy density in each cycle, under the influences of heat-treating and the applied mean stress levels and test environment temperatures. They claimed that this model, in comparison to other models, such as plastic and total strain energy, Smith-Watson-Topper, Manson-Coffin, and so on, have had a lower scatter band and more minor relevant error. They reported the range of the scatter band for the LCF and TMF lifetime of Al-Si-Mg alloys, ±1.32X, and ±2.65X, respectively. On the other hand, the Max and Min relevant error values for TMF lifetime were 17.7% and 3%, respectively and for the LCF lifetime were 62.3% and 11.4%, respectively. In addition, the standard error of LCF calibration was 0.72%, and the coefficient of determination of their model for the LCF and TMF lifetimes were 0.8618 and 0.8455, respectively.
McDowell et al. [43] developed a multifold model to predict the lifetime of heat-treated Al-Si-Mg alloy. At first, they found the size of dendritic cellule, grains, phase, crack length, and casting defects. Second, they modeled the cracks incubation (in inclusions and pores) and crack accumulation (in notches) based on plastic shear strain () and FEA in the failure mechanism by the Manson-Coffin equation. On the other hand, the periodic crack tip displacing was modeled. As the last step, they performed the computation of the fatigue lifetime of crack incubation (up to the coefficient of accumulation and growth of short cracks in the high-cycle (Cn) and low-cycle (Cm) regime). Then, they computed the fatigue lifetime of small physical-microstructural cracks (up to the displacing of the periodic crack tip and dendritic cellule diameter). Finally, they calculated the fatigue lifetime of lengthy cracks (up to the stress intensity factor and stress ratio). Therefore, they provided the final model and relationship for estimating and predicting the fatigue lifetime.
The effects of fatigue striations spacing, cast defects size, and crack size as one of the vital fracture marks on the LCF/HCF lifetime have been analyzed by many researchers [7, 8, 13-17, 23-28]. Therefore, the impacts of size and number of cleavage and quasi-cleavage, which are the most evident marks of brittle fracture, can be analyzed and then, discussed. 

4. Conclusions
In the current research, the HCF lifetime and the fatigue resistance of AZ91-T6 and AZE911-T6 magnesium alloys were studied. The results are given as follows,
· Rare earth elements addition increased the distance between the striations, and subsequently, the fatigue resistance of AZ91 alloy increased. The reasons are extreme grain size reduction by heat-treating and formation of new Al11RE3 phase by rare earth elements addition.
· After measuring the striations spacing on the fracture surface of specimens using the FE-SEM images, and the modified Paris crack growth rate law, the HCF lifetime and resistance of AZ91-T6 and AZE911-T6 alloys were not exactly but nearly calculated accurately; about 30% of the all mean relative errors value of experiments and modeling.
· The scatter band of estimated and experimental lifetimes showed a range of ±1.5X for AZE911-T6 alloy by the HCF regime, under different heat-treating and adding 1% rare earth elements.
· The offered model made the capability to predict the HCF lifetime of car parts through the striation spacing on the fracture surface after failures, which is helpful/useful for mechanical engineers in terms of modifying and enhancing the predestinated.
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