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Abstract: Fatigue behavior takes special relevance in structural parts for aircraft due to safety 

reasons. Despite its environmental advantages, dry machining of these parts may negatively affect 

their surface integrity, which may lead to a reduction in fatigue life. Nevertheless, there is a lack of 

research focused on the analysis of the cutting parameters influence on fatigue behavior in dry 

machining of aeronautical aluminum alloys, in spite of its importance. Therefore, in this work, an 

analysis of the cutting speed and feed influence on fatigue behavior of dry turned UNS A97075-T6 

alloy is presented. The stress-fatigue life curves have been obtained and corrected according to the 

applied cutting parameters values. Additionally, the surface roughness and two macro-geometrical 

deviations (cylindricity and concentricity) have been controlled. The experimental results have 

revealed that fatigue life is reduced when high values of cutting speed and feed are combined. 

Finally, a parametric potential equation for fatigue life, as a function of the load and the cutting 

parameters, has been developed. The relation has been obtained for the theoretical fracture section 

and, as the main novelty, corrected for the real one. 

Keywords: UNS A97075; dry machining; surface integrity; fatigue behavior; aluminum alloys; 

parametric equations 

 

1. Introduction 

Manufacturing processes global efficiency is related to four interconnected concepts: functional, 

energetic, environmental and economic performance [1,2]. Currently, one of the most important 

aspects to consider in manufacturing processes refers to their sustainability. This concept includes 

three important core ideas: economic, environmental and social impact. Hence, new manufacturing 

developments usually focus on the environment impact reduction and green production systems 

promotion. Nevertheless, the environmental performance improvement may result in functional, 

economic and energetic imbalances that should not be neglected [3,4]. In this regard, one of the 

industrial sectors that play a leading role in reducing environmental impact is the aeronautical 

industry, which is considered a strategic sector with highly special characteristics [5]. 

Light alloys, especially aluminum alloys (series 2000 (Al-Cu) and 7000 (Al-Zn)), have been 

traditionally used in the manufacturing of structural parts for aircrafts, due to their excellent 

weight/mechanical properties ratio [6,7]. Machining operations, among others, are commonly 

employed to manufacture these parts. Cutting fluids have been commonly used in these processes, 

in order to improve tool life and, as a result, the process economic performance. However, reducing 

(e.g., MQL, minimum quantity of lubricant techniques) or eliminating their use (dry machining) is 

the actual trend, because of their high toxicity and environmental harmful. Notwithstanding, the 

total absence of cutting fluids in machining operations generates severe conditions that may affect 

surface conditions of manufactured parts and, therefore, their performance in service [8–10]. 
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Strong quality requirements are usually demanded in the manufacturing of structural parts for 

aircrafts, due to reliability and security reasons. In this sense, surface integrity becomes a very 

relevant quality property. Surface integrity can be defined as the set of material properties, 

exhibited, acquired or modified after any forming process. These properties can be considered from 

three points of view: micro-geometrical (surface profile, microcracks, etc.), macro-geometrical 

(cylindricity, concentricity, straightness, etc.) and physical-chemical and mechanical properties 

(microhardness, residual stresses, corrosion resistance, fatigue behavior, etc.) [11–15]. 

Among the different considered properties in the surface integrity, fatigue behavior takes 

special importance in the aeronautical industry due to safety reasons. Microcrack generation, 

nucleation and crack growth affect the in-service behavior of this type of structural component [16]. 

Therefore, fatigue behavior usually has a high dependence on the surface quality [17]. Consequently, 

a great attention should be paid to the design specifications and quality control of the machined 

parts surface. In this regard, three parameters are often proposed to evaluate surface influence on 

fatigue behavior: surface roughness, residual stresses and microstructure [18]. These parameters 

depend on the cutting conditions applied during machining operation and can vary separately. 

The cutting parameters influence on surface roughness has been widely analyzed in the dry 

machining of aluminum alloys. Different research considers that the feed-rate (f) is the most 

influential cutting parameter on average roughness (Ra), regardless of the cutting speed (vc) and the 

cutting depth (ap) [19–23]. These studies have revealed that the feed-rate increment results in lower 

surface quality (Ra increments). This fact may promote the microcrack appearance on the machined 

part surface and, consequently, may affect fatigue behavior. 

Suraratchai et al. [18] considered the surface roughness of machined parts in terms of stress 

concentration, similar to a notch effect. A four-point bending fatigue test was carried out on different 

specimens of the UNS A97010 aluminum alloy. The specimens were machined in two directions 

(longitudinal and transversal), using cutting speed values of 12 and 50 m/min. The experimental 

results showed that lower surface roughness values resulted in better fatigue behavior. 

Notwithstanding, they concluded that the surface texture should not be considered as the 

predominant surface parameter, but residual stresses and microstructure should be also considered. 

Wiesner et al. [24] evaluated the influence of UNS A97075 turned parts surface topography on 

fatigue life. Root mean square deviation (Rq) was the selected parameter to evaluate the surface 

quality. Different turning tests were performed with a feed-rate between 0.01 and 0.40 mm/rev, and 

2 nose radius values, 0.40 and 0.80 mm. Furthermore, a heat treatment was carried out to eliminate 

the microhardness and residual stresses influence on fatigue behavior. Higher f values and lower 

nose radius resulted in Rq increments, which negatively affected fatigue behavior. 

The residual stresses in machining can be both compressive (negative residual stress) and 

tensile (positive residual stress). Different research considers that the tool nose radius and the 

cutting parameters are related with the residual stresses generation [25–29]. The increase of the 

feed-rate tends to generate tensile residual stresses [29], whereas the decrease of the cutting speed 

tends to generate compressive stresses [28]. In addition, the cutting speed seems to be the most 

influential cutting parameter on residual stresses. Notwithstanding, the residual stresses sign 

depends on the combination of both cutting parameters, vc and f. In this regard, several studies 

consider that the tensile residual stresses result in fatigue strength reduction, whereas the 

compressive residual stresses improve it [30–32]. Therefore, different cutting parameters 

combinations may affect positively or negatively the material fatigue behavior of machined parts. 

Nose radius and feed-rate influence on the fatigue behavior of 34CrNiMo6 alloy was studied by 

Javidi et al. in [33]. The experimental results showed that higher f values and lower nose radius 

results in a fatigue life increase, due to an increase of the compressive residual stresses, caused 

during machining process. 

Sun et al. in [34] studied the cutting speed influence on turning operations of nickel alloy 

GH4169. The specimens were tested at 15, 30 and 45 m/min. In this case, the cutting speed value of 

30 m/min showed the highest compressive residual stress and, as a result, the best fatigue behavior. 
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Gómez Parra in [35] studied the influence of f (0.05 and 0.20 mm/rev) and vc (120, 170 and 200 

m/min) on residual stresses of the UNS A92024 alloy, turned under dry conditions. On one hand, the 

residual stresses were analyzed at different depths from the surface (up to 1 mm deep). In the 

surface proximity (less than 0.2 mm), tensile residual stresses were observed. Nevertheless, 

compressive residual stresses were obtained for deeper values. In this case, higher vc and lower f 

exhibited a general trend to produce higher compressive residual stresses. In addition, vc was the 

most influential cutting parameter on the residual stresses behavior. On the other hand, the 

influence of cutting parameters on fatigue behavior was also analyzed. The research concluded that 

feed-rate was the most relevant cutting parameter. A fatigue life reduction was observed when the 

feed-rate was increased. The cutting speed influence was only significant for the low range of the 

feed-rate studied. For this range, a fatigue life decrement was observed for the cutting speed highest 

values. 

Surya et al. in [36] analyzed the influence of vc and ap on residual stresses of turned parts of the 

UNS A97075 alloy. The tests were conducted under different values of vc (50, 100, 200 and 300 

m/min) and ap (0.3, 0.6 and 0.9 mm). A constant feed-rate was considered, f (0.05 mm/rev). The 

results revealed that the residual stresses on the surface of machined parts were tensile. In a range of 

50–200 m/min, the tensile stresses increased with vc, whereas these residual stresses decreased for 

higher values of vc (300 m/min). Furthermore, the ap increase resulted in tensile stresses increments. 

Notwithstanding, vc was the most influential cutting parameter. 

In addition, machining operations modify surface metals microstructure due to plastic strain, 

grain growth, strain hardening and phase change [37]. The influence of surface microstructure on 

fatigue behavior can be evaluated by a surface microhardness test. A microhardness increase makes 

the microcracks appearance in the surface less likely. 

Surya et al. in [36] additionally evaluated the influence of vc and ap on surface microhardness. 

The increase of both cutting parameters resulted in a decrease of surface microhardness due to the 

heat dissipation during machining operation. Additionally, the authors concluded that vc was the 

most influential parameter. These results are in good agreement with those obtained by Campbell et 

al. in [38]. 

Finally, the microstructure change due to machining operations reaches a depth range between 

50 and 500 μm [38,39]. In this range, microcrack generation and nucleation takes place. Hence, the 

microstructure grain may affect fatigue behavior. 

Considering the aforementioned research, the surface condition can be related to fatigue 

behavior in different materials. This surface condition strongly depends on cutting parameters 

[19,40,41], especially in dry machining [42–44]. Despite its importance, the effects of these variables 

(surface roughness, residual stresses and microstructure) on fatigue behavior are commonly 

accounted using empirical reduction factors, modifying the material strength limit or fatigue life 

[45]. Furthermore, most of the research focuses on the analysis of cutting parameters influence on 

several output variables of the process (residual stresses, surface roughness and microstructure), 

usually separately. These variables have different trends depending on the cutting parameters, 

which affect fatigue behavior in different ways. In addition, the measurement of these variables 

usually requires very complex measurement systems (normally offline). However, there is a lack of 

research that focuses on the analysis of the cutting parameters influence on fatigue behavior, 

especially in the dry machining of light alloys, aluminum alloys among them. This may be due to the 

large number of tests to be performed, because of the large dispersion in the results that this kind of 

fatigue life test normally exhibits. 

Therefore, surface integrity includes aspects related to geometry, mechanical and 

physical-chemical properties on the surface. Geometric aspects include deviations at a microscale 

(roughness profile) and macroscale (dimensional tolerances and geometric deviations: straightness, 

roundness, cylindricity, concentricity, etc.). The analysis of the cutting parameters influence on 

variables such as surface roughness, residual stresses or the microstructure have already been 

addressed by other researchers, as well as the influence of these output variables on the fatigue 

behavior. However, the analysis of the geometrical deviations on fatigue behavior has not been 
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analyzed yet. In addition, the direct relationship between cutting parameters and fatigue behavior 

has not been carried out either. This kind of analysis is highly demanded by the manufacturing 

industry, because it usually provides easy-to-apply equations that allow predicting the behavior of 

the process output variable based only on the input parameters. 

Therefore, in this work, an analysis of the cutting speed and feed-rate influence on fatigue 

behavior of the UNS A97075-T6 alloy, machined under dry conditions, is presented. The analysis has 

been performed according to the ISO 1143:2010 standard (metallic materials—rotating bar bending 

fatigue testing) [46]. The tests have been carried out for different loads and cutting parameters 

combinations, in order to obtain the Wöhler curve for this material, corrected according to the 

cutting parameters applied. Additionally, the surface profile and different macro-geometrical 

deviations (cylindricity and concentricity) have been evaluated in the calibrated area of the 

specimens, in order to control their possible influence on fatigue behavior. Finally, a parametric 

potential equation for fatigue life is proposed. This relation allows predicting the fatigue life as a 

function of the stress in the fracture section and the applied cutting parameters values. The equation 

has been developed for the theoretical fracture section and it has been corrected for the real one. 

2. Materials and Methods 

The material selected for this research was the UNS A97075-T6 aluminum alloy, commonly 

used in the aeronautical industry to manufacture structural parts (such as wings, fuselage and the 

aircraft tail) [47]. The composition of the tested alloy is shown in Table 1, obtained by arc atomic 

emission spectroscopy (AES). 

Table 1. UNS A97075-T6 composition (mass %). 

Zn Mg Cu Cr Si Mn Al 

6.03 2.62 1.87 0.19 0.09 0.07 Rest 

Different standards allow one to evaluate the fatigue behavior of metallic materials, Table 2 

[46,48–50]. For this research, the standard ISO 1143:2010 “Metallic materials – rotating bar bending 

fatigue testing” has been selected, due to several reasons: implementation ease; the test duration can 

be reduced by increasing the rotational speed of the test bench; aeronautical parts are usually 

subjected to bending stresses [51,52] and equipment availability. 

Table 2. Fatigue test and associated standards. 

Fatigue test behavior Standard 

Rotating bar bending test ISO 1143:2010 

Axial force controlled method ISO 1099:2006 

Axial strain controlled method ISO 12106:2003 

Torque controlled fatigue testing ISO 1352:2011 

A rotating bar bending equipment was used to perform the fatigue test. This equipment was 

designed and manufactured according to the ISO 1143:2010 standard [46], in the University of 

Malaga, by reusing the kinematic chain of an old parallel lathe that was out of service [53]. The 

equipment allows applying a single-point load in the extreme of the specimen, Figure 1a. The 

specimen geometry and dimensions are shown in Figure 1b. 
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(a) (b) 

Figure 1. (a) Fatigue test bench and (b) specimen geometry and dimensions (mm). 

2.1. Machining Test 

Different machining tests were carried out in a turning center. All the tests were performed 

under dry conditions in order to use friendly environmental techniques and thermal treatments 

were not used on machined parts to preserve their surface conditions. Extruded bars were used, 

coming from a single batch. A scanning electron microscopy (SEM) analysis was performed to 

guarantee microstructure homogeneity in the extrusion main direction. These bars were subjected to 

roughing machining operations (performed under the same cutting conditions) up to the specimen 

dimensions before the finishing operation. This guarantees starting the tests in the most 

homogeneous conditions as possible. This finishing operation was the object of study, modifying the 

different cutting parameter values. 

The selected cutting tool and its configuration were the usual in the turning of this alloy and 

compatible with the specimen geometry to be machined. A rhombic uncoated WC-Co tool (ISO 

DCMT 11T308-14 IC20) was used in a neutral position during the turning operation. A new cutting 

edge has been used for each test in order to ensure the same initial conditions. 

For the finishing operation, different cutting parameter combinations were selected to evaluate 

their influence on fatigue behavior. Table 3 shows the cutting speed (vc) and the feed-rate (f) selected 

values. Due to the large amount of test to be performed, the cutting depth (ap) remained constant. In 

this regard, it is necessary to highlight that previous research has revealed that ap is the cutting 

parameter with less influence on surface condition [54], in the dry turning of this alloy. Additionally, 

the cutting speed and the feed-rate are more relevant in other output variables that affect fatigue 

behavior, such as residual stresses, microhardness and surface microstructure [25,28,29,33]. 

Table 3. Cutting parameters. 

vc (m/min) f (mm/rev) ap (mm) 

40 

60 

80 

0.05 

1.0 
0.10 

0.15 

0.20 

The selected values for the cutting parameters are commonly used in the machining of these 

alloys for particular aeronautical applications. In addition, these cutting conditions were selected in 

order to compare the results of this study with previous related works [55,56]. In this context, it 

should be pointed that although low cutting speed is not recommended for machining aluminum 

alloys, these alloys are often used hybridized with other materials, such as carbon fiber reinforced 

polymers (CFRP) to form fiber metal laminates (FML), in which this low cutting speed is required. In 

addition, these low cutting speed values are compatible with the low diameter values required in the 

standard, in order to maintain a reasonable spindle speed [10,33,35]. 

Twelve Wöhler curves have been obtained (corresponding to each of the 12 possible 

combinations of cutting parameters). Those 12 Wöhler curves were determined by 4 points 

(corresponding to each of the four loads). Four repetitions for each test were carried out for each 



Metals 2020, 10, 631 6 of 22 

 

cutting parameter combination, according to the ISO 12107:2012 standard [57], to ensure the 

repeatability of the tests (95% confidence level and a 50% failure probability). Therefore, 4 loads, 12 

cutting parameter combinations and 4 repetitions were carried out (192 specimens tested). 

After the turning test was performed, a geometrical control was carried out to ensure that the 

specimens were manufactured according to the design dimensions. The diameter was controlled 

with an outside micrometer (scale division = 0.001 mm). Additionally, the micro-geometrical 

deviations were controlled. The average roughness (Ra) was used as the characteristic parameter of 

the roughness profile. A roughness tester (Mitutoyo SJ-210) was used to obtain the roughness 

profile. Different measurements were carried out along four generatrix of the specimen (90° apart). 

The Ra value was expressed as the average of the different performed measurements. 

Finally, the specimen concentricity and cylindricity were controlled using an online method. 

These geometrical deviations were obtained by the measurement of the roundness and the circular 

runout in six sections of the calibrated area, separated 4 mm from each other, using a millesimal dial 

gauge with a measuring range of 12.5 mm, scale division of 0.001 mm and a maximum permissible 

error (MPE) of 4 μm (Figure 2a). The experimental setup was validated using a geometrical 

deviation measurement machine (offline method), Figure 2b. The differences were less than 10%. 

  
(a) (b) 

Figure 2. (a) Concentricity and cylindricity control in the calibrated area and (b) experimental setup 

validation in a geometrical deviation measurement machine. 

Four different loads (Table 4) were applied in order to get the Wöhler curve, which relates the 

fatigue life (number of cycles, N) versus the stress (S). Therefore, 192 specimens were tested in this 

work. Taking into account the load applied, the mass of the element that supports the load (0.54 kg), 

and the geometry of the specimen (Figure 1b), Equation (1) allows calculating the bending stress 

applied in the expected fracture section. 

 
3

32 F L x
S

d

  



, (1)

where the different variables correspond to (Figure 3): 

 S: Stress in the fracture section (MPa); 

 L: distance between the load applied section and the fixed test point (mm); 

 x: distance between the fixed test point and the maximum stress point (mm); 

 d: calibrated zone diameter (mm); 

 F: Load and support load applied in the test (N). 
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Figure 3. Variables to calculate the stress in the fracture section. 

In this work, the values for the different parameters in Equation (1) were: L = 121 mm, x = 12.5 

mm and d = 7.5 mm. Table 4 shows the fracture section stress as a function of the applied loads and 

the support load (fixed for each test). 

Table 4. Fracture section stress as a function of the applied loads. 

Load (N) Support Load (N) Stress (MPa) 

88.20 

5.10 

244.40 

93.10 257.24 

98.00 270.08 

102.90 282.91 

Once the specimen was placed in the fatigue test bench and before starting the test, the 

concentricity between the extreme of the specimen and the chuck was controlled (Figure 4a), 

according to the ISO 1143:2010 standard [46]. In order to do that, 2 dial gauges were used to take 

geometrical deviations each 30°. The concentricity was lower than that required by the standard in 

all cases. Furthermore, during the test, a temperature control was performed with a thermographic 

camera (Figure 4b), remaining the temperature of the test around 23 °C. Hence, the limit 

temperature (35 °C) established by the standard (ISO 1143:2010) was not exceeded in any test. Below 

this limit the standard indicates that it is not necessary to take into account the temperature effect 

and its effect on fatigue behavior can be considered negligible. The tests were carried out at a 

rotational speed of 2800 rev/min. The number of cycles (N) was registered once the specimen 

fractured. 

   
(a) (b) 

Figure 4. Rotating bar bending test control: (a) concentricity control setup before starting the test and 

(b) specimen temperature during the test. 
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Finally, a fractography analysis of the fracture sections was performed to ensure the correct 

fatigue fracture procedure. The fracture section was off-line monitored by using stereoscopic optical 

microscopy (SOM) techniques. For this purpose, a stereoscopic microscope NIKON, SMZ 2T model, 

with a Kappa Image Base CF11 DSP camera and a PCI SC module capture card was used. Figure 5a 

shows an image of a fracture section (13×) and Figure 5b focuses on the fatigue initial crack (30×). 

  

(a) (b) 

Figure 5. Fractography test: (a) fracture section (13×) and (b) fatigue initial crack (30×). 

It is important to highlight that with SOM images, the fatigue initial crack, the crack growth and 

the final fracture surfaces can be observed [39]. In spite of this, a deep fracture section analysis 

requires scanning electron microscopy (SEM). However, it was not carried out due to it not being the 

main objective of this work. 

3. Results and Discussion 

As indicated in the methodology section, several quality controls were carried out at 

macro-geometric (diameter and form deviations) and micro-geometric (roughness profile) scales, 

according to the ISO 1143:2010 standard. Regarding the diameter of the calibrated area, all the 

experimental values were within the standard requirements (d ± 0.02 mm). The experimental results 

for the surface roughness and the fatigue behavior are reported below, as well as a summary of the 

form deviations, widely analyzed in previous works [56]. 

3.1. Surface Roughness 

Figure 6 shows the average experimental results for Ra as a function of vc and f. A general trend 

to increase Ra with f was observed, regardless of vc. The best result was obtained for the lowest feed 

value (0.05 mm/rev), close to the reference surface roughness obtained by polishing with a fluid, for 

this kind of aluminum alloy. A slight increase of Ra was observed when f increased from 0.05 to 0.10 

mm/rev. Nevertheless, this growth was more noticeable from 0.10 to 0.20 mm/rev. The Ra highest 

values were obtained for 0.20 mm/rev, regardless vc. 

Regarding the cutting speed, its influence on Ra was less noticeable. It was observed that at low 

feed (0.05–0.10 mm/rev) the cutting speed influence on both the mean value and the dispersion was 

lower. For the high range of feed (0.15–0.20 mm/rev) the cutting speed influenced results in a greater 

dispersion in the roughness values, being more noticeable at 0.15 mm/rev for the roughness average 

values. 

Therefore, Ra strongly depended on f, being this cutting parameter the most influential on 

micro-geometrical deviations, in good agreement with previous research [18,24]. 
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Figure 6. Surface roughness (Ra) in the function of vc and f. 

3.2. Fractography 

The specimens were analyzed after the fatigue testing, employing SOM techniques, in order to 

characterize the fatigue fracture surfaces. Such characterizations involve the identification of the 

crack initiation areas, the crack growth and ductile fracture zone in the fatigue fracture mechanism 

(Figure 7). 

 

Figure 7. Fatigue fracture surface characterization (13×). 

Figure 8 shows an example of the fracture surface of several specimens, which were tested with 

different loads. Figure 8 represents only one of the possible combinations of cutting parameters, but 

it is representative of the other combinations. These specimens were turned with vc = 80 m/min and f 

= 0.20 mm/rev. As it can be observed, the features of the fracture surface of the specimens were very 

similar, regardless of S, with the exception of the ductile fracture zone size, which seems to be 

smaller at higher alternating stress, as expected. It is necessary to highlight that these observations 

were valid within the range of S values tested. 

All cases analyzed show that crack initiation appeared in a point of the surface specimen. 

Different curve bands on the crack growth surface, corresponding with surface waves, were clearly 

observed. This effect can be considerate due to the fatigue failure that occurred as a transgranular 

propagation of the fatigue crack [58]. Thus, the cutting parameters did not affect the features of the 

fracture surface, being S the most influential parameter. 
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(a) (b) 

  

(c) (d) 

Figure 8. SOM images of the fatigue fracture surface (13×): (a) S = 244.10 MPa; (b) S = 257.24 MPa; (c) 

S = 270.08 MPa and (d) S = 282.91 MPa. 

3.3. Fatigue Behavior Parametric Analylsis 

Figure 9 shows the evolution of N as a function of vc and f, for each applied load. Regarding f, a 

general trend to decrease N with f was observed, regardless of vc. This trend was more evident 

within the low range of load applied (244.40 and 257.24 MPa). Therefore, the surface topography 

was especially relevant in the crack initiation of fatigue failure at lower stresses and, as a result, f 

becomes more regardless. At higher stresses, this influence became lower and, therefore, surface 

roughness became less relevant. At high loads, other factors may be more prominent, such as the 

geometrical deviations, residual stresses or microstructure, which are more influenced by the cutting 

speed [56]. Notwithstanding, some singularities in this trend are observed for the low range of f 

applied (0.05–0.01 mm/rev), for vc = 40 and 60 m/min, where a reduction of N was observed for some 

of the loads studied. This can be explained taking into account that the highest dispersion occurs for 

these vc values. Under these cutting conditions, the distance between the real and expected fracture 

section was also the highest. 

With regard to vc, a general trend to decrease N with vc was observed, regardless of f. Only for vc 

= 60 m/min this trend was the opposite within the low range of f (0.05–0.10 mm/rev) and S (244.40 

and 257.24 MPa). In addition, the worst results were obtained when the highest f and vc were 

combined. Furthermore, in Figure 9c, for vc = 40 m/min and f = 0.10 mm/rev, the increase of N could 

be explained because the distance between the expected fracture section and the real one was higher, 

reducing the equivalent stress and increasing N. 

Additionally, the increase of S (in connection with the load increase) gave rise to a reduction of 

N in the whole range of the cutting parameters values, as expected. However, the effect of the 

applied cutting parameters in the machining process should not be neglected. For each tested value 

of S, vc and f have modified the fatigue behavior of the turned parts. In general, they have negatively 
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affected the fatigue behavior, reducing N. On one hand, an f increment results in higher Ra values, 

which makes easier the crack initiation. On the other hand, a vc increase gives rise to a microhardness 

reduction, an increment of geometrical deviations (due to higher vibrations) and an increase of 

tensile stresses [36,55,56], which results in N reductions. Those effects are enhanced when both 

cutting parameters (f and vc) increase simultaneously. 

   

(a) (b) 

   

(c) (d) 

Figure 9. Number of cycles (N) as a function of vc and f, for different S values: (a) 244.40 MPa; (b) 

257.24 MPa; (c) 270.08 MPa and (d) 282.91 MPa. 

These experimental results suggest the possibility of obtaining an equation that relates fatigue 

life not only with the stress (or the load) but also with the cutting parameters. 

First, the relation S-N (Basquin’s equation) has been obtained for each cutting parameters 

combination. For this marginal equation the cutting speed and feed have remained constant. A 

potential relation, as shown in Equation (2), is usually used [39]. This equation allows obtaining a 

relation between S and N. 

S C N  , (2)

In Equation (2), C and  are constant. This type of potential equations can be fit from the 

experimental data using a linear regression (log-log). Table 5 shows the results for these constants, 

according to ISO 12107:2012 [57]. These parametric relationships show, in general terms, a 
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reasonable fit (R² = 0.7–0.8) for most cutting parameters combinations, taking into account the usual 

dispersion of fatigue test results. 

For an easier understanding, results are shown as S-log N (Wöhler curve) for each cutting 

parameter combination considered (Figure 10). 

Table 5. S-N potential equation results. 

vc (m/min) 
f 

(mm/rev) 

Equation Coefficients 

C  R² 

40 

0.05 474.55 −0.043 0.87 

0.10 633.80 −0.068 0.58 

0.15 910.49 −0.099 0.77 

0.20 882.05 −0.098 0.78 

60 

0.05 574.64 −0.063 0.42 

0.10 502.37 −0.050 0.75 

0.15 522.37 −0.055 0.72 

0.20 634.84 −0.071 0.50 

80 

0.05 785.13 −0.088 0.54 

0.10 903.65 −0.101 0.87 

0.15 904.59 −0.103 0.74 

0.20 853.76 −0.097 0.80 

 

 

(a) (b) 

 

  

(c)  

Figure 10. S-N parametric relationships vs. experimental data: (a) vc = 40 m/min; (b) vc = 60 m/min 

and (c) vc = 80 m/min. 
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On one hand, for vc = 40 m/min (Figure 10a), the results revealed a clear influence of f in the S-N 

relation, where an increase of f tended to reduce the N values, regardless of S. This fact is more 

noticeable for the lowest S (244.40 MPa), where the highest difference for N was obtained. In this 

regard, higher differences in the fatigue life (N) were observed for low f values (0.05–0.10 mm/rev) 

whereas these differences were lower for higher values (0.15–0.20 mm/rev). These differences 

became less relevant when S increased and N tended to converge to the highest S (282.91 MPa). In 

that point, N exhibited less sensitivity to change with f. This fact was in good agreement with that 

mentioned above. For lower S values, the surface conditions took more relevance. Higher f resulted 

in higher Ra (worse surface quality), which makes easier microcrack generation and nucleation [59]. 

However, crack initiation occurred faster for higher values of S and surface topography became less 

relevant. 

On the other hand, for vc = 60 m/min (Figure 10b), a lower f influence on the S-N relation was 

observed. In general, as with vc = 40 m/min, a higher f influence could be observed at low S values 

(244.40 MPa), tending to converge at higher S values (282.91 MPa). Notwithstanding, the worst 

results were obtained for f = 0.05 mm/rev. Hence, f became less predominant and vc took more 

relevance. In addition, although the dispersion was greater for vc = 60 m/min, it is within the 

common dispersion for fatigue tests. Similar studies carried out on the cutting parameters influence 

on the microhardness and microstructure of the machined surface (which affect fatigue behavior) 

coincide in obtaining a greater dispersion in the results for vc = 60 m/min [55]. The authors explain 

this behavior due to a combined effect of mechanical effects (feed) and thermal effects (cutting 

speed) that influences on surface microhardness and microstructure and, therefore, on fatigue 

behavior. 

Finally, for vc = 80 m/min (Figure 10c), the proposed equations and the experimental results, 

seemed to remain parallel along the whole S range. Additionally, in this case, the worst results were 

obtained for f = 0.15 mm/rev. 

Considering that vc had a very low influence on Ra, everything seemed to indicate that other 

variables (not only micro-geometrical deviations) took parts in the S-N evolution, especially for 

higher values of vc (60–80 m/min). As previously mentioned, different research establishes that 

fatigue behavior is related with other surface conditions, as residual stresses, microstructure and 

surface microhardness [36,38], which are more influenced by vc. This fact is relevant enough because, 

traditionally, Wöhler curves are corrected only as a function of the micro-geometrical surface 

deviations [59] and, hence, the effect of vc is usually neglected. 

Since experimental data have revealed the influence of both cutting parameters on the fatigue 

life of the specimens, it is reasonable to modify the S-N relation as a function of vc and f. In the 

present work, obtaining a relationship of the studied output variable (fatigue behavior) as a function 

of the input variables (load and cutting parameters) may be interesting. Therefore, a new equation is 

proposed as an adaptation of the Basquin’s equation that may be useful from an industrial point of 

view. Initially, different marginal equations (vc constant) that relate N with S and f have been 

developed, Equation (3). 

x yN C S f   , (3)

In Equation (3), C, x and y are constants. Table 6 shows the results for these constants. The 

exponent for f (y) shows higher value for vc = 40 m/min, which highlights the f greater influence on N 

at low cutting speeds. At higher cutting speed, y takes a lower value, the f influence being practically 

negligible for vc = 60 m/min. These results were in good agreement with the experimental data. In 

addition, the equations show a reasonable fit, considering the usual dispersion in the fatigue test 

results, due to the synergistic action of different factors, such as surface roughness, geometric 

deviations, residual stresses, surface microstructure changes or vibrations [39,60]. 

Table 6. Values of the constants for the marginal equation, N = h(S,f). 

vc (m/min) C x y R² 

40 3.66·1031 −11.09 −0.90 0.79 
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60 4.92·1031 −10.83 −0.03 0.63 

80 1.82·1023 −7.55 −0.34 0.91 

Finally, potential parametric relationships, N = g(S,vc,f), have been proposed, which includes the 

effect of vc, as follows (Equation (4)). 

x z y
cN C S v f    , (4)

In Equation (4), C, x, y and z are constants. Table 7 shows the results for these constants. It is 

observed that z shows higher value than y (more than double). Therefore, the equation reveals that vc 

has higher relevance than f in the fatigue life (N). In addition, both exponents are negative and, 

therefore, vc and f tend to reduce the fatigue life of the specimens. 

Table 7. Values of the constants for the equation, N = g(S,vc,f). 

C x z y R² 

2.89 × 1030 −9.83 −0.92 −0.42 0.71 

The results from Table 7 revealed that Equation (4) has shown a reasonable fit (R2 = 0.71) within 

a wide range of cutting speed, regardless of f, taking into account the normal dispersion of fatigue 

tests. For vc = 40 m/min, this equation allows one to get a good approximation for N, as it could be 

observed for the marginal equations from Table 6 (R2 = 0.79), being higher for vc = 80 m/min (R2 = 

0.91). 

However, for vc = 60 m/min, the equation fit shows a lower value (R2 = 0.63). For this cutting 

speed the dispersion of experimental results was greater but, as previously commented, within the 

common dispersion for fatigue tests. In fact, for this vc value (60 m/min), the combination of the 

thermal and mechanical effect (cutting speed and feed, respectively) gave rise to singularities in the 

microhardness and microstructure of the machined surface (which affect fatigue behavior) [55]. 

Regardless of the fit value, this equation allows for explaining the relative importance of each cutting 

parameter on N. 

As previously mentioned, this relation indicates that surface roughness was not the only 

variable that affected fatigue behavior, but other variables, such as residual stresses, microhardness 

and surface microstructure, should be considered. Furthermore, this equation highlights the 

importance of the cutting parameters (vc, f), especially when high vc and f values are combined. 

3.4. Effect of the Real Fracture Section Position on Fatigue Behaviour 

ISO 1143:2010 standard demands strong requirements for geometrical tolerances of the rotating 

bar bending specimen, in order to minimize their effect in fatigue behavior. In this regard, the 

standard establishes maximum geometrical deviations values for roughness (Ra < 0.32 μm), 

concentricity (CON < 15 μm) and cylindricity (CYL < 20 μm). In addition, due to economic reasons, 

industrial machining operations use cutting conditions that can result in higher geometrical 

deviations. Therefore, both micro and macro-geometrical deviations influence should be considered 

in the fatigue behavior analysis. In order to do this, concentricity and cylindricity were measured 

before the fatigue tests. Table 8 shows the average values for the micro and macro-geometrical 

deviations. 

Table 8. Geometrical deviations of the fatigue test specimens. 

vc (m/min) f (mm/rev) Ra (μm) CON (μm) CYL (μm) 

40 

0.05 0.38 5.05 19.41 

0.10 0.63 6.86 35.09 

0.15 1.15 8.14 48.19 

0.20 1.54 15.92 41.64 

60 

0.05 0.38 5.55 12.19 

0.10 0.59 8.56 49.98 

0.15 0.86 9.82 20.93 
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0.20 1.49 24.54 90.96 

80 

0.05 0.42 3.63 31.74 

0.10 0.55 7.53 40.23 

0.15 1.03 31.18 62.86 

0.20 1.58 45.83 94.21 

As it can be observed in Table 8, Ra values were higher than the standard requirements in the 

whole range of cutting parameters tested. Similar behavior could be observed in CYL, except for low 

f (0.05 mm/rev) and vc (40 and 60 m/min). On the other hand, CON seemed to be lower than standard 

requirements, except for the highest value of vc (80 m/min). Hence, these macro-geometrical 

deviations may be an important factor to consider, mainly in the high range of the applied cutting 

parameters values. These high values for the macro-geometrical deviations may result in the 

specimen fracture in a different area from that expected (maximum stress), Figure 11. 

 

Figure 11. Rotating bar bending test fractured. 

Hence, in this work, as a novelty, different stress values were calculated (Equation (1)), as a 

function of the real position where a fracture occurs. These stress values were related to the number 

of cycles (N), giving rise to new experimental Wöhler curves, Figure 12. 

 
 

(a) (b) 
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(c)  

Figure 12. S-N parametric relationships vs experimental data, for the stress in the real fracture 

section: (a) vc = 40 m/min; (b) vc = 60 m/min and (c) vc = 80 m/min. 

As a result, new potential relationships were developed. Table 9 shows the values of the 

constants for the new S-N potential equation, as a function of f and vc, according to Equation (2). 

These relations show a worse fit than the previous one (Table 5) due to higher dispersion in the 

experimental data, typical of fatigue behavior tests. The influence of the cutting parameters on the 

position of the fracture section, mainly at high f and vc, should not be disregarded and their effect 

should be included in the equation. 

Table 9. New equation coefficients. 

vc (m/min) 
f  

(mm/rev) 

Equation coefficients 

C  R² 

40 

0.05 511.62 −0.052 0.82 

0.10 835.79 −0.094 0.54 

0.15 826.56 −0.094 0.44 

0.20 1195.30 −0.130 0.54 

60 

0.05 1228.90 −0.128 0.70 

0.10 467.48 −0.049 0.50 

0.15 612.48 −0.073 0.56 

0.20 837.63 −0.099 0.57 

80 

0.05 981.74 −0.108 0.65 

0.10 969.21 −0.112 0.73 

0.15 1276.6 −0.137 0.65 

0.20 1245.3 −0.136 0.68 

Considering these results, a new parametric relationship was proposed, according to Equation 

(3). Table 10 shows the values of C, x and y. 

Table 10. Values of the constants for the marginal equation, N = h(S,f), for the stress in the real 

fracture section. 

vc (m/min) C x y R² 

40 1.96 × 1024 −8.24 −1.10 0.73 

60 8.63 × 1026 −9.05 −0.24 0.57 

80 6.85 × 1019 −6.30 −0.59 0.90 

Compared to the previously obtained marginal equations, these new relations exhibited higher 

f dependence. The exponent for f (y) was higher in the whole range of the tested cutting speeds. 
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Even, this influence was significant for vc = 60 m/min, whereas it was negligible for the previous one. 

In addition, the difference with S exponent (x) was lower. Hence, these equations fit better to reality 

and revealed higher influence of micro-geometrical deviations on fatigue behavior. Although the 

equations fit were slightly lower than the previous one, they show a reasonable fit, mainly for 40 and 

80 m/min. 

Figure 13 plots the parametrical potential equations exposed in Table 10. As previously 

commented, these relations show stronger dependence on S. Notwithstanding, the f influence on N 

was more noticeable at lower S (200 MPa), especially for low vc (40 m/min), whereas f exhibited 

lower influence at higher S. 

Additionally, Figure 13 shows the vc influence on fatigue life (N). This influence was more 

noticeable in the low range of S (200–250 MPa), and became less important above 250 MPa, 

regardless of f. As previously commented, this influence might be explained by considering that 

surface conditions take special importance in microcrack initiation at low S values, being these 

surface conditions were related to the cutting parameters (mainly f). On the other hand, at higher 

values of S, surface conditions are less important, because microcrack initiation and nucleation 

quickly happen. 

Finally, a potential parametric equation N = g (S,vc,f) was proposed, which includes the effect of 

vc, as follows, according to Equation (4). Table 11 shows the results obtained for C, x, y and z. 

Table 11. Values of the constants for the equation, N = g(S,vc,f), for the stress in the real fracture 

section. 

C x z y R² 

2.08 × 1025 −7.86 −0.94 −0.65 0.67 

  

(a) (b) 
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(c) 

Figure 13. Potential relationships for N = g(S,f), for the stress in the real fracture section: (a) vc = 40 

m/min; (b) vc = 60 m/min and (c) vc = 80 m/min. 

First, compared to the equation from Table 7, S influence was reduced and the influence of the 

cutting parameters (vc, f) in fatigue behavior became more relevant, especially for f. This higher 

influence may be explained in part by the effect of macro-geometrical deviations on fatigue life. An f 

increase results in CON and CYL increments [56], regardless of Ra. Therefore, the influence of 

micro-geometrical deviations (and hence of f) on fatigue behavior is relevant, but the effect of f and vc 

on macro-geometrical deviations and these on fatigue behavior should not be neglected.  

In addition, these new parameters for Equation (4) (Table 11) present the next advantages 

regarding the original coefficients (Table 7). On one hand, a better approximation to the roughness 

effect on N (vc = 60 m/min and f = 0.05 mm/rev, vc = 80 m/min and f = 0.15 mm/rev), showing the 

expected evolution of N as a function of f (close related with Ra). On the other hand, for vc = 60 and 80 

m/min, at high S values, the cutting parameters influence was less significant, presenting N = g(S,vc,f) 

a greater convergence, as shown in Figure 12 b,c. 

This equation allows predicting fatigue life as a function of the stress in the real fracture section 

(Wöhler curves) and corrects this value as a function of the input variables to the manufacturing 

process (cutting parameters, vc and f). The results from Table 11 show that, for the real fracture 

section position, also Equation (4) has shown a reasonable fit (R2 = 0.67). For vc = 40 and 80 m/min, the 

corrected equation provides a good approximation for N (R2 = 0.73 and 0.90 respectively, Table 10). 

Additionally, the equation fit for vc = 60 m/min was the lowest (R2 = 0.57) and the dispersion of 

experimental results greater, within the common values for fatigue tests. 

4. Conclusions 

In this work, the influence of the cutting speed and feed on fatigue behavior of dry turning of 

the UNS A97075 (Al-Zn) alloy was analyzed. The study was performed using a rotating bar bending 

test with different applied loads. Additionally, the relative influence of micro and 

macro-geometrical deviations was discussed. 

A general trend to increase Ra with f was observed, regardless of vc. Therefore, Ra strongly 

depended on f, this cutting parameter being the most influential on micro-geometrical deviations, 

which is in good agreement with previous research. 

Each tested value of S, vc and f modified the fatigue behavior of the specimens. In general, they 

negatively affected the fatigue life, reducing N. Regarding f, a general trend to decrease N with f was 

observed, regardless of vc. This trend was more evident within the low range of load applied. An f 

increment resulted in higher Ra values, which made the crack initiation easier. Therefore, the surface 

topography was especially relevant in the crack initiation of fatigue failure at lower stresses and, as a 

result, f became more relevant. At higher stresses, this influence became lower and, therefore, 

surface roughness was less relevant. At high loads, other factors may be more prominent, such as the 

geometrical deviations, which are more influenced by the cutting speed. 

With regard to vc, a general trend to decrease N with vc was observed, regardless of f. In 

addition, the worst results were obtained when the highest f and vc were combined. An increase of vc 

resulted in an increment of geometrical deviations, which finally led to N reductions. Considering 

that vc had a very low influence on Ra, everything seemed to indicate that other variables (not only 

micro-geometrical deviations) took parts in the S-N evolution, especially for higher values of vc 

(residual stresses, microhardness and macro-geometrical deviations). This fact is relevant because, 

usually, the S-N curves were corrected only as a function of the micro-geometrical surface deviations 

and, hence, the effect of vc was usually neglected. 

Several S-N parametric relations were proposed, for each cutting parameters combination. 

Furthermore, a potential parametric equation for N = g(S,vc,f) was proposed, which includes not only 

the effect of the stress on fatigue life but also the effect of the cutting speed and feed. This equation 

has shown a reasonable fit, taking in to account the usual dispersion in the fatigue test results, due to 
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the synergistic action of different factors, such as surface roughness, geometric deviations, residual 

stresses, surface microstructure changes or vibrations. 

Additionally, the concentricity and cylindricity of the specimens were compared to the 

standard tolerance requirements. In most of the tests performed, the results were higher than those 

required in the standard. Hence, these macro-geometrical deviations may be an important factor to 

consider, mainly in the high range of the applied cutting parameters values. These high values for 

the macro-geometrical deviations resulted in the fracture of the specimen in a different area from 

that expected. Therefore, the stress values were recalculated as a function of the real position where 

fracture occurred and a new parametric equation for N = g(S,vc,f) was developed. This equation 

allows predicting fatigue life as a function of the stress in the real fracture section (Wöhler curves) 

and corrects this value as a function of the input variables to the manufacturing process (cutting 

parameters, vc and f), being these results are more conservative from a safety point of view. 

These new relationships exhibited a lower dependence on S and higher dependence on the 

cutting parameters and fit better to reality. An increase of f resulted in CON and CYL increments, 

regardless of Ra. Therefore, the influence of micro-geometrical deviations (and hence of f) on fatigue 

behavior was relevant, but the effect of f and vc on macro-geometrical deviations and these on fatigue 

behavior should not be neglected. 

Finally, it is important to point out that the main objective of this work was not to get a complex 

model that explains the influence of machining on fatigue behavior from a physical point of view. 

The large number of variables involved in the process, interrelated to each other, makes it very 

difficult to obtain this kind of relations. However, a relationship between cutting parameters and 

fatigue behavior was obtained. This kind of analysis is highly demanded by the manufacturing 

industry, because it usually provides easy-to-apply equations that allow predicting the behavior of a 

process output variable based only on the input parameters. In addition, these equations facilitate 

the comprehension of the experimental results of this work. 

It is necessary to highlight that the experimental results are valid within the range of the cutting 

parameters values tested and for this alloy. The generality of these parametric equations should be 

tested increasing the range of cutting speed and feed tested, including the cutting depth as well. 
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