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ABSTRACT: This paper presents a study on the influence of the cutting parameters (depth of cut, feed 
rate, and cutting speed) of turning with a carbide insert on the plastic deformation induced in annealed 
AISI-1020 steel. The results showed an increase in the deformation with each cutting parameter, due to 
the higher forces associated with the machining process and the cutting area. This causes an increase in 
the energy required for material cutting and, consequently, more cold work on the machined surface. The 
ANOVA analysis of the results showed that the feed rate had the most significant role in the resulting 
deformation (86.03%), and the cutting speed contributed less (6.81%). In addition, a mathematical 
expression for the prediction of deformation based on the evaluated parameters is proposed. 
 
RESUMEN: En este trabajo se presenta el estudio de la influencia de los parámetros de corte 
(profundidad de corte, velocidad de avance y velocidad de corte) del torneado con inserto de carburo 
sobre la deformación plástica inducida en el acero AISI-1020 recocido. Los resultados mostraron un 
aumento en la deformación con cada parámetro de corte debido al incremento tanto de las fuerzas 
asociadas al proceso de mecanizado como del área de corte, lo cual genera un aumento en la energía 
requerida para el corte del material, y, en consecuencia, mayor trabajo en frio sobre la superficie 
maquinada. El análisis ANOVA de los resultados mostró que la velocidad de avance tiene mayor 
influencia sobre la deformación resultante (86.03%) y la velocidad de corte tuvo una contribución menor 
(6,81%). Además, se propone una expresión matemática para la predicción de la deformación a partir 
de los parámetros evaluados. 
 
1. Introduction 
To obtain the required geometry, dimensions, tolerances, and surface roughness, mechanical components 
often need to be machined to achieve their proper function. The quality of the surface after these cutting 
processes significantly influences the operational characteristics of the parts such as wear, resistance to 
corrosion, fatigue, among others. 
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In the turning process, parameters such as cutting speed, feed rate, depth, and tooltip radius are used, 
which are accompanied by mechanical and thermal effects capable of producing alterations in the surface 
integrity of the part. The latter represents the relationship that exists between geometric properties such 
as surface roughness, and physical properties such as microstructural changes, localized plastic 
deformation, changes in hardness, and residual stress distribution, among others [1]. 
 
In most of the investigations, the characterization of the surface integrity after machining has focused on 
the measurement of the induced plastic deformation for the estimation of residual stresses through X-ray 
diffraction [2 - 4]. This technique is based on Bragg's law [5] for the determination of the changes in the 
interplanar distance of a material when it is deformed [6]. This method has the advantage of being a non-
destructive test, limited to the possibility of making measurements at depths relative to the wavelength 
used. Therefore, the removal of atomic layers and subsequent evaluation of each exposed surface is 
required for greater depths. The results, thus measured, do not correspond to those existing before the 
removal of the layers, due to the relaxation of the surface. Therefore, these must be corrected by means 
of various formulas [7]. 
 
Other authors have evaluated the residual stresses generated by deformation using the magnetoelastic 
method [8 - 10]. Based on the Barkhausen effect, it detects changes in micromagnetic domains as a 
ferromagnetic material is magnetized and demagnetized [11]. This technique has the advantage of being 
able to be applied quickly in-situ; however, only superficial residual stresses can be detected in 
ferromagnetic materials, and it is highly sensitive to the microstructure, grain size, and composition of 
the part. Additionally, the magnetic properties of the material, such as permeability, affect the depth of 
measurement. 
 
Both methodologies have the disadvantage of losing precision with the increase in cold work and surface 
hardening of the evaluated material, as well as high cost and difficulties in using the equipment. 
Therefore, it is proposed to use an economical, simple and fast technique, such as the torsion test, to 
evaluate and quantify the influence of cutting parameters on the surface plastic deformation generated in 
the turning process. 
 
2. Literature review  

From previous works published by the authors of the present study, it was shown that higher hardness 
values are generated on the surface of turned samples [12] and that, during the torsion process, higher 
hardness values are obtained on the surface of the samples [13]. Both increases are attributed to the severe 
localized plastic deformation in this zone during the shearing process of the material and that shear strains 
increase with distance from the center of the sample during torsion. Therefore, it can be considered that 
all the induced plastic deformation occurs on the surface, affecting the torsional strength of the 
specimens. 
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To relate the shear yield strength (τy) with the tension yield strength (Sy), Equation 1 establishes the 
relationship using the Tresca yield criterion [14]. 
 

𝑆𝑆𝑦𝑦 ≅ 2 τ𝑦𝑦 (1) 
 
The tensile yield strength when the material is cold-worked can be calculated with Hollomon's equation 
for the material in the annealed state (Equation 2) [15]: 

𝑆𝑆𝑦𝑦𝑦𝑦 = 𝜎𝜎𝑜𝑜(𝜀𝜀𝑤𝑤 + 0.002)𝑚𝑚 (2) 
 
where Syw is the yield strength of the cold-worked material and εw is the cold-work strain. The values of 
the Hollomon coefficients (𝜎𝜎𝑜𝑜𝑦𝑦𝑦𝑦), were previously obtained by the authors of the present research [16], 
leaving Equation 3. 
 

𝑆𝑆𝑦𝑦𝑦𝑦 = 1012(𝜀𝜀𝑤𝑤 + 0.002)0.26 (3) 
 
Finally, with the tension yield strength calculated with Equation 1 for each of the shear yield strength 
obtained in the torsion tests, it is possible to solve and calculate with Equation 3 the cold work 
deformation generated by the turning process. 
 
3. Experimental procedure 

In all tests, the work material was obtained from AISI-1020 steel bars (0.18 ± 0.01% C, 0.035 ± 0.001% 
S, and 0.40 ± 0.01% Mn) with a diameter of 31.75 mm and 6 m length, from which 170 mm long cylinders 
were cut. These were then subjected to annealing heat treatment by heating for 1 hour at 910⁰C and 
slowly cooling inside the furnace. 
 
From the previously annealed AISI-1020 steel samples, all the specimens for torsion tests were 
manufactured automatically on a numerically controlled (CNC) lathe according to the geometry shown 
in Figure 1. During the entire cutting process, copious amounts of water-soluble oil were applied as a 
coolant to avoid microstructural changes [17, 18]. 
 

 
 

Figure 1 Torsion specimen’s dimensions 
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To manufacture the specimens, coated carbide inserts, code ISO-1832 [19] DCMT11T308MU grade TN 
2000, with a tip radius of 0.8 mm were used. A new cutting edge of the insert was used for each specimen, 
thus guaranteeing the same cutting conditions and the absence of changes in the surface properties of the 
material due to tool wear [20, 21]. 
 
In determining the cutting parameters, three factors were considered for evaluation, and the experiments 
were designed using the factorial method of variables [22], with three levels of depth of cut (d), three 
levels of feed rate (f), and two levels of cutting speed (Vc), for 18 combinations in total, with three 
repetitions each. The limit values shown in Table 1 were selected based on previous investigations with 
similar steels [23, 24] and lathe constraints. 
 

Table 1 Parameters used in the turning of the samples 
d, mm f, mm/rev Vc, m/min 

1 0.05 20 

2 0.15 - 

3 0.25 70 

 
The torsion tests were carried out in a free-end torsion machine, at a constant strain rate of 2.3 × 10-2 s-1 
and a rotation speed of 8.6 rpm, according to the ASTM A938-07 standard [25], until reaching the 
fracture of the specimen. During the entire test, the torque values and the torsion angle of the samples 
were obtained directly from the equipment. For each combination of cutting parameters, from the torque 
values, the average shear resistance and the plastic deformation due to cold work were calculated. 
 
The results obtained from the various tests were treated by statistical analysis of data variance (ANOVA) 
with Minitab. In the analysis, the effect of the cutting parameters on the plastic deformation induced by 
the machining process was determined. This analysis was performed with a confidence level of 95%. 
The level of significance was based on the P-value [26] as follows: 
 
Not significant if P > 0.10 
Slightly significant if 0.05 < P < 0.10 
Significant if P < 0.05 
Then, a Pareto-Anova analysis was performed to determine the relative importance of each parameter 
and its percentage contribution. 
 
Finally, using multiple linear regression methods [26], a statistical mathematical model was derived for 
the prediction of the dependent variable evaluated. 
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4. Results and discussion 

Figure 2 shows how the deformation induced by the turning process increases with the cutting speed. 
This behavior is consistent with what was previously reported by other investigators [27]. From the 
results, a minimum and the maximum difference in deformation for fixed feed rate and depth of cut of 
2% and 22%, respectively, is obtained. 
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(c) 

Figure 2 Strain plotted against cutting speed for the turned annealed AISI 1020 steel, with a feed rate 
of (a) 0.05 mm/rev; (b) 0.15 mm/rev; and (c) 0.25 mm/rev 

 
From Figure 3, it can be seen how the deformation induced by metal cutting increases with the depth of 
cut for all the conditions evaluated. These results are consistent with those reported by other investigators 
[28-30]. The experiments show that the deformations for fixed feed rate and cutting speed present a 
difference in values between 7% and 19%. 
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(b) 

Figure 3 Strain plotted against depth of cut for turned annealed AISI 1020 steel, with a cutting speed of 
(a) 20 m/min; and (b) 70 m/min 

 
The effect of feed rate on induced strain is shown in Figure 4, with higher strain values being obtained 
with increasing feed. This is consistent with what was reported in previous experiments [27, 28, 30]. The 
significant increase in strain with feed rate is evidenced by the greater slope of the curves, resulting in 
differences in values of 39% and 76%, for fixed depth of cut and cutting speed. 
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(b) 

Figure 4 Strain plotted against feed rate for the turned annealed AISI 1020 steel, with a cutting speed 
of (a) 20 m/min, and (b) 70 m/min 

 
During the turning process, three force components act on the cutting tool [31]. The first in the direction 
of the feed, the second in the direction of the radial feed of the tool, and the third in the direction of the 
cutting speed. Therefore, with the results of this work, it was corroborated that any increase in the cutting 
parameters would result in an increase in the energy required to cut the material, and consequently, 
greater deformation on the machined surface. 
 
Additionally, the cutting force is influenced by the cutting area, which is proportional to multiplying the 
feed rate with the depth of cut [32]. Therefore, with this research it was also shown that by increasing 
either of these two parameters, a surface layer with greater cold work by deformation will be generated. 
 
Table 2 presents the results of the analysis of variance (ANOVA). The significant effect of the cutting 
parameters on the deformation induced by turning is observed, since the F-values are high (the highest 
being for the feed rate, 86.93) [33], and in turn, the p-values value are less than 0.05 [26]. 
 

Table 2 ANOVA for strain 
Source of 
variance 

Degrees 
of 
freedom 

Sum of 
squares 

Mean 
squares 

F -
value 

P- 
value 

Vc 1 0.0000016 0.0000016 13.76 0.003 
f 2 0.0000201 0.00001 86.93 0 
d 2 0.0000017 0.0000008 7.24 0.009 
Error 12 0.0000014 0.0000001   
Total 27     
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The estimated individual contribution of each cutting parameter to the induced deformation is shown in 
Table 3, with the greatest effect attributed to the feed rate (86.03%), followed by the depth of cut (7.16%), 
and finally the cutting speed (6.81%). 
 

Table 3 Standardized effects for strain 
Contribution f d Vc 

Simple (%) 86.03 7.16 6.81 

Cumulative (%) 86.03 93.19 100 

After performing various mathematical adjustments, it was obtained that the best expression to predict 
the value of the induced deformation based on the turning cutting parameters of the AISI-1020 annealed 
steel was Equation 4: 
 
𝜀𝜀𝑤𝑤 = 0.0027 + 1.1885 ∗ 10−5𝑉𝑉𝑉𝑉 + 0.0129𝑓𝑓 + 0.0004𝑑𝑑 (4) 

 
S = 0.0003    R2 = 0.9410   R2 adjust = 0.9283 
 
The low value of S obtained indicates that the adjustment fits the experimental results, and the high 
values of R2 and R2 adjust show a good correlation between the observed and predicted values by the 
regression model [26]. 
 
Finally, Figure 5 shows the normal probability graph, in which the linear trend is observed, thus 
demonstrating the dependability of the formulated mathematical expression [26]. 

 

 
 

Figure 5 Normal probability plot for the mathematical expression (Equation 4) 
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5. Conclusions 
Based on the results of this work for the conditions evaluated, the following conclusions can be 
established: 
 

• The shear yield strength obtained by torsion testing allows to calculate, in a relatively simple way, 
the plastic deformation induced by cold work on the surface of a material after the turning process. 

 
• Plastic deformation induced by turning increases directly with depth of cut (d), feed rate (f), and 

cutting speed (Vc). 

 
• The feed rate (86.03%) has the greatest individual contribution to the deformation induced by 

turning, followed by the depth of cut (7.16%) and the cutting speed (6.81%). 

 
• Equation 4 represents the best mathematical expression for the prediction of the induced 

deformation as a function of the turning cutting parameters. 
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