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Abstract 

Severe plastic deformation prompted by orthogonal cutting is used to create deformed microstructures in 
commercially pure nickel machined under multiple cutting conditions. The resulting thermomechanical 
conditions, strain, strain rate, and temperature rise are calculated resulting in the final microstructure of the 
chip. The microstructure response is quantified for the generated defect during deformation, i.e. the total 
dislocation density, and the flow stress through the microhardness. A review of the reported dislocation 
density in pure nickel deformed in various deformation processes is made. The dislocation density is 
measured using the X-ray diffraction peak broadening implementing initially the variance method, and 
finally the Williamson–Hall, and Williamson–Smallman methods. The microstructural consequences are 
examined through creating the rate-strain-microstructure (RSM) mappings using the Zener-Hollomon (Z) 
parameter. A 2D visualization of the microstructure response is acquired, and the effects of the strain and 
Ln 𝑍 on the measured dislocation densities and microhardness are discussed. A discussion on the balance 
of the work-hardened, dynamic recrystallized, and recovered dominance on the microstructure response is 
made. The microstructural consequences are validated with the microstructure results reported in the 
literature in multiple deformation processes, and over a wide range of Ln 𝑍 involving temperatures in the 
range from room temperature to 1420K. Regions dominated by dynamic recrystallization and work 
hardening are clustered, while the mapping that was done here is displayed in the intermediate region. 
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1 INTRODUCTION 

Metals are the most used materials in the manufacturing and construction industries because of the 
achievable balance between strength and ductility. The classical techniques used to improve the mechanical 
properties of metals include cold working, in combination with heat treatments. Now, various severe plastic 
deformation (SPD) techniques are available and are widely used to study the behavior of metals subjected 
to high strain conditions. These techniques include Equal Channel Angular Pressing (ECAP), High-
Pressure Torsion (HPT), Accumulative Roll Bonding (ARB), Multi-Directional Forging (MDF), Twist 
Extrusion (TE), among others. Many of the studies on SPD have focused on the microstructural evolution 
of the material, the tension properties, and the thermal stability of the ultrafine-grained (UFG) materials. It 
is now clear that UFG materials manufactured by SPD have advantages over their coarse-grained 
counterparts; the high strength due to the highly refined microstructure [1].  

The hardened microstructure is constructed through the creation, movement, accumulation, and interaction 
of dislocations, in a substructure conformed of cell blocks defined by the cell diameter, the internal 
dislocation density, and the boundaries dislocation density [2]. The evolution of this structure is dictated by 
the deformation parameters, strain rate, and temperature, that stimulate the interactions of the dislocation 
substructure and defines the flow stress of the material. Although, the highly refined structure and the high 
strain produced by SPD also eases and promotes recrystallization. Despite the loss in strength that brings 
recrystallization, the advantages of the achievable structural heterogeneity are also of high value in the 
materials industry [3]–[5]. In [3] a review was made of the multiple structural designs that can be produced 
by SPD and dynamic plastic deformation (DPD) followed by annealing treatment or partial 
recrystallization. Multiple structures can be created through complex processing methods, however, a 
strategy to design customized structures in metals from bulk samples is still incomplete.  

A key step in the route to control the microstructure response is to understand and control the effects of the 
deformation parameters. Classical SPD processing methods have limited control of the imposed strain, 
strain rate, and temperature rise, besides the interactive effects of the strain rate and deformation 
temperature on the microstructure response. Alternatively, the deformation parameters accompanying 
machining make it a very interesting SPD process to analyze the microstructure response. Machining is 
recognized as a processing route to obtain highly refined microstructures [6], [7]. Also, structural 
heterogeneities have been documented in orthogonal cutting experiments in steel [8], [9] and copper [10]–
[12] as a consequence of the high strain rates and the localized temperature rise. The benefits of the 
machining-induced microstructural modifications in metals have been encountered in the strength, the 
strength-ductility synergy, and the tribological properties [13] of materials.  

In this work, we trace the microstructural response of SPD nickel by orthogonal cutting through the 
quantification of the dislocation density and microhardness of the material, considering the effects of the 
strain rate and the cutting temperature. We create the rate-strain-microstructure (RSM) mapping, using the 
Zener-Hollomon (Z) parameter to capture the effects of the strain rate and cutting temperature, to acquire a 
2D visualization of the microstructure response of the material. The RSM mapping has been previously 
used to interpret the microstructural consequences utilizing the Z parameter [14]. The advantage of 
including Z in the RSM mapping comes as it is possible to identify regions with varying microstructural 
characteristics as the grain size, the misorientation angle, and the recrystallization fraction [14]. The effect 
of Z on the microstructure of copper subjected to plastic deformation was also studied by Li et al. [15], 
where highly refined microstructures with high dislocation density and hardness were encountered for high 
Z values, typical of low temperatures and high strain rates. On the counterpart, low values of Z characteristic 
of high temperatures and low strain rates ease dynamic recovery and recrystallization [16]. 

Nickel is an important alloying element in ferrous alloys and nonferrous alloys, more than 50% of the nickel 
consumed in the United States is used in stainless steel [17]. The most common end uses of nickel alloys 
are those of corrosion resistant and heat resistant applications, while nickel coatings, powders, coinage, 
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battery, and filters are other important industrial use of the material [17]. Nickel alloys are used in a wide 
variety of applications, some of these are the chemical and petrochemical industries, metal processing, 
medical applications, automotive industries, among others [17]. It is known also that nickel-based 
superalloys are hard to machine materials because of the high hardness, low thermal conductivity, and the 
tendency to strain hardening resulting in high stresses on the cutting edge [18]. This scenario shows the 
opportunity to analyze the microstructural response of nickel alloys when subjected to machining processes 
in an industrial environment. The problem is simplified here by using commercially pure nickel aiming to 
prevent possible phase transformations and to work in the work hardening theory defined for FCC crystal 
structures [2].  

Furthermore, we identify regions in the space defined by the RSM mapping, where the microstructural 
response of the material is dominated by work hardening and dynamic recrystallization. We use the 
microstructure results reported in the literature of deformed nickel in a wide range of thermomechanical 
parameters obtained through SPD, high-temperature deformation, and DPD. A discussion on the 
significance of the clustered region is made, and the results of this work are validated in the wide RSM 
map. Similar maps have been constructed for Cu, in terms of the degree of multimodality [12], the 
misorientation angle and recrystallization fraction [14], and the microstructure characteristics [10]. 

This document is organized as follows. In section 2, the reader is introduced to the work hardening problem 
and the microstructural elements of the material considered here. In section 3, the methodology used to 
produce deformed microstructures and to determine the thermomechanical conditions in an orthogonal 
cutting setup is presented. Section 4 presents the methodology used to evaluate the microstructural 
response. In this section, it is emphasized on the available methods to estimate the dislocation density in 
materials using x-ray diffraction. The results reported in different works are compared with results obtained 
here and discussion is made. In section 5, the microstructure response presented in the previous section is 
mapped in the RSM space and the microstructure evolution of the material is discussed in the terms of RSM 
mapping. Finally, in section 6 the conclusions of this work are presented and recommendations for future 
works are mentioned.  

1.1 Main Objective 

The main objective of this work is to model the microstructural changes occurring in the chips or in the 
working surface produced by conventional machining processes in metals, relating the microstructural 
response to the cutting conditions and the resulting thermomechanical conditions. 

1.2 Specific Objectives 

Aiming to complete and sustain the main objective, the next specific objectives are considered: 

1. Establish a methodology that affects the microstructure of the material in an appropriate machining 
process, and that allows us to measure the microstructural variable to be studied. 

2. Model the microstructural consequences theoretically or statistically and compare with the 
experimental results obtained in this work, and the available data in the literature. Using this model, 
generate the mapping of the cutting conditions, the resultant thermomechanical conditions, and the final 
microstructure of the material. 

3. Validate the raised hypotheses from the experimental results and the developed model. 
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2 THEORETICAL FRAMEWORK 

Plastic deformation in crystalline materials is commonly discussed in crystallographic terms. The beginning 
of the plastic flow in monocrystals is described in terms of the critical resolved shear stress, that depends 
on the temperature, strain rate, and the material purity [19]. The work hardening of single crystals is defined 
by the dislocation interactions that take place during plastic deformation. As multiple slips prompting 
dislocation intersection that immobilize dislocation does not occur in single crystals, the work hardening 
rate of these materials is low. 

On the counterpart, polycrystalline materials show the same behavior on individual crystals, however, as 
some crystals may be oriented preferably than others, the plastic deformation in polycrystalline differs from 
that of monocrystals. In polycrystals, the displacement of the grain boundaries induced by deformation 
must be paired, because of this constrain the strength of polycrystalline materials is greater than that of the 
single crystals. Also, this provokes a strain gradient in the individual grains, which makes the dislocation 
density close to the grain boundaries greater than in the grain interior, thus improving the strength of the 
material.  

A work hardening theory for FCC materials based on a microstructural concept was developed by Nes [2]. 
To solve the work hardening problem, three equations must be solved simultaneously: 

𝜏 = 𝑓(𝜏 , 𝜌) 

𝜏 = 𝑓(𝜌 , 𝜌, �̇�, 𝑇) 

𝑑𝜌

𝑑𝛾
=

𝑑𝜌

𝑑𝛾
+

𝑑𝜌

𝑑𝛾
 

The first equation defines the flow stress 𝜏 as a function of the frictional stress 𝜏 , and the density of stored 
dislocations 𝜌. The dislocation density is an important measure that describes the substructure deformation 
that can be described as 𝜌 = 𝑓(𝜌 , 𝛿, 𝜑), where 𝜌  is the dislocation density of an element, 𝛿 is the cell size, 
and 𝜑 is the cell boundaries misorientation. The second equation defines the frictional stress 𝜏  in terms of 
the density of mobile dislocations 𝜌 , the density of stored dislocations 𝜌, the shear strain rate �̇�, and the 
deformation temperature 𝑇. Finally, the density of stored dislocations is obtained solving the third equation, 
which establishes that the dislocations are stored at a rate defined by the balance of the deformation-induced 
dislocations 𝑑𝜌 /𝑑𝛾, and the dislocation annihilation produced by dynamic recovery 𝑑𝜌 /𝑑𝛾.  

 
Figure 1: Schematic representation of the microstructure 
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The work hardening theory proposed by Nes relies on that at any stage during the deformation of a pure 
metal, the material substructure can be described in term of a few microstructural elements, being the 
cell/subgrain size 𝛿, and the internal dislocation density 𝜌  the most important. Figure 1 shows the schematic 
representation of the microstructure. The cell structure consists of a volume fraction of boundaries 𝑓 ≈
𝑘ℎ/𝛿 with a dislocation density 𝜌 , where ℎ is the cell boundary thickness, and 𝑘 is a geometric constant 
that takes a value of 3 for a regular cell structure. The density of stored dislocations is [2]: 

𝜌 = (1 − 𝑓)𝜌 + 𝑓𝜌  

To obtain the flow stress multiple approaches have based on the previous microstructural description. One 
of this approach suggest a relationship of the form: 

𝜏 = 𝜏 + 𝛼 𝐺𝑏 𝜌 + 𝛼 𝐺𝑏
1

𝛿
 

Where 𝛼  and 𝛼  are constants, and 𝜏  is the frictional stress that has a second-order effect, and sums up 
for the 15% of the effect of 𝜏 when the deformation temperature in 0K, so it is usually ignored. The work 
hardening theory is reduced to solve the dislocation storages accounting for the previous equation of the 
flow stress and considering that the stored dislocations are separated in the cell interior dislocation, and the 
cell boundaries dislocations. 
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3 METHODOLOGY 

3.1 Experimental Method 

Commercially pure nickel (Nickel 200) was used as working material, the chemical composition of the 
material measured by XRF is presented in Table 1. The material was received in a bar shape with a 50mm 
diameter. A grooved geometry was designed and manufactured on the bar to ease an orthogonal cutting 
setup, this geometry has been previously used in [20], [21] to obtain orthogonal cutting conditions. Figure 
2 shows the geometry of the grooved bar, each groove had a width of 3 mm and the grooves were separated 
by the same distance. To obtain a recrystallized and coarse-grained microstructure, the grooved bar was 
annealed in a muffle at 750°C for 2 hours followed by air cooling [17]. The initial grain size was ~ 500 𝜇𝑚 
and the initial hardness 70 HV.  

Table 1: Chemical composition of the Nickel 200 alloy. 

Element Ni Si Al Fe S 
wt. % 99.06 0.79 0.08 0.06 0.01 

Multiple cutting conditions are used to create the chips varying the cutting velocity, and the feed rate 
according to a 3  factorial design, see Table 2. It should be noted that appropriate cutting conditions for 
nickel and nickel alloys suggest a lower cutting velocity [17], however, the cutting velocities used in this 
work vary in a wide range aiming to obtain highly variables strain rates and cutting temperatures to alter 
the microstructure response of the material. The feed rates were kept low to reduce the cutting forces during 
machining. The cutting tools used were tungsten carbide bills sharpened with rake and clearance angles 
equal to 0° and 5° respectively. The tool was coupled into a CNC lathe, and a live center was used to reduce 
possible vibrations and misaligning of the material while machining. 

 
Figure 2: Grooving setup for orthogonal cutting. 

The chips are named according to the cutting conditions with which they were created. The initial number 
specifies the cutting velocity, [20, 100, 180] m/min, and the final letter the feed rate [L, M, H] = [0.02, 0.05, 
0.08] mm/rev. Each groove was used to create a chip with a unique cutting condition specified by the 
experimental design. The chips created at 180 m/min are shown in Figure 3, continuous chip formation is 
obtained for the cutting conditions of this figure. The chip length decreases with the feed rate as expected 
because of the constant radial depth of cut equal to 1 mm. The deformed chip thickness was measured with 
a digital indicator with a resolution of 0.001 mm, see Figure 4. Table 2 presents the cutting conditions and 
the measured chip thickness for each condition. 
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Figure 3: Chip geometry of the samples created at 180 

m/min: 180L, 180M, and 180H. Continuous chip formation 
is obtained for these cutting conditions. 

 
Figure 4: Chip thickness measurement setup. Chips were 

segmented in small sections through their longitudinal 
direction to ease the mounting and measurement of the 

thickness. 

Table 2: Factorial design with cutting velocity 𝑉, and feed rate 𝑓 as factors. The measured chip thickness for each cutting 
condition 𝑡  

Run Sample 𝑽 [m/min] 𝒇 [mm/rev] 𝒕𝒄 [mm] 
1 20L 20 0.02 0.37 
2 20M 20 0.05 0.81 
3 20H 20 0.08 1.14 
4 100L 100 0.02 0.19 
5 100M 100 0.05 0.41 
6 100H 100 0.08 0.64 
7 180L 180 0.02 0.14 
8 180M 180 0.05 0.24 
9 180H 180 0.08 0.35 

3.2 Characterizing the thermomechanics 

Following the chip geometry characterization, the thermomechanics governing the cutting process are 
calculated for each of the cutting conditions. The schematic of the orthogonal cutting operation is presented 
in Figure 5 with the nomenclature used in this section. 

 
Figure 5: Schematic orthogonal cutting setup. 

180L 

180M 

180H 
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The shear strain 𝛾 exerted to the material in orthogonal cutting is [22]: 

𝛾 =
cos 𝛼

sin 𝜙 cos(𝜙 − 𝛼)
 

Where 𝛼 is the rake angle, and 𝜙 is the shear plane angle that can be obtained from the cutting radio 𝑟, 
which is the ratio of the uncut chip thickness 𝑡 and the deformed chip thickness 𝑡 : 

𝑟 =
𝑡

𝑡
 

The shear plane angle is: 

tan 𝜙 =
𝑟 cos 𝛼

1 − 𝑟 sin 𝛼
 

The true equivalent strain is calculated to obtain a comparable measure of the deformation exerted to the 
material in different deformation processes. The true equivalent strain is: 

𝜀 =
𝛾

√3
=

1

√3

cos 𝛼

sin 𝜙 cos(𝜙 − 𝛼)
 

The average maximum equivalent strain rate affecting the shear zone can be estimated by [23]. 

𝜀̇ =
𝐶

√3

𝑉

𝑙
=

𝐶

√3

𝑉 cos 𝛼 sin 𝜙

cos(𝛼 − 𝜙)𝑡
 

Where 𝑉  is the shear velocity, 𝑙 is the length of the shear plane, and 𝐶 is a constant characteristic of the 
working material and the range of the cutting conditions [23]. 𝐶 = 4.8 was experimentally calculated for 
nickel in varying cutting conditions in [24]. The temperature rise in the deformation zone is calculated with 
the Oxley’s extended model [25]. The temperature in the plane where the full strain is expected to be 
accumulated is given by: 

𝜌𝐶 (𝑇)

1 −
𝑇 − 𝑇

𝑇 − 𝑇

𝑑𝑇 = (1 − 𝛽) 𝐴𝜀 +
𝐵

𝑛 + 1
𝜀 × 1 + 𝐶 ln

𝜀̇

𝜀̇
 

Where 𝛽 is the heat partition coefficient at the primary shear zone, 𝜌𝐶 (𝑇) is the heat capacity of the 
working material, 𝑇  is the workpiece temperature, 𝑇  the room temperature, and 𝑇  is the melting 
temperature (𝑇 = 1728 𝐾 for nickel). A, B, C, n, and m in the previous equation are the material 
parameters of the Johnson-Cook model, these values were obtained from [26], [27] and are presented in 
Table 3. The heat capacity of nickel was interpolated using the values reported in [28], [29]. 

Table 3: Johnson-Cook material constants [26], [27]. 

A B C n M 
163.4 MPa 648.1 MPa 0.006 0.33 1.44 

The heat partition coefficient is calculated as: 

𝛽 =
1

4𝑎
erf √𝑎 + (1 + 𝑎) erfc √𝑎 −

𝑒

√𝜋

1

2√𝑎
+ √𝑎  

Where 𝑎 =  (𝑉𝑡 4𝑘⁄ ) tan 𝜙. 𝑘 is the thermal diffusivity of the material, 𝑘 = 16 𝑚𝑚 /𝑠 for nickel [30], 
[31]. The applied thermomechanical conditions with the different cutting conditions used in this work are 
shown in Table 4.  
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Table 4: Thermomechanical conditions obtained from orthogonal cutting chips with variable cutting conditions.  

Sample 𝑽 [m/min] 𝒇 [mm/rev] 𝜺 �̇� [1/s] 𝑻 [K] 

20L 20 0.02 10.59 2.66E+03 646.3 

20M 20 0.05 9.41 1.14E+03 765.4 

20H 20 0.08 8.23 8.16E+02 807.4 

100L 100 0.02 5.45 2.53E+04 711.3 

100M 100 0.05 4.82 1.13E+04 815.4 

100H 100 0.08 4.69 7.24E+03 878.7 

180L 180 0.02 4.03 6.47E+04 702.3 

180M 180 0.05 2.87 3.56E+04 698.6 

180H 180 0.08 2.63 2.45E+04 707.5 

A regression analysis relating the thermomechanical and the cutting conditions is performed. A second-
order polynomial equation is used initially as the regress equation. The effects of the cutting velocity and 
the feed rate on the resulting thermomechanical conditions are shown in Figures 6 – 8. The regress equations 
used to model the thermomechanical conditions are shown in Table 5 with their respective global 
significance, and the 𝑅  score between the predicted and the measured values. The individual significance 
of the term 𝑉𝑓 in the model describing the temperature rise is 0.061 > 0.05, however, this term is kept to 
improve the fitting of the calculated values. The individual significances of the remaining terms in Table 5 
are below the 0.05 threshold. 

Table 5: Regress equations for the thermomechanical conditions, global significance, and 𝑅  score. The term 𝑉𝑓 in 𝑇(𝑉, 𝑓) is 
highlighted with an * because of the 𝜌-value > 0.05. 

Regression models for 𝜺, �̇� and 𝑻 as 𝒇(𝑽, 𝒇) 𝝆-value, 𝑹𝟐 
𝜀(𝑉, 𝑓) = 12.1826 − 0.0798𝑉 − 25.1453𝑓 + 2.0432 × 10 𝑉  3.5 × 10 , 0.99 
𝜀̇(𝑉, 𝑓) = 386.52𝑉 − 3534.6313𝑉𝑓 1.2 × 10 , 0.92 
𝑇(𝑉, 𝑓) = 525.0356 + 3.0988𝑉 + 3479.31𝑓 − 0.0126𝑉 − 16.2523𝑉𝑓∗ 0.0202, 0.92 

The equivalent strain is obtained in a range of 2 – 11 and decreases while the cutting velocity and the feed 
rate increases. The strain rate is encountered in the range of 8 × 10  and 7 × 10  𝑠 , increases with the 
cutting velocity and the effect of the feed rate is to decrease the strain rate at a higher rate when the cutting 
velocity increases. Contrary, the trend of the cutting temperature shows a maximum value at an intermediate 
velocity ~ 100 m/min, and the minimum values are obtained at the highest cutting velocities. This behavior 
has been previously encountered experimentally in the orthogonal cutting of steel in [32] and is attributed 
to the limited time the chips have to be heated at the highest cutting velocities. The effect of the feed rate 
is to increase the cutting temperature. The temperatures are obtained in a range between 0.37𝑇  and 
0.52𝑇 . 



16 
 

 
Figure 6: Equivalent strain, 𝜀, a) response surface, b) contour map. 

 

 
Figure 7: Strain rate, 𝜀̇, a) response surface, b) contour map. 

 

 
Figure 8: Temperature rise, 𝑇, a) response surface, b) contour map. 
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4 MICROSTRUCTURE RESPONSE 

Following the description of the deformation structure presented in Section 2, the quantification of the 
microstructure in this work is focused on the generated defects during deformation, the total dislocation 
density 𝜌, and the flow stress of the material through the microhardness 𝐻 . An effort was made to obtain 
the grain size with metallographic examinations however, the quantification of the grain size could not be 
performed. The flow chart presented in Figure 9 presents the methodology used to quantify the 
microstructure response. 

 
Figure 9: Experimental methodology to obtain microstructure evolution. 

Segments of the chips were prepared as for a metallographic evaluation. The segmented chip samples were 
embedded into a polymeric mount with the longitudinal section of the chips visible, see Figure 9. 
Mechanical grinding was done with 240, 320, 400, 600, 1000, and 1200 grid papers until no scratches from 
the previous paper were visible. The scratches from grinding were removed with mechanical polishing 
using alumina (Al O ) powder with particle sizes of 0.3 𝜇𝑚 and 0.05 𝜇𝑚 suspended in water. The chemical 
etching was performed on the scratches-free surface using Marble’s reagent [33]. The samples were 
immersed in the solution approximately for 5s when the microstructure was visible in the optical 
microscope. 

The microstructures of the samples 20H and 20L are shown in Figures 10 – 11. Despite the direction of 
grain elongation in the PSZ and the SSZ are visible in the microstructure, the quantification of the grain 
size cannot be performed with these images as the grain boundaries are not traceable. At higher 
magnifications, the grain boundaries are still diffuse, and the loss of resolution in the image limits the 
microstructure analysis. For these reasons, no further evaluation of the microstructure is performed via 
optical micrographs. 

 
Figure 10: Optical micrograph of the 20H sample at 50x.  

 
Figure 11: Optical micrograph of the 20L sample at 200x. 
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4.1 Dislocation Density 

X-ray diffraction (XRD) peak broadening is used to analyze the dislocation structure in crystalline 
materials. XRD peak broadens because of the small crystallites of the structure or due to crystal defects that 
alter the lattice structure [34]. Several methods are available to estimate the dislocation density in deformed 
metals using the X-ray diffraction (XRD) intensity profiles, some of these are the Williamson – Smallman 
[35], variance method [36], and the convolutional multiple whole profile (CMWP) fitting [37]. These 
methods rely on the peak profile, or x-ray line profile analysis (XLPA), which correlates the diffraction 
pattern and the crystal defects [34]. In the last decades, these methods have been of high value for materials 
scientists and engineering because of the quantitative structural information that can be obtained from the 
XLPA methods.  

In this section, some of the previously mentioned methods to calculate the dislocation density are used on 
the prepared samples. The diffraction patterns of the samples were measured on the mounted chips in a 
Rigaku Ultima III diffractometer in a Bragg-Brentano geometry using a Cu K𝛼1 source with wavelength 
𝜆 = 0.154029 𝑛𝑚, and a resolution of 0.02° in a 2𝜃 range between 30° - 100°. After subtracting the K𝛼2 
and the background from the measured pattern, the dislocation density was estimated from the resulting 
patterns. The XRD patterns of the samples 20H, 100M, and 180L are presented in Figure 12. The scan 
range between 30° − 100° resulted in the (hkl) reflections (111), (200), (220), (311), and (222). The peaks 
(111) and (220) typically showed the maximum intensity counts of the recorded patterns. 

 
Figure 12: XRD patterns of the samples a) 20H, b) 100M, and c) 180L. 

4.1.1 Variance method  
The variance method proposed in [36] is based on the asymptotic behavior of the second and fourth-order 
moments. The peak broadening induced by the particle size and strain create different behavior on the 𝑘th 
order moment: 

𝑀 (𝑞 ) = 𝑞 𝐼(𝑞) 𝑑𝑞 𝐼(𝑞) 𝑑𝑞 

Where 𝐼(𝑞) is the intensity distribution as a function of 𝑞 = 2(sin 𝜃 − sin 𝜃 )/𝜆, measured from the peak 
center at the Bragg angle 𝜃 , where 𝜃 is the diffraction angle and 𝜆 is the wavelength of the x-ray source. 
For large 𝑞 values, the variance of the line profile is:  
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𝑀 (𝑞) =
1

𝜋 𝜖
𝑞 −

𝐿

4𝜋 𝐾 𝜖
+

𝛬〈𝜌〉 ln 𝑞/𝑞
0

2𝜋
 

Here 𝜖  is the area-weighted particle size measured in the diffraction vector, 𝐾 is the Scherrer constant and 
𝐿 the taper parameter. Both 𝐾 and 𝐿 depends on the diffraction order hkl. The first two terms in the above 
equation are related to the finite particle size, while in the last term 〈𝜌〉 is the average dislocation density, 
𝑞  is a fitting parameter, and 𝛬 = 𝜋𝑔 𝑏 𝐶/2 is a geometric constant proportional to the dislocation contrast 
factor 𝐶 that depends on the dislocation type, the diffraction vector, and the slip system. In this work, an estimate 
of the formal dislocation density 𝛬〈𝜌〉 is done and no further analysis is made on the effect of the contrast factor 
in the real average dislocation density 〈𝜌〉. The asymptotic behavior of the fourth-order moment is termed as: 

𝑀 (𝑞) =
1

3𝜋 𝜖
𝑞 +

𝛬〈𝜌〉

4𝜋
+

3𝛬2〈𝜌2〉

4𝜋 𝑞
ln2 𝑞\𝑞

1
 

Where 𝑞  is a fitting parameter and 〈𝜌 〉 is the average of the squared dislocation density. The effect of the 
dislocation density on 𝑀 (𝑞) can be fitted proportionally to 𝑞, while for 𝑀 (𝑞) the effect of the dislocation 
density is proportional to ln(𝑞/𝑞 ). On the other side, the effect of the particle size on both 𝑀 (𝑞) and 
𝑀 (𝑞) is inversely proportional to 𝑞. These effects can be seen by eye if one plots the calculated second 
and fourth-order moments against 𝑞, then the appropriate terms should be selected from the above equations 
to fit the moments to the different types of broadening: strain, size, or mixed broadening. 

 
Figure 13: Relative intensity 𝐼/𝐼  vs 𝑞 for the (111) peaks of the chips created at 20 m/min (left), and 100 m/min (right). 

Figure 13 shows the peak shapes after stripping the 𝐾𝛼2 peaks of the samples created at 20 m/min and 100 
m/min for the (111) reflection. The second and fourth-order moments obtained from these peak shapes are 
shown in Figures 14 and 15, respectively. The characteristic behavior of the 2nd and 4th order moments is to 
increase linearly at large 𝑞 values. The linear terms in the previous equation are those related to the effect 
of the particle size, so the peak broadening of the analyzed samples is a size dominated broadening, and the 
dislocation densities of the chips cannot be obtained from this method.  

Moreover, previous works highlighted the importance of the use of a high-resolution diffractometer to apply 
the variance method to estimate the dislocation density [34]. This is because the instrumental broadening, 
the broadening produced by the diffractometer setup, should be negligible to obtain the pure peak shape 
resulting from the material microstructural response. These conditions cannot be met in the facilities of our 
laboratory, so it is recommended to use an alternative method to estimate the dislocation densities. 
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Figure 14: 2nd order moment vs q for the (111) peaks of the chips created at 20 m/min (left), and 100 m/min (right). 

 
Figure 15: 4th order moment vs 𝑞 for the (111) peaks of the chips created at 20 m/min (left), and 100 m/min (right). 

4.1.2 Williamson – Smallman and Williamson – Hall methods 
An alternative method to estimate dislocation density from the XRD peaks, the Williamson – Smallman 
approach is used [35]. According to this method, the contribution of the particle size to the dislocation 
density is: 

𝜌 =
3𝑛

𝐷
 

Where 𝑛 is the number of dislocations per block face, and 𝐷 is the size of the block, equal to the particle 
size. From the strain broadening, the dislocation density is: 

𝜌 =
𝑘

𝐹

𝑒

𝑏
 

Where 𝑒  is the breadth of the strain distribution, also referred to as microstrain, 𝑏 is the Burger’s vector, 
𝐹 is a factor that accounts for the interaction of the dislocation energy, and 𝑘 is a constant that depends on 
the type of dislocation and the Burger’s vector. For the broadening of a screw dislocation, an FCC material, 
and the Burger’s vector along [100] gives 𝑘 = 16.1 [35]. The total dislocation density groups the 
contributions of the strain and particle size to the dislocation density: 
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𝜌 = 𝜌 𝜌
.

=
3𝑛𝑘

𝐹

𝑒

𝑏𝐷
 

The microstrain and the particle size are calculated using the Williamson – Hall method [38], [39]. This 
method works on the assumption that the particle size and the strain line profiles are both Cauchy functions, 
and the equation to separate the microstrain and the particles size is: 

𝛽(2𝜃) cos 𝜃 =
𝜆

𝐷
+ 4𝑒 sin 𝜃  

Where 𝛽(2𝜃) is the full-width half maximum (FWHM) of the peak measured in a 2𝜃 scale after removing 
the instrumental broadening of the line profile, and 𝜃  is the position of the peak maximum. Plotting 
𝛽(2𝜃) cos 𝜃  against sin 𝜃  the particle size and the microstrain can be obtained respectively from the 
intercept and the slope of the adjusted line. 

 
Figure 16: Williamson - Hall plot of the samples a) 20H with 𝑅 = 0.5033, 𝜌 = 1.2 × 10  and 𝐻 = 301.2. b) 100M with 

𝑅 = 0.5152, 𝜌 = 1.16 × 10  and 𝐻 = 213.2. c) 180L with 𝑅 = 0.75, 𝜌 = 5.2 × 10  and 𝐻 = 183.1. 

Table 6: Cutting conditions, deformation parameters, and microstructure response. 

Sample 
𝑽 

[m/min] 
𝒇 

[mm/rev] 
𝜺 

�̇� 
[1/s] 

𝑻 
[K] 

𝑯𝑽 
𝝆 

[× 𝟏𝟎𝟏𝟒 𝒎 𝟐] 
20L 20 0.02 10.59 2.66E+03 646.3 347.4 17.32 
20M 20 0.05 9.41 1.14E+03 765.4 322.0 16.01 
20H 20 0.08 8.23 8.16E+02 807.4 301.2 12.05 
100L 100 0.02 5.45 2.53E+04 711.3 227.5 11.60 
100M 100 0.05 4.82 1.13E+04 815.4 251.8 11.57 
100H 100 0.08 4.69 7.24E+03 878.7 177.8 1.62 
180L 180 0.02 4.03 6.47E+04 702.3 183.1 5.20 
180M 180 0.05 2.87 3.56E+04 698.6 236.3 16.56 
180H 180 0.08 2.63 2.45E+04 707.5 237.7 14.93 

The Williamson – Hall plots for the samples in Figure 12 are presented in Figure 16. The linear trend of 
𝛽(2𝜃) cos 𝜃  with sin 𝜃  shows a weak correlation for the samples 20H and 100M, due to the anisotropic 
broadening of the SPD materials in the WH method [40]–[42]. A better fit is encountered for the sample 
180L, which has a negative slope of the WH plot. The trends presented in Figure 16 are common in the 
tested samples. The fitting of the WH plot is restricted by the number of reflections obtained from the scan 
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range, thus a better fit can be obtained if the number of reflections is increased. Still, the fits obtained from 
the measurements made here are considered to estimate the dislocation density of the material. The total 
dislocation densities obtained from the Williamson – Smallman method are reported in Table 6. 

Table 7: Total dislocation density in pure nickel produced by multiple deformation processes. 

Reference SPD process Dislocation density method 

Z. P. Luo et al., [30] 
2012 

DPD: Drop Weight Impact Test 
𝜀: 0.3 – 2.9 
𝜀̇: 10  – 10  𝑠  
∆𝑇 < 80K 
 

EBSD, TEM 

A. P. Zhilyaev et al., [43] 
2003 

Combined SPD processes: ECAP, HPT, CR 
𝜀: 6 – 16 
 

XR-PPA, CMWP 

Raju et al, [44] 
2011 

ECAP 12 passes 
𝜀 = 12  
 

XLPA 

L. Farbaniec et al., [45] 
2012 

DPD: Dynamic Drop Mass Bench 
𝜀 = 1.4  
𝜀̇ = 3.3 × 10  𝑠  
 

XLPA, CMWP 

H. W. Zhang et al., [46] 
2008 

HPT 
𝜀: 0.9 – 300  
𝜀̇~0.08 𝑠  
 

TEM 
Boundary spacing and boundary 
misorientation 

Z. Hussain et al., [47] 
2018 

Multi-Axial Forging 
𝜀: 2.4 – 9.6 
 

Williamson – Smallman  

J. Gubicza et al., [48] 
2016 

Dynamic Hopkinson Plastic Deformation 
𝜀 = 1.2  
𝜀̇ = 10  𝑠  
𝑇~493𝐾  
 

XLPA, CMWP 

C. Zhu et al., [49] 
2018 

Quasi-statically compressed 
𝜀: 0.05 – 0.46  
 

Taylor’s hardening model 

The total dislocation density of pure nickel under multiple SPD processes has been reported in previous 
works summarized in Table 7. The amount of deformation exerted to the material is characteristic of the 
deformation process, and the true equivalent strain 𝜀 should be used to compare these processes. Figure 17 
plots the reported dislocation densities against the equivalent strain of those articles, similar plots are 
presented in other works [30], [50], [51]. The values reported are usually between 10  and 10  𝑚 , the 
maximum value is encountered in the strain range of 3 – 8, and at higher strains, the dislocation density 
decreases and saturates to a value specified by the deformation temperature and the strain rate [2]. High 
scatter is observed in Figure 17 due to the different methods used to estimate the dislocation density and 
due to the uncontrolled deformation parameters, i.e. the average strain rate and the deformation temperature. 
In [30] it is shown that the dislocation densities of dynamic plastically deformed nickel at high strain rates 
are higher than those deformed at low strain rates. Also, some reports [52], [53] have shown that plastically 
deformed nickel at intermediate temperatures results in low dislocation densities as dynamic recovery and 
dynamic recrystallization may homogenize the microstructure during deformation.  
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Figure 17: Variation of the dislocation density with the equivalent strain in multiple deformation processes. 

Our results are not exempt from the same behavior, as the high temperatures produced while machining are 
above the 0.3𝑇  criterion for recrystallization to occur in metals. The values encountered here are in the 
range of 10 − 2 × 10  𝑚 , and are in good agreement with the different values reported for SPD 
nickel. Sample 100H has the lowest dislocation density and the highest temperature between the samples 
tested. The value of 𝜌 = 1.62 × 10  𝑚  of the 100H sample is close to the dislocation density of a fully 
annealed [54], and rapidly quenched nickel [55]. The temperature during machining of sample 100H 
~0.51𝑇  suggests that dynamic recrystallization occurred during the cutting process, or that static 
recrystallization affected the microstructure of the chip after machining. The same could be said of sample 
180L that has a low dislocation density, however, this could be due to the high strain rate of 6.47 × 10  𝑠 . 
The samples with lower temperatures 20L (0.37𝑇 ) and 180M (0.40𝑇 ) have the highest dislocation 
densities between the tested samples. 

4.2 Microhardness 

Hardness tests were performed in the mid of the chips longitudinal section to prevent the measured values 
to be affected by the thermomechanics of the secondary shear zone. At least 10 measurements were taken 
along the chip’s longitudinal direction with a load of 1 kgf. The measured microhardness values are 
presented in Table 6. The values were encountered in the range of 170 – 350 HV with a mean standard 
deviation of 8.13%, and the highest standard deviation of 13.76% was obtained for the sample 180L. 
Samples created at 20 m/min, with the highest strain among the tested samples, show microhardness values 
≥ 300 HV, common of the saturation hardness of SPD nickel deformed at low temperatures [41], [47], 
[55]–[58]. In the case of sample 100H with the highest deformation temperature and lowest dislocation 
density, also shares the lowest microhardness value of 177.8 HV. Typically, values ≤ 150 HV are those of 
recrystallized or rapidly quenched nickel [54], [55], supporting the hypothesis of the occurrence of dynamic 
recrystallization of sample 100H. The intermediate values encountered here also suggest that partial 
recrystallization and recovery dominates the microstructure response of the chips created [58], [59]. These 
results support the dislocation density values reported in the previous section. Despite some weak 
correlations from the estimate of the microstrain and the particle size from the WH method, a statistically 
significant model was encountered between the measured dislocation densities and microhardness of the 
samples, see Figure 18. The regress equation of this model is: 

𝐻 = 153.4417 + 8.4583𝜌 
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Figure 18: 𝐻  vs 𝜌. 
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5 RATE STRAIN MICROSTRUCTURE MAPPING 

The Rate-Strain-Microstructure (RSM) mapping has been previously used by authors trying to relate and 
visualize the microstructural response to their correspondent thermomechanics conditions in a 2D space 
[14]. The effects of the strain rate and the temperature are encapsulated in a third variable that best fit the 
microstructural response of the material, named the rate parameter. The Zener – Hollomon parameter (Z) 
was used in [14] as the rate parameter in copper machining experiments. The advantage of including 𝑍 in 
the RSM mapping comes as it is possible to identify regions with varying microstructural characteristics as 
grain size, misorientation angles, and recrystallization fraction [14]. The effect of 𝑍 on the microstructure 
of copper subjected to plastic deformation was also studied by Li et al. [15]. In this work, a highly refined 
microstructure is encountered for high 𝑍 values, characteristic of low temperature, and high strain rates, 
accompanied by an increase in the dislocation density and hardness of the material with 𝑍. On the 
counterpart, low values of 𝑍 characterized by high temperature and low strain rates ease dynamic recovery 
and recrystallization [16]. In this section, we take advantage of the RSM mapping to analyze in a 2D space 
the progression of the dislocation density and microhardness of the material under varying deformation 
conditions. Here we use 𝑍 as the rate parameter to explore the microstructure response. 𝑍 can be calculated 
as: 

𝑍 = 𝜀̇ exp(𝑄/𝑅𝑇) 

Where 𝑄 is the activation energy equal to 270 𝑘𝐽/𝑚𝑜𝑙 for nickel [2], and 𝑅 = 8.314 𝑗 𝑚𝑜𝑙 𝐾  is the 
gas constant. The calculated values with their respective thermomechanical conditions and microstructure 
response are summarized in Table 8. An ordinary least square method is used to regress the microstructure 
response to the deformation parameters (𝜀, Ln 𝑍), starting with a second-order polynomial regressor and 
deleting the non-significative terms. Because of the small dataset available, the interaction terms were not 
considered to prevent overfitting the data into a model that is not characteristic of the true response of the 
microstructure. The regression results are presented in Table 9 and 10.  

Table 8: Calculated rate parameter Ln Z. Microstructure response 𝜌 and 𝐻 , and the calculated microstructure response 𝜌  and 
𝐻 , . 

Sample 𝜺 
�̇� 

[1/s] 
𝑻 

[K] 
Ln Z 𝑯𝑽 𝑯𝑽,𝒄 

𝝆 
[× 𝟏𝟎𝟏𝟒 𝒎 𝟐] 

𝝆𝒄 
[× 𝟏𝟎𝟏𝟒 𝒎 𝟐] 

20L 10.59 2.66E+03 646.3 58.13 347.4 372.97 17.32 18.14 
20M 9.41 1.14E+03 765.4 49.47 322.0 307.42 16.01 13.57 
20H 8.23 8.16E+02 807.4 46.92 301.2 268.46 12.05 11.49 
100L 5.45 2.53E+04 711.3 55.79 227.5 246.52 11.60 12.25 
100M 4.82 1.13E+04 815.4 49.16 251.8 213.04 11.57 9.52 
100H 4.69 7.24E+03 878.7 45.84 177.8 199.04 1.62 8.39 
180L 4.03 6.47E+04 702.3 57.31 183.1 232.83 5.20 12.01 
180M 2.87 3.56E+04 698.6 56.96 236.3 220.14 16.56 11.39 
180H 2.63 2.45E+04 707.5 56.01 237.7 214.72 14.93 10.95 

 

Table 9: Regression results for dislocation density. 
𝑹𝟐 0.947 F-statistic 47.62 

Adjusted 𝑹𝟐 0.927 𝝆-value 0.00 
Term 𝒊 𝜷𝒊 𝒕 𝝆-value 

𝜺𝟐 6.0545E-2 1.482 0.182 
𝐥𝐧𝟐 𝒁 3.3574E-3 4.260 0.004 

Table 10: Regression result for hardness Vickers number. 
𝑹𝟐 0.988 F-statistic 279.6 

Adjusted 𝑹𝟐 0.984 𝝆-value 2.1E-07 
Term 𝒊 𝜷𝒊 𝒕 𝝆-value 

𝐥𝐧 𝒁 3.6575 11.785 0.000 
𝜺𝟐 1.4292 4.781 0.002 

 

The equations for the dislocation density and hardness are: 

𝜌(𝜀, ln 𝑍) = 6.0545 × 10 𝜀 + 3.3574 × 10 Ln 𝑍 
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𝐻𝑉(𝜀, ln 𝑍) = 1.4292𝜀 + 3.6575 Ln 𝑍 

Should be noted that the term 𝜀  in Table 9 has a 𝜌-value of 0.182 > 0.05, however, a better fit of the global 
model is encountered if the strain term is added to the regression analysis. The remaining terms in Table 9 
and 10 have 𝜌-values below the 0.05 threshold. Figure 19 – 20 show the RSM mapping for the dislocation 
density and microhardness, respectively. Figure 19 shows an increase in the dislocation density as the strain 
and Ln 𝑍 increase. Samples 20L, 180M, and 180H have both highest dislocation density and Ln 𝑍 values, 
while sample 100H has the minimum dislocation density and Ln 𝑍 value. On the other hand, the effect of 
the strain on the dislocation density is observable but without statistical significance between the samples 
tested. This is due to the high dislocation density measured for the samples created at 180 m/min, possibly 
prompted by the high strain rates and the lower temperatures at this cutting velocity. For this reason and 
because of the reduced dataset available, one should be careful to predict dislocation density from the model 
proposed and additional data should be added to the model to improve the statistical significance and the 
fidelity of the model to the true response of the dislocation density. 

 
Figure 19: RSM mapping of the dislocation density in 

terms of 𝜀 and 𝑙𝑛 𝑍. 

 
Figure 20: RSM mapping of the Vickers hardness in terms 

of 𝜀 and 𝑙𝑛 𝑍. 

A similar trend is obtained for the microhardness, increasing with strain and Ln 𝑍, see Figure 20. Sample 
20L has the highest Ln 𝑍 and highest strain resulting in the highest hardness, while 100H sample with lowest 
Ln 𝑍 has the minimum hardness. One could argue that, as presented in [14], low Ln 𝑍 and high strain eases 
recrystallization, so low hardness values presented in this region are explained by the recrystallized 
microstructure produced by the thermomechanical conditions. Still, attention should be paid to sample 20H 
with similar Ln 𝑍. Sample 20H share the same Ln 𝑍 value of 100H, however, the equivalent strain in 20H 
compared to 100H is ~75% higher, resulting in a 69% increase in the hardness of sample 20H. This suggests 
that the microstructure saturation has not been reached at a strain of 8.2 and ln 𝑍 ~46, and the effect of the 
strain in the microhardness is still observable. In general, the saturation of the dislocation density and 
microhardness has not been reached in the 𝜀 𝑣𝑠 Ln 𝑍 space studied here. Further analysis of the 
microstructure response can be handled using the RSM mapping if multiple deformation processes are 
superposed on the RSM space. The next section focuses on exploiting the benefits of the RSM mapping 
when used to classify the microstructure response in a framework defined by the deformation parameters. 

5.1 Classifying the microstructure response in the RSM space 

Additional microstructure results from the literature are consulted to validate the results obtained in this 
work. Table 11 lists the different works that reported the strain, strain rate, and deformation temperature 
exerted to pure nickel. 
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Table 11: Summary of works on the deformation of pure nickel on varying deformation processes and parameters. Initial grain 
size 𝛿 , purity and the microstructures criteria considered for the microstructure evolution. 

Reference Deformation parameters, and 
material initial conditions. 

Microstructure evolution 
criteria 

Hasegawa et al., [60] 
2003 

Uniaxial compression 
Ln 𝑍: 15.3 – 31.7  
99.9% purity 
𝛿 = 63 𝜇𝑚  
  

Stress-strain curves 
Optical micrographs 
Inverse pole figures 

Gao et al., [61] 
2019 

Hot Compression 
Ln 𝑍: 19.5 – 33  
𝛿 − 650 𝜇𝑚  
  

Stress-strain curves 
Optical micrographs 

Hughes et al., [62] 
1988 

Torsion tests 
Ln 𝑍: 23 – 103 
99.99% purity 
𝛿 : 80 – 100 𝜇𝑚 
  

TEM 
Crystallite morphology 

Srinivasan et al., [63] 
1992 

Hot Compression 
Ln 𝑍: 23 – 37 
99.98% purity 
𝛿 = 80 𝜇𝑚  
  

Stress-strain curves 

Dirras et al., [53] 
2010 

DPD, Hopkinson impact test 
Ln 𝑍 = 44.85  
99.99% purity 
𝛿 = 3.9 𝜇𝑚  
  

Grain size by EBSD analysis 
Dislocation density by XLPA 

Farbaniec et al., [45] 
2012 

DPD 
ln 𝑍 = 116.57  
98.4% purity 
𝛿 = 25 𝜇𝑚  
  

EBSD analysis 
Dislocation density by XLPA 

Zhang et al., [46] 
2008 

HPT 
Ln 𝑍 = 108.25  
99.5% purity 
𝛿 = 40 𝜇𝑚  
  

Crystallites size, boundary 
spacing, and dislocation density 
by TEM 

Luo et al., [30] 
2012 

DPD 
Ln 𝑍 = 103.78  
99.96% purity 
𝛿 = 10 𝜇𝑚  
  

Crystallites size, boundary 
spacing, and dislocation density 
by TEM 

Gubicza et al., [48] 
2016 

DPD 
Ln 𝑍 = 75  
98.4% purity 
𝛿 = 25 𝜇𝑚  
  

EBSD analysis 
Dislocation density by XLPA 

Figure 21 plots the reported strains and Ln 𝑍 values of Table 11. Some discrepancies are encountered for 
the activation energy of nickel, so the values reported by the authors is maintained to estimate Ln 𝑍. Some 
microstructure consequences are superposed on the figure aiming to relate the thermomechanical conditions 
and the microstructure response. The results obtained in this work and presented previously are overlapped 
in Figure 21 to make a direct comparison of the microstructural consequences and to validate the results 
with similar microstructures obtained in nickel with similar deformation conditions and initial 
microstructures. 
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Figure 21: Nickel wide RSM mapping on multiple deformation processes and with different microstructural consequences. 

A wide range of Ln 𝑍 is the main feature of Figure 21, resulting from the multiple deformation temperatures 
from 290 K (0.17𝑇 ) to 1420 K (0.82𝑇 ), and also, due to the high strain rates reported in the dynamic 
deformation processes obtained from impact test. At room temperature, or low-temperature increase ∆𝑇 <
100 𝐾, Ln 𝑍 values are obtained between 100 – 120. In this region, the characteristic microstructure at low 
strain values consists of cell blocks (CB) structures, a combination of cell boundaries, and extended 
dislocation boundaries (dense dislocation walls (DDW) and microbands (MB)). A transition into lamellar 
structures is observed with strain increase from ~ 1.5, while at large strain the lamellar boundaries become 
sharper. With increasing strain, the fraction of equiaxed subgrains and high-angle grain boundaries is 
increased, while the lamellar structure is still visible in the microstructure. A detailed review of the 
microstructure response and the structure features at room temperature deformation is encountered in [30].  

At temperatures higher than 1000K and Ln 𝑍 ≤ 40 multiple works have identified recrystallization during 
the deformation processes. The strains applied in this region are usually below 2, and in some cases, the 
applied strain is sufficient to reach saturation of the flow stress and microstructure. More precisely, at lower 
Ln 𝑍 grain growth is manifested during deformation, while at Ln 𝑍 closer to 40 nucleation is observed. The 
space defined by Ln 𝑍 between 40 – 80 is uncertain, not much information was encountered with the 
thermomechanical conditions falling in this region. The microstructure evolution of nickel deformed at 
Ln 𝑍 = 47.5 with a strain rate of 10  𝑠  and a temperature of 573 K was presented in [62]. At low strain, 
the lamellar structure with an equiaxial cell background is predominant. At this stage, the recrystallization 
nucleus are created, and the fraction of these increases with the strain. At a final strain of 2.1, newly formed 
grains are observed in the preexisting grain boundaries of the sample. At ln 𝑍 = 78, in [48] suggest that 
dynamic recrystallization did not occur because of the high dislocation density of 10  𝑚 . The chips 
created here are in the Ln 𝑍 range of 45 – 60, close to the dynamic recrystallization region demarcated in 
Figure 21. The dislocation densities and microhardness encountered suggest that dynamic recrystallization 
and recovery are predominant, besides the regions identified in the wide RSM mapping confirm that the 
deformation parameters used here lead to partially recrystallized microstructures in nickel. Despite this, 
work-hardened microstructures are still encountered when the strain and ln 𝑍 are higher.   
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6 CONCLUSIONS 

In conclusion, varying microstructures were obtained through the orthogonal cutting of nickel machined at 
multiple cutting conditions. The thermomechanical conditions were calculated for each of the cutting 
conditions, and the microstructural response was studied through the dislocation densities and 
microhardness.  

The effects of the strain, strain rate, and deformation temperature on the microstructure response were well 
encapsulated in the space defined by the RSM mapping using the Zener – Hollomon parameter. It is shown 
that dynamic recrystallization and recovery are predominant in the range of Ln 𝑍 studied here. Also, it is 
shown that higher temperatures, the same of low values of Ln 𝑍, accelerate the recrystallization behavior, 
while at high strain and ln 𝑍 values the dislocation densities and microhardness resemble the values of a 
work-hardened material.  

The advantages of the RSM mapping were extended to the microstructure evolution of nickel deformed in 
multiple deformation processes, and deformation parameters. The results presented here show the 
possibility to use the RSM mapping as a tool to predict the microstructural evolution of metals in different 
deformation processes if additional quantitative data of the microstructure response is added to the analysis.  

6.1 Future Work 

 Improve the reproducibility of the cutting experiments aiming to improve the resulting 
thermomechanical conditions 

 Acquire additional microstructure results to improve the proposed models. This can be done by using 
a wider range of the deformation parameters through modifications of the cutting conditions: rake 
angle, tool geometry, cutting velocity, and feed rate. 

 Use alternatives techniques to evaluate the microstructural response of the material or to validate the 
hypothesis raised here. EBSD and TEM scanning are highly recommended to acquire a visual and 
quantitative microstructural detail with high precision. 

 To use the RSM mapping as a tool to predict the microstructure response in metals subjected to 
multiples deformation processes. Also, approach to a universal RSM mapping including multiple 
metals. 
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