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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Inconel 718 nickel-based super alloy is widely used in aerospace, nuclear and marine industries due to its important thermo-mechanical properties 
and excellent corrosion resistance. However, the possibility to produce parts with a superior surface quality (e.g. enhanced surface integrity) still 
represents a challenge for manufacturing industry since the standard processing parameters are not suitable when difficult-to-cut materials are 
involved. Thus, predictive models represent a useful tool to simulate the material behavior during machining. Physics based computational 
analysis is an excellent technique to analyze the micro-scale phenomena (e.g. dynamic recrystallization, density of dislocation changes) taking 
place during the plastic deformation processes. Thus, it represents an important tool to optimize the cutting process achieving the desired 
characteristics of the machined surface. This work presents a physics based model developed to assess the micro-mechanical behavior of Inconel 
718 super alloy subject to severe machining operations. Results show the good capability of the model to properly deal with the main physical 
phenomena taking place during the process and to correctly predict the main surface modifications which affect the final product performance. 
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1. Introduction 

Due to its superior thermo-mechanical properties, Inconel 
718 superalloy is extensively used to manufacture rotating 
components for turbine engines. These latter, are subject to 
extreme working conditions due to the cyclic mechanical loads 
under high temperatures, that critically affect their fatigue and 
corrosion resistance [1].  

The most significant properties exhibited by Inconel 718 are 
the capability of maintaining high stiffness and strength at high 
temperature, high dynamic shear strength and extremely low 
reactivity in highly corrosive environment. Although the 
Inconel 718 has these beneficial properties in hostile working 
conditions, it shows poor workability due to its high work 

hardening, low thermal diffusivity and high reactivity with tool 
materials [2].  

In this context, the numerical simulations play an important 
role because such material is still considered as a hard-to-cut 
one. Thus, numerical analysis can be successfully implemented 
to optimize the process parameters drastically reducing the 
experimental time and cost needed. Numerical simulation 
provides feedback information on process parameters, in order 
to achieve the desired efficiency together with the quality of the 
machined product [3]. 

In numerical modeling of the material plastic behavior, the 
phenomenological models always covered a fundamental role 
for a large variety of metallic materials under high strain, strain 
rate and temperature. Among these models, the most widely 
used in machining simulations is the Johnson-Cook (JC) model, 
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because of its simplicity of implementation and because it is 
easily calculated through experimental data interpolation [4]. 
Furthermore, the versatility of the JC model is reinforced by the 
possibility to be coupled with microstructural dependent semi-
empirical models, allowing to obtain information about the 
microscale modifications of the material. On the other hand, 
this model frequently needs to be re-tuned considering the 
various working conditions; furthermore, the obtained 
numerical constants have poor physical meanings [5].  

To overcome these limitations, dislocation based models 
have been developed in order to physically describe the plastic 
behavior of the materials. Despite the computational 
complexity, these numerical models guarantee a deeper 
knowledge of the inner metallurgical phenomena occurring 
during the manufacturing process and the material behavior is 
modified based on microstructural modifications [6].  

This paper proposes a physics based model able to simulate 
the plastic behavior of Inconel 718 under large strain 
deformations induced by machining process. The numerical 
analysis was carried out to obtain deeper information on the 
microstructural evolution mechanism that can be employed to 
improve the surface integrity of the machined products. The 
obtained results involve processing (forces and temperatures) 
and surface integrity (dislocation density evolution, micro-
hardness, etc.) variables, providing a deeper knowledge on the 
phenomena occurring during high speed machining of Inconel 
718 components. 

2. Experimental tests  

Orthogonal machining tests were conducted on Inconel 718 
disks (429 HV) under dry conditions. Disks were characterized 
by a thin wall geometry (10 mm depth and 2 mm thick) using 
a CNC turning center. Coated DNMG Sandvik tools (ISO 
SDNMG150616) were selected and mounted on a Sandvik 
DDJNR/L tool holder. The tool holder was held in a Kistler 
9257 three component piezoelectric dynamometer to measure 
the forces. Furthermore, a thermocouple (K-type) was 
embedded into the tool-holder and the tool interface in order to 
measure the local temperature at the cutting tool during 
machining. This temperature was used to determine the 
temperature on the cutting tool edge by an inverse numerical 
methodology. Disks were machined investigating three cutting 
speeds and three feed rates as reported in Table 1.  

Table 1. Experimental machining test conditions. 

Cutting Speed [m/min] Feed Rate [mm/rev] 

50 0.05/0.075/0.100 

60 0.05/0.075/0.100 

70 0.05/0.075/0.100 

 
After the experimental tests, the machined surfaces and 

chips samples were collected, mounted and then polished in 
order to analyze the effects of the machining process. The 
overall details regarding the experimental tests are available in 
a previous work [7]. 

3. Deformation mechanism  

Nickel-Iron based superalloys subjected to large plastic 
deformation, usually show significant metallurgical 
modifications. Considering the investigated material, the 
machined surfaces and the chips showed altered areas 
characterized by grains distortion, dynamic recrystallization 
(DRX) and intense slip activity. The distorted grains highlight 
wide regions of slip band concentration; this phenomenon 
indicates movement of crystalline dislocations towards the 
regions of higher plastic deformation. Critical process 
parameters induced high thermo-mechanical loads; therefore, 
sub-micron grains are formed via reorganization of dislocations 
within the dislocation cells triggering DRX phenomena [5]. 

The described phenomena occur both in the worked surface 
and sub-surface as well as in chips. An intense accumulation of 
slip bands (altered layers from 60µm to 100µm) was detected 
beneath the worked surface and in the heavier case studies an 
ultrafine grain layer of few micron thickness was also detected. 
Referring to the machined chips, two different zones are 
distinguishable, namely the Low Shear Strain Zone (LSSZ) and 
the High Shear Strain Zone (HSSZ). In LSSZ the grains show 
low deformation, maintaining almost the same size of the bulk 
material. On the contrary, the HSSZ (shear zone) shows 
extremely deformed grains frequently culminating in intense 
dynamic recrystallization phenomena. All the described zones 
are visible in Fig. 1. 

 

 

Fig. 1. Different deformation mechanisms in chip and machined surface. 

4. Physically based constitutive model  

In order to understand the plastic behavior of the material 
under different strain, strain rate and temperature conditions, 
the physics based model is an necessary tool because allows to 
describe the inner phenomena related to the metallurgical 
modification that usually occur during machining process. The 
material behavior model used in this work is based on 
dislocation dynamic and grain evolution and it was 
implemented in Finite Element (FE) software in order to 
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simulate the machining process. The flow stress model consists 
of the algebraic sum of different contributions, taking into 
account the effects of the thermo-mechanical loads on the 
lattice defects and on the grain size modification (Eq. 1). 

 
𝜎𝜎𝑝𝑝𝑝𝑝 = 𝜎𝜎∗ + 𝜎𝜎𝐻𝐻𝐻𝐻 + 𝜎𝜎𝐺𝐺                                                         (1) 
 
σ* represents the resistance of the material to plastic strain 

where thermal activated mechanisms assist the applied stress in 
moving dislocations through the lattice. 𝜎𝜎𝐻𝐻𝐻𝐻  is the Hall-Petch 
stress and denotes the contribution of the grain size to the 
plastic flow, while 𝜎𝜎𝐺𝐺 designates the strain hardening due to the 
forest dislocation. 

The interaction between the mobile and immobile 
dislocations is the physical basis of the strengthening of a metal 
material and is described by well-known Taylor equation (Eq. 
2) [8]. 

 
     𝜎𝜎𝐺𝐺 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀√𝜌𝜌𝑖𝑖                                                                (2) 

Where α is a proportional constant, M is the Taylor factor, 
ρi is the density of immobile dislocations, G is shear modulus 
and b is the Burger’s vector (2.56×10-10 m) [8]. 

The evolution of the dislocation density is described by the 
two terms of Eq. 3. In detail, ρi

(+) represents the strengthening 
effect, while ρi

(-) represents the softening due to the recovery 
effects. 

 
𝜌̇𝜌𝑖𝑖 = 𝜌̇𝜌𝑖𝑖

(+) − 𝜌̇𝜌𝑖𝑖
(−)                                                      (3) 

 
The motion of the dislocation can be obstructed by the 

presence of obstacles causing a hardening effect in the material 
flow stress. This phenomenon is described by Eq. 4. 

 
 𝜌̇𝜌𝑖𝑖

(+) = (1
𝑠𝑠 + 1

𝐷𝐷)  (𝑀𝑀
𝑏𝑏 ) 𝜀̇̅𝜀𝑝𝑝

                                                         (4) 

Where 𝜀𝜀̅̇𝑝𝑝 is the equivalent plastic strain rate, D is the initial 
grain size and s represents the crystal cell size, that is described 
by Eq. 5 [8]. 

 
𝑠𝑠 = 𝐾𝐾𝑐𝑐/√𝜌𝜌𝑖𝑖                                                                  (5) 

Where Kc is a calibration constant. 
The material softening due to recovery effect is described by 

Eq. 6. 
 

𝜌̇𝜌𝑖𝑖
(−) = 𝛺𝛺𝜌𝜌𝑖𝑖𝜀𝜀̅̇𝑝𝑝                                                                           (6) 

Where Ω is the recovery function and its expression is 
described by Eq. 7 and Eq. 8. 

 

     𝛺𝛺 = 𝛺𝛺0 + 𝛺𝛺𝑟𝑟0 ( 1
𝜀̇̅𝜀𝑝𝑝

𝐷𝐷𝑣𝑣
𝑏𝑏2)

1/3                                           (7) 

𝐷𝐷𝑣𝑣 = 𝐷𝐷𝑣𝑣0𝑒𝑒𝑒𝑒𝑒𝑒(−𝑄𝑄𝑣𝑣/𝑘𝑘𝑏𝑏𝑇𝑇)                                       (8) 
 
Where Dv is the diffusivity, while Ω0 and Ωr0 are two 

calibration parameters, Dv0 is a numerical constant, Qv is the 

activation energy for self-diffusion. kb is the Boltzmann 
constant and T the absolute temperature [8]. 

The 𝜎𝜎∗  term represents the material resistance to plastic 
deformation due to the short-range interactions where thermal 
activated mechanisms assisting the applied stress in moving 
dislocations and is described by Eq. 9. 

 

      𝜎𝜎∗ = 𝜎𝜎0 (1 − ( 𝑘𝑘𝑏𝑏𝑇𝑇
∆𝑓𝑓0𝐺𝐺𝑏𝑏3 𝑙𝑙𝑙𝑙 (𝜀̇𝜀𝑟𝑟𝑟𝑟𝑟𝑟

𝜀̇𝜀𝑝𝑝 ))
1/𝑞𝑞

)
1/𝑝𝑝

                       (9) 

Where ∆f0, q and p are calibration parameter and 𝜀𝜀𝑟̇𝑟𝑟𝑟𝑟𝑟  is 
typically accepted as 106 [8]. 

The grain size D was predicted taking into account the 
common mixture law (Eq. 10): 

 
𝐷𝐷 = 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑋𝑋𝐷𝐷𝐷𝐷𝐷𝐷

 + 𝐷𝐷0(1 − 𝑋𝑋𝐷𝐷𝐷𝐷𝐷𝐷)                      (10) 
 
Where D0 is the average initial grain size (18µm), DDRX is 

the dynamically recrystallized grain size (Eq. 11) and XDRX is 
the volume fraction of the recrystallized grains [5], this latter is 
described by the Avrami model (Eq. 12) [9]. 

 
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 3054.62𝑍𝑍−0.13871                                    (11) 
 

      𝑋𝑋𝐷𝐷𝐷𝐷𝐷𝐷 = 1 − 𝑒𝑒𝑒𝑒𝑒𝑒 (−0.693 ( 𝜀𝜀−𝜀𝜀𝑐𝑐𝑐𝑐
𝜀𝜀0.5−𝜀𝜀𝑐𝑐𝑐𝑐

)
3

)
 

                        (12) 

As showed by Eq. 12, the XDRX depends on strain ε, critical 
strain for the nucleation of the recrystallized grains εcr (Eq. 13), 
ε0.5 (Eq. 14) that is the strain referred to the 50% of 
recrystallized grains and Z is the Zener-Hollomon parameter 
described by Eq. 15 [9]. 

 
𝜀𝜀𝑐𝑐𝑐𝑐 = 0.0015𝑍𝑍0.11741                                                   (13) 
 
𝜀𝜀0.5 = 0.00146𝑍𝑍0.14299                                                   (14) 
 

      𝑍𝑍 = 𝜀𝜀̅̇𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒 (474000
𝑅𝑅𝑅𝑅 )

 
                                                      (15) 

To obtain the correct value of the numerical constants, a 
fitting procedure of experimental stress-train curves was 
carried out. The value of the constant obtained via calibration 
and by literature analysis [8-10] are reported in Table 2. 

Table 2. Numerical constants identified. 

Numerical 
Constant 

Value Numerical 
Constant 

Value 

α 0.15 τ0 0.017 

M 3.06 Δf0 1.7 

Dv0 [m2/s] 8.8e-5 p 1.2 

Qv [J/mol] 283000 q 1.5 

Ω0 3.4 d [µm-0.5] 1 

Ωr0 0.2135 υ 1.4 

Kc 36 αG 0.9 

ρ0 [m-2] 1.0e12   
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5. Finite element model  

A FE physics-based model of the orthogonal machining 
process was developed using the commercial software SFTC 
Deform®. A 2D plane-strain multi-physics analysis was 
performed via Update-Lagrangian code coupled with a 
remeshing technique. 

FORTRAN subroutines were coded to integrate the 
numerical model explained in Section 4 in the FE software 
allowing the stress and metallurgical phenomena evolution 
prediction. 

The workpiece was meshed with 20000 isoparametric 
quadrilateral elements, with a severe mesh refining near the 
cutting zone, reaching a mean element size of 2μm, in order to 
obtain an accurate prediction of the surface integrity close to 
the machined surface. The workpiece was considered as a 
plastic body, while the cutting tool was modeled as rigid body 
and its geometry was obtained using a non-contact 
profilometer. The physical interaction between the cutting tool 
and the workpiece was modeled considering the hybrid friction 
model that takes into account the sticking and sliding effects 
occurring at the interface. The friction coefficients m and µ 
were chosen as 1 and 0.3 respectively, while the global heat 
transfer coefficient (h) was imposed to be 100000 kW/m2K. 
The values used for global heat transfer coefficient and friction 
constants refers to previous studies on the same process [7]. 

 

6. Results and discussion 

6.1. Machining forces and temperatures 

Fig. 2 reports a comparison between the numerical predicted 
cutting forces (main cutting and thrust forces) and temperatures 
and the experimental results. The predicted main cutting forces 
are in good agreement with those measured during the 
experiments, with an overall average absolute error of nearly 
6%. 

The predicted feed forces showed a mean absolute error 
equal to 8.32%, while cutting temperatures prediction exhibits 
an average absolute error of nearly 15%. These errors are 
higher than the error on the main cutting force, however, due 
to the very complex deformation process simulated, this 
specific entity of error was considered acceptable. Moreover, it 
is important to point out that, during machining of hard 
materials, the tool geometry unavoidably changes, due to the 
wear effect. This aspect was not modelled because of higher 
computational time, therefore the higher error in feed forces 
and temperatures was also attributed to the absence of tool wear 
that introduces significant non-linearity in the friction and 
contact modeling, which are unavoidably present in the 
machining of superalloys [11]. 

 

 

Fig. 2. Mean and variation of experimental (EXP) and numerical simulated 
(NUM) cutting forces (a), thrust forces (b) and temperatures. 

6.2. Surface integrity analysis 

The metallurgical modifications experimentally observed 
were deeply investigated through the numerical model. 
Depending on the machining parameters, different phenomena 
may occur on the worked surface, sub-surface and chip. Areas 
of intense slip activity behave as preferred site for grains 
nucleation, causing DRX. 

The ultrafine grain regions noticed in the chip analysis are 
visible in all the investigated cases due to the intense shear 
activity during the chip serration phenomena (Fig. 3a). Also, 
the ultrafine grain layers produced on the machined surfaces 
were detected when higher feed rates were employed, due to 
the heavier thermo-mechanical loads on the worked surface. In 
detail, the thicknesses of these layers are always lower than 2 
µm and the numerical predicted ones are always comparable 
(Fig. 3b). As highlighted by M’Saoubi et al. [12], taking into 
account the high density of grain boundaries, the ultrafine grain  
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Fig. 3. Microstructural modifications measured (EXP) and numerical 
predicted (NUM). 

layers are particularly difficult to be analyzed without using 
complex analysis systems (such as electron backscattered 
diffraction technique) and consequently the grain dimensions 
are extremely difficult to be evaluated. Therefore, a validated 
physics based numerical model offers a valid instrument to 
deeply investigate this phenomenon. The FE simulation was 
able to easily predict the grain size changes phenomena 
induced by cutting process previously described in Section 3. 

Fig. 4 shows the comparison between the numerical and the 
experimental distribution of grain size measured on the 
machined subsurface and along the depth. The grain refinement 
is more significant as the cutting parameters became severer. 
Referring to Fig. 5 is possible to observe that the fraction of 
recrystallized grains is predominant beneath the machined 
surface. Consequently, taking into account that dynamically 
recrystallized grains are poor of dislocations [13], the main 
contribution in micro-hardness increasing was attributed to the 
grain refinement effect. Therefore, the Hall-Petch model (Eq. 
16) was used to predict the hardness increment beneath in the 
affected layer [7]. 

 
    𝐻𝐻𝐻𝐻 = 𝐻𝐻𝐻𝐻0 +

𝑘𝑘𝐻𝐻𝐻𝐻
√𝐷𝐷

                                                             (16) 

Where HV0 and kHP are calibration constants. The comparison 
between measured micro-hardness and the predicted one is 
reported in Fig. 6.  

 

 

Fig. 4. Comparison between the measured (EXP) and the predicted (NUM) 
grain size. 

 

Fig. 5. Volume fraction of recrystallized grain size beneath the machined 
surface. 
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Fig. 6. Comparison between the measured (EXP) and the predicted (NUM) 
micro-hardness. 

7. Conclusions 

 In this work the physically based constitutive behavior 
model of machined Inconel 718 is presented. The main 
metallurgical phenomena such as dynamic recrystallization and 
interaction between mobile and immobile dislocation density 
are taken into account in order to understand their behavior 
when plastic deformation is induced by the tool. Moreover, the 
hardness modification was also implemented into the FE model 
to know its distribution change when different cutting 
parameters were used. The proposed model was validated 
through comparison between numerical and experimental 
results. The numerical data were in good agreement with the 
experimental ones. The average total error between the 
predicted and measured cutting forces was not higher than 

8.5% while regarding the thermal gradient the error was always 
lower than the 15%. Through the FE simulation was possible 
to evaluate the amount of recrystallized grains due to the 
machining operation at varying cutting parameters.  

The application of the numerical model was crucial in order 
to obtain a more affordable numerical prediction compared 
with the phenomenological one, with a drastic reduction of 
numerical error. Moreover, the use of a physics based model 
allows to get a deeper understanding of the metallurgical 
phenomena occurring due the large plastic strain induced by 
machining process, that are of fundamental importance in the 
design of high performance and reliable industrial processes. 

 

References 

[1] W. Deng, J. Xu, Y. Hu, Z. Huang, L.Jiang. Isothermal and 
thermomechanical fatigue behavior of Inconel 718 superalloy. Material 
Science and Engineering A 742 (2019), p. 813-819. 

[2] N. Narutaki, Y. Yamane, K. Hayashi, T. Kitagawa, K.Uehara. High-speed 
Machining of Inconel 718 with Ceramic Tools. CIRP Annals 42 (1993), p. 
103-106. 

[3] K. Rana, S. Rinaldi, S. Imbrogno, G. Rotella, D. Umbrello, R. M’ Saoubi, 
S. Ayvar-Soberanis. 2D FE prediction of surface alteration of Inconel 718 
under machining condition. Procedia CIRP 45 (2016) p. 227-230. 

[4] A. Shrot, M. Bäker. Determination of Johnson–Cook parameters from 
machining simulations. Computational Materials Science 52 (2012), p. 
298–304 

[5] S. Imbrogno, S. Rinaldi, D. Umbrello, L. Filice, R. Franchi, A. Del Prete. 
A physically based constitutive model for predicting the surface integrity 
in machining of Waspaloy. Materials & Design 152 (2018), p. 140-155. 

[6] F.J. Zerilli, R.W. Armstrong. Dislocation-mechanics-based constitutive 
relations formaterial dynamics calculations. J. Appl. Phys. 61 (1987), p. 
1816–1825. 

[7] F. Jafarian, M. Imaz Ciaran, D. Umbrello, P. J. Arrazola, L. Filice, H. 
Amirabadi. Finite element simulation of machining Inconel 718 alloy 
including microstructure changes. International Journal of Mechanical 
Sciences 88 (2014), p. 110–121. 

[8] M. Fisk, A. Lundback. Simulation and validation of repair welding and heat 
treatment of an alloy 718 plate. Finite Elements in Analysis and Design 
58 (2012), p. 66–73. 

[9] X. Chen, Y. C. Lin, D. Wen, J. Zhang, M. He. Dynamic recrystallization 
behavior of a typical nickel-based superalloy during hot deformation. 
Materials and Design 57 (2014), p. 568–577. 

[10] M. Fisk, J.C. Ion, L. Lindgren. Flow stress model for IN718 accounting 
for evolution of strengthening precipitates during thermal treatment. 
Computational Materials Science 82 (2014), p. 531–539. 

[11] S.N. Melkote, R. Liu, P.F. Zelaia, T. Marusich. A physically based 
constitutive model for simulation of segmented chip formation in 
orthogonal cutting of commercially pure titanium. CIRP Ann. Manuf. 
Technol. 64 (2015), p. 65-68. 

[12] R. M’Saoubi, D. Axinte, C. Herbert, M. Hardy, P, Salmon. Surface 
integrity analysis of machined Inconel 718 over multiple length scales. 
CIRP Annals - Manufacturing Technology 61 (2012) 99–10. 

[13] K. Huang, R. E. Logé. A review of dynamic recrystallization phenomena 
in metallic materials. Materials & Design 111 (2016), p. 548–574. 

 

 


