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Abstract

:

Surface and subsurface microstructural characterization after machining operations is a topic of great interest for both academic and industrial research activities. This paper presents a newly developed finite element (FE) model able to describe microstructural evolution and dynamic recrystallization (DRX) during orthogonal hard machining of SAE 8620 steel. In particular, it predicts grain size and hardness variation by implementing a user subroutine involving a hardness-based flow stress and empirical models. The model is validated by comparing its output with the experimental results available in literature at varying the cutting speed, insert geometry and flank wear. The results show a good ability of the customized model to predict the thermo-mechanical and microstructural phenomena taking place during the selected processes.
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1. Introduction


Hard machining involves a series of surface and subsurface structural changes that need to be controlled avoiding unwanted detrimental effects on product quality [1,2]. These modifications occur because of severe plastic deformation [3] and localized rapid thermo-mechanical work [4] resulting in grain refinement and phase transformation. Thus, machined surface and subsurface can show significantly different microstructure from the bulk material. Since this important aspect (laying to the field of surface integrity) directly influences the functional performance of machined components, it needs to be carefully investigated and analyzed. Therefore, it is useful to have accurate constitutive models to describe the material behavior depending on strain, strain rate, temperature, hardness, grain size, phase transformation, etc., especially in the deformation zones.



Cutting processes involve high strain, strain rate and temperatures leading to a complex thermo-mechanical effects which are mainly modeled and described by two types of equations: phenomenological equations (based on empirical functions of the investigated variables) [5,6,7,8] and physically-based equations (involving microscale physical aspects) [9,10,11]. Although physically-based models can accurately describe the material response by considering the microstructural aspect of the plastic deformation, their implementation is limited due to their complexity and the difficulty in identifying the needed parameters. Thus, empirical models are still widely used and preferred.



Among the empirical equations, the Johnson–Cook (J–C) model [5] is the most commonly employed in modeling and simulations for its simple form. In fact, it is widely used even for other material systems such as fiber reinforced composites [12]. It is a thermo-elastic–visco-plastic material constitutive model describing the flow stress as a product of strain, strain rate and temperature. However, it is inaccurate at high strain rates and does not account for material softening at high strains and temperatures, typical of the severe plastic deformation processes as hard turning machining; several modified forms were developed to overcome these limitations.



Lin et al. [13] combined the Zerilli–Armstrong (Z–A) model and J–C equation to provide a more accurate and precise estimation of the flow stress for the typical high-strength alloy steel.



Calamaz et al. [6] modified the J–C model to predict the softening effect at large strains and temperatures, by considering second order interactions of strain, strain rate and temperature, and allowing shear banding to be simulated without a failure damage criterion.



Ozel et al. [14] proposed a modified J–C material model that includes the temperature-dependent flow softening effect in addition to strain and strain rate hardening and thermal softening effects.



Li et al. [15] proposed a modified J–C model to describe the quasi-static stress–strain responses over a wider temperature range for as-quenched AA2219 (Al–Cu–Mn alloy).



Le et al. [16] developed a modified J–C model to predict the flow stress behavior of commercial pure titanium to determine the quantitative variation of the strain rate sensitivity and the strain hardening with temperature.



Tan et al. [17] modified the original J–C model considering the constant C as nonlinear relations with strains and strain rates for 7050-T7451 aluminum alloy.



Wang et al. [18] established a new J–C model by modifying the constant C as sine function with strain rates and temperatures, improving the prediction accuracy for higher strain rates for Inconel 718 cutting processes.



Constitutive J–C models of machining work material are also coupled with internal variables to consider the evolution of the dislocation density, hardness, grain size, phase transformation, etc. with deformation.



Rotella et al. [19] modeled the flow softening effect taking place during machining processes, such as dynamic recrystallization, by introducing in a modified J–C model a variable that represents the evolution of the grain size during the process.



Umbrello et al. [20] modified the original J–C equation introducing the hardness influence during hard machining of AISI 52100.



Thus, not only cutting forces, temperatures, chip thickness and geometry can be calculated, but finite element (FE) numerical simulations of hard machining can provide further insight into the behavior of the machining process such as grain size, hardness [21], residual stresses [22], phase transformation, etc.



Consequently, the aim of the present work is to give a contribution in FE analysis advance, validating a newly advanced FE model that includes temperature-dependent physical properties and workpiece microstructure data. The proposed phenomenological FE model is able to predict the complex thermo-mechanical history during hard machining of bearing steels and to distinguish the causes of microstructural changes between thermal and mechanical.




2. Experimental Procedure


The experimental data used for the analysis refer to those performed by Bedekar et al. [23] on hard turning of carburized SAE 8620 steel.



Rings of 285mm outer diameter, 245mm inner diameter and 38mm width were carburized and hardened (60/62HRC). Experiments were performed on a high precision horizontal CNC lathe, by using two low PCBN insert geometries - upsharp positive rake (UP) with a geometry of -20° rake angle and 50μm hone and honed negative rake (NH) with a geometry of +5° rake angle and 12μm hone – with two levels of wear conditions (VB=0μm (F-fresh) and VB=100μm (W-worn)) to produce white layers with different microstructures. Thus, the following tool geometry nomenclature was used: NH-W (Negative Rake Worn Insert), NH-F (Negative Rake Fresh Insert), UP-W (Positive Rake Worn Insert) and UP-F (Positive Rake Fresh Insert). Insert wear was limited to 100μm to ensure low surface roughness.



Moreover, two values of cutting speeds (V=91m/min and V=273m/min) were investigated for a total of 8 different machining cases.



All experiments were carried out at constant depth of cut (DOP=100μm) and feed rate (f=50μm). Finally, the authors [23] analyzed microstructural changes by TEM and GAXRD and evaluated the nanohardness by nanoindentation tests.




3. Numerical Model


The commercial FE software DEFORM-2DTM (implicit solver) has been used to simulate the orthogonal cutting process of SAE 8620 steel (61HRC) using a plane–strain coupled thermo-mechanical analysis. An updated Lagrangian model with automatic remeshing technique is applied to achieve the mechanical and thermal steady state conditions during the simulation. Concerning the workpiece material, the isotropic hardening has been assumed and the workpiece was modeled as plastic divided into 10,000 isoparametric quadrilateral elements. The cutting tool, divided into 3500 elements, was modeled as rigid in the FE model. Moreover, a high mesh-density has been set and used for the workpiece.



To simulate the thermo-mechanical behavior of the current orthogonal cutting process, under severe plastic deformation (SPD) condition, the modified hardness-based flow stress model [20] was implemented. In particular, starting from the original J–C model Equation (1) it can be written as reported in Equation (2):


σ(ε, έ, T)=[A+Bεn] x [1 + C ln(έ/έ0)] x [1-((T-T0)/(Tm- T0 ))m]



(1)




where A, B, n, C, and m are the material constants; ε is the equivalent plastic strain, έ and έ0 are the plastic strain rate and the reference plastic strain, respectively, T0 is reference temperature and Tm is the melting temperature.


σ(ε, έ, T, ΔHRC, d)=B(T) x (Cεn + F + Gε) x (1 + (log(έ)m-A))



(2)




where B(T) takes into account the temperature effect, F and G consider the hardness influence, and the term (1 + (log(έ)m-A)) represents the strain rate impact.



The model proposed in this work starts from Equation (2) and modifies the constant C (MPa) of the flow stress to consider i) the grain refinement on the surface and subsurface caused by dynamic recrystallization (DRX), ii) the variation of the hardness and iii) the yield stress Equation (3):


C=a+(k/d^0.5)



(3)




where d is the average grain size and a and k are two numerical constants. By this modification, the material flow stress is influenced by phase transformation (mainly thermally induced) and by dynamic events (mainly mechanically induced) that significantly modify the microstructure of the machined surface and subsurface during turning.



Thus, the thermo-mechanical behavior of the SAE 8620 steel is numerically represented by the new modified J–C law Equation (4):


σ(ε, έ, T, ΔHRC, d)=B(T) x ((a + (k/d^0.5)εn + F + Gε) x (1 + (log(έ)m-A))



(4)







The values of the numerical constants a, k, n, m, A and of the two hardness dependent factors F, G (Table 1) were calibrated through an iterative calibration strategy (Figure 1) according to what was available in the literature relating to the mechanical behavior of the material under investigation [20,24,25].



The physical events influencing the mechanical properties, were predicted by implementing a user subroutine with the empirical relationships of Zener–Hollomon (Z–H) parameter for grain refinement and Hall–Petch (H–P) equation for hardness evolution [22]. In particular, all the constants related to DRX and hardness changes were calibrated for SAE 8620 steel following the calibration procedure reported in [26].



Figure 2 summarizes the FE strategy developed to properly simulate the microstructural alterations.



In particular, the newly developed FE model is able to predict thermal and mechanical events during hard machining, and to show, by their single contribution, when the microstructural changes are mainly thermally or mechanically induced.



In fact, considering the mechanical contribution to the DRX phenomenon, the user subroutine “SPD events” (Figure 2) determines the recrystallized grain size (through state variable model relating the initial grain size, material constant and the Z–H parameter) and evaluates the hardness variation according to H–P equation.



Concerning thermal contribution, the user subroutine “Thermal events” (Figure 2) evaluates the local temperature history in the deformation zone, chip and machined surface, and determines the phase transformation (based on an empirical formulation relating hardness variation to quenching and tempering phenomena).



As overall result, the FE model updates the machined material hardness considering both the mechanically and thermally-activated events causing respectively DRX and phase transformation phenomena.



Thus, such a model is able to evaluate and distinguish the single mechanical and thermal contribution taking place during the process showing the prevailing one and updating the material flow stress equation Equation (4).




4. FE Validation and Results


The proposed FE model was validated by comparing its output with the corresponding experimental data. Figure 3 shows that the implemented user routine gave stable and uniform data prediction in the steady-state zone. In particular, Figure 3 reports the numerical prediction for both grain refinement and affected layer at a cutting speed of V = 273 m/min and fresh insert with positive rake angle (UP-F).



As reported in Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9, the results show the ability of the customized model to successfully predict the thermo-mechanical phenomena taking place during the selected processes.



Figure 4 reports the numerical–experimental comparison of all the analyzed tests, showing a good agreement in the prediction of the grain size evolution.



As experimentally found, the grain size range was about 100 times smaller than the bulk grain size (2 µm) [23].



For all the investigated cases, higher refinement (i.e., smaller grain size) was experimentally found by using a new cutting tool as shown in Figure 4. In these cases, FE model shows that, when hard machining is performed by a new cutting tool, higher strains provide smaller grain size due to grain refinement (Figure 5).



On the contrary, experiments show a grain size increase (i.e., coarser grain size) with the increase of the cutting speed (Figure 4). Thus, the FE model allows observation of increasing temperatures when the cutting speed rises, as seen in Figure 6.



For overall results, coarser grain size was produced on the machined surface and subsurface due to higher temperatures.



Figure 7 shows the hardness prediction when the cutting speed of V = 91m/min and worn insert with negative rake angle (NH-W) were used, while Figure 8 reports the comparison of surface hardness experimentally observed and numerically predicted.



A very good agreement between the numerical and experimental data was verified.



The numerical results confirm that machining of SAE 8620 hardened steel causes severe surface and subsurface structural changes, which are mainly thermally induced through phase transformations, as also suggested by the FE model.



In fact, the proposed phenomenological model makes possible to evaluate both thermally and mechanically induced microstructural changes and to show their single contribution in the deformation zone, chip and machined surface.



Hence, comparing NH-F (V = 91 m/min) and NH-W (V = 273 m/min) tests, a great difference is shown concerning grain size evolution (Figure 4), while a not evident difference is revealed concerning machined surface hardness variation (Figure 8).



This is due to the different mechanical and thermal events occurring for each single test. With the increase of the cutting speed, higher temperatures are reached during machining (Figure 6), resulting in a thermally-activated hardness increase for phase transformation phenomena (quenching). For this reason, although the test NH-W (V = 273m/min) was characterized by a coarser grain size (i.e., reduced mechanical influence on hardness increase), both compared tests showed the same machined surface hardness since a greater thermally induced phase transformation influence was registered at high cutting speeds (Figure 9).



Figure 9 shows the robustness of the proposed numerical model highlighting the single thermal and mechanical contributions to the hardness variation. As expected, for both the investigated cases, the thermal effect gave a greater contribution to the hardness increase than the mechanical one, demonstrating the predominant influence of phase transformation during hard machining of SAE 8620 steel.



Furthermore, the mechanical hardness contribution for the test NH-F (V = 91 m/min), due to grain refinement, was greater than the mechanical one registered for the test NH-W (273 m/min). This important finding is due to the combined effect of lower temperatures (i.e., reduced phase transformation) for lower cutting speeds (Figure 6) and smaller grain size when using a fresh insert (Figure 5): This numerical analysis gives a clear interpretation of the obtained results (Figure 8) and is helpful to understand the real physical meaning of the investigated process.



Figure 10 reports the hardness numerical profile from the machined surface to the bulk material. All the investigated cutting conditions highlighted a hardened layer of about 80 µm. Moreover, a good agreement between the prediction and the experimental evidences was recorded near to the machined surface (at 6 µm).




5. Discussion and Conclusions


In this paper, a FE model has been proposed to simulate the hard machining of SAE 8620 steel at varying cutting speed, insert geometry and flank wear. The proposed FE strategy successfully simulates both the thermal and the mechanical phenomena on the surface and subsurface leading to microstructural changes.



The Zener–Hollomon parameter and the Hall–Petch relation were implemented for predicting grain size and hardness evolutions. A new modified hardness-based J–C model was implemented considering the effect of grain size on the material’s behavior during the SPD process. More specifically, the influence of grain refinement, due to DRX, on the material flow stress was taken into account following the Hall–Petch equation. This aspect is of main importance considering the inverse function existing between the flow stress curve and the grain size: smaller grain size (i.e., grain refinement) results in higher material strength.



The numerical results were validated by comparison with those performed by Bedekar et al. [23] and a satisfactory agreement was found. In particular the average error was always contained around 20% for grain size and 4% for the surface hardness.



Furthermore, it was found that the cutting speed, the insert geometry and the flank wear strongly influence the machined surface and subsurface integrity of SAE 8620 bearing steel.



In fact, with the increase of the cutting speed a coarser grain size was observed. In fact, at higher cutting temperatures the dynamic recrystallization is contained leading to a smaller amount of grain refinement. On the contrary, higher refinement is highlighted machining with fresh cutting tools which induce higher localized strains.



In particular, the developed FE model brought to observe that the hardness variation on the machined surface and subsurface is due to both mechanical and thermal contributions, showing a predominant thermal influence during hard machining.



The proposed phenomenological model allows better understanding of the physical aspects of the analyzed process, showing the contribution of the mechanically-activated hardness variation for DRX events and the thermally-activated hardness variation for phase transformation phenomena to the as-received material hardness.



The model highlights the influence of grain size and hardness variation on the material behavior at both macro and micro scale, directly considering the influence of microstructural changes on material flow stress also for higher strain rates and temperatures.



Thus, the proposed FE strategy can be used to properly simulate the cutting process of the SAE 8620 steel, providing accurate results since it was considered the coupled effect of grain refinement and microhardness variation on the material flow stress equation.
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Nomenclature




	A
	adjustment factor



	B
	temperature-dependent factor



	C
	work-hardening coefficient



	C0
	numerical constant



	C1
	numerical constant



	C2
	numerical constant



	CNC
	computer numerical controlled



	DOP
	depth of cut



	PCBN
	polycrystalline cubic boron nitride



	DRX
	dynamic recrystallization



	F
	hardness dependent factor



	G
	hardness dependent factor



	GAXRD
	glancing angle X-ray diffraction



	H–P
	Hall–Petch



	ΔHRC
	hardness modification



	ΔHRCAus
	hardness modification due to quenching



	ΔHRCTemp
	hardness modification due to tempering



	J–C
	Johnson–Cook



	Q
	activation energy of material at high temperature



	R
	gas constant



	SPD
	severe plastic deformation



	T
	current temperature



	TAUS
	austenite-start temperature



	TDLSTART
	tempering-start temperature



	TROOM
	room temperature



	TEM
	transmission electron microscopy



	V
	cutting speed



	VB
	flank wear



	Z
	Zener–Hollomon parameter



	Z–A
	Zerilli–Harmstrong



	Z–H
	Zener–Hollomon



	    ε ˙    
	strain rate



	ε
	effective strain



	εcr
	critical strain



	a
	numerical constant



	b
	numerical constant



	c
	numerical constant



	d
	average grain size



	dDRX
	recrystallized grain size



	f
	feed rate



	k
	numerical constant



	m
	numerical constant



	n
	numerical constant



	p
	numerical constant
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Figure 1. Iterative procedure to calibrate the constants. 






Figure 1. Iterative procedure to calibrate the constants.



[image: Applsci 10 00121 g001]







[image: Applsci 10 00121 g002 550] 





Figure 2. Finite element strategy to predict the grain size and hardness variation due to thermal and mechanical events. 
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Figure 3. Grain size prediction: positive rake fresh insert with cutting speed (UP-F/V) = 273 m/min. 
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Figure 4. Grain size prediction: overall results (NH-W: negative rake worn insert, NH-F: negative rake fresh insert, UP-W: positive rake worn insert and UP-F: positive rake fresh insert). 
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Figure 5. Prediction of strain distribution: (a) UP-F/V = 273 m/min, (b) UP-W/V = 273 m/min (UP-W: positive rake worn insert and UP-F: positive rake fresh insert). 
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Figure 6. Prediction of temperature distribution: (a) NH-W/V = 91 m/min, (b) NH-W/V = 273 m/min (NH-W: negative rake worn insert). 






Figure 6. Prediction of temperature distribution: (a) NH-W/V = 91 m/min, (b) NH-W/V = 273 m/min (NH-W: negative rake worn insert).



[image: Applsci 10 00121 g006]







[image: Applsci 10 00121 g007 550] 





Figure 7. Hardness prediction: NH-W/V = 91 m/min (NH-W: negative rake worn insert). 
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Figure 8. Surface hardness prediction (NH-W: negative rake worn insert, NH-F: negative rake fresh insert). 
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Figure 9. Thermal (phase transformation) and mechanical (dynamic recrystallization (DRX) event) hardness contribution to the as-received material hardness: a)–b) NH-W/V = 273m/min, c)–d) NH-F/V = 91m/min (NH-W: negative rake worn insert, NH-F: negative rake fresh insert). 
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Figure 10. Hardness profile prediction: a) NH-F/V = 91m/min, b) NH-W/V = 91m/min, c) NH-F/V = 273m/min, d) NH-W/V = 273m/min (NH-W: negative rake worn insert, NH-F: negative rake fresh insert). 
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Table 1. Calibrated numerical constants and factors.






Table 1. Calibrated numerical constants and factors.





	Description
	Value





	a
	573



	k
	478



	n
	0.05



	m
	0.04



	A
	0.01



	F
	2.5*HRC-150



	G
	5*HRC-300
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