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Abstract

:

This work is the result of research on the dynamic process that occurs during milling machining, namely, the influence of the contact surfaces’ impact on the gear and the hob and the influence of their displacements on the resulting profile of the tooth. An acquisition system was placed on the final elements of the milling machine chain to determine the torque moments and displacements during gear milling. The experimental analysis proves that the displacements are within admissible limits and have no major influence on the quality of the processing surfaces. A dynamic simulation of the hobbing process with the finite element method (ANSYS) was performed for a limited period of time, and the values of deformation, equivalent strain, and stress have been determined; the time at which the chips come off and the corresponding value of the equivalent stress that occurs at their break were determined based on the maximum distortion energy von Misses theory. It is required to simulate the entire hobbing process, even if it can be time-consuming to differentiate the influence of the dynamic behavior of the machine’s kinematic supplementary chains on the hob wear and the tooth profile. A modal analysis will be able to support the comparative study related to the obtained experimental data.






Keywords:


hobbing process; gear profile; experimental method; dynamic analysis simulation; finite element method












1. Introduction


In order to solve the problems of productivity and economic efficiency, as well as to achieve the precision of the gear, efficient machining methods have been developed. According to [1], machining is still the unsurpassed method of producing gears of all types and sizes with high accuracy. Numerous studies have been carried out regarding the machining of gears by the milling process and the effect on the geometry of the processed wheel [2,3]. The rolling generating process is used to produce the most high-quality gears, taking into account the advantages in terms of productivity and profitability [4,5]. Hobs are used for obtaining spur gears, spiral gears, and worm wheels. The FD320A milling machine is one of the most commonly used tool–machine used for gear machining.



Some studies refer to the influence of cutting-edge preparation on the wear resistance of gear hobs on a five-axes milling machine (e.g., [6]). Other studies cover the design, modal analysis, and experimental tests of gearboxes already machined (e.g., [7]).



Numerical and experimental investigations on the dynamics and stability of the system workpiece–tool associated with milling operations have been presented, too (e.g., [8,9]). An analytical method for the computation of the cutting-edge geometry of a gear hob based on vector calculus and matrices in the tool-in-use reference system, useful in the optimization process, was reported in [10].



Review papers of various models of the milling process were written to illustrate the wide range of applicability (e.g., [11]).



Dynamic models of the milling process have been developed that consider the deformation of the cutting tool during machining and the dynamic compliances of the workpiece (e.g., [12]). Scientists have published numerous studies regarding the calculation of tool wear during the gear milling process, these being oriented in two directions, namely, the calculation of wear in individual positions based on the simulated chip geometry (e.g., [6,13]) and the introduction of methods based on FEM (e.g., [14,15]).



The FEM can directly give the tool wear and its morphology, but it has not been commonly used to predict tool life due to the great simulation time (e.g., [2,16]).



There are different algorithms and software to simulate gear machining such as PATRAN/NASTRAN [11]; Hob3D—which can be used for the analysis of the chip formation and for the cutting force in the milling process [17,18], and it can also be extended to other cutting processes based on the same principle, all the movements being transferred on the cutting edge [19,20]; ANSYS [21]; AdvantEdge [15]; DEFORM [22]; FRS/MAT/FRSWEAR [23]; and SPARTApro [24,25].



The present work is an extension of the papers [26,27] and aims to realize a comparative study of the experimental data with those simulated by ANSYS software. Experimental determinations of the displacements and tool shaft torque moments, due to the vibrations during the machining, have been conducted; a computer-assisted method for determining the contact surfaces’ displacements between a hob cutter and the workpiece was performed; for a particular situation with known technological parameters, the errors that occurred during the technological process and, implicitly, the machining accuracy, were determined [26,27]. A dynamic simulation of the milling process with the finite element method was performed, and the values of deformation, strain, and stress over a period of time have been determined.




2. Research Methodology


Theoretical research shows that the rolling kinematic chain is a complex dynamic system in which the interaction between the design and assembly deviations of the component elements and the characteristics of the cutting process takes place. The rolling kinematic chain is an oscillating system, excited by various disturbing sources (inside and outside), which manifests itself in the form of torsional vibrations that overlap over the movements of the final elements and have the effect of generating surfaces with deviations. The external source of torsional vibration excitation is the variation in the main cutting force due to the characteristics of the milling cutting process.



In dynamic analysis, it is necessary to determine the proper vibrations of the main chain, which are the amplitudes of the forced vibrations that could appear in this chain caused by the variation in the cutting forces. In support of this analysis, there are numerous books [28,29] that deal with the general theory of vibrations and other works that study the vibratory process during hobbing [30,31]. The approach to the resonance domain has negative effects on the cutting process, which is a direct influence on the processing precision.



The dynamical calculus is a calculus of free and maintenance vibrations of the main chain of the milling machine, in which every shaft is assimilated to a torsional spring with constant stiffness and each gear as a disk of inertia. In dynamical calculus and for the contact area, without making considerable errors, only the disturbance effect of the variable moments of cutting forces was taken into account [27,32].



The sizes of the cutting forces is a very important issue in gear machining [26,33]. The resulting cutting force, F, is variable in terms of application point, direction, and size during the machining. The vector, F, is determined by its components in the three directions of the attached system (Figure 1). The main cutting force (FC) subdues the gear shaft at compression stress and bending; the component FT subdues the workpiece shaft at torsion; and the radial force (FR) subdues the gear shaft at bending. The most important components, from the point of view of machine tool design, are FT and FC.



The variation in cutting forces during machining determines the dynamic stability of the machine tools and has an influence on the accuracy of the performance of the gears. Precise analytical determination of the dynamic behavior of the machine tool is not possible, due to both its complex constructive configuration and the relative knowledge regarding the stiffness and damping properties in kinematic chains and couplings; therefore, the use of experimental methods is also required.



In this context, the experimental research carried out in [27] aimed to determine the variation in forces and the displacements at the level of the contact surface between the hob and the gear.



Experimental research is related to the FD320A milling machine, using a hobbing cutter with a module of m = 3.5 mm. The geometrical characteristics for the hob in Table 1 are mentioned. For workpiece material, steel C 45 without thermal treatment was chosen. The gear has a value of Z2 = 30 teeth without profile shifting.



The methodology will combine the experimental data acquisition (displacements and moments) with the simulation of the cutting process using the ANSYS program [34]. The parameters of the cutting process constituted the input data in the ANSYS program, which then provided the output data as the strain, stress, and deformation in the contact surface. The diagram of this methodology is presented in Figure 2.



A 2515-Bruel–Kjaer vibration analyzer [35] was used to measure the displacements. Its characteristics of it are given by a frequency range of 0.3–20 kHz and a non-volatile memory that can store up to 100 measurements. It also allows for comparing, analyzing, and plotting graphs in linear and logarithmic coordinates.



For the experimental determination of the torque moments on the shafts, Vishay strain gauge sensors are bonded. The assembly consists of two rosettes composed of two strain gauges at 90 degrees connected in a complete bridge. For transmitting the signal from the shafts in rotational motion to the fixed part, systems with collecting brushes are used. The acquisition system has a measuring pitch of 10−5 s.



The experimental data acquisition system provided displacements for four chosen points on the hob, gear, and the torque moment on the tool shaft over a period of time. Due to the fact that both the gear shaft and the tool shaft were rotating, the analyzer sensor could not be positioned directly on them; the analyzer sensor was positioned in the immediate vicinity of the area of interest, resulting in relatively small errors. The points chosen for determining the displacements are two on the axes of the gear holder (measurement points 3 and 4) and two on the axes of the tool holder (measurement points 1 and 2) (Figure 3).



Experimental torque moments on the tool shaft were made in their harmonic form.




3. Results and Discussion


3.1. Experimental Results


In [26,27], the experimental results for the gear machining were presented, with different cutting modes with the given acquisition systems located in the points specified in the previous sub-chapter.



In Table 2, somet results referring to the chosen points’ displacements, recorded using Brüel and Kjær the analyzer, were given [26].



Table 3 shows the results recorded for the torque moments of the tool shaft corresponding to the same situation as in Table 2. In Figure 4, the corresponding diagrams are presented.



From the moment diagrams (Figure 4), the pulsating nature of the cutting moments can be observed. The torque moments can be decomposed into an average constant component and a variable one (Figure 4a). The average component is balanced by the motor torque moment of the driving motor. The variable component leads to the maintenance of vibrations in the kinematic rolling chain. The variation law of the variable component can be written in harmonic form with the Fourier series, the errors introduced being insignificant (Figure 4b). In the moment diagrams, the transformation benchmark is 3000mV = 48.75 Nm.



When performing the frequency analysis of the torque moments, the first five pulsations can be observed, but the first two are much more obvious, which is why they were taken into account [27]; the same procedure was utilized in [36].



Regarding the deviation from the geometrical shape of the teeth’s involute profile, the experimental analysis demonstrated that the displacements were within admissible limits (20%) and did not have major influences on the quality of the processed surfaces [27].




3.2. Numerical Simulation Results


Another modern approach is related to simulating the cutting process using different analysis software (e.g., ANSYS 19, Hob3D v.2022, AdvantEdge v.7.8), with results quite close to the experimental methods [17,18,19,20,23,30].



In this paper, the SolidWorks 2019 software for geometric modeling and the ANSYS program for process simulation are used for the gear hobbing process.



A hob was used with the module m = 3.5 mm; the number of origins was z1 = 1; cutting direction—R; material HHS; and other geometric parameters according to Table 1, namely: II—DIN 3972; I—STAS 11482.



The input gear data: the module m = 3.5 mm; the outside diameter dg = 112 mm; the number of teeth z2 = 30; and the pressure angle α = 20°. In order to obtain this gear teeth number after processing, a correlation is required between the rotation speeds of the two elements: gear and hob (Equation (1)):


     n g     n h    =    z 1     z 2     



(1)




where: ng—rotational speed of the gear (rpm); nh—rotational speed of the hob (rpm); z1—number of origins of the hob; and z2—number of the gear teeth.



To analyze the milling process, the cutting speed vc is determined with the Equation (2) [37]:


   v C  =   312    t  0.33   ·  s  0.5       ( m / min ) ,  



(2)




where s = axial feed (mm), and t = hob edge endurance (min)



There are many studies for the calculation of the wear and edge endurance of the hob, depending on the process parameters [2,6,13,14,15].



For this study, the s and t values were adopted (s = 4 mm and t = 240 min [37]), and the speed vc = 25.56 m/min is obtained.



The cutting speed will determine the rotation speed of the hob nh = 95 [rpm] (Equation (3)):


   n h  =   1000 ·  v C    π ·  d h      ( rpm ) ,    



(3)




where dh (m), vc (m/min).



From Equation (1), results in the rotation speed of the gear ng = 3.16 (rpm).



In the gear hobbing process, the depth of cut ap = 0.15 mm and the feed rate vf = 4 mm/min were used.



Referring to the stiffness behavior, the hob was considered rigid, and the gear was flexible. The kinematic rotation joints, gear-base, and hob-base were considered rigid.



The geometric model of the hob, made with SolidWorks, was imported into ANSYS software. The global reference coordinate system has been attached to the center of mass of the workpiece (Figure 5).



The ANSYS model of the assembly (2 active bodies) was discretized in 733,630 finite elements of the hexahedral type and 492,710 nodes (Figure 6).



In order to simulate the cutting process, the parameters for the interaction between the two bodies were defined.



The simulation with the ANSYS Explicit Dynamics module was performed and the obtained results in Figure 7, Figure 8, Figure 9 and Figure 10 are presented.



Figure 10 shows the distribution maps for the equivalent mechanical stresses that appear in the cutting area.



The numerical results over time, during dynamic simulation, are presented in Table 4, Table 5, Table 6, Table 7, Table 8 and Table 9, and the corresponding diagrams are shown in Figure 11, Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16.



From the diagram of the equivalent stress, as well as from Table 5, its evolution can be observed until the moment the chips break. For the material of the workpiece studied, C 45, the standard indicates the mechanical characteristics with the minimum breaking strength of Rm = 610 MPa. After running the ANSYS program for the processing time interval of 6.2767 × 10−3 s, points A and B were marked in the von Mises equivalent stress diagram (Figure 12); these correspond to the moments when the chips were detached from the workpiece, A (4.2896 × 10−3 s, 651.79 MPa) and B (6.1808 × 10−3 s, 656.97 MPa).



For the moments corresponding to chip detachment, A and B (4.2896 × 10−3 s and 6.1808 × 10−3 s, respectively), the equivalent elastic strains (1.3295 mm/mm and 2.2548 mm/mm, respectively) in the diagram given in Figure 11 are identified. It can be observed that at the moment of the detachment of the second chip, the equivalent elastic strain increased by 69.59% compared to the previous chip detachment.



Following the evolution of the equivalent elastic strain over time, the increase in elongation can be observed, with an upward slope until the first chip break and a smaller slope before the second chip break (Figure 11).



Since the running time for the whole process is very large, the simulation was stopped after separating the two chips.



During the milling process, from the moment t = 0 until the moment t = 6.2767 × 10−3 of stopping the ANSYS simulation, there was an increase in the maximum principal elastic strain, ε1, simultaneously with the increase in the absolute value of the minimum principal elastic strain, ε3, on the perpendicular axis (Figure 13 and Table 6, respectively, and Figure 14 and Table 7, respectively). The mechanical stress is a complex one, and a relative equality in the absolute value of the average slope of the two diagrams is observed.



The points corresponding to ε1max during the milling process are identified on the corresponding distribution maps (e.g., Figure 8a) and are found on the chip surface at the contact area with the cutting edge of the hob.



The maximum and minimum values from the dynamic analysis, as well as the running time and the number of cycles performed, can be found in Table 10.





4. Conclusions


In this paper, experimental results regarding the dynamic behavior of the milling machine are presented; the cutting torque that occurs when machining the gear has been determined as having the parameters of milling speed and feed rate. The experimental analysis demonstrated that the displacements were within acceptable limits and did not significantly influence the shape of the tooth profile.



In addition, the simulation of the gear hobbing process with the finite element method was realized. The deformation, strain, and stress were rendered for a time interval of 0.6 s, which does not represent the full stage of the cutting process. In the von Mises equivalent stress diagram, two moments were identified with the successive detachment of the chips from the workpiece, and the breaking stresses were recorded. After running the program, the points with the maximum deformation on the contact surface between the cutting tool and the workpiece were identified.



The main goal of the article was to develop models that could predict the influence of cutting regime parameters on the gear profile and hob wear. The FEM used in the simulation takes into account occurring stresses in the tool–chip contact area. In order to compare the experimental results with those of the simulation, it is necessary to continue and complete the study for the entire cutting process. Thus, highlighting the influence of the dynamic behavior of the machine’s kinematic chains on the tooth profile, which has only been taken into account experimentally. To improve the comparative study, the modal analysis is expected to be performed, with all the component elements of the kinematic chains taken into account.
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Figure 1. The schematic representation of the workpiece cutting force. 
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Figure 2. Diagram of experimental protocol. 
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Figure 3. Scheme of measurement points. 
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Figure 4. Graphs for the torque moment variation: (a) torque moment vs. time; (b) torque moment vs. frequency. 






Figure 4. Graphs for the torque moment variation: (a) torque moment vs. time; (b) torque moment vs. frequency.



[image: Applsci 12 08027 g004]







[image: Applsci 12 08027 g005 550] 





Figure 5. Geometric model for the assembly. 
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Figure 6. The meshing detail for the assembly: (a) overall view; (b) detail view of the contact surface. 
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Figure 7. Computed ANSYS equivalent (von Mises) stress map: (a) for the gear; (b) global view of the assembly. 
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Figure 8. Computed ANSYS principal elastic strain map: (a) maximum; (b) minimum. 
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Figure 9. Computed ANSYS principal stress map: (a) maximum; (b) minimum. 
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Figure 10. Computed ANSYS equivalent elastic strain map: (a) for the gear; (b) global view of the assembly. 
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Figure 11. Diagram of equivalent elastic strain. 
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Figure 12. Diagram of equivalent stress (von Mises). 
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Figure 13. Diagram of maximum principal elastic strain. 
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Figure 14. Diagram of minimum principal elastic strain. 
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Figure 15. Diagram of Maximum Principal Stress. 
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Figure 16. Diagram of Minimum Principal Stress. 
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Table 1. The hob characteristics.






Table 1. The hob characteristics.





	Name
	Symbol
	Value
	Units





	Module
	m
	3.5
	mm



	Pressure angle
	α
	20
	deg



	Teeth no.
	z
	14
	μL



	Number of origins
	z1
	1
	μL



	Tooth height
	h
	7.875
	mm



	Outside diameter
	dh
	90
	mm



	Pitch diameter
	d
	83
	mm



	Chanel angle
	ω
	2°31′24″
	deg



	Chanel pitch
	Cp
	6575.43
	mm



	Relieving angle
	δ
	25
	deg
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Table 2. Experimental results.






Table 2. Experimental results.





	Hob Module

m

(mm)
	Rotational Speed

nh

(rpm)
	Feed Rate

vf

(mm/min)
	Point 1

Displacements shy

(μm)
	Point 2

Displacements

shz

(μm)
	Point 3

Displacements

sgz

(μm)
	Point 4

Displacements

sgy

(μm)





	3.5
	95
	4
	−1.29 … 2.44
	−1.31 … 1.01
	−1.71 … 1.29
	−1.17 … 1.02
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Table 3. The measured numerical results for the torque moment.






Table 3. The measured numerical results for the torque moment.





	Module

m (mm)
	Rotational Speed

nh (rpm)
	Feed Rate

vf (mm/min)
	Maximum Torque Moment

Mtmax (Nm)
	Torque Moment Expression

Mt (Nm)





	3.5
	95
	4
	52.96
	18.207 + 9.224 sin 0.233t + 4.955 sin 2.623t
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Table 4. Equivalent Elastic Strain.






Table 4. Equivalent Elastic Strain.











	Time

t (s)
	Minimum

Equivalent Elastic Strain

εmin (mm/mm)
	Maximum

Equivalent Elastic Strain

εmax (mm/mm)
	Average

Equivalent Elastic Strain

    ε ¯    ( mm / mm )   





	1.1755 × 10−38


	0
	-
	



	9.9221× 10−4
	0
	0.17969
	2.4293 × 10−5



	4.2896 × 10−3 (point A, Figure 11)
	0
	1.3295 (point A, Figure 11)
	3.0552 × 10−4



	5.0076 × 10−3
	0
	1.6974
	3.6991 × 10−4



	5.0749 × 10−3
	0
	1.7331
	3.7898 × 10−4



	5.6075 × 10−3
	0
	2.0255
	4.2279 × 10−4



	6.1808 × 10−3 (point B, Figure 11)
	0
	2.2548 (point B, Figure 11)
	4.6702 × 10−4



	6.2767 × 10−3
	0
	2.2564
	4.7281 × 10−4
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Table 5. Equivalent stress (von Mises).






Table 5. Equivalent stress (von Mises).





	Time

t (s)
	Minimum

Equivalent Stress

σv min (MPa)
	Maximum

Equivalent Stress

σv max (MPa)
	Average

Equivalent Stress

    σ -  v    ( MPa )  





	1.1755 × 10−38
	-
	-
	-



	9.9221 × 10−4
	1.5649 × 10−2
	596.63
	3.0684



	4.2896 × 10−3 (point A, Figure 12)
	3.0400 × 10−2
	651.79 (point A, Figure 12)
	6.0913



	5.0076 × 10−3
	1.5193 × 10−2
	639.94
	5.8218



	5.0749 × 10−3
	1.7860 × 10−2
	640.14
	5.9126



	5.6075 × 10−3
	3.8187 × 10−2
	640.10
	4.8760



	6.1808 × 10−3 (point B, Figure 12)
	1.9844 × 10−2
	656.97 (point B, Figure 12)
	4.8431



	6.2767 × 10−3
	1.6906 × 10−2
	644.09
	4.6169
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Table 6. Maximum principal elastic strain.






Table 6. Maximum principal elastic strain.





	Time

t (s)
	Minimum

ε1 min (mm/mm)
	Maximum

ε1 max (mm/mm)
	Average

    ε ¯  1    ( mm / mm )  





	1.1755 × 10−38
	-
	-
	-



	9.9221 × 10−4
	−6.6972 × 10−4
	0.12717
	1.6845 × 10−5



	4.2896 × 10−3
	−7.8338 × 10−8
	0.9956
	2.3802 × 10−4



	5.0076 × 10−3
	−4.8383 × 10−8
	1.2695
	2.8779 × 10−4



	5.0749 × 10−3
	−9.6818 × 10−8
	1.2963
	2.9485 × 10−4



	5.6075 × 10−3
	−2.7392 × 10−7
	1.5132
	3.2678 × 10−4



	6.1808 × 10−3
	4.1564 × 10−9
	1.6921
	3.5890 × 10−4



	6.2767 × 10−3
	−2.0218 × 10−7
	1.6938
	3.6272 × 10−4










[image: Table] 





Table 7. Minimum principal elastic strain.






Table 7. Minimum principal elastic strain.





	Time

t (s)
	Minimum

ε3 min (mm/mm)
	Maximum

ε3 max (mm/mm)
	Average

    ε ¯  3    ( mm / mm )  





	1.1755 × 10−38
	-
	-
	-



	9.9221 × 10−4
	−0.12521
	4.2826 × 10−8
	−1.7264 × 10−5



	4.2896 × 10−3
	−0.96972
	1.1543 × 10−4
	−2.2078 × 10−4



	5.0076 × 10−3
	−1.2395
	3.3848 × 10−5
	−2.6823 × 10−4



	5.0749 × 10−3
	−1.2643
	2.5838 × 10−5
	−2.7514 × 10−4



	5.6075 × 10−3
	−1.4533
	1.5112 × 10−4
	−3.0484 × 10−4



	6.1808 × 10−3
	−1.5139
	6.9237 × 10−5
	−3.3336 × 10−4



	6.2767 × 10−3
	−1.5149
	1.1148 × 10−4
	−3.3702 × 10−4
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Table 8. Maximum principal stress.






Table 8. Maximum principal stress.





	Time

t (s)
	Minimum

σ1 min (MPa)
	Maximum

σ 1 max (MPa)
	Average

    σ -  1    ( MPa )  





	1.1755 × 10−38
	-
	-
	-



	9.9221 × 10−4
	−599.08
	286.3
	1.5373



	4.2896 × 10−3
	−120.35
	729.74
	3.2888



	5.0076 × 10−3
	−91.411
	720.88
	3.1674



	5.0749 × 10−3
	−105.46
	724.08
	3.2223



	5.6075 × 10−3
	−183.68
	722.13
	2.6878



	6.1808 × 10−3
	−293.7
	762.69
	2.7075



	6.2767 × 10−3
	−278.74
	704.82
	2.5722
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Table 9. Minimum principal stress.






Table 9. Minimum principal stress.





	Time

t (s)
	Minimum

σ 3 min (MPa)
	Maximum

σ 3 max (MPa)
	Average

    σ -  3    ( MPa )  





	1.1755 × 10−38
	-
	-
	-



	9.9221 × 10−4
	−902.82
	100.31
	−1.8632



	4.2896 × 10−3
	−696.26
	114.68
	−3.4724



	5.0076 × 10−3
	−656.76
	135.43
	−3.2939



	5.0749 × 10−3
	−662.87
	145.14
	−3.3447



	5.6075 × 10−3
	−639.07
	131.42
	−2.7467



	6.1808 × 10−3
	−668.44
	226.54
	−2.6771



	6.2767 × 10−3
	−657.54
	125.58
	−2.5576
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Table 10. ANSYS dynamic simulation results.






Table 10. ANSYS dynamic simulation results.





	
Type

	
Equivalent Elastic Strain

ε (mm/mm)

	
Equivalent (von Mises) Stress

σv (MPa)

	
Total Deformation

δ (mm)

	
Maximum Principal Elastic Strain

ε1 (mm/mm)

	
Minimum Principal Elastic Strain

ε3 (mm/mm)

	
Middle Principal Elastic Strain

ε2 (mm/mm)

	
Maximum Shear Elastic Strain

τmax (mm/mm)

	
Maximum Principal Stress

σ1 (MPa)






	
Minimum

	
0,

	
1.6906 × 10−2

	
5.123 × 10−2

	
−2.0218 × 10−7

	
−1.5149

	
−0.24722

	
1.1954 × 10−7

	
−278.74




	
Maximum

	
2.2564

	
644.09

	
714.66

	
1.6938

	
1.1148 × 10−4

	
0.12853

	
3.2087

	
704.82




	
Average

	
4.7281 × 10−4

	
4.6169

	
0.40745

	
3.6272 × 10−4

	
−3.3702 × 10−4

	
−1.6867 × 10−5

	
6.9974 × 10−4

	
2.5722




	
Time

	
6.2767 × 10−3 s




	
Set

	
14




	
Cycle Number

	
1,234,632
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