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Abstract

:

Honing processes provide a special cross-hatch pattern to the internal surface of cylinders that favors oil flow. However, along honing operation the abrasive grains wear out and lose their ability to cut material. The honing chips mixed with oil fill the pores of the abrasives and they start cutting in an incorrect way, leading to clogging. In the present paper, honing experiments were carried out according to a 32 factorial design, with different grain size and density of abrasive grains. Roughness, material removal rate, and tool wear were determined. Acoustic emissions were also measured and the chirplet concept was applied in order to detect differences between correct and incorrect cutting operations. As a general trend roughness and material removal rate increase with grain size and with density of abrasive. However, when clogging occurs roughness and material removal rate decrease, because the abrasive grains tend to deform the material instead of cutting it. When the honing process is working appropriately, the chirplet diagram of the harmonic part of the signal shows constant marks. On the contrary, when it does not work properly, marks disappear with time and their frequencies decrease. The results of the present paper will allow monitoring the honing process in order to change the abrasives when they are not working properly.
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1. Introduction


The honing process consists of removing material from the interior surfaces of cylinders by means of abrasive stones, with the aim of providing appropriate surface roughness. In the honing process, a honing head combines rotation movement with alternate linear movement in order to obtain a cross-hatch pattern with valleys that promote oil circulation for the lubrication of combustion engine cylinders during operation [1,2]. It is important to choose appropriate cutting conditions and abrasive features in order to ensure a correct cutting operation and the required surface topography [3]. The type of surface obtained is related to the tribological behavior of the cylinder liners [4].



As for surface finish, arithmetical mean height Ra is a common roughness parameter employed for the comparison of different machining processes [5]. Typical Ra values in honing processes range from 0.05 μm to 1.6 μm [6]. Parameters related to the Abbott–Firestone curve or bearing area curve (according to standard ISO 13565-2 [7]) are useful for assessing surfaces that will suffer wear during operation, such as cylinder internal surfaces. Parameter Rk or core roughness should be higher than parameters Rpk (reduced peak height) and Rvk (reduced valley depth), to assure the wear resistance of the internal surface. Rvk assures appropriate oil retention of valleys, heat dissipation, and space for the removed material. Mr1 monitors the part of the curve corresponding to small peaks and Mr2 monitors the part of the curve corresponding to valleys. After a running-in period, it is recommended that Rpk be lower than Rvk [8] to provide peakless surfaces with appropriate breaks in properties. This situation can also be achieved with the plateau honing operation, which removes peaks from previous honing operations. Typical values for parameters in combustion engines after plateau honing are Rpk ≤ 0.2 μm, Rk between 0.3 μm and 0.8 μm, and Rvk between 1.0 μm and 1.5 μm. Other requirements of the surface are that it must not show folded metal, cold working or must show uniformly cut grooves [9]. According to Davim, the most influential parameters on surface finish in honing operations are Rk and Mr2, with required values of 0.6–1.8 μm and 75–85% respectively. Rk ensures correct sliding between surfaces, while Mr2 provides the ability to retain lubrication oil [10]. After performing rough, semi- finish and plateau honing, el Mansori et al. reported higher Rk values up to 2.66 μm, Rpk values up to 0.82 μm, and Rvk values up to 2.21 μm. Mr1 values ranged between 3.61% and 7%, and Mr2 values between 82.8% and 86.3% [11].



Regarding material removal rate, Szabo reported values between 0.015 and 0.020 mm/s (0.090 and 0.120 cm/min) with cubic boron nitride (CBN) stones, and lower values between 0.012 and 0.015 mm/s (0.072 and 0.090 cm/min) with diamond stones [12]. Similar values were obtained by Vrac et al., between 0.015 and 0.021 mm/s (0.090 and 0.124 cm/min), in rough honing operations with diamond stones [13].



Analysis of the acoustic emission (AE) is a typical way to monitor proper operation in different machining processes, such as turning [14,15] or milling [16,17]. Analysis of the AE has the advantage that it provides underlying information that can help in making decisions in fault detection [18,19,20]. For example, grinding burn can be detected in grinding processes [21]. As for honing processes, Kanthababu et al. monitored AE for both fresh and worn out tools, and found that the main frequency of the signal depends on the cutting conditions [22]. Several methods are available for analyzing nonstationary or stationary signals with high non-deterministic components. Methods are based on time, frequency, or time-frequency domains [21]. However, the time domain does not provide the frequency description of the signals and vice versa. Thus, the time-frequency-scale (TFS) transform concept is needed in order to simultaneously and accurately solve the uncertain visualization of events, and their frequencies, occurring over time. Depending on the analysis approaches, time-frequency methods for feature extraction are classified into different groups [21]. The first group corresponds to time-frequency functions derived from translating, modulating and scaling a basis function. For example, the short-time Fourier transform (STFT) consists of gradually varying the window size used every time. It is a simple method to obtain a continuous volumetric representation of the signal as a function of time and frequency, and can be used in many applications [23,24]. Wavelet transform is another well-known TFS, in which a family of translates and dilates of one basic primitive mother wavelet is used as a piece of wave. As a result of this computational process it is possible to obtain smoothing of the Wigner distribution [25,26,27] from the spectrogram (time-frequency TF plane) to the scalogram (TS plane). The second group corresponds to Cohen’s class of bilinear time–frequency energy distributions: Wigner-Ville distribution, Margenau–Hill distribution and other [28]. The third group is based on rotation of the TF plane. It includes fractional Fourier transform, local polynomial Fourier transform, and Radon–Wigner distribution. The fourth group corresponds to signal dependent TFRs and includes concentration measures, reassignment methods, and signal optimized kernels/windows [21].



Chirplet transform is a more generalist method than wavelet because the mother pattern used is a single wave signal with a continuously variable frequency-amplitude between two limits as a piece of chirp, in concordance with a wavelet as a piece of wave [29]. Different authors have used chirplet for detecting failures, for example in gearboxes, on bearings [30,31], or gears [32]. Chirplet was also used for detecting weld defects [33]. Consequently, chirplet could be used in machining process monitoring. The honing process sound emissions are generated from a reciprocating tool movement and contain continuous frequency variations throughout. They have a similar shape to the chirp concept. For this reason, the sound analysis by means of the chirplet method could, in this case, be more advisable than other analysis methods.



The main aim of the present paper is to study and analyze the effect of grain size and density of abrasive grains on surface roughness, material removal rate, and tool wear in rough honing processes. For doing this, different rough honing experiments were carried out. In addition, AE signals of the experiments were measured. The signals were analyzed by means of chirplet transform and the observation of chirplet patterns. From the analysis, a methodology was developed to detect when the honing process is not performed correctly, for example because of clogging. The methodology will help to monitor honing and other machining processes in situ.




2. Materials and Methods


2.1. Honing Experiments


Steel St-52 (DIN 2391 [34]) cylinders of 80 mm internal diameter and 100 mm length were used. Pressure value (PR) employed from a hydraulic pump was 700 N/cm2 in all cases, corresponding to a rough honing process. Linear speed (VL) and tangential speed (VT) were set to 30 m/min and 40 m/min, according to the results of preliminary tests. The abrasive material used was cubic boron nitride (CBN), with metallic bond. The dimensions of each one the three stones used 20 mm x 3 mm x 3 mm.



Experiments were carried out according to a three level, two factor 32 factorial design. Factors considered were grain size (GS), as defined by the FEPA (European Federation of Abrasive Producers) standards [35] and density of abrasive (DE), according to ISO 6104 [36]. Each experiment was performed twice. Honing time was 15 min in all cases. The different experiments are presented in Table 1.



Figure 1 shows the Honingtec BVM 4C 130/1300 test honing machine that was used for the honing experimental tests. Oil was employed as a lubricant.



The honing head has reciprocating movement, while the workpiece turns.




2.2. Roughness Measurement


Roughness was measured in a Talysurf Series 2 Taylor-Hobson roughness meter. It allows obtaining 2D and 3D roughness measurements with a stylus of vertical resolution 16 nm.



First, 2D roughness was determined. Nine equidistant measurements were taken on the internal surface of the cylinders, according to previous research [34]. Evaluation length was 4 mm in the axial direction of the cylinder, in the central part of the cylinders, in order to avoid the effect of honing angle change due to acceleration/deceleration of the honing head. The machine takes height measurements every 0.25 µm in the axial direction. Parameters Ra, Rz, Rk, Rpk, Rvk, Mr1, and Mr2 were considered.



Second, 3D roughness was obtained from parallel roughness profiles. Distance between profiles was 0.01 mm. Parameters Sa (area arithmetical mean height) and Sz (area maximum height) were taken into account.



Pictures of the abrasive’s surfaces after the honing experiments were obtained with a Leyca (Wetzlar, Germany) S8AP0 magnifier (12.5x magnification).




2.3. Material Removal Rate and Tool Wear Measurement


The internal radius of pieces, as well as the length of cylinders, was measured before and after performing the honing experiments. Removed volume V in mm3 was calculated according to Equation (1).


V=π(Rf2−Ri2)·L



(1)




where Ri is the initial internal cylinder radius (mm), Rf is the final internal cylinder radius (mm), and L is the cylinder length (mm).



The material removal rate Qm in cm/min is calculated as follows (Equation (2)).


Qm=VS·t·10



(2)




where V is the removed volume (mm3), S is the total area of abrasive stones (mm2), and t is the honing test time (min).



Tool wear was determined by means of tool weight before and after each experiment, with a laboratory weighing scale KERN 400 33N.



In order to check cylindricity of the workpieces before and after the honing experiments, a Taylor Hobson (Leicester, UK) Talyrond 252 roundness meter was employed.




2.4. Acoustic Signal Measurement


Acoustic emission (AE) was recorded during the machining process by means of a HTC (Taoyuan, Taiwan) RC E150 piezoelectric microphone for audio applications with a frequency range of 40 Hz–20 kHz.



For each test, AE was measured at the beginning, the middle, and the end of the test. Each register lasts 20 s, from which 4.3 s were selected.




2.5. Acoustic Signal Treatment


The first step of the analysis consists of resampling the acoustic emission signal to 5000 samples/s ad to remove high frequencies (higher than 2500 Hz). The purpose of this operation is to reduce the computational time and memory required to analyze the signal.



After this, a homomorphous filter is applied to break the signal down into harmonic and non-harmonic components. Harmonic components correspond to the honing machine operating in a stationary condition, with constant pressure between the piece and the abrasive tool, constant rotation speed of the piece, and alternate linear movement of the honing head. The sound signal contains harmonic components at all times studied.



Next, chirplet transform was applied in order to extract deeper signal information with the frequency–time features of the signal samples. In the present approach, the modulated linear frequency, the chirp signal, was used by operating (multiplying) as a vibration or machine emitted sound signal, obtained under operation conditions s(t) (Equation (3)).


S(t)=s(t)∗ej2π(c2)t2



(3)







By computing the Short Time Fourier Transform (STFT) of S(t), continuously varying the chirp rate c and repeating the process many times, the volumetric representation time-frequency-chirp rate is obtained. It is also possible to perform a continuous 4D time-frequency-scale-chirp rate (TFSC) parameter space, using a chirplet in the same form as used in a wavelet transform.



Finally, the wave used over the vibration signal is a chirplet, derived from a single Gaussian window and it is used as an envelope in a chirp signal. A Gaussian wave packet can be expressed by Equation (4):


gtc,fc,σ(t)=12πσe−(12)(t−tc/σ)2ej2πfc(t−tc)+jφ



(4)




where j=−1, tc∈R is the center signal in time and fc∈R is the centre frequency, σ∈R>0 represents the spread of the pulse, and φ∈R is the phase shift of the wave [37].



Afterwards, time-frequency representation is obtained.



In case results showing an unsatisfactory visualization, a selective filter band can be applied to both signal parts, before repeating the chirplet analysis.



In Section 3, results regarding roughness, material removal rate, tool wear and acoustic signal analysis are presented.





3. Results


3.1. Roughness


Results of 2D roughness parameters Ra, Rz, Rk, Rpk, Rvk, Mr1, and Mr2, as well as 3D roughness parameters Sa and Sz are presented in Table 2 for all experiments considered.



The highest Ra and Rz values correspond to high grain size of 181 and high abrasive density of 60 (experiment 1), while the lowest Ra and Rz values were obtained with low grain size of 91 and high density of 60 (experiment 7). The same trend was observed for 3D roughness parameters Sa and Sz. Lower Ra values are usual in honing processes after semi-finish and plateau honing operations [6]. As for the Abbott–Firestone parameters, obtained Rk, Rpk, Rvk, Mr1, and Mr2 values are higher than those recommended by the manufacturers [6,10]. It should be taken into account, however, that in the present paper only, the rough honing operation was performed, not the semi-finish or plateau honing operation. Especially low values for roughness parameters were reportedd for experiment 7, suggesting that peaks and valleys have been smoothed because of inappropriate cutting.



The regression models for the roughness parameters Ra, Rz, Rk, Rpk, Rvk, Sa, and Sz are presented in Equations (5)–(11), respectively, with their corresponding R2-adj value.


Ra=3.141−0.00685·GS−0.0661·DE+0.00048·GS·DE (R2-adj=85.38%)



(5)






Rz2=299−0.915·GS−8.56·DE+0.0644·GS·DE (R2-adj=82.76%)



(6)






Rk=9.63−0.0201·GS−0.2068·DE+0.001442·GS·DE (R2-adj=85.16%)



(7)






Rpk=4.58−0.0091·GS−0.1027·DE+0.000725·GS·DE (R2-adj=76.80%)



(8)






Rvk=4.18−0.0120·GS−0.0831·DE+0.000625·GS·DE (R2-adj=66.63%)



(9)






Sa=3.629−0.01061·GS−0.0782·DE+0.000571·GS·DE (R2-adj=86.69%)



(10)






Sz0.5=5.102−0.00531·GS−0.0586·DE+0.000422·GS·DE (R2-adj=80.20%)



(11)







The amplitude parameters Ra, Rz, Sa, and Sz, as well as core roughness Rk have R2-adj values above 80%. However, reduced peak height Rpk and reduced valley depth Rvk show lower values of 76.80% and 66.63%, respectively.



As an example, Figure 2 depicts the surface plot for parameter Ra vs. grain size and density of abrasive grains.



As a general trend, roughness increases with grain size and density, as it had been found in previous experiments [38,39]. However, experiment 7, with grain size 91 and density 60, shows lower roughness than expected. This suggests that the tool crushes the material instead of cutting it. Figure 3a,b show magnified images of the abrasives’ surfaces after the honing operations, for experiments 2 and 7 respectively.



In Figure 3a, performed with grain size 181 and density 45 (experiment 2), sharp abrasive grains are observed. The bond surface shows several marks produced by the detached grains during the honing operation. This corresponds to a correct honing operation. On the contrary, Figure 3b shows a picture of the abrasive with grain size 91 and density of abrasive 60 (experiment 7). There, a more irregular surface is seen, in which abrasive grains are not clearly observed. Some grains are worn out, with smooth surfaces, and only few marks of detached grains are detected on the abrasive’s surface. This suggests that, due to the high density of abrasive, most grains crush the workpiece material rather than cutting it, and the chips fill the voids, leading to clogging.




3.2. Material Removal Rate and Tool Wear


Results for material removal rate Qm (cm/min) and tool wear Qp (cm3/min) are presented in Table 3 for all experiments considered.



The highest Qm value of 0.35 cm/min corresponds to experiment 1, with high grain size of 181 and high abrasive density of 60, while the lowest Qm value of 0.15 cm/min was obtained in experiments 6 and 7, with medium grain size and low density, and low grain size and high density respectively. Obtained values are similar to those reported in the literature for CBN stones [12,13], although with high grain size and high density higher material removal rates of 0.35 cm/min are achieved.



The regression model for material removal rate Qm is presented in Equation (12), with its corresponding R2-adj value.


Qm=0.534−0.002787·GS−0.00925·DE+0.000079·GS·DE (R2-adj=63.98%)



(12)







Figure 4 shows the effect of grain size and density on material removal rate Qm.



At high grain size, the higher the density, the higher the material removal rate, as expected. However, experiments performed at medium and low grain size combined with high density (experiments 4 and 7) lead to lower material removal rates and lower tool wear than those with lower density. This suggests that when density is too high for a certain grain size, abrasives do not cut properly because of clogging.



Low values were reported for tool wear for CBN stones, as expected, ranging between 0.0001 and 0.0008 cm3/min.



Cylindricity values before honing ranged between 13.75 μm and 38.06 μm, while cylindricity values after honing ranged between 19.75 μm and 52.76 μm. Similar cylindricity results were reported by Lei et al. [40].




3.3. Acoustic Signal Analysis


3.3.1. Initial Signal Treatment


As an example, the resampled signal of experiment 2 is depicted in Figure 5a. Then, autocorrelation was applied, in order to increase precision. In addition, the mean period of the honing cycle was extracted from the sound signal. It was found to be 0.492 s. Figure 5b represents the Fast Fourier Transform (FFT) of the signal of experiment 2. The harmonic components appear every 2.03 Hz, according to the honing cycle.



Figure 6a shows the auto crosscorrelation signal for experiment 2, and Figure 6b, its Fast Fourier transform FFT. There it is possible to confirm the honing cycle frequency of around 2.06 Hz.




3.3.2. Application of a Homomorphous Filter


The second step treatment of the signal involves cutting a certain length corresponding to several honing cycles. After this, the signal is decomposed into harmonic and non-harmonic parts, by means of a homomorphous filter. Figure 7 represents a signal containing three consecutive honing cycles. For frequencies between 130 and 18 Hz. Harmonic components are represented in red color, while non-harmonic components are highlighted in blue.



The harmonic part of the signal shows peaks that are separated from each other by 2.06 Hz.




3.3.3. Application of the Chirplet Transform


The complete method described in Section 2 was applied to two different experiments in order to compare them. Experiment 2, with grain size 181 and density 45, corresponds to a correct honing process; experiment 7, with grain size 91 and density 60, shows lower roughness and material removal rate than expected, suggesting that clogging occurred



Regarding experiment 2, Figure 8 shows the time-frequency pictures from the chirplet application to both non-harmonic and harmonic parts of the signal of experiment 2. They correspond to three honing cycles of a correct honing process (every window corresponds to a honing cycle). Figure 8a contains the time-frequency peaks of the non-harmonic components, which probably correspond to the sound of the abrasive stone when the linear movement direction changes in every honing cycle. The highest peaks of highest frequency correspond to the outward stroke of the honing head. In Figure 8b (harmonic part), there is a stable pattern along the three honing cycles.



Figure 9a contains the values of frequency-time-amplitude at eight points of the second window of Figure 9b. The distance between successive marks corresponds to 20.4 Hz or 1224.5 min−1. This value could be compatible with the rotation speed of the oil pump of the machine. Figure 9b contains the values of the harmonic frequencies. It is observed that the maximum amplitude varies throughout the cycle time. This could be attributed to a slight imperfection in the axis alignment between tool and cylinder, or to wear differences among the three abrasive stones, which can cause modulated harmonic perturbations.



As for experiment 7, where clogging occurs, the non-harmonic pattern (Figure 10a) is better defined than for experiment 2 (Figure 8a), with three important marks on each screen. The harmonic pattern (Figure 10b) also shows important differences with respect to that of experiment 7 (Figure 8b) because it is a non-stable pattern, showing frequencies that are contained within a narrower frequency band. The frequency for the rotational hydraulic pump is the same as for experiment 2 because the time between peaks is also 0.0478 s. Nevertheless, the frequency oscillates considerably with time when the machine is operating under clogging.



Figure 11 shows the pattern of the harmonic part of the third honing cycle considered. When the honing machining process works badly, the main frequencies change and the peak values (z values) increase considerably. The fact that the bands are time-varying is usually associated with problems in the part or in the process [31]. The harmonic pattern was not continuous, due to clogging, in contrast with a continuous harmonic pattern when the machine works correctly, as in experiment 2 (Figure 8b).



When the honing machine work under incorrect operating conditions, the main frequency changes from 1890–1836 Hz (Figure 8a) to a new, lower value of 1565–1572 Hz (Figure 11). In addition, the peaks’ amplitude increases from 0.005 to a new value of 0.450, approximately 90 times higher.






4. Discussion


The results of the present paper show that, as a general trend, roughness, material removal rate, and tool wear increase with grain size and density as expected [41,42,43]. However, when clogging occurs, unusually low values for the three a.m. properties are reported [44]. Roughness values obtained for grain size 91 and 46 lie within the 0.05–1.6 µm range, determined by Petropoulos et al. High grain size of 181 provided even higher Ra values up to 3.02 µm. Rk, Rpk, and Rvk values reported in the present paper for rough honing are higher than those found in the literature for finished honing [9,11]. This is because higher grain size is used in rough than in finish honing operations. Material removal rate values obtained here are similar to those reported in the literature for rough honing [12,13], except for high grain size and high density, with higher material removal rate.



Chirplet transform was applied to AE signals from the honing processes in order to detect the incorrect function of the process. The application of linear chirplet treatment to AE signals is, in a computational sense, easier and faster than other methods such as the Hilbert–Huang transform. Chirplet also offers interesting information about acoustic emission patterns from the honing processes, as can be seen in the time-frequency plots throughout the present paper. For example, a time-varying frequency pattern is usually associated with problems of a certain part or process [31].



The method presented here can be combined with Hilbert–Huang transform. Hilbert–Huang treatment requires two steps. First, the signal is decomposed by the Empirical Mode Decomposition (EMD), in order to obtain a family of signals from different frequency ranges, the Intrinsic Mode Functions (IMF’s). Second, the Hilbert transform is applied to each one in order to obtain the instantaneous frequency over time [44]. A hybrid treatment would consist of the calculation of EMD/IMF’s and chirplet application to each part of the signal.



The method can be extended in order to refine the analysis of harmonic components by reconstructing the harmonic part without some known fundamental components. The idea is to apply some selective filter process (paint, band, etc.) and to repeat the chirplet analysis. The objective is to magnify the rest of the harmonic components in the time-frequency plots, due to the fact that the most important components in the amplitude can be eclipsed by other components in the graphic representations. Thus, it can be stated that it is only possible to analyze the frequency zone of interest, eliminating the other components.




5. Conclusions


In the present paper, rough honing experiments were performed with different grain size and density of abrasive grains. Roughness, material removal rate, and tool wear were measured, and the AE signal was recorded. The main conclusions are as follows:




	-

	
As a general trend, roughness, material removal rate, and tool wear increase with the grain size and density of the abrasive. However, when high density is combined with medium or low grain size, both roughness and material removal rate decrease, suggesting that clogging occurs.




	-

	
AE signals vary for different cutting conditions. A new methodology, based on chirplet transform, is proposed here to analyze the acoustic emission signals. It consists of resampling the signals, and filtering them with a homomorphous filter to decompose the signal into harmonic and non-harmonic components. Afterwards, chirplet transform is applied to the decomposed signals.




	-

	
Two different experiments were compared: one in which the honing operation was correct (grain size 181 and density 45), and another one with clogging (grain size 91 and density 60). When clogging starts, in both harmonic and non-harmonic chirplet diagrams, the patterns become non-stable. In the harmonic pattern, main frequencies decrease with clogging, and the amplitude of the pattern decreases. The results show that it is possible to successfully apply the chirplet analysis to detect the incorrect working of the honing operation.









The methodology presented here provides an easy and fast way to analyze whether a certain honing process is working properly. It can be used in the future to monitor the honing processes and to stop them if they are not working appropriately.
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Figure 1. Honing test machine used: (a) Front view; (b) top view. 
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Figure 2. Surface plot of Ra vs. grain size and density of abrasive grains. 
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Figure 3. Magnified image of the abrasives’ surfaces of: (a) Experiment 2 and (b) Experiment 7. 
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Figure 4. Surface plot of Qm vs. grain size and density of abrasive grains. 
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Figure 5. Signals for experiment 2: (a) Acoustic signal and (b) Fast Fourier transform (FFT). 
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Figure 6. Signals of experiment 2: (a) Auto cross-correlation of the signal and (b) Fast Fourier transform (FFT) of the auto-cross correlation. 
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Figure 7. Example of: (a) Spectra of the harmonic and non-harmonic part of the signal and (b) zoom of spectra corresponding to the harmonic part of the signal. 
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Figure 8. Chirplet time-frequency representation for 3 honing cycles of experiment 2: (a) Non-harmonic part and (b) harmonic part. 
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Figure 9. Chirplet time-frequency representation of the harmonic part for 3 honing cycles of experiment 2: (a) Values for the marks; (b) main frequencies. 
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Figure 10. Chirplet time-frequency representation for 3 honing cycles of experiment 7: (a) Non-harmonic part, (b) harmonic part. 
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Figure 11. Values of the marks of the chirplet time-frequency representation of the harmonic part for 3 honing cycles of experiment 7. 
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Table 1. Honing experiments performed.
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	Experiment
	GS
	DE





	1
	181
	60



	2
	181
	45



	3
	181
	30



	4
	126
	60



	5
	126
	45



	6
	126
	30



	7
	91
	60



	8
	91
	45



	9
	91
	30
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Table 2. Roughness results (average value of each experiment).
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	Experiment
	Ra

(μm)
	Rz

(μm)
	Rk

(μm)
	Rpk

(μm)
	Rvk

(μm)
	Mr1

(%)
	Mr2

(%)
	Sa

(μm)
	Sz

(μm)





	1
	3.02
	18.02
	9.17
	4.79
	3.67
	10.78
	89.50
	3.27
	27.82



	2
	2.79
	16.57
	8.73
	4.02
	3.65
	11.28
	89.37
	2.77
	23.48



	3
	2.54
	15.45
	7.85
	4.09
	2.71
	12.35
	91.20
	2.61
	22.89



	4
	1.93
	12.64
	5.89
	2.87
	2.47
	10.71
	88.17
	2.00
	17.70



	5
	1.66
	10.90
	5.06
	2.45
	2.38
	9.59
	88.70
	1.76
	15.37



	6
	1.94
	12.44
	5.85
	2.81
	2.77
	10.72
	89.46
	1.93
	18.35



	7
	0.97
	6.58
	2.86
	1.27
	1.32
	9.89
	87.94
	0.97
	10.93



	8
	1.80
	11.66
	5.43
	2.80
	2.31
	11.78
	89.15
	1.76
	15.71



	9
	1.81
	11.67
	5.61
	2.62
	2.00
	11.40
	90.05
	1.91
	15.74
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Table 3. Material removal rate and tool wear results (average value of each experiment).
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	Experiment
	Qm

(cm/min)
	Qp

(cm3/min)





	1
	0.35
	0.0008



	2
	0.26
	0.0008



	3
	0.20
	0.0006



	4
	0.19
	0.0001



	5
	0.23
	0.0002



	6
	0.15
	0.0002



	7
	0.15
	0.0002



	8
	0.24
	0.0005



	9
	0.21
	0.0006
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