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 Approach and recess fillets produced by the gear skiving were studied.

 Metallurgical and mechanical properties were revealed.

 Deformation mode was classified and assessed by the grain long axis.

 Geometrically necessary dislocation was derived for showing the strain hardenability.

Abstract 

The subsurface integrity of the fillet affects the gear service life during high-power-density 

transmission. To clarify the fillet formation in the gear skiving process, the internal subsurface 

integrity of gear fillets at the approach and recess sides were investigated by considering the 

surface texture. Metallurgical and mechanical investigations were conducted to advance the 

understanding of the fillet formation mechanism. The long-axis angle of the deformed grains and 

geometrically necessary dislocations (GNDs) of the subsurface revealed the dominant 

deformation mode and strain hardenability. As a result, the surface texture must be analyzed to 

elucidate the local cutting feature-induced plastic deformation owing to the high velocity gradient 

near the skived surface. The long-axis angle difference at the fillet of recess side increased 

approximately 5 to 10 times compared to that of the approach side, indicating that the refinement 

and slip-dominated deformation mode prevails at the formation of the approach and recess fillets, 

respectively. Greater strain hardenability at the subsurface of the fillet of approach side was 

elucidated by the nanoindentation test and grain dislocation density. This work advances the 
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understanding of microstructural alteration at the subsurface of the approach and recess fillets, 

contributing to the gear functionality-based assessment of the gear skiving process.

Keyword: Gear skiving; Subsurface microstructure; Subsurface analysis.
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1. Introduction

Gear skiving is a promising method for producing internal gears that are multiple times faster 

than traditional gear-shaping methods [1]. Thus, the current increasing demand for internal gears 

for compact and lightweight component design spotlights the gear skiving method, which has 

attracted both industrial and academic attention. Owing to the kinematic nature of crossed cutter-

work axes, the surface generation processes of approach and recess flanks [2–4] are different, 

resulting in a diagonal surface texture morphology [5,6] and different subsurface integrities 

beneath the gear flank and fillet regimes [7]. The primary reason for this is the local cutting feature 

variation, for example, the uncut chip thickness and cutting velocity change with location from the 

top flank to the root, resulting in different cutting mechanisms along the tooth profile. In gear 

skiving, based on a multiple-infeed strategy design, the local cutting feature of the finishing pass 

depends on the gear tooth shape produced by the penultimate pass [8]. Numerical solutions [3,9–

11] have been proposed in the state-of-the-art to elucidate complicated cutting mechanisms; 

however, subsurface integrity clarification focusing on fillet regimes is still lacking.

The subsurface integrity of the machined gear tooth gap is crucial for the high-power density 

of the automotive transmission unit. Internal features, in terms of the metallurgical and mechanical 

characteristics of the subsurface beneath the gear fillet, affect the service life [12,13], which can 

be generally endangered by the tooth fracture developed from the fillet. Therefore, the finishing 

process in gear manufacturing is of particular interest for evaluating the final tooth gap formation. 

Well-known material removal orientated finishing operations such as grinding [14–16], wire 

electrical discharge machining [13,17], hard machining (e.g., turning, milling, hobbing, skiving) 

[17–20], and broaching [21] have concluded that machining-induced mechanical property 

alterations, showing a sub-100 m-regime white layer zone and approximately 200 m to 1000 

m work hardening layer [14,15, 22], were formed from the gear flank owing to the 

thermomechanical coupling effect. However, the consequent work hardening effect at the fillets 

remains unclear, hindering the understanding of the stress concentration-induced fracture [23]. 

Thus, the investigation of the subsurface integrity of fillets is necessary to contribute to the 

assessment of the gear skiving process. Sophisticated evaluation methods should be applied to 
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the subsurface of fillets close to the skived surface to present the intrinsic nature of skiving-

induced microstructural alteration.

The metal cutting-induced subsurface deformation mode can be generally defined as 

refinement and slip-dominated deformations, depending on the local cutting environment and 

material properties [24]. Specifically, the material drag driven by the directional cutting operation 

is the primary source of grain slip deformation at the subsurface, and intense compress-shear 

coupling loaded on the machined surface causes the generation of the white layer zone, where 

the grain refinement results in an amorphous-like microstructure [25]. Depending on the 

deformation mode, the hardness and work hardening level are different, owing to the subsequent 

microstructure characteristics; that is, the densely packed equiaxed grains within the white-layer 

zone show higher nano-hardness than those consisting of long-axis slipped grains [26]. Thus, the 

deformation mode at the subsurface of the fillets must be classified to advance the understanding.

In this work, we focused on the subsurface close to the skived finishing surface to fill 

metallurgical and mechanical knowledge gaps. A method for quantitatively summarizing the 

skiving-induced grain deformation by statistical analysis of the grain long-axis angle is proposed 

to classify the deformation mode on the fillets at approach and recess sides. First, a gear skiving 

experiment was conducted to produce fillet surfaces following the industrial standard. The 

subsurface integrity was then investigated by electron backscatter diffraction (EBSD) to reveal 

the grain condition at the fillets, and a nanoindentation technique was used to obtain the nano-

hardness, followed by atomic force microscopy (AFM) analysis to reveal the plastic deformation 

around the indenter mark. The local cutting velocity was simulated by considering the surface 

texture for mechanism interpretation, associated with in-depth grain orientation and work 

hardening analysis.

2. Material and methods

2.1 Experiment and analysis

Gear skiving experiment was conducted on a five-axis machining center (Karats Precision 

Inc., GSV-60N) designed for the high-load gear skiving process. Because the microstructure of 
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the finishing gear surface is the focus, only the finishing pass is discussed in this study. A brand-

new cutter was used to avoid the tool wear influence on the surface quality. The adopted 

kinematics are presented in Fig. 1, showing crossed cutter (Zt) and gear (ZG) axes to produce the 

differential speed for removing the material by the skiving process. The material region removed 

in the finishing pass is explained in the zoomed-in subfigure, showing that the gear fillet is 

gradually performed by a series of successive cuts driven by the axial feed. Each cut follows the 

trajectory direction from cut-in to cut-out, producing two fillets on the approach and recess sides, 

denoted as A-fillet and R-fillet, respectively. The cutter, gear, and skiving parameters are listed in 

Table. 1.

XG

YG

ZG

Xt

Yt
Zt



ωt

ωw

le

XG

YGTrajectory

Cut-in Cut-out

Tooth gap formed by
successive cuts

R-filletA-fillet

Gear

Fig. 1 Kinematic of gear skiving and interpretation at finishing pass. The definition of the approach and 
recess is made according to the cut-in and out direction. Angular speeds of the cutter and gear: t and w. 
Coordinate systems of cutter and gear: O-XtYtZt and O-XGYGZG. Center distance of cutter: le.

Because the radial infeed of the finishing pass is generally of the order of 10-1 mm, the local 

uncut chip thickness for producing the tooth gap is of the order of 10-3 mm [4,9]. Thus, an implicit 

contour-based level contour method [3] was applied to calculate the surface texture to ensure 

simulative accuracy and efficiency. By calculating the tooth gap shape and comparing it with the 

theoretical tooth gap, the surface texture was calculated according to Table 1 and presented in 

Fig. 2a, showing that the maximum scallop height at the fillet reached approximately 30 m. This 

indicates that the scallop height at the fillet is much higher than that at the flank, and thus, the 

surface texture must be considered in the assessment. 

The analysis spots for the microstructural examination are shown in Fig. 2b. Four spots at 
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the flank-fillet (Fig. 2b-①③)) and fillet root (Fig. 2b-②④)) were selected to provide an adequate 

analysis of the gear fillet. The kinematics of gear skiving result in different cutting directions along 

the profile of the observation plane. Thus, the cutting velocity field around the analysis spots 

considering the surface texture was also considered and incorporated into the discussion.  Level 

contour method is used to calculate the cutting velocity field [3,27].

3.02.52.01.51.00.50.0

Scallop height 10-2 (mm)

(a) Tooth gap definition and surface texture (b) Analysis spots

Y (mm) Y (mm)

X
(m

m
)

FilletFillet

Approach flank Recess flank

Z
(m

m
)

Internal
gear

Tooth gap after
penultimate pass

Surface
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Ideal
surface

①

② ④

③Penetration (mm):
①: 0.105; ②: 0.149
③: 0.081; ④: 0.094

UCG

A A

A-A view

A-fillet R-fillet

Fig. 2 Surface texture of tooth gap and analysis design for metallurgical examination. (a) Scallop 
height distribution on the finishing pass. (b) Analysis spots on an arbitrary level being perpendicular to the 
gear axis. UCG: uncut chip geometry. Please refer to the web version of this work for the color-coding 
Interpretation.

2.1 Material and characterization methods

Tempered JIS-S45C, as a general gear material, was selected as the workpiece for this 

investigation. The cutting-edge profile and microstructure of the as-received material are 

presented in Fig. 3a and b, respectively. Fig. 3b shows that the lamellar grain structure dominates 

the test material, and thus skiving-induced grain deformation can be clearly indicated. Because 

the narrow gear fillet part was the focus, the observation plane was perpendicular to the gear 

center axis ZG to better inspect the analysis spots. 

The specimen for microstructure observation was cut from the finishing gear by wire 

electrical discharge machining, followed by adequate fine polishing to 0.4 m colloidal silica 

suspension without chemical etching. Preliminary microstructural observations were performed 

using a scanning electron microscope in backscattered electron (BSE) mode (Hitachi SU8010), 
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and electron backscatter diffraction (EBSD) analysis was conducted using a field emission 

scanning electron microscope (JSM-7100F, JEOL Ltd., emission current: 63 μA; acceleration 

voltage: 15 kV; work distance: 25 mm; scanning step size: 20 nm). A nanoindentation test (ENT-

NEXUS, ELIONIX INC.) was used to measure the nano-hardness, followed by an atomic force 

microscopy (AFM) examination of the indenter mark. The resolution of the positioning stage of 

the nanoindentation tester is 0.1 m, enabling mechanical examination in micro-order near the 

skived surface.

Fig. 3 (a) Cutting edge profile and (b) experiment material. Grain boundary is defined as 5. Gear axis: ZG. 
Please refer to the web version of this work for the color-coding Interpretation.

Table. 1 Parameters of cutter, workpiece and cutting process for gear skiving.
Parameters Unit Value
Cutter
Constructive rake angle γ () 12
Helix angle βt0 () 20
Module m (mm) 3
Addendum diameter da0 (mm) 126.2
Constructive relief angle at head h0 () 12.9
Constructive relief angle at flank f0 () 10.4
Number of teeth Zt0 (-) 36
Gear
Helix angle βw2 () 0
Internal diameter di2 (mm) 173.19
Root diameter dr2 (mm) 185.67
Pressure angle 2 () 20
Number of teeth Zw2 (-) -58
Cutting parameters
Center distance of cutter le (mm) 20.83
Spindle speed (cutter) n (rev/min) 400
Axial infeed fa (mm/rev) 0.8
Inclination angle Σ () 20
Incremental radial infeed of fr (mm) 0.2
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finishing pass

3. Results and discussion

3.1 Microstructural analysis of subsurface

Fig. 4 presents the high-angle BSE images of the subsurface to indicate the grain 

deformation at A-fillet and R-fillet. From the deformed lamellar structure, it is seen that both severe 

grain deformation and refinement are detected from the subsurface, resulting in an obvious slip 

deformation and densely packed grain features near the skived surface. The deformation in the 

affected zone of the R-fillet shows a deeper depth than that of the A-fillet. Specifically, the grain 

is refined by the external loading at the A-fillet, resulting in reduced grain size. Pronounced 

material drag is detected at the subsurface of the R-fillet, meaning the grain slip deformation more 

intensively occurred at this location than at the location of the A-fillet. Detailed analysis of grain 

area is conducted with the EBSD data.

Fig. 4 High-angle backscattered electron (BSE) images for revealling the grain deformation at the 
subsurface of A-fillet and R-fillet. Analysis spots are the same as those indicated in Fig. 2.  (a) and 
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(b) A-fillet. (c) and (d) R-fillet.  

The inverse polar figure (IPF) and grain area of the affected region were calculated for 

comparison and analysis in Fig. 5. The recess root-fillet part was produced with the largest width 

of the plastic deformation region, which reached approximately 5 m, followed by values of 2.0 to 

2.5 m for the rest of the cases. The grain area was reduced to 16.7% of the original grain area 

(approximately 1.2 m2) in most of the approach flank-fillet (see Fig. 5a), followed by a 50% 

reduction at the approach root-fillet. For the R-fillet, the reduction in grain area was relatively 

stable.

Fig. 5 Inverse polar figure (IPF) of subsurface and grain area at affected region. The histogram 
diagrams of grain area distribution within the affected region are presented. Gear axis: ZG. Please refer to 
the web version of this work for the color-coding Interpretation.

From the grain shape, different deformation mode is confirmed between the approach and 

recess sides. The densely packed equiaxed grains dominate the deformation region of the A-fillet, 
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and long-axis grains with certain angle preferences prevail at the recess flank. This means that 

the refinement-dominated deformation and the slip-dominated deformation could be the primary 

deformation mechanisms for the formation of the approach and R-fillets. However, theoretically, 

the slip-dominated deformation generally contains the grain refinement process, especially right 

next to the skived surface, and the refinement-dominated mode also contains some boundary slip 

and migration. An analysis of this point should be conducted through a more detailed evaluation.

3.2 Hardness and work hardening characterizations

The lamellar grain structure of the applied material provides convenience in revealing the 

machining-induced effect, which can be comprehensively understood by examining the long axes 

of the grains. Thus, to quantitatively assess the deformation mode, the angle of the long-grain 

axis was used to perform the statistical analysis, as shown in Fig. 6 and 7. 

Fig. 6 Distribution of the grain long axis at subsurface and statistics result of long-axis angle shown 
by boxplot. ∆l : long axis different between the region I and II. (a) A-fillet①. (b) A-fillet②. Long axis of grain 
is indicated by the white line. The grain is rendered with shape aspect ratio. Please refer to the web version 
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of this work for the color-coding Interpretation.

The affected region was denoted as region I from the skived surface. The grain is rendered 

with the aspect ratio (long-axis length/short-axis length) and the long axis. Statistical data of the 

long-axis angle are presented by boxplots, in which the red line at the notches of the box shows 

the confidence interval of the median value. The blue box indicates the upper and lower quartiles. 

The differential angle between regions I and II was calculated to indicate the grain orientation 

preference using the median value. The histogram diagram of the long-axis angle is also 

presented as a reference, in which the outer angular axes are the angles, and the scale is the 

length of the long axis of the grain.

Fig. 7 Distribution of the grain long axis at subsurface and statistics result of long axis angle shown 
by boxplot. ∆l : long axis different between the region I and II. (a) R-fillet③. (b) R-fillet④. Long axis of 
grain is indicated by the white line. The grain is rendered with shape aspect ratio. Please refer to the web 
version of this work for the color-coding Interpretation.

From the comparison between Fig. 6 and 7, the long-axis angle changed by 4.8 at the A-

fillet and 44 at the R-fillet, indicating that the primary deformation mode is the refinement-
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dominated deformation during the formation of the A-fillet and slip mode for the R-fillet. The slip-

dominated mode may cause prone interference when a severe external force is loaded on the 

skived surface, which further facilitates the pronounced slip deformation internally, leading to 

instability during carrying. The refinement-dominated mode exerts more energy in refining grains, 

resulting in a packed structure with a higher resistance to further deformation.

Fig. 8 shows the nano-hardness of the analysis spots with the load-displacement curve (p-h 

curve) and AFM images of the corresponding indenters 2 m away from the skived surface. The 

different hardness levels and pile-up conditions were attributed to different strain-hardening 

conditions. The hardness of the subsurface reached approximately 1.68 times the bulk material 

value (380 HV). The maximum displacements of the p-h curves and pile-up height show that the 

A-fillet has a higher hardening level than the R-fillet.

Fig. 8 Nano-hardness, load-displacement curve, and atomic force image of indenter at subsurface 2 m 
away from the skived surface. Please refer to the web version of this work for the color-coding Interpretation.

According to the surface texture (Fig. 2a), the scallop height on the fillet is approximately 

30 m, which is higher than that on the flank, indicating that the skived surface on the fillet is 

affected by the cutting speed away from the theoretical finishing surface. The cutting velocity 

distribution of the uncut chip geometry with the surface texture line (red line) is shown in Fig. 9. 

The maximum chip thickness is approximate 20 m and 48.5 m for the examined spots at 

approach and recess sides, respectively. Noted that the cutter motion is three dimensional and 
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Fig. 9 presents the cutting conditions, e. g. cutting speed and rake angle, on the observation 

plane. The angle between the cutting velocity and cut surface is marked out for a reference. The 

material between the ideal surface and surface texture line is left as scalloped material, and the 

rest of the part is removed in the successive cut. The gradient of the cutting velocity is large from 

the finishing surface during skiving, indicating that the large scallop height causes the local cutting 

feature deviation between the skived surface (also the observation surface) and the ideal finishing 

surface. 

Fig. 9 Interpretation on the deformation mode using cutting velocity and effective rake angle e on the 
observation plane by considering the surface texture. Please refer to the web version of this work for the 
color-coding Interpretation.

According to the velocity direction near the surface, the material deformation on the 

subsurface of recess side is formed with a phenomenal and directional material drag due to the 

high cutting velocity being almost parallel to the finishing surface (see Fig. 9b); for the approach 

side, on the other hand, the microstructure condition is more complicated because the cutting 

velocity has a tendency to be angled to the tangential direction of the finishing surface contour 

(see Fig. 9a). Moreover, based on these observations, the underlying mechanism for the 
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occurrence of deformation mode alteration between the approach and recess sides can be 

explained by the local cutting velocity and effective rake angle, which changes with the cutting 

time owing to the variation in the cutter posture. In comparison to the R-fillet (see Fig. 9b), the 

cutting velocity for the skiving A-fillet has a larger velocity angle to the surface owing to the 

kinematics, associated with the higher effect rake angle, resulting in a high strain rate, enabling 

the facilitation of intensive localized deformation. Thus, the collective effects of the cutting velocity 

and rake angle result in a refinement-dominated mode and shallow deformation layer of the 

subsurface at the A-fillet.

Geometrically necessary dislocation density (m-2)

(a) (b) (c) (d)

1 m1 m1 m1 m

104101 102 103 105 106

Fig. 10 Geometrically necessary dislocation (GND) density of subsurface for revealling the work 
hardening level. (a) and (b): A-fillet. (c) and (d): R-fillet. Please refer to the web version of this work for the 
color-coding Interpretation.

As shown by the hardness condition in Fig. 8, the increase in hardness can be attributed to 

the increased dislocation density [28]. Thus, to provide an in-depth analysis, geometrically 

necessary dislocation (GND) mapping is derived from the EBSD data to discuss the internal strain 

gradient and show the deformation strain hardenability. Fig. 10 presents the GND mapping from 

the skived surface, showing that for the R-fillet (see Fig. 10c, d), the cutting energy is exerted to 

deform the grain, causing a high-angle boundary; however, the inner part remains at a low GND 

level, indicating a low local misorientation angle level and can be further deformed by applying a 

relatively lower skiving energy. In particular, the inhomogeneous deformation is the reason for the 

lamellar structure at the R-fillet showing different GND distributions than the adjacent grains, 

resulting in non-uniform GND mapping by the skived surface. On the other hand, the grain GND 
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at the A-fillet (see Fig. 10a, b) is large at both boundaries of the grain inner regime, showing a 

much higher strain hardenability compared with that of the R-fillet. This indicates that the 

refinement process at the approach flank may provide high deformation resistance to external 

loading. In the applied case study, metallurgical, mechanical, and grain analyses were conducted 

on a skiving-produced gear, but the fundamental mechanism can be applied to the subsurface 

integrity assessment of the fillets produced by other gear manufacturing technologies, such as 

hard-skiving, hard-hobbing, and grinding.

4. Outlook

Primarily motivated by the electrical vehicle industry, internal gear manufacturing is 

undergoing major transformation due to the arising requirements on both surface and structural 

functions for serving the role in energy-saving and high-density power transmission unit. In 

particular, gear skiving technology offers higher cutting efficiency and flexibility compared with the 

internal gear shaping but also being accompanied with significant knowledge costs, which are, 

more complicated kinematics, cutter design requirement and infeed strategy, needing an amount 

of sophisticated research to fill the technological and scientific knowledge gaps. To this end, 

fundamental research focusing on the key common issue must be conducted to provide the 

transferrable knowledge, leveling up the gear skiving technology with in-depth research by 

kinematic modeling, sophisticated local cutting feature analysis and intrinsic nature of 

surface/subsurface alteration. Apparently, superficial cutting phenomenon orientated 

investigation can no longer please the current appetites of both academic or industrial practice 

aiming at advancing the metallurgical understanding and process design. Hereby, our future work 

will keep providing the building blocks to consolidate the foundation of the gear skiving technology 

for pushing it to a variety of the applications aside to the spur/helix gear, e.g. face gear, RV/ 

harmonic gearing and stator/rotor teeth.

5. Concluding remarks

In this work, for the first time, the metallurgical and mechanical properties of the approach 

and R-fillets were examined and discussed for the gear-skiving process, successfully classifying 

the different deformation modes for the formation of the approach and R-fillets as refinement-
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dominated and slip-dominated deformation, respectively. Statical analysis of the long-axis angle 

of the grain quantitively can properly assess the deformation mode by the median long-axis angle 

difference. The knowledge that advances the understanding of fillet formation by gear skiving is 

as follows:

- The morphology of the surface texture must be considered in the analysis of fillet formation 

during gear skiving. The scallop height reaches approximately 30 m, indicating that the local 

cutting feature near the surface texture varies from that near the ideal finishing surface.

- Refinement- and slip-dominated deformation modes can be quantitatively evaluated by the 

static result of the long-axis angle difference from the machined surface. A higher angle 

difference means that the cutting energy is spent causing slip deformation, resulting in grain 

orientation; conversely, energy is used for refining the grain, resulting in a smaller grain size 

or an amorphous-like structure.

- The A-fillet has a higher strain hardenability in gear skiving, owing to the refinement-

dominating deformation. As evidenced by the GND mapping, the uniform dislocation density 

at the grain boundary and inner grain provides pronounced strain hardenability by the gear-

skiving method.
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