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ABSTRACT : Carburizing is a commonly used for increasing the strength and wear resistance of gearing. Carburizing
followed by quenching leaves residual compressive stresses which aid resistance both to contact and bending stresses.
Residual compressive stress is generated in the carburized case because of the delay in surface martensite formation due
to the high surface carbon content. After carburizing it is necessary to finish the gear by process such as grinding. These
finishing processes develop the precise geometric form required while improving the surface finish. Finishing process
change the residual stress imparted by carburizing and subsequent heat treatment processes. This paper focuses on to
evaluate the variation of residual stress distribution of the carburized gear due fine grinding operation. Residual
stresses were measured at different locations on the tooth from each gear using X-ray diffraction method. Numbers of
measurements were made in this study to determine the variation of residual stresses on the surface prior to and after
grinding. The results are compared with the un-finished carburized gear on residual stress values.
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I INTRODUCTION

Carburizing, also referred to as Case Hardening, is a heat treatment process that produces a surface which is
resistant to wear, while maintaining toughness and strength of the core. This treatment is applied to low carbon steel parts
after machining, as well as high alloy steel bearings, gears, and other components.

The process of carburization works via the diffusion of carbon atoms into the surface layers of a metal. As
metals are made up of atoms bound tightly into a metallic crystalline lattice, the carbon atoms diffuse into the crystal
structure of the metal and either remain in solution (dissolved within the metal crystalline matrix — this normally occurs
at lower temperatures) or react with elements in the host metal to form carbides (normally at higher temperatures, due to
the higher mobility of the host metal's atoms). If the carbon remains in solid solution, the steel is then heat treated to
harden it. Both of these mechanisms strengthen the surface of the metal, the former by forming pearlite or martensite, and
the latter via the formation of carbides. Both of these materials are hard and resist abrasion.

Most steel gears are carburized and quenched prior to service to obtain the desired specific strength (o/p) and
hardness requirements. Use of carburization and quenching of steel gears creates a compressive residual stress on the
carburized surface, which is beneficial for improving both bending and contact fatigue performance. Also, higher carbon
content in the carburized surface decreases the starting temperature for formation of the martensitic phase and delaying
the martensitic transformation at the part surface during the quenching hardening process. During the martensite phase
formation, the material volume expands. The delayed martensitic transformation, coupled with the associated delayed
volume expansion, induces residual compressive stress on the surface of the quenched part. Residual stress is the
Internal stress distribution locked into a material. These stresses are present even after all external loading forces have
been removed. They are a result of the material obtaining equilibrium after it has undergone plastic deformation.
The carburized case depth and distribution of carbon affect both the magnitude and the depth of the resulting residual
compressive stress.

In this article, the effect of fine finishing on the residual stress in a spur gear is presented. . Residual stresses
were measured at different locations on the tooth from each gear using X-ray diffraction method. All residual stress
measurements were done on National Institute of Technology, Trichy, Tamilnadu, India.

Il TEST GEAR SPECIFICATION

Gear blank were taken from the same length of 4320H bar stock. It is a low carbon alloy steel with carbon

content range from 0.17% to 0.23%. The other alloying elements are:

Mn- (0.70 — 0.90) %

Ni—-(0.4-0.7) %

Cr—(0.4-0.6) %

MO — (0.08 — 0.15) %

Two gears were manufactured using gear hobbing technique. One of the gears was hobbed, carburized, quenched,
and tempered. The other gear were processes similarly, but were finished ground.
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Gears specifications are:

No of teeth T=25
Circular pitch Diameter D =159 mm
Pressure angle a=20°

Face width b=20 mm
Gear Material 8620H

No addendum maodification
Full radius fillet
Manufacturing method Gear Hobbing

The measurement of residual stresses in gear teeth using x-ray diffraction is complicated by the curvature of the
involute and trochoidal geometries, and the potential for interference of the incident or diffracted beam by adjacent teeth.
The size of the gears used in this study was chosen so that residual stresses could be measured over most of the teeth.

The steps used in the fabrication of the samples are listed in Table

The time at temperature for the normalize, stress relief steps was based on 1 hour — per inch thickness. The slugs
were pulled during the carburiation step to verify an effective case depth of 0.8 mm. The final surface hardness was
determined to be within the range of 58 - 62 HRC. The finish grinding was done using a vitrified aliumina grinding
wheel on a CNC grinding machine.

Table 1 Fabrication Steps for Test Gears

1. Rough Machining

2. Normalizing 950° C
3. Stress Relieve 680° C
4, Fine Finishing

5. Carburizing 900° C
6. Oil Quenching 57°C
7. Tempering 232)C
8. Finish Grind

Figure 1 Both carburized unfinished gears
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Figure 2 Fine Finished gear
3. EXPERIMENTAL WORK

3.1 X-Ray Diffraction Residual Stress Techniques

In x-ray diffraction residual stress measurement, the strain in the crystal lattice is measured, and the residual
stress producing the strain is calculated, assuming a linear elastic distortion of the crystal lattice. Although the term stress
measurement has come into common usage, stress is an extrinsic property that is not directly measurable. All methods of
stress determination require measurement of some intrinsic property, such as strain or force and area, and the calculation
of the associated stress.

The diffraction of a monochromatic beam of x-rays at a high diffraction angle (26) from the surface of a stressed
sample for two orientations of the sample relative to the x-ray beam. The angle v, defining the orientation of the sample
surface, is the angle between the normal of the surface and the incident and diffracted beam bisector, which is also the
angle between the normal to the diffracting lattice planes and the sample surface.

Diffraction occurs at an angle 20, defined by Bragg's Law: nk = 2d sin 6, where n is an integer denoting the
order of diffraction, A is the x-ray wavelength, d is the lattice spacing of crystal planes, and 0 is the diffraction angle. For
the monochromatic x-rays produced by the metallic target of an x-ray tube, the wavelength is known to 1 part in 105.
Any change in the lattice spacing, d, results in a corresponding shift in the diffraction angle 26. Based on this the residual
stress values will be calculated.

Detector-Of- Diffraction- | 2 — Incident angle
Beam ; & — Diffraction angle of the {hkl} plane
| w— Off-axis angle

| Relation — w=86-0Q

Low-Angle-incident-X-
Ray-Beam

Figure 3 XRD Technique to measure Residual Stress
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Figure 4 Test gear is on XRD machine to measure Residual Stress

3.2 Residual Stress measurement System
Residual Stress Measurements were made using the x-ray diffract meter available measurement system for
measuring residual stresses shows the x-ray diffraction measurement system for measuring residual stresses on gear.

Tt Tee - g

:
Figure 6 Longitudinal and Lateral tooth direction on tooth
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Residual stresses were measured on different tooth location on a randomly selected tooth. The measurements
were made along the radius of the gear tooth as well as along the face width of the tooth. Most of the residual stresses
measured were in the longitudinal direction of the gear tooth. A few residual stress measurements were also made in the
lateral direction. In this calculation six lateral locations and six longitudinal locations were selected for measuring
residual stresses. These lateral and longitudinal measurements were at the specified locations. In the radial direction of
residual stresses were done at the radii of 70mm, 72 mm,74 mm, 76 mm,78 mm,80 mm respectively. Along the face
width the measurements were done at lateral location 4mm, 6 mm, 8 mm, 12 mm, 14 mm,16 mm respectively. Black
electrical tape was used to cover the neighbouring teeth to eliminate any radiation scattered from them.

3.3 Residual Stresses Calculations
Using x-ray diffraction method, we can calculate inter atomic spacing values (d-space value) for different till
angle y. By plotting the curve for sin?y vs. d-space , we can evaluate the d, value, which is the d-space value when sin*y

is zero.

3.3.1 Calculation Procedure of Residual Stress for Unfinished Gear at a particular location

By fixing gear model in the x-ray diffraction measuring instrument, we can calculate inter-atomic spacing (d-
space value) for a particular tilt angle . By plotting siny vs d-space, we can calculate the unstrained d-space value (d,)
and d,, value at a particular sin’y values. From these values, we can calculate residual stress at the particular location on
the gear.

The selected values for a point on the unfinished gears are tabulated as shown in table. Model calculation to
measure residual stress at the point on un-finished gear is shown below.

Table 2 d-Space values for particular tilt angle v for unfinished gear at 4 mm lateral location for 81 mm radius

WV (degree) Sin2\|l d- space
5 0.0075 1.1747
13 0.0506 1.1745
17 0.0855 1.1743
25 0.1786 1.1738
32 0.281 1.1731
40 04131 1.1722
45 0.5 1.17118
47 0.5349 1.1711
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Figure 7 Longitudinal residual Stress measurement for Un-Finished gear at 4 mm lateral location for 81 mm
radius

3.3.2 Calculation Procedure of Residual Stress for Finished Gear at a particular location

Finished gear was fit over x-ray diffraction instrument and at the particular point different angle of tilt (y) is
given to the test gear. Now the d-space value for the particular tilt angle was measured using the diffractometer. Now the
finished gear was shifted to the next location. Similar to the above Erocedure, d-space values were calculated for different
v angles. By sin®y vs d-space graph, the required values dq, dy, sin‘y were evaluated. Then using the formula the residual
stress values at different locations on the finished gear were calculated.
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Table 3 d-space values for particular tilt angle v for finished gear at 4mm lateral location for 8 1mm radius

y Sin*y d-space
5 0.0075 1.19
13 0.0506 1.1893
17 0.0855 1.189
25 0.1786 1.1887
32 0.281 1.1885
40 0.4131 1.1876
45 0.5 1.187
47 0.5349 1.1869

Using the values in table graphs were drawn between sin®y and d-space values. The y axis intercept value of the
linear line passing over the residual stress values was located. This is un-strained d-space (d,) value at the particular sin“y
value is evaluated from the graph. Then residual stress can be calculated using the formula.
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Figure 8 Longitudinal residual Stress measurement for Finished gear at 4 mm lateral location for 81 mm radius
IV RESULT AND DISCUSSION
4.1 Residual Stress Data For Unfinished Gear
The residual stresses component acting in the longitudinal direction for the Un-finished gear is tabulated. Gears

at different lateral locations are tabulated in table 4.

Table 4 Residual stress values for unfinished gear at different radius and at different lateral locations

Lateral Residual stresses (MPa) at different radius (mm)
location
(mm) 70 72 74 76 78 80
4 962 945 980 980 975 995
6 985 1010 1015 995 990 975
8 978 980 970 990 993 967
12 945 950 953 948 952 989
14 1008 1015 1005 1015 1008 940
16 965 965 970 955 960 965
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The longitudinal components of residual stresses are plotted against different lateral locations. This is shown in
figure 9. There are six different lines are in graph. Each line is associated with specific radius of gear where residual
measurement was done. There are six data points per line. Measurements of residual stresses were done at six different
lateral locations for a particular radius of the gear through face width.
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Figure 9 Average residual stress for all the locations on the tooth on unfinished gear is 975 MPa. Standard deviation
value is £32MPa.

The residual stresses in the lateral direction was also measured at a few locations on the unfinished gear. The
residual stresses were in all cases compressive and approximately equal to the residual stress measured in longitudinal
direction. This indicate biaxial stress field which normal stresses were approximately equal. No shear stresses were
measured. An example of the stress state for one of the point is shown in figure 9.

940 MPa
Shear stress was not
measured
'
! ._L
940 MPa :
|
Lateral

Figure 10 Un-Finished Gears exhibited a bi-axial stress state with equal lateral and longitudinal compressive stresses
4.2 Residual Stress data for Finished Gears

The residual stresses component acting in the longitudinal direction for the finished gear is tabulated. Gear at
different lateral locations are tabulated in table
The longitudinal components of residual stresses are plotted against at different lateral locations. This is shown
in figure 11. There are six different lines are in graph. Each line is associated with specific radius of the gear where
residual stress measurement was done. There are six data points per line.
Measurements of residual stresses were done at six different lateral locations for a particular radius of the gear
through face width.
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Table 5 Residual stress values for finished gear at different radius and at different lateral locations

Lateral Residual stresses (MPa) at different radius (mm)
location
(mm) 70 72 74 76 78 80
4 705 740 770 795 815 845
6 810 675 840 867 837 855
8 840 815 695 845 865 838
12 720 837 675 788 798 788
14 675 685 834 760 840 843
16 845 855 865 687 867 855

The average residual stress for all the locations on the tooth on finished gear is 780 MPa. Standard deviation
value is 80 MPa.
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Figure 11 Residual stress values for Finished Gear at different radius through lateral directions. Average = 780 MPa.
Standard Deviation + 80 MPa.
The residual stresses in the lateral direction were also measured at a few locations on the finished gear. Unlike
the unfinished gear, the lateral residual stresses measured in the finished gears were different than those measured in the
longitudinal direction. Figure 12 shows the stress state measured at the particular point. No shear stress were measured.

425 MPa
Shear stress was not
measured
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705 MPa
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Figure 12 Finished Gears exhibited a bi-axial stress state with non-equal lateral and longitudinal compressive stresses.
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Table 6 Statistical properties of longitudinal residual stress measurements

R Standard deviation of
Gear Average Io(nl\%';l;(;mal stress longitudinal residual stress
(MPa)
Unfinished 975 +32
Finished 780 +80

The data’s show a fairly uniform and constant compressive residual field in the non-finished gear. There was a
significant reduction in the average residual stress field in the finished gear. Additionally, there was a significant increase
in the variability of the residual stress that was introduced by grinding process. Large variations were observed in both
the lateral and longitudinal directions on the tooth.

V CONCLUSION

The results show a fairly uniform and constant compressive residual field in the non- finished gear. There is
significant reduction in the average residual stress measured in finished gear. The data indicate that the grinding
increased the variability in the residual stress measurements made on the finished gears as compare to the unfinished
gear. The grinding also created a difference between the lateral and longitudinal components of the residual stress.

The finished gear exhibited more variation than did the un finished gear. The longitudinal residual stress
component ranged from 695 MPa to 867 MPa for finished gear and from 945 MPa to 1015 MPa for unfinished. The
paper indicates that the residual stresses are not same at all location on the surface of the tooth.
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