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ABSTRACT

This paper presents the methodics of the internal stress measurements concerning the
cylindrical gear teeth of involute profile. There are the method selected, relation between
stress and strain presented and conditions of investigation discussed in the study, including
preparation of samples for investigation and conditions of the strain measurement.
Exemplifying results of stress measurements for teeth of gears made of 40H steel are
shown. Suitability of the developed investigation method is indicated.

1. INTRODUCTION

Some difficulties exist when measuring internal stresses in a gear teeth. Therefore the
X-ray method should be employed to measure them. This method is a time-consuming one
but it enables to have results of measurement along and deep into an involute profile at a
tooth point, reference diameter and tooth root. Obtained measurement results make it
possible to evaluate a stress value, sign and pattern. That is why assuming specific
methodics for internal stress measurements is so important.

2. METHODICS OF INTERNAL STRESS MEASUREMENTS

2.1. Selection of a measurement method

Considering a sample profile (a gear teeth), the measurements of a strain were
performed with X-ray method.

The following relationship [4] was used when measuring a distortion of a crystal
lattice:

j (1)
a

where:
A0 = 0 - 0 r )

0 - Bragg angle
0O - angle of deflection for the undistorted lattice
d - interplanar distance

To ensure an adequate accuracy of the distortion measurements a family of the lattice
planes was chosen which had given the deflection of the X-ray beam for Bragg angles
situated above 75 grades in the 0 scale. For the crystal lattice of the Fea iron this
condition can be accomplished with employment of radiation emitted by the X-ray tube
with the chromium anticathode and by the measurement of diffraction at planes with {211}
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indexex. From among recognized methods of measuring the X-ray deflection angle, the
three-point method [5] was chosen, shown on Fig.l, where the maximum position of the
diffraction line is determined on the base of the intensity measurement at three points
around the maximum. Measured intensities were cerrected with the PLA factor (Lorentz's
polarisation-absorption factor). The 0max angle was determined from the formula:

0 raax=0, A0
4/2 3(7,

(2)
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Fig. 1. Three-point method for
determination of the
deflection line
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2.2. Measurement of the strain pattern

To obtain the information on the strain occurance at different depths of a surface layer,
measurements were taken after removal of the layer of specified thickness (0; 0.02; 0.04;
0.06; 0.08; 0.10 mm) assuming that removal of the such layer will not significantly
influence a change of existing strain state. To avoid introducing additional strain resulting
from the method of removal when removing layers of specified thickness, chemical
etching was used. Etching time was controlled with the measurement of the etched layer
thickness.

2.3. Relation between stresses of the first type and the strain

For the plane state of tension, relation between stress and strain is given by the
dependence [4]:

where:
e,p_v - strain in the cp,v̂  direction

a b a2 - principal stress in the plane state of tension
Sj, l/2s2 - material constans, s,= - v/E, l/2s2 = 2(l+v)/E

a,,, - stress in the <p direction in the plane state of tension
v - Poisson's ratio
E - Young's modulus

(3)

Dependence of e
on Fig. 2.

upon sin2\\i for constant direction is the linear one, what is shown
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upon sin'

pv2
asin vy+b

Fig. 2. Dependence of the
strain

The slope of the straight line is proportional to a,,, and the ordinate on the s^ v axis is
proportional to (c^ + a2). Factors of proportionality are l/2sj and s2, respectively. To
determine dependence between £<pi|/ and sin2i|/ in accurate measurements, strain is
measured for several values of the \\) angle and next the equation of a straight line £<p v =
f(sin2vj;) is determined. Constants st and l/2s2 in X-ray measurements of strain differ from
mechanical constants and depend on deflecting X-rays family of planes as well.

3. CONDITIONS OF INVESTIGATION

3.1. Preparation of samples for investigation

Teeth were cut out from gears, three of each [1,2]. To avoid introduction of additional
stress state, cutting out operation was performed on a spark erosion cutting-off machine.
Samples were cut out in a such way as to have flat and parallel surfaces of section.

Etching particular layers [2] at a tooth thickness was performed by immersion of tooth
in the 15% solution of HNO3. The etched layer thickness was measured using a special
gauge with a minimum of 2 urn. The Bragg angle was measured at the tooth point,
reference diameter and the tooth root. Then one of samples was annealed in the
temperature of 923 K for 4 hours. This sample was slowly cooled together with a furnace
down to the ambient temperature. It was the standard sample and it was used to determine
0O angle.

3.2. Conditions of strain measurements and calculation results

Measurements were done on the X-ray diffractometer TUR M-61 (Fig. 3) with
employment of filtered radiation of the chromium tube, powered with 31 kV voltage. The
Bragg angle measurements were done with the HZG-3 goniometer (Fig. 4).

Exit gaps were selected so as the section of the incident X-ray beam would be 5*1
mm2. Measurement of the diffraction line intensity was done with a step method by 0.2 of
the grade in the range 78.70V77.10 grades. The \\i angle was 0; 27.79; 33.21; 42.13 and
47.89 grades for which sinV takes values of 0; 0.15; 0.30; 0.45; and 0.55. The PLA
factor was calculated from the formula [4]:

PLA =
1 +cos2 20

sin ©cos0
(4)
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The deflected beam intensity was registered with the detector-analyser-electronic
computer-printer arrangement. The analyser gate was positioned so as to remove K^
component of the radiation. Time of the couting was one minute.

The X-ray material constants were: l/2s2=6.23*10"5 (mm2/kg), s,=-l.45*10"*
(mm2/kg). The measured 0O angle for the standard sample was 78.076 grades. The
equation of the straight line e(pM,=a*sin2y+b was determined with least squares method
[6]. The stresses a^ and the sum of pricipal stresses (crj+a2) was calculated from the
following dependence:

a
a , +CT, = (5)

Exemplifing results of measurement and calculations are shown in the following Table:
Depth
h[mm]

0

0

Tooth
No

1

1

Measure-
ment site

Tooth
point

Tooth
root

Angle
[°]
0

22.79
33.21
42.13
47.87

0
22.79
33.21
42.13
47.87

Angle
[°]

77.687
77.780
77.800
78.012
77.820
77.844
77.843
77.742
77.795
77.964

Coefficients of the regression line
a*10"4 b*10"4

-13.973 13.495

- 4.206 10.006

CT«p l
MPa]

-222

-67

MP]

-931

-690

Printer Amplitude analyser

Goniometer

Self-register

High voltage stabilizer

Fig. 3. The TUR M-61 diffractometer

95



ACXRI '96
X-ray tube Exit gap

Sample

Goniometer circle

Impulse counter
Fig. 4. The HZG-3 goniometer
4. CONCLUSION
The methodics of the stress measurement in gear teeth have been developed, used
for investigations of the stress pattern both deep into the tooth and along the tooth.
Thus there is a possibility to evaluate the stress pattern in the surface layer of the
gear teeth. Such evaluation is necessary because the gear teeth are important
member of a movement transmission and the transmission life depends on the gear
durability.
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immediately adjacent to a weld simply because the HAZ is left in a state of very high residual
tensile stress as a result of the shrinkage and differential cooling occurring in most welds.
Tensile stresses (residual or applied) are the main component of the stress corrosion cracking
triangle: the other two are a susceptible metal and an environment that often needs to be only
slightly corrosive to that metal. For instance, grade 316 stainless steel is essentially inert to
the corrosive effect of common salt unless tensile stresses are present, when it becomes very
sensitive to chloride induced SCC. There are a number of possible solutions. The obvious
one is to change the environment, but that is rarely possible. The next is to change the metal,
but usually that is expensive and if the equipment is already built, impractical. Thermal
stress relieving is a partial solution at best because, to relieve all the tensile stresses in the
HAZ, it is necessary for the heating to reach the annealing temperature and the material
properties will be lost.

Corrosion engineers have long recognized that an effective solution for the retardation
or even prevention of SCC is the introduction of compressive stresses in the HAZ. This can
be done using controlled shot peening. Surface residual tensile stresses in the HAZ may
approach or even exceed the yield strength of the material but if the surface is shot peened,
the dimpling action of the shot bombardment can reduce out the tensile stresses and even
replace them with residual stresses that are in compression if properly done.

Hence, there is a clear need for accurate nondestructive residual stress
characterization of welds to verify the residual stress state of weld HAZs in components that
may be susceptible to SCC. This type of weld characterization can be performed
nondestructively on components that are already in service and ideally, on welded
components before they go into service.

Advances in XRD Technology
Accurate characterization of residual stresses in welds has been difficult and often

impractical since most residual stress measurement techniques are destructive and lack the
resolution to accurately characterize the steep stress gradients that exist in weld HAZs.
Recently, the measurement of residual stresses using x-ray diffraction techniques has become
both practical and efficient. In addition, the introduction of stress mapping techniques has
allowed the quick and precise characterization of entire welds, including areas of interest such
as steep stress gradients and their associated tensile residual stress maxima. The stress map
display has given engineers a complete and accurate visual analysis of the magnitude and
distribution of residual stresses in their welded components.

Since surface stress measurements using x-ray diffraction techniques are non-contact
and nondestructive, measurements can be performed at the same point before and after a
process such as post weld heat treating or shot peening, so that residual stresses can be
characterized at all steps of the manufacturing process. This can help in the optimization of
these manufacturing processes and the management of their associated residual stresses.

Measurement Apparatus
The residual stress measurements were performed at the Proto Mfg. Ltd. x-ray

diffraction laboratory and in the field using a dual solid state detector diffractometer with
automated stress mapping hardware and software.
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