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ABSTRACT

Gears are widely used as machine transmission partsansfer power and change the speed and dogctif
rotation. The main failure modes of the gear arelen teeth and tooth surface wear, caused mainliaige
residual stress. Traditional inspection methodschsias X-rays, cannot measure tooth root residuadsst
accurately due to the special structure of the hoatot. In this paper, an ultrasonic method involyithe
longitudinally critically refracted (kg) wave was used to measure the gear tooth rootluasistress. The special
sensor was actuated by a piezoelectric wafer. Aam@xation of the transmission principle of ultragpmaves in
the gear revealed that measurements of the resgtteds of the gear’s tooth root usingzlwaves were feasible.
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INTRODUCTION

Gears are widely used in machine transmission gartsansfer power and change the speed and direct
rotation[1]. The measurement of the gear tooth isatritical due to the potential for tooth fracufrom large
residual stress.

Residual stress is an inherent stress that tendsatotain an internal balance in the componenh@adbsence of
external influences. During fabrication, residutiess is created in the gear by forging, turniregbarizing and
guenching, and grinding—3]. The residual stress can lead to seriousoouws, including broken teeth, tooth
surface wear, tooth surface erosion, and the feomaif tooth surface glue. However, the service &if a gear can
be enhanced when compressive stress exists inetlie 4s a result, it is very important to improve tstate of
residual stress in the gear by exploring effecthethods for testing residual stress.

To successfully control and make use of residuakst a method for accurate detection and asses&menquired.
Rossini et al.[4] provide a detailed summary ofitgsmethods for residual stress in mechanical aomapts. The
pipe weld stress are simulated by Jun Liu et al$bju Jie Liu predicted life due to residual stresder condition
monitoring[6].

Ultrasonic stress detection possesses high spasialution and penetration. This approach can bd tsdetermine
the residual stress value and state of tension aomdpression in the component’s surface and sulaeurf
Additionally, ultrasonic detection is safe for thperators and parts being tested, and is easilytalola to detection
in more complex environments. Thus, ultrasonic d&ia is expected to provide a more effective,cégfit means to
detect residual stress in components.

Ultrasonic stress testing is based on the lindatioaship between the ultrasonic wave velocity atrdss. Within

the elastic limit of the materials, the relatioqshan be expressed in terms of the acoustoeldfict[@—8]. In this
study, acoustoelastic theory was examined to dpweliest method based on the relationship of thexig and the
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direction of ultrasonic propagation with stressaicomponent using the critically refracted longitadl wave (Leg
wave). Based on our analysis, an ultrasonic rekidtrass testing system was constructed and ctdibréor
evaluation of the residual stress in the gear tomht

Theoretical background

Acoustoelastic theory

Acoustoelastic theory is based on finite mechaniedgbrmation of a continuous medium. It has beeudlist in
terms of the stress state of elastic solids andvélecity of the elastic wave in the solid at somacro-angle.
Theoretical analysis has shown that the velocityhef elastic wave depends on the material dersgyond-order
elastic constant, third-order elastic constant, s initial stress state in the solid. When thegitudinal wave
propagates along the stress direction, the reksttipn between the wave velocity and stress is giasn
follows[9-10]:

g
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whereV is the longitudinal wave propagation velocity betstressp, is the density of the material, and u
represent the second-order elastic constants imtterial,| and m are the third-order elasticity coefficients, and
o is the stress value. Positive values indicate leestiess, whereas negative values denote compeexsess.

If the derivative of both sides of Eq. (1) is ob&d, then the relationship between the variatiothé ultrasonic
velocity and the variation in the stress can bétemias follows[11]:

do = —2dt )

kto

where do is the residual stress chang#, is the acoustic time differenclejs acoustic elasticity coefficient, is
acoustic time of zero stresk, = — 2/kt,, with K denoting the stress constant.

Equation (2) describes the measurement method inshis study to determine the relative residustsgt values.
Variations in the acoustic wave facilitate deteration of the relative residual stress, providing tkey
measurement principle of gear residual stress.

2.2 Basic principle ofcg

Within the elastic limit, ultrasonic stress evaloatrelies on the linear relationship between thress and the
velocity or travel time change. The critically mfted longitudinal wave (dtcgr wave) is a longitudinal ultrasonic
wave that is used to measure the residual strésd.ck wave can spread tens of centimeters in a mediuhretain
a good waveform. Figure 1 shows the; wave, which propagates parallel to the surface siallow depth. The
depth depends on the frequency of the ultrasoaitstiucer.

According to Snell’'s law, the ultrasonic longitudinvave experiences refraction as it propagates omedium
having a lower wave velocity (slower medium) to astér medium€.g, from organic glass to steel). If the
longitudinal wave refraction angle is 90°, then livegitudinally refracted wave will spread along tsurface of the
second medium; this describes v wave. The incident angle is called the first cdtiangle. The calculation
formula is given below:

Ocr = sin™ (V1 /V5) (3)
where V, is the ultrasonic longitudinal wave propagationoeity of the slower medium (mA, V, is the

ultrasonic longitudinal wave propagation velocifytlee faster medium (m7, 6., and is the first critical angle (°)
in which thelLcg wave angled, = 90°.
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FIGURE 1. Generation principle of Lcr
EXPERIMENTAL SECTION

3.1 Sensor design

In this study, the gear tooth root was measureagusie method of chips on a wedge. According tontiiere of the
involute gear and Snell’s theorem, the angle ofvikege was calculated with respect to limiting waf®vement.
The frequency of the wafer was 5 MHz, and the lerzgitd width of the wafer were 10 and 5 mm, respelsti The
wedge was separated in the middle to eliminatefarence. Using the ultrasonic pulse echo methigairg 2), we
obtained the acoustic velocity of the organic gkasa gear, as described by Egs. (4) and (5), régpelc The first
critical angle is given by Eq. (6), from Eq. (3hdsensor design is shown in figure 3.

FIGURE 3. Fabricated sensor

Vieage = 20 X 2/15.06 = 2656 m/s (4)
Vyear = 60.4 X 2/20.558 = 5876 m/s (5)
6.r = arcsin(2656/5876) = 26.87° (6)
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3.2Lcrtransmission mechanism in the gear tooth root

To verify the feasibility of residual stress ultbagc measurement of the tooth root, we used a aimiocedure to
test the root of a sample specimen (figure 4). dlidate the propagation rule of ultrasonic wavesar rtke root, two
specimen thicknesses were used, 37 and 17 mme Ipdsition of different or transitional thickneise ultrasonic
transmission time was the same as when the distaintee two sensors was constant. The resultingefeamn
(received) is shown in figure 5. The transmissi@thanism of cg near the root is shown in figure 6.

FIGURE 4. Ultrasonic transmission validation
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FIGURE 5. Timerequired for LCR to bereceived in the two different thicknesses of the specimen

FIGURE 6. Ultrasonic propagation path near theroot

3.3 Measurement system

The measurement set-up (shown in figure 7) combiste a computer and two ultrasonic transducers with
piezoelectric wafers. The computer set-up incluglelta acquisition card and an ultrasonic sendingraceiving
card. Different frequencies were used to evalusike ttesidual stresses throughout the gear thicknElss.
piezoelectric wafer (length: 10 mm; width: 5 mm)sagssembled on a united poly(methylmethacrylat®)MR)
wedge. The data acquisition card consisted of aMHb@ ultrasonic testing device with pulsar signaternal clock
synchronization capabilities to control an analogligital (A/D) converter, which controls the A/@mrverter.
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FIGURE 7. Measuremental setup

3.4 Gear tooth root residual stress measuremetitothetlidation
To verify the accuracy of the ultrasonic measurenwrthe tooth root residual stress, we machinegcispens
having the same gear shape. The relationship batsteess load and acoustic time are shown in fi§ure

FIGURE 8. Gear-tooth tensile experiment
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FIGURE 9. Therelationship between stressload and acoustic time

3.5 Evaluation of the stress constant betweentbesensors

We prepared a tension specimen to evaluate thesstanstant. The tension sample material was the s& the
material used for the measured gear. The tensdesstannot exceed the material yield strength.digtance from
the ultrasonic transducer was approximately 30 Mmevaluate the residual stress from Eq. (2), tdaet, was
measured directly from the stress-free sample,th@dtress constant was deduced experimentally framiaxial
tension and compression test associated with tin@sohic measurement, as shown in figure 7. Thesstcan be
calculated according to Eq. (9) under differenstienstress. The load on the specimen ranged fréon3D0 MPa,
using 30-MPa step increments. The experiment wasated twice. The stress constant was obtainedtfieralope
of the relative variation curve using time-of-fligihneasurements and the applied stress values dasmsh figure
12). For the tensile specimef,was 10.68 MPa n§ andt, was 14.32is (as shown in figure 11). Equation (2) was
used to obtaik = 1.2775 x 10~>MPa™1. The ultrasonic propagation time in the gear was12.51 (as shown in
figure 13). The stress constant in the gear isrgbse

c=F/S )

where F is the stress, andS is the cross-sectional area.

K, = = = 12.52 MPa/ns (10)

ktq -

FIGURE 10. Tension test to evaluate the stress constant
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FIGURE 11. Time of flight under stress-free conditionsin the flat
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FIGURE 12. Result of tension test
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FIGURE 13. Time of flight under stress-free conditionsin the gear
RESULTS
In this study, we evaluated the residual stresséisel gear tooth root using an ultrasonic measunemethod. The
residual stress was calculated using Eq. (2). Téa ¢poth root was divided into six equal sectionshe axial

direction. Each regional stress value was meastweet. The results are shown in figure 14. The mesagent
results of 23 teeth are shown in figure 15.
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Repeated measurements were performed in the samoln. Figure 15 shows that the measurement sewdte
consistent among the 23 teeth tested. Thus, oultseimdicated that the ultrasonic method for gesoth root
residual stress was viable. We chose six measutgmo@rts on the same tooth. The results indicatedl the stress

was different in the same tooth, with both tensitess and compressive stress evident in the nerasuts.
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FIGURE 14. Axial direction of the gear stressdistribution in the tooth root
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FIGURE 15. Teeth root stressdistribution in 23 tooth gear
CONCLUSION

This study verified that the ultrasonic method t&nused to measure the residual stress in a geddr toot. The

transmission path of lacg wave can be obtained between the teeth using étkeoath described. The stress constant
in the gear was obtained numerically. Our resuktsssammarized below.

1) The Leg wave propagated near the gear tooth root.

2) The Leg wave was capable of measuring complex curved cainfasidual stress, such as that associated with
gears.

3) Ultrasonic stress testing is a reliable methardsfress indication.
4) The stress constant in the gear was obtained fiumerical calculations.

5) The residual stress and the sound change igetiieexhibited a linear relationship.
6) The gear stress distribution was nonuniform edittheat treatment.
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