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Abstract In this paper, a root cause analysis of premature
failure of a gearbox input shaft, manufactured of AISI
1045-H, was performed through standard procedures for
failure analysis. Shaft failed on cross oil hole through a
helical fracture and therefore did not meet bogie 100,000
cycles during the verification with 10 Hz frequency cyclic
testing. The fracture in the oil hole implied evidence of
fatigue (i.e., beach marks on the fracture surface were
clearly visible). Prior to improving the fatigue life and
suggesting required remedial actions, mechanism of failure
has to be understood, especially the initiating point of
cracking. To this end, chemical analysis, microstructural
characterization, fractography, hardness measurements,
and finite element simulation were used to assess the nature
of fracture in detail. The fractography analysis showed that
fatigue beach marks originate from transition zone of the
case on the cross oil hole. This is possibly due to the fact
that torsional strength in this area is lower than torsional
fatigue strength which leads to fatigue crack initiation,
crack growth, and final fracture. At the end of this paper,
proper remedial actions have been proposed.
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Introduction

It is estimated that one-quarter of all automotive failures
belongs to the failure of vehicle’s drivetrain [3]. Among
different engine components, gearbox shafts that transmit
motion from the differential to the wheels are normally
subjected to large torsional and bending moments as well as
cyclic stresses during actual service [1, 2]. These factors can
effectively contribute to premature fatigue failure and frac-
ture of the input shaft which results in replacement cost and
engine downtime. The main reasons of these failures are
flawed manufacturing, defective design, incorrect materials
selection (or poor-quality raw material) as well as improper
heat treatment (i.e., case hardening) [3, 4]. For instance, in a
failure analysis of the end of a shaft of an engine by Atxaga
and Irisarri [5], failure of the shaft was attributed to the
combination of various factors including lack of strength,
incorrect design and execution of the repair. Godec et al. [3]
studied the fracture of a car’s drive shaft machined from a
case-hardened steel (25CrMo4). They attributed the pre-
mature failure to an incorrect selection of heat treatment
parameters (i.e., austenitization temperature and tempering
time). Xu et al. [1] investigated failure of a diesel engine
gear shaft and reported multiple origin fatigue as the dom-
inant failure mechanism of the gear shaft. Han [6] assessed
fatigue failure on the keyway of the reduction gear input
shaft connecting a diesel engine and inferred poor design of
the shaft’s keyway as the main reason for premature failure.
Bhaumik et al. [7] studied fatigue failure of a hollow power
transmission shaft; they attributed the fatigue crack to the
stress concentrations resulting from the combined effect of
improper machining and inadequate radius at the keyway
end edges. In a recent study, Li et al. [8] assessed premature
fracture of a military tank axle under torsional load. They
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reported primary and secondary cracks on the axle and
attributed the occurrence of final rupture to propagation of
the primary and the secondary cracks to a certain level of the
torsion axle that could not sustain the external load.

Normally, machined input shafts are case hardened to
reduce the wear and improve fatigue life. Via induction
hardening, the hardness (strength) near the surface improves
which results in better fatigue life during torsional loading in
which shear stress is maximum at the surface but negligible
at the center of the shaft. Upon surface hardening, due to
volume expansion of martensitic transformation, stress state
at the surface will be in compressive mode, which further
improves the fatigue life. For this application, the shaft does
not need to be through hardened since the shear stress is
negligible at the center, while hardening at the surface is
required to exceed the applied stresses.

In the present study, failure of a transmission gearbox
input shaft in the fatigue (cyclic) test is studied through
experimental and simulation approaches. Quantitative
methods, i.e., chemical analysis, microstructural charac-
terization, fractography, hardness measurements, as well as
finite element simulation, are employed to reveal the root
of fracture in detail.

Experimental Procedure

To discover the root causes of the failure in the tested input
shafts, the different steps were carried out in chronological
sequence; first, the characteristics of the damage were doc-
umented through recorded digital images followed by visual
inspection of damage using a stereomicroscope. Using
standard metallography procedures, the specimens were
polished for microhardness testing and etching. Case-depth
hardness measurement was, then, taken through Vickers
microhardness profiles using 1000 gf. The fractured speci-
men was then etched using 2% Nital solution for 5 s to assess
the microstructure in the vicinity of substantial mechanical
damage in the shaft. Using an advanced metallurgical
microscope (MTI Corporation), the microstructure of the
case and core was recorded. Using scanning electron
microscopy (SEM) model Hitachi 3400N in backscattered
electron mode, along with energy-dispersive X-ray (EDS)
analysis, the fracture surface was studied at high magnifi-
cations. Finally, finite element simulation was performed to
assess regions with stress concentration during actual service.

Results and Discussion
Fatigue Test

Using a MTS 215.51 heavy duty rotary system (Fig. 1),
torsional fatigue test was performed on the shafts with the
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frequency of 10 Hz and angular displacement dynamic of
90° (4/—45°). Table 1 provides the fatigue tests that were
performed on five input shafts. As shown in the table, one
of the shafts passed slightly beyond 100,000 cycles and the
rest failed in less number of cycles. The failure mode on all
tested shafts was recorded as helical fracture through oil
hole (Fig. 2). The fracture of the shaft shows that the crack
originated at the position of key slot and evolved gradually,
and finally, it led to a fracture and an edge-form 45° helical
manners crack in the shaft. It also can be seen that the crack
near the key slot is in a typical tooth form which is the
typical characteristic of a torsional fatigue fracture. This
shows that the fracture may be caused by the cyclic torsion
moment in which the shaft is subjected to. Therefore, to
measure the moment loaded on the shaft is necessary to
verify the existence of cyclic load. Based on the test and
measurement, the stress and strength then can be analyzed
to assess the causes of the shaft fracture.

Microstructure and Fracture Surface

Figure 3 shows the microstructure of the alloy in the core
region and in the case. The structure of the case, which has
been hardened, consists of bainite/tempered martensitic
which is quite typical and desirable for the case. The
microstructure in the core, however, consists of
pearlite/ferrite and some retained austenite. The white
regions represent ferrite which are surrounded by pearlite
(a layered phase). This microstructure agrees with the
carbon content of the AISI 1045 steel.

Unlike bending fatigue, torsional fatigue causes exces-
sive twisting that fails the part. Beach (ratchet) marks at the
fracture initiation point can be observed in the fractured
surface. Figure 4 shows the stereomicroscope image of
fracture surface of the shaft damaged by torsional fatigue
(both sides of the oil hole have been presented here which
shows similar crack initiations). As seen, fatigue fracture
starts from the cross oil hole and propagate perpendicular
to the hole. The image shows that the river marks (shown

Fig. 1 Torsional fatigue system
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Table 1 Fatigue test conditions of specimens 1 to 5

Specimen Fatigue procedure (Nm) Cycles Failure mode

01 +40 to +1116 100,180 Helical fracture through oil hole
02 440 to +1116 96,536 Helical fracture through oil hole
03 440 to +1116 79,963 Helical fracture through oil hole
04 +40 to +1116 95,828 Helical fracture through oil hole
05 +40 to +1116 83,876 Helical fracture through oil hole

Fig. 2 Macroscopic upper view of the fracture surface of the failed
shaft which shows torsional fatigue fracture with fracture face 45° to
the shaft

with blue arrows). This means that the initiating point is
located in the transition zone of the case.

The SEM analysis of the fracture surface confirms that
the crack initiates from the oil hole and develops toward
the center of the shaft. Figure 5a shows SEM micrograph
of the crack initiation point in the oil hole. In the present
case, during fatigue testing, once the crack is initiated in
the oil hole, it propagates under torsional load over a large
portion of the shaft periphery in either direction along the
circumference of the shaft. Tracking back the beach marks
on the fracture surface, the fracture (failure) origin was
determined as transition zone of the case on the cross oil
hole.

Figure 5b shows higher-magnification image of the
fracture surface near initiation point. In this image, red
arrows direct void coalescence which is indications of
ductile fracture. Blue and yellow arrows show intergranular
and transgranular cracking which are signs of brittle-type
fracture and failure. Brittle fracture occurs when the
maximum stress in the material reaches a critical value.
Intergranular brittle fracture (Fig. 5¢) may also occur if the
prior austenite grain boundaries are embrittled. That is,

b

Fig. 3 Microstructure of the shaft at (a) case and (b) core

brittle fracture occurs due to the segregation of brittle
elements (i.e., hydrogen, phosphor, sulfur) at the austenite
grain boundaries during the carburizing process which
encourages decohesion of grain boundaries. If hardening
occurs through gas carburizing (when a high hydrogen
partial pressure is present in the treatment atmosphere),
hydrogen absorption may occur resulting in grain boundary
embrittlement [9]. The tendency to induce intergranular
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Fig. 4 Stereomicroscope images of the fracture surface showing
crack initiation point and crack propagation path (a) upper half, (b)
lower half

fracture increases with material hardness [10]. The mixed
mode of fracture suggests high load and even impact
loading as well as low strength (quality) material.

Case Hardness Profile

Case-depth testing often involves implementing a series of
hardness tests from the surface of the specimen toward the
center. The hardness progression is then plotted on a graph
against the distance from the surface. Case hardness depth
is an important feature in determining the static and fatigue
properties of shafts. Unlike a through-hardened shaft, the
main advantage of case hardness is superior wear and
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Fig. 5 (a) SEM image of the crack initiation point (shown with letter
“A” in Fig. 4), (b) spot B in Fig. 4 which shows mixed fracture
morphology, (¢) decohesion of grain boundaries

strength characteristics at the surface of the shaft, while a
ductile property at the core.

Case depth is typically measured as tofal and effective.
The term total case depth refers to the depth of hardness



J Fail. Anal. and Preven. (2017) 17:1119-1125

1123

where the hardened layer reaches the same hardness and
properties as the base or core material [11, 12]. Total case
depth is typically measured by sectioning the work piece,
polishing, and etching to reveal the depth of the hardened
layer. The measurements can then be taken visually and
measured using a calibrated eyepiece or scale to quantify
the total depth.

The term effective case depth refers to the depth where
a hardness measurement drops below a specified point.
Based on standard ISO 18203: 2016 [13], the case hard-
ness depth describes the vertical distance from the surface
to a layer with a limit hardness of 550 HV. The hardness
will then continue to decline until the “total” case depth
is reached. The hardness at the effective depth is specified
based on the characteristics required and the harden-
ability of the material. Effective case depth specified to
ensure the sufficient layer of hardened layer supports
surface. This cannot be achieved using just total case
depth.

Both effective and total case must be considered to
optimize shaft performance. Effective case appears to be
the best predictor of torsional strength, while total case is
the best predictor of fatigue life [14, 15]. The relationship
between case depth and torsional strength is certain, but
there is a considerable amount of scatter or variation.
Torsional strength does increase with case depth, but only
to a point; then, hardening deeper does not necessarily
enhance the torsional strength.

Figure 6 shows the case hardness profile of the shaft.
The case depth, measured at 550 HV, and the total case are
recorded to be 3.1 and 4.5 mm, respectively. Mechanism of
crack formation, theoretical approach, is shown in Fig. 7
which, schematically, displays two different induction case
depths, (1) solid line and (2) dashed line. The applied stress
is shown as a straight line from zero at the center to a
maximum at torsional stress at the surface. As seen in the
above photograph, at certain depth, case torsional strength
is lower than torsional stress (between A—C on diameter for
case depth 1); this is where shaft fails. If case depth is
pushed deeper (case depth 2), failure area A—C will move
closer to the shaft center, to B-C. Torsional stress at depth
at which failure occurs (A;) is accordingly pushed down to
A,. This means that the failure area is located now in lower
stress zone which will increase fatigue life. It is worth
mentioning that excessive hardening, deeper than case 2 in
this situation, will not necessarily be beneficial because the
part will, most probably, fail from the surface due to the
significant brittleness. That is, the hypothetical case depth 2
is the optimum case depth. In addition, by hardening too
deep, the residual surface compressive stress may be
reduced. Another way of reducing area of the material
strength below the applied stress is to raise core hardness,
which maintains stress curve higher and, thus, reduces the
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Fig. 7 Mechanism of crack formation (theoretical approach) for this
specific case

difference between torsional stress and strength lines which
also extends the fatigue life.

Finite Element Analysis (FEA)

For the purpose of FEA, the material properties were
considered as E = 206.8 GPa and v = 0.29. Also, there
is only one load case considered in the FEA as torque
input is equal to 515 Nm (Fig. 8). No bending loads
were taken into consideration as their magnitude was
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unknown to us. Model was fixed in radial direction, in
axial direction at the end surface of the carrier flange
and in rotational (see Fig. 8 which shows the load and
boundary conditions of the model). In critical areas,
mesh size is 0.3—0.5 mm. Global mesh size was 2 mm.
Tetrahedral second-order 3D elements were used in the

Tangential Loads 515 Nm

Fi172
i

analysis. The FEA confirms that the high stress loca-
tions of the shaft are mostly around the small
lubrication holes. Figure 9 shows the overall stress
contour of the shaft. The minimum and maximum
stresses were measured as 16.9 and 972.1 MPa at the
oil hole, respectively (Fig. 10).

Axial constraints

Radial Constraints

Rotational constraints

Fig. 8 Loads and boundary condition

Fig. 9 Overall stress contour of
the shaft
Von Mises

Min. Stress: 0.0 MPa

Max. Stress: 972.1 MPa
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Fig. 10 Stress contour of the

oil hole

Von Mises
Min. Stress: 16.9 MPa

Max. Stress: 972.1 MPa

Remedial Actions

Based on the above-mentioned analyses, the following

remedial actions are proposed to improve the fatigue life of

the shaft during actual service conditions.

Analysis of failure showed that transition zone of the
case on the cross oil hole is where fatigue failure starts.
Premature fatigue failure happened because torsional
strength in this area is lower than torsional fatigue stress.
To extend fatigue life, reduction of torsional fatigue
stress in the transition zone of the case is required.
One of the solutions is to make case depth deeper, thus
pushing transition zone of case into area of lower
torsional stress (i.e., closer to the shaft center).
Quench delay was extended in this case. As a result,
case depth went deeper which resulted on average 40—
50% fatigue life increase.

If fatigue life has to be further improved, in addition to
above approach, it is suggested to target higher core
hardness as 95 Rb is somewhat soft to withstand any load.
By increasing core hardness to above 20 Rc torsional
strength of the case would be moved toward higher values
(dashed area on figure above with respect to torsional
stress will be reduced), thus improving fatigue life too.

H/mae*2
920.0

874.0

828.0

- Yo
‘ 782.0

Von Mises: 972.1 MPa
Max Pri.: 1065.5 MPa 414:0
Max Shear: S07.2 MPa
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