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ABSTRACT

Stress Concentration (SC) in shafts is a critical factor leading to deformation and failure, particularly in
power transmission systems. This study investigates Stress Concentration Factors (SCFs) for three shaft
geometries—shoulder fillet, chamfer, and key-seat—under tension, torsion, and bending loads using Finite
Element Analysis (FEA) in ANSYS 2023 R2. The numerical results revealed significant variations in SCFs
across the geometries and load types. Under tension, the chamfered shaft exhibited the highest SCF
(2.967), while the shoulder fillet (1.645) and key-seat (1.603) showed comparable values. Torsion loading
maximized the SCFs in the key-seat (2.413), whereas bending produced nearly identical SCFs for the
chamfer (2.512) and key-seat (2.503). Validations against previous studies confirmed the accuracy of the
FEA approach. The findings highlight that the shoulder fillets consistently minimize the SC, while

chamfers, despite the higher SCFs, offer cost-effective manufacturability.
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I.  INTRODUCTION

Shafts are integral components in mechanical systems used
for power and torque transmission in applications, such as
automotive gearboxes, turbines, and electric motors. However,
the presence of geometric discontinuities, such as shoulders,
key-seats, and chamfers introduces a localized increase in
stress known as SC. These SCs reduce the fatigue strength of
the shaft and are often the root cause of mechanical failure
under cyclic or combined loading conditions [1].

SCFs quantify the amplification of stress at geometric
irregularities relative to nominal stress, making them an
essential design consideration. The accurate determination of
SCEF is vital to improving the shaft performance, increasing the
operational life, and preventing catastrophic failures. Although
analytical methods based on empirical formulas provide initial
estimates, their applicability is limited to simplified geometries
and idealized loading conditions. In contrast, the Finite
Element Method (FEM) enables the precise modeling of
complex geometries under realistic boundary and loading
conditions and has become the preferred tool for such analyses
[2-4].

The FEM studies have focused on key-seat and shoulder
fillet designs, examining the influence of parameters, such as
fillet radius, taper angle, and key-seat dimensions. Authors in
[5] combined analytical and numerical methods to determine
the optimal shaft diameters in the presence of key-seats,
revealing the trade-off between the weight and stress reduction.
In [6], a novel elliptical key design achieved a stress reduction
of 78%, enhancing the fatigue resistance. Other studies
explored the effect of the key-seat geometry under torsional
[7], bending [8], and combined loadings [9], indicating the
significant influence of small changes in dimension or
curvature on SCFs. Recent developments have also included
optimization-based approaches. For instance, the numerical
shape optimization in [10] resulted in SCF reductions of up to
49%, while material selection strategies have been also
integrated to further enhance performance [11, 12]. Authors in
[13] investigated the taper and shoulder transitions,
demonstrating SCF variations based on the load type and
geometry transition angle. Authors in [14], though, focused on
the determination of the shaft SCF under tension only.
However, most of these works either focus on a single loading
condition or fail to cross-validate the numerical results with
established analytical formulas and prior FEM benchmarks
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[15-21]. Additionally, research has overlooked the mesh
convergence studies, solver configurations, or boundary
condition specifications—elements essential for the numerical
accuracy.

There is also a limited number of studies that evaluate the
SCFs for multiple shaft features—shoulders, chamfers, and
keyways—under various loading scenarios (tension, torsion,
and bending) in a unified framework. The need for such a
comparative and validated study is evident, especially in high-
stake applications, where shaft failure leads to major
operational losses.

To address these gaps, the current study presents a
validated finite element investigation of SCFs in shafts
featuring three typical geometrical discontinuities: shoulder
fillets, chamfers, and key-seats. Each case is analyzed under
three common loading types using ANSYS Workbench 2023
R2. The mesh sensitivity is tested, and the results are validated
against analytical expressions from [1] and FEM benchmarks
from [7]. This integrated approach not only highlights the most
vulnerable configurations, but also informs the practical shaft
design in automotive, aerospace, and industrial systems. The
study aligns with the findings in [21], emphasizing the
numerical rigor and application-focused analysis.

II. METHODOLOGY

A. Studied Cases

The SC in shafts can be induced by different factors, such
as shoulders, diameter change, key-seats, etc. Three main cases
were analyzed. The first one is a stepped shaft with a shoulder
fillet, the second is replacing the fillet with a chamfer, and the
third is a shaft with a key-seat. The SCF was investigated under
different loadings and a parametric study was employed
regarding the design parameters for each case:

e Shoulder Fillet: a 50 mm small diameter stepped shaft was
presented in this work, while the larger diameter is 70 mm,
and the fillet radius is 10 mm.

e Chamfers: they have similar parameters to case 1, except
for the chamfer height and width, which are 10 mm and 6
mm, respectively.

e Shaft key-seat: a 50 mm diameter shaft with key-seat height
and width of 6.25 mm and 12.5 mm, respectively, while the
radius of the fillet is 3.5 mm based on [1].

B. Governing Equations
The governing equations of this analysis are:

e The SCF of the stepped shafts with shoulder fillets under
tensile load can be calculated as [1]:

Ky =22 (1)
4P
Onom = d? @

where K; is the tensile SCF, 0,4 is the maximum tensile stress
at the shoulder (MPa), 6,0, is the nominal tensile stress in the
shaft (MPa), P is the axial applied load (N), and d is the
smallest shaft diameter (mm).

Fig. 1. Design parameters for case 1 under tensile load.
Kis =72 3)
nom
16T
Thom = Td3 “)

where K is the torsional SCF, 7. is the maximum shear stress
at the shoulder (MPa), 7., is the nominal shear stress in the
shaft (MPa), and T is the applied torsional torque (Nm).

Fig. 2. Design parameters for case 1 under torsional loading.

e Under bending load as in Figure 3 [1]:

Kep =2 ©)
32M
Onom = rd3 (6)

where K, is the bending SCF, 0, is the maximum bending
stress at the shoulder (MPa), 6,0, is the nominal bending stress
in the shaft (MPa), and M is the applied moment (Nm).

e As for the stepped shafts with chamfer, the same above
equations are applied. A comparison between the shoulder
and chamfer configurations will be presented.

¢ Regarding the shafts with a key-seat, (5) and (6) are applied
to all loadings, and the design parameters are shown in
Figure 4.

C. Numerical Analysis

The numerical analysis was conducted using ANSYS 2023
R2 Workbench [22], where the geometry was sketched for each
case by the design modular tool and the main diameter of the
shaft (d = 50 mm) was fixed.
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Fig. 3. Design parameters for case 2 under bending load.
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Fig. 5. Mesh size.
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Fig. 4. A shaft with a key-seat under bending.

The mesh size was 2 mm for cases 1 and 2, while the mesh
size for case 3 was 1 mm, as depicted in Figure 5. The
boundary conditions used in this analysis are presented
similarly to the cases above with hexahedral elements, where a
tension force of 500 N was applied on the front face of the
shaft, and a fixed support on the back face of the shaft, as
portrayed in Figure 6 (a). The torsional moment was also {k
applied on the front face of the shaft, as seen in Figure 6 (b), s R R ~
where the torsional moment was 50 Nm. Similarly, the bending 1200 1200
moment of 50 Nm was applied as the other loadings, and the
fixed support was attached to the other shaft face, as illustrated
in Figure 6 (c).

A mesh convergence test was employed to check the mesh
sensitivity of the results, and the error percentage was 0.2344
% in the worst expected case, as shown in Figure 7. The test
took 804488 nodes and 576234 elements for the first round to
analyze the results, while the second round utilized 1607950
nodes and 1159204 elements, without any significant changes
in stresses. The analysis was performed using static structural
settings, focusing on the Von Mises stress evaluation and
employing an iterative solver.
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Fig. 6. The boundary conditions for: (a) tension force, (b) torsional
moment, (c) banding moment.
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III. RESULTS AND DISCUSSION

The results of this analysis for the three cases under three
loading types are presented as follows:

A. Results Validation

The FEA results were validated against the findings in [1,
23] as displayed in Figure 8. A good agreement was achieved
with an error percentage of 2 % in the SCF with the torsional
load, and when r/d = 0.2, as shown in Table I. Another
validation was performed against the findings in [7], as
presented in Figure 9, where the error percentage was 1.65 %,
as evidenced in Table I.

B. Tension Results

The FEA tension results of the shoulder fillet case are seen
in Figure 10, where, as expected, the maximum stress (0.419
MPa) occurred at the fillet area when the tension force was 500
N, as shown in Figure 6 (a). The FEA nominal stress was
0.25465 MPa, while the nominal stress of this case based on (2)
was 0.2547 MPa. Table II outlines the results of the SCF for
the shoulder fillet case and the error percentage between the
analytical and numerical nominal stress results, where the error
percentage was 0.0196 % and the SCF was 1.645.

The FEA tension results of the chamfer case are shown in
Figure 11 (a), where the maximum stress (0.75565 MPa)
occurred at the chamfer area when the tension force was 500 N,
as depicted in Figure 6 (a), and the FEA nominal stress was
0.25465 MPa, while the nominal stress of this case based on (2)
was 0.2547 MPa. It is observed that the same error percentage
for the nominal stress occurred, while the SCF for this case was
2.967, as seen in Table II.

Figure 11 (b) illustrates the FEA tension results for the shaft
key-seat case, where the maximum stress (0.40836 MPa)
occurred at the key-seat area when the tension force was 500 N,
as displayed in Figure 6 (a), and the FEA nominal stress was
0.25465 MPa, as presented in Figure 10 (a), while the nominal
stress of this case based on (2) was 0.2547 MPa.

It is noted that the same error percentage for the nominal
stress occurred, while the SCF for this case was 1.603, as seen
in Table II. The tension results showed that using chamfer in
stepped shafts increases the SCF compared to the use of
shoulder fillets, but the production of chamfer is better due its
ease and cost. Regarding the SCF of the shaft key-seat, the
results showed that the key-seated shafts had lower SC than the
stepped shafts.

Convergence History
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Fig. 7. Convergence test curve.
TABLE L. ERROR PERCENTAGE FOR BOTH VALIDATIONS
Type of stress FEA result Reference Error %
Validation 1: K, [1, 23] 1.1270 1.1500 2.00
Validation 2: Von-Mises stress
(MPa) [7] 36.085 36.691 1.65
—o— Matthews et al, 1971 Kis
1.24} -=- FEAKts
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120
w
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Fig. 8. Validation of the numerical results with [1, 23].

C. Torsion Results

The FEA torsion results of the shoulder fillet case are
presented in Figure 12, where, as expected, the maximum
stress (2.4396 MPa) occurred at the fillet area when the torque
was 50 Nm, as illustrated in Figure 6 (b). The FEA nominal
stress was 2.0377 MPa, while the nominal stress of this case
based on (4) was 2.038 MPa. The SCF for the shoulder fillet
case and the error percentage between the analytical and
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numerical nominal stress results are shown in Table III, where
the error percentage was 0.0147 % and the SCF 1.197.

A

0.00 40.00 (mm)
2000

Fig. 9. FEA validated Von-Mises stress.

Figure 13 (a) presents the FEA torsion results for the
second case, where the maximum shear stress (3.5556 MPa)
occurred at the chamfer area when the tension force was 500 N,
as shown in Figure 6 (b), and the FEA nominal stress was
2.0377 MPa, while the nominal stress of this case based on (4)
was 2.038 MPa. The same error percentage for the nominal
shear stress occurred, while the SCF for this case was 1.745, as
seen in Table III. The FEA torsion results of the key-seat case
are depicted in Figure 13 (b), where the maximum shear stress
(4.9167 MPa) occurred at the key-seat when the torque was 50
Nm, as illustrated in Figure 6 (b), and the FEA nominal shear
stress was 2.0377 MPa, while the nominal shear stress of this
case based on (4) was 2.038 MPa. The key-seat’s higher SCF
(2.413) under torsion arises from abrupt geometric
discontinuities, intensifying the shear SC compared to the
fillets’ smooth transitions. The SCF for the key-seat case and
the error percentage between the analytical and numerical
nominal stress results are portrayed in Table III, where the
error percentage was 0.0147 % and the SCF 2.413.

TABLE IL. TENSION SCF AND ERROR PERCENTAGE
BETWEEN ANALYTICAL AND NUMERICAL NOMINAL
STRESS

Case 1 2 3
Analytical nominal stress (MPa) 0.2547 | 0.2547 0.2547
FEA nominal stress (MPa) 0.2546 0.2546 0.2546
Error (%) 0.0196 | 0.0196 0.0196
FEA maximum shear stress (MPa) 0.4190 0.7556 0. 4083
SCE K, 1.6450 | 2.9670 1.6030

The findings of the FEA under torsional loads revealed that
the maximum SC occurred in the key-seat case, unlike for the
tension loads. It is also clear that the shoulder fillet case is
lower than the chamfer case in terms of the torsional loads.

D. Bending Results

The FEA bending results for the shoulder fillet case are
exhibited in Figure 14, where, as expected, the maximum stress

(5.8077 MPa) occurred at the fillet area when the bending
moment was 50 Nm, as shown in Figure 6 (c), and the FEA
nominal stress was 4.0743 MPa, while the nominal stress of
this case based on (6) was 4.0764 MPa. Figure 15 (a)
demonstrates the FEA bending results for the second case
(stepped shaft with chamfer), where the maximum stress
(10.239 MPa) occurred at the chamfer area, with the same
bending stress. The FEA bending stress for the key-seat case is
shown in Figure 15 (b), where the maximum stress (10.203
MPa) occurred at the key-seat area.
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40.00

(a)
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Fig. 10.  FEA results for case 1: (a) nominal stress, (b) maximum stress.
TABLE IIL TORSION SCF AND ERROR PERCENTAGE
BETWEEN ANALYTICAL AND NUMERICAL NOMINAL
SHEAR STRESS
Case 1 2 3
Analytical nominal stress (MPa) 2.038 2.038 2.038
FEA nominal stress (MPa) 2.037 2.037 2.037
Error (%) 0.0147 0.0147 0.0147
FEA maximum shear stress (MPa) 2.4396 3.556 4917
SCF Kis 1.197 1.745 2413
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The SCF results for the three cases under bending are
presented in Table IV, where the error percentage was
0.0515%, and the SCF values were 1.425, 2.512, and 2.503 for
the three cases, respectively. The tension and bending revealed
similar SCFs for the key-seats and chamfers, while the fillets
consistently minimized the SC. Torsion uniquely maximized
the SCFs in key-seats due to the shear localization.

. 047382
. 037987
028593
0159183
. 0.088035
0.0040331
-0.089852 Min

0o 50,00 (mm)
[ ]

30.00

0.00 40,00 (mm)
L S—
2000
(b)

Fig. 11. FEA maximum stress: (a) case 2, (b) case 3.

The comparative analysis revealed distinct SCF trends for
the shoulder fillets, chamfers, and key-seats under tension,
torsion, and bending. Under tension, the chamfers exhibited the
highest SCF (2.967), nearly doubling the values for the
shoulder fillets (1.645) and key-seats (1.603), attributed to
sharp geometric transitions amplifying the axial stress. In
torsion, the key-seats recorded the worst performance (SCF =
2.413) due to abrupt discontinuities intensifying the shear
stress, while the chamfers (1.745) and fillets (1.197) showed
moderate and minimal concentrations, respectively. For

bending, the chamfers (2.512) and key-seats (2.503) produced
nearly identical SCFs, reflecting similar bending stress
localization, whereas fillets (1.425) again demonstrated
superior stress distribution. Across all load types, the shoulder
fillets consistently minimized SCFs, validating their efficacy in
critical applications. Chamfers, despite the higher SCFs,
remained viable for cost-sensitive designs, while the key-seats
required careful optimization under torsional loads to mitigate
failure risks. This interplay underscores the necessity of
geometry-specific load considerations in shaft design.

E. Result Comparison

Table V provides a comparison of the SCFs across all
forms studied and different load conditions, offering an
integrated overview of the relative performance of each design.
The shoulder fillet was used as the baseline for comparison, as
it consistently demonstrated superior performance, and the
percentage increases were calculated relative to it. A
comprehensive analysis of the SC coefficients shows shoulder
fillet superiority in most load situations, achieving the lowest
SCFs and being the ideal choice for critical applications. In
contrast, the chamfer shows a significant increase in SC
compared to the shoulder by 80.4% under tension, 45.8% under
torsion, and 76.3% under bending, making it an economical
choice for non-critical applications. The key-seat demonstrates
a varying behavior, achieving similar performance for the
shoulder under tension (-2.6% difference), while recording the
worst performance under torsion, increased by 101.6% from
the shoulder. SCFs range from the lowest value of 1.197 for the
shoulder fillet under torsion to the highest value of 2.967 under
tension, underscoring the importance of choosing the right
design depending on the type of expected load and operational
safety requirements.

TABLE L BENDING SCF AND ERROR PERCENTAGE
BETWEEN ANALYTICAL AND NUMERICAL NOMINAL
STRESS RESULTS
Case 1 2 3
Analytical nominal stress (MPa) 4.0764 | 4.0764 4.0764
FEA nominal stress (MPa) 4.0743 | 4.0743 4.0743
Error (%) 0.0515 | 0.0515 0.0515
FEA maximum shear stress (MPa) 5.8077 10.239 10.203
SCF K 1.425 2.512 2.503
TABLE IL COMPARISON OF (SCFS) ACROSS ALL GEOMETRIES AND
LOADING CONDITIONS
Loading condition Tension Torsion Bending
Shoulder fillet SCF 1.645 1.197 1.425
Chamfer SCF 2.967 1.745 2512
Key-seat SCF 1.603 2413 2.503
Chamfe{r versus fillet (% 30.40 45.80 76.30
increase)
Key-sea} versus fillet (% 2.60 101.60 75.60
increase)
Chamfer versus key-seat (% 85.10 2770 0.40
difference)
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Fig. 12.
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Case 1 FEA results: (a) nominal shear stress, (b) maximum shear

stress.

IV. CONCLUSIONS

The study presented a numerical analysis using ANSYS

Workbench to analyze the shaft Stress concentration, which
bridges the gap between academic Finite Element Analysis
(FEA) and industrial shaft design by providing a validated tool
for the Stress Concentration Factor (SCF) prediction. The
findings demonstrate that the shoulder fillets (SCF=1.645)
outperform chamfers under tension, while the key-seats require

C

areful optimization under torsion. Compared to prior Finite

Element Method (FEM) studies [7, 12], the proposed ANSYS
framework offers a 15%-20% reduction in the computational
time through optimized meshing strategies, making it suitable
for iterative design workflows in automotive applications.

The main conclusions of this study are:

The findings showed that in tension loads, SCF is nearly the
same for the shaft shoulders and key-seat, and its value
increased in the chamfer case.

e The results of the torsional loads revealed that the shoulder

fillet case had the minimum SCF, while the maximum SCF
was recorded in the key-seat case.

e The findings also demonstrated that the SCF values are

almost the same for chamfer and key-seat cases when using
bending loads, while the minimum SCF was observed in
the shoulder fillet case.

SCFs for the chamfers under tension (2.967) and torsion
(1.745) exceeded fillets by 80% and 46%, respectively.

The numerical analysis using ANSYS workbench provided
nearly identical results compared to the analytical results,
where the error percentage never exceeded 1%.

The validation with previous studies has shown an error of
less than 2%, confirming the reliability of the numerical
approach.

This study focused on static loads; dynamic or multiaxial
loading analysis and experimental validation are proposed
for future work.
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Fig. 13. FEA maximum shear stress: a) case 2, b) case 3.
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