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Abstract: The mining industry sector is notable for the severe service loads and varied environmental
conditions that it imposes on its equipment and mechanical systems. It has become essential to
identify the causes of failures and use the information to avoid similar failures and improve projects.
In this paper, a study on shaft failure in a speed reduction box was carried out. A section of a
fractured shaft made of hardened austempered steel was analyzed to determine the cause of the
break. Fractography was performed to characterize the failure mode on the fracture surface. The
microstructural analysis and hardness profile revealed that the shaft was inadequately heat treated,
resulting in low resistance microstructures and the development of a thin layer of bainite at the
shaft edge. Large amounts of inclusions were found in the fracture region, and the tensile tests
revealed that the material had an elongation below the specification. The analyses showed that the
combination of factors of a large amount of inclusions present in the low resistance banded structure,
and the presence of concentrated pores in that same region, acted in a synergistic way to decrease the
fatigue resistance and fatigue life of the shaft material.
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1. Introduction

With the advancements in engineering and manufacturing processes over the years,
the performance of mechanical components such as bearings, gears, and shafts has been
improved. Such advancements were possible with the know-how acquired over many
years from the continuous analysis of engineering failures. As part of this analysis, it is
fundamental to identify the causes of a failure to prevent similar failures in the future.
There is a methodology in engineering for analyzing disasters called forensic engineering.
It can be considered a failure analysis for the investigation of materials, structures, and
components that may cause damage to installations and harm people. The main goal of
forensic engineering is to identify the sequence of events that led to the ultimate failure,
based on the design and operating conditions of a component [1-4]. In this sense, forensic
engineering is a science that deals with the relation of scientific facts/engineering, to
determine the causes of the failure of a product that was designed and manufactured
under technical specifications and standards [2]. Thus, this methodology may consist of
carrying out tests and characterizations to promote the improvement of a component or
in pointing out the mode, mechanism, or causal factors of a particular failure, in order to
make preventative recommendations and avoid future recurrences [1,2,5,6].

However, most studies on the failure of parts and mechanical structures are not easily
accessible in the academic literature, since the industry and manufacturers try not to
disclose the disadvantages of their products. On the other hand, it is crucial to share case
studies, in order to prevent accidents and to improve current designs.
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Particularly, mining industries require the proper arrangement of rotation, power
transmission, and high torque in speed gearboxes working under a wide range of severe
conditions to activate heavy machinery. One of the main causes of speed reduction system
failure is the damage and fracture of their shafts [7,8]. These shafts are used to transmit
power to other mechanical elements in different operating conditions, being generally
subjected to torsion and sometimes combined with flexion loads in cases of mechanical
misalignment. One of the most common failure mechanisms in shafts is fatigue. Fatigue
failure starts in vulnerable points, such as structural and metallurgical defects, leading
to high local stresses [9]. Studies conducted on shafts have shown inclusions [8,10,11],
inadequate microstructures [12] and heat treatment [7], and incorrect assembly [13] as the
main causes of early failure by fatigue. These types of failures can result in a serious injury
to operators and workers close to the equipment. Therefore, from the view of forensic
engineering, the present study aimed to conduct a systematic analysis of the failure of
an output shaft from a speed reduction box belonging to a Brazilian mining industry.
The analysis of the fractured component was supported by fractographic examinations;
optical microscopy (OM), scanning electron microscopy (EDS/SEM), and optical emission
spectrometry techniques; inclusion analysis; and hardness, microhardness, and mechanical
tensile tests.

2. Background and Information of the Failure

In August 2018, the output shaft of a speed reducer fractured during operation. The
shaft was designed to work uninterrupted coupled to the driving drum of a conveyor
belt used by a mining company. For normal operating conditions, the design life of the
speed reducer was 40 years, however, failure occurred in less than 1 year. Table 1 presents
the operational parameters required by the conveyor belt drive drum. The company’s
maintenance engineer reported that there was no history of premature failure, and before
the shaft broke, the speed reducer had undergone a scheduled maintenance. Although the
reasons for the failure could be assigned to one or many aspects, such as material selection,
a mechanical property, manufacturing process, operating mode, service environment, etc.,
the main factor should be confirmed when investigating the equipment. Fundamentally,
the reduction box system consists of an electric engine, which transmits power to the
input shaft of the reduction box, which through internal worm gears, transmits power to
the output shaft. A representation of the system is shown in Figure 1a and the fractured
output shaft that was investigated is shown in Figure 1b, with details of its dimensions
and location of the plane fracture.

Table 1. Operational parameters of the speed reducer.

Shaft Diameter (mm) Transmission Ratio Speed (RPM) Power (HP)
Input/Output Input/Output Reducer/Required
50.8/101.6 16 1170/73.1 119/94

When the two fractured parts were transported, the fractured surfaces were protected
to prevent damage. One of the parts was cut about 10 mm from the plane of fracture in
order to obtain a sample to perform the analysis [14]. The other part of the shaft remained
stuck in the assembly structure and was compromised during the removal process. Part
of the reduction box was damaged when the shaft broke. The fractured shaft can be seen
in Figure 2. There was no evidence of direct obstruction by the interference of the shaft
rotational movement through the bearings. Thus, the fracture of the output shaft was
probably the main contributor to the failure of the speed reduction box.



Metals 2021, 11, 856 3 0f 20

Analyzed Shaft
| (Output shaft of the reducer)

Fracture Plane

Figure 1. (a) Reduction box system, indicating the analyzed shaft; (b) dimensions in millimeters of
the fractured output shaft and location of the fracture plane.
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Figure 2. Fractured shaft of the speed reducer.

3. Experimental Methods

For failure analysis, the region of rupture was first taken for a visual analysis. The
cleaning procedure of the sample consisted in washing it with water and detergent, and
subsequently immersing it in alcohol under ultrasonic agitation to remove the lubricating
oil and the iron ore impurities present in the reduction box. In this sequence, the sample
was put in a HCI solution and then in a KOH solution to remove oxidation from the
fracture surface. A Microscope EVO MA15 (Zeiss, Oberkochen, Germany) model was
used for scanning electron microscopy (SEM) analysis; the fractography was obtained
with the secondary electron detection mode. Samples for microstructural and mechanical
characterization and chemical analysis were withdrawn from the other region of the shaft,
as shown in Figure 3d.

The metallographic preparation consisted of wet sanding using successive abrasive
SiC sandpapers with a grain size from #100 up to #1200 and polishing with a 1 um diamond
paste. The microstructure was revealed with Nital etchant (2% of nitric acid in ethyl alcohol
for 25 s), followed by rinsing with ethyl alcohol and drying with a hot air stream. An
inverted metallurgical microscope Olympus model 41GX (Olympus Co., Tokyo, Japan)
was used to observe the structures, as well as the inclusions (ASTM E45-13 [15]). The
microstructure was also analyzed with SEM with a secondary electron detection mode.
Hardness measurements were carried out from the center to the periphery of the shaft
using a Pantec RSB Rockwell C (Panambra, Sao Paulo, Brazil) hardness tester with a 210 kgf
load. The microhardness of the phases was obtained by using a hardness tester Shimadzu
HMV-5 (Shimadzu, Kyoto, Japan) using a 98.07 mN load. The tensile tests (ASTM E8/8M-
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15 [16]) were performed employing flat specimens with a gauge section of 6.25 x 6 mm
and a gauge length of 32 mm and a Universal Tensile Machine EMIC (Instron, Sao José
dos Pinhais, Brazil) of 100 KN at a strain rate of 15 mm/min and load application speed of
18 MPa/s. The chemical analysis was obtained using the optical emission technique using
a SPECTROMAXXx (Spectro, NW, Germany) spectrometer.

Plastic deformation

I 35 mm

Longitudinal
Direction

Inclination of
Fracture Surface

35 mm

Fracture surface — @

Micrograph IMacrography

Chemical Composition Sample

Tensile Test Sample

Figure 3. Fractured reducer shaft: (a) Side view showing the plastic deformation (red arrow) of the
material under the fracture surface, (b) top view (fracture surface before cleaning), (c) fracture surface
slope, (d) samples for the characterization and analysis withdrawn from the shaft. Green arrows
indicate crack nucleation area.

The determination of nonmetallic inclusion content was obtained by the worst field
approach and according to the ASTM E45-13 [15] standard. Samples were taken longi-
tudinally from the core and shaft edge, close to the fracture region, and underwent the
same metallographic procedures, except for the etching procedure. For this analysis, the
standard demands an image with 100x magnification. Thus, the analysis was performed
in fields of 0.5 mm? (search for the worst field) of the sample to define the four categories
or types of inclusions (sulfide, alumina, silicate, or globular oxide). The inclusions were
separated into two classes (fine series and coarse series) and divided into severity levels
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(0, 0.5, 1.0, 3.0) according to the standard reference tables. The frequency distribution of
the non-metallic inclusions area, located at the surface of the shaft, next to the fracture
plane, was also determined. It is important to note that maximum shear stresses occur at
the surface region of shafts [17]. Thus, using the image analysis software Image]J [18], more
than 1000 inclusions were evaluated, using non-attacked MO micrographs. Morphological
parameters such as average size, maximum size, and circularity were evaluated.

4. Failure Analysis and Experimental Results
4.1. Visual Observation

A visual analysis of the shaft in the received condition was performed to evaluate
the conditions of the material after fracture. Figure 3 shows a side and front view of
the fractured shaft. In Figure 3a, it can be observed that the shaft underwent plastic
deformation on the longitudinal surface, indicated by the red arrow, due to a high overload
causing a change in its circumference uniformity [10] and deformation at the region of
the fracture. Analyzing the high plastic deformation of the shaft’s fit location with the
reduction box (red arrow Figure 3a) indicates that when the shaft broke there was an
abrupt misalignment of the coupled gears, leading to an overlap of the teeth from the
drive and driven gears. Most of the fracture surface (central and border region, near the
crack nucleation area; indicated by green arrows) in Figure 3b presents a low cycle fatigue
fracture which was similarly reported by Pantazopoulos et al. [19]. The remaining fractured
area suffered a plastic deformation and ductile fracture, with an instant rupture caused by
shear stress overload, as also observed in [8,20,21].

4.2. Chemical Analysis

Samples of the border and core regions of the shaft were used for the chemical
analysis by optical spectrometry. The elements and their percentages are shown in Table 2.
Comparing the chemical analyses of both aforementioned regions, a similar composition of
the elements can be realized, i.e., there is no evidence of macrosegregation and an absence
of signs of carburizing on the shaft surface. The chemical analysis confirmed that the
material presents a typical composition of a low-alloy steel AISI/SAE 4320 [22]. This type
of steel is commonly used to produce shafts and gears.

Table 2. Analysis of the shaft failure.

Surface, (%) o Specification
Element (Hardening Surface) Core, (%) AISI}/)SAE 4320 [22]

C 0.19 0.19 0.17-0.22
Si 0.23 0.23 0.15-0.30
Mn 0.55 0.55 0.45-0.65

P 0.009 0.009 0.030 Max

S 0.004 0.006 0.040 Max
Cr 0.5 0.5 0.40-0.60
Mo 0.22 0.22 0.20-0.30
Ni 1.77 1.78 1.65-2.00
Cu 0.077 0.077 0.35 Max
Al 0.006 0.006

Fe Balance Balance Balance

4.3. Fractographic Analysis

The fracture surface after the cleaning procedure is presented in Figure 4a. The
unevenness between the highest and the lowest point at the fracture surface was about
25 mm. The macroscopic pattern of the fracture revealed the occurrence of fatigue fracture
morphology caused by rotating-bending loads (Figure 4b,c). The fatigue crack propagation
occupied approximately 40% of the total gauge area and the overload failure (60% of the
total gauge area) presented a plastic deformation region, as indicated by the red arrow in
Figure 4b. The detailed evaluation of the fracture surface allowed the identification of some



Metals 2021, 11, 856

6 of 20

characteristics of fatigue failure: (I) ratchet marks (Figure 4c), which indicate the result of
multiple origins of fatigue crack nucleation due to the high stress concentration; and (II)
beach marks (Figure 4c), which constitute the progression of fatigue cracks, indicating the
variation in the crack growth rate. These fractographic features of fatigue fracture were also
reported by other researchers [23,24]. The fatigue mechanism was fairly consistent with
rotating-bending loading, and the extension of the fatigue zone in the shaft was typical for
moderate load conditions [23].

Bending

flexion fracture

Fatigue crack
propagation zone

Beach marks

Crack nucleation:
ratchet marks

Figure 4. (a) Fracture surface after cleaning procedures; (b) zone of fatigue (region B) and the final
failure area due to overload (A and C regions), red arrow indicates the final fracture zone; (c) fracture
surface details of the reducer shaft.

An important fractographic characteristic was that the main fatigue crack grew from
the surface of the shaft (Figure 4c, see white ellipse), following a slightly helical path
towards the center. In general, this propagation morphology is associated with flex-
ion/torsion loads on rotating shafts [3-5]. Regarding the beach marks, they showed a very
pronounced texture, with a very clear interspacing between the marks. This texture aspect
is associated with the low cycle fatigue (LCF) mechanism [5]. In LCF, crack propagation
occurs under stresses above the flow limit of the material, promoting failure during a
reduced number of cycles [25,26]. In addition, it should be noted that in the case of rotary
shafts, such as the one in the present study, each point on its surface is subjected to a tensile
stress and, subsequently, a compressive stress, for each revolution carried out [17]. This
type of alternate loading explains the nucleation of the crack at the shaft surface and its
propagation towards the center [3,5].

The fracture was divided into specific areas called: Zone A, which represents the
part of the fracture surface damaged by the overload, and which causes damage, and the
micromechanism of rupture modified due to friction of the two shaft halves at the time of
break; Zone B, corresponding to the fatigue zone; Zone C, which is also the region of the
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overload fracture (Figure 4b) but where the micromechanism fracture was not modified,
allowing fratographic analysis.

The SEM analysis validated the operation of the fatigue mechanism typical character-
istics of cracks nucleation and fatigue growth (Zone B), as shown in Figure 5: (a) ratchet
marks showing cracks nucleation, which join to form the main fatigue from the edge shaft;
(b) the cyclical propagation of the crack front due to the friction forces between the fracture
surfaces; and (c) possible fatigue striations indicating the progress of a crack front after an
increment of crack propagation, where each increment of propagation is due to a stress
cycle. Zone C, which corresponds to the overload rapid fracture, presented an aspect of
gross fracture, and presented secondary cracks, as shown in Figure 5d, caused by high
and unbalanced stresses at the moment of component break [12]. An evaluation by SEM
revealed quasi-cleavage as the dominant fracture micromechanism of the final overload
area of the shaft, according to Figure 5e; in this zone the characteristics of fragile cleavage
facets combined with the distribution of ductile areas by dimples (Figure 5f,g), and these
characteristics were consistent with transgranular fractures. Another observation was the
presence of many inclusions inside the dimples and cleavage facets (Figure 5h), where they
had a harmful effect on the material’s toughness and accelerated the fracture process, as
these act as local stress concentrators [11].

It is worth mentioning that the presence of ratchet marks is strongly related to fa-
tigue [5]. Ratchet marks are small cracks that originate and grow in planes where the
maximum shear stress occurs [5]. In addition, these are directly influenced by the inten-
sity of the stress concentration for a given critical section and correspond to Stage 1 of
fatigue [5,27]. Observing Figure 4c, it is possible to visualize the ratchet marks region, indi-
cating that in this place there was a stress concentrator (white ellipse 1). However, it should
be noted that according to the location of the fracture plane on the shaft (Figure 1b), this
position did not contain geometric stress concentrators (e.g., key or diameter change). The
fracture plane was reasonably far from geometric discontinuities (Figure 1b). Furthermore,
in the visual inspection stage, it was found that the surface of the shaft (Figure 2) had a
good surface finish (low roughness). The shades of brown, red, and black colors on the
shaft surface were probably only due to the lubricating oil used in the reduction box and to
the mining company’s environment, which is rich in iron ore. According to Zerbst et al. [9],
fatigue cracks always start in places with greater local deformation, such as: macro-notches,
machined holes, grooves, section transitions, etc.; however, the stress/deformation concen-
tration will be further increased due to the presence of defects in the material. Therefore, it
seems that the steel may have had metallurgical defects generated in its manufacturing
processes. This was verified with the microstructural and mechanical analyzes in the next
sections.

4.4. Metallographic Analysis

The macrostructure in the cross-section of the shaft revealed a hardened layer indi-
cating that the component was submitted to heat treatment (Figure 6a). The hardened
layer was not uniform along the cross-section, and in some places a width with less than
1.0 mm was found (regions indicated by the red arrows). In accordance with the inclusion
classification (ASTM E45-13 [15]), numerous inclusions of thin and thick globular oxides
(Type D) were present, with a severity of 3.0 for both, and some Type B inclusions (alumina)
(Figure 6b) were observed with a severity of 0.5 (as shown in Table 3). Figure 6b was
obtained close to the shaft edge. Such a large number of inclusions is not desirable, because
they can act as stress-concentration areas, which can lead to crack nucleation [10]. The
stresses in the vicinity of an oxide inclusion are potentialized because of their size [11].
According to Figure 6¢, the inclusions presented an area frequency distribution, which was
very close to an exponential distribution. In addition, the average circularity of 0.8 indicates
that the inclusions approached a spherical shape; circularity equals 1, a perfect spherical
form. This result is in agreement with the inclusion classification analyzes (Table 3), which
showed a strong presence of globular oxides. In this sense, it is also likely that the cir-
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cularity was affected by the presence of sulfide inclusions, which tend to exhibit a more
elongated morphology [28].

Crack'propagation [4
divéction

D7.7 2.0k 30pm

Figure 5. Fracture micromechanism: (a) Ratchet and microcracks brands; (b) fatigue propagation and
striations; (c) detail of (b); (d) secondary crack found in zone C; (e) region of quasi-cleavage fracture
containing traces of a fragile fracture by cleavage and dimples; (f-h) are details of (e).
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Figure 6. (a) Non-uniform hardened cross-section shaft layer. Red arrows indicate the hardened
layer with a width less than 2 mm; (b) inclusions present in the shaft; (c) frequency distribution of
the inclusions areas at the subsurface of the shaft.

Table 3. Classification and severity of inclusions.

A (Sulfide) B (Alumina) C (Silicate) D (Globular Oxide)
Thin Heavy Thin Heavy Thin Heavy Thin Heavy
series series series series series series series series

0 0 0.5 0.5 0 0 3.0 3.0

As the morphology of the inclusions was almost spherical, the inclusion size was
calculated using the formula of the equivalent diameter Dy (um) of the projected area A

(um?), given by Equation (1) [28]:
[A
D=2 = 1)

Thus, using the mean and maximum area values of the analyzed inclusions (Figure 6c),
the mean and maximum inclusion size was 19 and 66 um. From observing Figure 6¢, it
is evident that the vast majority of inclusions had an area smaller than 500 pm? (size of
25 um). Therefore, the critical parameter of inclusion size was verified [29], related to the
threshold value for the propagation of fatigue cracks. This critical value was around 50 to
100 um [30]. However, when the inclusions were just below the surface, inclusions smaller
than a 45 um fracture were responsible for fatigue [31].

An overview of the hardened surface layer metallography of the shaft is shown in
Figure 7. It presented a gradual variation of the microstructure up to the first 4000 pm; after
that depth, the microstructure remained unchanged, without any significant changes until
the core of the shaft. The microstructural characterization was performed in the regions
indicated as 1 to 5. Region 1, corresponding to the shaft surface, indicated the presence of a
200 um bainite layer, where the first 100 pm presented an upper bainite matrix with small
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sites of polygonal ferrite, and in the subsequent 100 pm, the bainite was irradiated at the
limits of the old austenite grain border in the polygonal ferrite matrix (Figure 8a—d). The
shaft edge has a microhardness of 478 + 12 HV. However, due to the suffered overload,
this region presented a highly elongated granulation zone. Additionally, no signs of
decarburization were observed (Figure 8a,d). The presence of a distorted granulation may
have led the material to exhibit residual tensile stresses on the shaft surface and controlled
the development of microcracks and fatigue cracks.

Region 2 shows a pattern of banded structure that extends up to the phase boundary
line (Figure 7). Figure 8e presents a quasi-polygonal ferrite matrix [32] in a dark color, and
the white Widmanstétten ferrite in white, arranged in bands (Figure 8f,g). The matrix of
quasi polygonal ferrite has grains with a non-uniform distribution and irregular shapes
(Figure 8h). The matrix presented a microhardness of 216 + 14 HV, and the Widmanstétten
ferrite, a microhardness of 165 + 9 HV. Additionally, in a banded structure zone, some
tracks of polygonal ferrite were nucleated with a small amount of pearlite within the limits
of the ferrite grains and the microstructure is detailed in Figure 7b,c. The microstructure
also exhibited a low microhardness, with a value of 159 4= 11 HV.

A e
A

AR A

Banded structure

Phases changes
boundary line

Figure 7. (a) Optical micrograph of the transversal section showing the microstructural change
from the surface to the shaft core. Yellow arrows indicate the localization tracks of polygonal ferrite
nucleated with a small amount of perlite; (b) detail of (a); (c) polygonal ferrite and pearlite nucleated
in the area of the banded structure.
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Figure 8. (a) Distribution of the upper bainite layer showing elongated grains; (b) detailing of the
grain distortion in the first 100 um; (c) distribution of the upper bainite in the boundaries of the old
austenitic grain; (d) detail of (a); (e) banded structure; (f,g) detail of (e) showing the distribution of
inclusions in the matrix; (h) detail showing the matrix; (g) large magnification of the matrix. The
yellow arrows indicate inclusions distributed in the matrix.

Considering the characteristics of the structure arrangement in bands and the low
microhardness due to the two phases (polygonal ferrite and pearlite, Figure 7c), just
beneath the high resistance surface layer in region 1, it is evident that this microstructure
is inadequate for this type of application. The heat treatment aimed at increasing the
superficial resistance of the shaft material was poorly executed.
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The literature states that non-uniform microstructures can be quite harmful to the
mechanical properties of engineering components [33-35]. In addition, there are reported
cases of reduced fatigue life due to phases and/or constituents with very distinct hard-
nesses [34,36,37]. Under cyclic loads, which is the case of the shaft in this work, there
is a deformation mismatch between the different microstructures, which have a great
difference between their mechanical strengths [33,36,37]. Thus, voids and cracks are easily
formed when a material is composed of very soft and very hard constituents [38,39]. Zhang
et al. [36] studied the growth of fatigue cracks in the mixed microstructure of a train wheel,
formed by upper bainite and perlite, and which were produced by incorrect heat treatment
in the manufacturing stage. The authors reported that the non-uniform deformation be-
tween the upper bainite and perlite resulted in a concentration of stresses at the interfaces
of the two constituents, favoring the formation of cracks and reducing the life by fatigue.
Therefore, as the shaft material presented microstructures with very different hardnesses,
such as bainite (478 HV) from Region 1 and ferrite from Region 2 (159 HV), the deformation
mismatch between these structures may be raised. In addition, it is reasonable to affirm
that crack propagation possibly occurred at the contours of these phases.

It is important to mention the existence of the high amount of inclusions distributed
in the matrix (indicated by the yellow arrows in Figure 8f,g). The chemical composition
of these inclusions was evaluated by EDS, although it is a semi-quantitative technique.
Figure 9 shows the SEM image of an inclusion indicating the points of analysis and the
spectrum. Large amounts of manganese (Mn), silicon (Si), sulfur (S), aluminum (Al), and
oxygen (O) were detected in the inclusion, and the results are summarized in Table 4. The
presence of these elements indicates that the inclusions were composed of oxides and
sulfides formed by these elements. The high iron content observed in the analysis was due
to the interference of the ferritic matrix during the analysis in SEM.

Spectrum 1

VRN,

Spectrum 2

Signel A » SE1 EMT = 20,00 kY Signel A = SE1 EMT = 2000 kY. 2pm
Mogs 1000KX WO £5mm — Mags 1000KX WOs 8.5mm

0 1 2 3 4
Ful Scale 7955 cts Cursor. 0140 (0 cts)

Figure 9. EDS analysis of inclusion present in the banded structure for region 2: (a) spectrum 1
corresponds to the analysis results shown in (c); (b) spectrum 2 corresponds to the analysis results
shown in (d).
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Table 4. EDS results (weight (%)).

Spectrum  Mn Si S Cr Ni C (0] Ti Al Fe
1 2732 2045 131 024 0.32 0.53 150 330  45.04
2 1.13 0.77 0.21 0.45 7.16 90.27

The microstructure located in region 3 is shown in Figure 10. It represents the transition
of a banded structure to the microstructure formed by a martensite matrix, with some
upper bainite colonies in the old austenitic grain boundary (Figure 10a,b,d). The martensite
matrix presented a microhardness of 407 + 31 HV (Figure 10c). Considering the width of
the layer of this microstructure in the shaft material, it indicates that the nucleation of the
banded ferrite structure above the boundary line of phases undesirably emerged and was
caused by poor heat treatment, since the constituents of the banded structure commonly
nucleate through diffusion mechanisms. Thus, it can be stated that the heat treatment
carried out in the shaft was austempering, and thermal oscillations probably occurred in the
isothermal bath temperature during the treatment. It is recommended to use an appropriate
heat treatment to ensure the uniformity of the hardened layer microstructure, through an
increase of the bainitic phase layer extension by isothermal treatment or carburizing, since
steel SAE 4320 has a low carbon content.

Upper bainite

Martensite:

\ ) v
Signal A = SE1 EHT = 10.00 kV
Mag= 300KX WD= 80mm Mag= 500KX WD=115mm

Figure 10. (a) Phase transition of the banded structure; (b) martensite with some colonies of upper
bainite; (c¢) martensite microstructure; (d) detail of (b).

After the phase boundary line in region 4, bainite colonies disappeared and give way
to only martensite phase (Figure 11a,b). Region 5 comprises the microstructure around the
shaft core, which consists of ferrite-acicular (light gray) and pearlite (dark) (Figure 11c,d);
the pearlite is dispersed in the boundaries of the grains and as plates within the ferrite
matrix. The structure presented a microhardness of 247 £ 11 HV, which is a normal value
for a shaft core for this type of application.
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Figure 11. (a) Martensite; (b) enlarged detail of (a); (c) acicular ferrite and pearlite in the shaft core;
(d) enlarged detail of (c).

4.5. Mechanical Properties

Results of the tensile tests are shown in Table 5. These results were compared with the
specification, i.e., the expected values of this material for shaft application according to the
reference [13]. The ultimate tensile strength (UTS) of the samples, the area reduction, and
the yield strength (YS) had the values of the specification, but the 17.5% elongation was
less than the specified range of variation. Therefore, the material did not totally accomplish
the technical requirements. The test results probably were negatively affected by the large
number of inclusions present in the material. The distribution of inclusions shown in
Figure 6b,c, the spectrum of Figure 9a, and the EDS results in Table 4 present evidence that
the main inclusions present in the metallic matrix were MnS and Al;O3. The presence of
these defects provides the mismatch of the stiffness of the steel matrix and the inclusions,
due to the differences between the elasticity modules [32]. For MnS inclusions, there is
a stiffness with insufficient compatibility with that of the matrix (under-matching), and
in this way a zone of concentration of tension develops in the inclusion, and when this
is deformed, it can be flattened, generating the notch effect, and negatively affecting the
ductility of the steel [32]. On the other hand, in Al,O3 inclusions, there is an excessive
mismatch of its rigidity with that of the matrix (over-matching). When the material is
submitted to external loads, the stresses are higher in the matrix material than in the
inclusion, which generates residual tensions located around the inclusion, in addition to
the nucleation of cracks in the matrix or in the matrix/inclusion interface [40-43]. Cracks
that nucleate from inclusions may coalesce during the propagation process to form larger
cracks [44]. Therefore, all these factors have a deleterious effect on the ductility of the
shaft material and, consequently, for the reduction of its fatigue properties. This effect
can be further amplified by size, because the greater the inclusions, the more affected the
mechanical properties of the alloy [45-49]. Therefore, it is important to monitor and control
the size, shape, and composition of non-metallic inclusions in the casting process to obtain
clean steel.
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Table 5. Tensile test results.

Yield Strength Ultimate Tensile  Elongation Reduction of

Heading (MPa) Strength (MPa) (%) Area (%)
Shaft steel 5913 + 24.47 747.3 +9.11 1754164 5644136
AISI/SAE 4320 [22] 430-460 570-790 21-29 Min 51

The sample for the hardness test was extracted from the material of the fractured
shaft to determine the hardness profile from the shaft surface as shown in Figure 12a. The
average surface hardness was 47 HRC, which is high in comparison with the core, which
was 22.5 HRC. These results were consistent with the microstructures observed for each
region of analysis, confirming the hardening treatment execution. The core hardness was
adequate, but an even greater hardness on the surface would be desirable since this confers
increased resistance to fatigue and to crack nucleation.
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Figure 12. (a) Hardness profile of the shaft cross-section; (b) distribution of the microhardness along
the hardened surface layer of the shaft.

The microhardness test was performed along a track of indentations at intervals
of 500 um in the hardened surface layer of the shaft, to assess the behavior near the
phase boundary line, as shown in Figure 12b. The results of the graph show a sudden
drop in the hardness at the 1500 um position regarding the microstructure of polygonal
and Windmanstédtten banded ferrite before the phase boundary line. These results were
consistent with the microstructures analyzed in the previous topic and indicated that the
transition phase had a low resistance.

Therefore, according to Figure 12b, it is evident that during the service conditions of
the shaft, there was a deformation mismatch between the high hardness microstructure
at its surface (0 pm—TFigure 12b) and the soft phases just beneath it. Similarly, it is also
possible to state that there was a non-homogeneous deformation in the phase contour line
(approximately at 2000 um, Figure 12b), which separated the regions of the material with
low hardness (left of the red line) and with high hardness (right of the red line). In view
of the great difference in the hardness of the microstructures, there was a high possibility
of crack growth occurring at their interfaces, due to the mechanism of decohesion of
the structures [34-37]. In the present study, interface decohesion may have been caused
by the more pronounced local deformation of the soft constituent, as reported in the
literature [38,39].
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4.6. Metallurgical Deffects

Zhang et al. [40] stated that common defects arising from steel production, such as
non-metallic inclusions and pores, compete with the metallic matrix to be the starting point
for fatigue cracks. The authors stated that the smaller the size of these defects, the less likely
it is that cracks will start from them. In this sense, some studies pointed out that in the case
of high-strength steels, the fatigue cracks will not originate in inclusions when their size is
smaller than the critical inclusion size ¢ (um) [9,50-52]. According to Murakami [51,53],
the fatigue strength o1 (MPa) of a non-metallic inclusion can be determined by Equation (2):

_ C*(Hy +120)

( \/K)1/6 @

01

where Hy (kgf/mm?) is the Vickers hardness of the metallic matrix, A represents the
projected area of the inclusion perpendicular to the applied stress axis, and C* is a geometric
location constant, which for inclusions located on the surface, subsurface, and internal
region is equal to 1.43, 1.41, and 1.56, respectively. It is worth mentioning that Equation (2)
effectively models the fatigue strength of steel inclusions with a hardness ranging from 70
to 720 HV, and with an error of 4+ 10% [54].

According to Zerbst et al. [11] and Garwood et al. [55] , for low and medium carbon
steels (situation of this work, see Table 2), there is an empirical expression that establishes a
linear relationship between hardness and resistance to fatigue:

om = 1.6Hy + 0.1Hy (Hy < 400) 6)

where o) corresponds to the fatigue strength of the metal matrix of the axis. Additionally,
Zhang et al. [56] stated that the fatigue strength of the inclusion (ow) is often less than that
of the matrix microstructure (o)), until the size of the inclusion decreases to a critical value.
Additionally, according to Yang et al. [52], assuming that o1 = o and taking into account
that the inclusions have spherical morphology, the critical inclusion size ¢ (um), can be
deduced by Equations (2) and (3):

$c = C(1+120/Hy)® (4)

where the term C is a constant of 0.969, 0.813, and 0.528 for inclusions located inside the
material, surface, and subsurface, respectively. In this work, the vast majority of the shaft
inclusions were globular oxides (Figure 6b). In addition, the area analysis of the inclusions
revealed that they had an average circularity close to the shape of spheres (circularity of
0.8). Therefore, Equation (4) can be applied to calculate the ¢ of the shaft steel.

For this calculation, it was taken into account that inside the shaft (between 500 um
and 1500 pm deep from the surface, Figure 12b) there was the formation of low hardness
phases, such as quasi-polygonal ferrite and Widmanstatten ferrite. Thus, the medium
hardness of this region (245 HV) was chosen. Therefore, according to Equation (4), the ¢,
is about 11 pm.

As the average (19 pm) and maximum (66 pm) size of material inclusions were larger
than the ¢, this means that below the shaft surface there were many potential points
for the nucleation of fatigue cracks. Therefore, with the growth of these first cracks in
the subsurface of the shaft, the formation of the main fatigue crack occurred, and its
propagation rate dictated the fatigue life of the component (Stage 2). Therefore, it is
possible to attribute the trigger of the main fatigue crack to the non-metallic inclusions
of the material. It is important to note that the ¢, calculated for the steel in this work is
consistent with the values presented in other studies [52,57,58].

It should be noted that the other defects resulting from the manufacturing process of
the shaft had a significant contribution to the reduction of the fatigue life. Figure 13 shows
a grown crack between two pores, which were located at the phase contour. Chan [40]
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stated that fatigue strength and fatigue life are reduced in the presence of pores and when
increasing their size. In addition, some studies have shown that fatigue cracks can also be
initiated on or near pores [59,60]. Furthermore, Fan et al. [61] reported that relatively large
pores, as well as less widely spaced pores, concentrate large plastic stresses that promote
localized deformations which accelerate crack nucleation. Besides the presence of the pores,
cracks at the phase contours may increase due to the formation of layers of microstructures
with very distinct mechanical properties, caused by inadequate heat treatment [33-36].
Finally, fatigue failure was also strongly induced by the large number of inclusions spread
along the surface region of the shaft being 42% above the ¢.. Once the crack had nucleated,
the cyclic loading inherent during the working regime of the shaft led to the continuous
growth of the crack until the complete collapse of the shaft.

Boundary phases with
low hardness
microstrucuture

Crack propagation
through phases
boundary

Figure 13. Crack propagation between two pores along the boundary line of low hardness phases.

5. Conclusions

This study analyzed the failure of the shaft of a speed reducer, and the analysis allowed
us to conclude the following:

1. The fractography revealed the presence of beach marks and crack nucleation on the
fracture surface. The SEM analysis showed ratchet marks, secondary cracks, and
fatigue striations. All this evidence confirmed that the shaft was fractured by fatigue.

2. The shaft material was similar to the standard of chemical composition of AISI/SAE
4320 steel; however, the tensile tests revealed that the ductility, expressed by the
elongation of 17.5%, was less than the range of variation of the specification (21-29).

3. The material presented a huge number of inclusions present in the metallic matrix
of the fracture surface. Specifically, the study found the length of the inclusions to
be above the value of the critical inclusion size parameter, which indicates that the
inclusions acted as nucleation points of cracks. The EDS analysis gave evidence that
these inclusions were manganese sulfide (MnS) and aluminum oxide (Al,O3), and
that they were responsible for the decrease in the ductility of the alloy.

4. The hardened surface was not uniform and thick enough along the section of the
shaft, presenting a thin layer of bainite followed by a low resistance ferrite banded
structure up to the phase boundary line, indicating an inadequate heat treatment. In
view of the great difference in the hardness of the microstructures, a high possibility
of crack growth occurred at their interfaces.

6. Recommendations

In order to prevent the reported type of failure, the level of cleanliness of the steel is
very important. A good practice would be to follow the specifications of the ASTM E45-13
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standard [15], trying to reduce the size of the non-metallic inclusions to values below the
critical size. Another important factor is the design/execution of the heat treatment to
harden the material. A heat treatment based on the TTT diagram of the alloy must be
strictly followed, as well as the use of appropriate equipment and instrumentation for
monitoring and controlling the component’s heating and/or cooling operations. Finally, a
more frequent maintenance plan for speed reduction boxes is recommended, in addition to
monitoring the growth of cracks, with inspections using non-destructive tests.
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