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Abstract

Carburized steel grades are widely used in applications where high hardness at the surface is re-
quired in combination with good core toughness as well as high fatigue resistance. The process of
carburizing lower to medium carbon steel can generally provide this combination of properties and
has been practiced for several decades. Such steel is very essential in the vehicle power-trains. The
carburized 18CrNiMo7-6 pinions are ground to obtain high dimensional precision after the carbur-
ization, quenching and tempering heat treatment process.

During the grinding process, thermal damage is developed due to the high localised heat energy
at the contact zone of grinding wheel and pinion. The developed thermal damage is known as
grinding induced burn. The burns are observed when temperature reaches above the tempering
range (i.e. 210° C) and the intensity of the grinding-induced burn is in relation with the thermo-
mechanical affects of the grinding process. The nital etch process is used to identify the burns using
ISO 14104:2017 standard and the process detects using the discoloration developed on the burn site
caused by the chemical attack. The information about the intensity of detected burns are not known
in the nital etch method. However, the intensity of the grinding-induced burns can be measured us-
ing magnetoelastic parameter of Barkhausen Noise (BN) technique which functions in relation with
the microstructure and stress state of the material.

The present study aims to investigate microstructural features of grinding-induced burns of varying
BN intensities, to evaluate the service life testing of the thermally damaged pinions and the effect
of varying grinding parameters on the generation of grinding induced burns. The microstructure
characterization is done by optical microscope, vickers hardness, scanning electron microscope, X-
ray diffraction and correlate the obtained results with the BN signals. The increased pinion speed
and reduced grinding cycles are observed in the favouring of increasing localized heat input at the
contact zone of grinding wheel and pinion causing the BN signals to increase. 3 samples of varying
intensities of grinding induced burns are detected using BN and are characterized. The obtained
results gave a good correlation with the barkhausen noise signals. As the heating rate at the grind-
ing contact zone increased above the tempering range, the BN signals also increased due to the
enhanced domain wall movement with the softer microstructure which is observed due to the re-
tained austenite decomposition and carbon diffusion from the tempered martensitic phase. The
further increase in temperature above the austenitization range led to the re-hardening burn. The
freshly formed structure is brittle and hard untempered martensite at the surface surrounded by the
softer tempering burn which might be detrimental during the pinion functioning. The axle test re-
sults of the tempered burn pinion observed the transformation of retained austenite to martensitic
structure during the cyclic loading which eventually enhanced the surface properties by increase in
hardness from 621 HV1 to 676 HV1 at 0.1 mm depth and generating -600 + 6.6 MPa compressive
residual stress due to the volume expansion. This transformation resulted in the grinding induced
burn pinion to survive the axle test without failure.

Keywords— Grinding-induced burns, Carburized Steel, 18CrNiMo7-6 steel, Pinions, Tempered Marten-
site, Barkhausen Noise, Nital Etching, Vickers Hardness (HV), Optical Microscope, Scanning Elec-
tron Microscope, X-ray diffraction

Xiii



Introduction

The driveline of commercial trucks typically consists of an engine, gear box, drive shaft, final drive
and axle shaft. The final drive consists of pinion and crown gears to transmit the power flow with 90°
turn from the drive shaft to the axle shaft where rear wheels are connected as shown in figure 1.1.
The mechanical component drive pinion gear in the truck rear assembly has an important role in
transmitting uniform and continuous rotational motion to the crown gear with the help of precised
ground tooth without failure. The pinion is designed to have high load carrying capacity at higher
torque with minimal size, weight and required to maintain high contact fatigue strength with high
wear resistance as they are the most stress prone component of the truck [57]. Figure 1.2 illustrates
the pinion gear and the components on it.

Aa— Differential
Rear axle differential housing Pinion av pinion yoke
preload shim
Pinion
bearings

. Pinion depth shim

Rear axle ' L— Drive
housing / pinion gear

// Ring
gear
Side
bearing
Side Differential Differential
bearing bearing shims case

(endplay/preload)

Figure 1.1: DAF Trucks driveline and rear axle differential housing (DAF Trucks website)

In accordance with the American Gear Manufacturers Association (AGMA), the ideal pinion should
operate vibration-free with crown gear, good transmission ratio, high impact strength, excellent heat
distortion control after quenching heat treatment during production, gear geometry in accordance
with crown gear and optimum metallurgical quality [6]. To make these features possible for the



2 1. Introduction

smooth operation of the truck, case carburization is performed on the low carbon steel pinions
followed by grinding process to achieve a soft tough core and a hard wear-resistant case to resist
contact and bending fatigue failures [51].

Drive pinion Drive pinion gear
splines

Threads for Collapsible
yoke nut spacer

Drive pinion
gear shaft

Rear pinion
bearing

Figure 1.2: The Pinion gear focused in the present research (General Motors)

Carburized pinions are ground to obtain the high dimensional accuracy after the heat treatment
and required surface roughness on the work piece. In the grinding process, abrasive grains of the
grinding wheel interacts with the pinions to remove a few microns of depth from the surface by
converting the high energy input into heat [47]. With the proper coolant flow, feed rate and depth
of cut, low temperature grinding is observed on the pinion tooth surfaces. This precision finishing
process offer smooth operation, excellent meshing effectiveness which runs more quietly and with
higher transmission efficiency than pinions without ground. Due to these characteristics, they can
handle high loads and used when large torques are required in rear axle differentials of the trucks.
The grinding process eliminates the surface imperfections and increases the surface contact area
and this increase in surface contact area can hold heavier loads and reduce premature failures [60].

In the grinding process due to the high localized heat energy involved per unit volume at the con-
tact zone of grinding wheel and pinion tooth surface, local thermal degradation known as grinding
burns is observed when the temperature of pinion tooth surface rises above the tempering tem-
perature due to improper grinding parameters [24]. The observed grinding burns results in varying
thermal damages, metallurgical transformations in the surface and sub-surface layers of the case-
hardened pinions depending on the rise in temperature at the contact zone and deterioration of
hardness, heat treated microstructure, wear resistance, fatigue strength of the component is ob-
served as the unfavorable residual stresses are introduced into the pinion [1]. The potential issues
of the grinding burn pinions are the premature failure and service unpredictability of the truck rear
assembly.

The study focuses on the detection of pinion grinding burns using Barkhausen Noise (BN) tech-
nique, characterization of the grinding burns to study its material properties and perform the fa-
tigue life testing on the pinions at rear axle test rig to understand the lifetime of a certain degree of
grinding burn.

Firstly, detection of the grinding burns are performed using Stresstech Barkhausen Noise machine
to evaluate the ground pinion. The elastic stresses and microstructure of the material influences the
Barkhausen Noise signal. An amplitude signal is emitted in the end referred as Magnetoelastic Pa-



rameter (MP) by the BN sensor. Magnetoelastic interaction is the interaction between elastic prop-
erties and domain structure/magnetic properties of the material. With the help of increased or de-
creased amplitude of Barkhausen Noise MP values, the tempered and re-hardened grinding burns
can be detected. The non-destructive detection machine helps to vary the grinding parameters to
lower the heat input into the material for the next-in-line pinions to be grinded. The understanding
of safe range of Barkhausen noise signals is to be analyzed with required material characterization
technique’s.

Secondly, characterization techniques like Vickers hardness, optical microscope, X-ray diffraction,
Scanning electron microscope is to be performed on the varying degrees of grinding burns to under-
stand its degradation process. As of now, there is only qualitative understanding of correlation be-
tween the BN signal and the material properties. There is a need to evaluate if there is way to quan-
titatively correlate the BN signals and material hardness, Residual stresses and retained austenite
fractions.

Finally, fatigue is the dominant failure type in gears and the gear loading capacity is basically limited
by different failure modes. In rotating bodies (Crown, pinion gears) high cyclic contact pressure
loads develop and simultaneous rolling and sliding is observed due to the relative motion between
them. The initiation of micropits in the burn surface is studied to analyze the failure initiation.

In the next chapter, the theoretical background on the carburized steel heat treatment is studied to
understand the phase transformation from the low carbon steel to the case carburized steel. The
production process of pinions at DAF Trucks is discussed from the raw forged to the final grind-
ing finish process. The focus is next given to the grinding process and its behaviour in creating the
grinding burns. In chapter 3 the problem statement and research questions are presented, along
with the research objectives. Chapter 4 explains about the methodology of the experiments per-
formed. The results and discussions are reported in chapter 5. Finally conclusion and future rec-
ommendations are focused in chapter 6.



Theoretical Background

The theoretical background aims to introduce the reader to grinding burns mechanism in pinions
by discussing the various related subjects. Firstly, an introduction to the case carburized heat treat-
ment process, phase transformation and manufacturing process of pinion will be discussed fol-
lowed by the main topic the grinding process. The second section of the background focused on the
mechanism and creation of grinding burns with respective to the microstructural effects. Addition-
ally, distinction between the mechanical and thermal aspects of the grinding process will be made.
Thirdly, the Barkhausen Noise detection technique of the grinding burns will be investigated and
the detailed study is made. Finally, the pinion failure modes are discussed and the effect of residual
stresses and retained austenite due to the grinding burns on the initiation of the micropitting are
studied. This will give the reader on overview of the grinding burns and it’s detrimental effects.

2.1. Carburized Pinions

Carburization is a notable diffusion-driven thermochemical process of enhancing the highly stressed
pinion surface properties used in the heavy trucks driveline [52]. After the forging and machining

fabrication, low carbon steel (< 0.25% C) pinions are carburized to enhance the surface properties

by converting into a composite material consisting of high carbon steel ( 0.6% C - 1.5% C) case

and low carbon steel core. The improved surface will be wear resistant and develops high fatigue

strength with =50 to 60 HRC whereas the soft or ductile core with =40 - 45 HRC helps to prevent

catastrophic failure of the pinion like tooth root breakage from the impact loading [60]. It is thus

important to understand the general background of carburization, quenching and tempering heat

treatment process as it gives a good initiation point to understand the microstructure features and

manufacturing process of DAF Trucks pinions.

Table 2.1 shows the chemical composition of the 18CrNiMo7-6 steel forged pinion received from
the supplier. The research is focused on the grinding burn characteristics of the carburized steel
version made for the pinions to withstand the failures.
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Steel grade C% Si (max)% | Mn% P (max)% S% Cr%
18CrNiMo7-6 | 0.176 0.40 0.50-0.90 0.025 0.005-0.020 || 1.50-1.80

Mo% Ti% Cu (max)% || Nb (max)% | Sn (max)% | Sb (max)%
0.25-0.3 < 0.005 0.25 0.040 0.030 0.006

0 (max)% | Al% Ni% N (p.p.m)

0.0025 0.02-0.05 1.40-1.70 110-150

Table 2.1: Chemical composition in wt% of 18CrNiMo7-6 steel pinion

2.1.1. Carburization, Quenching and Tempering

To transform the low carbon steel pinions to carburized pinions, the pinions will undergo carbur-
ization, quenching and tempering heat treatment to produce the final desired product with the
required material properties. This section gives a clear understanding on the basics of pinion heat
treatment process. Figure 2.1 illustrates the example of pinion heat treatment process with temper-
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Figure 2.1: Pinion heat treatment process [56]

ature and time.

Carburizing

The first step of case hardening or carburizing is to place the pinions in the furnace and heat it
above the austenitizing temperature around 980°C, to obtain the high carbon solubility. The body-
centered cubic (BCC) ferrite/pearlite structure transforms to face-centered cubic (FCC) austenite,
and hence the structure has homogeneous single phase containing all the carbon. During the gas
carburization, the pinions are subjected to the high carbon atmosphere (i.e 0.8% C - 1% C ) above
austenitization temperature through dissociation of endothermic natural gas (CO). Carbon diffuses
into the pinion surface and interacts with the FCC lattice structure of the steel [34]. The following
process not only dependent on carbon concentration inside the furnace but also highly dependent
on temperature and time as given in equation 2.1 [5] [27]

d=¢V't 2.1)
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where d = total case depth in inches, t = carburizing time in hours at temperature with saturated
austenite at the surface and ¢ = proportionality factor of material that varies with the carburizing
temperature. The value of ¢ is approximately 0.025 for low carbon steels which are gas carburizing
at 980° C. Figure 2.2 illustrates the carburizing and diffusion process.
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Figure 2.2: Carbon diffusion process in carburizing and quenching [33]

The 2 stage boost-diffuse carburization process illustrated in the figure 2.3 is the most typical and
provides good control of the carbon profile on the surface. In the boost stage, high carbon con-
centration at the surface is developed and during the diffuse stage, the carbon potential accelerates
the diffusion into the surface [17]. The result of this two stage process is a reduction of the carbon
concentration at the surface while increasing the depth of carbon absorption. The initial carbon
percentage on the surface is around 1.36%. As the diffusion process starts, the carbon potential on
the surface deducts to around 0.6 - 0.75% but has increased case depth than the initial condition.
The oil temperature in the quenching process determines the case hardness, microstructure, and
surface uniformity. [43].
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Figure 2.3: Boost and diffusion process [17]

Quenching

Quenching is the process of rapidly cooling the components from the austenitizing temperature,
typically from 860°C for steel. In the industrial furnaces, the temperature is reduced from 980°C to
860°C in the time span of around 120 minutes and kept hold for 10 minutes. This is done to reduce
the quenching distortion and thermal cracking of heavy components like pinions. To transform the
material to martensite, the cooling rate is to be high enough compared to bainite and ferrite and it
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also depends on the grain size and chemical composition of the steel of the parent FCC austenite
phase([50]. Oil is used as the quenching medium in the industries to reduce the cracking probability
for large components as the martensite start (M) to martensite finish (M ) transition is slow when
compared to water quenching, furnace cooling and this behaviour delivers the required hardness,
residual stresses, retained austenite values from the case to core [28]. In the first stage when the
pinions are quenched in oil, the surface temperature of the pinion is so high that the oil begins to
evaporate and generates a blanket of vapor or thin film at the material surface [34]. At this particular
stage, radiation is the source of heat transfer, which is slow. The next stage is the boiling stage and
during this stage, the thin blanket breaks-down and bubbles nucleation begins, which increases
the heat transfer [34][28]. The bubbles are easily carried out by the agitated quenching oil, which
prevents the soft spots on the gears. The convection is observed only when the surface temperature
get below the boiling point of the oil [28]. The oil quenching provides a enough cooling rate to
produce a BCT martensite case layer and core with low carbon martensite or lower bainite. High
cooling rates may lead to high retained austenite fraction or quench distortion [33]. Steels are said
to have a good hardenability when the martensitic microstructure is observed even for a low cooling
rate [42].

Tempering

Carburized pinions are often given low temperature tempering after quenching, ranging around 190
to 200° C for 2 hours to minimize the internal stresses. The tempering temperature has an effect on
surface hardness and core hardness. As the tempering temperature increases, the case hardness
decreases due to the carbon diffusion from the BCT martensite. The martensite gets it properties
like hardness and brittle nature from the strain-induced by the interstitial atoms, which distorts
the metal lattice [60]. So to obtain the required industrial properties, the hardened gears are heat
treated (tempered) to improve ductility, toughness which delays the fatigue failures. The carbon
gradient across the case to the core attained after the carburization process resulted in variation
of microstructure in the pinions. The microstructure varies from the surface to the core with the
twinned plate martensite on the surface due to the high carbon levels and the lath martensite in
the low carbon range [25]. During the tempering of case hardened pinions, each of these different
carbon levels microstructures from the surface to the core responds differently resulting in property
changes throughout the case depth. An in-depth understanding of the microstructural processes
taking place upon tempering of martensite becomes thus of fundamental priority. From the litera-
ture, the tempering of martensites are divided into 5 steps [8]:

Tempering stage | Phenomenon Temperature range
Pre-Precipitation | Cluster formation + Segregation until 80°C

Stage 1 Precipitation of ¢ or 1 Carbides 80°C - 200°C

Stage 2 Transformation of yr 200°C - 300°C

Stage 3 Precipitation of 6 300°C - 400°C

Stage 4 Coarsening, recovery, re-crystallization | 500°C - 700°C

Table 2.2: Stages of Tempering in ferrous martensite

 I) Pre-precipitation stage : The initial stage begins in the temperature range between ambient
room temperature and 80°C. The process involves with the slight decrease in material volume.
At this initial stage, the carbon atoms are segregated to grain boundaries, lattice defects and
this subsequently involves the carbon atoms clustering in these regions [41].
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« II) First stage of tempering : The range of temperature of this stage to occur is between 80 and
200°C and is associated with the transition carbide precipitation (first discovered by Jack [40]
and referred to as € carbide and later as ) carbide by Nagakura [8]) homogeneously through-
out the martensite structure. The precipitates formed are also called primary hardening as
they enhance the strength of the material by forming fine carbides [53]. Due to the increase
in temperature, the formed precipitates tends to reduce the material strength as they appear
to coarsen. The morphology of carbides are reported to look like platelike or rodlike and sug-
gested that the alloy composition might effect it’s shape. The e carbide nucleation mechanism
is not well established and that the iron atoms movement produced by the interstitial carbon
atoms favouring the nucleation as a possible mechanism. [42].

 III) Second stage of tempering : The range of temperature of this stage to occur is between
200 and 300°C. This stage is associated with the retained austenite (yp) transformation to fer-
rite (&) and an orthorhombic cementite (8, M3C carbide) with different tempering times and
temperatures (Figure 2.4). After tempering until 1 hour at 250° C, the retained austenite trans-
formation is completed. At the austenite/martensite interface the decomposition begins. In
high alloy steels, the decomposition is not observed during the tempering as the yp is stabi-
lized [65].

1 H O 2wec
$ 225 °C

Fl A 250 °C

Retained austenite (%)
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Figure 2.4: Retained austenite volume fraction, measured by X-ray diffraction, as a function of time upon tempering at
indicated temperature a 0.3 wt.%C lath martensite

* IV) Third stage of tempering : The range of temperature of this stage to occur is between 300
and 400°. The n- Carbides formed dissolve as the precipitation of cementite begins and con-
tribute carbons atoms to the 8 particles. The initial platelike cementite morphology tends to
coarsening and spheroidisation of cementite particles with the increase in temperature [53].
This phenomenon is known as Oswald ripening where the smaller particles shrink and disap-
pear in the matrix for the selective growth of larger 8 particles. The hardness is reduced due
to the subsequent morphology change in the 6 particles during tempering. High slowdown
effects on the tempering rate by the alloying elements is observed and retard the coarsening
of the 0 particles until certain time.

* V) Fourth stage of tempering : The cementite particles dissolution is associated in the fourth
stage of tempering. This process occurs at high temperature range 500° - 700° C as it is a diffu-
sion controlled. Due to the recrystallization process, the martensite boundaries are replaced
by the ferrite equiaxed grains [8]. In the higher carbon content steels, the final process is the
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gradual ferrite growth and the cementite dissolution.

Figure 2.5 illustrates the hardness behaviour of varying carbon content which is tempered for
1hr from 100 - 700° C. As stated above, the hardness decreases from the first stage to the final
stage of tempering due to diffusion observed at respective stages.
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Figure 2.5: Vickers hardness with tempered time 1hr at 100-700° C [21]

2.1.2. Austenite to Tempered Martensite phase transformation

This subsection explains about the microstructural transformation from ferrite/pearlite — Austen-
ite — Tempered martensite. The forged ferrite/pearlite microstructure is heated above austenitiza-
tion temperature in the heat treatment furnace and martensite (BCT) microstructure is formed by
rapidly cooling from the austenite (FCC) phase. This process is termed as quenching as explained
earlier. As the austenite phase has high carbon solubility (Slightly above 2%), the carburization pro-
cess is performed in this phase [25]. The high solubility of carbon in austenite when compared to
ferrite makes the possibility of martensite structure in carbon steel. As the cooling rate is high, the
carbon atoms don't have time to diffuse, this makes it as "Diffusionless transformation" [60]. The
carbon atoms are present in the interstitial positions of the parent austenite (FCC) phase and remain
trapped in the martensite. Steel martensite is therefore a supersaturated solid solution of intersti-
tial carbon atoms in a body centred tetragonal metal lattice consisting of iron and other alloying
elements [20]. The tetrahedral distortion of the martensite is caused as the interstitials favoured to
dominantly occupy only one form of octahedral interstices. Martensite hardness depends predom-
inantly on solution hardening effect of carbon which increases with increasing of carbon content.
Figure 2.6 represents the austenite to martensite transformation.

Upon cooling to the M, temperature, the initial martensite plates or lath are formed depending on
carbon concentration. In low carbon steels M; is high and depends on the alloy composition, but
as the carbon percentage increases M, temperature decreases progressively. Also the Cr, Si and Ni
influence the M, temperature [25] [42] [60]. The martensite crystals grow swiftly in steel at nearly
the speed of sound before they encounter an obstacle like prior austenite grain boundary once the
nucleation barrier has been overcome [8]. Below the My temperature, further cooling does not
effect in increase of martensite fraction. Figure 2.7 represents the martensite fraction changes with
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Figure 2.6: Schematic representation of the y — a' correspondence according to Bain Iron atoms are indicated by white
spheres while possible interstitial sites for carbon atoms are indicated by grey spheres [14]

temperature during cooling in steel. It also illustrates the possible microstructures with varying
cooling speeds. Particularly in medium and high carbon steels, due to the low M; some fraction of
austenite is retained below My. The retention of austenite is attributed to the high stresses between
the martensite plates that form, which tend to suppress growth or thickening of existing plates [8].
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Figure 2.7: A schematic continuous Cooling Transformation (CCT) diagram for steel [62]. The cooling trajectories are
indicated in orange, while the martensite, ferrite/pearlite and bainite regions are indicated in red, blue and green respec-
tively. The cooling rate decreases as the cooling trajectory reaches further to the right

Koistinen and Marbuger [38] determined an empirical equation connecting both martensite vol-
ume fraction and temperature below M;. After observing the retained austenite values in various
alloys at different quenching temperatures, both the authors demonstrated that the transformed
martensite volume fraction is a function of the difference between the M, temperature and the low-
est quench temperature according to the equation 2.2.

Va(Ty) =1 - exp(-a(M; - T,) 2.2)

Vq = Volume fraction of martensite, M; = Martensite start temperature, T, = lowest quench tem-
perature reached, @ = 0.01111, regardless the chemical composition. But the recent transformation
kinetics however showed that a has to be a function of composition [22].
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The M; temperature of an alloy depends on its chemical composition [63]. The following empirical
dependence of the M, temperature on alloying substances was provided by Andrews [4].

M;(CC) =539 — 423x¢c — 30.4xpn — 17.7xn; — 12.1xcr — 7.5X010 2.3)

The elements symbol x; represent the weight percentage of the particular composition and the
dominant effect of carbon is observed on the M, temperature.

The transformation of martensite is achieved by a crystallographic misfit of iron(Fe) and carbon
(C) atoms between the parent austenite lattice and the growing martensite. Due to this misfit, high
shear stresses resulted at the interface of the martensite growth [41]. At this growing interface, dis-
locations are formed to accommodate these shear stresses. Therefore, a high density of dislocations
is observed in a fully martensite microstructure.

Martensite generally classifies between plate and lath martensite which depends on the carbon per-
centage, alloying composition and transformation process. Plate martensites contains both fine
mechanical twins and dislocation tangles and favoured to have a low M; due to its high carbon con-
tent (eg, M < 100° C). Lath martensites, on the other hand contain few twins and high dislocation
densities and likely to have high M; due to its low carbon content ( M, = 300° C) [26]. Plate and lath
martensites are formed through an athermal process and the fraction of martensite volume is only
a dependent of temperature but not time. Figure 2.8 represents the morphologies of plate and lath
martensite.

Lath Retained
austenite

Packet

Prior
austenite Prior
grain austenite

grain

Figure 2.8: Schematic plate and lath martensite morphology [26]

Several factors contribute to the brittleness of martensite. Firstly, the shear transformation from
austenite to martensite causes a high dislocation density. Plasticity upon subsequent mechanical
loading will remain low since the motion of dislocations is hindered by the high density of other
dislocations and interstitial carbon in the BCT lattice [20]. Secondly, straining of the BCT lattice is
required to accommodate carbon at its octahedral interstitial sites. This, in addition to shearing
during the martensitic transformation, can lead to residual stresses in the material.
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2.1.3. The microstructural features of pinions

After understanding the whole case hardening process of steel in the sections above, this section
deals with the heat treatment process and the obtained microstructure features of pinions at DAF
trucks. The forged raw component has Pearlite-Ferrite annealed soft microstructure and the chem-
ical composition is mentioned in the table 2.1 above. After the milling operation, the pinions are
sent to furnace to harden the structure with carburization technique by producing a case hardened
layer and subsequent quenching is done.

Alloy Carburization Furnace cooling | Oil quenching | Tempering
Heat treatment
18CrNiMo7-6 | 980°Cin 50 min | 860°C in 120 min 80°C 210°Cfor 1 hr
hold for 40 min | hold for 10 min and Air cooled

Table 2.3: Heat treatment process of pinions

Table 2.3 gives an overview of the heat treatment process of the pinions at DAF Trucks. The pinions
are heated in the furnace until 980°C, so that the soft Pearlite-Ferrite structure completely trans-
forms into an austenitic (FCC) single phase and then kept hold at >980°C for 40 min. Carburiza-
tion process is done by endothermic natural gas by introducing carbon into the surface due to the
austenite high carbon solubility and produce case hardened layer with 0.68%C at the surface and
0.35% at the end of case depth as shown in Figure 2.9. Then the pinions are cooled to 860°C in 120
min and kept hold for 10 min at that temperature to produce a case depth of 1.9 mm. Pinions are
then oil quenched at 80°C. The fast cooling oil quenching creates martensite layer and this trans-
formation increases the volume of the material. During this cooling process, the austenite (FCC)
structure will transform to martensite (BCT) crystal. This rapid transformation doesn’t give enough
time for the carbon trapped in the BCT to diffuse which causes high distortion in the structure and
this process makes the steel hard and brittle [65].

The pinions are tempered until 210°C and kept for 60 min to relieve the internal stresses, increase
the toughness and then they are air cooled [8]. This tempering temperature is in between stage I
and stage Il phenomenon. During the tempering process as mentioned above, the trapped super-
saturated carbon(C) atoms move out of the spaces between the iron(Fe) atoms in the martensite to
form the a BCC structure with epsilon carbides. The structure still looks similar to martensite as it is
a low tempering process below 250°C. Due to this movement of carbon atoms, the strain within the
martensite is relieved and this process also transforms the fraction of retained austenite present into
martensite upon cooling. At the expense of reduced strength, the tempering results in an increase
of the steel toughness [42].

The final product after the turning, milling, heat treatment and grinding operations has a case car-
burized tempered martensite microstructure with hardening depth about 1.9 mm (550 HV) and
carbon percentage varying from 0.68% at the surface to 0.35% at 1.9 mm. Figure 2.9 illustrates the
variation of carbon concentration from the surface to the core. The hardness is between 58 and 62
HRC until the depth of 1.1 mm from the surface. The hardness evaluation is done using Vickers
hardness (HV1) beginning from 0.1 mm depth and then the results are converted into HRC values.
The tempered martensite microstructure in the case hardened layer will improve fatigue life during
the operation of pinions when compared to the untempered brittle martensite.
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Figure 2.9: % of Carbon in case hardening depth of 18CrNiMo7-6 Low carbon steel

2.1.4. The manufacturing process of pinions at DAF Trucks

The overview of the production process from the raw material to the finished case hardened product
is illustrated in figure 2.10. The forged pinions are centered and drilled at the top and bottom of the
pinion shaft to perform the turning operation. The turning operation reduces the diameter to the
specified dimension and gives a smooth, shiny finish. The spline rolling is done at the pinion shaft
to assemble the differential pinion yoke. The CNC teeth milling is done on the pinion to produce the
tooth flanks. As this operation produces rough edges on the tooth flank, deburring is done to remove
those rough and sharp edge marks. The deburred pinions are heat treated in the oven and washed
to make the product clean and to prevent corrosion. After the heat treatment, metal blasting helps
to mechanically clean the surface to remove oil and dirt contaminants on the pinions. Hard turning
operation is done to reduce distortion caused due to heat treatment and give a required dimension
on the pinion shaft. Grinding operation is done to manufacture a precise tooth dimension and
required surface roughness to reduce friction on the tooth flanks.

Figure 2.11 illustrates the pinions after the major manufacturing steps at DAF Trucks plant. The soft
machining is performed during the ferrite/pearlite microstructure and hard machining after the
heat treatment comprising tempered martensite, retained austenite. After the whole soft and hard
machining process, tooth profile check is done to find the errors in the tooth gap and any dimen-
sional instability. The pinion is then checked for any grinding burns with the help of Barkhausen
noise and then etched with 4% HNO3 + 96% ethanol to see the visibility of the burn. Finally, the
product is then washed again to prevent the corrosion and delivered.
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Figure 2.10: Production process of the pinion from the forged raw material to the final case hardened structure
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2.2. Grinding

As the main focus of the thesis work is to investigate the effects of grinding burns on the failure of
carburized pinions, grinding operation is given much importance to understand it’s behaviour on
the material properties. Gear grinding is a precision finishing process which uses 3M Cubitron II
ceramic aluminium oxide abrasive particles to remove small variations on the gear teeth. Due to
the precise gear geometry after the grinding operation, the ground pinions offer smooth operation,
excellent meshing effectiveness which runs more quietly and with higher transmission efficiency
than pinions without ground [64]. Due to these characteristics, they can handle high loads and
used when large torques are required in rear axle differentials of the trucks. The grinding process
eliminates the surface imperfections and increases the surface contact area. This increase in surface
contact area can hold heavier loads and reduce premature failures. Generation grinding in the spiral
bevel gear machining is a discontinuous grinding process and the process is done tooth by tooth.
Figure 2.12 is a generation grinding process done on pinions at DAF Trucks.

Grinding wheel

»

. Coolant nozzles .

Figure 2.12: Generation grinding by 3M Cubitron II grinding wheel (3M Company)

In the manufacturing process of pinions as discussed in the above section, the grinding operation is
performed during the final stage to produce high accuracy components with low surface roughness
(2um - 6um) , required topography and tooth profile [12]. The grinding-induced burns caused dur-
ing the final manufacturing stage develop a major concern which affects the pinion’s performance,
residual stresses and retained austenite therefore the fatigue strength [67]. Low-temperature grind-
ing helps us to improve fatigue life and compressive residual stresses. This is due to the mechanical
grinding force applied to the surface which has a similar effect to shot peening. Conversely, localised
high-temperature gear grinding produces tensile residual stresses that reduce fatigue strength [58].

2.2.1. Theory

Figure 2.13 illustrates the process of grinding. When a piece of grit is brought into contact with the
workpiece it starts by rubbing a short distance on the surface as the normal force (F;) builds up.
When the pressure is high enough, the grit plows down into the material and pushes the material
in front of it. This pushing produces shear forces in the material. Finally a chip starts to form and
the grit now cuts through the material. The negative rake angle gives a stronger edge to the grit,
but builds up higher shear forces in the workpiece. The cutting itself is done by thousands of grits
bonded together into a grinding wheel, the matrix holds the grits together. The matrix is adjusted so
that it is strong enough to hold the grits but still porous enough to enable transport of cooling fluid
to and chips away from the working area [37]. The interesting nature of the grinding wheel is it’s self-
sharpening property. When the grits break, the newly created edges on the grit makes the grinding
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Figure 2.13: Grit removing a chip from the workpiece. The three phases rubbing, plowing and cutting are demonstrated
(37]

easier and effective. However, to maintain the control over the grinding process, dressing is done on
the grinding wheel. this will help to control the parameters like surface finish, power consumption,
forces and temperature at the contact of the wheel and workpiece. A diamond material is used to
dress the grinding wheel to remove the worn-out grits [47]. The main function of the bonds covering
the grit is to hold the grits together until they are dulled enough and removed.

2.2.2. The effect of process variables on the grinding operation

The main process variables during the grinding operation includes feed rate, cutting speed, grind-
ing wheel and coolant fluid. During the grinding process, there will be a compromise between the
quality of the product and the productivity in the given time[49]. There is a limited knowledge on
the combination of all process variables interaction on the grinding parameters. Each process vari-
able is studied individually to understand its effect on the surface roughness impact, hardness and
residual stresses [66].

Feed Rate

To obtain the higher productivity, increased material removing rate is performed on the workpiece
with the combination of feed rate and infeed. This impacts a lot on the surface and residual stresses
of the workpiece due to the higher loads subjected to the individual abrasive grit of the grinding
wheel on to the workpiece. This generates an increased temperature and impacts the wear of grind-
ing wheel which ultimately affects the ground pinion quality [66].

Cutting speed

The cutting speed which centrally affects the final surface finish of the pinion has very high sig-
nificance. Research shows that when there is a much abrasive grain interaction on the pinion due
to high cutting speed of the wheel, a decrease in surface roughness is observed due to the lower
ploughing height of the grains [10]. The cutting speed affects the depth of cut, cutting forces and
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mechanical stresses on the abrasive grains. Even though the surface finish is enhanced with the
high cutting speed, a higher wear rate is observed on the grinding wheel which eventually increases
the thermal stresses[37].

Grinding wheel

The shape and geometry of the abrasive grains on the grinding wheel is very important for the heat
dissipation process. There are many materials like silicon carbide, cubic boron nitride, aluminium
oxide are used for the abrasive grains depending on the application of the product requirement. For
the current study, 3M Cubitron II Precision Shaped Grains (PSG) made up of sintered aluminium
oxide is focused. Figure 2.14 illustrates the shape of the grains. The distinguished feature of the
grinding wheel is the triangular shaped grains. The specific triangular shaped geometry minimizes
the elastic and plastic deformation zones at the contact. The heat conduction on the workpiece is
much lowered compared to the irregular shaped grains as shown in figure 2.15 [3].

Figure 2.14: 3M Cubitron II sintered aluminium oxide PSG [3]

Conventional abrasive grain PSG abrasive grain Chip

Figure 2.15: Comparison between the conventional and PSG chip formation and the build up [3]

Coolant fluid

To limit the heat generation at the contact zone between the pinion and grinding wheel, coolant
fluid is used. Through it’s lubricating nature, the coolant deducts the friction in the contact zone.
Instead of the pinion, the coolant reduces the heat energy by conducting into itself [29]. So the more
cooler the fluid, the higher the heat transfer. Finally, the important function of the coolant is to flush
away the chips generated from the grinding operation. if the chips clog, they eventually dull the
grinding wheel generating much heat input into the pinion [18]. The coolant used in the grinding
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zone basically undergo nucleate boiling and this process increased the heat transfer between the
pinion and the coolant fluid. Due to the rise in the temperature, the nucleate boiling is converted
to film boiling. This film boiling develops a vapour between the pinion and the coolant fluid and
acts a insulator by preventing the transfer of heat to the coolant fluid. This mechanism quickly
rises the temperature and thermal damage is observed on the surface of the pinion. So to function
the coolant fluid effectively, the pinion temperature should not exceed the coolant’s film boiling
temperature [59].

2.3. Mechanism of grinding induced burns

During grinding operation, there is large energy involved per unit volume while chipping off the
material, which results in a rapid localised heating of the grinding zone. Due to this rapid heat-
ing, the pinion surface can be thermally damaged causing the deterioration of residual compres-
sive stresses, hardness and heat-treated microstructure [42]. The actual rise in temperature during
the grinding operation is affected by a range of factors, including the size, type of workpiece and
abrasive hardness on the grinding wheel, method of coolant supply, grinding speeds, feed rate and
grinding wheel dressing conditions [44]. Around 60% - 95% of the heat generated during the grind-
ing operation directly conducts the pinion surface and when this crosses the critical tempering tem-
perature phase transformation temperature, grinding burn is observed on the surface resulting in
the microstructural change, reduction in hardness and high tensile residual stresses [24].

2.3.1. Thermal and mechanical effects during grinding

Considering the thermal and mechanical loading on the pinion surface, the grinding operation is
termed as an external short-time local thermo-mechanical load process. The resulting load is ob-
tained from the contact between the pinion surface and the single sintered Al,O3 triangular PSG
of the grinding wheel. By the multiplicity of the grains on the grinding wheel and its high veloci-
ties, the pinion surface can experience a local flash temperature[48]. Jermolajev.S, Epp.] et al [30],
studied the material modifications caused by thermal and mechanical loading during the grinding
process on 16MnCr5 hardened steel and concluded that the depth of the grinding burn zones will
vary for different maximum contact temperatures and contact time. Due to the hydrostatic pressure
of 5000 MPa on the workpiece, the thermodynamic equilibrium temperature (Ac;) on the tempered
martensite microstructure comes down to 620°C for the above mentioned composition as there is a
shift in Gibbs free energy. The calculated contact time to create the grinding burns are around 0.75
- 1.00 second depending on the depth of cut on the workpiece. Figure 2.16 illustrates the maximum
contact temperature and the contact time of the workpiece investigated.

2.3.2. Microstructural degradation due to grinding burns

Case hardened steels have relatively higher carbon content on the surface and can easily be ther-
mally damaged by rough grinding at high temperatures. At the high temperatures, the surface ma-
terial experiences plastic strain and thermal expansion. When the material is cooled, the surface
contracts and causes tensile stresses on the surface [69]. Due to this, the microstructure and hard-
ness measurement of the pinion changes in the case hardening depth. Grinding induced burns and
surface cracks will reduce the strength properties, surface quality of the pinions and make it diffi-
cult to fully exert the superior property like fatigue strength. When pinions are exposed to heavy
loads and high speeds, the local stress concentration on the gear surface is easy to trigger and the
fatigue strength is significantly reduced, which makes the pinion vulnerable to spalling and other
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Figure 2.16: Ty, qx-At diagram [30]

detrimental phenomena during the work cycle and eventually the entire pinion fail [67]. In the fol-
lowing sections, we will be discussing the thermal damages. Classification of grinding defects into
four categories [64] :

e Oxidation burn
* Thermal softening
¢ Residual tensile stresses

* Phase transformations leading to re-hardening burn

Oxidation burn causes discolouration of the workpiece on the surface and occurs without any met-
allurgical damage to the workpiece. It is observed on the case of pinion or near to the grinding area,
where the conductive temperature is high. When the grinding temperatures exceed the tempering
temperature of 210°C, there is a reduction in hardness properties due to thermal softening. Residual
stresses can be caused by mechanical or thermal effects. Mechanical effects contribute to residual
compressive stresses on the surface which is beneficial [7]. The residual tensile stress is induced
by the work piece’s thermal expansion beyond its yield stress, which puts the material near the sur-
face under constant tension. As the grinding temperature reaches the austenitizing range, there
is a change in the material’s metallurgical phase and the subsequent cooling by coolant produce a
re-hardening burn. This forms a thin layer of brittle, hard, untempered martensite. Figure 2.17 illus-
trates the various intensities of thermal damage and gives a rough idea of the relative temperatures
with each other. Ty, is the temperature where the oxidation burn is observed and the intensity of
the burn increases with increasing temperature until T,,s; which is austenitization temperature.

Figure 2.18 illustrates the difference between the Re-hardened zone and the Tempered burn. The
white etched region is the freshly formed martensite upon cooling during the grinding process and
has high hardness values. This region is prone to crack initiation due to the brittle nature. The
dark etched region is the tempered burn zone and has very low hardness due to the 3rd or 4th stage
tempering creating a softer microstructure by the carbon dissociation from the BCT martensite to
the austenite phase.
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Figure 2.17: Different types of thermal damage and the relative temperatures at which they occur [7]
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Figure 2.18: Re-hardened burn surrounded by the tempered burn

2.4. Barkhausen Noise

The detection process of grinding burns is very important to maintain the quality of the pinions.
Barkhausen Noise is a non-destructive detection technique used in the production. It is a micro-
magnetic method and the signals are influenced by the elastic stresses and microstructure of the
material.

2.4.1. Principle

The concept of ferromagnetic domains was proposed by Weiss in 1907. These domains are micro-
scopic and magnetically ordered regions that resemble bar magnets within the material [36], see
figure 2.19. Each domain is magnetised in a crystallographic easy direction which is [1 0 0], [0 1 0]
and [0 0 1] for steel. Between the domains, there are walls, where the direction of magnetisation usu-
ally turns 90° or 180°. These walls are known as Domain walls or Bloch walls. In the domain walls,
the magnetic spins rotate at a rate that minimizes the total energy. Irreversible movement of do-
main walls because of an applied magnetic field can be observed with a conducting coil. This effect
is known as Barkhausen Noise and was discovered in 1919 by Professor Barkhausen at the University
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Figure 2.20: Schematic presentation of magnetic

Figure 2.19: Magnetic domains and Bloch walls[36] hysteresis graph [36]

of Dresden [36]. His theory proposes that a change in an external magnetic field would result in a
step-wise change of domain orientation inside a ferromagnetic material. This effect also depends
on the hardness of the material and suggested a test method to measure the effect of steel hardness
[35]. In a ferromagnetic material, there will be isolated regions with different magnetic properties
known as magnetic inclusions and dislocations. This dislocations and inclusions pin the domain
walls by lowering the domain wall energy and through the magnetoelastic coupling respectively
[13]. Other inclusions, grain boundaries, precipitates and voids also pin to the domain walls. The
pinning of domain walls will make the movement irreversible. once the energy barrier or pinning
energy is overcome, the walls move in abrupt steps that causes discontinuous changes in the flux
density called Barkhausen Jumps which can be seen in the hysteresis loop in Figure 2.20. The jumps
emit an electrical pulse that can be detected by a coil of conducting wire placed nearby. Barkhausen
Noise is a collection of all the electric pulses generated. The amplitude of this signal is referred to as
Magnetoelastic Parameter (MP). Magnetoelastic interaction is the interaction between elastic prop-
erties and domain structure/magnetic properties of the material [31]. It is possible to calculate the
measurement depth by using the case hardened depth equation:

1
Tvopu

(2.4)

where § = Penetration depth, v = Frequency, o = Conductivity and u = Permeability.
By changing the frequency range analyzed for the Barkhausen Noise, it is then to possible to mea-
sure from different depths. The penetration depth decreases with increasing frequency

2.4.2. Influence of hardness and residual stresses on Barkhausen Noise

When a material is case hardened to increase its hardness, the dislocation density increases and
this increase in dislocation density will increase the energy needed to induce the domain wall mo-
tion [31]. Magneto-elastic parameter (MP) is effected by precipitates, dislocations, grain bound-
aries and residual stresses which impede the motion of domain walls. Magnetoelastic interaction is
the interaction between elastic properties and domain structure/magnetic properties of the mate-
rial. As a result of magnetoelastic interaction, in materials with positive magnetic anisotropy (iron,
most steels and cobalt), compressive stresses and increasing hardness will decrease the intensity of
Barkhausen Noise while tensile stresses and decreasing hardness increase the intensity of signals.
Bloch walls (BW) interfere with the stress state as well as microstructure features (such as disloca-
tions, carbides, grain boundaries, non-ferromagnetic particles, etc.) that pin the BW motion [31].
The high intensity Barkhausen Noise signal of over-tempered surfaces after grinding is mainly asso-
ciated with reduced dislocations density that is thermally initiated by elevated temperatures, which
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in turn correspond with decreased pinning strength. Grinding induced burns decreases the hard-
ness property and increases tensile stress at the surface. With the help of increased or decreased
amplitude of Barkhausen Noise MP values, the tempered and re-hardened grinding burns can be
detected. Figure 2.21 illustrates the principle and influence of Barkhausen Noise measurements.
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Figure 2.21: Principle and influence of Barkhausen Signal measurement[36]
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2.5. Pinion fatigue failures

Fatigue is the dominant failure type in gears and the gear loading capacity is basically limited by
different failure modes [11]. In rotating bodies (crown, pinion gears) high cyclic contact pressure
loads develop and simultaneous rolling and sliding is observed due to the relative motion between
them [16]. Figure 2.22 represents a schematic illustration of gear tooth interaction (Start and end of
gear tooth contact). Rolling and sliding direction of gear tooth contact is observed between driving
(pinion) and driven (crown gear). This contact between the gears make its profile to transmit con-
tinuous rotary and uniform motion [57]. This combined mechanical load of the parts essentially
determines the likelihood of surface contact fatigue to grow and tends to give a basic understand-
ing of the phenomenon referred to as rolling-sliding contact fatigue (RSCF).
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Figure 2.22: Schematic illustration of gear tooth interaction. (a) Start of contact. (b) End of contact [54]

The failure modes in the pinion are majorly influenced by it’s design, working conditions, material
properties and the lubricant conditions [11]. The failure of pinions can basically be divided into
fatigue and non-fatigue related material failures modes, mainly due to tribological problems in the
lubricated contact, for example scuffing (Adhesive wear) [67]. The further differentiation of failure
modes are also possible based on the initiation site like on pinion flank or tooth root and also based
on the surface crack initiation site or sub-surface sites in the pinion [9].

Pitting Micropitting Flank fracture Root breakage

Figure 2.23: Prominent gear failure modes [67]

Figure 2.23 illustrates the prominent gear failure modes in relation with material fatigue. Surface
pitting and tooth root failure are the typical mode of failures characterised based on the crack prop-
agation in the material and they basically initiate at the surface or sub-surface [9]. Hertzian contact
stresses in the gear contact (Crown and pinion) strongly influence the pitting load capacity and the
bending stresses observed in the root fillet is related to the tooth root strength [67][68]. Spalling
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is observed due to pitting fatigue, which increases friction and wear and reduces the load bear-
ing capacity of a tooth before fracture occurs.[68]. Due to the unfavorable lubricating conditions,
micro-pitting which is also considered as mode of fatigue failure is very often noticed at the surface
of the loaded gear flank and distribution of the crack is limited to near-surface region. This can also
give rise to flank initiated bending fatigue failure [23]. Further, the contact load at the surface of the
tooth flank introduces stresses into the material until certain depth. As these stresses are exceeding
the local material strength, crack initiation and the final failure is observed below the surface. This is
referred to as Tooth interior fatigue fracture (TIFF), sub-surface fatigue or tooth flank fracture [67].
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Figure 2.24: Schematic distribution of stress inside a gear tooth indicating highly loaded areas (Hertzian contact stress at
tooth flank, bending stress at tooth root) [67]

Figure 2.24 illustrates the schematic stress distribution within a pinion gear tooth suggesting high
stress zones. The normal forces at the tooth flank causes contact stresses and the tooth root is in-
fluenced by bending stresses as shown in figure 2.24. This form of gear failure results in a total gear
tooth fracture or multiple adjacent tooth breakage. The mechanism of pinion failure under tensile
stress corresponds to 3 stages: crack initiation, propagation and final fracture. The pinion tooth
functions as a short cantilever loading beam [15]. Fatigue cracks initiate at tooth radii because of
cyclic nature of gear tooth loading. [68].

The retained austenite is expected to have a detrimental effect in the high cycle fatigue regime as
it tends to have lower hardness values [70]. The retained austenite and residual stresses effect on
rolling and sliding contact fatigue (RSCF) in 18CrNiMo7-6 carburized steel has not been fully estab-
lished and is, therefore, a key test variable for this research on their behaviour on fatigue life and
damage.



Problem Statement

The thesis is in collaboration with DAF Trucks NV, a truck manufacturer which produces light,
medium and heavy-duty trucks. The company also manufactures rear axle differentials (crown and
pinion gears) at it’s production site. During the production of the pinions, grinding induced burns
are detected after the grinding finishing process. The detection is done using nital etching and when
the tooth surface turns dark, there is an indication of burn as shown in figures 3.1 and 3.2. Recently
the barkhausen noise equipment is introduced in the production site for non-destructive testing of
the pinions to detect the grinding burns. However, there is a need to understand the barkhausen
noise signal behaviour with the pinions and how actually the Barkhausen signals are correlated
with the deteriorated material properties due to the grinding induced burns. To understand this
behaviour, material characterization of the different intensities of barkhausen noise signals is to be
done and the obtained results are to be analyzed.

Even though we understand that the grinding induced burns degrade the material residual stresses
and hardness properties due to the thermo-mechanical loading, there is no knowledge on how the
burns affect the fatigue life of the pinions in the functioning of the truck as they were never tested
and thus requires further investigation. Whenever there is a certain intensity of the grinding burn
is noticed, the pinions are scrapped and there is a huge loss in time, material and money. So this
research is also focused on the axle testing which gives an overview of the material degradation
like crack initiation and growth due to rolling sliding contact stresses on the grinding burn tooth
surfaces.

The project is in collaboration with central lab, production plant and product development depart-
ments of the DAF Trucks NV. TU Delft is involved in validating few of the residual stresses and re-
tained austenite measurements in the Materials Science and Engineering laboratory using X-Ray
diffraction and Electron Back Scattered Diffraction (EBSD) techniques.

25
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Figure 3.1: Grinding induced burn etched with Nital ~Figure 3.2: Crossectional view of the burn

3.1. Research questions

The problems regarding the detection, material characterization and fatigue life of the grinding in-
duced burns pinions led to the following research questions:

* How the different grinding parameters are effecting the material deformation and the gener-
ation of grinding-induced burns?

* Investigating the material characteristics of the different intensities of tempered and re-hardened
grinding burns and set an accepting safe limit of Barkhausen noise signals.

* How the grinding induced burn microstructure is initiating the micropitting and affecting the
fatigue lifetime of pinions?

3.2. Objectives
In order to answer the research questions, the following objects are formulated:
* Categorize the pinions into different grades and generate them accordingly in the production
plant with the help of engineers.

» To perform the Barkhausen Noise analyses on various categorized pinions and on different
locations of the tooth flank to understand the deformation.

* To Understand the formation mechanism of tempered and re-hardened burn on the tooth
surface.

¢ Tounderstand the effect of residual stresses and retained austenite in relation with barkhausen
noise signals.

e Perform the axle fatigue testing of grinding burn pinions in the DAF Trucks test rig to under-
stand the real time lifetime.



Methodology and Experiments

4.1. General specifications

The pinions used for the experimental study are hypoid gears and connected to a 11 or 13 litre
6-cylinder inline diesel engine (DAF MX-11, DAF MX-13) driveshaft. The pinion has 15 tooth con-
nected to 36 tooth crown gear with a gear ratio of 2.40 and belong to the 1347 axle configuration.
The first two numbers '13’ indicate the designed nominal load in tonne and the last two numbers
’47’ indicate the designed nominal torque in kNm. Even though the number suggests 47 kNm, the
axles are designed for 46 kNm nominal torque with 23 kNm at each rear wheel. The dimensions
of the pinions used in the investigation are shown in figure 4.1. The material composition of the
pinions is mentioned in table 2.1. The microstructure constituents of high carbon plate martensite,
retained austenite at the surface and low carbon lath martensite in the core.

Table 4.1 gives the information about the pinion parameters.

Table 4.1: Pinion parameters

Parameters Pinion

Base material 18CrNiMo7-6
No. of teeth 15

Gear ratio with crown wheel 2.40

Module (mm) 9.6038

Face width (mm) 84.4652
Addendum (mm) 13.1852

Whole depth (mm) 25.2803

Pitch diameter (mm) 189.7

Mean spiral angle 40.5898 degrees
Normal pressure angle (Coast) | 22.2721 degrees
Normal pressure angle (Drive) | 20.7279 degrees

To grind the pinions, 99DA Cubitron Il with 3M precision-shaped grain is used. Figure 4.3 illustrates
the discontinuous generation grinding process. The grinding wheel material is constant through-
out the sample generation but the grinding parameters are varied to understand its relation with

27
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Figure 4.1: The dimensions of pinions used in experimental study. The diameter of the pinion is 24 cm and length of the

pinion is 33.8 cm

microstructure characterization. The grinding wheel has a certain nomenclature to describe its
characteristics. 99DA80 F15VPH601W is the specific number of the grinding wheel. Figure 4.2 illus-
trates the characteristics of the grinding wheel. The geometry of the grinding wheel is: diameter =

385 mm, wheel width = 37.5 mm and height = 99 mm.

99DA 80 F 15V PH 601W

Abrasive grain (A: Al,03) Bond number

Porous structure

Grain size (Medium)
8 =Very coarse

2200 Very fing Vitrified Bond

-_
Grinding wheel structure

11 = high pressure
19 = Low pressure

<

Hardness (Very soft)

A = Extremely soft
Z =Extremely hard

Figure 4.2: 3M Cubitron II grinding wheel nomenclature
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Figure 4.3: Discontinuous generation grinding of pinion using 3M Cubitron II grinding wheel (3M company)

4.2. Methodology

To investigate the research questions, specific experimental methodology is planned. The study is
done on 7 pinions with specific parameters mentioned in the table 4.2. In the table the grinding de-
termines the number of cycles required to remove 0.300 mm from the surface and the pinion speed
(°/sec) explains the movement of the pinion during the grinding process. The higher the pinion
speed, the faster the process and the table also includes the heat treatment performed batch sched-
ule. The month and year determines the heat treatment schedule performed in the furnace. Figure
4.4 illustrates the design of experimental samples for the project and the number mentioned in the
brackets is the unique product number of each sample. Totally 7 pinions are used in this study. The
pinion from the heat treatment furnace (W466) is examined to understand the material character-
istics of the pinion which isn’'t ground. the grinding can take place normally in a controlled manner
or abusive grinding process. 2 pinions are generated by varying pinion speed and grinding cycles.
A651 represents 2 cycle process and V431 represents 3 cycle process. Finally the characterization of
axle tested pinion P009 is performed to compare its behaviour with grinding burn axle test material
characteristics K041 (drive test) and K905 (coast test). K220 pinion is the pinion generated by abu-
sive grinding process unexpectedly. So the concrete reason to this abusive behaviour is not known
yet. The characterization is done on this pinion to evaluate the material properties.

The material removal rate after the grinding process on the pinion tooth is around 0.250 mm to
0.300 mm irrespective of the grinding cycles and pinion speed. The only difference observed is the
grinding time. For 2 cycles it is around 7 minutes, 3 cycles around 10 minutes and for 5 cycles the
process is around 20 minutes.

7 Samples | Grinding cycles | Pinion speed (°/sec) | Grinding burns | Heat treatment batch
W466 Not ground Not ground Not ground July 2020
V431 3 3.75,3.75, 3.25 No July 2020
A651 2 4.50, 3.5 No August 2020
P009 5 Not available No August 2018
K220 2 4.50, 3.50 Yes May 2019
K041 2 3.75, 3.25 Yes July 2019
K905 2 3.75,3.25 Yes July 2019

Table 4.2: Samples with varying pinion speed
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Figure 4.4: Design of experiments flowchart for 7 pinions

4.3. Experimental characterization

The experimental characterization begins with the detection process. Barkhausen noise analysis is
performed on the pinions and then followed by nital etch on the tooth. One tooth from each pinion
is cut and sectioned to investigate the material behaviour. The sample tooth is then characterized
with Vickers hardness (HV), microscopical analysis and X-ray diffraction analysis.

4.3.1. Barkhausen Noise

The pinions after the grinding process are tested for the detection of grinding-induced burns us-
ing Barkhausen noise machine as a NDT quality control to observe the qualitative microstructural
and residual stress variations. Figure 4.5 illustrates the Barkhausen noise setup at the DAF produc-
tion plant. The main components are Rollscan 350 digital Barkhausen noise analyser, Barkhausen
robotic hand, sensor and viewscan software which displays the final output on the computer. Op-
timum magnetic field strength is needed to achieve maximum sensitivity, which is dependent on
the voltage and the frequency generated by the sensor. If the field is too strong or poor, the result
of the signal to Noise ratio will be either saturated or poor in sensing the signal which is not recom-
mended. 300 Hz frequency and 5 Vpp voltage is selected to achieve the maximum sensitivity. The
frequency is inversely proportional to the measured depth as mentioned in equation 4.1. So as the
frequency increases, the measuring signal depth decreases. As shown in the figure 4.5, The sensor
scans 9 cm along the surface of the pinion. The time to scan and receive the signals for one flank
is around 5-7 seconds and the overall measurement on all the 30 flanks (drive and coast) consumes
about 8-10 minutes considering the pinion movement.

(o5}
Il

(4.1)
VO
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where § = Penetration depth, v = Frequency, o = Conductivity and u = Permeability.

Barkhausen
noise sensor

Figure 4.5: Barkhausen Noise machine in detecting the grinding-induced burns
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Figure 4.6: System flow chart of Rollscan 350 [2]

With the selected 300 Hz frequency, the grinding burns are detected at around 60-70 microns depth
from the surface. When the robot sensor receives the required path, voltage and frequency parame-
ters from the operator utilizing Rollscan 350, the magnetic field is applied by the black brittle ferrite
structure and the signals are received by the white receiving poles on the sensor as shown in figure
4.5. The signals are then filtered and displayed on the Viewscan software as shown in Barkhausen
noise system flowchart figure 4.6.

The detection process can be done on 3 levels called as high, middle and low as represented in the
figure 4.7 (a). The 3 colors indicates the different path levels (high, middle and low) and the oper-
ator selects the input path parameter. This is an interesting feature in understanding the material
stresses and microstructure pattern at 3 different levels and analyze the temperature distribution
along the tip to the root direction after the grinding process. During the grinding process, depend-
ing on the coolant flow, grinding wheel movement, temperature distribution varies from tip to root.
The path patterns on the drive and coast are slightly different. On the drive side the sensor paths
don’t go below the pinion pitch line, whereas on the coast side, the lowest BN level is below the pitch
line. Due to this difference in the signal path levels on the drive and coast, the MP values are not
comparable and have to be analyzed separately.

An example of the obtained BN signal of a tooth on drive side is shown in figure 4.7 (b). The X-axis
indicates the length of the measured flank in 0 to 100 % length of a middle level. Throughout the
flank, 200 signal points are detected by the sensor. The signals detected are the root mean square or
effective voltage values of the noise spectrum and notified as Magnetoelastic parameter (MP). The
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Figure 4.7: (a) Barkhausen sensor path on 3 levels; (b): BN signal output as shown in viewscan software of 1 flank

MP values are indicated on Y-axis and indicates if the flank is affected with grinding-induced burns
or not depending on the measured MP value. As this flank has an average value of 57 MP - 60 MB, it
is considered to be a flank with no grinding burns. The problem arises if it crosses the signal of 100
MP as it indicates the microstructural variations due to the high localized heat energy input in the
grinding operation.

4.3.2. Nital etch

After the NDT detection with the Barkhausen noise machine, the pinion flanks with high MP values
are etched with Nital solution (96% Ethanol + 4% HNOs ). This verifies whether the flank is affected
with the burn. The pinion is placed on a specific rotating table to perform the etching process.
The tooth to be etched is degreased with a paper cloth and rinsed with ethanol. A cotton ball is
picked up with a holder and dipped in the nital etch solution. With a normal pressure, the cotton
ball immersed in nital solution is rubbed along the flank for 30 seconds. At the burn site, dark grey
discolouration is observed and the remaining area of the flank will be in uniform grey colour as seen
in figure 4.8. The flank is again rinsed with ethanol to neutralize the effect and WD40 oil is sprayed
on the flank in the final step to prevent corrosion.
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Figure 4.8: Example of tempered burn observed with nital etch

4.3.3. Sample preparation

To prepare the samples for microstructural and hardness analysis, the pinions are cut using a Struers
Exotom-150 cutting machine (figure 4.9) with a feed rate of 0.10 mm/s using the Exicut offset mode.
This low feed rate helps to cut the pinions without significant heat generation to avoid microstruc-
tural change during operation . Then the tooth cross-sectional cut will be mounted in a 4cm diam-
eter Bakelite resin. To prepare that, the cut sample is placed in a Struers citoPress-5 filled with duro-
fast epoxy resin near to the cut sample and Bakelite phenol resin far from the sample and heated to
180°C at 200 bar pressure for 3 minutes to melt the resin and liquid cooled for another 3 minutes to
form a hard sample (Figure 4.10). The prepared sample is now polished in 3 steps for 20 minutes us-
ing Struers LaboForce-3 machine. The first polishing step is done for 10 minutes on MD Piano 220
disc with water as a lubricant, the second polishing step is done for 5 minutes on MD Allergo resin
bonded diamond disc with 9y water-based diamond suspension as a coolant lubricant and the last
step of fine polishing is done for 5 minutes with 3u water-based diamond suspension as a coolant
lubricant (Figure 4.11). The sample is cleaned with ethanol and dried at ambient temperature with
a dryer. The properly polished surface has a shiny mirror finish without any scratches as shown in
figure 4.12.
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Figure 4.9: the Struers Extom-150 cutting ma- Figure 4.10: The Struers CitoPress-5 machine is
chine uses a feed rate of 0.10 mm/s is used used to mount the cut sample into the resin

Figure 4.11: The Struers LaboForce-3 Figure 4.12: Final polished sample

4.3.4. Vickers hardness

Vickers hardness testing is done on the cross-sectional view of the tooth to evaluate the case depth
and burn depth from the surface using Wilson Hardness testing machine. The measurement is
done by performing a series of step-wise hardness impressions in the form of a right pyramid with a
square base and an angle of 136° between opposite face from the edge of the crossection to the core
of the tooth with diamond indentor at 8 different locations (Figure 4.14 with yellow lines represents
high, middle, low and root level on both drive and coast side of the sample, where the hardness
measurements are done). The yellow lines also indicates the BN sensor pattern of high, middle and
low levels and this analysis helps to find the relation between hardness and BN MP values at par-
ticular path levels. The figure 4.15 represents the Vickers hardness impressions. On each location
there are total of 33 indentations with 30 indentations until 1.5 mm depth and the remaining 3 in-
dentations until 2.150 mm depth. Figure 4.13 illustrates the measurement standard followed for the
investigation. The HV1 1 kgf load is normally applied for 10 seconds to create an impression. Then
the Vickers hardness is calculated optically by measuring the diagonal length’s of the impression left
by indentor and the measurements are calculated to HV.
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Figure 4.13: Vickers hardness standard for the minimum distances
between the indentations Figure 4.14: Vickers hardness impression loca-
tions on the sample
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where,
F =Load in kgf
b = Arithmetic mean of the two diagonals, d1 and d2 in mm.

4.3.5. Microstructural analysis

To analyse the microstructure morphology, the samples are studied in optical microscopy and Scan-
ning Electron Microscopy (SEM). To be able to recognize microstructural features in the Leica digital
optical microscope, the samples are etched. This is performed by immersing the sample in the 96%
Ethanol and 4% Nitric acid (HNO3) solution for 8-10 seconds and rinse it off with ethanol followed
by drying. The purpose of the etching is to get a surface with contrast between different microstruc-
tural features that can be observed under a microscope such that microstructural features can be
examined. Scanning Electron Microscopy (SEM) is used to characterize the tempered burn and
re-hardened burn morphology with secondary electron imaging. The micropits formed after the
fatigue testing are also evaluated on the surface and cross-section of the pinion tooth.
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4.3.6. X-ray diffraction (XRD)

Residual stresses and retained austenite fractions in the samples are measured with Stresstech Xstress
3000 G2R diffractometee. Figure 4.16 illustrates the X-ray diffraction setup. The 3 major compo-
nents in the setup are XRD unit where the measurement is performed, electropolishing unit where
the depth profile is created by removing surface layers in microns and the Xtronic software where
the final calculated output is shown.

Figure 4.17: XRD residual stress(RS) and retained austenite (RA) location on the pinion tooth.

Figure 4.17 illustrates the locations where the analysis is performed on the gear tooth. The particular
selected red box location is prone to high stresses as it lies in the crown/pinion contact pattern. out-
side the red box, the microstructural observations and Vickers hardness tooth crossection is taken.
-90°and O°represent the XRD rotational angle to measure the residual stresses.

In residual stress measurement, 2 position sensitive detectors (PSD) are used at 156.4°diffraction
angle on the arc shaped detector holder to measure BCC/BCT [211] interplanar lattice spacing as
shown in figure 4.18. Modified Chi (y) measuring mode is used for the stress determination. In
this mode, the lattice spacing (d) is measured for 11 tilt angles (¢ = -18.4°, -26.6°, -33.2°, -39.2°, -
45°, 0°, 18.4°, 26.6°, 33.2°, 39.2°, 45°). 2 rotation angles -90°and 0°are used to measure the stress
on the longitudinal and transverse direction of the gear tooth. Cr Ka radiation is created at 30 kV
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and 8 mA and 3mm collimator diameter is used to measure the sample with a wavelength of 0.229
nm. The depth profile of residual stress measurements are created until 0.5 mm from the surface
with 9 measuring points (surface, 0.01 mm, 0.02 mm, 0.03 mm, 0.05 mm, 0.1 mm, 0.2 mm, 0.3
mm, 0.5 mm). The material removal is done using electro-polishing by applying the current of 1.5
Ampere. The whole process is done when the electrolyte is pumped onto the surface. The exposure
time determines the removal depth removing 10 microns from the surface it requires around 7-
8 seconds. This can be measured using the depth measuring gauge. In addition, Full width half
maximum (FWHM) of the 211 diffracted peaks are also plotted.

E—

Arc shaped detector

holder with angular
scale for 20 position

Figure 4.18: XRD components

To measure the retained austenite fraction, the whole set-up has to be modified. The diffractome-
ter is changed and the collimator is tilted 45 degrees normal to the sample. Figure 4.19 and 4.20
illustrate the diffractometer setup and the varying detection of collimator. Four peaks for 2 differ-
ent phases (Austenite and Martensite) are measured to calculate the retained austenite fraction at
the irradiated area. Cr Ka radiation is created at 30 kV and 8 mA and 3 mm collimator diameter

Figure 4.19: Residual stress collimator setup Figure 4.20: Retained austenite collimator
setup
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Phases hkl | 26 R
Ferrite/Martensite | 200 | 106.1 | 18.9
211 | 156.4 | 183.1
Austenite 200 | 80 26.4
220 | 130 51.5

Table 4.3: Retained austenite parameters

is used to measure the sample. Additionally vanadium filters are placed at the detectors to reduce
Kp radiation. The x-ray diffracted intensity from each phase is proportional to the volume fraction
of that particular phase which is the area under the peak above background. The four peaks mea-
sured are 200A (26 = 80°), 220A (26 = 130°), 211M (20 = 156.4°) and 200M (26 = 106.1°). Here A =
Austenite phase and M = Martensite/Ferrite phase. Similar to residual stresses depth profiles, re-
tained austenite fractions are also measured in the mentioned depth profile. Gaussian curve fitting
method is used to analyze the retained austenite fractions. The formula to calculate the RA volume
fraction (Vy) of the numerous ferrite/martensite and austenite peaks for randomly crystallographic
orientation of the phases is equation 4.4:

Va+Vy=1 (4.3)

v, = : : 4.4)

I, = Integrated intensity per angular diffraction peak hkl in the y-phase, I, = Integrated intensity per
angular diffraction peak hkl in the a-phase, R is proportional to the theoretical integrated intensity,
Vq = volume fraction of the ferrite/martensite phase.

In the end, figure 4.21 demonstrates the Xtronic software results of residual stress and retained
austenite measurements.

01173
011725
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© 041715
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Xtronic Residual stress results Xtronic Retained austenite results

Figure 4.21: Xtronic results template for residual stress and retained austenite measurements.
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4.3.7. Service lifetime test

The service lifetime (fatigue resistance) of the pinions with grinding-induced burns are tested on
axle test rig setup at the DAF testing department. The failure of the gear tooth is mostly observed
due to the bending stresses (tooth root breakage) and contact stresses (tooth face damage). As the
grinding burns degrade the tooth flank surfaces, the axle testing is limited to contact stresses to
observe pitting or spalling due to the burns. Two pinions with a specific intensity of grinding burns
are selected and axle test is performed individually for drive (forward loading) and coast (backward
loading) flanks to observe the fatigue behaviour.

Figure 4.22 illustrates the axle test setup. The pinions are placed in the shown axle housing. The
oil level is approximately 10 liters and maintained at 80°C in the differential housing. Chevron Delo
Syn-Gear XPD 75W85 gear oil is used for the test. The test parameters are plotted for torque (y-axis)
vs number of load cycles (x-axis) with constant amplitude testing. one load cycle is defined as the
two gears transmit the load from one tooth to the another. So each tooth of the pinion is loaded
once for every pinion revolution. Reference torque level is to be selected as an input parameter to
observe the contact stress lifetime on the pinion. This is an important factor as different torque
loads contribute to test different failure modes. The nominal torque (Ty,5,) of the axle is 46000
Nm and the ideal torque test level to perform the contact stresses at drive flank is 55% of T}, and
coast flank is -34% of T,,,. The torque level difference for the drive test and coast test is due to
an amplitude factor of around -1.5. The amplitude factor is dependent on the area of pinion/crown
wheel contact patterns between the drive and coast flank of the hypoid gears. A reference speed
level is determined considering the reference torque level and maximum power of the test rig. As
the testing is done for torque Versus number of load cycles, the relation between the torque and the
stress level is to be determined:

o=c-Tpg (4.5)

o = contact stresses (n/m2); TDg" = drive shaft torque; m = transformation factor from stress to
torque domain (m= 0.28), c = constant

Drive Test (55%)

Coast Test (-34%)

Figure 4.22: Axle test rig schematic at DAF Trucks for the drive test and coast test



Results and Discussions

This chapter describes the results and discussions of the mentioned 3 research questions in chapter
3. For each question, firstly the results are explained and summarized followed by the discussion
section.

5.1. Part 1: Effect of varying pinion speed and grinding cycles during the
grinding operation on material characterization

In this section, the results of 3 samples obtained from Barkhausen noise, Vickers hardness, optical
microscopy, scanning electron microscopy, x-ray diffraction are examined in a detailed manner.
The Barkhausen noise variation with the microstructure, residual stress and retained austenite is
thoroughly analysed and compared with each other. The 3 samples analysed in this section are
mentioned in table 4.2.

W466 - Heat treated

furnace

Time = 10 minutes —— J— —A Time = 7 minutes
I Grinding

\l/—‘ _____ 1

V431 - 3 cycles

A651 - 2 cycles

grinding grinding

Figure 5.1: 3 samples parameters used in the present question.

Figure 5.1 illustrates the sample flow chart and the respective parameters. All the 3 pinions heat
treatment process is similar as mentioned in table 2.3. W466 heat-treated furnace pinion represents
the sample from the furnace which isn’t ground. V431 represent the 3 cycles grinding process which
have been ground for 10 minutes and A651 represent 2 cycles grinding process with 7 minutes op-
eration time with parameters mentioned in table 5.1.

40
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Parameters V431 - 3 cycle grinding | A651 - 2 cycle grinding
3.75°/s 4.5°/s
Pinion speed (deg/sec) 3.75°/s 3.5°s
3.25°s

Table 5.1: Pinion speed at two different grinding operations.

5.1.1. Barkhausen noise analysis

The Barkhausen noise analysis of the drive (15 flanks) and coast (15 flanks) of W466 furnace is plot-
ted in figure 5.2. Each graph represents the BN signal peaks along the flank for 15 tooth. Length of
the flank in (%) is plotted on the x-axis and magnetoelastic parameter (MP) of BN is plotted on the
Y-axis. The figure 5.2 (A) illustrates drive side of the pinion measurement on low, middle and high
levels of the flank and the figure 5.2 (B) illustrates the coast side of the pinion tooth on low, middle
& high levels as explained in figure 4.7.
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Figure 5.2: BN signal variation of drive and coast flanks of W466 furnace pinion

T 1
90 100

The main aim of the measurement is to understand the BN signal variation of the heat-treated fur-
nace pinion on drive and coast at the 3 levels. As observed from the figure 5.2 on the drive side,
the pattern of signals looks similar with a valley beginning at 20% length of the flank but with vary-
ing MP signals. On the coast side of the pinion, the observed pattern is different on all the levels
of the flank with large scattering observed on the high level. The Barkhausen noise MP signals fol-
low an increasing trend from the low to high levels of the flank on both the drive and coast side of
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the pinion. The MP values of all the flanks including drive and coast range between 28 MP to 75
MP. The observed variations in the pinion tooth are in relation to the microstructure and residual
stress distribution until 60 - 100 microns depth from the surface. This signal variation explains the
slight material in-homogeneity of the furnace pinion on the coast and drive flanks due to the heat
treatment process of carburization, quenching & tempering. The locations of the pinions inside the
furnace during the quenching process is an important factor as observed from figure 5.2.
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Figure 5.3: BN signal variation of drive and coast flanks of V431 furnace pinion

V431 sample is ground with 3 cycles with a material removal rate of 0.25 mm to 0.30 mm from the
surface. Figure 5.3 illustrates the BN signals on the drive and coast flank of the pinion. The figure
5.3 (A) illustrates the drive side of the ground pinion on 3 levels. Similar to the W466 pinion, the
low level of the flank emitted low BN signals between 35 MP to 50 MP on the 15 drive flanks. The
middle and high level of the drive flank observed similar MP values. On the high level of drive flank,
tooth 8 detected an unusual MP value between 40% to 50% length of the flank. The tooth has been
measured again to check the validity of the signal and re-emitted the similar signal again. The expla-
nation to this behaviour is the relieving of compressive residual stress at that particular location of
the flank due to the high localized heat generated by grinding as a result of surface unevenness. The
figure 5.3 (B) illustrates the coast side of the flank and an increasing trend of MP values are observed
from the low to a high level of the flank. The increasing in MP values on the 3 levels of coast flank is
due to the varying heat transfer nature on 3 levels. The low-temperature grinding is observed on the
lower level of the flank and increasing temperature distribution is observed on the high level of the
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flank. Interestingly along the coast flank (0% - 100%) at the low level, the mechanical and thermal
effects of the grinding process have an influence on the microstructure due to the high deviation in
the MP values.
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Figure 5.4: BN signal variation of drive and coast flanks of A651 furnace pinion

A651 pinion is ground with 2 cycles with a similar material removal rate of 0.25mm to 0.30 mm from
the surface. As the same amount of material is removed from the surface with 2 cycles as compared
with 3 cycles, it involves high thermal effects of the grinding process. The pinion speed (deg/sec) for
the sample is also increased during the generation grinding process compared to the V431 3 cycle
grinding as mentioned in table 5.1. The main objective is to understand the microstructure, residual
stresses and retained austenite variations. Figure 5.4 illustrates the MP values of the drive and coast
flank on the 3 levels. The figure 5.4 (A) analyzes the drive flank on 3 levels for 15 tooth. The low
level of the flank detects lower BN signals compared to the middle and high levels. The low level
ranges from 30 MP to 65 MP and the middle, high-level MP values ranges from 40 MP to 85 MP. A
large scattering is observed on 15 drive flanks when compared with V431 pinion in figure 5.3. Due
to the increase in temperature for each tooth gap in the grinding operation as it is a discontinuous
generation grinding process (tooth by tooth grinding), the variation of MP values are observed. The
figure 5.4 (B) reveals the BN signals of coast flank on 3 levels. The middle and high level of the coast
flank observed the large scattering similar to the drive flank due to the rise in contact temperature
between the pinion and the grinding wheel.

Figure 5.5 displays the comparison of the highest MP values on 3 levels (low, middle, high) for the
drive and coast flanks on the 3 pinions. Figure 5.5 (a,b,c) illustrates the drive flank and (a,b,c) illus-
trates the coast flank. Comparing the ground pinions with the W466 furnace pinion, the MP values
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Figure 5.5: (a,b,c) illustrates the highest MP values on the drive flanks of W466, V431, A651 pinions & (d,e,f) illustrates the
highest MP values on the coast flank of W466, V431, A651 pinions

observed the increasing trend due to the temperature rise. The low-level drive and coast flank de-
tected the low MP values in all the cases. After the grinding operation, the middle and high level
of the flank followed a similar range of MP values as observed in figure 5.5 (b,c,e,f). The grinding
wheel forces are much higher on the middle and high level of the flank compared to the low level.
In the figure 5.5 (c) graph, the MP values begins to increase from the tooth 4 until tooth 3. So the
grinding of the tooth has begun from tooth 4 and as the grinding wheel performs the grinding at
each individual tooth gap, the temperature rises even though the coolant supply is present.

After analysing the plotted Barkhausen data, it is understood that the 2 cycles grinding process in-
volves high contact temperature compared to the 3 cycle process and the material characterization
is needed for further understanding. As the BN signals only present the qualitative data, it is impor-
tant to quantify and correlate the results. As the increase in contact temperature is observed on the
high and middle levels of the flank compared to the low level, the middle level is selected for the fur-
ther investigation considering the pinion contact pattern area with the crown gear. The mid-level of
the pinion is much highly stressed than the other surface levels.

Figure 5.6 illustrates the Barkhausen noise signal variation comparison on 3 drive flanks from each
pinion. The signals are detected from the mid-level of the flank as it is considered to be the lethal
point due to the high stress zone. So any material damage at this location is considered to be very
detrimental for the truck functioning. The furnace sample has the low value ranging between 40 MP
- 45 MP and as the pinions undergo the grinding process with 2 different parameters, the MP val-
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Figure 5.6: Barkhausen noise comparison on 3 samples of W466, V431 (3 cycles grinding) & A651 (2 cycles grinding)

ues increase due to the material transformations with respect to microstructure, hardness, residual
stresses and retained austenite. The two different grinding parameters are not affecting the pinion
flank until 20% of the length but the variation is seen from that position. At the 20% flank location,
the grinding wheel and the pinion movement begins indicating the point of deformation initiation
and as the V431 pinion is ground in 3 cycles with the pinion speed of 3.75 °/s, 3.75 °/s, 3.25 °/s the
heat energy generated is dissipated with the proper coolant flow and observed constant value of 60
MP =+ 2 from the 20% length of the flank. In the A651 flank, the MP values is in line with the V431
until the 20% length but as the movement begins high heat energy is generated and transferred until
the length of the flank as observed in the figure 5.6. Even though the coolant supply is available, the
heat energy is not completely dissipated and responsible for the high value of 85MP towards the end
of the flank by beginning with 53 MP. The pinion speed is also high compared to V431 with 4.5 °/s in
the 1st cycle and 3.5 °/s in the 2nd cycle.

5.1.2. Vickers hardness

The Vickers hardness analysis is done on 3 samples beginning at 0.1 mm from the case to 2.150 mm
into the core with 33 indentations. Figure 5.7 reveals the Vickers hardness indentations at varying
depths on the 3 samples. The average indentations diagonal length is around 20 microns.

The hardness measurements of 3 samples are plotted in the figure 5.8 with depth (mm) on the x-axis
and Vickers hardness on the y-axis. The hardness of the W466 furnace sample is lower at the surface
compared to the ground samples with 665+10 HV1 at 0.1 mm due to the presence of high fractions
of retained austenite. The black dashed line on the W466 sample indicates the amount of surface
removed by grinding process which is between 0.25 mm to 0.30 mm. V431 is measured 686.5+7
HV1 at 0.1 mm and the higher hardness values are observed on A651 sample with 723+7.5 HV1 at
0.1 mm. The A651 sample with 2 cycle grinding process observed high hardness fractions through-
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Figure 5.7: The vickers hardness diamond indentations are demonstrated from the surface to the core
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Figure 5.8: Vickers hardness analysis on 3 samples (W466 - black, V431 - red, A651 - blue). The black dashed line indicates
the surface removal region by grinding in W466 furnace sample

out the case depth i.e. until 1.9 mm when compared with V431 sample. The plastic deformation
generated due to the high material removal rate within 2 cycles resulted in an increase in hardness.
The V431 sample exhibited the lower hardness values even though with low BN MP values when
compared with A651, which is contradicting the BN principle. The unevenness of hardness frac-
tion throughout the measurement length in all the samples is due to the presence of the amount of
tempered martensite & retained austenite fractions at the indentation locations.

5.1.3. Microstructure analysis

The optical microscopic images of the 3 samples are illustrated in the figures below. Figure 5.9 re-
veals the W466 furnace sample consisting of tempered martensite microstructure, retained austen-
ite and e- carbides due to low-temperature tempering obtained after carburization, quenching and
1st stage tempering. The e- carbides are not visible through optical microscope and even with
SEM due to the nanometer (nm) in size. The sample is etched with 4% HNO3 + 96% ethanol (ni-
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tal etchant) for 8 seconds. The tempered martensitic microstructure is observed in the light/dark
grey in colour and the retained austenite in white colour. There is no apparent visibility of carbide
precipitation. The dark colour is due to the precipitation of e- carbides as they etch darkly than
untempered martensite. As observed, large fractions of blocky retained austenite are present at the
surface of the furnace sample. The retained austenite is present due to the incomplete transforma-
tion of austenite to martensite during quenching in the furnace as the My temperature is below the
room temperature. At the surface, the plate martensite is observed due to the high carbon concen-
trations and as we go into the core, lath martensite is observed due to the low carbon concentra-
tions. Figure 5.10 illustrates the V431 3 cycle ground sample tempered martensite microstructure.
The large fractions of retained austenite present in the W466 sample at the surface are removed by
grinding process and as observed visibly, the quantity is decreased. The 2 cycle A651 sample mi-
crostructure is observed in figure 5.11 and the plastically deformed region is observed at subsurface
due to the high grinding forces generated as a result of higher depth of cut. The ground samples
V431 and A651 microstructures are affected with the varying grinding parameters. All the samples
consist of MnS inclusions as received by the supplier. In figure 5.11 reveals the two sites where the
inclusions are visible.

Magnification

Figure 5.9: W466 Furnace sample microstructure with tempered martensite i light/dark grey and retained austenite in
white color
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Figure 5.10: V431 (3 cycle ground) sample with temperedFigure 5.11: A651 (2 cycle ground) sample with plastic defor-
martensite and retained austenite microstructure mation region near to the surface and visible MnS inclusions
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5.1.4. X-ray diffraction

The x-ray residual stress measurements from the surface to 0.5 mm depth is performed on 3 sample
tooth along the longitudinal direction (-90°) which is also defined as along the flank. Figure 5.12
illustrates the plot and as observed, the furnace sample (not ground) has the highest compressive
residual stresses of -392 + 19 MPa on the surface which is generated in the quenched and tempered
heat treatment process and the grinding process removes around 0.25 - 0.3 mm surface from the
furnace sample to improve the surface topography. This resulted in the reduction of compressive
residual stresses on the ground samples. On the V431 surface -138 + 12.1 MPa is measured and
on A651 sample -49 + 10.1 MPa is measured using x-ray diffraction method. As observed, 3 cycle
grinding processes is resulting in better compressive stresses at surface and subsurface regions. Due
to the high frictional heat generation on 2 cycle process, the compressive stresses slightly relaxed
and shifted towards tensile stress direction near to the surface until 0.05 mm depth.

Residual stress measurements (-90° Longitudinal direction)
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Figure 5.12: Residual stress measurements on 3 samples W466, V431 & A651

The retained austenite fractions of the 3 samples are revealed in figure 5.13. The retained austenite
fraction increased from 20.7 + 1.9 % at the surface to 38 + 4.6 % at 0.03 mm depth in the furnace
sample and observed a decreasing trend until 0.5 mm. As the My temperature is below the room
temperature on the surface due to high carbon concentration compared to the subsurface and core,
large fractions of the retained austenite are observed. For the sample V431 (3 cycles), 37.1 + 3.4
RA% is observed and as the grinding cycles are reduced to 2 for A651 sample in removing the similar
material from the surface, the frictional heat and mechanical forces generated in the rough process
transformed the unstable retained austenite into a stable phase with only 24.2 + 3.5 RA% on the sur-
face. The high pinion speed affected the thermal and mechanical stability of the retained austenite
until 0.5 mm when compared to V431 3 cycle grinding process.
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Figure 5.13: Retained austenite fractions on 3samples W466, V431 & A651

5.2. Part 1 : Discussion

In the present research question, 2 samples with varying pinion speed and grinding cycles are ex-
amined in comparison with the furnace pinion. The Barkhausen noise analysis indicated that as the
pinion speed increases in both the cycles as mentioned in table 5.1, the magnetoelastic parameter
(MP) shows an increasing trend due to the variations in residual stresses and microstructure in re-
lation to the magnetic domain pinning. Grinding is basically an abrasive particle interaction on the
pinion workpiece. So the total amount of grinding energy produced by the interaction consists of
ploughing, sliding and formation of chips [47]. The heat associated with the energy produced is car-
ried away by the pinion, coolant fluid, ground chips and the abrasive grinding wheel. As understood
only a fraction of heat generated by grinding energy is observed by the pinion, which is causing the
pinion temperature to rise and eventually relax the compressive residual stresses. The Barkhausen
noise analysis of W466 pinion (not ground) explains that the furnace heat treatment process on the
drive and coast side is not constant. The positioning of the pinions inside the furnace is influenced
by the quenching and tempering effect forming varying fractions of retained austenite and tem-
pered martensite. The residual stresses and retained austenite depth profiles vary in the drive and
coast flanks which further influence the pinions during the grinding operation.

The variation of Barkhausen noise signals along the flank with high MP value deviation is due to the
non-uniform geometry interaction of grinding wheel with the pinion on high, middle and low levels.
The low level of the flank always observed low-intensity BN signals due to the proper functioning
of grinding coolant flow at the bottom regions and insufficient flow at the high and middle regions.
Another perspective is the grinding wheel cutting depth at the certain locations varies from the tip
to root of the flank.
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In the 2 cycle processed A651 pinion, scattered BN signals from tooth to tooth is observed in figure
5.5 (C). With the grinding beginning at tooth 4, the temperature increase resulted in higher BN signal
detection until tooth 3 where the grinding stops. The heat dissipation on the grinding wheel or the
coolant flow due to the high pinion speed caused this phenomenon. As the depth of cut is large in
this process to remove the 0.3 mm surface in two cycles, the pinion experiences plastic deformation
at the surface and subsurface regions as observed in figure 5.11 which tends to increase the number
of pinning sites like dislocation density, lattice strain due to metastable retained austenite transfor-
mation. This behaviour explains the increase in hardness in the A651 2 cycles process compared to
the 3 cycle process V431 sample. The retained austenite fraction is also approximately 10% lower
at the surface compared with 3 cycle process. The increased BN signal in 2 cycle process is mainly
affected due to the reduction of compressive residual stresses with the heat input into the material.
So the BN signal MP value will be higher even though the material has higher hardness as it is also
dependent on the stress state of the material. This explains us about the easy domain wall motion
tending towards the tensile stress zone indicating high MP value. Gorgels and Klocke [19] noticed
the similar BN signal increase by varying grinding parameters with increased material removal rate.
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5.3. Part 2 : Material characteristics of grinding-induced burns

In this section, the characterization of grinding induced burns are done in relation to Barkhausen
noise detection method. Figure 5.14 illustrates the sample flow chart selected for the characteriza-
tion. K220 pinion is used in this study to understand the microstructural properties with varying
intensity of the grinding-induced burn. 3 MP values 125 MP, 165 MP & 35 MP which are detected
using Barkhausen noise method on 3 separate teeth is studied in this section. These are the values
of each tooth with the highest BN signal at a particular location. At DAF trucks pinions production
site, the pinions above 100 MP BN signal is considered to be faulty ones. But the particular features
considering microstructure, residual stress, retained austenite is not known for the samples above
100 MP and it is, therefore, a question to investigate its properties.

K220 - Grinding

burn pinion

A T

'_ |
: BN signal I

L J

Tempered Burn Re-hardened Burn

>

Increasing temperature

Figure 5.14: Grinding induced burns sample flowchart

5.3.1. Barkhausen noise analysis

The Barkhausen noise signals of K220 pinion after the grinding process are plotted in figure 5.15
using data collected by Viewscan. The x-axis represents the length of the flank and y-axis represents
the Magnetoelastic Parameter (MP). As there are 15 tooth on the pinion and each tooth consists
of a drive and coast flank, the graph represents 30 measured flanks. As per the quality check, the
received signals of a normal pinion must be between 45 MP to 100 MP as shown in figure 5.15 which
signifies function-able tempered martensite microstructure. The structure <45 MP signifies hard
brittle structure with compressive stresses and >100 MP signifies softer microstructure or possibility
of tensile stresses. The pinion clearly indicates the presence of grinding induced burns on half of
the flanks.

The detection is also done on the high and low levels apart from the middle level of the flank to
observe the area spread of grinding induced burns. The trend of low, middle and high levels of the
pinion is plotted in figure 5.16. The trend is plotted for the drive side of the tooth as the coast side
didn’t generate any thermal damage during the grinding operation. The x-axis represents the high-
est BN signal on the particular tooth level and the y-axis represents the MP values. As observed the
high and middle level observed the thermal damage in all the tooth. The grinding process begins at
tooth 1 and as the process continue the MP value increase tooth by tooth indicating the increasing
rate of thermal damage. The MP value increases until tooth 8 and begins to drop suddenly to 35 MP
on tooth 10 at the middle level. This indicates the tooth 10 has crossed the austenitization tempera-
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Figure 5.15: Barkhausen noise detection of K220 pinion on middle level (drive and coast)

ture of the steel during the grinding process and quenched in the presence of the coolant creating a
hard brittle martensite structure. Until tooth 8 the over-tempering process of the microstructure has
occurred. The tooth 9 is the transition tooth where the temperature begins to go above the austen-
itization range. The transition tooth 9 is also observed in figure 5.15 where the signal on the flank
have a curved structure. The exact value of the temperature is unknown as the process takes place
in a closed environment. As mentioned in figure 5.16, 3 tooth samples were selected for further
investigation.

The Barkhausen signals of the 3 samples are plotted in figure 5.17. The 125 MP and 165 MP samples
have a similar pattern until 15% of the length and then the signals vary depending on the thermal
damage initiation. The Re-hardened burn is indicated in the blue colour with constant signal de-
tection throughout the flank indicating a uniform microstructural feature.
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Figure 5.16: BN trend in high, middle and low levels for drive tooth. The selected drive tooth for the material characteri-
zation is represented in the box.
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Figure 5.17: Barkhausen noise signals of 3 samples of varying intensities. At 20% length of the flank, the initiation point
of deformation begins.
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5.3.2. Macro inspection

After the Barkhausen noise detection process, the 3 tooth are etched with nital solution to observe
the discolouration. Tooth 4 with 125 MP didn’t observe any discolouration indicating no thermal
damage on the tooth surface. Figure 5.18 illustrates the 2nd step of the quality check process of
pinions using nital without destructing for tooth 8 and tooth 10. In the (a) the dark etched region
is observed along the flank length for 165 MP value confirming the BN signal detection process of
thermal damage. The (b) part of the figure reveals the re-hardened burn which also confirms the 35
MP BN signal of hard structure.

Tempered burn
(dark etch)

Rehardened burn
(white etch)

Figure 5.18: Macro etch procedure on the selected tooth a) Tooth 8 with 165 MP observed discoloration along the length
of the flank, b) Tooth 10 with 35 MP indicated re-hardened burn with white etched region surrounded by dark etch region

The pinion is cut-sectioned and the samples are prepared for the Vickers hardness and microstruc-
tural analysis. Figure 5.19 reveals the crossectional cut of the samples with a) tempered burn on
tooth 8 and b) re-hardened burn on tooth 10. The nital etch process only discolours the location
with thermal damage whereas the Barkhausen noise illustrates the intensity of the burn with vary-
ing MP values. This is a useful process in making a qualitative statement about the burns.
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Rehardened burn
(white etch)

Tempered burn

(dark etch) Tempered burn
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Figure 5.19: Nital etch on the crossection to identify the burn location for hardness and microstructure analysis a) Tooth
8 (165 MP) b) Tooth 10 (35 MP).

5.3.3. vickers hardness

The hardness profile of the samples is plotted from 0.100 mm depth from the surface to 2.150 mm
depth to evaluate the burn depth. The case hardened depth (CHD) of the ideal pinion without burn
presence is 1.9 mm with 550 HV1 and the hardness from the surface to 1.1 mm depth has to vary
between 660 HV1 - 750 HV1 (i.e 58 - 62 HRC). Figure 5.20 reveals the depth profile for 3 varying
BN signals. The tooth 4 with 125 MP value has 706.6 HV1 at the surface and the hardness is above
700 HV1 until 1.1 mm of the CHD indicating no grinding induced burn presence as confirmed by
the macro etching process. The tooth 8 with 165 MP value suffered high thermal damage until 1.5
mm depth from the surface. The hardness at 0.1 mm depth from the surface is 603.6 HV1 which
is significantly low indicating the softer microstructure. The tempered martensite starts to over-
tempering losing its hardness properties by the carbon dissolution into the surrounding matrix.
Tooth 10 with 35 MP value measured 771.5 HV1 at 0.1 mm depth from the surface which is beyond
the limit indicating a harder brittle martensite structure. Surrounding the re-hardened burn, the
tempered burn is observed from 0.25 mm depth damaging the whole case until 1.9 mm from the
surface.
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Vickers hardness measurements
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Figure 5.20: Vickers hardness depth profile for the 3 varying BN signals.

5.3.4. Microstructural analysis
Tempered burn

The microstructural analysis of the 125 MP, 165 MP is performed using nital etching technique to re-
veal the microstructure. Figure 5.21 reveals the microstructure of tooth 4 with 125 MP Barkhausen
noise signal. The arrow indicates the direction from the surface to the core as mentioned in the
figure. The tempered burn is not present at this 125 MP particular value confirming the Vickers
hardness and macro etch process. Even though tooth 4 observed increased value of 125 MP, the
microstructure and hardness profile didn't show any significant change compared with ideal pin-
ion below 100 MP values. This theory concludes the necessity to perform the x-ray residual stress
analysis to study the domain wall motion of 125 MP sample.

The tooth 8 with 165 MP BN signal sample is etched and revealed in figure 5.22. The dark etched
region at the surface indicates the grinding induced over-tempered burn. The thermal damage is
observed in figure 5.22(a) until 700 microns depth from the surface which is 36% of the CHD. But
the Vickers hardness depth profile revealed that the damage is observed until 1.5 mm from the sur-
face as shown in figure 5.20. Figure 5.22(b) reveals the tempered burn microstructure with decom-
posed retained austenite and over tempered martensite. At this magnification range in an optical
microscope, it is difficult to observe the carbides precipitation formed due to over-tempering. Fig-
ure 5.22(c) reveals the microstructure of the burn magnification zone. Even though much of the
retained austenite has decomposed, few fractions of blocky retained austenite with high thermal
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Figure 5.21: Tempered martensite microstructure of 125 MP Barkhausen noise signal at the surface.

stability are visible. The growth of small spherical carbides are seen at few locations as shown in
figure 5.22(c)). As the grinding process increases the localized temperature to a certain level, the
zones experience 3rd stage or 4th stage tempering leading the carbide precipitation.

Tempered burn
(165 MP)

Magnification: 2,5 x

Re-hardened burn

The tooth 10 with a sudden drop in Barkhausen noise signal to 35 MP at the middle level is observed
in figure 5.16. The Barkhausen noise detects until 60 to 100 microns from the surface. As revealed
in the figure 5.23(a)), the white etched re-hardened zone is formed to a maximum depth of 250
microns from the surface and the tempered burn surrounded it until further 400 microns depth. The
austenitization temperature generated due to grinding wheel contact with the pinion tooth surface
reached only until 250 microns and beyond that, the temperature is just below the austenitization
range. When quenched by the grinding coolant flow, the re-hardened zone created at the near-
surface surrounded by the tempered burn zone.

Figure 5.23(b & c) illustrates the higher magnification optical microscopy and scanning electron
microscope images of red square box from figure 5.23(a)). The white zone in the (b) is the freshly
formed fine plates of martensite with small fractions of retained austenite. The dark region towards
the right in (b) is the over-tempered microstructure with higher thermal damage when compared
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Figure 5.22: Tempered burn on tooth 8 with 165 MP Barkhausen noise signal a) 2.5x magnification image of burn site. The
red square indicates the magnification zone for b) and c). b) reveals the optical microscope image of the burn site and c)
reveals the SEM image with the retained austenite and over-tempered burn.

to tooth 8 165 MP tempered burn. This can be understood by observing the Vickers hardness depth
profile from figure 5.20. In the hardness profile, the tempered zone surrounding the re-hardening
zone observes hardness below 550 HV1 from the depth of 250 microns which indicates the tempered
martensite has completely lost its tetragonally structure by carbon diffusion to form fine phases of
ferrite (o) and Fe3C particles. The figure 5.23( c) illustrates the SEM image of the same zone to
analyse the freshly formed martensite but it’s not clearly visible. The red box indicates the magnified
zone of (d) and yellow indicates for (e). In figure 5.23(d), the fresh martensite image is obtained
through backscattered diffraction (BSD) option in SEM. The fine plates and twinned martensite is
observed with blocks of retained austenite distributed randomly and the presence of carbides are
not seen. In this zone, high hardness is observed with 770 HV1 at 0.1 mm depth from the surface.
The figure 5.23( e) is the secondary electron image from SEM of over-tempered structure which has
hardness of around 550 HV1 at 0.1 mm depth.

Magnification: 2, SRS
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Figure 5.23: Re-hardened microstructure of tooth 10 with 35 MP. (a) Burn zone depth profile, (b) optical microscope
50x magnification of transition zone between re-hardened burn and tempered burn, (c) SEM image and red indicates
locations for figure (d) and yellow box indicates the location for figure (e), (d) back scattering diffraction image of re-
hardened zone and (e) reveals the SEM secondary electron image of tempered burn zone.

5.3.5. X-ray diffraction

The x-ray diffraction results of the 3 varying burn intensity samples are illustrated in figure 5.24.
Figure 5.24(a) represents the residual stress measurements performed along the longitudinal direc-
tion. The tooth 4 with 125 MP BN signal consists 90.8 + 7.1 MPa tensile residual stress at the surface
and observed an increasing trend until 0.02 mm with 170.2 + 10.9 MPa RS and stays in tensile range
until 0.3 mm from the surface. Even though, the 125 MP consists of hardness and microstructure
similar to BN signals below 100 MP, the presence of tensile residual stress increased the BN signal
level. The retained austenite fractions measured using x-ray diffraction resulted 25 + 1.9 % at the
surface which is quite normal as shown in figure 5.24 (c)

Tooth 8 with 165 MP value resulted in -100.7 + 8.6 MPa at the surface and increased significantly
to 446.5 + 8.1 MPa at 0.01 mm depth indicating the enormous thermal damage and at the depth of
0.35 mm 561.7 + 9.1 MPa is observed and throughout the measurement until 0.5 mm, the residual
stress profile is in tensile range as observed in figure 5.24(a). The retained austenite fractions in
tooth 8 has lowered significantly to 12,9 + 2 % at the surface as shown in figure 5.24(c). The fractions
showed a constant trend until 0.5 mm depth. This indicates the decomposition of retained austenite
is observed due to the high-temperature involvement.
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Asthere-hardened burn reached above the austenitization temperature of the steel, when quenched
with grinding coolant formed fresh martensite and introduced compressive residual stresses until
the depth of 0.10 mm and the tensile residual stress begins from 0.15 mm reaching a maximum of
529.7 + 6.4 MPa at 0.5 mm as noticed in figure 5.24(a). The retained austenite fraction at the surface
is 20.6 + 0.5 % and following a decreasing trend. The decreasing trend is due to the decomposition
RA fractions in the tempered burn zone from 0.25 mm depth.

The FWHM results are plotted in figure 5.24(a) and the trend is similar to the hardness depth profile
observed in figure 5.20.
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Figure 5.24: The x-ray diffraction results of the grinding burn samples of varying Barkhausen noise intensity. (a) residual
stress measurement performed on longitudinal direction on 3 samples, (b) Full width half maximum depth profile on 3
burn samples, (c) Retained austenite fractions measured on 3 samples
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5.4. Part 2 : Discussion

The present section discusses the material characterizations of grinding induced burns in 3 varying
BN signal intensity samples 125 MP, 165 MP and 35 MP which are the order of increasing tempera-
ture. All the samples are from K220 pinion. The Barkhausen noise signal analysis of the K220 pinion
is illustrated in figure 5.15 and the pinion tooth flank trend is observed in figure 5.16. The varying
intensities of MP values are caused by varying temperature range during the grinding process. The
grinding parameters are similar to the A651 (2 cycle process) pinion from part 1 question. Even
though the pinion speed and material removal rate is similar during the grinding process, K220 pin-
ion experienced high intensities of thermal damage on most of the tooth when compared to A651
BN signals. This explained about the lack of experimental analysis on the grinding coolant flow, its
direction towards the pinions and towards the grinding wheel. Even though the macro-etch process
of tooth 4 with 125 MP value doesn’t show any discolouration which basically explains the absence
of burn, the residual stresses have been altered by the introduction of tensile residual stresses at the
surfaces due to the thermal damage. This clearly indicates that BN analysis is capable to identify the
pinions with slight microstructural or stress state variation. With the ISO 14104 nital etch standard,
the beginning phase of thermal damage is never identified. The exact temperature distribution with
respect to the Barkhausen noise analysis is not examined and is still a potential question.

The hardness depth profile, microstructure and retained austenite fractions are in the normal range
for 125 MP BN signal except for the presence of tensile residual stresses until 0.3 mm depth. The
tooth 8 with 165 MP value showed a dark-etched microstructure indicating the over-tempered burn.
From the x-ray retained austenite measured in figure 5.24 (c), the retained austenite fraction is in
decreasing order indicating the decomposition of the yr phase. As observed in the microstructure,
the white colour retained austenite is not observed in high fractions and it’s been clear with the x-
ray measurements about the decomposition of the yr phase from 25% RA observed in A651 sample
to 12.9 + 2 %. From the literature, it is known that the decomposition of retained austenite into a
mixture of ferrite and cementite phases occurs between the temperature range of 200° C to 300° C
[61]. figure 5.22 (c) illustrates the carbide precipitation between the martensite plates and appear to
be spherical in shape. As the carbon atoms migrate from the tempered martensite structure to the
retained austenite, during the over-tempering in the grinding process, the enhanced carbon per-
centage in the retained austenite increases its thermal stability. The martensite peak shape changes
during the tempering process to become sharper representing the decrease in the martensite crys-
talline and this behaviour is observed in figure 5.25 martensite/ferrite (200) peak in tooth 8 with 165
MP.

The re-hardening burn is the consequence of the surface layer transforming above the austenitiza-
tion range and its subsequent quenching forming untempered martensite. Due to the high localized
pressure of the abrasive grains exerting on the pinion, the austenitization temperature is shifted to-
wards a lower region [45]. The heating rates and cooling rates are so high that the transformation
takes place in a few seconds of the contact between the grinding wheel and pinion tooth flank. For
the 0.68% carbon at the surface, the para-equilibrium thermocalc calculations estimated about 740°
C as the austenitization range. The grinding process heating rates are estimated as 10° C/s [44].
The formation of austenite from the tempered martensite involves the diffusion decay of tempered
martensite which leads to the formation of @ and Fe3C structure and then further to austenite above
the Acl range. As observed in the figure 5.23 (a), the re-hardened zone is only formed until the depth
of 250um followed by the tempered burn. This is particularly due to the heat flux generated at vary-
ing levels at the surface and subsurface regions. At the re-hardened zone, the temperature reaches
to approximately around 800° C with heating rates around 1.3x10° - 1.1x10'* ° C/s for the marten-
site diffusion to occur and at the subsurface the temperature reaches to around 400 ° C with heating
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Figure 5.25: The x-ray intensities of martensite/ferrite (a) (211), (b) (200), (c) Austenite (220), (d) Austenite (200) peaks.
Tooth 8 (165 MP) observed decreased retained austenite fractions in the both the diffraction planes signifying the RA
decomposition

rates around 1.8x10° - 1.6x10'° ° C/s [45]. The resultant microstructural features are observed in fig-
ure 5.23 (b,c). The Vickers hardness, microstructural features, retained austenite fractions, residual
stresses and full-width half maximum (FWHM) results are totally in agreement with the Barkhausen
noise high and low BN signal of 165 MP and 35 MP value respectively.
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5.5. Part 3 : Characterization of axle tested pinions

The results of the axle test performed on the grinding induced burns are presented in this section.
The material characteristics of the pinion before and after testing is summarized. 3 pinion are char-
acterized and the results are plotted. Figure 5.26 illustrates the flow chart of the sample. P009 is the
prototype pinion without burns and K041, K905 are pinions with grinding induced burns. The drive
test indicates the pinions tested in the drive flank which makes the truck directs in forward direc-
tion. The coast test indicates the pinions tested on the coast flank where the truck directs backward.
The grinding induced burn intensity of the pinion tooth tested are at a maximum of 140 MP values.

Service life
testing

P009 (drive)

{ J
I

Ideal pinion (No burn) Tempered burn (140 MP)

Figure 5.26: Flow chart of the pinions tested for service life. P009 (drive), K041 (drive) and K905 (coast)

5.5.1. Axle test-rig results

The axle test is performed on K041 and K905 pinion with a Barkhausen noise intensity 140 MP as
maximum. The table 5.2 represents the test parameters and the results obtained. The required time
and load cycles indicate the 100% life without accounting statistics, confidence limit and a number
of test pieces. The run time represents the actual running time of pinion in the test rig. The P009
sample runs for 655 hours and K041, K905 performed for 345.2 hours. The truck design torque is
46000 Nm, but the pinion reference torque is 19558 Nm after dividing the design torque with 2.40
gear ratio to calculate the reference level for the pinion. The test has been stopped to prevent the
damage caused by bearing failure on the pinion tooth flank. As this damage affects the pinion test
data to interpret and characterize the pinion material with grinding induced burns.

The figure 5.27 represents the tooth face damage plot with torque on the y-axis and load cycles
on the x-axis. The positive torque indicates the drive test and the negative torque represents the
coast test. The figure has two plots representing K041 (drive) and K905 (coast) in 1 picture and P009
(drive) pinion in another image. The red dots indicate the test results as pointed by the arrow. The
uncorrected SN - curve with a K-factor of 12 for pitting failures is represented by red dotted lines.
The straight red line is the corrected SN-curve (corrected with spread, confidence level, number of
test pieces and the probability of failure) and the requirements are represented by the blue straight
lines. The blue dotted lines simulate the load spectra of 95% vehicle.

As observed, the grinding burn pinions K041 and K905 also survived the lifetime test. From figure
5.27 it is clearly seen that the run-time of the pinions is greater than the required time. When com-
pared with the pinion P009 which has run for 655 hours, the surface of the pinion didn’'t observe
any severe micropitting as observed in K041 and K905 9figure 5.31. The gear oil during the tests is
maintained at 80° C.



64

5. Results and Discussions

Pinion Req. Req. Run- % Pinion Pinion Stress
time (h) | load cycles | time (h) | of 46 kNm | torque (Nm) | speed (rpm) | (N/mm?)
P009 150.3 3155398 655 55 10,542 355 1676
K041 158.4 3325978 345.2 55 10,542 355 1676
K905 45.6 1555005 345.2 -34 -6588 568 1708.3
Table 5.2: DAF Trucks axle test parameters
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Figure 5.27: Test results of axle test rig experiments performed on P009 (drive), K041 (drive) and K905 (coast).

5.5.2. Barkhausen noise analysis

The Barkhausen noise signals from the P009 after drive axle testing is plotted in figure 5.28(a). For
the ideal pinion, the BN signals as observed don’t scatter much and all the drive tooth are in the
range between 65 MP to 80 MP values which is quite normal and excellent for the truck functionality.

The K041 and K904 BN signal detection before and after the axle test is showed in figure 5.28 (b,c,d,e).
The K041 pinion as shown in figure 5.28 (b,c) before testing has MP value scattering from 65 MP to
140 MP at 65% flank length and after the testing, all the tooth signals has the value below 100 MP
indicating an increase in hardness and introduction of compressive residual stresses due to the re-
tained austenite transformation to martensite structure.

The K905 pinion as shown in figure 5.28 (d,e), before testing has a lot of scattering in the tooth with
the uniform pattern along the flank and after the -34% torque test, the BN signals don't change a
lot but shows a compressed signal behaviour at 50% length of the flank indicated in the box of the
figure 5.28 (e).

Further analysis is performed on K041 tooth 11 to study it’s after test properties. The tooth 11 ini-
tially has 140 MP BN signal and after performing the axle test, the MP value showed a 34% decreasing
rate to 90 MP at 60% length of the flank as shown in figure 5.29.
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Figure 5.28: Barkhausen noise detection on drive side of P009, K041 pinion and coast side of K905 pinion. (a) P009 BN
signals after axle test, (b) K041 BN signals before axle test, (c) K041 BN signals after axle test, (d) K905 BN signals before
axle test, (e) K905 BN signals after axle test and the black square box indicating the high stressed zone of the flank where
all the signals trying to compress sue to the applied stress

5.5.3. Surface analysis

The surface roughness profile on the 3 pinions is performed using KLINGELNBERG precision mea-
suring centres (P65) machine. The Rz in microns of the pinion tooth is measured and shown in
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Figure 5.29: Tooth 11 Barkhausen noise signal of K041 drive tested pinion.

figure 5.30. The grinding induced burn K041 doesn't affect the roughness properties and is inside
the limit of 6 microns. The ideal pinion P009 even after the testing shown safer limit and on the
other side, the grinding induced burn pinion after the axle test showed higher roughness levels (Rz)
indicating the micropits formation even after the successful life test. The tooth 11 with high MP
value has the roughness of Rz = 3.65 microns and after the drive axle test, it increased to Rz = 10.77
microns. Even though the pinions survived the life test, the surface damage is observed on the soft
tempered burn tooth.

Figure 5.31 shows the tooth flank of P009 and K041 pinion. The P009 pinion after the test produce
a shiny surface and as observed the surface roughness (Rz) values are below 5 microns as shown
in figure 5.31 (a). The K041 grinding induced burn pinion after the test observed the micropitting
mostly near to the beginning of the contact region. At the end of the contact region, the pinion
observed wear with scratches visible on the surface as observed in figure 5.31 (b).

The SEM images of the two pinions P009 and K041 are shown in figure 5.32. As observed, the micro-
pitting is not observed particularly on P009 tooth surface due to its excellent 5 cycle grinding process
which involves low temperature grinding and better surface topography. On the other hand, K041
grinding induced burn pinion experienced a large pitting surface area when compared to P009 due
to its abusive grinding conditions. The formed micropits are only towards the longitudinal direc-
tion.
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Figure 5.30: Surface roughness measurement (Rz) analysis on P009 (after), K041 (before and after) drive testing
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Figure 5.31: Macro inspection of P009 and K041 after drive testing. The visible contact pattern is observed on the two
pinion surfaces. (a) P009 sample after the drive test. The surface looks shiny at the contact zone without any observed
micropitting, (b) K041 drive tested pinion with observed micropitting and wear.
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Figure 5.32: SEM image of the pinion surfaces after performing the drive axle test. The observed pitting is along the
longitudinal direction. (a) P009 pinion tooth flank, (b) K041 pinion tooth flank.
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5.5.4. Vickers hardness

The hardness depth profile of the 140 MP BN signal of another sample is compared to the tooth
11 140 MP — 100 MP after testing as shown in figure 5.33. The increase in hardness at the subsur-
face region is observed until 0.5 mm depth. At the 0.1 mm depth, the hardness increased from 621
HV1 to 676 HV1. The stress-induced transformation of retained austenite behaviour is particularly
observed.
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Figure 5.33: Vickers hardness depth profile comparison of before and after axle drive test of grinding induced burn sample

5.5.5. Microstructure analysis

The microstructural features of P009 and K041 pinion after the axle testing is studied in this section.
P009 sample is shown in figure 5.34 (a) and the microstructure comprises of tempered martensite
and few volumes of retained austenite fractions. The light/dark grey indicates the tempered marten-
site and the white colour indicates the retained austenite fractions. Figure 5.32 (b) sample is cut in
transverse direction to evaluate the depth and angle of micropitting. The crossectional view of K041
sample is shown in figure 5.34 (b,c). The optical microscope image of K041 reveals the micropits
generated in the plastically deformed region if tempered martensite as shown in figure 5.34 (b). The
micropits initiate the surface or subsurface and grow at a certain angle to the surface into the ma-
terial. The plastically deformed region is observed until the depth of 20 - 30 ¢ m into the material
with pits forming into less than 104 m depth. The SEM image of K041 in figure 5.34 (c) reveals the
crack branching into the material.
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Figure 5.34: (a) Optical microscope image of P009 sample, (b) Optical microscope image of K041 sample. 2 micropits of
depth less than 10 m is observed with angles of 23° and 29° from the surface. The red dashed line indicates the zone
of plastic deformation region, (c) SEM image of micropitting crossection. The depth of the pit is around 10x m and the
branching of cracks is also visible.

5.5.6. X-ray diffraction

The x-ray diffraction analysis of the P009 and K041 drive tested pinions are performed and plotted in
figure 5.35 (a,b). The K041 grinding induced burn pinion 140 MP after testing shows high compres-
sive stress until 0.3 mm depth into the surface. At the surface -600 + 6.8 MPa is present. Basically
as observed from figure 5.24 (a), the tensile residual stresses are present at the surface of 125 MP, so
when analyzed 145 MP value should have higher tensile stresses at surface and subsurface due to
the high intensity of the grinding burn. But during the testing, the unstable retained austenite has
transformed to martensite generating high compressive residual stress until 0.3 mm and from that
point, tensile residual stresses are presented. In figure 5.35 (b), the retained austenite fractions at
surface is 9.5 £1.6% and below 20 % until 0.3 mm generating compressive residual stresses as per
the RA transformation fractions. The ideal P009 after the axle test has also generated -611 + 11.3
MPa compressive residual stress but only at the surface. From the 0.01 mm depth, the compressive
residual stress just normal between -100 MPa and -10 MPa until the 0.1 mm depth. This is also in
line with the lower retained austenite fraction of 17.2 + 1.3 % at the surface and maintaining around
25 + 3% RA fraction until 0.1 mm.
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Figure 5.35: (a) Residual stress and (b) retained austenite depth profile of drive tested pinion P009 and K041

5.6. Part 3 : Discussion

The section discusses the characteristics of the fatigue tested grinding induced burn pinions. The
Barkhausen noise analysis resulted in the lowered MP values after 345.2 hours of testing with 10,542
Nm torque on the drive side and -6588 Nm torque on the coast test. The maximum stress applied
on the drive flank is 1676 Nmm? and coast flank is 1708.3 Nmm? at the pitch. The K041 pinion is
loaded for around 6x10° cycles and K905 pinion loaded for 107 cycles. P009 pinion is loaded on the
drive side with around 107 cycles. As observed in the figure 5.32 (a), the ideal pinion P009 with-
out grinding induced burns, hasn't experienced any surface or subsurface damage. But the pinion
K041 observed the micropitting on the surface as seen in figure 5.32 (b). The lowered BN signals ob-
served after the fatigue testing indicating the microstructural variation or much higher compressive
residual stresses at the surface and sub-surface region. But as understood, the Barkhausen noise
signals only give qualitative information but no quantitative data about the hardness and residual
stress information. So the material characterization analysis is performed on tooth 11 with 140 MP
before the drive test and later detected with 100 MP value. The observed increased values of hard-
ness are due to the transformation of the retained austenite into deformation-induced martensite.
This result is confirmed with the residual stress and retained austenite measurements using x-ray
diffraction in figure 5.35. The surface observed high compressive residual stress due to the retained
austenite transformation by the application of load.

As observed in grinding induced burn sample K041, micropitting is recognised on the lower part of
the gear tooth flank which is called as dedendum and it is known to be the common failure in gear
rolling sliding contact behaviour. The negative sliding in the dedendum region is the reason for the
micropitting initiation [60]. The initiation of micro-cracks occurs at the surface or subsurface region
opposite to the pinion sliding direction and follows to grow into the surface at an angle again until
the surface to form a pit[46]. The size of the pits are in order of 10 or 20 microns as observed in
figure 5.34 (b,c).

The observed plastic deformation is observed predominantly in the dedendum region of the gear
tooth where the micropitting is severely seen in figure 5.34 (b). The high plastic deformation re-
gion is observed for K041 with 6x10° cycles than P009 ideal pinion which has loaded for 107 cycles.
The crossectional analysis of the K041 observed the association of the micropitting in the plastic
deformation region. The 140 MP grinding induced burns hasn't affected the service lifetime but
has observed micropitting at 345.2 hours where the P009 with similar loading conditions and 655
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Figure 5.36: Pinion and gear contact regions at the beginning and end of contact. At the beginning of the contact, the
driving gear is the pinion and the negative sliding is observed below the pitch circle which is the dedendum region [25]

hours running time hasn’t damaged the pinion surface. The observed surface roughness (Rz) of the
K041 pinion tooth is around 4 m before the test and after the test, it measured 11y m on tooth
11. So the ground gear observed irregular surface asperities and the observed asperities begin to
plastically deform in the sliding directions and when the asperities couldn’t afford to further plastic
deformation, the crack begins to initiate at the subsurface region in plastic deformation region at
a particular angle [68]. In the K041 it is measured to be 29° and 23° to the surface. Then the crack
begins to propagate at a lower velocity towards the surface. At the similar time, due to the tensile
stresses on the tooth surface and soft tempered burn microstructure, the surface cracks initiate and
propagates downwards and at the contact of both the crack regions, the micropits formed [68] [39].

As the test is done continuously for the running time hours, it was difficult to observe the beginning
of the micropitting formation on the surface. As the retained austenite transformation introduced
compressive residual stresses due to the volume expansion at the surface and subsurface until the
depth of 0.03 mm, the contact fatigue resistance intends to develop stopping the pinion to failure
before the required time. The martensite formation increased the hardness and wear properties
stopping the propagation of cracks. However the TEM investigation is needed to observe the true
morphology of the plastically deformation region as with SEM and optical microscope, the mor-
phology is not been clearly observed.

The high cyclic loaded pinion P009 with 107 cycles, the transformation of retained austenite only
occurred at the surface level and from the depth of 10u m, the normal level compressive residual
stresses are observed. The mechanical stability of the retained austenite has a major role in this
process. During the low temperature grinding process as it is in the region of 1st stage tempering
step (80° C - 200° C), the martensite solid solution carbon contents decrease and as a result, the
compressive stress on the retained austenite is reduced which leads to the reduction of mechanical
stability[55]. As the P009 pinion lies in the 1st stage tempering region, the RA mechanical stability is
decreased only at the surface and the rest of the RA fractions present inside the surface is stabilised
and needs much higher activation energy for the phase transformation to occur. In the case of K041
pinion, the over tempering process has occurred and few fractions of retained austenite at the burn
sites become relaxed and mechanically unstable as the martensite loses its trapped carbon from the
BCT phase. So until the depth of 0.03 mm from the surface, with lower loading cycles compared with
the P009 pinion, large fractions of retained austenite transformation is observed and subsequently
resulted in the increase of hardness and compressive stresses.
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5.7. Barkhausen noise correlation

The correlation of the Barkhausen noise with the Vickers hardness, residual stress and retained
austenite is illustrated to identify the safe limits for the DAF production site. 6 samples data out 9 are
used in this analysis. The other 3 are the fatigue tested pinion samples, where the stress-induced
transformation generates BN signal in relation to the load cycles, transformed retained austenite.
The x-axis represents the pinion numbers followed by the Barkhausen noise MP values. Figure 5.37
(a) illustrates the Vickers hardness trend with the increasing Barkhausen noise values. The BN sig-
nals generate low MP values for the harder structures. But as seen in the figure 5.37 (a) for W466,
V431 and A651, the hardness observed is in the allowed acceptable limit between 660 HV1 and 750
HV1. But the BN signal increases with the increased hardness for these 3 samples which contradicts
the Barkhausen principle. Actually, BN generated signals are influenced by both the microstructure
and residual stress state of the material. So in the figure 5.38 observed, for the 3 samples W466,
V431 and A651, compressive residual stresses are influencing the BN noise signals by generated low
signal amplitude for the highest compressive stress state. As the compressive stress state begins
to relax and rises towards tensile stress state, the BN MP values begin to rise. This is in relation to
the Barkhausen principle. As the signals begin to cross 100 MP, the BN MP values are in correla-
tion with hardness and stress state by indicating the observed lower hardness and increased tensile
residual stresses. Even though the re-hardened zone generates compressive residual stresses at the
near-surface and exhibits higher hardness features due to formation of untempered martensite, the
sample is rejected due to its brittle nature and lower toughness. But the service lifetime test of the re-
hardened zone is not done to exactly understand its failure behaviour. As shown in figure 5.37 (b),
the relation with Barkhausen noise with the retained austenite fraction theoretically doesn't work
due to the fact that the Barkhausen noise signals only affects the ferromagnetic materials, but the
austenite being FCC paramagnetic phase, the conclusive relations cannot be drawn.

As the grinding process temperature exceeds the tempering heat treatment stage of the sample
which is 210° C, the reduction of carbon content is observed in the martensite phase. The increas-
ing temperature is related to a decrease in hardness below the austenitizing temperature due to the
reduction in dislocation density and generation of softer phase like « ferrite. The magnetic domain
walls in the softer structure, move easily without any pinning sites obstacles generating high BN
signal amplitude [32].

Even though the 125 MP is mentioned in the safe limit zone by considering the hardness, when
it comes to tensile stress state condition, it is not considered to be in the safe zone. So the BN
signals generating between 50 MP and 100 MP is considered to be a safe signal profile taking into
considerations of residual stresses and hardness values.



5.7. Barkhausen noise correlation
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Conclusions and Recommendations

6.1. Conclusions

The conclusions of this thesis will be presented in this chapter based on the research questions
which were defined in Chapter 3

Part 1: How the different grinding parameters are effecting the material deformation and the
generation of grinding induced burns?

* The variation of drive and coast BN signal intensity of heat treated furnace sample W466 is due
to the amount of martensite formed during quenching process as it affects the microstructure
and residual stress state which influences the BN signal.

* The 2 cycle grinding process with the 4.5 °/s and 3.5°/s resulted in high intensity Barkhausen
noise signals compared to the 3 cycle process with 3.75 °/s, 3.75 °/s, 3.25 °/s due to high local-
ized heat generation.

* Plastic deformation caused due to 2 cycle grinding process near the surface increased the
hardness properties but observed the relaxation of compressive residual stresses in compari-
son with the 3 cycle process.

* However, the increase in pinion speed and reducing grinding cycles didn't generate grinding
induced burns but the process is favourable in generating as observed in high BN signal in-
tensity values.

* The rise in thermal damages are not completely dependent on pinion speed and grinding
cycles but the collective factor of all the grinding parameters. The similar 2 cycle process
generated tempered and re-hardened burn previously, but not observed now. It is clearly
indicating the effect of other grinding parameters including depth of cut, coolant flow rate
and flow direction.

Part 2: Investigating the material characteristics of the different intensities of tempered and re-
hardened grinding burns and set an accepting safe limit of Barkhausen noise signals
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* The microstructural characterization of 125 MP observed the required hardness depth profile
until 1.9 mm, no discolourations during the nital etch process but the X-ray diffraction mea-
surement at surface observed tensile stresses of 90.8 + 7.1 MPa indicating the beginning of
thermal damage.

* Retained austenite decomposition is observed on tooth 8 with 165 MP Barkhausen signal indi-
cating the second stage of tempering with temperature rise to 300° C and the hardness profile
damaged is observed until the depth of 1.5 mm. The 10% reduction of RA fraction is noticed
using X-ray diffraction technique. The hardness at 0.1 mm is dropped to 603.6 HV1 indicating
the softer microstructure.

* The re-hardened zone is identified with 35 MP Barkhausen noise signal with a hardness of
771.5 HV1 at 0.1 mm depth. The freshly formed brittle structured plate martensite generates
compressive stress of -446.5 + 10 and retained austenite fraction of 20.6 + 0.5 %. The abu-
sive grinding process generated 250 ¢ m re-hardened zone at the surface followed by 400 u
m depth tempered burn with hardness below 550 HV1 observing 3rd stage of tempering by
carbide precipitation.

* The Barkhausen noise signals between 50 MP and 100 MP is considered to be the accepted
safe limit for the grinding induced burn detection technique based on the experimental re-
sults.

Part 3: How the grinding induced burn microstructure is initiating the micropitting and affecting
the fatigue lifetime of pinions

» The service lifetime testing of drive and coast pinions with a tempered burn intensity of 140
MP Barkhausen signal was successful without any breakage observed. The micropitting is
observed at the dedendum region of the pinion where the contact begins.

* The BN signal on K041 sample after service testing reduced from 140 MP to 100 MP with ob-
served microstructural and residual stress variation due to the retained austenite transforma-
tion to martensite. The transformation increased the hardness from 620 HV1 to 676 HV1 and
the volume expansion created compressive residual stress until the depth of 0.03 mm from
the surface which eventually increased the contact fatigue resistance.

* The micropitting is initiated in the plastic deformation region and crack branching is devel-
oped due to the varying stress field at a certain depth from the pinion/gear contact.

6.2. Future recommendations

Based on the present research on grinding-induced burns, the following interesting possibilities can
be explored for further research:

* The thermal modelling of the grinding operation can be done to study the temperature rise,
heating rates and cooling rates in the short span of the contact zone of grinding wheel and
pinion. This will help to determine the maximum grinding zone temperature, moving heat
source and able to vary the parameters as per the grinding requirement.

* The service lifetime testing with 100% torque is to planned for the grinding induced burn
pinions to analyse the bending failure and study the fracture behaviour.
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